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Splashback in galaxy clusters as a probe of cosmic expansion and gravity
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The splashback radius is a physical scale in dark matter halos that is set by the gravitational
dynamics of recently accreted shells. We use analytical models and N-body simulations to study the
dependence of splashback on dark energy and screened modified gravity theories. In modified gravity
models, the transition from screened to unscreened regions typically occurs in the cluster outskirts,
suggesting potentially observable signatures in the splashback feature. We investigate the location
of splashback in both chameleon and Vainshtein screened models and find significant differences
compared with ΛCDM predictions. We also find an interesting interplay between dynamical friction
and modified gravity, providing a distinctive signature for modified gravity models in the behavior
of the splashback feature as a function of galaxy luminosity.

I. INTRODUCTION

The accelerated expansion of the universe requires ei-
ther the introduction of a dark energy component to the
energy density in Einstein’s field equations or a resolu-
tion of the UV-sensitivity and radiative instability of the
cosmological constant [1–3]. This component does not
significantly cluster gravitationally [4], and if its equation
of state parameter w = P/ρ is consistent with w = −1,
then dark energy is consistent with a cosmological con-
stant, Λ. The standard ΛCDM cosmological model as-
sumes that dark energy is equivalent to a cosmological
constant, and this model has been highly successful in
explaining a vast array of observable properties of the
large-scale universe. An alternative to Λ, however, is to
account for dark energy not by adding a vacuum term to
the Einstein equations, but instead by modifying gravity
from general relativity on large scales. While general rel-
ativity has been tested extensively on solar system scales
[5–11], astrophysical objects [12–22], and in the strong-
field regime [23–32], tests of general relativity (GR) on
cosmological scales are not yet conclusive [33]. By con-
struction, modified gravity models for dark energy can
produce the same large-scale expansion history as scalar
field models like quintessence or Λ, which means that
observationally distinguishing between these theories re-
quires searching for signatures on smaller scales. Many
of the interesting models for modifications to gravity on
large scales naturally produce different behavior on small
scales, due to inherent non-linear screening mechanisms
which cause the gravitational force law to revert back
to GR’s predictions in high-density regions like the so-
lar system. This screening effect can extend to scales far
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beyond the solar system, depending on the model param-
eters. Indeed, for many models recently discussed in the
literature [34–39], most of the virialized volume of mas-
sive dark matter halos can be screened, with a screening
transition radius occurring near the outskirts of halos.

The transition regions (from screened to unscreened)
are promising regions to search for deviations from GR.
For example, several works have shown that the veloc-
ities of infalling objects around clusters are enhanced
in modified gravity theories due to the stronger gravi-
tational force, and the phase space around these clusters
can provide important tests of gravity [40–42]. In prin-
ciple, these enhancements could be detected (for exam-
ple) by comparing cluster lensing masses to dynamically-
derived masses since the two masses depend differently
on the metric potentials in many modified gravity mod-
els compared with GR. This would essentially correspond
to a nonlinear version of the EG estimator used to test
gravity on larger scales [43, 44]. However, these mea-
surements are not easy to make in clusters as the ratio
between the dynamical and lensing mass is itself scale
dependent, and its determination requires precise mea-
surements of redshifts through spectroscopic surveys and
lensing mass reconstruction.

The splashback feature in halo density profiles lies
precisely in the outskirts of clusters, near the expected
screening transition region. Empirically, this feature is
located where the slope of the density profile of mat-
ter around halos decreases sharply in a narrow, localized
region, its value falling below the expected slope of −3
for NFW profiles before rising back to larger slopes in
the two-halo regime [45]. Theoretically, this feature is
understood as the outer caustic of the dark matter halo
density profile, where the most recently accreted material
is at its first turnaround after infall [46, 47]. The region
outside splashback has material that has never been in-
side the halo, while the splashback radius itself forms the
boundary of the “virialized” or multi-streaming region.
This radius therefore is set by material that has not been
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in the halo for more than a dynamical time and therefore
carries information about both the energy it falls in with
as well as the rate at which the potential is growing.

In principle, the measurement of this radius only re-
quires the density distribution around dark matter halos.
As clusters are the most dominant structures in their en-
vironment, the feature is most pronounced in these ob-
jects. Attempts have been made recently to measure
the feature around clusters of galaxies selected by the
RedMaPPer algorithm [48]. The splashback radius was
measured in the projected distribution of galaxies around
clusters in both SDSS data [49, 50] and in DES Y1 [51].
The feature was also measured in the projected density
obtained from weak lensing in [51]. Surprisingly, the mea-
sured radius of the minimum slope differs significantly
from that expected from N-body simulations both in the
case of lensing measurements and when measured using
galaxy number densities. In particular the splashback
feature is located at a radius about 20% smaller than
that expected from halos of the same mass in simula-
tions, in both SDSS and DES-Y1. However, it was shown
in [51, 52] that the cluster selection algorithm may itself
shift the inferred location of splashback for optically se-
lected samples. Therefore, whether or not the discrep-
ancy from theory is a true physical effect still remains to
be determined.

