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Abstract

It is well established that brightest cluster galaxies (BCGs), residing in the centers of galaxy clusters, are typically
massive and quenched galaxies with cD or elliptical morphology. An optical survey suggested that an exotic
galaxy population, superluminous spiral and lenticular galaxies, could be the BCGs of some galaxy clusters.
Because the cluster membership and the centroid of a cluster cannot be accurately determined based solely on
optical data, we followed up a sample of superluminous disk galaxies and their environments using XMM-Newton
X-ray observations. Specifically, we explored seven superluminous spiral and lenticular galaxies that are candidate
BCGs. We detected massive galaxy clusters around five superluminous disk galaxies and established that one
superluminous spiral, 2MASX J16273931+3002239, is the central BCG of a galaxy cluster. The temperature and
total mass of the cluster are kT 3.55500 0.20

0.18= -
+ keV and M500= (2.39± 0.19)× 1014Me. We identified the central

galaxies of the four clusters that do not host superluminous disk galaxies at their cores, and established that the
centrals are massive elliptical galaxies. However, for two of the clusters, the offset superluminous spirals are
brighter than the central galaxies, implying that the superluminous disk galaxies are the brightest cluster galaxies.
Our results demonstrate that superluminous disk galaxies are rarely the central systems of galaxy clusters. This is
likely because galactic disks are destroyed by major mergers, which are more frequent in high-density
environments. We speculate that the disks of superluminous disk galaxies in cluster cores may have been reformed
due to mergers with gas-rich satellites.

Unified Astronomy Thesaurus concepts: Brightest cluster galaxies (181); Giant galaxies (652); X-ray astronomy
(1810); Intracluster medium (858); High energy astrophysics (739); Spiral galaxies (1560); Galaxy clusters (584);
Galactic and extragalactic astronomy (563); Extragalactic astronomy (506)

1. Introduction

Brightest cluster galaxies (BCGs) are the most luminous and
largest galaxies that reside in the highest-density regions of the
universe, most notably in the centers of galaxy clusters. The
large mass, central location, and extended stellar envelope of
BCGs hint that they were formed by a series of accretion and
merger events (De Lucia & Blaizot 2007; Lavoie et al. 2016).
Theoretical studies also suggest that BCGs undergo a series of
dissipationless mergers, which are mergers that destroy disks
and result in the formation of a massive cD or elliptical galaxy
(De Lucia et al. 2006; Collins et al. 2009). Additionally, it is
believed that dissipationless mergers play a crucial role in the
assembly of BCGs, which, in turn, result in the formation of an
elliptical galaxy (Von Der Linden et al. 2007; Cattaneo et al.
2011). In agreement with this, observational studies demon-
strate that BCGs are unequivocally galaxies with cD or
elliptical morphology.

Similar to other massive galaxies, BCGs also host black
holes (BHs), which are among the most massive BHs in the
universe (McConnell et al. 2012). The mass of these BHs is
believed to correlate with the total mass of the galaxy cluster,

with more massive clusters hosting more massive BHs in their
BCGs (Bogdán et al. 2018b; Lakhchaura et al. 2019; Phipps
et al. 2019). The BHs in these BCGs can shine as active
galactic nuclei (AGNs) and release copious amounts of energy.
This energy input heats the gas and can either expel it to large
radii or completely eject it from the large-scale dark matter
halo. Because this energetic feedback offsets the gas cooling
and, hence, star formation in BCGs, these galaxies are expected
to be quiescent. Indeed, observational studies have demon-
strated that BCGs have negligible star formation (Cluver et al.
2014), except for some extreme cooling flow systems, such as
the Phoenix cluster (McDonald et al. 2012).
In contrast to the above-described picture, a population of

disk-dominated galaxies, the so-called “super spiral” and
“super lenticular” galaxies, were discovered from optical
(Sloan Digital Sky Survey—SDSS) and infrared (Wide-field
Infrared Survey Explorer—WISE) data (Ogle et al.
2016, 2019). Many physical properties of these galaxies are
comparable with BCGs; they are among the most massive
galaxies in the universe, with M= (3–10)× 1011Me, and are
very extended, with D= 57–134 kpc. These galaxies also
exhibit substantial star formation, with their star formation rate
being in the range of 3–65Me yr−1. Ogle et al. (2016)
suggested that a subsample of super spiral and super lenticular
galaxies may reside in rich galaxy cluster environments, and
that some of them could even be the BCGs of their host
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clusters. To identify these candidate BCGs, Ogle et al. (2016)
searched for previously identified galaxy clusters in the vicinity
( r 1D < ¢) of the super spiral and super lenticular galaxies that
also have a small redshift difference (Δz< 0.04) relative to the
cluster. These conditions suggest that the super spiral and super
lenticular galaxies are physically associated with the galaxy
clusters, and are not simply projected on the clusters. However,
it is important to emphasize that the identification of BCGs
based on optical data can lead to misclassification, because it is
difficult to identify the cluster centers (Miller et al. 2005; Von
Der Linden et al. 2007). Therefore, while the results based on
SDSS are indicative, they cannot conclusively identify the
BCGs of galaxy clusters.

