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ABSTRACT
We present a detection of the splashback feature around galaxy clusters selected using the
Sunyaev-Zel’dovich (SZ) signal. Recent measurements of the splashback feature around op-
tically selected galaxy clusters have found that the splashback radius, rsp, is smaller than pre-
dicted by N-body simulations. A possible explanation for this discrepancy is that rsp inferred
from the observed radial distribution of galaxies is affected by selection effects related to the
optical cluster-finding algorithms. We test this possibility by measuring the splashback fea-
ture in clusters selected via the SZ effect in data from the South Pole Telescope SZ survey and
the Atacama Cosmology Telescope Polarimeter survey. The measurement is accomplished by
correlating these cluster samples with galaxies detected in the Dark Energy Survey Year 3
data. The SZ observable used to select clusters in this analysis is expected to have a tighter
correlation with halo mass and to be more immune to projection effects and aperture-induced
biases, potentially ameliorating causes of systematic error for optically selected clusters. We
find that the measured rsp for SZ-selected clusters is consistent with the expectations from
simulations, although the small number of SZ-selected clusters makes a precise comparison
difficult. In agreement with previous work, when using optically selected redMaPPer clusters
with similar mass and redshift distributions, rsp is ∼2σ smaller than in the simulations. These
results motivate detailed investigations of selection biases in optically selected cluster catalogs
and exploration of the splashback feature around larger samples of SZ-selected clusters. Ad-
ditionally, we investigate trends in the galaxy profile and splashback feature as a function of
galaxy color, finding that blue galaxies have profiles close to a power law with no discernible
splashback feature, which is consistent with them being on their first infall into the cluster.

Key words: galaxies: clusters: general – galaxies: evolution – cosmology: observations
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2 Shin et al.

1 INTRODUCTION

Halos are non-linear, gravitationally bound structures where dark
matter particles are in orbits governed by the halo gravitational po-
tential, detached from the overall expansion of the universe. The
physical boundary of a dark matter halo is the surface correspond-
ing to the largest apocenters of the material that has been accreted
into the halo most recently. This forms a phase space boundary be-
tween the outer regions where objects are on first infall and the re-
gion within a halo where dark matter is “virialized” or multistream-
ing, i.e. orbiting shells of dark matter are crossing each other lead-
ing to multiple streams at a given point. This boundary is clearly
visible in the outskirts of simulated dark matter halos as a sharp
decline in the slope of the density profile, and the location at which
the slope reaches a minimum is called the splashback radius, rsp
(Diemer & Kravtsov 2014; Adhikari et al. 2014; Mansfield et al.
2017; Diemer et al. 2017; Okumura et al. 2017, 2018). While a
density caustic feature at the boundary of a halo at first turnaround
after infall was suggested by theoretical work based on the smooth
spherical collapse models (e.g. Gunn & Gott 1972; Fillmore & Gol-
dreich 1984; Bertschinger 1985; Adhikari et al. 2014; Shi 2016a),
Diemer & Kravtsov (2014) presented evidence that this feature ap-
pears in the profiles of realistically simulated dark matter halos,
even after averaging over halos of different masses, accretion his-
tories, and redshifts.

The profiles of actual dark matter halos in the universe can
be probed in several ways, for example, by studying the distribu-
tion of galaxies in halos, which is determined by the gravitational
potential of the overall matter distribution, or by stacking the weak
gravitational lensing of background galaxies around halos to get the
matter distribution directly. More et al. (2016) used the galaxy sur-
face density profile around redMaPPer (RM) (Rykoff et al. 2014)
galaxy clusters identified in data from the Sloan Digital Sky Sur-
vey (SDSS, Aihara et al. 2011) to present the first evidence for
a splashback feature. Subsequently, evidence for the feature was
also found by Baxter et al. (2017) using the galaxy surface den-
sity profiles around two samples of SDSS-identified clusters, and
by Chang et al. (2018) using the galaxy density and weak lens-
ing profiles around RM clusters identified in the first year of Dark
Energy Survey (DES) data. Recently, Contigiani et al. (2018) has
measured weak lensing profiles around 27 massive clusters ob-
tained with the Cluster Canadian Comparison Project (CCCP) and
reported a measurement of the splashback radius. However, Conti-
giani et al. (2018) do not report a statistically significant detection
of splashback-like steepening in the cluster density profile (see also
Umetsu & Diemer 2017 for lensing-based constraints on rsp with
clusters from the Cluster Lensing And Supernova survey with Hub-
ble (CLASH)). In all of these cases, the evidence for the splashback
feature came from identifying the presence of a sharp steepening in
the halo (galaxy/dark matter) surface density profiles. Interestingly,
for clusters identified via the RM algorithm, and for measurements
using the galaxy surface density profile around clusters, the location
of splashback is about 20% (∼3σ) smaller than predictions from N-
body simulations (More et al. 2016; Baxter et al. 2017; Chang et al.
2018).

Busch & White (2017) explored whether cluster-finding algo-
rithms like RM can imprint artificial splashback-like features into
cluster density profiles via selection effects. In essence, the problem
arises due to selecting halos based on cluster richness, λ, which for
RM is measured within an aperture, Rλ = 1.0(λ/100)0.2h–1Mpc.
Clusters with galaxies just inside Rλ are more likely to be included
in the richness selected sample than clusters with galaxies just out-

side Rλ. So a feature associated with the selection aperture due to
random fluctuations of the galaxy distribution relative to the dark
matter may be imprinted on the profile. Zu et al. (2017) and Busch
& White (2017) have also pointed out that projection effects in the
RM catalog can impact the amplitude of 2D cluster-galaxy correla-
tions at large scales. Because RM identifies clusters with imaging
data, some fraction of galaxies identified as cluster members may
actually be chance projections of background galaxies along lines
of sight near to the cluster. Zu et al. (2017) showed that projec-
tions are more likely to occur in dense regions, causing the cluster
concentration inferred from member galaxy positions to correlate
with large scale overdensities. Busch & White (2017), however,
concluded based on mock-RM simulations that while projections
could bias the inference of cluster member concentration, projec-
tions did not alter the location of the splashback feature averaged
over all clusters.

Baxter et al. (2017) investigated the impact of potential RM
systematic effects on measurements of the splashback feature with
SDSS data by using two galaxy cluster catalogs: one selected us-
ing the RM algorithm, and the other selected using the Yang et al.
(2007) group finder. In both cases, a sharp steepening of the density
profile around the clusters was observed, suggesting that the splash-
back feature is not purely an artifact of the RM selection. Further-
more, it was found that the splashback measurements utilizing the
Yang et al. (2007) catalog agreed well with those using the RM cat-
alog; however, the signal-to-noise of measurements using the Yang
et al. (2007) catalog was not sufficient to rule out some residual sys-
tematic effect. In addition, Baxter et al. (2017) divided the galaxy
samples by color, and measured the fraction of red galaxies relative
to blue galaxies as a function of cluster-centric radius. It was found
that the red fraction increased inward rapidly at approximately the
measured splashback radius. Such behavior is expected for a true
physical boundary, since galaxies outside the splashback shell have
never been inside the cluster and are therefore more likely to have
ongoing star formation, and will thus appear bluer than galaxies
which have passed through the cluster.

Chang et al. (2018) directly investigated the potential system-
atic effects associated with the imposition of Rλ in the RM algo-
rithm by repeating the splashback measurements using three dif-
ferent richness aperture choices: 0.67, 1 and 1.5 times the original
Rλ. It was found that the value of Rλ used to estimate richness sig-
nificantly impacts the recovered splashback radius, in the same di-
rection as suggested by Busch & White (2017). While the aperture
choices in that study were extreme, it suggests that the choice of the
RM aperture used to estimate richness could impact the splashback
radius.

Chang et al. (2018) also used weak lensing shear estimates
from the DES to measure the splashback feature around the same
cluster sample, finding the location and slope of the splashback fea-
ture to be roughly consistent with that inferred from the galaxy den-
sity measurements. The splashback radius inferred from the lensing
measurements was also observed to change slightly for different as-
sumed values of Rλ, although the change was not significant given
the low signal-to-noise of the lensing measurements. If the splash-
back feature inferred from both the galaxy density and the lensing
results reacts to Rλ in the same way, then it is unlikely that the
Busch & White (2017) explanation above is complete. An alterna-
tive explanation for the observed trends is that changing Rλ selects
a physically different set of clusters (e.g. those that are more elon-
gated along the line of sight), which might indeed have different
splashback radii.

One way to bypass these complications is to repeat the mea-
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surements using an alternative cluster sample selected indepen-
dently of the RM algorithm and of the galaxy density observations.
In this work, we measure the splashback feature around a sample
of galaxy clusters identified via their Sunyaev-Zel’dovich (SZ, Sun-
yaev & Zeldovich 1972) signal in data from the South Pole Tele-
scope (SPT) SZ survey (Bleem et al. 2015) and the Atacama Cos-
mology Telescope Polarimeter (ACTPol, Hilton et al. 2017). The
SZ effect results from the cosmic microwave background photons
inverse Compton scattering with hot cluster gas, and is seen as a
temperature decrement at the locations of galaxy clusters in the
150 GHz maps of the SPT-SZ survey and the 148 GHz maps of
the ACTPol experiment.

