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A B S T R A C T 

We present an in-depth investigation of galaxy clustering based on a new suite of realistic large-box galaxy formation simulations 
in f ( R) gravity, with a subgrid physics model that has been recalibrated to reproduce various observed stellar and gas properties. 
We focus on the two-point correlation functions of the luminous red galaxies (LRGs) and emission line galaxies (ELGs), which 

are primary targets of ongoing and future galaxy surv e ys such as Dark Energy Spectroscopic Instrument (DESI). One surprising 

result is that, due to several non-trivial effects of modified gravity on matter clustering and the galaxy–halo connection, the 
clustering signal does not depend monotonically on the fifth-force strength. For LRGs, this complicated behaviour poses a 
challenge to meaningfully constraining this model. For ELGs, in contrast, this can be straightforwardly explained by the time 
evolution of the fifth force, which means that weaker f ( R) models can display nearly the same – up to 25 per cent – deviations 
from Lambda cold dark matter model as the strongest ones, albeit at lower redshifts. This implies that even very weak f ( R) 
models can be strongly constrained, unlike with most other observations. Our results show that galaxy formation acquires 
a significant environment dependence in f ( R) gravity, which, if not properly accounted for, may lead to biased constraints 
on the model. This highlights the essential role of hydrodynamical simulations in future tests of gravity exploring precision 

galaxy-clustering data from the likes of DESI and Euclid . 

Key words: dark energy – large-scale structure of Universe – cosmology: miscellaneous – cosmology: theory. 
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 I N T RO D U C T I O N  

he current standard model of cosmology, Lambda cold dark matter
 � CDM), asserts the existence of cold dark matter and that gravity
cts according to Einstein’s theory of general relativity (GR), with
 cosmological constant, � , e xplaining the observ ed accelerated
xpansion of the late Universe (Riess et al. 1998 ; Perlmutter
t al. 1999 ).We are now in an era of precision cosmology, with
arge-scale galaxy surv e ys such as the Dark Energy Spectroscopic
nstrument (DESI; DESI Collaboration 2023 ) and Euclid (Euclid
ollaboration 2023 ) measuring galaxy properties, distribution, and
lustering, including the baryon acoustic oscillation (BAO), with
nprecedented details, allowing us to test any proposed cosmological
odel on the largest scales. Cosmological parameters have also been

ightly constrained through cosmic microwave background (CMB)
easurements such as those of Planck (Planck Collaboration I 2016 )

nd Wilkinson Microwave Anisotropy Probe ( WMAP ; Bennett et al.
013 ). The values of these parameters are broadly consistent with
igh-precision measurements of weak gravitational lensing, e.g. Dark
nergy Surv e y (Abbott et al. 2022 ), Hyper Suprime Cam (Hikage
t al. 2019 ), and Kilo-Degree Survey (Heymans et al. 2021 ), strong
ensing, galaxy clusters, and v arious other observ ations, despite the
merging ‘cosmic tensions’ between several measurements (e.g.
fstathiou 2024 ). Aside from these, GR itself has been tested in
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ew regimes with observations of gravitational waves (e.g. Abbott
t al. 2016 ). 

Despite these successes, there are several theoretical problems
uggesting that � CDM may not be the final answer. One such issue
s a lack of a natural physical explanation for � , often understood as
he vacuum energy density: its value has frequently been compared
o the predicted value of the zero-point energy in quantum field
heory, which is many orders of magnitude larger. An alternative to
xplain this discrepancy is to propose the existence of a dark energy
uid, the equation of state of which has been constrained to be close

o w = −1. F or e xample, assuming a flat univ erse and combining
ata from Superno va Le gac y Surv e y 3, BAO, and WMAP 7 hav e been
hown to give the constraint w = −1 . 068 + 0 . 080 

−0 . 082 (Sullivan et al. 2011 );
ore recently, using DESI BAO measurements combined with the
MB and Type Ia supernova data; this constraint has been further

ightened to w = −0 . 997 ± 0 . 025 (DESI Collaboration 2024 ). 
Another interesting possibility is that on the largest scales gravity
ay behave differently to GR, which causes the Hubble expansion

ate to accelerate. Theories of modified gravity (MG) also offer a
ystematic way to investigate and constrain possible deviations from
R, and as such studies of these MG theories in a cosmological

onte xt can serv e as a useful test of the latter. While many of the
ost stringent constraints on MG theories are from the Solar system

and more recently from the use of gravitational waves), tests of
hese theories in cosmology focus on data from completely different
ength-scales, and are hence complementary. The MG models often
ead to different expansion histories and large-scale structure (LSS)
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o GR, although the models of primary interest here are those 
ith similar expansion history to GR. MG models are typically 

ormed by making some modification to the Einstein–Hilbert action; 
ome common examples of this are DGP (Dvali, Gabadadze and 
orrati) braneworld (Dvali, Gabadadze & Porrati 2000 ), K-mouflage 
Babiche v, Def fayet & Ziour 2009 ), Galileon models (e.g. scalar:
effayet, Esposito-Far ̀ese & Vikman 2009 ; Nicolis, Rattazzi & 

rincherini 2009 , or vector: Heisenberg 2014 ; Beltr ́an Jim ́enez &
eisenberg 2016 ), and f ( R) gravity (De Felice & Tsujikawa 2010 ;
otiriou & Faraoni 2010 ). Viable MG models often have some kind
f screening mechanism to suppress MG effects in certain regimes. 
n this work, we will be interested in f ( R) gravity, which exhibits
he so-called chameleon screening that can help the model to e v ade
olar system tests of gravity by suppressing MG effects in high- 
ensity regions (e.g. Khoury & Weltman 2004a , b ; Mota & Shaw
006 ; Brax et al. 2008 ). 
LSS is often probed with clustering statistics, which tell us the ex-

ess probability of finding galaxies in a given spatial configuration. A 

ommonly used statistic is the two-point correlation function (2PCF), 
hich quantifies the excess probability of finding two galaxies with 
 given separation, r . Higher order (i.e. n -point) clustering statistics
re also of interest though generally less well studied and so shall
ot be part of our focus in this paper. In large cosmological surv e ys,
e measure the spatial positions of galaxies in redshift space, which 

re subject to so-called redshift-space distortions (RSDs), in which 
he peculiar velocities of galaxies provide an additional contribution 
o the cosmological redshift, thereby modifying the inferred galaxy 
istances. The result of this is that position and velocity information 
re intermixed along the line of sight and the clustering in redshift
pace becomes anisotropic. This makes RSD a particularly powerful 
robe of gravity as the real-space clustering and velocity field are 
ested simultaneously (e.g. Ruan et al. 2022a ). 

Due to the non-linear nature of the LSS formation and the inherent
on-linearity of many MG theories, the only way to accurately predict 
he clustering of galaxies and other tracers of the matter field in these
heories, especially in the non-linear regime, is through cosmological 
imulations. Simulation codes for MG such as ECOSMOG (Li et al. 
012 ), MG-GADGET (Puchwein, Baldi & Springel 2013 ), MG-GLAM 

Ruan et al. 2021 ; Hern ́andez-Aguayo et al. 2022 ), and MG-AREPO

Arnold, Leo & Li 2019 ) have proven to be successful if computation-
lly e xpensiv e – the properties and clustering of dark matter haloes
n MG have been well studied through dark matter-only (DMO) 
imulations (e.g. Arnold, Springel & Puchwein 2016 ; Reverberi & 

averio 2019 ; Ruan et al. 2022b ). Such simulations offer valuable
nsights into the cosmic structure formation, which is dominated by 
ark matter, but the y hav e a serious shortcoming, namely they do not
irectly predict what are observed in practice – galaxies and baryonic 
atter. 
The formation and evolution of galaxies are intrinsically connected 

o the growth of their host dark matter haloes. For � CDM, there have
een many efforts to develop a model of the galaxy–halo connection 
a relation between a galaxy’s properties and the properties and 

volution of its host halo – which allows one to ‘paint’ galaxies on to a
MO simulation as a quick way to generate galaxy mock catalogues. 
here are several approaches for this, including empirical models 
uch as subhalo abundance matching (e.g. Kravtsov et al. 2004 ; 
asitsiomi et al. 2004 ; Vale & Ostriker 2004 ), and more physically
oti v ated ones such as semi-analytical models (e.g. Baugh 2006 ;
onroy & Wechsler 2009 ; Mitchell et al. 2018a ; Wechsler & Tinker
018 ). One notable example of galaxy–halo connection is the halo 
ccupation distribution (HOD; Berlind & Weinberg 2002 ), which 
pecifies the mean galaxy occupancy in dark matter haloes as a 
unction of halo mass proxies and sometimes extra parameters. The 
ost basic HOD model assumes that the distribution of galaxies 

n haloes is only dependent on the halo mass. Ho we ver, using the
urely mass-dependent HOD to populate haloes has been shown to 
esult in ∼15 per cent inaccuracies in galaxy clustering, which can be 
emedied with the introduction of an extra parameter (e.g. accounting 
or local halo environment; Hadzhiyska et al. 2020 ). 

