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Testing f(R) gravity with scale dependent cosmic void velocity profiles
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We study the impact of cosmological scale modifications to general relativity on the dynamics of halos
within voids by comparing N-body simulations incorporating Hu-Sawicki f(R) gravity, with |fgo| = 107
and 1072, to those of ACDM. By examining the radial velocity statistics within voids classified based on
their size and density-profile, as “rising” (R-type) or “shell” (S-type), we find that halo motions in small
R-type voids, with effective radius <15 Mpc/h, reveal distinctive differences between f(R) and ACDM
cosmologies. To understand this observed effect, we study the linear and nonlinear fifth forces, and develop
an iterative algorithm to accurately solve the nonlinear fifth force equation. We use this to characterize the
Chameleon screening mechanism in voids and contrast the behavior with that observed in gravitationally
collapsed objects. The force analysis underscores how smaller R-type voids exhibit the highest ratios of
fifth force to Newtonian force, which source distinguishable differences in the velocity profiles and thereby
provide rich environments in which to constrain gravity.
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I. INTRODUCTION

The observed late time acceleration of the universe [1,2]
has been shown through a broad set of cosmological
observations to be consistent with the inclusion of a
cosmological constant term A in the Einstein equations,
equivalent to introducing a form of dark energy [3-9].
When comparing observational values of A to predictions
from high energy physics, one finds a mismatch of
Agbs/ Aheory = 10712%, motivating a search for alternative
theories to ACDM, including those which induce a
deviation from general relativity (GR) on cosmological
scales ~1/A .

The landscape of modified theories of gravity is
extremely broad [10]. A feature shared across many of
them is a new scalar degree of freedom which mediates the
“fifth force” and parametrizes deviations from GR. Due to
observational constraints, any viable theory of gravity
which modifies GR on cosmic scales to account for the
late time acceleration, must also have a mechanism to
“screen” the fifth force in solar systemlike environments, to
reduce to GR and pass local tests of gravity. Theories
employing the chameleon mechanism [11] feature a scalar
field nonminimally coupled to matter such that the mass of
the field becomes large in regions of high density, thereby
suppressing the fifth force. The most popular class of such
models is f(R) gravity, which modifies GR by replacing
the Einstein-Hilbert action with a general function of the

fcww78 @cornell
"rachel.bean @cornell.edu

2470-0010/2021/104(2)/023512(18)

023512-1

Ricci Scalar f(R). Hu and Sawicki [12] demonstrated that
this function can be chosen to match a ACDM cosmology
without the need to include dark energy, making it a viable
alternative to GR. By conformally transforming the metric,
it can be shown that f(R) gravity is equivalent to GR plus a
nonminimally coupled scalar field which undergoes
Chameleon screening (see [13] or [14] for a review). An
alternative screening mechanism is provided by the
Vainshtein mechanism [15], seen in “braneworld” theories
of gravity such as nDGP [16]. Here the scalar mediating the
fifth force is screened whenever its derivatives grow large,
such as in the vicinity of sizable overdensities, see for
example [17].

Voids by definition are underdense regions of the cosmic
web [18], where due to the low density, potential mod-
ifications to gravity may become unscreened and lead to
observational differences from GR. There has been a
wealth of research using cosmological simulations that
incorporate the effects of modified gravity theories to study
void statistics in f(R) [19-25], nDGP [26,27], and Galileon
[28,29] gravity scenarios. Voids have also been shown to
provide a rich environment to investigate dark energy
through multiple observable quantities. This includes void
number counts as function a of size [30-34], void density
profiles (void-halo correlation function) [35-39] and void
dynamics and velocity profiles [40,41]. The impact of voids
on weak gravitational lensing [42-47], redshift space
distortions and gravitational redshift effects [48-56], the
integrated Sachs-Wolfe effect [57,58], and the kinetic
Sunyaev-Zel’dovich effect [59] have also been studied.
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Recent galaxy and CMB surveys have demonstrated how
observational data from voids can provide cosmological
constraints. The Sloan Digital Sky Survey (SDSS) has
provided a wealth of observational data including void
density profiles [60], void lensing profiles [61], redshift
space distortions around voids [62—-64]. The Dark Energy
Survey (DES) data has been used to study weak gravita-
tional lensing around voids [65,66], and to combine DES-
detected voids to derive Planck CMB void lensing
signatures [67]. Upcoming spectroscopic and photometric
experiments, such as DESI [68], Euclid, the Nancy Grace
Roman Space Telescope (previously WFIRST) [69,70] and
the Rubin Observatory LSST survey [71,72], will provide
new opportunities to further probe gravity on large scales
within void environments.

The paper is structured as follows: Section II lays out the
formalism used in this paper—including the modified
gravity modeling in Sec. II A, the cosmological simulations
utilized in Sec. IIB, and the void identification and
classification scheme in Sec. II C. In Sec. III we present
the main findings of the paper—summarizing the effects of
modified gravity on void density profiles in Sec. III A, and
the impact on halo radial velocity profiles within the voids
in Sec. III B. The findings are analyzed in Sec. IV—
discussing the impacts of linear and nonlinear estimates of
the fifth force in Secs. IVA and IV C respectively, and
how screening behaves in voids in IV D. In Sec. V the
conclusions of the work are drawn together along with the
implications for future research.

II. FORMALISM

A. Modified gravity theory and model

A flat Friedmann-Roberston-Walker (FRW) metric in
Newtonian gauge with sign convention (—,+,+,+) is
assumed

Gudx'dx* = a*(7)[—(1 + 2®@)de* 4 (1 — 2¥)y;;dx'dx/]
(1)

in which @ is the Newtonian gravitational potential, ¥ is the
spatial curvature perturbation and y;; is the 3D spatial metric.

The spatial comoving coordinates are given by x’ with i, j
running from 1 to 3. y, v run from 0 to 3 including 7 = x°,
the conformal time defined by dr = dt/a, where a(7) is the
cosmological scale factor normalized to a = 1 today.

In f(R) gravity, the Einstein-Hilbert action [73] is

replaced by

- /d‘bcﬁ(ﬁ R+ f(R)] +£m(wi)) )

where f(R) is a function of the Ricci scalar, R. In this paper
we consider the form of f(R) proposed by Hu and Sawaki
[12], one of the most widely studied f(R) models in the
literature, in which the modification takes the form:

o 2 1 (R/ m2)n
f(R) =—-m C2(R/m2>n+1’ (3)
with effective mass scale m = Hy+/€,,9, Hy the Hubble
constant, Qo the fractional energy density in matter today
and ¢y, ¢, and n free parameters in the model.
By varying equation (2) with respect to the metric, one
obtains the modified Einstein equations,

1
G/u/ =+ fRR;w ~ 9w |:§f(R) - I:|fR:| - vpvufR = 87TGT;41/
(4)

where [0 = ¢**V,V, and fr = dR) is given in the high
curvature regime 11m1t R > m?, by

2\ n+l
cp (m
~—n—|— . 5
fR n C% < R ) ( )
Contracting (4) with ¢* gives the trace equation,
1
Ufr :g(R—fRR‘f'zf(R) — 82Gpy), (6)
where the subhorizon limit is assumed and 7%, = —p,, is

taken to be dominated by cold dark matter. Equation (6) can
be viewed as an equation of motion for the scalar field fp
with the right hand side acting as a driving term from an
effective potentlal dVe“

Requiring that the background expansion history match
that from ACDM further constrains the Hu-Sawicki model
parameters. For a ACDM expansion history, one relates the
background value of the Ricci scalar to the cosmological
matter composition,

_ Q
R =3m? (a‘3 + 4—QA°>, (7)
'm0

where Q, is the energy density of a cosmological constant
that would give rise to the observed expansion history. In

tandem with minimizing V ., ‘fl‘;eff = 0, this fixes ”1 =65 &

leavmg and n as the remaining free model parameters

It is customary in the literature to not specify <. & but
instead specify f g, or the background field value at 7 = 0,

Cq Qpp\ ]~ +D
fRO_—?{3(1+4Q >} . (8)

2 'm0

In this analysis, n = 1 and two values of |fg| = 107°
and 107 are considered, referred to as F6 and FS5,
respectively.

