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•  The largest comprehensive samples of the universe; 
•  What happens in a cluster, stays in a cluster. 

•  Probes of; 
•  Chemical enrichment histories (nucleosynthesis) 
•  Cosmological constraints (growth of structure over cosmological time) 
•  Galaxy and cluster evolution  

•  Hot (107-108 K) and dilute (density: 10−4 – 10−2 cm−3)  gas of ICM  
  à emission via X-rays 
•  Baryonic content (~12%) H & He, all elements except for H and He 

are “metals”! 
•  ICM emission;  

•  thermal bremsstruhlung (free-free) and line emission 
•  Surface brightness & temperatureà electron density, pressure, 

entropy, mass.. 
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Clusters of Galaxies
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X-ray Emission from the ICM

X-ray emission                   Cooling of densest ICM regions 
Short cooling time (inside CC)              Cooling Flow (CF)? 
But they are still hot! + CF unobserved            Core heating, 

     CF quenching mechanism 
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Possible heating mechanisms 
• Supernovae 
•  Thermal conduction 
• AGN 
•  Turbulent heating 



4 

Cool Core vs. Non-Cool Core


A780 MKW08 
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For low redshift clusters, central cooling time  
(at 0.4%R500) (Hudson + 2010) 

•  tcool < 7.0 Gyr à Cool Core (CC)  
•  7.0 Gyr < tcool àNon-Cool Core (NCC) 

CC NCC 

A&A 513, A37 (2010)

Fig. 4. Histograms of 16 parameters that may be used to distinguish between CC and NCC clusters. Blue bins represent CC clusters, red bins
indicate NCC clusters and where they appear, black bins represent transitional or weak CC clusters (see text). Row-wise left to right and starting
from the top row the histograms are: A) central surface brightness (Σ0); B) β model core radius scaled by r500; C) central electron density (n0);
D) central entropy (K0); E) biased central entropy (KBIAS); F) cooling radius; G) spectral mass deposition rate scaled by M500 (Ṁspec/M500);
H) classical mass deposition rate scaled by M500 (Ṁclassical/M500); I) cuspiness (α); J) bolometric X-ray luminosity of the 0−0.048 r500 region
scaled by the gas mass of the region and virial temperature (LX/(MgaskTvir)); K) central temperature drop (T0/Tvir); L) slope of inner temperature
profile; M) central temperature measured in the soft band divided by central temperature measured in the hard band; N) gas mass within 0.048 r500
scaled by M500; O) modified spectral mass deposition rate scaled by M500 (Ṁspec2/M500) and P) central cooling time (CCT). For the cuspiness
histogram, the dash-dot and dashed vertical line indicates the CC/NCC cut and the weak CC, strong CC cut, respectively, suggested by Vikhlinin
et al. (2007).

3.1.1. Central surface brightness (A): Σ0

The histogram for Σ0 appears to have two peaks on either side of
∼10−6 photons cm−2 s−1 arcsec−2 (0.5−7.0 keV). They are, how-
ever, not well separated and the KMM-algorithm does not re-
ject a single Gaussian hypothesis for this data set (<85% con-
fidence). If divided into two Gaussians, the KMM algorithm
finds a partition at∼0.80×10−6 photons cm−2 s−1 arcsec−2, which
divides that sample into 37 CC clusters and 27 NCC clus-
ters. The centers of the subgroups are 3.88 × 10−6 pho-
tons cm−2 s−1 arcsec−2 and 0.32×10−6 photons cm−2 s−1 arcsec−2

for the CC and NCC clusters respectively.

3.1.2. β model core radius (B): rc (% r500)

In the case of a double β model the inner core radius was
used. The histogram of rc as a percentage of r500 shows lit-
tle evidence of bimodality, with four distinct peaks, however
the KMM algorithm rejects the single Gaussian hypothesis at
∼99% confidence. Using the KMM algorithm we find a split at
∼1.3 × 10−2 r500, which divides the sample into 30 CC clus-
ters and 34 NCC clusters. The centers of the subgroups are
0.35×10−2 r500 and 4.31×10−2 r500 for the CC and NCC clusters
respectively.
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No. 2, 2009 IS THE COOL CORE–NONCOOL CORE DICHOTOMY TOO SIMPLE? 1591

LMXB emission. The gas abundance cannot be constrained for
faint coronae so it was fixed at 0.8 solar as derived by S07.4 The
derived typical abundance for bright coronae is also consistent
with this assumed value (e.g., see Section 5.3 for ESO 137-
006). For faint coronae, the uncertainty of the X-ray luminosity
mainly comes from the statistical error. The uncertainty of the
nonthermal component does not affect the 0.5–2 keV luminosity
much, as the identified faint coronae have dominant thermal
emission in the soft band. Faint sources with a hard spectrum
will not be identified as coronae as stated previously in this
section.

