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We present results of Suzaku and XMM-Newton observations of three nearby galaxy clusters,  A76,  A1631, and A2399 (Ota et al. 2013; 
Babazaki et al. 2018; Mitsuishi et al. 2018).  They are classified as low X-ray surface brightness (LSB) clusters and have highly diffuse X-ray 
emission. So far, only several LSB clusters have been identified, which make up 5-10% of the RASS cluster sample. To study their dynamical 
state, we derived radial profiles of gas temperature, density, and entropy out to large radii with Suzaku. Common to all three objects, the 
gas density is extremely low for the observed high temperature. The entropy profile is flat and the central entropy is exceptionally high 
(~300-400 keV cm2), which is not readily explained by either gravitational heating or preheating. The X-ray morphology is clumped and 
irregular, and the spatial distributions of gas and galaxies appear to be different. In addition, we discovered a cold front in A2399. Based on 
the results, we suggest that a post-merger scenario may explain the observed properties of the LSB clusters. We will briefly discuss 
prospects for future study of this class of clusters with eROSITA.
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v What is the LSB cluster of galaxies?
• A type of cluster that has an extremely low X-ray surface 

brightness (typically~10-14 erg s-1cm-2arcmin2 in the 0.1–2.4 
keV) and irregular morphology with no prominent core

• Several LSB clusters have been identified, which make up 
5–10% of the RASS cluster sample [1].  Three LSB clusters 
in the REXCESS sample [2] tend to show a high central 
entropy(>200 keVcm2) ➜Their evolution remains a puzzle.
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Fig. 1. a) Suzaku XIS-1 mosaic image of A76 in the 0.5–5 keV band. The image is corrected for exposure map and vignetting effect and is smoothed
by a Gaussian function with σ = 40′′ , without background subtraction. The location of the X-ray peak corresponding to member galaxy IC 1568
is marked with the plus sign. The spectral integration regions used in Sects. 3.1 and 3.2 lie within the green boxes and white circles, respectively.
The two corners of the CCD chip illuminated by 55Fe calibration sources are excluded from the image. b) XMM-Newton PN image of A76 in the
0.5–2 keV band with subtracted background and σ = 20′′ Gaussian smoothing. The net exposure time is approximately 600 s. The positions of
three detected sources (Sect. 2) and the SE blob (Sect. 4) are indicated by crosses and a dashed circle, respectively.

Table 1. Log of Suzaku observations of A76.

Target Obs ID Date Coordinatesa Exposureb

RA Dec [s]

A76 East 804087010 2009 Dec. 18 00:40:32.0 06:50:14.6 23 640
A76 West 804088010 2009 Dec. 18, 19 00:39:36.7 06:50:16.8 15 130

Notes. (a) Pointing coordinates in J2000. (b) Net exposure time after data filtering.

coincides (within the attitude determination limits of Suzaku)
with the optical coordinates of one of the member galaxies,
IC 1568, (00:39:56.0, +06:50:54.9) in the J2000 coordinates
(Uchiyama et al. 2008). Figure 1b shows the XMM-Newton/PN
image of the cluster. The net exposure time after removing the
periods of high background rates is about 600 s. As is also evi-
dent from the image, the X-ray morphology is irregular and elon-
gated along the western and southeastern directions.

Event files were created by pipeline processing version 2.4.
Data were analyzed using HEAsoft version 6.12 and CALDB
version 2012-09-02 for XIS and version 2011-06-30 for the
X-ray telescopes (XRT; Serlemitsos et al. 2007). The XIS data
were filtered according to the following criteria: the Earth ele-
vation angle >10◦, day-Earth elevation angle >20◦, and satellite
outside the South Atlantic Anomaly.

The cluster spectra were extracted from 1) the XIS full field
of views and 2) annular regions centered on IC 1568. The global
gas properties in both pointing regions were measured from the
former spectrum, while the latter was used to investigate the ra-
dial distributions. In both cases, the two corners of the CCD chip
covered by 55Fe calibration sources, as well as circular regions
with radius 1′ centered on three point sources detected in the
XMM-Newton image (IC 1565, IC 1566, and UGC 429), were
excluded from the integration regions. The non-X-ray back-
ground was subtracted using xisnxbgen (Tawa et al. 2008),
while other background components, i.e., the cosmic X-ray
background (CXB) and the Galactic emissions arising from the
local hot bubble (LHB) and the Milky Way halo (MWH) were
determined by using the same method described in Sakuma
et al. (2011). In brief, the blank-sky data obtained from 93 ks
Lockman Hole observations (Obs ID 104002010) were modeled
by the formula “apecLHB +wabs * (apecMWH + power-lawCXB)”.
The derived parameters are listed in Table 2. The systematic

error due to the positional dependence of the background is
estimated to be 10% by comparing the Lockman hole spec-
tra with the blank-sky spectra around ASAS J002511+1217.2
(OBSID 403039010), which is ∼6.◦6 offset from A76.

The energy response files were generated by using
xisrmfgen. To account for the vignetting effect in the XRTs,
and a decrease in the low-energy efficiency due to contaminants
on the optical blocking filter of the XIS, the auxiliary response
files were calculated using xissimarfgen (Ishisaki et al. 2007).
Here the XMM-Newton image of A76 was used as the input sur-
face brightness.

3. Analysis and results

3.1. Global spectra

To measure the average temperature of A76 East and West,
we first analyzed the XIS spectra extracted from two 18′ ×
18′ square regions (solid boxes in Fig. 1). The observed
0.5−8 keV spectra of three sensors (XIS-0, XIS-1, and XIS-3)
were simultaneously fitted to the APEC thermal plasma model
(Smith et al. 2001). The redshift and Galactic hydrogen column
density were fixed at z = 0.0395 and NH = 3.4 × 1020 cm−2

(LAB survey; Kalberla et al. 2005). For metal abundance, the
tables in Anders & Grevesse (1989) were used. The χ2 fitting
was performed using XSPEC version 12.7. The XIS spectra are
given in Fig. 2 and model parameters in Table 3. In both re-
gions, the temperature and metal abundance are kT ∼ 3 keV
and Z ∼ 0.24 solar with fractional errors of 4–5% and 17–35%,
respectively.

A simultaneous APEC-model fit to the A76 East and West
spectra yields a global temperature kT of 3.3 ± 0.1 keV
(χ2/d.o.f. = 662/569). From the relationship given in Table 2
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Fig. 1. a) Suzaku XIS-1 mosaic image of A76 in the 0.5–5 keV band. The image is corrected for exposure map and vignetting effect and is smoothed
by a Gaussian function with σ = 40′′ , without background subtraction. The location of the X-ray peak corresponding to member galaxy IC 1568
is marked with the plus sign. The spectral integration regions used in Sects. 3.1 and 3.2 lie within the green boxes and white circles, respectively.
The two corners of the CCD chip illuminated by 55Fe calibration sources are excluded from the image. b) XMM-Newton PN image of A76 in the
0.5–2 keV band with subtracted background and σ = 20′′ Gaussian smoothing. The net exposure time is approximately 600 s. The positions of
three detected sources (Sect. 2) and the SE blob (Sect. 4) are indicated by crosses and a dashed circle, respectively.
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Notes. (a) Pointing coordinates in J2000. (b) Net exposure time after data filtering.
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IC 1568, (00:39:56.0, +06:50:54.9) in the J2000 coordinates
(Uchiyama et al. 2008). Figure 1b shows the XMM-Newton/PN
image of the cluster. The net exposure time after removing the
periods of high background rates is about 600 s. As is also evi-
dent from the image, the X-ray morphology is irregular and elon-
gated along the western and southeastern directions.