Several features of the SZ-selected cluster samples used here
make them useful for testing the impact of systematics on splash-
back measurements. For one, the SZ observable is completely in-
dependent of all the observables in optical surveys used to measure
the feature (in particular, the galaxy density). The SZ signal is also
expected to correlate more tightly with cluster mass than optical
richness, reducing the impact of scatter in the mass-observable re-
lation, therefore making it easier to compare measurements to ex-
pectations from simulations. Additionally, SZ-selection is expected
to be less affected by projection effects than optical cluster finders.
Furthermore, by selecting on the SZ signal rather than optical rich-
ness, we reduce potential correlation between the cluster selection
and the quantity used to infer splashback, i.e. the galaxy density.
Finally, the SZ-selected cluster samples employed here allow us
to extend splashback measurements to the high-mass, high-redshift
regime that has yet to be explored for splashback studies. We re-
fer readers to e.g. Nagai (2006), Battaglia et al. (2012) and Krause
et al. (2012) for detailed analyses of SZ the signal-mass scaling
relation.

Finally, we note that while this work was in preparation,
Zürcher & More (2019) presented a similar analysis using clusters
selected from Planck data. Given the difference between the cluster
and galaxy samples in the two works, our results can be considered
complementary to theirs.

The structure of the paper is as follows. We describe the
galaxy and cluster data sets in Section 2; measurements and model
fitting are described in Section 3; results are presented in Section 4,
and we conclude in Section 5. Throughout this work, when cal-
culating cosmological quantities, we use a flat ΛCDM cosmology
with H0 = 70 kms–1Mpc–1, Ωm = 0.3. Every distance is reported
in the comoving unit with h = 0.7.

2 DATA

2.1 SZ-selected cluster catalog from SPT

The SPT is a 10 m millimeter/submillimeter telescope operating at
the geographical South Pole (Carlstrom et al. 2011). The cluster
catalog used in this analysis was derived from data taken as part of
the 2500 sq. deg. SPT-SZ survey, which mapped the sky in three
frequency bands centered at 95, 150 and 220 GHz over an observa-
tion period from 2008 to 2011 (Story et al. 2013). The construction
of the catalog is described in detail in Bleem et al. (2015). The
SPT-SZ survey region is shown in Fig. 1.

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 β-model (Cavaliere & Fusco-
Femiano 1976) as the assumed source profile:

∆T = ∆T0(1 + θ2/θ2
c )–1, (1)

0◦+10◦+20◦+30◦+40◦+50◦+60◦+70◦ +330◦+340◦+350◦
RA (deg)

−46◦

−38◦

−30◦

−21◦

−13◦

−5◦

+3◦

+11◦

D
ec

(d
eg

)

DES Y3

SPT-SZ

ACTPol

Figure 1. The footprints of the DES, SPT and ACTPol. The overlapping
area is ∼2000 (∼700) deg2 between SPT (ACTPol) and DES.

where ∆T is the temperature in the map, and ∆T0 and θc are
model parameters. Filters were constructed using 12 different θc
values between 0’.25 and 3’, and applied to the maps in the Fourier
domain. Cluster candidates are then identified as peaks in the fil-
tered maps. The maximal signal-to-noise (SNR) across these filter
choices and across possible cluster positions is then considered the
SNR estimate, ξ, for each cluster. The sample used in this analy-
sis uses clusters with ξ > 4.5. Follow-up optical and NIR obser-
vations are made for the 530 candidates with ξ > 4.7 as well as
119 of 147 candidates down to ξ > 4.5. Among these 677 can-
didates, 516 are confirmed by identifying an excess of clustered
red-sequence galaxies and consequently given redshift and mass
estimates. Masses for each cluster are estimated using an assumed
scaling relation between the SPT observable, ξ, and the cluster
mass with a fixed ΛCDM cosmology, as described in Bleem et al.
(2015).

Our fiducial measurements are based on a sample selected
with 0.25 < z < 0.7 and ξ > 4.5, which has 315 clusters, of
which 256 are in the DES footprint. SPT detects many clusters
with z > 1. However, as described in Sec. 3.2, we impose an ab-
solute magnitude cut on the DES galaxies when correlating with
the SZ-selected clusters. Increasing the upper redshift limit of the
cluster sample would necessitate using galaxies with higher lumi-
nosity to maintain completeness of the galaxy sample, thereby re-
ducing the signal-to-noise of the splashback measurements. More-
over, imposing the upper redshift limit enables a more direct com-
parison with the RM sample, which becomes increasingly incom-
plete beyond z = 0.7. The mean redshift of the selected clusters is
〈z〉 = 0.49. Adopting the mass estimates described above, the es-
timated mean mass of the sample is 〈M500c〉 = 3.0×1014h–1M�.
The level of systematic uncertainties in the SPT masses in Bleem
et al. (2015) is negligible for this analysis. The masses estimated in
Bleem et al. (2015), which we use here, are obtained by assuming a
fixed cosmology and running the number count experiment, yield-
ing a mass calibration uncertainty at the 2% level (see Section 3.1
in Saro et al. 2015). On the other hand, for the same cluster sample,
Bocquet et al. (2018) report a mass calibration from a simultaneous
fit of scaling relations, cosmology, as well as external weak-lensing
data sets. The resultant lower and upper bounds of the mean mass
with the uncertainty in cosmology from Bocquet et al. (2018) are
2.5 × 1014h–1M� (-17% relative to mean) and 3.2 × 1014h–1M�
(+7%), respectively, which we use in our analyses hereafter. His-
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tograms of the estimated redshifts and masses for selected clusters
are shown in Fig. 2.

To reliably measure correlation functions, it is important to
generate a mock cluster catalog that closely follows the survey ge-
ometry and are located at random positions. When generating such
random positions for the mock SPT catalog, we account for the
non-uniformity of the cluster density across the field due to small
variations in depth and apodization of the observation field bound-
aries. For each field, we first generate a set of mock clusters with
masses and redshifts drawn from the Tinker et al. (2008) mass func-
tion. These mock clusters are then assigned values of the SPT ob-
servable ξ using the field-dependent mass-ξ relations described in
Bleem et al. (2015), applying the intrinsic and measurement scat-
ters. Finally, the ξ > 4.5 selection is applied to the mock clusters as
in the real data.1

2.2 SZ-selected cluster catalog from ACT

The ACT is a 6 m telescope that is located in northern Chile (Fowler
et al. 2007; Thornton et al. 2016). The ACTPol cluster sample used
in this work is derived from the ACTPol two-season cluster catalog
(Hilton et al. 2017). To extract this sample, 148 GHz observations
in a 987.5 deg2 equatorial field were used (Fig. 1), which combined
data from the original ACT receiver (MBAC; Swetz et al. 2011)
with the first two seasons of ACTPol data. The ACTPol survey
used in this work is composed of two deep fields each of which
covers ∼70 deg2, taken from September 2013 to December 2013
using a single 148 GHz detector array, as well as a wider∼700 deg2

field taken from August 2014 to December 2014 with an additional
148GHz detector array (see Naess et al. 2014; Louis et al. 2017, for
details on these ACTPol observations). The cluster candidates were
detected using a spatial matched filter based the Universal Pres-
sure Profile (UPP; Nagai et al. 2007; Arnaud et al. 2010). We refer
readers to Hasselfield et al. (2013) and Hilton et al. (2017) for de-
tails. The candidates were confirmed as clusters and their redshifts
measured with optical and/or IR data, mainly the Sloan Digital Sky
Survey (SDSS DR13; Albareti et al. 2017). Cluster masses were es-
timated assuming the SZ signal-mass scaling relation and the halo
mass function from Tinker et al. (2008), following the method in
Hasselfield et al. (2013). In addition, centers of the clusters are as-
signed as the center-of-mass of the pixels associated with the clus-
ter that lie above the signal-to-noise ratio (SNR) of 4. The full clus-
ter sample in Hilton et al. (2017) are all SNR > 4 with mass range
of roughly 1.5× 1014 h–1M� < M500c,UPP < 7× 1014 h–1M� with
a median mass of M500c,UPP = 2.2×1014 h–1M� and redshift range
of roughly 0.15 < z < 1.4 with a median redshift of z = 0.49.

In this paper we use clusters in the DES footprint and in the
redshift range of [0.25,0.7]. Furthermore, the masses of the clus-
ters are re-calibrated using the richness-mass relation from the DES
Y1 analysis (McClintock et al. 2019) using clusters matched be-
tween the ACT and the DES, which gives a mass-correction factor
of 1/(0.75 ± 0.1). Hilton et al. (2017) checked that the mass esti-
mation after applying this WL-correction is consistent with that of
the SPT mass (see their Fig. 25 and the associated text).2 Applying

1 We have performed measurements with a more conservative SNR (ξ) cut
for which every field can be assumed to be complete down to that value
of ξ. However, using this more conservative selection does not change our
results qualitatively and results in lower signal-to-noise.
2 Note that Hilton et al. (2017) used a mass-richness relation from 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.

this WL-correction with its uncertainty, there are 89 clusters with
mean mass of 〈M500c〉 = 3.26+0.50

–0.39×1014h–1M� and mean redshift
of 〈z〉 = 0.49. The redshift and mass distribution of this cluster
sample is shown in Fig. 2.3

We generate a mock cluster catalog with random positions,
which corresponds to the ACT sample in Hilton et al. (2017) by
first sampling the halo mass function (Tinker et al. 2008) to obtain
a statistically representative sample of halos as function of mass
and redshift. Here we oversample the number of clusters in the
ACT sample by a factor of 1000 to reduce the Poisson noise in
the mock cluster catalog. For each halo in the sample we calculated
a filtered Compton-y signal using the matched filter and scaling re-
lation from Hilton et al. (2017). Then we randomly assigned each
halo a position within the ACT map footprint and compared the fil-
tered Compton-y signal to the filter noise from Hilton et al. (2017).
The final product is a mock halo catalog with signal-to-noise val-
ues that correspond to the filter noise in the map according to Hilton
et al. (2017). We then apply a minimum signal-to-noise threshold of
four, a redshift cut 0.7, and the signal-to-noise completeness func-
tion from Hilton et al. (2017) to account for non-uniform selection
and cluster confirmation effects in the ACT sample.

