Cosmological
probes of gravity

Lecture 3 Lecture 4

Observing the sky Summary of first lecture

The Hubble constant (Ho) Cosmic microwave background (CMB)
Big Bang Nucleosynthesis (BBN) Redshift-space distortions (RSD)
Type-la supernovae (SNIa) Weak gravitational lensing (WL)
Baryon acoustic oscillations (BAO) The future

Based on "Modern Cosmology" by Dodelson & Schmidt 2019
" Observational probes of cosmic acceleration" by Weinberg et al. 2013
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dark energy
(quintessence, phantom force)

The expansion is accelerating and we do not know why

70%

Most of the information we receive is in electromagnetic form

but we have a new way of "observing gravity" !
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Baryon Acoustic Oscillations (BAO)

Constraints on dark-energy from the distance-redshift relation

H*(2) = H} |9, (1 + 2)° + Qpp(2) + Q1 + 2)?

(at z < 100)
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Matter density Q,

BAO as powerful as SNla, and independently showing acceleration !




Density as a cosmological constant €,
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Cosmology with Type la Supernovae (SNIa)

Constraints on dark-energy from the distance-redshift relation

H*(2) ~ H] [Q,,(1 + 2 + Qpp(2) + Q1 +2)?|  (atz < 100)

If Qpp(z) = Q\(1 + W)
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The Hubble Constant Hg
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What is dark energy ?

The acceleration problem

Q ™ [a(?)] =3(1+wotw,)e3w,[1-a(®)] General

Relativity

Unique theory
of massless g,..,

dark energy

(quintessence, phantom force)

70%







Cosmic Microwave Background (CMB)




Télescope : miroir primaire o

de 1,5 m de diométre

Plan Focal
contenant les instruments
scientifiques refroidis

Plate-forme :

* Avionique (Contréle d‘attitude,
gestion des données)

* Puissance électrique

* Télecommunications

et instruments électroniques

Panneau solaire
et module de service

How do we observe it ?

Planck satellite

Poids : 2 000 kg

Puissance électrique :
1600W

Durée de vie : 21 mois

Planck HFI, ¢’est aussi :

* 50 000 composants
électroniques,

* 36 000 litres d'Hélium 4,

* 12 000 litres d'Hélium 3,

* 11 400 documents.




How do we observe ?

Bolometers

Observes polarisation as well

RPN
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What do we observe ?

Low energy photons
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The microwave emission of the sky

The Planck one-year all-sky suruey @esa () ESA, HFI and LFI consortia, July 2010




The microwave emission of the sky
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Removing foreground emission
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The cleaned CMB

Temperature




The cleaned CMB

Polarisation




The cleaned CMB

Lensing potential




The absolute temperature of the CMB

Wavelength [mm]
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The dipole of the CMB

_ Sept. 10th
VIFQ;%_D ecliptic
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we're coming from...
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Temperature angular power spectrum
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Need a model : perturbation theory !

Initial power-spectrum of Gaussian
perturbations after inflation

Pr(k) = Aq (E change the physical distance

1 Dark-energy and curvature
ng—
ko) Reionisation: free-electrons make to the last scattering surface

CMB photons scatter away

Decoupling
(CMB)
380 000 Yrs

BBN Large-scale structures

bend light from CMB Integrated Sachs-Wolf

BAO: sound waves propagating effect

in the baryon+photon plasma Hot gas in clusters boost
Dark matter fluctuations keep growing CMB photons (tS2)
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Perturbation theory
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Perturbation theory

Baryons

Baryons z = 100000.0
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Perturbation theory

Baryons
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Perturbation theory

Baryons
Baryons z = 1000.0
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Baryons
Baryons z = 100.0 1e—5
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Perturbation theory
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Perturbation theory
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Perturbation theory
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Model for the CMB

Propagate photons
Apply lensing
Absorb a fraction e”

Add ISW
Convert to angular power spectrum
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Angular sound horizon
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0L + 1)/21 C,[uK?]

Baryon and cold dark-matter densities

Information from relative heights of the acoustic peaks

w, = Qh*+ 10 % w, =Qh*£10%

6000 6000
2809 5000 - "_“
4000 - "S':' 4000
=
O
3000 - & 3000 A
2
2000 - = 2000 1
1000 1000
0 25'0 50'0 75'0 10'00 12'50 15'00 17'50 20'00 0 2'30 50IO 75'0 10I00l 12'50 15I00 17150 20I00
¢
68%, Planck
Quh? = 0.02237 + 000015 8% | | |
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1% precision !