For MG models, our understanding of the galaxy–halo connection 
s fairly rudimentary. In the past, studies have usually assumed 
he same functional form of HOD as in GR, though this has
ot been thoroughly verified. The common argument is that the 
OD, and its parameters, can be determined by matching certain 
alaxy observables, such as the projected 2PCF and number density, 
ith observations, and any MG model must be able to achieve 

uch a matching (which is generally the case, because even the
asic HOD model pro v es quite fle xible). A risk of this empirical
pproach, ho we ver, is that it neglects possible correlations between
he HOD model or its parameters and any new physics in the MG
odel being considered. For example, as mentioned above, due to 

ssembly bias, the HOD can acquire an environment dependence, and 
nvironment dependences are common in MG models with screening 
echanisms. It is therefore possible that an incorrect MG model and

n incorrect HOD could give galaxy-clustering predictions consistent 
ith observations, leading to the wrong interpretation that this MG 

odel is supported by data. Indeed, as we shall see below, MG can
ave a non-trivial effect on the HOD itself, and thus we argue that
he HOD parameters should not be arbitrarily tuned. 

This consideration has moti v ated this study, where we will look at
he galaxy populations and their properties (such as HOD) through a
ew suite of full-physics hydrodynamical cosmological simulations 
hat can produce realistically various galaxy and cluster observables. 
tilization of this type of simulations for MG models has been

omewhat more limited due to the increased computational cost. 
ecently, ho we v er, there hav e been attempts to simulate smaller
olumes as in Arnold et al. ( 2019 ). The simulations of Mitchell,
rnold & Li ( 2022 ) are the largest full baryonic physics MG

osmological simulations to date, with a box size of 301 . 75 h 

−1 Mpc .
ecently we have extended this work by including more variants 
f MG models. We will use the data from these simulations to
xplore galaxy clustering in one particular MG model, f ( R) gravity,
ere. Studies for other MG models will be presented in future
orks. 
This paper will be organized as follows. In Section 2 , we will

escribe the Hu–Sawicki (HS) f ( R) model (Section 2.1 ), which is
he specific and popular version of f ( R) gravity, the simulations
sed in this work (Section 2.2 ), the galaxy catalogues to be analysed
Section 2.3 ), and the clustering observables to be studied (Section
.4 ). In Section 3 , we will present the MG predictions of dark matter
alo abundances (Section 3.1 ) and the clustering measurements for 
wo classes of galaxies (Section 3.2 ), in both real (Section 3.2.1 )
nd redshift (Section 3.2.2 ) spaces, and identify and explain the
eviations from GR. To assist the explanation, we have also measured 
nd shown the HODs of the galaxy populations in various f ( R)
odels in Appendix A . Finally, we summarize and conclude in
ection 4 . 

 T H E O RY,  SIMULATIONS,  A N D  

E T H O D O L O G Y  

n this section, we briefly describe the MG model, f ( R) gravity, the
ydrodynamics simulations for this model, and the resulting galaxy 
atalogues to be analysed for the rest of this paper. We keep things
MNRAS 534, 2204–2220 (2024) 
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hort and refer the interested readers to rele v ant reference papers for
ore details. 

.1 f ( R) gravity 

n f ( R) gravity, the � term of � CDM is substituted with a new term,
 ( R), which is a new non-linear function, f , of the Ricci curvature
calar, R. The deri v ati ve f R ≡ d f / d R can be interpreted as a new
calar degree of freedom, often called a scalaron, and as such the
esulting MG effects are often described as being due to a fifth force
riginating from this new field. The screening mechanism from this
iewpoint can be interpreted as the scalaron’s mass, m s , becoming
arge in high-density regions, so that the associated force becomes
ery short-ranged, i.e. exponentially suppressed as ∝ exp ( −m s r). 

Mathematically, f ( R) gravity is characterized by the modified
instein–Hilbert action (e.g. Carroll 2001 ): 

 f ( R) = 

∫ √ −g [ R + f ( R) + L m 

] d 4 x, (1) 

here L m 

is the matter Lagrangian density and g is the determinant
f the metric tensor g μν . Minimizing this with respect to variations
n g μν , we get the modified Einstein field equations for this model: 

G μν + f R R μν −
[

1 

2 
f ( R) − � f R 

]
g μν − ∇ μ∇ νf R = 8 πG T 

m 

μν. (2) 

ere, ∇ μ is the covariant derivative, R μν is the Ricci tensor, G μν ≡
R μν − 1 

2 R g μν is the Einstein tensor, T 

m 

μν is the energy-momentum
ensor of matter, and G is Newton’s constant. 

Taking the trace of equation ( 2 ), we get 

 f R = 

1 

3 
[ R − f R R + 2 f ( R) + 8 πGρm 

] , (3) 

here ρm 

is the density of matter and � ≡ ∇ 

μ∇ μ. This equation can
e considered as the equation of motion for the scalaron. 
For the models of interest in this paper, we have f ( R) � R.

urthermore, we work with the quasi-static approximation that
ssumes that the time deri v ati ves of f R can be neglected; this has
een shown to be valid for the models used in this paper (Bose,
ellwing & Li 2015 ). Using these approximations, we find that in

he limit where perturbations in f R about the background value f̄ R 
re small, 

 

2 f R ≈ −1 

3 
a 2 [ δR + 8 πGδρm 

] , (4) 

nd (working in the Newtonian gauge) that 

 

2 � ≈ 16 πG 

3 
δρ + 

1 

6 
δR . (5) 

Equations ( 3 ) and ( 4 ) are, respectively, the equations of motion for
he scalar field, f R , and the Newtonian potential, � . Note that the
ounterpart of the latter in GR would be the Poisson equation: 

 

2 � GR ≈ 4 πGδρm 

. (6) 

If perturbations in f R are sufficiently small, then from equation ( 4 )
e have δR / 6 ≈ 4 πGδρm 

/ 3 and so recover the GR case, equation
 6 ) in f ( R) gravity. Ho we ver, if we have | δR | � 32 πG | δρm 

| then we
nd ∇ 

2 � ≈ (4 / 3) ∇ 

2 � GR ; in other words, the gravitational potential
n the GR case is enhanced by a factor of 1 / 3. An ideal f ( R)
odel would exhibit chameleon screening, which involves choosing
 function f ( R) that results in GR-like gravity on Solar system scales
or comparable regions where the curvature, R, is large), whereas
n cosmological scales an enhancement up to a factor of 1 / 3 may
NRAS 534, 2204–2220 (2024) 
ppear. An example of a model featuring this chameleon screening
s HS f ( R) model (Hu & Sawicki 2007 ), in which 

 ( R) = −m 

2 c 1 ( R/m 

2 ) n 

c 2 ( R/m 

2 ) n + 1 
, (7) 

here m 

2 ≡ H 

2 
0 	M 

with 	M 

the matter density parameter today, and
, c 1 , and c 2 are free parameters. We take n = 1. In the case where
 R| 	 m 

2 for the whole evolution period of interest, the function
 ( R) is approximately constant, mimicking a cosmological constant,
nd the choice c 1 

2 c 2 
m 

2 ≈ � is thus necessary to match the background
xpansion history to that of � CDM . This leaves one free parameter
o be specified to fix a model, which will be chosen as f R0 as we
how next. 

