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Figure 1. Projected density in a slice of thickness 0.15R200m through the center of two halos with low (left, � = 0.8) and high (right, � = 2.7) mass accretion
rates. The halos have similar masses, Mvir = 1.1 ⇥ 1014 and 1.8 ⇥ 1014 h�1 M� at z = 0. The white lines show Rvir (solid), R200m (dot-dashed), Rsp (dashed)
and Rinfall (dotted; see §3.1 for a detailed description of these radii). Rsp and Rinfall were calculated using the calibrations presented in Section 3.1 rather than
the density profiles of the individual halos shown. Halos with a low mass accretion rate exhibit a caustic at a radius significantly larger than R200m, whereas
fast-accreting halos have Rsp <⇠ R200m (at z = 0). The visualizations were created using the algorithm of Kaehler et al. (2012).

Figure 2. Spherically averaged density profiles (top panels) and their logarithmic slope (bottom panels) of the two halos shown in Figure 1. The slopes were
computed using a profile smoothed with the fourth-order Savitzky & Golay (1964) filter over the 15 nearest bins. The steepening around Rsp is very pronounced
in both profiles, but the profile of the faster accreting halo reaches a steeper slope and at a smaller radius. The vertical lines in the bottom panels mark the same
radii shown in Figure 1 using the same line types, i.e. Rvir, Rsp, and Rinfall (defined as the radius where the mean radial velocity profile of v̄r reaches minimum)
from left to right. For the slower accreting halo (left), the estimate of Equation 5 slightly underestimates the true Rsp. This disagreement is not surprising since
the Rsp of individual halos are expected to scatter around the median relation.
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Figure 2. Median density profiles of low-mass (top left panel) and very massive (top right panel) halos at z = 0. The shaded bands show the interval around the median
that contains 68% of the individual halo profiles in the corresponding ν bin. The plots include somewhat smaller radii for the high-ν sample compared to the low-ν
sample due to the different resolution limits of the simulations from which the profiles were extracted. The shapes of the high- and low-mass profiles are noticeably
different: the slope of the high-ν profile steepens sharply at r ! 0.5Rvir, while the profile of the low-ν sample changes slope gradually until r ≈ 1.5Rvir, where the
profiles of both samples flatten significantly. The sharp steepening of the outer profile of the high-ν sample cannot be described by the NFW or Einasto profiles, as is
evident in the bottom panels. The bottom panels show the logarithmic slope profile of the median density profiles in the top panels, as well as the corresponding slope
profiles for the best-fit NFW (dot-dashed) and Einasto (dashed) profiles. To avoid crowding, we only show the NFW and Einasto fits in the bottom panels where the
differences can be seen more clearly. The vertical arrows indicate the position of various radius definitions, evaluated for the median mass profile.
(A color version of this figure is available in the online journal.)

accretion rate. In this section, we explore the variation of the
profiles with these properties.

3.1. Density Profiles as a Function of Peak Height

Figure 2 shows the median density profiles at z = 0 of 2
halo samples representing extremes of the range of halo peak
heights and the corresponding profiles of the logarithmic slope,
γ (r) ≡ d log ρ/d log r . The low-mass sample (left panels)
corresponds to the peak height range of 0.5 < ν < 0.7 (see
Figure 1 for the respective mass range), while the high-mass
sample corresponds to ν > 3.5. We also show the interval
containing 68% of the individual profiles with a shaded band.

It is clear that the profiles of the two samples in Figure 2 are
quite different. The median profile of the low-ν sample has a
slowly changing slope out to r ! Rvir and large scatter around
the flattening at larger radii. The high-ν sample, on the other
hand, has a sharply steepening profile at r ! 0.5Rvir with the
slope changing from −2 to −4 over a range of only ≈4 in
radius, as can be seen in the slope profiles (bottom panels).

For comparison, the slope of an NFW profile is expected to
change by only ≈0.6 over the same radial range for typical
concentrations. The slope profiles show that although the NFW
and Einasto profiles provide a reasonable description to the
profiles of the low-ν sample out to r ≈ Rvir, they fail to describe
the rapid steepening of the slope in the high-ν sample. Clearly,
the functional form of the high-ν profiles differs from the fit
at large radii, implying that the outer density profiles of halos
cannot be universally described by a single NFW or Einasto
profile. We note that these fitting functions were not designed
to match profiles outside r ≈ Rvir, but the deviations from
the NFW and Einasto profiles in high-ν halos begin at smaller
radii, r ≈ 0.5Rvir (see also Meneghetti & Rasia 2013; Balmès
et al. 2014). In Section 3.3 and the Appendix we present a more
flexible functional form that can describe the profiles of halos
of different peak heights.

We note that the profiles of both the low-ν and high-ν samples
flatten to a slope of ≈−1 at r ! 2Rvir, as the profile approaches
the 2-halo term of the halo–matter correlation function (see,
e.g., Hayashi & White 2008). However, the scatter around the
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The boundary of halos in phase space

The first turnaround of the most recently accreted material

“Splashback” defined

• Boundary of the 1-stream vs. multi-stream region for infalling particles.

• A physical meaningful way of defining a cluster through the dynamics.

• Probe for assembly bias, dynamical friction, dark matter self-interaction? 
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to determine the enclosed overdensity inside the splash-
back radius, ∆s. Our results do not strongly depend on
our assumed mass profile inside the halo. For example,
using an isothermal profile instead of NFW gives results
that are consistent at the∼ 10% level. Figure 2 shows the
predicted values of the enclosed overdensity. Throughout
this paper, we define overdensities relative to the mean
matter density, not the critical density. In our model,
∆s depends only on the halo’s accretion rate s, along
with the values of the background cosmological parame-
ters ΩM and ΩΛ at the time the halo is observed. The
behavior we find is unsurprising. As the accretion rate is
increased (larger s), the potential deepens more quickly
in time, resulting in splashback occuring at a smaller ra-
dius, or equivalently, at a larger enclosed overdensity ∆s.
Similarly, at low redshift when ΩM diminishes and ΩΛ

increases, the mean background density of the universe
ρ̄m decreases more during the time between turnaround
and splashback, again resulting in a larger ∆s.
Finally, although the model presented here is ex-

tremely simple to evaluate, we also provide a very rough
fitting function to approximate the location of splash-
back:

∆s ≈ AΩ−b−c s
M edΩM+e s3/4 , (3)

with fitted parameters A = 38, b = 0.57, c = 0.02, d =
0.2, e = 0.52. This fitting function has ∼ 5% accuracy
over the range 0.5 < s < 4, 0.1 < ΩM < 1. The results
shown in this paper do not use this fitting function, since
it is equally simple to evaluate the spherical toy model.

III. COMPARISON WITH SIMULATIONS

In this section, we compare the predictions of the toy
model described in the previous section with results of
numerical simulations. First, we compare our model with
the similarity solutions that arise from the collapse of
scale-free perturbations [2, 7]. Fig. 3 shows one exam-
ple, for accretion rate s = 3. In all cases, we find good
agreement between the caustic location obtained in the
similarity solution and that predicted by the toy model.
This even holds true for collapse of highly triaxial per-
turbations: the main effect of the triaxiality is to make
the splashback surface nonspherical, reducing the maxi-
mal depth of the slope of the spherically averaged profile,
while preserving the mean radial location of splashback.
Our toy model also predicts a significant dependence

on redshift (or equivalently, a dependence on the value
of ΩM ). We cannot test that prediction using similar-
ity solutions, because they assume ΩM = 1. To test
this prediction, we therefore ran 1-dimensional N-body
simulations of the collapse of isolated overdensities. The
simulations evolve the motion of spherical shells follow-
ing Eqn. (1). The initial linear overdensity profiles are
chosen to produce M ∝ as for various values of s. Figure
4 shows an example, for s = 3. The solid curves in the
figure show the results of the 1-D simulations, while for
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FIG. 3. Caustics for self-similar halos [2, 7] with accretion
rate s = 3. The top panel shows the phase space diagram for
spherically symmetric collapse (solid black curve) and for 3D
collapse with e = 0.05 (colormap), while the bottom panel
shows the density vs. radius. The vertical line in the bottom
panel indicates the splashback radius predicted by the spher-
ical collapse model for this value of s. As the density profiles
demonstrate, the caustic location depends mainly on accre-
tion rate, with little if any dependence on the initial ellipticity
e. However, the caustic width does depend on e, apparently
because the shape of the splashback surface is related to the
initial ellipticity.

comparison, the dashed curve shows the similarity solu-
tion for s = 3. Note that for ΩM = 1, the 1-D simulation
does not exactly match the similarity solution. This is
because the dynamics, even in spherical symmetry, are
subject to a slew of instabilities that are not present in
the similarity solution [15, 19, 20]. To suppress these in-
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● Deviation from NFW 
and Einasto profile in 
the outer regions of 
the halo 

● Slope of the local 
density deviates in a 
narrow confined 
region 

Outer density profiles of Dark Matter Halos

Diemer & Kravtsov 2014



Phase space boundary separates multi-streaming region from infall region

Adhikari et al. 2014



Accretion rate dependence Redshift dependence

Adhikari et al. 2014, Diemer & Kravtsov 2014, Shi et al. 2015 

Location of the splashback radius



Sensitive to Cosmology . 
Models of modified gravity predict different splashback.

