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Modified gravity theories

Lovelock theorem of General Relativity:
From a local gravitational  action 

which contains only second derivatives
of the  four-dimensional

space-time metric,
then the only possible equations are 

Einstein-field equations

Modified gravity according to Lovelock 

theorem
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



HUDF
Euclid view of Perseus Cluster 11/2023

Large-Scale Structure surveys
Past and future of

photometric/spectroscopic galaxy surveys
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Modified gravity theories

Euclid view of Perseus Cluster 11/2023ROBUST
CONSTRAINTS

ACCURATE 
PREDICTIONS

SIMULATIONS

Large-Scale Structure surveys
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ÅPurpose
ÅCompute the formation of large scale structures in an expanding 
universe
ÅIngredient : dark matter 
ÅGood force resolution thanks to a hierarchy of AMR grids
ÅOverdensitybased refinement criterion: pseudo-lagrangian
approach
ÅParallelized with MPI using a Peano-Hilbert domain 
decomposition

ÅPhysics/Methods
ÅExpansion rate: use of supercomovingcoordinates + read 
tabulated cosmology files
ÅN-Body solver: Particle-Mesh
ÅDensity: Cloud in Cell
ÅPoisson equation: solved by multigrid method (Guillet&Teyssier)
ÅTime-step: adaptive

Teyssier 2002



Å Goal: Build a (virtual) «real» universe by running N-Body sims
Å N-body solver: RAMSES Particle-Mesh with Adaptive Mesh Refinement (PM-AMR)  
Å Specs: 40963 particles, (2.6 Gpc/h)3 , ɤCDM & wCDM (w=-1.2) 
Å #halos:  >10 millions of halos from Milky-Way size to cluster size

z=6.6 z=2

z=1 z=0

Illustrative 
example of 

the formation 
of one large 

halo in a 
simulation 

LUTH
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For more details see Michel-Andrès Breton thesis
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LENSING

OR

Redshift-Space Distortions
(RSD)

	

Manyapproximations-> Example of 
approximations: no-RSD, flat sky, Born, 
multiple-lens, replications

Manyapproximations-> Example of 
approximations: no-lensing, distant 
observer, no gravitational redshift (i.e. 
Doppler only), no light-cone effect

9



LENSING

AND

Redshift-Space Distortions
(RSD)

	

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

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

2011  
ÅUse similar formalism as for CMB (i.e. weak field GR) but applied to galaxies
->LIMITATION OF ORIGINAL WORKS: LINEAR REGIME
Å Relativistic approach at cluster scale and around: Kaiser2013, Zhao2013, Croft2013, Cai+2017

-> LIMITATION: How to connect with linear predictions ?
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=> GR effects WITH SIM IS A HOT TOPIC: Killedar12, Reverdy14, Adamek16, Giblin17, 
Borzyszkowski17, Breton19, Adamek19 , Lepori20, Guandalin21, Lepori21, Rasera22ȟ ȣ



ÅWhat: Gravity (and particles) lightcone

ÅWhere: At light-travel distance from the 
observer (center of the box)

Å Remark: also backup in the vicinity of the null-
FLRW lightcone (called « thick » light-cone)

ÅWhich quantities: Potential (i.e. metric), 
gradient of the potential (i.e. gravitational 
field), time derivative of the potential

Å Type of light-cone: wide (fullsky, zmax=0.5), 
deep (2500 deg2,zmax=2), very deep (400 
deg2,zmax=10)

TUG 2024



Å Self-consistent calculation of 
WL AND RSD AND other 
relativistic effects

Å  Little number of controled 
assumptions: weak-field GR + 
neglect horizon-scale GR 
effects on DM dynamics 
(Chisari & Zaldarriaga, 2011, 
Adamek et al. 2016)

ÅMAGRATHEA library (Reverdy 2014): 
optimized/light AMR (MPI+p-threads)

ÅMAGRATHEA-PATHFINDER: ray-
tracing, WL, RSD (Breton&Reverdy, 
2021)

Å Geodesic equations:

Å Redshift definition:

TUG 2024

V. Reverdy
thesis



Breton et al,2019,2022

ÅWeak-lensing using the ray-bundle approach
Å  Launch a beam of photons and directly compute its distortion (i.e. distortion matrix)
Å Account for finite beam effect (i.e. the size of a galaxy is not zero as in the usual WL 

formalism)
TUG 2024



SIMULATION 
OF A SLICE OF THE

«OBSERVED» UNIVERSE
(APPARENT MATTER DENSITY)

=

«TRUE»
 UNIVERSE

+
DOPPLER
EFFECT

WEAK
LENSING

+

GRAVITATIONAL
REDSHIFT

+

INTEGRATED
SACHS WOLFE

EFFECT 

+
70 billion particles Ĕ  cosmic structure formation

1 billion photons Ĕ  general relativistic effects

Far, Past

Here, Now

OPEN DATA: https://cosmo.obspm.fr/public-datasets/
(or type «RayGal data » on any search engine)