Optical depth and primordial amplitude

ng—1
Degeneracy : Ase_ZT Pr(k) = Aq (kf)
0

Reionization free-electrons scatter CMB photons and
Solutions : damp scales smaller than the horizon

Relative amplitudes of large-scale temperature and
polarization CMB anisotropies

Ag = (2.1017003) x 107 (68%, TT,TE,EE+lowE).

T =0.054410004] (68%, TT,TE,EE+lowE). Zrsion = 7.68 % 0.79

(68%, Planck 8-sigma from

ns = 0.9649 + 0.0042 TT,TE,EE+lowE+lensing), scale-invariant



Lensing of the CMB

Smooths the acoustic peaks
Two effects :
Transfer of power to small-scales
Potential can be reconstructed from 4-point function
or
Lensing template is fitted with amplitude Ap
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T 6
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Late-time structures bring information and break some geometrical degeneracy



Consistencies : Low-7" versus high-7
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Some one-parameter extensions

W Planck TT,TE,EE+lowE B Planck TT,TE,EE+lowE+lensing

B Planck TT,TE,EE+lowE+lensing+BAO
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Ground based CMB experiments: ACT and SPT

Better resolution, smaller sky -> higher ell
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Scalar
perturbations

Effect of lensing :

Primordial gravitational waves
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Primordial gravitational waves

Bicep, Keck, SPTPol Collaborations 2021

B-mode power spectrum

Baseline

BK Q/U
Planck Q/U
SPTpol Q/U 1
Posterior on tensor-to-scalar ratio

Still no detection

r<0.082 (95% C.L.)

0.16
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Model for the structures

_ P = 51

density perturbations: 5(X, f) —

smooth Universe * p(1)
p(1)

velocities: V(X, t)

Space-time ; Energy content
properties = of the Universe

5 +[wmls —[wnls = 0




Space

Model for the structures

AN

5 %t

/| /// // /
// / / /
/ / // /
V40% 40
d 9%
: /

//

do
—(t) ~ Growth-rate

dr

—— With DE
0.4 ---—- NoDE -
//’,

0.31] Acceleration damps

o | |growth of structures !|

0.1 A1

'
-
-
-
-
-
-
—

0.0
106 107 108 10° 1010
Time t [years]

5+l —[en s = 0

6(%, 1) +2H(2)0(X, 1) — ;QmHg(l +2)°8(%,)=0  (GR+ linear)



Smooth Universe Structures

.s .
photons, LY sk 6 + il 5 — gravity 6 —_— O
TS uintess orce) pressure

0.008%

do
—(t) ~ Growth-rate
dr

500
—— With DE —— With DE
200 - ---- No DE 0.4 --—- No DE
300 - 0.371| Acceleration damps
growth of structures !
200 A 0.2 1
100 - T N 0.1 -
Acceleration ! \_/ _______
O T L | T L T L T L 0'0— ==
10° 107 108 10° 1010 106 107 108 10° 1010
Time t [years] Time t [years]

Qa4 Expansion-rate and growth-rate can break degeneracies

between A and alternatives to general relativity




Statistics of the structures

One Universe, 5(X) not so useful by itself,

one realisation: so we look at statistical properties !
Average: <5(X)> = () by definition... not very useful
Variance: <52(X)> useful! but there is more...

(Correlation function: <5(X)5(y)> \

, contain most information
Fourier Transform

Power-spectrum: <S(k)5(k/)>

(most used)

_ J

Higher-order: <5(X1)5(X2) c e 5(Xn)> also very interesting



Correlation function: <5(X)5(y)>
< ) > — average over all pairs in the volume 4
AR
S (5@ + 1) = &) = &)
S Il 5(’””,’1)
S(X) N e ]
\ 0.00 0.01 003 008 0.19 046 1.14 281 693 17.12 '
120
.“ . 60

i
VK
ri [h~" Mpc]

~ 60

The amplitude depends
—120 on the growth-rate

—120 —60 O 60 120
ri [h! Mp(]




Redshift-space distortions (RSD)

