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ABSTRACT

Context. We assess the effectiveness of a non-parametric bias model in generating mock halo catalogues for modified gravity (MG)
cosmologies, relying on the distribution of dark matter from either MG or A cold dark matter (ACDM) simulations.

Aims. We aim to generate halo catalogues that effectively capture the distinct impact of MG, ensuring high accuracy in both two- and
three-point statistics for a comprehensive analysis of large-scale structures. We investigated the inclusion of MG in non-local bias to
directly map the tracers onto ACDM fields, which would significantly reduce computational costs.

Methods. We employed the bias assignment method (BAM) to model halo distribution statistics by leveraging seven high-resolution
COLA simulations of MG cosmologies. Taking cosmic-web dependences into account when learning the bias relations, we designed
two experiments to map the MG effects: one utilising the consistent MG density fields and the other employing the benchmark ACDM
density field.

Results. BAM generates MG halo catalogues from both calibration experiments with excellent summary statistics, achieving a ~1%
accuracy in the power spectrum across a wide range of k modes, with minimal differences well below 10% for modes subject to cosmic
variance, particularly below k < 0.07 2 Mpc™'. The reduced bispectrum remains consistent with the reference catalogues within 10%
for the studied configuration. Our results demonstrate that a non-linear and non-local bias description can model the effects of MG

starting from a ACDM field.

Key words. cosmology: miscellaneous — dark energy — large-scale structure of Universe

1. Introduction

Modified gravity (MG) theories serve as a straightforward (and
the most used) alternative framework to the standard cosmo-
logical model A cold dark matter (ACDM), providing a means
to address one of its key unknowns — the late-time accel-
erated expansion of the Universe (Sotiriou & Faraoni 2010;
Capozziello & de Laurentis 2011; Joyce et al. 2016). To accu-
rately explore the matter distribution on both small and large
scales, reliable N-body simulations are indispensable, which,
due to the incorporation of additional degrees of freedom to
account for unique effects, pose more computational challenges
compared to those employed for the ACDM model (Winther
et al. 2015). Comprehensive testing of cosmological probes to
assess the potential deviations of gravity from that predicted
by general relativity (GR) demands the construction of accu-
rate MG catalogues. This is particularly essential for meeting the
precision and accuracy requirements expected by current galaxy
surveys, including the Dark Energy Spectroscopic Instrument
(DESI; DESI Collaboration 2016) survey and the Euclid mission
(Laureijs et al. 2011). A variety of methods have been proposed
in the literature to expedite the prediction of key observables in
MG models and circumvent the high computing expense of full
N-body simulations. Notable approaches involve the parametri-
sation of fitting functions tailored to accurately reproduce the
matter power spectrum (Winther et al. 2019), the construction
of emulators for efficient approximations (Ramachandra et al.
2021; Ruan et al. 2024; Brando et al. 2022; Arnold et al. 2022),
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and approaches based on the cosmology scaling technique
introduced by Angulo & White (2010). These techniques have
demonstrated the feasibility of casting some of the features of
standard cosmology into their counterparts in MG models with-
out the need of comprehensive N-body simulations for the latter
(see e.g. Mead et al. 2015). While emulators and fitting func-
tions excel in accurately capturing individual observables of
the MG catalogues (e.g. the mass function, power spectrum,
mass-density relations, etc.), these techniques lack the ability to
provide an overall view of the summary statistics of the tracer
distribution. For example, recent analyses suggest fitting func-
tions based on the ratio of the power spectrum of MG to ACDM
models, using N-body simulations along with HALOFIT (Smith
et al. 2003). This approach separately reproduces the MG halo
mass function for halos with masses above 8.2 x 102 h~' M,
(see e.g. Gupta et al. 2022) and the non-linear power spectrum
of MG up to non-linear scales of 3 #Mpc™! with 5% accuracy
(see e.g. Gupta et al. 2023). On a different front, the scaling
technique has the ability to generate mock data for full halo
catalogues, incorporating realistic non-linear effects into cosmo-
logical models with known background parameters. Specifically,
when applied to MG simulations, this technique has shown to be
efficient in reproducing MG catalogues with variations of up to
~3% in the matter power spectrum and up to ~5% in the halo
mass function for scales up to k = 0.1 A Mpc~"! in Fourier space
(Mead et al. 2015). Although this technique provides valuable
insights that allow realistic non-linear effects to be simulated in
alternative cosmologies, it faces limitations in accurately cap-
turing the screening mechanisms and is unable to account for
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environment dependences, which is critical for MG models. The
overall accuracy of the method will decrease as we scale for
cosmologies that are farther away in cosmological parameter
space from the original cosmology (see e.g. Contreras et al.
2020).

Alternative approaches have become increasingly important
since detailed N-body simulations, which are run to obtain a
complete description of the density field in MG scenarios, are
computationally costly. In light of this, we propose a novel
strategy that bypasses the computational demands of direct sim-
ulations by relying on the mock construction technique to make
use of a smooth large-scale dark matter (DM) field obtained
from given initial conditions, and populating it with halos (or
galaxies) following a bias prescription. Several methods for
speeding up the construction of mock catalogues while enhanc-
ing precision in their clustering statistics have been suggested in
the literature, including PEAK PATCH (Bond & Myers 1996),
PINOCCHIO (Monaco et al. 2002), PTHALOS (Scoccimarro &
Sheth 2002), ICE-COLA (Tassev et al. 2013; Izard et al. 2016),
PATCHY (Kitaura et al. 2014), QPM (White et al. 2014), EZmocks
(Chuang et al. 2015), and HALOGEN (Avila et al. 2015), among
others (see e.g. Berlind et al. 2003; Angulo et al. 2014; Manera
et al. 2013, 2015; Carretero et al. 2015; Koda et al. 2016;
Feng et al. 2016). Recently, two distinct approaches have been
introduced and successfully validated: the non-parametric bias
assignment method (BAM; Balaguera-Antolinez et al. 2019, 2023;
Pellejero-Ibafiez et al. 2020) and the parametric WebON method
(further details are provided in Kitaura et al. 2024; Coloma-
Nadal et al. 2024, and Kitaura et al. in prep). Throughout this
paper, we mainly focus on the non-parametric method to perform
the analysis of the MG density fields.

The BAM approach has demonstrated remarkable preci-
sion up to ~1% in the power spectrum at small scales
(k ~ 1hMpc™") and ~3-6% for typical configurations of
the bispectrum when non-local information is included in
the mock generation. A comparison of parametric (including
second-order non-local bias) and non-parametric bias map-
ping techniques that use low-mass halos from ACDM sim-
ulations (of the order of ~10%/47'M,) has been conducted
by Pellejero-Ibanez et al. (2020). Their key finding suggests
that non-parametric approaches such as BAM have the abil-
ity to replicate the three-point statistics of a halo distribution
at low mass scales, where non-linear clustering and non-
local dependences are likely to dominate. Recently, paramet-
ric bias models (Coloma-Nadal et al. 2024) have achieved a
particularly high accuracy by including third-order non-local
bias.

The goal of this paper is to assess whether a bias map-
ping method such as BAM is capable of reproducing the main
features of halos from MG cosmologies given a smooth DM
field of a ACDM cosmology. We present an alternative approach
addressing the problem of generating fast and accurate MG cata-
logues while dealing with the limitations pointed out in previous
studies. This methodology leverages the stochastic and scale-
dependent bias description (Kitaura et al. 2014, 2015, 2016, 2021,
2022; Balaguera-Antolinez et al. 2020, 2023) to effectively map
MG models based on a benchmark high-resolution ACDM sim-
ulation. The main assumption behind this approach is that the
gravitational potential of the MG models can be expressed in
terms of the conventional gravitational potential of GR under
the correct bias transformation and, therefore, that it can produce
the adequate cosmic tracer distribution for alternative cosmolo-
gies. With these two features together, we extend the mapping
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technique to encompass all scales while ensuring compatibility
with summary statistics. This broadens the applicability of our
method and enhances its accuracy across a wide range of scales.
Additionally, we make use of a non-local bias description of
the density fields, which captures additional intricate effects
and provides a more comprehensive representation of the under-
lying density fields while extracting non-linear and non-local
information from a reference simulation.