Adhikari et al. 2018

Splashback in Subhalos

Adhikari et al. 2016

Subhalos follow the same dynamics as dark  
matter particles but are effected by  
dynamical friction



Observations of Splashback radius 

MNRAS 000, 1–17 (2017) Preprint 8 February 2017 Compiled using MNRAS LATEX style file v3.0

The Halo Boundary of Galaxy Clusters in the SDSS

Eric Baxter1?, Chihway Chang2, Bhuvnesh Jain1, Susmita Adhikari3,
Neal Dalal3,4, Andrey Kravtsov2,5,6, Surhud More7, Eduardo Rozo8,
Eli Ryko↵9,10, Ravi K. Sheth1,11

1
Center for Particle Cosmology, Department of Physics, University of Pennsylvania, Philadelphia, PA 19104, USA

2
Kavli Institute for Cosmological Physics, The University of Chicago, Chicago, IL 60637, USA

3
Department of Astronomy, University of Illinois at Urbana-Champaign, Champaign, IL 61801, USA

4
Department of Physics, University of Illinois at Urbana-Champaign, Champaign, IL 61801, USA

5
Department of Astronomy and Astrophysics, The University of Chicago, Chicago, IL 60637, USA

6
Enrico Fermi Institute, The University of Chicago, Chicago, IL 60637, USA

7
Kavli Institute for the Physics and Mathematics of the Universe (WPI), Tokyo Institutes for Advanced Study,

The University of Tokyo, 5-1-5 Kashiwanoha, Kashiwa-shi, Chiba, 277-8583, Japan

8
Department of Physics, University of Arizona, Tucson, AZ 85721, USA

9
Kavli Institute for Particle Astrophysics & Cosmology, P.O. Box 2450, Stanford University, Stanford, CA 94305, USA

10
SLAC National Accelerator Laboratory, Menlo Park, CA 94025, USA

11
The Abdus Salam International Center for Theoretical Physics, Strada Costiera 11, 34151 Trieste, Italy

Last updated 8 February 2017

ABSTRACT
Mass around dark matter halos can be divided into “infalling” material and “col-

lapsed” material that has passed through at least one pericenter. Analytical models

and simulations predict a rapid drop in the halo density profile associated with caustics

in the transition between these two regimes. Using data from SDSS, we explore the

evidence for such a feature in the density profiles of galaxy clusters and investigate the

connection between this feature and a possible phase space boundary. We first estimate

the steepening of the outer galaxy density profile around clusters: the profiles show

an abrupt steepening, providing evidence for truncation of the halo profile. Next, we

measure the galaxy density profile around clusters using two sets of galaxies selected

based on color. We find evidence of an abrupt change in the galaxy colors that coin-

cides with the location of the steepening of the density profile. Since galaxies are likely

to be quenched of star formation and turn red inside of clusters, this change in the

galaxy color distribution can be interpreted as the transition from an infalling regime

to a collapsed regime. We also measure this transition using a model comparison ap-

proach which has been used recently in studies of the “splashback” phenomenon, but

find that this approach is not a robust way to quantify the significance of detecting a

splashback-like feature. Finally, we perform measurements using an independent clus-

ter catalog to test for potential systematic errors associated with cluster selection. We

identify several avenues for future work: improved understanding of the small-scale

galaxy profile, lensing measurements, identification of proxies for the halo accretion

rate, and other tests. With upcoming data from the DES, KiDS and HSC surveys, we

can expect significant improvements in the study of halo boundaries.

Key words: galaxy: clusters: general – cosmology: observations

1 INTRODUCTION

In the standard cosmological model, gravitational collapse
causes small perturbations in an initially smooth dark mat-

? E-mail: ebax@sas.upenn.edu

ter density field to collapse into dense clumps known as ha-
los. The matter distribution in and around halos can be
divided into two components, which we will refer to as “in-
falling” and “collapsed.” Infalling material is in the process
of falling towards the halo, but has not yet passed through
an orbital pericenter. Such material has experienced a first
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ABSTRACT

We show that the projected number density profiles of Sloan Digital Sky Survey photometric galaxies around
galaxy clusters display strong evidence for the splashback radius, a sharp halo edge corresponding to the location
of the first orbital apocenter of satellite galaxies after their infall. We split the clusters into two subsamples with
different mean projected radial distances of their members, á ñRmem , at fixed richness and redshift. The sample with
smaller á ñRmem has a smaller ratio of the splashback radius to the traditional halo boundary R200m than the
subsample with larger á ñRmem , indicative of different mass accretion rates for these subsamples. The same
subsamples were recently used by Miyatake et al. to show that their large-scale clustering differs despite their
similar weak lensing masses, demonstrating strong evidence for halo assembly bias. We expand on this result by
presenting a 6.6σ difference in the clustering amplitudes of these samples using cluster–photometric galaxy cross-
correlations. This measurement is a clear indication that halo clustering depends on parameters other than halo
mass. If á ñRmem is related to the mass assembly history of halos, the measurement is a manifestation of the halo
assembly bias. However, our measured splashback radii are smaller, while the strength of the assembly bias signal
is stronger, than the predictions of collisionless Λ cold dark matter simulations. We show that dynamical friction,
cluster mis-centering, or projection effects are not likely to be the sole source of these discrepancies. However,
further investigations regarding unknown catastrophic weak lensing or cluster identification systematics are
warranted.

Key words: dark matter – cosmology: observations – galaxies: clusters: general – large-scale structure of universe –
methods: observational

1. INTRODUCTION

Dark matter halos with masses larger than 1014 -
:h M1 collapse

out of dense peaks in the primordial Gaussian density fluctuations
that are believed to originate from quantum fluctuations in cosmic
inflation (see e.g., Kaiser 1984; Bardeen et al. 1986; see Kravtsov
& Borgani 2012 for a recent review). Clusters of galaxies form
within such massive dark matter halos. The large-scale clustering
amplitudes of the halos hosting galaxy clusters are thus heavily
biased compared to the underlying matter distribution (Kaiser
1984; Mo & White 1996; Sheth et al. 2001; Tinker et al. 2010).

Although the large-scale clustering amplitude of dark
matter halos primarily depends on halo mass, it also depends
on other secondary parameters correlated with halo assembly
history (Gao et al. 2005; Wechsler et al. 2006; Gao & White
2007). For cluster-sized halos, the dependence of the
clustering amplitude on these secondary parameters can be
traced back to the properties of the primordial density peaks
from which such halos form, for example, the radial profile of
the initial peaks (Dalal et al. 2008). The dependence of the

large-scale clustering amplitude on various parameters other
than the halo mass has been broadly referred to as halo
assembly bias, and has been studied in great detail using
cosmological simulations (Sheth & Tormen 2004; Gao et al.
2005; Wechsler et al. 2006; Gao & White 2007; Li
et al. 2008).
Halo assembly bias has, however, been difficult to establish

in astrophysical observations. A clean detection of halo
assembly bias requires identifying samples of isolated halos
which are matched in their halo masses but differ in their
assembly histories. There have been several claims of detection
of halo assembly bias on galaxy scales in the literature (e.g.,
Yang et al. 2006; Tinker et al. 2012; Hearin et al. 2015).
However, Lin et al. (2016) investigated the first of these claims
and found no strong evidence for halo assembly bias on galaxy
scales. The difference in the conclusions was a result of
contamination of the halo samples by satellite galaxies, or the
differences in halo masses of the samples used to look for halo
assembly bias (Lin et al. 2016).

The Astrophysical Journal, 825:39 (20pp), 2016 July 1 doi:10.3847/0004-637X/825/1/39
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the halo density profile as the sum of an Einasto profile that
e↵ectively describes the collapsed material and a power law
profile that e↵ectively describes the infalling material2. The
use of an Einasto profile to model the collapsed material
is well motivated by many studies using N-body simulations
(Navarro et al. 2004; Merritt et al. 2005, 2006; Navarro et al.
2010). The use of a power law term to describe the infalling
material is motivated by e.g. the self-similar collapse mod-
els of Gunn & Gott (1972). For a single peak, self-similar
collapse models predict a power law profile with index -1.5.
However, for CDM halos forming as a result of gravitational
collapse around intially Gaussian perturbations, the infalling
material is not expected to follow a pure power law profile at
large scales. Furthermore, non-linear dynamics can modify
the profile of infalling material within the halo. The pre-
cise form of the infalling material profile must therefore be
calibrated using e.g. N-body simulations. The simple power
law model, however, was shown to provide a good fit to the
stacked profiles of simulated halos out to ⇠ 9Rvir in DK14.
To model the observed steepening of the density profile near
Rvir, DK14 multiplied the Einasto profile by the function
ftrans(r), which is unity for small r, but declines rapidly in
a narrow region near the radius rt.

