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ABSTRACT

We present a quantitative analysis of the properties of galaxies and structures evolving in universes dominated by different
modified gravitational models, including two variants of the f(R)-gravity (F) and two of the Dvali-Gabdadze—Poratti (N)
braneworld model, which respectively feature the chameleon and Vainshtein screening mechanisms. Using the Simulation
HYdrodynamics BeyONd Einstein (SHYBONE) cosmological hydrodynamical full-physics simulations suite, we study the
departures in the properties of galaxies residing in different environments with respect to the standard model (GR). Using
two different criteria to compare, we find that structures formed within modified gravity tend to show a denser gas density profile
than their GR counterparts. Within the different modified gravity models, N1 and F5 gravity models show greater departures
from the standard model, with gas density profiles pjgm > 30 per cent denser in the outskirts for the N1 model, and in the inner
parts for the F5 model. Additionally, we find that haloes evolving in MG universes show, in general, larger quenched fractions
than GR, reaching up to 20 per cent larger quenching fractions in F5 regardless of the stellar mass of the galaxy. Concerning
the other models, F6, N1, and N5 show slightly larger quenched fractions, but no strong differences can be found. These results
directly impact the colour distribution of galaxies, making them in MG models redder and older than their GR counterparts.
Like GR, once the environment starts to play a role, galaxies rapidly get quenched, and the differences between models vanish.
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1 INTRODUCTION

To understand how the Universe evolves, it is necessary to char-
acterize its composition and how its different constituents interact
with each other. All matter in the Universe interacts gravitationally,
but a deep understanding of the physical nature of gravity has
proven to be hard to achieve. The current standard cosmological
model (ACDM) is constructed with Einstein’s General Relativity
(GR) as its gravitational model and has as its main constituents
today the cosmological constant A and the cold dark matter. The
ACDM model has provided a simple yet very accurate description
of the Universe (eg. Planck Collaboration 2016, 2020; Alam et al.
2017). Many observational pieces of evidence support this claim.
However, even though GR has been empirically confirmed on small
scales, the lack of accuracy tests at cosmological scales has allowed
constraining this model of gravity only to a small degree at large
scales.

* E-mail: diego.pallero@usm.cl

With the arrival of new galaxy surveys such as the Dark Energy
Spectroscopic Instrument (DESI; DESI Collaboration 2016), EU-
CLID (Laureijs et al. 2011), and the Vera C. Rubin Observatory,
(LSST; LSST Science Collaboration 2009), gravity will be testable
to an unprecedented level of accuracy at all scales. This will allow
astronomers to distinguish between different gravitational models.
However, to do so, it is necessary to fully understand the impact that
different models could have on the distribution of galaxies in the
large-scale structure, and the imprints that they could leave in their
properties.

Within this context, numerical simulations play a key role in
connecting theoretical predictions with observations. Some works
in the past have used semi-analytic models with alternative gravity
models to model galaxy evolution (eg. Fontanot et al. 2013, 2015a,
b). These calculations made some adjustments to reflect the change
in the gravity model, such as using merger histories from modified
gravity (MG) N-body simulations and changing the halo mass —
virial temperature relation. Nevertheless, the most comprehensive
models, in terms of modelling the changes in gas cooling and galaxy
dynamics, remain hydrodynamical simulations.
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In the last decade, hydrodynamical simulations of large cos-
mological volumes (eg. Vogelsberger et al. 2014; Schaye et al.
2015, 2023; Nelson et al. 2018a; Pillepich et al. 2018a; Pakmor
et al. 2023) have successfully reproduced observable properties
of single galaxies as well as populations of galaxies. Simulations
have also been widely used as a tool to study the evolution of
galaxies through cosmic time, providing accurate descriptions of
some complex phenomena experienced throughout their history.
Nevertheless, the lack of models using non-standard cosmologies
hinders the comparison between observations and MG theories.
The first steps have been made to study the impact that some of
the most studied models of MG could have in the evolution of
galaxies (Arnold, Puchwein & Springel 2014, 2015, 2016; Llinares &
Mota 2014; Hammami et al. 2015; Ellewsen, Falck & Mota
2018).

However, these early works usually do not have a cosmological
volume big enough to make statistically representative studies or
adopt a ‘full physics’ model that allows a detailed description of
the evolution of baryons within these models. Moreover, these early
works usually have a limited mass range of haloes studied and lack
a wide variety of environments.

Here, we use a more recent set of simulations from the Sim-
ulation HYdrodynamics BeyONd Einstein project, SHYBONE. The
project introduces the first suite of cosmological simulations with
a comprehensive galaxy formation model, evolved with two of the
most studied MG models, the Hu & Sawicki f(R)—gravity (Hu &
Sawicki 2007), and the normal Dvali-Gabadadze—Porrati (nDGP;
Dvali, Gabadadze & Porrati 2000) brane model in the Newtonian
limit. The simulations use the same galaxy formation model as used
in the IllustrisTNG simulation (Pillepich et al. 2018a). The suite
is made up of several runs, from small high-resolution (25 cMpc)
to big intermediate-resolution boxes (100 cMpc). With these state-
of-the-art simulations, it is now possible to study galaxy evolution
beyond the classical standard model. Moreover, thanks to the detailed
description provided by the galaxy formation model of IllustrisTNG
simulations, it is possible to understand how different gravitational
models could affect key galaxy properties as we observe them
nowadays.

In our current cosmological model, it is well known that the
environment in which a galaxy resides plays a decisive role in
shaping its properties (Dressler 1980, 1984; Poggianti et al. 2001).
In particular, Dressler (1980) showed that galaxy clusters possess an
excess of early-type galaxies in comparison to the field. Moreover,
galaxies residing in these high-density environments tend to show
redder colours than galaxies in the field with the same stellar mass,
as reported by several authors (Gémez et al. 2003; Kauffmann
et al. 2004; Poggianti et al. 2006). These colour/morphological
transformations are caused by a decrease in their star formation
rate (SFR), a product of the depletion of their gas content. However,
the dominant process that led to this ‘quenched state’ is still an
unanswered question. Interactions between galaxies inside clusters
(Toomre & Toomre1972; Moore et al. 1996), between galaxies and
the intracluster medium (Gunn & Gott 1972; Abadi, Moore & Bower
1999; Jaffé et al. 2015) and tidal forces produced by the potential
well of the cluster (Miller 1986; Boselli & Gavazzi 2006) can all
produce a decrease in the gas content and change their morphology.
Moreover, it has been shown that there is an interplay between
external and internal mechanisms (eg. Peng et al. 2010). As all
these mechanisms are directly or indirectly related to gravity, by
changing the gravitational model, how galaxies may be affected can
completely change, by enhancing or diminishing the discrepancies
between environments.
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Here, we discuss our efforts to use the SHYBONE simulations
to statistically characterize some of the most studied properties of
galaxies in a standard model Universe, such as passive fractions
and colour distributions, as a function of galaxy stellar mass and
environment.