4. RADIO AGNs AND X-RAY COOL CORES

We first examine BCGs in the L0.5−2 keV (r < r4Gyr)–L1.4 GHz
plane (Figure 1). BCGs in groups (kT < 2 keV), poor clusters
(2 keV < kT < 4 keV) and rich clusters (kT > 4 keV)
are color-coded. The system temperatures come from BAX,5
S09, Cavagnolo et al. (2009), and our own work. As shown in
Figure 1, almost all cool cores (including upper limits) can be
divided into two classes, marked by a vertical ellipse for small
coronae and a tilted ellipse for LCCs. The dividing line between
the two classes is L0.5−2 keV ∼ 4×1041 erg s−1. The gap between
two classes is especially significant at L1.4 GHz > 2 × 1023

W Hz−1. There are 52 radio sources with L1.4 GHz > 1024

W Hz−1 and 81 radio sources with L1.4 GHz > 1023 W Hz−1.
Above L1.4 GHz > 2×1023 W Hz−1, every BCG has a confirmed
cool core, small or large. In fact, there are only two nondetections
of cool cores out of 81 BCGs above L1.4GHz of 1023 W Hz−1,
which is the dividing line between the star formation and AGN
components in the local radio LF (e.g., Sadler et al. 2002).
Below that threshold, radio emission from star formation begins
to dominate the local radio LF. This threshold was also used
in the statistical studies by Lin & Mohr (2007) and von der
Linden et al. (2007). Upper limits of both nondetections (AS405
and A2572) are high (Figure 1) as both observations are short
(7.9 ks) with ACIS-I, especially for AS405 at z = 0.0613. A
faint soft X-ray point source is actually detected in the position
of A2572’s BCG (z = 0.0403) but was rejected as a corona as
the error of the power-law index is too large (S07; Section 3).
Thus, the current data are consistent with the conclusion that all
BCGs with L1.4 GHz > 1023 W Hz−1 have a cool core, small or
large.

BCGs with small coronae often host radio AGNs as luminous
as those BCGs in LCCs. We call these two classes the LCC
class and the corona class. The cores in the LCC class are
the cool cores that were generally referred to in the cluster
papers. The corona class defined by this work also includes
∼5 systems with small cool cores (up to 25 kpc in radius) but
larger than typical coronae (less than 5 kpc in radius generally).
We present the properties of the X-ray sources associated with
L1.4 GHz > 1024 W Hz−1 radio AGNs in the corona class in
Table 2 (also including non-BCGs). Some examples of BCG
coronae associated with strong radio AGNs are also shown in
Figures 2 and 3. We emphasize that the clusters or groups shown
in Figures 2 and 3 were considered “noncool core” systems by
previous work (e.g., Mittal et al. 2009) so other mechanisms
(e.g., cluster merger) had to be used to explain strong radio
AGNs. AWM4 is another example. It was once considered a
puzzle as it hosts a radio AGN but lacks an LCC from the

4 This assumed abundance corresponds to 1.3 solar in the new solar
abundance table by Lodders (2003).
5 http://bax.ast.obs-mip.fr/

Figure 1. Upper panel: the rest-frame 0.5–2 keV luminosity of the cool core
(within a radius where the cooling time is 4 Gyr) of the BCG vs. the 1.4 GHz
luminosity of the BCG. Red filled circles are for kT > 4 keV clusters; blue
triangles are for kT = 2–4 keV poor clusters; green stars are for kT < 2 keV
groups; and crosses represent upper limits in both axes. The horizontal dashed
lines are L1.4GHz = 1024 and 1023 W Hz−1. Lower panel: the histogram for all
BCGs (upper limits included) with two classes marked, while the histogram in
red is for L1.4GHz > 1024 W Hz−1 BCGs. This histogram can be regarded as a
raw cool-core distribution function. At least three interesting results are revealed
in this plot. First, there are two classes of BCG cool cores (shown in orange
ellipses): the LCC class and the corona class. Their dividing line is ∼4 × 1041

erg s−1. Above L1.4GHz of 1023 W Hz−1, every BCG has a confirmed cool core,
either in the LCC class or in the corona class, except for two BCGs with high
upper limits. In this work, most L1.4GHz > 1024 W Hz−1 BCGs (33 out of 52)
are in the corona class. Second, there is a general trend (with large scatter) in
the LCC class. More luminous cool cores generally host more luminous radio
AGNs, or the LCC class is tilted. The slope from the BCES orthogonal fit is
1.91 ± 0.20. Third, there are no groups with a luminous cool core (! 6 × 1041

erg s−1) that host a radio AGN more luminous than 1024 W Hz−1. This is not
observed in clusters (blue and red points). The absence of luminous cool cores
with strong radio AGNs in low-mass systems also causes a gap between the
two classes at high radio luminosities. Cygnus A is excluded in this plot as its
position (7.7×1043 erg s−1, 1.2×1028 W Hz−1) is so far away from those of
others. The only other source that is far from the two ellipses is 3C 388 (the
open blue triangle between two classes), which is also an FR-II galaxy like
Cygnus A (Kraft et al. 2006).
(A color version of this figure is available in the online journal.)

