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WHAT IS THE NATURE OF GRAVITY
AT COSMOLOGICAL SCALES?

Lovelock theorem qf General CRe(ativity:
From a local gravitational action
which contains only second derivatives
of the four-dimensional
e : space-time metric,

then the only possible equations are
— Einstein-field equations

. GRAVITY Einstein-
....... Fther
mmmmmm

imensions

Credits: (29  \G=3 Modified gravity according to Lovelock theorem
Trilleras - o b ]
2015 g O S 1. Non-locality (or emergence) : no local action

2. Higher-derivatives: more than 2nd derivatives

3. Extra-dimensions : more than 4D

4. Extra degrees of freedom: scalar, vector
and/or tensor

Modified gravity theories
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WHAT IS THE NATURE OF GRAVITY
AT COSMOLOGICAL SCALES?

O  Past, spec © Future, spec
&8  Past, photo &  Future, photo
. j'.b
CHle 0%,
—_ 6 .. 0& ‘. ~" .
(l\l 10 et & Rubin
& 8 cosmos .. SRoman
5 ’ .
=10 CFHTLS g3 HSC®. g 8 Ebuclid .,
O B : DES B
= . 8 KiDS$3
< 104 J'QOMB(}U SWIRE ORoman
— E o ., .0. .
2 17 . VH?ERS O PFS E%Clld
- ". 0. D
210° 4 O GAMA oL
7] = ‘e
ol 3 ‘e .,
8 5 nggleZOo @BOSS
» 1074 : 2FGS BOSS
e . . .
£ 10" e« p—
Z 3 .. 6dFGS
. 100 - T T = T
Credits: 10! 103 105
Houtet al,

Area [degz]

2023

Past and future of
vﬁotometmc/svectroscomc qafaxu surveys
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Large-Scale Structure surveys



WHAT IS THE NATURE OF GRAVITY
AT COSMOLOGICAL SCALES?

Noncritical
gravi

aaaaaa

gravity

Higher
derivatives

2 Einstein-
aaaaaaa
uuuuuu

Generalisations P - 4 ‘.‘4 - '. X i
Credits: 22 &I [ s ) s 2
. | vty " e Bosere . e ¥ .
Trilleras _ |~ Ewclid view of Perséus Cluster11/2023 - . & .
2015 Kt &= o At e i et

Modified gravity theories Large-Scale Structure surveys
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WHAT IS THE NATURE OF GRAVITY
AT COSMOLOGICAL SCALES?

ACCURATE
PREDICTIONS

We are here!

Noncritical
gravi

Higher
derivatives

2 Einstein-
aaaaaaa
uuuuuu

tend " “ o
| =xtra Non-locality 2 J(O'R) |
Dimensions ‘ e
Credits: (E2 &R
“ gravit) |
Lovelock
Gravity

Iglll E ras 1 @ ROBUST l.Ejgc.iild:v_i.év'v of.PerseusclUste‘r 11/2023 _f : s
CONSTRAINTS ' —
Modified gravity theories Large-Scale Structure surveys

ProGraceRay: ?ROﬁz’nﬂ GRAvity at wmo/ogz’cn/' scalEs with relativistic RAY-tracing
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METHODS

23/04/2024 Journée du LUTH 2024



ORGANISATION OF THE WORK

WP1: SIMU. WP2: POP.

COSMO 40 HYDRO SIMS
Modified 5123 - (70 Mpc)3 RELATIVISTIC CATALOGUE &
gravity POPULATING: RAYTRACING MAPS

Galaxies (g) (+noise and
selection

WP4: STATISTICS function)

ey Emulators PDF P(9) P(9) 4
’ FO{‘Q\A([:),I\EASCIZ ) 2 WL 3 X 2pts Spectra C(l, zy, z)
uclid, RSD Correlations &(r, )

when Analytical )
: / Bispectra & 3 pts correl.
available models .
Systematics
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ORGANISATION OF THE WORK

IAP
WP1: SIMU. WP2: POP. WP3: RAY.

COSMO MANY N-BODY 40 HYDRO SIMS

Mz SIMULATIONS 5123 - (70 Mpc)? RELATIVISTIC CATALOGUE &
grqvify +FEW VERY POPULATING: RAYTRACING MAPS
LARGEONES Galaxies (g) (+noise and
selection
WP4: STATISTICS function)
Ready PDF P(5,) P(x) 09 ¥
g
For. e Lmulgters WL 3 x 2pts Spectra C(l, z4, z,)
(Euclid, DESI...) 33 & :
. : RSD Correlations &(r, )
when Analytical )
: Bispectra & 3 pts correl.
available models

Systematics

LAM&AIM
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CHOOSING THE DARK ENERGY TYPE

—» Cold Dark Matter+ cosmological constant (STANDARD MODEL w=-1)
(e.q. /\-CDM:_________._-VCDM+ fluid of dark energy with equation of state w#-1 (Ihigo&MAB)
w-CDM, I ge] f(R) Hu&Sawicki modified gravity (Ihigo)

f(R)-CDM, d" Cold Dark Matter+ more generic modified gravity (ProGraceRay)
more general models)

WP1: SIMU. WP2: POP.