2.3 DES Year 3 galaxy catalog

We measure the splashback feature around the SZ-selected clus-
ters by correlating these clusters with galaxies, effectively using
galaxies as tracers of the mass. Our galaxy sample used for this
purpose is derived from the DES data. DES (The Dark Energy Sur-
vey Collaboration 2005) is a five-year survey that covers ∼ 5000
square degrees of the South Galactic Cap (Fig. 1). Mounted on the
Cerro Tololo Inter-American Observatory (CTIO) 4 m Blanco tele-
scope in Chile, the 570-megapixel Dark Energy Camera (Flaugher
et al. 2015) images the field in grizY filters. In this analysis, we use
the DES Year 3 data.4 The raw images are processed by the DES
Data Management (DESDM) system (Sevilla et al. 2011; Morgan-
son et al. 2018) and a high-quality photometric catalog (Y3 Gold
v2.2) is produced after a careful subselection similar to that de-
scribed in Drlica-Wagner et al. (2018).

After filtering out stars and removing galaxies identified as
failures in photometry, we apply a further magnitude and color se-
lection with the following criteria: i < 22.5, –1 < g – r < 3, –1 <
r–i < 2.5 and –1 < i–z < 2, where the color cuts are to remove color
outliers that may result in catastrophic photo-z estimates (Crocce
et al. 2018). We further require the error of the i-band magnitude
to be less than 0.1 to ensure good photometry and apply the DES
survey depth mask (only using regions where the i-band magnitude
limit > 22.5) as well as the SPT-SZ/ACTPol survey mask, depend-
ing on the cluster catalog being used. The total number of galaxies
in our sample after all these cuts is 41,102,373 (13,385,454) in the
SPT (ACT) field. When performing the cluster-galaxy correlation
measurements, we will also apply additional magnitude cuts as de-
scribed in Sec. 3.2.

2.4 DES Year 3 redMaPPer cluster catalog

The primary focus of this work is to measure the splashback radius
around SZ-selected clusters. However, to further test the impact

3 Note that due to the higher noise level of the ACTPol survey than that of
the SPT-SZ survey, the mean mass of ACTPol clusters is estimated higher
despite the smaller SNR threshold than that of SPT-SZ.
4 The full DES Y3 images are taken from Aug 2013 to Feb 2016.

c© 2018 RAS, MNRAS 000, 1–17
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Figure 2. Redshift and mass distribution for the fiducial SPT cluster sam-
ple in the DES footprint (red), the ACT cluster sample (green) and mass-
matched RM clusters (blue). 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 the MDPL2 simulation (grey) in the lower panel.

of cluster selection on splashback measurements, we also perform
measurements using a catalog of optically selected clusters iden-
tified with the RM algorithm applied to the DES Y3 gold catalog
(RM v6.4.22). We apply the same redshift cut to the RM clusters
as to the SPT and ACT samples.

We additionally impose a richness cut on the RM sample so
that the mean mass of this sample is matched to that of the SPT
and ACT samples. The richness cut is determined using the mass-
richness relation for DES Y1 RM clusters from McClintock et al.
(2019), which calibrated the mass through a stacked weak lensing
analysis. Using this mass-richness relation, we compute the expec-
tation value of M200m for each cluster. These are then converted into
M500c using the mass-concentration relation of Diemer & Kravtsov
(2015) and an NFW profile as implemented in Colossus (Diemer
et al. 2017).5 A richness cut of λ > 58 is chosen so that the mean
mass of the RM clusters is equal to that of the SPT sample. The
mean mass of the ACT sample is statistically consistent with that of
the SPT sample, allowing us to use the same richness cut through-
out. The final distributions of mass and redshift are shown in Fig. 2.
In principle, uncertainty in the mass-richness relation (∼5%) could
impact the mean mass of the selected RM clusters. However, since
the location of splashback scales as M1/3, such uncertainty con-
tributes less than 2% uncertainty on the splashback radius, which
is well below our uncertainty level of on the splashback location
(∼7%).

3 MEASUREMENT AND MODELING

3.1 Cluster profile model

We model the measured galaxy surface density profiles following
Diemer & Kravtsov (2014) and More et al. (2015) (note that fol-

5 http://www.benediktdiemer.com/code/colossus/

lowing More et al. 2016 and Chang et al. 2018, we do not include a
cosmic mean density term since our measurements effectively have
the cosmic mean subtracted). The model comprises a “collapsed”
part (a truncated Einasto profile) and an “infalling” part (a power
law profile). The full model for the 3D density profile, ρ(r), is

ρ(r) = ρcoll(r) + ρinfall(r), (2)

ρcoll(r) = ρEin(r)ftrans(r), (3)

ρEin(r) = ρs exp
(

–
2
α

[(
r
rs

)α

– 1
])

, (4)

ftrans(r) =

[
1 +
(

r
rt

)β
]–γ/β

, (5)

ρinfall(r) = ρ0

(
r
r0

)–se

, (6)

where we fix r0 at 1.5h–1Mpc and α, β, γ, rs, rt, ρs, ρ0 and se
are parameters of the model. Note that a transition function ftrans
is needed since the splashback surface is generally not spherical
in 3D so that when density is averaged in a spherical shell, the
density drop gets smeared out (see Mansfield et al. 2017 for de-
tails). Also, the model is flexible enough to provide profiles that
are featureless, as can be seen in Fig. 12 (see also Baxter et al.
(2017) for an extensive model comparison). We have also experi-
mented with truncating the infalling power-law term at small radii
via ρinfall(r) = ρ0

[
1/ρmax + (r/r0)se

]–1, where ρmax sets the max-
imum density of the infalling term at small scales (Diemer et al.
2017). However, implementing such truncation has a negligible im-
pact, and so for simplicity we leave it out.

The splashback radius, rsp, is a derived parameter in this
model, and represents the minimum of the logarithmic derivative
d log ρ/d log r of the total density.

Below, we will measure the projected galaxy surface number
density around clusters. We relate the 2D projected density to the
3D density via

Σ(R) =
∫ lmax

–lmax

dl ρ
(√

R2 + l2
)

, (7)

where R is the 2D projected distance from the cluster center and
lmax is the maximum line-of-sight distance of integration, set to
40 h–1Mpc. We have checked that extending lmax to a higher value
does not change our result significantly.

To account for the effects of cluster mis-centering, which can
be different for the SZ-selected clusters and for the RM-selected
clusters, we assume that some fraction, fmis, of the clusters are mis-
centered, while a fraction (1 – fmis) are correctly centered. The ob-
served profile is then

Σ = (1 – fmis)Σ0 + fmisΣmis, (8)

where Σ0 is the profile without mis-centering and Σmis is the aver-
age density profile of the mis-centered clusters.

For a cluster miscentered by a distance Rmis, the azimuthally
averaged profile is

Σmis(R|Rmis) =
∫ 2π

0

dθ
2π

Σ0

(√
R2 + R2

mis + 2RRmiscosθ
)

. (9)

The profile averaged over a distribution of Rmis is then

Σmis(R) =
∫

dRmisP(Rmis)Σmis(R|Rmis), (10)
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where P(Rmis) is the probability distribution of a cluster to be mis-
centered by a distance Rmis from the true center. Note that this
model is not sample-specific, but rather can be applied to any clus-
ter sample.

We assume the miscentering distribution is described by a
two-dimensional Gaussian. In this case, the distribution of Rmis can
be characterized with a Rayleigh distribution:

P(Rmis) =
Rmis

σ2
R

exp

[
–

R2
mis

2σ2
R

]
. (11)

Saro et al. (2015) and Rykoff et al. (2016) show that the Rayleigh
distribution can be used to describe the miscentering of SPT and
RM clusters, respectively.

For the SPT-selected sample, the positional uncertainty, which
depends on the SPT beam size and the cluster size, applies to all
clusters. For these clusters we therefore set fmis = 1. Saro et al.
(2015) also provide the positional uncertainty of the individual SPT
clusters in units of arcminutes (see their Eq. 11), which we convert
into a distance unit, taking into account the redshift values of the
clusters. The calculated positional uncertainty of the SPT sample is
ln(σR/(h–1Mpc )) = –2.7 ± 0.4, which we use as the prior for the
SPT miscentering. Note that we assume the positional uncertainty
of the measured galaxy surface density profile is constant over the
entire cluster sample, which is not completely accurate. However,
the validity of this approach in cluster density profile measurements
is broadly confirmed by previous studies, e.g. Baxter et al. (2017);
Chang et al. (2018); McClintock et al. (2019).