To reach this goal, we employed a set of high-resolution
simulations of MG generated using the COLA (COmoving
Lagrangian Acceleration) method. The COLA algorithm has been
shown to perform well enough to produce mock catalogues for
baryon acoustic oscillation (BAO) analysis (Ferrero et al. 2021).
Recently, the COLA method was also used to perform cosmic
shear analysis of simulated data from the Legacy Survey of
Space and Time (LSST) Year 1, serving as a source for emula-
tors; it exhibited remarkable fidelity, meeting stringent goodness-
of-fit and parameter bias criteria across the prior and offering a
promising avenue for extended cosmologies (see Gordon et al.
2024, for further details). This is of particular importance as
MG models are prone to show distinctive patterns in the cluster-
ing of biased tracers that deviate from ACDM. These deviations
emerge primarily on small scales in low cosmic density environ-
ments, where modifications of gravity strongly affect the growth
of density perturbations and the overall matter distribution. Nev-
ertheless, subtle large-scale effects may also become apparent
given the impact of the smooth variation in the scale-dependent
growth factor, cosmic environment, and tracer selection effects
(see Jennings et al. 2012; He et al. 2013; Arnalte-Mur et al. 2017,
Herndndez-Aguayo et al. 2018; Garcia-Farieta et al. 2021, and
references therein).

The road map of this study is as follows. We ran a set of
simulations of f(R) models that follow the Hu-Sawicki (HS)
parametrisation (Hu & Sawicki 2007), which is one of the most
studied MG models nowadays. The growth of density perturba-
tions in f(R) gravity models is discussed in detail in Sect. 2. The
simulations encompass six distinct scenarios, each characterised
by a different level of deviation with respect to ACDM. They
were specially designed to include configurations inside and
outside of the confidence regions constrained by observations.
Therefore, we considered cosmologies that mimic the clustering
of ACDM and remain consistent with it, as well as cosmolo-
gies that deviate most from it and have already been ruled out
by observations. The latter case is of interest because it allows
us to evaluate the performance of BAM in capturing the MG sig-
natures when considering models that significantly diverge from
ACDM predictions. The DM field of the MG simulations, where
each particle has a mass of M, ~ 10! h~! M, serves as training
data for BAM. Similarly, the reference catalogues correspond to
the distribution of massive halos, each with at least 80 DM par-
ticles, obtained from a friends-of-friends (FoF) algorithm. The
MG simulations and training dataset are described in detail in
Sect. 3. Since our aim is to map ACDM into a MG model, we
explored two analyses: one using the underlying DM field of a
ACDM cosmology to perform the bias and kernel calibration
with BANM in order to reproduce the reference MG halo num-
ber counts; and second, a calibration carried out with the MG
DM field of each model to consistently reproduce their reference
halo number counts. The methodology, including a brief descrip-
tion of the core of the BAM algorithm, is presented in detail in
Sect. 4.1, as are the results and analysis of the aforementioned
scenarios. Finally, we end with a summary and discussion in
Sect. 5.
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2. Dynamics in f(R) gravity models

Scalar-tensor theories are among the potential revisions to Ein-
stein’s theory of gravity that have received the most attention
(for an updated review, see e.g. Kobayashi 2019). Within the
plethora of such theories, the f(R) gravity models constitute one
of the most studied limits that add an extra degree of freedom
to GR, where the gravitational action contains, apart from the
metric, a scalar field that describes part of the gravitational field.
In this subset of models, the Einstein-Hilbert action is modified
by replacing the Ricci scalar, R, with a function of other curva-
ture invariants such that R — R + f(R). Of the various functional
forms of f(R) that have been proposed in the literature (for a
review, see e.g. Sotiriou & Faraoni 2010; De Felice & Tsujikawa
2010), we considered the HS template (Hu & Sawicki 2007),
which provides a function that is able to satisfy the Solar System
constraints as well as encode enough freedom to allow cosmic
acceleration and structure formation to agree on large scales. The
explicit form of HS f(R) function is

()’
(&) (%)n +1 '

where n, ¢y, and ¢, are positive dimensionless parameters and
m* = 81Gpo/3 = HQ, is a mass scale introduced in the
model. The new dynamical degree of freedom is therefore rep-
resented by the scalar field (commonly called the ‘scalaron’),
fr = df(R)/dR, which can be approximated as

fR) = -m? (1)
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with fro being the dimensionless scalar field at the present time.
The rightmost expression of Eq. (2) was tuned to mimic to first
order the background expansion of the ACDM model by setting
c1/cy = 6Q4/Q,,. Moreover, the background curvature is given
by R = 6(2H? + H), so the bound condition f(R) = —2A is sat-
isfied as a consequence of requiring equivalence with ACDM
when |fro| — 0. If the exponent n is assigned a specific value,
then the model is fully specified by only one free parameter,
fro- In the simulations conducted for this paper, we explored two
values of the exponent n: the first is n = 1, where we systemat-
ically varied |fro| as 1074, 107>, and 107°, denoted as F4,, F5,,
and F6,, respectively. The second value is n = 2, where we var-
ied |fro| as 1073, 107>, and 107, denoted as F3.5,, F5,, and
F6.5,. These choices were made to assess the robustness of our
technique and to comprehensively cover current observational
constraints.

Current constraints on HS models set the upper limit on
the scalaron field at present time to |fzo| < 5.68 X 1077 at 20
confidence levels when using cluster abundances and galaxy
clustering (Liu et al. 2021) and to [frol < x107%7 when com-
bining cosmic microwave background (CMB), BAO, and type la
supernova (SNIa) with cosmic chronometers and redshift-space
distortions (Wang 2021). Previous analyses were significantly
relaxed, constraining |fzo| < 10™*7° (Cataneo et al. 2015), <
5 x 107° (Shirasaki et al. 2016), and <3.7 x 107® at the 20
confidence level (Boubekeur et al. 2014). Gravitational wave
detection has also provided strong bounds, | fzo| < 5 X 1077 at lo
confidence (Vainio & Vilja 2017) and the so-called galaxy clus-
tering ratio [fro| < 5 X 107 at 68% confidence (Bel et al. 2015).
This is competitive with astrophysical tests (Jain et al. 2013)
and dwarf galaxies analysis (Vikram et al. 2013), which pro-
vide tighter constraints: | fzol < 5 % 1077. The latest bounds using
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Fig. 1. Schematic representation of HS f(R) constraints in the fzo —
n plane. The coloured squares mark the locations of our simulations.
The actual constraints at 1o~ and 20 confidence levels are taken from
(Cataneo et al. 2015, blue contours) and (Vazsonyi et al. 2021, orange
contours).

