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2018 RENCONTRES DE MORIOND
The 53rd Rencontres de Moriond were held in La Thuile, Valle d’Aosta, Italy.

The first meeting took place at Moriond in the French Alps in 1966. There, experimental as well as
theoretical physicists not only shared their scientific preoccupations, but also the household chores.
The participants in the first meeting were mainly french physicists interested in electromagnetic interactions. In subsequent years, a session on high energy strong interactions was added.

The main purpose of these meetings is to discuss recent developments in contemporary physics and
also to promote effective collaboration between experimentalists and theorists in the field of elementary
particle physics. By bringing together a relatively small number of participants, the meeting helps
develop better human relations as well as more thorough and detailed discussion of the contributions.

Our wish to develop and to experiment with new channels of communication and dialogue, which was
the driving force behind the original Moriond meetings, led us to organize a parallel meeting of biologists on Cell Differentiation (1980) and to create the Moriond Astrophysics Meeting (1981). In the
same spirit, we started a new series on Condensed Matter physics in January 1994. Meetings between
biologists, astrophysicists, condensed matter physicists and high energy physicists are organized to
study how the progress in one field can lead to new developments in the others. We trust that these
conferences and lively discussions will lead to new analytical methods and new mathematical languages.
The 53rd Rencontres de Moriond in 2018 comprised three physics sessions:
• March 10 - 17: “Electroweak Interactions and Unified Theories”
• March 17 - 24: “QCD and High Energy Hadronic Interactions”
• March 17 - 24: “Cosmology”
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1.
Surveys

Baryon Acoustic Oscillation studies with the eBOSS quasar sample
Héctor Gil-Marı́n
Sorbonne Universités, Institut Lagrange de Paris (ILP), 98 bis Boulevard Arago, 75014 Paris, France
Laboratoire de Physique Nuclaire et de Hautes Energies, Université Pierre et Marie Curie, 4 Place
Jussieu, 75005 Paris, France
We present measurements of the Baryon Acoustic Oscillation (BAO) scale in redshift-space
using the clustering of quasars. We consider a sample of 148,659 quasars from the extended
Baryon Oscillation Spectroscopic Survey (eBOSS) distributed over 2113 square degrees with
redshifts 0.8 < z < 2.2 and measure their spherically-averaged clustering in both configuration
and Fourier space. We detect a preference for a BAO signal greater than 2.8σ in the isotropic
2-point correlation function and power spectrum, which we use to determine the spherically
averaged BAO distance at z = 1.52 with 3.8 per cent precision: DV (z = 1.52) = 3843 ±
147 (rd /rd,fid ) Mpc. This is the first time the location of the BAO feature has been measured
between redshifts 1 and 2. All of our results are consistent with basic large-scale structure
(LSS) theory and previous observations, confirming quasars to be a reliable tracer of LSS, and
provide a starting point for numerous cosmological tests to be performed with eBOSS quasar
samples.

1

Introduction

The large-scale structure of the Universe encodes a significant amount of information on how the
late-time Universe has evolved since the accelerated expansion became the dominant component
of the cosmos at z . 2. One way to access this information is through spectroscopic observations
of dark matter tracers, such as galaxies, quasars or inter-galactic gas. Measuring the correlation
function of these tracers allows to infer the distribution of dark matter on the Universe and to
constrain cosmological parameters.
The extended-Baryon Oscillation Spectroscopic Survey (eBOSS) 1 , part of the SDSS-IV
experiment 2 has been constructed, in part, to measure redshifts for approximately 500, 000
quasars at 0.8 < z < 2.2. Compared to previous SDSS large-scale projects, the eBOSS quasar
sample presents relatively low number density of objects, of order ∼ 10−5 [Mpc/h]3 , which is
compensated by covering a large volume of the Universe in a redshift-range which has been
barely unexplored to date by any spectroscopic survey.
The Baryonic Acoustic Oscillation (BAO) technique measures the position of the baryonic
peak of the observed tracer to infer the evolution of the Universe since the epoch of recombination, when the BAO peak was imprinted in the matter distribution. The BAO signal was
detected on the galaxy distribution for the first time in the Sloan Digital Sky Survey (SDSS)
and in the 2-degree Field Galaxy Redshift Survey (2dFGRS).
In these proceedings, we focus on presenting the BAO analysis of the eBOSS DR14 quasar
sample, while other complementary analyses, such as RSD of DR14Q and BAO of eBOSS
luminous red galaxy (LRG) sample are presented in contiguous chapters.

3

4

1.0

103(ξ[s] − ξsmooth )

10(P − Psmooth )/Psmooth

1.5

0.5
0.0

−0.5

0

−2

−1.0
−1.5

2

−4
0.05

0.10

0.15

k(hMpc−1)

0.20

25

50

75

100

125

s (h−1Mpc)

150

175

Figure 1 – The eBOSS DR14 quasar spherically-averaged BAO signal, in Fourier- (left; P (k)) and configuration(right; ξ(s)) space. In order to isolate the BAO feature, we have subtracted the smooth component of the best-fit
model from the best-fit model and the measurements. In Fourier space, we have additionally divided by the
smooth component of the best-fit P (k) model. Each clustering statistic prefers the BAO model to the smooth
model at better than 2.8σ and obtains a BAO distance measurement with a precision slightly greater than 4 per
cent.

2

Dataset & Catalogues

The DR14Q catalogue used in this paper comprises 158,757 objects between 0.8 < z < 2.2
that the automatic pipeline has classified as quasars. 20,641 of these objects were also visually
inspected and confirmed to be quasars and their redshifts determined. 148,659 of these quasars
have a secure spectroscopic redshift determination and are the objects used in this paper. The
remaining 10,098 quasars, either did not received a spectroscopic fibre or the redshift could
not be determined with sufficient accuracy. The missing radial information of these quasars is
balanced by assigning weights to the remaining observed quasars, as it is described in detail in
Ata et al. 2018 3 .
The observed quasars are distributed along an angular footprint with an effective area of
2112.9 deg2 and effective redshift of zeff = 1.52. In total, the DR14Q sample contains an effective
volume of 0.246 Gpc3 .
We generate two types of synthetic catalogues that we use to estimate the covariance matrix of the data and to test our BAO-pipeline. Such catalogues consist of 400 realisations of
Quick Particle Mesh mock technique (QPMmocks 4 ) and 1000 realisations of the Extending
the Zel’dovich mock technique (EZmocks 5 ). We have found that the final results do not
significantly depend on the choice of the mock technique for estimating the covariance of the
data.
3

Methodology

P
In our analysis we use a flat, ΛCDM cosmology with Ωm = 0.31, Ωb h2 = 0.022,
mν = 0.06 eV
and h = 0.676, where the subscripts m, b and ν stand for matter, baryon and neutrino, respectively, and h is the standard dimensionless Hubble parameter. The BAO distance parameter at
the effective redshift of the quasar sample associated to these parameters is, DV (zeff = 1.52) =
3871.0 Mpc.
We perform two complementary BAO-analyses, one in configuration space (CS) and the
other in Fourier space (FS); and eventually compute a single consensus result. Both analyses
are based on the two-point statistics: two-point correlation function (2PCF) in CS and power
spectrum (PS) in FS. Therefore, we expect a highly correlated BAO signal among these two
measurements. By performing these two reciprocal analyses on the same dataset we prove our

4

results to be very robust under potential systematic errors.
The 2PCF is computed following previous SDSS approaches based on the Landy-Salay estimator, by performing a pair-count of objects. In order to compress the information, the
Lagrange-multipole approach is adopted; we focus only on the first Lagrange moment coefficient, which correspond to the 2PCF monopole. Any distance scale we measure based on the
BAO position in monopole matches our definition of DV (see below).
The PS is computed by assigning the objects from the catalogues to a regular Cartesian
grid, which allow us to apply Fast Fourier Transform algorithms. In order to minimise the effect
of the grid we use a high resolution cubic cells which correspond to 7h−1 Mpc. Additionally, we
apply a 5th -order B-spline interpolation and a interlacing technique to account for spurious grid
contamination. As for the 2PCF analysis, we only focus on the monopole.
We use the same modelling template of the BAO signal for both CS and FS, where we
determine how different the BAO scale is in our clustering measurements compared to its location
in the template constructed using the chosen fiducial cosmology. There are two main effects with
cosmological dependence that determine the difference between the observed BAO position and
that in the template: i) the difference between the BAO position in the true intrinsic primordial
power spectrum and that in the model a ; ii) the difference in projection caused by the potential
difference between the actual and the assumed cosmology when transforming redshifts into
comoving distances, both in longitudinal and transverse directions. For spherically averaged
clustering measurements, we thus measure the relative displacement of the BAO-peak position in


2 (z) 1/3 , where
the monopole, α ≡ [DV (z)rdfid ]/[DVfid (z)rd ], with, DV (z) ≡ cz(1 + z)2 H(z)−1 DA
c is the speed of light, H the Hubble parameter, DA the angular diameter distance and rd is the
sound horizon at the drag epoch.
The methodology we adopt to measure α is based on that used previously in other SDSS
works. We generate a template BAO feature using the linear power spectrum, Plin (k), and a
‘no-wiggle’ power spectrum, Pnw (k), where the BAO signal is removed, but the broadband signal
is unchanged. Using these templates, the linear theory BAO signal is described by the oscillation
pattern in the Olin (k) ≡ Plin (k)/Pnw (k). Additionally, we account for some non-linear evolution
effects by ‘damping’ this BAO signal. On the other hand, the broadband, both in CS and FS,
is modelled through a phenomenological polynomial which enables us to account for physical
effects unrelated to the BAO physics, such as bias, redshift space distortions and non-linear
coupling.
Fig. 2 displays the CS and FS measurements of the two-point statistics of the DR14Q,
where the broadband component has been subtracted and in the FS also divided by, in order
to visually enhance the BAO signal. The error-bars have been computed using the previously
mentioned EZmocks and the solid lines correspond to the best-fitting model.
4

Results & Conclusions

We fit the BAO model described in §3 to the data displayed in Fig. 2. We find that for 2PCF
the best-fitting α value is, α2PCF = 0.991 ± 0.037, and for PS is αPS = 0.992 ± 0.041. The
observed difference in the best-fitting values of the data, as well as error-bars between 2PCF
and PS results, represents a typical realisation among the mocks. Both results present a BAO
significance detection very close to 3σ, as displayed in the left panel Fig. 2, which is also expected
from mocks. Motivated by the high correlation between 2PCF and PS results, we take as a final
result the best-fit α value inferred from the average of both likelihoods, displayed as a black line
in the left panel of Fig. 2. Such α value translates into DV (z = 1.52) = 3843±147 (rd /rd,fid )Mpc,
which is the main result of this analysis.
The right panel of Fig. 2 displays our spherically averaged BAO measurement (golden star)
over-plotted with the ΛCDM prediction from Planck, compared to various similar measurements
a

With the multiplicative shift depending on the ratio rd /rdfid , where rd is the sound horizon at the drag epoch.
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Figure 2 – Left - The solid curve displays the likelihood of the BAO parameter, in terms of ∆χ2 , recovered
from the spherically averaged correlation function of the DR14 quasar sample. The dashed curve displays the
same information for a no-BAO model, where ∆χ2 is determined by subtracting the minimum χ2 from the BAO
model. The purple curve displays correlation function results and the yellow curve displays the power spectrum
result. The black curve is the mean of the two likelihoods, which is what we use as our final measurement.
Right - Spherically averaged BAO distance measurements, DV , compared to the Planck ΛCDM prediction and
extrapolated 68 per cent CL (grey region). The eBOSS DR14 quasar sample measurement is shown using a gold
star.

in the literature: 6dFGS, SDSS MGS, BOSS DR12, WiggleZ, and BOSS Ly-α. Our measurement
is in clear agreement with the expansion history predicted by Planck and other spherically
averaged BAO distance measurements.
When we combine all these independent isotropic BAO distance measurements and marginalise
over the length of the standard ruler, we find ΩΛ > 0 at 6.6σ significance when testing a ΛCDM
model with free curvature, which represents and independent results from Cosmic Microwave
Background observations.
The direct use of quasars as a dark matter tracer represents only one facet of the eBOSS
program. Separate analyses of the eBOSS LRG and emission line galaxy (ELG) samples will
measure BAO and RSD signal at redshift z ∼ 0.8, thereby filling the gap in redshift between
BOSS galaxies and eBOSS quasars. Ly-α forest studies using eBOSS observations of quasars at
z > 2.2 will improve BAO measurements at z ∼ 2.3. Finally, next generation galaxy spectroscopic surveys will provide BAO measurements with an unprecedented precision.These surveys
will probe the Universe using multiple tracers including quasars, ELGs and LRGs. The work
we have presented, and eBOSS studies in general, represent an exciting first step in obtaining a
densely sampled BAO distance ladder to z < 3.
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First results from the SDSS-IV eBOSS quasars:
cosmic expansion and growth of structure at z=1.52
Pauline ZARROUK
IRFU a ,CEA, Université Paris-Saclay, F-91191 Gif-sur-Yvette, France
We analyze the quasar two-point correlation function of the Data Release 14 (DR14) of the
SDSS-IV extended Baryon Oscillation Spectroscopic Survey (eBOSS) wich includes 148,659
quasars spread over the redshift range 0.8 ≤ z ≤ 2.2 and spanning 2112.9 square degrees. At the effective redshift zeff = 1.52, we measure the linear growth rate of structure
fid
−1
f σ8 (zeff ) = 0.426 ± 0.077, the expansion rate H(zeff ) = 159+12
.Mpc−1 , and
−13 (rs /rs )km.s
fid
the angular diameter distance DA (zeff ) = 1850+90
(r
/r
)Mpc,
where
r
is
the
sound horis
s
s
−115
zon at the end of the baryon drag epoch and rsfid is its value in the fiducial cosmology. The
quoted uncertainties include both systematic and statistical contributions. The results on the
cosmological parameters are consistent with the companion papers, providing clear evidence
of the complementarity and of the robustness of the first full-shape clustering measurements
with the eBOSS DR14 quasar sample. The evolution of distances and growth of structure are
consistent with the predictions of flat Λ-Cold Dark Matter (Λ-CDM) cosmology with Planck
parameters assuming General Relativity (GR).

1

Introduction

Spectroscopic surveys are a powerful tool to measure cosmic distances using the position of
the Baryon Acoustic Oscillations peak in the large-scale structure distribution. This signature
has been found in luminous red galaxy samples (e.g. SDSS LRG 1 ) and BAO has become a
standard ruler to constrain the evolution of distances and probe the nature of dark energy.
Instead of focusing on the BAO peak (BAO-only analysis), full-shape clustering analyses allow
us to measure both the expansion history of the universe and the growth of structure, provided
the modeling of the two-point anisotropic clustering has been carefully tested as it takes into
account non-linearities. Anisotropies arise because the observed galaxy redshifts from which
distances are measured contain the line-of-sight component of galaxy peculiar velocities driven
by the clustering of matter. Such anisotropies are called Redshift Space Distortions (RSD) and
encode information on the linear growth rate of structure f . Measuring the evolution of f with
redshift has become an important test for the ΛCDM+GR concordance model and it is a key
observable for constraining dark energy or modified gravity models 2 .
So far, anisotropic clustering analyses dealt with galaxies as tracers of the matter field (e.g.
DR12 BOSS LRG 3 ). Using the SDSS-IV eBOSS 4 DR14 quasar sample, we performed a BAOonly analysis and presented the first detection of the BAO peak in a quasar sample 5 which
allowed us to constrain the spherically-averaged distance Dv (zeff ) to 3.8%. In this proceeding,
we measure and analyze the two-point correlation function of the DR14 quasar sample in the
redshift range 0.8 ≤ z ≤ 2.2 which has been barely unexplored to date by spectroscopic surveys.
a
E-mail: pauline.zarrouk@cea.fr. This work received financial support from the P2IO LabEx (reference ANR10-LABX-0038).
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The current sample corresponds to two-year data taking and includes 148,659 quasars spanning
2112.9 deg2 , which represents almost half of the final footprint that will be completed by the end
of February 2019. Five papers have been released on the analysis of the anisotropic clustering
of the eBOSS DR14 sample, a full description and referencing of each would exceed the allowed
size of this proceeding. We focus on the study at the effective redshift of the survey zeff = 1.52
in configuration space 6 using Legendre multipoles with ` = 0, 2, 4 and three bins in µ (wedges)
of the correlation function on the s-range from 16 h−1 Mpc to 138 h−1 Mpc, where µ is the cosine
of the angle between the line of sight (LOS) and the orientation vector of the pair of tracers
under consideration. We refer the reader to the article 6 for detailed references.
2
2.1

Study of potential systematics
Modelling systematics

We evaluate the performance of the redshift-space modeling using accurate mock catalogs based
on an N-body simulation. It allows us to estimate modelling systematics that account for 40%
of the statistical precision. In particular, we investigate the two following effects.
Impact of the biasing prescription on dark matter halos The exact number of
quasars hosted in satellite halos is not known precisely, and this satellite fraction is degenerate
with the duty cycle of quasars that may vary with luminosity and redshift. We test different
fractions of satellites in the prescription we apply to dark matter halos to reproduce the observed
clustering of eBOSS quasars. Increasing the satellite fraction mildly enhances the amplitude of
the clustering, and the quadrupole and hexadecapole are almost unaffected.
Impact of redshift uncertainties The eBOSS quasar sample suffers from an important
systematic uncertainty related to spectroscopic redshift precision. Indeed, contrary to galaxies,
quasar spectra contain emission lines that can present an intrinsic scatter because of matter
outflows around the central super-massive black hole. This systematic uncertainty, which is
added to the statistical precision, can therefore affect the estimation of redshift from the fitting
of the position of the emission lines. We study the effect of redshift uncertainties by modeling
a Gaussian redshift resolution and a more physical resolution using the comparison between
different redshift estimates available in the quasar catalog. We demonstrate that accounting for
the non-Gaussian tails of the physical distributions has a sizeable impact on the response of the
model. In fact, about half of the quoted uncertainty on ∆f σ8 arises from redshift resolution
effects.
2.2

Observational systematics

We perform a series of tests to identify and minimize the impact of observational sources of
systematic uncertainty in the anisotropic clustering of the eBOSS quasar sample.
Imaging systematics Inhomogeneities in the target selection lead to fluctuations in the
target density that affect the clustering. To mitigate this effect, we apply the same photometric
weight to the data as in 5 which are based on the 5-σ magnitude detection limit and on Galactic
extinction.
Spectroscopic completeness Not all spectroscopic observations provide a valid redshift.
We compute a redshift-failure weight by tracking the variation of redshift efficiency across the
focal plane. This yield a reduction of a factor 3 on ∆f σ8 compared to the standard way where
we increase by one unit the weight (upweight) of the nearest neighbour with a good redshift.
Fiber collisions Unmeasured targets due to fiber collision are corrected by upweighting
the identified quasar in the collision group (collision-pair weight). This approach means that
any target within 62” (size of the fiber) of a measured quasar will be displaced along the LOS
and brought to the position of the measured quasar. It inevitably creates a lack of objects at
all scales and at µ ' 1 and hence will affect the correlation function evaluation. In this work,
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we discard the paircounts in the region close to µ = 1 which is responsible for the remaining
systematic shift.
Redshift estimates Different redshift estimates are available in the DR14 quasar catalog
to study their impact on the cosmological parameters. We generate different mock realizations
of the same redshift uncertainty distribution that are statistically independent and we show that
the differences in clustering due to different redshift estimates lie within the expected dispersion
and they do not show any systematic trend. We conclude that differences between the results
of the fit with the different redshift estimates are due to statistics and we do not quote an
additional systematic uncertainty.
We use a set of 1,000 approximate mock catalogs to test the weighting scheme and check to
what extent the results on the data are compatible with the mock statistics. These mocks are
also used to estimate the covariance of the measurements. Additional tests have been performed
on the data, such as using a different covariance matrix or bias prescription. All the tests provide
compatible results, suggesting that none of these options affects our estimate of the uncertainty
on our cosmological parameters or bias our results by more than 1σ. We therefore only report
a modelling systematics for this analysis in configuration space.
3
3.1

Cosmological measurements of the quasar anisotropic clustering
Consistent results

Five RSD analyses have been published using different modeling for the 2-point statistics, three
have been performed at a single effective redshift zeff = 1.52 and two take into account the
redshift evolution of the cosmological parameters across the redshift range.

Figure 1 – Left panel: Multipoles with ` = 0, 2, 4 (top) and three wedges (bottom) of the eBOSS DR14 quasar
sample with the RSD model set to the best-fit parameters (dashed lines). Right panel: Parameter contours for
f σ8 , DA and H for the predictions by the 5 RSD papers using the same DR14Q dataset for anisotropic clustering
analyses.

Configuration space at zeff =1.52 In this work 6 , we perform the fitting of the ` = 0, 2, 4
multipoles and three wedges of the correlation function which are represented in the left panel
of figure 1. Although the results from both techniques are found to be very consistent, the
decomposition into Legendre multipoles provides the cosmological measurements with the best
statistical precision. In Table 1, we summarize the results of this work from the 3-multipole
analysis with the statistical uncertainty given the current statistics and the reported modelling
systematics. The results on the radial and angular directions of the clustering signal (αk and
−1
3
α⊥ ) lead to the expansion rate H(zeff ) · rs (zd ) = 23.5+1.7
and the angular diameter
−1.9 10 km.s
distance DA (zeff )/rs (zd ) = 12.58+0.61
where
r
is
the
sound
horizon
at the end of the baryon
s
−0.78
drag epoch.
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Table 1: Results of the best fit parameters with the statistical and systematical uncertainties for the 3-multipole
analysis.

parameter
bσ8
f σ8
αpar
αperp
σtot

best fit
1.038
0.426
1.012
1.031
5.94

statistical

systematic

+0.060
−0.057
+0.070
−0.070
+0.071
−0.064
+0.050
−0.048
+1.19
−1.40

0.033
0.038
0.006

Consistent with companion papers Four companion papers also present complementary RSD analyses using the same sample and the identical fiducial cosmology. The likelihood
contour constraints for the cosmological parameters f σ8 , H(z)rs , and DA (z)/rs at zeff = 1.52
for the five analyses (where only the statistical precision is represented) are shown in the right
panel of figure 1. All analyses are found to be in agreement, which is better displayed in the
one-dimensional likelihood for each parameter.
3.2

Cosmological implications

Figure 2 presents the consistency between our measurements and previous analyses for the BAO
distances (left panel) and the growth of structure (right panel). The results on the evolution of
distances are consistent with the predictions of ΛCDM with Planck parameters assuming the
existence of a cosmological constant to explain the late-time acceleration of the expansion of the
Universe. The measurement of f σ8 extends the validity of GR in the almost unexplored redshift
range probed by the eBOSS quasar sample. Moreover, the growth of structure has been fitted
simultaneously with αk and α⊥ . Under this condition, our measurement can also be used to
extend the tests of modified gravity models at higher redshift (z > 1).

Figure 2 – Left panel: Measurement of BAO distances, the results from this work are represented by the stars.
Right panel: Measurements of the growth of structure, the result from this work is representated by the blue
star. It corresponds to the most precise constraint up-to-date on f σ8 in the almost unexplored redshift range
0.8 ≤ z ≤ 2.2. Results in dashed lines do not correspond to a simulateneous fitting of f σ8 , αk and α⊥ as required
to test structure growth in a framework different from Λ-CDM with Planck parameters.
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The Dark Energy Spectroscopic Instrument (DESI) is a stage IV ground-based dark energy
experiment planned to begin operations in 2020. In this article, we provided a short review of
DESI presented during the conference Recontres de Moriond 2018. DESI will use four different
tracers for mapping the universe: from redshift 0.05 up to redshift 1.7 with galaxies and from
2.1 to 3.5 using quasars. DESI will measure a total of 35 million spectra covering regions of
universe never explored before, providing a map of large scale structure that will enable major
advances in the investigation of cosmic acceleration. The key science goals for DESI are to
constrain dark energy and potential deviations of General Relativity using two complementary
observables: the Baryonic Acoustic Oscillations (BAO) and the Redshift Space Distortions
(RSD). Additional science goals, such as constraining the sum of neutrino masses and inflation,
are expected with the baseline project. DESI installation started on February 2018 and the
current construction of the instrument is on track. The imaging surveys that will serve to
determine the targets are currently in the final stages, having achieved 80% completion, and
are expected to be finalized by the end of 2018. The DESI Collaboration is actively preparing
for survey operations and science analysis, to be ready for the first light in January 2020.

1

Introduction

One of the most surprising cosmological discoveries in the last decades is the accelerated expansion of the Universe. The first convincing measurement of cosmic acceleration came from
observations that type Ia supernovae appeared less luminous than expected in a decelerating
Universe (Riess, A. G. et al, 1998; Perlmutter, S. et al, 1998) These observations can be explained by either modifying General Relativity on cosmological scales, or within the framework
of the standard cosmological model this implies that 70 % of the Universe is dominated by a
new component called “dark energy” the unusual physical property of opposing the attractive
force of gravity.
Cosmic acceleration is one of the most important issues to be explored by modern observational cosmology. The implications of the acceleration of the expansion of the Universe have
inspired an ambitious experimental program to understand the physics of this phenomenon.

11

Apart from supernovae, there are several other prominent probes that allow us to extract information regarding the equation of state of dark energy. In particular, spectroscopic surveys
provided a unique opportunity to explore the expansion history of the Universe as well as to
measure the growth of structure through the analysis of the large-scale structure in the Universe.
During the last 15 years, a succession of photometric and spectroscopic surveys have been
operating, all of them driven by the same science goal of decrypting the mysterious cosmic
expansion. Just to mention some of the Wide-area spectroscopic survey predecessors of DESI
include: the Sloan Digital Sky Survey-III Baryonic Oscillation Spectroscopic Survey (SDSSIII/BOSS) (Dawson, K. S. et al., 2013), which operated from 2008-2014 and reported the final
results of the experiment in 2016, providing the first 1% precision measurement of the BAO
scale and obtaining the narrowest constraints on the dark energy parameters to date. The
successor to BOSS is the extended Baryonic Oscillation Spectroscopic Survey (Dawson, K. S. et
al, 2016), currently the only spectroscopic survey devoted to cosmology operating as part of the
Sloan Digital Sky Survey-IV. Initial results of the analysis with the first two years of data were
recently finalized, providing the first clustering measurements with quasars.
Just after eBOSS finishes its program in 2020, the next generation stage IV ground-based
dark energy experiment, Dark Energy Spectroscopic Instrument (DESI) plans to start operations
for 5 years. In this article, we provided a short review of the DESI talk presented during the
conference Recontres de Moriond 2018. The structure of the paper is as follows: Section 2
presents the DESI concept. In Section 3, we present the science goals and requirements of this
dark energy experiment, followed by a summary of the forecast for the key observables of the
survey (BAO and RSD) in Section 4. The current status of the installation and construction of
the instrument is summarized in Section 5 as well as highlights of science preparations currently
ongoing.
2

DESI Concept

The DESI instrument is composed of three basic distintive features: 1) a focal plane assembly
with 5000 fiber positioners that will be robotically-controlled; 2) a new 6-lens wide-field corrector
with a field of view (FoV) of 8 square degrees in contrast to the existing corrector that has only
0.5 square degrees FoV; 3) ten thermally-controlled 3-channel spectrographs over a wavelength
λ
from 360 to 980 nm, with a resolution R = ∆λ
between 2000 and 5500 (depending on the
wavelength). The instrument is planned to be installed in the 4-m Mayall telescope in Kitt
Peak, in Arizona. The baseline survey is planned to cover 14,000 square degrees in 5 years,
while the requirements for the threshold survey is only 9,000 square degrees. DESI will consist
of two programs that depends on the moonlight: the Dark Time and Bright Time. During the
dark time, DESI plans to measure spectra from 4 tracers:
• 4 million Luminous Red Galaxies (LRG) between redshift 0.4 to 1.0. The LRG are massive
galaxies that have no star formation and therefore exhibit evolved, red composite spectral
energy distributions (SEDs). DESI will rely on the experience of previous surveys for
exploiting the 4000 A break to obtain secure photometric redshifts for LRGs using gri colors. To extend the redshift interval will use the correlation between optical/near-infrared
(NIR) color and redshift generated by the 1.6 µm bump in the rest frame.
• 17.1 million Emission Line Galaxies (ELG) between redshift 0.6 and 1.7. The ELG are
galaxies that show high star formation rates, and therefore exhibit strong emission lines
from ionized H-II regions around massive stars, as well as spectral energy distributions
with a relatively blue continuum, which allows their selection from optical grz photometric
bands. The [OII] doublet in ELG spectra consists of a pair of emission lines separated in
rest-frame wavelength by 2.783 A. This wavelength separation of the doublet provides a
unique signature, allowing definitive line identification and secure redshift measurements.
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Figure 1 – Left panel: 4-m Mayall telescope in Kitt Peak, in Arizona. Right panel:DESI instrument.

• 1.7 million quasars with redshift from 0.9 < z < 2.1 used as direct tracers and 0.7 million
Ly-α quasars with redshift between 2.1 and 3.5 for using the Lyman alpha Forest as a
tracer of the matter along the line of sight of the quasar. We will use optical photometry
combined with WISE infrared photometry in the W1 and W2 bands to select the primary
sample of QSOs. The near-infrared allow us to discriminate between quasars and stars, as
quasars are brighter at all redshifts compared to stars in the NIR.
During the bright time:
• 10 million galaxy spectra from 0.05 up to redshift 0.4 for generating a magnitude-limited
Bright Galaxy Survey (BGS). The r-band will be used for the selection of the sample of
galaxies.
In total, DESI is expected to measure 35 million spectra of galaxies and quasars. All DESI
target samples will be selected using optical grz-band photometry from ground-based telescopes
(Dey, A. et al., 2018) and near-infrared photometry from the WISE satellite. The DESI survey
relies on pre-imaging for target selection. In the following section, I briefly describe the imaging
surveys that will be used for DESI.
2.1

Imaging Surveys

The DESI Collaboration is participating closely in 3 major imaging surveys.
• Dark Energy Camera Legacy Survey (DECaLS). This survey uses Blanco DECam 4-m
telescope situated Cerro Tololo Inter-American Observatory. This survey will provide grz
imaging over 9000 square degrees region in the DESI footprint at DEC<=+34 degrees
of the North Galactic Cap (NGC) and South Galactic Cap (SGC). DECaLS survey will
observe the sky in three passes. This survey started in 2014 and is 71% complete in
the NGC and 53% complete in the SGC as reported in May 2018. It is expected to be
completed in January 2019.
• Beijing-Arizona Sky Survey (BASS). This survey uses the Bok 2.3m telescope situated in
Kitt Peak (just next to the Mayall telescope). This telescope will provide gr imaging over
a 5000 square degree region of the NGC lying at DEC<=+34 degrees. This survey started
in 2015 and it is 66% completed in the g band and 65% in the r band as reported in May
2018. The survey is expected to be completed in August 2018.
• Mayall z-band Legacy Survey (MzLS). This survey uses the Mayall MOSAIC-3 Telescope
in Kitt Peak. This survey provides z imaging over a 5000 square degree region region of
the North Galactic Cap (NGC) lying at dec >= +34 degrees. The BASS survey tiles the
sky in three passes. This survey started in 2016 and it was completed in February 2018.
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• Wide-field Infrared Survey Explorer (WISE). WISE is an infrared imaging obtained from
a satellite. WISE conducted an all-sky survey in four bands centered at 3.4, 4.6, 12 and 22
µm (known as W1, W2, W3 and W4). DESI target selection utilizes the two wavelength
bands at W1 and W2. This survey was completed in 2017.
The DESI analyses will be performed separately in each of the three regions of the DESI footprint: the NGC at DEC > +34 degrees, the NGC at DEC<+34 degrees, and the South Galactic
Cap (SGC). Completion of observing for imaging surveys December 2018.
3

Sciences Goals and Requirements

As described in the Science Requirementsa , DESI will explore some of the most fundamental
questions of modern cosmology, the acceleration of the cosmic expansion. This phenomenon
could driven by, either a modification to General Relativity or a new form of energy, known as
dark energy. Since there are a large number of alternative models, the phenomenological way
of proceeding is to describe the cosmic acceleration as generated by a new energy component
in the energy-momentum tensor that in such a way that can be modeled as a perfect fluid
, parameterize its effective state equation, and determine the limits of the parameters of the
equation of state to be able to discriminate between the different alternative models. The most
used parameterization by the observational community, is the CPL with a State Equation (EdE):
w(z) = w0 + wa (1 − a),

(1)

where a is the scale factor, w0 is the value of the dark energy equation of state at present, and
wa is the derivative describing its time evolution.
The key goal of DESI is to achieve constraints on the dark energy equation of state parameters with a precision of a Stage IV Dark Energy Experiment as defined in the Dark Energy Task
Force report (Albrecht, A. et al, 2006). The precision is quantified using the Dark Energy Task
Force (DEFT) Figure of Merit (FoM). The FoMb is defined as:
F oM = p

1
det[COV (w0 , wa )]

(2)

The figure of merit accounts for the improvement expected for different stages of the dark energy
experiments. The DETF defined 4 stages: Stage II experiments were those in progress at the
time of the report as SDSS-I-II. Stage III experiments are those improving upon the Stage II
FoM by at least a factor of 3, and include the BOSS and eBOSS experiments. The figure of merit
of the parameters of the equation of state of the dark energy expected for DESI should be 3
times better than the stage III experiments, i.e 10 times better than stage II experiments. Table
1 shows an extract of Table 2.9 from the DESI Experiment Part I: Science,Targeting, and Survey
Design (DESI Collaboration et al., 2016) where the Dark Energy Task Force (DETF) Figures
of Merit for different scenarios are quoted. The minimal scenario considering only galaxies in
the baseline survey accomplishes the criteria of stage IV dark-energy experiments.
For achieving the precision required for a stage IV dark energy experiment, DESI is designed
to use two robust techniques: the Baryon Acoustic Oscillations (BAO) and Redshift Space
Distortions (RSD), both in one survey.
• The BAO feature is an enhancement at ∼ 150 Mpc in the two-point correlation function of
matter in the Universe. This corresponds to the maximum distance travelled by acoustic
a
“The primary scientific purpose of the Dark Energy Spectroscopic Instrument (DESI) is to probe the origin of
cosmic acceleration by employing the baryon acoustic oscillation (BAO) technique as a “standard ruler” to measure
the expansion history of the Universe with improved precision, extending the measurement back to redshifts of z
=3.7. ”(Science Requirements)
b
We can define the pivot wp such as the covariance matrix is diagonal and then F OM = 1/[σwa ∗ σwp ].
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Table 1: Dark Energy Task Force (DETF) Figures of Merit for DESI

Survey
BOSS BAO
DESI 14k galaxy BAO
DESI 14k galaxy and Ly-α forest BAO
DESI 14k galaxy BAO +gal broadband to k < 0.1hMpc−1
DESI 9k galaxy BAO
DESI 9k galaxy and Ly-α forest BAO
DESI 9k galaxy BAO +gal broadband to k < 0.1hMpc−1

FoM
37
133
169
332
95
121
229

waves in the matter-radiation fluid during the period from matter/radiation equality to
their decoupling at z ∼ 1000 and then stretched by expansion of the Universe. An excess
density, which appears today at a radius of 150 Mpc, was left after decoupling around
each dark-matter density peak. We therefore expect to find today an excess probability
to find matter separated by this distance (in comoving coordinates). This feature can be
seen as a standard ruler allowing us to study the history of the expansion of the Universe
and infer cosmological information. The physics underlying the acoustic oscillations is well
understood and the value of this standard ruler has been measured with exquisite accuracy
at a redshift of z ∼ 1100 using CMB data. The apparent BAO distance scale measured
from observations at different redshifts leads to measurements of the Hubble parameter
H(z) and the angular diameter distance DA (z), which are related to the cosmological
parameters, especially to the dark energy parameters.
• For the study of cosmic acceleration, an observable complementary to distance measurements are measurements of the growth of the structurec . In general, the greater the acceleration of the expansion, the greater the suppression of the growth of the structure. The
growth function tells us how the amplitude of the cluster of galaxies scales with cosmic
time. Measurements of the growth function provide information about dark energy and
even in the scenario without dark energy, these measurements allow us to test whether
General Relativity describes the laws of physics on a large scale. Due to the gravitational
growth, the galaxies tend to be attracted towards the over-dense regions; consequently the
observed redshifts are distorted by these peculiar velocities in the direction of the line of
vision. These distortions generate an increase in clustering along the line of sight compared to the perpendicular direction. The measurement of relative clustering along and
perpendicular to the line of vision leads to measurements of the logarithmic rate of growth
of the structure: f (a)σ8 (a).
The survey is designed to measure the distance scale from BAO with 0.28% precision from
0 < z < 1.1 and 0.39% precision from 1.1 < z < 1.9; additionally, the precision expected for the
measurements of the Hubble Parameter is 1.05% at 1.9 < z < 3.7 from anisotropic BAO analysis.
To achieve this accuracy, the systematic errors from instrument and observational effects must
not exceed 0.16% for DA (z) and 0.26% for H(z). The gravitational growth measurements’
precision is expected to be < 1% at 0.5 < z < 1.4 using RSD.
Additionally, there are secondary science goals that could be achieved with the baseline plan,
three in particular:
1. Inflation constrains can be obtained from the k-dependence of the broadband power; the
c
To illustrate the complementarity of the growth of structure and the BAO, we notice that the FoM of the
analysis including broadband of the galaxy clustering is 3 times better than only using BAO information, thus
the RSD analysis reduces the uncertainty on the dark energy equation of state parameters.

15

Figure 2 – Left panel: Error projections for the Hubble parameter for DESI in several redshift bins corresponding
to different tracers corresponding to the Tables 2.3, 2.4 of the DESI Experiment Part I: Science,Targeting, and
Survey Design (DESI Collaboration et al., 2016). Right panel: Comparison of the DESI error projections with
other experiments present and future [Right panel adopted from the DESI Experiment Part I: Science,Targeting,
and Survey Design (DESI Collaboration et al., 2016)].

spectral index ns of primordial perturbations is expected to be measured with σns = 0.0025
and its running with wavenumber αs is expected to be measured with σαs = 0.004d .
2. Primordial non-Gaussianity can also be explored through the large scale clustering; usually, the type of non-gaussianity studied is the non-local type parametrized by fN L , the
projection on the precision on the fN L is σfN L = 5.
3. Neutrino constrains, in particular, the measurement of the sum of neutrino masses to
< 0.02eV with an uncertainty of 0.020 eV (for kmax < 0.2hM pc−1 ), and the study of the
neutrino hierarchye (Font-Ribera et al., 2014).
In next section, I will provide the error projections for the baseline survey in several redshift
slices for the different tracers only for the primary goals: the BAO and RSD observables.
4

Forecast for BAO and RSD observables

DESI will provide at least an order of magnitude improvement over BOSS both in the comoving volume and the number of galaxies measured. The results of performing a Fisher matrix
formalism for estimating the parameter-constraining power of the finished survey are shown
in Table 2.3 and Table 2.4 from the DESI Experiment Part I: Science,Targeting, and Survey
Design (DESI Collaboration et al., 2016) for the baseline survey and for the threshold survey
respectively. These tables quote errors on the transverse and radial BAO scales as errors on
DA (z)/s and H(z)s, respectively, where s is the BAO length scale, and also quote errors on an
isotropic dilation factor R/s, defined as the error one would measure on a single parameter that
rescales radial and transverse directions by equal amounts. In this review, I show in the left
panel of Figure 2 the error projections only for the Hubble parameter on the different redshift
bins with the different tracers using the numbers from the tables mentioned previously. Also,
in the right panel of Figure 2, I show the comparison of the DESI error projections with other
experiments present and future to highligth the constraining power of DESI.
The redshift-space distortions can effectively constrain two parameter combinations, b(z)σ8 (z)
and f (z)σ8 (z). For the forecast numbers, the large-scale broadband power was used up to some
quoted kmax . We quote in this review only the numbers for the baseline 14K survey and considering only the kmax = 0.1h Mpc−1 , which corresponds roughly to the performance of current
analyses. The left panel of Figure 3 shows the rate of growth of the structure, f , as a function
of the redshift, for an LCDM model together with the galaxy and quasar error projections (including the Bright Galaxy Survey). DESI will significantly extend in redshift the growth factor
d

Using the broadband galaxy power spectrum only of galaxies out to kmax = 0.1
With DESI measurement of the absolute mass scale, we can determine which hierarchy is preferred by the
data, given that the normal and inverted hierarchy imply different value for the sum of masses.
e
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Figure 3 – Left panel: Error projections for the f (z)σ8 (z) for DESI in several redshift bins corresponding to
the different tracers corresponding to the Tables 2.3, 2.4 of the DESI Experiment Part I: Science,Targeting, and
Survey Design (DESI Collaboration et al., 2016). Right panel: Comparison of the DESI 1-σ contours in the
w0 − w0 plane with other experiments present and future. [Right panel figure adopted from the DESI Experiment
Part I: Science,Targeting, and Survey Design (DESI Collaboration et al., 2016)]

measurements with better precision than current stage III experiments. To finalize this section,
I present in the right panel of Figure 3 the 1-σ contours in the w0 − w0 plane expected for DESI
and the comparison with past and present Stage III dark energy experiments.
5
5.1

Construction Progress and Science Preparation
Construction Progress and Timeline

The construction progress and installation is a 60% complete which puts it roughly on schedule.
The Mayall telescope is currently being prepared for the installation of the new optical corrector.
The installation started on February 12, 2018 and is scheduled to be completed in the summer of
2018. The next major step in the installation is the DESI focal plane system, that is scheduled
to begin installation in March 2019. To fill the gap, between the two major steps of installation,
a commissioning instrument was designed and fabricated so it can be installed on the Mayall
Telescope in the fall of 2018, after the new optical corrector is installed. This commissioning
instrument will serve to test the imaging capability and will allow to measure the image quality
over the full DESI field of view.
Commissioning of the complete instrument is scheduled to start in May 2019 and planned
to be completed by September 2019. The goal of commissioning is to verify that the DESI
system can take survey-quality data. The next step in the timeline is the survey validation,
which is planned for September 2019. The goal of validation is to connect DESI requirements
to the quality assurance and verification tests that will ensure that the data systems meet those
requirements. Finally, the science survey is planned to start in January 2020. The survey will
be organized into data assemblies for internal data release, scoped to be a stable and accessible
foundation for our collaboration science analyses, including raw and reduced data, large-scale
structure catalogs, mock catalogs, and suitable documentation. The first data assembly that will
include data up to June 2020 and is planned to occur in January 2021. Further data assemblies
and cosmology analyses will occur on 1-year cycles.The first data assembly for cosmology analysis
is planned for April 2022. The end of the survey is planned to be January 2025.
5.2

Science Preparacion

The DESI Collaboration is actively preparing for survey operations and science analysis. We
have a large collaboration (more than 500 members) with rich experience in cosmology and
survey astronomy. The working groups have developed detailed plans to achieve their science

17

objectives and are now working to carry those out. The main document of this is the Science
Requirements Document. The collaboration has been actively preparing DESI operations in
2019, as demonstrated through the creation elaboration of the following documents :
• Science Readiness Plan, which itemizes the key tasks and schedule needed to prepare for
running and validating the survey and doing the first set of science analysis.
• Baseline Survey Strategy, which describes how the dark-time survey should proceed.
• Bright Galaxy Survey Plan, which describes the bright time survey and how it should
proceed.
• Target Selection Baseline, which describes the current state of the target selection algorithms.
• Baseline Survey Validation Plan, which lays out a plan for the SV period, the main goal
of which is to validate the survey strategy and confirm that we are ready to begin.
• Cosmological Simulations Requirements and Plan, which describes what simulations are
required for the core science as well as what simulations the collaboration should produce
to reach its broader science goals.
• Imaging Validation Plan, which describes how we will determine that the imaging meets
requirements.
I would like to finalize this review with a quote from David Schlegel, that I think reflects
accurately the mood of the collaboration at this moment, that we are a two years from the first
light of DESI. “For the past 13 years, we’ve had a simple model of how dark energy works. But
the truth is, we only have a little bit of data, and we’re just beginning to explore the times when
dark energy turned on. If there are surprises lurking out there, we expect to find them.”
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MEASURING THE GROWTH RATE OF STRUCTURE AROUND COSMIC
VOIDS
ADAM JAMES HAWKEN
Centre de Physique des Particules de Marseille, 163 Avenue de Luminy,
Marseille 13009, France

Redshift Space Distortions (RSD) can be used to measure the growth rate of cosmic structure
and thus constrain theories of gravity. The void-galaxy cross correlation function exhibits an
anisotropy indicative of linear RSD. In this proceedings we introduce a model for linear RSD
around cosmic voids that allows the centres of voids to have peculiar velocities. We apply this
model to public Galaxy And Mass Assembly (GAMA) survey data. Our results suggest that
void centres do indeed have peculiar velocities.

1

Introduction

The redshifts of galaxies are commonly used as a proxy for their distance from us. However,
galaxies have peculiar motions as a result of gravitational interactions. These peculiar motions
contribute to the redshift of galaxies, leading to the apparent anisotropic clustering of galaxies
(RSD). By isolating the RSD signal we can study gravity 12,10 .
At small scales and in highly dense environments the peculiar motions of galaxies can be
highly non-linear, making the growth rate of structure difficult to measure. It has been argued
that because voids (large underdense regions of the Universe, a key component of the cosmic
web) and their surrounding environments have low matter density, the relationship between
the matter density field and the velocity field should behave more linearly in these regions.
Thus voids and their surroundings can provide measurements of the linear growth of structure,
complimentary to standard techniques (that rely on galaxy two-point clustering statistics).
Many modified gravity models predict that gravitational dynamics should deviate from GR
in low density environments. Thus accurate measurements of the growth rate of structure
around cosmic voids will allow us to place constraints on gross deviations from standard general
relativity.
RSD around voids have been studied in simulations 17,9,2,3,16 , and also in observations 8,1,11 .
Although gaining in popularity, measuring RSD around cosmic voids is still in its infancy.
As such there are still many possible systematic effects that have not yet been thoroughly
investigated. A common assumption in the modelling of void RSD is that the centres of voids
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are unaffected by the velocity field and that therefore their positions in redshift space are the
same as their positions in real space. Here we seek to test this assumption by aiming to measure
the linear growth of structure associated with void centres in the GAMA survey.
2

RSD model

The anisotropic void galaxy cross correlation can be written as the sum of its multipoles
ξvg (r, µ) =

X

L` ξ` (r),

(1)

where L` are the Legendre polynomials. We propose the following model to describe these
multipoles:
1
1
1 + (βg + βv ) + βg βv ξvg (r),
3
5


2
4
ξ2 (r) =
(βg + βv ) + βg βv [ξvg − ξ¯vg (r)],
3
7


8
5
7
ξ4 (r) =
βg βv [ξvg (r) + ξ¯vg (r) − ¯ξ¯vg (r)],
35
2
2




ξ0 (r) =

(2)
(3)
(4)

R
R
where ξ¯vg (r) = r33 0r ξ(r0 )r02 dr0 , the average galaxy density contrast, and ¯ξ¯vg (r) = r33 0r ξ(r0 )r02 dr0
are integrals over the void galaxy cross correlation. We have split β into two contributions,
βg = f /bg , which is the growth rate felt by the galaxies (which is the same as the β in conventional measurements) and, βv = f /bv , which is that felt by the voids. In the case where
βv = 0 equations 2 to 4 reduce to the model used by Cai et al. 2 and Hamaus et al.7 . In the
case where the two betas are the same equations 2 to 4 reduce to the standard equations for the
multipoles of the galaxy autocorrelation. Equation 4 shows that βv 6= 0 gives rise to a non-zero
hexadecapole.
The two growth rate parameters βg and βv are completely degenerate in this model. They
cannot be measured simultaneously on the data. However, we can use mock catalogues with a
known cosmology and known galaxy bias. We can therefore measure the value of βv in the data
by putting a prior on βg based on our knowledge of the mocks.

3

The search for voids in GAMA

We used spectroscopic galaxy redshift data from public data release 2 of GAMA5,13 . GAMA
provides a dense and highly complete sampling of the large scale structure up to z ∼ 0.5. We
studied the three equatorial fields, G09, G12, G15. The main target selection consisted of all
galaxies down to an apparent r-band magnitude limit of mr ≤ 19.8 in all fields. We also used
26 different realisations of a lightcone mock catalogue described in Gonzalez-Perez et al.6 and
Merson et al.14 . We selected galaxies to match the magnitude limit of the data.
Our void finding algorithm is described in detail in Micheletti et al.15 and Hawken et al.11 .
Voids are defined as maximal non-overlapping empty spheres in a volume limited catalogue.
Spheres with more than 20% of their volume outside of the survey boundaries are rejected. It
should be noted that although our voids are defined as empty in the volume limited catalogue,
because of the aggressiveness of our absolute magnitude cut they are inhabited by many lower
luminosity galaxies. This is important because it enables us to well measure the void density
profile deep into the void interior.
Figure 1 shows the distribution of voids in the three equatorial GAMA fields. For our
analysis we only used voids with a radius ≥ 12Mpch−1 . Voids smaller than this have a higher
probability of being spurious. We constructed random catalogues for each field that account for
the survey mask and follow the same redshift distribution. We then used the Davis and Peebles4
estimator to measure the cross-correlation, and from that the multipoles.

20

Figure 1 – Voids in the three equitorial GAMA fields (black circles). The blue points are galaxies. The axes are
in comoving coordinates. By eye it can be seen that they trace the under densities of the cosmic web.

4

Measuring the growth rate of structure

Covariance matrices for ξ2 and ξ4 were obtained by analysing the mock galaxy catalogues. Each
field is the same shape and volume, so we treat them equivalently. To make the best use of the
mocks we estimated the jackknife covariance matrix for the full suite of mocks and then rescaled
this to the volume of the three equatorial GAMA fields. The best fitting set of parameters can
be found by minimising χ2 , where for each multipole, `, and each set of parameter values, θ,
χ2` (θ) = ∆T` C`−1 ∆` , where ∆` = ξ`obs − ξ`mod (θ) is the difference between the observed multipole
and the model. Figure 2 shows the likelihood for βv in the mocks (green dashed) and the data
(blue). In this case we have fixed βg to the value expected in the mock galaxy catalogues. It
can be seen that βv is non-zero and negative in both the mocks and the data. This implies that
voids are negatively biased with respect to the matter density field.
5

Conclusion

In this proceedings we have proposed a model for RSD around cosmic voids. The model allows
the centres of cosmic voids to have non-zero velocities. We used a spherical void finder to identify
voids in GAMA. We have demonstrated that our model can be used to describe the multipoles
of the void-galaxy cross correlation function. Our results can be interpreted to imply that void
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Figure 2 – Likelihood for βv given the prior of βg in mock galaxy catalogues (dashed green) and the data (red).

centres are sensitive to the velocity field. However, it is also possible that βv represents some
hitherto unknown bias. There are also a number of effects, such as velocity bias, which we have
not taken into account.
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Limits on primordial statistical anisotropy from large-scale structure
Naonori Sugiyama
Kavli Institute for the Physics and Mathematics of the Universe (WPI),
Todai Institutes for Advanced Study, The University of Tokyo, Chiba 277-8582, Japan
We measure statistically anisotropic signatures imprinted in three-dimensional galaxy clustering using bipolar spherical harmonics (BipoSHs) in both Fourier space and configuration
space. We then constrain a well-known quadrupolar anisotropy parameter g∗ in the primordial power spectrum, parametrized by P (~k) = P̄ (k)[1 + g∗ (k̂ · p̂)2 ], with p̂ being a preferred
direction. Such an anisotropic signal is easily contaminated by artificial asymmetries due to
specific survey geometry. We precisely estimate the contaminated signal and finally subtract
it from the data. Using the galaxy samples obtained by the Baryon Oscillation Spectroscopic
Survey Data Release 12, we find −0.09 < g∗ < 0.08 with a 95% confidence level when p̂ is
marginalized over, i.e., no evidence for violation of statistical isotropy.

1

THEORY

Statistical isotropy (SI) is a key feature of the standard inflation theory and needs to be tested
in various experiments. For this purpose, we apply the bipolar spherical harmonic (BipoSH)
decomposition technique to the galaxy power spectrum and correlation function (Section 1.1).
The BipoSH formalism allows us to parameterize departures from statistical isotropy regarding
the total angular momentum L, and the presence of statistical anisotropy produces the L ≥ 1
modes in the BipoSH coefficients. In this work, we focus especially on the quadrupolar-type
anisotropy, which is associated with the L = 2 mode (Section 1.2).
1.1

BipoSH decomposition

The redshift-space galaxy power spectrum Pg is characterized by wavevector ~k and the LOS n̂:
Pg = Pg (~k, n̂). Generally, we can expand the galaxy power spectrum in BipoSH functions 4,1 :
Pg (~k, n̂) =

X

P` (k) L` (k̂ · n̂)

`

+

X X

LM
LM
P``
0 (k) S``0 (k̂, n̂),

(1)

L≥1,M ``0
LM is
where L` is the Legendre polynomial at the `th order, and the BipoSH base function S``
0
given by

Pg (~k, n̂) =

X

P` (k) L` (k̂ · n̂)

`

+

X X
L≥1,M ``0
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LM
LM
P``
0 (k) S``0 (k̂, n̂),

(2)

If SI is valid, then the power spectrum can be only described by the Legendre coefficients. However, the presence of statistical anisotropy produces additional terms other than the Legendre
coefficients. Rotational asymmetry terms P``L≥1,M
, i.e. non-zero total angular momenta, are
0
orthogonal to the Legendre coefficients P` induced by the L = 0 mode, which means that the
L 6= 0 modes are unbiased observables of the rotational invariance breaking.
For a practical analysis, we define a reduced BipoSH coefficients as
L
LM
P``LM
0 (k) ≡ H``0 P``0 (k),
L =
where H``
0

1.2

` `0 L
0 0 0



(3)

filters even ` + `0 + L components.

Quadrupolar-type anisotropy

In linear theory, a galaxy power spectrum that breaks SI can be decomposed via



1
Pg (~k, n̂) = PK (~k) 1 + g∗ (p̂ · k̂)2 −
,
3

(4)

where PK is the so-called Kaiser formula of linear RSD,
PK (~k) = (bσ8 ) + (f σ8 ) µ2k

2

Plin (k, z = 0),

(5)

where µk = k̂ · n̂, σ8 denotes the rms matter fluctuation on scales of 8Mpch−1 , b represents the
linear bias parameter, f σ8 = d ln σ8 / ln a is the logarithmic growth rate multiplied by σ8 , and
Plin is the isotropic, linear matter power spectrum. While b, σ8 , and f are computed at given
redshift z, Plin is computed at z = 0. In the above expression, Plin is normalized by σ82 so that
σ8 (z = 0) = 1, because in the standard definition of Plin , it is proportional to σ82 . One can thus
see from equation (5) that the amplitude of the observed power spectrum is characterized by
the combination of bσ8 and f σ8 , and that the RSD effect makes the LOS direction special.
Substituting the above equation (4) into equation (3) leads to
P``000 (k) = δ``0 P`0 (k)
r
5 8π
∗
P``L=2,M
(k) =
g∗ YL=2,M
(p̂)
0
4π 15
L=2 2
× (2` + 1) (H``0 ) P`0 (k),

(6)

where the Legendre coefficients P`0 yield only the monopole, the quadrupole, and the hexadecapole in linear theory. As expected, the L = 2 mode is proportional to the corresponding
anisotropy parameter g∗ , and the L = 0 mode reproduces the Legendre coefficients P` .
2

MEASUREMENTS

Having shown the new decomposition formalism of the galaxy power spectrum, we now constrain
the well-known quadrupolar anisotropy parameter, g∗ with the BipoSH coefficients extracted
from the BOSS DR12 sample.
2.1

Data

We use a publicly available 3D redshift survey data, the LOWZ and CMASS galaxy samples
in both the North Galactic Cap (NGC) and the South Galactic Cap (SGC) derived from the
Baryon Oscillation Spectroscopic Survey Data Release 12 (BOSS DR12).
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2.2

Results

2M (left panels) and ξ 2M (right panels) for CMASS
Figure 1 presents the measurements of both P20
20
NGC, where their real and imaginary parts are shown by red and blue symbols, respectively.
The solid lines are the fiducial models under the no anisotropic signal hypothesis g∗ = 0, which
only include survey geometry corrections.

2M
2M
Figure 1 – BipoSH coefficients of the power spectrum P20
(left panels) and the correlation function ξ20
(right
panels) measured from CMASS NGC. The errorbars on the data points are derived from the 1σ errors measured
from the QPM mocks. The gray shaded regions are the measurements from the QPM mocks, which do not include
statistically anisotropic features, with the 1σ errors. The solid lines denote the predictions of the linear theory
assuming no anisotropic signal, namely g2M = 0, which are the same as the solid colored lines. The predictions
from the QPM mocks and the theory only include the effects of survey geometry asymmetries and are in excellent
2M
agreement with the observations. Therefore, these figures show that the observed BipoSH coefficients, P20
and
2M
ξ20
for all M , can be sufficiently explained by the survey geometry effects.
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We constrain the quadrupolar parameter g∗ after marginalizing over all possible directions
of p̂. Since we find that the shape of this likelihood is deviated from a Gaussian distribution, we
compute the lower and upper limits on g∗ with a 95% confidence level (CL) using the flat prior
−1 ≤ g∗ ≤ 1. We summarize the results in Table 1; combining all the four galaxy samples, our
limit on g∗ is −0.09 < g∗ < 0.08 (95% CL). We also find that the marginalized likelihood for p̂
has many peaks, indicating no preferred direction in the Universe. This fact is consistent with
the limit on g∗ , i.e. no evidence of departures from SI.
Our limit on g∗ is about two times as weak as the limits provided by Planck 2 , while this
work does improve upon the constraints about four times as stringent as those from the SDSS
DR7 photometric galaxy data 3 .
Table 1: Limits on g∗ with a 95% confidence level after marginalizing over the preferred direction p̂.

Power Spectrum
Correlation function

CMASS NGC
−0.14 < g∗ < 0.09
−0.14 < g∗ < 0.10

CMASS SGC
−0.14 < g∗ < 0.18
−0.13 < g∗ < 0.18

LOWZ NGC
−0.12 < g∗ < 0.11
−0.16 < g∗ < 0.13

LOWZ SGC
−0.18 < g∗ < 0.19
−0.19 < g∗ < 0.23
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GENERALIZED DARK MATTER MODEL WITH THE EUCLID SATELLITE
I. TUTUSAUS, B. LAMINE, AND A. BLANCHARD
IRAP, Université de Toulouse, CNRS, CNES, UPS, (Toulouse), France
The concordance model in cosmology, ΛCDM, is able to fit the main cosmological observations
with a high level of accuracy. However, around 95% of the energy content of the Universe
within this framework remains still unknown. In this work we focus on the dark matter
component and we investigate the generalized dark matter (GDM) model, which allows for
non-pressure-less dark matter and a non-vanishing sound speed and viscosity. We first focus on
current observations, showing that GDM could alleviate the tension between cosmic microwave
background and weak lensing observations. We then investigate the ability of the photometric
Euclid survey (photometric galaxy clustering, weak lensing, and their cross-correlations) to
constrain the nature of dark matter. We conclude that Euclid will provide us with very good
constraints on GDM, enabling us to better understand the nature of this fluid, but a nonlinear recipe adapted to GDM is clearly needed in order to correct for non-linearities and get
reliable results down to small scales.

1

Introduction

ΛCDM has become the concordance model in cosmology thanks to its ability to fit the main
cosmological observations1 . It is mainly characterized by its dark sector, composed of pressureless, non-interacting cold dark matter (CDM) and a cosmological constant Λ. However, their
nature remain still unknown. In this work we focus only on the dark matter component of
the Universe and we follow a phenomenological approach to go beyond the standard model. In
particular, we use the generalized dark matter (GDM) model, first proposed by Hu2 , to constrain
dark matter properties in the linear regime. We first present the theoretical framework of the
GDM model in Sec. 2. We then show the constraints on this model using current observations
in Sec. 3, and we finally show the expected precision of the photometric Euclid survey on the
GDM model parameters in Sec. 4, before finishing with the conclusions in Sec. 5.
2

Theoretical framework

In this work we assume that dark matter is only coupled to the visible sector through gravitational interaction, so we assume that the dark matter energy-momentum tensor is conserved.
This implies that all kind of dark matter components can be covered by the standard conservation equations for a general matter source3 . The dark matter energy density ρ evolves as
ρ̇ + 3H(1 + w)ρ = 0, where the over-dot stands for the derivative with respect to conformal time,
and H ≡ ȧ/a is the conformal Hubble parameter. In this work we focus on the scalar modes,
neglecting vector and tensor perturbations. Therefore, a conserved energy-momentum tensor
must satisfy3 (at a linear level of perturbations and in the synchronous gauge)

δ̇ + (1 + w) θ +

ḣ
2

!


+ 3H

δp
−w
δρ


= 0 and θ̇ + H(1 − 3w)θ +
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ẇ
δp/δρ 2
θ−
k δ + k 2 σ = 0 , (1)
1+w
1+w

where w, δ, and θ stand for the fluid equation of state parameter, its density fluctuation
and the divergence of its velocity, respectively. δp represents the pressure perturbation, and
σ corresponds to the anisotropic stress. Provided Eq. (1), the GDM model is specified by the
dark matter equation of state parameter w, and relations between δp and σ to the dynamically
evolving variables δ, θ. We consider non-relativistic dark matter (it can allow for the formation
of galaxies) with the so-called cvis parametrization2 , where δp is related to δ and θ through the
rest-frame sound speed cs , and σ evolves according to:
δp = c2s δρ − ρ̇(c2s − c2a )θ/k 2 and σ̇ + 3H

c2a
4 c2vis
σ=
(2θ + ḣ + 6η̇) ,
w
31+w

(2)

where the adiabatic sound speed is c2a ≡ (wρ)˙/ρ̇, c2vis is a new viscosity parameter, and h and
η are the synchronous metric perturbations. We fix c2vis = 0, for simplicity, and we consider
only the equation of state parameter w and the sound velocity c2s as constant parameters for the
GDM model.
3

Current constraints

We first need a Boltzmann code to compute the power spectrum for the GDM model. In
this work we use the CLASS code4 . It already includes a parametrization for the dark energy
fluid with a constant equation of state parameter and a constant sound velocity5 , so we use this
parametrization as GDM, while we keep a cosmological constant for the dark energy contribution,
and a negligible fraction of cold dark matter. Notice that the perturbations computed for this
fluid must be added to the total matter perturbations, which is not the case in the default
version of CLASS, since the fluid is supposed to behave as dark energy. We then investigate
the constraints on the cosmological parameters using a Markov chain Monte Carlo approach,
with the Metropolis-Hastings algorithm, implemented in the parameter inference Monte Python
code6 . We use the Gelman-Rubin test7 , requiring 1 − R < 0.015 for all parameters, to consider
that the chains have converged. We consider the 6 baseline parameters for ΛCDM that can
be seen in Table 1, plus w and c2s for GDM. We further consider two massless neutrinos and
a massive one with mass 0.06 eV, keeping the value of the effective number of neutrino-like
relativistic degrees of freedom Neff = 3.046. The constraints on the parameters are obtained
using CMB data (the 2015 Planck CMB likelihoods8,9 ), baryon acoustic oscillations (BAO)
measurements from BOSS10 , 6dFGS11 , and SDSS12 , and type Ia supernovae (SNIa) data from
the joint light-curve analysis (JLA)13 . For some runs we include weak lensing (WL) data from
the CFHTLenS survey14 to check whether the tension between WL and CMB data is alleviated
when considering GDM.
In Table 1 we present the constraints on the cosmological parameters when we fit both
models, ΛCDM and ΛGDM, to SNIa, BAO, and CMB data. The constraints are weakened
when we consider ΛGDM, due to the introduction of two extra degrees of freedom. Even if all
the parameters are compatible within 1-σ for both models, we can see that ΛGDM allows for a
smaller value of Ωb , Ωdm and σ8 , and a larger value of h than ΛCDM. This points towards the
fact that ΛGDM could alleviate the tension between Ωm and the rms matter density fluctuation
σ8 that appears when considering the ΛCDM model, as it can be seen in the left panel of Fig. 1.
Allowing for a non-vanishing sound speed strongly suppresses the matter power spectrum at
small scales, therefore, cosmological probes sensitive to small scales are extremely important to
constrain the GDM parameters. In order to add WL data we need to take into account that we
enter the non-linear regime and our predictions for GDM are no longer accurate. There is no
non-linear recipe for GDM yet, so we use an ultra-conservative approach by keeping only the
largest scales from CFHTLenS data, and we keep the standard halofit15 non-linear correction.
The constraints when WL data is added into the analysis are shown in Table 1. We can observe
that the constraints on most of the parameters (for both models) are equivalent to the ones
obtained without WL, since we are discarding most of the WL data. However, the constraint on

28

Table 1: Mean values with the 1-σ constraints on the cosmological parameters for both ΛCDM and ΛGDM. Both
the constraints from the fit to CMB, SNIa, and BAO data (with and without WL) and the forecasted constraints
from the photometric Euclid survey are shown.

Model

ΛCDM

ΛGDM

Parameters
102 × Ωb
Ωdm
h
σ8
ns
10 × τ
102 × Ωb
Ωdm
102 × w
106 × c2s
h
σ8
ns
10 × τ

CMB+SNIa+BAO
4.834 ± 0.054
0.2562 ± 0.0060
0.6797 ± 0.0049
0.8187 ± 0.0089
0.9674 ± 0.0043
0.72 ± 0.13
4.71 ± 0.12
0.2491 ± 0.0087
0.066 ± 0.054
< 0.78
0.6873 ± 0.0082
0.7351+0.094
−0.041
0.9656 ± 0.0044
0.73 ± 0.15

CMB+SNIa+BAO+WL
4.815 ± 0.053
0.2539 ± 0.0057
0.6816 ± 0.0048
0.8142 ± 0.0090
0.9686 ± 0.0043
0.68 ± 0.13
4.69 ± 0.12
0.2458 ± 0.0088
0.055 ± 0.053
< 0.010
0.6898 ± 0.0082
0.8174 ± 0.016
0.9682 ± 0.0042
0.58 ± 0.16

Photometric Euclid
(4.834) ± 0.075
(0.2562) ± 0.0074
(0.6797) ± 0.016
(0.8187) ± 0.0088
(0.9674) ± 0.023
−
(4.834) ± 0.11
(0.2562) ± 0.014
(0.00) ± 0.21
< 0.0018
(0.6797) ± 0.020
(0.8187) ± 0.0096
(0.9674) ± 0.035
−

c2s improves by two orders of magnitude, due to the addition of information at mildly non-linear
scales. We need to remind, though, that the halofit correction has been derived and tested only
for standard cold dark matter, so the constraint on c2s could be slightly too optimistic. We
can also see this effect in the right panel of Fig. 1. The (probably) over-estimated spectrum at
small scales for ΛGDM gives very good constraints on σ8 , questioning the ability of ΛGDM to
completely remove the tension between WL and CMB measurements.
4

Euclid forecast

In this section we focus our attention to study the ΛGDM model with the future Euclid satellitea
using the specifications of the Euclid Red-book16 . We use the CosmoSIS17 codeb to compute a
Fisher matrix forecast for the photometric Euclid survey. In particular, for photometric galaxy
clustering (GC), weak lensing (WL), and their cross-correlations (XC). More in detail, we replace
(in the CosmoSIS pipeline) the standard Boltzmann code by our GDM modified version of CLASS
used in the previous section. We follow the previous approach of using the halofit correction and
keeping only the largest scales (up to `max = 750). Concerning the fiducial cosmological model
for the forecast, we use the values obtained from the fit of ΛCDM to the combination of CMB,
SNIa, and BAO data from the previous section, including the treatment of massive neutrinos
and the value of τ , which are fixed in the forecast. For the parameters specific to GDM we
consider the fiducial values w = 0 and c2s = 10−9 .
We can see in Table 1 that the photometric Euclid survey will provide very good constraints
on all parameters for both models. For some parameters the forecasted constraints are worse than
the current ones. but this can be justified by the fact that Euclid will only probe up to redshift
∼ 2.5. Therefore, the lack of high-redshift information coming from the CMB makes it harder
to constrain w and break the degeneracies between the cosmological parameters. We can infer
that the combination of the full (photometric and spectroscopic) Euclid data with the CMB will
provide exquisite constraints on GDM. It is worth mentioning that current low-redshift probes
(without the CMB) are only marginally able to constrain the GDM parameters18 . It is also
important to notice that the photometric Euclid survey alone will be able to constrain c2s better
than the combination of background and WL current data by nearly an order of magnitude.
a
b

https://www.euclid-ec.org
https://bitbucket.org/joezuntz/cosmosis/wiki/Home
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However, as it was the case in the previous section, we should treat these forecasted constraints
(especially on c2s ) with caution, since we know that the halofit correction is adapted to standard
cold dark matter.
L-GDM CMB+SNIa+BAO
L-CDM CMB+SNIa+BAO

L-GDM CMB+SNIa+BAO+WL halofit
L-CDM CMB+SNIa+BAO+WL halofit

0.32

Ωm

Ωm

0.33

0.3

0.27

0.3

0.27
0.47

0.66

σ8

0.85 0.27

0.3

Ωm

0.33

0.78

0.82
σ8

0.86 0.27

0.3

Ωm

0.32

Figure 1 – 1-σ and 2-σ contours for the Ωm and σ8 cosmological parameters for both ΛCDM (blue) and ΛGDM
(red). Left panel: Combination of CMB, SNIa, and BAO data. Right panel: WL data are added into the analysis.

5

Conclusions

In conclusion, we have seen that a more generalized treatment of dark matter could alleviate
the tension between low-redshift and high-redshift data, thanks to a non-vanishing sound speed.
Because of c2s , the main differences between GDM and the standard model appear at small scales.
It is thus very important to add cosmological probes sensitive to small scales to constrain GDM.
We have shown that adding WL data strongly improves the constraints on the GDM sound
speed. We have then focused on the photometric Euclid survey, and we have shown that it will
be able to put nice constraints on all parameters (a very strong constraint on c2s ), and it will
allow us to increase our knowledge on the nature of dark matter. However, it is necessary to
have a non-linear recipe adapted to GDM to be able to explore the small scales that Euclid will
probe, and extract the maximum of information of it.
References
1.
2.
3.
4.
5.
6.
7.
8.
9.
10.
11.
12.
13.
14.
15.
16.
17.
18.

Planck Collaboration, A&A 594, A13 (2016).
W. Hu, ApJ 506, 485 (1998).
C.-P. Ma & E. Bertschinger, ApJ 455, 7 (1995).
D. Blas, J. Lesgourgues, & T. Tram JCAP 07, 034 (2011).
J. Lesgourgues & T. Tram, JCAP 09, 032 (2011).
B. Audren et al., JCAP 02, 001 (2013).
A. Gelman & D. B. Rubin, Statist. Sci. 7, 457 (1992).
Planck Collaboration, A&A 594, A11 (2016).
Planck Collaboration, A&A 594, A15 (2016).
L. Anderson et al., MNRAS 441, 24 (2014).
F. Beutler et al., MNRAS 416, 3017 (2011).
A. J. Ross et al., MNRAS 449, 835 (2015).
M. Betoule et al., A&A 568, A22 (2014).
C. Heymans et al., MNRAS 432, 2433 (2013).
R. Takahashi et al., ApJ 761, 152 (2012).
R. Laureijs et al., ArXiv e-prints arXiv, 1110.3193 (2011).
J. Zuntz et al., A&C 12, 45 (2015).
I. Tutusaus et al., PRD 94, 123515 (2016).

30

TESTING A CURVATURE MODEL USING FISHER FORECASTS FOR A
EUCLID-LIKE SPECTROSCOPIC SURVEY

S. YAHIA-CHERIF, A. BLANCHARD
IRAP, Université de Toulouse, CNRS, CNES, UPS,
Toulouse, France
Current data have shown that the ΛCDM framework gives a good description of the universe
with a small set of parameters. Although we are able to give very good constraints over the
cosmological parameters, some physical quantities such as the curvature isn’t directly measured. Even if the general relativity (GR) is a key part of the standard model of the cosmology
it has not been already tested on cosmological scales. We propose in this work an extended
Newtonian formulation to test the GR relevance through the equivalence between matter
content and geometry of the Universe, using Fisher forecasts for a Euclid-like Spectroscopic
survey. We found in agreement with previous studies that relaxing the dark energy equation
of state leads to less stringent constraints over both the curvature and the dark energy.

1

Introduction

One of the main prediction of inflationary cosmology is the spatial flatness of the universe 3 .
The combination of observed CMB fluctuations with BAO and SN1a observations leads to a
constraint of the spatial curvature parameter around 0.001 5 . Observations have shown the
acceleration of the expansion of the universe 6 revealing the existence of two dark components:
the dark matter and the dark energy. According to GR as the geometrical tensor is set equal
to the matter energy tensor, the curvature parameter is uniquely related to its energy content.
It is therefore possible to test the GR at the background level by considering two independent
curvatures parameters: a dynamical component related to the universe energy content Ωdyn , and
a geometric component related to its curvature Ωgeo 2,7,11 . Euclid, a medium Class ESA mission
will give a better understanding of the Universe expansion through the measurement of the shape
over more than one billion galaxies and tens of millions spectroscopic redshifts, for the galaxy
clustering and weak lensing, two independent cosmological probes 1,4 (launch in 2021). One of
the main objectives will consist in computing the dark energy Figure of Merit (FoM) defined as
proportionnal to the inverse of the surface contour given by the dark energy parameters w0 and
wa , with w0 the equation of state present value, and wa its first derivative over the scale factor
a(t). This work focuses on the estimation of the constraints we can reach on the dark energy
equation of state parameters and on the two curvatures parameters using forecasts with a Fisher
approach. These constraints determined via modeling a Euclid-like spectroscopic survey will be
compared with those obtained from present day data.
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2
2.1

Methodology
The curvature model

The Friedmann-Lemaı̂tre-Robertson-Walker (FLRW) geometry gives a very good description of
the standard model of cosmology :
ds2 = −c2 dt2 + a(t)2

dr2
+ r2 (dθ2 + sin2 θdφ2 )
1 − kr2

!

(1)

with a(t) the expansion factor of the universe, k a constant giving the space geometry : spherical space if k = 1, flat if k = 0 and hyperbolic if k < 0. This geometry obeys to Einstein
equations Gµν = 8πG
Tµν . Thanks to the link between the dynamical evolution of a(t) and the
c4
energy content of the universe we can write the Newtonian equation governing a(t) by using the
mechanical energy inside a sphere 11 . This leads to the following equation :
 2
ȧ

+

a

K
8πG X c
=
Ωi
2
a
3

(2)

in which H = ȧa the Hubble parameter quantify the geometry of the universe with Ωk =
−kc2 /(Ha)2 the normalised curvature parameter coming from the left hand side of Einstein
P
equations. The following dynamical quantity can be set as Ωdyn = 1 − Ωci with Ωci the density
parameters of the various energy contents of the universe. In a theory involving the Newtonian
dynamic this relation can be rewritten as :
Ωdyn = αΩgeo

(3)

with α = 1 in the GR case. The clear independence between the geometrical and the dynamical
curvature allows us to treat independently these two quantities. Then the dynamical component
impacts the Hubble equation and the geometrical curvature the angular distance :
q

H(z) = H0 (Ωm (1 + z)3 + Ωdyn (1 + z)2 + ΩDE e3b(z) )

(4)

q

Z z
c
1
100h
1
p
sin
−Ωkgeo
dz
H0 1 + z −Ωkgeo
0 H(z)

(5)

Da (z) =
with b(z) =
2.2

Rz

dz
0 (1+z)





z
1 + w0 + wa (1+z)
.

The forecasts

In order to get the constraints on the parameters, we use the Fisher formalism. Although the
Fisher approach is quite limited for non gaussian posteriors its rapidity can give in reasonable
times a first estimation of the constraints before obtaining any data set. Here the Fisher matrix
is defined as 8,9 :

Fαβ =

X
zi

1
8π 2

Z 1

Z kmax

dµ
−1

kmin

k 2 dk

∂lnPobs (zi , k, µ) ∂lnPobs (zi , k, µ)
V ef f (zi , k, µ)
∂α
∂β

!

(6)

with k the total wave vector magnitude in Mpc.h−1 , Pobs the observed power spectrum, µ the
cosine of the angle to the line-of-sight, and Vef f the effective volume of the survey. The inverse of
the Fisher matrix gives the covariance matrix representing the likelihood curvature evaluated at
the fiducial values of α and β. According to the Cramér-Rao inequality the square root of each
covariance matrix diagonal elements gives the 1σ upper bound constraint for each parameters :
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σα =

q

(F −1 )αα

(7)

In order to compute the Fisher matrix we use SpecSAF (Spectroscopic Super Accurate
Forecast), a modified and improved version of a code used in Tutusaus & al. 2016 10 . SpecSAF
computes high points stencil derivatives with a very high precision level. This code is linked to
CAMB and CLASS and permits the user to directly compute the FoM and plot the likelihood
and contours.
3

Results

In this section we compare the final constraints obtained by the Euclid spectroscopic (ES)
forecasts versus the current data analysis (BAO, SN1a, CMB, HST) for three different cases.
On the first one we keep the dark energy parameter w as fixed and we allow all the other
parameters to vary. On the second case the dark energy parameter w is set free and on the third
case we consider both w0 and wa as free parameters. The constraints on Ωdyn , Ωk , w0 and wa
are summarized Table 1.
Table 1: Constraints for all three cases. Euclid Spec (ES) refers to the forecasts made on this current study,
BAO + SN 1a + CM B 11 and BAO + SN 1a + CM B + HST 2 to previous studies.

Euclid Spec (ES)
BAO+SN1a+CMB
BAO+SN1a+CMB+HST

Case 1
Ωdyn
Ωgeo
0.033 0.049
0.034 0.0052

Ωdyn
0.087
0.60

Case 2
Ωgeo
0.049
0.030

w
0.84
+0.25
−0.55

Ωdyn
0.50

Case 3
Ωk
w0
0.060 0.51

wa
3.82

+0.51
−0.52

• case 1 (w fixed to -1) : The constraints over Ωdyn between ES and BAO + SN 1a + CM B
are identical. However the ES constraints over Ωgeo are a factor of ten worse than the ones
given by current data. This difference probably comes from the CMB probe known to
be very performing at constraining the curvature. Indeed one expect to get much better
contraints on Ωgeo . The left panel of Figure 1 shows a correlation between Ωdyn and Ωgeo .
The likelihood plots confirm the better estimation on the dynamical curvature constraints.
• case 2 (w free) : Once we relax the dark energy through w, the current data show a strong
weakening of the Ωdyn constraints. Same for ES to a lesser extent. About Ωgeo ES didn’t
lose at all any constraints compared to the previous case. However the current data show
a huge loss on the constraints for this parameters. That said the constraint remains better than for the Euclid probe. On the centered panel of Figure 1 we see the weakening
of the Ωdyn constraints whereas Ωgeo shows exactly the same constraints as the ones on
the left panel. We also observe a shrinking of the correlation between these parameters.
Moreover contrarily to current data analysis the forecasts made with the Fisher analysis
doesn’t show any degenerated contours because of the gaussian error assumption on the
observables. Then at this stage, trusting the constraints given by the Fisher approach
becomes delicate.
• case 3 (w0 and wa free) : While taking the two dark energy parameters w0 and wa as free
parameters the constraints over Ωdyn completely collapse compared to the Ωgeo parameter
which doesn’t lose much on the constraints. The constraints over w0 between ES and
BAO + SN 1a + CM B + HST are very similar. About wa ES seems not able to give any
realistic constraints which suggest very high degeneracies between the energy content and
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the curvature of the universe. Therefore the case 3 evinces that adding more degree of
freedom on the dark energy leads to looser constraints. Indeed the right panel of Figure 1
reveals the huge weakening of the Ωdyn constraints. Furthermore the correlation between
Ωdyn and Ωgeo disappeared.

Figure 1 – Fisher contours over Ωdyn and Ωgeo . Left : case 1, center : case 2, left : case 3. The red line represent
the GR case where Ωdyn = Ωgeo

4

Conclusion

We have presented a way to test the relevance of GR on cosmological scales, at the background
level, and without assuming GR, leaving the dynamical curvature component and the geometrical
curvature component of the universe as two independent parameters. We found that if we fix the
dark energy parameter w, the ES probe doesn’t give as good constraints on Ωgeo as the current
data primarily because the CMB exerts a more important role on the curvature constraints
than the galaxy clustering. Relaxing the dark energy equation of states doesn’t seem to affect
much the Euclid constraints on the dynamical component which is the case with the current
data. Relaxing the full equation of dark energy gives meaningfull constraints on Ωdyn and wa
which suggests high degeneracies and non linearities with these parameters. Also considering
the gaussian hypothesis used in the Fisher approach it becomes impossible to conclude about
the agreement with the GR. The Euclid spectroscopic probe is known to be the most powerful
on constraining the dark energy equation of state. Therefore a Euclid single probe isn’t able to
break the degenarcies between the parameters. This problem may be solved by combining the
spectroscopic probe with the photometric, weak lensing, cross correlations, and CMB probes.
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CONSTRAINTS ON COSMOLOGICAL PARAMETERS FROM GALAXY
CLUSTERS: tSZ CLUSTER COUNTS AND POWER SPECTRUM COMBINED
WITH CMB
L. SALVATI
Institut d’Astrophysique Spatiale, CNRS (UMR 8617) Université Paris-Sud, Bâtiment 121,
Orsay, France
We present constraints on cosmological parameters from a first combination of tSZ number
counts and power spectrum, constraining the ΛCDM model and some extentions, in particular
the effect of massive neutrinos and an equation of state for dark energy different from the
standard value. We compare these results with CMB primary anisotropies constraints. We
show how the uncertainties on these results are still dominated by systematics related to the
theoretical model, in particular the mass bias, for which we propose a parametrisation with
respect to mass and redhisft.

1

Introduction

Galaxy clusters are the largest structures gravitationally bound in the Universe and are associated with peaks in the matter density field on megaparsec scales. The abundance of clusters
provides constraints on cosmological parameters, in particular on the total matter density Ωm
and the amplitude of the matter power spectrum, described by the σ8 parameter.
It this analysis we provide constraints on cosmological paramaters from galaxy clusters
observed in mm wavelengths through the thermal Sunyaev-Zel’dovich (tSZ) effect 1 , using measurements of the Planck satellite 2,3 . In particular, we exploit the combination of the galaxy
cluster number counts and the angular power spectrum of warm-hot gas seen in SZ by Planck 4
and SPT 5 , analysing also the discrepancy with Cosmic Microwave Background (CMB) primary
anisotropies results. We consider the standard cosmological scenarion and some extensions to
it, in particular the effect of massive neutrinos and and equation of state (EoS) for dark energy
different from the standard case. The analysis and results shown here are based on 8 .
2

Method

Testing cosmology with galaxy clusters requires that the theoretical mass function be transformed, via scaling relations and a model of the selection process, into a prediction for the
distribution of clusters in the space of survey observables. It has been already pointed out in
7 how assumptions for these elements (mass function, scaling relations and selection function)
affect the final results on cosmological parameters. As a matter of fact, the choice of a different
mass function can produce a shift in the cosmological parameters. Moreover, these results depend on the scaling relations between the survey observable and the real mass of the cluster. In
particular, the greatest uncertainty is related to the mass bias (1 − b), i.e. the relation between
the estimated mass of the cluster and the real one.
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We combine for the first time tSZ number counts (NCtSZ ) and power spectrum (C`tSZ ).
These two probes show different dependencies on cosmological and scaling relation parameters
3.2
8
(NCtSZ ∝ σ89 Ω3m (1 − b)3.6 and C`tSZ ∝ σ88.1 Ω3.2
m (1 − b) , as described in ), therefore the
combination of the two would be useful in reducing the impact of systematic uncertainties and
better understanding the nature of the tension with CMB data.
We consider the cluster sample provided by 3 , which consists of 439 clusters from the 65%
cleanest part of the sky, above the signal-to-noise ratio threshold of 6 and in the redshift range
z = [0, 1]. We sample on both redshift and signal-to-noise ratio bins, as described in 7 . For the
power spectrum, we use Planck results from 4 and an estimate of the angular power spectrum
from SPT at l = 3000 5 . We integrate in the redshift range z = [0, 3] and in the mass range
M500 = [1013 , 5 · 1015 ]h−1 M . In performing this combination, we follow the analysis shown in
9 and neglect any correlation between the two probes.
We assume the same baseline as in 3 , in order to easily compare our results. We consider the
mass function from 11 and the prior on the mass bias from the Canadian Cluster Comparison
Project (CCCP) 12 , i.e. (1 − b) = 0.780 ± 0.092. We consider also the new value of the optical
depth released in 10 , i.e. τ = 0.055 ± 0.009.
3

Results

We start considering the ΛCDM scenario. Results are reported in Table 1 and in Figure 1.
When considering the tSZ observables we add always data from baryon acoustic oscillations
(BAO) from 13 . As a first results, we see that the discrepancy on the σ8 parameter between
number counts and CMB is reduced from almost 2.4 σ in 3 to 1.5 σ. This is due to the shift in
the CMB results because of the new value of the optical depth. When combining tSZ number
counts and power spectrum, we obtain a small improvement in the constraining power, within
10% on individual error bars, with results being driven by tSZ counts. Even if in general the
discrepancy between the different observables is reduced, when we combine CMB with tSZ
galaxy clusters, we still find a value of the mass bias quite lower than what is expected from
numerical simulations and weak lensing observations, see e.g. a collection of results in 8 .
Table 1: 68% confidence level constraints on cosmological parameters in ΛCDM scenario for the different dataset
combination.

Ωm
σ8
(1 − b)

C`tSZ + BAO
0.352+0.047
−0.038
0.721+0.039
−0.053
0.770 ± 0.092

NCtSZ + BAO
0.314+0.020
−0.024
0.768+0.028
−0.035
0.754 ± 0.093

C`tSZ + NCtSZ + BAO
0.322+0.020
−0.022
0.762+0.027
−0.034
0.755 ± 0.091

CMB
0.321+0.012
−0.014
0.817 ± 0.010
-

+ NCtSZ + BAO
CMB + CtSZ
`
0.311 ± 0.007
0.810 ± 0.008
0.646+0.034
−0.039

Figure 1 – 2D probability distributions for (Ωm , σ8 ) and (1 − b, σ8 ) in the ΛCDM scenario for the different dataset
combinations.
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We then consider some extensions to the standard model of cosmology, in particular the effect
of massive neutrinos and an EoS for dark energy different from the standard value w = −1.
Results are shown in Table 2 and in Figure 2 and Figure 3. When considering the model
with massive neutrinos, we see how the addition of tSZ power spectrum helps in improving
the constraints from number counts, in particular on the mass of neutrinos. When comparing
with CMB results, we see that the discrepancy is completely solved but only because of the
enlargement in the constraints from primary anisotropies along the (Ωm , σ8 ) degeneracy line.
Indeed, when comparing all the observables, we still find a low value of the mass bias.
Table 2: 68% confidence level constraints on cosmological parameters when varying the total mass of neutrinos
(top panel) and the equation of state for dark energy (bottom panel), for the different dataset combinations.

Ωm
σ8
(1 − b)
P
mν
Ωm
σ8
(1 − b)
w

NCtSZ + BAO
0.337+0.027
−0.031
0.728+0.032
−0.038
0.749 ± 0.091
< 2.84 eV
0.315+0.025
−0.028
0.769+0.032
−0.041
0.750 ± 0.091
−1.01+0.20
−0.17

C`tSZ + NCtSZ + BAO
0.335+0.023
−0.024
0.737+0.028
−0.037
0.741 ± 0.089
< 1.88 eV
0.321+0.024
−0.027
0.766+0.031
−0.042
0.751 ± 0.092
−1.04+0.20
−0.17

CMB
0.353+0.020
−0.037
0.772+0.049
−0.024
< 0.68 eV
0.209+0.023
−0.071
0.969+0.109
−0.057
−1.56+0.21
−0.40

Figure 2 – 2D probability distributions for (Ωm , σ8 ) and (σ8 ,
for the different dataset combinations

P

CMB + CtSZ
+ NCtSZ + BAO
`
0.315 ± 0.008
0.792+0.020
−0.013
0.673+0.037
−0.047
< 0.23 eV
0.306 ± 0.013
0.820+0.023
−0.027
0.634+0.040
−0.048
−1.03+0.08
−0.06

mν ) when varying the total mass of neutrinos,

Figure 3 – 2D probability distributions for (Ωm , σ8 ) and (σ8 , w) when varying the equation of state parameter for
dark energy, for the different dataset combinations.

Regarding the EoS for dark energy, since this is really the first attempt to combine the two
tSZ probes, we consider only the case with the w parameter still constant with time. Again,
constraints from CMB alone are enlarged, in this case towards higher values of σ8 , therefore
increasing the discrepancy with tSZ probes. In this case, the addition of power spectrum to
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number counts does not improve the constraining power. Nevertheless, we find the w parameter
to be completely consistent with −1.
From these results we notice that, even if the discrepancy between CMB and galaxy clusters
is reduced, we still need to improve our knowledge of the mass bias, in order to reduce one
of the greatest source of systematics. Indeed this quantity can have a mass and/or redshift
dependence, while it is usually taken as constant when doing cosmological analysis. We try
therefore to model this dependence, introducing the following parametrisation


(1 − b) = Ab ·

M
M∗

αb 

·

z
z∗

βb

,

(1)

where the pivot quantities M∗ , z∗ have been chosen to be consistent with the scaling relations.
The main goal of this analysis is to understand if a mass or redshift dependence can help in
solving the discrepancy between CMB and galaxy clusters, therefore we consider the combination
CMB + NCtSZ . We first let all the parameters free and find that results are completely driven by
the CMB constraining power, obtaining Ab = 0.59 ± 0.05, αb = 0.01 ± 0.07 and βb = 0.02 ± 0.03.
Then we fix the amplitude, accordingly to the standard case for tSZ number counts, i.e.
Ab = 0.75 and we check if a mass and/or redshift dependence can reconcile the results between
the two datasets. We find values of αb and βb completely consistent with 0 (αb = −0.05 ± 0.06
and βb = −0.01 ± 0.03). Nevertheless we find that this solution represents a worst fit to the
data.
4

Conclusions

We have shown how the combination of tSZ number counts and power spectrum is able in slightly
improving the constraints on cosmological parameters, in the ΛCDM scenario, when considering
the effect of massive neutrinos and an EoS for dark energy different from the standard value. We
have seen how the discrepancy between galaxy clusters and CMB primary ansitropies is sligthly
reduced due to the lower value of the optical depth. We have proposed a possible mass-redhisft
parametrisation for the mass bias parameter, finding no hint of dependence when considering the
CMB + NCtSZ combination and not being able to describe the remaining discrepancy between
the two observations.
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COSMOLOGICAL CLUSTER TENSION
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1

The abundance of clusters is a classical cosmological probe sensitive to both the geometrical
aspects and the growth rate of structures. The abundance of clusters of galaxies measured by
Planck has been found to be in tension with the prediction of the ΛCDM models normalized
to Planck CMB fluctuations power spectra. The same tension appears with X-ray cluster
local abundance. Massive neutrinos and modified gravity are two possible solutions to fix this
tension. Alternatively, others options include a bias in the selection procedure or in the mass
calibration of clusters. We present a study, based on our recent work4 , updating the present
situation on this topic and discuss the likelihood of the various options.

1

Introduction

The ΛCDM scenario has become the standard scenario of modern cosmology, thanks to its quantitative agreement with several major observational results1 , on top of which its good agreement
with the angular power spectrum of the CMB fluctuations as measured by Planck2 , and its
ability to predict the large scale distribution of matter as measured by the correlation function
of galaxies3 .
Despite of this success, some observables show to be in tension with the predictions of the
ΛCDM when normalized to the Planck CMB data. This is probably to be expected given the
high accuracy of the modern observations relevant to cosmology, but it is impornat to figure out
its possible origin. This may have to do with some unidentified residual systematics in at least
one set of observations or may be the signature for the need of a fundamental modification of
the standard scenario, i.e. a hint for new physics.
The CMB fluctuations provide a direct estimation of the amplitude of matter fluctuations
at z ∼ 1100 which can be extrapolated down to redshift zero through the linear growth
rate of the model. The tighest constraint obtained from Planck (including CMB lensing) is
σ8 = 0.8150 ± 0.0087 (68%). Several obsevations from the low redshift universe are however
indicative of a lower amplitude of matter fluctuations.
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Figure 1 – This figure illustrates the cluster tension: in the Ωm − σ8 plane the contours obtained from the CMB
alone (or with a free AT M calibration) do not overlap. The choice of the fitting function for the mass function
(T08 or D16) has negligible effect.

The abundance of clusters provides one way to constrain the amplitude of matter fluctuations. The number counts of clusters detected through their Sunyaev-Zel’dovich imprint as
found by Planck lead to a lower amplitude ∼ 0.75 for the same Ωm with a specific value of
the mass calibration. Although the abundance of local x-ray clusters provides a less stringent
tension, it yields an amplitude σ8 ∼ 0.75 similar to the one derived from SZ counts, indicative
that selection procedure is not an issue. This tension is illustrated in Fig. 1. In the following, according to our recent work4 , we provide details on the methodology on how clusters are
modelled to establish this result.
2
2.1

How to use clusters for cosmology
The mass function

Within a given cosmological model from a specific framework, it should be currently possible to
compute the linear matter power spectrum at any epoch. This allows to compute the angular
power spectrum of the CMB fluctuations as well as the large scale properties of the galaxies
distribution (provide one assumes a bias model). Knowing the power spectrum P (k) one can
compute the amplitude of matter fluctuations after a smoothing of the field by mean of a window
function of scale R. The mass of structures on scale R correspond to the mass enclosed by the
window function, which for a spherical top-hat window is just 4/3ρm πR3 . Going from the
linear amplitude of matter fluctuations σ(m, z) is possible thanks to the magic of the (extended)
Press and Schechter approach. From general arguments the non-linear mass function of objects
resulting from gravitational collapse can be written in the form:
n(M, z) = −

ρ
d ln σ
δN L (z)
F(νN L )
M 2 σ(M )
d ln M

(1)

i.e. a scaling law with mass and redshift5 . In the case of standard gaussian fluctuations, the
mass function has been the subject of numerous numerical studies and analytical expressions
for the function F have been proposed providing an accurate fit to the mass function inferred
from CDM simulations. The situation has been slightly obscured by the fact that different
definitions were used for the definition of an “object” and claims for departures from scaling
of the mass function. However, theses differences are very minor in light of the above tension.
The Tinker et al.6 fit has been widely used. Despali et al.7 provided a new analysis showing that
standard scaling is preserved when virial radius is used while departures appear when different
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Figure 2 – The calibration AT M does not appear to be correlated with a possible non zero neutrino mass when
x-ray cluster constraint is combined with the CMB. Different prescription for the mass function in the presence
of massive neutrinos does not lead to appreciable differences. Both liklihoods on AT M and on neutrino mass are
essentially unchanged compared to the massless case (and when using different prescriptions).

mass definitions are used (like the most used M500 ).
2.2

From mass to observable

In order to compare predictions from a specific model to observations one has to specify the
relation between the mass and the observable. Such a relation can be deduced from scaling
arguments8 . When applied to gas temperature of x-ray clusters, this reads :
T = AT −M (h M∆ )2/3



Ωm ∆(z)
178

1/3

(1 + z)

(2)

AT −M being a calibration. The amplitude of the theoretical temperature distribution function
is strongly sensitive to Ωm and σ8 , strictly independent on h and weakly dependent on the shape
of the power spectrum P (k) (it’s also depends on the gaussian or not nature of the fluctuations).
The abundance of local x-ray clusters can then be used as a powerful constraint on the
parameters (Ωm , σ8 ), but the relation is degenerated with the calibration. Once normalized to
present day data, the redshift evolution essentially relies on the (linear) growth rate of fluctuations, making clusters abundance a non-geometrical powerful cosmological test. This test can
be implemented from clusters detected by various technics. Applications to local x-ray clusters
already showed some puzzling features9 . However, the most famous recent example is certainly
the cluster number counts obtained by Planck through the SZ effect. Indeed taken at face value
the observed counts are lower by a factor 3–4 than expectations from the best ΛCDM fitting
CMB. However this tension relies entirely on the assumption, or prior, on the calibration: if the
calibration is let free both SZ counts and local x-ray abundance can be fitted with the same
calibration : AT −M ∼ 7.3 ± 0.3 (at the virial radius), corresponding to 1 − b ∼ 0.6 in Planck
convention)10 , while Planck standard calibration is arround 8.7 corresponding to 1 − b = 0.8. A
solution to solve this tension is to advocate a massive neutrino contribution that would alter the
matter power spectrum, leading to a lower σ8 . We have examined in detail this possibility by
running MCMC chains on CMB + local abundance of x-ray clusters with a free calibration. Our
results showed that the likelihood on neutrino mass mν is unchanged and that no correlation
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Figure 3 – The calibration AT M is tighly correlated to the parameter γ in a simple representation of a modified
theory of gravity. The correlation with massive neutrino (grey contour) is essentially the same to the massless
case (green). The addition of the BAO and Lyα, respectively red and blue, lead to very similar contours.

between AT M and mν shows up in Fig.2. Identically the likelihood on AT M is unchanged.
As an alternative we examine whether a modified gravity model, represented by a simple γ
growth rate, could solve the issue. Not surprisingly, we found that this possibility can indeed
restore consistency between the Planck calibration and clusters counts in CMB normalized cosmology, but at the expense of a large value of γ (of the order to 0.9±0.1), with a tight correlation
between AT M and mν , independent of the details of the models or additional constraints used,
see Fig.3.
3

Conclusion

The CMB-cluster tension, consistently appearing in SZ and x-ray, relies uniquely on the cluster
mass calibration used in scaling laws. We found that massive neutrinos does not alleviate the
tension while a modified gravity model represented by a γ parametrization of the growth rate
can accomodate both data sets provide γ ∼ 0.9 ± 0.1. We conclude that if the standard Planck
calibration 1 − b ∼ 0.8 is reliabily confirmed, it would provide a strong indication of some form
of exotic physics in the dark sector.
Acknowledgments
We acknowledge C. Yèche and collaborators for providing us their code to implement Lyman-α
constraints.
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1

Evolution and abundance of the large-scale structures we observe today, such as clusters of
galaxies, is sensitive to the statistical properties of dark matter primordial density fluctuations,
which is assumed to follow a Gaussian probability distribution function. Within this assumption, a significant disagreement have been found between clusters counts made by Planck and
their prediction when calibrated by CMB angular power spectrum. The purpose of this work
is to relax the Gaussianty assumption and test if Non-Gaussianity in dark matter primordial
density fluctuations, could alleviate the tension.

1

Introduction

ΛCDM model has proved successful in describing to a high precision most of nowadays cosmological observations 1 . Within its framework, galaxy clusters counts are a powerful tool to constrain
cosmological parameters 2 3 , more specifically the matter density Ωm and the current amplitude
of matter fluctuations, characterized by the σ8 parameter, both being the main ingredients entering the linear growth of structure. However, the standard ΛCDM model shows a significant
disagreement between σ8 from clusters counts by Planck Mission and that from CMB angular
power spectrum 4 . Beside an improper calibration of the cluster counts, with the later being
calculated from a halo mass distribution function of the linear power spectrum, the discrepancy
could be solved through extensions to ΛCDM model like massive neutrinos or modified gravity
theory altering the power spectrum. These alternatives were investigated using X-ray clusters
5 , however, within Gaussian initial fluctuations considerations, while some authors 6 pointed
out that the shape of the probability distribution of initial density fluctuation present in P&S
formula through the power spectrum can be replaced by an appropriate distribution function so
that to fit the local properties of clusters. This calls for considering primordial Non-Gaussianity
as a potential solution for fixing the discrepancy. Yet, few groups have tried in the past to
investigate the effect of primordial Non-Gaussianity on halo mass function and cluster counts
7,8 . This motivated us in this work, to investigate if primordial Non-Gaussianity could help fix
the discrepancy on σ8 .
2

Methods

Constraints on the cosmological parameters subject of discrepancy from cluster counts follows
from :
Z ∞
dN
dV
dn
(z, M > Mlim ) = O(M )fsky
(z)
dM
,
(1)
dz
dz
dM
Mlim
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Figure 1 – Showing fN L values (black crosses) that fixes Planck 2013 cluster counts discrepancy for each bin.
Showing fN L fitted values for all bins (green line), excluding first bin (blue line) and excluding first two bins (red
line). Mass function was calculated using σ(m) from Equ. 3

where fsky is the fraction of sky and dV
dz the comoving volume being observed, dn/dM is the
mass function of the power spectrum calculated for a set of cosmological parameters and O(M )
a relation between cluster’s mass and observable relation.
The mass function of cosmological structures from initially Gaussian fluctuations can be written
9 : dn(m,z) = − ρ0 d ln ν νF(ν) where ρ is the mean matter density today, and ν = δ (z)/σ(m)
0
c
dm
m2 d ln m
is the normalized amplitude of fluctuations and σ 2 (m) is the variance of the linear density
perturbations within a sphere of comoving radius R that contains mass m = 4πρ0 R3 /3.
σ 2 (m, z) = σ 2 (R, z) =

1
2π 2

Z ∞

k 2 P (k, z)W 2 (kR)dk

(2)

0

where W (kR) is the Fourier transform of the top-hat window function, δc represents the critical
value of the initial overdensity that is required for collapse at z and P (k, z) is the linear power
spectrum: P (k, z) = T (k, z)2 .D(z)2 .P0 (k) with P0 (k) being the primordial spectrum, T (k, z) a
transfer function and D(z) the growth function of cosmological parameters.
Another alternative to relate cluster counts to the cosmological model, also used in this work,
is where the root mean square of mass fluctuations is approximated with a power law.


σ(m, z) = D(z)σ8

m8
m

( n+3 )
6

(3)

Where D(z) is the growth normalized to unity today, m8 is the mass contained inside a sphere
of 8h−1 M pc at the mean Universe density and n = −2 is well adapted for cluster scale. F(ν) is
a function first addressed by Press & Schechter 1974 (PS) 10 and refined later by many including
the one used in this work by Despali et al. 2016 11 (DP):
r

νFDP (ν) = A

2a
1+
π




1
aν 2

"

p 

exp −

#

aν 2
,
2

(4)

where A = 0.3295, a = 0.7689 & p = 0.2536 for DP and A = 0.5, a = 1 & p = 0 simplifies to
PS. To get the Non-Gaussianity expression of the halo mass function, we follow Loverde et al.
2008 12 :
dnN G
dnDP dnP S /dM (z, M, fN L )
(z, M, fN L ) =
.
(5)
dM
dM dnP S /dM (z, M, fN L = 0)
with
r

dn
(M, z) = −
dM

2 ρ −δc2 (z)/2σ2 d ln σM
M
e
π M2
d ln M
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δc (z) S3M σM
+
σM
6

δ 4 (z)
δ 2 (z)
× c 4 −2 c 2 −1
σM
σM

!!

