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A B S T R A C T 

We search for detectable signatures of f ( R ) gravity and its chameleon screening mechanism in the baryonic and dark matter 
(DM) properties of simulated void galaxies. The enhancement of the gravitational acceleration can have a meaningful impact on 

the scaling relations as well as on the halo morphology. The galaxy rotational velocity field (calculated with the velocity of the 
gas disc and the acceleration fields) deviates from the typical values of the Tully–Fisher Relation in General Relativity (GR). 
F or a giv en stellar mass, f ( R ) gravity tends to produce greater maximum velocities. On the other hand, the mass in haloes in 

f ( R ) gravity is more concentrated than their counterparts in GR. This trend changes when the concentration is calculated with 

the dynamical density profile, which takes into account the unscreened outer regions of the halo. Stellar discs interact with the 
o v erall potential well in the central regions, modifying the morphology of the screening regions and reshaping them. We find a 
trend for galaxies with a more dominant stellar disc to deviate further from round screening regions. We find that small haloes 
are less triaxial and more round in f ( R ) than their GR counterparts. The difference between halo morphology becomes smaller 
in f ( R ) haloes whose inner regions are screened. These results suggest possible observables that could unveil modified gravity 

effects on galaxies in voids in future cosmological tests of gravity. 

Key words: Galaxy: disc – galaxies: formation – galaxies: haloes – (cosmology:) dark energy – (cosmology:) dark matter. 
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 I N T RO D U C T I O N  

he disco v ery of the late-time accelerated e xpansion of the Uni-
erse resulted in a challenging problem for theoretical physics,
amely, the explanation of the physical mechanism that triggers this
henomenon. The solution offered by the standard cosmological
odel, i.e. the addition of a cosmological constant in Einstein’s

quations, has some theoretical problems, the most important one
eing the difficulty to explain its observed value. As a consequence,
lternative cosmological models started to be considered, among
hem, many incorporate alternative theories to General Relativity
GR) to describe the gravitational interaction (see e.g. the re vie w
f Clifton et al. 2012 ), called modified gravity models (MOG).
nother moti v ation for considering alternati ve theories of gravity to

osmological models is the Hubble tension, namely, the discrepancy
n the value of the Hubble constant obtained with model-independent
upernov ae observ ations (Riess et al. 2021 ) with the one inferred
rom the cosmic microwave background (CMB) data assuming a
tandard cosmological model (Planck Collaboration et al. 2020 ). 

A particular class of alternative theories of gravity is f ( R ) gravity in
hich the Ricci scalar R in the Einstein–Hilbert action is replaced by
 scalar function of R (De Felice & Tsujikawa 2010 ). Although,
t has been shown that f ( R ) models do not alleviate the Hubble
 E-mail: cataldipedro@gmail.com 
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ension (e.g. Odintsov, S ́aez-Chill ́on G ́omez & Sharov 2021 ), these
heories can be reformulated in terms of scalar–tensor theories with
 coupling of the dynamical scalar field to matter which enhances the
ravitational force. Non-relativistic matter, such as dust, stars, and
as, will feel this additional force, which in general leads to larger
ynamically inferred masses. This discrepancy can be up to a factor
f 1 / 3 . Therefore, several of these gravity theories can be ruled out
y local gravity tests such as fifth force experiments or Solar system
ests among others (De Felice & Tsujikawa 2010 ). Ho we ver, certain
ariants of this model, known in the literature as chameleon f ( R )
heories, can surpass this limitation due to the so-called chameleon
creening (Brax et al. 2004 ), which can suppress the fifth force in
igh density environments such as stars and galaxies (Brax et al.
008 ). 
Re garding stars, man y authors hav e discussed various obser-

ational consequences. For example, Davis et al. ( 2012 ) studied
he effects of chameleon models upon the structure of the main
equences, pointing out that unscreened stars can be significantly
ore luminous. They also analysed the effect of MOG on galactic

uminosity in dwarf galaxies. Low-mass stellar objects, such as
ed and brown dwarf stars, are excellent probes of these kind of
heories. As Sakstein ( 2015 ) has claimed, the radius of a brown
warf, theoretically, can differ significantly from the GR prediction
nd upcoming surv e ys could potentially place new constraints. 

Among galaxies, studies suggest that the fifth force effects
ust be screened within the Milky Way (e.g. Burrage & Sakstein
© 2022 The Author(s) 
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018 ; Sakstein 2020 ) so that any viable f ( R ) model is likely to
ave no detectable signature in our Solar system. On the other 
and, dwarf galaxies in low-density environments may remain 
nscreened. This kind of galaxies, in such environments, may exhibit 
anifestations of enhanced gravity in their internal dynamics and 

ondensation of gas and stars. Therefore, dwarf galaxies are ideal 
cenarios to test the effect of MOG theories, in particular, f ( R ) 
heories. 

The effects of MOG may be difficult to disentangle from those 
f other astrophysical processes. To address this issue, most of 
he previous studies (e.g. Vikram et al. 2018a , b ) create a control
ample of screened galaxies which are not expected to show any of
he expected MOG effects. The division of the observed galaxies 
ntro screened and unscreened catalogues is accomplished based on 
n estimate of the local value of the external and internal gravita-
ional potential, using the methodology proposed by Cabr ́e et al. 
 2012 ). 

Jain & VanderPlas ( 2011 ) pointed out that for f ( R ) gravity in
alaxies, the fifth force affects the dark matter and H I gas disc
ut not the stellar disc due to the self-screening of stars, as being
ompact objects and hence have zero scalar charge. This means their 
otion in MOG is identical to that predicted by GR. Conversely, 

iffuse gas is unscreened and feels the full fifth-force present due 
o the modifications. This means that at fixed radius, the gaseous 
omponent of an unscreened galaxy should rotate with a higher 
elocity than the stellar component. This may lead to a separation 
f the stellar disc from the centre of mass of the dark matter
nd from the H I disc and result in observable distortions of the
orphology and dynamics of the stellar disc (e.g. Vikram et al. 

018a ). 
Vikram et al. ( 2018b ) focused on late-type dwarf galaxies and

laimed that these are the most likely to be unscreened. Vikram et al.
 2018a ) and Naik et al. ( 2019 ) compared the theoretical differences
etween the gaseous and stellar components of isolated dwarf 
alaxies rotational curves with the observational values obtained 
rom VL T -FORS2 and SP ARC samples. In this way, assuming
avarro–Frenk–White (NFW; Navarro, Frenk & White 1997 ) dark 
atter haloes, they were able to rule out values of | f R0 | > 10 −6.0 and

 f R0 | > 10 −6.5 , respectively. 
Another important observational effect of MOG is the warping 

f the stellar disc. As the host dark matter halo of the galaxy mo v es
long an external force, it pulls at the lagging stellar component. This
xternal potential gradient when aligned with the axis of rotation of
he stellar disc will warp the stellar disc in U-shaped form. This warp
s expected to align with this potential gradient. Jain & VanderPlas 
 2011 ) estimated the warp to be of order 0.1 kpc. 

Regarding these two important features (offsets between stars and 
as, and warping of the stellar disc), Desmond & Ferreira ( 2020 )
sed morphological indicators in galaxies to constrain the strength 
nd range of the fifth force. They analysed the f ( R ) Hu & Sawicki
 2007 ) model with n = 1, superimposing analytical expressions using
R-based mock catalogues and found that for a background scalar 
eld value | f R0 | < 1.4 × 10 −8.0 , all astrophysical objects are screened.
aking a different approach, we expect a similar analysis, but with 
OG-based simulations, may lead to different constraints different 

onstraints for the background scalar field. 
Semi-analytical galaxy formation models combined with f ( R ) 

ra vity ha ve demonstrated that the MOG effects on basic properties
uch as galaxy stellar mass functions and cosmic star formation rate 
ensities are rather small and comparable to the uncertainties of the 
emi-analytical models (see e.g. the re vie ws of Llinares 2018 and
ogelsberger et al. 2020 ). 
Using a semi-analytical model, Naik et al. ( 2020 ) simulated
atellites with a range of masses and orbits, together with a va-
iety of strengths of the fifth force. The ratio of the cumulative
umber function of stars in the leading and trailing stream as
 function of longitude from the satellite is computable from 

imulations, measurable from the stellar data and provided a di- 
ect test and constraint of chameleon gravity at the level of 
 f R0 | = 10 −7.0 . 

