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BOSS and eBOSS: LRG, Quasars, Lyα

(Pieri, Gil Marin, Zarrouk, Bautista)

Quasars now used as 
tracers of density field

Growth rate of structure 

"  18% precision on fσ8 when marginalizing over AP (Forecast Y5: ~7%) 
"  Cosmology-independent growth rate measurement to test alternative 

gravity models 
Pauline Zarrouk |  PAGE 27 

BAO Distance with  
eBOSS LRGs 

Isotropic BAO fit: DV (ze↵ = 0.72) = 2353+63
�61(rd/rd,fid)Mpc

Back of the envelope 
correlation between this  
measurement and  
CMASS measurement   
yields 16%.

BAO



Entering Stage IV era



DESI, JPAS, LSST
(Vargas, Abramo,Doux) DESI: 1 million ! 35 million objects. 109 in LSST/EuclidUsing JPAS-Pathfinder to observe the mini-JPAS project

JPAS-Pathfinder and mini-JPAS notes:

• The instrument can integrate JPAS filters: a “J-PAS filter wheel” has been designed and manufactured.  

•  The filter wheel mounts up to 7 filters: r-band (OPAC) + 6. 

➡FROM THE SSC: a prioritized list of filters should be decided.  

w1 filters: 1, 2, 3, 4 ,5 ,6 
w2 filters: 7, 8, 9, 10 … 

… 

w10 filters: … 54, 55, 56 

(10 filter wheel changes if 
no filters are repeated, 

except the required r-band)

J-PAS: IMAGING IN 56 NARROW-BAND FILTERS

Benítez et al. 2009
Benítez et al. 2014

Very similar (“twin") project: PAUcam @ WHT
40 narrow-band filters (4500-8500 Å) + ugriz
27 nights on WHT, 100 deg2

The PAUcam@WHT• New camera for WHT with 18 2k x 
4k CCDs covering 1 deg ∅ FoV. 
Made in Spain 

• 40 x130Å-wide filters covering 
4500-8500 Å (100Å steps) in 5 
movable filter trays, which also 
include standard ugrizY filters.  

• As a survey camera, it can cover 
~1 deg2 per night in all filters to 
i~23 (with 8 ccd’s) 

• Can provide low-resolution spectra 
(Δλ/λ ~ 2%, or R ~ 50)    for >30000 
galaxies, 5000 stars, 1000 quasars, 
10 galaxy clusters, per night. 

• Expected galaxy redshift resolution 
σ(z) ~ 0.0035×(1+z) 

• IA, groups, photo-z calibration, 
sample variance cancelation
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Outlier 

100 deg2/month
(magAB~22.5)

+ COMBO-17, COSMOS, ALHAMBRA, HETDEX

+ r,  i,  g [Euclid]

LRG, ELG, QSO, Lyα

56 filters



CMB (Pagano, Bender, Racine, Manzotti,Wu,Beck)

Temperature is dead 
Planck is dying (waiting for final polarisation) 



BICEP/Keck: Drilling and drilling
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Foregrounds !! Quijote and C-Bass
(Vansyngel, Taylor)

Polarized spectral indices 5 -30 GHz

(a) C-BASS P map (b) C-BASS �

P

map

(c) Planck 30GHz P map (d) Planck 30GHz �

P

map

Figure 6.1: C-BASS and Planck 30GHz P and �P maps downgraded to Nside = 64.
All maps are in brightness temperature. The colour scales of the I maps are histogram
normalised to increase the dynamic range of the images. The �P maps are on linear
colour scales.

We have not used the WMAP polarization maps in this work. The WMAP Q and

U maps have a small number of poorly constrained modes at low ` that introduce

large scale gradients and o↵sets into the maps and as such P can not be directly

calculated (Jarosik et al., 2011; Bennett et al., 2013).

6.1.2 Checking the calibration of the C-BASS P map

The astronomical calibration subroutine in the pipeline calculates the amplitude of

the noise diode signal in I TOD from observations of the total intensity emission of

TauA, which is well known. This calibration is applied to the polarization data via

the internal temperature-stabilised load. This is the first attempt at the calibration

and to verify that it has worked we extract the polarization fraction of TauA from

the C-BASS maps. In this section we also briefly discuss future and ongoing work to

check and improve on the calibration of C-BASS North using C-BASS South data.
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Figure 6.9: Maps of the estimates of � (top) and �� (bottom) between the real C-BASS
and Planck 30GHz P maps.

207

Figure 6.9: Maps of the estimates of � (top) and �� (bottom) between the real C-BASS
and Planck 30GHz P maps.
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Spectral index map

Spectral index error map

Wide survey

• Expected extrapolation error of the 
synchrotron at intermediate 
frequencies.


• More control on the amount of 
synchrotron around 100-200 Ghz

Example application of the results from the wide survey

Even if we have BB detection, we won’t 
believe in GWs

Smoking gun for GWs:
Homogeneity
Angular dependence
Gaussianity



Gravitational waves for early universe
(Figueroa)

Exciting possibility, but we need some luck

 0) GW definition

OUTLINE

1) GWs from Inflation

2) GWs from Preheating

3) GWs from Phase Transitions

4) GWs from Cosmic Defects 

   Early 
Universe

Good probe since they decouple early, but weak...

(Extra sources)



Dark Energy after GW170817 (Battye,Ezquiaga, Leloup,Mota
Yamaguchi)

jose.ezquiaga@uam.es Rencontres de Moriond Cosmo18

GW170817: first binary neutron star merger detected!