XMM-Newton data (Gastaldello et al. 2008). The new Chandra
data (released in late 2009 May, after the initial submission of
this paper) clearly show the presence of a small (∼2 kpc radius),
thermal corona associated with the BCG (Figure 3).

4.1. The LCC Class

As shown in Figure 1, the LCC class presents an intriguing
correlation between the cool core luminosity and the radio
luminosity of the BCG, unlike the corona class. More luminous
cool cores generally host more luminous radio sources, although
the scatter is large. From the BCES orthogonal fit (Akritas
& Bershady 1996), L1.4 GHz ∝ L1.91±0.20

X . Why does this
correlation exist for the LCC class? It is not clear that this
is related to radio feedback. On the other hand, environmental
radio boosting can tilt the LCC class to the observed trend, as

Large Cool Core vs. Corona Class 


BCG corona / hot ISM 
•  r < 4 kpc 
•  Temperature; 0.3 < kT < 1.7 keV 
•  Metallicity; ~ 0.8 solar 
•  Luminosity; < 4 x 1041 erg/s 

Basically a cool core, but at a smaller 
spatial scale… 

Sun, 2009 

Tümer et al., 12-14 June 2019, Astrophysics of Hot Plasma, Madrid 
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A. Tümer et al.: Exploring the multiphase medium in MKW 08

Table 1: E↵ective exposure time of each XMM-Newton EPIC and Chandra ACIS-I observation.

XMM-Newton Equatorial coordinates MOS1 e↵ective MOS2 e↵ective PN e↵ective
Observation ID (J2000) exposure time (ks) exposure time (ks) exposure time (ks)

0300210701 14 40 38.1 +0.3 28 18.1 23.1 23.1 16.5
Chandra Equatorial coordinates ACIS-I e↵ective

Observation ID (J2000) exposure time (ks)
4942 14 40 38.3 +0.3 28 18.2 23.1

18266 14 40 41.9 +0.3 28 04.4 35.6
18850 14 40 41.9 +0.3 28 04.4 39.6

Fig. 1: Background subtracted, exposure corrected photon images of XMM-Newton (left) and Chandra (right) in the soft X-ray
(0.3-2.5 keV) band. Although we were able to use mosaic of three Chandra observations for background estimations, here (right)
we show an enlarged image of Chandra data in order to emphasize the BCG emission.

ACIS-I observations for our analysis of the X-ray properties of
MKW 08. The specifications of the data used in our analysis are
summarized in Table 1. Photon images shown in Fig. 1 point to
an extended emission surrounding the BCG.

2.1.1. The XMM-Newton dataset

The XMM-Newton archival data (observation ID: 0300210701)
were primarily used to investigate the ICM surface brightness
and thermal structure on large, cluster-size spatial scales, up to
r ' 12.50 (⇡ 420 kpc). Instead, for the spectral analysis of the
NGC 5718, we selected circular region with r ' 10 kpc centered
at the BCG.

2.1.2. The Chandra dataset

Archival Chandra ACIS-I observations (observation IDs: 4942,
18266, 18850) were used to investigate the central region of
the cluster in detail with a better angular resolution by study-
ing the surface brightness profile within r ' 40 (⇡ 130 kpc). In
addition, a central circular region with r = 3 kpc was selected to
analyze the emission of the ISM from NGC 5718 and its central
AGN.

2.2. Data reduction

For both XMM-Newton and Chandra observations, photo detec-
tion events are filtered from soft proton flares via a temporal
wavelet filtering of their "soft" (1-5 keV) and "hard" (10-12 keV)
light curves. Composite event-lists are subsequently rebinned in
three dimensional position-energy cubes that match the angular
and spectral resolution of each instrument. For each element of
the data cubes, we associate an e↵ective exposure and a back-
ground noise value.

As detailed in Bourdin & Mazzotta (2008), e↵ective expo-
sure values take into account spectral and spatial dependences of
the mirror e↵ective areas, filter absorptions and detector quan-
tum e�ciencies, and combine them with CCD gaps and bad pix-
els positions. These components are extracted from the calibra-
tion data bases used to pre-process the event lists, namely the
CCF and the CALDB 4.3.3 for XMM-Newton and Chandra, re-
spectively. Point sources are identified from a wavelet analysis
and masked for any analysis of extended emissions, including
ICM and unresolved sky background. An exception to this is the
BCG, since it is one of the main interests of this study.