Fully self-consistent simulation studies of galaxy formation in 
uch screened MOG models have only started very recently (e.g. 
rnold & Li 2019 ). Simulations so far have not explicitly im-
lemented the effects that MOG has on stellar properties and the
ifficult task to discriminate the screening effects between stellar, 
ark matter, and gas particles. Arnold & Li ( 2019 ), using the fully
ydrodynamical SHIBONE (Simulating Hydrodynamics Beyond 
instein) suite simulation, found that the enhancement of the halo 
ass function due to f ( R )-gravity and its suppression due to feedback

ffects can be estimated from independent GR-hydro and f ( R ) dark
atter only simulations. Low-mass haloes are nevertheless more 

ikely to be populated by galaxies in f ( R )-gravity. 
In this paper, we will consider deviations from GR exhibited in

umerical simulations of f ( R ) cosmology at galactic and group scales
nd study the effects of chameleon screening on baryonic physics. 

This paper is organized as follows. We review the theoretical 
odels and numerical simulations used in our study in Sections 2

nd 3 . In Section 4 , we describe our catalogue of haloes in voids
or each cosmology run. In Section 5 , we investigate the galaxy and
alo properties, such as the scaling relations, galaxy morphology, 
alo concentration, and the shape of the screening regions and the
ark matter halo. We contrast our findings with the GR run to put
n evidence the effects on the modified gravity. We summarize our
ain results in Section 6 . 

 T H E O R E T I C A L  M O D E L S  

.1 f(R) -gravity 

sing the same framework as Einstein’s general relativity, f(R) - 
ravity introduces an additional scalar degree of freedom which leads 
o a fifth force, enhancing gravity by 4/3 in low density environments.
his is achieved introducing a scalar function f(R) of the Ricci scalar
 to the action by 

 = 

∫ 
d 4 x 

√ −g 

[
R + f ( R ) 

16 πG 

+ L m 

]
, (1) 

here g is the determinant of the metric g μν and L m 

is the Lagrangian
ensity of the matter fields. 
Varying the action which respect to the metric leads to the field

quation of f(R) -gravity, 

 μν + f R R μν −
(

f 

2 
− �f R 

)
g μν − � μ� ν f R = 8 πGT μν, (2) 

here G μν and R μν denote the components of the Einstein and Ricci
ensor, respectiv ely. The scalar de gree of freedom, f R , is the deri v ati ve
f the scalar function, f R ≡ d f ( R )/d R . The energy momentum tensor
s T μν ; covariant derivatives are written as � ν and � ≡ � ν� 

ν , where
instein summation convention is used. 
As regards the viability of the f ( R ) models, it should be stressed

hat they should behave very similar to the background expansion 
ate of the � CDM model, are stable to cosmological perturbations
nd a v oid ghost states among many others (Hu & Sawicki 2007 ; De
elice & Tsujikawa 2010 ). Also, as commented abo v e, in order to
MNRAS 515, 5358–5374 (2022) 
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atisfy the constraints from local gravity tests, any successful f ( R )
odel should exhibit a chameleon screening mechanism, i.e. the

qui v alent scalar–tensor theory should be a chameleon field theory. 

.2 Hu and Sawicki model 

he Hu and Sawicki model (Hu & Sawicki 2007 ) is one of the most
idely studied models of modified gravity. One of the reasons for

his is that the model is demonstrated to be able to be compatible
ith local gravity tests due to the chameleon effect. 
For this model, the proposed f ( R ) function can be expressed as

ollows: 

 ( R ) = −m 

2 c 1 
(

R 
m 2 

)n 

c 2 
(

R 
m 2 

)n + 1 
, (3) 

here c 1 , c 2 , n are dimensionless constants. We choose n = 1. m is
efined as: 

 

2 = 

1 

( 8315 Mpc ) 2 
�m 

h 2 

0 . 13 
, (4) 

lso, at large curvature with respect to m 

2 , 

 ( R ) � − c 1 
c 2 

m 

2 + 

c 1 
c 2 2 

m 

2 

(
m 

2 

R 

)n 

, (5) 

oreo v er, an y successful cosmological model must describe the
urrent accelerated expansion of the Universe. For this, the following
ondition has to be satisfied when R � m 

2 , 

 ( R ) � −2 � , (6) 

here � is an ef fecti ve cosmological constant. 
In this way, equations ( 5 ) and ( 6 ) result in the following condition

or the free parameters of the model, 

c 1 m 

2 

2 c 2 
= � = 3 

H 

2 
0 

c 2 
( 1 − �m 

) , (7) 

here �m is the total mass density parameter in the standard � CDM
osmological model. 

Thus, by setting the background value of the scalar field
 R 0 = 

d f 
d R | R = R 0 where R 0 is the current value of the Ricci scalar

ogether with equation ( 7 ) and ( 4 ), all parameters of the model are
etermined give a fixed value of n . We define F6 and F5 as | f R0 | =
0 −6.0 and | f R0 | = 10 −5.0 , respectively. 
In such theories, the structure formation is go v erned by the

ollowing two equations: { 

� 

2 � = 

16 πG 
3 a 2 δρ − a 2 

6 δR ( f R ) , � 

2 f R = − a 2 

3 [ δR ( f R ) + 8 πG δρ] (8)

here � denotes the gravitational potential, ρ de matter density,
nd δf R = f R ( R ) − f R ( ̄R ) , δR = R − R̄ , δρ = ρ − ρ̄ and the quantities
ith the o v erbar take the background values. The two coupled
oisson-like equations are more difficult to solve than the simple
oisson equations in GR, which are linear (i.e: � 

2 � = 4 πGa 2 δρ). 

.3 The fifth force 

s we have described previously, the Hu & Sawicki ( 2007 ) f ( R )
odel is able to e v ade the stringent constrains of local gravity tests

nd still leave detectable signatures on large scales, making it an
xcellent model to explore the deviations from GR. 

Now, let us briefly recall the formulation of the Hu & Sawicki
 2007 ) f ( R ) model in terms of a scalar–tensor theory. For this, first
NRAS 515, 5358–5374 (2022) 
e define a chameleon field φ as follows: 

 

− 2 βφ
M pl = f R + 1 (9) 

ith β = 

√ 

1 / 6 . Next, we apply the conformal transformation 

˜  μν = e 
− 2 βφ

M pl g μν. (10) 

n such way, the action can be expressed as 

 = 

∫ 
d 4 x 

√ −˜ g 

[ 

M 

2 
pl 

2 
˜ R − 1 

2 
˜ g μν� νφ� μφ − V( φ) + ̃

 L m 

] 

, (11) 

here 

( φ) = 

M 

2 
pl [ Rf R − f ( R )] 

2( f R + 1) 2 
(12) 

nd ˜ R is the Ricci scalar corresponding to the metric ˜ g μν . In the
ewtonian limit, the field equations for φ can be written as 

 

2 φ = 

∂V 

∂φ
+ 

βρ

M pl 
= 

d V eff 

d φ
. (13) 

or simplicity, we restrict our analysis to a spherically symmetric
ody of radius R c . If the object is at least partially screened, the
f fecti ve potential V eff will reach its minimum inside the object in a
o called ‘screening’ radius, r s . The following condition is satisfied
hen 

∂V 

∂φ
= − βρ

M pl 
. (14) 

n this way, for r < r s , φ = φc = constant. Far outside the sphere
for r � R c ≥ r s ) the field φ0 is given by the background value
 R 0 of the scalar degree of freedom. In the region in between,
ne can linearize equation ( 13 ) around the background value 
φ = φ − φ0 , 

 

2 δφ = 

∂ 2 V 

∂φ2 
δφ + 

βδρ

M pl 
. (15) 

f we integrate this equation twice and resubstitute the Newtonian
otential for a spherical o v erdensity d φN /d r = GM( < r )/ r 2 , we
rrive at an expression of the fifth force for r > r s (Davis et al.
012 ). 

