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WHAT ISTHE NATURE OF GRAVITY
AT COSMOLOGICAL SCALES?

Lovelock theorem of General Relativity:
Fromalocal gravitational action
whichcontainsonly secondderivatives
of the four-dimensional

o spacetime metric,
then the only possibleequationsare
Einsteinfield equations

Eddington-

Generalisations

Modified gravity according to Lovelock
theorem
Non-locality (oremergencé : no local action
Higher-derivatives: morethan 2ndderivatives
Extra-dimensions: morethan 4D
Extra degreesof freedom: scalar vector

Trilleras
2015 g5

Modified gravity theories
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WHAT ISTHE NATURE OF GRAVITY
AT COSMOLOGICAL SCALES?
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Large-ScaleStructure surveys
Past and future of

photometric/spectroscopic galaxy surveys
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WHAT ISTHE NATURE OF GRAVITY
AT COSMOLOGICAL SCALES?

ACCURATE A SIMULATIONS
PREDICTIONS
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Lifshitz
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. COSMOLOGICAL N-BODY SIMULATIONS
TO ADRESS THE NON-LINEAR REGIME OF
STRUCTURE FORMATION
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N-BODY SIMULATIONS (e.g. RAMSES)

APurpose
ACompute the formation of large scale structures in an expanding
universe
Alngredient : dark matter
AGood force resolution thanks to a hierarchy of AMR grids
AOverdensitybased refinement criterion: pseudiagrangian
approach
Marallelized with MPI usingReancHilbert domain
decomposition

APhysics/Methods
AExpansion rate: use slupercomovingcoordinates + read
tabulated cosmology files
AN-Body solver: Particlévlesh
ADensity: Cloud in Cell ‘
APoisson equation: solved lgultigrid method Guillet&Teyssiey
ATime-step: adaptive




N-BODY SIMULATIONS (e.g. RayGal)
A Goal:Builda irtual) «real» universeby running NBodysims
A N-body solver: RAMSEBarticle-Meshwith AdaptiveMeshRefinement(PM-AMR)

A Specs 4096 particles (2.6Gpdh)3, ¥*CDM &wCDM(w=-1.2)
A #halos: >10 millions of haldsom Milky-Waysize to cluster size

lllustrative
exampleof
the formation
of one large
haloin a
simulation

LUTH



II. COSMOLOGICAL N-BODY SIMULATIONS
TO INVESTIGATE WEAK-FIELD KINEMATICAL
GR EFFECTS AT COSMIC SCALES

For moredetailsseeMichelAndresBretonthesis
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Usual approach: compute WL maps or RSD catalogs

LENSING Redshift-SpaceDistortions
(RSD)
GALAXY GALAXY CLUSTER 2D CORRELATION FUNCTION §(mt,0)=<86(x) 8(x+r)>

(SOURCE) (LENS)

20 0.40 20, 0.40

0.35 R | Moss
axy images 0 0.30 0 0.30
s 0.25 ;
020 g 020
E, 0.15 = 0.15
< 0.10 = _ 0.10
= =
b = ox
+SHEAR = -0.05 -1 | W-o.0s
| +ROTATION ~2920-15-10-5 0 5 10 15 20 010 =& —0.10
= - o (h~'Mpc)

(h"'Mpc)

—20-15-10-5 0 5 10 15 20
o (h"'Mpc)

A a y ¢
% W/i% ] /
(OBSERVER) i a1 f
e

CREDITS: NASA/ESA

Many approximations->Exampleof
approximations: nelensing distant
observer, nayravitationalredshift (i.e.
Doppleronly), no lightconeeffect

Many approximations-> Exampleof
approximations: neRSD, flatsky, Born,
multiple-lens replications
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Relativistic approach: compute what is really observed

following (weak-field) GR

LENSING Redshift-SpaceDistortions
(RSD)

2D CORRELATION FUNCTION §(r,0)=<8(x) 8(x+r)>

20, 0.40 20,
0.35
0.30
0.25
0.20
0.15
0.10
0.05
0.00

0.40
| 0.35
0.30

GALAXY GALAXY CLUSTER

(SOURCE) (LENS) 0.25
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0.05
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-0.05
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i ol P * Ko
> w7 ‘
(OBSERVER) e

