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ABSTRACT
While collisionless cold dark matter models have been largely successful in explaining a wide range of observational data, some
tensions still exist, and it remains possible that dark matter possesses a non-negligible level of self interactions. In this paper, we
investigate a possible observable consequence of self-interacting dark matter: offsets between the central galaxy and the center
of mass of its parent halo. We examine 23 relaxed galaxy clusters in a redshift range of 0.1 to 0.3 drawn from clusters in the
Dark Energy Survey and the Sloan Digital Sky Survey which have archival Chandra X-ray data of sufficient depth for center and
relaxation determination. We find that most clusters in our sample show non-zero offsets between the X-ray center, taken to be
the centroid within the cluster core, and the central galaxy position. All of the measured offsets are larger, typically by an order
of magnitude, than the uncertainty in the X-ray position due to Poisson noise. In all but six clusters, the measured offsets are
also larger than the estimated, combined astrometric uncertainties in the X-ray and optical positions. A more conservative cut on
concentration to select relaxed clusters marginally reduces but does not eliminate the observed offset. With our more conservative
sample, we find an estimated mean X-ray to central galaxy offset of ` = 5.5 ± 1.0 kpc. Comparing to recent simulations, this
distribution of offsets is consistent with some level of dark matter self interaction, though further simulation work is needed to
place constraints.
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1 INTRODUCTION

The cold dark matter (CDM) paradigm postulates that dark matter is
non-relativistic and collisionless. This model has been very success-
ful in predicting the large-scale structure of the universe (Davis et al.
1985; Springel et al. 2005). However, potential discrepancies exist
between theory and observations, particularly at smaller scales (for
reviews see, e.g. Weinberg et al. 2015; Bullock & Boylan-Kolchin
2017; Buckley & Peter 2018). In addition, despite multi-pronged
searches for CDM candidates, a conclusive non-gravitational signal
has not been found, and basic tenants of the CDM paradigm, like
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dark matter’s collisionless nature, are not yet strongly constrained
(e.g. Tulin & Yu 2018).
A generic possibility is that there may be undiscovered forces

between dark matter particles; in this case, dark matter would pos-
sess non-zero self interactions and not be collisionless. Termed self-
interacting dark matter (SIDM), this model was initially proposed
as a solution to the core-cusp problem (Spergel & Steinhardt 2000).
However, some form of self interaction is a generic beyond CDM
possibility and a common feature of dark sector theories, and SIDM
models predict potentially observable consequences for the shapes,
densities, and substructure of dark matter halos (see e.g. reviews by
Tulin & Yu 2018; Adhikari et al. 2022).
One important discrepancy between CDM simulations and ob-

servations is that the central circular velocity in galaxies is much
lower than the velocities predicted by dark-matter only simulations
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(e.g. Casertano & van Gorkom 1991; Flores et al. 1993). Termed
the "core/cusp problem", CDM predicts a sharper density peak in the
centers of dark matter halos, scaling as 𝜌𝐷𝑀 ∝ 𝑟−1 (e.g. Dubinski &
Carlberg 1991; Navarro et al. 1996, 1997), than actually occurs with
the data favoring constant density cores, particularly for low surface
brightness and dwarf galaxies. (e.g. Flores & Primack 1994; Moore
1994; Burkert 1995; de Blok et al. 2001a,b; Kuzio de Naray et al.
2008). The inclusion of baryonic physics in hydrodynamical simula-
tions and in particular supernova feedback goes a long way toward
resolving the core/cusp discrepancy with simulations able to produce
cores at least in some mass ranges (e.g. Governato et al. 2010; Oh
et al. 2011; Zolotov et al. 2012). However, it is unclear if baryonic
effects alone can produce the full diversity of density profiles ob-
served (e.g. Kuzio de Naray et al. 2010; Oman et al. 2015). See also
Tulin & Yu (2018); Adhikari et al. (2022) and references therein for
discussion of the core/cusp problem and potential solutions.
Another possibility is that properties of the dark matter which