1 dS3M
+
σM
6 d ln M

δc2 (z)
−1
2
σM

!#

,

(6)

3 i/hδ 2 i2 ∝ f
where S3M = hδM
N L is the skewness of the smoothed density field we calculate from
M
the fitting formula 13 :
3.15 × 10−4 × fN L
S3 ≈
(7)
0.838
σM

3

Results

To determine what value of fN L could fix the discrepancy we begin by a simple approach
comparing the ratio between a Gaussian and Non-Gaussian mass function
theoretical ratio

=

NPNSG (> m, z, fN L )
N
NP SG (> m, z, fN L = 0)

(8)

using the value for σ(m) as in Equ. 3. The previous ratio is then compared to the ratio of the
predicted cluster counts calibrated on CMB power spectrum using SZ mass observables with the
cluster mean counts data and errors for each redshift bin.
data ratio

=

data inf erior/mean/superior
best model f rom P lanck CM B

(9)

which yields the fN L values that fix the discrepancy in each bin as we observe in Fig. 1 using
Planck 2013 SZ clusters data 14 .
Then we fit for fN L in three cases : considering all bins or subtracting the first bin or the first
two bins. The last two cases are considered because the first two bins counts do not follow the
shape expected by the theortical cluster counts (cf. Fig. 2).
The three values we obtain : fN L = −735 ± 91 for all bins, fN L = −581 ± 75 excluding first
bin and fN L = −485 ± 73 excluding first two bins are all ruled out by CMB temperature and
polarization angular power spectrum 15 which constrains values for fN L between unities and
∼ 20.
We then consider a second case in which σ(m) is determined from Equ. 2 entering a cluster counts, function of Non-Gaussianity parameter fN L , that is calculated based on the mass
function from Equ. 5. In this second case we run MCMC chains in order to constrain the NonGaussianity parameter fN L from a combination of CMB datasets with fixed best fit cosmological
parameters from Planck 2015 mission release 16 and SZ clusters sample datasets with the same
cosmological parameters and a calibration factor of value (1 − b) = 0.8. While if this calibration factor is left free and allowed to be constrained by the CMB datasets, it yields a value of
(1 − b) = 0.6 so that the discrepancy on σ8 could be translated into one on (1 − b). Thus when
we combine CMB and clusters datasets, keepings for each probe its own calibration, fN L should
vary from fiducial null value in order to accommodate the two calibration values.
This is indeed what we observe in left panel of Fig. 2 where a fN L = −462 (dash dot blue line)
will reduce the gap between the SZ calibration cluster counts (blue line) and CMB calibrated
cluster counts (green line). Note that higher values like those found in the previous case could
reduce more, however they yield unphysical negative counts for high redshift bins. To allow
more freedom in reducing the discrepancy, we allow the cosmological parameters to vary and
combine with CMB datasets. We observe that we reach a lower value for fN L = −230 that
reduces more the discrepancy even if still ruled out by CMB alone priors on fN L . If we stay in
the same case but we exclude the first two bins (right panel of Fig. 2), we observe that we reach
a lower value for fN L = −413 (dash dot blue line) and a higher reduction of the discrepancy
with respect to the all bins case. This is not what we observe when we allow the cosmological
parameters to vary, where fN L excluding first two bins was found a little bit higher than the all
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Figure 2 – Left panel: showing cluster counts from Planck 2015 (black dots), or calculated using SZ Planck
calibration (blue line) or calibrated to CMB (green line), from a best fit from a MCMC using SZ clusters sample
and Planck priors letting fN L free to vary (dashdot blue line) or a best fit using SZ clusters sample combined
with Planck letting cosmological parameters and fN L free to vary (dashdot green line). Right panel: repeating
the same analysis but excluding the first two redshift bins. Mass function was calculated using σ(m) from Equ. 2

bins case, because the gain of reducing the discrepancy on the second bin is higher than the one
we get on the other redshift bins. However, fN L values are still in all cases outside the priors
from CMB datasets alone.
4

Conclusions

In this work we tested if primordial Non-Gaussianity described by fN L could help fix a discrepancy found on σ8 from CMB vs Clusters probe. Following two approaches to fit the best value
fN L that could alleviate the tension, we found values of the later that could only reduce the discrepancy but are ruled out by constraints from CMB data. However, Planck mission constraints
on non-Gaussian signal were estimated for all scales and were not restricted to sub-intervals on
scales which can be associated with the growth of galaxy clusters 15 , therefore it remains possible
that on these scales, the primordial perturbations were non-Gaussian to some extent.
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Sakr, Z., Ilić, S., & Blanchard, A. 2018, arXiv:1803.11170
Oukbir, J., Bartlett, J. G., & Blanchard, A. 1997, A&A, 320, 365
Chiu, W. A., Ostriker, J. P., & Strauss, M. A. 1997, Bulletin of AAS, 29, 112.05
Trindade, A. M. M., Avelino, P. P., & Viana, P. T. P. 2012, MNRAS, 424, 1442
Blanchard, A., Valls-Gabaud, D., & Mamon, G. A. 1992, A&A, 264, 365
Press, W. H., & Schechter, P. 1974, ApJ, 187, 425
Despali, G., Giocoli, C., Angulo, R. E., et al. 2016, MNRAS, 456, 2486
LoVerde, M., Miller, A., Shandera, S., & Verde, L. 2008, JCAP, 4, 014
Chongchitnan, S., & Silk, J. 2010, ApJ, 724, 285
Planck Collaboration, Ade, P. A. R., Aghanim, N., et al. 2014, A&A, 571, A20
Planck Collaboration, Ade, P. A. R., Aghanim, N., et al. 2016, A&A, 594, A17
Planck Collaboration, Ade, P. A. R., Aghanim, N., et al. 2016, A&A, 594, A13

46

The SuperCLASS Radio Weak Lensing Survey
I. HARRISON
on behalf of the SuperCLASS Collaboration
Jodrell Bank Centre for Astrophysics, School of Physics & Astronomy
The University of Manchester, Manchester M13 9PL, UK

We discuss the SuperCLASS (SuperCLuster Assisted Shear Survey) radio weak lensing survey,
which is combining data from the e-MERLIN and JVLA telescopes with the aim of making a
first convincing detection of a weak lensing signal in the radio. To maximise the signal to be
detected the SuperCLASS field contains a large super-cluster and the combination of radio
telescopes enables us to cover the spatial scales relevant for measuring shearing of arcsecond
starforming galaxies at redshift ∼ 1. We describe the current data and the upcoming Data
Release 1 (DR1) as well as providing a view forward to radio weak lensing surveys with the
Square Kilometre Array.

1

Introduction

Weak lensing surveys with the Square Kilometre Array (SKA) radio telescope will achieve
galaxy number densities of ∼a few arcmin−2 over ∼thousands of deg2 , giving cosmological
constraints competitive with those from premier optical weak lensing experiments1 and through
cross-correlation analyses will suppress the pernicious systematics which otherwise may limit
the accuracy of weak lensing2 . However, the current status of radio weak lensing is only that
of a tentative detection3 , with a large gap in time between the current time and cosmologically
competitive surveys (see left panel of Figure 1). We are performing a multi-wavelength survey of
the SuperCLASS field (right panel of Figure 1) to make progress along this timeline, aiming for
the first convincing detection of radio and cross-correlation radio-optical weak lensing signals.
In order to enhance the detectable signal, the field contains five massive O(1014 ) M galaxy
clusters at z ∼ 0.2. To provide morphological information on starforming galaxies (SFGs) at
redshift ∼ 0.5 and above, we have observed this field as part of an e-MERLIN legacy programme,
with 400 hours out of 800 hours processed so far. To complement this, we have also observed
the field using the JVLA in the same frequency range. The JVLA and e-MERLIN contain a
distribution of telescope spacings which when considered together sample the majority of the
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Figure 1 – Left: Expected progression of weak lensing surveys in the optical (blue) and radio (red) wavebands.
Surveys in parentheses are at the proposal stage. The FIRST survey contains the tentative detection at 3.6σ of
radio weak lensing, but was not designed around this science case and instead has a low number density over
a very wide area. Right: Coverage of the SuperCLASS field showing detected sources in the DR1 region for
JVLA (blue circles), e-MERLIN (red pluses) and Subaru (green circles) along with the sources detected in the
full survey region by Subaru (gray dots).

spatial scales on the sky relevant for measurement of cosmic shear on individual ∼arcsecond
sources (see left panel of Figure 2). In order to perform cosmic shear cross-correlation, and to
obtain photometric redshifts for the radio SFG sources, we have also obtained coverage of the
field using the Subaru Suprime-Cam telescope in BV RIz bands to a limiting AB magnitude of
25 and CFHT in the Ks band. For other science cases (not discussed here) and to investigate
the use of polarisation in radio weak lensing (to obtain information on intrinsic source shapes4 )
we also have data from the GMRT (325 MHz), LOFAR (150 MHz), Spitzer (3.6 µm), Scuba-2
(850 µm) and AMI (15 GHz) telescopes.
2
2.1

Current Data
e-MERLIN

The 400 hours of e-MERLIN data, covering 49 separate pointings have been calibrated, imaged
and mosaic-ed to form a map with a RMS noise of 7 µJy/beam in the central region. For our
initial data release (DR1) we only make use of this region in which the e-MERLIN noise is
uniform at 7 µJy/beam. In the DR1 region we then run the PyBDSF source finding algorithm,
identifying a total of 395 sources, of which 144 are identified as having simple radio morphology
(which we use as a loose proxy for SFGs). These SFG are then analysed using three different methods: image-plane, Fourier-plane and hybrid (see D. Thomas in this volume for a full
description).
2.2

JVLA

The JVLA data, consisting of 24 hours worth of observations is also calibrated, imaged and
mosaic-ed, again giving an image-plane RMS noise level of 7 µJy/beam at the centre, before the
source finder is again run on the DR1 region, finding 887 sources, of which 710 are identified
as having simple SFG-like morphologies. Ideally, the data from e-MERLIN and the JVLA
would be combined in the Fourier plane for shape measurement, but due to complexities in the
data processing from the two very different telescopes, we defer this process to a future data
release, and DR1 will contain weak lensing shape measurements from the e-MERLIN-only and
JVLA-only data separately.
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Figure 2 – Left: Complementarity of spatial scales sampled by e-MERLIN and JVLA telescopes (histograms)
with the measurement of the cosmic shear signal carried by starforming galaxy (SFG) sources. The shear signal
corresponds to the Fourier-plane differencing of two simulated sky models containing SFGs with and without
cosmic shear. Right: Measurement of the shear power spectrum in the SuperCLASS Subaru optical data (blue
boxes). The solid line shows the expected value for a randomly chosen patch, the dashed line for a sky region
containing a super-cluster of mass and redshift to that in the SuperCLASS field.

2.3

Subaru

From the Subaru imaging, we use SExtractor to identify 16,301 sources in the DR1 region,
to which we apply the IM3SHAPE5 maximum likelihood model fitting method. From this
catalogue of shapes we then apply a flat-sky power spectrum estimator6 , obtaining the spectra
shown in the right panel of Figure 2. This shows a successful recovery (at the significance of
9.3σ) of the weak lensing signal from the super-cluster, with the expected enhancement over
that from the cosmic shear in a randomly chosen sky patch of the same size.

Figure 3 – An example SuperCLASS starforming galaxy source as seen by e-MERLIN, JVLA and Subaru.

3

Simulation Pipeline

In order to evaluate the precision and accuracy available from our shape measurement methods,
we have also constructed a sophisticated pipeline and suite of simulations of the SuperCLASS
radio data. This includes generation of shear maps from representative super-cluster regions
drawn from an N-body simulation7 , which are applied to an abundance-matching simulation of
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radio source populations8 . We then simulate observation of these sky models with the real
Fourier-plane coverage of the e-MERLIN and JVLA telescopes, using the simulator toolkit
in CASA9 . These simulated observations (with known input galaxy morphologies) are then
analysed using the same pipeline as the real data, allowing us to form measurements of any bias
in the cosmic shear recovery.
4

Conclusions

We have described the SuperCLASS survey: a radio weak lensing survey with e-MERLIN and
the JVLA which aims to be the first to make a convincing detection of a weak lensing signal in the
radio band. Currently, around half the final data is available, and we will imminently release the
‘DR1’ area, consisting of 0.26 deg2 which has been imaged to a noise level of 7 µJy/beam in both
e-MERLIN and JVLA. This will allow us to measure the shapes of ∼ 0.5 arcmin−2 starforming
galaxies using shape measurement methods specifically developed for this purpose and tested on
sophisticated simulations including effects from the sky, telescope and data processing. We have
completed analysis of the optical data on the same field and found a significant lensing signal,
which should be readily detectable in the full SuperCLASS data consisting of ∼ 1 arcmin−2
starforming galaxies across 1 deg2 . This survey will allow development of techniques which will
be applied to future larger weak lensing surveys in the radio, leading to SKA phase 1 and full
SKA surveys in the 2020s and beyond which will play a crucial role in mitigating the systematic
uncertainties which are a problem for other weak lensing experiments such as LSST and Euclid.
Acknowledgments
I am grateful to the full SuperCLASS collaboration for their discussions and contributions.
References
1. Harrison, I., Camera, S., Zuntz, J., & Brown, M. L. 2016, MNRAS, 463, 3674,
arXiv:1601.03947
2. Camera, S., Harrison, I., Bonaldi, A., & Brown, M. L. 2017, MNRAS, 464, 4747,
arXiv:1606.03451
3. Chang, T.-C., Refregier, A., & Helfand, D. J. 2004, ApJ, 617, 794, arXiv:astro-ph/0408548
4. Brown, M. L., & Battye, R. A. 2011, MNRAS, 410, 2057, arXiv:1005.1926
5. Zuntz, J., Kacprzak, T., Voigt, L., et al. 2013, MNRAS, 434, 1604, arXiv:1302.0183
6. Hu, W., & White, M. 2001, ApJ, 554, 67, arXiv:astro-ph/0010352
7. Peters, A., Brown, M. L., Kay, S. T., Barnes, D. J. 2018, MNRAS, 474, 3173,
arXiv:1612.04274
8. Bonaldi, A., Bonato, M., Galluzzi, V., et al. 2018, arXiv:1805.05222
9. McMullin, J. P., Waters, B., Schiebel, D., Young, W., & Golap, K. 2007, Astronomical
Data Analysis Software and Systems XVI (ASP Conf. Ser. 376)

50

RADIO WEAK LENSING WITH 3 GHz JVLA COSMOS OBSERVATIONS
T. HILLIER
Jodrell Bank Centre for Astrophysics, School of Physics & Astronomy
The University of Manchester, Manchester M13 9PL, UK

We present a weak lensing analysis of 3 GHz JVLA radio observations of the 2 deg2 COSMOS
field. We cross-match the 3 GHz shapes with those from the HST-ACS optical survey. The
position angles of galaxies in the two catalogues were cross-matched and a Pearson’s correlation
coefficient of Rα = 0.14 was measured, indicating a good correlation between intrinsic optical
and radio galaxy shapes. This is an improvement from previous attempts which found values
of 0.028 and 0.097. Measuring a correlation between the optical and radio shear maps requires
a shear-shear cross-power spectrum. We present power spectra of Gaussian Random Fields
and find that a cross-power spectrum may be possible with the existing data, although largely
dominated by noise resulting from the low source number density of the radio catalogue. A
full description and analysis will be presented in Hillier et al. (in prep.).

1

Introduction

Weak gravitational lensing describes the coherent shearing distortion of distant (z ∼ 1 and
beyond) galaxy shapes due the curvature of spacetime caused by intervening matter structures.
As such, weak lensing is an excellent probe of structure abundance and growth on cosmological
scales. Historically, weak lensing studies have been conducted at optical and near infrared
wavelengths. However, it has been proposed 1,2,3 that weak lensing should also be carried out
with radio observations. This is mainly driven by the advent of the Square Kilometre Array
(SKA) a . Markov Chain Monte Carlo (MCMC) forecasts 1 have shown that phase one (SKA1)
and the full phase (SKA2) of the SKA will provide cosmological constraints comparable to that
of Stage III b and Stage IV optical surveys such as DES and Euclid respectively.
Radio weak lensing surveys have unique and powerful features that can potentially solve
many of the current issues in the field of weak lensing. Galaxy polarisation and rotational velocity measurements can provide a method to account for intrinsic alignments 4 . The point spread
function (PSF) is exactly known since it is determined by the positions of the radio interferometer’s antennae. A higher median redshift is expected, providing a more sensitive lever arm with
which to constrain structure growth over cosmic time 5 . And since the (unknown) systematic
errors induced by radio interferometers and optical telescopes are expected to be uncorrelated, a
a
b

https://www.skatelescope.org/
Stages defined by the Dark Energy Task Force (DETF).
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cross-correlation would provide greatly suppressed systematics, therefore enhancing weak lensing
measurements.
The techniques for radio weak lensing are currently being addressed by pathfinder surveys,
such as this 3 GHz JVLA COSMOS analysis and the Super-CLuster Assisted Shear Survey
(SuperCLASS) c .
2

Data, Shape Measurement and Source Selection

The Cosmic Evolution Survey (COSMOS) field d is a patch of sky centred at (RA, Dec) = (+150,
+2) with the main data sets covering 2 deg2 around this. This region was chosen since it has
been subject to surveys across many wavelengths including Chandra (X-ray), Spitzer (infrared),
the Hubble Space Telescope (optical), GALEX (UV) and the Very Large Array (VLA, radio).
The JVLA 3 GHz observations 6 of the COSMOS field were collected over a total of 384
hours covering the full 2 deg2 . The optical observations used for cross-matching were collected 7
using the Hubble Space Telescope-Advanced Camera for Surveys (HST-ACS) covering an area
of 1.64 deg2 . The galaxy shapes for both the optical 8 and radio catalogues were measured from
real-space images using im3shape 9 with a two-component Sérsic bulge+disc galaxy model.
Ideally, galaxy shapes for radio observations would be measured in Fourier space (the space
in which the data are taken) thus avoiding the deconvolution step in imaging. However, the
methods for Fourier-plane shape extraction are currently less advanced than the process of
radio imaging plus real-space shape fitting.
To create weak lensing catalogues of star-forming, elliptical galaxies, several selection criteria
were applied, including cutting unresolved sources with radii smaller than the PSF FWHM and
masking areas where the camera CCDs were being saturated (optical catalogue). For the 3
GHz radio catalogue, we apply Principal Component Analysis (PCA) using a combination of
source and shape-fitting parameters to make PCA-weighted cuts on the data. The final 3 GHz
radio and HST-ACS optical weak lensing catalogues had 2,028 and 234,852 sources respectively,
resulting in source number densities of 0.3 and 41 gal arcmin−2 . The spatial distributions of
these catalogues are shown in Figure 1.

Figure 1 – Scatter maps of sources selected for weak lensing analysis: HST-ACS optical (left) and 3 GHz JVLA
radio (right). For clarity, the 3 GHz data points have double the radius and opacity of the optical points.
c
d

See Harrison et al. and Thomas et al. in this volume.
http://cosmos.astro.caltech.edu/
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Figure 2 – Left: Position angle comparison for cross-matched sources. Centre and right: 800 × 800 cutouts of a
single matched source from the optical HST-ACS and 3 GHz JVLA images. The position angle comparison for
this source is shown by the blue cross in the left panel.

3

Radio-Optical Cross-Matching

The emission processes of star-forming galaxies for radio and optical wavelengths are different.
For optical wavelengths, the emission is dominated by the star-forming regions of the galaxy.
In contrast, for radio wavelengths, the emission is dominated by synchrotron radiation. It is
expected that these two processes trace each other, and therefore give valid estimates of the
galaxy shape.
The 3 GHz and HST-ACS weak lensing catalogues were cross-matched within a search radius
of 0.400 , giving a matching percentage of 53 % (1078 sources). The left panel of Figure 2 shows
the comparison between the galaxy position angles measured in the two surveys. We measure
a Pearson’s correlation coefficient of Rα = 0.14, which is an improvement from previous work,
where values of 0.028 8 and 0.097 10 were found. This is a good indication that the intrinsic shapes
of radio and optical galaxies are indeed correlated. This correlation does not imply that the
two shear maps are correlated however: one could measure no shape correlation, but still detect
a (pixelated and averaged) shear correlation. For this, a radio-optical shear-shear cross-power
spectrum is required. Preliminaries to this ongoing work are presented in the next section.
4

Power Spectra

The lensing (convergence) power spectrum, Pκ is directly related to the 3D matter power spectrum, Pδ , in that Pκ is essentially an integration of Pδ along the line of sight.
We use a maximum likelihood power spectrum estimation code e based on the algorithm
proposed by Hu & White 11 , and most recently used on KiDS-450 shear catalogues 12 . We test
the performance of the power spectrum estimator on mock Gaussian Random Fields (GRFs).
The input GRFs represented ‘radio’ and ‘optical’ catalogues and were given source densities of
0.3 and 30 gal arcmin−2 respectively. Both maps covered 2 deg2 and were given a shape noise
of σεi = 0.3. 100 different realisation pairs of GRFs were run through the power spectrum
estimator with a pixelisation of 30×30 (side length of 2.8 arcmin). Figure 3 shows the averaged
output of the 100 runs. These runs forecast detection significances of 7.7, 1.4 and 0.1 for the
optical auto-, radio-optical cross- and radio auto-power spectrum respectively.
A detection significance of 7.7σ for the optical auto-power spectrum is to be expected from
the large source number density, along with results from previous optical analyses 13,14 . For
the radio-optical cross power spectrum, the power spectrum error bars are noise dominated,
e

Publicly available from https://bitbucket.org/fkoehlin/qe_public

53

Figure 3 – Power spectra generated from 100 pairs of radio-optical Gaussian Random Fields. Left: optical
auto-power spectrum; centre: radio-optical cross-power spectrum; right: radio auto-power spectrum.

resulting from the low source number density of the radio map. For application to real data,
the optical source density will increase to 41 gal arcmin−2 , decreasing the error bar sizes. To
generate more realistic error bars for the data, we will use the same data positions, as shown in
Figure 1, to account for masking effects, as well as randomly sampled galaxy shapes from the
catalogues to incorporate real ellipticity distributions into the GRF shape noise.
5

Conclusions

We have demonstrated the correlation between 3 GHz JVLA radio and HST-ACS optical intrinsic galaxy shapes by measuring a good Pearson’s correlation coefficient of Rα = 0.14 between
their position angles. The correlation between the optical and radio shear maps will be measured
using a shear-shear cross-power spectrum. Runs of Gaussian Random Fields have shown that a
cross-power spectrum detection may be possible with the current data sets.
Pathfinder surveys such as this JVLA 3 GHz JVLA COSMOS data and SuperCLASS will all
help lead the field onto radio weak lensing with the SKA. Ultimately, this will help to measure
more accurate, systematically unbiased constraints on cosmological parameters.
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21 cm intensity mapping: the Tianlai Project
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The Tianlai project is a 21-cm intensity mapping experiment which is aimed at surveying the
large-scale structure and use its baryon acoustic oscillation features to constrain dark energy
models. The pathfinder of the Tianlai array has been built, which includes three cylinders
and sixteen dishes. In this talk, we will give a review of the Tianlai experiment.

1

Introduction

Baryon acoustic oscillations (BAO) are a feature imprinted on the cosmic microwave background
and the large-scale structures in the late universe by acoustic waves traveling in the plasma prior
to the recombination epoch. The comoving characteristic scale of the BAO is determined by the
sound horizon at the last scattering surface. The BAO scale can be taken as a standard ruler to
measure the angular diameter distance and the Hubble parameter H(z), and hence to constrain
the cosmological parameters. This technique has successfully been used to place cosmological
constraints of dark energy parameters from optical surveys by using different tracers, such as
the Luminous Red Galaxies 1 , the main Galaxy sample 2 , the quasar sample 3 , the Lyα-Forests
4 et al.
In addition to the optical surveys, the radio observations of the 21cm line from the neutral
hydrogen can also been used to detect the BAO signal. One direct way is to detect the 21cm
signal from the signal galaxy in the low redshift, but it is difficult to resolve the single galaxy
by using the small singe dishes, such as Green Bank Telescope (GBT) and the Parkes telescope.
In the high redshift (z > 10) it is impossible to resolve the single even by using the Square
Kilometer Array (SKA). Instead by observing the single galaxy one could observe the 21cm
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signal in the intensity mapping mode, in which each pixel or voxel contains many galaxies. The
method of the intensity mapping has been tested by the GBT and the Parkes telescope 5 6 7 .
However, the time available and the survey speed are limited in these general purpose telescopes.
The cylindrical reflector can be cheaply made and used to do the 21cm survey experiments 8 .
The Tianlai 21 cm intensity mapping experiment is majorly aimed at surveying the northern
sky 21cm intensity at mid-redshifts and use its BAO features to constrain dark energy models.
The experiment is named “Tianlai” which means “heavenly sound” in classic Chinese. This
phrase first appeared in the work of the ancient Chinese philosopher Chuang Tzu (369BC286BC). In addition to the redshifted 21 cm intensity mapping, the Tianlai experiment can also
be used for other observations, such as 21 cm absorber, fast radio burst, and electromagnetic
counter part of gravitational wave events.

2

Site selection

Since the signal of the 21 cm in the sky is weak, a site with low radio frequency interference
(RFI) is desired. Our primary aim is to observe the 21 cm signal from 400 MHz to 1.4 GHz,
the main source of RFI at this frequency range is mobile phone signal and TV broadcasting.
The RFIs can not be completely avoided, but if their strength is not too strong as to saturate
or distort the output of the amplifier, it is possible to remove them with the post processing.
The ideal site for the Tianlai experiment is a terrain with mountain surrounding a 150m ×
150m flat land. Moreover, it is nice to have good logistic support, including road, electricity,
communication networking and the geological structure is stable. We have measured the electromagnetic environment for more than 200 possible sites in Xijiang, Guizhou, Inner Mongolia,
Qinghai, Jilin, Tibet provinces in China. Figure 1 shows the candidate sites for the Tianlai
experiment.

Figure 1 – The candidate sites for the Tianlai experiment. The Hongliuxia Site in the top left of the figure is the
site for the Tianlai experiment.
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Daqingshan

Figure 2 – The electromagnetic environment for nine possible sites. The blue line in the middle left panel is the
result for the Hongliuxia site.

In Figure 2, we show the results of electromagnetic environment of the nine possible sites. It
is the seen that the three sites (in left panels of this figure), Dashankou, Hongliuxia, and ALi-7
have the relative low RFI. Considering various factors, we have decided to take the Hongliuxia
site as our experiment site.
In order to avoid the RFIs from the living area and from the receiver system itself, we put
the living area and the antenna array in two different regions. The arrangement of the site can
be found in Figure 3. The distance between the living area and the antenna array is ∼ 7 km.
There is a 10.4 km road which we can use to give round trip between two regions.
3

The pathfinder of the Tianlai experiment

To resolve the BAO peaks, compact inteferometer arrays with longest baseline of about a hundred
meter seems to be a good compromise. The fully-scale Tianlai experiment will consist of eight
adjacent cylinder, each 15m wide and 120 m long, with a total of about 2000 dual polarization
units covering the frequency range of 400-1420 MHz, corresponding to the redshift from 0 to
2.5. At present, a pathfinder experiment has been built in a radio quite site at Hongliuxia,
Balikun County, Xinjiang Autonomous Region, China. The pathfinder experiment consists of
both of a cylinder array and a dish array (see Figure 4). The Tianlai pathfinder cylinder array
(hereafter TPCA) is made of three adjacent cylindrical reflectors oriented in the North-South
direction, each 15 m wide and 40 m long. The PCA has 96 dual polarization receivers which do
not cover the full length of the cylinders. In order to avoid the grating lobe problem, receivers
are distributed irregularly in the array. Receiver numbers in three cylinder reflectors are 31, 32
and 33, respectively. The receivers occupy 12.4 m along North-South direction on each cylinder.
We refer the interested reader to Zhang et al. (2015) 11 for more details about the arrangement
of the receivers.
The Tianlai pathfinder dish array consists 16 dishes with 6 m diameter. These dishes are
equipped with the electronically controlled motor drives in the altitude-azimuth mount, which
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Figure 3 – The arrangement of the Tianlai site.

allows the dishes to be pointed to almost any desirable directions above the horizon. The
distribution of the Tianlai pathfinder dish array is shown in the bottom left of Figure 6.
In Figure 5, we show a schematic of receiver chain for the Tianlai pathfinder experiment.
The incoming radio wave is reflected by the reflector, picked by the feed, then amplified by the
low noise amplifier (LAN). The signal then comes into the optical transmitter, and is transferred
by the 7.2 km long optical cable to the optical receiver. Optical receiver is located in the station
house, it transforms the optical signal back to RF signal, then RF signal is fed into the frequency
downconverter and correlator, eventually correlator dumps the visibility data to storage.
4

Calibration

The strong radio sources Cygnus A, Cassiopeia A and Crab Nebula can be used to calibrate the
amplitude and phase for the Tianlai pathfinder experiment. The method we used here is the
principal component analysis (PCA) 12 . Since the PCA is fixed, these radio source locating in
the file of the PCA are only several ten minutes. Therefore, we design a dedicated noise source
calibration system to do relative phase and amplitude calibration. Noise source is thermostatic
and supplied by high stable linear DC power to ensure the stability of amplitude. The on-off
pace of noise source is controlled by the correlator 8-km away on station house through optical
fiber. Schematic diagram for noise source calibration system could be found in Figure 6.
5

First light

On September 27, we get the first light of the TPCA. In the middle panel of Figure 7, we show
the point source in the sky map in the TPCA observations from September 27 to 30, 2016. It is
found that the positions of point sources in TPCA are consistent with those in the NASS surveys
(left panel of Figure 7), which indicates our receiver system works well. We find that the Sun
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Figure 4 – The pathfinder of the Tianlai experiment

Figure 5 – The receiver chain for the Tianlai pathfinder experiment.
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Figure 6 – Schematic diagram for noise source calibration system.

has strong effect on the sky map. If we only use the night data, then the bright tails in both
left and right parts of the sky map from all day data (middle panel of Figure 7) disappear (see
right panel of Figure 7). Even in the sky map of the night data, we still can see several bright
tails, they are the foreground from the Milky Way (MW). Therefore, removing the foreground
of the MW is an import step to obtain the real 21 cm signals. We have used the Singular-ValueDecomposition method to remove the foreground in the GBT and Parkes intensity map data.
We will try other methods and improve them in the foreground removing.

Figure 7 – NVSS (1.4 GHz) sources (>5Jy) (left), point sources with all three day maps from TPCA (middle),
and the sky map only from the night data in TPCA (right).
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6

Future plan

At present, the Tianlai pathfinder experiment has acquired more than 400 Terabyte data. In
the future, we will continue to obtain the data and improve the data analysis, with more careful
analysis of the data quality and RFI removal. We will also do the polarization calibration.
The large field of view of Tianlai telescope make it an ideal telescope to do FRB search.
In 2018, we will start to make a 32-channel FRB search backend, and it will be extended to
192-channel FRB system in near future. FRB system will comprise three parts: acquisition
system, beam forming system, and de-dispersion and storage system. Acquisition and beaming
is realized by a FPGA base hardware, de-dispersion system is based on GPU and CPU system.
The FRB search system is designed to reach a time resolution better than 1 milli-second.
7
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Simulation of Systematics in Future Single-Dish HI Intensity Mapping
Experiments
S. E. Harper on behalf of the Manchester Intensity Mapping Team
Jodrell Bank Centre for Astrophysics, School of Physics and Astronomy, Alan Turing Building,
University of Manchester, Manchester, England M13 9PL

HI intensity mapping (IM) is an exciting new probe that could revolutionize the future of
cosmology. However, the relative faintness of the HI signal when compared to foregrounds of
astrophysical or terrestrial origin will make HI IM extremely challenging. The imprint of these
foregrounds may result in systematic errors in the recovered cosmological signal. We discuss
an IM simulation pipeline developed at Manchester that can introduce systematic errors at
the TOD level in order to help assess their impact. We will present results for two potential
sources of systematics for HI IM surveys: 1/f noise and the integrated emission from global
navigation satellites.

1

Introduction

HI intensity mapping (IM) is a promising new cosmological probe (see 1,2,3 and references therein)
by having the potential to map fluctuations in the cosmic matter density across a huge span of
cosmic time 4,5,6 .
The expected scale of the HI IM fluctuations are of the order 100 µK1 , which is several
orders of magnitude fainter than the known brightness of astrophysical foregrounds. The huge
difference in brightness between the HI signal and foregrounds puts extreme constraints on
instrumentation to be both spectrally and temporally stable, as most current techniques for
foreground subtraction rely upon the spectral smoothness of astrophysical foregrounds 7,8,9 .
There are many possible systematic within a HI IM dataset that may result in the foregrounds signals deviating from spectral smoothness. Many of these systematics occur due to the
instrumentation (such as 1/f gain fluctuations 9,10 , beam sidelobes or polarisation leakage 8 ), or
the environment (e.g., man-made radio-frequency interference or RFI). Many of these systematics are temporally variable, and therefore assessing the impact of them for future HI IM surveys
requires end-to-end simulations of observations at the time-ordered data (TOD) level. In these
proceedings we will present just such a pipeline and the current status of assessing the impact
of 1/f noise and RFI from global navigation satellites on future single-dish HI IM surveys.
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2

Simulations

We have developed a simulation pipeline for modelling a general single-dish HI IM experiment
at the level of the generation of the TOD. The pipeline includes methods for simulating the
expected cosmological HI signal, maps of Galactic foregrounds, and a suite of experiment specific
systematics that act at the TOD level. The pipeline also includes methods for data analysis
and processing, and includes both basic component separation methods such as PCA 9,8 and
advanced novel methods such as GNILC 11,12 . The pipeline is written in a combination of
Python, C and FORTRAN, and is designed to be fully parallelised using MPI libraries.
2.1

1/f Noise

1/f noise is a familiar systematic for single-dish radio and sub-mm astronomy 13,14 . For HI IM
experiments 1/f noise originating from gain fluctuations in receiver amplifiers should be very
spectrally correlated, and as such should be easily removed using existing foreground subtraction
methods 10 . However, small deviations in the spectral smoothness of the 1/f noise, introduced by
either the instrumentation or data analysis methods, greatly increases the difficulty in separating
the 1/f noise from the HI signal.
Fig. 1 shows the model power spectrum of 1/f noise in both time and frequency. The
correlations in time are described by the index α and in frequency by β, the amplitude of the
fluctuations is dictated by the knee frequency fk (the temporal scale where the power density
of the 1/f noise and white noise are unity). The waterfall plot shows an example output from
the simulations for a β = 0.25. In a recent paper 10 various values of β between 0 (completely
correlated) to 1 (completely uncorrelated) were explored in the context of a model phase 1
SKA-MID array. It was found that for even very small levels of decorrelation in the 1/f noise
spectrum (e.g., β > 0.25) results in a greatly increased uncertainty in the recovered HI power
spectrum on large scales. If the 1/f noise is entirely uncorrelated with a knee frequency close to
1 Hz per 20 MHz channel width it was found that a 30 day SKA HI IM survey would not even
be able to detect the cosmological HI signal on any scale.

Figure 1 – Model power spectra of 1/f noise that has correlated fluctuations in both time and frequency (left
and middle). The 1/f noise correlations in time are described by the parameter α, and in frequency by β. The
2
knee frequency fk (or in frequency ωk ), is where the power of the 1/f noise spectrum and white noise power (σw
)
are equal. An example waterfall plot of 1/f noise from the IM simulation pipeline is shown in the right plot for
α = 1, β = 0.25 and a system temperature of Tsys = 20 K.

2.2

Global Navigation Satellites

The global navigation satellites system (GNSS) is a network of approximately 120 satellites
spread predominantly over the three global constellations: GPS (USA), GLONASS (Russia)
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and Galileo (Europe). Alongside these there are also more regional constellations controlled
by Japan, India and China. Currently there are approximately 60 GNSS satellites in orbit
with plans to expand to 120 by 2030 15 . Each one of these satellites usually has three services
that broadcast with central frequencies between 1165 < ν < 1610 MHz 16 , however the nature
of the GNSS transmission means that power leaks into out-of-bands regions of the spectrum
that, although are well within international limits 17 , are still bright enough to be problematic
for HI radio astronomy. This is because each one of these satellites are as bright as the quiet
Sun when observed within the GNSS band 18,19 , but unlike the Sun there are always 6 or more
satellites above the horizon at any given time all moving continuously within the sidelobes of
the telescope. Fig. 2 shows an example of the expected GNSS spectrum when observing directly
one satellite from each GNSS constellation and highlights the complex spectral structure of the
GNSS satellite emission.

Figure 2 – Expected flux density contributions of of GNSS satellites for the GPS, Galileo and GLONASS constellations if all three satellites were within the main beam of the telescope. Region marked in band is the official
GNSS allocation, while the out-of-band region is the predicted leakage of GNSS power into non-GNSS allocations.
For reference the radio flux density of the quiet Sun is between 105 − 106 Jy.

As the GNSS satellites are moving in fixed orbital planes that are comoving with the celestial
sky the integrated emission of the satellites over a long HI IM survey would stack. The impact
of this integrated emission was assessed using the IM pipeline and assuming a model HI IM
survey with the phase 1 SKA-MID array 19 . The nature of the integrated GNSS emission is a
convolution of the satellite celestial tracks and the beam (specifically the far sidelobes) of the
observing telescope. It was shown recently 19 that an SKA HI IM survey will have a substantial
contribution from the integrated GNSS emission at frequencies ν > 900 MHz or redshifts of
z < 0.6. This is concerning as the integrated GNSS emission foreground will not be spectrally
smooth (as shown in Fig. 2), therefore existing component separation methods may find it
challenging to remove and a new, novel approach may be required.
3

Conclusion

HI IM is an upcoming new method with great potential as a cosmological probe. However the
faintness of the HI signal relative to astrophysical, instrumental and man-made foregrounds will
present a serious challenge for future experiments and surveys. In these proceedings we have
discussed the Manchester IM simulations pipeline and how it will be useful for assessing the
impact of systematic errors that act at the TOD level, such as 1/f noise, beam sidelobes, or
polarisation leakage. We have specifically discussed the impact of 1/f noise, which in the best
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case scenario may be far less of a problem than in previous CMB experiments but requires careful
processing of the data and instrumental design. We also discussed the impact of the integrated
emission from GNSS satellites, a potentially unique foreground to HI IM experiments, and how
it will require a novel approach to remove from observations at redshifts z < 0.6.
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1-POINT LENSING STATISTICS IN COSMOLOGY
MIGUEL QUARTIN
Instituto de Fı́sica, Universidade Federal do Rio de Janeiro, 21941-972, Rio de Janeiro, Brazil
Observatório do Valongo, Universidade Federal do Rio de Janeiro, Ladeira Pedro António 43,
20080-090, Rio de Janeiro, Brazil

The cosmic shear effect has been the center of attention for measuring the structure of the
universe with lensing. This 2-point statistics effect is however subject to systematic effects
which are difficult to be removed. Here we discuss the use of a complementary tool: 1point statistics, which are encapsulated in the lensing PDFs. These are subject to different
systematics and are arguably simpler to be worked with. These are traditionally computed
with dark-matter only N-body simulations. Here we discuss the effect of baryonic physics on
different lensing statistics. Making use of the Magneticum Pathfinder suite of simulations we
show that the influence of luminous matter on the 1-point lensing statistics of point sources is
significant, enhancing the probability of magnified objects with µ > 3 by a factor of 2 and the
occurrence of multiple-images by a factor 5 − 500 depending on the source redshift and size.

1

Introduction

With recent surveys gravitational lensing has achieved a precision level comparable to the other
main cosmological observables. And in the near future cosmic shear measurements will be one
of the main tools to investigate the structure formation in the universe. The cosmic shear effect
has been thoroughly studied and is one of the best candidates for measuring the structure of the
universe with lensing. This 2-point statistics effect is however subject to systematic effects which
are difficult to be removed. For instance (see [1] for an in-depth review): the intrinsic alignment
of galaxies; dependency on the non-linear scales of the matter power-spectrum; correlations
between the weak-lensing selection function and the background density of matter; massive
foreground galaxies obscuring background ones.
In this work we instead focus on 1-point lensing statistics, which are described by the lensing
probability distribution function (PDF). These are simpler to work with and provide complementary information. It describes the probability of occurrence of each value of convergence (κ),
shear (γ) and magnification (µ) in images, including the probability of multiple image events.
It is also very important when studying populations of distant galaxies for which Malmquist
bias plays an important role. For instance the observed number counts of submillimeter galaxies
were shown by [2] to be strongly biased due to strong lensing. Additionally, lensing PDFs can be

67

All
10

10

13

10

16

10

19

P( )

10

Gas

LSS

103

DM
ICM

Stars

B.H.

Massive Galaxies

104

DM-only
Central Part
of Galaxies

105

Figure 1 – Angular power-spectrum of convergence for Box 4/uhr AGN-Hydro 1.76 arcsec maps at z = 1 for gas,
dark matter, stars and black holes as a function of the multipole `. The dark matter-only result is also shown
for comparison. Note that the diffuse baryonic component (“Gas”) is always sub-dominant, but the compact
component (“Stars”) surpass the DM one for ` > 2 × 105 . Figure extracted from [17].

used to infer valuable information on the large-scale structure and its evolution through the nonGaussianities introduces on the scatter of standard candles, as originally discussed in [3, 4, 5]. A
method to extract this information was developed in [6, 7]. Although less precise than the cosmic
shear methods, this approach is completely independent and provides an interesting cross-check
on the ΛCDM model. It has already been applied to real data in [8, 9, 10] resulting in weak
constraints on σ8 and on the growth rate index γ (not to be confused with the lensing shear).
Finally, standard sirens, which could be seen at very high-redshift with the upcoming LISA
observatory [11], are strongly affected by the lensing PDFs.
Although only a minor contributor to the total energy density, this so-called baryonic component can have significant effects on the structure formation in the universe due to their much
richer physics [12, 13, 14]. Until recently, however, most works computing the lensing PDFs
relied purely on dark matter-only simulations [15, 16]. The recent paper [17] was the first to
analyse the effect of baryons in these lensing PDFs using full AGN-Hydro simulations. By
making use of the Magneticum Pathfinder simulation suite, which contain a dark matter-only
counterpart to each baryonic simulation, it was possible to accurately determine the lensing
PDF up to around 1 arcsec and for 0 ≤ z ≤ 5. Of the suite of simulations, the most used boxes
were Box 3 (128 Mpc with high resolution “hr”) and Box 4 (48 Mpc with ultra-high resolution
“uhr”) – see [17] for more details.
On the 2-point statistics, as can be seen on Figure 1, the baryonic component has a very
small effect for multipoles ` . 2 × 104 . For higher multipoles DM-only predicts an angular
power-spectrum with amplitude one order of magnitude smaller than its hydrodynamic counterpart. Meanwhile, with respect to the simulated luminous matter particles, the diffuse baryonic
component dominates the convergence on scales corresponding to multipoles ` . 6000, while the
compact component dominates on smaller scales.
Concerning baryonic effects on lensing statistics, the presence of luminous matter was found
to enhance the number of events with magnification µ > 3 by a factor of more than 2 and greatly
enhance the number of high-convergence events (κ > 0.5) as it is depicted in Figure 2.
In Table 1 we show the different total strong lensing probabilities for Box 4/uhr for different
angular resolutions and redshifts of the sources. In the top we show the DM-only numbers and
in the bottom the AGN-Hydro ones. Note that the inclusion of baryons drastically change the
occurrence of multiple images. Again, as expected the changes are larger at smaller redshifts.
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Table 1: Total probabilities of occurrence of multiple images (images of type II or III) for different angular
resolutions and redshifts of the sources. Table extracted from [17].

Multi-image prob. (×106 )
z=1 z=2 z=3 z=5
DM-only
< 10−3 0.13
0.59
1.8
0.039
1.2
3.6
9.0
0.090
1.9
5.5
14
0.12
2.3
6.5
17
AGN-Hydro
1.0
4.9
9.4
17
11
47
85
150
32
140
260
480
59
300
610
1200

θgrid (arcsec)

3.52
1.76
0.88
0.44
3.52
1.76
0.88
0.44

The discrepancy is also larger for smaller angular resolutions. For z = 5 the AGN-Hydro
simulations have a factor between 5–70 times more multiple images (depending on the angular
size of the source), while for z = 1 this factor is always over 200. This enhancement brings our
estimations to within a factor of less than 3 when compared to observations of multiple imaged
quasars (see [17] for more details).
These results make it not only clear that baryonic physics can substantially affect the lensing
statistics, but it shows quantitatively for different redshifts at which point in the PDFs of κ, γ
and µ the baryonic effects come into play.

DM-only Box:4

2

10

4

10

6

dPS/d

10

0

1

2

102 AGN-Hydro Box:4

100
10

2

10

4

6
10 10

10

4

10

6

dPS/d

2

dPS/dlog

100
10

0

1

2

102 Dark Matter Box:4
2

2

100
dPS/dlog

100

DM-only Box:4

102

5

10

3

10

1

10

2

10

4

10

6

100

101

102

100

101

102

102 AGN-Hydro Box:4

102 AGN-Hydro Box:4

100

100

10

2

10

4

6
10 10

dPS/dlog

z=1
z=2
z=3
z=5

dPS/dlog

102

5

10

3

10

1

10

2

10

4

10

6

Figure 2 – PDFs for DM-only and AGN-Hydro cases for Box 4, 1.76 arcsec maps for different z. Left: convergence.
Baryons alter the PDF significantly for κ > 0.6. Middle: shear. Baryons affect the PDF for γ > 0.2 and introduce
a bump at γ ' 0.7. Right: magnification. Baryons change the high-magnification tail (µ > 3). The theoretical
power laws γ 2 for γ  1 and µ−2 for µ  1 are shown in black. Figure extracted from [17].
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Information content of high order correlation functions for Weak Lensing
Matteo Rizzato
Institut d’Astrophysique de Paris, 98 bis boulevard Arago, 75014 Paris, France
In the coming decade Euclid will provide data allowing to explore the late time Universe with
an unprecedented precision. One of the key cosmological probes of Euclid is the detection of
weak lensing signal from distant sources. Unlike galaxy clustering measurements, this probe
should give us unbiased informations on the statistical properties of the total amount of matter
in the Universe.
During my talk, I will explain how we can exploit this signal in order to gain information on the
cosmological parameters and how to perform a stable analysis. To achieve this goal we have
to implement an efficient tool capable to compute the required observables 1) whose number
can easily increase for different configurations of the survey to test and 2) whose precision has
to meet strict requirements for an effective scientific exploitation. We will present for the first
time the results of a thorough analysis capable to fully exploit the information deriving from
the weak lensing survey of the Euclid mission.

1

Introduction

The Euclid mission primary scientific goals are to test the ΛCDM cosmological model and explore
the possibility for modified gravity and/or dynamical dark energy scenarios. While data are not
yet available, we want to understand if Euclid will be actually capable to detect these deviations
and at which confidence level.
The first step is to understand what we can learn from the observables before implementing
pipelines for the estimation of the parameters. In order to do that, we will use the signalto-noise ratio analysis as suggested by Tegmark et al. (1997). Given that we do not have an
analytical model for the description of the non linear scales, this analysis allow us to understand
the constraining power of future data depending on the minimum scale in the observed sky and
on the assumptions used in the model for the dark matter clustering.
We will build our estimators in flat sky exploiting the Limber approximation when moving
to the statistics of the fields projected along the line of sight. As for the cosmological model,
we will assume a 6-parameters spatially flat ΛCDM ( Ωm = 0.238, Ωb = 0.042, Ωλ = 0.762,
h = 0.732, σ8 = 0.76, ns = 0.958 ) and we will work in units c = 1.
2
2.1

Background material
The weak lensing convergence

The images of far sources are always distorted due to the alterations of the photons geodesics
while they travel through the underlying dark matter distribution from the source to the observer. This induces a coherent deformation of background images that can be used to trace the
isotropic change of size of light bundles due to the large scale structures in a given direction θ
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of the sky up to a specific redshift. More precisely it defines the convergence field
Z

χu
i

κ(i) (θ) =

dχW(i) (χ) δm [θχ, χ]

(1)

0

where the comoving Rdistance χ (z) from the observer (z = 0) up to a given point at redshift z
z dz 0
is defined as χ (z) = 0 H(z
0 ) being H (z) the Hubble factor. The function W(i) (χ) is the kernel
for lensing associated to the distribution of the sources placed within the ith tomographic bin
and it depends on the optical depth of the survey, on the photometric redshift bins the survey
will be capable to detect and on the cosmology itself. We refer to the literature for more details
about the theory of weak lensing and the formal expression of the W(i) (χ) function (Bartelmann
& Schneider (2001)).
2.2

Correlation functions and higher order statistics

Convergence maps exhibit large scales correlations that reflect those of the matter field. For
understanding the results showed in this presentation, we will need, as observable, the 2 point
correlation function of the convergence field along with its covariance matrix. The latter will
depend on the connected part of the 4 point correlation function too. Effectively, the non-linear
gravitational evolution couples different modes of the dark matter field together leading to non
vanishing higher order correlation functions (connected part). Pushing further this analysis, we
might think that some information might be present at the level of bispectrum (connected 3 point
correlation function): therefore we will show in the next section a complete formalism to include
the bispectrum in the signal-to-noise ratio analysis considering all possible cross-correlations of
this observable with the 2 point correlation function. To be consistent with the literature, we
will name the 2 and the 3 point correlation functions, for the convergence field with sources
binned in tomographic bins, respectively as power spectrum and bispectrum and they will be
defined, in Fourier space, as
(2π)2 Pi,j (l) δD ( l1 + l2 ) = hκ̃(i) (l1 ) κ̃(j) (l2 )ic ,
2

(2π) Bi,j,k (l1 , l2 , l3 ) δD (l1 + l2 + l3 ) = hκ̃(i) (l1 ) κ̃(j) (l2 ) κ̃(k) (l3 )ic ,

(2)
(3)

where κ̃(i) (l) = dθ κ(i) (θ) e−il·θ is the Fourier transformed field of the convergence one defined
in Eq. 1 and subscripts label the tomographic bins considered in the correlations.
R

2.3

Quantifying the information content

As anticipated in the introduction, we will use as estimator for the information content in
our observables the signal-to-noise ratio. For a combined measurement of the power spectrum
and bispectrum of weak lensing, we define the cumulative information content as function of
the maximum binned measured angular multipole lmax in the configurations considered for our
observables (where, for each configuration, we also marginalize over all the possible binned
positions of the sources)

S 2
N P +B
C P +B =


CP CP B
,
CP B CB

=

Pi,j
l(i),l(j)<lmax


−1
Di C P +B ij Dj

(4)



D = {P1 , . . . , Pmax P conf. , B1 , . . . , Bmax B conf. }

(5)

where we are considering the covariance matrix of the power spectrum (C P ), bispectrum (C B )
and, in case of a joint analysis, the cross-correlations between the two (C P B ). The covariances,
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C P , C B and C P +B are defined as


C P ∼ Cov Pij (l) Pi0 j 0 (l0 ) ,



C B ∼ Cov Bijk (l1 l2 l3 ) Bi0 j 0 k0 (l10 l20 l30 ) ,



C BP ∼ Cov Bijk (l1 l2 l3 ) Pi0 j 0 (l) .

(6)
(7)

We refer to the literature for the explicit expression of the different elements and their indexing:
Scoccimarro et al. (1999), Takada & Bridle (2007), Kayo et al. (2013).
2.4

The halo model

In order to model the dark matter distribution without relying on simulations, we will implement
the halo model. We refer to Cooray & Sheth (2002) for a well renowned review. This approach,
relies on the fact that, from simulations, we can model the statistical properties of the matter
field via halos of dark matter of different masses, redshifts and positions. The halo model
we implemented assumes an NFW profile ρNFW (r) = r  ρs r 2 (Navarro et al. (1996)) for the
rs

1+ r

s

single halos undergoing a spherical collapse. The mass function describing the comoving number
n (m, z) of halos per unit of mass is given through the Sheth & Tormen (1999) prescription and
we will describe the relation between the 2 degrees of freedom left in the model through the
parametrization provided by Bullock et al. (2001) (in this work, at every redshift ẑ, the mass m
and the concentration parameter cv (m, ẑ)).
3

Signal-to-noise analysis for the Euclid mission

The signal-to-noise ratio analysis we suggested in the previous section strictly relies on the
specificities of the model for non linear clustering we assumed and the specificities of the survey
itself (galaxies distribution, tomographic bins, sky coverage, geometry of the mask . . . ). We will
investigate two main effects regarding the survey. In order to perform our analysis, with a setup
of 16 bins in log l and for a 10 tomographic bins case, we will have to compute a vector of 880
power spectra and a covariance matrix of 774400 elements (where we gain a factor 1/2 in terms
of evaluations being covariances symmetric matrices).

Figure 1 – S/N analysis for a Euclid-like survey tomography (tomographic bins assumed:
(0.001, 0.418, 0.560, 0.678, 0.789, 0.900, 1.019, 1.155, 1.324, 1.576, 2.500) with galaxies redshift distribution
 2  z  32
−
n (z) ∝ zzo e zo
normalized to ng = 30 gal/arminc2 .). (Left) S/N analysis for the power spectrum of the
weak lensing convergence for 1 bin tomography, i.e. all the galaxies are assumed to be in a unique broad bin
(0.001, 2.500) without any photometric analysis being performed (red). S/N analysis for the power spectrum of
the weak lensing convergence for 10 tomographic bins, all cross-correlations included (blue).
(Right) Impact on the S/N analysis for the power spectrum of the weak lensing convergence between a model
where the scatter of the concentration parameter has been properly considered and a simplistic model where
cv = cmedian
. All the 10 tomographic bins are included in the analysis.
v
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3.1

Impact of tomography

In Fig. 1 (left) we show how we can increase the information content in a Euclid-like survey
by exploiting the photometric analysis the mission will perform. We can prove that a blind
analysis regarding the redshift distribution of the sources, i.e. assuming a unique broad bin
between z = 0.001 and z = 2.500, leads to a loss of information of about 50%, from 140.2 (10
bins tomography) to 69.8 (1 unique bin). As for the computational load, we were capable to
perform the 10 bins analysis and the 1 bin analysis in 40 minutes and in 20 second respectively
on 100 cores.
3.2

Uncertainties of the physical model: the halos scatter

The second analysis we want to perform is to test the sensitivity of future analysis to the
assumptions of the model used to describe the underlying matter distribution. As mentioned
in Sec.1, we employed the halo model described by Bullock et al. 2001 who fit the relation
between the mass m and the concentration parameter cv (m, z) against simulations for every
redshift. The toy model they used to interpret the simulations can be described through a
2 equations system: cv (m, z) = K aac ; m? (ac ) = F mv where a is the scale factor, ac is the
time of collapse of a formed halo of mass mv and observed at time a, mv is the virialisation
mass and m? is the typical mass (we refer to the original paper for the definitions of these
quantities and for the details of the simulations used). The two free parameters are (F, K). It
was found that the concentration parameter in simulations has a median value and a scatter
and it follows, for a given redshift, a log-normal distribution. The values capable to recover the
median behavior are (0.001, 4.000) while the 1σ deviations from the median can be recovered
by (0.001, K−1σ = 2.600) , (0.001, K+1σ = 6.000) respectively. As long as the median behavior
is capable to collect all the information in the observables, then there is no need to consider the
scatter in the pipelines for the parameter estimations, speeding up future pipelines. We proved
in Fig. 1 (right) that the overestimation of the information in the observables by considering the
median is just of 2%. Talking about the computational cost of this computation, the analysis
with and without the scatter, required respectively 47 and 45 minutes on 70 cores.
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THE IMPACT OF RELATIVISTIC EFFECTS ON COSMOLOGICAL
PARAMETER ESTIMATION
C. S. LORENZ
Sub-Department of Astrophysics, University of Oxford, DWB, Keble Road,
Oxford OX1 3RH, United Kingdom

In this talk, I will discuss the magnification lensing contribution to galaxy clustering and
general relativistic corrections to all observables. I will present how the final constraints on
cosmological parameters tighten when these effects are included, and how much they might
be biased when these effects are neglected.

1

Introduction

The observed number density of galaxies at a particular redshift and solid angle differs from the
true underlying number density of galaxies. The corresponding observable is the perturbation
in the number counts of galaxies, ∆N , which can be expanded as the sum of several terms1,2
∆N ≡ ∆D + ∆RSD + ∆L + ∆GR .

(1)

Here, the terms correspond to initial density perturbations (D), redshift space distortions (RSD),
lensing magnification (L) and general relativistic corrections (GR), akin to e.g. the Shapiro
time delay 3 and the integrated Sachs-Wolfe effect 4 . In this talk, I will discuss how important
the lensing and GR terms are, both in terms of information content and potential bias on
cosmological parameters when these terms are neglected.
2

Methodology

In our study 5 we followed the multi-tracer approach 6 from Ref. 7 that allows to forecast simultaneously for a combination of tracers. The data vector ∆N feeds into the power spectra C` ,
from which we obtain the Fisher matrix
Fαβ =

`X
max
`=2

fsky

i
2` + 1 h
−1
Tr (∂α C` )C−1
` (∂β C` )C`
2

(2)

where fsky is the fraction of the sky observed. In order to compute the bias from neglecting
lensing magnification, we computed both the power spectra with and without including lensing.
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Then the ’observed’ Cobs
correspond to the power spectra when lensing has been taken into
`
account, and the ’theoretical’ Cth
` to the power spectra when lensing has been neglected. In this
case, the bias on each cosmological parameter θα is given by
∆θα = (F−1 · v)α ,

(3)

i
2` + 1 h
−1
Tr (∂α C` )C−1
,
` ∆C` C`
2

(4)

where the entries of v are
vα =

`X
max
`=2

fsky

th
and ∆C` = Cobs
− Cth
`
` with C` = C` otherwise. We performed our forecast for two different
combinations of tracers: once for galaxy clustering only, and once for the combination of galaxy
clustering, galaxy shear, CMB and CMB lensing. For galaxy clustering and galaxy shear, we
assumed an experiment similar to the Large Synoptic Survey Telescope (LSST) 8 , for CMB and
CMB a Stage 4-like experiment 9 .

3
3.1

Results
Lensing magnification

all tracers, w.o. mag.
all tracers, w. mag.
clustering, w.o. mag.
clustering, w. mag.
all tracers, bias
clustering, bias
fiducial value

all tracers, w.o. mag.
all tracers, w. mag.
clustering, w.o. mag.
clustering, w. mag.
all tracers, bias
clustering, bias
fiducial value

1
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Previously, it has been shown that lensing magnification is relevant for constraining dark energy 10 and neutrino parameters 11 . In addition, it has been shown that neutrino and dark energy
parameters are degenerate with each other 12 . Therefore, we considered a wCDM model 13 with
P
massive neutrinos included in terms of mν . In addition, we investigated whether lensing contains information about deviations from general relativity. For this reason, we also considered
modified gravity theories within the Horndeski class of scalar-tensor theories 14,15 . These can be
described with a couple of time-dependent functions α(t) 16 that can be related to dimensionless
parameters such as cM , cB and cT .
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Figure 1 – Improvement of parameter constraints when lensing magnification is included for galaxy clustering
only (orange) and the combination of all tracers (cyan). The bias from neglecting lensing
Pmagnification is shown
for galaxy clustering only (black circle) and for all tracers (blue square). Left: wCDM+ mν , Right: Horndeski
5
parameters cM , cB , cT . Taken from our paper .

The results for both models are shown in Fig. 1. The orange ellipses show the Fisher ellipses
when galaxy clustering is the only tracer, the cyan ellipses for the combination of all tracers.
For galaxy clustering only, lensing magnification marginally improves the parameter constraints,
whereas there is no signifcant improvement when all tracers are combined. In addition, the bias
from neglecting lensing magnification is shown with a black square for all tracers, and a blue
circle for galaxy clustering only. In all cases, the bias was of the order of a few standard
deviations.
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Table 1: The extent to which the magnification bias s(z) must be known in order to avoid a bias from the
magnification bias uncertainties larger than one standard deviation. Taken from Ref. 5 .
Parameters
wCDM
mν
wa
w0
Horndeski
cM
cB
cT
P

3.2

Max. error
on s(z)
9.8%
5.6%
4.2%
22%
11%
23%

Magnification bias

The magnification bias is defined as the slope of the physical number density of sources, N̄ (η, L >
L∗ ), as a function of conformal time η and cumulative luminosity L∗ , as 17
s≡

5 ∂ ln N̄
.
2 ∂ ln L∗

(5)

Tab. 1 shows the extent to which the magnification bias must be known in order to avoid a bias
larger than one standard deviation . We found that s(z) must be known to approximately 5%
for dark energy and neutrino parameters, and to approximately 10% for Horndeski parameters.
3.3

General relativistic corrections

In general, we found that both the information content in the GR terms, as well as the bias
from neglecting the GR terms was negligible. An exception is primordial non-Gaussianity that
arises in many inflation scenarios and that induces corrections for the power spectrum at the
same scales as the GR terms 18,19 . Here we consider the case of local primordial non-Gaussianity,
parameterized through the dimensionless parameter fNL 20 . Fig. 2 shows the bias on fNL from
neglecting the GR terms, which is of the order of half a standard deviation.

p(fNL )

all tracers
clustering
clustering (red)
clustering (blue)
bias (all tracers)

-10

-5

0
fNL

5

10

Figure 2 – Standard deviation of fNL and bias on fNL from neglecting general relativistic corrections. Taken from
Ref. 5 .

4

Conclusion

To summarize, we found that lensing magnification can significantly bias cosmological parameters if unaccounted for. By contrast, we found that the general relativistic corrections are
negligible for most parameters, but significant for estimates of primordial non-Gaussianity. For
more details on the methodology and the results, we refer the reader to our paper 5 .
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ANGULAR POWER SPECTRA OF LARGE SCALE STRUCTURES IN THE
CONTEXT OF WIDE PHOTOMETRIC SURVEYS
J. NEVEU, J.E. CAMPAGNE, S. PLASZCZYNSKI
Université Paris-Sud, LAL, UMR 8607, F-91898 Orsay Cedex, France
& CNRS/IN2P3, F-91405 Orsay, France
The statistical distribution of galaxies is a powerful probe to constrain cosmological and
gravity models. In particular the matter power spectrum P (k) brings information about the
cosmological distance evolution and the galaxy clustering. However the building of P (k) from
galaxy catalogues needs a cosmological model to convert angles on the sky and redshifts into
distances, which leads to difficulties when comparing data with predicted P (k) from other
cosmological models. The angular power spectrum C` (z1 , z2 ) between two bins located at
redshift z1 and z2 contains the same kind of information than the matter power spectrum but
is free from any cosmological assumption. However, the prediction of C` (z1 , z2 ) from P (k) is a
costly computation when performed exactly. The Angpow software aims at computing quickly
and accurately the auto (z1 = z2 ) and cross (z1 6= z2 ) angular power spectra between redshift
bins and the reciprocal angular correlation functions. The user has the possibility to use
sparingly the Limbers approximation, to get better CPU performances without degradation
of the accuracy. The computation includes effects such as redshift space distortions (RSD)
and magnification lensing. After a brief technical description of the code, its validation and
its performance for intensive cosmological parameter space explorations, I will show examples
where one clearly should not rely on Limber’s approximation. Then I will illustrate the RSD
and magnification lensing influences on the auto and cross angular power spectrum shapes.
This new software enables fast and accurate exploration of the cosmological parameter space
especially in the context of wide photometric galaxy surveys such as LSST and Euclid.

1

Introduction

The statistical distribution of galaxies, in position, shape or magnitude, contains the imprint
of the full history of the universe. It is therefore a major probe to test the paradigm of the
ΛCDM model and infer the cosmological parameters. However to gain more precision, galaxy
surveys have to encompass the largest volume of universe as possible. Wider and deeper galaxy
surveys are scheduled but the critical point remains the determination of the galaxy redshifts
z, either using spectrometric or photometric techniques. In Table 1, we gathered a sample of
past, on-going and future galaxy surveys of the two different kinds. Both types of surveys will

Table 1: Comparison of some of the past, on-going and future galaxy surveys, spectroscopic and photometric.

Type of survey 
Area 103 deg2
Depth [z]
Galaxy numbers
Colors [filters]

BOSS / eBOSS
Spectroscopic
10
3.5 / 2.2
6
10 / 106
360 − 1000 nm

DES Y1 / KIDs-450
Photometric
1 / 0.45
0.9 / 0.9
3 × 108 / 15 × 106
5 [grizy] / 4 [ugri]
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DESI
Spectroscopic
14
3.5
30 × 106
360 − 980 nm

LSST / Euclid
Photometric
20
3/2&6
9
10 / 109
6 [ugrizy] / 4 [rizyjh]
+ 1 − 2 µm

have rather the same area coverage on the sky in the future (around half a sky). The optical
spectroscopic surveys are already quite deep (z . 3.5) but the number of sampled galaxy will
gain an order of magnitude to ≈ 107 . The progress in deepness and wideness is more striking
for the photometric surveys, increasing also the number of catalogued galaxies of an order of
magnitude to ≈ 109 for the Euclid and LSST surveys. The main advantage of the photometric
surveys is that they measure much more galaxies than a spectroscopic survey, however their
redshifts are estimated with the photometry only, using 5 or 6 broad optical bandpass filters,
which is usually an order of magnitude less precise than a spectroscopic determination.
How to use such a galaxy catalogue to extract information about the cosmological parameters
from the galaxy distribution in position ? One recipe is to conduct a tomographic analysis. First
the galaxies are split in different redshift bins (the number and the width of these bins has to
be optimised according to the photometric redshift quality). Then the formalism of the angular
correlation functions ξ(θ, z) or of the angular matter power spectrum C` (z) is well adapted as
they work directly in the observational space (θ, z) or the ` spherical harmonics space a . It
also eases the propagation of the photometric redshift uncertainty and is more adapted to wide
surveys where the spherical geometry can no more be approximated as a plane.
The power of the angular power spectrum formalism is to facilitates also the cross-correlations
within a single probe and between the different cosmological probes. Within a single probe, it
allows to recover some information from the structure evolution along the line of sight despite
the uncertainties due to the photometric redshifts. It offers also a control on the survey and
catalogue building systematics 1,2 . With multiple probes, cross-correlating different cosmological
probes improves the cosmological constraints more than the simple product of the independent
likelihoods 3 . It permits to fit nuisance parameters or systematics (galaxy bias, shear bias,
intrinsic alignment...) that can stay undetermined within a single probe analysis 4,5,6,7 .
2

Angpow, from P (k, z) to C` (z1 , z2 )

The statistical distribution of the galaxies is computed theoretically as the matter power spectrum P (k, z) in the Fourier space by Boltzmann solver codes such as CAMBb or CLASSc . This
observable can be translated into an angular matter power spectrum C` (z1 , z2 ) via a triple
integral 8,9,10,11 :
ZZ
Z
2
C` (z1 , z2 ) =
dz10 dz20 Wz1 (z10 )Wz2 (z20 ) dk f` (k, z10 )f` (k, z20 )
(1)
π
which correlates the galaxy distribution within two redshift windows W (z1 ) and W (z2 ). The
function f` (k, z) encodes the physics and the spherical geometry of the bin:
r

2 p
f` (k, z) =
k P (k, z)
b(z)j` (kr(z))
+
f (z)j`00 (kr(z))
π
s
# (2)


Z
3(2 − 5s) Ωm H02 r(z) 0 r0 − r(z)
P (k, z(r0 ))
0
0
+ `(` + 1)
dr
(1 + z(r ))
j` (kr )
2
(ck)2 0
r0 r(z)
P (k, z)
where P (k, z) gives the dark matter power spectrum, b(z) is the galaxy bias, the second term
with the growth rate of structures f (z) represents the redshift space distortion (RSD) term, and
the third term adds the magnification lensing effect on the galaxy position distribution with s
the luminosity function slope. The comoving distance r(z) and the spherical Bessel functions
j` (x) of order ` encode the spherical geometry of the redshift bin. Note that further relativistic
correction terms can be added to f` (k, z) but are sub-dominant 11 .
a
Working with the equivalent functions but in the real space ξ(r) or Fourier space P (k) necessitates to use a
fiducial cosmology to convert angles and redshifts into distances or Fourier modes.
b
https://camb.info/
c
https://github.com/lesgourg/class_public
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The computation of the angular power spectra C` (z1 , z2 ) is already implemented in CLASS 12
but it is slow and prevents a full exploration of the cosmological parameter space with Markov
Chain Monte-Carlo techniques (MCMC). In particular, the bottleneck lies in the computation
of the j` (x) functions. A fast and accurate new numerical code, Angpowd , has been developed to
address this limitation 13 . In brief, after a simple quadrature of the z integrals, a careful splitting
of the k integral is performed in subspaces of Nk ≈ 100 Bessel roots kp` , and truncated at k =
kmax . Then each sub-integrals are computed using a combination of the Chebyshev polynomial
properties and of the Clenshaw-Curtis quadrature (3C-algorithm). These mathematical tricks
allow the use of Discrete Cosine Transforms (DCT) and thus increase the computation speed
thanks to the available optimised FFT libraries 13 . The code has been benchmarked on CLASS
and provide identical results with a very good precision, but within a second.
No RSD no mag., z1 = 1.00 z2 = 0.90 z = 0.05
With RSD, no mag., z1 = 1.00 z2 = 0.90 z = 0.05
With RSD, with mag., z1 = 1.00 z2 = 0.90 z = 0.05
1.4 1e 5

2.5
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Figure 1 – Left: auto and cross correlations from Angpow for two Gaussian windows at z1 = 1.0 and z2 = 0.9 with
σz = 0.05. Right: auto and cross correlations for two Gaussian windows at z1 = 2.0 and z2 = 0.5 with σz = 0.05.
In blue, no RSD nor magnification effects are included, in orange only the RSD effect, in green both RSD and
magnification effects are included. If not visible, the orange line is behind the green line.

3

Angular power spectra examples

With the fast and accurate computation of the matter angular power spectra from Angpow, it is
possible to study the impacts of the Limber approximation, the RSD and magnification effects,
and to sketch some rule of thumb on their use.
3.1

Test of the Limber’s approximation

A common approximation used to ease and fasten the computation of the angular power spectra
is the Limber’s approximation which consists in replacing the oscillatory Bessel functions by
Dirac distributions:
r


π
` + 1/2
j` (kr(z)) ≈
δ r(z) −
(3)
2` + 1
k
This approximation is known to fail at large scale (low `), in particular for rather thin redshift
windows, but also fails for the cross-correlations as it looses the richness of the beats j` (kr(z1 ))×
j` (kr(z2 )) between two oscillatory functions with different periods.
3.2

RSD and magnification effects

After having computed many -angular spectra with Gaussian windows, we can observe that the
RSD effect alters mainly the shape of the angular power spectra when redshift windows are
rather thin and close to each others. This can be understood as a deformation of the shape of
d

https://gitlab.in2p3.fr/campagne/AngPow
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the redshift bins depending on the local matter density fluctuations and due to Doppler shifts.
This effect is sketched in Figure 2 Concerning the magnification effect, it affects in particular the
cross-correlations between redshift windows well separated. Indeed in this case the structures
of the low redshift bin imprints their statistical distribution of the density fluctuations on the
high redshift bin via the gravitational lensing, creating non-zero anti-correlation. on large scales
between these two independent regions of the universe.
Zero-th order
galaxy counting

RSD effect
(main correction)

¨

Redshift bin 1
Redshift bin 2
¨

Magnification
effect (small
correction)

Falling structures distort the shells:
auto-correlations increase at every
scales

¨

Effect reduces with shell thickness

¨

Low-z structures imprint their
statistical distribution on the
high-z density field
Effect increases with distances

Figure 2 – Effects of the RSD and magnification lensing on the galaxy number counting.

4

Summary

Angpow is a fast and accurate software to compute C` (z1 , z2 ) angular power spectra, avoiding
the Limber’s approximation thanks to the 3C-algorithm 13 . Now it includes the RSD and magnification effects as these two effects alters the shape of the spectra. The RSD effect enhances
auto-correlations and cross-correlations for thin and close windows while the magnification effects is more important for high redshift windows. In particular, we would like to emphasize
again that the cross-correlations, within the galaxy counting maps but also with other probes,
are useful information to constrain the cosmological parameters and control the survey systematics. Going beyond the Limber’s approximation and including the RSD and magnification
effects open the large scale range of the angular power spectra that the future wide photometric
surveys as LSST or Euclid will provide to test the ΛCDM model.
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Clustering-Redshift methodology in Dark Energy Survey Year 1 analysis
P. E. Vielzeuf
Institut de Fı́sica d’Altes Energies (IFAE),
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Campus UAB, 08193 Bellaterra (Barcelona) Spain
We use numerical simulations to characterize the performance of a clustering-based method
to calibrate photometric redshift biases. In particular, we cross-correlate the weak lensing
(WL) source galaxies from the Dark Energy Survey Year 1 (DES Y1) sample with redMaGiC
galaxies (luminous red galaxies with secure photometric redshifts) to estimate the redshift
distribution of the former sample. The recovered redshift distributions are used to calibrate
the photometric redshift bias of standard photo-z methods applied to the same source galaxy
sample. We characterize the systematic uncertainties of our calibration procedure, and find
that these systematic uncertainties dominate our error budget. The dominant systematics
are due to our assumption of unevolving bias and clustering across each redshift bin, and to
differences between the shapes of the redshift distributions derived by clustering vs photo-z’s.
The systematic uncertainty in the mean redshift bias of the source galaxy sample is ∆z ≤ 0.02,
though the precise value depends on the redshift bin under consideration. We discuss the final
correction obtained using observed catalogs.

1

Introduction

Current and future large photometric galaxy surveys like DES 1 a , KiDS b , HSC c , LSST d , Euclid e , and WFIRST f will map large volumes of the Universe, measuring the angular positions
and shapes of hundreds of millions (or billions) of galaxies. This will allow cosmological measurements with an unprecedented level of precision, leading to a considerable step forward in
our understanding of cosmology and particularly of the nature of dark energy. To capitalize
on their statistical constraining power, these surveys require accurate characterization of the
redshift distributions of selected galaxies, which presents a considerable challenge in the absence
of complete spectroscopic coverage.
Photometric surveys provide redshift estimates for each galaxy based on galaxy’s multiband photometry, a technique called photometric redshift, or photo-z. However, unrealistic
SED templates, degeneracies between colors and redshift, and unrepresentative spectroscopic
samples for both training and calibration ultimately limit the performance of photo-z methods.
Clustering-based redshift estimation methods constitute an interesting alternative to infer
redshift distributions, since they are more general and do not suffer the above limitations.
The Dark Energy Survey 1 first year of observations (DESY1) analysis attempts to combine
traditional photo-z methods with cross-correlation techniques. In particular, motivated by the
a

https://www.darkenergysurvey.org/
http://kids.strw.leidenuniv.nl/
https://subarutelescope.org/Projects/HSC/
d
https://www.lsst.org/
e
http://sci.esa.int/euclid/
f
https://wfirst.gsfc.nasa.gov/
b

c

83

fact that the DESY1 cosmological analyses are primarily sensitive to an overall redshift bias
in the photometric redshift estimates 2,3,4 , we have sought to use cross-correlation methods to
verify and calibrate the redshift bias of traditional photo-z methods. Here we will present the
methodology adopted for this purpose as well as the systematic errors that it suffers, for more
details on this procedure we refer you to 5,6 .
2

Methodology

The underlying idea shared by all clustering redshift methods is that the spatial cross-correlation
between two samples of objects is non-zero only in case of 3D overlap. Let us now consider two
galaxy samples:
1. An unknown sample, whose redshift distribution nu (z) has to be recovered.
2. A reference sample, whose redshift distribution nr (z) is known (either from spectroscopic
redshifts or from high-precision photometric redshifts). The reference sample is divided
into narrow redshift bins.
The method implement here is the Schmidt/Ménard’s method 7 , using a “1-angular bin”
estimate of the cross-correlation signal. This is achieved by computing the number of sources
of the unknown sample in a physical annulus around each individual object of the reference
sample, from a minimum comoving distance rmin to a maximum distance rmax . Our fiducial
choice for the scales is from 500 kpc to 1500 kpc g In addition, each object of the unknown
sample is weighted by the inverse of the distance from the reference object, which has been
shown to increase the S/N ratio of the measurement 7 .
Assuming the reference sample is divided into sufficiently narrow bins centered at z, we can
approximate nr (z 0 ) ∝ Nr δD (z − z 0 ) (with δD being Dirac’s delta distribution, and Nr being the
number of galaxies in the reference bin) the redshift distribution of the unknown sample can be
written as:
1
1
1
nu (z) ∝ w̄ur (z)
,
(1)
bu (z) br (z) w̄DM (z)
where nu (z 0 ) and nr (z 0 ) are the unknown and reference sample redshift distributions (normalized
to unity over the full redshift interval), bu (z 0 ) and br (z 0 ) are the biases of the two samples,
wDM (θ, z 0 ) is the dark matter 2-point correlation function and barred quantities indicate they
have been “averaged” over angular scales, reflecting the fact that we are using 1-angular bin
estimates of the correlation while weighting pairs by their inverse separation. The proportionality
constant is obtained from the requirement that nu (z) has to be properly normalized.
In our fiducial analyses we do not attempt to correct for the redshift evolution of the galaxymatter bias and of the dark matter density field. Rather, we assume br , bu and w̄DM to be
constant within each photo-z bin, and use the simulations to estimate the systematic error
induced by this assumption.
In the context of DESY1, the reconstructed redshift distributions provided by clusteringredshift based methods have been used as a tool to correct the posterior produced by photo-z
code. The framework could therefore be separated in two steps :
• step 1 : reconstruct the redshift distribution of your unknown sample using clustering
based methods;
• step 2 : correct the mean of the photo-z posterior of your unknown sample using your
reconstructed method
g
Even though these scales are clearly non-linear, these non-linearities do not have a significant impact on the
methodology, as demonstrated in 7
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We have matched directly the mean of the photo-z distribution < z >pz to the mean of the
clustering redshift distribution < z >W Z , using the affine-invariant Markov Chain Monte Carlo
ensemble sampler emcee h to sample the likelihood function of this matching. We restrict ourselves matching the two distribution means within a redshift interval [hziwz −2σwz , hziwz +2σwz ],
where σwz represent one standard deviation of the clustering-redshift reconstructed distributions.
3

The samples used

The Buzzard simulations
To test our methodology and evaluate its possible systematic errors, we first used the Buzzard
simulations. The Buzzard simulation is a mock DESY1 survey created from a set of dark-matteronly simulations 8 . This simulation span a total masked area of 1108.13 square degrees, with
12 million weak lensing source galaxies, and 102120 galaxies in the higher luminosity redMaGiC
sample used in this work.
The ’unknown sample’
For DESY1 data analysis, clustering-redshift based methods have been used to calibrate the
redshift distributions that entered in the cosmological analysis using cosmic shear 3 the Weak
lensing sample (WL). Due to a lack of reference sample coverage in the higher redshift bin,
we restricted ourselves to the first three bins z = [(0.2 − 0.43), (0.43 − 0.63), (0.63 − 0.9)] used
in the cosmological analysis. In order to bin our sample into tomographic bins, the Bayesian
Photometric Redshifts 9 (BPZ) has been run in both simulated and observed catalogs.
The reference sample
As reference sample, we made the choice to use, instead of a spectroscopic catalog as done
in previous works, a high-qualitiy photo-z catalog, the redMaGiC higher-luminosity sample,
created in both simulated and observed data using the red-sequence Matched-filter Galaxy Catalog (redMaGiC ) algorithm 10 . This algorithm using the red-sequence model that is iteratively
self-trained by the redMaPPer cluster finding algorithm 11 .For this work we selected redMaGiC
galaxies in the redshift interval 0.15 < z < 0.85, applying the luminosity cut of L > 1.5L∗ , that
will be further split into 25 uniform redshift bins.
4

Systematics characterization in simulated catalog

Using the simulated samples presented in the previous section, we aimed to estimate the systematics errors that our methodology suffers correcting the photometric redshift posterior distribution. To do so, we quantify systematic errors using as metric the difference between the mean
of the true distribution < z >true to the one recovered after applying our procedure < z >∆ :
∆z =< z >true − < z >∆

(2)

In this work, we could identify three distinct systematics :
• The Bias systematic: caused by the evolution of the biases of the two samples and of
the dark matter density field that we decided to neglect and include it in the systematic
budget.
• The redMaGiC photo-z systematic : Induced by the photo-z errors of the redMaGiC
galaxies.
h
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• The Shape systematic : Since we are matching within a specific interval of ±2σW Z
around the clustering-redshift distribution, if the shapes of the two distributions differ
outside this interval, it will add an additional systematic.
The total systematic budget as well as the contribution to each of the different systematic
errors identified here is summarized in Table 1. Not taking advantage of the fortuitous cancellations measured in the simulations, we consider each of the shifts reported in tables 1 as
systematic errors, and proceed to add them all up in quadrature to produce our final systematic
error estimate. The total error budget is dominated by the bias evolution and shape systematic,
while the redMaGiC photo-z systematic is only responsible for a marginal contribution. Values
presented in the table are substantially larger than the typical statistical uncertainty, indicating
that our calibration procedure is systematic dominated.
Table 1: BPZ systematic errors. Systematic errors for BPZ, as a function of WL redshift bin. When a value
in the table is accompanied by an uncertainty, it refers to the statistical uncertainty, estimated from the posterior
of the photo-z bias.

5

Bin 1

Bin 2

Bin 3

bias evolution
systematic

0.020 ± 0.006

0.010 ± 0.004

0.008 ± 0.003

redMaGiC photo-z
systematic

−0.009

−0.001

−0.001

shape
systematic

−0.011

−0.012

0.004

total systematic
error

0.025

0.016

0.014

Results on observed catalog

After having studying the overall methodology in simulated catalogs and provide its systematic
budget, we applied our fiducial scheme to the different observed catalogs created by the DES
collaboration. We recover the different correction shifts to apply to the photo-z posteriors for
the three tomographic bins considered 6 and combined this correction to an additional independent measurement of these shift using COSMOS-30 bands galaxies 2 . These efforts, lead us
to a measurement of the mean redshift with a precision of ∼ ±0.015, which a significant but
sub-dominant uncertainties in the total error budget of the DESY1 cosmological analysis.
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Preliminary cosmological constraints from the Dark Energy Survey Supernova
Program using the 3 year Spectroscopic Sample a
A. Möller b on behalf of DES and OzDES
RSAA, Australian National University, Canberra, ACT 2611, Australia.
ARC Center of Excellence for All-sky Astrophysics (CAASTRO)
The Dark Energy Survey (DES) is using four probes to investigate the dynamics of the expansion of the Universe. The DES Supernova Program (DES-SN) is observing 27 square
degrees with a 6-day cadence to obtain a large sample of type Ia supernovae for cosmology.
In collaboration with DES, the Australian Dark Energy Survey (OzDES) is using the AAT to
obtain redshifts and classifications for objects in the DES fields. While probing dark energy
using type Ia supernovae is the primary aim of the supernova survey, the observing strategy
enables us to conduct a number of other investigations, such as AGN reverberation mapping
and galactic evolution studies. We present preliminary cosmological constraints from the first
3-years of the DES-SN survey. The sample contains 206 spectroscopically confirmed Type Ia
Supernovae (0.02 < z < 0.9) discovered during the first 3 years of the DES-SN. The photometric calibration, scene modeling photometric pipeline, additional low-z supernovae samples
(z < 0.1), as well as the cosmological results and systematics analysis are discussed.

1

Introduction

Since the discovery of the accelerated expansion of the Universe using type Ia supernovae 17,15 ,
an enormous effort has been dedicated to understand the properties of dark energy. Type Ia
supernovae (SNe Ia) used as standardizable candles are an important tool to constrain the nature
of dark energy since they probe the geometry of the Universe, while other probes such as weak
lensing and large scale structure probe a combination of geometry and growth of structure.
Numerous surveys have been dedicated to constrain the expansion of the Universe by discovering SNe Ia in a wide range of redshifts. At high redshift joint analyses of SNe Ia surveys,
such as SNLS and SDSS-II in the Joint-Lightcurve Analysis (JLA) 3 and Pan-STARRS1 (PS1)
Medium Deep Survey in the Pantheon sample 19 , have provided stringent constraints to the
nature of dark energy. More recent surveys, such as the Dark Energy Survey 2 , have discovered
thousands of supernovae, a factor of 10 increase over previous surveys. The upcoming Large
Synoptic Survey Telescope (LSST) survey will discover even more supernovae 1 . These cosmological surveys are designed to improve the measurement of the dark energy equation of state
parameter, w (w = pDE /ρDE , where pDE and ρDE are the pressure and energy density of dark
energy, respectively), and constrain its variation with time.
2

The Dark Energy Survey

DES is a photometric survey with the main goal to understand the physics behind the accelerating expansion of the Universe. For this, it uses four astronomical probes: galaxy clusters, large
a
b
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scale structure, weak lensing, and SNe Ia. DES images the sky with DECam 8 , a 3 square-degree
imager (2.1 degrees in diameter) mounted on the 4-meter Blanco Telescope at Cerro Tololo
Inter-American Observatory (CTIO) in Chile. DES consists of a wide-field survey covering a
quarter of the Southern sky, and the deep-survey which is dedicated to supernovae consisting of
27 square degrees 2 . DES started obtaining survey quality images in 2013.
The Dark Energy Survey Supernova program images 10 fields 2 to study the cosmic expansion
with type Ia supernovae. These ten fields, 8 shallow fields (C1, C2, E1, E2, S1, S2, X1 and X2)
and 2 deep fields (C3 and X3), are repeatedly observed in the g, r, i, z passbands with a cadence
of ∼ 1 week. The observing strategy has been optimized to produce high-quality light curves
for thousands of SNe Ia which are suitable for measuring cosmological parameters.
3

OzDES

OzDES uses the 2dF fiber positioner feeding the AAOmega spectrograph on the 4-m AngloAustralian Telescope (AAT) to obtain redshifts for the DES survey 21 . This instrument is ideal
for the spectroscopic follow-up of DES, as the field-of-view of DECam is well matched to the 2
degree field-of-view of AAOMega. OzDES only focuses on the 10 DES deep fields. OzDES is
capable of obtaining redshifts for tens of thousands of objects, some which are usually considered
to be too faint (r = 24) for a 4m class telescope, by simply continuing to observe them over
multiple runs and stacking the signal until the redshift is obtained.
OzDES has two main scientific goals. The first one is to to provide redshifts for the SN Ia
Hubble diagram. The second goal is to map out the growth of supermassive black holes, from
12 billion years ago to the present, using AGN reverberation mapping 14 . To date, OzDES has
spectroscopically classified over 150 supernovae, which means the AAT has classified more DES
SNe Ia than any other telescope in the world. The majority of DES supernovae, however, will
be classified by their photometry alone, and their redshifts obtained using spectra of the host
galaxies. So an arguably more important role of OzDES has been to obtain over 15,000 redshifts
for transients and galaxies up to r . 24.5 6 .
4

DES 3-year supernovae

We present preliminary results of the analysis of the first three years of spectroscopically confirmed type Ia supernovae. From the first three years of DES-SN we have 251 spectroscopically
confirmed type Ia supernovae (0.02 < z < 0.9). Details on the sample and spectroscopic followup program can be found in (D’Andrea et al. in prep.). For the cosmological analysis, we require
each SN Ia to have a good light-curve sampling and the fitted color and shape parameters to lie
in the range of validity of the SALT2 model, described in the JLA analysis 3 . The DES 3-year
spectroscopic sample is composed by 206 DES SNe Ia after cuts and 128 low-redshift supernovae
from CSP and CFA surveys 18,9,10,7,20 required to set the low-redshift anchor for the analysis.
Supernovae are discovered by subtracting a template image from a search image using a
difference imaging pipeline and selecting significant positive detections, at least two filters with
signal-to-noise > 5 11 . Promising supernovae candidates are sent for spectroscopic follow-up
(D’Andrea et al. in prep.). Spectra provide typing of supernovae, as well as redshifts.
To perform a cosmological analysis both redshifts and light-curves from our type Ia supernova sample are required. Light-curves, the evolution of flux over time, provide the necessary
measurements for SN Ia standardization. The performance of our scene-modeling photometry
was evaluated by introducing fake SNe Ia onto images. The obtained photometric distance bias
< 1% is equivalent to a 3 mmag systematic per band up to mag ≈ 23.5 (Brout et al. in prep.).
Distances measured from the supernova sample are biased by selection effects from the
instrument, spectroscopic follow-up and analysis requirements. We use simulations to asses
biases. For example, the efficiency of the difference imaging pipeline is determined by introducing
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fakes on images 11 . Due to the spectroscopic follow-up strategy, only a subsample of DES
discovered supernovae are spectroscopically typed. This selection effect can be modeled by
comparing our spectroscopically classified sample with realistic simulations of SNe Ia in DES.
The simulations are performed using SNANA 13 and include the survey detection efficiency. The
obtained selection efficiency can be used to correct the distance bias in the cosmology analysis.

Figure 1 – Preliminary DES 3 year supernovae cosmological parameter constraints: dark energy equation of state
parameter, w, versus Ωm . Preliminary constraints from DES 3 year supernovae using BBC+Cosmo MC (gray),
CMB (turquoise), CMB and BAO (blue) and joint constraints CMB + SN (yellow) are shown.

5

Cosmological analysis

For the DES 3-year spectroscopic sample, three analyses are being prepared: a JLA 3 -like analysis
using CosmoMC, a Pantheon 19 -like using BBC and CosmoMC and a new hierarchical Bayesian
model for Supernova Cosmology (Hinton et al. in prep.). We blind all cosmological analyses
and test them using 100 simulated datasets. In this work we present the Pantheon-like analysis
which was unblinded on December 22nd, 2017 5 .
To correct for biases in distance, we perform BEAMS with bias corrections 12 . This method
determines a redshift bin averaged Hubble diagram and nuisance parameters, α, β, γ0 and σint to
standardize the SN Ia brightness; then the bin-averaged HD is fit to a cosmological model where
priors can be imposed. For the DES 3-year analysis we assemble a redshift binned covariance
matrix with statistical and systematic errors. 58 Sources of systematic uncertainty were taken
into account including: calibration (accounting for 20 low-z bands and 4 DES bands), SNe Ia
light-curve model, distance bias corrections (e.g. peculiar velocities) and Milky Way extinction.
A calibration systematic of 6 mmag for this preliminary analysis was found for the DES sample4 .
Cosmological fitting is performed using CosmoMC with a wCDM model and Planck CMB
priors 16 . The DES 3-year sample, which includes DES discovered high-redshift supernovae and
a low-redshift supernova anchor from CSP and CFA surveys, provides cosmological parameter constraints shown in Figure 1. Together with CMB measurements we obtain preliminary
constraints of Ωm = 0.314 ± 0.017 and w = −1.002 ± 0.057. This analysis is currently being
finalized with a set of steps planned pre-unblinding, including but not limited to improvements
in photometry and calibration (several papers DES collaboration et al. in prep.).
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6

Summary

We have presented the preliminary Dark Energy Survey 3-year supernovae constraints on cosmology. With a sample of 334 SNe Ia, made by 206 DES SNe Ia and 128 supernovae for the
low-redshift anchor, DES is able to obtain an uncertainty on the equation-of-state parameter of
dark energy comparable to previous supernovae survey samples that were double in size. A series
of papers detailing this analysis is in preparation. Afterwards, the survey expects to perform a
new cosmological analysis with thousands of photometrically classified type Ia supernovae.
7
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Improving the Standardization of Type Ia Supernovae
Clare Saunders
Laboratoire de Physique Nucléaire et de Hautes Énergies, Sorbonne Université, Université Paris
Diderot, CNRS/IN2P3, 4 Place Jussieu, F-75252 Paris, France

Type Ia Supernovae have provided a powerful tool for measuring the accelerating expansion of
the Universe and constraining the properties of dark energy, but future progress will limited
by various uncertainties in their standardized magnitudes. Recent progress has been made
towards decreasing one major source of uncertainty, the intrinsic dispersion in magnitudes,
through understanding and modelling the sources of differences among Type Ia supernovae.
Methods for doing this include finding photometric bands that are more standard than those
currently used, finding ‘twin’ supernovae to use as paired standard candles, and improving
the empirical models used to find the supernova standardized magnitudes.

1

Introduction

Type Ia Supernovae have provided a powerful tool for measuring the accelerating expansion of
the Universe and constraining the properties of dark energy 1,2 . However, future progress will be
limited by various uncertainties in their standardized magnitudes 3 . While current and upcoming supernova surveys will eliminate any significant source of statistical uncertainty, intrinsic
differences in the supernovae still lead to a large amount of systematic uncertainty. Crucially,
the presence of this intrinsic dispersion in standardized magnitudes indicates the existence of
latent unmodelled supernova processes, which can cause bias in standardized magnitudes if they
are dependent on redshift or selection effects.
Type Ia supernova standardization was originally made possible by the discovery of the
Phillips relation 4 , which linked the magnitude of a supernova with the decay of its lightcurve.
Further progress was made with the addition of a correction to the supernova magnitude based
on supernova color, i.e. the difference between the B and V band magnitudes at maximum light 5 .
Current techniques for supernova standardization still rely on simple empirical supernova models
with two degrees of freedom corresponding to the lightcurve shape and color.
After standardization, there is remaining dispersion in the magnitudes of supernovae at a
level of about 0.15 mags. This dispersion is a combination of scatter due to calibration errors,
extrinsic sources (such as dust), and intrinsic variability among supernovae. Since supernova
cosmology will no longer be statistics limited with the arrival of data from current and future
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Figure 1 – The left panel shows a comparison of the spectral time series of a pair of ‘twin’ supernovae. The right
panel compares the spectral time series for two supernovae that are not good twins.

supernova surveys, reducing the scatter in supernova magnitudes and eliminating any sources
of systematic bias will be crucial for improving supernovae as cosmological tools.
A number of different approaches have been proposed for improving the standardization of
Type Ia supernovae. The following sections will describe three different tactics.

2

Choosing a more standard part of the supernovae

Supernova cosmology has historically used the B-band magnitudes of the supernova. However,
it has been found that the near-infrared maximum magnitudes of supernova are inherently more
standard that the B-band maxima 6 . For example, a dispersion of 0.116 mags in the H-band
and 0.085 mags in the K band was found 7 , compared to a dispersion of ∼ 0.45 mags for the
uncorrected B band.
This approach is limited, however, by the difficulty of observing supernova in the nearinfrared. Since supernova cosmology requires observing high-redshift objects, the restframe
near-infrared is redshifted to very high observer-frame wavelengths that are difficult to observe
from ground-based instruments.

3

Turning supernova into perfect standard candles

A second approach is to divide Type Ia supernovae into subgroups of objects that are actually
standard. This is the strategy taken by the technique of finding supernova ‘twins’ 8 . The
twins method attempts to find perfectly standard objects by identifying pairs of supernovae
with identical spectral time series. This strategy is motivated by the idea that the spectra of a
supernova contain indicators that uniquely determine the luminosity of a supernova. This would
mean that two supernova with the same spectral time series have the same luminosity. Thus
any difference in their magnitudes can be attributed to the difference in their distance moduli.
The ‘twin’ supernovae are found by identifying pairs of supernovae with the lowest amount of
differences in their dereddened and normalized spectral time series. Figure 1 shows two examples
of the comparison between spectral time series: one (left panel) in which the time series are very
similar and one (right panel) in which the two supernovae are not well matched. The first pair
are considered twins. Using this technique of matching spectral time series, a dispersion of 0.072
mags was found for the best twins 8 .
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Figure 2 – Demonstration of fitting an out-of-sample supernova with the SNEMO models. The left panel shows
spectra from the data and model reconstructions, while the right panel shows the pulls between the data and the
models.

4

Building a more complete model for Type Ia Supernovae

Finally, an approach that expands upon the current methods for supernova standardization is
to build more complete models for Type Ia supernovae. The two following subsections describe
attempts to do this using data from the Nearby Supernova Factory 9 , a survey that obtained
spectrophotometric time series of ∼ 400 very-low-redshift supernovae (below z = 0.1).
4.1

SNEMO

The Supernova Empirical Model (SNEMO 11 ) attempts to improve upon current models such
as SALT2 10 , which are effectively calculating the first two principal components of the space of
supernova spectral time series. SNEMO expands upon this by calculating a greater number of
principal components.
This is done by first using Gaussian Processes 12 to project the observed spectra onto an even
grid in phase and wavelength. Then, Expectation Maximization Factor Analysis 13 is used to
calculate principal components. Cross-validation is used to determine that a seven-component
model SNEMO7 is best for reducing the dispersion in standardized magnitudes, while a fifteencomponent model is the best descriptor for the spectral time series, given the constraints of the
methodology and training data.
Figure 2 shows an example of a supernova spectral time series reconstructed with the two
models, plus a fiducial two-component model, SNEMO2. The increase in the amount of spectral
behavior can be seen from SNEMO2 to the more complex models. This model improvement
leads to a dispersion of ∼ 0.10 mags when supernovae are fit and standardized with SNEMO7.
4.2

SUGAR

Lastly, the Supernova Useful Generator and Reconstructor (SUGAR 14 ) takes a different approach by using the spectral indicators of the supernova spectrum at maximum light to determine
the most efficient description of supernova spectral variability. Figure 3 shows the spectral indicators, namely the velocities and equivalent widths of selected spectral features, that are used
in SUGAR.
Principal component analysis is performed on the space of spectral indicators. Then, spectral
time series components are fit between the principal component space and the full spectral time
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Figure 3 – Spectral indicators for the spectrum of a supernova at maximum light.

series of the training supernovae. Preliminary results show that the resulting spectral time series
model achieves a wRMS in the supernova magnitudes of 0.13 mags.
5

Concluding Remarks

The four methods presented here provide very different strategies for improving the utility of
Type Ia supernovae as cosmological indicators. Both the near-infrared and twins methods can
achieve very low dispersion in magnitudes. However, they are each limited in terms of the
types of data to which they can be applied, since the near-infrared method requires difficultto-observe bands of the supernovae, and the twins method requires flux-calibrated spectra of
the supernovae. Conversely, the SNEMO and SUGAR models do not reach as low of levels
of magnitude dispersion, but can be used in situations where only optical-band photometry is
available, as will be the case, for example, with most of the supernovae from DES and LSST.
Since these methods are to an extent orthogonal in their methodology, using each where possible
will only reinforce their ability to reduce systematic uncertainties in Type Ia supernovae and
strengthen Type Ia supernovae as cosmological tools.
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ESPRESSO is a new high-resolution ultra-stable spectrograph for the VLT, which had its
first light on Telescope on November 27th, 2017. The instrument is installed in the Combined
Coudé Laboratory and linked to the 4 Units of Telescope through optical Coudé Trains, being
the first spectrograph able to collect the light from the 4 UTs simultaneously. One of the key
science goals of the instrument is to test the stability of nature’s fundamental couplings with
unprecedented resolution and stability. ESPRESSO will allow to eliminate current known
systematics and test the claim by Webb et al 2012 of a spatial dipole in the variation of the
fine-structure constant. These improved results (either null or variation detections) will put
strong constraints on a range of cosmological and particle physics parameters.

1

Introduction

Quasar (QSO) absorption spectra are powerful laboratories to test the variation of fundamental
constants. Absorption lines produced by the intervening clouds along the line of sight of the
QSO give access to physical information on the atoms present in the cloud, and this means that
they give access to physics at different cosmological times and places. Different energy levels of
some atomic transitions in these clouds are sensitive to α variations and this sensitivity varies
according to the different atomic complex structures. If the physics in the cloud where the
absorption line is produced was different, then one would get position shifts compared with the
laboratory wavelengths corrected for the redshift. We fit as many sensitive lines as possible to
break degeneracies and to increase the statistical signal of the measurement.
The best measurements of α in QSO spectra existing today were obtained with two highresolution spectrographs: UVES - Ultraviolet and Visual Echelle Spectrograph on the VLT Very Large Telescope; HIRES - High Resolution Echelle Spectrometer, on the Keck observatory.
A data set of 293 archival measurements from these two instruments show a spatial variation of
α at more than four-sigma level of statistical significance, at the ppm level.1 There is no identified
systematic effect that is able to fully explain it. A detailed analysis of the data reduction, dipole
computation and search for systematics is described in King 2011.2
After this study some systematics in the wavelength calibration of data collected with highresolution, slit spectrographs were identified. Rahmani et al. (2013) found long-range wavelength
distortions in the VLT/UVES instrument by comparing solar spectra as reflected off asteroids
with a Fourier Transform Spectrometer (FTS) solar flux spectrum. Other following studies
found these distortions and showed that they vary over time.4,5,6,7 Using 20 years of UVES
and HIRES archival data, Whitmore & Murphy 7 reported that the long range distortions vary
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between ±200ms−1 per 1000 Å. These effects could imply significant errors within the previous
data set of measurements, weakening the evidence for the claim of the dipole variations in α.
2

ESPRESSO Commissioning

ESPRESSO is a high-resolution, ultra-stable spectrograph. Being fiber-fed will allow for precise
α measurements with control of the previous identified systematics. The instrument is installed
at the VLT and it allows to observe with one Unit of Telescope (UT) individually or to combine
the light of the four telescopes. The instrument is installed in the Combined Coudé Laboratory
and linked to the 4 Units of Telescope through optical Coudé Trains, being the first spectrograph
able to collect the light from the 4UTS simultaneously. First light on 1 UT of the VLT was on
November 27th, 2017, and the 4 UT combined was on February 3rd, 2018. The instrument is
presently under commissioning. The 1UT tests will finish in July 2018 and the 4UT will last till
the end of 2018.
On the ESO Call for Proposals for Period 102 (March 1st, 2018) the instrument was offered
to the community for regular operations in 1UT mode only, this will allow observations in both
HR (High Resolution) and UHR (Ultra High Resolution) modes. The ESPRESSO 4UT mode
may be offered in Period 103, depending on successful commissioning during Period 101. The
specifications of ESPRESSO in the different modes of operation and more detailed information
of the technical specifications can be found on the ESPRESSO User Manual: VLT-MAN-ESP13520-253, Issue 0.8 a .
The first commissioning results report good absolute calibration and stability of the instrument. For the fundamental constants tests it was crucial to verify the absence of the long-range
drifts observed in previous instruments.

Figure 1 – Radial velocity differences between the solar lines as measured in the ESPRESSO 1UT Single

2x1 mode spectrum of Iris (6-Dec-2017) and the CERES-HARPS solar spectrum calibrated with the
Laser Frequency Comb from 9 . The gap at 530 nm is due to the HARPS gap.

Beside the long-range distortions, intra-order distortions have been detected in HARPS
with the first Laser Frequency Comb (LFC) analysis8,9 . The line comparison with the solar
spectrum calibrated with the LFC (i.e. free from distortions), allow to check if they are present
in ESPRESSO. The Figure 1 shows the differences for the 570 lines of Iris asteroid 6 Dec
spectrum in the 4800-5800Å range proved by the LFC. From the Figure 1 no long range slopes
a

www.eso.org/sci/facilities/paranal/instruments/espresso/ESPRESSO_User_Manual_v0.8.pdf
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can be recognized. The Figure 2 shows orders 117 and 122 as examples showing no evidence for
intra-order distortions in ESPRESSO spectra.

Figure 2 – Detailed radial velocity differences as in Figure 1 for orders 117 and 122 of the ESPRESSO

spectrum.

This instrument has as one of its science goals to test the stability of fundamental couplings.10
The Fundamental Physics Guaranteed Time of Observation (GTO) for this purpose will have
27 nights and a list of 14 QSO ”ideal” targets was put together.11 In order to achieve stronger
constrains on the variation of the fine-structure constant, α, an ideal quasar target should present
simple and strong absorption features of transitions with high sensitivities to variations of α.
The 14 targets selected for the GTO regarding fine-structure constant together with the
selection criteria are presented in Leite et al. 201611 and the full list of protected targets for
ESPRESSO can be seen onlineb . QSO B0347-383, one of the selected targets, is specially interesting since besides an α measurements it allows measurements of the proton-to-electron mass
ratio and the TCM B at the absorber redshift. This makes it an interesting target to investigate
the nature of the fundamental constants variation testing different theories where a relation
between these three constants is predicted.12 The Consortium will observe these targets during
the next 4 years and will aim to reach uncertainties bellow the ppm level, with already proven
control of previous existing systematics.
3

Forecasts on Cosmology - Extension of Bekenstein-type models

This type of measurements are important by themselves for testing the stability of α but even
a non-detection of variation can be used to constrain dark energy.
The Bekenstein-Sandvik-Barrow-Magueijo 13 model assumes a variation of α that comes
from the variation of the electric charge. This model can be seen as a ΛCDM-like model with an
additional dynamical degree of freedom, whose dynamics is such that it leads to the aforementioned variations without having a significant impact on the Universe’s dynamics. An extention
of this type of model was discussed by Olive and Pospelov14 , allowing for different couplings to
the dark matter and dark energy sectors and the behavior of α depends on both of them. This
would immediately suggest that the two parameters will be degenerate, but a combination of
astrophysical measurements of α, at approximate redshift 0 < z < 4, and local laboratory tests
partially breaks this degeneracy and leads to strong constraints on both parameters. Constraints
b

www.eso.org/sci/observing/teles-alloc/gto/102.html
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Table 1: One sigma uncertainties on the couplings ζm and ζΛ (marginalizing the other) from existing

α data, and the corresponding forecasts for the ESPRESSO
Uncertainties are presented in parts per million.
Data set
δζm
Current constraints
0.72
ESPRESSO Baseline 0.73
ESPRESSO Ideal
0.24

Fundamental Physics GTO target list.
δζΛ
1.84
4.36
1.45

on these kinds of models from current astrophysical and cosmological data as well as detailed
forecasts for ESPRESSO are presented in C. S. Alves et al. 201815 . The important variables
are the couplings ζm and ζΛ , free parameters of the model that give magnitude to the allowed
variation on α.
Assuming the baseline and ideal uncertainties on α expected for ESPRESSO, and applying
these uncertainties for the 14 targets on the GTO target list The constrains on the two free
parameters of this model are presented on Table 1. We compare it with the constrains of all the
existing measurements of α (∼ 300) and we can see that the uncertainty retrieved from only 14
measurements of the GTO will be comparable with the complete data set of already existing
measurements.
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BEYOND THE STANDARD COSMOLOGICAL MODEL: MASSIVE
NEUTRINOS AND DARK RADIATION
GRAZIANO ROSSI
Department of Physics and Astronomy, Sejong University, Seoul, 143-747, Korea

Massive neutrinos and dark radiation are a neat indication of physics beyond the standard
model, and of the possible existence of new energy scales. The increasing quality of cosmological data allows one to obtain competitive upper bounds on the total neutrino mass, and
on the number of effective neutrino species – especially by exploiting the synergy provided by
high-redshift Lyman-α forest quasars. However, progress in the characterization of systematics, in the small-scale modeling, and a deeper theoretical understanding of neutrino mass and
dark radiation effects on cosmological observables
P are necessary for a reliable use of large-scale
structure (LSS) data to robustly constrain
mν and Neff . To this end, we discuss here a
detailed theoretical study focused on the impact of massive neutrinos and dark radiation on
Lyα forest observables, using a novel suite of multi-component high-resolution cosmological
hydrodynamical simulations. In particular, we characterize the tomographic evolution of the
shape and amplitude of the small-scale matter and flux power spectra, and search for preferred
scales where a neutrino mass detection could be feasible. Our findings highlight the complementarity of the small-scale 1D flux power spectrum as a cosmological probe, and indicate
that the IGM at z ∼ 3 provides the best sensitivity to active and sterile neutrinos. Our study
is particularly relevant for current and upcoming LSS surveys, such as eBOSS and DESI.