In any event, the splashback feature is a signature in
the spatial distribution of matter or galaxies that is re-
lated to the infall dynamics of recently accreted material.
Its location is set simply by the collapse of matter shells
under gravity in an expanding universe. In this paper
we investigate whether the location of this feature is sen-
sitive to the cosmological expansion, and the theory of
gravity. We begin in section II by reviewing the analyt-
ical model set up in [46] to predict the location of the
feature and extending the analysis beyond dark energy
as a cosmological constant. In the following sections we
investigate how the location of the splashback radius will
respond to modifications of gravity, we study its behavior
in cluster mass halos in simulations of both nDGP and
f(R) theories as examples of Vainshtein and chameleon
screening respectively.

II. SPLASHBACK RADIUS IN CDM WITH
DARK ENERGY

As noted above, the splashback radius forms the
boundary in configuration space between the multi-
streaming region of the dark matter halo and the region
of pure infall. The spherically averaged radius occurs
near the first apocenter of particles or subhalos that have
been accreted on to the host recently. This is the radius
at which the accreted material is turning around in its
orbit for the first time after infall. In spherical symmetry
without substructure, the location of this feature can be
simply predicted using the spherical collapse model, mod-
ified to include the effects of mass accretion on to the host

halo [46]. The location of the feature primarily depends
on the accretion rate of the host halo and the redshift at
which the halo forms. The model evaluates the overden-
sity within an infalling shell when it is turning around
its first orbit. The predictions from the simple collapse
model of [46] match the location of the feature in full
ΛCDM N-body simulations [45–47] quite well for a range
of accretion rates and redshifts, and for profiles of stacked
clusters in different mass ranges. This agreement implies
that the location of the feature is robust to stacking over
a wide range of cluster shapes, sizes and histories. Note
that this close agreement is found in the stacked profiles
of ensembles of halos. For individual halos, there can
be significant deviations in the splashback surfaces from
spherical symmetry due to substructure and triaxiality
[53, 54].

The model for the location of the splashback feature in
[46] includes the effect of the cosmological constant. In
general we expect dark energy to affect the location of
the feature because it affects the background expansion
rate of the universe. It is simple to modify the model to
introduce a dark energy equation of state where, PDE =
wρ with w 6= −1. The background expansion rate is
given by,

ȧ

a
= H0

√
Ωma−3 + ΩDEa−3(1+w) (1)

and the equation of motion of a shell at radius r becomes

r̈ = −GM(r)

r2
− H2

0

2
ΩDE(1 + 3w)r−2−3w. (2)

These equations can be solved following [46] to evalu-
ate the location of splashback as a function of w, Ωm,
and accretion rate Γ = d lnM/d ln a. To test the model
we use N-body simulations of cosmologies with different
equation of state parameters for dark energy. For this
purpose we modified the background evolution equations
in Gadget2 [55] to allow for constant values of w different
from −1. We used 10243 particles in a 1 Gpc h−1 box.
The softening length was chosen to be a quarter of a scale
radius for a halo with 1000 particles, which is of the or-
der of L/(30N) [56]. The cosmological parameters of the
simulation were Ωm = 0.27, ΩDE = 0.73, Ωb = 0.0469,
and h = 0.7. Fig. 1 shows the comparison of our pre-
dictions from the toy model (eqn. (2)) with the N-body
simulations. We begin the simulations at an initial red-
shift of z = 49, with initial conditions generated using
N-GenIC1 [55]. Our model correctly captures the move-
ment of splashback with changing w. We use w = −0.5
and w = −2, to amplify the effect of changing the EoS.

1 We have used Zeldovich approximation to generate initial condi-
tions in this paper. As the initial redshift is fairly low a method
like 2LPT is preferred (see [57]). However, we find that the lo-
cation of splashback for stacked halos in ΛCDM is in agreement
with publicly available Multidark simulations (MDR1) [58] used
in previous studies [46], therefore we do not change the initial
condition generation method here.
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FIG. 1. The logarithmic slope of the local density as a func-
tion of r/r200 for stacked N-body halos at z = 0 with virial
mass Mvir = 1 − 4 × 1014h−1M� and accretion rate Γ = 1.5.
Different colors correspond to different values of the equation
of state parameter, w. Blue, red and green correspond to
w = −0.5,−1, and −2 respectively. The vertical dashed lines
show the expected position of splashback from the analytical
model of [46].

The overdensity at splashback increases with increas-
ing w. This behavior can be understood by considering
again the rate at which the universe expands between
turnaround and splashback. If ΩDE = 0.7 today and
−1 < w ≤ −1/3, then dark energy domination begins
at an earlier time than for a w = −1 universe. However
at the time of turn around ΩDE is higher than what it
would have been for a ΛCDM universe, and therefore the
background universe diluted faster than it would have
for a w = −1 universe between turnaround and splash-
back, making the overdensity larger at splashback. The
opposite is true for w < −1.