We measure redshifts : peculiar velocities affect our distance inferences

Redshift from
the velocity

» A
MR
Redshift from : | Actual
the expansion : distance
ZCOSII]O

: I
o
®®

gObserved | Distorted
: Redshift | distance

Zobs |

®



Redshift-space distortions (RSD)

BAO - Baryon Acoustic Oscillations

Expansion rate H(z)

General Relativity
+

A, wo, w,: dark energy

RSD - Redshift-space distortions

Growth rate of structures f(z)

Modifications or
alternatives to
General Relativity

5(””,’1)
v -

000 0.0l 003 008 0.19 046 1.14 281 693 17.12

120

60

r| [h"1 Mpc]

—60

—120

—120 —60 0 60 120
ri [h! Mpc]
Bautista et al. 2020



Redshift-space distortions (RSD)

Real positions Observed positions

) 4

\AZtrue

Az

Velocities "flatten" obs

the structures radially

Growth rate of structures

in general relativity
y=0.55

@~ Q)]

Else: y # 0.55 -/'\ -/\

Modifications or
alternatives to
General Relativity




f(z) 78(2)

Redshift-space distortions (RSD)

State-of-the-art measurements from galaxy surveys

Age of the Universe [billions of years]

13.8 8.6 5.9 4.3
1 1 ‘ 1 1
. — G.R.
Bautista
oss4 4 FEEEErE b f(R) %
et al. 2020 ________ D.G.P.
0504 .
0.45 ~
0.40 A
0354
0.30 A
0.25 - SDSS eBOSS
measurements
0.00 0.25 0.50 0.75 1.00 1.25 1.50 1.75
Redshift z

Uncertainties are still large to see deviations from GR

2.00

Models of
gravity



100 lo®

RSD analysis o0

e TNS: x? = 85.2/(65 — 7) = 1.47
wes | CLPT: x? =83.7/(63 - 6) = 1.47

eBOSS LRG sample Né 60 -
Monopole = =
é(l"“, rJ_) E?. 20 -

____ . _ . o

0.00 001 003 008 0.19 046 1.14 281 693 17.12 ~20-
2I0 4|0 6l0 8'0 l(l)O léO 140
120 r[h~Mpc]
0.0 - + + +
~0.5- +
7 @ %,
= —1.01
= 7
~ 0 Quadrupole = -1s-
= E‘*-z.o-I+
~ _60 —2.5 +
25 50 75 100 125
—120 r [h~*Mpc]
1.51+
—120 —60 0 60 120 o
1 < 1.0
r| [h MpC] 3_-9' +
/o Hexadecapole & os] ++i ++ +
Erom) = ) LAwEAr) +
=0 0.5 - +
where u = r/r 25 50 75 100 125

r [h=*Mpc]



100 Jo’ s TNS: X2 = 85.2/(65 — 7) = 1.47
RS D a na IySiS o | mes | CLPT: x? =83.7/(63 — 6) =1.47
%
. 60 -
How to model the galaxy clustering ? g
S 401
=
2 20
Nk
04 + +
_20 N
200 40 60 80 100 120 140
r[h~*Mpc]
0.0
o ity
%)
Hg -1.0
|
= -1.51
&
¢ 2.0
\d
—-2.5 4 ’
23 Sb 7% 160 1&5
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1.51+

1.0 -

U1 M
00- + +

—0.5 -

Redshift-space
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RSD analysis

How to model the galaxy clustering ?

This is a large field of theoretical research

Realism
Approaches: 4
- n-body simulations
- hybrid : emulators, machine learning
- theoretical formulations v
Speed

Large-scale structure of the Universe
and cosmological perturbation theory

Redshift-space Bernardeau, Colombi, Gaztanaga, Scoccimarro 2002

Large-scale galaxy bias
Desjacques, Jeong & Schmidt 2018




RSD analysis

Growth rate of structures

Estimate Dw/rg, Dn/rq and from the full-shape of the
correlation function or power spectrum

TNS (Taruya, Nishimishi & Saito 2010)

Two examples + non-linear bias

models: Comoving Lagrangian Perturbation Theory

(Carlson et al. 2013)
+ Gaussian streaming (Reid & White 2011)

P(k, ) = D(kuo,) [ Pgg(k) + 214> f Pyo + pu* f* Py (k)