deviate from the assumptions of CDM lead to the lower observed
central densities. As already mentioned, SIDM is one potential solu-
tion (e.g. Spergel & Steinhardt 2000) in which self interactions lead
to heat transfer from outer, hotter regions to cooler, inner regions
giving a uniform inner velocity dispersion and reduced central den-
sity. Simulations have shown that SIDM plus baryons can naturally
lead to the observed diversity in galaxy rotation curves and central
densities (Creasey et al. 2017; Kamada et al. 2017; Ren et al. 2019;
Zavala et al. 2019). We note that other dark matter models have also
been proposed that may produce cores and fix the observed small-
scale issues, including warm dark matter (e.g. Bode et al. 2001; Viel
et al. 2013), wave or fuzzy dark matter (e.g. Hu et al. 2000; Hui et al.
2017; Hui 2021), and superfluid dark matter (e.g. Khoury 2021).
These different dark matter models may be distinguished by the

scale dependence of their effects (Buckley&Peter 2018). In addition,
on the particle theory side, many models for SIDM naturally lead to
a dark matter self-interaction cross section over mass (𝜎DM/𝑚) that
depends on the relative velocity of the dark matter particles (e.g
Tulin & Yu 2018; Adhikari et al. 2022, and references therein), and a
velocity-dependent cross section is preferred when reconciling dwarf
galaxy observations with constraints on the scale of clusters of galax-
ies in an SIDM context (e.g. Kaplinghat et al. 2016). In this paper,
we turn our attention to the most massive end of structure forma-
tion, clusters, and a recently proposed observational consequence of
SIDM and central cores in general.
Using dark matter only simulations, Kim et al. (2017) find that in

SIDM models central cluster galaxies oscillate on long-lived orbits
out to radii of 100 kpc or more and for up to Gyrs following a merger,
likely even when clusters appear otherwise relaxed. In the CDM
paradigm, the Central Cluster Galaxy (CCG) in a galaxy cluster will
be constrained near the center by the high dark matter density with
a position closely correlated to the center of mass of the dark matter
halo. Conversely, in the SIDM paradigm the CCGwill be statistically
offset from the dark matter center of mass. The average offset from
the center of mass is dependent on the halo core size, and thus for
different cross-sections, the offset distribution will be different (Kim
et al. 2017). Including the effects of baryons using the BAHAMAS
simulations, Harvey et al. (2019) find much smaller, but observable
offsets of the central cluster galaxies even in relaxed clusters with a
median offset that increases with the SIDM cross section. Using a
sample of 10 strong lensing clusters, they derive a limit on the cross
section of 𝜎/𝑚 < 0.4 cm2/g.
In this paper, we look for offsets of the central galaxy in 23 galaxy

clusters selected to be both relaxed and X-ray bright. We estimate
the position of the center of mass using the X-ray data, specifically

the X-ray centroid within the core region, comparing them to the
position of the CCG. In Section 2, we discuss our methodology
including cluster selection and relaxation criterion and cluster center
determination. Section 3 presents our results, and in Section 4, we
discuss the consequences and limitations of our analysis. In this work,
we assume a flat ΛCDM cosmology with 𝐻0 = 67.7 km / (Mpc s)
and Ω𝑀 = 0.31.

