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2022 RENCONTRES DE MORIOND

The 56th 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 in-
teractions. 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 biol-
ogists 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 56th Rencontres de Moriond in 2022 comprised five physics sessions:

• January 23 - 30: “Cosmology”

• January 30 - February 6: “Gravitation”

• March 12 - 19: “Electroweak Interactions and Unified Theories”

• March 19 - 26: “QCD and High Energy Hadronic Interactions”

• March 19 - 26: “Very High Energy Phenomena in the Universe”
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• A. Abada, E. Armengaud, J. Conrad, F. Déliot, P. Fayet, J.-M. Frère, P. Hernandez, L.
Iconomidou-Fayard, P. Janot, M. Knecht, J. P. Lees, S. Loucatos, F. Montanet, J. Orloff, A.
Pich, S. Pokorski, V. Tisserand, M. Tytgat and D. Wood for the “Electroweak Interactions and
Unified Theories” session,
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It is our sincere hope that a fruitful exchange and an efficient collaboration between the physicists
and the astrophysicists will arise from these Rencontres as from previous ones.
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Léo Vacher 119

Bridging the Gap: Spectral Distortions meet Gravitational Waves Thomas Kite 123
First constraints on the intrinsic CMB dipole and our velocity with Doppler and
aberration

Pedro da Silveira Ferreira 127

Diffuse polarized foregrounds from component separation with QUIJOTE-MFI Elena de la Hoz 131
Combined constraints on polarized synchrotron emission from Planck and WMAP
– what do we know?

Trygve Leithe Svalheim 135

Characterization of the polarized synchrotron emission from Planck and WMAP
data

Felice Antonio Martire 139

Primordial standard clocks and CMB anomalies Matteo Braglia 143
Primordial Black Holes forbid the Inflaton being dominated by quantum
backreaction

Ashley Wilkins 147

About non-classical gravitational states Federico Piazza 151
The primordial structure from Quantum Cosmological bouncing models Jaime de Cabo Martin 155
Cosmology of a new class of massive vector fields Victor Pozsgay 159

III



3. Dark Matter

Searching for axion dark matter with the south pole telescope Kyle Ferguson 165
Search for Black Holes in the Galactic Halo by Gravitational Microlensing Marc Moniez 169
Statistics of the subhalo population in the Milky Way for the detection of dark
matter point sources

Gaétan Facchinetti 173

Breit-Wigner enhancement in the interactions of a light scalar dark matter Sreemanti Chakraborti 177
To detect dark matter with gravitational wave interferometers Federico Urban 181
Quintessential cosmological tensions: a study of the Albrecht-Skordis model Arsalan Adil 185

4. 21 cm

Current status and future of cosmology with 21cm Intensity Mapping Reza Ansari 191
Patchy Reionization: τ−21 cm cross-correlation and B−mode contamination Andrea Lapi 203
Reionization constraints from HERA 21cm power spectrum limits Stefan Heimersheim 207
Cosmology with the SKA Observatory Stefano Camera 211
Chasing Neutral Hydrogen: an Intensity Mapping view of the large scale structure Marta Spinelli 219
Time-redundant calibration of radio interferometers for HI intensity mapping Tianyue Chen 223

5. CMB and Large Scale Structures

The Simons Observatory Baptiste Jost 229
Distant foreground and the Hubble constant tension Vladimir Yershov 237
Deriving the Hubble Constant using Planck and X-ray observations of galaxy
clusters

Pasquale Mazzotta 241

Cosmic voids and their imprint on the CMB lensing maps: from DES Year 1 to
DES Year 3

Pauline Vielzeuf 245

Massive merging cluster PSZ2G091 as seen by the NIKA2 camera Emmanuel Artis 249
CMB lensing measurements with the Atacama Cosmology Telescope:
opportunities and challenges

Frank J. Qu 253

Searching for accreting primordial black holes with CMB non-Gaussianity Yacine Ali-Häımoud 261
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Cosmology with Xray galaxy cluster surveys ?

Marguerite Pierre
AIM, CEA, CNRS, Université Paris-Saclay,

Université Paris Diderot, Sorbonne Paris Cité, F-91191 Gif-sur-Yvette, France

This talk reviews the scientific motivations, the potential difficulty and recent advances in
cosmology using cluster number-counts in the X-ray band. Our forward modelling approach
shows that many of the practical and conceptual shortcomings can now be overcome. We
present recent results from the XMM-XXL survey. The next step is to apply artificial in-
telligence techniques on simulations. This allows us to bypass the unnecessarily complicated
scaling relation formalism. The net gain is to significantly reduce the number of free param-
eters and to provide direct access both to the cosmological parameters and to truly physical
ingredients, such as AGN feedback. In this way, we achieve cluster cosmology without
explicit cluster mass calculation.

1 A few historical landmarks

The Uhuru mission undertook the first survey of the X-ray sky in 1970. After 429 days of ob-
servations, 339 sources were discovered. Out of these sources, 45 were associated with galaxy
clusters 1,2; the angular resolution of the Uhuru collector was 30 arcmin. Subsequently, the
Einstein observatory, the first imaging X-ray telescope (1978, 1 arcmin and 2 arcsec resolution)
enabled the first study of X-ray emitting gas in clusters. Furthermore, the Einstein Medium
Sensitivity Survey detected 733 serendipitous sources in the field of pointed targets, including
98 clusters; this allowed for the attempt to track back cluster evolution in terms of physical
properties or number density 3,4.
The 1980s have been an exciting period in many respects for cosmology and we may highlight a
few cornerstones, that nowadays belong to our obvious working landscape. Our view of the dis-
tant universe suddenly became much more structured with the publication of the CfA ‘Slice of the
Universe’, revealing that the universe is ‘bubbly’ on very large scales5. This motivated the devel-
opment of topological tools beyond the 2-pt correlation function, like the genus curve to decide
whether the matter distribution is of cellular-, meatball- or sponge-like type 6. Numerical simu-
lations, in the new CDM paradigm, were ramping up : 7 (using 32768 particles, it collected 2850 citations!)

while, in parallel, analytical calculations based on the model equation of non-linear diffusion
(Burgers equation) achieved remarkable results 8. Importantly, it was also realised that, under
the hypothesis that only gravitation is at work, one can analytically predict the properties of
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the local cluster population and how this population evolves 9. There is only one physical scale
in the problem : the mass-scale which is becoming non-linear at a given redshift. This yields
simple scaling relations, a concept that subsequently constituted the skeleton of all cluster cos-
mological studies. Interestingly, C. Sarazin’s book (X-ray emission from clusters of galaxies,
1988) which was the reference cluster review by the ROSAT launch (1990), did not mention
possible cosmological applications of clusters in his concluding remarks and future outlook.
The 1990s truly opened the era of cluster cosmological analyses. It was realised that cluster
counts are degenerate with cluster evolution: at least, the knowledge of both dn/dz and of the
evolution of the luminosity function is required10. An analysis based on 70 ROSAT serendipitous
clusters showed that their luminosity function does not evolvea out to z ∼ 0.8 11. Amazingly,
this study that assumed a flux limited sample along with a cosmological model with H0 = 50
and q0 = 1/2, was corroborated 20 years later by the XMM-XXL cluster survey, in the frame-
work of the WMAP9 cosmology 12! This is an interesting example of a ‘cosmological conspiracy’
between cluster evolution and cosmology... An attempt to derive σ8 and Ωm using the evolution
of the temperature function of a sample of 39 EMSS clusters, yielded constraints that are almost
compatible with the Planck2018 CMB result at 1-sigma 13. A long term project aiming at in-
ventorying and characterising the clusters present in the Rosat All-Sky-Survey was undertaken
by the REFLEX and NORAS teams: Constraints from the luminosity function involving some
900 southern clusters (0 < z < 0.4) showed a very good agreement with the then Planck cluster
constraints 14. The combination of the northern and southern samples (1653 clusters) revealed a
local under-density in the universe, which would have a ∼ 5% effect on the measurement of Ho
15. In the same direction, a 2021 study handling five scaling relations for a sample of 570 clus-
ters over the entire sky (also including XMM serendipitous clusters) revealed a > 5σ anisotropy,
hence suggesting a 9% spatial variation of Ho

16.
The first XMM and Chandra observations confirmed that clusters are not simple objects; many
physical processes are intricate and questioned the use of clusters as cosmological probes. Over
the past 20 years, considerable X-ray observing time has been devoted to deeply study single
clusters in order to elucidate the processes at work in the intra-cluster medium. In the following,
we focus on the complementary approach, based on blind cluster surveys.

1.1 The XMM-XXL survey

The XMM-XXL survey consists of two 25 deg2 regions covered at a mean point source sensitivity
of ∼ 5×10−15 erg s−1 cm−2 in the [0.5-2] keV band 17. With 6.9 Ms total exposure time, XXL is
currently the largest XMM programme and detected some 400 clusters out to a redshift of 2. It
is also the only XMM ‘serendipitous’ cluster survey (along with XCLASS, its companion project)
that provided results on σ8 − Ωm so far. This fact underlines the difficulty of the task. Indeed,
given the coverage and depth of the survey, several approximations used in the past needed to be
revisited. Consequently the number of degrees of freedom in the analysis significantly increased.
In all that follows, we shall restrict the discussion to the cosmological analysis of cluster number
counts. Comprehensive reviews of cluster cosmology can be found in e.g. 18,19.

1.2 Where do we stand now ?

During the analysis of the XXL survey data, we unveiled and addressed a few important issues.
Some 20 years later, most of them are taken for granted:
- Because clusters are extended objects, the cluster selection cannot be a simple flux limit, un-
less the limit is set well above the survey sensitivity (but then, at the cost of the sample size).
Moreover, the function must ideally depend solely on observable parameters; for XXL it is the
count rate and angular size of the sources. Subsequently, the function can be translated into the
[M, z] space, for any cluster and cosmological model. The selection function is not only critical

awhich does not mean that clusters do not evolve
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for the cosmological analysis, but also for the determination of the scaling relations 20,21.
- The selection function is tuned such as to favour ‘purity’ against ‘completeness’. Indeed, the
population of missed objects can be modelled for any cosmological+cluster physics model, while
there is no model to a posteriori discard non-cluster or spurious detections.
- Scatter in the mass-observable relations has a critical effect on cluster counts. While increas-
ing the scatter in the mass-temperature (M − T ) or luminosity-temperature (L − T ) relation
increases the number of detected objects (similarly to σ8), increasing the scatter in the masse-
core radius relation (M −Rc) generally decreases the number of detected objects 22.
- Consequently, scaling relations, scatters, selection function and cosmology must be fitted to-
gether: many free parameters!

Figure 1 – The left panel shows different cluster spectra (for a heavy-element abundance of 0.3 solar) as seen by
XMM. The 3 bands used to compute the count-rate (CR) and hardness ratio (HR) are indicated in white. The
Y-axis is in units of XMM counts.
The right panel shows the fiducial distribution of the CR and HR values for the cluster population detected
assuming the C1 XXL selection function and for the cosmology+physics set up indicated on the left. We note
that the presented plot is integrated in the redshift dimension; for the cosmological analysis, the full 3-D X-ray
Observable Diagram (XOD) is used.

2 Forward cosmological modelling

The implementation of the ‘traditional’ method that maps cluster number counts into a mass
distribution as a function of redshift requires heavy machinery. When running a MCMC analysis
to iterate toward the most likely set of cosmological parameters, the scaling relations must be
recomputed for any considered cosmology - and this implies recomputing as well the R500 radius
(and any other scaling parameter) in which fluxes and temperatures are integrated. Taking the
problem the other way round, we developed a forward modelling approach that considers the
simplest possible observed quantities, namely the XMM count-rates in three different bands ?

ASpiX method]clerc12a,pierre17a. Practically, a count-rate (CR) is analogous to a flux. The
ratio of two CRs (hardness ratio, HR) is equivalent to a colour and carries information about the
cluster temperature and redshift. From this, we construct ‘color-magnitude-redshift’ diagrams
of the detected X-ray cluster populations (XOD, see. Fig.1 & 2). Fisher analyses demonstrated
that the information contained in the XOD is at least as constraining for cosmology as the
recovered cluster mass distribution as a function of redshift 23. Because the HR determination
requires much less photons than measuring cluster temperatures, the ASpiX method allows
the inclusion of all detected clusters down to 80-100 photons; this represents a considerable
advantage compared to the ‘traditional’ approach.
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Figure 2 – Principle of the cosmological inference using XOD: effects of changing either the cosmological (middle)
or the physics (right) parameters in the fiducial model (left)

2.1 Cosmological results

In Fig. 3 we show recent results from the XXL cosmological analysis: constraints on σ8 and
Ωm from cluster counts as a function of redshift are compared to the outcome of the XOD
analysis from the same population (178 clusters) and with the same degrees of freedom and
priors. We obtain a factor of ∼ 2 improvement on the cosmological constraints, assuming flat
ΛCDM 25. In the same paper, the impact of relaxing all scaling relation coefficients along with
the implementation of priors dynamically adapted to the cosmological model is also discussed.
At the time of writing, calculations related to the dark energy equation of state are being finalised
(Garrel et al 2022b in prep).

Figure 3 – Comparison of the cosmological constraints from the 178 C1 XXL clusters, derived using either the
dn/dz quantity (grey) or the CR-HR-z XOD (blue); both use the same priors. Other surveys are indicated: Planck
CMB (red); Planck S-Z clusters (black contours, 439 clusters); Planck lensing (orange); KIDS lensing (green).
More details in 25
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2.2 A projection into the Athena era

While the XMM, eRosita and Euclid surveys essentially map the 0 < z < 1 range, the 1 < z < 2
cluster universe will be systematically explored by Athena, the up-coming ESA X-ray mission
(launch by the mid-2030s, https://sci.esa.int/web/athena). The predicted redshift distribution
of clusters to be detected by the Athena Wide Field Imager is at least one order of magnitude
beyond the current surveys (Fig. 4): for the first time, we shall be in the position to accurately
determine the X-ray cluster density above z > 1.2 . We anticipate that a number of cosmological
questions will remain open or emerge after Euclid-eRosita. Hence, Athena surveys will provide
deep insight into both cosmology and cluster evolutionary physics, including the impact of AGN
on the ICM, which is expected to be particularly efficient above z > 1. A paper investigating
these issues will be presented in the up-coming Athena ‘Red Book’ (Cerardi et al in prep).

Figure 4 – Predicted cluster number density to be detected by the Athena Wide Field Imager, assuming an
exposure time of 80ks. This sensitivity is roughly 40 times deeper than the XMM-XXL survey. Two detection
limits are considered (blue and red); for comparison, the XXL survey is shown in green. Athena will allow in-depth
cluster studies in the, so far poorly explored, 1 < z < 2 range. [NB these estimates were performed assuming
the current provisional Athena instrumental response - more detailed calculations will be presented in the Athena
Red Book.]

3 The next future: combing artificial intelligence, numerical simulations and for-
ward modelling

While the ASpiX method marked a significant improvement in the cosmological analysis of X-
ray clusters, the current implementation is still burdened by two main factors: (1) the CR, HR
translation to the mass function is implemented via scaling relations (even though cluster masses
are not individually computed); (2) the MCMC analysis of the XOD is time-consuming (some
3 weeks with 5×20 CPUs for the analysis presented in Fig.3). We are currently implementing
Artificial Intelligence techniques to radically overcome these two hurdles.

3.1 Replacing the MCMC by a likelihood free inference method

In this approach e.g. 26, a neural network compresses the information contained in the XOD.
The network is trained for a given cosmology over a set of simulated XODs (105) covering
a large range of random scaling relation coefficients. The dimension of the output vector is
the number of free cosmological parameters, while the training considers all scaling relation
realisations as nuisance parameters. This is rendered possible thanks to the 3-dimensional XOD
representation that alleviates the degeneracy between cluster evolution and cosmology. The final
cosmological inference corresponding to the observed XOD can subsequently be performed by
e.g. an Approximate Bayesian Computation approach (Kosiba et al in prep).
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3.2 Overcoming the scaling relation formalism

Each scaling relation (M − T, L− T, M −Rc) involves 4 parameters, i.e. slope, normalisation,
evolution, scatter plus possibly scatter evolution as well. This adds up to at least 12 free
coefficients in addition to the cosmological parameters. However, numerical simulations suggest
that very few physical ingredients are actually needed to reproduce the bulk properties of the
X-ray cluster population 27. It thus appears that the scaling relation formalism complicates the
problem by unphysically increasing the number of degrees of freedom and handling complex
covariance matrices: many coefficient combinations are clearly degenerate over the mass range
considered and for a given level of shot noise in the XOD (determined by the size of the surveyed
area). It thus appears much more sensible to draw the XODs needed for step [3.1] directly
from hydrodynamic simulations that have been transformed into XMM images. However, the
computing time to produce a training sample of lightcones for a wide range of cosmological and
AGN feedback models would be prohibitive. We thus implemented a Larangian Deep Learning
approach 28 LDL to produce the required simulations. The model uses layers of Lagrangian
displacements of particles describing the observables to learn the effective physical laws; we
train it on the CAMELS sample 29.

3.3 Summary

The final net outcome of the [3.2]+[3.1] procedure, when applied to an observed XOD, returns
the constraints on the cosmological parameters plus one or two physics parameters (Cerardi et
al in prep). The methodology totally bypasses any mass determination and derives quantities
that have a direct physical interpretation. Clearly, a few more parameters remain more or less
hidden in the course of the procedure, in particular in the simulations (like the prescription
for the black hole seeds and the resolution of the hydrodynamic solver). Next step will be to
examine how these contribute to the final systematic error budget.
An obvious extension of the current work, would be to apply the ASpiX method to Sunyaev-
Zel’dovich cluster samples, since the detection also relies on the intra-cluster medium properties.
A significant difference, however, resides in the fact that the X-ray spectral information (the
energy of the individual X-ray photons) is a key ingredient of the XOD, while the S-Z spectral
bands can only be used to assess the significance of the cluster detections; consequently, in ad-
dition to the S-Z decrement, other direct observable quantities should be investigated like, for
instance, apparent cluster sizes 22, but this measure is usually very noisy.
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28. Biwei Dai and Uroš Seljak. Learning effective physical laws for generating cosmological
hydrodynamics with Lagrangian deep learning. Proceedings of the National Academy of
Science, 118(16):2020324118, April 2021.

29. Francisco Villaescusa-Navarro, Shy Genel, Daniel Angles-Alcazar, Leander Thiele, Romeel
Dave, Desika Narayanan, Andrina Nicola, Yin Li, Pablo Villanueva-Domingo, Benjamin
Wandelt, David N. Spergel, Rachel S. Somerville, Jose Manuel Zorrilla Matilla, Faizan G.
Mohammad, Sultan Hassan, Helen Shao, Digvijay Wadekar, Michael Eickenberg, Kaze
W. K. Wong, Gabriella Contardo, Yongseok Jo, Emily Moser, Erwin T. Lau, Luis Fernando
Machado Poletti Valle, Lucia A. Perez, Daisuke Nagai, Nicholas Battaglia, and Mark
Vogelsberger. The CAMELS Multifield Dataset: Learning the Universe’s Fundamental
Parameters with Artificial Intelligence. arXiv e-prints, page arXiv:2109.10915, September
2021.

10



Weak lensing mass estimation of galaxy clusters with magnification

C. Murray

Université Grenoble Alpes, CNRS, LPSC-IN2P3, 38000 Grenoble, France

Weak lensing is a powerful tool to estimate the matter distribution around massive galaxy
clusters. In this work we present a new method to perform stacked mass estimation for galaxy
clusters using weak lensing magnification. In general such effects are measured by counting
the number of galaxies in circular annuli from the lens centre. In this work we present a
new method which improves on the standard approach by using the full galaxy magnitude
distribution, rather than a single faint-end magnitude cut. This allows us to differentiate
between the two opposing effects of magnification, whereby faint galaxies are introduced into
an annulus as they are magnified above the faint-end magnitude limit and removed from an
annulus as they are deflected away from the lens centre. Magnification of a galaxy image will
shift the galaxy magnitude distribution and the deflection effects will change the normalisation
of the distribution, therefore the effects are separable and we can increase the signal-to-noise
ratio of such measurements. We investigate this new method using HSC weak lensing data
and the Redmapper SDSS galaxy cluster catalogue.

1 Introduction

Galaxy clusters have been essential in construction of the standard model of cosmology, providing
some of the first evidence of dark matter2 through the motions of galaxies within galaxy clusters
and their spatial distribution provided evidence for the primordial origin of density fluctuations
1. Since their formation is sensitively dependent on the properties of both dark energy and dark
matter, future measurements of the masses of galaxy clusters and their abundance will hopefully
deliver deep insights on the nature of dark energy and dark matter.

In order to make precision measurements of cosmological parameters with clusters it is
important to have robust estimates for cluster masses. Gravitational lensing is a particular
useful tool for mass estimation as such estimates should be largely insensitive to the dynamical
state of the observed clusters.

In general, weak lensing shear is used to measure cluster masses. In this work we develop a
method based on weak lensing magnification. Gravitational lensing describes the effects arising
from the deflection of the passage of light due to the gravitational field of a massive object
which are illustrated in Figure 1. In the strong regime this leads to dramatic Einstein rings and
multiple images of individual objects, in the weak regime the effects are more subtle. There are
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Figure 1 – Illustration of the effects of gravitational lensing of a massive object on a field of galaxies. The left
image shows a field of uniformly spaced circular galaxies, the right shows the same field in the presence of a
gravitational lens.

essentially two effects in the weak regime, the shearing of galaxy images and the magnification of
solid angles on the sky. The second of these effects leads to two different observable properties.
Firstly it will increase a galaxies apparent size, whilst conserving surface brightness. Which leads
to an increase in the observed magnitude of a galaxy. Secondly on larger scales the magnification
of solid angles on the sky will appear to decrease the on-sky number density of galaxies.

Shear has in general the largest signal-to-noise ratio for a given sample of galaxies be-
cause relatively the dispersion of the intrinsic distribution of galaxy shapes is smaller than that
of magnitudes or the clustering of galaxies. However an important difference is that for the
magnification signals we need only the background galaxy magnitudes, positions and redshifts.
Opposed to the shear analysis which requires the more difficult measurement of galaxy shapes.
We can therefore go deeper in magnitude and keep more galaxies in our sample and increase
our signal-to-noise ratio.

In this work we use both the effects of amplification and dilution to estimate the mass of
a stack of galaxy clusters. By combining both effects and going deeper in magnitude we can
approach a similar signal-to-noise ratio as shear only analyses. This is particularly interesting
as we will have completely different systematics from shear.

2 Method

Weak lensing effects are measured from how they distort or deform the unlensed distribution
of galaxies in the universe. We call the unlensed number density distribution of galaxies no.
All galaxies in the Universe will be to some extent lensed however the difference between this
distribution and the unlensed distribution will be small. This means we can measure the ap-
proximately unlensed distribution by taking the average distribution across the survey volume
no(m+δm, z) where m is the galaxy magnitude and z the galaxy redshift. We can then calculate
the lensed distribution by deforming it as follows,

nobs = no(m+ δm, z)/µ (1)

where µ is the magnification µ ≈ 1/[(1 − κ)2 − γ2] which can be calculated from the weak
lensing covergence κ and shear γ, and ∆m is the shift in the magnitude of a galaxy from lensing
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∆m ≈ −5log10(µ)/2. Note we could add both galaxy ellipticities and sizes to these distributions
which would provide us with a concise manner to constrain both shear and magnification at the
same time but we leave this to future work. A potential advantage of this relative to traditional
shear analysis would be from the non-Gaussian distribution of tangential shears but we do not
expect that this would gain much information.

We see clearly in Equation 1 how the effects of amplification and dilution are separated.
The amplification changes the observed galaxy magnitude therefore shifts the distribution and
the dilution changes the observed solid angle on the sky and therefore the normalisation of the
distribution. There are closely related approaches (Ménard and Bartelmann 2002 3) although
we should be able to deal with the larger magnification signal around clusters as our approach
is non-perturbative.

In order to constrain cluster masses we then use a Gaussian likelihood with radial, redshift
and magnitude bins. In more detail we have,

lnL = −1

2

∑
ijk

(nobs(θi,mj , zk)− n(θ,m, z|Mlens))
2 /σ2ijk (2)

where i are radial bins, j are magnitude bins and k are redshift bins. Finally in order to estimate
the mass we stack the signal around many clusters and run an MCMC to obtain the cluster
mass according to our model for the lensing signal as detailed in Equation 1.

3 Results

In this work we used the redmapper SDSS galaxy cluster catalog and used the Hyper Suprime
Cam data as our background galaxies.

To verify our method we use mock catalogs. We generate random positions within the HSC
survey and inject a fake cluster signal. We choose random positions within the survey area and
then move the galaxies to the lensed galaxy positions using the lens equation: θobs = θo+α(Mlens)
where θo is the unlensed angle between the source and lens centre, α is the deflection angle and
θobs is the observed source-lens separation . Subsequently we magnify the galaxy magnitudes:
∆m ≈ −5 log10(µ(Mlens))/2.. This provides a non-trivial test of our model as we inject the
artificial lensing signal at the galaxy catalog level.

By applying our method to the stacked signal around 250 mock clusters we can verify it’s
effectiveness. We find consistent results with the input cluster mass and additional find a factor
of 2 improvement on our method versus the mass estimation from a single magnitude cut.

We then apply this method to redMaPPer clusters in the HSC field. We select 200 clusters
with redshift z > 0.3 and a richness λ > 40. With the magnification-only analysis we obtain
log10 Mmag/M� = 14.37± 0.04.

We additionally estimate the cluster mass using weak lensing shear using the stacked excess
surface mass density profile, see Murray et al. 20224 for more details on the shear measurements.
With the shear-only analysis we obtain log10 Mshear/M� = 14.28± 0.03.

The stacked magnification profiles, for both the amplification and dilution, and the stacked
shear profile are presented in Figure 2. As with the estimated masses we see excellent agreement
between both methods.

4 Conclusions

We have introduced a new magnification method which we can use the full magnitude distribu-
tion and accurate model the magnification signal induced in the background field of galaxies by
a cluster even in the regime of large magnification. This method was then validated using mock
catalogs created by injecting artificial cluster signals into the HSC galaxy catalog. We showed
that our method in general gives a factor of 2 improvement compared to a single magnitude
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Figure 2 – The lensing signals around a stack of 200 redMaPPer galaxy clusters with redshift z > 0.3 and richness
λ > 40 using HSC galaxies. Top left: the change in galaxy number counts nc compared to the random field value
nr for two different magnitude cuts. Bottom left: average galaxy magnitude compared to the random field value.
Right: the excess surface mass density profile estimated from HSC galaxy shapes.

cut. Finally estimating the masses of a stack of SDSS redmapper clusters with both the new
magnification method presented here and a stacked shear based method we obtain consistent
and competitive constraints on the mass with magnification.
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We present the validation of models of covariance for number counts and clustering of galaxy
clusters, which account for the effects of sample variance, lightcone geometry, and high-order
terms, at the level of accuracy expected for the future Euclid survey. The resulting models
allow us to study the response of the likelihood analysis to variations of the covariance and
to provide forecasts to predict the impact of such uncertainties in the recovered cosmological
parameters for the upcoming Euclid cluster survey.

1 Introduction

Galaxy clusters are the most massive gravitationally bound systems in the Universe, formed by
the gravitational collapse of initial matter perturbations. Galaxy clusters properties are sensitive
to the geometry and the evolution of the large-scale structure of the Universe; in particular, their
abundance and spatial distribution are powerful tools to constrain the RMS matter fluctuations
on 8h−1Mpc scales (σ8) and the matter content of the Universe (Ωm).

A crucial aspect for such observables to be turned into stringent cosmological constraints
concerns the accurate calibration of covariance matrices. Among the different methods for
estimating such covariances, analytical models can provide noise-free, cosmology-dependent ma-
trices without requiring large computational resources. The limitation of this method lies in the
difficulty of describing analytically all the contributions that compose the covariance (e.g. non-
linearities, non-Gaussianities, ...). As a consequence, such models have to be validated against
simulations, to determine which contributions are or are not negligible at the desired level of
statistics and to calibrate eventual nuisance parameters.

We present the validation of covariance models for number counts and clustering of galaxy
clusters. The resulting models allow us to study the response of the likelihood analysis to
variations of the covariance, at the level of accuracy expected for the future Euclid survey.

2 Covariance models

Number counts covariance: Number counts describe the abundance of clusters as a function
of mass and redshift. They are affected by two sources of statistical errors: the uncertainty due
to the discrete nature of the data, i.e. shot-noise, and the uncertainty due to the finite size of
the survey, named sample variance. The two contributions are described by the 1 model:

CNC
αβij = ⟨n⟩αi δDαβ δDij + ⟨nb⟩αi ⟨nb⟩βj Sαβ , (1)

where n and b are, respectively, the mass function and the halo bias, and ⟨−⟩αi indicates the
integration over the α-th redshift bin and the i-th mass bin. Sαβ is the covariance of the linear
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density field between two redshift bins

Sαβ =

∫
d3k

(2π)3

√
P (k, zα)P (k, zβ)Wα(k)Wβ(k) , (2)

where Wα(k) is the lightcone window function 2.

Clustering covariance: We quantify the clustering of clusters with the real-space 2-point
correlation function, describing the excess of correlation as a function of radial separation and
redshift. The 2-point correlation covariance can be described by the Fourier transform of the
power spectrum covariance 3:

CCL
αij =

2

Vα

∫
dk k2

2π2

[〈
b2eff Pm(k)

〉
α

+

〈
1

n̄

〉
α

]2
W s

i (k)W
s
j (k)

+
2

Vα Vi

∫
dk k2

2π2

〈
b2eff Pm(k)

〉
α

〈
1

n̄

〉2

α

W s
j (k) δ

D
ij ,

(3)

where beff and n̄ are the effective bias and the average number density of halos above a mass
threshold, Pm(k) is the linear matter power spectrum, W s

i (k) is the spherical shell window
function of the i-th radial bin and ⟨−⟩α indicates the average over the redshift bin. Vα and Vi

are the redshift and radial shell volumes. We assume independent redshift bins. The model
includes the Gaussian covariance and a shot-noise component of the non-Gaussian matrix, while
neglects the high-order non-Gaussian terms, due to the complexity of their modelling.

3 Methods and results

We validate the covariance models through the comparison with numerical matrices computed
from a set of 1000 Euclid -like lightcones. Such catalogs are produced via approximate methods
by the Pinocchio algorithm 4. Masses have been rescaled to match, on average, the 5 halo mass
function. We use the 6 model for the bias, which reproduces our simulations within the 10%.

Once the covariance models have been validated, we test their effect on cosmological posteri-
ors by constraining Ωm and σ8 through Bayesian inference, by maximizing a likelihood function
computed with different covariance configurations. The aim is to figure out which terms are
or are not significant at this level of statistics, so as to find the simplest possible models that
accurately reproduces the results of the numerical matrix. We estimate the accuracy of the
results by computing the figure of merit 7 (FoM) from the sampled posteriors.

Number counts results: We present here the results described in 8. We consider redshift
bins of width ∆z = 0.1 in range z = 0–2 and 5 log-spaced mass bins in rangeM = 1014 – 1016M⊙.
The left panel of Fig. 1 shows that the sample variance effect is higher than shot-noise, in the
low-mass/low-redshift regime, and that there is a small anti-correlation between redshift bins.
From the comparison of the analytical and numerical matrices, it can be seen that the analytical
model reproduces the numerical matrix within 10%. Such results are confirmed by the likelihood
analysis, as shown by the right panel of Fig. 1: the posteriors obtained with the numerical and
analytical matrix present the same FoM, ensuring that the model is accurate enough. Moreover,
neglecting the sample variance effect or the cross-correlation between redshift bins, the analysis
produces a wrong estimation of the posteriors amplitude with respect to the full covariance case.
Finally, evaluating the matrix at a wrong fixed cosmology can over/underestimate the error on
the posteriors; since for real data the true cosmology is unknown, this result suggests that a
cosmology-dependent covariance is required.

Clustering results: We present here the preliminary results concerning the validation of
clustering covariance. We compute the 2-point correlation function in redshift bins of width
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Figure 1 – Left panel : components of the numerical (dashed lines) and analytical (solid lines) number counts
covariance as a function of redshift, in the lowest mass bin. Right panel: figure of merit for different covariance
and likelihood configurations.

∆z = 0.4 in range z = 0–2, and 25 radial bins in range r = 20–130 h−1Mpc, for halos more
massive than Mth = 1014M⊙. We measure the observed correlation with the 9 estimator.

The left panel of Fig. 2 shows that our model correctly describes the numerical matrix only
at low redshift, while it underestimates all the terms at high redshift. To solve this inaccuracy,
we add three nuisance parameters to the model, to correct for shot-noise, that is not purely
Poissonian, for the bias prediction, and for the lack of non-Gaussian terms. We fit such param-
eters from simulations, following the method described in 10. The model with these additional
parameters (dashed lines) correctly describes the numerical matrix at all redshifts, with devia-
tions below the 10% level at almost all the scales. Moving to the likelihood analysis, the left
panel of Fig. 2 confirms that, while the simple model underestimates the error on parameters,
the model with fitted parameters reaches an agreement within 5% with the numerical matrix
case. We also find that the secondary term in the covariance is non-negligible at small scales
(r ≲ 40h−1Mpc), especially at high redshift. The study of the impact of a cosmology-dependent
matrix is still under investigation.

Finally, cluster clustering is expected to be less constraining than number counts (as con-
firmed by the lower figure of merit shown in the right panel of Fig. 2), but it can be useful if
combined with number counts, due to the different degeneracy directions of parameters. We
perform the joint analysis, by considering the two observables as independent, as suggested by
the zero cross-covariance computed from simulations. The resulting posteriors present an incre-
ment of the figure of merit of about the 25%, indicating an improvement in the constraining
power of clusters.

4 Conclusions

We validated covariance models for cluster number counts and cluster clustering. On the number
counts side, we found that the 1 model correctly reproduces the numerical matrix. We also
demonstrated that a Gaussian likelihood with full cosmology-dependent covariance is required
to correctly estimate the error on cosmological parameters, at this level of accuracy. For the
cluster clustering, we proposed a simple model that takes into account the Gaussian and partly
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Figure 2 – Left panel : components of the numerical (shaded areas) and analytical (solid lines) clustering covariance
as a function of the radial separation, in two redshift bins. The dashed lines represent the model corrected for
the nuisance parameters. Right panel: FoM for different covariance configurations and for the joint constraints.

of the non-Gaussian terms of the total covariance, neglecting the higher-order terms. We showed
that, with the addition of some nuisance parameters fitted from simulations, such model correctly
describes the numerical matrix. Finally, we combine the two observables, finding that cluster
clustering is a powerful tool to break the parameter degeneracies and improve the constraining
power of number counts. The next step of this analysis will concern the validation of the
covariance models in observable space, in order to provide more complete and realistic forecasts.
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To extract cosmological information from the observed distribution of galaxies, one needs to
link it to that of the underlying dark matter field. This is done through the bias formalism. In
addition, some progress was made recently to use forward modeling approaches combined with
the likelihood from effective field theory of large-scale structure to analyze galaxy clustering.
Here, we present new results for halo assembly bias (i.e. the dependence of halo bias on
properties beyond the total mass) in the linear and second order bias parameters obtained from
this approach. We show the first measurements of assembly bias in the tidal bias parameter,
as well as the impact of assembly bias on known relations between the second order parameters
and the linear one.

1 Bias formalism and assembly bias

The statistics of discrete tracers of the large-scale structure (LSS), δh, can be written in terms
of bias parameters bO multiplying operators O constructed out of the large-scale matter density
contrast field δm and tidal field Kij (see Desjacques et al. ? for a recent review)

δh(x, z) =
∑
O

bO(z)O(x, z) . (1)

This bias expansion formalism can be applied to any LSS tracer. Here we focus on dark matter
halos identified in N -body simulations. Physically, the halo bias parameters describe the re-
sponse of the halo number density to the long-wavelength perturbations O. Studying them can
thus give us important insights on structure formation. A robust knowledge of halo bias also
helps guide the design of priors on bias parameters that enter theoretical models in LSS analy-
ses, or even reduce the number of free parameters if useful relations between them can be found
(e.g. Lazeyras et al. ?), thereby leading to improved constraints on cosmological parameters.

The bias parameters were commonly thought to depend only on the redshift and mass of
the considered halo population. It was however shown two decades ago that halo bias depends
on properties beyond those, such as formation time or concentration. This phenomenon was
naturally named halo assembly bias. The characterization of assembly bias is an important step
to understand galaxy clustering since, at fixed halo mass, it is plausible that certain galaxy
populations may preferentially inhabit halo populations with specific values for properties like
concentration or formation time.

In our recent work Lazeyras et al. ?, we measured assembly bias with respect to halo con-
centration, spin, and sphericity using the forward modeling approach. Our companion paper
Barreira et al. ? brings further insight on this topic by focusing on galaxy bias in hydrodynami-
cal simulations.
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2 Bias parameters from forward modeling

The goal is to derive the likelihood function P(δh|{θ}, {bO}, δm,in) that describes the probabil-
ity to observe a halo density field, given a realization δm,in of the initial matter field, a set of
cosmological parameters {θ} and a set of bias parameters {bO}. This requires four ingredi-
ents: (i) A prior (usually gaussian) for the initial matter density field δm,in; (ii) the evolution
of δm,in under the action of gravity in a given cosmology, δm,fwd[{θ}, δm,in]. We do so using
third-order Lagrangian perturbation theory (3LPT); (iii) A forward-evolved halo distribution
using the final matter distribution and a deterministic bias expansion, δh,det[δm,fwd, {bO}]; (iv)
A likelihood P(δh|δh,det) ≡ P(δh|{θ}, {bO}, δm,in) to sample in the combined parameter space
{δm,in, {θ}, {bO}}. Here we consider dark matter halos from numerical gravity-only N -body
simulations, which allows us to keep the cosmological parameters {θ} and initial conditions field
δm,in fixed to those used to run the simulations. This drastically reduces the parameter space
that would otherwise have to be explored.

We work with the following likelihood function in Fourier space

−2lnP(δh|δh,det) =
∫
|k|<Λ

d3k

(2π)3

[
|δh(k)− δh,det(k)|2

Pϵ(k)
+ ln(2πPϵ(k))

]
, (2)

which has been derived using EFT in Schmidt et al. ?. The variance Pϵ(k) in this equation takes
into account the stochasticity of halo formation. For our purpose here, it is sufficient to consider

only the leading order, constant contribution Pϵ(k) ≈ P
{0}
ϵ , where P

{0}
ϵ is a parameter that is

also sampled (Elsner et al. ?). Importantly, the integral in Eq. (??) is performed only up to a
maximum cutoff wavenumber Λ. This cutoff is needed to ensure that only perturbative modes
enter in the inference analyses, and it must be applied also to the initial conditions field before
evolving it to the final time in order to regularize loop integrals involving non-perturbative
modes (Schmidt et al. ?).

The forward-evolved halo density field is constructed out of the forward-evolved matter
density contrast using the deterministic bias expansion Eq. (??). We consider the following set
of 8 operators

O ∈ {δm, δ2m,K2, δ3m, δmK2,K3, Otd,∇2δm}, (3)

whereKij = (∂i∂j/∇2−δij/3)δm,K2 = KijK
ij ,K3 = KijK

jkKi
k andOtd = (8/21)Kij(∂i∂j/∇2)

(δ2m − (3/2)K2). The first 7 represent all terms that exist up to third order in δm and Kij . Ad-
ditionally, we also include the first higher-derivative operators ∇2δm.

To fit for a bias parameter bO, we first marginalize over all others in Eq. (??) (which can be

done analytically Elsner et al. ?), and then find the maximum of the likelihood in the {bO, P {0}
ϵ }-

space (using the minuit routine from the root package). Notice that, even though the code
also returns estimates of the remaining, higher-order bias parameters, we will show results only
for the bias parameters b1, b2 and bK2 . Indeed we expect results for third order bias parameters
to be less accurate.

3 Results

We first present results for b1 as a function of halo mass, as well as b2 and bK2 as a function of b1
in Fig. ??. The forward modeling results are the blue symbols. The results for b1 and b2 are in
very good agreement with those from separate universe simulations (green markers, Lazeyras et
al. ?). We do note, however, a small trend for higher b2 values compared to the separate universe
ones at b1 ≳ 2.5. This is likely due to the fact that we neglect higher-than-third order bias
parameters (which can become important for these more biased objects). Finally, the results
for bK2 as a function of b1 are also in broad agreement with previous results from Lazeyras et
al. ? (purple markers). We further compare our results for bK2 with the Lagrangian local-in-
matter-density (LLIMD) prediction given by bLLIMD

K2 = −2
7(b1−1), and observe the same slightly
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Figure 1 – Results for b1(M), b2(b1), and bK2(b1) as a function of redshift from forward modeling, and comparison
with previous results.

negative offset in our results as already pointed out in e.g. Lazeyras et al.?. The good agreement
we found here validates the forward modeling approach to measure bias parameters.

We then turn to results for assembly bias in the three bias parameters considered in this
work as a function of concentration c, spin λ, and sphericity s, and for different halo mass bins
at z = 0 (Fig. ??). The dashed lines show the value of the bias parameter in the corresponding
total mass bin. On each panel, from left to right, the halos become more concentrated, have
higher spin, and become more spherical. Focusing first on b1 and b2 for which previous results
exist, we get a very clean detection of assembly bias, and our results are in qualitative agreement
with previous ones. We also obtain a clear detection of assembly bias in bK2 , and the effect seems
more important at higher masses for all three properties. However, the trends observed in this
parameter are consistently opposite to those of b1: for example halos with a higher concentration
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Figure 2 – Assembly bias as a function of concentration, spin and sphericity in b1, b2, and bK2 at z = 0.

21



are more negatively biased in bK2 , which is the opposite to the trend in b1 in the sense that the
halos are less positively biased.

Finally, we investigate the impact of assembly bias on the b2(b1) and bK2(b1) relations in
Figs. ?? – ??. Each panel of these figures presents these relations when binning in mass (color
coding) as well as when binning in a secondary property (four markers of the same color), at
different z. Perhaps the most noteworthy feature is the fact that, although assembly bias impacts
the values of b2 strongly, it only impacts the b2(b1) relation weakly, which is in strong contrast
with the results for bK2(b1), where we see that, at fixed mass and for all redshift, the relation
varies almost orthogonally to the LLIMD prediction as the secondary halo properties vary. This
surprisingly strong difference can be understood by the fact that assembly bias impacts b1 and
b2 in the same way but impacts bK2 in a consistently opposite way.
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Figure 3 – Impact of assembly bias on the relation b2(b1).

2 4 6

b1

−4

−2

0

2

b K
2
(c
,M

)

logM = 13.96

logM = 14.36

logM = 14.76

2 4 6

b1

−4

−2

0

2

b K
2
(λ
,M

)

LLIMD

2 4 6

b1

−4

−2

0

2

b K
2
(s
,M

)

z = 0.0

z = 0.5

z = 1.0

Figure 4 – Impact of assembly bias on the relation bK2(b1).
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Massive Neutrinos, Dark Sector, and Hydrodynamics: The Sejong Suite

Graziano Rossi
Department of Physics and Astronomy, Sejong University, Seoul, 143-747, Korea

Improving the understanding of the processes governing small-scale nonlinear clustering is a
necessary task for interpreting upcoming high-quality cosmological data, as it will allow one
to break degeneracies and obtain tight neutrino mass and warm dark matter constraints from
large-scale structure probes. The Sejong Suite, an extensive collection of state-of-the-art high-
resolution cosmological hydrodynamical simulations, has been intended with this primary goal
in mind. Spanning a large number of cosmological and astrophysical parameters (especially
suitable for the dark sector), and organized into three main categories (Grid Suite, Supporting
Suite, and Systematics Suite), the release may be useful for a broader variety of cosmological
and astrophysical purposes – while primarily developed for Lyman-α (Lyα) forest studies. In
particular, the overall architecture of the Grid Suite has been designed to achieve an equivalent
resolution up to 3 × 33283 = 110 billion particles in a (100h−1Mpc) box, corresponding to a
30h−1kpc mean grid resolution, which ensures a convergence on Lyα flux statistics closer to the
desired ∼ 1.0% level that data from surveys such as the Dark Energy Spectroscopic Instrument
(DESI) will provide. Here, we briefly highlight the main characteristics, improvements, and
novelties of the Sejong Suite, as well as ongoing and future applications.

1 Scientific Rationale: Dark Sector Cosmology at Small Scales

The ability to reach small nonlinear scales will be crucial in the next few years, as it will
allow one to break degeneracies and contribute to tightening neutrino mass, dark radiation, and
warm dark matter (WDM) constraints derived from large-scale structure (LSS) tracers. Small
nonlinear scales are in fact the key for competitive massive neutrinos and dark sector (i.e., dark
radiation, WDM) bounds, and in this regards the remarkable potential of the Lyman-α (Lyα)
forest is indeed the ability to reach such regime, still inaccessible to other probes. The Lyα forest
is highly sensitive to the summed neutrino mass (Mν) and additional dark radiation components
such as sterile neutrinos (i.e., when the effective number of neutrino species Neff departs from
its canonical value), via significant attenuation effects on the matter and flux power spectra
at small scales. 1,2,3,4 Currently, neutrino mass upper bounds from cosmology are closer to the
minimum value allowed by the inverted hierarchy (IH), and the Lyα forest in synergy with cosmic
microwave background (CMB) data provides among the strongest reported constraints in the
literature on Mν and Neff .1,3,5,6 State-of-the-art surveys such as the Extended Baryon Oscillation
Spectroscopic Survey (eBOSS) are already highly competitive in this regards 6, but ongoing
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Figure 1 – Sejong Suite: selected technical details.

experiments like the Dark Energy Spectroscopic Instrument (DESI) 7 are expected to greatly
improve on current dark sector bounds/limits in terms of statistical precision and accuracy. Note
also that conclusions regarding the minimal six-parameter ΛCDM concordance cosmological
scenario dominated by cold dark matter (CDM) and a dark energy (DE) component in the form
of a cosmological constant Λ are mainly drawn from LSS observations – while small scales remain
poorly explored to date. In addition, while the role of the Lyα forest is critical in sharpening
dark sector constraints, current results are heavily based on numerics and on details related to
statistical analysis techniques. Advancement in the modeling and a careful understanding of
small neutrino mass effects on key Lyα observables (particularly on the flux power spectrum)
and of possible systematics (i.e., impact of complex small-scale baryonic physics) is needed to
improve the robustness of all Lyα-based studies. Moreover, progress in the characterization of
systematics, progress in the small-scale modeling, and a deeper theoretical understanding of
neutrino mass and dark radiation effects on cosmological observables are necessary for a reliable
use of LSS data to robustly constrain Mν and Neff . All these considerations represent the
primary motivations and scientific rationale of our work.

2 The Sejong Hydrodynamical Simulation Suite: Highlights

The Sejong Suite 8 is organized into three main categories, addressing different scientific and
technical aspects. The Grid Suite (76 × 3 = 228 simulations) is targeted primarily for cosmo-
logical parameter constraints especially regarding massive and sterile neutrinos and the dark
sector, exploiting the small-scale flux power spectrum; it represents our leading effort and major
deliverable. The Supporting Suite (114 simulations) is aimed at studying the detailed physical
effects of exotic particles and dark radiation models, as well as their impact on the high-z cos-
mic web. The Systematics Suite (35 realizations) is meant to address several systematic effects,
ranging from numerical challenges until parameter degeneracies. Table 1 summarizes some key
characteristics of the three groups. The simulations 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 chem-
istry, and interfaced with CAMB and a modified version of second-order Lagrangian perturbation
theory (2LPT). Primarily, the suite is targeted to explore the high-z cosmic web as seen in the
Lyα forest (5.0 ≤ z ≤ 2.0), although of much broader usage. The release contains a number of
improvements: namely, efficiency of the pipeline, resolution, grid and stepsize accuracy, cosmol-
ogy, and reionization history. Full details are provided in Rossi (2020). The most interesting
novelty is the presence of mixed models, such as combined effects of WDM, neutrinos, and dark
radiation. An example is provided in Figure 2: the left panel show a small 4 × 4h−1Mpc patch
at z = 2 in a massive neutrino cosmology with Mν = 0.3eV, as well as in a mixed scenario
where also a massless sterile neutrino is added (i.e., Neff = 4.046). Differences in the cosmic web
morphology, albeit small, are clearly visible. The right panel shows the relative halo abundances
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Figure 2 – [Left] 4 × 4h−1Mpc patch at z = 2 in a massive neutrino cosmology with Mν = 0.3eV, and in a mixed
scenario where also a massless sterile neutrino is added (i.e., Neff = 4.046). [Right] Relative halo abundances at
z = 2, 3 in the corresponding models, normalized by the baseline massless neutrino cosmology.

Figure 3 – Small projected patch at z = 2 from 25h−1Mpc simulations with 2563 particles/type. A complex
structure is displayed, as seen in the gas column density of the reference cosmology (left panel), and in a WDM
cosmology when mWDM = 2.00 keV (right panel). Although differences are hardly perceptible, the impact of a
mWDM = 2.00 keV relic on the high-z cosmic web is significant.

at z = 2, 3 in the corresponding models, normalized by the baseline massless neutrino cosmology.
Halos are extracted with the Rockstar algorithm, assuming a linking length llink = 0.28. In
essence, the presence of massive neutrinos and dark radiation delays structure formation: this
primarily affects the higher end of the mass function, which is modified depending on redshift
and neutrino mass and/or Neff – because of free-streaming effects at small scales. As in our pre-
vious releases, we adopt a particle-based implementation of massive neutrinos. Regarding dark
radiation, we consider models with four neutrinos, where three are massive and active while the
fourth one is massless, sterile, and thermalized with the active ones – so that Neff = 4.046. As
far as WDM, we focus on two implementations, following different methodologies. In both cases,
we only consider early decoupled thermal relics, and assume that all DM is warm when massive
neutrinos are not present (i.e., pure WDM models); suitable candidates are keV right-handed
neutrinos or sterile neutrinos. As an example, Figure 3 shows a small projected patch from
simulations having a box size of 25h−1Mpc and 2563 particles/type, describing the gas column
density at z = 2.0. The left panel displays a complex structure as seen in the BG reference
model, while the right panel highlights the same structure as seen in a WDM cosmology when
mWDM = 2.00 keV. Once again, differences are tiny and therefore hard to be detected visually,
although the impact of a mWDM = 2.00 keV relic on the high-z LSS is significant.
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3 Contributions, Applications, Outlook

Reaching a very high sensitivity on small scales and resolving baryonic physics are essential
aspects for improving Mν , Neff , and dark sector bounds, as well as for breaking degeneracies –
as demanded by upcoming high-quality data. The addition of accurate small-scale observations,
soon available, will in fact allow one to break degeneracies, and contribute to tighten neutrino
mass and dark sector constraints from LSS probes. Motivated by these goals, we have carried
out an extensive set of high-resolution cosmological hydrodynamical simulations (over 300 runs)
termed the Sejong Suite, primarily developed for modeling the Lyα forest in the redshift interval
5.0 ≤ z ≤ 2.0 – but of much broader usage. In particular, the overall design has been targeted to
meet the demanding resolution of DESI (i.e., 30h−1kpc mean grid resolution). The Sejong Suite
features a number of improvements and novelties at all levels with respect to our previous re-
leases, related to technical, modeling, and innovative aspects. Noticeably, we have expanded the
parameter space for the Grid Suite and tighten their variation range. We have also addressed a
series of nontrivial systematics, and produced more than 288 million Lyα forest skewers mapping
an extended parameter space. On the innovative side, the most significant novelty is the inclu-
sion, for the first time, of extended mixed scenarios describing the combined effects of WDM,
neutrinos, and dark radiation. These non-canonical models are quite interesting, particularly for
constraining Neff and WDM relic masses directly from Lyα forest data. Our work is thus useful
for interpreting upcoming high-quality data from eBOSS and DESI (with ongoing data applica-
tions), and synergetic to particle physics experiments. In future releases of the Sejong Suite, we
plan to expand around this framework and provide more refined realizations. In particular, the
Grid Suite represents probably the ultimate word on splicing, as running larger-volume high-
resolution hydrodynamical simulations able to meet the requirements of upcoming surveys is
becoming progressively less prohibitive, in terms of computational costs. Therefore, abandoning
splicing and interpolation techniques and adopting emulator-based strategies will be feasible,
and we aim at extending the Sejong Suite in this direction.
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Strasse 27 ,CH- 8093 Zürich, Switzerland
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Next generation cosmological surveys like Euclid will measure the matter distribution with
unprecedented precision and a crucial, challenge of modern cosmology is to master this un-
precedented precision and to optimise the huge amount of information we will receive, with
high accuracy. We present a new summary statistics for weak lensing observables, higher
than second order, suitable to extract non-Gaussian cosmological information and infer cos-
mological parameters: the starlet ℓ1-norm. In comparison to the state of the art higher-order
statistics as weak lensing peak counts, minimum counts, or combination of the two, the ℓ1-
norm provides a fast multiscale calculation of the full voids and peaks distribution, avoiding
the problem of the definition of what is a peak and what is a void and carrying the information
encoded in all pixels of the map and not just the one in local maxima and local minima.

1 Introduction

Second-order statistics as the two-point correlation function or its Fourier transform (the power
spectrum) do not capture the non-Gaussian information encoded in the non-linear features of
weak lensing data ?. This has motivated the introduction of several higher-order statistics, such
as Minkowski functionals, higher-order moments, the bispectrum, peak counts, the scattering
transform, wavelet phase harmonic statistics, and machine learning-based methods, to account
for non-Gaussian information in cosmological analysis, see references for such statistics in 1 and
in 2. Focusing on peak counts, it has been shown that this statistics is particularly powerful in
breaking degeneracy between the standard model and fifth forces in the dark sector 3 as well as
in constraining cosmological parameters when employed in a multi-scale setting 4. In particular,
in 1 we have shown that multi-scale peak counts significantly outperform the weak lensing power
spectrum, improving the constraints on the sum of neutrino masses

∑
mν ≡ Mν by 63% when

using a starlet filter. In the same study, we have also found that multi-scale peak counts are
so constraining that the addition of the power spectrum does not further improve constraints.
A very interesting feature that we have found for multi-scale peaks, when they are obtained
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Figure 1 – Illustration of the starlet decomposition with jmax = 4 scales. As the j index increases, larger scales
are considered and the resolution decreases.

using the starlet transform 5, is the behaviour of the covariance matrix that tends to encode
all information in its diagonal elements. Another weak lensing probe of large-scale structure is
represented by cosmic voids, namely under-dense regions of the large-scale matter field. Local
minima of weak lensing convergence maps, namely pixels with values smaller than their eight
neighbouring pixels, have been proposed as tracers of the matter distribution voids to infer
cosmological parameters, both in a mono-scale setting 6,7, and in a multi-scale setting 8. More
specifically, 6 found that lensing minima alone are slightly less constraining than the peaks alone
and, in agreement with 7 and 8, that the combination of the two statistics produces significantly
tighter constraints than the power spectrum. From the results of these studies, it becomes clearer
and clearer that the information encoded in lensing minima is complementary to what we can
extract through peak counts and that their combination, namely the full distribution, is more
powerful than considering the two statistics alone in terms of constraining power. Motivated
by this general context and by our previous findings on the potential of multi-scale wavelet
based framework for high order statistics, we have then proposed a new summary statistics
called starlet ℓ1-norm that allows to perform very naturally a joint multi-scale peaks and voids
analysis, accounting for the information present in all pixels in the weak lensing convergence
map.

2 Toward the starlet ℓ1-norm

2.1 Starlet peaks

Multi-scale peaks counts (peak counts are computed as pixels with values larger than their eight
neighbours) can be derived either using a set of Gaussian kernels of different sizes or a wavelet
decomposition such as the starlet transform1. The starlet transform5 decomposes a convergence
map κ of size N×N into a set W = {w1, ..., wjmax , cJ} of J = jmax+1 bands of same size, where
jmax is the number of wavelet scales considered, cJ is the coarse scale, namely a very smoothed
version of the original image κ, and wj are the wavelet bands at scale 2

j pixels. An illustration of
this decomposition is shown in Fig. 1. Starlet peaks are then derived by considering n bins with
bin edges given by the minimum and the maximum values of each band in W. An interesting
advantage of such an approach is that each wavelet band covers a different frequencies range
which leads to an almost diagonal peaks counts covariance matrix 1. This is not the case when
a standard multiscale Gaussian analysis is applied on the convergence map.

2.2 Starlet extrema

As mentioned in the introduction, cosmic voids analysis is an alternative to peaks to study con-
vergence maps, and the combination of both improves the constraints on cosmological parame-
ters. It is interesting to notice how a starlet decomposition can naturally include a multiscale
voids analysis. Instead of extracting maxima (peaks) in each band, we can also extract minima
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(pixels with values smaller than their eight neighbours), and a joint peaks-voids multiscale is
therefore obtained extracting wavelet coefficients extrema (minima+maxima). The starlet de-
composition provides therefore a very natural framework for a joint multiscale peaks and voids
analysis.

2.3 Starlet ℓ1 norm

A particularity of peaks and voids statistics is that only few pixels are considered, while other
high order statistics such as bispectrum or Minkowski functionals use all pixels. In a starlet
framework, starlet peaks have mainly positive values and starlet voids negative value, due to the
property of the wavelet function. So instead of counting the number of peaks or voids in a given
bin i defined by two values Bi and Bi+1, we could take the sum of all wavelet coefficients with
an amplitude between Bi and Bi+1. If Bi and Bi+1 are positive, this corresponds to define the
set of coefficients Sj,i at scale j and in bin i such that Sj,i = {wj,k/Bi < wj,k < Bi+1}, where k

is the pixel index, and compute the sum
∑#coef(Sj,i)

u=1 Sj,i[u]. This can be generalised to positive
and negative bins using:

lj,i1 =

#coef(Sj,i)∑

u=1

| Sj,i[u] |= ||Sj,i||1 (1)

where ||.||1 is the standard ℓ1 norm (i.e. ||x||1 =
∑

k |xk|), the index u runs from 1 to the number
of pixels in a given bin i at scale j (i.e. #coef(Sj,i)). The quantity lj,i1 defined in Equation 1
is nothing else than the ℓ1-norm of binned pixel values of the starlet coefficients of the original
image κ map. We call Sℓ1 , the starlet ℓ1-norm, as the set Sℓ1 of all lj,i1 numbers obtained from
the different scales j and bins i. This approach enables to extract the information encoded in
the absolute value of all pixels in the map instead of characterising it only by selecting local
minima or maxima. An interesting advantage is that it avoids the open issue of how to define
a void.

2.4 Results

We provide constraints on the sum of neutrino masses Mν , on the matter density parameter
Ωm and on the power spectrum amplitude As by employing the power spectrum, mono-scale
peaks + minima, starlet peak counts, starlet extrema and the starlet ℓ1-norm computed on
noisy convergence maps from the MassiveNus 9 simulations as summary statistics. We per-
form a tomographic analysis using four source redshifts zs = {0.5, 1.0, 1.5, 2.0}. We compute
the covariance matrix from simulations at a fixed cosmology, assume a Gaussian likelihood and
explore parameter space through MCMC. The theoretical prediction for the observables is re-
trieved through a Gaussian process regression trained on the simulations. In Fig. 2 we show the
comparison between the constraints obtained using different summary statistics. As expected,
we see that all higher-order statistics are more constraining than the power spectrum. The new
result is represented by the starlet ℓ1-norm: the inclusion of all pixels enables to retrieve tighter
constraints than the combination of local minima and maxima. To compare the improvement
obtained by employing the different statistics we compute the 1σ marginalised error for each
parameter. We find that the starlet ℓ1-norm outperforms the power spectrum by 72% on Mν ,
60% on Ωm and 75% on As, and the state of the art peaks + voids for a single smoothing
scale respectively by 24% on Mν , 50% on Ωm and 24% on As. Starlet extrema outperform the
power spectrum by 72% on Mν , 20% on Ωm and 70% on As. We also quantify the improvement
provided by the ℓ1-norm with respect of our previous study 1, finding that the ℓ1-norm starlet
outperforms starlet peaks by 28% on Mν , 33% on Ωm and 20% on As.
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Figure 2 – 95 % confidence contours from: left-the power spectrum (light blue) computed on noisy maps smoothed
with a Gaussian filter, compared to constraints from starlet ℓ1-norm (dark blue)and right: from the combination
of peaks and minima (magenta) computed on noisy maps smoothed with a Gaussian filter against constraints
from starlet peak counts (green), starlet extrema (orange) and ℓ1-norm (dark blue).

3 Conclusions

We conclude that the new statistics first proposed here presents several advantages in the context
of cosmological parameter inference: it provides a fast calculation of the full voids and peaks
distribution; it does not rely on a specific definition of peaks and voids, and on some arbitrary
threshold; it rather encodes information of the entire pixel distribution, without excluding pixels
that are not local minima or local maxima; it leads to tighter constraints, at least within an
ideal setting. The starlet decomposition therefore provides a very powerful framework for a
joint multiscale peaks and voids analysis. These results show that the multi-scale higher order
statistics approach we developed represents a very promising tool to reach high levels of precision
in constraining cosmological parameters. However, to serve as a robust probe for precision
cosmology, the statistical power alone is not sufficient and it is very important to guarantee
robustness with respect to systematic errors.
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Lyman-alpha forest tomography and cross-correlation with cosmic voids

Corentin Ravoux
IRFU, CEA, Université Paris-Saclay, F-91191 Gif-sur-Yvette, France

The Lyman-alpha (Lyα) forest is a unique probe of large-scale matter density fluctuations at
high redshift z > 2. It is possible to obtain 3D maps of the matter distribution from Lyα data,
using tomographic reconstruction methods. Here, we present the largest tomographic map of
matter fluctuations at z > 2, over the Gpc3 volume covered by Lyα forest from SDSS-IV quasar
spectra in the Stripe 82 field 1. We present a catalog of high-redshift voids constructed from
this map. The measurement of the cross-correlation between these voids and the Lyα forest
provides the first observation of the matter velocity flow around voids, through the RSD effect,
at such high redshift. The data is in good agreement with simulations and is well adjusted
with a linear, Kaiser velocity model 2

1 Lyman-α tomography

The Lyα forest is a tracer of neutral hydrogen in the cosmic web. It is most easily observed in
quasar spectra. When observed from ground-based telescopes at a redshift z > 2, quasar spectra
show a broad peak of Lyα emission at λrest = 1215Å. Bluewards of this peak, a forest of lines
corresponds to the absorption of light by the intergalactic medium (IGM) located between the
quasar and the observer. These absorption features constitute the Lyα forest and on large scale
they trace the neutral hydrogen in the IGM. The measurement of the Lyα forest is complicated
when using noisy spectra. As a first step, the product of the continuous emission of the quasar
Cq by the average fraction of transmitted flux F is measured. From a quasar flux f(λ), it is
then possible to define the Lyα absorption contrast 3:

δF (λ) =
f(λ)

Cq(λrf)F (λ)
− 1 (1)

Standard Lyα BAO analysis, e.g.3, use δF to calculate correlations. In this study, we inter-
polate between different quasar lines-of-sight to create a 3D map of Lyα absorption. This is
called Lyα tomography4. It was achieved for the first time from observations by the CLAMATO
collaboration 5 on a portion of the COSMOS field. This measurement was on a small, dense
field of quasars and Lyman-break galaxies. The ultimate goal in that case, by improving the
map resolution down to a ∼ 1 Mpc.h−1 scale, is to trace the filaments of the cosmic web. This
is expected to be achievable with future telescopes of the ELT class.
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Figure 1 – Slice of the tomographic map computed from the observed eBOSS Lyα forest in the Stripe 82. The
slice is at constant declination δJ2000 = 0◦, and covers right ascension 1 ≤ α ≤ 23◦, roughly a quarter of the
Stripe 82 field. The reconstruction length is 13 Mpc.h−1. Circles are the intersection between the represented
slice and identified voids. Filled (empty) stars represent quasars whose distance along the y axis is less than 5
(10) Mpc.h−1 from the slice. Lines-of-sight used for the tomographic reconstruction are pictured as full (dotted)
lines if they are 5 (10) Mpc.h−1 from the slice.

Our study focused on building a tomographic map on a much larger volume, at the price of
degraded resolution. We used the Lyα forest region from quasar spectra available in the 16th

Data Release of the SDSS-IV eBOSS survey. In particular, we focused on the densest and most
homogeneous part of this survey: a narrow band called Stripe 82, of 220 deg2 area, located
in the equatorial plane. We used the spectra from 8200 quasars, corresponding to a surface
density of 37 quasars per deg2. To build a tomographic map, we applied a Wiener filter as
implemented by CLAMATO5. This algorithm performs an interpolation with a Gaussian kernel
taking into account the Lyα forest noise in individual pixels. We included a series of useful
tools for large-volume tomography in a python package lelantos 6. Fig. 1 represents a slice
of the tomographic map computed from eBOSS data. The main parameter of the tomographic
algorithm is the correlation length of the Gaussian kernel. We chose it to be 13 Mpc.h−1, which
corresponds to the average separation between lines-of-sight. This tomographic reconstruction
constitutes the first large-volume, high-redshift 3D map of matter density fluctuations.

In parallel, we used synthetic data called mocks to test the tomographic reconstruction algo-
rithms. These log-normal mocks are computed using the fluctuating Gunn-Peterson approxima-
tion7. They also provide the underlying matter density field associated with the Lyα absorption
contrast: we could therefore use them to quantify by how much the Lyα tomographic map traces
the matter density. We find that the correlation between these two fields is 34%.

The tomographic map obtained from the eBOSS data can be used for several applications.
First, a stack of the tomographic map around quasars reveals a clear signal centered on the quasar
position: this is a recast view of the cross-correlation between quasars and the Lyα forest as
studied in 3. Then, we identified eight proto-cluster candidates by selecting overdensities in the
map, and requiring they are crossed by a large number of lines-of-sight. Finally, the application
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we focused most is the search for voids. Indeed, since our tomographic map traces matter
fluctuations on large scales ≥ 13Mpc.h−1, it is well adapted to search for voids, the largest
structures in the cosmic web. With a spherical void finder, that we have developed in the
lelantos 6 package, we created the largest catalog of large voids at high redshift. To build this
catalog, we selected only voids crossed by several lines-of-sight, and whose radius is larger than
7 Mpc.h−1.

2 Lyα-void cross-correlation

We used the void catalog presented in our paper 1 to extend galaxy-void correlation studies 8 to
high redshift z > 2. To do so, we measured the cross-correlation between the void centers and
the Lyα forest pixels used for the tomographic mapping. Our estimator is similar to the one
used for the cross-correlation with quasars 3:

ξ(A ≡ (r, µ)) =

∑
(i,j)∈A

wiδF,i∑
(i,j)∈A

wi
, (2)

Here j corresponds to void index and i Lyα forest pixel index. The separation between two
pairs is characterized by a length r and the angle cosine µ. The weights wi of the associated
δF,i pixels depend on noise and redshift (no weights are associated to voids).

This study aims to use the angular shape of ξ to observe the effect of redshift space distortions
(RSD) around voids at redshift z > 2. The function ξ as computed from Stripe 82 data is
illustrated in Fig. 2 (left0, and a multipole decomposition onto the Legendre polynomial basis,
ξ`(r) for ` = 0, 2, 4, is shown on Fig. 2 (right). To interpret the measurement, we have also applied
this method on a set of mocks similar to the one described above, with the same geometry as
Stripe 82. First, we used a series of mocks to evaluate the impact of some instrumental and
astrophysical systematics on our measurement (eg. quasar continuum fitting, metals in the
IGM). The main conclusion is that for this data set, the impact of the considered systematics
is small with respect to statistical fluctuations.

Then, we computed the multipoles of ξ for a set of 10 mocks, as well as for an additional set
of companion mocks, labelled ”noRSD”, for which the effect of velocity flow is not taken into
account in the computation of the Lyα absorption. They are shown in Fig 2 (right). The data
clearly demonstrates the existence of the velocity flow, with a statistical significance of 10σ.

To interpret this result, we used a simple void model. It is based on the mean velocity profile
around voids in the linear regime:

v = −1

3

fH

1 + z
δ(r)r (3)

This relation links the average velocity v to the radial position r around void centers, in-
volving the logarithmic growth rate of linear perturbations f and the average isotropic matter
density contrast δ inside the sphere of radius r. Within this linear model, the monopole and the
quadrupole of the Lyα-void cross-correlation are connected by a simple relation involving the
void RSD parameter β. This relation is very similar to the case of the galaxy-void correlation 9:

ξ2(r) =
2β

3 + β

[
(ξ0(r) − ξ0(r))

]
(4)

As can be seen in Fig 2 (right), the cross-correlation exhibits a non-zero quadrupole even in
the absence of RSD. This feature comes from the particular geometry of the Lyα forest survey,
which affects the reconstructed void positions. The average flux contrast of the tomographic map
built with the Wiener filter is smaller at locations further away from lines-of-sight. This reduces
the efficiency of the void finder, and at the same time, displaces the reconstructed positions
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Figure 2 – (left) Measurement of r×ξ(r⊥, r‖) from eBOSS Stripe 82 data. (right) Associated Legendre multipoles
for ` = 0, 2, 4, for Stripe 82 data (black points) and for mock realizations including RSD (blue) or not (orange).
Thin curves represent individual mock realizations, and their average is shown with thick curves. Black dashed
curves show the average monopole and quadrupole measured from shuffled data. The black continuous curve
shows the fit of the eBOSS quadrupole with Eqn 4.

of void centers on average, closer towards the nearest line-of-sight with respect to their true
positions. We included this effect in a simple way to the model of equation 4. We also shuffled
the data to confirm the geometric origin of this effect.

By fitting this corrected model to the Lyα-void cross-correlation on data, we obtained an
RSD parameter β = 0.52± 0.05. This value is smaller than that of a similar parameter inferred
from the large-scale eBOSS Lyα auto-correlation 3. A full study of the velocity bias from
hydrodynamical simulations is probably required to interpret our measurement.

This exploratory work, applied to a statistically limited data set, opens new possibilities for
observational cosmology. Upcoming large-field surveys such as WEAVE-QSO 10 and DESI 11

will extend this measurement to much larger volumes. With an expected line-of-sight density
of ∼ 60 deg−2 over a 14, 000 deg2 DESI footprint, the tomographic effect will be reduced, and
statistical fluctuations will drastically shrink.
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Cosmological implications of the full shape of anisotropic clustering measurements
in BOSS and eBOSS
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We perform the full shape analysis of anisotropic clustering measurement from the extended
Baryon Oscillation Spectroscopic Survey (eBOSS) quasar sample together with the combined
galaxy sample from the Baryon Oscillation Spectroscopic Survey (BOSS). We focus on the
cosmological parameters that are not defined through the Hubble parameter h and obtain
constraints for flat ΛCDM cosmologies. We find our measurements to be consistent with
the latest CMB data from Planck within 0.64 ± 0.03σ. This agreement slightly degrades to
1.54 ± 0.08σ when the 3 × 2pt data sample from the Dark Energy Survey (DES) Year 1
release is added. We furthermore study the effect of imposing a Planck - like prior on the
parameters that define the shape of the linear matter power spectrum, and find that, in this
case, the combination of low-redshift data sets prefers a value of the physical dark energy
density ωDE = 0.335± 0.011, which is 1.7σ higher than the one preferred by Planck.

1 Introduction

Galaxy clustering has become one of the most mature and powerful probes of the low-redshift
Universe, providing information about the growth of structure through Redshift Space Dis-
tortions (RSD) as well as allowing to measure the background expansion through the imprint
of Baryon Acoustic Oscillations (BAO). The two effects set distinct features of the two point
correlation function which can be fit with the help of summary statistics, allowing to extract
cosmological parameter constraints with little dependence on the assumed cosmological model.
BAO set the angular scale of the acoustic peak which can be used as a ‘standard ruler’ to
probe the distance-redshift relation, whereas RSD distort the clustering amplitude, introducing
anisotropies, as a result of galaxy peculiar velocities.

The analyses based on BAO and RSD information alone have provided consistent results,
confirming ΛCDM as the preferred cosmological model1. Nevertheless, these summary statistics
based techniques have been shown to lose additional constraining power available from the shape
of the full clustering measurement. The alternative is, therefore, to fit the full measurement, in
this way preserving the cosmological information, though introducing additional dependence on
the particular cosmological model considered.

While ΛCDM remains the best-fit cosmological model for the current observations, the as-
sociated tensions 2 motivate to further improve the constraints on the model parameters and
test the consistency among different probes. The full shape clustering analyses provide some of
the most precise low-redshift measurements on a number of cosmological parameters. Further-
more, such analyses can be complimented by the inclusion of weak lensing data sets that provide
information on the full matter distribution without suffering from the effects of tracer bias.

In these proceedings we summarise our work where we perform full shape analysis of the
anisotropic two point correlation function measurements from eBOSS quasar sample 3. We
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combine these with clustering measurements of BOSS galaxies, which are reanalysed with an
updated bias model as well as an updated model for non-linear power spectrum. We compare
our constraints for ΛCDM model with the predictions by Planck for clustering alone, as well as
its combination with weak lensing ‘3×2pt’ measurements from Dark Energy Survey Year 1 (DES
Y1) release. Throughout the work we define our parameter space such as to avoid dependence
on the Hubble parameter h.

2 Methodology

2.1 Data

The clustering measurements used in this work come from Sloan Digital Sky Survey Data Release
12 (SDSS DR12). We use BOSS galaxy clustering wedges measurements from 4, which corre-
spond to two redshift bins with 0.2 < z < 0.5 (the LOWZ sample) and 0.5 < z < 0.75 (CMASS)
with the effective redshifts of zeff = 0.38 and 0.61, respectively. For eBOSS quasar clustering we
use the clustering multipole measurements from 5. The corresponding quasar sample covers the
redshift range of 0.8 < z < 2.2, with an effective redshift zeff = 1.48. The covariance matrices
of these measurements were obtained using sets of mock catalogues 6,7.

Complimentary to our clustering measurements, we use weak lensing 3 × 2pt measure-
ments from DES Y1, which are analysed using the publicly provided likelihood, as imple-
mented in our chosen Markov-Chain Monte-Carlo sampler CosmoMC 8. We compare our re-
sults with the constraints obtained using latest CMB temperature and polarization power spec-
tra from the Planck satellite. We use the public nuisance parameter-marginalised likelihood
plik lite TTTEEE+lowl+lowE.

2.2 Modelling anisotropic measurements

We model the full shape of Legendre multipoles and clustering wedges following 4 with updated
bias and non-linear power spectrum modelling.

The predictions for the non-linear matter power spectrum, Pmm(k), are obtained using
the Rapid and Efficient SPectrum calculation based on RESponSe functiOn approach 9 (RE-
SPRESSO), whose key ingredient is the response function K(k, q), which quantifies the variation
of the non-linear matter power spectrum at scale k, induced by a change of the linear power at
scale q, PL(q) . This approach allows to obtain Pmm(k) for arbitrary cosmological parameters
θθθ based on a measurement from N-body simulations of a fiducial cosmology θθθfid and a response
function which can be modelled phenomenologically:

Pmm(k|θθθ) = Pmm(k|θθθfid)
∫

d ln q K(k, q)

× [PL(q|θθθ)− PL(q|θθθfid)].
(1)

The choice of θθθfid in respresso corresponds to the best-fitting ΛCDM model to the Planck 2015
data 10.

Our bias model follows 11 who relate the galaxy density fluctuations δ to the matter density
fluctuations δm at one loop using a four-parameter model:

δ = b1δm +
b2
2
δ2m + γ2G2(Φv) + γ21G2(φ1, φ2) + ..., (2)

Here the first two terms represent contributions from linear and quadratic local bias, while
the remaining ones correspond to non-local terms: G2 is the Galileon operator of the normalized
velocity potential Φν , and φ1 is the linear Lagrangian perturbation potential with φ2 as a
second-order potential that accounts for the non-locality of the gravitational evolution.
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and ωm–σ12 projections, reminiscent of the tension seen in σ8–Ωm plane.

We use a quadratic relation based on excursion set theory from 12 to set the value of γ2 in
terms of the linear bias b1:

γ2(b1) = 0.524− 0.547b1 + 0.046b21, (3)

Similarly, we also relate γ21 and b1 through a co-evolution relation which is derived assuming
conserved evolution of galaxies after their formation:

γ21 = − 2

21
(b1 − 1) +

6

7
γ2. (4)

Our model of RSD effects matches that of 4 and follows 13 and 14 with a fingers-of-god
correction factor due to non-gaussian large scale limit of the generating function of the pairwise
velocity distribution. In addition to the non-linear power spectrum, we also require velocity-
velocity and matter-velocity power spectra. We compute these using the empirical relations
based on N-body simulations 15. We furthermore account for the non-negligible redshift errors
of the QSO sample by including an additional damping factor to the power spectrum, as per 5.
Finally, we account for Alcock-Paczynski distortions by introducing geometric distortion factors.

2.3 Parameter space

As pointed out by 16, using h−1Mpc units is equivalent to marginalising over the posterior of h
that is recovered by a particular probe. This may not only complicate the physical parameter
interpretation but also introduce artificial discrepancies when comparing constraints from probes
with significantly different h posteriors.

In order to avoid such effects we focus on ‘h-free’ definitions of cosmological parameters:
instead of σ8, we use its equivalent defined on a scale of 12 Mpc, σ12, as introduced by 16,
and instead of expressing contributions of various energy components i through their relative
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density Ωi, we use the physical quantities ωi = Ωih
2. Our final parameter space of interest is

then (ωb, ωc, ωDE, As, ns).

3 Results

The posterior constraints from our analysis are presented in Figure 1. Overall, we find con-
sistency between the clustering measurements and Planck within ∼0.6σ (∼1.5σ when DES is
added), as measured by the suspiciousness statistic.

We also find that the slight tension between DES and Planck seen in the Ωm-σ8 plane is no
longer present in its h-independent equivalent ωm-σ12 plane. Nevertheless, we do see differences
of a similar significance (∼2.5σ) in the log(1010As) – σ12 plane between DES and Planck, which
are inherited by the full combination of low-redshift data sets. This can be straightforwardly
interpreted as DES and large scale structure probes preferring slightly less structure growth
than predicted by Planck.

In addition to our wide-prior analysis, we also perform a consistency check by imposing
Gaussian priors on cosmological parameters that control the shape of the linear power spectrum
- ωb, ωc and ns

17. The covariance matrix and mean values for this are derived from Planck-only
posterior distributions. The resulting values of σ12 and ln(1010As) preferred by our low-redshift
probes are, respectively, 1.89σ and 1.22σ lower than the corresponding Planck values. We also
recover a 1.73σ higher value for ωDE.

The high value of ωDE preferred by the low redshift probes is consistent with suppressed
growth, which is hinted at our wide-prior analysis. This parameter, however, cannot be well
constrained by our datasets without the additional information on the power spectrum shape
from Planck. Nevertheless, this discrepancy is intriguing in the context of the high value of H0

obtained by some of the direct measurements (the “H0 tension”).
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We constrain the matter density Ωm and the amplitude of density fluctuations σ8 within the
ΛCDM cosmological model with shear peak statistics and angular convergence power spectra
using mass maps constructed from the first three years of data of the Dark Energy Survey (DES
Y3). Our analysis follows a forward-modelling scheme to create a likelihood of these statistics
using N-body simulations, using a Gaussian process emulator. We include the following lensing
systematics: multiplicative shear bias, photometric redshift uncertainty, and galaxy intrinsic
alignment. We find that the additional non-Gaussian information leads to a tightening of the
constraints on the structure growth parameter yielding S8 ≡ σ8

√
Ωm/0.3 = 0.797+0.015

−0.013

(68% confidence limits), with a precision of 1.8%, an improvement of 38% compared to the
angular power spectra only case. We find a mild tension of 1.5σ between our study and the
results from Planck 2018, with our analysis yielding a lower S8. Furthermore, we observe that
the combination of angular power spectra and tomographic peak counts breaks the degeneracy
between galaxy intrinsic alignment AIA and S8, improving cosmological constraints.

1 Introduction

Recent measurements from observational programs that map the large scale structure (LSS) of
the Universe have delivered cosmological constraints on the matter density Ωm and amplitude
of density fluctuations σ8 with better than 5% precision. Weak gravitational lensing is one of
the probes able to map the distribution of structures in the LSS directly 1. The information
contained in weak lensing mass maps is typically extracted using 2-point statistics such as the
angular power spectrum. However, 2-point statistics do not capture all the information available
in the highly non-Gaussian mass maps 2,3. Multiple approaches have been proposed to extract
this information. We utilize the peak count function, which counts local maxima of the mass
maps and thus probes their highly non-linear parts 4. The inclusion of peak counts increases the
cosmological constraining power, but faces a major difficulty in its application: the prediction
from theory is more challenging than that of 2-point statistics. We circumvent this problem
by relying on a forward modelling approach, training an emulator on numerical simulations to
predict the peak counts for different cosmologies.

The goal of this work is to infer cosmological parameter constraints using peak counts and the
angular power spectra of the tomographic weak lensing mass maps from the first three years of
data from the Dark Energy Survey (DES Y3) 5. We measure the cosmological parameters σ8
and Ωm in the ΛCDM model, as well as the galaxy intrinsic alignment amplitude AIA. We do
not infer the values of the remaining ΛCDM parameters as they are mostly unconstrained by
weak lensing measurements, but we take into account their contribution to the measurement
uncertainty by marginalising them out over a prior. Further, we incorporate the effects of pho-
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tometric redshift uncertainty, shear calibration biases and the redshift dependence of galaxy
intrinsic alignment into the analysis. Stringent scale cuts are applied to ensure that the results
are not sensitive to baryon modelling.

We refer the reader to Zürcher et al. 2022 6 for a detailed discussion of this work.

2 Data

Dark Energy Survey Year 3 shape catalogue The Dark Energy Survey (DES) is a pho-
tometric imaging survey that observed the southern hemisphere in five optical-NIR broadbands
(grizY ) over six years (2013-2019). We use the fiducial DES Y3 weak lensing shape catalogue
presented in7. The final sample comprises about a hundred million objects, for an effective num-
ber density of neff = 5.59 galaxies/arcmin2, spanning an effective area of 4143 square degrees.
The galaxies of the DES Y3 shape catalogue are further divided into four tomographic bins.

N-Body simulation suite The simulations used to train the emulator sample the Ωm −
σ8 plane at 58 different cosmologies. Fifty independent full-sky simulations were run for the
fiducial cosmology and five simulations for every other cosmology. The simulations at the fiducial
cosmology are used to estimate the covariance matrix while the remaining simulations are used to
train the emulator. All simulations were produced using the publicly available code PkdGrav38.
Apart from the varying Ωm and σ8 parameters, all remaining cosmological parameters are fixed
to the (ΛCDM,TT,TE,EE+lowE+lensing) results of Planck 20189. The dark energy density ΩΛ

is adapted for each cosmology to achieve a flat geometry. All simulations include three massive
neutrino species with a mass of mν = 0.02 eV per species. A degenerate mass hierarchy was
adopted.

3 Method

The UFalcon 10 software is used to produce full sky mass maps from the particle shells of the
PkdGrav3 simulations, utilizing the Born-Approximation. An area equal to the area observed
by the DES Y3 survey is cut out from the full sky maps. Subsequently, a shape noise signal that
is statistically equivalent to the shape noise in the actual DES Y3 data is added to the mass maps.

We train a Gaussian Process Regression (GPR) emulator to predict the values of the summary
statistics for different inputs of Ωm, σ8, and AIA. The training of the GPR emulator is based
on simulations at 58 different locations in the Ωm − σ8 space. At each parameter point 9 dif-
ferent setups are used with AIA varying from -6 to 6 (linearly spaced). This results in the full
parameter space Ωm − σ8 −AIA being sampled in 522 different parameter locations. The effect
of galaxy intrinsic alignment is modelled using the non-linear intrinsic alignment model (NLA).

While the amplitude of the galaxy intrinsic alignment signal AIA is included in the emulator,
the remaining systematics (photometric redshift uncertainty, multiplicative shear bias and the
redshift dependence of the galaxy intrinsic alignment signal) are modelled in a cosmology inde-
pendent way by fitting a set of scaling functions at the fiducial cosmology.

In the inference process we compress the data vectors using the MOPED data compression al-
gorithm 11. A Gaussian noise model is assumed and the parameter space is efficiently sampled
using the Markov Chain Monte Carlo (MCMC) sampler emcee 12.

While we measured the angular power spectra in 32 square-root-spaced bins between ℓ = 8 and
ℓ = 2048 we do not use all scales in the analysis; instead, we decided to only use the scales
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ℓ ∈ [30, 578]. The lower scale cut ℓ ≥ 30 is driven primarily by the decision to exclude scales
that might be affected by mixing with super-survey modes. The upper scale cut ℓ ≤ 578 is
imposed to stay unbiased to baryonic physics.
In order to be sensitive to peaks of different spatial extent, the mass maps are smoothed with a
set of Gaussian kernels prior to identifying the peaks. Initially 12 such kernels were used, with
FWHM = [31.6, 29.0, 26.4, 23.7, 21.1, 18.5, 15.8, 13.2, 10.5, 7.9, 5.3, 2.6] arcmin. Again, a scale cut
is applied in order to avoid biases from baryonic physics. Hence, we restrict ourselves to using
peaks identified on maps that were smoothed with a Gaussian kernel with a FWHM ≥ 7.9
arcmin.

4 Cosmological Constraints

We present our fiducial constraints on the cosmological parameters Ωm, σ8 and S8 in the left-
hand plot in Figure 1. We observe a mild breaking of the Ωm − σ8 degeneracy due to the
non-Gaussian information extracted using the peak counts. The combination of angular power
spectra and peak counts yields

Ωm = 0.276+0.034
−0.086

σ8 = 0.850+0.13
−0.068

S8 = 0.797+0.015
−0.013 (precision 1.8%).

(1)

While both summary statistics find an AIA constraint consistent with zero, the angular power
spectra analysis prefers values lower than the peaks analysis (AIA = −0.72+0.72

−0.39 for angular
power spectra and AIA = 0.11+0.22

−0.49 for peaks). In the combined analysis, we find a tight con-
straint of AIA = −0.03±0.23 and we observe the hoped-for breaking of the S8−AIA degeneracy.
As can be seen from the right-hand plot in Figure 1 this also leads to a shift of ∼ 1σ of the S8

constraint towards larger values when compared to the peaks-only case.
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Figure 1 – Left: Fiducial constraints on the matter density Ωm, the amplitude of density fluctuations σ8, and
the structure growth parameter S8 ≡ σ8

√
Ωm/0.3 inferred using the angular power spectra (CLs), peak counts

(Peaks), and both summary statistics (CLs + Peaks). Right: Constraints on the galaxy intrinsic alignment
amplitude AIA as well as the degeneracy parameter S8 and Ωm as inferred using angular power spectra (CLs),
peak counts (Peaks), and both (CLs + Peaks). The contour levels in both plots indicate the 68% and 95%
confidence regions of the constraints.
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When comparing our constraints to the (ΛCDM,TT,TE,EE+lowE+lensing) results of Planck
2018 9 we find a mild tension of 1.5σ. The measured tension is slightly lower than that recorded
in other weak lensing studies. This can be attributed to the near zero value of AIA and the
breaking of the S8 −AIA degeneracy achieved by the combination of angular power spectra and
peak counts.
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We perform the first harmonic space joint analysis of galaxy clustering, cosmic shear and
galaxy-galaxy lensing, the so-called 3× 2pt analysis, considering Hyper Suprime-Cam Subaru
Strategic Program (HSC-SSP) public data. HSC is the deepest Stage III survey and uses
a prototype version of the Rubin Science Pipelines, making this dataset ideal to use as a
precursor to the Vera C. Rubin Observatory Legacy Survey of Space and Time (LSST). These
characteristics allow us to put to the test software and tools developed by the LSST-DESC
collaboration as well as setting precise constraints on ΛCDM cosmological parameters. In
this analysis we explore the advantages of having the same lens and source sample and the
applicability of mode deprojection as a method to correct the impact of observing conditions
in spin-2 fields. As our main result, we present preliminary results in the plane Ωm − S8 that
are competitive with the current state of the art.

1 Introduction

There are two main elements which intrigue the cosmological community. One of them is the
so-called dark energy which causes the accelerated expansion of the Universe. The other one is
dark matter, proposed by F. Zwicky and discovered by Vera C. Rubin in the middle of the last
century, to account for the matter for which we sense their gravitational influence but not their
electromagnetic counterpart.

One of the primary avenues to explore the nature of dark matter and dark energy has been
the observation of large areas of the sky. Photometric surveys have been one of the main ways
of observing the sky, measuring the position and shapes of million of galaxies. Currently, we
are living the endgame of Stage III surveys. Among these Stage III projects we can highlight
the Dark Energy Survey (DES) which stands out for its large area covered (approximately one
octant of the sky, ∼ 5000 deg2) and the Hyper-Suprime Cam Subaru Strategic Program (HSC-
SSP or HSC) which aims to map a smaller area (∼ 1400 deg2 of the northern sky) but being
sensitive to objects approximately 3.3 times dimmer (i < 25.9 vs. DES i < 24.5)

Stage IV surveys will overcome the need for trade-offs between survey area and depth. The
Rubin Observatory Legacy Survey of Space and Time a (LSST), flagship of this near-future phase,

ahttp://www.lsst.org
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carried out in the Vera C. Rubin Observatory will cover the whole southern hemisphere sky to an
extraordinary depth every few nights. The LSST is a multi-propose project covering a wide range
of physical scales. On the largest scales, the main goal is the study of observable signatures of
dark sector physics. The Rubin Observatory LSST Dark Energy Science Collaboration b (DESC)
was created with the purpose of probing this dark world, to measure with precision fundamental
cosmological parameters using LSST data combining different cosmological probes.

The aim of the project presented in this dissertation is twofold. On the technical and
software side, we validate the DESC developed two-point correlations measurement pipeline
called TXPipe and the collaboration statistical inference tool, Firecrown. On the cosmological
science side, we analyse the HSC dataset as a precursor of LSST data and combine large-scale
structure and weak lensing probes in the so-called 3×2pt analysis. This combined methodology
enhances our statistical power to set constraints on abundance of matter, the sum of dark and
baryonic matter, and the clumpsiness of the structure in the late universe.

This document is structured as follows: the introductory section ends with a brief summary
of 3× 2pt technique. This is followed in Sec. 2 by a description of the HSC data. In Sec. 3 the
methodology is presented, this encloses the presentation of LSST-DESC two-point correlations
measurement and statistical inference tools. Finally, in Sec. 4 our reproduction of HSC cosmic
shear analysis results is presented as a first step to the final combination with galaxy clustering
and galaxy-galaxy lensing.

1.1 Cosmology from Clustering & Weak Lensing: a 3× 2pt analysis

The statistical combination of these three cosmological probes: cosmic shear, galaxy-galaxy
lensing and galaxy clustering, has shown to be a suitable method to constrain the ΛCDM model
and its different extensions. The success of this methodology applied to state-of-art photometric
datasets is collected in recent papers, such as: the main results with the Year 3 data of the DES
Collaboration and the joint analysis developed by the Kilo Degree Survey (KiDS) and Galaxies
And Mass Assembly (GAMA).

Photometric surveys measure the angular position, color and shapes of galaxies contained
in a large volume of our universe enabling the reconstruction of the history of the late universe.
These quantities can be correlated in real space yielding the two-point correlation functions or its
counterpart in harmonic space, the power spectra. The galaxy clustering correlation function is
obtained by correlating positions with positions, cosmic shear is obtained by correlating shapes
with shapes and the cross-correlation of shapes and positions is called galaxy-galaxy lensing.

To estimate these two-point correlation functions, the whole dataset of galaxies observed
has to be divided in two different samples: the lenses and the sources. The lens sample contains
foreground galaxies for which positions are measured and are used to compute the galaxy clus-
tering and the galaxy-galaxy lensing. The source sample contains galaxies in the background
for which shapes are measured and used in cosmic shear and galaxy-galaxy lensing.

2 Data

We analyse the Hyper Suprime-Cam Subaru Strategic Program first public data release (HSC-
SSP PDR1 1). HSC-SSP PDR1 is a suitable dataset for the LSST preparation as it uses a
prototype version of the Rubin Science Pipelines for data processing and it is the deepest Stage
III wide-catalog available to date. This dataset collects positions and shapes of ∼ 11 million
galaxies covering an area of 136.9 deg2 of 6 non-contiguous field of the northern hemisphere in
5 broad photometric bands, grizy. Observations are optimized to obtain a seeing in the i -band
better than ∼ 0.8”, suitable for shape measurements and cosmic shear cosmology. We consider
the same redshift distributions as the ones in the official HSC shear analysis 2.

bhttp://lsstdesc.org
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Two properties stand out from the catalog to consider it as a precursor of LSST: the limiting
magnitude in the i -band is 25.6, similar to what is expected for the first year of data of LSST,
and its high number density, 21.8 arcmin−2 after additional cuts.

3 Method

3.1 TXPipe: 2pt measurements, deprojection & covariance

Measuring 2pt statistics - To obtain two-point statistics we use the LSST-DESC official two-
point pipeline, TXPipe (Zuntz et al. in prep.). Several tests are developed to validate the code
and the data consistency. An important check consists on comparing the two-point measure-
ments when performed over the 6 non-contiguous individual fields versus the all-fields calibration
measurement. These different measurements are consistent for all cosmological probes and red-
shift bins. As a result, the all-field calibration becomes our fiducial measurement and it is used
in cosmological inference.

Deprojection method - Photometric surveys imaging process is affected by observing
conditions inducing spurious signal, contaminating the cosmological signal. In order to separate
these two components we apply the so-called deprojection method presented in Alonso et al 3.
For the cleaning process we consider a set of 60 observing condition maps. In this scenario we
perform several robustness, for instance: a) check the correlation between observing conditions
and our overdensity and shape maps; b) deproject considering 22 maps condensed via principal
component analysis (PCA) and as a null-test to certify we are not removing cosmological signal
in the cleaning process, c) we look for correlations between our maps and thermal Sunyaev-
Zeldovich and Cosmic Microwave Background lensing maps. We find HSC sample to be robust
under observing conditions systematics. See Fig. 1 for a summary of the aforementioned tests.

Gaussian covariance - The statistical combination of galaxy clustering and weak lensing
has the advantage of enhancing the constraining power. As a counterpart, we need to calculate
a covariance matrix accounting for the correlation between probes due to all them been different
manifestations of the same matter density field. We limit our covariance estimation to the
Gaussian term 4, unlike HSC official shear analysis which also considers a non-Gaussian and a
super-sample covariance term. We need to consider this difference when comparing cosmological
constraints.