[Credit: Fermi] [Credit: LIGO]

Both the GWs and the sGRB arrived almost simultaneously 

�t = 1.74± 0.05 s

after traveling approx. 100 million light years                  .(40+8
�14 Mpc)

�3 · 10�15  cg/c� 1  7 · 10�16



Luminosity distance in the future

jose.ezquiaga@uam.es Rencontres de Moriond Cosmo18

• Modified propagation and how to test DE

h00
ij + (2 + ⌫)Hh0

ij + (c2gk
2 + a2m2)hij = 0

↵T = c2g � 1

• I will focus on phase effects, in 
particular, the anomalous GW speed

hGW ⇠ hGR e�
1
2

R
⌫Hd⌘

| {z }
E↵ect amplitude

eik
R
(↵

T
+a2m2/k2)1/2d⌘

| {z }
E↵ect phase

[LIGO Living Rev.Rel. 19 (2017)]

• Propagation effects are accumulative 
and thus can dominate

What DE models modify GW propagation?

 
Our prototype model is                      MM and M.Mancarella 2014 
 
 
 
 
 

•  m  generated dynamically, replaces Λ 

•     

           
      is a mass term for the conformal mode! 
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Voids as cosmological probes ?
(Hawken, Nadathur, Hamaus)

•  Complementary search
•  AP test
•  Screening should be absent in voids

VOIDS IN REDSHIFT SPACE



Dark Matter Theory

•  No talk on WIMPS,  paradigm shift? (Arbey, Sloth)

•  Fuzzy DM and tension with Lyα (Urban, Armengaud)

•  Sterile neutrino: 3.5 keV line, Lyα constraints (Boyarsky)

•  Fluidy DM (Khoury,Tutusaus,  Vikman, Ramazanov,Kopp)

•  Axions (Notari, Ringwald)

10-22 eV   !   1067 eV : ~ 90 orders of magnitude



Dark Matter and Baryons
(Khoury)Mass Discrepancy Acceleration Relation (MDAR)

McGaugh, Lelli & Schombert, PRL (2017)

g
obs

' p
a
0

g
bar

Very small scatter:
can stardard DM 
explain this?



Dark Matter
(Khoury)
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The beginning of 21cm era?
(D’Amico, Wang, Harper, Hill)EDGES

Forget about the 
factor of 2: is it real?

What did EDGES see?

Bowman et al., Nature, 2016



Example history and signal

Collisions 
become 

ineffective

Lyα start 
recoupling 
Tgas and TS

X-rays start 
heating the 

gas

From 
absorption to 

emission

Reionization 
kills the signal

Taylor et al. 2012 
(1206.6733)

21cm	Cosmology
The	observable	Universe	in	comoving	scale

Figure	inspired	by	Yi	Mao	&	Max	Tegmark

Rich physics

Potentially huge volume



Indirect detection DM
(Mijakowski, Behlmann, 
Manconi)
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AMS!measurements!of!the!Electron!and!Positron!spectra!

1,080,000 
Positrons 

16,500,000 
Electrons 

e± energy [GeV] 

Electron!and!positron!spectra!are!significantly!different!in!their!magnitudes!
and!energy!dependences.!This!is!a!clear!indica%on!of!dis%nct!origins!for!

these!two!cosmic!ray!species.!

Preliminary results. Please refer to the 
forthcoming AMS publication in PRL. 

20'March'2018' 10'

Published flux ratio: p/p 

M. Aguilar et al., Phys. Rev. Lett. 117, 091103 (2016) 

The AMS measurement is still statistically limited. 
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p!!!!3.49#105!
p!!!!2.42#109!{'

PRL!117,!091103!(2016)!

AMS:!over!2000!p!above!100!GV!

(compared!with!4!before!AMS)!

20'March'2018' 21'

Energy-independent above 60 GeV 

AMS data

Cross-correlation with 
cosmo data (Camera)



Direct detection DM
(Manfredini, Lehnert,Davini, Settimo, Bolognino, Gentile)

•  Noble competition: Xenon VS Argon (DEAP 3600, Darkside) 
•  SABRE will finally check DAMA 
•  Already looking beyond neutrino floor (directional detection)
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Where do we stand now?

Xenon1T - PandaX (2017)

Current Xenon1T 
Sensitivity (50GeV)  
278 Days ~1.3 T

Factor ~3 
improvement

Sensitivity of Xenon1T  for a 
50GeV WIMP and 1T fiducial 
mass. 

Previous Xenon1T, Lux and 
PandaX best limits are 
superimposed

LUX (2017) Expected factor 
of 3 gain



LHC bound on DM
(Felcini)

Moriond Cosmology 2018       
March 17-24, 2018 Marta Felcini        31

Vector Mediator, 
Dirac DM, 
gDM = 1  
gq = 0.1
gl = 0.01

Mono-Jet/Mono-Photon

Moriond Cosmology 2018       
March 17-24, 2018 Marta Felcini        

JHEP 01 (2018) 126mono-jet mono-photon Eur. Phys. J. C 77 (2017) 393

16

Resonance Searches: Dileptons

Moriond Cosmology 2018       
March 17-24, 2018 Marta Felcini        

JHEP 1710 (2017) 182 

Search in di-lepton (ee or μμ) mass distribution
Search for Z’ vector bosons and for gravitons

21



Agujeros negros primordiales y materia oscura
(Primordial black holes as dark matter)

(Garcia-Bellido, Zumalacarregui, Quartin)
Summary of inflationary predictions
• Lognormal wide-mass distribution

• Clusters of PBH:  Ncl ~100-1000 , comoving size ~1mpc

uniform single-mass
is already ruled out

clustered wide-mass
is still viable

JGB & Clesse  (2017)

LIGO MACHO miracle?
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SNe lensing ! MZ & Seljak ’17

(adapted from Ezquiaga+ ’17 Reviews: Carr+ ’16, Sasaki+ ’18)
Miguel Zumalacárregui (Berkeley) PHBs in Light of SNe Lensing

Clustered, with broad 
mass distribution



Yacine Ali-Haïmoud, NYU
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FIG. 6. Merger rate of PBH binaries if they make up all of
the dark matter, and provided PBH binaries are not signifi-
cantly perturbed between formation and merger (solid line).
Superimposed are the upper limits from LIGO given in Table
I and described in the main text.

also strongly constrains masses M  10 M�, and defer
this detailed analysis to the LIGO collaboration, updat-
ing that carried out in Ref. [39] with the S2 run. We
summarize our estimated limits in Table I.