2 DATA REDUCTION AND METHODOLOGY

2.1 Cluster Data

We select clusters from two large area surveys, the Dark Energy
Survey (DES) (DES Collaboration 2005) and the Sloan Digital Sky
Survey (SDSS) (Eisenstein et al. 2011), specifically DES Y3 Gold
(Sevilla-Noarbe et al. 2020) and SDSS DR8 (Aihara et al. 2011).
Clusters were identified in the photometric survey data using the
red-sequencematched-filter Probabilistic Percolation cluster finder
(redMaPPer) algorithm Rykoff et al. (2014, 2016). RedMaPPer se-
lects clusters based on overdensities of galaxies in color space. More
specifically, it identifies cluster members based on the red sequence,
iteratively determining both the cluster center and the cluster red
sequence. Potential member galaxies in a given cluster are given
a membership probability weighted by a matched filter based on
color, magnitude, and separation distance from the estimated clus-
ter center (taken to be the most probable identified central cluster
galaxy). In this work, we use the SDSS redMaPPer v.6.3.1 and DES
Y3 redMaPPer 6.4.22+2 catalogs with richness _ > 20, and central
galaxy positions were taken from these catalogs. Where both surveys
overlap and had center galaxy positions for the same cluster, we re-
moved the positions from the SDSS catalog and kept the positions
from DES Year 3.
As described below, we use the X-ray brightness distribution to

both select relaxed clusters and to estimate the cluster center of
mass. For this reason, our sample was limited to clusters with ex-
isting high spatial resolution Chandra X-ray data. The Chandra data
were reduced using the Mass Analysis Tool for Chandra pipeline
(MATCha) (Hollowood et al. 2019). For an input cluster catalog,
MATCha reduces any existing Chandra data and determines cluster
temperature and luminosity within several radii as well as finding
the X-ray centroid and peak positions. The SDSS X-ray analysis is
described in Hollowood et al. (2019) and the DES Y3 analysis in
Kelly et al. (prep). In this work, we re-derive center locations starting
from the reduced data as described in the next section. Central galaxy
positions are taken from the DES or SDSS catalogs. In some cases,
redMaPPer identifies the wrong galaxy as the central galaxy (Hol-
lowood et al. 2019; Zhang et al. 2019); for these clusters we identify
the correct central galaxy based on proximity to the X-ray center and
take the position of the correct central from the optical catalogs.

2.2 Cluster Selection

Beginningwith the fullDES andSDSS redMaPPer catalogs,wemake
a series of cuts to select a sample of clusters to perform our analysis
on. We need robustly X-ray detected clusters with high resolution,
so we select clusters with redshifts between 0.1 and 0.3. The lower
redshift limit is set by the requirement that the cluster X-ray emission
fit within the Chandra field of view, while the upper redshift limit
is set by the need to resolve position to within a few kpcs. For the
signal-to-noise ratio of the X-ray data, we require a minimum ratio of
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25 from the Chandra data in a 500 kpc radius region to ensure that the
noise does not dominate the uncertainty in the center determination.
As we will be using the X-ray emission as a tracer of the cluster

center, we also select relaxed clusters where we expect the X-ray
peak to trace fairly well the center of the gravitational potential.
The selection of relaxed clusters is made based on the X-ray con-
centration. The concentration is calculated by taking a ratio of the
exposure-corrected photon counts within a radius of 15% of the 𝑅500
radius around the peak of X-ray emissions and in an annular region
that extended from 0.15𝑅500 to 𝑅500. We excluded observations in
which the 𝑅500 distance was greater than the area covered by the
observation. The 𝑅500 radius is the radius within which the average
density of the cluster is 500 times larger than the critical density of
the universe, and here we estimate 𝑅500 from the X-ray temperature
as in Hollowood et al. (2019). We select clusters with concentrations
of 0.5 or higher. This resulted in a final sample of 23 clusters.
Our definition of concentration differs somewhat from that of pre-

vious works as our definition relies on the 𝑅500 radius. In particular,
the criterion used by Harvey et al. (2019) to select relaxed clusters
in SIDM simulations was defined by a core radius of 100 kpc and
an outer radius for the annulus of 300 kpc. As we are looking at
galaxy clusters with a range of masses and size, defining the concen-
tration based on an overdensity radius like 𝑅500 allows us to more
consistently compare statistics for both large and small galaxy clus-
ters. Despite the difference in these criteria, the two concentration
definitions are highly correlated; we find that the minimum concen-
tration of 0.2 used in Harvey et al. (2019) corresponds roughly to
a concentration of 0.44 for our 𝑅500 based concentration definition.
After visual examination, we chose to make a slightly more conser-
vative cut on concentration of 0.5 or greater. This gives a sample
of 23 clusters; for comparison using the concentration definition of
Harvey et al. (2019) and their cut on concentration greater than 0.2
would have resulted in a sample of 28 clusters. Our visual exami-
nation showed that some clearly merging clusters would remain in
the sample under the Harvey et al. (2019) cut. Even for our slightly
more conservative cut, one clear merger remains, and in Section 3
we explore a cut on concentration greater than 0.6 to address this.