As is seen in Fig. 1, while the splashback radius is
sensitive to the equation of state parameter, to get dif-
ferences in splashback larger than 10%, we need large
deviations from ΛCDM that are already ruled out by
observations. Percent level uncertainties on splashback
measurement would be required to constrain dark energy
at a level competitive with current bounds. Statistical
errors on the splashback radius using the galaxy profile
are already quite small, but systematic uncertainties are
regarded as being significantly larger due to the clus-
ter finder algorithm and other issues. Lensing measure-
ments and the use of cluster finders that trace the mass
distribution more closely are clear avenues for progress,
but for these approaches statistical uncertainties will only
reach the percent level in the next decade, with upcoming
galaxy surveys (from LSST [59], Euclid [60] andWFIRST

[61]) and CMB surveys (the Simons Observatory [62] and
CMB-S4 [63]).

III. SPLASHBACK IN MODIFIED GRAVITY
MODELS

Modified gravity models have been invoked as an al-
ternatives to dark energy to understand the large scale
accelerated expansion of the universe. In these models,
gravity is modified on large scales but on small scales, in
higher density environments, general relativity must be
restored to be consistent with the stringent observational
tests of GR in the solar system. Most theories of inter-
est therefore invoke screening mechanisms to suppress
these modifications in high density regions. Here we focus
on the Hu-Sawicki f(R) [36] and the Dvali-Gabadadze-
Porrati (DGP) model [64] that utilize two different classes
of screening mechanisms, chameleon screening and Vain-
shtein screening, and see how they affect the splashback
feature.

The modifications to GR can be parametrized by an
enhancement of the gravitational constant in the un-
screened region. The transition regions between the two
regimes, screened and unscreened, often provide inter-
esting scales for testing these theories. If the transition
region lies in the outskirts of a halo, then accreted objects
are in a region of enhanced gravity during the first infall
but they may subsequently enter the screened region of
the halo. We might expect that the varying gravitational
field during the orbit of a particle may induce significant
displacement of the splashback radius.

In the following sections we briefly discuss the two
main classes of model we choose to study the effect of
modifications to GR on splashback.

A. Chameleon screening f(R)

One viable and well-studied model of modified gravity
is the Hu-Sawicki f(R) model [36]. f(R) modifications
replace the Ricci curvature R in the Einstein-Hilbert ac-
tion with a generic function thereof:

S =

∫
d4x
√
−gR+ f(R)

16πG
. (3)

This gives dynamics to a third scalar polarization of the
metric as well as the two tensor modes of GR. For this
reason, f(R) models can be recast as scalar-tensor theo-
ries with a fifth-force mediated by a scalar [65]. Screening
in these models is achieved by a nonlinear coupling be-
tween the scalar field and matter, making the mass of
the scalar field very high in dense regions thus reducing
its Compton wavelength. This mechanism is known as
chameleon screening. In terms of the f(R) formalism, the
additional degree of freedom is fR = df/dR. The Comp-
ton wavelength of the field is given by λ2

C = 3dfR/dR
and, in the absence of screening, the strength of gravity
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is enhanced by a factor of 4/3 at distances within the
Compton wavelength.

The Hu and Sawicki [66] f(R) model is given by,

f(R) = −m2 c1(R/m2)n

c2(R/m2)n + 1
(4)

where n, c1, and c2 are model parameters, c1/c2 =
6ΩΛ/Ωm to match the ΛCDM background evolution,
and m2 = ΩmH

2
0 . The model is parametrized by the

background value of the derivative of the field, |fR0| =
−nc1/c22[3(1 + 4ΩΛ/Ωm)]−(n+1) [67, 68].

The coupled Poisson equations in the weak-field limit
of Hu-Sawicki f(R) gravity are:

∇2Ψ =
16πGa2

3
δρ+

a2

6
δR(fR), (5)

∇2δfR = −a
2

3
(δR(fR) + 8πGδρ) , (6)

where Ψ is the Newtonian potential, δfR = fR(R) −
fR(R̄), R is the Ricci scalar curvature, and δR = R − R̄
and the barred quantities are the background values.
When δfR = 0 there can be no source and from (6) we
have 8πGδρ = −δR(fR). Plugging this into equation (5)
one finds precisely the Poisson equation ∇2Ψ = 4πGδρ.
The other extreme limit is where δR(fR) � δρ so that
equation (5) gives∇2Ψ = 4π×(4G/3)δρ and the strength
of gravity is enhanced by a factor of 4/3. The former limit
corresponds to the chameleon regime where gravity looks
like GR and the latter regime is the unscreened regime.
It can be shown that objects whose surface potentials
Ψ = GM/Rc2 < 3fR0/2 will be unscreened whereas
those with Ψ > 3fR0/2 will be in the chameleon regime.
We refer the reader to [10, 68, 69] for more details on
chameleon screening in f(R) theories.