We show these limits in Fig. 6, alongside the PBH bi-
nary merger rate if they make all of the dark matter, and
if PBH binaries are not significantly perturbed between
formation and merger. We see that the latter largely

exceeds the estimated upper limits, by 3 to 4 orders of
magnitude, depending on the mass. This indicates that
LIGO could rule out PBHs as the dominant dark mat-
ter component, and set stringent upper limits to their
abundance.

To estimate these potential limits, we solve for the
maximum PBH fraction for which the merger rate is be-
low the LIGO upper limits. Note, that the merger rate is
not linear in f , nor a simple power law through all range
of f , so these limits must be computed numerically. We
show the result in Fig. 7, alongside other existing bounds
in that mass range. We see that LIGO O1 may limit
PBHs to be no more than a percent of the dark mat-
ter for M ⇠ 10 � 300 M�. If confirmed with numerical
computations, these would become the strongest existing
bounds in that mass range.

VI. DISCUSSION AND CONCLUSIONS

NSTT [38] pointed out long ago that PBHs would
form binaries in the early Universe, as a consequence of
the chance proximity of PBH pairs, and estimated their
merger rate at the present time. Following the first de-
tection of a binary-black-hole merger [5], Sasaki et al. [9]
updated this calculation to 30 M� PBHs, and general-
ized it to an arbitrary PBH abundance. They focused on
the case where PBHs are a very subdominant fraction of
the dark matter, as was implied by the stringent CMB
spectral distortions bounds at the time [23], since then

micro-lensing wide binaries
ultra-faint dwarfs

potential limits  
from LIGO O1 run

� � �� �� ��� ��� ����

�����
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CM
B anisotropies

CM
B anisotropies

FIG. 7. Potential upper bounds on the fraction of dark matter
in PBHs as a function of their mass, derived in this paper (red
arrows), and assuming a narrow PBH mass function. These
bounds need to be confirmed by numerical simulations. For
comparison we also show the microlensing limits from the
EROS [21] (purple) and MACHO [20] (blue) collaborations
(see Ref. [74] for caveats and Ref. [32] for a discussion of
uncertainties), limits from wide Galactic binaries [22], ultra-
faint dwarf galaxies [25], and CMB anisotropies [24].

revised and significantly alleviated [24] (see also [33]).

In this paper, we have, first of all, made several im-
provements to the calculation of NSST, and accurately
computed the distribution of orbital parameters of PBH
binaries forming in the early Universe. Specifically,
we have computed the exact probability distribution of
initial angular momentum for a close pair torqued by
all other PBHs, and have accounted for the tidal field
of standard adiabatic density perturbations, dominant
when PBHs make a small fraction of the dark matter.

Our second and most important addition was to check
thoroughly whether the highly eccentric orbits of PBH
binaries merging today can get significantly disturbed
between formation and merger. To do so, we have esti-
mated the characteristic properties of the first non-linear
structures, and as a consequence their e↵ects on the or-
bital parameters of PBH binaries. We found that PBH
binaries merging today are essentially unscathed by tidal
torques and encounters with other PBHs. This robust-
ness stems from the fact that these binaries typically form
deep inside the radiation era and are very tight. We have
also estimated the e↵ect of baryon accretion to be much
weaker than previous estimates [43], but potentially im-
portant if unknown numerical prefactors happen to be
large.

Thirdly, we have revisited the calculation of Ref. [8]
for the merger rate of PBH binaries forming in present-
day halos through gravitational recombination. We have
explicitly accounted for the previously neglected Pois-
son fluctuations resulting from the granularity of PBH
dark matter. This shot noise greatly enhances the vari-
ance of density perturbations on small scales, and has
pronounced e↵ects on the properties of low-mass halos.

arXiv:1709.06576

(Moniez,  Ali-Haimoud,  Byrnes)

Bump in production due to 
QCD phase transition

•  Interesting potential 
to merge the existing 
databases (27 yrs!)

•  Significant sensitivity 
up to masses found 
through gravitational 
wave searches !

•  Next step: Do the 
analysis…

Expected combined exclusion limit, 
assuming joined data analysis

Expected # events
assuming 100% halo

made of lenses

Excluded halo 
fraction if no 
event found

produced by A. Mirhosseini

Living dangerously:
LIGO MACHO ?



