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Cosmological probe: CMB

Cosmic Microwave
Background
anisotropies

— Probe primordial matter fluctuations
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SN1a luminosity
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Galaxy redshift
surveys

Probe late-time matter density
fluctuations through galaxy distribution

l E AL llllll lllll lllll A
0.001 0.01 0.1
Wavenumber k [h/Mpc]

Galaxy power spectrum St S s e i

Sensitive to galaxy bias




Imaging lensing

surveys
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Directly probe matter fluctuations

Cosmic shear sensitive to mean matter
density and growth of structure

galaxy cluster

Gravitational lensi

distorted light-rays




Dark Energy EoS (W) ——>

Concordance ACDM model

Amanullah et al. 2010

>

Universal content today

Ordinary
Matter
5%

ACDM 6-parameter model well established for few
decades now, thanks to SN1a, CMB, galaxy clustering
and lensing cosmological probes

Improved cosmological constrains led to appar
tensions between probes



Cosmological tensions: Sg

1.1

. . Hl BOSS+KV450 (Troster et al. 2020)
» Discrepancies between CMB and W DES Y1 3 x 2pt (DES Collaboration 2018)

weak-lensing constraints on Sg: B KiDS-1000 3 x 2pt

1.0 - B Planck 2018 TTTEEE+lowE
Sg = 0'8\/Qm/0-3
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» The S8 tension is at about 2.60 level &
between the Planck data in the 0.8 -
ACDM scenario and KiDS survey

» Mainly driven by og, which is lower
in lensing analyses
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Heymans et al. 2020



Cosmological tensions: H,

Hy €[0,150] €, €[0.05,0.5]
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. +2.9
Hy:71.07573 e B1608 (Suyu+2010, Jee+2019)

H. - 78.0+34 e RXJ1131 (Suyu+2014, Chen+2019)
0-10-2-3.4 = HE0435 (Wong+2017, Chen+2019)
Hy: 717748 e J1206 (Birrer+2019)
. +5.4 WFI2033 (Rusu+2019)
H, '68-975.1 PG1115 (Chen+2019)

» 3-40 discrepancy beteween Planck/LSS
contraints and local direct measurements
from SN1a/cepheids

probability density

» In the CMB, constraints are obtained by
assuming a cosmological model and are
therefore model dependent
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» Planck constraints change when modifying o flat ACDM
the assumptions of the underlying —e-
cosmological model 674111

» Local distance ladder measurements based R i
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4. Euclid mission

5. Conclusion




'Dark matter
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Einstein cosmological constant




'Dark matter

26.8%

Dark energy

68.3%

Einstein cosmological constant




Nature of dark energy

» What is the very nature of dark energy? Cosmological constant, vacuum energy,
new scalar field?

» Assuming a cosmological fluid with negative pressure, one can introduce its
associated equation of state : W = P / P

Cosmological constant
Cosmic strings

Quintessence
Phantom energy

» Dynamical dark energy models lead to redshift-dependent equation of state, e.g.
CPL (Chevallier & Polarsky 2001, Linder 2003) parameterization:

Z
w(z) =w, + Wo o5




Does dark energy really exist?

» What if instead of invoking the existence of dark energy that accelerates
the expansion of the Universe, one of the hypotheses of the standard
model was wrong?

» Pillars of the standard cosmological model:
» Hot big-bang
» Expansion of the Universe
» Laws of gravity described by General Relativity

» Cosmological principle



Does dark energy really exist?

» What if instead of invoking the existence of dark energy that accelerates
the expansion of the Universe, one of the hypotheses of the standard
model was wrong?

» Pillars of the standard cosmological model:
» Hot big-bang
» Expansion of the Universe
» Laws of gravity described by General Relativity — modified gravity?

» Cosmological principle = inhomogeneous expansion, backreaction...?