We will use galaxy properties residing in different environments
to characterize the departures between MG cosmological models
to the standard model. This represents one of the first attempts
to characterize the properties of galaxies in different cosmological
contexts based on two characteristic archetypal of MG based on shell-
screened fifth force and Vainshtein screening. Any clear departures
between models will be readily tested thanks to available and
upcoming large galaxy surveys (eg. DESI Collaboration 2016; Euclid
Collaboration 2020).

This paper is organized as follows. In Section 2, we review the
galaxy formation model and the properties of the simulations used
in this project. In addition, we review some of the key aspects of
the considered MG models. In Section 3, we define the criteria used
to compare haloes between different gravitational models. These
are based on properties such as the stellar mass of central galaxies
and the measured My of a given halo. In Section 4, we show
the differences in the galaxy properties between different models
as a function of the environment in which they reside. Finally, in
Section 5, we summarize our results and discuss the next steps.

2 GALAXY FORMATION IN ALTERNATIVE
GRAVITY MODELS

Here, we introduce the SHYBONE simulation suite, a series of hy-
drodynamical cosmological simulations carried out with the AREPO
code (Springel 2010) augmented with a MG solver, first presented in
(Arnold, Leo & Li 2019). The simulation suite is currently composed
of two sets of simulations dedicated to studying different models of
MG. The first suite, presented in (Arnold et al. 2019), has a model
universe where gravity is described by the f(R)-gravity model (Hu &
Sawicki 2007). A second simulation suite was later performed to
study a universe evolved over a normal Dvali-Gabadadze—Porrati
(nDGP) braneworld model (Dvali et al. 2000). These simulations
follow the exact simulation specifications, cosmological parameters,
and baryonic physics model as that presented in Arnold et al. (2019),
and were first introduced in Herndndez-Aguayo et al. (2021).

In what follows, we discuss the main features of the gravitational
models considered, as well as present the details of the simula-
tions. Both simulation suites were performed including the galaxy
formation model used in the IllustrisTNG simulation (Marinacci
et al. 2018; Naiman et al. 2018; Springel et al. 2018; Nelson et al.
2018b; Pillepich et al. 2018b), following the same subgrid physics
prescriptions (Weinberger et al. 2017; Pillepich et al. 2018a) and
using the same parameter choices (for details about the agreement
between SHYBONE and TNG see Arnold et al. 2019).

2.1 Modified gravity models
2.1.1 F(R)-gravity

The f{R)-gravity model is an extended version of Einstein’s GR
which includes an additional scalar degree of freedom (Buchdahl
1970). This parameter produces a so-called fifth force that yields
an enhancement of gravity in low-density environments by 4/3. Re-
gions within deep gravitational potentials experience a chameleonic
screening such that the forces experienced within them are the same
as expected for GR.

MNRAS 533, 3344-3364 (2024)
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To construct this model, some modifications are applied to the
Einstein—Hilbert action, S, by adding a function of the Ricci scalar
curvature R, f{(R), as follows:

R+ f(R)
S= [ dxy/—g | ——— 4+ Lu|,
/ W { lerG M
where g is the determinant of the metric tensor g,,,, G is the universal
gravitational constant, and Ly is the Lagrangian of the density field.
With this modification, an extra tensor, x,, is added to Einstein’s
field equations:

e))

Xuv = fRR;w - (g - DfR) 8uv — V.V fr. )

This yields the field equations of the f(R)-gravity model in the
form

G/w + Xuv = SNGTMV, (3)

where, G, R,,,, and T}, correspond, respectively, to the Einstein
tensor, the Ricci tensor, and the stress-energy tensor. V,, corresponds
to the covariant derivative associated with the metric tensor, and
O corresponds to the d’Alembert operator, where [0 = V,,V". The
extra scalar degree of freedom, fz, corresponds to the derivative of
the scalar function fr = df(R)/dR and mediates the previously
mentioned ‘fifth force’, an attractive force exerted over massive
particles.

In evolved f(R) universes, the fifth force has a significant effect
on perturbations with scales smaller than the Compton wavelength,
A, Where

_ (44
e =a (3dR) s “4)

where a is the scale factor. For distances greater than A. the force
decays exponentially. This translates into an increased growth rate
of cosmological linear density perturbations on scales smaller than
e

In the simulations the model of f(R)-gravity proposed by Hu &
Sawicki (2007) is adopted where f(R) is assumed to have the form

2 n
FR) = -2 LRI )
e (—R/m?)" +1

where m? = 87 G pm0/3 = HZQM, Pmo is the background matter
density at z = 0, Hj is the Hubble constant and €2\, the dimensionless
matter density parameter at today. The parameter n is set to n = 1.
The parameters ¢, and c; are selected in such a way that they fulfil
the gravitational constraints measured in the solar neighbourhood
(Will 2014). Also, the model can reproduce the late-time expansion
history of the Universe, with the appropriate selection of values for
the parameters ¢, and c;, as shown in Hu & Sawicki (2007):

Cq Q4

— =6 ; 6
(&) S-zm ( )
and

c|R

;'12| > 1. D

With these considerations, it is possible to approximate the scalar
degree of freedom, fk, to:

_d/®) _ a@®/m ¥, <mz>”+1. ®)

=ik = Ta®my 1 - "o \R

Finally, the scalar degree of freedom can be expressed in terms of
the background value of the scalar field at z = 0, fio. This parameter
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sets the potential depth threshold at which the screening starts to be
effective.

For this work, we consider two values of fRo, the F6 model,
fRo = —107%, and the F5 model, fRO = —107°. The simulation suite
also has a dark matter only run with an F4 model fro = —107*.

Although in the last decade, extensive studies have put hard
astrophysical constraints on the available parameter space of the
Hu-Sawicki, ruling out the values reviewed in this work (eg. Jain,
Vikram & Sakstein 2013; Desmond et al. 2018a, b; Desmond &
Ferreira 2020; Liu et al. 2021), f(R)-gravity it is still an attractive
model to study due to its lack of instabilities as a representative case
of models under chameleon screening. That being said, by studying
different simulations with varying f(R) values, we can do the
theoretical exercise of testing the impact that this may have on galaxy
properties. Moreover, recent works have shown that f(R)-gravity
is still an interesting case for observational studies, as thoroughly
reviewed in Artis et al. (2024) using the first data release of eRosita.

For these reasons, it still serves as an ideal laboratory to test and
explore constraints on several shell-screened fifth force models with
upcoming surveys (eg. DESI Collaboration 2016; Euclid Collabora-
tion 2020; Predehl et al. 2021).