The complete profile introduced by Diemer & Kravtsov
(2014) that provides good fits to the stacked 3D density
profile of simulated halos from small scales out to ⇠ 9Rvir

has the form:

⇢(r) = ⇢
coll(r) + ⇢

infall(r), (1)

⇢
coll(r) = ⇢

Ein(r)ftrans(r) (2)

⇢
Ein(r) = ⇢s exp
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⇢
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r
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◆�se
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where ⇢
coll and ⇢

infall represent the profiles of the collapsed
and infalling material, respectively. Note that ⇢

coll and ⇢
infall

correspond to the ⇢inner and ⇢outer used by DK14. Since r0 is
completely degenerate with ⇢0, we will fix r0 = 1.5 h

�1Mpc
throughout.

The profile of Eqs. 1–5 contains eight free parameters.
DK14 first fit density profile measurements from simulations
allowing all eight parameters to vary freely, and found that
the profile provided a good fit to these measurements. Be-
cause some of the parameters in their fits were correlated,
DK14 also explored how the number of free parameters could
be reduced by fixing various parameter combinations. In this
analysis, we will allow all eight model parameters (after fix-
ing r0) to vary independently for two reasons. First, the
parameter combinations constrained by DK14 depend on
quantities such as the halo peak height and the virial ra-
dius, both of which cannot be measured precisely from the
data. Second, it is not necessarily true that parameter com-
binations that can be fixed when fitting the dark matter

2 The DK14 model also includes a constant term equal to the
mean density of the Universe. Here, since the measurements are
e↵ectively mean-subtracted, we do not include such a constant
term.

alone can also be fixed when fitting the galaxy distribution,
given the uncertain relation between galaxies and mass. Al-
lowing all eight parameters to vary simultaneously was also
the approach taken by M16. As we will discuss below, how-
ever, allowing all eight parameters to vary freely (with some
weak priors) can make distinguishing between models that
have a truncation caused by ftrans and models that have
ftrans = 1 di�cult.

Another common parameterization for modeling the
density profiles of dark matter halos is the Navarro-Frenk-
White (NFW) profile of Navarro et al. (1996). The NFW
profile is also known to be a good fit to simulated dark mat-
ter halos, although it may not be as successful as the Einasto
model at capturing the behavior of the inner halo profile
(Navarro et al. 2004; Merritt et al. 2005, 2006; Navarro et al.
2010). Since we do not have a very strong theoretical prior
to prefer the Einasto profile over the NFW profile in this
analysis of galaxy density profiles, we will also consider the
impact on our splashback fits of replacing the Einasto profile
with the generalized NFW model (gNFW):

⇢gNFW(r) =
⇢i⇣

r
rs

⌘↵gNFW
⇣
1 + r

rs

⌘3�↵gNFW
, (6)

where ⇢i sets the normalization of the profile and ↵gNFW

sets its shape.
Since we measure projected densities on the sky, it is

necessary to integrate ⇢(r) along the line of sight to obtain
the projected density ⌃(R):

⌃(R) =

Z hmax

�hmax

dh ⇢(
p

R2 + h2), (7)

where R is the projected distance to the halo center. To
avoid divergence of the profiles, we restrict the line of
sight integration to �hmax < h < hmax. We set hmax =
40 h

�1Mpc, but find that our results are quite robust to this
choice.

The above equations for ⇢(r) and ⌃(R) were found to
accurately describe the mass distribution around simulated
dark matter halos in simulations by DK14. In this work,
however, we will follow M16 and apply the same models to
the measured galaxy distributions, which we label with sub-
script ‘g’s: ⇢g(r) and ⌃g(R) (note that these functions mea-
sure number densities rather than mass densities). That is,
we are assuming that any di↵erences between the galaxy dis-
tribution and the dark matter mass distribution (i.e. galaxy
bias) can be absorbed into the fitting parameters. In the
limit of constant galaxy bias, this assumption is certainly
true. However, at small scales, galaxy bias is expected to be
scale-dependent (e.g. Seljak 2000; Peacock & Smith 2000)
and as a result, this assumption may break down. M16 tested
this assumption using subhalo profiles around cluster-size
halos in dark matter simulations, showing that it is robust.
However, the galaxy density profile is not expected to follow
the subhalo profile at small scales, and the precise relation
between the galaxy profile and the matter profile on small
scales is still an active research area (e.g. Nagai & Kravtsov
2005; Guo et al. 2011; Budzynski et al. 2012).

In the model testing parts of this work, we will adopt
an operational definition and define the splashback radius
as the location of the steepest slope in the model density
profiles. To di↵erentiate between the splashback radius in
the 2D and 3D profiles, we define R

3D
sp as the location of

MNRAS 000, 1–17 (2017)

4 Baxter, Chang et al.

the halo density profile as the sum of an Einasto profile that
e↵ectively describes the collapsed material and a power law
profile that e↵ectively describes the infalling material2. The
use of an Einasto profile to model the collapsed material
is well motivated by many studies using N-body simulations
(Navarro et al. 2004; Merritt et al. 2005, 2006; Navarro et al.
2010). The use of a power law term to describe the infalling
material is motivated by e.g. the self-similar collapse mod-
els of Gunn & Gott (1972). For a single peak, self-similar
collapse models predict a power law profile with index -1.5.
However, for CDM halos forming as a result of gravitational
collapse around intially Gaussian perturbations, the infalling
material is not expected to follow a pure power law profile at
large scales. Furthermore, non-linear dynamics can modify
the profile of infalling material within the halo. The pre-
cise form of the infalling material profile must therefore be
calibrated using e.g. N-body simulations. The simple power
law model, however, was shown to provide a good fit to the
stacked profiles of simulated halos out to ⇠ 9Rvir in DK14.
To model the observed steepening of the density profile near
Rvir, DK14 multiplied the Einasto profile by the function
ftrans(r), which is unity for small r, but declines rapidly in
a narrow region near the radius rt.

The complete profile introduced by Diemer & Kravtsov
(2014) that provides good fits to the stacked 3D density
profile of simulated halos from small scales out to ⇠ 9Rvir

has the form:

⇢(r) = ⇢
coll(r) + ⇢

infall(r), (1)

⇢
coll(r) = ⇢

Ein(r)ftrans(r) (2)

⇢
Ein(r) = ⇢s exp

✓
� 2

↵

✓
r

rs

◆↵

� 1

�◆
, (3)

ftrans(r) =

"
1 +

✓
r

rt

◆�
#��/�

, (4)

⇢
infall(r) = ⇢0

✓
r

r0

◆�se

, (5)

where ⇢
coll and ⇢

infall represent the profiles of the collapsed
and infalling material, respectively. Note that ⇢

coll and ⇢
infall

correspond to the ⇢inner and ⇢outer used by DK14. Since r0 is
completely degenerate with ⇢0, we will fix r0 = 1.5 h

�1Mpc
throughout.

The profile of Eqs. 1–5 contains eight free parameters.
DK14 first fit density profile measurements from simulations
allowing all eight parameters to vary freely, and found that
the profile provided a good fit to these measurements. Be-
cause some of the parameters in their fits were correlated,
DK14 also explored how the number of free parameters could
be reduced by fixing various parameter combinations. In this
analysis, we will allow all eight model parameters (after fix-
ing r0) to vary independently for two reasons. First, the
parameter combinations constrained by DK14 depend on
quantities such as the halo peak height and the virial ra-
dius, both of which cannot be measured precisely from the
data. Second, it is not necessarily true that parameter com-
binations that can be fixed when fitting the dark matter

2 The DK14 model also includes a constant term equal to the
mean density of the Universe. Here, since the measurements are
e↵ectively mean-subtracted, we do not include such a constant
term.

alone can also be fixed when fitting the galaxy distribution,
given the uncertain relation between galaxies and mass. Al-
lowing all eight parameters to vary simultaneously was also
the approach taken by M16. As we will discuss below, how-
ever, allowing all eight parameters to vary freely (with some
weak priors) can make distinguishing between models that
have a truncation caused by ftrans and models that have
ftrans = 1 di�cult.