Under these assumptions, and noting for the Hu-Sawicki
model, fr < 1 and 6R ~ 5’;2 8fr > RSfg, Eq. (6) can be
simplified, giving
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1 8
V2fr =3 @6R(fr) = 3 a*2Gps, (9)

where 6X denotes perturbations in a quantity X relative to
the homogeneous background value, V2 = y/V,V; (after
imposing the quasistatic approximation) and 6 = p/p. The
remaining perturbed Einstein equations lead to

1 1
Vo :?67rGa2[)5—8a25R(fR). (10)

Equations (9) and (10) together completely specify the total
gravitational potential ®@. To highlight the phenomenology
at play, one can compare the modified gravity model to that
of regular GR, by defining an effective Newtonian potential
that would be derived using the standard Poisson equation
in GR, in the subhorizon limit,

V2@, = 4nGa*ps. (11)

Test particles moving along modified geodesics of the
metric of the Jordan frame will experience a total gravi-
tational force per unit mass given by

1 1 1
gtotalE_?Vq):_?vq)N +ﬁVfREgN+gsv (12)
where V again is the (spatial) comoving gradient arising
from y;;. On its surface, (12) may look as though fp is
acting to decrease the gravitational force from its
Newtonian value, however this is not the case. Looking
at (9) and (11), one can see that f; and ®, have couplings
to matter of the opposite sign, meaning that in the presence
of a spherical overdensity, —4 V®y and +;5Vf will
both points toward the matter source, so that gravity is
enhanced relative to its Newtonian value. Another way to
see this is to rewrite (10) as

4 1
VZCI) = §V2(DN - 8(125R(fR) (13)

Physically, SR(fr) acts as an environment-dependent
mass term in the field equation for f [74]. In this form, it is
clear that gravity is at most enhanced by 1/3 from its
Newtonian value, with SR(fy) acting to decrease that
enhancement.

Using (5), and writing fg = fr + 6f explicitly,

5R = (fR0> "Ro - R, (14)
fr+6fr

which is nonlinear in df. These nonlinearities are respon-
sible for the “chameleon” mechanism [11,75], which greatly
suppresses the fifth force in high density environments.

A positive § entering as a source into (9) will act to make
O0fr positive due to the negative matter coupling. Given

(14), fr must be strictly negative, so that overdense regions
with § > 0 push §f positive which causes the combination
fr + 6fx to grow smaller in magnitude, thereby turning on
the nonlinearities contained in 0R. We note that, depend-
ing on the model’s value of fgy, high density may not
necessarily imply high curvature as shown in [76], indi-
cating that the degree of screening is highly dependent on
the specific value of fg, for a given model.

Taking into account the sign requirement,

Q,,0+4Qu 0

fr= —|fRo|<m

n+1
) +6fr.  (15)

The interior of void regions feature a negative dp which
pushes the 6/ field to a negative value, thereby gradually
turning off the screening mechanism and enhancing the
modifications to gravity. Since the source term in (9)
pushes 6fx negative, and thus away from the nonlinear
effects, we can linearly approximate oR =~ C?T’ié fr, and (9)
becomes

8
V2 friin = @H*6f Riin — gﬂGazl_’& (16)
with the background scalar mass given as

) 1 R <R>n+1
/'t == —_
3(n+1)|frol \Ro
LV (Qua +4Q00)"
B <2997) 2|frol  (Quo +4Qp0)" ™ ((/Mpe)’).
(17)

To quantitatively capture the difference between the
full and linearized fifth forces, we introduce a “screening
factor,” a(x), defined through,

Vg uun = a(X)Vfgjin- (18)
The total gravitational force can then be written as

1 1
Siotal = __QV(I)N +a > VfR,lin- (19)
a 2a

Respectively, fr i, and a each speak to different aspects
of the physics contained in the full nonlinear field equa-
tion (9), and provide complementary perspectives on the
modified gravity phenomenology in voids.

B. Cosmological simulations

In this paper we use the N-body ELEPHANT (extended
lensing physics using analytic ray tracing) simulations
described in [77,78]. The ELEPHANT simulations were
created using the code N-body code ECosmMoG [79,80],
which itself is based on the gravitational N-body code
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RAMSES [81]. The code uses an adaptive mesh, which
is refined based on the local density of particles in order
to numerically solve the nonlinear field equation (9)
accurately.

We consider 5 sets of initial conditions, each realized at
z; =49, and evolved forward until z = 0 using either GR
(baseline), F6 (weakly modified) or F5 (strongly modi-
fied) cosmologies. Each simulation has a volume of
1024%(Mpc/h)? and features 1024° dark matter particles
of equal mass.

The cosmological parameters are chosen to match those
from the 9-year WMAP release [82], namely €, = 0.046,
Q.=0.235,Q,,=0.281,Q2,=0.719, h=0.697, n, =0.971,
and og = 0.820.

C. Void identification and classifications

Voids are identified using the void finder VIDE (void
identification and examination toolkit) [83]. VIDE imple-
ments an enhanced version of the void finding algorithm
ZOBOV (zones bordering on voidness) [84]. ZOBOV is a
parameter free void finding algorithm which uses Voronoi
tessellation followed by a watershed algorithm to identify
voids. Each void is assigned an effective radius,

3V N\ 1/3
Refr = <—4vmd) : (20)
T

where V4 1S the comoving void volume according to the
watershed transformation, which means that we also
always take R to be comoving. Each void is also assigned
a “macrocenter” (from hereon referred to as center), which
is given by,

X, =

Zl-v invi (21)

where Xx; is the comoving position of the ith halo in the void
and V, is the corresponding cell volume assigned to each
halo during the Voronoi tessellation. The sum is taken over
all halos whose Voronoi cells constitute the same void. All
position and velocities in our analysis are in real space as
opposed to redshift space.

Voids are located using halo data (identified using the
Rockstar halo finding algorithm [85]) rather than the
underlying particle data, to most closely align with astro-
physical observables.

The default VIDE criteria for a void is any “catchment
basin” identified by the watershed transform with an
average number density within r = 0.25R; from the
center is less than 0.272 as determined from the halo data.
Analyses [86—-88] that utilize the VIDE prescription have
shown that this criteria is too strict, and that it can make
void identification highly susceptible to Poisson fluctua-
tions, which can exclude well-defined void regions because
of the presence of a single halo within 0.25R;. Following

these authors, we do not impose the central density criteria,
and consider all local “catchment basins” as voids in our
analysis. We have, however, checked that imposing the
criteria does not alter the findings in our work, beyond the
smaller void sample increasing the signal covariance.