On the other hand, for the RM clusters, the centering distribu-
tion is expected to be bimodal, with some clusters being perfectly
centered and some being miscentered. We therefore apply priors of
fmis = 0.22± 0.11 and ln(σR/(h–1Mpc )) = –1.19± 0.22 following
Rykoff et al. (2016).

The miscentering distribution of ACT clusters differs from
that of SPT because of the different beam size and because we use
a lower signal-to-noise threshold when constructing the ACT sam-
ple. Given the large increase in cluster miscentering at low signal-
to-noise, we opt to use RM-derived centers for the ACT clusters
when possible. Out of 89 ACT clusters in the DES footprint, 80
of them are matched to RM clusters. For the remaining 9 clusters,
we use the locations of the cluster BCGs as the center, where the
BCG is identified by inspection. We note that for the 80 ACT clus-
ters that are matched to RM clusters, their BCG positions typically
agree precisely with those of the corresponding RM centers (66 out
of 80). Since most of the ACT clusters are assigned RM center, we
adopt the RM miscentering priors for describing the miscentering
of the ACT clusters.

3.2 Measurement of the galaxy surface density profile

We adopt the same method for measurement of the galaxy sur-
face density profile, Σg, as in Baxter et al. (2017) and Chang et al.
(2018). The mean galaxy distribution around clusters can be related
to the cluster-galaxy cross-correlation function, ω(R), where R rep-
resents the 2D projected comoving distance from the cluster center.
As shown in Diemer & Kravtsov (2014), rsp is expected to scale
with physical R200m on average. Therefore, since physical R200m is
proportional to (1 + z)–1 for a fixed mass, measuring ω(R) in co-
moving units, Rcom = (1 + z)Rphys, automatically accounts for this
redshift dependence of rsp.

We divide the cluster sample into redshift bins with ∆z =
0.025. Then we measure the mean cluster-galaxy angular corre-

Parameter Prior description
log ρs [–∞,∞] amplitude of the Einasto profile
logα N (log(0.22), 0.62) parameter of the Einasto profile
log rs [log(0.1), log(5.0)] scale radius of the Einasto profile
log rt [log(0.5), log(5.0)] scale radius of ftrans
logβ N (log(6.0), 0.22) first slope parameter of ftrans
log γ N (log(4.0), 0.22) second slope parameter of ftrans
log ρ0 [–∞,∞] amplitude of ρinfall
se [0.1,10.0] log-slope of ρinfall
lnσR N (–2.7, 0.42) (SPT) miscentering amplitude

N (–1.19, 0.222) (RM/ACT)
fmis 1.0 (SPT) miscentering fraction

N (0.22, 0.112) (RM/ACT)

Table 1. Prior range of each model parameter.N (m,σ2) represents a Gaus-
sian prior with mean m and standard deviation σ (see Sec. 3.1 and 3.3)

.

lation function in the i-th bin, ω(θ, zi), using the Landy-Szalay es-
timator (Landy & Szalay 1993). ω(θ, zi) is converted to ω(R, zi)
assuming the midpoint redshift value of the redshift bin.6 Next we
average ω(R, zi) into the mean ω(R), weighted by the number of
clusters in each redshift bin.

Finally, the measured correlation function is related to the
mean-subtracted density profile, Σg(R), via

Σg(R) = Σ̄gω(R), (12)

where Σ̄g is the mean surface density of galaxies averaged over
redshift bins, weighted by the number of clusters in each bin.

We apply an approximate absolute magnitude cut on the
galaxies following the method of More et al. (2016). That is, for
each redshift bin, we apply an absolute magnitude cut correspond-
ing to the apparent magnitude cut (i < 22.5) at the maximum red-
shift of the cluster sample, 0.7. When calculating the absolute mag-
nitudes of galaxies, we assume all the galaxies have the same red-
shift as the cluster of interest. For our sample and redshift range,
this luminosity cut is M∗

i ≡ Mi – 5log(h) < –19.87. After applying
this absolute magnitude cut, the total number of galaxies ranges
from 4,780,059 for the lowest redshift bin to 39,117,782 for the
highest redshift bin.7

The covariance matrix of the measurements is constructed us-
ing jackknife resampling (e.g., Norberg et al. 2009). For this pur-
pose, we divide the survey area into 100 approximately equal area
subregions. Each subregion is approximately 4.4 × 4.4 square de-
grees, significantly larger than the maximum scales considered in
this analysis.

3.3 Model fitting

Given the jackknife estimate of the covariance matrix, C, we adopt
a Gaussian likelihood, L, for the data, ~d, given the model parame-
ters, ~θ:

lnL[~d|~m(~θ)] = –
1
2

[
~d – ~m(~θ)

]T
C–1

[
~d – ~m(~θ)

]
, (13)

6 We have checked that this approximation introduces a negligible impact
on the measured correlation function, with respect to the level of uncer-
tainty.
7 Note that we do not use photometric redshift information of galaxies in
this method. Rather, the correlation function automatically picks up galaxies
that are correlated with the clusters.
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Sample logα log rs log rt logβ log γ se fmis lnσR rsp [h–1Mpc] d log ρ
d log r (rsp) d log ρcoll

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. 1σ 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 1σ range of the logarithmic derivative of ρcoll. The values of mean mass (redshift) of the SPT, ACT and RM samples
are M500c = 3.0× 1014h–1M� (0.49), M500c = 3.3× 1014h–1M� (0.49) and M500c = 3.0× 1014h–1M� (0.46), respectively. Note that we do not show results
of ρ0 and ρs, since they do not contain much physical information determining rsp. ‘Red’ and ’green’ represent the galaxy colors as defined in Sec. 4.5.1.

where ~m(~θ) is the model evaluated at the parameter values specified
by ~θ. The posterior on the model parameters is then given by

lnP(~θ|~d) = ln
[
L(~d|~m(~θ))Pr(~θ)

]
, (14)

where Pr(~θ) are the priors imposed on ~θ.
We draw samples from the posterior on the model parameters

using Markov Chain Monte Carlo method of Goodman & Weare
(2010) as implemented in the code emcee (Foreman-Mackey et al.
2013). We consider eight free parameters (ρ0, ρs, rt, rs, α, β, γ
and se) from the cluster profile model and one parameter (lnσR)
from the miscentering model (Eqs. 8-11). While the number of free
parameters is large relative to the number of data points (12 for RM
clusters, 9 for SZ clusters), our main intention here is not to extract
robust constraints on the model parameters, but rather to use the
model fits to smoothly interpolate the data to extract constraints on
its logarithmic derivative.

We adopt priors similar to those used by Chang et al. (2018),
with a modification in the prior in the Einasto slope parameter, α,
since α is known to be dependent on the halo mass (Gao et al.
2008). The details, including the adopted priors, are summarized in
Table 1. Note that when we fit the RM and ACT cluster profiles, we
vary fmis, adopting the prior of Rykoff et al. (2016). Thus, there is
one additional free parameter in that case.

The model introduced above is not expected to be a good fit
beyond about 9Rvir (Diemer & Kravtsov 2014), where a simple
power law model no longer holds for the infall term. Hence, we
restrict the range of R to 0.2 – 10h–1Mpc. We exclude the scale
below 0.2h–1Mpc since the crowdedness of cluster fields and the
existence of the BCG make the galaxy density measurements in
this regime somewhat suspect.

4 RESULTS

4.1 Splashback feature around SZ-selected clusters

In the upper panel of Fig. 3, we show the galaxy density pro-
files measured around the SPT SZ-selected clusters and the best-fit
model profile in red. In the lower panel, we show the 68% confi-
dence interval on the logarithmic derivative of the 3D galaxy den-
sity profile, ρ(r), inferred from the model fits (light red band). Also
shown is the inferred logarithmic derivative of ρcoll(r) (the inner
collapsed profile) inferred from the same joint model fits (dark red
band). rsp is defined as the minimum of the logarithmic derivative
of the total density profile, ρ(r). We report the constraints on all the
model parameters in Table 2.

The inferred logarithmic derivative profile exhibits a steep-
ening at ∼2 Mpc, which we identify as the splashback feature.
The best-fit rsp and its uncertainty for the SPT sample is 2.37+0.51

–0.48

h–1Mpc and the logarithmic slope at rsp is –3.47+0.43
–0.30 . The inferred

logarithmic slope of ρcoll at rsp is –5.17+1.06
–0.60 , significantly steeper

than the maximum logarithmic slope obtained by an NFW profile
(–3). As we discuss in the next section, the slope of the total profile
appears to be consistent with expectations from N-body simula-
tions.

The analogous plot for the SZ-selected clusters from ACT
is shown in Fig. 4. Again, we find evidence for a steepening of
the logarithmic derivative of ρ(r) at roughly 2 Mpc, consistent
with expectation from N-body simulations. We measure the ACT-
selected clusters to have rsp = 2.22+0.72

–0.56 h–1Mpc with the steepest
slope of –3.92+0.86

–0.51 . The inferred logarithmic slope of ρcoll at rsp is
–5.40+1.27

–0.58 , significantly steeper than the steepest slope obtained by
an NFW profile (–3).