Another common parameterization for modeling the
density profiles of dark matter halos is the Navarro-Frenk-
White (NFW) profile of Navarro et al. (1996). The NFW
profile is also known to be a good fit to simulated dark mat-
ter halos, although it may not be as successful as the Einasto
model at capturing the behavior of the inner halo profile
(Navarro et al. 2004; Merritt et al. 2005, 2006; Navarro et al.
2010). Since we do not have a very strong theoretical prior
to prefer the Einasto profile over the NFW profile in this
analysis of galaxy density profiles, we will also consider the
impact on our splashback fits of replacing the Einasto profile
with the generalized NFW model (gNFW):

⇢gNFW(r) =
⇢i⇣

r
rs

⌘↵gNFW
⇣
1 + r

rs

⌘3�↵gNFW
, (6)

where ⇢i sets the normalization of the profile and ↵gNFW

sets its shape.
Since we measure projected densities on the sky, it is

necessary to integrate ⇢(r) along the line of sight to obtain
the projected density ⌃(R):

⌃(R) =

Z hmax

�hmax

dh ⇢(
p

R2 + h2), (7)

where R is the projected distance to the halo center. To
avoid divergence of the profiles, we restrict the line of
sight integration to �hmax < h < hmax. We set hmax =
40 h

�1Mpc, but find that our results are quite robust to this
choice.
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Figure 6. Subhalo density profiles measured in simulations

around halos with mass similar to that of our fiducial cluster

sample. Di↵erent colors correspond to di↵erent choices of

subhalo vP . The data points are the galaxy profile measured

with our fiducial sample, which lie between the two lower

mass subhalo samples. The light shaded curves indicate the

range excluded from the model fits described in §5.3.
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Figure 7. Comparison of measurements from dark matter

simulations and data. Top: the log-derivatives of the model

fit to the galaxy profiles in data and the subhalo profiles in

simulations. The horizontal bars in each panel indicate the

inferred location and uncertainty of rsp. Note that rsp in

the data is smaller than in the subhalo cases that are best

matched to our galaxies. The faded section of the green and

red curves indicate the regime where we expect di↵erences

between the data and simulations as we do not fit the subhalo

profiles on small scales. Bottom: same as top panel, but now

comparing the slope of profile of the dark matter particles

with the lensing measurements.

mentioned above. The model describes the subhalo pro-
files well after excluding the small scales. In the top
panel of Fig. 7 we compare the logarithmic derivative of
the model profile from our fiducial sample and from the
two lower mass subhalo bins (since these bins bracket
our galaxy sample). The inferred rsp and uncertainty
for each of the curves shown in the top panel of Fig. 7
are marked by horizontal bars on the top of the panel.
As seen in the figure, the two lowest mass subhalo bins
have essentially the same rsp, indicating that these sub-
halos are su�ciently small that they are not a↵ected
by dynamical friction. Since these two subhalo samples
have masses that bracket that of our galaxy sample, we
conclude that our measurements of rsp from the galaxy
density profile are not a↵ected by dynamical friction.
We will present a more thorough analysis of dynamical
friction in §6.

The rsp inferred from our galaxy density profile (1.16±
0.08 h�1Mpc) is significantly smaller than the corre-
sponding subhalo measurements (1.46±0.05 h�1Mpc for
the vmin

p = 178 km/s subhalo sample), as seen in Fig. 7.
However, the steepest slope inferred from the simula-
tions and data appear to be consistent, suggesting that
we are seeing a level of steepening in the galaxy profile
that is consistent with the splashback feature in simu-
lations. The overall shape of the galaxy profile in the
data di↵ers somewhat from that of subhalos in the sim-
ulations, where the small scale di↵erences have been ad-
dressed above. These findings are consistent with those
of M16.

On the bottom panel of Fig. 7, we compare the lens-
ing measurements with the dark matter particles. When
fitting to the particle measurements we do not include
the e↵ects of miscentering. We find that the particles
give consistent rsp values as the two lower mass sub-
halo samples in the middle panel, and is larger than the
lensing measurements by about 16%. We note that the
seemingly better agreement between the measurements
and the simulations (about 1�) is mainly driven by the
fact that the lensing measurements have larger uncer-
tainties. The slope of the lensing profile at large radii is
shallower than the simulation particles; the same trend
is seen in the galaxy vs. subhalo profiles. We have not
investigated possible sources of this ⇡ 2� discrepancy.

5.4. Richness and Redshift Dependences of rsp

We now consider the richness dependence of the
splashback feature. According to simulation tests in
DK14 and A14, one would expect the splashback fea-
ture to be shallower and appear at smaller scales for
lower mass (or richness) clusters. We measure the rich-
ness dependence of the splashback location by dividing

Splashback radius in DES Y1 results 

Galaxy number density

Weak lensing around clusters

Discrepancy persists in the lensing splashback radius as well

Chang, Baxter, Jain, Sanchez, Adhikari et al.2017
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shown in the middle panel of Fig. 9, together with the
inferred rsp. It is clear that subhalos with vp > 280 km/s
have a significantly smaller splashback radius than lower
mass subhalos, the expected consequence of dynamical
friction.

Since we cannot directly measure the masses of the
galaxies in our sample, we divide the galaxies based on
luminosity, which correlates with mass. We define three
luminosity bins from our galaxy sample (M⇤ < �19.4,
M⇤ < �20.4 and M⇤ < �21.4) and measure the resul-
tant ⌃g profiles around the low-z cluster sample (20 <
� < 100, 0.2 < z < 0.4) as shown in the top panel of
Fig. 9. We use the low-z sample so that we can lower the
luminosity cut on the galaxies and have higher signal-
to-noise measurements. Overlaying the same subhalo
profiles from the dark matter simulation as in Fig. 6, we
find that the brightest galaxy bin (M⇤ < �21.4) roughly
corresponds to the most massive subhalo bin (vp > 280
km/s), which is also the sample that has showed signs of
dynamical friction. The two fainter galaxy bins roughly
correspond to the two lower mass subhalo samples. We
fit all three galaxy measurements to the same model
used in §5.1 and show the log-derivative profile of the
models in the bottom panel of Fig. 9. The galaxies show
similar behaviors to what was observed with the sub-
halos in the dark matter simulations – the two fainter
galaxy bins have consistent rsp measurements, while the
brightest galaxy bin has a slightly smaller rsp. However,
the di↵erence between the brightest galaxy bin and the
other two bins is smaller than what is expected from
the simulations and well within the measurement uncer-
tainties. Furthermore, as we show in Appendix B, this
measurement is sensitive to the choice of the redMaP-
Per parameter R0 (see §7). This test does, on the other
hand, confirm that our fiducial galaxy sample used in §5
is not a↵ected by dynamical friction.

Comparing in more detail the bottom two panels of
Fig. 9, we also find other qualitative di↵erences in the
profiles: the most massive galaxy sample shows a shal-
lower log-derivative compared to the other two galaxy
bins, which is in the opposite direction of what is ex-
pected from the subhalo simulations. To further in-
vestigate these subtle di↵erences and systematics e↵ects
would require more realistic simulations that capture the
baryonic physics on small scales. We defer this study to
future work.

One can imagine further increasing the e↵ect of the
dynamical friction by going to lower-mass clusters, an
approach taken by Adhikari et al. (2016). This is be-
cause one expects the e↵ect of dynamical friction to
be larger for smaller host halos (the e↵ect of dynami-
cal friction scales with Msub/Mhost, where Msub is the
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Figure 9. E↵ects of changing the galaxy luminosity cut

on the inferred rsp around 20 < � < 100, 0.2 < z < 0.4
clusters. Top: measurement of ⌃g profiles for the three lu-

minosity bins (data points) and the three subhalo profiles

in Fig. 6 (solid lines). The light shaded curves indicate the

range excluded from the model fits. The subhalo samples are

not abundance-matched to the galaxies, therefore we do not

expect the amplitudes of the data points to agree with the

solid lines. Middle: log-derivatives of model fits to the sub-

halo density profiles measured in simulations from the top

panel. The faded section of the curves indicate the regime

where we expect di↵erences between the data and simula-

tions as we do not fit the subhalo profiles on small scales.

Bottom: the log-derivative of the model fits to the three

galaxy density profiles. The horizontal bars indicate the in-

ferred location and uncertainty of the 3-dimensional rsp for

each galaxy sample.
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the fiducial cluster sample into 2 richness subsamples
– 20 < � < 28 and 28 < � < 100. The bins are cho-
sen so that the number of clusters are approximately
equal in both bins. The mean richness in the two bins
are 23.3 and 41.1, respectively. In the top panel of
Fig. 8 we show the log-derivatives of the model fits
to the galaxy density profiles of these two subsamples.
We find that rsp is 1.07±0.09 h�1Mpc and 1.33±0.13
h�1Mpc for the low and high richness samples, respec-
tively. The dependence of the mean rsp on the mean �
is roughly rsp / �0.38±0.23, which is consistent with ex-
pectation4 from the slope of the mass-richness relation
of redMaPPer clusters measured in Melchior et al.
(2016), rsp / �0.37. We note, however, that detailed
shapes of the logarithmic derivatives measured from
the data exhibit some puzzling di↵erences from simu-
lations. In particular, we find that the high-richness
cluster sample has a shallower splashback feature than
the low-richness cluster sample. In the simulations of
Diemer & Kravtsov (2014), on the other hand, higher
mass halos tend to have sharper splashback features.

In principle, our measurement of the richness depen-
dence of the splashback radius could be impacted by

4
Since rsp / R200m, we expect rsp / M

1/3
200m. Melchior et al.