Subaru Hyper Suprime-Cam year 1 data are in agreement with
log fro = —6.38?&3‘11 and n = 1.8t}:;, representing a substantial
improvement in the constraints (Vazsonyi et al. 2021). Euclid’s
future observations are expected to constrain log |fro| at the 1%
level using the full combination of spectroscopic and photomet-
ric galaxy clustering (Casas et al. 2023). Figure 1 depicts the
constraints on the HS model in the log | fgo| — 7 plane. The orange
confidence regions are reproduced from Cataneo et al. (2015)
and correspond to the 68.3 and 95.4% confidence levels from
the combination of clusters, CMB (Planck + WMAP + lensing
+ ACT and SPT) and SNIa + BAO. The blue confidence regions
are reproduced from Vazsonyi et al. (2021) from cosmic shear
analysis using Subaru Hyper Suprime-Cam year 1 data (Hikage
et al. 2019). The coloured squares in Fig. 1 correspond to the
location of the MG simulations in the log|fzo| — n plane rela-
tive to the actual constraints of these parameters. Therefore, our
simulations span from models that faithfully reproduce nearly
all features of the standard model to those that are ruled out by
astrophysical probes.

An interesting feature of the HS model is that evades strin-
gent constraints of deviations of GR on the Solar System scale
by means of the chameleon mechanism (Khoury & Weltman
2004b,a; Mota & Shaw 2007). This mechanism leads to a com-
plex interplay between the matter distribution and the magnitude
of the fifth force that hides (or screens) any modification of grav-
ity in some regions and separations. In fact, the scalar field’s
action generates intriguing effects across all scales, with its influ-
ence effectively concealed in local environments (Winther et al.
2012; Llinares & Mota 2014; Ivarsen et al. 2016). According
to local gravity constraints, the fifth force is extremely weak.
However, high-density environments may conceal the fifth force
via the chameleon mechanism. This is attributed to the inherent
environmental dependence induced by the properties of DM dis-
tributions in the chameleon mechanism, which operates in such
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a way that the scalar field acquires a substantial mass in denser
environments, rendering the fifth force negligible. Conversely,
on cosmological scales, the scalar field remains light, result-
ing in significant modifications to gravity (Khoury & Weltman
2004b,a; Will 2014). A detailed discussion of the summary
statistics in the HS model, based on simulations of matter, halos,
and galaxies, can be found in Winther et al. (2015), Arnold &
Li (2019), and Alam et al. (2021). Comparisons and modelling
of clustering statistics in real- and redshift-space are presented
in Garcia-Farieta et al. (2019), Hernandez-Aguayo et al. (2019),
Wright et al. (2019), and Garcia-Farieta et al. (2021).

The structure formation driven by the HS f(R) scalar field
tends to amplify the growth of structure, leading to higher-
density peaks compared to ACDM. On large scales, the clus-
tering agrees with linear predictions, while on small scales,
deviations from ACDM become larger due to the enhancement
of gravity (for a detailed discussion on the non-linear struc-
ture formation in f(R) gravity models, see Oyaizu et al. 2008;
Li et al. 2012b, 2013). This enhancement on small scales also
results in an increased abundance of rare massive halos, which
can substantially differ from the ACDM scenario depending
on the magnitude of the background scalar field, fro (refer to
Schmidt et al. 2009a, for halo statistics in f(R) models). In the
linear regime, the perturbations are described by the modified
Poisson equation (in Fourier space) for the gravitational poten-
tial, @, as kK’® = —41G.ga’Sp, with dp being the fluctuation
around the mean density and G.g the effective Newton’s con-
stant that takes the form (Tsujikawa et al. 2008; Esposito-Farese
& Polarski 2001)

Gt 1 GR
Gn { 14K/ [3 (k2 + a2m;R)] FfR). 3)

Here, my, is the mass of the scalar fluctuations (not to be con-
fused with the mass scale, m, of the HS model). This quantity
plays a crucial role in the chameleon mechanism as it establishes
when the scalar field is suppressed. The linear growth for the
matter fluctuations in these models is governed by (Lombriser
2014)

3 3 Gesr
712 - 2| D -2
+ ) m(a)} 2 Gy

Qn(a)D = 0, “)

where D = D(a, k) is the linear growth function and the deriva-
tives are with respect to Ina. Note that both G.x and D are
functions of time and scale, unlike the GR case in which both
are independent of the scale. Figures 2 and 3 display the numer-
ical solution of the effective gravitational constant and the linear
growth factor as a function of time and scale (Egs. (3) and (4),
respectively). The different panels of the figures refer to the dif-
ferent HS models considered in this study, as indicated by their
labels. The dashed grey line at z = 0.5 (a = 0.6) represents the
redshift of the simulation snapshots used for our analysis. Geg
varies with the inverse square of the time and scale, as shown
by the contours of Fig. 2. The area above the contour defined by
Ggt(k,a) = 1 shrinks with the scalar field strength, fzo, capturing
deviations ranging from 5% up to 33% in the most extreme case
(model F3.5;). The intensity of the normalised G.¢ decreases as
fro approaches zero, which is the ACDM scenario. This trend is
clearly followed by the models F5;, F6;, and F6.5,. Similarly, in
Fig. 3 we observe the variation in D(a, k) across different scales
and times. The disparity in the growth factor can reach up to
30% for the plotted time interval and scales (i.e. k € [1072, 1]
hMpc~! and a € [0.2,1]). The most significant deviations from
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Fig. 2. Normalised effective gravitational constant of the HS model
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modes, k. The dashed grey line corresponds to the redshift of interest
in our simulations, i.e. z = 0.5. The colour bar indicates the intensity of
deviation from the ACDM model.
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Fig. 3. Similar to Fig. 2, but now for the linear growth factors of the MG
models.

the ACDM growth factor can be seen at high Fourier modes,
k ~ 1 hMpc™! (i.e. the middle non-linear regime of the structure
formation), and at low redshifts. For models with larger |fzol,
such as |fro| = 10~%, the chameleon screening is inefficient, as
illustrated by the significant discrepancies in D of F4; com-
pared to ACDM. Figure 4 shows the dynamics of G.t and D
for the redshift of interest, z = 0.5; this essentially represents the
cross-section of the contour plots depicted in Figs. 2 and 3 at the
given redshift. Here, we clearly discern the deviations of each HS
model from ACDM. At this redshift, G.g exhibits deviations of
up to 33% for the most extreme model, F4; (red line), and devi-
ations of up to 20% for the closest model to ACDM, F6.5, (cyan
line). Intermediate deviations are observed for the remaining HS
models, as depicted in the figure. Conversely, the growth fac-
tor follows a monotonic trend with respect to the scale and |frol,
with deviations reaching 40% for F4, and remaining below 3%
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107! 10°
k [h~*Mpc]

Fig. 4. Comparison of the normalised linear growth factors (upper
panel) and effective gravitational constant (lower panel) of the MG
models, as labelled. The variations in these quantities are shown as a
function of k for the redshift of the simulations, z = 0.5.

for F6.5,. However, at small wavenumbers, D becomes increas-
ingly indistinguishable from ACDM, especially for models with
the lowest |frol. In contrast, G.¢ can still be distinguished from
ACDM up to 7% at these scales for models with high | fzol-
Overall, the enhancement in the growth factor can be
attributed to the effective mass of the scalar field, which limits
the range of interaction of the fifth force, leaving, as a conse-
quence, the growth on larger scales almost unaffected. In terms
of distances, the effective length at which modifications of the
gravitational potential take effect is given by the Compton wave-
length of the scalaron field, which can be expressed in terms of

Jfro, given by

_ n+1
1299792 \/(n+1)|fR0|(4 e )

My a [Q (a3 — 4) +4]"?
In addition to the scale-dependent effect due to the screening
mechanism, the Compton wavelength sets a cutoff where struc-
tures cluster according to GR (distances greater than A¢). Below
this distance, the growth rate increases and is modulated by the
MG dynamics, giving rise to specific scale-dependent patterns.
On large scales, Ack/a < 1, the perturbation equation is identi-
cal to that in GR; though on smaller scales, Ack/a > 1, gravity
is enhanced by a maximal factor of 4/3 (Pogosian & Silvestri
2008; L’ Huillier et al. 2017).