With this choice of f ( R), the scalaron field is given by 

 R = 

d f ( R) 

d R 

= −n 
c 1 

c 2 2 

(
m 

2 

R 

)n + 1 

, (8) 

nd with our choice of parameters we have 

| f R0 | = 

c 1 

c 2 2 

(
	M 

	M 

a −3 + 4 	� 

)2 

, (9) 

hich is the background value of | f R | at z = 0. Here, 	� 

= 1 − 	M 

.
e will refer to models using the nomenclature ‘Fx’, corresponding

o | f R0 | = 10 −x . Models with larger x (or smaller | f R0 | ) will be
eferred to as weaker models (since they represent weaker strengths
f the fifth force) and likewise models with smaller x are stronger
odels. 

.2 Galaxy formation simulations in f ( R) gravity 

e have run a new suite of realistic galaxy formation simulations of
 ( R) gravity, which extends those reported originally in Mitchell
t al. ( 2022 ) by having more variations of the MG parameter
 R0 . The parameter values co v ered in this suite of simulations are

og ( | f R0 | ) = −6 . 0 , −5 . 5 , −5 . 0 , −4 . 5, and −4 . 0, and according to
he abo v e nomenclature we call these models F6.0, F5.5, F5.0,
4.5, and F4.0, respectively. In addition, we have the � CDM
ounterpart, which is equi v alent to f R0 = 0. These models are
nconsistent with current constraints using astrophysical systems
see e.g. Baker et al. 2021 , for a recent re vie w), but cosmological
nd astrophysical constraints on MG are complementary and tackle
he same challenge using data from completely different length-
nd time-scales. The two types of constraints also exhibit different
ystematics including theoretical uncertainties: for example, our
ngoing analysis of higher resolution hydrodynamical simulations
hows complicated behaviours of galaxies in MG, many of which
re often not easily reproduced using simple analytical predictions,
.g. the differential circular velocities of gas and stars. 

These simulations have been run using a version of the N -body and
ydrodynamical simulation code AREPO (Springel 2010 ), modified
o include an f ( R) gravity solver (see Arnold et al. 2019 , for more
etails), and full baryonic physics with a recalibrated (Mitchell
t al. 2022 ) IllustrisTNG (Illustris "The Next Generation" – a
uite of hydrodynamical cosmological simulations) physics model
Pillepich et al. 2018 ) . The retuning of this subgrid model is so
hat, with the substantially lower mass and force resolutions (1136 3 

ark matter particles and 1136 3 initial gas cells in a cubic box of
ize 301 . 75 h 

−1 Mpc ) than used in IllustrisTNG, the simulations
till agree with calibration data of six observables, including the
tellar mass function, stellar-to-halo mass relation, star formation
ate density, cluster gas mass fraction, galaxy size, and black hole
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ass. We have found that the changes induced by varying f R0 on
hese observables are much smaller than the uncertainties in the 
bservational data themselves, and therefore decided against retuning 
he subgrid physical parameters for each value of f R0 adopted in this
ork. 
The cosmological parameters of the simulations are taken from 

he best-fitting Planck cosmology (Planck Collaboration XIII 2016 ): 
 h, 	M 

, 	B , n s , σ8 ) = (0 . 6774 , 0 . 3089 , 0 . 0486 , 0 . 9667 , 0 . 8159), 
here 	B is the present-day density parameter of baryons, n s is the 

pectral index of the primordial density power spectrum, and σ8 is 
he root mean square of the fluctuations of the matter density field
oday, smoothed on a scale of 8 h 

−1 Mpc . 
Being full-physics runs, these simulations follow the detailed 

istory of radiative gas cooling, star formation, supernova and black 
ole feedback, etc., to predict the formation of galaxies inside dark 
atter haloes. These predicted galaxies, subject to further selection 

ased on specific criteria, will be used for the analysis below. More
etails of these simulations will be given in a forthcoming paper. 

.3 Galaxy catalogues 

n this work, we focus on the clustering of two types of galaxy
opulations – luminous red galaxies (LRGs) and emission line 
alaxies (ELGs) – both of which are primary targets of DESI. 
RGs are typically large galaxies that evolve passively and contain 
 population of old stars; on the other hand, ELGs are typically less
assive bluer disc galaxies that are still actively forming stars. 
To prepare the LRG catalogues, we rank the simulated galaxies 

y their stellar mass and take the top N = n g × L 

3 galaxies, where
 g is the desired target number density of the catalogue. An example
f the halo occupation distribution for LRGs is shown in the left
anel of Fig. 1 . Given the strong correlation between the halo and
entral galaxy stellar masses, and since the LRG sample is selected 
y stellar mass, we expect that above some mass virtually all haloes
hould contain an LRG central, i.e. our central occupations for LRGs
re essentially 1 abo v e some mass. In Fig. 1 , we see exactly this abo v e
round 10 13 M 
; the central occupations rapidly drop to be very close
o zero by around 2 × 10 12 M 
, showing that we ef fecti v ely hav e a

ass regime where essentially no haloes have central LRGs. Satellite 
ccupations are not restricted to only one per halo as centrals are,
nd as such their mean occupations can exceed 10 in larger haloes.
o we ver, only larger haloes are typically capable of having a satellite
RG, and due to more numerous small haloes, a majority of our
ample will still be central galaxies (e.g. see Fig. 3 ). 

In galaxy surv e ys, ELGs would be selected according to their
olour. In simulation data, ho we ver, such information is not readily
vailable although it can be estimated with detailed post-processing. 
 simplified approach has been suggested in Hadzhiyska et al. 

 2021 ), where it is shown that one can obtain ELG-like galaxy
atalogues by ranking the galaxies from the highest specific star 
ormation rate (sSFR) abo v e some mass cut, and taking the first
 = n g × L 

3 . Due to our relatively low simulation resolution, we
ave to use a larger stellar mass cut-off of 3 × 10 10 M 
 for our
atalogues than the one used in Hadzhiyska et al. ( 2021 ) in order
o hav e well-resolv ed objects. Note that such considerations are not
eeded for LRGs, which by their selection process will already have 
nough star particles. 

The right panel of Fig. 1 shows an example of the HOD for one
f our GR ELG samples. An interesting property of the central ELG
OD is that the halo occupation reaches a maximum – which is less

han 1 – at a fairly low halo mass, just abo v e 10 12 M 
 in this case,
nd monotonically decreases after that. This is because very small 
aloes generally have not accreted sufficiently dense gas to form 

tars and seed an ELG, whereas v ery massiv e haloes experience
ignificant active galactic nucleus feedback that heats the gas and 
revents further star formation – they are quenched. In large haloes 
ith quenched central galaxies, it is still possible for ELGs to be

eeded as satellites. This can be potentially ascribed to the fact that
LG satellites are on their first passage through their host halo, and
ave not yet been depleted of their gas reservoir through ram pressure
tripping. For ELG samples, unlike with LRG samples, it is not rare
o have a halo with a satellite but no central; ho we ver, a majority of
ur ELGs will still be central galaxies of small haloes due to these
aloes being highly abundant. 
Having a sample of galaxies mainly in small haloes, as in our

LG catalogue, can have certain advantages for testing gravity. This 
s because in MG models with chameleon screening, in general 
bjects are well screened (i.e. the fifth force suppressed) at early
imes when the background scalaron value f R ( a) is small, while
etting increasingly unscreened at later times. In particular, smaller 
aloes become unscreened earlier than larger ones, meaning that 
alaxies in the former would experience the effect of the fifth force
onger and therefore present deviations in clustering from GR earlier. 
his can potentially allow us to see the MG effects in some weak
 ( R) models, which are otherwise hard to distinguish from GR using
osmological observations, and lead to stronger constraints on f R0 . 
nother benefit of looking at ELG clustering is that there are more
f them than LRGs in cosmological surv e ys: for e xample, by its
ompletion, DESI will have measured the spectra of 15.5 million 
LGs and 7.5 million LRGs. 

.4 Galaxy correlation functions 

alaxies are biased tracers of the underlying matter distribution, 
ith different types of galaxy forming in different environments. As 

uch, we can use galaxy clustering as a window to some aspects of
SS. One way galaxy clustering can be measured is with correlation

unctions (CFs), which quantify the likelihood of finding a set of
alaxies in a given spatial configuration. The simplest version of this
s the 2PCF, which measures the excess probability of finding two
racers, e.g. galaxies or simulation particles, with a given separation 
ector. Higher order (e.g. three-point) correlations are also used, 
hough less commonly due to these being more computationally 
 xpensiv e and more challenging to predict theoretically. 