(2016) found M200m / �1.12
, suggesting rsp / �0.37

.

dynamical friction. As discussed in §1, dynamical fric-
tion will result in a decrease in the observed splashback
radius measured via the galaxy density profile. This ef-
fect is expected to be weaker for larger host halos, which
could result in an increase in the observed scaling of the
splashback radius with mass relative to the expectation
from particles in simulations (the particle profile is not
impacted by dynamical friction). However, as we show
in §6, for our fiducial galaxy sample, dynamical fric-
tion does not appear to have a significant impact on
the inferred splashback radius. Consequently, our mea-
surement of the richness dependence of the splashback
radius can be compared directly to the expectation from
particles in simulations.

We next consider the redshift dependence of the
splashback feature. A14 looked at the redshift depen-
dence of the splashback feature in simulations, finding
that for a given accretion rate, rsp becomes larger at
higher redshift, which results from a simple scaling with
the background cosmology (specifically ⌦m). When av-
eraged over a distribution of accretion rates, however,
DK14 finds that the results are consistent with no red-
shift evolution. We test this by performing the same
⌃g measurement in three redshift bins: 0.2 < z < 0.4,
0.4 < z < 0.55 and 0.55 < z < 0.75. The lowest redshift
bin is similar to that used in M16, whereas the highest
redshift sample is not strictly volume-limited. In the
bottom panel of Fig. 8 we show the log-derivative of
the model fit to the measurements for the three redshift
bins, with the inferred rsp marked on the plot and listed
in Table 3. We find no evidence of redshift evolution of
rsp over this redshift range. Given that we do not select
the clusters in accretion rate, our finding of no redshift
evolution is consistent with that found in DK14. One
might worry that the mass-richness relation also evolves
with redshift, which could complicate the comparison.
However, in our sample we do not find a significant
evolution of mass over the three redshift samples (see
Table 1), which means we indeed do not see a redshift
evolution of rsp for fixed halo mass.

6. EFFECT OF DYNAMICAL FRICTION

As discussed in §1, measuring the splashback radius
provides an avenue for detecting the e↵ects of dynamical
friction in galaxy clusters. The rate of deceleration due
to dynamical friction for a subhalo travelling through a
cluster is proportional to the mass of the subhalo. Con-
sequently, more massive (brighter) galaxies are expected
to splashback at smaller radii. We first test this expec-
tation in simulations by looking at the log-derivative of
the model fits to the three ⌃sub curves in the upper panel
of Fig. 6. The corresponding log-derivative profiles are
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a spatial matched filter, which assumes the Universal Pressure Pro-212

file (UPP; Nagai et al. 2007; Arnaud et al. 2010) and the associated213

SZ signal-mass scaling relation. We refer reader to the references214

for details. The candidates were confirmed as clusters and their red-215

shifts measured with optical and/or IR data, mainly the Sloan Dig-216

ital Sky Survey (SDSS DR13; Albareti et al. 2017). Cluster masses217

were estimated assuming the SZ signal-mass scaling relation and218

the halo mass function from Tinker et al. (2008), following the219

method in Hasselfield et al. (2013). In addition, centers of the clus-220

ters are assigned as the center-of-mass of the pixels associated with221

the cluster that lie above the SNR>4 cut. The full cluster sample in222

Hilton et al. (2017) are all signal-to-noise SNR > 4 with mass range223

of roughly 1.5 ⇥ 1014 h–1M� < M500c,UPP < 7 ⇥ 1014 h–1M� with224

a median mass of M500c,UPP = 2.2⇥1014 h–1M� and redshift range225

of roughly 0.15 < z < 1.4 with a median redshift of z = 0.49.226

In this paper we used clusters in the DES footprint and in the227

redshift range of [0.25,0.7]. Furthermore, the masses of the clus-228

ters are re-calibrated using richness-mass relation from DES Y1229

analysis (McClintock et al. 2018), which gives a mass-correction230

factor of 1/(0.75 ± 0.1). Hilton et al. (2017) checked that the231

mass estimation after applying this WL-correction is consistent232

with that of SPT mass (See their Fig. 25 and the associated text).2233

As a result, there are 89 clusters with mean mass of hM500ci =234

3.26+0.50
–0.39⇥1014M� and mean redshift of hzi = 0.49. The redshift235

and mass distribution of this cluster sample is shown in Fig. 2.236

We generate a mock cluster catalog with random positions,237

which corresponds to the ACT sample in Hilton et al. (2017) by238

first sampling the halo mass function to obtain a statistically repre-239

sentative sample of halos as function of mass and redshift. Here we240

oversample the number of clusters in the ACT sample by a factor241

of 1000 to reduce the Poisson noise in the mock cluster catalog. For242

each halo in the sample we calculated a filtered Compton-y signal243

using the match filter and scaling relation from Hilton et al. (2017).244

Then we randomly assigned each halo a position within the ACT245

map footprint and compared the filtered Compton-y signal to the246

filter noise from Hilton et al. (2017). The final product is a mock247

halo catalog with signal-to-noise values that correspond to the filter248

noise in the map according to Hilton et al. (2017). We then apply a249

minimum signal-to-noise threshold of four, a redshift cut 0.7, and250

the signal-to-noise completeness function from Hilton et al. (2017)251

to account for non-uniform selection and cluster confirmation ef-252

fects in the ACT sample.253

2.3 DES Year 3 galaxy catalog254

We measure the splashback feature around the SZ-selected clus-255

ters by correlating these clusters with galaxies, effectively using256

galaxies as tracers of the mass. Our galaxy sample used for this257

purpose is derived from the DES data. DES (The Dark Energy Sur-258

vey Collaboration 2005) is a five-year survey that covers ⇠ 5000259

square degrees of the South Galactic Cap (Fig. 1). Mounted on the260

Cerro Tololo Inter-American Observatory (CTIO) 4m Blanco tele-261

scope in Chile, the 570-megapixel Dark Energy Camera (Flaugher262

et al. 2015) images the field in grizY filters. In this analysis, we263

use the DES Year 3 data.3 The raw images are processed by the264

DES Data Management (DESDM) system (Sevilla et al. 2011) and265

a high-quality photometric catalog (Y3 Gold v2.2) is produced af-266

2 Note that Hilton et al. (2017) used mass-richness relation from the SDSS
data (Simet et al. 2017), which gives a correction factor of 1/(0.68 ± 0.11)
that is consistent with the new value in this study.
3 The full DES Y3 images are taken from Aug 2013 to Feb 2016.
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Figure 2. Redshift and mass distribution for the fiducial SPT cluster sam-
ple in the DES footprint (blue), the ACT cluster sample (green) and mass-
matched RM clusters (red). Also shown are the redshift distribution of the
DES Y3 galaxies (grey) in the upper panel and the mass distribution of the
halos we use from MDPL2 simulation (grey) in the lower panel.

ter a careful subselection similar to that described in Drlica-Wagner267

et al. (2018).268

After filtering out stars and removing galaxies identified as269

failures in photometry, we apply a further magnitude and color se-270

lection with the following selection criteria: i < 22.5, –1 < g – r <271

3, –1 < r – i < 2.5 and –1 < i – z < 2, where the color cuts are272

to remove color outliers which may result in catastrophic photo-z273

estimates (Crocce et al. 2018). We further require the error of the i-274

band magnitude to be less than 0.1 and apply the DES survey depth275

mask (only using regions where i-band magnitude limit > 22.5) as276

well as the SPT-SZ/ACTPol survey mask, depending on the cluster277

catalog being used. The total number of galaxies in our sample af-278

ter all these cuts is 41,102,373 (13,385,454) in the SPT (ACT) field.279

When performing the cluster-galaxy correlation measurements, we280

will also apply additional magnitude cuts as described in Sec. 3.2.281

2.4 DES Year 3 redMaPPer cluster catalog282

The primary focus of this work is to measure the splashback radius283

around SZ-selected clusters. However, to further test the impact284

of cluster selection on splashback measurements, we also perform285

measurements using a catalog of optically selected clusters iden-286

tified with the RM algorithm applied to the DES Y3 gold catalog287

(RM v6.4.22).288

We subsample the RM clusters to match the mass and redshift289

distributions of these clusters to those of the SPT-selected clusters.290

To do this, we make use of the mass-richness calibration for DES291

Y1 RM clusters from McClintock et al. (2018), which calibrates292

the mass through a stacked weak lensing analysis in richness bins.293

Using this mass-richness relation, we compute the expecta-294

tion value of M200m for each cluster. These are then converted into295

M500c using the mass-concentration relation of Diemer & Kravtsov296

(2015) and an NFW profile as implemented in Colossus (Diemer297
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Figure 1. The footprints of the DES, SPT and ACTPol. The overlapping
area is ⇠2000 (⇠700) deg2 between SPT (ACTPol) and DES.