2.1.2 The n-DGP model

The Dvali-Gabadadze—Porrati braneworld model (Dvali et al. 2000),
assumes that matter in the Universe is confined to a 4-dimensional
brane embedded in a 5-dimensional bulk space-time. The model
presents a modification to the Einstein—Hilbert action, consisting of
two arguments. The first is the classical Einstein—Hilbert action from
GR, and the second argument is the extension from the Einstein—
Hilbert action to the 5-dimensions of the bulk as follows:

. R 5 R®
= /med =g <l6nG) + [ dv—g® (16nG(5)> > O
where g, R®, and G® correspond, respectively, to the equivalents
of the determinant of the metric tensor, the Ricci scalar curvature and
the gravitational constant in the space—time bulk.

From here, it is possible to define a characteristic length scale, r.,
at which the behaviour of gravity transitions from the 4-dimensional
brane to the 5-dimensional bulk. This scale is called the cross-over
scale and is defined as follows:

1G®
=2
The change over the action produces modifications in the Friedmann
equation, in the form of:

H(a)
Hy
from which, two branches of the DGP model come off; a self-
accelerating one (sDGP) for which the positive value of /€2 is
chosen, and the normal branch (nDGP) from which the negative value
is chosen. From now on we will only work with the normal branch,
which although cannot reproduce the late-time cosmic acceleration
as sDGP, it does not suffer from the ghost instabilities that exist in
it. €2,, is the present-day value of the matter density parameter, and
the Qpg parameter is fixed in such a way that H (a) matches that in
a ACDM universe. Finally, Q2. is defined as

1

Qe = ——5—. 12
= A (12)

(10)

re

= /Quma=3 + Qoe(@) + Qe £ Ve, (11)

From these equations, we can see that the greater the value of
Hyr,., the more similar the model becomes to the standard ACDM
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model. In particular, for these simulations, values of Hyr. = 5 and
Hyr. = 1 will be studied. These models will be referred to as N5 and
N1, respectively. These variations to the gravitational model lead to
an enhancement in the gravitational potential of a factor of 1.12 for
N1 and a factor of 1.04 for N5 at the present day.

2.2 The SHYBONE simulations

The SHYBONE simulation is the first suite of cosmological hydrody-
namical simulations that simultaneously model galaxy formation,
with a complete description of the subgrid physics, within MG
models. Arnold et al. (2019) presented SHYBONE-f(R), a simulation
suite of model universes where gravity is described by the Hu &
Sawicki f(R)-gravity model. In Herndndez-Aguayo et al. (2021) the
second part of this suite introduced a set of universes with the nDGP
gravity model.

The simulations were performed using a modified version of the
hydrodynamical simulation code AREPO (Springel 2010), coupled
with the IllustrisTNG galaxy formation model (Pillepich et al.
2018a). To solve the equations of MG presented in the previous
section, a MG solver module was added to AREPO. The first module,
specialized to solve the Hu & Sawicki f(R) model, was implemented
by Arnold et al. (2019). The gravity solver for the nDGP model was
added by Herndndez-Aguayo et al. (2021). These modules allow the
equations for the scalar field and the Poisson equation to be solved
in the quasi-static limit and are based on the MG solver presented in
the modified-gravity-GADGET code (MG-GADGET, Puchwein, Baldi &
Springel 2013). Some modifications were performed to the code,
including using a more efficient method to solve the non-linear
field equations (Bose et al. 2017) and a local time-stepping scheme
presented in Arnold et al. (2016).

The subgrid physics included in the IllustrisTNG galaxy formation
model is based on the original Illustris galaxy formation model (Vo-
gelsberger et al. 2014) and includes a set of well-calibrated prescrip-
tions for the astrophysical processes needed to reproduce realistic
galaxies in cosmological simulations. Among the processes included,
in a subgrid fashion, there are prescriptions for black hole growth and
AGN feedback, stellar feedback, galactic winds, gas cooling and UV-
heating, an algorithm to compute the SFR and chemical enrichment.
The parameters associated with the prescriptions mentioned above
were fitted to allow the Illustris simulation to reproduce selected
observational constraints considered as calibration data sets. These
data sets are the galaxy stellar mass function at the present day, the
gas fraction in galaxies, black hole masses, and the cosmic SFR
density. Note that, for the MG simulations, none of these parameters
was changed from the original galaxy formation model (TNG). As
shown in Arnold et al. (2019) and Hernandez-Aguayo et al. (2021),
the departure in the relations found in these simulations with respect
to the observational data are smaller than the uncertainties in the
observations.

The SHYBONE simulation suite consists of 13 simulations for the
the Hu & Sawicki f(R)-gravity and 9 simulations for the nDGP
model, corresponding to different choices for the MG parameters
and resolution levels. A summary of the specifications for each
f(R) and nDGP run is presented in Table 1. All simulations
were performed using cubic periodic boxes with periodic boundary
conditions, sixteen with a box-size length Lo [#~'Mpc]= 62 and six
with a box-size length Lyo[2~'Mpc]= 25. The sixteen simulations
performed in the large box share the same initial conditions, dark
matter particle number (Npy = 5123) and, for the hydrodynamical
simulations, the initial number of gas cells. The large box subset is
comprised of six simulations with the full-physics model for ACDM,
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F6, F5, N5, and N1 cosmology, three simulations with a basic, non-
radiative hydrodynamic model for ACDM, F6 and F5 cosmology,
and seven dark matter only simulations for ACDM, F6, F5, F4,
N5, and N1 cosmology. Additionally, six simulations in a smaller
box are available for the full-physics model. These simulations
were performed for the ACDM, F6, F5, N5, and N1 cosmologies,
and have roughly 15 times better resolution than their large-box
counterpart. All simulations share the same cosmological parameters
measured by the Planck mission (Planck Collaboration 2016), with n;
=0.9667; h = Hy/100kms™! Mpc™'; Q4 = 0.6911; , = 0.0486;
Qn = 0.3089 and o3 = 0.8159, where Q,,, Q4, and Q2 correspond
to the dark energy, baryonic density and matter densities respectively;
h is the normalized Hubble parameter; og is the square root of the
linear variance of the matter distribution when smoothed with a top-
hat filter of radius 82! cMpc and n; is the scalar power-law index
of the power spectrum of primordial adiabatic perturbations.

The main products of the simulations were stored in 46 snapshots
between z = 3 and z = 0 for the f(R)-gravity suite, and 99 snapshots
between z = 20 and z = 0 for the nDGP model. Based on these
snapshots, a two-step procedure was performed to find the bound
substructures using the SUBFIND algorithm (Springel et al. 2001).