+CA(k7 M, f’ bl) T CB(k’ M, f9 bl)]’

[1 + &x(r)]

1+EX(r_L’r||) =

1
/ \/ 2 [0’122(1‘) e 01306]

{ [r) — y — pup@)P }
X exXp{ — dy,

2 [olzz(r) 4 chzoG]

100 lo®

r&>(r) [h~1Mpc]

r€a(r) [h"*Mpc]

r2&o(r) [h—2Mpc?]
S
o

e TNS: x? = 85.2/(65 — 7) = 1.47
wes | CLPT: x? =83.7/(63 - 6) = 1.47

20 40 60 80 100 120 140

r[h~Mpc]

=
wu
1

Hata]

25 50 75 100 125
r[h~Mpc]




RSD analysis

Systematic errors

Type Model O, O O fog
Modelling CLPT-GS 0.004  0.009  0.010
TNS 0.004 0.006 0.009
Fid. cosmology CLPT-GS 0.009 0.010 0.014
TNS 0.005 0.008 0.012
Obs. effects CLPT-GS 0.009 0.012 0.017
TNS 0.010 0.014 0.018
O syst CLPT-GS 0.013 0.018 0.024
TNS 0.012 0.017 0.023
Py 0.012 0.013 0.024
O stat CLPT-GS 0.020 0.028 0.045
TNS 0.018 0.031 0.040
Py 0.027 0.036 0.042
o sysl/ O stat CLPT-GS
TNS
P
— 2 2
Otot = /02 + 02 CLPT-GS 0.024 0033  0.051
TNS 0.021 0.035 0.046
Py 0.029 0.038 0.048

Statistical and systematic
errors are comparable



RSD analysis

0.60 -
0.55 -
- % /ACDM (P18)
saad 0 BAO (5, + P))
Growth-rate 2
= 0.45 - RSD (&, + Py)
mm BAO+RSD (& + Py)
0.40 -
0.35 -
Radial BAO

Ll 1

16.5 17.0 17.5 18.0 18.5 0.4 0.5 0.6

Dm/rdrag fog

Angular BAO Growth-rate



Structure Growth/PLANCK 2018 A-CDM

Redshift-space distortions

2:5

BOSSDR12_INTZ
e 0.4<2<0.6 150
§. 120
Z
- 90
w
2.0 ] 60 150 LG N S
30 100108 i e
" 4 — 45
“-150 =100 -50 © 50 100 1 N Y 30
% 5. [Mpcrh] P e § e am 15
B 0
150 -90 & ° 4
~150 ~100 50 50 100 m " -s0 i -3
1.51 ' s (Mper] A
s [Mpei] , ~100

~1504 -
;-150 -100 =50 0O 50 100 150

s.IMpc/n) -
’ L g
1} ¢'
] P
' ,'
e 22
.

‘
‘BOSSDRlz _Lowz
e’ 0.2<2<0.5

160
120
80
40

0
-40
~B0

~150 ~120

-150 -100 -50 O 50 100 150

sy[Mpc/n]

sy[Mpe/h)

180 50 —100 %0 © -150 -100 -50 O 50 100 150

s:[Mpc/] 5.1 [Mpc/h]

0-Q0 0.2 0.4 0.6 0.8 1.0 1.2 1.4
Credit: M.Vargas-Magafia and SDSS. Redshift z

Also using cosmic-voids: Aubert, Cousinou, Escoffier, et al. 2020



fog/[foglpianck

Redshift-space distortions

1.6
I LT ACDM  --- oACDM —-— wCDM —— VACDM - EdS CDM
1.2 -“\-r-.,, o —+ ...............................
1.0 q;./: ............... ‘ “‘-rnu_*“._”_____;___'_--__-__—__---_—---_--__-__--_---
aa ' .... e —— e e T bt
o6 Best-fit extensions from Planck
| Q=-0.044 wy=-158 > m=026¢eV
0-4 T 1 1 1
0.0 0.5 1.0 1.5 2.0 255
Z
2 , ~0.8
0.7 \ oACDM wCDM
G
0.6 1
=T
0.5 W
’ —1.4
B CMB T&P B CMB T&P
04| MER +RSD _16- BN RSD
| Il {CMB lensing+WL ‘\\ B +CMB lensing+WL
0.3 0.4 0.5 0.6 0.7 0.2 0.3 0.4
7 Qi