CREDITS; NASA/ESA

AND OTHERS{gravitationalredshift, ISWeffect, transverse Dopplegtc)

ARelativistic approach at large scalego+ 2010;Bonvin&Durrer 2011; Yoo 2011t ewis&Challinor
2011

AUsesimilar formalism as for CMHi.e. weak field GR) but applied to galaxies

->LIMITATION OF ORIGINAL WORK®SNEARREGIME

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

-> LIMITATION: How to connect with linear predictions ?

=> GReffectsWITH SIM IS A HOT TOPIC: KilledaR2yerdyl4Adamekl16, Giblinl7,
BorzyszkowskilBreton19 Adamekl9 , Lepori20, Guandalin21, LeporiRdsera?h &



HOWTO PROCEED?
Stepi: BACKUP A GRAVITY LIGHTCONE

A What Gravity (angarticles lightcone

A Where At light-travel distancefrom the
observer (center of the box)

/
A Remark alsobackup in thevicinity of the null- e
FLRWightcone (called« thick » lightcone) pEm
A Whichquantities Potential (i.e. metric), Einl e apd ai
gradient of thepotential (i.e.gravitational e A
field), time derivativeof the potential N
\ : 3 ..?H..“
A Type of lightcone wide (fullsky, zmax=0.5), ::‘-‘L_.::
deep (2500 ded,zmax=2) verydeep(400 i s
deg?,zmax=10) :&E i

TUG 2024




STEP 2 : DIRECT INTEGRATION OF BILLION WEAK-FIELD
GEODESICS EQUATIONS IN PERTURBED FLRW WITHIN AMR GRID

A - d’z® _ ., dz¥da?

Geodesiequations dx2 =~ BY AN d\
v kP kY )s

A Redshiftdefinition: 1+z= 5_2 — Egz,,k#kvgo

A MAGRATHEAlIbrary (Reverdy 2014):
optimized/light AMR MPI+pthreads

[ 3D backward raytracing J

A MAGRATHEAPATHFINDER: ray
tracing, WL, RSD Breton&Reverdy,
2021)

A Seltconsistentcalculationof
WLANDRSD ANDbther
relativistic effects

For free...

A Little numberof controled Weak lensing Integrated Sach-Wolfe Luminosity distance
assumptionsweakfield GR + | ‘prerdenessreer) ke o)
neglecthorizonscaleGR Time delays
effectson DMdynamics e
(Chisari& Zaldarriagg 2011, V.Reverdy

thesis

Adameket al. 2016)
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STEP 3: MAGRATHEA-PATHFINDER’'S
ITERATIVE GEODESICS FINDER

Breton et al,2019,2022

Find null geodesics

Find the connection between
Observer O and Source S
Using Newton's method :

X = (X1, o0y Xn)

Xi+1 = Xk — F(xi)/F'(xk)

G
&

Source

Output

« NEW » : Catalogs of sources
taking into account weak
lensing effects and redshift

space distortions | = S =,
fg t_f]e catalogs : S

_ Observer
B, 0,2z, z, errors, Ajj

.

A Weaklensingusingthe ray-bundleapproach
A Launch aeamof photons andlirectly computeits distortion (i.e. distortion matrix)
A Accountfor finite beameffect (i.e. the size of galaxyisnot zeroas in theusualWL

formalism) S
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«TRUB»

UNIVERSE
SIMULATION
OF A SLICE OF THE +
« OBSERVED> UNIVERSE 2=2

(APPARENT MATTER DENSIT¥)## DOPPLER
ok EFFECT
2=0 <Sikes- R > Gl LENSING

Here, Now gt 2L M A b j T -
v < o 5 4 . o g P a y
e Ay ¢ "A'- Y . o :
' R J 3 ‘- ,' ¢
o~ . i R el b .
4 o 5 1 : e
) ‘f
“4 3 r q ey
:

¥vCDM & WCDM

Potential

THE RAYGAL UNIVERSE- © INTEGRATED

S SACHS WOLFI
70 billionparticlesE cosmicstructure formation EFEECT

"4 iy AR T T

1 billion photon€E generalrelativisticeffects
OPEN DATA: https://cosmo.obspm.fr/publdatasets/

(or type «RayGaldata » onanysearchengine) LUTH r&&3etore | PSL % W iz @, IITIIES


https://cosmo.obspm.fr/public-datasets/

Example of application:
Relativistic Redshift Space Distortions
and the gravitational dipole

(I will skip weak-lensing see Rasera+22 for relativistic 3x2pts)
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GEOMETRY AND QUANTITIES

A Geometry. Center of pair of halosaveragein sphericalshells
A Quantity : halodensity

A Statistic: halo-halo crosscorrelation(i.e. multipopulation)

A Projection:Multipoles

g O Qu&S , (p+r) R(mu)>

A DEFINITION:

NON-TRIVIAL RELATIVISTIC EFFECT=
BEYOND STANDARD RSD (IE. DOPPLER + DISTANT OBSERVER)

A THEORY (focomparison: Linear
(Bonvin& Durrer 2011Bonvinet al, 2014)

7 (h "' Mpc)

TUG 2024
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IMPORTANT TAKE HOME MESSAGE
THE DIPOLE IS A PROBE OF THE GRAVITATIONAL POTENTIAL INTHE NL REGIME

EVEN MULTIPOLES DIPOLE
ONOPOLE STANDARD RSD
KAISER EFFEQTARGE SCALE GRAVITATIONAL
POTENTIAL
REAL SPACE FINGERS OF GOSMALL SCALE

00

DEEP POTENTIAL
T SHALLOW POT

DISTANT OBSERVER DISTANT OBSERVER DISTANT OBSERVER



Relativistic RSD DIPOLE LARGE SCALES ¢260Mpc/h): SIMU (POINTS) VS LINEAR (LINE

MW:size haleGroup size halo cressrrelation
le-3

Potential

1.2t Doppler
(rem:thisisnot standard RSD)

Linearfrom Bonvinet al. 2014

085 20 60 80 100 120 140

r(Mpc/h)
41e—5
3 ] T. Doppler 1 ol Residual
1t
= 2t -~
ﬂ ﬂ 0 T : [ ) Py = Py P s [
G L 74l ¢
0 } + { i . ' . —2—}
t—3 [ LI (Remark ISW&WILsmallnot shown
—2 . . L L L L
20 40 60 80 100 120 140

20 = 60 8 100 120 Bréton et al, 2019 rpe/)
r(Mpc/h) ’
b TUG 2024 LUTH



SMALL SCALES 80Mpc/h): SIMU (POINTS) VS LINEAR (DASHED LINES)

1_01e—2

0.5}

(r)
¢
1
l
|
1
1
I
|
1
o]

= 0.0 | $
—0.5 Doppler
~1.05 10 15 20 25
r(Mpc/h)
1.0le=3 le—>
1.01&= .
0.8 b, =2.07
by =2.07 b, —1.08
0.5} 2 — -
0.6} b, =1.08
E\: 0.4+ % 0.0 3 P L & .
w T. Doppler bt ¢
0.2¢ t _0.5 Residual
0.0 ¢ ¢ ¢ ¢ (Remark ISW&WIsmallnot shown)
0 | | | | | —1.05 10 15 20 25 30
&S 10 15 20 25 30 r(Mpc/h)
Mpe/h
r(Mpe/h) Breton et al,2019
TUG 2024 LUTH



WHY INVESTIGATING GR EFFECTS AT COSMICSCALES?

ds? = —(1 + 2%)dt? + a?(¢)(1 — 2®)5,,dz® da®
From number count From quadrupole/hexadecapoleRSD

Overdensity) Velocityv

STANDARD RSL
STANDARD LENSINC (i.e. Doppler)

(i.e. Born) : :
Potentials | Potentialwy How ?