X-ray observations of the intracluster medium (ICM) of
galaxy clusters offer a robust means of determining the position
of the cluster centers. In relaxed systems, BCGs reside at the
bottom of the galaxy cluster’s potential well, which coincides
with the peak of the X-ray emission from the ICM. Based on a
study of 62 galaxy clusters, Zhang et al. (2011) demonstrated
that the typical offset between the peak of the X-ray emission
and the BCG is ∼10 kpc. Given that most super spiral and
super lenticular galaxies reside at a redshift of z= 0.2–0.3, this
offset corresponds to a projected distance of Δr= 2 3–3 1,
which is much smaller than the search radius used by Ogle
et al. (2016). Therefore, we initiated an X-ray observing
campaign to systematically probe whether superluminous disk
galaxies reside in the centers of galaxy clusters. We collected
XMM-Newton X-ray data for the galaxy clusters whose BCGs
could be a superluminous disk galaxy. Our initial results of five
galaxy clusters were published in Bogdán et al. (2018a), where
we identified a superluminous lenticular galaxy as a BCG. In
this work, we follow up the earlier study and complement our
galaxy cluster sample with seven additional objects.

This paper is structured as follows. We describe the sample
of superluminous disk galaxies in Section 2. The XMM-
Newton data and the reduction procedure are discussed in
Section 3. In Section 4, we present our results, including the
determination of cluster centroids and probing whether the
superluminous disk galaxies are the BCGs of the clusters. We
discuss our results in Section 5, and summarize in Section 6.
Throughout the paper, we assume H0= 70 km s−1 Mpc−1,
ΩM= 0.3, and ΩΛ= 0.7, and all error bars are 1σ uncertainties.

2. The Sample of Superluminous Disk Galaxies

To identify our targets, we relied on the catalog of
superluminous disk galaxies provided by Ogle et al.
(2016, 2019); these works identified 28 superluminous disk
galaxies that could be members of galaxy groups or clusters. In
Bogdán et al. (2018a), we studied five galaxy clusters and
determined that one superluminous lenticular is associated with
a low-mass galaxy cluster. While our earlier work was based on
the initial sample of Ogle et al. (2016), here we rely on the
sample of Ogle et al. (2019) to identify other superluminous
disk galaxies that are candidate BCGs.
The X-ray emission from the ICM can robustly identify

massive galaxy clusters. To this end, we utilized X-ray
observations from the ROSAT All-Sky Survey and searched
for statistically significant X-ray emission that may originate
from the large-scale ICM. We found seven new superluminous
disk galaxies that exhibit 2σ detection at the approximate
position of the superluminous disk galaxies. Assuming that the
hot gas originates from thermal plasma with kT= 2 keV and a
metallicity of Z= 0.3 Ze, we estimate that the luminosity of the
clusters is (0.5–3)× 1044 erg s−1. These luminosities are
typical for massive galaxy clusters. The available ROSAT
data for these clusters is rather shallow, hence the ICM
properties cannot be characterized. Additionally, the ROSAT
PSPC detector does not have sufficiently high angular
resolution to determine the centroid of the ICM emission.
Therefore, we collected XMM-Newton observations of these
seven systems. For the other galaxy clusters, we did not detect
statistically significant emission, implying the lack of luminous
ICM emission. The properties of the candidate BCGs and the
galaxy clusters are listed in Table 1. The derived physical
properties of the galaxy clusters are discussed in Section 4.5.

3. XMM-Newton Data Analysis

In this work, we analyze XMM-Newton X-ray observations
of seven superluminous disk galaxies and their surroundings.
The observations were taken in AO-18, except for
2MASX J16273931+3002239 (henceforward J16273), which
was also observed in AO-19, because the original observations
were severely contaminated with high background time
periods. We list the analyzed observations in Table 2. All data
were taken with the European Photon Imaging Camera (EPIC).