2.3 Determination of Cluster Center

The final part of the data reduction is the determination of the cluster
center to be compared to the DES or SDSS central galaxy positions.
In this work, we define the cluster center to be the X-ray centroid
determined within the cluster core, as described below. As we have
selected relaxed clusters, we expect the X-ray distribution to trace
the underlying gravitational potential and thus mass distribution.
Specifically, we define the cluster center to be the centroid of theX-

ray emission within a radius of 0.15𝑅500. This process requires that
the initial center of the 𝑅500 aperture be a good first-order approxi-
mation to the actual centroid. The MATCha algorithm approximates
the X-ray peak position as the brightest pixel in the point-source
subtracted, smoothed X-ray image. In order to improve this approxi-
mation, we created an iterative algorithm that measures the centroid
of the 0.15𝑅500 aperture; after centroid determination we then use
this centroid as the new center of the circle and recalculate the cen-
troid until the difference between the iterations is less than two pixels.
In order to quantify the uncertainties in the centroid measurement,

we added noise to the image and then remeasured the centroid and its
offset from the central galaxy in the simulated image. To add noise to
the image, we generated a random number on a Poisson distribution,
where the mean value of the Poisson distribution for each pixel was
taken to be the original pixel value in the image. We repeated this

process 100 times, and took the median centroid to CCG offset as
our accepted value, with a confidence interval defined as the range
between the 16th and 84th smallest offsets.

3 RESULTS

Results for the 23 clusters with concentrations greater than 0.5 are
shown in Table 1. The central galaxy offsets range from 1.5 kpc to
120 kpc, with most falling in between 4 and 15 kpc. The errors on
these measurements are around an order of magnitude smaller than
the measurements themselves, ranging from 0.1 to 1.0 kpc, with most
falling between 0.1 and 0.4 kpc. Note that the size of the measured
offsets are generally larger than but comparable to the pixel-size and
on-axis Chandra resolution of ∼ 0.5 arcsec; we discuss the positional
uncertainties further in Section 4.
Following Harvey et al. (2019), we fit the central galaxy offset

distribution to a log-normal probability density function with the
form

𝑓 (𝑥) = 1
𝑥𝜎

√
2𝜋
exp

(
− 1
2𝜎2

ln2
(
𝑥

`

))
using the Maximum Likelihood Estimator (MLE) from the Scipy

library. Both the offset distribution and fit are shown in Figure 1.
For the log-normal fit with our nominal concentration cut of 0.5, we
find a mean value ` = 7.9 ± 1.6 kpc and 𝜎 = 0.9 ± 0.2. Errors on
the fit parameters were estimated using bootstrapping with a total
of 100,000 trials. The parameter values, along, with their errors, are
shown in Table 2.
Of the nominal sample of 23 clusters the measured offsets are

typically 20 kpc or less with the exception of Abell S0592. This
cluster has an offset that is one to two orders of magnitude larger
than the rest of the sample. Abell S0592 is a known merger (Botteon
et al. 2018), and an examination the X-ray images of showed two
X-ray substructures and two possible CCGs in the cluster. For a log-
normal fit of the data with just this outlier removed, the mean value of
this set of clusters is 7.0 kpc. However, the fact that this concentration
let in a merger at all implies that the 0.5 concentration cut was not
conservative enough to remove merging clusters in non-simulated
data.
Accordingly, we re-cut the data with a concentration of 0.6, which

removed the merging cluster along with five other clusters. With this
cut, the offsets range between 1.5 and 20.5 kpc, with most offsets
falling between 4 and 15 kpc. A log-normal fit to the offset distribu-
tion for this more conservative sample resulted in a mean value of
6.8 ± 1.3 kpc; the distribution and fit are both shown in the lower
panel of Figure 1.