Outline

1. Standard cosmological model

2. Cosmic acceleration & dark energy
3. Galaxy redshift survey cosmology
4. Euclid mission

5. Conclusion




Observed large-scale structure

» In the late universe, LSS is mostly seen through galaxy spatial distribution and
gravitational lensing

» The large-scale structure of the Universe evolves through the competing
effects of universal expansion and structure growth
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Canada France Redshift Survey
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First constraints from galaxy P(k)

Constraints on the baryon fraction
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Baryon Acoustic Oscillations
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» First detections of BAO in galaxy clustering, sensitive to: H(z), D,(z)
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Mapping the large-scale
structure with galaxies

» Large redshift surveys for
cosmology (non-exhaustive):

>

>
>
>

» More coming in the next years
(2021-2027): DESI (on-going),
Euclid, PFS, Roman

WiggleZ (Blake et al., 2011)
SDSS/BOSS (Dawson et al, 2013)
VIPERS (Guzzo et al. 2014)

SDSS/eBOSS (Dawson et al.,
2016)



N-point statistics

Zehavi et al. 2011

>

>

Two-point statistics

» The “probability of seeing a structure” can be

Higher-order statistics

casted in terms of the galaxy overdensity:
5:P—P0

Po
The correlation function is simply the real-space

two-point statistic of the galaxy field:
§(r) = {6(x)d(x +r))

Its Fourier analogue, the galaxy power spectrum,
is defined as:

P(k) = (0(k)o(k))

£(r) = (0(x1)d(x+r))
C(r1,r2,73) = (d(x1)d(x2)d(x3))



Galaxies are biased tracers of the
underlying density field

—— Matter

154 Galaxies

1.0 A

_1_0 .
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(a) dark matter

Example of perturbative model: (McDonald & Roy, 2009)
. . 1, .. 1
on(x) = b1d(x) + §b2 [c)(x)2 — o9] + §bsf.>[s(x)2 — (32)]

/ / \

Linear bias  Non-linearities Tidal tensor = Non-local




Cosmology from galaxy clustering

50

Galaxy
formation
heutrinos,

0 50 100

Galaxy anisotropic
correlation function
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Anderson et al. 2012

» BAO scale is determined by the sound horizon at drag epoch (z,): \
> cs(z
Tq = S( ) dz
Zd H(Z)




Baryon Acoustic Oscillations

» Non-linear effects on BAO

» As structure grows, galaxy peculiar velocities

smooth out the BAO peak on scales of 15-20
Mpc/h

» PT or numerical simulations predict a Gaussian
damping of the peak

A%(k) = {Af, (k) + - -}[exp [—k222/2]]-|— A2, + -




Baryon Acoustic Oscillations
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» Reconstruction: mitigate non-linear effects and sharpen the BAO peak
(usually based on Zel’dovich approximation)




Baryon Acoustic Oscillations

BAO scale can used as a standard ruler
For 3D spherically averaged separation, sensitive to:

s 1/3

H(z)

Dy (z) = |(1+2)*D}(2)

» Fiducial model used for estimating the correlation function, estimates the
deviation of BAO peak position with respect to fiducial position (Alcock-
Paczynski effect):

DV( ) fid
) —
D‘/ Td




Alcock-Pazcynski distortions

» Anisotropy induced by the assumed (fiducial) cosmology which convert
redshift into distances.

A’I“” %C/H(Z) EDH(Z) AT'J_ ~ DM(Z)
Ar
«—>
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Understanding Cosmic Acceleration

Einstein Field Equation:

FW +Ag .