The 2PCF is defined as 

( r ) = 〈 δ( r + x ) δ( x ) 〉 x , (10) 

here δ( x ) is the density contrast of the tracer under consideration
t location x and the angular brackets 〈 · · · 〉 x denote the ensemble
verage, which in a simulation or observation reduces to a simple
v erage o v er space. 

As we analyse a cubic, periodic simulation box at a single redshift,
ith no complicated geometry, we will use the following estimator 

o e v aluate the CF: 

( r ) = 

GG ( r ) 
RR ( r ) 

− 1 , (11) 

here GG is the number count of g alaxy–g alaxy pairs separated
y a vector r and RR refers to random–random pair counts that 
re computed analytically. This is done by simply considering the 
umber of galaxies within a bin range of a given galaxy to be
roportional to the volume of the bin multiplied by the number
ensity [and including a corrective factor of ( N g − 1) /N g , where
here are N g galaxies in the sample]. 
MNRAS 534, 2204–2220 (2024) 
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M

Figure 1. The mean halo occupation as a function of halo mass from our GR LRG (left) and ELG (right) catalogues at number density n g = 0 . 001 h 3 Mpc −3 

and redshift z = 1 . 060 in haloes with evenly spaced bins of logarithmic mass M 200c . M 200c is the dark matter mass within R 200c – the radius from the deepest 
point in the halo gravitational potential from which the enclosed average density is 200 × ρc , where ρc is the critical density of the universe. Central galaxy 
occupations, satellite galaxy occupations, and occupations of all galaxies in the sample (Total) are shown in different line styles as specified in the legend. 

Figure 2. The differential HMF for GR at a selection of redshifts. This 
has been computed by binning haloes in nine bins of even width of halo 
mass, log ( M 200c / M 
), from 10 10 . 8 to 10 14 . 9 M 
. On the right end of the 
panel, curves can be idenfied as decreasing in redshift when looking directly 
vertically upwards, and with redshift v alues sho wnin the legend . Note 
different line colours do not distinguish different gravity models as will be 
the case later in the paper. 
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The same is used to calculate the CFs in redshift space, which is
ore rele v ant gi ven that in real observ ations the three-dimensional

istances of galaxies are not directly measurable but are instead
nferred from their redshifts. Real galaxy-clustering measurements
re subject to RSDs. The two significant RSD effects are the finger-
NRAS 534, 2204–2220 (2024) 
f-god (FoG) effect and the Kaiser effect. In the FoG effect, the
rbital motions of galaxies with respect to the host halo centre result
n a redshift-space galaxy distribution that is elongated along the line
f sight in galaxy clusters. The Kaiser effect is caused by the infall of
alaxies into clusters and groups, which makes them appear closer
o the cluster centre in redshift space. The relationship between the
eal ( r ) and redshift ( s ) space coordinates is 

s = r + 

v · ˆ n 

aH 

ˆ n , (12) 

here v is the galaxy’s peculiar velocity, H = H ( z) is the Hubble
arameter at redshift z, and ˆ n denotes the unit vector in the line-of-
ight direction. The effect of RSD on the CF is symmetrical both
long the line of sight and perpendicular to the line of sight, and
s such we can map all of our points into one quadrant, e.g. 0 ≤
≤ π/ 2, and still fully characterize the behaviour while reducing

ractional shot noise. 
In real space, the CF only depends on the magnitude of the

eparation vector, r = | r | , thanks to the statistical isotropy of the
arge-scale galaxy distribution. In redshift space, ho we ver, the galaxy
istribution is anisotropic because s differs from r only in the line-
f-sight component, and so we write the CF therein as ξs = ξs ( s, μ),
here s = | s | and μ = cos θ with θ the angle between the galaxy-
air separation vector and the line-of-sight vector ˆ n . One way we
an characterize these RSD effects is by looking at the multipole
ecomposition of the CF: 

s ( s, μ) = 

∞ ∑ 

i= 0 

ξl ( s) L l ( μ) , (13) 

here L l refers to the lth order Legendre polynomials and ξl ( s) is the
orresponding multipole moment. Due to the symmetries of ξs ( s, μ),
nly even multipoles are non-zero, and so the first two multipoles
f interest are the monopole ( l = 0) and the quadrupole ( l = 2).
he monopole is essentially the CF averaged over μ, which tells us
bout the number of galaxy pairs expected at a given redshift-space
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Figure 3. Lines show the fractional difference between the MG HMF and the GR HMF, the shaded regions show the estimated Poisson error on this HMF 
measurement. The fractional difference in each panel is shown at the redshift specified in the top left corner of each panel. The mass is computed as the dark 
matter mass within r 200c – the radius from the centre of mass within which the average density is 200 × ρc , the critical density. 
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eparation, s. The quadrupole, roughly speaking, tells us about how 

uch the CF is elongated or squashed along the line-of-sight axis:
ositi ve v alues indicate elongations (e.g. the FoG effect) and ne gativ e
alues indicate squashing (e.g. the Kaiser effect). 

While the 2PCF and its multipoles provide useful information that 
an be used to distinguish between different cosmological models, 
s we shall find out below, their behaviour is quite complicated with
etailed scale dependence. This may pose a significant challenge to 
ractically constraining the models using observational data. As we 
re also interested in comparing the o v erall behaviour of the CF, it
ill pro v e useful to reduce its value o v er a range of scales into a

ingle number, to facilitate more summative comparison of different 
ravity models at different redshifts. For this purpose, we propose 
he following v olume-a veraged CF: 

¯ = V 

−1 
∫ r max 

r min 

DD ( r) 

RR ( r) 
4 πr 2 d r − 1 , (14) 

here V = 

∫ r max 

r min 
4 πr 2 d r is the volume of the region between radii

 min and r max . We will use this measure for the large scales, with
 min = 5 Mpc and r max = 20 Mpc . We do not attempt to summarize
he small-scale behaviour of the CF since the CF measurement is less
eliable and more subject to small-scale inaccuracies. 

We estimate the standard error on the CF using jackknife resam-
ling. For each sample, the box is divided into 3 3 = 27 equal cubic
ub-volumes, and 27 resamples are generated by removing one of the 
ub-volumes and computing the CF of the galaxies in the remaining 
olume. The standard error is then obtained as the standard deviation 
f the CF estimate of these resamples. 
 RESULTS  A N D  DI SCUSSI ON  

n this section, we first present the halo mass function (HMF), which
ill be important in understanding the effect of MG on the dark
atter haloes present. We will then show real-space CFs, for ELGs

nd then LRGs, and analyse the differences in clustering between 
hese models. For ELGs, we also show the large-scale CF, ξ̄ , as
t is useful for showing the model differences at a wider range of
edshifts. We will then show the redshift-space CFs and discuss the
odel differences in the ELG clustering and then LRG clustering. 

.1 Halo mass functions 

ince it will be helpful for us to interpret some of the results to be
resented below, we first show the differential HMF, d n/ d log M , for
R at several redshifts in Fig. 2 . As expected, the HMF on the high-
ass end increases o v er time, indicating a gradual build-up of these
assive objects through accretion and mergers. On the low-mass 

nd, we see that fewer objects remain at lower redshifts, showing
hat these objects either have grown into larger ones or have been
bsorbed through mergers. Note that we only show haloes down to
 mass of 10 11 M 
, as even smaller haloes are unlikely to seed an
RG or ELG and so this regime is not of interest. 
We present the fractional difference between the HMFs in our 
G models from GR in Fig. 3 , with each panel showing a different

edshift as indicated in the legend. Each model is represented by
 different colour specified in the legend of the lower right panel.
haded regions show the 1 σ uncertainty of the HMF measurement, 
hich is estimated assuming Poisson noise. These errors are much 

arger towards the high-mass regime due to the rarity of these haloes
ithin the finite box size of our simulations. We observe that, for
ost MG models plotted in each panel, there is a ‘bump’ in the HMF
MNRAS 534, 2204–2220 (2024) 
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nhancement that peaks within some mass range. The full-width half
aximum of this ‘bump’ is around 1.0–1.5 decades in halo mass in
ost cases, with stronger gravity models having their HMF excesses

t higher mass: for example, at z = 1 . 155, the enhancement in the
6.0 model peaks at around 5 × 10 11 M 
, while for F4.5 it peaks
t around 5 × 10 13 M 
. At each redshift, stronger gravity models
xhibit larger excesses in the HMF with F6.0 peaking at around a 15
er cent excess and F4.5 peaking at around a 40 per cent excess at
his same redshift. Furthermore, the height of the HMF excess seems
o grow a little across the time period plotted, 1 . 155 ≥ z ≥ 0 . 155.
 or e xample, F6.0 only grows from about 15 per cent peak excess to
bout 20 per cent. This growth in fact equates to fewer total haloes
n excess of GR: back to the example of F6.0, from Fig. 3 we can
ee that from z = 1 . 155 to 0.155 the peak of the e xcess mo v es from
bout 10 11 . 5 to 10 12 . 5 M 
, in which mass range the amplitude of the
MF decreases by a factor of ∼10 (Fig. 2 ) – a much more impactful

hange than the roughly 30 per cent increase in the HMF excess. 
We note from Fig. 3 that different models have similarly shaped

xcesses albeit shifted somewhat in redshift, e.g. the F5.5 excess at
 = 0 . 969 is very similar in height, width, and mass range to F6.0
t z = 0 . 326. In fact, it seems that weaker MG models display the
ame deviations from GR as stronger ones, except that they do so at
ower redshift. In other words, MG models – at least those that are
imilar to the f ( R) gravity model – with varying strengths can be
hought of as delayed versions of one another. 