In the upcoming sections, we present the simulations in
detail, followed by an overview of BAM and the calibration
analysis.

3. MG simulations and training dataset

We ran a set of high-resolution COLA simulations of ACDM
and six HS models with |fgo| consistent with current constraints

Table 1. Cosmological parameters employed in the COLA simulations
along with key features of the simulation setup.

Fid. cosmology Simulation setup

Q. 0.311 Boxsize 1 h'Gpc
Qeam 0.2621 N, 20483

Q 0.0489 Grid force 20483

h 0.6766 M, 1.005 x 10'° My /h
ng 0.9665 1C 2LPT z;,,; = 99
Ay 2.105e-09 Steps 100

oy 08102 ny 6.43 h Mpc™!

Table 2. Normalised effective gravitational constant and linear growth
factors of each variant of the HS model, evaluated at their respective
Compton lengths and at the simulation redshift, z = 0.5.

Model  |frol 1 [/Ilvcllt;z(/)}f] [I}{l(;llvf;é] B oskote om0 skeke
GR = = = = 1.00 1.00
F4, 0% 1 2620 0.24 1.33 1.08
F5, 105 1 8.29 0.76 1.33 1.05
F6, 100 1 2.62 2.40 1.33 1.05
F3.5, 10735 2 5123 0.12 1.33 1.16
F5, 107 2 9.11 0.69 1.33 1.13
F6.5, 1079 2 1.62 3.88 1.33 1.08

(see Sect. 2). The simulations were performed with the COLA
Solver implemented in the publicly available FML library',
which succeeded MG-PICOLA. The FML-COLA solver extends
the COLA method for simulating cosmological structure for-
mation from ACDM to theories with scale-dependent growth
such as the HS model. It also includes a fast approximate
screening method described by Winther & Ferreira (2015). The
simulated HS models correspond to six combinations of the
exponent of the MG function, n, and the magnitude of the scalar
field, |frol- These models correspond to the pairs (|fzol, ) €
{(1074, 1), (107>, 1), (107%, 1), (10733, 2), (107>, 2), (10763,
2)}, which are denoted as {F4,, F51, F6,, F3.5,, F5,, F6.5,},
respectively. The simulations are consistent with the best-fit
parameters of Planck 2018 cosmology (Planck Collaboration VI
2020), and feature the dynamics of 2048°> DM particles in a
comoving box of 1 4~'Gpc per side. The simulations commenced
at z = 99, with initial conditions generated via a modified ver-
sion of the 2LPTic code (Scoccimarro 1998; Crocce et al. 2006)
implemented in FML. The HS models considered in this work
share identical initial conditions with the ACDM run, as devi-
ations in gravity are not expected at such a high redshift. The
evolution of the DM particles extends up to redshift z = 0.5,
comprising 100 time steps, which is a fairly large number. This
finer temporal sampling allows a more detailed tracking of the
evolution of the particle distribution, potentially capturing sub-
tler effects in the simulation, albeit at the cost of increased
computational resources.

Our setup ensures a mass resolution of M, = 1.005 x
10" 7'M, and a Nyquist frequency given by kny =
6.43hMpc~!. Table 1 shows the key base cosmological param-
eters employed (left side) as well as the general setup of the
COLA solver (right side). Table 2 presents the normalised effec-
tive gravitational constant and linear growth factors for various

! https://github.com/HAWinther/FML
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variants of the HS model at a redshift of z = 0.5. The Comp-
ton length and the corresponding wavenumber are provided for
each model, indicating the characteristic scale at which the
modifications to gravity become significant. As expected, the
Geftl;=05 k=k.) TéMains approximately constant across all models,
with a value of 1.33 ~ 4/3 at the characteristic scale. Similarly,
the table illustrates that at the Compton scale, the impact of
MG on the linear growth factor ratio is relatively small, with
deviations from ACDM reaching up to 16%.

Dark matter halos were identified using the FoF algorithm,
which connects particles within a distance of less than a spec-
ified linking length, b = 0.2, measured in units relative to the
mean inter-particle distance (Davis et al. 1985). The linking
length value has been shown to be valid for COLA simulations
in previous works® (see e.g. Howlett et al. 2015; Koda et al.
2016; Izard et al. 2016; Ferrero et al. 2021). We opted for the
FoF halo finder over ROCKSTAR due to the poor performance of
the later one when using COLA simulations (Fiorini et al. 2021).
This finding is widely discussed by Fiorini et al. (2021), who
show that the default ROCKSTAR settings can lead to statistical
discrepancies in the halo properties when compared to N-body
simulations, with differences of up to 25% in the halo mass
function and approximately 10% variations in the power spec-
trum at k ~ 0.4 hMpc~!. The reference catalogues used in this
study refer to the halo distribution at z = 0.5 of each MG model
plus ACDM as a benchmark model. We chose halos that con-
tain no fewer than 80 DM particles, corresponding to an average
mass-cut of FOF masses of Mgor = 8 x 10! h~' M, which is
represented by nearly ~3 x 10° distinct halos per catalogue. This
criterion agrees with the mass-cut employed in previous research
to assess the performance of bias mapping methods (Vakili et al.
2017; Balaguera-Antolinez et al. 2019), as well as the mass-
scale at which DM halos can host emission line galaxies in the
extended Baryon Oscillation Spectroscopic Survey (eBOSS; for
details, see Alam et al. 2020) and DESI-like galaxy samples
(see Ding et al. 2022). Our mass-cut represents medium-mass
halos that are above the threshold used by Ding et al. (2022)
and Balaguera-Antolinez et al. (2024) and below the mass cor-
responding to the Sloan Digital Sky Survey-III BOSS CMASS
galaxy catalogue (White et al. 2012; Dawson et al. 2013). We
obtained DM fields from the particle distribution by applying
a cloud-in-cell (CIC) mass assignment scheme to a N3 = 256°
mesh (equivalent to a resolution of 3.9 2~! Mpc per cell). Halo
number counts were obtained using a nearest-grid-point (NGP)
scheme (Hockney & Eastwood 1981) and employing the same
resolution as for the DM catalogues.

Figure 5 depicts the density field of DM particles (upper
panels) and halos (bottom panels) at z = 0.5 in a region of
1000x1000x20 h~! Mpc for the different gravity models con-
sidered in this work. The colour bar on the right gives the
magnitude of the density perturbations. The white boxes show
zoomed-in views, highlighting the similar web-like structures
across these models despite the presence of MG effects. How-
ever, some differences are visible in the halo distribution, with
some regions having a higher density of halos than in ACDM.
These discrepancies stem from modifications in gravity, which
amplify gravitational forces on small scales, thereby impacting
the formation of prominent filaments, distinguished by either
a significant thickness or a considerable length, along with a

2 We used the same linking length and threshold for eigenvalues of the
tidal field across all models, both MG and ACDM ones. This approach
ensures a fair comparison when generating halo distributions from a
reference catalogue.
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heightened abundance of halos. Such enhancements translate
into a more pronounced abundance of rare and massive halos in
the non-linear regime, as illustrated by cosmological simulations
(Schmidt et al. 2009b).

4. BAM approach and calibration analysis

In this section we provide an overview of BAM, which we used to
create the mock catalogues, along with the calibration conducted
with the MG halo catalogues. We also present the summary
statistics performance of the mapping for the different cosmolo-
gies. We refer the reader to Balaguera-Antolinez et al. (2023) for
more details on the method.