COSMO MANY N-BODY 40 HYDRO SIMS
Mz SIMULATIONS 5123 - (70 Mpc)? RELATIVISTIC CATALOGUE &
+FEW VERY POPULATING: RAYTRACING MAPS
LARGE ONES Galaxies (g) (+noise and
selection

gravity

WP4: STATISTICS function)
Ready PDF P(5,) P(x) O ¥
Emulat g
for MCMC mulators WL 3 x 2pts Spectra C(l, z4, z,)

(Euclid, DESI...) 38 &

O | ,
when - Analytical

available models

RSD Correlations &(r, )
Bispectra & 3 pts correl.
Systematics
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RANDOM OR GRID SAMPLING
OF THE PARAMETER SPACE

Random Regular grid
lr. - s AMe e’ o's o'e .
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| .. s ¢ o .. oooooooooo Kamath 2023
ol - ® & o S
0 0.2 04 0.6 0.8 1 0 0.2 0.4 0.6 08 1

* Cosmological inference in 5D (at least) => needs ~105 accurate predictions
* 1 cosmological N-body simulation=> ~ 104 h (for 5123 part. in modified gravity)
e Totaltime=>109h =>TOO MUCH CPU TIME!!!
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LATIN HYPERCUBE SAMPLING OF THE PARAMETER SPACE
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Saez-Casares et al., submitted to A&A, 2024
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Bramerdofer et al.2018

« Sudoku-like sampling »

Since the statistics are smooth :

Needs ~20*NDIM points ~100 models
to capture all the (cross-)derivatives
Needs 10° h =>THIS IS POSSIBLE!
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ACCURATE MODEL OF LARGE-SCALE STRUCTURE FORMATION IN GR

GRINITIAL CONDITIONS: COMPOSITION AND DISTRIBUTION OF COMPONENTS

Gaussian
(+ GR a(t)
Background)
Weak-field GR DYNAMICS OF GRAVITATIONAL
INTERACTION
Non
reFLativistic DYNAMICS OF DYNAMICS OF CZ)
geodesics DARK MATTER DARK ENERGY =
o~
Z
Vlasov-Poisson: A o
Cold Dark MAtter 2
=
m
ds? = —(1 +20)dt? + a®(t)(1 — 2®)0apdzdx®
with ¢=y

23/04/2024 Journée du LUTH 2024
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ACCURATE MODEL OF LARGE-SCALE STRUCTURE FORMATION IN GR

<
m
I
Q)
O
(V)

(AALLYSINLYId IVIILATVYNY
EN))

AVOILATVNV-INGS

(SNOILYTNIAIS) SOI¥3INNN

Metric
ds? = —(1 +20)dt? + a®(t)(1 — 2®)0apdzdx®

with ¢=y

ILLUSTRATION FROM DEUSS (
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ACCURATE MODEL OF LARGE-SCALE STRUCTURE FORMATION IN GR

GRINITIAL CONDITIONS: COMPOSITION AND DISTRIBUTION OF COMPONENTS

EXAMPLE

Name Model(s)  Lpox [A"'Mpc]  Npart  Mipan [(Qn/0.3071) ™' M5]  Nrewt Neosmo
L328_M10_wcdm wCDM 328.125 5123 2.25-1010 64 80
L656_M11_wcdm wCDM 656.25 5123 1.79 - 101! 64 80
L328_MI10_frecdm  f(R)CDM 328.125 5123 2.25-1010 8 80
L656_M11_fredm  f(R)CDM 656.25 5123 1.79 - 101! 8 80
1328 _M9_wcdm wCDM 328.125 10243 2.81-10° 1 16
L656_M10_wcdm wCDM 656.25 10243 2.25-1010 1 16
L328_M10_P18 P18 328.125 5123 2.25-1010 384 1
L.328_M10_w12 wl2 328.125 5123 2.25-1010 64 1
L328_M10_F5 F5 328.125 5123 2.25-1010 64 1
L164_M10 P18, FS, F6 164.0625 2563 2.25-1010 1 3
L164_M9 P18, FS, F6 164.0625 5123 2.81-10° 1 3
L164_MS8 P18 164.0625 10243 3.51-108 1 1