Subvoids, or “child” voids as identified by VIDE, are not
considered in this work in an attempt to keep the analysis
focused on void environments which are as uniform as
possible.

Following Ceccarelli et al. [35], and similar to other
authors [89,90], one can classify voids based on their
density profiles. Heuristically, S-type (S for “shell””) voids
are those in which the central void region is surrounded by
a large overdense shell, whereas R-type (R for “rising”)
voids feature a much smaller shell in comparison, remain
underdense for a larger r/R.y; range, and more smoothly
rise to the background density. The R-type and S-type
characterizations are respectively aligned with the void-in-
void and void-in-cloud descriptions proposed by Sheth and
van de Weygaer [30].

Each void is classified by considering the average
integrated density, A, obtained from the void radial density
profile as defined by the halo distribution. A is defined as

1
A(R) = —
® =1

/ " 4mr25(r)ar, (22)
0

where r is the radial coordinate taken from each void center,
o(r) is the average halo number density contrast of the shell
at radius r, and R is the integral cutoff, given in terms of R .
To classify each void, we average out to a cutoff of R = R
and identify those voids with A(R.;) < 0 as R-type, and
those with A(R.s) > 0 as S-type. The sensitivity of the
analysis to the cutoff scale was assessed by varying it out to
1.3R.; none of the central results depend on the value in

this range.

III. RESULTS
A. Void density profiles

Structure growth is promoted in f(R) theories, with
greater numbers of halos and higher masses. This also leads
to the number of voids being enhanced [23,24].

In this analysis we consider voids with 5 Mpc/
h < R < 55 Mpc/h, constituting approximately 98%
of all voids across simulations and redshifts. Across five
realizations and using halos as the density tracer, at z = 0,
37,514 voids are found in GR simulations, 42,093 voids in
F6, and 44,941 voids in F5. Similarly at z = 0.5, 40,508
voids are identified in GR, 45,534 voids in F6, and 47,987
voids in F5.

Table I summarizes the properties of the voids at z = 0.5
for the three cosmologies. The fractional distribution of
voids as a function of size is consistent across the scenarios,
with just slightly less than three quarters of identified voids
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TABLE 1. Summary of the properties of voids identified at z =
0.5 across the five realizations of each of the three cosmological
models, GR, F6 and F5. The distribution of voids for each
cosmology as a function of size, parameterized by the effective
radius R is shown [left columns], as is the fraction of voids in
each size bin that are identified as R-type [right columns].

% of all voids
in this R.g bin

% of voids in this R
bin that are R-type

Rgi(Mpe/h) GR F6 F5  GR F6 F5
5-15 18% 20% 20% 47%  47%  47%
15-25 50% 51% 51% 53%  52%  53%
25-35 2% 20% 20% 56%  51%  57%
35-45 6% 5% 5% 61%  69%  T1%
45-55 2% 2% 2% 15%  19%  78%
All voids 54%  54%  55%

having R. < 25 Mpc/h regardless of cosmology. The
divisions between R and S-type classifications are similar
across the three cosmologies, with ~50% of the voids
identified as R-type averaging over all scales, and with the
fraction of R-type voids ranging from ~45% to ~80% as
one moves from the smallest to largest voids. The fractional
distributions as a function of size and morphology do not
significantly change between z = 0.5 and z =0, again
regardless of model. It should be noted that although the
smallest size bin extends down to 5 Mpc/h, only approxi-
mately 15% of voids in the 5-15 Mpc/h bin are themselves
smaller than 10 Mpc/h, with a mean comoving size of
roughly 12.3 Mpc/h, a trend that holds across redshift and
cosmology. Other size bins are more uniform in their
distributions.

The density contrast profile of each void is calculated
using the average halo or particle number density contrast
6(r) = (n(r) —n)/n in spherical shells around the void’s
center. While the density profile of each void can be
computed from either the particle or halo data, the void
center and radius are always determined from the halos. In
this way, the void identification is aligned with observa-
tional tracers, and also provides a consistent center to
compare the radial density and velocity properties derived
from the halo and particle data. Although unobservable,
density profiles from the particle data are important as they
allow a consistency check on the halo data, and a
mechanism to determine the full gravitational potential
within voids.

Void density profiles are presented in Fig. 1 using a
rescaled radial coordinate 7= r/R.; averaging sums
across the voids in the simulated samples to mitigate
Poisson noise, as outlined in [88]. Integrated density
contrast profiles, A(7), are shown from the halo data (used
in the classification of voids) whereas unintegrated density
contrast profiles §(7) are shown from the particle data (used
to later calculate underlying gravitational forces) for R and

S-type voids in GR and F5 at z = 0. The density profiles are
found to have a common form across void sizes when
expressed in terms of this 7 radial coordinate, consistent
with [36,91]. This common form is also shared with the F6
voids, which are not shown. R-type voids with Rz >
15 Mpc/h have an average density profile which smoothly
rises from an interior underdense region to an external
region of essentially mean density. The smallest R-type
voids feature some qualitative differences when compared
to the larger R-type voids, with a smaller interior under
density and an overdense shell at r > R.. The S-type voids
consistently feature a large overdense shell, peaking at
r ~ R, and dwarfing that of their R-type counterparts. As
one moves from smaller to larger voids, the density profiles
of both R and S-type voids begin to have smaller overdense
shells, consistent with the profiles shown in [91].

The particle density data at r < R are consistent with
the findings in [20] in which f(R) gravity is found to have
“emptier, more steeply-walled voids.” The halo profiles
show less pronounced differences between GR and the
modified theories. The relative importance of the small
differences between the particle density profiles and the
fifth forces in F5 and F6 to the halo radial velocities will be
considered later.

B. Radial velocity profiles

Given the suggested challenges in differentiating
between GR and modified gravity cosmologies with the
halo density profiles alone, we now consider the potential
of a second observable statistic, the void radial velocity
profiles. As with the density profiles, the velocity profiles
can be constructed from either the simulated halo or particle
data separately. Doing so allows us to perform a consistency
check between the biased tracers and the CDM particle
distribution. For a given void, and given comoving distance r
from the void center, the radial velocity profile is computed
by averaging over all tracers interior to r. This integrated
measure maximizes the signal to noise relative to considering
individual radial shells, especially when halos are consid-
ered. The integrated radial velocity profile is given by

where x; and v; are respectively the position and peculiar
velocity of the jth tracer (halo or particle), X, is the void
center, r is the comoving distance from X, to the edge of
spherical region being averaged over, T is the radial unit
vector, 6 is the Heavyside function and N(r) = > _; 0(r —
|x; — X,|) is the total number of tracers interior to the radial
coordinate r. We neglect halos within 2.5 Mpc/ h of the void
center from the analysis, as when taking the radial compo-
nent of the velocity, the inner most halos are the most affected
by potential uncertainties in the halo-determined void center.
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FIG. 1. The integrated number density contrast profiles from the halos Ay, [upper panels] and the unintegrated number density
contrast profiles from the particles Spanicles [lower panels], averaged across all voids, for the R-type [left panels] and S-type classifications
[right panels] in GR [full line] and F5 [dot dashed] at redshift z = 0. Voids are binned by size: R = 5-15 Mpc/h [blue], 25-35 Mpc/h

[orange] and 45-55 Mpc/h [green].