3.2 Firecrown: modeling and cosmological inference

Previous works have developed the analysis over individual probes, such as: the galaxy clustering
analysis presented in Nicola et al.5 and the cosmic shear analysis presented in Nicola et al. 4 and
Hikage et al.2. Our study is based on Hikage et al.2 cosmic shear modeling choices, we aim to
reproduce their results to validate our tools, and extend them to join galaxy clustering and
galaxy-galaxy lensing. Cosmic shear is modelled following the official HSC analysis choices 2.
We restrict our scales to multipoles in the range 300 < ` < 1900, consider the non-linear matter
power spectrum, the Non-Linear Alignment (NLA) model to account for the intrinsic alignment.
To account for uncertainties in the measurement process, a shear multiplicative bias and a shift
parameter on the redshift distributions are introduced.

On the clustering side, we design the scale cuts and the choice between linear and non-linear
galaxy bias in an two-steps process which proceeds as: first, generate a theoretical prediction for
the different combinations of galaxy bias model and maximum scale, kmax ∈ {0.125, 0.5, 0.7, 1.0}
Mpc−1; second, we compare the theoretical prediction and our measurement via its ∆χ2 and
keep the configuration which yields the greatest similarity.
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Figure 1 – (Left) Impact of different deprojection configurations with respect to raw galaxy clustering signal
for the first redshift bin; (right) a comparison of the marginalized parameter constraints in the ΛCDM model
between HSC official shear analysis and the shear analysis developed in our work. Discrepancies may arise from
the different terms considered in the covariance computation and the fact that we do not model certain effects
such as the PSF leakage

4 Results & Conclusions

In this project, Firecrown is also used as a statistical inference pipeline to run MCMC processes.
Our main preliminary result is shown in Fig.1. We are able to reproduce Hikage et al. 2 cosmic
shear analysis with our independent data reduction and pipelines. HSC obtains Ωm = 0.162+0.086

−0.044

and σ8 = 1.029+0.053
−0.078. Our results yield Ωm = 0.193+0.120

−0.086 and σ8 = 0.98+0.20
−0.24.

We conclude that TXPipe and Firecrown tools are highly advanced in their development
and we have shown its validity and applicability in a wide range of cases. HSC sample seems
to be robust to observing condition maps, we tested in-depth the effects of deprojection. Using
these new measurements and inference tools we are able to replicate HSC cosmic shear results
and we are ready to join galaxy clustering and galaxy-galaxy lensing statistics to conform the
first 3× 2pt result with HSC data in harmonic space.
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The Ultraviolet Near-Infrared Optical Northern Survey (UNIONS) is a survey that aims at
covering 5 000 deg2 in the Northern sky in 5 optical bands. It is the result of the collaboration
of 3 Hawaiian telescopes: CFHT, HSC, and Pan-STARRS. Due to the location of this survey,
the r-band data reach an excellent sky quality (seeing ≈ 0.65 arcsec) and a depth of 24.5 mag
in the r-band. The combination of a large coverage, excellent image quality, and multi-band
data make UNIONS perfectly suited for weak lensing analysis. We will present the processing
carried on the 3 600 deg2 that has been observed so far. We will focus on validation tests as
systematics are critical for upcoming surveys. Finally, we will show preliminary science results
obtain with our shape catalogue.

1 Introduction

Euclid and the Vera C. Rubin Observatory will soon observe over a billion galaxies which will
take galaxy surveys to a new era. For this generation of surveys, the control of systematics
is critical to achieve the expected precision on the measurement of cosmological parameters,
in particular on the dark energy equation of state. To prepare those missions we can rely on
existing surveys such as Dark Energy Survey (DES), Kilo-Degree Survey (KiDS) or Ultraviolet
Near-Infrared Optical Northern Survey (UNIONS) that we will discuss here.

One of the main cosmological probes of these surveys is weak lensing. Weak lensing or
gravitational lensing in general, is a physical phenomenon which consists of observing background
galaxies whose images have been distorted by the presence of matter along the line-of-sight,
whether a massive galaxy or the large scale structure (LSS) of the universe. The study of
weakly lensed objects allows to determine how the matter, including dark matter, is distributed.
Studied as a function of redshift, it can also allow to measure the growth of structures at
different epochs, which makes it sensitive to dark energy. In the following, we will present the
ongoing effort among the UNIONS collaboration toward weak lensing analyses with a focus on
the quantification and minimisation of the systematics.

The UNIONS collaboration is the reunion of three observatories:

• Canada France Hawaiian Telescope (CFHT): CFIS in r- and u-band.

• Subaru Hyper Suprime-Cam (Subaru-HSC): WISHES in z-band and WHIGS in g-band

• Pan-STARRS: PS in i-band

We will focus on the Canada France Imaging Survey (CFIS) and more specifically on the
r-band data. Thanks to great atmospheric conditions at Mauna Kea summit, CFIS has an
average seeing of ≈ 0.65 arcsec and reaches completness at 24.5 r-mag. These characteristics
make CFIS perfectly suited for weak lensing analyses. In our group, we have developed a shape
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measurement pipeline, ShapePipea, which uses state-of-the-art algorithms to infer the shapes of
galaxies. It can produce calibrated shape catalogue for large surveys. The calibration is handled
through the metacalibration technique as introduced in Huff & Mandelbaum (2017). The
pipeline is presented in Farrens et al. (in prep) and a first analysis of the CFIS data has been
presented in Guinot et al. (submitted).

In the following section, we will show validation tests we performed on our processed cata-
logue to assess its quality and present preliminary science results to demonstrate the scientific
potential of UNIONS.

2 Validation tests

As stated in the introduction, weak lensing analyses consist at precisely measuring the distortion
in the shape of galaxies. It is then important to be aware of all external effects that could have an
impact on the shape measurement. The main contributor is the optical system, which includes
the atmosphere for ground based surveys like CFIS. To take this effect into account, we measure
the response of the optical system: the Point Spread Function (PSF). The PSF can be measured
with stars, as they are unresolved objects for our telescope. That means, their observed shapes
come from the atmospheric turbulence and the small imperfections in the optics of the telescope.
To model the PSF we make use of our newly developed software package MCCD (Liaudat et
al. (2020)). We divide our star sample to keep 20% of our stars for the validation. This allows
us to test the interpolation of the model and avoid to be sensitive to over-fitting. We have
measured residuals between the ellipticity of the stars and our model around 10 times smaller
than the ellipticity of the model. They present large circular patterns due to our second degree
polynomial which do not fully capture the mirror optical aberrations. To quantify the impact of
our PSF residuals on cosmology, we measure the ρ-statistics as described in Jarvis et al. (2016).
In Fig 1 we can see that most of our ρ-statistics are within our requirements represented by the
grey area. At the moment these requirements correspond to a 3% error on the estimation of
σ8 which is the most important cosmological parameter for weak lensing studies. The effects at
large scales are currently under investigation.

Once the PSF model has been validated, it is important to verify that the PSF is not
propagated to the shape measurement, this is called PSF leakage. PSF leakage generally creates
an additive bias which we have measured in our catalogue to be less than 1×10−4. More thorough
measurements have shown a leakage below 1% of the PSF ellipticity which is compatible with
our additive bias and again falls within our requirements.

Among all the science that weak lensing enables, the measure of cosmic shear, also known as
the shear-shear 2-point correlation function, is one of the most important ones. At this stage we
chose not to measure it to avoid a bias on a future parameter inference. However, we measured
the Complete Orthogonal Sets of E-/B-mode Integrals (COSEBIs) which are a good indicator
of level of systematics remaining that could affect such analysis. Our results are presented in
Fig 2 where we can verify that B-modes are compatible with 0 as it would be expected without
systematics. For a more in-depth look at those validations, we redirect the reader to our first
analysis of the CFIS data presented in Guinot et al. (submitted).

3 Preliminary results

To date, we have produced a catalogue containing 80 million galaxies covering and effective
area of 3 000 deg2 with a galaxy density of 7.4 gal.arcmin−2. In this section we present further
tests focused on example science analyses where the goal is to show the potential of our shape
catalogue.

ahttps://github.com/CosmoStat/shapepipe

48



Figure 1 – The PSF residuals ρ-statistics. The grey area are the requirements (3% error on the estimation of σ8).
We see that our PSF model respect those requirements except for ρ5 at large scales which more investigation at
this stage.

Figure 2 – We show here the COSEBIs for modes between 1 and 16. This test was performed to quantify the
impact of potential systematics on the B-mode, which are consistent with 0 for our study.

We present first a cluster lensing analysis using the SDSS DR8 redMaPPER cluster cata-
logue. On the left plot of Fig 3 we compare the tangential shear, γt, measured around cluster
positions to what is obtained around random positions illustrated by a box plot. In this figure
we can see a significant detection ≈ 8σ. This result confirms that our catalogue can be used for
cluster lensing science and has indeed been exploited in a first analysis presented in Spitzer et
al. (submitted).

As discussed in the introduction, weak lensing can be used to trace the distribution of
matter in the universe. This can be illustrated by computing convergence map, that we produce
as a second test on our data. On the right plot of Fig 3 we show the convergence, κE, for
one of our fields (≈ 600 deg2). The white circles represent the position of the redMaPPER
clusters previously introduced. Their positions match with high intensity regions which trace
over-densities. We can then deduce that this map, as reconstructed here properly captures the
dark matter distribution. We have also observed no correlation with B-modes (see Guinot et al.
(submitted)) which confirm the low level of systematics. Mass mapping will play an important
role in upcoming analysis since they enable parameter inference using higher order statistics. A
first study using peak counts has been done using our catalogue by Ayçcoberry et al. (in prep).
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Figure 3 – Left : Stacked tangential shear around 85 clusters in the CFIS footprint. The box plot represents the
result around 5000 × 36 random points. Right : Mass map for the patch P4. The white circles represent the
positions of redMaPPER clusters.

4 Conclusion

We have presented a brief introduction to the ongoing effort among the UNIONS collaboration to
enter the current weak lensing scene and prepare future missions. We have presented our second
(internal) release of a shape catalogue which went through a meticulous validation process. Our
preliminary results shown here and in more detail in Guinot et al. (submitted) the potential of
this survey and the multi-band aspect of UNIONS discussed in the introduction will be integrated
in a future processing, bringing forth even greater potential. High quality shape measurement
combined with precise redshifts estimate will allow UNIONS to infer competitive constraints on
cosmological parameters and hopefully a step towards understanding the nature of dark matter
and dark energy.

Acknowledgments

I am grateful to the UNIONS weak lensing working group for their support and contributions.

References

1. Huff, E. & Mandelbaum, R. Metacalibration: Direct Self-Calibration of Biases in Shear
Measurement. ArXiv. 1702.026 (2017,2)

2. Farrens, S., Guinot, A., Kilbinger, M., Liaudat, T., Schmitz, M. & Vitorelli, A. ShapePipe:
A modular weak-lensing processing and analysis pipeline. (in prep)

3. Guinot, A., Kilbinger, M., Farrens, S., Peel, A., Pujol, A., Schmitz, M., Starck, J., Erben,
T., Gavazzi, R., Gwyn, S., Hudson, M., Hildebrandt, H., Liaudat, T., Miller, L., Spitzer, I.,
Van Waerbeke, L., Cuillandre, J., Fabbro, S., A., M. & Mellier, Y. ShapePipe: a new shape
measurement pipeline and weak-lensing application to UNIONS/CFIS data. (submitted)

4. Liaudat, T., Bonnin, J., Starck, J., Schmitz, M., Guinot, A., Kilbinger, M. & Gwyn, S.
Multi-CCD Point Spread Function Modelling. ArXiv E-prints. pp. earXiv:2011.09835
(2020,11)

5. Jarvis, M., Sheldon, E., Zuntz, J., et al. The DES Science Verification weak lensing shear
catalogues. MNRAS. 460 pp. 2245-2281 (2016,8)

6. Spitzer, I., Hudson, M., Cuillandre, J., Erben, T., Fabbro, S., Gavazzi, R., Guinot, A.,
Gwyn, S., Hildebrandt, H., Kilbinger, M., McConnachie, A., Miller, L. & Van Waerbeke,
L. Galaxy group and cluster masses from weak lensing in UNIONS. (submitted)
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In weak lensing, by measuring the lensing effect on a large number of galaxies, it is possible
to reconstruct maps of the Dark Matter distribution on the sky. However, because of missing
data and noise dominated measurements, the recovery of dark matter maps constitutes a
challenging ill-posed inverse problem. We propose to reformulate the problem in a Bayesian
framework, where the target becomes the posterior distribution of mass conditioned by the
shear field. Our approach combines Neural Score Matching for learning the prior distribution
from physical simulations, and a novel posterior sampling method based on Hamiltonian Monte
Carlo and an annealing strategy to sample the high-dimensional posterior. After validating our
method over simulated corrupted observations, we eventually applied it to the reconstruction
of the HST/ACS COSMOS field based on the shape catalog from Schrabback et al. (2010),
and produced the highest quality convergence map of this field to date.

1 Introduction

Massive structures along the line of sight generate deformations of apparent shapes of distant
galaxies, known as gravitational lensing. In the weak regime, these deformations reduce to a
small shear of galaxy shapes, which can be measured and used to probe the large scale structures
of the Universe.

This shear can be related to the so-called convergence field, which directly represents the
projected mass distribution on the sky, through the following equation:

γ = MPκ+ n, (1)

where γ = γ1+iγ2 is the two component shear field and κ = κE+iκB the complex representation
of the convergence E and B modes. P is a unitary linear operator derived from the lensing
potential (Kaiser & Squires 1993) 1. M is a binary survey mask operator describing where there
is measurement in the binned map. n is the shape noise, resulting from the finite average of
shapes into bins to form the shear map. Solving this equation, also called mass-mapping, aims
to recover an estimate of a convergence map, for a given shear maps. However, because of the
mask operator and the presence of shape noise, inverting equation 1 is an ill-posed problem, i.e.
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there is no unique solution that fits to the measurements. Therefore, one needs to rely on prior
assumptions to regularize this problem.

We propose to reformulate the problem in a Bayesian framework, where the target becomes
the posterior distribution p(κ|γ) of mass conditioned by the measured shear field. On the one
hand, the likelihood factor, describing how light-rays are bent by gravity, how measurements
are affected by noise, and accounting for missing observational data, is fully described by the
forward physical model of Equation 1. On the other hand, the prior term encodes all the prior
knowledge we have about the convergence field.

Many methods have been proposed to perform mass-mapping, assuming different priors.
The Wiener filter approach assumes that the convergence follows a Gaussian Random Field,
allowing to describe a prior density function (p.d.f.) from the power spectrum of the field, which
can be predicted from cosmological models. While being physically motivated, this prior is only
accurate at large scale. GLIMPSE 2 and MCAlens 3 have proposed ad hoc priors based on the
sparcity of the convergence in its wavelet representation. DeepMass 4 was the first deep learning
based method applied on real data. It was designed to provide the posterior mean given a neural
prior trained on cosmological simulations. It is today the state of the art mass mapping method
but suffers from two main limitations: 1) it does not have an explicit likelihood, involving no
data fidelity guarantee at inference time, and 2) it does not provide uncertainty quantification.
We therefore introduce Deep Lensing Posterior 5 to address these points. First, we keep all
the physical information of the forward process in an explicit likelihood, resorting to machine
learning for the prior only. Then, we sample the full posterior distribution, describing all the
possible solutions fitting to the data, which can be summarized into a point estimate, such as
the posterior mean, or used to compute higher moments.

2 Learning a prior from an N-body simulation

There is no closed form expression for a convergence field taking into account the non-linear
gravitational collapse and baryonic effects. However, we do have access to an implicit prior
through hydrodynamical N-body simulations such as κTNG 6, generated from the IllustrisTNG
simulations. The TNG simulations are a set of cosmological, large-scale gravity and magneto-
hydrodynamical simulations, where baryonic processes such as stellar evolution, chemical enrich-
ment, gas cooling, supernovae and black hole feedback are incorporated as subgrid models.

In our paper 5, we propose to learn this implicit prior with a recent class of generative model
called neural score estimation. A generative model is a class of neural network whose purpose
is to model the prior distribution of some data. In particular, neural score estimation, first
proposed by Hyvärinen (2005) 7, provide an evaluation of the gradient of the log p.d.f., i.e.
∇κ log p(κ), also known as the score function. This quantity is much more tractable to estimate
than the normalised p.d.f. p(κ), because it avoids computing the normalisation factor

∫
p(κ)dκ.

As it will be presented in the next section, being able to evaluate the prior score is sufficient to
run efficient gradient-based MCMC algorithms in order to sample the posterior distribution.

One way to train a generative model to learn an implicit distribution, is to artificially corrupt
the data with white Gaussian noise, and train a neural netwrok to denoise them. This technique
has been demonstrated to be tractable for high-dimensional data and guaranteed to approximate
the score function under the following theorem 8,9:

∇κ log pσ(κ) =
r∗(κ′, σ)− κ′

σ2
+ o(1), as σ2 → 0, (2)

where r∗ is an optimal gaussian denoiser, trained under an `2 loss, taking as input a noisy
convergence map κ′ = κ + u, u ∼ N (0, σ2Id) and the noise level σ. Note that equation 2
computes the score of the prior convolved with a Gaussian of variance σ2. The data score can
be evaluated using a very small sigma, but the Gaussian convolved feature turns out to be very
useful for our sampling scheme.
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3 Sampling mass-maps with annealing HMC

Markov Chain Monte Carlo are widely used in the cosmological community to probe posterior
distributions. However, when the parameter space dimension becomes to high (here d > 105

for a 360 × 360 pixels map), standard MCMCs are computationaly intractable because of the
curse of dimensionality. This curse can be dimmed if one has access to the gradients of the
posterior, which can be used to make smarter proposals such as in the Hamiltonian Monte Carlo
algorithm10,11. As shown by Song and Ermon (2019) 12, when the posterior distribution is multi-
modal, even gradient-based MCMCs struggle to sample the whole posterior space, and to recover
the relative mode weights. Therefore, they introduce the annealing strategy, increasing the
temperature of the posterior distribution, merging the different modes into a wide distribution,
much easier to sample. Annealing consists of convolving the target distribution with a Gaussian
distribution at a given variance, also called temperature, as in pσ(κ|γ) = p(κ|γ) ∗ N (0, σ2Id).
The posterior score can be decomposed as the sum of the analytical likelihood score and the
neural score prior:

∇κ log pσ(κ|γ) = ∇κ log pσ(γ|κ) +∇κ log pσ(κ) (3)

Therefore, to sample a convergence map κ̂ ∼ p(κ|γ), one need to initialize an MCMC
with a Multivariate Normal realization of sufficiently high variance T to be associated with the
convolved posterior at high temperature pT (κ|γ). Then, running the MCMC while decreasing
the temperature with a geometric schedule, the chain converges towards a sample of the posterior
distribution. We show these posterior samples, in Remy et al 2022, Fig. 7. One can observe
that these highly resolved maps look very similar to the κTNG simulation, both at large and
small scales. Furthermore, we show that the samples and the target convergence power spectra
are in very good agreement. Among the samples, more variations can be observed outside the
survey region, since there was no data to constrain the reconstruction, and some cluster inside
the survey region also show variation because of the shape noise. We report in Table 1 of Remy
et al. (2022) 5 the evaluation metrics of mass-mapping and show that it achieves state-of-the-art
reconstruction level.

4 Reconstruction of the HST/ACS COSMOS convergence field

Eventually, we applied this method, using the shape catalog from Schrabback et al. (2010) 13,
to the reconstruction of the highest quality HST/ACS COSMOS mass-map to date. See Figure
1 for a comparison between the Massey et al. (2007) 14 mass-map and the DLPosterior mean.
We do not only provide the posterior mean, but also a set of posterior samples which can be
used for uncertainty quantification and the computation of higher moments, see the variance
map in Remy et al. (2022) for instance.
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Figure 1 – Reconstructions of the HST/ACS COSMOS field. The left panel is the mass map presented in Massey
et al. (2007) computed using a variant of the Kaiser & Squires (1993) method. The right panel is the mean of
the full posterior distribution, with a prior learned on the κTNG suite of simulations.
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The amplitude of matter fluctuations at low-redshift inferred from the abundance of clusters
of galaxies appeared lower than predicted from CMB data within the ΛCDM model. The
eBOSS survey results provide the best current measurements of galaxy distribution properties,
constituting the summary of a long-term SDSS effort. Among these, the amplitude of the
matter fluctuations, expressed in terms of the S8 parameter, is measured at several redshifts
thanks to redshift-space distortions (RSD). These data by themselves do not provide strong
constraints but are powerful when used in combination with others. In this work, we discuss
the impact for the standard model of the eBOSS measurements when combined with the
Planck data and the consequence on the S8 amplitude on the calibration of galaxy cluster
masses.

1 Introduction

1.1 Successes of ΛCDM

After the discovery of fluctuations in the cosmological background radiation by COBE1, progress
has been rapid in the field of observational cosmology: small scales fluctuations were convincingly
indicative of a flat universe 2,3,4 and after the indication of the accelerated expansion from the
Hubble diagram of type Ia SN 5,6, the ΛCDM has emerged as the standard model of cosmology.
A further impressive success was obtained with the measurements of the correlation function
of galaxies from the Sloan Digital Sky Survey (SDSS), including the detection of the BAO peak7.

Since that time, the accuracy of data has remarkably improved: CMB measurements with
Planck have achieved sub-percent accuracy, reaching a precision of the order of one percent
for ΛCDM parameters, making it the reference for the standard model. Thanks to larger and
larger galaxy surveys, the properties of the 3D matter distribution in the late universe (roughly
at redshifts z < 3) have been sampled in detail, the final eBOSS survey providing the result
of more than twenty years of efforts8. Moreover, large-area deep photometric surveys are now
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providing additional direct information on the total matter distribution.

While these data were supporting the ΛCDM model during the 2000−2015 period, several
observations were claimed to challenge the validity of this standard paradigm. These tensions
appear from the confrontation between cosmological parameters inferred from low-redshift data
with values inferred from data based on early physics (CMB and BAO). Many of these potential
tensions occur on small scales, but those scales are non-linear and subject to complications due
to the possibly complex baryonic physics 9. Nevertheless, two problems are regarded as the
most problematic: the local value of the Hubble constant 10 and the amplitude of the matter
fluctuations in the late universe. These tensions are the topic of numerous recent reviews 11,12.
In the following, we only address the second issue.

The abundance of clusters, the weak lensing field (obtained from wide field photometric
surveys) and redshift-space distortions (RSD, that are obtained from redshift survey are tech-
niques) are often referred to for the measurements of the amplitude of matter fluctuations. This
amplitude is traditionally expressed in term of σ8, the r.m.s. fluctuations of matter in a sphere
of 8h−1Mpc. However, for several probes this quantity significantly varies with the density
parameter Ωm therefore an alternative parameter has been introduced, S8, defined as:

S8 = σ8

(
Ωm

0.3

)1/2

(1)

This quantity is well-adapted for constraints obtained from clusters abundance. A picture
illustrative of the tension on S8 is provided in Figure 6 of a recent article 13. From this, it
seems that the values among different probes are consistent with an average value around 0.75.
For instance, in the recent “H0 Olympics” work 14, S8 ∼ 0.76 ± 0.022 was used as one of the
constraints to distinguish between models. This value is in tension with the latest value from
Planck CMB S8 = 0.834± 0.016 15. However, recent DES 3yr 3× 2 pt measurements provided
S8 ∼ 0.776± 0.017, a value that is claimed to be consistent with Planck for ΛCDM 17.

2 Clusters for cosmology

The Press and Schechter formalism 18 and its extensions provide a framework in which the non-
linear mass function of halos can be computed theoretically once the cosmological model and
the fluctuations are set. This has been tested extensively in the past by numerical simulations,
and fitting formula are now provided with an accuracy better than 20% for dark matter only
simulations 19. Inclusion of neutrinos has been studied and the role of baryons although still
uncertain is believed to be understood sufficiently. This allows one to use cluster abundances as
an useful tool to constrain cosmological models.

2.1 Principles

The basic idea is that once a cosmological model is specified (through the cosmological parame-
ters and the properties of the fluctuations) the abundance of clusters can be predicted. A specific
interest of this test is that the evolution of the abundance is much sensitive to the growth rate
of fluctuations20. The drawback of this approach is that ones need the knowledge of the relation
between halos and observed objects in the sky. Scaling arguments are a powerful way to identify
the dependence on mass and redshift. For instance the relation between x-ray temperature and
their mass of clusters is expected to follow the relation:

TX = AT−M (hM∆)
2/3

(
Ωm∆(z)

178

)1/3

(1 + z) (2)
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Figure 1 – Cluster mass calibrations (1 − b for SZ and ATM for x-ray) for the ΛCDM combining cluster data
with Planck CMB but low redshift σ8 being let free i.e. not fixed from Planck CMB. Blue contours are 1 and 2
σ regions.

in which the calibration AT−M is unknown. A similar scaling relation can be established for the
Sunyaev-Zeldovich signal:

1.2h8/3AT−Mfν(x)fBM
5/3
15

(
Ω∆(z)

178

)1/3

(1 + z)/D2(z)mJy (3)

which can be reformulated in term of the so-called hydrostatic bias parameter 1− b:

∝ ((1− b)M15)
5/3

(
∆(z)

178

)1/3

(4)

2.2 Application to clusters counts

The above tools allows us to fit clusters temperature distribution or luminosity function, as well
as clusters number counts for cosmological purpose. At this point, there are two approaches:
either the calibration is taken as a nuisance parameter which is left free in the fitting proce-
dure, an approach dubbed self-calibration21,22 or the calibration is taken from some independent
data. This latter approach is the one which has been followed in the Planck collaboration for
the first adjustment of SZ number counts, using a fiducial calibration of 1 − b = 0.8 23 leading
to S8 ∼ 0.74. Although caution about the role of calibration in this conclusion was emphasized,
this work certainly had a strong influence in highlighting a possible tension between the value
inferred from low-redshift data and that derived from the Planck CMB: the observed number
counts of SZ clusters were 3 or 4 times less than predicted (see figure 7 in Planck2013. XX. 23).
Of course this tension disappears if the calibration is left free. This is illustrated by figure 1:
its shows the contours in the calibration plane (ATM ,1− b) for ΛCDM models matching cluster
counts and Planck CMB, but leaving the present day amplitude of matter fluctuations σ8 free.
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Figure 2 – Usual triplot for S8 and cluster mass calibrations (1 − b for SZ and ATM for x-ray). Lines show the
ΛCDM calibration assuming the σ8 from Planck. Blue contours show the (weak) constraints when this amplitude
is left as a free parameter. The corresponding likelihoods shrink down when the eBOSS RSD data are added (red
contours), in very good agreement with those derived from the full Planck CMB (lines).

The line correspond to the relation between ATM and 1 − b leading to the same mass for a
sample of clusters for which both x-ray and SZ data are available 16.

The tension appears when the calibration is estimated while keeping the present day am-
plitude of matter fluctuations σ8 determined by Planck CMB. On figure 2, the dashed lines
show the contours on calibrations for ΛCDM models normalized from Planck CMB: for SZ the
preferred calibration is 1 − b ∼ 0.6 and for x-ray clusters ATM ∼ 7.5 keV. The likelihoods on
calibrations are shown in figure 3: the fiducial value 1 − b = 0.8 is almost 6 σ away from the
value normalized from Planck CMB (green lines).

3 Combining with RSD from eBOSS

3.1 Implication for the cluster calibrations

Using Planck CMB and clusters samples together, the amplitude of matter fluctuations at low-
redshift is treated as a free parameter, following the self-calibration method, the constraints
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Figure 3 – Normalized likelihood on clusters mass calibration in ΛCDM. Green line: data used are the Planck
CMB plus x-ray and SZ clusters samples, the amplitude of matter σ8 is constrained by Planck. Blue line: same
data but the amplitude σ8 being left free. Orange line: the amplitude σ8 being left free, same data with the
addition of the fσ8 amplitude from eBOSS.

we obtained on the calibration (and thereby on σ8) are weak: this can be seen from figures 2
and 3 (blue contours and blue lines), even if the likelihood on the calibration is not flat, as low
calibration (1 − b ∼ 0.5) is preferred but not at a statistically significant level (slightly above
1σ). We have therefore used an additional low-redshift data set recently provided by the eBOSS
summary 17, that is the data on fσ8 measured by RSD (see their table 3). By its own this
data set does not provide strong constraint on ΛCDM (blue contours in their Figure 9 left).
However, using this data in combination with Planck but still leaving the amplitude of matter
at low-redshift as a parameter which is not determined by Planck CMB, we obtained the red
contours and lines figures 2 and 3. The calibrations for clusters are then completely consistent
with what was derived when the amplitude of σ8 from Planck is kept.

3.2 Implication for the amplitude of matter fluctuations.

A direct look at the amplitude of matter fluctuations, though the S8 parameter is illuminating.
This parameter is the first variable in abscissa in figure 2. This also summarized in figure 4:
again with Planck CMB and clusters samples together, the amplitude of matter at low-redshift
is treated as a free parameter, the constraint on S8 is weak (blue contours). However, with the
addition eBOSS RSD data we obtain tight contours (orange contours). This is an important
result : these low-redshift data restricted by the priors provided by Planck on all parameters
but σ8 lead to a rather high value of the amplitude 24:

S8 ≡ σ8

(
Ωm

0.3

)0.5

= 0.841± 0.038 (5)

This value is still not statistically very discriminant, as it is only 2.4 σ away from S8 ∼ 0.75,
but certainly indicative that RSD data are subject to significant possible biases, as for instance
Benisty (2021) obtained S8 ∼ 0.70± 0.38 25 (and ΩM ∼ 0.201± 0.035), while using a larger set
of data, with possible unidentified correlations. The eBOSS data have been extensively tested
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Figure 4 – The amplitude of matter fluctuations S8: red contours are 1 and 2 σ from Planck CMB (green lines
with massive neutrinos, showing that S8 is essentially the same). The blue areas correspond to the 1 and 2 σ
derived from Planck + (x-ray and SZ) clusters counts, with the amplitude of matter at z = 0 being left as a free
parameter i.e. not derived from Planck CMB (contrary to red contours) and free cluster calibration. The orange
contours are obtained by adding the RSD data from eBOSS. This illustrates the fact that eBOSS RSD lead to an
amplitude of matter fluctuations which is entirely consistent with Planck CMB.

against mock samples to ensure that there derived values are not biased 17. This provides an
important check on their reliability.

4 Conclusions

The (spatially flat) ΛCDM model is a remarkably simple model, based on standard physics, that
has been very successful in accounting for the main cosmological probes on large scales CMB,
LSS and the Hubble diagram of type Ia supernovae a. Over the last ten years the emergence
of tensions has gained importance. The SZ cluster number counts from Planck has played an
important role for promoting a possible low amplitude of matter fluctuations at low-redshift σ8,
a concern which was existing before. During the last ten years, this low amplitude has been
obtained from other probes like the weak lensing surveys and redshift spectral distortion, com-
forting its relevance.

However, the recent DES3yr data concluded to a higher final value, consistent with Planck
when clustering data are taken into account 17. It has also been pointed out that weak lensing
data are sensitive to non-linear scale, that may be affected by baryonic physics 26. An indication
statistically significant of a low matter amplitude would be critical as this would be a clear
indication of physics beyond the standard ΛCDM.

aOf course this model implies the existence of two new components in the universe: non-baryonic dark matter
and a cosmological constant. However, these components remain “simple”, as the cosmological constant dates
back to 1917 and the CDM is the simplest form of matter one could think of.
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In our recent work 24, we have examined the eBOSS RSD data with priors on cosmological
parameters from Planck, leaving the amplitude of matter fluctuations at low-redshift σ8 as
a free parameter. The motivation for that is that CMB data provide stringent constraints
on the universe at z ∼ 1100 but does not directly constrain the present day amplitude. We
combined this data with clusters counts leaving their mass calibration free. This has allowed us
to show that the amplitude of matter fluctuations at low-redshift could actually be consistent
with Planck CMB. The consequence for clusters is that the calibration of their mass is away
from the fiducial value used by Planck2013. XX. 23. Indeed clusters mass estimation from their
observed properties is a long-standing subject of debates. Removing uncertainties on cluster
mass is critical for cluster cosmology. This is certainly connected to the physics of baryons as
it is clear than non-gravitational process like heating and cooling are critical for the shaping of
their internal physical properties 27.
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Despite the remarkable success of the Λ Cold Dark Matter (ΛCDM) cosmological model, a
growing discrepancy has emerged between the value of the Hubble constant H0 measured using
the local distance ladder and the value inferred using the cosmic microwave background and
galaxy surveys. While a vast array of ΛCDM extensions have been proposed to explain these
discordant observations, understanding the (relative) success of these models in resolving the
tension has proven difficult – this is a direct consequence of the fact that each model has
been subjected to differing, and typically incomplete, compilations of cosmological data. In
this talk, I discuss a systematic comparison of seventeen different models which have been
proposed to resolve the H0 tension, and explain how to quantify the relative success of each
using a series of metrics and a vast array of data combinations.

1 Introduction

The “Hubble tension” refers to the 5σ mismatch between the value of the Hubble constant
measured by the SH0ES collaboration using the Cepheid-calibrated cosmic distance ladder (H0 =
73.04±1.04 km/s/Mpc1) and the value inferred by Planck’s observations of the cosmic microwave
background (CMB) assuming the ΛCDM model (H0 = 67.27± 0.60 km/s/Mpc 2) .

The problem, however, is more severe than the näıve comparison between Planck and SH0ES may
suggest. On the one hand, one can consider several high-redshift calibrations of ΛCDM which
are Planck-independent or even CMB-independent, and they all result in values of H0 in strong
agreement with the value inferred by Planck. On the other hand, alternative methods for directly
measuring the local expansion rate tend to yield values of H0 systematically larger than the
Planck inferred value. While an unknown systematic effect at the origin of this discrepancy is not
excluded, the existence of several independent observations disfavoring the ΛCDM predictions
strengthen the case for new physics.

The primary goal of this work is to create a comprehensive and systematic comparison of the
relative success of various proposed solutions to the H0 tension – the broader intent being to
better understand the successes and drawbacks of each approach, and to generate a meaningful
set of benchmarks for future proposals.
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2 Brief overview of models entering the contest

We have considered seventeen different models which are intended to be representative of the
wide variety of models presented in the literature, such as those listed in Ref. 3 First, our
analysis includes six early-universe models featuring extra relativistic relics: Free-streaming
Dark Radiation [∆Nur], Self-Interacting Dark Radiation [SIDR], Self-interacting Dark Radiation
scattering on Dark Matter [DR-DM], Free-streaming plus self-interacting Dark Radiation [mixed
DR], Self-interacting neutrinos plus free-streaming Dark Radiation [SIν+DR], and one model
featuring a Majoron [Majoron].

Second, we consider six early-universe models that don’t involve dark radiation: a primordial
magnetic field [primordial B], a varying effective electron mass [varying me], a varying effective
electron mass in a curved universe [varying me+Ωk], two models of Early Dark Energy [EDE]
(a phenomenological EDE model and the theoretically better motivated New Early Dark En-
ergy [NEDE] model), and an Early Modified Gravity model [EMG].

Finally, we compare four models with a modification of the late-time cosmological evolution,
either due to Dark Energy (Late Dark Energy with Chevallier-Linder-Polarski parametriza-
tion [CPL], Phenomenological Emergent Dark Energy [PEDE]) or late decaying Dark Matter
(fraction of CDM decaying into DR [DM → DR], CDM decaying into DR and WDM [DM →
DR+WDM]). We implement PEDE in two ways: with a parametrisation of the DE density such
that ΛCDM is recovered for a particular value of the additional parameter (Generalized Phe-
nomenological Emergent Dark Energy [GPEDE]), or with another fixed value of this parameter
assumed in many previous works [PEDE].

3 Statistical tests to quantify model success

For each model M and compilation of data sets D, we discuss three ways to quantify the
tension between the cosmological inferred value and the SH0ES experiment a, each one related
to a different question:

• Criterion 1: When considering a dataset D not including SH0ES, what is the residual level
of tension between the posterior on Mb inferred using D and the SH0ES measurement?
The tension on x = Mb can be quantified through the Gaussian Tension (GT), defined as

x̄D − x̄SH0ES

(σ2
D + σ2

SH0ES)1/2
, (1)

where xi and σi are the mean and standard deviation of observation i. A problem of
this metric is that it is only strictly valid if the parameter’s posteriors are Gaussian. In
addition, this criterion does not quantify how good (or bad) the χ2 of the new model is.
In order to avoid such problems, we instead use the two additional tests listed below.

• Criterion 2: How does the addition of the SH0ES measurement to the data set D impact
the fit within a particular model M? We compute the change in the effective best-fit
chi-square χ2 = −2 lnL between the combined data set and the dataset D as

∆χ2 = χ2
min,D+SH0ES − χ2

min,D. (2)

The tension can simply be expressed as Tension=
√

∆χ2 in units of σ, which is identical to
the QDMAP metric discussed in Ref. 5. This criterion naturally generalizes the commonly
used criterion discussed in point 1 to the case of non-Gaussian posteriors. However, it is

aWe treat SH0ES not as a model-dependent measurement of H0, but as a direct measurement of the intrinsic
magnitude of supernovae Ia (SNIa), Mb = −19.2435 ± 0.0373 4. This allows to take into account the correlation
between the information contained in SH0ES and Pantheon catalog of remote SNIa.
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sensitive to the effect of over-fitting, which usually requires Bayesian methods to compute
Occam’s razor factors. For this reason, we also consider a third criterion, which attempts
to penalize overly complex models.

• Criterion 3: When the dataset D includes the SH0ES likelihood, does the fit within a
particular model M significantly improve upon that of ΛCDM? We compute the Akaike
Information Criterium (AIC) of the extended modelM relative to that of ΛCDM , defined
as

∆AIC = χ2
min,M − χ2

min,ΛCDM + 2(NM −NΛCDM) , (3)

where NM stands for the number of free parameters of the model. This metric attempts
to penalize models which introduce new parameters that do not subsequently improve
the fit. The ∆AIC criterion offers the advantage of being numerically cheap and prior
independent, as opposed to several Bayesian estimators.

In the case of Tests 1 and 2 , we require models to reduce the tension below the 3σ level. For
Test 3, we demand that the preference for the extended cosmologyM over ΛCDM is larger than
a “weak preference” on Jeffrey’s scale, which leads to the criterion ∆AIC ≤ −6.91. As long as
the ∆χ2 computed for the AIC test is negative , we will conservatively consider that a model is
successful when one of criterion 2 or 3 is fulfilled. To summarize the success of each suggested
solution we attribute “medals” to models passing our tests: A model passing either criterion 2
or 3 receives a bronze medal. A model passing both criteria receives a silver medal. We reserve
the gold medal for models that additionally pass criterion 1.

4 Results

For our baseline dataset, Dbaseline = Planck 2018 (including TTTEEE and lensing)+ BAO (in-
cluding BOSS DR12 + MGS + 6dFGS )+ Pantheon, the result of our main tests are summarized
in Table 1. Firstly, none of the late-universe models are able to pass to the final. This was to be
expected, since it was shown that for a wide range of smooth expansion histories at late-times
– assuming the ΛCDM value of the sound horizon – the “inverse distance ladder” calibration b

of Pantheon SNIa data cannot be made compatible with the direct calibration from SH0ES 6.
This is the main reason why late-time solutions are typically more constrained than early-time
solutions, since the former cannot modify the sound horizon by definition. Secondly, the early-
universe models involving dark radiation perform significantly better than late-universe models,
but a majority are not successful enough to pass our pre-determined criteria. Thirdly, all the
early-universe models that shift the sound horizon using an ingredient that is not dark radiation
are successful in passing at least one of the tests.
In summary, the finalist models are, in order of increasing ∆AIC: EDE, varying me+Ωk, NEDE,
EMG, primordial B, varying me, Majoron and SIDR. Unfortunately, none of these models are
able to relieve the S8 tension, as illustrated in Fig. 1. We remark that this analysis corresponds
to an extended dataset Dextended = Dbaseline + Redshift-Space-Distortions (from BOSS DR12,
6dFGS, MGS and eBOSS DR 14 quasars), Cosmic Chronometers and Lyman-α based high-z
BAO.

5 Conclusions

We conclude that some of the models presented in this work can reduce the Hubble tension in
a significant way, but there are still many difficulties to be overcome in the model building and

bThe inverse distance ladder calibration of SNIa consists in making use of the determination of DA(z) ≡
DL(z)/(1+z)2 as extracted from the BAO data that have been calibrated onto the CMB (or other determination of
the sound horizon). The knowledge of the luminosity distance DL(0.1 . z . 1), together with the (uncalibrated)
SNIa magnitude from the Pantheon survey, allows for a determination of the intrinsic SNIa magnitude. This
determination depends on the assumed cosmological model in the pre-recombination era.
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Table 1: Test of the models based on dataset Dbaseline, using the direct measurement of Mb by SH0ES as the GT
for the quantification of the tension (4th column), the QDMAP criterion (5th column), or the computation of the
∆ AIC (7th column).

Model ∆Nparam MB
Gaussian

Tension

QDMAP

Tension
∆χ2 ∆AIC Finalist

ΛCDM 0 −19.416± 0.012 4.4σ 4.5σ X 0.00 0.00 X X

∆Nur 1 −19.395± 0.019 3.6σ 3.8σ X −6.10 −4.10 X X

SIDR 1 −19.385± 0.024 3.2σ 3.3σ X −9.57 −7.57 X X

mixed DR 2 −19.413± 0.036 3.3σ 3.4σ X −8.83 −4.83 X X

DR-DM 2 −19.388± 0.026 3.2σ 3.1σ X −8.92 −4.92 X X

SIν+DR 3 −19.440+0.037
−0.039 3.8σ 3.9σ X −4.98 1.02 X X

Majoron 3 −19.380+0.027
−0.021 3.0σ 2.9σ X −15.49 −9.49 X X

primordial B 1 −19.390+0.018
−0.024 3.5σ 3.5σ X −11.42 −9.42 X X

varying me 1 −19.391± 0.034 2.9σ 2.9σ X −12.27 −10.27 X X

varying me+Ωk 2 −19.368± 0.048 2.0σ 1.9σ X −17.26 −13.26 X X

EDE 3 −19.390+0.016
−0.035 3.6σ 1.6σ X −21.98 −15.98 X X

NEDE 3 −19.380+0.023
−0.040 3.1σ 1.9σ X −18.93 −12.93 X X

EMG 3 −19.397+0.017
−0.023 3.7σ 2.3σ X −18.56 −12.56 X X

CPL 2 −19.400± 0.020 3.7σ 4.1σ X −4.94 −0.94 X X

PEDE 0 −19.349± 0.013 2.7σ 2.8σ X 2.24 2.24 X X

GPEDE 1 −19.400± 0.022 3.6σ 4.6σ X −0.45 1.55 X X

DM → DR+WDM 2 −19.420± 0.012 4.5σ 4.5σ X −0.19 3.81 X X

DM → DR 2 −19.410± 0.011 4.3σ 4.5σ X −0.53 3.47 X X

in explaining the growing S8-tension. Further work must be done to establish whether these
remaining theoretical and observational issues can be overcome in a new concordant cosmology,
one that may either build upon the models studied here, or perhaps lie in a yet unexplored
direction.

EMG

EDE

Majoron

ΛCDM

NEDE

Primordial B

Varying me+Ωk

Varying me

ΛCDM

SIDR

Figure 1 – Contours of {H0,Mb, S8} obtained when considering the Dextended dataset for the “finalists” models
compared to ΛCDM. The purple band represents the S8 measurement from KiDS-1000 7.
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We derive an estimator for the lensing potential from galaxy number counts which contains
a linear and a quadratic term. We show that this estimator has a much larger signal-to-noise
ratio than the corresponding estimator from intensity mapping. This is due to the additional
lensing term in the number count angular power spectrum which is present already at linear
order. We estimate the signal-to-noise ratio for future photometric surveys. Particularly at
high redshifts, z Á 1.5, the signal to noise ratio can become of order 30. Therefore, the number
counts in photometric surveys would be an excellent means to measure tomographic lensing
spectra.

1 Introduction

Light coming to us from far away sources is deflected by the intervening gravitational field due
to cosmic structure which, in the regime of weak lensing and to first order in the cosmological
perturbations, can be described by the lensing potential φ.

This work focuses on the measurement of the lensing potential at different redshifts using a
new estimator similar to a quadratic estimator 1,2.

2 Galaxy number counts and lensing

Neglecting large scale relativistic effects which are relevant only at very large scales, the number
counts at first order in perturbation theory are given by 3,4

∆gpz,nq “ bgpzqδ ´H´1n∇pn ¨Vq ´ p2´ 5spzqqκpz,nq “ ∆̃gpz,nq ´ p2´ 5spzqqκpz,nq . (1)

The first two terms are the density fluctuation and the redshift space distortion (RSD) which we
collect as ∆̃g or ∆std

g as they are also called the ‘standard terms’. The third term is proportional
to the convergence, κpz,nq “ ´∆2φpz,nq{2, where ∆2 denotes the 2D Laplacian on the sphere.
The term 2 in the pre-factor p2´5sq of convergence in Eq. (1) takes into account the convergence
of light rays due to lensing which lowers the number of galaxies per apparent surface area while
the term 5spzq accounts for the increase due to the enhancement of the flux in a flux limited

aarXiv:2201.04129, in collaboration with Mona Jalilvand, Julien Carron, Ruth Durrer, Martin Kunz
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sample. Here spzq is the logarithmic derivative of the number density at the flux limit, F˚, of
the survey, which corresponds to the luminosity L˚pzq “ 4πDLpzq

2F˚ where DLpzq denotes the
luminosity distance,

5spz, F˚q “ 2
B log n̄pz, Lq

B logL

ˇ

ˇ

ˇ

ˇ

L“L˚pzq

. (2)

While the first order expression is sufficient to compute the variance of the estimator, we
want to consider number counts up to second order in perturbation theory for the signal. At
second order (in `-space and in the flat sky approximation) we obtain 5,

∆gp`, zq “ ∆̃gp`, zq ´ `
2

ˆ

1´
5

2
spzq

˙

φp`, zq

´

ż

d2`1
2π

∆̃gp`1, zqφp`´ `1, zq

„ˆ

1´
5

2
s

˙

p`´ `1q
2 ` `1 ¨ p`´ `1q



. (3)

where we denote

g∆p`, zq “ ´`
2

ˆ

1´
5

2
spzq

˙

; K∆p`1, `2, zq “ ´

ˆ

1´
5

2
spzq

˙

p`2 ´ `1q
2 ´ `1 ¨ p`2 ´ `1q .

In K∆, the second term is the kernel of CMB lensing 6 and intensity mapping lensing 2, but the
first term is new and only present for number counts. Also new is of course the entire first order
term. For the ensemble average at fixed lensing potential this yields

x∆gp`, zqyφ “ g∆p`, zqφp`, zq ; x∆gp`, zq∆gp`
1, zqyφ “ δp`` `1qC̃`pzq ´

1

2π
φp`` `1qf∆p`, `

1q (4)

where fXp`, `
1, zq “ KXp´`, `

1, zqC̃`pzq `KXp´`
1, `, zqC̃`1pzq

3 The lin+quad estimator

The expectation value x ¨ ¨ ¨ yφ is an ensemble average only over any stochastic observable (here,
∆g), at fixed lensing potential φ. This makes sense only if φ is (nearly) uncorrelated with ∆g.
For sufficiently high redshifts this is usually a good approximation as the lensing kernel peaks
roughly in the middle between 0 and rpzq. We can now derive an estimator for φpLq which
combines the linear and the quadratic terms in X to which φ contributes. It is given by

φ̂∆pL, zq “ A∆pL, zqN∆pL, zq

ż

d2`

2π
Xp`, zqXpL´ `, zqF∆p`,L´ `, zq

`p1´A∆pL, zqq
XpL, zq

g∆pL, zq
(5)

where

F∆p`1, `2, zq “
f∆p`1, `2, zq

2C`1pzqC`2pzq
, N∆pL, zq “

„
ż

d2`

p2πq2
f∆p`,L´ `, zqF∆p`,L´ `, zq

´1

,

and A∆pL, zq “ CLpzq{
`

g∆pL, zq
2N∆pL, zq ` CLpzq

˘

.

By construction xφ̂∆pL, zqyφ “ φpL, zq. Here, imposing that the quadratic part of the
estimator is unbiased and has minimum variance allows us to choose F∆ and N∆. Similar
conditions for φ̂∆ give us the factor A∆. We have assumed that the φ power spectrum, which
is quadratic in φ, is smaller than both, CL and N∆ and can be neglected in these expressions.
Note that while the C̃`’s appearing in f∆ are the theoretical spectra neglecting lensing, those
appearing in F∆ are the measured C`’s, including both, lensing and (shot) noise. The total noise
from the combined linear and quadratic terms then becomes

N
ptotq
∆ pL, zq “

CLpzqN∆pL, zq

CLpzq ` g2
∆pL, zqN∆pL, zq

“
1

N
plinq
∆

`
1

N
pquadq
∆

, (6)

where N
pquadq
∆ ” N∆ and N

plinq
∆ ” CL{rL

4p1´ 5
2spzqq

2s .
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Figure 1: The lensing reconstruction noise for halofit power spectra for IM (HIRAX) and galaxy number counts
(Euclid-like) for z “ 1.9, ∆z “ 0.5. We also indicate the signal Cφφ` for comparison. We also show the galaxy
number count noise obtained when replacing spzq by 2{5. Note that the naive L´4 scaling of the noise holds very
well for the quadratic noise, but the total noise, N tot

∆ decays faster for L ą 60. This is due to the significantly
smaller linear noise.

4 Signal-to-Noise (SNR)

We consider three exemplary photometric 15’000 square-degree surveys: (1) Euclid-like survey 7

with a limiting depth of 24, (2) LSST-like-25 8 with limiting magnitudemlim “ 25, and (3) LSST-
like-27 with mlim “ 27. Forecasts 9,10,11 for the number densities npzq and the magnification
bias spzq are shown in Fig. 2. We also use the forecasts for the galaxy bias bpzq. The total
signal-to-noise values per redshift bin evaluated using Eq. (7) for the estimator are shown in
Fig. 3.

ˆ

S

N

˙2

pL, zq “
fsky p2L` 1q

2

˜

CφφL pzq

CφφL pzq `N
tot
∆ pL, zq

¸2

;

ˆ

S

N

˙

tot,z

“

g

f

f

e

Lmax“1500
ÿ

Lmin“20

ˆ

S

N

˙2

pL, zq
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[arcmin´2], and (b) forecasts for the magnification bias spzq, for the surveys 9,11 considered
in this work.
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Figure 3: Total SNR per redshift bin plotted against the mean redshift of each bin for non-linear perturbation
theory results for Euclid-like and LSST-like surveys. In the highest redshift bins of the LSST-like survey, shot
noise starts to become important, the red-dashed curve shows the SNR that we would find without shot noise.

5 Conclusion

We have derived a new linear`quadratic estimator for the lensing potential from galaxy number
count observations. Contrary to the CMB and intensity mapping, lensing contributes to number
counts already at first order in perturbation theory. This leads to us connstructing an estimator
for measuring φ with an additional linear contribution as compared to the quadratic estimator
for intensity measurements. As a result, the estimator noise also has a linear contribution
which is otherwise absent in CMB/IM. The kernel K∆ of galaxy number count lensing already
has an additional term (proportional to p2´ 5sq) which results in the quadratic noise of galaxy
number counts estimator being more than an order lower than the quadratic noise (also the total
estimator noise) of intensity mapping. In galaxy number counts, the linear noise contribution
results in the total lensing reconstruction noise shifting further down by an order. For a high
SNR (especially in high redshift bins where the lensing effect is more important), as maximizing
|2´ 5spzq| is crucial for a high SNR, it may be more optimal in some cases to consider a higher
flux limit F˚ in order to increase this pre-factor, even though increasing F˚ reduces the number
density of galaxies and therefore increases the shot noise.
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Dark Energy Survey Year 3 Results: Redshift Calibration of the MagLim Lens
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We present an alternative calibration of the MagLim lens sample redshift distributions from
the Dark Energy Survey (DES) first three years of data (Y3). The new calibration is based
on a combination of a Self-Organising Maps based scheme and clustering redshifts to estimate
redshift distributions and inherent uncertainties, which is expected to be more accurate than
the original DES Y3 redshift calibration of the lens sample. The new calibration is found to be
in fairly agreement with the fiducial DES Y3 n(z) calibration, with only mild differences (< 3σ)
in the means and widths of the distributions. We study the impact of this new calibration
on cosmological constraints, analysing DES Y3 galaxy clustering and galaxy-galaxy lensing
measurements, assuming a ΛCDM cosmology. We obtain Ωm = 0, 30± 0.04, σ8 = 0.81± 0.07
and S8 = 0.81±0.04, which implies a ∼ 0.4σ shift in the Ω−S8 plane compared to the fiducial
DES Y3 results, highlighting the importance of the redshift calibration of the lens sample in
multi-probe cosmological analyses.

1 Introduction

The Dark Energy Survey (DES1) is currently the largest photometric galaxy survey, with hundreds
millions of galaxies detected in 5000 deg2 in the southern hemisphere. The analysis of the first
three years (Y3) of DES data 2 allowed to place tight constraints on cosmological parameters
combining three measurements of two-point (3x2pt) correlation functions: cosmic shear, 3 4 whose
DES Y3 measurements involve the angular correlation of 100,000,000 galaxy shapes from the weak
lensing sample 5; galaxy clustering which correlates the positions of bright galaxies (the “lens”
sample) 6; galaxy-galaxy lensing : the cross-correlation function of galaxy shapes and the position
of the galaxies of the lens sample 7.

The modelling of these correlation functions requires knowledge of the redshift distributions
(n(z)) of both lens and source galaxies. Unfortunately, it is not feasible to obtain spectroscopic
observations other than for a small fraction of our science sample. Cosmological surveys like DES
therefore have to rely only on a few, noisy, broad-band fluxes, requiring robust and unbiased
redshift calibration pipelines.

For the DES Y3 3x2pt analysis, two different lens samples were used. The first sample is
defined by selecting luminous red galaxies through the “RedMaGiC” algorithm 8, which retains
galaxies with high quality photometric redshift. The galaxies passing the RedMaGiC selection
have, however, a low number density (3,000,000 galaxies). The second sample slightly compro-
mises on the redshift accuracy to the benefit of a larger number density. The MagLim sample 9 is
a magnitude-limited sample comprising roughly 10,000,000 galaxies. In the fiducial DES 3x2pt 2

and 2x2pt analyses 10, the MagLim sample n(z) have been characterised using the photometric

aE-mail: ggiannini@ifae.es
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redshift code DNF 11, which provides per-galaxy estimates, but it does not characterise the uncer-
tainties. The n(z) were then further calibrated by matching them to clustering redshift estimates
(hereafter WZ), which relies on cross-correlation measurements with spectroscopic samples12. This
calibration step also allowed to place uncertainties on the n(z) .

This work presents an additional and more sophisticated calibration of the redshift distributions
of the lens sample, and study the impact of the new estimates on the cosmological constraints
using DES Y3 galaxy clustering and galaxy-galaxy lensing measurements (2x2pt). We adopt an
approach similar to the one adopted to characterise the redshift distributions of the DES Y3
weak lensing (WL) sample, presented in 13, 14. This methodology also combines photometric and
clustering constraints to produce redshift estimates, but it is more powerful than the fiducial
redshift calibration adopted for the lenses for a number of reasons, as the combination improve
each other method’s weaknesses.

2 Redshift Inference Methodology

The methodology is a combination of two key techniques:

• photometric classification with Self-Organising Maps (SOM), known as the SOMPZmethod13.
It takes advantage of the deeper photometry of the 8 bands (ugrizYJHKs) of the DES deep
fields, where galaxies with high-quality redshifts can be accurately classified in the deep
colour space, to ensure small selection biases and uncertainties of DES wide field galaxies;
galaxies from wide and deep fields are grouped into phenotypes using SOMs; redshifts in the
deep fields are validated through high precision redshift samples, and are assigned back to
the wide field by mapping the two SOMs through a transfer function, computed from the
Balrog simulated catalog 15.

• clustering-based techniques (WZ), which allows to calibrate redshift distributions based on
angular correlation with a reference sample with high-quality redshift estimates. This method
does not suffer from the typical biases affecting photometric methods (e.g., lack of represen-
tative spectroscopic sample for calibration), which in turns help improving the robustness of
our redshift estimates.

This two techniques are combined together to provide an estimate of the n(z) of the lens sample.
Such a combination is powerful because it exploits the complementarity of the two methods, which
are affected by two very different sets of biases and uncertainties.

In order to combine SOMPZ and WZ constraints, we write the clustering likelihood by forward
modelling the full clustering signal and we introduce a systematic function Sys that absorbs uncer-
tainties in our method, mostly driven by the lack of knowledge of bu and its redshift dependence.
The Sys is function of an order-6 Legendre polynomial. parameterized by s = {s1, s2, . . .}, that we
will marginalize over.

We importance-sample n(z)pz SOMPZ samples by assigning each a weight through the following
likelihood

LWZ|nu(z), br(z), αr(z), wDM(z) =

∫
ds dp exp[−1

2
(wur − ŵur)

TΣ−1
w (wur − ŵur)p(s)p(p), (1)

were br(zi),bu(zi) are the galaxy biases, αu(zi),αr(zi) are the magnification coefficients, wDM(zi)
is the clustering of dark matter estimated from theory assuming fixed cosmology. Σw is the
clustering covariance, and p = bu, αu. In this work, we set the prior p(s) to be a simple diagonal
normal distribution informed by the measured auto-correlation of the MagLim sample. Note that
for efficiency reasons, instead of importance-sampling the SOMPZ realisations, we implemented
a Hamiltonian Monte Carlo sampler (HMC) that simultaneously sample the SOMPZ and WZ
likelihood.
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Figure 1 – Left panel :SOMPZ distributions before (lighter shades) and after the combination with WZ (solid shades)
which produces tighter constraints on the n(z) shape. The bands represent the 1σ from the central value. Right
panel : Posterior distributions of the cosmological parameters Ωm, and S8 for the ΛCDM analysis. The “fiducial”
posteriors (black) have been obtained using the DNF+WZ n(z) and they are compared to the ones obtained using the
SOMPZ+WZ n(z) for three different cases: 1) 4 bins and fixed magnification parameters; 2) 4 bins and marginalised
over magnification parameters; 3) 6 bins and marginalising over magnification parameters. The 2D marginalised
contours in both of these figures show the 68 per cent and 95 per cent confidence levels.

Table 1: Values of mean and width of the SOMPZ+WZ final ensemble of distributions and for the DNF estimate.
The tension is computed by considering the uncertainties of both methods, summed in quadrature. We refer to these
as are lower limits. Because the WZ measurement is very similar in the two cases, and the uncertainties summed in
quadrature are correlated and therefore we are likely underestimating the tension.

BIN 1 BIN 2 BIN 3 BIN 4 BIN 5 BIN 6

z SOMPZ 0.315±0.016 0.463±0.010 0.633±0.009 0.781±0.008 0.893±0.009 0.990±0.012
DNF 0.292±0.007 0.422±0.011 0.616±0.006 0.762±0.006 0.887±0.007 0.969±0.008

Tension (σ) 1.3 2.7 1.7 1.9 0.5 1.5

σz SOMPZ 0.080±0.005 0.081±0.005 0.060±0.002 0.073±0.003 0.074±0.004 0.102 ± 0.007
DNF 0.078±0.005 0.094±0.007 0.055±0.003 0.062±0.003 0.075±0.004 0.080±0.007

Tension (σ) 0.2 1.6 1.3 2.2 0.3 2.3

3 Results

In Figure 1a we compare the redshift estimates obtained from the SOMPZ method alone and after
including the WZ information. The combination of the two methods result in stronger constraints
on the shape of the n(z) due to the additional information probed by WZ. The improvement on
the uncertainty on the mean is more modest, but not null. This is due to the inclusion of the tight
prior on the Sys function, estimated in data from the MagLim auto-correlation function, whereas
in the case of the WL sample a much looser prior has been assumed.

We report in Table 1 the redshift means and widths of the two sets of distributions, and
their agreement, computed assuming the uncertainties of the two methods to be uncorrelated.
This is likely not true, therefore, the reported agreements are optimistic. Large tensions between
means/widths of the two methods might indicate that either that the DNF+WZ uncertainties are
under estimated, or there are some real differences between the two methods (one or both are
biased). The reported values in Table 1 never exceed 3σ, with some bins showing differences at
the 2σ level, which does not point to dramatic differences between the two methods.
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4 Cosmological analyses results

Here we show the constraints on cosmological and nuisance parameters obtained using the DES Y3
measurements for 2x2pt measurements, and the n(z) from this paper. In our analysis, we vary 5 (or
6) cosmological parameters assuming a ΛCDM (or wCDM) cosmology: Ωm, σ8, ns, Ωb, h100, and w
for the wCDM case. Moreover, we also marginalise over “astrophysical” nuisance and calibration
parameters. Our setup (parameters varied, prior ranges, etc.) is the same as the one adopted in
the fiducial analysis 10, except for the redshift n(z) and uncertainties priors of the lens sample,
where the ones obtained in this work have been assumed. We marginalise over 2 parameters for
each tomographic bin, a shift on the mean and on a stretch on the width. Following10, we required
the goodness-of-fit p−value on unblinded data vectors was larger than 1 per cent.

The posterior on the the cosmological parameters Ωm, and S8 is shown in Fig. 1b for ΛCDM
(wCDM), only for 4 bins case as the 6 bins did not pass our requirement. This mirrors the one
presented in the fiducial 2x2pt analysis 10 and the magnification coefficients of the lens sample are
fixed to the values estimated from Balrog15. The marginalised mean values of S8, Ωm, and σ8, along
with the 68% confidence intervals, are: Ωm = 0, 30± 0.04, σ8 = 0.81± 0.07, S8 = 0.81± 0.04. The
size of the posteriors is similar for the two cases, but the distance between the posteriors’ peaks in
the 2D Ωm−S8 plane is d ∼ 0.4σ. This implies the large impact that a different redshift calibration
of the lens sample can have on the cosmological constraints, differently from the results obtained
for the source sample n(z)3, where uncertainties in the redshift calibration had a negligible impact.

We then proceed relaxing the fixed priors on the magnification parameters for the lens sample.
Instead of fixing them to the values estimated from 16 (as done in the previous section), we leave
them as free parameters, using wide flat priors. One of the main reasons the DES Y3 fiducial
analysis did not vary the magnification parameters was merely computational, as 4 (or 6) additional
parameters lengthen the parameter inference process. In principle there is no reason to doubt these
estimates. We find that the p−value indicates a good fit of the model to the data not only for
the 4 bins case, but also for 6 bins case. Adding the last 2 lens bins significantly improves the
constraining power on Ω by 25% compared to the 4 bins case. For the fiducial analysis that
adopted the DNF+WZ n(z) they did not obtain a sufficiently good p−value for 6 bins, even when
freeing the magnification parameters. For both the 4 and 6 bins case the posteriors prefer lower S8

values compared to the fixed magnification case. This is a consequence of an interesting degeneracy
between S8 and the magnification parameters.
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Spatial geometry of the large-scale universe: the role of quantum gravity, dark
energy and other unknowns
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It has been known for some time that the usual inference drawn from the observed near-flatness
of the large-scale Universe - namely the existence of a cosmological “flatness problem”, which
is then taken as a partial, but key motivation for assuming the existence of an ultra-short,
inflationary expansion of the very early Universe - is in itself deeply problematic. The present
contribution consolidates the earlier results regarding the absence of a cosmological flatness
problem of the sort that could potentially be resolved by inflation, by clearing up some common
misunderstandings and by presenting some arguments in more detail.

1 Introduction

1.1 Measure of Cosmological Curvature

Within the class of Friedmann-Lemâıtre-Robertson-Walker (FLRW) solutions to Einstein’s equa-
tion, proximity of the Universe’s large-scale spatial geometry to flatness is conventionally cap-
tured in terms of a continuous parameter, Ω ≡ Ωm + ΩΛ, where Ωm ≡ ρ/ρc ≡ 8πρ/3H2,
ΩΛ ≡ Λ/3H2, ρ and Λ respectively denote the density of matter and a cosmological constant
and H ≡ ȧ/a denotes the Hubble parameter associated with the scale factor a. FLRW dynamics
is completely specified by the Friedmann equation

Ω = 1 +
k

ȧ2
= 1 +

k

H2a2
(1)

where k can take three possible values k = −1, k = 0, k = +1, depending on whether spatial
geometry is respectively hyperbolic, flat or elliptic. Observations indicate that Ω ≃ 1 in the
present epoch and the flatness problem of FLRW cosmologies, broadly construed, is the alleged
“improbability” of this basic empirical facta.

1.2 Distinguishing Issues

Closer inspection of the relevant literature however reveals that “the” cosmological flatness
problem raises at least three distinct potential issues 2. A first broad categorization of these

aHomogeneous cosmologies (i.e., Bianchi models) obey a generalized Friedmann equation

Ω + Σ + K = 1 (2)

with Ω defined similar as in the isotropic case, K a spatial curvature parameter (defined in terms of scalar
three-curvature, (3)R) and Σ a shear-parameter 1. Proximity of Ω to 1 now does not necessarily entail near-
vanishing spatial curvature and the flatness problem in the way it is conventionally characterized is therefore
restricted to FLRW cosmologies (cosmological precision data of course tightly constrain Σ, justifying the FLRW
approximation).

75



Figure 1 – Level sets of α (in black) in the
Ωm ≥ 0, ΩΛ ≥ 0 region of the phase plane,
approaching the delimiter corresponding to a
flat model (in red) from below (k = −1) and
above (k = +1), as |α| −→ ∞ (depicted are
level sets corresponding to the specific values
|α| = 6, 8, 12, 20, 40, 100, 500). Different uni-
verse ages (in blue) progress upward from the
lower right to the upper left and all models
evolve from (1, 0) (Big Bang) into (0, 1) (asymp-
totic de Sitter phase). Earlier observational
constraints from CMB- and SN IA-data put
|α| ≳ 500. Similar current constraints from
Planck (in particular CMB TT/EE power spec-
tra and BAO constraints) increase this lower
bound by a factor of at least 6, 000 (the level
sets corresponding to this value of |α| would
be indistinguishable from the flat model on the
scale depicted).

can be made according to whether a particular formulation of the problem depends on the
dynamical nature of Ω or not. If it does, two basic varieties are found to exist (which are often
conflated in practice, however). According to the fine-tuning argument, the observed value for
Ω at the present time implies that it had to be extremely close to 1 at very early times and
(unless k = 0) this is deemed highly improbable. On the other hand, if it is accepted that Ω
was indeed extremely close to 1 at very early times, according to the instability argument, it
would be highly improbable that Ω is still close to 1 today. Versions of the flatness problem in
which the time-dependence of Ω plays no effective role are essentially variations on the theme
of “anthropic coincidences” (i.e., why physical parameters, such as Newton’s constant, GN, or
the fine-structure constant, α, take the particular values they do) and will be discarded in what
follows.

1.3 Fine-tuning

The fine-tuning argument is often simply identified with the flatness problem – especially within
the context of inflationary models – despite the fact that its problematic nature has been known
for quite some time (see Ref. 2 and references therein). The key point here is that the “fine-
tuning” is inherent to all cosmologically relevant FLRW solutions – in particular, it also occurs
for solutions for which Ω is not ≃ 1 after some 13.8 Gyr. Put differently, the “fine-tuning” of Ω
is an intrinsic part of singular FLRW models, since any such model starts with Ω = 1 exactly.
This contradicts the assumption of a flat, non-divergent probability distribution of initial values
of Ω around Ω = 1. It is this (non-warranted) assumption what creates the (fine-tuning version
of the) flatness problem.

1.4 Instability

Given that Ω was extremely close to 1 at very early times and that, at least initially, it necessarily
moves away from 1 in any non-flat representative model, it may seem plausible at first glance that
one “should” not expect Ω to still be “close” to 1 today, i.e., after some fourteen billion odd years
of cosmological evolution. Such expectations are easily shown to be incorrect through simple
examples 2, which also provide a qualitative account of the following more rigorous argument
due to Lake 3. A fully equivalent specification of FLRW dynamics in the case of dust (w = 0) is
given by

Ω′
m = (Ωm − 2ΩΛ − 1)Ωm (3)
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Ω′
Λ = (Ωm − 2ΩΛ + 2)ΩΛ (4)

where ′ ≡ d/dη = H−1d/dτ , with η ≡ ln(a/a0). The key feature of the argument is that

α ≡ ∓27Ω2
mΩΛ

4Ω3
k

for k = ±1, Ωk ≡ −k/ȧ2 (5)

is a constant of the motion for (3), (4) (for any FLRW solution Ωk = 1−Ωm−ΩΛ) and thus can
be used to label dynamical trajectories in the phase plane (cf. Figure 1). When this is done,
typical models are found to never develop any significant curvature, a property which moreover
continues to hold in the more generic case (i.e., including different components wi ̸= 0).

2 Flatness of the Very Early Universe

Although the foregoing conclusions seem transparent and decisive enough, doubts are sometimes
expressed, although so far not really made explicit, that some subtle point or other has been
overlooked in the entire discussion. For instance, it is obvious that when initial conditions are
imposed at, say, the Planck scale, for the overwhelming majority of singular FLRW models, Ω
will still start “very close” to 1. The fact that it is less obvious how to express such a property
in a mathematically precise way should not be confused with evidence for fine-tuning. In order
to appreciate this point better, momentarily consider a more general cosmological setting.

2.1 Measure and Probability in Cosmology

As is well known, general relativity has a Hamiltonian formulation, which formally gives rise
to a canonical (Liouville) measure, µ, on the corresponding phase space, Γ. In practice, this
picture is more involved because of (a) the necessity to “truncate” Γ, so that its dimension
becomes finite (µ - which is proportional to the top exterior product of the symplectic form with
itself - otherwise being ill-defined), and (b) the presence of gauge constraints. Adopting as the
configuration manifold Wheeler’s superspace of all Riemannian three-geometries, partially deals
with the second issue, while restricting attention to homogeneous models renders superspace
finite-dimensional (“mini-superspace”) and thus addresses the first issue. Pull-back of the sym-
plectic form to the corresponding physical phase space Γms in this case gives rise to the so-called
GHS measure µGHS

4. If µGHS(Γms) < ∞, it would then make sense to define probabilities as in
ordinary statistical physics. If F denotes some particular observable feature (e.g., the property
that |Ω− 1| < ϵ, ϵ ∈ R+) and XF ⊆ Γms such that F holds, the probability to observe F would
be given by

P (F ) =
µGHS(XF )

µGHS(Γms)
(6)

However, µGHS is not finite and probabilities for most measurable subsets are ambiguous (in
fact, expression (6) is well defined only if XF has finite measure (yielding P (F ) = 0) or if the
complement of XF has finite measure (yielding P (F ) = 1)). By implementing a “regularization
procedure” these ambiguities can be removed, albeit in a highly non-unique way 5 (as a result,
different authors have also obtained widely different estimates for the “probability of inflation”).
Attempts to go beyond the GHS framework run into further difficulties. Even if attention is
restricted to near-FLRW solutions, as soon as inhomogeneous modes are included, a truncation
is again necessary and this gives rise to several serious difficulties 5. The upshot of the foregoing
remarks is that, despite superficial appearances to the contrary perhaps, standard techniques
do not provide any information on how values of Ω are probabilistically distributed, not even
in the simplest FLRW-context. Furthermore, non-standard techniques based on an objective
Bayesian approach to probability do give additional information in the form of divergent, im-
proper measures around Ω = 1 6.
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2.2 Quantum Gravity Effects?

It would make little sense (if at all) to argue that the absence of initial fine-tuning in Ω would
somehow be overthrown by mysterious quantum gravity effects. Although it is of course impos-
sible - given the lack of agreement about the very identity of these effects - to say anything in
this regard with absolute certainty, it would seem little short of a miracle if a future theory of
quantum gravity were found to somehow generically predict Ω(tPl) to take any value in some
finite interval including 1 with more or less equal probability. Even though it is certainly true
that initial conditions at the classical level can be chosen such that Ω(tPl) takes any prescribed
value, it does not appear to widely appreciated that initial conditions for which Ω(tPl) is not
close to 1 would lead to fine-tuning issues themselves, i.e., for the integration constants 2.

3 Flatness of the Large-Scale Late Universe

3.1 Dark Energy Effects?

It may also be wondered whether the conclusions of subsection 1.4 could somehow be affected
by unknown “dark energy” effects. Even though all present cosmological data are perfectly
consistent with - and perhaps even favoured by - the concordance model, i.e., Λ = constant ,
representation of dark energy 7, if Λ would turn out to be dynamical, this could only play a role
at late times - with dark energy slowly decaying away and potentially giving rise to curvature
effects. Since the effects of such dynamical Λ would be equivalent to those of a cosmological
constant up until the present age, the conclusions presented earlier would retain their validityb

4 Conclusion

A cosmological flatness problem - of either the fine-tuning or instability variety - cannot be said
to exist. Even though all present evidence points against it, one could imagine that fine-tuning
could after all still become an issue within a particular approach towards quantum gravity in
the future. Until then, it appears that a much more fruitful way of proceeding would consist in
reshaping the evidence for both absence of fine-tuning and stability of flatness over cosmological
aeons into a selectional constraint on a theory of quantum gravity.
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is that these would avoid the so-called cosmological coincidence problem, of why ρ and Λ roughly have the same
values in the present epoch. This is essentially just the instability version of the flatness problem in disguise,
however, and it was seen in subsection 1.4 that this version is perfectly amenable to treatment with Λ constant!
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The current epoch of accelerated cosmic expansion is postulated to be driven by dark energy,
which in the standard model takes the form of a cosmological constant with equation of state
parameter w = −1. We propose an innovative perspective over the nature of dark energy by
drawing a parallel with inflation, which we assume to be driven by a single scalar field, the
inflaton. The inflaton was not a cosmological constant, as indicated by the fact that inflation
ended and by the Planck satellite’s constraint of ns ̸= 1 at 8σ confidence. Therefore, it is
interesting to verify whether its equation of state parameter was measurably different from
-1. We analyze this question for a class of single-field slow-roll inflationary models, where the
hierarchy of Hubble slow-roll parameters is truncated at different orders. Based on the latest
Planck and BICEP2/Keck data, we obtain a 68% upper bound of 1+w < 0.0014 for the three-
parameter model, which gives the best description to the data. This provides a cautionary tale
for drawing conclusions about the nature of today’s dark energy based upon the non-detection
of a deviation from w = −1 with current and upcoming cosmological surveys.

1 Introduction

The observed accelerated expansion of the Universe is postulated to be driven by a component
with negative pressure, dark energy. In the standard model of cosmology, the latter takes the
form of a cosmological constant, Λ, interpreted as a homogeneously-distributed vacuum energy
with equation of state parameter w ≡ p̄/ρ̄ = −1. Available observations constrain its abundance
to approximately 68.9% of the total density, but do not allow to unveil its properties, which
remain one of the key issues in modern theoretical physics.

As suggested by Ilić et al. 1 and Castello et al. 2, a precious insight about the nature of dark
energy can be achieved by drawing a parallel with a previous epoch of accelerated expansion:
inflation. In the simplest description, inflation is driven by a single scalar field, the inflaton,
which can be interpreted as a form of dynamical dark energy. However, it cannot be identified
with a pure cosmological constant, since it is thought to have rapidly decayed away at the end of
inflation. Thus, it is interesting to verify whether a hypothetical observer would have been able
to measure the deviation of w from -1 in the inflationary epoch. In the following, we answer this
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question by characterizing the evolution of w during inflation in light of the latest data about
the temperature and polarization anisotropies of the cosmic microwave background (CMB).

2 Theoretical framework

2.1 The Hubble slow-roll parameters

We assume that inflation lasts for enough e-foldings to ensure that the inflaton dominates the
total energy density and adopt the Hamilton-Jacobi formalism 3, where the Hubble parameter
H ≡ ȧ/aa is the reference quantity. Under the standard assumption of slow-roll, we consider the
hierarchy of “Hubble slow-roll” (HSR) parameters 4 ξn, where each parameter is proportional to
the time derivative of the previous one. The first two parameters take the form

ξ1(ϕ) ≡ ϵH(ϕ) = 2M2
Pl

(
H′(ϕ)
H(ϕ)

)2
(1)

ξ2(ϕ) ≡ ηH(ϕ) = 2M2
Pl

H′′(ϕ)
H(ϕ) , (2)

with the reduced Planck mass MPl ≡ 1/
√
8π and G = c = h̄ = 1.

The first HSR parameter encodes the deviation of w from -1 according to the following exact
relation,

1 + w =
2

3
ξ1 , (3)

and, since ξ1 ≥ 0 by definition, this implies that values of w below -1 are nonphysical in
our modelling. Moreover, the tensor-to-scalar ratio r and the scalar spectral index ns can be
expressed in terms of the first two HSR parameters at lowest order in slow roll:

r = 16 ξ1 (4)

ns − 1 = 2ξ2 − 4ξ1. (5)

Since the Planck satellite has constrained the value of ns away from 1 at the 8σ level 5, Eq. (5)
implies that either ξ1 or ξ2 must be nonzero. According to Eq. (3) and the definition of the HSR
parameters, we therefore must require that either w ̸= −1 or dw

dt ̸= 0, in both cases yielding a
strong observational indication that the inflaton was not a cosmological constant.

2.2 Inflationary models

Our inflationary set-up requires to specify a functional form for H(ϕ), which we Taylor-expand
around an arbitrary pivot value of the inflaton ϕ∗ as in Lesgourgues et al. 6:

H(ϕ− ϕ∗) =
n∑

i=0

Ĥi (ϕ− ϕ∗)
n. (6)

By inserting the series in the definitions of the HSR parameters, the n-th order Taylor coefficient
can be expressed in terms of the first n parameters evaluated at ϕ∗ and an additional one,

ξ∗0(ϕ) ≡
H4(ϕ)

64M2
Pl

H′2(ϕ)

∣∣∣∣
ϕ∗

.

In our analysis, we truncate the Taylor series at an order varying between one and three,
corresponding to models with two, three and four nonzero HSR parameters respectively, labelled
HSR{2}, HSR{3} and HSR{4}. We do not consider the zero-th order approximation, since,
according to Eq. (5), ξ1 = ξ2 = 0 implies ns = 1 and thus contradicts the aforementioned Planck
constraint.

aDots and primes indicate derivatives with respect to cosmic time and ϕ respectively.
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3 Data sets and numerical investigation

The temperature and polarization anisotropies of the CMB provide a suitable observable to
constrain inflationary quantities, since they are believed to mirror the primordial curvature
perturbations generated during inflation. We employ the 2018 Planck likelihoods 7, 8 and the
joint BICEP2/Keck-WMAP-Planck likelihood 9 in three combinations:

(i) Planck low-ℓ T/E/B and high-ℓ TT/TE/EE (dubbed P18all here)

(ii) Planck low-ℓ T/E, high-ℓ TT/TE/EE, and low-ℓ BICEP2/Keck (P18+BK15 )

(iii) Planck low-ℓ T/E, high-ℓ TT/TE/EE, lensing and low-ℓ BICEP2/Keck (P18+lens+BK15 ).

We perform a Markov Chain Monte Carlo (MCMC) parameter estimation for our inflationary
models with the ECLAIR suite of codes 10 interfaced with the CLASS Boltzmann solver 11. We
obtain ns, r and the primordial scalar spectral amplitude As as outputs of CLASS, while the
MCMC chains for the nonzero ξ∗ parameters are converted into allowed evolution histories w(ϕ).
To achieve a more intuitive interpretation, the constraints on w are then translated to k-space
via the “horizon-crossing condition”, k = aH(ϕ(a)), fixing the pivot scale to the standard value
in CLASS, k∗ = 0.05 Mpc−1, and considering the range [kmin, kmax] = [2 × 10−4, 0.1] Mpc−1,
which encloses the observable Planck interval 12.

4 Results

4.1 Parameter constraints

Fig. 1 shows a strong model-dependence of the
MCMC constraints on the parameter ξ∗1 , with
interesting cosmological implications. In the
HSR{2}model, where ξ2 is zero, Eq. (5) requires
a non-trivial value of ξ1 to satisfy the Planck
constraint of ns ̸= 1. This implies the pres-
ence of primordial tensor perturbations (r ̸= 0
from Eq. (4)) and yields a detection of w ̸= −1
according to Eq. (3), as is clearly portrayed in
Fig. 2. On the other hand, ξ∗1 is compatible with
zero in models with more parameters, such that
r is pushed to the trivial value and w to -1. As
can be noted from Fig. 3, the bounds on w get
weaker in the HSR{4} model with respect to
HSR{3} and blow up at the boundaries of the
chosen k-interval, in agreement with the con-
straints on the observable Planck scales 12.

Figure 1 – The marginalized constraints on ξ∗1 for
all combinations of our tested inflationary models
and likelihoods.

4.2 Model comparison

We identify the model providing the best description to the data sets through the tools of
Bayesian model comparison. Since the HSR{n} model is nested into HSR{n+1} at ξ∗n = 0, we
can compute the Bayes factor B according to the Savage-Dickey Density Ratio 13, i.e. as the
ratio of the prior to the posterior at the nested point, marginalized over the common parameters.
We consider two possible choices of flat priors: the “wide prior” [−1, 1], since we expect the
HSR parameters to be smaller than, but generally of order 1, and the “slow-roll (SR) prior”
[−0.04, 0.04], based on the deviation from a scale-invariant spectrum |ns − 1| ≈ 0.04 5.
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Figure 2 – The evolution of w as a function of k at horizon crossing, for each possible pairing of our three
inflationary models (left, middle and right panels) and three combinations of likelihoods (in blue, orange and
green). The shaded areas correspond to the 68% confidence intervals and the dotted lines indicate the 95% ones.

The fit to the P18all data set yields B = 11.1 in favour of HSR{2} over HSR{3} with the
wide prior and gives an undecided outcome with the SR prior. When including the BK15 data
set, however, we obtain a preference for HSR{3} in both cases, with B = 1.3 for the wide prior
and B = 31 for the SR prior. The inclusion of P18lens strengthens the preference for HSR{3}
and the comparison with HSR{4} indicates that the additional parameter in this model is not
constrained by the data.

5 The cautionary tale

Based on the analysis with the combined Planck and BICEP2/Keck data sets, we conclude
that the model with three nonzero parameters, HSR{3}, provides the overall best description.
This is a non-trivial result, since, as discussed in Sec. 4.1, the choice of model has important
cosmological implications in terms of the value of the tensor-to-scalar ratio r and the equation
of state parameter of the inflaton w.

We obtain a 68% upper bound of 1 + w < 0.0014 for HSR{3}, which is around one order
of magnitude below the expected precision of the next generation of cosmological surveys 14.
Thus, provided that the current epoch of accelerated expansion can be compared to inflation,
our analysis suggests that the lack of an observational detection of w ̸= −1 in the upcoming
decade does not necessarily indicate that today’s dark energy is a cosmological constant.
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PyCosmo is a Python-based framework for the fast computation of cosmological model pre-
dictions. One of its core features is the symbolic representation of the Einstein-Boltzmann
system of equations. Efficient C/C++ code is generated from the SymPy symbolic expressions
making use of the sympy2c package. This enables easy extensions of the equation system for
the implementation of new cosmological models. We illustrate this with three extensions of
the PyCosmo Boltzmann solver to include a dark energy component with a constant equation of
state, massive neutrinos and a radiation streaming approximation. We compare the PyCosmo

predictions for the ΛCDM model extensions with CLASS, in terms of accuracy. We find a
good agreement, to better than 0.1% when using high-precision settings and a comparable
computational speed. Links to the Python Package Index (PyPI) page of the code release
and to the PyCosmo Hub, an online platform where the package is installed, are available at:
https://cosmology.ethz.ch/research/software-lab/PyCosmo.html.

1 Introduction

One of the key theoretical predictions in cosmology is the evolution over time of the linear
order perturbations of the constituents of the Universe, captured by the Einstein-Boltzmann
equations (see, e.g., 1, 2). The system of ordinary differential equations, due to its complexity
and the coupling of the fields, needs to be solved numerically. For this purpose, several codes
have been developed. The currently maintained Boltzmann solvers are CAMB 3, CLASS 4 and
PyCosmo 5. PyCosmo was introduced as a novel Python library that uses symbolic representation
of equations for generating efficient C/C++ code. The framework includes both a Boltzmann
solver as well as prediction tools for the computation of cosmological observables with several
different fitting functions and approximations 6.

An important feature of PyCosmo is the possibility to easily implement model extensions in
symbolic form in the code, while taking advantage of the computational speed of the generated
C/C++ code. This feature has been improved by rewriting and refactoring the related code as a
new sympy2c package presented in 7, which expands the idea of generating fast C/C++ code from
symbolic representations of equations. Both sympy2c and PyCosmo are publicly available in the
Python Package Index (PyPI). We illustrate the extensibility of PyCosmo by implementing two
extensions of the Standard Model of Cosmology: a constant dark energy equation of state and
massive neutrinos. We also implement a radiation streaming approximation (RSA) for photons
and massless relics, which approximates the evolution of radiation at late times providing a
speedup. More details on the model extensions can be found in 8.
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Figure 1 – The dark energy perturbation δde as a function of scale factor a for a dark energy equation of state
with w = −0.9 and sound speed c2s,de = 1 at k = 0.5Mpc−1. In the left plot, we show the perturbation computed
with PyCosmo (blue) and CLASS (violet), in the right plot the relative difference between the two.

2 Code comparisons setup

In order to validate the newly introduced models, we carry out detailed comparisons with CLASSa.
We evaluate the accuracy in terms of relative difference between observables. Since this is often
a function of the wavenumber k, we compare it visually by plotting as a function of k or, when
specified, we look at the maximum relative difference in a k interval.

Comparing the two codes implies carefully setting the cosmological parameters and the pre-
cision settings. In the following, we will make use of two precision settings: speed and precision.
In the case of CLASS, we use the precision files shipped with the code: cl permille.pre for
fast and accurate computation and pk ref.pre for high precision 9. In the case of PyCosmo we
tune the parameters l max, boltzmann rtol and boltzmann atol, l max mnu and mnu relerr

in the massive neutrino case. See 8 for more details. The parameters we modify are Ωm, Nν ,
Nν,m, Σmν and wde. ΩΛ is computed by imposing the flatness condition

∑
iΩi = 1. The other

parameters remain fixed.

3 Dark Energy with a constant equation of state

In order to search for deviations from a cosmological constant, we consider a dark energy equation
of state with wde = pde/ρde ̸= −1. We implement the background and linear order perturbation
equations of this model symbolically in PyCosmo using sympy2c .

In Fig. 1 we show the dark energy perturbation δde as a function of scale factor a for
k = 0.5 Mpc−1, plotted both with PyCosmo as well as CLASS. We also display the relative
difference between the evolution of the perturbations obtained by the two codes. The cosmology
we consider is

• wCDM: {ΩΛ, Ωm, Nν , Nν,m, Σmν , wde} = {0.69992, 0.3, 3.044, 0, 0, -0.9}

using the precision settings from section 2. In general, we find good agreement between the
codes. When the fields are highly oscillating, we observe a degradation of the agreement, as
expected, given the impact of step-size control and numerical precision of the solver in that
regime.

aWe use CLASS v3.1.0, through the Python wrapper classy.
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4 Massive Neutrinos

Massive neutrinos modify both the background evolution and the linear order perturbations.
Qualitatively, massive neutrinos undergo a phase transition: they behave like radiation at early
times, when they are fully relativistic, and shift to a matter-like behaviour at late times (see, e.g.,
10,11). The transition happens smoothly through cosmic time and the dependence on mass, scale
factor and momentum in the evolution of the distribution function prevents from integrating out
the momentum dependence. For this reason, the inclusion of massive neutrinos in the Boltzmann
equations is highly non trivial and has a strong impact on the size of the ODE system.

In PyCosmo we introduce Nν,m degenerate massive neutrinos. The implementation of the
massive neutrino equations uses sympy2c similarly to the PyCosmo implementation of ΛCDM
and wCDM. The background integral over momentum q is computed using indefinite numerical
integration from sympy2c , whereas the integrals at perturbation level use a Gauss-Laguerre
quadrature integration scheme in our symbolic representation of the ODE system, since we need
to evolve a finite number of equations. This follows the approach used in 12.

In Figure 2 we show the total matter power spectrum obtained with PyCosmo and CLASS

for 200 log-spaced k values between 10−4 and 1 Mpc−1. On the left we show the two power
spectra and on the right the relative difference between the two with the following cosmological
parameters:

• degenerate Σmν = 60 meV: {Ωm, Nν , Nν,m, Σmν , wde} = {0.29869, 0.00440, 3, 0.06,
-1}.

We use the precision settings for the two codes. In general, we observe a very good agreement,
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Figure 2 – Total matter power spectrum for a cosmology with three massive neutrinos with Σmν = 60 meV,
plotted both with PyCosmo and CLASS for 200 log-spaced k values between 10−4 and 1 Mpc−1. On the right side,
we display the relative difference between the two.

with a maximum relative discrepancy of 5× 10−4 on intermediate scales.

5 Radiation Streaming Approximation

After decoupling, photons and massless neutrinos behave approximately like test particles free-
streaming in the gravitational field determined by the massive components, making it possible to
derive a non-oscillatory solution of the inhomogeneous Boltzmann equations inside the Hubble
radius. This approximation, called the Radiation Streaming Approximation (RSA), was intro-
duced in the Newtonian gauge by 13 and in the synchronous gauge by 14. This treatment allows
both to avoid unphysical oscillations resulting from the hierarchy truncation and to speed up the
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Table 1: Maximum relative differences in k ranges between PyCosmo and CLASS for different models and precision.

Model precision k range [Mpc−1]

10−4 − 10−3 10−3 − 10−2 10−2 − 10−1 10−1 − 1 1− 10

ΛCDM
speed 0.0006 0.0007 0.0007 0.0031 0.0077

precision 0.0001 0.0003 0.0005 0.0003 0.0008

wCDM
speed 0.0006 0.0007 0.0008 0.0031 0.0078

precision 0.0002 0.0003 0.0005 0.0003 0.0008

degenerate Mν
speed 0.0004 0.0010 0.0010 0.0046 0.0146

precision 0.0001 0.0003 0.0005 0.0002 0.0001

integration, which is slowed down by fast late time oscillations of the radiation fields especially
on small scales. In order to implement the Radiation Streaming Approximation within PyCosmo

we use a functionality from sympy2c to switch between two different ODEs at a dynamically
computed time point.

6 Agreement with CLASS

We present benchmarks of the PyCosmo Boltzmann solver for all the models described in the
previous sections, in terms of relative difference to CLASS. We compare the numerical results of
PyCosmo and CLASS in Table 1. We report the maximum relative difference between the matter
power spectra in PyCosmo and CLASS in five k ranges for the different models and precision
settings. The RSA is not relevant here because it leads to a 10−5 relative difference, when
compared to the full computation with the same l max. The size of the relative differences is
comparable in all models when using the same k ranges, with the exception of the model with
massive neutrinos for k > 0.1 Mpc−1. The difference in precision between speed and precision
settings is dominant on scales k > 0.1 Mpc−1, where the truncation effects have the largest
impact. The precision settings lead to a relative difference to CLASS that is better than 0.1% on
all scales k < 10 Mpc−1, while the speed settings lead to a relative difference of order 0.5− 1%
beyond k = 0.1 Mpc−1. This is acceptable, especially since cl permille.pre comes with no
guarantees for scales k > 1 hMpc−1. The computational speed is comparable in the two codes.
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It has been shown in the literature that detections of gravitational waves (GWs) emitted
by binary sources can provide measurements of luminosity distance. The events followed
by electromagnetic counterparts are, then, suitable for probing the distance-redshift relation
and doing cosmological parameter estimation, as well as investigating modified gravity (MG)
models. In the context of effective approaches to MG equivalent to Horndeski, this GW
distance differs from the standard electromagnetic luminosity distance due to the presence of
a modified friction in the wave propagation. Here, we investigate how precisely the future-
planned interferometer Einstein Telescope will probe such deviations from General Relativity,
considering phenomenological parametrizations for both the dark energy equation of state
and the GW friction. Despite being an independent test of gravity, for f(R) in particular, we
conclude that it may provide weaker constraints than the current available ones.

1 Introduction

Since the groundbreaking discovery of LIGO-Virgo in 2015, a lot of effort has been devoted
to clarify how much we can learn from gravitational wave (GW) detections in different topics
of interest in spacial physics, e.g. the equation of state of neutron stars, the current expansion
rate of the universe, tests of gravity, compact objects and so on. In particular, the so-called
multimesseger events, i.e. those that are followed by electromagnetic signals such as γ-ray
bursts, stand out as the ones which allow us to assess more information about the source, e.g.
its redshift, and also about possible differences in the propagation of gravitons and photons.

In our work1 b we performed simulations of multimessenger events emitted by binary neutron
stars (BNS) for the future planned 3rd generation interferometer Einstein Telescope (ET) 2. In
an optimistic scenario, 103 of such signals are expected to be detected up to redshift 2, which
allows us to test modified gravity (MG) theories at cosmological scales in the tensor sector. This
can be achieved by parametrizing MG signatures in the evolution, from emittion to detection, of

aisa@if.ufrj.br
bin collaboration with M. O. Calvão and I. Waga.
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the wave’s amplitude in the inspiral phase where perturbation theory applies. Our framework
is defined by a perturbed spatially flat FLRW metric,

ds2 = a(τ)2
[
−(1 + 2Ψ)dτ2 + (1− 2Φ)(δij + hij)dx

idxj
]
, (1)

where a is the scale factor, τ is the conformal time, Φ and Ψ are the usual scalar perturbations
and hij is the transverse traceless GW, specified by the two degrees of freedom h+ and h×.