The measurements of the galaxy density profiles around the
SPT and ACT-selected clusters, taken together, constitute strong
evidence for detection of a splashback feature around SZ-selected
clusters. For both samples, the inferred logarithmic slope of the
collapsed profile (ρcoll) at rsp is steeper by∼ 2σ than the minimum
slope attained –3 by an NFW profile. These findings add significant
weight to claims that splashback has been detected in the galaxy
density profiles around massive clusters. The SZ-selected clusters
are not as sensitive to many of the RM-related selection effects that
could potentially mimic a splashback feature discussed in Busch &
White (2017) and Chang et al. (2018).

4.2 Comparison with simulations

We now compare our measurement of the splashback feature to pre-
dictions from cosmological dark matter-only N-body simulations.
Rather than attempting to populate these simulations with galax-
ies, we instead compare the measurements to both subhalos and
particles from the simulations. The simulated profiles of subhalos
and particles are derived from the publicly available Multidark cat-
alogs (Riebe et al. 2013).8 These simulations use a 1h–1Gpc box,
with 38403 particles with a mass resolution of 1.5×109M�h–1 and
Ωm = 0.307 and h = 0.677. We match the SZ cluster selection of
SPT and ACT to simulations by adopting a lower mass threshold
such that the mean mass of our sample matches that of the observed
sample. 9 We use the MultiDark Planck 2 (MDPL2) snapshot at the

8 https://www.cosmosim.org/
9 We also have generated profiles of the simulated halos with the SZ se-
lection from the SPT/ACT by adopting the mass-observable relations in
Bocquet et al. (2018) and Hilton et al. (2017) with the intrinsic and mea-
surement scatters in the relations and applying the same SNR cuts as to the
data. We checked that it negligibly affects the location and the depth of the
splashback feature, compared with the uncertainty level of our data.
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Figure 3. The mean-subtracted 2D galaxy density profile, Σg, 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 1σ 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 1σ
range of the logarithmic derivative of the total density profile, ρ(r), while
the band in dark red corresponds to the profile of the collapsed term, ρcoll(r),
alone. The 1σ ranges for rsp and the corresponding profile slope are shown
with crosses with the corresponding colors. The uncertainties for the sim-
ulation profiles include the cosmology uncertainty for SPT cluster masses
(see Sec. 2.1).

redshift of z = 0.49, which is the closest snapshot to the observed
mean redshift of our sample available for both particles and subha-
los. We have checked that using halos from all snapshots between
z = 0.25 and z = 0.7 does not significantly change the location of
splashback feature. We measure the splashback radius from the 3D
density profile of the selected halos.

In Fig. 3, we show the comparison of the logarithmic slope of
the number density of subhalos (cyan) and DM particles (black) in
simulations to the slope of the number density profile of galaxies
in SPT clusters. As described above, the halo sample identified in
the simulations has been chosen to have the same mean mass as
the SPT-selected clusters, 3.0+0.2

–0.5×1014h–1M�. The subhalo curve
is based on subhalos with Vpeak > 190 km/s which was chosen
to roughly match the amplitude of the number density profile of
galaxies around these clusters. The minimum of the slope for the
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Figure 4. Same as Fig. 3, but using ACT-selected clusters. The uncertainties
for the simulation profiles include the WL-calibration uncertainty for ACT
cluster masses (see Sec. 2.2).

simulation is at 2.16+0.10
–0.20 h–1Mpc (subhalos) and 2.08+0.08

–0.11 h–1Mpc
(particles). The observed splashback radius in the data is 2.37+0.51

–0.48
h–1Mpc, which is in agreement with the simulations within 1σ.

In Fig. 4, we show a comparison of the splashback fea-
ture measured with the ACT sample and the corresponding sim-
ulation profiles from subhalos and particles. The halos that are
mass-matched to the ACT clusters have mean mass of M500c =
3.3+0.5

–0.4×h–11014M�.10 We measure the splashback radius for the
ACT clusters to be 2.22+0.72

–0.56h–1 Mpc. This is consistent within 1σ
of the splashback radius measured for mass-matched halos in the
simulation: 2.26+0.15

–0.25h–1Mpc for subhalos and 2.13+0.12
–0.14h–1Mpc for

particles.
In Fig. 3 and Fig. 4, at small radii, the slope of the subhalo

profile in simulations is much shallower than that of the observed
galaxy profiles due to the disruption of subhalos in the simulations.
The subhalos lose mass due to tidal interactions and pass below
the resolution limit in the central regions, resulting in a flattening
of the inferred slope. Dark matter particles are expected to trace
the galaxies more closely in the inner regions than subhalos, as

10 The mass uncertainty of the ACT clusters comes from the uncertainty
of the weak-lensing mass calibration applied in Hilton et al. (2017) (see
Sec. 2.2 for details). This uncertainty in mass is reflected in the error bars
of the simulation surface density profiles in Fig. 4.
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the visible parts of galaxies are not disrupted completely by tidal
stripping.

However, the observed galaxy profiles of SPT and ACT
are noticeably steeper in the inner regions (radii smaller than ∼
0.5h–1Mpc) than that from simulation DM particles. While this has
been previously noted by Masjedi et al. (2006) and Watson et al.
(2010) for Luminous Red Galaxies (LRGs), our results show that
this difference also exists around massive clusters using galaxy
samples down to lower mass. Models of galaxy evolution show
(e.g., see Fig. 10 in Budzynski et al. 2012, and associated dis-
cussion) that steepness of the radial profile of the galaxy num-
ber density is sensitive to the model assumptions about survival of
the stellar component of galaxies against tidal disruption and treat-
ment of dynamical friction. Detailed comparisons of the matter and
galaxy density profiles of the kind shown here and interpretation of
the differences is outside the scope of this paper, but we note that
such comparisons along with the interpretation of the trends of the
splashback radius discussed below, will provide useful constraints
on quenching processes and their time scales, as well as on details
of dynamical processes and time scales of galaxy disruption and
merging due to tidal forces and dynamical friction.

One way to compare the measured and simulated density pro-
files is to examine the third derivatives of these profiles at the
splashback radius. Since the splashback feature appears as a nar-
row minimum in the logarithmic derivative of the profile, the third
derivative of the profile at splashback effectively measures the
width of this minimum. This comparison is shown in Fig. 5. We
see that both the SPT and ACT-selected cluster samples exhibit
consistent third logarithmic derivatives at splashback (1-σ ranges
of [6.1, 31.7] for SPT and [5.3, 38.4] for ACT), and that these mea-
surements are consistent with expectations from simulations ([9.5,
11.9]).

In summary, we find that for the SZ-selected samples the mea-
sured splashback radii are statistically consistent with expectations
from simulations. This is in contrast to previous measurements of
galaxy profiles around RM clusters, for which the splashback radii
were inferred to be significantly smaller than predicted from sim-
ulations. We note, though, that the statistical uncertainties of our
measurements with SZ-selected clusters are larger than previous
RM cluster measurements because the SZ clusters have a higher
mass threshold, therefore a smaller sample size.

The full profiles of the SZ-selected clusters also appear to be
similar to expectations from simulations, as seen in Fig. 3, Fig. 4,
and Fig. 5, except in the central regions, where surface density
profiles of galaxies appear to be steeper than that of particles in
the simulation. The apparent consistency of the SZ cluster mea-
surements and the subhalo measurements from simulations is con-
firmed via a χ2 test (Sec. 4.4).

4.3 Comparison with redMaPPer clusters

In Fig. 5 and Fig. 6 we compare the measurements around the SZ-
selected (SPT and ACT) clusters to those around the mass-matched
DES RM clusters described in Sec. 2.4. In Fig. 6, we plot RΣg to
highlight differences between the profiles. Due to the larger uncer-
tainty in the ACT measurement, we focus on a comparison between
the SPT and RM clusters in this section.

The RM-selected clusters prefer a smaller splashback radius
— rsp = 1.88+0.13

–0.12h–1Mpc — compared to the SPT clusters, but this
difference is not statistically significant (∼1σ); the rsp of SPT clus-
ters lies on the top of the simulation value and is ∼1σ larger than
that of RM. On the other hand, the splashback radius from RM is
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Figure 5. The posterior distributions of the third logarithmic derivatives
of the fitted 3D density profiles evaluated at the splashback radius (red:
SPT; green: ACT, blue: RM). This quantity represents the curvature at the
location of splashback or in other words the width of the splashback feature.
The dashed black lines represent the 1σ range for the particle profile. It is
evident that the SZ selected clusters are consistent with simulations while
RM clusters have a narrower splashback feature.

smaller than the expectation from simulations by ∼ 2σ, consistent
with earlier results (More et al. 2016; Baxter et al. 2017; Chang
et al. 2018). Our results thus show that the difference between the
predicted and observed splashback radii with RM clusters persists
at the high-mass end.

While SPT and RM clusters show rsp values that are sta-
tistically consistent, there are significant differences between the
galaxy surface density profiles of the two samples. For R .
0.5 Mpc, the RM clusters exhibit a smaller galaxy surface density
and a shallower profile than the SPT clusters. This may be due
to differences in the miscentering distributions of the two samples
(3.1), as the inferred 3D logarithmic slope is consistent between the
RM and SPT samples.