Event files were created by pipeline processing version 2.4.
Data were analyzed using HEAsoft version 6.12 and CALDB
version 2012-09-02 for XIS and version 2011-06-30 for the
X-ray telescopes (XRT; Serlemitsos et al. 2007). The XIS data
were filtered according to the following criteria: the Earth ele-
vation angle >10◦, day-Earth elevation angle >20◦, and satellite
outside the South Atlantic Anomaly.

The cluster spectra were extracted from 1) the XIS full field
of views and 2) annular regions centered on IC 1568. The global
gas properties in both pointing regions were measured from the
former spectrum, while the latter was used to investigate the ra-
dial distributions. In both cases, the two corners of the CCD chip
covered by 55Fe calibration sources, as well as circular regions
with radius 1′ centered on three point sources detected in the
XMM-Newton image (IC 1565, IC 1566, and UGC 429), were
excluded from the integration regions. The non-X-ray back-
ground was subtracted using xisnxbgen (Tawa et al. 2008),
while other background components, i.e., the cosmic X-ray
background (CXB) and the Galactic emissions arising from the
local hot bubble (LHB) and the Milky Way halo (MWH) were
determined by using the same method described in Sakuma
et al. (2011). In brief, the blank-sky data obtained from 93 ks
Lockman Hole observations (Obs ID 104002010) were modeled
by the formula “apecLHB +wabs * (apecMWH + power-lawCXB)”.
The derived parameters are listed in Table 2. The systematic

error due to the positional dependence of the background is
estimated to be 10% by comparing the Lockman hole spec-
tra with the blank-sky spectra around ASAS J002511+1217.2
(OBSID 403039010), which is ∼6.◦6 offset from A76.

The energy response files were generated by using
xisrmfgen. To account for the vignetting effect in the XRTs,
and a decrease in the low-energy efficiency due to contaminants
on the optical blocking filter of the XIS, the auxiliary response
files were calculated using xissimarfgen (Ishisaki et al. 2007).
Here the XMM-Newton image of A76 was used as the input sur-
face brightness.

3. Analysis and results

3.1. Global spectra

To measure the average temperature of A76 East and West,
we first analyzed the XIS spectra extracted from two 18′ ×
18′ square regions (solid boxes in Fig. 1). The observed
0.5−8 keV spectra of three sensors (XIS-0, XIS-1, and XIS-3)
were simultaneously fitted to the APEC thermal plasma model
(Smith et al. 2001). The redshift and Galactic hydrogen column
density were fixed at z = 0.0395 and NH = 3.4 × 1020 cm−2

(LAB survey; Kalberla et al. 2005). For metal abundance, the
tables in Anders & Grevesse (1989) were used. The χ2 fitting
was performed using XSPEC version 12.7. The XIS spectra are
given in Fig. 2 and model parameters in Table 3. In both re-
gions, the temperature and metal abundance are kT ∼ 3 keV
and Z ∼ 0.24 solar with fractional errors of 4–5% and 17–35%,
respectively.

A simultaneous APEC-model fit to the A76 East and West
spectra yields a global temperature kT of 3.3 ± 0.1 keV
(χ2/d.o.f. = 662/569). From the relationship given in Table 2
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v Purpose of this work
• To explore the thermodynamical properties of 

three LSB clusters based on Suzaku and XMM-
Newton observations

• To briefly discuss prospects for the upcoming 
eROSITA cluster survey
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Fig. 1. Suzaku and XMM-Newton X-ray images of A 1631 in the energy band 0.5–5 keV. The extraction regions used in subsection 3.2 are shown by
white rings with the center of the X-ray peak position indicated by a white cross, which is determined by using the XMM-Newton image. We excluded
from our analysis the region of a foreground elliptical galaxy NGC 4756 (z = 0.013599), shown here as a green circle with the center indicated by
a green cross. The region shown as a dashed green circle corresponds to an F-type star HIP 62872, which is also excluded. The estimated virial
radius derived from the gas temperature is shown by the yellow dashed circle. The green box shows the Suzaku field of view in each observation.
The 288 spectroscopically confirmed member galaxies are indicated by gray diamonds. The magenta contour shows a smoothed member galaxy
distribution. (a) Suzaku XIS 1 mosaic X-ray image. The NXB image is subtracted. The image is corrected for exposure map and the vignetting effect
and is smoothed by a Gaussian function with σ = 25′′. (b) Combined XMM-Newton EPIC QPB-subtracted, exposure-corrected, adaptively-smoothed
image. (Color online)

3.2 Spectra

To investigate the spatial distribution of the spectral proper-
ties, the spectra were extracted from the six concentric rings
azimuthally (Region 1: 0′ < r < 4′, Region 2: 4′ < r < 8′,
Region 3: 8′ < r < 12′, Region 4: 12′ < r < 16′, Region 5:
16′ < r < 20′ and Region 6: 20′ < r < 24′) as shown in
figure 1, except for Region 1 because of the low statistics.
The Suzaku and XMM-Newton observation data were used
for the spectral analysis in three directions (east, west, and
north) and in the south direction, respectively. We excluded
the region of a foreground galaxy, NGC 4756, detected by
Trinchieri et al. (2012) shown in figure 1 from our spectral
analysis. An F-type star HIP 62872 is located around the X-
ray peak in the corner of the field of view in the north. The
Suzaku spectrum is described by an optically-thin thermal
plasma model with kT ∼ 0.6 keV and the 0.5–2.4 keV lumi-
nosity of ∼8 × 1028 erg s−1 assuming the distance to the star
is 65.8 pc, (Perryman et al. 1997), and we concluded the X-
ray emission originates from the F-type star (Panzera et al.
1999). This region was also excluded.

For each annulus in the east, north, and west, the
observed 0.5–8 keV Suzaku spectra of three sensors (XIS 0,
XIS 1, and XIS 3) were simultaneously fitted. Here the redis-
tribution matrix files (RMFs) were generated by xisrmfgen

(Ishisaki et al. 2007). The effective area ancillary response
files (ARFs) were calculated by xissimarfgen (Ishisaki
et al. 2007). As input images, we used flat-field emis-
sion models over the spectra extraction regions. The NXB
spectra were subtracted using the xisnxbgen tool (Tawa
et al. 2008).