4.1. Calibration: Kernel and halo bias

BAM is a non-parametric method designed to reproduce the halo
number counts, N, of a reference catalogue within a mesh using
a target DM density field. The idea behind the method consists
of mapping the DM halo distribution by exploiting the concept
of stochastic bias (Dekel & Lahav 1999; Somerville et al. 2001;
Casas-Miranda et al. 2002), the minimisation of a cost function
based on the power spectrum of target variables, and comput-
ing an iterative kernel that corrects for missing power towards
small scales. The method has the capability of capturing the dif-
ferent properties of the halo bias by assuming that the number
counts of halos in a volume cell depend on a set of properties
of the DM density field evaluated in the same cells of vol-
ume JV. In this context, the bias is represented as a conditional
probability distribution of the halo number counts, obtained
directly from the reference simulation as a multi-dimensional
histogram, B (Ny | Odgm)sy. The target DM density field can
either be the one obtained from the full N-body snapshot down-
graded to a mesh of N3 grid cells, or it can be generated by
an approximate gravity solver that evolves the downgraded ini-
tial conditions of the N-body simulations in a mesh of the same
dimensionality.

The calibration process, wherein the halo bias and a so-called
BAM kernel are obtained solely from the two-point statistics of the
reference catalogue as a target, involves an iterative procedure
with the Markov chain Monte Carlo rejection algorithm. The
aim of the BAM kernel is to adjust the DM density field through a
convolution to match the reference tracer power spectrum. This
process achieves approximately 1% accuracy in the power spec-
trum up to the Nyquist frequency, as demonstrated in previous
studies (see e.g. Balaguera-Antolinez et al. 2019, 2020, 2023;
Pellejero-Ibafiez et al. 2020; Kitaura et al. 2022). The algorithm
accounts for cross-correlations and other dependences, such as
local and non-local properties like density and cosmic web type.
We included them in the form of a cosmic-web classification (i.e.
knots, filaments, sheets, and voids), which were obtained via the
eigenvalues of the tidal field (see e.g. Hahn et al. 2007; Forero-
Romero et al. 2009). The outputs of this procedure (halo-bias
and kernel) enable the generation of new halo samples with the
same probability density function (PDF) as the reference cata-
logue, representing the desired halo distribution. This mapping
technique can then be applied to generate accurate halo distri-
butions across various initial conditions while preserving the
background cosmology.

4.2. Mapping MG cosmologies

We explored two calibration experiments to assess the perfor-
mance of BAM in mapping MG cosmologies. The first consists
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Fig. 5. Projected density field of DM and halos in a region of 1000x1000x20 A—>Mpc® from seven different cosmologies at redshift z = 0.5. The
upper panels display the DM density field and the lower panels the corresponding halo density field for the MG models, as labelled. These maps
highlight the remarkable similarity in the density fields of MG and ACDM models. They also show that some models give rise to the formation of
pronounced filaments, characterised by either a substantial thickness or a substantial length, as well as an increased prevalence of halos.

of employing the MG DM fields to generate the corresponding
MG halo number counts; this calibration is henceforth referred
to as consistent-field calibration and can be represented by the

following operation: 61]‘)’[1\9[N}:’IG, where the operator
indicates that the halo-bias relation from BAM has been applied
to produce the mock catalogue. The second experiment, referred
to as cross-field calibration from now on, consists of utilising
the DM field of the ACDM model to generate the six differ-
ent halo number counts of the MG HS models. The second
calibration, represented by the transformation 6354DMN}:/IG,
is of interest because it allows us to create fast mocks of MG
cosmologies without the need to run the corresponding MG sim-

ulations, which are usually computationally more expensive than
the ACDM ones.

In terms of the effective field theory of large-scale structure,
which in turn is based on cosmological perturbation theory, the
transformations describing our two calibrations can be expressed
as a linear superposition of fields, O, with corresponding bias
coefficients by (bo) as well as stochastic contributions given by
a field € (€) and coefficients c. o (¢zp) (see e.g. Schmidt 2016;
Desjacques et al. 2018). That is, the consistent-field calibration
can be expressed as

89, 1) = " [bo(7) + ceo(Dex, 1] O [0 ] (2. 7) + e(x, 7),
o

while for the cross-field calibration

89, 1) = " [bo(1) + & o(D)Ex, D] O [65PM] (x, 1) + E(x, 7),
[
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ICs: 2LPTic

Reference:
summary statistics

Fig. 6. Flowchart depicting the kernel and bias calibration using the
COLA simulations as a reference to subsequently obtain the mapping
bias relation, 8.

with x representing the position in space and 7 being the time
variable of the galaxy bias re-normalisation group. The tilde over
the parameters in these expressions indicates their association
with the cross-field calibration, distinguishing them from those
in the consistent-field calibration.

BAM performs an iterative process aimed at mapping the DM
field to the reference halos by minimising the two-point statis-
tics, as previously discussed in Sect. 4.1°. Figure 6 illustrates
the different steps of the calibration process with a flowchart.
Read from top to bottom, the process starts with the creation
of initial conditions using 2LCTic, followed by the evolution of
the DM particles with the COLA gravity solver until its distribu-
tion at z = 0.5 is obtained. Then, the FoF algorithm is applied
to identify halo structures, whose number counts on the mesh
are used as reference. The two branches of Fig. 6 distinguish the
benchmark ACDM model from the MG models. The DM density
fields and halo number counts are used as input in the BAM algo-
rithm to perform the iterative process for producing a calibrated
mock catalogue. The process ends with obtaining the BAM-kernel
% or K as well as the corresponding bias relationship, 8B or B,
depending on the input DM density field, either ACDM or MG.
Once the respective calibrations are obtained, we computed and
compared the summary statistics, including density fields, PDFs,
power spectra, and reduced bispectra®*.

3 During the calibration process, BAM fixes the number counts to those
of the reference catalogues. That is, the target counts of the MG halos
reproduce its PDF by construction.

4 We used the code bispect (https://github.com/cheng-zhao/
bispec).
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Fig. 7. Comparison of the cross-power spectrum between the mock cat-
alogues generated with BAM and their respective reference catalogues for
the two calibrations: consistent-field calibration (solid line) and cross-
field calibration (dashed line). The colours of the dashed lines have the
same meaning as in the other plots.

4.3. Performance and summary statistics

In this section we present our main findings in terms of the
summary statistics. Mapping the DM density fields with BAM
provides the corresponding number counts of halos for each
of the calibrations studied. Consequently, for each MG model,
we generated two mock catalogues: one for the consistent-field
calibration, denoted as N]L', and the other for the cross-field cali-
bration, denoted as N;*. The respective reference halo catalogue
is labelled N;ff. Firstly, we looked into the cross-power spectra
between the references and the calibrated fields. Figure 7 shows
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Fig. 8. Projected density field in slices of 240 x 500 x 98 A~*Mpc® from a volume of 1000° 2->Mpc® of the reference and mock catalogues for all
cosmologies. Upper panels: Mocks from the consistent-field calibration. Bottom panels: Mocks from the cross-field calibration. Each sub-panel is
divided in two; the left side corresponds to the reference halos from the N-body simulation and the right side to their respective mock obtained
with BAM. The models are as labelled, and the colour bar indicates the density 1 + d,,. Note that the ACDM model is a particular case in which the
mock is the same in both the upper and lower panels, as it serves as the reference model. The circles in each panel display a region of interest where
visual differences in overdensity are visible to the naked eye (dashed circle for reference halos and solid circle for mocks).

the cross-power spectra of both calibration types across the MG
cosmologies and ACDM. As seen in the figure, there are no
significant fluctuations between the density fields in either cal-
ibration. In fact, the correlation exceeds 75% up to scales of
k ~ 0.33 hMpc~! for all cosmologies. This indicates that the
BAM kernel effectively captures the scale-dependent features of
the growth factor that appear in the power spectrum of the MG
models with high accuracy.