Table 1
Characteristics of the Candidate Superluminous Disk Galaxies and the Clusters in Their Vicinities

Name zgal 1¢ NH Må SFR kT R500 L500
Separation

(kpc) (1020 cm−2) (1011 Me) (M e yr−1) (keV) (kpc) (1044 erg s−1) (″) (kpc) 1/R500

(1) (2) (3) (4) (5) (6) (7) (8) (9) (10) (11) (12)

2MASX J16273931+3002239 0.2599 241.4 2.0 5.8 3.5 3.55 0.20
0.18

-
+ 797 1.17 ± 0.12 2.4 9.6 0.01

2MASX J14475296+1447030 0.2207 213.7 1.7 4.5 7.8 4.69 0.19
0.21

-
+ 953 3.13 ± 0.14 107.2 378 0.40

2MASX J09254889+0745051 0.1723 175.8 4.1 4.2 7.1 2.35 0.16
0.18

-
+ 659 0.40 ± 0.04 111.4 323 0.49

2MASX J09572689+4918571 0.2414 228.6 0.9 6.5 4.0 2.50 0.10
0.11

-
+ 661 1.13 ± 0.16 162.1 612 0.93

2MASX J14072225+1352512 0.2937 263.3 1.5 8.3 3.0 3.30 0.19
0.25

-
+ 745 3.14 ± 0.28 564.6 2459 3.30

SDSS J113800.88+521303.9 0.2959 264.7 1.3 3.9 6.2 ... ... <0.29 ... ... ...
SDSS J093540.34+565323.8 0.2964 265.0 2.4 9.5 ... ... ... <0.10 ... ... ...

Note. The columns are as follows: (1) identifier of the candidate superluminous disk BCG; (2) redshift of the galaxy from SDSS DR9; (3) physical scale at the redshift
of the galaxy; (4) total line-of-sight column density (i.e., atomic and molecular hydrogen), based on the Leiden/Argentine/Bonn survey (Willingale et al. 2013); (5)
stellar mass of the galaxy; (6) star formation rate, inferred from WISE 12 μm luminosity (Ogle et al. 2019); (7) best-fit gas temperature of the host (or nearby) galaxy
cluster computed within the R500 radius; (8) R500 radius of the galaxy cluster; (9) 0.1–2.4 keV band luminosity of the galaxy cluster within the R500 radius; and (10),
(11), and (12) the projected distance between the candidate BCG and the center of the galaxy cluster in units of arcsecond, kpc, and R500 radius, respectively.
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The analysis was carried out using the XMM Science Analysis
System version 19.0 and the Current Calibration Files that were
present in September 2021.

The main steps of the data analysis agree with those outlined
in previous works (Lovisari & Reiprich 2019; Lovisari et al.
2020). We first generated calibrated event files for the EPIC-PN
and EPIC-MOS data using the epchain and emchain tasks, and
included events with patterns�4 and�12, respectively.

Because the detectors aboard XMM-Newton are sensitive to
solar flares, it is essential to identify and exclude high
background periods. We discarded the data corresponding to
periods of high background using the tasks mos-filter and pn-
filter. We note that Obs ID 0842080501 was very heavily
contaminated with flares, with 93% and 73% of the EPIC-PN
and EPIC-MOS time contaminated, respectively, hence the
science data was not used in the present analysis. This
motivated us to reobserve this target, which was carried out in
Obs ID 0861610101. However, due to technical problems,
these data do not include the EPIC-MOS observations, hence
the target was observed again in Obs ID 0861610201, which
observations provide data for all detectors. The original and
clean exposure times are tabulated in Table 2.

Because we are primarily interested in the diffuse emission
associated with galaxy clusters, we must identify bright point
sources, which are mostly associated with high-redshift AGNs.
To this end, we utilized the edetect_chain task. This tool
generates a source list using multiple energy ranges, and it was
used to mask the point sources from the analysis of the diffuse
emission.

To account for the instrumental and sky background
components, we refer the reader to Lovisari & Reiprich
(2019), which background subtraction method was followed in
the present analysis.

4. Results

4.1. XMM-Newton X-Ray Images

In Figure 1, we present the 0.7–2 keV XMM-Newton images
of the superluminous disk galaxies and their large-scale
environments. The X-ray images are background-subtracted
and exposure-corrected, and include data from both the EPIC-
PN and EPIC-MOS detectors. Five X-ray images reveal large-
scale extended X-ray emission, which originates from massive

galaxy clusters. The X-ray images associated with
SDSS J113800.88+521303.9 and SDSS J093540.34+565323.8
do not show extended emission within the studied regions. This
implies that these galaxies do not reside in the vicinities of
galaxy clusters. While the ROSAT X-ray images showed excess
emission associated with these galaxies, this emission was likely
associated with bright point sources (e.g., AGNs) that were
resolved and removed from the XMM-Newton images. Because
the detection significance in the ROSAT images was rather low,
it is also possible that the excess X-ray emission in the ROSAT
data is due to an upward fluctuation. The properties of the
detected galaxy clusters are discussed in Section 4.5.