Figure 2 gives the radial velocity profiles derived from
particle data at z = O for the three cosmologies, separating
voids by size and classification. Within each void, the
outflow velocities for both S and R-types increase in
magnitude with increasing void size, however in larger

voids the outflows peak at smaller 7 = r/R.. The particle
velocity profiles at z = 0 across the three cosmologies are
distinct in R-type voids at all sizes with the exception of GR
and F6 in the largest voids with the strength of the outflow
correlated with the strength of the modification to gravity.

Reff=5-15, R Type Resr=25-35, R Type Refr=45-55, R Type
60 1 T —+ GR.z=0 150 1
/ ,1‘*‘x\‘;\ -}- F6,z=0
—_ z : —J- F5,2=0 125 4
% 40
£ 100
T 2 75
%
IQQ 0 50 A
254
_20.
T T T T T T T T O-I T T T T T T T T T T T T T T T
025 050 075 1.00 125 1.50 1.75 2.00 025 050 075 1.00 125 1.50 1.75 2.00 0.25 050 0.75 1.00 1.25 1.50 1.75 2.00
Refr=5-15, S Type Resf = 45-55, S Type
150
251 150
— ol 100
4 100 A
E -2 50
— -501 504
< 0
E -75 1 01
I~ 100 1 -50 504
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-100 ~100 1
025 050 075 1.00 125 1.50 1.75 2.00 025 050 075 1.00 125 1.50 175 2.00 025 0.50 075 1.00 125 1.50 1.75 2.00
r1Rerr rRefr r/Ref

FIG. 2. The mean integrated radial velocity profiles from the particle data, me’ for R-type voids [upper panels] and S-type voids
[lower panels] at redshift z = 0. Data for voids of size R.;; = 5—15 Mpc/h [left], 25-35 Mpc/h [center], and 45-55 Mpc/h [right] are
shown for GR [full, red line], F6 [blue dashed line] and F5 [green dot-dashed line].
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FIG. 3. The mean integrated radial velocity profiles from the halos, V} s, for R-type voids at redshift z = O [upper panels] and z = 0.5

[lower panels]. Data for voids of size R.; = 5—-15 Mpc/h [left], 25-35 Mpc/h [center], and 45-55 Mpc/h are shown for GR [full, red

line], F6 [blue dashed line] and F5 [green dot-dashed line].

We find that the differences are most pronounced in the
smallest voids, R, < 15 Mpc/h, with both F6 and F5
models distinguishable from GR at the peak of the outflow
at r~0.9R. ;. While the intermediate scale voids with
Ry #20-40 Mpc/h are most numerous, the relative
differences in the outflows are much smaller than that of
the smallest voids. While we find differences between GR
and F5 in the largest voids, we are unable to distinguish
between GR and F6 in the largest R-type voids,
R+ > 40 Mpc/h, however these voids are far less numer-
ous, as shown in Table I, and therefore the sample variance
is greater.

1.35 A1

1.30 A1

=0

1.25 A

1.20 A1

1.15 A

(Vrr)/VGR) peak: 2

1.10 A

1.05 A1

10 15 20 25 30 35 40 45 50
Rerr [Mpc/h]

By comparison, velocity profiles in the small and
intermediate S-type voids, with R < 40 Mpc/h, do not
show significant differences across the three cosmologies,
especially between GR and F6. For a given void size, the
outflows are of the same magnitude across cosmologies and
are limited to the void interiors, r < R.p. We do find
velocity profile differences between GR and F5 in the large
S-type voids concentrated well inside the void, at
r < 0.75R.;, but again are unable to use these voids to
distinguish between GR and F6.

Figure 3 shows the integrated velocity profiles derived
from halos in R-type voids at z =0 and z = 0.5. We find

1.30
—&— F6, R type, Halos
1.25 4 —&— F5, R type, Halos
" ' —8- F6, R type, Particles
o —&- F5, R type, Particles
I 1.20 A
N
<
@ 1.154
=
5
2> 1.10 A
=
3
w
& 1.05 -
1.00

10 15 20 25 30 35 40 45 50
Refr [Mpc/h]

FIG. 4. The ratio of the mean peak radial velocities, V, in the R-type voids for the F5 [green lines] and F6 [blue lines] cosmologies
relative to those observed in GR are compared at z = O [left panel] and z = 0.5 [right panel]. Results derived from the halos [full lines]
and particles [dot-dashed lines] are given as a function of void size, R.-.
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trends consistent with those shown in the particle data—the
outflow component of the velocity profiles in small R-type
voids again offer the best opportunity to differentiate
between the three cosmologies while the distinguishing
power of the other larger sized voids falls off with
increasing R.g.

The effects of modified gravity on the R-type velocity
profiles as a function of void size are summarized in Fig. 4 by
showing the ratio of the mean integrated velocity in the
modified gravity models relative to that in the GR, evaluated
at the peak value of both. The peak velocity is modified most
in the smallest 5-15 Mpc/h voids. At z = 0.5 the velocity
ratio computed from the halos in these voids is 1.08 £ 0.06
forF6 and 1.22 4 0.07 for F5. The halo ratios are shown to be
consistent with those results derived directly from the
particles. As void size increases, the ratio of the peak values
in GR and F6 becomes more consistent with unity.

IV. ANALYSIS

To get a better intuition for the fifth force acting in void
environments, the full fifth force can be understood in terms
of the linearized fifth force from (16) and the screening (or
enhancement) factor « using (18). Analysis of the linear-
ized field equation for various sizes and types of voids will
inform us to how the fifth force contained in (16) interacts
with different void scales and density profile shapes, while
analysis of the screening factor, @, will inform us of the
effects of the nonlinear chameleon mechanism, and devia-
tions from the forces obtained in the linearized limit.

A. Interpretation using the linearized fifth force equation

Voids of the same classification display similar density
profiles in terms of 7 = r/R., as shown in Fig. 1. Thus, to
understand differences in the linearized fifth force within
voids of the same classification, it is instructive to use the
same normalized coordinate and its dimensionless reci-
procal space equivalent, k = kR, giving

- 4nGa’pR> -
Oy (k) = —Tﬂffs(k)v (24)
 SGaR,
8friin(k) == (k). (25)

Assuming spherical symmetry, this change of variables
allows the linearized fifth force g5y, and the Newtonian
force gy in (19) to be expressed as,

gy(F)-t= _aReffa?((DN)

sin(k7)
k

—1622G) / Raks(h) WN(/z,Reff,@a;( )

(26)

~

1
ZaReff

2 - . T ~
:WTGP / %Zd%a(/})ws(%,Rcff,a)a;(sm]ék ’>>.

gS,lin(?) t= 3?(5f1e,1in)

~t

(27)

Here g(7) - t is the physical magnitude of the Newtonian or
fifth force in the radial direction with ¥ the physical radial
unit vector, not the comoving radial basis vector, which
accounts for the factor of 1/a instead of 1/a?. The effects
of void scale are encapsulated within what we will
henceforth refer to as the window functions for the
Newtonian force and fifth force, respectively:

~ aR,
WN(ks Reff) = ]};ff 5 (28)
- R
Ws (k. Rege, @) i (29)

K+ a*u*(a)R%;

A heuristic understanding of the effect of scale can be
obtained from by considering the window functions of the
above integrals evaluated at the particular wave-mode k,
around which k35(k,) is peaked. Given the commonality of
5(7), kq is not expected to significantly change as one moves
across different Ry size bins for voids of a given classi-
fication. Thus, by considering how the window function Wy
evaluated at k, varies as a function of R and redshift z, we
can get a good idea for how the linearized fifth force varies
with scale and redshift within each class of voids.