4 DISCUSSION

Our results indicate a non-zero offset between the central galaxy
and X-ray center in our relaxed cluster sample even for our more
conservative cut on concentration. As already noted, the offsets in
all cases are significantly larger than the estimated uncertainty from
Poisson noise. We now consider the accuracy of the positions of both
Chandra X-ray sources and the central galaxies. For Chandra, the ab-
solute positional accuracy when comparing measured point source
X-ray centroids to optical or radio counterparts with well-measured
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Name Catalog Chandra z Offset Error 𝑅500 _ Concentration Position Uncertainty
ObsID (kpc) (kpc) (Mpc) (kpc)

RXCJ0232.2-4420 DES Y3 4993 0.28 17.7 1.3 1.44 117.47 0.51 5.38
MS 0906.5+1110 SDSS 924 0.18 16.0 0.4 1.23 174.7 0.53 3.24

A2445 SDSS 12249 0.17 5.4 0.7 1.04 49.55 0.54 2.94
RXC J0532.9-3701 DES Y3 15112 0.15 4.7 0.7 1.51 199.43 0.55 2.72
Abell S0592 DES Y3 16572 0.25 119.6 0.4 1.51 96.37 0.57 4.56
A853 SDSS 12250 0.27 4.5 0.7 0.94 50.21 0.59 5.14

RXJ1000.5+4409 SDSS 9421 0.17 11.3 0.6 0.85 27.42 0.6 3.04
RXCJ0220.9-3829 DES Y3 9411 0.23 7.9 0.8 0.93 53.37 0.62 4.34
RXCJ0307.0-2840 DES Y3 9414 0.18 19.3 0.8 1.33 102.58 0.62 3.14

A586 SDSS 530 0.25 20.6 0.6 1.3 120.09 0.74 4.71
RXC J2129.6+0005 DES Y3 9370 0.25 3.1 0.5 1.21 76.58 0.8 4.73
ABELL 2009 SDSS 10438 0.19 7.0 0.4 1.24 91.82 0.91 3.39

RXCJ0331.1-2100 DES Y3 10790 0.25 3.3 0.5 1.01 64.75 0.99 4.73
ZwCl 3146 SDSS 909 0.27 13.0 0.2 1.19 73.53 1.0 5.09
4C+55.16 SDSS 4940 0.16 6.8 0.3 1.1 46.82 1.0 2.83
Abell 1835 SDSS 6880 0.18 11.4 0.1 1.35 134.28 1.07 3.17
A383 SDSS 2320 0.16 2.2 0.3 1.02 80.28 1.17 2.83

RXJ1720.1+2638 SDSS 4361 0.17 9.6 0.2 1.25 63.72 1.19 3.07
ZwCl 0348 DES Y3 10465 0.19 11.8 0.2 0.83 49.28 1.28 3.34
ZwCl 2089 SDSS 10463 0.29 1.6 0.2 0.88 27.08 1.29 5.56

MS1455.0+2232 SDSS 4192 0.24 7.7 0.2 1.04 54.92 1.35 4.48
RXC J0132.6-0804 DES Y3 16149 0.26 9.8 0.7 0.7 27.74 1.56 4.81
ABELL 1204 SDSS 2205 0.28 1.7 0.2 0.92 39.82 1.88 5.35

Table 1. Offsets of the central cluster galaxy from the X-ray center and associated errors. Tabulated is the cluster name (column 1), the survey from which the
cluster was drawn (column 2), the Chandra obsID (column 3), the redmaPPer redshift (column 4), the CCG to X-ray offset (column 5), the uncertainty in the offset
due to Poisson noise (column 6), the X-ray concentration (column 7), and the physical size corresponding to the estimated, combined positional uncertainties
of the X-ray and optical imaging (column 8). Note that the positional uncertainties for these clusters are all larger than the measurement uncertainties due to
Poisson noise. The measured offsets are all less than roughly 20 kpc with the exception of Abell S0592 with an offset of 119.6 kpc. Upon further inspection of
this outlier, it was determined to be a merging cluster.