LSS analytic

BAO as success story

(Simonovic, Lazanu, 
Fasiello, Lewandowski)

PT approach to LSS

Including counter-terms (a single free parameter at two loops)

P
count.(k) ⇠ c2s(⌧)

�
2P q!0

13

(k) + 2P q!0

15

(k) + 2P q!0
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[Baldauf, Mercolli, Zaldarriaga 2015], see also [Foreman, Perrier, Senatore 2015]

Tobias Baldauf

Practical Aspects of the EFT of LSS

Baldauf, Mercolli, Zaldarriaga (2015)

We have to live with 
counterterms!
Modeling of the BAO peak

6

ture are not absent. The presence of this feature is the
cause for the common wisdom that SPT does not work
for the correlation function. As the good performance of
the IR-resummed EFT proves, the failure is not related
to the high-k behavior of the perturbation theory but
to the missing non-perturbative treatment of motions.
One can indeed see that the IR-resummed EFT provides
a good description of the correlation function down to
10 h

�1Mpc separations [? ].
Another feature of fig. ?? that is worth emphasizing is

the shift of the peak compared to the linear correlation
function. This shift is expected to be due to corrections
to ⇠̃g of order ⌃2

⇠

0
g/`BAO, which are smaller than the

broadening e↵ects by a factor of �/`BAO [? ]. They
are not entirely fixed by symmetries since the cross cor-
relation between a displacement and other nonuniversal
e↵ects — e.g. arising from living in an over dense re-
gion — caused by a long wavelength mode contributes at
the same level. Nevertheless, they can be calculated in
perturbation theory and are included, to leading order,
in the 1-loop result, which predicts the position of the
peak reasonably well. On the other hand, the BAO re-
construction schemes, to be discussed below, reproduce
the original peak by virtue of undoing the displacements
caused by the long modes which also eliminates the above
mentioned cross correlations.

For comparison, we have also plotted in fig. ?? the
Zel’dovich correlation function, which is known to give
a relatively accurate description of the BAO spread. We
will next argue that the success of the Zel’dovich approx-
imation is because it can be formulated as (??).

Zel’dovich approximation.— The matter correlation
function can be related to the correlation function of the
relative displacement �s(z) of two points with initial
(Lagrangian) separation z:

1+⇠(x) =

Z
d3k

(2⇡)3
e

ik·x
Z

d3ze�ik·z
D
e

�k·�s(z)
E
. (23)

In the Zel’dovich approximation, �s is replaced by its
linear expression, and the above expectation value is triv-
ially expressed in terms of the variance

A

ij(z) =
⌦
�s

i(z)�s

j(z)
↵

=

Z
d3q

q

i
q

j

q

4
Plin(q) sin

2
⇣
q · z
2

⌘
.

(24)

Let us define Zel’dovich power spectrum as the result of
the inner integral in (??) at k 6= 0:

Pz(k) =

Z
d3ze�ik·z

e

� 1
2A

ij(z)kikj

, (25)

which in the presence of the BAO feature contains an
oscillating component Pw

z (k). This can be approximated
by the product of a non-smoothed piece times a broad-
ening factor, as in (??): Define A

ij
S (z,⇤), and A

ij
L (z,⇤)

by the same integral as in (??), but taken, respectively,

linear

IR-resummed linear

IR-resummed 1-loop

Zel'dovich

80 90 100 110 120

5

10

15

20

r [h-1Mpc]

10
4 ξ

FIG. 5. Various theoretical approximations to the acoustic

peak in the correlation function as well as simulation mea-

surements. Solid: linear, dashed: IR-resummed linear, dot-

dashed: IR-resummed 1-loop, and dotted: Zel’dovich.

over short modes q > ⇤, and long modes q < ⇤. So we
have

A

ij(z) = A

ij
S (z,⇤) +A

ij
L (z,⇤). (26)

A Zel’dovich power spectrum in the absence of the long
modes Pz,S(k,⇤), where ⇤ ⌧ k, can now be defined by

replacing A

ij ! A

ij
S in (??). This is the analog of the

last factor in (??): it contains the full nonlinear e↵ect of
the short modes in the Zel’dovich approximation, but no
long modes whatsoever.
Consider now the full Pz(k). The integral in (??) is

dominated by z = O(1/k), and, if k is in the support of
P

w
z (k), by z = ±`BAOk̂+O(1/k). The second contribu-

tion is what we called P

w
z (k). Here, Aij

L (z) is first of all
appreciable, and second, it can be approximated to be a
constant given by its value at z = `BAOk̂ to yield

P

w
z (k) ⇡ e

� 1
2A

ij
L (`BAOk̂,⇤)kikj

P

w
z,S(k,⇤)

⇡ e

�⌃2
⇤k2

P

w
z,S(k,⇤).

(27)

The second equality holds up to terms suppressed by
�/`BAO. Replacing ⇤ ! ✏k results in the desired ana-
log of (??).
Hence, the Zel’dovich approximation, despite being a

crude model of short scale dynamics, gives an accurate
description of BAO broadening by taking into account
the leading displacement caused by all longer wavelength

Parameter-free modeling of the BAO peak (including bias, RSD…)

Different form the standard  
formula for the spread of the 
BAO peak

Baldauf, Mirbabayi, MS, Zaldarriaga (2015)
Senatore, Zaldarriaga (2014)

Vlah, Seljak, Chu, Feng (2015)
Blas, Garny, Ivanov, Sibiryakov (2016)

Senatore, Trevisan (2017)

Crocce, Scoccimarro (2007)
Eisenstein, Seo, White (2007)

Only long-short shifts



Efficient evaluation of cosmological statistics

A different point of view on FFTLog
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dimensionality. This poses a direct challenge to our ability to interrogate large datasets and one

that merely more and faster computers will not address.

In order to simplify and speed up loop calculations we require new ideas, new strategies, to

approach the problem. One inspiring idea, developed in [9] and [10], is to use Fast Fourier Trans-

form (FFT) for e�cient evaluation of the one-loop power spectrum. After first “deconvolving”

the lowest order PT solutions, and performing all angular integrals, the one-loop expressions

reduce to a set of simple one-dimensional integrals that can be e�ciently evaluated using FFT.

Unfortunately, deconvolving higher order perturbative solutions and extending this approach to

the one-loop bispectrum or the two-loop power spectrum proves to be challenging [11].

In this paper we build on ideas of [9, 10] but choose a slightly di↵erent strategy which allows

us to go beyond the one-loop power spectrum. Let us briefly sketch the main idea behind our

proposal. Prior to doing any integrals, the linear power spectrum is expanded as a superposition

of ideal self-similar power-law cosmologies. This is naturally accomplished using FFT in log k.