Fixing ko, the window function for the fifth force is
peaked at R™& = ko /au. Atredshift z = 0.5, we find for R-

type voids in F6 that k, = 3.5, which when combined with
the corresponding value of ¢ = 0.56h/Mpc, translates to a
peak in the window function at RI™ = 9.3 Mpc/h. For R-
type voids in F5, we have a very similar value of k, = 3.4,
but due to the smaller mass term of u = 0.184/Mpc we
have a peak in the F5 window function at a larger value of
RI™ = 29 Mpc/h. This means that over the range of R
studied, the F6 window function decreases with increasing
R, while in F5, the window function maintains a more
consistent value. These properties are minimally affected
by the change in redshift between z = 0 and z = 0.5.

When thinking about potential observations, it can be
useful to consider the relative, as well as the absolute,
strength of the fifth force in comparison to the Newtonian
gravitational force, to better assess the statistical distin-
guishability of the modified gravity effects. Given the
similarities between the radial density profiles of voids
of different sizes, the difference between the Newtonian
gravitational force and the linearized fifth force can be
effectively captured by the differences between the respec-
tive window functions,

023512-8



TESTING f(R) GRAVITY WITH SCALE DEPENDENT ...

PHYS. REV. D 104, 023512 (2021)

Ws(ko, Refr, 2) [Mpc/h]

0 10 20 30 40 50 60

Rerr [Mpc/h]

FIG. 5.

—8— F6, R Types, z=0

0301 —%— F5, R Types, z=0

% —&- F6, R Types, z=0.5
QE 0.25 4 —&- F5, R Types, z=0.5
2

= 0.20

=

m

= J

~ 0.15

&

Q

X 0.10 A

S
1

N 0.05 A

=

0.00 : : : . —
0 10 20 30 40 50 60

Rerr [Mpc/h]

[Left] The magnitude of the window function Ws in (29) evaluated at the wave number k, where the reciprocal space quantity

1225(7{) is peaked, for R-type voids at redshifts of z = O [full line] and z = 0.5 [dot-dashed line] for F5 [green] and F6 [blue]. [Right] The
ratio of the fifth force and Newtonian window functions, in (30), evaluated at the same 7(0.

Ws(fco,Reff’a) _ 7<<2)
3Wy(ko, Rer.a)  3(kg + a*u*(a)R%;)

(30)

where the factor of 3 is due to the relative factor of 3
between the coupling constants. In the right-hand panel of
Fig. 5 it is shown that, for a given value of k, the ratio is a
strictly decreasing function of R.y. Physically, this is
because, as R changes, there is always tension between
the Yukawa suppression acting to decreasing the fifth force
(denominator of Ws), and the amount of under density
sourcing the fifth field and increasing the fifth force
(numerator of Ws), both of which increase with R.y.
Since the Newtonian potential does not suffer from
Yukawa suppression (no mass term in denominator), Wy
strictly grows with R, and always at a faster rate than Ws.

B. Toward solving the full nonlinear fifth-force equation

In the discussion so far, the effects of scale have been
highlighted by focusing on the peak of the density function in
reciprocal space. Although this approach places the depend-
ence on R front and center, it neglects the contributions
from the full §(7) profile, obscures the fact that the shell
theorem has been explicitly violated, and does not extend to
solving the full field in (9). Motivated to understand explicit
effects of void shape, and to eventually solve (9) exactly, (16)
is solved again but this time using a Green’s function
approach.

Under the assumption of spherical symmetry, ¢s (7, R), the
Green’s function to the linearized field equation for a
spherical matter shell located at R, is defined implicitly
through

7Ga*pR%;:5 (7 — R)

(31)

V%(ﬁs(?,R) = 32//‘2R2ff¢5<?’ R) -

W[ oo

where 8!!) (7 — R) is the 1D Dirac delta function, not to be
confused with the density contrast 5(7). Once ¢s(7, R) is
known, 6fp i, can be reconstructed via

50%=/dM&RﬁmG—RD+6mm

—/ﬁﬂﬂﬁ%ﬁﬁn (32)

Equation (31) can be solved analytically by standard meth-
ods involving contour integration, yielding

~
>l

<

¢5(7»R) =

87aGpR { e~ Rk sinh (aFReget)

—Regr ; R
3” 7 e e—achf['ﬂ Sinh(ClRReff:M)’

~Nt

>R
(33)

Since gs(7) = ﬁa;(éfR)f‘, a new Green’s function
can be defined explicitly for the fifth force rather than for
the field,

w [(aReff#) cosh(aFRegep) — M:RW] , F<R

sinh(aRRg1) _aiR o~ Rt L~
o | —(aReggp) e MR — 2 7>R.

For comparison the equivalent Green’s functions for the
Newtonian potential and force with spherical symmetry are
the familiar functions
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5 (% F<R
dn(7.R) = —42Gpa’ Ry R _ (35)
1, #>R
and using Fy (7, R) = —uR#ﬁ(a;qu(?, R)),
Fn(F.R) = —4nGapR R 0. 7=<F (36)
N\7, - TG Aap Kegr ;L27 7> R

recovering the shell theorem from Newtonian gravity.
Comparing (36) to (34) for a given matter shell, the fifth
force causes the attraction of a point particle both interior
and exterior to the shell, whereas the Newtonian gravita-
tional force only attracts an exterior particle.

Focusing on # < R in (34), the piece which explicitly
violates the shell theorem, for given values of a, R, and p
the average force interior to a mass shell will be maximized
if the mass shell is placed at R, = a%ész#. Considering this
force has no Newtonian analog, maximizing this contribu-
tion to the fifth force will greatly enhance the ratio of g5 to
gy- Looking at the void density profiles shown in Fig. 1, we
can see that our actual void density profiles have “mass
shells” of various sizes located at approximately R ~ 1.
Plugging in values for F6 at z = 0.5, we see that mass shells
in this range are most effective if Ry is taken to be
~7 Mpc/h—in reasonable agreement with the R.; =
9 Mpc/h estimate previously from the window function
arguments. Repeating this calculation for F5 again at
7 =10.5, we find the R.; which makes these shells most
effective is ~23 Mpc/h, relative to the earlier window
function estimate of R = 29 Mpc/h.

C. Interpretation using the nonlinear
fifth force equation

In the previous section we considered solutions to the
linearized field equation. In order to understand the full
response to the modified gravity theory we need to also
determine whether the nonlinear solution differs signifi-
cantly from the linearized one, as parameterized through
the screening factor, a. In this section we outline the
iterative procedure we develop, using Green’s functions, to
solving the nonlinear field (9) in voids.