...or modify gravity theory? Add Cosmological Constant /
or Dark Energy | %%

« To distinguish these two radically different options: need to
probe the dynamics of the Universe
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Redshift-space distortions

Nature, 451, 541 (2008)

A test of the nature of cosmic acceleration using galaxy redshift
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Redshift-space distortions

Redshift-space distortions (RSD) in galaxy redshift surveys are unique to
measure the growth rate of structure 7(z)

Anisotropic correlation function LGrowth rate of structure measurements
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(Guzzo et al. 2008, Nature)
- Proof-of-concept in 2008 with VVDS survey (Pl: Le Fevre)




Redshift-space distortions

» RSD are known for more than 30 years... (Kaiser 1987)

Peacock et al. (2001), Nature
RSD to measure O, : B =fb=2,Y/b

m / h™'Mpe

o / h™'Mpe

®m 2dFGRS
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» ... but we realised its usefulness for probing gravity lately
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Guzzo et al. (2008), Nature
RSD to probe gravity: B =f/b =0.,Y/b;

Growth Rate Function f,(z)
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Redshift-space distortions

Guzzo et al. 2008

— ACDM-GR~ = 0551
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Zarrouk et al. 2018




State-of the art: eBOSS survey

Pre-reconstruction
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RSD measurements
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Cosmological implication of SDSS surveys

expansionhistory
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Cosmological implication of RSD
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w=—1.09+0.11 po = 0.04 £0.25, &y = W,,m

» Observations compatible with the standard model: General Relativity +

cosmological constant .

» No detection of (parametric) modification to General Relativity prediction



Other LSS tracers

» Cosmic voids

» Cosmic voids are interesting objects, to some extent simpler to model

» Can be used for RSD and Alcock-Pazcynski test
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Hawken et al., 2017
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Three-point statistics

» Can we go beyond two-point statistics to probe cosmology?

» BAO feature 4.5¢ detection in the 3-point correlation function

BAO scale fitting: Tidal tensor model

— Data; BAO model
=== Data; no—wiggle model
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Combining two- and three-point statistics

» Adding Bispectrum improves cosmological constraints
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Outline

1. Standard cosmological model

2. Cosmic acceleration & dark energy
3. Galaxy redshift survey cosmology
4. Euclid mission

5. Conclusion




Euclid: a space
mission to solve dark
energy

» Euclid is an ESA space mission aiming at:

» 3D mapping of 50 million galaxies
over 15,000 deg2 wih slitless
spectroscopy in space

» Asurvey of the shapes of over 2
billion galaxies on the same surface

» The aim is to trace the structure of the
Universe, both visible (galaxies) and
invisible (dark matter), to understand
the nature of dark energy
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Euclid mission

» Next-generation galaxy surveys designed to extract most of the cosmological informati

from galaxy clustering: large probed volumes, sufficiently high galaxy/quasars sampling
rate, multitracer, multiprobe...

0.02 0.05 0.1 0.2

4.5
1

Euclid slitless: 0.9<z<1.1
— — — w,=-08

wy=—1.0

_ With Euclid & DESI we expect:

1 » Subpercent accuracy on the BAO

- scale

» Percent accuracy on the growth
rate of structure and y

4
T

3.5
T

'Euclid slitless: 0.9<z<1.1

log,q P“l(k) / h~3Mpc®

3
T

V4

—> Crucial to solve the Dark Energy
problem

10310 P.al(k) / P(k)moo'.h
-0.05 0 0.05

Galaxy power spectrum

1 1 1
0.05 0.1 0.15 0.2
X / h Mpc™! 7]

2.5

. 1 . 1 . 1 . 1 . 1 .
-1.8 -1.6 -1.4 -1.2 -1 -0.8 -0.6

logigk/h Mpc~?




Euclid mission
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Growth of structure / gravity

» Next-generation show allow testing gravity
and cosmology beyond standard model, e.g.
be sensitive to modified gravity or DE models
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Euclid mission P
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Conclusion

» Understanding gravity on cosmological
scales is key to understand Dark Energy
and cosmic acceleration

» LSS observations from galaxy and lensing
survey are crucial to get insights on the
strength of gravity through the
characterization of the growth of structure

» Future large spectroscopic+lensing surveys
such as DESI and Euclid will allow to make
a big step towads understaning gravity on
cosmological scales and cosmology

» Importance of controling systematic errors
in surveys at exquisite level to achieve this
goal