In the context of cosmology, it has been shown5 that several MG theories can be distinguished
at background and linear perturbation levels only through the specification of a tuple

(Ωm0,H, αM , αT , αK , αB) , (2)

where Ωm0 is the matter energy density parameter today, H := a′/a is the conformal Hubble
parameter (′:= d/dτ) and the α’s are time-dependent functions that govern the evolution of
perturbations. They all vanish in General Relativity (GR) and their physical meanings are
associated with the presence of, respectively, a running Planck mass M2

∗ , a tensor speed excess,
kineticity and braiding. This setting encompasses the most general theories that give rise to
second order field equations with a single scalar field φ, the Horndeski theories. Moreover, the
evolution equation for the GW polarization modes is given by

h′′P + (2 + αM )Hh′P + (1 + αT )k2hP = ΠP , (3)

with P = +,×, where ΠP is the tensor part of the anisotropic stress. This equation differs from
its corresponding one in Einstein’s gravity by the introduction of features such as a change in
the GW speed of propagation c2

T = 1 + αT . However, this was already strongly constrained by
the GW170817 event to be equal to the speed of light 3, which motivates restricting to αT = 0.

The particularly important deviation from GR in the propagation of tensor modes is encoded
in the friction rate at which they are damped whenever αM 6= 0. This effect gives rise to a new
cosmological distance that can be inferred by local interferometers, the GW distance Dgw 4. It
relates to the standard electromagnetic luminosity distance by

Ξ(z) :=
Dgw(z)

Dem
L (z)

= exp

{
1

2

∫ z

0

αM (z̃)

1 + z̃
dz̃

}
=

√
M2
∗ (0)

M2
∗ (z)

. (4)

In f(R) theories, where our analysis is focused on, this reduces to
√

1 + fR0/
√

1 + fR, where
fR is the derivative of the Lagrangian with respect to the Ricci scalar. For viable models that
recap GR at high redshifts, this function goes asymptotically to 1 + fR0/2. Its typical behavior
is shown in the right pannel of Fig. 1 for a particular model.

2 GW simulations

We now summarize the procedure to simulate the GW mock data for the ET with Nobs =
1000 events. We considered the waveform emitted at redshift z by a BNS merger up to the 3rd
PN correction neglecting spins, which is given by

h̃(f, z,Dgw, s) =
A(f, z, s)

Dgw

(
c

f7

)1/6

eiΦ(f) , (5)

where Φ is a phase and A is a function of frequency, redshift and the parameters of the source
s = (m1,m2, ι, θ, φ, ψ), which stand for, respectively: the masses of the binary components, the
angle of orbital inclination, the direction of the line of sight and the GW polarization angle.

Given a gravitational and cosmological model with parameter values Θ, we draw the redshift
of the i-th binary source from the distribution

ρ(zi|Θ) = Nz(Θ)
4π[Dc(zi,Θ)]2

(1 + zi)H(zi,Θ)
r(zi) , (6)
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where Dc(z,Θ) =
∫ z

0 c/H(z,Θ) is the comoving distance, Nz is a normalization factor and r(z)
is the rate of evolution of the BNS mergers.

Accounting for the degeneracy between Dgw and ι and adding a contribution due to weak
lensing, the error in the GW distance, in the Fisher matrix approximation, is given by

σ2 =

[
2Dgw(z)

SNR(z, s)

]2

+ [σlens(z)]
2 with SNR2 = 4

∫ fup

flow

∣∣∣h̃∣∣∣2
Sn

df , (7)

where Sn is the power spectral density of the detector’s noise. The GW distances are drawn
from a Gaussian distribution with standard deviation σ and, therefore, our posterior results in

ρ(Θ|z,D gw
L , s) ∝ ρ(Θ) exp

{
−
Nobs∑
i=1

[
D gw
L,i −D

gw
L (zi,Θ)

]2
2σ(zi, si)2

}
. (8)

3 Results

When restricting to ΛCDM, we find that a thousand GW events followed by electromagnetic
counterparts, if detected by ET, would provide measurements of H0 and Ωm0 with accuracies
of ∆H0/H0 ∼ 1% and ∆Ωm0/Ωm0 ∼ 7.6%. Secondly, when allowing for a relative difference
between GW and luminosity distances in a generic viable f(R) theory, we obtain the bound
|fR0| < 10−2. In fact, we estimate that 1010 of such multimessenger events would be needed to
reduce this number to 10−6, which is the current known bound from large scale structure (LSS)
and local tests.

3.1 Parametrizations

In order to account for MG effects both at the background level and in the friction we
propose parametrizations for the dark energy equation of state (EOS) parameter wDE and the
ratio of distances Ξ. They are:

wDE(z,A, zt, zf ) = −1−A(z − zf )(zt − z) sin

[
2πz−π(zf+zt)

zt−zf

]
, zf < z < zt (9)

Ξ(z,Ξ0, ν) = Ξ0 + (1− Ξ0)e1−(1+z)ν . (10)

The most relevant parameters are Ξ0, which is the assymptotic value of Ξ, and the amplitude of
the dark energy EOS deviation from -1, A. Figure 1 shows the resulting contours in the param-
eter space Θ = (Ξ0, A,H0,Ωm0) when allowing for deviations of GR with the parametrizations.
We also adapted existing codes for SNe and a combination of CMB and BAO data to include our
MG parametrizations and used the results as priors. However, to exemplify, a particular model
of the γ-gravity f(R) theories 6, that is easily ruled out by other kinds of tests is represented
with a green star: despite having |fR0| of order 10−2 it cannot be distinguished from ΛCDM.

4 Conclusions and next steps

In this work, we studied the evolution of the GW distance in MG with special interest in
f(R)-like theories. By generating a mock dataset of 1000 GWs emitted by BNS mergers as could
be detected by the ET in near future, we investigated the constraints that the inference of the
GW distances and redshifts of the sources could provide to cosmological and phenomenological
parameters. Apart from measurements of the cosmological parameters, however, regarding
f(R) models, first, this test was shown to provide weak bounds to fR0 when restricting to viable
models; second, even when accounting for the modified background via wDE, we showed that
it was not possible to distinguish between ΛCDM and typical f(R) models that are already
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Figure 1 – On the left, 68% and 95% CLs from simulations of a thousand GW detections assuming the redshifts
of the sources are known. Red dots or dashed lines correspond to ΛCDM. On the right, the theoretical prediction
for the ratio of distances in γ-gravity f(R) for three values of the parameters defining the Lagrangian.

discarded with other probes. We also find that the GW bounds to the amplitude of the dark
energy EOS A are weaker than the ones from SNe and BAO/CMB data. Our conclusions
indicate, therefore, that the test is not suitable to look for signatures of f(R) modifications of
gravity, neither from dark energy effects or modified friction in GW propagation, even in our
optimistic scenario. Still, it constitutes an independent probe of gravity at cosmological scales
that provides a measurement of deviations from GR at the percent level (∆Ξ0 ∼ 10−2) and it
could be quantitatively competitive for other theories within Horndeski and beyond.

Lastly, we remark that, as first highlighted in 7, in our MG context, the same functions that
modify the propagation of tensor modes also affect the scalar sector. For instance,

Ψ− (1 + αT )Φ + (αM − αT )H(δφ/φ̇) = Π . (11)

In particular, the friction αM makes the slip η = Φ/Ψ deviate from the GR value of unity,
a feature usually generated whenever the matter content considered has anisotropic stress Π.
Therefore, by combining slip measurements from LSS probes and GWs it might be possible to
break the degeneracy between a scenario in which the gravity theory is GR with the presence of
a matter sourced anisotropic stress, and a perfect fluid in MG. Studying the constraining power
of the combination of future GW and LSS data on αM is the subject of our current project.c
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The Latest Constraints on Inflationary B-modes from the BICEP/Keck Telescopes

King Lau on behalf of the Bicep/Keck Collaboration
School of Physics and Astronomy, University of Minnesota, Minneapolis, Minnesota 55455, USA

For the past decade, the Bicep/Keck collaboration has been operating a series of telescopes
at the Amundsen-Scott South Pole Station measuring degree-scale B-mode polarization im-
printed in the Cosmic Microwave Background (CMB) by primordial gravitational waves
(PGWs). These telescopes are compact refracting polarimeters mapping about 2% of the sky,
observing at a broad range of frequencies to account for the polarized foreground from Galactic
synchrotron and thermal dust emission. Our latest publication “BK18” utilizes the data col-
lected up to the 2018 observing season, in conjunction with the publicly available WMAP and
Planck data, to constrain the tensor-to-scalar ratio r. It particularly includes (1) the 3-year
Bicep3 data which is the current deepest CMB polarization map at the foreground-minimum
95 GHz; and (2) the Keck 220 GHz map with a higher signal-to-noise ratio on the dust fore-
ground than the Planck 353 GHz map. We fit the auto- and cross-spectra of these maps to
a multicomponent likelihood model (ΛCDM+dust+synchrotron+noise+r) and find it to be
an adequate description of the data at the current noise level. The likelihood analysis yields
σ(r) = 0.009. The inference of r from our baseline model is tightened to r0.05 = 0.014+0.010

−0.011

and r0.05 < 0.036 at 95% confidence, meaning that the Bicep/Keck B-mode data is the most
powerful existing dataset for the constraint of PGWs. The up-coming Bicep Array telescope
is projected to reach σ(r) ≲ 0.003 using data up to 2027.

1 Introduction

The inflation paradigm is one of the leading candidates for a theory that describes the evolution
of the early Universe. It suggests that at the time of ≈ 10−36 s after the Big Bang, the Universe
underwent a brief period of exponential expansion in which its scale was increased by 50 to 60
e-folds. This scenario offers natural solutions to the horizon, flatness and magnetic monopole
problems arising from the hot Big Bang expansion model 1. Moreover, inflation predicts the
generation of scalar perturbations in the early Universe. These perturbations are supposed
to be adiabatic, nearly Gaussian and close to scale-invariant, which are consistent with high
precision full-sky Cosmic Microwave Background (CMB) measurements 2.

Nevertheless, generic inflationary models make a prediction that has not yet been observed
— the existence of a background of primordial gravitational waves (PGWs). The magnitude of
these PGWs can be parameterized by the tensor-to-scalar ratio r, which was constrained to be at
least an order of magnitude smaller than one by CMB temperature data in early 2010s 3. PGWs
would also leave potentially detectable “primordial B-modes” 4,5 which are characteristically
different from and substantially weaker than the E-modes in CMB polarization. Thus, the
search for B-mode polarization can serve as a probe of PGWs. The constraints on r from B-
mode measurements, when combined with the constraint on spectral index ns, can discriminate
among inflation models 6.

Galactic foregrounds are one of the factors obscuring the detection of primordial B-modes.
In 2014, the publication of Bicep2 analysis 7 and Planck 353 GHz data 8,9 revealed that po-
larized thermal emission from dust within our galaxy dominates the B-mode signals at high
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microwave frequencies. Other studies 10 also found Galactic polarized synchrotron emission at
low frequency. These facts imply that multiple-frequency measurements are necessary to account
for the contribution of foregrounds.

Gravitational lensing is another major source of B-modes. While polarized CMB photons
were propagating from the last-scattering surface, they were deflected by gravitational lensing,
and this transforms part of the E-modes into “lensing B-modes” 11. Therefore, in the absence
of Galactic foreground, the total B-mode power spectrum is the combination of primordial B-
modes and lensing B-modes. As the latter component is prominent at small scales, measuring
the degree-scale B-mode polarization emerges as one of the most promising methods for a first
detection.

The Bicep/Keck collaboration has been operating a series of small-aperture telescopes cov-
ering a broad range of frequencies for B-mode polarization measurement for the past decade.
This proceeding discusses the latest constraints on PGWs by the Bicep/Keck data as well as the
prospect of the Bicep Array system. In section 2, we provide an overview of the Bicep/Keck
program; in section 3 we show the analysis results driven by Bicep3 and Keck Array data up
to the 2018 observing season. This includes their maps, power spectrum and the derived con-
straints on r and inflation models; and in section 4 we briefly outline the r constraints offered
by Bicep Array in the future.

2 The BICEP/Keck Telescope Series
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%,&(3�$UUD\
�������
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�����������
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�����������
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Figure 1 – The Bicep/Keck telescopes are Stage-2 and Stage-3 CMB ground-based experiments characterized
by ≈ 103 and ≈ 104 detectors respectively. The top two panels show the telescopes (and their physical focal
planes) operating since 2010. In the bottom panel, each plane stands for a receiver. The white dots represent the
detectors and the beam size as projected on the sky, while the color of a plane denotes the observing frequency.
The first receiver (30/40 GHz) of Bicep Array started running in 2020, and it will be fully upgraded to have the
other three receivers shown in the figure by 2023.

As illuminated in figure 1, the Bicep/Keck collaboration has designed, manufactured and
operated four dedicated telescopes to measure CMB B-mode polarization since 2010. Bicep212,
a single-receiver telescope observing at 150 GHz from 2010-2013, had the conceptual designs of
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detector and optic employed by subsequent upgrades. Its aperture size was ≈ 250 mm and
its focal plane contained four 4 ′′ × 4 ′′ wafers with a total of ≈ 500 bolometric detectors —
the antenna-coupled transition edge sensors (TES). Each pair of co-located detectors consisted
of interleaved arrays of orthogonal slot antennas so that the pair difference timestream is a
measure of polarized emission from the sky. During observations, the focal plane was cooled to
the temperature of ≈ 250 mK by a 3-stage Helium sorpotion refrigerator, and the detectors were
read out by time-division multiplexing SQUID amplifiers. The telescope insert with a compact,
on-axis, two-lens refractor optical design was cooled to 4 K to minimize in-band photon loading.
The receiver was further coupled with a cylindrical co-moving forebaffle and surrounded by a
reflective ground shield for optical shielding.

The Keck Array telescope 13 incorporated five Bicep2-style receivers with pulse tube cooled
cryostats. All receivers, each with ≈ 500 detectors, initially observed at 150 GHz. As the focus
of CMB experiments targeting primordial B-modes shifted from raw sensitivity improvement to
multiple-frequency observation, it gradually switched to cover 95 GHz and 220 GHz from 2014
to 2019 to constrain the contribution from dust foreground emission.

Bicep3 14 has been observing at the foreground-minimum 95 GHz since 2016. It is a single-
receiver telescope with doubled aperture size ≈ 500 mm for a larger instantaneous field of view.
Bicep3 hosts ≈ 2500 detectors packed into twenty 4 ′′×4 ′′ focal plane modules, and is equivalent
to about eight of the Keck 95 GHz receivers in terms of map depth.

In late 2019, Keck was decommissioned and replaced by theBicep Array telescope15,16 which
will eventually carry four Bicep3-style receivers. It will be discussed separately in section 4.

All four telescopes were deployed to observe at the Amundsen-Scott South Pole Station.
Bicep2 and Bicep3 were installed on the same mount at the Dark Sector Laboratory (DSL),
while Keck and Bicep Array were located at the Martin A. Pomerantz Observatory (MAPO)
about 200 m away. The high altitude (≈ 2800 m) and extreme cold (≈ −70 ◦C in winter)
of the South Pole suppress precipitable water vapor. The atmosphere is hence exceptionally
stable and transparent at microwave frequencies, providing one of the best observation sites for
ground-based CMB telescopes. Other advantages include the 6-month nighttime, the continuous
visibility of the “Southern Hole” (i.e. a low-foreground patch of the sky) and minimal light
pollution.

The Bicep/Keck observation strategy is to concentrate on one of the cleanest patches of the
sky available from the South Pole. The observing field is centered at RA 0 hr, Dec. -57.5◦. With
the elevation fixed, the telescope moves back and forth along the azimuth direction to scan≈ 100◦

on the sky. In 50 minutes of time, it conducts 100 “half-scans” in this way, and these yield a
single observation unit, a “scan set”. After several tens of scan sets, the telescope spins along its
boresight (“deck angle” rotation) to another deck angle choice to cover 4 to 8 distinct angles for
the demodulation of Q and U signals. Moreover, a total of 21 evenly divided elevation offsets
between Dec. −55◦ to −60◦ expand the effective observation area to ≈ 400 square degrees for
Bicep2/Keck, or ≈ 585 square degrees for Bicep3/Bicep Array. Over a full observation season,
each telescope can accumulate ≈ 4500 scan sets, and around 60% of them survive data cuts.
That means abundant observation time is devoted to ≈ 2% of the sky for deep maps. This is a
typical strategy for a first detection.

3 BK18 Maps, Power spectrum and Constraints on Inflation Models

In our previous mainline publication (hereafter “BK15”) 17, we utilize Bicep2 and Keck
95/150/220 GHz data up to the 2015 observing season, in conjunction with external data, to yield
the constraint r0.05 < 0.06 (evaluated at the pivot scale k = 0.05Mpc−1) at 95% confidence. Our
latest publication (hereafter “BK18”) 18 adds three more years of data from Keck and Bicep3.
While the BK15 dataset consists of 4/17/2 Keck receiver-years at 95/150/220 GHz respectively,
the BK18 dataset is equivalent to about 28/18/14 Keck receiver-years at 95/150/220 GHz re-
spectively.
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Figure 2 – The Bicep3 95 GHz T , Q, U maps from the BK18 paper are displayed in the left column. These
signal maps are made using Bicep3 data from the 2016-2018 observing seasons. The right column shows maps
of a noise realization produced by randomly and evenly flipping the sign of scan sets during the map coadding
process. Note that the signal maps in general appear different from the full-sky measurement of the same sky
patch since they are heavily filtered by beam smoothing, timestream processing and deprojection.

The analysis starts by processing the detector timestreams of scan sets. They are first
relatively calibrated to eliminate the gain difference between two detectors in a pair. To remove
the 1/f atmospheric noise, ground signals and magnetic pickup, third-order polynomial filtering
and scan-synchronous subtraction are applied to the timestreams of each half-scan. They are
also run through the deprojection process for the removal of T → P leakage, and two distinct
rounds of data cut are further applied to remove data from bad weather periods. Pair difference
timestreams from multiple deck angle measurements can then be demodulated into Q and U
signals via a rotation matrix inversion. Finally, they can be binned into T , Q, U maps with the
pointing trajectory information.

Figure 2 and figure 3 show the Bicep3 95 GHz and Keck 220 GHz T , Q, U maps published in
the BK18 paper. They contain the Bicep3 and Keck data up to the 2018 observing season. The
comparison between regular maps and noise maps indicates high S/N detection of polarization
signals. With the expanded field of view, and an order of magnitude increase in detector number,
the Bicep3 Q/U maps, which are the current deepest 95 GHz CMB polarization maps, achieve
a map depth of 2.8 µK-arcmin. The Keck 220 GHz Q/U map depth of 8.8 µK-arcmin also far
exceeds the sensitivity provided by Planck 353 GHz measurement in the same sky patch.

Apart from the modest smoothing due to the change of beam size, these two sets of maps
display strong correlation over frequency and show clear “+” structure in Q and “×” structure
in U , implying that they detect the dominating E-mode signals from the ΛCDM model. The
exception is the small “anomalies” around the lower right corners of the Keck polarization maps.
This pattern is contributed by the polarized thermal dust emission. It obeys the expected
spectral behavior that it is strong at 220 GHz while it becomes nearly invisible at 95 GHz.

In order to handle the contribution from the ΛCDM model, the foreground emission and r,
we use the same multi-component multi-spectral likelihood analysis as in BK15. In our baseline
model, we first describe the BB foreground cross spectrum between maps with frequency ν1 and
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Figure 3 – Keck 220 GHz T , Q, U regular and noise maps from the BK18 paper. They are made using data
equivalent to 14 Keck receiver-years. Note that the irregularities around the lower right corners of the Q and U
maps are due to polarized dust emission.
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where Ad specifies the dust power amplitude at pivot frequency ν = 353 GHz and ℓ = 80; As

is similarly the synchrotron power amplitude at ν = 23 GHz; ϵ is the correlation parameter
between dust and synchrotron; αd and αs are angular power spectrum power law indexes; and
fd and fs are frequency scaling accounting for the spectral energy density (SED) of foreground
integrated in the actual bandpasses of a given frequency. The synchrotron SED is modeled by a
power law in frequency with index βs while the dust SED is modeled by the modified blackbody
with Td = 19.6K and frequency power law index βd. We also fix the scalar ΛCDM parameters
to be the Planck 2018 best fit values. Therefore, we have the ΛCDM+dust+synchrotron+r
baseline model with 8 parameters: Ad, As, αd, αs, βd, βs, ϵ and r.

On the data side, we have BB power spectra. Four internal maps (Bicep3 95 GHz, Keck
95 GHz, Bicep2/Keck 150 GHz and Keck 220 GHz) are used with multiple reprocessed WMAP
(23 & 33 GHz) and Planck (30, 44, 143, 217 & 353 GHz) maps in our observation field to increase
the total maps involved to 11. These maps are then purified and inverse noise apodized 19 to
yield 66 BB auto- and cross-spectra.

Figure 4 shows a subset of BB and EE spectra as a demonstration. In particular, all
Bicep3 auto- and cross-spectral bandpowers are consistent with the ΛCDM+foreground model
lines which use the foreground best fit from our previous BK15 analysis with no Bicep3 data!
This agreement is hence a validation of our foreground model at the current noise level since it
correctly predicted weak foreground emission at 95 GHz. The small error bars of the Bicep3
BB bandpowers further suggest these data should provide strong constraining power on r.

We then supply our real BB power spectra, bandpower covariance matrix, bandpower win-
dow function and baseline model to CosmoMC 20 to evaluate the Hamimeche-Lewis (HL) likeli-
hood 21. Figure 5 shows the results with the BK15 comparison. The constraint of r0.05 from the
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Figure 4 – BB (blue) and EE (green) auto- and cross-spectra from Bicep3 95 GHz, Bicep2/Keck 150 GHz, Keck
220 GHz and Planck 353 GHz maps. The black lines are the ΛCDM model expectation values, while the red lines
are the ΛCDM+foreground expectation values from the foreground best fit of our previous BK15 analysis. The
EE spectra are computed as a demonstration under the assumption EE/BB = 2 for dust. EE spectra are not
included in our likelihood analysis.

baseline analysis, after marginalized over foreground parameters, evolves from r0.05 = 0.020+0.021
−0.018

to r0.05 = 0.014+0.010
−0.011. The confidence interval of r0.05 is halved, dropping from r0.05 < 0.07

to r0.05 < 0.036 at 95% confidence. The constraint on dust amplitude is improved from
Ad = 4.6+1.1

−0.9 µK2 to Ad = 4.4+0.8
−0.7 µK2 due to the additional Keck 220 GHz data.

Figure 5 also shows the constraints on the r vs. ns plane as in figure 28 of Ref. 22. Since
this analysis is instead a Planck+BK18 joint fit, we vary those 8 parameters as well as other
nuisance and scalar parameters including ns. With the BK18 data it manifests unprecedented
discrimination power on inflation models — the natural inflation and monomial inflation models
now lie outside the 95% contour. Moreover, as adding Planck temperature and other data only
gives a slightly improved upper limit r0.05 < 0.035, it implies the progress on the constraint of
r is now entirely driven by B-mode measurements.

4 The Prospect of BICEP Array

The Bicep Array (BA) telescope is the successor to Keck Array. BA will have four Bicep3-
style receivers covering six distinct bands centered at 30, 40, 95, 150, 220 and 270 GHz. It
will be equipped with ≈ 30, 000 detectors, representing another order of magnitude increase in
detector number relative to Bicep3. At the end of 2019, we installed a new, larger BA mount at
MAPO and deployed the first BA 30/40 GHz receiver for the constraint of Galactic synchrotron
emission. Since then, it has been observing with three adapted Keck receivers on the same
mount. It will be followed by the deployments of 95 GHz and 150 GHz receivers in 2022, and
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Figure 5 – Left : CosmoMC likelihood results for the Bicep/Keck baseline model. Selected 1D and 2D marginalized
posteriors are shown. The red faint curves are the results from BK15 while the black solid curves are the results
of BK18. The dashed blue and red lines show priors on foreground parameters. The analysis method is the same
as in BK15, except the βd prior based on Planck data from other regions of the sky is removed this time due
to the improved sensitivity of BK18. Right : Constraints in the r vs. ns plane. The purple and orange bands
are natural inflation and monomial inflation respectively. The blue contour shows the updated constraint after
adding BK18 and BAO data to the Planck baseline analysis. The r posterior is tightened from r0.05 < 0.11 to
r0.05 < 0.035 at 95% confidence.

the 220/270 GHz receiver in 2023. Observations will continue to at least the end of 2027.

The observation plan and sensitivity forecast for Bicep Array is presented in figure 6. The
post-BK18 progress on σ(r) will soon stall as the constraint will become limited by lensing
variation. We therefore have been working with the South Pole Telescope (SPT) collaboration
to use the overlapping SPT-3G maps for “delensing” 23. Following this strategy, even after 2
years of COVID delay, it is projected to give σ(r) ≲ 0.003 using data up to 2027. This will
either confirm or rule out other popular classes of inflation models.
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We search for the signature of parity-violating physics in the Cosmic Microwave Background
using Planck polarization data from the Public Release 4 (PR4 or NPIPE). For nearly full-sky
data, we initially find a birefringence angle β = 0.30◦±0.11◦ (68% C.L.). We also find that the
values of β decrease as we enlarge the Galactic mask, which can be interpreted as the effect of
polarized foreground emission. We use two independent approaches to model this effect and
mitigate its impact on β. Although results are promising, and the good agreement between
both models is encouraging, we do not assign cosmological significance to the measured value
of β until we improve our knowledge of the foreground polarization. Acknowledging that
the miscalibration of polarization angles is not the only instrumental systematic that can
create spurious TB and EB correlations, we also perform a detailed study of NPIPE end-to-
end simulations to prove that our measurements of β are not significantly affected by any of
the known systematics.

1 Parity-violating physics in the CMB polarization

To this day, we only fully understand about 5% of the contents of the Universe, with the re-
mainder of its energy content split into approximately 27% of Dark Matter (DM), and 68% of
Dark Energy (DE). Numerous models have been proposed to explain these two dark compo-
nents, e.g. 1,2, a wide range of new weakly interacting massive particles, exotic neutrino models,
quintessence, and modified gravity models. Some of them, whether be it as a solution for DM or
DE, have in common the introduction of a new pseudoscalar field, ϕ, that changes sign under the
inversion of spatial coordinates, ϕ(−n⃗) = −ϕ(n⃗), thus violating parity conservation. A particu-
larly interesting candidate that predicts this type of pseudoscalar field are axion-like particles 3,
which, depending on the value of their mass, could act at the same time as a solution for early
DE and then behave like DM at later times.

An interesting property that these parity-violating pseudoscalar fields have in common is
that, if coupled to the electromagnetic tensor, Fµν , and its dual, F̃µν , via a Chern-Simons term

101



in the Lagrangian density, L ⊃ 1
4gϕγϕFµνF̃

µν , they can make the phase velocities of the right-
and left-handed helicity states of photons differ 4,5,6. Such offset has the effect of rotating the
plane of linear polarization clockwise on the sky by an angle β = −1

2gϕγ
∫ ∂ϕ

∂t dt, where gϕγ is
the coupling constant between photons and the new pseudoscalar field. This rotation is what
we call “cosmic birefringence” because it is as if space itself acted like a birefringent material
(see Ref. 7 for a review).

Although we know gϕγ must be small, in principle, we could constraint this kind of DM
and DE models by measuring the rotation of the plane of polarization of a well-known source of
linearly polarized light situated at a far away enough distance as to allow photons to experience
a significant ∂ϕ/∂t evolution. Emitted at the epoch of recombination (z ≈ 1100), and with its
polarization angular power spectra accurately predicted by the Λ Cold Dark Matter (ΛCDM)
model, the Cosmic Microwave Background (CMB) is, therefore, the perfect tool for the search
of cosmic birefringence 8.

CMB polarization can be decomposed into two eigenstates of parity 9,10: the parity-even
E-modes, and the parity-odd B-modes. Expressing these two modes in terms of their spher-
ical harmonic coefficients, ECMB

ℓm and BCMB
ℓm , we can calculate their corresponding two-point

correlation functions to obtain one parity-odd and two parity-even angular power spectra:

⟨ECMB
ℓm ECMB∗

ℓ′m′ ⟩ = δmm′δℓℓ′C
EE,CMB
ℓ

⟨BCMB
ℓm BCMB∗

ℓ′m′ ⟩ = δmm′δℓℓ′C
BB,CMB
ℓ

⟨ECMB
ℓm BCMB∗

ℓ′m′ ⟩ = δmm′δℓℓ′C
EB,CMB
ℓ

}
Parity-even}
Parity-odd

(1)

In the presence of cosmic birefringence, the intrinsic CMB polarization would then be rotated
by an angle β, (

Eo
ℓm

Bo
ℓm

)
=

(
c(2β) −s(2β)
s(2β) c(2β)

)(
ECMB

ℓm

BCMB
ℓm

)
, (2)

so that the observed EB angular power spectra (denoted by the “o” superscript) becomes

CEB,o
ℓ =

1

2
s(4β)

(
CEE,CMB
ℓ − CBB,CMB

ℓ

)
+ c(4β)CEB,CMB

ℓ . (3)

For brevity, we refer to the sine, cosine, and tangent functions as s, c, and t. According to
ΛCDM, the Universe has no preferred direction and the statistics of CMB anisotropies should
be invariant under parity transformation, yielding a null EB correlation at recombination. In
this way, finding CEB,o

ℓ ̸= 0 would be an evidence of parity-violating physics 8, something that
so far has only been observed in the weak interaction. Furthermore, any signal found in the
measured EB correlation that resembles that of CEE,CMB

ℓ can be attributed to being the effect
of cosmic birefringence.

2 Joint estimate of birefringence and miscalibrated polarization angles

Analyses that search for cosmic birefringence in the CMB polarization face two obstacles. Firstly,
any miscalibration of the polarization angle of the detector (created, e.g., by a misalignment
of the star tracker on the satellite with respect to the telescope mount, or a side effect of
the half-wave plate that some future CMB experiments will implement) will also produce the
rotation of the plane of linear polarization 11. For an α miscalibration angle, this means that
the observed EB correlation would yield β + α instead of β. And secondly, the CMB is not
the only source of polarized emission in the microwave range. Our Galaxy is a bright source of
polarized foreground emission, consisting of mainly synchrotron radiation at lower frequencies,
and thermal dust emission at higher frequencies.

Fortunately, we can use Galactic foreground emission to break the degeneracy between the
β and α angles 12. Since Galactic foregrounds are produced locally, it is safe to assume that
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the ∂ϕ/∂t evolution of ϕ that they see within our Galaxy is negligible when compared to that
experienced by the CMB photons that have been traveling since the epoch of recombination. In
this way, Galactic foregrounds would not be significantly affected by cosmic birefringence, and
they would only be rotated by the miscalibration of the detector. Updating Eq. 2 to include the
foreground signal and a potential α miscalibration,(

Eo
ℓm

Bo
ℓm

)
=

(
c(2α) −s(2α)
s(2α) c(2α)

)(
EFG

ℓm

BFG
ℓm

)
+

(
c(2α+ 2β) −s(2α+ 2β))
s(2α+ 2β) c(2α+ 2β)

)(
ECMB

ℓm

BCMB
ℓm

)
, (4)

it can be proven 13,14,15 that the observed EB angular power spectrum can be written like

CEB,o
ℓ =

t(4α)

2

(
CEE,o
ℓ − CBB,o

ℓ

)
+

1

c(4α)
CEB,FG
ℓ +

s(4β)

2c(4α)

(
CEE,CMB
ℓ − CBB,CMB

ℓ

)
(5)

when an intrinsic CEB,CMB
ℓ = 0 is considered. As initially assumed in Refs. 12,13,16, the CEB,FG

ℓ

term in Eq. 5 could be neglected because, according to current experimental constraints 17,18, it
is still statistically compatible with being null. From Eq. 5, we can build a Gaussian likelihood
to simultaneously determine both angles,

−2 lnL =

ℓmax∑
ℓ=ℓmin

(
AC̄o

ℓ −BC̄CMB
ℓ

)T
M−1

ℓ

(
AC̄o

ℓ −BC̄CMB
ℓ

)
+

ℓmax∑
ℓ=ℓmin

ln |Mℓ|, (6)

using the information contained in the polarization angular power spectra from the cross-
correlation of the different i, j = 1, 2, ..., Nν frequency bands of any given CMB experiment,
and the theoretical CMB angular power spectra:

C̄o
ℓ =

(
C

EiEj ,o
ℓ C

BiBj ,o
ℓ C

EiBj ,o
ℓ

)T
, C̄CMB

ℓ =
(
CEE,CMB
ℓ biℓb

j
ℓω

2
ℓ CBB,CMB

ℓ biℓb
j
ℓω

2
ℓ

)T
. (7)

In this last vector, biℓ and ωℓ are, respectively, the instrumental beam and pixel window functions.
TheMℓ covariance matrix in Eq. 6 isMℓ = ACov

(
C̄o
ℓ , C̄

oT
ℓ

)
AT , withA andB rotation matrices

defined like

A(αi, αj) =
(

−s(4αj)
c(4αi)+c(4αj)

s(4αi)
c(4αi)+c(4αj)

1
)
, B(αi, αj , β) =

s(4β)
2c(2αi+2αj)

(
1 −1

)
. (8)

Note that, both the data vector C̄o
ℓ , and the covariance matrix Mℓ, are built from the observed

spectra so that the only model needed is that of the CMB angular power spectra in C̄CMB
ℓ . A

more detailed description of this methodology is given in Refs. 13,14,15.
This technique was recently applied by Ref. 16 to polarization data from the 100, 143, 217,

and 353 GHz frequency bands of the third data release (PR3) of the Planck satellite. Ignoring
the potential contribution of the foreground EB correlation, and cross-correlating half-mission
splits to reduce the effect of instrumental noise and systematics, they found a birefringence angle
of β = 0.35◦±0.14◦ (68% C.L.) for nearly the full-sky. Encouraged by this exciting 2.4σ hint of a
signal, we wanted to update this result using data from the latest Planck data release 19, known
as PR4 or NPIPE reprocessing. In the following sections, we present a summary of the main
results and conclusions drawn from that analysis, emphasizing some of the aspects of the study
on the impact of instrumental systematics that were not covered in Ref. 20. All the uncertainties
are given at a 68% confidence level (C.L.).

3 New measurement

The NPIPE release offers a new reprocessing of the raw, uncalibrated detector data from both
the low-frequency (LFI) and high-frequency (HFI) instruments of the Planck mission. NPIPE

achieves a scale-dependent reduction of the total uncertainty thanks to the addition of the data
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acquired during repointing maneuvers and a general improvement in the modeling of instrumen-
tal noise and systematics. See Ref. 19 for a more in-depth description of the NPIPE processing
pipeline and its associated data products.

Closely following the analysis done in Ref. 16, we work with polarization data from the HFI’s
100, 143, 217, and 353 GHz frequency bands. To further reduce the impact of correlated noise
and systematics, we work with A/B detector splits and exclude the auto-power spectra of the
same maps, e.g., 100A×100A. The cross-correlation of detector splits is more robust against
the effects of noise and systematics because detector splits are built from independent subsets
of antennas observing at the same frequency, while half-mission splits correspond to different
exposure times of all the antennas observing at a common frequency. Being built from different
antennas, A/B detector splits can present slightly different miscalibrations. Thus, we must fit
a different polarization angle for each of them, αi with i = 100A, 100B, ..., 353B, doubling the
number of free parameters with respect to the previous PR3 analysis. As done in Ref. 16, we
focus on high-ℓ data, binning both angular power spectra and covariance matrix from ℓmin = 51
to ℓmax = 1490, with ∆ℓ = 20 spacing (Nbins = 72), to target the cosmic birefringence angle
from the epoch of recombination. We initially ignore the potential contribution of a foreground
EB correlation.

For this baseline analysis we find consistent results across four independent groups (PDP,
JRE, YM, MT). Each analysis pipeline uses different pseudo-Cℓ estimators (PolSpice21, NaMaster22,
Xpol 23) and implementations: JRE, YM, and MT follow the original implementation 13,16 and
obtain the posterior distribution through Markov chain Monte Carlo methods, while PDP uses
an alternative approach in which the maximum likelihood solution is analytically calculated by
minimizing the log-likelihood within the small-angle approximation 14.

We start by masking point-like extragalactic sources and pixels where the emission from the
carbon monoxide (CO) line is bright (CO+PS mask in Figure 1). We mask regions of strong
CO emission (> 45KRJkms−1) because, although CO is not polarized, the mismatch of detector
bandpasses can create a spurious polarization signal via intensity-to-polarization leakage. As
our first result, we obtain a birefringence angle of β = 0.30◦ ± 0.11◦ for this nearly full-sky
configuration. This measurement is compatible with and more precise than the previous result
obtained from PR3 16.

The birefringence angle that we are looking for is supposed to be an isotropic signal in the
sky. Therefore, verifying that we recover compatible values of β when masking different regions
of the sky would be a good consistency test. However, we found that the measured value of β
decreased as we started to mask progressively larger regions of the brightest foreground emission
in the Galactic plane (5%, 10%, 20%, and 30% Galactic masks in Figure 1). Although it is not
shown in Figure 1, the decrease on β as we enlarge the Galactic mask is accompanied by the
complementary increase on ⟨α⟩ = N−1

ν

∑Nν
i αi so that the β + ⟨α⟩ sum maintains a constant

value of ≃ 0.3◦.
As it was anticipated in Refs. 12,16,24, this behavior can be explained by the foreground EB

correlation that we have ignored until now. To understand the effect that a non-zero foreground
EB correlation might have on our measurements, we can rewrite the observed foreground angular
power spectrum to be

CEB,FG,o
ℓ =

1

2
s(4α)

(
CEE,FG
ℓ − CBB,FG

ℓ

)
+ c(4α)CEB,FG

ℓ

=
1

2

√
4
(
CEB,FG
ℓ

)2
+
(
CEE,FG
ℓ − CBB,FG

ℓ

)2
s(4α+ 4γℓ), (9)

where γℓ is a new effective angle that, within the small-angle approximation, corresponds to

γℓ ≈
CEB,FG
ℓ

2
(
CEE,FG
ℓ − CBB,FG

ℓ

) . (10)
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Figure 1 – Constraints on β for several sky fractions (fsky) with and without accounting for the foreground EB
correlation. For the former, black and purple markers show the corrections using, respectively, the filament model
in the JRE pipeline and the Commander sky model in the PDP pipeline. For the latter, the results of four pipelines
(JRE, PDP, YM, MT) are shown. The Galactic masks corresponding to each sky fraction are displayed along the
left and bottom margins. The birefringence angle obtained for the nearly full-sky analysis of PR3 polarization
data is also shown for reference (brown star). However, the fsky value at which it is plotted is merely illustrative
and does not necessarily correspond to the actual effective fsky from that analysis.

From this model, one can see that, if CEB,FG
ℓ is proportional to CEE,FG

ℓ −CBB,FG
ℓ , then the

γℓ angle would be independent of the multipole, γℓ = γ. In this scenario, γ becomes degenerate
with α, meaning that we will effectively measure α+γ instead of α, and β−γ instead of β, with
the α+ β sum remaining unaffected 12. Previous analyses of Planck data have already reported
that Galactic dust emission has a positive TB correlation 17, suggesting that dust could also
have a positive EB correlation. A positive CEB,FG

ℓ would give γ > 0, producing a reduction of
β and an increase of α like the ones seen in our results. In other words, the measured value of
β, which is actually β − γ, is a lower bound for the true value of β 16.

4 Modeling the impact of the foreground EB correlation

We now need a model of CEB,FG
ℓ to correct the impact of foregrounds on our measurements and

obtain an unbiased estimation of the true underlying birefringence angle. To this end, we use the
model for CEB,FG

ℓ proposed in Ref. 25. In that work, they demonstrate that the misalignment
between the filamentary dust structures of the interstellar medium and the plane-of-sky orienta-
tion of the Galactic magnetic field induces a non-null EB correlation on Galactic dust emission.
If the long axes of filamentary structures are, on average, perfectly aligned with the magnetic
field, then null TB and EB correlations are expected. However, a small misalignment between
filaments and the magnetic field will produce non-null TB and EB correlations, with their sign
depending on the ψ angle of the misalignment. In particular, TB∝ sin(2ψ), EB∝ sin(4ψ), and
TE∝ cos(2ψ) correlations are expected.

From their study of the misalignment between the distribution of filaments of neutral hydro-
gen atoms on synthetic dust simulations and Galactic magnetic field lines derived from Planck
data, they also conclude that the dust EB correlation produced by this mechanism is strongly
dependent on the analysis mask. They expect a small effect for a nearly full-sky configuration,
whereas they expect a larger effect when a significant percentage of the Galactic plane is masked.
This expectation agrees with the decline in β seen on the data as we enlarge the Galactic mask.

With the minor modifications discussed in Refs.15,20, we adopt the model proposed by Ref.25
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to predict the amplitude and sign of the dust EB angular power spectrum from the dust EE,
TE, and TB correlations:

CEB,dust
ℓ ≈ 2AℓC

EE,dust
ℓ

CTB,dust
ℓ

CTE,dust
ℓ

, (11)

where we leave Aℓ to be a free amplitude parameter (0 ≤ Aℓ ≪ 1) to fit alongside β and αi

in the likelihood. We take the dust EE, TE, and TB angular power spectra from NPIPE data
at 353GHz since dust emission dominates over the CMB at that frequency. To account for the
possible dependence on ℓ, we split Aℓ into four bins (51 ≤ ℓ ≤ 130, 131 ≤ ℓ ≤ 210, 211 ≤ ℓ ≤ 510,
and 511 ≤ ℓ ≤ 1490). With this correction, we now recover consistent positive values of β for all
sky fractions (black markers in Figure 1). This result confirms our initial hypothesis that the
decline in β was caused by the foreground EB correlation.

To further corroborate this idea, we also tried another completely independent approach
using NPIPE foreground simulations of the Commander sky model. The Commander 26 sky model
is built by fitting power-law synchrotron and one-component modified blackbody dust spectral
energy distributions (SEDs) to Planck data, producing templates of the observed synchrotron
and dust emissions in the sky. We used those templates to calculate the angular power spectra
of Galactic dust emission and directly introduce them in our equations,

CEB,o
ℓ =

t(4α)

2

(
CEE,o
ℓ − CBB,o

ℓ

)
+

1

c(4α)
DCEB,dust

ℓ +
s(4β)

2c(4α)

(
CEE,CMB
ℓ − CBB,CMB

ℓ

)
, (12)

leaving also a free amplitude parameter D to be simultaneously fitted alongside β and α in the
likelihood.

This approach also leads to consistent positive values of β for all sky fractions (purple markers
in Figure 1). The results obtained with this model are in very good agreement with the ones
from the filament model, except for the nearly full-sky measurement. That discrepancy could
merely be a consequence of the difficulties faced by the Commander sky model in capturing the
complexity of the dust emission on the center of the Galactic plane.

Another caveat to consider when interpreting the results of this approach is that the Commander
SED model does not consider the existence of a potential αi miscalibration across frequency
bands. This might eventually yield a small spurious EB correlation on their foreground maps.
In addition, the Commander sky model is derived from previous releases of Planck data, and
does not yet provide a signal-dominated template for the foreground EB. Thus, Commander fore-
ground maps are very well correlated with NPIPE data, maybe even to the point of reproducing
some of its statistical fluctuations. This leads to a reduction of the covariance matrix and the
smaller uncertainties seen in Figure 1.

On the other hand, the filament model might be limited in its simplicity, and not fully
capture the complex interplay of dust and magnetic field lines at all angular scales. In that
sense, these two approaches are complementary, and, although it is encouraging that they yield
similar results, we need to improve our understanding of the foreground EB before achieving a
definitive measurement of β.

5 Quantifying systematics using the end-to-end simulations

The miscalibration of the polarization angle of the detector is not the only instrumental effect
that can potentially affect our analysis. Systematic effects like intensity-to-polarization leakage,
beam leakage, or cross-polarization effects, can also produce spurious TB and EB correlations.
To assess the impact of such systematics on our measurements, we conducted a detailed study of
the official NPIPE end-to-end simulations. Although briefly commented in Ref. 20, further results
of that study will be presented in Ref. 14.

NPIPE end-to-end simulations are built by passing the expected CMB and foreground signals
for each frequency band through the full Planck instrument model and the NPIPE processing
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pipeline. In addition to the CMB and foreground signals, the frequency maps produced in
this way also capture the instrumental noise and systematics, and the non-linear response of
the instrument that eventually leads to couplings between noise and signal. “Residuals” maps,
which contain only instrumental noise and systematics, are then produced by subtracting the
initial input CMB and foreground signals from those frequency maps. See Ref. 19 for a more
technical description of NPIPE end-to-end simulations.

Since the effect of Galactic foregrounds was already determined, here we focus on the effect
of systematics by using simulations of just CMB and Residuals. However, without foregrounds,
we are no longer able to break the degeneracy between the birefringence and polarization angles.
Therefore, we can either fit a different angle for each detector split, i.e., αi, or we can fit the
same angle for all frequency bands, i.e., β.

For this test, we built a set of 100 simulations by coadding each CMB realization with its
associated Residual map, which we mask and analyze as we did with the data. Taking turns
fitting angles that behave either like αi or β, we obtain the mean systematic angles shown in
Figure 2. We find the presence of some systematic αi angles on the simulations, especially for
the 100A and 100B detector splits. To understand their origin, we performed a closer study
of the simulations, finding that the angular power spectra of CMB + Residuals simulations
at the 100A and 100B frequency bands resemble that of CEE,CMB

ℓ . In general, intensity-to-
polarization leakage gives CEB

ℓ ∝ CTT
ℓ , whereas the cross-polarization effect gives CEB

ℓ ∝ CEE
ℓ ,

and a combination of the two would give CEB
ℓ ∝ CTE

ℓ . Thus, we believe that the systematic
angles found in the simulations are due to a cross-polarization effect. This kind of systematic is
particularly dangerous for our analysis since our estimator relies precisely on finding a CEE,CMB

ℓ -
like signal in the measured EB correlation to determine both the birefringence and polarization
angles.

Figure 2 – Mean systematic birefringence and polarization angles found in NPIPE CMB + Residuals simulations.
Angles are averaged over Nsim = 100 simulations, with uncertainties calculated as the simulations’ dispersion over√
Nsim. The blue points show the results for our smallest mask (CO+PS, fsky = 0.93), while the red points are

for our largest mask (CO+PS+30%, fsky = 0.63).

Identifying the existence of this cross-polarization effect is essential to understand all the
effects at play in both simulations and data. Nevertheless, note that the systematic angles found
on the simulations do not need to agree with the ones found in the data because the simulations
do not, and in fact cannot, include the actual unknown miscalibration angles present in the
data. In this way, the main conclusion to draw from these results is that, even in the presence
of such cross-polarization effect, and the rest of the known systematics, our methodology is able
to correctly capture their effect within the αi miscalibration angles, leaving the measurement of
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β not significantly affected by any of them. This observation justifies our decision not to correct
our β measurements for any of the known systematics.

Another conclusion to draw from the results in Figure 2 is that we find consistent mean
systematic angles for our largest (CO+PS+30%) and smallest (CO+PS) masks. This means
that none of the known systematics can reproduce the decline in β as we enlarge the Galactic
mask, reinforcing our hypothesis that it is driven by the foreground EB correlation.

6 Conclusions

In this work, we continue the search for cosmic birefringence in the CMB polarization by updat-
ing the previous analysis of Planck PR3 data 16 with the latest NPIPE data release. We initially
find a birefringence angle of β = 0.30◦ ± 0.11◦ for nearly full-sky data, which is consistent with
and more precise than the previously reported value for PR3. Exploring the dependence of β
on Galactic masks, we found that our measurements of birefringence decreased as we enlarged
the Galactic mask, which can be interpreted as the effect of the EB correlation of polarized dust
emission. We have used two independent models to account for this component, and although
results are promising and the good agreement between both models is encouraging, we chose not
to assign cosmological significance to our measurement of β until we have a better understanding
of polarized foreground emission.

If confirmed, cosmic birefringence would be an evidence of physics beyond the standard
model of cosmology and particle physics. To make progress, we need to continue the search in
independent datasets, especially those with access to the full-sky, like the LiteBIRD27 mission. A
first follow-up analysis incorporating Planck LFI data and exploring the frequency-dependence of
the birefringence signal has already been published15. We also need to improve our knowledge of
the EB science, both in the sense of achieving a better understanding of the foreground emission,
and a better control of the systematics that plague this channel. In this regard, we wanted to
stress the need for high-fidelity end-to-end simulations, which have played a paramount role in
this analysis by helping to understand all of the systematics affecting the EB correlation.

Last but not least, we can avoid Galactic foregrounds altogether if we do not rely on the
measured EB correlation for calibration. To this end, we must improve upon the accuracy of
calibrating the artificial rotation of polarization angles due to telescopes, optics, and detectors.
Our result suggests that the target accuracy should be well below 0.1◦, e.g., 0.06◦ for a 5σ result
for β ≃ 0.3◦. While challenging, the current technology should allow for such precision 28,29,30.
This line of research should be pursued to obtain the most robust measurement of cosmic
birefringence.
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Prospects and challenges for future CMB bispectrum measurements

William R. Coulton
Center for Computational Astrophysics, Flatiron Institute, New York, NY 10010, USA

The next generation of CMB experiments will make low-noise, high resolution measurements of
the temperature and polarization fluctuations. These data sets offer opportunities to improve
constraints on primordial non-Gaussianity (pnG), however this impressive resolution requires a
detailed understanding of all potential contaminants to ensure bias free inferences. The biggest
challenge arises from signal confusion and extra-variance from non-Gaussian CMB secondary
anisotropies. Here we explore how these effects will impact the upcoming Simons Observatory
experiment and how they can be mitigated. These low-noise measurements also provide the
chance to study novel signals in the CMB such as second-order perturbations. Second-order
evolution of Gaussian initial conditions generates non-Gaussian, curl-like polarization signals
(B modes). We show that the three point function between a second-order B mode and two
first-order T/E modes is a powerful probe of second-order B modes and should be detectable
by upcoming CMB experiments. The three point function contains a component from non-
linear evolution and scattering processes before the end of recombination that can be isolated
from other contributions and can provide new information on the pre-recombination era.

1 Introduction

Measurements of primordial non-Gaussianity (pnG) are one of the most powerful probes of the
early universe providing constraints on the field content, strength of interactions and deviations
from vacuum initial conditions. The cosmic microwave background (CMB) is an ideal place
to search for pnG as the measured anisotropies are, largely, linearly related to the primordial
anisotropies, thus measurements of the statistics of the primary CMB anisotropies straightfor-
wardly maps to the statistics of the primordial fluctuations. Given the theoretical motivation,
there has been extensive work developing the tools to measure pnG in the CMB and apply them
to data (see e.g1 for a recent overview). To date there is not yet a statistical significant detection
of pnG and the best constraints are provided by the Planck satellite 2.

In the coming decade there are a range of CMB experiments that will improve upon Planck ’s
measurement of the CMB anisotropies. Experiments such as the Simons Observatory and CMB-
S4 will provide low, noise and high resolution of the CMB across ∼ 30% of the sky. These
experiments offer the prospects of tightening bounds on deviations from Gaussianity in the
primordial universe by factors of ∼ 2, which can then be used to further constrain the properties
of models of the primordial universe.

In this talk we will consider some of the challenges and additional opportunities that up-
coming measurements will provide.

2 Challenges

The enhanced sensitivity of these upcoming experiments also brings increased sensitivity to
late-time astrophysical processes that can obscure inferences of pnG. We consider two classes
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Figure 1 – The individual biases from correlations between gravitational lensing, thermal Sunyaev Zeldovich (tSZ),
Integrated Sachs-Wolfe (ISW) and cosmic infrared background (CIB) anisotropies to primordial non-Gaussianity
measurements for a Simons Observatory like experiment. The dark (light) points denote those from the Websky
(Sehgal et al) suite of simulations. The size of the biases is normalized by the experimental error on the primordial
shape.

of effects that have the potential to interfere with pnG searches: biases to measurements from
extragalactic foregrounds and additional effective noise arising from gravitational lensing induced
non-Gaussianity.

We focus our analysis on constraining primordial bispectra, the harmonic equivalent of real-
space three point function, and on three types of pnG that are commonly considered in the
literature: local, equilateral and orthogonal non-Gaussianity. Each of these types corresponds
to a specific bispectrum shape that describes the strength of the correlations between three fields
as a function of momentum. These bispectra are considered as they are highly informative of the
physics of the early universe and are quite generically produced in models of the early universe
(see e.g. 3).

2.1 Extragalactic Foreground Biases

Observations of the primary CMB anisotropies are obscured by CMB secondary anisotropies,
anisotropies as CMB photons propagate through the universe to the observer. Secondary
anisotropies include a range of gravitational, scattering and emission processes and are typi-
cally highly non-Gaussian. Their non-Gaussian nature means they can have non-zero bispectra
and hence bias inferences on the primordial bispectrum.

The bias arising from correlations between the integrated Sachs-Wolfe effect and lensing
has been well known and recently 4 showed that a range of other CMB secondaries can lead
to non-trivial biases. Building on that work, we perform an exploration of all of the key CMB
secondary anisotropies. To do so we analyze two sets of non-Gaussian simulations of CMB
secondary anisotropies: the Websky simulations 5 and the Sehgal et al simulations 6.

We measured the bispectra produced by all the simulated CMB secondaries and then com-
puted how these bispectra would project onto the primordial bispectrum to bias constraints. In
Fig. 1 we show the largest biases that would be present for a future survey like the Simons Ob-
servatory. These results are after a standard method, the harmonic internal linear combination
method, has been used minimize the contribution of non-primary CMB anisotropies and so the
biases arises from the residuals. We see that there are non-trival biases from correlations between
gravitational lensing and the thermal Sunyaev Zeldovich effect and cosmic infrared background
that remain.

These results indicate that a highly careful analysis of potential biases will be necessary to
ensure unbiased inferences can be made about the primordial perturbations. More details of
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these results will be soon available in Coulton et al (in prep).

2.2 Gravitational Lensing

CMB lensing distorts the trajectories of CMB photons as they propagate through the universe
resulting in remapping of the location of the unlensed CMB anisotropies, ∆T̃ (n), by the lensing
potential, ϕ(n), as

∆T (n) = ∆T̃ (n+∇ϕ) (1)

where ∆T (n) are the observed anisotropies. As was discussed in7,8 gravitational lensing induces
non-Gaussianity that, in addition to the biases discussed above, acts as a source of effective
noise in CMB pnG measurements. This can be straightforwardly understood by expanding the
effect of the lensing

∆T (n) = ∆T̃ (n) +∇ϕ(n) · ∇∆T̃ (n) + ... (2)

The quadratic term here means that evaluations of the bispectrum covariance, a six-point func-
tion of the observed anisotropies, is no longer given purely by a simple Wick contraction of
the observed anisotropies. The importance of these additional contributions is shown in Fig.
2 where it can be seen that this effect negates any potential gain in constraining power from
measuring scales above ℓ ∼ 2000.

We explored how effective delensing is at mitigating this additional variance. The idea of
delensing is that if we have an estimate of the lensing potential, ϕ̂(n), we can attempt to undo
the lensing effect as

∆ˆ̃T (n) = ∆T (n−∇ϕ̂). (3)

In Fig. 2 we implement a delensing method using a consistently reconstructed lensing potential
and find that this can remove all of the additional variance. This can be done without introducing
any sources of bias. More details can be found in 8.

3 New signals with the B-mode intrinsic bispectrum

The increased sensitivity will not only bring increased challenges, it also brings new opportuni-
ties and one such opportunity is the potential to perform the first measurements of the CMB
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intrinsic bispectrum. The CMB intrinsic bispectrum arises from the non-linear evolution of cos-
mological perturbations before the surface of last scattering as well as the non-linear scattering
and deflections that occur. As these processes are non-linear they generate non-Gaussianity in
the primary CMB anisotropies even if the primordial perturbations are purely Gaussian.

The intrinsic bispectrum present in temperature and E mode anisotropies has been studied
in 9. Here we discuss the potential of the intrinsic bispectrum that occurs between T,E and B
modes. Whilst at linear of B-mode anisotropies are only sourced by primordial gravitational
waves, at non-linear order they can be generated from purely scalar perturbations - the most
well-known example of this is CMB lensing induced B-modes. As these B-modes are sourced by
a non-linear function of the Gaussian, scalar perturbations they will be non-Gaussian and not
independent from the T and E mode perturbations.

In Fig. 3 we plot the detectability of the intrinsic bispectrum arising between correlations of
the second order B modes with the T and E mode anisotropies for a CMB S4 like experiment.
We find that upcoming experiments will be able to provide the first measurements of this effect!
Further details of this work can be found in 10.

4 Outlook

Future CMB experiments will continue to enhance our knowledge of the primordial universe by
improved constraints on pnG. The high precision of these measurements will require improved
techniques to ensure unbiased and optimal inferences can be made. However there will also be
new opportunities including the ability to detect the CMB intrinsic bispectrum.
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Status of QUBIC, the Q&U bolometric interferometer for cosmology

L. Mousset on behalf of the QUBIC collaboration

IRAP, Université de Toulouse, CNRS, CNES, UPS, Toulouse, France

The Q&U Bolometric Interferometer for Cosmology (QUBIC) is a novel kind of polarimeter
optimized for the measurement of the B-mode polarization of the Cosmic Microwave Back-
ground (CMB), which is one of the major challenges of observational cosmology. The signal
is expected to be of the order of a few tens of nK, prone to instrumental systematic effects
and polluted by various astrophysical foregrounds which can only be controlled through mul-
tichroic observations. QUBIC is designed to address these observational issues with a novel
approach that combines the advantages of interferometry in terms of control of instrumen-
tal systematics with those of bolometric detectors in terms of wide-band, background-limited
sensitivity.

1 Introduction

The quest for B-mode polarization of the Cosmic Microwave Background (CMB) is among
the major challenges of observational cosmology. Cosmic inflation predicts primordial scalar
perturbations of the metric (density fluctuations), but also tensor perturbations, equivalent to
primordial gravitational waves. These tensor modes should be imprinted in the CMB polar-
ization fluctuations with a very specific signature: odd-parity patterns (curl term), known as
B-modes 6. The amplitude of the tensor modes, relative to the scalar modes, is parametrized
by the so called tensor-to-scalar ratio r. The expected signal is weak, requiring high sensitivity
detectors. In addition, astrophysical foregrounds produce non-primordial B-mode polarization,
such as thermal emission from dust grains in the Galaxy.

The Q&U Bolometric Interferometer for Cosmology (QUBIC) was designed to address the
B-mode detection challenge 1. Characterization and calibration of a Technical Demonstrator
(TD) started in 2018, at Astroparticle Physics & Cosmology (APC) laboratory. In May 2021,
the instrument has been sent to Argentina. A second calibration phase is undergoing and the
instrument will be installed on the observation site in the next months. In Hamilton et al. 1,
we give forecasts for typical observations and measurements: with three years of integration on
the sky and assuming perfect foreground removal as well as stable atmospheric conditions from
our site in Argentina, our simulations show that we can achieve a statistical sensitivity to the
effective tensor-to-scalar ratio (including primordial and foreground B-modes) σ(r) = 0.015.

2 Control of systematic effects with QUBIC

As a bolometric interferometer, QUBIC combines the advantages of interferometry in terms of
control of instrumental systematic effects with those of bolometric detectors in terms of wide-
band, background-limited sensitivity. A picture of the instrument with a sketch of the optical
design is shown in Figure 1.
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Figure 1 – Left: Picture of the QUBIC instrument at APC during the integration phase. Right: Optical sketch
of the instrument.

2.1 Low cross-polarization

QUBIC bolometers are full power detectors. The measurement of the polarization is only done by
modulating the signal amplitude with a rotating Half-Wave Plate (HWP) and a fixed polarizing
grid. Every optical element has its own systematic effects which could induce cross-polarization.
This means that the two polarization directions (x, y) of the signal can be mixed when interacting
with the instrument and this is a major issue. The x-axis is defined as the transmission axis of
the polarizing grid. By putting the HWP and the polarizing grid right after the window, the x
polarization is selected as early as possible. In this way, any cross-polarization occurring after
the polarizing grid, for example generated by the horn-array, the mirrors or any reflection in the
instrument, has no impact.

The modulation of the polarization was tested during the calibration phase and a very low
cross-polarization was indeed detected. Those measurements are presented in Torchinsky et al.3

and D’Alessandro et al. 4 and the cross-polarization contamination at 150 GHz is compatible
with zero to within 0.6%.

2.2 Self-calibration technique

Interferometry offers the possibility to self-calibrate the instrument systematic effects. This
technique has been used for a long time in radio astronomy 8. Self-calibration relies on the
concept of equivalent baselines, one baseline b being formed with two horns. The full horn-array
is shown in Figure 2 (left).

The self-calibration technique is based on the fact that, in case of an ideal instrument
without any systematic effect, equivalent baselines produce the same interference pattern on
the focal plane, for an observation at infinity, in the Fraunhofer regime. Thus, by measuring
the differences, one can calibrate the systematics of the instrument. The demonstration of this
technique for QUBIC was done in Bigot-Sazy et al. 7.

3 Spectral imaging capability

The instrument beam pattern, shown in Figure 2 (right), is given by the geometric distribution of
the horn-array. It contains multiple peaks whose angular separation is linearly dependent on the
wavelength. As a result, and after a non-trivial map-making process, a bolometric interferometer
such as QUBIC can simultaneously produce sky maps at multiple frequency sub-bands with data
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Figure 2 – Left: Picture of the TD horn-array (8 × 8 back-to-back horns), taken from Cavaliere et al. 5. Right:
Superimposition of three monochromatic beams measured in the laboratory at 130 GHz (red), 150 GHz (green)
and 170 GHz (blue), taken from Torchinsky et al. 3.

acquired over a single wide frequency band. The demonstration of this technique, called spectral
imaging, and the characterization of its performance are presented in Mousset et al. 2.

3.1 Tested on end-to-end simulations

We demonstrate spectral imaging capabilities by trying to recover the frequency dependence of
the thermal galactic dust emission with simulated observations. We simulate an observation in
a sky patch of 15 degree radius. The parameters of the pipeline are set in such a way that the
simulated instrument has a single focal plane operating either at 150 GHz or at 220 GHz with a
25% bandwidth each. From these wide-band TOD, we are able to reconstruct several numbers
of sub-bands using spectral imaging.

The reconstructed intensity as a function of frequency is studied in a given pixel. Fig-
ure 3 shows the intensity of the input sky convolved with the instrument beam, and the recon-
structed intensity for a given pixel, considering 5 sub-bands in each wide band at 150 (red) and
220 (blue) GHz.
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Figure 3 – Intensity as a function of the frequency for Nrec = 5 sub-bands in each wide band at 150 (red) and
220 (blue) GHz for a given pixel. The grey regions correspond to the unobserved frequencies outside our physical
bands. Two sky pixels are shown as red stars, one in a patch centered at the Galactic center and one in the
patch that QUBIC plans to observe centered in [0, -57 deg]. Red and blue dots: Input sky convolved with the
instrument beam. In both cases are shown in light color the 68% CL regions for a modified black-body spectrum
reconstructed with a MCMC from our simulated measurements and sub-band covariance matrices. Maps are in
µK CMB and Nside = 32.

3.2 First trial on real data

Spectral imaging has been applied on real data for the first time during the calibration campaign
at the APC laboratory. The QUBIC instrument was placed on an alt-azimuth mount in order to
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scan a calibration source tuned at 150 GHz (with 144 Hz bandwidth) and placed in the far field.
The corresponding analysis is presented in Torchinsky et al. 3. We performed a scan in azimuth
and elevation with the instrument, obtaining a TOD for each bolometer. We then applied our
spectral imaging map-making algorithm with five sub-bands to a selection of 26 bolometers that
do not exhibit saturation. The synthesized beam for each bolometer is realistically modeled in
our map-making through a series of Gaussian whose amplitude, width and locations are fit from
a measured map of the synthesized beam for each bolometer (see Figure 20 from Torchinsky et
al. 3 for an example). We were able to reconstruct a map of the point-like artificial calibration
source as well as its location in frequency space. In Figure 4, we show the reconstruction onto
5 sub-bands. The expected point-source shape is clearly visible in the central frequency sub-band
containing the emission frequency of the source at 150 GHz, it is fainter in adjacent bands, and
not visible in the furthest bands. On the right, we show the detected amplitude in the central
pixel as a function of the frequency. The measurement in red is compared to the expected value
spectrum in blue.
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Figure 4 – Left: Calibration data with the source at 150 GHz projected on the sky using our map-making software
to deconvolve from the multiple peaked synthesized beam and split the physical band of the instrument into 5
sub-bands. Right: Measurement of the flux of the source in reconstructed sub-bands. The measurement (simple
aperture photometry) in red is compared to the expected value spectrum in blue.

4 Conclusion and perspectives

The QUBIC Technical Demonstrator was successfully tested at APC laboratory and sent to Ar-
gentina to be installed on the observation site in the following year. The QUBIC instrument relies
on an innovative design which allows a very low cross-polarization, a high control of systematic
effects thanks to self-calibration and a spectroscopic capability. Spectral imaging technique was
demonstrated on end-to-end simulations and applied to calibration data successfully. Testing it
on real astrophysical sources is the next determining step.
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Moment expansion of polarized dust SED: A new path towards capturing the
CMB B-modes with LiteBIRD
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Characterizing accurately the polarized dust emission from our Galaxy will be decisive for
the quest for the Cosmic Microwave Background (CMB) primordial B-modes. The incom-
plete modeling of its potentially complex spectral properties could lead to biases in the CMB
polarization analyses and to a spurious detection of the tensor-to-scalar ratio r. Variations
of the dust properties along and between lines of sight lead to unavoidable distortions of the
spectral energy distribution (SED) that can not be easily anticipated by standard component
separation methods. This issue can be tackled using a moment expansion of the dust SED, an
innovative parametrization method imposing minimal assumptions on the sky complexity. In
the recent work 1, we apply this formalism to the B-mode cross-angular power spectra com-
puted from simulated LiteBIRD polarization data at frequencies between 100 and 402 GHz,
containing CMB, dust and instrumental noise. Thanks to the moment expansion, we can
measure an unbiased value of the tensor-to-scalar ratio with a dispersion compatible with the
target values aimed by the instrument.

1 Introduction

Several astrophysical sources emit polarized light in the same frequency range as the cosmic
microwave background (CMB) fluctuations, with an intensity that can be several orders of
magnitudes greater. Two main contributions are expected to be significant: at low frequencies
(≤ 70 GHz), the synchrotron emission dominates. It is due to charged light particles, often
coming from ionized regions, accelerated circularly in the Galactic magnetic field. At higher
frequencies, thermal dust signal is the main contribution. Dust grains are forged in the envelopes
of pulsing massive stars and supernovae from which they are expelled into the interstellar medium
where they will play a key role in the Galactic dynamics and chemistry. Dust grains are heated
by starlight which they re-emit in microwave and infrared. At least ∼ 30% of the starlight of the
universe is reradiated that way 2. Because of their elongated shape, the dust grains will have a
preferred alignment in the galactic magnetic field and their signal will be strongly polarized. As
such, dust grains will create strong B-modes signal over the sky, largely exceeding the predicted
primordial ones.

In order to seek for the faint leftover signal from inflation in the CMB, it is thus critical to
identify the dust contribution to the total B-mode emission in order to separate both signals.
Doing so is highly non trivial and can lead to spurious measurement of the tenso-to-scalar ratio
r, quantifying the intensity of the primordial B-modes.

The canonical way to model the frequency dependence of the dust signal – its spectral energy
distribution (SED) – in a given line of sight ~n, is given by the modified black body (MBB):

I(ν, ~n) =

(
ν

ν0

)β(~n) Bν(T (~n))

Bν0(T (~n))
A(~n) =

Iν(β(~n), T (~n))

Iν0(β(~n), T (~n))
A(~n), (1)
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which is a black body function Bν at a temperature T0 multiplied by the frequency ν to the
power of the spectral index β0. A is the amplitude of the dust signal across the sky. The
overall SED is normalized by a MBB with a reference frequency ν0. The MBB function is an
empirical model that has proven to provide a robust description of the dust signal. However,
it is non linear: the sum of two different MBBs do not result in a MBB. The MBB is then not
a good model to fit over mixed MBB signals. This is problematic since, in true experimental
conditions, averages of SED coming from different sky regions can not be avoided: along the
line of sight; between different lines of sight, inside the beam of the instrument or; when doing
a spherical harmonic decomposition to calculate the angular power spectra over large regions of
the sky. These averages will deform the SED away from its canonical model, these deformations
are called SED distortions. Miss-modelling those distortions can easily lead to confuse dust B
modes and primordial ones, leading to a spurious measurement of the tensor-to-scalar ratio.

2 The moment expansion formalism

The moment expansion, proposed in3 aims to model these SED distortions with a Taylor inspired
expansion of the SED with respect to its spectral parameters. For the MBB, the expansion is
done with respect to β and T around the pivot values β0 and T0:

I(ν, ~n) =
Iν(β0, T0)

Iν0(β0, T0)

{
A(~n) + ωβ1 (~n) ln

(
ν

ν0

)
+

1

2
ωβ2 (~n) ln2

(
ν

ν0

)

+ ωT1 (~n)
(

Θ(ν, T0)−Θ(ν0, T0)
)

+ . . .

}
, (2)

where Θ is the derivative of Bν with respect to T . The coefficients ωpi are the so called moments
of order i with respect to the parameter p, that quantify the amplitude of the SED distortions.
This expression can be generalized at the cross-frequency power spectra level 4:

D`(νi × νj) =
Iνi(β0(`), T0(`))Iνj (β0(`), T0(`))

Iν0(β0(`), T0(`))2
·
{

0th order
{

DA×A`

1st order β

 +DA×ω
β
1

`

[
ln
(
νi
ν0

)
+ ln

(
νj
ν0

)]
+Dω

β
1×ω

β
1

`

[
ln
(
νi
ν0

)
ln
(
νj
ν0

)]
1st order T

 +DA×ω
T
1

` (Θi + Θj − 2Θ0)

+Dω
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1 ×ωT1

`

(
Θi −Θ0

)
(Θj −Θ0)

1st order Tβ
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+Dω
β
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)(
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)
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)
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[
ln2
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)
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(
νj
ν0
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+ . . .

}
,

(3)

where D`(νi × νj) = `(`+1)
2π C`(map(νi) × map(νj)). This expression provides an analytical ex-

pression that can model dust SED with varying spectral parameters over the sky. The DA×B`

are the free parameters to estimate, quantifying the SED distortions. To define various fitting
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schemes, we cut the above expansion at different orders: up to order 0 (MBB), up to order 1 in
β (β-1), up to order 1 in both β and T (β-T ) and up to order 2 for β only (β-2).

3 Application to LiteBIRD

In order to test this method with LiteBIRD , we generate (I,Q, U) simulated maps including
Gaussian instrumental noise at the 9 highest frequency bands of the instrument (≥ 100 GHz).
We mask the maps in order to keep a large sky fraction of fsky = 0.7. Three different dust
models are considered, containing a MBB of increasing complexity in every pixel: d0 in which
both β and T are constant over the sky, including no SED distortions, d1T having T constant
but a spatially varying spectral index β(~n) and d1 where both β and T are allowed to vary
spatially. The amplitude and varying spectral parameter templates are taken from the Planck
2015 data at 353 GHz and extrapolated to a frequency ν using the corresponding MBB. We
generate Nsim = 500 simulations with each dust type. For every simulation, we add a Gaussian
contribution of CMB with rsim = 0.

We then calculate the cross-frequency power spectra Dsim
` (νi × νj) for every simulation.

Keeping 9 bands, we end up with 45 cross-frequency spectra. Only the B ×B auto spectra are
consider in the analysis. For every simulation, the following model is fitted over the extracted
cross-frequency power spectra:

Dmodel
` (νi × νj) = Ddust

`

(
β0(`), T0(`),DM×N` (νi × νj)

)
+Dlensing

` + r · Dtensor
` , (4)

where Ddust
` is given by Eq. 3 with the various fitting schemes described above. Dlensing

` is the
CMB lensed E modes contribution to the B-modes in the simulation and Dtensor

` is the expected
theoretical primordial B mode spectra.

The following χ2 is minimized:

χ2 = (Dsim
` −Dmodel

` )TC−1(Dsim
` −Dmodel

` ), (5)

where C is the covariance given by Ci×j,k×l`,`′ = cov
(
Dsim
` (νi × νj),Dsim

`′ (νk × νl)
)
.

After χ2 minimization, it can be shown that the moments are significantly detected only
when the dust content is more complex than d0. They thus remain compatible with zero if there
is no SED distortions in the signal but are used by the fit when such distortions are present. A
single best-fit value of the tensor-to-scalar ratio r̂ is obtained for each simulation. An histogram
can be built with the Nsim values of r̂ over which we can fit a Gaussian curve as displayed in
Fig. 1. The fitted Gaussian standard deviation is noted σr̂. For the simplest case d0, all fitting
schemes allows to recover a value of r̂ centered on rsim = 0, as desired. For d1T and d1, the

Figure 1 – Recovered posterior for the tensor to scalar ratio with the three different kind of dust models; d0

(left), d1T (center) and d1 (right) with the different fitting schemes: MBB (blue), β-1 (red), β-T (green) and β-2
(yellow). The black dashed line indicates rsim = 0.
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MBB is not a good fit anymore due to the presence of the SED distortions mentioned above.
The posteriors are strongly biased (∼ 20σr̂). Adding some moments with the β-1 fitting scheme
allows to reduce the bias of the posterior for d1T and d1 but is not enough to get a posterior
compatible with rsim at 1 · σr̂. The β-T fitting scheme centers the posteriors for both d1T and
d1 with a width of ∼ 1 × 10−3, providing a good model for the SED distortions in both cases.
While the β-2 fitting scheme correctly model the spectral distortions in d1T, an unexpected
negative bias appears for d1. As discussed in 1, this bias is due to the failure of the β moments
to model the temperature distortions and a strong degeneracy between these moments and the
CMB signal.

4 Conclusion and discussion

Moment expansion in harmonic space provides a powerful tool to model the SED distortions
coming from averaging effects of spatially varying spectral parameters. Such a modeling will be
necessary for next generations of CMB experiments as LiteBIRD . Using the first order moments
in both β and T allows to recover an unbiased value of the tensor-to-scalar ratio r in all the
scenarios considered, even the most complex one where the dust signal is given by a MBB in
every pixel, with spatially varying spectral index and temperature over the sky. In 1, it has been
shown that this result is robust using different sky fractions, adding a synchrotron component
and when adding a non zero value of rsim. The method can also be optimized in order to
keep only the necessary coefficients in order to decrease the recovered value of σr̂. However the
correction provided by the moments seems to be strongly dependent of the moment frequency
dependence themselves and expending around the wrong canonical model could have strong
implications. Moreover, some correlations between some of these moments and the CMB could
be a strong limitation in more complex scenarios than the ones considered here.
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Bridging the Gap: Spectral Distortions meet Gravitational Waves

Thomas Kite
Jodrell Bank Centre for Astrophysics, School of Physics and Astronomy, The University of Manchester,
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This talk has the goal of introducing two upcoming exciting avenues of discovery in precision
Cosmology: spectral distortions (SDs) and gravitational waves (GWs). The former signals
offer a clear window into the state of the primordial plasma at times prior to recombination,
and thus sheds light on small-scale primordial perturbations, dark matter decay and black
hole formation to just mention a few scenarios. The latter signals, which are already offering
new insights into the landscape of black hole and neutron star mergers, will reveal intricate
dynamics of the early universe including primordial black holes, inflationary potentials, and
even reheating dynamics. An elegant link is drawn between these two future observations
since primordial GW backgrounds will source SDs, a coupling which offers unique insight to
over six decades of GW frequencies. More importantly the SD visibility window bridges the
gap between astrophysical high- and cosmological low-frequency measurements. This means
SDs will not only complement other GW observations, but will be the sole probe of physical
processes at certain scales.

Disclaimer

This document has been written in such a way to mirror the talk presented at the 2022 Cosmology session

of the 56th Rencontres de Moriond. In particular the focus is on qualitatively reviewing the main Physics

and providing a more heuristic overview of the content. For a more complete and detailed discussion

with mathematical details we point the reader to 1 and references therein.

1 Spectral Distortions

For many decades the focus of precision Cosmology, at least in the early Universe, has been the
power spectrum of Cosmic Microwave Background (CMB) temperature anisotropies 2 3. The
wealth of information contained in this signal has now been exquisitely well measured, allowing
for the consolidation of a concordance model of Cosmology, ΛCDM.

It is a trivial yet important statement that there is only one CMB sky to observe, and as
such it is imperative we tease as much information from it as possible. It is in this vein that
we introduce spectral distortions (SDs) as one way of extending the enormous success of CMB
observations for decades to come. The fundamental novelty in SD measurements is to step back
from thinking of spatial information content locked in angular distributions across the sky, and
instead focus on the frequency distribution of the photon fluxa, which promises more information
than a single-parameter blackbody.

A useful analogy for this is in expressing a function f(x) as a Fourier series, where a con-
tinuous function thus is expressed as a countably infinite series of coefficients fi. Only for a
very special class of functions would you have a single non-zero coefficient. Similarly, the CMB
photon flux spectrum across frequency is currently described using a single number: tempera-
ture. This is a natural and effective choice given that an interacting spectrum of photons will

aAlthough future missions might detect SD anisotropies.
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tend towards the thermal equilibrium described by a blackbody, but this only causes other CMB
coefficients to be small, not 0. Standard ΛCDM predicts 4 primordial SD amplitudes ∼ 10−8.

1.1 Primordial Origin of SDs

Many processes in the universe can cause a deviation from a simple background blackbody (e.g.
emission lines we observe from atomic transitions, up-scattered CMB photons upon colliding
with hot gas). In this talk however we care about SDs from the primordial Universe which are
usually decomposed in a few main types, each caused by energy injection in different eras.
• The earliest energy injection into the photon bath (z ≥ 2 × 106) occurs in the very high
temperature universe - a sufficiently energetic system to create photons (bremsstrahlung, dou-
ble Compton emission) and redistribute their energies (Compton/Thompson scattering). This
results in an unobservable shift to the blackbody spectrum to a higher temperature.
• At later times (5 × 104 ≤ z ≤ 2 × 106) the mechanisms for photon production are no longer
efficient even though photons can be redistributed. This results in a spectrum containing a
µ-distortion, equivalent to a chemical potential in an otherwise perfect blackbody.
• The final era which roughly lasts all the way to recombination (1100 ≤ z ≤ 5× 104) is charac-
terised by the lack of efficient energy redistribution mechanisms within the photon gas, leaving
a y-distortion in the spectrum.

1.2 Example: Dissipation of Acoustic Modes
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Figure 1 – A plot illustrating how the mix of two black-
bodies differs from the blackbody at the average temper-
ature, rather there is an excess of high frequency photons.
Figure adapted from 5

A primary source of SDs within ΛCDM is from
Silk damping of small-scale acoustic modes.
Simply stated, small patches of differing tem-
perature in the early Universe are sufficiently
close to mix photons, thus erasing the temper-
ature differences. This spatial isotropisation
of the medium renders these patches invisi-
ble to CMB temperature anisotropies (hence
the large k damping in the CMB power spec-
trum), but a SD signal persists to be seen to-
day. The key to understanding this process
is that adding two blackbodies at T1 and T2

respectively will not exactly produce the ex-
pected (T1 + T2)/2 blackbody, but rather an
excess photon tail remains at high frequency
5 as illustrated in Fig. 1. Those excess pho-
tons constitute an energy injection, which will
remain in the spectrum as a SD.

2 Gravitational Waves

The second upcoming cosmological probe this talk is concerned with is the gravitational wave
background (GWB) b. The key to the excitement in GW Cosmology is the simple fact that these
tensorial waves interact extremely weakly with the intervening matter. Consider for example the
existence of the CMB curtain, which shields our view from the first 380 thousand years of the
Universe. This happens because the electromagnetic waves carrying the information interact too
strongly with charged particles (which incidentally makes them easy to detect too). GWs have
no such interaction, and it is very possible to see a GWB arising from inflationary dynamics or

bIn contrast to single localised GWs, which are usually associated with individual astrophysical events.
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reheating mechanisms which travel to our detectors unhindered. This direct glimpse into the
fundamental physics of the early-universe is the enticing proposal of GW Cosmology.

2.1 Detection Prospects

There are a diverse range of upcoming probes spanning over 20 orders of magnitude in frequency
seeking to pin down the shape of the GWB 6. On the lowest frequencies (largest scales) we have
the cosmological scale probes with B-mode polarisation searches. Moving to higher frequencies
(smaller scales) there is potential to glimpse GWs with astrophysical level probes like Pulsar
Timing Arrays (PTA), astrometry and binary system resonances 7. The highest of frequencies
are covered by direct interferometry or even some solid state detectors. Each of these techniques
are based on different physics, which links directly to the frequencies they’re sensitive to.

An interesting gap exists between the cosmological large-scale and astrophysical small-scale.
Primordial waves in this window damp too early to leave notable impacts on the CMB po-
larisation. However, analogously to the previously discussed Silk damping, these waves excite
a quadrupole moment in the photon multipole hierarchy, which ultimately causes an energy
injection to the photon bath, and thus a SD signal.

3 Bridging the Gap

In this section we will give some more mathematical detail about the calculation of SD aris-
ing from a GWB while still leaving main technical details to 1 8. The bottom line is that for
a given cosmology a lot of the calculation can be precomputed, leaving only a single integral
over wavenumber k of the tensor power spectrum PT (k) multiplied by a SD window function
W zmax

µ (k):

Figure 2 – A plot showing the µ-distortion window
functions for GW power spectra. There is a plateau
for 100 ≲ k [Mpc−1] ≲ 103. Very late subhorizon
GW injection reduces the total visibility by up to
an order of magnitude, as seen by increasing zmax.
The gray line shows the window function if neutrino
damping is neglected.

⟨µGW⟩ =
∫ ∞

0
d ln k PT (k)W

zmax
µ (k) . (1)

The window function is calculated by combining
three main terms:

Wµ = (1.401Jµ)

(
8H2

45τ̇
h′2

)(
TΘe−Γ∗

γη
)
, (2)

which from left to right correspond to: firstly a
SD branching ratio which dictates the resulting µ-
distortion amplitude from some energy injection,
secondly a term corresponding to the energy con-
tent of a GW, and thirdly the term expressing the
coupling between GWs and photons. Integrating
this over the relevant redshifts while keeping in
mind an upper redshift cutoff for any GWB cre-
ated subhorizon,

W zmax
µ (k) =

∫ zmax

0
dz Wµ(k, z) , (3)

gives the full SD window function. These window functions are shown in Fig. 2.
To facilitate this type of calculation we provide the precomputed window functions for stan-

dard ΛCDM using best fit Planck18 cosmological parameters 9 via a simple python tool GW2SD
(https://github.com/CMBSPEC/GW2SD.git).

Mapping these SD window functions into sensitivity curves reveal how SDs complement other
probes in the GWB landscape, as shown in Fig. 3. As previously discussed SDs are able to bridge
the gap between high- and low-frequency probes. This means that, despite their overall lower
sensitivity (GWs and photons only interact feebly) SDs will provide a unique or complementary
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probe of new physics on certain energy scales. Furthermore, with a wide sensitivity curve it
is possible to integrate sufficient power over many frequency bins to produce a measurable µ-
distortion signal from a GWB that would otherwise be too weak to detect. To illustrate these
points we investigate a few models of interest in 1, and show which regions of parameter space
can be constrained with either future data or even using the three decades old data available
from COBE/FIRAS 10.
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Figure 3 – A plot showing the different probes of the GWB in their respective frequency bands. From left to right
(low to high frequency, large to small-scales) there are CMB B-modes, CMB spectral distortions, pulsar timing
arrays, binary resonance searches and direct detection interferometry. The SD window bridges the gap between
the cosmological large-scale probes and the astrophysical small-scale. Sensitivity curves are taken from 1 6 11.
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First constraints on the intrinsic CMB dipole and our velocity with Doppler and
aberration

Pedro da Silveira Ferreira
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We test the usual hypothesis that the Cosmic Microwave Background (CMB) dipole, its largest
anisotropy, is due to our peculiar velocity with respect to the Hubble flow by measuring
independently the Doppler and aberration effects on the CMB using Planck 2018 data. We
remove the spurious contributions from the conversion of intensity into temperature and arrive
at measurements which are independent from the CMB dipole itself for both temperature and
polarization maps and both SMICA and NILC component-separation methods. Combining
these new measurements with the dipole one we get the first constraints on the intrinsic
CMB dipole. Assuming a standard dipolar lensing contribution we can put an upper limit
on the intrinsic amplitude: 3.7mK (95% CI). We estimate the peculiar velocity of the solar
system without assuming a negligible intrinsic dipole contribution: v = (300+111

−93 ) km/s with
(l, b) = (276±33, 51±19)◦ [SMICA], and v = (296+111

−88 ) km/s with (l, b) = (280±33, 50±20)◦

[NILC] with negligible systematic contributions. These values are consistent with the peculiar
velocity hypothesis of the dipole. See the complete work at arXiv:2011.08385.

1 Introduction

The CMB temperature dipole is the largest CMB anisotropy not coming from foregrounds, and
has been precisely measured since a few decades ago. After removal of the orbital contribution
due to the motion of the instrument with respect to the Sun, we are left with the so-called
solar dipole, with an amplitude of 3.36208± 0.00099 mK 1, which is ∼ 100 larger than the other
multipoles. It is thus fully credited to the proper motion between the solar system and the
CMB rest frame. If one assumes that the whole dipole has such a kinematic origin, one infers
a relative velocity of (369.82± 0.11) km/s. This velocity estimate is widely reported and often
used in astronomy in order to convert observed redshifts into CMB-centric (cosmological) ones.

Nevertheless there exists the possibility that part of the dipolar effect could be due to pri-
mordial fluctuations in the surface of last-scattering (SLS). The degeneracy between primordial
and kinematic effects in the CMB dipole can be broken by measuring the Doppler-like and
aberration-like couplings in the CMB present in all scales 2. In the case of a peculiar velocity
these couplings must be present with well-determined coefficients, as discussed in our companion
paper 3 (see also 4). In other scenarios, one of both of these couplings can differ 2, and therefore
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by combining the observations of the dipole, Doppler and aberration effects one can indepen-
dently measure our peculiar velocity and the intrinsic CMB dipole in a more model-independent
way. This is what we pursue in the present work.

2 Estimators and pipeline

The aberration and Doppler estimators and pipelines used here are discussed in detail in our
companion paper 3. The used pipeline allows for measurements of aberration (βA) and Doppler
(βD) which are independent between themselves and with the dipole, both in temperature (TT )
and polarization (EE) maps. We also consider the more traditional case in which one assumes a
priori that βA ≡ βD ≡ βB as in a standard boost (B) transformation (i.e. assuming no additional
sources of Doppler-like or aberration-like couplings). This leads to a higher significance detection,
but it only serves as a simple cross-check as all physical information is already encoded in the
high-precision observation of the temperature dipole. The precision in both βA and βD is
estimated in 3.

3 Measuring the intrinsic dipole

Besides the standard scenario of a simple Doppler effect on the monopole, a temperature dipole
∆1 can also be due to an intrinsic dipole component ∆1,int in the SLS of either the tempera-
ture (τ) or gravitational potential (ϕ) perturbations. A significant contribution from the late
Integrated Sachs-Wolfe effect is less likely since the integrand is non-zero only after matter-
domination. On large scales both temperature or gravitational potential perturbations are
proportional, but the proportionality depends on whether the perturbations are adiabatic or
isocurvature (entropic). For small scales the CMB fluctuations are known to be adiabatic, but
for the dipole it could be either or a combination of both. The nature of the dipole can thus
only be understood by adding new observables.

Through a detailed investigation of second-order perturbations on the CMB, the effects
of these different primordial scenarios on the Doppler and aberration signals in the CMB was
discussed in2. An aberration effect could be mimicked by the dipolar component of gravitational
lensing. Lensing is however an integrated quantity and depends on fluctuations along the whole
past light-cone. This means that only in fine-tuned models would it produce an aberration
signature in the same direction of the dipole and correct amplitude. The Doppler couplings on
the other hand are produced by second-order perturbation effects on the SLS. Surprisingly, it
was found in 2 that apart from the standard velocity coupling (βΘ, where Θ represent the linear
temperature fluctuations) there are also second-order contributions from τΘ and ϕΘ which,
if Gaussian, produce a total coupling which is given exactly by ∆1Θ in both adiabatic and
isocurvature case. I.e., these couplings are insensitive to the nature of ∆1. If, on the other hand,
the fluctuations contain non-Gaussianities (NG) this degeneracy is broken. In particular, for
the much-studied local NG 5 new terms proportional to ϕ2 appear which result in extra ∆1ϕ
couplings. This changes the amplitude (but not the direction) of the intrinsic Doppler couplings.
Thus a detection of conflicting Doppler, aberration and dipole measurements can hint at the
presence of a non-standard large intrinsic dipole and allows one to test physics beyond the single-
field slow-roll inflation model and modifications on recombination physics, see, e.g. 6,7,8,9,10.

4 Results

Figure 1a shows results for different values of ℓmax for TT up to 1800. For EE we stop at
1150. We use always ℓmin = 200 3. For aberration we draw the 1 and 2σ (68.3% and 95.4%)
confidence intervals (CI) for TT+EE. The figures use the standard Mollweide projection for
galactic coordinates. Figure 1b shows the boost estimator contours. As expected, since this case
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assumes the same direction for both aberration and Doppler, this results in greater precision
but is only useful as a cross-check.
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The statistical significance of each estimator result is quoted in two complementary ways.
First, we compare each estimator with the kinematic dipole hypothesis. The second estimate
assumes there is no Doppler or aberration effects whatsoever in the data, which allows one to get
the overall statistical significance of these ℓ, ℓ+ 1 correlations in the data. Table 1 summarizes
the results, which are in agreement with the kinematic hypothesis.

Table 1: Statistical significance for both component separation methods. The β = ∆1 column assumes the dipole
is completely due to our velocity; the β = DD = 0 column assumes there is no Doppler or aberration effect of any
kind.

β = ∆1 β = DD = 0
TT+EE χ2 σ-value χ2 σ-value

Aberration 0.3 0.1 18 3.5

S
M
IC

A

Doppler 4.6 1.3 12 2.6
Boost 1.3 0.3 45 6.1
Aber. & Dopp. 4.9 0.6 30 4.1

Aberration 0.3 0.1 21 3.9

N
IL
C Doppler 2.7 0.8 13 2.9

Boost 0.4 0.1 49 6.4
Aber. & Dopp. 3.0 0.2 34 4.6

As discussed above by measuring Doppler and aberration separately we can constrain the
intrinsic dipole. The results for ∆1,int are in Table 2 using 95% CI. In all cases the values are
consistent with zero, so we only quote limits for |∆1,int|, which turns out to be similar to the
observed ∆1 value.

We remark that these are the first direct constraints on the intrinsic CMB dipole, the largest
mode in the SLS. Our results are fully consistent with the kinematic dipole interpretation and
show no sign of non-Gaussianities, as expected by the standard cosmological model. These
findings, however, exclude for instance the possibility of a ∼ 1000 km/s value for cβ, the raw
result in many Cosmic Radio dipole measurements, see e.g. 11, which otherwise could be fine-
tuned with a large ∆1,int opposite to β such that the vector sum resulted in the observed ∆1.
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Table 2: Measurements and null-hypothesis test of the intrinsic dipole using the full TT+EE results. The total
observed dipole is 3.362 mK.

TT+EE ∆1,int

amplitude σ-value

SMICA < 3.6 mK [95% CI] 0.1

NILC < 3.7 mK [95% CI] 0.1

5 Perspectives

In over half a century since the discovery of the CMB we have been able to measure temperature,
polarization and lensing to very high ℓs. But only now we are finally able to put physical
constraints on the largest possible scale, the temperature dipole.

The measurements of β and ∆1,int are limited by the precision of the aberration and Doppler
estimators in Planck data. Doppler in particular has high uncertainty: after removing the
uninformative DD it is detected at less than 2σ. Future high-resolution CMB experiments can
improve this precision by both probing higher multipoles and by measuring the E modes with
higher S/N 3.

If |∆1,int| ∼ 0.03mK as in the higher multipoles, it will remain undetectable with this method
in the foreseeable future, but ruling out exotic scenarios with |∆1,int| ∼ 1mK will be feasible in
the near future. Although such a large intrinsic dipole would be inconsistent with our standard
inflation scenario, there has been numerous claims of large scale anomalies in the CMB 12, and
so it is important to also try to detect its largest possible scale.
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Diffuse polarized foregrounds from component separation with QUIJOTE-MFI

E. de la Hoz on behalf of the QUIJOTE collaboration
Instituto de F́ısica de Cantabria (CSIC-Universidad de Cantabria),

Avda. de los Castros s/n, E-39005 Santander, Spain

Polarized component maps in the Northern Sky are derived from the QUIJOTE-MFI wide
survey data at 11 and 13 GHz, the WMAP K and Ka bands and all Planck polarized channels
using the parametric component separation method B-SeCRET. The addition of QUIJOTE-MFI
data significantly improves the uncertainty in the parameter estimation of the low frequency
dominant foreground, in particular the estimation of the synchrotron spectral index. We
find statistically significant spatial variability across the sky. A power law model of the
synchrotron emission provides a good fit of the data outside the galactic plane but fails to
track the complexity of this region. Moreover, when we assume a synchrotron model with
uniform curvature we find, in the 95% confidence region, a non-zero cs value. However, there
is not sufficient statistical significance to determine which model is favoured.

1 Introduction

One of the major milestones of the CMB scientific community is the detection of primordial
B-modes. Such a detection would constitute a compelling evidence of the existence of an in-
flationary phase at the beginning of the Universe. However, this signal is hidden among other
B-mode sources e.g., astrophysical foregrounds, lensed E-modes, instrumental noise, etc. A
comprehensive knowledge of astrophysical foregrounds is crucial to recover this faint signal from
the measured sky data. Here, we have characterized diffuse polarized foregrounds performing
component separation analyses with the new wide survey maps from the Q-U-I JOint TEnerife
Multi-Frequency Instrument (QUIJOTE-MFI) experiment along with data from WMAP and
Planck. The inclusion of QUIJOTE-MFI data in the analysis helps significantly with the char-
acterization of the synchrotron emission 1.

2 Component Separation Methodology

The component separation analyses are performed using the Bayesian-Separation of Components
and Residuals Estimate Tool (B-SeCRET) 2. B-SeCRET is a parametric Bayesian pixel-based
maximum-likelihood pipeline which uses an MCMC to sample from the posterior distribution:

P(θp|dp) ∝ P(dp|θp)P(θp) . (1)

where θp and dp are the model parameters and the signal at the pixel p, P(θp) is the prior
information and, P(dp|θp) is the likelihood:

P(dp|θp) =
exp

(
−1

2 (dp − Sp)
T C−1 (dp − Sp)

)
√
(2π)N det(C)

, (2)
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Table 1: Parametric models (antenna units) and parameters priors used to fit the sky polarized components.
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where C is the noise covariance matrix, N is the number of elements in the dp array, and Sp is
the parametric model considered. The models and priors used are shown in Table 1.