4.2. Offset from the Cluster Centers

To determine the centroid of the galaxy clusters, we utilize
the background-subtracted X-ray images (Figure 1) and
apply Gaussian smoothing with a kernel size of 6″. The peak
of the X-ray emission on the smoothed image defines the
cluster center. We then measure the offset between the
position of the superluminous disk galaxy and the cluster
center. This offset is the projected distance between the
superluminous disk galaxy and the center of the cluster’s
gravitational potential.
For one galaxy, J16273, the projected distance from the

cluster center is only 2 4, which corresponds to 9.6 kpc at the
redshift of the galaxy (z= 0.2599). This offset is comparable to
the typical offset between the X-ray peak of galaxy clusters and
the position of BCGs (Zhang et al. 2011). Additionally, this
small offset may also be caused by projection effects. The
Legacy Survey image of the galaxy is presented in Figure 2.
Visual inspection of this image indicates that all galaxies in the
proximity of J16273 are less luminous. To qualitatively study
the neighboring galaxies around J16273, we performed an
environment search using the NASA/IPAC Extragalactic
Database (NED). We conservatively searched for galaxies
within the redshift range of z= 0.23–0.29, considering the
uncertainty of the photometric redshift of the neighboring
galaxies. We identified six galaxies in this redshift range within
a projected distance of 0 6 (145 kpc). By deriving the r-band
luminosity of the galaxies, we found that the neighboring
galaxies are factor of 4–630 less luminous than J16273. This
implies that J16273 is the BCG of this galaxy cluster.

Table 2
The List of XMM-Newton Observations of Superluminous Disk Galaxies

Galaxy Obs ID ttotal tclean
a Date

Name (ks) (ks)

2MASX J16273931+3002239 0842080501b 22.0 L 2019 Jul 22
0861610101b 24.0 L 2020 Aug 21
0861610201 28.0 20.9/22.0/11.9 2021 Jan 17

2MASX J14475296+1447030 0842080201 13.0 11.0/11.1/11.7 2019 Jul 21
2MASX J09254889+0745051 0842080301 11.0 9.2/9.4/6.3 2019 May 16
2MASX J09572689+4918571 0842080801 19.7 17.2/17.5/13.7 2019 Apr 29
2MASX J14072225+1352512 0842080401 22.4 17.7/20.1/9.0 2019 Jun 28
SDSS J113800.88+521303.9 0842080601 36.9 3.1/4.2/2.5 2019 Dec 1
SDSS J093540.34+565323.8 0842080701 34.0 26.1/26.6/18.7 2019 May 13

Notes.
a The clean exposure times refer to the EPIC PN, MOS1, and MOS2 cameras, respectively.
b The data from these observations were not used for the analysis due to the high background levels and technical problems associated with the observations (see
Section 3 for details).
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The offsets between the superluminous disk galaxies and the
centroids of the galaxy clusters are much larger for the
remaining four systems. Specifically, for three clusters, the
offset ranges between 107 2–162 1, which corresponds to a
projected distance of 323–612 kpc. These large offsets exclude
the possibility that the superluminous disk galaxies are the
BCGs of the galaxy clusters. However, given that the redshifts
of the disk galaxies and the galaxy clusters are similar, and the
projected distance is smaller than the R500 radius of the galaxy
clusters, it is likely that these superluminous disk galaxies are
physically associated with the galaxy clusters. We note that

2MASX J09572689+4918571 is associated with a merging
galaxy cluster. Therefore, it cannot be excluded that this
superluminous disk galaxy was the central galaxy of the
northeastern subcluster, whose core is located at a projected
distance of 60″(≈223 kpc) from the superluminous disk galaxy.
For the remaining one system, 2MASX J14072225+1352512,
the offset is 564 6, which represents a projected distance of
2459 kpc. This offset is ≈3.3 times larger than the R500 of the
galaxy cluster, therefore it is unlikely that this galaxy belongs
to the cluster. Instead, this galaxy is likely projected onto the
same region of the sky.