Figure 8 displays the projected density field of the mock
halo catalogues (right side of the sub-panels) in contrast to their
respective reference (left side). The slices are shown for all cos-
mologies and the two calibrations, labelled as mocks from the

consistent-field calibration (upper panels) and mocks from the
cross-field calibration (bottom panels). Although both fields (ref-
erence and mock) are notably similar, some subtle differences
can be appreciated within the circles highlighted in each sub-
panel. Nevertheless, in both sides of the panels, the large-scale
structure is clearly consistent.

A qualitative analysis of Fig. 8 allows us to describe the
region enclosed by the red circle in terms of its density varia-
tion compared to the reference catalogue. Overall, in the case of
consistent-field calibration, N,'ll, all models except F'5, exhibit a
slight excess in density. The mock of ACDM shows no major
deviations from its reference catalogue, which is consistent with
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previous analyses (see e.g. Balaguera-Antolinez et al. 2019,
2020; Pellejero-Ibaiiez et al. 2020; Kitaura et al. 2022). However,
the mocks of the two extreme HS models, F4, and F3.5,, which
deviate significantly from GR gravity, display much higher den-
sity peaks compared to their references. Conversely, the F6,
model is almost indistinguishable, with results comparable to
those of ACDM. Notably, density peaks in the mocks are partic-
ularly visible in knots and sheets. On the other hand, the mocks
from the cross-field calibration, N, ; exhibit a similar behaviour
on large scales to those produced by the consistent calibration.
However, in this case, when using the ACDM density field to
generate MG mocks, the density peaks appear higher, particu-
larly in the circled region used for comparison, compared to the
consistent calibration. Specifically, the F3.5, model exhibits a
slightly lower overdensity at the nodes compared to the previous
calibration but remains distinguishable from the reference. Sim-
ilarly, the F4; model displays a denser knot region than in the
previous calibration, resulting in a significantly denser region
than the reference catalogue. On the contrary, the F'5; model
shows comparable results in both calibrations, with no signifi-
cant visual differences observed. The highlighted region in F'5;
shows an increase of two units in the density contrast, as indi-
cated by the colour bar. Specifically, p/{p) changes from 3 to 5
(equivalent to ¢ changing from 2 to 4), making it clearly distin-
guishable from the reference. Furthermore, F'6; displays slightly
denser regions in that area compared to the consistent-field cal-
ibration, making it easier to distinguish from ACDM. As in
the previous model, F6, exhibits more power compared to the
consistent calibration, resulting in clear differences from its ref-
erence catalogue despite being the closest model to ACDM in
terms of clustering.

To evaluate the robustness of the calibrations with MG
fields, we performed a comprehensive comparison of several
summary statistics, including the PDF and the two- and three-
point statistics of the halo distributions. We first compared
the reference catalogues themselves, that is, the MG models
against the ACDM model (i.e. N;f{le versus N;fi\CDM), aiming
to describe the specific signatures of the HS models in the sum-
mary statistics that distinguish them from the standard model.
We then performed a similar comparison for the consistent-

and cross-field calibrations, which correspond to N/‘ll’ MG VETsus
N,L" acom and Ny versus Ny, ooy, respectively. This anal-
ysis provides insights into the degree of physical information
encoded within the bias relation B (8) provided by BAM. It
allows us to ascertain the effectiveness of these mapping rela-
tions in accurately reproducing non-linear and non-local bias
features, particularly in cosmologies characterised by scale-
dependent growth factors. Figure 9 presents the outcomes of
this analysis, with the mock comparison arranged from top to
bottom as follows: reference catalogues only, consistent-field cal-
ibration, and cross-field calibration. The columns correspond,
from left to right, to the PDF, power spectrum P(k), and
reduced bispectrum, Q(6y1lk;,k»), in the particular configura-
tion of ky = 2k; = 0.2 hMpc~'. In this figure, all the ratios
have been plotted with respect to the corresponding ACDM halo
catalogue.

The selected HS models are characterised by higher values
of |fro| that tend to manifest as more pronounced deviations
from ACDM in terms of density fluctuations. Consequently, F'4,
exhibits more significant enhancements compared to its F'5; and
F6; counterparts. This trend arises from the fact that greater
| frol values correspond to more substantial modifications to grav-
ity, which consequently exert a more pronounced influence on
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the cosmic structure formation. In the first row of Fig. 9, we
observe the expected behaviour in the summary statistics of
the reference halos compared to the ACDM ones. Notably, the
PDFs of MG models that feature significant gravity modifica-
tions, such as F3.5, and F4,, exhibit an excess of probability
of up to 20% of finding halos in cosmic environments whose
overdensities are log(6, + 1) = 1 and 1.5. This trend extends to
models with moderate deviations from GR, such as F5; and F5,,
albeit for denser environments with log(é, + 1) =~ 1.5 to 1.6.
Conversely, models with weaker gravity modifications, such as
F6, and F6.5,, closely resemble the PDF of ACDM halos, with
probability spreads below 2% even at higher densities. The PDF
variations also manifest in the two-point statistics, particularly in
the suppression of power in the low £ modes. For instance, the
suppression of power is better appreciated for F4; (exceeding
10%) compared to F3.5, (around 10%). Similarly, the F'5; and
F5, models show a more moderate power suppression, remain-
ing below 5% for k < 0.08 hMpc~'. As expected, the models
with weak deviations from gravity, such as F6; and F6,, dis-
play a consistent clustering across all scales when compared to
ACDM. Moreover, an effective bias between the MG and ACDM
models is observed for scales k > 0.1 hMpc‘l, with this bias
monotonically increasing as the intensity of gravity deviation
grows. As for the three-point statistic, the reduced bispectrum,
Q(61>), is also sensitive to modifications of gravity, as can be
seen by the changes in its characteristic U-shape. In fact, the
deeper the inflexion point, the more concave the bispectrum is, as
seen for cosmologies with larger deviations from GR. In particu-
lar, when 6y, =~ 7/2, the F3.5, and F4; models exhibit deviations
close to 20% compared to ACDM, the F5; and F'5, models show
deviations below 5%, and F6; and F6, closely resemble ACDM
for the entire range of ), values.

The second and third rows of Fig. 9 show the sum-
mary statistics obtained from the consistent-field calibration,

(51]\)’[1\?[N,11V[G, and cross-field calibration, 535,[DMN2’[G,
respectively. Analogous to the results of the reference catalogues

(see the first row of Fig. 9), we focused on the mock quality
regarding the signatures captured by the BAM bias relation with
respect to the ACDM model rather than its reference catalogue,

namely NQ’MG versus NL‘, acpm and Ny versus N\ ooy

First of all, we observe that the PDFs of all MG models
remain identical in both calibrations, mirroring their respective
reference catalogues. This consistency is an inherent feature of
BAM. Moreover, the mocks of both calibration approaches repro-
duce the power spectrum of the reference catalogues beyond
scales k > 0.1 hMpc~! remarkably well, as evidenced by the
ratios of the power spectra. That is, the non-linear information
encoded in Nj Mg is effectively captured by the bias relation-
ship and BAM kernel of both calibrations. Below this scale (k <
1 hMpc"), however, we find deviations in the power spectrum of
MG models, primarily attributed to cosmic variance stemming
from the finite number of independent modes sampled within
the grid volume. In this respect, the 3.5, and F4; mocks of the
consistent-field calibration faithfully reflect the behaviour of the
references on the largest scales. The remaining models become
entangled within the cosmic variance, showing a clustering sup-
pression ranging between approximately 4% and 8% in all cases,
even in those models that closest resemble the ACDM field, such
as F6, and F6.5,. On the other hand, the power spectrum of the
cross-field mocks aligns well with that of the references on large
scales. Both families of models — F5;, F5.5, and F6,, F6.5,
— show a closer resemblance to the clustering of the ACDM
mock, while mocks from F3.5, and F4, exhibit noticeable
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Fig. 9. Comparison of the PDFs (left), power spectra (P(k); middle), and reduced bispectra (Q(k1, k2, 612); right) from the calibration stage obtained
with BAM for the different MG models, as labelled. Upper panels: reference halo catalogues. Middle row: mock calibration created with BAM from
the consistent MG DM field of each model. Lower row: mock calibration created with BAM from the DM field of the ACDM model. Note that all
the comparisons are made between the MG model with respect to the ACDM field.