For most voids it is expected that the nonlinear screening
from the chameleon mechanism will be minimal in rare
environments, and the linearized solution will be close to
the full nonlinear solution. Thus, to begin the algorithm, the
linearized field equation (16) is solved using the Green’s
function method given by (32) and (33) to obtain an initial
estimate of the full solution f (o) = fgin- In rare instances
in which the linear solution is unphysical, i.e., 5fg i, >
(=f&) so that fgy, > 0, we smoothly modify the initial
0f k(o) such that it remains strictly negative, and sufficiently

close to (—f) to be an effective initial trial. The algorithm
proceeds by modifying the current estimate at each iterative

step until it is determined that it has converged to the full
nonlinear solution. To characterize the degree to which the
current estimate differs from the full solution, the ith
iterative solution fp ;) is plugged back into (9), and terms

are rearranged in order to define a new density profile,

_ V2 fri) —3a*SR(fr i)
-2a’nGp ’

O(i) (37)

In lieu of comparing f ;) to the full solution f, the latter
of which is unknown, one can instead compare 6;) to the

density function, ., from the particles in the simulation by
defining

€(i)(7) = 5real(?) - 5([)(;)' (38)
If the difference between the iterative density estimate

and that from the particles is greater than a desired
tolerance, then we define a new field ¢;) defined as

Py = SRl — fR.(i)- (39)

Taking Vg ;).

1

V%Cﬂ(i) = gazRgff(éR(fR.(i) =+ </)(i)) - 5R(fR,(i)))
8 _

- § azRgffﬂ'Gpe(,-) (40)

Here, the linearization is done not around the background
value of the field, but around f ;), such that (40) becomes

1 OR 8
2 _ L op 2p2 -
vf(/’lin,(i) - g“ R <m fR.(i)> Plin, (i) — 3 a Reff”GP€(i)
- 8 _ -
= “ZRgffﬂgff(r)q’hn,(i)(r) Y azReszﬂGPG(i)(r),

3
(41)

with p2(F) explicitly given as

fk) " T30 ﬁima <ff()>
(42)

1ok
36fr

= (

This expression is similar to (16), except the effective
“effective mass” term, u2, is now a function of 7 rather
than a constant. Since u%;(7) is a smooth function, the
solution to this equation can be accurately approximated by
slightly modifying the previous Green’s functions to
include p2(F) given above, as
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FIG. 6. The mean fifth force per unit mass, gs, in R-type voids in F6 [left] and F5 [center] along with the Newtonian force, gy, at
z=0.5 along with the standard error on the mean [shaded regions]. The profiles are shown for voids increasing in size from

5-15 Mpc/h [blue lines] to 45-55 Mpc/h [purple lines].

- 87aGp R
F R) = Sma0P R
(pG(r ) 3ﬂeff(7) 7 &
{ e~ oRRatar (1) sinh(aFRegeptegt (7). F <R
X - ~
e~ Reten(7) sinh (aRRogrpiere (7)), 7> R
(43)
with
oinin (1)~ [ aR(eqRipo R, (@4)

After each iterative step, we check to see if ¢ has
converged and, if not, the next iterative step is taken with
new trial solution, fg (i11) = fr (i) + Wi i) Where w is a
numerical weight. The default value of w =1 is used,
except in rare cases in which the initial linear solution
strongly deviates from the nonlinear solution, parametrized
by [e(;| > 0.3, in which we use w =0.75 to allow the
solution to evolve more conservatively and avoid interative
trials “overshooting” and taking unphysical values. The
iterative procedure is repeated until |e(; (7)| < 0.0075 over
the range 0.2 < 7 < 4.8 (the lower limit avoids numerical
ambiguities with the V2 term at # = 0) after which f R.(i) 18
considered to have sufficiently converged to the solution
the full nonlinear field equation.

The algorithm is run for each void individually and then
the results are averaged. For an individual void, the force
profile is calculated using the density contrast from the
particles out to # = 5, at which point the field is taken to be
effectively at its background value.

GR [full, red line], F6 [blue dashed line] and F5 [green
dot-dashed line]

Figure 6 presents the fifth force per unit mass calculated
with the iterative approach for R-type voids in F5 and F6 at
z=0 and z =0.5. As an indicator of the convergence
process, for F6 at z = 0.5, 93% of R-type voids meet the

convergence criteria after a single iterative step beyond the
linear solution, and 99% of R-type voids after three
iterations. Only 0.05% of R-type voids fail to converge
below [e(;(7)| < 0.05 after ten iterations and were
excluded from the force analysis. Although not shown,
we found good agreement between the fifth force calcu-
lated from the average density profile using the average R
within each size bin, and the average of the fifth forces
calculated for each density profile individually.

In F6, the magnitude of the peak of the fifth force is a
strictly decreasing function of R, and acts at smaller 7 as
one goes to larger voids. This is consistent with the
characteristics of the velocity profiles in Figs. 2 and 3,
and the F6 window function peaking at smaller Ry, as
shown in Fig. 5. In F5, there is far less dependence on void
size, consistent with the broad maximum in the F5 window
function that spans the intermediate size voids in Fig. 5. For
completeness, the rightmost panel of Fig. 6 shows the
Newtonian force in GR, which is a strictly increasing
function of void size.

Figure 7 and Table II show the relative importance of the
Newtonian force and the total force, including the fifth
force for z = 0.5 voids. The relative strength of the fifth
force is largest in the smallest voids both for F6 and F5. For
F6 at z =0.5, the fifth force is 17% 4+ 0.4% of the
Newtonian force in GR at its peak in the smallest voids,
while it contributes a significantly smaller fraction,
2% +£ .05%, at the peak in the largest voids.

The ratio of the Newtonian forces, gy s(z)/gn.cr differs
slightly from unity when comparing F5 and F6 to GR,
resulting from small differences in the particle density
profiles shown in Fig. 1 in early r/R.; bins. In F5, the
magnitude of the fifth force is much larger than this
difference in Newtonian forces. In F6, the fifth force is
much larger in small voids, while it is more comparable to
the difference in Newtonian forces in the 25-35 Mpc/h
and 45-55 Mpc/h voids. Interestingly, the sets of voids
with the largest fractional difference in Newtonian forces
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FIG.7. The mean Newtonian, gy, [upper panels] and total forces gr,, (fifth and Newtonian combined) in GR [full, red line], F6 [blue
dashed line] and F5 [green dot-dashed line] for R-type voids for sizes R = 5-15 Mpc/h [left panels], 25-35 Mpc/h [center],
45-55 Mpc/h [right]. Standard errors on the mean are shown as shaded regions around the mean.

are also those with the largest fractional fifth forces,
indicating that the fifth force is playing an active role in
shaping these environments.

It is frequently stated in the literature that f(R) gravity
can provide a maximum enhancement of a factor of 4/3
over Newtonian gravity in GR. This is derived from the
ratios of the coupling constants in (9) and (11). In the
context of specific matter distributions, however, an
enhancement greater than 4/3 can be obtained under the
assumption of spherical symmetry. As an example, if a thin
spherical shell of radius R were considered, the ratio gs/gy
would be infinite at the points 0 < r < R interior to the

TABLE II.

shell without contradicting the theoretical mode, since the
Newtonian force within the shell would be zero, while the
fifth force will be nonzero, as described in Sec. IV B. It is in
this context that the values in Table II for gro f(r) /9n.GR
should be understood. The values >4/3 are a result of the
assumption of spherical symmetry, combined with small
differences in the underlying density profiles used to
calculate gy in GR and gr,, in FS and F6. Assumptions
of spherical symmetry have shown to be reasonable and to
give results which match those directly from simulations
e.g., for nDGP models of gravity [26]. Collectively, these
results underline why velocity profiles within small R-type

A summary of the mean ratios of the fifth forces, gs [left columns], Newtonian gy ) [central

columns] and total forces, growl,s(r) [right columns] experienced in R-type voids in f (R) relative to the Newtonian
forces experienced in GR, gy gr. Results are shown for voids of various sizes, for both F5 and F6 scenarios at z = 0

and z = 0.5. Errors are the 1o errors on the mean values.