First, to define bound haloes, a friends-of-friends (FoF) algo-
rithm is applied to all dark matter particles using a linking length
b = 0.2 times the mean interparticle distance. Baryons are then
assigned to the FoF (if any) associated with their nearest dark
matter particle. If a FoF halo possesses fewer than 32 dark matter
particles, it is considered unresolved and discarded. As a second step,
SUBFIND identifies any gravitationally self-bound substructures (or
‘subhaloes’) within a FoF halo taking dark matter and baryons into
consideration. These subhaloes are identified as local overdensities
using a binding energy criterion. For a more detailed description of
the method, we refer to Springel et al. (2001) and Dolag et al. (2009).
Here we will analyse the full-physics large box simulations of both
suites to study the properties of galaxy populations inhabiting dense
environments, considering different cosmologies. Our main goal is
to understand the effect that different gravity models may have on the
transformation from star-forming to quenched galaxies as a function
of the environment in which they reside. In particular, we will focus
on the intermediate-resolution large-box simulations for the f(R)-
gravity (GR, F6, and F5) and nDGP (GR, N5, and N1) runs. We
define galaxies as all those subhaloes with a stellar content greater
than M, > 5 x 10° M. As a result, we require at least a resolution
of 100 and 1000 star and dark matter particles per galaxy. For the
halo selection, we work with haloes with Myyy > 10'2Mg, as given
by the FoF algorithm, having at least 10* particles per halo.

3 COMPARING HALOES FROM DIFFERENT
MODELS

As discussed in the previous section, two haloes with the same
mass but in different gravity models will produce different effective
potentials acting over the rest of the structures. In the case of galaxy
associations, this translates into different environmental effects
exerted by, e.g. a galaxy cluster onto its members. As a result,
the mass assembly of structures in different universes could follow
different evolutionary paths, for both the baryonic and the dark matter
components. Within this context, what we define as a galaxy cluster
could differ from one gravitational model to another.

To address this potential problem, we used two observationally
motivated criteria to compare haloes between different gravity
models:

MNRAS 533, 3344-3364 (2024)
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Table 1. Box sizes and resolutions of the different sets from the f(R)- and nDGP-SHYBONE simulation. From left to right the columns show the simulation
name suffix; the hydrodynamical model used, cosmologies available in each run, comoving box size; number of dark matter particles; initial number of

baryonic cells, dark matter particle mass; average baryonic particle mass.

Simulation Hydro model Cosmologies Lpox Npm Ngas mpm Mgas

- - - (h~'Mpc) - - (h™'"Mo) (h~'"Mo)
Full-physics, L62 TNG-model ACDM, F6, F5 62 5123 5123 1.3x108 ~2.4 x 107
Full-physics, L62 TNG-model ACDM, N5, N1 62 5123 5123 1.3x108 ~2.4 x 107
Full-physics, L.25 TNG-model ACDM, F6, F5 25 5123 5123 8.4x10° ~2.2 x 106
Full-physics, L.25 TNG-model ACDM, N5, N1 25 2x5123 2x5123 8.4x10° ~1.6 x 100
Non-rad Non-radiative ACDM, F6, F5 62 5123 5123 1.3x108 ~3.6 x 107
DM-only - ACDM, F6, F5, F4 62 5123 5123 1.5%x108 -
DM-only - ACDM, N5, N1 62 5123 5123 1.5x108 -

(i) To compare clusters based on their Myg.
(i1) To compare clusters within a certain M, range based on the
stellar mass of the central galaxy (CG).

The main advantage of using these criteria is that both can be
applied to observational data by measuring properties that are not
affected by the differences in the gravity models being compared
here. Although we reckon that as all simulations share the same
initial conditions, a more direct way to compare haloes would be
by selecting haloes that share the largest fraction of particles, we
think that to make predictions for observations, we need to use two
criteria that include the effect that dark matter may induce in baryons
and/or properties that can be measured observationally. In addition
to this, we choose to select haloes of similar mass because the effects
of f(R)-gravity change with halo mass. Changing the cosmological
model, from the same initial conditions, may lead to very different
structures. By attempting to select the same haloes in the different
models, we may end up comparing objects in different mass ranges,
where the gravity models behave differently. Thus, by comparing
haloes within the same mass range, we can make sure that the
differences found, statistically between samples of similar mass, can
be purely associated with the differences between models, and not an
effect of the final mass of the structures compared. This is particularly
relevant for intermediate and low-mass haloes, as for massive haloes
(cluster mass), selecting them by the fraction of shared dark matter
particles leads to the same results presented here.

The first criterion can be derived observationally using lensing
estimations of the mass in groups and clusters, as neither f(R) nor
nDGP gravity affects the lensing potential, so this selection can be
compared to what is done here for M5yy. On the other hand, the stellar
mass responds to the total potential of the halo, given the physical
processes that govern star formation such as gas cooling, as well as
the feedback processes that regulate them, depend directly on it, and
can be estimated from photometry. Note that dynamical estimates of
the mass are not the best option to compare between models, as they
depend on the modified potential.

By choosing these observationally measurable properties, we can
make fair comparisons between models and characterize differences
between their galaxy populations.

To select which haloes to compare, we use the following criterion:

(1) We first select our parent sample from the GR Model. To do this,
we choose a window of My, split into 4 mass bins. log;, M2/ Mo
GR = (12.5-13), (13-13.5), (13.5-14), (14-14.5).

(i1) We look at the number of haloes per mass bin, to select the
same number of haloes on each model.
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(iii) In a first selection, we choose haloes from MG models in
larger halo—mass bins compared to GR, so that the number of haloes
in MGp;ps is larger than GRyins (Nhatos MG > Nhalos,GR)-

(iv) The halo-mass bins selected in MG in this way are.
log,oM>00/Me MG = (12.2-13.3), (12.7-13.8), (13.2-14.3), (13.7-
14.8).

(v) From each mass bin, we sort the haloes by mass in MG and se-
lect a number of haloes equal to Npyios,GR- AS Nhatos MG > Nhalos.GR>
by selecting the same number of haloes in MG as GR sorted by
mass, the number of possible combinations for each sample is equal
to Ncomb = Nhalos,MG - thllos.GR + 1.

(vi) From these combinations, we select the combination that gives
us the minimum difference in median in the desired properties (Mgo
or CG-stellar mass).

Although in principle, it may look like there is a superposition
of haloes by construction, in practice, this does not happen. As we
choose to select the one with a closer median to GR, this methodology
is essentially the same as selecting the same number of haloes
centred in the median/mean M200 value. The only role played by the
enlargement of the M200 bin in the MG models is to ensure that the
number of haloes available, and by consequence, the combination to
compare, is larger than what is available for GR.