deviations of up to 8%. Howeyver, it is worth noting that for F3.5;
and F4,, the BAM calibration tends to keep a consistent cluster-
ing suppression, unlike the characteristic patterns observed in
the power spectrum of the reference catalogues (see the first row
of Fig. 9). This result can be attributed to the fact that the BAM
kernel primarily corrects clustering on non-linear scales rather
than linear scales, where the power spectrum is expected to be

easily mapped. At the same time, on these scales, the effects of
MG become more significant in the power spectrum because,
unlike on small scales where the chameleon mechanism is very
efficient, here it tends to be weaker. Given that cosmic variance
affects all models equally at the largest scales, we consistently
observe the same hierarchy in the relative differences of the
power spectrum compared to the ACDM mocks, that is to say,
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the features of MG are preserved with comparable accuracy to
those of the original reference catalogues.

The last column of Fig. 9 shows the differences in the
reduced bispectrum for both calibrations. Quantifying the dis-
crepancies in the bispectrum proves challenges owing to the sub-
tle deviations from ACDM observed in the reference catalogues.
When translated to the calibrations, most of the deviations man-
ifest in the depth of the U-shape around 6, = 7/2. Surprisingly,
in both calibrations, the U-shape of models F5; and F6; is
enhanced by an oscillating behaviour around the fiducial value
set by ACDM. F3.5; and F4; mocks remain distinguishable in
the two calibrations, although they do not follow the same trend
as marked by the reference catalogues. The deviations in the bis-
pectrum wings are within 5% for both consistent- and cross-field
calibrations, which is in agreement with previous studies (see
e.g. Gil-Marin et al. 2015; Pellejero-Ibafiez et al. 2020; Kitaura
et al. 2022). The reduced bispectrum indicates that while some
of the MG features are not entirely recovered in the U-shape
of the F5; and F6; models, the rest of MG models remain
distinguishable from ACDM. Possible reasons for this include
systematic errors in the BAM calibrations, resolution effects due to
the employed grid size, and the intrinsic nature of the chameleon
mechanism. Regarding the last factor, Gil-Marin et al. (2011)
demonstrated the sensitivity of the reduced bispectrum to the
chameleon mechanism, revealing substantial deviations between
MG models and ACDM (up to 10-15%).

To move forward with our analysis and assess the mock
quality and efficacy of the bias mapping of BAM in MG cos-
mologies, we compared the MG mocks to their corresponding
reference catalogues, denoted as N ,! MG VETsus N;rf{v[(; and NZ MG

versus N;rffvlc' Previous studies (Balaguera-Antolinez et al. 2019,
2020; Pellejero-Ibafiez et al. 2020; Kitaura et al. 2022) demon-
strate that BAM achieves an accuracy of 1% or better in the
power spectrum for ACDM simulations. Therefore, our compar-
ison is particularly insightful as it allows us to evaluate BAM’s
accuracy at reproducing the halo distribution in a new scenario,
namely using MG cosmologies. In that regard, Fig. 10 shows
the power spectrum and bispectrum of the MG mocks for both
the consistent-field calibration (upper panels) and cross-field cal-
ibration (lower panels). Both the power spectra and bispectra
curves have been shifted for clarity. Note that the ACDM model
is special, as its statistics remain the same in both calibrations.
The two calibrations (consistent- and cross-field calibration)
show excellent agreement with the reference power spectrum,
with residuals between the mock power spectra and the ref-
erence one within 1% up to k ~ 0.8 h~! Mpc. This precision
underscores the importance of considering both local and non-
local properties of the reference catalogue (Kitaura et al. 2022;
Balaguera-Antolinez et al. 2024).

The precision achieved in the power spectra ratios of the
consistent-field calibration is expected, given that the halo dis-
tribution inherits the non-linear and non-local properties of the
respective MG DM density field. Therefore, it is not surpris-
ing that the range of accuracy is broader in this calibration,
as depicted in Fig. 10. Regarding the cross-field calibration,
we observe the anticipated deviations in the power spectrum at
large scales, arising from the lack of power of the MG models
compared to ACDM, as previously discussed with Fig. 9. The
discrepancies in the power spectrum of the MG mocks at scales
below k < 0.07 hMpc~'are due to the convergence phase of the
bias method, not specific MG features of the HS models. Since
BAM works as a Markov chain Monte Carlo method, some differ-
ences between different calibrations can be expected regardless
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of the MG model, especially on large scales where cosmic vari-
ance in the form of a low number of Fourier modes is important.
In particular, we notice that the suppression of power in the halo
distribution of the 3.5, and F4; mocks manifests in the lower
panels of Fig. 10 as a bump in power at the same scales. Sim-
ilarly, the mocks for F5; and F5.5, exhibit an excess in power
of approximately 10% at scales k ~ 0.02 hMpc~'. The resid-
uals between the P(k) of F6, and F6.5, and their references
are within 5%, even at the largest scales, closely resembling
the behaviour of the ACDM halos; this is a good indicator that
even when calibrations are performed using crossed DM fields,
it is feasible to derive statistics of the MG halo distribution. By
analysing the three-point statistics of the consistent-field cali-
bration, we observe a U-shaped pattern in the residuals of the
bispectra of the mocks. This indicates a better fit at the inflexion
point, while improvement is desirable on the wings. However,
this shape is much reduced in the cross-field calibration, which
is due to a minor increase in the agreement of the inflexion point,
while the fit of the wings stays consistent between calibrations.
Our findings show that the mock of F3.5; in the cross-field cal-
ibration improves the inflexion point somewhat compared to the
consistent-field calibration, while residuals remain within 10%
in both calibrations. Likewise, the F4; mocks exhibit minimal
deviation in the bispectra residuals, with both calibrations show-
ing consistency within 10% across most of the 8, range. Mocks
of the F'5; model do show a slight improvement at 8}, ~ /2, but
this improvement holds true for both calibrations. As compared
to the cross-field calibration, the mocks of F5, show improved
agreement in consistent-field calibration across the entire 6,
range, reducing deviations by over 10%. Last but not least, the
mocks of F6; and F6.5, cosmologies show good agreement
with their reference catalogues in both calibrations, with only
one point deviating at 6;, ~ 1.8.