Given some range of wavenumbers of interest, from k

min

to k

max

, the approximation for the linear

power spectrum with N sampling points is [9, 12]

P̄

lin

(k
n

) =
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, (1.1)

where the coe�cients c

m

and the frequencies ⌘

m

are given by
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)
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Notice that the we denote the approximation for the linear power spectrum with P̄

lin

(k), while

eq. (1.2) uses the exact linear power spectrum P

lin

(k) to calculate the coe�cients c

m

. We will keep

using the same notation throughout the paper. The parameter ⌫ is an arbitrary real number. As

we will see, the simplest choice ⌫ = 0 is insu�cient in some applications, so we will use the more

general form of the Fourier transform. In the terminology of [9] we call this ⌫ parameter bias.

Note that the powers in the power-law expansion are complex numbers. In practice, even a small

number of power-laws, O(100), is enough to capture all features of the linear power spectrum

including the BAO wiggles. One important thing to keep in mind is that the Fourier transform

produces the power spectrum that is periodic in log k. Therefore, we will take care to choose k

min

and k

max

such that we cover the range of scales where we actually care about the value of the

power spectrum. In other words we are choosing the momentum range where the loop integrals

have the most of the support. However, one always has to be careful about possible contributions

particularly from high k modes or short scales.

Is this a limitation? Absolutely not. At the heart of the EFT understanding is the simple

recognition that the PT idealized description of satisfying fluid-like equations of motion can only

be valid at certain scales. This is much the same as the hydrodynamic description of liquid water

is only valid at certain scales. Attempting to integrate this approximation over scales outside

of its validity introduces non-parametrically controlled errors. Instead the information in the

3

Any cosmology can be written as a sum of power-law universes
All cosmology dependence is just in c_m

Hamilton (2000)

Relation with amplitude calculations in QFT



QCD & Dark Energy
• The QCD phase transition also 

represents a puzzle with regard to 
dark energy.

• Naively, one expects that the vacuum 
energy changes by an amount of 
order Λ4QCD after the phase 
transition.  

• This is obviously much larger than the 
observed dark energy, and is another 
take on the CC fine tuning problem.

• It suggests that in extreme 
environments such as the interior of  
a neutron star, where the QCD 
enters a different phase, there may be 
a non-negligible contribution to the 
equation of state from vacuum 
energy.

0.01 100 106 1010 1014 1018
10-11

1000

1017

1031

1045

1059

1073

T HGeVL

p
HGe

V
4 L

QCD + EW + GUT

pT

pR »pL»

0.01 100 106 1010 1014 1018
10-11

1000

1017

1031

1045

1059

1073

T HGeVL

p
HGe

V
4 L

adjusted QCD + EW + GUT

pT

pR »pL»

Figure 1: Sketch of the evolution of vacuum energy (dotted-red) and the total pressure
(solid-purple) dominated by radiation (dashed-blue) during the expansion of the Universe.
Left: standard model evolution where the vacuum energy jumps at every PT (the ones
pictured here correspond to the GUT, EW and QCD PTs). Right: the evolution assuming
some form of adjustment mechanism for vacuum energy.

cosmological constant as the gravitational e↵ect of the vacuum energy of the quantum field
theory of our Universe, and would thus yield a test of the Equivalence Principle for vacuum
energy. The di�culty in verifying this picture experimentally is clear: until very recently,
vacuum energy was always a sub-leading component of the energy density, and thus was
never the main driver of the expansion. Moreover, the most recent known PT is that of
QCD, at a temperature TQCD

c ⇠ 200 MeV. While this is a relatively low particle physics
scale, most of the phenomena relevant to experimental cosmology (nucleosynthesis, struc-
ture formation, CMBR) are sensitive only to temperatures well below the QCD scale. Thus
one would need to consider new observables that are potentially sensitive to the details of
the QCD or the EW PTs. This is further complicated by the fact that both of these PTs are
thought to be quite weak: the QCD PT is a cross-over, while the EW PT in the SM with
a 125 GeV Higgs boson is second order. The imprints of such PTs are weaker than those
of strongly first order PTs would be. For example a strongly first order PT is expected to
lead to the production of gravitational waves (GWs), whose spectrum could potentially be
sensitive to the evolution of vacuum energy during the PT [7]. Since neither of the PTs is
expected to be first order, no significant GWs would have been produced.

In order to experimentally test properties of vacuum energy, we must find systems
where vacuum energy contributes a sizable fraction of the total energy. This can be either
in a compact system that can be observed today, or at some earlier epoch in the cosmic
expansion in the Universe. We will suggest examples of both types in this paper: we will

vacuum energy that is always very small, except for some spikes during the PTs, though there is no known,
successful, implementation of such a mechanism. Other adjustment mechanisms would go as far as invoking
non-local and acausal dynamics, see e.g. [5, 6].
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Bellazzini, Csaki, Hubisz, Serra, Terning  
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CMB spectral distortions
(Chluba, 
Dimastrogiovanni)

A lot of possible 
signals

The future is 
foreground 
dominated!

Average CMB spectral distortions
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negative
 branch

PIXIE sensitivity

Signal detectable with very 
high significance using 
present day technology!

Reionization & 
structure formation

Attempts from the ground



Photo redshift
(Hoyle, Vielzeuf)

The biggest problem facing current large area galaxy surveys: 
 Validating redshifts for samples of galaxies.

We extract 1-d spectra from simulations (known redshift), added realistic noise. Ask 
OzDES observers to redshift the spectra, using their common analysis tools.

We cannot validate photo-z performance on data which is biased w.r.t the truth.