Figure 1. 0.7–2 keV band XMM-Newton X-ray images of the superluminous disk galaxies and their large-scale environments. The data from the EPIC PN and EPIC
MOS cameras are coadded. The images are background-subtracted and exposure-corrected. The circles show the positions of the superluminous disk galaxies, and the
crosses mark the peaks of the ICM emission, which represent the centers of the galaxy clusters. We identified one superluminous spiral galaxy, which is located at the
center of a galaxy cluster (top left panel). Note that we did not detect extended X-ray emission (i.e., galaxy groups or clusters) in the vicinities of two superluminous
disk galaxies (bottom panels).
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4.3. Superluminous Spiral at the Center of a Galaxy Cluster

To explore the physical properties of J16273, we reanalyzed
its SDSS optical and WISE infrared data. The global stellar
mass and star formation rate are estimated from the WISE mid-
infrared photometry, where the short-wavelength bands of
WISE are sensitive to the host stellar component and the longer
wavelengths the star formation activity (Jarrett et al. 2013).
Based on the calibration of Cluver et al. (2014), the W1–W2
color may be used to estimate the stellar mass-to-light ratio, and
the light derives from the W1 in-band luminosity. The stellar
mass therefore follows, with uncertainties (10%–20%) propa-
gating from the calibration and WISE photometry. For the star
formation rate, we use the calibration from Cluver et al. (2017),
where the mid-infrared luminosity (the W3 and W4 bands) is
tightly correlated to the total-infrared luminosity. The typical
uncertainties, from the calibration and photometric measure-
ments, are 20%–40%. Using the color–color relations in Jarrett
et al. (2019), we note that the WISE colors W1–
W2= 0.01± 0.05 and W2–W3= 1.42± 0.28 [Vega mag],
essentially relating the stellar population to the star formation
activity, and have values that indicate a transition between
spheroid-dominated (e.g., triaxial early types) and intermediate
disk galaxies (disk + bulge). The colors are consistent with the
relatively intermediate-to-large bulge-to-total ratio—B/
T= 0.49—that is inferred from the W1 radial profile using
the decomposition detailed in Jarrett et al. (2019).

We also inspected the optical spectrum of the galaxy to
search for potential AGN signatures. To this end, we utilized

the SDSS DR12 optical spectrum of the galaxy and computed
the standard optical diagnostic line ratios, [O III]/Hβ, [N II]/
Hα, and [S II]/Hα, which allow us to place the galaxy on the
[N II]–BPT and [S II]–BPT diagrams (Baldwin et al. 1981). We
obtained ([ ] )log O H 0.83III b = - , [ ]log N H 0.38II a = - ,
and [ ]log S H 0.21II a = - . These values place J16273 below
the star-forming locus, with no indication of an AGN.

4.4. Identifying the Central Galaxies of Four Clusters

In Section 4.2, we demonstrated that there is only one
superluminous spiral galaxy in our sample that resides in the
center of a galaxy cluster. Because our X-ray analysis identified
each center of each galaxy cluster, we can search for the true
central galaxies in the four other clusters. To identify these
galaxies, we investigated SDSS observations around the cores
of the clusters and searched for the optically brightest galaxies.
We identified massive galaxies in the center of each cluster,
which are shown in Figure 3.
To probe the characteristics of the true BCGs, we first

measured their u− r color indices, which hint at whether the
galaxies are quiescent of star-forming. For the BCG galaxies,
we found u− r= 3.18–4.01, suggesting that these systems are
red and quiescent (Strateva et al. 2001). Their morphologies
also indicate that these are massive elliptical galaxies. Thus, the
other galaxy clusters detected in the XMM-Newton images
host common massive ellipticals at their core.
Interestingly, the brightness of the central elliptical galaxies

is comparable to or even lower than the luminosity of the

Figure 2. DESY Legacy Survey image of the superluminous spiral galaxy J16273 and its environment. This galaxy resides in the core of a massive galaxy cluster. The
side length of the image is 115″ × 115″ (460 × 460 kpc). The galaxy exhibits a lopsided disk, which may hint at a past merger. There are a number of low-mass
galaxies in the vicinity of J16273. The offset between the galaxy and the cluster center is 2 4, which corresponds to 9.6 kpc.

5

The Astrophysical Journal, 930:138 (9pp), 2022 May 10 Bogdán et al.



superluminous disk galaxies. The superluminous disk galaxy
2MASX J14475296+1447030 is slightly fainter in the r band
(rdisk− relliptical= 0.37 mag), but is brighter in the u band
(udisk− uelliptical=−0.50 mag) than the elliptical galaxy
(SDSS J144756.93+144532.6) at the cluster core. Surprisingly,
2MASX J09254889+0745051 and 2MASX J09572689
+4918571 are both brighter in the five SDSS bands than the
elliptical galaxies at the cluster cores, with rdisk− relliptical=
−0.54 mag and rdisk− relliptical=−1.07 mag, respectively.
Therefore, while the superluminous disk galaxies do not reside
in the central regions of the galaxies, two of them
(2MASX J09254889+0745051 and 2MASX J09572689
+4918571) should still be considered as the brightest cluster
galaxy of their clusters.