 MOG = α
GM( < r) 

r 2 

[
1 − M( r s ) 

M( < r) 

]
, (16) 

here α = 2 β2 = 1/3 is the coupling strength of f ( R ) gravity.
e can estimate the screening radius r s as given by the integral

quation (Sakstein 2013 ), 

φ0 

2 βM pl 
= 4 πG 

∫ R 

r s 

rρ(r)d r . (17) 

.4 Navarr o–Fr enk–White pr ofile and the scr eening radius 

inally, we assume that the density of the halo is given by an NFW-
rofile (Navarro et al. 1997 ) 

( r) = 

ρc 

( r 
r NFW 

)(1 + 

r 
r NFW 

) 2 
, (18) 

here r NFW 

describes is the scale at which the profile slope is equal to
 and ρc represents a characteristic density at the radius r = r NFW 

. We
efine the virial mass M 200 , as the mass within the virial radius, 200,
dentified as the radius which encloses a density equal to ∼200 times
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Figure 1. Face-on (top) and edge-on (bottom) galaxy contour maps of the scalar field f R , for four of the chosen partially screen haloes (PSH). The contours 
(solid and dashed lines) shows the location of the screening surface for two different criteria: | f R / f R 0 | = 10 −2 ) and a tot / a GR = 1.03. We chose to superimposed 
the figure on maps of the projected gas density, with a colour code of density in terms of M 	. 

Table 1. An o v erview o v er the SHIBONE simulation suite. In this work, we will be analysing the Full-physics 25-Mpc box suite (bold letters). 

Simulation Hydro model Cosmologies N DM 

N gas m DM 

[ h −1 M 	] m̄ gas [ h −1 M 	] 

Full-physics, 62-Mpc box TNG-model � CDM, F6, F5 512 3 ≈512 3 1.3 × 10 8 ≈3.1 × 10 7 

Full-physics, 25-Mpc box TNG-model � CDM, F6, F5 512 3 ≈ 512 3 8 . 4 × 10 6 ≈ 2 . 2 × 10 6 

Non-rad, 62-Mpc box Non-radiative � CDM, F6, F5 512 3 ≈512 3 1.3 × 10 8 ≈3.6 × 10 7 

DM-only, 62-Mpc box - � CDM, F6, F4 512 3 – 1.5 × 10 8 –
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he critical density. If we take account that 

φ0 

2 βM pl 
= −3 

2 
ln ( f R 0 + 1) (19) 

nd when we insert this profile in the integral of equation ( 17 ) the
ollowing equation is obtained, 

3 

2 
ln ( f R 0 + 1) = 

φ0 

2 βM pl 
= 

4 πG ρc 

r NFW 

∫ r 200 

r NFW 

s 

d r 

(1 + 

r 
r NFW 

) 2 
. (20) 

his integral results in an expression for the screening radius r NFW 

s , 

 

NFW 

s 
= 

r NFW 

1 
1 + r 200 / r NFW 

− 3ln( f R 0 + 1) 
8 πG ρc r 2 NFW 

− r NFW 

. (21) 

e defined haloes whose screening radius values are 0 < r s < r 200 , 
s partially screened haloes (from now on, PSH ). If the halo has not
 screening region, we call it completely unscreened halo. 

.5 Moti v ation 

ntil recently, a numerical study that can relate baryonic physics and 
OG cosmology was not possible due to the absence of an efficient

umerical code that could solve simultaneously, the modified Poisson 
quations (equations 8) and the hydrodynamic baryonic equations. 

In the case of f ( R ) cosmology, many attempts were made to
bservationally constrain the strength of the scalar field (e.g Vikram 
t al. 2018b ; Desmond & Ferreira 2020 ) based on the baryon dynam-
cs. With the introduction of efficient hydrodynamical cosmological 
umerical codes with MOG (SHIBONE; Arnold & Li 2019 ), the
tudy of the effects of MOG g alaxy formation, g alaxy morphology,
r scaling relations, in a numerical context, is now possible. 
An interesting effect of PSH , that constitutes the focus of our

tudy, is that the morphology of the screened region seems to depend
n the baryonic stellar disc density and the resulting modification 
f the gravity potential wells in the inner regions of the halo. A
ualitative description of this phenomenon has been first reported by 
aik et al. ( 2018 ). If we take this effect into account, the popular
arametrization of the screened region as a screened radius, assuming 
pherical shape of the screened region, should be taken as a first-order
pproximation. 

We aim to study (see Fig. 1 ), how disc galaxies can reshape this
egion and how to parametrize it. The extent of the screened regions
epends on the chosen criteria ( | f R / f R0 | = 10 −2 and a tot / a gr = 1.03).
he morphology of the screened regions changes according to the 
as density and, in particular, with the shape of the stellar disc frame.
n the edge-on galaxy frame, the screened region has elliptical shape,
hile the face-on frame shows rounder shapes. 
The moti v ation of this work is to find possible fingerprints of MOG

ffects on galaxies in underdense regions, where the fifth force is
resent. This can be possible with the comparison between simulation 
oxes with same initial conditions but with different cosmologies. We 
MNRAS 515, 5358–5374 (2022) 
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M

Figure 2. The normalized distribution of the total gravitational potential 
( � int + � ext ) in haloes for the three chosen cosmologies (F6, F5, and GR). 
The vertical dotted line marks the value | f R0 | = 10 −6 for comparison. For 
nearly all haloes in all our halo catalogues, the Cabr ́e et al. ( 2012 ) criterion 
for unscreened haloes, 3( � int + � ext )/2c 2 < | f R0 | , is satisfied. 
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cknowledge the fact that astrophysical effects are relevant when we
ant to compare galaxy formation and the influence of cosmology.
ifferent formation histories affect the resulting haloes, making it

mpossible to make a halo to halo comparison between different
osmologies. For this reason, we lean to a statistical approach
earching for general trends. 

 N U M E R I C A L  SIMULATIONS  

ccurate theoretical predictions require solving the full non-linear
quations in simulations. Thus, methods to explore the non-linear
egime in f(R) gravity are of high theoretical importance. Particularly,
he non-linear scales are critical for weak lensing measurement and
end themselves to detailed observational comparisons. Quantifying
he chameleon effect in detail enables discrimination between differ-
nt f(R) models themselves. To date due to the difficulty solving the
oupled scalar field and modified Poisson equations, it has not been
traightforward to explore with high resolutions these consequences.
n most recent years, several efforts have been done in order to modify
xisting N -body and hydrodynamical codes to take into account
ifferent models of modified gravity. In particular, the f ( R ) gravity
heory is among the most promising theories [see Llinares ( 2018 ) for
 re vie w on simulation techniques for modified gravity]. 

.1 SHIBONE simulations 

aryonic effects in different cosmologies constitute a critical point
s theoretical results can be contrasted with observations. A code
hat can resolve the non-linear equations of the f(R) model but also
nclude baryonics physics is fundamental. The results presented in
his work were obtained by analysing the SHIBONE simulation by
rnold, Leo & Li ( 2019 ). This set of simulations includes a set of

ull-ph ysics h ydrodynamical simulations employing the ILLUSTRIS-
NG model in Hu–Sawicki f(R) -gravity (Hu & Sawicki 2007 ). 
The numerical scheme of this simulation is based on the AREPO

Springel 2010 ) code, and employs a new and optimized method to
olve the fully non-linear f(R) -gravity equations in the quasi-statics
NRAS 515, 5358–5374 (2022) 
imit, combined with the ILLUSTRIS-TNG galaxy formation model
Pillepich et al. 2017 ; Genel et al. 2018 ; Marinacci et al. 2018 ; Nelson
t al. 2018 ; Springel et al. 2018 ), which incorporates prescriptions
or g as-h ydrodynamics, star and black hole formation, feedback
rom supernovae and AGN, magnetic fields, gas heating and cooling
rocesses, as well as galactic winds. The SHIBONE simulations use
he same calibration for their baryonic feedback model as the original
llustris-TNG simulations. 

The SHIBONE simulations consist of 13 numerical experiments
arried out using different cosmologies and at two different resolu-
ions. All simulation initially contain 512 3 dark matter particles (see
able 1 ) and the same number of gas cells. For our study, we use the
5-Mpc box, because it has better mass resolution. The simulations
tart at redshift z = 127, with a softening length for DM and stars
articles of 0.5 h −1 kpc. All simulations use Planck 2016 (Planck
ollaboration et al. 2016 ) cosmological parameters σ 8 = 0.8159,
B = 0.0486, �λ = 0.6911, h = 0.6774, and n s = 0.9667. 