Model z Void Size (Mpc/h) 95/ 9N GR IN.F(R)/ IN.GR Gotal, f(R)/ IN.GR

F6 0 5-15 0.15 £ 0.004 1.04 +0.03 1.17 £ 0.03
25-35 0.03 £ 0.0004 1.03 = 0.01 1.06 + 0.01

45-55 0.01 £ 0.0004 1.02 £0.02 1.03 £0.02

0.5 5-15 0.17 £ 0.004 1.06 +0.03 1.22 +0.04

25-35 0.04 £ 0.0004 1.02 = 0.01 1.06 +0.01

45-55 0.02 £ 0.0005 1.01 £0.02 1.02 £0.02

F5 0 5-15 0.39 £+ 0.009 1.09 +0.03 1.47 £0.04
25-35 0.17 £0.001 1.05 +0.01 1.22 +0.01

45-55 0.08 + 0.002 1.04 +0.02 1.12 £ 0.02

0.5 5-15 0.41 £0.01 1.12 £ 0.04 1.53 £0.04

25-35 0.19 £ 0.002 1.05 £ 0.01 1.24 £0.01

45-55 0.10 £ 0.003 1.02 +0.03 1.12 +0.02
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FIG. 8. The effective mass calculated at the peak of the fifth force, y2;, in F6 for R-type [left panel] and S-type [right panel] voids. The
effective mass estimates obtained analytically using (45) are shown for z = 0 [grey full lines] and z = 0.5 [purple full lines] along with
the homogeneous background value u?(z) [dot-dashed lines]. The results from simulated void data, labeled by the R.;(Mpc/h) of the

respective size bins are also shown [triangle markers].

voids present a robust method to isolate distinctive sig-
natures of modified gravity resulting from the direct action
of the fifth force.

D. The chameleon mechanism and screening factor, «

The quality of the match between the solutions of the
linearized and the full nonlinear field equation is encapsu-
lated by the screening factor « in (18). Before we present
our results for the screening factors, it is instructive to first
consider the effective mass previously defined in (42). The
effective mass, ygff, is a useful measure of the total amount
of screening at play, whereas the screening factors will only
inform us to additional screening or enhancement on top of
the linear fifth force solutions. Here, the effective mass can
be written in a more explicit way, separating the field fp

into fr = fr + 6fx:

2 _Ro i} J}R,O T
Hege (F) 3(n+1)(fr + 6f&(F)) (fR+5fR(7”))

(45)

where f is explicitly given in (15).

In Figure 8, the average value of 2 is shown, evaluated
at the location of the peak fifth force within each void in the
F6 simulations, and averaged over all voids within the same
classification and size bin. pZ; calculated in this way is
found to be a decreasing function of Ry, and decreases
more sharply at a redshift of z = 0.5 than at z =0. It is
consistently smaller in R-type voids compared to the
similarly sized S-type voids.

Examining (9), due to the sign of the matter coupling,
regions of § > 0 act to drive df» positive, closer to its fully
screened value of 87Gpé and likewise regions of 6 < 0 act
to drive 0fp negative. As per the chameleon mechanism,

looking at (45), overdense regions drive Jfp positive,
causing the entire field f + 8fx to grow smaller in
magnitude, and thereby increasing the effective mass over
from its background value. R-type voids feature a smaller
overdense shell than the S-type voids, as shown in Fig. 1,
and thus a smaller accompanying value of pi.g-.

The greater variation in §f at z = 0.5 relative to z = 0
can be understood by noting that a?u(a)?, the combination
of which acts as the linear mass term in (16), is smaller at
z = 0.5 than z = 0 due to the explicit inclusion of the scale
factor. Thus, the 6f, field typically acquires larger values at
z = 0.5 compared to z = 0, and thus more extreme values
of u2. This trend will not continue to earlier redshifts as
a*u(a)? is minimized for z ~ 0.4 and is a strictly increasing
function with increasing redshift beyond this point.

Figure 9 shows how @, when evaluated at the location of
the peak outwards fifth force, varies as a function of void
size within R-type and S-type voids for both F5 and F6. The
figure shows that in voids, the linear solutions provide a
reasonable but not exact solution to the nonlinear equations
(when they agree perfectly, o = 1).

As one moves to lower redshifts, the linearized field in
(16) provides an increasingly accurate approximation to the
full field equation within void environments of all classi-
fications and sizes. This can be explained using (15) and
(45). Equation (45) shows how the nonlinear effects, which
act to greatly increase the field’s mass kick in when
8fr ~ |fr|» cause fr to approach O from below. In (15),
one can see that as a — 0, |f| grows larger in magnitude,
and Of ' is allowed to operate over a larger range of values
before nonlinear effects become significant. Related is the
fact that as f grows larger in magnitude, the pi. curves in
Figure 8 flatten out; for larger values of |fg|, changes in
Ofr cause smaller changes to pu.y. Thus, as z — 0, it
becomes harder to trigger additional screening or
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FIG. 9. The value of the screening factor, a, calculated at the peak value of the fifth force. F6 [blue] and F5 [green] models
as a function of void size are shown for the R-type [left] and S-type voids [right] at z = O [full lines] and z = 0.5 [dot dashed

lines].

enhancement, meaning the linear equation, which contains
neither of these effects, becomes a better approximation.

The average value of a calculated at the peak of the fifth
force is a monotonically increasing function of R ¢ with the
exception of small S-type voids in F5. Ignoring this
exception for the time being, the monotonic trend is a
reexpression of that first observed in Fig. 8. Larger voids
have smaller overdense shells, and thus the underdense
centers can provide more nonlinear enhancement through
the chameleon mechanism compared to their small counter-
parts. When viewing these figures, one must keep in mind
that the value of a for a given void class, radius, and redshift
conveys the fractional change from the screening that is
already accounted for in the linearized fifth force equation,
rather than the fotal amount of screening at play, indicated
by p-

The exception to the trends in « for small (5—-15 Mpc/h)
S-type voids in F5 can be traced back to the explicit
violation of the shell theorem by the fifth force in the 7 < R
branch of (34), which is where the dominant fraction of the
outward fifth force in these voids originates. In the limit
that 4 — 0, the shell theorem is restored, whereas in the
opposite limit of y — oo, the field is infinitely massive and
cannot propagate. Both limits lead to the same result in (34)
of F5(7#,R) — 0 for 7 < R, with an intermediate value of y
maximizing the average fifth force interior to any mass
shell. Analogous to the discussion in Sec. IV B, if one
integrates over 7 < R, we find the average fifth force inside
a matter shell located at R to be maximized for
iax = 2.73/aRR.. If we consider values specific to the
5-15 Mpc/h S-type voids in F5 at z = 0.5, with R ~ 1.0
(the location of the peak overdensity in small S-type voids)
and R ~ 12.1 Mpc/h (the mean S-type void size in the
smallest bin), we find p,, ~ 0.34h/Mpc. This is larger

than the z = 0.5 background values of u = 0.177 Mpc/h
in F5. Thus, increasing p.g from its background value will
have the effect of increasing the outward fifth force in the
smallest S-type voids in F5. This is exactly what the
chameleon mechanism does, increasing the mass of the
field at the peak of the fifth force within these voids on
average by 13% up to u = 0.20h/Mpc. The story breaks
down and reverts to the more intuitive case for R-type voids
and the larger S-type voids in F5, with most of their fifth
force coming instead from the 7 > R branch of (34). For
both types of voids in F6, the linear mass term at z = 0.5 of
u =0.56h/Mpc at z=0.5, is much greater than the
corresponding p,., in all sizes of voids; further increases
to u. Will only dampen the fifth force in F6 voids.