B+ W
FromLENSING

Observer Adaptedfrom

Simplifiedview Bonvin&Fleury018
Assume dl known TUG 2024 2%



WHY INVESTIGATING GR EFFECTS AT COSMICSCALES?

ds? = —(1 + 2%)dt? + a?(¢)(1 — 2®)5,,dz® da®

From number count From quadrupole/hexadecapoleRSD
(relativistic contribution ~0.5-10%) (relativistic contribution ~0.5-10%)
Overdensity) Velocityv

RELATIVISTIGRRSD
RELATIVISTICENSING

Potentials | Potentialy FROM DIPOLE !
B+ W (relativistic contribution ~100%)

FromLENSING
(relativistic contribution ~0.1-50%)

Observer Adaptedfrom

Simplifiedview Bonvin&Fleury018
Assume dl known TUG 2024 g



1. COSMOLOGICAL N-BODY SIMULATIONS
TO MAKE FAST AND ACCURATE PREDICTION IN
MODIFIED GRAVITY

For moredetailsseeliligo SaezCasareshesis
(from which took the following images)
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PROBLEM AND SOLUTION

A N-body simulationsserytime-consuming

(~10-10h)
| . - f(6h)
A MCMCinferencerequires~1@ predictions

0;

A ~10% needed=> impossible f(:)
.. fOn)
A Solution:emulator o
O(10%h)

A Method: advancednterpolation between
simulationresults

TUG 2024



SAMPLING THE PARAMETER SPACE (+ INTERPOLATING)

SAMPLING

A Gridorrandomsampling
inefficiently pave theparameter
spacet do notwell capture cross
derivatives

A Latin Hypercube Design (LHD)
captureswellthe cross
derivatives

A LHD+ Maximircriterion: good
spacefilling properties

INTERPOLATING
A Use ofGaussiarProcesses

random

-
>
[a—Y
—_

maximin LHD

grid
1f e ¢
0 ® i
0 *. - e
0 6, 1
LHD
]_ : ®
I ®
I o
I °
< L o
I o
I O
O
0 :I.I 1 | 1 1 | | 1 1
0 0, 1

0 0, 1

Caution:we areconsidering N-dimensionalwith Ndim~5 butherel showNdim=2
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P(k)

102 L

101 L

THE MATTER POWER SPECTRUM BOOST IN F(R) GRAVITY

AssumeHué&Sawickif(R) model:

c

SEH = 167G

}(_‘ Rn+1

F(R) ~ —2A + = y —2A\

n R" R>R,

z=0

---- ACDM

— fr,=-107"

— fr=-107
fr,=—107°

10T 107
k [hMpc_l]

Left: powerspectrumP(Kk)

C4

/ d*x/—g[R — 2A] —> / d*x/—g[R + f(R)]

167G

ECOSMOG= RAMSEMt#iltigrid for the extrad.o.f)

z=0
14f —— fp, =—107*
— fr,=-—107°
1.3} fro=—107°
=
a
2
9; 1.2
a1
T
1.1+
1.0 : .
10! 10° 10t
k [hMpc™']

Rightsjpeetermboost Bry/P . cpum
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EMULATION ERRORS

B (e Tl
k[hMpc_l]

A e-MANTIS simulation suite: # simulations = 110 ftRylelsx 5Srealisations

A Percentlevelerrorsover awiderange ofwavenumbers

A Publishedn SaezCasare®t al. 2023 + codenttps:/gitlab.obspm.fr/emantis/emantis
A Application: Euclid 3x2ptorecastKoyama+2024 => fRO=2x10° possiblydetectable

TUG 2024


https://gitlab.obspm.fr/e-mantis/e-mantis

THE HALO MASS FUNCTION IN F(R) GRAVITY

A Extended eMANTIS simulation suite:
# f(R) simulations = 8odelsx 8realisationsx 2 bodengthes
#wCDMsimulations= 80nodelsx 64realisationsx 2 boXengthes