 G A L A X Y  SELECTI ON  

.1 Voids in f ( R ) 

oids by definition are underdense regions of the cosmic web.
n these regions, due to the low density, potential modifications
o gravity should become unscreened and lead to observational
ifferences from GR. 
Such underdense re gions pro vide a powerful tool to investigate the

ccelerated expansion of the Universe under a proper environment
Li, Zhao & Koyama 2012 ; Cai, Padilla & Li 2015 ; Paillas et al. 2019 ;

ilson & Bean 2020 ; Contarini et al. 2021 ). The interiors of void
egions feature a negative δρ which pushes the δf R field to ne gativ e
 alues, thereby turning of f the screening mechanism and enhancing
he modifications of gravity. 

Galaxy and CMB surv e ys hav e demonstrated ho w observ ational
ata from voids can provide cosmological constrains. Void density
rofiles, void lensing profiles, and redshift spaces distortions are
xamples of observations that will provide new opportunities to
urther probe gravity on large scales inside void environments (Li
011 ; Clampitt, Cai & Li 2013 ; Cai et al. 2015 ; Paillas et al. 
019 ). 

.2 Selection of the halo sample 

e aim to investigate the effects of baryonic physics in unscreened
nd partially screened haloes (PSH), where the equi v alence principle
s no longer valid (see e.g. the review by Sakstein 2020 ). 

In order to select our halo catalogue, we run a void finders for the
hole SHIBONE suite. We applied 3D Spherical void finder (SVF;
aillas et al. 2019 ) which finds spherical voids for a given radius
nd then, rank the voids in number of increasing neighbours. The
utcome is a catalogue of the haloes in the most underdense region
f the simulation box. Using the SVF, a complete list of haloes
as obtained. For each halo, we get the corresponding number of
eighbors in a sphere of 1 Mpc of radius. 
SVF was implemented in order to always have a halo in the void

entre. The steps to construct the ranked halo catalogue were: 

(i) Gather the total number of halo neighbours for each galaxy. 
(ii) Check the local Voronoi cell volume to limit our SVF catalogue

o the most underdense regions in the simulated box. 
(iii) Take the haloes with less neighbours in the most underdense

egions, with a cut-off mass of M = 10 9 M (See Fig. A1 ). 
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Figure 3. The halo acceleration ratio a tot / a gr for each selected halo, as a function of the scaled radius, r / r 200 , for the F6 model in two bins of M tot [ < r hm 

] (see 
the titles of the two subpanels). The ratio for individual haloes is represented as grey lines. The black solid line is the median of the ratio of all haloes and the 
shaded areas enclose the 25th and 75th quartiles. For the more massive haloes ( M tot [ < r hm 

] > 10 11.2 M 	; bottom panel), only their inner parts have screened 
regions. Haloes with both a screened and an unscreened region are what we define as PSH. This is approximately ∼ 15 per cent of the whole halo catalogue. In 
the case of the F5 simulation, all the haloes are completely unscreened. 
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1 The half-mass radius, r hm 

, is defined as the radius that encloses 50 per cent 
of the baryonic mass (gas and star particles). 
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.3 Reconstructing the gravitational field for the selected haloes 

or the resulting haloes, we mapped the Newtonian potential o v er
he galaxy catalogue, according to the Cabr ́e et al. ( 2012 ) relations, 

3 � int / 2 c 2 = 

3GM 200 

2 r 200 c 2 

3 � ext / 2 c 2 = 

∑ 

d i <λc + r i 

3GM i , 200 

2 d i c 2 
. 

(22) 

n these equations, the internal Newtonian potential ( � int ) was eval-
ated using the galaxy mass and the external Newtonian potentials 
 � ext ) was e v aluated using neighbor objects, where d i is the distance
o the neighboring galaxy with its corresponding virial mass, M i, 200 

nd virial radius, r i, 200 . Finally, λc is the Compton wavelength given 
y 

C = 32 
√ 

| f R 0 | / 10 −4 Mpc . (23) 

he Cabr ́e et al. ( 2012 ) relations were built to compare the values
f the Newtonian fields to the ones of the background scalar field,
 R 0 . With this comparison in hand, we can estimate if galaxies are
elf-screened (3 � int /2 c 2 > | f R 0 | ) or unscreened (3 � int /2 c 2 < | f R 0 | ).
he same conditions can be estimated with the external gravity field, 
 ext , and the condition to have an environmentally screened regime. 
The haloes of our selection were not completely self-screened, 

or are they environmentally screened. Indeed, for most haloes, both 
he internal and external contributions to the gravitational potential 
atisfy the Cabr ́e et al. ( 2012 ) conditions for unscreened haloes,
 � int /2 c 2 < | f R 0 | and 3 � ext /2 c 2 < | f R 0 | , as we can see in Fig. 2 . 
This general criterion makes the selected haloes suitable to study 

he baryonic effects in MOG models. According to equations ( 22 ),
ur haloes are at most only partially screened. 
 RESULTS  

.1 Galaxy properties and scaling relations 

.1.1 Halo density properties 

e divided each halo catalogue in bins of total mass (gas, stars, and
ark matter) inside the half-mass radius, M tot [ < r hm 

]. 1 Because M tot 

lso include the contribution from dark matter (dm) particles, these 
uantities can be used as a characterization of the concentration of
otal mass inside galaxies. 

In order to minimize numerical artifacts, we only selected objects 
esolved with more than 1000 baryonic particles within the half-mass 
adius (see the mass resolution in Table 1 ). Our goal is to inspect and
nalyse the ratio between the total and the Newtonian accelerations 
 a tot / a gr ) for each halo, which we show in Fig. 3 . This so-called
acceleration ratio’ was studied in the past by Arnold, Springel &
uchwein ( 2016 ) as a good indicator of the screening radius, beyond
hich the effects of the fifth force begin to be rele v ant, i.e. a tot / a gr 

ecomes significantly larger than unity. The acceleration modulus 
as computed as ( E a 2 x + E a 2 y + E a 2 z ) 

1 / 2 , for GR accelerations. In the case 
f the MOG acceleration, the fifth-force contribution w as tak en into
ccount. 

In the F5 catalogue, the whole halo selection is completely un-
creened, as expected of a model with a large background chameleon 
eld. In the case of F6, the total mass inside the half-mass radius
eems to be a good indicator of totally unscreened haloes ( M tot [
 r hm 

] < 10 11.2 M 	) or PSH ( M tot [ < r hm 

] > 10 11.2 M 	). In the
6 catalogue, PSH make up approximately ∼ 15 , per cent of all 
MNRAS 515, 5358–5374 (2022) 
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M

Figure 4. A comparison of galaxy morphology between F6 (red), F5 
(green) and GR (blue). Each panel shows a particular mass bin as indicated 
by the legend. GR contains larger fractions of discs (greater D/T), and 
higher frequency of smaller B/T ratios, followed by F5 and F6, with 
lower D/T. 
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Figure 5. Examples of the observed rotational curves for two F6 haloes: a 
PSH (left-hand panel) and a completely unscreened halo (right-hand panel). 
〈 V φ, stars 〉 and 〈 V φ, gas 〉 (for stars and gas particles) are shown in green and 
black star symbols, respectively. We also plotted the V M true (blue line) and 
V a cc (red line). Bottom panels the relation a TOT / a GR versus r / r 200 for the two 
haloes. The left plot has the screening radius, r NUM 

s = 1 . 6[kpc h −1 ] , for the 
acceleration ratios and r NFW 

s = 3 . 3[kpc h −1 ] , in vertical dashed lines. Their 
corresponding values are represented in black arrows in the upper panel. Also, 
each plot has in black arrow the optical radius, r opt , (17.4 [kpc h −1 ] and 19.8 
[kpc h −1 ] for right-hand and left-hand panel, respectively), as an estimation 
where the galaxy disc ends. 
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.1.2 Galaxy morphology 