ɤCDM & WCDM

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

ʊlɉÒɊЂЅ ɿ1(xɊ ɿ2 (x+r) Pl(mu)>

Å Geometry: Center of pair of halos + average in spherical shells

Å Quantity : halo density

Å Statistic: halo-halo cross-correlation (i.e. multi-population)

Å Projection: Multipoles

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

Å THEORY (for comparison): Linear 
(Bonvin & Durrer 2011; Bonvin et al, 2014)

LUTH



DISTANT OBSERVER

REAL SPACE

KAISER EFFECT-LARGE SCALE

FINGERS OF GOD-SMALL SCALE

DISTANT OBSERVER DISTANT OBSERVER

velocity

STANDARD RSD

DEEP POTENTIAL
SHALLOW POT

GRAVITATIONAL
POTENTIAL

MONOPOLE

EVEN MULTIPOLES DIPOLE



(Remark : ISW&WL small not shown)

Breton et al,2019
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RADIUS RADIUS

Relativistic RSD: DIPOLE LARGE SCALES (20-150 Mpc/h): SIMU (POINTS) VS LINEAR (LINES)

TUG 2024

MW-size halo-Group size halo cross-correlation

(rem: this is not standard RSD)

Linear from Bonvin et al. 2014
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(Remark : ISW&WL small not shown)

Breton et al,2019
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RADIUS RADIUS

SMALL SCALES (5-30 Mpc/h): SIMU (POINTS) VS LINEAR (DASHED LINES)

TUG 2024 LUTH



Overdensity ɿ 

Adapted from
 Bonvin&Fleury 2018

Potential  ɰ

Velocity v

Potential ɮ

Observer

Continuity
From number count From quadrupole/hexadecapole RSD

From LENSING

How ?

ɮ +  ɰ

Simplified view
Assume a(t) known TUG 2024

STANDARD RSD
(i.e. Doppler)STANDARD LENSING

(i.e. Born)

20



Overdensity ɿ 

Adapted from
 Bonvin&Fleury 2018

Potential  ɰ

Velocity v

Potential ɮ

Observer

Continuity
From number count
(relativistic  contribution ~0.5-10%)

From quadrupole/hexadecapole RSD
(relativistic  contribution ~0.5-10%)

From LENSING

FROM DIPOLE !

ɮ +  ɰ

Simplified view
Assume a(t) known TUG 2024

RELATIVISTIC RSD
RELATIVISTIC LENSING

21

(relativistic  contribution ~0.1-50%)

(relativistic  contribution ~100%)
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For more details see Iñigo Saez-Casares thesis
 (from which I took the following images) 



Å N-body simulations very time-consuming 
(~104-107h)

ÅMCMC inference requires ~105 predictions 

Å ~1010h needed=> impossible

Å Solution: emulator

ÅMethod: advanced interpolation between 
simulation results

TUG 2024
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SAMPLING
Å Grid or random sampling 

inefficiently pave the parameter 
space + do not well capture cross-
derivatives

Å Latin Hypercube Design (LHD) 
captures well the cross-
derivatives

Å LHD+ Maximin criterion: good 
space filling properties

Caution: we are considering  N-dimensional with Ndim~5 but here I show Ndim=2 

INTERPOLATING
Å Use of Gaussian Processes



TUG 2024

Left:  power spectrum P(k)                                        Right: power spectrum boost Pf(R)/PLCDM     

Assume Hu&Sawicki f(R) model:

ECOSMOG= RAMSES +Multigrid for the extra d.o.f)
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Å e-MANTIS simulation suite:   # simulations = 110 f(R) models x 5 realisations
Å Percent level errors over a wide range of wavenumbers
Å Published in Saez-Casares et al. 2023 + code:  https://gitlab.obspm.fr/e-mantis/e-mantis
Å Application: Euclid 3x2pts forecast Koyama+2024 => fR0=3-5x10-6  possibly detectable

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


TUG 2024

Å Left: halo mass function                                        Right: halo mass function boost

Å Few percents level errors over a wide range of masses

Å Published in Saez-Casares et al. 2024 + code:  https://gitlab.obspm.fr/e-mantis/e-mantis

Å Extended e-MANTIS simulation suite:   
# f(R) simulations = 80 models x 8 realisations x 2 box lengthes
#wCDM simulations= 80 models x 64 realisations x 2 box lengthes

https://gitlab.obspm.fr/e-mantis/e-mantis
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Å Left: f(R)                                                                                                         Right: wCDM

ÅMore accurate than usual fits (that often assume universality)
Å Compatible with other emulators
Å But extend to galaxy cluster masses in f(R) and to other mass definition in wCDM 



ÅGoal: Understand the ÃÏÎÎÅÃÔÉÏÎ ÆÒÏÍ ȰÒÅÁÌ ÕÎÉÖÅÒÓÅȱ ÔÏ ȰÁÐÐÁÒÅÎÔ ÕÎÉÖÅÒÓÅȱ to find new probes of 
dark energy and, make quick and accurate predictions for modified gravity models.