\ F5 | z=0.00
10_ -~_
‘~~._\:\‘ t FoF,b=02
:_-:"_:E:_:?-_g:}__‘ { S0, A =200c
o 4 “‘*‘:j‘::“’t:‘:w\ =
, 10 W t 80, A=500c
g S t SO, A =1000c
% "\1‘:-;\;\"\ .
= 10-° s <
- NN ~
Cr SN N
El o .
o ~, AN ‘9\
106 NN <
— 101
=
2 o
E
Y —10f
1018 10 10
My [h™'Mo)]

A Left: halo mas$unction

F5 z =0.00
1.8 |
_ | FoF,b=02
2 SO, A = 200c
=16
: { SO, A =500c
[~ r”--_.. ~ =
"C’%" 1 4 B > ’ \\ + SO’ A - 1OOOC
. —'H-—"‘~\-n
v\ PR ”,-' ﬁ::i\
= '4 ’,” N ‘\1"\
S~ 1 2 el \f‘ —v——‘}\_-.’._ I } - |
P2 - ~ ¥ ~ t~ -
ool R el g P
T| g == N
| e--= \\+-""F
— 10
X,
| - - *&%—/\
g
i —10t
1083 10™
My, [hMg)

Right: halo mas$unction boost

A Fewpercentslevelerrorsover awiderange of masses

A Publishedn SaezCasare®t al. 2024 + codehttps://gitlab.obspm.fr/emantis/emantis
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COMPARISON WITH OTHER PREDICTIONS

SO, A=200c | z=0

—
w
T

= — fr,=-10""
a
= — fry=—107%7
—~
Js12f — fr=-10% -
=|= - ~e A
=] e T
~ ’
E1.17
)
o
<3
<|E
= 1.0
5.
X
Eop -
;‘?‘
—5L ., N - . .
10" 10' 10t 10%

A Left: f(R)

w=-13 | SO, A=200c

10}

L —— tinker08
=== despalil6
prpepnpen __,___:::f-:—_"_é —— MiraTitan
: o -—— ¢MANTIS
z=1.00
L [z=0.00
108 101 1005
M, [h™'Ms)]
wCDM

A Moreaccuratethan usualfits (that often assumeuniversality)

A Compatiblewith other emulators

A Butextendto galaxycluster masses in f(R) and @&ther massdefinition in wCDM

TUG 2024
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... CONCLUSION .~
AGoal Understand thed T T T AAOET 1T AOT 1T OOAAIT Ol b@nk oyfrobeof
dark energyand, make quick and accurate predictions for modified gravity models

RAYGALGROUPSIMS
LIGHTCONES

FPUBLIC DATA
AT 160 EAOEOAOARa@dal AT xT 11T AA OEA
relativistic halo catalogues . ,
and maps to make your own test (traditional snapshot data are amaca
also available) Sha
AT 160 EAOE GAMAATISGInulat ok thentaker power R
spectrum and the halo mass function in f(R) amdDM Ll

+ /
FTIME DERIVATIVE

MRelativistic effects in RSD
AFor the 3ttime all the (kinematical) DIPOLE effects
are modeled accurately in weak field from lin. to deep NL scales
AThe most important contribution after wid@ngle RSD is
the GRAVITATIONAL POTENTIA&t low redshift pip install emantis o

emantis 1.1.0

AEmulators in modified gravity
AFast and accurate predictions of timeatter power-spectrum boost in f(R)
AExample of applicationEuclid 3x2pts forecasin f(R)
AFast and accurate predictions of thalo mass function in f(R) (and ivCDM)

A/ery general approach, many extensions
Aviany Other possible applications (theory/simulation/observation) : doppler lensing, ISW,
fluctuations of cosmic distances, cluster studies (WL, RSD, gravitational redstds),
AOther use of theemulators anypower-spectrumbasedpredictions f(R)constraintsfrom clusters



ONGOING WORK

AOTHER PROBES: relativistic effect in thealo-matter cross-correlation (S. SAGA preliminary results)

104

100
10? 80
H
102 ety 60
EO 10! 62 401

10°

107!
107! 10° 10!