The 0.5–11.0 keV XMM-Newton spectra in the south
direction, and response files, were prepared by the XMM-
ESAS tools mos-spectra and pn-spectra. The QPB spectra
were estimated using the pn_back and mos_back tools and
subtracted from the observed spectra. The observed XMM-
Newton spectra of MOS1, MOS2, and pn were simultane-
ously fitted. We note that only spectra of MOS2 and pn were
used in the spectral analysis for Region 1 since the region is
located on the lost CCD chip in MOS1. Instrumental flu-
orescence lines and the residual soft-proton contamination
were modeled with Gaussian components and a power-law
component, respectively.

To estimate the X-ray background emission, the ROSAT
All-Sky Survey spectrum derived from the HEASARC X-
ray Background Tool3 was used because it is difficult
to estimate the emission in the field of view due to the
widely distributed ICM. As X-ray background emissions,

3 ⟨http://heasarc.gsfc.nasa.gov⟩.
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ray emission originates from the F-type star (Panzera et al.
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observed 0.5–8 keV Suzaku spectra of three sensors (XIS 0,
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tribution matrix files (RMFs) were generated by xisrmfgen

(Ishisaki et al. 2007). The effective area ancillary response
files (ARFs) were calculated by xissimarfgen (Ishisaki
et al. 2007). As input images, we used flat-field emis-
sion models over the spectra extraction regions. The NXB
spectra were subtracted using the xisnxbgen tool (Tawa
et al. 2008).

The 0.5–11.0 keV XMM-Newton spectra in the south
direction, and response files, were prepared by the XMM-
ESAS tools mos-spectra and pn-spectra. The QPB spectra
were estimated using the pn_back and mos_back tools and
subtracted from the observed spectra. The observed XMM-
Newton spectra of MOS1, MOS2, and pn were simultane-
ously fitted. We note that only spectra of MOS2 and pn were
used in the spectral analysis for Region 1 since the region is
located on the lost CCD chip in MOS1. Instrumental flu-
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Table 1. Logs of observations of A2399 with Suzaku and XMM–Newton.

Target Obs ID Date RA (J2000.0) Dec (J2000.0) Net exposure
[◦] [◦] [ks]

Suzaku/XIS
A2399 West 809020010 2014-11-11 329.1831 − 7.8643 23.1
A2399 Center 809022010 2014-11-12 329.2851 − 7.5651 26.0
A2399 North 809021010 2014-11-12 329.3708 − 7.7975 18.6
A2399 East 809023010 2014-11-15 329.5573 − 7.7299 20.9
XMM–Newton/EPIC
RXC J2157− 0747 (A2399) 0654440101 2010-06-07 329.3573 − 7.7987 54.9∗ (MOS1),

59.5∗ (MOS2),
26.2 (PN)

∗Net exposure time after removal of periods of high background flaring.

Fig. 1. Suzaku and XMM–Newton images in the 0.5–5 keV band. Solid white rings and rectangles and cyan contours indicate the regions used in
the imaging and spectral analysis and the galaxy number density distribution, respectively. (a) Suzaku XIS-1 mosaic X-ray image of A2399 in units
of cts (20 ks)− 1 (1024 pixels)− 1. We subtracted the NXB component. We corrected for exposure and vignetting effect and smoothed the image
using a Gaussian function with σ = 25′. We used the rectangular region outlined in yellow to estimate the X-ray background emission. A bright
foreground star, SDSS J215751.40− 075348.1, is shown and excluded in the spectral analysis. (b) XMM–Newton EPIC composite images in units of
cts s− 1 degree− 2. The QBP background has been subtracted. The positions of the first, second, and third brightest galaxies are denoted by A, B, and
C with black cross marks. The magenta cross shows the X-ray peak, which is derived from the XMM–Newton image after excluding point sources.
(c) A close-up view of (b) to emphasize an extracted area (a white rectangle) for the cold front study. The arrow and the dotted line show the plane
of the discontinuity in the surface brightness. The dotted white circle corresponds to a point source that was excluded in the analysis. (Color online)

Thus, we incorporate this background model in the spectral
analysis.

2.2 XMM–Newton

We retrieved three data sets containing A2399 (RXC
J2157− 0747) from the XMM–Newton Science Archive.
We used only one of these data sets, OBSID 0654440101, in
the analysis because the other two are heavily contaminated
by soft-proton flares.

We performed data reduction for the set of three
X-ray CCD cameras onboard XMM–Newton—the Euro-
pean Photon Imaging Camera (EPIC)—in the standard
manner, using the ESAS (Extended Source Analysis Soft-
ware) package (Snowden et al. 2008) in SAS version 16.0.0.
We removed high background periods, for which the rates
were beyond the 2 σ range of the rate distribution. Table 1
shows the observation identifications and the net exposure
times after filtering. We used an ESAS routine to detect
point sources in each detector and removed them from our
analysis.
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of cts (20 ks)− 1 (1024 pixels)− 1. We subtracted the NXB component. We corrected for exposure and vignetting effect and smoothed the image
using a Gaussian function with σ = 25′. We used the rectangular region outlined in yellow to estimate the X-ray background emission. A bright
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of the discontinuity in the surface brightness. The dotted white circle corresponds to a point source that was excluded in the analysis. (Color online)

Thus, we incorporate this background model in the spectral
analysis.

2.2 XMM–Newton

We retrieved three data sets containing A2399 (RXC
J2157− 0747) from the XMM–Newton Science Archive.
We used only one of these data sets, OBSID 0654440101, in
the analysis because the other two are heavily contaminated
by soft-proton flares.

We performed data reduction for the set of three
X-ray CCD cameras onboard XMM–Newton—the Euro-
pean Photon Imaging Camera (EPIC)—in the standard
manner, using the ESAS (Extended Source Analysis Soft-
ware) package (Snowden et al. 2008) in SAS version 16.0.0.
We removed high background periods, for which the rates
were beyond the 2 σ range of the rate distribution. Table 1
shows the observation identifications and the net exposure
times after filtering. We used an ESAS routine to detect
point sources in each detector and removed them from our
analysis.
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to ∼1 × 10−4 cm−3). The gas entropy profile is evaluated
from the temperature and gas density as shown in figure 3c.
The entropy profile is found to be flat, with an azimuthally-
averaged central entropy (r ! 0.1 r200) of ∼800 keV cm2.
The derived temperature, gas density, and entropy are sum-
marized in table 3.