Concentration ` Bootstrap 𝜎 Bootstrap
Minimum (kpc) Error Error

0.5 7.9 1.6 0.9 0.2
0.6 6.8 1.3 0.8 0.1

Table 2. Results from fitting the offsets to a log normal probability density
function with parameters ` for the mean value and 𝜎 for the variance. Errors
on the model parameters were found via bootstrapping.

positions is ∼ 0.7” (68%)1. In comparison, the DES Y3 Gold av-
erage absolute astrometric accuracy is 0.158" (Sevilla-Noarbe et al.
2020). Comparing the SExtractor (Bertin & Arnouts 1996) and ng-
mix (Sevilla-Noarbe et al. 2020) estimated positions for the DES
central galaxies in our sample, we find an average difference of 0.18"
and use this as an estimate of the modeling uncertainties. Adding
these in quadrature, gives an estimated central galaxy position un-
certainty of 0.24". Taken together the X-ray and optical positional
uncertainties imply an uncertainty on the measured offsets of 0.74".
In all but six cases, the measured offsets are larger than the posi-

tional uncertainty at the cluster redshift, though for a few additional
clusters the offset and resolution are comparable. For the 17 clusters
with concentration greater than 0.6, the average positional uncer-
tainty is 4.0 kpc, ranging from 2.7− 5.6 kpc. Subtracting the average
uncertainty in quadrature from the measured ` = 6.8±1.3 kpc, gives
5.5+1.5−1.7 kpc. For the less conservative concentration cut of 0.5 after

1 Chandra Proposers’ Observatory Guide, Cycle 24:
https://cxc.harvard.edu/proposer/POG/html/index.html

accounting for the positional uncertainty, we find an average offset
of ` = 6.8+1.8−1.9 kpc.

In comparison, Harvey et al. (2019) similarly fit a log-normal to the
distribution of CCG offsets for relaxed clusters in their simulations;
they find that SIDMwith a self-interacting cross-section of 1.0 cm2/g
has a ` value of 8.6 ± 0.7 kpc, while a self-interacting cross-section
of 0.3 cm2/g gives a ` value of 6.1 ± 0.7 kpc and CDM a ` value of
3.8 ± 0.7 kpc. These mean offsets are much smaller than the offsets
predicted by the simulations fromKim et al. (2017), which were dark
matter only. However, the quoted offsets from Harvey et al. (2019)
are the initial results from their simulations before they accounted for
numerical effects. They attempt to model the effects of the limited
resolution of their simulations (softening length 𝜖 = 4ℎ−1 kpc) using
much smaller cluster samples re-simulated at higher resolution for
two models, CDM and SIDM with cross-section 1.0 cm2/g. Their
nominal results give a resolution corrected ` = 0.8+0.9−0.8 kpc for CDM
and ` = 2.3+1.8−0.7 kpc for SIDM 1.0 cm

2/g. They go on to derive a limit
on the cross-section of𝜎/𝑚 < 0.4 cm2/g using the CCG offsets in 10
strong lensing clusters (Harvey et al. 2019). However, these numbers
and comparisons to our results come with several important caveats.
In particular, the resolution correction relies on small samples (∼ 20)
of clusters run at higher resolution for only two different dark matter
models. In addition, the high resolution simulations lead to different
inner stellar density profiles in the simulated clustersmixing baryonic
and dark matter effects. The model for the resolution correction used
is thus not well constrained nor particularly well motivated. Finally,
our results are for the offset between the X-ray center and central
galaxy, which is not directly what is measured in the simulations. In
addition, the BAHAMAS simulations used in Harvey et al. (2019)