Haloes below some mass threshold will be called ‘fully un-
creened’, referring to haloes that have a dynamical mass equal
o the lensing mass enhanced by approximately the full maximum
 / 3 factor. Conversely, we refer to haloes with dynamical mass
pproximately equal to the lensing mass as ‘fully screened’. For
hameleon models, lower mass haloes become unscreened first: in
S f ( R) gravity, it has been shown that the mass beyond which
aloes become screened depends on | f R ( z) | / (1 + z) (Mitchell et al.
018b ). We can understand the behaviour of the HMF as follows:
ully unscreened haloes have an enhanced rate of accretion of
urrounding matter due to their boosted dynamical mass, and so
xperience an accelerated growth compared to GR. Meanwhile,
artially or fully screened haloes see less or no such enhancement,
espectively. As a result, haloes will grow faster than comparable
aloes in GR for a while until they become large enough in mass
o lose the growth enhancement. And as such, we have a ‘pile-up’
f grown haloes around the mass region where screening of haloes
icks in. An associated effect of this is the depletion of the population
f smaller haloes, as these haloes have grown out of the smaller mass
ange or been accreted early. In Fig. 3 , it can be seen that, especially
learly by late times (e.g. z = 0 . 155), all models have fewer small
aloes than GR below some mass. 
Perhaps no less interestingly, we note that there is a saturation

ffect for stronger models; F4.0 and F4.5 HMFs appear to be
ractically coinciding with one another from z = 0 . 726 to the
resent day, while still being distinct from all the weaker models
t z = 0 . 155. This is because increasing | f R0 | has the effect of
nscreening the fifth force from an earlier time, but if this happens
efore the period when haloes experience most of their growth, then
he effect simply would not be reflected in the halo growth. This
pens an interesting possibility that late into evolution, strong HS
 ( R) models become indistinguishable and so it is not al w ays the
ase that a ‘stronger’ model necessarily displays stronger deviations
rom GR in real observables. 

To briefly summarize, in this section we hav e observ ed, or
onfirmed, several notable features in the behaviour of the HMFs
n HS f ( R) gravity, which could have non-trivial implications to
NRAS 534, 2204–2220 (2024) 
heir testability. First, a weaker f ( R) model is a ‘delayed’ version of
 stronger one, with qualitatively the same behaviour but displayed at
 later time. Secondly, the maximum enhancement of the HMF with
espect to GR happens at different halo masses and different time for
if ferent v alues of | f R0 | , but the size of the maximum enhancement
ends to be insensitive to the latter: this indicates that weaker f ( R)

odels can potentially be as easily distinguishable from GR as
tronger ones, if one can have access to earlier time observations.
inally, there is a saturation effect in the sense that further increasing

he value of | f R0 | does not al w ays lead to ever stronger deviations
rom GR in terms of physical and observable quantities. 

.2 Galaxy correlation functions 

ext, we consider the clustering of ELGs and LRGs identified from
ur simulations. To explore the impact of different sample selection
riteria, we will show several number densities and redshifts. While
RGs live in the largest haloes, ELGs are most often identified
s central galaxies of haloes of mass 10 12 −10 13 M 
. As a result,
nd following from the observations of the previous section, MG
odels where the largest haloes are yet to become unscreened show

ifferences in ELG population, while their LRG populations remain
imilar to those in GR. On this basis, we pre-empt that weaker models
ay show stronger deviations from GR in ELG populations than in
RG populations. 

.2.1 Real-space correlation functions 

he real-space CFs for ELGs are shown in Fig. 4 . Each large panel has
 corresponding smaller panel below it; the galaxy number density
nd redshift specific to each CF measurement are noted at the top of
he large panel. The large panels show the CF, ξ , multiplied by the
quare of the pair separation, r , in the range 0 . 1 Mpc < r < 30 Mpc .
he corresponding smaller panels show the fractional difference
f the CF for each model from GR. Shaded regions show the 1 σ
onfidence region estimated via jackknife resampling. 

We note immediately that the CFs do not show a systematic
eviation from GR in order of fifth-force strength as may be naively
xpected. GR seems to al w ays be among the most clustered models
nd F4.0 is al w ays among the least clustered. On the other hand, F4.5
umps from displaying the strongest clustering at z = 1 . 155 to having
mong the weakest clustering by z = 0 . 155. With a few exceptions,
LGs in the MG models are less clustered than those in GR. In F5.5
t z = 1 . 155, F6.0 and F5.5 at z = 0 . 652, and F4.0, F4.5, and F6.0
t z = 0 . 155, we note particularly large deviations of 20 −30 per cent
elow GR at r ≥ 5 Mpc. These large deviations are present also in the
eaker gravity models, F5.5 and F6.0. Interestingly, we will see later

hat this is no longer true when we consider the LRG populations
n these models. These observations indicate that for ELGs, there is
omething about the selection of galaxies that is more important than
he underlying clustering of haloes, and that these selection factors
f fect e ven the weaker MG models. We will sho w shortly ho w the
arge deviations seen in Fig. 4 propagate into observable measures
f galaxy clustering, making ELG clustering an interesting avenue
o explore for constraining even weak chameleon models. 

Fig. 4 shows that at fixed redshift, the relative ordering of the
odels is independent of the number density. For example, the z =
 . 155 panels all have a fairly consistent ordering on scales >1 Mpc
from bottom to top) of F5.5, F4.0, F5.0, GR, F6.0, and F4.5. While
he range in number densities is not very large, it is apparent that
he differences in clustering between models are not particularly
ensitive to the choice of number density for ELGs. 
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Figure 4. Large panels : The real-space CF of ELGs multiplied by r 2 , for different gravity models. Small panels : The fractional difference between the MG and 
GR real-space CFs. Each pair of panels – the large panel and the corresponding small panel immediately below – is for a different (redshift, number density) 
pair, specified in the upper left corner of the large panel. From left to right panels are decreasing in redshift, and number density of the panels increases from 

bottom to top. Shaded regions show jackknife error estimated as described in Section 2.4 . 
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On the other hand, the clustering signal depends much more 
trongly on redshift. We see that the F6.0 CF rapidly drops in
agnitude from being comparable to GR at z = 1 . 155 to being

5 per cent smaller than GR by z = 0 . 652. The redshift evolution
f the CF, given a value of | f R0 | , can be partly understood based
n our earlier discussions regarding screening and the evolution of 
he HMF. We previously noted that most ELGs are central galaxies 
f haloes of mass 10 12 −10 13 M 
. When the HMF excess described
n Fig. 3 coincides with this range, we expect that these grown
aloes will seed ELGs earlier than ungrown counterpart haloes 
n GR, since the increased gravity should accelerate the accretion 
f gas and, subsequently, enhance the sSFR early. We see that at
round z = 0 . 726–0.514 is when the excess in the HMF overlaps
his mass region. This coincides with the maximum reduction in 
he F6.0 case of 25 per cent in the ELG CF seen at z = 0 . 652 (cf.
ig. 4 ). The clustering is weaker, because the ELG host haloes in F6.0
row from initially lower density peaks, which are inherently less 
lustered. 
MNRAS 534, 2204–2220 (2024) 
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One difficulty in analysing the evolution of the CF in these MG
odels from Fig. 4 is that it only shows three different redshifts. We

ow investigate a wider range of redshifts in order to assess in full
etail the evolution of the CF. The integrated large-scale CF proposed
n equation ( 14 ) is shown in Fig. 5 . Shaded regions show the region of
 σ confidence, estimated via jackknife resampling. We choose only
o show n g = 0 . 001 h 