10-1 10° 10t

s [Mpc/h] s [Mpc/h]
ATOWARD STRONG LENSING: Strofgnsing weak-lensing connexion (VI-A BRETON: New simulation 220pc/h
2048 particles + narrow light -conein LCDM and WDNL. Preliminaryresults: evolution of a light bundle.

Light bundle on Sachs screen Light bundle on Sachs screen Light bundle on Sachs screen Light bundle on Sachs screen
le-6 z = 0.00, zsource = 0.55 le-6 z = 0.77, zsource = 0.55 le—6 z = 1.63, zsource = 0.55 _6 z = 2.29, zsource = 0.55

1.0 1.0 104

05 0.5 0.5 4
€ 00+ 0.0
-0.5 4 0.5

2.5
-1.0 Lo

1.0 A

1.0 0.5 0.0 0.5 1.0 -1.0 0.5 0.0 0.5 10 . :
x (rad) 1e—6 X (rad) 1e-6 -1.0 -05 0.0 0.5 10 .
x (rad) le-6 -1.0 0.5 0.0 0.5 L0
x (rad) le-6

AProGraceRayANR project (2024-2028): the suite of all ofthis, Emulators+ relativistic effects
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BACKUP SLIDES
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Philosophyexam foreverybodyin the room

What is the link between

THE « REAL » UNIVERSE

and

THE OBSERVED UNIVERSE
?

TUG 2024 LUTH



PROBLEMS

A Redshift perturbations: modification of the apparentedshift(i.e.infereddistance) of
structures

A Weak-lensing: modification of the appareréngularposition, shapesluminositiesof
structures

=> Thecosmologicalsignalis blured

BUT

Redshift perturbations-> information aboutvelocityfields(and more)at source location
WeakLensing-> information aboutpotentialsalongthe line-of-sight

Y NEW COSMOLOGICAL INFORMATIONS FROM WEAK LENSING (WL) AND
RELATIVISTIC REDSHIFT SPACE DISTORTIONS (RSD)
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RayGal simulation suite with
General Relativistic Ray-Tracing

A Large and well resolved HPC Nody
simulations (4096 part. L=2.6255pdh)

A Standard cosmology (W) +alternative
dark energy model(w=1.2)

A Ray-tracing includingall general
relativistic effects in the weak field
regime at highresolution

A Billion light -rayslaunched

A For the first timejdentification of light
rays going exactly from the source to
the observer.

A Uniquehalos catalogues including
beyond state-of-the-art weak-lensing
and redshift space distortions(Doppler
effect, gravitational redshift, weak
lensing, ISW).

TUG 2024

Breton et al. 2019; Weakfield GRapproachrom
Rasera et al. 2022 linearto nonlinearscale$

z=2 l High density

Comoving

Low density

l High density

+weak-field
GReffects

Low density

LUTH



Very generic, built from 1st principles=> many applications
Alaboratoryto testrelativisticeffects3

<dL> & <dA>: Biasof distanceredshiftrelation @reton&Fleury 2021)
< ga ga Po2,2>: Magnificationbiasin RSDreton et al, 2022)
<) halo] halo P> Dipolein RSDBreton et al. 201Faruyaet al. 2020 Saga et al. 2020, 2021)
<Y 3 >[<{]>:WL Convergencematter overdensity(rasera et al. 2022)

Possibleexamples
<NVgalga™> [Ngafl > < >rRelativisticeffectson 3x2pts  =>oable
<r >rFinitebeamlensing=>Doable
<w w>=>Doable(to be checked
<Z,.a>- Gravitationalredshiftin clustenvoids(alsowith TD, WA&LCeffect)=Doable
<) galSW>, < ISW>:>Dc3abIe
<Vgalgalga™ < P, <Vgalga) 3 7 | hBispedtBuBF>Doable
Peculiarvelocity polyspectra(alsowith gravitationalredshift, etc)=>Doable
%OA8 8
Velocitypotential of the observer =>
<Flexionr >, <Flexion Flexion> =&
Gpcclustering (e.g. for PNG)=»

Youprobablyhavemanyotherideas3
35




Very generic, built from 1st principles=> many applications
Alaboratoryto testrelativisticeffects3