It is instructive to compare the screening factor we have
obtained in the voids to the approximate screening factor
screening for spherically compact objects proposed by
Khoury and Weltman [11,75] for large, spherically over-
dense objects of radius R, in f(R) gravity, as

. 7 n+1 )
(ARobj> _ ) min (% (DL;(V‘ (%éﬁfﬁiﬂ) ,1) if®dy <0
R..
obj 1 if @y >0.
(46)

Comparing our void screening factor a against this, we
find substantial differences. Most notably, whereas the void
screening factor « allows for enhancement of the fifth force
beyond the linearized value, no such enhancement is
allowed when using (46) in the case of dense objects.
There is also a difference in how the two screening factors
treat FS versus F6. With the void screening factor «, R-type
voids in F6 consistently receive a larger fractional enhance-
ment over their linearized fifth force values than their F5
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counterparts, whereas in (46), due to the explicit inclusion
of |]_’R0|, dense objects are screened a factor of 10 more
heavily in F6 than in F5.

Using the average density profile in each of our R size
bins as explicit examples, we can calculate both @ and
(ARqpj/Robj) at the location of each profile’s peak fifth
force and compare.

Considering R-type voids at z = 0.5, we find the average
profile of the 5-15 Mpc/h size bin to have a = 0.98
whereas the dense object screening factor gives a markedly
different answer of (%;"j) = 0.21. For 15-25 Mpc/h and
25-35 Mpc/h, we find a = 1.07 and a = 1.14 whereas

(%:jbj) =0.83 and (%:jbj) =0.80 for each size range

respectively, indicating that while the forces are actually
enhanced over their linearized values, the dense object
screening factor would add additional nonlinear screening.

. ) ARy o
In the larger size bins, we have (R—ij) = 1, while in each
obj

case « takes a value greater than one, @ = 1.16, and a =
1.18 in the 35-45 Mpc/h and 45-55 Mpc/h bins
respectively.

These results have implications for studying voids in
f(R) gravity using hybrid simulation techniques, that
combine N-body and Lagrangian perturbation theory
approaches [92,93]. These implement the Chameleon
mechanism through the use of the compact object screening
factor (AR;/R,p;) and have been shown to create cluster-
ing statistics that agree well with results with full N-body
simulations which solve the nonlinear field equations.
These statistics, however, principally focus on regions of
high density. Our work provides an approach to be able to
extend these hybrid approaches to the study of voids, by
analytically calculating a using iterative method developed
here to solve the full nonlinear field equation for the fifth
force, in regions where the compact object form does
not apply.

V. CONCLUSIONS

In this paper, we determine how halo velocities within
voids can be used to discriminate between GR and f(R)
gravity by contrasting void velocity profiles across classi-
fications and a range of void sizes.

Voids are identified in snapshots from N-body simula-
tions at z = 0 and z = 0.5 using the void finder VIDE and
are classified based on their halo density profiles as either
R-type (rising) or S-type (shell), and analyzed in groups
based on their effective radius, R ;. We find few observable
differences in the halo-derived density profiles in voids of
either classification or size, although when dark matter
particles are used as tracers, we find slightly emptier voids
at small r/R.; in modified gravity scenarios consistent
with previous work [20].

We find that the velocity profiles of R-type voids in
modified gravity scenarios are much more distinguishable
from their GR counterparts than for S-type voids. This
effect is most pronounced in the smallest with voids
5(Mpc/h) < Ry < 15(Mpc/h), which provide the best
dynamical opportunity to distinguish between F6, the most
weakly modified gravity scenario considered, and GR. The
difference in velocity profiles is observed in both the halo
and particle velocity profiles, and at z = 0.5 and z = 0. The
peak velocities in these voids, using the halo data, is found
to be 13% + 8% larger at z =0 and 8% + 6% larger at
z=0.51in F6, and 28% 4+ 8% at z = 0 and 22% =+ 7% at
z=10.5 in F5 when compared to GR.

We undertake a detailed analysis of the fifth and
Newtonian forces and are able to attribute the signal in
the small voids to the action of the fifth force as opposed to
underlying differences in void populations or density
profiles across the simulations. The analysis of the linear-
ized field equation through the use of the window functions
shows that the linearized fifth force in F6 will be a
decreasing function of void size, whereas in F5 there will
be much less size dependence on the magnitude of the
linearized fifth force. The ratio of the linearized fifth force
in either modified gravity scenario to that of the Newtonian
force is shown to be maximized in small voids.

We develop an iterative procedure, using Green’s func-
tions, to solve the nonlinear field equation in voids under
the assumption of spherical symmetry. The method effi-
ciently enables the fifth force to be calculated in each void
individually, rather than just for the mean density profile.

Comparing the linear and full solution to the field
equation, we compute the screening factor o. We find that
in all voids, a is of order unity, but differs from unity
depending on the size and void classification in both F5 and
F6. The screening factor a is found to be consistently larger
(meaning less screening is occurring) in R-type voids
compared to S-type voids, and large voids compared to
small voids. The value of a is more easily displaced from
unity in either direction at z = 0.5 compared to z =0,
indicating that nonlinear effects are more important at
earlier redshifts.

Focusing on F6, we can see there is competition between
the screening or enhancement to the fifth force given by «,
which is found to increase with R, and the linearized fifth
force analysis, which states that the magnitude of the fifth
force should decrease with increasing R.;. Considering R-
type voids in F6 at z = 0.5, we find that despite a larger
average screening factor of a =1.13 in voids with
Roir = 45-55 Mpc/h, the largest fifth force is found to
be in the smallest voids with R = 5-15 Mpc/h, which an
average screening factor value of a = 1.00. This result
shows that ultimately, the linear force analysis dictates the
trends which occur in the full nonlinear fifth force with
changing R..
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We also find screening in voids cannot be effectively
captured using the widely-used screening factor approxi-
mation developed for spherically overdense bodies in [11],
and given explicitly in (46). Considering F6 again at
z = 0.5, we find severe mismatch between the values of
a and (ARyp/Rqp) both calculated for the same density
profile at the location of the peak fifth force—with the
worst discrepancy coming in the voids with the largest
distinguishing velocity signal. Given these actual discrep-
ancies, as well theoretical concerns around the lack of
potential enhancement to gravity when using the
(ARobj /Robj) screening factor, we discourage the use of
hybrid codes which implement this screening factor when
studying cosmic voids, and instead encourage the use of
alternative methods.

Our results present tantalizing prospects for constraining
the properties of gravity through looking at void statistics
with redshift space distortion measurements from DESI,

Euclid and the Roman Telescope. Photometric surveys,
such as the Rubin Observatory LSST survey, will also
provide additional valuable information to accurately
determine the density profiles that aid the characterization
of void sizes and classifications. Determining the full
observational implications for upcoming large scale struc-
ture surveys will be the focus of future work.
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