1

Neutrino Cosmology in a Nutshell

Pursuing the physics associated with neutrino mass is considered one of the five major science
drivers, as highlighted in the report of the 2014 USA Particle Physics Project Prioritization
Panel (P5). After the Nobel Prize discovery that neutrinos are massive particles, a renewed
and intense activity in neutrino cosmology has begun: cosmology offers crucial complementary
information with respect to particle physics measurements, being sensitive to the total neutrino
P
mass mν , the number of effective neutrino species Neff , and ultimately their mass hierarchy
ordering. With the advent of large-volume cosmological surveys such as eBOSS and DESI,
soon we will be able to unveil the nature and fundamental properties of neutrinos – especially
the mass scale and hierarchy – and perhaps finally uncover their energy scale. Upper bounds
P
on
mν are in fact closer to the minimum value allowed by the inverted hiearchy (IH), and
currently the Lyman-α (Lyα) forest in synergy with CMB data provides among the strongest
P
reported constraints in the literature on mν and Neff . While the Lyα forest is highly sensitive
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Figure 1 – Progressive zooms (from left to right) into high-resolution hydrodynamical simulation runs, as seen
in the dark matter component at z = 2, when the box size is 25h−1 Mpc and the resolution is characterized by
8323 particles/type. Top panels represent our reference baseline model (‘Best Guess’ or BG), namely a massless
neutrino cosmology with a canonical value for the number of effective neutrino species Neff =P3.046. Bottom
panels refer to a model in which Neff = 3.046, but with three massive neutrinos of total mass
mν = 0.3 eV.
Differences in the cosmic web morphology, albeit small, are clearly visible.

to neutrino masses and additional dark radiation components such as sterile neutrinos, via
attenuation effects on the matter and flux power spectra at small scales, a better understanding
of the effects caused by massive neutrinos and dark radiation on the cosmic web are necessary
– in order to avoid systematic biases. To this end, here we carry out for the first time full
hydrodynamical simulations with massive neutrinos combined with dark radiation in the form
of sterile neutrinos, and quantify their impact on the matter and Lyα flux power spectra. This
effort is particularly relevant for small neutrino masses approaching the normal mass hierarchy
P
regime (i.e.
mν = 0.1 eV), since neutrinos and dark radiation will have different effects on
the cosmological evolution as well as repercussions on cosmological observables.
2

Simulating Massive Neutrinos and Dark Radiation

The supporting hydrodynamical simulations used in this study are akin in philosophy as those
developed in Rossi et al. (2014), although they contain several improvements. Notably: efficiency of the pipeline, resolution, grid and stepsize accuracy, cosmology, and reionization history.
They have been produced at the Korea Institute of Science and Technology Information (KISTI)
supercomputing infrastructure with a modified version of Gadget-3 used for evolving Euler hydrodynamical equations and primordial chemistry, and interfaced with CAMB and a modified
version of second-order Lagrangian perturbation theory (2LPT). Following our previous work,
neutrinos are treated with SPH techniques as an additional component, via a particle-based implementation. Examples of a simulated snapshots – with and without neutrinos – are provided
in Figure 1, where we show progressive zooms (from left to right) into the simulation volumes,
from high-resolution runs as seen in the dark matter component at z = 2. Differences in the
cosmic web morphology between standard and non-standard scenarios, albeit small, are clearly
visible. For more technical details see G. Rossi (2017, 2018).
3

Impact on the High-z Cosmic Web: Theoretical Insights

The combined effect of baryons, dark matter, neutrinos, and dark radiation at high-z and
small-scales remains still poorly explored: small neutrino masses and departures of Neff from
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Figure 2 – Neutrino ‘spoon-like’ effect on the 3D nonlinear matter power spectrum, as measured from highresolution hydrodynamical simulations (blue), or as
predicted by halo model arguments (red). The halo
model is still inaccurate (up to 20%) at small-scales,
where baryonic and nonlinear physics are relevant.

Figure 3 – Examples of relative halo abundances derived from our hydrodynamical simulations, when the
linking length is b=0.2 at z = 2 and z = 3, respectively. Results are normalized by expectations in a
corresponding massless neutrino cosmology.

3.046 will have a different influence on the cosmological evolution and, thus, a different impact
on cosmological observables. While at the linear level the neutrino evolution is well-known,
linear theory is unable to capture several key aspects of the evolution of cosmic structures at
small scales, where baryons play a critical role. Using novel multi-component high-resolution
hydrodynamical simulations in standard and non-standard cosmological scenarios, we quantify
the impact of massive neutrinos and dark radiation on the small-scale nonlinear 3D matter
power spectrum, discuss the shape and tomography of the matter power spectrum deep in the
nonlinear regime, provide novel theoretical insights in the context of the halo model framework,
and revisit the ‘spoon-like’ effect in presence of baryons, neutrinos, and dark radiation (Rossi
2017). In particular, Figure 2 shows an example of the ‘spoon-like’ effect on the 3D matter
power spectrum (blue), and contrasts the prediction obtained from halo model arguments (red).
Analytical frameworks such as the halo model are still inaccurate to be used for cosmological
applications (at more than 20%), but they provide some physical intuition. Here, we suggest to
adopt the amplitude and position of the maximal suppression of the ‘spoon-like’ effect caused by
neutrinos and dark radiation on the total matter power spectrum as a characteristic nonlinear
scale that potentially can be useful for determining or constraining the properties of neutrinos –
along with the number of effective neutrino species. We also note that the presence of massive
neutrinos and dark radiation delays structure formation, and in a hierarchical model such as the
ΛCDM there should be less time to form larger structures at any given redshift with respect
to a massless neutrino cosmology – because of free-streaming effects at small scales. Hence, at
fixed z one should expect less large-mass halos, and mainly modifications in the higher-end part
of the mass function. Figure 3 shows some results obtained by extracting Rockstar halos from
simulations with and without massive neutrinos at z = 2 and z = 3, and by computing relative
halo abundances at different redshifts. In essence, primarily the higher end of the mass function
is modified depending on redshift and neutrino mass and/or Neff .
4

Key Results and Outlook
P

Current cosmological upper bounds on
mν from a variety of cosmological probes are approaching the limit of ∼ 0.1 eV, close to excluding the inverted hierarchy. Hence, determining
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the absolute neutrino mass scale, hierarchy, and number of effective neutrino species – as well
as the impact of neutrinos on cosmic structures – is within reach in a near future cosmology,
in strong synergy with particle physics. Data from ongoing and future large-volume surveys
(i.e., eBOSS, DES, DESI, LSST), as well as Stage-IV CMB experiments and 21 cm probes, are
P
expected to significantly improve the present bounds on
mν and Neff . The ability to reach
small scales is a directly related synergetic aspect: adding small-scale observations will in fact
allow one to break degeneracies, and contribute to tighten neutrino mass and dark radiation
P
constraints from LSS probes. However, the robustness of mν and Neff bounds depends on a
combination of factors, and deserve further attention. Our study was an effort in this direction,
with a focus on the small-scale high-z cosmic web and on the impact of massive neutrinos and
dark radiation on the main Lyα forest observables, thanks to a new suite of state-of-the-art highresolution hydrodynamical simulations: the Lyα forest offers a great potential for constraining
cosmological parameters and neutrino masses, but it is still poorly investigated where baryonic
effects are significant. Thus, advancement in the modeling and a careful characterization of small
neutrino mass effects on key Lyα observables and of possible systematics is needed to improve
the robustness of all Lyα-based studies. The theoretical effort presented in this work was a step
in this direction, functional to sharpen the understanding of the impact of neutrinos and dark
radiation on high-redshift cosmic structures at small-scales, particularly when the neutrino mass
P
limit approaches the normal mass hierarchy regime ( mν ∼ 0.1 eV).
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This paper describes the likelihood analysis of large scale polarization signal performed by the
Planck collaboration for the 2015 relase based on the Planck Low Frequency Instrument (LFI)
and for the 2016 intermediate analysis based on High Frequency Instrument (HFI). The 70 GHz
LFI map, cleaned from synchrotron and dust emission, allows to detect Thomson scattering
optical depth τ over 2 − σ level, namely τ = 0.067 ± 0.023. The cross-spectrum between
100 and 143 GHz maps measured by HFI, cleaned from foreground contaminations and from
residual systematics as well, provides a more stringent constrain, i.e. τ = 0.055 ± 0.009. Those
results are substantially lower than previous measurements made by WMAP team and now
fully consistent with astrophysical observations of high redshift sources.

1

Introduction

The large scale polarization signal of the cosmic microwave background (CMB) at multipoles
less than 15 is sensitive to the value of the Thomson scattering optical depth τ . In polarization
at large angular scales, the extra signal generated by reionization dominates over the signal
from recombination. CMB polarization measurements thus provide an important constraint
on models of early galaxy evolution and star formation, providing the integrated optical depth
of the entire history of reionization, which is complementary information to the lower limit
on the redshift of full reionization provided by Lyman-α absorption in the spectra of high
redshift objects. The reionization parameter τ is difficult to constrain with CMB temperature
measurements alone, as the T T power spectrum depends on the combination As e−2τ , and τ is
degenerate with As , the amplitude of the initial cosmological scalar perturbations.
Due to the large angular scale of the signals, τ has been measured only in full-sky measurements made from space. The WMAP team reported τ = 0.089 ± 0.014 from the WMAP9
analysis 1 . While the Planck team used polarized 353 GHz data to clean the WMAP Ka, Q,
and V maps of polarized dust emission, and WMAP K-band as a template to remove polarized
synchrotron emission 2 , lowering τ from WMAP data alone by about 1 σ to τ = 0.075 ± 0.013.
In this paper we describe the low-` polarization analysis performed on the Planck Low
Frequency Instrument (LFI) data for the 2015 Planck release 3 and on the Planck High Frequency
Instrument (HFI) data presented in 4 .
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2

Reionization optical depth constrain based on LFI data

The 2015 LFI based likelihood in polarization uses only a subset of the full Planck polarization
data, chosen to have well-characterized noise properties and negligible contribution from foreground contamination and unaccounted-for systematic errors. Specifically, we use data from the
70 GHz channel of the LFI instrument, for the full mission except for Surveys 2 and 4, which
are conservatively removed because they stand as 3 σ outliers in survey-based null tests 5 . While
the reason for this behaviour is not completely understood, it is likely related to the fact that
these two surveys exhibit the deepest minimum in the dipole modulation amplitude 5,6 , leading
to an increased vulnerability to gain uncertainties and to contamination from diffuse polarized
foregrounds.
To account for foreground contamination, the Planck Q and U 70 GHz maps are cleaned
using 30 GHz maps to generate a template for low-frequency foreground contamination, and
353 GHz maps to generate a template for polarized dust emission 7 . Linear polarization maps are
downgraded from high resolution to Nside = 16 employing an inverse-noise-weighted averaging
procedure, without applying any smoothing.
The final cleaned Q and U maps retain a fraction fsky = 0.46 of the sky, masking out the
Galactic plane and the “spur regions” to the north and south of the Galactic centre.
At multipoles ` < 30, we model the likelihood assuming that the maps follow a Gaussian distribution with known covariance. For polarization, however, we use foreground-cleaned
maps, explicitly taking into account the induced increase in variance through an effective noise
correlation matrix.
To clean the 70 GHz Q and U maps we use a template-fitting procedure. Restricting m
~ to
the Q and U maps (i.e., m
~ ≡ [Q, U ]) we write
m
~ =

1
(m
~ 70 − αm
~ 30 − β m
~ 353 ) ,
1−α−β

(1)

where m
~ 70 , m
~ 30 , and m
~ 353 are bandpass-corrected versions of the 70, 30, and 353 GHz maps,
and α and β are the scaling coefficients for synchrotron and dust emission, respectively. The
latter can be estimated by minimizing the quantity
χ2 = (1 − α − β)2 m
~ T C−1
~ ,
S+N m

(2)

where
CS+N ≡ (1 − α − β)2 hm
~m
~ T i = (1 − α − β)2 S(C` ) + N70 .

(3)

matrix 8 ,

Here N70 is the pure polarization part of the 70 GHz noise covariance
and C` is taken
as the Planck 2015 fiducial model 9 . We have verified that using the Planck 2013 model has
negligible impact on the results describe below. Minimization of the quantity in Eq. (2) using the
form of the covariance matrix given in Eq. (3) is numerically demanding, since it would require
inversion of the covariance matrix at every step of the minimization procedure. However, the
signal-to-noise ratio in the 70 GHz maps is relatively low, and we may neglect the dependence
on the α and β of the covariance matrix in Eq. (2) using instead:
CS+N = S(C` ) + N70 ,

(4)

so that the matrix needs to be inverted only once. We have verified for a test case that accounting
for the dependence on the scaling parameters in the covariance matrix yields consistent results.
We find α = 0.063 and β = 0.0077, with 3 σ uncertainties δα ≡ 3 σα = 0.025 and δβ ≡ 3 σβ =
0.0022.
We define the final polarization noise covariance matrix as
N=



1
2
N70 + δα2 m
~ 30 m
~T
~ 353 m
~T
30 + δβ m
353 .
(1 − α − β)2
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(5)

We use 3 σ uncertainties, δα and δβ , to define the covariance matrix, conservatively increasing
the errors due to foreground estimation. We have verified that the external (column to row)
products involving the foreground templates are sub-dominant corrections. We do not include
further correction terms arising from the bandpass leakage error budget since they are completely
negligible.
We use the foreground-cleaned Q and U maps along with the Commander temperature map
7 to derive cosmological parameters. We model the data vector as a sum of cosmological CMB
signal and instrumental noise, m
~ X = ~sX + ~nX , where ~s is assumed to be a set of statistically
isotropic and Gaussian-distributed random fields on the sky, indexed by pixel or sphericalharmonic indices (`m), with X = {T, E, B} selecting the appropriate intensity or polarization
component. The signal fields ~sX have auto- and cross-power spectra C`XY and a pixel-space
covariance matrix
S(C` ) =

`X
max X

C`XY PXY
` .

(6)

`=2 XY

Here we restrict the spectra to XY = {T T, EE, BB, T E}, with Nside = 16 pixelization, and
PXY
is a beam-weighted sum over (associated) Legendre polynomials. For temperature, the
`
explicit expression is
2` + 1 2
(PT` T )i,j =
B` P` (~n̂i · ~n̂j ),
(7)
4π
ˆ i is a unit vector pointing towards pixel i, B` is the product of the instrumental beam
where ~n
Legendre transform and the HEALPix pixel window, and P` is the Legendre polynomial of order
`. The instrumental noise is also assumed to be Gaussian distributed, with a covariance matrix
N that depends on the Planck detector sensitivity and scanning strategy, and the full data
covariance is therefore M = S + N. With these definitions, the full likelihood expression reads
L(C` ) = P(m|C
~ `) =

1
1 T −1
exp − m
~ M m
~
2
2π|M|1/2




,

(8)

where the conditional probability P(m|C
~ ` ) defines the likelihood L(C` ).
To estimate cosmological parameters, we couple this machinery to cosmomc 10 . We fix all
parameters that are not sampled to their Planck 2015 ΛCDM best-fit value 9 and concentrate on
those that have the greatest effect at low `: the reionization optical depth τ , the scalar amplitude
As , and the tensor-to-scalar ratio r. Results are shown in Table 1 for the combinations (τ, As )
and (τ, As , r).
Table 1: Parameters estimated from the low-` likelihood.

Parameter
τ
log[1010 As ]
r
zre
109 As
As e−2τ

ΛCDM
0.067 ± 0.023
2.952 ± 0.055
−
8.9+2.5
−2.0
1.92+0.10
−0.12
1.675+0.082
−0.093

ΛCDM+r
0.064 ± 0.022
2.788+0.19
−0.09
[0, 0.90]
+2.5
8.5−2.1
1.64+0.29
−0.17
1.45+0.24
−0.14

It is interesting to disentangle the cosmological information provided by low-` polarization
from that derived from temperature. Low-` temperature mainly contains information on the
combination As e−2τ , at least at multipoles corresponding to angular scales smaller than the scale
subtended by the horizon at reionization (which itself depends on τ ). The lowest temperature
multipoles, however, are directly sensitive to As . On the other hand, large-scale polarization
is sensitive to the combination As τ 2 . Thus, neither low-` temperature nor polarization can

107

separately constrain τ and As . Combining temperature and polarization breaks the degeneracies
and puts tighter constraints on these parameters.
The posteriors derived from these four likelihood versions are displayed in Fig. 1. These
plots show how temperature and polarization nicely combine to break the degeneracies and
provide joint constraints on the two parameters. The degeneracy directions for cases (2) and
(3) are as expected from the discussion above; the degeneracy in case (2) flattens for increasing
values of τ because for such values the scale corresponding to the horizon at reionization is
pulled forward to ` > 30. By construction, the posterior for case 4 must be equal to the
product of the temperature-only (2) and polarization-only (3) posteriors. This is indeed the
case at the level of the two-dimensional posterior (see lower right panel of Fig. 1). It is not
immediately evident in the one-dimensional distributions because this property does not survive
the final marginalization over the non-Gaussian shape of the temperature-only posterior. It is
also apparent from Fig. 1 that EE and BB alone do not constrain τ . This is to be expected,
and is due to the inverse degeneracy of τ with As , which is almost completely unconstrained
without temperature information, and not to the lack of EE signal. By assuming a sharp prior
109 As e−2τ = 1.88, corresponding to the best estimate obtained when also folding in the high` temperature information , the polarization-only analysis yields τ = 0.051+0.022
−0.020 (red dashed
curve in Fig. 1). The latter bound does not differ much from having As constrained by including
T T in the analysis, which yields τ = 0.054+0.023
−0.021 (green curves). Finally, the inclusion of nonvanishing temperature-polarization correlations increases the significance of the τ detection at
τ = 0.067 ± 0.023. We have also performed a three-parameter fit, considering τ , As , and r for
all four likelihood versions described above, finding consistent results.
3

Reionization optical depth constrain based on HFI data

The HFI large scale polarization analysis is based on the two most sensitive Planck channels,
100 and 143 GHz. The maps are cleaned to remove synchrotron and dust emission employing
a template fitting procedure as done for LFI data. The 30 GHz map is used as a template for
synchrotron emission that is uncorrelated with dust, and the 353 GHz map is used as a template
for dust emission. At the two frequencies the level of synchrotron emission is lower than that of
dust by factors of 10 and 300, respectively. For 100 GHz, not removing the synchrotron would
introduce a bias of less than 6 % of for a typical EE power spectrum. The spatial variation of
the dust spectral energy distribution at high latitude has been analyzed on 400 deg2 patches,
and is smaller than the template fitting procedure uncertainty.
Likelihood analyses for CMB cosmological parameters were originally developed for CMB
experiments that were dominated by CMB signal and detector noise, in contrast to more recent
experiments with much lower noise in which residuals from instrumental systematic effects and
foreground subtraction dominate over the detector noise, especially at low multipoles. Such
analysis approaches rely on pixel-pixel covariance matrices coming from a large number of simulations of CMB and noise, which are assumed to be two statistically independent Gaussian
fields for the purposes of these likelihood codes. Pixel-based likelihoods can also account for
noise correlations and masking of the sky. In the Planck likelihoods, the “noise” description
combines the detector and readout chain white noise, some correlated fraction due to 1/f noise,
and residuals of systematic effects that have statistical properties that are not well understood.
These systematic effect residuals thus need to be brought to levels much lower than the Gaussian
noise.
The systematic effects in the 100 GHz channel are below 10−3 µK2 for 4 < ` < 100. At
` = 2 and 3, the ADC-induced dipole distortion dominates the systematic effects in simulated
auto-spectra . The total level of simulated systematic effects in the 100 × 143 cross-spectrum
is significantly reduced compared to the auto-spectra of both frequencies for most multipoles
relevant for the reionization feature.
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Figure 1 – Likelihoods for parameters from low-` data. Panels 1–3 : One-dimensional posteriors for log[1010 As ],
τ , and As e−2τ for the several sub-blocks of the likelihood, for cases 1 (blue), 2 (black), 3 (red), and 4 (green) —
see text for definitions; dashed red is the same as case 3 but imposes a sharp prior 109 As e−2τ = 1.88. Panel 4 :
Two-dimensional posterior for log[1010 As ] and τ for the same data combinations; shading indicates the 68 % and
95 % confidence regions.

The steps in the reduction of the ADC residuals from the simulation auto-spectra (9 × 10−3
and 13 × 10−3 µK2 ) to the cross-power spectrum (6 × 10−3 µK2 ) and finally the QML BB data
cross-spectrum of residual systematics and noise (3 × 10−3 µK2 ) lead us to only a small excess
with respect to the expected noise (3.0 × 10−3 to 2.0 × 10−3 µK2 ).
Cross-spectra calculated from two different detsets within a single frequency, for both 100
and 143 GHz, have a higher level of residual systematics than those from cross-frequency detsets,
as discussed below. The cross-spectrum 100×143 EE can be cleaned of dust and of the correlated
synchrotron fraction (60 %) with the 353 GHz template, and have negligible synchrotron power
remaining, because synchrotron emission is so weak at 143 GHz. We choose the full frequency
100 × 143 cross-spectra and fsky = 0.5 as our baseline.
We use a quadratic maximum likelihood (QML) estimator 11 to extract cross-spectra from
maps. QML auto-spectra are close to optimal, but must be corrected for noise bias. The removal
of this bias requires an accurate estimate of the pixel noise covariance matrix Nij . In analogy
with QML auto-spectra, it is straightforward to define a quadratic cross-spectrum estimator
that is unbiased. The resulting cross-spectrum estimator will not have minimum variance, but
nevertheless we retain the nomenclature “QML” to distinguish it from the pseudo-C` (PCL)
estimators.
For two maps “a” and “b,” the cross-spectrum estimate is defined as
ab
y`r
= xai xbj Eab
`r,ij ,
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(9)

where i and j are pixel numbers, and ` and r form a paired index with ` denoting multipole
number and r denoting spectrum type (e.g. T T , T E, EE or BB). The matrix E here is
1 a −1 ∂C
Eab
(Čb )−1 ,
`r = (Č )
2
∂C`r

(10)

where the covariance matrix C = S + N and Č is a “reshaped” covariance matrix of the form


Č = 

CT T
0
0

0

0



CQQ CQU ,
CU Q CU U

(11)



that does not mix temperature estimates with polarization estimates. Provided that the noise
between maps a and b is uncorrelated, the expectation value of Eq. (9) is
hy`r i = F̌ab
`r`0 r0 C`0 r0 ,
where

(12)

1
∂C
∂C
(Ča )−1
(Čb )−1 .
F̌ab
`r`0 r0 = Tr
2
∂C`0 r0
∂C`r




(13)

Equation (12) can be inverted to give a deconvolved estimator of C`r . The variance of the
cross-spectrum estimator can be written in terms of the matrices S, N, and E as
h

i

ab
ab
hy`ab y`ab0 i − hy`r
ihy`ab0 r0 i = 2Sip Sjq + (Naip + Nbip )Sjq + Naip Nbjq Eab
`r,ij E`0 r0 pq .

(14)

Inaccurate determinations of the noise covariance matrices Na will therefore not bias the power
spectrum estimates, but will lead to inaccurate estimates of the variance, via Eq. (14).
We estimate the reionization optical depth τ , using QML estimator of EE cross-spectra
between 100 and 143 GHz, at very low multipoles. The τ parameter is strongly degenerate with
the amplitude of the primordial spectrum As . The T T power spectrum constrains the combination As e−2τ at the sub-percent level, 109 As e−2τ = 1.875 ± 0.014 9 . The τ –As degeneracy
can be broken using Planck T T data along with CMB lensing, or by combining with external
data on large-scale structure, both of which constrain As . However, the amplitude of the EE
reionization feature depends quadratically on τ , with very little dependence on the other parameters of the ΛCDM model. A 10 % constraint on τ from EE data constrains As at the 1 %
level (δAs /As ≈ 2 δτ for τ ≈ 0.06), and can affect some of the tensions within the cosmological
parameters.
In order to estimate τ on the cross-spectra between 100 and 143 GHz we develop a simulation based likelihood called SimBaL (”simulation-based likelihood”) 4 . SimBaL uses simulations
of noise and systematic effects,
 to which added
 100 CMB realizations, in order to model the
statistical distribution of ln P (Cb`data | `, τ, Ω) for each C` . We fit this distribution for each
multipole using an asymmetrical polynomial function. Figure 2 shows how the SimBaL polynomial approximation is efficient in capturing the shape of the probability distribution for low τ
values when systematic noise effects dominate.
The likelihood samples τ in the range 0.01–0.15 with a step ∆τ = 0.001, and with all other
parameters, except As , fixed to the Planck 2015 best-fit values. We keep As e−2τ at the fixed
value from Planck 2015 (since it is tightly constrained by the higher multipoles). The accuracy
of the SimBal likelihood in recovering τ is tested using a set of simulations. The input value of
τ = 0.06 is recovered accurately as τ = 0.059+0.005
−0.010 . This demonstrates that our method does
not remove signal and provides an essentially unbiased estimator for τ .
Applying the SimBal to 100 × 143 QML cross-spectrum we obtain the τ posterior. In Figure
3 we report different posteriors obtained with different sky fractions, showing that variations
caused by masking the Galaxy have limited impact on the τ . Nevertheless we use the conservative
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Figure 2 – Probability slice at ` = 4 for two different τ values, τ = 0.025 in the top panels and τ = 0.06 on the
bottom. The left panels show the signal-only distribution, while the right ones show the signal plus noise and
systematic effects. For small τ values, the distribution is dominated by noise and systematic effects and is poorly
fitted by the Hamimeche-Lewis-type 12 model (red line), but instead is well captured by the SimBaL polynomial
approximation (blue curve).

50% sky fraction for the final τ estimation presented in this paper, i.e. τ = 0.055 ± 0.009. The
QML results give a detection of τ at more than 3.5 σ, with the smallest uncertainties obtained so
far from CMB data. For the same likelihood method and sky fraction, a cosmic-variance-limited
measurement would have an uncertainty of 0.006.

Figure 3 – Posterior distributions from SimBaL PCL 100 × 143 cross-power spectra obtained with different sky
fractions.

There has been a significant decrease in the peak value of τ since its first determination from
CMB T E measurements in 2003 and subsequent refinement using EE measurements from 2006.
Figure 4 shows the history of τ estimates.
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Figure 4 – History of τ determination with WMAP and Planck. We have omitted the first WMAP determination
(τ = 0.17 ± 0.04) 13 , which was based on T E alone.

Reionization history models based on astrophysical observations of high redshift sources
predict asymptotic values of τ at high redshift in the range 0.048–0.055 14 or 0.05–0.07 15 .
Our results are fully consistent with these expectations. For the first time, the upper limit
on τ derived from CMB EE observations gives meaningful limits on how such models can be
extrapolated to redshifts larger than 10.
4

Conclusions

We presented in this paper the latest constraints on reionization optical depth τ coming from
Planck data. Analyzing the large scale polarization data of LFI we measure τ = 0.067 ± 0.023,
while the cross-spectrum of 100 and 143 GHz HFI channels provides a more stringent constrain
of τ = 0.055 ± 0.009. Which represents the best up to date optical depth estimation from CMB
data. Both those constraints are compatible with astrophysical observations at high redshift.
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Measurements of Degree-Scale B-mode Polarization with the Bicep/Keck
Experiments at South Pole
Benjamin Racine on behalf of the Bicep/Keck Collaboration
Harvard-Smithsonian Center for Astrophysics, 60 Garden St, Cambridge MA, 02138, U.S.A.
The Bicep and Keck Array experiments are a suite of small-aperture refracting telescopes
observing the microwave sky from the South Pole. They target the degree-scale B-mode
polarization signal imprinted in the Cosmic Microwave Background (CMB) by primordial
gravitational waves. Such a measurement would shed light on the physics of the very early
universe. While Bicep2 observed for the first time a B-mode signal at 150 GHz, higher
frequencies from the Planck satellite showed that it could be entirely due to the polarized
emission from the Galactic dust, though uncertainty remained high. The Keck Array has
been observing the same region of the sky for several years, with an increased detector count,
producing the deepest polarized CMB maps to date. New detectors at 95 GHz were installed
in 2014, and at 220 GHz in 2015. These observations enable a better constraint of the galactic
foreground emissions, as presented here. In 2015, Bicep2 was replaced by Bicep3, a 10
times higher throughput telescope observing at 95 GHz, while Keck Array is now focusing
on higher frequencies. In the near future, Bicep Array will replace Keck Array, and will
allow unprecedented sensitivity to the gravitational wave signal. High resolution observation
from the South Pole Telescope (SPT) will also be used to remove the lensing contribution to
B-modes.

1

Introduction

Our standard model of Cosmology, ΛCDM, is able to statistically describe our observable universe
with only six cosmological parameters. We know these to percent-level precision, in large parts
from CMB data 1 . As it has been extensively presented at the 2018 Moriond Conference, while
other astrophysical probes are in agreement with this model, we still don’t understand its main
components, the so-called dark energy and dark matter. Many theoretical and experimental
studies are ongoing to study them or find alternative models.
Another perhaps greater mystery resides in the very early history of our Universe. The
leading paradigm, Inflation, states that there was a period of exponential expansion, ∼ 10−35 s
after the Big Bang. This extreme phenomenon could explain the homogeneity and the flatness
of our Universe 2 and would naturally generate and drive quantum fluctuations to cosmological
scales 3 . These density perturbations are the seeds of temperature anisotropies of the CMB, as
well as all structures of our Universe. Thomson scattering at the last scattering surface also
generates linear polarization of some of these photons (see E-modes in Figure 1).
CMB measurements allow direct testing of predictions from inflation: namely that these
initial perturbations are Gaussian, adiabatic, almost but not quite scale-invariant, and that
our observable patch has a flat geometry. The coherence of these fluctuations at scales larger
than the causal horizon at recombination, mainly visible in the anti-correlation of temperature
and E-mode polarization, is also a prediction, which has ruled out other structure formation
mechanisms, such as topological defects.
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Figure 1 – Illustration of CMB polarization formation. On the top left, we show a density wave on the last
scattering surface (LSS), with peaks in dark gray and troughs in white. In the reference frame of the electron
in a cold spot, there is a quadrupolar inflow of photons; through Thomson scattering, the photons traveling
perpendicular to the plane will have a linear polarization aligned with the cold stream direction. On the upper
right, we see how the polarization pattern looks like for three crossing plane waves. These curl-free pattern are
called E-modes. On the lower left, we show the signal from a x-polarized gravitational wave traveling across the
LSS, (if exactly along the LSS, it cancels, here the gray arrow shows a projected wave vector). On the lower
right, we show the gradient-free B-mode patterns. Note that a +-polarized gravitational wave produces E-mode
patterns.

Inflation is also believed to have perturbed the metric of space-time itself, generating primordial gravitational waves (PGW). This is not the case of most alternative theories, and such
a detection would be considered a major observational anchor of inflationary theories. As can
be seen in Figure 1, PGWs produce a curl-component polarization pattern in the CMB, called
B-modes 4,5 . We often characterize the amplitude of this signal at the power spectrum level,
using the tensor-to-scalar ratio r.
In 2015, Planck placed the tightest constraints on r achievable with CMB temperature data
only (r0.002 < 0.11) 1 . Progress can now come from polarized data. The best constraints as of
March 2018 come from combining Bicep/Keck data with Planck and WMAP data (described
in Section 2) : r0.05 < 0.07 at 95% confidence.
While primordial B-modes have a clear signature in the polarized sky, other sources can
mimic such a signal. Along their trajectory since the last scattering surface, photons get deviated
by gravitational potentials of the massive structures of the Universe. This distorts E-mode
patterns into a combination of curl-free E pattern and gradient-free B patterns. The gravitational
lensing signal peaks at arcminute scales, as we see in Figure 2. It is non-Gaussian, and can be
disentangled and subtracted from the primordial signal using higher order statistics. Other
sources of polarized contamination are astrophysical foregrounds, especially diffuse galactic ones.
For now, only polarized dust —due to the alignment of dust grains in the galactic magnetic
fields— and synchrotron —due to relativistic electrons spiraling around the magnetic lines—
have been detected. Their angular power spectra follow power laws, dominating at large scales.
Their frequency dependence, distinct from that of the CMB, can be used to estimate and remove
them, as we will detail in the next sections.
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Figure 2 – Left: Published B-modes power spectra as of March 2018. The red lines show the theoretical

predictions for the GW signal (dashed) for r = 0.05 and r = 0.01, peaking at degree scales (` ∼ 80), as
well as the lensing signal (solid), peaking at arcminute scales (` ∼ 1000). The dots show detected signals,
and triangles are 95% upper limits. The black points show the B-mode spectrum from Bicep/Keck data
(up to 2014) with WMAP and Planck after removing galactic foreground contamination, with a > 8σ
detection of gravitational lensing. Other data points from telescopes focusing on the small scale lensing
signal are shown. Right: Compilation of the published sensitivity to r.

2

Observing B-modes with the Bicep/Keck Experiment

Bicep1, Bicep2, Bicep3 and the Keck Array are a series of experiments located at the AmundsenScott South Pole Station. They have been producing the deepest degree-scale maps for the last
decade. These small-aperture on-axis refracting telescopes are conceptually similar (the different stages of the experiments are shown in the top panel of Figure 4). They are as compact
as possible, while maintaining sufficient resolution to observe the ` ∼ 80 recombination bump.
Their optics are cooled to 4K, improving sensitivity and allowing tight control of systematics.
The entire telescopes can rotate around the boresight axis, providing a polarization modulation, and systematics cross-checks. The focal plane, cooled to ∼ 250mK using a 3-stage Helium
sorption refrigerator, holds an array of polarimeters, each consisting of a pair of co-located A/B
orthogonal detectors. The signal is detected by voltage-biased Titanium Transition Edge Sensors (TES). Data are recorded from the full array of detectors using a time-multiplexed SQUID
readout system.
The high altitude and extreme dryness at the South Pole provide a highly transparent atmosphere allowing to observe in multiple frequency windows (see Figure 4). Bicep2 a 26cm
diameter single aperture telescope with 512 TES at 150 GHz (see further details about the instrument 6 , and detectors 7 ), operated from 2010 to 2012 from the Dark Sector Laboratory (DSL).
Keck Array, starting in 2012, has five Bicep2-like individual telescope receivers, operating at
different frequencies (95 to 270 GHz). It is located on the large Dasi mount. In 2015, Bicep2
was replaced by Bicep3, a single 55cm-diameter receiver, with an optical throughput 10 times
that of Bicep2. Bicep3 observes at 95 GHz with 2560 detectors.
Bicep2 was the first instrument to detect B-modes at high significance 8 , which were later
shown to be compatible with a dust-only origin, using Planck higher frequency data (hereafter
BKP 9 ). At the time of this writing, the most recent published Bicep/Keck paper includes all
data up to 2014 (hereafter BK14 10 ), including data at 95 GHz for the first time. Here we discuss
these results, as well as preliminary results from the BK15 analysis, doubling the amount of data
at 95 GHz and including for the first time data at 220 GHz.
The strategy of Bicep/Keck is to observe one of the cleanest 1% patches of sky continuously
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Figure 3 – BK15 EE and BB cross-spectra at 95, 150 and 220 GHz. Blue points with errorbars are the measured
bandpowers. Black lines show the lensed-ΛCDM expectation value, and red lines show the lensed-ΛCDM+dust
case for the BK14 BB-only baseline results (r = 0, Ad = 4.3 µK 2 , βd = 1.6, αd = -0.4). The error bars are scaled
to this model. The good agreement between the BK14 model and the EE and 220 GHz data is a good validation
of the consistency of the model.

available from South Pole. The telescopes point at a constant elevation for 50 minutes, scan back
and forth in azimuth across ∼ 60◦ at 2.8◦ /s, and then step by 0.25◦ in elevation. Immediately
before and after every 50 minutes scan-set, we perform an elevation nod, where the telescope scans
in elevation. The resulting small change in atmospheric loading is used for relative calibration
of the detectors.
Time ordered data (TOD) go through a deglitching and relative calibration process. We
then compute pair-sum and pair-difference time-streams from the A/B detector pair. While the
pair-sums contain all the signal, the pair-differences are only sensitive to polarized signal. A
third-order polynomial filtering is applied to remove residual 1/f noise, which is weak in the
pair-difference, since the atmosphere is largely un-polarized. We also remove signals that are
fixed with respect to the ground. We perform a series of data-quality selections, and then bin
this data into Temperature and Stokes Q and U maps. We transform these maps into power
spectra using the matrix-based method described in our dedicated paper 11 to avoid E to B
mixing. Before we look at our real power spectra, all the datasets go through a careful exercise
of "jackknife" checks, where data is split into several sub-datasets designed to reveal possible
systematic effects. The BB and EE spectra from BK15 dataset are shown in Figure 3. The new
220 GHz data is in notably good agreement with the best-fit model from the BK14.
3

Update on the Analysis and Latest Constraints.

In order to constrain r while marginalizing over foreground emissions, we make use of external
publicly available data —Planck PR2 polarized maps: LFI: 30, 44 and 70 GHz, and HFI: 100, 143,
217 and 353 GHz and WMAP nine year release: K:23 and Ka:33 GHz—, and calculate all the
polarized auto- and cross-power spectra. We then compute the likelihood, with the HamimecheLewis (HL) approximation 12 , using a model that includes CMB from lensed-ΛCDM, and PGW
of amplitude r, as well as dust and synchrotron emission. The BB cross- or auto-power spectrum
from galactic dust and synchrotron between a map A and B is defined in Table 1.
In the BK14 and BK15 analysis, we use 9 bandpowers between ` = 20 and 330. We feed in all
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Figure 4 – Top plot: Illustration of the staged evolution of the Bicep/Keck program. From top to bottom, we
show a picture (or a rendering for Bicep Array), the focal plane of a receiver, as well as a projection on the sky
of the focal plane.
Bottom plot: Projected sensitivity to r from 2013 to 2023. Top: Frequency distribution over the Stage 2 and
Stage 3 receivers. Middle: Time evolution of the map depths at each frequency. Bottom: Sensitivity to r
after marginalization over the seven foreground parameters, as well as the "no foreground" raw sensitivity (red).
These projections involve direct scalings from published end-to-end analyses (here BK14) and hence include all
real-world inefficiencies (detector yield, detector performance, weather, observing efficiency as well as incomplete
mode coverage due to sky coverage, scan strategy, beam smoothing, and filtering in data analysis). The same
forecasting pipeline was used for CMB Stage 4 (S4), see V. Buza’s talk. Crosses represent achieved sensitivities
(BKP 9 , BK14 10 and upcoming BK15). The dashed gray line shows the expected improvement if we delens the
field using SPT-3G data (from an effective residual lensing amplitude of AL =0.56 in 2018 to 0.23 in 2023, see
W. L. K. Wu’s talk).
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A×B
` αd
Table 1: Likelihood parametrization. Our model for the foreground spectra is given by D`,BB
= Ad fdA fdB 80
+
p


` αs
` (αd +αs )/2
Async fsA fsB 80
+  Ad Async (fdA fsB + fsA fdB ) 80
, where fd and fs are frequency scalings that
take into account the spectral energy distribution (SED) of the foregrounds integrated in the bandpass of a

βs
ν
given frequency; for synchrotron the SED is a power law ν0,s
, and for dust a modified blackbody (MBB),

βd
Bν (Td )
ν
,
with
T
=
19.6K.
Flat
priors
are
reported
as
bracketed
[minimum, maximum], whereas Gausd
ν0,d
Bν
(Td )
0,d

sian priors with mean µ and standard deviation σ are reported as N (µ, σ), together with the published source.
The only change in BK15 relative BK14 is the flat prior on , going from [0,1] to [-1,1]. The eight parameters in
the table define the baseline analysis.

Parameter
r
Ad
Async
βd
βs
αd
αs


Description
Tensor-to-scalar power ratio, at a pivot scale of 0.05 Mpc−1
Dust amplitude in µK 2 , at ` = 80 and ν0,d = 353 GHz
Synchrotron amplitude in µK 2 , at ` = 80 and ν0,s = 23 GHz
Dust spectral index
Synchrotron spectral index
Dust angular power spectrum power law index
Synchrotron angular power spectrum power law index
Dust-Synchrotron correlation

Prior
[0,0.5]
[0,15] µK 2
[0,50] µK 2
N (1.59, 0.11) 13
N (−3.1, 0.3) 14
[-1,0]
[-1,0]
[-1,1]

the spectra, as well as their full covariance matrix —derived from signal and noise simulations—
into COSMOMC 15 . The baseline analysis results for BK14 are shown in Figure 5, along with a
"BK15-like" simulation. For the first time in BK14, we obtained better constraints from B-modes
only (r0.05 < 0.09 at 95% confidence) than from the best non-B-mode results (r0.05 < 0.12 1 ).
Note that the constraint would be even better if the posterior peaked at zero. BK14, has a
strong detection of dust but no detection of synchrotron. Going from BKP to BK14, we see a
decrease in the width of the r posterior (from σ(r) ∼ 0.034 to 0.025) as well as a reduction of
the degeneracy between r and Ad . These are the tightest constraints to date on PGW. With
BK15, we expect a further tightening of the contours, to σ(r) ∼ 0.019.
With more data, we can also perform other tests of the robustness of the results . In the
upcoming BK15 paper, we test how the likelihood varies with data set selection, analysis choices
(HL fiducial model, priors on foreground SED etc.), or lensing amplitude. We also study how the
introduction of dust decorrelation affects the likelihood analysis. In past analyses, we assumed
that the galactic dust foreground could be approximated as a given emission template that
scales in frequency according to a given SED. In reality, different clouds of dust have different
temperatures (hence different SEDs) and different mean polarization orientations. Due to these
variations of the dust SED and polarization angles, the dust emission will not be fully correlated
at different frequencies. Planck first reported a detection of such a decorrelation 16 , but later
analyses showed that the level is in fact below the current instrumental noise 17,18 . In the BK15
analysis we search for evidence of dust decorrelation. In the middle panel of Figure 5, we show
how the r, Ad , Async and ∆d posteriors vary for the same BK15-like simulation, given different
priors and `-dependence of the decorrelation. Even though there is no decorrelation (∆d =1) in
the input model of the simulation, the ∆d posterior doesn’t peak at 1, and more importantly the
peak of the r posterior gets reduced by roughly 1σ when decorrelation is marginalized over. The
fact that we impose physical bounds on these correlated parameters implies that including ∆d
can bias low the estimate of r. We studied this effect in detail in the BK15 paper and decided
not to include dust decorrelation in the baseline analysis.
High frequency Keck observations increase the constraining power on dust. We analyzed our
model with BK only data, as well as with subsets of Planck and/or WMAP. The bottom plot of
Figure 5 shows these analysis variations on the selected BK15-like simulation. We observe shifts
of the r posterior as well as the synchrotron constraints, all consistent with expected statistics.
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4

Future plans.

In 2016 and 2017, we have accumulated deep observations at 220 GHz using Keck (and even
some 270 GHz data for the first time) as well as 95 GHz using Bicep3. These will allow an even
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better mitigation of foregrounds. We forecast σ(r) / 0.01, using performance-based estimates.
Bicep Array (BA) is the Stage 3 modular telescope that will replace Keck Array on a new
mount. It will have Bicep3-like receivers with the modularity of Keck, observing at 30, 40, 95,
150, 220 and 270 GHz (see Figure 4). It will be deployed during the Austral summer 2019-2020.
Microwave SQUID multiplexers will allow the 220/270 GHz receiver to have ∼ 22000 detectors.
It will surpass the dust sensitivity of Planck 353 GHz channel within a few days. The 30/40 GHz
receivers will also rapidly improve the measurements of polarized synchrotron.
We also plan a wide survey of ∼ 20% of the sky, which will improve over Planck S/N within
a few months. This will be useful in order to look for the cleanest patches of sky in the southern
hemisphere. These other regions could be used to confirm a cosmological signal if observed in
the original patch. We will also be able to test the general validity of the foreground models with
more data. It will also of course be interesting for studies of galactic foregrounds, especially the
anomalous microwave emission.
With the sensitivity achieved by BA, it will become even more necessary to de-lens the
B-mode map, i.e. remove at the map level the signal due to gravitational lensing. This will
be possible thanks to high resolution E-modes observations from SPT-3G. Using higher order
statistics on E and B maps, the lensing B-modes can be reconstructed and taken into account
in the data analysis. The lensing template can be added as an extra component to the likelihood
analysis. While having promising results on simulations using an external tracer for the template
(see W. L. K. Wu’s talk), more advanced techniques will be necessary for optimal delensing.
CMB-S4 (S4) is an effort of current teams —Bicep/Keck, SPT, ACT, Polarbear— to
build multiple telescopes with a shared design with a total of over half a million detectors. For
the "Inflation" science goal, S4 plans to have a mix of small aperture telescopes targeting the
recombination bump, and large aperture telescopes used for delensing. The combined analysis
of Bicep Array and SPT-3G will be a major step towards this goal.
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Recent and ongoing results from the South Pole Telescope
A. Manzotti for the SPT collaboration
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The Cosmic Microwave Background (CMB) has played a central role in developing the current
standard cosmological model a compelling and elegant description of the Universe. However,
we still seek a more conclusive test of inflation and a physical understanding of Dark Matter
and Dark energy. The CMB will be, once again, a promising dataset to tackle these challenges.
I will show the results of the analysis of small-scale polarization data from the 10-meter South
Pole Telescope (SPT). Then I will present our cosmological parameter constraints from the
CMB lensing maps reconstructed using combined SPT-SZ and Planck data. I will conclude
with an update on the status of the ongoing SPT-Pol B-mode and CMB lensing analysis.

1
1.1

CMB lensing
SPT-SZ + Planck lensing maps

The final CMB lensing map from the SPT-SZ campaign is produced from a linear combination of
South Pole Telescope (SPT) and Planck temperature data [1]. First, in harmonic space, the 150
GHz temperature data from SPT-SZ survey is combined with the Planck 143 GHz data on the
common 2500 deg2 patch to obtain a temperature map that has an extended ` coverage and less
noise than either individual map. Next, using a quadratic estimator technique on this combined
temperature map, we produce a map of the gravitational lensing potential projected along the
line of sight.
The power of this lensing map comes primarily from the SPT-SZ survey data, with a map
noise of ∼ 18µK-arcmin, but adding Planck 143 GHz data results in noticeable improvement in
S/N, especially at high lensing multipole L. Indeed the Planck data fills low-` modes that were
filtered by SPT to reduce atmospheric noise, and this moderately improves the reconstruction at
scales L (1500 < L < 3000), due to the increased number of mode pairs that enter the reconstruction. We compare the measured lensing amplitude with the amplitude expected from a fiducial
+0.01
ΛCDM Planck 2015 best fit cosmology and obtain Alens = 0.95+0.06
−0.06 (Stat.)−0.01 (Sys.). The total
lensing S/N is approximately 14σ, and this measurement rejects the no-lensing hypothesis at
∼ 24σ.
The cosmological constraints from this dataset are discussed in Sec. 1.2. These constraints
are weaker than full-sky Planck because even if the S/N in the SPT-Planck maps itself is higher,
the observed area is smaller. For this reason, a significant application of such a lensing potential
map is in cross-correlations with other dark matter tracers. Indeed the map has an improved
signal-to-noise ratio at all scales relative to Planck -only over the 2500 deg2 patch, and it overlaps
almost entirely with the DES galaxy survey.
We perform several consistency checks, null tests, and systematic tests on the SPT + Planck
lensing map. We measure the auto-spectrum of the lensing map and the cross-spectrum of
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the lensing map with WISE galaxy positions, and we find both results to be consistent with
expectations from the fiducial cosmology, with Planck full-sky results, and with SPT-only or
Planck -only results over the 2500-square-degree SPT-SZ region. We perform null tests using the
curl lensing estimator on the combined temperature map and by replacing the temperature map
by unlensed CMB or noise map, and we find these results to be consistent with noise. Finally, we
investigate potential systematics by recalculating the lensing auto-spectrum, and lensing-WISE
cross-spectrum perturbing the fiducial pipeline and comparing to our baseline result. We find
no evidence of systematic contamination from these tests.
In this work, we only use temperature data to a maximum multipole of ` = 3000 due
to concerns of foreground contamination. Obtaining a reliable lensing map at high ` requires
precise knowledge of the foreground components that contribute to the small-scale power. This,
however, requires observation from multiple frequencies. In this analysis, the noise levels of the
95 and 220 GHz channels of the SPT-SZ survey (40 µK-arcmin and 70 µK-arcmin respectively),
prohibit us from removing foregrounds cleanly at the level required for lensing analysis. Future
experiments like SPT-3G [2] will have multiple channels at lower noise levels. Furthermore, since
extra-galactic foreground contamination is a much smaller effect in polarization maps (see Sec.
1.3), we will be able to utilize information at higher ` compared to the temperature data.
1.2

Final SPT-SZ Parameters Constrain from lensing

To constraint cosmological parameters, we fit the lensing angular power spectrum described in
Sec. 1.1 to (ΛCDM) models and single-parameter extensions to ΛCDM [3]. Since SPT data
dominate the statistical precision of the combined lensing map, this measurement is a nearly
independent check on the Planck lensing measurement. We find constraints that are comparable
to and consistent with constraints found using the full-sky Planck CMB lensing data. Specifically,
we find σ8 Ω0.25
m = 0.598 ± 0.024 from the lensing data alone with relatively weak priors placed on
the other ΛCDM parameters. In combination with primary CMB data from Planck , we explore
single-parameter extensions to the ΛCDM model. We find Ωk = −0.012+0.021
−0.023 or Mν < 0.70 eV
both at 95% confidence, all in good agreement with results from Planck that include the lensing
potential as measured by Planck over the full sky.
Slight tensions exist in Planck between the amount of lensing inferred from peak smearing
and the direct reconstructions from the higher-order statistics. Measurements of the lensing
amplitude from SPT + Planck are in excellent agreement with the lensing amplitude inferred
from the Planck higher-order statistics, and in slight tension with that inferred from CMB peak
smearing. This tension, however, when marginalizing over the peak smearing effect. The amount
of lensing seen in SPT + Planck is also broadly consistent with both the amplitude inferred from
low-redshift galaxy lensing studies. More precise CMB lensing measurements will be required
to further investigate possible tensions between low-redshift and high-redshift determinations of
the amplitude of structure.
1.3

SPT-Pol results

The CMB lensing potential was also reconstructed using SPT-Pol data in a published work for
the 100 deg2 [4] patch of the sky observed for the first two years and will be released soon for
the full 5-years patch 500 deg2 . For the first time in SPT, the lensing reconstruction includes
polarization information. Using just two years of data (100 deg2 ), we measure individual Fourier
modes in this map with signal-to-noise higher than one for multipoles in the range 100 < L < 250.
This represents the highest signal-to-noise map of the integrated lensing potential made from the
CMB to date. As usual, we computed the power spectrum of the lensing potential CLφφ , and we
verified that this measurement is robust against systematics by performing a suite of systematics
and null tests.
We compare this measurement to a best-fit ΛCDM model and find a relative amplitude
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of AMV
lens = 0.92 ± 0.14 (Stat.) ± 0.08 (Sys.). This corresponds to a 18% measurement of the
amplitude and rejects the no-lensing hypothesis at 14σ. If instead only polarized estimators are
used, we find APOL
lens = 0.92 ± 0.24 (Stat.) ± 0.11 (Sys.), a 29% measurement of the amplitude.
This measurement rejects the no-lensing hypothesis using polarization information only at 5.9σ.
Currently, the CMB lensing reconstruction is driven by the TT estimator, and the sample
variance of the CMB anisotropies dominates he reconstruction noise. As CMB polarization
data improve, the EB estimator will gain more weight and will eventually provide the main
contribution to the minimum variance reconstruction for a CMB-Stage 4 experiment.
Polarization measurements will continue to improve rapidly. SPTpol will soon release the
lensing reconstruction on 500 deg2 patch of sky where we expect and similar map S/N compared
to the 100 deg2 results. These constraints will be comparable to the SPT-SZ described in the
previous section even if SPT-Pol observed area is five-time smaller.
In the next generation of CMB polarization experiments CMB lensing will become an exceptionally powerful probe of structure evolution in the universe. For example, lensing will start
to drive the constraints on the sum of neutrino masses and improve dark energy measurements.
The EB estimator has the advantage of both lower astrophysical foregrounds, since the polarization fields are much cleaner of contamination on arcminute scales, and significantly reduced
reconstruction noise due to the absence of noise variance from unlensed small-scale B-modes,
which will allow low-noise mapping of the lensing potential down to smaller scales.
Because of the high signal-to-noise of the SPTpol lensing map, the fact that the BICEP2
and KECK Array experiments have observed the same patch of sky, this SPTpol mass map
will be powerful for de-lensing primordial BB power spectrum measurements [5]. Using the deep
E-mode map measurements and a lensing convergence map one can produce a map of the lensing
B-modes and use it to reduce their amplitude, in a process known as delensing. With sensitive
new experiments, delensing is becoming a requirement, not only for measuring the tensor-toscalar ratio but also going beyond that to start constraining the shape of the primordial tensor
power spectrum.
2
2.1

SPT-Pol CMB polarization
E-modes polarization

One of the primary results of SPT-Pol is the measurements of the CMB E-mode angular autopower and temperature-E-mode cross-power spectra over the multipole range 50 < ` ≤ 8000
[6]. These are the most sensitive measurements to date of the EE and T E spectra at ` > 1050
and ` > 1475, respectively, and show the potential of constraining cosmological parameters with
information from the polarized CMB damping tail.
This places an upper limit on residual polarized point source power of D` < 0.107µK2 at
` = 3000 after masking sources with unpolarized flux bigger than 50 mJy. This upper limit
implies that with more aggressive source masking the primordial EE power would be greater
than the amplitude of extragalactic source power to at least ` = 4050, and possibly much higher.
Compared to the T T spectrum, which becomes dominated by several foregrounds by ` ∼ 3000,
the EE damping tail promises to provide a much deeper look into physics at the photon-diffusion
scale.
The SPTpol dataset is in mild tension with the ΛCDM model, discrepant at 2.1 σ. This
tension can be attributed in part to slightly different preferred cosmologies between the T E and
EE bandpowers and between low and high `. Interestingly, while SPTpol data at ` < 1000
are in good agreement with the best-fit model of PlanckTT, we see parameters pulled to new
values with the addition of higher multipole polarization information, resulting in a higher H0
and lower σ8 . This is similar to the behavior measured by [7] on SPT-SZ temperature data on
2500 deg 2 , of which the SPTpol field is a subset. The parameter most affected by the inclusion
of SPTpol is σ8 , which decreases by 1 σ from the value preferred by PlanckTT alone. This
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behavior is related to the preference for less lensing in the SPTpol data set, which prefers a value
of AL that is 2.9 σ less than PlanckTT.
While 1-D marginalized parameter constraints are modestly improved over PlanckTT alone,
the inclusion of SPTPol data significantly reduces the volume of non-marginalized parameter
space, a factor of 1.8 for ΛCDM and 2.3, 2.9, and 2.2 for the ΛCDM+Yp , ΛCDM+Neff , and
ΛCDM+Yp +Neff models, respectively. Future high-resolution CMB polarization experiments
will continue to make dramatic progress in constraining cosmological parameters. For example,
SPT-3G is forecasted to improve constraints on Neff over Planck alone by nearly a factor of two
[2], and CMB-S4 is expected to provide at least another factor of 2 improvement [8].
2.2

B-modes polarization

SPT-Pol will soon release the measurement of the angular power spectrum of CMB B-mode
polarization from the full 500 deg2 SPTpol survey. These bandpowers will be the most precise
direct measurement of B-mode power at small angular scales (` > 300), and range from angular
scales where inflationary gravitational waves may be found to scales dominated by lensing Bmodes.
We are performing a strict set of null tests to probe the data for unknown systematic errors
and find no evidence for systematic contamination. Astrophysical foreground B-modes are a
potential concern which we address by marginalizing over a Galactic template (important at low
`) and independent Poisson power terms for each frequency band representing polarized extragalactic sources. The Galactic template and prior is based on the Planck 353 GHz measurements
of galactic polarized dust emission.
Once we rule out systematic effects, we will quantify
the detection significance for astrophysi√
cal or cosmological B-mode power. We expect a 5 factor improvement respect to the previously
released SPTPol BB analysis which used only 100 deg2 . We expect to rule out no B-mode power
at 10-12 σ, with a lensing B-mode detection once marginalized over astrophysical foregrounds
around 6-8 σ.
With bandpowers extending down to ` = 50, this work will be the first direct search for inflationary gravitational wave B-modes with the South Pole Telescope. The bandpowers presented
here will give the first upper limit on the tensor-to-scalar ratio r using SPT data alone. We can
expect further improvements in the r-limit from the South Pole Telescope as data is collected
with the new SPT-3G receiver.
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C. VERGÈS1 , B. WESTBROOK6 , N. WHITEHORN40 , A. ZAHN7
1

AstroParticule et Cosmologie (APC), Univ Paris Diderot, CNRS/IN2P3, CEA/Irfu, Obs de Paris, Sorbonne Paris Cité, France
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Since May 2012 the Polarbear experiment is observing the cosmic microwave background
(CMB) polarization in the 150 GHz band from the Huan Tran Telescope at the Atacama Desert
in Chile. It houses 1,274 transition edge sensor (TES) bolometers producing high quality data
constraining the lensing-induced, small-scale B-mode polarization and permitting testing novel
technologies. In this talk I will present the latest results and the current status of the dataanalysis for Polarbear-1 and give an update on the development of Polarbear-2/Simons
Array.

1

Introduction

The Polarbear experiment has been observing the polarized cosmic microwave background
(CMB) signal since 2012 from the Atacama desert in Chile aiming at measuring the extremely
faint B-mode signal, the curl-like pattern in the polarization field of the CMB. In the contrary to
the temperature and E-mode signal, the gradient-like component of the polarization field, which
are sourced by scalar density perturbations of the primordial plasma, the B-mode signal contains
information about the tensor fluctuations, i.e. gravitational waves in the early universe and is
therefore a decisive probe of inflation theories, predicting a measurable tensor-to-scalar ratio
r. After measurements of the temperature and E-mode power spectra by the Planck collaboration 1 indicate a remarkable consistency with predictions of the simplest inflationary models, a
measurement of large scale B-modes, which allows for constraints on r, will be a tantalizing confirmation of these theories and will eventually permit differentiation between its different models.
B-modes are also produced by the conversion from E-modes via weak-gravitational lensing,
an effect which is dominant on degree and smaller scales. This signal, tracing the line-of-sight
integrated matter distribution in the universe, enables vast possibilities of cosmological inference
of the formation and distribution of large-scale structure and dark matter, but is also a primary
foreground to primordial gravitational wave measurements. Furthermore, several secondary effects act as foregrounds to high sensitivity B-mode measurements. Most importantly, the ability
to clean polarized thermal emission of our Galaxy, mainly coming from dust grain alignment
with and synchrotron radiation produced in the galactic magnetic field, from the measured signal
with the help of multi-frequency observations will be critical for a successful measurement of the
primordial gravitational wave signal in the CMB. For ground-based experiments the emission of
rotational and vibrational excited states of oxide and water molecules in the atmosphere gives
rise to 1/f correlated noise in the relevant microwave spectrum, which, due to temperature to
polarization leakage through systematic effects, can also be a main contaminant for a large scale
B-mode measurement.
An understanding of and controlling these effects, together with various other sources of
systematics, is crucial for a robust measurement of the extremely faint B-mode signal. In
2014, the Polarbear collaboration published the first evidence for non-zero B-mode signal
at sub-degree scales derived from CMB polarization data only 2 Since then complementary or
similar results were derived from analysis of data of bicep2 3 , Keck Array 4 , SPTpol 5 , combined
bicep2/Keck Array and Planck 2015 6,7 , and actpol 8 .
2
2.1

Polarbear-1
Instrument characteristics

The Polarbear-1 experiment 9 is located at the James Ax Observatory in the Atacama desert
in Chile, 5,200 m above sea level. It is composed of a two-mirror off-axis Gregorian-Dragone
telescope, the Huan Tran Telescope (HTT), coupled to a cryogenic receiver. The 2.5 m primary
mirror allows a small angular resolution with a beam size of 3.50 full-width at half-maximum
(FWHM). The focal plane consists of 637 dual polarization pixels cooled at 250 mK with a
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2.4◦ diameter field of view. The incoming light is measured at a frequency of 150 GHz through
lenslet-coupled transition-edge sensors (TES).
2.2

Scan Strategy

Polarbear-1 saw its first light in January 2012. During the first two seasons three small
patches, each of 3◦ ×3◦ ) with minimal foreground contamination and a combined 24 h availability
from Chile have been observed. The first season lasted until October 2014, resulting in a first
release of results described below. The second season of small patch observations went on until
May 2014, increasing the data volume by about 61%. Since May 2014, we observe a larger
sky area of roughly 700 square-degrees with a continuously rotating half-wave plate, which was
installed at prime focus of the HTT. The time line of observation time and the CMB patch
locations on the sky are shown in figure 1.

Figure 1 – Left: Timeline of Polarbear-1 observation, showing the accumulation of CMB data on the three
small and the large patch in terms of observation time, as well as the total observation time, including auxiliary
dedicated calibration observations. Right: The location of the four patches on the sky on top of the dust foreground
contamination at 150 GHz from Planck COMMANDER. The observed regions on the sky are the three small
patches RA4.5, RA12 and RA23 (named by its right-ascension hour-angle), as well as the large patch.

2.3

Results

In the first publications using Polarbear-1 first season data we reported a first detection of
the CMB lensing potential power spectrum using CMB polarization data alone at 4.2 σ 2 , a
measurement of CMB lensing potential and HERSCHEL-ATLAS CIB cross-correlation at 4.0
σ 10 , a measurement of the B-Mode polarization power spectrum at sub-degree scales, rejecting
no lensing B-mode power with a 97.1 % confidence level 11,12 and set constraints on the Faraday
rotation from anisotropic cosmic birefringence (< 93 nG (95% C.L.) primordial magnetic field
equivalent) and strength of the primordial magnetic fields (< 3.9 nG (95% C.L.)) 13 .
In the final release of the two-season B-mode power spectrum 14 , we re-analyzed the first
season data set and combined it with the second season data set. This enabled us, together
with improved calibration, to report B-mode band power uncertainties reduced by a factor of
two compared to the first release. We also employed a second, alternative pipeline for the data
analysis. It is based on a unbiased map-making algorithm described in 15 and differs primarily
in the way it accounts for the filtering of the time-ordered data to remove atmospheric noise
and ground pickup. While the first pipeline (labeled ”Pipeline A”) is based on the MASTER
method 16 and performs this filtering and map-making sequentially to eventually account for the
filtered signal in the transfer function on power spectrum level, the second pipeline (”Pipeline
B”) attempts to account for the filtering in the map-making more optimally by performing these
steps simultaneously. Therefore, the latter approach produces an unbiased representation of the
microwave sky, with the drawback of being more expensive computationally. Both pipelines then
generate power spectra based on the pure pseudo-C` method. The resulting polarization whitenoise levels reach 7, 6, and 5 µK-arcmin for RA4.5, RA12, and RA23, respectively. Compared
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to 11 , we also updated estimates of polarized galactic foreground contamination from thermal
dust and synchrotron in our three patches using Planck and WMAP data and improved the instrumental systematic effects simulations, which now follow all the data analysis pipeline steps.
We performed a suite of null tests to evaluate the calibration, data-selection criteria and filtering methods, and to test for unknown systematic errors, before unblinding the data. We show
in figure 2 the reported B-mode power spectrum at sub-degree scales from the Polarbear-1
season one and two data set and the estimated level of instrumental systematic uncertainties in
the four bins between ` = 500 and ` = 2100, as reported in 14 .

Figure 2 – Left: Polarbear-1 B-mode angular power spectrum from the two-season data set. Red diamonds
(blue squares) show the measured band powers from pipeline A (pipeline B). The plotted error bars correspond
to the 68.3% confidence intervals of the statistical uncertainty only. Right: Estimated levels or upper bounds on
instrumental systematic uncertainties in the four bins of the B-mode power spectrum. Both from Polarbear
Collaboration 2017 14 .

We are able to reject the null-hypothesis of no B-mode power with 3.1 σ and measure the
amplitude of lensing B-modes after foreground subtraction as
+0.00
AL = 0.60+0.26
−0.24 (stat.)−0.04 (inst.) ± 0.14(foreground) ± 0.04(multi.),

where the uncertainty terms include the systematic uncertainty associated with possible biases
from the instrument, the total foreground uncertainty, and the multiplicative calibration uncertainties. An updated measurement of the lensing auto-power spectrum from the two-season
small-patch data set is in progress.
2.4

Large Patch Analysis

Since May 2014 we have been observing a larger, effectively 665 square-degree patch of the sky in
the southern galactic hole centered at RA = −59.3◦ , dec = 0h 12m . The observation is composed
of hour-long constant elevation scans (CES), after which detector tuning and gain calibration was
performed. A complete map of the patch is produced in a ten-day cycle. The signal is modulated
by a continuously rotating half-wave plate (CRHWP) at 2 Hz installed near the prime focus of
the telescope. We used a subset of the full three-year data set to show that this setup allows
targeting degree scale B-mode anisotropies and therefore inflationary physics 17 . This is because
the CRHWP efficiently mitigates the correlated part of the atmospheric noise, therefore allowing
for a production of single-detector polarization maps and thus avoiding numerous sources of
systematic effects like intensity to polarization leakage typical of the orthogonal detector pair
differencing method as used for example for the first two seasons of Polarbear-1. This leakage
is a major obstacle in measuring large-scale B-modes from the ground with a medium aperture,
high resolution telescope like Polarbear-1 due to atmospheric correlated, 1/f noise. We verified
that a characterization and subtraction of this leakage is possible and a knee frequency of the
order of ` = 39 is achievable 17 . The full analysis of the large patch observations between July
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2014 and October 2016 is underway. The data analysis is split in four groups with different
science targets and slightly different analysis pipelines, including a measurement of the B-mode
power spectrum on large scales, targeting to constrain r (incorporating foreground information
from Planck), a measurement of small-scale E-mode and lensing B-mode power spectra, as well
as the lensing potential power spectrum. The results will be published once they are unblinded,
i.e. are passing our criteria set on the null-tests and consistency checks.
3

Polarbear-2a

In summer 2018 as the first step of a major upgrade to the existing Polarbear experiment,
Polarbear-2a will be deployed 18,19 . The new instrument will observe the CMB with 7,588
sinuous-antenna-coupled superconducting TES in two frequency bands, 95 GHz and 150 GHz,
with a 4.8◦ field of view. A broadband half-wave plate will be mounted at secondary focus 20 and
√
we expect a nominal array sensitivity 5.8 µKCMB s, in terms of noise-equivalent temperature,
in both frequency bands. Figure 3 shows a picture of the fully assembled Polarbear-2a focal
plane consisting of 7 wafers of 1,088 detectors, a factor six more compared to Polarbear-1.

Figure 3 – Left: The assembled Polarbear-2a focal plane at KEK in Japan for testing. It has a radius of roughly
36.5 cm, nearly twice as large as Polarbear-1. Right: Forecast for Simons Array science goals, showing the
B-mode power spectrum and how, with new internal foreground cleaning capabilities, we are able to clean the
level of the galactic foregrounds, which are dominating at large scales, down to the level of equivalent primordial
B-modes with r = 0.01. From Stebor et al. 2016 21 .

4

Simons Array

Polarbear-2a will be mounted on the first telescope of Simons Array21 , an array of three
similar telescopes and receivers, observing the sky in four frequency bands. Polarbear-2a
will be followed by Polarbear-2b, in 2019, both observing in bands centered around 95 GHz
and 150 GHz. In 2019/2020, Polarbear-1 will be retrofitted to house the third new receiver,
Polarbear-2c, observing at higher frequencies of 220 GHz and 270 GHz, to monitor the dust
foreground contamination.
Simons Array will consist of these three receivers and telescopes. The full array will observe
in different frequency bands : 95 GHz and 150 GHz for Polarbear-2a and 2b, and 220 GHz
and 270 GHz for Polarbear-2c. The full array will have 22,764 bolometers, with a projected
√
sensitivity of 2.5µKCMB s. Thanks to the multi-frequency capabilities of Simons Array we
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believe to be able to deliver competitive results on large- and small-scale polarized CMB sciP
ence. We expect constraints on the total neutrino mass σ( mν ) = 40 meV (with DESI-BAO,
including foreground contamination) through CMB lensing measurements, new cross-correlation
possibilities due to overlap with external surveys and constraints on the tensor-to-scalar ratio r
of the order 10−2 , with possible detections on the σ(r = 0.1) = 6 × 10−3 level 21 .
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Scientific results from QUIJOTE
–
Constraints on CMB radio-foregrounds
Flavien Vansyngel on the behalf of the QUIJOTE collaboration
Instituto de Astrofsica de Canarias, La Laguna (Tenerife), España
Q-U-I JOint TEnerife (QUIJOTE) is a cosmic microwave background (CMB) experiment
observing the Northern hemisphere of the sky between 10 and 40 GHz. This range of frequency
fills an observational gap existing in today observations and so is crucial for present and
future CMB analyses. The goals of QUIJOTE are to produce a state of the art model of
CMB foregrounds in the radio domain (both in intensity and in polarization) and to reach a
constraint on CMB B-modes down to r < 0.05. We present the recent status of the QUIJOTE
experiment and its latest results. In particular, we show the new intensity and polarization
maps and results on the polarization of CMB foregrounds, such as the Anomalous Microwave
Emission.

1

The QUIJOTE experiment

QUIJOTE 1,2 is a CMB experiment led by the Instituto de Astrofı́sica de Canarias. The other
contributing nodes are the Universities of Cantabria, Cambridge and Manchester. The QUIJOTE telescopes have been built in the Teide observatory on the island of Tenerife. This
observatory is one of the best location of the Northern hemisphere to observe the sky in the
radio domain, since the atmosphere has been proven to be very stable. Furthermore, this is an
observatory that has had experience with CMB experiments since the eighties with the Tenerife
experiment and subsequent missions. In addition, it was chosen to be the site of the future CMB
missions GroundBIRD and LSPE/STRIP.
The observatory is located at about 28◦ North so with a minimum elevation of observation
of 30 degrees, QUIJOTE observes about 65 % of the sky. It consists of three instruments: the
multifrequency instrument (MFI), which covers four frequencies from 10 to 20 GHz (11, 13,
17 and 19 GHz), the Thirty Gigahertz Instrument (TGI) and the Forty Gigahertz Instrument
(FGI). The MFI has been in operation since November 2012. The angular resolution ranges
from about a degree down to 15 arcmin, from the lowest to the highest frequency. TGI and FGI
are both in commissioning phase, with a first light in 2016 for the TGI. The sensitivities of the
instruments are 400-600 µK s1/2 for the MFI, 71 µK s1/2 for the TGI and 85 µK s1/2 for the
FGI.
2

Science goals

The MFI observes the sky in a frequency range that provides valuable information about the
polarisation of several CMB foregrounds, in particular the synchrotron emission and the anomalous microwave emission (AME) also called spinning dust. The goals of QUIJOTE are to provide
a state of the art map of synchrotron modeling over the sky and to put strong constraints on the
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Figure 1 – Expected errors on CMB polarization spectra.

AME polarization fraction. Concerning the cosmology, the data of the MFI will be used to clean
the 30 and 40 GHz maps provided by the TGI and FGI, in order to constrain the tensor-to-scalar
ratio r down to the level of 0.05. Furthermore, together with GroundBIRD and LSPE/STRIP,
the expected constraint on r is 0.01. The expected CMB polarisation spectra and associated
errors are shown in Fig 1, after the combination of three years of observation with the TGI and
the FGI with a 70 % efficiency and perfect removal of foregrounds.
To reach these goals, the data is acquired in two observation modes: raster scans that cover
deeply certain regions of interest and a wide survey. The wide survey covers 20,000 squared
degrees and will reach a sensitivity of 15 µK per 1 degree beam after the completion of the
observations. Three of the raster scan fields are dedicated to cosmology. They cover 3,000
squared degrees in three separated fields and the target sensitivity is 1 µK per degree beam
at the end of the mission. The remaining raster scan fields are specific galactic regions. They
cover a few hundreds of square degrees with a sensitivity of about 35 µK per degree beam.
The purpose of these regions is to conduct radio foregrounds studies in order to provide useful
information for present and future CMB missions.
3

Constraints on the polarization of the AME

The first scientific paper from QUIJOTE presents an analysis of the Perseus molecular complex3 .
This region contains one the brightest AME sources on the sky and so is well suited to study this
emission. There is no detection of AME in polarisation but it is clearly seen in total intensity.
This allow us to put constraints on the polarisation fraction. At the QUIJOTE frequencies, the
upper limits are 6.3 % and 2.8 %. Stronger constraint can be derived at WMAP frequencies,
about 1 %. These results tend to rule out many of the models for AME polarisation mechanisms.
The second QUIJOTE scientific paper presents an analysis of several bright sources in the
galactic plane, in particular of the sources called W44, W47 and W434 . The source W44 is a
supernova remnant (SNR) hence it is bright in total intensity as well as in polarisation. The
other sources are molecular complexes, they are visible in total intensity but not in polarisation.
Molecular regions are colder than SNR, so they contain very few relativistic electrons emitting
synchrotron radiation. They are regions dominated by free-free emission, which is not polarised.
The analysis of the spectral energy distribution (SED) of the region shows that, without the
QUIJOTE data, parametric methods used for CMB component separation tend to underestimate
the amount of AME and overestimate the free-free.
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Figure 2 – Constraints on AME polarisation fraction.

Furthermore the QUIJOTE data points confirm the downturn at lower frequencies of the
SED of the AME. Tracing this downturn is important to break degeneracies between the different
emissions that arise during component separation. The 10 to 20 GHz frequency range of the
MFI allow us to put the best constraints to date on the polarisation fraction of the AME, as
shown in Fig. 2. The upper limit on the AME polarisation fraction is 0.4 % at QUIJOTE 19
GHz and 0.22 % at WMAP 40 GHz, whereas the previous limit was set to about 1 %.
4

The QUIJOTE wide survey

Fig. 3 shows the state of the wide survey in January 2018. The wide survey will reach a
noise level of 30 µK per degree beam in polarisation. The polarisation maps contain important
features like strong polarised point sources or large scale patterns such as the North galactic
spur. Preliminary results shows consistency with previous results such as the recent publication
of the S-PASS collaboration. The wide survey maps will be made publicly available by the end
of 2018 within the Radioforegrounds project.
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Figure 3 – Preliminary QUIJOTE sky maps at 11 GHz.
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THE C-BAND ALL-SKY SURVEY (C-BASS)

ANGELA C. TAYLOR for the C-BASS Collaboration
Sub-department of Astrophysics, University of Oxford,
Denys Wilkinson Building, Keble Road, Oxford, OX1 3RH, UK

The C-Band All-Sky survey (C-BASS) is an experiment to image the whole sky in intensity
and polarization at 5 GHz. The primary aim of C-BASS is to provide low-frequency all-sky
maps of the Galactic emission which will enable accurate component separation analysis of
both existing and future CMB intensity and polarization imaging surveys. Here we present
an overview of the experiment and an update on the current status of observations. We
present simulation results showing the expected improvement in the recovery of CMB and
foreground signals when including C-BASS data as an additional low-frequency channel, both
for intensity and polarization. We also present preliminary results from the northern part of
the sky survey.

1

Introduction

Detecting the primordial B-mode signal in the polarization of the cosmic microwave background
(CMB) is one of the key goals in observational cosmology. However, the B-mode signal is so
small that it is likely to be fainter than Galactic foregrounds even in the quietest patches of sky.
Foreground subtraction will therefore be the limiting factor in the search for B-modes rather
than sensitivity. To distinguish the CMB from Galactic foregrounds, wide frequency coverage
is needed either side of the foregrounds minimum at 70 – 100 GHz. Observations at the lower
end of this range are more easily done using radiometer techniques than using bolometers. The
C-Band All-Sky Survey (C-BASS) 1 is a project to survey the whole sky at 5 GHz, at the lower
end of the foregrounds frequency range, where synchrotron radiation is the dominant emission
mechanism. This frequency is low enough that polarized synchrotron emission is detectable
across almost all the sky, but high enough that Faraday rotation is a small effect apart from
very close to the Galactic plane. By providing much better measurements of the synchrotron
component, C-BASS data will help break degeneracies between fits to the CMB and all the
foreground components, and thus improve our measurements of the CMB.
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Figure 1 – (Left) The 6.1-m C-BASS North telescope at Owens Valley Radio Observatory. (Right) The 7.6-m
C-BASS South telescope at Klerefontein, South Africa. Note that the horizon at C-BASS South is much flatter,
which is expected to lead to less scan-synchronous groundspill. The overlap in sky-coverage between the two
telescopes, and the different characteristics of their ground spillover signals, will allow us to partly break the
degeneracy between ground emissions and sky modes that are symmetric about the celestial poles.

2

The instrument and survey

C-BASS consists of two telescopes (see Fig. 1), one in each hemisphere, with matched beam
sizes and similar receivers providing intensity and polarization measurements in the frequency
band 4.5 – 5.5 GHz.1,2 C-BASS has a resolution of 45 arcmin, and maps the sky with no explicit
filtering on angular scales larger than this. The survey sensitivity of better than 100 µK-degree
corresponds to a sensitivity to synchrotron emission at 100 GHz of 0.75 µK-arcmin (assuming
a synchrotron spectral index β ∼ −3), and is thus comparable to the most sensitive planned
experiments at those frequencies. C-BASS will therefore provide low-frequency measurements
sensitive enough for comparison with both current and future generations of CMB experiments.
C-BASS North has an analogue receiver 3 which provides a single frequency channel covering
the whole passband. C-BASS South has a digital backend which provides 128 frequency channels
across the 4.5 – 5.5 GHz band. As well as improving discrimination against radio frequency
interference, this allows additional frequency coverage in the data analysis, in particular the
measurement of Faraday rotation due to the Galactic magnetic field.
3

Simulations of the impact of C-BASS data

To quantify the way in which C-BASS data will improve the component separation problem
in both intensity and polarization, we have simulated the recovery of the CMB signal and the
foreground parameters in individual representative pixels. In such a single pixel, we can do a full
Bayesian MCMC recovery of the CMB and foreground parameters based on mock observations
with current and future CMB experiments. Full details and further examples of this technique
will be given in a forthcoming paper.4 Fig. 2 shows some typical results in intensity using
sensitivities from current data sets (Planck and WMAP), and in polarization from Planck and
an early specification of LiteBIRD, 5 both with and without C-BASS data. The sky is modelled
with foregrounds consisting of a single power-law synchrotron component, free-free emission,
anomalous microwave emission (AME) of variable peak frequency, and a modified blackbody
thermal dust model, with only synchrotron and thermal dust assumed to be polarized. Even
in this highly simplified model, the C-BASS data provide strong additional constraints on the
synchrotron, free-free and AME contributions to the observed signals. This leads to significantly
smaller uncertainty in the recovered CMB amplitudes.
4

Current status

Observations with C-BASS North have been completed, while C-BASS South observations are
ongoing. Below we show some preliminary results from a partial analysis of the C-BASS North
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Figure 2 – Improvements expected in the recovery of CMB and foreground signals without (dotted pur-

ple) and with (solid orange) C-BASS data. (Left) Posterior probability densities for recovered parameters
(synchrotron amplitude and spectral index, free-free emission measure, AME amplitude and peak frequency, CMB amplitude) in intensity using current data sets (Planck and WMAP) in a high-foregrounds
(low Galactic latitude) pixel. (Right) Posterior probability densities for synchrotron amplitudes and index, and CMB amplitude, in polarization in a low-foreground pixel using sensitivities from Planck plus
the proposed LiteBIRD satellite mission. Thermal dust parameters are omitted for clarity. In both cases
the additional C-BASS data breaks degeneracies in the separation of CMB and foreground signals and
significantly improves the accuracy of the CMB measurement. Figure adapted from Jones et al.1

data, using just the scans made at the elevation of the north celestial pole. Additional observations were also made at other elevations, which will result in significantly improved sensitivity,
more uniform sky coverage, and better rejection of residual striping due to better cross-linking.

4.1

Intensity observations

Fig. 3 (left) shows the C-BASS North intensity image. To capture the dynamic range of the
image, which ranges from a noise level of less than 0.1 mK to a peak of several K on the Galactic
plane, an arctan intensity scaling is used. A variety of different null tests (e.g. day/night, seasons,
alternate observations) show maximal residuals of a few mK at most.6 A visual indication of the
additional information available from combining C-BASS with existing surveys is shown in Fig.
3 (right), which combines the C-BASS intensity map with the Haslam et al. 408 MHz map 7,8
and the WMAP K-band map 9 (corrected for the CMB contribution by subtracting the Vband map) in a three-colour image. The different spectral energy distributions of synchrotron
radiation, free-free emission and AME result in these components appearing as distinct colours
in the image.

Figure 3 – (Left) C-BASS North intensity map using just under half of the total data set. (Right) Three-

colour image using the Haslam 408 MHz, C-BASS 5 GHz, and WMAP K − V (effectively 23 GHz) maps
for the red, green and blue channels respectively. The relative intensities of the three channels are chosen
such that a temperature spectral index of −2.7 would appear as white. Adapted from Jew (2017).6
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Figure 4 – Preliminary C-BASS North polarization results. (Left) The C-BASS polarized intensity map,

on a linear colour scale from 0 to 40 mK. (Right) Spectral index map between C-BASS at 5 GHz and
Planck at 30 GHz (linear colour scale from 2.3 to 3.7). Spectral index variations of up to ±0.5 dex are
detected at high significance. Sensitivity is limited by the Planck noise level. Figures from Jew (2017).6

4.2

Polarization observations

The preliminary C-BASS North polarized intensity image is shown in Fig. 4. Polarized intensity
is detected with good signal-to-noise ratio over a large fraction of the sky. We can combine this
map with the Planck 30 GHz polarized intensity map10 to get an initial estimate of the polarized
synchrotron spectral index over much of the sky.6 This map was constructed from a pixel-bypixel fit to the two input maps taking account of the non-Gaussian noise statistics of polarization
amplitude, and is not biased by the noise power in either map. Some of the structure in the
spectral index map is due to depolarization which is clearly visible in the C-BASS map close to
the Galactic plane. However, much of the spectral index variation across the sky appears to be
genuine. Similar spectral index variations are also observed between S-PASS at 2.3 GHz and
the lower WMAP and Planck frequencies.11 These variations are very significant for component
separation at the level of accuracy required for deep B-mode searches. As well as showing
that the synchrotron component cannot be fitted using a single global spectral index, smallscale variations such as this will result in the effective spectrum on large scales being curved,12
effective modelling of which will require more frequencies to be observed.
5

Conclusions

C-BASS is providing sensitive and accurate measurements of the sky in intensity and polarization
at 5 GHz. Simulations confirm that these will be essential for CMB foreground component
separation for deep B-mode searches. Preliminary data from the northern part of the survey
also show that there are significant variations in synchrotron spectral index across the sky.
Observations in the south are ongoing and will also provide frequency resolution within the
C-BASS band.
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Testing the cold dark matter paradigm with the cosmic microwave background
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CEICO, Institute of Physics of the Czech Academy of Sciences, Na Slovance 2, 18221 Praha 8 Czechia
Dark Matter (DM) is a crucial component of the universe and, for calculations of the cosmic
microwave background (CMB), DM is successfully modelled as a pressureless perfect fluid
(dust) within General Relativity. Dust describes cold DM (CDM) in the single-stream regime.
With data from Planck it becomes possible to test generalisations of the dust model, searching
for DM properties beyond the dust model and thereby testing the CDM paradigm itself.
Although there is no unique way to generalise a dust fluid, the Generalised Dark Matter
(GDM) model has proven useful in CMB applications.1,2,3 The 3 new parameters of the model
describe DM as an imperfect fluid with pressure and shear viscosity. I present new constraints
from Planck data for constant and generally time dependent GDM parameters. Our new
results constrain for the first time the abundance of DM and the level of “coldness” required
of DM across different cosmological epochs, showing no challenge to the CDM paradigm.4

1

Generalized Dark matter

The evidence for Cold Dark Matter (CDM) has been mounting up for over 80 years 5 culminating
in a precise measurement of its abundance to be 26±1% of the total energy budget,6 and spectacular demonstrations of its gravitational footprint and collisionless nature through observations
of colliding galaxy clusters.7 Many more independent astrophysical and cosmological observations created this concordant picture. The strongest evidence for DM phenomena being due to
some new particle species (or more generally some gravitating degree of freedom), rather than
due to some modification of gravity, is the observed ability of DM sources of the gravitational
potential to spatially separate from baryonic sources.6,7,8 DM’s non-baryonic nature is inferred
from the abundance of light elements.9 Many extensions of the standard model of particle physics
(SM), whose purpose was to solve problems within the SM, predict as byproduct the existence
of particles, like axions, wimps or a sterile neutrino, which are perfect CDM candidates. They
are non-baryonic, electrically neutral and for most practical purposes cold and collisionless and
therefore approximately described as pressureless perfect (dust) fluid,
Tcµν = ρc uµc uνc .

(1)

On the other hand despite extensive searches 10,11,12,13,14 there is still no non-gravitational evidence for DM. We therefore should exploit all the available cosmological data to test the CDM
paradigm by searching for properties beyond the dust fluid. This requires modelling the DM
component with a more general stress-energy-momentum-tensor
Tgµν = ρg uµg uνg + Pg (g µν + uµg uνg ) + Σµν
g .

(2)

Although axions, wimps and sterile neutrinos can be reasonably well described as dust fluid
in the regime where linear perturbation theory applies, there are subtle differences and these
15,16,17,18,19 Since there exist many more (and
manifest themselves as pressure Pg and shear Σµν
g .
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also more complicated) DM candidates and since there is no strong theoretical prior for any
particular class of models, a phenomenological approach is best suited. In order not to conflate
new physical properties of Tgµν , Eq. (2), with systematic errors due modelling uncertainties of
non-linearities and baryonic processes in the late universe, we primarily use the Planck 2015
CMB anisotropies power spectra for which a linearly perturbed FRW background is an excellent
approximation and baryonic physics is well understood and modelled.
In more detail we used the Planck 2015 data release 20 of the CMB anisotropies power spectra,
composed of the low-l likelihood and the full TT/TE/EE high-l likelihood. These likelihoods
combined are referred to as Planck Power Spectra (PPS). We then also added selectively a prior
on H0 (HST),21 or used the Baryon Acoustic Oscillation (BAO) prior on the late time expansion
history22,23 and the Planck CMB lensing likelihood (Lens).
1.1

GDM definition

One phenomenological model for Tgµν is the Generalised Dark Matter (GDM) model,1 a specific
2
ansatz for Pg and Σµν
g , with three parametric functions: equation of state w, sound speed cs ,
2
and viscosity cvis . In more detail, this ansatz is for the GDM pressure Pg = P̄g + ρ̄g Πg , and

~ i∇
~ j − 1∇
~ 2 δ i Σg , where Πg and Σg are linear scalar perturbations of
shear Σig j = (ρ̄g + P̄g ) ∇
j
3
GDM pressure and shear and P̄g the Friedmann-Robertson-Walker (FRW) background value of
the GDM pressure. W. Hu postulated the following closure equations 1
P̄g = w(a) ρ̄g

ˆg
Πg = c2a (w) δg + c2s (a, k) − c2a (w) ∆
4
Σ̇g + 3HΣg =
c2 (a, k) Θ̂g ,
a(1 + w(a)) vis

(3a)
(3b)
(3c)

ˆ g = δg |rest frame and Θ̂g = θg |Newtonian are gauge invariant combinations, H = ȧ/a,
where ∆
where a dot refers to a derivative w.r.t. cosmic time t, and c2a = w − 13 d ln(1 + w)/d ln a is the
adiabatic sound speed. The conservation equations ∇µ Tgµν = 0 give the remaining equations
for the GDM background density ρ̄g and density perturbation δg and as well as the GDM
velocity perturbation θg . Together with the Einstein equation Gµν = 8πGTµν , where T µν =
Tg µν + TΛ µν + TSM µν + ... , is the total stress-energy-momentum tensor, the system of equations
is closed and can be implemented in Einstein-Boltzmann solvers.2
1.2

GDM imprints on the CMB and constraints on constant GDM parameters

Expanding analytic solutions for ρ̄g and the Newtonian potential Φ̂ (sourced only by GDM) in
small w, c2s , c2vis  1, and assuming that these parameters are constants, gives2
q
8 2
a3 ρ̄g ∝ ωg(0) (1 + 3w ln(1 + z)) ,
kd−1 ' η c2s + 15
cvis ,
(4)
where kd−1 is the scale below which the potential Φ̂ starts to decay and η is conformal time.
These relations explain the key imprints of the GDM parameters on the temperature power
spectrum. The first equation relates the GDM equation of state w and present day abundance
(0)
ωg to its abundance ρ̄g at earlier times. The GDM abundance affects both the angular diameter
distance d∗A to last scattering at a = a∗ , and thus peak positions, as well as the time of matter
radiation equality aeq and thus relative peak heights, with the latter being the more important
effect. The decay of Φ̂ below kd−1 mainly causes a reduction of the lensing potential, amplifying
slightly acoustic peaks and throughs.3 All three parameters assumed to be independent constants
have been jointly constrained with the CMB alone (PPS+Lens) to be
w = 0.00066+0.00434
−0.00427 ,
at 95% C.L., consistent with

ΛCDM.3,24

c2s < 1.92 × 10−6

c2vis < 3.27 × 10−6

(5)

Earlier studies only constrained one or two parameters.25,26

142

Figure 1 – Left: 99% confidence regions on the EoS of DM, w(a) for σa = 0. The 8 bins are indicated by the large
ticks on the a-axis. Right The 68% and 95% contours of the 1D marginalized posteriors on the DM abundance
ωg (a) for σa = 1/20. In both figures the inset shows the region between ã7 = 10−4 and ã5 = 10−3 magnified.

2

Time dependent equation of state

Previous studies either assumed constant GDM parameter or parameters scaling as ∝ a−2 motivated by warm dark matter.24 Here,4 we allow the DM EoS w(a) to vary more freely in time
than all previous studies. In the following we set c2s = c2vis = 0. One could also conservatively
allow for general c2s (a, k) and c2vis (a, k) and marginalize over them. However, as w is almost
uncorrelated with c2s and c2vis ,3 we expect such procedure to give constraints on w(a) similar to
those with c2s = c2vis = 0. We denote a GDM model with c2s = c2vis = 0 by wDM.
A sufficiently general time-dependence of w was achieved by binning its evolution into N = 8
scale factor bins, whose edges are ãi = 10{0,−1,−1.5,−2,−2.5,−3,−3.5,−4} . The bins were smoothly
connected using


wi − wi+1
ln(a/ãi+1 )
wi + wi+1
w(a) ≡
erf
+
(6)
2
σa
2
√
for ai+1 < a < ai , with bin centers ai = ãi ãi+1 for 1 ≤ i ≤ N − 2 while a0 = 1 and aN −1 = 0.
Because of a degeneracy of w and Λ, we chose a wider bin in the late Universe.
The σa parameter controls the transition width between bins; it was set to 1/20 so that the
transition is small compared to the bin width. We tested that this choice does not affect our
conclusions. We implemented this wDM model in the Boltzmann code CLASS. 27,2,3,4 The full
ΛCDM model in which CDM is replaced by wDM will be denoted by ΛwDM.
We define a dimensionless scaled wDM density
ωg (a) ≡ a3 ρ̄g

8πG
.
3 × (100 km/s/Mpc)2

(7)

When w = 0 through cosmic history, ωg is a constant equal to the conventional dimensionless
CDM density ωc . In general however, ωg varies over time and is fully determined by the N + 1
(0)
(i)
parameters ωg , wi . We use the notation ωg = ωg (ai ) and similarly for other functions with
(0)
subscripts, so that the present day DM abundance is ωg = ωg (a0 ). Our parameter constraints
were obtained as in described in our previous work.3 Our total set of cosmological parameters is
(ωb , ωg(0) , H0 , ns , τ, ln 1010 As , wi )

(8)

consists of 6 ΛCDM parameters and the 8 values wi . We denote the ΛwDM model with 8 bins
as “var-w ” and the previously studied model 3 with w = const as “const-w ”.
Our main results are constraints on the time dependence of DM EoS w(a) and abundance
ωg (a) shown in Fig. 1. For comparison, we also show the constraints on the const-w model.3
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In the left panel of Fig. 1 we observe that ΛCDM (the thin black line, see inset) lies in the
99% confidence region of the const-w model, which in turn lies in the 99% confidence region of
the var-w model, such that the constraints are nested like the models themselves. There is no
evidence for significant deviations of the DM EoS from 0 at any time. Consequently, any model
selection criteria will favor ΛCDM. The constraints on w are the strongest between a6 and a5
enclosing matter-radiation equality aeq ' 3 × 10−4 , and are about a factor 2 weaker compared
to the const-w model. In other bins the constraints on w weaken significantly. Adding the
BAO or HST dataset has only a minor effect on var-w constraints and only tightens limits
in the rightmost bin. As was the case for the const-w model,3 adding CMB lensing does not
significantly improve the constraints.
Let us now compare in more detail the DM abundance ωg (a) of the var-w and const-w models
focussing only on the two dataset combinations PPS and PPS+BAO+Lens. In the right panel
of Fig.1 we see that, like w(a), ωg (a) is most tightly constrained between a6 = 10−3.75 and
a5 = 10−3.25 , in fact almost as tightly as for the const-w model (see inset). Around a = 0.4
there is another squeeze in the constraints of ωg from PPS, which extends to a ∼ (0.08, 0.4)
when BAO or HST are included. The reason for the two squeezes in the constraints on ωg is
the aforementioned twofold effect of the DM abundance on the PPS peaks: i) relative peak
heights via aeq , ii) peak positions via d∗A . At all times a vanishing DM abundance (ωg = 0) is
inconsistent with the data. More details, in particular a discussion on degeneracies can be found
in our recent work.4
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The Q & U Bolometric Interferometer for Cosmology (QUBIC) is a cosmology experiment
which aims to measure the B-mode polarization of the Cosmic Microwave Background (CMB).
Measurements of the primordial B-mode pattern of the CMB polarization is in fact among
the most exciting goals in cosmology as it would allow testing the inflationary paradigm, an
exponential expansion occurred during the first 10−33 seconds of the Universe age. A large
number of experiments are attempting to measure the B-modes, from the ground and from
the stratosphere using classic imaging techniques. The QUBIC collaboration is developing
an innovative concept to measure CMB polarization implementing bolometric interferometry
which mixes the high sensitivity of bolometric detectors with an accurate systematics control
due to the interferometric nature of the experiment. QUBIC is at an advanced state of tests
on all sub-systems and we are planning to start with measurements by the end of 2018 from
Alto Chorillo in Argentina.
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1

Introduction

In 2014 there was the first claim of B-mode measurement by BICEP 2 collaboration. The tensor
to scalar ratio r was fixed to 0.2 [1], if dust contamination was negligible. Only one year later
thanks to a joint analysis between BICEP2 and Planck collaboration the upper limit of r was
lowered to 0.12 after only subtracting dust [3]. Most Recently, with Polarbear collaboration, by
using data at little angular scale [2], and by using the scalar spectral index as constraining with
Bicep2/Keck + Planck data the upper limit of r is fixed at 0.07, always lower and lower. There
are a lot of experiment around the world which have the B-mode as the scientific goal: some
from the ground, like QUBIC, Simons Array, Keck, some from balloon-like LSPE, SPIDER,
and PIPER. Each experiment has its particular features, different spectral coverage, different
angular scale and so on. But, for sure, if this experiment would measure r value less then 10−3
have to take into account an accurate foreground and lensing removal and a precise instrument
systematic control. We can improve our foreground model by using different measurement at
different spectral frequencies, but it is impossible knowing all the systematic of the experiment
we used to do that measurement. So we need a new kind of experiment that has the capabilities
to self-calibrate itself. QUBIC is a novel concept of CMB experiment with this feature.

2

QUBIC in a nutshell

QUBIC experiment is composed of around 90 persons spread in 22 labs. In Figure 1, the
blocking scheme of QUBIC is shown. The first optical element, after the filter chain, is the
Stokes Polarimeter. It is composed by a rotating step by step Half WavePlate (HWP) and a
polarizing grid. The Stokes Polarimeter is one of the best ways to separate the polarization
components and modulate them. After that, there is an array of 400 horns pairs. Each horn
pair couples the sky with the telescope, and it is divided by a mechanical switch which permits
to turn on or turn off the horns pair. In this way, you can choose which horns open and which
close. It is also called back to back horns (B2B) array. After the B2B array, there is a primary
and secondary mirror. They made a Fizeau interferometer and opening and closing the switches
you can change the interferometric fringes on the focal plane. A dichroic splits the beam into two
frequency bands, 150GHz and 220GHz. The detector array is made by 1024 TES bolometer,
for a total of around 2K detectors.

Figure 1 – On the left side the block scheme of QUBIC while in right one a renderization of a section

146

2.1

QUBIC best features

We can resume the QUBIC feature as follow:
400 Elements Bolometric Interferometer [4] Since the B2B array couple the sky with a
Fizeau interferometer QUBIC is not a classic imager, but we can observe on the focal plane
directly the Fourier modes of the sky. The FWHM of QUBIC beam is 23.5arcmin.
TES Focal Plane Each focal plane is made by 1024 TES bolometer with a Noise Equivalent
Power (NEP) of 4 · 10−17 W Hz −1/2 . This feature is important to reach the scientific goal
of σ(r) = 0.01 after two years of observation.
Frequency capabilities As already mentioned the two focal plane have different frequency
coverage, 150GHz and 220GHz to better separate the dust polarization component. Since
the QUBIC beam is frequency dependent the experiment can also retrieve spectroscopic
information. This feature is still under study.
Switches on each horn Thanks to turning on/off each horns pair, and decide the interferometric baseline on the focal plane, gives us the possibility to self-calibrate the whole
experiment like an interferometer with unprecedented control of instrumental systematics
with self-calibration.
The self-calibration [5]
In QUBIC, each horns pair defines a baseline (a Fourier mode on the sky) that is transmitted
through the instrument and forms an interference fringe on the focal planes. We can change
baseline by opening different combination of horns. By looking a calibrator in the far field, we
can open a combination of horns pair. By opening a horns pair with the same distance, we
should observe the same interferometric fringes on the focal plane. Differences in interferometric
fringes indicate systematic effects. In this way, we can map and correct the systematic effects
of the beam, polarization leakage, optics misalignment, detectors positioning, etc.
3

QUBIC instrument status

This is a very exciting moment for the QUBIC collaboration. All the parts of the experiment
are spread in the different laboratories. On June all the parts will be delivered at the AstroParticule and Cosmology (APC) in Paris for the assembly phase. After the assembly, an intensive
calibration phase will be carried out. Actually, all the 1K Optics box is ready at the APC and
the mirrors will be aligned thanks to the dedicated system by using a laser diode. In Rome, the
cryostat is been successfully cooled down at 4K. The cryostat is cool down at 4k thanks to two
pulse tube cryocooler for a total of 1, 5 Watts at 4K. Also, the HWP rotation system is developed
in Rome and is under testing. Milano Bicocca and Milano Statale Universities provided all the
parts of the B2B array: the mechanical switches and the horns array.
3.1

Schedula

After an intensive calibration phase, all the experiment will be delivered in is final destination in
Alto Chorillo in Argentina. The site looks like a desert, is at 5000 meters height, at around four
hours from near airport by car. The site efficiency is around 30%. The first light is expected
for January 2019. The technological demonstrator, a version of the instrument with a quarter
focal plane, more little HWP and mode little mirror will measure for six months and after that,
it will be updated.

147

4

Conclusion

The next CMB experiments should take into account a perfect systematics control and an efficient foregrounds separations. QUBIC is a novel concept experiment designed for a total
systematic removal thanks the bolometric interferometer. The experiment is ongoing into integration phase at APC laboratory and it will be sent to the Argentinian observation site after
an intensive calibration plan. The first light of technological demonstrator will be held on first
months of 2019. The instrument will be upgraded after 6 months of data taking.
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THE SIMONS OBSERVATORY
Josquin Errard, on behalf of the Simons Observatory collaboration
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Univ Paris Diderot, CNRS/IN2P3,CEA/Irfu, Obs de Paris, Sorbonne Paris Cité, France

We describe the new generation CMB-polarization instrument, the Simons Observatory, which
will start observing the sky in 2021 from the 5,200 m-high Chajnantor plateau in the Atacama
desert, Chile. The observatory will characterize with high accuracy the CMB intensity and
polarization fluctuations, aiming at a broad range of science targets, from the early to the late
Universe. We will review these science objectives, as well as the instrumental configurations
adopted by the collaboration, as it was presented during the 53rd Rencontres de Moriond, in
La Thuile, in March 2018.