B. nDGP and Vainshtein screening

DGP is a braneworld model of the universe where we
live on a four dimensional brane embedded in a five di-
mensional bulk. The decoupling (low energy) limit is de-
scribed by general relativity and an extra scalar degree
of freedom that mediates an additional gravitational-
strength force. Physically, the scalar, or brane-bending
mode, describes the position of the brane in the 5D bulk.
The screening is achieved by non-linear higher-derivative
self-interactions of the scalar field2. The non-linearities
are important near massive objects and result in a sup-
pression of the sourced scalar field gradient compared
with the Newtonian potential. Far away from the ob-
ject the non-linearities are not important and the field

2 The structure of the higher-derivative terms are such that the
equations of motion are second-order and therefore the Ostro-
gradski ghost is absent.

gradient (additional scalar force) is comparable with the
Newtonian one so that large deviations from GR are ex-
pected. The transition between the two regimes happens
at the Vainshtein radius and this screening mechanism is
known as the Vainshtein mechanism. To study the effects
on the outer density profile we choose the nDGP model,
i.e. the normal branch of the DGP theory. Unlike sDGP,
which is the self-accelerating branch of DGP, this has the
same expansion history as ΛCDM, therefore we simulate
this model to disentangle the effects of modified gravity.

The Friedmann equation in the nDGP model is given
by,

H2 = −H0

rc
+

8πGρ

3
(7)

where rc (the crossover scale) is the scale at which gravity
transitions from being 5-dimensional on large scales to 4-
dimensional on small scales. The background evolution
is tuned to match the ΛCDM expansion. The Poisson
equation and the scalar field equation are given by,

∇2ΨN +
1

2
∇2φ = ∇2Ψ

(8)

∇2φ+
r2
c

3β(a)a2

[
(∇2φ)2 − (∇i∇jφ)(∇i∇jφ)

]
=

8πGa2

3β(a)
ρδ,

(9)

where φ is the scalar field Ψ is the Newtonian potential,
∇2ΨN = 4πGρ̄δ is the Newtonian potential in GR, δ is
the density contrast, and the parameter β(a) is given by,

β(a) = 1 + 2Hrc

(
1 +

Ḣ

3H2

)
. (10)

As rc becomes large the modifications to gravity become
weaker and the Vainshtein screening mechanism becomes
more efficient. In the spherically symmetric case the
Vainshtein radius is given by

r? =

(
16GM(r)r2

c

9β2

)1/3

. (11)

Here, M(r) is the mass enclosed inside radius r, which
can be found by integrating the NFW profile for a single
halo.

C. Evolution of shells in nDGP: worked example

The Poisson equation in both models described above
becomes highly nonlinear, making non-linear evolution
difficult to solve analytically, however one can gain suffi-
cient insight into the dynamics of shells in these models
of enhanced gravity by making simplifying assumptions.

In this section we work out exactly the dynamics
of particle shells in the nDGP model. This example



5

is demonstrative of the differences that making gravity
stronger can bring to the evolution of shells and there-
fore halos. We highlight the different aspects of evolution
that will be altered in this scenario and in the following
section we perform an extensive analysis of simulated cos-
mologies with insights from the worked example.

The aim is to calculate the orbit of an infalling shell in
nDGP. The force term in the equation of motion of the
shell in ΛCDM is modified by the force mediated by the
scalar field Fφ.

r̈ = −GM
r2

+
Λ c2

3
r + Fφ, (12)

where φ is the new gravitational scalar that satisfies equa-
tion (9).

1. Modification to the force law

Taking the perturbed metric (in the Newtonian gauge)
to be

ds2 = −(1 + 2Ψ(t, x))dt2 + a2(t)(1 + 2Φ(t, x))dx2, (13)

the equation of motion for the potentials Φ and Ψ is not
Φ = −Ψ as it is in GR but is modified by the scalar so
that one has

Ψ = ΨN +
1

2
φ, (14)

Φ = −ΨN +
1

2
φ, (15)

where, ΨN is the Newtonian potential and φ is a scalar
field. Together they contribute to the Poisson equation,

∇2Ψ = ∇2ΨN +
1

2
∇2φ (16)

For a spherically symmetric mass distribution equation
(9) becomes,

1

r2

d

dr

[
r2φ′ +

2r3
c

3
(rφ′2)

]
=

8πG

3β(a)
ρ (17)

where the prime denotes derivative with respect to r.
This equation can be multiplied by r2 and integrated to
give,

2r2
cφ
′2

3r
+ φ′ − 2

3β(a)

GM(r)

r2
= 0 (18)

where the mass, M is the enclosed mass at radius r given
by,

M(r) = 4π

∫ r

0

ρm(r)r2dr. (19)

Equation (18) is a quadratic in φ′ and solving we find

φ′ = −Fφ =
4

3β(a)

GM(r)

r2
g(r/r∗) (20)

where, g(ζ) = ζ3(
√

1 + ζ−3 − 1), and r∗ is the (radially-
dependent) Vainshtein radius of the system as described
in equation (11).

The function ∆GDGP = 2G/(3β) g(r/r∗) acts like a
correction to the gravitational constant. When r >> r∗,
∆GDGP = 1/(3β) and, including the Newtonian force,
the effective Newtonian constant Geff = 4G/(3β).
Fφ gives the modification to the force from ΛCDM.