e perform a more quantitative assessment of the demographic of
he selected galaxy population, as shown in Fig. 4 for the galaxy

orphology (see also Figs A1 and A2 of the Appendix, for the
eneral scaling relations of the three cosmologies). 
To characterize galaxy morphology, we use the disc-to-total stellar
ass fraction ratio, D/T. This criterion was previously implemented

y e.g. Tissera, White & Scannapieco ( 2012 ), Pedrosa & Tissera
 2015 ), and Cataldi et al. ( 2020 ). This was estimated using the cir-
ularity parameter ε of the star particles defined as ε = J z / J z, max ( E ),
hat is the ratio between the angular momentum J z and the maximum
ngular momentum o v er all particles at a given binding energy E ,
i.e. J z, max ( E )). A star on a circular orbit in the disc plane should
ave ε � 1. The disc component is associated with those particles
ith ε > 0.5 and the rest of the particles are associated with the

pheroidal component. The D/T fraction is the mass fraction in the
isc component. 
For the central spheroid components (i.e. dispersion-dominated)

e define the bulge-to-total fraction as B/T = 1 −D/T. 
NRAS 515, 5358–5374 (2022) 
The galaxy morphology distribution shows dependence with the
ass bins and with cosmologies (see Fig. 4 ). There is a general

rend that the GR catalogue has more well-defined disc-dominated
alaxies, followed by F5 and F6, where the elliptical galaxies seem
o be the dominant galaxy morphology. 

F6 haloes change significantly across the two mass bins. For
alaxies with larger mass within the half baryon mass radius (greater
 tot [ < r hm 

]), galaxies have greater D/T fraction. Arnold et al.
 2019 ) have reported that SHIBONE galaxies can form in f ( R )-
ravity despite the complicated force morphology in the PSH. Even
ore, there are more well-defined disc in F6 compared to GR (and

ignificantly fewer in F5). Following the same trend, we found that
OG haloes increase their D/T fraction in the more massive bin, for

ur smaller halo catalogue. 

.2 Rotation cur v es 

To describe the different ways we calculated the baryonic velocities,
e illustrate the velocity profiles for two PSHs in Fig. 5 . We calculate

he binned tangential velocity of the stellar disc component. For
oing this we choose a system of coordinates perpendicular to the
otal angular momentum of the galaxy. 

Considering only haloes with screening radius less than r opt 
2 (the

ajority of PSHs), we calculated the mean tangential velocity of the
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Figure 6. The Stellar Tully–Fisher relation (STFR) for the selected haloes. Panel (I) V max calculated using the integrated mass. Panel (II): V M true , using the 
integrated dynamical mass, V M dyn for the MOG models (for GR is equal to V M true ). Panel (III) calculated with the total acceleration V a acc . Panel (IV) with the 
tangential velocity of the gas particle, V φgas . Bottom panels: the residuals of each MOG cosmology: F6 (red), F5 (green) versus GR (solid blue lines). 

Table 2. The STFRs for the three catalogues, with their corresponding Pearson correlation coefficients, ρCOSMO 
Pearson , and their dispersion 1 −

σ in the M opt . 

Tully–Fisher (star) ρGR 
Pearson σG R 

ˆ y [10 10 M 	] ρF6 
Pearson σ F6 

ˆ y [10 10 M 	] ρF5 
Pearson σ F5 

ˆ y [10 10 M 	] 

M 

star, opt ( M true ) versus V 

max ( M true ) 0.87 2.96 0.91 1.81 0.90 1.59 
M 

star, opt ( M true ) versus V 

max ( M dyn ) 0.87 2.96 0.89 1.81 0.90 1.59 
M 

star, opt ( M true ) versus V 

max (gas tg ) 0.79 2.97 0.86 1.75 0.84 1.60 
M 

star, opt ( M true ) versus V 

max (ar) 0.87 2.96 0.88 1.81 0.90 1.47 
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Table 3. The ratio between the concentrations in F6 and GR ( c F6 / c GR ), for 
four bins of the total mass contained in the half-mass radius, r hm 

. 

M 

[M 	] [ < r hm 

] c F6 / c GR 

< 10 10.3 1.58 
[10 10.3 , 10 10.5 ] 1.28 
[10 10.5 , 10 10.7 ] 1.76 
> 10 10.7 1.70 
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as particles, 〈 V φ, gas 〉 , in equally spaced radial bins. For systems in
otational equilibrium within such potential wells, we should expect 
hat 

〈
V φ

〉 ∼ V rot . Finding a departure from this equality could be 
ndicative of a perturbation in the angular momentum by the action 
f an additional force. 
To better visualize the tangential velocities in comparison to 

 rot , we analysed two haloes individually for the F6 simulation. 
n each plot we have indicated the numerical screening radius for
he acceleration ratios r NUM 

s , defined as the radius where a TOT / a GR =
.03 (see more details about this choice below) and the theoretical 
creening radius calculated using an NFW density profile, r NFW 

s (see 
quation 21 ), in vertical grey dashed lines. Both screening radii 
iffer due to the different methods used to calculate them. In the
ase of PSH (left-hand panel) the object is massive enough to affect
he relation a TOT / a GR in the inner radii. The fifth force in this case
ecrease quickly and the chameleon screening sets in ( a TOT ∼ a GR ). 
We analysed the departures between different methods 

f calculate the rotational velocities, V a cc = 

√ 

a TOT · r and 
 M true = 

√ 

GM( < r) / r , from the tangential velocity of the disc 
 V φ, gas 〉 and 〈 V φ, star 〉 (calculated using star particles from the stellar
isc). 
The residual velocities R = 

〈
V φ

〉 − V M true between different meth- 
ds can be analysed via the Tully–Fisher relation, inspecting the 
ifferent maximum rotation velocities. In the upcoming years, with 
OG simulations with better resolution and for models where gas 

nd stars particles experience different degrees of screening, this kind 
f plots could be used to check the test proposed by Vikram et al.
 2018a ) in a numerical context. 
.2.1 Tully–Fisher relations 

he TFR is an empirical law that relates the maximum rotation
 elocity achiev ed in the rotation curve of a spiral galaxy and its mass
ontent or luminosity. The TFRs evidence the flattened profiles found 
n the rotation curves of spiral galaxies (modified from the expected 
 eplerian falling of f curve) by predicting the asymptotic constant

otation velocity of stars far off from the galactic centres in terms of
he total mass, or vice versa (e.g. see Acedo 2020 ). 

Modified gravity theories and the TFRs have been connected 
longside the first constraint test (e.g. Dutton & Van Den Bosch
009 ; Trujillo-Gomez et al. 2011 ; Brook et al. 2012 ; McGaugh
012 ), especially in MOND (Milgrom 1983 ) models (e.g. McGaugh
012 ; Zobnina & Zasov 2020 ). This family of models present a
odification of Newton’s law of universal gravitation in order to 

eplace dark matter. Recently, Amekhyan, Sargsyan & Stepanian 
 2021 ) obtained constraints on Gurzadyan & Stepanian ( 2019 ) dark
nergy model using baryonic TFRs. 
MNRAS 515, 5358–5374 (2022) 
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Figure 7. The ratio of ef fecti ve to true masses, M dyn / M true , as a function of 
the true mass, M true in the F6 halo catalogue selected based on the total mass 
inside the half-mass radius, r hm 

. Each symbol represents an individual halo, 
and the solid line is the median value. The title of the plot shows the mean 
value of the mass ratio inside the r hm 

. 

Figure 8. The relative difference between the concentration–mass relations 
based on the ef fecti ve and true density profiles, at z = 0 for the F6 catalogue. 
The grey points are the individual haloes, and the black solid line shows the 
moving median relation. 
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The properties of the baryonic TFR (BTFRs) and stellar TFR
STFRs) una v oidably depend on the way the gas and stellar masses
re measured. We focus in this work on the stellar relations (STFRs),
here the mass can be deduced from the galaxy luminosity with

n assumed mass-to-light ratio. The maximum rotation velocity of
 galaxy, in a numerical simulation, can be measured or estimated
ndependently with three different methods: 
NRAS 515, 5358–5374 (2022) 
(i) using the integrated total (stars, gas, and dark matter) particle
ass within radius r , as given by V M 

= 

√ 

GM( < r) / r ; 
(ii) using the tangential velocity of the gas particles from the

aseous disc, as V φ, gas , where V φ denotes the tangential component
f the velocity; 
(iii) or using the acceleration field in the radial direction, as

 a cc = 

√ 

a TOT · r , where we have used bold symbols to denote
ectors, and · means taking the inner product of two vectors. 