Additionally, the minimum of the logarithmic derivative of the
profile of the RM clusters is lower than that of the SPT-selected
clusters near splashback. The profile shape can be further quan-
tified by the third derivatives of the surface density profiles (sec-
ond derivatives of the slope profiles) at the splashback radius. The
results are shown in Fig. 5. The RM-selected clusters prefer pro-
files with larger third derivatives at rsp (1-σ range of [18.0, 60.8])
than the SZ-selected clusters ([6.1, 31.7] for SPT and [5.3, 38.4]
for ACT) and the particle profile ([9.5, 11.9]) in the simulations. It
indicates that at rsp the slope in the logarithmic derivative of RM
clusters changes much faster than those of SPT clusters and simu-
lation particles. This measurement is consistent with Fig. 6, which
shows that the RM-selected clusters have a narrow minimum in
their logarithmic derivative profiles.

One possible explanation for the difference in the splashback
radius between the RM and simulated clusters is orientation bias
introduced in RM cluster selection (Dietrich et al. 2014). Because
halos are assigned a richness, λ, based on the overdensity of red
galaxies within an aperture, any selection of a halo sample that is
based on a richness cut is likely to include halos that have their
major axis preferentially oriented towards the line of sight. The
splashback radius can be different along different axes in a triaxial
halo. Therefore we may expect that if we are systematically look-
ing down the major axis and stacking halos based on a richness
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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 1σ range of the fitted profile (bands) of each cluster
sample in the corresponding color. In the bottom panel, the 1σ 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 1σ 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∼2σ than that of the simulation, consistent with
previous studies with RM clusters.

cut-off, the 2D splashback radius may shift to a smaller radius. We
note that this is a different effect from what is discussed in Busch
& White (2017), as in that study it is suggested that the random
fluctuation of the galaxy distribution relative to the dark matter dis-
tribution, coupled with the richness selection, is the source of the
splashback feature, whereas here the galaxy distribution is aligned
with the dark matter, but the richness selection preferentially selects
dark matter halos that are oriented along the line-of-sight.

To quantify the orientation bias that may be present in our
sample of clusters we use RM mocks generated using the Buzzard
simulations (DeRose et al. 2019). These are a set of dark matter
only, ΛCDM, N-body simulations that simulate the DES lightcone,
by painting galaxies on dark matter particles using ADDGALS (for
details see DeRose et al. (2019) and Busha & Wechsler (2008)). For
each halo associated with a RM cluster, we use the dark matter par-
ticles within R200m to calculate the reduced inertia tensor (see e.g.,
Osato et al. 2018), and its largest eigenvalue and the correspond-
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Figure 7. Mass-Richness distribution of halos from RM mock catalogs ob-
tained from Buzzard simulations. The samples are color-coded by the co-
sine of the orientation angle. High richness galaxies have major axes pref-
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ing eigenvector are associated with the major axis of the halo. The
cosine of the angle between this major axis and the line-of-sight
direction, cos(i), quantifies the orientation of the halo. For a sample
of randomly selected halos, cos(i) follows a uniform distribution.

Fig. 7 shows the distribution of cosine of the angle that the
major axis of a cluster makes with the line-of-sight direction as a
function of the mass and richness of Buzzard halos. The top panel
of Fig. 8 shows the comparison of the distribution of cos(i) for sam-
ples of clusters with the same mean mass but selected by applying
a lower mass threshold in one case and a richness threshold in the
other. As is evident from this figure, there is a significant orienta-
tion bias in the mock RM sample(see also Zhang et al. (prep) for a
detailed study of orientation bias).

The bottom panel of Fig. 8 shows the splashback radius mea-
sured for the two samples using the Buzzard halos. The richness
for these halos have been obtained by running the RM algorithm
on halo centers. While the median of cos(i) in the richness selected
sample shifts to 0.67 the splashback radius changes only by about
6%. To get effects on the order of 20% the median orientation an-
gles of the two samples must differ by 0.5. We also test the effect
of orientation bias in our fiducial simulation. We measure the ori-
entation angle, i, in the MDPL2 simulations and then select halos
to reproduce the orientation distribution of RM in Buzzard simula-
tions. It shows a similar amount of shift in rsp as in Buzzard and
thus also cannot completely explain the shift in the splashback ra-
dius between RM and SZ clusters. Nevertheless, we caution that
this exercise is based on simulations in which the characteristics of
the galaxies may not completely match our data. This means that it
is still possible that the quantitative level of this selection effect is
closer to what we observe than what is shown in the simulation.

Another potential explanation for the discrepancy between the
RM and simulation measurements is a bias in the cluster mass-
observable relations. If, for instance, the mass-richness relationship
from McClintock et al. (2019) were biased to high masses, then the
true mass of the RM sample would be lower than we have inferred.
Naively, this is not an impossible explanation, since the number
density of our RM sample is higher than that of our SPT sample,
which could be consistent with a mass bias. However, note that
to explain the observed 10% discrepancy in the splashback radius
relative to simulations would require a roughly 30% bias in the
mass-richness relation, significantly larger than the 5% uncertainty
reported by McClintock et al. (2019).

We can further test bias in the mass-richness relation as a pos-
sible explanation for the observed splashback discrepancy by abun-
dance matching the RM sample to the SZ sample. This approach
has the advantage of being independent of the mass-observable re-
lations of the two samples. We select RM clusters with λ > λam,
choosing λam such that the number density of RM clusters matches
that of SPT clusters. For the abundance matched RM sample, we
find that the mean mass is M̄200m = 6.27×1014h–1M�, 18% larger
than the mean mass of the fiducial RM sample. Fitting the galaxy
density measurement around the abundance matched sample, we
find that the inferred splashback radius increases to 2.03+0.15

–0.17 , 8%
higher than the fiducial RM measurement (see Fig. 6.), and 0.7σ
(0.3σ) below the prediction in simulations with subhalos (parti-
cles). While the rsp tension relative to simulations is therefore
reduced, the mass-richness relationship from McClintock et al.
(2019) would need to be in error by roughly 3.6σ for this to be
the full explanation of the RM-simulation discrepancy. The distri-
bution of third derivatives at splashback for the abundance matched
sample is shown in Fig. 5. We find that the abundance matched sam-
ple also has a significantly narrower splashback feature than the

simulated clusters. Consequently, even if a large bias in the mass-
richness relationship were the explanation for the low rsp measured
for RM clusters, the shape of the splashback feature for these clus-
ters would still be discrepant with simulations.

In summary, we do not have evidence that any single factor ex-
plains the amplitude of the discrepancy between the measured rsp
in the simulated and RM clusters. However, tests with simulations
point to plausible consequences of RM selection that contribute to
the difference. The simplicity of the SZ-selection function, on the
other hand, makes it a more robust (albeit lower SNR so far) mea-
surement. This type of analysis will be much more powerful with
the larger SZ-selected cluster samples expected from ongoing and
future surveys (Merloni et al. 2012; Austermann et al. 2012; Ben-
son et al. 2014; Henderson et al. 2016; Abazajian et al. 2016; The
Simons Observatory Collaboration 2018).

4.4 Quantitative comparison of profiles

In addition to comparing the inferred splashback radii of the dif-
ferent cluster samples, we can also directly compare the profile
measurements for these clusters. Below, we perform comparisons
between the measured and simulated profiles, and between the SZ-
selected and RM cluster profiles. Again, due to the larger uncer-
tainty in the ACT measurement relative to that of SPT, we focus on
SPT clusters for the SZ-selected sample.

We use a χ2 test to evaluate consistency between the various
profile measurements. Since the uncertainty on the simulated pro-
files is small compared to the uncertainty in the measured profiles,
we ignore this source of uncertainty in comparisons to the simu-
lated profiles. However, when comparing the measured and simu-
lated profiles, we must account for differing normalizations of these
profiles. We therefore define a χ2 via

χ2(α) =
(
~d – α~s

)T
C–1

(
~d – α~s

)
, (15)

where~d represents the cluster profile measured in data,~s represents
the measurements in simulations, α is a free parameter, and C is the
covariance matrix of the measurements. We expect the minimum
χ2 obtained by varying α to be χ2 distributed with degrees of free-
dom equal to ν = NR –1, where NR is the number of radial bins. We
quantify tension between the profile measurements by reporting the
probability to exceed (p.t.e.) the measured minimum χ2. Since the
galaxy profile is not expected to trace the particle or subhalo pro-
files at very small scales, we restrict the analysis in this section to
scales R > 0.5 h–1Mpc.

In the comparison of galaxy profiles around SPT clusters to
the simulated particle profile we find p.t.e. = 0.004, indicating that
the particle profile in the CDM simulation is significantly different
from the measured galaxy profile. When comparing to the subhalo
profile, we find p.t.e. = 0.2, indicating that the galaxy profile mea-
surements around SPT clusters are consistent with the simulated
subhalo profiles.

We repeat the χ2 test described above for the RM-selected
clusters. Comparing to the particle profile, we find p.t.e. = 2×10–4,
indicating that the particle profile in simulations is not consistent
with the measured galaxy profile. When using the subhalo profile
(and again restricting to scales above R > 0.5 h–1Mpc), we find
p.t.e. = 0.03. This low p.t.e. value indicates mild tension between
the profiles of the RM clusters and the subhalo profile in simula-
tions, unlike the case of SPT clusters.

