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Abstract. Strong lensing galaxy clusters provide a powerful observational test of Cold Dark
Matter (CDM) structure predictions derived from simulation. Specifically, the shape and rela-
tive alignments of the dark matter halo, stars, and hot intracluster gas tells us the extent to
which theoretical structure predictions hold for clusters in various dynamical states. We measure
the position angles, ellipticities, and locations/centroids of the brightest cluster galaxy (BCG),
intracluster light (ICL), the hot intracluster medium (ICM), and the core lensing mass for a
sample of strong lensing galaxy clusters from the SDSS Giant Arcs Survey (SGAS). We use
iterative elliptical isophote fitting methods and GALFIT modeling on HST WFC3/IR imag-
ing data to extract ICL and BCG information and use CIAO’s Sherpa modeling on Chandra
ACIS-I X-ray data to make measurements of the ICM. Using this multicomponent approach, we
attempt to constrain the physical state of these strong lensing clusters and evaluate the different
observable components in terms of their ability to trace out the gravitational potential of the
cluster.

Keywords. Strong Lensing Galaxy Clusters (SLGCs), Brightest Cluster Galaxy (BCG),
Intracluster Medium (ICM), Intracluster Light (ICL)

1. Introduction

An important consequence of Λ Cold Dark Matter (ΛCDM) physics is that galaxy
clusters form by the hierarchical formation of DM halo systems. In this scenario, the
cluster gradually accretes and incorporates other haloes, eventually forming one large
mass halo system that defines the cluster (Beers and Geller 1983).

In a theoretical system only subject to gravitational forces, the brightest cluster galaxy
(BCG), intracluster light (ICL), and the hot intracluster medium (ICM) of a given galaxy
cluster should align with the dark matter halo of the cluster defined by the core lensing

© The Author(s), 2024. Published by Cambridge University Press on behalf of International Astronomical

Union. This is an Open Access article, distributed under the terms of the Creative Commons Attribution

licence (http://creativecommons.org/licenses/by/4.0/), which permits unrestricted re-use, distribution and

reproduction, provided the original article is properly cited.

https://doi.org/10.1017/S1743921323004039 Published online by Cambridge University Press

https://doi.org/10.1017/S1743921323004039
https://orcid.org/0009-0004-7337-7674
mailto:gassismr@mail.uc.edu
http://creativecommons.org/licenses/by/4.0/
http://crossmark.crossref.org/dialog?doi=https://doi.org/10.1017/S1743921323004039&domain=pdf
https://doi.org/10.1017/S1743921323004039


Shapes and Centroids of 39 SLGCs from SGAS 95

mass (Sastry 1968; Binggeli 1982; Van Den Bosch et al. 2005; Hashimoto et al. 2008;
Niederste-Ostholt et al. 2010; Biernacka et al. 2015; Donahue et al. 2016; Wang et al.
2018).

Though there is broad agreement with the predicted alignment, previous work has
found that some of the mass components are not always aligned with the dark matter
halo or with each other (Van Den Bosch et al. 2005; Sanderson et al. 2009; Skibba et al.
2011; Zitrin et al. 2012; Hikage et al. 2013; Lauer et al. 2014; Martel et al. 2014;
Oliva-Altamirano et al. 2014; Wang et al. 2014; Hoshino et al. 2015; Rossetti et al. 2016;
Lange et al. 2018; Lopes et al. 2018; Zenteno et al. 2020; De Propris et al. 2021). This
suggests that there are mechanisms by which misalignments can occur in the context of
ΛCDM or potentially beyond ΛCDM.

Given enough time to relax, the BCG and ICL should revert to their shared orientation
and centroid with their dark matter halo (Montes and Trujillo 2018; Wittman et al.
2019). However, work by Kim et al. (2017) and Harvey et al. (2017) found that the
BCG can still show misalignments (“wobble”) in relaxed clusters which is unaccounted
for in the cold dark matter description. Though the ICL is not expected to have any
residual “wobbling”, DM measurements derived from strong lensing mass models allow
us to directly test whether the ICL traces out the shape of the DM halo as predicted.

The ICM gas can exhibit extreme misalignments for disturbed clusters due to merger
activity. Even for relaxed clusters, hydrodynamical gas oscillations can cause some devi-
ations in the ICM to persist even when the other components of the cluster system have
had time to relax (Markevitch et al. 2001; Churazov et al. 2003; Johnson et al. 2012;
Harvey et al. 2017).

2. Data and Measurements

In this work, we apply a multicomponent observational approach incorporating mea-
surements of the BCG, ICL, ICM, and core lensing mass derived from strong lensing.
We investigate 39 clusters from the Sloan Giant Arcs Survey (SGAS) with corresponding
multiband HST data and spectroscopic follow up that enabled well constrained strong
gravitational lensing models (Sharon et al. 2020, 2022a,b). A subset of 27 clusters have
Chandra observations that allow us to make measurements on the BCG, ICL, ICM, and
core lensing mass simultaneously.

2.1. BCG/ICL Measurement

We modeled the BCG using GALFIT in order to eliminate all interfering light. For the
ICL, we derived masks for all objects in the field using SExtractor. For both the ICL
and BCG, we use iterative elliptical isophote fitting applying the Python lsq-ellipse

function. To differentiate between the BCG and ICL, we conduct a radial profile analysis
of our clusters to find the ICL/BCG transition radius to be about 50 kpc which is
consistent with 60 ± 40 kpc as measured by Contini et al. (2022).