of galaxy clusters in the 150 GHz maps of the SPT-SZ survey and124

the 148 GHz maps of the ACTPol experiment.125

Several features of SZ-selected cluster samples used here126

make them useful for testing the impact of systematics on splash-127

back measurements. For one, the SZ observable is completely in-128

dependent of all the observables in optical surveys used to measure129

the feature (in particular, the galaxy density). The SZ signal is also130

expected to correlate more tightly with cluster mass than optical131

richness, reducing the impact of scatter in the mass-observable re-132

lation, therefore making it easier to compare measurements to ex-133

pectations from simulations. Additionally, SZ-selection is expected134

to be less affected by projection effects than optical cluster finders.135

Furthermore, at fixed halo mass, intrinsic scatter in the SZ signal136

is expected to be essentially uncorrelated with intrinsic scatter in137

cluster richness. This is advantageous since it removes coupling138

between the quantity on which clusters are selected (the SZ sig-139

nal) and the measured quantity (the galaxy density profile near the140

clusters). Finally, the SZ-selected cluster sample employed here al-141

lows us to extend splashback measurements to the high-mass, high-142

redshift regime that has yet to be explored for splashback studies.143

The structure of the paper is as follows. We describe the144

galaxy and cluster data sets in Section 2; measurements and model145

fitting are described in Section 3; results are presented in Section 4,146

and we conclude in Section 5.147

Throughout this work, when calculating cosmological quanti-148

ties, we use a flat ⇤CDM cosmology with H0 = 70 kms–1Mpc–1,149

⌦m = 0.3.150

2 DATA151

2.1 SZ-selected cluster catalog from SPT152

The SPT is a 10-meter millimeter/submillimeter telescope operat-153

ing at the geographical South Pole (Carlstrom et al. 2011). The154

cluster catalog used in this analysis was derived from data taken155

as part of the 2500 sq. deg. SPT-SZ survey, which mapped the sky156

in three frequency bands centered at 95, 150 and 220 GHz over an157

observation period from 2008 to 2011 (Story et al. 2013). The con-158

struction of the catalog is described in detail in Bleem et al. (2015).159

The survey region of the SPT-SZ survey is shown in Fig. 1.160

Clusters are identified using a linear combination of the 95
and 150 GHz SPT temperature maps adopting a matched filter ap-
proach, with the projected isothermal �-model (Cavaliere & Fusco-

Femiano 1976) as the assumed source profile:

�T = �T0(1 + ✓2/✓2
c )–1, (1)

where �T is the temperature in the map, and �T0 and ✓c are model161

parameters. Filters were constructed using 12 different ✓c values162

between 0’.25 and 3’, and applied to the maps in the Fourier do-163

main. Cluster candidates are then identified as peaks in the filtered164

maps. The maximal signal-to-noise across these filter choices and165

across possible cluster positions is then considered the signal-to-166

noise estimate, ⇠, for each cluster. The sample used in this analysis167

uses clusters with ⇠ > 4.5. Follow-up optical and NIR observa-168

tions are made for the 530 candidates with ⇠ > 4.7 as well as169

119 of 147 candidates down to ⇠ > 4.5. Among these 677 candi-170

dates, 516 are confirmed by identifying an excess of clustered red-171

sequence galaxies and consequently given redshift and mass esti-172

mates. Masses for each cluster are estimated using an assumed scal-173

ing relation between the SPT observable, ⇠, and the cluster mass,174

as described in Bleem et al. (2015).175

Our fiducial measurements are based on the sample defined176

with 0.25 < z < 0.7 and ⇠ > 4.5, which has 315 clusters, of which177

256 are in the DES footprint. The SZ-cluster samples extends to178

z > 1, but we restrict the maximum z to 0.7 in order to make a179

comparison with RM sample, which becomes increasingly incom-180

plete beyond z = 0.7. The mean redshift of the selected clusters is181

hzi = 0.49. Adopting the mass estimates described above, the mean182

mass of the sample is hM500ci = 3.0 ⇥ 1014h–1M�. Histograms of183

the estimated redshifts and masses for selected clusters are shown184

in Fig. 2.185

To reliably measure correlation functions, it is important to186

generate a mock cluster catalog that closely follows the survey ge-187

ometry and are located at random positions. When generating such188

random positions for the mock SPT catalog, we account for the189

non-uniformity of the cluster density across the field due to small190

variations in depth and apodization of the observation field bound-191

aries. For each field, we first generate a set of mock clusters with192

masses and redshifts drawn from the Tinker et al. (2008) mass func-193

tion. These mock clusters are then assigned values of the SPT ob-194

servable ⇠ using the field-dependent mass-⇠ relations described in195

Bleem et al. (2015), applying the intrinsic and measurement scat-196

ters. Finally, the ⇠ > 4.5 selection is applied to the mock clusters as197

in the real actual data.1198

2.2 SZ-selected cluster catalog from ACT199

The ACTPol cluster sample used in this work is derived from the200

ACTPol two-season cluster catalog (Hilton et al. 2017). To extract201

this sample, 148 GHz observations in a 987.5 deg2 equatorial field202

were used (Fig. 1), which combined data from both the original203

ACT receiver (MBAC; Swetz et al. 2011) with the first two seasons204

of ACTPol data. The ACTPol survey used in this work is com-205

posed of two deep fields each of which covers ⇠70 deg2, taken206

from September 2013 to December 2013 using a single 148 GHz207

detector array, as well as a wider ⇠700 deg2 field taken from Au-208

gust 2014 to December 2014 with an additional 148GHz detector209

array (see Naess et al. 2014; Louis et al. 2017, for details on these210

ACTPol observations). The cluster candidates were detected using211

1 We have performed measurements with a more conservative SNR (⇠) cut
for which every field can be assumed to be complete down to that value
of ⇠. However, using this more conservative selection does not change our
results qualitatively and results in lower signal-to-noise.
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Sample log↵ log rs log rt log� log � se fmis ln�r rsp [Mpc/h] d log ⇢
d log r (rsp) d log ⇢coll

d log r (rsp)

SPT –0.92+0.22
–0.44 –0.61+0.26

–0.18 0.34+0.14
–0.12 0.78+0.15

–0.25 0.60+0.17
–0.23 1.66+0.38

–0.47 1.0 –2.00+0.01
–1.01 2.37+0.51

–0.48 –3.47+0.43
–0.30 –5.17+1.06

–0.60
ACT –0.88+0.27

–0.32 –0.77+0.38
–0.09 0.30+0.19

–0.15 0.80+0.13
–0.29 0.60+0.17

–0.24 1.28+0.68
–0.82 0.20+0.10

–0.09 –1.19+0.21
–0.24 2.22+0.72

–0.56 –3.92+0.86
–0.51 –5.40+1.27

–0.58
DES –1.16+0.18

–0.46 –0.67+0.28
–0.20 0.22+0.06

–0.05 0.88+0.11
–0.18 0.65+0.16

–0.17 1.69+0.09
–0.15 0.12+0.07

–0.06 –1.15+0.22
–0.31 1.88+0.13

–0.12 –3.71+0.30
–0.20 –5.52+0.88

–0.61
SPT red –0.73+0.08

–0.28 –0.63+0.10
–0.23 0.39+0.14

–0.10 0.81+0.14
–0.26 0.60+0.16

–0.24 1.44+0.19
–0.64 1.0 –2.68+0.50

–0.40 2.64+0.57
–0.34 –4.05+0.48

–0.39 –5.63+1.19
–0.52

SPT green –0.66+0.26
–0.48 0.03+0.43

–0.15 0.26+0.17
–0.09 0.77+0.20

–0.19 0.58+0.18
–0.22 1.50+0.30

–0.78 1.0 –2.68+0.42
–0.41 2.16+0.71

–0.27 –3.73+0.50
–0.62 –5.11+0.96

–0.92
DES red –1.07+0.20

–0.06 –0.95+0.30
–0.01 0.25+0.06

–0.03 0.91+0.10
–0.17 0.70+0.15

–0.18 1.68+0.06
–0.15 0.09+0.07

–0.05 –1.14+0.22
–0.35 2.02+0.12

–0.09 –4.13+0.31
–0.23 –6.00+0.87

–0.71
DES green –0.73+0.34

–0.13 0.18+0.03
–0.24 0.18+0.09

–0.02 0.90+0.14
–0.19 0.64+0.19

–0.15 1.63+0.14
–0.13 0.24+0.10

–0.11 –1.17+0.26
–0.21 1.81+0.13

–0.14 –3.75+0.24
–0.60 –5.53+0.48

–1.50

Table 2. 1-� ranges of the best-fit parameters in different samples, including the model parameters (Sec. 3.1), splashback location (rsp) and the minimum
logarithmic slope at rsp. We also show the 1-� range of the logarithimc derivative of ⇢coll. Note that we do not show results of ⇢0 and ⇢s, since they do not
contain much physical information determining rsp.
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Figure 3. The mean subtracted 2D galaxy density profile, ⌃g, around SPT
SZ-selected clusters (top) and logarithmic derivatives of the model fit 3D
density profile (bottom). The band in light red in the top panel represents the
1-� range of the fitted profile. Also shown are the profiles and logarithmic
derivative profiles from the measurements in simulations (subhalos: cyan,
particles: black). Note that the profiles for the particles are re-normalized
for an easier comparison. The bands in the bottom panel represent the 1-�
range of the logarithmic derivative of the total density profile, ⇢(r), while
the band in light red corresponds to the profile of the collapsed term, ⇢coll(r),
alone. The 1-� ranges for rsp and the corresponding profile slope are shown
with crosses with the corresponding colors.