We assessed the possible systematic errors in the tem-
perature and density as follows: (i) contamination from
NGC 4756 due to large Suzaku PSF, (ii) uncertainty of the
metal abundance. First, we assessed the systematic error
due to (i). To estimate the effect of the PSF scattering from
NGC 4756 with flux 5.4 × 10−13 erg s−1 cm−2 (0.5–8 keV),
we used the ray-tracing simulator xissim tool (Ishisaki et al.
2007) to generate Suzaku event files for NGC 4756 via
the method described in Ezer et al. (2017). The XMM-
Newton/EPIC images and the spectral model with best-
fitting parameters derived from the analysis of NGC 4756
spectra were used to create simulated event files of each

XIS sensor with 5 × 106 photons. The fractions in the
0.5–8 keV band of photons originating from NGC 4756 are
3.6% for Region 1 and 1.2% for Region 2 east. The other
regions have a smaller percentage than that of Region 2
east, making them a negligible contribution to the flux
from each region. To assess the impact of (ii), we fixed the
metal abundance to Z = 0.5/0.1 solar and conducted the
above-mentioned spectral fit. Consequently, the density and
temperature of each region are consistent with the results
with Z = 0.3 solar within the statistical error ranges. Thus,
we confirmed that the systematic errors do not change our
results.

4 Discussion
In this section, to discuss the dynamical state of the cluster,
we compare the X-ray properties with those of other X-ray
selected clusters and examine the optical properties.

Fig. 3. (a) Temperature, (b) gas density, and (c) entropy profiles for the east (black filled circle), north (red filled triangle), west (green filled square), and
south (blue empty diamond) derived from the deprojection analysis. The horizontal axis is normalized by the virial radius of 1.2 Mpc. The markers for
the west, north, and south directions are shifted horizontally by 5%, 10%, and 15%, respectively. The empty cyan circle and empty magenta triangle
marks show another low surface brightness cluster, A76, in the east and west directions (Ota et al. 2013). In panel (c), the dashed line represents the
baseline entropy profile, K = 550 keV cm2 (kT/1 keV)r1.1 (we assumed the derived kT = 2.9 keV), derived in Voit, Kay, and Bryan (2005). (Color online)
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to ∼1 × 10−4 cm−3). The gas entropy profile is evaluated
from the temperature and gas density as shown in figure 3c.
The entropy profile is found to be flat, with an azimuthally-
averaged central entropy (r ! 0.1 r200) of ∼800 keV cm2.
The derived temperature, gas density, and entropy are sum-
marized in table 3.

We assessed the possible systematic errors in the tem-
perature and density as follows: (i) contamination from
NGC 4756 due to large Suzaku PSF, (ii) uncertainty of the
metal abundance. First, we assessed the systematic error
due to (i). To estimate the effect of the PSF scattering from
NGC 4756 with flux 5.4 × 10−13 erg s−1 cm−2 (0.5–8 keV),
we used the ray-tracing simulator xissim tool (Ishisaki et al.
2007) to generate Suzaku event files for NGC 4756 via
the method described in Ezer et al. (2017). The XMM-
Newton/EPIC images and the spectral model with best-
fitting parameters derived from the analysis of NGC 4756
spectra were used to create simulated event files of each

XIS sensor with 5 × 106 photons. The fractions in the
0.5–8 keV band of photons originating from NGC 4756 are
3.6% for Region 1 and 1.2% for Region 2 east. The other
regions have a smaller percentage than that of Region 2
east, making them a negligible contribution to the flux
from each region. To assess the impact of (ii), we fixed the
metal abundance to Z = 0.5/0.1 solar and conducted the
above-mentioned spectral fit. Consequently, the density and
temperature of each region are consistent with the results
with Z = 0.3 solar within the statistical error ranges. Thus,
we confirmed that the systematic errors do not change our
results.

4 Discussion
In this section, to discuss the dynamical state of the cluster,
we compare the X-ray properties with those of other X-ray
selected clusters and examine the optical properties.

Fig. 3. (a) Temperature, (b) gas density, and (c) entropy profiles for the east (black filled circle), north (red filled triangle), west (green filled square), and
south (blue empty diamond) derived from the deprojection analysis. The horizontal axis is normalized by the virial radius of 1.2 Mpc. The markers for
the west, north, and south directions are shifted horizontally by 5%, 10%, and 15%, respectively. The empty cyan circle and empty magenta triangle
marks show another low surface brightness cluster, A76, in the east and west directions (Ota et al. 2013). In panel (c), the dashed line represents the
baseline entropy profile, K = 550 keV cm2 (kT/1 keV)r1.1 (we assumed the derived kT = 2.9 keV), derived in Voit, Kay, and Bryan (2005). (Color online)
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to ∼1 × 10−4 cm−3). The gas entropy profile is evaluated
from the temperature and gas density as shown in figure 3c.
The entropy profile is found to be flat, with an azimuthally-
averaged central entropy (r ! 0.1 r200) of ∼800 keV cm2.
The derived temperature, gas density, and entropy are sum-
marized in table 3.

We assessed the possible systematic errors in the tem-
perature and density as follows: (i) contamination from
NGC 4756 due to large Suzaku PSF, (ii) uncertainty of the
metal abundance. First, we assessed the systematic error
due to (i). To estimate the effect of the PSF scattering from
NGC 4756 with flux 5.4 × 10−13 erg s−1 cm−2 (0.5–8 keV),
we used the ray-tracing simulator xissim tool (Ishisaki et al.
2007) to generate Suzaku event files for NGC 4756 via
the method described in Ezer et al. (2017). The XMM-
Newton/EPIC images and the spectral model with best-
fitting parameters derived from the analysis of NGC 4756
spectra were used to create simulated event files of each

XIS sensor with 5 × 106 photons. The fractions in the
0.5–8 keV band of photons originating from NGC 4756 are
3.6% for Region 1 and 1.2% for Region 2 east. The other
regions have a smaller percentage than that of Region 2
east, making them a negligible contribution to the flux
from each region. To assess the impact of (ii), we fixed the
metal abundance to Z = 0.5/0.1 solar and conducted the
above-mentioned spectral fit. Consequently, the density and
temperature of each region are consistent with the results
with Z = 0.3 solar within the statistical error ranges. Thus,
we confirmed that the systematic errors do not change our
results.

4 Discussion
In this section, to discuss the dynamical state of the cluster,
we compare the X-ray properties with those of other X-ray
selected clusters and examine the optical properties.

Fig. 3. (a) Temperature, (b) gas density, and (c) entropy profiles for the east (black filled circle), north (red filled triangle), west (green filled square), and
south (blue empty diamond) derived from the deprojection analysis. The horizontal axis is normalized by the virial radius of 1.2 Mpc. The markers for
the west, north, and south directions are shifted horizontally by 5%, 10%, and 15%, respectively. The empty cyan circle and empty magenta triangle
marks show another low surface brightness cluster, A76, in the east and west directions (Ota et al. 2013). In panel (c), the dashed line represents the
baseline entropy profile, K = 550 keV cm2 (kT/1 keV)r1.1 (we assumed the derived kT = 2.9 keV), derived in Voit, Kay, and Bryan (2005). (Color online)
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Table 4. Results of the de-projection analysis for A2399 East, North, and West.