Figs 1 and 2 show the resulting distributions for selected haloes in
each mass bin, using the M,y and the CG M, criteria, respectively.
Each box represents a different environment. The boxes are divided
into two panels, one for each MG model. The upper and bottom
panels show the results for the f(R)-gravity models and the nDGP
models, respectively. The red, green, blue, orange and purple bars
represent GR, F6, F5, N1, and N5 models, respectively. We can
see that, by the construction of our selection criteria, although the
halo distribution is slightly different between models, the median
value remains approximately the same at all mass bins. Small
discrepancies in the median can be seen for the galaxy cluster mass
bin, but this is expected given the small number of structures in this
mass range available in the simulations. However, the discrepancies
between models median are < 0.1 dex. A comparison between the
samples obtained from both selection criteria shows that the set of
MG cluster models selected based on M,, presents a marginally
broader distribution than the corresponding GR distributions. The
distribution of haloes is also broader when selecting them by M,
than when selecting them by M in both, f(R) and nDGP models.
After testing both selection criteria, we found that our results do not
depend much on which one is used. For this reason, throughout the
article, we will show only the results concerning the My, selection
criteria, nevertheless, all the plots that do not explicitly include the
comparison between methods are included in Appendix A.
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Figure 1. Mass distribution of selected haloes in the MG models, obtained using the Mpoo selection criterion (see text). Red, green, blue, orange and purple
bars represent the GR, F6, F5, N1, and N5 host mass distribution of the selected haloes, respectively. Bins are 0.2 dex wide for all models and are shown one
next to the other for visualization purposes. The corresponding M>oo mass ranges, as well as the number of selected haloes, are shown in the upper right corner
of each panel. Dashed lines correspond to the median M value obtained from the selected haloes in each model.

Our goal here is to characterize whether different gravity models
leave different imprints on the observable properties of satellite
galaxies. Thus, it is important to first explore whether the envi-
ronment in which these satellites evolve has different properties.
In Figs 3 and Al, we show the median azimuthally averaged gas
density profile from the intra-Group Medium (IGM), ny gm, for
the selected haloes in each model for the most massive and least
massive mass bin. The left and right panels show the median gas
density distribution for haloes in the f(R) and nDGP gravity models,
respectively. The shaded area corresponds to 75 per cent percentile
for each model. Fig. 3 focuses on the M halo selection criterion.
It is clear that when using M to select haloes, the GR and F6

models show little to no differences for values of May > 103 Mg,
However, the median halo profiles ny gm in the F5 model show
significant discrepancies from GR in the inner regions (r < 0.5r¢p),
especially for structures with M5is > 10'3 M. For low mass groups,
no significant discrepancies between the F5, F6, and GR models
are observed in the inner regions. However, it can be seen that, at
r 2 0.2r00, the F5 and F6 gravity models present a slight overdensity
with respect to GR. Such differences are hardly seen for the nDGP
model, where the gas density distributions for both models, in all
mass bins, are similar to the distributions obtained in GR. This is
a consequence of the Vainshtein screening, which in nDGP models
is very efficient in suppressing the fifth force inside haloes. This is
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Figure 2. As in Fig. 1, for host halo distributions selected based on the CG M, selection criterion (see text).

unlike f(R)-gravity, where low-mass haloes can be fully unscreened,
and so, the effect of the fifth force may be felt even at the halo centre.
To better visualize the differences between the gas density distri-
butions, in Figs 4 and A2, we plot residual distributions, i.e.
A _ ni\-ld,?GM - nﬁﬁGM
nHIGM = GR . (13)
g i6m
Positive (negative) values represent overdense regions (underdense)
with respect to GR. The black vertical dashed line indicates a cluster-
centric distance of r = ry. In general, we find that in low-mass
haloes (bottom panels) and for r > 0.3ry9, all MG models are
denser than their GR counterparts, regardless of the selection criteria
used. For massive groups and clusters, the distribution is much noisier
due to the low number of haloes. Thus, differences are less clear. As
expected, the F5 model is the one that shows greater discrepancies
concerning GR in any mass bin.
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This behaviour in f(R)-gravity haloes was previously reported by
Mitchell et al. (2019). Low-mass haloes become unscreened earlier
than larger haloes. Once the haloes are unscreened, the potential
inside the haloes depends on 4/3, so that gas is attracted towards
the centre, leading to an enhanced profile, as can be seen for haloes
with MSR > 10" Mg. On the other hand, in small haloes that
have been unscreened for long enough, particle velocities have had
enough time to also increase. This leads to an increase in kinetic
energy, which causes the gas distribution to stay away from the central
regions, as can be seen for low-mass groups. Finally, as mentioned
before, for the nDGP model, the Vainsthein mechanisms efficiently
suppress the fifth force, so little to no difference is expected. Above
the virial radius, the screening becomes weaker, and the gas tends to
be attracted towards the halo centre by the fifth force.

Even though the distributions do not significantly change
by considering different selection criteria, selecting haloes by
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Figure 3. Median of all azimuthally averaged gas density profiles for the selected haloes in the f(R) and nDGP gravity models. Host haloes were selected
based on the My criterion. Red, green, blue, yellow, and purple lines show the GR, F6, F5, N1, and N5 models, respectively. The shaded areas indicate each
distribution’s 75 percentile central range, leaving 12.5 per cent above and below. The corresponding M»oo mass ranges, as well as the number of selected haloes,

are shown at the bottom of each panel.

their CG M, leads to slightly denser haloes in all MG mod-
els. This is especially clear for the lowest mass haloes in
the f(R)-gravity. Regarding the nDGP model, the discrepancies
with GR are relatively small compared to f(R) haloes. The
strongest differences between these models and GR are seen
for the N1 models at the outskirts of galaxy clusters (top left
panel).

Considering this, it can be expected that the galaxy population
between models differs as well. In what follows, we will characterize
the properties of their member galaxy population to understand the
different imprints left by these discrepancies.

4 GALAXY POPULATION IN DIFFERENT
MODELS

All processes playing a role in galaxy formation and evolution
are directly or indirectly linked to gravitational effects. As such,
it is interesting to study how galaxies evolve in different gravity
models. This is a topic that, to date, has received little attention
due to the computational challenge of modelling galaxy formation
in MG cosmologies. In this section, we characterize some of the
key properties that define populations of galaxies, such as passive
fractions and colour distributions. Comparisons between models are
made using the selection criteria described in Section 3.
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Figure 4. Residual gas density profiles for MG haloes with respect to GR, when selecting by M»g. Positive (negative) values denote an excess (decrement) in
gas density. The corresponding My mass ranges, as well as the number of selected haloes, are shown at the bottom of each panel. The red dashed line marks
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4.1 Quenched fraction

Understanding how galaxies become quenched can provide us with
important information about their different evolutionary pathways.
Within this context, characterizing the fraction of quenched galaxies
as a function of their environment can give us hints about how
strongly galaxies are shaped by the environment in different gravity
models.

In Fig. 5, we first show the quenched galaxy fraction, considering
all galaxies in the simulations, i.e. independent of the environment
in which they reside. Quenched fractions are shown as function of
the stellar mass of the galaxy M,.

Following previous studies, to define a galaxy as quenched, we
use a threshold in specific star formation rate (SSFR), defined as the
instantaneous SFR divided by the galaxy’s total stellar mass, M,. In
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particular, we define a galaxy as quenched if its sSSFR <10~!! yr~!

(Weinmann et al. 2010; De Lucia et al. 2012; Wetzel, Tinker &
Conroy 2012; Pallero et al. 2019, 2022).