1

Introduction

CMB polarization is a very active research field with many past, on-going and planned observations. After Planck performed a precise, full sky mapping of the CMB fluctuations 1 , the CMB
community is now mainly focusing on the detailed characterization of the polarized signals. The
latter carry complementary informations regarding the physics of the primordial plasma as well
as the formation and evolution of large scale structures, which are studied via the observations
of the gravitational lensing effect and through the detection of galaxy clusters. The Simons
Observatory will have a broad science objective, as schematically illustrated in Fig. 1.
I will describe these targets in section 2 before presenting the adopted hardware solutions
and organization of the observing site in sections 3 and 4.
2

Science objectives

CMB anisotropies contain a tremendous quantity of informations about our Universe, from its
beginnings to its more recent stages. Photons traveling from the last scattering surface carry
knowledge about the primordial plasma, in particular its temperature and its dynamics, and also
tell us which contents with which proportions were present in the Universe at early times. By
mapping the last scattering surface, we directly see the anisotropic perturbations of the spacetime metric, mainly generated by scalar perturbations i.e. density fluctuations, but possibly
also tensor perturbations i.e. gravitational waves. Precisely characterizing these signals tell us
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Figure 1 – Summary of some of the Simons Observatory science goals. Figure adapted from ESO.

about the nature of the perturbations and allow us to test theories that describe the primordial
plasma.
In particular, as quantitatively forecast in the Simons Observatory collaboration (in prep) 2 ,
this new instrument will aim at tightly constraining the tensor-to-scalar ratio after cleaning
foregrounds, with and without delensing, enabling us to robustly constrain e.g. inflationary
scenarios 12 . Detecting these large scale B-modes would lead to strong evidence for quantization
of gravity. But if not detected, we would rule out whole classes of inflationary models 3 . The main
challenge to reach this exciting goal is to remove contamination from the large scale polarized
galactic foregrounds. A common reasoning to perform such cleaning is to discriminate any signal
that does not follow the CMB black body spectrum. The two known main galactic contaminants
are the polarized synchrotron and dust, the former dominating at low frequencies (≤ 70GHz)
and the latter dominating at high frequencies (≥ 150GHz). The expected primordial B-mode
signal is so faint that all microwave frequencies are dominated by these two foregrounds 4 . As we
will describe in section 3, and as it is also illustrated in Fig. 2, the Simons Observatory will be
observing in 6 frequency channels covering frequencies from 30 to 270 GHz with high sensitivity.
This will enable us to reduce galactic contaminants to insignificant amplitudes as compared to
the statistical error bar on B-modes amplitude.
Our approach in forecasting the performance of the Simons Observatory closely follows the
reasoning used by the CMB-S4 CDT 13 . In particular, we use multiple component separation
techniques, parametric and blind, pixel- and harmonic-space-based, with various foreground
simulations — starting from Planck’s results to more exotic possibilities. Our methods give
consistent results with respect to the bias on tensor-to-scalar ratio r and the corresponding
statistical uncertainty. More details are provided in the Simons Observatory collaboration (in
prep) 2 .
On smaller angular scales, CMB anisotropies will give us many informations about the
content and dynamics of the primordial plasma. In particular, unaccounted particles that are
relativistic at the freeze-out of the primordial plasma in the epoch of recombination could have
left an imprint in the small scales of the CMB and will enable us to set tight constraints on the
number of relativistic species, Neff . Similarly to the tensor-to-scalar ratio r, forecasts have been
performed in the presence of galactic and extra-galactic foregrounds 2 .
At the end of recombination the Universe becomes transparent, i.e. the scattering of light
becomes extremely rare. Photons that last scattered at recombination thus travel mostly unper-

150

turbed and allow us to obtain measurements of the primordial Universe. The next phenomenon
in the lifetime of such photon which contributes significantly to its scattering is the epoch of
reionization at redshift around z ∼ 10. Within the first stars, hydrogen atoms get ionized again,
causing a production of anisotropies in polarization. This effect will also be probed on small angular scales by the Simons Observatory, which will characterize the patchiness and the duration
of the reionization down to the percent level.
As CMB photons travel through our Universe, their geodesics get deflected by dark matter
filaments and galaxy clusters via weak gravitational lensing. This causes a smoothing of acoustic peaks and a shift of power to smaller angular scales in the total intensity, E- and B-modes
power spectra. It also introduces non-Gaussian correlations in the measured maps of the CMB.
Using this statistical property we can reconstruct the projected gravitational potential along
the line-of-sight 14 and constrain cosmological parameters or models that describe the formation
and evolution of the structures in the Universe. The Simons Observatory will, for instance, be
P
able to constrain the total mass of neutrinos σ( mν ) 2 , in combination with low-redshifts BAO
measurements from DESI, and inputs from optically-calibrated clusters.
The Simons Observatory will also aim at producing an unprecedented galaxy cluster catalog
at millimeter frequency thanks to its high resolution, sensitivity and sky coverage. Galaxy clusters are the biggest gravitationally bounded objects in the Universe and their abundance gives
us valuable information about the formation of structures and the validity of our cosmological
models. With observations exploiting the thermal and kinematic Sunyaev-Zel’dovich effects, i.e.
the inverse Compton scattering of photons in the intra-galactic medium, we will aim at constraining σ8 at a redshift z = 4 with high precision. This will be complementary to constraints
on the fundamental nature of dark energy at redshifts which cannot be reached by e.g. optical
or spectroscopic instruments. In addition, we will be able to constrain the typical efficiency of
the feedback process within a cluster, as well as the degree of non-thermal pressure support in
these objects.
Finally, the Simons Observatory will look at many other scientific goals, such as primordial
non-Gaussianities, cosmic birefringence and primordial magnetic fields, constraints on the helium fraction, dark matter annihilation and interactions. Furthermore, these CMB observations
will be valuable for the calibration of the multiplicative bias for LSST cluster lensing. We will
create a new sample of dusty star forming galaxies, observe transient sources as well as the
cosmic infrared background to competitive precision.
In order to reach these various science goals, partially summarized in Fig. 1, the Simons
Observatory will cover both large (multipoles 30 ≤ ` ≤ 300) and small angular scales (300 ≤
` ≤ 5000) using two complementary instruments, see section 3.

3

Instruments

To efficiently cover both large and small angular scales of the CMB, the Simons Observatory
adopts one of the recommendations from Barron et al 11 . The observatory will be composed of
two complementary instruments, a large aperture telescope (LAT) and several small aperture
telescopes (SAT), as illustrated in Figs. 3 and 4. In order to clean foregrounds, both telescopes
will cover the six frequency bands mentioned in the previous paragraph, shown in Fig. 2. These
bands correspond to the available microwave atmospheric windows from the ground. They have
been chosen to provide a good lever arm on synchrotron and dust emissions, with most of the
instrumental sensitivity lying in the CMB-dominated channels at 90 and 150GHz.
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Figure 2 – Frequency bands that will be exploited by the Simons Observatory, overplotted on transmission of the
atmosphere (left panel) and the foregrounds emissions (right).

Figure 3 – Preliminary design for the Simons Observatory site, as of March 2018.
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Figure 4 – Rendering of the large aperture telescope (a) with its receiver (b), on the side of the three small
aperture telescopes (c).

3.1

Large aperture telescope (LAT)

The LAT will be a 6-meter crossed Dragone telescope fed by up to 13 optics tubes, each of them
having a diameter of 38 cm. Our baseline configuration consists of seven di-chroic tubes for the
Simons Observatory with the following frequency distribution:
• one tube at 30 and 40 GHz,
• four tubes at 90 and 150 GHz and
• two tubes at 220 and 270 GHz.
This distribution has been obtained by optimizing the sensitivity to the targeted cosmological
parameters under consideration of foregrounds cleaning.
The LAT is a two-mirror design with a side-looking camera, shown in Fig. 4 and on the left
panel of Fig. 5. The camera will rotate with the elevation axis, and the back of the camera
will be accessible while installed on the telescope. The design is developed in collaboration with
the CCAT collaboration 15 and built by Vertex Antennentechnik GmbH. Although the telescope
is capable of hosting more than 100,000 detectors, we will target a first deployment of 40,000
detectors for the Simons Observatory project, in a cryostat able to accommodate more than
70,000.
Each tube (1.5m × 42cm) in the cryostat will have three anti-reflection coated silicon lenses,
a cold (1K) Lyot Stop and a 100 mK detector cavity to host the universal focal plane module
described in paragraph 3.3. Each tube will typically have a three 6”-diameter silicon wafer,
making a 28-cm-diameter focal plane. The Simons Observatory will have 40,000 detectors sitting
on 20 wafers.
As the primary goal of the LAT is to characterize large scale structures properties such as
neutrino mass 10 , the instrument will observe a relatively large fraction of the sky, fsky ≈ 40%.
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Figure 5 – Left panel: slice through the Large Aperture Telescope. Right: slice through the optic tube of one of
the three Small Aperture telescopes.

3.2

Three small aperture telescopes (SAT)

The Simons Observatory will have three 42-cm diameter refractors, shown on the right panels
of Figs. 4 and 5. They will cover the same frequency bands as the LAT.
Each tube will have a forebaffle, a refractive continuously rotating cryogenic half-wave plate, a
1K cold stop, three lenses, and a dilution-refrigerated focal plane populated with multichroic
detectors sitting on 7 wafers. Similar to the LAT, the small aperture cameras will host 20 wafers
of 40,000 detectors total. Each telescope will observe in two frequency bands. To get an optimal
distribution of sensitivity, the low frequency focal plane (30 and 40GHz) will be replaced after
one year of integration by a medium frequency focal plane 2 .
Complementary to the LAT, as the primary goal of the SAT is to characterize B-modes at large
angular scales, the instrument will observe a relatively small fraction of the sky, fsky ≈ 10%
or less. This way the measurement of large scale B-modes and the tensor-to-scalar ratio r will
be dominated by signal-variance – mainly lensing, which we can in principle remove through
delensing.
3.3

Detectors and readout

Two types of detectors will be used: the Spline Horn Array (developed at NIST) 16 and the
sinuous antenna coupled to a lenslet array (developed by Berkeley) 17 . The Simons Observatory
is developing a universal focal plane module (UFM), which will allow to have a common interface
for the two types of detectors. Both technologies will be read out with the same frequency
multiplexing system.
The readout system will be based on a frequency domain multiplexing: a comb of narrow
frequency bands (tones) will be sent in, and each detector will be coupled to a resonant circuit
such that its output signal will be converted to a change in the resonance of the circuit. The
technology envisaged for the Simons Observatory, called uMux, uses a current through the TES
that couples a flux into a flux-variable inductor in an LC circuit.
4

Conclusions

The Simons Observatory is about to be built next to the Atacama Cosmology Telescope 7 , the
Simons Array 8 and CLASS 9 sites, as illustrated in Fig. 3. The site is located at 5,200 meters
above sea level in one of the driest places on Earth 18 : the left panel of Fig. 2 shows the typical
values of the precipitable water vapor that are experienced at the site. This location will also
enable the Simons Observatory to observe a large fraction of the sky, overlapping with optical
surveys such as LSST 5 and Euclid 6 .
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The Simons Observatory collaboration gathers more than 160 researchers from across more than
10 countries and more than 40 institutions.
The time scale for the project is summarized in Fig. 6. As of Spring 2018, we are finalizing the
designs for the SAT and LAT, along with the instruments and preparation of the site. The analysis teams are moving from the design optimization to the development of the analysis pipelines.
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Figure 6 – Time line for the Simons Observatory project.

Stay tuned for the exciting deployment of the Simons Observatory project!
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Variations of fundamental constants in the recombination epoch
Luke Hart
Jodrell Bank Centre for Astrophysics, University of Manchester, Alan Turing Building,
Manchester, M13 9PL, England

The modern era of precision cosmology has led to numerous observables that can be used
to test physics beyond the standard model of cosmology. The temperature and polarization
anisotropies of the cosmic microwave background allow us to constrain variations in fundamental constants such as the fine structure constant αEM and the electron rest mass me .
We’ve tested these changes for constant variations as well as redshift dependent models such
as αEM (z) = αEM,0 ((1 + z)/1100)p . By extension, we have also included a principal component analysis to calculate the general form of the most constrained variation for a given
CMB dataset. The future work is to isolate these components for the Planck data whilst also
applying these models to forecasts for the cosmological recombination lines.

1

Introduction

Modern day measurements of the CMB anisotropies have allowed unparalleled tests of the ΛCDM
model of cosmology. The most recent advances from missions such as the Planck team in space
and the ACT/SPT efforts from the ground have given us very precise measurements on the
CMB anisotropies. At this level of precision, we can test many different theories beyond the
standard model.
One of these observable changes is the variation of fundamental constants, described in full
by J.P. Uzan (2011) 1 . Specifically, changes in the fine structure constant could point to newer
physics at the particle frontier. The fine structure constant can be related to the electromagnetic
and electroweak coupling leading to tests in the electroweak sector. A well known modification
to the standard model was proposed by J. Bekenstein 2 including a generalised framework of
electromagnetism where a non-standard coupling to the electromagnetic tensor gives rise to
variations in αEM . We will effectively only consider the recombination history a . The implications
on the CMB anisotropies from these variations have been studied in several cases 4 and the most
recent constraints have been covered by the Planck Collaboration 5 .
a

This isn’t exactly true: more details on this in Hart and Chluba (2018) 3 .
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2

Effects on the recombination history

The changes in the recombination history due to the different variations of fundamental constants are shown in Fig. 1. For both variations in αEM and me , we can see that the dominant
contribution comes from the effective energy rescaling in the Boltzmann factors. This negative
change, ∆Xe /Xe < 0 has the effect of accelerating the recombination process. The Lyman
α rates along with the two-photon decay rate (A2s1s ) accelerate recombination as well but for
much smaller rates, particularly in the case of changing the mass of the electron. Whilst the net
effect of rescaling the recombination and photoionization transition rates leads to a low redshift
acceleration in changes in αEM , from Fig. 1, we can see that this is a different effect in me .
Around the maximum of the Thomson visibility function (z ∼ 1100), the net effect of these
transitions is actually a delay of recombination (∆Xe /Xe > 0), due to the relationship of the
6 m ) which liberate more electrons.
photo-ionization rates (βphot ∝ αEM
e
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Figure 1 – Relative changes in the recombination history due t a 0.1% variation in αEM (left) and me (right).
This includes the different contributions to the changes from the different sources of recombination physics. 3

2.1

Adding a redshift dependence

In Hart and Chluba (2018) 3 , we introduced a redshift dependent model to the recombination
history. This anchored variations around the peak of the Thomson visibility function according
to the formula,


1+z p
αEM (z) = αEM,0
.
(1)
1100
The power law defined in (1) has been selected with the pivot redshift zpiv ∼ 1100 since these
changes don’t alter the value of αEM around the maximum of the Thomson visibility function.
Variations due to the power law can be decoupled from variations due to the acceleration/decay
of recombination. When p > 0, the epoch of recombination (width of the Thomson visibility
function) is stretched to a wider range. However when p < 0, the epoch of recombination is
compressed to a smaller range of redshifts.
3

Propagating the effects through to the CMB anisotropies

The Thomson visibility function is dependent on the recombination history. When this is
changed as a function of the fine structure constant or the electron rest mass this changes,
this propagates through to the visibility function and then to the CMB anisotropies. For positive changes in the fine structure constant (∆αEM /αEM > 0), the Thomson visibility function
peak is shifted to smaller redshifts whilst the width of recombination is broadened out. The
changes for me are similar but of much smaller magnitude. These lead to shifts in the peaks of
the CMB anisotropies to smaller scales whilst increasing the overall amplitude, due to a smaller
amount of Silk damping. The relative changes of the CMB power spectrum as a function of
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Figure 2 – The recombination history changes due to a power law p defined by αEM (z) = αEM,0 ((1 + z)/1100)p .
In this model, a positive power law stretches recombination whilst a negative one squashes it as shown.3

several different parameters can be seen in Fig. 3. The changes due to variations in αEM are very
similar to changes due to me . The different ways that the Thomson cross section σT , affects
the recombination history for αEM and me incurs a small extra tilt in the me variations of the
CMB power spectra. The power law p leads to an amplitude shift in the anisotropies. When
p > 0, the longer recombination epoch leads to increased Silk damping and so the anisotropies
are suppressed.
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Figure 3 – Relative changes in the temperature power spectrum as a function of different parameters. Here we
have added the changes due to rescaling both the fundamental constants, the power law p and the CMB monopole
temperature T0 .3

3.1

Constraints with MCMC analyses

The fundamental constants parameters were added to the conventional 6 parameters in the
ΛCDM model for an MCMC analysis, with Planck b data. Some of the most correlated contours
are shown in Fig. 4. There is a strong degeneracy between αEM and H0 due to their similar
effects on the CMB anisotropies. However as shown in Fig. 4, H0 is decorrelated from p as
expected. Whilst the constraint between αEM and me has shrunk between the 2013 and 2015
data, it still requires an additional probe such as BAO to reduce the degeneracy sufficiently.
4

Principal component analysis for the general form of variations

Once the redshift dependent cases can be constrained, we can create a general set of basis functions for deviations in redshift space. These can be any set of complete functions, however in
our analysis we use Gaussians as they are smooth functions easily incorporated into the Boltzmann codes. These small deviations in parameter space will give responses in the observable,
b

Planck TTTEEE + lowTEB + lensing (2015) using CosmoMC
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in this case Cl , the angular power spectrum of the CMB anisotropies. Once we combine these
responses with an effective noise parametrised by a covariance matrix Σ, we can calculate the
Fisher information matrix Fij ,
Fij = ∂i Cl · Σ−1 · ∂j Cl ,

(2)

where i, j are indices representing central redshifts for these small parameter changes. The
preliminary principal components due to a CVL experiment are shown in Fig. 5. Whilst this
work has already been done for the recombination history Xe 6 , we are currently preparing a
submission for publication on the fine structure constant αEM using this method 7 .
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Figure 5 – Principal components when adding small basis functions in Xe and αEM space for a cosmic variance
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Can the CIB constrain the dark energy?
A. Maniyar1 , G. Lagache1 , M. Béthermin1 , S. Ilić2
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2
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Galaxies are often used as tracers of the large scale structure (LSS) to measure the Integrated Sachs-Wolfe effect (ISW) by cross-correlating the galaxy survey maps with the Cosmic
Microwave Background (CMB) map. We use the Cosmic Infrared Background (CIB) as a
tracer of the LSS to perform a theoretical CIB-CMB cross-correlation to measure the ISW
for different Planck HFI frequencies. We discuss the detectability of this ISW signal using a
Signal-to-noise ratio analysis and find that the ISW detected this way can provide us with
the highest SNR for a single tracer ranging from 5 to 6.7 (maximum being for 857 GHz) with
the CIB and CMB maps extracted over the whole sky. A Fisher matrix analysis showed that
this measurement of the ISW can improve the constraints on the cosmological parameters;
especially the equation of state of the dark energy w by ∼ 47%. Performing a more realistic
analysis including the galactic dust residuals in the CIB maps over realistic sky fractions shows
that the dust power spectra dominate over the CIB power spectra at ` < 100 and ISW can’t
be detected with high SNR. We perform the cross-correlation on the existing CIB-CMB maps
over ∼ 11% of the sky in the southern hemisphere and find that the ISW is not detected with
the existing CIB maps over such small sky fractions.

1

Integrated Sachs-Wolfe effect and Cosmic Infrared Background

ISW effect is a potential powerful probe of the dark energy. It’s the low-redshift counterpart of
the Sachs-Wolfe effect happening at the last scattering surface. The ISW occurs in an Universe
not dominated by matter. As the dark energy starts dominating, it causes the gravitational
potential wells and hills on large scales to decay. As a result, the CMB photons travelling across
them undergo a net gain or loss of energy for potential wells and hills respectively. It is the
dominant contribution to the CMB power spectrum at large angular scales and has a very small
amplitude. Unfortunately, at these scales, the statistical noise due to cosmic variance is of the
same order of magnitude as the signal making the ISW detection in the CMB alone extremely
challenging. A non-zero spatial correlation between the CMB anisotropies and tracers of the
large scale matter distribution is expected, and can be used to extract the ISW signal. In this
study, we follow the approach of Ilić et al(2014)1 and use the CIB as a LSS tracer for this purpose.
The CIB is the weighted integral of the dust heated by the young UV-bright stars within the
galaxies through the cosmic time. Anisotropies in the CIB trace the large scale distribution of
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the galaxy density field and hence, the underlying distribution of the dark matter haloes which
host these galaxies, up to a bias factor. Therefore, the CIB can be used as a tracer of the LSS.
1.1

CIB, CIB-CMB lensing modeling

The ISW dominates at the lower multipoles (large angular scales) where the clustering is dominated by the correlation between the dark matter haloes and non-linear terms can be ignored.
We use the linear CIB model presented in Maniyar et al (2018)2 . The linear power spectrum is:
0

Clν×ν =

Z

dz dχ 2 2
a bef f j̄(ν, z)j̄(ν 0 , z)Plin (k = l/χ, z)
χ2 dz

(1)

where Plin (k, z) is the linear theory dark matter power spectrum, χ(z) is the comoving distance
to redshift z and a = 1/(1 + z) is the scale factor. bef f is the mean bias of dark matter haloes
hosting dusty galaxies contributing to the CIB at a given redshift weighted by their contribution
to the emissivities (Planck Collaboration (2014)3 and Maniyar et al (2018)2 ) and is called the
effective bias. j̄ is the mean comoving emissivity of the CIB galaxies. It can be seen from
Eq. 1 that bef f and j̄ are degenerate. To break this degeneracy, we utilise the CIB-CMB lensing
cross-correlation which is given by
Clνφ =

Z

3
χ∗ − χ
bef f j̄(ν, z) 2 Ωm H02
Plin (k = l/χ, z)dχ ,
l
χ∗ χ




(2)

where χ∗ is the comoving distance to the CMB last scattering surface, Ωm is the cosmological
matter density and H0 is the value of the Hubble’s constant today. From Eq. 2, we see that Clν,φ
is proportional to bef f , whereas, ClCIB is proportional to b2ef f . Thus, using also the CIB-CMB
lensing potential correlation in the likelihood helps us partially resolve the degeneracy between
bef f and j̄ parameters. Details of all the parameters of the model and various data-sets used to
fit the model are given in Maniyar et al (2018)2 and Maniyar et al (in prep)4 .
2

CIB-ISW cross-correlation and cosmological constraints

The SNR for the ISW obtained through the CIB-CMB cross-correlation is given as:
h S i2

N

(ν) =

`X
max
`=2

(2` + 1)

fsky [C`CIBxCMB (ν)]2
[C`CIBxCMB (ν)]2 + [C`CIB (ν) + N`CIB (ν)] C`CMB

(3)

where the NCIB
(ν) term contains the galactic dust residuals left in the CIB maps and fsky
`
represents the fraction of the sky common to the CMB and the CIB maps.
2.1

Ideal case

The ideal case assumes that the CIB and the CMB maps are extracted over the full sky and
are completely dust-free i.e. NCIB
(ν) = 0 and fsky = 1. The only limiting factor is the cosmic
`
variance and we get the highest SNR in this scenario.
Left panel of Fig. 1 shows the cumulative SNR for the ISW at each frequency. We observe that
the multipoles up to ` ≤ 50 contribute the most to the SNR and it could reach as high as 6.7
for 857 GHz. With a signal observed at such high SNR, the CIB-ISW cross-correlation can
be a competitive probe of the cosmology and the dark energy. We therefore perform a joint
Fisher matrix analysis with the CMB, the CIB-CMB lensing and CIB-ISW cross-correlation to
compute the improvement in the constraints on the cosmological parameters. Combining the
information from the CIB and CMB alone in a Fisher matrix provides with constraints on the
cosmological parameters. Adding the information from the CIB-CMB lensing cross-correlation
as well as the ISW obtained through the CIB-CMB cross-correlation further improves these
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Figure 1 – Left panel shows the predicted cumulative SNR for different Planck frequencies in the ideal case. The
right panel shows the power spectra of the CIB and the galactic dust at 353 GHz and 3000 GHz with black and
red lines respectively. The dust power spectra have been calculated over 20, and 80% of the sky.

Table 1: The predicted improvement in the constraints on the cosmological parameters after adding the
CIB×Lensing and the ISW signal in the CIB + CMB Fisher matrix for 100% sky for ΛCDM model.

% improvement on the CIB+CMB constraints with the ISW over 100%
Parameters
H0 Ωb h2 Ωc h2
τ
ns
[CIB + CMB] + CIB×Lensing
1.62 0.79 1.49 4.58 0.58
[CIB + CMB + CIB×Lensing] + ISW 6.86 2.32 8.77 16.9 4.77

sky
109 As
5.12
16.29

constraints. Table 1 shows this improvement in the context of the ΛCDM model. We observe
an improvement of 6% on the constraints on Ωm (and hence ΩΛ ) and of 11% on τ (and hence
109 As as they are positively correlated) after adding the ISW information alone on top of the
CIB + CMB + CIB-CMB lensing cross-correlation information.
In a flat Universe, the ISW directly results from the dark energy and it has a strong dependence
on the equation of state of the dark energy w = P/ρ. In the ΛCDM model, w is kept constant at
-1. In the wCDM model, w is a free parameter along with the 6 other cosmological parameters
of the ΛCDM model. Due to the geometrical degeneracy between w and H0 , CMB data alone
can not constrain both these parameters together. Therefore, external data sets like baryonic
acoustic oscillations (BAO) and supernovae type Ia (SNe Ia), with the low redshift distance
measurements are used with the CMB data to break this degeneracy. As in the case of the
ΛCDM model, Tab. 2 shows the improvement in the constraints on the cosmological parameters
in the context of the wCDM model. We observe an improvement of 47% on the constraints on
w and of 18% on τ and 109 As after adding the ISW information alone on top of the CIB +
CMB + CIB-CMB lensing cross-correlation + Ext (BAO + SNE Ia + H0 prior) data.
2.2

Realistic case

On a large part of the sky, we have strong emission from our own Galaxy. This emission is much
higher than the CIB signal. This prevents us to extract the CIB signal over the part of the
sky where the galactic plane resides and reduces the available sky fraction for measurement by
30%. Even in the remaining part of the sky, the CIB maps are contaminated by dust that needs
to be removed. This removal leaves residual noise and has to be accounted for in the analysis.
We calculate the dust power spectra at different frequencies for different sky fractions. Right
panel of Fig. 1 shows the CIB and the galactic dust power spectra at 353 and 3000 GHz for
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Table 2: The predicted improvement in the constraints on the cosmological parameters after adding the
CIB×Lensing and the ISW signal to the CIB+CMB+BAO+SNe Ia+H0 prior for 100% sky for the wCDM model.

% improvement on the CIB+CMB+Ext constraints with the ISW over 100% sky
Parameters
H0
w
Ωb h2 Ωc h2
τ
ns
[CIB + CMB + Ext] + CIB×Lensing
3.83
2.60
0.33
0.52
3.67
0.24
[CIB + CMB + Ext + CIB×Lensing] + ISW 31.06 49.17 5.13 26.35 22.64 12.41

different sky fractions. The dust power spectra dominate over the CIB power spectra at lower
multipoles where we expect to extract the ISW signal. As mentioned in Planck Collaboration
(2014)3 , the dust residuals are of the order of 5-10% on the power spectrum. In our analysis,
we take the conservative 10% dust residuals of Cdust
(ν) as the noise term. From Eq. 3, we see
`
that the NCIB
(ν) term is quite big compared to the ideal noiseless ideal case and the SNR drops
`
quite drastically with values from 0.5 for 3000 GHz to 1.5 for 353 GHz for 20% of the sky.
3

Conclusions

Using the CIB as a tracer of the LSS, we calculate the theoretical prediction for the crosscorrelation of the CIB with the CMB to extract an ISW signal. We find that the ISW could
be obtained with the highest SNR (reaching up to 6.7 for 857 GHz) for a single tracer with
this technique when the CIB and CMB maps are dust-free and are extracted over the whole
sky. We show that the ISW detected at such high SNR can improve the constraints on the
cosmological parameters quite considerably; especially the constraints on the equation of state
of the dark energy are improved by ∼ 47%. However, in the realistic case, we are limited by the
presence of the galactic dust residuals in the maps and also by the available sky fractions over
which the maps are extracted. When the same analysis is performed with the addition of 10%
galactic dust residual power spectra, they completely dominate over the CIB at lower multipoles
of interest and obtaining an ISW signal with high SNR is not possible anymore. In the end,
we also performed the cross-correlation of the CIB and the CMB Planck maps over ∼ 11% of
the southern sky in a field named ’GASS’ (Planck Collaboration (2014)3 ). The CIB map in the
GASS field is the cleanest CIB map currently published. We find that with the cross-correlation
performed over such a small sky fraction and with the CIB maps containing the dust residuals,
we don’t detect the ISW signal. In future though, with the availability of the CIB maps with
better galactic dust removal, this method will be very powerful to detect the ISW with a high
SNR and thereby constraining the dark energy parameters ΩΛ and w.
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Cosmological constraints from the thermal Sunyaev Zeldovich power spectrum?
Boris Bolliet
Jodrell Bank Centre for Astrophysics, School of Physics and Astronomy, The University of Manchester,
Manchester, M13 9PL, U.K.
The latest Planck results on the power spectrum of the Compton-y parameter are the most
accurate probe of the thermal Sunyaev Zeldovich (tSZ) effect caused by resolved and unresolved clusters of galaxies. On large angular scales, the power spectrum amplitude is mostly
due to the statistical distribution of clusters in the sky and therefore is an indirect probe of
the clustering of matter, σ8 , as well as the angular diameter distance that depends on other
cosmological parameters such as the Hubble parameter, h, and the matter density Ωm . Here
I discuss the constraining power of the tSZ power spectrum, in light of the Planck Compton-y
map data, and our current understanding and measurements of the intra-cluster medium.

The Planck mission is a benchmark for precision cosmology. Three major outputs deserve a
special emphasis: first, the Planck Collaboration enabled us to measure the cosmological parameters of the ΛCDM model with unprecedented accuracy, significantly improving over WMAP
results. This was crucial for ruling out some models of inflation and to pave the way for the
forthcoming CMB primordial gravitational wave experiments. Second, the Planck Collaboration
produced the first ever full-sky map of the lensing potential. This characterises the distribution
of the dark matter over the entire observable universe. Third, it measured the locations, sizes
and SZ fluxes of more than four hundred clusters of galaxies as well as the diffuse SZ effect
coming from all the clusters of galaxies in the observable universe: the full-sky Compton-y map
[1]. This last point is the focus of this proceeding.
The thermal SZ effect is the Compton scattering of CMB photons by the hot gas of electrons
that surrounds galaxy clusters, filling the potential wells created by the dark matter [2]. It is a
frequency dependent effect which results in a decrease of the intensity of the CMB spectrum at
low frequencies and an increase at high frequencies, with a crossover frequency at 217GHz. The
SZ effect is quantified by the Compton-y parameter, proportional to the integral of the electron
temperature over the intra-cluster medium (ICM). For the tSZ effect, the Compton-y parameter
is a positive dimensionless number of order 10−6 . Positive because the electron temperature in
the dark matter halo is higher than the CMB temperature: energy flows from the electrons to
the CMB photons.
Thanks to the unique frequency signature of the SZ effect, the Planck Collaboration was
able to extract the full-sky Compton-y parameter map using components separation algorithms
such as NILC on its temperature maps [3]. As far as cosmology is concerned, rather than the
astrophysics of the ICM, two types of analyses can be carried out using the SZ data. On the
one hand, the number count analysis exploits the statistical distribution of the resolved clusters
with respect to their masses and redshifts [4]. On the other hand, the power spectrum analysis
exploits the two-point correlation function of the full-sky Compton-y map, to which all clusters
(resolved and uresolved) are contributing [1]. Here we are interested in the latter.
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The component separation algorithms can not produce completely clean individual component maps, there is always a leakage of the other components into the individual component
maps. In particular, the Compton-y map is significantly contaminated by the cosmic infrared
background (CIB), the emission from radio point sources (RS), infra-red point sources (IR)
and instrumental correlated noise (CN). Hence, a realistic decomposition of the angular power
2
spectrum of the Compton-y parameter, C`y , computed from the map is
2

C`y = C`tSZ + ACIB Ĉ`CIB + AIR Ĉ`IR + ARS Ĉ`RS + ACN Ĉ`CN ,

(1)

where C`tSZ represents the contribution from the tSZ effect, while the other terms are the contributions from the other sources and noise. These are tabulated templates and their amplitudes
are treated as nuisance parameters. These contaminants are dominant on small scales, typically
` & 2000, while the tSZ effect represents the main contribution on larger scales. The noise amplitude, ACN , is fixed by comparing the power on the largest multipoles with the noise template,
because the signal is largely dominated by noise on these scales. See [1] for the original Planck
analysis.
What makes the angular power spectrum of the tSZ effect a probe of cosmology? Let us
address this question by looking at the formula for the tSZ power spectrum [5]:
Z
Z
dV
dn
C`tSZ = dz
dM
|y` (M, z)|2 .
(2)
dzdΩ
dM
This is a beautiful and simple formula. The first integral, over redshift, with the differential
volume element, means that the tSZ power spectrum contains the contribution from galaxy
clusters of all ages, all the way to the time when they started forming. The second integral, over
the masses, with the halo mass function dn/dM , means that the tSZ power spectrum contains
the contributions from galaxy clusters of all masses. The last term is the squared amplitude
of two dimensional Fourier transform of the electron temperature (or pressure) profile. This is
where the SZ effect is hidden, and the amazing feature is the redshift dependency. The term
|y` |2 has a redshift dependence, because the angular sizes of a cluster on the map depends on
how far it is from us: an effect of perspective. But this is the only redshift dependence, in
particular, the amplitude of the SZ effect is redshift independent.
At a fixed redshift, clusters are randomly distributed in space. The power spectrum of
randomly distributed point sources is a Poisson spectrum, i.e., C` ' constant. Modelling clusters
as point sources is correct as long as one studies the two-point correlation function on scales
larger than the spatial extension of the cluster, typically for multipoles ` . 103 . At these
multipoles the tSZ power spectrum is therefore a probe of the statistical distribution of clusters
on cosmological scales, and is not sensitive to the physical processes at play in the ICM. On
scales smaller than the spatial extension of clusters the power spectrum decreases, and depends
on the hydrodynamical states of the ICM. The tSZ power spectrum is generally presented in
units D` = `(` + 1)C` /2π and peaks at around ` = 3000, see figure 1.
The halo mass function quantifies the number of clusters per unit mass, per unit volume, at a
given redshift. In practice, it is an analytical formula inspired by the Press-Schechter formalism
that is fitted to the results of N-body simulations [6]. Its main variable is the variance of the
over-density field smoothed over spherical regions that enclose the mass M (the halo mass):
dn/dM ∝ f (σ, z) with
Z
dk k 3
σ 2 (M, z) ≡
P (k, z) W 2 (kR) ,
(3)
k 2π 2
where W is the top-hap window function that defines the spherical regions with size R =
[3M/4πρm0 ]1/3 and P (k, z) is the linear matter power spectrum. This is why the tSZ power
spectrum at large scales exhibits a strong dependence on the amplitude of clustering of matter,
i.e., σ8 .
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The electron pressure profile, that enters |y` |2 , is crucial for both the small and large scale
tSZ power. On small scales, the morphology of the halos determines the spatial variation of the
electron pressure with respect to the centre of the halo which in turns affects the tSZ power.
On large scales, the total integrated pressure contributes to the amplitude of the tSZ power
spectrum, this essentially depends on the mass of the clusters rather than their morphology.
The parameterisation of the electron pressure profile, as a function of the cluster mass relies on the scaling relation between the SZ flux and the mass inferred from X-ray observations.
However, when one compares the mass inferred from X-ray observations to their ‘true’ mass,
obtained for instance from lensing, there is an important mismatch which remains partly unexplained. It leads to the introduction of a bias parameter B in the formula of the electron
pressure profile, the so-called mass bias.
We implemented the computation of the tSZ power spectrum in CLASS and studied the
scaling of the tSZ power with the cosmological parameters and the mass bias [7]. On large
scales the dependence is well approximated by
−3.2 −1.7
`(` + 1)C`tSZ ∝ σ88.1 Ω3.2
h
for ` . 103 .
m B

(4)

Then, with Montepython [8], we searched for the cosmological parameters and foreground amplitudes that minimise the log likelihood −2 ln L = χ2 + ln |M | + const., where



X  y2

2
2
2
χ2 ≡
C`a − Ĉ`ya
M −1 aa0 C ya0 − Ĉ ya0 ,
(5)
eff

a≤a0

`eff

eff

`eff

2

where a, a0 are indices for the multipole bins running from a = 1 to a = 18, C`ya is computed
eff

2

according to Eq. (1) and (2), Ĉ`ya is computed from the Planck Compton-y map [1], and Maa0
eff
is the covariance matrix. The covariance matrix has two main parts, the Gaussian part which
comes from the cosmic sampling variance and Gaussian instrumental noise, and a non-Gaussian
part which comes from the fact that the halo distribution is not Gaussian. The non-Gaussian
covariance can be computed from the four-point correlation function of the Compton-y, or
analytically using the trispectrum formula following [9]. We adopted the later strategy.
The non-Gaussian covariance was omitted in the Planck analysis, but it turns out that it
is an essential piece for the cosmological parameter extraction. It dominates over the Gaussian
covariance on large scales: this is because the low redshift halos may cover a significant fraction of
the sky and lead to non-negligible multipole-to-multipole correlation. At the end, it appears that
the non-Gaussian part of the covariance drives the error bars on the cosmological parameters.
A way around, could be to identify and apply a mask to the halos that cause these correlation.
In our analysis, we varied the six base cosmological parameters, the three foreground amplitudes, and the mass bias. We computed the trispectrum at each step of the MCMC, as it
depends on the cosmological parameters and mass bias. Moreover, we used the information
contained in the Planck SZ catalogue of clusters to impose an upper bound on the combined
foregrounds. Indeed the projection of the SZ fluxes coming from the Planck catalogues on a sky
map yields a lower bound for the tSZ power spectrum. Several authors have already revisited
and extended the Planck analysis, including [10, 11, 12], nevertheless this is the first time that
the analysis is carried out consistently, with all the relevant pieces together. We found a constraint on the parameter combination F ≡ σ8 (Ωm /B)0.40 h−0.21 , motivated by the scaling shown
in Eq. (4). Taking into account the trispectrum resulted in an increase of the error bar on F by
more than a factor of two. We measured F with a 2.5% accuracy: F = 0.460 ± 0.012 at 68%CL.
Then, we marginalized the measured Compton-y map power spectrum over the foregrounds and
correlated noise to deduce the tSZ power spectrum amplitudes and error bars in each multipole
bins. While the error bars on the tSZ power spectrum are significantly larger than the one
found in the Planck analysis, due to the trispectrum, the amplitude agree well at low multipole.
Moreover, our tSZ power spectrum starts departing from the Planck one from ` ' 300 with
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Figure 1 – The black line is the best-fitting tSZ power spectrum from our analysis. The dashed grey line is that of
the Planck 2015 analysis. The black filled circles show the data points and error bar with the foreground spectra
marginalised over. The grey circles and error bars come from the Planck 2015 analysis. We also show the ACT
and SPT data points for comparison, as well as the simulation results of [13] (DKS16, grey dotted line).

smaller amplitudes towards higher multipole, which nicely fits the ACT and SPT data points
at ` = 3000 (see figure 1).
Does the SZ data agree with primordial CMB temperature anisotropy constraints? The
−0.21 = 0.568 ± 0.015 at 68%CL. Since the SZ data
Planck 2015 chains ‘TT+lowP’ give σ8 Ω0.40
m h
constrains a combination of these parameters and the mass bias, a more appropriate way to ask
the question is: what value of the mass bias makes the SZ and primordial CMB data consistent
with one another. The answer is B = 1.71 ± 0.17 at 68% CL. The SZ cluster count analysis
yields a very similar mass bias [4], as well as the joint SZ and 2MASS power spectrum analysis
[14]. These results are puzzling. Indeed, for both probes to be consistent, it means that the halo
mass of the Planck clusters, inferred from X-ray measurements of the gas temperature, is more
than forty percents lower than their true mass.
Numerical simulations of the hydrodynamical processes at play in the electron gas of dark
matter halos surrounding galaxy clusters, can explain a bias of about twenty percents whose
source is departure from the hydrostatical equilibrium assumption that is used in the mass
calibration of the Planck clusters, see e.g., [15]. Departure from hydrostatic equilibrium arises
from non-thermal pressure caused by processes such as turbulence, magnetic fields or cosmic
rays. From the observational side, a recent study of clusters from the XMM-Newton survey also
pointed toward a bias of order fifteen percent due to non-thermal pressure [16]. So, there is a
remaining twenty percents of bias that remains unexplained. It could still be partly associated
to systematics uncertainty in the X-ray data, or it could also be a hint for new physics such as
dark energy or massive neutrinos.
The constraining power of the SZ data for cosmological models is therefore limited by an
unexplained mass bias. Hence, the tSZ data is not yet competitive with other probes such as
CMB lensing or galaxy power spectrum but we can be hopeful that ongoing surveys such as
NIKA2 for the SZ part, and forthcoming X-ray surveys such as eROSITA will shed more light
on the physics of the ICM and solve the bias puzzle within the next couple of years. Given the
2.5% measurement of the parameter combination F , if the mass bias becomes well understood
and accurately modelled, the SZ data will become competitive for cosmological constraints.
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Energy from the Thermal Sunyaev Zeldovich Power Spectrum. 2017.
[8] Thejs Brinckmann and Julien Lesgourgues. MontePython 3: boosted MCMC sampler and
other features. 2018.
[9] Eiichiro Komatsu and Uros Seljak. The Sunyaev-Zel’dovich angular power spectrum as a
probe of cosmological parameters. Mon. Not. Roy. Astron. Soc., 336:1256, 2002.
[10] Benjamin Horowitz and Uros Seljak. Cosmological constraints from thermal Sunyaev?Zeldovich power spectrum revisited. Mon. Not. Roy. Astron. Soc., 469(1):394–400,
2017.
[11] Laura Salvati, Marian Douspis, and Nabila Aghanim. Constraints from thermal SunyaevZeldovich cluster counts and power spectrum combined with CMB. Astron. Astrophys.,
614:A13, 2018.
[12] G. Hurier and F. Lacasa. Combined analysis of galaxy cluster number count, thermal
Sunyaev-Zel’dovich power spectrum, and bispectrum. Astron. Astrophys., 604(604):A71,
2017.
[13] Klaus Dolag, Eiichiro Komatsu, and Rashid Sunyaev. SZ effects in the Magneticum
Pathfinder Simulation: Comparison with the Planck, SPT, and ACT results. Mon. Not.
Roy. Astron. Soc., 463(2):1797–1811, 2016.
[14] Ryu Makiya, Shin’ichiro Ando, and Eiichiro Komatsu. Joint analysis of the thermal
Sunyaev-Zeldovich effect and 2MASS galaxies: Probing gas physics in the local Universe
and beyond. 2018.
[15] N. Battaglia, J. R. Bond, C. Pfrommer, and J. L. Sievers. On the Cluster Physics of
Sunyaev-Zel’dovich and X-Ray Surveys. I. The Influence of Feedback, Non-thermal Pressure, and Cluster Shapes on Y-M Scaling Relations. Astrophys. J., 758:74, October 2012.
[16] D. Eckert et al. Non-thermal pressure support in X-COP galaxy clusters. 2018.

169

170

COMPONENT SEPARATION FOR FUTURE CMB B-MODE SATELLITES
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Next-generation CMB satellite concepts (LiteBIRD, CORE, PIXIE, PICO) are being proposed to detect the primordial CMB B-mode polarization at large angular scales in the sky
for tensor-to-scalar ratio values of r . 10−3 . Yet undetected, primordial CMB B-modes will
provide the unique signature of the primordial gravitational waves of quantum origin predicted
by inflation. We present recent forecasts on the detection of the primordial CMB B-modes in
the presence of astrophysical foregrounds and gravitational lensing effects, in the context of
the proposed CMB space mission CORE. We also discuss the problem of foregrounds and component separation for the search for primordial B-modes, and highlight specific challenges in
this context: frequency range, spectral degeneracies, foreground modelling, spectral averaging
effects.

1

Introduction

The search for the primordial B-mode polarization of the cosmic microwave background (CMB)
radiation at large angular scales in the sky is one of the most exciting challenge of modern
cosmology, because such a signal would be the direct signature of the primordial gravitational
waves predicted by inflation 1 . The amplitude of the primordial B-mode signal, termed as tensor1
to-scalar ratio, r, will determine the energy scale of inflation, Einf ' (r/0.008) 4 1016 GeV. CMB
2
3
4
5
satellite concepts (LiteBIRD , CORE , PIXIE , PICO ) are being proposed to detect largescale CMB B-modes at r . 10−3 . This is a real challenge because the signal is extremely
faint (. 50 nK r.m.s. fluctuations in the sky) and obscured by very bright polarized Galactic
foreground emissions by many orders of magnitude. In addition, gravitational lensing effects by
large-scale structures transform CMB E-modes into noise-like B-modes, while spurious B-modes
are created by instrumental systematic effects. In this context, component separation methods
are critical to subtract the foregrounds and extract the CMB B-mode signal, since the residual
foreground contamination will set the ultimate uncertainty limit with which r can be measured.
In this article, we report on recent B-mode detection forecasts with the CMB satellite concept
CORE 6 , and briefly discuss about the problem of foregrounds and component separation for
B-modes, by highlighting subtle issues that arise in this context.
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2

B-mode component separation forecasts for CORE

The proposed space mission CORE 3 is designed to observe the full sky with high sensitivity
through 19 frequency bands, ranging from 60 to 600 GHz. We report on the results 6 of component separation and primordial CMB B-mode reconstruction, based on CORE sky simulations.
2.1

Sky simulations

Using the PSM (Planck Sky Model) software 7 , we have simulated full-sky polarization maps
for the 19 frequency bands (60 to 600 GHz) of CORE. Our simulated sky maps 6 include: CMB
E- and B-mode polarization, with an optical depth to reionization τ = 0.055 and a tensor-toscalar ratio ranging from r = 10−3 to 10−2 ; lensing E- and B-modes; Galactic and extra-galactic
foreground polarization. Galactic foregrounds consist of thermal dust emission, based on the
Planck GNILC dust template 8 at 353 GHz, with average polarization fraction of 5-10% over the
sky; polarized Galactic synchrotron emission, as observed by WMAP at 23 GHz 9 ; and Galactic
anomalous microwave emission (AME) with 1% polarization fraction. Extra-galactic foregrounds
include compact radio and infrared sources with respectively 3%-5% and 1% mean polarization
fractions. The dust map is interpolated across the CORE frequency bands through a modified
blackbody (MBB) emission law having variable spectral index and temperature over the sky,
with mean values hβd i = 1.6 and hTd i = 19.4 K, as measured by Planck 8 . The synchrotron map is
extrapolated across frequencies through a power-law with an average spectral index of hβs i = −3
varying over the sky 9 . The emission law for extrapolating the AME component is modelled by
assuming a Cold Neutral Medium 10 . Compact source templates are extrapolated across CORE
frequencies by assuming random steep or flat power-laws for radio sources, and both modified
blackbodies and power-laws for infrared sources. The component maps at each frequency are
coadded, convolved by a Gaussian beam using the CORE FWHM values, and instrumental
white noise is added to each frequency map using the sensitivities quoted by CORE 3 .
2.2

Component separation methods

We have applied four independent component separation algorithms 6 to the CORE sky simulations to perform foreground removal, reconstruction of the CMB B-mode power spectrum,
and estimation of the tensor-to-scalar ratio: Commander 11 , a Bayesian parametric method for
a multi-component pixel-by-pixel spectral fit using MCMC Gibbs sampling; Smica 11 , a blind
method for a power-spectra fit in harmonic space; Nilc 11 , a blind method for minimum-variance
internal linear combination in wavelet space; and xForecast 12 , an alternative parametric fitting approach in pixel space. The first three algorithms have already a strong heritage from real
Planck data analysis 11 . Parametric methods are only limited by the accuracy with which the
foregrounds are modelled in the fit, while blind methods do not rely on any assumptions about
the foregrounds but are limited by the overall variance of the foregrounds and the number of
frequency channels and multipole modes available to minimize this variance. Since the variance
of the foregrounds is much larger at the reionization scales (` ' 10), parametric fitting was
preferred to reconstruct CMB B-modes at low multipoles ` < 50 (reionization peak), while blind
methods were used to reconstruct the signal at large multipoles ` ≥ 50 (recombination peak).
2.3

Results

The left panel of Fig. 1 shows the reconstruction of the primordial CMB B-mode after foreground
cleaning with Commander and Smica for a fiducial tensor-to-scalar ratio of r = 5 × 10−3 , in
the absence of lensing. The broad frequency range of CORE allows us to recover the primordial B-mode signal at both reionization and recombination peaks, and to measure the posterior
distribution of r = 5 × 10−3 without bias at 12σ significance (right panel of Fig. 1) after foreground cleaning. In the presence of lensing contamination, a shortcut was adopted to perform
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Figure 1 – Primordial B-mode reconstruction at r = 5 × 10−3 (left) and estimate of r (right) for CORE.

delensing. Instead of correcting for the lensing variance in the foreground-cleaned CMB B-mode
map, as real delensing approaches would do, we left 40% of the lensing B-mode power in the
CMB map realization of the simulation, then performed foreground cleaning on the modified
simulation. This is equivalent to performing foreground cleaning and 60% delensing, which is
the delensing capability quoted by CORE 13 . In the presence of lensing, r = 5 × 10−3 is detected
at 4σ significance after foreground cleaning and 60% delensing 6 , putting CORE in an excellent
position to constrain the energy scale of inflation for the Starobinsky’s R2 inflation model 1 .
For a tensor-to-scalar ratio as low as r = 10−3 , the residual foreground contamination in the
CMB B-mode power spectrum after component separation is significant at all angular scales for
all the methods 6 , resulting in a 3σ bias on the measurement of r = 10−3 by CORE. The bias
is attributed to the available frequency range 60-600 GHz of CORE, for which the minimized
variance of the foregrounds achieved by blind methods (Nilc and Smica) still exceeds r = 10−3
in power while being lower than r = 5 × 10−3 . For parametric methods (Commander), the
absence of frequencies below 60 GHz prevent the synchrotron spectral index, βs , to be constrained
at the level of precision required for r = 10−3 : while the recovered distribution of βs over the
sky has same mean and standard deviation than the actual distribution, it is more Gaussiandistributed, which results in a 2% mismatch on βs . This error on βs is large enough to cause
an excess B-mode power at a level of r ≈ 2.5 × 10−3 when extrapolating synchrotron B-modes
to CMB frequencies 6 . Subpercent precision on foreground spectral indices is thus required to
measure r = 10−3 without bias, which can be achieved with broader frequency ranges (Sect. 3).
3

Concluding remarks: subtle issues for B-mode component separation

On the importance of a broad frequency range. The CMB satellite concept PICO 5 benefits from a broader frequency range (21-800 GHz) than CORE. The reconstruction of the CMB
B-mode power spectrum at r = 10−3 with PICO is shown in the left panel of Fig. 2, for the same
sky simulation. Due to a larger frequency range of 21-800 GHz, PICO allows Commander to
control the foreground contamination at the desired accuracy to measure r = 10−3 with 2.5σ significance, without any bias, from low multipoles 2 ≤ ` ≤ 50. Conversely, narrowing the baseline
frequency range of PICO to 43-462 GHz (right panel of Fig. 2) introduces a bias at large angular
scales on the recovered B-mode power spectrum because of residual dust contamination. In the
absence of high frequencies & 400 GHz, the dust MBB temperature is constrained with lower
accuracy (left-corner stamp in the right panel of Fig. 2), which results in spectral degeneracies
in the fit and translates into a bias on the reconstructed CMB B-mode at r = 10−3 .
Foreground mismodelling. Due to the very large dynamic range between foregrounds
and CMB B-mode fluctuations, component separation for polarization is much more sensitive to
foreground modelling uncertainties than for temperature. Mismodelling two MBB dust components as a single MBB dust component in the Commander fit was shown to bias r = 5 × 10−2
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Figure 2 – CMB B-mode reconstruction for PICO 21-800 GHz (left) versus descoped PICO 43-462 GHz (right).

by more than 3σ for any CMB satellite concept 14 . Most important, CMB experiments with narrower frequency ranges show no chi-square evidence for incorrect dust modelling 14 , the fit of the
overall sky emission being still accurate in narrow frequency ranges while it suffers from spectral
degeneracies. Frequencies below 60 GHz and above 400 GHz are thus critical for CMB B-mode
experiments to get chi-square evidence for incorrect foreground modelling and false detections
of r. It could be argued that increasing the frequency range of observations will introduce additional foregrounds. However, Galactic foregrounds are not fully decorrelated across frequencies,
so that the increase in foreground complexity (extra degrees of freedom) should be more than
compensated by the increase of information (extra frequencies) for component separation.
Spectral averaging effects. Foreground spectral indices vary in the sky from line-of-sight
to line-of-sight, but sky map observations are pixelized and do not have infinite resolution, so that
different spectral indices are averaged within pixels or beams 15 . The averaging of power-laws
with different spectral indices in a pixel is no longer a power-law, instead it introduces spurious
curvatures in the effective emission law across frequencies 6 . Say otherwise, the effective emission
laws of the foregrounds on the pixelized maps may differ from the real emission laws in the sky.
Averaging effects are critical for parametric fitting methods in the context of B-modes. Ignoring
in the parametric fit a spurious dust curvature of 0.05 caused by averaging effects results in
a bias of ∆r & 10−3 on the tensor-to-scalar ratio 6 . To tackle this issue, moment-expansion
approaches 15 , rather than astrophysical model fitting, might provide an interesting avenue.
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Higher-order effects in CMB lensing: a numerical approach

Giulio Fabbian
Institut d’Astrophysique Spatiale, Bât. 121 Université Paris Sud, 91405 Orsay, France

We study the gravitational lensing effect beyond the Born approximation on the Cosmic
Microwave Background (CMB) anisotropies using a multiple-lens raytracing technique through
cosmological N-body simulations. We discuss the impact of beyond-Born corrections on lensed
CMB observables and compare our results with recent analytical predictions. We show that
corrections to the temperature power spectrum can be measured by future experiments.

1

Introduction

Gravitational lensing of the Cosmic Microwave Background (CMB) induced by growing matter
inhomogeneities is one of the most important cosmological probe. Being sensitive to the whole
matter distribution along the line of sight (CMB lensing potential), CMB lensing can be used for
cosmological analysis to infer information about the Large Scale Structure (LSS) distribution and
thus on the parameters that govern the physics of structure formation at intermediate and late
time like (e.g. the dark energy (DE) and massive neutrinos properties). Direct measurements
of CMB lensing can be improved and complemented by the cross correlation analysis with
observations of the actual lenses in LSS surveys as independent tracers of the matter distribution.
A major improvement is expected for this field in the forthcoming years when the next generation
of high sensitivity CMB polarization experiments (Simons Array, AdvACTpol, SPT-3G and
ultimately CMB-S4) together with the next generation of galaxy surveys DESI, LSST and the
ESA Euclid satellite will start observing the sky.
The exponentially growing quality of CMB and galaxy surveys will require the accuracy of
the forward modeling of CMB lensing to improve alike. In particular it is crucial to test the
validity of the assumption of Gaussianity and single deflection approximation to the CMB photon
diffusion (Born approximation) upon which our current theoretical modelling is built. The
lensing potential, in fact, becomes non-Gaussian due to nonlinear structure formation happening
at late times. Moreover, the Born approximation does not account accurately all features of the
actual deflection process because each CMB photon is deflected roughly 50 times during his
journey towards us.
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2

Lensing beyond the Born approximation

In weak lensing formalism, the effect of deflections of light rays along the entire line of sight is
described by the lens equation, which maps the final position (β, χ) of the ray to the position
of its source θ, i.e.
Z

2 χ χ − χ0
βi (θ, χ) = θi − 2
Ψ,βi β(θ, χ0 ), χ0 dχ0 ,
(1)
c 0 χχ0
where Ψ(β, χ) is a gravitational potential located on the photon path and ,βi its spatial derivative
with respect to the photon’s position β and χ the conformal time. The relative position of nearby
i (θ,χ)
light rays is quantified by the lensing magnification matrix Aij (θ, χ) ≡ ∂β∂θ
, which holds the
j
information of the mapping induced by lensing between the original image and the one at its
current position at a conformal time χ:


Z

2 χ χ − χ0
1 − κ − γ1 −γ2 + ω
0
0
0
0
Aij (θ, χ) = 1 − 2
Ψ,
β(θ,
χ
),
χ
A
(θ,
χ
)dχ
≈
,
β
β
kj
i k
−γ2 − ω 1 − κ + γ1
c 0 χχ0
(2)
κ is referred to as the lensing convergence and ω as the lensing rotation angle. γ = γ1 +iγ2 defines
the complex shear, describing the shearing of the image along the two orthogonal directions
of the coordinate basis. In the Born approximation the lens equation is integrated over the
unperturbed photon paths (θ, χ), therefore dropping in Eq. 1, 2 the dependence over the lensed
position β. Assuming the general curl and gradient decomposition for vector fields, the overall
photon deflection is usually modeled in terms of two scalar fields as
β(θ, χs ) = θ − ∇ψ − ∇ × Ω ≡ θ + d,

(3)

where we defined the two-dimensional curl (∇ × Ω)i = ij ∂Ω, χs as the redshift of the source
image and d the total photon deflection. ψ is referred to as the lensing potential and Ω as the
curl potential. Both potentials can be defined in the Born approximation but in this case the
curl mode, being induced by coupling of subsequent lenses, is identically zero.
3

Modeling beyond-Born CMB lensing with N-body simulations

A convenient way of including, at the same time, the effects of multiple deflections of photons and
non-linear evolution of the matter distribution in CMB lensing modeling is performing multiple
lens (ML) raytracing. These algorithm required the construction of a full 3D lightcone, from Nbody simulations, which is then sliced into spherical shells and compressed onto spherical planes.
These mass sheets can then be used to perform raytracing so that the continuous deflections
experienced by photons (as in Eq. 1, 2) are approximated by finite deflections at each of the mass
planes (multiple lens formalism - ML). To derive our results we used a full-sky ML algorithm
3 and 62 lens planes constructed from the ΛCDM simulation belonging to the “Dark Energy
and Massive Neutrino Universe” (DEMNUni) simulation project 8 . This simulation evolved a
system with 20483 cold dark matter particles in a cubic comoving volume (2 h−1 Gpc)3 from
redshift z = 99 to the present epoch with a Planck-2013 cosmology. The results shown in the
following are stable with respect to the number of lens planes employed in the raytracing at
the sub-percent level. Our raytracing algorithm also propagates, together with the light-rays
trajectories, the lensing magnification matrix in the Born approximation and in the beyondBorn regime while the same underlying matter distribution. This allowed us to have access to
all the lensing observables computed with both approximations. Because we knew the initial and
final position of the photons after the raytracing we extracted the d fields. These can later be
used to lens CMB anisotropies in the pixel domain in the Born and beyond-Born regime using
a single effective deflection, to minimize spurious numerical and aliasing effects 5 . We found
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that beyond-Born corrections to the CMB lensing convergence and potential power spectrum
are below 0.3% on all scales and the curl and lensing rotation potential power spectrum agrees
with theoretical predictions at 5% level. We observed a reduction of 30% of the value of the
skewness of the 1-point PDF of the CMB κ induced by beyond-Born corrections. We expect
thus the bispectrum of κ to be highly affected by beyond-Born corrections.
4

Results

We can classify beyond-Born corrections to the lensed CMB power spectra into two types. The
first consists in corrections to the deflection field. These can be split into contributions of the
beyond-Born curl and gradient components of the deflection, or contributions of the higherorder correlations between ψ and Ω potentials, i.e the ψψΩ (mixed) or ψΩΩ bispectrum. The
second type of beyond-Born corrections affects only the polarization field and it consists in
the rotation of the polarization tensor about its propagation direction by an angle β rotation .
This effect appears when considering gravitational perturbations induced by higher-order scalar
perturbations or vector and tensor perturbations at all perturbative orders. The total beyondBorn lensed polarization field P̃ ≡ Q̃ + iŨ , where Q and U are the CMB Stokes parameters, is
then related to the unlensed field P as
h
i
rotation
transport
P̃ (θ) = e−2iβ
e−2iδ
P (θ + d) .
(4)
δ transport accounts for the parallel transport on the sphere of the polarization basis from θ
to θ + d and is present also in the Born approximation. In order to measure the impact
of the beyond-Born corrections, we produced a set of simulated CMB maps where we lensed
100 independent unlensed Gaussian CMB realizations using deflection fields including different
beyond-Born effects so that each lensed CMB realization differs only by the lensing deflection
used to lens the unlensed CMB. In Fig. 1 and 2 we show the total beyond-Born deflection
corrections to the lensed CMB power spectrum with respect to the results based on the Born
approximation computed as the average over 100 different realizations of unlensed CMB. These
corrections reach the 0.2% level at ` ≈ 4000 for TT and TE power spectra. Corrections on the Bmodes power spectrum are larger and reach the 0.6% level at ` ≈ 4000. The contribution induced
by curl-like deflections is negligible for the TT, EE and TE power spectra but is important for
the B-modes and accounts for 30% of the signal at small angular scales. The amplitude and
shape of the beyond-Born convergence correction is consistent with recent theoretical predictions
of different groups for the angular scales considered in the literature 1 7 , although we found a
preference for the so-called non-perturbative approach to the computation of the corrections for
the TT and EE power spectra 2 . The deflection corrections however become progressively more
important at small angular scales and reach the 1% level at ` ≈ 6000 for all TT, EE and BB
power spectra. TB and EB power spectrum are essentially unaffected.
In Fig. 2 we show the B-modes signal induced by the curl deflection alone as well as the one
induced by the mixed and ψΩΩ bispectrum. These contributions are negligible for other lensed
CMB spectra. These results agree with theoretical expectations although the mixed bispectrum
contribution exceeds the analytical results by a significant amount. However, we cannot disentangle if the discrepancy is due to problems in the analytical calculations (e.g. adoption of the
Limber approximation) or boxsize effects in our lightcone construction. These could in fact create spurious correlation at large angular scales. The contribution coming from ψΩΩ bispectrum
was previously neglected and is the dominant at small angular scales. Given their amplitude, we
do not expect any of these terms to affect significantly any inflationary B-modes estimation. The
impact of these terms can be further reduced if a delensing procedure is applied. The residual
dominant contribution after delensing comes from the presence of curl mode in the deflection.
This generates a signal as high as the one produced by primordial tensor perturbations with
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Figure 1 – Comparison of the analytical predictions of beyond-Born deflection corrections with numerical simulations (solid dots) for the CMB E-modes (left) and B-modes (right) power spectrum. Error bars correspond to
the MC mean dispersion. The results of different analytical approaches to evaluate beyond-Born corrections are
shown as black solid and dashed lines in the left panel.

r . 10−6 , which is far from the sensitivity of any future experiment proposed.
Finally, we computed the corrections due to the β rotation angle using the angle measured in the
simulations. We found these corrections to be negligible in agreement with some recent analytical predictions 6 a . As shown in Fig. 2, our measurement of β rotation agrees only qualitatively
with the theoretical predictions, although we recover the expected β rotation -ω correlation 6 .

Figure 2 – Left: absolute value of the contributions to the lensed B-modes power spectrum induced by higherorder correlation between the CMB lensing and curl potential ψψΩ, ψΩΩ. The theoretical predictions of the
B-modes signal induced by curl deflections alone are shown as black dotted while the cyan line corresponds to
their measurements in the simulations. Error bars correspond to the MC mean dispersion. B-modes generated
by tensor perturbations having r = 10−6 are shown as dashed black lines for reference. Right: Comparison of the
analytical predictions of β rotation with theoretical expectations.

5

Conclusions and detection perspectives

We expect that for an experiment similar to CMB-S4, with 1.4µK-arcmin polarization sensitivity,
1’ FWHM beam, and observing a range of angular scales 30 ≤ ` ≤ 5000 and covering 50% of
the sky, beyond-Born correction on TT, EE and BB power spectra could be measured with a
cumulative signal to noise ratio of 4.8, 0.5, 0.7 respectively. However, a robust measurements of
a

An alternative estimation more in disagreement with our results was also recently presented 7 .
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the corrections on the TT power spectrum will highly depend on the capability to control the
extragalactic foreground. Conversely, the corrections on κ bispectrum should be detectable.
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NIKA2 is a dual-band millimetric camera of thousands of Kinetic Inductance Detectors (KID)
installed at the IRAM 30-meter telescope in the Spanish Sierra Nevada. The instrument
commissioning was completed in September 2017, and NIKA2 is now open to the scientific
community and will operate for the next decade. NIKA2 has well-adapted instrumental design
and performance to produce high-resolution maps of the thermal Sunyaev-Zel’dovich (SZ)
effect toward intermediate and high redshift galaxy clusters. Moreover, it benefits from a
guaranteed time large program dedicated to mapping a representative sample of galaxy clusters
via SZ and that includes X-ray follow-ups. The main expected outputs of the SZ large program
are the constraints on the redshift evolution of the pressure profile and the mass-observable
relation. The first SZ mapping of a galaxy cluster with NIKA2 was produced, as part of the
SZ large program. We found a sizable impact of the intracluster medium dynamics on the
integrated SZ observables. This shows NIKA2 capabilities for the precise characterisation of
the mass-observable relation that is required for accurate cosmology with galaxy clusters.
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1

Cosmological motivations for high-resolution observation of high-z clusters

Galaxy clusters represent a powerful probe for cosmology. As the largest gravitationally bound
objects that the hierarchical structure growth have formed, they enclose information on initial
conditions, contents and expansion history of the Universe. Their number as a function of mass
and redshift and their spatial distribution are used in complement of other observables of the
primordial Universe to constrain the parameters of the standard cosmological model, in which
the present-day density is dominated by a cosmological constant Λ and the cold dark matter
(CDM), as well as any extensions to this base flat ΛCDM model that impact the growth of
structures.
Galaxy clusters are efficiently detected via the thermal Sunyaev-Zel’dovich (SZ) effect up
to high-redshifts. The thermal SZ effect 1, 2, 3 is the inverse Compton scattering of the CMB
photons on the hot dense ionised gas, the Intra-Cluster Medium (ICM), which accounts for most
of the baryonic matter content of the cluster. It has a unique signature on the CMB black-body
spectrum, decreasing the CMB intensity at frequencies below 217 GHz at the benefit of the
higher frequencies. As a spectral distortion, the SZ effect is independent of the redshift and thus
well-suited for observation of high-redshift clusters. The amplitude of the effect, the Compton
parameter y, directly depends on the line-of-sight integral of the electronic pressure within the
cluster. The Compton parameter is thus a tracer of the pressure within the ICM, which in turn
depends on the total mass of the cluster. The relation between the SZ observable and the total
mass needs to be calibrated. This can be achieved using total mass measurements obtained
from X-ray observations (assuming clusters are in hydrostatic equilibrium), galaxy velocities,
caustics, or from weak lensing.
CMB experiments such as Planck 4, 5 , the South Pole Telescope 6 (SPT) or the Atacama
Cosmology Telescope 7 (ACT) have recently delivered the community with catalogs of about
2000 clusters detected via the thermal SZ effect. In parallel, strong experimental efforts are deployed to reach higher angular resolution for the cluster observation, NIKA2 8, 9 , MUSTANG2 10 ,
ALMA 11 amongst others. Cosmological constraints have been derived from the SZ-detected
cluster number counts by Planck 12, 13 , SPT 6 and ACT 7 , as well as from the power spectrum
and higher-order statistics within the Planck all-sky map of Comptom parameter 14, 15, 16 . Notably, the Planck Collaboration reported a mild tension between the cosmological parameters
measured from the CMB primary anisotropies and from the SZ-selected clusters, which is also
found using other SZ experiment data (SPT, ACT) or other cluster probes. This can be an evidence of a new physical effect that impacts the growth of structures (e.g. non-minimal neutrino
masses, non-unity dark energy equation of state, modified gravity), or this can be an impact of
the complex cluster physics on the total mass estimation (deviation from self-similar scenario,
non-thermal pressure, redshift evolution, etc.). In particular, in Planck study, the pressure profile and mass-observable scaling relation have been calibrated from tSZ and X-rays low-redshift
clusters, whereas a redshift evolution effect is not excluded. Thus, accurate cosmology with
galaxy clusters and tests for deviations from the standard (ΛCDM) cosmological model demand
a more robust calibration of the mass-observable relation against the redshift and the cluster
internal matter distribution. To that aim, high angular resolution observations of high redshift
clusters are required. This is one of the main objectives of the NIKA2 experiment.

2

NIKA2 Instrument and Performance

NIKA2 is a ground-based millimetric experiment installed at the 30-meter telescope of the
Institut de RadioAstronomie Millimétrique (IRAM), situated at Pico Veleta (2800 meters) in
the Spanish Sierra Nevada. The NIKA2 Collaboration involves 150 people in 18 institutes (the
NIKA2 consortium&IRAM), with scientific objectives that cover large domains of astrophysics
and cosmology.
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2.1

Instrument
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Figure 1 – Left: Cross-section of the NIKA2 instrument illustrating the cold optics. Right: Footprint of the
detector positions in the field of view for one of the 260 GHz arrays, colour-coded as a function of the number of
times they met the selection criteria (from red = valid for all selections to green = valid in one selection). These
figures are extracted from Adam et al. (2018)9 .

The NIKA2 instrument consists of a multi-thousand supraconductor detector (Kinetic Inductance Detectors) camera, observing in two frequency bands at 150 and 260 GHz with an
angular resolution below 20 arcsec and a large (6.5 arcmin) field of view. After a first light in
October 2015, it underwent an extensive commissioning phase including an upgrade in September 2016 and a science verification phase in April 2017. NIKA2 is now open for science operation
since October 2017 and will be a resident instrument at the 30-meter telescope of IRAM for
the next decade. Its novel technology and instrumental design were sucessfully tested with the
NIKA experiment 17, 18, 19 , which is a NIKA2 pathfinder down-scaled by about a factor ten,
operated at the IRAM 30-m telescope as an open instrument during the winter 2014.
The light collected by the 30-m telescope primary mirror reaches NIKA2 focal plane through
a dedicated warm optics (inside the receiver cabin), which comprizes four mirrors, and a dedicated cold optics (inside the cryostat), which is illustrated in Fig. 1. The light enters the side of
the cryostat (about 30 K), is directed toward the coldest part by M7 and M8 mirrors. Within
the 150 mK stage, a dichroic splits the beam in two frequency bands, the 150-GHz band in
reflection and the 260-GHz band in transmission. The flatness of this 30-cm diameter dichroic
submitted to extreme temperature is ensured by the used of a novel air-gap filled technology
and a reinforced support. The 260 GHz beam is further splits in two polarisation components
by a grid polariser.
At 150 and 260 GHz, angular resolutions below 20 arcsec can be reached given the 30-meter
telescope aperture. In order to fully exploit the 30-meter telescope capabilities, that is filling the
6.5 arcmin field of view without degrading the angular resolution, arrays of thousands detectors
are needed at the focal plane. For NIKA2, the choice has been made to use Kinetic Inductance
Detectors (KIDs) which offers the required multiplexing capabilities. KIDs are superconducting
RLC resonators, operated at 150 mK, well-below their critical temperature. Incoming radiation
changes the kinetic-component of the inductance (by Cooper pair breaking), so that the signal
varies proportionally with the resonance frequency. Raw data are thus variations of the resonance
frequency of each KID. Moreover, KIDs are naturally multiplexable in frequency: they can be
connected to a unique feed-line that carries up to 200 frequency tones. NIKA2 comprizes two
arrays of 1140 KIDs connected by eight feed-lines in the 260 GHz channel and an array of 616
KIDs connected by four feed-lines at 150 GHz 8, 9 . Each feed-line is monitored a dedicated
readout electronic board, as part of the NIKEL electronics 18 .
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Table 1: Summary of the principle characteristics and performance of the NIKA2 instrument.

Channel
Arrays
Number of designed detectors
Number of valid detectors 1
FOV diameter [arcmin]
FWHM [arcsec]
Beam efficiency 2 [% ]
rms calibration error [%]
Model absolute calibration uncertainty [%]
NEFD 3 [mJy.s1/2 ]
Mapping speed 4 [arcmin2 /h/mJy2 ]

A1
1140
952
6.5
11.3 ± 0.2
55 ± 5

260 GHz
1.15 mm
A3
1140
961
6.5
11.2 ± 0.2
53 ± 5
7.5

A1&3

6.5
11.2 ± 0.1
60 ± 6

150 GHz
2 mm
A2
616
553
6.5
17.7 ± 0.1
75 ± 5
3

5
33±2
67 - 78

8±1
1288 - 1440

(1) Number of detectors that are valid at least for two different beam map scans. (2) Ratio between the
main beam power and the total beam power up to a radius of 25000 . (3) Average NEFD during the February
2017 observation campaign, extrapolated at τ = 0. (4) Average mapping speed during the February 2017
observation campaign, extrapolated at τ = 0.

2.2

Calibration and Performance

The first step of any KID-based data analysis consists in the field-of-view (FoV) reconstruction
that is, matching the KID frequency tones to positions on the sky. We use deep integration
scans of about 20 minutes toward bright point sources, the so-called beam-map scans, to perform
individual maps per KID. From these maps, we derive i) KID positions on the FoV, ii) beam
properties, iii) detector inter-calibration. Beam-map scans are also used to perform a KID
selection from a series of quality criteria. Although all the (2,900) built KID are responsive,
some of them are affected by cross-talk or their frequency tuning can be lost during a given scan.
In the right panel of Fig. 1, we present the KID positions in the FoV colour-coded as a function
of the number of times they met the selection criteria. We find a fraction of valid KIDs, which
is defined as the selected detectors in at least two beam-map scans, of 84% at 260 GHz and 90%
at 150 GHz.
In combining the signal of all selected detectors of an array, we probe the full beam pattern.
The main beam is well-modeled by a 2D Gaussian of FWHM of 11.2 ± 0.1 arcsec at 260 GHz
and of 17.7 ± 0.1 at 150 GHz. The beam efficiency, which is evaluated as the ratio of the main
beam to the error beam solid angle integrated up to 250 arcmin, is 55% at 260 GHz and 75%
at 150 GHz, in agreement with expectations for an instrument without any dedicated optical
coupling (no feed horns).
Regarding the noise properties, the dominant noise component is the atmospheric fluctuations, which induce strong 1/f noise spectrum. However, this noise is seen by all the detectors
while the signal depends on the detector positions in the FoV. Thus atmospheric noise can be
decorrelated. After decorrelation, sub-dominant correlated noise residuals from the atmosphere
and the electronics are left in the maps, but do not affect the noise scaling down with integration
time: we checked that the flux uncertainties reduce as expected as the inverse of the square root
of the integration time.
The absolute calibration relies on flux density expectation for planets 22 . We check the stability of the photometry using secondary calibrators monitored at Plateau de Bure. We evaluate
our calibration uncertainties as the relative rms of the measured-to-expected flux ratio for secondary calibrators including data from three observation campaigns. We found uncertainties of
8% at 260 GHz and 3% at 150 GHz, which improve or match the level of accuracy of other recent
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Figure 2 – Left: Map of the kinetic SZ effect toward MACS J0717.5+3745 using NIKA pathfinder data, as
discussed in Adam et al. (2017)31 . Right: NIKA2 Guaranteed-time cosmology program sample of galaxy clusters

ground-based expirements observing in comparable frequency bands (such as SCUBA2 23 ).
We primary assess the sensitivity by evaluating the noise equivalent flux density (NEFD),
defined as the flux uncertainties obtained at the center of the FoV after one second of integration.
This quantity is needed to predict the required observation time to reach a given SNR at the
√
center of the map. We find NEFD extrapolated at zero atmospheric opacity of 33 ± 2 mJy · s at
√
260 GHz and 8 ± 1 mJy · s at 150 GHz. However, we also evaluate the mapping speed, defined
as the sky area that is covered in one hour of observation with a SNR of unity, which is a
better estimator of the mapping capabilities. We find mapping speeds of 75 ± 5 arcmin2 /h/mJy2
at 260 GHz and 1350 ± 75 arcmin2 /h/mJy2 at 150 GHz. Moreover, we directly verified using
observation of Pluto that mJy sources can be detected in less than one hour of integration time.
The main characteristics and performance of NIKA2 are summarized in Table 1.
NIKA2 has thus demonstrated high sensitivity and state-of-the art mapping capabilities of
the diffuse emission. It has two observation channels, the 150 GHz band, for which the thermal
SZ is negative, and the 260 GHz band, for which the SZ signal is slightly positive, and a large
6.5 arcmin FoV enclosing the Planck satellite beam, while its angular resolution is 17 times
better. NIKA2 has thus well-adapted instrumental design and performance for high-resolution
SZ observation of intermediate and high redshift clusters.
3
3.1

NIKA2 Cosmology program with galaxy clusters and First results
NIKA Pathfinder SZ pilot studies

High-resolution SZ mapping capabilities using KID-based experiments have been demonstrated
with NIKA, the NIKA2 pathfinder, through a series of pilot studies. The first SZ observation
ever obtained with KIDs is the NIKA SZ map of the galaxy cluster RX J1347.5-1145, a wellknown massive intermediate redshift galaxy cluster 24 . NIKA also paves the way for NIKA2 SZ
analysis, by proposing several novel analysis methods: a multi-probe approach combining X-ray
and SZ observations for high-redshift cluster thermodynamics 25 , point source removal 26 , a nonparametric method to measure the pressure profile 27, 28 , a detection method of substructures in
clusters 29 . Moreover, breakthrough results have been obtained, including the first map of the
gas temperature in galaxy clusters using SZ 30 and the first map of the kinetic SZ in a galaxy
cluster 31 .
The kinetic SZ, which is due to the bulk velocity of the ICM, has a spectral signature on the
CMB spectrum that differs from the thermal SZ one. By combining maps observed in different
channels, both SZ components can be in principle separated. This has been achieved for the first
time by combining NIKA 150 GHz and 260 GHz maps toward a multiple merger cluster the inner

185

70◦ 18’00”

10−3

NIKA2

Planck scaling relation
Planck sample
PSZ2 G144.83+25.11 with mask
PSZ2 G144.83+25.11 without mask

2.4

−0.6

14’00”

−1.2

D2A Y500 [Mpc2 ]

0.0

−1.8
12’00”
200 kpc

6h48m20s

00s
47m40s
Right Ascension (J2000) [hr]

10−4

−2/3

0.6

Ez

1.2
16’00”

Surface brightness [mJy/beam]

Declination (J2000) [degree]

1.8

10−5

−2.4
1015

47m20s

X
MY
500 [M ]

Figure 3 – First SZ results with NIKA2. Left: The NIKA2 SZ map toward the galaxy cluster PSZ2G0144.83+25.11. The high-resolution (20 arcsec) high-accuracy (13.5σ measurement at peak) map covers the
cluster from the core to the outskirts and reveals its morphology. An excess SZ signal is observed in the SouthWest region, indicating an overpressure within the intracluster medium (ICM). Right: Illustration of the impact
of the ICM dynamics on the inner scatter of the SZ mass-observable relation. NIKA2 Y500 estimates from the
analysis with and without masking the over-pressure of PSZ2-G0144.83+25.11 are shown as a function of M500 ,
along with the cluster sample and the Y500 − M500 scaling relation used in Planck SZ-selected cluster count based
cosmology analysis13 . These figures are extracted from Ruppin et al. (2018)34 .

substructures of which reach extreme velocities, that is the well-known MACS J0717.5+3745.
The NIKA kinetic SZ map toward MACS J0717.5+3745 at z = 0.55 is presented in the left
panel of Fig. 2. The data set comprizes about 13h of observation using NIKA during Winter
2015 in good weather conditions. This kSZ map was used in combination to X-ray observation
from XMM-Newton to derive the first resolved map of the gas velocity under the assumption of
a gas model 30 .
3.2

NIKA2 Guaranteed time SZ Large Program

Cosmology with galaxy clusters observed via SZ is a major scientific goal of NIKA2. It is
supported by the guaranteed time SZ Large program (LP-SZ), dedicated to the high-resolution
mapping of a large sample of high-redshift clusters. The LP-SZ targets a representative sample
of 50 galaxy clusters at intermediate and high-redshifts (0.5 ≤ z ≤ 0.9), selected from the
Planck and ACT cluster catalogs and complemented with X-ray follow-up using XMM-Newton
and Chandra. The distribution of the LP-SZ sample as a fonction of the mass and the redshift
is presented in the right panel of Fig. 2. The main objectives of LP-SZ encompass the indepth study of ICM thermodynamic properties (pressure, density, temperature, mass profiles)
and accurate measure of the mass-SZ observable scaling relation. It will be a key program
to constrain the redshift evolution of the scaling relation and the pressure profile, as well as
for testing the variation of cluster properties with morphology (departure from sphericity) or
dynamical state (impact of mergers). This will have important implications for cosmology, such
as improving the accuracy of cosmological constraints drawn from SZ-selected clusters.
3.3

First SZ results and perspectives

We report the first high-resolution thermal SZ mapping of a galaxy cluster with NIKA2 34 . As
part of NIKA2 Science Verification Phase, the chosen target is PSZ2-G0144.83+25.11, a wellknow cluster at intermediate redshift (z = 0.58) and high mass (M = 7.8 × 1014 M ) from the
second Planck SZ catalog. The data set consists of 11 hours of integration time on source in
poor weather conditions (opacity of 0.3 at 150GHz) during the April 2017 campaign.
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We obtained a high-resolution (20 arcsec) Compton parameter (y) map toward PSZ2G0144.83+25.11 with high-accuracy: we report a 13.5 σ measurement at peak and a detection
up to 1.5 arcmin (about 600 kpc). NIKA2 y-map thus well covers this cluster from the core
to the outskirts and reveals its morphology, as shown in the left panel of Fig. 3. Notably, we
measure an excess of SZ signal in the South-West region, which indicates an over-pressure within
the ICM.
Other y-maps for this cluster are also available: the BOLOCAM 35 arcminute angular resolution y-map that covers the cluster up to the outskirts and the MUSTANG 36 high-resolution
(9 arcsec) y-map of the center of the cluster, which both complement NIKA2 y-map.
We combined NIKA2, BOLOCAM and MUSTANG y-maps and the integrated SZ signal
from Planck to measure the electronic pressure profile using a non-parametric deprojection 27 .
When masking the over-pressure extension of the cluster in the combined y-map, we find a
pressure profile compatible with the so-called universal pressure profile 37 , which is derived from
X-ray measurements, but not compatible with the pressure profile derived from the combination
of BOLOCAM and MUSTANG (non-masked) y-maps 36 . We report a significant discrepancy
between the pressure profiles obtained with or without masking the over-pressure region. This
discrepancy has in turn a sizable impact on R500 , the characteristic radius of the cluster, Y500 the
integrated Compton parameter up to R500 and M500 , the mass enclosed within R500 , which are
measured integrated quantity used for calibrating the mass-observable scaling law. In the right
panel of Fig. 3, NIKA2 Y500 estimates for the cases with and without masking the over-pressure of
PSZ2-G0144.83+25.11 are shown as a function of M500 , and compared to the Y500 −M500 scaling
relation used in Planck SZ-selected cluster count based cosmology analysis 13 . This illustrates
the possible impact of the cluster ICM dynamics on the dispersion of the mass-observable scaling
relation, the precise measure of which is required for accurate cosmology with clusters. NIKA2
will be a unique opportunity for a precise measurement of the mass-observable scaling relation
for high-redshift clusters.
Acknowledgments
We would like to thank the IRAM staff for their support during the campaigns. The NIKA dilution cryostat has been designed and built at the Institut Néel. In particular, we acknowledge the
crucial contribution of the Cryogenics Group, and in particular Gregory Garde, Henri Rodenas,
Jean Paul Leggeri, Philippe Camus. This work has been partially funded by the Foundation
Nanoscience Grenoble, the LabEx FOCUS ANR-11-LABX-0013 and the ANR under the contracts ”MKIDS”, ”NIKA” and ANR-15-CE31-0017. This work has benefited from the support
of the European Research Council Advanced Grant ORISTARS under the European Union’s
Seventh Framework Programme (Grant Agreement no. 291294). We acknowledge fundings from
the ENIGMASS French LabEx (R. A. and F. R.), the CNES post-doctoral fellowship program
(R. A.), the CNES doctoral fellowship program (A. R.) and the FOCUS French LabEx doctoral
fellowship program (A. R.). R.A. acknowledges support from Spanish Ministerio de Economı́a
and Competitividad (MINECO) through grant number AYA2015-66211-C2-2.
References
1.
2.
3.
4.
5.
6.
7.

R. A. Sunyaev and Y. B. Zel’dovich, Astrophys. Space Phys. Res. 4 (1972) 173
R. A. Sunyaev and Y. B. Zel’dovich, Ann. Rev. Astron. Astrophys. 18 (1980) 537.
M. Birkinshaw, Phys. Rept. 310 (1999) 97
P. A. R. Ade et al. [Planck Collaboration], Astron. Astrophys. 571 (2014) A29
P. A. R. Ade et al. [Planck Collaboration], Astron. Astrophys. 594 (2016) A27
L. E. Bleem et al. [SPT Collaboration], Astrophys. J. Suppl. 216 (2015) 2, 27
M. Hasselfield et al., JCAP 1307 (2013) 008

187

8.
9.
10.
11.
12.
13.
14.
15.
16.
17.
18.
19.
20.
21.
22.
23.
24.
25.
26.
27.
28.
29.
30.
31.
32.
33.
34.
35.
36.
37.

M. Calvo et al., JLTP 184 (2016) 816-823
R. Adam et al., Astron. Astrophys. 609 (2018) A115
S. R. Dicker et al., JLTP 176 (2014) p.808-814
T. Kitayama et al., Publications of the Astronomical Society of Japan, 68 (2016) 88
P. A. R. Ade et al. [Planck Collaboration], Astron. Astrophys. 571 (2014) A20
P. A. R. Ade et al. [Planck Collaboration], Astron. Astrophys. 594 (2016) A24
N. Aghanim et al. [Planck Collaboration], Astron. Astrophys. 594 (2016) A22
P. A. R. Ade et al. [Planck Collaboration], Astron. Astrophys. 571 (2014) A21
B. Bolliet et al. Mon. Not. Roy. Astron. Soc. 477 (2018) pp. 4957-4967
A. Monfardini et al., The Astrophysical Journal Supplement 194 (2011) 24
O. Bourrion et al., JINST 11 (2016) P11001
M. Calvo et al., Astron. Astrophys. 551 (2013) L12
A. Monfardini et al., JLTP 176 (2014) 787
A. Catalano et al., Astron. Astrophys. 569 (2014) A9.
G. J. Bendo et al. Mon. Not. Roy. Astron. Soc. 433 (2013) 3062
J. T. Dempsey et al. Mon. Not. Roy. Astron. Soc. 430 (2013) 2534
R. Adam et al., Astron. Astrophys. 569 (2014) A66
R. Adam et al., Astron. Astrophys. 576 (2015) A12
R. Adam et al., Astron. Astrophys. 586 (2016) A122
F. Ruppin et al., Astron. Astrophys. 597 (2017) A110
C. Romero et al., Astron. Astrophys. 612 (2018) A39
R. Adam et al., Astron. Astrophys. 614 (2018) A118
R. Adam et al., Astron. Astrophys. 606 (2017) A64
R. Adam et al., Astron. Astrophys. 598 (2017) A115
A. Ritacco et al., Astron. Astrophys. 599 (2017) A34
A. Bracco et al., Astron. Astrophys. 604 (2017) A52
F. Ruppin et al. Astron. Astrophys. 615 (2018) A112
J. Sayers et al. Astroph. Journal, 768 (2013) 177
A. H. Young et al. Astroph. Journal, 809 (2015) 2
M. Arnaud et al. Astron. Astrophys. 517 (2010) A92

188

BIG-BANG NUCLEOSYNTHESIS, EARLY UNIVERSE AND RELIC
PARTICLES
A. ARBEY
Univ Lyon, Univ Lyon 1, CNRS/IN2P3, Institut de Physique Nucléaire de Lyon, UMR5822, F-69622
Villeurbanne, France
Theoretical Physics Department, CERN, CH-1211 Geneva 23, Switzerland
Big-Bang nucleosynthesis (BBN) offers a unique opportunity to probe the early Universe
properties before recombination. We will show the importance of BBN when studying alternative cosmological scenarios and discuss the influence of the early Universe properties on the
abundance of relic dark matter particles.

1

Introduction

Big-Bang nucleosynthesis and dark matter relic density are known to be strongly affected by the
early Universe properties 3,4 . We make here a more systematic study of possible consequences of
different cosmological scenarios on Big-Bang nucleosynthesis and relic density. We first consider
Big-Bang nucleosynthesis in presence of extra energy density and reheating, and then study how
the relic density can be affected by the presence of a decaying scalar field.
2

Big-Bang nucleosynthesis

The abundance of the elements generated during BBN can be calculated by solving simultaneously the Friedmann equation:
H2 =



da/dt
a

2

=

8πG
ρtot ,
3

(1)

where H is the Hubble parameter, a the expansion factor, t the time, G the Newton gravitational
constant and ρtot the total energy density, as well as the equation of energy conservation (under
the assumption of adiabaticity):
d
d
(ρtot a3 ) + Ptot (a3 ) − a3 ρ̇tot
dt
dt

= 0,

(2)

T = const

and the Boltzmann equation for each nucleus i:




N

X
YiNi Yj j YkNk
Y Nl Y Nm Y Nn
dYi
=
Ni −
Γijk→lmn + l m n Γlmn→ijk  ,
dt
Ni !Nj !Nk !
Nl !Nm !Nn !
j,k,l,m,n

(3)

where Yi is the abundance of nucleus i, Γijk→lmn and Γlmn→ijk are the forward and reverse
reaction rates of the nuclei or particles i, j, k into l, m, n, respectively.
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Figure 1 – Yp in the dark density scenario (left) and [2 H]/[H] in the reheating scenario (right). The parameter
regions excluded by BBN constraints are located above the black lines. The colours correspond to the values of
helium abundance Yp and the ratio of abundances [2 H]/[H].

The most constraining observational data are the helium abundance and the ratio of the
primordial abundances of deuterium over hydrogen. In the standard cosmological model, the
most important parameter is the initial baryon-to-photon ratio, which can be determined from
BBN constraints 1 , but also from studies of the cosmic microwave background 2 , to η ≈ 6.09 ×
10−10 .
In the case of non-standard properties of the Universe at T ∼ MeV, the set of master
equations can be modified. In particular, the presence of additional energy will modify the
Friedmann equation:


da/dt 2 8πG
=
(ρtot + ρD ) ,
(4)
a
3
where ρD is a dark density that we can parametrise for T ∼ MeV as


ρD = κD ργ (1 MeV)

T
1 MeV

nD

.

(5)

In addition, radiation entropy can be injected in the case of a reheating, modifying the link
between time and temperature:
d
d
(ρtot a3 ) + Ptot (a3 ) − a3 ρ̇tot
dt
dt

−T
T =const

d
(srad a3 ) = 0 ,
dt

(6)

where srad is the radiation temperature. A possible parametrisation of radiation entropy injection is:

nΣr
T
Σrad (T ) = κΣr Σeff
(1
MeV)
,
(7)
rad
1 MeV
where κΣr is ratio of the radiation entropy injection to the radiation entropy density timedsrad
derivative Σeff
= 3Hsrad at T0 = 1 MeV and nΣr is the decrease exponent of this
rad (T ) ≡
dt
production.
The consequences of these modifications have been tested with AlterBBN v2 5,9 , using the
constraints of Ref. 1 . The results are shown in Figure 1. One can see that the constraints strongly
limit the amplitudes of the dark energy and entropy injection.
3

Dark matter relic density

We assume that dark matter is composed of a single type weakly interacting massive particles in
thermal equilibrium in the early Universe. In this case, the calculation of the dark matter relic
density can be affected by the cosmological properties of the Universe at the time of freeze-out
(∼ 10 − 100 GeV). The standard relic density calculation relies on the Friedmann equation (1),
where only the radiation density drives the evolution of the Universe
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The relation between time and temperature is given by the adiabaticity condition:
ds
= −3Hs ,
dt

(8)

where

2π 2 3
T ,
45
with heff the effective number of entropy degrees of freedom of radiation.
The number density of relic particles is obtained by solving the Boltzmann equation:
s(T ) = heff (T )

(9)

dn
= −3Hn − hσeff vi(n2 − n2eq ) ,
(10)
dt
where n is the number density of new physics (NP) particles, neq is their equilibrium density,
and hσeff vi is the thermal average of the annihilation rate of NP particle pairs to SM particles.
Similarly to the case of BBN, in case of altered cosmological properties, the Friedmann
equation can be modified, as well as the adiabaticity conditions and the Boltzmann equation.
The temperatures of BBN and freeze-out differ by 5 − 6 orders of magnitude, so that the
properties of the Universe can be rather different between the two epochs.
In order to have a realistic description of the properties of the Universe at both epochs, we
consider a cosmological model where a pressureless scalar field decays in the early Universe to
radiation and, in a tiny proportion to relic particles. The scalar field density is given by the
Klein-Gordon equation:
dρφ
= −3Hρφ − Γφ ρφ ,
(11)
dt
where Γφ is the decay width, which can be expressed as a function of the reheating temperature
TRH :
s
2
4π 3 geff (TRH ) TRH
Γφ =
,
(12)
45
Mp
with geff the effective number of energy degrees of freedom of radiation.
The scalar field affects the Friedmann equation (4) by adding an energy density ρD = ρφ .
In addition, the scalar field decay injects entropy such that the adiabaticity condition becomes
ds
= −3Hs + Σrad (T ) ,
dt
with Σrad (T ) =
equation reads:

Γφ ρ φ
T .

(13)

The scalar field can also decay into relic particles, so that the Boltzmann

dn
b
= −3Hn − hσeff vi(n2 − n2eq ) +
Γφ ρφ ,
(14)
dt
mφ
where mφ is the scalar field mass and b its branching ratio to relic particles.
To solve this set of equations, we use SuperIso Relic v4 7,8,9 and check the consistency with
BBN constraints with AlterBBN v2 5,9 . The master parameters are the values of the reheating
temperature TRH , the initial value of the scalar field density related to κφ = ρφ /ργ (T ∼ 20 GeV),
and η = b/mφ (GeV) which controls the decay to relic particles.
To show the consequences of the presence of a cosmological decaying scalar field, we consider
the pMSSM11 point A of Ref. 10 , which leads in the standard cosmological model to the relic
density Ωh2 = 1.27, i.e. two orders of magnitude larger than the measured dark matter density.
In absence of decay to relic particles (η = 0), the presence of a scalar field decaying to
radiation only can decrease the relic density, as shown in Fig. 2.
In the case where the scalar field also injects relic particles, the relic density can be increased,
as shown in Fig. 3.
The relic density is therefore strongly affected by the early Universe properties, so that
in nearly any particle physics scenario it can be possible to obtain the observed relic density,
provided the early Universe has non-standard properties.
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Figure 2 – The relic density log10 (Ωh2 ) of Point A, indicated by the colour code in the legend, as a function of
TRH and κφ . Parameter sets consistent with the Planck constraints lie along the darker shaded strip. The grey
zone at small TRH is excluded by the BBN constraints.

Figure 3 – The effect of varying η on log10 (Ωh2 ) for Point A, indicated by the colour code in the legend, for
η = 10−12 (left) and η = 10−10 (right).

4

Conclusions

Big-Bang nucleosynthesis and relic density are both very sensitive to the content and properties
of the early Universe. Whereas BBN already sets constraints on the primordial plasma properties, the question of relic density is related to a particle physics scenario beyond the Standard
Model.
In general, relic density is considered as a very powerful constraint on new particle physics
scenarios, which implicitly assumes the standard cosmological model. Our study clearly demonstrates that it is not possible to disentangle particle physics and cosmology effects on relic density,
so that relic density can only constrain cosmological properties and particle physics parameters
simultaneously and not independently.
References
1.
2.
3.
4.
5.
6.
7.
8.
9.
10.

M. Tanabashi et al., Phys. Rev. D 98, 030001 (2018).
Planck Collaboration, P. A. R. Ade et al., Astron. Astrophys. 594, A13 (2016).
A. Arbey and F. Mahmoudi, Phys. Lett. B 669, 46 (2008).
A. Arbey and F. Mahmoudi, JHEP 1005, 051 (2010).
A. Arbey, Comput. Phys. Commun. 183, 1822 (2012).
A. Arbey, J. Auffinger, K.P. Hickerson and E.S. Jenssen, arXiv:1806.11095.
A. Arbey and F. Mahmoudi, Comput. Phys. Commun. 181, 1277 (2010).
A. Arbey and F. Mahmoudi, Comput. Phys. Commun. 182, 1582 (2011).
A. Arbey, F. Mahmoudi and G. Robbins, arXiv:1806.11489.
A. Arbey, J. Ellis, F. Mahmoudi and G. Robbins, arXiv:1807.00554.

192

3.
Theoretical Developments

193

194
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Gravitational wave (GW) astronomy can probe fundamental properties of gravity and provides
novel tests of dark energy (DE) models with dynamical fields. The recent measurement of the
GW speed following GW170817 is an excellent example of the immense potential available to
GWs tests of gravity. DE models in which the GW speed is different from the speed light
are now highly disfavored. This rules out, for instance, interesting DE candidates such as
Covariant Galileons. In order to avoid the anomalous propagation speed, derivative couplings
to the curvature must be suppressed. In the context of DE with a scalar field, this implies that
only the simplest models survive, for example quintessence, Brans-Dicke or Kinetic Gravity
Braiding. This result extends to other gravity theories with an additional vector field or
exhibiting Lorentz violation. Altogether, GW170817 sets a new landmark for DE research.

1

GW Astronomy can probe the Dark Universe

We are living an exciting beginning of Gravitational Wave (GW) astronomy, opening new windows to probe the Dark Universe. On the one hand, GW events from binary black-holes can
teach us about the Dark Matter (DM). If the observed BHs are of primordial origin, they could
constitute a significant fraction of the DM. Interestingly such primordial BHs could still be connected with particle physics as in Critical Higgs Inflation1 . On the other hand, GW events with
an associated counterpart (either electromagnetic waves or ν) can be used to test Dark Energy
(DE). The reason is that once the location of the source is known, the GW event becomes a
standard siren and can measure the rate of expansion of the universe. The binary neutron star
GW170817 was the first multi-messenger detection and will be the focus of this contribution 2 .
Moreover, once the source is known, one can also probe the GW propagation itself and test
DE. In general, a modified GW propagation can be parametrized by
h00ij + (2 + ν)Hh0ij + (c2g k 2 + a2 m2g )hij = 0 ,

(1)

where we have introduced an additional friction term ν, an anomalous propagation speed cg and
an effective mass term mg . The friction term produces an extra damping of the GW signal and
the anomalous GW speed and the effective mass can modify the phase of the signal. Here, I will
focus on the effect of the anomalous speed which is the most constraining.
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Figure 1 – Evolution of the anomalous GW speed (αT ) as a function of redshift (left) and parameter space allowed
by Planck, BAO (1, 2 and 3σ) projected in the αT (z = 0) and αM (z = 0) (right) for different Galileon models.
See details in the original article 2 .

2

Dark Energy with a scalar field

If we think about DE being constituted by additional fields, the simplest situation would be to
consider GR plus a scalar field. Modern scalar-tensor theories are very rich in complexity and
phenomenology. Most of them (all with second-order equations of motion) can be encapsulated
in Horndeski theory. At linear level, the theory is described by only four functions of time αi
and the evolutions of the tensor and scalar perturbations follow
ḧij + (3 + αM )H ḣij + (1 + αT )k 2 hij = 0 ,

(2)

αK δ φ̈ + 3HαB Φ̈ + · · · = 0 .

(3)

We will focus only in the tensor equation, which precisely resembles the modified propagation
equation for GW described before. αT tracks the difference of the GW speed w.r.t. the speed of
light. Moreover, the additional friction arises from the Planck mass run rate αM ≡ d ln Mp2 /d ln a.
An interesting example of a Horndeski model with a viable cosmology is Covariant Galileons,
characterized
by: 1) explains DE without a cosmological constant Λ, 2) requires massive neutriP
nos
mν 6= 0 and 3) alleviates the tension with the local measurement of H0 . Unfortunately,
when we studied the evolution of αT as a function of redshift, left panel of Fig. 1, we found that
αT is different from 0 at present time, which corresponds to cg = c at z = 0, for all realizations
but a few fine-tuned cases. As we will see in the next sections, this will have fatal consequences
for Galileon cosmology.
3

Anomalous GW speed

Then, it is crucial to understand under which circumstances an anomalous speed arises. In
general, at small scales and for arbitrary backgrounds, we can describe the evolution of GWs in
terms of the effective metric G αβ under which they propagate 3


L ∝ hµν G αβ ∂α ∂β hµν = hµν C + Dαβ ∂α ∂β hµν .
(4)
This effective metric can be decomposed in a term proportional to the original metric C (conformal) and another that is not proportional Dαβ (disformal). Whenever the disformal term
is present, the light-cone and the GW-cone will be different producing a delay between both
signals. Therefore, the anomalous GW speed is generated by Dαβ . Such type of term will appear
if the following two conditions are satisfied: i) there is a non-trivial scalar field configuration
(if we want to explain DE, we typically demand φ̇ ∼ H0 ); ii) there is a derivative coupling
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to the curvature. This highlights the presence of a modified gravity coupling that will lead
Dαβ ∼ ∂ α φ ∂ β φ. Whenever these two conditions are satisfied, cg 6= c and a there would be a
delay between the GW and the EM counterpart. For instance, differences of 1%, cg /c ∼ 0.01,
for sources at 100Mpc induce delays of ∆t ∼ 107 years. Clearly, such delays are beyond human
timescales and no GW with an associated counterpart could have ever been detected.
4

Dark Energy after GW170817

On August 17th of 2017, the first binary neutron star merger was detected in GWs. 1.74 ± 0.05s
after the GW, a short gamma-ray burst was detected too. Since the binary NS was located at
a distance of 40+8
−14 Mpc, GW170817 leads to the impressive constraint on the speed of GW
−3 · 10−15 ≤ cg /c − 1 ≤ 6 · 10−16 .

(5)

This implies that any DE model that induces an anomalous GW speed is now highly disfavored,
setting a new landmark for DE 2 (see also Ref. 4,5,6 for similar conclusions after GW170817).
4.1

Dead Ends

The case of Covariant Galileons exemplifies very well the dead ends after GW170817. When
we consider the parameter space compatible with cosmology, Planck and BAO, projected in
the plane of αT (z = 0) and αM (z = 0), right panel of Fig. 1, we find that the only subset
of the theory compatible with the GW measurement, cubic Galileons (red), is ruled out by
the Integrated Sach-Wolf (ISW) effect by more than 8.2σ (ISW exclusion represented by the
diagonal lines). This implies that Covariant Galileons are now ruled out as a DE candidate.
Similar conclusions will extend to many other Horndeski DE models as we will see next.
4.2

The road ahead

After GW170817, the road ahead is very clear: any DE model must predict cg = 1 on arbitrary
backgrounds. This means that we have to break one of the conditions required to have an
anomalous propagation speed. However, if we want to explain DE we cannot avoid the first condition since a trivial scalar field configuration will not lead any cosmological dynamics different
from Λ. Consequently, the only possibility is to break the second condition and eliminate the
derivative coupling to the curvature. In the context of Horndeski theory this implies
G4,X ≈ 0 ,

G5 ≈ constant .

(6)

Translating this result, only the simples models such as quintessence, Brans-Dicke or Kinetic
Gravity Braiding survive. On the contrary, models like Covariant Galileons, Fab Four, GaussBonnet or some sectors of beyond Horndeski are ruled out.
But the constraining power of GW170817 is not limited only to DE models with a scalar
field. GR can be extended in different ways and there are other alternative gravity theories
that predict an anomalous GW speed. In particular, one could add other type of fields such as
vectors or tensors. One could also give a mass to the graviton or break the initial assumptions
such as locality, Lorentz invariance or 4 space-time dimensions. In Fig. 2 we summarize these
possible extensions and highlight (by making the colors lighter) that besides DE models with
and additional scalar field, vector theories and Lorentz violating theories are also affected by
the constraint imposed by GW170817. This diagram shows very clearly the strength of the test
of gravity with the propagation of GWs.
Looking to the future, since the propagation of GWs is such a powerful test of gravity, other
effects might be constrained. For instance, mixing between different modes or propagation over
non-trivial backgrounds could be relevant. Of course, searches for additional polarizations in
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Figure 2 – Tree diagram of extensions of GR affected (lighter colors) by the constraint on the speed of GW. Made
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future runs of LIGO-VIRGO will be crucial. For that, the role of VIRGO is essential since it
can reduce the localization by an order of magnitude.
I cannot wait to see what we will learn from the next run O3 at the end of this year!
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Status of the disformally coupled galileon model after GW170817
C.Leloup
Departement de Physique des Particules, Irfu, CEA, 91191 Gif-sur-Yvette

To explain the late acceleration of the expansion of the Universe and despite the very good
agreement between observations and the standard ΛCDM model, many alternative models of
gravity have been developed. Its simplicity and good theoretical properties make the galileon
model a popular choice among them. Subspaces of its parameter space have been the subject
of several studies, but this is the first time that the entire parameter space of the galileon
model disformally coupled to matter is explored, comparing data with predictions for the
cosmological background and linear perturbations. One of the key points is the comparison
with the recent GW170817 multi-messenger observation which gives very constraining limits
on the speed of gravitational waves in modified gravity models.