Finally, we can also compare the SZ-selected clusters directly
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Figure 9. Subhalos accreted by a cluster halo at different times, plotted in phase space. The four panels show the phase space distribution of all subhalos
accreted on to hosts with mean mass M200m = 6.17 × 1014M�h–1 at times later than an “accretion time”, when the subhalo crossed into 3.8h–1 Mpc. Each
panel gives the scale factor aacc corresponding to the accretion time. These are from the zoom-in simulations Rhapsody (Wu et al. 2013). The white vertical
lines indicate the minimum of the slope of the 3D density profile in each of the four cases except in the lower-right panel in which there is no distinct splashback
feature. The lower panels show that subhalos that are accreted late, suggestive of blue galaxies, have not had time to splash back. The minimum in their slopes
in 3D density profiles, if it exists, is not a true splashback.

to the RM-selected clusters. In this case, allowing for a free nor-
malization parameter is unnecessary, and we can compute χ2 via
χ2 = (dSZ–dRM)T C–1(dSZ–dRM), with ν = NR. In this comparison,
we find p.t.e = 0.6 when including only scales R > 0.5 h–1Mpc,
indicating that the SPT and RM cluster profiles are statistically
consistent over these scales. When including all measured scales,
however, we find p.t.e. = 0.01, indicating tension. In agreement
with Fig. 6, the tension between the RM and SPT cluster profiles is
driven by the smallest radial bins, which may be related to different
levels of miscentering for the two samples.

4.5 Splashback as a function of galaxy color

Clusters are associated with a high density of red and elliptical
galaxies that have very little to no star formation (Dressler 1980;
Dressler & Gunn 1983; Balogh et al. 2000; Poggianti et al. 1999;
Oemler 1974). The quenching of star formation within a cluster
may be related to intra-cluster processes like ram-pressure stripping
(Abadi et al. 1999; Gunn & Gott 1972), strangulation (Larson et al.
1980), or galaxies may quench due to intrinsic processes related to
their age (see e.g. Wetzel et al. 2013; von der Linden et al. 2010;
Brodwin et al. 2013; Ehlert et al. 2014; Wagner et al. 2015). In ei-
ther case the fraction of red and blue galaxies should show a sharp
variation at the splashback radius as it is the physical boundary that
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Figure 10. top: Galaxy color distribution in g-i color-magnitude space with
the galaxy density contour over-plotted, in the redshift bin z=[0.475,0.500]
which encompasses the mean redshift of our fiducial SPT cluster sample.
The “red sequence” and the “blue cloud” are clearly seen, as well as the
“green valley”. Accordingly, as described in Sec. 4.5.1, 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 results in a
reasonable color selection also in other color spaces.
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Figure 11. 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.

separates the region of space with galaxies on orbits (which are
older and also more likely to be quenched) from those on pure in-
fall at larger radii. This sharp transition near the edges would not be
present if the one-halo term was NFW-like and continued onto the
two-halo regime smoothly, and is therefore evidence for an abrupt
cut-off of the virialized region at splashback (Baxter et al. 2017).

The purpose of our analysis here is two-fold. First, we seek to
improve on the red/blue selection of galaxies in Baxter et al. (2017)
and see whether this improvement changes the conclusion in that
paper. Second, we seek to compare the color-split profiles for SZ-
selected clusters with that of RM-selected clusters, since the latter
cluster finder specifically uses a subset of the red galaxies to find
the cluster and may be susceptible to biases that depend on galaxy
colors.

Furthermore, if galaxies stop forming stars during their orbits
within a cluster, i.e. if quenching is mainly due to intra-cluster as-
trophysical processes, then the longer a galaxy has been inside a
cluster the more likely it is to be red. So the color of a galaxy should
be indicative of how long it has been inside the cluster. Imagine a
sample of blue galaxies falling into the cluster: if quenching begins
on entry into the cluster and no blue galaxies survive until pericen-
tric passage, then the density profile of the blue galaxies should
not show any splashback, since none of them are able to reach
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Figure 12. Top: The 68% confidence ranges of the 3D logarithmic deriva-
tive of the fitted galaxy density profiles with all galaxies (black), red galax-
ies (red) and green galaxies (green) around SPT clusters. Also shown in
black, red and green crosses are the 68% ranges for rsp (horizontal error-
bar) and the logarithmic slope at rsp (vertical errorbar) around RM clusters.
Bottom: similar but for blue galaxies (blue), and the redder half (40-70 per-
centile in color, dashed magenta) and the bluer half (>70 percentile in color,
dashed cyan) of the blue galaxies.

the first apocenter of their orbit to form a splashback shell. Fur-
thermore, since they are still on their first infall passage, the den-
sity profile of those blue galaxies would be consistent with a pure
power law. Fig. 9 demonstrates how the slope of the 3D density
profile traces discontinuities in phase space. The four panels show
the phase space distribution of subhalos that have been inside the
cluster for different amounts of time. Galaxies in the infall stream
do not show a splashback-like minimum, those that have completed
at least one crossing show a minimum at splashback, while those
that have not reached splashback but have crossed pericenter show
a slope minimum at a location smaller than the splashback radius.
In this paper, we study the logarithmic slope and surface density
for galaxies of different colors around massive SZ clusters, which
contains information about their accretion histories.

4.5.1 Defining galaxy colors

To make galaxy color selections, we divide galaxies in the redshift
range [0.25,0.7] into bins with width ∆z = 0.025. Then in each red-

shift bin, we divide galaxies into three percentile ranges in g-i color.
In Fig. 10, we show the result in the redshift bin [0.475,0.500],
which includes the mean redshift of the SPT cluster sample. The
galaxy density contours are over-plotted in color-magnitude space.
From the density contours, one can observe a bimodal distribution
consisting of the red sequence and the blue cloud, as well as the
green valley between them (Baldry et al. 2004; Schawinski et al.
2014). Furthermore, the red sequence approximately includes the
reddest 20% of the galaxies, the green valley the next 20% and
the blue cloud the next 60%. We adopt the aforementioned thresh-
old (20%/20%/60% division) as our color definition, and call them
the ‘red’, the ‘green’ and the ‘blue’ galaxies, respectively. Note
that the fraction of blue galaxies drops significantly inside clusters
(Fig. 11), as we discuss further below.

The red/green/blue fractions also evolve moderately with red-
shift. For example, in the lowest redshift bin of z = [0.250, 0.275],
the red sequence covers ∼10 – 15% of galaxies, whereas the blue
cloud includes ∼65 – 70% of them. However we have adopted
the 20%-20%-60% separation in g-i color over the entire redshift
range. We have checked that our color split also results in a reason-
able separation of galaxies in other color spaces (see the lower two
panels of Fig. 10).

4.5.2 Galaxy density profiles in different color bins

The measured galaxy surface density profiles and their correspond-
ing logarithmic derivatives, in different color bins, are shown in
Fig. 11 and Fig. 12, respectively. In the upper panel of Fig. 11,
we plot the surface density profiles of all/red/green/blue galaxies
around SPT (solid lines) and RM clusters (dashed lines). In the
bottom panel, we calculate the fraction of the red, green and blue
galaxies as in Baxter et al. (2017) by dividing each profile by the
profile with all galaxies. It shows a sharp upturn (downturn) of the
red (blue) fraction around the splashback radius, similar to the re-
sults in Baxter et al. (2017). Note that the upturn of the red fraction
starts at a higher radius (∼3 h–1Mpc) than rsp. This may be at-
tributed to the width of the splashback region, as not all galaxies
turnaround exactly at the location of the minimum (Diemer 2017b;
Mansfield et al. 2017). In addition, some galaxies may start quench-
ing before they infall onto the cluster by pre-processing in the in-
falling galaxy groups (e.g., Zabludoff et al. 1996; Behroozi et al.
2014; Bianconi et al. 2018).

In the top panel of Fig. 12, we plot 68% confidence ranges of
the 3D logarithmic derivative of the fitted galaxy profiles around
the SPT clusters, with all galaxies (black), green galaxies (green)
and red galaxies (red), respectively. Red galaxies in SPT clusters
display splashback features that are slightly deeper, consistent with
Baxter et al. (2017). In the same figure, we also show 68% ranges
of the rsp (horizontal errorbars) and the corresponding logarithmic
slope (vertical errorbars) around the RM clusters, with the same
color bins. The RM clusters exhibit a similar trend of the splash-
back feature across different galaxy colors.

In the bottom panel of Fig. 12, the 3D logarithmic derivative
profiles of blue galaxies around the SPT clusters are plotted in blue.
Although the data is somewhat noisy, one can see that the blue
galaxy profiles are consistent with a pure power law not exhibiting
any evidence of splashback feature, which may indicate the blue
galaxies are still in their first orbital passage inside the clusters.
We further split blue galaxies into halves: the redder half (40th-
70th percentile, dashed magenta lines) and the bluer half (>70th
percentile, dashed cyan lines).

These results suggest that infalling galaxies do not remain
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blue beyond their first pericentric passage, though perhaps not all
star formation is quenched by the first apocentric passage as green
galaxies do show a splashback feature close to the red galaxies.
However, we defer a more detailed study of the profiles of galax-
ies split on color and galaxy type to when larger SZ-selected sam-
ples are available. It would also be very interesting to have clus-
ter/galaxy samples that extend to z > 1 where rapid quenching is
expected (Brodwin et al. 2013; Ehlert et al. 2014; Wagner et al.
2015), and to use measures of star-formation beyond galaxy color
to constrain quenching timescales.