Following [46] we solve equation 9 with an NFW profile
for the mass, which is growing with time as

M(r) = Mtot
fNFW(r/rs)

fNFW(c)
; Mtot ∝ aΓ (21)

where Γ = d lnM/d ln a is the accretion rate of the halo.

2. Background evolution

To find the overdensity at splashback we need to de-
fine the background evolution. For the normal branch of
DGP the Friedmann equation is given by,

H(a)

H0
=
√

Ωma−3 + ΩDE(a) + Ωrc −
√

Ωrc, (22)

where Ωrc ≡ 1/(4H2
0r

2
c ), Ωm = ρm/ρcr,0 is the average

matter density ratio, and ΩDE(a) = ρDE(a)/ρcr,0 is the
ratio of the smooth dark energy component to the critical
density. The evolution of the background can be matched
exactly to ΛCDM by equation (22) to the Friedmann
equation in GR with ΩΛ = 1−Ωm. This basically means
we have a dark energy component with an effective, time-
varying density given by,

ΩDE(a) =
[
ΩΛ + 2Ωrc

(√
Ωm/Ωrca−3 + 1− 1

)]
. (23)

3. Initialization of the shell: spherical collapse in nDGP

In the model for splashback we follow the time evo-
lution of a shell in an accreting dark matter halo in an
expanding universe. We use spherical collapse with a
constant interior mass until the shell reaches half the
turnaround radius, thereafter the mass profile is given
by the time evolving NFW profile specified in equation
(21). We can treat modified gravity models in a similar
manner. We can solve the spherical collapse model with
constant interior mass for nDGP to get the initial evolu-
tion of the shell before entering the “virialized" region.

Following [70] we can work out the spherical collapse
solution for nDGP. We consider a constant overdensity
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FIG. 2. Top: The evolution of the radius of collapsing shells
in our model for nDGP with H0rc = 0.2 and ΛCDM, with the
initial conditions adjusted such that the shells splash back at
a = 1 in both cases. Bottom: The velocity of the shell with
the Cartesian x−axis as the radial direction.

δi in a region of radius physical Ri in the early universe.
The mass enclosed within the shell is conserved in time
and is given by,

Mi = M =
4π

3
R3ρ̄m(1 + δ), (24)

where R is the radius of the shell, δ is the enclosed over-
density, and ρm is the background matter density at cur-
rent time.

The equation for the evolution of a density perturba-
tion in the early universe is given by,

δ̈ − 4

3

δ̇2

1 + δ
+ 2Hδ̇ = (1 + δ)∇2Ψ. (25)

∇2Ψ is given by the Poisson equation (16). Using equa-
tion (24) we may replace δ in (25) and rewrite it as,

R̈

R
= H2 + Ḣ − 1

3
∇2Ψ

= −4πG

3
(ρ̄+ ρDE)− 4πG

3

(
1 +

2

3β
g(R/R∗)

)
δρ

(26)
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FIG. 3. The overdensity at the splashback radius as a func-
tion of accretion rate for different models of nDGP. A higher
overdensity corresponds to a smaller splashback radius. Dif-
ferences between the models are evident at higher accretion
rates.

We can then solve the equation numerically. Using the
convention in [70, 71] we define,

x =
R

Ri
− a

ai
. (27)

The evolution equation then becomes, with the time co-
ordinate ln a,

ẍ =−Ḣ
H
ẋ+

(
1 +

Ḣ

H

)
x (28)

−ΩmH
2
0a
−3

2H2

[
1 +

2

3β
g(R/R∗)

]
(x+ a/ai)δ, (29)

where δ(x, a) = (1+δi) (aix/a+ 1)
−3−1. We begin with

x = 0 and ẋ = −δi/3. We adjust δi such that splashback
occurs at a = 1.

Figure 2 shows the evolution of a shell that is at the
first apocenter of its orbit, or splashback, today. One can
see that the splashback radius can move to larger radii in
the case of modified gravity with H0rc = 0.2 for high ac-
cretion rates. Fig. 3 shows the enclosed overdensity as a
function of accretion rate for H0rc = 0.2 and H0rc = 0.1.
Since high mass, cluster sized halos are typically accret-
ing rapidly, we can hope to detect the percent level differ-
ences in splashback radius by observing massive objects.
The bottom panel of figure 2 shows the velocity of the
infalling shells, which is significantly different in the two
cases. The stronger gravity leads to shells in nDGP infall
with a higher velocity than its counterpart in ΛCDM. As
dynamical friction goes as 1/v2, differences in the trajec-
tory of massive satellites in the two cosmologies are likely
to introduce changes in the splashback radius.
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IV. SPLASHBACK RADIUS IN SIMULATIONS
OF MODIFIED GRAVITY

A. Splashback for particles

With insights from the toy model for the spherical
case, we study the full non-linear growth of structure
using simulations of the different modified gravity mod-
els. As mentioned, the Poisson equation in modified
gravity models become highly nonlinear, making these
models difficult and time-consuming to solve numerically.
ECOSMOG-V and ECOSMOG-fR [72, 73] are state of
the art codes to simulate cosmologies with modified grav-
ity. They are adaptive mesh refinement (AMR) codes
based on RAMSES, that solve for the scalar field φ using
the Newton-Gauss Siedel multigrid relaxation method.
For a detailed review of the code performance refer to Li
et al. [72, 73].