Dark Energy Survey Y1

Too large bias for future!

•  Self-consistent method

•  Clustering red-shifts



 DES Supernovae (Moller, Saunders)

Rencontres de Moriond 2018    DES-3yr SN preliminary results       Anais Möller (ANU) 

S U R V E Y S N e  I a w E r r  ( s t a t  +  s y s )

JLA (2014) 740 0.054

Pantheon (2018) 1049 0.040

DES 3YR (2018) spec 334 0.057

DES 5YR spec ~500 ?

DES 5YR photo ~2000 ?

W H AT  I S  N E X T ?

SeeChange

DES

SSP

}}
}

}
Cosmology with Type Ia Supernovae

LSST

+ more

Dispersion indicates 
unmodeled processes 
in the supernovae, 
which can lead to bias. 

Dispersion ~ 0.16 mags

Cosmology with Type Ia Supernovae

Data coming. Need to 
understand scatter



Future CMB: Qubic, Simons Obs, Stage IV
(D’Alessandro, Errard, Buza)

Josquin Errard (APC) for the Simons Observatory Collaboration, 53rd Rencontres de Moriond, 2018

The Simons Observatory science goals 

19

large 
aperture telescope (6m) 
on a “large” sky patch 
Neff, Σmν, w(z), 
cluster sciencesmall 

aperture telescopes (0.5m) 
on a “deep" sky patch 

primordial B-modes

multipole ℓ



Axions in
Inflation and
as Hot Relics

QCD Axion
via N

eff

Inflation with
Axial coupling

Thermalization
Axion-mediated
scatterings

SM scatterings

Thermal
Perturbations

QCD Axion through N
eff

g⇤,DEC is smaller at 1 GeV . T . 100GeV

Prediction: larger N
eff

(*Not just upper bound!*)

t
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1σ, futuristic

1σ, CMB-S4
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Figure: (R.Ferreira & A.N., 2017).

2015 

2016 

2017 

2018 

2019 

2020 

2021 

2022 

2023 

Target

Stage 2  
1000  

detectors

Stage 3  
10,000  

detectors

Stage 4
CMB-S4  
~500,000  
detectors

≳10-5

10-6

10-8

Sensitivity  
(μK2) σ(r)

0.035

0.006

0.0005

σ(Neff)

0.14

0.06

0.027

σ(Σmν)

0.15eV

0.06eV

0.015eV

Dark Energy  
F.O.M

0.15eV ~180

~300-600

1250

Boss BAO 
prior

Boss BAO 
prior

DESI BAO 
+τe prior

DES+BOSS 
SPT clusters

DES + DESI 
SZ Clusters

DESI +LSST 
S4 Clusters

CMB-S4 Science Book arXiv:1610.02743 

(Notari, Ringwald,Rossi)



Future CMB: space missions
(Banerji, Remaizelles)

(Millea, Fabbian)

Lensing

4th Generation Mission Proposals/
Concepts

4

❖ COrE -> 2010

❖ PRISM -> 2013

❖ COrE+ -> 2015

❖ CORE -> 2017

❖ EPIC/CMBpol -> 2009

❖ PIXIE -> 2017

Spectroscopic study over several decades of 
frequency

❖ CMB Probe/PICO -> 2020

❖ LiteBIRD -> 2008

Has not yet been selected. Currently 
undergoing a Phase A study

ESA NASA

JAXAISRO
❖ CMBBharat

Announcement of opportunity out. 
Due mid-April

Broad frequency coverage 
essential to control unknown 

foregrounds

Optimal CMB delensing



Clusters, tSZ, kSZ (Salvati, Blanchard, Sakr, Bolliet, Perotto, Hill)

Cluster tension:
due to mass-observable relation? 
NIKA2

SZ%Cluster%Cosmology:%results

Cosmology with tSZ catalogues 

B. Comis 
on behalf of the NIKA Collaboration 7

Planck 2013 results. XX, XXI (2013)!

51st Rencontres de Moriond

For$growth)of$structure$&$evolu2on$studies$(dark$energy,$modified$gravity)$we$need$precise$
calibra2on$as$func2on$of$redshi@$and$cluster$morphology!

Clusters!and!their!SZ!signal!are!becoming!increasingly!used!to!derive!cosmological!constraints$

more robust calibration of the mass/observable scaling!
robust z-evolution

High!angular!resolu8on!tSZ!observa8ons!and!follow;ups!are!now!necessary!to$explore$the$cluster$
internal$structure,$especially$when$dealing$with$intermediate$and$high$z$objects.$$

based$on$the$assump2on$that$:$

• the$baryonic$gas$component$is$a$good$tracer$of$the$DM$
distribu2on$(hydrosta2c$equilibrium)$

• clusters$are$a$self)similar$popula2on$of$objects$

• observa2onal$low)z$calibra2ons,$extrapolated$also$up$to$
high)z!

!

Y / M5/3
Hyd

! tension.between CMB.and.SZ.derived cosmologies
! also true for.other SZ.experiments (SPT,.ACT).and.

other cluster.observables

Results:

Several investigation.routes:

! impact.of.cosmological parametersthat affect.the.growth of.structures.(mnu,.w),.modified gravity,.etc.
! impact.of.complex cluster.physics on.the.mass.estimation.(deviation from selfBsimilar scenario,.nonB

thermal.pressure,. redshift evolution,. etc.)

Need of.a.more.robust calibration.of.the.mass0observable.as.function of.:
• redshift
• cluster.internal matter distribution

High.angular resolution observations. of.high.redshift clusters.are.now required for.accurate
cosmology with clusters.