Figure 4. Same as Fig. 3, but using ACT-selected clusters. The uncertainties
for the simulation profiles are larger than in Fig. 3 as they include the WL-
calibration uncertainty for ACT cluster masses (See Sec. 2.2).

mimic a splashback feature discussed in Busch & White (2017)449

and Chang et al. (2018).450

4.2 Comparison with simulations451

We now compare our measurement of the splashback feature to452

predictions of cosmological dark matter only N-body simulations.453

Rather than attempting to populate these simulations with galax-454

ies, we instead compare the measurements to both subhalos and455

particles from the simulations. The simulated profiles of subhalos456
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Figure 3. The mean subtracted 2D galaxy density profile, ⌃g, around SPT
SZ-selected clusters (top) and logarithmic derivatives of the model fit 3D
density profile (bottom). The band in light red in the top panel represents the
1-� range of the fitted profile. Also shown are the profiles and logarithmic
derivative profiles from the measurements in simulations (subhalos: cyan,
particles: black). Note that the profiles for the particles are re-normalized
for an easier comparison. The bands in the bottom panel represent the 1-�
range of the logarithmic derivative of the total density profile, ⇢(r), while
the band in light red corresponds to the profile of the collapsed term, ⇢coll(r),
alone. The 1-� ranges for rsp and the corresponding profile slope are shown
with crosses with the corresponding colors.

Figure 4. Same as Fig. 3, but using ACT-selected clusters. The uncertainties
for the simulation profiles are larger than in Fig. 3 as they include the WL-
calibration uncertainty for ACT cluster masses (See Sec. 2.2).

mimic a splashback feature discussed in Busch & White (2017)449

and Chang et al. (2018).450

4.2 Comparison with simulations451

We now compare our measurement of the splashback feature to452

predictions of cosmological dark matter only N-body simulations.453

Rather than attempting to populate these simulations with galax-454

ies, we instead compare the measurements to both subhalos and455

particles from the simulations. The simulated profiles of subhalos456
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Sample log↵ log rs log rt log� log � se fmis ln�r rsp [Mpc/h] d log ⇢
d log r (rsp) d log ⇢coll

d log r (rsp)

SPT –0.92+0.22
–0.44 –0.61+0.26

–0.18 0.34+0.14
–0.12 0.78+0.15

–0.25 0.60+0.17
–0.23 1.66+0.38

–0.47 1.0 –2.00+0.01
–1.01 2.37+0.51

–0.48 –3.47+0.43
–0.30 –5.17+1.06

–0.60
ACT –0.88+0.27

–0.32 –0.77+0.38
–0.09 0.30+0.19

–0.15 0.80+0.13
–0.29 0.60+0.17

–0.24 1.28+0.68
–0.82 0.20+0.10

–0.09 –1.19+0.21
–0.24 2.22+0.72

–0.56 –3.92+0.86
–0.51 –5.40+1.27

–0.58
DES –1.16+0.18

–0.46 –0.67+0.28
–0.20 0.22+0.06

–0.05 0.88+0.11
–0.18 0.65+0.16

–0.17 1.69+0.09
–0.15 0.12+0.07

–0.06 –1.15+0.22
–0.31 1.88+0.13

–0.12 –3.71+0.30
–0.20 –5.52+0.88

–0.61
SPT red –0.73+0.08

–0.28 –0.63+0.10
–0.23 0.39+0.14

–0.10 0.81+0.14
–0.26 0.60+0.16

–0.24 1.44+0.19
–0.64 1.0 –2.68+0.50

–0.40 2.64+0.57
–0.34 –4.05+0.48

–0.39 –5.63+1.19
–0.52

SPT green –0.66+0.26
–0.48 0.03+0.43

–0.15 0.26+0.17
–0.09 0.77+0.20

–0.19 0.58+0.18
–0.22 1.50+0.30

–0.78 1.0 –2.68+0.42
–0.41 2.16+0.71

–0.27 –3.73+0.50
–0.62 –5.11+0.96

–0.92
DES red –1.07+0.20

–0.06 –0.95+0.30
–0.01 0.25+0.06

–0.03 0.91+0.10
–0.17 0.70+0.15

–0.18 1.68+0.06
–0.15 0.09+0.07

–0.05 –1.14+0.22
–0.35 2.02+0.12

–0.09 –4.13+0.31
–0.23 –6.00+0.87

–0.71
DES green –0.73+0.34

–0.13 0.18+0.03
–0.24 0.18+0.09

–0.02 0.90+0.14
–0.19 0.64+0.19

–0.15 1.63+0.14
–0.13 0.24+0.10

–0.11 –1.17+0.26
–0.21 1.81+0.13

–0.14 –3.75+0.24
–0.60 –5.53+0.48

–1.50

Table 2. 1-� ranges of the best-fit parameters in different samples, including the model parameters (Sec. 3.1), splashback location (rsp) and the minimum
logarithmic slope at rsp. We also show the 1-� range of the logarithimc derivative of ⇢coll. Note that we do not show results of ⇢0 and ⇢s, since they do not
contain much physical information determining rsp.

Figure 3. The mean subtracted 2D galaxy density profile, ⌃g, around SPT
SZ-selected clusters (top) and logarithmic derivatives of the model fit 3D
density profile (bottom). The band in light red in the top panel represents the
1-� range of the fitted profile. Also shown are the profiles and logarithmic
derivative profiles from the measurements in simulations (subhalos: cyan,
particles: black). Note that the profiles for the particles are re-normalized
for an easier comparison. The bands in the bottom panel represent the 1-�
range of the logarithmic derivative of the total density profile, ⇢(r), while
the band in light red corresponds to the profile of the collapsed term, ⇢coll(r),
alone. The 1-� ranges for rsp and the corresponding profile slope are shown
with crosses with the corresponding colors.
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Figure 4. Same as Fig. 3, but using ACT-selected clusters. The uncertainties
for the simulation profiles are larger than in Fig. 3 as they include the WL-
calibration uncertainty for ACT cluster masses (See Sec. 2.2).

mimic a splashback feature discussed in Busch & White (2017)449

and Chang et al. (2018).450

4.2 Comparison with simulations451

We now compare our measurement of the splashback feature to452

predictions of cosmological dark matter only N-body simulations.453

Rather than attempting to populate these simulations with galax-454

ies, we instead compare the measurements to both subhalos and455

particles from the simulations. The simulated profiles of subhalos456
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SPT ACT

SPT and ACT are both consistent with simulations
Hyeon-Shin, Adhikari et al. 2018
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Figure 6. Comparison of the measured and model-fitted galaxy profiles
around SPT (red) and DES RM (blue) clusters. In the top panel, we show
the measured 2D density profiles (points with errobars), the best-fit model
curve (solid line) and 1� range of the fitted profile (bands) of each cluster
sample in the corresponding color. In the bottom panel, the 1� ranges for
the fitted logarithmic slope (bands), rsp (horizontal errorbars) and the slope
at rsp (vertical errorbars) for each cluster sample are shown. We also show
the 1� ranges for rsp and the slope at rsp for ACT clusters with the green
cross. The black dashed line shows rsp from the simulation. The RM clus-
ters exhibit a smaller rsp by ⇠2� than that of the simulation, consistent with
previous studies with RM clusters.

sity and a shallower profile than the SPT clusters. This may be due548

to the difference in miscentering distribution of the two samples549

(3.1), as the inferred 3D logarithmic slope is consistent between550

the RM and SPT sample.551

While the RM-selected and SPT-selected clusters exhibit552

splashback radii that are statistically consistent, the location of the553

RM splashback is smaller than expected from simulations by ⇠ 2�,554

consistent with earlier results (More et al. 2016; Baxter et al. 2017;555

Chang et al. 2018). Our results thus show that the difference be-556

tween the predicted and observed splashback radii with RM clus-557

ters persists at the high mass end.558

Constraints on the third derivatives of the profiles at the559

splashback radius for the RM-selected clusters are shown in Fig. 5.560

The RM-selected clusters prefer profiles with larger third deriva-561

tives at splashback than the SZ-selected clusters and the particle562

measurement in simulations. This measurement is consistent with563
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Figure 7. Top: Mass-Richness distribution of halos from RM mock cata-
logs obtained from Buzzard simulations. The color bar shows the cos(i).
Middle: The distribution of the orientation angle for samples with the same
mean mass hM200mi = 5.09 ⇥ 1014M�h–1, selected from Buzzard. Bot-
tom: Profile slopes measured in the two cases: red corresponds to the mass
selected sample and blue corresponds to the richness selected sample.