The analysis of the reduced bispectrum in HS models uncov-
ers deviations of up to 10-15% compared to ACDM, highlight-
ing its potential to discern between MG models. In particular,
MG casts a weaker influence on the bispectrum than on the
power spectrum, suggesting its utility in breaking galaxy-bias
degeneracies. The bispectrum, as a measurement of the raw
amplitude of three-point correlations, has also been studied in
the past for HS f(R) models (see Alam et al. 2021). Our results
show agreement with previous studies of the reduced bispec-
trum, particularly with Gil-Marin et al. (2011), who used a
similar setup of the N-body simulations, which employed the
same initial conditions across all the MG models. The find-
ings indicate that differences in the bispectrum are naturally
inherited from the power spectrum; however, the sensitivity to
capture the gravitational signatures of the f(R) model is only
visible at the percent level, as theoretically studied by Borisov
& Jain (2009). Similar analyses of the reduced bispectrum with
COLA simulations (see Fiorini et al. 2022) support this state-
ment. The consistent differences observed in both the power
spectrum and the bispectrum emphasise the critical importance
of accurate measurements for model constraints. The bispec-
trum provides a valuable diagnostic tool for delineating MG
effects and warrants further exploration through various param-
eter combinations to maximise the signal-to-noise ratio. It is
worth noting that within our analysis, the bispectrum is not
a calibrated quantity in the BAM approach, which underscores
that the observed agreement, as shown in Fig. 10, is naturally
inherited from the local and non-local properties of the den-
sity fields used in the multi-dimensional halo bias described in
Sect. 4.
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Fig. 10. Power spectrum and reduced bispectrum of the different MG mocks (dashed lines) compared to their respective reference catalogues
(solid lines) for the studied calibrations, as labelled. Upper panels: consistent-field calibration, i.e. N,!’ MG Versus N;f;,IG. Lower panels: cross-field

: : : X ref
calibration, i.e. Nh’ MG Versus Nh, MG*

5. Summary and discussion

This study focuses on efficiently generating MG catalogues from
mapping either standard or MG-DM density fields using BAM.
Our results assess the flexibility of BAM in effectively modelling
the effects of MG using a benchmark training data catalogue,
by incorporating non-local and non-linear information into the
description of halo bias. The analysis was conducted across six
distinct cosmologies based on the HS parametrisation (Hu &
Sawicki 2007) of the f(R) gravity model. These cosmologies
encompass various levels of deviation from the ACDM model,

including those capable of mimicking the clustering of ACDM
and those with significant deviations that have already been ruled
out by Solar System constraints. One important component of
our study is the exploration of the growth factor and effective
gravitational constant for different configurations of the power-
law index, n, and the magnitude of the scalar field, |fgo|, of the
MG models. Both the scale-dependent growth factor and vari-
ations in gravity are crucial for understanding bias relations in
MG models. Therefore, we focused on the redshift z = 0.5 to
align with recent galaxy survey data and span a wide range of
k modes in Fourier space, providing comprehensive coverage
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across both large and small scales. In particular, we considered
the distribution of DM halos generated in different MG mod-
els generated with COLA and used BAM to obtain non-parametric
bias relations for each MG model. We employed two distinct
calibration experiments, namely consistent-field and cross-field
calibrations. In the consistent-field calibration, we used the DM
of MG models to mimic the corresponding MG catalogues,
ensuring self-consistency between DM and number counts of
biased tracers. This approach is expected to effectively capture
most of the MG effects in the bias relation. Conversely, the cross-
field calibration offers the opportunity to rapidly generate mock
MG catalogues by using a mapping relationship based on the
DM density field of a ACDM simulation rather than running MG
simulations, which are typically more demanding.

We employed the two- and three-point statistics to assess
the effectiveness of the mapping relations obtained with our
non-parametric approach. It should be stressed that during the
calibration process, the one-point statistic, namely the PDF, is
adjusted to match the desired number counts, in our case those of
the MG models. In the meantime, the power spectrum was com-
puted for each iteration, during which the DM was convolved
with the BAM kernel until it reached sufficient accuracy to repro-
duce the target power spectrum of the MG halos. It is noteworthy
that the three-point statistic is not directly involved in the calibra-
tion process; therefore, the results obtained reflect the amount
of information in the non-linear and non-local information of
the density field (see e.g. Balaguera-Antolinez et al. 2019, 2020;
Kitaura et al. 2022; Bartlett et al. 2024). Our results demonstrate
that the MG halos obtained from both calibrations excel in sum-
mary statistics, achieving a 1% accuracy in the power spectrum
from k = 0.1 hMpc~! up to the Nyquist frequency. The accuracy
is below 5% in the range k = 0.1-0.3 2#Mpc~!, with minimal
differences well below 5% at low modes. However, larger devia-
tions can occur at the smallest kK modes, around 10%, depending
on the specific model. Meanwhile, the bispectrum remains con-
sistent with the reference catalogues within 15% for all values of
the 6, angle in the typical configuration k> = 2k; = 0.2 A Mpc™".
However, model-specific discrepancies for each MG cosmology
become apparent when examining bispectrum values below 5%,
which reveals more intricate behaviour that, in general, depends
on the complex growth of structure in these models, as detailed
in Sect. 4.3.

The analysis of BAM calibrations reveals that the consistent-
field calibration has a good accuracy over broader ranges, show-
casing the non-linear and non-local properties inherited from the
MG DM density fields. In contrast, the cross-field calibration
displays the predicted deviations on large scales due to differ-
ences in power between MG models and the standard ACDM
model. Specific features of the HS parametrisations led to devi-
ations in the power spectrum (with some models showing a
suppression thereof), especially at large scales. Moreover, devi-
ations of up to 10-15% in the reduced bispectrum compared
to ACDM highlight the potential of this statistic to distinguish
between MG models and its potential in breaking galaxy-bias
degeneracies. The consistent-field calibration shows a U-shaped
pattern in bispectrum residuals, indicating that a better fit at the
inflexion point is desirable; there is also room for improvement
on the wings. The cross-field calibration, on the other hand,
exhibits flat ratios, with a consistent wing fit across calibrations.

The precision achieved when using MG reference catalogues
demonstrates the competitive capability of non-parametric archi-
tectures, such as BAM, in generating mocks from DM fields,
whether it is ACDM or MG. In fact, learning complex bias
relations is essential for generating mock catalogues that
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faithfully reproduce the halo number counts and statistical fea-
tures of cosmologies beyond ACDM, facilitating further cosmo-
logical analysis. As mentioned before, a key factor that allows us
to achieve unprecedented accuracy is the inclusion of non-linear
and non-local information from the reference training dataset via
the cosmic web classification. In the MG context, this is even
more relevant due to the nature of the chameleon mechanism,
which operates in high-density environments by suppressing
modifications to gravity while allowing significant modifications
on cosmological scales. This highlights the fact that the HS
scalar field leads to an amplified growth of structures on large
scales, resulting in higher-density peaks compared to the ACDM
model. In contrast, on smaller scales, these modifications tend to
decrease structure formation, leading to a smoother density field.
Indeed, in dense environments such as clusters, the chameleon
mechanism operates efficiently, leading to suppressed gravity
modifications. On the other hand, in under-dense regions such
as voids, the chameleon mechanism is ineffective, resulting in
significant modifications to gravity. Li et al. (2012a) demonstrate
that this environmental dependence serves as strong evidence
for gravity modification in models that feature the chameleon
mechanism. Thus, by employing a non-linear and non-local bias
description, our results confirm that the effects of MG can be
effectively captured when environmental information of the DM
density field is provided.

Overall, this approach enhances the representation of the
matter distribution in alternative cosmological scenarios, with
diverse structure formation and gravitational effects across dif-
ferent scales. The results indicate that summary statistics, includ-
ing power spectra and reduced bispectrum, align with the ref-
erence catalogues for various MG models. This suggests that
BANM accurately reproduces the clustering patterns and deviations
caused by MG, providing valuable insights for future cosmolog-
ical analyses. Looking ahead, we plan to assess the impact of
different MG models on the scaling relations of the properties
of DM halos and their correlations with the large-scale effective
primary and secondary bias (Balaguera-Antolinez et al. 2024).
We will also apply the parametric mapping technique (Coloma-
Nadal et al. 2024) to each of the different regions of a novel
hierarchical cosmic web classification. These developments and
insights into the clustering in non-standard cosmologies promise
to further refine the MG mock catalogue generation process and
will be useful in the context of testing gravity in surveys such as
Euclid, DESI, and LSST.
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