Region A2399 East A2399 North A2399 West

kT ne0 K kT ne0 K kT ne0 K
(keV) (10−4 cm−3) (keV cm2) (keV) (10−4 cm−3) (keV cm2) (keV) (10−4 cm−3) (keV cm2)

0′–2′ 3.58+0.68
−0.50 13.73 ± 0.53 289 ± 49 3.60+0.69

−0.51 13.70 ± 0.53 292 ± 49 3.68+0.74
−0.55 13.73 ± 0.54 302 ± 53

2′–5′ 4.84+1.09
−0.88 5.00 ± 0.19 769 ± 157 4.67+1.18

−0.80 5.02 ± 0.20 739 ± 158 4.28+0.87
−0.65 5.29 ± 0.19 655 ± 117

5′–8′ 2.62+0.31
−0.21 4.71 ± 0.12 434 ± 44 2.78+0.33

−0.30 4.52 ± 0.14 472 ± 54 4.11+1.67
−1.07 2.91 ± 0.20 937 ± 315

8′–13′ 1.59+0.50
−0.25 1.04 ± 0.19 719 ± 190 1.63+0.43

−0.14 1.15 ± 0.19 688 ± 142 2.16+0.25
−0.15 2.88 ± 0.09 495 ± 48

13′–18′ ↑∗ 0.84 ± 0.13 828 ± 212 ↑∗ 1.25 ± 0.09 651 ± 118 1.24+0.09
−0.11 1.28 ± 0.09 487 ± 46

∗The upward-pointing arrow means that the parameter is linked to that of the inner region.

Fig. 3. (a) Temperature, (b) normalized temperature, (c) gas density, and (d) entropy profiles of A2399 derived from de-projection of the Suzaku
spectra. The black, red, and blue symbols show the profiles in the east, north, and west directions, respectively. The markers for the north (west)
direction are shifted horizontally by 3(6)% for clarity. In panel (b), the temperature is normalized relative to the mean value ⟨kT⟩ = 2.6 keV. The dashed
line indicates the best-fitting temperature profile obtained from the Suzaku observations of relaxed clusters (Reiprich et al. 2013). In panel (c), the gas
density derived by Croston et al. (2008) is indicated by the dashed line. In panel (d), the entropy profiles of the REXCESS sample (Pratt et al. 2010)
are also shown for comparison and the data for A2399 is denoted by the dashed line. The dotted line indicates the baseline entropy profile (Voit et al.
2005) calculated for the mean temperature of A2399. The radius is normalized by r200. (Color online)
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Table 4. Results of the de-projection analysis for A2399 East, North, and West.

Region A2399 East A2399 North A2399 West

kT ne0 K kT ne0 K kT ne0 K
(keV) (10−4 cm−3) (keV cm2) (keV) (10−4 cm−3) (keV cm2) (keV) (10−4 cm−3) (keV cm2)

0′–2′ 3.58+0.68
−0.50 13.73 ± 0.53 289 ± 49 3.60+0.69

−0.51 13.70 ± 0.53 292 ± 49 3.68+0.74
−0.55 13.73 ± 0.54 302 ± 53

2′–5′ 4.84+1.09
−0.88 5.00 ± 0.19 769 ± 157 4.67+1.18

−0.80 5.02 ± 0.20 739 ± 158 4.28+0.87
−0.65 5.29 ± 0.19 655 ± 117

5′–8′ 2.62+0.31
−0.21 4.71 ± 0.12 434 ± 44 2.78+0.33

−0.30 4.52 ± 0.14 472 ± 54 4.11+1.67
−1.07 2.91 ± 0.20 937 ± 315

8′–13′ 1.59+0.50
−0.25 1.04 ± 0.19 719 ± 190 1.63+0.43

−0.14 1.15 ± 0.19 688 ± 142 2.16+0.25
−0.15 2.88 ± 0.09 495 ± 48

13′–18′ ↑∗ 0.84 ± 0.13 828 ± 212 ↑∗ 1.25 ± 0.09 651 ± 118 1.24+0.09
−0.11 1.28 ± 0.09 487 ± 46

∗The upward-pointing arrow means that the parameter is linked to that of the inner region.

Fig. 3. (a) Temperature, (b) normalized temperature, (c) gas density, and (d) entropy profiles of A2399 derived from de-projection of the Suzaku
spectra. The black, red, and blue symbols show the profiles in the east, north, and west directions, respectively. The markers for the north (west)
direction are shifted horizontally by 3(6)% for clarity. In panel (b), the temperature is normalized relative to the mean value ⟨kT⟩ = 2.6 keV. The dashed
line indicates the best-fitting temperature profile obtained from the Suzaku observations of relaxed clusters (Reiprich et al. 2013). In panel (c), the gas
density derived by Croston et al. (2008) is indicated by the dashed line. In panel (d), the entropy profiles of the REXCESS sample (Pratt et al. 2010)
are also shown for comparison and the data for A2399 is denoted by the dashed line. The dotted line indicates the baseline entropy profile (Voit et al.
2005) calculated for the mean temperature of A2399. The radius is normalized by r200. (Color online)
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Table 4. Results of the de-projection analysis for A2399 East, North, and West.

Region A2399 East A2399 North A2399 West

kT ne0 K kT ne0 K kT ne0 K
(keV) (10−4 cm−3) (keV cm2) (keV) (10−4 cm−3) (keV cm2) (keV) (10−4 cm−3) (keV cm2)

0′–2′ 3.58+0.68
−0.50 13.73 ± 0.53 289 ± 49 3.60+0.69

−0.51 13.70 ± 0.53 292 ± 49 3.68+0.74
−0.55 13.73 ± 0.54 302 ± 53

2′–5′ 4.84+1.09
−0.88 5.00 ± 0.19 769 ± 157 4.67+1.18

−0.80 5.02 ± 0.20 739 ± 158 4.28+0.87
−0.65 5.29 ± 0.19 655 ± 117

5′–8′ 2.62+0.31
−0.21 4.71 ± 0.12 434 ± 44 2.78+0.33

−0.30 4.52 ± 0.14 472 ± 54 4.11+1.67
−1.07 2.91 ± 0.20 937 ± 315

8′–13′ 1.59+0.50
−0.25 1.04 ± 0.19 719 ± 190 1.63+0.43

−0.14 1.15 ± 0.19 688 ± 142 2.16+0.25
−0.15 2.88 ± 0.09 495 ± 48

13′–18′ ↑∗ 0.84 ± 0.13 828 ± 212 ↑∗ 1.25 ± 0.09 651 ± 118 1.24+0.09
−0.11 1.28 ± 0.09 487 ± 46

∗The upward-pointing arrow means that the parameter is linked to that of the inner region.