Fig. 6, which shows that the RM-selected clusters have a narrow564

minimum in their logarithmic derivative profiles.565

One possible explanation for the difference in the splashback566

radius between the RM and SZ-selected samples is orientation bias567

introduced in RM cluster selection (Dietrich et al. 2014). Because568

halos are assigned a richness, �, based on the overdensity of red569

galaxies within an aperture, any selection of a halo sample that is570

based on a richness cut is likely to include halos that have their571

major axis preferentially oriented towards the line of sight. The572

splashback radius can be different along different axes in a triaxial573
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Comparison with RedMaPPer

RM and SPT are consistent within 1 sigma,  
but RM is inconsistent with sims.

Hyeon-Shin, Adhikari et al. 2018



• Slope profile of clusters closer to particles than subhalos - expected 

• The inner regions are significantly steeper than profiles expected from simulations.  

• See also  Zuercher and More 2018 ( measurements with Planck clusters) - Our 
results are consistent.

Splashback in galaxy clusters

Hyeon-Shin, Adhikari et al. 2018
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Figure 11. Top: The 68% confidence ranges of the 3D logarithmic slope
of the fitted galaxy density profiles with all galaxies (black), red galaxies
(red) and green galaxies (green) around SPT clusters. Also shown in black,
red and green crosses are the 68% ranges for rsp (horizontal errorbar) and
the logarithmic slope at rsp (vertical errorbar) around RM clusters. Bottom:
similar but for blue galaxies (blue), and the redder half (40-70 percentile in
color, magenta) and the bluer half (>70 percentile in color, cyan) of the blue
galaxies.

cluster the more likely it is to be red. So the color of a galaxy724

should be indicative of its infall time. Imagine a sample of blue725

galaxies falling into the cluster: if all quenching takes place be-726

fore pericentric passage, then the galaxies density profile should727

not show any splashback, as there are no phase space discontinu-728

ities integrated into the density profile. Fig. 8 demonstrates how the729

slope of the 3D density profile traces discontinuities in phase space.730

The four panels show the phase space distribution of subhalos that731

have been inside the cluster for different amounts of time. Galax-732

ies in the infall stream do not show a splashback-like minimum,733

those that have completed at least one crossing show a minimum at734

splashback, while those that have not reached splashback but have735

crossed pericenter show a slope minimum at a location smaller than736

the splashback radius. In this paper, we therefore study the slope for737

galaxies of different colors around massive SZ clusters to also learn738

what we can about their accretion histories.739

4.5.2 Defining galaxy colors740

To make galaxy color selections, we divide galaxies in the redshift741

range [0.25,0.7] into bins with width �z = 0.025. Then in each742

redshift bin, we divide galaxies into five percentile ranges in g-i743

color. In Fig. 9, we show the result in the redshift bin [0.475,0.500],744

which includes the mean redshift of the SPT cluster sample. The745

galaxy density contours are over-plotted in magnitude-color space.746

From the density contours, one can observe a bimodal distribution747

consisting of the red sequence and the blue cloud, as well as the748

green valley between them (Baldry et al. 2004; Schawinski et al.749

2014). Furthermore, the red sequence approximately includes the750

reddest 20% of the galaxies, the green valley the next 20% and751

the blue cloud next 60%. We adopt the aforementioned threshold752

(20%/20%/60% division) as our color definition, and call them the753

‘red’, the ‘green’ and the ‘blue’ galaxies, respectively. Note that754

the blue fraction drops significantly inside clusters (Fig. 10), as we755

discuss further below.756

The red/green/blue fractions also evolve moderately with red-757

shift. For example, in the lowest redshift bin of z=[0.250,0.275], the758

red sequence covers ⇠10–15% of galaxies, whereas the blue cloud759

includes ⇠65 – 70% of them. However we have adopted the 20%-760

20%-60% separation in g-i color over the entire redshift range.761

4.5.3 Profiles of galaxies in different color bins762

The results are shown in Fig. 10 and Fig. 11. In the upper panel of763

Fig. 10, we plot the surface density profiles of all/red/green galax-764

ies around SPT (solid lines) and RM clusters (dotted lines). In the765

bottom panel, we calculate the fraction of the red, green and blue766

galaxies as in Baxter et al. (2017) by dividing each profile by the767

profile with all galaxies. It shows a sharp upturn (downturn) of the768

red (blue) fraction around the splashback radius, similar to results769

of Baxter et al. (2017). Note that the upturn of red fraction starts770

at a higher radius (⇠3 h–1Mpc) than rsp. It may be attributed to771

the width of the splashback region, as not all galaxies turnaround772

exactly at the location of the minimum (Diemer 2017b; Mansfield773

et al. 2017).774

In the top panel of Fig. 11, we plot 68% confidence ranges775

of the logarithmic slope of the fitted 3D galaxy profiles around the776

SPT clusters, respectively, with all galaxies (black), green galaxies777

(green) and red galaxies (red). Red galaxies in SPT clusters display778

splashback features that are sharper and located slightly further out779

than all galaxies. Splashback in green galaxies is also consistent780

with that in other colors; it is somewhat less steep which might be781

indicative of a short transition time between blue and red phases782

(Vulcani et al. 2015). In the same figure, we also show 68% ranges783

of the rsp (horizontal errorbars) and the corresponding logarithmic784

slope (vertical errorbars) around the RM clusters, with the same785

color bins. The RM clusters exhibit a similar trend of splashback786

feature across different galaxy colors.787

In the bottom panel of Fig. 11, the 3D logarithmic derivative788

profiles of blue galaxies around the SPT clusters are plotted in blue.789

Although the data is somewhat noisy, one can see that the blue790

galaxy profiles are consistent with a pure power law not exhibiting791

any evidence of splashback feature, which may indicate the blue792

galaxies are still in their first orbital passage inside the clusters. We793

further split blue galaxies into halves: the redder half (40-70 per-794

centile, magenta) and the bluer half (>70 percentile, cyan), which795

also does not show a clear evidence of splashback.796

These results suggest that blue galaxies get quenched before797

they finish their first orbital passage. However, we defer a more798
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Figure 9. top: Galaxy color distribution in g-i color-magnitude space
with the galaxy density contour over-plotted, in the redshift bin of
z=[0.475,0.500] where the mean redshift of our fiducial SPT cluster sample
lies in. The “red sequence” and the “blue cloud” is clearly seen, as well as
the “green valley”. Accordingly, as described in Sec. 2.3, we define the red,
green and blue galaxies so that they consist of 20%, 20% and 60% of the
entire galaxy population, respectively. middle, bottom: The corresponding
red/green/blue galaxy distributions over g-r (middle) and r-i (bottom)
color-magnitude space. One can see the separation in g-i color space re-
sults in a reasonable color selection also in other color spaces.
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Figure 10. Red, green and blue galaxy density profiles around the SPT and
RM clusters (top) and the fraction of the corresponding color galaxies for
SPT clusters with respect to all galaxies in that radial bin (bottom). The
vertical line shows the location of the 3D splashback radius for SPT clusters.

4.5 Splashback as a function of galaxy color702

4.5.1 Background703

A comparison of galaxy profiles and splashback for galaxies with704

color cuts can provide insights into quenching and disruptions of705

galaxies in clusters (Baxter et al. 2017). Clusters have a high den-706

sity of red and elliptical galaxies which may be related to quenching707

in the intra-cluster medium or other intrinsic/environmental pro-708

cesses. In either case, the fraction of galaxies (red or blue), should709

show a sharp variation near the splashback radius if it is a physical710

boundary delineating a phase space transition between the multi-711

streaming region and the single-stream, infall region of a cluster,712

for such galaxies.713

The purpose of our analysis here is two-fold: first, to improve714

on the red/blue selection of galaxies compared to Baxter et al.715

(2017) and see whether it changes the conclusion in that paper. Sec-716

ond, to compare the color-split profiles for SZ selected clusters with717

RM clusters, since the latter cluster finder specifically uses a sub-718

set of the red galaxies to find the cluster and may be susceptible to719

biases that depend on galaxy color.720

Furthermore, if galaxies stop forming stars during their orbits721

within a cluster, i.e. if quenching is mainly due to intra-cluster as-722

trophysical processes, then the longer a galaxy has been inside a723
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Splashback as a function of galaxy color

Hyeon-Shin, Adhikari et al. 2018



Conclusion 

• Splashback radius can be used as probe for halo history, dynamical friction 

• The location of splashback is sensitive to Cosmology, difference in splashback of 
massive subhalos in clusters 

• Observations of splashback radius are consistent with simulations when SZ selected 
clusters are used. 

• systematic effects in RedMaPPer may be making splashback biased. 

• Splashback radius as a function of color can give dynamical information about galaxy 
quenching. 



Thank you! 