5 DISCUSSION

We have presented measurements of galaxy profiles around SZ-
selected galaxy clusters and used these measurements to character-
ize the splashback feature around these clusters. The SZ-selected
sample has the advantage that it is likely to be closer to a mass-
selected sample than optically selected cluster samples. Also, it
provides an independent check on previous measurements of the
splashback feature, which are all based on optically selected clus-
ter samples. We used publicly available cluster samples from the
SPT-SZ survey and the ACTPol survey for this study. These sam-
ples include 256 and 89 clusters in the DES footprint, respectively.
The clusters were cross-correlated with galaxies from the DES Year
3 dataset. We detect the splashback feature, inferred from a sharp
decline in the galaxy density profile, with high significance for both
cluster samples. The detection of the splashback feature is con-
firmed by the slope of the collapsed inner profile (ρcoll) being much
steeper than that from an NFW profile (–3), by ∼2σ. When com-
paring to the MDPL2 N-body simulations, both the location and
the amplitude (the steepest slope) of the splashback features in the
two cluster samples agree with the simulations at the 1σ level.

To connect with previous studies based on optically selected
clusters, we match the mean mass and redshift distribution of clus-
ters in the DES Y3 RM (redMaPPer) cluster sample to the SPT
and ACT cluster samples and measure the location of the splash-
back feature in this mass-matched RM sample. We find that the
location of the splashback feature is at a smaller radius than simula-
tions, consistent with previous studies with RM clusters (More et al.
2016; Baxter et al. 2017; Chang et al. 2018). The size of this ten-
sion is too large to be easily explained by bias in the mass-richness
relation. This suggests that RM clusters are likely affected by sys-
tematic effects that push the splashback radius to smaller values.
We also investigate the possibility that projection effects coupled
with the triaxiality of the clusters contribute to the selection effect
in the RM clusters. From simple simulation tests, we find that these
effects do contribute to the smaller apparent rsp, but may not fully
explain the level of discrepancy in rsp between RM clusters and
simulations. Improved mock catalogs for RM clusters may provide
further insights.

We summarize our measurements of rsp as well as those of
previous studies in Table 3. The table makes clear that measure-
ments based on galaxy density profiles around RM clusters con-
sistently find lower splashback radii than found in simulations and
in our measurements of SZ-selected clusters. The redMaPPer mea-
surements reported here are in turn consistent with the measure-
ments in earlier papers cited in the table which had a lower mean
mass. So the comparison of RM vs. SZ clusters with theory does
not appear to be related to cluster mass (or redshift). We caution that
the uncertainty on the SZ measurements precludes a more definitive
statement.

Although we have focused on the location of the splashback
radius in this paper, we also learn about the distribution of galax-
ies within massive clusters as a whole. While the location of the
splashback feature is a distinctive feature that is simple to interpret
physically, the overall profiles of the different samples analyzed in
this paper also contain a wealth of information. For example, the
galaxy profiles around the clusters do not exactly trace the parti-
cles or the subhalos in CDM simulations; the inner profiles of the
optically and SZ selected clusters are much steeper than those in
the simulations (Fig. 3 and Fig. 4). This may require further un-
derstanding of baryonic physics; for instance, the potential of the
central galaxy may be strong enough to contract particle orbits to
raise the central density. Comparison with lensing profiles in fu-
ture studies will provide further insights. Furthermore, while the
splashback location for the RM clusters is different from that of the
SZ clusters by less than 1 σ, the overall profiles from 0.2 – 5h–1

Mpc differ from each other at higher significance. We also find, in
agreement with Baxter et al. (2017), that the outer profiles beyond
splashback for all the samples asymptote to a slope of –1.5, which
is consistent with infalling matter.

We also build on the approach of Baxter et al. (2017) and mea-
sure the profiles of galaxies split by color. Red galaxies exhibit a
splashback feature that is slightly deeper in the logarithmic deriva-
tive profile, while the bluest galaxies are consistent with a feature-
less, power law profile that is expected for galaxies that are on the
first infall and have not completed one pericentric passage. This re-
iterates the fact that the location of the splashback feature contains
dynamical information that is otherwise difficult to obtain without
velocities obtained from a redshift survey. Our results are consis-
tent with earlier work by Oman & Hudson (2016), Adhikari et al.
(2018a), and Zinger et al. (2018) who used SDSS spectroscopic
data and found that blue galaxies are dominated by an infalling
population. Recently Lotz et al. (2018) have also used hydrody-
namical simulations to show that all galaxies stop forming stars
before the first pericentric passage, consistent with blue galaxies
being on the first infall. It will be interesting to model the color
dependence of the splashback radius to constrain the quenching
time for galaxies and compare with models for galaxy evolution
like those in Behroozi et al. (2018); Wetzel et al. (2013); Hearin
& Watson (2013). For example, Wetzel et al. (2013) suggests that
quenching is delayed and then sudden, taking several Gyrs to com-
plete. Given that we do not see a splashback feature in the bluest
galaxies, our results seem to suggest, firstly, that the bluest galax-
ies do not remain as star-forming after the first pericentric passage,
implying that quenching processes begin at or before pericenter;
however the fact that we find green galaxies (that are star forming)
do show a splashback feature suggests that complete quenching of
star formation takes longer than one apocentric passage within the
cluster. (see von der Linden et al. (2010) for an earlier work on star
formation inside clusters with SDSS and also Brodwin et al. (2013),
Ehlert et al. (2014) and Wagner et al. (2015) for studies with distant
galaxy clusters). Further, it should be noted that the splashback ra-
dius measured from red galaxies, excluding the population of blue
galaxies, may be a better indicator of the true boundary of the viri-
alized region of the halos.

Moreover, the number of SZ-selected clusters is expected to
increase significantly with on-going and future surveys extended to
higher redshift and lower mass (Merloni et al. 2012; Austermann
et al. 2012; Benson et al. 2014; Henderson et al. 2016; Abazajian
et al. 2016; The Simons Observatory Collaboration 2018). Along
with weak lensing measurements of density profiles, future cluster
samples may sharpen the trends studied here, enable applications of
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Reference Measurement Sample Mean mass[1014h–1M�] Mean redshift rsp/r200m

More et al. (2016); Baxter et al. (2017)∗ galaxy profile SDSS RM M200m = 1.9 0.24 0.85± 0.06
Chang et al. (2018) galaxy profile DES RM M200m = 1.8 0.41 0.82± 0.05
Chang et al. (2018) weak lensing DES RM M200m = 1.8 0.41 0.97± 0.15

This work galaxy profile DES RM M200m = 5.3 0.46 0.97+0.07
–0.06

This work galaxy profile SPT SZ M200m = 5.3 0.49 1.22+0.26
–0.25

This work galaxy profile ACT SZ M200m = 5.8 0.49 1.11+0.36
–0.28

This work particle profile MDPL2 N-body sims M200m = 5.3 0.49 1.07± 0.02

Table 3. The splashback radius rsp based on the galaxy profile and lensing profile, from previous studies as well as this paper. Note that we normalize rsp by
r200m for easier comparison. We note that Umetsu & Diemer (2017) also reported a lower limit of rsp/r200m > 0.89 based on a weak lensing measurement of
the CLASH X-ray cluster sample. We also note that Contigiani et al. (2018) report the constraints rsp/r200m = 1.34+0.45

–0.26 based on weak lensing measurements
around X-ray selected clusters; however, they do not report a significant detection of splashback-like steepening in the cluster density profile.*The values
quoted in the first row are from Baxter et al. (2017) as More et al. (2016) only reported results for cluster samples split on their Rmem parameter.

splashback for tests of cluster physics or cosmology (Adhikari et al.
2018b), allow interesting comparisons of features in gas pressure
profiles from SZ measurements with features measured in matter
density profiles (Shi 2016b; Hurier et al. 2017), and allow for de-
tailed comparisons with optically selected cluster samples that are
essential for cluster cosmology. X-ray follow up of these clusters
will provide an additional avenue for understanding the evolution-
ary history of these objects and help establish the splashback fea-
ture as a robust probe of galaxy cluster physics.
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APPENDIX A: PRIOR DISTRIBUTION OF THE HALO
MODEL

We hereby present the distributions of the splashback radius, rsp,
and the corresponding logarithmic slope of the density profile at
rsp, drawn from the prior distribution of our halo model (Table 1).

Among the halo density profiles drawn from the prior distri-
bution, we remove the ones for which the logarithmic derivative is
monotonically increasing/decreasing in r (no splashback-like fea-
ture). It amounts to∼20% of the full prior distribution, which indi-
cates our model is flexible enough to generate profiles without any
splashback-like feature.

The result is shown in Fig. A1 in terms of the probability den-
sity. The x-axis represents the location of rsp and the y-axis the
corresponding logarithmic slope at rsp. One can see that the prior
distribution covers the entire space fairly evenly.
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Figure A1. The 2-dimensional probability distribution of rsp (x-axis) and
the logarithmic derivative of the density profile at rsp (y-axis), drawn from
the prior distribution of the halo model (Table 1).
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