We run and analyze a suite of N-body simulations both
in f(R) gravity and in nDGP. Firstly, to maximize the
effects of modifications we simulate the nDGP models of
the worked example with 5123 particles on a 400 Mpc h−1

length box. We begin at an initial redshift z = 49. We
run these with the best-fit Planck cosmology parameters,
Ωm = 0.301, ΩΛ = 0.699, h = 0.677, and ns = 0.9611.
We simulate the nDGP model with H0rc = 0.2, where
the crossover scales is 600 Mpc h−1. As the growth of
structure in DGP is different from ΛCDM, we normalize
the initial conditions of our simulations, such that σ8

is the same for both the nDGP and the corresponding
ΛCDM case.

Fig. 4 shows the comparison between the slopes of
the density profile for cluster mass halos in ΛCDM and
nDGP with H0rc = 0.2. The value of rc = 600 Mpc
h−1, which corresponds to H0rc = 0.2, was chosen so
that the Vainshtein radius for cluster sized halos lies
in the splashback region. Taking the crossover scale
rc ∼ O(6000 Mpc) so that H0rc ∼ O(1) results in cos-
mic acceleration driven by the modifications of gravity
i.e. DGP (or galileons) play the role of dark energy. This
would correspond to the so-called sDGP scenario. This
scenario is strongly ruled out since it has ghosts in the
spectrum (so that space-time is unstable) [74–78]. In the
case of galileon dark energy, self-accelerating models are
either ruled out by the bounds on the difference between
the speed of light and gravitational waves coming from
GW170178/GRB 170817A [29–32, 79, 80] or are in strong
tension with cosmological observations [81, 82]. The val-
ues of H0rc considered above correspond to the strongest
small-scale modifications of gravity that are not yet ruled
out by other probes [11, 22]. The red and blue curves
show the profiles for the nDGP models. The top panel
shows the splashback radius for stacked cluster mass ha-
los with masses 1 ≤ M ≤ 4 × 1014M�h

−1. As expected
from the model the location of the minimum of the den-
sity moves to a higher value compared with ΛCDM. The
bottom panel shows the average radial velocity as a func-
tion of radius for the same sample halos. Particles that

are at splashback today fall in with velocities that can
be considerably higher than their counterparts in GR as
can be seen from the comparison of the average radial
velocities in the outskirts of the cluster (where gravity is
unscreened). The larger velocities cause the particles in
nDGP to splash back to larger radii compared with GR
due to their higher energies.

As the splashback radius depends on the growth his-
tory of halos, stacking halos with similar accretion rates
or concentrations often makes the feature more promi-
nent. The right panel of Fig. 4 shows the slope of the
density profiles of halos in the same mass bin but split
based on their concentrations, c = Rvir/rs, where Rvir is
the virial radius and rs is the scale radius in the NFW
fit to the profiles. The difference in the location of the
feature then becomes more significant, of the order of
10%.

Apart from the cases mentioned above we also con-
sider models that are currently interesting in the cos-
mological context. For f(R) gravity we look at models
with fR0 = 10−5 and 10−6, referred to as F5 and F6
henceforth. We also consider nDGP cosmologies with
H0rc = 1, referred to as N1. The fiducial boxes are of
length 1024 Mpch−1 containing 10243 particles. In these
simulations the expansion is matched to a universe with
Ωm = 0.281, ΩΛ = 0.719 and h0 = 0.697. We find that
these modifications do not produce an observable effect
in the position of the particle splashback. The effect is
expected to be small for the nDGP model, N1, as the
modifications to GR are weak, while for f(R) gravity the
absence of difference in the position of particle splash-
back from GR is consistent with results from [83], where
they solve for the evolution of a shell in f(R) gravity and
find that the turnaround radius changes by ∼ 5% in mod-
els with fR0 ≤ 10−5, which would produce a change in
splashback that is less than a percent. When split based
on concentration within the given mass bin, however, dif-
ferences of the order of a few percent in the slope profile
begin to appear.

B. Splashback for Subhalos

The distribution of dark matter can be traced in obser-
vations using lensing. However the distribution of sub-
structure in halos is also expected to trace the overall
matter distribution. Galaxies reside in dark matter ha-
los that are captured by the host and orbit within it as
substructure. Therefore apart from tracing the matter
distribution with lensing one may also look at the distri-
bution of galaxies or substructure to measure the feature
in its density profile, as in Refs. [49, 51].