1

Presentation of the galileon model

The galileon model, first developed in 1 , is an extension of general relativity with an additional
scalar field π called the galileon field. The basic principle of the model is to suppose that the
lagrangians and equations of motion (e.o.m) are invariant under a galilean transformation of π
in minkowskian space-time :
π → π + c + bµ xµ

(1)

Furthermore, in order to avoid problems of ghosts, the model also imposes the e.o.m to be at
most of second order in π derivatives. It is possible to add couplings between the galileon and
matter in the form of a conformal or disformal coupling term in the action. But since 2 showed
that the conformal coupling is disfavored, only the disformal coupling is considered here. The
most general action that can be built based on those principles is the following :
S [φ, g, π] = SSM [φ, g] +

Z

5
MP2
1X
ci
MP
d x −g
R−
Li − 3 cG Gµν π;µ π;ν
2
2 i=1 M 3(i−2)
M
4

√

"

#

(2)

The Li are given in 3 , the ci ’s are the five parameters of the galileon model without coupling to
matter, and cG is the disformal coupling constant.
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2

Methodology and datasets

We are interested in studying the cosmological implications of the galileon model. So, we need to
compute the dynamics of a galileon universe at cosmological scale. The cosmological background
evolution is given by the following set of differential equations :
dx
dlna
dH
dlna

αλ − σγ
σβ − αω
ωγ − λβ
σβ − αω

= −x +

(3)

=

(4)

dπ
where we have defined x = M1P dlna
, and α, β, γ, λω, σ are functions of (H, x) given in 4 . In order
to solve this system, we need a set of initial conditions that we decide to take at z = 0 denoted
as (H0 , x0 ). However, all the equations are invariant under the scaling :

ci → c̄i ≡ ci B i ,

i = 2, ..., 5

cG → c̄G ≡ cG B 2
x → x̄ ≡ x/B

(5)

So, chosing B = x0 makes the dependance in x0 vanish. Moreover, since we observe the universe
to be flat, we impose a flatness condition that allows us to fix one additional parameter we chose,
that to be c5 . This leaves us with the following free parameters for the galileon :
(c̄2 , c̄3 , c̄4 , c̄G )

(6)

We impose no further restrictions on the parameter space to explore, while most studies 5,6 are
restricted to tracker solutions only. Tracker solutions for the galileon are a set of special scenarios for which, at all times, H̄ x̄ = 1. These special solutions have an analytical expression for the
background evolution, they impose an additional relation between the free parameters, allowing
to fix one of them, and they are attractor solutions. These solutions are especially interesting,
but we claim that they don’t catch the whole diversity of the model, rendering this restriction
irrelevant.
We perform an MCMC exploration of the galileon parameter space against observations of the
CMB (Planck 2015 TTTEEE+lowP+lensing) and measurements of the BAO scale (6dFGS,
SDSS, BOSS, WiggleZ). The exploration is performed using our own modified version of CosmoMC which includes a check of stability conditions of each tested scenario.
Once the MCMC step is done, we compare a posteriori the predictions of the selected galileon
parameter values to the observation of the time delay between light and gravitation waves from
GW170817 7 .
All predictions are obtained using our own modified version of the Boltzmann code CAMB.
3
3.1

Results
MCMC exploration

We have found that the galileon fits well the data from CMB observations with a χ2 comparable
to ΛCDM. As was pointed in 5 , the galileon best-fit scenario reaches the tracker before the start
of dark energy era, at a < 0.5. However, when exploring the parameter space while requiring
the tracker condition to be fulfilled at all times, no good fit to CMB data can be found 5 without
increasing the sum of the neutrino masses. This encourages us in our previous claim.
The constraints on the galileon parameters are given in table 1, where we can see that H0
is very high which is usual in the galileon model and have been noticed many earlier results.
Furthermore, cG is very small and compatible with 0, which means that the prefered scenarios
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Table 1: Constraints on the cosmological parameters in the ΛCDM and galileon models from CMB data and the
combination of CMB and BAO data.

Ωb h2
Ωc h2
100θM C
τ
ln(1010 As )
ns
c̄2
c̄3
c̄4
c̄5
c̄G
H0
zrei
109 As e−2τ
χ2CM B
χ2BAO
R-1 (chains)

CMB
ΛCDM
Full galileon
0.02222 ± 0.00016 0.02238 ± 0.00016
0.1195 ± 0.0014
0.1177 ± 0.0014
1.04085 ± 0.00032 1.04111 ± 0.00030
0.065 ± 0.013
0.021 ± 0.013
3.062 ± 0.024
2.969 ± 0.025
0.9646 ± 0.0047
0.9688 ± 0.0045
-7.9 ± 1.0
-2.80 ± 0.67
-0.73 ± 0.27
-0.28 ± 0.12
0.0116 ± 0.0096
67.40 ± 0.63
78.17 ± 0.76
8.5+1.4
3.5 ± 1.9
−1.2
1.878 ± 0.016
1.867 ± 0.011
12943
12950
<0.02
0.28

CMB+BAO
ΛCDM
Full galileon
0.02226 ± 0.00014 0.02200 ± 0.00014
0.11883 ± 0.00096 0.12252 ± 0.00094
1.04094 ± 0.00029 1.04056 ± 0.00030
0.069 ± 0.012
0.0058 ± 0.0046
3.069 ± 0.023
2.9478 ± 0.0098
0.9658 ± 0.0041
0.9578 ± 0.0035
-7.41 ± 0.088
-2.58 ± 0.59
-0.66 ± 0.0.24
-0.25 ± 0.11
0.0098116 ± 0.0068
67.69 ± 0.45
75.54 ± 0.47
9.1 ± 1.2
1.14 ± 0.93
1.875 ± 0.010
1.885 ± 0.010
12947
12961
5.65
32.5
<0.02
0.10

are those without a disformal coupling. Finally, the value of τ is very low due to the competing
constraints from lensing and large scale polarizations. This leads to small values of As and of
the reionization redshift zrei which is in tension with lower bounds on zrei from observations of
high redshift quasars and galaxies 8 .
When comparing the galileon predictions with CMB observations combined with BAO scale
measurements, the situation deteriorates. Indeed, the fit to BAO data is very bad, and the fit to
CMB is not as good as previously, as can be seen in table 1. H0 is less high, cG is still compatible
with 0 but the value of τ is even lower, leading to a strong disagreement with observations of
reionization.
3.2

A posteriori comparison

One of the most striking observation of 2017 was the multi-messenger observation of a neutron
star binary merger both with gravitational waves and their electromagnetic counterpart . This
is very interesting when constraining modified gravity models. Indeed, many of those models
predict that the speed of gravitational waves cg (a) differ from the speed of light c. However,
the time delay between the arrival of gravitational waves and light for this event is :
∆t =

Z 1
da
ae

aH

1−

= 1.74 ± 0.05s

c
cg (a)

!

+ δt

(7)
(8)

Here, ae = (1 + ze )−1 with the redshift of the neutron star merger being ze = 0.009787 9 , and
δt is the time delay between the emission of gravitational waves and the emission of light by
the merger. The results obtained when computing ∆t for the galileon scenarios selected by the
above Markov chains are given in table 2 and figure 1.
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Table 2: Confidence interval for the value of ∆t computed using (8) on the above Markov chains.

log(|∆t|)
|∆t|

Full galileon CMB
8.90+0.44
−0.13
∼ 10 − 100yrs

Full galileon CMB+BAO
8.90+0.44
−0.13
∼ 10 − 100yrs

Figure 1 – Areas at 66% and 95% confidence level in the (c̄4 , c̄G , log|∆t|) space (∆t depends mostly on c̄4 and
c̄G in the galileon model). This results come from the a posteriori scan of MCMC chains from comparison of the
galileon model predictions againt CMB only data and CMB+BAO data.

Thus, the galileon model studied here is incompatible with this multi-messenger observation,
since gravitational waves would arrive years after light. In fact, the constraint from (8) is so
strong that the only way a modified gravity model could be compatible would be to have cg = c.
In the galileon model, this would mean setting c̄4 = c̄5 = c̄G = 0. Such models, called cubic
galileon have been studied for tracker solutions and have been ruled out by other cosmological
observations 6 . So what is left to do to bury definitively the galileon model is to confirm that the
cubic galileon is incompatible with cosmological observations, even for non-tracker solutions.
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NONLOCAL GRAVITY. CONCEPTUAL ASPECTS AND COSMOLOGICAL
PREDICTIONS

ENIS BELGACEM, YVES DIRIAN, STEFANO FOFFA AND MICHELE MAGGIORE
Département de Physique Théorique and Center for Astroparticle Physics,
Université de Genève, 24 quai Ansermet, CH–1211 Genève 4, Switzerland
At the fundamental level the action in quantum field theory is local. However, in theories
with massless or light particles, the corresponding quantum effective action contains nonlocal
terms. We summarize recent work of our group in which it is assumed that, because of
infrared quantum fluctuations, the quantum effective action of gravity contains a nonlocal
term proportional to m2 R2−2 R, where m is a dynamically-generated mass scale. We discuss
theoretical motivations for this model and its cosmological consequences. The nonlocal term
acts effectively as a dark energy, with a phantom EoS. Cosmological perturbations are stable,
and the model fits CMB, BAO, SNe and structure formation data at a level statistically
equivalent to ΛCDM, providing also a higher value of H0 and a prediction for the sum of
neutrino masses. GWs propagate at the speed of light, but with a different Hubble friction
term, providing testable predictions for the luminosity distance measured with standard sirens.

1

Introduction

Cosmological models are usually developed starting from a classical gravity action, whether the
Einstein-Hilbert action or a modified gravity theory, and studying its classical equations of motion, both at the background level and at the level of cosmological perturbations. As a matter
of principle, however, once one includes quantum fluctuations the relevant quantity is rather the
quantum effective action, that generates the equations of motion for the vacuum expectation
values of the field operators. A crucial difference between the classical action and the quantum
effective action is that while the former is local, the latter has also nonlocal terms whenever the
theory contains massless or light particles. In gravity, because of the quantum fluctuations associated to the massless graviton, nonlocal terms are unavoidably present, and could in principle
significantly affect the infrared (IR) behavior of the theory. The techniques for computing these
nonlocal terms in the ultraviolet (UV) regime are by now textbook material.1,2,3,4,5 In the IR,
in contrast, the situation is much less understood. Large IR fluctuations have been found for
instance in de Sitter space, both in the case of massless matter fields and in pure gravity, where,
in particular, strong IR effects appear for the conformal mode.6,7 The generation of nonlocal
terms because of IR effects is essentially a non-perturbative phenomenon, and it is therefore
difficult to study it from first principles. A more phenomenological strategy is to investigate
the effect that some nonlocal term has on the cosmological evolution. Here we will summarize
results obtained in this direction by our group in the last few years. We will only give here a
very short summary of our results, referring the reader to our recent review 8 (that we closely
follow here) for detailed discussion and references.
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2

The quantum effective action

Let us begin with a quick remainder of basic QFT notions. For a scalar field ϕ(x) in flat space,
with action S[ϕ], the quantum effective action is obtained by introducing a source J(x) and
defining the generating functional of the connected Green’s function W [J],
eiW [J] ≡

Z

Dϕ eiS[ϕ]+i

R

Jϕ

,

(1)

where Jϕ ≡ dD x J(x)ϕ(x). Then δW [J]/δJ(x) = h0|ϕ(x)|0iJ ≡ φ[J] gives the vacuum
expectation value of the field ϕ(x) in the presence of the source J(x). The quantum effective
action Γ[φ] is then defined as a functional of the expectation value φ[J] (rather Rthan of the
original field ϕ), obtained by performing the Legendre transform, Γ[φ] ≡ W [J] − φJ, where
J = J[φ] is obtained by inverting φ = φ[J]. As a consequence, δΓ[φ]/δφ(x) = −J(x). With
simple manipulations, one finds the exact path-integral representation
R

R

eiΓ[φ] =

Z

Dϕ e

iS[φ+ϕ]−i

R

δΓ[φ]
ϕ
δφ

.

(2)

We see that Γ is the quantity whose variation gives the exact equations of motion of the expectation values of the field in the presence of a source, and eq. (2) shows that it is obtained
by integrating out the quantum fluctuations. Note that (in contrast to the Wilsonian effective
action), the quantum effective action is not a low-energy effective action. Rather, it is valid at
all energies for which the original classical action was valid, but it also includes the contribution
of quantum fluctuations and, as such, in principle contains the “exact” solution of the quantum field theory. Of course, this also means that, in general, the quantum effective action is
impossible to compute exactly. The notion of quantum effective action can be extended to GR,
where it generates the Einstein equations Gµν = 8πGh0|Tµν |0i where, on the right-hand side, all
quantum fluctuations due to matter fields are automatically included. In the UV, the quantum
effective action of gravity induced by quantum loops of matter field has been studied in details,
and has the form 2,3,9,5
Γ=

m2Pl
2

Z

√
d4 x −g R +

1
2(4π)2

Z

√
1
d4 x −g R kR (2)R + Cµνρσ kW (2)C µνρσ ,
2




(3)

where Cµνρσ is the Weyl tensor, and loops of massless particles contribute to the form factors
through logarithmic terms plus finite parts, i.e. kR,W (2) = cR,W log(−2/µ2 ). In the IR, as
we mentioned, the situation is more complicated. A typical non-perturbative phenomenon associated to IR quantum fluctuations is dynamical mass generation. For instance, it has been
4
shown 10,11,12 that a massless minimally-coupled
√ scalar field in de Sitter space with a λφ inter2
2
action develops a dynamical mass mdyn ∝ H λ. For gauge and gravitational fields one might
think that dynamical mass generation is forbidden by gauge or diffeomorphism invariance, respectively. However, when discussing quantum effects such as dynamical mass generation, the
relevant quantity is the quantum effective action rather than the fundamental action. In this
case nonlocal terms are allowed, and with them one can construct gauge- or diff-invariant quantities that have the meaning of a mass for gauge fields or for some modes of the gravitational
field. Consider for instance the quantum effective action for a gauge field
Γ=−

1
4

Z

d4 x



Fµν F µν − m2γ Fµν

1 µν
F
2



.

(4)

This effective action is gauge-invariant, so we can choose the gauge ∂µ Aµ = 0. In that gauge,
upon integration by parts, (1/4)m2γ Fµν 2−1 F µν = (1/2)m2γ Aµ Aµ so the nonlocal term in eq. (4)
is just a mass term for the photon, written in a way that preserves gauge-invariance at the price of
nonlocality.13,14 Indeed, in QCD it has been suggested that the non-abelian generalization of the
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above nonlocal term (that corresponds to giving a mass to the gluons) appears in the quantum
effective action, and its introduction correctly reproduces results on the non-perturbative gluon
propagator in the IR obtained from operator product expansions and from lattice QCD. 15,16,17
In a similar spirit, we have suggested 18 (following earlier work 19 ) that IR quantum effects in
gravity are captured by the quantum effective action
ΓRR =

m2Pl
2

Z

√
1
1
d4 x −g R − m2 R 2 R ,
6
2




(5)

where m2Pl = 1/(8πG) and m is a dynamically-generated mass scale. This nonlocal term corresponds to a mass for the conformal mode. This specific structure is suggested theoretically by
the fact that the conformal mode is the component of the metric with the strongest IR divergencies in de Sitter space.6,7 As we will sketch below, this term also works very well from the point
of view of its cosmological consequences. This is highly nontrivial, and indeed we have found
that several other options (such as terms Rµν 2−1 Rµν , Cµνρσ 2−1 C µνρσ , etc.) are phenomenologically ruled out.20,21,22,8 . It is also very interesting to observe that recent non-perturbative
investigations based on lattice gravity find an indication for the R2−2 R term. 23
A detailed study of conceptual aspects and phenomenological consequences of the models has
been performed in a series of papers 8,24,25,26,27,28,29,30,31,32,33,34 . A summary of the main results
is as follows. (1) At the background level the model has a FRW evolution, where the nonlocal
term acts as an effective dark energy with a phantom equation of state, providing accelerated
expansion without a cosmological constant. (2) Cosmological perturbations are well behaved.
This is quite non-trivial, as we know from experience with several modified gravity models that
have been ruled out by instabilities in the cosmological perturbations. (3) Implementing the
model in a Boltzmann code and comparing with observations we find that the model fits the
CMB, BAO, SNe, structure formation data and local H0 measurements at a level statistically
equivalent to ΛCDM. (4) Bayesian parameter estimation shows that the value of H0 obtained in
the nonlocal model is higher than in ΛCDM, reducing to 2.0σ the tension with the value from
local measurements. (5) The model provides a prediction for the sum of neutrino masses that
falls within the limits set by oscillation and terrestrial experiments. This should be contrasted
with the situation in ΛCDM, where letting the sum of neutrino masses vary as a free parameter
within these limits, one hits the lower bound. (6) The difference in the predictions with respect to
ΛCDM are within the reach of future surveys such as Euclid. (7) Gravitational waves propagate
at the speed of light, complying with the limit from GW170817/GRB 170817A. (8) The Hubble
friction term in the equation for tensor perturbations is modified compared to GR. This implies
that in this model there is a “GW luminosity distance” different from the electromagnetic one,
so that standard sirens measure a different quantity compared to standard candles. This effect
can be tested at future GW interferometers such as the Einstein Telescope and LISA.
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1
2

Intensity mapping enables us to test cosmology and fundamental physics during the Epoch
of Reionisation, with power spectra of line fluctuations probing a large range of scales and
redshifts. Cosmological volumes of 21cm line fluctuations in general modified gravity scenarios
are presented, where additional parameters are the initial condition parameter α of matter
perturbations and the scale-dependent modified gravity parameter Y that measures deviations
from General Relativity in the Poisson equation. For upcoming surveys like the SKA we
forecast, using the power spectra derived from our simulations, the ability of intensity mapping
to constrain modifications of gravity during reionisation, as well as investigate correlations with
astrophysical parameters.

1

Introduction

Intensity mapping, where fluctuations of line emission are mapped out, has the potential to
constrain both astrophysics and cosmology over a large range of scales and redshifts. It posits
the unique opportunity to push measurements to high redshifts of the Epoch of Reionisation
(EoR) where our cosmology and model of gravity is largely unconstrained so far. During this
EoR the first stars and galaxies ionize again the before neutral medium around them, reaching
a fully ionised Universe at a redshift of z ∼ 6. 1
Our goal in this proceeding is to demonstrate our ability to constrain general modifications
of gravity at redshifts of reionisation in order to better understand cosmic acceleration. We
forecast constraints attainable for experiments like the upcoming Square Kilometre Array (SKA)
that aims to detect 21cm fluctuations tracing neutral hydrogen. 2 In order to stay as modelindependent as possible, we derive constraints on the modification to the standard Poisson
equation Y (a, k), with Y = 1 in General Relativity (GR), together with the initial condition
parameter α, with α = 1 for matter domination at early times.
1.1

Linear growth for general modifications of gravity

For the background we evolve the Hubble parameter E (a) with scale a, where we have chosen
a CPL parametrisation for the time evolution of w. Fiducial model parameters are σ8 = 0.815,
h = 0.678, Ωr = 8.6 × 10−5 , Ωm,0 = 0.308, w0 = −1, wa = 0. General modifications of gravity
enter at the linear regime as the effective gravitational strength Y and the initial condition
parameter α. We evolve the growth of matter perturbations in this general scenario as 3


00
δm
+ 2+

E0 0
3 δm
δm =
Ωm,0 Y,
E
2 a3 E 2
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(1)

Figure 1 – Examples of 300 Mpc simulation boxes of 21cm emission at redshift z = 7, for our fiducial cosmology
with α = 1, but varying Y = 0.99 (left), Y = 1.00 (middle) and Y = 1.01 (right).

0 /δ
with α = δin
in at early time (prime denotes here derivatives after log a). In general, both Y
and α can be scale- and time-dependent functions. They are both equal to one in GR with Y = 1
and α = 1. Here we treat α as a constant, as well as constrain a Y that is constant during the
EoR in this first study. The growth function defined as G (a, k) = δm (a, k) /δm (1, k) is calculated
via Eq. (1) and normalised to the same growth at the time of recombination, or alternatively the
same σ8 as constrained by the Cosmic Microwave Background (CMB). The growth evolution of
matter perturbations is then inputted in our semi-numerical code to calculate the 21cm signal
as described in the following section.

1.2

Simulations of the 21cm signal in general modified gravity

We simulate maps of 21cm line emission with the semi-numerical code 21cmFAST,a which creates
density, velocity, as well as ionisation fields. We modified this code as described in the previous
section to incorporate growth as evolved in our modified gravity scenario.
The 21cm brightness temperature offset δTb between spin gas temperature and CMB background temperature at redshift z and position x is obtained via


δTb (x, z) ≈ 27xHI (1 + δm )

H (z)
dvr /dr + H (z)



1 + z 0.15
10 Ωm,0 h2

!

!

Ωb h2
mK,
0.023

(2)

with ionisation fraction xHI , density contrast δnl = ρ/ρ̄0 − 1, Hubble function H (z), comoving
gradient of line of sight velocity dvr /dr, as well as present-day matter density Ωm,0 , presentday baryonic density Ωb , and Hubble factor h. This relation Eq. (2) for the 21cm brightness
temperature is valid in the post-heating limit Tγ  TS . Fiducial reionisation model parameters
are chosen as mean free path of ionising radiation Rmfp = 20 Mpc, typical virial temperature
Tvir = 3 × 104 K, and ionising efficiency ζ = 20. We also choose the relevant parameters for the
heating history, the efficiency of X-ray heating ζx and the mean baryon fraction in stars f∗ , as
ζx = 2 × 1056 and f∗ = 0.05, in accordance with current bounds.
Temperature fluctuations δ21 (x, z) on the simulated grid at position x and redshift slice z are
then calculated as δ21 (x, z) = δTb (x, z) /T̄21 (z) − 1, with average 21cm brightness temperature
T̄21 (z) =< δTb >x . In figure 1 simulated boxes of 300 Mpc box size for fluctuations in 21cm
brightness temperature are depicted at redshift z = 7. We can see going from left (Y = 0.99) to
right (Y = 1.01), that with higher effective gravitational strength Y , reionisation has progressed
more at the same redshift, with ionised (dark) patches becoming more prominent.
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Figure 2 – Left: Two-dimensional 1- and 2-σ confidence contours for modified gravity parameters Y and α.
Green contours assume the ’idealized’ scenario of no foregrounds for cosmological parameters-only, red contours
have reionisation model parameters and foreground removal added in the Fisher forecast. Right: Correlation
matrix from our Fisher analysis, for the combined cosmological and reionisation set of model parameters, with
the foreground wedge removed. For more details please see section 2.1 and 2.2.

2

Constraints on general modifications of gravity

2.1

Parameter constraints

We perform a Fisher matrix forecast for the set of cosmological parameters (Ωm,0 , w0 , wa , Y, α),
as well as with the reionisation parameters (ζ, Tvir , Rmfp ) added to the parameter vector. Parameters are assumed to be constant and scale-independent during the EoR. For each parameter set
and each redshift, the corresponding 21cm emission was simulated as described in the previous
section, then 21cm power spectra are extracted. We combine constraints for measurements of
the 21cm power spectrum in 6 redshift bins from z = 6 to z = 11 in steps of ∆z = 1.0. For
our error estimate we assume a SKA stage 1 like intensity mapping survey to measure the 21cm
power spectrum. Survey size, cosmic variance, thermal noise and instrumental resolution are
accounted for. We also explore the case of removing the 21cm foreground wedge.
The left panel of figure 2 shows the corresponding confidence contours derived for the parameters (Y, α), without the removal of the 21 cm foreground wedge in the case of cosmological
parameters only (green), as well with reionisation parameters and foregorund removal included
in the Fisher analysis (red). We can see that foreground removal and inclusion of reionisation
parameters in a more realistic scenario decreases the precision by about a factor of two, from
∆Y = 0.006 and ∆α = 0.05 to ∆Y = 0.016 and ∆α = 0.10. In general, constraints at the
order of percent for Y and tens of percent for α are attainable. We note, that imposing more
conservative high-k cuts for the non-linear regime can degrade constraints, and improving the
modelling of non-linear scales then proves crucial.
2.2

Correlations between model parameters

To check how strongly fixing reionisation model parameters impacts the Fisher forecast of our
cosmology, besides affecting 1σ marginalised errors as shown in the previous section, we calculated the covariance matrix C as the inverse of the Fisher matrix for the
full parameter vector
p
p = (Ωm,0 , w0 , wa , Y, α, ζ, Tvir , Rmfp ). The correlation matrix Pij = Cij / Cii Cjj is 1 for perfect
correlation and -1 for perfect anti-correlation between two elements of our parameter vector p.
a

https://github.com/andreimesinger/21cmFAST
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In figure 2 (right panel) 4 we show the correlation matrix for the full parameter vector. As
compared to the cosmology-only case correlations between cosmological parameters are only
slightly affected by adding reionisation model parameters. As one example for correlations
between our modified gravity parameters and reionisation parameters, Y that regulates the
strength of gravity is anti-correlated with the mean free path Rmfp , with stronger gravity meaning
a shorter mean free path, but shows no significant correlation with typical halo virial temperature
and ionising efficiency. We also note that removing the foreground wedge or imposing other highk cuts helps to de-correlate parameters.
3

Conclusions and Outlook

Here we demonstrated the ability of upcoming intensity mapping experiments like the SKA that
probe the EoR to put unique constraints on the deviation Y from the standard Poisson equation
and the initial condition parameter α. We did so by including the growth history for general
modifications of gravity into semi-numerical simulations of 21cm line emission.
As shown via Fisher matrix forecast, during the EoR constraints on Y can reach the percent
level, as well as the tens of percent level for α. We note that whether this precision can be
reached depends on foreground treatment and treatment of the (mildly) non-linear regime.
Adding reionisation parameters slightly degrades constraints, but this effect is sub-dominant as
soon as adding tomographic bins in redshift lifts degeneracies. Also measurements of reionisation
parameters, for example by including information from other lines than 21cm like Lyman-alpha
and their cross-correlations, have the prospect to improve constraints on cosmology and modified
gravity, opening the door to measure time-or scale-dependencies of modifications even wider.
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Effects of Astrophysical Phenomena on Screening Mechanisms in Modified Gravity
David F. Mota
Institute of Theoretical Astrophysics, University of Oslo, 0315 Oslo, Norway

High energy astrophysical phenomena, such as supernovae explosions or collapse of domain
walls, create waves in the new degrees of freedom of modified theories of gravity. The propagation of such waves into our galaxy and solar system significantly impacts the efficiency of
screening mechanisms, thereby threatening the viability of these theories.

1

Introduction

Any modification to Einstein’s gravity must include a screening mechanism to hide the new
extra degree of freedom and reduce the theory to general relativity in the well tested regimes 1 .
The common feature to all the screening mechanisms is that they are built, and their efficiency
tested, assuming the so called quasi-static approximation for the field equations. We find that,
when relaxing the quasi-static approximation, the presence of waves may result in striking
consequences for the efficiency and viability of the screening mechanism. Therefore, modified
gravity theories previously considered viable may, in fact, be ruled out by the present days
gravity experiments and observational data. To understand the implications of these waves in
greater detail, we simulate a scalar degree of freedom with externally generated waves. The
waves propagate radially in towards a spherically symmetric matter distribution, modelled after
the Milky Way halo.
1.1

The symmetron

As a working example, we implement a specific form of modified gravity called the symmetron
2 . In spite of this specificity, the results presented here should be considered for any modified
gravity theories that have extra degrees of freedom with wave-type equations of motion. We
consider the following general scalar-tensor action for canonical scalar fields:



Z 
p
√
1
R
− φ,µ φ,µ − V (φ) + −g̃ L̃m d4 x,
(1)
S=
−g
16πG 2
V (φ) is the quartic symmetron potential with the three free parameters µ, λ, and V0
1
1
V (φ) = − µ2 φ2 + λφ4 + V0 .
2
4
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(2)

The Jordan frame metric g̃ is related to the Einstein frame metric according to the conformal
transformation g̃µν = C (φ) gµν . The specific form of C for the symmetron is C (φ) = 1 + (φ/M )2 .
The mass scale M is a free parameter that gives the strength of the interaction with the matter
C,φ (φ)
fields. The equation of motion for the scalar field is φ̈ + 3H φ̇ − a12 ∇2 φ = −ρ 2C(φ)
− V,φ (φ),
The Einstein frame metric is assumed to be a flat Friedmann-Lemaı̂tre-Robertson-Walker metric
with a single scalar perturbation ΨE , specifically ds2 = − (1 + 2ΨE ) dt2 + a2 (t) (1 − 2ΨE ) dr2 .
As a working example, we fix the symmetron parameters such that β = 1, aSSB = 0.5, and
λ0 = 0.25 Mpc/h. This is equivalent to a symmetron mass M = 3.4 × 10−4 Mpl .
2

Solar System constraints

To test how screening mechanisms work in the Solar System, the community generally chooses a
static, spherically symmetric matter distribution to mimic the Galaxy. We follow this approach
and choose the Navarro-Frenk-White density profile with the characteristics to represent the
Milky Way Galaxy, specifically with a virial radius of rvir = 137 kpc/h and concentration c = 28,
resulting in a halo mass of 1.0 × 1012 M and a circular velocity of 220 km/s at 8 kpc. The high
value of the concentration comes because we are modelling the total matter of the Milky Way,
which is more concentrated than the pure dark matter halo 4 .
One of the most precisely measured gravity parameters to probe deviations from general
relativity is the parametrized post-Newtonian (PPN) parameter γ. It can be expressed as the
ratio of the metric perturbations in the Jordan frame, ΨJ and ΦJ :
γ−1=−

φ2
M2

2
φ2
M2

2

φ
+ 2ΨE + 2ΨE M
2

.

(3)

In general relativity, γ = 1 exactly. The strongest constraint to date, measured by the Cassini
spacecraft, is γ − 1 = (2.1 ± 2.3) × 10−5 .
3

Symmetron waves from Domaimn Walls

Figure 1 shows an example of how the PPN parameter γ changes when a wave enters the inner
100 kpc of the Milky Way. The vertical line shows the position of the Solar System, which we
assume to be 8 kpc from the Galactic center. The modifications to gravity are initially screened
very well in the regions around this position, with |γ − 1| < 10−8 (blue dashed line). However,
after the wave has arrived (black solid line), the scalar field is perturbed enough to breach the
Solar System constraints, |γ − 1| > 2 × 10−5 . The wave in this particular simulation has an
amplitude A = 0.01 and a frequency ω = 40 Myr−1 . The cusps are regions where the scalar field
is zero, which exist since the wave oscillates both above and below χ = 0. When measuring γ
arising from a single sinusoidal wave with low frequency, there is a possibility that the local wave
is between two extrema at the time of measurement. This could render this kind of detection
difficult for several thousand years. Nevertheless, given that various astrophysical events—such
as supernovae—can generate waves, the probability that one of the wavefronts would bring us
away from the minima at the present time is not negligible 5 . In order to investigate how our
result depends on the frequency ω and amplitude A of the waves, we simulate incoming waves
with several values of these two parameters. Figure 1 shows the maximum growth of |γ − 1| that
we found at 8 kpc from the Galactic center. Brighter colors mean a larger increase of |γ − 1|
compared to the quasistatic approximation. The values of the frequency and amplitude that lie
in the black region of the plot, give waves that do not significantly impact γ compared to the
quasistatic solution. Therefore, in this region of parameter space, the screening mechanism is
efficient and hides the extra degree of freedom from gravity experiments.
From Figure 1, one concludes that higher frequencies and amplitudes for the incoming scalar
waves give larger deviations from the general relativity result (i.e., γ = 1). The limit where
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Figure 1 – LEFT: The PPN parameter |γ − 1|, plotted against distance from the center of the Galaxy. The curves
show |γ − 1| in the quasistatic case (blue dashed line), as well as after a scalar wave has entered the halo (black
solid line). The vertical (green dotted) line indicates the position of the Solar System, and the horizontal (red
dotted) line indicates the highest allowed value of γ − 1 in the Solar System from the Cassini experiment. When
the wave enters the Milky Way, it increases the value of |γ − 1| by several orders of magnitude. RIGHT: Maximum
increase in the PPN parameter |γ − 1| due to incoming scalar field waves at the position of the Sun in the Galaxy
(8 kpc from the center) as a function of amplitude and frequency of the incoming waves. The color indicates by
which factor |γ − 1| is increased when compared to the quasistatic case with no waves.

amplitude and frequency go to zero is equivalent to the quasistatic limit, where no waves are
produced and their energy is zero. As one goes into the high frequency and amplitude regime, the
waves carry more energy, and therefore, the PPN parameter γ starts deviating significantly from
the quasistatic limit. Note that, since in the symmetron model, the fifth force is Fφ ∝ ∇φ2 /M 2 ,
these values can be immediately extrapolated to the impact of the waves on this quantity.
The frequency dependence of the γ parameter is a consequence of the following: The effective
potential of the symmetron grows steeper and narrower in high density areas. In other words,
the mass of the field increases towards the center of the halo. Therefore, it becomes more difficult
to perturb the field away from the minimum, and a higher wave energy is needed to displace
it. Specifically, if the energy of the external waves is small compared to the mass of the field,
the field will not be perturbed and the γ parameter will not be affected. In the specific case
of the symmetron model, it is possible to obtain waves from events that occur on cosmological
scales. First, the symmetron model undergoes a phase transition when the density falls below
a specific threshold. This transition first occurs in voids when the expansion factor is close to
aSSB . When this happens, the scalar field receives a kick, which produces waves traveling from
the center of the voids towards the dark matter halos. We find that, in a symmetron model
with slightly different parameters, the amplitude of cosmological waves is typically smaller that
0.1 and the associated frequencies are of the order of 1/Myr. Note that these values depend on
the model parameters and, hence, must be taken only as indicative. Scalar waves can also be
created through the collapse of topological defects, which are known to exist in any model in
which such phase transition occurs.
4

Chameleon Waves from Supernova Type Ia

We do an order-of-magnitude estimate of the effects of Chameleon scalar field waves generated
by a type Ia supernova. We find the energy that can be released into scalar field waves in such
an event, and then consider the amplitude of scalar waves with this energy. Finally, we will
predict the measurable impact on |γ − 1| from waves with this amplitude.
Let us consider a n = 1 Chameleon field with effective potential


β
M5
Veff = ρ 1 +
φ +
.
(4)
MPl
φ
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For such a model, the scalar field value at the minimum of the potential and the effective mass
 5
1/2
 3 3 1/4
β
MPl
will be given by φmin = M ρβ
, meff = M4ρ3 M
. We set M = 0.2 meV ≈ 10−31 MPl ,
5
Pl

β = 103 , in agreement with all current observational and experimental constraints.
For the supernova, we assume a white dwarf – located in our Milky Way – with radius
2 × 106 m, and mass 1.4M ; it has a density of about ρWD = 1037 ρ0 . This white dwarf is
completely destroyed over some short time, spreading the matter evenly over several parsec such
that ρend  ρWD . Inside the white dwarf, the Chameleon field range will be sub-micrometre
scale, so we can safely assume φ = φmin throughout the white dwarf.
There is a significant energy difference for the scalar field when the effective potential goes
from a density of ρWD to ρend . This energy difference will be released (at least partially) in the
form of scalar field waves. One them obtains5 :
 5 1/2 

M β
1/2
1/2
∆Veff = ρWD − ρend + 2
ρWD − ρend .
(5)
MPl
Assuming no Hubble friction, this energy will be diluted with 1/r2 as the waves travel radially
outward, until they reach the Solar System. Now we need to estimate the amplitude of oscillations of the field resulting from this release. Close to the sun – where Cassini measured γ – the
average density is around ρ ≈ 1029 ρ0 . For small φ, the Chameleon will have a γ parameter
following |γ − 1| ∝ φ. Inserting numbers, we find φmin, = 5.2 × 10−34 MPl .
To increase |γ − 1| by a factor of 10, we would need oscillations within the potential
with enough energy to lift φ from φmin, to 10 × φmin, given a constant density ρ . To find
numbers for the energy density needed, we can calculate the difference in the value of the effective
4
potential Veff when going from from φmin, to 10 × φmin, . ∆Veff =≈ 1.5 × 10−121 MPl
When comparing this to the scalar field energy released in the supernova (equation 5), one
can find that even if less than 1% of the energy is released into waves (the rest can be transferred
to the nearby matter through the fifth force), one should be able to measure a 10-fold increase
in |γ − 1| as far as 10 Mpc away from the supernova – a distance within which there are several
hundreds of galaxies.
5

Conclusions

Here, we show that waves propagating in an additional gravity degree of freedom, may significantly spoil the screening mechanism and, hence, jeopardise the viability of the given modified
gravity theory. Specifically, we show that waves in a given model can increase the amplitude of
the fifth force and the PPN parameter |γ − 1| by several orders of magnitude, rendering theories
previously assumed to be viable unfeasible. The applicability of the quasistatic approximation
should be carefully analyzed when obtaining constraints for modified gravity theories from Solar
System experiments. Our results show that, in modified gravity, the Solar System—and indeed,
the Galaxy—can not be studied in isolation; events that occur on cosmological scales might
actually impact events that happen in the inner Solar System. While our conclusions make
it more difficult to build viable modified gravity theories based on screening mechanisms, the
existence of nonstatic effects opens a completely new window for developing new tests of gravity.
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VOID DYNAMICS AS A PROBE OF COSMOLOGY AND GRAVITY
Nico Hamaus
Universitäts-Sternwarte München, Fakultät für Physik, Ludwig-Maximilians-Universität München,
Scheinerstr. 1, D-81679 München, Germany
Redshift surveys measure the location of millions of galaxies in the observable Universe,
thereby constructing a three-dimensional map of its large-scale structure. This structure is
characterized by dense clusters of galaxies, connected by filaments and sheets of lower density.
The remaining and dominant volume within this cosmic web is taken up by voids, vast regions of relatively empty space. I highlight some recent advances in modeling their anisotropic
shapes in redshift space on the basis of mock galaxy catalogs. While clusters, filaments and
sheets have entered various stages of nonlinearity in the past, voids represent structures whose
dynamic evolution can be described remarkably well by linear theory, suggesting them to be
among the most pristine objects to consider for future studies on the nature of dark energy,
dark matter and gravity. I present the first results in this context, obtained via the analysis
of galaxy survey data from the Sloan Digital Sky Survey.

1

Introduction

Extensive ongoing and planned galaxy redshift surveys allow us to map out ever larger portions of
large-scale structure in the observable Universe. Although these maps only contain snapshots of
structure formation at each observed epoch, redshift-space distortions (RSD) in the distribution
of galaxies can reveal dynamical information from the cosmic web, such as the growth rate of
structure. The latter is tightly linked to the nature of gravity, which constitutes the only relevant
interaction beyond Megaparsec (Mpc) scales, and therefore governs the buildup of structures in
the Universe. While RSDs have already been analyzed extensively in the two-point statistics of
galaxies, a major challenge is posed by the complexity of nonlinear interactions of galaxies on
small scales, where perturbative methods fail. Most commonly, effective models are evoked in
describing the nonlinear regime, but the extractable cosmological information is fundamentally
limited through the process of shell crossing and virialization.
One way to circumvent this problem is to focus on regions in the Universe that have hardly
undergone any virialization at all: cosmic voids, vast near-empty domains of the cosmic web
that are dominated by coherent bulk flows. However, this approach requires large contiguous
maps of large-scale structure in order to obtain a sufficient number of voids to create statistically
significant sample sizes. Only the current generation of redshift surveys has been able to reach
that requirement, which triggered a considerable amount of activity and new scientific results
in this comparably young field.
2

Model

Let us consider a void center at comoving coordinate X located on our line of sight, and a galaxy
at location x, with separation r = x − X from it. Because we use the redshift z of the galaxy
to determine its comoving distance to us, its peculiar velocity v will have a contribution via the
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Doppler effect 1 , so the inferred separation between the galaxy and the void center in redshift
space is
X̂ · v
s = r + (1 + z)
X̂ ,
(1)
H(z)
where H(z) is the Hubble rate, X̂ = X/|X|, and we assumed |r|  |X| such that x and X are
approximately parallel (distant-observer approximation). As long as we only consider relative
motions between galaxies and void centers, bulk motions between different voids, and thus RSDs
of the void centers themselves, do not play a role on scales of the void extent.
The galaxy’s peculiar velocity is sourced by the underlying mass distribution of the void,
which obeys spherical symmetry in the cosmic average. According to the linearized massconservation equation, it can be related to the average mass-density contrast ∆(r) within radius
r = |r| around the void center 2 ,
v(r) = −

1 f (z)H(z)
r∆(r) ,
3 1+z

(2)

where f (z) is the logarithmic growth rate for linear density perturbations and the mass-density
contrast ∆(r) is defined as an integral over the void density profile δ(r),
∆(r) =

3
r3

Z r

δ(r0 )r02 dr0 .

(3)

0

Assuming General Relativity (GR) and the standard ΛCDM-model for cosmology, the growth
rate can be expressed as a power of the matter-density parameter, f (z) = Ωmγ (z), with a growth
index of γ ' 0.55. The void-galaxy cross-correlation function in redshift space, ξ s , can be related
to its real-space counterpart ξ via the general transformation
1 + ξ s (s) =

Z

[1 + ξ(r)] P(v, r) d3 v ,

(4)

where the pairwise velocity probability distribution function P(v, r) maps all void-galaxy pairs of
separation r to separation s depending on their relative velocity v. According to Eq. (1) only the
magnitude of the relative velocity component along the line of sight vk ≡ X̂ · v affects the vector
s, which reduces Eq. (4) to a one-dimensional integral via the replacements P(v, r) → P(vk , r)
and d3 v → dvk . A Gaussian form for the pairwise velocity probability distribution function in
most cases provides a reasonable approximation,
 

r

vk − v(r) rk
1

P(vk , r) ' √
exp −
2σv2 (r)
2πσv (r)

2 

 ,

(5)

with a mean of v(r)rk /r, where rk ≡ X̂ · r, and dispersion σv . This model is referred to as the
Gaussian streaming model as a description for the galaxy auto-correlation function in redshift
space 3 . We can now make use of Eq. (2) to relate the void velocity profile to the average density
contrast, which itself depends on the void density profile via Eq. (3). Assuming a specific form
for the density profile, such as 4
1 − (r/rs )α
δ(r) = δc
,
(6)
1 + (r/r̄v )β
allows to fully specify the void-galaxy cross-correlation function of Eq. (4) 5,6 . Here, δc is the
central density contrast, rs a scale radius at which δ = 0, α and β parametrize the inner
and outer slopes of the void profile, and r̄v is the mean effective void radius. Fig. 1 shows
ξ s (r⊥ , rk ) as calculated from a large simulation of mock galaxies, including a best-fit Gaussian
streaming model using Eq. (6) as a template for the void density profile. Note that the real-space
cross-correlation function ξ(r) is nothing else than the void galaxy-density profile in this case 5 .
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Unfortunately, the average mass-density contrast ∆(r) around voids is not directly observable, but with the help of simulations it
has been demonstrated that its relation to the
corresponding average galaxy-density contrast
ξ(r) is remarkably linear, ξ(r) = b∆(r), with
a single galaxy-bias parameter b 7 . Therefore,
in exchanging ∆(r) with the observable ξ(r)
in Eq. (2), we can absorb the bias parameter
into the definition of the growth rate by defining the relative growth rate β ≡ f /b. Then,
plugging this into Eq. (1), we have
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The total number of galaxies cannot be altered a mock-galaxy catalog in redshift space. White contours
by RSDs, therefore the void-galaxy cross- show the best-fit Gaussian streaming model with Eq. (6).
correlation functions in real and redshift space, ξ(r) and ξ s (s), must satisfy

Z

Z

[1 + ξ(r)]d3 r =

[1 + ξ s (s)]d3 s =

Z



[1 + ξ s (s)] det

∂s
d3 r .
∂r


(8)

In the last step we introduce the determinant of the Jacobian ∂s/∂r to perform a coordinate
transformation between s and r. Using Eq. (7) the determinant of the Jacobian equates to
∂s
β
β
∂ξ(r) r
= 1 − ξ(r) − X̂ · r
· X̂ .
(9)
∂r
3
3
∂r r
The average galaxy-density contrast is an integral over the void-galaxy cross-correlation function,
Z
3 r
ξ(r) = 3
ξ(r0 )r02 dr0 ,
(10)
r 0




det

h

i

with ∂ξ(r)/∂r = 3/r ξ(r) − ξ(r) . Defining the angle ϑ between the line-of-sight direction X
and the separation vector r via cos ϑ = X̂ · r̂ ≡ µ, Eq. (9) can be written as


det

∂s
∂r



=1−

h
i
β
ξ(r) − βµ2 ξ(r) − ξ(r) .
3

(11)

Using this in Eq. (8) and solving for ξ s to linear order in ξ and ξ finally yields a relation between
the real-space and redshift-space void-galaxy cross-correlation functions 8 ,
h
i
β
ξ(r) + βµ2 ξ(r) − ξ(r) .
(12)
3
As ξ s is no longer isotropic, one can decompose the redshift-space correlation function into
multipoles using the Legendre polynomials P` (µ) via

ξ s (s, µ) = ξ(r) +

Z 1

ξ` (s) = (2` + 1)

0

ξ s (s, µ)P` (µ)dµ .

(13)

The only non-vanishing multipoles of Eq. (12) are the monopole with P0 = 1 and the quadrupole
with P2 = (3µ2 − 1)/2,


ξ0 (s) = 1 +

β
3



ξ(r) ,

ξ2 (s) =

i
2β h
ξ(r) − ξ(r) .
3

(14)

The monopole and quadrupole are related via a simple linear equation 8 ,
ξ0 (s) − ξ 0 (s) = ξ2 (s)

3+β
,
2β

(15)

which, given the multipole measurements, solely depends on the relative growth rate β = f /b.
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3

Results

The left panel of Fig. 2 depicts measurements of these multipoles from galaxies and voids observed with the Sloan Digital Sky Survey (SDSS) 9 . The functional form of the quadrupole ξ2
nicely agrees with the combination ξ0 − ξ 0 , as predicted by Eq. (15). The right panel of Fig. 2
summarizes constraints on β from the LOWZ and CMASS samples of the SDSS, and compares
them to the standard model expectations in cosmology. For the CMASS sample we find a good
agreement with other growth-rate measurements in the literature, but our LOWZ analysis hints
at a somewhat higher value for the growth rate than what is expected from ΛCDM and GR.
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Figure 2 – Left: Multipoles of the void-galaxy cross-correlation function in the CMASS sample of the SDSS.
Right: Growth rate constraints from LOWZ (blue circles) and CMASS (red squares). Stars represent the joint
constraint from voids of all redshifts in each sample. Vertical solid lines indicate 1σ, dotted lines 2σ confidence
intervals, and horizontal lines delineate redshift bins. The dashed line with yellow shading shows β = Ωmγ (z)/b,
with Ωm (z = 0) = 0.308 ± 0.012, γ = 0.55, and b = 1.85, assuming a flat ΛCDM cosmology and GR.

4

Conclusions

We presented the first RSD multipole analysis of the observed void-galaxy cross-correlation
function, obtaining constraints on the growth rate that are competitive with state-of-the-art
analyses of galaxy clustering. This has been achieved with a purely linear model, suggesting the
common systematics of large-scale structures, such as nonlinear evolution and baryonic physics,
to be well under control. As such, cosmic voids offer a clean complementary probe of cosmology
and gravity in the unexplored regime of the underdense Universe on relatively small scales.
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GRAVITATIONAL BIREFRINGENCE OF LIGHT AT COSMOLOGICAL
SCALES
CHRISTIAN DUVAL and THOMAS SCHÜCKER
Aix Marseille Univ, Université de Toulon, CNRS, CPT, Marseille, France
Birefringence of light induced not by matter, but by the gradient of an electric field, has been
predicted in 1955 and observed in 2008. Here we replace the electric field by the gravitional
field of our expanding universe.

1

The Fedorov-Imbert effect

Considering the boundary between air (or vacuum) and a glass plate as a discontinuous electric
of the physical field, namely the refractive index in this case. Quite a large number of
field, Fedorov 1 and Imbert 2 predicted that photons of a given polarisation follow a discontinuous
articles following these references have, since then, been published in this rapidly evolving
trajectory with an offset of the order of a wave length as shown in Figure 1. Note that the infinite
subject in optics; see, e.g., [?] for an up-to-date overview. At this stage, it should be
gradient of the electric field induces an infinite speed of light along the dotted line. The offset of
emphasized that the SHEL, originally studied from a theoretical perspective, has lately
photons of the opposite
polarisation is in the opposite direction. Therefore photons of different
been observed experimentally using techniques of Weak Quantum Measurement [?, ?]
polarisations follow
different trajectories, an effect called birefringence or also Spin Hall Effect
that are well adapted to wavelengths in the nanometer range. Hence the subject rests on
of Light.
strong theoretical and also experimental bases.

+
3

•

•

Figure
1: The
Fedorov-Imbert
e↵ect for
A plane
glass surface
(repre- reflects an incoming,
Figure 1 – The Fedorov
(1955)
Imbert
(1972) effect
for reflection:
reflection:
A plane
glass surface
sented
by theThe
rectangle)
reflects
incoming,the
circularly
polarized
light beam. The
circularly polarized light
beam.
dashed
linesanindicate
orthogonal
projections
of incoming and reflected
dashed lines indicate the orthogonal projections of incoming and reflected light
light beams onto the glass
surface. The dotted line (between the blobs) is the offset between incoming and
beams onto the glass surface. The dotted line (between the blobs) is the o↵set
reflected beams. It is ofbetween
the order
of the wavelength of the light beam.
the reflected beam and a hypothetical reflected beam of spinless photons
(not shown in the figure). The o↵set is of the order of the wavelength of the light
beam.
This effect was observed
for the first time 10 years ago 3,4 using techniques of weak quantum
measurement.
It is noteworthy that the SHEL was shown to admit, rather unexpectedly, a fullfledged description [?, ?] in terms of symplectic geometry based on the generic coadjoint

2

orbits of the Euclidean group E(3) with “built-in” Berry connection. This formalism was

Adding spin
to geodesics
then used to derive the equations of motion of photons in arbitrary inhomogeneous [?],
anisotropic [?] optical media, as well as polarized classical light rays in inhomogeneous

Gravitational fields
with gradient also induce birefringence of light. To see this we must genmedia [?]. The crux of the theory was the occurrence, via plain gravitational minimal
eralize the geodesics,
which describe trajectories of point-like test particles without spin in a
coupling, of a spin-curvature coupling term responsible for an anomalous velocity. It is
gravitational field.
The
fieldconveniently
is encoded
intothe
Christoffel
symbols
of a pseudothis specific gravitational
geometrical standpoint,
adapted
general
relativity (GR),
that
Riemannian metric.
we will espouse in the present work.
With the advantage of our previous experience with SHEL, our purpose will therefore
be two-fold. We will first set up a purely geometric (and classical) formalism to describe
the motion of spinning massless particles in
GR. They are governed by highly non-linear
219
ordinary di↵erential equations presented in Section ?? and specialized to the setting of

Let X µ (τ ) be the trajectory of a massless spinless particle with 4-velocity dX µ /dτ and
4-momentum P µ (τ ). Its equations of motion (geodesics) read in first order formalism,
d µ
X
= P µ,
dτ
D µ
P
= 0,
dτ

(1)
(2)

with D/dτ denoting the covariant derivative with respect to the Christoffel symbols. The equations of motion have one conserved quantity, P µ Pµ = m2 = 0. Note that the massless limit is
delicate; by the equivalence principle the geodesics for massive particles do not depend on this
positive mass m and the limit m → 0 cannot be continuous.
In the seventies spin was added to the massless particle 5,6,7,8 in the form of the antisymmetric
spin tensor S µν (τ ) coupled to the gradient of the gravitational field encoded in the Riemann
tensor.
S µ ν Rν βρσ S ρσ P β
d µ
X
= Pµ + 2
,
dτ
Rαβρσ S αβ S ρσ
q

D µ
P
= −s
dτ
D µν
S
dτ

= Pµ

− det(Rα βρσ S ρσ )
Rαβρσ S αβ S ρσ

Pµ ,

d ν
d µ
X − Pν
X ,
dτ
dτ

(3)

(4)
(5)

where s is the “scalar spin” defined by
− 12 S µ ν S ν µ =: s2 .

(6)

Let us anticipate that upon a 3+1 split X = (~x, t), the scalar spin becomes the projection of the
spin 3-vector ~s onto the 3-moment p~ (or the highest and lowest weight of the spin representation).
Photons have s = ±h̄.
In presence of spin, we have three more conserved quantities, the scalar spin s and
Pµ

d µ
X = 0,
dτ

S µ ν P ν = 0.

(7)

The equations of motion (3 - 5) for the massless particle with spin have three delicate properties:
• They are ill defined in Minkowski space because of the vanishing Riemann tensor.
• The limit of vanishing spin is delicate as for the limit of vanishing mass in the case of
geodesics.
• We are confronted with super-luminal propagation velocities as in the Fedorov-Imbert
effect.
Note also that all four conserved quantities are valid for an arbitrary metric, they do not derive
from isometries via Emmy Noether’s theorem. A self-contained derivation of the equations of
motion from the massive Mathisson-Papapetrou-Dixon equations can be found in the appendix
of reference 9 .
3

The example of the Robertson-Walker metric

In 1976 Saturnini 8 has analyzed the equations of motion (3 - 5) for the Schwarzschild metric.
Here we consider flat Robertson-Walker metrics 9 .
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Because of the many vector products in the computations we use Euclidean coordinates ~x
and cosmic time t and write the line element as −a(t)2 d~x2 + dt2 , with positive scale factor
a > 0, that we also suppose increasing, a0 > 0. Thanks to Emmy Noether’s theorem for
the six Killing vectors for translations ∂/∂~x and rotations ~x ∧ ∂/∂~x and the conformal Killing
vector a(t) ∂/∂t, the equations of motion reduce drastically and can be solved by a Runge-Kutta
algorithm. Figure 2 shows a typical result in the ΛCDM model. For a given polarisation, s = h̄,
the trajectory of the photon is the helix. The dashed line is the trajectory of a ‘photon’ without
spin, (x1 (t), 0, 0). The transverse spin ~s⊥
e at emission time te is indicated by the short arrow at
the left. The opposite polarisation, s = −h̄, produces the same helix but of opposite chirality.
The spin ~s precesses around the center of the helix with the same variable instantaneous period
as the period of the helix. Let us denote this period by Thelix (t). We also want to compute the

Figure 2 – The trajectory of photons, ~x(t), in a flat Robertson-Walker universe in comoving coordinates is the
helix. The dashed line is the null geodesic. The transverse spin ~s⊥
e at emission time te is indicated by the short
arrow at the left.

position of the center ~xcenter (t) of the helix and its radius Rhelix (t). To this end we linearize
the equations of motion in the parameter |~se | λe /(2π h̄ ae ), λe being the wavelength at emission.
For a Lyman α photon of redshift 2.4 this parameter is of the order of 10−34 , well justifying the
linear approximation. It yields:
Thelix (t) ∼

a(t)
λe
ae 1 + q(t)



~xcenter (t) ∼ 

with

q := −a a00 (t)/a0 (t)2 .

(8)



−

λe
2π ae

x1 (t)

0
,
 
0
1
1 − ae x (t)

Rhelix (t) ∼

a(t) λe
.
ae 2π

(9)

Note that in this approximation the projection of the helix on the null geodesic coincides with
this geodesic at all times. To be concrete, consider a z = 2.4 Lyman α photon engaged in a race
with a fictitious mass- and spinless competitor travelling at the speed of light. Both competitors
are emitted by the same source at the same time, the race lasts 3 · 109 light years and they arrive
simultaneously in our telescope. However, they arrive with a transverse offset of the order of
−7 meter. To achieve this remarkable draw, the photon on its helix has to travel at roughly
10
√
2 times the speed of light during the entire race.
Said differently, the superluminal propagation in the equations of motion (3 - 5) does violate
causality, but only at the tiny scale of the order of a wave length. For a quantum of solace, note
that the support of the Feynman propagator of the Dirac operator in Minkowski space leaks
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out of the light-cone 10 . However this leakage is damped exponentially and also there, causality
violation is extremely tiny.
Robertson-Walker metrics with curvature give similar results as computed in reference 11 .
There you also find an unsuccessful attempt on finding spin effects in the Hubble diagram of
supernovae.
4

Conclusions and questions
• The gravitational field of an expanding universe produces birefringence of light.
• This birefringence carries information on the acceleration of the universe.
• Of course the main question is: Can this birefringence be measured?

In 1976 Saturnini 8 has shown that the gravitational field of a static, spherical mass produces
birefringence of light.
• How does birefringence in the Schwarzschild solution interfere with lensing?
Einstein predicted gravitational waves in 1916. They were observed in 2015. Concerning birefringence, three questions are immediate:
• Does the gravitational field of a gravitational wave also produce birefringence of light?
• If yes, what information is carried by this birefringence?
• Can this birefringence be measured in interferometers with polarized laser beams?
Taking due account of its spin, the photon propagates through an expanding universe on a helix.
Did Feynman already know about this when he chose to represent the photon propagator by a
curly line?
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NO LIGO MACHO:
SIZE MATTERS, THE CONCLUSION STANDS
MIGUEL ZUMALACARREGUI
Berkeley Center for Cosmological Physics, LBNL and University of California at Berkeley,
Berkeley, California 94720, USA
Institut de Physique Théorique, Université Paris Saclay CEA, CNRS, 91191 Gif-sur-Yvette, France

The black holes detections by the Laser Interferometer Gravitational-Wave Observatory
(LIGO) have revived the interest on massive compact halo objects (MACHO) as dark matter.
I will review how gravitational lensing of type Ia supernovae (SNe) constraints LIGO MACHO
models. The results are limited by source size (i.e. smaller sources can probe lighter PBHs),
which allow SNe to constraint masses larger than M & 0.01M . I present a calculation
of the magnification probability distribution that validates this limit and suggests that the
constraints may extend to even lower masses. These results also shed light on other aspects
of PBH lensing: the mass function is irrelevant if PBHs are heavy enough, but small-scale
clustering may affect the results.
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Understanding the nature of dark matter
(DM) is a major goal of cosmology. In
the standard picture dark matter is made
of microscopic particles, related to a new
field beyond the standard model. Alternatives based on massive compact halo
objects (MACHO) have recently resurged
as a competing paradigm 2,3,4 . In the
most popular MACHO models dark matter is made of primordial black holes 5 ,
which would, besides the dark matter,
correspond to the events detected by the
Laser Interferometer Graviational-Wave
Observatory (LIGO) 6,7 . The PBH abundance can be addressed by a variety of
techniques, with an effectiveness that de-

α ≡ ΩPBH /ΩM

1

20

104

0

MPBH [M ]

Figure 1 – Bounds on the abundance of PBHs as a function of
the mass (95 % confidence level) from SNe lensing 1 and other
probes. The SNe constraints become weaker for M . 0.01M
due to the finite source size.
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pends on their mass (or mass distribution) and other properties. Very interestingly, the LIGO
range of masses lies between some of the strongest constraints, including gravitational microlensing of stars 8 (or quasars 9 ), and bounds from the cosmic microwave background 10,11 , see Fig.1.
Gravitational magnification of type Ia supernovae (SNe) offers a complementary methods
able to constrain the PBH abundance on a mass range able to constraint the LIGO events 12,13 .
A recent application using current data led to the constraints shown in Fig. 1, with an exclusion
of ΩPBH /ΩM < 0.35 for M & 0.01M , at 95% c.l. 1 . Using lensed objects of known luminosity
avoids the limitations of stellar microlensing, making the bounds competitive in the limit of
high PBH mass, where microlensing bounds become weak. The method becomes inefficient in
the limit of small PBH mass, as the finite size of the SNe limits the maximum magnification
that can be produced by a source. The SNe constraints 1 were challenged by other authors 14 .
While this reply was rushed and suffered conceptual errors, a it correctly indicated the need for
a detailed assesment of the role of finite SNe in the constraints. The purpose of this note is to
present the computation of the full magnification predictions for realistic sizes of type Ia SNe b .
2

SNe lensing with finite sources

The magnification of a point-like source by
a point-like lens is given by
(1)

µmax =
µ + 1 (magnification)

1 l2 + 2
µ= √
l l2 + 4
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1 + 4η −2 − 1
η ≡ RS /ξ
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Figure 2 – Breakdown of the point-source approximation
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where R is the projected radius of the
source, related to the physical source size, RS , by R/DL q
= RS /DS . The redshift-independent,

√  R
M 16
S
effective size parameter reads η0 = 0.0235 h 115.5AU
for realistic SNe sizes RS ≈
M
115AU 17 . The magnification of a finite source, shown in Fig. 2, saturates to
r
4
µ ≤ µmax = 1 + 2 − 1 ,
η

(3)

as at most a fraction of the source can be strongly magnified.
The lensing of finite sources can used to obtain the probability density function (PDF) using
the formalism presented by Pei 16 (details on the implementation will be presented elsewhere).
In this framework the differential optical depth
dτ
3
(1 + zL )2 DL DLS
= αΩM H02
,
dzL
2
H(zL )
DS

(4)

a
To name only one: in section 3.3 of Ref. 14 the authors consider that all SNe are equally constraining for the
PBH fraction, ignoring that magnification signatures are practically absent at low redshift (this dependence was
already included in the original analysis through the magnification probability distribution 1 ). Double-counting
this correction (which degrades the constraints by ∼ 40%) is necessary to conclude that 100% of DM in PBHs is
compatible with SNe in Ref. 14 .
b
See https://cds.cern.ch/record/2320183 for an extended discussion on the validity of SNe constraints.
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Figure 3 – Magnification PDF dependence on the PBH mass and SNe size, relative to the FRW mean (see Ref.
1
for details). PBH masses assume RS ≈ 115AU 17 . Right panel: PDF without noise. For M . 10−2 the
result converges the analytical fit used in the analysis 18 . Note that introducing realistic noise (σ∆µ ∼ 0.1 − 0.15)
would render both curves indistinguishable. Left panel: cumulative PDF, convolved with noise. The highmagnification tail decays faster than (∆µ)−3 but a significant fraction of highly magnified SNe are predicted even
for low PBH masses.

accounts for the relative contribution of lenses at different redshifts. This analytic finite-size
calculation assumes lenses are uncorrelated and the total magnification is the sum of the contributions by individual lenses. This gives a valid description whenever collective lensing effects
can be neglected, as expected for most lines of sight (note that large-scale clustering effects can
be consistently added in this limit 12,1 ).
The full PDF is shown as a function of the finite size parameter (2) in Fig. 3. The effect of
lowering the PBH masses can be observed on the signatures of PBHs 1
• The maximum probability is shifted from the empty beam distance (∆µ(z = 1) ≈ −0.13)
towards larger values.
• The high magnification tail persists, although the probability falls down more rapidly than
in the point-source case, where P ∼ (∆µ)−3 for large ∆µ.
These results can be understood in terms of the maximum magnification (3). Introducing a
finite size places a redshift-dependent cut-off on the maximum magnification a given lens can
produce. This affects the probability of high magnification, causing the tail of the PDF to decay
more rapidly than in the point-source case for large ∆µ. For lighter PBHs the source-to-lens
relative size (2) is larger, and the finite size effects become noticeable around the PDF peak.
3

Conclusions

This results validate the constraints presented in Ref. 1 regarding the validity of the computation
for finite sources. The point-source results are well recovered in the limit of M & 0.01M :
the PDF around the peak is very similar and well within typical SNe uncertainties. Most
importantly, the high magnification tail of the PDF remains a good description in this limit for
the range of magnifications explored by the data, at most ∆µ ∼ 0.45 × (σµ /0.15) 1 . Reasonable
agreement seems to persist for masses as small as 10−3 −10−4 M , indicating that the constraining
power of SNe may extend to such small PBH masses.
The full PDF with finite sources is expensive to compute. This makes its implementation into
a likelihood costly (i.e. it has to be computed at different redshifts, for the range explored by SNe
data), and requires a simplified prescription to compute the mass-dependence of the constraints.
The finite size computation presented here indicates a physically well motivated prescription to
do so. One renormalizes the fraction of compact objects α ≡ ΩPBH /ΩM → αfeff (zS ) by the
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fraction of lenses for which the maximum magnification (3) is above a given threshold µthr ,
weighted by the (normalized) differential optical depth of the lens (4), given the source at zS .
Choosing µthr = 1 leads to the bounds in Fig. 1.
Finally, the finite size computation sheds light on other properties of PBHs that may affect
these results, such as their mass function or small scale clustering. In the PDF computation, the
mass function only enters through the finite size parameter (2), but does not affect the optical
depth (4), which only depends on the total mass. Hence, the mass distribution is irrelevant,
unless a significant fraction of the PBHs are light enough to avoid the constraints. For the
type of mass functions found in the literature (e.g. a lognormal distribution centered around
M ∼ 2M 14 ) the fraction of PBHs with small enough masses is negligible.
Spatial clustering of PBHs might however call for a revision of the constraints, as it violates
the assumptions used in the computation (note that the mass function might play a role in
clustered PBH scenarios). There are however two limits in which the computation is valid: if
PBH are so sparse that their characteristic separation is much larger than their Einstein radii,
then the computation is valid (with some modifications such as the convolution used to include
the cosmological clustering). In the opposite limit the cluster is so compact that is contained
within its own Einstein radius. In this case the computation is approximately valid, but taking
the whole cluster as an effective lens, with mass equal to the total cluster mass. Determining
whether an intermediate PBH cluster size is able to relax SNe lensing constraints is a necessary
step to test clustered LIGO MACHO scenarios.
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TOWARDS AN EFFECTIVE FIELD THEORY OF STOCHASTIC INFLATION
R. HOLMAN
College of Computational Sciences, Minerva Schools at KGI
San Francisco CA 94103

We discuss both the need for, and progress in, the construction of an effective field theory
description of Stochastic Inflation. We argue that the natural tool for dealing with stochastic
inflation is Open Effective Theory and describe how this idea applies.

1

Introduction

The great miracle of inflation is that it takes quantum effects generated at very early times
and extremely short distance scales and paints them on the canvas of the Cosmic Microwave
Background (CMB) sky. Thus measurements of the CMB, as well as of large scale structure
(LSS) today can shed great light on the physics at play in the very early universe. Or at least
it could, if we could be confident in the accuracy of the calculations of the relevant observables.
Why might we be concerned about our calculational prowess? After all, we are treating the
inflaton field in a domain where we expect quantum perturbation theory to be valid, i.e. weak
coupling, so that we should have complete control over the calculation. Where this assumption
founders is in the fact that the perturbative expansion can break down. It’s well known that the
correlation functions of light scalar fields in De Sitter space (and the near De Sitter geometry
of slow-roll spacetimes) suffer both from infrared divergences 1 , as well as late time, or secular
uncontrolled growth 2,3 . These issues undermine our predictive abilities and would make make
it difficult, if not impossible, to make any useful comparisons between data and inflationary
models.
IR issues are best understood in the context of the effective field theory (EFT) of the longestwavelength modes. The twist in the inflationary context compared to IR problems in equilibrium
field theories is that the split between UV and IR modes is time dependent in the inflationary
case. Sub-Hubble scale modes have their wave-numbers stretched to super-Hubble sizes by the
near de Sitter expansion. Thus the collection of super and sub Hubble modes forms an open
system and needs to be treated accordingly. We have developed techniques 4,5 following the
ideas of Feynman and Vernon 6 dealing with the influence functional describing the evolution of
the reduced density matrix of a system. Similar ideas were also used in cosmology by Calzetta
et al 7 .
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One way to understand the resummation of IR effects is via the coarse grained master
equation that controls the evolution of the reduced density matrix describing the modes of
interest, in this case the super-Hubble modes. It’s obtained by tracing out the sub-Hubble
modes in the Liouville equation and when done within the Markovian approximation 4 gives the
leading contribution to Starobinsky’s stochastic inflation 8,9 ; the subleading interactions describe
various corrections including a description of the decoherence of the super-Hubble modes by the
sub-Hubble ones. r The goal of stochastic inflation is to construct a Fokker-Planck (FP) equation
10 for the probability distribution of finding field configurations with super-Hubble support. To
do this, most previous work starts from a spectator scalar in an accelerating universe and then
expands the field to quadratic order in fluctuations about these configurations. The theory
is then Gaussian but with time dependent parameters in the action for the fluctuations and
analyzing this system leads to a Langevin equation 10 from which the FP can be extracted.
However, given that the steady-state solutions to the FP equation lead to a highly non-Gaussian
probability distribution, a more consistent calculation would be to start from the full theory and
integrate out modes without “Gaussianizing” the theory before hand. Doing this should allow us
to examine the approach to the equilibrium limit as well as to investigate whether the Gaussian
FP equation truly captures all the essential ingredients of the effective theory. The author and
collaborators 11 have begun this undertaking as will be reported about below.
2

Open Effective Field Theories

We start by reviewing open effective theories following the approach explained in refs. 4,5 .
A useful effective field theory description of a system requires a separation of scales. In time
independent situations where we are computing S-matrix elements in the low energy theory,
this separation is maintained by (i) keeping only the low energy degrees of freedom and (ii)
Making sure the processes involved do not generate any high energy degree of freedom through
interactions; this is usually dealt with through energy-momentum conservation.
The inflation case is different due to the flow between sub and super Hubble modes occurring
during inflation. Thus, while the Hubble parameter H serves as the delineator between high
and low energy degrees of freedom, it is a very permeable membrane.
One approach to the construction of the low energy effective action would be to start from
the density matrix of the full field theory, including both sub and super Hubble modes, and then
trace out the sub-Hubble modes to construct the reduced density matrix ρred containing only
information about the super-Hubble modes. We’d then look at the time evolution of ρred and if
we could write that as:
∂ρred
= [Heff (t), ρred ] ,
(1)
∂t
for some Heff (t), then we could use this effective Hamiltonian as the starting point for the
construction of an effective action.
However, in the inflationary case, and in the case of an open system in general, the time
evolution is not unitary and no such effective Hamiltonian can exist. This is reflected in the
construction of the propagator for the reduced density matrix using influence functional 6 .
To understand how to follow the time evolution of a subsystem, consider two systems —
call them A and B — that interact over arbitrarily long times. Given a hamiltonian of the form
H = HA + HB + HAB consisting of terms that evolve A and B separately plus an interaction
between them, then perturbation theory will eventually break down after a time tp , roughly
given by HAB tp ∼ 1; note that this will happen no matter how weak the interaction may be, if
this coupling between systems does not turn off with time (as is usually assumed in the context
of adiabatic turn on and off of interactions).
Suppose that the observables of interest are those only involving sector A, i.e. A(t) =
Tr(OA ). Knowing these would be equivalent to knowing the evolution of the reduced density
i
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matrix for sector A ρA (t) = TrB [ρ(t)], obtained by tracing the full density matrix, ρ, over
the unobserved sector B, because for such observables A(t) = TrA [ρA (t)OA ]. This evolution
will be quite complicated in general but there are circumstances in which it becomes much
simpler. Suppose that we could prepare the full system in such a way that the initial state is
uncorrelated so that the initial full density matrix factorizes ρ0 = %A ⊗ %B . Also suppose that
we can somehow insure that sector B remains essentially unchanged during the relevant times.
We encode this by requiring that the correlations between A and B become more and more
irrelevant for the evolution of A at late times where the time scale tc for this is set by looking
at the the autocorrelation function of HAB in sector B, i..e
D

E

δHAB (t) δHAB (t0 )

→0

B

for t  tc ,

(2)

The existence of the times tp and tc (note that we expect tc  tp ) allows us to set up
a hierarchy of scales that we can then use to set up an effective description valid for times
tc  t  tp ; note that the evolution of A can be thought of as Markovian (i.e. memory-less)
during this time.
One potential problem with this approach, if our goal is to understand the late time behavior
of A, is that it would seem that we are prevented from getting to any times later than tp .
However, when tc  t  tp , we can define a “coarse grained” evolution for the reduced density
matrix ρA (t) via
DρA
Dt

:=
=
=

i
1 h
ρA (t + ∆t) − ρA (t)
∆t
h
i
h
i
1
1
∗
TrB U (∆t) ρA (t) U (∆t) +
TrB U(∆t) ρ(t) U ∗ (∆t)
∆t
∆t
Z t+∆t h
i
i
−
dτ hHAB (τ )iB , ρA (t) + · · · ,
∆t t

(3)

where the ellipses represent terms at least second-order in HAB .
The assumed hierarchy let’s us choose tc  ∆t  tp . Now ∆t  tp ensures that the
integration over τ does not ruin the validity of perturbing in HAB . while the inequality tc  ∆t
means that the right-hand side of (3) can ‘forget’ the correlations between A and B, potentially
allowing a dependence on the instantaneous value of ρ rather than on the entire history of what
happened within the interval (t, t + ∆t). If so (3) can be written schematically as
∞
X
DρA
= F(ρA , ρB ) =
Fk (ρA , ρB ) ,
Dt
k=1

(4)

where F is a calculable function that may be evaluated perturbatively in HAB (with Fk denoting
the contribution at k-th order). Given a specific function F one can read (4) as a differential
equation to be solved for ρA (and possibly also ρB if sector B also evolves in response to A).
Now we can see how to extend the domain of validity of our approximations. Solutions to
(4) can be trusted even for times t  tp , provided (4) itself is valid for a window of width ∆t
around any specific t. Solutions found by integrating remain valid so long as an overlapping set
of windows of width ∆t exist for all the times of interest. The fact that each window must have
a limited width need not pose a problem so long as an overlapping sequence of such windows
can be found between the initial time and the final time of interest, even if the total range
considered, tf − ti , is much greater than tp .
To apply all this to cosmology, we can take sector A to consist of super-Hubble modes
satisfying k/a  H (here a is the scale factor) with the rest of the modes making up sector B.
In ref.4 we considered the situation of a scalar field Φ in a background de Sitter space where
we expanded the field around a classical background ϕ keeping only up to quadratic terms in
the fluctuations φ around this background. In this situation, HAB contains all parts of the full
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Hamiltonian H that mix the long- and short-wavelength modes. The correlation time in this
picture is of order the Hubble time, tc ∼ H −1 .
Within this framework the leading evolution of the state of the long-wavelength sector, ρA ,
for times t  tc ∼ H −1 is given by an equation of the form of (4) where all of the interactions HAB
are dropped. Consequently ρA does not evolve at all in the interaction picture or, equivalently, in
the Schrödinger picture ρA evolves with a ‘free’ Liouville equation that sees only the interactions
with the classical background. The functional Schrödinger equation as applied to the diagonal
elements, P [ϕ] = hϕ|ρA |ϕi, of the density matrix (in a field basis in coarse-grained position
space) becomes the Fokker-Planck equation of stochastic inflation 8 :
∂t P =

H3
8π 2

∂2P
∂ϕ2

!

+

1 ∂
3H ∂ϕ



∂V
P
∂ϕ



(5)

For the present purposes what is important is that its solutions can reliably capture the late-time
behavior of extra-Hubble modes precisely because it can be derived as the leading approximation
to a master equation analysis (which, after all, is designed precisely for this purpose).
There is also a bonus. Because the neglect of HAB means the system is basically free the
off-diagonal components, hϕ|ρA |ϕ̃i, do what they must for ρA to remain a pure state. This is no
longer true once one works to quadratic order in HAB , however, and 4 argues that these instead
get driven to zero with time (with the ‘pointer’ basis very generally chosen as the field basis by
the extra-Hubble squeezing of states). For a broad class of systems the dimensional estimate
given in 4 indicates that this decohering of long-wavelength modes happens quickly enough that
50-60 e-foldings are likely ample for its completion.
In ref.5 we generalized this calculation to the case where the spacetime was not necessarily
of the de Sitter form, but allowed for power law expansion with constant slow-roll parameter
and time dependent sound speed for the fluctuations.
3

The Schrödinger Picture Approach to Stochastic Inflation

Since what we want to access is the probability distribution of field configurations, the obvious
tool we should use is the Schrödinger picture. Here the basic object is the wavefunctional
Ψ [φ(·); t] describing the probability amplitude for finding the field configuration φ(·) on the
spatial hypersurface at time t. The full probability distribution is then P [φ(·); t] = |Ψ [φ(·); t]|2 .
However this is not what we want; we need the coarse grained probability distribution where the
averaging is done over several Hubble volumes; call this PΩ [φ(·); t], where Ω denotes the volume
we average over.
Another issue to deal with is the fact that in most approaches to stochastic inflation, the
coarse graining is done within the quadratic approximation described in the previous section.
While it useful indicator of how the system behaves, it leaves a number of questions unanswered.
The obvious one is whether the inclusion of interactions among the fluctuations could change
either the actual Fokker-Planck equation satisfied by PΩ [φ(·); t]. Another question comes from
looking at the solutions of 5. If we assume that at late times, the solutions become time
independent, then for a quartic potential V (Φ) = λΦ4 /4!, this late time solution takes the
form 8 :
PΩ = C exp −

8π 2 V
3H 4

!

= C exp −

π 2 λϕ4
9H 4

!

,

(6)

which is a highly non-gaussian distribution. Given that only the quadratic terms in the fluctuations were kept, how reliable is this result? Even assuming this result is correct, we would
like to ask questions such as: are there perturbative corrections to the Fokker-Planck equation?
Given that we start assuming that the modes are in their Gaussian vacuum state at early times,
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how can we see the transition to this non-gaussian distribution? How do we set things up for
derivatively coupled theories, such as that for the scalar metric perturbations ζ?
We’ve made some progress 11 in addressing these questions by applying our coarse graining
procedure to a Schrödinger wavefunctional that incorporates terms beyond quadratic order. This
approach will be of necessity perturbative in the quartic self-coupling λ. We start by writing
the full wavefunctional as:
3

Ψ[φ] = N e−a

Γ[φ]

,

(7)

where Γ[φ] is a series expanded in powers of the scalar field, φ~k ,

Γ[φ] =

Z
∞
X
1
d3 k1
n=2

n!

(2π)3

···

d3 kn
(2π)3 δ 3 (~k1 + · · · + ~kn ) Γn (t; ~k1 , . . . , ~kn ) φ~k1 · · · φ~kn ,
(2π)3

(8)

and N is the normalisation, fixed by the condition,
Z

Dφ~k Ψ[φ]Ψ∗ [φ] = 1.

(9)

The functional Schrödinger equation with the Hamiltonian:
Z

H =

d3 k1 d3 k2
1 1 δ
δ
1
k2
(2π)3 δ 3 (~k1 + ~k2 ) − 3
+ a3 m2 + 12 φ~k1 φ~k2
(2π)3 (2π)3
2 a δφ~k1 δφ~k2
2
a


Z

+







d3 k1 d3 k2 d3 k3 d3 k4
1 3
(2π)3 δ 3 (~k1 + ~k2 + ~k3 + ~k4 )
a λφ~k1 φ~k2 φ~k3 φ~k4 .
(2π)3 (2π)3 (2π)3 (2π)3
24




(10)

then becomes a series of equations for the kernels Γn (t; ~k1 , . . . , ~kn ). Some of the equations
obtained in this way are:
Ṅ
N
∂αk
ȧ
+ 3 αk
∂t
a

i
d3 p~
= − (2π)3 δ 3 (~0)
αp (t)
2
(2π)3


Z
2
k
1 1
d3 p~
= i m2 + 2 − αk2 +
Γ4 (t; ~k, −~k, p~, −~
p) ,
3
3
a
2a
(2π)
Z

∂Γ4
ȧ
+ 3 Γ4 (t; ~k1 , ~k2 , ~k3 , ~k4 ) = iλ − i[αk1 + αk2 + αk3 + αk4 ]Γ4 (t, ~k1 , ~k2 , ~k3 , ~k4 )
∂t
a
Z
i 1
d3 p~
+ 3
Γ6 (t; ~k1 , ~k2 , ~k3 , ~k4 , p~, −~
p),
2a
(2π)3

(11)

where αk (t) ≡ Γ2 (t; ~k, −~k).
Next we expand the various kernels in terms of the coupling λ:
αk (t) =
Γ4 (t; ~k1 , ~k2 , ~k3 , ~k4 ) =
Γ6 (t; ~k1 , ~k2 , ~k3 , ~k4 , ~k5 , ~k6 ) =

∞
X
(n)

αk (t)

n=0
∞
X
n=1
∞
X

(n)
Γ4 (t; ~k1 , ~k2 , ~k3 , ~k4 )
(n)

Γ6 (t; ~k1 , ~k2 , ~k3 , ~k4 , ~k5 , ~k6 ),

(12)

n=2

and so on. The order in λ is indicated by the corresponding superscript,
(n)

(n)

(n)

αk , Γ4 , Γ6 , . . . ∝ λn .
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(13)

The higher order functions Γn only begin their power series at correspondingly higher order
in λ. Because the trivial, Gaussian version of the theory already exists in the absence of any
interactions, the leading term in the expansion of αk (t) starts at zeroth order. Exactly the same
reasoning, tells us that Γ4 and all of the higher order functions must vanish as λ → 0. In the
quartic theory that we are analysing, Γ4 itself starts with a linear term in the coupling λ, as is
seen directly from its equation of motion. But the equation for Γ6 , which we have not written
explicitly here, is quadratic in Γ4 , so the series expansion for Γ6 only begins with the λ2 order
term. The problem of solving the Schrödinger equation to linear order in λ then reduces to
the problem of solving just three functions: the zeroth and first order pieces of αk (t), which we
(0)
(1)
rename as ᾱk (t) ≡ αk (t) and βk (t) ≡ αk (t) to avoid an excessive use of superscripts, and the
leading part of Γ4 ,
αk (t) = ᾱk (t) + βk (t) + O(λ2 )
(1)
Γ4 (t; ~k1 , ~k2 , ~k3 , ~k4 ) = Γ4 (t; ~k1 , ~k2 , ~k3 , ~k4 ) + O(λ2 ).

(14)

The coarse grained version of this is given by integrating out the short distance modes and
leaving
3 [Γ

PΩ [φL ] = |NΩ |2 e−a

∗
Ω [φL ]+ΓΩ [φL ]]

,

(15)

where

ΓΩ [φL ] =

Z
∞
X
1

n!
n=2

L

d3 k1
d3 kn
···
(2π)3 δ 3 (~k1 + · · · + ~kn ) ΓΩ,n (t; ~k1 , . . . , ~kn ) φ~k1 · · · φ~kn ,
(2π)3
(2π)3

(16)

together with its own normalisation NΩ which satisfies the condition
Z
L

Dφ~k P [φL ] = 1.

(17)

The analysis in ref.11 shows a number of interesting things. First, by looking at the behavior
of Γ4 as momenta become sub-Hubble, we can see that it is indeed true that the modes are
more and more Gaussian as we move our wavenumbers become larger than H. This justifies the
Gaussian approximation usually made for these modes. It also brings up the possibility that
this may not be true for derivatively coupled theories due to the appearance of more powers of
momenta in the numerators involved.
Going through and calculating the equation of motion for the coarse grained probability
density gives us:
∂PΩ
=
∂t

Z
L

d3~k
(2π)3



δ 2 PΩ
1 δ δVΩ
+
PΩ
δφ~k δφ−~k
3H δφ~k δφ−~k


Nk



+ ···,

(18)

where the quantum — momentum dependent — noise term is

Nk = −



∗
1 1
1
∂
1 i αΩ,k − αΩ,k
Θ(εaH − k) +
Θ(εaH − k) + · · · .
∗
∗
3
3
2 a αΩ,k + αΩ,k ∂t
2 a αΩ,k + αΩ,k

(19)

In the limit where the wavelengths have all been stretched to be much larger than the horizon,
it is actually only the first of these terms that determines the leading form of the noise. Now
what we might call the quantum noise term found above involving Nk is related to the stochastic
noise appearing in the classical Fokker-Planck equation via:
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Z

N=
L

d3~k
Nk
(2π)3

When we use our results for the kernels involved we find that
Z

N0 =

H4
8π 2



1 1
1
∂
1 i ᾱk − ᾱk∗
Θ(εaH − k) +
Θ(εaH − k)
∗
3
2 a ᾱk + ᾱk ∂t
2 a3 ᾱk + ᾱk∗


−



1 + k2 η2
H 3η2
δ(εaH − k) +
k
4π 2
0
3
3
H
H
(1 + ε2 ) + 2 ε2 .
8π 2
8π

= εa
=

d3~k
(2π)3

Z ∞







Z εaH

dk

dk k
0

(20)

In the long wavelength limit, ε  1, we recover the precisely standard noise term for the
stochastic Fokker-Planck equation,
∂p
H 3 ∂2p
1 ∂ ∂V
= 2
+
p(ϕ) ,
∂t
8π ∂ϕ2 3H ∂ϕ ∂ϕ




(21)

at leading nontrivial order.
4

Conclusions

We need to tame the IR and late time problems of correlators in de Sitter or near de Sitter space
if we are to be able to compare our hard won cosmological data to inflationary calculations. The
stochastic inflation program is exactly what’s needed; the Starobinsky Fokker-Planck equation
is the leading contribution to the probability of finding very long wavelength configurations at
late times.
What we are now able to do, at least in principle, is to derive this equation, even in the
interacting case and show that to leading order in the coupling, our procedure recovers the
Starobinsky result completely. We are also in a position to address some of the questions posed
in the previous section. We can look for perturbative corrections to the noise and drift terms in
the Fokker-Planck equation, which would modify some of the predictions of late time correlation
functions for scalars in de Sitter. We can look at a larger class of theories such as those with
derivative interactions. We can also start from initial states different than the standard BunchDavies one to see what their asymptotic behavior is. In short, we are now able to fully discuss
the effective theory of Stochastic inflation.
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Evolution of domain wall during and after inflation
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We study the evolution of thick domain walls in the expanding universe. We have found
that the domain wall evolution crucially depends on the time-dependent parameter C(t) =
1/(H(t)δ0 )2 , where H(t) is the Hubble parameter and δ0 is the width of the wall in flat spacetime. For C(t) > 2 the physical width of the wall, a(t)δ(t), tends with time to constant value
δ0 , which is microscopically small. Otherwise, when C(t) ≤ 2, the wall steadily expands and
can grow up to a cosmologically large size.

1

Introduction

Creation of the baryon asymmetry of the universe and possible existence of the cosmological
antimatter crucially depends upon the version of C and CP violation realized in the early
universe. In this connection spontaneous CP violation suggested in paper 1 is of particular
interest. This beautiful model, however, suffers from the domain wall problem 2 . To avoid
this problem the mechanism of the wall destruction was proposed, see e.g. 3 and references
therein. Another problem of the baryogenesis based on spontaneous CP violation is the width
of the wall. In flat space-time the width of the wall is microscopically small and if the walls
with such or similar widths were created in the cosmological situation, the matter-antimatter
domains would be in close contact with each other. It would lead to very large annihilation rate
and to unacceptably high background of the annihilation products in the universe. However,
the cosmological expansion may lead to much larger separation of the domains eliminating or
smoothing down this problem.
The evolution of the domain wall width in de Sitter universe was studied in the papers 4,5 . In
what follows we study the wall evolution in the universe with the equation of state p = wρ and
∗
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in the inflationary universe. We show that there exists some range of the inflation parameters
leading to a large domain separation prior to baryogenesis. This talk is based on papers 5,6 .
2

Evolution of thick domain walls in de Sitter universe

We consider a model of real scalar field ϕ with a simple double-well potential. The Lagrangian
of such model is the following,
2
1
λ 2
L = g µν ∂µ ϕ ∂ν ϕ −
ϕ − η2 .
2
2

(1)

The equation of motion of field ϕ can be easily obtained from (1) and looks as


√
1
√ ∂µ
−gg µν ∂ν ϕ = −2λϕ ϕ2 − η 2 .
−g

(2)


In flat space-time with the metric, ds2 = dt2 − dx2 + dy 2 + dz 2 , and in static onedimensional case, ϕ = ϕ(z), the equation (2) has a kink-type solution, describing a static infinite
flat domain wall in xy-plane. Without loss√
of generality we can assume that the wall is situated
at z = 0, ϕ(z) = η tanh δz0 , where δ0 = 1/( λη) is the width of the wall in flat space-time.
The evolution of thick domain walls in spatially
flat section of the de Sitter universe with

the metric ds2 = dt2 − e2Ht dx2 + dy 2 + dz 2 , with a constant Hubble parameter, H > 0, was
considered previously in papers 4,5 . All parameters are combined into a single positive constant,
C = 1/(Hδ0 )2 = λη 2 /H 2 > 0, so it is quite natural that the evolution of domain walls is
determined only by the value of C. In the case of very thin domain walls, δ  H −1 , i.e. C  1,
the solution ϕ(z) is well approximated by the flat-spacetime solution. For sufficiently large value
of parameter C, C > 2, the initial kink configuration in a de Sitter background tends to the
stationary solution which depends only on physical distance l = a(t)z, i.e. ϕ = ηf (Hl) =
ηf (eHt Hz). The width of the stationary√wall rises with decreasing value of C.
Above the critical value, δ0 ≥ H −1 / 2, i.e. C ≤ 2, there are no stationary solutions at all.
But if one allows for an arbitrary dependence of the solution on z and t, the solution exists for
any C, and the case of C ≤ 2 leads to the expanding kink with rising width.
3

Evolution of thick domain walls in p = wρ universe

In an expanding universe with the equation of state of matter p = wρ, where constant w > −1,
the scale factor increases as some power of time,
a(t) = const · tα , where α =

2
ȧ
α
> 0, and the Hubble parameter H(t) = = .
3(1 + w)
a
t

(3)

The values w = 0 (α = 2/3) and w = 1/3 (α = 1/2) correspond to the matter-dominated and
radiation-dominated universe, respectively.
The equation of motion (2) in the case when the field is a function of only z and t:

∂2f
∂f
1 ∂2f
2
+ 3H(t)
− 2
= 2 f 1 − f2 ,
2
∂t
∂t
a (t) ∂z 2
δ0

(4)

where f (z, t) = ϕ(z, t)/η. Due to the feature of the p = wρ universe (see details in 6 ) one can
eliminate the explicit dependence on δ0 in (4). This means that the equation of motion is the
same for different δ0 if t and z are measured in units of δ0 . Till the end of this section we will
use (t, z) notations considering δ0 = 1.
The boundary conditions for the kink-type solution should be
f (0, t) = 0,

f (±∞, t) = ±1,
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(5)

and we choose the following initial configuration:
f (z, ti ) = tanh

z · a (ti )
,
δ0

∂f (z, t)
∂t

= 0.

(6)

t=ti

For the scale factor we choose the following form: a(t) = a0 · (t/ti )α with the constant a0 = 1,
so a (ti ) = 1 which means that the initial coordinate and physical distances are the same.
The results of numerical calculation for the time dependence of physical width of the wall,
a(t)δ(t), in radiation-dominated and matter-dominated universe are presented in Fig. 1 along
with plots for other values of w. Here δ(t) is the coordinate thickness of the wall (details in 6 ).
w = 7/8
w = 1/3
w=0
w = −1/3

15

w = −2/3

t = tC for w = −7/9

5

t = tC for w = −2/3

t = tC for w = 7/8
t = tC for w = 1/3
t = tC for w = 0

10

t = tC for w = −1/3

a(t) · δ(t)

w = −7/9

0
0

2

4

6

8

10

12

14

t/δ0

]

Figure 1: Time dependence of the physical width of the wall, a(t)δ(t), for different values of parameter w with
ti /δ0 = 1.0. Dashed horizontal line corresponds to δ0 . Vertical dashed lines correspond to the moment tC at
which C (tC ) = 2.

The evolution of the domain wall is basically defined by the parameter C (t). In the p = wρ
universe the parameter C(t) increases as C(t) = t2 /(αδ0 )2 ∝ t2 . Since C = 2 is the critical
value, let us introduce the time tC at which C(tC ) = 2. In p = wρ universe
√
√
tC
2 2 δ0
= 2α ⇒ tC > ti for w <
− 1.
δ0
3 ti
√

(7)

For ti /δ0 = 1.0 we get that tC > ti for w < 2 3 2 −1 ≈ −0.057. In this case C(t) > 2 during all
the time of the wall evolution for w = 1/3 and w = 0, while for w = −1/3 (α = 1, ȧ(t) = const),
...
w = −2/3 (α = 2, ä(t) = const), w = −7/9 (α = 3, a (t) = const) at the initial moment C < 2.
In Fig. 1 one can see that in this case while C < 2 the physical width of the wall, a(t)δ(t),
increases rapidly.
To conclude this section, we note that in p = wρ universe it is difficult to obtain domain
walls with cosmologically large width (w should be really close to −1 for that). Such domain
walls can exist at the beginning of p = wρ stage. However, in such universe the parameter C(t)
increases, so at some moment the wall width starts to shrink and eventually goes to the constant
value, δ0 , which is microscopically small.
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4

Evolution of thick domain walls in inflationary universe

Let us consider a simple model of inflation with quadratic inflaton potential U = m2 Φ2 /2.
Although the model of inflation with a quadratic potential is really constrained in the view of
the recent observational data, only the very fact of exponential expansion is important here,
regardless of the specific mechanism of inflation.
The Hubble parameter and the scale factor in the slow-roll regime have the form:
!
r
r
4π m
1
4π m
1
a(t) = a0 · exp
Φi t − m2 t2 and H(t) =
Φi − m2 t,
(8)
3 mpl
6
3 mpl
3
where mpl is the Planck mass, m is the inflaton mass. These formulas are valid only till the end
of inflation,
√ i.e. till the violation of slow-roll conditions. However, we use them a little longer,
till te ≡ 12π (Φi /mpl ) m−1 , for which Φ(te ) = 0, H(te ) = 0.
It is convenient to use 1/m units in equation of motion (4):

∂2f
∂f
1
∂2f
2
2
.
2 + m (te − t) ∂ (t · m) − a2 (t)
2 =
2f 1 − f
∂ (t · m)
∂ (z · m)
(m · δ0 )

(9)

The boundary conditions should be the same as in (5). In numerical calculations we choose
initial configuration given by (6) and use the following values: Φi = 2 mpl , ti = 0,
and a0 = 1.
√
3 2
Time tC at which C(tC ) = 2 is determined from the relation m · tC = mte − 2mδ
. Parameter
0
√
√
√
C(t) can be equal 2 only if tC ≥ 0, i.e. mδ0 ≥ 3 2/(2mte ) = 3mpl /(2 2πΦi ) ≈ 0.173.
Time dependence of physical width of the wall, a(t)δ(t), for different values of initial wall
width, δ0 , is shown in Fig. 2. When δ0 is so small that C(t) > 2 during all the time of inflation,
then the domain wall width a(t)δ(t) after some damped oscillations tends to constant value, δ0 ,
which is microscopically small. For larger δ0 , such that C(t) became larger than 2 only near the
end of inflation, domain wall width could grow to cosmologically large size before that moment
(see Figs. 2g-2h).
5

Conclusions

We have found that at inflationary epoch the width of the domain walls exponentially rises when
the parameter C(t) is smaller than the critical value C = 2. Therefore, the wall width might
rise up to cosmologically large scales if C(t) remained smaller than 2 till the end of inflation.
However, when inflation is over and the expansion turns into the power law regime with H
decreasing with time as 1/t, the parameter C ∼ 1/H 2 rises above C = 2 at some stage, and the
wall started to shrink.
Our original scenario 3 spans throughout the inflation and ends in the beginning of the
reheating stage where the baryogenesis is supposed to take place. That is why we are interested
in the wall evolution during all the inflation and in the beginning of the p = wρ stage. The
main result of our calculations is that there exists sufficiently wide range of the parameters for
which the domain wall remains astronomically wide at the baryogenesis epoch. This ensures
large separations between domains of matter and antimatter and prevents from catastrophic
annihilation.
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Figure 2: Time dependence of physical width of the wall, a(t) · δ(t) · m, for different values of initial wall width,
δ0 . Dashed horizontal line corresponds to δ0 . Time te is shown by vertical dashed line with the corresponding
label. In Figs. 2d-2h there is a vertical dashed line which corresponds to t = tC . In Figs. 2g and 2h there is a
green (dash-dotted) line which corresponds to a(t) · δ0 · m. In Fig. 2h this line almost coincides with a(t) · δ(t) · m.
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AXION MASS IN THE CASE OF POST-INFLATIONARY PECCEI-QUINN
SYMMETRY BREAKING

A. RINGWALD
Deutsches Elektronen-Synchritron DESY, Notkestr. 85, D-22607 Hamburg, Germany
The axion not only solves the strong CP puzzle, but it also may be the main constituent of cold
dark matter. We review the axion dark matter predictions for the case that the Peccei-Quinn
symmetry is restored after inflation.

1

Axion solution of the strong CP puzzle and the axion mass

Already in the early days of Quantum Chromodynamics (QCD) it was realised that the most
generic Lagrangian of QCD contained also a term of the form LQCD ⊃ − α8πs θ̄ Gbµν G̃b,µν , where
αs is the strong coupling, Gbµν is the gluonic field strength, G̃b,µν its dual, and θ̄ ∈ [−π, π] an
angular parameter. This term violates parity (P ) and time-reversal (T ) invariances and, due to
the CP T conservation theorem, also CP invariance. Consequently, it induces CP violation in
flavor-diagonal strong interactions, notably non-zero electric dipole moments of nuclei. However,
none have been detected up to date. The best constraint currently comes from the electric dipole
moment of the neutron, which is bounded by |dn | < 2.9 × 10−26 e cm. A comparison with the
prediction, dn ∼ eθ̄m∗q /mn ∼ 6 × 10−17 e cm, where m∗q ≡ mu md /(mu + md ) is the reduced quark
and mn the neutron mass, leads to the conclusion that |θ̄| < 10−9 . This is the strong CP puzzle.
In Peccei-Quinn (PQ) extensions 1 of the Standard Model (SM), the symmetries of the
latter are extended by a global U (1)PQ symmetry which is spontanously broken by the vacuum
2 /2, which is assumed
expectation value (VEV) of a new complex singlet scalar field, h|σ|2 i = vPQ
to be much larger than the Higgs VEV. SM quarks or new exotic quarks are supposed to carry
PQ charges such that U (1)PQ is also broken by the gluonic triangle anomaly, ∂µ JUµ (1)PQ ⊃
− α8πs NDW Gaµν G̃a µν , where NDW is a model-dependent integer. Under these circumstances and
at energies above the confinement scale ΛQCD of QCD, but far below vPQ , the PQSM reduces to
the SM plus a pseudo Nambu-Goldstone boson 2,3 – the axion A – whose field, θ(x) ≡ A(x)/fA ∈
[−π, π], corresponding to the angular degree of freedom of σ, acts as a space-time dependent θ̄
f2

parameter, Lθ ⊃ 2A ∂µ θ∂ µ θ− α8πs θ(x) Gcµν G̃c,µν , with fA ≡ vPQ /NDW . Therefore, the θ-angle can
be eliminated by a shift θ(x) → θ(x) − θ. At energies below ΛQCD , the effective potential of the
shifted field, which for convenience we again denote by θ(x), will then coincide with the vacuum
energy of QCD as a function of θ, which, on general grounds, has an absolute minimum at θ = 0,
implying that there is no strong CP violation: hθi = 0. In particular, V (θ) = 12 χθ2 + O(θ4 ),
R
where χ ≡ d4 x hq(x) q(0)i, with q(x) ≡ α8πs Gcµν (x)G̃c,µν (x), is the topological susceptibility. A
recent lattice determination found 4 χ = [75.6(1.8)(0.9)MeV]4 , which agrees well with the result
from NLO chiral perturbation theory 5 , χ = [75.5(5)MeV]4 , leading to the following prediction
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of the axion mass in terms of the axion decay constant fA ,
s
!
√
χ
1 d2 V
1011 GeV
mA ≡
|
=
=
57.0(7)
µeV.
θ=0
fA dθ2
fA
fA
2

(1)

Axion cold dark matter in the case of post-inflationary PQ symmetry breaking

In a certain range of its decay constant, the axion not only solves the strong CP puzzle, but
is also a cold dark matter candidate 6,7,8 . The extension of this range depends critically on the
cosmological history. It is particularly constrained in the case on which we concentrate here:
post-inflationary PQ symmetry restoration and subsequent breaking.a
In the early universe, after the PQ phase transition, the axion field takes on random initial
values in domains of the size of the causal horizon. Within each domain, the axion field evolves
according to
χ(T )
θ̈ + 3H(T )θ̇ + 2 sin θ = 0,
(2)
fA
with temperature dependent Hubble expansion rate H(T ) ∼ T 2 /MP and topological susceptibility 10 χ(T ) ∝ T −(7+3/nf ) , for temperatures far above the QCD quark-hadron crossover,
TcQCD ' 150 MeV (nf is the number of active quark flavors). At very high temperatures,
vPQ > T p
 TcQCD , the Hubble friction term is much larger than the potential term in (2),
3H(T )  χ(T )/fA ,pand the axion field is frozen at its initial value. At temperatures around a
GeV, however, when χ(T )/fA ' 3H(T ), the field starts to evolve towards the minimum of the
potential and to oscillate around the CP conserving ground state. Such a spatially coherent oscillation has an equation of state like cold dark matter, wA ≡ pA /ρA ' 0 (here pA and ρA are the
pressure and the energy density of the axion field, respectively). Averaging over the initial values
of the axion field in the many domains filling our universe – at temperatures around a GeV the


(VR)

1.165

size of a domain is around a mpc – one obtains 4,9 ΩA h2 = (3.8 ± 0.6) × 10−3 1010fAGeV
,
for the fractional contribution of axion cold dark matter to the energy density of the universe
from this so-called vacuum realignment (VR) mechanism 6,7,8 . Here, the exponent, 1.165, arises
from the temperature dependence of χ(T ) at T ∼ GeV, which has recently been determined
quite precisely from lattice QCD 4 . Requiring, that the axion dark matter abundance should
not exceed the observed one, this result implies a lower limit on the axion mass 4 :
mA > 28(2) µeV .

(3)

However, so far we have neglected that the domain-like structure discussed above comes
along with a network of one and two dimensional topological defects – strings 11 and domain
walls 12 – which are formed at the boundaries of the domains. Their collapse will also produce
axions.
Axion strings are formed at the same time when the domain-like structure √
appears, cf. at
the PQ phase transition. In the string cores, of typical radius 1/mρ , where mρ ≡ 2λσ vPQ is the
mass of the saxion (the particle excitation of the saxion field), topology hinders the breaking of
the PQ symmetry and a huge energy density is stored. As the network evolves, the overall string
length decreases by straightening and collapsing loops. Moreover, some energy is radiated in the
form of low-momentum axions. The energy density in the network of global 
strings
 is expected
2 ln
to reach a scaling behaviour, ρS = ζ µt2S , with string tension µS ≡ πvPQ

mρ t
√
ζ

, where ζ is

independent of time. This scaling behavior implies that the number density of axions radiated
from strings (S) can be estimated as
(S)

nA (t) '
a

2
ζ vPQ
mρ t
ln √
 t
ζ









−3 ,

(4)

Remarkably, this case is strongly favored in the case of saxion (modulus of σ) or saxion/Higgs inflation 9 .
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where the dimensional parameter  gives a measure of the average energy of the radiated axions in units of the Hubble scale,  ≡ hEA i/(2π/t). A number of field theory simulations have
indicated that the network of strings evolves indeed toward the scaling solution with ζ = O(1)
and  = O(1). The latter value implies that most of the axions produced from strings become
non-relativistic during the radiation-dominated era and contribute to the cold dark matter abundance. Adopting the values 13 ζ = 1.0±0.5 and  = 4.02±0.70, one finds from (4) for the contribu1.165



(S)

fA
−3
2
tion of strings to today’s dark matter abundance 9 ΩA h2 ≈ 7.8+6.3
,
−4.5 ×10 ×NDW 1010 GeV
where the upper and lower end correspond to the maximum and minimum values obtained by
using the above error bars on ζ and . They do not take into account a possible large theoretical error due to the fact that the field theory simulations can only be performed at values of
ln(mρ t) ∼ a few, much smaller than the realistic value, ∼ 50, and thus require an extrapolation.
Domain walls appear at temperatures of the order of a GeV, when the axion field, in any of
the causally connected domains at this epoch, relaxes into one of the NDW distinct but degenerate
minima of the effective potential effective potential, V (A, T ) = χ(T ) [1 − cos(NDW A/vPQ )],
in the interval −πvPQ ≤ A ≤ +πvPQ . Between the domains, there appear two dimensional
topological defects dubbed domain walls whose thickness and stored energy density is controlled
by χ(T ). Importantly, strings are always attached by NDW domain walls, due to the fact
that the value of the phase of the PQ field σ must vary from −π to π around the string core.
Therefore, hybrid networks of strings and domain walls, so-called string-wall systems, are formed
at T = O(1) GeV. Their evolution strongly depends on the model-dependent value of NDW .
For NDW = 1, strings are pulled by one domain wall, which causes the disintegration into
smaller pieces of a wall bounded by a string 14 . String-wall systems are short-lived in this case,
(C)

−3 ×
and their collapse (C) contributes an amount 13 ΩA h2 ≈ 3.9+2.3
−2.1 × 10
dark matter, resulting in a total abundance



(VR)

ΩA h2 ≈ ΩA

(S)

(C)

+ ΩA + ΩA



−2
h2 ≈ 1.6+1.0
×
−0.7 × 10



fA
1010 GeV



1.165
fA
1010 GeV

to

1.165

.

(5)

Therefore, in post-inflationary PQ symmetry breaking models with NDW = 1, the axion may
explain all of cold dark matter in the universe if its decay constant and mass are in the range
fA ≈ (3.8 − 9.9) × 1010 GeV

⇔

mA ≈ (58 − 150) µeV .