6/25

See talks from Laura.Salvati,.Alain.Blanchard,.
Ziad Sakr,. .Boris.Bolliet

AdvACT: 1300 clusters 
Stage IV: 105 clusters 

First%mapping of%the%kinetic SZ%effect

o about.13h.during Winter.2015
o good.weather conditions. (tau_atm about.0.09.at.150GHz)

Target
multiple.mergerMACS.J0717.5+3745,. .z=.0.55

NIKA.data

Point.source.removal

o thanks to.highBquality radio,.optical,.IR.data
o foreground sources.+.highBz.lensed galaxies

First.map of.the.kSZ

o use.both 150.and.260.GHz.maps to.separate tSZ from kSZ
o temperature from XBray.spectroscopy

resolved map of.the.gas velocity

o using XBray.data.from XMMBNewton.
o using a.gasmodel..

bvz = � ykSZR
nedl

ykSZ = �T

Z
�vznedl /17Rémi Adam - CGF - Garching 18/07/2017

A first kSZ mapping towards a galaxy cluster

10

�I⌫
I0

= f⌫ ytSZ + g⌫ ykSZ

gas pressure gas density+velocity

spectral dependencies

➡  2 frequencies allow to separate kSZ from tSZ

vz<0

vz>0

ykSZ

150 GHz

260 GHz

1 arcmin

400 kpc

1 arcmin

400 kpc

[Adam et al. (2017a)]

Need to clean for 
contaminants, 

e.g., z ~ 4 galaxy

Adam.et.al..(2017a).1606.07721..

Adam.R.,.GCF.Conference,.Garching 2017
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R. Adam, I. Bartalucci, G.W. Pratt et al.: kSZ mapping toward MACS J0717.5+3745

Figure 9. Top: map of the best-fit optical depth model. Bottom: projected gas line-of-sight velocity map. The resolution of the map is 22 arcsec
FWHM as provided by the white circle in the bottom left corner. The left panels correspond to fit F1 and the right panels to fit F2. Regions where
the rms of the noise is larger than 3 times the minimum value have been masked for display purpose. Contours show the detection level of the
velocity (thus proportional to that of the kSZ map of Figure 5) and are spaced by 1�, starting at ±2�. We stress that they do not reflect the true
uncertainty on the velocity because they do not account for the statistical and systematic e↵ect of the optical depth models. The field shown in
here is smaller than the other ones displayed in this paper.

NIKA, this would lead to local inaccuracies in the tSZ template
(/ p`e↵) that could be mis-interpreted as kSZ signal. Sayers
et al. (2013) assume that the temperature is constant along the
line-of-sight, while we assume isothermal subclusters, both be-
ing based on X-ray spectroscopy. Finally, Sayers et al. (2013) use
fixed coordinates for their �–model center and check a posteriori
the e↵ect of changing them within reasonable uncertainties. Due
to the higher angular resolution of NIKA, we fully marginalize
over the subcluster coordinates in our fit.

Sayers et al. (2013) also consider a nearly model independent
approach, in which they use the direct SZ flux integration of their
maps in the regions B and C (corrected for a model-based zero
level), together with the isothermal assumption. Using this direct
approach (referenced as ”direct” in Table 6), they obtain consis-
tent results with respect to their model dependent approach (ref-
erenced as ”model” in Table 6), but with reduced significance.

Despite the fact that the cluster is modeled di↵erently, our
constraints on the gas line-of-sight velocity are compatible with
the results from Sayers et al. (2013). In the case of subcluster
C, however, the two results are in mild tension (& 2�). While
this could easily be attributed to mis-modeling, it could also be
due to di↵erences in the observations. Indeed, our data are sen-

sitive to scales as low as ⇠ 20 arcsec, and the constraint in re-
gion C is driven by the positive peak seen at 260 GHz at small
scales. Due to Bolocam’s larger beams, the corresponding scales
are likely to be diluted over the cluster extent, leading to ve-
locity averaged over a larger extension, and hence smaller. We
also use our model to infer the integrated Compton parameter
in the regions considered by Sayers et al. (2013). We compute
Y(⌦) =

R
ytSZd⌦, where ⌦ is taken as a 60 arcsec diameter cir-

cular region centered on subclusters B and C, using the coordi-
nates of Sayers et al. (2013). We obtain (0.173 ± 0.024) ⇥ 10�3

arcmin2 for region B ((0.221 ± 0.015)⇥10�3 arcmin2 in the case
of F2), and (0.242 ± 0.024) ⇥ 10�3 arcmin2 for region C. These
values are in agreement within 1� (2� in the case of F2) of the
values measured by Sayers et al. (2013).

Our constraints are also roughly compatible with the optical
spectroscopic measurement of Ma et al. (2009), within the er-
ror bars. However, as discussed in Section 5.5, our data hint at
substructure within subclusters B and C themselves. As a possi-
ble consequence, our measurement in the direction of subclus-
ter C, which is dominated by the northern part of the region,
indicates higher velocities than those measured in optical wave-
lengths. Additional optical spectroscopy would be necessary to
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R. Adam, I. Bartalucci, G.W. Pratt et al.: kSZ mapping toward MACS J0717.5+3745

Figure 5. Map of the thermal SZ e↵ect, ytSZ (left), and the kinetic SZ e↵ect, ykSZ (right). Gray contours are multiples of 1�, starting at ±2�.
The map e↵ective resolution, 22 arcsec, is shown as a white circle on the bottom left corner. Subcluster regions are represented in gray. The
positions of the identified point sources (see Section 3), from which mis-subtraction residuals remain a potential local contaminant to the signal,
are represented in light gray.

both positive. Therefore, if the calibration changes in the same
direction at both frequencies, the changes will accumulate in re-
gion B, and they will oppose each other in region C. Similarly,
if the calibration changes are opposite in sign, they will oppose
each other in region B, and they will accumulate in region C.
Therefore, summing the calibration uncertainties, the kSZ sig-
nal in region B can increase (or decrease) by 11.0% while it in-
creases (decrease) only by 8.2% in region C. Symmetrically, the
same is true when inverting B and C. Note that we apply a simple
sum of the calibration errors instead of a quadratic sum because
they are likely to be strongly correlated. This e↵ect will propa-
gate linearly to the constraint on the gas line-of-sight velocity in
Section 6, but it is small compared to the statistical uncertainties.
Similar arguments apply to the tSZ map.