The maximum rotation velocity is then taken as the maximum
alue of the rotation velocity profile, V rot . These three methods are
qui v alent when the halo is not perturbed by recent mergers, with an
ntrinsic connection to their halo morphology. More spherical haloes
end to have more similar maximum rotational velocities independent
f the method, than more irregular shaped haloes. Mergers have
n important impact on the rotation velocity (Pedrosa et al. 2008 ).
herefore, for systems in rotational equilibrium within a gravity
otential well, we should find the same values for V rot , independently
f the calculation method. 
In Fig. 6 , we show the STFRs for all three cosmologies and velocity

alculation methods. In each panel, we show the relative difference
n optical mass of each MOG cosmology with respect to GR, i.e.
 M MOG − M GR )/ M GR . 

In Panel (I) of Fig. 6 , the STFR was computed as
 M true = 

√ 

GM( < r) / r and then we took the maximum value.
he resulting plot shows no significant differences between the

hree gravity models. 
Panel (II) is the same calculation using the dynamical mass

discussed later in Section 5.3 ) as V M dyn = 

√ 

GM dyn ( < r) / r . Fixing
 star, opt , MOG haloes show larger V max , in comparison with GR.
he fifth force does not affect the stellar mass significantly but does

ncrease M dyn and in consequence, increase V M dyn . For more massive
alaxies, we reco v er the behaviour of P anel (I) for F6, as M dyn ∼
 true for the most massive objects in this model. In the case of small

aloes in our catalogue (that are completely unscreened, see Fig. 3 ),
he difference between GR are significant. This can be clearly seen
n the regime of lower M star, opt , where the F6 and F5 small haloes
each the same V max , which is a consequence of the enhancement of
he gravitational force. 

In Panel (III), we compute the velocity as V a acc = 

√ 

a TOT · r , where
he total acceleration is a GR + a mod . The enhancement of V max due
o the fifth force is in this case direct. 

Finally, in Panel (IV) we analyse the velocity as V φgas . The
ifferences between models in this case remain significant. The
angential velocities are sensible to recent mergers, o v erall formation
nd stability of the stellar disc, in addition to the fifth force. In
he case of F6 and F5, different gravity regimes inside the stellar
isc, strengths the differences in the tangential velocity for the same
 star, opt . 
When more precise observational determinations of these veloci-

ies become available, signs reflecting the effects of MOG could be
etected. 
In Table 2 , we inspect the degree of correlation of M star, opt versus

 max for each haloes for all analysed cosmologies and velocity
ethods. For this, we calculated the Pearson coefficient, ρCOSMO 

Pearson , as
 degree of linear correlation between two sets of data. For a totally
orrelated system this coefficient goes to 1. On the other hand, for
ncorrelated sets, the coefficient takes a value equal to 0. In all the
ases, the Pearson coefficient ρCOSMO 

Pearson reflects strong correlations. 
On the other hand, the dispersion σ in the optical mass, M star, opt ,

or a given V max , varies significantly, giving a possible fingerprint to
est MOG effects. 
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Figure 9. Volume fit of the resulting ellipsoids ( 4 3 παell βell γell ) versus the 

equi v alent volume ( 4 3 π ( r NUM 

s ) 3 ) of the screening regions, in case we consider 
a sphere of radius r NUM 

s . In the latter case, r NUM 

s is the radius where the average 
v alue sho wn in the labels of the figure is taken by the field amplitude | f R / f R 0 | 
or the acceleration ratios a TOT / a GR . 
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.3 Effecti v e mass 

he dynamical mass of a halo is the mass ‘felt’ by massive test
articles. It can be measured using the relationship between the 
ravitational potential energy and the kinetic energy of all constituent 
arts. In the case of simulations, it can be calculated from the
ensity field created by the dark matter particles. More explicitly, the 
f fecti ve density field, δρeff , can be defined by casting equation ( 8 )
nto the following form (He et al. 2015 ): 

 

2 � = 4 πGδρeff , δρeff ≡
(

4 

3 
− δR 

24 πGδρ

)
δρ. (24) 

This can be calculated for all the cells in the simulation grid, from
hich one can calculate a ratio between δρeff and δρ. This ratio is
ultiplied by the mass of all particles residing in that cell in order

o calculate an ‘ef fecti ve mass’ of these particles. The total ef fecti ve
ass of all particles with the radius of a halo gives the ef fecti ve
ass, M eff . 
M true , the true halo mass, is not necessarily the same as M eff .

his is defined within the same radius around the same halo centre
ut using the true mass of particles. He et al. ( 2015 ) suggested
hat it is preferable to use the ef fecti ve mass for the purpose of
nalysing the dynamical properties of haloes in f ( R ) models. M eff 

an be used as a proxy for the dynamical mass M dyn ; both the
f fecti ve mass and the dynamical mass vary between M true and

4 
3 M true : when there is no chameleon suppression of the scalar field, 
he relation is M dyn = 

4 
3 M true , while when the halo is strongly 

creened, the dynamical mass reduces to the true value in GR 

 M dyn � M true ). 
Chameleon screening effects come also from the matter that 

urrounds a halo, commonly known as environmental screening. 
ue to the conditions imposed for the selection of the sample in this

tudy, we do not have environment effects in the PSH. 
In Fig. 7 we plot the mass ratio, M dyn / M true , as a function of the

rue mass, M true , for the F6 haloes. Each point corresponds to an
ndividual halo, where the majority lie along the horizontal line near 
/3. For the more massive haloes, M true ≈ M dyn , which corresponds
o a chameleon screening that is strong enough to suppress the 
nhancement of the fifth force. 

The legend in Fig. 7 indicates the median values of the mass ratio,
hich shows that up to the half-mass radius, only a small fraction of

he F6 haloes is screened, even though we focus on the inner regions
f the halo where the screening effect is expected to be stronger. This
edian value decreases when we analyse the mass within a smaller 

adius (e.g. 5 per cent of the halo radius: 0.05 × r 200 ), as expected.
itchell et al. ( 2018 ) has proposed, with a good agreement, a ‘tan

 ’ function ‘toy model’ with two free parameters to fit the mass 
atio. 

.4 Halo concentration 

n the � CDM model, dark matter haloes are well described by the
FW density profile given by equation ( 18 ), which has two free
arameters, ρ0 and r NFW 

. The NFW profile has also been shown 
o work reasonably well for haloes in f ( R ) gravity (e.g. He et al.
015 ; Arnold et al. 2016 ; Mitchell et al. 2019 ). Of the two NFW
arameters, the scale radius r NFW 

can be expressed in terms of the 
alo concentration, c � 

≡ r � 

/ r NFW 

and ρ0 can be further fixed using 
he halo mass. Here, � denotes the mean o v erdensity within the
alo radius, which is commonly used to define the halo radius. For
xample, � = 200 indicates that within the halo radius r 200 the mean
atter density is 200 times the critical density of the Universe at the
alo redshift. 
We study the concentration–mass relation c 200 ( M 200 ) in both

creened and unscreened regimes. The halo concentration was 
riginally defined by Navarro et al. ( 1997 ) as a parameter of the NFW
MNRAS 515, 5358–5374 (2022) 
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Table 4. The mean values of the shape parameters ratios and the angle 
rotation from the stellar disc frame versus D / T bins. 