Constraints are not yet that competitive with other probes within these models



Peculiar velocities

Distance indicator + redshift = peculiar velocity

Redshift from . . .
the velocity Density Radial velocity
_) .
V ........................ é ZV = ’:/ ‘ \ /

Actual EObserved I Distorted

” ; I
= - @ = [5,,](%)
Redshift from |

the expansion ! ' distance i Redshift | distance Joint analysis:
: | E
Zcosmo I Zobs : : (_}) (_))> Pgs Ps,
: a(x)a(y)) =
I | P ov P 0

© ©

Methods to determine distances: Tully Fisher, Fundamental Plane, Type-la supernovae



Peculiar velocities

(y=0.45, Ho = 67.4, Q= 0.31, 05 = 0.81) SDSS: This work

! (y=0.50, Ho=67.4, Qm=0.31, 0g = 0.81)
mm (y=0.55, Hp=67.4, Qm=0.31, 05 = 0.81)
0.6 mm (y=0.60, Hy=67.4, Q= 0.31, 0s = 0.81)
(y=0.65, Ho = 67.4, Qp = 0.31, 0g = 0.81)

@ 6dFGS: This work

Blake et al. (2013)
6dFGS+SDSS: This work Samushia et al. (2013)
Davis et al. (2011) Beutler et al. (2014)

\ 4 Alam et al (2017)
&
X
Branchini et al. (2012) @ Howlett et al. (2015)
*
&

Pezzotta et al. (2017)
Adams & Blake. (2017)
Qin et al. (2019)
Boruah et al. (2019)
Adams & Blake. (2020)

Beutler et al. (2012) Carrick et al. (2015)
Blake et al. (2012) Huterer et al. (2017)

IR X )
RAVE TS

0.5 1
g
0.4 :
0.3 ® +
\ Peculiar velocities Redshift-space distortions
n?>2 J i k p J
0.10 1.00
Redshift (2)

Said et al. 2020

Promising information to test gravity at low redshifts






Weak Gravitational Lensing (WL)

What do we measure?

Shapes of galaxies in images

Unlensed Lensed
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Weak Gravitational Lensing (WL)

What do we measure?
Shapes of galaxies in images

Observing the large scale structure

background (source) galaxies
A »

'\\

foreground (lens) galaxies,
which are clustered

redshift / distance

lensed /sheared image of
background galaxies

\

A

https://www.youtube.com/watch?v=8aHblLMUOwl c



The Dark Energy Survey (DES)

® 570 Megapixel camera

for the Blanco 4m
telescope in Chile.

e Full survey 2013-2019

(Y3 2013-16).

e Wide field: 5000 sq.

deg. in 5 bands. ~23
magnitude.

e DES Y3: Positions and

shapes of > 100M
galaxies.

Transmission

a
e ©
— ()

o
(=

o
=]

o
w

o
=]
N

Image Credit:

CosmoHub, Port d'Informacidé Cientifica (PIC)

o
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Weak Gravitational Lensing (WL)

Photometric redshifts using 5 fluxes

S

— Source n(z)
o b

MagLim n(z)
&

ol
s o

RedMaGiC n(z)
o
3]

o
o

Bin 1
Bin 2
Bin 3
Bin 4
Bin 5
Bin 6

0.0

Cross-correlation with spectroscopic surveys to improve accuracy




Weak Gravitational Lensing (WL)

Measuring galaxy shapes for the shear

Jarvis+2021 https://github.com/rmjarvis/Piff

Stars

- - *. = o
adapted from (blurred) (pixellated)

Mandelbaum, Rowe+2013

. #

Propagation through the Earth’s
atmosphere and telescope optics

lensin g shear

|
EOTbS =(1+m) v +¢

observed ellipticity multiplicative error additive error

DES measured the shape of 100 million galaxies



Weak Gravitational Lensing (WL)

We have galaxy positions and their shear, in a few redshift bins

3 x 2 point functions:

- galaxy positions x galaxy positions f) — {’l;}i (9) 7 ,’}‘,Z'J (9)7 Aiij (9)}

- galaxy positions x galaxy lensing
- galaxy lensing x galaxy lensing



Weak Gravitational Lensing (WL)

We have galaxy positions and their shear, in a few redshift bins

3 x 2 point functions:

- galaxy positions x galaxy positions
- galaxy positions x galaxy lensing
- galaxy lensing x galaxy lensing

MaglLim without weights

3x2pt best fit fiducial

D=

3x2pt best fit 6 bins [

A (9), €2(0)}

MagLim with weights

, B e 33 4,4 5.5 6.6
/‘\- . N m .’,)’h‘&;;\;; XY T d ) ,_\65;;"\;\;; iy
" ‘ Nif, - &
‘ i =
-4 - * -~
10 100 10 100 10 100 10 100 10 100 10 100
6 [arcmin] 0 [arcmin] 6 [arcmin] @ [arcmin] 0 [arcmin] @ [arcmin]
redMaGiC without weights 3x2pt best fit fiducial ® redMaGiC with weights
£ T 3.3 4.4 5.5
§ i! 141 i
g 1 d < \ & } Ka i » . - i
B EEmms 0 02020 EmmE 000 G002 .
10 100 10 100 10 100 10 100 10 100
8 [arcmin] 8 [arcmin] @ [arcmin] 6 [arcmin] @ [arcmin]




galaxy positions x galaxy positions
galaxy positions x galaxy lensing
galaxy lensing x galaxy lensing

Y (f)

7(0)

Weak Gravitational Lensing (WL)

We have galaxy positions and their shear, in a few redshift bins

3 x 2 point functions:

A

D

w(h),

A (6), €2(6)}

0.20 < z; < 0.40
MaglLim

0.40 < z < 0.55
MaglLim

0.55 < z; < 0.70
MagLim

0.70 < z < 0.85
MagLim
10-3 4 a

10~ +

1075 5

MagLim

0.95 < z; < 1.05
MagLim

10-°




cstimator

Weak Gravitational Lensing (WL)

We have galaxy positions and their shear, in a few redshift bins

3 x 2 point functions:
- galaxy positions x galaxy positions
- galaxy positions x galaxy lensing
galaxy lensing x galaxy lensing

D = (44(6), 51 (0) JEL 0))

10 100 10 100
6 (arcmin) 6 (arcmin)

JOIBWNISI

10 100 10 100 10 100 0
¢ (arcmin) @ (arcmin) € (arcmin)



Weak Gravitational Lensing (WL)

Simulations to test the analysis and model

.

. 3 o A
Tie s §ET Lightcone Simulations
g o ® s .
o ) o * ’ I B
. .
! ADDGALS
—_— Galaxy
Cosmological Formation
Model Constraints

Observational
Effects

\

High-Resolution
Galaxy Formation Model

\

High Resolution N-body
Simulation

clustering

48



Weak Gravitational Lensing (WL)
The model

Observed density of galaxies in a redshift bin: (0= 5;(1?1) + 5L(ﬁ)

obs

Observed shear signal (gravity+intrinsic alignments): 47 (h) = 'yé,a(ﬁ) + eia(ﬁ)

In Fourier: ’Yﬁ:(e) = K’ (£) + ef’E(Z), ’Y}j3(£) = 6{,8(6)

Convergence field: nj(ﬁ) = /dx W,Z (X)0m (M), X)

!

baryons + dark matter

30, H2 [X2 - ! —
— > 0/ dxlng(xl) X X /X

Lensing kernel: W,z(X)
g " T a(x) X

number density of galaxies

" W Wj /e
Angular cross power spectra:  Cyg(£) = /dX A(Xz(2 B(X)PAB (k =272 aZ(X))

t



Weak Gravitational Lensing (WL)

Lensing kernel: Wi(x)

The model

= 30l ™ gy X XX
X

/

2 a(x) X
T

number density of galaxies

y W W fide
Angular cross power spectra:  Cyg(£) = /dx a0 B(X)PAB (k = 2 ,z(x))

Convert back to configuration space:

Done! Compare to data!l

y X

!