3 Data

The QUIJOTE-MFI3 instrument is a polarimetric CMB experiment in the 10-20GHz microwave
range located at the Teide observatory. The instrument consists of 4 horns, each of which has
8 independent channels. Combining all the data, the QUIJOTE-MFI provides four frequency
bands centred around 11, 13, 17 and 19 GHz with a bandwidth of approximately 2 GHz. The
low-frequency bands (11 and 13 GHz) have an approximate angular resolution of 52 arc min
while the 17 and 19 GHz channels have one of approximately 38 arc min.

In this study we have used the results from the MFI wide survey, a shallow survey where the
instrument covered all the visible sky from Tenerife at elevations above 30◦. After removing the
Radio Frequency Interference (RFI) from the geostationary satellite band and some areas with
large atmospheric air mass we are left with ∼ 51% of the sky. This survey provides an average
sensitivity in polarization of ∼ 35-40µK deg−1. In the analysis we used only the 11 and 13 GHz,
since they have better sensitivity and the largest signal-to-noise ratio.

We have used the low frequency WMAP’s K (22.8 GHz) and Ka (33.1 GHz) bands 4 and
Planck’s polarization maps from Planck Release 4 (PR4) 5 i.e., the low frequency instrument
(LFI) 30, 44 and 70 GHz frequency maps and the high frequency instrument (HFI) 100, 143,
217 and 353 GHz maps.

All the maps are smoothed to the common angular resolution of 2◦, and downgraded to
Nside = 64. We have calculated the frequency covariance C using noise simulations specific to
each instrument. In the case of QUIJOTE 3 and Planck 5 we have used the noise simulations
provided by the collaboration. For WMAP, we generated a set of white noise simulations using
the rms noise per pixel provided by the WMAP collaboration 4. To account for the unequal de-
tectors response across their bandwidth we apply colour corrections calculated using the python
code fastcc 6.

4 Results

Fig. 1 shows the estimated synchrotron spectral index (βs) map and its uncertainty map obtained
from the component separation analysis when the synchrotron is modeled with a power law using
different combinations of the available data. The reduced χ2 statistic map is also shown. It is
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Figure 1 – βs (left column), βs uncertainty (center column) and reduced χ2 statistic obtained from the fit using
a power law model using different data. WMAP and Planck data (top row), QUIJOTE and Planck data (center
row), QUIJOTE, WMAP and Planck (bottom row).

Table 2: Estimated curvature and its uncertainty values obtained assuming that the curvature is uniform within
the region.

Region cRs σcRs

∣∣cRs ∣∣ /σcRs
RC1 -0.1095 0.0013 82
RC2 -0.3107 0.0019 161
Haze -0.046 0.010 4.78

North bubble -0.044 0.007 6.29

clear that the inclusion of QUIJOTE-MFI channels improves the characterization of βs, specially
in the regions where the synchrotron has the largest signal-to-noise-ratio. Besides, the power
law model represents well the data except along the galactic disk where the physics might be
more complex.

We have also modeled the synchrotron emission as a power law with spatially varying cur-
vature. The pixel-based analysis of the curvature shows that cs is only detected in some regions
at the galactic disk where the fit is bad, see Fig. 2.

Moreover, we considered the case where the synchrotron’s curvature is uniform in a given
region. We have studied four regions (Table 2): i) RC1 composed of the pixels whose χ2

red

is within 95% confidence region a, ii) RC2 is a subset of the RC1 pixels that satisfy that the
synchrotron’s polarized intensity signal-to-noise ratio is larger than 5 and, iii) the Haze and iv)
North bubble which are two physically-defined regions studied in more detailed in a companion
QUIJOTE paper 7. In all cases we detect a non-zero negative curvature. We found that both
models, i.e., power law and power law with uniform curvature, provide a good fit given the
data available. However there is not enough statistical significance to distinguish which model
is better. A more thorough study is left for further work.

aPixels whose χ2 value is lower than the critical value that satisfies that the probability of exceeding itself is
less than 0.05 given a χ2-distribution with the appropriate degrees of freedom.
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Figure 2 – Signal-to-noise map of the recovered synchrotron curvature and the reduced χ2 statistic obtained from
the fit using a power law with spatially varying curvature model.

5 Conclusions

The inclusion of the low-frequency QUIJOTE-MFI data improves significantly the characteri-
zation of the synchrotron model parameters, specially the synchrotron spectral index. We find
statistically significant spatial variability of βs across the sky. We obtain that a power law and
power law with curvature model well the synchrotron emission outside the Galactic plane but
fails to track the complexity of this region. Also, when we assume uniform curvature we detect
a non-zero negative curvature. However, our results are not robust enough to distinguish the
model, either the power law or the power law with uniform curvature, which fits better the data.
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Combined constraints on polarized synchrotron emission from Planck and WMAP
– what do we know?

T. L. Svalheim
on behalf of the BeyondPlanck collaboration

Institute of Theoretical Astrophysics, University of Oslo,
Sem Sælands vei 13, 0371 Oslo, Norway

Precise estimates of the low-frequency polarized microwave sky are essential for next-
generation B-mode experiments. The current BeyondPlanck analysis represents the first joint
polarized synchrotron analysis with both Planck LFI and WMAP observations. However,
even with the combination of these two state-of-the-art data sets, we find that there is very
limited constraining power for the spectral energy density of polarized synchrotron emission.
For instance, is there a curvature in the synchrotron SED? What is the spectral index, and to
what degree does it vary across the sky? The current data are simply unable to tell, and ad-
ditional high sensitivity experiments, such as C-BASS and QUIJOTE, are desperately needed
to answer such questions.

1 Introduction

The most immediate goal in current CMB analysis is the detection of primordial gravitational
waves, and if not, tightening the constraints on the tensor to scalar ratio “r”. For a simulated
Stokes Q map of the CMB, generated from r = 0.01, we retrieve a map with an amplitude of
approximately 0.1µK. In contrast, the raw amplitude of a 30 GHz sky map in Stokes Q has an
amplitude approximately 300 times greater. Furthermore, the current tightest constraints on
the tensor to scalar ratio is r < 0.0321. It is therefore necessary to know the confounding signals
to exhaustive detail. In the low frequency regime most commonly used for CMB observations,
the dominating foregrounds are is synchrotron and thermal dust emission, in this work we look
at synchrotron specifically.

1.1 Synchrotron emission

Synchrotron emission is generated when cosmic ray electrons gyrate in the galactic magnetic
field. As the charged particle, typically ejected from a nearby supernovae, spiral along, they
essentially light up the surrounding magnetic field. Hence, observations of it would also serve
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Figure 1 – Polarization amplitude root-mean-square (RMS) as a function of frequency and astrophysical com-
ponent and polarized emission. The EE CMB spectrum is generated from ideal CMB simulations based on the
best-fit Planck ΛCDM model, while the BB limits are derived with tensor-to-scalar ratios of r = 10−2 and 10−4,
respectively. Additionally, we visualize an upper limit on the polarization fraction of spinning dust of 0.06%.

as a powerful probe to map the galactic magnetic field, which would be of great interest to
cosmologists and astrophysicists alike.

Measuring this radiation and constraining models is challenging for a few important reasons.
Calibrating instruments is incredibly hard, and there are a lot of moving parts in the analysis
pipeline for both ground based and satellite observations. There is currently very few full sky
measurements of synchrotron, especially in polarization, making it even harder to constrain
models and instrument parameters. Furthermore, the signal may be heavily Faraday-rotated,
which makes it hard to extract the true physical conditions due to line of sight magnetic fields.

One of the biggest challenges is creating a realistic model of its spectral behavior as a function
of frequency. Figure 1 shows the microwave in polarization with the synchrotron component
modeled as a power-law model,

Ssynch = as

(
ν

ν0

)βs
, (1)

where as is the amplitude, ν0 is the pivot frequency and βs is the spectral index (values are
typically found to be between −2.8 and −3.3). This is a very simple and common representation
of its spectral behavior, but not necessarily correct. With this assumption, we may observe the
signal over a large range of frequencies to tightly constrain its amplitude. If this is ill-defined
however, the results are useless.

2 BeyondPlanck

Another great challenge when observing the microwave sky is understanding the interplay be-
tween systematics and foregrounds. Typically, each of the processing steps are carried out by
separate teams, and is then passed on. One major drawback of this is that the results of a step
far down the analysis pipeline, might reveal errors that were made in the first few steps. This
limits the analysis to only make a few total “loops” over the course of the analysis effort. This is
what BeyondPlanck intends to improve. By creating a fully integrated end-to-end machinery, as
outlined in Fig. 2, we are able to produce 1000 samples in the span of approximately a month.
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Figure 2 – The BeyondPlanck algorithm. Visualizing
the idea of end-to-end analysis, where the results of
one part of the signal processing is automatically fed
into the next part for a fully integrated loop.
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Figure 3 – Normalized histogram showing the spec-
tral index βs, of synchrotron being sampled for a full
BeyondPlanck analysis, marginalizing over all instru-
mental parameters (bold), versus the result when fix-
ing the system on one set of instrumental parameters
and sampling conditionally.

From the figure, we see how each of the processing steps feeds into the next for a fluid system.
This gives us a unique window into how spectral indices, cosmological parameters etc. vary with
low-level systematic corrections, and a more complete view of the uncertainties.

2.1 Results

With the introduction of additional instrumental parameters one also runs the risk of degenera-
cies, on the other hand the amount of moving parts in integrated analysis can be used to our
advantage, as it lets us explore the wider parameter space. A lot of effort has gone into limiting
degeneracies, which in turn has restricted the fidelity of the spectral index sampling effort. For
BeyondPlanck, this meant dividing the sky into four disjoint regions for independent sampling
as opposed to a pixel-by-pixel approach. However, this is a symptom of a lack of data points,
and as BeyondPlanck is a path-finder for similar efforts in the future, the addition of already
available datasets will increase constraining power. Even without a pixel-by-pixel analysis, the
region-based approach gives us a clear indication of variational tendencies on the sky.

For synchrotron emission, an end-to-end analysis means a better understanding of how the
spectral index values are influenced by the low-level systematics such as bandpass errors. For
example, one may be forced to develop more sophisticated and perhaps unrealistic models if the
data one is working with gives the wrong impression of the underlying signal. Figure 3 shows the
true advantage of an end-to-end analysis. Here, the thin line shows the result of the synchrotron
spectral index for the case when instrumental parameters are fixed, representing the typical
analysis step. The bold line, on the other hand, shows the result when marginalizing over the
full parameter-space with BeyondPlanck. We note that the mean value is different between the
two distributions, and that the bold line is perhaps a more realistic result.

2.2 The future of synchrotron modeling

The next big open question is whether or not a curvature parameter should be added to the
power law model 2. As already mentioned, a joint analysis could help explain whether or not
this is an instrumental artefact. However, recent studies have shown that several observations 3

favor a shallower slope at low frequencies versus high frequencies, which makes a curved spectral
index distribution plausible. For a definite conclusion however, we require more data points,
such as the low-frequency observations of C-BASS 4 and QUIJOTE 5, or even additional Planck
data points that have been omitted for computational efficiency among other things. For an in
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depth description of this project, we refer the interested reader to the BeyondPlanck overview
paper 6.
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The purpose of this work is to characterize the diffuse Galactic polarized synchrotron. We
present EE, BB, and EB power spectra estimated cross-correlating Planck and WMAP po-
larization frequency maps at 23 and 30 GHz, for a set of six sky regions covering from 30%
to 94% of the sky. The EE and BB angular power spectra show a steep decay of the spectral
amplitude as a function of multipole, approximated by a power law with power indices around
-2.9 for both components. The B/E ratio is about 0.22. The EB cross-component is compat-
ible with zero at 1σ, with upper constraint on the EB/EE ratio of 1.2% at the 2 σ level. The
recovered SED, in the frequency range 23–30 GHz, shows E and B power-law spectral indices
compatible between themselves with a value of about -3.

1 Introduction

An important challenge in cosmology is the precise measurement of the CMB polarization
anisotropies. However, mixed with the cosmological signal, CMB observations also contain
different astrophysical emissions, usually called CMB foregrounds. The accuracy of the CMB
measurements thus depends critically on the foregrounds removal process.
At low frequency, roughly below 100 GHz, the dominant polarized foreground is the diffuse
synchrotron emission. The synchrotron radiation is generated by relativistic cosmic ray elec-
trons accelerating around the Galactic magnetic field, which spiral around the field lines emitting
radiation. In this work, we characterize the diffuse synchrotron polarization analyzing the obser-
vations of WMAP K-band and Planck 30 GHz frequency channels focusing on the intermediate
and low Galactic latitudes.

2 Data and Simulations

For our analysis, we use the Planck 1 2018 data release (PR3), obtained from the full set of
observations, focusing on the lowest channel at central frequency 28.4 GHz. Moreover, we use
the lowest frequency channel of the WMAP 2 dataset, namely the K -band centered at 23 GHz,
obtained from the 9-yr data release.
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In order to estimate the power spectra from only Planck data, we cross-correlate the two half-
ring maps. For the only-WMAP analysis, we use as splits the co-added maps from 1 to 4 years
on one side, and from 5 to 9 years on the other. By cross-correlating splits we mitigate the
noise and reduce the effect of systematics. Power spectra results are also obtained from the
cross-correlation of WMAP and Planck maps, using in this case the full-mission Planck and
the co-added nine-year WMAP maps. By cross-correlating data from independent experiments,
we can use directly the full data set rather than the splits, since the instrumental noise is
uncorrelated and the effect of the systematics is also reduced.
The full-mission Planck maps have significantly lower noise than the nine-year WMAP maps,
however, the synchrotron brightness in the Planck lowest frequency, at 28 GHz, is around half
that in the WMAP K-band, at 23 GHz, what ends up in very similar foreground signal-to-noise
for both experiments.

3 Masks

Although Galactic foregrounds studies usually focus on regions at high Galactic latitudes (since
these are of greater interest for CMB analyses), the sensitivity at low frequency of WMAP and
Planck does not allow a good characterization of the polarized signals at intermediate and high
Galactic latitudes. Therefore, in order to have a higher signal-to-noise, our analysis will instead
concentrate on low and intermediate latitudes, by constructing a set of customised masks with
different sky fractions.
We define a Galactic mask in order to exclude the emission of the central part of the Galactic
centre which has a very complex behaviour. Moreover, we masked very bright point sources, both
Galactic and extragalactic, because we found that they have a significant effect at the spectra at
all scales. The combination of the Galactic and point sources masks defines a preliminary region
of around 6 per cent of the sky. Once these pixels are removed, we construct a set of masks
that select those areas with the largest polarization signal in the remaining 94 per cent of the
sky. Thus, we mask those pixels below successively lower thresholds of P in the Planck 30 GHz
polarization map. In this way, we obtain a set of 5 masks, from 30% to 70% sky fraction, plus
the near full sky mask, 94% sky fraction.
For our main results, we pick as the reference mask the one with fsky = 50%, which is a good
compromise between the considered sky fraction and the signal-to-noise ratio.

4 Angular Power Spectra

In order to characterize the Galactic synchrotron polarization signal, we compute EE, BB and EB
cross-spectra. We estimate pseudo-spectra with NaMaster 3, including its purification method.
We focus our main analyses in the multipole range 30 ≤ ℓ ≤ 300, binning with ∆ℓ = 10 for
multipoles 30 ≤ ℓ ≤ 200 and with ∆ℓ = 20 for multipoles ℓ > 200.
We model the EE and BB synchrotron power spectra as a power law

CXX
ℓ = AXX

( ℓ

80

)αXX
(1)

with XX = EE, BB. The EB cross-spectra is simply modelled as a constant

CEB
ℓ = AEB. (2)

Note that before performing the fit, the CMB contribution is subtracted from the data at the
spectra level. More details about the analysis can be found in Martire et al 4.

4.1 WMAP-Planck cross-spectra

For our reference mask (fsky = 50%), the EE and BB power spectra, shown in Figure 1 (right),
of the diffuse synchrotron emission show a steep decay as a function of multipoles with consistent

140



Figure 1 – Left (top): Best-fit results for the reference mask (fsky = 50%). Left (bottom): Planck -WMAP results
for the whole mask set. Right: EE (red diamonds), BB (blue squares) and EB (purple squares) Planck -WMAP
cross-spectra for the reference mask (fsky = 50%)

power spectrum indices αEE = −2.95±0.04 and αBB = −2.85±0.14. Considering the results for
the full set of masks shown in Figure 1 (left bottom), αEE is very stable and compatible with the
nearly-full sky case (94%). Instead, the BB power law shows a slight tendency to steeper values
when including high latitudes. The B-to-E ratio for the reference mask is found to be 0.22±0.02
and it ranges from 0.20 in the 94% mask to 0.25 for the 30% mask. The EB cross-spectra is
consistent with zero at 1σ for the whole mask set. We can put an upper constraint on the EB
amplitude, finding it to be smaller than 1.2% (2σ) that of the EE amplitude.
In order to test the robustness of our results, we fit the model to the same data set, but to
a larger multipole range 10 ≤ ℓ ≤ 400. The conclusions agree well with the baseline results,
confirming the robustness of the fits and that the model is also valid at a larger scale range.

4.2 Planck and WMAP spectra

The model of the synchrotron polarization spectra derived independently from Planck and
WMAP are consistent with the power law model with null EB already obtained in the cross-
analysis, as showed in Figure 1 (left top). However, the only-Planck analysis suggests a less
steep decay of the B-component and a slightly larger B-to-E ratio, nevertheless, the error bars
overlap at 2σ and the other analyses do not show these features.
As consistency test, we also performed the same analysis with the Planck NPIPE 5 (PR4) data,
cross-correlating the A/B detector splits, finding agreement with the results found with PR3.

Hemisphere analysis

We repeat the same analysis independently for the Northern and Southern hemispheres, simply
separating the regions from our mask set. We find that the synchrotron polarized emission in
the Northern hemisphere is brighter than in the Southern hemisphere, with a factor around 1.4
larger for the amplitude of the EE spectra (slightly lower factor for BB). We also find a steeper
decay of the synchrotron amplitude in the Southern hemisphere with respect to the Northern
one. Nevertheless, the B-to-E ratio is quite consistent for the two hemispheres. The EB cross-
term is compatible with zero at the 2σ level for the whole mask set.
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Figure 2 – Left: Best-fit results for the reference mask (fsky = 50%). Right: Results for the whole mask set.

5 Spectral energy distribution

Using observations at different frequencies, nominally at 23 and 30 GHz, we can get informa-
tion on the behaviour of the diffuse synchrotron polarization with frequency. The synchrotron
spectral energy distribution (SED) is generally described by a power law S = S0 νβ, where β is
the energy spectral index. If we combine it with equation 1, we get a system of equations that
relate the energy spectral index β and the power spectrum index α (CXX

ℓ )Planck = (AXX)Planck
(

ℓ
80

)αXX

(CXX
ℓ )WMAP = (AXX)Planck

(
ℓ
80

)αXX
(
νWMAP

νPlanck

)2βXX
(3)

with XX = EE, BB. We perform a χ2 fit to the system of equations 3 for the EE and BB
auto-spectra, keeping A, α and β as free parameters.
For our reference mask (50%), the spectral indices βEE and βBB are very consistent, with values
of -3.00±0.10 and -3.05±0.36 respectively. Figure 2 shows the best-fit parameters for each of
the considered masks for both the E- and B-mode components. It is interesting to point out
that the power spectral indices tend to move towards steeper values when considering larger sky
fractions, i.e., when including higher Galactic latitudes in the analysis.
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We propose an adventurous inflationary trajectory to explain both the large and small-scale
anomalies in the cosmic microwave background anisotropy spectra measured by the Planck
mission. The model is currently statistically indistinguishable from the Standard Model, but
we show that planned observations such as the Simons Observatory, LiteBIRD and CMB-
S4 will complement each other in distinguishing the model differences due to their accurate
E-mode polarization measurements, offering very optimistic prospects for a detection or ex-
clusion.

1 Introduction

The inflation scenario is the leading candidate theory for the primordial Universe that started the
Big Bang 1. Signals of primordial features can hopefully help us access information beyond the
vanilla models of inflation 2,3. They are strongly-scale-dependent deviations from the otherwise
approximately scale-invariant spectra of the primordial density perturbations predicted in the slow-
roll paradigm. Several statistically marginal anomalies in both large and small scales of the CMB
temperature anosotropies measured by WMAP and Planck may hint at a feature-like origin 4,5. Such
anomalies consist in a dip in the spectrum around ℓ ∼ 20 already noticed in the WMAP data 4

and an oscillatory feature near ℓ ∼ 750 in the Planck data 5. While it is well known that step-
like features in the inflationary potential and resonant features can explain large and small scale
anomalies respectively, none of them can address both anomalies at the same time. One interesting
possibility 6,7 is that the two anomalies may be conneceted by the classical primordial clock (CPSC)
effect 8,9.

The main idea behind the CPSC effect is that sharp features along the inflationary trajectory,
which are generic in inflation (see e.g. 1 for a recent review), may temporarily disturb the inflaton
away from its eventual attractor trajectory, and during the recovery process from the disturbance,
some massive fields may be excited temporarily, oscillating and then settling down around potential
minima after a few e-folds. In this picture, the disturbance generates a characteristic sinusoidal-
running signal as a candidate for the large-scale anomaly, and the high frequency oscillation of a
massive field generates the resonant-running signal as a candidate for the small-scale anomaly.

In the following, we will present an explicit realization of the CPSC effect that vividly describes
how, during the initial moment of the Universe, the inflaton is rolling at the top of an adventurous
potential which is nonetheless quite natural from the point of view of a landscape. The emerging
picture is drastically different from that of a single-field slow-roll model, but the feature signals in
the CMB are all small corrections.

2 The CPSC model and its predictions

The requirement for a model to be qualified as a CPSC model is that there should be two observable
stages of inflation connected by a sharp feature which classically excites a massive field 8,7. The most
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Figure 1 – A birdseye example of background trajectory in our model, plotted over equipotential surfaces (redder
means lower potential). In terms of the Cartesian coordinates x and y shown here, for x < 0 the Θ and σ are Cartesian
with x = Θ − (ΘT + Θ0) and y = σ + ξ−1; while for x > 0 they become radial coordinates with r = σ + ξ−1 and
θ = π/2 − ξ(Θ − Θ0 − ΘT ). The insets show how the inflaton overshoots the bottom of the valley (yellow line) and
climbs onto a side of the cliff [top-right], and the clock oscillation [bottom-left].

model-dependent part of the full CPSC signal is the amplitude of the sharp feature signal and its
smooth connection to the clock signal. In order to fit the low-ℓ anomaly, we will use a step potential
as part of the sharp feature, which is the most model-dependent part of the CPSC signal. The model
is described by the following Lagrangian a

L =− 1

2
[1 + Ξ(Θ)σ]2 (∂Θ)2 − 1

2
(∂σ)2 − V (Θ, σ) , (1)

where the kinetic coupling and the potential take the following form

Ξ(Θ) = ξ Heav(Θ−Θ0 −ΘT )

V (Θ, σ) = Vinf

{
1− 1

2
CΘΘ

2 + Cσ

[
1− exp

(
−(Θ−Θ0)

2

Θ2
f

Heav(Θ−Θ0)−
σ2

σ2
f

)]}
.

In this model, Θ is the inflationary direction and σ a field orthogonal to Θ. The evolutionary
history of the inflaton is shown in Fig. 1. During the first stage of inflation, the inflaton is rolling
at the top of a plateau, until it encounters a cliff, located at Θ = Θ0 and falls into a lower valley.
In the two-field space, the path at the bottom of the lower valley starts out straight and begins to
curve after a distance ΘT . At the entrance of the curved path, the inflaton overshoots the bottom
of the valley and climbs onto a side of the cliff, exciting the oscillation of a massive field. Due to the
Hubble friction, the oscillation gradually decays and the inflaton settles down in the second stage of
inflation.

The signal in this model consists in two kinds of characteristically different running behaviors at
large and small scales, respectively. At the large scales k < kr, there is the sharp feature signal with
its signature sinusoidal running ∼ sin(2k/k0 + phase), which starts near k = k0. At the small scales
k > kr, the clock signal starts to appear with its signature resonant running ∼ (2kkr )

−3/2 sin(mσ
H ln 2k

kr
+

phase). While the runnings are robust to model variations, the envelope of the sharp feature signal
and its connection and relative amplitude to the clock signal are strongly model dependent, and
play a crucial role in determining part of the model configuration. In our model, the momentary
acceleration of the inflaton after the step produces a dip-like envelope for the sinusoidal running.
Following the methodology of Ref. 10, we directly compare numerical results on power spectrum with
data. In order to efficiently do that, we first need to build combinations of the parameters in the
lagrangian that describe distinct properties of the signal, i.e. the location, width and amplitude of
the dip signal and the location and amplitude of the resonant one 11,12.

aThe mathematical expressions of the potential V and coupling Ξ may be modified as long as they model the simple
geometric configuration illustrated in Fig. 1.
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Figure 2 – [Left] The PPS of the bestfit model.for the bestfit parameters. [Right] Residual plot the candidate. P18
error bars are plotted in purple, whereas the forecast error bars for LiteBIRD, SO and CMB-S4 are plotted in green,
blue and gold, respectively. Errors for ℓ > 30 are binned with binwidth ∆ℓ = 60.

3 Data comparison and forecasts

Our analysis is based on publicly available latest Planck data of CMB temperature, E-mode polariza-
tion and their cross-correlation at large and small angular scales, referred to as P18 in the following.
In order to deal with the multimodality of the posterior distributions typical of featuremodels, we
sample the likelihood using the nested sampling algorithm implemented in PolyChord b.

Although, from the model selection point of view, our model is indistinguishable from the Stan-
dard Model c, our analysis picks up an interesting bestfit candidate with clock signal frequency of
mσ/H ∼ 18. Our bestfit candidate’s PPS and the corresponding residuals are presented in the left
and right panels of Fig. 2 respectively. The ∆χ2 = 19.8 improvement over the featureless model
includes those from the dip feature, fitting low-ℓ data (∆χ2

low−T = 5.34 and ∆χ2
low−E = 1.11), and

those from the clock signal, fitting high-ℓ data (∆χ2
high−ℓ = 13.31). The improvement in fit is driven

not only by the better fit to the dip in the TT residuals around ℓ ∼ 20, but also by the sinusoidal
running of the sharp feature signal and, in particular, the clock signal. The latter starts around
ℓ ≳ 600 and addresses the dip followed by a bump in the TT residuals around ℓ ∼ 750 and the
associated feature in the TE residuals.

Assuming the DTT
ℓ ,DEE

ℓ ,DTE
ℓ from the best fit as the fiducial angular power spectra, using the

projected noise power spectra from the upcoming Simons Observatory (SO), LiteBIRD, and CMB-
S4, we forecast future constraints on our model. The fisrt two experiments are expected to take
data in 2023 and 2028 respectively, whereas CMB-S4, has not been funded yet. SO and CMB-S4
are ground based observatories, so they will be sensitive mainly to high-multipoles and cover only a
smaller fraction of the sky compared to LiteBIRD which is a space based experiment aiming at the
characterization of polarization spectra at large scales. Their projected error bars are shown in Fig. 2.
Future experiments will play complementary roles in constraining the model. SO, while impressively
increasing the constraints on the clock frequency, will not be able to definitively detect neither the
clock signal nor the dip feature because of residual degeneracies induced by the poor constraints on
the latter. With the launch of LiteBIRD, though, the constraining power at large scales will increase
drastically, being capable of detecting the dip feature amplitude at more than 4σ and a 5σ detection
forecast of the resonant signal amplitude 12. For Planck+LiteBIRD+SO, we find a projected Bayes
factor of +22.7, suggesting that in less than a decade we may be able to provide decisive evidence in
favor of or against our model. CMB-S4 will further increase constraints on the clock frequency.

bhttps://github.com/PolyChord/PolyChordLite.
cThe Bayes factor is lnB ≡ ln(Zfeature/Zfeatureless) = −0.13 ± 0.38, which is inconclusive according to the Jeffreys’

scale.
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4 Conclusions

CMB anomalies may hint at primordial physics beyond the standard model of cosmology. We pro-
posed a full classical standard clock model of inflation where a sharp feature exciting massive-field
oscillations addresses the low and mid-ℓ anomalies, whereas anomalies at high-ℓ are instead fitted
by the clock signal. The improvement in the χ2 for the model best-fit candidate, characterized by a
clock field with an effective mass ∼ 18 times the Hubble scale of inflation, is ∆χ2 ∼ 19.8, although
the model is currently indistinguishable from the Standard Model, according to model selection.
Assuming such a candidate as a fiducial cosmology, we have performed a forecast for future CMB
experiments and highlighted the complementarity of measurements of E-mode spectra across dif-
ferent scales. We find these experiments offer promising prospects within the next decade: Simons
Observatory and LiteBIRD, joint with the Planck data, will be able to place significant constraints
on all parameters of our model, and CMB-S4 will further improve these constraints. Our results
suggest promising prospects of model-building and testing of primordial feature models such as the
one presented in this work. If detected, such a model can provide vital information about the origin
of the Big Bang and the detailed dynamics of the inflation model.

Besides signatures in CMB, primordial feature models also leave correlated imprints in other
observables, which will be further tested in future Large-Scale Structure and 21cm observations, and
correlated signals in primordial non-Gaussianities. ll these add to the exciting prospects of probing
the history of the primordial Universe using data from near future observations.
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We use the Hamilton-Jacobi (H-J) formulation of stochastic inflation to describe the evolution
of the inflaton during a period of Ultra-Slow Roll (USR), taking into account the field’s velocity
and its gravitational backreaction. We compute the mass fraction, β, of Primordial Black Holes
(PBHs) formed by a plateau in the inflationary potential. By fully accounting for the inflaton
velocity as it enters the plateau, we find that PBHs are generically overproduced before the
inflaton’s velocity reaches zero, ruling out a period of free diffusion or even stochastic noise
domination on the inflaton dynamics. We surmise that the evolution of the inflaton is always
predominantly classical with diffusion effects always subdominant. There is a very sharp
transition between the under- and over-production regimes. This can be seen either as severe
fine-tuning on the inflationary production of PBHs, or as a very strong link between the
fraction β and the shape of the potential and the plateau’s extent.

1 Introduction

Primordial Black Holes (PBHs) were first theorised in the 60s1 and 70s2 and it was soon realised
that they could be a Dark Matter (DM) candidate 3. There are numerous constraints on the
abundance of PBHs from many different effects – for a comprehensive review of these see e.g. 4.
Even if PBHs are not all of DM, their abundance (be it small or large) can act as an invaluable
probe of the inflationary potential outside of the narrow CMB window.

If one wants to generate an appreciable number of PBHs from single-field inflation then one
generally needs to go beyond the Slow-Roll (SR) regime into a so-called period of Ultra-Slow
Roll (USR) inflation. Utilising the Hamilton-Jacobi (H-J) formalism as originally described
by Salopek and Bond 5 to describe the evolution of the inflaton allows the dynamics to be
reduced to first order without making any assumptions about being in a SR or USR regime - the
approximation only involves dropping higher order spatial gradient terms (i.e. focuses on long
wavelengths) and includes the field’s velocity fully. This will enable us to smoothly describe the
transition between SR and USR regimes. Stochastic Inflation 6 has enjoyed much success as the
leading framework to describe the evolution of non-linear perturbations and their backreaction
on the dynamics of the inflaton. We merge the H-J description with stochastic inflation, as
shown in 7, in order to have a full, non-linear, description of inflationary dynamics which can
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Figure 1 – Scenario A (left panel) corresponds to a plateau shorter than ∆ϕcl, the Hamilton-Jacobi trajectory is
plotted in red. Scenario B (right panel) corresponds to a plateau longer than ∆ϕcl, the free diffusion is plotted
in blue and the Hamilton-Jacobi trajectory in red as before. When the diffusion reaches ϕin the field jumps onto
a new H-J trajectory and will follow it to a new ϕ0 before freely diffusing again.

include large quantum-stochastic backreaction.

2 Evolution along a finite plateau using the Stochastic Hamilton-Jacobi equation

Consider a region of the inflationary plateau described by a plateau of finite width. There
then exists two distinct scenarios represented in Fig. 1. Scenario A (left panel) corresponds
to a plateau width ∆ϕpl shorter than the distance carried by classical drift ∆ϕcl ≡ ϕin − ϕ0

i.e. the field enters the region with sufficient velocity to carry it all the way through. The
inflaton therefore stays on the Hamilton-Jacobi trajectory for all times. Scenario B (right panel)
corresponds to ∆ϕpl > ∆ϕcl, meaning the inflaton cannot be carried all the way through by
classical drift. Therefore, once the inflaton has crossed ϕ0 by a stochastic kick it undergoes free
diffusion. As we will demonstrate, realising scenario B is in general forbidden as it leads to an
overproduction of PBHs so we will not examine its behaviour in detail.

Incorporating the short-wavelength quantum fluctuations results in the addition of a stochas-
tic noise term in the inflaton’s equation of motion:

dϕ

dα
= −2M2

p

∂lnH(ϕ, ϕ0)

∂ϕ
+

H(ϕ, ϕ0)

2π
ξ(α),

〈
ξ(α)ξ(α′)

〉
= δ(α− α′) (1)

where H(ϕ, ϕ0) represents a particular solution to the Hamilton-Jacobi equation which for Sce-
nario A is given in the left panel of Fig. 1.

3 Abundance of Primordial Black Holes from a plateau in the potential

The PBH mass fraction, β, can be computed from the probability distribution function (PDF)
of the coarse-grained scalar curvature perturbation ζcg = N − ⟨N⟩:

β(M) = 2

∫ ∞

ζc

P (ζcg) dζcg (2)

We can clearly see that the mass fraction β roughly represents the area under the curve of
the PDF above some critical value, ζc. The precise value of ζc is not known a priori but depends
on both the equation of state at horizon re-entry and the shape of perturbation itself 8. However
it is known to be very close to 1 and despite β generically being exponentially sensitive to ζc it
does not change the qualitative nature of our results.
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Figure 2 – The mass fraction of PBHs, β, as a function of σ for four values of χ computed using (5). The dotted
lines represent the scale when the classical approximation fails, σcl = 1/

√
2χ. The dashed lines represent the

pivot scale to overproduce PBHs, σp, predicted by (6). It is clear that values of σ significantly smaller than σp

overproduced PBHs whereas values of σ larger than this value correspond to negligible production.

3.1 Computing the mass fraction

If we consider the large ∆N limit i.e. deep in the tail where the PBH mass fraction is calculated
then the pdf for exit time simplifies to:

ρ(N ) ≃ 6√
π
χ e−χ2σ2

e−3∆N (3)

where we introduced the dimensionless parameters χ and σ:

χ ≡
√

3

2v0

∆ϕcl

Mpl
≃

√
ϵin
2v0

, σ ≡
∆ϕcl −∆ϕpl

∆ϕcl
(4)

defined in terms of the classical drift distance, ∆ϕcl and the width of the plateau itself ∆ϕpl.
Notice that σ = 0 corresponds to ∆ϕcl = ∆ϕpl and that the limit σ → 1 corresponds to ∆ϕpl → 0.
We have also introduced erfc(x) which is the standard complementary error function.
Using the mass fraction definition (2) under the large ∆N limit (3) we obtain:

β(M) ≃ 4√
π
χ e−χ2σ2

e−3(ζc+⟨N⟩−Nin) e
9
4
χ−2︸ ︷︷ ︸
SR

(5)

where we have also included the contribution from a previous slow-roll phase. This slow-roll
contribution is only important for χ ≪ 1 where it very quickly forces β to unrealistically large
values.

We can identify a pivot scale σp below which β violates constraints – strongest β < 10−24,
weakest β < 10−2 – given by:

σp ≡
√
π

4χ
e3ζc (6)
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This scale is verified in Fig. 2 where we plot, using (5), the dependence of the mass fraction, β
on σ for a few values of χ. We can see that the behaviour of β almost looks like a step function
with a sharp drop off as σ is increased. The dashed lines – corresponding to the scale predicted
by (6) – accurately describes where this sharp dropoff takes place and marks the separation
between overproduction of PBHs and negligible production.

We can also compute the value of σ for which the classicality parameter – a measure of how
good the semi-classical approximation is – is violated, ηcl = 1. We find that the classicality
parameter is violated at σcl = 1/

√
2χ and that decreasing the value of σ pushes you into the

quantum diffusion dominated regime from classically dominated dynamics. As can be clearly
shown by the dotted lines in Fig. 2 one only enters the diffusion dominated regime – given by
σcl – once the mass fraction of PBHs, β, is prohibitively high. In other words the classically
dominated evolution will already overproduce PBHs before the inflaton even enters the diffusion
dominated regime.

4 Conclusion

Our main result can be stated as follows:

The inflaton cannot enter a period of quantum diffusion dominated dynamics without first over-
producing Primordial Black Holes.

A semi-classical approximation seems to always be adequate for observationally allowed infla-
tionary dynamics. We demonstrated this by considering the evolution of the inflaton entering a
finite width plateau from a previous Slow-Roll (SR) phase utilising the Stochastic Inflationary
formalism and taking into account properly the General Relativity momentum constraint. For
further details and extensions to inflection points please see 9.
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About non-classical gravitational states

Federico Piazza

Aix Marseille Univ, Université de Toulon, CNRS, CPT, Marseille, France

Take the gravitational field, a number of macroscopic observers and put them in a “highly-
quantum” state, made by a coherent superposition of different classical configurations. How
would that look like? I try to study this system by introducing a spatial distance operator
among the observers and looking at the properties of its expectation values.

1 Introduction

By a classical state here I mean a state whose wave-function is peaked around one solution of the
classical equations of motion. The situation is famously illustrated by coherent states, centered
around a classical trajectory and just “furbished” with the minimal uncertainty allowed by the
Heisenberg principle.

The double-well potential offers an equally known example of deviations from classicality.
Its ground state does not correspond to a classical configuration sitting on either of the minima,
but is a coherent superposition of the two. As nicely explained by Coleman 1, this generalizes
to periodic potentials and, most notably, to gauge theories. The ground state of a non-Abelian
Yang-Mills theory is not just Aµ = 0 “furbished” with the minimal amount of quantum indeter-
minacy. The θ-vacua of such theories are coherent superpositions of topologically inequivalent
configurations. When time-dependent or transient, deviations from classicality are normally
associated with tunneling.

Hovering over the latter examples are Euclidean path integrals. Broadly speaking, when the
relevant classical saddles live in Euclidean spacetime and are non-trivial, in the sense that they
interpolate different classical configurations, this often signals a departure from classicality.

Recently, gravitational Euclidean methods have played an important role in addressing as-
pects of the black hole information puzzle 2. Non-trivial Euclidean saddles connecting different
boundaries account for the decrease of entropy in the late-Hawking radiation, as expected if
the whole system evolves unitarily. It is tempting to wonder if gravitational deviations from
classicality at low energy are at play in this context. Perhaps related to all this, gravitational
instantons/wormholes have been advocated as a non perturbative mechanism to solve the cos-
mological constant problem 3. But what would it mean for the gravitational field to be in a
coherent superposition of different classical metrics? What would an observer living in such a
spacetime experience?

In this talk I report on recent little advances in understanding these issues4. I will show that,
perhaps counterintuitively, a highly quantum gravitational state does not seem to imply anything
exotic, locally. However, anomalous geometrical effects can build up at large separations.

151



2 A fluid (or a solid) of observers

I am interested in low energy phenomena, governed by Einstein gravity. In the standard canon-
ical theory 5 the spatial metric hij is the relevant dynamical variable. Physical states satisfy
Hamiltonian and momentum constraints. The idea is then to consider a highly quantum such
state Ψ[hij(x

k)] and try to understand it “operationally”, i.e. in terms of the mutual observa-
tions of a bunch of observers living therein. One should thus introduce additional fields in the
low energy theory to model the observers and their mutual interactions.

My choice of observers is that of a continuum “fluid” of them. The effective field theory
description of a fluid or a solid 7 involves three scalar fields XI , I = 1, 2, 3. Each triplet of values
labels and “follows in time” an infinitesimal volume of the medium. Equivalently, each triplet
is the name of an observer. One can arrange the Lagrangian in such a way that XI = const.
is a geodesic on any classical solution. In this case we are dealing with a non-relativistic fluid.
However, for the moment, I will maintain agnostic about the dynamics of the medium.

The three fields XI effectively serve as a reference system, to which I will add a fourth
“time” field T . Dynamical reference systems have a long story as a mean to define gauge
invariant observables 8 and dress local operators 9 in quantum gravity. Ideally one would like to
add also a light field to model signal exchanges among the observers. A more economic strategy
is to focus directly on spacetime distances as a proxy for all such mutual relations.a

In the canonical theory the fields introduced above are commuting, and thus can be used
as independent variables in the wave-function. It is known that Ψ[hij(x

k), XI(xk), T (xk)],
despite depending of spatial quantities, portraits a portion of spacetime. The point is that
the Hamiltonian constraint makes Ψ invariant under time-diffeomorphisms. However, my very
limited task here is to define spatial distances between the observers along a given time slice,
which can be made gauge-invariant with the aid of the reference fields XI and T .

3 Spatial-distance operator

I will use the field T to define the conditional probability amplitude that all remaining fields be
in some configuration given that the value of T (xk) is a constant, T0,

Ψ̃[hij(x
k), XI(xk);T0] ≡ N (T0)Ψ[hij(x

k), XI(xk), T (xk) = T0]. (1)

This is a portrait of the system “at a given time”. The Ψ̃-functionals only depend on hij
and XI and must satisfy the momentum constraint. A convenient (overcomplete) basis for
the corresponding Hilbert space are the common eigenvectors of such commuting variables,
|hij(xk), XI(xk)〉. Each element of this basis represents a very classical three-dimensional ge-
ometry with the positions of the observers perfectly specified on it. On |hij(xk), XI(xk)〉 it is
thus possible to calculate the distance between any chosen pair of observers.

So I define a spatial distance operator between ~X and ~Y , d̂( ~X, ~Y ), by declaring that it is
diagonal on |hij(xk), XI(xk)〉,

d̂( ~X, ~Y ) |hij(xk), XI(xk)〉 = d( ~X, ~Y ){h,XI} |hij(xk), XI(xk)〉 . (2)

In the above equation the two triplets ~X and ~Y are the names of the two observers and the
eigenvalue d( ~X, ~Y ){h,XI} is their distance on the corresponding eigenstate. In practice, as usual,

one needs to find the geodesic between ~X and ~Y and integrate the spatial line element along it.
The subscript {h,XI} is there to remind us that this procedure depends on the geometry and
on the fields’ configuration on the eigenstate |hij(xk), XI(xk)〉.

aE.g. if a light ray connects events A and B then A and B are at null Lorentzian distance. See also 6 on this.
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4 Expectation values

On a generic state Ψ̃, expectation values of d̂( ~X, ~Y ) are calculated by expanding Ψ̃ on the
classical eigenbasis,〈

d̂( ~X, ~Y )2
〉

=
∑
I

∫
D̃hDXI

∣∣∣〈Ψ̃|h,XI〉
∣∣∣2 (d( ~X, ~Y ){h,XI}

)2
. (3)
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Figure 1 – Every classical configuration contributes to the distance expectation value, weighted by the amplitude
probability Ψ̃. On each configuration the distance between ~X and ~Y is a well-defined calculable quantity.

Because of gauge redundancy, different metric configurations represent the same geometry.
The tilde on Dh means that we should pick just one representative for each gauge orbit.

In (3) I have evaluated the average of d̂2 because it has better analytic properties than
that of d̂ and is more naturally generalizable to the Lorentzian case: Lorentzian distances can
be either positive or imaginary and averaging over them could be meaningless. The distances
squared, instead, are always real and thus average to a positive, negative or null value.

The observers’ labels ~X define a coordinate system on a three-dimensional manifold which
is very naturally equipped with the distance

d( ~X, ~Y ) ≡
√〈

d̂( ~X, ~Y )2
〉
. (4)

Is (4) itself a Riemannian distance? In other words, is there an “average line element” on the
manifold that reproduces (4) for each pair of points? It will be sufficient to show a counterex-
ample in order to give a negative answer to this question.

5 Average distances are non-additive

Consider a superposition of two classical eigenvectors, |Ψ̃〉 = (|Ψ̃1〉 + |Ψ̃2〉)/
√

2 . The system is
one-dimensional and the classical states |Ψ̃1〉 and |Ψ̃2〉 are depicted in the figure below. Only
four observers are picked out in the figure: A, B, C, and D.

C
v

|Ψ̃1〉 |Ψ̃2〉
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To first order in ε,

d(A,B) = d(B,C) = d(A,D) = d(C,D) = π/2 , d(B,D) = π , d(A,C) = π − 2ε . (5)

It is clear from this example that average distances are not Riemannian distances. In particular,
even in one dimension they fail to add up: d(A,B) + d(B,C) 6= d(A,C).

This anomalous behavior, in general, builds up at large separation and is reminiscent of
some IR non-local effect found in double holography 10. On the opposite, in the neighbors of
each observer nothing particularly exotic happens. There is 4 an average metric GIJ such that

d(0, ~X) =
√
GIJ XIXJ + O(X)3 , (6)

where the labels ~X have been used directly as coordinates and one of the two observers has
been located at the origin. Overall, average distances behave like chord distances of embedded
manifolds: they have a standard locally flat limit but fail to be additive at large separation 4.

6 Conclusions

I have tried to study departures from classicality in gravity with the aid of certain auxiliary scalar
fields that serve as a reference frame of “observers”. The expectation values of their mutual
distances are a good diagnostic of the quantum-ness of the state. Most strikingly, average
distances can grow in some non-additive way while maintaining a regular behavior at small
separations. The physical implications of this effect are far from obvious—space-like distances
do not have direct operational meaning anyway. However, if some of this non-additivity leaks
along the time direction, this could have interesting implications e.g. on causality 4 10.

My considerations are purely kinematical in the sense that, from the onset, I consider states
that already deviate from classicality. There is no firm indication, at present, about when and
how a low-energy gravitational system could find itself in such a highly quantum state. However,
it is not difficult to see that the non-additive effect just described is always going to be there, to
some extent. Perhaps it is just negligible in most realistic situations. It would be interesting to
quantify this effect, say, in a Hartle-Hawking state. It would be nice also to extend this study
to four-dimensional spacetime distances, which have more direct operational meaning.
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The primordial structure from Quantum Cosmological bouncing models

Jaime de Cabo Martin
National Centre for Nuclear Research, Pasteura 7, 02-093 Warszawa, Poland

By quantizing the background as well as the perturbations in a simple one fluid cosmological
model, we show that there exists an ambiguity in the choice of relevant variables, potentially
leading to incompatible observational physical predictions. In a classical inflationary back-
ground, the exact same canonical transformations lead to unique predictions, so the ambiguity
we put forward demands a semiclassical background with a sufficiently strong departure from
classical evolution. The latter condition is clearly satisfied by bouncing models. We propose
coherent states as the tool for introducing the semiclassical universe. We solve the quantum
dynamics of the perturbation modes both analytically and numerically and investigate the
amplitude spectra of the perturbations. We study the underlying quantum state, the Bunch-
Davies vacuum, from the point of view of late-time observers by means of the Bogolyubov
transformations. In particular, we study the phase space probability distributions obtained
with the standard coherent states built from instantaneous vacua. We discuss the issue of the
temporal phase shift with which the modes emerge from the bounce as sine waves. Finally, we
find that the model may be fitted to data and shed light on the physical universe, constraining
free parameters of the bouncing universe.

1 Introduction

Observational data from the Cosmic Microwave Background indicates that the Universe has
emerged from its primordial phase furnished with small adiabatic density perturbations with a
nearly scale-invariant amplitude spectrum, providing a direct proof on the large scale (or small
mode) power suppression. The most accepted theoretical explanation to the current observations
is the idea that they seem to be coming from quantum vacuum fluctuations of single scalar field
added to Einstein-Hilbert action, and this is compatible with inflation scenario, that supposes
a phase of exponential accelerating expansion with constant Hubble rate. Moreover, the infla-
tionary paradigm help us to solve some issues of the Big Bang theory, for instance the horizon
or the flatness problem, homogeneity, isotropy, etc. However, there exist some problems that
are not addressed by inflation, specially the so-called singularity problem, and here is where the
motivation for studying the bouncing cosmological solutions arises. We propose the construction
a theory of the primordial universe based on the assumption that it was dominated by quantum
gravity effects, which led the Universe to avoid the initial singularity when quantizing the model.
This would create a physical mechanism to generate the primordial structures and started the
cosmological expansion. In the future, these description will also allow us to construct a theory
that will need a smaller number of primordial symmetries, with new features like anisotropic
evolution. The results presented here represent a summary of the present work in d. C. Mar-
tin et al.1, and an extension included in the forthcoming work Quantum bounce models and the
primordial structure, along with P. Małkiewicz (NCBJ, Warsaw) and P. Peter (IAP, Paris).

The basis for obtaining a quantum cosmological theory is to write General Relativity in
Hamiltonian formulation. It was proven2 that, starting from the usual 3+1 foliation of the GR
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ADM-metric: ds2 = −N2dt2+ qab(dx
a+Nadt)(dxb+N bdt), the scalar physical Hamiltonian for

a FLRW universe filled with one fluid, up to second order in perturbations, is found to read:

H =

∫
NH0

∣∣(0) +∑
k

N

(
κ0

w(w + 1)ap2

6
Π2

k +
3

2(w + 1)

a−3k2V0

κp2
Φ2
k

)
(1)

with κ0 = 8πGN/V0, w representing the kind of fluid, and a, p, our the canonical variables. It
consist in a zeroth-order background which is a first class constraint, and a second order part in
terms of the Dirac observables Φ, Π that are the gauge-invariant scalar perturbation variables.

2 Obtaining the quantum theory

2.1 Classical Solution

Our background variables can be redefined into new variables q, and p in terms of the fluid
Friedmann time τ in order to simplify the Hamiltonian and equations of motion. The pertur-
bation variables can also be redefine in many (classically equivalent) different ways, each one
yielding to a different parametrization of the Hamiltonian. In our work we just considered two of
them: Mukhanov-Sasaki (or Conformal) param. with vk = Zϕk, and Natural (or Fluid) param.
with ϕk = Φk/(V0

√
Z). We can also conveniently redefine our time variable into a conformal

time η, so that we can write the equations of motion in the usual way of the Mukhanov-Sasaki
equation v′′k + (wk2 − (qr)′′/qr)vk = 0 where there are two classically equivalent choices of r:
r1 = (3w − 1)/(3 − 3w) and r2 = 2/(3 − 3w). The background solutions are just straight lines
with constant momentum in the half-plane phase space that terminate or emerge from singularity.
The solution for the perturbations is finite and physically equivalent for both parametrizations
but discontinuous at the singularity η = 0

2.2 Quantization and Semiclassical portrait

We want to quantize both perturbations and background spacetime. For the perturbations
we perform the usual HO quantization process in the same way that is made for inflationary
models. For the background we use a formalism called affine coherent state quantization4, which,
when applied to the selected observables q and p, makes an extra repulsive term naturally
arise, resolving the singularity and being the term responsible for the generation of bouncing
trajectories in the phase space (Fig. 1 in de Cabo Martin et al.1).

After that, assuming the full state vector to be a product of background and perturbation
states without backreaction, we produce a class of semiclassical (or semi-quantum) description
for the background3. We just don’t look for a generic solution of the background but in the
space of coherent states, computing the expectation value of the Hamiltonian inside them, and
generating the dynamics. We end up with two different semiclassical Hamiltonians for each
parametrization, and we will solve the perturbations quantum dynamics within this portrait.

Thus, when we solve the Heisenberg equations of motion of perturbations for each of both
parametrizations, we obtain two Mukhanov-Sasaki equations with two different potential terms
V = (qr),ηη /q

r, for natural param. being r = r1 and for M-S being r = r2. Both potential have
different shape in time close to the bounce and coincide in the classical limit |η| → ∞, meaning
we obtain two inequivalent quantum theories with different predictions for every mode kN/MS

(see Fig. 3 and Fig. 4 in de Cabo Martin et al.1).

3 Amplitude spectrum of curvature perturbations

We want to solve the quantum dynamics of the perturbations, and we do it both numerically
and analytically, in order to compute the amplitude spectrum of the perturbations defined
as: δξ[k, τ(η)] = ℏ

√
V0

|v|k||
2πa k

3/2. In order to do that we need some expressions for the initial

156



conditions coming from the minimisation of the Hamiltonian. The process is similar for both
parametrizations. First we do it numerically, and we obtain its value for a wide discrete set of
modes just after the moment they exit the potential, because we expect its value to get frozen
during its evolution (Fig. 1 left) for a significant fraction of its period after that moment. That
value is what we shall call primordial spectrum, and when we compute it in terms of the dif-
ferent modes (Fig. 1 right) we clearly obtain a different sets of slopes depending on w for each
parametrization, representing two different values of the spectral index: nS = 6w/(3w + 1) for
M-S param. and nS = (3w + 3)/(3w + 1) for natural.

Figure 1 – Left : amplitude spectrum of perturbations evolution in η for a single mode with kN/MS = 10−5, for
three different fluids w. Right : (in logarithmic scale) numerical and analytical primordial power spectrum vs.
kN/MS for both parametrizations and different kind of fluid w.

For the analytical integration we need to take some approximation in order to solve the
complex equations, the one being that we are interested only in very small modes that crossed
the potential far before the bounce when it could be assumed as in its classical limit. Then, we
need match those solutions with the known vacuum ones at the initial crossing potential time.
We compute them at the exit crossing time to obtain the formulas for the primordial spectrum:

δMS
ξ =

√
V0Msωf

2w
3
2

(
qbωf

γ

) −6w
1+3w

∣∣∣∣ 2

3− 3w
C + (w + 1)fD

∣∣∣∣ k 6w
3w+1

MS (2)

δNξ =

√
V0

2πw
3
2

(
qbωf

γ

) −2
1+3w

∣∣∣∣3w + 1

3− 3w
C + 2(w + 1)fD

∣∣∣∣ k 3w+3
3w+1

N (3)

where C,D are normalization constants, f =
√
2(1− 3w)/3(1 − w2) and qB, ω, γ and Ms are

defined in [1]1. We obtain the same ns as from the numerical calculations. It is worthy to mention
that in M-S param. we found the same spectral index that for primordial gravitational waves3.

4 Final quantum state

4.1 Particle distributions

In what follows we study further differences and similarities between the respective final states.
For a fixed mode, we characterize using different approaches. We start using particle distri-
butions. By relating different mode expansions of the perturbation fields v(x, η) with different
creation and annihilation operators â†, â and b̂†, b̂ we can introduce the known Bogolyubov co-
efficients α and β. Via the Bogolyubov transformations we can express the initial Bunch Davies
vacuum of a-particles with respect to the b-particles instantaneous vacuum state that an observer
will see at a later time. Hence, although we start with a state of no a-particles, this same state
ends up containing b-particles with quantas of left and right moving waves forming a standing
wave, yielding to particle production. We can compute the occupation number of the n-particle
state of that wave, as a function of n representing the probability distribution of particles at the
exit crossing time.
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4.2 Phase space representation and temporal phase shift

The next analysis would begin by decomposing the Fourier components of the field in real and
imaginary part, since they describe two modes of the standing wave. The final state of both modes
can be expressed in the standard coherent state representation by action of a this displacement
operator on b-vacuum. We compute the probability distribution for the final state starting from
fixed Bunch-Davies vacuum which underlies evolution in Heisenberg picture (Fig. 2). Once the
system evolves through the bounce, the vacuum gets excited and particles are produced leading
to final squeezed states. The most important result is that the value of the primordial amplitude
is of quantum nature, different for each parametrization and has non-zero uncertainty, but there
is a temporal phase of oscillation with which this amplitude emerges when exiting the potential
which is classical and represented in Fig. 2 by the black arrows.

Figure 2 – Phase space probability distribution for w = 0.28 and k = 10−5. Left: The initial vacuum state.
Center: M-S param. squeezed state at exit crossing time ηc. Right: Natural param. squeezed state at ηc.

This phase shift can be obtained analytically, and it plays the role of making the perturbation
fields behave as sine waves when the gravitational potential vanish and radiation era begins, what
is a very important feature to ensure the constancy of primordial amplitude of the comoving
curvature δRk ∝ sin(

√
wkη)/η ≈

√
wk, as inflation does. It can be also proven that this phase

shift is scale independent for large scales so that all modes emerge more or less coherently.

5 Conclusions

We are able to obtain models of the primordial universe avoiding the singularity problem. Also,
we found that classically equivalent parametrizations lead to two unitarily inequivalent quantum
theories. This dependence on parametrizations is a natural consequence of the non-linearity of
the theory of gravity, which yields to this ambiguity when we perform quantization. Moreover,
we found that these models may be fitted to data of the primordial spectrum, and are able
to explain the constancy of curvature perturbations like inflationary models. Finally, writing
the results (2), (3) in terms of physical parameters δMS

ξ (k∗) ∝ r/
√
K, the data from Planck

observations allow us to set constraints on features like the strength of the bounce K or size ratio
between entire-observable universe r, depending on the kind of fluid w governing the dynamics.
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Cosmology of a new class of massive vector fields

V. Pozsgay
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London, SW7 2AZ, UK

I introduce (Extended) Proca-Nuevo, a non-linear theory of a massive spin-1 field enjoying a
non-linearly realized constraint. I will provide a covariantization scheme that allows for consis-
tent, ghost-free cosmological solutions, describing the correct number of dynamical variables
in the presence of perfect fluid matter. I will finally exhibit explicit hot Big Bang solutions
featuring a late-time self-accelerating epoch, where all the stability and subluminality condi-
tions are satisfied and where gravitational waves behave precisely as in General Relativity.

1 Introduction

Finding the most general theory of a massive vector field can play an important part in the ongo-
ing search for extensions to General Relativity (GR). It was proven in the context of Generalized
Proca (GP) theories 1,2 that a massive vector condensate could behave as Dark Energy (DE).
Here we provide a new and non-equivalent massive vector field theory, dubbed as Proca-Nuevo
(PN) 3 (and its extension, namely Extended Proca-Nuevo (EPN) 4), that provides an interesting
DE model and predicts a self-accelerating branch for a hot Big Bang scenario.

2 Proca-Nuevo and Extended Proca-Nuevo

We start with a vector field Aµ living on flat spacetime with Minkowski metric ηµν . The
construction of PN theory follows the intuition drawn from the helicity decomposition of massive
gravity 5, beginning with the definition

fµν [A] = ηµν + 2
∂(µAν)

Λ2
+
∂µA

ρ∂νAρ
Λ4

, (1)

where Λ is an energy scale that will ultimately control the strength of the vector self-interactions.
Next we introduce the tensor Kµν defined as 6,7

Kµν = X µν − δµν , (2)

with X µν [A] =
(√

η−1f [A]
)µ

ν
, i.e. X µαXαν = ηµαfαν . (3)
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In four dimensions, the PN and EPN theories for the vector field Aµ are then expressed as 3,4

LPN = Λ4
4∑

n=0

αn(X)Ln[K[A]] , LEPN = Λ4
4∑

n=0

αn(X)Ln[K[A]] + Λ4
4∑

n=1

dn(X)
Ln[∂A]

Λ2n
, (4)

where the nth order symmetric polynomial of a matrix M is defined by

Ln[M ] = − 1

(4− n)!
εµ1···µnµn+1···µ4εν1···νnµn+1···µnM

ν1
µ1 · · ·M

νn
µn . (5)

In Eq. 4 the coefficients αn(X) and dn(X) are arbitrary functions of

X = − 1

2Λ2
AµAµ . (6)

Note that the product α0(X)L0 ≡ V (AµAµ) contains the standard potential of the vector field.
In order for the trivial vacuum 〈Aµ〉 = 0 to be a consistent state one should demand that α0

have a non-zero quadratic contribution, i.e. α0 ⊇ −1
2(m2/Λ4)AµAµ.

Null Eigenvector. In PN (and EPN) theory the constraint is realized through a field-dependent
null eigenvector (NEV). Indeed, it was shown that there exists a non-perturbative normalized
time-like NEV V PN

µ of the PN operators satisfying ηµνV PN
µ V PN

ν = −1 and HµνV PN
µ = 0. The

NEV V PN
µ and the Hessian matrix of time derivatives Hµν are given by 3

V PN
µ (Λ) = (X−1)0ν

(
ηµν +

1

Λ2
∂νAµ

)
, Hµν =

∂2LPN

∂Ȧµ∂Ȧν
. (7)

Given that the additional dn(X)Ln[∂A] operators do not affect the Hessian matrix, the NEV of
EPN coincides with that of PN defined above in Eq. 7.

3 Special model without non-minimal couplings

In the present work we focus on a covariantization in which all non-minimal coupling terms
are omitted. The field Aµ lives on a spacetime with metric gµν , ∇ corresponds to covariant
derivatives with respect to that metric, and fµν and Kµν are promoted to covariant operators
by taking ∂ → ∇ and η → g. The “special” model we consider is defined by the action

S =

∫
d4x
√
−g
(
M2

Pl

2
R+ L(cov)

EPN + LM
)
. (8)

Here, R is the curvature scalar, and the covariant EPN Lagrangian reads

L(cov)
EPN = −1

4
FµνFµν + Λ4

(
L(cov)

0 + L(cov)
2 + L(cov)

2 + L(cov)
3

)
, (9)

where

L(cov)
0 = α0(X) , L(cov)

1 = α1(X)L1[K] + d1(X)
L1[∇A]

Λ2
,

L(cov)
2 = α2,X(X)

(
L2[K]− L2[∇A]

Λ4

)
, L(cov)

3 = −1

6
α3,X(X)

(
L3[K]− L3[∇A]

Λ6

)
.

(10)

Finally, we choose LM to be the Schutz-Sorkin perfect fluid matter Lagrangian 8, given by

LM = −ρM (n)− Jµ√
−g
(
∂µl +Ai∂µBi

)
, with n =

√
JµJµ
g

. (11)

Note that the model has no non-minimal couplings between the vector field and the met-
ric. This special model is free of ghost on cosmological backgrounds and this holds here upon
accounting for the dynamical mixing between the gravitational and vector degrees of freedom.

160



3.1 Background

We proceed by deriving the background cosmological equations of motion. We focus on the
FLRW metric

ds2 = −N2(t)dt2 + a2(t)δijdx
idxj , (12)

with the vector field profile
Aµdxµ = −φ(t)dt . (13)

We specify the matter perfect fluid to be a mixture of pressureless matter (Pm = 0) and
radiation (Pr = 1

3ρr), respectively denoted by subscripts “m” and “r”, i.e. ρM = ρm + ρr and
PM = Pm + Pr. This means that the equations of state translate into ρ̇m + 3Hρm = 0 and
ρ̇r + 4Hρr = 0. Next, it is convenient to introduce the density parameters

Ωr ≡
ρr

3M2
PlH

2
, Ωm ≡

ρm
3M2

PlH
2
, ΩEPN ≡

ρEPN

3M2
PlH

2
, (14)

where ρEPN is the effective energy density of the vector condensate, so that the Friedmann
equation reads

Ωr + Ωm + ΩEPN = 1 . (15)

We now specify the parameters of the model by making the following choice:

α0 = −m2

Λ2X , α1 = − Λ4

M4
Pl
b1X

2 − Λ2

M2
Pl
c1X , d1 = − Λ4

M4
Pl
e1X

2 + Λ2

M2
Pl
c1X , (16)

α2,X = Λ4

M4
Pl
b2X

2 + Λ2

M2
Pl
c2X , and α3,X = Λ4

M4
Pl
b3X

2 + Λ2

M2
Pl
c3X , (17)

b1 + e1 = 1
12
√

6
, m2M2

Pl = Λ4 . (18)

We are interested in the time evolution of the density parameters ΩEPN and Ωr (Ωm being
trivially determined from these). Primes denote derivatives with respect to the e-folding number
N = log(a). The autonomous system determining the evolution of ΩEPN and Ωr reads

Ω′EPN =
4ΩEPN(3(1− ΩEPN) + Ωr)

3 + ΩEPN
,

Ω′r = −Ωr (3(1− Ωr) + 13ΩEPN)

3 + ΩEPN
.

(19)

A straightforward analysis shows that this system admits three fixed points corresponding to
radiation domination, matter domination and dark energy domination (de Sitter (dS) fixed
point). There exists a particular solution that qualitatively mimics our universe’s hot Big Bang
phase, starting very close to the radiation point, flowing toward the matter point, and then
asymptotically approaching the dS point, as seen in Fig. 1.

3.2 Perturbations

One can now add perturbations to the metric, the vector field Aµ and the matter content.
The perturbations include tensor, vector and scalar sectors, decoupling from each other at the
quadratic level in the action. It is possible to prove that the tensor sector is identical to the one
of GR. This means that EPN predicts the same gravitational waves as GR.

Turning then to the vector and scalar sector, it is also possible to show that there is one
helicity-1 and one helicity-0 mode that physically propagate. This amounts to the expected
3 degrees of freedom of a healthy non-ghostly massive vector field. Note that there is also a
physical scalar and vector mode in the matter sector.

It is possible to show that for some given choice of coefficients bI , cI and e1, one can get stable
and subluminal perturbations. Explicitly, the kinetic terms are positive (avoiding Ostrogradski
-instabilities), the square velocities are positive (avoiding gradient stabilities) and subluminal,
and the mass terms are positive (avoiding tachyonic instabilities).
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Figure 1 – (left) Phase portrait of the autonomous system Eq. 19. The red trajectory is a particular solution
resembling the hot Big Bang phase of our universe with epochs of radiation (orange dot), matter (green) and
dark energy (blue) domination. (right) Evolution of the density parameters as functions of redshift, with initial
conditions chosen such that ΩEPN = 0.68 and Ωr = 10−4 at z = 0. Taken from 4.

4 Conclusions

We have proven that EPN is ghost-free on a flat background. We have then provided a con-
sistent covariantization scheme for cosmological backgrounds. The background equations of
motion can be solved to find that EPN dynamically coupled to gravity predicts a universe with
three distinct domination era : radiation, matter, and finally dark energy. This is qualitatively
in agreement with the observations. Furthermore, EPN provides a hot big-bang scenario with
a self-accelerating branch, i.e. the acceleration is driven by the vector condensate and not a
cosmological constant. Finally, all perturbations can be made stable and subluminal, giving a
well-behaved and ghost-free theory on cosmological backgrounds, even at the level of perturba-
tions. In particular, we predict gravitational waves to be exactly luminal, as in GR, which is in
agreement with tight experimental bounds placed on their speed of propagation.
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Searching for axion dark matter with the south pole telescope

K. R. Ferguson, On Behalf Of The SPT-3G Collaboration
Department of Physics and Astronomy, University of California, Los Angeles,

475 Portola Plaza, Los Angeles, CA, 90095-1547, USA

Axion-photon coupling induces a polarization rotation in linearly polarized photons traveling
through an axion field; thus, as the local axion dark matter field oscillates in time, distant static
polarized sources will appear to oscillate with a frequency proportional to the axion mass mϕ.
We use observations of the cosmic microwave background from SPT-3G, the current receiver
on the South Pole Telescope, to set upper limits on the value of the axion-photon coupling
constant gϕγ over the approximate mass range 10−22−10−19 eV. For periods between 1 and 100
days (4.7× 10−22 eV ≤ mϕ ≤ 4.7× 10−20 eV), where the limit is approximately constant, we
set a median 95% C.L. upper limit on the amplitude of on-sky polarization rotation of 0.071
deg. Assuming that dark matter comprises a single ALP species with a local dark matter

density of 0.3 GeV/cm3, this corresponds to gϕγ < 1.18 × 10−12 GeV−1 ×
(

mϕ

1.0×10−21 eV

)
.

These new limits represent an improvement over the previous strongest limits set using the
same effect by a factor of ∼3.8.

1 Introduction

Astrophysical and laboratory observations have provided strong evidence for the existence of
non-baryonic dark matter 1. In particular, axions and axion-like particles make promising dark
matter candidates 2; ultralight axions are especially interesting due to their potential to resolve
long-standing discrepancies between observations and predictions of the standard cosmological
model ΛCDM on small scales 3.

Fedderke et al. 4[hereafter F19] proposed using the cosmic microwave background (CMB)
as a source with which to carry out an axion search. The effect relevant to this work is the
AC oscillation effect, in which the oscillation of the local axion dark matter field induces a
time-dependent birefringence effect, causing the polarization angle of CMB photons to oscillate
in time with a frequency proportional to the axion mass mϕ. Because the coherence length of
the local axion field is so large at the masses under consideration, this oscillation is coherent
over long periods of time. Additionally, because the measured rotation is set by the local value
of the axion field, the oscillation appears in-phase across the entire sky. CMB experiments can
measure the amount of polarization rotation as a function of time, directly measuring the effect
of the dark matter. The BICEP/Keck collaboration has recently published results of searches
for this AC oscillation effect, demonstrating its viability as a search technique 5[hereafter BK22].
We perform a similar search using SPT-3G, the current camera installed on the South Pole
Telescope (SPT).

2 Instrument and Dataset

The SPT is a 10-meter millimeter-wavelength telescope located at the Amundsen-Scott South
Pole Station in Antarctica 6. The current camera installed on the telescope is SPT-3G. It is
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Figure 1 – (left) Timeseries of polarization rotation angles measured for both the 95 and 150 GHz bands. The
gaps where there are no angles for a short period correspond with telescope downtime due to unscheduled drive
maintenance. (right) Histograms of x = ρ̂/σρ̂ for both observing bands. In both cases, this quantity is consistent
with a unit Gaussian, plotted as a solid black line.

designed to observe the CMB in three bands, centered at approximately 95, 150, and 220 GHz,
with an angular resolution of approximately 1.2 arcminutes at 150 GHz. SPT-3G observes a
∼1500 deg2 patch of the southern sky many times a day over an ongoing multi-year survey. For
the work presented here, we use data from SPT-3G’s 2019 observing season. Specifically, we use
only the 95 and 150 GHz bands, as they have the highest CMB sensitivity.

3 Methods and Results

The analysis proceeds in three main steps. First, maps of each observation are created by
filtering the time-ordered data and binning the samples into map pixels.

Second, for each map, we calculate a polarization rotation angle and uncertainty. This is
done by assuming a small-angle rotation and taking as our model

Qm
i (ρ) = Q0,i − ρU0,i

Um
i (ρ) = U0,i + ρQ0,i,

(1)

where Q and U are the Stokes parameters, the “m” superscript denotes model, the 0 subscript
denotes the Q and U fields that would be measured in the limit where the axion-photon coupling
constant gϕγ = 0 (we do not know the true CMB fields Q0 and U0, so we use the full-season
coadded and filtered Q and U maps as estimates), i represents the index of an individual map
pixel (since the rotation is the same across the entire map), and ρ is the polarization rotation
angle induced by the axiona. By assuming this model, we can construct the map-space quantity

χ2 (ρ) =
∑
pq,ij

(
Ppi − Pm

pi (ρ)
) (

C−1
)
pq,ij

(
Pqj − Pm

qj (ρ)
)
, (2)

where Ppi represents the observed Q and U maps at pixel i (i.e. p ∈ {Q,U} with PQi = Qi

and PUi = Ui), P
m
pi represents the model expectation for Stokes parameter p at pixel i (given by

Eqn. 1), and Cpq,ij is the map-domain covariance between all pixels and Q and U maps. The
best-fit rotation angle ρ̂ is determined by minimizing the χ2 with respect to ρ. Uncertainties
are determined by calculating ρ̂ for 1000 noise maps per observation and taking the standard
deviation of the resulting distribution. The timeseries for our data are shown in Fig. 1.

aThe true on-sky rotation angle ρsky is related to the Q/U rotation angle by a factor of 2: ρsky = ρ/2.
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Figure 2 – 95% C.L. upper limits on Q/U rotation angle as a function of oscillation frequency (solid black line),
along with simulated background-only median behavior (red) and 1σ (green) and 2σ (yellow) regions. Due to
the large number of frequency bins, we expect some limits in excess of the 2σ background contour; this does not
necessarily constitute evidence for a sinusoidal polarization rotation.

Lastly, we search for a periodic signal in this timeseries. We consider frequencies spaced
5×10−4 inverse-days apart between 0.01 and 2.00 inverse-days (or, in terms of oscillation period,
between 12 hours and 100 days). In each frequency bin, we calculate a Bayesian 95% C.L. upper
limit on the amplitude of rotation. These limits, along with expected background-only contours,
are shown in Fig. 2. The median expected limit is nearly constant as a function of frequency,
but degrades slightly at higher frequencies due to a changing rotation angle over the course of
the ∼2-hour observation. Below 1.00 inverse-days, where the effect of averaging is negligible
(that is, ≲ 1%), we set a median limit of Ã < 0.142 deg, corresponding to Asky < 0.071 deg.

Although the 95% C.L. data limit in Fig. 2 exceeds the 2σ background contour in a number
of frequency bins, this is not necessarily evidence of a time-varying birefringence signal due to
the large number of frequency bins under consideration. In fact, when we test for detection
of such a signal, we find that the data are consistent with the background-only model with a
p-value of 0.48.

Following the method in F19, we can convert the upper limit on rotation amplitude into
an upper limit on the axion-photon coupling constant gϕγ . If we assume that the local dark
matter density is 0.3 GeV/cm3 and that axions comprise the full fraction of the dark matter,
this translates to

gϕγ < 1.18× 10−12 GeV−1 ×
(

mϕ

1.0× 10−21 eV

)
, (3)

where we have used our approximately-constant limit for frequencies below 1.00 inverse-days.

This limit on gϕγ is shown for our results, along with other relevant limits in this region of
parameter space, in Fig. 3. With a single year of data, SPT-3G sets the strongest limit yet
using the AC oscillation effect, approximately 3.8 (3.4) times stronger than BK22 for the flat
(complete) region. At some masses this work sets the strongest limit of any CMB analysis yet,
surpassing the washout limit set with Planck polarization power spectra 4.
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Search for Black Holes in the Galactic Halo by Gravitational Microlensing a
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We combined light curves from the EROS-2 and MACHO surveys to the Large Magellanic
Cloud (LMC) to create a joint database for 14.1 million stars, covering a total duration of
10.6 years, with fluxes measured through 4 wide band filters. We searched for multi-year
microlensing events in this catalog of extended light curves, complemented by 24.1 million
light curves observed by only one of the surveys. Our analysis shows that compact objects
with mass between 10−6 and 200M� can not constitute more than ∼ 20% of the total mass of
a standard halo (at 95% CL). We also exclude that ∼ 50% of the halo is made of Black Holes
(BH) lighter than 1000M�.

1 Introduction: microlensing toward LMC

When a point object (lens) of mass ML located at distance DL from an observer passes close
enough to the line of sight of a point source at distance DLMC = 49.5 kpc, the luminosity of
the source appears to be temporarily magnified by a time-dependent factor A(t) according to1:

A(t) =
u(t)2 + 2

u(t)
√
u(t)2 + 4

, whereu(t) =
√
u20 + (t− t0)2/t2E (1)

is the distance of the lens to the line of sight divided by the Einstein radius rE,

rE=

√
4GML

c2
DLMCx(1−x)'10.0AU×

[
ML

M�

] 1
2 [x(1−x)]

1
2

0.5
. (2)

G is the Newtonian gravitational constant, M� is the mass of the Sun, and x = DL/DLMC . t0 is
the instant of the minimal approach u0. If the lens has a constant relative transverse velocity vT ,
tE = rE/vT is the Einstein radius crossing time. Assuming that the Milky Way dark matter halo
is isotropic and isothermal2 (S-model), and using its most recents parameters3, the optical depth

aThis paper uses public domain data obtained by the MACHO Project, jointly funded by the US Department
of Energy through the University of California, Lawrence Livermore National Laboratory under contract No. W-
7405-Eng-48, by the National Science Foundation through the Center for Particle Astrophysics of the University of
California under cooperative agreement AST-8809616, and by the Mount Stromlo and Siding Spring Observatory,
part of the Australian National University.
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to the LMC is τ ∼ 4.7 × 10−7. If all lenses have the same mass ML, then the mean duration
of the events is 〈tE〉 ∼ 63 days×

√
ML/M�. Past microlensing searches to the LMC have shown

that objects with masses 10−6 < ML < 10M� do not contribute significantly to the hidden
mass of the Milky Way’s spherical halo4,5,6, but the analysis of these surveys was insensitive to
heavier objects such as those responsible for gravitational wave emissions. To explore the dark
matter halo beyond 10M� by searching for longer duration events7 (several years), we combined
the EROS-2 and MACHO databases8,3, which were acquired during different periods.

2 Combining EROS-2 and MACHO data

The EROS-2 (MACHO) survey setup, consisting of a 1.0m (1.27m) telescope and two cameras
with 8 (4) CCD of 2Kx2K pixels each, monitored 88 (82) fields of 1. (◦)2 (0.5 (◦)2) towards
the LMC (see Table 1). The MACHO light-curves and images are publicly availableb 9, and the
EROS-2 catalog for LMC was produced for the final EROS LMC publication4. After astrometric
corrections using the GAIA EDR3 catalog10, we could associate the objects of the two surveys,
with a precision of better than 0.1 arcsec.

Table 1: Statistics of the MACHO and EROS-2 surveys. Survey durations, number of monitored objects, median
stellar densities, approximate limiting magnitudes, median numbers of flux measurements per object after cleaning.

EROS-2 only MACHO only common

Dates (month/yr) 7/96-2/03 7/92-1/00 7/92-2/03
Tobs (year) 6.7 7.7 10.6
Nobjects(×106) 15.8 6.9 14.1

central fields (◦)2 ∼ 10 ∼ 10 ∼ 10
stars/arcmin2 ∼ 70 ∼ 100 ∼ 70
mag. lim. VCousins ∼ 20.5 ∼ 20.5 ∼ 20.5
# measurements B 500 1400 1900
# measurements R 600 1550 2150

outer fields (◦)2 ∼ 77 ∼ 39 ∼ 39
stars/arcmin2 ∼ 30 ∼ 20 ∼ 20
mag. lim. VCousins ∼ 22.5 ∼ 21.5 ∼ 21.5
# measurements B 250 200 450
# measurements R 300 250 550

3 Event selection

14.1×106 objects benefit from 10.6 years of luminosity measurements, of which 3.8 years overlap,
with photometric series corresponding to the 4 passbands (2 per survey). 22.7 × 106 objects,
monitored by only one survey, were also included in our search, although they are monitored
for shorter times. We first eliminated measurements associated with the remaining problematic
images (blurred or with a guiding or readout defect), and poor measurements due to instrumental
effects. We then renormalized the photometric uncertainties of EROS-2 and MACHO for each
light curve so that the time-averaged normalized uncertainties correspond to the point-to-point
flux dispersions along the curve. We performed a discriminant analysis on the 36.8 × 106 light
curves, based on comparing the fit of a microlensing event with that of a constant light curve.
We then require that light curves with a good microlensing fit have their maximum brightness
between [tstart + 200 days, tend], where tstart and tend are the instants of the start and end of the
measurements, and that 100 days< tE < (tend−tstart)/2. These latter criteria reject most short-
lived eruptive events and in particular supernovae. We eliminate so-called ”blue bumpers”, Be

bhttps://macho.nci.org.au/
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Figure 1 – Detection efficiency: Full (dotted) lines show efficiencies taking (on not) into account blending effects.
Grey lines show efficiencies of the analysis adding the constraint tE > 200 days. Grey histograms (not normalized)
are the expected tE distributions for a halo made of 10, 100, and 1000M� compact objects (from left to right).

class stars that sometimes show asymmetric bumps, by making a stricter selection in their color-
magnitude diagram (CMD) region. After this preselection, we reject three types of objects that
show variabilities that can be confused with long-lasting microlensing effects: Objects outside
the region of the CMD containing 99% of the stars, more likely to show variability; echoes from
SN1987A; and variable objects identified in external catalogs. Only two microlensing candidates
satisfy the whole selection process. Following a detailed examination, one of them is probably
a type II-L or II-P supernovae, and the other shows hints of variability outside the main event.
However, we cannot formally exclude these candidates without external data or stricter selection,
so we conservatively keep them in our calculation of limits on the macho content of the Halo.

4 Detection efficiency, expected rate, and limits on heavy objects in the halo

The efficiency, ε(tE) (Fig. 1), defined as the ratio of the number of events that satisfy our
selection to the number of events with u0 < 1 and t0 within the observation period, was computed
by subjecting simulated events to our selection procedure. To be realistic, the simulations were
produced by superimposing simulated microlensing events on the light curves of a representative
random subsample of the observed objects. We took into account “blending” by assigning a set of
stars to each object in a way that is consistent with the observed density of LMC stars in Hubble
Space Telescope (HST) images. We also estimated that blending from undetected binarity on
HST images has a negligible impact on the evaluation of the efficiency. We finally subtract from
our catalog the contamination by Galactic stars, estimated to be less than 5% by counting stars
in the GAIA catalog10 in adjacent fields, and we consider that 10% of microlensing events may
escape detection due to lens binarity4,6. The top panel of Figure 2 shows, as a function of M ,
the expected number of detected microlensing events for the halo S-model, assuming it consists
entirely of M mass deflectors, using the efficiency shown in Fig. 1 for the simulation with
blending. For any lens mass distribution, the expected number of events is simply calculated by
integrating the Nexp(ML) curve, weighted by the mass distribution in question. We perform a
Bayesian analysis taking into account the expected Ns ∼ 0.64 disk and self-lensing events with
tE > 100 days. The excluded halo fraction with 95% CL, f(ML), as a function of the deflector
mass is shown in the lower panel of Fig. 2 by the red curve. We tested the robustness of this
result by restricting ourselves to events with tE > 200 days. By doing so, Ns becomes negligible
(< 0.05 event) and no candidates are retained. The resulting exclusion limit, shown as the black
curve, is weaker at the lower mass end, but unchanged on the high mass side.

5 Conclusions and perspectives

We conclude that BHs with masses up to a thousand solar masses, similar to the ones observed
by LIGO and VIRGO as binary BH mergers, do not make up a major fraction of the Milky
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Figure 2 – Top : Number of expected events from the halo S-model as a function of the mass M of the lensing ob-
jects : blue (green) line, from objects monitored only by MACHO (EROS-2); orange line, from objects monitored
by both surveys; full red line shows the total; black line shows the total adding the constraint tE > 200 days in
the analysis. Bottom: 95% CL upper limits on the fraction f = τLMC/4.7 × 10−7 of the halo mass in the form
of compact objects. Limits obtained in this analysis are shown in red, and in black if we require tE > 200 days.
The grey curves correspond to the latest limits published by MACHO, EROS-2 and OGLE-III.

Way dark matter, at least if assumed to be distributed as a standard spherical halo. Such BHs
are more likely to be found in structures following the visible mass distribution, and could be
searched for through microlensing toward the Galactic bulge and spiral arms, in the long tE tail
of event duration distribution, extending the previous searches and analysis11,12,13.
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C.P. 225, B-1050 Brussels, Belgium
⋆Laboratoire Univers & Particules de Montpellier (LUPM), CNRS & Université de Montpellier
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Analyzing Fermi-LAT data and/or using numerical simulations, several studies have investi-
gated the possibility that among the 1525 unassociated point sources identified by the col-
laboration (4FGL catalog), some of them be DM subhalos of the Milky Way. I present a
new statistical analysis for the detectability of DM substructures as point-like sources with
a semi-analytical and dynamically constrained subhalo population model. This approach not
only allows to consistently and analytically compute the detection probability of point-like
subhalos but also gives valuable information on the most visible ones (e.g., on their position)
and can be used to make predictions for the next generation of telescopes, like CTA.

1 Introduction

Cold dark matter (DM) forms structures on scales much smaller than the size of typical galaxies
and this clustering translates into a very large population of subhalos in the Milky Way (MW).
Interestingly, the Fermi-LAT collaboration has found a total of 1525 unidentified γ-ray point
sources in their 4FGL catalog 1. Even though most of these sources are expected to be of
extragalactic origin, in a scenario of self-annihilating DM, some may also correspond to subhalos.
One can then search for specific DM signatures in the data or predict the number of detectable
subhalos from the extrapolation of cosmological simulation results. However, this latter approach
relies on simulated MW-like objects, with features that can differ from the real MW. In addition,
the cosmological simulations do not probe the smallest DM clumps (with a mass that can
reach 10−12 M⊙). To avoid these shortcomings, we use a semi-analytical model for the subhalo
population 2 – hereafter referred to as SL17 a, built on mass distributions for DM and baryons
constrained by observation 5. We use the same mass distribution of baryons to model the diffuse
γ-ray foreground/background – hereafter indistinguishably called background – and to evaluate

aComplementary works have also used analytical models with Monte Carlo simulations 3,4
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the impact of baryonic tidal stripping on the subhalo population. Hence, we account for implicit
spatial correlations between subhalo properties and the background. The goal is to determine an
order of magnitude for the number of detectable point-like subhalos in that model. We further
check if we could detect these subhalos before the diffuse DM emission around the Galactic
center (GC). We perform our analysis for Fermi-LAT-like 6 and CTA-like instruments.

In Sect. 2, we introduce the subhalo model and evaluate the subsequent γ-ray emission from
DM point-like subhalos. In Sect. 3, we detail our model for the γ-ray background and our
statistical analysis. Eventually, in Sect. 4, we present our main results and conclusions.

2 Subhalo population and γ rays from DM annihilation

In the SL17 model, subhalos populating the host DM halo of the MW are fully characterized
by three quantities, their cosmological virial mass m, their concentration c (or, equivalently,
their scale density ρs and scale radius rs) and their position R⃗ from the GC. We start from a
cosmological distribution of their number density,

∂2n

∂m∂c

∣∣∣∣∣
cosmo

= Ncosmo pm(m)pc(c |m)pR⃗(R⃗) , (1)

where we have introduced cosmological distribution functions for m, c and R⃗ on the right hand
side. The total cosmological number of subhalos, Ninit, is calibrated on DM-only simulations.
See the SL17 paper 2 for more details.

Subhalos are further impacted by dynamical stripping in the MW, in particular, due to the
presence of baryons. They lose mass and shrink over time. We call rt(m, c, R⃗) and m⋆

t (m, c, R⃗)
the current tidal/physical extension and mass of a halo with original mass m and concentration
c. They are computed by combining the effect of smooth tidal stripping and shocking from the
baryonic disc. In the end, we can evaluate the current distribution as

∂2n

∂mt∂c

∣∣∣∣∣
final

=

∫
∂2n

∂m∂c

∣∣∣∣∣
cosmo

Θ

(
rt(m, c, R⃗)

rs(m, c, R⃗)
− ϵt

)
δ
(
mt −m⋆

t (m, c, R⃗)
)

dm. (2)

The constant ϵt encodes the capacity of subhalos to resist tidal disruption (which can happen
if they become too small). For our analysis we choose ϵt = 10−2, i.e. highly resilient subha-
los which must be pruned to their very center to be disrupted, in agreement with recent results7.

The γ-ray flux from Majorana DM annihilation can be written under the form〈
d2ϕγ,χ(E)

dEdΩ

〉
P

=
⟨σv⟩
2mχ

dNγ

dE

{
J(P) ≡ 1

4π

∫
q̂∈P

d2Ωq̂

∫
ds ρ2χ(s, q̂)

}
, (3)

where ⟨σv⟩ is the velocity averaged cross-section, mχ the DM mass and dNγ/dE the emitted
photon spectrum. In the bracket, we introduce the J-factor. It is the integral over every line-
of-sight in the sky patch P – with solid angle element d2Ωq̂ in direction q̂. We write ρχ(s, q̂)
the DM density at a distance s from Earth along q̂. We denote by Jsub the J-factor for a single
subhalo and by Jdiff. that for the diffuse emission of the smooth DM distribution and unresolved
subhalos. The latter provides a source of background for the detection of point sources. The
average number of point-like subhalos with a J-factor above the threshold J in the patch P is

Npt
> (J,P) =

∫
q̂∈P

d2Ωq̂

∫
pt

∂2n

∂mt∂c

∣∣∣∣∣
final.

Θ(Jsub(mt, c, s) − J)s2dmtdcds , (4)

where the second integral only includes point-like structures – i.e., those with an apparent
angular size smaller than the angular resolution of the instrument θr. If we know Jmin, the
sensitivity of a telescope to point sources in terms of J-factor, the average number of detectable
point-like subhalos in the patch P is then simply Npt

> (Jmin,P). Therefore, the goal of the next
section is to determine the value of Jmin for Fermi-LAT-like and CTA-like instruments.
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3 Background and Likelihood analysis

In this section, we first detail our treatment of the baryonic γ-ray background. Instead of
performing a full data analysis, we build a simple but sufficiently accurate model for our needs.
We include (i) an isotropic extragalactic component which we calibrate on Fermi-LAT data, (ii)
a galactic diffuse emission background from π meson decay, with a spectrum also calibrated on
Fermi-LAT data but with a spatial dependence relying on a model for the hydrogen distribution
in the MW (the same one used to compute tidal stripping of subhalos by disc shocking), (iii)
an isotropic cosmic-ray component 8. The latter matters for CTA-like instruments that are not
able to perfectly distinguish some cosmic-ray events from γ-ray ones.

We can then evaluate a constraint on ⟨σv⟩ from the diffuse emission and the sensitivity to
point sources, Jmin. Consider patches/bins of the sky, Pi, observed over a time T (Pi). We divide
the energy range into bins of width ∆Ej . From the background model, we can evaluate a mock
number of photon counts in each bin:

µij [⟨σv⟩ , ηk, Ji] = ∆EjT (Pi)

{
⟨σv⟩Mj(Jdiff(∆Ej ,Pi) + Ji) +

∑
k

ηkR
k
diff(∆Ej ,Pi)

}
. (5)

Here, Ji is the contribution of a possible point source in Pi and Mj encodes the photon spectrum
produced by DM as well as the collection area of the instrument in ∆Ej . The parameters ηk
modulate the levels of the different baryonic emission rates Rk

diff . The index k runs over the
diffuse cosmic-ray, galactic, and isotropic background. Afterwards, we perform a Monte Carlo
analysis. In each bin, we draw a mock number of photons from a Poisson distribution with mean
µij (making sure that it is compatible with photon counts obtained in Fermi-LAT analyses). We
process the mock data using the Likelihood-ratio method and the Likelihood 8

L[⟨σv⟩ , ηk, Ji, αij ] =
∏
ij

 (αijµij)
nij√

2πσ2
αnij !

e
−αijµij−

(αij−1)2

2σ2
α

∏
k

 1√
2πσ2

ηk

e
− (ηk−η̄k)2

2σ2
ηk

 . (6)

This form accounts for systematic uncertainties with the parameters αij . The values of σα and
σηk are adjusted to match with results from real data analyses. Conveniently, the maximization
of the Likelihood can be achieved with a Newton-Raphson algorithm. The ⟨σv⟩ constraint is
set at 3σ with sky patches around the GC. To determine Jmin in a given direction of the sky we
assume a point source in a central bin and the usual background in surrounding patches. The
value is then set with a test statistic of 25.

4 Discussion and conclusion

In the left panel of Fig. 1, we show the value of Jmin obtained for Fermi-LAT-like instruments
after T years of observation, at 20◦ above the GC. We assume an NFW profile for the MW host
halo and a 100 GeV DM particle that annihilates through the τ+τ− channel. The green (resp.
red) curves assume a detection of the DM diffuse emission at T = 10 (resp. 20) years, which fixes
the value of ⟨σv⟩. For the blue curves we assume that the DM diffuse emission is never detected
and we set, for all T , the annihilation cross-section to its upper limit ⟨σv⟩ = ⟨σv⟩max (T ).
At large observation time Jmin ∝ 1/(⟨σv⟩

√
T ) and ⟨σv⟩max ∝ 1/

√
T (neglecting systematic

uncertainties). Therefore, both time factors cancel out in the blue curve, which translates into
an asymptote. The solid lines correspond to the true likelihood analysis and the dashed lines to
a simple model that we have derived to better understand the aforementioned scaling relations.
Plugging the value of Jmin in Eq. (4), assuming no detection of the DM diffuse emission, we find
at most O(1) point-like subhalos detectable in the entire sky, after 20 years of observation, with
Fermi-LAT-like instruments. The numbers are slightly higher for a cored DM profile of the MW
host halo because of a weaker constraint on ⟨σv⟩.
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Figure 1 – Left panel: Sensitivity to point sources in terms of the J-factor vs. observation time, for a Fermi-
LAT-like telescope. Right panel: Constraints on the DM annihilation cross-section, set with a CTA-like telescope,
from the DM diffuse emission around the GC compared to that from the non detection of subhalos as point-like
sources at 25◦ from the GC. We consider a NFW and a cored host DM halo. The resolution angles are assumed
constants and fixed to θr = 0.1◦ for Fermi-LAT-like instruments and to θr = 0.01◦ for CTA-like instruments.

In the right panel of Fig. 1, we present the CTA-like constraint on ⟨σv⟩, after 500 hr of
observation, obtained from the DM diffuse emission (dashed curve) and assuming no subhalos
are detected (solid). We consider two annihilation channels, τ+τ− (blue) and bb̄ (red). For the
diffuse search, we point around the GC. For the subhalo search, we point at 25◦ from the GC,
in a patch with the size of the field of view of the instrument (∼ 0.024 sr). The shaded region
shows the statistical uncertainty on the subhalo count. The constraint from the subhalos is
always weaker by several orders of magnitude. Therefore, in this configuration, we would need
to have detected the diffuse emission to also detect point-like subhalos.

Nonetheless, we have put in evidence that the best sources for a detection (both with Fermi-
LAT-like and CTA-like instruments) are within 40◦ around the GC. They are originally large
subhalos (from 103 to 108 M⊙ depending on the resolution angle), which have been tidally
stripped, sufficiently to become point-like but not enough to be disrupted.
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We study a minimal model for light scalar dark matter (DM) which requires a light scalar
mediator to address the core-cusp problem as well as interact with the standard model. We
focus on the Breit-Wigner resonance for the DM annihilation and self-scattering channels. The
parameter space can be constraned by astrophysical observations such as CMB and indirect
searches, as well as from terrestrial experiments probing rare decay of mesons and low-mass
direct detection of dark matter. A systematic analysis of the model is done involving the
relevant latest and future constraints.