ÅPUBLIC DATA
Å$ÏÎȭÔ ÈÅÓÉÔÁÔÅ ÔÏ ÄÏ×ÎÌÏÁÄ ÔÈÅ RayGal
relativistic halo catalogues  
and maps to make your own test (traditional snapshot data are 
also available)
Å$ÏÎȭÔ ÈÅÓÉÔÁÔÅ ÔÏ ÕÓÅ ÔÈÅ e-MANTIS emulator for the matter power 
spectrum and the halo mass function in f(R) and wCDM

ÅRelativistic effects in RSD
ÅFor the 1st time all the (kinematical) DIPOLE effects 
are modeled accurately in weak field from lin. to deep NL scales
ÅThe most important contribution after wide-angle RSD is 
the GRAVITATIONAL POTENTIALat low redshift

ÅEmulators in modified gravity
ÅFast and accurate predictions of the matter power-spectrum boost in f(R)
ÅExample of application: Euclid 3x2pts forecast in f(R)
ÅFast and accurate predictions of the halo mass function in f(R) (and in wCDM)

ÅVery general approach, many extensions: 
ÅMany Other possible applications (theory/simulation/observation) : doppler lensing, ISW, 
fluctuations of cosmic distances, cluster studies (WL, RSD, gravitational redshift), etcȣ
Å Other use of the emulators: any power-spectrum based predictions, f(R) constraints from clusters

CONCLUSION



ÅOTHER PROBES: relativistic effect in the halo-matter cross-correlation (S. SAGA, preliminary results)

ÅTOWARD STRONG LENSING: Strong-lensing weak-lensing connexion (M-A BRETON: New simulation 220 Mpc/h 
20483 particles + narrow light -cone in LCDM and WDM). Preliminary results: evolution of a light bundle.

ÅProGraceRay ANR project (2024-2028): the suite of all of this, Emulators+ relativistic effects

ONGOING WORK 
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z=6.6
z=2

z=1
z=0

TUG 2024

What is the link  between

 

THE « REAL » UNIVERSE

and

THE OBSERVED UNIVERSE 

 ?

Philosophy exam for everybody in the room

LUTH



TUG 2024

Å Redshift perturbations: modification of the apparent  redshift (i.e. infered distance) of 
structures

ÅWeak-lensing:  modification of the apparent angular position, shapes, luminosities of 
structures

=> The cosmological signal is blured

Redshift perturbations-> information about velocity fields (and more) at source location 

Weak Lensing -> information about potentials along the line-of-sight

Ý NEW COSMOLOGICAL INFORMATIONS FROM WEAK LENSING (WL) AND 
RELATIVISTIC REDSHIFT SPACE DISTORTIONS (RSD)

33



RayGalsimulation suite with 
General Relativistic Ray-Tracing

Breton et al. 2019;
Rasera et al. 2022

ÅLarge and well resolved HPC N-body 
simulations (40963 part. L=2.625 Gpc/h)

ÅStandard cosmology (w=-1) + alternative 
dark energy model(w=-1.2)

ÅRay-tracing includingall general 
relativistic effects in the weak field 
regime at high-resolution

ÅBillion light -rays launched

ÅFor the first time, identification of light 
rays going exactly from the source to 
the observer.

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

+weak-field
GR effects

Weak-field GR approach from 
linear to non-linear scalesȣ

TUG 2024 LUTH
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<dL> & <dA>: Bias of distance-redshift relation (Breton&Fleury, 2021)

<ɿgal ɿgal P0,2,4>: Magnification bias in RSD (Breton et al, 2022)

<ɿhalo ɿhalo  P1>: Dipole in RSD (Breton et al. 2019 Taruya et al. 2020 Saga et al. 2020, 2021)

<ɿ ɿ  >, <ɿ ʆ >, <ʆ ʆ > :WL Convergence x matter overdensity (Rasera et al. 2022)

35

Possible examples:
<ɿgalɿgal >, <ɿgalɾ >, <ɾ ɾ > : Relativistic effects on 3x2pts    => Doable

<ɾ ɾ >: Finite beam lensing => Doable
<w w>=> Doable (to be checked) 

<zgrav>: Gravitational redshift in cluster/voids (also with TD, WA&LC effect)= Doable
<ɿgal ISW>, <ɾ ISW>=> Doable

<ɿgalɿgalɿgal >, <ɾ ɾ ɾ >, <ɿgalɿgal )37Іȟ ȣȣȢȢBispectrum=> Doable
Peculiar velocity polyspectra (also with gravitational redshift, etc)=> Doable