<dL> & <dA>: Biasof distanceredshiftrelation @reton&Fleury 2021)
< ga ga Po2,2>: Magnificationbiasin RSDreton et al, 2022)

Possibleexamples
<NVgalga™> [Ngafl > < >rRelativisticeffectson 3x2pts  =>oable
<r >rFinitebeamlensing=>Doable
<w w>=>Doable(to be checked
<Z,.a>- Gravitationalredshiftin clustenvoids(alsowith TD, WA&LCeffect)=Doable
<) galSW>, < ISW>:>Dc3abIe
<Vgalgalga™ < P, <Vgalga) 3 7 | hBispedtBuBF>Doable
Peculiarvelocity polyspectra(alsowith gravitationalredshift, etc)=>Doable
%OA8 8
Velocitypotential of the observer =>
<Flexionr >, <Flexion Flexion> =&
Gpcclustering (e.g. for PNG)=»

Youprobablyhavemanyotherideas3
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— with AMR
— without AMR

DM DYNAMICS: NEWTONIAF
RESOLUTION.: e &
WEAKLENSING:

RSD:
AVERAGE: K | |
e.g. RayGalsims (this work) T 10 10

Breton & Réverdy 2022

DM DYNAMICS: NEWTONIA: DM DYNAMICS: FULL G
RESOLUTION: ADAPTING: RESOCUMION ARARTI o
WEAKLENSING: BORI WL: GEODESICS INTEGRATIZN
RSD: STANDAR® RSD: INCLUDE RELATIVISTIC EFFEAT
R E AT AVERAGE: ANGULAR OR SOURCE
e.g. usualN-body sims e.g. Ultimate futuristic sims

DM DYNAMICS:
RESOLUTION: FIXE® .
WEAKLENSING: BT
RSD:
AVERAGE:
e.g.Gevolutionsims

10-20

FT T T

: ‘

il % 4G il s vl
0.01 0.1 1

k Ch/Mpc)
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Application 1:
Relativistic Redshift Space Distortions
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Apparent distribution of sources:
redshift space distortions with the relativistic terms

—_
AAPPARENT POSITION SOURCE: we have access to direc/@n and re@@

APOSITION INTERPRETED ASSUMING HOMOGENEOUS FLRWA(&x8zAH if no lens)
REDSHIFT AND ANGLE MODIFICATIONS

GRAVITAT|ONALI'RANSVER
REDSHIFT DOPPLER

AOBSERVED DENSITY IS GIVEN BY (NONNEAR MAPPING)
(1 + 6obs)d‘/obs — (1 + 5real)d‘/real

TUG 2024 LUTH
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Relativistic RSD: Even multipoles

0.40
0.35
0.25
0.20
0.15
| 0.10

- 10.05

A Multipole 1 -
>

g O QU@ , (f+r) R(mu)>

A Monopole: I=0 =®lensity L | o

A Quadrupoléhexadecapolel=2,4 => 20015105 0 5 1015 20 " 010
velocity e

Expectedmpact ofrelativisticeffectsin a Euclidikespectroscopisurvey evenmultipoles

w

7 (h"*Mpc)

& | Doppler | v, | Grav. redshift | Lensing®™ | T. Doppler | ISW
o | >20% | 3% < 1% 1 —10% < 1% < 1%
& >20% | 2% < 1% 2% < 1% < 1%
& > 20% = < 1% 1 —10% < 1% < 1%

Breton et al. 2022 Courtesy VA Breton

TUG 2024 LUTH



Relativistic RSD: Even multipoles
effect of lensing

—— RSDonly —— RSD + lensing —— RSD + lensing (flat-sky)

15 1 Breton et al. 2022

10 -

r’&,

RayGal

s~1.1 for Euclidpectrosurvey

0 25 50 75 100 125 150 175 200
r [Mpc/h]
A Left: Effectof lensingon RSDI{neartheory)
A Right:Growthrate inferenceat z=1.8 (b=1, $51:2).for a Eudiiet surveybuilt from RayGalata