1 Context

Singlet scalar is the simplest of the Beyond the Standard Model extensions. When it behaves as
a dark matter (DM) candidate, there is only Higgs portal for it to interact with the Standard
Model. In such a DM model, all other mass region is excluded by direct detection except for
the Higgs resonance at mS ∼ 62.5 GeV1. In this study, we consider a much lighter scalar DM
and shed light on the Breit-Wigner resonance region facilitated by a lighter Higgs-like scalar
mediator interacting with the scalar DM.

2 Features

Model: We have two new scalars in our theory apart from the SM: (1) a Z2 odd real singlet
scalar DM, χ which acts as DM; and (2) another charge neutral scalar which mixes with the SM
Higgs boson to give rise to the physical mass eigenstates, h and ϕ. a

Decay of the mediator particle: The mediator particle behaves like a light SM Higgs boson,
as it interacts with SM particles through the mixing between H and the new scalar. Its partial

aOnly the interaction terms significant for phenomenology are discussed here. For complete Lagrangian, one
may refer to the full text of the paper 2.
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decay width into SM particles is given by

Γ (ϕ → SMs) = sin2 θ Γ(hSM → SMs)|m2
hSM

→m2
ϕ
,

with hSM being the SM Higgs boson and sin θ the mixing angle.

Dark matter annihilation into SM particles: When we focus on the so-called resonance
parameter region, i.e., the region satisfying mχ ∼ mϕ/2, the annihilation cross-section of the
DM into the SM final state ‘fSM’ is given by3

σv (χχ → fSM) ≃
2C2

ϕχχ√
s

[Γ (ϕ → fSM)]m2
ϕ→s

(s−m2
ϕ)

2 + sΓ2
ϕ(s)

≃
32C2

ϕχχ

m5
ϕ

[Γ (ϕ → fSM)]m2
ϕ→s

(v2 − v2R)
2 + 16Γ2

ϕ(s)/m
2
ϕ

,

Γϕ(s) ≡ [Γ (ϕ → χχ) +
∑
fSM

Γ (ϕ → fSM)]m2
ϕ→s,

where Cϕχχ is the trilinear ϕχχ coupling, v2R ≡ 4(mϕ/mχ − 2), i.e. mχ = (mϕ/2)/(1 + v2R/8),
and the center of mass energy is s ≃ m2

χ (4 + v2) = m2
ϕ(1 + v2/4)/(1 + v2R/8)

2 in the non-
relativistic limit of DM. Also, the velocity average of the annihilation cross-section (times the
relative velocity ‘v’) is

⟨σv (χχ → fSM)⟩v0 ≃
∫ ∞

0
dv σv (χχ → fSM) f(v, v0), f(v, v0) ≃

4v2e−v2/v20
√
πv30

,

where the velocity distribution function for the DM particle f(v, v0) is normalized to be one, i.e.∫∞
0 dvf(v, v0) = 1, so that the averaged velocity and the velocity dispersion of the DM particle
are given by ⟨v⟩ = 2v0/

√
π and ⟨v2⟩ = 3v20/2, respectively.

Dark matter self-scattering In this model, apart from the χ quartic self-interaction, we
also have the s-channel self-interaction diagram mediated by ϕ and the SM Higgs. DM self-
scattering cross-section around the resonance region, i.e, mχ ≃ mϕ/2 can introduce the velocity
dependence, which can explain the small-scale structure problem. More specifically, we address
the core-cusp problem, which denotes the mismatch between the result of N-body simulations
with a collision-less DM which predicts a cuspy DM profile at the galactic center, and that of
astrophysical observations which indicate shallower profiles. The cross-section of the scattering
in the N.R limit of the DM particles is then estimated as4

σ(χχ→χχ)=
1

32πs

∣∣∣∣∣λχ+
C2
ϕχχ

s−m2
ϕ+i

√
sΓϕ

+
C2
hχχ

s−m2
h

+
2C2

ϕχχ

t−m2
ϕ

+
2C2

hχχ

t−m2
h

∣∣∣∣∣
2

≃σ0+
1

2πm6
ϕ

C4
ϕχχ

(v2−v2R)
2+16

Γ2
ϕ

m2
ϕ

.

Here, we assume mϕ ≪ mh, v ≪ 1, to obtain the last equation with σ0 ≡ (λχ − 2C2
ϕχχ/m

2
ϕ −

3C2
hχχ/m

2
h)

2/(32πm2
ϕ). λχ and Chχχ are the quartic term denoting χ self-interaction and the

hχχ trilinear coupling respectively.

3 Analysis

Parameters: To define the model, it is convenient to use the following set of model parameters:
vR, Chχχ, σ0, γϕ, Cϕϕχχ, sin θ, Cϕϕh, mϕ, Cϕϕϕ, Cϕϕϕϕ. We use vR ≡ 2 (mϕ/mχ − 2)1/2 as an
input parameter instead of mχ, because we focus on the resonance parameter region, mχ ∼
mϕ/2. On the other hand, the coupling between χ and ϕ plays the most important role in the
phenomenology of the light scalar DM, and we use the parameter γϕ = (Cϕχχ/mϕ)

2/(64π) as
an input parameter. Moreover, we take the mass of the mediator particle and the mixing, mϕ
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Figure 1 – The velocity-dependence of the
self-scattering cross-section (times the rela-
tive velocity) predicted by the scalar dark
matter: The prediction using the parame-
ter set, (vR, σ0/mϕ, γϕ, mϕ) = (110 km/s,
0.06 cm2/g, 10−7.9, 3.3GeV) is shown by a
green solid line, while that using the set,
(5035 km/s, 0, 10−1.1, 32GeV), is shown by
a brown dashed line. The data obtained by
kinematical observation is given by black dots
with error bars 5.

and sin θ as input parameters. Finally, we use σ0, Chχχ, and Cϕϕh as input parameters for their
important roles in the DM self-scattering, the direct DM detection, and the Higgs decay into a
mediator pair. Physical quantities relevant to our discussion depend on these seven parameters
discussed here.

Condition from the core-cusp problem: We impose the condition that the model param-
eter set should give the self-scattering cross-section that is consistent with the data. In our
likelihood analysis, this condition favors the following two model parameter regions of the scalar
DM when the total decay width of the mediator particle is governed by the invisible decay into a
DM pair. The first one is the parameter region with the mediator mass of mϕ ≈ O(10)GeV. On
the other hand, when mϕ ≲ 10 GeV, the self-scattering condition requires a narrow resonance,
i.e., a small γϕ. In Fig. 1, the velocity dependence of the self-scattering cross-section is shown
in comparison with the data.

Condition from the thermal relic abundance: We assume that the DM abundance ob-
served today is obtained by the freeze-out mechanism of the scalar DM in the standard thermal
history. Since the annihilation cross-section of DM is enhanced by the s-channel resonance, the
mixing angle sin θ is generally required to be very much suppressed to explain the observed relic.

By imposing the condition of the thermal relic abundance (and the condition of the self-
scattering), our likelihood analysis implies that the parameter region with the mediator mass
below twice the muon mass, 2mµ, is excluded.

Constraint from CMB: The CMB observation gives a severe constraint on the annihilation
cross section of light thermal DM candidates because such annihilations could inject electro-
magnetically interacting particles into the primordial plasma in the early universe, which would
increase the residual ionization fraction and modify the anisotropies of CMB. Here, DM anni-
hilations can be considered as s-wave. Imposing this constraint on top of other existing ones
indicates that the region above the bottom quark threshold is excluded, and consequently the
resonance is restricted in the tiny region vR ∼ 10−3.

Constraint from Indirect Detection: Since vR ∼ 10−3 and this is close to the velocity
of DM in the Milky Way vMW ∼ 240 km/s, the annihilation of DM is enhanced through the
s-channel resonance. Therefore DM in our model can be searched for by observing energetic
particles produced by their annihilation in the galaxy. We used the data of e± flux from Voy-
ager I and AMS-02 satellites. Since the injection spectra in the hadron channel have large
uncertainties around mϕ ∼ 2 GeV, we consider only the lepton channel contribution in our
analysis. Morover, there are some uncertainties in the local DM density, which we assume to be
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Figure 2 – Surviving parameter region projected on
all planes corresponding to the input parameters.
All the figures are in Log-Log scale. m denotes the
mediator mass, mϕ in the units of GeV. vR is in
the units of km/s.

0.25± 0.11GeV cm−3. We find that the injection spectra for the lepton channel favors the tiny
region 1 ≲ mϕ ≲ 2 GeV.

4 Conclusion

We have done a systematic analysis of a minimal light scalar thermal DM model which interacts
with the SM through s-channel resonance mediated by a Higgs-like light scalar. While the major
constraints come from DM self-interaction, relic abundance, indirect searches and CMB data,
we also consider some other minor constraints, namely ∆Neff and the rare decay of mesons. To
sum up, for such a toy model, we conclude that the parameter region which survives all the
relevant constraints considered correspond to mediator mass, 1 ≲ mϕ ≲ 2 GeV with vR ∼ 10−3

and the mixing angle sin θ ∼ 10−5.
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To detect dark matter with gravitational wave interferometers
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I review how dark matter, if it has spin-2 and is ultra-light, looks like a continuous gravitational
wave, and how current and planned gravitational wave interferometers can place the most
stringent limits on this model.

1 Introduction

The recent detection of gravitational waves has consecrated gravitational wave interferometers
(GWIs) as a vital experimental tool for astronomy, cosmology, and fundamental physics. The
GWs detected thus far are a product of cataclysmic transient events, such as binary black hole
mergers. These signals are strong, with gravitational strain of the order of h ∼ 10−21, but very
short, from a fraction of a second to several seconds. Much weaker signals can be detected if
they are coherent over a longer time, such as the continuous waves (CWs) emitted by rapidly
spinning neutron stars or ultra-compact Galactic binaries. Having detected no CWs thus far,
this set the upper limit h ∼ 10−25 on the maximum strain for this type of signal at frequencies
of about f ∼ 102 Hz.

Here we show that, if dark matter is ultra-light (ULDM) and has spin-2, it interacts with
GWIs in a way that, owing to its quasi-monochromaticity and persistence, closely resembles
CWs and can be detected by existing and future Earth-based facilities as well as space-based
ones 1.

2 The shape and strength of the signal

The behaviour of the spin-2 ULDM in sufficiently small regions inside the local dark matter halo
is described by the oscillating tensor field 2

Mij(t) =

√
2ρDM

m
cos (mt+ Υ)εij(r) , (1)

where ρDM is the observed local dark matter energy density, for which we assume ρDM =
0.3 GeV/cm3, and Υ is a random phase. The five polarisations of the spin-2 field are encoded in
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the εij(r) tensor, which has unit norm and zero trace, is symmetric and is direction-dependent
via the unit vector r.

In the ULDM reference frame (p,q, r) the polarisations of the spin-2 field can be described as
εij(r) ≡

∑
κ εκYκij(r) 3,4, where the summation runs over the five amplitudes {ε×, ε+, εL, εR, εS}

that obey
∑

κ ε
2
κ = 1—the overall amplitude is fixed by the requirement that Mij makes up all

of the dark matter. The five polarisation matrices are given by

Y×ij ≡
1√
2

(piqj + qipj) , Y+
ij ≡

1√
2

(pipj − qiqj) , YSij ≡
1√
6

(3rirj − δij)

YLij ≡
1√
2

(qirj + riqj) , YRij ≡
1√
2

(pirj + ripj) ,

Notice that, unlike for CWs, there is no propagation along the r direction, which in our case
serves merely as reference for the decomposition in tensor, vector, and scalar helicities according
to their behaviour under a rotation about r.

The effect of spin-2 ULDM on the detector can be equivalently described by the gravitational
effect of an oscillating metric perturbation hij given by

hij(t) =
α

MP
Mij(t) =

α
√

2ρDM

mMP
cos (mt+ Υ)εij(x) . (2)

The parameter α is idiosyncratic for spin-2 ULDM because it is required by the self-consistency
of the model, such as in bigravity 5. This parameter defines the inverse ULDM self-interaction
strength: there is no ULDM at all with α → 0 because the ULDM field becomes infinitely
strongly coupled in this limit. Furthermore, spin-2 ULDM is ineluctably coupled universally
to standard matter fields, so that ULDM will appear as a Yukawa-like fifth force modification
of the gravitational potential Φ in the weak field regime, for which α quantifies the strength:
Φ→ Φ

[
1 + α2 exp(−mr)

]
. The strength of this fifth force for different values of the mass m is

constrained by tests of gravity: we call this maximal coupling α = αY .
In the reference frame of the detector, (x,y, z), the response function Dij is given by the

differential change in the length of the detector arms directed along the unit vectors n and m as
Dij = (ninj−mimj)/2. The signal is the combination of the variation of the metric perturbation
and the response function:

h(t) ≡ Dijhij(t) =
α
√
ρDM√

2mMP

cos (mt+ Υ)∆ε ≡ hs sin (mt) + hc cos (mt) , (3)

where we defined ∆ε ≡ εij(n
inj −mimj), and introduced the sine hs and cosine hc amplitudes.

This is the central equation of the paper.
The spin-2 ULDM signal has a unique geometric structure that sets it apart from other

CWs. Explicitly we have

∆ε =
cos 2φ√

2

[
ε+
(
cos2 θ + 1

)
+ εR sin 2θ +

√
3 εS sin2 θ

]
−
√

2 sin 2φ (ε× cos θ + εL sin θ) , (4)

where we have set n = x and m = y, which we can always do for a single L-shaped de-
tector, and we have defined the ULDM reference frame in terms of the detector’s frame as
r = (sin θ cosφ, sin θ sinφ, cos θ), p = (cos θ cosφ, cos θ sinφ,− sin θ), q = (− sinφ, cosφ, 0); the
origins of the two frames are connected by the vector rr.

All-sky searches for CWs with Earth-bound GWIs resort to semi-coherent methods because
it is not computationally feasible to analyse the data from the entire observation campaign in
a fully coherent way. In semi-coherent methods the whole data set is broken into shorter time
chunks of length Tchunk, each of which is then analysed coherently but separately. One of the
advantages of this approach is that, by choosing Tchunk < TDoppler ≡ 1/∆fDoppler the Doppler
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frequency shift can be neglected. Moreover, one should ensure that Tchunk < tcoh in order to have
a stable ULDM configuration within a given chunk. The sensitivity for a coherent analysis over

the whole observation campaign time Tobs scales as T
−1/2
obs . In semi-coherent methods, assuming

that all N chunks last the same time Tchunk and all together they cover the whole observation

run such that Tobs = NTchunk, the sensitivity scales instead as N−1/4T
−1/2
chunk = T

−1/4
obs T

−1/4
chunk.

Thanks to the coherence of the signal, even within the limitation of the semi-coherent methods,
the actual sensitivity attained by current facilities for CW searches is more than a factor 10−3

smaller than the design sensitivity h0 for transient events.

The semi-coherent techniques have been adapted and optimised, taking into account the
coherence time and the geometry of the signal, for dark photon dark matter searches6. They can
therefore be tailored for spin-2 ULDM-CW searches by replacing the average over the different
polarisations of ULDM waves (which for the spin 1 dark photon case amounts to a factor

√
2/3)

with
√
〈∆ε2〉 =

√
2/5.

3 Results

In order to estimate the values of α accessible with GWIs, we compare the expected theoretical

signal h ≡ 〈h2s + h2c〉1/2 =
α
√
ρDM√

5mMP
with the design sensitivities of a number of current and

planned GWIs. We find that the HLV detectors can nominally detect spin-2 ULDM for α & 10−4

depending on the frequency. We expect that a dedicated semi-coherent search for the spin-2
ULDM signal will improve the range of detectable α by a few orders of magnitude, potentially
down to α ∼ 10−7 or less for frequencies of tens of Hz, corresponding to masses around the
10−13 eV mark; this is shown as the dotted line “HLV opt”. In this frequency range, from
f ∼ 10 Hz (m ∼ 4 × 10−14 eV) to f ∼ 103 Hz (m ∼ 4 × 10−12 eV) and beyond the planned
experiments Einstein Telescope (ET) and Cosmic Explorer (CE) should reach sensitivities of
order h0 ∼ 10−22—10−23, further improving the chances to detect spin-2 ULDM.
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Figure 1 – Strain sensitivities, see text for details.

183



Future facilities will also be able to probe much lower values of the ULDM mass. In the
intermediate frequency range 0.1 Hz . f . 1 Hz, corresponding to 4 × 10−16 eV . m .
4 × 10−15 eV, the BBO and DECIGO detectors are expected to attain sensitivities of order of
h0 ∼ 10−23—10−24. This means these GWIs could detect a spin-2 ULDM-CW signal for α .
10−8 at those frequencies. In the low frequency range the planned space-based interferometer
LISA will reach a sensitivity of h0 ∼ 10−21 for f ∼ 10−2 Hz (m ∼ 4× 10−17 eV), which means
that it could detect spin-2 ULDM with α ∼ 10−7 and below. These limits would be much
improved with a dedicated pipeline for these interferometers, as is the case for HLV. We collect
all the sensitivities and compare them to the theoretical signal in Fig. 1.
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Quintessential cosmological tensions: a study of the Albrecht-Skordis model

A. Adil, A. Albrecht, L. Knox
Department of Physics & Astronomy, University of California, Davis
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Several cosmological tensions have emerged in light of recent data, most notably in the in-
ferences of the parameters H0 and σ8. We explore the possibility of alleviating both these
tensions simultaneously by means of the Albrecht-Skordis “quintessence” potential. The field
can reduce the size of the sound horizon r∗s while concurrently suppressing the power in matter
density fluctuations before it comes to dominate the energy density budget today. Interest-
ingly, this rich set of dynamics is governed entirely by one free parameter that is of O(10)
(Planck units). We find that the inferred value of H0 can be increased, while that of σ8 can
be decreased, both by ≈ 1σ. However, ultimately the model is disfavored by Planck and BAO
data alone, compared to the standard ΛCDM model, with a ∆χ2 ≈ +6. There is, however,
an important lesson for model building: historically much attention has been focused on pre-
serving the three angular scales θD, θEQ, and θ∗s to their ΛCDM values. This work shows
that, while doing so indeed maintains a good fit to the CMB data for an increased number of
ultra-relativistic species, it is a-priori insufficient in maintaining such a fit when this intuition
is extrapolated to other species.

1 Introduction

Much attention in cosmology today is devoted to tensions that exist between modern cosmo-
logical data and the standard “Λ-Cold Dark Matter” (ΛCDM) cosmological model, notably in
inference of the H0 and σ8 parameters. Extensions to ΛCDM which modify the matter content
around the time of last scattering have been explored in the hopes of addressing these tensions.
The Albrecht-Skordis (AS) model is a quintessence model in which the dark energy takes the
form of an evolving scalar field with a number of special properties. One of these is that the
scalar field contributes a significant fraction of the total energy density of the Universe starting
at extremely early times, suggesting that it might offer relief from the cosmological tensions.

Several authors have previously studied quintessence models of dark energy and have dis-
missed them as a remedy for the H0 tension However, the models studied till now have focused
on “tracking” quintessence fields which are a-priori unfit to alleviate the value of H0 using
Planck data. Instead, this letter offers a systematic analysis of the AS model, which a-priori is
approximately the best-case scenario for a single-field massive quintessence component to resolve
the H0 tension. However, ultimately these features are unable to resolve the H0 tension, though
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Figure 1 – The left panel shows the evolution of the equation of state parameter for the AS field over several
decades of scale factor. The right panel shows the corresponding contribution from the energy density in the
scalar field, along with the change in the expansion rate for λ = 5 (at fixed θ∗s ). Notice that the field tracks the
background component during radiation domination but breaks from away the tracker solution during matter
domination.

the model can provide concordance with the late-time measurements of σ8.

We find that the best fit AS model fits the data overall about as well as ΛCDM when
considering a hollistic dataset which includes Large-Scale Structure (LSS) and supernovae (SNe)
data, but that the model is disfavored compared to the standard cosmological model when using
only Planck and BAO data. This allows us to extract some interesting lessons about attempts
to resolve the tensions.

2 The Albrecht-Skordis (AS) Model

The Albrecht-Skordis (AS) model, first introduced in 1 is a particular quintessence model with
a scalar field evolving in a potential of the form

V (ϕ) =
(
(ϕ−B)2 +A

)
e−λϕ. (1)

This potential admits a local minimum due to the polynomial pre-factor. However, far from the
minimum, the field behavior is dominated by the exponential factor so that it behaves similarly
to an exponential potential, as introduced in 2. At late times the field may get “stuck” in the
local minimum where it can approximate the behavior of a cosmological constant. Since the field
is dynamic, the energy density does not scale like a power law as it would for the other density
components. Thus, we solve for the evolution of the field over cosmic history by simultaneously
solving the Friedmann equation and the Klein-Gordon equation for scalar fields, the result of
which is shown in Fig. 1.

3 Towards Resolving Cosmological Tensions

3.1 Mechanism for increasing H0

In order to bring concordance between CMB and late-universe data one must take care not to
disturb the angular scale of the sound horizon at recombination, θ∗s since it is tightly constrained
by Planck data 3. Since

θ∗s =
r∗s
D∗

M

where r∗s =

∫ ∞

z∗

dz

H(z)
cs(z) and D⋆

M =

∫ z∗

0

dz

H(z)
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is the comoving size of the sound horizon at recombination and the comoving angular diameter
distance to the last-scattering surface respectively, an increased H0 (at fixed ωm) would decrease
D∗

M and must therefore be compensated by a proportionate decrease in r∗s .
The AS field can reduce the size of the sound horizon as it contributes an amount proportional

to Ωϕ ≈ 4/λ2 (right panel in Fig. 1) to the total energy budget prior to recombination. Thus,
if we keep ωm fixed, the decrease in D∗

M must come from an increased H(z ≈ 0).
In order to approximate the requisite contribution from the field required to bring concor-

dance with the SH0ES measurement, we note that the sound horizon decreases by an amount
δr∗s/rs ≈ −4/(3λ2) compared to the ΛCDM value (this would be −2/λ2, but Ωϕ begins to
decrease at the onset of matter-radiation equality which softens this response). We can then
approximate that δH0

H0
≈ 20

3λ2 so that, for a ≈ 7% increase in H0 one needs λ ≈ 10 assuming we
hold θ∗s and ωm fixed at the Planck calibrated ΛCDM values. Of course, this assumption is not
true when exploring the full parameter space.

3.2 Mechanism for suppressing σ8

The effective speed of sound for quintessence is c2s = 1 (in the gauge co-moving with the field)
which prevents the component from clustering on sub-horizon scales. In particular, even when
wϕ ≈ 0, the entropy perturbations prevent gravitational collapse4. Intuitively, this suggests that
one should expect some power suppression since there is now an additional contribution to the
expansion rate but a negligible contribution to gravitational potentials. Mathematically, notice
that, much after horizon crossing, the evolution of the matter contrast δm is given by

δ′′m + 2Hδ′m = 4π
∑
i

ρiδi (2)

(note the over-prime denotes derivative with respect to conformal time) where the scalar field
contributes to the second term on the left-hand side, but does not contribute appreciably to the
source term on the right-hand side compared to the contribution from matter. In particular,
since Ωϕ begins to decrease at the onset of matter-radiation equality (see Fig.1), there is a scale
dependent suppression of the density contrast. Modes that enter before matter-radiation equality
experience the maximal suppression while modes that enter after asymptotically approach the
ΛCDM solution. This effect is responsible for power suppression and leads to a decreased
inference of the power spectrum normalization, σ8.

4 Results

In order to obtain statistical constraints on the parameter space given the data, we vary the usual
six cosmological parameters and additionally vary the quintessence parameter λ (in Eq. 1) so
that the complete set of varied parameters is {ωb, ωcdm, θ∗s , ns, As, τreio, λ}. The other parameters
appearing in Eq. 1 are of negligible cosmological significance: A plays the role of establishing a
minimum such that for a given λ, a false vacuum exists if and only if A < 1/λ2; B is completely
degenerate with H0, Ω0

m, and λ; and the initial conditions for the field are set deep in the
radiation-era where the Klein-Gordon equation admits an attractor. Finally, this leaves us with
λ as the only outstanding parameter which we vary in the prior range 2 ≤ λ ≤ 1/

√
A. The lower

bound comes from the consideration that a tracking/scaling solution in the radiation era exists
only for λ ≥ 2 5. Note that larger values of λ drive the minimum to lower values of ϕ which in
turn increases the probability for the scalar field to tunnel through the local minimum, leading
to “cataclysmic” Coleman-De Luccia bubbles 6, thus we set A = 0.0025 so that λ ≤ 20.

We use CLASS to solve the Einstein-Boltzmann equations and MontePython for parameter
estimation. We plot the main parameters of interest for two choices of data sets in Fig. 2. One
can immediately notice that, in both cases, H0 and σ8 increase and decrease by ≈ 1σ respectively.
Perhaps strikingly, on the inclusion of SH0ES (dashed), the mechanism by which H0 increases

187



Figure 2 – Parameter inferences for two combinations of data. The lower triangle (solid) uses only Planck

and BOSS-BAO data while the upper triangle (dashed) also includes Pantheon, DES-KV pior on S8
7, and cepheid-

calibrated supernovae measurement from SH0ES-2019 (grey bands).

is the same as that in ΛCDM, namely by suppressing ωcdm, as opposed to by increasing an early
contribution from the scalar field (as indicated by almost no change in the posterior probability
for λ). One might posit that this is due to changes in the damping scale (θD) induced by the
inclusion of the scalar field. However, even when we vary the primordial Helium fraction YP (not
shown), we see almost no change to the χ2 budget. This is in stark contrast to an increased Neff

model where, not only does the inclusion of SH0ES favor an increased value of Neff , but that
the χ2 improves significantly (by ≈ −5) when one allows YP to vary freely. A closer analysis has
led us to conclude that the strongest constraint comes from the radiation driving effect, which is
also precisely the effect responsible for the increased inference of ωcdm that has prevented the AS
model from accomplishing the maximum possible increase in H0 which one might have expected
from the analysis in Section 3.1. Using Planck and BAO data, we find ∆χ2 ≈ +6, while for the
more extensive data we find ∆χ2 ≈ +1, compared to the benchmark ΛCDM model.
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21cm Intensity Mapping (IM) has been proposed about 15 years ago as a cost effective method
to carry out cosmological surveys and to map the 3D distribution of matter in the universe,
over a large range of post EoR redshifts, from z=0 to z=6. Since then a number of pathfinder
instruments have been built, such as CHIME or Tianlai. Several other ones will be commis-
sioned in the next few years (HIRAX, CHORD, BINGO), while even larger arrays, with several
thousand antennae are being considered for the next generation experiments. We will briefly
review the 21cm cosmology of the Epoch of Reionisation (EoR), and we will then focus on IM
for late time cosmology. After presenting some of the promises of this technique to constrain
the cosmological model, dark energy and inflation, we will review some of the instrumental
and scientific challenges of IM surveys. The second part of the paper presents an overview of
the ongoing and future experiments, as well as recent results by GBT, CHIME and Tianlai.

1 Introduction

Although the 21cm cosmology is mostly concerned with probing the dark ages and EoR, this
paper is rather focused on late time cosmology, and mapping the cosmic matter distribution
using the 21cm radio emission or absorption of neutral hydrogen gas (HI) through Intensity
Mapping (IM). This technic refers to the detection of underlying structures formed by 21cm
sources such as galaxies, without requiring detection of individual sources 1,2. A brief overview
of EoR science with 21cm is presented in this section, while the idea and instrumental concepts
behind Intensity Mapping would be developed in the following sections.

Observations revealing the evolution of the universe during the dark ages and the reionisa-
tion era are crucial for understanding the formation of structures in the universe 3,4,5,6. Dark
ages refers to the period extending from Cosmic Microwave Background (CMB) last scattering
era, at a redshift z ∼ 1100 to the cosmic dawn, which corresponds to the birth of first stars
and galaxies. The intense and energetic (UV, X) radiation from theses first sources initiated the
process of ionising the neutral gas, marking the start of the Epoch of Reionisation (EoR). The
21cm hyperfine transition of atomic hydrogen (HI) is one the only spectral features that can be
used to probe this era, as the universe contains no sources, but only gas, mostly hydrogen at high
redshifts (z ≳ 30). The HI gas leaves an imprint on the cosmic background radiation (CMB) if
the spin temperature Ts differs from the CMB temperature TCMB(z) at the corresponding red-
shift. The redshifted HIhyperfine transition, at a frequency of ν21/(1+z) with ν21 ≃ 1420.4MHz
will appear as an emission, respectively an absorption feature, if the spin temperature Tx(z) is
higher, respectively lower, than TCMB(z). The history of the evolution of the spin temperature
during the dark ages and EoR is rather complex 7. Ts tracks at first TCMB, then decouples
around z ≳ 150 and decreases due to collision coupling with the gas kinetic temperature TK .
The Ts ↔ TCMB equilibrium is restored around z ∼ 50, when the atomic collision rates becomes
ineffective to maintain Ts ↔ TK coupling, due to gas dilution by the expansion. After the for-
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mation of the first stars and galaxies, the spin temperatures gets coupled to the gas temperature
again in the UV photon bath at z ∼ 30, through the Wouthuysen-Field effect.

The measurement of the 21 cm emission temperature and its anisotropies as a function of
redshift would therefore allow to precisely identify the different stages of the universe’s evolution
during the dark ages and EoR (10 ≲ z ≲ 100). In addition, the temperature anisotropies trace
the distribution of matter in the linear regime over a broad range of wave modes (k-scales) at
these redshifts, whereas non linearities affect a significant fraction of k-scales at later cosmological
times (z ∼ 1).

Although a number of dedicated instruments have been built over the last twenty years to
observe the EoR 21cm signal, no undisputed observation has yet been reported. This is explained
by the many challenges that needs to be overcome: the redshifted 21cm feature is located in
the frequency range 10 − 50MHz for redshifts 30 ≲ z ≲ 150, which suffers from significant
ionospheric absorption and diffraction as well as from major terrestrial, man-made disturbances
(RFI). Moreover, the 21cm cosmological signal is very faint, in absolute terms, and completely
buried in the foregrounds, specially the Galactic synchrotron and radio source emissions, which
dominate this signal by 4 to 5 orders of magnitude. In addition, the reionisation history is very
poorly constrained, making the experimental adventure quite risky, given the limited bandwidth
that can be covered by any given instrument.

Some experiments, such as PAPER 8, SCI-HI 9 or EDGES 10 have targeted the global spec-
trum measurement and the detection of the distortions in the spectral shape of radio emission,
due to EoR 21cm signal 11. Although some authors have claimed a possible signal 12, the detec-
tion has not been confirmed. Other groups, have developed complex wide band interferometric
instruments to detect the inhomogeneties of the cosmological 21cm signal and measure the as-
sociated power spectrum. LOFAR 13,14 and NenuFAR 15 have deployed antennae in Europe,
LWA 16 is a large dipole array in New Mexico (USA), while MWA 17 or HERA 18,19 observe
from Australia. Recent upper limits on the 21cm power spectrum from these experiments can
be found in 20 for LOFAR, in 21 for MWA and in 22 for HERA. Detection of the 21cm EoR
signal is also the main goal of the SKA-low instrument of the future SKA (Square Km Array)
observatory 23.

An brief overview of post EoR (z < 6) 21cm Intensity mapping and its scientific promises
and challenges is presented in section 2. The instrumental concepts suited for such surveys, as
well as key technical issues are discussed in section 3. Ongoing and planned intensity mapping
instruments and surveys and their latest results are presented in section 4. The last section, 5
gives an outlook and expectations for the near future.

2 21cm Intensity Mapping

The large scale distribution of matter in the universe is a powerful cosmological probe, used
to reconstruct the universe expansion history, and to determine the statistical properties of
the initial density fluctuations. Indeed, the quantum fluctuations, relics of the early universe
inflationary phase are considered to be the seeds that generated the large structures, visible
in the late universe, through the gravitational instability 24,25. The LSS statistical properties,
mostly encoded in the shape of the spatial correlation function ξ(r) or the power spectrum P (k),
depends on the cosmological model and its parameters. The evolution of large structures with
redshift, the growth rate of the structures in particular, is sensitive to changes in gravity 26, as
well as to the neutrino masses, which, depending on their masses, partially erase small-scale
structures 27. The Baryon Acoustic Oscillations (BAO’s) correspond to a preferred structure
scale in the distribution of galaxies, originating from the baryon-photon plasma oscillations,
prior to the decoupling. The BAO peaks, when observed at different redshifts, can be used as
a standard ruler to reconstruct the cosmic expansion history, through the measurement of the
Hubble parameter H(z) and angular diameter distance dA(z)

28.
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Historically, most cosmological surveys have been carried out using optical instruments
through spectroscopic or photometric observations. Recent constraints on cosmological pa-
rameters derived from eBOSS and DES optical surveys can be found in 29 and 30. However,
mapping matter distribution in the universe in the radio wavelengths, through the observation
of the redshifted 21 cm line of the atomic hydrogen (HI), is a complementary approach to op-
tical surveys to constrain cosmology and dark energy. The 21 cm line is the only astrophysical
spectral feature in the L band (∼ GHz). It can therefore be used to determine unambiguously
the redshift of an astrophysical object. Nevertheless, the detection of galaxies at 21cm needs a
very large collecting area. The ALFALFA survey31 carried out with the Arecibo antenna, one of
the largest radio-telescopes in the world a, with a primary reflector 300 m in diameter, detected
objects up to a redshift of 0.2. SKA will be able to extend this limit and allow the observation
of gas-rich galaxies up to z ∼ 0.5.

Most of the cosmological information of large structures (LSS) is found at scales larger than
a few Megaparsecs (Mpc). Therefore, the detection of individual galaxies is not mandatory for
LSS studies. This is the essential idea behind the Intensity Mapping technique, which seeks to
measure the aggregate 21 cm radiation of all the galaxies (a few hundred) contained in universe
cells with a volume of a few hundred Mpc3. A cosmological survey becomes then possible with
more modest instruments 32,33,34,35, with a collection area of about few times 104m2. However,
the LSS cosmological signal has an average surface brightness of less than 1 mK, and is therefore
totally overwhelmed by foreground emissions, mainly from the Milky Way synchroton emission
and radio sources. These foreground emissions, with a temperature of Tfgnd ∼ 2 − 5K in the
coldest parts of sky around 1 GHz, are in general about few thousand times brighter than
the cosmological HI emission, while the instantaneous receiver noise is still about ten times
larger with Tsys ∼ 50K. The reduction of fluctuations from instrumental noise (Tsys) is achieved
through long integration time, a few hours for each direction of the sky.

Extraction of the cosmological 21cm signal in the presence of these foregrounds is among
the main IM scientific challenges. Several methods of separating the signal from the foreground
emissions have been proposed which are all based on the smooth variation of the foreground
brightness with frequency 35,36.

Since the early works on 21cm Intensity Mapping as a tool for cosmology , many authors have
studied the science reach of such surveys, either generically 37,38, or targeting specific existing
instruments such as FAST 39, or the SKA 40.

The white paper 41 present the science goals of an ambitious 21cm Intensity Mapping survey
covering a broad redshift range, up to z ∼ 6 with a very large dish array radio interferometer
like PUMA 42. Figure 1, adapted from 41, shows the precision that could be reached on the
determination of the transverse and longitudinal BAO scales as a function of redshift, as well
as for the structure growth rate fσ8, assuming that the instrument can be built and operated,
with map making and foreground subtractions reaching the projected performances. Thanks to
the very large surveyed volume, such an IM experiment would significantly outperform surveys
by the latest optical instruments (Rubin/LSST, DESI, WFIRST, Euclid). Radio observations
can also be used to search for non-gaussianities and inflationary features in the reconstructed
3D LSS maps.

3 Instrumental concepts and challenges

As already mentioned in section 2, the relatively low radio brightness of HI clumps and galaxies
limits the possibility of their detection to the vicinity, in cosmological sense, of our galaxy, with
the available radio instruments. A galaxy with an HI mass of 1010M⊙, which is already a quite
massive hydrogen cloud, would have a 21cm brightness S21 ≃ 10µJy if located at a redshift

aThe Arecibo 305 m telescope is being decommissioned, following damages to its structure https://www.nsf.
gov/news/news_summ.jsp?cntn_id=301674
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Figure 1 – Performance of a 21cm Intensity mapping survey with a Stage-II instrument, compared to the next
optical surveys. Left: Expansion history reconstructed through different BAO distance scales measured as a
function of redshift. Right: Statistical precision on the determination of the growth rate of structures. Figures
adapted from reference 41.

z = 1. Its detection, with a reasonable integration time of a few hours will require more than
105m2 of collecting area. Most of the cosmological information in the LSS is located at scales
of a few arc-minutes or larger, as can be seen on figure 2, which shows the approximate level
of the 21cm brightness temperature fluctuations power spectrum P21(k) for z ∼ 1. The linear
matter power spectrum has been converted into temperature, assuming an HIto baryon fraction
fHI

∼ 1%, and using the following formulae, adapted from 4,35:

P21(k) ∼ (⟨T21⟩)2 × PLSS(k) (1)

⟨T21⟩ ≃ 0.042mK
ΩHI

10−3

H0

H(z)
(1 + z)2 (2)

The cosmological information encoded in the LSS is statistical in nature, so a reasonably
large volume of the universe needs to be surveyed to extract the information with low enough
statistical errors. Instruments suitable for 21cm Intensity Mapping thus needs to have a large
instantaneous field of view (FOV ≳ 10− 100deg2) and a large bandwith (∆ν ≳ 100MHz), to be
able to survey a large fraction of the sky with large integration time, over a significant redshift
range.

Progress in the L-band analog electronics have made room temperature RF amplifiers quite
competitive with low noise cryogenic electronic used in the large radio telescopes. Noise tem-
peratures below Tnoise ≲ 30K can indeed now be reached by room temperature receivers. Large
bandwidth interferometers with large number of feeds have become viable and cost effective,
thanks to advances in digital electronic and computing (multi core CPU and GPU’s), combined
with progress in room temperature RF analog electronic.

Interferometers are most often used to reach high angular resolution, thanks to long baselines,
but at the expense of a sparse sampling of the angular wave-mode or (u, v) plane. High resolution
is not needed for LSS mapping for cosmological purposes, while high sensitivity is crucial, given
the low signal strength. Although large dishes equipped with a multi-feed or phased array in
their focal plane are a possible option, densely packed interferometric arrays, using rather small
reflectors (D ∼ 5 − 10m), operating in transit mode, are the type of instruments most widely
considered for intensity mapping surveys. The small size of reflectors insures a large FOV

(∼
(
λ
D

)2
srad), and the dense packing concentrates the sensitivity in the k⊥ range useful for

LSS. Transit mode operation is well adapted for surveying large area of the sky, while reducing
instrument complexity and cost. Initially, cylindrical reflectors, with their axis or the focal line
oriented along the north-south direction were proposed 43, and implemented in the Pittsburgh
CRT (Cylindrical Radio Telescope) prototype and then in CHIME, as well as in Tianlai. It was
then realised that packed dish arrays might have some advantages, despite a smaller FOV and
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z δθ (arcmin) dLOS (Mpc) H(z) (km/s/Mpc) a⊥ (Mpc) a∥ (Mpc)

0.5 13’ 1950 90 7.2 1.3
1.0 17’ 3530 120 17.3 1.8
1.5 21’ 4660 160 28.5 2.2
2.0 26’ 5310 200 39. 2.3
2.5 30’ 5970 255 50. 2.5
3.0 34’ 6500 308 63. 2.7

Table 1: Evolution of the transverse a⊥ and the radial a∥ resolutions of a radio array with L = 100m size, and
250kHz frequency resolution as a function of redshift, in the standard ΛCDM cosmology.

the need to change dish pointing in declination to cover a large enough sky area. PAON4 and
Tianlai are early examples of dish based pathfinder instruments (see section 4).

Radio instruments are inherently diffraction limited with their angular resolution degrading
at longer wavelengths, hence with redshift. The projected spatial resolution will in addition vary
with redshift, depending on the cosmological distance scales, namely the line of sight distance
dLOS(z) and Hubble parameter H(z). Values of transverse and longitudinal spatial resolution of
maps obtained with a radio array covering a ∼ 100× 100m2 area and with a 250kHz resolution
are gathered in table 1. The approximate level of instrument noise projected on sky for a
∼ 1600 element arrays, covering a 200 × 200m2, surveying ∼ 5000deg2 over a year is shown in
the figure 2, computed according to the scaling formula in 35. One can see that the resolution,
hence the projected noise level degrades quickly with increasing redshift. A few hundred element
interferometer with a few thousands m2 collecting area might be sufficient to detect the signal
up to z ≲ 1, while larger instruments, with 104 feeds and ∼ 105m2 are required to reach higher
redshifts z ∼ 2− 3.

Reconstructing sky maps, from visibilities which are cross correlation signals measured by
interferometers has been and is still a technical challenge and major efforts have been devoted to
develop accurate and efficient map making methods and tools. The transit operation mode, with
observations covering the full 24 hours of right ascensions, combined with the large covered sky
area, has led to the development of mathematically rigorous and efficient methods to reconstruct
sky maps from transit visibilities. These methods operate in the spherical harmonic (ℓ,m)
domain, and take advantage of the full 24 hours coverage to decompose visibilities into m-modes.
The huge matrix representing the linear relation between time dependent visibilities and the sky
can be written as a block diagonal matrix in this representation, making the numerical problem
tractable 44,45.

As stated in section 2 the 21cm signal is several orders of magnitude fainter than the broad
band emissions from the Milky Way the te radio-sources. The foreground subtraction or com-
ponent separation is a major difficulty in Intensity Mapping surveys, probably more challenging
than in CMB experiments. The different approaches relie all on the foreground brightness vary-
ing smoothly with frequency, behaving as power laws, while the signal that follows the matter
density fluctuations is structured along the frequency, corresponding to the radial direction.
The inherent frequency dependence of the interferometer beam makes the foreground subtrac-
tion even more difficult. This is usually referred to as mode mixing as the angular modes probed
by a given baseline changes with frequency.

21cm Intensity Mapping shares many technical aspects, map making and foreground sub-
traction in particular with the search for the 21cm signal from the EoR 46. Although signal-
foreground separation might be effective on a per visibility basis with filtering along the frequency
axis 47,48 many authors have explored the methods where signal and foreground components are
projected into different sub spaces or modes 44,49,45,50.
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Figure 2 – 21cm brightness temperature fluctuations power spectrum P21(k)

4 Past, ongoing and future experiments

We review here some of the experimental and observational efforts initiated in the last decade
to explore and possibly establish the faisability of observing large scale structures through 21cm
intensity mapping. We start by mentionning some of the pioneering work performed using the
GBT and Parkes radiotelescopes. We will then describe the dedicated pathfinder instruments,
CHIME and Tianlai which have been specifically built to carry IM surveys, before presenting
briefly few other projects, which are in the construction phase and will become operational in
the coming years. Obviously, the list of projects mentioned here is incomplete.

The HI Parkes All Sky Survey (HIPASS) 51 was carried out from 1997 to 2001 with the 64
meter Parkes Australian telescope, equipped with the 21cm multi beam receiver 52. It covers a
large fraction of the southern, but also the northern sky, in the velocity range −1280 < cz <
12700km/s, or z ≲ 0.042. A positive cross-correlation of 21cm signal from HIPASS data cubes
with galaxies from the 6dF 53 survey was reported in 2009 54.

The fully steerable 100m diameter Green Bank Telescope (GBT) b has also been used to
statistically detect the redshifted 21cm signal, in cross-correlation with optical surveys. Obser-
vations with the GBT have been carried out from 2010 to 2015, using the 680-920 MHz prime
focus receiver covering the 0.6 ≲ z ≲ 1.0 redshift range. A first cross-correlation detection from
observation in DEEP2 fields 55 was reported in 2010 56, confirmed with more data, using the
WiggleZ 57 survey in 2013 58. The detection of the cosmological 21cm autocorrelation signal
has also been claimed using the same data set 59. More recently, using a subset of the GBT
data, corresponding to about 100 hours of observations covering ∼ 100deg2 and the SDSS-IV
eBOSS and WiggleZ spectroscopic redshift catalogs, the HI gas fraction at redshift z ∼ 0.8 has
been measured 60, more precisely the product of hydrogren mass fraction, its bias and galaxy-
hydrogen correlation coefficient (ΩHI

bHI
rHI

∼ 0.35− 0.6× 10−3 at z ∼ 0.8).

Tianlai (Cosmic Sound in Chinese) is an international project led by NAOC, with US,
French and Canadian contributions and is exploring 21cm Intensity Mapping. The collaboration
operates two pathfinder instruments which have been built and installed in a radio quiet area in
north-western China, a cylindrical reflectors (TCI) and a dish array interferometer (TDA). The
observatory is located at (91◦48′E, 44◦09′N) and an altitude of ∼ 1500m, near Hongliuxia, about
500 km east of Urumqi, in the Xinjiang province. The feeds have been designed to cover a broad
frequency range (400-1430 MHz), although the current digitisation and correlator electronic can
only handle a narrower 100 MHz frequency interval. The frequency band is tunable by adjusting
the local oscillator and changing the analog filters. All observations have been performed in the
frequency band 700-800 MHz up to now.

bGBT: https://greenbankobservatory.org/
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The TCI is composed of three cylinders, each 40 m long and 15 m wide. Only the central
part of the focal line is currently instrumented with receivers. The three cylinders are equipped
with a total of 96 dual polarisation feeds, representing 192 RF signals. The digital correlator
computes 18528 visibilities from sampled signals, and channelised into 1024 frequency channels
with 122kHz frequency resolution. Reference 61 present the basic system performance for the
cylinder array.

The TDA is composed of 16 on-axis dishes, each 6 meter in diameter, arranged in a circular
layout, with a central dish, surrounded by six dishes arranged as an hexagon, and then an outer
ring with nine dishes. Although dishes are fully steerable, the array operates in transit mode,
with all dishes fixed and pointed towards a given direction in the meridian plane. Each dish
is equipped with a dual polarisation receiver, representing a total of 32 RF signals, sampled at
250 MSPS and 14 bits. A total of 528 visibilities (496 cross + 32 auto) are computed by an
FPGA based correlator for 512 frequency channels with 244kHz resolution. A few thousand
hours of observations have already been performed, with a significant fraction spent toward the
NCP (North Celestial Pole). Indeed, one of the advantages of the dish arrays is their ability
to be pointed toward a given declination band. By observing toward the NCP, it is possible to
reach a high sensitivity over a small sky area. Detailed description of the Tianlai dish array and
its performance, as well as preliminary results from deep observations toward the NCP can be
found in reference 62.

Smaller instruments such as PAON4 63 and BMX 64 have also been built to explore specific
technical aspects of dish arrays operating in transit mode. PAON4 is a small, 4-dish test
interferometer located at the Nançay radio observatory in France, operational since end of
2015. It consists in four D=5 m diameter dishes, equipped with dual linear polarisation feeds,
arranged in a triangular layout with a fourth dish in the center. PAON4 is being upgraded
and will serve as the qualification instrument for the new IDROGEN digitisation and processing
electronic system. These FPGA (Field Programmable Gate Array) based boards exploits the
White Rabbit technology c for precise clock synchronisation and can digitise L-band signals at
the receivers, without frequency shifting. They can transfer waveform signals, or frequency
components as digital streams over high throughput (> 20Gb/s) ethernet optical links.

21k ELG , z=0.84 ; S/N = 7.1 48k QSO , z=1.2 ; S/N = 11.1

Figure 3 – Cross correlation of CHIME intensity maps with eBOSS galaxies and quasars. Top figures show the
actual stacked signal in black, stacked on the positions of ELG’s with mean redshift ⟨z⟩ = 0.96 (left), LRG’s with
⟨z⟩ = 0.84 (center) and QSO with ⟨z⟩ = 1.2 (right). The red curve corresponds to the best fit model and the
bottom figures show the residuals, after best fit model subtraction. Adapted from 65

cWhite Rabbit clock synchronisation over ethernet : https://white- rabbit.web.cern.ch
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The Canadian Hydrogen Intensity Mapping Experiment (CHIME) 66 is a cylinder based
interferometer designed and built for 21cm Intensity Mapping. It consists of four north-south
oriented cylinderical reflectors, each 100m long and 20m wide, located at the DRAO observatory
in Penticton, British Columbia (Canada). The instrument has a very broad bandwidth and
covers the 400-800 MHz frequency range, corresponding to redshifts between 0.8 and 2.5. Each
cylinder is fully instrumented and equipped with 256 dual polarisation feeds. The 2048 (4 ×
2 × 256) analog signals are processed by an FX correlator. The F-engine uses FPGA custom
designed electronics to perform digitisation and frequency decomposition into 1024 channels,
each 390kHz wide. Correlations are computed for all N2 feed pairs by the X-engine, which uses
custom electronic for data exchange and 256 GPU nodes which perform the actual correlation
computations. An overview of CHIME performance can be found in 67.

Thanks to their large FOV and bandwidth, Intensity Mapping instruments are also very
efficient in detecting transient radio sources, such as FRB’s (Fast Radio Bursts) 68 and pulsars.
However, a specific backend is required to process the radio signals to search for fast transients.
CHIME has proved to be a powerful radio burst and pulsar observation machine and has detected
several hundred FRB’s over a one year observation period 69.

Despite CHIME successful operation, efficient data processing and impressive performance,
the detection of the 21cm cosmological signal appears more challenging than anticipated. How-
ever, CHIME has published very recently, in February 2022, 65 a sophisticated analysis showing
convincing evidence for a correlation signal between CHIME intensity maps, and eBOSS70 galax-
ies and quasars at redshifts 0.78 < z < 1.43. Maps were reconstructed from over 100 nights of
CHIME observations, then stacked on the angular and frequency positions of eBOSS galaxies
and quasars, after filtering and foreground subtraction. Figure 4, adapted from 65, shows the
stacked signals as a function of the frequency shift, for ELG’s (Emission Line Galaxies), LRG’s
(Luminous Red Galaxies) and quasars (QSO), together with the best fit model.

BINGO (Baryon acoustic oscillations from Integrated Neutral Gas Observations) is a single
dish instrument being built in Brazil 71. It uses a off-axis 1600m2, D ∼ 50m primary reflector
which illuminates a focal plane equipped with 28 horns through a secondary mirror. The whole
optical setup is fixed and will observe a 15◦ wide declination band centered on δ = 15◦. The
instrument covers the frequency range 980-1260 MHz corresponding to redshifts 0.13 < z < 0.45.

HIRAX (Hydrogen Intensity and Real time Analysis eXperiment) 72 is a packed array inter-
ferometer using D = 6m dishes and shares many technological components with CHIME. The
256 dish array, represents a total collecting area of ∼ 7200m2 being built. It will be located at
the South African Radio Astronomy Observatory in the Karoo desert, a few kilometers away
from the MeerKat site (The South African SKA precursor).

CHORD ( Canadian Hydrogen Observatory and Radio transient Detector) 73 can be consid-
ered as a successor to CHIME, reusing many technologies developed for its predecessor, specially
electronics and the FX correlator. But unlike CHIME, it will use 512 dishes, each 6m in di-
ameter for the core array, representing a total collecting area of 14400m2. The bandwidth will
be slightly increased, covering the 300-1500 MHz band. Wide field of view outrigger stations
located at large distances from the CHIME/CHORD instruments will also be built to enhance
FRB localisation.

SKA, a very large general purpose interferometric radiotelescope, is being constructed by an
international organisationd. A review of the cosmological surveys planned for SKA Phase-I, and
their forecasted performance in the redshift range 0 < z < 3 can be found in 74. In addition to
more traditional HI and continuum galaxy surveys at low redshifts z < 0.35, Intensity Mapping
will enable to extend significantly the accessible redshift range, and even cover 3 < z < 6 thanks
to a deep survey over a 100deg2 field. Finally, one can mention the PUMA white paper42, which
is a proposal for an ambitious close-packed interferometer array with 32000 dishes, covering the
frequency range 200-1100 MHz (0.3 < z < 6), as a stage II intensity mapping instrument.

dSKA observatory: https://www.skaobservatory.org
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5 Conclusions, discussion

21cm Intensity Mapping has emerged in the last decade as a novel, and possibly powerful method
to map large scale structures at redshifts up to z ∼ 6. Such surveys would be complementary
to optical observations, and could be used to test and constrain the cosmological model, more
specifically Dark Energy and Inflation. Densely packed interferometers with a large bandwidth
of a few hundred MHz and large number of receivers (several hundreds to several thousands),
observing in drift-scan or transit mode, without tracking, are the suitable instruments for such
surveys. These instruments and projects share many technological issues, as well data analysis
challenges, in particular calibration and foreground subtraction, with 21cm surveys for EoR, and
more broadly, interferometers with large number of antennae. Few pathfinder and first stage
instruments have been built to explore Intensity Mapping, and several others are planned or
being constructed.

In the next few years, performance assessment and results from the ongoing and future
IM experiments will shed light on some of the IM challenges. For example, it is important
to show that it is possible to implement a cost effective design and construction process for a
large number of antenna and receivers, as well as the associated electronics, while maintaining
uniformity, construction quality and performance.

Precise array calibration is crucial to achieve large imaging dynamic range and to ensure
foreground subtraction with the required precision. Among other aspects, it would be necessary
to determine beam response for individual feeds, through a combination of electromagnetic
simulations and on site beam measurements. Arrays with highly redundant baselines present
many advantages for the calibration, whereas such arrays with many identical baselines, perform
poorly in terms of mode mixing.

Structures in the instrumental frequency response, due to standing waves for example, should
be minimized and precisely calibrated to be filtered out. Such frequency structures, if not cor-
rected for, would indeed ruin the foreground subtraction. Another concern is the contribution
of bright sources (sun, radiosources . . . ) through the far side lobes, which might be highly fre-
quency dependent. It is also important to clarify the level of feed cross-couplings and correlated
noise, which limits instrument sensitivity.

Faraday rotation causes linearly polarised sources to appear oscillating in frequency. The
two linear polarisation measurements need to be combined during map making, to remove these
oscillations, which in turn implies a good control of polarisation leakage and calibration. Also,
some astrophysical effects such as self absorbed synchrotron might create higher order mode
structures along the frequency axis, which would impact foreground subtraction.

Finally, I would like to mention that Line Intensity Mapping (LIM), using other atomic
and molecular lines (CO, Carbon CII . . . ) e is also considered for astrophysics and cosmology
surveys 75, although a discussion of LIM is well beyond the scope of this review.
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Patchy Reionization: τ−21 cm cross-correlation and B−mode contamination

Andrea Lapi
SISSA, Via Bonomea 265, 34136 Trieste, Italy

I discuss how patchy reionization can be probed via the cross-correlation between the optical
depth for electron scattering τ as measured by CMB observations, and the 21 cm emission
as measured from ground-based radio arrays. I also discuss the contamination of patchy
reionization to the CMB B−mode polarization and the bias induced on the estimates of the
scalar-to-tensor ratio.

1 Introduction

A few tenths billion years after the Big Bang (redshift z ∼ 10 − 20) first galaxies and quasars
light up and release into the interstellar and intergalactic medium huge amount of ionizing
radiation. As illustrated in Fig. 1, ionization fronts and bubbles develop around these clustered
sources, expand into the ambient medium, progressively overlap and eventually merge together,
fully ionizing large portions of the Universe. This intrinsically patchy process, known as cosmic
reionization, is completed at around z ∼ 6.

2 τ−21 cm cross-correlation

The ionized hydrogen fraction xHII can be probed via the electron scattering optical depth

τ(< z) = c σT n̄H

∫ z

0
dz′

(1 + z′)2

H(z′)
fe (1 + δb)xHII(z

′) (1)

as measured from CMB observations. The complementary neutral hydrogen fraction xHI can
be probed by the 21 cm emission from the hyperfine spin flip transition of the H atom, in terms
of the 21 cm differential brightness temperature

∆T21 ≈ 23

(
1 + z

8

)1/2

(1 + δb)xHI

(
TS − TCMB

TS

)
mK (2)

as measured from ground-based radio arrays. Patchy reionization induces spatial fluctuations
in τ and ∆T21 along different lines of sight, that can be related as

δτ ≈ 0.0035

∫
dz

[
(1 + z)1/2 δb −

δ[∆T21(z)]

8.8mK

]
. (3)
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Figure 1 – Evolution of the ionization fraction (color-coded: darker color corresponds to more neutral, whiter to
more ionized medium) according to a semi-empirical model of cosmic reionization.

Figure 2 – Left: auto and cross-correlation power spectra at a reference redshift z ≈ 7. Right: τ−21 cross-
correlation at different redshifts.

The τ−21 cm cross-correlation power spectrum coefficients can be written as

Cτ21
ℓ ≈ T0(z) n̄H σT fe

∫
dχ

a2 χ2
W (z, χ)P

(
χ, k =

ℓ

χ

)
, (4)

where P is the cross-spectrum; the window function W takes into account the narrow frequency
band ∆ν of ground-based radio arrays, which translates into a resolution in redshift or comoving
distance ∆χ ≈ (∆ν/0.1MHz) [(1 + z)/10]1/2. Fig. 2 (left) shows the (absolute value of the)
τ−21 cross-correlation at a reference redshift z ≈ 7, highlighting that it strikes an intermediate
course between the τ and 21 cm autospectra. Fig. 2 (right) displays a tomographic view of
the τ−21 cross-correlation, which features an inverse bell shape. The minimum is deeper at the
redshift where the Universe is 50% ionized. In addition, the location in scale (multipole) of the
minimum and the width of the bell shape are strictly related to the typical size and spread of
the ionizing bubble (typically lognormal) distribution. Thus tomographic measurements of the
τ−21 cross-correlation can yield relevant information on the physics of reionization sources.

This program struggles against the possibility to reconstruct the cross-correlation, taking into
account instrumental noise and foregrounds. The signal-to-noise ratio for the cross-correlation
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Figure 3 – Left: Signal-to-noise ratio for the reconstruction of the τ−21 cross-correlation at a reference redshift
z ≈ 7 via combination of future CMB and 21 cm experiments. Right: effect of residual foreground contamination
in 21 cm signal on the signal-to-noise ratio, for the reference PICO×SKA configuration.

can be computed as(
S

N

)2

z
= fsky

∑
ℓ

(2ℓ+ 1)

∫
z
dz′

|Cτ21
ℓ (z′)|2

(Cττ
ℓ +N ττ

ℓ )× (C2121
ℓ +N2121

ℓ )
. (5)

Fig. 3 (left) shows the S/N expected for the reconstruction of the τ−21 cross-correlation at
a reference redshift z ≈ 7 via combination of future CMB and 21 cm experiments, when only
instrumental noise is included. The computed S/N are well above 5σ for almost all the combi-
nations, with the best sensitivity achieved from PICO×SKA. For the latter configuration, Fig.
3 (right) shows the effect of residual foreground contamination in the 21 cm signal on the S/N.
The analysis indicates that future 21 cm experiment should remove the foreground at the level
of > 5× 10−4 to detect the cross-correlation signal at a significance of 5σ.

3 Contamination to B−mode polarization

Patchy reionization can induce secondary B−mode polarization anisotropies in CMB radiation.
The related power spectrum coefficients are written as

CBB
ℓ = Csca

ℓ + Cscr
ℓ , (6)

where the first term

Csca
ℓ ≈

3σ2
T n̄2

p,0

100

∫
dχ

Q2
rms(χ)

a4 χ2
Pxe xe

(
k =

ℓ+ 1/2

χ
;χ

)
e−2 τ̄(χ) (7)

is due to the Thomson scattering of the local CMB temperature quadrupole anisotropy off the
inhomogeneous free electrons, while the second

Cscr
ℓ ≈ e−2 τ̄

8π2

∫
d2ℓC

EE(p)
ℓ Cττ

ℓ (8)

is due to the primary polarization being screened (i.e., scattered out of the line of sight) by
the anisotropic optical depth. Fig. 4 (left) shows that patchy reionization induces a B−mode
spectral shape similar to lensing B−modes, but with much lower amplitude. Patchy reionization
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Figure 4 – Left: B-mode power spectrum, including the contamination induced by patchy reionization (thick red
line). Right: bias on the scalar-to-tensor ratio r by patchy reionization (after 90% delensing).

has limited impact on B−mode searches for scalar-to-tensor ratio r > 10−3, while it can be an
issue if r approaches 10−4. The related bias on the determination of r is given by

∆r =

∑
ℓ C

BB(sec)
ℓ CBB

ℓ (r = 1)/∆C2
ℓ∑

ℓ [C
BB
ℓ (r = 1)]2/∆C2

ℓ

. (9)

Fig. 4 (right) illustrates that, after 90% delensing, patchy reionization can induce a < 30% bias
on r for values r > 10−3, while the bias increases up to 70% for r ∼ 10−4.

4 Summary

Reionization, being caused by the ionizing radiation emitted from clustered sources as primeval
galaxies and quasars, is an intrinsically patchy process. Cross-correlation of CMB and 21cm
can constitute a powerful probe of patchy reionization, if foregrounds are properly cleaned. In
addition, patchy reionization induced B−mode signal could contaminate the primordial one for
scalar-to-tensor ratio r smaller than 10−3.
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Reionization constraints from HERA 21cm power spectrum limits

Stefan Heimersheim

Institute of Astronomy, University of Cambridge,
Madingley Road, Cambridge CB3 0HA, UK

I present our analysis of the 21cm power spectrum upper limits from the HERA radio interfer-
ometer, published in HERA Collaboration et al. 2022 1. We use the recent limits to constrain
reionization and the properties of the IGM and galaxies in the early universe. I focus in
particular on the possibility of a radio background in addition to the CMB (e.g. produced
by early galaxies) which can lead to a stronger 21cm signal and is thus easier to constrain.
I show what limits the HERA observations can put on these models and the IGM, and how
this compares to existing constraints on the radio and X-ray background.

1 Introduction

Over the last decades we have explored both, the nearby Universe of quasars and galaxies, as
well as the furthest edge of the observable Universe with the Cosmic Microwave Background.
21cm cosmology aims to fill the gap in between, probing the neutral hydrogen from Cosmic
Dawn to the Epoch of Reionization, and now it is a focus of many instruments.

The key observational target is the signature of the 21cm hydrogen line seen against the
background radiation. The line corresponds to the neutral-hydrogen hyperfine transition which
can cause absorption or emission at the (redshifted) 1.42GHz frequency. This deviation from
the smooth spectrum of the background radiation can, in principle, be observed today. One
of the telescopes aiming to detect the 21cm signal is the HERA radio interferometer in South
Africa 2.

The strength of the 21cm signal is determined by the 21cm brightness temperature, T21,
which depends on the difference between the background radiation intensity (radiation temper-
ature, Trad) and the Hydrogen spin distribution (spin temperature, TS), illustrated in Figure
1. The latter couples to the gas temperature TK as soon as Ly-α photons are abundant (via
the Wouthuysen-Field effect), which is usually the case for signals detectable by HERA. T21 is
proportional to (1− Trad/TS), allowing for a positive signal (increase over the background by
up to ∼ 30mK), or a negative signal (absorbing a fraction of the background).
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2 Methods

2.1 Data

The results presented here are based on the first public HERA data release a, measurements
taken with 39 science-quality antennas over 18 nights of observations. In particular we use the
data originating from a low-foreground part of the sky (HERA Field 1 ).

A detailed description of the measurements and derived power spectra is provided in the
HERA Upper Limits paper 3, but the key takeaway from the analysis is that the measurements
constitute upper limits on the value of the cosmological 21cm power spectrum ∆2

21 as the ob-
served values include non-cosmological “systematics” contributions. Marginalizing over possible
systematic contributions we obtain a likelihood Lm for a given theoretical power spectrum ∆2

21

which is essentially a smoothed step function at the observed values.

2.2 Analysis

We model the 21cm power spectrum using a semi-numerical simulation most recently updated
by Reis, Fialkov and Barkana 4. The simulation covers a volume of 384 comoving Mpc side
length with 3 comoving Mpc resolution and redshifts from Dark Ages (z ∼ 60) to z = 5. We
vary a number of parameters such as the minimum circular velocity Vc of star-forming halos and
the fraction of collapsed gas forming stars f∗. Together these parameters determine the amount
of stars and star forming halos, and thus scale the emission of radiation. Next we select the
X-ray efficiency fX and radio efficiency fr relative to the present day population, and finally
vary the amount of ionizing radiation emitted, mapping to a certain reionization optical depth τ .

To put constraints on these 5 parameters we need to vary all parameters at the same time,
allowing us to derive marginalized 1D and 2D posteriors for every parameter and combination.
For this we use a Markov Chain Monte Carlo (MCMC) method, specifically the ensemble sampler
emceeb. To analyze and plot the resulting parameter samples we use the codes anestheticc and
GetDist d. In this process we use a neural network (emulator) to predict the power spectrum
from the parameters. This essentially serves to interpolate between 10,000 existing simulation
runs and significantly accelerates our analysis. This emulation introduces a relative error of
about 20% but this is lower than the observational uncertainty of our data and has little effect
on the likelihood. The full details of the simulation and analysis methods as well as all our
results can be found in the HERA Astrophysical Constraints paper 1.

3 Results

We focus here on models which include the option for extra radio background sourced by early
galaxies, and show what constraints the current HERA limits can provide on these models. Out
of the 5 parameters we vary, only two have a significant effect on the posterior. The X-ray heating
efficiency fX and the radio efficiency fr have large effects on the 21cm power spectrum as they
determine the contrast between the gas temperature (heated by X-rays) and the background
radiation (boosted by radio galaxies), and thus how large the 21cm signal and power spectrum
can be (see Figure 1).

Figure 2 shows the posterior distribution of these two parameters, as well as their 2D poste-
rior histogram. The 2D histogram clearly shows that most models with fX < 0.25 and fr > 397
(orange lines, approximately corresponding to the 95% confidence contours) are ruled out inde-
pendently of the other parameters. This is corroborated by the 1D posteriors, indicating that
values of fX < 0.25 or fr > 397 are disfavoured at 68% confidence level.

ahttps://reionization.org/science/public-data-release-1/
bhttps://emcee.readthedocs.io/
chttps://anesthetic.readthedocs.io/
dhttps://getdist.readthedocs.io/
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Figure 1: Radiation (blue), gas (or-
ange) and spin (green) temperature
evolution with redshift, illustrating the
contrast (red area) that determines the
21cm brightness temperature (red line
below).
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Figure 2: 1D and 2D marginalized posterior probability
distributions for the two most relevant model parame-
ters, fX and fr. The purple colour indicates the proba-
bility density, while the black lines show 68% and 95%
2D iso-probability contours.

To put these values into context we consider the level of radio and X-ray background ob-
served today. The ARCADE2 experiment gives a limit on the radio background in excess of
the CMB (approximately scales with f∗ · fr), and the Chandra observations of unresolved X-ray
background impose a bound on the amount of X-ray background produced (roughly propor-
tional to f∗ · fX). We impose these bounds as conservative constraints on our models, checking
whether the models produce backgrounds exceeding these limits by redshift 8. Figure 3 (left)
contains samples in this parameter space, showing a fraction of models excluded as they ex-
ceed the Chandra limit (marked with crosses), some models allowed by Chandra but exceeding
ARCADE2/LWA measurements (empty circles), and the remaining parameter points as filled
circles. We demonstrate which models can be constrained by HERA using the color scale, points
in purple are compatible with HERA while points in orange are ruled out with a loglikelihood
difference ∆ logLm > 20. HERA can clearly constrain a significant fraction of the models
allowed by Chandra and ARCADE2/LWA, and complement these experiments.

In Figure 3 (right) we switch from model parameters to IGM properties and deliver a con-
straint on temperatures of the intergalactic gas T̄K and the background radiation T̄rad. Unlike in
the case of model parameters, our priors here are not uniform so we show the prior distribution
of temperatures in our model (orange) as well as the posterior (purple) after applying the HERA
constraints. We see a clear bound on the ratio between radiation- and gas temperature; large
ratios of log10(T̄rad/T̄K) > 1.1 are ruled out at 95% confidence level.

Finally we briefly discuss standard models, without any radio background beyond the CMB,
constrained by HERA together with complementary probes. In this case the strongest signals
can be achieved with a cold IGM (little heating) and thus HERA mainly provides a lower
limit on the the X-ray luminosity per star formation rate, constraining LX<2 keV/SFR to be in
[1040.2, 1041.9] at 68% confidence level. More details on this as well as further constraints can be
found in the HERA paper 1.
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Figure 3: Left: Model parameter samples in fr ·f∗–fX ·f∗ space illustrating the LWA/ARCADE2
and Chandra constraints on parameter space. The colour indicates the HERA likelihood, show-
ing models ruled out at ≳ 4σ in orange. Right: Prior and posterior distribution of modelled
radiation and gas temperatures at z = 8.
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I shall review the most peculiar aspects of cosmology in the radio band, with a special focus
on the SKA Observatory and its pathfinders and precursors. I shall present the main radio
probes that can be exploited for late-time cosmology: neutral-hydrogen emission-line galaxy
and continuum galaxy surveys, neutral hydrogen intensity mapping, and weak lensing cosmic
shear at radio frequencies. Moreover, I shall also discuss the added value of multi-wavelength
synergies, presenting some show-case example of the power of radio-optical cross-correlations
to test the foundations of the concordance cosmological model, such as the nature of dark
matter and dark energy, or tests of inflation and gravity.

Foreword

The author emphasises that the present text is a conference proceeding and, as such, is limited
in scope and length. For this reason, it cannot be exhaustive and do justice to all the science
cases related to cosmology with the SKA Observatory (SKAO). The reader is therefore referred
to the most updated, official review in this respect: the SKA Cosmology Red Book 2018,1

and references therein. It includes state-of-the-art technical specifications and performance
forecasts that supersede the previous analyses performed in view of the international conference
‘Advancing Astrophysics with the Square Kilometre Array’, held in Sicily in June 2014.2–10

1 The SKA Observatory

The SKAO is an intergovernmental organisation officially born on 15th January 2021,a after an
almost decade-long process started in October 2013 and that reached its latest stage after the
SKA Convention was signed in Rome, Italy in March 2019. The original idea, however, dates
back to more than twenty years earlier, when in September 1993 the International Union of

ahttp://skaobservatory.org/.
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Radio Science established the Large Telescope Working Group to begin a worldwide effort to
develop the scientific goals and technical specifications for a next generation radio observatory.

When finished by mid-2020s, the SKAO will be the largest scientific instrument ever built. It
will be co-hosted by Australia and South Africa, the former housing its low-frequency instrument,
comprising more than 100 000 antennas operating in the [50, 350] MHz range, the latter siting
its ∼ 200 mid-frequency dishes, which will cover the [0.35, 15] GHz frequency interval.

Goals of the SKAO are most varied, with cosmology being just one amongst others like
cosmic dawn and the epoch of reionisation, galaxy evolution, pulsar science, cosmic magnetism,
and the cradle of life.

2 SKA Cosmology

Drivers of the SKAO’s efforts for cosmology are the main open questions in our current un-
derstanding of the Universe, namely the nature of dark matter and dark energy, the possibility
of deviations from Einstein’s general relativity on cosmological scales, and the early phase of
cosmic inflation. These interrogatives will be tackled by exploiting a series of probes, which will
be discussed in what follows, namely clustering of neutral hydrogen (HI) emission-line galaxies
and continuum galaxies, HI intensity mapping, and weak lensing at radio wavelengths. For this,
the following surveys are proposed: a wide Band-1 (0.35 ≤ z ≤ 3) survey over 20 000 deg2 for
continuum galaxies and HI intensity mapping; a medium-deep Band-2 (0 ≤ z ≤ 0.5) survey
covering 5 000 deg2 for HI-galaxies and weak lensing; and a deep (3 < z < 6) survey of 100 deg2

sky coverage.

2.1 HI-line galaxies

Let me start this brief tour across radio-cosmology observables with the likely most well-known
and well-studied probe of the late-time Universe, namely galaxy clustering. Galaxy clustering
aims at reconstructing the properties of the cosmic large-scale structure (LSS) by means of
galaxy positions as luminous tracers of the underlying dark matter distribution. If we focus
on large enough scales, the density contrast of galaxy number counts in a given volume, ∆,
is directly proportional to the matter density contrast, δ, with the constant of proportionality
being the redshift-dependent and scale-independent (linear) galaxy bias, b(z). This implies that
measurements of the galaxy power spectrum can be related to the more fundamental matter
power spectrum, thus allowing us to probe its dependence upon cosmological parameters and,
consequently, constrain them within a given cosmological model.

In the case of the SKAO, the target galaxy sample will be emission-line galaxies in which
the redshifted 21-cm emission line of HI is clearly detectable. Then, by inferring the three-
dimensional position of the galaxies through their redshifts and angular locations in the sky, we
can build boxes of galaxy overdensities centred in a given redshift and measure the galaxy power
spectrum in a number of redshift bins. The main advantage of this approach is the possibility to
reconstruct a three-dimensional map of galaxy positions with spectroscopic redshift accuracy;
this is however also the reason of its main disadvantage, for the 21-cm emission line is very feeble
and to resolve it a long exposure time is required, meaning that for a fixed time of observations
on sky, only a small number of HI-line galaxies will be detected—compared to other emission-line
galaxies.

Examples of HI-line galaxy surveys in the past include the HI Parkes All Sky Survey
(HIPASS),b which detected about 4.5 thousand galaxies at a 5σ detection limit of 5.6 Jy km s−1

at 200 km s−1, and the Arecibo Legacy Fast ALFA (ALFALFA) survey,c with more than 20 thou-
sand galaxies at a 5σ detection limit of 0.72 Jy km s−1 at 200 km s−1. Both surveys are, however,

bhttps://astronomy.swin.edu.au/cosmos/h/HIPASS.
chttp://egg.astro.cornell.edu/index.php/.
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at low redshift. On the contrary, a SKAO HI-line galaxy survey should be able to reach z ∼ 0.5
with a volumetric galaxy number density of 0.5 to 1× 10−4 Mpc−3.

As detailed in the corresponding section of the SKA Cosmology Red Book 2018 (and refer-
ences therein),1 HI-galaxy surveys conducted with the SKAO will include the canonical science
cases for galaxy redshift surveys, i.e. measurements of baryon acoustic oscillations (BAO) and
redshift-space distortions, as well as more recent techniques such as for the clustering proper-
ties of cosmic voids and cross-correlations with other cosmological and astrophysical probes,
even including maps of the gamma-ray sky to probe the particle nature of dark matter, or
gravitational-wave sources to scrutinise deviations from Einstein’s general relativity.

However, besides the applications mentioned above, HI-line galaxy surveys with the SKAO
will also allow us to conduct other, innovative research thanks to the peculiar nature of the
radio signal. For instance, the intrinsic luminosity of a galaxy inferred from the 21-cm line
width, combined with its measured redshift and inclination angle, gives access to the peculiar
velocity of the galaxy in the line-of-sight direction. This way, a galaxy redshift survey effectively
becomes a ‘Tully-Fisher’ survey, allowing for joint measurements of both the galaxy clustering
power spectrum and the peculiar velocity power spectrum. By doing so, we can probe the under-
lying density field with two different tracers (density and peculiar velocities) at the same time,
thus effectively performing multi-tracing.11,12 Improvements on the estimation of the growth of
structures with respect to density-only analyses are very promising; and all the more so at low
redshift, where the most of the detected HI-galaxies will be, making this especially relevant in
the context of the SKAO.

2.2 Continuum galaxies

Continuum galaxy surveys share with the HI-galaxy surveys described above the same target
probe for cosmology, namely the distribution of galaxies as tracers of the matter density field.
If HI galaxies are detected by identifying a specific emission line in their spectrum, in the case
of galaxies observed in the radio continuum, the origin of the signal is the synchrotron radiation
generated by charged particles within the galaxy. The main advantage of this technique is the
strength of its signal compared to the need to resolve single emission lines, which allows for
a large number of detected objects. On the other hand, the lack of spectral features in the
synchrotron emission makes it almost impossible to disentangle the information about the total
flux with that of the redshift of the source galaxy. This effectively collapses the three-dimensional
reconstruction of the galaxies’ positions onto a two-dimensional map on the sky. Despite this
seeming disadvantage, continuum galaxy surveys have been profitably employed in cosmology.
For instance, the first ever detection of the integrated Sachs-Wolfe (ISW) effect—a smoking
gun for dark energy—was performed by cross-correlating anisotropies in the cosmic microwave
background (CMB) temperature with galaxy over-density maps in the radio continuum.13,14

Nowadays, continuum galaxy surveys are beginning to rival optical surveys in terms of
source density. This is because the synchrotron emission that dominates the extra-Galactic
radio background at frequencies lower than 10 GHz comes from basically any galaxy with an
ongoing star formation/accretion activity. Furthermore, the wide fraction of the sky surveyed
by this kind of experiments extends to areas substantially larger than those covered by many
of the forthcoming optical surveys, up to about ' 30 000 deg2. Among the most well-known
examples of continuum galaxy surveys is certainly the NRAO VLA Sky Survey (NVSS),15 which
detected about two million galaxies over the entire Northern sky above −40◦, with Stokes I-, U -,
and Q-parameter maps, and FIRST (Faint Images of the Radio Sky at Twenty-Centimeters),16

whose legacy is a catalogue of ∼ 900 thousand galaxies over 10 000 sq. deg. NVSS is the very
catalogue exploited to perform the aforementioned measurement of the ISW effect, whilst thanks
to FIRST we had the first ever detection of weak gravitational lensing at radio wavelengths.17

As described in the SKA Cosmology Red Book 2018,1 several applications are envisaged for
a wide continuum galaxy survey with the SKAO. The obvious one is constraining cosmological
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parameters via the ISW effect, for which forecasts show that a significant improvement over
current constraints will be possible if some redshift information can be attached to the detected
continuum galaxies. This could be done e.g. by cross-matching galaxies with optical surveys,18

or by means of so-called ‘clustering redshifts’.19 Besides dark energy, the ISW effect will also be
relevant to the aim of the amplitude of primordial non-Gaussianity, fNL, since a nonzero value
of this parameter will impact the very largest scales where the ISW signal peaks.20

Finally, it is worth mentioning a couple of science cases that are peculiar to continuum galaxy
surveys. The former exploits two facts: i) that galaxies detectable in the radio continuum pertain
to different astrophysical populations, like star-forming galaxies and active galactic nuclei; and
ii) that such populations preferentially form within dark matter haloes of given properties, e.g. a
specific mass range.21 Thanks to this, the multi-tracer technique can be employed,11,12 allowing
us to overcome the limitations of cosmic variance and to access thus the largest scales. By doing
so, bounds on fNL could in principle tighten by an order of magnitude, with the potential to
rule out entire classes of inflationary scenarios.22,23

The latter science case focusses on testing one of the fundamental assumptions underlying
our description of the Universe, that of homogeneity and isotropy. Thanks to the huge volume
probed, continuum surveys have the potential to constrain the CMB dipole—i.e. the dipole
associated with the proper motion of the Sun with respect to the CMB. Estimates of the radio
dipole in the literature agree with the CMB dipole direction, but with an amplitude twice to five
times larger than expected, and the reason for this is not understood.24 Simulations matching
expected SKAO performances show that the dipole due to LSS depends on the flux density
threshold, providing an extra handle to disentangle it from the kinematic dipole.

2.3 HI intensity mapping

One of the most anticipated science cases for cosmology with the SKAO is certainly mapping
the distribution of HI in the late, post-reionisation Universe (z . 5). This can be achieved
by measuring the characteristic 21-cm transition of HI, resorting to a long-known astrophysical
observable, dating back to the 1950s.25 Since, after the end of reionisation, almost the entirety
of HI resides inside galaxies, its distribution effectively acts as a tracer of the galaxy distribution
and, as such, of the underlying cosmic LSS—a technique known as ‘intensity mapping’.26,27

However, due to the weakness of the signal it is necessary to integrate over large pixels on the sky
to reach a desirable signal to noise, resulting into a poor angular resolution compared to (redshift
and continuum) galaxy surveys. On the other hand, by mapping the HI brightness temperature
at a given frequency, we automatically know the redshift that stretched the rest-frame 21-cm
photon wavelength, thus obtaining exquisite resolution along the line-of-sight direction.

Despite such a premiss, mapping the distribution of HI on cosmic scales is technically ex-
tremely challenging, for reasons connected to both astrophysics and instrumentation. First of
all, measurements are plagued by strongest astrophysical foregrounds, at levels three/four orders
of magnitude louder than the cosmological signal, and their coupling with instrumental system-
atic effects further increases the complexity of data reduction.28 As a consequence, detection of
HI intensity mapping has hitherto only happened in cross-correlation with optical galaxy sur-
veys, thanks to the fact that HI foregrounds and systematic effects do not correlate with maps
of galaxy number count fluctuations. By now, a few detections in cross-correlation have been
reported for single-dish experimental configurations—namely, where either the instrument is
composed of single dish, or a number of dishes is employed at unison to reduce statistical noise.
The first and the last of such detections made use of observations by the 100-metre diameter
Green Bank Telescope (GBT), respectively resulting in a 4σ-evidence cross-correlation with the
DEEP2 survey at z ∼ 0.8,29 and with two galaxy samples from the eBOSS survey over 100 sq.
deg.30 Otherwise, a recent measurement has been reported for interferometric observations by
the Canadian Hydrogen Intensity Mapping Experiment (CHIME),31 again in cross-correlation
with eBOSS galaxy samples and quasars, with high to very high detection significance.
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HI intensity mapping is by now recognised as an instrumental tool for contemporary cos-
mology, for it will allow us to track the growth of structures up to redshifts inaccessible to
traditional galaxy surveys. Furthermore, it will be highly complementary to them, lending its
exquisite redshift accuracy in exchange for its poor angular resolution—a trait clearly relevant
for example to the purpose of measuring BAO.32 In the SKA Comology Red Book 2018,1 several
applications of HI intensity mapping for astrophysics and cosmology are presented. From the
point of view of our understanding of thermal history of the Universe, HI intensity mapping
surveys with the SKAO at low and middle frequencies will allow us to pinpoint the evolution
across redshift of the abundance of HI, ΩHI(z). This quantity is a fundamental ingredient in the
modelling of HI clustering, and it is up to date extremely poorly constrained.

Besides that and other more traditional power spectrum analyses—like the aforementioned
BAO, or measurements of the growth rate via redshift-space distortions—HI intensity mapping
is envisaged as a means to access scales for the most part unreachable by galaxy surveys. As
already mentioned, such ultra-large scales encode pristine information about the earliest phases
of the Universe’s evolution, allowing us to test inflationary models by constraining fNL.33 But
primordial non-Gaussianity is not the only way inflation can be thus constrained, for HI intensity
mapping with the SKAO in auto- and cross-correlation with the CMB and other LSS probes
has the potential to detect inflationary features in the primordial power spectrum. Moreover,
relativistic effects in the clustering of tracers are strongest on those scales, meaning that if we
measure them we shall have a further confirmation of the goodness of general relativity on scales
where it has never been effectively tested.34,35 And, last but not least, neutrinos and alternative
dark matter candidates will also leave a detectable imprint on the distribution of HI on cosmic
scales, giving us access to measure them with SKAO intensity mapping surveys.

2.4 Radio weak lensing

Gravitational lensing is a well-known effect predicted by general relativity.36 Apart from rare
observer-lens-source alignments giving rise to spectacular strongly lensed images, the vast ma-
jority of gravitational lensing effects fall within the category of ‘weak’ lensing, where image
distortions are small perturbations. Nevertheless, weak lensing is a powerful tool for cosmology,
since photons from all galaxies experience a large number of tiny scatters along their paths
towards us due to their passing through the intervening LSS. As a result, all observed galaxy
images are somewhat weakly lensed, the more so the farther away they are from us.

At linear order, weak lensing distortions to a source image can be decomposed into an overall
magnification of its size—the convergence, κ—an area-conserving stretching of its shape—the
complex spin-2 shear, γ—and a rigid revolving of its orientation—the rotation, ω. However,
only the first two are sourced by scalar perturbations, the latter being to first order due to
tensor perturbations only. Moreover, convergence is not easy to estimate, for we do not know
the original size of a galaxy.37 On the other hand, shear is a much clearer observable, since in
the weak lensing regime the underlying LSS induces correlations in the orientation of galaxy
images, which can be reconstructed by measuring galaxy ellipticities. For this reason, shear is
the target of all purpose-built weak lensing surveys, such as the European Space Agency’s Euclid
satellite,d or the Vera C. Rubin Observatory.e

Weak lensing in the radio band shares many an aspect with its counterpart at optical/near-
infrared wavelengths, for gravitational lensing is achromatic. However, it has also peculiarities
that make the two probes highly complementary to each other. For a start, radio observations are
not limited by dust obscuration, making radio lensing a stronger signal because galaxies detected
in the radio continuum stretch deep in redshift—and, as mentioned, lensing is a cumulative
effect. Moreover, most of the lensing signal comes from small scales, which at high redshift
are less non-linear and thus modelled more robustly. Yet, small scales are also where shot noise

dhttps://www.euclid-ec.org.
ehttps://www.lsst.org.
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dominates, and radio galaxy catalogues are sparser than optical ones. For this reason, besides the
aforementioned single radio-only detection with FIRST,17 measurements of radio weak lensing
only happened in cross-correlation with either galaxies,38 or optically measured lensed shapes.39

As detailed in the SKA Cosmology Red Book 2018,1 applications of radio weak lensing
mostly involve cross-correlations with optical shear surveys. By far, the main advantage of such
synergic analyses is their potential to mitigate systematic effects known to plague cosmic shear
studies. Consider that, on average, shear contributes to observed galaxy ellipticities by ∼ 1%.
On top of this, the target sensitivity to dark energy parameters aimed at by oncoming shear
surveys corresponds to a further 1%. Therefore, it is clear that data reduction pipelines need
exceedingly good calibratio, not to induces biases in the estimation of cosmological parameters.

Performance is customarily parameterised in terms of additive and multiplicative bias for
the reconstructed ellipticity, with both vanishing in the ideal scenario. Regarding the former,
the value of radio-optical cross-correlation is readily apparent: observations in the two bands
are performed via wholly different ways, reason for which additive bias in the observed shear
will not correlate across wavelengths. Thus, the measured shear cross-power spectrum is devoid
of additive-bias contamination. The situation is more subtle when it comes to multiplicative
bias, for it does not drop in the cross-spectrum. Nonetheless, a joint radio-radio, optical-optical,
and radio-optical analysis has the potential to self-calibrate, once multiplicative-bias nuisance
parameters are properly included.

Finally, radio weak lensing also has the potential to alleviate the impact of intrinsic align-
ments, i.e. the observational contaminant due to galaxies formed within the same dark matter
halo being preferentially aligned as a consequence of the processes that lead to their formation.40

Indeed, radio observations can access information about the original integrated polarisation of a
galaxy, or its resolved rotational velocity, two proxies of the unlensed orientation of the galaxy.

3 Cosmology with SKAO precursors and pathfinders

The great endeavour represented by the SKAO is going to be possible also thanks to the sev-
eral precursor and pathfinder instruments currently paving the way. ‘Precursors’ like the South
African MeerKAT and the Australian SKA Pathfinder (ASKAP) are located at SKAO sites, car-
rying out scientific studies related to future SKAO activities and helping the development/testing
of new technologies. ‘Pathfinders’ are found all around the world, such as the Low Frequency
Array (LOFAR), CHIME, or the Five-hundred-meter Aperture Spherical Telescope (FAST), and
are also engaged in SKAO-related science and technology.

Many of these pathfinders and precursors are by now fully active and have already de-
liveded their first results. For instance, measurements of the cross-correlation between the
Rapid ASKAP Continuum Survey (RACS) and the CMB have been performed,41 and science-
verification data papers are oncoming for the Evolutionary Map of the Universe (EMU).42,43

Regarding HI intensity mapping, a successful demonstration of single-dish intensity mapping
calibration with an array of dishes was recently reported for MeerKAT.44 Whereas an effort for
radio weak lensing has been ongoing for some years with the upgraded Multi-Element Radio
Linked Interferometer Network (e-MERLIN) .45–47

4 Conclusions

The invited contribution whose material sourced the present proceeding was aimed to be a gen-
eral introduction to the SKAO’s science cases for cosmology. It focussed on the main envisaged
surveys, and related cosmological probes, as described in the reference text adopted, the SKA
Cosmology Red Book 2018,1 which the interested reader is encouraged to refer to for any detail.
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Chasing Neutral Hydrogen: an Intensity Mapping view of the large scale structure
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Radio telescopes such as MeerKAT, and in the future SKA, can map the spatial distribution
of the post-reionization cosmic neutral hydrogen using Intensity Mapping techniques for the
21 cm line. These measurements can unveil the underlying large-scale structure of the Uni-
verse and contribute in a fundamental way to our understanding of structure growth. A key
point is the subtraction of the bright foregrounds, orders of magnitude stronger than the 21cm
signal. I briefly describe here the status of MeerKLASS, an Intensity Mapping survey with
the MeerKAT telescope. Moreover, I report the results of an effort, led by the SKA Intensity
Mapping Focus Group, to construct a realistic mock data cube with improved the sky model
and instrument characterization, and to assess through simulations the performance of fore-
ground cleaning methods.

1 Introduction

Over the next decades the telescope arrays of the SKA Observatory (SKAO) will observe of
radio continuum emission and the 21-cm line emission from neutral hydrogen gas (Hi) in order
to test the standard cosmological model 1. Hi gas, as the first and most abundant element in
the Universe, is an excellent tracer of the large-scale structure and its evolution. However, due
to the weakness of its emission, detection is limited to very low redshift. Intensity Mapping
(IM) is a relatively recent technique to circumvent this limitation by observing the integrated
Hi line emission from unresolved sources in large volume elements of the sky. Hi IM surveys are
very time-efficient compared to traditional galaxy surveys as the low spatial resolution and large
redshift range allow the observation of cosmic volumes within relatively short telescope times.
The resulting Hi maps trace the largest scales of the matter distribution of the underlying dark
matter field with excellent redshift resolution due to the telescope’s fine frequency channelisa-
tion. For the SKA Observatory, the planned cosmological IM surveys will be conducted in the
so-called single-dish mode: each dish operates as a single telescope, and maps are co-added 1.
IM surveys have been planned for the SKA precursor MeerKAT 10, and a Science Verification
data campaign with this technique has already been successfully completed (and further tele-
scope time is available). In section 2 the key result obtained by Wang et al.(2021) 2 will be
briefly revised. The main obstacle for the detection of the Hi signal comes from the presence
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Table 1: Specifications of the MeerKAT Observations from Wang et al.(2021) 2.

Antennas All 64 MeerKAT dishes
Observation mode Single-dish
Polarisation Linear (horiz. + vert.) feeds
System temperature ∼16 K
Frequency range 0.856-1.712 GHz
Frequency resolution 0.2 MHz
Number of channels 4096
Time resolution 2s
Exposure time 1.5hr x 7 scans
Target field WiggleZ 11hr field (10◦ × 30◦)

of astrophysical foregrounds, orders of magnitude stronger than the Hi signal. While the fore-
grounds, predominantly due to synchrotron and free-free emission at the relevant frequencies
(around 1 GHz), have a known spatial distribution and frequency correlation, their convolution
with instrumental systematics and other observational effects can render signal separation a very
challenging task. The challenges of foreground removal will be addressed in section 3 where I will
summarized the Blind Foreground Cleaning Challenge carried on by the SKA Intensity Map-
ping Focus Group (Spinelli et al. 2022 3) on a realistic, MeerKLASS-inspired, set of simulated
single-dish observations.

2 MeerKAT Science Verification Data

As a first step towards demonstrating the feasibility of the single dish observing strategy, Wang
et al.(2021) 2 have developed a calibration pipeline for dual-polarisation autocorrelation data
from 64 MeerKAT dishes in the L-band (856 – 1712 MHz, 4096 channels), with 10.5 hours of
data retained from six nights of observations. The pipeline includes a mulit-level RFI flagging,
periodic noise diode injection to stabilize the gain drifts and an absolute calibration based
on an assumed sky model. The specification for these observations are reported in table 1.
Figure 1 shows, for a given frequency, the final recovered map of diffuse celestial emission and
point sources over a 10◦ × 30◦ patch of the sky overlapping with the WiggleZ 11hr field. The
single per-dish reconstructed maps have a good level of consistency and results are in very good
agreement with external datasets.

The map of figure 1, contains foreground at the Kelvin level. The target cosmic 21cm signal is
expected to be instead around the mK. Similarly to the CMB case, the separation of the signal
and the foregrounds needs to be properly achieved in order to exploit this type of observations for
cosmology. This is work-in-.progress within the MeerKLASS collaboration and requires a careful
cross-check with simulations which will be addressed in the next section. One useful strategy to
mitigate the residual foreground and systematic level in the data after the cleaning process is
to cross-correlate the cleaned maps with galaxy surveys in the same sky area. Cross-correlation
with galaxy surveys has been proven successful for various IM experiments (see for example the
recent results of Wolz et al. 2022 12). The cross-correlation between the MeerKLASS maps and
WiggleZ is under study (Li et al. in prep).

3 The challenge of foreground removal

In recent years, many studies have addressed the separation of the Hi signal from the fore-
ground emission in the context of single-dish IM observations both with data and simulations.
The foreground removal methods that have been proven to be the most powerful are Principal
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Figure 1 – The mean intensity maps at 1023 MHz from the combination of all scans after various rounds RFI
subtraction. Magenta dots mark the positions of point sources with flux >1 Jy at 1.4 GHz, which were not
included in the sky model used for calibration. The figure is taken from Wang et al.(2021) 2.

Component Analysis (PCA), Independent Component Analysis (ICA), and Generalised Mor-
phological Component Analysis (GMCA). In addition, many studies set particular focus on the
interaction between foreground removal and observational systematics such as primary beam
effects 9, polarisation leakage 5,6, 1/f noise and radio frequency interference due to satellites 8.

Here I summarize the Foreground Cleaning Challenge we carried on constructing a realistic set
of low-redshift Hi IM simulations for a ∼ 5000 deg2 single-dish survey with MeerKAT or the
SKAO-MID telescope. The simulations, covering the 950− 1400 MHz range, include a Hi signal
generated by combining a semi-analytical galaxy formation model with a cosmological halo
simulation, and astrophysical foregrounds, generated using two alternative models: a Gaussian
realisation of the foreground 2-point statistic and frequency scaling properties 11, and a more
empirically informed one, based on the Planck Sky Model 7. We simulated instrumental effects
through a commonly used Gaussian beam and an Airy beam model that includes side-lobes 8,9.
We model a fixed-elevation scanning strategy resulting into a non-homogeneous noise level. The
various setup combinations resulted in sixteen dirty data-cubes to be cleaned. These describes
increasingly realistic scenarios which allow a gradual understanding of the role of individual
observational features in the cleaning process.