MNRAS 000, 1–7 (2022)



SIDM and Central Cluster Galaxy Offsets 5

Figure 1.Histogram of CCG offsets from the calculated X-ray centroids for a
concentration cut of 0.5 (top) and 0.6 (bottom). Also shown are the best fit log-
normal distribution (black solid line) with ` = 7.9±1.6 kpc and ` = 6.8±1.3
kpc for the 0.5 and 0.6 concentration cuts, respectively. Vertical black lines
and shaded region show the best-fit ` and 1𝜎 uncertainties estimated through
bootstrapping.

represent one implementation of baryonic physics, and more work
is needed on the simulation side to understand how variations in the
baryonic physics affect the central galaxy offsets.
In general, our measurement of central galaxy offsets on the scale

of several kpc are consistent with the expectations for an non-
negligible SIDM cross-section on the order of ∼ 1.0 cm2/g and
mildly in tension with the resolution-corrected CDM expectation
(Harvey et al. 2019). However, given the caveats above we cannot
rule out CDM. More work on the simulation side is needed to fully
utilize and interpret our results, which is beyond the scope of the
current paper. Our results are also compatible with current con-
straints on the SIDM cross-section. For example, Sagunski et al.
(2021) find an upper limit on a velocity dependent cross section
in clusters of 𝜎/𝑚 < 0.35 cm2/g considering the measured inner
densities of strong lensing clusters and groups (see also Newman
et al. 2013). Considering a range of observations, Tulin & Yu (2018)
conclude that a cross-section 𝜎/𝑚 ∼ 0.5 − 1 cm2/g could resolve
small scale structure problems while staying roughly consistent with
large scale structure constraints. However, they find that dwarf and
low surface brightness galaxy observations imply cross sections of
𝜎/𝑚 > 1 cm2/g, and generally some velocity dependence of the self-

interaction cross section is preferred to reconcile cluster observations
with smaller scales.

5 CONCLUSIONS

We use a combination of Chandra X-ray data and optical imaging
from the DES and SDSS surveys to investigate the presence of offsets
between cluster central galaxies and the cluster gravitational center
that are predicted to exist in models of dark matter including dark
matter self interactions. We use a cut on X-ray concentration to select
relatively relaxed clusters and a redshift cut to ensure sufficient spatial
resolution, resulting in a sample of 23 clusters.
Wemeasured the offset between the centroid ofX-ray emission and

the central cluster galaxy. Modelling the distribution of offsets with a
log-normal distribution, we found the mean value of the offset to be
` = 7.9 ± 1.6 kpc. As our initial concentration cut allowed one clear
merger to remain in the sample, we also explored a more restrictive
cut, resulting in a sample of 17 clusters. We found the mean value of
the offset for this sample to be ` = 6.8±1.3 kpc. Our results indicate
non-zero offsets for most clusters in the sample. Using Monte Carlo
resimulations of the noise, we find that the uncertainty in the X-ray
positions due to noise are typically an order of magnitude smaller
than the measured offsets, with an average uncertainty of 0.5 kpc.
Uncertainties in the absolute astrometry of both the X-ray and optical
observations are larger, but still lower than the measured offsets for
most of the clusters in our sample. Taking the more conservative con-
centration cut and accounting for the average positional uncertainties
in both the X-ray and galaxy positions, results in an estimated mean
offset of ` = 5.5+1.5−1.7 kpc.
Regardless of the concentration cutmade, our results are consistent

with some level of dark matter self interaction of 𝜎/𝑚 ∼ 1.0 cm2/g
when compared to the simulated results for relaxed clusters from
Harvey et al. (2019), but we also cannot completely rule out CDM
given uncertainties in the simulated results and our use of the X-ray
center as a proxy for the dark matter position. In the future, these
constraints can be improved by expanding the cluster sample size,
in particular with additional high-resolution X-ray observations of
DES and SDSS clusters, and through the development of simulations
which more directly simulate the measurements and cuts made here.
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