Unlike dark matter particles, however, massive subha-
los experience dynamical friction when moving through
an ambient density of background particles [84, 85]. The
force from dynamical friction acts like a drag on subha-
los, decreasing their orbital apocenters relative to those
of dark matter particles [86]. The deceleration due to
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FIG. 4. Left: Slope of the stacked density profile of halos in the mass bin from Mvir = 1–4 × 1014M�h
−1 in nDGP and

ΛCDM. Middle: Stacked average radial velocity in km/s as a function of radius. Right: Comparison between the slope of the
stacked density profile of halos in nDGP and ΛCDM in different concentration bins. The dashed curve corresponds to a mean
concentration c = 6 while the solid curves are for lower concentration halos with mean c = 3. The vertical lines correspond to
the position of the minimum slope. The difference between the models is about 10 percent or larger.

dynamical friction is given by

dv

dt
∝ −G

2Mρ

v3
vf(v/

√
2σ), (30)

whereM is the mass of the object moving with a velocity
v through an ambient medium of lower mass particles,
ρ(r) is the density of the medium, and σ is the ambi-
ent velocity dispersion. The function f(X) = erf(X2) −
2X√
π
e−X

2

.
The timescales for dynamical friction depend on the ra-

tio of the masses of the subhalo and the host, and become
relevant, i.e. of the order of Hubble time or shorter when
Msub/Mhost > 0.01. Therefore, the lowest mass subhalos
in massive clusters have a splashback radius similar to
that of particles, while higher mass subhalos splashback
at radii smaller than the particles. The splashback radius
of subhalos or galaxies in observations can therefore act
as a direct probe of dynamical friction.

We examine the distribution of subhalos around hosts
of mass Mvir = 1− 4× 1014M�h

−1 in the different mod-
ified gravity simulations. To learn about properties of
very low mass subhaloes we ideally require high reso-
lution simulations. However we only require the posi-
tions and velocities of the subhalos for our analysis of
the splashback radius and no internal properties like ac-
curate profiles of the subhalos themselves. For F5 we
have two sets of simulations, one with 1024 Mpc h−1 and
10243 particles and another with higher resolution of 450
Mpc h−1 with 10243 particles. Fig 5 shows the splash-
back radius for subhalos in F5 and GR as a function of
subhalo mass. We use the peak velocity, vp, measured
from the merger histories of the subhalo as a proxy for
subhalo mass, as observationally it is known to correlate
best with galaxy magnitude. The splashback radius for

subhalos with low vp was computed using the higher res-
olution simulation. For comparison, the particle splash-
back for both the models is also shown in red. The low
mass subhalos with vp < 300 km/s have a splashback
radius that is close to the splashback radius for particles
in both GR and F5, whereas the higher mass subhalos
with vp > 400 km/s have a smaller splashback radius
than particles due to dynamical friction. However, the
higher mass subhalos in f(R) gravity have a larger splash-
back radius in comparison to their counterparts in GR.
In fact it appears that the effect of dynamical friction
is suppressed in F5. The difference between the parti-
cle splashback and subhalo splashback for subhalos with
mass vp > 400 km/s is smaller than it is for GR. Fig. 6
shows the splashback radius for subhalos selected by peak
mass, Mpeak > 8 × 1012M�h

−1, in the different models,
these subhalos have the same average peak velocity as the
vp > 400 km/s sample. N1 and F5 both show evidence
for reduced dynamical friction.

This behavior can be explained by examining the infall
velocities of subhalos into hosts. The force of dynamical
friction depends on the relative velocity between a satel-
lite and its hots; the higher the velocity, the lower the
drag from friction. Due to the enhanced gravity in the
outskirts of the cluster mass halos, the infall velocities
of particles and subhalos are enhanced in the stronger
gravity models, which should lead to a suppression of
dynamical friction. The right panel of Fig. 5 shows the
mean radial velocity of the high mass subhalos in GR
and F5, and, as can be seen, subhalos in the outskirts of
clusters have higher infall velocities in F5 than in GR on
average. Consequently on entry into the host, subhalos in
F5 feel less frictional force than their counterparts in GR,
and therefore splash back to a larger distance at apocen-
ter. It should be noted that while low mass subhalos and
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particles also fall in with higher velocities, the dynamical
friction timescales are much longer for low Msub/Mhost

and do not affect their dynamics significantly.

V. DISCUSSION

In this paper we have studied the sensitivity of the
splashback radius to gravity and the nature of dark en-
ergy. We used an analytical model for the spherical evolu-
tion of matter falling onto cluster halos, which has previ-
ously been shown to reproduce splashback measurements
in N-body simulations [46]. We extended the model to
account for evolving dark energy and modified gravity
models with Vainshtein screening. We also studied a sec-
ond gravity model, Hu-Sawicki f(R), which screens using
the chameleon mechanism.

Firstly, we demonstrated that the location of the
splashback feature is sensitive to the equation of state
parameter w of dark energy. This effect is small and pri-
marily due to the change in the universe’s background
expansion rate. Precise measurements of splashback ra-
dius will be required to constrain cosmologically viable
values of w, such that changes of the order of a few per-
cent may be detected.