2.2. ICM Measurement

For the ICM gas, we use the publicly available CIAO tools for data reduction to pro-
cess the Chandra X-ray event data. Each processed X-ray image file was point source
subtracted, binned by 2”, and set to only include events in the broad energy band (0.5-7
keV with an effective energy of 2.3 keV). We modeled the processed ICM distribution
using CIAO’s Sherpa modeling functions and took the outputted best fit as the true
parameters.
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Figure 1. Visualization of the data distributions with the corresponding best fit ellipse for
example galaxy cluster J0957p0509. We include a 5”x5” representative color (gri) Subaru image
of the field in the center panel for a scale comparison of the different distributions. The ICM
and BCG also have visualizations of their models that precede ellipse fitting.

2.3. Strong Lensing Models and Core Lensing Mass Measurement

The strong lensing models for these galaxy clusters were derived using the publicly
available Lenstool software (Jullo et al. 2007). The lensing models are more fully described
in Sharon et al. 2020, 2022a,b. We use 100 lens models drawn from the Lenstool MCMC
with the derived lensing parameters to sample the posterior probability distribution. In
the image plane models, there is an obvious core cluster that dominates the distribution
at large scales. This is the core mass distribution we would expect to align with the BCG,
ICL, and ICM components. We choose the core lensing mass parameters from the most
likely image plane model to be the true values.

3. Results

3.1. Position Angles

Figure 2 shows the results of the various cluster components’ position angles compared
to the position angle of the core lensing mass. Equation 1 defines the difference in position
angle.

ΔPA = |PA1 − PA2| (|PA1 − PA2| ≤ 90◦)

ΔPA = 180 − |PA1 − PA2| (|PA1 − PA2|> 90◦)

0◦ ≤ ΔPA ≤ 90◦
(1)
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Figure 2. The difference in position angle of the major axis between the core lensing mass
and the three other distributions (from top to bottom: ICL, BCG, and ICM Gas)

Generally, we measure small position angle differences which implies that cluster ori-
entation is consistent over a large spatial scale (from a few tens of kpc up to ∼1Mpc).
This behavior is consistent with previous studies (e.g. Donahue et al. 2016).

However, we still measure multiple large deviations from the expected alignment
(ΔPA> 30◦). The smaller number of deviations between the core lensing mass and ICL
suggest that the ICL may be a more viable proxy for the shape and orientation of
the dark matter halo distribution since it is gravitationally bound to the core halo as
opposed to any specific galaxy member (Niederste-Ostholt et al. 2010; Hashimoto et al.
2014; Donahue et al. 2016).

3.2. Ellipticities

Figure 3 compares the ellipticity measurements of the different components of our
objects. We use the definition of ellipticity analogous to the flattening parameter defined
by e= 1 − b/a, where a and b are the semi-major axis and semi-minor axis respectively.

From the top-left panel, we see that, despite some scatter, the dark matter and stel-
lar distribution characterized by the ICL trace out the same shape as predicted by
Montes and Trujillo (2018). The bottom 2 panels reveal that the ICM is generally rounder
than the dark matter and ICL which reflects the effects of hydrodynamical physics in
the ICM (Markevitch and Vikhlinin 2007). In the top-right panel, we see the BCG is
circularized due to dynamical friction effects as a consequence of high stellar density
(Arena and Bertin 2007).

3.3. Centroids

From figure 4, we are able to gather an understanding of the centroid difference of
the different components of our galaxy clusters when compared to one another. When
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Figure 3. The ellipticity comparisons of various distributions (top-left: core lensing mass and
ICL, top-right: core lensing mass and BCG, bottom-left: core lensing mass and ICM, bottom-
right: ICL and ICM)

calculating the difference in centroid, we use the difference in projected radius as defined
by ΔR = |r1 − r2| in units of kpc.

As expected, we measure small deviations in centroid for the ICL and BCG when
compared to the core lensing mass. This implies that generally the BCG and ICL lie
close to the center of the dark matter gravitational potential and that typically their
mutual alignments coincide. The ICL is slightly more aligned with the core lensing mass
distribution centroid than the BCG. This is because the BCG experiences a greater
residual wobble around the dark matter gravitational center than the ICL.

Even after excluding double cored systems undergoing obvious major mergers, we still
see that the ICM Gas is displaced to a much larger projected radius than the ICL or
BCG. This is likely due to the fact that the ICM Gas “sloshes” as a consequence of
major merger activity in the cluster’s past (Markevitch et al. 2001; Churazov et al. 2003;
Johnson et al. 2012; Harvey et al. 2017). The sloshing behavior is found to persist in cases
where the BCG and ICL distributions have relaxed back to the core lensing mass centroid
since these oscillations are damped on a much longer time scale due to hydrodynamical
processes that only affect the ICM (Markevitch and Vikhlinin 2007).
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Figure 4. The centroid comparisons of various distributions (top-left: core lensing mass and
ICL, top-right: core lensing mass and BCG, bottom-left: core lensing mass and ICM, bottom-
right: ICL and ICM). We exclude doubly cored systems with extrememly large deviations
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