4.5. Average Properties of the Galaxy Clusters

Using the XMM-Newton observations, we determined the
properties of the galaxy clusters that were detected in the
vicinities of the superluminous disk galaxies. To determine the
best-fit temperature, X-ray luminosity, and total mass of the
clusters within the R500 region, we used an iterative process.
Specifically, we computed the temperature in the region that
had the highest signal-to-noise ratio (S/N). We then obtained
the first estimate of the R500 through the kT−M500 relation
established in Lovisari et al. (2020). Then we extracted a
second spectrum, using the obtained R500, to obtain a new

cluster temperature. We continued this procedure until the R500

converged, i.e., until the new R500 did not differ by more than
0.1¢ from the previous one. This region was used to measure
the final best-fit temperature and luminosity. To determine the
total mass of the cluster, we relied on the kT−M500 relation
(Lovisari et al. 2020).
To fit the spectra throughout this procedure, we used an

APEC model, assumed Galactic column density (Willingale
et al. 2013), and used the metallicity tables of Asplund et al.
(2009). During the fitting process, the temperature, metallicity,
and normalization were free parameters. The redshift of the
cluster was fixed at the redshift of the superluminous disk
galaxy. The best-fit ICM temperatures are in the range of
kT= 2.5–4.7 keV. The R500 radii of the clusters vary in the
range of R500= 659–953 kpc. We also derived the X-ray
luminosity of the clusters within this radius and obtained
L0.1–2.4 keV= (0.40–3.14)× 1044 erg s−1. The best-fit tempera-
tures, luminosities, and inferred R500 values are listed in
Table 1.
We did not detect extended X-ray emission around two

superluminous disk galaxies. While this nondetection suggests
that these galaxies do not reside in luminous galaxy clusters, it
cannot be excluded that they are members of galaxy groups. To
explore this possibility, we derive 3σ upper limits on the X-ray
emission around these two galaxies. We compute the upper
limits within a 500 kpc region, by assuming an optically thin

Figure 3. SDSS composite (u, g, r, i, and z) images of the four galaxies residing at the centers of the four galaxy clusters that do not host a superluminous disk galaxy
at their heart. These galaxies exhibit elliptical morphology, and their color indices also suggest that they are early-type systems.
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thermal plasma model (the APEC model in XSPEC) with
kT= 1.2 keV and Z= 0.3 Ze abundance. The obtained X-ray
upper limits are<2.9× 1043 erg s−1 and<1.0× 1043 erg s−1

for SDSS J113800.88+521303.9 and SDSS J093540.34
+565323.8, respectively. These values are comparable to
those obtained for galaxy groups (Lovisari et al. 2015), hence it
cannot be excluded that these superluminous disk galaxies are
members or possibly the brightest galaxies of groups.

We also probed the morphologies of the five detected galaxy
clusters to determine whether they are relaxed or disturbed
systems. Lovisari et al. (2017) demonstrated that concentration
and centroid shift are the two most robust parameters for
probing the morphology of clusters. Therefore, we follow their
method to measure these parameters, and list the obtained
values in Table 3. We find that the galaxy cluster hosting
J16273 is the most relaxed, based on the concentration
parameter, and it is also in the range of relaxed clusters based
on the centroid-shift parameter. The galaxy cluster
hosting 2MASX J14475296+1447030 is the most relaxed
cluster based on its centroid shift. The other end of the
range is represented by the clusters in the vicinities
of 2MASX J09572689+4918571 and 2MASX J14072225
+1352512, which exhibit disturbed morphologies.

5. Discussion

5.1. The Galaxy Cluster with a Superluminous Spiral in Its
Center

While we studied the basic properties of all detected clusters
in the previous section, we now carry out a more in-depth
analysis of the galaxy cluster that hosts a super spiral galaxy in
its center. Specifically, we probe its morphology, derive surface
brightness and temperature profiles, and further explore
whether it is a cool-core or non-cool-core cluster.

In Section 4.5, we demonstrated that this galaxy cluster
exhibits relaxed morphology. To further explore the morph-
ology of the cluster, we present the 0.7–2 keV band X-ray
image in Figure 4. To extract its surface brightness profile, we
define the regions that have constant S/Ns, which result in
wider bins on the outskirts of the cluster. The left panel of
Figure 5 presents the 0.7–2 keV band azimuthally averaged
surface brightness profile of the cluster. The profile does not
reveal sharp surface brightness edges, which often signify past
interactions or mergers. This evidence suggests the relaxed
nature of the cluster.