Nine foreground cleaning pipelines joined this first Challenge, that was blinded: cleaning was
attempted without prior knowledge of Hi signal, foregrounds, beam model and noise level.
Seven of the pipelines (versions of PCA 4, FastICA 6, and GMCA 5) linearly decompose the
given data-cube leveraging statistical properties of the foreground components such as non-
Gaussianity or sparsity. The other two methods either impose the foreground smoothness in
frequency (polynomial fitting) or make physical assumptions on the foreground properties (least-
squares fitting). Testing many different methods on the same simulation allowed us to quantify
their relative accuracy on cleaning. We devised a set of criteria to describe the quality of the
cleaned residuals in terms of their angular and the line-of-sight power spectra and presented
their relative performance using radar charts. An example of the results can be seen in figure 2.
We find that methods based on statistical properties of the data outperforms the parametric
ones, given the current knowledge of foregrounds at the relevant frequencies combined with the
systematic effects. Moreover, we conclude that implementing the cleaning in parallel with more
than one method is an excellent practice to unveil different data characteristics. For a more
detailed discussion see Spinelli et al. 2022 3.

This first Challenge was designed as the baseline case to test the ability to recover the Hi
cosmological signal, including realistic observational effects. These simulations lay the ground for
developing more complex and detailed end-to-end simulations necessary to improve foreground
cleaning pipelines leading to robust Hi signal detection in the forthcoming MeerKAT/SKAO
era.
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Figure 2 – Left: The estimator (Cclean
` − Ctrue

` )/Ctrue
` for one of the cleaning methods (GMCA in this example),

where Cclean
` is the angular power spectrum of the cleaned maps, while Ctrue

` is the angular power spectrum for
the input cosmological signal and noise, as a function of frequency. For reference, the black dashed line traces
the evolution with frequency of the angular scale of the FWHM of the telescope beam. Right : Example of radar
charts showing the relative performance of the method in the left panel. For a given metric, we marked each
method from 1 to 5, depending on the relative quality in the cleaning (1 =worst, 5 =best); hence, the bigger the
area covered by the chart, the better the overall performance. Other results and a more detailed explanation on
the metrics can be found in 3.

4 Conclusions

Hi cosmology still have to prove its full potential but, in particular when the SKA Observatory
will be operational, it will offer an incredible window into the evolution of the Universe. Crucially
for this task, Intensity Mapping surveys are taking and analyzing data already, giving to the
community the opportunity to discover and overcome the possible challenges. Observations
from MeerKLASS Intensity Mapping survey with MeerKAT are under study, together with an
effort in understanding the instrument and developing the analysis pipelines. It is therefore of
paramount importance to develop ad-hoc simulations of both the Hi signal and the foregrounds
to fully prepare the ground for the SKAO era and its potential contribution to the knowledge
of large-scale structures.
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The 21cm intensity mapping is a promising new technique to map the large-scale-structures
in the Universe at multiple redshifts. Due to the faintness of the 21cm signal, any systematic
errors cannot only contaminate the signal, but also distort the spectral smoothness of the
bright foregrounds, depressing the effective component separation. One such systematics for
radio interferometry telescopes is the calibration errors in the individual receiver response,
introducing receiver gain fluctuations in the data. In this work, we develop a novel calibration
algorithm to calibrate a generic radio interferometer and correct for these gain fluctuations.
The algorithm matches a given observation to a template constructed from the average of re-
peated observations. We apply the algorithm on the visibility data collected from the CHIME
telescope, which successfully corrects sub-percent level gain fluctuations.

1 Introduction

The radio intensity mapping (IM) is a recent technique to measure large-scale-structures to
probe the Universe evolution history. The concept of IM is to detect a single emission line, such
as the HI line, from large scale fluctuations without resolving individual galaxies below the beam
resolution 1. The intensity maps provide angular diameter information from pixel-to-pixel fluc-
tuations, as well as accurate redshift measurements from multiple fine frequency channels. Many
intensity mapping experiments have been proposed, such as the Canadian Hydrogen Intensity
Mapping Experiment (CHIME) 2 and the upcoming Square Kilometer Array (SKA) 3. One of
the main challenges for HI IM experiments is the effective removal of astrophysical foregrounds,
which can be ∼ 105 stronger than the HI signal. One relies on the smooth responses of fore-
grounds to the frequency to separate them from the frequency-independent HI signal4. However,
instrumental systematics will distort the spectral smoothness of the foregrounds, undermining
the component separation. In addition, systematics introduce an extra source of contamination
and are often difficult to characterise due to their complexity 5. Therefore, one must understand
and mitigate residing instrumental systematics wherever possible. In this work, we focus on
developing a novel algorithm to calibrate generic interferometric data and correct for calibration
errors as one common types of systematics in radio interferometers.

2 Formalism

In an interferometer, the observed visibility, Vij , from the antenna pair i and j is related to the

true visibility Ṽij through

Vij = (1 +∆gi +∆g∗j )Ṽij + nij , (1)

where nij is white noise in the data, ∆gi,∆gj << 1 are the gain fluctuations of each receiver

due to calibration errors. Assuming there exists a reference visibility V ij ≈ Ṽij , one can deduce
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Figure 1 – An example visibility as a function of RA from 10 individual days (colored) and their averaged (black)
observed by CHIME in Jan 2020.

the gain fluctuations and thus correct from the data to recover the true visibility given a known
template and the observed visibility. This can be achieved through the minimum chi-square
estimation, which is equivalent to solve∑

t

∑
ij

[Vij − (1 + ∆gi +∆g∗j )V ij ]V
+
ij = 0 . (2)

The advantage of the method is that the number of known parameters Vij , V ij is significantly
larger than the number of unknown parameters ∆gi, since total number of visibilities from N
receivers is N(N+1)

2 . Equ. 2 thus becomes over-determined, allowing a precise solution of ∆gi.
Since the visibilities and gain fluctuations are both complex numbers, we separately solve the
amplitude and phase components of the gain fluctuations by writing ∆gi = ai + ibi. Including
all antennas, we solve the ai and bi in the matrix format such that M · A = Y, where each
element of M and Y is

mij =

{∑n
j=1Re(Dij) +Re(Dij), i = j

Re(Dij), i ̸= j
, yi =

n∑
j=1

Re(Cij)−
n∑

j=1

Re(Dij) . (3)

Cij =
∑

t VijV
+
ij is the cross-correlation between the provided template and the observed visi-

bility, and Dij =
∑

t V ijV
+
ij is the auto-product of the template itself. Similarly, the imaginary

component becomes M′ ·B = Y′, where each element of M′ and Y′ is

m′
ij =

{∑n
j=1Re(Dij)−Re(Dij), i = j

−Re(Dij), i ̸= j
, y′i =

n∑
j=1

Im(Cij) . (4)

3 Data

We test our algorithm on 10 days of data observed by the CHIME telescope in Jan 2020. We
select 12 hours of data centred at the Taurus A (TauA) transit located at 83◦ in right ascension
(RA) and 22◦ in declination (DEC). The selected data expands between 0◦ and 175◦ in RA.
The TauA transits around 10pm at the local time in Jan. Therefore, we have maximised the
night time observation to minimise the Sun effect and the human interference in our data. The
CHIME telescope consists of 4 cylinders, each with 256 dual polarisation antennas. We use 100
co-polarisation antennas for our analysis, with 25 equally spaced antennas per cylinder, forming
5050 visibilities in total. We choose one single frequency channel at 758.2MHz for our analysis.
Fig. 1 shows the visibility of an example baseline measured from individual days (colored) and
their average (black) used as the template in our calibration. All data are RFI-excised and pre-
calibrated by the standard point source calibration in order to satisfy the small perturbation
assumption in Equ. 1. Indeed, the time-averaged template is moother and robuster against
random fluctuations than individual days.
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Figure 2 – The amplitude (left) and phase (right) of the detected gain fluctuations as a function of RA and
antenna index.

4 Results

4.1 Day-averaged template calibration

We calibrate the 10 days of the data with their day-averaged template using our algorithm. We
discard all auto-correlation baselines due to their outstanding noise level and low sensitivity. We
also exclude all co-cylinder baselines which are known to be impacted by cross-talks between
adjacent antennas. We derive the gain fluctuations using the formula in section 2 with an interval
of 20◦ in RA, corresponding to a timescale of ∼ 1.5 hours. Fig. 2 shows the amplitude (left) and
phase (right) components of the gain fluctuations as a function of RA and antenna index. The
on-transit region between 80◦ and 100◦ in RA has the minimum fluctuations shown as the dark
vertical stripe in the middle of both panels. This is because the point source pre-calibration is
most accurate at this region and thus has the least daily fluctuations. At off-transit regions, we
detect a percent level gain fluctuation in both components on average. In addition, our algorithm
is sensitive to systematics in the data, such as malfunctional antennas shown as bright horizontal
stripes. The temperature variation also causes a physical shrinking or expansion of each cylinder.
The resultant change of baseline distances is observed as a relative phase transition in the right
panel of Fig. 2, where the phase fluctuations transit from negative (dark-colored) to positive
(light-colored) vertically along the antennas for all four cylinders.

We calibrate each day of data using Equ. 1 with the derived gain fluctuations. In order to
quantify the results of our calibration, we compute the relative residual power spectrum defined
as

Pij =
F2(δpost)−F2(δpre)

F2(V ij)
(5)

where for each antenna pair i and j, F2(δpost) and F2(δpre) are the power spectra of the residual
visibilities before (δpre) and after (δpost) applying our calibration. Equ. 5 quantifies the fractional
change in residual power when comparing a single day to the template with respect to the signal.
A negative value indicates a less residual power after our calibration and thus an improvement
compared with the point source pre-calibration. The median values of the residual spectra over
days give −0.04% for the full RA range, −0.23% for pre-transit and −0.14% for post-transit.
It confirms that our calibration is more important at off-transit regions as expected, and on
average we correct sub-percent level gain fluctuations from the data, which can be crucial for
detecting the 21cm signal giving the large foreground to signal ratio.

225



1000

500

0

500

1000
Vi

sib
ilit

y
real Niter = 5

Niter = 10
Niter = 15
Niter = 20
temp
raw

80 81 82 83 84 85 86 87 88
RA [deg]

1000

500

0

500

1000

Re
sid

ua
l

1000

500

0

500

1000

Vi
sib

ilit
y

imag

80 81 82 83 84 85 86 87 88
RA [deg]

1000

500

0

500

1000

Re
sid

ua
l

Figure 3 – Upper : The visibilities of the raw data, the template and the iteratively calibration data. Lower : The
residuals between the calibrated data and the template. The visibilities shown here are from a typical day with
a cross-cylinder baseline.

4.2 Iterative calibration of raw data

We also apply our algorithm on raw data without the point source pre-calibration in order to
test if our algorithm is able to directly calibrate raw data given a template. In this case, we
use the same template as above, but iteratively apply our algorithm to the raw data. As an
example, for a typical day and a single baseline, Fig. 3 shows the visibilities (upper) and their
residuals (lower) after different numbers of iterations in comparison with the template. It can
be seen that the magnitude of raw data is significantly smaller compared with the template. By
increasing the number of iterations, the difference gradually reduce until after 15 iterations where
the calibrated visibilities converge with the template and no further improvement is obvious
afterwards. We compare the calibrated visibilities in this case with the previous ones starting
from pre-calibration. Through the relative residual power spectrum, the iterative calibration is
highly consistent with the previous results with a difference as little as 0.01%. The results show
that with a reasonable amount of iterations, our algorithm is able to directly calibrate raw data
independent to the pre-calibration.

5 Conclusions

In this work, we develop the time-redundant calibration algorithm to calibrate radio interferome-
ter data given a template derived from repetitive observations over days. Applied to the CHIME
data, it is shown to have successfully corrected percent level gain fluctuations from individual
days. Through iteration, the algorithm can directly calibrate raw data towards a given template,
providing an independent and complementary approach to other existing calibration methods.
The algorithm is applicable to a generic interferometry telescope such as the upcoming SKA
telescope. It is particularly useful for 21cm surveys where any corrections of gain fluctuations
is crucial for the signal detection given the large foreground to signal ratio.
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The Simons Observatory is a ground based CMB experiment being deployed in the Atacama
desert in Chile and focusing on polarised signals. It is comprised of 3 small aperture telescopes
and one large aperture telescope. It will observe the sky in 6 frequency bands from 27 to 280
GHz with more than 60, 000 transition edge sensors in total in its nominal design. With
unprecedented sensitivity SO will deliver novel and improved constraints on cosmological and
astrophysical parameters probing physics from our Galaxy all the way to the early Universe.
Here we review some of the Simons Observatory science goals, its design and some of the efforts
made to understand and mitigate instrumental systematic effects to get the most pristine CMB
polarisation signal as possible.

1 Introduction

The Simons Observatory (SO) is a ground based CMB experiment that is being deployed in
the Atacama desert in Chile. It aims at observing the polarisation of the cosmic microwave
background (CMB) and more generally the polarisation of the microwave sky with exquisite
sensitivity to constrain cosmological and astrophysical parameters. SO has a wide range of
scientific objectives covering a big part of the Universe’s history from the very early Universe to
present days. The international SO collaboration has more than 300 members from more than
10 countries and spanning over 40 institutions.

2 Science objectives

Figure 1 shows the broad science goals of SO, such as the measurement of primordial gravita-
tional waves for primordial cosmology or the measurements of magnetic fields in the Galaxy for
Galactic science.

Measuring the CMB primordial B-modes polarisation would be a hint for the cosmological
era of inflation. The tensor-to-scalar ratio r that parametrises the CMB primordial B-modes am-
plitude is forecasted to be constrained with a precision of σ(r = 0) = 3×10−3 without delensing
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Figure 1 – Summary of some of the Simons Observatory science goals. Figure adapted from ESO.

by SO. With delensing this should be reduced by a factor 21,7. SO’s CMB polarisation mea-
surements aims also at constraining the shape of the primordial spectrum and non-Gaussianity
for instance. More broadly, measuring the CMB polarisation has the potential of constraining
many cosmological probes such as dark matter properties or cosmic birefringence.

Further along the propagation of CMB photons other physical effects have an impact on the
signal received. As reionisation occurs the neutral gas gets heated up and ionised. Similarly,
galaxy clusters contain hot gas, this distorts the typical black body spectra of the CMB. Those
spectral distortions are generated by an interaction of CMB photons on electrons in clusters; this
effect is called the thermal Sunyaev–Zeldovich effect (tSZ) and the kinematic Sunyaev–Zeldovich
effect (kSZ) and its characterisation is used to probe matter distribution and evolution in the
Universe. For instance through excess of variance due to patchy reionisation, SO would be able
to constrain the reionisation duration ∆z with a precision of σ(∆z) = 0.6.
Matter on the line-of-sight (such as dark matter filaments or galaxy clusters) distorts CMB
photons path and creates CMB lensing effects. It is a probe that can be used with temperature,
E and B-modes anisotropies to estimate the number of relativistic species Neff . SO aims at
constraining Neff with a precision of σ(Neff) = 0.07. Lensing combined with BAO data from
DESI also helps for the measurement of the neutrino mass Σmν . SO’s precision on that mea-
surement is planned to be σ(Σmν) = 0.04 . Other synergies are planned using SO lensing and
Rubin Observatory data to constrain the growth of structures as a function of redshift σ8(z),
for instance with a redshift bin of z = 1 − 2 the projected precision is σ(σ8)/σ8 = 0.015. Other
probes accessible with SZ effects, lensing and combination with LSS surveys are detailed in the
SO forecast paper1.

Finally SO will also observe signals from the local Universe that will help us understand
some astrophysical effects. Indeed the legacy arc-min resolution maps of the millimetre-wave
sky that SO will produce will open a new window on Galactic science. SO would for instance be
able to create a map of large-scale distribution of magnetic fields in the Galaxy. There is also
a case for the research of Planet 9 in the solar system using SO. And there are of course other
science observables explored in the SO science goals and forecast paper1 and the recent Galactic
science paper3.
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3 Instrument design

These science goals drove the design of the SO instruments, some of the effects that need to
be probed have an impact on large angular scales such as primordial gravitational waves, and
other parameters such as σ8 the amplitude of matter perturbation, need very high resolutions.
To be able to probe both scales SO is deploying an array of 3 small aperture telescopes (SAT)
that will observe the large scales (between 30 ≤ ` ≤ 300) of the CMB anisotropies and one large
aperture telescope (LAT) for the small scales (300 ≤ ` ≤ 5000). A rendering of both SAT and
LAT are represented in Figure 2.

The science goals mentioned above and others discussed in the SO forecast paper1 all require
exquisite precision of CMB polarisation measurements. The design of the Simons Observatory
aims at achieving this precision through several improvements with respect to the previous
generation of CMB experiments. For instance SO will use state of the art dichroic bolometers
(transition edge sensors) aiming to reach a baseline noise of ∼ 2.6 µK-arcmin at 93 GHz for the
SAT and ∼ 8.0 µK-arcmin for the LAT. This type of detector being photon noise limited, SO
will deploy over 60, 000 in the SO nominal design, a factor of a few above current observatories.

Figure 2 – The Small Aperture Telescopes (left), and the Large Aperture Telescope (right).

3.1 The three Small aperture telescopes (SAT)

The Simons Observatory will deploy an array of three small aperture telescopes that aim at
observing the largest scale of the CMB polarisation anisotropies. The SATs are refractive tele-
scopes with a 42 cm aperture. They will observe a fsky = 10% patch, targeting low-foreground
regions of the sky. The survey overlaps other CMB experiments coverage such as BICEP al-
lowing for future cross-correlations. The SAT will have four focal planes. Through the use of
dichroic TES each focal plane is sensitive to 2 frequencies, the planned SAT configuration is
made of:

• 1 Low Frequencies (LF) focal plane observing at 27 and 39 GHz.

• 2 Mid Frequencies (MF) at 93 and 150 GHz.

• 1 High Frequencies (HF) at 225 and 280 GHz.
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Where one of the MF focal plane will be replaced by the LF one during one year of observation
to constrain synchrotron radiation in our patch while maximising the data in CMB dominated
frequencies. Each MF and UHF focal plane has 10, 000 detectors allowing the SATs to have
30, 000 detectors observing the sky at any given time once the three SATs are deployed. The
focal planes are cooled to 100 mK for the bolometers to be in their superconductive transition.
The optics of the telescope are also cooled down between the ∼ 100 mK stage and the 50 K
stage to limit the intrinsic emissions coming from the heat of the optical elements.

3.2 The Large Aperture Telescope (LAT)

The Simons Observatory’s Large Aperture Telescope has a crossed dragone design with 2 mir-
rors9. The primary 6 meter diameter mirror will allow the LAT to produce an arcmin resolution
map of the microwave sky. LAT’s sky coverage will be fsky = 40% and its survey will overlap
with many others like Rubin Observatory, Euclid, DESI etc. As mentioned in section 2 this
overlap allows for many synergies between SO and optical and spectroscopic surveys, such as
the observation of large scale matter distribution. Future joint studies are planned such as the
constraint of the growth of cosmic structures, baryonic feedback etc. Furthermore CMB obser-
vations and optical surveys use very different instrument design and observation techniques, so
we will be able to cross correlate both data sets to mitigate possible systematic effects.
The LAT will observe in the same 6 frequency bands as the SATs and will use similar dichroic
TES cooled down to 100 mK. Each focal plane observes in 2 frequencies and is embedded in an
optics tube placed in the receiver. In its nominal design the LAT will have 7 optics tubes:

• 1 Low Frequencies (LF) focal plane observing at 27 and 39 GHz.

• 4 Mid Frequencies (MF) at 93 and 150 GHz.

• 2 High Frequencies (HF) at 225 and 280 GHz.

With this design the LAT will have more that 30, 000 detectors observing the sky. The receiver
is able to host 13 optics tubes that will be deployed throughout the LAT’s observation lifetime.

3.3 Systematic effects mitigation

Between the true CMB anisotropies signal and the retrieved power spectra used for cosmological
parameter estimations, there are a lot of other signals, instrumental and data analysis effects
that can bias our results. A lot of care is placed in the identification of those signals or effects
and their mitigation. The methods used can be hardware or software-based and in general a
mix of both is used to have the best result possible. Here we list some of those effects and the
method used to mitigate them, this list is by no means exhaustive.
SO is a ground based telescope, this implies a variety of effects that are specific to ground exper-
iments. For instance the ground itself, at ∼ 300 K will emit a signal that is possibly polarised
by the instruments and their surroundings. To limit the ground pick-up that would particularly
impact the large scale CMB signal, each SAT is surrounded by a ground shield (see left Figure
2) as well as a co-moving shield and a fore-baffle mounted on top of the receiver.

The atmospheric signal has to be mitigated as well. To do so the SAT are all equipped
with a rotating half-wave plate (HWP). The latter is composed of layers of birefringent material
that rotate the polarisation angle of the incoming light. The rotation of the HWP allows for
a shift of characteristic frequency of the polarised CMB signal in frequency domain while the
atmospheric noise is untouched resulting in a better signal to noise ratio and a mitigation of
several systematic effects. The HWP is the first optical element in the optical chain of the SATs,
reducing the possible I to P leakage coming from other optical elements. Furthermore the HWP
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is part of the 50 K cryogenic stage which decreases the possible spurious emissions due to its
thermal emission. To attenuate the vibration that the 2 Hz rotation of the HWP would induce
and which could generate noise in the detectors, it is levitating using superconductor magnets.
Another way atmospheric noise has been mitigated is in the choice of frequency bands. Indeed
they correspond to bands where the atmosphere transmission is the best as shown on the right
panel of Figure 3. It allows for a maximal amount of sky signal going through the atmosphere
and lesser atmospheric contamination.

Calibration campaigns are also necessary to have the best understanding possible of the
instrument (and to reduce its systematic effects). For instance the knowledge of the global
polarisation angle of the telescope is necessary for the measurement of isotropic cosmic birefrin-
gence. Several methods are being explored for the SAT. For instance a rotating wire grid acting
as a polariser will be deployed on top of the SAT aperture, allowing to measure the polarisation
angle of the detectors with a forecasted precision between 0.2 to 1 degree2. Similarly another
project plans to deploy a drone carrying a polarised source that has been calibrated in the lab
and that would fly in the far field of the SATs. Here the aim is to compare between the emission
of the polarised source and what is received by the telescope to fit for the polarisation angle of
the detectors with a forecasted precision between 0.01 and 0.1 degree2,8.

The major spurious contaminant for CMB polarisation analysis are the Galactic foregrounds.
The 2 main signals are the synchrotron radiation and dust emissions. The synchrotron radiation
is emitted by free electrons as they are being accelerated by the Galactic magnetic fields. The
synchrotron signal tends to dominate at lower frequencies with respect to the peak of CMB
emissions (see Figure 3 left). The other major foreground contaminant is thermal dust. In
the interstellar-medium, dust grains get heated by nearby stars which results in an emission
of microwave signal. And due to the asymmetry of the grains this emission is polarised. This
emission dominates sky signals at high frequencies (with respect to the peak of CMB emission,
see Figure 3 left). To characterise all those signals SO observes the sky in 6 frequencies from
27 to 280 GHz. The lowest frequency bands (27 and 39 GHz) help us characterise synchrotron
radiation. Similarly, the highest frequency bands (225 and 280 GHz) are used to characterise
the dust signal. Once those signals are understood in our sky patch, several methods are used
to perform the separation between foreground and the CMB components. Those methods can
be map-based or spectra based for instance. A data challenge that will result in a collaboration
paper is in progress to compare the efficiency of the different pipelines for the estimation of r
using realistic simulated SAT data and several foregrounds models varying in complexity.

This is only a glimpse of the complexity involved in the design of SO and analysis of its
data. Many other effects need to be taken into account and are being dealt with by SO members
dedicated to make sure SO will deliver state of the art cosmological data.

4 Conclusion

The Simons Observatory is being deployed in the Atacama desert in Chile at an altitude of
5, 200 meters. This is one of the driest places on Earth, limiting atmospheric effects as shown
in Figure 3 (right). The site itself is near CLASS, ACT and the Simons Array and SO benefits
from prior knowledge coming from those experiments. In that location almost 80% of the sky
is accessible which allows SO’s survey to overlap with other observations such as BICEP, Rubin
Observatory, DESI and Euclid. To facilitate exchange SO is community oriented, maps will
be regularly released, codes are shared (and already available a), notebooks and tutorials are
available helping students or researcher wanting to use SO’s data to learn.

ahttps://github.com/simonsobs
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Figure 3 – SO frequency bands compared to sky components from1 (left), and atmospheric transmission (right)
adapted from4.

Since the SO forecast paper1 other papers have been released that go into more depths in some
of the steps of the analysis. The SO Galactic Science paper3 explore some of the astrophysical
and Galactic observable achievable by SO.7 explores delensing with SO and for instance its im-
pact on r measurements.5 validates the SO power spectrum estimation pipeline by comparing
its results with fiducial Planck publications. Characterisation of the hardware involved in SO is
also well underway, for example on the LAT receiver10 or the SQUID multiplexing detectors6.
The Simons Observatory has broad scientific goals with state of the art hardware and data
analysis pipeline that will provide unprecedented data and understanding of the Universe. Ob-
servations will start soon so stay tuned for future exciting news!

The author presented this talk as a member of the Simons Observatory (SO) collaboration
and requests that any references to the project be to the papers cited here.
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Distant foreground and the Hubble constant tension

V.N. Yershov
Moniteye U.K., 12 Ogle Street, London, W1W 6HU

It is possible to explain the discrepancy (tension) between the local measurement of the cos-
mological parameter H0 (the Hubble constant) and its value derived from the Planck-mission
measurements of the Cosmic Microwave Background (CMB) by considering contamination of
the CMB by emission from some medium surrounding distant extragalactic sources (a dis-
tant foreground), such as extremely cold coarse-grain (grey) dust. As any other foreground,
it would alter the CMB power spectrum and contribute to the dispersion of CMB tempera-
ture fluctuations. By generating random samples of CMB with different dispersions, we have
checked that the increased dispersion leads to a smaller estimated value of H0, the rest of the
cosmological model parameters remaining fixed. This might explain the reduced value of the
Planck-derived parameter H0 with respect to the local measurements. The cold grey dust for
some time has been suspected to populate intergalactic space and it is known to be almost
undetectable, except for the effect of dimming remote extragalactic sources.

1 Introduction

The importance of the issue with the Hubble constant as measured by two different methods
(the H0 tension) can be appreciated from recent comprehensive reviews on the subject 1,2 and
by the fact of special international conferences discussing exclusively this particular issue a.

The Planck space observatory 3 revealed a statistically significant discrepancy between the
cosmological parameter H0 as calculated within the standard cosmological model by using the
Cosmic Microwave Background (CMB) power spectrum, H0 = (67.37 ± 0.54) km s−1 Mpc−1,
and the values of this parameter obtained by using other methods – mostly from direct local
measurements 4. One of these local measurements is based on optical and infrared (IR) observa-
tions of variable Cepheid stars, with the recent calculation of H0 based on this method 5 being
H0 = (73.48± 1.66) km s−1 Mpc−1. Both local and Planck-derived estimates of H0 have passed
a number of rigorous tests by considering many possible sources of systematic errors 6,7,8, but
the discrepancy still remains.

Discussing the possible origin of this discrepancy, most authors and reviewers focus primarily
on observational biases related to the method of standard-candles, Cepheids and type-Ia super-
novae (SN), and on proposals going far beyond the standard cosmological and particle physics

ahttps://www.eso.org/sci/meetings/2020/H0.html
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models. By contrast, possible biases intrinsic to the CMB are passed by almost without further
thought.
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Figure 1 – Left: Redshift dependences of the blackbody radiation energy fraction η(z) as observed in five
Planck frequency bands for Tbb = 5 K; the constant shifts of the curves with respect to each other have
been normalised at z = 0 by subtracting from them their individual values η(0); Right: CMB power
spectra (in the standard normalised presentation) generated by using the code for anisotropies in the
microwave background (CAMB tool) for seven different values of H0.

2 Distant foreground

Various authors have reported that the contaminating emission from a medium around distant
extragalactic sources should affect correlations between CMB and extragalactic cosmic structures
traced by bright transient sources, like supernovae (SNe) or gamma-ray bursts. The signature
of the distant foreground in the CMB, based on the WMAP and Planck-mission results and
traced by SNe was previously reported by the author 9,10, who found a correlation between the
SN redshifts, zSN, and CMB temperature fluctuations at the SNe locations, TSN.

By using different Planck frequency bands and computing the fractions ην(z) of blackbody
radiation energy as observed in each frequency band ν for different redshifts z one can esti-
mate the regression line slopes for these bands 11. The functions ην(z) are shown in Fig. 1, as
calculated for the blackbody temperature Tbb = 5 K and five of the Planck frequency bands
ν = {70, 100, 143, 217, 353}GHz. Note that the temperature of the medium in thermal equilib-
rium with the CMB must exceed or be equal to 5 K for the redshifts z > 0.835, so for these
redshifts the functions ην(z) appear horizontal.

We can calculate slopes ξcν of these functions for different Tbb and compare them with the ob-
served slopes ξoν corresponding to different Planck frequency bands ν = {70, 100, 143, 217, 353}GHz
which, according to our previous work 10, are the following: ξo70 = 0.96±0.63, ξo143 = 1.09±0.31,
ξo217 = 0.61 ± 0.36 and ξo353 = −0.99 ± 0.48. The slope for the 100 GHz-band was used as a
reference for normalisation, so ξo100 = 1.00± 0.39.

The calculated slopes ξcν of these functions averaged between the temperatures Tbb =
{3, 4, 5, 6}K for each of the Planck frequency bands ν = {70, 143, 217, 353}GHz are ξc70 =
0.45 ± 0.03, ξc143 = 1.63 ± 0.17, ξc217 = 0.73 ± 0.74 and ξc353 = −1.48 ± 0.43 (again, the slope
for the 100 GHz-band was used as a reference). They are within the 1-σ tolerance interval with
respect to the above experimental values ξoν , which indicates that the temperature of the CMB-
contaminating ingredient of the intergalactic medium is very low, likely to be between 3 K and
6 K. This can give clues as to the nature of the medium, which can be coarse-grain (grey) dust,
and which for some time has been suspected to populate intergalactic space 12,13,14,15.

This “grey” dust leaves little or no imprint on the spectral energy distribution of background
sources. However, it creates the long-known excess of radiation from some extragalactic objects
in the far IR at λ ≈ 500µm, which extends up to centimetre wavelengths and can interfere
with the CMB radiation. Such a 500µm radiation excess was confirmed and measured by the
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Herschel space observatory 16. In the 1990s, this excess was interpreted as an elevated spatial
mass density of cold dust 17 with temperatures of 4 to 7 K. Here we confirm this interpretation
from a completely different point of view.

3 CMB distrortion

The angular sizes of the observed regions with the 500µm emission16,18 range from 0.02◦ to 0.5◦.
So this emission would effectively distort the CMB power spectrum at the multipole moments
` ≈ 360 and higher, which would change the estimated parameter H0. In order to quantify these
changes we have used the code for anisotropies in the microwave background 19 (CAMB) which
allows the extraction of different cosmological parameters from theoretical CMB power spectra
generated by the same code. The calculated changes are shown on the right panel of Fig. 1 for
the first trough of the CMB power spectrum, where its effect on the calculated parameter H0 is
quite strong.

In this code, the coefficients C` of the CMB power spectrum are calculated as sums of the
integrals a`m, |m| ≤ `, which include temperature fluctuations ∆T (x, φ) over the celestial sphere,
where x ∈ [−1, 1] is the cosine of the latitude and φ ∈ [0, 2π] is the longitude. Conversely, the
functions ∆T (x, φ) are calculated by summing up the integrals a`m. For a given CMB power
spectrum, we have calculated a set of corresponding values of ∆T (x, φ) by using random a`m
for ` = 0, 1, . . . , `max with the restriction `max = 500. We have taken five equal-spaced values of
H0, namely, 60, 65, 70, 75 and 80 [km s−1 Mpc−1] plus the values 67.4 [km s−1 Mpc−1] (solid
red curve on the right panel of Fig. 1) and 73.5 [km s−1 Mpc−1] (dashed red curve on the same
panel) corresponding, respectively, to the Planck result and to the local measurements of H0.

Additionally, for checking the consistency of our calculations we have taken a few sets of
normally distributed randomised values of ai`m, i = 1, 2, . . . , 5, so that for each of the selected

values of H0, we have obtained five samples of aH0,i
`m and, correspondingly, five samples of values

∆TH0,i. For each of them, we have calculated the average of the CMB temperature fluctuations
∆T and its standard deviation σT .

Here we are mainly interested in the way the values σT change when the parameter H0 is
varied. For each of these generated sequences, the trend of the calculated values σT was prac-
tically the same. Namely, when the dispersion of the CMB temperature fluctuations increases,
the value of the estimated H0 decreases, the difference between the two discussed H0 values 73.5
and 67.4 [km s−1 Mpc−1] being related to ∆σT = −0.60 ± 0.04µK. This value is the measure
of CMB contamination by photons from the medium surrounding remote clumps of matter,
and it can thus be used for estimating the amount of cold coarse-grain dust in the intergalactic
medium.

4 Discussion

Between 2012 and 2019, new studies have appeared demonstrating that the dimming of the
type-Ia supernovae was different in different directions 20,21,22,23,24,25,26. Most of the authors of
these studies interpret their results in terms of anisotropic acceleration of the Universe.

However, anisotropy of acceleration violates the main cosmological principle. Therefore, the
grey-dust interpretation of the type-Ia supernovae anisotropic dimming becomes preferable: it
would be much more logical to assume non-uniform distribution of dust rather than the Universe
having different properties in different directions.

What might be the origin of this coarse-grain dust? Apart from the initial formation of
dust particles within galaxies with their further transport into the intergalactic space, dust
formation can also occur directly in the intergalactic medium 27. The observational evidence for
cold molecular clouds at the cooling flows in galaxy clusters and the presence of dust in these
regions is widespread 28. Besides this detectable dust clouds, there exists yet another possibility

239



of almost undetectable coarse-grain dust existing in the intergalactic space which, according
to recent studies, should be seriously taken into consideration. Namely, these macroscopic
dust particles can be formed by the process of hydrogen solidification under sufficiently low
temperatures, e.g., when the CMB temperature gets below 10 K at z < 2, which was proposed
in 1968 by F. Hoyle 29 and further discussed in the 1990s and early 2000s 30,31,32. In the last
decade, it was shown by experimental physicists that H2 ice became stable in vacuum and do not
sublime if it contains impurities 33,34,35 transported from galaxies into the intergalactic medium.

My conclusion is that the mechanism of contamination of CMB radiation by some distant
foreground emission from cold dust can explain the discrepancy between the local measurements
of H0 and the Planck-derived value, without invoking unnecessary assumptions that violate the
basic cosmological principles or break the standard cosmological and particle physics models.
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Deriving the Hubble Constant using Planck and X-ray observations of galaxy
clusters
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In the last decades, several tensions in the concordance ΛCDM arose from different cosmo-
logical probes, such as the tension between the Hubble Constant derived from early Universe
measurement of the Cosmic Microwave Background and studying the local Universe with cos-
mic distance ladder. In this work, we present a preliminary result of the Hubble Constant with
a method independent from the early Universe measure and the local estimate from Chepeids
and Supernovae using clusters of galaxies. We combine X-ray and millimetre observation of
118 galaxy clusters using XMM-Newton and Planck satellite data. For a ΛCDM model with
Ωm = 0.3, ΩΛ = 0.7, we reduce the uncertainties of the method with respect to the previous
estimates, with a preliminary value of H0 = 67 ± 2kms−1Mpc−1.

1 Introduction

During the last decades, the cosmological model, with Cold Dark Matter and a cosmological
constant associated with Dark Energy (ΛCDM), has been successfully proved by several cos-
mological studies. However, with the more accurate results we reach, several tensions between
different cosmological probes emerge. That is the case of the Hubble Constant derived from the
observation of Cosmic Microwave Background (CMB) by Planck Collaboration et al. (2020) 5

and the Riess et al. (2021) 6 measurement of H0 using cosmic distance ladder (Cepheids plus
supernovae). The two probes show a discrepancy, at a level of ∼ 4σ, between the early Universe
and the local estimate of H0. The persistence of this tension after several years of refinements
in the estimation of the uncertainties may be related to new physics that goes beyond the con-
cordance ΛCDM cosmological model. In this scenario, independent constraints from the two
previous probes, such as galaxy clusters studies, can help in mitigating the tension or give some
hints for its solution. Considering all the structures that have formed across cosmic time, clus-
ters of galaxies represent the largest gravitationally bound objects in the Universe. Clusters
are mainly composed of Dark Matter (DM), which supplies the gravitational potential to keep
bounded the baryonic matter: galaxies and a hot ionised intra-cluster medium (ICM). ICM and
galaxies are almost in hydrostatic equilibrium within the DM potential well, with ICM heated up
at high temperatures during the self-similar assembly of the clusters (see the work of Kravtsov et
al. (2012) 4 for a more detailed description of the clusters formation and evolution). Therefore,
ICM thermodynamical state must reflect the history of cluster evolution and, consequently, the
cosmological framework from which clusters grow. Generally, cosmological information are ex-
tracted from the number density of clusters in the Universe, which depends on the estimation of
the cluster masses. In this work, we follow another approach based on the work of Kozmanyan
et al. (2019) 3.
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2 Methodology

The method of Kozmanyan et al. (2019)3 relies on the simple idea formerly proposed by Cavaliere
et al. (1979) 7. It is based on a distance-measuring technique that compares two observables
of ICM to measure the angular distance of the clusters. ICM in galaxy clusters is responsible
for the distortion, along the line of sight, of the CMB spectrum due to the interaction of the
free electrons in the ICM and the CMB photons, known as the Sunyaev-Zeldovich (SZ) effect 8.
Moreover, ICM is observable in the X-ray bandwidth due to the bremsstrahlung emission from
the same free electrons in the gas. These two observables prove the internal structure of clusters
in different density regimes: bremsstrahlung emission is proportional to the integrated, along
the line of sight (dl = Dadθ), density squared of the gas (ΣX ∝

∫
n2
eDadθ), while SZ depends

only on the gas pressure, i.e. linearly by density (y ∝
∫
neTeDadθ).

Instead of extracting the cosmological information directly from the X-ray surface bright-
ness (ΣX) and the SZ signal (described in the non-relativistic regime by the comptonization
parameter y), Kozmanyan et al. (2019) 3 method consists of studying cluster pressure profiles
performing a joint X-ray and SZ analysis. In fact, all the thermodynamical properties of ICM
extracted from the X-ray or SZ signal inherit the dependence of the angular diameter distance,
i.e. of any cosmological information. In particular, they apply a parametric MCMC fit of the
pressure profiles assuming the functional form proposed by Nagai et al. (2007) 9 and spherical
symmetry. With this pressure profile and using the density profile template estimated from
X-ray observation (considering the Vikhlinin et al. 2006 10 models), they compare the projected
temperature template with the observed spectroscopic X-ray one. In the ideal case, where all the
assumptions in the cluster structure and the cosmological framework are well known, we do not
expect any difference between the two profiles. However, in the more realistic case of interest,
we can define a parameter, ηT , to consider any difference due to our incorrect knowledge of the
cluster structure and the cosmology:

ηT =

(
D̄a

Da

)1/2(
2

(2− Yp)
1

(2− n̄p/n̄e)

)1/2 C
1/2
ρ

e
1/2
LOS

bn, (1)

where the first two parenthesis accounts for the cosmological model in use: Da is the angular
diameter distance, Yp is the helium abundance, np/ne is the fraction of protons with respect
to electrons, and the other terms express departure from spherical symmetry, eLOS , cluster
clumpiness, Cρ, and any other bias in the cluster modelling or fit with bn. The barred terms
in eq. 1 indicate the assumed values in the data analysis. Combining informed priors on the
physics of the ICM obtained from hydrodynamical simulations and the observed measurement
of ηT for 61 clusters, Kozmanyan et al. (2019)3 derive finally an estimate for H0 with a Bayesian
approach, assuming the Planck Helium abundance for eq. 1. Reversely, if we assume the value of
H0 it is possible to constrain the Helium abundance, as done in Ettori et al. (2020) 11. For this
analysis, we assume the ΛCDM model with Ωm = 0.3, the Planck (2018)5 (eq. 79b) primordial
Helium abundance Y BBN

P = 0.243, and ΩΛ = 0.7.

3 Dataset

We expand the preliminary work of Kozmanyan et al. (2019) 3 to the 118 galaxy clusters of
the CHEX-MATE 1 sample. The CHEX-MATE project consists of a large, minimally unbiased,
signal-to-noise limited sample of galaxy clusters detected by Planck via their SZ effect. Compared
to Kozmanyan et al. (2019)3, the sample is almost double in size with only 16 clusters in common.
This sample aims to analyse both the most massive (M500

a> 7.25× 1014M�, with z < 0.6) and

aThe characteristic masses M∆ of clusters are expressed in terms of overdensities, ∆, respect to the critical
density of the Universe, ρc(z), evaluated at the cluster redshift: M500 = (4π/3)500ρc(z)R

3
500.
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Figure 1 – Left panel: preliminary posterior distribution of H0, compared with the Kozmanyan et al. (2019) 3

results. Vertical line show the best fit value for H0. Right panel: forecast (in blue triangles) for the statistical
uncertainties of the method when the sample size change. Black and red dots represent the uncertainties size
measured in Kozmanyan et al. (2019) 3 and for this work, respectively.

the most recently formed (0.05 < z < 0.2 and 2 × 1014M� < M500 < 9 × 1014M�) clusters in
the Universe, to study cluster properties in the local volume and in the high mass regime.

We analyse the SZ and X-ray signals of the clusters following the technique developed by
Bourdin et al. (2017) 2 for the Planck and XMM-Newton space telescopes data. In particular,
we use the public data for the Planck High-Frequency Instrument (HFI) and the three EPIC
cameras onboard the XMM-Newton telescope. This technique consists of a multi-component
fit of the Planck HFI channels considering the contribution of the Galactic thermal dust, CMB
primary anisotropies, and the cluster SZ signal. A further correction for the intra-cluster dust
emission is also considered in the fit. For the X-ray analysis, we model the cluster emission
with the APECb spectral library, and we correct the spectra for the Galactic absorption of X-
ray photons. In particular, we use the absorption cross-section of Verner et al. (1996) 12, the
abundance table of Asplund et al. (2009) 13, and the Hydrogen column density derived from the
HI4PI collaboration14. The X-ray cluster signal is separated from the background considering, in
a parametric fit, the instrumental background, characterised by a quiescent particle background,
and the contribution of the astrophysical background coming from the foreground emission of
our Galaxy, the Cosmic X-ray Background as in Bourdin et al. (2017) 2.

For a more detailed description of the methods, we refer to Bourdin et al. (2017) 2 and
Kozmanyan et al. (2019) 3 works.

4 Results

We show in the left panel of Fig. 4 the preliminary posterior distribution of the H0, derived
considering the ηT values of the clusters, compared with the precedent results of Kozmanyan
et al. (2019) 3. The best fit value is equal to H0 = 67 ± 2kms−1Mpc−1 (with 68% error). The
preliminary posterior distribution of H0 derived from the CHEX-MATE sample is in agreement
with the precedent estimation of Kozmanyan et al. (2019) 3, but with a more tight constraint
due to the larger size of the cluster sample. In particular, the 68% confidence interval is ∼ 33%
lower than the precedent estimate. In fact, the clusters in this work are almost twice (118) the
clusters in Kozmanyan et al. (2019) 3 work, with only 16 clusters in common. The improvement
in the uncertainties agrees with the prevision of Kozmanyan et al. (2019) 3 shown in the right
panel of Fig. 4. As a final consideration, we use to retrieve H0 the same informed prior from
hydrodynamical simulation of Kozmanyan et al. (2019) 3.

bhttp://www.atomdb.org/index.php
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5 Conclusion

In this work, we present a preliminary estimation of the expansion rate of the Universe consider-
ing the new CHEX-MATE 1 galaxy cluster sample. To extract the cosmological information, we
compare the thermodynamical profiles obtained from the X-ray and millimetre observations of
XMM-Newton and Planck telescopes. In particular, we extract the SZ signal from the foreground
and background components in the Planck data following the method described in Bourdin et
al. (2017) 2.

From this fit, we estimate the cosmological information in interest considering the Koz-
manyan et al. (2019) 3 method. In particular, we estimate the ratio ηT between the X-ray and
SZ temperature profiles that inherit all the cosmological information. Finally, we combine, with
a Bayesian approach, informed priors on the physics of the ICM obtained from hydrodynamical
simulations with measurement uncertainties to separate the cosmological information from the
cluster internal structure bias. Preliminary results are in agreement with the previous estimation
of Kozmanyan et al. (2019)3, but, most importantly, we stress the attention to the improvement
in the uncertainties. This refinement is largely due to the larger sample employed in this work
and is compatible with the prediction present in Kozmanyan et al. (2019) 3. This result is
promising in the context of the estimation of H0, since it confirms the validity of galaxy clusters
as cosmological probes independent from the early Universe CMB observation and the local
estimate from Cepheids plus supernovae. Moreover, with larger samples, it should be possible
to reduce further the uncertainties at a level comparable to other cosmological probes. Possible
sources of systematics that may affect the estimate of H0 are the X-ray temperature cross cal-
ibration (see also Wan et al. 2021 15), the assumptions of a specific Helium abundance, or the
accuracy of simulation in describing real cluster structures. We are testing these systematics
using different simulations and considering the extension of the analysis to a larger sample of
clusters.
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Cosmic voids and their imprint on the CMB lensing maps:
from DES Year 1 to DES Year 3
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163, avenue de Luminy, 13288 Marseille, France

Correlation between the CMB radiation and large scale structure of our universe is probing the
growth of structures in the low-redshift cosmic web and have recently been added as a new tool
in our cosmological inference. In parallel, cosmic voids, due to their low dense environment
sensible to gravity modification, are also raising interest to probe cosmology. The CMB lensing
signal from cosmic voids and superclusters as been already observed using data from different
experiments. I will present here the results from the the latest DESY3 catalogues (covering a
surface of ∼ 5000deg2 in the southern sky) super-structures correlated with the CMB-lensing
radiation from the Planck satellite. This work being an extension of our previous measurement
with the DESY1 catalogues (∼ 1300deg2). In there, using a staking methodology, we have
measured the correlation signal between DESY3 observed super-structures (cosmic voids and
super-cluster combined) and CMB lensing maps with a 10.3σ detection level. We then compare
our measurement to the one of ΛCDM numerical simulations using the same methodology.
We observe a 2σ deviation between the two signals suggesting an excess signal prediction in
our ΛCDM fiducial recipe. Such deviation are also in agreement with our previous result
from DESY1 and recent measurement from the DESI telescope.

1 Introduction

Cosmic voids are the largest under-dense structures in the low-redshift cosmic web, and have
shown to be rich sources of cosmological information due to their low-density nature (e.g. their
matter density profile, shape and redshift-dependent abundance contain information about the
physics of dark matter and the growth rate of structure). On the other hand, similarly to the
other structure at low redshift, cosmic voids will have an imprint on the observed radiation of
the Cosmic Microwave Background (CMB) due to the alteration of the CMB radiation while
crossing the underlying gravitational potential in their path toward us.

We present here the work of Vielzeuf et al.1 and Kovács et al.2 where cosmological imprint of
cosmic voids identified in the Dark Energy Survey (DES) galaxy catalogues (after the first and
the third years of observations) in the reconstructed lensing signal from the Planck satellite 4,5

has been estimated .

2 Data sets & methods

2.1 Dark Energy Survey data and Simulations

DES is a six-year photometric survey that covered approximately 5000 deg2 of the sky area in
the South Galactic Cap. Mounted on the Cerro Tololo Inter-American Observatory (CTIO) four
metre Blanco telescope in Chile, the 570 megapixel Dark Energy Camera (DECam, Flaugher
et al.13) images the field in grizY filters. In this work we have been using photometric redshift
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galaxy catalogues from DES. In particular, we identified cosmic voids in the Luminous Red
Galaxies from the DES observed catalogues selected by the RedMagiC algorithm (Rozo et al.10).
RedMagic is meant to select high-resolution photometric redshift LRGs (σz/(1+z) ∼ 0.02) with
a constant co-moving space density.

The objective of this analysis was in the fist time to optimize the lensing imprint of cosmic
voids in the CMB map detection and in a second time to compare the measured signal to
the one estimated in simulated ΛCDM realization. For this purpose, we have been using the
MICE (Marenostrum Institut de Ciencias de l’Espai) N-BODY light-cone (see Fosalba et al.7

and Crocce et al.8 ) for which the CMB lensing potential map have been reconstructed using the
“Onion Universe” methodology Fosalba et al.6 The MICE simulation assumed a flat standard
ΛCDM model with a cosmology based on the Five-Year Wilkinson Microwave Anisotropy Probe
(WMAP) results 9.

2.2 Void finding

To identify cosmic voids in our different catalogues, we have used the void finder algorithm
described in Sánchez et al 11. This algorithm has shown to be in one hand adapted to be
used in galaxy catalogues with photometric redshift uncertainties and on the other hand to be
particularly adapted for lensing signal detection, due to the fact that the structure identified will
be elongated along the line of sight. The finder is identifying the voids by i) dividing the galaxy
sample in redshift slice of a given size in comoving distance, ii) computing the density field in
each of the slices by counting the number of galaxies falling in each pixel of an Healpix map
14, iii)identifying the most underdense pixel and grow the void around it until the concentric
external shell reaches the mean density of the given redshift slice. iv) following this procedure
with the next most underdense pixels.

We identified voids using this algorithm both in MICE and DES catalogues (Y1 and Y3)
and found good agreement in different voids parameters between the different catalogues.

2.3 Correlation methodology

The imprint of a single void in the CMB lensing signal is too noisy to be detected (see Krause
et al.12), nevertheless it had been shown that by stacking the signal of different voids, one
can increase the signal-to-noise of the measurement and reach detectable level. The stacking
methodology consist in averaging re-scaled patches of the CMB lensing convergence map cut in
alignment of our voids centers. The voids lensing profile can then be estimated by averaging
the signal from the stacked image in all directions around the void center. Once the correlation
signal have been measured, in order to estimate the concordance of our measurement to the
ΛCDM simulated one, we defined an amplitude parameter as :

Aκ =
κDES
κMICE

(1)

where κDES and κMICE are the corresponding stacked lensing signal in the DES observations
and MICE simulations.

3 Results

3.1 DESY1

After the DES first year of observation, we applied the methodology presented here-above to
the 1300deg2 spanned by the Dark Energy Survey. The objective of this first analysis was to
optimize our methodology in order to maximize our extracted correlation signal. Thus, we have
tested our methodology varying different parameters :
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Figure 1 – Comparison of measurement significance in the form of A/σA. The conservative VIDE sample also
provides useful consistency tests in agreement with our 2D analyses. The dashed horizontal lines mark the mean
of the DES Y1 (dark) and the MICE (light) significances with values 3.31σ and 3.55σ, respectively.

• We tested different RedMagiC samples, the High luminosity (HL) and the High Density
(HD) samples.

• We varied the smoothing parameter of the void finder and also used an alternative 3
dimensional void finder (VIDE 15).

• We finally smoothed the CMB lensing map (in order to reduce the size of the small-
scale fluctuations) using three different smoothing recipes : i) no smoothing, ii) Gaussian
smoothing of σ = 1◦, iii) Gaussian smoothing of fwhm = 1◦.

Fig. 1 shows the different detection significances of the correlation signal obtained for the
different void catalogues of MICE and DES and for all combinations of the different method
parameters mentioned above. Overall, we robustly detected imprints at the 3σ significance level
with most of our analysis choices, Using the 2D void catalogue with HL tracers and 10Mpc/h
initial density smoothing (HL10), we reached S/N ∼ 5 for given κ smoothing strategies.

3.2 DESY3

Applying now our fiducial methodology defined in the first year analysis, we used the observations
of DES after 3 years (DESY3 5000deg2). In the left panel of Fig.2 we show the stacked CMB
convergence profile of the our cosmic voids identified in the MICE simulation (light blue) and
in the DES observation (dark blue). The dashed grey line in the figure, correspond to the voids
CMB lensing imprint in the alternative Websky simulation (see Kovács et al.2 for more details).
We report a detection of the CMB lensing signal by cosmic voids at the S/N ∼ 6.6σ level (8.4σ
for super-clusters a). Moreover, as it can be seen on the figure, we reported a slightly lower
lensing signal inside the voids (R < Rv) in the observed correlation compared to the simulated
one. We measured a small ∼ 2σ weaker than expected signal from MICE (mostly originated
in the centres of voids and superclusters). In addition to that, looking for the origins of the
lower-than-expected κ imprints, we split the DES Y3 void and super-clusters catalogues roughly
into halves, and measured the stacked κ imprints in the resulting subsets. The right panel
of Fig.2 is showing the different Aκ values obtained for the different samples and sub-samples
comparing as well with the recent measurement performed with the DESI experiment (Hang et
al. 3). We found that both voids and superclusters feature more discrepancy in the low-z part
of the DES Y3 data at redshifts 0.15 < z < 0.55, with Aκ ∼ 0.55 ± 0.23 and Aκ ∼ 0.70 ± 0.15,
respectively. While the internal consistency of the supercluster sample is generally better, we
also observed that deeper voids (δc < −0.6 central under-density) imprint a lensing signal that
is more anomalous with Aκ ∼ 0.56±0.14. Similarly, larger voids (Rv > 35h−1Mpc) also imprint
a rather weak CMB κ signal with an Aκ ∼ 0.66 ± 0.15 amplitude.

aIn the DESY3 analysis we also measured the CMB lensing imprint of over-densed regions identified by inverting
our void identification methodology.
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Figure 2 – left panel: Radial profiles measured from the stacked CMB κ images are shown for voids. Right panel:
Void, supercluster, and combined constraints on the Aκ parameter, including the outcomes from the measurements
using bins of central under-density, radius, and redshift. Moderately significant trends are seen for weaker signals
from various subsets of the void data, while the superclusters bins are more consistent with each other. We also
compare our DES Y3 results with the constraints from the DESI Legacy Survey, and from voids detected in the
smaller DES Y1 data set

4 Conclusions

In this analysis we have studied the imprint of cosmic voids (and superclusters) in the CMB
lensing convergence (κ) maps reconstructed from Planck observations. Using first the galaxy
catalogues from DES first year of observation, we developed a methodology and optimized it in
order to maximize our detection significance. We then used the Year 3 data set from DES to
detect the lensing signal of both voids and super-clusters in the CMB maps. We then compared
the DES Y3 observations to expectations from the MICE simulation. We determined that
DES Y3 voids feature a highly significant (S/N ∼ 6.6), albeit lower-than-expected, signal with
Aκ ∼ 0.79 ± 0.12 amplitude, in comparison with the ΛCDM model implemented in the MICE
simulation. Analysing DES Y3 superclusters, our detection significance reached the 8.4σ level,
but again with a lower-than-expected Aκ ∼ 0.84±0.10 amplitude. We found that these moderate
∼ 2σ deviations are mostly originated in the centres of voids and super-clusters (R/Rv, sc < 1).
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Mayet1, A. Monfardini7, M. Muñoz-Echeverŕıa1, A. Paliwal10, L. Perotto1, G. Pisano3, E. Pointecouteau15, N.
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Université de Paris, 75005 Paris, France.

17Department of Physics and Astronomy, University of Pennsylvania, 209 South 33rd Street, Philadelphia, PA, 19104,
USA.

18Institut d’Astrophysique de Paris, CNRS (UMR7095), 98 bis boulevard Arago, 75014 Paris, France.
19Univ. Lyon, Univ. Claude Bernard Lyon 1, CNRS/IN2P3, IP2I Lyon, F-69622, Villeurbanne, France.

20School of Earth and Space Exploration and Department of Physics, Arizona State University, Tempe, AZ 85287, USA.
21Caltech, Pasadena, CA 91125, USA.

22Departamento de F́ısica Teórica and CIAFF, Facultad de Ciencias, Modulo 8, Universidad Autánoma de Madrid,
28049 Madrid, Spain.

PSZ2 G091.83+26.11 is a galaxy cluster with M500 = 7.43 × 1014M⊙ at z = 0.822 1. This
object exhibits a complex morphology with a clear bimodality observed in X-rays. However,
it was detected and analysed in the Planck sample as a single, spherical cluster following a
universal profile 2. This model can lead to miscalculations of thermodynamical quantities,
like the pressure profile. As future multiwavelength cluster experiments will detect more and
more objects at high redshifts, it is crucial to quantify this systematic effect. In this work,
we use high-resolution observations of the NIKA2 camera 3,4,5,6 to integrate the morphological
characteristics of the cluster in our modelling. This is achieved by fitting a two-halo model to
the SZ image and then by reconstruction of the resulting projected pressure profile. We then
compare these results with the spherical assumption.

1 Cosmological inference from cluster counts

The number of clusters per unit of mass and volume, modelled as the halo mass function 7,
constitutes a robust cosmological probe 8. However, the total mass of dark matter halos is
not an observable quantity, and must be inferred from different physical phenomena 9, like the
thermal Sunyaev-Zel’dovich effect 10 (tSZ). As a consequence, astrophysical systematic effects
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Table 1: Characteristics of PSZ2 G091.83+26.11 1. tLPSZ is the scheduled duration of the observations, while
tobs is the actual time during which the object has been observed.

z M500 θ500 tobs/tLPSZ tSZ decrement peak

0.822 7.43× 1014M⊙ 2.2 arcmin 2.5h/2.5h=1 14.9σ

are biasing our measurements11, and must be integrated in any cosmological analysis. Moreover,
given the fact that the size of the catalogs will be increased by several orders of magnitude in
the future, effects that are now neglected will play a crucial role 12,13.
The Large program SZ 14 of the NIKA2 experiment (LPSZ) aims at investigating these issues,
taking advantage of the spatial resolution and FoV of the NIKA2 camera. Here, we focus on
the impact of cluster morphology on the reconstruction of thermdynamical quantities.

2 The case of PSZ2G091
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Figure 1: Left: Surface brightness map at 2 mm from NIKA2 observations. The black contours represent the
SNR levels starting at 3σ increasing by 2σ at each step. The northern (N) and southern (S) X-ray peaks are shown
as white stars, the X-ray centroid being in purple. Middle: Surface brightness at 1 mm. The signal exhibits
several point sources, which are fitted in the analysis. Right: X-ray surface brightness of PSZ2G091 from XMM-
Newton. The cluster exhibits two peaks at the position (αN, δN) = (277.80, 62.24), and (αS, δS) = (277.79, 62.237),
shown with the black crosses.

As part of the LPSZ, PSZ2G091 was observed in October, 2017, with an average elevation of
58.5◦ and an average atmospheric opacity at 225 GHz of 0.243. These conditions are standard
for observations at the IRAM 30 m telescope, at this season.
In figure 1, we show the results of the data reduction 3 at 1 and 2 mm. The cluster is clearly
elongated in the NE-SW direction. There is a clear departure from sphericity, and a hint of
bimodality later confirmed in the X-ray surface brightness map. The peaks in the X-ray map
are in good agreement with the ones observed in the NIKA2 2 mm map. This would imply the
presence of two well-defined sub-halos in the first stages of a major merger.

3 Imaging analysis

We first consider a single spherical halo centred on the X-ray centroid coordinates. A forward
modelling approach is incorporated in an MCMC sampling framework to fit the parameters of
the pressure profile, as well as the point sources, with the collaboration software PANCO215. We
use a power law model, where each of the 6 bins follows the identity

P (r) = Pi(r/ri)
−αi . (1)
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Figure 2: Single spherical model fit of the NIKA2 2 mm map for PSZ2G091 centered on the X-ray centroid
coordinates (top), and 2-halo model (bottom). From left to right, we display the data, the model, with the
point sources treated, and the residuals. The maps are given in a 5′ × 5′ area, and for display purposes, each map
is smoothed with a gaussian kernel. The contours are showing the SNR level sets, starting at 3σ and increasing
with a step of 1σ.

The top row of figure 2 shows the results of the fitting procedure. The spherical symmetry
clearly does not encapsulate the bimodal nature of the cluster. It is then required to improve
our modelling.
Then, instead of considering a single pressure profile, we jointly fit two halos at the positions
of the X-ray peaks. The results of the fits are shown on the bottom row of figure 2. It is clear
that the two-halo model yields a more realistic representation of the dynamical state of the
cluster. Additionally, the residuals are slightly improved in the region of the northern subhalo.
Of course, due to the non-spherical nature of this cluster, it is not possible to consider a radial
pressure profile. However, in section 4, we describe how we recover an average radial profile for
the two-halo model.

4 Pressure profile reconstruction

Thermodynamical profiles are usually considered with the goal of reconstructing a mass profile,
using the hydrostatic equilibrium assumption. This requires the presence of a 1D pressure profile,
when we previously fitted a 2D map. Thus, we use the following procedure to recover an average
1D profile. With the assumption of the two sub-halos lying in the same plane perpendicular to
the line of sight, we recover a mean radial pressure profile by integrating both the profiles in
annuli centered around the X-ray centroid coordinates. The pressure in the i-th bin reads:

Pi =

(∫ ri+1

ri

(PN (r) + PS(r))2πrdr

)
/
(
π(r2i+1 − r2i )

)
, (2)

where Pi is the value of the pressure, PN and PS are respectively the profiles of the northern
and southern subhalos, ri and ri+1 being the inner and outer radii of the annulus. This allows
us to reconstruct the profile shown in figure 3, where we compare our reconstructed quantities
with the universal profile 16 .

5 Conclusions

This analysis shows the challenges related to the complexity of cluster morphologies. In this
work, we showed that for the case of the highly disturbed cluster PSZ2G091, taking into account
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Figure 3: In red, composite pressure profile obtained by combining the northern (N) and southern (S) profiles,
as described in equation 2. In blue, profile obtained with the single spherical model. In black, we represent
the contours obtained from XMM X-ray data only, for the spherical case. The black dashed line represents the
universal profile. The vertical dashed line represents the radius R500 obtained from X-ray data assuming spherical
symmetry.

the merging state of the cluster yields results that are slightly different from the spherical profile.
This is a promising result, as the pressure profile impacts the Y500 −M relation. To complete
this analysis, we plan to perform a full thermodynamical analysis of this cluster, recovering the
2D maps of physical quantities like the temperature and the entropy. This a precondition to
assess the impact of the morphology of this cluster on its full mass reconstruction, and generally
on cosmological inference using clusters.
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CMB lensing measurements with the Atacama Cosmology Telescope:
opportunities and challenges

Frank J. Qu
DAMTP, Centre for Mathematical Sciences, Wilberforce Road, Cambridge CB3 0WA, UK

For the first time, new observations with the Atacama Cosmology Telescope will allow CMB
lensing power spectrum measurements to have higher precision than those attained by Planck.
This high signal to noise lensing spectrum will translate into a few percent determination of
σ8 (providing a robust test of low amplitudes reported by galaxy lensing surveys) and will give
one of the tightest constraints on the sum of neutrino masses. We present a detailed overview
of our lensing pipeline with some preliminary results obtained using simulations together with
our extensive null test suite to show that all relevant systematic are now well controlled. We
highlight some of the challenges encountered with high-resolution ground-based challenges:
extra-galactic foregrounds and noise modelling, as well as methods to solve them.

1 Introduction

The cosmic microwave background (CMB) encodes a wealth of information about our Universe.
Measurements of variations of this radiation have enabled precise determination of the compo-
nents of our Universe in terms of dark matter and dark energy. Furthermore, the CMB contains
information regarding the distribution of mass (including dark matter and gas) as large scale
structures of matter imprint new patterns in the CMB anisotropies via lensing. Cosmic mi-
crowave lensing is a phenomenon in which the light path from the primordial radiation of the
Universe gets gravitationally deflected on arc-minute scales by structures of dark and baryonic
matter as they travel toward us1. The net effect of many such deflections is a surface remapping
of the CMB anisotropy pattern. The CMB is rather a unique probe to study weak lensing since
the properties of the unlensed source plane is well understood as a Gaussian random field with
a clearly defined angular power spectrum. This source is also well localised at redshift z = 1100
and is the furthest light source we can observe. Owing to this high redshift, CMB is sensitive
to nearly all the mass fluctuation in our Universe, with most of the signal arising at high red-
shifts between z = 0.5 and z = 3, meaning that it can be modelled using linear physics without
complications from non-linear evolution and baryonic feedback. CMB lensing measurements
therefore can act as an important probe of cosmology.

In the last decade, CMB lensing experienced a fast transition from the first detection to
the regime of precision measurements thanks to the advent of low noise, high-resolution CMB
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Figure 1 – Observational footprint of AdvACT. Color provides indication of depth

telescopes such as the Atacama Cosmology Telescope (ACT), the South Pole Telescope (SPT),
and the Planck Satellite. Early evidence of lensing came from cross-correlation measurements
made by WMAP 2, with the first direct detection made by the ACT team in 2011 3. Since then,
lensing power spectrum measurements have been made by multiple groups. The Planck team
had made the previous highest precision measurement of the lensing power spectrum4, with a
40σ detection significance in their 2018 release.

The main goals of the lensing measurement with ACT are to present independent new mea-
surements of the lensing power spectrum and to provide constraints on cosmological parameters.
This will provide a powerful test of the Planck lensing measurements, which are generally in
agreement with ΛCDM. In addition, several recent observations using low redshift probes like
galaxy lensing and clustering are in mild tension with Planck’s CMB and lensing constraints,
reporting a lower amplitude on the matter density and fluctuations. Since CMB lensing is
subjected to different systematic effects than the other weak lensing probes and is unaffected
by problems like photo-z errors, shear uncertainties and intrinsic alignments, we expect our
measurement to investigate this potential source of tension.

In this proceeding, we discuss in detail our lensing pipeline, highlighting in particular tech-
niques employed to mitigate and control foreground contamination and noise modelling system-
atics.

2 Data Used

ACT is a six-meter aplanatic Gregorian telescope located in the Atacama Desert in Chile. The
current receivers fitted to the telescope, the Advanced ACTPol (AdvACT) receiver are equipped
with arrays of superconducting transition edge sensor bolometers, sensitive to both temperature
and polarization at a frequency of 30, 40, 97,149 and 225 GHz.

We use data taken in season 6 covering over 12,000 square degrees, details of the footprint
and scanning can be seen in Fig. 1. We combine the different coadded data maps DA,f with
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arrays A ∈ {S16, S17, S18, S19} and frequencies f ∈ {90GHz, 150GHz} into a single CMB map
M on which lensing reconstruction is carried out. The sky coverage and depth of observations
enable ACT to reach noise levels smaller than Planck.

The combination of the maps is done in spherical harmonic space,

M`m = BAc,fc(`)
∑
A,f

wA,f (`)DA,f`mB
−1
A,f (`) (1)

where the weights in harmonic space wA,f is given by the noise power spectra obtained from
the beam deconvolved noise maps of the individual CMB maps.

wA,f =
N−1
A,f (`)B2

A,f (`)∑
(A,f)N

−1
A,f (`)B2

A,f (`)
(2)

A deconvolution of the harmonic beams BA,f (`) is performed on each array and the resultant
coadded map is convolved with the common beam BAc,fc . The choice for this beam is arbitrary
since it is deconvolved in the subsequent analysis.

The coadded Q and U maps are subsequently transformed to the E − B basis using the
pure EB method 5. Resulting in the coadded CMB map MX with X ∈ T,E,B. The same
coadding operation is performed on simulations containing lensed CMB maps and noise maps.
The resulting suite of coadded CMB simulations is used in the bias calculation part described
in the subsequent part of the pipeline.

3 Lensing Pipeline

Lensing induces correlations between Fourier modes that are originally independent of each
other and hence breaks the statistical isotropy of the original unlensed CMB temperature and
polarization fields. One can think of its effect as a remapping of the temperature distribution of
the unlensed CMB by the lensing deflection. The deflection field d is the gradient of the lensing
potential φ which is the integrated measure of the gravitational potential along the unlensend
line of sight. On the sphere, we can express this remapping as:

Θ(n̂) = Θ̃[n̂ +∇φ(n̂)] (3)

where Θ(n̂) is the unlensed CMB temperature along direction n̂ and Θ(n̂) is the observed lensed
temperature.

The lensing potential φ can be treated as a Gaussian random field characterised by the power
spectrum CφφL in harmonic space. Comparing the measured spectrum with the ones calculated
using a given cosmology can be used to provide constraints on parameters. To have an intuitive
understanding on the effect of lensing, we can Taylor expand Eq. 3:

Θ(n̂) ≈ Θ̃(n̂) +∇iφ(n̂)∇iΘ̃(n̂) + ... (4)

from which we see that lensing introduces a dependence of the unlensed CMB temperature
with its higher derivative terms, which leads to non-Gaussian effects, i.e a coupling previously
independent harmonic modes in harmonic space and breaking the statistical isotropy.

An appropriate averaging over pairs of multipole moments, therefore, allows reconstruction
of this lensing potential field. The so-called quadratic estimator achieves this:

φ̂LM = AL

∫
dΩY ∗

LM (n̂)∇i[V (n̂)∇iU(n̂)] (5)

Here AL is the normalization and U and V are the Wiener and inverse variance filtered maps
respectively:

V (n̂) =
∑
LM

1

CΘΘ
l +NTT

l

ΘlmYlm(n̂) (6)
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U(n̂) =
∑
LM

CΘΘ
L

CΘΘ
l +NTT

l

ΘlmYlm(n̂) (7)

Here Θlm are the beam deconvolved multipoles of the sky temperature. CΘΘ
l +NTT

l , the
total power spectrum for the measured temperature is composed of CΘΘ

l being the lensed CMB
power spectrum and NTT

l is the power spectrum of the experimental noise. The estimator above
correlates the inverse variance weighted temperature map V (n̂) with the gradient of the Wiener
lensed field U(n̂). The inverse variance filter is in place to reduce the effects of Gaussian noise.
Finally, the divergence in the estimator is used to extract the gradient part of the estimator.
The curl part which is expected to be zero serves as a powerful null test to test for systematic
effects.

One can then use the above estimator to measure a map of lensing potential from prepared
CMB maps. We do this by combining the lensing field obtained from both temperature and po-
larization fields in a way to minimize reconstruction noise, such that the resulting reconstructed
lensing potential is given by

1φ̂(n̂) = ∓
∑
LM

(φ̂LM ± iĉLM )±1YLM (n̂) (8)

This lensing field will be biased due to the existence of masks and anisotropic noise which
will induce couplings between modes that mimic lensing. This meanfield bias can be calculated
by averaging the reconstruction of the biased estimator over many simulations that have inde-
pendent CMB and lensing potential realizations. The averaging will make sure that only the
spurious, non-lensing couplings remain. Hence, an unbiased estimate of the lensing potential is
given by:

φ̂XYL = φ̄XYL − 〈φ̄XYL 〉 (9)

The naive lensing power spectrum obtained from the mean-field subtract lensing field φ̂φ̂∗

is also biased. There is a Gaussian disconnected bias N0 which constitutes the bulk of the
reconstruction noise6. Furthermore, there is the N1 bias, which arises from the second-order
contractions of two lensing potential fields in the measured four-point function7. Any additional
non-idealities not captured at the map level must be simulated and included in a small Monte
Carlo bias. A state of the art lensing power spectrum reconstruction encapsulates the above and
can agree with a few percentage residual using theory only. This small residual, coming from
high order and mask effects, constitute the Montecarlo bias.

Fig. 2 obtained using realistic AdvACT simulations shows that the reconstructed spectra
agree well with the input theory spectrum. The residual bias to be simulated is only a few
percent. Note that we have plotted the convergence power spectrum, which is related to the
lensing power spectrum by:

CκκL =
[L(L+ 1)]2

4
CφφL (10)

4 Challenges for precision cosmology: Extragalactic foregrounds and noise mis-
modelling

CMB lensing, while being a cosmology probe that is clean and robust compared to galaxy weak
lensing, still has two potential challenges that need to be resolved to obtain unbiased cosmological
parameters. These are the presence of extra-galactic foregrounds and noise modelling.

4.1 Challenge 1: Contamination from extragalactic foregrounds

A major systematic dominating current and futuristic CMB lensing experiments are the presence
of extra-galactic foregrounds. The observed millimetre sky also picks up the contaminated
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Figure 2 – Lensing convergence bandpowers obtained from simulation with realistic analysis errorbars. Overlaid
on top of theory as predicted by ΛCDM.

contribution from the cosmic infrared background (CIB), the thermal and kinetic SZ effect
and radio galaxy sources. The effects of these foregrounds on lensing are studied in detail in
8,9, for AdvACT level of sensitivity, if unmitigated, foregrounds can cause significant biases in
the lensing power spectrum recovery and cosmological parameter estimation. Expressing the
observed temperature field as T = TCMB + f where TCMB is the CMB signal of interest and f
being the extragalactic foregrounds, one can characterise the bias to the quadratic estimator as
follows:

CφφL = 〈Q[TCMB, TCMB]Q[TCMB, TCMB]〉
+ 2〈Q[TCMB, TCMB]Q[f, f ]〉+ 4〈Q[TCMB, f ]Q[TCMB, f ]〉+ 〈Q[f, f ]Q[f, f ]〉

(11)

Here Q represents the generic operation of taking the quadratic estimator of two CMB fields,
the first term above is the lensing power spectrum of interest, while the rest of the terms are the
bispectrum and trispectrum contributions of the foregrounds to the 4-point function. Failure
to mitigate them can lead to biased lensing power spectrum recovery and biased cosmological
parameter estimation.

A combination of strategies was developed in the pipeline to make sure foreground system-
atics are sub percentage, these mitigation strategies can be divided into three categories:

1. At the CMB map level, point sources and clusters were identified, masked and inpainted.

2. Geometric methods which either reconstruct the contribution of sources or clusters to the
trispectrum and projects them off (bias hardening) or exploit that the symmetry properties
of foregrounds are different than the lensing estimator (shear) to make lensing immune to
foregrounds.

3. Multifrequency cleaning methods involving internal linear combinations ILC or symmetric
multi-frequency cleaning by combining different frequency channels.

The above are all complemented with data based methods to show that the mitigation strategies
applied on realistic simulations10,11 agree well with the procedure applied on the data. This
foreground pipeline will also play an important role in assessing the foreground levels of futuristic
CMB missions like Simons Observatory where a large fraction of signal to noise still comes from
the temperature channel where unfortunately foreground effects are more important.

4.2 Challenge 2: Challenge due to noise modelling

The lensing power spectrum recovery discussed above probes the 4-point connected function
of the lensed CMB fields. The N0 subtraction done was motivated by the fact that even in
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the absence of lensing, chance correlations will result in Gaussian 4-point functions arising
from contractions of pairs of CMB fields. The realisation dependent procedure introduced
when subtracting this bias is arguably robust since it introduces data simulation combinations
making the quadratic estimator robust to data and simulation mismatch to second order. This
was demonstrated in past analyses 4,12,13.

However, we observed that for large sky ground-based surveys like AdvACT, this debiasing
process is very challenging as indicated by simple failures in noise only null tests. Here we
run the quadratic estimator on appropriately signal nulled maps such that the expected result
should be zero but as indicated in green for Fig. 3, this is not the case. This null failure
suggested that the simulations are missing something fundamental found in the data. We suspect
that the atmosphere could be contributing to a trispectrum bias which is not accounted for in
the simulations. We overcome this by introducing cross correlation-based quadratic estimator
introduced in14, which takes combinations of data realisations that have independent noise power
to cancel the contribution from noise modelling or simulation of instrumental noise. Switching
this more robust estimator shows how the noise only null tests go from failing to passing in the
red bandpowers in Fig. 3.

Figure 3 – Noise only null test using the standard quadratic estimator in green (failure) and the passing bandpowers
using the cross correlation based estimator in red

5 Results

We expect to present foregrounds mitigated lensing power spectrum combining both the tem-
perature and polarization channels as our baseline. This lensing spectrum is expected to reach
sensitivities between 50 − 60σ. The lensing power spectrum alone will be expected to provide
strong constraints on the combination of σ8Ω0.25

m which are competitive with current galaxy lens-
ing and clustering measurements, as can be seen in Fig. 5. In addition, combining with BAO
enables breaking the degeneracy between H0, Ωm and σ8 allowing percentage determination of
σ8.

This should allow AdvACT to shed some light on the hint of tension arising between the
value of S8 as measured by Planck and the relatively lower value observed by different low
redshift probes such as galaxy lensing. One can see this hint of tension in Fig. 4. Note that the
ACT-DR6 value shown here in red is for illustrative purposes only as the analysis is currently
still blind. But the error bars shown here are indicative of the achievable precision.

In addition to the lensing power spectrum, we will also release a lensing map covering nearly
40% of the sky, this dark matter map will be signal dominated and correlated with many large
scale galaxy surveys, making it ideal for cross-correlation science.
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Figure 4 – Recompilation of S8 measurements with direct low redshift probes such as galaxy lensing, clustering
and BAO. Purple band indicates the value extrapolated by Planck CMB.

Figure 5 – Lensing only σ8 measurements. Chains run with theoretical lensing bandpowers and realistic data
covariance matrix

6 Conclusion

We presented in detail our lensing power spectrum pipeline, designed to analyse the new seasons
of AdvACT data, covering nearly 12,000 square degrees of the sky. The large sky fraction
means that sky curvature becomes important and the analysis is performed using spin spherical
harmonics. The resulting lensing power spectrum is obtained by the optimal combination of
temperature and polarization channels. We highlight two of the main challenges faced by large
resolution ground surveys, namely the presence of extragalactic foregrounds and challenges in
simulating noise. And demonstrate that these are under control using a large suite of null tests
designed to identify systematic effects. The resultant lensing power spectrum will enable us to
obtain strong constraints on the neutrino mass sum, as well as percentage measurements of σ8,
shedding some light on the hints of σ8 tension between low and high redshift probes.
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Searching for accreting primordial black holes with CMB non-Gaussianity

Yacine Ali-Häımoud
Center for Cosmology and Particle Physics, New York University, 726 Broadway, New York, USA

Primordial black holes (PBHs) could have been produced if the early Universe was sufficiently
clumpy on small scales. They are therefore a potential window into cosmological initial con-
ditions, as well as an interesting dark matter candidate. PBHs heavier than a solar mass or
so can leave observable imprints in CMB anisotropies, through their accretion-induced energy
injection, which modifies the ionization history. We point out that PBH accretion is expected
to be highly inhomogeneous, as it is modulated by supersonic baryon-dark matter relative
velocities. We compute the resulting inhomogeneities in the ionization history, and point out
that they should leave significant non-Gaussian signatures in the CMB.

1 Motivations

The initial conditions of cosmological perturbations are well characterized on large scales,
with comoving wavenumbers k ∼ Gpc−1−Mpc−1, which are probed by high-precision CMB-
anisotropy measurements and large-scale structure surveys. CMB spectral distortions moreover
set upper limits on initial perturbations on scales k ∼ 1 − 104 Mpc−1. On even smaller scales,
initial conditions are mostly unconstrained, and could be probed by the observation of – or
upper limits on – Primordial Black Holes (PBHs), which could moreover be (part of) the dark
matter. It is thus interesting to devise sensitive observational tests of PBHs.

2 Review of CMB power spectra limits on accreting PBHs

CMB-anisotropy power spectra have been used to set constraints on the abundance of PBHs
heavier than ∼ 1M⊙. Here we summarize the basic physics 1:
• PBHs accrete baryons. A simple estimate of the accretion rate Ṁ can be obtained from the
Bondi-Hoyle expression

Ṁ ∼ ρb
(GM)2

(c2s + v2rel)
3/2

, (1)

where ρb is the baryon mass density, M is the black hole mass, cs is the sound speed, and vrel
is the relative motion of the accreted gas at infinity.
• This accretion powers a luminosity L = ϵṀc2. The radiative efficiency ϵ is strongly dependent
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upon the geometry of the accretion flow. The lowest luminosity (leading to the most conservative
limits) is obtained under the assumption of quasi-spherical accretion, and results from free-free
emission of the accreted gas. It scales as L ∝ Ṁ2.
• This luminosity leads to a volumetric energy injection rate ρ̇inj = npbhL, where npbh is the
PBH number density.
• Part of this injected energy is deposited into the plasma, with volumetric rate ρ̇dep. The
deposition efficiency ρ̇dep/ρ̇inj depends on the detailed channels of energy injection. In the case
of free-free emission by accreting PBHs, we assume energy to be injected as a nearly flat photon
spectrum, up to ∼ MeV energies.
• Part of this deposited energy goes into extra ionization of the plasma, thus modifies the
evolution of the free-electron fraction xe.
• CMB anisotropies are very sensitive to the ionization history. In particular, CMB power spectra
are sensitive to its spatial average ⟨xe⟩. To compute the latter, one uses the spatially-average
PBH luminosity ⟨L⟩, obtained after averaging L over the distribution of relative velocities.
• With these ingredients, one can predict CMB power spectra as a function of PBH mass and
abundance. By comparing these predictions to Planck data, one can then set upper limits on
the abundance of PBHs.

3 Work in progress: non-Gaussian signatures of accreting PBHs

3.1 Basic idea and motivations

From the scalings given above, in the case of free-free emission, the luminosity of accreting
PBHs scales approximately as L ∝ (c2s + v2rel)

−3. Relative velocities between baryons and dark
matter, whatever it is made of (as long as it has the same large-scale fluctuations as in standard
ΛCDM), fluctuate on ∼ 102 Mpc scales, with variance ⟨v2rel⟩ ∼ 25 × c2s. Therefore, we expect
the luminosity of accreting PBHs to be highly inhomogeneous. This is indeed shown in Fig. 1,
where we see that the PBH luminosity is a highly non-Gaussian field, peaking in the small
regions where local relative velocities are subsonic, and highly suppressed elsewhere.

100 Mpc

Figure 1 – The left panel shows a realization of the baryon-dark matter relative velocity field at recombination.
The right panel shows the resulting fluctuations of PBH accretion luminosity. Figure credit: Julián Muñoz.

These spatial fluctuations of accretion luminosity (and thus energy injection) imply inho-
mogeneous energy deposition, and, ultimately, a spatially-varying free-electron fraction. This,
in turn, sources non-Gaussianities in CMB anisotropies, even if initial conditions are Gaussian.

Let us now understand why this signal could be significant. Let us define by ∆xe(t, x⃗) the
time- and spatially-dependent perturbation to the ionization history induced by accreting PBHs.
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We split it into its spatial average and spatial fluctuations:

∆xe(t, x⃗) = ⟨∆xe⟩(t) + δxe(t, x⃗). (2)

The first piece arises from the spatially-averaged luminosity ⟨L⟩, and is used to compute the
effect on CMB power spectra. Given that PBH luminosity has O(1) relative fluctuations, we
expect that δxe could be as large as ⟨∆xe⟩, as long as the spatial fluctuations of energy injection
are not washed out by the deposition process. For PBH abundance saturating CMB-anisotropy
limits, ⟨∆xe⟩/xe = O(1%). Therefore, we expect that δxe(t, x⃗)/xe could be as large as O(1%).

Now, in the standard cosmological scenario, recombination is not perfectly homogeneous,
and has spatial fluctuations at the level of (δxe/xe)std ∼ 10−4. Such small fluctuations are
sufficient to generate non-Gaussianities that are just under the Planck detection threshold.
We thus expect that non-Gaussianities sourced by accreting PBHs, whose abundance saturates
CMB-power spectra limits, could lead to non-Gaussianity detectable with a signal-to-noise ratio
of order 102. Put differently, Planck could be sensitive to a PBH abundance up to ∼ 102 times
smaller than current CMB upper limits, through CMB non-Gaussianities.

3.2 Preliminary results: perturbations to the ionization history

The first step in predicting the non-Gaussian signal is to evaluate δxe(t, x⃗), the spatial fluctua-
tions of the free-electron fraction. This calculation involves the following steps 2:

• Evaluate the energy injection-to-deposition Green’s function GEγ (ad, ai, r), which depends
on photon injection energy Eγ , and is defined explicitly through

a3d
ρ̇dep
H

∣∣∣
ad

=

∫
d ln ai

∫
d3r

4πr3

∫
dEγ GEγ (ad, ai, r) a

3
i

1

H

dρ̇inj
dEγ

∣∣∣
ai
, (3)

where ai,d ≡ (1+zi,d)
−1 are the injection and deposition scale factors. We compute this Green’s

function with a radiative transport code, following photons through the expanding Universe as
they photoionize hydrogen and helium atoms, and Compton-scatter off free and bound electrons.
The code also accounts for the efficiency of energy deposition of secondary electrons, using highly
accurate semi-analytic approximations. We show some values of the injection-to-deposition
Green’s function in Fig. 2, as well as its spatial average, which matches previous works.

Figure 2 – Injection-to-deposition Green’s function. Left : spatial average, for several injected photon energies, to
compare with Slatyer (2016). Right : spatial variation, for injection of 0.1 MeV photons at zi = 1300.

• Compute the energy deposition-to-ionization Green’s function Gdep
xe

(a, adep), which is spa-
tially local on the scales of interest, and defined as

∆xe(z, r⃗) =

∫
d ln ad Gdep

xe
(a, ad) a

3
d

ρ̇dep
HEI

∣∣∣
ad
, (4)
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Figure 3 – Energy deposition to ionization Green’s function, defined in Eq. (4).

where EI = 13.6 eV is hydrogen’s ionization energy. We compute Gdep
xe

(a, ad) by linearizing the
pertubed recombination equations 3 solved by HyRec-2 4. We show the result in Fig. 3.

• Convolve these two Green’s functions with the spatially-fluctuating energy injected by
accreting PBHs, to finally obtain the spatially fluctuating ionization fraction. We show this
final result in Fig. 4. We see, from the left panel, that as anticipated, spatial fluctuations of
the free-electron fraction have a characteristic amplitude of the same order as the mean change
in xe. From the right panel, we see that these perturbations peak at scales k ∼ 10−2 − 10−1

Mpc−1, which correspond to scales probed by CMB anisotropies. These reuslts are promising
and motivate investigating the non-Gaussian signal in detail, which is the subject of ongoing
work.

Figure 4 – Left : redshift evolution of the spatial average (dashed) and rms (solid) perturbation to the free-electron
fraction due to accreting PBHs, in two accretion scenarios. Right : power spectrum of free-electron fluctuations,
normalized by its overall variance.
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Nonideal self-gravity and cosmology: the importance of correlations in the
dynamics of the large-scale structures of the Universe
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Inspired by the role of correlations in the statistical mechanics of nonideal self-interacting
fluids, we suggest that unresolved sub-structures (i.e. correlations) have to be taken into
account in the Virial theorem of self-gravitating astrophysical systems. We demonstrate that
their omission leads to a missing mass problem by using the semi-analytic polytropic solutions
of the Lane-Emden equation. This problem suggests to extend the Friedmann equations to
the nonideal regime by taking into account correlations in the dynamics of the expansion. The
increase of correlations induced by the formation of the large-scale structures could explain
naturally the accelerated expansion of the Universe in such a paradigm.

1 The role of correlations in statistical mechanics

The statistical approach of the classical problem of a system of N-interacting particles (with N →
∞) of mass m in a volume V , is based on the so-called BBGKY hierarchy 1,2. In this hierarchy,
the probability function to find one particle at ~r is defined by P1(~r) while the probability to
find one particle at ~r and another one at ~r′ is given by P2(~r, ~r

′). These probabilities yield the
definition of the radial distribution function as, for a homogeneous, isotropic fluid:

g(||~r − ~r′||) = V 2P2(~r, ~r
′), (1)

or equivalently the correlation function, ξ(||~r − ~r′||):
ξ(||~r − ~r′||) = V 2(P2(~r, ~r

′)− P1(~r)P1(~r
′))

= g(||~r − ~r′||)− 1. (2)

For an ideal fluid, in the absence of correlation, P2(~r, ~r
′) = P1(~r)P1(~r

′), i.e. ξ(||~r − ~r′||) = 0
and g(||~r − ~r′||) = 1, ∀(~r, ~r′). In contrast, in the presence of correlations, ξ(||~r − ~r′||) 6= 0 and
g(||~r − ~r′||) 6= 1. The presence of correlations yields a non-ideal contribution impacting all
thermodynamic quantities in the fluid, including also interaction energies whose definition from
the N-body dynamics is the sum over all distinct pairs of particles:

〈Hint,Nbody〉 =
∑
i<j

φ(||~ri − ~rj ||), (3)
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which corresponds exactly to an integral over the two-point probability distribution function:

〈Hint,Nbody〉 ≈
N2

2

∫∫
V,V

P2(~r, ~r
′)φ(||~r − ~r′||)dV dV ′, (4)

with φ(r = ||~r − ~r′||) the pair potential.

2 The missing-mass problem induced by the omission of correlations

The Virial theorem in astrophysics is usually applied in a simplified way, ignoring correlations
and sub-structures by using only the total mass M inside a given volume V = 4πR3/3 with a
gravitational interaction energy per unit mass proportional to −GM/R.

In order to show the importance of inhomogeneities in the virial theorem, we apply it as
a simple semianalytical example to the case of a polytropic structure. In this case, we can
explicitly compute P2(~r, ~r

′) by semianalytically computing an inhomogeneous density field and
compare the result with a homogeneous assumption on the virial theorem. A polytropic stellar
structure can be calculated by the Lane-Emden equation,

1

z2
d

dz

(
z2
dw

dz

)
+ wn = 0, (5)

with ρ = ρcw
n, P = Kργ , n = 1/(γ − 1) the polytropic index, z = Ar, and A2 = (4πG/(n +

1))ρ
1−1/n
c /K. We choose a dimensionless unit system in which ρc = K = G = 1. By solving the

Lane-Emden equation for different polytropic indexes n < 5, we can compute inhomogeneous
density profiles that have a finite radius R (see the left panel of Fig. 1). For a polytrope, the
following virial theorem (per unit mass) reads

H/M = 2Hint/M,
H =

∫
V

γ
γ−1PdV,

M =
∫
V ρdV, (6)

where H is the total enthalpy, M is the total mass, and Hint is the gravitational interaction
energy with the zero of potential energy defined at the surface of the star. For a homogeneous
density profile, with ρ = M/(4πR3/3), we obtain

H

M
=
GM

5R
. (7)

We now assume that an observer has only access to the total enthalpy, mass, and radius of
different objects and does not know whether these objects have substructures. The naive as-
sumption, as explained above, is to ignore the possible inhomogeneities and assume that the
density is constant, ρ = M/(4πR3/3), hence using Eq. 7 for the virial equation. This assump-
tion, however, is only correct for a polytropic index n = 0. As shown in the right panel of Fig. 1,
for profiles n 6= 0, the error on the total energy is significant and can be up to a factor 25 for
n = 4. Therefore, the assumption of a homogeneous profile within the structures will lead to a
missing-mass problem. For a polytropic structure, however, we can calculate the inhomogeneous
density profile semianalytically and thus calculate exactly the contribution of inhomogeneities
to the total energy. We characterize this contribution by an inhomogeneous amplification factor
αih , which can be calculated exactly,

αih =
N2
∫∫
V,V P2(~r, ~r

′)φ(|~r − ~r′|)dV dV ′

N2
∫∫
V,V 1/(4πR3/3)2φ(|~r − ~r′|)dV dV ′ , (8)

with V = 4πR3/3. In our calculation, N2P2(~r, ~r
′) = N2P1(~r)P1(~r

′) = ρ(~r)ρ(~r′) for the in-
homogeneous structure at the numerator, while the homogeneous calculation corresponds to
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Figure 1 – Polytropic solutions. Left: Density profiles solutions to the Lane-Emden equation with different
polytropic indexes n. Right: Total enthalpy per unit mass compared to gravitational interaction energy per unit
mass assuming either a homogeneous density profile or accounting for inhomogeneities. Blue and green crosses
are indistinguishable.

N2P2(~r, ~r
′) = N2P1(~r)P1(~r

′) = N2/V 2, with P1(~r) = 1/V at the denominator. We can now
correct Eq. 7 to account for inhomogeneities,

H

M
=
GM

5R
αih. (9)

As shown in the bottom panel of Fig. 1, when this factor is taken into account, we exactly recover
the correct enthalpy and the correct gravitational interaction energy for the different polytropic
structures (the green and blue crosses in the figure are indistinguishable). This simple example
demonstrates that it is mandatory to account for the contribution of substructures to correctly
evaluate interaction energies in astrophysical structures.