3 Mpc −3 , due to our pre vious observ ation that
umber density does not affect the relative model differences. Each
odel curve in Fig. 5 is visually distinct. Ho we ver, note similarities

etween neighbouring values of | f R0 | . Each model at high redshift
eviates from GR in the same way as the next most screened model
t low redshift, so it appears as if each model’s behaviour is not
nique but is showing a different part of some more complicated
hared pattern of evolution across 1 . 2 < z < 0. F or e xample, the
6.0 curve starts out in agreement with GR before dipping below

t – reaching a maximum difference at z = 0 . 6 – then gradually
eturning towards GR again after this. On the other hand, F5.5 starts
ut below GR reaching maximum difference at z = 1 . 0 and returning
o coincide with the GR curve by z = 0 . 4. The common evolution
f the ELG clustering can be explained by what we observed above
n Fig. 3 , namely weaker MG models can be considered as delayed
ersions of stronger ones. We also observe the saturation effect here,
n agreement with what was previously noted in Fig. 3 : the integrated
Fs for F4.5 and F4.0 practically coincide for z < 0 . 6, and we can

urthermore see the F5.0 integrated CF approaching F4.0 and F4.5
lose to z = 0. 

Looking more closely at F6.0, it appears that it only just begins to
eviate from GR appreciably at around z = 1. We would expect MG
odels weaker than F6.0 to show no clustering deviation until even

ater than this. For example, a model like F7.0 may not show any
ignificant deviation from GR in galaxy clustering by the present day.
n addition, for the haloes in the mass range where the HMF deviates
ignificantly from GR, it is unclear what type of galaxies can form:
e may have to consider a completely different tracer class than used
ere (e.g. 21 cm-emitting gas), and hence use different simulation
pecifications such as resolution. As such, we have chosen not to run
odels weaker than F6.0, but will leave this interesting possibility

or future exploration. 
To provide further support to the observations and explanations

bo v e, in Appendix A we have shown and discussed the behaviour
f the HODs for ELGs (Fig. A1 ). 
The real-space CFs for LRGs are shown in Fig. 6 . An important

bservation is that the clustering strength for LRGs is in general
arger than for ELGs on the scales shown. This is consistent with the
act that LRG populations exist in the largest haloes, which tend to
e more clustered than smaller haloes. The deviations in the LRG
Fs for the MG models from GR are at most on the 10 per cent

e vel; de viations of this magnitude are seen for F5.0 and F4.5 at
 = 1 . 155 and F5.0 at z = 0 . 652. This is less than half the largest
LG de viations sho wn in Fig. 4 . An interesting observ ation is that,

or all redshifts and LRG number densities shown in Fig. 6 , both
4.0 (the strongest MG model) and F6.0 (the weakest) show nearly

dentical clustering strength as GR, while the other, intermediate,
odels display a stronger de viation. Minko wski functionals have

een shown in previous works to also suggest a non-monotonic
lustering strength trend of halo catalogues between HS f ( R) models
Jiang et al. 2024 ). 

To better understand this behaviour, we again show the HODs for
RGs in Fig. A2 of Appendix A . There, we can observe that the
eviation of the HOD from the GR prediction does indeed follow
he same order as the fifth-force strength. Therefore, we have two
ompeting effects here. On the one hand, a stronger MG model
NRAS 534, 2204–2220 (2024) 
aturally has stronger and less screened fifth forces, so that for a
xed LRG number density more of these LRGs can be hosted by
aloes forming from smaller initial density peaks in low-density
nvironments (which thanks to the unscreened fifth force grow more
uickly and become more massi ve e ven than some larger initial
ensity peaks in more dense environments). Since lower initial
ensity peaks tend to be less clustered, this leads to a reduction
n the LRG clustering. On the other hand, if the fifth force is strong
nough, such as in F4.0, it can substantially increase the clustering
f haloes and hence the LRGs they host. 
According to this picture, F6.0 has nearly identical LRG clustering

o GR simply because the fifth force in this model is ef fecti vely
creened. Ho we ver, for F4.0, the abo v e-mentioned two competing
ffects balance out, leading also to a clustering signal that is similar
s in GR. For the intermediate models, such as F4.5 and F5.0 at
 = 1 . 155, it appears that the first effect dominates, resulting in an
 v erall weaker clustering than in GR. Again, we note the ‘saturation’
ffect as reflected by the fact that F4.0 and F4.5 have nearly identical
lustering signals at z = 0 . 652 and 0.155. 

.2.2 Redshift-space correlation functions 

e now look at the redshift-space CFs for ELGs in Fig. 7 . This
eatures triplets of panels with a large panel at the top and two
orresponding small panels below; each triplet is for the number
ensity and redshift specified at the top of the large panel. The large
anels show the monopole ξ0 and quadrupole ξ2 of the CF in redshift
pace, multiplied by the square of the pair separation, s [e.g. s 2 ξ0 ( s)].
he panels immediately below the large panels show the fractional
ifference of the monopole of each model from GR; the panels below
hese show the absolute difference of the quadrupole of each model
rom GR. In each panel, the 1 σ region, estimated with jackknife
ampling, is shown by the shaded regions. 

We first discuss the monopole. At small scales, e.g. <1 Mpc ,
he galaxy pair counts are suppressed by the FoG ef fect. Ho we ver,
n this work we are primarily interested in the large-scale CF. We
nd a significant fractional difference of ∼25 per cent in the MG
odels deviating most from GR across the entire scale range >3 Mpc .
 or e xample, at z = 1 . 155, F5.5 sho ws de viations of this size, at
 = 0 . 652 F5.5 and F6.0, and at z = 0 . 155 F6.0, F4.5, and F4.0. We
ote that the relative difference between models shows extremely
imilar behaviour to Fig. 5 – in each panel, the models are virtually
l w ays in the same vertical ordering as in Fig. 4 , which is to be
xpected since the monopole has similar information content to the
eal-space CF, particularly on large scales. As such, our description
nd suggested explanations of the model differences in Fig. 4 should
e valid for the monopole as well. 
The 25 per cent differences from GR seen in the monopole

re large, especially when compared to the per cent-level expected
recision of modern surv e ys such as DESI. While this is promising,
t is important to keep in mind that the galaxy catalogues here are
ot mock data sets for any real surv e y. It will be useful for realistic
LG mocks to be produced for ongoing or upcoming cosmological
urv e ys in the future. We could also benefit from having higher
esolution simulations with a higher number of snapshots towards
igher redshifts. Presently, due to the previously described resolution
ssues with our simulation, ELG samples at e.g. n g = 0 . 001 h 

3 Mpc −3 

an only be created below z = 1 . 26; since, for example, DESI will
easure the spectra of ELGs for 0 . 6 < z < 1 . 6, we are unable to

tudy ELGs in the entire volume contained in 1 . 26 < z < 1 . 6. We
lan to revisit this in a future work. 
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Figure 5. The scale integrated CF as described in equation ( 14 ) measured for ELG galaxy samples in several different gravity models at two different number 
densities – n g = 0 . 0010 h 3 Mpc −3 and n g = 0 . 0006 h 3 Mpc −3 – plotted against redshift, z. For the integration, we have assumed r min = 5 Mpc, r max = 20 Mpc 
computed numerically with 10 bins. This statistic characterizes the CF on large scales. 
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The behaviour of the quadrupole is more complicated, and the 
rdering with respect to the fifth-force strength is quite different 
rom that of the monopole. Naively, at large enough scales the 
uadrupole is sensitive to the galaxy pairwise velocity, and hence 
he velocity field. In particular, it may be expected that the velocity
ias is small so that tracer galaxies of different type and haloes of
ifferent mass have the same velocity field, which in f ( R) gravity
an be significantly enhanced (e.g. Jennings et al. 2012 ; Li et al.
013 ). Ho we ver, it is important to note that the amplitude of the
uadrupole also depends on the real-space CF (e.g. Cuesta-Lazaro 
t al. 2020 ). Such a mixture and competition of effects makes it
ifficult to interpret the behaviour of the quadrupole, or use it to
est/constrain models – this seems to go against the established 
isdom in the field. Another potential complication originates from 