(6)

This prediction, however, has recently been challenged by the results from a new field theory
simulation technique designed to work directly at high string tension with ln(mρ t) ∼ 50 and to
treat vacuum realignment, string, and string-wall contributions in a unified way 15 . The reported
dark matter axion mass,
mA = (26.2 ± 3.4) µeV ,
(7)
where the error now only includes the uncertainty from χ(T ), is significantly lower than (6). It
indicates that axions from strings and walls are negligible, despite of the fact that the string
networks appear to have a higher energy density (ζ ∼ 4) than those observed in conventional
field theoretic simulations (ζ ∼ 1). This implies that the produced axions have a larger energy,
 ∼ 40, and that dynamics at smaller scales – outside the range of applicability of the new
simulation method 15 – can be relevant for the determination of the axion DM abundance.
Further studies on the dynamics of string-wall systems are required to include precise modelling
of physics at smaller distance scales.
Fortunately, there are new axion dark matter direct detection experiments aiming to probe
the mass region of interest for NDW = 1 models with post-inflationary PQ symmetry breaking,
notably CULTASK 16 , HAYSTAC 17 , and MADMAX 18 .
For NDW > 1, the string-wall systems are stable, since the strings are pulled in NDW
different directions. The existence of such stable domain walls is firmly excluded by standard
cosmology 19 . Stability can be avoided if there exist further interactions which explicitly break
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N

the PQ symmetry, e.g. L ⊃ gMP4 MσP
+ h.c., where g is a complex dimensionless coupling,
MP is the reduced Planck mass, and N is an integer (> 4). The appearance of such terms is
motivated by the fact that global symmetries are not protected from effects of quantum gravity.
They give rise to an additional contribution in the low energy effective potential of the axion
field, which lifts the degeneracy of the minima of the QCD induced potential by an amount 20


v

N h





i

PQ
∆V ' −2|g|MP4 √2M
cos N2πN
+ ∆D − cos ∆D , where ∆D = arg(g) − N θ, and acts like
DW
P
a volume pressure on domain walls. If ∆V is small, domain walls live for a long time and emit a
lot of axions, potentially overclosing the universe. On the other hand, if ∆V is large, it shifts the
location of the minimum of the axion effective potential and leads to large CP violation, spoiling
the axionic solution of the strong CP problem. A detailed investigation of the parameter space
exploiting the results of field theory simulations 13 showed 20 that there exists a valid region in
parameter space if N = 9 or 10.b In the case of NDW = 6 and N = 9 (10), and allowing a mild
tuning of |g|, the axion can explain the observed dark matter abundance for

4.4 × 107 (1.3 × 109 ) GeV < fA < 1 × 1010 GeV ⇔ 0.56 meV < mA < 130 (4.5) meV .

(8)

Intriguingly, a DFSZ axion (NDW = 6) in such a mass range can explain the accumulating
hints of excessive energy losses of stars in various stages of their evolution 22 . In this range,
axion dark matter direct detection may be difficult, but not impossible 23,24 . Fortunately, it is
aimed to be probed by the fifth force experiment ARIADNE 25 and the helioscope IAXO 26 .
References
1.
2.
3.
4.
5.
6.
7.
8.
9.
10.
11.
12.
13.
14.
15.
16.
17.
18.
19.
20.
21.
22.
23.
24.
25.
26.

R. D. Peccei and H. R. Quinn, Phys. Rev. Lett. 38 (1977) 1440.
S. Weinberg, Phys. Rev. Lett. 40 (1978) 223.
F. Wilczek, Phys. Rev. Lett. 40 (1978) 279.
S. Borsanyi et al., Nature 539 (2016) no.7627, 69.
G. Grilli di Cortona, E. Hardy, J. Pardo Vega and G. Villadoro, JHEP 1601 (2016) 034.
J. Preskill, M. B. Wise and F. Wilczek, Phys. Lett. B 120 (1983) 127.
L. F. Abbott and P. Sikivie, Phys. Lett. B 120 (1983) 133.
M. Dine and W. Fischler, Phys. Lett. B 120 (1983) 137.
G. Ballesteros, J. Redondo, A. Ringwald and C. Tamarit, JCAP 1708 (2017) no.08, 001.
R. D. Pisarski and L. G. Yaffe, Phys. Lett. 97B (1980) 110.
R. L. Davis, Phys. Lett. B 180 (1986) 225.
P. Sikivie, Phys. Rev. Lett. 48 (1982) 1156.
M. Kawasaki, K. Saikawa and T. Sekiguchi, Phys. Rev. D 91 (2015) no.6, 065014.
A. Vilenkin and A. E. Everett, Phys. Rev. Lett. 48 (1982) 1867.
V. B. Klaer and G. D. Moore, JCAP 1711 (2017) no.11, 049.
W. Chung, PoS CORFU 2015 (2016) 047.
L. Zhong et al. [HAYSTAC Collaboration], Phys. Rev. D 97 (2018) no.9, 092001.
A. Caldwell et al. [MADMAX Working Group], Phys. Rev. Lett. 118 (2017) no.9, 091801.
Y. B. Zeldovich, I. Y. Kobzarev and L. B. Okun, Zh. Eksp. Teor. Fiz. 67 (1974) 3.
A. Ringwald and K. Saikawa, Phys. Rev. D 93 (2016) no.8, 085031.
A. Ernst, A. Ringwald and C. Tamarit, JHEP 1802 (2018) 103.
M. Giannotti et al., JCAP 1710 (2017) no.10, 010.
D. Horns et al., JCAP 1304 (2013) 016.
M. Baryakhtar, J. Huang and R. Lasenby, arXiv:1803.11455 [hep-ph].
A. Arvanitaki and A. A. Geraci, Phys. Rev. Lett. 113 (2014) no.16, 161801.
E. Armengaud et al., JINST 9 (2014) T05002.

b
The absence of PQ symmetry breaking operators with 4 < N < 9 can be naturally explained if the PQ
symmetry arises accidentally as a low energy remnant from a more fundamental discrete symmetry 20,21 .

244

The Higgs, the Inflaton and a Possible Connection to LHC
Mindaugas Karčiauskas
University of Jyvaskyla, Department of Physics, P.O.Box 35 (YFL), 40014 - Jyväskylä, Finland
The quartic and trilinear Higgs field couplings to an additional real scalar are renormalizable,
gauge and Lorentz invariant. Thus, on general grounds, one expects such couplings between
the Higgs and an inflaton in quantum field theory. We find that the often omitted trilinear
interaction is only weakly constrained by cosmology and could stabilize the electroweak vacuum by increasing the Higgs self–coupling. The consequent Higgs–inflaton mixing can be as
large as order one making a direct inflaton search possible at the LHC.

1

Introduction

The current data favor metastability of the electroweak (EW) vacuum, although the result is
very sensitive to the top quark mass 1,2 . Assuming that our vacuum is indeed metastable, we
face a number of cosmological challenges including why the Universe has chosen an energetically disfavored state and why it stayed there during inflation despite quantum fluctuations.
Minimal solutions to these puzzles require modification of the Higgs potential during inflation
only, although introduction of a single extra scalar is sufficient to make the electroweak vacuum
completely stable.
We suggest another minimal option which does not employ any extra fields beyond the usual
inflaton. We show that the Higgs mixing with an inflaton can lead to a stable EW vacuum.
A trilinear Higgs–inflaton coupling always leads to such a mixing and it is generally present in
realistic models describing the reheating stage correctly 3 . We find that cosmological constraints
on this coupling are weak and an order one mixing is possible. In this case, the model is
effectively described by a single mass scale of the EW size making it particularly interesting for
direct LHC searches.

2

The set up

In quantum field theory, one should include all the couplings that are (up to) dimension–4, gauge
and Lorentz invariant. Thus, on general grounds, we expect a quartic H † Hφ2 and a trilinear
H † Hφ interaction between the Higgs field and an inflaton φ. The presence of the trilinear term
can be motivated by the need for reheating the Universe after inflation: the inflaton transfers
(at least in part) its energy to the SM particles through decay and the relevant interactions
generate the H † Hφ term at loop level 3 .
Apart from the renormalizable QFT interactions, the field dynamics are affected by their
coupling to gravity. Although gravity is non–renormalizable, one may focus on the coupling of
lowest dimension H † H R̂ and φ2 R̂, with R̂ being the scalar curvature, assuming that the effective
field theory expansion applies. In any case, such a coupling is generated radiatively.
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Thus, on general grounds we can write the following Jordan frame action with leading
interactions between the fields and gravity and all renormalizable self-interactions:


Z
p
1
1
1
S = d4 x −ĝ Ω2 R̂ − ĝ µν ∂µ φ ∂ν φ − ĝ µν ∂µ h ∂ν h − V (φ, h) ,
(1)
2
2
2
where MPl = 1 and we used the unitary gauge. Ω2 and V (φ, h) are given by
Ω2 = 1 + ξφ φ2 + ξh h2 ,
V (φ, h) =

2
λφ 4 b3 3 µφ 2
λh 4 µ2h 2 λhφ 2 2
h −
h +
h φ + σh2 φ +
φ + φ −
φ + b1 φ,
4
2
2
4
3
2

(2)

where we have eliminated the φR̂ term by field redefinition of φ. We take λφ > 0, ξφ  |ξh |, 1
as well as λh > 0 at the inflation scale, which we justify later by the Higgs–inflaton mixing.
Further, we assume that all the dimensionful parameters are far below the Planck scale. In a
particularly interesting case of a single mass scale, these parameters are of electroweak size.
3

Inflation and reheating

We assume that inflation is driven by the term ξφ φ2 R̂ with ξφ φ2  1. Such a model fits
the PLANCK data very well. 4 The transition to the Einstein frame is achieved by the metric
rescaling g µν = Ω2 ĝ µν . This induces non–canonical kinetic terms for the scalars. Since
|ξh |  ξφ , h  φ and the dimensionful quantities are far below the Planck scale, during
4
2
inflation one can neglect all the terms apart
q from λφ φ and ξφ φ . In our regime, the canonically
normalized variable χ is given by χ '
and its potential by

U (χ) '

3
2

ln ξφ φ2

λφ
4ξφ2


q 2
− 2χ
1−e 3
,

(3)

where U ≡ V /Ω4 . The CMB normalization requires λφ /ξφ2 ' 0.5×10−9 . Moreover, the unitarity
cutoff scale of our theory is given by ξφ−1 , while the energy density during inflation is of order
2
2
λφ /ξφ2 . Requiring ξφ−4 >
∼ 1. Combining this with the CMB normalization
∼ λφ /ξφ , one finds λφ ξφ <
constraint, we get
−5
2
λφ (ΛI ) <
and ξφ (ΛI ) <
(4)
∼ 2 × 10
∼ 2 × 10 ,
where ΛI is the inflation scale which can be taken to be U 1/4 ∼ (λφ /ξφ2 )1/4 . We further
impose the condition that the radiative corrections to the inflaton potential, e.g. in the Coleman–
Weinberg form, be small. This gives approximately λ2hφ /16π 2  λφ restricting λhφ to be below
10−2 at the inflation scale. On the other hand, the correction induced by the trilinear φh2 term
is negligible: it is suppressed by vanishingly small (σ/φ)2 in the range of interest.
During inflation, the Higgs field is a spectator. For λh > 0pand λhφ in the range of interest,
it is a heavy field at the inflation scale, with mass of order λhφ /ξφ  HI , stabilized at the
origin 5 . Since the inflationary dynamics are dictated by the quartic couplings, the Higgs–inflaton
mixing is completely negligible at this stage.
The inflationary predictions of the model are in excellent agreement with the PLANCK data.
In particular, the scalar spectral index is predicted to be ns ' 0.97 and the tensor-to-scalar ratio
is r ' 3 × 10−3 . 6 The latter is within the range of detectability by future CMB missions. 7 Note
that, unlike the Higgs inflation
p scenario, our model is free of significant radiative corrections.
Inflation ends at φ ∼ 1/ ξφ . As its amplitude decreases further, the relevant for preheating
regimes are described by the canonically normalized inflaton χ via the relation
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r
χ'±

λφ
3
1
1
ξφ φ2 and U (χ) = 2 χ2 for
 φ2  ,
2
ξφ
6ξφ
6ξφ2
1
1
χ ' φ and U (χ) = λφ χ4 for φ2  2 .
4
6ξφ

(5)
(6)

The inflaton starts oscillating in the quadratic potential with the effective mass–squared µ2 =
while its amplitude decreases as (µt)−1 . After µt ∼ O(6ξφ ) the system enters the quartic

λφ
2,
3ξφ

regime and the inflaton becomes massless (at the classical level). At this stage, the Universe
quickly becomes radiation–dominated, although that does not imply thermal equilibrium.
The lower bound on the reheating temperature can be estimated by equating the perturbative
interaction rate with the Hubble rate in the radiation–dominated phase. The scattering is
2
expected to be dominated by the φ2 h2 –interaction, which gives Treh >
∼ O(λhφ ). For typical
coupling values, this results in Treh ∼ 1012 GeV.
As the Universe expands and the temperature drops below the inflaton mass, the inflaton
undergoes the usual “freeze–out”. Owing to the trilinear φh2 interaction, it will quickly decay
either into Higgs pairs or light particles (at 1–loop). We emphasize that the trilinear term
plays a crucial role for consistency of the model: the stable inflaton relics would “overclose”
the Universe since the φ–annihilation cross section is too small to be consistent with the dark
matter relic abundance. The latter requires larger couplings, λhφ ∼ 10−1 − 1. 8
4

Vacuum stability and low energy constraints

Presently, the curvature is so small that the distinction between the Jordan and Einstein frames
becomes immaterial. Thus, we may focus entirely on the potential V (φ, h) of Eq. (2), treating
φ and h as canonically normalized scalars. In general, both the Higgs and the inflaton develop
vacuum expectation values (VEVs) at the minimum of the potential, v ≡ hhi and u ≡ hφi. It is
convenient, however, to redefine the inflaton field φ0 = φ − u such that hφ0 i = 0.
At the electroweak minimum
(hhi, hφ0 i) = (v, 0) the mass eigenstates h1 , h2 are given by


h1
h2




=

cos θ sin θ
− sin θ cos θ



h−v
φ0


.

(7)

The masses m1,2 of h1,2 and the mixing angle θ are related to the input parameters by
2λh v 2 = m21 cos2 θ + m22 sin2 θ ,
2
2
2
2
λhφ v 2 − µ02
φ = m1 sin θ + m2 cos θ ,

σ0v =


sin 2θ
m21 − m22 .
4

(8)

If we identify the observed 125 GeV Higgs–like boson with h1 , for m2 > m1 the first relation
in (8) implies that the Higgs self–coupling λh is greater than that in the SM (obtained by setting
θ = 0). This correction can stabilize the Higgs potential at large field values such that λh would
never turn negative.
It is important to note that a substantial mixing angle θ implies that m2 cannot be arbitrarily large. Indeed, if m2 is far above the weak scale, the first relation in (8) makes λh
non–perturbative. In fact, if we require our model to be valid from the electroweak to the
Planck (or unitarity) scale, all the mass parameters are confined to the TeV region.
Our next step is to identify parameter regions in which the model remains perturbative
up to the Planck scale and the electroweak vacuum remains global. To do that we follow the
running of model parameters, using renormalization group equations, from the top quark mass
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Figure 1 – Left: Values of sin θ and m2 consistent with Higgs potential stability and perturbativity up to MPl
(white region). Also displayed are the curves of constant σ 0 . Here λhφ = 10−3 , λφ = 10−5 at the EW scale and
negative sin θ are obtained by flipping the sign of σ 0 . Right: The {λhφ , b03 } parameter region (in GeV) in which the
electroweak vacuum is a global minimum. The other EW scale parameters are fixed to be m2 = 600 GeV, sin θ =
0.144, λφ = 10−5 corresponding to σ 0 = −100 GeV.

scale Mt to the Planck scale. The input values at the Mt scale are g(Mt ) = 0.64, g 0 (Mt ) =
0.35, g3 (Mt ) = 1.16 and yt (Mt ) = 0.93.
The results are presented in Fig. 1. The left panel shows parameter space allowed by perturbativity and positivity of λh at all scales up to MPl . | sin θ| ≤ 0.3 is the upper bound imposed
by the Higgs coupling measurements 9 . (Almost all of the white region with m2 > 300 GeV is
also consistent with the LHC and electroweak constraints 10,11 .) We conclude that electroweak
to TeV values of σ 0 and m2 can lead to a stable Higgs potential.
The right panel shows the {λhφ , b03 } parameter region in which the electroweak vacuum is the
global minimum of the scalar potential. The left p
part of the panel is excluded by the stability
constraint on the running couplings, λhφ (µ) > − λh (µ)λφ (µ), which ensures that there is no
−3
unbounded from below direction at large field values. Relatively large |λhφ | >
∼ 2 × 10 lead to
a significant RG contribution to λφ thus violating the unitarity constraint (4) at the high scale.
This excludes the rightmost part of the panel. In the upper and lower shaded regions, there
exist further minima of the scalar potential at large φ0 ∼ −b03 /λφ which are deeper than the
electroweak one. We exclude these regions to be conservative although thermal and inflationary
effects may stabilize the fields at smaller values in the Early Universe.
For u up to 10 TeV, σ  λhφ u and according to Eq. (8) the Higgs–inflaton mixing is governed
entirely by the trilinear σ–term.
Our analysis shows that there are exciting prospects for the LHC new physics searches. First
of all, the Higgs–inflaton mixing manifests itself as a universal reduction in the Higgs couplings
to gauge bosons and fermions. Deviations at a few percent level can be detected in the high
luminosity LHC phase 12 . Furthermore, the mostly–inflaton state h2 can be found directly as a
heavy Higgs–like resonance. This is facilitated by the decay h2 → h1 h1 which makes m2 in the
TeV range with | sin θ| ∼ 10−1 accessible to LHC searches.
5

Conclusions

We have studied the minimal option of stabilizing the EW vacuum via the Higgs–inflaton mixing,
where inflation is driven by a non–minimal scalar coupling to curvature. 13 In the presence of the
trilinear Higgs–inflaton interaction, such a mixing is inevitable and can significantly increase the
Higgs self–coupling. We find that this scenario is cosmologically viable and fits the PLANCK
data very well. The model is particularly attractive when it is described by a single (TeV) mass
scale, in which case the mixing angle is substantial. This opens up an exciting avenue for a
direct inflaton search at the LHC.
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SIGNATURES OF PRIMORDIAL BLACK HOLES AS DARK MATTER a
JUAN GARCÍA-BELLIDO
Instituto de Fı́sica Teórica UAM-CSIC, Universidad Autónoma de Madrid,
Cantoblanco, 28049 Madrid, Spain
Primordial Black Holes (PBH) can form after inflation due to high peaks in the primordial curvature power spectrum that collapse gravitationally during the radiation era, to form clusters
of black holes that merge and increase in mass after recombination, generating today a broad
mass-spectrum of black holes with masses ranging from 0.01 to 103 M . These PBH could
act as seeds for galaxies and quick-start structure formation, initiating reionization, forming
galaxies at redshift z > 10 and clusters at z > 1. They may also be the seeds on which SMBH
and IMBH form, by accreting gas onto them and forming the centers of galaxies and quasars
at high redshift. They form at rest with zero spin and have negligible cross-section with ordinary matter. If there are enough of these PBH, they could constitute the bulk of the Dark
Matter today. Such PBH could be responsible for the observed fluctuations in the CIB and
X-ray backgrounds. PBH could be directly detected by the gravitational waves emitted when
they merge to form more massive black holes, as recently reported by LIGO. Their continuous
merging since recombination could have generated a stochastic background of gravitational
waves that could eventually be detected by LIGO, LISA and PTA. PBH may actually be responsible for the unidentified point sources seen by Fermi, Magic and Chandra. Furthermore,
the ejection of stars from shallow potential wells like those of Dwarf Spheroidals (DSph), via
the gravitational slingshot effect, could be due to PBH, thus alleviating the substructure and
too-big-to-fail problems of standard collisionless CDM. Their mass distribution peaks at a
few M today, and could therefore be detected also with long-duration microlensing events,
as well as by the anomalous motion of stars in the field of GAIA. Their presence as CDM
in the Universe could be seen in the time-dilation of strong-lensing images of quasars. The
hierarchical large-scale structure pattern of PBH as DM does not differ from that of ordinary
CDM, but the small-scale structure could be very different at scales below 104 M .

1

Introduction

The discovery of several massive black hole mergers by the LIGO interferometer 1 has opened the
new era of Gravitational Wave Astronomy, exactly one century after Albert Einstein proposed
his theory of gravitation. The masses of these black holes are somewhat larger than expected
from remnants of supernovae explosions and stellar evolution 2,3 , so it is possible that LIGO has
discovered a whole new population of massive black holes, formed in the early universe. Our
aim is to understand how to generate such a population, and search for any signatures that will
distinguish them from stellar black holes. It was first proposed a few decades ago 4 that massive
primordial black holes could arise from high peaks in the primordial matter power spectrum
that collapse gravitationally during the radiation era. More recently, we found 5 that broad
peaks in the power spectrum would form clusters of black holes, which would merge and accrete
mass (gas and smaller black holes) since recombination, reaching tens to hundreds (a few of
them can reach billions) of solar masses today. These PBH could be the dominant component of
a
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the Dark Matter in the Universe 4 ; they would act as seeds for the first galaxies, reionizing the
intergalactic medium and forming galaxies and quasars at high redshift 5 . Here we will explore
the consequences of this new scenario for the understanding of dark matter and extend the very
rich phenomenology that primordial black holes induce in the late Universe.
Since Zwicky proposed it to explain the stability of clusters of galaxies 6 , the nature of
dark matter has puzzled both physicists and astronomers alike. Today we have evidence of dark
matter from the rotation curves of galaxies 7 , from gravitational lensing on large scale structures 8
and from the temperature anisotropies in the CMB 9 . According to the usual ΛCDM paradigm,
structures like galaxies and clusters of galaxies form by hierarchical accretion of ordinary gas
on dark matter halos. All observations so far rely solely on the gravitational interaction of dark
matter, but gives no hint about its other interactions. Many different hypothesis have been put
forward on its nature, with ninety orders of magnitude in the range of masses of its possible
components, from ultralight axions 10 to massive black holes 11 . Until recently, the most popular
candidates have been some weakly interacting particles (WIMP) predicted in certain extensions
of the standard model of particle physics, but no evidence of any such particle has been found
so far at the Large Hadron Collider (LHC) at CERN, neither in underground facilities, with
cryogenic detectors like CDMS or liquid Xenon detectors like LUX, nor by indirect searches of
their annihilation with astronomical satellites like Fermi 11 .
An alternative and very natural hypothesis, considered for a long time, is that of MAssive
Compact galactic Halo Objects (MACHOs), such as planets, brown dwarves, neutron stars or
black holes. Such compact objects were searched for decades ago, thanks to the microlensing
of millions of stars 13,14 in nearby galaxies like the Large Magellanic Cloud (LMC) or Andromeda 15,16,17,18,19,20,21,22 . The search stopped ten years ago when the experiments failed to
find MACHOs below 10 solar masses as the main component of the dark matter halo of our
galaxy 18 , since compact objects with larger masses were unexpected 19 . Stellar black holes
are the end points of stellar evolution under gravitational collapse after a supernova explosion.
Most of these black holes have stellar masses, but only a few are above 10 M . Their masses are
usually determined from the X-ray emission of their accretion disks. The more massive BH are
supposed to arise from the gravitational collapse of population III supermassive stars, with very
low metallicity, otherwise most of their mass will be blown away and will not end up inside the
black hole. Nevertheless, it is difficult to produce BH from stellar evolution with masses above
10 M , even in the progenitor star had a mass above 250 M 3 . It is therefore rather surprising
that the first direct detection of gravitational waves from the merger of two black holes involved
not just one but two ∼ 30 M black holes. So, how did they form in the first place? and second,
how did they find each other and merge within the lifetime of the Universe?
With the recently born gravitational wave astronomy thanks to LIGO and the first detection
of 30 M black holes, we have opened again the window on the search for PBH as the main
component of dark matter in the Universe 5,23,24,25,26 . Furthermore, massive PBH could be
the missing link between early star and galaxy formation soon after recombination and the
supermassive black holes at the centers of quasars and active galactic nuclei observed at high
and intermediate redshifts. The use of gravitational wave interferometers as astronomical tools
will help characterize this new population of black holes and measure their mass and spin
distribution, which will allow astronomers to identify their progenitors and formation rates.
In fact, LIGO has detected not just one massive BH binary merger, but six events, in the
course of run O1 and O2, from September 2015 to August 2017, see Fig. 1. The masses of the
inspiralling BH before merging are not all equal, they range from 8 to 36 M , and the final BH
masses range from 23 to 62 M . If there is a population of BHs out there with large masses,
which do not arise from stellar evolution, where did they come from?
A natural hypothesis is that these massive black holes are of primordial origin. That is, they
were there before the stars started to shine. The first proposal of primordial black holes dates
back to Hawking’s work on black hole evaporation. He expected tiny black holes, of masses of
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Figure 1 – The Black Holes of Known Mass detected by LIGO. It is clear that they correspond to a new population
of black holes unheard of before. While IMBH and SMBH were known to populate the centers of globular clusters
and galaxies, respectively, this new class of black holes in binaries had not been detected before.

order 1015 g, to be evaporating today, emitting in their last stages a burst of energy that he
thought at the time could be the observed gamma ray bursts 27,28 . Now we know that GRB have
a different origin and, moreover, these PBH are too light to account for the LIGO observations.
Since then, a series of proposals have been made. For instance, if the QCD quark-hadron
transition were first order, then the resulting zero-pressure fluid may have allowed primordial
fluctuations to collapse to form black holes below 29 and around a solar mass, corresponding to
the mass within the horizon at that time. This was further studied by Jedamzik 30,31 , to account
for the measured microlensing events towards the LMC, found by the MACHO collaboration 18 .
Now we know that the QCD transition is not first order, but actually is a crossover, so the
equation of state is non-zero, and the small fluctuations generated during inflation cannot give
rise to PBH at that stage.
Our scenario of massive PBH is a different scenario, based on the fundamental physics of
inflation, which has important consequences for the whole of Astronomy and Cosmology. We
would like to understand the nature of these massive black holes detected by LIGO and determine
their origin, whether primordial or not. If the merging rate is as high as the LIGO collaboration
seem to suggest, then we will have hundreds of events in the next few years, enough to convince
ourselves that we are in front of a new class of BH. This new scenario opens up a multi-probe,
multi-epoch and multi-wavelength approach to the nature of Dark Matter in the form of PBH.
In this brief review we explore the very rich phenomenology that arises in this scenario,
and describe a broad range of new signatures that could be measured in a wide variety of
astrophysical and cosmological observations in order to test this hypothesis 34,35,36 .
2

Massive PBH formation scenarios

In 1996, together with Linde and Wands 4 , we realized that, if the primordial curvature fluctuation spectrum had a pronounced peak at some particular scale, it was possible to generate PBHs
whenever those high curvature fluctuations reentered the horizon during the radiation era, since
nothing could prevent their gravitational collapse. The mass of those PBH would be given very
approximately by the total mass within the horizon at the time of reentry. Moreover, in certain
realizations of inflation, it was possible that the number of PBH would be so large that these
could become the bulk of the dark matter in the universe 4 . At the time, the constraints on
BHs of a solar mass were not very strong. Thanks to MACHO and EROS collaborations, the
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LIGO events (rIght). Note how they peak around zero, as would be the case for spinless BH progenitors.

window on solar mass BHs as the sole (100%) contributor to the Milky Way halo was ruled out,
and very stringent bounds were put at the level of less than 10% of the halo in masses above
10 M . This seemed to close the window on massive PBH as the origin of dark matter, and thus
encouraged the search for particle dark matter (PDM) as the main contributor to the DM of
the Universe. Some groups still consider the possibility of low-mass PBH (below planetary size)
as the main component of DM 32 , although there are very stringent constraints on these 33,26 .
More recently, we proposed a scenario 5,34 where, rather than a single sharp peak in the
matter power spectrum, one could generate a broad spectrum of PBH masses from a large peak
in the primordial spectrum of curvature fluctuations from inflation. This broad mass spectrum
could account for all of the dark matter, and nevertheless pass all the bounds from wide binaries
and microlensing events of our halo, since any given range of masses is always below the 10%
fraction of the halo mass, see Fig. 5.
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Figure 3 – The primordial power spectrum of curvature fluctuations induced during inflation. Those fluctuations
that enter during the radiation era collapse to form black holes within a range of masses, and spatially clustered
around the more massive ones. The dotted line corresponds to the Gaussian primordial spectrum predicted
by inflation and at the core of the ΛCDM paradigm, and consistent with the observed CMB anisotropies; the
continuous line corresponds to the original model of GBLW (1996), with a sharp peak in the spectrum, that gives
rise to a monochromatic mass spectrum, and the dashed line corresponds to the recent proposal of CGB (2015)
for a broad peak in the spectrum, giving rise to a broad mass spectrum of PBH, which are strongly clustered.

The width of the peak in the matter power spectrum that gives rise to the mass range of
PBH depends on the particular inflationary model behind the origin of curvature fluctuations
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Figure 4 – Spatial distribution of PBH, uniform (left) versus clustered (right). A uniform (clustered) distribution
arises from narrow (broad) peaks in the curvature power spectrum.

that gave rise to the formation of structure in the universe. Some models of inflation may have
a phase transition 20 e-folds before the end of inflation, triggered by a symmetry breaking field,
like in hybrid inflation 4 , and this will give rise to a very pronounced peak in the spectrum, whose
width will depend on the parameters of the model. Another possibility is to have the inflaton
coupled to gauge fields, which grow exponentially and themselves backreact on the curvature,
producing high peaks in the spectrum 37,38 . Alternatively, one can think of single-field models
with an inflection point in the potential, which slows down the scalar field driving inflation and
produces a broad peak in the spectrum 39,40,41 .
While the amplitude of anisotropies in the cosmic microwave background cannot exceed
a few parts in 10−5 on the scale of the horizon, the fluctuation spectrum on much smaller
scales is largely unconstrained. The CMB only probes the 50-to-60 efolds range, depending
on the actual temperature of reheating after inflation, and future 21cm surveys with intensity
mapping will probe the reionization epoch of 50-to-40 efolds range, see Fig. 3. The peak in the
primordial spectrum would begin to become important around 40-to-20 efolds before the end
of inflation, on scales never directly probed by any astronomical survey, since on those scales,
density fluctuation quickly become non-linear and gravitational collapse washes out any trace
of the primordial spectrum. Nevertheless, if there is a large peak, as in Fig. 3, the gravitational
collapse of those fluctuations upon reentry will form a broad mass distribution of PBH, that
could act as seeds for massive stars and galaxies.
Observations will soon determine the mass and spin spectrum of the PBH responsible for
the measured Gravitational Waves from BBH coalescence. This could then be used as a test of
the mechanisms for PBH production, opening a new window into the last 40 e-folds of inflation,
and thus help us access the ultra high energy fundamental physics domain that is completely
inaccessible by particle physics accelerators 39,40,41 .
In order to address observational constraints one should study the evolution through accretion and merging of the population of PBH. On the one hand, during the radiation era, they
can accrete gas and radiation via Bondi-Hoyle accretion but this rate is negligible. Later, during
the matter era, they can start to accrete faster, but always below the Eddington limit. Alternatively, if they acquire an accretion disk of gas, and the outflows are along the axis, like in quasars
and microquasars 70 , they can accrete much faster. On the other hand, since PBH originate in
clusters, they can find each other and merge more easily, by gravitational attraction, emitting
gravitational waves in the process, and generating a stochastic background 42 .
Therefore, their masses grow at a significant rate, both through accretion and merging, thus
shifting their mass distribution towards larger values since recombination, and increasing the
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high-mass tails of the distribution. On top of that, since PBH form a fluid of zero pressure,
their density contrast (i.e. inhomogeneities in the spatial distribution of PBH, arising from the
standard metric fluctuations induced during inflation) grows like any matter component, linear
with the scale factor during the matter era. Apart from changes in their mass distribution, we
expect also changes in their spin distribution. PBH are born without spin since they arise from
the gravitational collapse of an isotropic gas upon horizon crossing of order-one fluctuations in
curvature. However, the spin will build up from subsequent mergers. As PBH masses start
to build up through merging of smaller PBH, they can acquire a significant spin from the
angular momentum of the inspiralling orbit. However, subsequent mergers occur from a random
distribution of orientations of the orbits, and it is likely that the final spin distribution will
be centered around the zero-spin configuration, with a dispersion that depends on the merging
history and mass distribution. We are performing numerical relativity simulations in order to
derive a prediction for the mass and spin distributions of present black holes.
3

Signatures of massive PBH

In this section we will discuss the possible signatures of primordial black holes as the dominant
component of Dark Matter. I will itemize here some of those signatures that I believe could be
used to distinguish PBH from stellar black holes. They range from early to late epochs of the
evolution of the Universe, with different probes (electromagnetic and gravitational waves) and
different frequencies (from nHz to GHz and from meV to tens of GeV). Some of these signatures
are ready to be explored; others will take a few years, or even decades. There is a lot of work
ahead to thoroughly test the scenario.
CMB distortions and anisotropies. Massive PBH formation during the radiation era
has important consequences on the CMB. Gas falling into PBH through Bondi-Hoyle accretion
will reinject some fraction of its energy into the strongly-coupled plasma before recombination,
which will then distort the blackbody spectrum of photons at decoupling 45 . There are stringent
limits on the CMB y and z-distortions, which can be evaded if the PBH have small masses before
recombination, which then grow during the matter era. The most stringent bounds come from
a paper by Ricotti et al. 46 , which has an error in Eq.(44): There is a factor (1 + z)2 missing,
which changes the bounds by several orders of magnitude towards larger PBH masses, leaving
a range of values around M ∼ 100 M unconstrained, see also 47,48 . This is the reason why we
shifted these bounds (labeled FIRAS) to the right in Fig. 5.
First stars in the Universe. The random distribution of PBH will act as seeds for gas
to fall and initiate star formation and the reionization of the universe. This will generate a
UV and gamma background at high redshift (z ∼ 20) that could be seen today redshifted into
the infrared and soft X-ray, respectively. The recent measurement of strong cross-correlations
between fluctuations in the CIB and the diffuse X-ray background 49 suggests that a population of
PBH could have initiated star formation and reionization at high redshift and also be responsible
for the sources generating the present X-ray background.
Reionization and 21cm Intensity mapping. While present CMB experiments give us
a measurement of the integrated optical depth from the last scattering surface to the present 9 ,
future 21cm intensity mapping surveys like SKA will be able to measure the whole history of
reionization, from redshift z ∼ 20 to z ∼ 6, thus constraining the local sources of reionization
at high redshift 50 . The power spectrum of fluctuations on 21cm maps will put very stringent
limits on the mass distribution of PBHs.
Early galaxy formation. A population of massive primordial black holes would act as
centers of accretion of ordinary gas, and give rise to galaxies at high redshift (z ∼ 10), very
massive black holes at the centers of quasars (z ∼ 6) and massive clusters today (z ∼ 1). See for
instance the recent discovery of a galaxy cluster at z = 2.5 51 . In general, massive PBH quick
start structure formation, compared to the standard ΛCDM paradigm, since they seed structures
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much more efficiently than a rare 5σ-fluctuations in the Gaussian primordial spectrum 45 .
Formation of SMBH and IMBH. The successive PBH merging and gas accretion since
recombination produces supermassive black holes (SMBH) at the centers of galaxies, and intermediate mass black holes (IMBH) at the centers of globular clusters. Their PBH origin is
common to both types, and is the agent responsible for the velocity dispersion of the system
(stars in the bulge and cluster respectively). Not surprisingly, there seems to be a simple power
law relation between the mass of the black holes at the center of those systems and their velocity dispersion 52 . In the PBH scenario all DM halos have a black hole at its center, which
grows by accretion of gas and the differences in masses are related to the time since first accretion. The fact that there is an underlying mechanism common to all massive black holes, from
microquasars to SMBH, is seen here as a correlation which is universal 53 .
Superluminal SNe. A distribution of massive PBH acting as DM in the universe should
be a source of femtolensing of distant powerful sources like supernovae explosions. Some very
luminous and strongly time-delayed supernovae have been observed, with emissions in the infrared that last for months before decaying. They are called superluminous SNe and there are
a handful of them 54,55 . It could be that some of these are microlensed SN of known types, see
e.g. 56 , whose light has been amplified by a femtolensing event on a massive PBH along the line
of sight. Constraints from magnification bias of supernova of type Ia still allow for a wide mass
distribution of PBH centered around a few solar masses 12 .
Long-duration microlensing. The duration of microlensing events towards the LMC is
proportional to the mass of the lensing object 13,14 . If the halo of the Milky Way dark matter
is constituted mainly by PBH with a range of masses peaked at around 50 M , the typical
full duration is of the order of a decade. The stars in the LMC have not been monitored long
enough by microlensing experiments to exclude a halo made of PBH with those masses if PBH
at the peak constitute less than 10% of the halo, see Fig. 5 and Refs. 18,21 . Moreover, the light
curves due to microlensing of clustered PBH is expected to have multiple caustics due to smaller
PBHs orbiting the main deflector, and this may be difficult to distinguish from planets around
stars in LMC, so they may have passed unnoticed. Also, the fact that these PBH are clustered
decreases the optical depth towards a relatively compact structure like the LMC, by increasing
the relative separation between clusters of PBH 57 .
Residual microlensing in time-matched strong-lensed multiple images of quasars.
Quasars that suffer strong lensing by an intervening galaxy show two or more images with identical short-time variations delayed by a constant time-shift between the images 58 . However, the
residual long-time pattern is not constant, but follows a characteristic amplification light curve
of more than a decade 60 in the case of QSO 0957+4561, which suggests that one of the lines of
sight has been microlensed by a black hole of a few tens of solar masses. Detailed studies of several of these strong-lensed quasars with multiple images may allow us to determine not only the
rate of expansion, from the time delay between images 59 , but also the dark matter distribution
through the long-time residuals, if these happen to show microlensing amplification 60 .
Tidally disrupted stars and ULX-ray transients. It has been observed in both the
Milky Way and nearby galaxies like Andromeda the disruption of a star by a black hole. Some
of the ultraluminous X-ray transients are believed to arise from these kind of tidal-disruption
events, although there seems to be more events than expected if those black holes come from
stellar origin, see Ref. 61 .
Large Scale Structure N-body simulations. The scenario of PBH cannot be distinguished at cosmological superstructures scales from that of Particle DM, since the evolution
of dark matter on large scales behaves in a way characterized by the primordial spectrum set
during inflation and in accordance with the measured anisotropies in the CMB. The growth of
structure occurs via the gravitational collapse of a zero-pressure fluid which, at the resolution
scales of the simulations (particle mass ∼ 106 − 109 M ), cannot distinguish PBH of 100 M
from particle DM 63 .
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Substructure and too-big-to-fail problems. At small galactic scales, numerical simulations of structure formation based on CDM seem to give many more smaller structures than
observed. We realized in 42 that a core of PBH at the center of shallow potential wells like
those of dwarf spheroidals could be enough to expel solar-mass stars from these structures, by
inducing higher than escape velocities, through the gravitational slingshot effect. This could
be the reason for the high mass-to-light ratios of DSph, and why we don’t observe the stellar
light from those substructures. These substructures have recently been observed with dedicated
high exposures in sensitive cameras like DECam 72 . Similarly with large objects that should
have been seen and only recently have been detected via gravitational lensing. Thus PBH could
be responsible for the solution to the substructure and too-big-to-fail problems of Cold Dark
Matter 36 .
Missing baryon problem. Perhaps PBH have eaten up most of the baryons since recombination. The last time they were measured in the CMB were in agreement with BBN light
element abundance. There seems to be less in the present universe in hot plasmas around clusters and in galaxies 64 . They may simply not shine or they could be locked inside the PBH that
account for the CDM in the Universe.
Cluster collisions and cross-sections. The bullet cluster is used to constrain models
of PDM by setting stringent limits on the interaction cross-sections of DM particles, σ/M <
1 cm2 /g 81 , which can be evaded by PBH with Schwarzschild-Born cross-sections and M ∼
50 M , by many orders of magnitude. That is, PBHs are essentially the best candidates for
collisionless dark matter.
Wide binaries in the Milky Way. These are very sensitive probes of massive objects
passing by, like PBHs, since they can disrupt the orbits of far-apart components of the binary
and break it up. Stringent bounds have been recently updated and allow for less than a few
percent halo fraction in the form of 50 M PBH, in agreement with Fig. 5 and Ref. 82 .
Compact stellar clusters in ultra faint dwarf galaxies. Dynamical friction tend to
move both massive black holes and stellar clusters to the center of dwarf galaxies, where they
interact and heat up, puffing up the stellar clusters 83 . Long lived star clusters at the centers of
dwarf galaxies therefore can be used to detect massive PBH, although the constraints weaken
if there is an intermediate mass BH at the center of the dwarf galaxy, which provides stability
and increases the velocity dispersion 84,36 .
Lensed Fast Radio Bursts. Strong lensing of extragalactic fast radio bursts (FRB) induces
a repetition of the burst signal with time delays of a few milliseconds. A survey of tens of
thousands of sources with future radio facilities like CHIME could be used to constrain or
detect PBH in the 20 − 100 M 85 .
X-ray binaries and microquasars. We don’t know the origin of X-ray binaries, where a
BH accretes gas from a companion star, forming an accretion disk and emitting in X-rays. They
come in two classes, low-mass and high-mass XRB. They could arise from stellar binaries that
have evolved together and the companion survived the supernova explosion that lead to the BH,
although typically those BHs acquire huge kicks and move away from the disk of the galaxy,
most of the times loosing their stellar companion. In fact, very massive BH at the centers of
accretion disks are rare outcomes from supernova explosions, since these are usually low mass
BHs. It is possible to imagine a different origin of High-Mass XRB, as a companion star being
captured by a passing-by isolated PBH and initiating an accretion disk from gas outflows as the
star orbits the black hole. This could be a scenario close to that of ULX-ray transients, where
the impact parameter is not so small and the star survives the BH encounter loosing momentum
and forming a bound system. A recent detection by Chandra of a new population of low-mass
XRB 62 , as well as a cloud of orbiting BH in the central parsec of the galaxy 86 , could hint in that
direction. Moreover, microquasars and High-Mass XRB, that do not move at high speeds inside
the galaxy, could have their origin in PBH that have captured a star and formed an accretion
disk. In that case, there should be a similar relation between the central BH mass and the
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dispersion velocity of the gas around it, like in IMBH and SMBH.
Fermi 3FGL and Chandra point sources. The fourth year Fermi-LAT point source
catalog shows 30% of unknown gamma ray sources 87 . Most of them are probably blazars and
quasars, but many could be nearby sources within our galaxy. Some could be massive primordial
black holes in dense environments that reinject energy into the ISM. The Chandra satellite also
finds large numbers of compact X-ray sources in our galaxy and other nearby galaxies like
Andromeda. A fraction of those could very well be PBH. It is necessary to design methods
to distinguish between the signatures of these PBH from ordinary BH from stellar evolution.
There are also the EGRET third catalog of unidentified sources, many of which are in the
Galaxy. Identifying the spatial distribution of those sources may give a clue as to their origin.
GAIA anomalous astrometry. If the halo of dark matter in our galaxy is not made up
of a diffuse gas of particles but rather of compact objects like PBH, one would expect close
encounters of stars with those hard cores, such that individual stellar motions will be affected,
inducing anomalous deviations with respect to their surroundings. A careful monitoring of
positions and velocities of billions of stars like that planned by GAIA 88 will be able to discover
those anomalous motions and predict the location and velocities of those PBH in our galaxy
that constitute the DM.
Dynamical friction towards the center. Massive objects tend to concentrate via dynamical friction towards the center of potential wells. PBH within a range of masses will thus
tend to accumulate at the centers of all intermediate structures, from globular clusters, through
dwarf spheroidals, to our own galaxy. In particular one expects PBH to merge and form more
massive IMBH, which will tend to orbit today around the SMBH at center of all galaxies. There
is a chance that we may discover some IMBH around the SMBH at the center of our galaxy, the
Milky Way, see e.g. 89 .
Emission of GW in PBH binaries (LIGO). In their dynamical evolution as a pressureless fluid, PBH will naturally merge emitting gravitational waves like those recently detected by
LIGO. Now we know that there has been at least three GW merging events detected by LIGO
in three months. Their masses range from 60 M (after merging) to 8 M and therefore cannot
be described by a monochromatic spectrum of PBH masses, rather by a wide mass distribution.
It is true that three events are not enough to characterize the whole mass distribution, but more
events have already been reported by LIGO in Run O2, so we expect within a decade to have
enough events to make statistical claims 24 .
Mass and spin distribution of PBH. For the moment, we are probably only detecting
with LIGO the tip of the PBH distribution, where the majority of the PBH live, but soon we will
have of the order of one BBH coalescence per day, with the expected advanced LIGO nominal
sensitivity, which will allow us to measure their mass distribution with a few percent accuracy.
Unfortunately, due to the seismic noise barrier of terrestrial interferometers, we may not be able
to map well the mass distribution of PBH between 100 and 104 M , since Advanced LIGO is
sensitive only to masses MPBH < 150 M , due to strain sensitivities above 30 Hz and a massdependent ISCO frequency, fISCO = 44 Hz (100M /M ). Larger masses could only be probed by
future interferometers like Einstein Telescope. Moreover, with better BBH merging templates
and GW detections, we will be able to measure not just their mass distribution, but also the spin
distribution. Together this will help us distinguish the origin of these BBH mergers. Primordial
BHs naturally form by gravitational collapse of a spherical overdensity the size of the horizon
when a primordial fluctuation reentered during radiation epoch, and therefore it is expected
that PBH were born without spin, in a cluster of many more PBH which merge successively
in pairs. It is expected that the spin of the resulting black hole from each merging will have a
non-negligible spin. Future N-body simulations will be performed to study this issue.
Stochastic background of GW (LISA). The merging of PBH soon after recombination
to form larger mass black holes is a powerful source of gravitational waves, with efficiency of
order few permil, which redshifts faster than matter and thus can reach ΩGW h2 ∼ 10−6 today,
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from unresolved mergers, going back to at least z ∼ 200, and frequencies in a broad range, from
the nanoHertz, possibly detectable by pulsar timing arrays, through miliHertz, easily detectable
by the proposed LISA satellite 90,42,91 , down to kiloHertz seen by terrestrial interferometers
like LIGO, VIRGO, KAGRA, etc. There is also the stochastic background generated at PBH
formation. The violent gravitational collapse to form PBH at horizon reentry produces also
a small fraction of energy, of order 10−6 of the total, in the form of gravitational waves, or
ΩGW h2 ' 10−11 today.

Figure 5 – Limits on the abundance of PBH today (left), and over the Universe history as a function of redshift
(right), for a broad mass distribution. Note that specific constraints are relevant at different epochs, and that the
PBH mass distribution evolves with redshift.

Ever since satellites have explored the sky in X-rays and gammas, they have discovered multiple bright sources, some point-like and others more extended, and even a diffuse background.
Some of the sources have been identified with distant AGN and QSO sources, outside our galaxy.
Others are neutron stars and X-ray binaries. There is, however, a growing list of unidentified
sources in all point source catalogs, from EGRET to Chandra/XMM and Fermi LAT. Some
of these sources are extragalactic, but many are unknown galactic sources, with hard spectra.
There is the natural assumption that at the core of these sources lie a black hole, some more
massive than others, but in any case there seems to be too many BH to be accounted for by the
standard stellar evolution and subsequent supernova explosions. Extrapolated to the history of
the galaxy, it would imply that there should have been a larger than observed cosmic ray flux
and thus a larger UV and IR background.
Moreover, the recent Fermi LAT measurements of the diffuse gamma-ray background towards
the galactic center (GC) has an uncertain origin. Some researchers speculated that it could have
arised from PDM annihilations, but this has been discarded as a reasonable explanation by two
independent groups 74,75 , which have found that the diffuse GC background is better described
by a population of unresolved point sources, adding extra support to compact massive objects
like black holes as the more plausible origin of the GC background.
It is therefore worth studying these individual point sources, e.g. in the 3FGL catalog of
Fermi-LAT, to probe their nature and determine whether a PBH could be their source of energy,
rather than a pulsar or a massive star. Some of these sources are correlated with molecular clouds
close to the galactic center and these shine in X-rays and longer wavelengths. Moreover, since
the spatial distribution of PBH should follow that of the bulk of the dark matter in the halo, it
is expected that some spatial correlation between the X-ray and gamma-ray sources of EGRET,
Chandra and Fermi and a generic NFW or Einasto profile should exist. Furthermore, since
the power spectrum of PBH dark matter has a broad peak, responsible for the clustering of
the initial primordial black holes, one should expect to see higher spatial correlations at short
distances of order a parsec or smaller.
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Figure 6 – BH merger rate likelihood, in number of events per year per Gpc3 , for the six LIGO BHB events, for
the PBH lognormal model with µ = 3.5 M and σ = 0.55. Note that all LIGO events lie close to the maximum.

The broad-mass and clustered PBH scenario 34 has three different sources of gravitational
waves at very different frequencies. The broad high peak in the curvature fluctuation power
spectrum is generated during inflation from the slow-roll motion of the inflaton field and possibly
other fields coupled to it. Scalar fluctuations have a large enough amplitude that backreact on
both scalar and tensor modes, creating a sizeable gravitational wave background with a peak
at frequencies associated with the size of the horizon at reentry that will have redshifted today.
Then there is the GW stochastic background from the formation of PBH themselves. The
gravitational collapse that gives rise to the PBH at horizon reentry during the radiation era
produces also a small fraction of energy, of order 10−6 of the total, in the form of gravitational
waves, which have redshifted (from the time of formation at z = zf ) to ΩGW h2 ' 10−11 today.
Such a background is similar to that produced at violent first order phase transitions, and
peak 1/2
will have a peak at a typical frequency today f peak ' 1.4 × 10−8 Hz (30 M /MPBH
) , and an
peak
peak
−16
1/2
amplitude at the peak given by hc (f
) ' 2.85 × 10 (MPBH /30 M ) , for PBHs of mass
peak
peaked at MPBH
' 30 M (7 × 1011 /(1 + zf ))2 , which falls in the range of sensitivity of future
Pulsar Timing Arrays.
4

Discussion and Conclusions

I have presented here a new paradigm, based on massive PBH, rather than fundamental particles,
as the main component of Dark Matter. PBH could arise from peaks in the spectrum of matter
fluctuations produced during inflation. With the future terrestrial and space GW interferometers
we may be able to characterize their distribution and properties, providing clues about their
origin and the early stages of the evolution of the Universe. Those PBH have typically a broad
mass distribution, from below a solar mass to several tens of solar masses. Large masses are
difficult to detect with the present GW interferometer LIGO, due to the seismic wall at low
frequencies. However, if in the near future a black hole is detected by LIGO in a Compact
Binary Coalescense with a mass smaller than solar, it could never have been produced by
stellar collapse, due to the fundamental Chandrasekhar limit, and therefore is a clear signal of
primordial origin.
There is already a lot of evidence in favor of PBH as DM. The strong correlation between
fluctuations in the infrarred and the diffuse X-ray backgrounds suggests that a large population
of PBH could have initiated early structure formation and reionization, and at the same time be
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responsible for the present X-ray background. This speed-up in structure formation may explain
the existence of fully formed galaxies and clusters at high redshift, much before expected from
the standard ΛCDM paradigm. Moreover, PBH could also be responsible for the observed ultra
luminous x-ray sources, the SMBH and IMBH at centers of galaxies and globular clusters, and
alleviate the substructure and too-big-to-fail problems of the standard CDM paradigm.
Moreover, in this work I describe multiple signatures within a large variety of phenomena
in Astrophysics and Cosmology where the presence of PBH have an impact. Some are well
known, others are new avenues of exploration. Here is a comprehensive list: CMB distortions
and anisotropies; First stars in the Universe; Reionization and 21cm Intensity mapping; Early
galaxy formation; SMBH and IMBH at the centers of galaxies and globular clusters; Superluminal SNe; Long-duration microlensing; Residual microlensing in time-matched strong-lensed
multiple images of quasars; Tidally disrupted stars and Ultra Luminous X-ray transients; Substructure and too-big-to-fail problems in LSS N-body simulations; Missing baryon problem;
Cluster collisions and cross-sections; Wide binaries in the Milky Way; Compact star clusters
in dwarf galaxies; Lensed Fast Radio Bursts; X-ray binaries and microquasars; Fermi 3FGL
and Chandra point source catalogs; X-ray and Gamma Diffuse backgrounds; GAIA anomalous
astrometry; Dynamical friction and formation rate of SMBH; Emission of GW in PBH binaries;
Mass and spin distribution of PBH; Stochastic background of GW. All of them are not only tests
of the new paradigm, but also opportunities to constrain the Early Universe scenario behind the
PBH origin.

Figure 7 – The usual chart of DM production, direct and indirect detection has a corresponding one for PBH, as
noticed by Sebastien Clesse (2018).

The fact that quantum fluctuations of the inflaton field can backreact on space-time and
form classical inhomogeneities, giving rise to CMB anisotropies and big structures like galaxies
and clusters, is a fascinating property of Quantum Field Theory in curved space, and one of the
great successes of inflation. What is even more surprising is that a local feature in the inflaton
dynamics can give rise to large amplitude fluctuations in the spatial curvature, which collapse
to form black holes upon reentry during the radiation era, and that these PBH may constitute
today the bulk of the matter in the universe. In this new scenario, Dark Matter is no longer a
particle produced after inflation, whose interactions must be deduced from high energy particle
physics experiments, but an object formed by the gravitational collapse of relativistic particles
in the early universe when subject to high curvature gradients, themselves produced by quantum
fluctuations of a field and stretched to cosmological scales by inflation.
In conclusion, Massive Primordial Black Holes are the perfect candidates for collisionless
CDM, in excellent agreement with present observations. This new scenario opens up a very
rich phenomenology that can be tested in the near future from CMB, LSS, X-rays and GW
observations, in a multi-probe, multi-epoch and multi-wavelength approach to study the nature
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of Dark Matter. Furthermore, if PBH are indeed responsible for DM, and its properties are
measured, it will open a new window into the Early Universe, where the dynamics occurring in
the last stages of inflation may be probed by astrophysical and cosmological observations.
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Occam’s razor Dark Matter:
Planckian Interacting Massive Particles
M. S. Sloth a
CP3-Origins and Unit for Cosmology and Particle Physics
University of Southern Denmark, Campusvej 55, 5230 Odense M, Denmark

Within the Λ-CDM framework, Planckian Interacting Dark Matter (PIDM) is a minimal
paradigm for dark matter with only one free parameter (the dark matter mass), and the interactions with the standard model of particles fixed by the equivalence principle. The correct
PIDM abundance can be successfully obtained by gravitational scattering in the initial thermal plasma of the Standard Model sector if the reheating temperature is sufficiently high,
for PIDM masses ranging between 100GeV and the GUT scale. The important case of a
GUT scale PIDM mass interestingly predicts an observational amount of primordial gravitational wave from inflation. I will discuss the PIDM paradigm, focussing on the production
mechanism, but also mention specific realisations of the PIDM in quantum gravity and known
models of inflation. Finally I will discuss the possibility of indirect detection of PIDM through
non-perturbative decay, and the possible of a darkly charged PIDM, which could be related
to the small scale problems of Large Scale Structure (LSS) formation.

1

Introduction

So far the Λ-CDM model is the simplest cosmological model succesfully explaining all observations. Within this framework dark matter is simply assumed to be non-relativistic with only
gravitational interactions. From the point of view of the Λ-CDM model, the PIDM is therefore
the dogmatic dark matter candidate.
There are however good theoretical motivations to make less minimalistic assumptions about
dark matter. If f.ex. dark matter is a thermal relic, it must have other stronger interactions, as
in the celebrated WIMP paradigm. But so far dark matter interactions beyond the gravitational
interactions has only become more constrained, and WIMPs has not yet made their appearance
in any experiments despite the intense search effort.
Being more dogmatic in our approach, we may therefore ask what we can say and learn about
dark matter without making non-minimalistic assumptions. Currently the main constraint on
the PIDM comes from the production mechanism, which, as we will see, already excludes PIDM
masses below 100GeV and above the GU T scale.
a

The reported work is in collaboration with Mathias Garny, McCullen Sandora and Andrea Palessandro 1,2,3
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2

The assumptions

We are assuming that dark matter is a scalar, fermion, vector or even a massive spin 2 particle
with only gravitational interactions with the Standard Model and mass, mX . To leading order
in the graviton field, which acts as a mediator, the Langrangian is fixed by linearized gravity as
1,2

1
SM
DM
L = LSM + LDM + LEH + hµν (Tµν
+ Tµν
),
(1)
2
where above LSM is the Standard Model Lagrangian, LDM is the Dark Matter Lagrangian, and
LEH is the Einstein-Hilbert Lagrangian. The two sectors are only coupled indirectly through
gravity. The coupling to gravity is fixed by the equivalence principle, such that the graviton
couples universally to the energy-momentum tensors. If LDM is taken to describe a free massive
particle, the mass of the PIDM becomes the only free parameter in the model. In principle the
dark sector could be more complicated, and in the last section, we will also mention the nextto-minimal scenario where the PIDM is charged under its own unbroken U (1) gauge symmetry.
In the case of a scalar PIDM, the 2 → 2 annihilation amplitude from the s-channel graviton
exchange diagram was calculated in 1
M=

µν
DM − 1 g T DM α )|k i
−i8πhp1 |TSM
|p2 ihka |(Tµν
b
α
2 µν
,
2
Mp (ka + kb )2

(2)

with Mp = 1.2 × 1019 GeV being the non-reduced Planck mass. From this expression one can
proceed to calculate the thermally averaged cross sections, to obtain 1
hσvi = N0 hσvi0 + N1/2 hσvi1/2 + N1 hσvi1 ,
hσvi0 =

πm2X
Mp4

"

(3)

3 K12 (x) 2 4 1 K1 (x) 8 1
+ +
+
5 K22 (x) 5 5 x K2 (x) 5 x2
"

hσvi1/2 = hσvi1 =

4πT 2 2
x2
Mp4 15

K12 (x)
−1
K22 (x)

#

,

!

+3x

K1 (x)
+6
K2 (x)



,

with subscripts denoting the spin of the SM particles, x ≡ mX /T (a), Ni the number of degrees
of freedom of each spin type and Ki (x) modified Bessel functions. The brackets goes to 1 for
x  1, leaving the prefactor to display the non-relativistic behavior. Similar calculations for
fermion, vector and massive spin 2 PIDM were presented in 2 .
3

Production mechanism

To compute the production and final abundance of PIDM, one needs to consider essentially
three contributions. The contribution from inflation, the production during reheating, and the
production of PIDM at the beginning of the radiation dominated era. The production from
inflation is similar to the gravitational production of 4 , while the production during reheating
and shortly after is computed by solving the Boltzmann equations
dρφ
= −3H(1 + w)ρφ − Γρφ ,
dt


dρR
2
= −4HρR + Γρφ + 2hσvihEX i n2X − (neq
,
X)
dt


dnX
2
= −3HnX − hσvi n2X − (neq
,
(4)
X)
dt
which governs the energy density of the inflaton ρφ , radiation ρR and number density of dark
matter nX . The decay constant, Γ, describes the inflaton decay into relativistic Standard Model
degrees of freedom, and the reheating period is parametrized in terms an equation of state, w,
and the duration γ ∼ exp[−3/4(Nrh (1 + w)], with Nrh the number of e-folds of the reheating
phase.

268

4

The constraints

For instantaneous reheating the production at the beginning of the radiation regime dominates,
and production during inflation is only important for a very limited parameter range. Only
for very prolonged reheating, γ << 1, the production during reheating becomes important.
The final PIDM abundance therefore depends on the reheating temperature and the PIDM
mass. Requiring that the relic abundance matches the energy density of dark matter today,
ΩX h2 ≈ 0.1, one obtains a line in the (mX , Trh ) plane. The result is almost independent of
whether the PIDM is scalar, fermion or vector. Only the scalar case is therefore displayed
below, and instead of Trh , the Hubble rate during inflation, Hi , and γ is plotted on the vertical
axis, since Hi is directly observable through the strength of primordial gravitational waves. The
similar plots for fermion, vector and massive spin 2 PIDM can be found in 2 .
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Figure 1 – The Hubble rate during inflation that gives the correct relic abundance, as a function of the PIDM
mass. The blue curve is for γ = 1, orange for γ = 0.1 and green for γ = 0.01. The current bound on the
tensor-to-scalar ratio excludes the red region, while the purple dashed line is the projected sensitivity for next
generation CMB experiments. The correction from taking also the ‘gravitational production” during inflation
into account is shown by the dotted lines. The dashed-dotted line marks mX = Hi , and for scalar PIDM the
lefthand side of this line is excluded unless corrections to the PIDM potential are important during inflation. All
values are given in units of Mp .

5

Specific models

The PIDM can be naturally realized in models of quantum gravity/string theory. One realization
of the PIDM is the case where dark matter lives on a 3-brane separate from another 3-brane
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containing the Standard Model with only gravity propagating in the bulk. Another specific
setup, studied in details in 2 is the case where PIDM is the first Kaluza-Klein excitation of
graviton itself. The PIDM can also be embedded in scenarios of inflation such as monodromy
inflation and Higgs inflation 2 .
6

Phenomenology

The PIDM is assumed to be stabilized against decaying by a global symmetry. In the KaluzaKlein example the Kaluza-Klein parity prevents the decay. But generally one could consider
some global symmetry that is broken by string theory instanton effects.
The operators in the effective Lagrangian that break the global symmetry are are suppressed
by e−S , where S is the instanton action. The general form of the most important operators, for
different spins, are
spin 0 : LN P = gmp XH † H
spin 1/2 : LN P = g X̄HL
spin 1 : LN P = g(∂ µ X ν − ∂ ν X µ )Bµν
g µν SM
spin 2 : LN P =
X Tµν ,
mp

(5)

where g ∼ e−S sets the strength of nonperturbative quantum gravity effects. The lifetime of the
PIDM can then be estimated as
mX
dimension 3 : τX = α 2 e2S
mp
dimension 4 : τX = α
dimension 5 : τX = α

1 2S
e
mX

m2p 2S
e ,
m3X

(6)

where α is an O(100) number. The lower limits on the instanton action S are relatively insensitive
to the details of the decay. For instance, for a GUT scale dark matter mass the requirement
τX > 1022 (1011 ) yr implies a lower limit S > 85(72) for the dim. 3 operator, S > 77(65) for dim.
4, and S > 70(58) for dim. 5.
Finally, it should be mentioned that the PIDM can be charged under its own dark unbroken
U (1) gauge symmetry, which in the low mass window can affect LSS formation and might explain
the small scale problems in LSS (such as the cusp core problem), if they do not have a baryonic
origin 3 . Since the PIDM can never have been in thermal equilibrium with the standard model, it
has a different thermal history than the usual “hidden charged dark matter”, leading to different
predictions 3 .
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CAUSTIC FREE COMPLETION OF P (X)-FLUIDS
S. R. RAMAZANOV
CEICO-Central European Institute for Cosmology and Fundamental Physics,
Institute of Physics of the Czech Academy of Sciences,
Na Slovance 2, 182 21 Prague 8, Czech Republic
We first establish the link between P (X)-fluids and the mimetic matter scenario,—the field
theoretical model of the pressureless perfect fluid. Both belong to the same class of models
involving two non-canonical scalar fields. The generic problem inherent to this class of models
is the formation of caustics making them invalid at short scales. We propose the caustic free
completion for this class by means of the complex scalar field.

Formation of caustics is a rather generic phenomenon, e.g., it occurs in geometric optics and
in the Dark Matter physics. In both cases, however, the underlying field equations are free
of any pathologies. In other words, the appearance of caustics merely signals the breakdown
of the approximations used—eikonal approximation in electromagnetism leading to geometric
optics or pressureless perfect fluid approximation in Dark Matter phenomenology. Recently, it
has been shown that a number of theories involving non-canonical kinetic terms, k-essence 1 2
and Generalized Galileons 3 , also develop caustics 4 . Just like in geometric optics this hints
the existence of some fundamental theory replacing those models at short scales. Here we will
focus on the shift-symmetric k-essence, or P (X)-fluids, where P is some generic function of the
canonical kinetic term of a scalar ϕ, i.e., X ≡ 12 (∂µ ϕ)2 . Our goal is to show, how P (X)-fluids
are completed by means of canonical complex scalar fields 5 .
Before we switch to P (X)-fluids, let us consider perhaps the simplest field theory plagued
by caustic singularities. This is the so called mimetic matter scenario 6 described by the action 7
S=

Z

i
√
λ2 h
d4 x −g ·
· (∂µ ϕ)2 − M 2 .
2

(1)

Here λ is the Lagrange multiplier, which enforces the constraint for the second scalar field ϕ,
(∂µ ϕ)2 = M 2 ,

(2)

M is some dimensionful constant. The physical content of the model is very simple: its stressenergy tensor,
Tµν = λ2 ∂µ ϕ∂ν ϕ ,
(3)
matches that of the pressureless perfect fluid upon the identification M 2 λ2 = ρ (energy density)
∂µ ϕ
and M
= uµ (4-velocity). It is well-known that the pressureless perfect fluid develops caustic
singularities.
By definition caustics is the intersection of the characteristics of the equations of motion.
See Fig. 1. These characteristics can be visualized as the trajectories of the non-interacting dust
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t
Ts

x
Figure 1 – Simple example of caustic formation in pressureless perfect fluid. Straight lines correspond to characteristics (particle trajectories in the case of dust). All characteritics cross at the same time t = T s leading to the
blow up of the velocity divergence at the point x = 0.

particles. Each of the trajectories is a straight line, along which the velocity is conserved (exactly
because the dust particles are non-interacting). Simplifying to the one-dimensional picture, one
can write the equation defining the characteristics,
dx
=v
dt

∂ϕ
∂x
v ≡ − ∂ϕ
,

(4)

∂t

where v is the velocity. The latter determines the inclination of the characteristics line. For
generic initial conditions, different trajectories (characteristics) correspond to different velocities.
Therefore, at their intersection the velocity is multi-valued and the velocity divergence blows
up. This is nothing but the caustic singularity.
P (X)-fluids can be understood as a simple generalization of the mimetic matter scenario.
That is, consider the following modification of the action 1,
S=

Z

i
√
λ2 h
d4 x −g ·
· (∂µ ϕ)2 − M 2 →
2

Z

"

#

√
λ2
d4 x −g ·
· (∂µ ϕ)2 − V (λ) .
2

(5)

Namely, we replaced the term quadratic in the field λ in the mimetic matter action by some
generic function of the field λ, i.e., V (λ). The field λ is not anymore the Lagrange multiplier,
but the auxiliary field, which can be eliminated by making use of its own equation of motion,
∂V (λ)
= 2X ≡ (∂µ ϕ)2 .
λ∂λ

(6)

Upon expressing the field λ as the function of X and substituting it back into the action 5, the
latter takes the form of some generic function of X. For any given P (X)-fluid, one can choose
V (λ) so that to reproduce P (X).
Given the similarity with the mimetic matter scenario, it is not surprising that the P (X)fluids also develop caustic singularities 4 . The novelty is the non-zero sound speed cs . Characteristics of P (X)-fluids are defined as 4


dx
dt



=
+

v + cs
1 + cs v



dx
dt



=
−

v − cs
.
1 − cs v

(7)

In the limit cs → 0 these two families reduce to one family defined by Eq. 4, as it should be.
The rest of discussion parallels to that of the mimetic matter scenario. Namely, characteristics
are straight lines, which are not parallel generically. Therefore, they cross each other at some
finite time. At this point, the second derivative of the field ϕ blows up.
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To complete mimetic matter scenaro/P (X)-fluids, let us promote the field λ to the dynamical
degree of freedom by adding the kinetic term 5 8 , i.e.,
S=

Z

"

#

√
(∂µ λ)2 λ2
d4 x −g
+
· (∂µ ϕ)2 − V (λ) .
2
2

(8)

One can arrange the fields λ and ϕ into the complex field,
Ψ = λeiϕ .

(9)

which has the standard action of the canonical scalar with some potential,
S=

√
1
d4 x −g |∂µ Ψ|2 − V (|Ψ|) .
2


Z



(10)

The mimetic matter scenario is reproduced from the free massive complex scalar, while P (X)
corresponds to the complex scalar with self-interactions.
V( )

V( )

2

2

1

1

Figure 2 – Trajectory of the complex field in the configuration space corresponding to the mimetic matter scenario
(quadratic potential, left plot) and some P (X)-fluid (right plot). The amplitude of the complex field is nearly
constant in the homogeneous Universe, and its slow variation is due to the cosmic drag.

The canonical complex field is manifestly free of caustic singularities. Note, however, that it
contains an extra degree of freedom associated with the amplitude λ compared to the mimetic
matter/P (X)-fluid. This extra degree of freedom should be ”invisible” at least in cosmology
and pop out only in the highly non-linear regime, when caustic singularities are supposed to be
formed.
It is straightforward to freeze the amplitude at the background level, which corresponds to
the homogeneous Universe. Switching off gravity for a while, one can choose
s

λ = const

ϕ̇ =

∂V
,
λ∂λ

(11)

which are consistent with the background equations of motion for the amplitude and the phase.
In the realistic expanding Universe, the amplitude λ and the phase velocity ϕ̇ are still almost
constant but slowly redshift,
λ=

a

A
√
3/2

s

ϕ̇ ≈

2ϕ̇

∂V
,
λ∂λ

(12)

where A is some positive constant. Generically, going beyond the background level is challenging.
Still, it is doable at least in two cases: 1) for the free massive complex scalar, which corresponds to
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the mimetic matter scenario; 2) at the level of linear perturbations. Linear perturbations of the
complex field with the generic self-interaction will be discussed in the forthcoming publication.
Here we focus on the free field and show that it indeed leads to the pressureless perfect fluid.
For simplicity, switch off gravity. Then, the generic solution for the free complex scalar with
the mass M is given by
Ψ=

Z

dkei

√

k2 +M 2 t−ikx

α(k) +

Z

dkβ(k)e−i

√

k2 +M 2 t−ikx

.

(13)

In the homogeneous limit, the latter should match Eq. 11. This is possible provided that one of
the mode functions, α(k) or β(k), equals to zero. With no loss of generality, we set β(k) = 0.
Now take the limit of small momenta k 2  M 2 and introduce the ”reduced” complex field
Ψ̃ = eiM t Ψ. One can show that Ψ̃ satisfies the Schrodinger equation,
i

∂ Ψ̃
1
=−
∆Ψ̃ .
∂t
2M

(14)

It is well-known that the latter is equivalent to the pair of hydrodynamical equations,
∂ρ
+ ∇(ρ · v) = 0 ,
∂t

√
∂v
∇ ∆ ρ
+ (v · ∇)v =
√ ,
2
∂t
2M
ρ

(15)
(16)

where ρ = M 2 |Ψ̃|2 and v = − ∇δϕ
M , and δϕ is the phase of the wave function Ψ̃. This is a
system of equations for the pressureless perfect fluid modulo the term on the r.h.s. of the Euler
equation. This term describes the contribution of the so called quantum pressure. It vanishes
in the limit M → ∞, and we exactly reproduce the dust-like fluid. On the other hand, for
any large but finite M , the quantum pressure becomes relevant at short scales. The non-zero
quantum pressure is responsible for smoothing caustic singularity.
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BOUNDS ON DARK MATTER ANNIHILATIONS FROM 21cm DATA
GUIDO D’AMICO
CERN, Theory Division, Geneva, Switzerland
The observation of an absorption feature in the 21 cm spectrum at redshift z ≈ 17 implies
bounds on Dark Matter annihilations for a broad range of masses, given that significant heating
of the intergalactic medium would have erased such feature. The resulting bounds on the DM
annihilation cross sections are comparable to the strongest ones from all other observables.

1

Introduction

The EDGES experiment recently reported the first measurement of the global 21-cm spectrum 1 ,
which is an observable sensitive to the temperature of the gas at redshift z ≈ 17. This allows to
constrain the Dark Matter (DM) annihilation cross section, as the annihilation products would
heat the gas 2,3,4,5 .
The signal seen by EDGES is the absorption of light at energy equal to ∆E = 0.068 K =
2π/(21 cm) in the rest frame of the gas. This is the energy difference between the ground states
of hydrogen with total spin S = 0 or 1 (depending on the relative spin between electron and
proton). Cosmological red-shifting brings the signal to radio frequencies of order ∼ 100 Mhz. The
signal is reported in terms of the average of the difference between the brightness temperature
and the one of the background radiation, given by 6



 r
Tγ (z)
Ω b h2
0.15 1/2 1 + z
T21 (z) ≈ 23 mK 1 −
xHI .
TS (z)
0.02
Ω m h2
10

(1)

Here xHI is the number fraction of neutral hydrogen, very close to 1. Next, Tγ (z) is the background photon temperature, expected to be dominated by the low-energy tail of CMB photons,
so that Tγ = TCMB = 2.7 K(1 + z). TS is the ‘spin-temperature’, which defines the relative
population of the two spin levels of hydrogen ground state as n1 /n0 ≡ 3e−∆E/TS .
According to standard cosmology, the gas, composed mainly of neutral hydrogen, thermally
decoupled from CMB at z ≈ 150. After thermal decoupling, the gas cools like any non-relativistic
particle, such that Tgas /TCMB ∝ (1 + z). This is a sensible assumption, in the limit of a large
Ly-α radiation rate, and no heating of the gas due to X-ray radiation from first stars. In any
case, using detailed balance, the spin temperature has to be higher than Tgas , as any other
source of radiation is hotter. At even lower redshifts, z . 15, star-light heats the gas to
temperatures higher than the CMB, and the T21 signal goes to zero. EDGES measured an
absorption feature centered at a frequency of ≈ 78 MHz, translating to a redshift z = 17.2,
at which T21 ≈ −500+200
−500 mK, about a factor of 2 lower than what expected from standard
astrophysics with non-interacting DM. In our paper, we will not address the possible origin of
the anomaly. Rather, we use the fact that an absorption feature is observed to set bounds on
DM annihilations.
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2

Bound on DM annihilations

DM annihilation products can considerably heat the gas, therefore suppressing the observed absorption feature, even erasing it if DM heating is too large. To give bounds on DM annihilations,
we conservatively impose that DM heating does not erase the absorption feature observed down
to z ≈ 16.
DM annihilations will heat the gas in two ways. First, DM annihilations around the period
of thermal decoupling from the CMB can increase the amount of free electrons above the value
predicted by the Standard Model, xe = ne /nb ≈ 2 × 10−4 . A higher xe delays hydrogen/CMB
decoupling, increasing Tgas at lower redshifts since the gas has less time to cool adiabatically.
More importantly, DM annihilations directly heat the hydrogen gas through energy injection,
increasing Tgas . A higher Tgas will result in a modification of the T21 spectrum 4,?,5 .
In the presence of DM annihilations, the temperature of the gas Tgas and the free electron
fraction xe evolve as dictated by
h
i
dxe
P2
=
αH (Tgas )nH x2e − βH (Tgas )e−Eα /Tgas (1 − xe ) +
(2a)
dz
(1 + z)H(z)


1
dE
1
fion (z) (1 − P2 )fexc (z)
−
+
,
(1 + z)H(z) dV dt inj nH
E0
Eα
dTgas
1
=
[2Tgas − γC (Tγ (z) − Tgas )] +
dz
1+z
1
dE
1
2fheat (z)
−
.
(1 + z)H(z) dV dt inj nH 3(1 + xe + fHe )

(2b)

The upper line in each equation describes standard cosmology: Eα = 3E0 /4 is the Lyman-α
energy, and E0 = 13.6eV is the binding energy of hydrogen in its ground state, βH is the effective
photoionization rate for an atom in the 2s state, and αH is the case-B recombination coefficient.
We defined the dimensionless coefficient
γC ≡

8σT ar Tγ4
xe
,
3Hme c 1 + fHe + xe

(3)

where σT is the Thomson cross-section, ar the radiation constant, me the electron mass and fHe
the number fraction of helium. The coefficient P2 represents the probability for an electron in
the n = 2 state to get to the ground state before being ionized, given by 7
P2 =

1 + KH ΛH nH (1 − xe )
,
1 + KH (ΛH + βH )nH (1 − xe )

(4)

where ΛH = 8.22 s−1 is the decay rate of the 2s level, and the factor KH = π 2 /(Eα3 H(z)) accounts
for the cosmological redshifting of the Ly-α photons. We solve the above equations starting from
an initial redshift zM before recombination, imposing xe (zM ) = 1 and Tgas (zM ) = TCMB (zM ).
We use zM = 1400 and we have checked that solutions do not change using a different starting
point.
The lower terms in equations (2) describe the additional effect of DM annihilations. The
energy injection rate per unit volume due to DM is
dE
dV dt

2
= ρ2DM fDM
inj

hσvi
,
MDM

(5)

with fDM the fraction of the dark matter which annihilates. The dimensionless factors fc (z)
take into account the efficiency of deposition in the gas of the injected energy in three different
channels c, namely ionization (ion), excitation (exc), and heating (heat), as defined in 8,9 . In our
calculations, we computed them according to 9 . The fc (z) depend on the primary annihilation
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channel and on the DM mass, and take into account the delay between the injection and the
deposition of energy. An important ingredient which needs to be considered at low redshifts is
the effect of structure formation, which enhances the injected energy due to the DM annihilation
with respect to the smooth background. This can be estimated by replacing, in eq. (5), ρ2DM →
hρ2DM i = B(z)hρDM i2 . The boost factor B(z) is the variance of the DM power spectrum, which
is subject to considerable uncertainty (see for instance figure 2 of 10 ). Since the fc (z) functions
depend on the history of the energy injection at redshifts previous to z, they will involve the
time integral of the boost factor.
In our results, we show constraints for two different boost factors. A conservative choice,
denoted as “Boost 1” in our plots, is the smallest boost factor from ? ,
B(z) ≈ 1 +

1.6 × 105
erfc
(1 + z)1.54



1+z
20.5


,

(6)

which evaluates to B ≈ 217 at z ≈ 20 and roughly agrees with the smallest boost factor in fig. 19
of 11 . Higher boost factors are considered in the literature. To illustrate the effect that the boost
factor has on the constraints, we also plot results for a less conservative choice, denoted as “Boost
2”, obtained from a halo model calculation, considering an Einasto profile with substructures
and minimum halo mass of 10−6 M (figure 2 of 10 ).
In fig. 1 we show the constraints on DM annihilations obtained by imposing that the DM
correction to T21 does not suppress by more than a factor of 2 or 4 the T21 resulting from standard
astrophysics, close to −200 mK as inferred by solving eqs. (2) without the DM contribution.
We show bounds for a few different cases, as follows. In the upper row of fig. 1 we consider
the instantaneous deposition approximation. This means that we assume that a fraction feff
of the energy produced by DM annihilation at some redshift is immediately transferred to the
plasma, using a simplified approach (“SSCK” approximation) proposed in 12 , based on earlier
work by 13 :
1 − xe
1 + 2xe
SSCK
SSCK
SSCK
fion
= fexc
= feff
,
fheat
= feff
.
(7)
3
3
The upper left panel shows constraints on feff hσvi. It shows the effects of the boost factor, for
two different choices of observed T21 , in the instantaneous deposition approximation (with the
SSCK prescription). In the upper right panel we specialize the constraints to a few representative
channels: electrons, muons, photons and bottom quarks.
The bottom row of figure 1 shows again the bounds for some representative DM annihilation
channels, but considering a full calculation by convolving the primary spectra provided in 11 with
the delayed transfer functions of 8 . The effects due to the boost factor vary with DM mass and
annihilation channel. For DM particles annihilating directly into photons or electrons the boost
has little effect on the bounds at high DM masses. This happens because energetic photons
and electrons deposit in the gas a relevant amount of their energy only after some time. In
particular for photons the effect is quite small for the full range of mass we consider. Physically,
this can be understood by the fact that the instantaneous deposition approximation becomes
poor for highly energetic particles, which were either produced at a redshift in which structures
were not already formed and interact with the gas only later, or do not have time to interact
with the gas if produced when the boost enhancement becomes important. On the other hand,
energy deposition is well approximated as instantaneous for primary annihilation channels (such
as quarks, τ , W , Z and h) with a broad low-energy spectrum of secondary products, and for
primary muons and electrons injected at low energies.
The 21 cm bounds are comparable to bounds from the CMB (which rely on global fits which
assume standard cosmology) 8,14 , and to bounds from indirect detection searches 15 , subject to
astrophysical uncertainties. With respect to the latter case, our bounds apply to a broader range
of DM masses.
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Figure 1 – Upper row: Bounds on DM annihilation cross sections in the instantaneous deposition approximation.
2
The left panel shows bounds on the cross section times efficiency factor feff and fraction of annihilating DM fDM
,
obtained by demanding that the 21 cm absorption feature is not depleted from the value of standard cosmology
(−200 mK in our computation) down to −100 or −50 mK because of DM heating. We take into account two
different cosmological boost factors, and also show the weaker bound obtained by (irrealistically) ignoring DM
clustering. The right panel shows bound on the cross section for a few main annihilation channels (bottoms,
photons, muons and electrons), using the feff described in the text, the mild boost factor of eq. (6) and demanding
that T21 & 100 mK. Bottom row: Bounds on DM annihilation cross sections using delayed energy deposition
and numerical primary spectra as described in the text. We demand that T21 & 100 mK, showing the results for
two different boost factors, as well as ignoring DM clustering. The left (right) panel shows DM decaying into
bottom quarks or muons (photons or electrons).
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3

Conclusions

We derived strong bounds on DM annihilation cross-sections by demanding that heating due
to the annihilations does not erase the 21 cm absorption feature observed from sources around
z ≈ 17.2. Even imposing this conservative view, adopting a quite mild cosmological boost factor,
DM with an s-wave cross-section that reproduces the cosmological DM abundance, hσvi ≈
2.3 × 10−26 cm3 / sec, is excluded for DM masses MDM . 3 − 30 GeV, depending on the
annihilation channel.
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Vector Fuzzy Dark Matter and binary pulsars
Federico R. Urban
CEICO, Institute of Physics of the Czech Academy of Sciences
Na Slovance 2, 182 21 Praha 8, Czech Republic
Precision timing measurements of binary pulsars offer a unique opportunity to test the properties of ultra-light (fuzzy) dark matter, as the latter induces a secular variation of the orbital
parameters. I will show how we could “see” the spin of dark matter, and how we can test
fifth-forces carried by dark matter itself.

1

Introduction

Where is the Dark Matter?!? Despite being one of the standard ingredients in (most) models
of the Universe, all we know, and not even too well, is how it gravitates, and that it interacts
very weakly with conventional stuff, if at all 1 . Sadly (or naturally, one might argue), so far all
DM production or detection experiments have only managed to tell us that DM is not where
we have been looking for it (sample results here: 2,3 ). Old cha(m)ps like WIMPS are slowly
but steadily falling out of fashion (and out of viable parameter space), and the newest favourite
candidates, (primordial) black holes, have fallen like shooting stars almost as soon as, following
the spectacular success of GW observations, they had risen to prominence (and inspired a hot
spanish linguistic debate 4,5 ).
Perhaps the next in this long ligneage of hapless theorists’ heroes is fuzzy DM, that is, an
extremely light particle, which during the late-time evolution of the Universe behaves as an
oscillating classical field, which in turn look like dust. In this proceedings contribution I will
briefly review a method that takes advantage of precision timing measurements of binary pulsars
to test the properties of such DM candidate, with a special focus on the case of a fuzzy vector
field, and doubly-special focus on the case in which fuzzy DM is a carrier of a fifth force. This
work is based on 6 .
2

Setup

It all begins with a Proca vector:


Z
√
1
1
S := − d4 x −g F µν Fµν − m2 Aµ Aµ ,
4
2

(1)

where Fµν = 2∂[µ Aν] is the Aµ vector field strength and m its mass. In the Lorenz gauge
∂i Ai = 0 = A0 , and cosmological setup ds2 = dt2 − a(t)2 dx2 with a(t) the scale factor of the
Universe the equations of motion for the homogeneous (zero) mode A = A(t) are solved (for
mt  1) by
Ai (t) = Âi a−1/2 cos(mt) ,
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(2)

in matter domination. This means that the vector field behaves as DM since, averaging over a
Hubble time, the energy-momentum tensor τµν is hτνµ i := diag(ρDM , 0), with ρDM := Â2 m2 /2a3
the energy density of the vector zero mode. The spatial components of the energy-momentum
tensor, even though locally in time they are comparable to the energy density, in the long term
they are suppressed as they oscillate:
τ ij = ρDM (δ ij − 2X ij ) cos(2mt) ,

(3)

where X ij := Âi ÂTj /Â2 := ai aTj .
3

Fifth forces

The oscillating perturbations due to the fuzzy vector will cause trouble to a binary system;
that is because the background in which the binary system lives is perturbed by an additional
oscillating potential, which generates an oscillating force (per unit mass). However, as long as
gravitational interactions are all there is, this is not much of a big deal, as the effects of the
oscillating perturbation are very difficult (but not impossible) to measure 6 .
A completely different story is the case in which the DM carries a tiny charge associated with
the nucleons of the star, for example baryon number B, or (B − L) (L is the lepton number).
In this case we can capture the dynamics by introducing an interaction term
~ + q2~v2 · A
~,
Lq := q1~v1 · A

(4)

where qk with k ∈ {1, 2} are the effective charges of the two binary bodies, and ~vk are their
velocities in the (x, y, z) cartesian orbital reference system. From the Euler-Lagrange equations
we derive the force per unit mass Fqi :
Fqi = −q Ȧi /M = −q

p

2ρDM sin(mt)ai /M ,

(5)

where we have defined q/M := (q1 M2 − q2 M1 )/M1 M2 with M the mass of the Sun.
Now, guess who turns up in all the orbital parameters? For example, look at the orbital
eccentricity:
e

ė =

aν

{(cos θ + cos E)Fθ + sin θFr } ,

(6)

√
with := 1 − e2 and E is the eccentric anomaly. Right, the force; force which will thus perturb
the binary system.
This perturbation will be lost in the world of small potatoes, unless it resounds with the
orbital period of the binary itself. To see this, recall that Keplerian orbits can be expanded
in Bessel series in sin(nνt) and cos(nνt) with n counting the terms of the series. Define now
δν := m − N ν, where N is the resonance harmonic number, and average over a long time ∆t for
which Pb  ∆t  2π/δν:
Z t+∆t
1
hf (t)i :=
dt f (t) ,
∆t t
e

all pieces in Eq. (6) will schematically become
1
hsin(nνt) cos(mt)i ≈ − δ(n − N ) sin(δνt) ,
2
1
hcos(nνt) cos(mt)i ≈ δ(n − N ) cos(δνt) .
2
Only the resonant stuff lives on, everything else is killed by the monstrous ∆t.
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The most relevant parameter in fact is the secular change in orbital period, which in this
case is given by
√
3g 2ρDM
4/3
hṖb i → −
∆c Pb sϑ cos(δνt + ϕ)
2mn (2πGMT )1/3

  
M 1/3 Pb 4/3 −1
' 6.3 × 1011 g∆c
ss ,
(7)
MT
d
where in the second line we have assumed sϑ cos(δνt + ϕ) = −1, MT is the total mass of the
system, and ρDM = 0.3GeV/cm3 .
What happened to the charge q? Well, we have parametrised the B or (B − L) number
of the k-th binary member as Nk := ck Mk /mn with mn the mass of the neutron; here ck is
a phenomenological parameter that depends on several factors, most importantly the actual
baryonic to gravitational mass ratio, and the proton content of the star 7 . All we need is an
order of magnitude estimate, especially in light of the experimental errors and theoretical errors
and modelling that goes into this type of measurements; we thus employ a typical value of
c1 ∼ c2 ∼ ∆c ∼ 0.1, where ∆c := c1 − c2 . The overall effective coupling can be written as
qk := gNk , where g is the fifth force strength.
Let us look at a couple of numbers (the full analysis and results can be found in 6 ).
Name
J1713+0747
J1857+0943
B1913+16
J1909-3744

Pb
68 days
12 days
0.32 days
1.5 days

m
1.1e-22
6.4e-22
2.4e-20
5.1e-21

eV
eV
eV
eV

e

δ Ṗb

g [less than]

0.000075
0.00022
0.62
1.2e-7

1.5e-13 s s−1

1.0e-26
7.9e-26
1.4e-25
1.4e-25

1.2e-13 s s−1
1.0e-15 s s−1
1.3e-14 s s−1

Compare with g ∼ 10−23 : binary pulsars for the win!
4

Outlook

The orbital period is not the only orbital parameter that is gently (secularly) pushed away from
its measured central value. For example, look at the eccentricity e. If we look at nearly circular
orbits we find something like
√
q 2ρDM
hėi → −
sϑ cos(δνt + ϕ) ,
(8)
4aνM
where this only survives when N = 2 and it is zero otherwise. Now, for the second harmonic
the constraints we get from the orbital period are very poor, but we can use the eccentricity
to still obtain useful bounds. Looking again at the legendary system J1713+0747, which has
ė = (−3 ± 4) × 10−18 s−1 we obtain
g . 8 × 10−24 , for m ∼ 1.4 × 10−21 eV .

(9)

Notice that here instead if we look at the first harmonic we sadly find that hėi = 0 for circular
orbits, so the two orbital parameters are complementary, as one shows N = 1 and the other tells
something about N = 2.
So far so good for current data: what about the future? The typical measured values for
the secular change in Pb is already as good as δ Ṗb ∼ 10−15 s s−1 ; in particular, one can expect
the error on Ṗb to improve roughly as (T0 /T )5/2 (δt/δt0 ), where T (T0 ) is the future (current)
observational time and δt (δt0 ) the future (current) time of arrival precision 8 ; this is supposed to
improve by a factor of 10 with the next generation of radio telescopes (yes, we are talking about
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the Square Kilometre Array here). Therefore, constraints on the fifth force strength of the order
of g . 10−26 to g . 10−27 are within plausible, O(year), reach.
The vector case presented here is quite special in the sense that it has a richer phenomenology
compared to the scalar case 9,10 , where, for example, the isotropy of the perturbation means that
nothing happens for circular orbits. In the vector case we can take advantage of many more
binary systems to cover the fuzzy mass range. Moreover, there is no reason to stop at spin-1,
for there exist models of fuzzy DM with spin-2 11,12 . Even more peculiar distortions and effects
appear in that case, due to the quadrupolar nature of the spin-2 perturbation: stay tuned!
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Search for heavy blackholes with Microlensing: The MEMO project
M. Moniez, A. Mirhosseini
Laboratoire de l’Accélérateur Linéaire, IN2P3-CNRS, Université de Paris-Sud
B.P. 34, 91898 Orsay Cedex, France
The historical microlensing surveys MACHO, EROS, MOA and OGLE (hereafter summarized in the
MEMO acronym) have searched for microlensing toward the LMC for a total duration of 27 years. We
have studied the potential of joining all databases to search for very heavy objects producing several year
duration events. We show that a combined systematic search for microlensing should detect of the order
of 10 events due to 100M black holes, that were not detectable by the individual surveys, if these objects
have a major contribution to the Milky-Way halo. Assuming that a common analysis is feasible, i.e. that
the difficulties due to the use of different passbands can be overcome, we show that the sensitivity of such
an analysis should allow one to quantify the Galactic black hole component.

1

Introduction

Since 1989, several groups have operated survey programs to search for compact halo objects within
the Galactic halo, following Paczyńskis’ seminal publication 11 . The primitive challenge for the EROS
(Expérience de Recherche d’Objets Sombres) and MACHO (MAssive Compact Halo Objects) teams
was to clarify the status of the missing hadrons in the Milky-Way. Since the first discoveries by EROS 5 ,
MACHO 2 , and OGLE 16 (Optical Gravitational Lensing Experiment), thousands of microlensing effects
have been detected in the direction of the Galactic center together with a handful of events toward the
Galactic spiral arms 12 and very few events towards the Magellanic Clouds (LMC and SMC).
Here, we focus on the data of the surveys towards the LMC 9 , the statistically dominant target to probe the
dark compact objects of the Galactic halo (the others being the SMC and M31). We explore the potential
of a combined search for very long duration events due to heavy black holes that are now known to exist,
thanks to the recently discovered gravitational waves 1 , and that can be considered as possible candidates
for the Galactic halo dark matter 6 .
2

Introduction to the microlensing effect

The gravitational microlensing effect is the temporary magnification of a source when a massive compact
object passes close enough to its line of sight (see Fig. 1)
Assuming a single point-like lens of mass M located at distance DL is deflecting the light from
a single point-like source located at distance DS , the magnification A(t) of the source luminosity as a
function of time t is given by 11 :
u(t)2 + 2
A(t) =
,
(1)
p
u(t) u(t)2 + 4
where u(t) is the distance of the lensing object to the undeflected line of sight, divided by the Einstein
radius RE :
r
"
#1 "
#1
1
M 2 DS 2 [x(1 − x)] 2
4GM
RE =
D
x(1
−
x)
'
4.54
AU.
,
(2)
S
M
10kpc
0.5
c2
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u(t)

Moving massive
object M

S
Luminous
source

D
RE

VT

Observer
O

Figure 1 – Principle of the microlensing effect: As the deflector D of mass M moves with a transverse relative velocity VT , the
impact parameter u(t) changes with time, and so does the magnification of the source

G is the Newtonian gravitational constant, and x = DL /DS . Assuming a lens moving at a constant relative
transverse velocity vT , reaching its minimum
distance u0 (impact parameter) to the undeflected line of
q
sight at time t0 , u(t) is given by u(t) =
"

u20 + (t − t0 )2 /tE2 , where tE = RE /vT is the lensing timescale:

vT
tE ∼ 79 days ×
100 km/s
2.1

#−1 "

M
M

# 12 "

DS
10 kpc

# 12

1

[x(1 − x)] 2
.
0.5

(3)

Microlensing event characteristics

The so-called simple microlensing effect (point-like source and lens with rectilinear motions) has the
following characteristic features: The event results from a coincidence and is singular in the history of
the source (as well as of the deflector); the magnification, independent of the color, is a simple function
of time depending only on (u0 , t0 , tE ), symmetrical with respect to the time of maximum magnification;
as the source and the deflector are independent, the prior distribution of the events’ impact parameters
must be uniform; all stars at the same given distance have the same probability to be lensed; therefore the
sample of lensed stars should be representative of the monitored population at that distance, particularly
with respect to the observed color and magnitude distributions.
This simple microlensing description can be complicated in many different ways: for example, with
multiple lens and source systems 8 , extended sources 19 , and parallax effects 7 due to the non rectilinear
apparent motion of the lens induced by the Earths’ orbital motion.
2.2

Statistical observables

The optical depth up to a given source distance, DS , is defined as the probability to intercept a deflector’s
Einstein disk, which corresponds to a magnification A > 1.34. It is found to be independent of the
deflectors’ mass function
Z 1
4πGD2S
τ=
x(1 − x)ρ(x)dx ,
(4)
c2
0
where ρ(x) is the mass density of deflectors at distance xDS .
Contrary to the optical depth, the microlensing event durations tE and consequently the event rate
(deduced from the optical depth and durations) depend on the deflectors’ mass distribution as well as on
the velocity and spatial distributions.
The expected number of events for a microlensing survey is estimated from
Z
2
(tE )
Nexpect = × τ.N stars T obs
D(tE )dtE ,
(5)
π
tE
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where N stars , T obs , (tE ), and D(tE ) are the number of monitored stars, the survey duration, the detection
efficiency, and the normalized prior tE distribution of ongoing microlensing events at a given time.

3

The four main surveys toward LMC and their results

Number of stars in common (×106)

EROS, a mostly French collaboration, started to observe the LMC in the early 1990s. The first phase of
this project consisted of two programs. The first program (EROS 1 plate) used 290 digitized photographic
plates taken at the ESO 1m Schmidt telescope from 1990 to 1994 4 . In the second program (1991-1994)
a CCD camera was used to observe a small field in the LMC bar. The fast cadence of this program made
it sensitive to the low mass lenses with an event duration between 1 hour to 3 days 5 . The observations
towards the LMC continued in the second phase of EROS project (EROS 2) using the Marly 1 meter
telescope at ESO, La Silla, equipped with two 0.95 deg2 CCD mosaics 15 .
The MACHO team, a US-Australian collaboration, accumulated data on LMC from 1992 for nearly
6 years with a 1.27m telescope and two cameras of 4 CCDs each, at the Australian Mount Stromlo site 3 .
The OGLE experiment, a collaboration led by the University of Warsaw, started in 1992 and is now
in its fourth phase 17 . OGLE-III used a dedicated 1.3m telescope with a 64 Mpixels camera. Since 2009,
OGLE-IV is equipped with a 256 Mpixels large field camera.
The MOA team is a New Zealand and Japanese collaboration, operating a dedicated 1.8m telescope,
equipped with a 64 Mpixels camera 14 . Since the published information on the MOA database towards
the LMC is not as complete as the other collaborations, we could not quantify a potential income to a
combined analysis.
Table 1 summarizes the EROS, MACHO, OGLE and MOA data taken towards the LMC. The positions of the fields monitored by these surveys towards the LMC (except the EROS 1 CCD program) are
shown in the figure 2 (right).

22.7

EROS 1 plate
MACHO
EROS 2
OGLE_III
OGLE_IV

16 years, 38 deg2

21 years, 35 deg2

12.1
10.9

25 years, 13.4 deg2
27 years, 13 deg2

2.0
1990

1994

1998

2002

Year

2006

2010

2014

2017

Figure 2 – (left) Catalogs of stars monitored by the different surveys of LMC; numbers of stars, field sizes, and observation
epochs. Hatched regions show overlapping periods between different surveys.
– (right) Fields monitored towards the LMC: EROS 1 plate (large red square), MACHO fields 3 used to measure the optical
depth (blue squares), EROS-2 (black rectangles), OGLE-III (green squares). Red dots show positions of (a fraction) of OGLEIV field centers. The field colored in grey is observed for 27 years. The orange+grey field is observed for 25 years. The light
yellow + orange + grey field is observed for 21 years. Finally, the union of all the colored fields is observed for 16 years.

The main result from the LMC/SMC surveys 10 is that compact objects of mass within [10−7 , 10]×M
interval are not a major component of the hidden Galactic mass (Fig. 3). We propose to explore the domain of the heavy compact objects (with M > 10.M ), that should produce long time-scale microlensing
events, by combining the light-curves obtained by all the surveys.
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Table 1: The LMC field size, filters, maximum magnitude, cadence, number of monitored objects, observation epochs and
duration for each survey.
Survey

Field (deg2 )

EROS 1 plate

27.0

MACHO

13.4

EROS 2

84.0

OGLE-III

38.0

OGLE-IV

>84

MOA2-cam3

31.0

4

Filters
RE
BE
R
V
I
V
I
V
I
V
I
R
V

Objects (×106 )

observation epochs

Tobs (years)

3 days

4.2

September 1990- April 1994

3.5

4 days

11.9

July 1992- March 1998

5.7

23

3 days

29.2

July 1996- February 2003

6.7

23.4

3-4.6 days

22.7

September 2001- May 2009

7.7

-

4 days

62

March 2010- present

-

22.5

1 hour

50

2006-

limit Mag.

Cadence

21.5
22

-

Expectations from a simple combined analysis of LMC data

To look forward a combined analysis, we propose to use the full light-curve database of all the surveys.
We have identified four star samples that have been monitored almost continuously for ∆T 0 = 16, 21, 25
and 27 years respectively, by at least two surveys towards the LMC (see Fig. 2 (left)). The corresponding
fields are shown in figure 2 (right). Here below, we estimate the numbers of expected microlensing events
from the populations of each sample and the corresponding extrapolated average detection efficiencies
0
 ∆T (tE ) of a joint analysis with overall duration ∆T 0 .

Figure 3 – Constraints on the fraction of the standard spherical Galactic halo made of massive compact objects as a function of
their mass M. The dotted-dashed line labeled EROS1+EROS2 shows the EROS 95% upper limit 15 . The OGLE upper limit 18
is shown in full line. The closed domain is the 95% CL contour claimed by MACHO 3 .

4.1

Estimate of a combined analysis efficiency

It is well known that the efficiency of all surveys vanishes for long events due to their limited durations,
but we can conservatively extrapolate the global efficiency of a combined survey for much longer events
from two basic hypotheses: First, assuming a constant sampling rate, the detection efficiency of a survey
increases for longer observations; second, the efficiency satisfies the following scaling invariance by time
dilation by a factor k:
(k × tE , LC(k × ti )) = (tE , LC(ti )),
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(6)

where (tE , LC(ti )) is the efficiency to detect microlensing events with Einstein duration tE from a lightcurve LC defined by a series of flux measurements at times ti , and LC(k × ti ) is the same series of
flux measurements, but considered at times k × ti instead of ti . Since the extended light-curve obtained
by joining surveys should contain more measurements than the simply time-dilated light-curve, these
hypotheses allow us to conclude that the detection efficiency for longer events of a combined survey with
overall duration ∆T 0 should be:
0
∆T
 ∆T (tE ) ≥  ∆T (tE ×
),
(7)
∆T 0
∆T
where ∆T and  are the duration and efficiency of the longest individual survey. We therefore define
conservative extrapolated efficiencies as (see 9 for details):


0
0
c∆T (tE ) = max  ∆T (tE )OGLE ,  ∆T (tE )OGLE .
(8)
4.2

Number of expected microlensing events

To estimate the number of expected events Nexp , we distinguish between the stellar populations monitored during ∆T 0 = 25, 21 and 16 years a , and consider the corresponding extrapolated efficiencies
0
c∆T (tE ). Each population number N∆T 0 has been estimated in its field (Fig. 2 (right)) from the mean
density associated to the shallowest survey:
Z ∆T 0
X
c (tE )
2τ
Nexp =
×
∆T 0 N∆T 0
D(tE )dtE ,
(9)
π ∆T 0 in {16,21,25}
tE
With this procedure, the expectation for each star is estimated from its most complete light-curve obtained by combining all available surveys.
5

Discussion

The total number of expected events is shown in Fig. 4. The numbers of events expected for EROS 2 and
OGLE-III surveys alone are shown for comparison. If the Galactic halo consists in 100M objects, then
EROS2 alone would have detected ∼ 1 event and OGLE-III alone expects ∼ 5 events, since ∼ 15 events
are expected by combining all the surveys. This potential encourages us to perform such joint analysis.
Here, the extrapolated efficiencies assume that all events are point-source, point-lens, with rectilinear
relative motion, an approximation which is valid for 90% ot the events. The parallax effect significantly
distorts the shape of the light-curves only if the Earth orbital velocity (30km/s) is not negligible compared
with the lens transverse velocity projected in the solar transverse plane (ṽ = vT /(1 − x)). Toward LMC,
less than ∼ 5% of the events due to standard halo lenses heavier than 10M are expected to have ṽ <
5 × 30km/s 13 , and the light-curve distortion is almost never large enough to significantly affect the
detection efficiencies.
Among the expected complications, we also want to mention that the different colour passbands
between the surveys, and the inter-seasonal telescopes’ throughput steps will also need a special care
to limit misleading preselections of long time-scale variations. In this purpose, the colour equations
between the different passbands and the zero-points of the instrumental magnitudes will have to be precisely established. Then a precise global microlensing detection efficiency will need to be computed from
specific simulations of combined light-curves, taking into account the proper photometric uncertainties
and blending belonging to each survey.
6

Conclusions and perspectives

In this study, we showed that the joint analysis of the complete available data from all the past, present
and future microlensing surveys towards the Large Magellanic Cloud, has the potential to at least double
a
The impact of the EROS1-plate survey was found negligible, due to the small size of its catalog and its small marginal
contribution to the overall time coverage (from 25 to 27 years).

289

1

< tE > (months)

10

Nexpected

100

10

1

Combined
EROS 2
OGLE-III

0.1

1
10
Mass (in M )

100

1000

Figure 4 – Number of expected events for EROS 2 (blue) and OGLE-III (black) and for a combined analysis of the MACHO,
EROS and OGLE-III+IV surveys (dashed-red line), assuming a Galactic halo made of mono-mass (lower abscissa) compact
objects. The upper abscissa gives < tE > corresponding to the deflectors mass.

the long time-scale event rate expected by the most sensitive survey alone. Several stages can be foreseen
for such a combined analysis: the first step – corresponding to Fig. 4 – simply uses the already existing
light-curve catalogs; a second step would consist in the complete re-analysis of all the images, searching
for variabilities through differential photometry. Such a combined effort should allow one to estimate
the black holes contribution to the Milky-way halo and help to quantify the rate of gravitational wave
detections.
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ULTRA-LIGHT SCALAR DARK MATTER WITH THE LYMAN-α FOREST
E. ARMENGAUD
CEA Saclay, DRF/IRFU, 91191 Gif-sur-Yvette Cedex, France

Ultra-light dark matter particles with mass ma ∼ 10−22 eV, named Fuzzy Dark Matter (FDM),
constitute the dark matter candidate with the lowest mass possible. They yield a remarkable
phenomenology and could also provide a solution to the small scale CDM ”issues”. One probe
for such models is the Lyman-α forest, which provides an indirect measurement for the smallscale matter power spectrum. We compare simulation-based predictions for the Lyman-α
forest with the SDSS-DR9 and higher-resolution data, and find that the data is in tension
with FDM masses in the range 10−22 ≤ ma ≤ 2 − 3 × 10−21 eV.