%ÔÃȣȢ
Velocity/potential of the observer => Implemented in Magrathea, need to be run 

<Flexion ɾ>, <Flexion Flexion> => Implemented in Magrathea, need to be run 
Gpc clustering (e.g. for PNG)=> needs  to correct w/ analytical models or full GR sims

You probably have many other ideasȣ

A laboratory to test relativistic effectsȣ
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<dL> & <dA>: Bias of distance-redshift relation (Breton&Fleury, 2021)

<ɿgal ɿgal P0,2,4>: Magnification bias in RSD (Breton et al, 2022)

<ɿhalo ɿhalo  P1>: Dipole in RSD (Breton et al. 2019 Taruya et al. 2020 Saga et al. 2020, 2021)

<ɿ ɿ  >, <ɿ ʆ >, <ʆ ʆ > :WL Convergence x matter overdensity (Rasera et al. 2022)

36

Possible examples:
<ɿgalɿgal >, <ɿgalɾ >, <ɾ ɾ > : Relativistic effects on 3x2pts    => Doable

<ɾ ɾ >: Finite beam lensing => Doable
<w w>=> Doable (to be checked) 

<zgrav>: Gravitational redshift in cluster/voids (also with TD, WA&LC effect)= Doable
<ɿgal ISW>, <ɾ ISW>=> Doable

<ɿgalɿgalɿgal >, <ɾ ɾ ɾ >, <ɿgalɿgal )37Іȟ ȣȣȢȢBispectrum=> Doable
Peculiar velocity polyspectra (also with gravitational redshift, etc)=> Doable

%ÔÃȣȢ
Velocity/potential of the observer => Implemented in Magrathea, need to be run 

<Flexion ɾ>, <Flexion Flexion> => Implemented in Magrathea, need to be run 
Gpc clustering (e.g. for PNG)=> needs  to correct w/ analytical models or full GR sims

You probably have many other ideasȣ

A laboratory to test relativistic effectsȣ
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DM DYNAMICS: NEWTONIAN 
RESOLUTION: ADAPTIVE 
WEAK-LENSING: BORN 

RSD: STANDARD 
AVERAGE: ANGULAR 

e.g. usual N-body sims

DM DYNAMICS: NEWTONIAN 
RESOLUTION: ADAPTIVE    

WEAK-LENSING: GEODESICS INTEGRATION 
RSD: INCLUDE RELATIVISTIC EFFECTS 

AVERAGE: ANGULAR OR SOURCE 
e.g. RayGal sims (this work) 

DM DYNAMICS: WEAK-FIELD GR 
RESOLUTION: FIXED 

WEAK-LENSING: GEODESICS INTEGRATION 
RSD: INCLUDE RELATIVISTIC EFFECTS 

AVERAGE: ANGULAR OR SOURCE 
e.g. Gevolution sims

DM DYNAMICS: FULL GR  
RESOLUTION: ADAPTIVE 

WL: GEODESICS INTEGRATION 
RSD: INCLUDE RELATIVISTIC EFFECTS 

AVERAGE: ANGULAR OR SOURCE 
e.g. Ultimate futuristic sims

Breton & Reverdy 2022
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ÅAPPARENT POSITION SOURCE: we have access to direction           and redshift

ÅPOSITION INTERPRETED ASSUMING HOMOGENEOUS FLRW  (ex: ÄÒЄÃdz/H if no lens)
REDSHIFT AND ANGLE MODIFICATIONS

ÅOBSERVED DENSITY IS GIVEN BY (NON-LINEAR MAPPING)

DOPPLERGRAVITATIONAL
REDSHIFT

TRANSVERSE
DOPPLER LENSING

HOMOGENEOUS

TUG 2024

ISW-RS
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REAL SPACE
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REDSHIFT SPACE WITH ALL CONTRIBUTIONS (RSD+RELATIVISTIC)
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DOPPLER GRAVITATIONAL REDSHIFT

TRANSVERSE DOPPLER INTEGRATED TERMS

TUG 2024 LUTH



ÅMultipole

ÅMonopole: l=0 => density
ÅQuadrupole/hexadecapole: l=2,4 => 

velocity

ʊlɉÒɊЂЅ ɿ1(xɊ ɿ2 (x+r) Pl(mu)>
r

ʈ

lo
s
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Expected Impact of relativistic effects in a Euclid like spectroscopic survey: even multipoles

Courtesy: M-A Breton
Breton et al. 2022

LUTH



Å Left: Effect of lensing on RSD (linear theory)
Å Right: Growth rate inference at z=1.8 (b=1, s=1.2) for a Euclid-like survey built from RayGal data  

Breton et al. 2022

RayGal

s~1.1 for Euclid spectro survey
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