Based on the surface brightness profile of the galaxy cluster,
we also derived its density profile. To this end, we fit the
surface brightness profile with a double β-model, where the
surface brightness of the cluster is described following Lovisari

et al. (2015):
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where rc,1 and rc,2 are the core radii and S1 and S2 are the
amplitudes. By fitting this model and assuming spherical
symmetry, we model the gas density profile as:
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The best-fit parameters of the density profile are provided in
Table 4, which allows the derivation of the gas density at any
radius.
In the right panel of Figure 5, we present the temperature

distribution of the cluster. To define the spectral extraction
regions, we required an S/N of>30. In the innermost region,
we also required a minimum extraction region of 30″ to reduce
the impact of the point-spread function of XMM-Newton. To
fit the spectrum, we used an optically thin thermal plasma
emission model (APEC in XSPEC), where the temperature,
metallicity, and normalization were allowed to vary, but the
line-of-sight column density was fixed. The profile reveals that
the temperature is somewhat cooler in the core, suggesting that
it is a cool-core cluster.
Based on the iterative method introduced in Section 4.5, we

found that the R500 radius of the cluster is 797 kpc. Within this
region, the best-fit temperature is kT 3.55 0.20

0.18= -
+ keV and the

total ICM luminosity is L500= (1.17± 0.12)× 1044 erg s−1.
Based on the kT−M500 scaling relation, we infer a total mass

Table 3
The Concentration and Centroid-shift Parameters of the Galaxy Clusters

Galaxy c w

2MASX J16273931+3002239 0.206 0.0103
2MASX J14475296+1447030 0.155 0.0064
2MASX J09254889+0745051 0.126 0.0147
2MASX J09572689+4918571 0.091 0.0792
2MASX J14072225+1352512 0.072 0.0288

Figure 4. XMM-Newton image of the galaxy cluster in the 0.7–2 keV band
hosting J16273. The distribution of the ICM is symmetric and the cluster does
not show sharp surface brightness edges. The circle has a radius of 2¢
(479 kpc).
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of M500= (2.39± 0.19)× 1014Me. Thus, the superluminous
disk galaxy J16273 is the central BCG of a massive cluster.

5.2. Frequency and Formation Scenarios of Superluminous
Disk Galaxies as BCGs

The galaxy J16273 is the second superluminous disk galaxy
that resides in the center of a galaxy cluster. However, this galaxy
exhibits a disk morphology, while 2MASX J10405643-0103584,
presented in Bogdán et al. (2018a), is a lenticular galaxy. Given
that we followed up 12 candidate superluminous disk galaxy
BCGs with XMM-Newton, we can now estimate the frequency of
galaxy clusters hosting such curious galaxies at their centers.

To identify superluminous disk galaxies, Ogle et al. (2019)
searched all the galaxies in NED that had available r-band
photometry and a spectroscopic redshift of z< 0.3. Of these
galaxies, 1525 galaxies are high-luminosity galaxies with
Lr> 8L

*

. While 1400 of these objects are elliptical galaxies, 84
and 16 galaxies exhibit spiral and lenticular morphology,
respectively. The remaining 25 galaxies are either peculiar or
nonspiral (e.g., quasar host) galaxies. As discussed in Section 2
and in Ogle et al. (2019), most of the superluminous disk
galaxies reside in low-density environments, and only a
fraction of them are cluster members. Based on Bogdán et al.
(2018a) and the results of the present work, we conclude that of
the 100 superluminous disk galaxies, only two systems, i.e.,
2%, are the central BCGs of galaxy clusters, and that most
cluster-member superluminous galaxies reside at the outskirts
of clusters. Considering all the massive galaxies with Lr> 8L

*

within z< 0.3, we conclude that only≈0.13% are super-
luminous disk galaxies and central BCGs.

The existence of massive disk galaxies is surprising because
massive galaxies grow through a series of minor and major
mergers, but major mergers are known to destroy galaxy disks.
To explain the existence of massive disk galaxies in the present

universe, two formation channels are considered. First, it is
possible that a fraction of superluminous disk galaxies have
experienced a very quiet merger history. Ogle et al. (2019)
analyzed the environments of the superluminous disk galaxies
and concluded that most of them reside in relatively low-
density environments. In agreement with this, our study also
pointed out that only∼2% of superluminous disks reside in the
centers of rich clusters. Therefore, it is feasible that a
substantial fraction of superluminous disk galaxies did not
undergo major mergers and gradually increased their mass by a
series of minor mergers. Additionally, due to their large mass,
these galaxies are protected from major mergers since most
galaxies in their (low-density) vicinities will have significantly
lower masses, resulting in minor mergers.
In the second formation scenario, the original galaxy disks are