Fig. 3. (a) Temperature, (b) normalized temperature, (c) gas density, and (d) entropy profiles of A2399 derived from de-projection of the Suzaku
spectra. The black, red, and blue symbols show the profiles in the east, north, and west directions, respectively. The markers for the north (west)
direction are shifted horizontally by 3(6)% for clarity. In panel (b), the temperature is normalized relative to the mean value ⟨kT⟩ = 2.6 keV. The dashed
line indicates the best-fitting temperature profile obtained from the Suzaku observations of relaxed clusters (Reiprich et al. 2013). In panel (c), the gas
density derived by Croston et al. (2008) is indicated by the dashed line. In panel (d), the entropy profiles of the REXCESS sample (Pratt et al. 2010)
are also shown for comparison and the data for A2399 is denoted by the dashed line. The dotted line indicates the baseline entropy profile (Voit et al.
2005) calculated for the mean temperature of A2399. The radius is normalized by r200. (Color online)
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v Spectral deprojection analysis
• Simultaneous fit of Suzaku/XIS annular 

spectra assuming the APEC model [5] 
and a spherical symmetry

• The gas entropy,  S = kT ne
–2/3,  is 

evaluated from the temperature and 
density 
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Fig. 4. Scaled entropy profile of A2399 in the east (red filled circle),
north (red filled triangle), and west (red filled square) directions, as
derived from the Suzaku XIS analysis. For comparison, the profiles of
A76 in the east (blue open circle) and west (blue open square) and A1631
in the east (black open circle), north (black open triangle), west (black
open square), and south (black open diamond) obtained from previous
Suzaku observations are shown (Ota et al. 2013; Babazaki et al. 2018).
The profiles of the REXCESS sample are shown by the gray lines, and
A2399 (RXC J2157−0747) is plotted by the dashed black line. (Color
online)

(figure 1b). Because of the presence of this high-density
clump, the de-projection analysis leads to a relatively lower
density bin in the ring 0.30 < r/r200 < 0.48 in comparison
with the other directions, even though the surface brightness
is apparently the same.

We evaluated the entropy K = kTn−2/3
e from the temper-

ature and gas density within r200. The entropy is very high;
the azimuthally-averaged value is ∼290 ± 30 keV cm2 in
the central r < 0.1 r200 region, and flat outside 0.1 r200. The
entropy for r/r200 > 0.48 in the west is marginally lower
than in the other directions, which again coincides with the
location of the sub clump. In comparison with the previous
XMM–Newton study of the REXCESS sample, the Suzaku
result for r < 0.36 r200 agrees with their result within the
measurement uncertainties. For r ∼ 0.36 r200, there are sig-
nificant azimuthal variations due to the clumpy structure
and the difference in the entropy values can be attributed
to the difference in their analysis methods because in the
XMM–Newton deprojection analysis by Pratt et al. (2010),
the western gas clump is excluded and the maximum radius
is about a half of that used in the Suzaku analysis.

5 Discussion
In this section, we discuss the thermodynamic properties
of A2399 based on the XMM–Newton and Suzaku results.
Then, we compare the X-ray and optical observations and
discuss the dynamical state of the system.

5.1 Thermodynamic properties of the cluster gas

Previous X-ray observations have shown that the tempera-
ture profiles of relaxed clusters exhibit similarities at large
radii, once they are scaled by the mean temperature and
the virial radius (e.g., Vikhlinin et al. 2005; Pratt et al.
2007; Reiprich et al. 2013; Walker et al. 2013; Ichikawa
et al. 2013; Ghirardini et al. 2018). Figure 3b compares the
normalized temperature profile of A2399 and the average
of relaxed clusters observed with Suzaku (Reiprich et al.
2013). For r > 0.3 r200, A2399 shows a decline similar to
that of a relaxed cluster, while we found no significant cool-
core structure for r < 0.3 r200.

Figure 4 compares the A2399 scaled-entropy profile, as
derived from our Suzaku analysis in subsection 4.3, with
those of the REXCESS sample derived from the XMM–
Newton observations (Pratt et al. 2010). Here the Suzaku
data of A2399 are scaled by the value of K500 estimated from
M500 (∼1.3 h−1

70 × 1014 M⊙) obtained by using the M500–YX

scaling relation in table 1 and equation (3) (Pratt et al.
2010). In the central region, A2399 has the highest scaled
entropy, K/K500 ∼ 0.7, in comparison with other REXCESS
clusters as suggested by the previous study, and the present
Suzaku result agrees well with that from XMM–Newton.
We confirmed the difference in M500 is only ∼20% cor-
responding to ∼10% in K500 even though we adopt the
M500–T scaling relation (Arnaud et al. 2005) to obtain
M500. At larger radii (r ! 0.3 r200) up to around the virial
radius, even in the east and north directions, the normal-
ized entropy values seem to be systematically lower than
those of relaxed clusters (Walker et al. 2012) indicating
that a large-scale event gives rise to the discrepancy in the
whole cluster system. The scaled-entropy profiles of other
two LSB clusters, A76 and A1631, obtained from previous
Suzaku studies (Ota et al. 2013; Babazaki et al. 2018) are
also shown in figure 4. Note that these two clusters are
not a part of the REXCESS sample. The central scaled-
entropy values of A2399 and A76 agree well with each
other, while they tend to be lower than those of A1631.
This mainly reflects a difference in electron density; A1631
has the lowest density of a few 10−4 cm−3 among known
nearby clusters. The uncertainty in the scaling factor may
also affect the difference.

From numerical simulations that include gravitational
heating effect, Voit, Kay, and Bryan (2005) derived
a “baseline” entropy model for the cluster gas; K =
550 keV cm2 (kT/1 keV) (r/r200)1.1. Figure 3d compares the
observed A2399 profile with the baseline model calcu-
lated for the averaged temperature of kT = 2.6 keV.
The azimuthally-averaged central entropy, 294 ±
29 keV cm2, is significantly higher than that expected from
gravitational heating alone (∼100 keV cm2 at 0.1 r200).
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20  arcmin

A76    0.5 - 2 keV

A76    0.5 - 2  keV

20  arcmin

A76    0.5 - 2 keV

A76    0.5 - 2  keV

Fig. 1 (left) LSB clusters, A76 and A1631, as seen in the ROSAT All-Sky Survey.  
(right) X-ray surface brightness of nearby clusters obtained with ROSAT [3]

Fig. 2 (a) Suzaku and (b) XMM-Newton images of three LSB clusters,  A76 
(left),  A1631(middle), and A2399 (right). The green box shows Suzaku/XIS 
field of view in each pointing observation. The spectral integration regions 
for the deprojection analysis (§ 3) are shown by the white circles. 

v A76 (z=0.0395) v A1631 (z=0.046) v A2399 (z=0.058)

+: X-ray peak, +: foreground elliptical galaxy 
Magenta contours: distribution of member galaxies [4].

X: X-ray peak, +: The 1st, 2nd, 3rd brightest galaxy are denoted by A, B, C, 
respectively.  Cyan contours: distribution of member galaxies [4]. 
We discovered a clear discontinuity in the surface brightness and 
temperature distributions in the western gas clump (panel c).