<βface / αface > <βedge / αedge > 〈 φ◦
edge 〉 

0.0 < D / T < 0.3 0.89 0.68 −0.7 ◦
0.3 < D / T < 0.6 0.87 0.68 −2.4 ◦
0.6 < D / T < 1.0 0.84 0.64 −6.0 ◦

<γ ell / αell > <γ ell / βell > <φ> roll <θ> pitch 

0.0 < D / T < 0.3 0.59 0.70 7.8 ◦ −2.3 ◦
0.3 < D / T < 0.6 0.56 0.69 −15.7 ◦ −1.2 ◦
0.6 < D / T < 1.0 0.55 0.66 6.7 ◦ 10.0 ◦
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rofile. While there are different methods to calculate it without
irectly fitting this profile for haloes, the latter is usually a more
eliable means of accurately measuring the concentration in a way
hat is true to its definition. It has been claimed (Mitchell et al. 2019 )
hat even in unscreened haloes in f ( R ) gravity, the concentration can
till be measured in the same way, giving a good fit with the NFW
rofile. 
In f ( R ) gravity, Mitchell et al. ( 2019 ) found that the concentration

an become enhanced or reduced due to the effects of the fifth
orce on the density profile. For haloes which have recently become
nscreened, particles experience a greater acceleration due to the
tronger gravitational force, while their velocities have not been
trongly affected since this process takes time, altering the density
rofile such that it is raised in the inner regions and lowered in the
uter regions. If, on the other hand, a halo has been unscreened
or a long time, then the particles speeds have been enhanced by
 1/3, leading to an increase in kinetic energy that surpasses the

eepening of the gravitational potential caused by the fifth force;
n such situations the particles tend to mo v e to the outer regions
f haloes, decreasing the concentration. There is not yet a general
uantitative model for the concentration in f ( R ) gra vity, b ut Mitchell
t al. ( 2019 ) provided a fitting formula which works accurately for a
ide range of f ( R ) variants. Similar studies of the effects of the fifth

orce on the concentration and the density profile can be found for
ther gravity models (e.g. Zhao, Li & Koyama 2011 ; Lombriser
t al. 2012 ; Shi et al. 2015 ; Arnold et al. 2016 ; Mitchell et al.
021 ). 
We cannot make one-to-one comparison of haloes between differ-

nt cosmologies, as there is no clear correspondence between haloes
ith different merger histories. In the F6 haloes, we compared the
edian values of � c 200 ( M 200 ) between F6 and GR for four mass bins
 [ < r hm 

]. We found that the concentration is greater in F6 than in
R (see Table 3 ), in agreement with the findings of Mitchell et al.

 2019 ). 
We also took the ef fecti ve density profile, ρeff , in the F6 haloes and,

ollowing the same procedure, we fitted an NFW profile. Fig. 8 shows
he relative difference between the concentration parameters from the
f fecti ve and true density profiles, ( c dyn 

F6 − c true 
F6 ) / c 

true 
F6 . For all haloes,

e found that when we take into account the additional contribution
ue to ef fecti ve mass, the haloes were less concentrated ( c dyn 

F6 < c true 
F6 ).

his effect is as expected. When we consider the dynamical mass,
he outer regions, where the fifth force is less screened, receive
ontribution of an additional term in mass, so that the ef fecti ve density
rofile ρeff can be significantly higher than the true density profile
here. In contrast, in the inner regions ρeff tends to be closer to ρ due
o the chameleon screening, and the net effect is a shallower density
rofile ρeff ( r ) and hence a smaller concentration. 
For the more massive haloes, we recovered the true density profile,

onsistent with our previous findings of Section 5.3 . This should
NRAS 515, 5358–5374 (2022) 
e reflected by tests which aim to measure both the ef fecti ve and
rue mass density profile. For example the works by Terukina et al.
 2014 ), Wilcox et al. ( 2015 ), and Pizzuti et al. ( 2017 ) compare the
-ray emitting gas (influence by the fifth force, if it exists) with weak

ensing profiles (which reco v er the true mass) in order to check for a
isparity in their contraction. 

.5 Morphology 

.5.1 The screened regions 

he scalar field f R in the innermost regions of a halo can be suppressed
y several orders of magnitude with respect to the background field,
 ̄R . This effect is essentially equivalent to switching off the presence
f a fifth force. As we go to outer regions, the scalar field grows
symptotically to the value of the background field. 

We analysed three different criteria to define a screening radius or
he corresponding screening surface. As mentioned in Section 2.5 ,
he screening surface morphology in disc galaxies shows deviations
rom spherical symmetry, as has been reported by Naik et al. ( 2018 ).

We inspected the face-on and edge-on maps of the scalar field,
 R , across planes going through the galaxy centres. As an exam-
le, see Fig. 1 . The contours show the locations of the screen-
ng surface for an specific value of the field amplitude ( | f R / f R 0 |
 10 −2 ) or total (MOG + GR) versus GR acceleration ratio 

i.e. a TOT / a GR = 1.03). 
We quantified the deviation of the resulting ellipsoidal screening

urface from a spherical morphology, fitting the boundary surface
ith 2D ellipses for the edge-on and face-on frames independently,

ccording to the equation x 2 

α2 
edge 

+ 

y 2 

β2 
edge 

= 1 and x 2 

α2 
face 

+ 

y 2 

β2 
face 

= 1 ,

espectively. The parameters α, β are the major and minor semi-
xis of the ellipsoids, respectively, where α ≥ β. In addition, we
alculated the rotation angle φ◦

edge of the ellipses axis with respect to
he original stellar disc frame. 

We also fitted the 3D screened re gion. F or this, we use
x 2 

α2 
ell 

+ 

y 2 

β2 
ell 

+ 

z 2 

γ 2 
ell 

= 1 and gather the three parameters ( αell , βell , γ ell ),

here αell ≥ βell ≥ γ ell . 
To calculate the orientation axis with respect to the stellar disc

lane, we considered the Tait–Bryan angles. These angles correspond
o the roll, pitch, and yaw angles ( φ, θ , ψ) that are defined as the
otation angles around the ˆ x , ˆ y , and ˆ z axis, respectively. 

In Fig. 9 , we compare the volumes of the ellipsoids versus
onsidering spherical screening regions with a radius equal to r NUM 

s .
abels in each panel shows the criterion to define these screening

egions: | f R / f R 0 | = 10 −2 (top panel), | f R / f R 0 | = 10 −3 (middle panel)
nd a TOT / a GR = 1.03 (bottom panel). Taking radial bins, we calculate
 

NUM 

s as the radius where field amplitude | f R / f R 0 | or the acceleration
atios a TOT / a GR takes the average value of the one shown in the labels
f the figure. 
For | f R / f R 0 | = 10 −2 and | f R / f R 0 | = 10 −3 , the resulting volumes

ellipsoids versus spheres) share similar v alues, de viating from the
quality only for the more massive haloes which corresponded to the
arger screening volumes. Interestingly, the bigger differences were
ound when a TOT / a GR = 1.03 was the criterion adopted. In order to
onserve the screening volumes, from this point on, we adopt | f R / f R 0 |
 10 −2 as the main criterion to define the edges of the screening

olumes. 
Even though the volumes were similar whether we parametrize

ith only one parameter r NUM 

s (sphere) or with three parameter αell ,
ell , γ ell (ellipsoids), in the latter case the three ellipsoidal parameters
re quite different from each other (see Table 4 and Fig. 3 ). 
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Figure 10. Shape parameters q (blue), s (green), and T (red) median values versus r / R 200 for F6 (top panels) and GR (middle panels). The shaded areas enclose 
the 25th and 75th quartiles. Haloes have been divided in four subsamples according to the total ef fecti ve mass, sho wn in the four different columns. The bottom 

panel of each column shows the relative change between the shape parameters of the F6 and GR runs. 
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Stellar disc mass distribution of the galaxy reshapes the screening 
olume morphology. To quantify this interdependence, we studied 
ow the ellipsoids (3D) and ellipses (2D) parameters behave in terms
f D/T bins. The plane containing the major axis of the ellipsoids
i.e. αell , βell ) deviate very little from the stellar disc frame (i.e. small
φ> roll and <θ> pitch ). The fitted regions are aligned to the stellar

isc (see Table 4 ). 
The deviation from a sphere should be reflected in the ratio 

etween axis along the stellar disc. We plotted the relation between 
llipse parameters in Fig. A3 of the Appendix section and are listed in
able 4 . In the face-on and edge-on frame, the shape parameter ratio
 β face / αface ) anticorrelates with D / T , i.e. as the stellar disc is more
ell-defined. The same behaviour was found for the ratio γ ell / αell 

hich decreases with D / T . The trend, albeit weak, qualitatively
ollows what was seen in past studies (e.g. Arnold et al. 2016 ;
aik et al. 2018 ), namely, that the screening surface loses spherical

ymmetry and becomes more elliptical, as the stellar disc becomes 

ore well defined. 
.5.2 The MOG halo morphology 

e also study the halo shapes and galaxy morphologies. We describe
heir shapes using the semi-axes of the triaxial ellipsoids, a ≥ b ≥
 , where a , b , and c are the major, intermediate, and minor axes,
espectively, of the reduced moment of inertia tensor, S ij = 

∑ 

k 
r k, i r k, j 

r 2 k 

e.g. Bailin & Steinmetz 2005 ; Zemp et al. 2011 ), where the sub-
ndex represents each mass unit. 