he fact that in Fig. 5 we have focused on the CF multipoles on
elatively small scales, which may be significantly contaminated by 
he FoG effect; future larger box simulations should provide more 
efinitive answers to this question. 
We now analyse the redshift-space CFs for LRGs as shown in 

ig. 8 . The monopole amplitude is significantly larger than for our
LG populations, which is another example of the monopole having 
imilar information content to the real-space CF on the large scales. 
n the scale range of s > 3 Mpc, similarly to ELG populations, the
odel ordering in the monopole of each panel is consistent with the

orresponding panel in Fig. 6 . Ho we ver, in some cases towards the
ower s end of this regime, the stronger models such as F4.0 have
ubstantially reduced amplitudes of the monopole even though the 
eal-space CF is nearly identical to GR. This can be easily explained,
s we expect LRGs to present a greater FoG effect due to haloes
osting multiple galaxies more frequently and typically also having 
arger mass. This should mo v e more galaxies to larger separations s 
n redshift space and so reduce the monopole at low s. In contrast to
he smaller scales, on large scales we see at most ∼10 per cent model
ifferences, consistent with the result for the real-space CF. 
o  
Finally, we look at the model differences in the LRG quadrupole.
he differences between the last few bins of the quadrupoles in all
anels are dominated by the jackknife error and as such we will
ocus on intermediate scales, 3 Mpc < s < 20 Mpc . Universally, we
nd that the F4.0 model rises well abo v e GR (typically by s 2 ξ2 ≈
0 Mpc 2 ), with other strong models up to F5.0 following suit by
 = 0 . 155. This is likely associated with the enhanced velocity field
n f ( R) gravity. Towards the lower end of this s range, we see a
eduction of the quadrupole in the MG models compared to GR,
gain indicating contamination by the FoG effect. Meanwhile, the 
eaker models remain closer to GR, as the large haloes in them

emain screened even at low redshift. Despite weaker monopole 
ignature than ELGs on large scales, LRG clustering could still be a
seful test of gravity for stronger gravity models. Weak models like
6.0 and F5.5 show generally very small deviations from GR in LRG
lustering, both in real and in redshift spaces. It is interesting that
RGs and ELGs offer very different, and potentially complementary, 
onstraints of chameleon f ( R) gravity, demonstrating the value of
onsidering multitracer clustering statistics. 

 DI SCUSSI ON  A N D  C O N C L U S I O N S  

ith the launch of various Stage IV cosmological galaxy surv e ys
uch as DESI and Euclid , galaxy clustering is set to become a major
ource for cosmological constraints, in particular in the context of 

G models. Ho we ver, questions remain around how reliable these
onstraints will be, given the uncertainties in our understanding of 
alaxy formation and the galaxy–halo connection. In our expectation, 
hese ingredients can be strongly affected by any new physics 
resented in MG models, making it a risky strategy to consider the
alaxy–halo connection a free function to be (jointly) determined by 
bservations. 
To address this question, in this work we have run an extended suite

f full-physics galaxy formation simulations in the popular HS f ( R)
MNRAS 534, 2204–2220 (2024) 
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M

Figure 6. Large panels : The real-space CF of LRGs multiplied by square separation, r 2 , for different gravity models. Small panels : The fractional difference 
between the MG and GR real-space CFs. Each pair of panels, large panel and corresponding small panel immediately below, is for a different (redshift, number 
density) pair, specified at the top of the large panel. From left to right panels are decreasing in redshift, and number density of the panels increases from bottom 

to top. Note that the limits of the v ertical ax es of different rows of panel pairs differ. Shaded regions show jackknife error estimated as described in Section 2.4 . 
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ravity model, and use these to study the HOD and the clustering of
wo types of galaxies, ELGs and LRGs. The investigation leads to a
umber of interesting, and to some extent surprising, results, which
e summarize below. 
First, unlike in some other physical quantities such as the HMF, the

eviation in the clustering signals from GR does not al w ays follow
he order of the fifth-force strength. This applies to both LRGs and
LGs. 
For LRGs, this is because of two competing effects, one being

he fact that in MG models more of the LRGs are hosted by
NRAS 534, 2204–2220 (2024) 
aloes that collapse from lower initial density peaks in low-density
nvironments, which are less clustered. The other effect is the o v erall
nhanced clustering of haloes due to the fifth force. The result of this
ompetition is that both F6.0 (the weakest MG model) and F4.0 (the
trongest) show nearly identical real-space clustering strength as in
R. Such non-monotonic behaviour inevitably complicates the use
f LRG clustering as a test bed for chameleon f ( R) gravity (as has
een done e xtensiv ely in the literature so far). 

For ELGs, the result is more interesting: the strongest deviation
rom GR happens for different MG models at different times. For
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Figure 7. Large panels : l = 0 and l = 2 multipoles of the redshift-space CF, distinguished by line styles as described by the legend. Upper small panels : 
Fractional difference of the monopole in MG from GR. Lower small panels : Difference of the quadrupole in MG from GR. All panels are for ELG populations; 
the large upper panels and corresponding pair of small lower panels are plotted for the redshift and number density specified at the top of the upper panel. 
Shaded regions show jackknife error estimated as described in Section 2.4 . Different models are represented by different colours as described in the legend. 
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xample, at z = 0 . 155 it is the weakest MG model, F6.0, that
iffers most from GR in the real-space clustering strength, while 
t z = 0 . 652 the model that deviates the most from GR is F5.5.
oreo v er, the maximum deviation from GR is not sensitive to

he value of | f R0 | . By looking at the HODs (Fig. A1 ), we have
rovided a physical explanation for this behaviour based on how 

he fifth force affects halo abundances and star formation. While 
he behaviour here is again non-monotonic with respect to the fifth-
orce strength, the physics behind it is simpler than in the LRG
ase. This suggests that by looking at the ‘correct’ redshift one 
an potentially use ELG clustering to place stringent constraints 
n even the weakest f ( R) models. These can be considered as
he ‘sweet spots’ for gravity tests: as mentioned frequently in the
receding discussion, weaker f ( R) models can be considered as a
elayed version of stronger ones, and each model has its own ‘sweet
pot’ at which we can maximize the potential of constraining it.
e also note that the �25 per cent deviations from GR in even

he F6.0 model are quite substantial considering the precision 
f data expected from the current and upcoming generation of 
bservations. 
MNRAS 534, 2204–2220 (2024) 
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M

Figure 8. Large panels : l = 0 and l = 2 multipoles of the redshift-space CF. Upper small panels : Fractional difference of the monopole in MG from GR. 
Lower small panels : Difference of the quadrupole in MG from GR. Shaded regions show the estimated jackknife error in the difference. All panels are for LRG 

populations; the large upper panels and corresponding pair of small lower panels are plotted for the redshift and number density specified at the top of the upper 
panel. Shaded regions show the jackknife error estimated as described in Section 2.4 . 
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Secondly, we have investigated the clustering of LRGs and ELGs
n redshift space. For ELGs, the monopole of the CF shows the
ame behaviour as seen in the real-space CF, confirming that
he effect described abo v e can indeed be measured and used in
eal observations. The quadrupole, however, displays less potential
f distinguishing between different MG models, which is a bit
urprising because one would naiv ely e xpect the fifth force to
ubstantially increase galaxy peculiar velocities. This is because
he quadrupole depends on both the galaxy pairwise velocity and
he real-space clustering, and these two effects cancel out to some
xtent. 
NRAS 534, 2204–2220 (2024) 
The redshift-space clustering of LRGs again broadly follows the
ehaviour of the corresponding real-space clustering. Ho we ver, the
oG effect is much stronger here, thanks to the typically higher
ost halo masses, and this decreases the monopole between �1 and
0 Mpc . F or e xample, although F4.0 has nearly identical real-space
F as GR and F6.0 in this scale range, it has a significantly lower

edshift-space CF monopole, which is another surprise that comes as
 convenience (we want to use LRG clustering to constrain models
fter all!). 