3 The nonideal Friedmann equations

As suggested in Tremblin et al.4, Einstein equations may not be suited for the study of correlated
fluids for two reasons. First, the Newtonian limit gives back the Poisson equation that is a mean-
field approximation ignoring the presence of correlations. Second, it can be explicitly shown that
the equivalence principle for a fluid implicitly assumes the absence of correlations. We therefore
propose to rely on the Newtonian demonstration of the Friedmann equations in order to get
an intuition of how to design a nonideal version that takes into account correlations. Following
Peacock3, we assume an ensemble of particles of mass m in a volume V of radius R, whose fluid
density is assumed to be homogeneous and isotropic at very large scales, but can be correlated
at smaller scales, that is P1(~r) = 1/V but P2(~r, ~r

′) 6= P1(~r)P1(~r
′). The total mechanical energy

of this system under its N-body or fluid form is given by

Em = 〈 mv2/2〉+ 〈Hint,Nbody〉. (10)

Similarly to αih in Sect. 2, we define αni by

αni =

∫∫
V,V φ(|~r − ~r′|)P2(~r, ~r

′)dV dV ′∫∫
V,V φ(|~r − ~r′|)P1(~r)P1(~r′)dV dV ′

. (11)

The ideal (uncorrelated) fluid hypothesis corresponds to αni = 1. Eq. 10 can then be rewritten
as

Em = 〈 mv2/2〉+ αni〈Hint,ideal〉. (12)
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Following Peacock3, we take 〈 mv2/2〉 = MṘ2/2 and 〈Hint,ideal〉 = −GM2/R and rewrite this
equation as

Em/M =
Ṙ2

2
− 4π

3
αniGρmR

2. (13)

Rearranging the different terms, we obtain

Ṙ2

R2
− 2Em/M

R2
=

8πG

3c2
αniρmc

2. (14)

In the uncorrelated case, αni = 1, and with the substitutions R → a and −Em/M → K, we
recognize the first Friedmann equation. Therefore, Eq. 14 indicates that correlations should be
accounted for through a multiplicative factor αni of the energy density for a proper nonideal
generalization of the Friedmann equation (this could also be seen as a multiplicative factor of the
gravitational constant). The last step in obtaining a nonideal first Friedmann equation is to take
the thermodynamic limit in αni, (N,V )→∞ keeping N/V = ρ constant. This can be done by
introducing a near-field approximation on a scale λH , that is, by replacing φ by exp(−r/λH)φ in
Eq. 11, or equivalently, introducing a cutoff of the integrals at a radius rbound of approximately
λH . In the latter case, and assuming a large-scale flat, homogeneous, and isotropic Universe, we
obtain the following first nonideal Friedmann equation:

H2
ni =

8πG

3c2
αniρb, with αni =

∫ rbound
0 g(r)rdr∫ rbound

0 rdr
. (15)

We can now study the acceleration of the expansion. Because we can link the value of the Hubble
parameter to the nonideal amplification induced by bound substructures, αni, it is natural to
expect an acceleration of the expansion linked to an increase in the densities of these structures,
due to the ongoing gravitational collapse. In order to get the second nonideal Friedmann equa-
tion, we use the first law of thermodynamics in an expanding universe with the derivation of the
first Friedmann equation. The two nonideal Friedmann equations (for K = 0) in our formalism
are given by

H2
ni =

8πG

3c2
αniρb, and qni = −1− Ḣni

H2
ni

≈ 1

2
− α̇ni

2Hniαni
. (16)

It is then natural to obtain an acceleration of the expansion induced by the formation of the large
scale structures of the Universe which naturally produces α̇ni > 0 with an increase of the absolute
value of the gravitational interaction energy even if the mean density ρb is decreasing. Assuming
the nonideal amplification factor αni entirely explains the observed present-day expansion, that
is, it varied from αni = 1 to αni = ρc/ρb ≈ 20 over the age of the universe, tu ∼14 Gyr, we can
obtain an order-of-magnitude analytical expression,

qni ≈
1

2
− ln(ρc/ρb)

2tuH
, (17)

which gives a deceleration parameter qni = −1.06 that is compatible with the value based on
type Ia supernovae q = −1.0± 0.4 5.
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Relativistic effects: initial conditions for simulation of large-scale structure
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One of the main challenges of cosmology is to understand the physics of the early universe.
One way to probe this early period is the study of primordial non-Gaussianity (PNG) through
the bispectrum of the matter distribution. The future large-scale structure (LSS) surveys are
expected to provide a precise measurement of the distribution of matter in the late universe
and therefore add more constraints on PNG. For this purpose, one needs to understand the full
evolution of the perturbations beyond the linear theory since the LSS formation is a non-linear
process. Among all the non-linearities generated, the relativistic effects (REs) are a well-known
contaminant of the PNG. In this proceeding, I present the result of Adamek et al. 1. I explain
how we can simulate the large-scale structure of the universe with the N-body simulation
“gevolution” by accounting for all the relevant second-order relativistic non-linearities.

1 Introduction

Inflation is the earliest period in the history of our universe corroborated by observations. The
simple single-field models generate small adiabatic and quasi-Gaussian fluctuations 2. A natural
extension of the single-field model is to consider additional fields: this is the so-called multi-
field inflation. The squeezed limit of the bispectrum is a powerful tool to constrain PNG. In
particular, the detection of a squeezed limit signal with an amplitude fNL ∼ 0.1 or larger would
rule out all single-field inflation models 3.

The increasingly large number of precise galaxy surveys planned such as Euclid, the Vera
Rubin Observatory or SPHEREx 4,5,6, opens the possibility of adding more constraints on the
early universe physics 7. The extraction of primordial physics from future data requires the
greatest care, as galaxy clustering is a non-linear process. In particular, the modelization of the
squeezed limit in the LSS is very challenging. Indeed, the squeezed limit involves both the large
and the small scales where the physics are very different. On large scales, k < 0.1 hMpc−1,
REs become important since we approach the cosmological horizon. On the small scales, k >
0.1 hMpc−1, the perturbation theory breaks down and numerical simulations are needed. Note
also that the smallest scales enter the horizon at early time when radiation cannot be neglected.

The standard perturbation theory in the Newtonian limit has been deeply studied 8. These
standard results show that the CDM density grows like the scale factor a at first order and
like a2 at the second order. For this reason, for N-body simulation, it is enough to set first-
order initial conditions at early enough time since the second-order contribution decays. The
REs leading order is proportional to H2/k2 where H is the Hubble factor defined w.r.t. the
conformal time. When approaching the horizon, these corrections cannot be neglected anymore
since k ∼ H. Many studies have been performed over the last 30 years to account for these
effects up to second-order, see Villa et al. 9 for a complete review. One of the main conclusions
of these works is that the dynamical REs are degenerated with PNG in the momentum space,
i.e. they produce a signal in the squeezed limit of the bispectrum, as well as in the redshift
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Figure 1 – Bispectrum of the CDM density bispectrum at redshift z = 100. The first two arguments are fixed
to k1 whose value in units of hMpc−1 is indicated in the panel. The third argument varies on the x-axis. The
squeezed limit is obtained by taking k � k1. The red curve is the SONG bispectrum. The blue curve is the
bispectrum of the RELIC realisations where we have subtracted the bispectrum of 102δ(2) plotted in green. The
black vertical line indicates the cut-off scale.

space. Indeed, at second-order a2H2 ∝ a. This means that the REs cannot be neglected in
the initial conditions of N-body simulation since they do not decay w.r.t. the linear solution.
Therefore, it is crucial to estimate the amplitude of these systematic effects of the local PNG.

2 From Einstein-Boltzmann to N-body simulation

In this work, we use the standard forward approach to initialize a N-body simulation 10. The
basic forward approach consists on generating a Gaussian primordial curvature perturbation
R(k) following the standard primordial power spectrum statistic. By using a first-order Einstein-
Boltzmann code (we use CLASS11 in our work), we can compute the first-order transfer function

for the CDM density at the initial redshift of the simulation z: T
(1)
δ (z, k). Hence, the first-order

CDM density field reads

δ(1)(z,k) = T
(1)
δ (z, k)R(k) . (1)

Numerical codes accounting for non-linear effects up to second order, including early ra-
diation and REs, were first developed to compute the CMB intrinsic bispectrum 12,13,14. The
numeric code SONG 14 is the most efficient code solving the full Einstein-Boltzmann system
up to second-order. Therefore, we use it to compute the second-order CDM transfer function

T
(2)
δ (z, k1, k2, k3) which can be used to evaluate the full second-order CDM density

δ(2)(z,k) =

∫
d3k1

(2π)3
T

(2)
δ (z, k1, |k− k1|, k)R(k1)R(k− k1) ≡ ITT . (2)

Based on this result, we developed the second-order initial conditions generator called RELIC 1.
In its most general configuration, RELIC is able to compute the integral Eq. 2. However, if
we consider N modes, the computation of Eq. 2 scales like N6 which makes it impossible for a
reasonable large grid size (at least N = 1024). As explained in section 1, REs becomes important
for scales of order k ∼ H, i.e. for the large scales. Hence, we introduce a cut-off scale kΛ to split
the k-range into large scales (k < kΛ) and small scales (k > kΛ). To properly account for REs,
we evaluate the full integral 2 for the large scales. The time complexity of this computation is
N3

ΛN
3, where NΛ is the number of large modes. Since NΛ can be keep small, the computation

is manageable. For the small scales, we define the window function W (k) = 1 if k < kΛ and
W (k) = 0 otherwise. Thus, the primordial curvature perturbation reads

R(k) = W (k)R(k) + (1−W (k))R(k) = RL(k) +RS(k) . (3)
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Introducing Eq. 3 into Eq. 2, we can re-write Eq. 2 into the sum of three different integrals:

δ(2)(τ,k)|k>kΛ
=

∫ d3k1
(2π)3T

(2)
z (τ, k1, |k− k1|, k)RL(k1)RL(k− k1)

+
∫ d3k1

(2π)3T
(2)
δ (z, k1, |k− k1|, k)RS(k1)RS(k− k1)

+ 2
∫ d3k1

(2π)3T
(2)
δ (z, k1, |k− k1|, k)RS(k1)RL(k− k1)

≡ δ(2)
LL + δ

(2)
SS + 2δ

(2)
LS .

(4)

The first term in Eq. 4, ILL accounts for the coupling between the large scales. Its time scaling is
N6

Λ. Since kΛ can be keep small, this term can be computed. The second term, ISS , is a coupling
between the small scales. This is the regime where Newtonian non-linearities dominates. If the
initial conditions are set at early enough time, this term can be neglected since the Newtonian
non-linearities grow like a2. Note also that ISS dominates the time complexity since it scales like
N6. The last term, ISL is crucial for our purpose since it accounts for the coupling between the
small and the large scale, i.e. it dominates the squeezed limit of the bispectrum. Fortunately, it
scales like N3

ΛN
3 and can be computed. Our final approximation reads

δ(2)(τ,k) = δ
(2)
TT if k < kΛ ,

= δ
(2)
LL + 2δ

(2)
LS if k > kΛ .

(5)

Thanks to this approximation, a ∼ 1000 years computation in the most general case is reduced
to 100 days which, with parallelization, can be done within a few hours. In Fig. 1, we show
in blue the averaged bispectrum over 20 RELIC realisations where the second-order part has
been boosted by a factor 100 (δ(1) + 102δ(2)). In green, the bispectrum of 102δ(2) which has
been subtracted to obtain the blue curve. In red, we show the fiducial theoretical bispectrum
obtained with SONG. As expected, RELIC is accurate as long as one of the considered scales
is a large scales, i.e in the equilateral configuration if k > kΛ and in the squeezed limit, which
corresponds to k � k1.

3 Initialisation of particle in gevolution

We use the fully relativistic code gevolution15. To initialize the particles’ positions and velocities,
we need to compute the velocity and the potential. It can be shown that at second-order, for
a CDM fluid, the velocity is potential 1. The scalar Einstein equations have only one degree of
freedom. Thus, by injecting the density, we can compute all the other potentials.

To find the initial position of the particles, one must find the displacement field ξ defined as

xp = x0
p +∇ξ(x0

p) , (6)

where x0
p is the particles’ positions on an homogeneous template and xp are the initial positions.

In its basic implementation, the code gevolution solves the discrete first-order equation

ρ(xg) = −
∑
x′g

ξ(x′g)
∑
p

mp

a3
wgrad(x′g − x0

p)∇ωCIC(x′g − x0
p) , (7)

where wCIC and wgrad are the cloud-in-cell (CIC) and gradient kernels, xg is the position on
the grid and xp the position of the particle p with mass mp. Since Eq. 7 is a linear equation,
even though the density ρ(xg) is accurate at second-order, inverting Eq. 7 gives the first-order
displacement field ξ(1). By using this displacement field, one can initialize the particles and
re-project on the grid to verify that the density obtained ρ̂ matches the input computed by
RELIC ρ used in the left-hand side of Eq. 7. The re-projection procedure is fully non-linear,
which means that ρ̂ contains first-order terms, as well as quadratic terms such as ξ(1)2. However,
it does not contain the pure second order terms like ξ(2). Thus, the subtraction ρ − ρ̂ kills the
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first-order and first-order squared terms leaving only the pure linear second-order terms. Eq. 7
can be solved again, by replacing the left-hand side by ρ−ρ̂, to find ξ(2). This method is iterative
and works for any higher-order accuracy. The velocity and the gravitational potential can be
interpolated at the initial positions of the particles.

Hence, we have initialized the particles of an N-body simulation by taking into account all
the REs and radiation effects at second-order. Current studies are focusing on the evolution of
these initial perturbations with gevolution.

4 Conclusion

With the increasingly large and precise number of LSS measurements, the relativistic effects
may become a significant systematic effect in the squeezed limit of the matter bispectrum.
Hence, it contaminates primordial non-Gaussianities. For this reason, it is crucial to model
accurately these effects and take them into account in the theoretical interpretation of future
measurements. In this proceeding, I have introduced the relativistic initial condition generator
RELIC, that is able to generate initial conditions for simulation of the large-scale structure
accurate at second-order for large scales and in the squeezed limit. It opens the possibility to
account for all relativistic and radiation effects in the galaxy power spectrum and bispectrum
modelization.
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Large scale structure of the Universe becomes a leading source of precision cosmological in-
formation. We present two particular tools that can be used in cosmological analyses of the
redshift space galaxy clustering data: a new open-source code CLASS-PT and the theoretical
error approach. CLASS-PT computes one-loop power auto- and cross-power spectra for mat-
ter fields and biased tracers in real and redshift spaces. We show that the code meets the
precision standards set by the upcoming high-precision large-scale structure surveys. The the-
oretical error likelihood approach allows one to analyze galaxy clustering data without having
to measure the scale cut kmax. This approach takes into account that theoretical uncertainties
affect parameter estimation gradually, which helps optimize data analysis and ensures that all
available cosmological information is extracted.

1 Introduction

Large-scale structure (LSS) data becomes an increasingly important source of cosmological in-
formation. Very soon it will become competitive with the cosmic microwave background (CMB)
data analysis 1. In contrast with the CMB, the LSS data analysis is complicated by non-linear
clustering which is very hard to predict analytically. This problem is resolved in the effective
field theory of large-scale structure 2, and its various extensions, such as time-sliced perturba-
tion theory 3, which allow one to systematically model various short-scale phenomena on mildly
nonlinear scales.

In the first part of this note we present a new code CLASS-PT that embodies an end-to-
end calculation of one-loop power spectra for matter field and bias tracers using the state-of-
the-art perturbation theory approach 4. Even though CLASS-PT is based on the well-known
theoretical framework 5, it brings several novelties. First, it uses a new FFTLog method to
efficiently compute convolution integrals 6. Second, another crucial advantage of CLASS-PT is
an accurate and efficient description of the BAO wiggles using the infrared (IR) resummation
of long-wavelength contributions 7,8. This is particularly important for data analysis, where the
BAO encapsulate a significant portion of cosmological information.

In the second part, we introduce a novel data analysis technique based on the theoretical error
covariance 9, which allows one to avoid uncertainties in the theoretical estimates of higher-order
nonlinearities. We demonstrate that this approach yields unbiased constraints on all cosmological
parameters. In addition, we also show that the theoretical error effectively optimizes the choice
of kmax in realistic data analyses.
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Figure 1 – Residuals between the one-loop correction to the matter power spectrum and its direct numerical
evaluation for the default settings (left panel) and in the FAST mode (right panel).

2 CLASS-PT

Let us start with theoretical modeling of galaxy power spectrum in redshift space. The radial
position of the galaxies in real surveys are distorted by the peculiar velocity field. It introduces
so-called redshift-space distortions (RSD). We will work in the plane-parallel approximation,
where the mapping between the redshift and real spaces is entirely parameterized by the cosine of
the angle between the line-of-sight ẑ and the wavevector of a given Fourier mode k, µ ≡ (ẑ ·k)/k.
This setup allows one to express the one-loop redshift-space spectrum in the following simple
form

Pgg,RSD(z, k, µ) =Z2
1 (k)Plin(z, k) + 2

∫
q
Z2
2 (q,k− q)Plin(z, |k− q|)Plin(z, q)

+ 6Z1(k)Plin(z, k)

∫
q
Z3(q,−q,k)Plin(z, q)

+ Pctr,RSD(z, k, µ) + Pϵϵ,RSD(z, k, µ) ,

(1)

where the redshift-space kernels can be found in 5. Pctr,RSD(z, k, µ) represents counterterm
contributions in redshift space which in the leading order can be written as follows

Pctr,RSD,(z, k, µ) =− 2c̃0(z)k
2Plin(z, k)− 2c̃2(z)f(z)µ

2k2Plin(z, k)

− 2c̃4(z)f
2(z)µ4k2Plin(z, k)− 2b4(b1 + fµ2)2k4Plin(k) ,

(2)

Pϵϵ,RSD(z, k, µ) denotes the stochastic contribution which in the redshift space has the following
structure

Pϵϵ,RSD(z, k, µ) = Pshot(z) + a0(z)k
2 + a2(z)µ

2k2 , (3)

where Pshot(z) describes a constant shot noise and the additional terms represent scale-dependent
contrinutions to the monopole and the quanrupole moments of power spectrum.

The full angular dependence of the redshift-space power spectrum can be encoded in a
number of multipoles using the following relation

Pgg,RSD(z, k, µ) =
∑
ℓ even

Lℓ(µ)Pℓ(z, k) , (4)

Explicit expressions for Pℓ can be found in 4. Let us briefly discuss the accuracy of calculations
in CLASS-PT. In Fig. 1 we show the residuals between evaluation of the one-loop correction to
the matter power spectrum with the FFTLog method and its direct numerical calculation for
two different precision settings. In the default regime we implement the FFTLog method for
the grid with NFFTLog = 256 harmonics. In the FAST mode we create a grid of lower dimension
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Table 1: Performance of the code in the baseline and FAST precision modes. We show the execution time in [sec.]
as follows: tfull(tFFTLog), where tfull is the full evaluation time taken by the non-linear module, and tFFTLog is the
time elapsed during the matrix multiplication with FFTLog method.

Run Real space IR resum. RSD IR+RSD IR+RSD+AP
Default mode

Matter 0.036 (0.036) 0.175 (0.036) 0.375 (0.375) 0.75 (0.62) 0.76 (0.63)
Tracers 0.21 (0.21) 0.35 (0.21) 0.89 (0.89) 1.27 (1.12) 1.30 (1.14)

FAST mode
Matter 6.3 (6.1)× 10−3 0.14 (0.0061) 0.063 (0.061) 0.22 (0.09) 0.22 (0.09)
Tracers 0.033 (0.034) 0.17 (0.034) 0.14 (0.14) 0.31 (0.18) 0.31 (0.18)
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Figure 2 – Left panel: Error budget of various systematic effects relative to the two-loop contribution (black line)
at z = 0. Right panel: Residuals in measurements of cosmological parameters from the redshift space galaxy
multipoles of N-body data.

NFFTLog = 128 that significantly speeds up our calculations. We found that the default choice
of NFFTLog = 256 provides ∼ 0.1% accuracy which is sufficient for future galaxy surveys. The
FAST mode has somewhat worse accuracy of the one-loop calculation, around ∼ 1%. Still, it
translates to the O(0.1%) accuracy on the total power spectrum. Therefore, the FAST mode is
sufficient for the analysis of current LSS data.

Let us discuss the performance of CLASS-PT. Tab. 1 summarizes the run times for various
tests in two regimes (default and FAST). Our results show that the galaxy power spectra in
redshift space can be calculated over 1.3 seconds for high precision settings. In the FAST mode
the execution time reduces to 0.3 seconds.

Finally, we discuss the systematic uncertainties associated with the implementation of IR
resummation in the CLASS-PT. Detailed information about the implementation of IR resumma-
tion in CLASS-PT can be found in 4. In the left panel of Fig. 2 we show the contributions of all
these effect to the total error budget along with the two-loop correction at z = 0. Once can see
that the errors caused by inaccuracies in IR resummation are always smaller than the two-loop
contributions missed in our model. It means that the CLASS-PT provides a stable calculation
of one-loop power spectrum up to next-to-leading order corrections. These corrections can be
systematically taken into account within time-sliced perturbation theory.

3 Theoretical error approach

In this section we summarize the theoretical error approach 9,10. We show how the theoretical
error covariance can be included in the realistic data analysis.

1. Choose some fiducial cosmological model.

2. Select the fiducial data cut kfidmax. This data cut should be reasonably small to make
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theoretical error negligible.

3. Obtain the best-fit theoretical prediction P best−fit(k) by fitting the data at kfidmax and by
varying only nuisance parameters.

4. Take this best-fit theoretical curve and construct the theoretical envelope as P
(TE)
i =

P d
i − P best−fit(ki). The statistical scatter in the data vector P d

i can be removed by fitting

P
(TE)
i with a smooth polynomial.

5. Build up the TE likelihood using P
(TE)
i

−2 lnL(P (θ⃗)) = (C + C(E))−1
ij (P (θ⃗) + P̄

(TE)
i − P d

i )(P (θ⃗) + P̄
(TE)
i − P d

j ) , (5)

where θ⃗ denotes the vector of cosmological parameters and

C
(E)
ij = P̄

(TE)
i P̄

(TE)
j e−

(ki−kj)
2

2∆k2 , with ∆k = 0.1 h/Mpc. (6)

We demonstrate the application of this approach using a suite of LasDamas Oriana simulations.
Further details can be found in 9.

We run several analyses with different kmax and compare these result with the TE approach.
The marginalized constraints on cosmological parameters for the kmax and TE (rightmost point)
analyses are shown in the right panel of Fig. 2. We found that the TE analysis yields unbiased
cosmological constraints with errorbars that match those coming from a carefully chosen kmax.
Thus, the TE appraoch effectively optimizes the choice of the data cut.

4 Conclusion

In this work we presented a new module CLASS-PT that incorporates one-loop theory calculations.
It contains all ingredients needed for direct application to real data. We also introduced a new
approach based on the theoretical error covariance which allows one to avoid uncertainties in
the theoretical estimates of higher-order nonlinearities. We showed that this approach yields
unbiased estimates of cosmological parameters and effectively optimize the choice of kmax.
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presented in this note.

References

1. A. Chudaykin and M. M. Ivanov, JCAP 11 (2019), 034, arXiv:1907.06666 [astro-ph.CO]
2. D. Baumann, et al. JCAP 07 (2012), 051, arXiv:1004.2488 [astro-ph.CO].
3. D. Blas, M. Garny, M. M. Ivanov and S. Sibiryakov, JCAP 07 (2016), 052, arXiv:1512.05807

[astro-ph.CO].
4. A. Chudaykin, M. M. Ivanov, O. H. E. Philcox and M. Simonović, Phys. Rev. D 102, 6 (2020),
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10. T. Baldauf, M. Mirbabayi, M. Simonović and M. Zaldarriaga, arXiv:1602.00674 [astro-ph.CO].

276



On the road to percent accuracy: the reaction way
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Taking advantage of the unprecedented statistical power of upcoming cosmic shear surveys
will require exquisite knowledge of the matter power spectrum over a wide range of scales.
Analytical methods can achieve such precision only up to quasi-linear scales. For smaller non-
linear scales we must resort to N -body and hydrodynamical simulations, which despite recent
technological advances and improved algorithms remain computationally expensive. Over the
past decade machine learning and the advent of emulators have propelled our ability to hit the
target accuracy with impressive computing efficiency. Yet, realistically these techniques will be
able to produce high-precision non-linear matter power spectra only for a restricted sub-set of
extensions to the “vanilla” ΛCDM cosmology. I will present a promising alternative to alleviate
these shortcomings that draws strength from the combination of halo model, perturbation
theory and emulators–the reaction framework. I will show how a power spectrum evolved
in the standard cosmology can be readily adjusted to account for physics beyond ΛCDM,
and discuss the accuracy of the reaction for well-known modifications to gravity, dark energy
parametrizations and massive neutrino cosmologies.

1 Introduction

The last two decades have seen the rise of the Λ-Cold Dark Matter (ΛCDM) paradigm to Stan-
dard Model of Cosmology–a status granted for its ability to explain with only a handful of
parameters a diverse array of observations tracing a staggering 13.8 billion years of cosmic evo-
lution (for recent analyses see, e.g., Planck collaboration 1, eBOSS collaboration 2, DES 3 and
KiDS 4 collaborations). The ever-increasing volume of data continues to challenge the ΛCDM
model, and tantalizing tensions are now emerging between early- and late-time cosmological
probes 5,6 potentially exposing cracks in the theory. When taken together with our largely phe-
nomenological (rather than fundamental) understanding of the content of the Universe, this fact
encourages the exploration of alternative models in an attempt to find (most likely, constrain)
deviations from the standard picture.

Central to many cosmological analyses is the 2-point correlation function of the matter
density field, or equivalently its Fourier transform, the matter power spectrum. In the era of
Stage IV surveys, accurate predictions for this statistic down to small non-linear scales will
be essential to derive tight as well as robust constraints on parameters informing us whether
new physics is at work 7,8, be it yet unknown interactions, undetected particles or particle
properties. As the clustering of matter can react quite dramatically to changes to General
Relativity (GR), testing gravity on cosmological scales is high up on the agenda of all science
collaborations 9,10,11,12. Modelling the non-linear power spectrum in modified gravity scenarios
is the focus of this talk, but I will also discuss how our framework can capture the impact of
massive neutrinos–particularly relevant for its degeneracy with fifth force effects 13–and evolving
dark energy (i.e., w ̸= −1).

277



2 Non-linear matter power spectrum predictions for ΛCDM extensions

N -body simulations are the gold standard for the study of non-linear structure formation, and
they provide the means to directly estimate the statistical properties of the matter density field,
including the power spectrum. On the flip side is their considerable computational cost. Un-
fortunately, the complexities of new physics in ΛCDM extensions only worsen this problem 14.
Methods to predict the non-linear power spectrum based on (semi-)analytical or machine learn-
ing approaches can provide a fast alternative to simulations, but their validity is restricted to
particular domains (e.g., quasi-linear regime, certain class of cosmologies etc.)

By capitalizing on the strengths of well-established techniques (perturbation theory, halo
model and emulators), the reaction method described below provides a framework for predicting
the non-linear matter power spectrum of a broad class of cosmologies while meeting the accuracy
requirements set by Stage IV surveys. Moreover, its small computation time is an especially
attractive feature for likelihood analyses.

3 The Reaction framework

In this framework the non-linear matter power spectrum of our target cosmology (which we call
the ‘real’ cosmology) can be obtained from that of a particular reference cosmology (the ‘pseudo’
cosmology) as 15

P real(k, z) = R(k, z)× P pseudo(k, z) , (1)

whereR is a scale- and time-dependent quantity called reaction. The linear growth of the pseudo
cosmology follows that of a flat and massless neutrino ΛCDM cosmology, with the important
difference that the shape and amplitude of its linear power spectrum are specified by the real
cosmology, i.e.

P pseudo
L (k, z) = P real

L (k, z) . (2)

The reason for choosing the pseudo cosmology in such a way is twofold: (i) it ensures R → 1 on
linear scales; (ii) since to a good approximation the spherical collapse threshold is only weakly
dependent on cosmology, from the Press-Schechter formalism we expect the halo mass functions
of the pseudo and real cosmology to be rather similar. We shall see that it is this similarity that
enables us to predict the reaction with the required accuracy.

To take advantages of the complementarity between different techniques, we use flexible
semi-analytical methods for the reaction together with an accurate simulation-based route for the
pseudo cosmology non-linear power spectrum, so that errors in the predicted beyond-ΛCDM non-
linear power spectrum will be mostly associated with inaccuracies in the reaction modelling. The
challenge consists in computing the reaction at percent level for all wavenumbers k ≲ 10h/Mpc,
and at the same time efficiently evaluate P pseudo(k, z) for a broad class of linear power spectrum
shapes.

3.1 Pseudo cosmology emulator

Thanks to the concept of pseudo cosmology the reaction framework can substantially reduce
our reliance on beyond-ΛCDM simulations, therefore placing the construction of a wide scope
emulator within the realm of possibility. The advantage is that the computing time for a pseudo
cosmology simulation is similar to that for a ΛCDM run. However, compared to conventional
emulators the pseudo cosmology emulator must capture a variety of linear power spectrum shapes
that cannot be reproduced by the standard cosmological parameters. Giblin et al. (2019) 16

developed a proof-of-concept emulator precisely with this idea in mind. In addition to the
five ΛCDM parameters they introduced a new set of effective parameters, ∆α1−8, describing
the ratio S(k) ≡ P pseudo

L (k)/PΛ
L (k) for a large class of cosmologies converging to ΛCDM on
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Figure 1 – Left: Matter power spectrum fractional enhancement in f(R) gravity compared to GR. Symbols
corresponds to the simulations and lines are our predictions based on the reaction. The dashed grey lines follow
from linear theory calculations. The bottom panel shows that our predictions are within 1% of the simulations
for k ≲ 1h/Mpc. From Cataneo et al. (2019) 15. Right: matter power spectrum ratio of a massive neutrino to
a massless neutrino cosmology. The black triangles are simulation measurements. If the pseudo cosmology halo
mass function and halo profiles extracted from the simulations are used to predict the reaction, we see that the
inclusion of the corresponding measurements for the real cosmology brings the predictions in excellent agreement
with the simulations (from blue to orange to green). From Cataneo et al. (2020) 18.

linear scales. By using Halofit as a proxy for the N -body simulations, they constructed a 13-
dimensional Gaussian Process emulator trained on 500 parameter combinations distributed in a
Latin Hypercube, and showed that this initial setup can already predict the pseudo non-linear
power spectrum of their test cosmologies at 2% level.

3.2 The reaction

To model the reaction we resort to the halo model (HM) and standard perturbation theory
(SPT). For modified gravity and dark energy cosmologies with a fraction, fν , of the total matter
density (m) in massive neutrinos (ν) we have 17

R(k, z) ≈
P real
HM (k, z)

P pseudo
HM (k, z)

=
(1− fν)

2 P
(cb)
HM (k, z) + 2fν (1− fν)P

(cbν)
HM (k, z) + f2

νP
(ν)
L (k, z)

P
(m)
L (k, z) + P pseudo

1h (k, z)
, (3)

with P
(cbν)
HM (k, z) and P

(cb)
HM (k, z) being, respectively, the cross power spectrum of the massive

neutrinos and the CDM+baryons (cb), and the predicted halo model non-linear power spectrum
for the CDM+baryons component. To lighten the notation the designation ‘real’ has been
omitted for all terms in the numerator of Eq. 3. The expressions for the pseudo and real 1-halo
terms follow the standard halo model prescription with halo mass functions and halo profiles
adapted to the specific cosmologies. The left panel of Fig. 1 shows that when the halo profiles are
not fully corrected for fifth force effects the reaction predictions can match well the simulation
measurements up to k ∼ 1h/Mpc. The right panel, instead, illustrates the strong connection
enabled by the reaction framework between the halo properties (abundance and profiles) and
the matter power spectrum: after calibrating the halo mass functions of the pseudo and real
cosmologies with simulations, our power spectrum predictions can achieve sub-percent accuracy
up to k ∼ 1h/Mpc (orange line); including also information from the halo profiles improves the
agreement with the simulations deep in the non-linear regime (green line).

Recently Bose et al. (2021) 17 have extended the reaction framework to include a class of
interacting dark energy cosmologies, and packaged this formalism in ReACT, a publicly available
C++ code and Python wrapper valuable for likelihood analyses of cosmic shear data 19.
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4 Future directions

This research programme can be expanded in many ways: (i) the reaction framework uses the
same halo mass function to predict both the matter power spectrum and the abundance of
massive halos. This link has the potential to break parameter degeneracies in joint analyses of
cosmic shear data and cluster number counts; (ii) our formalism is adaptable to a larger class
of dark energy and modified gravity cosmologies falling under the umbrella of the Horndeski’s
theory. By generalizing the spherical collapse dynamics we will be able to capture the phe-
nomenology of these models too. (iii) AGN feedback redistributes the gas content of massive
halos (Mh ≳ 1013.5M⊙/h) thus changing their overall density profiles. This effect can be readily
incorporated into the reaction formalism, which together with multi-wavelength observations of
groups and clusters of galaxies will put us in a better position to break degeneracies between
astrophysical systematics and cosmology, currently a major limiting factor in cosmic shear anal-
yses; (iv) the reaction framework enables the simultaneous treatment of various physics beyond
the standard gravity-only paradigm, and thanks to the growing library of models implemented
in ReACT it will be easier in the future to study the combined effect of exotic dark matter par-
ticles, new interactions, gravity beyond GR and astrophysics on the non-linear matter power
spectrum; (v) finally, Cataneo et al. (2021) 20 found that for sufficiently large smoothing scales
the real and pseudo modified gravity probability distribution functions of the matter density
field are remarkably similar. This bodes well for potential applications of the reaction to higher-
order statistics, e.g. the matter bispectrum, which will be essential to access the non-Gaussian
information stored in the large-scale structure.
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We exploit a suite of large N -body simulations (up to N=40963), performed with Abacus, of
scale-free models with a range of spectral indices n, to better understand and quantify con-
vergence of the matter power spectrum. Using self-similarity to identify converged regions,
we show that the maximal wavenumber resolved at a given level of accuracy increases mono-
tonically as a function of time. At the 1% level it starts at early times from a fraction of
kΛ, the Nyquist wavenumber of the initial grid, and reaches at most, if the force softening is
sufficiently small, ∼ 2− 3kΛ at the very latest times we evolve to. At the 5% level, accuracy
extends up to wavenumbers of order 5kΛ at late times. Expressed as a suitable function of
the scale-factor, accuracy shows a very simple n-dependence, allowing an extrapolation to
place conservative bounds on the accuracy of N -body simulations of non-scale free models
like LCDM.

1 Introduction

The power spectrum (PS) is one of the most basic statistical tools employed to characterise clus-
tering at large scales in cosmology. Building a precise theoretical framework for their calculation
is crucial in order to fully exploit observational data coming from the next generation surveys,
such as DESI, Vera C. Rubin Observatory LSST or Euclid, that will open a new window in the
era of “precision cosmology”. In this context the nonlinear regime of gravitational evolution is
of particular importance, as it will be a key to distinguish among the plethora of exotic dark
energy and modified gravity models, as well as tightly constraining the LCDM scenario.

Studies have estimated that to fully exploit the observed data, the matter PS in the range of
scales (0.1 ≲ k/hMpc−1 ≲ 10) needs to be determined to a 1− 2% accuracy, depending on the
specifications of the survey. Calculation of predictions at these scales rely entirely on numerical
simulations that use the N -body method. One important and unresolved issue in this context
is the accuracy limitations on such simulations arising from the fact that they approximate
the evolution of the dark matter phase space distribution using a finite particle sampling, as
well as a regularisation at small scales of the gravitational force. Despite the extensive use and
spectacular development of N -body cosmological simulations over the last several decades, no
clear consensus exists in the literature about how achieved accuracy, even for the PS, depends
on the relevant parameters in an N -body simulation.

Frequently, convergence is probed by comparing between two or more codes to assess the ac-
curacy of their results, but this establishes only a relative convergence that can give confidence in
the accuracy of the clustering calculation but does not take into account the effects of discretiza-

aE-mail: sara.maleubre@lpnhe.in2p3.fr
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tion and dependence on the N -body parameters. Alternatively, we propose a methodology based
on Joyce (2020) 2, which uses the property of self-similarity of “scale-free” cosmological models
to derive resolution limits to the PS with respect to particle density and gravitational softening.

2 Scale-Free cosmologies and Self Similarity

The value of scale-free models in the context of physical resolution of N -body simulations relies
on the self-similarity of their evolution: temporal evolution of clustering is equivalent to a well
defined rescaling of the spatial coordinates. This is the case because such models are characterised
by just one length scale and one time scale: their initial (linear) PS of fluctuations is a simple
power law P (k) ∝ kn, and the follow an Einstein-de-Sitter (EdS) expansion law a ∝ t2/3 (where
a is the scale factor). The single length scale can thus be defined as the non-linearity scale RNL

given by

σ2
lin(RNL, a) = 1

linear theory−−−−−−−−→ RNL ∝ a
2

3+n (1)

where σ2
lin is the variance of normalized linear mass fluctuations in a sphere, while the time scale

is fixed by the normalization of the Hubble law (i.e. by the mean mass density combined with
Newton’s constant G).

For the case of statistics such as the PS which are a function of wavenumber k and time, it
follows simply by dimensional analysis that a suitable dimensionless definition of the statistic
f can be written as a function of k RNL(a

′) where a′ is some reference scale-factor (left-hand
side). As the reference scale-factor is itself arbitrary (because of the EdS expansion law) we can
take a′ = a (right-hand side), and obtain:

f(k, a) = f(k RNL(a
′), a/a′) = f0(k RNL(a)) . (2)

where f0 is independent of time. For our study of the PS we use the canonical definition of the
dimensionless PS, and thus self-similar behaviour corresponds to

∆2(k, a) =
k3P (k, a)

2π2
= ∆2

0(k RNL(a)) , (3)

In N -body simulations of scale-free cosmologies, any deviations from this self-similar evolu-
tion can only be due to unphysical scales. Conversely results can represent the PS in the desired
physical limit — which must be independent of these parameters — only to the extent that the
rescaled dimensionless PS statistic becomes independent of time.

3 Numerical simulations

We have performed simulations using the Abacus N -body code 3. It is designed for high-
accuracy, high-performance cosmological N -body simulations, exploiting a high-order multipole
method for the far-field force evaluation and GPU-accelerated pairwise evaluation for the near-
field. The larger, N = 40963 simulations in this work were run as part of the AbacusSummit
project 4 using the Summit supercomputer of the Oak Ridge Leadership Computing Facility.

We report results here based on the simulations listed in Table 1. We have simulated three
different exponents for the PS (n = −1.5,−2.0,−2.25) in order to probe the range of exponents
relevant to structure formation in a LCDM cosmology. The softening lengths have been chosen
to include for each n a least one pair of simulations (with N = 10243) which differ only in this
parameter (and for n = −2.0 a range of different softenings). Non-asterisk values of ϵ are fixed
throughout the simulation in comoving units, while the ones with an asterisk are fixed in physical
coordinates (i.e. ϵ/Λ ∝ 1/a) for a > a0 and in comoving for a < a0. In this study a0 does not
correspond to the scale factor today, but to the epoch at which fluctuations of peak-height ν ≈ 3
are expected to virialize in the spherical collapse model (σlin ≈ δc/ν, with δc = 1.68), and the
first non-linear structures appear in the simulations.
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Table 1: N -body simulations used for the analysis in this paper. From left to right we have: spectral index of the
initial PS, number of particles, ratio of the effective Plummer force smoothing length ϵ to the initial grid spacing
Λ at a = a0.

n N ϵ/Λ n N ϵ/Λ n N ϵ/Λ

-1.5 40963 0.3∗ -2.0 40963 0.3∗ -2.25 40963 0.3∗

-1.5 10243 0.3∗ -2.0 10243 0.3∗ -2.25 10243 0.3∗

-1.5 10243 1/30 -2.0 10243 1/30 -2.25 10243 1/30
-2.0 10243 1/60
-2.0 10243 1/15
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Figure 1 – Evolution of ∆2 as a function of logarithmic scale factor log2(a/a0) (lower x-axis) and as a function
of k/kΛ (upper x-axis) for rescaled bins labelled by their kRNL value. From left to right we have n = −1.5,
n = −2.0 and n = −2.25. The horizontal dashed line marks our estimated converged value determined in the
largest simulation, and the blue shaded region indicates that within ±0.5% of this value.

4 Results

The accuracy and extent of self-similarity, and how it is limited by the different unphysical
simulation parameters, can be seen in Fig. 1. It shows the behaviour of ∆2 at the non-linear
regime for n = −1.5, n = −2.0 and n = −2.25. At these small scales the results are insensitive
to box size, but do show dependence on the softening (except for n = −2.25 where box-size
effects wipe out this behaviour). The simulations with proper softening and those with the
smaller comoving softening show the widest and most coincident regions of self-similarity, while
the simulations with larger comoving softening show a suppression of power relative to the self-
similar value. Further the same ϵ = Λ/30 comoving smoothing shows just marginal (∼ 1%)
deviation in the n = −2.0 simulation, but more significant (∼ 3%) deviation for n = −1.5.
Thus the limit on resolution at small scales at any time, corresponding to the largest k at which
self-similarity may be attained, is determined by kΛ alone (i.e. by the initial grid spacing, or
mass resolution) provided the smoothing is chosen sufficiently small.

We can now determine the estimated precision of the PS at any scale and time, i.e. the
difference between its measured value in a given simulation and the converged value for a given
cosmology. Fig. 2 shows that the precision of the measured PS at any given comoving k improves
monotonically in time. This reflects that the discretization on the lattice is the origin of impre-
cision (data is taken on a range of k/kΛ unaffected by box-size effects and with an appropriate
softening). It also illustrates the qualitative difference between the modes k < kΛ and k > kΛ:
the former are wavenumbers for which the PS is already resolved well in the initial conditions,
and its behaviour depends on the exponent, as the mass variance of redder spectres dominates
earlier over the effects of the lattice above kΛ. For the latter the physical PS can only be re-
solved when the fluctuations from non-linear evolution dominate over the initial discreteness
fluctuations at sub-grid scales. In addition, this regime seems n-independent, i.e. propagation
of resolution migh be determined by the evolution of the comoving size of the first virialised
structures.
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4.1 Resolution limits for non scale-free cosmologies

While our method is valid for scale-free cosmologies, our underlying motivation is to quantify
the resolution in simulations of non scale-free cosmologies such as LCDM or variants of it. Such
cosmologies are not very different from scale-free cosmologies for what concerns their non-linear
evolution: their PS can be considered to be an adiabatic interpolation of power-law spectra,
with the modified expansion rate due to dark energy only coming into play at very low redshift.

Using the definition of the linear variance, we can find a one-to-one relation between redshift
in a ΛCDM simulation with a specific interparticle distance and our time variable log2(a/a0).
In the limit in which accuracy is independent of the power index (k > kΛ), we can carry over
the results in Fig. 2 (modulo small possible corrections due to non-EdS evolution) to resolution
as a function of scale and redshift. Fig. 3 shows, for a Λ = 0.5h−1Mpc simulation of a standard
”Planck13” 5 cosmology, the smallest scale which we will have access to as a function of redshift
at a 1% and 5% precision.
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The two-loop bispectrum in the effective theory of large-scale structure
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We study the bispectrum of large-scale structure in the EFTofLSS including corrections up
to two-loop. We derive an analytic result for the double-hard limit of the two-loop correc-
tion, and show that the UV-sensitivity can be absorbed by the same four EFT operators that
renormalize the one-loop bispectrum. For the single-hard region, we employ a simplified treat-
ment, introducing one extra EFT parameter. We compare our results to N-body simulations,
and show that going from one- to two-loop extends the wavenumber range with percent-level
agreement from k ' 0.08 to 0.15 h/Mpc.

1 Introduction

Current and near-future large-scale structure surveys are expected to return a wealth of informa-
tion that may allow for testing deviations from ΛCDM as well as exploring alternative models.
Given extended coverage of weakly non-linear scales, a lot of attention has been devoted to con-
structing a robust perturbative description. In Standard Perturbation Theory (SPT), dark mat-
ter is described as a perfect, pressureless fluid, modelled by the continuity and Euler equations
assuming a vanishing velocity stress tensor. The non-linear equations are solved perturbatively
in Eulerian space. However, higher order corrections do not lead to significant improvement
on weakly non-linear scales, signalling the breakdown of perturbation theory. The issue is that
the perfect fluid description is inaccurate on the scales of interest, and non-linear evolution on
small scales produce a significant velocity dispersion that back-reacts on the observable scales
via mode-coupling. This insight has over the last decade lead to the development of an effective
field theory approach (EFTofLSS) that systematically captures the effect on small-scale physics
onto larger, perturbative scales 1,2. After coarse-graining the perturbation fields, the equations
of motion contains an effective stress tensor that encapsulates the small-scale non-perturbative
effects.

Complementary to the power spectrum, higher order statistics supplement information that
can be instrumental in disentangling bias from fundamental physical parameters as well as
providing consistency checks for the EFT parameters. In this work, we focus on the leading
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non-gaussian statistic, the bispectrum, and compute for the first time the two-loop bispectrum
in an EFT framework.

2 Effective field theory setup

The dynamical evolution of the coarse-grained density contrast δ and velocity divergence θ = ∂iv
i

is in the EFT framework described by the continuity equation and a modified Euler equation,

δ′(k) + θ(k) = −
∫

d3qα(q,k− q)θ(q)δ(k− q) ,

θ′(k) +Hθ(k) +
3

2
ΩmH2δ(k) = −

∫
d3qβ(q,k− q)θ(q)θ(k− q)− τθ(k) . (1)

We include only leading contributions in the gradient expansion to the effective stress tensor
τθ and neglect stochastic contributions (proportional to k4). In the basis we work with, the
contributions to the effective stress tensors at first and second order in powers of the fields are

τθ|1 = −γ1∆δ1 ,

τθ|2 = −γ1∆δ2 − e1∆δ2
1 − e2∆s2 − e3∂i

[
sij∂jδ1

]
, (2)

where δ1, δ2 are the first- and second order perturbation in the density contrast and sij is the
tidal tensor. We have four free EFT parameters: {γ1, e1, e2, e3}. In principle one needs to write
down EFT operators up to forth order in the fields to absorb UV-divergences of the two-loop
bispectrum, however we will opt for a strategy where we do not need to know those higher-order
operators explicitly.

The perturbative solution of the equations of motion (1) consists at one-loop of four loop-
diagram contributions and two counterterms, of which the counterterms arises in the EFT due
to the additional effective stress tensor in the equations. We can estimate the scaling of the
UV-sensitivity of the four bare contributions by considering external wavenumbers scaling as
|k1| ∼ |k2| ∼ |k3| ∼ k while letting the loop momentum |q| tend to infinity. The dominant
UV-sensitivity has the form

k2P 2
lin(k)

∫ Λ

dq Plin(q) ≡ k2P 2
lin(k)σ2

d(Λ) (3)

where we defined the displacement dispersion σ2
d and Λ is the cutoff. For general configurations

of the external momenta k1, k2 and k3, the limit has a complicated functional dependence on
ratios ki/kj . Nevertheless, it can be shown that the shape dependence of the UV-limit exactly
corresponds to that of the EFT operators defined in Eq. (2) 3,4,5. Therefore, the contributions
from the UV-region can be absorbed by the corresponding counterterms.

3 The two-loop bispectrum

To have an EFT description for the two-loop bispectrum, we need to assess the UV-sensitivity
of the different loop contributions. At two-loop the UV-contributions can be divided into two
categories: the single-hard (h) region in which one of the loop momenta becomes hard, |q1| → ∞
(or equivalently |q2| → ∞), and the double-hard (hh) region in which both loop momenta become
large, |q1|, |q2| → ∞.

3.1 Double-hard limit

The dominant contributions in the double-hard region have the form

k2P 2
lin(k)

∫ Λ

dq1dq2 Plin(q1)Plin(q2)/q2
1 (4)
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in an estimated parametric scaling. Therefore, one might suspect that the double-hard limit can
be absorbed by the same counterterms as for the one-loop above. By computing the analytical
limit of the F6 kernel, we show that this is indeed the case: the shape dependence of the
double-hard limit for general configurations of external momenta corresponds precisely to the
four EFT operators defined above. We choose a renormalization scheme where we determine
the EFT parameters by fitting the one-loop bispectrum to simulations, and remove the double-
hard contribution from the two-loop correction. In other words we use the subtracted two-loop
bispectrum defined as

Bsub
2L (k1, k2, k3) = B2L(k1, k2, k3)−Bhh

2L (k1, k2, k3). (5)

3.2 Single-hard limit

To obtain a renormalized two-loop bispectrum we still need to consider the single-hard limit.
In principle, one could take one-loop diagrams with an insertion of a one-loop EFT operator,
however as this would be complicated to compute analytically, we opt for a numerical treatment.
We follow the prescription used for the two-loop powerspectrum in Baldauf et. al. (2015) 6, and
consider the limit

bh2L(k1, k2, k3; Λ) ≡
∫
|q2|<Λ

d3q2 dΩq1

[
lim
q1→∞

q2
1 b2L(k1, k2, k3,q1,q2)

]
Plin(q2) , (6)

where b2L consists of the two-loop integrand except for the factor Plin(q1). We can compute this
integral numerically, fixing the magnitude of q1 to a large value |q1| � Λ. The single-hard limit
contribution to the two-loop bispectrum is then

Bh
2L(k1, k2, k3; Λ) = 8π σ2

d(Λ)bh2L(k1, k2, k3; Λ) , (7)

We assume that we can renormalize the UV effectively by a shift in the value of the displacement
dispersion σ2

d(Λ) 7→ σ2
d(Λ)+γ2(Λ). Before writing down the corresponding counterterm, we note

that part of the integral in Eq. (6) is degenerate with the double-hard contribution: For external
wavenumbers much smaller than the cutoff, the integral covers a hard region |q2| � |k1,2,3| which
yields another contribution with a shape-dependence equal to that of the double-hard region.
We choose to subtract this contribution, defining bh,sub

2L ≡ bh2L − bhh2L, therefore the counterterm
becomes

Bctr
2L (k1, k2, k3; Λ) ≡ γ2(Λ) bh,sub

2L (k1, k2, k3; Λ) . (8)

In total, we have five EFT parameters at two-loop: {γ1, e1, e2, e3, γ2}.

4 Numerics

To beat cosmic variance and allow for accurate calibrations of the EFT parameters from a
modest simulation volume, we use the realization based calculation gridPT for the tree-level,
one-loop, and subtracted two-loop contributions. The single-hard limit needed for the two-loop
counterterm appears more complex to compute in gridPT, hence we compute it using Monte
Carlo integration without specializing to a realization.

In addition to the four- and five-parameter models at one- and two-loop, respectively, we
consider a simplified approach in which we assume that the operators in Eq. (2) enter in the same
linear combination as the corresponding UV-contributions of SPT. Then the four parameters
can be related, leaving one free parameter. This can (naively) be extended to two-loop by
demanding γ2 = γ1.

The reduced χ2 of the comparison with N-body simulations is shown in the left panel of
Fig. 1. We take our full set of triangles with |k1,2,3| < kmax into account, which comprises 65
(369) triangles at kmax = 0.1 (0.2) h/Mpc. The one-loop bispectrum remains in good fit with
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Figure 1 – Left: Reduced χ2 for the EFT one- and two-loop bispectra relative to N-body simulation results, for a
set of triangles with side lengths up to kmax. In addition to the four- and five-parameter models, we show the χ2

for simplified approaches with zero or one parameter (for the zero-parameter models, γ1 = c2s where c2s is calibrated
from the power spectrum). Right: The difference of the perturbative and the N-body result, normalized to the
tree-level for a equilateral triangle configuration of side length k. The red shaded region indicates uncertainty
from the N-body simulations, while the dark gray areas indicate expected theoretical uncertainty at tree-level,
one-loop and two-loop, with increasing darkness, respectively.

the N-body result for wavenumbers up to about kmax ' 0.08 h/Mpc, while adding the two-loop
contribution extends the wavenumbers with 1σ agreement to kmax ' 0.15 h/Mpc. It is also
clear that the simple one-parameter schemes leads to significantly larger χ2 than for the full
parametrization. In the right panel, we display the difference of the perturbative bispectrum to
the N-body result, normalized to the tree-level bispectrum, for an equilateral configuration and
with a pivot scale of kmax = 0.115 h/Mpc. The EFT clearly extends the agreement with N-
body compared to SPT, and the remaining differences are compatible with expected theoretical
uncertainty. Moreover, the two-loop correction improves the agreement compared to the one-
loop result even at relatively small scales, where the uncertainties are small.

5 Conclusion

In this work we compute for the first time the two-loop bispectrum of large-scale structure in the
EFTofLSS. We derive the analytic double-hard limit of the two-loop correction, showing that
this contribution can be exactly absorbed by the four EFT operators known from the one-loop
bispectrum. In addition we adopt a simplified treatment for the single-hard region, introducing
one extra EFT parameter. We compare our results to N-body simulations, using gridPT in
order to beat cosmic variance, and find that adding the two-loop contribution extends the range
of wavenumbers with 1σ agreement from k ' 0.08 to 0.15 h/Mpc.
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Do anthropic arguments really work?
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The anthropic explanation for the peculiarly small observed value of the cosmological con-
stant Λobs argues that this value promotes the formation of stars, planets, and ultimately of
observers such as ourselves. I show that a recent analytic model of cosmic star formation
predicts that although Λobs maximises the production of stars in the universe, the probability
of generating observers peaks at ∼ 400 − 500 Λobs. These preliminary results suggest that an
immediate connection between star formation efficiency and observers’ creation is not straight-
forward, and highlight the subtleties involved with the application of anthropic reasoning.

1 Fundamental problems of the ΛCDM paradigm

Although the ΛCDM paradigm has been remarkably successful at reproducing a plethora of
observations, it is affected by fundamental and unsolved theoretical issues. Perhaps the biggest
open question is the physical meaning of the cosmological constant Λ. The dominant view is
that it is a manifestation of the energy of the quantum vacuum, but in this case the observed
value Λobs is ∼ 120 orders of magnitude smaller than the theoretical expectation 1. There is still
no consensus on a satisfactory explanation for the observed value of Λ from first principles.

Alternatively, one can adopt an anthropic approach, positing that we observe such peculiarly
small but non-null value of Λ as a consequence of a selection effect: we are more likely to
measure values that promote the creation of observers such as ourselves. As S. Weinberg noted
in 1987 2, if Λ were much larger than what we observe, then the accelerating expansion of the
universe would occur at such early times that it would effectively prevent the formation of
galaxies, stars, planets, and ultimately life (see also, e.g. 3,4). Translating this argument to the
Multiverse scenario predicted by some models of stochastic inflation, only the universes with
a suitably small Λ would be populated with observers. But anthropic reasoning does not in
itself require the physical existence of the Multiverse: one could still ask what values of Λ would
promote observers’ creation among a hypothetical ensemble of possible universes.

Making the minimal assumption that stars are necessary for producing observers, one can
effectively consider star formation as a proxy for observers’ creation. To test whether the an-
thropic approach can indeed explain the observed value of Λ, it is then necessary to understand
how Λ impacts the total efficiency of star formation over the entire history of the universe. Re-
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cently, this question was addressed by running suites of cosmological hydrodynamic simulations
beyond redshift z = 0 5,6, where Λ was increased up to 300 Λobs

7. Although impressive, such
simulations still face some important limitations. The parameter space is restricted to a few
values of Λ due to the heavy computational cost. Furthermore, the latest cosmic time probed
by simulations so far is ∼ 100 Gyr, but in principle one cannot exclude that there may be an
important contribution to the global star formation history at even later times 8,9. On the other
hand, even though analytical models of cosmic star formation inevitably need to make some
simplifying assumptions, they are not subject to the aforementioned restrictions. Therefore,
they represent an attractive complementary approach for testing anthropic arguments.

Using the recent analytic model for cosmic star formation given by Sorini & Peacock (2021;
hereafter, SP21) 9, I computed the total efficiency of star formation over the entire history of the
universe, for a wide range of Λ. The preliminary results show that the efficiency is maximised
when Λ ≈ Λobs. However, assuming a flat prior on Λ, the peak of observers’ creation occurs
in models with Λ ∼ 400 − 500 Λobs. This shows that maximum stellar efficiency does not
automatically correspond to maximum observers’ creation, highlighting the subtleties involved
with invoking anthropic reasoning.

2 Modelling past and future star formation in non-standard ΛCDM models

The SP21 analytical model of cosmic star formation allows a prediction of the star formation
history in a flat ΛCDM model with any Λ, and for arbitrarily large cosmic times (t→∞). It is
based on an extension of the formalism introduced by Hernquist & Springel (2003) 10, whereby
the cosmic star formation rate density (CSFRD) is obtained as:

ρ̇∗(z) = ρ̄0

∫
s(M, z)

dF (M, z)

d lnM
d lnM, (1)

where ρ̄0 is the comoving mean matter density of the universe, and dF/d lnM is the halo
multiplicity function, with F (M, z) being the collapse fraction in haloes with total mass < M .
In the equation above, s(M, z) is the star formation rate (SFR) within haloes of a fixed mass
M , normalised by the total halo mass. Within the Hernquist-Springel formalism, s(M, z) is set
by whichever time scale is the shortest: an internal gas consumption time scale at high redshift,
and the gas cooling time at low redshift 10.

SP21 extended this formalism in two main aspects. First, they included a model for
supernovae-driven winds that can alter the baryon mass fraction within haloes. Second, they ex-
plicitly considered the impact of the collapse time of haloes on the gas cooling time scale. These
extensions result in an improved match to observations of the CSFRD 11, which are reproduced
within a factor of two over the redshift range 0 < z < 10. More importantly, the model predicts
a convergent time-integral of the CSFRD even for t → ∞, and is therefore particularly well
suited for testing anthropic arguments.

I thus adopt the SP21 model to compute the CSFRD for flat ΛCDM models, with 10−4 <
Λ/Λobs < 104. Modifying the cosmological constant clearly changes Ωm = 1−ΩΛ, and hence the
evolution of the Hubble constant H(z). Subsequently, both the mean matter density and the
halo multiplicity function in Eq. 1 are affected. Notably, altering Λ also impacts the normalised
SFR s(M, z). This happens because the amount of gas that undergoes cooling is determined by
following the expansion of a cooling front from the centre of the halo outwards 10. The extent of
the cooling front depends on the virial radius, whose redshift evolution is in turn set by H(z).
As such, the cooling rate is sensitive to the cosmological model via the Hubble constant.

The total stellar mass that will ever be produced in a unit comoving volume ρ∗ tot can be
straightforwardly obtained by integrating the CSFRD in Eq. 1 from some initial time to t→∞.
Equivalently, in terms of redshift:

ρ∗ tot =

∫ zin

−1

ρ̇∗(z)

(1 + z)H(z)
dz. (2)
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Figure 1 – Fraction of baryonic mass density converted into stars over the entire history of the universe, as a
function of the cosmological constant Λ, predicted by the Sorini & Peacock (2021) model of cosmic star formation9.
Such global stellar efficiency peaks around the observed value of Λ.

For zin & 20 the resulting ρ∗ tot is already well converged. Dividing ρ∗ tot by the comoving
baryonic mass density of the universe ρ̄b, one obtains the total stellar efficiency of that universe.

Such total stellar efficiency is shown in Fig. 1, as a function of Λ. Quite curiously, the
maximum efficiency is achieved around the observed value of Λ, which is marked in the plot
with a vertical black line. However, it is noteworthy that the efficiency is not suddenly suppressed
for Λ > Λobs. Even for Λ ∼ 100 Λobs, around ∼ 15% of the baryonic mass in the universe is still
converted into stars. To understand the implications of this result for anthropic arguments, we
need to convert the stellar efficiency in Fig. 1 into a probability for the creation of observers in
an ensemble of universes with different Λ.

3 Implications for anthropic arguments

To associate a probability of observers’ creation to universes with different Λ, it is first necessary
to assume a prior on Λ. I assume a flat prior, following S. Weinberg’s argument that there is no
compelling reason to prefer a small positive value of Λ to Λ = 0, therefore the distribution of Λ
in the Multiverse should look approximately flat close to Λ = 0 2.Secondly, one needs to connect
the generation of observers to the star formation history. I will make the minimal assumption
that the probability density of generating observers in a universe with cosmological constant Λ
is simply proportional to the stellar efficiency shown in Fig. 1.

The resulting probability distribution is shown in Fig. 2. The peak occurs around ∼ 400−
500 Λobs and not around Λobs as is the case for the stellar efficiency. This is a consequence of
the flat prior on Λ, which gives more weight to larger values of Λ. This would not be the case if
one assumed a different prior, such as a flat prior in log10(Λ/Λobs). However, this choice would
not allow for Λ < 0. Negative values of Λ are possible within the Multiverse ensemble predicted
by the landscape of string theory, and I plan to extend my analysis to Λ < 0 in future work.

The preliminary results presented in this manuscript suggest that although Λobs maximises
the stellar efficiency, observers’ creation actually favours Λ ≈ 400−500 Λobs. Instead, Λobs is not
anthropically favoured, the probability that Λ ≤ Λobs being ∼ 0.3%. This is even smaller than
the ∼ 2% probability found by Barnes et al. (2018) 7, adopting a mass-weighted probability
measure. Nevertheless, the conclusion of this manuscript does not rule out anthropic arguments
as a viable explanation for Λobs. Rather, this work highlights that maximum stellar efficiency
does not necessarily imply maximum probability of observers’ creation. When invoking anthropic
reasoning, it is thus important to bear in mind the subtleties involved with the assumptions on
the link between observers’ creation and star formation, as well as on the prior on Λ.
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Figure 2 – Probability of generating observers vs. Λ, for a flat ΛCDM universe, assuming that it is proportional
to the global stellar efficiency (Fig. 1), and imposing a flat prior on Λ. Values Λ ≤ Λobs are disfavoured.
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Estimator for the anisotropic stress using relativistic effects in large-scale structure
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The large-scale structure of the Universe is a rich source of information to test the consistency
of General Relativity on cosmological scales. We briefly describe how the observed distribu-
tions of galaxies is affected by redshift-space distortions, but also by gravitational lensing and
other relativistic effects. Then, we show how one of this relativistic effects, the gravitational
redshift, can be used to build a model independent test that directly measures the anisotropic
stress, i.e. the difference between the two gravitational potentials that describe spacetime
fluctuations of the geometry.

1 Introduction

Testing the laws of gravity at cosmological scales is one of the main science drivers for the coming
generation of large-scale structure surveys. At large scales and late times, our Universe can be
consistently described by a set of four fields that quantify the deviations from an homogeneous
and isotropic background: the two metric potentials, Φ and Ψ, describing the fluctuations in the
geometry of the Universe, the matter density fluctuations, δ, and the galaxy peculiar velocity
field, Va. Testing the laws of gravity requires then to test the relations between these four fields.
This can be done by using the data obtained at galaxy surveys, which probe the late-time large
scale structure of the Universe.

One of this test of gravity consists in measuring the ratio between the two metric potentials,
characterized by the anisotropic stress, Φ = ηΨ. ΛCDM and many dark energy models predict
η = 1 but, generally, modified gravity models predict η 6= 1. However, the observables at late-
times considered so far are sensitive to only three combinations of the four fields, namely δ, V
and (Φ + Ψ). This means that current observations are not able to test all relations between the
four fields. To overcome this problem, one usually has to assume that the continuity equation
for dark matter holds: there is no exchange of energy between dark matter and dark energy; and
that Euler equation also holds: dark matter follows geodesics. Using this, a measurement of V
can be translated into a measurement of Ψ, which can then be compared to (Φ+Ψ) to test if the

aWe use the metric convention ds2 = a2(t)[−(1 + 2Ψ)dt2 + (1 − 2Φ)dx2] where t denotes conformal time.
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two potentials are the same 1. We argue that this procedure only provides an indirect test that
fails to give a measurement of the anisotropic stress if any of the aforementioned assumptions
is not valid 2.

In this talk, we give a gauge-independent observable for galaxy clustering at linear order
in perturbation theory which include relativistic effects. These terms will become relevant for
future generations of galaxy surveys. Given that the relativistic effects are sensitive to Ψ, it is
thus possible to isolate and directly measure it in a model independent way. We finally show
how we can build a new estimator for the anisotropic stress.

2 Galaxy number counts at linear order

Galaxy surveys probe the large-scale structure of the Universe at late-times. They provide us
with maps of the sky in which the position of the galaxies can be parametrized in terms of
redshift z and the direction of observation n. We can then count the number of galaxies per
pixel and measure the fluctuations between different pixels. Our observable is the galaxy number
counts, defined as ∆(z,n) = (N − N̄)/N̄ , where N is the number of galaxies at the pixel (z,n)
and N̄ the average number of galaxies per pixel. The question is now: how is ∆ related to the
initial perturbations, the theory of gravity and dark energy? In order to answer this question,
we calculate the perturbed photon geodesics to infer the change in energy and the change in
direction induced by the underlying structure, which induce distortions in the coordinate system
of (z,n). The final expression at linear order in perturbation theory reads 3,4,5

∆(z,n) = bδ − 1

H
∂r(V · n) + (5s− 2)

∫ r

0
dr′

r − r′

2rr′
∆Ω(Φ + Ψ) (1)

+

(
1− 5s− Ḣ

H2
+

5s− 2

rH

)
V · n +

1

H
V̇ · n +

1

H
∂rΨ

+
2− 5s

r

∫ r

0
dr′(Φ + Ψ) + 3H∇−2(∇V) + Ψ + (5s− 2)Φ

+
1

H
Φ̇ +

(
Ḣ
H2

+
2− 5s

rH
+ 5s

)[
Ψ +

∫ r

0
dr′(Φ̇ + Ψ̇)

]
,

Where b is the galaxy bias, s is the magnification bias and H = aH is the comoving Hubble
factor. The two first terms in the first line are the dark matter density perturbations and the
redshift-space distortions 6,7 b, while the third term is the weak-lensing contribution. The latter
is only relevant for very high redshifts and can be neglected for our purposes. The rest of the
terms encode the relativistic distortions. The second line contain two Doppler effects and the
gravitational redshift contribution, which is proportional to ∂rΨ

c. The latter can be isolated to
provide a direct measurement of the metric potential Ψ 2. The third and fourth lines are other
relativistic distortions involving the scalar metric potentials.

3 Isolating Ψ in the correlation function

In practice, we do not measure the fluctuations in the number counts of galaxies per pixel
individually. We study the correlation function between pairs of pixels and perform a multipole
expansion. Using Eq.(1), the correlation function will be of the form

ξ(z, d) = 〈∆(x)∆(x′)〉
= 〈∆st(x)∆st(x

′)〉+ 〈∆st(x)∆rel(x
′)〉+ 〈∆rel(x)∆st(x

′)〉+ 〈∆rel(x)∆rel(x
′)〉, (2)

bWe call the combination of both as the standard terms, since they are the relevant contributions for current
measurements of V and δ.

cNotice that we are not using Euler equation here. If we use it, the three terms in the second line combine to
a single Doppler term. We want to keep the gravitational redshift explicit and the most general form of ∆.
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where we wrote x = (z,n) for simplicity. The correlation function will only depend on the
redshift z and the relative distance between the pixels, d. The last term is subdominant and can
be neglected for our purposes. The relativistic corrections to the correlation function are thus
encoded in the cross-correlation between standard and relativistic contributions to the number
counts.

We now perform a multipole expansion in powers of the angle between the line of sight and
the line joining the two pixels, denoted by βij . We perform the operation

ξl(z, d) =
∑
ij

∆(xi)∆(xj)Pl(cosβij), (3)

where Pl are the Legendre polynomials and the sum runs over the pair of pixels. We find
that 〈∆st(x)∆st(x

′)〉 only contribute to the even multipoles (l = 0, 2, 4): we can combine the
measurements of the monopole, quadrupole and hexadecapole to isolate δ and V. This is what it
has been done in current surveys8. The Doppler effects and the gravitational redshift contribute
to the dipole (l = 1) and octupole (l = 3) alone, and therefore they break the symmetry of
the correlation function 9. However, this contributions are only non-zero when we correlate
two populations of galaxies with different luminosities. We have to split our population of
galaxies into two families, the bright and faint galaxies d. The other effects in ∆, the ones of
the third and fourth line in Eq.(1), are independent on the direction n and thus contribute only
to the monopole of the correlation function. They are subdominant with respect to the density
perturbations and can be neglected4,5. Therefore, by correlating two populations of galaxies with
different luminosities, we can combine the even and odd multipoles of the correlation function
to isolate the gravitational redshift contribution 2,10.

4 Measuring the anisotropic stress

We have seen that the information about the distortions in the distribution of galaxies at large-
scales is encoded in the multipoles of the correlation function. The different multipoles can be
considered individual observables in its own right, since we can always fit the data to isolate them
individually by weighting the correlation function with the correspondent Legendre polynomial
(see Eq.(3)). The idea for the new test for the anisotropic stress is first to directly measure the
dipole of the correlation function, and to combine it with the even multipoles to isolate Ψ.

In practice, the dipole of the correlation function contains the terms 〈δV 〉, 〈V V 〉, 〈δV̇ 〉 and
〈δΨ〉. The 〈δV 〉 and 〈V V 〉 correlations are removed by using the even multipoles. The 〈δV̇ 〉
correlation can be inferred from redshift evolution of the multipoles. This is the price to pay given
that we do not want to assume the validity of the Euler equation. Putting all this together, we
are left with the correlation between the density perturbations and the gravitational potential,
i.e. the observable OδΨ ≡ (bB − bF )〈δΨ〉 2.

Finally, measuring the anisotropic stress require an observable sensitive to (Φ + Ψ). This
can be provided by galaxy-galaxy lensing. Since OδΨ is sensitive to the difference of the biases of
bright and faint populations, we define a new observable that correlates the shapes of galaxies
at high redshift (the lensed galaxies) with number counts of galaxies at low redshift (the lenses)

Oδ(Φ+Ψ) ≡ 〈∆Bκ〉 − 〈∆Fκ〉 ∝ (bB − bF )〈δ(Φ + Ψ)〉, (4)

where κ is the magnification of the lensed galaxies. We could also use the shear instead. There-
fore, the ratio between this observable and the dipole measurement can give an estimator for
the anisotropic stress η = Φ/Ψ,

Oη ≡ Oδ(Φ+Ψ)

OδΨ
=

(bB − bF )〈δ(Φ + Ψ)〉
(bB − bF )〈δΨ〉

∼ 1 + η. (5)

dThe choice is somewhat arbitrary, but the simplest case is to consider that half of our population has a
luminosity above certain threshold (bright galaxies), while the other half has luminosity below the same luminosity
threshold (faint galaxies).
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Hence, the detection of any deviation from the value 2 in the observable Oη at any redshift will
genuinely indicate the presence of an anisotropic stress. However, there is an important caveat
here: we have implicitly assumed that the bias difference cancels. This means we need a survey
which provides galaxy positions and shapes simultaneously, or the combination of two surveys
that probe the same catalog of galaxies. While this is unlikely for the current and future (Euclid
or SKA), we have found that there is no significant statistical difference if we measure 〈δΨ〉
alone, which removes the need to define Oδ(Φ+Ψ) as in Eq.(4) 10.

5 Conclusions & Outlook

Next generation of galaxy surveys will provide us with an enormous amount of data which can
be used to test the laws of gravity on scales that are currently inaccesible. This opens the door
to construct new observables which probe effects in the large-scale distribution of galaxies that
are neglected in current analysis. On top of the density perturbations, redshift-space distortions
and weak lensing, we have shown that the galaxy number counts at linear order in perturbation
theory is also affected by relativistic distortions.

The relevant relativistic effects consist in two Doppler contributions and the gravitational
redshift. They break the symmetry of the correlation function and contribute to the odd mul-
tipoles. In order to detect them, we must correlate galaxies with different luminosities. Given
that each of the multipoles can be considered an individual observable, it is possible to combine
even and odd multipoles to isolate the relativistic effects. This provides a direct measurement of
〈δΨ〉, for which we expect an accuracy of 20−30% in SKA at low redshift and large separations
between galaxies 10. Finally, the combination of this measurement with galaxy-galaxy lensing
observations, which are sensitive to 〈δ(Φ + Ψ)〉, can be used to build an estimator for η 11. This
method is model independent, in the sense that it does not assume the validity of the Euler or
continuity equations, and thus provides a genuine measurement of the anisotropic stress.
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Systematic effects and foregrounds separation are two of the major challenges for the exper-
iments approaching B-modes measurement. Since they aim to measure the polarization of
cosmic microwave background, one of the biggest issues comes from the non-ideality of the
polarimeter. The systematic effects induced by the instrument itself can be mitigated by a
careful calibration phase both at the sub-system level and at the system level. QUBIC exper-
iment will use a Stokes Polarimeter composed of a step-by-step rotating Half-wave plate and
a fixed polarizer. We have performed dedicated calibration measurements at the sub-system
level retrieving the frequency-dependent Mueller matrix of the HWP and we have measured
the impact of the systematic effect at the system level. Then, with end-to-end simulation, the
effect on the sky has been evaluated showing how the knowledge of the instrument, acquired
in the calibration phase, is a good way to mitigate the systematic effects.

1 QUBIC Stokes polarimeter

The QUBIC polarimeter, described in D’Alessandro et al.1, is composed of a polypropylene meta-
material HWP followed by a polarizer made of copper strips deposited on a mylar substrate. In
the QUBIC-TD the HWP and the polarizer have a reduced diameter for the Full Instrument
configuration, 180 mm and 370 mm respectively, Masi et al.2. The HWP and the polarizer have
been characterized (sub-system level) with dedicated laboratory measurements by the Astron-
omy Instrumentation Group (AIG) in Cardiff by using a vector network analyzer (VNA). Then,
using a fully polarized source in the QUBIC far field, we performed multifrequency measure-
ments (system-level calibration). The spectral band has been measured with and without the
polarimeter to evaluate the Efficient Mueller Matrix. Cross-polarization is < 0.6% at 150GHz.
With this dedicated calibration, detailed forecasts about the effect on sky measurement are
performed.
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Figure 1 – χ2 likelihood distribution fitting the measurement at 130 140 and 150 GHz with a real and ideal model
of the HWP. The blue histogram is the results taking into account the real Mueller matrix and the orange one is
obtained assuming the ideal one. The red vertical line is the expected value of the χ2.

2 HWP Laboratory characterization

The Vector Network Analyzer illuminates the QUBIC-TD HWP with fully linearly polarized
light at different frequencies. By measuring the transmitted intensity at different HWP rotation
angles (0°, 45°, and 90° to the HWP C-axis) we can obtain the Jones matrix and then the Mueller
matrix3. Knowing the instrument spectral response, see Torchinsky et al.4 and the laboratory
characterization of the HWP the efficient Muller matrix for QUBIC-TD is:

Meff =


0.91 0.02 3.8 · 10−5 1.3 · 10−6

0.02 0.91 1.6 · 10−4 −1.3 · 10−6

−3.3 · 10−5 1.6 · 10−4 −0.90 −0.02
3.2 · 10−7 −3.2 · 10−7 0.02 −0.90

 (1)

3 System level calibration

Multifrequency measurements have been performed thanks to a fully polarized source in the
instrument far field. Data has been fitted with the Stokes polarimeter ideal model and the
QUBIC polarimeter real model including the efficient Mueller matrix. The χ2-tests has been
performed to test both models and the likelihood distribution is in Figure1

4 Systematic effect mitigation forecast

We have performed end-to-end simulations to see the effect of the systematic in real sky measure-
ment. We assume to observe a sky patch: 20°x20° near the center of the galaxy (l=0,b=0). The
HWP scanning step-by-step taking data only in its nominal positions: 0°-15°-30°-45°-60°-75°-90°.
The input map has been retrieved with PySm and it is composed CMB radiation, intensity and
polarization, and dust, intensity, and polarization as well. We assumed to observe the sky with
the real instrument, and we reconstruct the sky both assuming to know the real Mueller matrix
of the HWP and assuming an ideal case. The results is shown in Figure 2.
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Figure 2 – End-to-end simulations result. The left column shows the input sky (CMB + dust, intensity, and
polarization). The rows show the Stokes parameter I, Q, and U, respectively. The center and the right column
are the differences between the input sky map and the reconstructed sky map. The sky is always observed with the
real polarimeter but it is reconstructed with the ideal one (center column) and with the real one (right column).
The plot shows that, by inserting the polarimeter calibration into the data analysis pipeline, the sky map is better
retrieved.
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The Simons Observatory and new framework for constraining cosmic birefringence
in the presence of systematics and galactic foregrounds
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Cosmic birefringence is a process that rotates the polarisation angle of CMB photons and
that could be a hint for new physics. The measurement of isotropic birefringence is however
degenerate with the polarisation angle of a CMB telescope’s detectors. In this work I propose
a method that combines parametric component separation and systematic effects correction
with which we can robustly estimate birefringence angle in the presence of foregrounds and
miscalibration angles. This work has been done in the context of Simons Observatory.

1 Introduction

Cosmic birefringence is a process that rotates the polarisation angle of CMB photons. It is
a promising probe for physics beyond the standard model of cosmology, or axion dark matter
search. In my work I focus on isotropic birefringence, however the possible signal of a non-
zero isotropic cosmic birefringence is degenerate with the polarisation angle of the telescope
and may suffer from astrophysical contamination and create spurious EB correlation that are
critical in birefringence detection. Several methods have been proposed to circumvent this issue,
Minami & Komatsu1 propose to use foreground signals to calibrate the polarisation angle. Using
Planck data, they showed hints of a non-zero cosmic birefringence angle βb = 0.35± 0.14◦2 and
further studies seem to go in the same way3. However this method assumes knowledge of the
foregrounds EB power spectrum which is not well known yet. In particular the quoted result
assumes no EB correlation, but recent work by Clark et al4 shows that there are physical reasons
to expect non-zero foreground EB correlation. In that context I work on a method to generalise
component separation and to remove the dependence on foregrounds EB using calibration priors.
In particular I work on the interplay between foreground cleaning, the correction of systematic
effects and the estimation of the tensor-to-scalar ratio r and βb.

2 Method and results

2.1 Generalised component separation

I generalised the parametric component separation method used in5,6, the stiff scaling laws
used in this method allow for shared information across frequency bands hence maximising
the information obtained from priors and therefore getting a better estimation of systematic
parameters. To lift the degeneracies between miscalibration angles and birefringence angle we
use Gaussian priors given by calibration campaigns. In the first step we work in pixel space and
the observed frequency maps dp, are modeled as :

dp = Xp({α1, ..., αnf
}).Ap({βfg}).sp + np (1)

303



Figure 1 – Left : Spectral likelihood sampling with 0.1◦ prior at 93 GHz. Right: Evolution of the σ(βb) w.r.t. the
precision of the Gaussian prior on the 93 GHz channel using SO SAT characteristics

Where X is a matrix encoding e.g. systematic effects such as the rotation induced by instrumen-
tal polarisation angles. A is the mixing matrix canonically used in the parametric component
method and that links the different sky components to the observed frequency channels using
the emission laws of the component involved. sp is the vector with the true component maps
(including the effect of birefringence), and np is the noise. We can then use the spectral like-
lihood method from5 to fit for foreground parameters and miscalibration angles, allowing for
the estimation of a CMB map that should be foreground cleaned and corrected for systematic
effects. The sampling of the spectral likelihood is shown in Fig 1 left, where we used only one
prior with a 0.1◦ precision on the 93 GHz channel. Here we can see that one prior is enough
to estimate all miscalibration angles: this comes from the action of the mixing matrix A that
relates observation across all frequency bands.

2.2 Cosmological likelihood

We then compute the power spectra of the CMB map and estimate cosmological parameters
such as r and βb. Generalising the residuals computation of6 to include systematic parameters
we are able to understand the impact of the generalised component separation on the estimation
of cosmological parameters. Fig 1 (right) shows the evolution of σ(βb) with respect to the prior
precision (with a prior on the 93 GHz channel). Those preliminary results seem to indicate that
SO will get an improvement on birefringence estimation compared to previous results.
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Mitigation of systematic effects for high precision observation of CMB B modes
with LiteBIRD

Clément Leloup on behalf of the LiteBIRD Collaboration
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LiteBIRD, the Lite (Light) satellite for the study of B-mode polarization and Inflation from
cosmic background Radiation Detection, is a Japan-led international space mission whose goal
is to open a new window on primordial physics via high precision measurement of the Cosmic
Microwave Background (CMB) polarization. Its main scientific objective is to measure the
inflationary tensor-to-scalar ratio r from a high precision observation of CMB B modes, with
a total error of σ (r) < 0.001 assuming r = 0. A detection of the contribution from primordial
gravitational waves in the spectrum of B modes would be strong evidence of new physics
at energy scales far beyond our current understanding, and in particular of the hypothetical
inflationary period. To reach such a high precision, LiteBIRD will have to achieve an extreme
control of instrumental systematics, especially in the presence of foregrounds.

In a CMB experiment such as LiteBIRD, the systematic sources of uncertainty on the cos-
mological parameters come from the interplay between the lack of knowledge of Galactic fore-
grounds and the miscorrection of instrumental or environmental effects. Because they introduce
residuals in the recovered CMB maps, they introduce a bias ∆r on the measured value of r.
Since the primary goal of the mission is to measure r, this bias will be the figure of merit for
studies of systematic effects in LiteBIRD. Each systematic effect contributes to these residuals,
with a power spectrum Csys

ℓ . From this, we compute ∆r as the maximum of the cosmological
likelihood, assuming r = 0:

lnL (r) = −fsky
∑
ℓ

2ℓ+ 1

2

[
Cobs
ℓ

Cth
ℓ

+ ln
(
Cth
ℓ

)]
(1)

where fsky is the observed fraction of the sky, and Cobs
ℓ and Cth

ℓ are the observed and theoretical
CMB B-mode power spectrum respectively, defined as:

Cobs
ℓ = Csys

ℓ + C lens
ℓ +Nℓ and Cth

ℓ = rCprim
ℓ + C lens

ℓ +Nℓ (2)

Here, Cprim
ℓ is the B modes power spectrum from primordial gravitational waves, C lens

ℓ is
the power spectrum from lensing and Nℓ is the power spectrum of the noise and statistical
foreground residuals. The main sources of systematic uncertainties for LiteBIRD are shown in
Table 1.

The total uncertainty on r is obtained by including all systematic effects and their correla-
tions at once, as well as the effect of the noise and foreground statistical residuals. However,
because there is a bias, the higher bound on r is overestimated. It is possible to reduce it by
understanding where the bias comes from. Looking at the power spectrum of the combined
systematic effects, we noticed that they are similar to the measured power spectrum of Galactic
dust, from component separation. Therefore, we adopt a strategy of mitigation of the bias by
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Table 1: Summary 1 of the main sources of systematic uncertainties for LiteBIRD along with their estimated ∆r.
They are divided into E type, for which ∆r is evaluated from the current experimental set-up, and R type, for
which ∆r is chosen in order to meet the scientific goal and is translated into requirements on the instrument or
on calibration performances.

Category Systematic effect ∆r Type

Beam Far sidelobes 4.4× 10−5 R
Near sidelobes 5.7× 10−6 R

Main lobe < 10−6 E
Ghost 5.7× 10−6 R

Polarization and shape in band < 10−6 R
Cosmic ray Cosmic-ray glitches Noise E

HWP Instrumental polarization < 10−6 E
Transparency in band 5.7× 10−6 R

Polarization efficiency in band 5.7× 10−6 R
Polarization angle in band 5.7× 10−6 R

Gain Relative gain in time 5.7× 10−6 R
Relative gain in detectors 5.7× 10−6 R

Absolute gain 1.9× 10−6 E
Polarization Absolute angle 9.1× 10−6 E

angle Relative angle 5.7× 10−6 E
HWP position 1.0× 10−6 E
Time variation < 10−7 E

Pol. efficiency Efficiency 5.6× 10−6 E
Pointing Offset 5.7× 10−6 R

Time variation < 10−6 E
HWP wedge 5.7× 10−6 R

Bandpass Bandpass efficiency 5.3× 10−6 R
Transfer Crosstalk 5.7× 10−6 R
function Detector time constant knowledge 5.7× 10−6 R

including an additional term in the theoretical power spectrum Cth
ℓ = rCprim

ℓ +C lens
ℓ +Nℓ+αMℓ,

where Mℓ is the Galactic dust power spectrum and α is an additional parameter to be marginal-
ized over. Figure 1 shows the cosmological likelihood as a function of r without and with bias
mitigation. After marginalization, we find a total uncertainty δr = 1.0× 10−3 and no bias 1.

Figure 1 – Cosmological likelihood as a func-
tion of the tensor-to-scalar ratio 1. The light
blue line is obtained from equation 1 and the
dark blue line is obtained after marginaliza-
tion over α, assuming a centered gaussian dis-
tribution with σα = 10.
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Control of beam systematics and temperature-to-polarisation leakage: from
BICEP/Keck demonstrated performance to forecasts for CMB-S4

Clara Vergès and the BICEP/Keck collaboration
Center for Astrophysics | Harvard & Smithsonian, Cambridge, MA 02138, USA

The BICEP/Keck series of experiments uses pair differencing to reconstruct the polarised
CMB signal. One of the most important systematic effects to control is the differential
beam response between orthogonally polarised detectors in the same pair, which leads to
temperature-to-polarisation leakage. We use high-fidelity beam maps to estimate T→P leak-
age from undeprojected beam residuals in the BK data set. We build on this framework to
investigate the impact of beam map noise properties, and forecast future beam mapping cam-
paigns for the BICEP/Keck program, as well as for the upcoming CMB-S4 program, whose
Small Aperture Telescopes will have a similar design to the most recent BICEP receivers.

1 T→P leakage bias on r using high-fidelity beam maps and specialised simulations

We have developed a specialised method to connect high-fidelity beam maps to the bias on the
tensor-to-scalar ratio r from T→P leakage 1:

1. Convolve measured beams with a CMB temperature-only map following actual scan tra-
jectories, and the lowest-order beam difference modes to mirror the real CMB analysis and
obtain a T→P leakage map template 2;

2. Take the cross-spectrum of this leakage template with real and simulated polarised CMB
maps, as detailed in the legend of Figure 1;

3. Run our standard analysis pipeline over 499 simulations containing added T→P leakage
template, to compute the bias ∆(r) and the uncertainty σ(∆(r)).

For BK18 3, this leads to ∆(r) = 1.5± 1.1× 10−3 - for comparison, the experiment’s statistical
uncertainty is σ(r) = 9 × 10−3. The uncertainty σ(∆(r)) is dominated by the polarised CMB
map-depth, and not by noise in the beam maps. However, as sensitivity of future experiments
improves, we need to better understand the relative importance of CMB map noise and beam
map noise, and investigate how beam mapping can help reduce the uncertainty on T→P leakage.

2 Forecasting future beam mapping campaigns

In particular, one crucial question for future CMB polarisation experiments such as CMB-S4 is
how deep do our beam maps need to be to constrain T→P leakage at the required sensitivity, and
how much calibration data does this correspond to? The first step in answering this question is to
understand how the number of beam maps taken during calibration affects the noise properties
of the composite beam maps used for T→P leakage analysis, and how this translates in terms
of σ(∆(r)).
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Figure 1 – Left : Band-averaged beams for BICEP3 and Keck. The top two panels show individual beams, and
the bottom one shows the difference beams after deprojecting lowest-order differential modes. Right : Residual
T→P leakage BB spectra for the BICEP3 receiver. The black line is obtained by feeding beam maps through a
full simulation of the map-making process including deprojection of lowest-order modes. The blue points are the
cross-correlation of the predicted leakage pattern with the real CMB maps (bias), and the blue error bars show
the uncertainty on it.

We construct beam map noise estimates and incorporate them in the analysis pipeline as
an additional source of uncertainty. We do this for an increasing number of beam maps N ,
corresponding to more time spent on the beam calibration process. We show that the noise in
beam maps decreases as 1/

√
N , and that uncertainty on leakage spectra and σ(∆(r)) also scales

with noise in the beam maps, as summarised in Table 1.

Table 1: σ(∆(r)) as a function of the number of beam maps N

Number of beam maps N 10 20 40 60 80

σ(∆(r))× 10−4 5.20 4.03 2.10 2.01 1.94

3 Conclusion & Perspectives

We have demonstrated a framework that ties T→P leakage estimate to uncertainties in beam
map measurements. However, our current scaling of beam map noise only captures statistical
noise, which in this study leads to lower σ(∆(r)) than in the BK18 case. This emphasizes the
need for investigating systematic noise. Ultimately, once a better understanding of noise in
beam maps can lead to a more confident detection of T→P leakage, we plan to include T→P
leakage amplitude as an analysis parameter and marginalise over it.
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The CMB lensing imprint of cosmic voids

U. E. Demirbozan
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Barcelona, Spain

Cosmic voids gravitationally lens the cosmic microwave background (CMB). This weak lensing
shows itself as negative convergence (kappa) κ imprint on the CMB lensing map. We use one
of the largest available sky surveys (Dark Energy Survey Y3) and Planck 2018 CMB lensing
map along with a simulated CMB lensing convergence map from the MICE N-body simulation
to calibrate our detection. We stack void center positions on the CMB map and use a matched
filtered approach (that has been used before for BOSS spectroscopic voids1) to further optimize
our S/N. By using 2 different void types, we measure the lensing imprint of CMB by voids
up to S/N =4.56 for DES Y3. We find that both types of voids show slightly weaker CMB
lensing signal than ΛCDM expectations as calibrated by MICE N-body simulation. Our result
is consistent with another DES Y3 study which uses another method (Kovacs et al, in prep)
and also with DESI Imaging Survey DR8 study 2.

1 Introduction

The Dark Energy Survey (DES) is a five-year photometric survey that covers roughly ∼ 5000 deg2

of the South Galactic cap and recorded approximately 300 Million objects. We use DES Y1 and
DES Y3 data in order to find voids within the galaxies and cross correlate with Planck CMB
lensing map and DES mass maps. DES mass maps created DES weak lensing galaxy data set.
The low density environment of cosmic voids makes them ideal to study nature of dark energy,
neutrinos and modifications of gravity 4. In addition to the weak gravitational lensing effect,
they are also subject to gravitational redshift effect from the CMB called Integrated Sachs-Wolfe
effect (ISW). Recently 3, reported an excess ISW effect coming from large voids as compared to
ΛCDM simulations. In our study, we wanted to check if this excess also exists for CMB lensing
around voids.

2 Results
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Figure 1 – The figures above taken from DES Y1 study 5 show the measured radial imprint from the stacked
images of void locations with different Gaussian smoothing applied on the CMB lensing maps in the units of
convergence (kappa).These are the first measurements hinting at CMB lensing signal may be slightly lower than
ΛCDM expectation.

Figure 2 – The figure above shows 2D (blue) and 3D Voxel (orange)
void types (Demirbozan et al, in prep) and their stacked central pixel
value. The advantage of matched filter method is that it encodes all the
lensing information to void central pixel. This matched filtered method
has been used in 1 for the BOSS spectroscopic data to further optimize
S/N. The 2D voids are binned tomographically based on their redshift
(3 bins) and the 3D voids are binned (5 bins) based on a parameter
consisting of radius and density. The joint fit results in 4.23σ for 3D
Voxel voids and 4.56σ for 2D voids. It is clearly seen that almost all
of the measured central pixel values are less than MICE expectation as
they are above the A=1 amplitude linear amplitude line.

3 Conclusion

We can summarize our conclusion in following ways. Our observed Planck void lensing signal is
slightly lower than ΛCDM expectations for DES Y3 data. Our results are also consistent with
Kovacs et al, in prep which also uses DES Y3 data with another filtering method for the CMB
lensing map (Gaussian). The weakness of Planck signal against ΛCDM expectation has also
been mentioned in 2. Further studies are needed to increase the precision of lensing S/N with
larger surveys in order to better assess the weakness of Planck void lensing signal.
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Theoretical and numerical aspects of CMB spectral distortions from non-thermal
electromagnetic energy injections at high redshifts

Sandeep Kumar Acharya, Jens Chluba
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Manchester, M139PL, UK

Cosmic Microwave Background (CMB) spectral distortions is one of the cleanest probe for
electromagnetic energy injection scenarios in the pre-recombination universe. We carry out
accurate thermalization computations, evolving the distorted CMB spectrum in a general,
fully non-linear way, consistently accounting for the time-dependence of the injection process,
modifications to the Hubble expansion rate and relativistic Compton scattering. Specifically,
we study single energy injection and decaying particle scenarios, obtaining constraints on these
cases. We show that for single energy cases, the constraints can differ significantly than that
have been previously estimated.

1 Introduction

CMB spectrum is given by Planck spectrum to a very good approximation 1 with any deviation
defined as CMB spectral distortion. Before recombination epoch (z ≳ 103), CMB photons
and background electrons are tightly coupled. Energy injection to CMB heats the background
electron which in turn boost the CMB photons from low frequency to high frequency creating
y-distortion 2 at z ≲ 104. For z ≲ 2 × 106, Compton scattering is the dominant exchange
process between the photons and the electrons. At these redshifts, distorted CMB spectrum
relaxes to Bose-Einstein distribution (µ-distortion)3 as Compton scattering is photon number
conserving. At z ≳ 2 × 106, photon non-conserving processes such as Bremsstrahlung and
Double Compton processes become efficient which thermalizes the distorted CMB spectrum to
a Planckian spectrum.

2 Large energy release

In literature, it is usually assumed that the distortion on CMB is small (<< 1). We can then
linearize the problem ignoring non-linear terms 4. As an example, the Compton scattering of
CMB photons with background electrons is given by Kompaneets equation 5,

dn

dτ
=

θe
x2

∂

∂x
x4

[
∂n

∂x
+

Tz

Te
n(n+ 1)

]
, (1)

where n is the photon occupation number, τ is the optical depth, x = hν
kBTz

is the dimensionless
frequency, kB is the Boltzmann constant, Tz is the CMB temperature and Te is the electron
temperature. The occupation number is a superposition of background Planckian spectrum and
the distortion i.e. n = npl + ∆n. In the linearized approximation, we ignore O(∆n)2 terms
in the equation above. In our work 6, we solve for the evolution of distorted CMB spectrum
using non-linear Kompaneets equations as well as the exact Boltzmann equation. In Fig. 1,
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Figure 1 – Distorted CMB spectrum as a function
of fractional energy release to CMB 6.
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Figure 2 – Fraction of CMB distortion, surviving
till today as a function of injection redshift.

we plot the total distorted CMB intensity as seen today for few one-time energy injection cases
at z = 106. In Fig. 2, we plot the visibility function i.e. survival probability of distortion as
a function of injection redshift. At z ≳ 2 × 106, the visibility exponentially decay due to the
increasing efficiency of photon non-conserving processes.

2.1 Constraints on energy injection from spectral distortions

Using the results of Sec. 2 and using the data 1, we obtain constraints on energy release cases.
In Fig. 3, we plot the constraints for single energy cases while in Fig. 4, we do the same for
decaying particle cases. For single energy cases, there are visible changes to the constraints at
high redshifts compared to small distortions limit. This is expected as large energy injections
is expected at higher redshifts. But for decaying cases, there are no visible changes as energy
injection is over a broad redshift range which dilutes the amount of distortion present at a
particular redshift.
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CMB lensing power spectrum with next generation surveys
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Genève 4, Switzerland

We introduce a new estimator of the CMB lensing power spectrum, together with its like-
lihood, based on iterative lensing reconstruction. Despite the increased complexity of the
lensing maps, this estimator shares similarities with the standard quadratic estimator. Most
importantly, it is unbiased towards the assumptions done on the noise and cosmology for the
lensing reconstruction. This new spectrum estimator can double the constraints on the lensing
amplitude compared to the quadratic estimator, while keeping numerical cost under control
and being robust to errors.

1 Iterative lensing spectrum estimator

Gravitational lensing of the CMB is a powerful probe of the growth of structures, and is expected
to give tight constraints on the sum of neutrino masses. Current CMB experiments mostly rely
on the well-known quadratic estimator (QE) to estimate the lensing potential. Next generation
surveys, such as CMB-S4, will rely on a more efficient approach. Indeed, since the primordial
B-mode signal is small, and if the foreground and noise levels are well below the lensing B-mode
power of ∼ 5µK-arcmin, one could reconstruct perfectly the lensing field from the observed
polarisation maps. This can be achieved with a likelihood-based reconstruction1. An implemen-
tation of the maximum a posteriori (MAP) lensing reconstruction using an iterative delensing
procedure was developed in 2. In 3 we introduced a lensing spectrum estimator and its likelihood
based on this MAP reconstruction. We summarize below our main results.