To obtain the ratios q ≡ b / a and s ≡ c / a , we diagonalized S ij to
ompute the eigenvectors and eigenvalues, as described in Tissera 
 Dominguez-Tenreiro ( 1998 ). An iterative method is used, starting
ith particles selected in a spherical shell (i.e. q = s = 1, Dubinski
 Carlberg 1991 ; Curir, Diaferio & de Felice 1993 ). Traditionally

he s shape parameter has been used as a measure of halo sphericity
e.g. Allgood 2005 ; Vera-Ciro et al. 2014 ; Chua et al. 2019 ). 

We adopt the triaxiality parameter, defined as T ≡ (1 − q 2 )/(1
s 2 ), which quantifies the degree of prolatness or oblatness: T =

 describes a completely prolate halo ( a > b ≈ c ) while T = 0
MNRAS 515, 5358–5374 (2022) 
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escribes a completely oblate halo ( a ≈ b > c ). Haloes with T >

.67 are considered prolate and haloes with T < 0.33 oblates, while
hose with 0.33 < T < 0.67 are considered triaxials (Allgood 2005 ;
rtale et al. 2019 ). DM haloes morphologies have been found to be

ignificantly non-spherical in the N -body simulations (e.g. Jing &
uto 2002 ; Allgood 2005 ; Macci ̀o, Dutton & van den Bosch 2008 ;
espali, Giocoli & Tormen 2014 ; Vera-Ciro et al. 2014 ), and found

o be well characterized as triaxial ellipsoids. 
Fig. 10 shows the median shape parameters for F6 (top panels)

nd GR (middle panels), divided in mass bins. In each mass bin, we
nclude the relative change between cosmologies (bottom panels). F6
aloes are more prolate and less triaxial than their GR counterparts
or the less massive bins. Even though this trend is very weak, we note
hat the morphology of DM haloes is poorly constrained and until
ow a study of the cosmology dependence is still necessary, which
akes the results here useful. The triaxial shapes of haloes have

een found, in theoretical and observational studies, to exhibit weak
rends with environments, with haloes in underdense environments
nd of higher mass being more prolate, T > 0.67 (e.g. Macci ̀o et al.
007 ; Lee et al. 2017 ; van et al. 2017 ; Gouin, Bonnaire & Aghanim
021 ; Hellwing et al. 2021 ; Menker & Benson 2022 ). F6 haloes in
oid environments reinforce the trend observed in GR but with the
ifferences between cosmologies becoming smaller when F6 haloes
tart to become screened (more massive bins) in the inner regions. 

 C O N C L U S I O N S  

n this work, we have investigated the impact of alternative gravities
MOG) on dark matter haloes and their baryons using a statistical
pproach. We found general trends by comparing simulation boxes
ith same initial conditions but with different gravities. Our main

esults can be summarized as follows: 

(i) The stellar TFRs sho w dif ferences between cosmologies when
e consider V max calculated using the acceleration fields and the disc
as tangential v elocities. F or a constant stellar mass, F6 and F5 tend
o have greater maximum velocities, product of the enhancement
f the gravity force. More precise observational determinations of
hese velocities are necessary to be able to distinguish between
strophysical and cosmological effects. 

(ii) In MOG cosmologies, haloes are more concentrated than in
R. If we look at the profiles of the dynamical halo mass, the

oncentration decreases in comparison to the GR density profile, as
ore mass is added in the outer regions, where the halo is unscreened.
(iii) The stellar disc interacts with the o v erall potential well in the

entral regions, modifying the morphology of the screening regions.
alaxies with greater D/T fractions deviate more from the spherical

hape (even though the spherical volume is conserved) in the sense
hat stellar disc contracts or elongates the screening shape axes. We
lso find that the resulting major axis of the ellipsoid is aligned with
he stellar disc. 

(iv) Small F6 haloes are less triaxial and more prolate than their
R counterparts. The difference between shape parameters becomes

maller when the F6 haloes start to become screened in their inner
egion, which becomes more common as the mass of the haloes
ncreases. 

These results indicate that careful measurements of lensing masses
nd shapes, combined with measurements of circular velocities for
ndividual objects to a v oid differences in expected concentration
ersus mass relations, could be combined in future studies in order
o further test and search for modified gravity cosmologies. 
NRAS 515, 5358–5374 (2022) 
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Figure A1. The SMHM relation, defined as the ratio of galaxy stellar mass to halo mass for the selected haloes, for the GR simulation (blue), F6 simulation 
(red), and F5 run (green). The red dashed square shows the stellar and halo mass cuts used to select our halo catalogue. We also show the Moster et al. ( 2018 ), 
Guo et al. ( 2010 ), and Behroozi et al. ( 2013 ) models. 

Figure A2. Mass–size relation for the selected haloes, for the GR run (blue), F6 (red), and F5 (green). In solid lines, the moving median. The shaded areas 
enclose the 25th and 75th quarterlies. Right-hand panel, in terms of the stellar true mass. Left-hand panel, considering the dynamical stellar mass. 
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Figure A3. The histogram distribution of the ellipsoid (2D) parameters of the ellipses: αedge / r 200 versus βedge / r 200 (left-hand panels). For the ellipsoids (3D), 
we took βell / r 200 versus γ ell / r 200 (right-hand panels). Each row represents a D/T bin and their deviation from equality. We define the screening regions as the 
radii with field values less than | f R / f R 0 | = 10 −2 . For disc galaxies, the parameters βedge and γ ell were smaller that the parameters alongside the stellar disc frame, 
i.e. αedge , αell , and αell . See Table 4 . 

Table A1. An o v erview o v er the number of o v erlapping haloes between the tw o methods to construct halo catalogues used in this w ork. 

Cosmology GR o v erlap F6 o v erlap F5 o v erlap 

Taking 100 haloes 23 (23 per cent ) 13 (13 per cent ) 17 (17 per cent ) 
Taking 200 haloes 98 (49 per cent ) 75 (37 . 5 per cent ) 76 (38 per cent ) 
Taking 300 haloes 215 (72 per cent ) 171 (57 per cent ) 188 (63 per cent ) 
Taking 400 haloes 386 (97 per cent ) 318 (80 per cent ) 332 (83 per cent ) 
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APPENDIX  B:  PROPERTIES  A N D  SCALING  R E L AT I O N S  

In Fig. A1 , we show the SMHM relation, including the Moster, Naab & White ( 2018 ), Guo et al. ( 2010 ), and Behroozi, Wechsler & Conroy 
( 2013 ) models. 

For the three simulations, the relation has similar values as were already present in the original ILLUSTRIS-TNG simulation (see fig. 4 of 
Pillepich et al. 2017 ) and also reported by Arnold & Li ( 2019 ). 

In Fig. A2 , we show the mass–size relation for the selected haloes. The trend are also similar to the original ILLUSTRIS-TNG results (see 
fig. 4 of Pillepich et al. 2017 ). Haloes with greater stellar mass have larger sizes (larger stellar half-mass radius, r hm 

). This trend is present 
independently of fifth force effects. 

B1 Ellipsoid parameters and morphology correlation 

In Fig. A3 , we plot the 2D Histograms of the shape parameters of the edge-on ellipses ( αedge / r 200 versus βedge / r 200 ) in terms of D/T (left-hand 
panels). For the 3D ellipsoids, we show the parameters ( βell / r 200 versus γ ell / r 200 ) (right-hand panels). For larger values of D/T, the spherical 
screening region breaks up. A more well-defined stellar galaxy disc can be a potential indicator of the morphology of an screening region. 
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