1

FDM phenomenology

The nature of dark matter is completely unknown as of now. Among many possibilities, the
Fuzzy Dark Matter 1 is a bosonic field whose mass, ma ∼ 10−22 eV, is so low that its de Broglie
wavelength λdB = h̄/mv reaches astrophysical and cosmological scales.
In the early Universe, wave effects of quantum origin smooth density fluctuations on scales
relevant to structure formation. In the linear regime, FDM is equivalent to a fluid with a
wavelength-dependant effective speed of sound. The related Jeans smoothing scale is given
by 2 :
1/4

kJ = 67 a

Ωa h2
0.12

!1/4 

ma
10−22 eV

1/2

Mpc−1

Fluctuations at scales smaller than the Jeans scale at the time of equality cannot grow, resulting
in a cut-off in the linear matter power spectrum for k > kJ . Such a feature is excluded by the
observations of CMB anisotropies for ma ≤ 10−24 eV 3 , however the mass range ma ∼ 10−22 eV
is not constrained by linear cosmology probes.
Like in the case of Warm Dark Matter, this small-scale cut-off would imply a reduction
in the number of small dark matter halos with respect to CDM. In addition, at low redshift
the ”quantum pressure” associated to the FDM de Broglie wavelength impacts the dynamics of
the inner part of individual dark matter halos, where a solitonic core could form on top of the
standard Navaro-Frenk-White profile. The FDM scenario could therefore solve some or all of
the ”small-scale issues” of the CDM paradigm, in particular missing satellites and core profiles.
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To explore FDM models with ma ∼ 10−22 eV, small-scale probes of the matter power
spectrum are needed, such as the high-redshift galaxy luminosity function, reionization or the
Lyman-α forest. We now focus on this last item.
2

The Lyman-α forest

The Lyman-α forest is a measurement of fluctuations in the Lyman-α flux produced by distant
emitters such as quasars, and transmitted by the neutral component of the intergalactic medium
(IGM). It turns out that these flux fluctuations are closely related to the small-scale matter power
spectrum. However both the non-linear growth of structure and thermodynamics of the IGM
impact this observable.
In this study 4 , we use mostly the SDSS-DR9 one-dimensional Lyman-α power spectrum,
described in 5 . It provides a near-% precision measurement of the flux power spectrum for scales
down to ∼ Mpc, in the redshift range z = 2.4 − 4.2. We complement these data with highresolution spectra from VLT, Magellan and Keck observatories, as described in 6 . While less
precise, these spectra permit to access smaller scales and higher redshifts.

Figure 1 – Left : ratio of three-dimensional linear matter power spectra at z = 30 with respect to the case of CDM.
The curve ”Hu et al.” corresponds to the analytical formula for FDM given in 2 . Right : ratio of one-dimensional
Lyman-α flux power spectra with respect to the case of CDM, in the range of scales and redshifts probed by the
SDSS-DR9 data.

A model of the Lyman-α flux spectrum is computed according to the following procedure :
1. Given a cosmological model we estimate the linear matter power spectrum at z = 30. The
predicted spectrum for a free FDM model with mass ma is obtained with the AxionCAMB 7
evolution of the CAMB solver. Examples are given in Fig. 1 (left), which compares the matter
power spectrum attenuation for FDM and WDM models, with respect to the unmodified
(CDM) spectrum.
2. The non-linear evolution of structures is computed together with IGM hydrodynamics and
its thermal evolution using the GADGET N-body program. We obtain a set of simulations
including 7683 dark matter particles in boxes of size 25 and 100 h−1 Mpc. In addition
to cosmological parameters (H0 , ΩM , ns , σ8 ) and ma , the IGM heating process is taken
into account with two free parameters, related to its median temperature dependance with
density, T = T0 (1 + δρ/ρ)γ .
3. Finally from the resulting snapshots we estimate the Lyman-α flux transmission along
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lines of sight inside the IGM, at the redshifts and scales probed by the Lyman-α forest
observations.
Predictions for the one-dimensional Lyman-α spectrum are therefore tabulated for a set of cosmological and IGM parameters. Sources of uncertainties are then added using simple analytical
formulae to take into account, for example, the feedback from AGN and galactic outflows which
can induce additional fluctuations in the IGM at late times. We also include non-IGM systematics such as the spectrometer resolution and noise. Examples of predicted Lyman-α fluxes at
different redshifts are shown in Fig. 1.
2.1

Quantum pressure

By making use of GADGET simulations to compute the FDM fluid evolution for z < 30, we
implicitely assume that quantum effects are negligeable in this regime, for the scales considered here. The Schrödinger equation coupled to newtonian gravity indeed implies the Euler
fluid equation solved by GADGET, but with an additional ”pressure” term originating from the
uncertainty principle :
Q=−

√
h̄2 ∇2 ρ
√
2ma
ρ

Fig. 2 shows maps of the gravitational potential, compared to this pressure. We computed,
from GADGET snapshots, the ratio between an estimation of this ”quantum force” ∇Q and the
gravitational force within the simulation box, at different redshifts. We find that, at the scales
resolved by this simulation (which do not include the cores of dark matter halos), the quantum
force is indeed almost always negligeable (smaller than a fraction of a %) with respect to gravitation, for ma > 10−22 eV. This result is however qualitative and full FDM simulations should
be used to quantify the induced modifications in the power spectrum calculation.

Figure 2 – Slice views of dark matter properties at z = 2.6 from our GADGET simulations. Coordinates are in
h−1 Mpc. Top : DM density fields for ma = 3.4 × 10−22 (left), and for CDM (right). Bottom left : gravitational
potential. Bottom right : quantum pressure Q.
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3

Results

We perform a frequentist likelihood adjustment of the measured flux power spectra, including
cosmological, astrophysical and nuisance parameters. We also include the CMB-based prior
H0 = 67.3 ± 1 km/s/Mpc. The CDM model is a good fit to the data, with reasonable IGM
parameters (T0 , γ) = (8723 K, 0.93), and no significant contribution from parametrized systematics such as feedback effects. A lower bound can therefore be set on ma in the framework of
this model.
The parameter space is scanned by interpolating either pure-FDM simulations, or a previous,
more complete set of WDM simulations from 8 , together with an adapted correspondance between
the mass of Warm Dark Matter mX and ma . We also use either SDSS quasar spectra alone,
or the combined set with high-resolution spectra. We obtain 95 % CL limits in the range
ma > 2.0 − 2.9 × 10−21 eV. This result is similar to 9 , which quotes ma > 2.0 − 3.7 × 10−21 eV.
Existing data from the Lyman-α forest therefore significantly constrain to the FDM scenario.
It should however be remembered that there are important assumptions underlying the modelling
of the Lyman-α flux. Also the potential impact of quantum pressure in the non-linear regime
for ma ∼ 10−22 eV remains to be reliably quantified.
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Cross-correlations of direct gravitational probes of dark matter and the γ-ray sky represent
a new frontier for indirect dark matter searches. Their potential stem from the fact that
both types of signal are sourced by the underlying dark matter distribution in the cosmos.
For instance, direct gravitational probes such as the clustering of structures—like galaxies or
clusters of galaxies—or weak gravitational lensing, trace the distribution of matter on large
scales. Similarly, γ rays generated as final products of annihilations or decays of particles of
dark matter trace the same cosmic web, too. Here, I shall outline the salient points of this
novel cross-correlation method, and review recent measurements, bounds, and forecasts.

1

Particle dark matter and indirect detection searches

Weakly interacting massive particles (WIMPs), loosely characterised by a mass in the range
of GeV to TeV and by weak-scale interactions, represent a viable candidate for the rôle of
dark matter particle among a plethora of proposed rivals [1]. Particle dark matter searches
can be categorised into three main families: production in the laboratory, direct and indirect
detection. The first aim at observing (large amounts of) missing energy and momentum that
escape the detectors in particle colliders, provided other, non-negligible collision products are
detected. Purpose of experiments belonging to the second family is to observe low-energy recoils
(typically a few keVs) of nuclei induced by interactions with particles of dark matter, which are
passing through the Earth. Finally, indirect detection experiments search for the products of the
self-annihilations or decays of WIMPs in outer space. Here, I shall focus on this last category
of searches.
1.1

Dark matter sourced γ rays

WIMP dark matter is a well-studied scenario, and it is also quite natural for WIMPs to reproduce
the observed dark matter density [e.g. 2, 3]. Depending on the specific model, WIMP dark matter
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can either annihilate or decay into ordinary particles, including γ rays and high-energy cosmic
rays. In the former case, WIMP-induced γ rays contribute to the unresolved γ-ray background
(UGRB), thus giving, in principle, an observationally detectable imprint [e.g. 4]. Unfortunately,
the most recent astrophysical data delivered by the Fermi satellite leaves no room for WIMP
signatures in the γ-ray sky [5, 6, 7], rather suggesting an interpretation of the UGRB in terms
of unresolved astrophysical sources, like blazars, star-forming galaxies or misaligned AGNs.
1.2

Cross-correlation with direct gravitational probes of dark matter

If dark matter is constituted by a new elementary particle as WIMPs, which emit electromagnetic
signals through self-annihilation or decay, the γ-ray sky has thus to exhibit a significant correlation with direct gravitational probes of dark matter, like gravitational lensing or clustering. This
happens because the underlying dark matter structure, source of WIMP annihilations/decays,
is responsible for both the bending of light rays or the clustering of cosmic structures and for
hosting astrophysical γ-ray sources. Capitalising on this consideration, Ref. [8] first proposed to
cross-correlate maps of the UGRB with the weak lensing effect of cosmic shear. The thoroughly
multi-wavelength approach was then formalised in Ref. [9], and further developed for Fisher
matrix forecasts in Ref. [10].
2

Observational synergies

The strength of the cross-correlation method lies in boosting the WIMP-sourced signal—or,
equivalently, suppressing the contribution due to astrophysical γ-ray emitters—by finding a
cosmological observable that correlates more strongly with the cosmic dark matter distribution,
than it does with the UGRB. In other words, the efficacy of this technique depends upon
finding an optimal tracer of the cosmic dark matter distribution on large scales, to filter out
astrophysical non-thermal emission from the dark matter γ-ray signal. To this purpose, many
tracers are available, such as weak gravitational lensing effects or the clustering of structures.
On the γ-ray end, the main experiment hitherto employed in the analysis is the Large Area
Telescope aboard the Fermi satellite, but future observatories such as the Cherenkov Telescope
Array or the proposed mission e-ASTROGAM [11, 12] may soon provide new valuable tools.
2.1

Measurements

Following on the first, promising proposal [8], various attempts at measuring the cross-correlation
signal have been made. Reference [13] reported the very first evidence of a > 3σ detection involving 68 months of Pass7-reprocessed Fermi data and lensing of the cosmic microwave background
measured by the Planck satellite [14, 15]. This measurement strongly favours an extragalactic
origin for the UGRB, which, otherwise, would not correlate with the cosmic microwave background. A second, more significant detection relied on Pass7 Fermi maps (60 months) and several
galaxy catalogues, i.e. 2MASS, NVSS, QSOs, and SDSS [16]. Intriguingly, the cross-correlation
of Fermi and 2MASS can be accommodated by a single WIMP component not exceeding the
UGRB energy spectrum [17]. More recently, a > 5σ detection employed 78 months of Fermi
Pass8 data with three catalogues of galaxy clusters, spanning high-redshift Planck SunyaevZel’dovich sources, to more local redMaPPer and WH12 clusters [see 18, and references therein].
This analysis suggests a possible γ-ray emission associated to the intra-cluster medium.
2.2

Bounds

Some of the attempted measurements did not manage to reach a detection, because either the
γ-ray maps or the cosmological observable were too noisy. Whilst the former cover almost the
whole sky, when dealing with the latter, the most importance source of noise could either be
shot noise, or, if the sky patch is too small, cosmic variance. Nonetheless, a non-detection
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is useful to put bounds on particle dark matter properties, viz. its branching ratio Γd or its
(velocity averaged) cross-section hσa vi, respectively for decaying and annihilating WIMPs, as
a function of the dark matter particle mass mDM . The most conservative bounds are obtained
by assuming that the whole cross-correlation signal is due to WIMP-sourced γ rays. Since
unresolved astrophysical sources play a dominant rôle in the signal, with this ansatz one is sure
not to over-estimante the impact of dark matter.
Cross-correlations of Fermi γ-ray maps with the weak lensing effect of cosmic shear have
been attempted several times, first employing cosmic shear data from CFHTLenS [19], then
combining it with similar, compatible data sets like RCSLenS, [20], and also KiDS [21]. More
recently, Ref. [22] used 7-year Fermi Pass8 ULTRACLEANVETO data with Subaru Hyper SupremeCam shear measurements. Despite its excellent image quality of sub-arcsec seeing, its rather
small ∼ 137 deg2 area made the cross-correlation signal consistent with a null detection. Reference [23] reported another null detection, contributing with further set of bounds from the
cross-correlation of the UGRB with SDSS luminous red galaxies.
2.3

Forecasts

Whereas actual data is not yet available, Fisher matrix techniques can be used to assess future
surveys’ accuracy in measuring the cross-correlation signal and put bounds on particle dark
matter properties. Figure 1 shows a collection of such forecasts and previously discussed bounds,
of which, for the sake of comparing our new method with a more classical approach, the darkgrey curve refers to auto-correlation of Fermi γ-ray anisotropies [7]. Solid lines are for real data,
whilst dashed lines refer to forecasts. In particular, the red-dashed curve depicts the bounds
expected when correlating currently available γ-ray maps with Dark Energy Survey Year 1
cosmic shear data [24]. This study is currently being finalised.

Figure 1 – A summary of bounds on WIMP dark matter cross-section (see text for details).

3

Conclusions

I have reviewed the novel technique of the cross-correlation of cosmological and astrophysical
observables, first proposed by Ref. [8], which represents a further, promising tool to the WIMP
dark matter indirect detection quest.
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Constraining self-interacting dark matter with scaling laws of observed halo
surface densities
A. SOKOLENKO
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How to constrain the properties of self-interacting dark matter using observed dark matter
halos? We discuss the relation between the strength of the self-interaction of dark matter
(SIDM) particles and the predicted properties of the inner density distributions of dark matter
(DM) halos. We present the results of N-body simulations for 28 halos performed for the same
initial conditions for cold DM and for SIDM with different cross-sections. We provide a simple
phenomenological explanation of these results. Using these results, we then predict how the
inner DM surface density should depend on the SIDM cross-section for observed halos. The
observed surface densities of DM halos are known to follow a simple scaling law, ranging
from dwarf galaxies to galaxy clusters. We demonstrate how this scaling law can be used to
constraint DM self-interactions using large samples of objects. Such constraints can be more
robust than constraints derived from individual objects. 1,2

1

Introduction

On cosmological scales, dark matter (DM) is about five times as prevalent as ordinary matter,
and known to be the main driver of structure formation. The paradigm of cold, collisionless dark
matter (CDM), one of the main ingredients of the cosmological concordance model has been
remarkably successful in describing the observed distribution and properties of structures in the
universe.
It has been demonstrated that self-interacting DM (SIDM) could alleviate all of the potential
small-scale problems of ΛCDM cosmology (for a recent review, see 3 ), most notably the “corecusp”, “too-big-to-fail”, “diversity” and (for late kinetic decoupling) “missing satellites” problems.
These solutions require a DM self-scattering cross section per unit DM mass of the order of
σ/m ∼ 1 cm2 /g, close to current exclusion limits.
Here, we introduce a new way to constrain DM self-interactions that relies on ensembles of
many astrophysical objects, thereby reducing the systematic uncertainties related to individual
objects. Concretely, we revisit the well-known observed scaling relation between surface density
and halo mass, which is essentially understood in ΛCDM cosmology as a reflection of a similar
relation between halo mass and concentration. Assuming that these cores can exclusively be
explained in terms of SIDM, we derive an experimentally robust upper bound on SIDM.
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2

Analytical model of SIDM haloes

If DM particles interact with each other, the scattering probability decreases with the distance
from the halo centre being negligible at large enough distances in allowed SIDM models. At these
distances, DM would then behave as collisionless particles, the same as in CDM model. At the
radii where collisions occur frequently we expect that thermal equilibrium has been established.
To model these regimes, we can define a characteristic radius, rSIDM , which separates the two
regions of interest: outside rSIDM collisions are insignificant and the collision integral in the
Boltzmann equation can be neglected; inside rSIDM we assume that interactions are efficient
enough to establish (local) equilibrium and the collision integral also vanishes. Therefore, in
both regions, one can use the Jeans equation relating the DM velocity dispersion σtot (r) and the
density profile ρ(r). Inside rSIDM we assume that σtot (r) = σ0 = const and that a cored solution
(ρ0 (0) = 0) with some characteristic core radius rc is realized.
3

Halo surface densities

Let us define the mean surface density, sometimes also referred to as Newtonian acceleration, of
a halo as
Z r
M (r)
2
Σ(r) ≡ 4 2 ≡ hρir r, with M (r) = 4π
r0 ρ(r0 )dr0
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To derive quantitative bound on σ/m we have to take into account the theoretical uncertainties:
• Relate rSIDM to σ/m. Common lore: rSIDM is defined by the requirement of “one collision
σ
per particle for life time” m
hρiSIDM vSIDM tage = ξ
• Introduce parameter κ =

hρic
hρiSIDM

With this arrangements, we can derive the relation between the surface density and σ/m and fit
the surface density data 1
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(3)

Result

We reconstruct unknown parameters ξ and κ by comparison with 8 simulated halos from 1010 −
1014 M and 28 cluster-sized halos and find the average ξ = 1.86 and κ = 3.5. Then, we use
the likelihood method for Gaussian distribution to estimate the statistical bound on the effective
cross-section value and we find 1
σ/m < 0.3 cm2 /g .
(4)
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c
κ = hρihρi
looks like a redundant parameter. If we know NFW parameters R200 and M200 at
SIDM
large scales for each σ/m we should be able to predict ρSIDM (r) and, therefore, κ 2 . Assuming
a cored solution (ρ0 (0) = 0) we need two other conditions to fix SIDM profile for r < rSIDM
using the second-order Jeans equation with unknown constant parameter σ0 . We choose these
conditions to be equal mass and equal kinetic energy at rSIDM . We test these assumptions with
simulations and they work within ∼ 5%.
Solving the Jeans equation with such boundary conditions we find the density profile. However, the predicted density is lower than the simulation data and average κ is also too small
hκisim /hκipred = 1.6.
We demonstrate below that the reason for this systematic discrepancy is that the velocity
dispersion remains anisotropic in SIDM haloes.
Normally, an equilibrium condition should imply that all components of the velocity dispersion are isotropic. Therefore the anisotropy of the velocity dispersion

β(r) = 1 −

σθ2 + σφ2
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should be equal to zero. However, in the simulated data, we observe that the anisotropy β for
SIDM haloes does not vanish inside radius rM , where full equilibrium has been assumed, as
shown in the Fig below. The anisotropy actually remains comparable to that of CDM haloes
and does not drop to zero fast enough inside rM to be neglected, which means that thermal
equilibrium is not fully established.
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Taking anisotropy into account we get the much better result. We find a simple ansatz for
the anisotropy β(r) for a given cross-section and solve anisotropic Jeans equations with the same
β(r) for all halos. Predicted profile with anisotropy describes the data well.
7

Conclusions

We demonstrated that inner surface density of DM halos provides an efficient way to constrain
DM self-interaction. The universal power law that surface density obeys allows getting a meaningful constraint despite large observational uncertainties for each of the objects.
All existing constraints on σ/m suffer from a theoretical uncertainty as the literature does
not provide a direct prediction of the observationally relevant scale – the core radius. We have
proposed a simple model that predicts the inner properties of SIDM halos using M200 , R200 and
σ/m as an input and tested the validity of our approach using 28 halos simulated for various
values of the cross-sections.
References
1. K. Bondarenko et al, JCAP 1804, no.04, 049 (2018).
2. A. Sokolenko, et al, An improved analytical spherical model of SIDM halos, to appear
3. S. Tulin and H. B. Yu, Phys. Rept. 730, 1 (2018)

302

Dark Matter Searches at Super-Kamiokande
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This work presents indirect searches for dark matter (DM) as WIMPs (Weakly Interacting
Massive Particles) using neutrino data collected with the Super-Kamiokande detector in years
1996 − 2016. The results of the search for WIMP-induced neutrinos from the Sun, the Earth’s
core and the Milky Way are discussed. We looked for an excess of neutrinos related to a
given source as compared to the expected atmospheric neutrino background. No excess of the
WIMP-induced neutrinos is observed in any of the analyses. Limits on the WIMP-nucleon
spin-dependent/-independent cross sections (Solar & Earth analysis) and on the WIMP selfannihilation cross section hσA V i (Galactic analysis) are derived assuming various annihilation
modes and masses of the relic particles.

1

Introduction

There is a compelling evidence that ordinary baryonic matter composes only ∼ 5% of the total
mass-energy of the Universe which is dominated by dark energy (68%) and dark matter (27%)
components of the unknown nature 1 . Some well motivated candidates for the DM particle arises
within supersymmetric models and belong to a collective group referred to as WIMPs (Weakly
Interacting Massive Particles, often denoted as χ’s) 2 . Observation of WIMPs present in the
Milky Way may be attempted directly via elastic scattering of DM particles on nuclei in the detectors or indirectly through detection of the products of their annihilations, including neutrinos.
WIMP-induced neutrinos are expected to arrive mostly from the direction of the Galactic Center
(GC) as density of the relic particles inside this region should be greatly enhanced according to
predictions of halo models 3 . Such neutrinos can provide a very good directional information
on their origin and on primary energy spectra while traversing unaffected throughout galactic
scales.
Moreover, WIMPs are believed to be accumulated inside heavy celestial objects like the Sun
or even inside the Earth’s core. The scattering off χ’s on the nuclei present in the Sun/Earth
leads to the capture of the relic particles in the presence of heavy gravitational potential. The
equilibrium is then expected to be set between their capture and annihilation rate. Neutrinos,
as one of the annihilation products, can escape the dense matter region of the core and could
be detected using neutrino telescopes.
2

Data Samples

The sample of neutrino interactions in which we search for WIMP-induced neutrinos consists of
the atmospheric neutrino events collected with the Super-Kamiokande detector located in the
Kamioka Observatory of the Institute for Cosmic Ray Research, University of Tokyo 4 . Detection
of neutrino interactions is based on observation of charged particle, primarly lepton, which may
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produce Cherenkov radiation while moving faster than c in water. The Cherenkov light projected
onto the walls of the tank and recorded by photomultiplier tubes, allows to reconstruct energy,
direction and flavour of produced lepton (e-like or µ-like rings).
In the energy range expected for WIMP-induced neutrinos (GeV-TeV scale) only atmospheric neutrinos contribute as background. Based on the topology and energy of the detected
events, they can be assigned to three main event categories: fully-contained (FC), partiallycontained (PC), and upward-going muons (UPMU).
The FC, PC and UPMU event classes can be divided into more specific subcatagories described elsewhere 5 .
The discussed search for DM-induced ν’s from the Sun is based on atmospheric neutrino
data collected with SK detector in years 1996-2012, corresponding in total to 3902.7 live-days
for FC/PC and 4206.7 live-days for UPMU events. The searches regarding the DM-induced ν’s
from the Earth’s core and the Milky Way are extended with data collected until 2016, which in
total corresponds to 5325.8 live-days for FC/PC and 5629.1 live-days for UPMU events.
3

Analysis

In all of presented analyses it is assumed that atmospheric neutrino data collected with the
Super-Kamiokande detector could be described by two components: WIMP-induced neutrinos
(signal) and atmospheric neutrinos (background). The best combination of signal and background that would fully explain the data is tried to find using a fit method. Both, the signal
and background prediction are based on the Monte Carlo (MC) simulations. The signal contribution is govern by the normalization parameter and is varied in the fit. The background
normalization and shape are fitted throughout the values of the atmospheric neutrino oscillation
parameters and through the values of systematic uncertainty terms.
In order to simulate the WIMP-induced neutrinos, DarkSUSY 6 and WimpSim 7 packages are
used. Given the expected signal characteristics at the production point, neutrino propagation
under the assumption of three-flavour oscillations is applied. As a next step, neutrino interactions in/around the detector and its response are obtained for each signal event. Therefore, the
final signal simulation set reflects the characteristics expected from WIMP-induced ν’s: reconstructed angular distributions of neutrino directions are peaked from the direction of the source
and their energy spectra expected for various WIMP annihilation channels are reproduced and
take into account detector acceptance and resolution. The simulation of background related to
atmospheric neutrinos is also available.
Each of the presented analysis is performed in the coordinate system in which the expected
signal can be distinguished the most effectively from the atmospheric neutrino background:
zenith / Sun / Galactic Center coordinates for the Earth / Solar / Milky Way WIMP searches.
4
4.1

Results
Solar WIMP search

No excess of DM-induced neutrinos has been found in a fit based on the 1996-2012 data collected
with the SK detector. The 90% CL upper limit on the DM-induced muon neutrino flux is derived
assuming τ + τ − , bb̄, W + W − WIMP annihilations in the Sun and masses of relic particles in a
range 4 − 200 GeV (see 8 ). This result is converted into the upper limit on WIMP-nucleon crosssection using DarkSUSY 5.0.6 6 . Only a single type of WIMP interaction with a nucleus, either
an axial vector interaction in which WIMPs couple to the nuclear spin (spin dependent, SD) or a
scalar interaction in which WIMPs couple to the nucleus mass (spin independent, SI) is assumed.
Standard DM halo with local density 0.3 GeV/cm3 , a Maxwellian velocity distribution with a
RMS velocity of 270 km/s and a solar rotation speed of 220 km/s are considered. Obtained
limits are shown in Fig. 1 for SD/SI case along with results from other neutrino experiments.
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Limits are compared also to those from direct detection experiments. Detailed description can
be found in 8 .

Figure 1 – 90% CL upper limits on SD (SI) WIMP-nucleon cross section are shown as thick solid lines for the
bb̄, W + W − and τ + τ − channels 8 . Also shown are limits from other experiments along with annual modulation
signal reported by DAMA/LIBRA (black hatched regions). SK result corresponds to 3902.7 live-days for FC/PC
and 4206.7 live-days for UPMU events (1996-2012).

4.2

Earth WIMP search

Dark matter could be captured in the Earth’s core. The scattering off χ particles is the most
effective when occurs on the nuclei with the mass closest to Mχ . Therefore, for the certain
χ masses corresponding for example to masses of 16 O, 24 Mg, 28 Si, 56 Fe (and their isotopes)
the resonant feature of the capture spectrum is expected. This would be also reflected in the
intensity of the annihilation products for selected Mχ ’s. The SK data collected between 19962016 is searched for the presence of DM-induced neutrinos related to the annihilation of χ’s in
the Earth’s core assuming realistic angular and momentum characteristics of the signal events
for various Mχ hypotheses. The result of the fit is consistent with null WIMP contribution
and it can be translated into the limit for WIMP-nucleon scattering cross section based on the
assumption of equilibrium between χ capture and annihilation rates. Limits obtained in this
analysis for SI WIMP-nucleon cross section are presented in Fig. 2. They are the most stringent
among neutrino experiments for Mχ < 100 GeV up to date.
4.3

Galactic WIMP search

The global fit of atmospheric neutrino background and WIMP-induced signal for µ+ µ− , bb̄,
W + W − , ν ν̄ annihilation channels is performed assuming WIMP masses ranging from 1 GeV
up to 10 TeV. No significant signal contribution of DM-induced neutrinos from the Milky Way
is allowed by the data collected with the SK detector between 1996-2016. Based on this result
the 90% CL upper limit on the thermally averaged annihilation cross section hσA V i is derived
as shown in Fig. 3 and compared with the results from other neutrino telescopes 9,10 . Obtained
limit yields the most stringent constrains among neutrino experiments below 20 − 100 GeV
(depending on the ann. mode). It reflects the characteristics of the SK data which in this range
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relay on numerous fully-contained samples providing precise information on interacting neutrino
energy.

Figure 2 – 90% CL upper limit on the spin-indpendent
WIMP-nucleon cross section assuming χ annihilation
in the Earth’s core and equilibirum state between
the capture and annihilation rate of the relic particles. The latest SK result for bb̄ and τ + τ − channels is
the strongest among neutrino experiments for the Mχ
ranging from 10 up to 100 GeV.

Figure 3 – 90% CL upper limits on DM selfannihilation cross section hσA V i (region above the
lines is excluded) for νν (dark yellow), bb̄ (blue),
W + W − (maroon) and µ+ µ− (dark orchid) annihilation modes. Limits are based on expected signal intensity (DM squared density) from NFW halo profile 11 .
SK result corresponds to 5325.8 live-days for FC/PC
and 5629.1 live-days for UPMU events (1996-2016).
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AMS RESULTS ON POSITRONS AND ANTIPROTONS IN COSMIC RAYS
M. BEHLMANN
Massachusetts Institute of Technology,
Cambridge, Massachusetts 02139, USA

Since 2011, the Alpha Magnetic Spectrometer on the International Space Station has measured
charged cosmic rays with energies up to the TeV range. Large statistics and high precision allow for sensitive tests of model predictions on cosmic ray fluxes and their energy dependence.
The latest AMS results are presented, focusing on measurements of positrons and antiprotons. These results present unique features that require accurate theoretical interpretation of
their origin, with dark matter annihilation and new astrophysical sources among the posited
explanations.

1
1.1

Background
Particle measurements in cosmic rays

Electrons, positrons, protons, and antiprotons are the only stable, charged fundamental particles
in the Standard Model. All four of these species are present in cosmic rays (CRs) originating
outside the Solar System. Our Galaxy is dominated by matter, so it is unsurprising that matter
species in CRs are dominate over their antimatter partners: p and e− respectively make up
roughly 90% and 1%, whereas p̄ and e+ are roughly 0.01% and 0.1%. These small antimatter
components (e+ and p̄) are of great interest, especially where their fluxes exhibit excesses with
respect values expected from secondary productiona .Although the exact origin of such excesses
is highly debated, most agree that the current understanding of CR sources and propagation is
refined enough to conclude that new sources of primary CR antimatter are required. Perhaps
the most exciting possibility is that antimatter excesses could be generated by annihilations of
dark matter (DM) in the Milky Way.
Cosmic ray data can be presented as differential fluxes, with units of (m2 sr s GeV)−1 , as a
function of CR energy. Across many orders of magnitude in energy (GeV . E . 104 GeV) for
all cosmic ray species, measured fluxes exhibit sharply falling, approximate power law spectra
Φ(E) ∼ Φ0 E γ with index of order γ ∼ −3. In order to highlight spectral features on top of this
a
Secondary, or diffuse, production encompasses all process in which a primary cosmic ray, as accelerated at
a source, produces another species of particle in collision(s) while propagating through the rarified interstellar
medium.

307

broad trend, fluxes are often plotted normalized by a power of energy, e.g. Φ · E 3 . An additional
source of high-energy cosmic rays above the power-law trend could appear as a bump in such
a normalized plot. In the case of WIMP annihilation, e.g. χ + χ → p̄ + p, the location of this
bump gives a characteristic energy related to the WIMP mass. Searching for such excesses is
an indirect way to investigate possible DM in the Galaxy.
It is also common to present CR data as ratios of differential fluxes. In particular, the e+
and p̄ components are expected to undergo similar propagation to their charge conjugate matter
partners. For positrons and antiprotons, the ratios Φe+ /(Φe− + Φe+ ) and Φp̄ /Φp (denoted
the positron fraction and antiproton ratio) provide a normalized ways to examine antimatter
abundances. Secondary production entails energy loss as compared to the original primary
CR energy. If antimatter in CRs results solely from secondary production, we expect that the
positron fraction and antiproton ratio should eventually decrease with energy.
1.2

The Alpha Magnetic Spectrometer (AMS)

A great deal of recent CR data has been furnished by AMS, which is a precision, multipurpose
magnetic spectrometer in continuous operation on the International Space Station since May
2011. AMS consists of several subdetectors working in concert: a proportional tube-based transition radiation detector (TRD), a pair of time-of-flight scintillator planes (TOF), nine silicon
microstrip tracker layers, a ring-imaging C̆erenkov detector (RICH), and a 17 radiation length
electromagnetic calorimeter (ECAL). Crucially, the 0.14 T permanent dipole magnet surrounding the inner tracker distinguishes positive from negative particles by the direction of trajectory
curvature. This allows AMS to measure matter and antimatter components separately, and the
precise trajectory reconstruction using the tracker yields a measurement of rigidity (momentum
divided by charge). Redundant charge measurements in TOF, tracker, and RICH assure |Z| = 1
particles. TRD, RICH, and ECAL all have roles in efficiently differentiating p and p̄ from e± .
The ECAL also provides a destructive measurement of particle energy. AMS publications 1,2,3
and references therein give a more complete description of the instrument and operation.
2

Positron and Electron Measurements

Before AMS, the PAMELA 4 and Fermi-LAT 5 collaborations noted an increase in the positron
fraction, Φe+ /(Φe− +Φe+ ), for energies E & 10 GeV. AMS measured this quantity with improved
precision and range extended to 350 GeV using the first 18 months of data 1 . With additional
data, AMS measurements later showed that the positron fraction ceases to increase beyond a
certain energy 6 , approximately 260 GeV. This feature is clearly seen in Figure 1, which shows
the most recent, preliminary measurement. A flattening and eventual decrease is a necessary
feature of a spectrum with a contribution to lepton production by a fixed-mass DM particle.

Figure 1 – Cosmic-ray positron fraction, as measured by AMS up to 700 GeV. This quantity, defined as a ratio
of differential fluxes, Φe+ /(Φe− + Φe+ ), provides a normalized way to examine positrons in cosmic rays.
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Individual fluxes of e+ and e− give us a more complete picture of CR leptons. Normalizing
by a factor of E 3 , it is clear that the energy dependences of these two fluxes differ greatly 2 .
The individual flux measurements show that the rise in the positron fraction is due to the
“hardening” (increase in local power-law index γ(E)) of the positron spectrum rather than a
“softening” of electrons. Using the hypothesis that an additional high-energy source produces
e+ and e− in equal measure, it is possible to simultaneously fit these spectra with a “minimal
model”:
Φe+ (E) = Ce+ E γe+ + Cs E γs e−E/Es

(1)

Φe− (E) = Ce− E γe− + Cs E γs e−E/Es

(2)

model 1

This
includes a diffuse term, accounting for known CR processes, with different normalization and power-law index for the two species. The common source contributes an identical
term to e+ and e− with a power-law energy dependence modified by a characteristic cutoff energy Es . Fits with the minimal model, as shown in Figure 2, confirm the existence of a (finite)
cutoff energy Es with over 3σ significance.

Figure 2 – AMS positron (left) and electron (right) fluxes, red points, as fitted with the minimal model of Eqs.
1–2, black line. The diffuse and common source model terms are plotted separately as, respectively, green and
magenta lines. The green band visible at high energy shows the overall fit uncertainty.

3

Antiproton Measurements

The precise measurement of p̄ is complicated by their scarcity, on the order of 10−4 of proton
abundances and 10−1 of electron abundances. However, AMS has a robust capability to reject
backgrounds from both e+ and charge-confused p by combining independent measurements
from TRD, tracker, RICH, and ECAL. Further, large acceptance and running time have allowed
AMS to dwarf the antiproton datasets from all previous experiments combined, particularly in
the high-energy range. The AMS measurement of the antiproton/proton flux ratio 3 has no
rigidityb dependence above 60 GV; that is, this ratio is consistent with a constant within current
uncertainties. Figure 3 shows the ratio measurement with a typical diffuse production model
and a model with an added DM source 7 .
4

Models for Cosmic Ray Antimatter & Outlook

Interpretations of the measured positron and antiproton spectra generally point to one of three
possibilities: dark matter interaction as a source of antimatter, acceleration by novel astrophysical sources, or modifications to propagation and secondary production. In order to eliminate
incorrect models, we must marshal all available CR data and demand that models simultaneously explain the totality of observations. For example, Cowsik et al. 8 attempt to explain
b
Cosmic ray spectra are commonly plotted in terms of rigidity instead of energy. The two kinematic scale
nearly identically for energies much greater than particle mass, E  m.
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Figure 3 – AMS measured antiproton/proton flux ratio 3 (red points), Φp̄ /Φp , along with model predictions 7 for
diffuse production of p̄ (tan band) and the addition of mχ = 1 TeV WIMP dark matter source (blue band).

the AMS positron fraction data using only propagation effects. Their model, however, requires
a particular dependence of the boron/carbon flux ratio that is not consistent with the AMS
measurement 9 .
Nearby pulsars as additional sources of energetic e± are a popular astrophysical explanation
for AMS data. The HAWC collaboration identified two nearby candidate pulsars (Geminga
and PSR B0656+14) as extended sources of TeV gamma-rays emitted by high-energy e± . The
observed γ-ray emission profile implies that the diffusion of these energetic leptons to Earth is
wholly insufficient to explain the high-energy positron excess 10 . Many more papers expounding
varied theoretical interpretations have followed each AMS publication mentioned herein, but a
comprehensive consensus view has yet to emerge.
Confrontation of theory with data is somewhat hindered by large systematic errors on theoretical predictions. Especially for the p̄ case, nuclear cross-section measurements needed to
model propagation are often imprecise and do not sufficiently cover the needed energy range.
This kind of precision nuclear physics has fallen out of favor in recent years, but improvement
remains vital to cosmic ray physics. Precision data on additional CR species, forthcoming from
the AMS collaboration, will refine our understanding and place further constraints. Until more
models can be winnowed out, the possibility of annihilating WIMP dark matter lives on, along
with other explanations for the anomalies observed in cosmic ray antimatter spectra.
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DEAP-3600 Recent Dark Matter Results
B. Lehnert for the DEAP Collaboration
Carleton University, Department of Physics,
1125 Colonel By Drive, Ottawa, (ON) K1S 5B6, Canada

The DEAP-3600 experiment is searching for WIMP dark matter with a 3.3 tonne single phase
liquid argon (LAr) target, located at SNOLAB. The construction and filling of DEAP-3600
was completed in 2016, and the experiment is currently taking physics data. First results
were recently published, which demonstrated stable detector operations and the power of
pulse shape discrimination to reject electron-recoil backgrounds in LAr. In addition, the most
sensitive WIMP exclusion with a LAr target was achieved at the time of publication.

1

Introduction

There is strong evidence that dark matter accounts for 26.8% of the total energy budget of
the universe and for 84.5% of the total matter content 1 . Weakly interacting massive particles
(WIMPs) are among the favourite dark matter candidates which can be searched for with direct
detection low background experiments. DEAP-3600 is a direct detection WIMP dark matter
experiment based on a 3.3 tonne liquid argon (LAr) target. The detector setup is placed at
SNOLAB in Sudbury, Canada, 2100 m below the earth surface.
WIMP dark matter particles from the galactic halo are expected to pass through the LAr
target volume and recoil on 40 Ar nuclei, producing an exponential energy spectrum at the
10 keVee scale in the detector. In oder to constrain the WIMP-nucleon cross section, the
standard thermal galactic dark matter halo model with 544 km/s galactic escape velocity is
assumed in addition to a dark matter density of 0.3 GeV/cm3 , along with the sun and earth
velocities of 220 km/s and 230 km/s, respectively 2 .
DEAP-3600 finished construction in 2016 and during the initial filling with LAr, a 4.4 d
live-time dataset was recorded to demonstrate detector operations and obtain a first WIMP
dark matter exclusion limit. In these proceedings, this dataset, the detector performance and
analysis are presented. Ultimately, DEAP-3600 is designed to achieve a background level of less
than 1 event in 3000 kg×yr fiducial exposure in the region of interest (ROI) between 120 and
240 observed photoelectrons (PE). With this background-free exposure, a WIMP-nucleon cross
section exclusion sensitivity of 10−46 cm2 is expected at 100 GeV/c2 WIMP mass.
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2

DEAP-3600 Detector and Background Mitigation

The detector is described in detail in 4 . The target material is contained in a spherical acrylic
vessel (AV) of 85 cm radius able to hold 3600 kg of LAr. For the commissioning dataset, the AV
was filled with 3322±110 kg of LAr. The inner surface of the AV was removed in order to mitigate
Rn daughters diffused into the outer layers during construction. The surface was then coated
with a TPB layer which serves as a wavelength shifter for the 128 nm LAr scintillation light.
The shifted light is observed by 255 Hamamatsu R5912 HQE PMTs concentrically arranged
around the AV, 50 cm apart. The light passes through acrylic light guides optically connecting
the PMTs with the AV. They serve as a passive neutron shield as well as to keep a thermal
gradient between LAr (87 K) and PMTs (273 K). The whole setup is enclosed inside a stainless
steel shell and immersed in a cylindrical 7.8 m diameter and 7.8 m high water tank. The water
serves as a passive shield for outside γ-rays and neutrons and is instrumented with 48 outward
looking PMTs as a muon Cherenkov veto. While filling, the LAr passes through a process system
including a SAES getter and Rn trap to remove chemical and radioactive impurities. It enters
the detector through a 30 cm wide neck on top of the AV and is hermetically sealed inside during
normal operations.
The main background reduction is based on the powerful pulse shape discrimination (PSD) in
LAr scintillation. Short singlet (6 ns) and long triplet (1300 ns) dimer excitations are populated
differently for background-like electronic recoil (ER) events and WIMP-like nuclear recoil (NR)
events. A simple PSD parameter Fprompt is defined as the ratio of observed PE in the first 150 ns
w.r.t. the light in 10 µs of the event. ER rejection efficiencies up to 1010 can be reached. In
atmospheric LAr, such a high rejection power is needed in order to mitigate the high activity of
the cosmogenic isotope 39 Ar at about 1 Bq/kg of LAr. In DEAP-3600 about 0.2 39 Ar background
events for the WIMP search are expected in the design exposure of 3000 kg×yr at a 50% NR
acceptance. Other main background sources are neutron interactions, which create NRs similar
to WIMPs, and alpha emitters in the surface layers of the detector for which only a fraction of
the alpha energy generates scintillation light. Both contributions are expected to be below 0.2
events in the WIMP search region within the design exposure.
3

Commissioning Data

A 10 d stable period during the filling of the detector in June 2016 was used for analysis. 4.7 d of
runtime were selected with stability criteria resulting in 4.4 d live time, or 9.9 tonne×d fiducial
exposure 3 . Fig. 1 shows the Fprompt versus detected PE for the dataset. Two bands emerge:
nuclear recoils at high Fprompt and electronic recoils at low Fprompt . Prominent background
features are highlighted. NRs at high energies are alpha emitters in the bulk LAr from 222 Rn
and its daughters. A specific activity of (1.8 ± 0.2) × 10−1 µBq/kg is observed for 222 Rn. A
peak of 210 Po is observed at the surface of the detector, which is fed by residual long-lived 210 Pb
implanted into the detector surface during construction. From construction history, the origin
is assumed to be between the TPB and acrylic surfaces and an activity of 0.22 ± 0.04 mBq/m2
is determined for this hypothesis. Furthermore, a contribution from the acrylic bulk could be
constrained to be less than 3.3 mBq in the first 80 µm. The ER band is dominated by 39 Ar
below 565 keV roughly equivalent to 4500 PE. Above that energy γ-lines from natural decay
chains and 40 K are observed as well as betas emitted from 42 K 5 .
The ROI for the WIMP search is shown in Fig. 2 (a) as the red area between 80 and 240 PE.
The low Fprompt bound is chosen such that a total of 0.2 39 Ar background events are expected
in the ROI predicted by the PSD model 6 or that a WIMP acceptance of 95% is reached for a
given PE bin. The PSD model is validated down to 80 PE, which defines the low energy bound.
The high energy bound at 240 PE is chosen ad-hoc in order to minimize potential backgrounds
in a region with low WIMP sensitivity. The high Fprompt bound removes potential background
events due to pile-up with Cherenkov light, while keeping 99% of the WIMP acceptance. The
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Figure 1 – PSD (Fprompt ) vs energy (PE) plane of the 4.4 d dataset before fiducializing cuts.

energy dependence of the cut acceptances are shown in Fig. 2 (b). A total flat NR acceptance
of 66.9% is determined for all but the Fprompt cut.
The PSD model is illustrated in Fig. 2 (c) for a 1 PE Fprompt slice at 80 PE. The PSD model
is fit to data above the vertical dashed line. Below this line the Fprompt distribution is influenced
by a trigger efficiency < 1, as illustrated. The brown and yellow vertical lines correspond to the
90% and 50% NR acceptance. Fig. 2 (d) shows the leakage fraction of ER events between 120
and 240 PE for this dataset as well as for a prediction from the R&D experiment DEAP-1 6 . The
observed PSD leakage is smaller than predicted due to a lower than expected electronic noise
in DEAP-3600. A worldwide best leakage of < 1.2 × 10−7 (90% C.L.) at 90% NR acceptance is
demonstrated.

Figure 2 – Region of interest for dark matter search 3 . (a) definition of ROI and surviving event in the Fprompt
vs PE plane after all cuts. (b) energy dependence of cut acceptances. (c) 1 PE Fprompt slice at 80 PE including
PSD fit model. (d) ER leakage fraction in 120 - 240 PE including PSD fit model and predictions based on R&D.

The energy scale and resolution were calibrated with an 39 Ar spectral fit to a 13 min subset
of the commissioning data. This fit was combined with a 22 Na calibration run after detector
modifications. Differences due to these modifications were taken into account as systematic
uncertainties. At 80 keV a PE yield of 7.80 ± 0.43 PE/keVee is determined and a resolution of
20 ± 1% is observed in the fits. However, due to limited sensitivity to the resolution in the fit to
the continuous spectra, a conservative lower resolution bound of 12% based on counting statistics
and single PE calibrations is used in the analysis. Due to the steeply falling exponential WIMP
recoil spectra, a wider resolution would increase the sensitivity. The energy scale is illustrated
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in the left plot of Fig. 2.
Zero events are observed in the ROI after all cuts. The largest expected background are
0.2 events from 39 Ar. With a conservative assumption of zero observed and zero expected events,
a WIMP-nucleon interaction cross section of 1.2 × 10−44 cm2 at 100 GeV/c2 could be excluded
at 90% CL. The limit includes systematic uncertainties from the total LAr mass, the Fprompt
cut acceptance, PSD independent cut acceptances, the energy scale and the energy resolution.
The exclusion curve from this work, from other leading WIMP dark matter experiments as well
as projected sensitivities are shown in Fig. 3.

Figure 3 – WIMP exclusion curve obtained in this work (solid blue) and by other experiments (solid lines). The
predictions for DEAP-3600 and Xenon1T are also shown (dashed lines). References in 3 .

4

Conclusions and Outlook

DEAP-3600 has demonstrated the successful and stable operation of a single phase tonne-scale
LAr WIMP dark matter detector. After this dataset was taken, a contamination of the LAr
occurred and the detector was refilled in Oct. 2016. Since Nov. 2016, the detector has operated
stably with 3256 ± 110 kg LAr, and a 1 yr dataset was recorded without a blinding scheme. This
dataset is currently being analyzed. Since Jan. 2018 a blinding scheme has been applied. The
initial commissioning dataset could demonstrate better than expected PSD performance as well
as the lowest 222 Rn concentration in a large noble liquid dark matter experiment to date 3 . The
achieved WIMP exclusion limit with only 4.4 d was the best to date for a LAr target and was
only recently surpassed by Darkside-50 with a 532 d dataset 7 .
Recently, a worldwide LAr dark matter community was formed driving the development of
direct WIMP searches with LAr target toward the natural detection limit at the neutrino floor.
First, DarkSide 20k, a two phase TPC with about 20 tonnes underground LAr is planned at
LNGS 8 , followed by an envisioned but yet unspecified 300 tonne LAr detector.
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The DAMIC Experiment at SNOLAB
Mariangela Settimo for the DAMIC Collaboration
SUBATECH, CNRS/IN2P3, Université de Nantes, IMT-Atlantique, Nantes, France
The DAMIC (Dark Matter in CCDs) experiment at the SNOLAB underground laboratory
uses fully depleted, high resistivity CCDs to search for dark matter particles with masses
below 10 GeV/c2 . An upgrade of the detector using an array of seven 16-Mpixel CCDs (40
g of mass) started operation in February 2017. The new results, obtained with the current
detector configuration, will be presented. Future plans for DAMIC-1K, with a total mass of
1kg and a ionization threshold of 2 electrons, will be discussed.

1

Introduction

The DAMIC (DArk Matter In CCD) experiment at SNOLAB 1 employs the bulk silicon of
scientific-grade charge-coupled devices (CCDs) as target for the interactions of dark matter
particles. The low pixel readout noise and leakage current make DAMIC extremely sensitive to
ionization signals from the interaction of dark matter particles with nuclei or electrons in the
silicon target. The low mass of the silicon nucleus provides good sensitivity to WIMPs with
masses in the range 1-10 GeV/c2 , while the small band gap of silicon provides sensitivity to
dark matter-electron interactions that deposit as little as 1.1 eV in the target.
An R&D program has been conducted since 2013 to prove the performance of the detector 1,3,4 , provide measurements of the background contamination 5 and demonstrate the potentiality for dark matter searches 6,7 with only a few grams of detector mass. A detector with a
total mass of 40 g of mass is installed at the SNOLAB underground laboratory (Canada) since
2017, and is currently taking data.
2

Experimental setup

In DAMIC, the sensitive detector is the silicon bulk of high-resistivity fully depleted CCDs.
Each device is a 16 Mpixels CCD, with a pixel size of (15×15)µm2 and a thickness of 675 µm.
Each CCD is epoxied onto a silicon backing, together with a flex cable that is wire bonded to the
CCD and provides the voltage biases, clocks and video signals required for its operation. These
components are supported by a copper frame to complete the CCD module. The modules are
installed in a copper box that is cooled to 140 K inside a vacuum chamber. The box is shielded
by 18 cm of lead to attenuate external γ rays, with the innermost 2-inches made of ancient lead,
and by 42 cm-thick polyethylene to moderate and absorb environmental neutrons.
When a DM particle scatter off a silicon nuclei (Fig. 1 left), the ionization charge is drifted
along the direction of the electric field (z axis) and collected on the pixel array (x-y plane).
Because of thermal motion, the charge diffuses transversely with a spatial variance that is proportional to the transit time (i.e., the depth of the interaction point). This allows for the
reconstruction in three dimensions of the position of the energy deposit in the bulk of the device, and the identification of particle types based on the cluster pattern (Fig. 1 right). The
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Figure 1 – Left: Representation of the WIMP-nucleon scattering and of the charge diffusion by a point-like
ionization event in the CCD bulk. The x-y coordinates give the position in the CCD whereas the lateral spread
positively correlates to the depth of the energy deposit. The diffusion model has been tested with data from
radioactive sources and cosmogenic muons. Right: example of detected tracks from different particle types.

exquisite spatial resolution and the 3D reconstruction are the basis for the rejection of background events produced by low energy gammas and electrons on the surface of the CCD and for
the characterization of the radioactive background on the surface and in the bulk of the CCD 5 .
The response of DAMIC CCDs to ionizing radiation has been measured with optical photons 1
for ionization signals down to 10 electrons, and with mono-energetic X and γ-ray sources for
energies in the range 0.5-60 keVee a . Recoiling nuclei produce a smaller ionization signal (number
of electron-hole pairs) than a recoiling electron of the same kinetic energy. We have measured
the corresponding ionization efficiency in the energy range covered by DAMIC by comparing
the observed and predicted nuclear-recoil energy spectra in a CCD from a low-energy 124 Sb-9 Be
photo-neutron source 4 and a pulsed fast-neutron beam with a silicon drift detector 8 .
3

Current status and data analysis

The current detector installation consists of 7 CCDs (one of them sandwiched between two blocks
of ancient lead) for a total mass of 40 g. A data set corresponding to about 7.6 kg day exposure,
has been acquired for background studies and data characterization. A second set of data (4.6
kg day exposure, as of March 2018) has been acquired for dark matter searches. In the first case,
the charge collected by each pixel is read out individually, offering maximum spatial resolution.
In the second data set, the charge collected by column segments of 100 pixels in height is read in
a single measurement. As the charge from an ionization event is then distributed over a smaller
number of measurements, the readout noise contribution in the determination of the energy of
the cluster is reduced, improving the energy threshold.
Images were acquired with 8 or 24 hour exposures, each followed by a zero-length exposure
(“blank”) for noise and detector monitoring. Figure 2 (left) shows the pixel value distribution
as observed in blanks images (white noise) and in 8 hours exposure (convolution of white noise,
leakage current and signal). This distribution of the image is consistent with the one expected
for a white noise, and is well described by a Gaussian distribution with a standard deviation of
∼ 1.6 electrons (about 6 eVee ) and a leakage current as low as 10−3 e− /pix/day.
The pre-processing of the images, with the pedestal and correlated noise subtraction is
discribed in details in 6 . To select cluster events due to energy deposit in the CCD, we perform
a scan of the image with a moving window: For every position of the window, we compute the
likelihood Ln that the pixel values in the window are described by white noise and the likelihood
LG that the pixel values in the window are described by a Gaussian function plus the white
noise. Large (or less negative) values of ∆LL = Ln − LG are expected from noise events, as
a

eVee is the electron-equivalent energy scale relative to the ionization produced by recoiling electrons.
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Events
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shown in Figure 2, for the blank images (blue), the simulated energy deposits (dashed black)
and for real images (red) where events due to noise and energy depositions are both present. A
selection on the value of dLL can be defined to efficiently reject clusters that arise from readout
noise.
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Figure 2 – Left: pixel value distribution in blanks images (white noise) and in 8 hours exposure (white noise,
leakage current and signal) when operating at 140 K. Right: ∆LL distributions for all clusters, in the blanks
(blue), in simulations (black) and in data (red).

Event rate / druee

To select a data set of events with reduced background contamination, surface events are
rejected applying a fiducial region cut based on the diffusion parameter σ (Figure 3, left).
Preliminary analysis of the current data suggests that an energy threshold of 50 eVee can be
achieved with an expected leakage of events from readout noise in the entire data set of only
0.01. The energy spectra of the reconstructed events after the ∆LL criterion (black) and after
the fiducial region cut (red), is shown in Figure 3 (right), at energies above 2 keV. The peak
at 8 keV is consistent with the expected copper fluorescence line and is removed when selecting
only events in the bulk of the CCD.
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Figure 3 – Left: Lateral diffusion (σx ) versus measured energy (E) of the clusters that pass the selection criteria.
Gray markers show the simulated energy deposits on the surface of the device. Red markers are the reconstructed
events in data. The horizontal dashed lines delimits the fiducial region, rejecting events on the front (σ > 0.8)
and back (σ <0.3) of the CCD. Right: Spectrum of the reconstructed events at energy above 2 keV.

The background level between 0.5 keV and 14.5 keV is lowest for the CCD sandwiched in
between the two ancient lead blocks, with a value of 2 DRU, while it is consistent with 5 DRU b
in all other CCDs. The analysis of the data below 2 keV is ongoing. Figure 4 (left) shows the
expected sensitivity of DAMIC to the spin-independent WIMPs-nucleus cross-section, with the
current 4.6 kg day exposure (dashed) and with a 13 kg day exposure (pointed) expected by the
b

1 DRU = 1 event keV−1 kg−1 d−1 .
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.
excitation, or from charge released by traps in the surface and bulk of the detector material or produced by
ionizing background particles – must be extremely low for a signal to be recognizable. These are very
stringent and difficult to meet constraints. The best limits with the noble liquid technique have been placed
by Ref. [32] with XENON10 data [33], but the results are limited by background-induced dark current and
were not improved with the tenfold increase in mass of XENON100 (Figs. 2.a and 3.a). Cryogenic crystals
are not sensitive to a single electron since the corresponding phonon energy (from the recombination of the
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4

Future plans

The next step in the DAMIC program is the construction of DAMIC-M at the Modane underground laboratory in France. The detector will employ new designed large CCDs (36 Mpixels
size, 1 mm thickness and a mass of about 20 g each) and will reach a kg-size mass. DAMIC-M
CCDs will adopt the“skipper” readout stage with single electron resolution designed by Berkeley
Lab and tested in 10 . When implemented on a DAMIC CCD with its demonstrated extremely
low level of leakage current, will allow for a threshold of 2 or 3 electrons. Several improvements
in the detector design, construction materials and CCD packaging are foreseen in order to decrease the background level to a fractions of a DRU. Under these conditions, DAMIC-M will
be able to progress further in the search for low-energy dark matter particles, including the
GeV-scale WIMPs (Fig. 4 left, solid line), the hidden-photon, and to probe a large region of
parameter space for dark matter particle in the “hidden sectors” (not directly coupling with the
ordinary matters) and having masses from 1 MeV/c2 to 1 GeV/c2 (see for example Fig. 4 right
and Ref. 11 ).
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DIRECT SEARCH OF DARK MATTER WITH THE SABRE EXPERIMENT
IRENE BOLOGNINO on behalf of the SABRE Collaboration
Department of Physics, Università degli Studi di Milano, INFN Sezione di Milano
Via Celoria 16, Milano, Italy
The interaction rate of hypothesized dark matter particles in an Earth-bound detector is
expected to undergo an annual modulation due to the planet’s orbital motion. The DAMA
experiment has observed such a modulation with high significance in an array of scintillating
NaI(Tl) crystals. This claim is still unverified inasmuch as the other experiments involved
in this research use different dark matter targets and cannot be compared with DAMA in
a model-independent way. The SABRE experiment seeks to provide a much-needed modelindependent test by developing highly pure NaI(Tl) crystal detectors with very low radioactivity and deploying them into an active veto detector that can reject key backgrounds in a dark
matter measurement. The final layout of SABRE will consist of a pair of twin detectors at
LNGS (Laboratori Nazionali del Gran Sasso, Italy) and SUPL (Stawell Underground Physics
Laboratory, Australia). The combined analysis of data sets from the two hemispheres will
allow to identify any terrestrial contribution to the modulating signal. This article gives an
overview of the detector design together with the results of Monte Carlo simulations and of
the status of SABRE proof-of-principle activities at LNGS.

1

Motivation

One of the fundamental techniques in direct search for Dark Matter (DM) is the observation of
the annual modulation, a strong model independent signature. Hypothesized DM particles, such
as Weakly Interacting Massive Particles (WIMPs), are expected to interact with detector target
nuclei resulting in nuclear recoil energy being released. The event rate would be expected to show
a sinusoidal behavior due to the Earth’s motion through the WIMP halo 1 . The DAMA experiment (short for DAMA/NaI and its upgrade DAMA/LIBRA), located at Laboratori Nazionali
del Gran Sasso (LNGS) in Italy, has been measuring an annual modulation in NaI(Tl) crystals
for almost two decades with high statistical significance 2 . This claim is still unverified inasmuch
as other experiments looking for DM such as LUX 3 , SuperCDMS 4 and XENON 5 are based
on different target materials so that their results cannot be directly compared with DAMA. A
model-independent test can be performed with SABRE (Sodium-iodide with Active Background
REjection).
2

The SABRE experiment

The SABRE collaboration includes ∼ 50 people spread in 10 institutions in Italy, US, and Australia. The strategy to reach high sensitivity and test DAMA’s results is based on the following
four pillars:

1. The development of high purity crystals starting from ultra-high purity powder.
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2. The use of an active veto and passive shielding for efficient background rejection.
3. The choice of high quantum efficiency photomultipliers (PMTs) with low radioactivity.
This allows a direct coupling with the crystal without requiring light guides.
4. The design based on two twin detectors located both in the Northern hemisphere (LNGS,
Italy) and in the Southern hemisphere (Stawell Underground Physics Laboratory, Victoria,
Australia). The combined analysis will reduce seasonal systematic effects.
A crucial element for SABRE is the development of extremely pure crystals. Ultra-pure powder
has been produced by Sigma Aldrich company. The growth of a 2-kg crystal showed a high
purity level of ∼9 ppb of nat K (Fig. 1). Currently a crystal of final size (about 5 kg) is being
grown.

Figure 1 – (Left) Results of plasma mass spectroscopy analysis for the most relevant intrinsic impurities in the
SABRE 2-kg test crystal 6 in comparison with DAMA 10-kg crystals 7 . (Right) Picture of the 2-kg NaI(Tl) crystal.

Each crystal will be coupled to two PMTs, encased in a highly pure copper enclosure and
submerged in 2 tons of liquid scintillator acting as a veto. The most dangerous isotopes in
the Region Of Interest (ROI) 2-6 keV are 40 K and cosmogenic 22 Na. 40 K decays via electronic
capture in an excited state of 40 Ar with a branching ratio (BR) of 11% emitting a 1.46 MeV
γ. The hole in the K-shell gives an Auger e- or an X-ray of 3.2 keV. The similar decay scheme
of 22 Na gives a 0.8 keV X-ray and a 1.2 MeV γ (BR ∼ 10%). By catching these high energy
gammas in the active veto surrounding the crystal, both these background components can be
efficiently reduced in SABRE. From Monte Carlo simulations, the veto efficiency in rejecting
40 K events is ∼ 84%.
The SABRE experiment is planned in two phases. The “Proof-of-Principle” (PoP) phase is
about to start at LNGS and consists of the deployment of one 5-kg NaI(Tl) crystal in the
active veto. The goal is the validation of the overall experimental strategy, and the complete
characterization of the crystal background and of the veto efficiency. The final phase of the
experiment will consist in two ∼50 kg detectors located in both hemispheres. The Southern site
is under implementation and it is expected to be completed by the beginning of 2019.
3

The Proof-of-Principle (PoP) Phase

The SABRE PoP is currently being completed in the hall C at LNGS and it is made of the
following components from inward to outward (Fig. 2):
• A 5-kg NaI(Tl) crystal directly coupled to two 3” Hamamatsu R11065-20 PMTs with
high quantum efficiency (QE) and low radioactivity and encased in a highly pure copper
enclosure.
• The enclosure is connected to a steel bar and inserted into the vessel through a copper
tube, that keeps the enclosure insulated from the liquid scintillator. The volume inside the
copper tube will be continuously flushed with nitrogen to suppress radon contamination.
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• A veto composed of a stainless steel vessel with dimensions 1.4 m diameter and 1.5 m length
filled with two tons of liquid scintillator (Pseudocumene+3 g/l of PPO). The vessel’s inner
surfaces are covered with lumirror in order to improve light reflectance. Scintillation light
from the veto is observed by ten 8” Hamamatsu R5912 PMTs with high QE.
• A composite passive shielding made of polyethylene (walls thickness=40-65 cm, top layer
thickness=10 cm, floor thickness=10 cm) and water tanks (top thickness=80 cm, sides
thickness=90 cm) to suppress external backgrounds. Additionally, a 2 cm steel plate is
placed on the top and a layer of 15 cm lead on the floor, under the polyethylene.

Figure 2 – (Left) Copper enclosure where the crystal coupled with 2 PMTs will be located. (Center) Crosssection of the SABRE PoP showing the enclosure, the veto PMTs, the vessel, the external shielding and the crystal
insertion system to insert the enclosure in the vessel. (Right) Picture of the veto vessel inside the partially-installed
external shielding.

3.1

Background simulations

The background has been fully estimated using Monte Carlo simulations in the 2-6 keV ROI. The
activity levels of the setup components were taken from measurements performed on SABRE
materials, when available, or from screening campaigns conducted by other experiments 7 8 9 .
The results are reported in Fig. 3 where it is possible to notice how the background in the low
energy region is mainly due to crystal residual radioactivity, while the other sources are below
this contribution. Crystal cosmogenic activation is calculated after 180 days underground.

Figure 3 – (Left) Background from each detector element without and with the veto rejection. (Right) Stacked
backgrounds and the overall background with veto on (solid black line) and veto off (dashed black line).
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External backgrounds are reduced to a negligible level thanks to the external shielding.
The veto rejection of events that are accompanied by an energy deposition above a chosen
threshold (100 keV) in the liquid scintillator leads to a reduction of internal contribution by a
factor of ∼3.5, resulting in an overall background level in the ROI of ∼0.2 cpd/kg/keV.
4

Expected Sensitivity

The SABRE sensitivity to the DM annual modulation has been evaluated in the ROI energy
region assuming standard hypotheses for WIMPs and the halo model 10 . The total crystal mass
considered is ∼50 kg and the data-taking time is 3 years. The background has been taken from
the PoP Monte Carlo simulations. The nuclear recoil quenching factor of Na is taken from
11 while the I quenching factor is taken from 7 . The sensitivity at 90% confidence level (CL)
has been calculated and it is shown in Fig. 4. The 1σ and 2σ bands have been obtained by
varying the Na and I quenching factors, the energy resolution, the detection efficiency and the
background within the uncertainties.
This study highlights that SABRE will be able to confirm or exclude the DAMA modulation
signal with a significance of at least 5σ in 3 years and with a mass of 50 kg.

Figure 4 – 90% CL sensitivity plots for 3 years exposure time, 50 kg detector mass, recoil energy range 2-6 keV,
background rate calculated with PoP Monte Carlo simulations.
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Directional Search for Dark Matter Using Nuclear Emulsion
V. GENTILE, on behalf of NEWSdm Collaboration
Gran Sasso Science Institute - Viale F. Crispi 7
67100 L’Aquila, Italy
The measurement of the direction of WIMP-induced nuclear recoils is a compelling but technologically challenging strategy to provide an unambiguous signature of the detection of Galactic
dark matter. NEWSdm (Nuclear Emulsions for WIMP Search with directional measurement)
is meant to be the first experiment with a solid target for directional dark matter searches:
the use of a nuclear emulsion based detector, acting both as target and tracking device, would
allow to extend dark matter searches beyond the neutrino floor and provide an unambiguous
signature of the detection of Galactic dark matter.

1

Introduction

New generation detectors capable of measuring the direction of nuclear recoil tracks resulting
from the elastic scattering of a target nucleus by an incoming WIMP (Weakly Interacting Massive
Particle), would provide a route towards the discrimination of neutrino background and the
unambiguous identification of WIMPs as being responsible for the galactic dark matter. From
the experimental point of view several approaches have been proposed. The more diffuse strategy
is based on the use of low pressure gaseous Time Projection Chambers (TPCs) 1 . Nevertheless
this technology is hardly scalable to very large detectors masses needed to reach a good sensitivity
to the Spin-Independent (SI) case. The use of a solid target for directional searches would
overcome the mass limitation of gaseous TPC approach thus allowing to reach an high sensitivity
in the low cross section sectors of the SI case. Nevertheless, in a solid medium, the track of the
WIMP-scattered nuclear recoil will have a path length of the order of a few hundred nanometers
and detector with high tracking resolution is therefore needed.

2

The NEWSdm experiment

The approach proposed by the NEWSdm Collaboration 2 consists in the use of a nuclear
emulsion-based detector acting both as target and as tracking device. The project foresees
the employment of a novel emulsion technology called Nano Imaging Trackers (NIT) 3,4 featuring a position resolution one order of magnitude higher than that of the emulsion currently used
in the OPERA experiment 5 . The detector is conceived as a bulk of NIT surrounded by a shield
to reduce the external background. The detector is then placed on an equatorial telescope in
order to absorb the Earth rotation, thus keeping fixed the detector orientation with respect to
the incoming apparent WIMP flux. The angular distribution of the WIMP-scattered nuclei is
therefore expected to be strongly anisotropic with a peak centered in the forward direction.
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2.1

NIT: Nano Imaging Trackers

Nuclear emulsions are made of silver halide crystals embedded in a gelatine matrix. When
ionizing particles pass through it, some of the halide crystals are modified in such a way that they
are turned into grains of silver when a developing process is performed. The three-dimensional
trajectory of passing through particles can be reconstructed with an optical microscope by
connecting all the silver grains. The presence in the emulsion gel of lighter nuclei such as
Carbon, Oxygen and Nitrogen, in addition to the heavier nuclei of silver and bromine, is a key
feature of the NEWSdm project, resulting in a good sensitivity to WIMPs with both light and
heavy masses.

2.2

Read-out system

The analysis of NIT emulsions is performed with a two-step approach: a fast scanning with a
state-of-the-art resolution for the signal preselection followed by a pin-point check of preselected
candidates with unprecedented nanometric resolution to further enhance the signal to noise ratio
and perform very accurate measurements of the range and the recoil direction. In the first phase
a fast scanning is performed by means of an improved version of the optical microscope used
for the scanning of the OPERA films 6 . The starting point of the emulsion scanning is the
image analysis to collect clusters made of dark grains at several depths across the emulsion plate
thickness. Given the intrinsic resolution of the optical microscope (∼ 200 nm), the sequence
of several grains making a track of a few hundred nanometers, appears as a single cluster.
Therefore, the key element to distinguish clusters made of several grains from clusters made
of a single grain produced by thermal excitation (fog) is the analysis of their shape. A cluster
made of several grains indeed tends to have an elliptical shape with the major axis along the
direction of the trajectory (Fig. 1 left), while a cluster produced by a single grain tends to have a
spherical shape 7,8 . The second phase is performed exploiting the resonance effect occurring when
nanometric metal grains are dispersed in a dielectric medium 9 . The polarization dependence
of the resonance frequencies strongly reflects the shape anisotropy and can be used to infer
the presence of non-spherical nanometric silver grains. NEWSdm will use this technology to
retrieve track information in NIT emulsions beyond the optical resolution. Images of the same
cluster taken with different polarization angles will show a displacement of the position of its
barycenter. The analysis of the displacements allows to distinguish clusters made of a single
grain from those made of two (or more) grains. The unprecedented accuracy of ∼ 6 nm was
achieved in both coordinates (Fig. 1 right).

Figure 1 – Kr ions implanted on NIT films (left). The image is taken with an optical microscope. The selection
of candidate tracks is based on the elliptic fit of the clusters. Position accuracy less than 10 nm with the resonant
light scattering with C 10 keV ion sample (right).
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3

Neutron background

Neutron induced recoils are the main background source because they are not distinguishable
from the expected WIMP signal, except for the isotropic angular distribution and for the typical
track length, largely exceeding the range expected for WIMP-induced recoils. Three types of
neutron sources affect underground experiments: radiogenic neutrons in the MeV range produced in (α, n) and spontaneous fission reactions in the detector due to its intrinsic radioactive
contaminants, cosmogenic neutrons with energy spectrum extending to GeV energies induced by
muons penetrating underground through the rock, neutrons induced by environmental radioactivity. While the external neutron flux can be reduced to a reasonable level with an appropriate
shielding, the intrinsic emulsion radioactivity would be responsible of an irreducible neutron yield
which has been recently estimated to be of the order of 1.2± 0.4 n/yr/kg. With a GEANT4based simulation was estimated that the fraction of neutrons interacting in the emulsion and
laying in the signal region (100 nm < L < 1 µm) would be 0.02 ÷ 0.03 per year per kilogram 10 .
4

State of art

The NEWSdm collaboration is currently involved in an exposure test of 10g detector. This exposure is meant to measure the detectable background from environmental and intrinsic sources
and to validate estimates from simulations. The confirmation of a negligible background will
pave the way for the construction of a pilot experiment with an exposure on the kg year scale or
larger. The experimental setup is located at Gran Sasso underground laboratory and it consists
of a shield from environmental backgrounds and a cooling system to ensure the required temperature level to the NIT emulsion detector. The optimization of the shield structure, along with
the definition of the material thickness, was performed with a Geant4 simulation. Results from
simulation show that the combination of polyethylene and lead as shielding materials ensures a
good rejection power from environmental neutrons and gammas, respectively. In particular, a
thickness of 40 cm for the polyethylene blocks and of 10 cm for the lead plates was chosen to
get a negligible contribution from environmental background. In Fig. 2 is reported a schematic
representation of the shield (left) and the whole structure installed in Hall B (right).

Figure 2 – Shield exploded view (left) and a picture of the detector installed in Hall B (right).

5

Polarization analysis with Carbon ion beam

NIT emulsion films were exposed to a 100 keV Carbon ion beam with incoming direction parallel
to the emulsion plane. The expected track length of the induced recoils was estimated to be
∼ 250 nm by using the SRIM toolkit 12 . The sample was analyzed using the prototype microscope
located in the Emulsion Laboratory in Napoli University equipped with liquid crystal polarizer.
The data can be divided in two categories: (i) micro-tracks produced by two or more adjacent but
distinct clusters, (ii) single clusters. Single cluster candidates are first selected by the elliptical
fit and then analyzed used the liquid crystal polarizer. The line connecting the minimum and the
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maximum displacement of the cluster barycentre corresponds to the tracks direction, φ angle.
Figure 3 shows the φ angles of the selected candidates: clusters with a displacement smaller
than 20 nm show a flat distribution (blue histogram) while those with displacement larger than
20 nm present a peak at φ ∼ 0 (red histogram) that corresponds to the incoming direction
of implanted Carbon ions. The confirmation of the directional information extracted by the
polarization analysis on single clusters is given by the angular distribution of micro-tracks, also
centred at φ ∼ 0 (green histogram).

Figure 3 – φ angle distribution of clusters showing (red) and not showing (blue) a displacement of the barycenter.
The green histogram is the angular distribution of micro-tracks.

6

Conclusions

The novel emulsion technology, based on the use of nuclear emulsion with nanometric AgBr
crystals (NIT), makes it possible to record the sub-micrometric tracks produced by the WIMP
scattering off a target nucleus. The presence, in the emulsion components, of light and heavy
nuclei results in an enhanced sensitivity to both light and heavy WIMP masses. The final
signal confirmation is obtained with powerful optical microscope equipped with a light polarizer:
exploiting the different response of non spherical grain clusters to different polarization angles,
the unprecedented spatial resolution of ∼ 6 nm is obtained. A 10g exposure test is in progress
at Gran Sasso underground laboratories. A test beam with 100 keV Cabon ion beam has shown
the capability to reconstruct the angular distribution of nuclear recoils using the resonance effect
of the polarized light.
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SEARCHES FOR DARK MATTER PARTICLES AT THE LHC
MARTA FELCINI a b
University College Dublin, School of Physics
The searches for new particles that could be constituents of the dark matter in the universe
are an essential part of the physics program of the experiments at the Large Hadron Collider.
An overview of recent dark matter candidate searches is presented with a focus on new results
obtained by the ATLAS and CMS experiments from the analysis of the proton-proton collision
data at 13 TeV center-of-mass energy collected in the first part of Run 2.

1

Introduction

After the discovery of the Higgs boson at the CERN Large Hadron Collider (LHC), primary goals
of the LHC physics program are the study with high precision of the Higgs boson interactions as
well as the search for new particles and interactions that may explain some of the fundamental
physics questions left unanswered so far. One of the biggest questions is posed by the existence
of the dark matter in the universe. While the evidence for dark matter (DM) is compelling, its
nature is unknown. From the cosmological and astrophysical observational evidences, a picture
has emerged that supports the hypothesis of non baryonic DM. Well motivated candidates
for non baryonic DM constituents are new elementary particles that are electrically neutral,
stable and weakly interacting with Standard Model (SM) particles. In this context, three main
experimental approaches are employed to probe the DM particle hypothesis and, in case of
detection, to study its properties: (a) indirect detection (ID) experiments, with satellites and
ground-based telescopes, searching for signals of DM annihilation in space, (b) direct detection
(DD) experiments, searching for signal of nuclear recoil from the scattering of DM particles in
underground detectors, and (c) detection of DM particles production at colliders.
Recent results and perspectives for ID searches 1,2,3,4 and DD searches 5,6,7,8,9,10 have been
presented at this Conference, showing that the present and upcoming experiments, with their
unprecedented sensitivity, will detect cosmic DM particles or will set more stringent constraints
on the current particle DM models. The LHC searches are complementary to the ID and DD
approaches in that they aim to probe SM-DM particle interactions at the present terrestrial
energy frontier and possibly to measure the properties of the DM particles once detected. If a
suitable DM particle candidate would be detected at the LHC, DD and/or ID experiment should
detect a signal from such particle interactions, to prove that it is a dominant component of the
cosmic DM. Conversely, if DD or ID experiment would detect a DM signal, new particle signals
consistent with the observed ID and/or DD signal could be detected and studied by the LHC
experiments. In all cases, the combined results of the three approaches will have a deep impact
on our understanding of the DM problem.
a
b
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Figure 1 – Overview of (left) SM cross-section measurements 15 compared to their SM expectation and (right)
measurements 17 of Higgs cross-sections and decay branching ratios normalized to their SM expectation.

The LHC has started its second phase of operations (Run 2) in 2015 after two years of
maintenance and upgrading. The center-of-mass energy in Run 2 is 13 TeV, a significant increase
over the initial three-year LHC run (Run 1), which began with a center-of-mass energy of 7 TeV,
rising to 8 TeV. The results presented here are based on the data collected by the ATLAS 11,12
and CMS 13,14 experiments in proton-proton (pp) collisions at 13 TeV. The integrated luminosity
for this sample, mostly collected in 2016, amounts to about 36 fb−1 per experiment. In 2017 an
integrated luminosity of 50 fb−1 has been delivered by the LHC to each of the two experiments
and a similar amount is expected to be delivered by the end of 2018, targeting a total Run 2
integrated luminosity of about 150 fb−1 delivered to the experiments. The energy and luminosity
increase with respect to Run 1 allows to extend the experimental sensitivity to the production of
new particles and rare new processes with cross-sections around and below one fb, as expected
for many models of BSM physics.
The sensitivity of the experiments to rare processes is illustrated by Fig. 1 (left) 15 showing a
summary of several measurements of SM processes with cross-sections reaching down to values
around and below one fb. As shown in Fig. 1 (left) from ATLAS 15 (similar summary plots
are also available from CMS 16 ), the LHC experiments have studied SM processes with crosssections spanning over more than fifteen orders of magnitude in a large variety of final states and
topologies. The SM processes are the ‘standard candles’ of experimental particle physics. Their
precise knowledge allows to search effectively either, in a model independent way, for deviations
from the SM expectations, or, based on specific models, for new signals of physics beyond the
SM, for which the SM background can be precisely evaluated. For all processes studied so far, the
results are compatible with the SM predictions. A major research focus of the LHC experimental
program is the study of the 125 GeV Higgs boson. Fig. 1 (right) 17 gives an overview of the 125
GeV Higgs production and decay measurements. The precise measurements of the Higgs boson
properties allow to test the SM predictions as well as to explore new physics avenues that could
be opened up by the Higgs special nature (first spin-zero elementary particle to be observed),
including the production of DM particle candidates through invisible Higgs decays.
Several models have been proposed for the production in high energy collisions of new
particles that would satisfy the cosmological and astrophysical constraints for a suitable DM
particle candidate. Models of DM production at colliders range from a simple contact-interaction
parametrization, with very reduced number of parameters, but of somewhat limited applicability,
to minimal extensions of the SM including new boson fields mediating SM-DM interactions,
to so-called ultraviolet (UV) complete models, such as Supersymmetry (SUSY). Final states
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Figure 2 – Examples of leading processes for DM particle production and searches at the LHC for three main
classes of models, shown from the left to the right panel in order of decreasing number of model parameters.

resulting from the proposed DM production processes at colliders feature the presence of missing
transverse momentum (also called missing transverse energy or MET), due to the DM particles
interacting sufficiently weakly as to be invisible in the detector. To be detectable, the DM
production event must be accompanied by at least one visible high transverse momentum object
(jet, lepton, photon, etc.), to trigger the acquisition of the full event data.
We classify these models in three main classes depending on the complexity of the phenomenology and the number of parameters involved in the interpretation of the experimental
results. We discuss DM production in the decays of heavier SUSY particles, direct DM production through new mediators, and DM production in the decays of the 125 GeV Higgs boson.
Examples of DM production processes in the context of the three theoretical approaches are
shown in Fig. 2. SUSY models (left), being the more complete from the theoretical view point,
imply a large number of parameters c . In simplified models of direct DM production through new
mediators, the number of free parameters is limited to the DM and mediator particle masses,
spin/parity and couplings. The DM production through decays of the 125 GeV Higgs boson is
the least parameter dependent of the three approaches as only three free parameters, the HiggsDM coupling and the DM mass and spin, enter in the description of the process. Since the DM
particles are expected to be produced in pair, the invisible Higgs decay search is sensitive to DM
particle masses up to half the Higgs boson mass.
In the following, highlights of SUSY DM candidate searches are given in Section 2 while
in Section 3 DM candidate searches in the framework of simplified model are discussed. In
Section 4 results from the search for DM particles in Higgs decays are reviewed. Finally Section
5 summarizes the conclusions.
2

DM production in SUSY decays

SUSY models, as well as other UV complete models designed to solve the gauge hierarchy problem, may provide well motivated DM candidates. In particular, SUSY models with conserved
R-parity (RP) predict the existence of a particle (typically the lightest SUSY particle or LSP)
c
As an example the Minimal Super Symmetric Model (MSSM) includes O(100) free parameters, while reduced
versions, like the phenomenological MSSM, or pMSSM, may imply ∼10 to ∼20 free parameters
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Figure 3 – SUSY searches: results for (left) several chargino and neutralino searches 22 and (right) in scenarios
with compressed mass spectra 25 .

that is stable, electrically neutral and feebly interacting with SM particles. Within these models, LSP’s are expected to be relics from the Big Bang 18 and thus could provide most of the
observed DM in the universe. Under RP conservation, SUSY particles are produced in pair in
the collision and, decaying promptly into lighter SUSY states plus SM particles, result into final
states containing several SM particles accompanied by a minimum of two invisible LSP’s. The
experimental signatures include MET plus multiple jets and/or leptons. In models where the
NLSP is long lived (because of suppressed decay to the LSP) the NLSP may leave the detector
undetected, behaving as the LSP, or leave a detectable signature. These cases are covered by
long lived particle (LLP) searches.
The findings of Run 1, with the discovery of one SM-like Higgs boson of 125 GeV mass, and
the lack of observation of strongly interacting SUSY particles with masses above one TeV (in
the context of the constrained MSSM), have motivated searches for relatively lighter particles
produced with substantially smaller cross-sections (justifying why they have not been observed
yet). For SUSY models to provide a ”natural” solution in stabilizing the Higgs mass and solving
the hierarchy problem (for a review and original references, see e.g. Ref. 19 ), there should
exist relatively light chargino/neutralino states (particularly the Higgsino) and third generation
(top, bottom) squarks. Expected final states may be particularly complex and challenging for
detection, as it is the case for compressed mass spectra, when the mass difference between the
NLSP and the LSP is small, thus producing events with little visible energy, requiring dedicated
searches. When decays of the NLSP into the LSP are suppressed, e.g. because of very compressed
mass spectra, production of LLPs is an additional possibility, thus requiring specific detection
techniques. Similar topologies are expected in models with the LSP being the gravitino and the
NLSP being a LLP.
The LHC experiments conduct a large variety of SUSY particle searches20,21 . Discovery
(at the 5 sigma level) of any of the predicted signals would result into the measurement of a
cross-section times branching ratio for SUSY processes consistent with the observation. After
the discovery, significantly more luminosity would be needed to establish the properties of the
particles involved in the observed process, in particular a precise measurement of the LSP mass.
In the absence of a signal, results are often provided in terms of cross-section upper limits, for
a given production and decay process, as a function of the mass of the heaviest SUSY particle
involved in the sought process and the LSP mass. The detection efficiencies are evaluated in
the framework of simplified models where the heaviest SUSY particle decays into the LSP and
associated visible final states in one or two decay stages. The experiments provide efficiency
maps and other detailed information so that the results can be recast into models predicting
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Figure 4 – SUSY searches: results for (left) top, bottom, light flavor squark searches 27 and (right) long lived
gluino searches 23 including recent results from Ref. 28,31,32 .

multi-staged decay chains.
We show here results for chargino/neutralino searches and for t/b/q squarks and long lived
gluino searches. Fig. 3 shows the results of the searches for chargino pair production and for
associate production of chargino and next-to-lightest neutralino. A comparison of constraints 22
obtained from a number of different CMS searches in multi-leptons final states is shown in
Fig. 3 (left). Similar constraints are reported by ATLAS 23 with most recent results from Ref. 24 .
The region of the LSP-NLSP mass plane close to the diagonal, where the mass difference between
the NLSP and LSP is less than 50 GeV, in the so-called compressed chargino/neutralino mass
spectra scenarios, is covered by searches for chargino/neutralino production in final states with
soft leptons 25,26 . Fig. 3 (right) 25 shows that for extreme cases where the mass difference is below
2 GeV, these results do not improve yet the LEP constraints. Many searches for production
and decays of t/b/q squarks or gluinos are also conducted by the LHC experiments. The
possibility of long lived gluinos, decaying far from the interaction region, requires dedicated
searches. Fig. 4 (left) shows the results from CMS searches for t/b/q squarks 27 . ATLAS recent
results on t/b/c squark searches are documented in Ref. 28,29,30 . Fig. 4 (right) 23 , including recent
results from Ref. 28,31,32 , shows mass constraints for a gluino with a long lifetime, as the gluino
decay proceeds through highly virtual squarks, the latters being much heavier than the gluino
itself. Recent results on long lived gluinos searches are also reported by CMS 27,33 .
SUSY scenarios with compressed mass spectra, but also other SUSY models (Split, GMSB,
RPV SUSY etc), as well as many other models of BSM physics, predict the existence of new
LLP’s. These particles are produced in the collision but do not decay promptly at the interaction
region. They may decay inside the detector, with their decay products being measured in one
or more of the sub-detectors, or they may decay outside of the detector (in this case they are
labeled as stable, charged or neutral, particles) leaving or not a detectable trace. Expected
signatures are depending on the lifetime and other properties of these particles. They can be
displaced vertexes or disappearing tracks in the tracking devices, close to the interaction region,
or displaced jets or leptons or photons, leaving signals also in the calorimeters, and in the muon
chambers. Heavy stable charged particles cross the full detector with tracks in the tracking
devices and energy loss in the calorimeters. Efforts to search for new LLP signals in the 13 TeV
data are focused on developing dedicated techniques, from triggering, to event reconstruction to
background estimation methods 27,33,34 .
Exploiting the large amount of results from SUSY searches to constrain the allowed parameter space is of particular importance for future research directions. Global statistical combi-
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Figure 5 – Low-mass dijet resonance search results from (left) CMS 50 in the range 50-300 GeV using jet substructure techniques and (right) ATLAS 51 in the range 450-1800 GeV using trigger-level jets.

nations including large sets of different search results have been performed. For example, it is
shown 35 that in the pMSSM11, with 11 free parameters, SUSY DM-nucleon scattering crosssection values in the range to be explored by present and forthcoming DD experiments, for DM
masses between ∼ 100 GeV and 1 TeV, are still allowed.
3

Direct DM particle production via new DM-SM mediators

Another approach in the search for DM particles at the LHC is proposed by simplified models 36,37,38 of DM particle production at colliders, based on the idea that, in a generic theory of
physics beyond the SM, most new particles may be too heavy to be produced at the present
collision energy or even to play a role via virtual effects. Rather, the only kinematically accessible new states are a DM particle with a sizable interaction with the SM fermions and a new
boson that mediates the SM-DM interaction. The mediator can be either a spin 1 (vector or
axial-vector) or a spin 0 (scalar or pseudo-scalar) boson while the DM particle is assumed to
be a Dirac fermion. Thus the DM-SM interaction is depending on few physics parameters: the
DM mass mDM , the mediator mass mMED and spin/parity, the mediator couplings gq and gl to
SM quarks and leptons, respectively, and the mediator coupling gDM to DM particles. These
models are used to design DM searches at the LHC, interpret their results and provide a common
framework for comparison to non collider search results.
Relatively simple final states (see Fig. 2, central panel) are expected, with a pair of invisible
DM particles, leading to large MET, produced in association with visible SM particles ’X’.
Recent ’MET+X’ searches include: MET+photon 39,40 , MET+jet/V(jj) 41,42,43 , MET+Z(ll) 44,45 ,
MET+H(bb) 46 or H(γγ or τ τ ) 47 , MET+HF(b,t) quark pair 48,49 . An additional prediction of
simplified DM models is that mediator production and decay into SM fermions should lead to
the detection of new resonances. While the search for high mass resonances (above one TeV) has
been a flagship search at the LHC, the simplified DM models have drawn attention to the fact
that relatively light resonances (below or about one TeV) should also be searched for, as they
may have gone undetected so far because of the relatively weak couplings to SM particles. The
search for new low mass resonances, in particular in dijet final states, is particularly challenging
at the LHC because of the large SM backgrounds. Search methods have been developed that
utilize new techniques both at the trigger level as well as in the off-line analysis. Fig. 5 shows
results from low mass resonance searches in dijet final states. They are presented in terms of
upper limits on a mediator (Z 0 ) coupling to quarks as a function of the mediator mass: (left) in
the range 50 − 300 GeV using jet substructure techniques 50 , to identify jets consistent with a
particle decaying into a quark pair, and (right) in the range 0.45 − 1.8 TeV using inclusive low
transverse momentum jet triggered events 51 , recording only limited event information, thereby
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Figure 6 – MET+X and dijet/dilepton search results interpreted 58 in the context of simplified models: (left)
excluded regions in the mDM − mMED plane and (left) upper limits on the DM-nucleon scattering cross-section
as a function of mDM , compared to results from DD experiments.

allowing high event rates and search efficiency with reduced storage needs. Other recent searches
for mediators using Run 2 (13 TeV) data have been performed to cover a resonance mass range
from 70 GeV to 7 TeV, exploiting diverse techniques: (i) in the low mass range, up to about
1 TeV, using large-radius jets 52 , with jet substructure identification technique, or using dijets
reconstructed at the trigger level 53 from calorimeter information, and (ii) in the high mass region,
exploiting the dijet invariant mass and angular distributions 54 , using dijets reconstructed off-line
with a particle-flow algorithm 53 , and jets containing b-hadrons 55 . Searches in dilepton final
states 56,57 cover the mass range from 70 GeV to 6 TeV.
If no signal is detected the LHC experiments set upper limits on the cross-section times
branching ratio of the process sought for, as a function of mDM and mMED for fixed values
of the mediator spin/parity and gDM , gq and gl couplings. An example is shown in Fig. 6
(left) 58 . The region for mMED ≥ 2mDM , where DM pair production takes place, is covered by
MET+X searches. The regions excluded by these searches in the mDM − mMED plane have an
approximately triangular shape, extending to a maximum excluded mMED value (about 1 TeV
for the coupling choices of Fig. 6) and, for an excluded mMED value, covering mDM masses up to
about mMED /2. For smaller values of the couplings, the mDM − mMED excluded region would be
reduced. In the case of the resonance searches, the excluded regions in the mDM − mMED plane
are typically vertical stripes excluding a range of mMED values, almost inedependently of mDM ,
except in cases when the gq or gl values are so small that, in the region mMED ≥ 2mDM , the
DM pair production is dominant and the mediator decay to SM fermions is largely suppressed.
This is the case in Fig. 6 (left) where gq and gl are taken to be 0.1 and 0.01, respectively.
The dijet searches cover the vertical region for mMED < 2mDM , while the dilepton searches
have some coverage also in the mMED ≥ 2mDM . Results for different mediator spin/parity
and coupling choices are publicly available from ATLAS 58 and CMS 59 . In the framework
of these simplified models, the LHC mDM − mMED excluded regions can be recast into upper
limits on the DM-nucleon scattering cross-section as a function of mDM . In the case of DD
experiments the DM-nucleon scattering cross-section upper limit is independent of mMED , as
the momentum transfer involved in the DM scattering off the target nucleus, is much smaller
than the hypothetical mediator mass and mMED -related effects are negligible. The DM-nucleon
scattering cross-section limits set by the LHC searches depend also on the assumed mMED value
insofar that, together with the coupling values, it determines whether the DM pair production,
covered by MET+X searches, is the dominant process. For the above-mentioned choice of
mediator couplings, the LHC limits, compared to DD results, are shown in Fig. 6 (right) 58 .
Regions excluded by the MET+X searches and by the dijet and dilepton searches are shown
separately reflecting directly the excluded mDM − mMED regions in Fig. 6 (left). It is important
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Figure 7 – Higgs invisible decay searches 61 : (left) upper limits on the relative invisible decay rate for individual
searches and the combination and (right) upper limits on the DM-nucleon scattering cross-section assuming a
scalar or fermion DM candidate, compared to limits from DD experiments.

to emphasize that these limits are only valid in the framework of the considered models and for
the specific parameter choice. On the other hand, DM searches in the framework of simplified
models are inclusive enough to cover a broad range of topologies, which may arise in more
complex scenarios, so that these searches results can be interpreted to constrain other models.
Extending the searches to other possible processes, e.g. involving DM in association with Higgslike or long lived particles, may provide a more complete framework to interpret and relate
collider to non collider DM search results.
4

DM production in the decay of the 125 GeV Higgs boson

In the SM, the Higgs boson decays invisibly only through the ZZ decay to four neutrinos with
a branching ratio of about 0.1%. The Higgs invisible decay rate may be largely enhanced in
the context of BSM scenarios, in particular if the Higgs boson decays to DM particles. Indirect
constraints on the Higgs invisible decay branching ratio can be inferred from the measurements
of the visible decay channels: an upper limit of 34% have been obtained from a combination 60 of Higgs visible decay measurements using Run 1 (7-8 TeV) data. More recently, direct
searches for invisible Higgs decays using Run 2 (13 TeV) data have been performed targeting
the vector boson fusion channel 61 , in which the Higgs boson is produced in association with jets
(VBF via qq→qqH), the associated production of a Higgs boson with Z/W (Z→ll, Z/W→jj)
modes 44,45,43,42 and the ggH production channel, where a high pT Higgs boson is produced in
association with initial state radiation jets 43 . Leading Feynman diagrams for the qqH, VH, and
ggH processes are shown in Fig. 2 (left panel). No significant deviations from the SM predictions
are observed in any of these searches.
These results are interpreted in terms of upper limits on the product of the Higgs production
cross-section and branching ratio to invisible particles, σB(H→inv), relative to the SM Higgs
production cross-section σSM . Observed and expected upper limits on σB(H→inv)/σSM at 95%
CL are presented in Fig. 7 (left) 61 for each search channel, with the VBF being the most
sensitive search. The statistical combination including these search results yields an observed
(expected) upper limit on B(H→inv) of 0.24 (0.18) at 95% CL, assuming SM Higgs production
cross-section. The observed 90% CL upper limit on B(H→inv) of 0.2 is interpreted in the context
of a Higgs-portal model of DM interactions to set a 90% CL upper limit on the spin-independent
DM-nucleon interaction cross-section as a function of the DM mass, shown in Fig. 7 (right) 61 .
In direct comparison with the corresponding upper limits from DD experiments, it provides the
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strongest constraint on fermion (scalar) DM particles for DM masses smaller than 20 (7) GeV.
5

Conclusions

Many searches for DM particle production have been conducted by the LHC experiments and
constraints derived in the framework of complete BSM models, such as SUSY, and of simplified
DM production models. Upper limits on DM production cross-sections are derived as function
of the DM particle mass. For simplified models, in the search for DM production mediators,
depending on mediator couplings, mass constraints extend in the range up to few TeV. Attention
has been raised on the fact that simplified models may set too optimistic limits for cases when
complex multi-object final states (with e.g. multiple W/Z’s or t/b quarks) and more exotic
signatures are expected. Experiments are investigating more complex possibilities developing
new search methods and new tools. An additional mean to search for DM particles is through
the invisible decay of the 125 GeV Higgs boson. This channel has access to small DM particle
masses up to one half the Higgs mass.
An integrated luminosity of about 150 fb−1 is expected to be delivered by the LHC until
the end of Run 2 in 2018, more than a factor of three larger than the sample for which results
have been reported here. During Run 3, starting in 2021, the LHC experiments are expected
to collect 300 fb−1 at 14 TeV. In the High Luminosity phase of the LHC (HL-LHC) 62 an
integrated luminosity of at least 3000 fb−1 , will be collected, representing a factor of more than
20 in the statistics of potential new signals as compared to Run 2. Experiments have engaged
in substantial detector and trigger upgrades to maintain, and possibly improve, the present
detector performance in the harsh running conditions imposed by the high number (∼200 in
average) of multiple interactions (pile-up) per bunch-crossing expected at the HL-LHC.
Overall, there is still ample room for discoveries of DM particle candidates at the LHC. This
is especially relevant for the observation of weakly (i.e. rarely) produced particles, in particular,
for the lightest neutralino, for which the current mass limits in some cases do not improve on
the LEP constraints yet. Extending the search sensitivity to the weakly produced particle mass
range in the few hundreds GeV’s and beyond is a strong motivation for the HL-LHC.
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MODELLING THE MATTER BISPECTRUM TOWARDS NONLINEAR
SCALES - TWO AND THREE LOOPS IN PERTURBATION THEORIES
A. LAZANU
INFN, Sezione di Padova, via Marzolo 8, I-35131, Padova, Italy

I compute the matter bispectrum of large-scale structure up to two loops in the Standard
Perturbation Theory and up to three loops in the MPTbreeze renormalised perturbation
theory, determining the contributing loop diagrams and evaluating them numerically. In the
process I remove the leading divergences in the integrands, thus making them infrared-safe.
By comparing the results to numerical simulations, I show that in the case of the Standard
Perturbation Theory, the bispectrum at two loops is more accurate than at one loop, up to
kmax ∼ 0.09 h/Mpc at z = 0 and kmax ∼ 0.11 h/Mpc at z = 1. The MPTbreeze can be
employed to accurately model the matter bispectrum up to kmax ∼ 0.17 h/Mpc at z = 0 and
kmax ∼ 0.24 h/Mpc at z = 1 using the results at three loops.

1

Introduction

The late-time galaxy distribution in the Universe is providing an increasing amount of information from large-scale structure (LSS) surveys. In particular, correlations in Fourier space
of the galaxy overdensity can be used to test the standard cosmological model and to explore
alternatives and to look for possible new features. In order to achieve this, one requires an
accurate modelling of the corresponding quantities for dark matter, together with the nonlinear
relationship between the galaxy and dark matter distributions (bias). Large scales are linear
and well modelled, but smaller scales are increasingly nonlinear and less understood and it is
where new cosmological features may be hidden.
In this work, I am investigating the matter three-point correlation function (bispectrum) of
LSS for Gaussian initial conditions and in particular I analyse methods to study nonlinearities
in an analytic fashion using perturbation theories at more than one loop. These methods are
desirable, since the alternative, using N -body simulations, is computationally expensive. I
determine the matter bispectrum in the Eulerian Standard Perturbation Theory (SPT) up to
two loops and in the renormalised perturbation theory (MPTbreeze) up to three loops 1 .
The calculation of these bispectra presents significant challenges from both a theoretical and
numerical point of view: there are many terms to be considered, with large amplitudes and
alternating signs, which contain divergences that must be removed and which involve integrals
in many dimensions (six at two loops and nine at three loops).
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2
2.1

The matter bispectrum in perturbation theory
Eulerian Standard Perturbation Theory

The SPT represents the most straightforward extension to linear theory and its basic features
can be derived by considering small departures from the homogeneous expansion of the Universe,
and deriving coupled evolution equations for the matter overdensity (δ) and for the divergence of
the velocity (θ) in Fourier space 2 . By considering expansions of these two quantities, solutions
can be derived at any order, which can be employed to determine correlation functions. This
perturbative scheme is however not convergent, with higher loop orders not guaranteeing a better
accuracy. In this work I determine analytically the bispectrum at two loops in SPT. There are
11 terms (each containing a number of permutations) (see Ref. 1 for the full list).
2.2

Renormalised Perturbation Theory

The renormalised perturbation theory 3 has been developed to cure some of the problems in
SPT. The dark matter fluid equations are solved using nonlinear propagators, in order to derive
a resummed perturbative expansion that is also convergent. Its simplification, MPTbreeze 4 ,
provides a framework to derive correlation functions using generating functions 5 . In particular,
the bispectrum can be expressed in terms of a selection of SPT terms, overall multiplied by a
decaying exponential function which depends on the linear matter power spectrum. In this work
I present predictions of this theory at two and three loops for the bispectrum 1 , extending and
improving previous results 6,7,8 .
2.3

IR-safe integrands and numerical implementation

At two and three loops, the integrals that must be calculated are six and nine-dimensional
respectively. The corresponding integrands contain infrared divergences and to increase the
accuracy of the results, I exploit the symmetries and infinite domain of integration to remove
the leading divergences by moving them to a finite number of points 9,10 . After applying this
procedure, I employ the Monte-Carlo integrator Cuba 11 for the numerical part of the work.
3
3.1

Comparison with simulations
Simulations

For the comparison, I am employing Gaussian simulations 12 , with three realisations, containing
5123 particles in a box size of 1600 Mpc/h, yielding a wavevector range of [0.0039, 0.5] h/Mpc.
They assume 2LPT initial conditions and are evolved from z = 49 until today using the Gadget3 code 13 . The cosmology considered is a flat ΛCDM universe with WMAP7 parameters 14 .
3.2

Results

In this section, I show the performance of the two perturbation schemes discussed by evaluating
and plotting the matter bispectrum in six triangle configurations (Figure 1) at redshifts z = 0
(top) and z = 1 (bottom) in order to check on which scales each of them is accurate. The
bispectra are plotted for isosceles triangles, in terms of the largest triangle side and the angle
between the equal sides. Going from left to right and top to bottom, the triangles considered
vary from squeezed to flattened. The two-loop SPT and three-loop MPTbreeze bispectra are
plotted as continuous lines, and the others as dashed lines. The simulations are represented as
a yellow band, with a thickness representing the error bars from the three realisations.
In all the configurations considered, the SPT at one loop provides excessive signal on mildly
nonlinear scales 2 . At two loops, this excess is diminished on the scales of interest, providing a
better fit to the simulations in the quasi-nonlinear regime, before diverging on smaller scales.
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Figure 1 – The bispectra in perturbation theories at z = 0 (top) and z = 1 (bottom) for isosceles triangles,
represented in terms of the maximum side of the triangle and the angle between the equal sides. The perturbative
methods considered are the SPT up to two loops and the MPTbreeze up to three loops. Simulations are plotted
in yellow for comparison.
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Even so, it only provides adequate predictions for scales max(k1 , k2 , k2 ) . 0.09 h/Mpc at z = 0
with a modest improvement to max(k1 , k2 , k2 ) . 0.11 h/Mpc at z = 1. The two-loop SPT
bispectrum matches simulations to smaller scales in squeezed configurations, with a worsening
of the fit as the angle is increased.
For MPTbreeze, as a convergent expansion, it can be confirmed from the plots that going
from one to two loops provides a significant improvement in the range of validity of the theory,
while adding further the three-loop terms yields a smaller gain. Thus, this method adequately
describes simulations for scales max(k1 , k2 , k3 ) . 0.08 h/Mpc, max(k1 , k2 , k3 ) . 0.14 h/Mpc and
max(k1 , k2 , k2 ) . 0.17 h/Mpc at one, two and three loops respectively at z = 0. At z = 1,
this is increased to 0.11 h/Mpc, 0.19 h/Mpc and 0.24 h/Mpc respectively. In both cases, the
tightest constraints appear in the equilateral configuration, with matches up to significantly
smaller scales in flattened configurations.
As a further check of these conclusions, I have employed a different set of simulations 15
using a slightly different cosmology, and I have shown that the results are indeed robust 1 .
4

Conclusions

In this work, I have shown that a better agreement with simulations can be obtained for the
matter bispectrum by going to a higher loop order in perturbation theories. In particular,
MPTbreeze can be employed to accurately describe the matter bispectrum of LSS on mildly
nonlinear scales, up to scales kmax ∼ 0.14 h/Mpc and kmax ∼ 0.17 h/Mpc at two and three
loops respectively at z = 0. The improvement is obtained however at a significant additional
computational cost. For the SPT at two loops, there is only a small improvement with respect
to the one loop result, but this facilitates further developments in the field that may significantly
increase the scales of validity of the method (e.g. the computation of the two-loop bispectrum
in the EFTofLSS).
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A TALE OF TWO SCALES: SCREENING IN LARGE SCALE STRUCTURE
MATTEO FASIELLOa,b , ZVONIMIR VLAHb,c
Institute of Cosmology & Gravitation, University of Portsmouth, Portsmouth, PO1 3FX, UK
b
Stanford Institute for Theoretical Physics and Department of Physics, Stanford University, CA, 94306
c
Theoretical Physics Department, CERN, CH-1211 Geneve 23, Switzerland
a

The perturbative treatment of dark matter in structure formation relies on the existence of
a well-defined expansion parameter, k/kNL , with kNL signalling the onset and ultimately the
leading role of non-linearities in the system. Cosmologies beyond the ΛCDM model often come
with additional degree(s) of freedom. The scale kV at which non-linearities become important
in this additional sector(s) can be rather different from kNL . For theories endowed with a
Vainshtein-type screening mechanism, kV sets the scale where screening becomes efficient and
restores continuity with the predictions of general relativity. This is precisely the dynamics
that allows such theories to pass existing observational tests at scales where general relativity
has been tested with exquisite precision (e.g. solar system scales). We consider here the
mildly-non-linear scales of a dark matter component coupled to a galileon-type field and
focus in particular on the case of a kV < kNL hierarchy. We put forward a phenomenological
framework that describes the effects of screening dynamics on large scale structure observables.