Finally, in various statistics examined in this paper we have
bserved a ‘saturation’ effect, where the stronger MG models, such
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s F4.0 and F4.5, have nearly identical behaviour and predictions at 
ate times. This can be roughly understood as follows: the strongest

odel, such as F4.0, has already maximized its ability of causing 
eviations from GR well before the present day, and this means that
he weaker models, such as F4.5, can have time to ‘catch up’ at low z.

e do notice, ho we ver, that the saturation happens only at late times,
o that higher redshift data can still be used to distinguish between
hese models. 

One of the commonly used galaxy-clustering observables that we 
ave not included in this study is the projected 2PCF. This is because
ur limited box size means that we cannot measure the real- or
edshift-space CFs to galaxy separations abo v e �20–30 Mpc , and 
herefore we cannot perform the line-of-sight projection reliably. 
o we ver, gi ven the results above we would expect similar levels of
eviations from GR in both. This further highlights our argument 
bo v e that it is risky to fix the HOD parameters empirically by
atching the predicted projected 2PCF with the observed one, and 

hat a detailed study of ho w MG af fects galaxy formation is essential
f we wish to test the models using galaxy clustering. 

To study the projected 2PCFs, we will need larger simulations, 
hich will be a plan for future. Items we will consider in forthcoming
ork include (i) running simulations at higher resolution to allow 

ower stellar mass cuts when selecting the ELGs; (ii) a more 
ealistic selection of ELGs based on (observable) galaxy colours and 
agnitudes (e.g. Yuan et al. 2022 ); and (iii) making realistic mock

alaxy catalogues for future observations, by taking into account 
ffects such as light-cone, surv e y geometry, and redshift distribution.
e will also study other classes of MG models in future works. 
To summarize, galaxy clustering is a very promising avenue for 

esting gravity models in cosmology, but perhaps in different ways 
rom what was believed previously. With the rise of large realistic 
ydrodynamical simulations, we have entered a new era where 
etailed galaxy properties, including their spatial distribution, can 
e predicted by such simulations. This will offer tantalizing new 

pportunities for cosmological tests of gravity. 
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PPENDIX  A :  T H E  H A L O  O C C U PAT I O N  

ISTRIBU TIONS  

n this appendix, we show the general behaviour of the HODs of the
alaxy catalogues whose clustering was studied in detail in the main
ext. This will help us better understand the clustering signals seen
bo v e. 

We will analyse the HOD in greater detail, including providing
tting formulae for both LRGs and ELGs, at different redshifts and
umber densities, in a future work. 
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igure A1. Large panels : The mean ELG occupations of haloes as a function of th
ccupations, and central galaxy occupations are all shown with separate lines. Sm
ean total ELG occupations. Each large upper and small lower panel pair corresp

tated at the top of the large panel. 
1 The behaviour of ELG HOD 

he HODs for the ELG catalogues are shown in Fig. A1 , where we
ote that relative differences between models, like the CFs in Fig. 4 ,
epend very little on the number density, with the lower fractional
ifference panels at the same redshift all looking visually very similar
nd the models having the same relative behaviour; as such, we can
ocus on just the redshift dependence. 

This fits well with the observation abo v e that weaker MG models
re ‘delayed’ versions of stronger ones, and the narrative goes as
e dark matter mass within R 200 c , the mean total occupations, satellite galaxy 
all panels : The corresponding fractional difference between model and GR 

onds to ELG samples produced at a different number density–redshift pair 
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Figure A2. Large panels : The mean LRG occupations of haloes as a function of the dark matter mass within R 200 c , the mean total occupations, satellite galaxy 
occupations, and central galaxy occupations are all shown with separate lines. Small panels : The corresponding fractional difference between model and GR 

mean total LRG occupations. Each large upper and small lower panel pair corresponds to LRG samples produced at a different number density–redshift pair 
stated at the top of the large panel. 
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(i) At some earlier time, small haloes in an MG model become 
nscreened and the abundance of haloes at that mass receives a boost,
nd the mean halo occupation there dips as the total galaxy number
n our catalogues is fixed. At this point, more massive haloes are still
creened, so that their HODs remain the same as in GR. 

(ii) Next, the unscreened small haloes have had long enough time 
o accrete and cool more gas to form young star-forming galaxies. 
his means that some of the galaxies in those small haloes can have
igher sSFR than some galaxies in larger haloes; because our ELG
atalogue has been selected by sorting the sSFR from high to low,
his means that more of the ELGs will be from smaller haloes, and
or a fixed number density this can only imply that fewer will be
 F  
rom larger haloes. This leads to a reduction in the halo occupancy
umber in the latter. 
(iii) As time goes on, larger haloes progressively get unscreened, 

nd the halo occupancy number increases again in these haloes. 
(iv) Finally, quenching of star formation comes into effect, which 

urther suppresses the halo occupancy number. 

As an example, looking at the top panels of Fig. A1 : at z = 1 . 155
6.0 is at stage (i), F5.5 and F5.0 at stage (ii), F4.5 at stage (iii), and
4.0 at stage (iv); at z = 0 . 652 F6.0 and F5.5 are both at stage (ii),
5.0 at stage (iii), and F4.5 and F4.0 at stage (iv); and at z = 0 . 155
MNRAS 534, 2204–2220 (2024) 
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6.0 is at stage (ii), F5.5 at stage (iii), and F5.0, F4.5, and F4.0 at
tage (iv). 

It should be evident that stage (ii) is the most interesting one, as this
s when more ELGs are hosted by smaller haloes (or more accurately
peaking, haloes forming from lower initial density peaks), which
re inherently less clustered. This explains well why the MG model
ith the weakest clustering is F5.0 at z = 1 . 155, F5.5 at z = 0 . 652,

nd F6.0 at z = 0 . 155 (cf. Fig. 4 ). 
Therefore, this reiterates the important point that the specific

alaxy type is important for determining the strength of the clustering
ignal. With suitable choices of galaxies, such as ELGs, which tend
o be hosted by smaller haloes that get unscreened early and more
asily, one can hope to maximize the potential of distinguishing
etween different gravity models. Even the weakest MG models,
uch as F6.0, can be hopefully distinguishable from GR by looking
t the ‘correct’ redshifts. 

Finally, we notice that at low redshift the HOD plots also
isplay the ‘saturation’ effect mentioned abo v e. This can be seen
y observing that, at z = 0 . 652 and 0.155, F4.0 and F4.5 have nearly
dentical HODs; indeed, at z = 0 . 155 even F5.0 has nearly the same
OD as F4.5 and F4.0. 

2 The behaviour of LRG HOD 

he HOD for LRGs is shown in Fig. A2 , which displays much
impler behaviour. Abo v e some mass, virtually all haloes host a
entral galaxy (the halo occupancy number is 1.0); below this mass,
here is a transitional regime in which the occupations fall towards
ero. The cut-off mass where the halo occupation starts to drop is
NRAS 534, 2204–2220 (2024) 

Published by Oxford University Press on behalf of Royal Astronomical Society. This is an 
( https://cr eativecommons.or g/licenses/by/4.0/), which permits unrestricted reus
l w ays smaller for GR. The reason for this can be found by looking
t the HMFs. We have an excess of haloes above the equi v alent GR
ut-off mass for the HOD in all models, so for the same number of
alaxies the cut-off mass is higher in MG models. 

In terms of the deviations from GR, unlike ELGs, the HOD for
RGs shows a well-defined trend in order of the strength of the
fth force. For example, F6.0 shows nearly identical HOD as GR
xcept in the smallest host haloes; F5.5 shows a slight deviation
rom GR, while the deviations from GR by F5.0, F4.5, and F4.0
et progressively stronger. Indeed, the same ‘saturation’ effect can
e observed at z = 0 . 652 and 0.155 where F4.5 and F4.0 are again
early identical. 
The HODs in MG models are generally lower than those in GR,

nd at the high-mass end this is mainly driven by satellite galaxies:
he same density peaks in the initial condition lead to more massive
aloes in MG models than in GR, but the numbers of satellite LRGs
n these haloes are not necessarily or sufficiently enhanced in MG,
nd the consequence of this is a shift of the satellite occupation
umber curve to the right in MG models. 
Overall, the HODs in our LRG catalogues confirm that the

election effect of host haloes is less prominent than for ELGs. While
he LRG-hosting halo populations are still different between the
ifferent gravity models, this difference is mainly in the high-mass
nd, which is not particularly beneficial if one wishes to constrain
he weaker MG models. 
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