We found that modifications to general relativity could
significantly alter the dynamics of infalling matter and
lead to observable changes in the location of splashback
in both the mass and subhalo profiles (Figs. 4 and 5).
We studied splashback in two gravity models that ex-
hibit screening mechanisms: nDGP, which exhibits the
Vainshtein mechanism, and f(R) gravity, which utilizes
the chameleon mechanism. For nDGP we found that
for small values of the crossover scale (of order 500 Mpc
h−1), the splashback radius is significantly larger than in
ΛCDM. Stacking on concentration to group together ha-
los of similar assembly histories makes the differences in
splashback radius in the clusters more pronounced; it can
be larger by about 10% compared with GR. Weak lens-
ing profiles around cluster mass halos would test modified
gravity in this regime3.

Along with particles we also studied the splashback fea-
ture of subhalos in N-body simulations (Fig. 5). In GR,
massive subhalos are expected to have a smaller splash-
back radius than particles owing to loss of orbital energy
due to dynamical friction. We find that in f(R) gravity
when fR0 > 10−5, the difference between the splashback
radius for particles and high mass subhalos is reduced.

3 For part of the parameter space in DGP/galileon (rc <∼ O(Gpc))
that is interesting for cosmic acceleration we found that the
splashback radius is nearly identical to GR, i.e. the particle
trajectories within the halos are not modified on average. In any
case, such models are in strong conflict with other observations.
Our study may thus be regarded as illustrative of the effects of
modified gravity; the quantitative signature of models developed
in the future will need to be calculated for each model.

This is due to the enhanced infall velocities from the
gravitational force, which makes dynamical friction less
effective in clusters compared with GR.

Beyond galaxy clusters, the effect of dynamical fric-
tion is important to understand the distribution of satel-
lite galaxies in host halos of all masses. In addition, for
f(R) theories with fR0 < 10−5, while cluster mass halos
are completely screened, lower mass halos may remain
partially unscreened in the outskirts, leading to a similar
enhancement of velocity that should imprint its signature
on the splashback radius. Due to resolution limits of our
simulations we do not look into this regime; future stud-
ies with higher resolution simulations of modified gravity
will be required to understand the effects of reduced dy-
namical friction on satellite distributions.

Observations to constrain modified gravity using the
splashback radius can follow two approaches. One is to
measure splashback as a function of cluster concentra-
tion or another proxy for accretion rate. While mea-
suring concentration for individual clusters from weak
lensing profile is difficult, other measures of concentra-
tion like Rmem [49] may be used – this method however
requires understanding systematics related to cluster se-
lection [87]. Alternatively other quantities like the tem-
perature of cluster gas via X-Ray measurements are a
proxy for its dynamical state or accretion rate. The sec-
ond approach is to measure the effect of modified gravity
on dynamical friction by the measurement of the splash-
back radius as a function of galaxy magnitude (a proxy
for subhalo mass). The location of the splashback radius
for bright galaxies can be compared to the location mea-
sured from lensing or to the location of fainter galaxies.
The location of the splashback radius is easy to interpret
physically and is therefore a robust probe of modified
gravity. While it is true that in principle the entire pro-
file contains information, the inner regions are harder to
interpret with galaxy profiles due to tidal effects of the
host over multiple dynamical times and the impact the
BCG.

The splashback in galaxy clusters has been detected
in both the galaxy and lensing profiles [49–51] and new
methods to measure this feature have been proposed by
Okumura et al. [88, 89]. In current measurements of
splashback in the galaxy profile, there appear to be sys-
tematic uncertainties at the 10 percent level, possibly due
to the optical cluster detection approach. With cluster
samples selected using proxies that are closer to a mass
selection [90] these issues may be resolved. If some of
the current results on the splashback radius being smaller
than expected hold, they could constrain gravity theories
tightly as they generically predict larger splashback radii.
A second feature of current measurements is that the
splashback radius shows no significant trend with galaxy
magnitude for high richness bins, i.e. for cluster with
mass M > 1014M�h

−1. For lower mass group-sized ob-
jects, there is evidence for movement of the location of
splashback to smaller radii for bright galaxies [86]. Pur-
suing the signatures of dynamical friction for galaxies of
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different observed magnitudes could have interesting im-
plications for modified gravity.

Future surveys like LSST [59], and complete data from
the ongoing DES [91], KiDS [92] and Subaru/HSC sur-
veys [93], will achieve powerful statistical accuracy on
measurements of splashback. In the results we have pre-
sented, variations due to modified gravity range from a
few to ten percent. The splashback radius measured from
the number density profile of galaxies will be constrained
at the percent level in the coming years. Even from lens-
ing, the current uncertainty of under 15 percent from the
DES Year 1 measurement [51], could improve to 5 per-

cent with the full DES survey, through a combination of
increased sky coverage and improved methodology. With
LSST, an additional factor of 3-4 in survey area and
number density of source galaxies will lead to statisti-
cal uncertainty of 1-2 percent. Thus, if systematics can
be controlled at the same level (clearly a major caveat)
measurements with future surveys can distinguish even
the more subtle model variations presented here. More-
over, the full shape of the density profile contains infor-
mation beyond the location of splashback; we have not
attempted to quantify this signal. Future spectroscopic
surveys like DESI [94] will help constrain the relationship
between stellar mass and halo mass better, helping with
the interpretation of any trend of splashback with galaxy
magnitudes.
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