Suzaku XMM-Newton
600sec

Fig. 3 (a) Temperature, (b) electron density and (c) entropy 
profiles derived from Suzaku deprojection analysis [6,7,8]. 
The errors indicate the 90% confidence intervals. Fig. 4 Scaled entropy profiles of A2399 (red),  A76 (blue), and 

A1631 (black) as derived from the Suzaku analysis [8].  

v Summary of observed properties in three LSB clusters
1. Flatter radial profile of gas temperature, and entropy (Fig. 3)
2. Very high entropy ~300–400 keVcm2 at r < 0.1r200 (Figs. 3, 4)
3. A factor of 2–3 deviations from the scaling relations of nearby 

clusters, S–T (Fig. 5), L–T, σ–L
4. Clumpy galaxy distributions (Fig. 2)
5. Large offset between gas and galaxy distributions (Fig. 2)
6. Temperature and brightness discontinuity ➜ Cold front in 

A2399 (Fig. 2; see [8] for details)

A76

A1631

v What is the origin of the central high entropy?
• Gravitational heating [10] ~100–150 keVcm2

• Preheating [11]                ~140 keVcm2

• AGN heating [12]            ~1 keVcm2                     ➜ Unlikely

vPossible scenario – a post merger –
• The observed characteristics incl. complex morphologies 

support that the LSB clusters are in some stage of merging. 
• The hydrodynamical simulations suggest that the excess 

entropy can be attributed to ICM mixing during a cluster 
merger [13]

A&A 556, A21 (2013)
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Fig. 5. a) Comparison of radial entropy profiles between A76 and the REXCESS sample (gray lines; Pratt et al. 2010). b) Correlation between
entropy and temperature. The red and blue crosses show the Suzaku results for A76 East and West data, respectively, while the solid and dashed
lines show the S − T relationships of 10 morphologically relaxed clusters at 0.1r200 and 0.2r200 (Pratt et al. 2006).

Table 6. Gas density and entropy in A76 East and West.

A76 East A76 West
Region ne0 [cm−3] S [keV cm2] ne0 [cm−3] S [keV cm2]

0′ < r < 3′ (1.03 ± 0.05) × 10−3 395 ± 89 (9.11 ± 0.58) × 10−4 423 ± 116
3′ < r < 6′ (6.63 ± 0.23) × 10−4 394 ± 52 (5.65 ± 0.28) × 10−4a 585 ± 98a

6′ < r < 9′ (3.71 ± 0.15) × 10−4 866 ± 161
9′ < r < 12′ (2.85 ± 0.19) × 10−4 385 ± 80 (5.98 ± 0.29) × 10−4 324 ± 43
12′ < r < 15′ (3.00 ± 0.13) × 10−4 1508 ± 373 – –
15′ < r < 18′ (2.65 ± 0.12) × 10−4 611 ± 103 – –

Notes. (a) Values obtained from region 3′ < r < 9′ in A76 West.

comparable to what is obtained at the same radius from the clus-
ter center in other directions. The above arguments and the spa-
tial extent suggest that the SE blob is probably a group-scale
system that has undergone gas heating in the cluster potential.

5. Summary

We have performed X-ray spectral analysis of the LSB clus-
ter A76, which is characterized by extremely low X-ray sur-
face brightness. We constructed the profiles of gas temperature,
density, entropy from the Suzaku satellite data, and out to large
radii (0.6r200 in A76 East and 0.4r200 in A76 West data) for the
first time. The central gas entropy (∼ 400 keV cm2) is one of
the highest among the known nearby clusters and significantly
higher than what is predicted from the mean S − T relationship.
Given that the gas density is extremely low for the observed
high temperature of 3–4 keV, and because the gas distribution
in the cluster is irregular and clumpy, we suggest that A76 is
at an early stage of cluster formation and that gas compression
caused by potential confinement is lagging behind the gas heat-
ing. Currently A76 is the only LSB cluster to be analyzed us-
ing Suzaku data. To further clarify the nature of LSB clusters
and their thermodynamic evolution, we consider that many more
galaxy clusters must be sampled and analyzed.

Acknowledgements. We are grateful to the Suzaku team members for satellite
operation and instrumental calibration. We would also like to thank G. W. Pratt
for supplying the entropy profiles for the REXCESS sample and K. Sato for
suggesting a useful means of calculating the PSF effect. This study is in part sup-
ported by a Grant-in-Aid by the Ministry of Education, Culture, Sports, Science

and Technology, 22740124 (NO). G.C. acknowledges support from Deutsches
Zentrum für Luft und Raumfahrt with the program ID 50 R 1004. G.C. and H.B.
acknowledge support from the DFG Transregio Program TR33 and the Munich
Excellence Cluster “Structure and Evolution of the Universe”.

References
Anders, E., & Grevesse, N. 1989, Geochim. Cosmochim. Acta, 53, 197
Arnaud, M., Pointecouteau, E., & Pratt, G. W. 2005, A&A, 441, 893
Böhringer, H., Schuecker, P., Guzzo, L., et al. 2001, A&A, 369, 826
Böhringer, H., Schuecker, P., Pratt, G. W., et al. 2007, A&A, 469, 363
Croston, J. H., Pratt, G. W., Böhringer, H., et al. 2008, A&A, 487, 431
Ishisaki, Y., Maeda, Y., Fujimoto, R., et al. 2007, PASJ, 59, 113
Kalberla, P. M. W., Burton, W. B., Hartmann, D., et al. 2005, A&A, 440, 775
Koyama, K., Tsunemi, H., Dotani, T., et al. 2007, PASJ, 59, 23
Mitsuda, K., Bautz, M., Inoue, H., et al. 2007, PASJ, 59, 1
Neumann, D. M., & Arnaud, M. 1999, A&A, 348, 711
Ota, N., & Mitsuda, K. 2004, A&A, 428, 757
Ponman, T. J., Sanderson, A. J. R., & Finoguenov, A. 2003, MNRAS, 343, 331
Pratt, G. W., Arnaud, M., & Pointecouteau, E. 2006, A&A, 446, 429
Pratt, G. W., Croston, J. H., Arnaud, M., & Böhringer, H. 2009, A&A, 498, 361
Pratt, G. W., Arnaud, M., Piffaretti, R., et al. 2010, A&A, 511, A85
Reiprich, T. H., Basu, K., Ettori, S., et al. 2013, Space Sci. Rev.

[arXiv:1303.3286]
Sakuma, E., Ota, N., Sato, K., Sato, T., & Matsushita, K. 2011, PASJ, 63, 979
Sato, K., Yamasaki, N. Y., Ishida, M., et al. 2007, PASJ, 59, 299
Serlemitsos, P. J., Soong, Y., Chan, K.-W., et al. 2007, PASJ, 59, 9
Smith, R. K., Brickhouse, N. S., Liedahl, D. A., & Raymond, J. C. 2001, ApJ,

556, L91
Tawa, N., Hayashida, K., Nagai, M., et al. 2008, PASJ, 60, 11
Uchiyama, Y., Maeda, Y., Ebara, M., et al. 2008, PASJ, 60, 35
Uchiyama, H., Ozawa, M., Matsumoto, H., et al. 2009, PASJ, 61, 9
Voit, G. M. 2005, Rev. Mod. Phys., 77, 207
Voit, G. M., Kay, S. T., & Bryan, G. L. 2005, MNRAS, 364, 909
Wang, Y., Xu, H.-G., Gu, J.-H., et al. 2010, Res. Astron. Astrophys., 10, 1013

A21, page 6 of 6

Fig. 5 Entropy-temperature relation. The 
Suzaku results for A76 (crosses) and the 
S-T relation of 10 relaxed clusters at 
0.1/0.2r200 (solid/dashed line)[9].