Galaxies in the GR, F6, F5, N1, and N5 models are represented
by red, green, blue, orange, and purple lines, respectively, in Fig. 5.
The errors were measured following Cameron (2011), for binomial
errors with a 99 percent confidence. This figure shows that, as
expected, for M, > 10'"My, the quenched fractions grow towards
higher stellar masses, regardless of the model. However, MG models
such as F5, N1, and N6 show larger quenched fractions than GR.
In particular, the quenched fraction in F5 is ~20 per cent higher
than that in GR at M, < 10'' Mg by more than 3o. Conversely, F6
shows a similar quenched fraction distribution to the results found
for GR, within errors for M, > 10'®My. We note as well that the
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Figure 5. Quenched fractions for all galaxies residing in our simulation boxes, independent of the environment in which they reside. Black dotted and dashed
lines indicate the resolution threshold of ~100 and ~1000 stellar particles, respectively. The threshold in sSFR used to define galaxies as passive (quenched) is
sSFR < 10~ !yr~!. The left and right panels show the quenched distribution for galaxies in the £(R) and the nDGP model, respectively. Errors correspond to
binomial error estimations with a 99 per cent of confidence following Cameron (2011).

quenched fractions also start to rise for M, < 10°3Mg. A similar
result was already reported by Schaye et al. (2015), although with
different simulations. Schaye et al. (2015) shows that, for the EAGLE
simulation, the quenched fraction starts to rise when galaxies fall
below the ~100 particle stellar particles resolution limit, which is
likely to be due to numerical noise effects.

The vertical dotted and dashed lines in Fig. 5 indicate the M, values
where galaxies contain 100 and 1000 stellar particles, respectively. It
should be noted that these are present-day masses and that the number
of dark-matter particles per galaxy is typically a couple of order
magnitudes greater than their number of stellar particles. Objects
with stellar masses below the ones indicated by the dotted lines
were discarded from our analysis. It is well reported in the standard
model that the quenched fractions in galaxies increase toward higher
stellar masses, due to inner mechanisms or, as is usually referred,
due to mass quenching (e.g. Peng et al. 2010). As all physical
mechanisms are in one way or another related to the gravitational
potential exerted by the galaxy itself, or the environment in which
galaxies reside, changes in the quenched fraction are expected to
happen between models, especially in those regions in which the
screening mechanisms are less efficient.

As we are interested in characterizing our results as a function of
environment, in Fig. 6, we show the quenched fractions of galaxies
residing within groups and clusters in the five different gravity
models. The upper left panel shows the quenched fractions for galaxy
clusters; the upper right panel shows massive groups, the bottom
left shows results for intermediate-mass groups, and the bottom
right shows low-mass groups. As before, we find that regardless
of the model and the selection criteria, for M, > 10'°Mg the
quenched fraction grows towards higher stellar masses. In addition,
as expected, we find that this fraction also increases for more massive
environments. In Fig. 6, we show the results for all our models when

host haloes are selected using the Mg criterion. Of the five models
presented, F5 is the one that typically shows the greater quenched
fraction in any mass bin. This trend is more notable for the low and
intermediate-mass groups (bottom panels). Two important things can
be deduced from this result:

(i) Given the enhanced gravity experienced by member galaxies
in regions where the fifth force is active, environmental effects gain
relevance at lower halo masses.

(i) The enhanced gravity facilitates earlier gas consumption. This,
for example, could be due to a starburst phase, galaxy mergers or
early AGN activity.

These results will be explored further in future work, by following
the evolutionary paths of individual galaxies in different models once
the merger trees for the galaxies, in all simulations, become available.

It is worth noting, that although our simulations are the largest
hydrodynamical simulation available tackling this MG-models, we
still are subject to the effects of small number statistics when splitting
our sample into different subsamples. Because of this, in Appendix B,
we show the fraction of quenched galaxies per galaxy model, using
both selection criteria, while estimating errors following Cameron
(2011) with a 99 per cent confidence. Although errors become larger
when our sample is divided, trends prevail, especially for the F5
model, which quenched fractions 20 per cent higher than GR with
at least 20 confidence for intermediate and low mass groups. In the
future, with larger data bases available, we expect to better constrain
these results.

The differences in the quenched galaxy fraction distributions for
the other models N1 and N5 are not as clear as in Fig. 5. Nevertheless,
these MG models present a higher quenched fraction than GR for
intermediate and low-mass groups. This result is less evident for
galaxy clusters. This is because within these more massive galaxy
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Figure 6. Quenched fraction for galaxies as a function of their stellar mass and environments. Host haloes were selected using the Mpoo selection criterion.
Black dotted and dashed lines indicate the m ~100 and ~1000 stellar particle resolution thresholds, respectively. The threshold in sSFR used to define galaxies
as passive (quenched) is sSSFR < 10! yr~!. Quenched fractions grow with stellar mass and towards denser environments. Differences between models become

more evident at lower host halo masses (MZCZ)% < 10133 Mo).

structures, the effect on the environment is minor. As shown in Pallero
et al. (2019, 2022), most galaxies are quenched, regardless of their
mass, when found within these large clusters. As before, the F6
model is the most similar to GR.

As a result, the discrepancies observed in the quenched fraction
can be associated with the different models, rather than the halo
selection. These figures suggest that the criteria used for the host
halo selection are more relevant for the structures themselves rather
than for the galaxies residing within them, at least for galaxies at
z=0.

In general, we can see that the quenched fractions in gravitational
models where the fifth force has a larger radius of action are systemat-
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ically higher with respect to GR, with F5 showing large discrepancies
with GR, especially in the low-mass group bin. One fascinating result
that may be observed when splitting by the environment, is that even
though NS5 should be more similar to GR than N1, we can see large
discrepancies with GR in the 10'* < M$R < 10'*5[Mg] mass bin,
similar to F5. This result suggests that the environment in the N5
model may start to affect the evolution of galaxies at less dense
environments than in GR, given that when looking at the whole
distribution of quenched galaxies, N1 and N5 show a rather similar
distribution at any stellar mass. As the region where the Vainsthein
screening is larger in the N1 model, galaxies evolving within this
cosmology may be more resistant to starvation and/or ram-pressure
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Figure 7. Colour distributions for all galaxies residing in our simulation boxes, independent of the environment in which they reside. From left to right, the
different panels focus on galaxies within different stellar mass ranges. To generate this figure, a double Gaussian distribution was fitted to each galaxy population,
as described in the text. Red, green, blue, orange and purple lines represent galaxies belonging to GR, F6, F5, N1, and N5 models, respectively. Galaxies in MG
models show a more predominant red population when compared to GR models. These trends are more evident when looking at lower stellar masses.

than the N5 counterpart. In this sense, the haloes of 10'* Mg may
be massive enough to start stripping the gas from the galaxies in
N5. We acknowledge that to confirm this scenario, a more in-depth
study should be carried out in which the gas depletion process of
galaxies in different models is compared, and the ram-pressure and
starvation process is characterized. However, as expected, for models
with gravitational potentials more similar to GR, the overall results in
terms of quenched fractions are in much better agreement, regardless
of the selection criteria.