The lensing spectrum estimated with a QE 4 is a four-point function of the CMB maps. It
contains the lensing spectrum Cϕϕ

L we want to measure, but also ‘bias’ terms, dominated by

N
(0)
L and N

(1)
L which can be characterized analytically. This imply that one can debias this QE

spectrum to get an estimate of the true lensing spectrum. In practice a standard cosmology

analysis 5 uses a realisation dependant debiaser RD-N
(0)
L , robust to the assumptions made on

the experimental noise and fiducial cosmology.

The lensing potential field reconstructed with an iterative MAP estimator2 is a complex
function of the CMB maps, and it is out of reach to track analytically the bias terms of its

spectrum. In 3 we derive the N
(0)
L and N

(1)
L bias terms of the MAP lensing spectrum using

the same expressions as for the QE, but replacing the fiducial CMB and lensing spectra with
partially delensed spectra. These delensed spectra are obtained in an iterative procedure until

convergence. We also introduce a RD-N
(0)
L debiaser of the MAP estimate. Left panel of Fig.1

shows that we accurately estimate the bias terms of our MAP lensing spectrum. We see also

that the MAP N
(0)
L bias is lowered by a factor 2 compared to the QE, improving by the same

amount the signal to noise ratio of the lensing spectrum amplitude.
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spectrum and by RD-N
(0)
L , which should be dominated by the N
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L bias shown as the dotted lines. The grey

line shows the fiducial lensing spectrum. Right panel: Marginalized constraints on the derived parameter I for a
CMB-S4 experiment combined with DESI-BAO. Constraint using a QE is shown in blue, while constraints with
the MAP estimator are shown in orange. Dashed lines are four independent CMB realisations.

2 Lensing likelihood

We generate two datasets, each with a different cosmology, one being the fiducial cosmology
used for the lensing reconstruction. We simulate a full-sky CMB-S4, and compute the QE and

the MAP lensing fields. Our data-vectors are the pseudo spectrum debiased by RD-N
(0)
L and

N
(1)
L . We assume they follow a Gaussian likelihood, and we estimate their covariances from

1024 flat-sky simulations, rescaled to get a 40% sky fraction. We include the unlensed CMB
and the DESI-BAO likelihoods, assuming all three likelihoods are independent. We sample
the six standard ΛCDM parameters plus the sum of neutrino mass with a MCMC. For both
datasets our MAP lensing spectrum likelihood is able to recover unbiased parameters estimates.
It appears that the marginalised constraints on

∑
mν with a MAP does not improve compared

to a QE. This could be due to remaining degeneracies between parameters. We perform a
principal component analysis of our chains on the parameters

∑
mν ,Ωm and τ . We found that

the combination shown in the right panel of Fig.1 gets a factor almost two reduction of the 1σ
uncertainty from the QE to the MAP, reaching the statistical power of our new estimator.

To conclude, we introduced a new CMB lensing power spectrum estimator, robust towards
the ingredients assumed for the lensing reconstruction. This opens the door to improved and
unbiased constraints on key cosmological parameters, such as the sum of neutrino mass.
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Recently, Minkowski Tensors (MT) have gained popularity for morphological analysis tasks.
As opposed to the scalar Minkowski functionals (MF; in 2D given by area, perimeter and Euler
characteristic), MT can characterize symmetry and orientation of a body. This has been used
for a variety of tasks, e.g. to detect interstellar bubbles by tracing back the origins of filaments
in HII-regions, or to search for alignment of structures in the CMB. I present a marching-
square-based method for calculating MT and MF on the sphere for maps in the Healpix
format. MT are calculated for a local neighborhood and can then be summed up/averaged
over a larger region, using their additivity property. This provides the possibility of localized
analyses looking for CMB anisotropies and non-Gaussianities at varying scales.

1 Background

Minkowski functionals (MF) and tensors (MT) are powerful and versatile shape descriptors.
In 2D, the MF are up to prefactors given by area, perimeter, and Euler characteristic. Their
tensorial counterparts can be defined the following way, using the position r⃗ and the normal
vector n⃗:

Let K be a convex shape, then

W a,0
0 (K) :=

∫
K
r⃗a dr (1)

W a,b
ν (K) :=

∫
∂K

r⃗a ⊗ n⃗b λν dr (2)

with ν ∈ {1, 2}, λ1 = 1, λ2 = κ and a, b ∈ N0 and

(r⃗a ⊗ n⃗b)i1...ia+b
=

1

(a+ b)!

∑
σ∈Sa+b

riσ(1)
. . . riσ(a)

· niσ(a+1)
. . . niσ(a+b)

, (3)

where Sn is the permutation group of n elements

They are additive
(
W j,k

i (K) +W j,k
i (L) = W j,k

i (K ∪ L)−W j,k
i (K ∩ L)

)
for convex bodies

K,L , which allows generalizations to certain non-convex shapes, including shapes defined by
pixel images. For more properties, see e.g. Schröder-Turk et al. (2011)1.

Hadwiger’s theorem states that any additive, continuous, and translation invariant functional
on convex bodies can be expressed as a linear combination of MF2. A similar theorem by Alesker
states that the MT contain all additive morphological properties of a shape 3. These definitions
hold for the Euclidean plane; extension to the sphere is subject of current research.
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Figure 1 – Left: The 16 possible configurations of a marching square window. In the diagonal cases a choice
must be made whether the shape should be connected. The exact corner position is interpolated. Center/right:
Elongation as measured by the ratio of eigenvalues of W 0,2

1 (left) and the underlying Gaussian field with contours
used for the Minkowski map (right).

2 Minkowski maps

Minkowski tensors can be calculated for pixel images with a range of grayscale values using a
marching square technique. A 2x2 px-region is considered, where pixels above a chosen threshold
are seen as part of the body. The 16 possible configurations of a 2x2 px-window are shown in
Fig. 1. The desired MF/MT is calculated for the resulting simple shape in this window. To
obtain the MF/MT of a larger region, the MF/MT of all contained marching squares are summed
up, using the additivity property. The result of this can be displayed as a Minkowski map with
each map pixel describing the shape of a local input image region, as shown in Fig. 1 (right).

3 Application

Raw MT need to be turned into scalars for visualization and analysis. This is possible in many
ways using, e.g., eigenvalues, traces, or directions.

Shape properties can, e.g., be measured by the ratio of eigenvalues of W 0,2
1 . This is shown

in Fig. 1 (right), where parts of a Gaussian field that happen to have elongated structure can
be seen as having a large ratio of eigenvalues. As opposed to previous MT/MF-analyses of the
cosmic microwave background, which considered the whole sky at once (e.g. Joby et al. 2019 4),
Minkowski maps enable localized search for anisotropies and non-Gaussianities. More generally,
Minkowski maps have been successfully used to automatically detect bubble-like structures in
the Magellanic Clouds 5.
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An emulator for the non-linear matter power spectrum in f(R)CDM cosmology

I. Sáez Casares & Y. Rasera
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F-92190 Meudon, France

In order to probe modifications of gravity at cosmological scales one needs accurate theoretical
predictions. N-body simulations are required to explore the non-linear regime of structure
formation, which are very time consuming. In this work we build an emulator that performs
an accurate and fast interpolation between the predictions of a given set of simulations in
f(R) modified gravity. We sample the 3D parameter space given by {Ωm, σ8, fR0} with 110
points distributed in a Latin Hypercube. For each model we perform pairs of f(R)CDM and

ΛCDM simulations covering an effective volume of
(
560h−1Mpc

)3
with a mass resolution

of ∼ 2 · 1010h−1M�. We compute the matter power spectrum boost due to f(R) gravity
B(k) = Pf(R)(k)/PΛCDM(k) and build an emulator using a Gaussian Process Regression.
The resulting emulator has an accuracy of 3% across the whole parameter space for scales
0.02 hMpc−1 < k < 5 hMpc−1 and 0 < z < 2. Such an emulator could be used to probe f(R)
gravity with weak lensing analysis.

1 Introduction

In f(R) gravity the Einstein-Hilbert action is modified by a new arbitrary function f depending
on the Ricci scalar R

SEH =
c4

16πG

∫
d4x
√
−g [R+ f(R)] . (1)

This modification introduces a new dynamical scalar field in the theory fR = df/dR. Such field
mediates an attractive fifth force between massive particles, which effectively enhances their
gravitational interaction. In particular we use the Hu & Sawicki model 1

f(R) = −m2 c1
(
−R/m2

)n
c2 (R/m2)n + 1

. (2)

This model is of cosmological interest since it is able to produce cosmic acceleration. It also
exhibits the chameleon screening mechanism. The mass of a chameleon field increases with the
environmental density. Therefore the range of the induced fifth force decreases in high density
regions, effectively hiding or screening it. With this kind of model General Relativity is recovered
at high densities, such as in the Solar system or in the early Universe.
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We follow previous work 1 and fix m and c1/c2 in order to match the ΛCDM background
expansion. The remaining free parameters n and c1/c

2
2 ∼ fR0 control the efficiency of the

screening.

2 Simulations

We sample the parameter space given by 0.236 < Ωm < 0.396, 0.608 < σ8 < 1.014 and −7 <
log10 fR0 < −4 using a Latin Hypercube Sampling with 90 training nodes and 20 validation
nodes. We perform pairs of ΛCDM and f(R) N-body simulations for each node with Ecosmog2,
using an optimized solver 3. This solver significantly accelerates the N-body simulations in f(R)
gravity, but is restricted to the particular case n = 1. For each node in the parameter space we
produce 5 independent realisations, which combined cover an effective volume of

(
560h−1Mpc

)3
with a mass resolution of ∼ 2 · 1010h−1M�.

3 The matter power spectrum boost

We focus on the matter power spectrum boost defined as

B(k) = Pf(R)/PΛCDM. (3)

It encodes the enhancement of the matter power spectrum due to f(R) gravity with respect to
ΛCDM. We have verified that this quantity is mostly independent of Ωb, h and ns. By taking the
ratio of the power spectrum obtained in f(R) and ΛCDM from the exact same initial conditions
we obtain a significant cancelation of cosmic variance (resolution errors), which dominates the
error budget at large (small) scales. With this method we are able to compute the power
spectrum boost with an accuracy better than 2% across the whole parameter space and for
0.02 hMpc−1 < k < 5 hMpc−1 and 0 < z < 2.

4 Emulation and validation

We interpolate between training nodes by combining a Principal Component Analysis (PCA)
with a Gaussian Process Regression (GPR). The PCA is used to reduce the dimensionality of the
data before performing the emulation with the GPR. We assess the accuracy of the interpolation
using the validation nodes. Most predictions are accurate at the 1% level at all scales. In the
worst cases emulation errors get as high as 2% at small scales.

We train an independent emulator for each output redshift of our simulation suite. With a
linear interpolation between 19 redshift nodes we obtain predictions for any arbitrary redshift
0 < z < 2 with the same accuracy.

5 Conclusion

We have built an emulator that predicts the amplification of the matter power spectrum due to
f(R) gravity. It is accurate at the 3% level for 0.02 hMpc−1 < k < 5 hMpc−1 and 0 < z < 2.
Such an emulator could be used to constrain f(R) gravity with weak lensing analysis.
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Calibration requirements for the width of redshift distribution for complex
intrinsic alignment models

Silvan Fischbacher, Tomasz Kacprzak, et al.
Institute for Particle Physics and Astrophysics, ETH Zürich,
Wolfgang-Pauli-Strasse 27, CH-8093 Zürich, Switzerland

An accurate measurement of the redshift distribution is necessary to constrain cosmological
parameters with weak lensing surveys. Surveys marginalize over redshift bin shifts to avoid
biases in cosmological parameters, however, errors in the width of the redshift bins are typi-
cally not considered. We show that ignoring such errors in the analysis can lead to significant
biases in the constraints of cosmological parameters, especially S8. When adding complex
intrinsic alignment models to the analysis, the interplay between intrinsic alignment and red-
shift estimation errors can even increase these biases. Adding the redshift bin width parameter
as a nuisance parameter to the Bayesian analysis can reduce this bias, but not completely.
Using multiple analyzes of mock observations, we compute requirements on the precision of
the redshift bin mean and width for Stage III and upcoming Stage IV surveys.

1 Introduction & Methods

Modern weak lensing surveys need a precise measurement of the photometric redshift and an
accurate intrinsic alignment modeling to get unbiased constraints on cosmological parameters.
So far, surveys account for the errors in the photometric redshift by marginalizing over the
parameter δz which corresponds to a shift of the whole redshift bin.

Additionally to δz, we account for errors in the redshift bin width characterized by σz (see
Figure 1). We use a fast Cℓ emulator to speed up the Bayesian inference of a mock observation.
This way, we can bring a MCMC to convergence in a few seconds which enables us to analyze
multiple mock observations and analyze the impact of specific errors. The best-fit is determined
by maximizing the likelihood starting from the best sample of the MCMC. This method provides
an accurate and unbiased estimate of the true maximum likelihood.
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Figure 1: Impact of stretching parameter σz on redshift bins for Stage III (left) and Stage IV
setup (right).
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2 Impact of ignoring or including n(z) shape errors

We find that errors in σz can significantly bias cosmological constraints when ignored in the
analysis. A naive solution to avoid such biases is to include σz in the analysis similar to δz using
Gaussian priors. This reduces the bias for the Stage IV but not for the Stage III setup. We
have not enough constraining power on the redshift parameters due to the fewer high redshift
galaxies in the Stage III setup and the posterior does not deviate from the prior.

3 Requirements

We analyze 1000 mock observations for varying setups. We sample δz and σz in the mock
observations with varying prior width for each setup. These mock observations are then ana-
lyzed using priors on the redshift parameters corresponding to these prior widths. So we get
1000 posteriors for each setup. We repeat the steps above without varying the redshift errors in
the mock observations to determine the noise contribution and to separate statistical and sys-
tematic errors. Finally, we compute the median S8 bias of the best-fits and the highest density
interval of the stacked posterior to get the uncertainty of S8. The systematic bias (in terms of
expected total uncertainty σS8) and the uncertainty (as the fraction of systematic uncertainty
over statistical uncertainty) for the Stage IV setup are shown in Figure 2.
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Figure 2: Systematic bias and level of systematic uncertainty compared to the statistical uncer-
tainty of the Stage IV setup.

4 Conclusion

Ignoring n(z) shape errors such as σz can bias cosmological constraints. Marginalization over
such errors can not significantly reduce these biases in current Stage III, but in upcoming Stage
IV surveys. We suggest the above procedure for future surveys to determine the accuracy
required in their redshift measurement to attain a given precision in cosmological constraints.
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Does Planck actually “see” the Bunch-Davies state?

Benoit J. Richard in collaboration with
Rose Baunach, Nadia Bolis, R. Holman, Stacie Moltner

Minerva University, 1145 Market Street,
San Francisco, CA 94103, U.S.A.

We create a state in which the metric perturbations ζ are entangled with a spectator scalar
field. The calculation of the corresponding primordial power spectrum Pζ(k) then allows us
to study the potential signatures our state may have on the temperature anisotropies Cl in
the Cosmic Microwave Background (CMB). We observe intriguing variations with respect to
the standard calculations of the same observables but involving the Bunch-Davies (BD) state.
Furthermore, we address how an entire class of deviations from the Bunch-Davies state may be
suitable candidates in inflationary theories. Finally, we discuss how the use of our entangled
state may result in power spectra that are consistent with the Planck satellite data.

1 Introduction

The Bunch-Davies (BD) state is a natural candidate for the calculation of cosmological observ-
ables. One of its strengths is the fact that it approaches the Minkowski space vacuum state at
infinitesimally early times and short distances. We cannot, however, rule out the eventuality
of new physics occurring between very early times and the onset of inflation. At the center of
this work is a specific deviation from the BD state resulting from the entanglement of the scalar
metric perturbations ζ and a massive scalar field Σ. We address the legitimacy of such a state
in addition to the impact of its use in the calculation of the primordial power spectrum Pζ(k)
and the temperature anisotropies Cl in the Cosmic Microwave Background (CMB).

2 Hamiltonian Density and Wavefunctional in the Schrödinger Picture

We construct a wavefunctional Ψ [ζ(·),Σ(·); η] corresponding to our state, η representing confor-
mal time. We then investigate the evolution of Ψ [ζ(·),Σ(·); η] in the Schrödinger picture 1. This
allows us to compute cosmological observables in the form of expectation values of the relevant
operators. Finally, we call upon the ADM formalism 3 to derive our action and ultimately the
ζ −Σ Hamiltonian. Only terms up to quadratic order in the momentum space modes ζ~k and χ~k
are kept. Not only is this sufficient for non-trivial entanglement to be generated, it permits us
to construct a Gaussian state whose evolution can be easily followed.

3 Entangled Power Spectrum and CMB Temperature Anisotropies

Given our wavefunctional, we can compute the primordial power spectra for a set of parameter
values {µ, s0, v0}, the latter being the dimensionless mass, the dimensionless initial position
in field space, and the dimensionless speed of our spectator field’s zero mode. A more detailed
exploration is presented in our paper 2.
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In Figure 1, we present primordial power spectra and unlensed TT power spectra using the
entangled state (in blue) we created for µ = 0.1 and either a non-zero s0 or a non-zero v0.
Note that the BD state equivalents (in red) are also presented for comparison. Focusing on the
primordial power spectra, there are very noticeable features resulting from incorporating non-
zero parameter values. For v0 6= 0, we observe undamped oscillations whose minima coincide
with the BD power spectra values. Such drastic signatures, however, only translate to slight gains
in power in the unlensed TT power spectra, especially in the first 3 peaks. Similar observations
can be made for s0 6= 0. Furthermore, we have investigated a number of parameter values that
give rise to TT power spectra indistinguishable from those generated from the BD state.
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Figure 1 – The primordial power spectra (left column) and the unlensed TT power spectra (right column), in
the case in which the spectator is a free massive scalar field with {µ = 0.1, s0 = 10, v0 = 0} (top row) or
{µ = 0.1, s0 = 0, v0 = 0.05} (bottom row), are presented in blue. The non-entangled (NE) power spectra are
displayed in red (all subfigures). The CMB data from Planck are shown in black (right column only).

4 Conclusions

Assuming the existence of a scalar field displaced from its minimum and/or with some initial
velocity, we have shown that entangled Gaussian states may be easier to generate than previously
thought. The premise itself is rather plausible, given how many extensions of the standard model
include scalar fields. For ranges of parameter values, the CMB anisotropies obtained in our work
are consistent with the Planck satellite data. Whether these parameter values can survive the
scrutiny of a full parameter estimation probe is at the heart of current work with Andreas
Albrecht, Arsalan Adil, Rose Baunach, Rich Holman, and Raquel H. Ribeiro.
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Towards precision cluster cosmology with the Simons Observatory

I. Zubeldia
Jodrell Bank Centre for Astrophysics, University of Manchester,

Oxford Road, Manchester M13 9PY, UK

The abundance of galaxy clusters across mass and redshift is a powerful cosmological probe 4.
CMB observations provide a unique window into the galaxy cluster population, allowing for
cluster detection to high redshifts through the thermal Sunyaev-Zel’dovich (tSZ) effect, as
demonstrated by Planck, ACT, and SPT. The upcoming Simons Observatory (SO) will lead
to the detection of an order of magnitude more clusters than previous experiments, finding
about 20 000 of them 2. This will come with an unprecedented constraining potential, but for
it to be realised, systematics will have to be understood more accurately than ever. In this
poster, we present work carried out towards realising this potential. First, we introduce a new
implementation of the multi-frequency matched filter cluster finding method, with which we
are investigating several potential sources of systematics in cluster detection. It incorporates
several novel features, notably, iterative noise estimation, which we show boosts the cluster
detection SNRs and eliminates a bias due to noise covariance misestimation. In addition, we
present a study of the matched filter optimisation bias, which will become a relevant effect in
the context of SO.

1 Accurate cluster detection with the Simons Observatory: an iterative multi-
frequency matched filter method

In CMB observations, clusters are typically detected with multi-frequency matched filters (MMFs),
which search for clusters across sky location and cluster angular size 1. MMFs have indeed been
used in Planck, ACT, and SPT, and will also be used in SO. We have developed a new MMF
implementation, which has some of the following key features:

• It returns as the main cluster observable the detection SNR, q; it also produces estimates
of the clusters’ central Compton-y parameter, angular size θ500, and sky coordinates.

• It works with flat sky cut-outs following a HEALPix tessellation of the sky, guaranteeing
that each point in the sky is covered only once.

• It properly accounts for mask coupling in the estimation of the noise covariance.

• It allows for iterative noise covariance estimation.

This MMF implementation has been tested extensively with realistic simulated observations
including foregrounds.

Iterative noise covariance estimation is a key novel feature of our MMF implementation.
In MMFs, the noise covariance is typically estimated from the data, taking it to be equal to
the data covariance. This leads to an overestimation of the noise covariance, as the data also
contains the signal that is being looked for, and hence to a loss of SNR, with fewer and less
significant detections. In addition, the SNRs of the detections are biased low with respect to

323



6 10 20 30
qopt,it

0.70

0.75

0.80

0.85

0.90

0.95

1.00

1.05

q o
p
t,

n
o
it

Non-iterative vs iterative SNRs

Figure 1 – Ratio of non-iterative SNRs qnoit to iterative SNRs for a Planck -like sample.

what would be predicted by the theory assuming the wrong covariance, which could potentially
lead to biased cosmological constraints.

We have proposed and implemented an approach that prevents the SNR loss and the bias
due to noise covariance overestimation: iterative noise estimation (Zubeldia et al., in prep.). In
it, the noise covariance is re-estimated by masking high significance detections from the previous
step, with a new catalogue then produced. This constitutes a robust, model-independent way
of removing the contributions of the brightest clusters to the covariance, boosting the overall
SNR. The impact of iterative noise estimation for a Planck -like sample is shown in Fig. 1.

2 Optimisation bias

When MMFs are used for cluster detection, clusters are identified as the peaks in the matched
filter SNR distribution across sky location and cluster angular scale. These optimal SNRs are,
by construction, larger than the SNRs at the true cluster parameter values, which is what can
be predicted by the theory. This constitutes an ‘optimisation bias’, which we discuss extensively
in5, where we show that it can be approximated by qopt ' (q2t +f)1/2, where qopt is the detection
SNR, qt is the SNR at the true parameters, and f is the number of fitting parameters (typically
three: two cluster coordinates and angular size). We find this bias to be negligible for Planck,
but significant for SO.
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The reconstruction of the CMB lensing bispectrum
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Weak gravitational lensing is the leading non-linear effect on the cosmic microwave background
(CMB) anisotropies due to the deflection of CMB photons by the intervening large-scale
structure (LSS) of the Universe. The induced statistics of the signal can be used to reconstruct
the lensing potential, making it a powerful tool to probe fundamental physics, such as neutrino
masses and theories of modified gravity. In this work, we explore the three point function of
the reconstructed lensing convergence, κ̂. Next-generation CMB experiments will achieve
the necessary sensitivity to detect the κ-bispectrum, which could break degeneracies between
parameters. However, in the reconstruction process, additional noise biases that hinder the
signal arise. Here, we compute the leading terms for the first time in the flat-sky limit and
compare them to the bispectrum signal.

1 Introduction

Weak gravitational lensing of the CMB probes the growth of large-scale structure (LSS) on many
scales (0.1 < z < 5), making it a powerful observable to constrain fundamental physics of late-time
cosmology. The induced non-Gaussian signal can be used to reconstruct the projected gravita-
tional potential at its origin, through the quadratic estimator 1. This extra information has been
used to constrain the dark energy equation of state and the sum of the neutrino masses. In
addition, the cross-correlation between CMB lensing maps and other tracers, such as low-redshift
galaxy surveys, not only circumvents the limit of cosmic variance, but also breaks degeneracies
between cosmological parameters, such as galaxy bias and growth of LSS. So far, cosmological
applications of CMB lensing rely on the assumption that the lensing potential is Gaussian. How-
ever, at late times, nonlinear clustering in the matter density fluctuations generates a matter
bispectrum, which induces non-Gaussianity in the deflection of CMB photons. Ongoing and
next-generation of CMB experiments might already be able to measure the κ-bispectrum, which
encodes cosmological information that could further tighten the bounds on neutrino masses and
dark energy models by up to ∼ 30% when combined with the power spectrum 2.
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2 Methodology and results

In the standard reconstruction procedure, that uses the Hu-Okamoto quadratic estimator

κ̂(L) = Aκ
L

∫
d2l1
(2π)2

F (l1, l2) T̃ (l1)T̃ (l2) , (1)

additional terms called noise biases arise from the six-point function of lensed CMB modes, similar
to those in the power spectrum

⟨κ̂(L1)κ̂(L2)κ̂(L3)⟩ = (2π)2δ(L123)

[
Bκ(L1,L2,L3) +N

(0)
B +N

(1)
B +N

(3/2)
B +N

(2)
B

]
. (2)

In this work, we estimate for the first time in the flat-sky approximation the magnitude
of these terms with respect to the signal itself. Fig. 1 shows the numerical evaluation of the

three main contributions – N
(0)
B , N

(1)
B and N

(2)
B – in the equilateral slicing, compared to the

κ-bispectrum computed using two different fitting formulas.
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Figure 1 – Numerical evaluation of the bias noise terms. The dotted line represents negative values. The black
and gray lines are the κ-bispectrum computed respectively with the Gil-Maŕın (GM) and Scoccimarro (SC) fitting
formula.

3 Conclusions

Upcoming experiments will provide precise measurements of the CMB, unlocking the non-linear
regime of matter distribution. In this context, the lensing bispectrum will represent a robust
cosmological tool comparable to the lensing power spectrum. In this work, we have estimated the
noise biases that arise in the reconstruction of the lensing convergence bispectrum. Our results
will be critical for future attempts of reconstructing the lensing convergence bispectrum with real
CMB data. These analysis and new results will be summarized in a forthcoming publication.
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Cosmic rotation in solid inflation

Kenza Zeghari
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We study homogeneous cosmologies coupled to a matter source that has the field theoretical
description of a solid. Models of solid inflation are known for being less efficient in diluting
away anisotropy than standard inflation. Our study finds another potential feature of solid
inflation, namely a “rotation” of the principal axes of the expansion. Due to the anisotropic
stress generated by the solid, such a rotation is not just a gauge artifact but becomes a real
dynamical quantity.

1 Introduction and broad motivations

I briefly report here on a recent work 1 about homogeneous cosmologies coupled to a matter
source that has the field theoretical description of a solid. Among the broad motivations for this
study is a better understanding of homogeneity and isotropy, the two great pillars of cosmology,
in quantum gravity. On a Minkowski background, we know how to impose these symmetries,
either at the classical level on a field configuration, φ(t, ~x) = φ(t), or at the quantum level on
the wavefunctional, ψ[φ(R~x+~a)] = ψ[φ(~x)]. In the last equation R and a are a generic rotation
and translation. However, in gravity, quantum states are given by ψ[hij ], with hij the spatial
metric, and there is no background invariant way to define what it means to rotate or translate
the metric field. It looks like we need a matter field to play the role of a “reference frame”, in
order to define these transformations. An example of such field is the solid.

Solids can drive a primordial inflationary phase (solid inflation) 2. As opposed to standard
inflation, as being less efficient in diluting away the primordial anisotropies 3. While confirming
this fact, our study recovers another potential feature of these models: rotation of the principal
axes of expansion.

Now for the gravity part, keeping the gravitational field very general makes the quantum
treatment difficult to handle. We use a class of spatially homogeneous models called Bianchi
type I, allowing for a simple treatment as the space of all possible configurations for the metric
field becomes finite: the so-called mini-superspace 4. Even if this choice comes to a truncation of
the field space, it may at least provide insights into the characterisation of “quantum isotropy”.

2 Bianchi models and solids

Spatial homogeneity implies that spacetime consists of a family of space-like hyper-surfaces,
defining an orthogonal “cosmic time”:

ds2 = −dt2 + hij(t)dx
idxj , (1)

This form of the metric is left invariant by a general linear coordinate transformation GL(d) in
the spatial part. A general parametrisation of the spatial metric (in d = 2) is given by:
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hij =

(
cos θ2 sin θ

2

− sin θ
2 cos θ2

)(
A2eξ 0

0 A2e−ξ

)(
cos θ2 − sin θ

2

sin θ
2 cos θ2

)
, (2)

with A(t) the average scale factor, ξ(t) and θ(t) parametrising resp. anisotropy and rotation.
This form allows to identify the principal axes of expansion. In the absence of anisotropic stress,
hij and its time derivative ḣij can be set to a stable diagonal form using the GL(d) symmetry
group, which makes of rotation a mare gauge artifact. But in the presence of anisotropic stress
some of these symmetries are broken and rotation becomes “real”.

Solids illustrate this point. The low energy effective description of a solid is made of scalar
fields φI , I = 1, 2... d labeling the volume element of the medium. The dynamics is invariant
under internal translations and rotations. The resulting most general Lagrangian for the solid
is a general function of the following matrices,

Lsolid = F ([B], [B2], ..., [Bd]) , [B] = Tr BIJ , BIJ ≡ ∂µφ
I∂µφJ , (3)

In unitary gauge BIJ = hij and the action of the system in 2 + 1 dimensions becomes

S =

∫
dtA2

[ 1

N

(
− Ȧ2

A2
+
ξ̇2

4
+
θ̇2 sinh2 ξ

4

)
− NF (A, ξ)

]
. (4)

Since the matter Lagrangian depends on ξ, it breaks the GL(2) group down to SO(2). It is now
impossible to use the symmetry group to make the metric diagonal at all times. We specialize
to the simplest model F = [B]ε generating inflation with a constant slow-roll parameter ε in the
isotropic limit, and couple it to the Bianchi type I model in 2+1 dimension.

3 Results and discussion
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Figure 1 – The energy densities of the anisotropy ρξ and the rotation ρθ with respect to the number of e-folds N .

In the presence of anisotropy, the principal axes of expansion can be rotating. Such a rotation
is not just a gauge artifact as in the case of Bianchi models alone or coupled to homogeneous
scalar fields. Still, the effect is rapidly diluted away by the expansion, see Fig. 1.

In the future we aim to generalize the study to the 3+1 dimensional case, for which the
corresponding unitary gauge action is considerably more involved and we expect new phenomena,
such as the precession of the principal axes of expansion.
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Penrose suggestion as to pre-Planck-era black holes showing up in present
universe data sets discussed, with a possible candidate as to GW radiation which

may provide initial CMBR data
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Our project has three parts. First, we examine the gist of the Penrose suggestion as to
signals from a prior universe showing up in the CMBR. Second, we give a suggestion as to
how supermassive black holes could be broken up as of a prior universe cycle by pre-big-
bang conditions with, say, millions of pre-Planck black holes coming up out of a breakup of
prior universe black holes. Three, we use a discussion of Bose–Einstein condensates set as
gravitons composing the early-universe black holes. The BEC formulation gives a number N
of gravitons, linked to entropy, per black hole, which could lead to contributions to the alleged
CMBR signals.

1 Introduction

Beckwith 1 offers a well-crafted suggestion as to V. G. Gurzadyan and R. Penrose:

The significance of individual low-variance circles in the true data has been disputed;
yet a recent independent analysis has confirmed CCC’s expectation that CMBR
circles have a non-Gaussian temperature distribution. Here we examine concentric
sets of low-variance circular rings in the WMAP data, finding a highly nonisotropic
distribution.

There is initial inflationary expansion of the Universe, but the caveat is that matter–energy is
sucked up in super-massive black holes. That is, rather than have a purported infinite expansion,
and we see the following dynamic 1.

m ≈ MP√
Ngraviton

(1)

MBH ≈
√
Ngraviton ·MP (2)

RBH ≈
√
Ngraviton · lP (3)

SBH ≈ kBNgraviton (4)

TBH ≈ TP√
Ngraviton

. (5)
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Table 1: Scaling of mass of black holes, and their purported number, If CCC cosmology (Penrose) assumed for
GW radiation release (may affect the CMBR)

End of prior universe time frame Super massive end-of-
time black hole 1041 to
1044 g.

106 to 109 of black holes, usually from cen-
ters of galaxies

Planck-era black-hole formation
assuming merging of micro black-
hole pairs

Micro black holes 10−5

to 10−4 g (approxi-
mately the Planck
mass value).

1040 to 1045 black holes, assuming not too
much destruction of matter–energy from
pre-Planck to Planck conditions

Post-Planck-era black holes: Can
use Eq. (6) to have 1010 gravi-
tons/second released per black
hole

Normal-sized black
holes 10 g to 106 g

1020 to, at most, 1025 black holes with
repeated black-hole pairs forming a single
black hole multiple times.

Here, the first term, m, is the effective mass of a graviton. This is my take as to how to make
all this mesh with special relativity.

2 Conclusion: Penrose Recycling of Energy in the Present Universe

Our preliminary supposition that Eq. (6) would be thermally based energy dumped into the
space–time bubble assumed to be in 1,2.

Euniverse = 1041 × EBEC–Graviton ≈ 1041 ×
(
kBTBH

2
≈ kB × 10−5 × TP

2

)
(6)

This would be the thermal energy dumped in due to the use of Cyclic Conformal cosmology.
Now use the following approximation of the universe, initially having the entropy of a black hole.
That is, we are using Ng Infinite Quantum statistics, 1, while Area denotes the surface area of
the regime of space–time.

Suniverse ∝ SBH ≃ A

4l2Planck

≈ 9nQ

4
≈ ngraviton. (7)

This way of noting entropy and the signals of the prior-universe black holes being generated
secondarily is a surface area commensurate with the use of Eq. (6) for BEC condensation by
gravitons for early universe black holes. This would show up in the CMBR 1.
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Arguments against the flatness problem

P. Helbig

Thomas-Mann-Str. 9, 63477 Maintal, Germany

Since I have been at most moderately successful in convincing the community of the lack of
existence of the flatness problem, I highlight some similar claims from various authors better
known than myself.

Here, I consider only ideal Friedmann–Robertson–Walker (FRW) models, because historically
fine-tuning claims have been discussed within the context of those models, and the issues remain
even in more-realistic models. I use notation such that Ω = 8πGρ

3H2 refers to the density of matter

(‘dust’) and λ = Λ
3H2 is the normalized cosmological constant (with dimension time−2 so that Λ

has the same dimension as Gρ); the subscript 0 refers to the current value of a time-dependent
parameter. K = Ω+λ−1 and k = sign(K). The two most common formulations of the flatness
are referred to by Holman 1 as the fine-tuning problem (“there must be some reason why Ω = 1
to very high precision in the early universe”) and the instability problem (“even given that Ω = 1
to very high precision in the early universe, if Ω is not exactly 1, then it would be unlikely to
observe Ω ≈ 1”).

The first argument in the literature against the flatness problem in FRW models appears
to have been by Cho & Kantowski 2. Putting “The Flatness Problem” in scare quotes makes
their point already in the title. The last sentence of their abstract sums up their argument
well: “It is a distorted distribution of Ω values that sometimes misleads the casual
observer to conclude that Ω must be exactly equal to 1.” Coles & Ellis 3 state clearly
that “there is no flatness problem in a purely classical cosmological model” [emphasis
in the original]. Kirchner & Ellis4 also use Jaynes’s principle to “solve the flatness problem”
(direct quotation). Carroll 5, describing his work with collaborators 6,7,8, notes that “flatness
isn’t a problem at all”; “[t]he flatness problem, meanwhile, turns out to be simply
a misunderstanding”; “the flatness problem really isn’t a problem at all; it was
simply a mistake, brought about by considering an informal measure rather than one
derived from the dynamics”; “The flatness problem, as conventionally understood,
does not exist; it is an artifact of informally assuming a flat measure on the space
of initial cosmological parameters”; and “is not intrinsic to the standard Big Bang
model”.
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Rindler9 points out that “the so-called ‘flatness problem’—the alleged improbability
of finding the value of Ω0 even within a factor of 10 of unity” seems unproblematic
for two reasons, first that “at the big bang (R = 0), Ω always starts at one and then
wanders away from that value unless k = Λ = 0” (thus disputing the fine-tuning problem)
and second that, in FRW models with λ = 0 and Ω > 1, “Ω < 10 . . . is true for fully 60
per cent of the entire time interval”.

It appears that our Universe has a positive cosmological constant and will expand forever.
For such models with k = +1, Lake 10 demonstrates that the instability argument does not hold
because λ and Ω are large and the universe significantly non-flat only in the case that they are
fine-tuned in the sense that α = k(27Ω2λ)/(4K3) ≈ 1. Lake suggests that α, which has a fixed
value throughout the life of the universe, is what should be used to characterize model universes.
Adler & Overduin 11 discuss various definitions of ‘nearly flat’, using essentially using the same
parameter as α used by Lake 10, and arriving at the same conclusion, namely that a significantly
non-flat universe implies fine-tuning in α.

Arguments against the flatness problem and their history are discussed in much more detail
by Helbig 12,13,14 and Holman 1. See also Brawer 15 for an interesting historical perspective.
The complete poster and some supplementary material can be found at http://www.astro.

multivax.de:8000/helbig/research/publications/info/moriond2022_1.html .
This research has made use of NASA’s Astrophysics Data System Bibliographic Services.
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Conserved quantities in cosmology

P. Helbig
Thomas-Mann-Str. 9, 63477 Maintal, Germany

Lake pointed out that a certain combination, dubbed α, of Ω and λ is a constant of motion for
evolutionary trajectories in the λ–Ω plane and used that to demonstrate the lack of a flatness
problem for some cosmological models. I investigate other quantities which correspond to α
and other constants of motion in the λ–Ω plane.

Here, I consider only ideal Friedmann–Robertson–Walker (FRW) models, because historically
similar studies have been done within the context of those models and the basic concepts carry
over into more-complicated models. I use notation such that Ω = 8πGρ

3H2 refers to the density of

matter (‘dust’) and λ = Λ
3H2 is the normalized cosmological constant (with dimension time−2

so that Λ has the same dimension as Gρ); the subscript 0 refers to the current value of a time-

dependent parameter. K = Ω + λ − 1, k = sign(K), and α = 27kΩ2λ
4K3 . The Hubble constant

H = Ṙ
R , where R = c

H
√

|K|
. The deceleration parameter q = − R̈

RH2 = Ω
2 − λ.

In general, λ and Ω change with time. Thus, the evolution of cosmological models can be
illustrated by trajectories in the λ–Ω plane 1. Lake 2 pointed out that α is constant along a
trajectory. What is the physical interpretation? The mass of (the dust in) a closed universe
is M = ρV ; the volume V = 2π2R3. From that, one can derive

ΛM2 =

(
π2c6

4G2

)
α .

Thus, up to a constant, ΛM2 = α.
An obvious conserved quantity for cosmological models which have q = 0 at some time is

the point of inflection in R(t) which occurs when R̈ = 0. At such a point, q = Ω/2− λ = 0 and
hence Ω = 2λ. Since ρ ∼ R−3 and λ ∼ R0, it follows that (R0/Rinfl)

3 = Ω0/2λ0, which leads to

R2
inflΛ = c2 3

√
α .

In a universe which collapses in the future, Rmax is obviously constant along a trajectory,
and so could be interpreted as a constant of motion, though that is more interesting if expressed
as a fundamental cosmological parameter. At R = Rmax, Ṙ = 0, thus one can calculate the scale
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factor (corresponding to the smallest value of R for which Ṙ = 0) of the universe at maximum
expansion for such models. That involves solving a cubic equation, and the actual expression
depends on the model type. Although that solution depends on quantities such as Ω/(2λ) and
K/(3λ) (the square of the first divided by the cube of the second is, with the additional factor of
sign(K), the definition of α), I am not aware of any simple expression relating α and Rmax, even
though Rmax is obviously constant along a trajectory. However, there are analytic solutions in
special cases (λ0 = 0, Ω0 = 0, k = 0). If Ω0 = 0 then α = 0 and thus we cannot expect any
constant of motion expressed in terms of physical quantities to involve α. It thus makes sense
to express Rmax (which exists in this case for λ0 < 0) in terms of Λ by using the definition of
λ to eliminate H0 and λ0, resulting in R2

max = (3c2)/Λ. If k = 0 and λ0 < 0 then α = ∞ since
the radius of curvature is infinite. If we set R0 = c/H0, as is commonly done in such cases,
then, via reasoning similar to that above, one obtains R6Λ3 = 27c6Ω2λ or, up to the constant
c6, R6Λ3 = 4αK0

3. Of course, that is rather meaningless since αK0 = ∞ ∗ 0 and results from
using R0 = c/H0 instead of R0 = c/(H0

√
K0). However, R6Λ3 = 4α is in some sense the limit

for K0 → 0.
If Ω0 > 1 and λ0 = 0 then α = 0 and thus we cannot expect any constant of motion expressed

in terms of physical quantities to involve α. It thus makes sense to express Rmax in terms of
M , since such models have k = +1 and hence a finite volume and finite mass. M is calculated
above and Rmax = (c/H0)(Ω/(Ω− 1)

1
2 ), thus R = (4GM)/(3πc2).

At R = Rmin, Ṙ = 0, so one can calculate the scale factor (corresponding to the largest value
of R for which Ṙ = 0) of the universe at minimum contraction in the bounce models (which
contract from ∞ before expanding) and the Eddington model (which expands from R0 > 0 at
t = −∞). As with Rmax, there seems to be no simple relation between Rmin and α, though for
Ω0 = 0 one has R2

min = (3c2)/Λ.
For the the de Sitter model, which has λ = 1 always, in contrast to the other point-trajectory

models (the Einstein–de Sitter model with λ0 = 0 and Ω0 = 1 and (the relativistic equivalent of)
the Milne model with λ0 = 0 and Ω0 = 0), there is a set of models determined by Λ. H =

√
Λ/3

and is thus constant in time. H is thus the constant of motion in this model; the Hubble
sphere—the sphere with radius c/H—is thus constant in time, which is not true in general.
Also, the Hubble sphere is an event horizon 3; in general the Hubble sphere is not associated
with any type of horizon 4.

The static Einstein model5 has H = 0 and hence λ and Ω are infinite. However, the relations
discussed above hold when this model is seen as a limiting case.

The complete poster and some supplementary material can be found at http://www.astro.
multivax.de:8000/helbig/research/publications/info/moriond2022_2.html .
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What it takes to measure Reionization with Fast Radio Bursts
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Fast Radio Bursts (FRBs) are recently discovered extra-galactic radio transients which are
now used as novel cosmological probes. We show how the Bursts’ Dispersion Measure can
model-independently probe the history of Hydrogen reionization. Using a FlexKnot free-form
parameterization to reconstruct the reionization history we predict an 11% accuracy constraint
on the CMB optical depth, and 4% accuracy on the midpoint of reionization, to be achieved
with 100 FRBs originating from redshifts z > 5.

1 Introduction

Fast Radio Bursts (FRBs) are short (∼ 1ms) bright bursts originating from outside of our
galaxy. What makes FRBs an excellent cosmological probe is that the signal is dispersed by the
free electrons in the Universe, most significantly the intergalactic medium (IGM) but also the
Milky Way and host galaxy. Measuring this dispersion (DM) allows us to probe the integrated
electron column density and thus probe distance or ionization state of the IGM.

The idea to constrain reionization, and in particular the CMB optical depth τ , with FRBs
from high redshift (z > 5) has been proposed as early as 2016 1 and has gained traction as
thousands of FRBs have been discovered since. Even though no FRBs have been observed from
the Epoch of Reionization, forecasts 2 expect ∼ 100 FRBs/day/sky from z > 6 to be observed
with SKA.

2 Method

In our work 3 we address a problem of reionization constraints derived from FRBs, namely that
the results are intrinsically sensitive to the shape of the reionization history xi(z). Because the
dispersion measure gives an integral constraint on xi(z), conversion into the optical depth or
ionized fraction depends on the model or parameterization assumed for xi(z). Besides patho-
logical examples (e.g. sharp dips and peaks in the ionization history) this effect is relevant in
practice – for example the commonly used tanh step function is an inadequate fit to the real
ionization history and can deliver inaccurate results for realistic reionization scenarios.
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Ideally we want to marginalize over all possible reionization histories i.e. derive constraints
while averaging over all shapes, weighted by their likelihood. This is exactly what we propose
to do with the ”model-independent” FlexKnot method 4 – we parameterize xi(z) as an interpo-
lation function between a (varying) number of interpolation knots, as shown in Figure 1 (left).
This allows the algorithm to capture reionization histories of arbitrary complexity. We then
marginalize over the number of knots by averaging all cases weighted by their Bayesian evidence
as shown in Figure 1 (right). The evidence tends to fall when the number of knots exceeds the
complexity warranted by the data, naturally creating an Occam’s razor effect.
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Figure 1 – Left: Illustration of the FlexKnot parameterization. Right: Evidence as function of knot number.

3 Results

Having sampled all parameters and reionization histories we can derive the Bayesian posterior
distribution for xi(z) as shown in Figure 2 (left). The countours show the 68% and 95% confi-
dence interval of xi for every redshift z. The posterior provides tight constraints on xi(z) and
agree well with the input fiducial history which was used to generate the data.

In addition we can constrain any derived quantity such as the midpoint of reionization
(central blue lines) or the optical depth τ (Figure 2, right) by computing the quantity for every
sampled history and then marginalizing over parameters. The expected midpoint constraints are
competitive with current quasar constraints, and the optical depth measurement can improve
current limits from the CMB. More details on both the method and results can be found in our
paper 3.
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Measurement of telescope transmission using a Collimated Beam Projector
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The number of type Ia supernova observations will see a significant growth within the next
decade, especially thanks to the Legacy Survey of Space and Time undertaken by the Vera
Rubin Observatory in Chile. With this rise, the statistical uncertainties will decrease and
the flux calibration will become the main uncertainty for the characterization of dark energy
The uncertainty over the telescope transmission is a major systematic when measuring SNe Ia
colors. Here we introduce the Collimated Beam Projector (CBP), a device that can measure
the transmission of a telescope and its filters. Composed of a tunable monochromatic light
source and optics to provide a parallel output beam this device is able to measure with high
precision the filter transmissions. In the following, we will show how measuring precisely a
telescope transmission can also improve the precision of the dark energy parameters. As an
example, we will present the first results of the CBP in the context of the StarDice experiment.

1 Collimated Beam Projector

Type Ia supernovae (SNe Ia) are standard candles, a class of objects with predictable luminosity.
By measuring the luminosity distance of SNe Ia at different redshifts, we can infer dark energy
properties1. We obtain this distance by measuring the maximum amplitude of the SN Ia light
curve, which is observed within different restfram telescope filters depending on its redshift. The
knowledge of the relative transmission of the filters is thus necessary to account for the redshift
effect on SNe Ia colors and therefore constrain the dark energy parameters.

The Collimated Beam Projector (CBP) is a device that measures the transmission of a telescope
and its filters. It is composed of a tunable monochromatic laser (Ekspla NT252), that emits
light within a range of [350 - 1100] nm, with a resolution of 1 nm and an accuracy of 1 �A. The
light is injected with an optical fiber into an integrating sphere, whose output is a pinhole of
variable size, producing a monochromatic, homogeneous and pointlike lightsource. The pinhole
is set at the focal point of a 152mm Ritchey-Chrétiena mounted backwards, thus providing a
parallel beam. A photodiode and a spectrograph monitor the surface brightness and wavelength
of the light inside the sphere. The response of the CBP optical device RCBP(λ) is measured by
shooting directly into a flux calibrated solar cell 2, as the ratio of the charges detected in the
solar cell over the charges detected the monitoring photodiode (fig.2).

aRitchey-Chrétien Omegon Pro RC 154/1370
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Figure 1 – Left : picture of the StarDice Telescope at LPNHE (Paris). Right : picture of the CBP device, pointing
toward the StarDice telescope.

2 Telescope calibration

The goal is to measure the StarDice3 telescope throughput Rtelescope(λ), which is a product of
the telescope mirror reflectivities, the filter optical transmissions and the quantum efficiency
of the CCD camera. To calibrate a telescope with the CBP, we shoot the parallel light beam
into this instrument, and we measure the detected flux φobs on the CCD camera doing aperture
photometry and dark subtraction. On the other hand we can monitor the emitted flux φsource
thanks to the CBP photodiode. The relation between these two values is:

φobs = φsource ×RCBP(λ) ×Rtelescope(λ) (1)

This measurement have been made at LPNHE, our best result so far is shown in figure 2.
Systematic uncertainties are under investigation, but the precision should be around a few per
mil.

Figure 2 – Left: measurement of the response of the CBP optical device in a range of [350-1100] nm. Right:
preliminary measurement of filter transmissions of the StarDice telescope obtained with the CBP.

The LSST telescope will increase significantly the number of SNe Ia observed. François Hazenberg3

has shown in his thesis that this new dataset can improve the dark energy parameter constraint
by a factor of 10, only if we know the filter transmissions of the LSST telescope with a precision
greater than 0.1%. Thanks to the CBP, we demonstrated that we can reach such a precision on
the StarDice filters, and our goal is to do likewise with LSST.
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AutoMetaCal: self-calibration of shear biases with automatic differentiation

A. Z. Vitorelli1, B. Remy1, A. Guinot2, F. Lanusse1, T. C. Martins3
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We present a new implementation of metacalibration, the direct self-calibration of shear mea-
surements, using automatic differentiation. We use TensorFlow to create this implementation
and carry preliminary validation tests, that provides us with a working proof-of-concept. The
source code is publicly available at https://github.com/CosmoStat/autometacal.

1 Shear Measurement Biases

Cosmic shear requires measurements that are as precise and unbiased as possible. A lot of effort
has been taken by the community to study these biases. While many surveys use simulations
to calibrate their measurements, Metacalibration 1,2 offers a data-driven framework to infer
biases without simulations. This work aims to enhance Metacalibration by incorporating
automatic differentiation and GPU computing.

2 Metacalibration

Shear measurements biases can be quantified linearly as 〈eobs〉 = (1 + m)〈g〉 + c , where c is
additive bias (normally due PSF errors), and m is multiplicative bias, due to properties of the
selection of galaxies, nonlinearity in measurements, and other effects.

In Metacalibration we the derivatives of measured ellipticities e with respect to an applied
shear g as:

R =
d

dg
e(I ′|g)

∣∣∣∣
g=0

, (1)

The image I ′(γ) is generated by deconvolving the observed image by the observed PSF,
applying shear γ and re-convolving with a synthetic PSF. This process degrades the image as
explained in 1. From eq. 1 we can calculate a first order correction to a shear estimator as
〈g〉 ≈ 〈R−1〉〈eobs〉.

Normally, R is calculated by finite differences (FD), generating several I ′ with small shears
on each component and calculating the difference in e that results. eobs is measured on an image
that has been processed in the same manner, but without shear.
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3 Automatic differentiation

We use automatic differentiation (AD) to calculate R. AD works by creating a graph describing
the end to end computation. The derivative is calculated by applying the chain rule of backwards.

Using AD, we aim to get more precise values for R and remove additional ellipticity mea-
surements for each I ′ in FD, reducing computation time. And as no actual shear is applied to
the image, some of the degradation previously mentioned may be mitigated.

4 Results

Our tests consisted in comparing with the ngmix and comparing results between AD & FD. To
perform these tests, we have generated simulated galaxies with GalSim, using simple exponen-
tial profiles with a constant PSF.

Table 1: Residual multiplicative and additive bias for a set of 1000 very high snr simulated galaxy stamps.

ngmix results: R11 = 0.351126

m: 1.40164× 10−4 ±3.17124× 10−4 (99.7% conf)
c: 7.39344× 10−7 ±3.03715× 10−6 (99.7% conf)

AutoMetaCal results: R11 = 0.351128

m: 1.72179× 10−4 ±3.29558× 10−4 (99.7% conf)
c: 4.41854× 10−7 ±3.11028× 10−6 (99.7% conf)

5 4 3 2 1 0
step sizes (log)

60
80

100
120
160
180
200

sn
r

R  Automat  v  Fini  Differentiatio  b  differe  ste  sizes.

4

2

0

(R
au

  
R f

in
ite

)/R
au

 (l
og

)

Figure 1 – Median relative differences between AD and FD computed R11 per galaxy across 1000 simulated galaxy
images, using different signal to noise ratios (snr). The white dashed vertical line marks the common step size of
0.01 used in ngmix.

Testing AutoMetaCal against ngmix we were able to validate numerically the metacali-
bration procedure, as shown in Table 1. On figure 1 use R11 to showcase the difference between
AD and FD respective to step sizes. Both methods get closer results with decreasing step sizes
upt to when numerical problems arise. We can also see that for higher S/N, we have generally
smaller differences even for larger step sizes.
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On bulk flow measurements with type Ia supernovae
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The ΛCDM model has been validated by a wide range of cosmological observations but they
all rely on one fundamental assumption : the Cosmological Principle. Measurements of bulk
flow effects are thus a key test of the cosmological model. Type Ia Supernovae (SNeIa), as
standard candles, are ideal probes of the matter distribution in the local Universe. The new
low redshift (z < 0.1) dataset from the Zwicky Transient Facility (ZTF) constitutes a unique
sample to investigate anisotropies in the Nearby Universe. Using realistic simulations, we
show that ZTF will produce unbiased distance estimates of 1000 SNeIa up to 200 Mpc and
with correctable biases for 3000 SNeIa to 400 Mpc. ZTF will constrain the bulk motion with
precision of < 200 km s−1 below z < 0.08, better than any previous constraints from SNeIa
data.

1 Bulk flows in Cosmology

Bulk flows are average motion of matter in a region of space, relative to the Cosmic Microwave
Background (CMB) frame. They are induced by peculiar velocities of galaxies and their motions
can be predicted by the theory of structure formation. The amplitude of these motions are
related to the growth of structure in the Universe. Bulk flow measurements are thus a key test
of the ΛCDM model. With SNeIa as distances indicators, we can probe the matter distribution
in the local Universe. The use of the redshift-distance relation of SNeIa to detect bulk flows has
been limited by the number of SNeIa and their distribution in the sky. So far, bulk flows detection
with SNeIa have led to multiple discrepant results1. A large, homogeneous and unbiased sample
would highly contribute to resolve this tension.

2 The Zwicky Transient Facility data and simulations

With distance measurements to over 5000 SNeIa to redshift of 0.12 all across the northern sky
(see Fig 2), ZTF provide a key datatset to measure anisotropies in the local universe. Yet
to precisely measure cosmology, we need to understand what are the systematic errors and
how they impact our measurements. To investigate how the observing pattern of ZTF will
impact any measurement of bulk flows, we use simsurvey2, that includes both the true observing
strategy of ZTF and the best understanding of SNeIa to make realistic simulations. To validate
the accuracy of simsurvey in reproducing the ZTF dataset, we simulated real ZTF discoveries
from the ZTF Data Release 2 (DR2) using their observed properties as a ground truth. Using
the SALT2 template3, we simulate each event 10 times and compared the measured values to
our predictions. Fig 1 shows an excellent agreement between our predictions and the observed
values in both ZTF bands. When averaged over 100 events, we see no evidence of a bias in
either transient brightness or signal-to-noise ratio across a wide range of flux. As a result, we
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have shown that our simulations can accurately reproduce SNeIa light-curves data.

Figure 1 – DR2 and simulations of ZTF18ablqlzp SNIa at z = 0.0413, in r band (left) and g band (right). The
simulations match the data after including the full selection function of the survey.

3 Results and conclusion

ZTF is a limited magnitude survey, at a fixed redshift, intrinsically faint objects will be pref-
erentially lost. To understand this effect is key to ensure our distances are unbiased. Having
shown that we can simulate individual ZTF SNeIa, we now study how the selection effects likely
bias our final sample and distances. To do this, we simulate the entire ZTF survey including
the photometric and spectroscopic selection efficiency as determined by the Bright Transient
Survey4. Our results are shown in Fig 3. There is an excellent agreement between our simulated
sample and that of the upcoming ZTF-DR2 cosmological sample. ZTF will produce a complete
map of the Universe until z = 0.05, and be unbiased until z = 0.08. The final key step in our
analysis is to study how these biases will affect bulk flow measurements. For that, we will inject
realistic bulk flow velocity fields into our simulations and study how well they are recovered
when the fulll ZTF observing pipeline is considered.

Figure 2 – Distribution of ZTF DR2 data in equatorial
coordinates.

Figure 3 – Redshift distribution of ZTF DR2
and simulations with spectroscopic complete-
ness.
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In this work, we propose a methodology to investigate the relative constraining power of var-
ious higher−order (i.e. non−Gaussian) statistics in the analysis of weak gravitational lensing
maps in an LSST setting. To achieve this goal, we implement fast lensing N−body simulations
based on the TensorFlow framework for automatic differentiation. These simulations being
based on differentiable physics, we can access derivatives of the resulting lensing summary
statistics with respect to cosmological parameters, or any systematics included in the simu-
lations, thus alleviating the need for finite differences in Fisher forecasts and enabling joint
forecast over a large set of parameters. We show the potential of this methodology by applying
it to two summary statistics: the Starlet peak counts and the Starlet l1norm, finding that the
starlet l1norm outperforms the peak counts in terms of constraining power.

1 Introduction

The next generation of weak lensing surveys will provide large volumes of high quality data with
unprecedented statistical power and great potential for new discoveries. It is known that existing
analysis methods based on the two-point summary statistics do not capture the non-Gaussian
information in the non-linear features of weak lensing data. Several alternative inference tech-
niques have been proposed, but most of them require the computation of the gradient of the
likelihood. Furthermore, it has been shown that even simulation-Based inference techniques can
greatly benefit from differentiable simulation.1 The goal of this work is to develop tools for build-
ing automatically differentiable lensing simulations, and, as a first application, we use this new
methodology to investigate the constraining power of various map-based higher order statistics.

2 Methods

We build a set of N-body simulation based on the FlowPM code 2, a fast particle-mesh solver
developed in Tensorflow. This kind of fast and low computational simulations, lack resolution
on small scale and can’t give accurate halo matter profiles or matter power spectrum. To recover
this missing accuracy, we employ the PGD scheme3, aimed to mimic the halo virialization lost in
the low resolution simulations. By implementing ray-tracing in this framework, we are able to
simulate lensing lightcones, and compute Higher Order lensing statistics on the resulting maps.
We focus on two summary statistics: the peak counts and the l1norm.

3 First application: Fisher forecasts

We apply our framework to reproduce the analysis choices of the LSST Y1 data. We simulate
weak lensing convergence maps for a single source redshift z=1 and angular extend of 5◦, based

343



on a 3D simulation with 1283 particles in a box of side length 205 h−1Mpc. The simulations are
run with 4 time steps up to the redshift z = 0.972, and 11 time steps equally spaced in comoving
distance of 205 h−1Mpc up to the final redshift z = 0.0. We filter the simulated convergence
maps with the Starlet transform, also called Isotropic Undecimated Wavelet Transform, which
decomposes an image into a set of wavelet coefficients of different scales and a coarse resolution
image. To construct a Fisher matrix, we assume a parameter-independent covariance matrix
Cij computed using 2000 independent simulations at the fiducial cosmology, and we compute by
automatic differentiation the Jacobian of our output statistics with respect to input parameters.
We use this Fisher matrix to estimate the information content extracted with the peak counts
and l1norm of the same Starlet transform scale at 4.7 arcmin. We show the increased infor-
mation content of the l1norm statistic, that leads to tighter constraints for all the parameters,
outperforming the peak counts.

l1norm
Peak counts

Figure 1 – Fisher constraints from peak counts and l1-norm, computed on a noisy Starlet filtered maps
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A systematic detection of Cosmic Filaments can help studying the characteristics and evolution
of the Cosmic Web. To this end, we produce a Cosmic Filament catalogue using the latest
SDSS data, including QSO data up to z = 2.2. This catalogue, produced with an improvement
upon the well–tested SCMS algorithm, has been explored and validated with different metrics.
Here, we summarize the main aspects. The method and the catalogue are fully explained in
Carrón Duque et al 1 and the catalogue is publicly available at javiercarron.com/catalogue.

1 Introduction

The distribution of matter in the Universe forms a structure called Cosmic Web. Galaxy Clusters
are typically located on its nodes, while Cosmic Filaments are the 1–dimensional overdensities
connecting the nodes; the rest of the space is mostly empty and receives the name of Cosmic
Voids. The detection of Cosmic Filaments has attracted the attention of the community and
several different methods to do it are present in the literature, with complementary strengths
and weaknesses. However, these methods are rarely systematically applied to data to produce
complete filament catalogues. By producing such a catalogue, we hope to ease their study.

2 Method and data

We improve upon a filament–finding algorithm called Subspace Constrained Mean Shift (SCMS),
first applied in Cosmology by Chen et al 2,3. This algorithm finds the 1–dimensional maxima
of the density field, i.e., the Cosmic Filaments. This density field is estimated by smoothing a
galaxy distribution with a Gaussian kernel; the choice of the kernel size significantly affects the
results. The improvements we develop are mostly in two aspects:

• We use Machine Learning to reduce the importance of the kernel size. We estimate the
density field at different sizes and combine all the relevant information through a Gradient
Boosting algorithm. In this way, we have a single combined predictor of “filament–ness”
for each point. This approach has the additional advantage of regularizing the results,
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which allows this method to operate at higher redshift, where there are lower number of
observed galaxies.

• We perform all the mathematical operations considering the spherical geometry of the sky,
without a flat–sky approximation. This includes the computation of the gradient and the
hessian. By doing this, we avoid possible artefacts, especially at higher latitude.

In order to estimate the density field, we use the Sloan Digital Sky Survey (SDSS) data 4,
which currently provides the most large and complete spectroscopic galaxy catalogue. In par-
ticular, we use two of its surveys: BOSS and eBOSS.

3 The Catalogue

The Cosmic Filament catalogue is public and can be found at javiercarron.com/catalogue. The
catalogue is divided on three blocks, depending on the data used. Block 1 uses BOSS (mainly
LOWZ) data, with redshift between 0.05 and 0.45; only points within the LOWZ footprint are
used, in both Galactic Hemispheres. Block 2 uses BOSS CMASS data, with redshift between
0.45 and 0.7, in both Galactic Hemispheres. Block 3 uses BOSS and eBOSS data (LRG and
QSO), with redshift between 0.6 and 2.2; only points within the smaller eBOSS footprint are
used, which lays in the North Galactic Hemisphere.

We remark that our method, boosted with Machine Learning, allows us to extract informa-
tion of the Cosmic Web present in the QSO survey, more sparsly populated than other surveys.

We verify that the Cosmic Filaments in the catalogue are correlated with other observables,
including independently detected Galaxy Clusters. We observe that Clusters are mostly located
along the filaments, and especially at their intersections, as it is physically expected. We verified
that galaxy number density is highly correlated to the Cosmic Web, as expected by construction.

4 Conclusion and future work

We hope that the elaboration of public catalogues of Cosmic Filaments, such as the one presented
here, can help studying the characteristics of the Cosmic Web and its evolution. In particular, we
are working on the extension and validation of their correlation with the Gravitational Lensing
of the CMB and the Sunyaev–Zeldovich effect, which would allow the study of the structure
of Cosmic Filaments. We also plan to use this methodology on N–body simulations to assess
the viability of Cosmic Filaments as a cosmological probe; eventually, they could help studying
the apparent tension between CMB Lensing observed in Cosmic Voids between simulations and
data, as discussed in this conference by Vielzeuf 5 and by Demirbozan 5. Finally, we believe
that methods to reconstruct the Cosmic Web will be extremely valuable for upcoming galaxy
surveys, like those expected from Euclid and LSST.
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Simulation-Based Inference (SBI), also known as Likelihood-free inference, is a promising
framework that alleviates the need for analytic likelihoods to constrain cosmological parame-
ters. Recent advances in SBI algorithms using neural density estimators have demonstrated
an ability to achieve high-fidelity posteriors. These methods require a large number of sim-
ulations, and their applications can potentially be extremely time-consuming if cosmological
simulations are involved. We present a dedicated approach to density estimation that allows
us to incorporate the gradients of a simulator and reduces the number of simulations needed
to achieve a given posterior estimation quality.

1 Simulation-Based Inference

SBI provides a framework to perform Bayesian inference without using an analytic likelihood.
Given an observation x0, a prior p(θ) for the model parameters θ, a simulator x ∼ p(x|θ)
to sample from the intractable likelihood and a density estimator qφ, we estimate p(θ|x0) ∝
p(x0|θ) p(θ) by evaluating qφ(θ|x = x0). The SBI algorithm presented here works as follows:

p (θ | x0) ≈ qϕ(θ | x = x0)
θi ∼ p (θ )

Draw N parameters 
xi ∼ p (x |θi )i=1...N

Draw simulations qϕ(θ | x )
( xi , θi )i=1... N

Train
on

2 Extract additional information

Training a density estimator qφ requires a large number of simulations and simulators are gener-
ally computationally expensive. This makes SBI difficult to use in domains such as cosmology.
However, when the simulators are differentiable, one can extract for each simulation the gradi-
ent of joint log probability of the simulator with respect to input parameters. This gradient,
also know as the joint score, provides significantly more information than the samples from the
simulator, and can be used to help constrain the posterior density estimates obtained by SBI.
In the following, we will note the joint score as: ∇θ log p(θ|x, z) = ∇θ log p(x|θ, z) +∇θ log p(θ) ,
where z are latent stochastic variables of the simulator.

3 Density estimators

To use both simulations and the joint posterior score, we define a specific density estimator
qφ(θ|x). We focus on Normalizing Flows (NFs) (Rezende et al., 2015), a class of density estima-
tors parametrised by neural networks that provide tractable density estimation. The key idea
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of NFs is to transform a simple density distribution (e.g. a multivariate Normal distribution)
through a series of bijective functions to reconstruct a complex target distribution.

To be trained using both simulations and gradients, a NF requires expressive derivatives.
However, current C∞ (infinitely differentiable) NFs such as those based on affine transformations
lack expressivity to match the target distribution when taking their gradients with respect to
θ. To overcome this issue, Köhler et al. (2021) propose a transformation based on a C∞

diffeomorphism on [0, 1] {
x1:d = z1:d
xd+1:D = σ(a,b,c)(zd+1:D)

with σ(x) := c · x + 1−c
1+exp(−ρ(x)) , ρ(x) := a ·

(
log

(
x

1−x

)
+ b

)
and a, b, c learned using a neural

network.

4 Results

We consider a toy cosmological SBI framework in which we are interested in approximating
the posterior p(Ωc, σ8|x) from weak lensing shear maps. We start with a prior over the two
cosmological parameters Ωc and σ8 and we consider a simple random Gaussian field simulator of
a 10 by 10 degree weak lensing field at typical LSST (https://www.lsst.org) galaxy number
density. The SBI algorithm works as follows

x Compressor Normalizing 
Flow

Ωc

σ8
x1
x2

p (Ωc, σ8 | x )

Simulator

Figure 1 – Diagram of the SBI toy cosmological experiment. From a set of parameters (Ωc, σ8)i we draw
a shear map xi . We use a convolutional neural network to compress this shear map into a set of summary
statistics (x1, x2) . We train the NF on ((Ωc, σ8)i, (x1, x2)i)i=1...N using the two different losses: simulations only
and simulations + gradients. The NF returns an approximate posterior p(Ωc, σ8|x0) ≈ qφ(Ωc, σ8|x = x0).

We demonstrate that using both simulations and gradients allow us to achieve a given
posterior estimation quality with less simulations than traditional SBI methods.
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Figure 2 – Posterior approximation performance as a function of the number of simulations, with
(blue) and without (orange) the gradient loss.
Top figure – illustration of the approximated posterior distribution p(Ωc, σ8|x0) for 50, 150 and 200 simulations,
when only simulations are used (first row) and when simulations and gradients are used (second row).
Bottom figure – evolution of the quality of the posterior approximation, measured by the negative log probability
−E [log qφ(θ0|x0)] with θ0 the “true” parameters that generated x0. We show that the NF trained with the
combination of simulations and gradients can approximate the posterior with less simulations.
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Cosmology with the growth rate of structures using type Ia supernovae
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The growth rate of structures depends on gravity and dark energy. Until now, its measurement
was made using galaxy surveys, but in the scope of new surveys like LSST and ZTF, type Ia
supernovae could become new probes for it. Here we present our simulation work to prepare
for this analysis.

1 The growth rate

The evolution of structures formed by matter is dictated by two main ingredients: the grav-
itational pull, responsible for making density perturbations growth, and the expansion of the
Universe, which damps their growth. Velocity fields are linked to the growth rate which char-
acterize the time rate of structures evolution and thus are great probes for gravity and dark
energy.

2 Type Ia Supernovae as new growth rate probes

Until now, the growth rate of structures has been measured using galaxy surveys: either in-
directly with the redshift space distortion (RSD) effect or directly from the peculiar velocities
derived from Tully-Fisher or Fundamental plane distance estimates. The first method is limited
by cosmic variance at low redshift and the second one use distance estimator ∼ 5 times less
precise than SN Ia 3.

SN Ia are standard candles. This allows the precise measurement of their distance. Combined
with redshifts from spectroscopic galaxy surveys, they are competitive for a direct measurement
of the growth rate. The next generation of survey like the Zwicky Transient Facility (ZTF),
which is the first to survey the entire Northen sky to a redshift z ∼ 0.1 with a high cadence
or the Legacy Survey of Space and Time (LSST), that will scan the Southern sky up to a
redshift z ∼ 0.8, will provide several orders of magnitude more SN Ia than the present sample.

3 Host galaxy peculiar velocities measured from SNIa

We measure the peculiar velocities by using their contribution to the Hubble diagram residuals.
As shown on figure 1 peculiar velocities (∼ 300 km.s−1) have two effects on the SN Ia Hubble
diagram : a change in redshift (∆z ∼ 0.001) due to Doppler effect and a modification of the
apparent distance modulus (∆µ ∼ 0.004 mag) due to relativistic beaming.
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Figure 1 – Effect of peculiar velocities on the type Ia supernovae Hubble diagram

4 Analysis pipeline

The analysis of the growth rate can be affected by several biases, like the selection bias due to
magnitude limited detection of SN Ia.

In order to study such biases and test the analysis, one key tool is using simulations of
the SN survey. In this framework we have developed the SNsima code to simulate supernovae
with peculiar velocities. The analysis steps are the following: 1) take observation properties
from the survey, and a velocity field from a N-body as input for the simulation, 2) generate
SN Ia lightcurves using a SNIa model such as SALT2 1, 3) add realistic selection functions of
the survey, 4) fit the lightcurves and build a Hubble diagram, 5) use residuals to estimate the
peculiar velocities4, and 6) do summary statistics with the peculiar velocities in order to measure
the growth rate of structures 5.

5 Conclusion

This pipeline is a useful tool to study biases due to selection effect and will be used to measure
the growth rate of structure with ZTF and LSST data.
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How in situ atmospheric transmission can affect cosmological constraints from
type Ia supernovae ?
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The measurement of type Ia supernova colours in photometric surveys is the key to access
to cosmological distances. But for future large surveys like the Large Survey of Space and
Time undertaken by the Vera Rubin Observatory in Chile, the large statistical power of the
promised catalogues will make the photometric calibration uncertainties dominant in the error
budget and will limit our ability to use it for precision cosmology. The knowledge of the on-
site atmospheric transmission on average for the full survey, or for season or each exposure
can help reaching the sub-percent precision for magnitudes. We will show that measuring the
local atmospheric transmission allows to correct the raw magnitudes to reduce the photometric
systematic uncertainties. Then we will present how this strategy is implemented at the Rubin
Observatory via the Auxiliary Telescope and its slitless spectrograph.

Cosmology measures and interprets the evolution of the whole universe. To probe its dynamic
and understand the nature of dark energy, observers needs to compute distances at different
epochs, from the light they received in telescopes. The evolution of cosmological distances with
time tells how dark energy, dark matter and matter interacts and how they can be modelled.

Optical surveys use magnitude and colour comparisons to build a relative distance scale.
For instance, type Ia supernovae (SNe Ia) revealed the presence of a dark energy component
because they appeared fainter in the early universe than it was thought. More precisely, because
SNIa colours redshift with universe expansion, high redshift supernovae were fainter in red
bands than what can be inferred from low redshift supernovae observed in blue bands. This
case underlines that colours need to be accurately calibrated in an optical survey to display
the universe dynamics. Every chromatic effect that alter the astral light distort our dynamic
perception of the universe expansion, like the galactic dust, the instrumental response or the
local atmospheric conditions.

Let’s take the example of the future Large Survey of Space and Time undertaken by the
Vera Rubin Observatory in Chile (Cerro Pachon). This is a 10 year optical survey using 6
broad bandpass filters ugrizy, that will experience many different atmospheric conditions. The
measured flux Φmes

b in a band b and the corresponding magnitude bmes are:

Φmes
b =

∫ ∞
0

S∗(λ)Rb(λ)Tatm(λ|Z, texp, θa)λdλ/hc, bmes = −2.5 log10 [Φmes
b ] + ZP (1)

with ZP is the reference zero point for the exposure, S∗(λ) the source observer-frame SED,
Rb(λ) the LSST full instrumental response in band b and Tatm(λ|Z, texp, θa) the local atmo-
spheric transmission at airmass Z, date texp depending on some parameters θa computed with
Libradtran 1. In this paper we only consider the Precipitable Water Vapor (PWV, in mm).
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Figure 1 – Left: LSST instrumental response per filter, typical SNIa SED S∗(λ) at maximum, mean Tatm(λ) for
LSST site. Right: bias and dispersion of colours due to airmass (point sizes) and PWV absorption (point colours)
compared with out of atmosphere magnitude.

The impact of atmosphere on magnitude colours can be estimated by comparing magnitudes
measured below atmosphere with magnitudes measured by the same instrument but out of
atmosphere (Tatm(λ) = 1). Seasonal effects can affect i − z colour up to 40 mmag, if the
observatory site alternates with dry and wet seasons (Figure 1). The PWV amplitude explored
in Figure 1 is typical of the Rubin Observatory site according to the MERRA-2 database 2.

3000 4000 5000 6000 7000 8000 9000 10000 11000 12000
 [Angstrom]

0.0

0.2

0.4

0.6

0.8

1.0

Re
ds

hi
fte

 U
BV

 fi
lt

 tr
an

sm
iss

io
n

 (z
=

0.
7)

m
ul

tip
lie

d 
by

 m
ea

n 
at

m
os

ph
er

ic 
tra

ns
m

iss
io

n Johnson-U
Johnson-B
Johnson-V
Johnson-R

0.0 0.2 0.4 0.6 0.8 1.0
Redsh  z

0.02

0.01

0.00

0.01

0.02

(z
)=

(z
)se

as
on

al
(z

)an
nu

al
av

er
a

 [m
ag

]

(z
)

B
3(

B
V)

+
cs

te

H2   72  n  ente  V
H2   72  n  ente  B
H2   95  n  ente  V

H2   95  nm
 ente  B

H2   115  nm
 ente  V

Standard cosmology
w0 = 1.00 ± 0.0  wa = 0
w0 = 1.00 ± 0.0  wa = 0
w0 =  wa = 0.0 ± 0.1 2

4

6

8

10

12

14

PW
V 

[m
m

]

Figure 2 – Left: effective redshifted UBVR filter throughput with a mean atmospheric transmission (z = 0.7).
Right: impact of PWV on SNIa distance moduli with respect to a mean distance moduli obtained with an effective
annual average atmosphere, and comparison to cosmological signatures.

We simulated effective redshifted UBVR filter throughputs using different atmospheric con-
ditions (Figure 2 left). Then we computed SNIa distance moduli µ(z) = B − 3(B − V ) shifts
around airmass 1.2 for different PWV values with the effective redshifted filters. Variations
around the mean Hubble diagram up to 10 mmag are seen around redshift z ≈ 0.7 depending
on season humidity, whereas a 1% shift of w0 from −1 leads to a 3 mmag offset at same redshift
(Figure 2 right). This comparison helps setting requirements on the photometric calibration: to
reach per-mille accuracy on the measurement of the dark energy equation of state parameter w0

with SNe Ia, on-site PWV must be measured seasonally at a millimetre precision approximately.
The on-site PWV estimate can be performed using an auxiliary telescope equipped for spec-

trophotometry, like at the Rubin Observatory.Using a full forward modelling approach, the
Spectractor software 3 can extract the atmospheric transmission from slitless spectrophotome-
ter exposures with accuracy, according to tests on simulations and real data.
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StarDICE : instrumental flux calibration with an artificial star for type Ia
supernovae cosmology with the Legacy Survey of Space and Time
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Measurements of luminosity distances using type 1a supernovae (SNe Ia) are essential to
constrain the equation of state parameter ω 1,2,3. Current measurements of SNe Ia are limited
by the statistics and the underlying systematic errors 4. The large number of detected SNe
Ia with the upcoming Vera Rubin Observatory (VRO) will address the first issue 5. In the
Photometric Calibration Working Group of the Dark Energy Science Collaboration (DESC)
of the Legacy Survey of Space and Time (LSST), we propose the StarDICE experiment which
will put effort toward the reduction of systematic errors. StarDICE, is a metrology experiment
installed at Observatoire de Haute-Provence (OHP) whose goal is to achieve millimagnitude
calibration required to extract most of the statistical power of LSST. This implies knowing
relative flux changes at < 0.1% on CALSPEC stars 6.

1 SNe Ia cosmology with Vera Rubin Observatory

The VRO, is an upcoming new generation multi-purpose telescope which will be part of Stage
IV surveys. It consists of a 10-year complete southern-hemisphere photometric astronomical
survey, known as LSST.

One of the main objective of LSST is the study of the dark sector of the Universe through the
Rubin Observatory LSST Dark Energy Science Collaboration. The cadence of observations will
allow transient detections such as type 1a supernovae, known to be excellent standard candles.
If their intrinsic spectrum is known, their colors have the potential to accurately determine the
distance of the source.

The LSST data will contain ≈ 50, 000 SNe Ia per year with high precision photometry for
accurate light curve fitting at a mean redshift of z ≈ 0.5 5. However, current measurements are
limited by systematic effects including instrumental calibration. Millimagnitude calibration is
necessary in order to benefit from the LSST statistical power and constrain ω0 to ±0.05, and
ωa to ±0.10 within the redshift-dependent equation of state ω(z) = ω0 + ωa( z

1+z ) (see Fig. 1).
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Figure 1 – Left : Dark energy forecasts for the precisions ∆ω0 and ∆ωa which must be obtained with different
probes combinations7. Right : Figure of Merit (FoM) for 10-year period of LSST SN survey, defined as the inverse
of the area of the ellipse of the contour at 1σ of the uncertainties in the plane (ω0, ωa). Different calibration
stages for LSST are represented. At 1% calibration the SNe Ia survey does not bring much to cosmology. 1 mmag
precision is required to extract most of the statistical power of LSST 8.

2 The StarDICE experiment

The proposed strategy is the use of a stable calibrated light-source called the artificial star, as
a flux standard to calibrate the flux response of a small aperture telescope. By knowing the
calibrated flux of the NIST artificial star FLED

T , we can correct the response of the instrumental
chain:

FLED
M (t, λ)

FSTAR
M (t, λ)

=
R(h, t, λ)

R(H, t, λ)
· F

LED
T (λ)

FSTAR
T (λ)

(1)

where R is the instrumental response with h the altitude of observation of the LED, H the
altitude of observation of the star. FT and FM represent the theoretical and measured flux
respectively. With enough observation data, we can fit FSTAR

T using a template to get the
absolute flux of the CALSPEC star.

3 First results and prospects

Figure 2 – Precision on CALSPEC star flux in BVRI bands for a 10
pixels aperture on multiple exposures.

The first version of the experiment
designed to validate the concept
has been installed and successfully
tested at OHP by obtaining an av-
erage statistical flux uncertainty of
0.7% in each spectral band over 20
minutes of data acquisition 8 (see
Fig. 2).

The target of 0.1% precision is
within reach if we can accumulate
between 50-100 visits of each star.

Following the proof of concept
phase, design improvements have
been made on every stage of the
metrology chain (see Fig. 3).
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Figure 3 – Final metrology chain after design improvements. The NIST provides the artificial star. The StarDICE
collaboration builds the dedicated bench transfer system to reach 1019 W/cm2/nm flux sensitivity.

StarDICE commissioning and first light after upgrade at OHP is expected to occur during
the first semester of 2022.
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New constraint on early dark energy from Planck and BOSS data using the profile
likelihood 1

Laura Herold, E. G. M. Ferreira, E. Komatsu
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A dark energy-like component in the early universe, known as early dark energy (EDE), is
a proposed solution to the Hubble tension. Currently, there is no consensus in the literature
as to whether EDE can simultaneously solve the Hubble tension and provide an adequate
fit to the data from the cosmic microwave background (CMB) and large-scale structure of
the universe. In this work, we use the profile likelihood to understand the origin of different
conclusions in the literature and to investigate whether the current constraints suffer from
volume effects upon marginalization. We construct a confidence interval that is not subject
to volume effects and find fEDE = 0.072± 0.036 (68% C.L.).

1 Early Dark Energy meets Large Scale Structure

Early Dark Energy (EDE) is a proposed solution to the Hubble tension. EDE was shown to
relieve the tension between the values of the Hubble constant H0 inferred from the CMB data
and baryon acoustic oscillation (BAO) and redshift-space distortion data from galaxy surveys,
the Pantheon supernova sample, and the direct measurement by the SH0ES collaboration.2,3

With this data set, fEDE = 0.107+0.035
−0.030, where fEDE is the maximum fraction of EDE, which

gives H0 = 71.49 ± 1.20 km/s/Mpc. However, it was pointed out that introducing EDE leads
to an enhancement of the galaxy power spectrum at small scales4. Using the BOSS full-shape
galaxy power spectrum, which is sensitive to this small-scale enhancement, combined with Planck
CMB data, one finds that EDE is tightly constrained: fEDE < 0.072 at 95% C.L (with a
mean of only fEDE = 0.025+0.006

−0.025).
5,6 In this analysis all three EDE parameters are varied

(“3-parameter model”): the maximum fraction of EDE fEDE, the redshift at which the EDE
fraction is maximum zc, and the initial value of the EDE field θi. It was argued that the
reason for the small preferred value of fEDE found in this analysis is due to volume effects upon
marginalization.Volume effects can appear during the MCMC analysis due to the parameter
structure of the EDE model: For fEDE = 0, the EDE model is degenerate with ΛCDM for any
choice of θi and zc. Therefore, the parameter volume for fEDE = 0 is larger than for every
fEDE > 0. This can lead to a preference for fEDE = 0 in the marginalized posterior, affecting
the inferred amount of EDE allowed by the data. 7 To avoid volume effects, it was proposed to
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fix two EDE parameters {θi, zc} (“1-parameter model”) and find fEDE = 0.072 ± 0.034 for the
same data set. 3. However, fixing some parameters of the model, as for the 1-parameter model,
is an incomplete analysis; the results might depend on the particular choice of the parameters.
In this work, we want to construct a confidence interval that is not subject to volume effects or
a reduction of the EDE model by fixing two parameters.

2 Constraining Early Dark Energy using the profile likelihood

Comparison of the results obtained from Bayesian and frequentist analyses is useful for checking
if priors or marginalization affect the results. A profile likelihood is a standard tool in frequen-
tists’ statistics, which by construction is not subject to prior or volume effects. To construct a
profile likelihood, one fixes the parameter of interest, i.e. in our case fEDE, to different values
and maximizes the likelihood L with respect to all the other parameters of the model. Figure 1
(left) shows the profile likelihood for fEDE using the BOSS full-shape power spectrum and Planck
CMB data. Using the Feldman–Cousins prescription8 to determine the confidence interval, we
find fEDE = 0.072± 0.036 at 68% C.L. Our confidence interval differs from the full 3-parameter
MCMC analysis5 but is qualitatively similar to the result found within the 1-parameter model,3

see Figure 1 (right). The confidence interval obtained with the profile likelihood is free from vol-
ume effects and does not depend on a specific choice of the other two EDE parameters {θi, zc}.
We suggest that the profile likelihood is a powerful tool to understand whether EDE is a possible
solution to the Hubble tension.
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Figure 1 – Left: Profile likelihood of the fraction of EDE fEDE from the Planck CMB and the BOSS full-shape
galaxy clustering data. We show ∆χ2 = −2 ln(L/Lmax), where Lmax is the maximum likelihood, (green markers)
and a parabola fit (grey line). The confidence interval is constructed using the Feldman–Cousins prescription
(vertical dashed lines). It is indistinguishable from the interval constructed from the intersection of the parabola
with ∆χ2 = 1 (horizontal dotted line, Neyman construction). Right: Comparison to different constraints in the
literature.
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The Dark Energy Spectroscopic Instrument is observing a large catalog of high redshift
quasars, enabling a more precise measurement of the Baryon Acoustic Oscillation signal using
quasars and Lyman-α forests. In our study, we focus on the modeling of High Column Density
Systems, seen as strong absorption regions in the forests, which has a significant impact on
the fitting of the Lyman-α correlation function.

1 Introduction

The Dark Energy Spectroscopic Instrument (DESI a) is an on-going stage-IV experiment, de-
signed to obtain spectra of about a million Lyman-α quasars. This catalog is three times larger
than the sixteenth data release (DR161) of the fourth generation of the Sloan Digital Sky Survey
(SDSS-IV 10,3), which contains ∼ 200, 000 Ly-α quasars with z > 2.1 from the completed ex-
tended Baryonic Oscillation Spectroscopic Survey (eBOSS b 4). The Lyman-α forest is detected
as the series of absorption lines in the quasar spectra, caused by the Lyman-alpha transitions
of neutral hydrogen in the low-density, high-redshift intergalactic medium (IGM). It is a bi-
ased continuous tracer of the quasi-linear matter density field, and the auto (cross) correlation
function of the forests (with quasars) have been used to detect the Baryon Acoustic Oscillation
(BAO) signal 5. In this work we studied the theoretical modeling of the High Column Density
Systems (HCDs), one of the most important systematics in the Lyman-α analysis.

2 Modeling

The High Column Density Systems are categorized as HCDs or Damped Lyman-α Systems
(DLAs) by the high NHI column density of the neutral hydrogen gas concentration along the line
of sight: HCDs: log(NHI/cm−2) >= 17; DLAs: log(NHI/cm−2) >= 20. DLAs are detectable,
seen as strong absorption regions in the Lyman-α forests, using machine learning algorithms
8. We can therefore smooth the Lyman-α flux-fluctuation fields by masking out the detected
DLAs, shown in Figure 1. However, the undetectable HCDs still have significant impact on
the modeling of Lyman-α correlation function. The Fourier Transformation of the absorption
profiles of those HCDs will induce a cut-off for the Lyman-α power spectrum at high k||, and it
affects the bias and redshift distortion parameters of Lyman-α tracers. The effective k-dependent
bias is 7:

b′Lyα = bLyα + bHCDFHCD(k||), (1)

ahttps://www.desi.lbl.gov/
bhttps://www.sdss.org/surveys/eboss/
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Figure 1 – flux-fluctuation fields of a Lyman-α forest.
The blue curve shows the delta field without any HCDs,
and the orange curve with HCDs inserted. We smooth
the delta field by masking out the large DLAs, shown
as the green curve.

Figure 2 – BAO fitting for the Lyman-α auto-correlation
function with different HCDs models, along the direc-
tion of µ =

r||
r

.

The FHCD function can be modeled theoretically with the distribution of HCDs 9, assuming the
HCDs parameterized with a voigt profile 6:

FRogers
HCD (k||) =

∫ ˜(V − 1)(k||, n)f(n)dn, (2)

However, the true HCDs distribution is unknown in the cosmology surveys. The expected
distribution of HCDs gives an approximate form used in the eBOSS DR16 analysis 5:

F exp
HCD(k||) = exp (−LHCD ∗ k||), (3)

The LHCD is a free parameter characterizing the scale of HCDs effect, that is fixed to 10 in
the DR16 analysis, while the best fitting for the Lyman-α auto-correlation function suggests
LHCD = 3, as shown in Figure 2. The exp fitting function shows a good agreement with the
Rogers model. However, none of these models give a good fitting for the region 25 < r < 80,
where HCDs play the most important role. This motivates us to search for a more accurate
model, and understand better the physics of HCDs in the upcoming DESI analysis.
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2. Arinyo-i Prats, A., Miralda-Escudé, J., Viel, M., & Cen, R. 2015, Journal of Cosmology
and Astroparticle Physics, 2015, 017

3. Blanton, M. R., Bershady, M. A., Abolfathi, B., et al. 2017, The Astronomical Journal,
154, 28

4. Dawson, K. S., Kneib, J.-P., Percival, W. J., et al. 2016, The Astronomical Journal, 151,
44

5. du Mas des Bourboux, H., Rich, J., Font-Ribera, A., et al. 2020, The Astrophysical
Journal, 901, 153

6. Di Rocco, H. O., & Cruzado, A. 2012, Acta Physica Polonica A, 122
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Galaxy clusters have proven themselves to be valuable probes of cosmology and astrophysics.
However observing galaxy cluster merger events can give us additional insight on the properties
of gas inside the intra-cluster medium, dark matter physics or the theory of gravitation, it is
therefore of prime interest to devise a fast and reliable way of detecting which clusters have
undergone recent mergers. Here we present a novel approach using halo sparsity and define
thresholds sth200,500(z) above which dark matter haloes can be considered as having undergone a
recent major merger. We further expand this detection approach to estimate the approximate
time at which the last major merger occurred. This work opens the way to detecting and
timing major mergers in galaxy clusters solely through measurements of the their mass at
different radii.

1 Introduction

Defined simply as the ratio of two masses measured at two overdensity contrasts, halo sparsity,

s∆1,∆2 =
M∆1
M∆2

, gives access to the internal physics of dark matter haloes. Its strong correlation

with known measurements of the dynamical state of a dark matter halo and the time since its
last major merger, as seen in the MDPL2 gravity only simulation,1 make it an ideal observable for
galaxy clusters. The universal reaction to mergers seen in the NFW concentration in dynamically
normalised time,2,3

T (aLMM|a) =

∫ t(aLMM)

t(a)

dt′

τdyn(t′)
=

√
2

π

∫ aLMM

a

√
∆vir(a′)

a′
da′, (1)

where ∆vir is the virial overdensity contrast, is reflected in halo sparsity as can be seen in the
left panel of Fig. 1. This significantly alters the distribution of sparsities for haloes that have
undergone a recent merger with respect to that of haloes with more quiescent histories as can
be seen in the right panel of the same figure. This implies that high sparsities are indeed a sign
of recent mergers.
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2 Methods and Results

Within a frequentist framework, these observed differences in the distributions allow to statis-
tically set up thresholds to detect recent mergers.4 In the left panel of Fig. 2 these threshold
sparsities are calculated for key p−values up to redshift z = 2. These can be used to rapidly
detect mergers by checking if a cluster’s sparsity is above a given threshold.

Extending to a Bayesian framework, it is possible to derive posterior distribution functions
for the time at which the last major merger occurred using a single sparsity measurement,
thus allowing one to recover a best estimate for this time and be informed on the dynamical
state of the cluster. This framework can further be extended by adding additional sparsity
measurements, increasing the robustness of the method.4

All of this analysis is implemented in the public Python package: lammas a which also
includes the calculation of p−values and handling of measurement uncertainty.
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We present our work on fast halo and subhalo clustering simulations based on PINOCCHIO.
The subhalo progenitors are extracted from the merger history and the survival of subhalos is
modelled. The spatial distribution of subhalos within their hosts is modelled using a number
density profile. We compare our simulations with the halo finder Rockstar applied to the full
N-body code GADGET-2.

1 Introduction

Forward modelling is a powerful method to simulate galaxy clustering without the need for
an underlying complex model. Subhalo abundance matching allows us to model the relation
between halos and galaxies with few free parameters. This approach requires fast cosmological
simulations with a high resolution and large volume, to resolve small dark matter halos and
subhalos associated to single galaxies.

2 Method

We start from a halo catalogue and the corresponding merger history from PINOCCHIO. For
each halo, we extract the merging subhalos. The surviving subhalos are determined by estimating
the merger time corresponding to the subhalo survival time. We assign the surviving subhalos
the mass of the progenitor at merger. For the spatial distribution of subhalos we use a radial
number density profile. Figure 1 shows our procedure.

3 Subhalo Survival Time

We introduce the following new fitting function for the merger time

τmerge = 0.175 τdyn
(Mhost/msub)

1.3

ln(1 +Mhost/msub)
exp (1.9η)[ 1

12
log10(msub)]

(3.0+7.0 zobs) (1)

where τdyn is the dynamical time at the virial radius of the host, Mhost is the host halo mass,
msub is the subhalo mass at accretion, zobs is the redshift of the host at observation and η is the
orbital circularity that we draw from a distribution.
In simulations with a resolution leading to halos with masses above 5.7 · 109 M⊙/h, we find a
number fraction of subhalos of 15-18% at z ≤ 1 for our best fit of the subhalo survival time.
The relation between halo and subhalo mass and the subhalo mass function of our model are
similar to Rockstar run on GADGET-2.
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Figure 1 – Schematic of the method to generate halo-
subhalo catalogues from the PINOCCHIO output, for
both snapshots and lightcones.
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Figure 2 – The isothermal subhalo number density
profile in blue and the NFW profile in orange.

4 Subhalo Distribution Functions

We compare an isothermal profile and an NFW profile (see Figure 2) for the radial distribution
of subhalos within their hosts. The angular coordinates are drawn isotropically. The difference
in the 3D two-point correlation function of subhalos is small at separations above 0.3 Mpc/h.

5 Halo and Subhalo Clustering

Using Corrfunc, we investigate the 3D two-point correlation functions of halos and subhalos of
our model. By looking at halos and subhalos separately (Figure 3, for the mass bin [1011, 1012]
M⊙/h), we see that the subhalo clustering is realistic and that the inclusion of subhalos is
important for the small scale clustering. Considering different halo mass bins (Figure 4, mass
bins given in log10(M/(M⊙/h)), we see that the 2PCF of halos and subhalos together shows the
correct mass dependence. Figures 3 and 4 are at redshift z = 0.5.
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Figure 3 – 2PCF for halos and subhalos separetely.
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Figure 4 – Total 2PCF in different mass bins.

6 Conclusion and Outlook

We find that the subhalo statistics is realistic enough. For a box size of 200 Mpc/h and 10243

particles, we find a speed-up of ∼700 compared to a full N-body simulation with a halo finder.
Our simulations are ready for further applications including subhalo abundance matching.
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Ilić, S. Is there a tension on the amplitude of matter fluctuations (S8) in the ΛCDM model ? 55
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