The second systematic e↵ect is due to the uncertainty in the
derived X-ray temperature, and the assumption that the tempera-
ture is constant along the line-of-sight. In order to estimate how
changes in the temperature a↵ect our results, we reproduce the
kSZ map applying ±25% change in the normalization of the tem-
perature map (i.e., about twice the typical di↵erence between
XMM-Newton and Chandra). This allows us to test the system-
atic e↵ect responsible for the temperature di↵erence between
Chandra and XMM-Newton. We also add Gaussian noise of am-
plitude 3 keV at a resolution of 22 arcsec. Due to the fact that
the relativistic corrections are close to proportional in the two
NIKA bands, the changes in the temperature map lead to only
small changes in the kSZ significance, i.e. less than 0.15� for
the signal peaks. The absolute amplitude of the signal, however,
is a↵ected by up to 0.4� changes at the positive peak, which
correspond to hot gas in region C, where relativistic e↵ects are
important.

The third systematic e↵ect is due to the large angular scale
filtering that a↵ects the NIKA data. The filtering is the same in
the two bands, and as the quantities ytSZ and ykSZ are a linear
combination of the two NIKA maps, they are a↵ected by the
same filtering. Therefore, the tSZ and kSZ reconstructed signals
are smoothly apodized at scales larger than ⇠ 2 arcmin. The zero
level of the kSZ map is directly given by the respective zero
levels of the 150 and 260 GHz map, being set to zero in the
external regions of the map, as detailed in Section 2.2. While an

arbitrary change in the brightness zero levels could change the
kSZ signal zero level, the peak to peak di↵erence between the
positive and negative observed signal will remain unchanged. In
fact, the kSZ signal we observe is much more compact than that
of the tSZ e↵ect, so we expect filtering and zero level e↵ects to
be less important for kSZ observations. The transfer function is
nonetheless accounted for when fitting our data with a model as
detailed in Section 6.

5.5. Comparison to maps at other wavelengths

In Figure 6, we compare the kSZ map obtained with NIKA to
maps at other wavelengths, taken as tracers of the di↵erent clus-
ter components. We use the Chandra X-ray photon counts as
a proxy for the gas distribution (/ n2

e), HST optical imaging
(CLASH data, Postman et al. 2012) to identify the galaxy spa-
tial distribution, and the strong lensing mass reconstruction to
probe the dark matter (Zitrin et al. 2011).

The X-ray image shows two main peaks in region B. These
two peaks are also seen in SZ observations by MUSTANG at 90
GHz with a 13 arcsec e↵ective angular resolution (Mroczkowski
et al. 2012). The most significant peak is located on the east
side of the region (hereafter B1), with the second on the west
side (hereafter B2), the two being separated by about 20 arcsec.
The group of galaxies associated with subcluster B is on aver-
age more coincident with B2, even if galaxies are also observed
around B1. The dark matter map follows the distribution of the
galaxies, and is therefore better aligned with B2. The negative
kSZ signal coincides well with B1, but is significantly o↵set
from B2. The morphology of clump B2 is that of an arc (or a
tail) around the dense core, similar to what is observed in merg-
ers on the plane of the sky (e.g., Clowe et al. 2006, for the bullet
cluster). This could suggest, if this is the case, that B2 is an inde-
pendent subcluster (with respect to B1) moving mostly perpen-
dicular to the line-of-sight, and therefore, not responsible for the
kSZ signal. The signal associated to B2 could also be due to the
stripped gas of the main core B1, which would therefore move
slower than B1 and is not significantly detected in kSZ. In both
cases, our kSZ data, together with X-ray imaging, suggest that
subcluster B is a complex object in itself. The main structure, B1,
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Slide for Paolo’s 

Summary
Relaxion:

L � (�M2 � �2 + g�)|h|2 + gM2�+ · · ·+ 4⇡f3
⇡yuhhiF(�/f)

BRILLIANT!!!

Bouncing Cosmology:

INGENIOUS!!!!!

Kaplan

Can Casimir energy violate NEC and give reliable bounces?



Inflation
(Holman, Notari, Godunov,
Vieira, Karciauskas)

Very few talks about inflation and primordial universe  

From this a Fokker-Planck equation for the probability distribution for 

finding long-wavelength supported field configurations should follow:
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noise term

|{z}
drift term

prob. dist.

There is evidence from computing IR parts of 

correlators in deSitter space that SI does in fact 

resum late time secular behavior.

Understand Starobinsky



How does dark energy fit into the picture?

Λ



Too much focus on Dark Energy?

•  Figure of merit is always w, w’, growth rate... We should 
not forget it is very likely a cosmological constant

•  Maybe there should be more focus on early universe 
observables: tilt, non-Gaussianity...

•  How many modes can we use?  Can we go to short 
scales? More on standard physics: bias, baryons...



Thanks to the organizers!



Summary of the summary

•  GWs, 21cm brand new probes!

•  Standard probes (BAO, SNs, B-modes, LSS, shear, clusters, indirect DM detect...) 
are doing great, with clear road ahead. 

     Cosmology  VS  Gastrophysics

•  Λ is doing great

•  DM: exploration in all directions   