4.2 Colour distribution

It has been widely known since the second half of the twentieth
century that the colour of a galaxy reflects its predominant stellar
population. Red colours are often associated with galaxies dominated
by an old stellar population, and consequently with little to no recent
star formation. However, blue galaxies reflect the presence of a large
number of young stars and usually are currently forming stars. Within
this context, the distribution of galaxy colours in the Universe has
proven to be strongly bimodal (Strateva et al. 2001; Baldry et al.
2006; Manzoni et al. 2021). Nevertheless, until now there has been
no study exploring how different this distribution can be in universes
evolved under different gravity models.

In the previous section, we showed that simulated galaxies in
MG universes tend to show higher quenched fractions than the
standard model. Following this, one might expect that MG galaxies
should have redder colours. Nevertheless, as we go towards higher
halo masses where the local environment dominates the quenching
regime, we would expect these discrepancies to vanish. To explore
this we follow a procedure similar to what was implemented in
Baldry et al. (2004) and further explored in Nelson et al. (2018a);
to isolate the red and blue galaxy populations. This is achieved by
fitting a double Gaussian to the overall galaxy colour distribution.
The following describes the procedure in detail:

(i) We select the population of galaxies residing within the desired
environment.

(ii) We split the corresponding galaxies by their stellar mass in
three bins 0.5 dex wide, over the interval 9.5 < log;oM,/My < 11.

(iii) For each stellar mass bin, we fit a double Gaussian to split
between the red and blue galaxy populations.

Following our approach in Section 4.1, we start by exploring
the colour distribution of all galaxies in the simulations within
ranges of stellar mass. That is, we consider not just galaxies in
dense environments but galaxies from the field as well. The results
are shown in Fig. 7. Red, green, blue, orange, and purple lines
represent the colour distributions obtained for the GR, F6, F5, N1,
and N5 models, respectively. From left to right, we show the colour
distribution of galaxies separated in the three aforementioned stellar
mass bins. It is clear that in the MG models galaxies show an overall
redder distribution with respect to GR in all stellar mass bins. This
is particularly clear for F5, N1, and N5 models, but less significant
for F6. This is consistent with our previous results: i.e. denser IGM
and larger quenched fractions for these models.

In Fig. 8, we show our results for galaxies in dense environments.
As before, we select host haloes based on their M,y and CG M,.
However, to increase the number statistics, we stack all satellites
associated with dense environments (Myy, > 10'>° M) into a
single distribution. The top and bottom panels show the results
when host haloes are selected according to their Mgy and CG M,
values, respectively. In general, and as expected, in these dense
environments, the distributions tend to show a more predominant
red population with respect to what is shown in Fig. 7, independent
of the gravity model. This is due to the more significant role played
by the environment in the evolution of satellite galaxies. As member
galaxies enter groups and clusters, they rapidly get quenched (e.g.
Pallero et al. 2022). Because most galaxies in groups and clusters
are already quenched, finding strong differences between the MG
models becomes more difficult. A similar result can be seen in Fig. 6.
None the less, the previous tendency towards a more predominant red
population in the FS5, N1, and N6 models with respect to GR is still
present and clear. As previously shown, F5 is the model that shows
the largest discrepancies with respect to GR. Its overall population,
even when looking at low stellar mass galaxies, is significantly more
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Figure 8. The colour distribution of all galaxies found within haloes more massive than Mz%% > 10'29[Mg]. The top and bottom panels show the results
obtained using the Mygo and the CG M, selection criteria, respectively. Red, green, blue, orange, and purple lines represent galaxies belonging to GR, F6, F5,
N1, and N5, respectively. The only clear difference in this result when selecting by different criteria is that N5 is nearly identical to GR around the second peak
for the CG M, selection, but, along with F6, significantly lower than GR for the Mg selection. For any other stellar mass bin, little to no differences can be

seen when using different selection criteria to select haloes.

dominated by red galaxies. The bottom panel shows the same results
for haloes selected according to their CG M,. The distribution is
not affected by our selection criteria, indicating once again that our
results are mainly associated with the different MG models.

4.3 Age distribution

As we mentioned before, the colour of a galaxy reflects its pre-
dominant stellar population. A more direct way to see this is by
measuring the mean age of the stellar population. By comparing the
mean stellar age of galaxies in different models, we can infer how
the gravity model can affect the star formation history of galaxies
residing in similar environments. In particular, as we are interested
in environmental effects, we will compare the age distribution for
galaxies as a function of cluster-centric distance. To do this, we will
measure the mass-weighted mean age for all the stellar particles
within one-half of the mass radii, as follows:

n
> iy m age;

i

(Age) = (14)

where m;, age; corresponds to the mass and age of each star particle
within our haloes.
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We measure the mass-weighted mean age for all galaxies within
Sryp0 of each galaxy cluster in all models. As we have 10 different
clusters per gravitational model, as selected by our M,y comparison
criteria, to increase the signal and facilitate the comparison between
models, we measured a median profile for each gravitational model
by stacking galaxy ages in bins of cluster-centric distance as can be
seen in the right panel of Fig. 9. The shaded areas show the 25 to 75
percentile range for each distribution.

Here we can see that even though the quenched fractions are
higher in the nDGP model in any bin of stellar or halo mass, the
median ages in the N1 and N5 models are 2.5 per cent (~300 Myr)
older only closer to clusters (rleq1.5Ryq0). After this threshold, the
median stellar age of galaxies becomes the same as GR in the case
of NS5, and 2.5 per cent (~300 Myr) younger for N1.

On the other hand, galaxies in the f(R)-gravity model surprisingly
show a slightly younger stellar population than their GR counterparts.
Even though the quenched fractions are higher and the colours are
redder in the f(R) model, galaxies in the f(R) model have younger
stars towards their centres. This may be due to the presence of
galaxies formed because of the MG effect instead of primordial
origin. The effect of the f(R)-gravity may drag down the average
age of the stars in galaxies around clusters. This result will be further
explored in future work.
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Figure 9. Left: mean age profile of the stellar population for galaxies surrounding clusters measured within one effective radii of the galaxy. The shaded areas
represent the 25-75 percentile range for each distribution. right: Residual mean age profile for each MG model, with respect to GR. Red, green, blue, yellow
and purple lines represent the average profiles for galaxies in the GR, F6, F5, N1, and N5 models, respectively. Contrary to expectations, galaxies in the f{R)
gravity model show, on average, younger stellar populations in the central parts of the galaxies regardless of the cluster-centric distance, when compared to GR.
On the other hand, the nDGP model shows a significantly older stellar population at any cluster-centric distance with respect to GR.