destroyed, but they are reformed at a later epoch. Because of the
high galaxy density in the central regions of clusters, the
occurrence rate of major mergers is significantly higher, which
in turn is more likely to result in the formation of a spheroid.
Therefore, in these environments, it is more likely that the galaxy
disks were accreted at a later time (Jackson et al. 2020). In this
picture, the presence of an extended disk can be explained by the
merger between a spheroid and a gas-rich satellite, where the latter
galaxy spins up the spheroid. As a result of this merger, a
rotationally supported disk can form. According to the simulations
presented in Jackson et al. (2020), about 70% of massive disk
galaxies originate from this scenario, and only 30% of them can
be attributed to the quiet merger history.
Given the rich environments of cluster cores, it is possible

that J16273 also has a reformed disk. This scenario is also
consistent with the relatively massive bulge component of the
galaxy, which bulge would be sufficiently massive as a
traditional spheroid even without its large disk. In Bogdán
et al. (2018a), we also speculated that the massive super-
luminous lenticular galaxy with B/T= 0.66, 2MASX J
10405643-0103584, was an elliptical galaxy whose disk was
reformed by a gas-rich merger. Because both superluminous
disk galaxies in the cluster cores have relatively large B/T
ratios, we hypothesize that reforming the disk is the scenario
that is more likely to result in the formation of these galaxies.
However, in isolated environments or on cluster outskirts,
massive disk galaxies could have formed via a quiet merger
history.

Figure 5. X-ray surface brightness (left panel) and temperature (right panel) profiles of the galaxy cluster hosting J16273. The surface brightness profile does not
reveal large jumps. Note that the background is subtracted and exposure correction was applied. The temperature profile indicates a lower temperature in the core,
suggesting that it is a cool-core cluster.

Table 4
The Best-fit Parameters of the Gas Density Profile for the Cluster Hosting

J16273

rc,1 β1 ne,1 rc,2 β2 ne,2
(kpc) (cm−3) (kpc) (cm−3)

155.688 3.058 9.973 × 10−3 196.855 0.642 2.473 × 10−3
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5.3. Outlook

In the present study, we have probed whether superluminous
disk galaxies are BCGs of clusters. However, our analysis could
not be extended to galaxy groups. Indeed, our initial selection
criteria utilized short ROSAT observations to detect the ICM
emission from clusters. Although these data are suitable for
hinting at the presence of luminous galaxy clusters at z∼ 0.2–0.3,
fainter galaxy groups remain hidden at these redshifts. Therefore,
it is feasible that some of the superluminous disk galaxies are
located in galaxy groups or in low-mass clusters.

To probe the superluminous disk galaxies residing in such
systems, the eROSITA All-Sky Survey will be ideal. Thanks to its
large collective area, after the 4 yr survey it will detect galaxy
groups with a few times 1042 erg s−1 luminosity within z< 0.3.
Although its point-spread function is significantly broader than
that of XMM-Newton, these data could still be used to identify the
centers of groups. Thus, these data will allow us to probe whether
superluminous disks are members of galaxy groups or low-mass
clusters, and will reveal whether they reside in the core or on the
outskirts of these systems.

6. Summary

In this work, we have explored the environments of a sample
of superluminous disk galaxies using XMM-Newton observa-
tions. Our results can be summarized as follows:

1. We probed the environments of seven superluminous disk
galaxies. We detected luminous galaxy clusters with
kT= 2.5–4.7 keV in the vicinities of five systems.

2. We established that one superluminous disk galaxy, J16273,
resides in the center of a galaxy cluster. The other
superluminous disk galaxies either reside on the outskirts
of clusters or are not physically associated with any clusters.

3. We characterized the galaxy cluster that hosts a super-
luminous spiral in its center and established that it
has kT 3.55 0.20

0.18= -
+ keV and M500= (2.39± 0.19)×

1014Me.
4. We identified the central galaxies of the four clusters in

which the superluminous galaxies have large offsets. The
central galaxies of these clusters are massive ellipticals.
However, for two clusters, the superluminous disk galaxy
on the outskirts is more luminous than the central galaxy,
making them offset BCGs.

5. We established that∼ 2% of superluminous disk galaxies
reside in cluster centers and only≈ 0.13% of massive
(Lr> 8L

*

) galaxies retain their disk morphologies in the
center of a cluster. This is likely because frequent major
mergers destroy galaxy disks. We speculate that the disks
of superluminous spiral and lenticular galaxies in the
centers of clusters may have been reformed due to
mergers with gas-rich satellites.
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