The wCDM and f(R)YCDM
e-MANTIS simulation suite

Saez-Casares et al., 2023
Saez-Casares et al., submitted to A&A, 2024

We combine:
- several universe realizations
- several mass resolutions
-several simulation volumes
=> to increase the effective dynamical range

23/04/2024 Rem: to be expanded in ProGraceRay (to enable Raytracing)
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ACCURATE MODEL OF LARGE-SCALE STRUCTURE FORMATION IN GR

GRINITIAL CONDITIONS: COMPOSITION AND DISTRIBUTION OF COMPONENTS

Gaussian
(+ GR a(t)
Background)
Weak-field GR
SOURCES OF CZD
LIGHT o
E
Z
m
>
A
=
m
wn
Metric DYNAMICS OF
ds* = —(1+ 2\1')55;:;"’:3:)(1 — 28)6,da dz” MESSENGERS

Relativistic
GR geodesics: photons

OBSERVER
23/04/2024
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ds?

ACCURATE MODEL OF LARGE-SCALE STRUCTURE FORMATION IN GR

GRINITIAL CONDITIONS: COMPOSITION AND DISTRIBUTION OF COMPONENTS

~
™
I
o
)
W

>
Z
>
_<
_
i >
I 3D backward raytracing J >
IE 8
m
A
52
z & Z
O 5'; >
< 3 K
o< d
20 1 Z E m
m >
> - Z
For free... A C
| 3 <
Weak lensing Integrated Sach-Wolfe Luminosity distance 0 A
. N
(convergence & shr) Angular distance wn
&8 ’ ' Redshift distortions B
Time delays Z
LL L] C
©)
Z
2
V.Reverdy PhD thesis
Journée du LUTH 2024 (supervisors: J-M Alimi and Y.Rasera) LUTH
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THH

Breton et al. 2019
Rasera et al. 2022

EXAMPLE

SIMULATION
OF ASLICEOFTHE
« OBSERVED » UNIVERSE

E RAYGAL UNIV

z=2

s Far, Past

70 billion particles = cosmic structure formation

1 billion photons = general relativistic effects

(type « RayGal data » on any search engine)

Rem: #of sims to be increased in ProGraceRay->emulator

Comoving

Lensing

Potential

LUTH e | PSLE Wit @

« TRUE »
UNIVERSE

+

DOPPLER
EFFECT

+

WEAK
LENSING

+

GRAVITATIONAL
REDSHIFT

+

INTEGRATED
SACHS WOLFE
EFFECT



ACCURATE MODEL OF LARGE-SCALE STRUCTURE FORMATION IN GR

GRINITIAL CONDITIONS: COMPOSITION AND DISTRIBUTION OF COMPONENTS

Gaussian
(+ GR a(t)
Background)
Weak-field GR DYNAMICS OF GRAVITATIONAL
INTERACTION
Non
relativistic R BAANFAN\/ (@51 0] SOURCES OF DYNAMICS OF CZJ
A D ARK MATTER LIGHT DARK ENERGY [
i
Z
Vlasov-Poisson: N g
Cold Dark MAtter 2
-
m
Metric DYNAM'CS OF
ds® = —(1+2%)dt® + a®(t)(1 — 28)6pdxda® M ESS E N G E RS

with o=y

Relativistic
GR geodesics: photons

OBSERVER
23/04/2024
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ACCURATE MODEL OF LARGE-SCALE STRUCTURE FORMATION IN MG

INITIAL CONDITIONS: COMPOSITION AND DISTRIBUTION OF COMPONENTS

Gaussian
(+ MG a(t)
Background)
Weak-field DYNAMICS OF GRAVITATIONAL
MODIFIED GRAVITY INTERACTION
Non
:\iloag\ll;t;) DYNAMICS OF SOURCES OF DYNAMICS OF CZD
eynd DARKMATTER LIGHT DARK ENERGY Z
geodesics -
Z
Vlasov-Poisson: A or other g
Cold Dark MAtter 2
—
m
Metric (Jordan Frame) DYNAMICS OF
ds® = —(1 + 2\Il)dt.2 : a?(t)(1 — 28)6pdax? dac® M ES S E N G E RS
with #y
Relativistic
MODIFIED GRAVITY

geodesics: photons

OBSERVER
23/04/2024
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SOME RESULTS FROM
RAYGAL & e-MANTIS



EXAMPLE OF RELATIVISTIC EFFECTS:WEAK-LENSING SHEAR (LEFT)

AND REDHIFT SPACE DISTORTIONS (RIGHT)
LENSING Redshift-Space Distortions
(RSD)
2D CORRELATION FUNCTION £(rt,0)=<8(x) 8(x+r)>