1

Introduction

The discovery in 1998 1,2 that the Universe is undergoing a period of accelerated expansion has
been a momentous one for modern cosmology. General relativity with the help of a simple
cosmological constant (c.c.) Λ is able to account for such acceleration. However, the value
Λobs inferred from observations is at odds with the expectation that any contribution to the
vacuum energy (e.g. from Standard Model particles) would also automatically contribute to the
cosmological constant, setting a lower bound for the c.c. which is many orders of magnitude
above Λobs . This giant mismatch is know as the c.c. problem 3 . Several ideas have been
put forward to make sense of late-time acceleration: from the presence of extra scalar field(s)
driving acceleration (much like for inflationary models), to infrared modifications of gravity, to
an anthropic perspective on the value of Λobs , the latter being best understood within the string
theory landscape program 4 .
In what follows we will focus on infrared modifications of gravity. These often come with extra
degrees of freedom driving the acceleration. The key point is that gravity is well-tested in highdensity, small-scale, environments such as the solar system, but there are far less constraints at
cosmological scales 5 . So long as a mechanism (i.e. screening) is in place that allows significant
extra dynamics at large scales and suppresses it at smaller ones, gravity is modified only in the
infrared and the corresponding model can be viable.
2

The quasi-linear regime of structure formation and beyond-ΛCDM physics

The dynamics of the extra fields in beyond-ΛCDM theories is then expected to be most evident
at large scales and to impact structure formation. For sufficiently small scales, screening will
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restore LSS to its ΛCDM dynamics. In Vainshtein theories 21 , screening is an intrinsically nonlinear phenomenon and becomes efficient when non-linearities in the “Vainshtein” sector become
relevant. Let us illustrate this case in the specific example of a dark matter (DM) component
coupled to a cubic galileon field a :
i
∂vm
i
j
i
+ Hvm
+ vm
∂j vm
= −∇i Φ
∂τ

∂δm
i
+ ∂i [(1 + δm )vm
]=0;
∂τ
3
∇2 Φ = H2 Ωm δm + F (φ̄)∇2 δφ ;
2

∇2 δφ + non linearities =

β
δm
MPl

(1)

(2)

The relations in Eq. (1) are respectively the continuity and Euler equations for DM. The first
term on the right hand side of the Poisson equation would normally close the system. The
coupling with a galileon-like field φ modifies the Poisson equation providing a contribution that
mimics an additional gravitational potential, hence we see how this and similar theories support
a fifth force b . The last relation in Eq. (2) is the galileon own equation of motion. It is clear that,
the parameter β permitting, the linear solution for the galileon field will generally lead to an
order one modification of the Poisson equation and consequently visibly impact the dynamics
of matter.
The effect of non-linearities in the Vainshtein (i.e. galileon) sector is to suppress the impact of
φ on the Poisson equation and therefore on DM. Under certain simplifying assumptions, exact
solutions exist for this system 23 : within a certain radius from the source, known as Vainshtein
radius rV , the fifth source is suppressed and ΛCDM behaviour is recovered; for r > rV there
are order one differences from standard DM dynamics and structure formation. The scale kV is
the natural counterpart of Vainshtein radius in Fourier space. Let us inspect this quantity more
closely by writing explicitly the cubic galileon equation of motion:
i
1 h
ρm
∇2 φ + 3 (∇2 φ)2 − (∇i ∇j φ)2 = β
.
(3)
Λ
M
Pl
|
{z
}
n−l

It is clear that the momentum kV above which the non-linear piece becomes important will
depend on: (i) the “universal” quantity Λ, inherited from the Lagrangian c and not to be
confused with the cosmological constant; (ii) the background time-evolution of the field φ and
(iii) the source, just as is the case for rV . The asymptotic k-behaviour of our system in Eqs. (1,2)
is then clear: – for k  kV , recalling that kV < kNL , perturbation theory (PT) is consistent
both in k/kV and k/kNL and one expects O(1) modifications to DM dynamics; – for k & kV
instead, ΛCDM is recovered.
In the absence of exact solutions, how do we describe the transition between these two regimes?d
Clearly, given an order one expansion parameter k/kV . 1, an exclusively-perturbative approach
is not appropriate. We will then resum the expansion in k/kV . In order to do so, we will focus
on a specific observable such as the power spectrum of the total density contrast and assume a
(n)
perturbative solution (in k/kV , k/kNL ), namely Ppert , is available up to a given order. Formally,
the resummation in k/kV can be written as
Pres |N (k, τ ) =

N
X
n=0

(n)
Pres
(k, τ ) =

N Z
X
d3 k 0
(n)
KN (k 0 , k, τ )Ppert (k 0 , τ ),
(2π)3 n

(4)

n=0

a
Galileons naturally emerge in theories such as massive gravity 14 and DGP 13 . They provide the most natural
realization of Vainshtein/kinetic screening.
b
Already a minimally coupled scalar, such as in quintessence models, can modify the dynamics at large scales8 .
However, the difference between the linear and highly non-linear regimes is less striking in such cases.
c
In the case of masive gravity, for example, one finds Λ ≡ Λ3 = (m2 MPl )1/3 , with m the bare graviton mass.
d
Note that, crucially, the unscreened ↔ screened transition can occur already at quasi-linear scales in the sense
of the k/kNL expansion.
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where we have introduced the kernels KnN to account for the resummation. The reader might
recall that a similar formulation has been used in the context of the so-called baryonic acoustic
oscillations (BAO) resummation scheme 17,18,19 . The physics under scrutiny here is of course
rather different from BAO dynamics but the key idea, namely the existence of an O(1) parameter
whose PT needs to be resummed, is the same. In our setup we find it convenient to simplify
Eq. (4) to
Pres |N (k, τ ) =

N h
X

i
(n)
PΛCDM (k, τ ) + KnN (k, τ )∆P (n) (k, τ ) ,

(5)

n=0
(n)

(n)

where ∆P (n) ≡ Ppert − PΛCDM . The asymptotic behaviour of our coupled system, together with
the symmetries of the problem, suggest the following form for the kernels:
!
!
X
X
KGau. (k, τ ) = exp −
αm (τ )(k/kV )2m ; KLor. (k, τ ) = 1/ 1 +
αm (τ )(k/kV )2m . (6)
m

m

We pause here to note that the phenomenological nature of our approach is underscored by
the following facts: (i) we are not deriving the kernels from first principles but rather putting
them forward on the basis of asymptotic behaviour and symmetries; (ii) we are choosing a
constant kV and accounting for its time dependence through the coefficients αm (τ ); (iii) in an
exact derivation one would expect the kernels to be applied directly at the level of the fields
rather than on observables such as the power spectrum (the latter would be proportional to a
convolution of kernels).
Let us now add a rather technical ingredient to our framework:
KnN (k, τ ) = K(k, τ )[K]−1

N −n

(k, τ ),

(7)

with the last term being the (N − n)−th order Taylor expansion of the inverse of the reduced
kernel K N , function of time and k/kV . Eq. (7) outlines the need for both an “N” and “n” indices
in the kernels: N stands for the PT order we are working at and n refers to the expansion in
k/kV : as we go higher in PT (higher N ), more of the screening is captured already perturbatively and so the N -dependence in the kernels ensures that no “double counting” (perturbative
plus re-summed) of screening contributions takes place. The same line of reasoning leads one to
favour the Gaussian kernel over the Lorentzian one in Eq. (6).
Let us specialize to Gaussian kernels and spell out the action of our screening “filter” on observables such as the power spectrum:
Pres |N (k, τ ) = PΛCDM |N (k, τ ) + K(k, τ )

N
X
n=0

[K]−1

N −n

(k, τ )∆P (n) (k, τ )

(8)

Under extra assumptions e we are able to illustrate, by means of Fig. (1) how the fractional
difference between a fully-screened total power spectrum and the ΛCDM power spectrum would
look like when Vainshtein screening takes place at kV = 0.1[h/Mpc], a regime where the k/kNL
expansion is still well under perturbative control. Comparison with simulations 12 of Vainshtein
screened theories such as DGP are very encouraging as to the effectiveness of the framework
outlined here.
Acknowledgments
It is a pleasure to thank Diego Blas and Martin White for illuminating comments on related
work.
(0)

(0)

e
Specifically, the following relations are assumed to hold: ∆P (0) ∼ PΛCDM and ∆P (n) ∼ k2 ∆P (0) ∼ k2 PΛCDM .
See 6 for further details on this point.
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Figure 1 – The fractional difference is plotted between a fully screened total power spectrum and the ΛCDM case.
Different colors indicate here the different perturbative orders. The action of the Gaussian kernel is highlighted by
continuous, dotted, and dashed lines. In this approximation KG is regulated by the value of just one parameter.
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Exploiting sparsity for CMB component separation
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We present premise (Parameter Recovery Exploiting Model Informed Sparse Estimates), a
new parametric fitting method designed to exploit prior astrophysical information and the
sparse nature of CMB foregrounds. We validate our method on the problem of determining
thermal dust emission for total flux measurements of thermal dust, instrumental noise and
the cosmic infrared background (CIB), first on simulation data and then on the 2nd Planck
data release.

1

Introduction

Characterising and removing foreground emissions is a pivotal step in extracting cosmological
information from measurements of the CMB. At frequencies greater than 100 GHz thermal dust
emission is the dominant foreground, however the diffuse infrared background emission from
extragalactic point sources (CIB) complicates the production of pure thermal dust emission
estimates.
We aim to produce full resolution thermal dust emission estimates from Planck HFI data,
in less computational time than a pixel-by-pixel fit and without smoothing by using a new
parametric method 1 . We choose to use the modified black body (MBB) thermal dust model
due to its small number of parameters (temperature (T ), spectral index (β) and optical depth
at 353 GHz (τ353 )):


xν = τ353 × Blackbody function(T, ν) ×
2

ν GHz
353 GHz

β

.

(1)

The premise algorithm

premise has three main steps:
• Filtering - first we filter the data to suppress the CIB and instrumental noise. We employ
the GNILC 2 technique of using a covariance matrix of CIB and noise estimates but add
to this by including sparse deviations (∆j ) from the smoothed signal (W̃jfilt ) within the
least squares minimisation at each wavelet scale (j) so as to recapture any smoothed out
dust emission:
min λj k∆j k2,1 +
∆j

1
Wj − W̃jfilt − ∆j
2

2
F

,

where Wj is the raw data, k . k2F is the Frobenius norm and k . k2,1 is the L2,1-norm.
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(2)

• Super-pixel fit - then we avoid the computational cost of completing a pixel-by-pixel
MBB fit to the filtered data by fitting to super-pixels, the areas of which are selected to
ensure that the regions where the MBB parameters vary the slowest are given the largest
areas to average over.
• Parameter refinement - lastly we determine the optimum parameter values per original
resolution pixel. Using the super-pixel, parameter maps as initial guesses we evoke a
gradient descent at each pixel to minimise the least squares estimator using the total
flux maps. Once the gradient descent converges, we threshold the parameters in the
wavelet domain to prevent non-sparse, noise terms from contributing to the final parameter
estimates.
3

Simulation results

Using FFP8 3 simulations of CIB and noise we create total flux densities containing thermal dust
emission following an MBB with known parameters (T , β and τ353 ). We compare ourselves to an
algorithm based on GNILC. Fig 1 shows the difference between true and determined parameters
for both algorithms for four selected regions of 256 by 256 pixels: a high signal-to-noise (SNR)
region in the Galactic plane (region 1), two medium SNR regions at intermediate latitudes
(regions 2 and 3) and a low SNR polar region (region 4).
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Figure 1 – Histograms of the differences between the calculated and true MBB parameters for the GNILC-like
methodology and premise for regions 1 to 4 (left to right).

4

Planck Data Release 2 (PR2) results

Future work will extend this analysis to empirical data; Fig 2 shows the parameter estimates for
PR2 data which we are verifying through comparisons with additional, astrophysical data sets.

Figure 2 – The premise thermal dust MBB parameter estimates for PR2 data. From left to right: T , β and τ353 .
Histogram normalisation is used for the optical depth map.

5

Conclusion

We have presented a new model-fitting technique and validated this method on simulation data.
We find that, by using sparsity in place of smoothing, premise provides the most accurate model
parameters (when compared to a GNILC-like algorithm) in all but the highest SNR regions.
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GENERALIZED FARADAY ROTATION OF THE CMB POLARIZED
ANISOTROPIES BY LARGE SCALE STRUCTURES

N. LEMARCHAND
Institut d’Astrophysique Spatiale, Université Paris-Sud 11, Bâtiments 120-121,
91405 Orsay Cedex, France
A cluster of galaxies is both a magnetized relativistic and non relativistic plasma. When
CMB photons cross clusters of galaxies on their way to us, secondary polarized anisotropies
are produced. Depending on the relativistic nature or not of the free electrons in the plasma,
the effect on the CMB polarization will be different: Faraday conversion and Faraday rotation,
respectively (see 1 and 2 for primary effects and 3 for other secondary sources). I looked at a
statistical study of these effects, by first focusing on predicting their angular power spectra due
to clusters. They are both sensitive to the cosmology and to the distribution of the magnetic
field and electrons inside a cluster, and can be used as a probe both for cosmology and for
clusters of galaxies.

1

Non-relativistic electrons: Faraday Rotation

The two modes of primordial linear polarization of the CMB are described by the rotation
independent E and B modes rather than the Q and U Stokes parameters. When Faraday
rotation takes place, the CMB plane of linear polarization is rotated with an angle α, transferring
some primordial E modes into B modes and vice-versa. We compute the Faraday rotation angle
~ · ~n) (see 4 and 5 for previous works), assuming a spherically symmetric profile for the
α ∝ ne (B
density of free electrons as well as for the amplitude of the magnetic field, and a line-of-sight
~ is the magnetic field and ne is the density
(L.O.S.) approach; ~n is the direction of the L.O.S., B
of cold free electrons. Note that α is proportional to the projection of the magnetic field along
the L.O.S.. In order to compute the angular power spectrum of α, we first compute its twopoint correlation function and then go to spherical harmonic space. In our modelling 6 , we made
three hypotheses: 1) the mass abundance and the spatial distribution of clusters are independent
from the orientations of the magnetic fields inside clusters; 2) from the cosmological principle, we
assume a uniform distribution of the orientations of the magnetic fields and 3) two orientations
i and j are independent from each other. We also use the halo model. From the first hypothesis
we can separate the average over cluster abundance and magnetic field orientations. Because of
the third hypothesis, there is no 2-halo term in the two-point correlation function, hence only
the poisson part remains. The angular power spectrum of α is plotted in Fig. 1 left for different
values of the amplitude of the density fluctuations σ8 : it scales roughly as `(` + 1)C`α /(2π) ∝ σ83
where the SZ effect scales with σ88 because of a different mass scaling of the angular power
spectrum. Thus, this σ8 scaling is degenerated with a scaling in mass of the magnetic field.
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Figure 1 – Left: the angular power spectrum of the Faraday rotation angle for different values of the amplitude
of the density fluctuations σ8 ; right: the angular power spectra of the Faraday conversion rate for different values
of the relativistic electrons density.

2

Relativistic electrons: Faraday Conversion

There is no primordial Stokes V parameter corresponding to circular polarization because of the
absence of primordial generating sources (see 7 for an upper limit). When Faraday conversion
takes place in clusters of galaxies, some primordial linear polarization, the E and B modes,
are transferred into circular polarization creating some V Stokes parameter. V is given by:
~ · (~eθ ± i~eϕ ))2 is
V (~n) = i(φ−2 (~n)P+2 (~n) − φ+2 (~n)P−2 (~n)), with P±2 = Q ± iU and ±2 φ ∝ nr (B
the Faraday conversion rate. The difference with the Faraday rotation angle is that it is a spin 2
quantity and it is proportional to the projection of the magnetic field in the plane perpendicular
to the L.O.S. to the square and the density of relativistic free electrons. Note this last formula
is reference frame independent: it is more general than the one that can be found in 8 or 9 .
We used the same formalism and assumed the same hypotheses as for the case of Faraday
rotation to derive the angular power spectra of the Faraday conversion rate 6 . There are two of
them because the Faraday conversion rate ±2 φ is a spin 2 quantity, hence we can decompose it
into its E and B modes. In Fig. 1 right we plot only the φE auto-correlation as they are of the
same order of magnitude, for different values of the density of relativistic electrons. The angular
power spectra scale with the density of relativistic electrons to the square, which explains the
differences in amplitudes in this plot. Furthermore, the cross-correlation φE /φB vanishes.
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Antenna-Coupled LEKID for Multi-Band CMB Polarization Sensitive Pixels
A. Traini
Université Paris Diderot, Laboratoire Astroparticule et Cosmologie
10 rue Alice Domon et Léonie Duquet, France

We present an antenna-coupled Lumped Element Kinetic Inductance Detector (LEKID) for
millimeter wave astronomy. Next generation telescopes for CMB polarimetry are demanding
in terms of number of detectors and focal plane area filling efficiency1 . Moreover, foreground
reduction in B-Mode polarimetry requires sky observation with multiple frequency bands. In
this context KIDs are a promising technology because of their large multiplexing rate, while
antenna coupling can provide multi-band and dual-polarization solutions in compact design.
We have developed polarization sensitive dual band pixel operating at 140GHz and 160GHz.
The design involves a microstrip excited slot antenna and two open-stub bandpass filters to
direct the signal toward two resonators. These are lumped element KIDs capacitively coupled
to the antenna and include an aluminium strip as absorber. The architecture proposed is particularly simple to fabricate, via-less and only involves two metallization levels. The transition
doesn’t require any dielectric deposition above the resonator, thus preventing limitations from
any source of noise due to non-monocrystalline substrate (TLS noise2 ).

1

Kinetic Inductance Detectors

Superconducting lines at microwave frequencies are inductive because of the Cooper Pair inertia.
This kinetic inductance depends on the ratio ns /n (Cooper pair density/charge carrier density),
which is a function of temperature. Kinetic Inductance Detectors (KIDs) are LC resonators3 ,
the inductance L of the circuit depends on geometrical factors, which are fixed, and the amount
of Cooper Pairs along the circuit. Superconductors absorb photons with energy higher than the
binding energy, breaking one or more Cooper Pairs. Therefore, the resonant frequency of a KID
changes as a function of the power absorbed. Each detector is coupled to a transmission line
in order to measure the resonant frequency. KIDs with different resonant frequencies can be
multiplexed along the same readout transmission line, which is advantageous for large format
focal plane arrays.
2

Pixel design

The dual color pixel includes a slot antenna, a diplexer and two Lamped Element Kinetic
Inductance Detectors as shown in Figure 1. The slot antenna4 resonance is centered at 150
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Figure 1 – Detection chain block diagram (left), front view of the pixel (center) and simulation of filters along
with the simulated antenna resonance (right)

GHz and covers the bandwidth of two open-stub band-pass filters centered at 140 GHz and
160 GHz respectively. Each filter has a bandwidth of about 8%. The signal coming from the
antenna is filtered into two sub-bands by two Chebyshev open-circuited stub band-pass filters.
Each sub-band is coupled to one LEKID. The coupling between the filter and the detector is
capacitive and includes an impedance matching. The resonant frequency is determined by the
interdigital capacitor, the geometrical inductance and the kinetic inductance. Detectors and the
slot antenna are located on a superconducting 120 nm thick Nb ground plane. The microstrip
network, which includes the antenna excitation and band-pass filters, is deposited over a 500
nm thick SiO. The proposed design involves only three metal deposition above a 300 µm Si
substrate. An aluminum strip is deposited along the resonator inductance for absorbing the
signal. Cooper pair binding energy in aluminium is smaller than the energy of a photon with
frequency above 90 GHz, thus the absorbtion results in Cooper pair breaking. The dielectric,
which is a 500 nm SiO, is deposited only in correspondence of each microstrip line, leaving the
resonator facing free space on one side and thus reducing the impact of any source of noise due
to dipole moments in the dielectric (two-level system noise).
Fabrication status
Several chips with 14 detectors have been fabricated at the GEPI clean room. Preliminary
tests are ongoing at APC in a 300 mK cryostat and at Institut NEEL in a 50 mK cryostat.
We use black body radiation sources and a linearly polarized coherent source in the frequency
range of 120 GHz 180 GHz. We also measure the spectral sensitivity with a Martin-Puplett
interferometer.
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THE ANGULAR TWO-POINT CORRELATION FUNCTION OF PLANCK SZ
CLUSTER CATALOG
V.T. Bui1,2 , M. Crézé1 , C. Rosset1 , J.G. Bartlett1 , J.-B. Melin3
APC, AstroParticule et Cosmologie, Université Paris Diderot, CNRS/IN2P3, CEA/Irfu, Observatoire
de Paris, Sorbonne Paris Cité, 10, rue Alice Domon et Léonie Duquet, 75205 Paris Cedex 13, France
2
Department of Space and Aeronautics, University of Science and Technology of Hanoi(VAST/USTH),
18, Hoang Quoc Viet St., Hanoi, Vietnam
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CEA Saclay, DRF/Irfu/SPP, 91191 Gif-sur-Yvette Cedex, France

1

We present results from our analysis of the angular two-point correlation function of galaxy
clusters detected via the Sunyaev-Zeldovich (SZ) effect by the Planck mission. The Planck SZ
survey selection function is a complex function of position on the sky, source size and flux. We
focus on the MMF3 sub-sample for which we know the selection function to produce a reference
random catalog. We get no significant clustering of Planck clusters with SN R > 6 and redshift
z < 0.4. We find the clustering of Planck clusters with redshift z < 0.2, compatible with the
Abell clusters correlation as investigated by Bahcall and Soneira (1983).

1

Introduction

Study of the large-scale structure of the Universe is a central theme of cosmology. How density perturbations emerge from the early universe and evolve during later phases determines
the detailed distribution of matter in the Universe today. On the largest scales, still in the
linear regime, this distribution is uniquely characterized by the two-point correlation function
(or, equivalently, the power spectrum). Riding the highest peaks in the density field, galaxy
clusters are effective tracers of the matter distribution, and their two-point correlation function
is consequently an important cosmological observable. In this work, we present results on the
angular two-point correlation function of Planck SZ clusters.
2

Data

The second Planck SZ cluster catalog (PSZ2) is an all-sky catalog of clusters detected in the
full mission dataset (29 months) 1 . We use the Planck MMF3 (Matched Multi-Filter) catalog,
which is one of the sub-sample catalogs of the PSZ2. Three algorithms were used to detect
SZ clusters 1 : MMF1 and MMF3, based on similar techniques (Matched Multi-Filters), and
PowellSnakes. We focus on the MMF3 sub-sample because we possess an accurate description
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Figure 1 – Angular two-point correlation function of 442 Planck clusters with SN R ≥ 6 and redshift z ≤ 0.4
(left); and different redshift groups (right). Yellow line is the power law of correlation function from Bahcall and
Soneira w(θ) = 0.8 × θ−1 .

of its selection function. The MMF3 sub-sample contains 1271 SZ sources, 926 of which have
redshift estimates. We select clusters with signal to noise ration (SNR) > 6 and redshift z < 0.4,
keeping 442 clusters.
3

Method and results

The angular two-point correlation function, usually denoted w(θ), quantifies the excess probability of finding two clusters at an angular separation of θ with respect to a random uniform
distribution. In this work, we use the Landy-Szalay estimator 2 which has minimal variance.
The angular two-point correlations of 442 Planck clusters with SN R > 6.0 and different
redshift groups are shown in figure 1 (left). The error bars are estimated using bootstrap
method of 10000 resample data catalogs. At angular distance θ < 1 degree, the correlations
of Planck clusters groups with 0 < z < 0.4 (blue) and 0.2 ≤ z ≤ 0.4 (green) are negative. At
angular distance from 1 to 3 degrees, we observe positive correlations of clusters groups with
z < 0.2 and 0 < z < 0.4. At higher angular distance, low correlation is seen. We also compare
with angular corellation of Abell clusters catalog 3 as studied by Bahcall and Soneira (1983) 4 .
Planck low redshift clusters correlation is compatible with Abell clusters correlation.
We fit the correlation of clusters with z < 0.2 using function w(θ) = aθb as shown in figure
1 (right). When we fix the parameter b to -1 (as Bahcall and Soneira (1983) for Abell clusters),
we obtain the fit (dash magenta line) with a = 0.720 ± 0.218 which is compatible with result of
Bahcall and Soneira.
4

Conclusions

We studied the angular correlation function of Planck SZ cluster catalog. We select Planck SZ
clusters which have redshift estimates and SN R > 6 for our analysis. The correlation of Planck
clusters is compatible with power law correlation of the Abell cluster catalog as investigated by
Bahcall and Soneira (1983). Dividing these clusters into 2 sub-samples with the cut at z = 0.2,
we find the clustering of Planck clusters with z < 0.2. The correlation of this cluster group is
compatible with Abell clusters correlation. We do not get significant clustering signal of Planck
clusters with redshifts 0.2 ≤ z < 0.4.
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1

Bandpass mismatch error is one of the important systematic effects that can affect current and
next generation measurement of the polarization of the Cosmic Microwave Background radiation (CMB). The slightly different frequency bandpasses among detectors introduce leakage
from intensity into CMB polarization. The amplitude of the leakage depends on the scanning
strategy and impacts the estimation of the tensor-to-scalar ratio r. With the help of full focal
plane simulations we found that the spurious angular power spectrum could potentially bias
r at the reionization bump (l≤10) at the level of 10−4 .

1

Introduction

The future Cosmic Microwave Background (CMB) satellite concepts LiteBird 1 , CORE 2 , PIXIE
3 have been proposed to probe B modes polarization to measure the tensor-to-scalar r ratio
with a sensitivity σr ≤ 10−3 , which is almost two orders of magnitude beyond the Planck
sensitivity. Several important systematic effects could contribute to final observation as 1/f
noise, asymmetric beams, bandpass mismatches, interaction of cosmic rays with the focal plane
etc. The bandpass mismatch between the two orthogonal polarized detectors introduces the
leakage into the polarization maps. The evaluation of the level of the bandpass mismatch
systematic effect for future CMB satellites and the estimation of its possible impact on the final
determination of the tensor-to-scalar ratio r are presented in this paper 4 .

2

Simulation

The total sky intensity Isky (ν0 ) can be modelled as the sum of different components.
Isky (ν0 ) = ICMB (ν0 ) + γd Idust (ν0 ) + γs Isync (ν0 ) + . . . ,
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(1)

where, for dust
R



β



B(ν;Td )
ν


B(ν0 ;Td )  ∂B(ν0 ; T )
 dν gi (ν)  ν0

γd =  R

)
∂T
dνgi (ν) ∂B(ν;T
∂T

T0

.

(2)

T0

The factor γs is similarly defined integrating over the synchrotron spectrum, etc. The gi (ν) is
the tophat bandpass filter function of the detector i. T0 = 2.725 K is the CMB temperature.
B(ν; T ) is the Planck function. In this study, we only consider the CMB and the galactic thermal
dust emission which is assumed as a grey body of temperature Td ≈ 19.7K with the spectral
index β ≈ 1.62. We also assumed a bandwidth 0.25 on average with random variations of the
order of those found in Planck, with ν0 = 140.7 GHz. The resulting RMS of dust factor γd is
∼ 0.6 %. We simulate time streams by scanning input template maps without polarization, nor
noise as well as same pixelisation between input and output maps using several detectors. We
use detectors with nominal locations in the focal plane and polarizer orientations for LiteBIRD.
3

Result

We projected data using the simplest map-making coaddition method. Power spectra of residual
EE and BB coming from the leakage maps are computed for 80 % sky fraction excluding the
galactic plane.

Figure 1 – Q and U leakage maps, in the ecliptic coordinates, width fiducial scanning parameters α = 65◦ β =
30◦ τspin = 10 mins , τprec = 96.1803 min, number of detector are Ndet = 222, one year observation.

Figure 2 – BB leakage power spectra for different scanning parameters, the label indicates the configuration of scanning parameters,
precession angle α, spin angle β,
spin Ωspin , precession time Ωprec .
The model curves of primordial
B mode show the effect of convolving with a 32 arcmin beam.
Spectra are computed for 222 detectors. For the scanning strategies with a long precession period,
we computed spectra for 100 detectors rescaling to 222 equivalent
detectors using the 1/Ndet dependance.
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The residual power spectra of bandpass mismatch error give a bias of about 5 × 10−4 at
the reionization bump and the amplitude scales as N1det . We have shown the tight correlation
between leakage maps and the average angle < cos 2ψ >, < sin 2ψ >. The effect is negligible in
case of an ideal HWP 4 .
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THE RADIAL TULLY-FISHER RELATIONS IN DWARF SPIRAL GALAXIES
Jean-Philippe Fontaine, Paolo Salucci, Ekaterina Karukes
GSSI, Viale Francesco Crispi 7, 67100 L’AQUILA (AQ), ITALIA
SISSA, Via Bonomea 265, 34136 Trieste(TS), ITALIA
ICTP-SAIFR & IFT-UNESP, R. Dr. Bento Teobaldo Ferraz 271, São Paulo, Brazil

We present the radial Tully-Fisher relations (hereafter TFR) for a set of 36 dwarf spirals. The
Tully-Fisher relation has been widely studied in the past for normal spirals, we here investigate
it for galaxies which are very dim and dark matter dominated. We find that the magnitudes
in K band are not good priors of the mass of these objects and that the slope of the TFR is
increasing with respect to the radius. Substituting the magnitude by the dynamical stellar
disc mass and then adding another parameter, the compactness helps us to reduce the scatter
of the TFR. All the relations that we found are a suitable approach to probe dark matter in
these dark matter dominated objects and it confirms the Universal Rotation Curve paradigm
for dwarf discs pioneered by Karukes & Salucci(2016).

The radial Tully-Fisher relations
The Tully-Fisher relation (TF hereafter) is a relation established in 1977 by Brent Tully and
Richard Fisher for spiral galaxies, and is a well-known relation between their magnitudes in
B-band and their velocities estimated from their HI profiles 1 . It has been well-studied in a
variety of bands and especially in IR bands where it has been shown that the scatter was lower
and the slope of the relation was steeper than in bluer bands.
This work takes place in the context of the work of Yegorova & Salucci 2 where they established
the radial Tully-Fisher relations - a set of 6 radial dependant relations - for regular spiral galaxies,
which read:
MI = an + bn logVn
(1)
They found that the r.m.s scatter of the relations decreases with radius and reaches a value
smaller than the one found for the standard Tully-Fisher relation, even in infrared bands. They
also obtain a decrease of the slope of the RTF with respect to radius.
In our work, we establish the radial Tully-Fisher relations (TFR) for a sample of 36 dwarf
spiral galaxies. This sample has been studied by Karukes & Salucci 3 in order to establish the
ddURC: the Universal Rotation Curve for dwarf discs galaxies.
We show that none of the Tully-Fisher relations based on magnitudes exists in I,J,H and K
bands. This is shown for the K band in Fig 1 (left) by a very high scatter, bigger than 1 dex.
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Figure 2 – Evolution of the scatter σ and the slopes bk of the radial Tully-Fisher relations with respect to
normalized radius. On the right panel, we represent the slope of TFR (black) and TFRC (blue).

We substitute the luminosity by the dynamical stellar disc mass (see Cappelari et al 4 )
(Fig 1 right) and add the contribution of the compactness - a new structural parameter in dwarf
logRd,pred =−3.60+0.45 logMd
discs- C = 10
. The dynamical stellar disc mass is defined as in Karukes
Rd
& Salucci(2016) 3 .
We recover the standard scatter of the Tully-Fisher relations. We use in Figs 1 and 2
the normalized radius r/Ropt coordinate where Ropt is the optical radius. The optical radius
corresponds to the radius of a galaxy for which 83 % of its total luminosity is encompassed.
The final set of 7 relations - the radial Tully-Fisher relations with dynamical disc mass and
compactness (TFRC) - read :
logMd = ak + bk logVc + d logC

(2)

and the evolution of the r.m.s scatter and the slopes of the relations is shown in Fig 2.
The slope of the radial Tully-Fisher relations increases with respect to radius 2 . This strenghtens the need of a dark component in dwarf galaxies increasing with respect to radius 2 .
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HERSCHEL-ATLAS/GAMA MAGNIFICATION BIAS TOMOGRAPHY:
ASTROPHYSICAL CONSTRAINTS TOWARD COSMOLOGICAL
APPLICATIONS
Andrea LAPI1,2,3 & Joaquin GONZALEZ-NUEVO4
1
SISSA, Via Bonomea 265, I-34136 Trieste, Italy
2
INFN-TS, via Valerio 2, I-34127 Trieste, Italy
3
INAF-OATS, via Tiepolo 11, I-34131 Trieste, Italy
4
Departamento de Fisica, Universidad de Oviedo, C. Federico Garcia Lorca 18, E-33007 Oviedo, Spain

We robustly detect the cross-correlation between a low-redshift sample of GAMA galaxies
and a high-redshift sample of Herschel-ATLAS galaxies. We show that this is induced by
magnification bias associated to weak gravitational lensing, we extract relevant astrophysical
information on the foreground deflectors and the background sources via halo modeling, and
we discuss the potential application of this approach toward probing cosmology.

1

Introduction

The magnification bias represents the change in the probability of high-redshift background
sources to be detected in a flux-limited sample because of the gravitational lensing amplification by foreground, lower redshift deflectors. As a consequence, two source samples with
non-overlapping redshift distributions may become highly correlated ? .
2

Analysis and Results

Basing on a foreground sample of GAMA galaxies with spectroscopic redshifts 0.2 < z < 0.8, and
a background sample of Herschel-ATLAS dusty star-forming galaxies with photometric redshifts
z > 1.2 (see Fig. 1 left), we have detected the cross-correlation signal at a significance of 5σ
below 10 arcmin up to 20σ below 30 arcsec (see Fig. 1 middle).
We have then performed a tomographic analysis by splitting the sample in four different
redshift bins (see Fig. 1 right), detecting the signal in each at better than 3σ below 10 arcmin
and up to 15σ below 30 arcsec. We have then halo modeled the cross-correlations, finding
that the deflectors are constituted by halos of massive galaxies or galaxy groups/clusters with
minimum mass Mmin ∼ 1013 M , and that above a mass M1 ∼ 3 × 1014 M they host at least
one additional satellite galaxy which contributes to the lensing effect (see Fig. 2 left). We have
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Figure 1 – Left: redshift distribution of background and foreground sample. Middle: cross correlation of background and foreground samples. Right: tomographic analysis of the cross-correlation.

Figure 2 – Left: halo modeling of the cross-correlation. Middle: evolution of halo model parameters. Right:
toward probing cosmology.

also investigated the cosmic evolution of the halo model parameters, finding that M1 is nearly
constant while Mmin increases with redshift, in accord with the expectations ? based on the
lensing probability (see Fig. 2 middle). More details can be found in our refereed paper ? .
3

Future perspectives

We plan to develop our work in two main respects ? . First, the halo modeling allows us to identify
a strong lensing contribution for angular scales below 30 arcsec, that causes the cross-correlation
signal to significantly steepen; detailed modeling with realistic simulations can potentially provide useful astrophysical information of the inner dark matter distributions in the deflectors.
Second, we have preliminarily suggested that the shape of the cross-correlation signal is strongly
dependent on cosmological parameters, in particular σ8 , ΩM , H0 , ΩΛ , wΛ (e.g., Fig. 2 right);
since the deflectors lie in the range 0.2 < z < 0.8, the tomographic analysis of the crosscorrelation could potentially provide a robust cosmological probe in a redshift range where the
dark energy kicks in.
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base di ricerca’.
References
1.
2.
3.
4.

Gonzalez-Nuevo, J., Lapi, A., et al. 2014, MNRAS 442, 2680
Lapi, A., et al. 2012, ApJ, 755, 46
Gonzalez-Nuevo, J., Lapi, A., et al. 2017, JCAP, 10, 24
Gonzalez-Nuevo, J., Lapi, A., et al. 2018, in preparation

366

Euclid: Homogeneity in the search of the Dark Sector
Pierros Ntelis and Anne Ealet
Aix Marseille Univ, CNRS/IN2P3, CPPM, Marseille, France

In the era of precision cosmology, we investigate an novel method to probe the Dark Universe.
By studying the fractality of the universe, we estimate a characteristic scale of homogeneity.
Using the Flagship representative catalogue of Euclid Mission at an effective redshift zef f =
1.15, we measure this scale RH = 85 ± 1 h−1 Mpc at %-level, consistent at 1σ with the
th
theoretical prediction, i.e. RH
= 86h−1 Mpc. We have shown with a Fisher analysis that the
homogeneity scale is a complementary cosmological probe which will help us understand the
nature of Dark Energy and Dark Matter of our universe.

1

Introduction

The ΛCDM model is the most predominant model describing the Universe today and it is based on the
Cosmological Principle. This Principle states that the universe is homogeneous and isotropic on scales
large enough. The purpose of our research is to estimate the power of Euclid to measure the scale at
which the universe becomes homogeneous. This method was investigated in 1 . Euclid is a promising
future satellite that is going to map the 3D structure of our universe and allows us to perform such
measurement.

1.1

Euclid Mission

It is a satellite project2 that is going to give us first light in 2021. The mission will use an 1.2
SiC mirror telescope that is going to fly in the Sun-Earth L2 Lagrange point for 6 years. This
satellite is illustrated in left part of figure 1. It will perform:
• Imaging with the V IS instrument at optical regime: 550 < λ/nm < 900
• Photometry with the N ISP Instrument at Y, J, H bands: 900 < λ/nm < 2000
• Slittless Spectroscopy with N ISP with:
– R = 380 (low resolution, fast reduction)
– 920 < λ/nm < 1850
– 30 Million Targets per 4000 sec
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– Cover an area of 15000 deg 2
• Main Objectives:
–
–
–
–

Large scale structure science
Baryon Acoustic Oscillations
Weak Gravitational Lensing
Ameliorate SuperNovae Measurements

To probe Dark Matter, Dark Energy and the growth of structures in the late universe.

Figure 1 – Left: Euclid Satellite which is going to be launched in 2020 to study the Dark Universe. Right: Euclid
representative galaxy simulation catalogue that is going to be surveyed by the satellite.

1.2

Euclid Galaxy Simulation

We have used a dedicated N-body Simulation, which is representative of Euclid Survey3 . The galaxy
mock has been produced using a Halo Occupation Distribution pipeline developed by the Institut de
Cincies de l’Espai (ICE) and Port d’Informacio Cientifica (PIC) in Barcelona, and it is based on the 2
trillion dark-matter particle Flagship run produced by U.Zurich3,4 . With a size of Lbox = 3780h−1 Mpc
, it is largest Simulation ever build in terms of number of particles (2.6 Billion galaxies). A magnitude
limit at the Hydrogen band is at mag − H < 26 and with a flux limit of log10 (fHα ) < −16. Spanning
in the redshift regime of 0 < z < 2.3 with an area of 5000 deg2 it covers a volume of 30(Gpc/h)3 . This
simulation is illustrated in the right part of figure 1. The Halo Occupation Distribution algorithm and
the galaxy mock pipeline is under development5 .

2

Methodology

We measure the Fractal Correlation Dimension as a function of scales, D2 (r). This quantity is
directely related to the average number of galaxies within a cell of a spherical volume, N (r), via
the equation:
d ln N (r)
D2 (r) =
(1)
d ln r
We get that for D2 < 3, an inhomogeneous distribution, D2 = 3, a homogeneous and for D2 > 3,
a super-homogeneous distribution. The 1% homogeneity defines the characteristic scale:
D2 (RH ) = 2.97 .

(2)

To produce the 3D galaxy map from the observational data we convert the redshift, z, Right
Ascension, R.A. and Declination, DEC, into cartesian comoving coordinates according to a flat
ΛCDM model:
Z z
c
dz 0
χ(z) =
(3)
H0 0 (Ωb + Ωcdm )(1 + z 0 )3 + ΩΛ
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with the Planck 2015 fiducial cosmology
h

i

(Ωm , ΩΛ , Ωb , h, ns , ln 1010 As ) = (0.32, 0.68, 0.01, 0.67, 0.97, 3.09)
3

(4)

Results

In the left panel of figure 2 we present the result of the measured fractal correlation dimension versus the
radius of the count-spheres for the Euclid-like Flagship Galaxy Simulation at effective redshift zef f = 1.15.
The black data points have been calculate using an empirical approach of estimating the errors. The
fractal correlation dimension is increasing with the sizes of count-in-spheres. This shows the the Universe
becomes homogeneous at large scales. The 1% homogeneity is denoted with the red dash line while
pure homogeneity is given by the black dash line. We perform a spline fit around the threshold of
1% homogeneity in order to determine the homogeneity scale. We measure the characteristic scale of
homogeneity on the representative catalogue at RH = 84.4 ± 1.3h−1 Mpc consistent at 1σ with the
th
theoretical prediction RH
= 86h−1 Mpc, which is given by a fit of the fiducial ΛCDM model to the D2
measurement for a bias b = 1.919 ± 0.023.
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Figure 2 – Fractal Correlation Dimension versus the scales, D2 (r) for the Flagship Euclid like galaxy simulation.

3.1

Empirical Error

In order to see how the error on the Homogeneity Scale scales with future experiments we vary
the density n, volume, V and photometric redshift error, σz of 100 qpm mock catalogues that
follow the BOSS CM ASS galaxy sample6 . We find that the Precision of the Fractal Correlation
Dimension depends only on the Volume according to the empirical formula:
s
emp
σD
2

= (0.0063 ∓ 0.0021)

2.16h−3 Gpc3
D2
V

(5)

This estimate is conservatively 30% accurate in the scales [50 − 120] Mpc/h where we measure
the homogeneity scale.
3.2

Study Dark Matter and Dark Energy

We perform a Fisher Analysis Forecast to estimate the sensitivity of the Homogeneity Scale
against the ratio density of Cold Dark Matter, ωcdm , the Dark Energy ratio density, ΩΛ , the
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dimensionless Hubble constant, h and the equation of state parametrised by w0 .
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Figure 3 – Fisher 1σ and 2σ contours prediction of different probes combined with the Cosmic Microwave Background (CMB). RH is the homogeneity scale and RBAO is the Baryon Acoustic Oscillations scale.

The diagram 3 shows the 1σ and 2σ contours of the aforementioned cosmological parameters
using the latest Cosmic Microwave Background (CMB) measurements, and those combined with
the Homogeneity scale and the BAO scale. Clearly the homogeneity scale provides an extra
information, that will help us investigate the Alternative Cosmological Scenarios.
4

Conclusions

We conclude that the universe has a fractal-like behaviour at small scales due to clustering and
behaves as a homogeneous fluid at large scales. We have estimated that it will be possible to
measure the homogeneity scale with Euclid. Using the Flagship representative catalogue, we
find a characteristic scale of homogeneity at RH = 84.4 ± 1.3h− 1Mpc with a Euclid Like Galaxy
Simulation at %-level. The measurement is consistent at 1σ with the theoretical prediction. We
have shown with a Fisher Analysis that the homogeneity scale is a complementary cosmological
probe and will help us understand the nature of Dark Energy and Dark Matter of our universe.
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CONSTRAIN MODIFED GRAVITY MODELS USING 2-POINT MARKED
CORRELATION FUNCION ON GALAXY SURVEY
S. FROMENTEAU in collaboration with M. VARGAS MAGANA
Istituto de Ciencias Fisicas, Universidad Nacional Autonoma de Mexico, Avenida Universidad S/N,
62210 Cuernavaca , Mexico

While the study of modified gravity models in order to explain the acceleration of the expansion of the Universe is more intense, we need to propose more observations in order to help on
distinguishing between them. One possibility is to use the well developed 2-point correlation
function of galaxies applying a specific weight which depends on the local environment. However, a modified gravity model have to guaranty that standard General Relativity (Hereafter
GR) is recovered at large enough density contrast (i.e small scales) considering the agreement
of this well tested theory at local scale. The way to recover GR is generally using a screening
mechanism which can be for example Chamaleon or Vainstein mechanisms. Anyway, it means
that the clustering of galaxies have to depend on the local density around the galaxies and in
a different way for various models. We will show the first steps on this study using simulations
of f (R) models.

1

Introduction

While Dark Energy remains without fundamental explanation a great efforts is done in the
modification of the geometric part of the GR equations in order to reproduce the observations
of the acceleration of the expansion of our Universe without any kind of new energetic content.
Because GR is well tested at local scale, Cosmology is the perfect laboratory to detect a possible
variation in low density conditions considering large scale structures.
2

Method

The main goal of this work is to determine the covariance matrix for the marked 2-point correlation function considering various parameters for f (R) and DGP models. With this information,
we can have an indication on the possibility to distinguish between various model for a given
survey. We focus our efforts on the Luminous Red Galaxies which principally leave in halos of
mass greater than 1012 M . So we need to generate enough simulations to estimate the covariance of independent realizations. Considering
that the relative error on diagonal elements of
q
σ
1
covariance matrix decrease like Ci,i
∼
in
case
of a brute force approach, we need at least
N
i,i
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100 simulations in order to have less than 10% error. For this reason, we generally prefer to
produce approximated simulations or mock catalogs rather than using high precision simulations
for all the realizations. However, the high resolution simulations are used in order to calibrate
the approximative methods.
In our study, we calibrate the approximated simulations using 5 high resolutions simulations
for f (R) and DGP models from Baojiu Li 2 . Then, we select the halos using the Rockstar
halo finder which we then populate using a Halo Occupation Distribution (HOD hereafter).
We also have to consider that the HOD have to map between the 2-point statistics and a
given density number of galaxies which corresponds to a specific tracer of a specific survey (see
figure 1). Because the standard HOD are calibrated for a GR - ΛCDM model, we have to
tune the parameters to still match the number of galaxies while changing the 2-point statistics
with gravitational model. We only present the results using f (R) models. We generally refer
to models F 6, F 5 and F 4 for models using R0 = 10−6 , R0 = 10−5 and R0 = 10−4 in the
Hu-sawicki3 formalism.

Figure 1 – Example of the methodology in order to produce the smoothed density field ρR used to calculate the
mark for each galaxies from simulations. We represent the result inside a slice with a width of 50M pc/h.

3

Simulations

The main goal of this study is to generate the covariance matrix of our estimator. In consequence,
we have to generate at least between 50 and 100 simulations for different models. Considering
the CPU time we need, we decide to use an approximate code with MG-COLA 5 calibrated
on high resolution simulations 2 . The COLA method consists on a modified Leapfrog KDK
method applied on a particle-mesh scheme for the small scales, and a 2nd order Lagrangian
Perturbation Theory solution for the large scales. We tuned the particle mass, the size of the
mesh and the time steps in order to pretty well fit the halos one point statistic from high
resolution simulations. We present the results in figure 2 for simulations of (1Gpc.h−1 )3 , a mesh
grid size of (512kpc.h−1 )3 , particle mass of 5.1010 M .h−1 and 30 time steps from a starting
redshift z = 30 up to the final one z = 0.5. We can see that we recover an agreement better
than 10% up to masses above 1014 M .h−1 which are mostly the Luminous Red Galaxies hosts.
We get the halos and their properties using the rockstar code 1 and we use the M200 mass
defined as containing an average density 200 times the critical density of the Universe. In order
to populate the halos, we start from a standard eBOSS HOD that we need to tune for each
model. The HOD’s main idea is to map between the 2-point statistics (1halo and 2-halo terms)
and a given number of galaxies. Because the 2-point statistics is susceptible to change modifying
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gravity model, we need to tuned the HOD parameters considering the evolution of the average
2-point correlation function for each model. We can then apply the marked correlation functions
in order to produce the galaxy catalogs.

Figure 2 – Comparison between approximated and high resolution simulations in term of the halo mass distribution. We can see a good agreement up to halo masses above 1014 M .h−1 which embed most of the halos of our
concern.

4

Marked correlation function

The marked 2-point correlation function is a standard tool which consist on weighting the
standard 2-point correlation function considering a local quantity. It was first introduce to
study the local environment dependence on the galaxy’s properties but we can use the same
estimator considering the density around the galaxies we will consider. Indeed, one expects to
recover the standard GR at large contrast density values but expects to see differences on the
other hand. The idea is then to overweight the galaxies which leaves in a low density region and
underweight the galaxies leaving in a high density region. In this way, we expect to highlight
the differences between the models. We follow the prescription proposed by 4 using three free
parameters for the ’mark’:


m=

ρ? + 1
ρ? + ρR

p

,

(1)

where ρ? is a ”threshold” density, ρR is the smoothed local density evaluated around each
galaxies inside a radius R (in Mpc/h) and p a power low. We decide to fix R = 10Mpc.h−1
because typically corresponds to the transition to quasi-linear regime. Then, we can play with
p and ρ? in order to find the values producing the greatest differences between various models.
We did it empirically still we do not have a theoretical prediction for these parameters. We
encountered that the parameter set {ρ? = 4; p = 10} allows a best differentiation between the
models we studied. The estimator of the marked correlation function is simply given by:
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M(r) =

X
1 + W(r)
1
=
mi .mj ,
1 + ξ(r)
n(r)m̄2 i,j

(2)

where ξ(r) is the standard 2-point correlation function, W(r) is the 2-point correlation function
weighted by the mk following the definition of equation (1). We show the results of the marked
correlation function and one precision matrix for F 5 model in figure 3. We can see that we have
few percent differences for scales lower than 30 Mpc/h.

Figure 3 – left: Marked correlation function using 100 simulations for each models F 6, F 5 and F 4. We can see
that we have few percent differences for scales lower than 30 Mpc/h. Right: Precision matrix for F 5 model which
shows a better precision for low distance values. The numbers represents the bin (of 5 Mpc/h) we use, not the
direct distances.

5

Conclusions

Even if we still are at the beginning of the analysis process, we shown that we can expect distinguish between various gravity models using the marked 2-point correlation function estimator, in
particular for distances below than 30M pc/h. We need to be careful with the effects of screening
mechanism we have used in the simulations. Because we see differences for distances greater
than 20Mpc/h, perturbation theory model will be of great interest in order to have analytical
predictions for these scales. However, it will be still necessary to use simulations for smallest
scales which are of great interest here.
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DOMAIN WALLS IN THE TWO HIGGS DOUBLET MODEL
D.G. VIATIC
Jodrell Bank Centre for Astrophysics, School of Physics and Astronomy,
The University of Manchester, Manchester M13 9PL, UK
The Two Higgs Doublet Model predicts the emergence of 3 distinct domain wall solutions
due to the breaking of accidental Z2 , CP1 and CP2 symmetries. Numerical simulations of
the global scalar field theory have been carried out in (2+1) dimensions to investigate the
dynamics of these domain walls. We observe that the number of domain walls in the system
does not follow the standard power law scaling found in simpler models. Furthermore, we
observe a local violation of the neutral vacuum condition on the domain walls.

1

The Two Higgs Doublet Model

The tree-level scalar potential of the Two Higgs Doublet Model (2HDM) can be written as

where

1
1
V = − Mµ Rµ + Lµν Rµ Rν
2
4

(1)






T
Rµ = |Φ1 |2 + |Φ2 |2 , 2Re Φ†1 Φ2 , 2Im Φ†1 Φ2 , |Φ1 |2 + |Φ2 |2

(2)

contains the Higgs doublets, Φ1 and Φ2 , and



Mµ = µ21 + µ22 , 2Re m212 , −2Im m212 , µ21 − µ22

(3)

and


Lµν


λ1 + λ2 + λ3 Re (λ6 + λ7 ) −Im (λ6 + λ7 )
λ1 − λ2
 Re (λ6 + λ7 ) λ4 + Re (λ5 )
−Im (λ5 )
Re (λ6 − λ7 ) 

=
−Im (λ6 + λ7 )
−Im (λ5 )
λ4 − Re (λ5 ) −Im (λ6 − λ7 )
λ1 − λ2
Re (λ6 − λ7 ) −Im (λ6 − λ7 ) λ1 + λ2 − λ3

(4)

contain the potential parameters of the 2HDM. The choice of parameters in (3) and (4) dictates
which accidental symmetry the model possesses 1 .
2

Numerical Simulations

In simple domain wall-forming models the number of domain walls, Ndw , has a well-established
power law scaling with exponent close to −1 2 . This scaling has the undesirable consequence
that these domain walls dominate the energy density of the Universe at late times, thereby,
placing constraints on such domain wall-forming models.
We find that the 2HDM domain walls form in components of Rµ : Domain walls in the Z2
and CP2 symmetric models form in R1 whilst domain walls in the CP1 2HDM form in R2 . A
plot of the evolution of domain walls in the Z2 symmetric case is given in Fig. 1 and the scaling
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Figure 1 – Evolution of a domain wall network in the Z2 symmetric 2HDM. Blue indicates a region where R1 is
negative whilst red indicates a region where R1 is positive. The interfaces between these regions are the domain
walls. Parameters chosen were {µ21 , µ22 , λ1 , λ2 , λ3 , λ4 , λ5 } = {1.0, 1.0, 1.0, 1.0, 1.5, 1.0, 1.5}. Plots progress in time
left-to-right and the simulations were run for time, t = 1840 with temporal grid spacing, ∆t = 0.2 and spatial
grid size, P = 4096 with spacing ∆x = 0.9. Each plot is at double the timestep of the previous.

Figure 2 – Evolution of the number of domain walls in Z2 (left) and CP1 (right) 2HDM simulations averaged over
10 realisations. The red line shows the standard power law scaling for a domain wall network. Parameters chosen were {µ21 , µ22 , λ1 , λ2 , λ3 , λ4 , λ5 } = {1.0, 1.0, 1.0, 1.0, 1.5, 1.0, 1.5} and {µ21 , µ22 , m212 , λ1 , λ2 , λ3 , λ4 , λ5 , λ6 , λ7 } =
{1.0, 1.0, 0.1, 1.0, 1.0, 2.0, 1.5, 2.0, 0.0, 0.0} for Z2 and CP1, respectively. Simulations were run for time, t = 1840
with temporal grid spacing ∆t = 0.2 and spatial grid size, P = 4096 with spacing ∆x = 0.9. Error bars show the
numerical scatter of the results.

behaviour of domain walls in the Z2 and CP1 cases are shown in Fig. 2. We see in Fig. 1 that
the domain walls are indeed scaling in time. However, from Fig. 2 we see that both the Z2 and
CP1 2HDM domain walls deviate from the power law scaling one finds in simpler models. We
also find that the neutral vacuum condition, Rµ Rµ = 0, is violated locally on the domain walls.
However, this may be an artifact of having neglected gauge fields in our simulations.
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Analyzing how enhanced quantization, as given by Klauder, affects a bound on
the cosmological constant
A.W. Beckwith
No. 55 Daxuechen Nanlu, Shapingba District, Chongqing 401331
Chongqing, P. R. China, 400014
We compare two action integrals and identify the Lagrangian multiplier as setting up a constraint equation on the cosmological expansion. This is a direct result of the fourth equation
of our manuscript which unconventionally compares the action integral of general relativity
with the second derived action integral, which then leads to a bound on the cosmological
constant.

1

Introduction: Basic Idea, Can Two First Integrals Give Equivalent Information?

We admit this paper has some similarity to our previous work1 . Instead of using the Hamber
result2 as to a first integral, we are use what John Klauder wrote3 to form a first integral and
make a one-to-one equivalence with the first integral associated with general relativity. As was
done,1 we have a one-to-one relationship between two first-action integrals, and the idea is to
avoid a point cosmic singularity. Instead we seek to have a regime of space–time incorporating
the idea of a cosmic bounce.1 Having said that. the integrands in the two integrals are assumed
to have a one-to-one and onto relationship.
2

Now for the General Relativity First integral

We use the Padmanabhan first integral1 of the following form, with the third entry of Eq. (1)
having a Ricci scalar and usually the curvature ℵ set as extremely small, with the general
relativity version1 being
Z
√
1
S1 =
−g(R − 2Λ)d4 x
2κ
−g = − det guv
!
 2
ä
ȧ
ℵ
R=6
+
+ 2
(1)
a
a
a
Also, the variation of δgtt ≈ a2min φ1 will have inflaton, φ, given by 1
a ≈ amin tγ
(s
)
r
γ
8πGV0
⇔φ≈
ln
t
4πG
γ(3γ − 1)
( s
)
16πG
⇔ V ≈ V0 exp −
φ(t)
γ
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(2)

Here, we have that amin is a minimum value of the scale factor 1 as a tiny but nonzero value.
3

Concluding with the Idea from Klauder

We next go to page 78 by Klauder3 to see his idea of a restricted quantum action principle—
S2 —where we then write a one-to-one equivalence1 so that
Z

T

dt [p(t)q̇(t) − HN (p(t), q(t))]
Z
√
1
≈ S1 =
−g(R − 2Λ)d4 x
2κ
S2 =

0

(3)

Our assumption is that Λ is a constant. Hence, at a pre-Planckian instant of time, say
some power of the Planck time length, we get the following approximation. If N is the actual
boundary of a potential well specifying the transition from pre-Planckian to Planckian physics,
we then write
h
i
"
V0
 2 #!
− 3γ−1
+ 2N + γ(3γ−1)
ä
ȧ
8πGt̃2
R√
Λ≈
+ 6
+
(4)
1
3x
a
a
−gd
κ
t=t̃
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On lepton asymmetry neutrino oscillations interplay, BBN and the problem of
dark radiation
Daniela P. Kirilova
Institute of Astronomy and NAO, Bulgarian Academy of Sciences,
Sofia, blvd. Tsarigradsko Shosse 72, Bulgaria
We discuss late active-sterile neutrino oscillations and lepton asymmetry interplay in the
early Universe. On the basis of a numerical analysis we have obtained empirical relations
between oscillations parameters and lepton asymmetry value corresponding to the qualitatively
different types of lepton asymmetry effect on neutrino oscillations. We present the effect of
small relic L on BBN and the change of the BBN constraints on neutrino oscillations due to L.
Large enough L is capable to alleviate BBN constraints on oscillation parameters. In that case
the oscillations parameters are constrained by L. The value of L, able to suppress neutrino
oscillations and provide a possible solution to the problem of dark radiation, is estimated.

1

Introduction

We consider late active-sterile neutrino oscillations and lepton asymmetry interplay in the primordial plasma of the early Universe. In particular, we discuss the possibility of lepton asymmetry L to enhance, suppress or inhibit neutrino oscillations. On the basis of the numerical
analysis we have obtained more precise empirical relations between oscillations parameters and
lepton asymmetry value corresponding to the qualitatively different types of lepton asymmetry
effect. We present the effect of additional sterile neutrino and small L on BBN with neutrino
oscillations and the corresponding change of BBN constraints. Large enough L is capable to
suppress oscillations and alleviate BBN constraints on oscillation parameters. In that case new
constraint is derived: the neutrino oscillations parameters are constrained by L.
The ability of L to suppress neutrino oscillations provides a solution to the problem of dark
radiation (DR). DR is a natural prediction of different theories beyond Standard model, the most
preferred candidate being light sterile neutrino νs . This choice is of particular interest in view
of experimental indications for eV νs from neutrino oscillations short baseline experiments. We
estimated the value of L needed to suppress νe ↔ νs oscillations and prevent νs thermalization
and thus evade the cosmological constraints.
2

Asymmetry - Oscillations Interplay

The following interplay between neutrino oscillations and lepton asymmetry in the neutrino
sector is known. On one hand, neutrino active-sterile oscillations change neutrino-antineutrino
asymmetry of the medium: suppress pre-existing asymmetry 2 or enhance L in MSW resonant
active-sterile oscillations for δm2 sin4 2θ < 10−7 eV2 in the collisionless case 3 and for δm2 > 10−5
eV2 in collisions dominated oscillations 4 . For non-equilibrium neutrino oscillations between νe
and νs , effective after νe decoupling, i.e. for δm2 sin4 2θ < 10−7 eV2 , the generated L is dominated
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by oscillations and has rapid oscillatory behavior. The region of parameter space for which large
generation (by 4-5 orders of magnitude) of L is possible if |δm2 |sin4 2θ ≤ 10−9.5 eV2 5 .
On the other hand, asymmetry effects neutrino oscillations: suppresses oscillations 7,8 or
enhances oscillations 8 . Relations have been derived between L and neutrino oscillations parameters, corresponding to different L influence 5 .
Here on the basis of a more precise analysis we have derived the following relation between
neutrino squared mass difference and the value of L, necessary to inhibit neutrino oscillations:
L > (0.01δm2 /eV 2 )3/5
3

BBN with lepton asymmetry

BBN provides a strong constraint on lepton asymmetry L < 0.1 due to L dynamical effect
(namely increase the Universe expansion rate H) and its effect on nucleon-proton kinetics 6 .
Small L, namely 10−8 < L << 0.01, do not effect directly BBN kinetics, but influence indirectly
BBN via oscillations by changing neutrino number densities, changing neutrino distribution and
changing neutrino oscillations pattern: suppressing or enhancing them 9,8,5 . In case of L of the
order of the baryon asymmetry, the fits to the exact BBN constraints are:
δm2 (sin2 2θ)4 ≤ 1.5 × 10−9 eV2 , δm2 > 0
δm2 < 8.2 × 10−10 eV2 , largeθ, δm2 < 0
Initial L may eliminate these BBN constraints if:
δm2 /eV 2 < 102 L5/3
4

Dark Radiation Problem and Its Solution

Anomalous results of neutrino oscillations SBL experiments data including reactor experiments
+LSND+MiniBooNe +Gallium (GALLEX, SAGE): suggest the existence of an additional light
νs with around 1.3 eV mass, participating into oscillations with flavor neutrinos with mixing
preferred value of sin2 θ14 in the range [0.01 − 0.03] 10,11,12 .
However, eV sterile neutrino will be brought into equilibrium in the early Universe due to
fast νa ↔ νs effective before νa decoupling 13 . This will increase the radiation density of the
Universe
ρr = ργ + ρν + ρx = [1 + 7/8(4/11)4/3 Nef f ]ργ
Nef f here denotes any relativistic component, including inert neutrino brought into equilibrium, oscillations, L, decays, etc. However, recent stringent cosmological constraints on DR
from Lyman Alpha forest (flux power spectrum) BOSS data, CMB data from Planck, ACT,
SPT, WMAP polarization) 14 exist:
Nef f = 2.911+0.21
−0.22 at95%C.L.
Σmν < 0.15eV
These constraints rule out the possibility of an additional thermalized sterile neutrino. Besides, eV sterile neutrinos will cause overproduction of He-4 and, as discussed above, BBN
stringent constraints on νe ↔ νs oscillation parameters hold. Thermalized during BBN eV
neutrinos are disfavored.
Deviations from standard LambdaCDM model have been discussed, aiming to solve the DR
puzzle, including additional radiation, change in matter density, L in the electron neutrino sector,
decaying particles during BBN, etc. We discuss the interplay between L and neutrino oscillations
as a solution to DR problem. Namely, large enough L suppresses active-sterile oscillations,
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preventing νs thermalization, which allows to avoid the cosmological constraints on eV sterile
neutrinos 5,15,16 . On the basis of a more precise numerical analysis of the interplay between
active-sterile neutrino oscillations and L we have derived more precise fit to the relation between
the oscillation parameters and the lepton asymmetry able to suppress neutrino oscillations and
estimated its value:
L > (0.01δm2 /eV 2 )3/5 ∼ 0.074
We have used for our estimation the neutrino mass difference 1.3 eV2 .
5

Conclusions

We present a summary and an update of our results concerning lepton asymmetry-neutrino
oscillations interplay and its effect on BBN. The parameter range for which relic L is able to
enhance, suppress or inhibit oscillations was numerically determined. Precise relation connecting
neutrino squared mass difference and the value of L necessary to inhibit neutrino oscillations is
derived.
The analysis of global neutrino oscillations data point to additional relativistic density (DR)
in the early Universe. These indications are in conflict with the stringent cosmological constraints
on DR. The ability of large enough L to suppress neutrino oscillations and evade cosmological
constraints on DR is used as a principal solution to the DR problem: Large enough L, by suppressing neutrino active-sterile oscillations, inhibits the thermalization of the eV sterile neutrino.
Thus, cosmological constraints on sterile neutrino and, correspondingly, on DR are avoided and
3+1 oscillations models may be allowed by cosmology.
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This summary of the talk “From QCD to Cosmology” was presented in the joint QCD and
Cosmology session of the 53rd Rencontres de Moriond, held March 17-24, 2018 in La Thuile.
It is a meditation on the connections between the wide array of interesting subjects taking
place in both sessions of the conference.

1

Introduction

It was really a pleasure to prepare this talk for the joint session between QCD and Cosmology
at Moriond. For many years, my work has been somewhere between these two subjects, and I
have always felt in previous visits that I profited from the fact that they are held on the same
week – this year was no different! In constructing this talk, I chose a few topics which I found
to be particularly interesting which highlight the rich cross pollinization between the two areas.
It is obviously very personalized and incomplete in that sense as far as the choice of topics is
concerned, and the referencing will similarly be abbreviated.
2

Dark Matter

As is well known, the identity of the dark matter, which is required by observations of the
cosmos on a wide variety of length scales, remains mysterious, and may represent a crucial piece
of information necessary to extend the Standard Model (SM) of particle physics. While there
are many theoretical ideas for how to extend the SM in order to incorporate dark matter, there
is currently no clear incontrovertible experimental signs that any one is favored. There is rich
interplay between our knowledge of QCD and the physics of many candidate ideas about dark
matter.
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2.1

WIMPs

For example, a large and popular class of dark matter theories invoke weakly-interacting massive
particles (WIMPs), whose observed abundance in the Universe can be understood through a
history in which they are originally in thermal equilibrium with the SM plasma, but eventually
fall out of equilibrium due to the expansion of the Universe, at which point their abundance
freezes out. For particles whose masses are around the weak scale, this typically takes place
while the Universe is hot enough that the hadronic degrees of freedom are described by a weakly
coupled plasma of quarks and gluons. For this reason, the nature of the interactions of WIMPs
with quarks and/or gluons are often the key to understanding the WIMP relic density. In
addition, two of the major searches for WIMP-like particles, their production at high energy
accelerators and their scattering with heavy nuclei, reflect these same interactions.
Theories in which dark matter interacts primarily with quarks are well-trod theoretical
ground, and have been extensively studied in the context of effective field theories1,2 and simplified models4,3 . Searches using mono-jet5 or for dijet resonances at the LHC are quite mature and
probing interesting regions of parameter space6 . However, there are still interesting theoretical
constructions which are not captured by these simplified models. For example, one can construct
a model in which the dark matter is a scalar particle, which interacts with another colored scalar
particle (through a renormalizable quartic interaction), and thereby at loop level with gluons7,8 .
In such a construction, the color and electroweak charges of the mediator scalar sweep out a
family of related theories, and because they need not decay into a single dark particle, they typically do not contribute to missing momentum signals at the LHC. The mono-jet signal receives
its leading order contribution at one loop, though the suppression may be compensated for large
color representation of the mediator9 . Such a theory serves as a guidepost to theories in which
the dark matter interacts with the SM through loop processes, and theories for which the LHC
searches for colored mediators can look very different from supersymmetric theories.
There are also potentially interesting lessons for the physics of dark matter from the techniques developed to understand QCD itself. A beautiful example are the calculations of dark
matter annihilation for heavy, electroweakly charged particles. For heavy WIMPs, the W and Z
bosons are effectively massless, and accurate estimates of the annihilation rate must re-sum multiple particle exchanges. A recent calculation10 applying technology from soft collinear effective
theory, finds that large corrections relative to more naive treatments are typical.
The QCD phase transition is an important event. Where it occurs relative to the period
in which dark matter is produced may play an important factor in determining the resulting
dark matter abundance. For a weak scale WIMP, freeze out is typically well before the phase
transition. In the SM, the phase transition is predicted to be a cross-over, but for heavier or
lighter u, d, and s quarks, it would have been first order11 . The fact that the transition region is
close to the quark masses realized in nature is an indication that it is plausible that some kind
of presently unknown physics could change the story while having so far escaped direction.
2.2

Sterile Neutrinos

Another motivated dark matter candidate is a sterile neutrino, often invoked as an ingredient
in theories which modify the SM to explain the observation that active neutrino flavors oscillate
over long distances. At the loop level, sterile neutrinos can decay into an active neutrino and a
photon, but it can be long enough lived to play the role of dark matter provided its mass and
mixing with the active neutrinos are both small enough. An interesting regime of mass is around
a few keV, where it can have a sufficient lifetime, but is not so light that it would interfere with
the formation of galaxies to a noticeable degree. There are intriguing (and controversial) X-ray
signals which might provide hints that such particles exist and are slowly decaying today12,13 .
One mechanism to produce sterile neutrinos is through out-of-equilibrium scattering of the
active neutrinos on the background plasma. For keV masses, this process is maximal at tem-
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peratures around 130 MeV – right at the QCD phase transition! As a result, the nature of
the phase transition can influence the resulting abundance of sterile neutrinos as dark matter,
which affects the mapping from the particle physics parameters to their final density14,15 . As a
result, detailed measurements of both the parameters of sterile neutrinos and the QCD phase
transition can assemble a picture of cosmology at temperatures of ∼ 100 MeV.
2.3

Axions

The axion is another light dark matter candidate, whose very existence is inspired by the strong
CP problem, which contrasts the fact that the QCD Lagrangian admits a term which violates
CP, and yet searches for an electric dipole moment of the neutron have so far yielded only null
results, implying that the coefficient of this term must be less than about 10−10 . Such a tiny
value for a quantity that could have been O(1) begs for some kind of dynamical explanation.
The leading candidate theory works by positing that this coefficient is itself a scalar field, which
the QCD dynamics then adjusts to zero16 . The quantum fluctuations in this field are usually
referred to as “axions”, and owing to their pseudo-Goldstone boson nature are extremely light,
weakly coupled fields which can play the role of dark matter17,18 .
The axion abundance is often seeded by a primordial misalignment in the value of the field
in the early Universe. When QCD confines, and the axion experiences a potential, it begins
to oscillate, acting like nonrelativistic particles. The temperature dependence of the mass thus
influences the mapping between the initial misalignment and the final density of dark matter, and
so controls our understanding of the relationship between the particle physics and cosmology. As
an intrinsically non-perturbative phenomenon, the axion mass is best studied via lattice gauge
theory, which has recently made good progress toward providing accurate calculations19,20 .
3

QCD and Dark Energy

The QCD phase transition also poses a question for dark energy. The current observation of the
acceleration of the expansion of the Universe points to a tiny but non-zero cosmological constant.
At the same time, one generically expects that a phase transition will contribute a quantity of
order the temperature at which it occurs to the effective cosmological constant. Bellazini et.
al.21 present this as a different way of parsing the famous cosmological constant problem which is
more grounded in known physics than the usual framing. In particular, it suggests that the QCD
phase transition contributed something of order (100 MeV)4 , which either had to be delicately
cancelled against a bare contribution, or adjusted away by some dynamics.
An interesting way to explore this idea is furnished by the interiors of neutron stars, which
are thought to be likely to exist in a different phase of QCD owing to the incredibly high baryon
densities. A different phase is characterized by different expectation values of QCD condensates,
which is likely to result in an order (100 MeV)4 shift in the effective dark energy in cores of such
stars. This in turn implies a shift in the equation of state of the stellar material, leading to a
different and possibly observable mass-radius equilibrium condition, or visible modifications of
the wave-form of gravitational waves produced in neutron star mergers22 .
4

QCD as a Metaphor

Finally, it may be that QCD provides a guide to the construction of a theory of dark matter. A
new confined force leads to massive particles which may interact very weakly with the SM, while
still experiencing strong self-interactions. For example, a dark SU(N) gauge theory without any
matter at all has dark matter in the form of dark glueballs. If (mild) hints for scattering from
small scale structure are taken seriously, they suggest a confinement scale of a few hundred MeV
– amusingly close to ΛQCD ! – to explain the observations23,24 .
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Future Steps in CMB Cosmology
Jens Chluba
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University of Manchester, Oxford Road, Manchester M13 9PL, UK

The cosmic microwave background (CMB) has proven itself to be an invaluable source of cosmological
information. Since the early measurements with COBE in the 90’s, we have greatly advanced our studies
of the CMB temperature and polarization anisotropies. This helped us to establish the ΛCDM concordance model, with its key parameters being determined to (sub) percent-level precision today. The main
next steps with CMB anisotropies are the cosmic-variance-limited extraction of cosmological information
from the E-mode polarization patterns and the search for primordial B-modes predicted by inflation models. However, as highlighted in this contribution, in addition to the CMB anisotropies the CMB energy
spectrum provides unique complementary cosmological information that is within reach of present-day
technology. This will allow us to probe processes in the pre- and post-recombination Universe, shedding
new light on inflation, reionization, recombination and early-universe particle physics, as outlined here.

1

Introduction and motivation

The standard ΛCDM cosmology has been shown to describe our Universe to extremely high accuracy
1,2,3,4 . This model is based upon a spatially flat, expanding Universe with dynamics governed by General
Relativity and whose dominant constituents at late times are cold dark matter (CDM) and a cosmological
constant (Λ). The primordial seeds of structures are furthermore Gaussian-distributed adiabatic fluctuations with an almost scale-invariant power spectrum thought to be created by inflation. We know the
main cosmological parameters of the ΛCDM model (e.g., the total, CDM and baryon densities, the CMB
photon temperature, expansion rate, etc.) to (sub) percent-level precision 4,5 . Assuming standard Big
Bang Nucleosynthesis (BBN) and a standard thermal history, we can furthermore derive precise values for the helium abundance, Yp , and effective number of relativistic degrees of freedom, Neff 6 . Also
the physics of the recombination era, which determines the decoupling of photons and baryons around
redshift z ' 103 , is now believed to be well understood within ΛCDM 7,8 .
Of the many cosmological data sets, measurements of the cosmic microwave background (CMB)
temperature and polarization anisotropies, beyond doubt, have driven the development towards the era of
precision cosmology over the past decades. We have exhausted practically all information about the primordial Universe contained in the primary CMB temperature power spectra. Sources of secondary CMB
anisotropies related to the Sunyaev-Zeldovich effect 9 have been mapped in detail 10,11 and a beautiful
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all-sky picture of the large-scale lensing potential has been constructed 12 . WMAP and Planck have also
clearly seen the E-mode polarization signals 13,14,15 , although there still is much more information left
before reaching the cosmic variance limit on E-modes. And finally, from measurements of the B-mode
polarization patterns we derived upper limits on the tensor-to-scalar ratio, which already rule out large
classes of early-universe models 4,16 .
We are now entering an exciting new chapter in cosmological studies using the CMB. The next
steps with CMB anisotropies are pretty clear: several sub-orbital experiments and space-based missions/concepts (e.g., BICEP3, CLASS, SPTpol, ACTpol, SPIDER, PIPER, LiteBird, PIXIE, COrE+,
PICO, CMB-Bharat, PRISTINE) are rushing to detect the primordial B-modes at large angular scales
and to squeeze every last bit of information out of the E-mode signals, all to deliver the long-sought
proof of inflation, refine our understanding of the late Universe (e.g., reionization, lensing science) and
answer questions about extensions of the standard cosmological model 17,18,19,20,21 .
However, it is well known that CMB spectral distortions – tiny departures of the average CMB energy spectrum from that of a perfect blackbody – deliver a new independent probe of different processes
occurring in the early Universe. The case for spectral distortions has been made several times and the
physics of their formation is well understood (for recent overview see 22,23,24,25,26,27 ). The purpose of
this contribution is to provide an overview of various distortion signals created within ΛCDM (Fig. 3)
and to highlight a few new-physics examples (i.e., decaying particles or evaporating primordial black
holes) that could cause additional interesting signals to look for. Thus far, no all-sky distortion has been
found 28,29 ; however, innovative experimental concepts, such as PIXIE 30,31 , PRISTINE and CMB-Bharat,
are being actively discussed and promise improvements of the earlier measurements with COBE/FIRAS
by several orders of magnitude. Similarly, from the ground novel concepts are being considered (e.g.,
APSERa 32 , COSMO). It is thus time to ask what information could be extracted from the CMB energy
spectrum and how this could help us refine our understanding of the Universe.
2

CMB spectral distortion physics

This section provides a brief summary of CMB spectral distortion physics. The pioneering works on
this topic are mainly due to Yakov Zeldovich and Rashid Sunyaev in the 60’s and 70’s 9,33,34,35 . These
early works were later extended by 36,37 , to include the effect of double Compton emission, and 38,39 , with
refined numerical and analytical treatments. Latest considerations of spectral distortion and their science
can be found in 22,23,24,25,26,40 and 41,42,43 for the recombination radiation. For more in depth reading we
refer to recent lecture notes 27 .
Since the measurements of COBE/FIRAS in the mid-90’s we know that the energy spectrum of the
cosmic microwave background (CMB) is extremely close to that of a perfect blackbody at an average
temperature T 0 = (2.726 ± 0.001) K 28,29 . However, a number of early-universe processes are expected to
create CMB spectral distortions at a level that is within reach of present-day technology. This provides
strong motivation to study the physics of CMB spectral distortions and ask what these small signals
might be able to tell us about the Universe we live in.
The physics going into the cosmological thermalisation calculation — the process that restores the
pure blackbody spectrum after some departure from thermal equilibrium — are pretty simple and well
understood, allowing us to make precise predictions for different thermal histories and energy release
scenarios 22,24 . For primordial spectral distortions, we are mainly concerned with the average CMB
spectrum, so that spatial perturbations can be neglected and the Universe can be described as uniformly
expanding, thermal plasma consisting of free electrons, hydrogen and helium atoms and their corresponding ions inside a uniform bath of CMB photons. We shall also restrict ourselves to redshifts z . few×107 ,
when electron-positron pairs already completely disappeared, since earlier thermalisation is perfect from
any practical point of view and no observable distortion remains.
Under these circumstances, any energy release or photon production inevitably causes a momentary
distortion of the CMB spectrum. In the early Universe, the double Compton (DC) and Bremsstrahlung
(BR) processes are controlling the number of CMB photons, while Compton scattering (CS) allows
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photons to diffuse in energy/frequency. The interplay of these interactions between matter and radiation
determines the precise shape of the CMB spectrum at any stage of its evolution. When studying different
energy release mechanisms, one question thus is whether there was enough time between the energy
release and our measurement of the spectrum to produce and redistribute those distortion photons a ,
thereby completing the thermalisation process.
2.1

Distortion visibility function

The thermalisation problem has been studied thoroughly both analytically 9,33,35,37,45,44,46,47,48 and numerically 38,39,49,50,22,51,24 . From these studies, the following simplified picture can be drawn (Fig. 1): at
z & 2 × 106 , when the Universe is less than a few month old, the thermalisation process is extremely
efficient and practically any distortion can be erased until today. At lower redshifts, the CMB spectrum
becomes vulnerable to disturbances in the thermal history and only small amounts of energy or photons
can be ingested without violating the tight experimental bounds from COBE/FIRAS 52,28,53 and other
distortion measurements 54,55,56 .
The transition from efficient to inefficient thermalisation is encoded by the distortion visibility function, J(z, z0 ), which determines by how much the distortion amplitude (regardless of its shape) is suppressed between two redshifts z and z0 < z. Due to the huge entropy of the Universe (there are ' 1.6×109
times more photons than baryons), the DC process 57,58,59,60 is the most important source of soft photons at high redshifts (z & 4 × 105 ), such that the distortion visibility function is roughly given by
5/2
0
5/2
J(z, z0 ) ≈ e−(z/zdc ) e(z /zdc ) , with thermalisation redshift zdc ≈ 1.98 × 106 , which is determined by the
efficiency of DC photon production and Compton redistribution 37,38,39 . Improved approximations for
the visibility function exist 46,48 , but for simple estimates the above expression suffices. Since we are
5/2
interested in the final distortion, for our purpose we set z0 = 0 and then use J(z) = J(z, 0) = e−(z/zdc ) .
The distortion visibility function thus cuts off exponentially for z & zdc . How far into the cosmic photosphere 61 — the epoch of the Universe during which J  1 — one could view, thus depends on the
absolute sensitivity of the experiment and how much initial energy had to be thermalised. For instance,
with a PIXIE-type experiment 30 , one might be able to detect a distortion created as early as z ' 6 × 106
if ∆ργ /ργ ' 0.01 of energy were liberated by some process. At much later times (z . few × 105 ), the
distortion visibility is very close to unity (↔ basically all injected energy will still be visible as a distortion today) and the upper limits from COBE/FIRAS imply ∆ργ /ργ . 6 × 10−5 28 . With a PIXIE-type
experiment, this could be improved to ∆ργ /ργ . 8 × 10−9 , allowing us to constrain tiny amounts of
energy release due to (standard) processes occurring in our Universe.
2.2

Types of primordial distortions

While the distortion visibility tells us how much of the released energy will still be visible as a spectral
distortion today, it does not fix the shape of the distortion. Here, three regimes are most important: at
z  2 × 106 , thermalisation is extremely efficient (distortion visibility J  1) and CS, DC and BR are
able to adjust the initial blackbody spectrum, Bν (T ), at temperature T to a new blackbody, Bν (T + ∆T ) ≈
Bν (T )+∂T Bν (T )∆T +O(∆T 2 /T 2 ), with ∆T/T ≈ (1/4)∆ργ /ργ assuming that a total energy of ∆ργ /ργ  1
was released (Fig. 1). In the next regime, valid until z ' 3 × 105 , the efficiency of DC and BR gradually
reduces while photons are still efficiently redistributed in energy by the Compton process. In this case,
electrons and photons are in kinetic equilibrium with respect to CS, forming a chemical potential or µdistortion 33 , but thermalisation stops being complete (↔ the distortion visibility function J approaches
unity). Thus, the departure from the initial blackbody is given by the superposition of a temperature
shift and a pure µ-distortion. At z . 104 , up-scattering of photons by electrons also becomes inefficient
and photons diffuse only a little in energy. In this era, a Compton-y distortion is formed, also known in
connection with the Sunyaev-Zeldovich effect of galaxy clusters 9 . The classical µ- and y-distortion, have
a
Energy release is the most common mechanism to produce distortions. However, the adiabatic cooling of matter in fact
extracts energy from the CMB 44,22 , so that an excess of photons is found in the CMB spectrum. In this case, the DC and BR
processes absorb photons.
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a slightly different shapes (Fig. 1). For a µ-distortion, the deviation from the CMB blackbody vanishes at
ν ' 124 GHz, while the cross-over frequency for a y-distortion is ν ' 217 GHz. With future experiments,
one can thus hope to distinguish these two types of distortions, and since a µ-distortion can only be
formed in the very early stage of the Universe, its amplitude directly constrains episodes of early energy
release at z & 5 × 104 or until about 100 years after the Big Bang.
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Figure 1 – Various phases for the evolution of CMB spectral distortions in the history of the Universe. At redshift zh & few×106 ,
thermalisation is very rapid and a temperature shift is created. Around zh ' 3×105 a pure µ-distortion appears, while at zh . 104
a pure y-distortion is formed. At all intermediate stages, the signal is given by a superposition of these extreme cases with a
small (non-µ/non-y or r-type) residual distortion that contains valuable information about the time-dependence of the energyrelease process in particular at z ' 104 − 3 × 105 . At redshifts z ' 103 − 104 , an additional rich distortion signal is created by
the recombining hydrogen and helium atoms (Figure adapted from 62 ).

The shape of primordial distortions caused by energy release is close to a superposition of the extreme cases described above. However, at 104 . z . 3×105 , scattering becomes inefficient in redistributing photons over frequency and the distortion morphs between a µ- and y-distortion, but the transition is
non-linear in the energy exchange and a smaller residual (non-µ/non-y or r-type) distortion is formed in
addition. The sum of y-, µ- and r-distortion is sometimes called intermediate or hybrid distortion, but
additional information is only gained from the residual distortion. Although in earlier numerical studies
this regime was also mentioned 38,63 , only in the past years it was stressed that the residual distortion
contains valuable time-dependent information 22,47,51 , which allows us to distinguish different energy release scenarios 24,64 . This adds another dimension to the CMB, delivering more than just two numbers
related to the µ- and y-distortion amplitudes. This is especially important since at late times (z . 10−20),
the formation of structures reheats the medium to temperatures T ' 104 K − 105 K. In this era, a large
uniform y-distortion is formed with y ' 10−7 − 10−6 65,66,67,68,69,70,71 , which will swamp any primordial
y-signal. Without the r-distortion we were left only with the amplitude of the µ-distortion and thus could
just constrain the overall energy release!
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2.3

Computing and characterising the distortion

It is straightforward to calculate the distortion for any energy release history directly integrating the
corresponding Boltzmann equations 35,38,39,50 . One flexible numerical approach is CosmoTherm b 22 ,
which for the first time allowed direct integration of the thermalisation problem explicitly including
full time-dependence for a wide range of energy-release scenarios. However, for case-by-case studies
and parameter estimation full numerical approaches are currently too time-consuming. Fortunately, the
problem can be simplified: generally we expect the distortion to be very small, so that the Boltzmann
equations can be linearised. In this case, a Green’s function approach can be used 51 . This allows us
to precisely calculate the distortion for a wide range of energy release scenarios and perform parameter
estimations, as first shown in 24 .
For estimates, it is usually sufficient to compute the effective energy release within the different
distortion eras, splitting µ and y-era at z ' 5 × 104 . For the y-type distortion, this yields the y-parameter
y ' (1/4)∆ργ /ργ 9 and for the µ-distortion one has µ ≈ 1.4 ∆ργ /ργ 33 . A detailed comparison of various
analytic approximations was given in 40 .

Figure 2 – Spectral distortions created by photon injection at different frequencies and initial redshifts. The signal shows a rich
phenomenology, beyond the standard µ and y distortion shapes. The Figure is taken from 72 .

2.4

Photon injection distortions

In addition to distortions from energy release, we can also create distortions by photon injection. As
shown by 72 , these can have a much more rich phenomenology than just the broad µ and y-distortions
created by energy release. This is illustrated in Fig. 2 for several cases, showing that the final distortion
depends on both the injection time and frequency.
b

www.Chluba.de/CosmoTherm
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In terms of physics, distortions created by photon injection do not directly heat the electrons or
baryons. Only once Comptonization becomes relevant do the electrons start heating or cooling. The net
effect depends on the injection frequency of the photons. For frequencies xi = hνi /kT γ & 3.6 − 3.8,
photons on average loose energy heating the matter. This causes a broad µ- and y-type contribution to
the total distortion signal, which for extremely high frequency injection, xi & 10, can dominate. At lower
frequencies, cooling of the medium occurs since photons are on average up-scattered. This can create
negative µ and y-type contributions 72 . In addition, for xi  1, a significant number of secondary particles
can built up, leading to interesting new effects from the particle cascade 72 .
Photon injection distortions are by no means exotic. For example, the cosmological recombination
radiation 42 , one of the standard ΛCDM distortions, is created by photon injection. Injection of photons
can also occur in decaying or annihilating particle scenarios or evaporation of primordial black holes.
In light of recent measurements of EDGES 73 and the ARCADE low-frequency excess 74,56,75 , photon
injection distortions of the CMB have become a very interesting possibility. This is because these observations potentially point towards a connection with photon injection (or absorption) from decaying
or annihilating particles and their low energy by-products in form of non-thermal Bremsstrahlung or
synchrotron emission 72,76,77,78 .
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Figure 3 – Comparison of several CMB monopole distortion signals produced in the standard ΛCDM cosmology. The lowredshift distortion created by reionization and structure formation is close to a pure Compton-y distortion with y ' 2 × 10−6 .
Contributions from the hot gas in low mass haloes give rise to a noticeable relativistic temperature correction, which is taken
from 79 . The damping and adiabatic cooling signals were explicitly computed using CosmoTherm 22 . The cosmological recombination radiation (CRR) was obtained with CosmoSpec 43 . The estimated sensitivity (∆Iν ≈ 5 Jy/sr) of PIXIE is shown for
comparison (dotted line). The figure was taken from 40 .
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3

CMB spectral distortion signals from various scenarios

Several exhaustive reviews on various spectral distortion scenarios exist 22,23,24,25,26,40 , covering both
standard and non-standard processes. Here we highlight some of the main distortion signals expected
within ΛCDM and only briefly mention more exotic sources of distortions. A summary of the relevant
ΛCDM distortions is shown in Fig. 3.
The distortion templates are available at www.Chluba.de/CosmoTherm.
3.1

Reionization and structure formation

The first sources of radiation during reionization 66,80 , supernova feedback 70 and structure formation
shocks 65,67,69,68 heat the intergalactic medium at low redshifts (z . 10), producing hot electrons (in
a wide range of temperatures T e ' 104 K − 106 K) that partially up-scatter CMB photons, causing a
Compton y-distortion. Although this is the largest expected average distortion of the CMB caused within
ΛCDM, its amplitude is quite uncertain and depends on the detailed structure and temperature of the
medium, as well as scaling relations (e.g., between halo mass and temperature). Several estimates for
this contribution were obtained, yielding values for the total y-parameter at the level y ' few × 10−6
69,71,79,81,26 .
Following 79 , we use a fiducial value of y = 2 × 10−6 (see Fig. 3). This is dominated by the low-mass
end of the halo function (M ' 1013 M ) and the signal should be detectable with a PIXIE-type experiment
at more than 103 σ. The detection significance reduces to a few hundred σ when including estimates for
the CMB foregrounds 82 , but still this provide a sensitive probe of reionization and structure formation
physics. Future CMB imagers (e.g., CORE and PICO) furthermore have the potential to separate the
spatially varying signature caused by the warm hot intergalactic medium (often referred to as WHIM)
and proto-clusters 69,71 , if the challenge of accurate channel intercalibration can be overcome.
Because the signal is so easily detectable, small corrections due to the high gas temperature (kT e '
1 keV) become noticeable 79 . The relativistic temperature correction can be computed using the temperature moment method of SZpack 83,84 and differs from the distortions produced in the early Universe (see
Fig. 4). This correction should be detectable with PIXIE at ' 10 − 20 σ 79,82 and could teach us about the
average temperature of the intergalactic medium, promising a way to solve the missing baryon problem
67 . Both distortion signals are illustrated in Fig. 3.
3.2

Damping of primordial small-scale perturbations

The damping of small-scale fluctuations of the CMB temperature set up by inflation at wavelength
λ < 1 Mpc causes another inevitable distortion of the CMB spectrum 86,87,88,89,90 . The idea behind this
mechanism is extremely simple and just based on the mixing of blackbodies with varying temperatures
through Thomson scattering (see Fig. 5). However, the process was only recently described rigorously
91,92 , allowing us to perform detailed computations of the associated distortion signal for different earlyuniverse models 91,93,94,95,24,96,97 . The distortion is sensitive to the amplitude and shape of the power
spectrum at very small scales (wavenumbers 1 Mpc−1 . k . 2 × 104 Mpc−1 corresponding to multipoles
105 . ` . 108 ) and thus provides a promising new way for constraining inflation while modes are still
evolving in the linear regime.
In the early days of CMB cosmology, this effect was already used to derive first upper limits on the
spectral index of scalar perturbations, yielding nS . 1.6 from COBE/FIRAS 89 . Perturbation modes with
1 Mpc−1 . k . 50 Mpc−1 create y-distortions, while modes with 50 Mpc−1 . k . 2 × 104 Mpc−1 yield
µ-distortions. These scales are hard to access by any other means but spectral distortions provide a new
sensitive probe in this regime (Fig. 6).
For a given initial power spectrum of perturbations, the effective heating rate in general has to be
computed numerically 91 . However, at high redshifts the tight coupling approximation can be used to
simplify the calculation 91,98 . We can then directly compute the associated distortion using CosmoTherm
22 . The various isocurvature perturbations can be treated in a similar manner 98 ; however, in the standard
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Figure 4 – Illustration for the effect of relativistic temperature corrections on the distortion signal. In the primordial Universe,
electrons hardly reach temperatures ' 1 keV during the thermalization era (z . 106 ). Therefore even repeated Compton
scattering cannot push the distortion signals beyond the standard non-relativistic y-distortion signal. Inside clusters of galaxies,
electrons can have temperatures kT e & 1 keV. In this case, the distortion signals can extend to much higher frequencies.

inflation model these should be small. Tensor perturbations also contribute to the dissipation process,
but the associated heating rate is orders of magnitudes lower than for adiabatic modes even for very blue
tensor power spectra and thus can be neglected 99,100 .
For standard power spectrum parameters As = 2.207 × 10−9 , nS = 0.9645 and nrun = 0 4 , we present
the result in Fig. 3. The adiabatic cooling distortion (see Sect. 3.3) was simultaneously included. The
signal is uncertain to within ' 10% in ΛCDM, simply because of the remaining uncertainties in the
measurement of As and nS . It is described by a sum of µ- and y-distortion with µ ≈ 2.0 × 10−8 and y ≈
3.6×10−9 and a non-vanishing overall residual at the level of ' 20%−30% 40 . In terms of raw sensitivity,
this signal is close to the detection limit of a PIXIE-like experiment; however, foregrounds in particular
at low frequencies make a detection more challenging 82 . Still, a PIXIE-like experiment could place
interesting upper limits on the amplitude of scalar fluctuations around k ' 103 Mpc−1 93,64 , potentially
helping to shed light on the small-scale crisis 101 and rule out models of inflation with increased smallscale power 96,102 .
The damping signal is also sensitive to primordial non-Gaussianity in the squeezed-limit, leading
to a spatially varying spectral signal that correlates with CMB temperature anisotropies as large angular scales 103,104 . This effect therefore provides a unique way for studing the scale-dependence of fNL
105,106,107,108,109,110 . CMB spectral distortions hence deliver a complementary and independent probe of
early-universe physics, which allows capitalizing on the synergies with large-scale B-mode polarization
measurements.
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Figure 5 – llustration for the superposition of blackbodies. We envision blackbody photons inside a box at two temperatures
T 1 and T 2 , and mean T b = 12 (T 1 + T 2 ) initially (left panel). Thomson scattering mixes the two photon distributions without
changing the photon number or energy. The averaged distribution is not a pure blackbody but at second order in the temperature
difference exhibits a y-type distortion in the Wien tail (right panel). This then starts the thermalization process and repeated
Compton scattering slowly converts the distortion to a µ-distortion.

3.3

Adiabatic cooling for baryons

The adiabatic cooling of ordinary matter continuously extracts energy from the CMB photon bath by
Compton scattering, leading to another small but guaranteed distortion that directly depends on the
baryon density and helium abundance. The distortion is characterized by negative µ- and y-parameters
at the level of ' few × 10−9 44,22,111 . For Planck 2015 parameters, the signal is shown in Fig. 3. It is
uncertain at the ' 1% level in ΛCDM and cancels part of the damping signal; however, it is roughly one
order of magnitude weaker and cannot be separated at the currently expected level of sensitivity of next
generation CMB spectrometers.
Additional interactions of dark matter with photons, electrons or protons could further increase the
cooling distortion 112 . This allows placing interesting constraints on the nature of dark matter and its interactions with the standard sectors. The recent EDGES measurements 73 have spurred increased interest
in this possibility 113,114,115 .
3.4

The cosmological recombination radiation

The cosmological recombination process is associated with the emission of photons in free-bound and
bound-bound transitions of hydrogen and helium 116,117,118 . This causes a small distortion of the CMB
and the redshifted recombination photons should still be visible as the cosmological recombination radiation (CRR), a tiny spectral distortion (' nK-µK level) present at mm to dm wavelength (for overview see
42 ). The amplitude of the CRR depends directly on the number density of baryons in the Universe. The
helium abundance furthermore affects the detailed shape of the recombination lines, while the number of
neutrinos has a minor effect 43 . Finally, the line positions and widths depend on when and how fast the
Universe recombined. The CRR thus provides an independent way to constrain cosmological parameters
and map the recombination history 119 .
Several computations of this CRR have been carried out in the past 120,121,122,123,41,124,125,126,127,128 .
These calculations were very time-consuming, taking a few days of supercomputer time for one cosmology 125,128 . This big computational challenge was recently overcome 129,43 , today allowing us to
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Figure 6 – Current constraints on the small-scale power spectrum. At large scales (k . 3 Mpc−1 ), CMB anisotropies and large
scale structure measurements provide very stringent limits on the amplitude and shape of the primordial power spectrum. At
smaller scales, the situation is much more uncertain and at 3 Mpc−1 . k . 104 Mpc−1 , which can be targeted with CMB spectral
distortion measurements, wiggle room of at least two orders of magnitude is present. Future CMB distortion measurements
could improve these limits to a level similar to the large-scale constraints. The figure is adapted from 85 .

compute the CRR in about 15 seconds on a standard laptop using CosmoSpec c 43 . The fingerprint from
the recombination era shows several distinct spectral features that encode valuable information about the
recombination process (Fig. 3). Many subtle radiative transfer and atomic physics processes 125,127,7,8
can now be included by CosmoSpec, yielding the most detailed and accurate predictions of the CRR in
the standard ΛCDM model to date (see Fig. 7). In ΛCDM, the CRR is uncertain at the level of a few
percent, with the error being dominated by atomic physics rather than cosmological parameter values 43 .
The CRR is currently roughly ' 6 times below the estimated detection limit of PIXIE (cf. Fig. 3)
and a detection from space will require several times higher sensitivity 130 . In the future, this could be
achieved by experimental concepts similar to PRISM 17 or Millimetron 131 . At low frequencies (1 GHz .
ν . 10 GHz), the significant spectral variability of the CRR may also allow us to detect it from the
ground with APSERa 32 . This could open a new way for directly studying the conditions of the Universe
at z ' 103 (HI-recombination), z ' 2000 (HeI-recombination) and z ' 6000 (HeII-recombination).
Furthermore, if something unexpected happened during different stages of the recombination epoch,
atomic species will react to this 132 and produce additional distortion features that can exceed those
of the normal recombination process. This will provide a unique way to distinguish pre- from postrecombination energy release 132,133 .
To appreciate the importance of the cosmological recombination process at z ' 103 a little more, consider that today measurements of the CMB anisotropies are sensitive to uncertainties of the ionization
history at a level of ' 0.1% − 1% 134,135 . For a precise interpretation of CMB data, uncertainties present
in the original recombination calculations had to be reduced by including several previously omitted
atomic physics and radiative transfer effects 136,134 . This led to the development of the new recombination modules CosmoRec 7 and HyRec 8 which are used in the analysis of Planck data 3 . Without these
improve treatments of the recombination calculation the value for nS would be biased by ∆nS ' −0.01 to
nS ' 0.95 instead of ' 0.96 135 . We would be discussing different inflation models 137 without these corrections taken into account! Conversely, this emphasizes how important it is to experimentally confirm
the recombination process and CMB spectral distortions provide a way to do so.

c

www.Chluba.de/CosmoSpec
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Figure 7 – CRR from hydrogen and helium for 500-shell calculations. The different curves show individual contributions
(without feedback) as well as the total distortion with and without feedback processes. At low frequencies, free-free absorption
becomes noticeable. The effect is stronger for the contributions from helium due to the larger free-free optical depth before
recombination ends at z ' 103 . In total, some 6.1γ are emitted per hydrogen atom when all emission and feedback are included.
Hydrogen alone contributes about 5.4γ/NH and helium ' 0.7γ/NH (' 8.9γ/NHe ). The Figure was taken from 43 .

3.5

Dark matter annihilation

Today, cold dark matter is a well-established constituent of our Universe 2,3,4 . However, the nature of dark
matter is still unclear and many groups are trying to gather any new clue to help unravel this big puzzle
138,139,140,141,142,85,143 . Similarly, it is unclear how dark matter was produced, however, within ΛCDM,
the WIMP scenario provides one viable solution 144,145 . In this case, dark matter should annihilate at a
low level throughout the history of the Universe and even today.
For specific dark matter models, the level of annihilation around the recombination epoch is tightly
constrained with the CMB anisotropies 139,146,147,148,142,149,150,4 . The annihilation of dark matter can
cause changes in the ionization history around last scattering (z ' 103 ), which in turn can lead to changes
of the CMB temperature and polarization anisotropies 151,152,153,154 . Albeit significant dependence on the
interaction of the annihilation products with the primordial plasma 155,148,156,157,158 , the same process
should lead to distortions of the CMB 159,133,22 . Sadly, it turns out that for the standard WIMP scenario
with s-wave annihilation cross section, the expected signal is even smaller than the adiabatic cooling
distortion 24 . We will thus not go into more details here.
3.6

Decaying particle scenarios

The CMB spectrum also allows us to place stringent limits on decaying particles in the pre-recombination
epoch 163,164,160,165,159,133,22 . This is especially interesting for decaying particles with lifetimes tX '
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Figure 8 – Decaying particle detection limits (1σ) for a PIXIE-like experiment. The eigenamplitudes µi characterize the nonµ/non-y distortion signal 64 , which provides time-dependent information of the energy release history. CMB distortion limits
could be ' 50 times tighter than those derived from light element abundances 160,? . A separate determination of lifetime and
particle abundance could be possible for lifetimes tX ' 108 sec − 1011 sec, being complementary to constraints derived using
the CMB anisotropies 151,152,162 . The figure is adapted from 64 .

108 sec − 1011 sec 24,64 , as the exact shape of the distortion encodes when the decay occurred. Decays
associated with significant low-energy photon production could furthermore create a unique spectral signature that can be distinguished from simple energy release 72 . This would provide an unprecedented
probe of early-universe particle physics (e.g., dark matter in excited states 166,167 ), with many natural particle candidates found in supersymmetric models 168,169 . This could also shed light on gravitino physics
164,170 , axions 171 and primordial black holes 172,173 .
The expected 1σ detection limits for a PIXIE-like experiment are illustrated in Fig. 8. The bounds
obtained from measurements of light-elements 160,161 could be superseded by more than one order of
magnitude. Similar improvements from light-elements are not expected any time soon, and most recent
updated only improved the limits by ' 10% 174 . Spectral distortions thus provide a powerful new probe
of particle physics.
3.7

Anisotropic CMB distortions

To close the discussion of different distortion signals, we briefly mention anisotropic (↔ spectral-spatial)
CMB distortions. Even in the standard ΛCDM cosmology, anisotropies in the spectrum of the CMB are
expected. The largest source of anisotropies is due to the Sunyaev-Zeldovich effect caused by the hot
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plasma inside clusters of galaxies 9,175,176,177 , as mentioned above. The y-distortion power spectrum has
already been measured directly by Planck 10,11 and encodes valuable information about the atmospheres
of clusters 69,178,179,180,181,182,81 . Similarly, the warm hot intergalactic medium contributes and should
become visible 71,81 .
In the primordial Universe, anisotropies in the µ and y distortions are expected to be tiny (relative
perturbations . 10−4 , e.g., see 183 ) unless strong spatial variations in the primordial heating mechanism
are expected 91 . As mentioned above, this could in principle be caused by non-Gaussianity of perturbations in the squeezed limit 103,104,105,106,107,108 ; however, a present detectable levels of non-Gaussianity
are beyond ΛCDM cosmology (see 109 for discussion of some of the foreground issues) and will not be
considered further.
Another guaranteed anisotropic signal is due to Rayleigh scattering of CMB photons in the Lymanseries resonances of hydrogen around the recombination era 184,185 . The signal is strongly frequency
dependent, can be modelled precisely and may be detectable with future CMB imagers (e.g., COrE+)
or possibly PIXIE at large angular scales 185 . In a very similar manner, the resonant scattering of CMB
photons by metals appearing in the dark ages 186,187,188,189 or scattering in the excited levels of hydrogen
during recombination 190,? can lead to anisotropic distortions. To measure these signals, precise channel
intercalibration and foreground rejection is required.
Due to our motion relative to the CMB rest frame, the spectrum of the CMB dipole should also
be distorted simply because the CMB monopole has a distortion 191,192 . The signal associated with the
large late-time y-distortion could be detectable with PIXIE at the level of a few σ 192 . Since for these
measurements no absolute calibration is required, this effect will allow us to check for systematics. In
addition, the dipole spectrum can be used to constrain monopole foregrounds 192,26,193 .
Finally, due to the superposition of blackbodies of different temperatures (caused by the spherical
harmonic expansion of the intensity map), the CMB quadrupole spectrum is also distorted, exhibiting a
y-distortion related to our motion 194,195 . The associated effective y-parameter is yQ = β2 /6 ≈ (2.525 ±
0.012) × 10−7 and should be noticeable with PIXIE and future CMB imagers 193 .

4

Conclusions

CMB spectral distortion measurements provide a unique way for studying physical processes leading
to energy release or photon injection in the pre- and post-recombination eras. In the future, this could
open a new unexplored window to early-universe and particle physics, delivering independent and complementary pieces of information about the Universe we live in. We highlighted several processes that
should lead to distortions at a level within reach of present-day technology. Different distortion signals can be computed precisely and efficiently for various scenarios using both analytical and numerical
schemes. Time-dependent information, beyond the standard µ- and y-type parametrization, may allow
us to independently constrain lifetime and abundance of decaying relic particles, learn about the shape
and amplitude of the small-scale power spectrum of primordial perturbations and shed light on dark
matter. The cosmological recombination radiation will allow us to check our understanding of the recombination processes at redshifts of z ' 103 . It furthermore should allow us to distinguish pre- from
post-recombination y-distortions. All this emphasizes the immense potential of CMB spectroscopy, both
in terms of discovery and characterization science, and we should make use of this invaluable source of
information with the next CMB space mission and worldwide ground-based efforts.
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Ilić, S.
Ilić, S.
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