3D power spectrum (matter or convergence)
wz(g) = Z gO (E, gmina Omax) Cgibsdobs (E)
’thj (0) - Z gZ (ga Omina Oma.x) CgaSE (f)

£2(0) =3 Gt (€ i Oimax) [ O (€) £ C (0)]

D = {&'(0), 4 (9), £1(0)}



Weak Gravitational Lensing (WL)

The model

- 30mHp | (X - X X' —X
Lensing kernel: Wi(x) = & / dx'n? (x’
g ()' > lx T()a(x) =

number density of galaxies

W4 (x)W L+
Angular cross power spectra: CXB (£) = / X2 B(X)PAB (k == 2 z(x))

3D power spectrum (matter or convergence)

The amplitude of the signal mainly depends on:

S, = agxggm/o.%




P

Weak Gravitational Lensing (WL) L

1.00¢ . * —
: — Fid. 3x2pt
0.95F = = ACDM-Opt. 3x2pt [

from DES 3 years : S, \
090} -

Cosmological constraints

Y+ w

0.85F
0.80F

0.75F

Ss = 0.77612:917 (0.776) ool

0.65F

0, = 0.38973:03% (0.372)

0.60f

0.875F

og = 0.73370:055 (0.696)

0.850

0.825}

DES Collaboration 2021

0.800

0.775F

651/ 2,,70.3

0.750 F

0.725F

0.700F
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Weak Gravitational Lensing (WL)

Cosmological constraints
from DES 3 years

= 0.35270 041

—0.9870-32

(0.339),

w = (—1.03).

DES Collaboration 2021

/A
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‘
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105 — Fid. 3x2pt
wem Planck CMB
1.00} e Ext. SNe+BAO+RSD
w3 2pt+Ext. SNe+BAO+RSD
0.95} — :
\
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Testing modified gravity
Redshift-space distortions (RSD) + Weak gravitational lensing (WL)

Scalar metric perturbations in the
conformal Newtonian gauge :

ds* = a*(0)[(1 + 2¥)de* — (1 — 2®)5;dx,dx;]

Y = —4rGa*(1 + u(a))pé,

where u(a) = X(a) = 0in GR

k(¥ + @) = —8xGa*(1 + Z(a))pé.

Choosing : 0.5
Q,(z)
u(z) = u :
V0 0.0
Q,(z) <
2(z) =2
(2) 0 Q,

—0.91
BN RSD

B WL+CMB lens

RSD and WL are both essential .

for testing GR !

MG

206 —04 —02 0.0 0.2 0.4






Spectroscopie

Future of optical cosmology

Until 2020 | 2021

2023

2025

Beyond
2027
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Rubin-LSST

-
(@‘ euclid

VERA C.RUBIN
OBSERVATORY

alldwoloyd




Future cosmological constraints

Expansion rate with BAO

Age de I'Univers [milliards d'années] Age de I'Univers [milliards d'années]
13.8 5.9 3.3 2.1 1.5 ~ 138 8.6 5.9 4.3 3.3
] ] ] ] \t'o;o 0.6 ] ] ]

90 A
0.5 1.

0.4 -

Expansion rate H(z) /(1 + z) [km/s/Mpc]

0.3 1
0.2 1 —_— R.G.
........ f(R)
---- D.G.P
. . . . . . . . 0.1 . . . . . . .
0.0 0.5 1.0 1.5 2.0 2.5 3.0 3.5 4.0 0.00 0.25 050 0.75 1.00 1.25 150 1.75 2.00
Redshift z Redshift z

Julidn Bautista 154 of 41



Future cosmological constraints

Expansion rate with BAO

Age de I'Univers [milliards d'années]
13.8 5.9 3.3 2.1 1.5

Forecasts
DESI
Euclid

0.0 0.5 1.0 1.5 2.0 2.5 3.0 3.5 4.0
Redshift z

Expansion rate H(z) /(1 + z) [km/s/Mpc]
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We hope we can learn more about dark energy !
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Future

Other optical future projects : Roman Space Telescope,
Mauna Kea Spectroscopic Explorer (MSE)

Radio and CMB: Square Kilometre Array (SKA), LiteBird,
Simons Observatory, CMB-54

Gravitational waves: LISA

and many more...



Cosmological
probes of gravity

Lecture 3 Lecture 4

Observing the sk
. 4 Cosmic microwave background (CMB)

The Hubble constant (Ho)
Redshift-space distortions (RSD)

Big Bang Nucleosynthesis (BBN) " 4 \
Weak gravitational lensing (WL)
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iR P The future

Baryon acoustic oscillations (BAO)

Based on "Modern Cosmology" by Dodelson & Schmidt 2019
" Observational probes of cosmic acceleration" by Weinberg et al. 2013