To highlight these results, similar to what was done in Section 3,
in the right panel of Fig. 9, we plot the residual distributions with
respect to GR as follows:

(Age)MCG — (Age)R
(Age)CR

A(Age) = (15)
Positive (negative) values represent regions with older (younger)
stellar populations than in GR. From this figure, we can see that
discrepancies between the nDGP model and GR grow towards
larger cluster-centric distances. For the f(R) model, stars are mostly
younger at any cluster-centric distance, and the discrepancies remain
mostly constant. The F6 model shows the youngest stellar age
distribution for any model.

5 SUMMARY AND FUTURE WORK

Here, we presented the first steps towards a comprehensive study
to characterize the impact that different gravitational models have
on galaxy evolution. By using the state-of-the-art full-physics MG
cosmological hydrodynamical simulations SHYBONE (Arnold et al.
2019; Hernandez-Aguayo et al. 2021), we measured the differences
between the properties of galaxies residing in universes which adopt
different gravity models. These discrepancies were characterized as
a function of the environment in which galaxies reside, and their
stellar mass.

In addition, to make the comparison between models as fair as
possible, here we present two different selection criteria to compare
subsets of haloes between simulations. One is based on the host My
and the second uses the central galaxy stellar mass (CG M,) within
a certain range of M. These selection criteria become a powerful
tool to compared with observations, as measurements of My can be
obtained through weak lensing and M, can be directly obtained from

photometry. These two methodologies are independent of gravity,
providing the same meaning in any model.

When looking at the median density profiles of the IGM we find
that, in general, low- and intermediate-mass groups (Map < 103
M) are typically denser than their GR counterparts, at any distance
from their centres. This result suggests that groups and clusters
undergo different assembly histories in the different gravity models
and that this has a significant impact on the z = 0 properties of their
IGM. These results will be explored in more detail in a follow-up
project. Results based on different halo selection criteria show only
marginally different results. For example, for the F6 model, when
selecting haloes based on their Mg, the median gas density profile
shows similar behaviour to the one displayed by GR, especially at
high and intermediate host masses. However, when selecting haloes
according to their CG M,, the median F6 gas density profile shows
slightly larger departures from the GR counterpart.

Differences in the IGM properties could have an impact on
the populations of galaxies that reside within the corresponding
environments. Our results also show that for those models with
a more significantly enhanced gravity due to the action of a fifth
force, the quenched fractions systematically grow and the galaxy
populations become redder in general. Models in which the fifth
force acts on larger scales (F5 and N5) are the ones that show greater
discrepancies with respect to GR, regardless of the host selection
criteria. It is worth mentioning that, as shown in (Pallero et al. 2022),
cluster members reach their quenching state within the first massive
group they interact with and that the main culprit behind this process
is a ram pressure stripping event. Thus, the observed differences in
IGM density profiles for these MG models are expected to be behind
this enhanced quenching process for the satellites.

Contrary to what was expected, galaxies in f(R) models, tend to
be younger than in GR(~300 Myr) near galaxy clusters, even though
their population tends to be redder, and the quenched fractions tend

MNRAS 533, 3344-3364 (2024)
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to be larger. In the case of the nDGP model, galaxies show older ages
near clusters (~300 Myr) as expected.

A key question to address in future work will be to test if
previously known quenching mechanisms on GR, such as ram-
pressure stripping, can affect galaxies evolving in MG models with
similar efficiency. To more clearly characterize this effect, it is key
to be able to follow the evolutionary history of individual galaxies.
Understanding where and when galaxies suffer their transformation
from star-forming to passive, their transition from the blue cloud
to the red sequence, and the associated time-scales will allow us to
better constrain the differences between models.

The results found in this project will provide important constraints
on models from observations that will soon become available thanks
to big galaxy surveys such as DESI (DESI Collaboration 2016),
EUCLID (Laureijs et al. 2011), and the Legacy Survey of Space and
Time (LSST Science Collaboration 2009).
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APPENDIX A: THE CG M, SELECTION
CRITERIA

This section shows some of our key results using the CG Stellar
Mass Selection criteria (CG M,). As mentioned throughout the
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text, there are no clear differences between each selection criterion,
but significant discrepancies between models can be seen. Fig.
Al shows our selected haloes’ azimuthally averaged median gas
density distribution when using the CG M, as the selection criterion.
Discrepancies between the models are more evident for the f(R)
model, especially at intermediate masses. In particular, from Fig. A1l
we can see that, while F5 shows differences with respect to GR in all
mass bins, for 103 < MSR < 10'* M, the F6 model starts to differ
from GR and becomes more similar to F5. For MS8 < 103 Mg, F5
and F6 show very similar behaviour, but both depart significantly
from GR. To better quantify the discrepancies between models, Fig.
A2 shows the residual profiles of the median gas density distribution
with respect to GR as mentioned in Section 3.
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Figure A1. As in Fig. 3, for host halo distributions selected based on the CG M, selection criterion.
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Figure A2. As in Fig. 4, but for host halo distributions selected based on the CG M, selection criterion.

APPENDIX B: ERROR ESTIMATION WITHIN
QUENCHED FRACTIONS

One key limitation from which we were subject during the de-
velopment of this work, was on how to assess the errors that our
measurements could have. Sadly, assessing the significance of errors
regarding the limitations of the galaxy formation model is expensive
to do, as it requires several different hydrodynamical simulations
with similar or better resolution from all of our models. Additionally,
when splitting our sample into several subsamples, we are subject
to the effect that low-number statistics may have on our results.
In order to assess the significance of this, Figures B1, B2, B3 and

MNRAS 533, 3344-3364 (2024)

B4 show the distribution of the quenched fractions, split by envi-
ronment, model and selection criteria, including the binomial errors
following (Cameron 2011) with a 99 percent confidence. Despite
the selection criteria, we do not find significant differences between
the samples. Additionally, the quenched fractions of galaxies follow
the same trends shown in Fig. 6, at any mass bin. Is worth noting
that although the trends are clear, the error bars due to the low
number of galaxies in our sample are large. Nevertheless, even
with these large errors, we can see that the quenched fractions
for F5 galaxies are still ~20 per cent higher within 2 o for 10
< IOgloM,, M@ <I1.
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Figure B1. Quenched fraction for f(R)-galaxies as a function of their stellar mass and environments. Host haloes were selected using the Mpoo selection
criterion. Black dotted and dashed lines indicate the m~100 and ~1000 stellar particle resolution thresholds, respectively. The threshold in sSFR used to define
galaxies as passive (quenched) is sSSFR <10~!! yr=!. Errors correspond to binomial error estimations with a 99 percent of confidence following Cameron
(2011).
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Figure B2. As in Fig. B1, but for the nDGP model.
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Figure B3. Quenched fraction for f(R)-galaxies as a function of their stellar mass and environments. Host haloes were selected using the CG M, selection
criterion. Black dotted and dashed lines indicate the m ~100 and ~1000 stellar particle resolution thresholds, respectively. The threshold in sSFR used to define
galaxies as passive (quenched) is sSSFR < 10~yr~!. Errors correspond to binomial error estimations with a 99 per cent of confidence following Cameron
(2011).
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