0.40 20 0.40
REAL SPACE 0.35 0.35
i 0.30 ) 0.30
0.25 0.25
0.20 | l0.20
0.15 E 0.15
0.10 s _ 0.10
0.05 = 0.05
0.00 =10
-1

GALAXY GALAXY CLUSTER
(SOURCE)

7 (h""Mpc)
(h~"Mpc)

0.00
-0.05
-0.10

-0.05
-0.10

~2%20-15-10-5 0 5 10 15 20

"\FSHEAR o (h""Mpc) o (h .'TAE,C)
\ | +ROTATION. w | &

—2020-15-10-5 0 5 10 15 20

(OBSERVER)

CREDITS: NASA/ESA

AND OTHERS (gravitational redshift, ISW effect, transverse Doppler, etc)

* Relativistic approach at large scales: Yoo+ 2010; Bonvin&Durrer 2011; Yoo 2011; Lewis&Challinor
2011

Use similar formalism as for CMB (i.e. weak field GR) but applied to galaxies

->LIMITATION OF ORIGINAL WORKS: LINEAR REGIME

* Relativistic approach at cluster scale and around: Kaiser2013, Zhao2013, Croft2013, Cai+2017

-> LIMITATION: How to connect with linear predictions ?

=> GR effects WITH SIM IS A HOT TOPIC: Killedar12, Reverdy14, Adameka6, Gibliniy,
Borzyszkowski1y, Breton1g, Adamekag, Lepori2o, Guandalin21, Lepori21, Rasera22, ... 24



EXAMPLE OF RELATIVISTIC EFFECTS WITH RAYGAL:
PROFILE OF WEAK-LENSING SHEAR (LEFT)

4.0le—4 1ol X

3.5° — unlensed|. E =
---  lensed 5

3.0 1 RN
¢ ¢ unlensed ol B

2.5¢ l
1 1 lensed -

2.0t% %

1.5 -

1.0 *\ —0.5

0.5} l\!_!__!.t'——"‘!‘!‘i‘f~?‘f\

0-Dp0 107 102

0 (arcmin)
Courtesy: Michel-Andrés Breton
THE WEAK-LENSING
SHEAR PROFILE IS
SENSITIVE
TO NON-TRIVIAL
RELATIVISTIC EFFECTS
23/04/2024 Journée du LUTH 2024

AND HALO-HALO DIPOLE (RIGHT)

\

\ Doppler and Potential

B S Saga etal. 2022

—— data_H, 440 X data_H,,,
———— data_Hg,, xdata_H,,,
—— data_H,,, xdata_H |y,
——— data_H,,, xdata_H,,,

25 50 75 100 125 150
s [h 'Mpc]

THE HALO-HALO
DIPOLE IS A NEW PROBE
OF THE POTENTIAL AT COSMIC
SCALES

25



EXAMPLE OF EMULATION WITH e-MANTIS:
MATTER POWER SPECTRUM (LEFT)
AND HALO MASS FUNCTION (RIGHT)

. P18 | z=0.00
10~
B Y }  FoF,b=0.2
ettt
) T { SO, A =200c
=10 s { S0, A =500c
é S
-5
g 10
o
<5 1076
1077
— 10t
X
2 E of
- g
~ )
& . | .
1013 1014 1015
M, [A1Mg)]
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EXAMPLE OF EMULATION WITH e-MANTIS:
MATTER POWER SPECTRUM BOOST (LEFT)
AND HALO MASS FUNCTION BOOST (RIGHT)

F o
iy 5 | z2=0.00
- t{ FoF,b=0.2
Lo a —

<14 - N N S { SO,A=200c
\_E/ - — t SO, A =500c

A %E e { SO, A =1000c

O T 1At e iy, ey [ e N
& o
~ ]..2 B ¥ S
—~~
& .
e
Q
X

=

g

w 1 1 1
4 1013 1014 1015

—1 - M, [h Mg

k [hMpc_l]
ACCURATE (few %) AND FAST (few ms) PREDICTIONS OF
THE MATTER POWER SPECTRUM AND HALO MASS FUNCTION

SEE Inigo’S THESIS DEFENSE EXPECTED 26 SEPTEMBER 2PM
SAVE THE DATE !

(IF EVERYTHING GOES WELL OF COURSE ;-) )
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CONCLUSION
PROGRACERAY PROJECT

Goal

Fast predictions of multiple complementary observables
in a wide range of modified gravity models

Methods
Number of simulations as in e-MANTIS + Size of simulations as in RayGal
Relativistic ray-tracing (as in RayGal)
Emulators (as in e-Mantis)

Constraints
Comparison with data from DESI, Euclid and LSST will enable strong constraints on
the nature of gravity at cosmic scales
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