• eROSITA simulations of LSB clusters by SIXTE version 2.5.10 [14]
• Cluster: XMM image,  the APEC model with 3 keV & 0.2 solar,  0.2–4.5keV 

flux of 1.1x10-11/5.1x10-12 erg s-1cm-2arcmin2 for A76/A2399
• Background: GXB, CXB + particle background [15]
➜The count rates are estimated as 7.3/3.9 counts sec-1 for A76/A2399.

• eROSITA will detect a large number of clusters including faint ones 
[16]. Thus, it is important to understand the nature of LSB clusters, 
which may not follow the mass-scaling relations of bright clusters.
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Fig. 1. The ROSAT X-ray surface brightness profiles of the clusters in
our sample. The profiles are corrected for vignetting effects and back-
ground subtracted. Full line: clusters in the spectroscopic subsample.

The β–model is known since the early Einstein observations
(Jones & Forman 1984) to provide a good fit to the X-ray profile
of galaxy clusters. However Makino et al. (1998) recently found
that the gas density profiles deduced from simulations are too
steep to match with the typical core radii rc derived from these
X-ray observations. Moreover it is well known that there are
large variations, from cluster to cluster, in the observed β–model
shape parameters, β and rc.

In this paper we want to check the regularity of the gas
distribution in clusters, described by a β–model. We selected
for this study a sample of nearby clusters observed with ROSAT
and we unravel a relation between the core radius and the slope
parameter β. We discuss the implications of our results for the
variations of the gas density profile shape and the existence of
a mass–temperature relation.

The paper is organized in the following way: we describe in
Sect. 2 our sample of clusters of galaxies and the observations.
Sect. 3 shows the surface brightness profiles of the clusters. In
Sect. 4 we present our isothermal β-fits. Sect. 5 shows the corre-
lation between rc and β. In Sect. 6 we describe the consequences
of the correlation on the shape of the gas density profiles and
quantify its variations and in Sect. 7 we study the mass profile
and the M–T relation. In Sect. 8 we discuss our results and give
our conclusions in Sect. 9.

Throughout the paper we assume Ho = 50km/sec/Mpc,
Λ = 0, Ω = 1 (q0 = 0.5).

2. X-ray observations

We used X-ray imaging data retrieved from the ROSAT data
base at MPE. The sample we built consists of clusters of galaxies
found by Abell et al. (1989) in the redshift range z=0.04–0.06,
which were in the field of view of a ROSAT pointed observation
with an off-axis angle less than 10 arcmin. The redshift range
is small enough to avoid to look at major evolutionary effects
within the sample and the typical cluster size for these redshifts
is well matched to the PSPC central field of view - mostly inside
the rib structure of the instrument - or to the HRI field of view.
Furthermore we only selected clusters whose extended emission
can be fitted with an isothermal β-model, i.e. the cluster must
show a clear center in the X-ray emission. Finally the signal to
noise ratio of the cluster must be high enough to allow accurate
modeling of the data.

The list of the 26 clusters selected is given in Table 1, as well
as the exposure times and the detector used. The sample covers
a large variety of morphological types, from relaxed spherical
symmetric clusters like A2107, to clusters with substructures
like A754 or A3559 and contains non-cooling flow clusters (e.g.
A119) as as well clusters known to have strong cooling flows
(e.g. A85).

For the PSPC data we only used photons in the band
0.5–2.0 keV, for the HRI we only took into account channel
2–9, in order to optimize the signal-to-noise ratio. For each data
set we calculated the exposure map, using the software imple-
mented in the X-ray software packageEXSAS developed at MPE
for the PSPC data and the software developed by S. Snowden
(Snowden 1998) for the HRI data.

We searched the literature for the emission-weighted mean
temperatures of the clusters in our sample. We only consid-
ered temperature obtained with wide energy band experiments
(Einstein/MPC, EXOSAT, GINGA or ASCA) to avoid system-
atic errors and exclude temperature estimates with statistical
errors greater than 50%. The adopted temperature values and
corresponding references are given in Table 1 for 15 clusters,
which constitute our spectroscopic sub-sample. Note that this
sub-sample does not contain low temperature clusters (kT >
3.5 keV), because only the brightest clusters of our sample have
good temperature measurements (see Fig. 1). All these clusters
have flux greater than 1.7 10−11ergs/s/cm2. The spectroscopic
sample is 80% complete at that flux limit, when compared to
the complete sample derived by Ebeling et al. (1996) from the
ROSAT All-Sky Survey.

3. X-ray surface brightness profiles

Fig. 1 shows the vignetting corrected X-ray surface brightness
profiles of all the clusters in the sample. We bin the photons
into concentric annuli centered on the maximum of the X-ray
emission. For the PSPC we use a width of 15 arcseconds per
annulus and a total of 200 annuli. For the HRI we use a width of
10 arcseconds per annulus and a total of only 100 annuli, due to
the smaller field of view of the HRI. We cut out serendipitous
sources in the field of view or cluster substructures, if they show

A1631

A76

~

A2399 A2399 A2399

[1] Böhringer et al. 2001, A&A, 369, 826; [2] Böhringer et al. 2007, A&A, 469, 363; [3] Neumann & Arnaud 1999,  A&A, 348, 711; [4] Moretti et al. 2017, A&A, 599, A81; [5] Smith et al. 2001, ApJ, 556, L91; [6] Ota et al. 2012 
A&A, 556, A21; [7] Babazaki et al. 2018, PASJ, 70, 46; [8] Mitsuishi et al. 2018, PASJ, 70, 112; [9] Pratt et al., A&A, 2010, 511, A85; [10] Voit et al. 2005, MNRAS, 364, 909; [11] Ponman et al. 2003, MNRAS, 343, 331; [12] Wang 
et al. 2010, RAA, 10, 1013; [13] ZuHone 2011, ApJ, 728, 54; [14] https://www.sternwarte.uni-erlangen.de/research/sixte/index.php; [15] Born et al. 2014, A&A, 567, A65; [16] Merloni et al. 2012 arXiv:1209.3114

Naomi Ota <naomi@astro.uni-bonn.de>XMM Science Workshop, Jun 12–14, 2019

Fig. 6 Simulated eROSITA images of the LSB 
clusters, A76 (left) and A2399 (right). The 
exposure of 2 ks is assumed
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