Extended background components can be divided into two
main types: astrophysical X-ray background and non astrophys-
ical X-ray background. Astrophysical X-ray background compo-
nents are: Galactic Thermal Emission (GTE) which is the ther-
mal X-ray emission coming from the halo of the Milky Way
modeled with two absorbed thermal components kT1=0.099

Article number, page 3 of 15

•  Nearby (z = 0.027)  
•  Non-Cool Core (NCC) galaxy cluster in  HIghest X-ray FLUx Galaxy 

Cluster Sample (Reiprich & Böhringer, 2002) 
•  NCC; tcool = 10.87 Gyr at 0.4%R500 (Hudson+ 2010) 
•  Brightest cluster galaxy is NGC 5718 à interacting with IC 1042 
•  BCG corona (Sun+ 2007) 
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Fig. 4: Upper panel: XMM-Newton temperature map (left) and surface brightness map (right). Lower panel: For highest angular
resolution Chandra temperature map (left) and SBx map (right). Temperature maps are presented within 3� errors. Surface bright-
ness maps obtained in soft energy band 0.3-2.5 keV within 4� errors. Chandra maps are enlarged to emphasize the central region
of the cluster.

double �-model includes an ↵ parameter as a fine adjustment to
represent the power-law characteristics of the gas density in the
centers of clusters, which may deviate from a flat core.
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By using the proton (np) and electron (ne) densities obtained

from the fit and integrating the ICM density along the line of
sight in the energy band between 0.5 - 2.5 keV, we obtained the
projected surface brightness profiles ⌃x(r). The surface bright-
ness profiles of XMM-Newton and Chandra are given in Fig. 5
and Fig. 6 respectively.

For modeling three dimensional temperature profiles, we
used a broken power-law with five parameters as given in Eqn. 2,
followed by the integration along the line of sight to deduce the
projected "spectroscopic-like" temperature profiles as described
by Mazzotta et al. (2004). Projected temperature profiles plotted
over the corresponding three dimensional temperature profiles
are shown in Fig. 7. These methods are described in detail by
Bourdin & Mazzotta (2008).

T3D(r) = T0
(r/rt)�a

(1 + (r/rt)b)c/b . (2)

As shown by the dotted line of Fig. 5, the ICM surface bright-
ness is ideally fit by the projection of an analytical electron den-
sity profile given by Eqn. 1 from a few kpc to about ⇡ 400
kpc. This profile is plotted together with a radial profile of the
XMM-Newton aim point Point Spread Function (PSF). The sur-
face brightness profile is clearly shallower than the PSF profile,
which demonstrates that XMM-Newton allows us to spatially re-
solve an extended X-ray emission around the BCG.

The higher Chandra angular resolution allows us to better
resolve the X-ray surface brightness observed in the neighbor-
hood of the hot ISM of the BCG. As shown in Fig. 6, the Chan-
dra surface brightness profile can be divided in two components
that stand for the ICM and hot ISM emissions. In the radii range
from 10 kpc to 100 kpc, where the ICM emission dominates, the
Chandra surface brightness profile is accurately fit by the projec-
tion of an electron density profile that follows a single �-model
corrected by a power-law. The parametric form of such a den-
sity profile is given by the first fraction in the right-hand side of
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Table 1: E↵ective exposure time of each XMM-Newton EPIC and Chandra ACIS-I observation.

XMM-Newton Equatorial coordinates MOS1 e↵ective MOS2 e↵ective PN e↵ective
Observation ID (J2000) exposure time (ks) exposure time (ks) exposure time (ks)

0300210701 14 40 38.1 +0.3 28 18.1 23.1 23.1 16.5
Chandra Equatorial coordinates ACIS-I e↵ective

Observation ID (J2000) exposure time (ks)
4942 14 40 38.3 +0.3 28 18.2 23.1

18266 14 40 41.9 +0.3 28 04.4 35.6
18850 14 40 41.9 +0.3 28 04.4 39.6

Fig. 1: Photon images of XMM-Newton (left) and Chandra (right) in the soft X-ray (0.3-2.5 keV) band. Although we were able to
use mosaic of three Chandra observations for background estimations, here (right) we show an enlarged image of Chandra data in
order to emphasize the BCG emission.

els positions. These components are extracted from the calibra-
tion data bases used to pre-process the event lists, namely the
CCF and the CALDB 4.3.3 for XMM-Newton and Chandra, re-
spectively. Point sources are identified from a wavelet analysis
and masked for any analysis of extended emissions, including
ICM and unresolved sky background. An exception to this is the
BCG, since it is one of the main interests of this study.

Extended background components can be divided into two
main types: Astrophysical X-ray Background and Non X-ray
Background. Astrophysical X-ray Background components are:
Galactic Thermal Emission (GTE) which is the thermal X-ray
emission coming from the halo of the Milky Way modeled
with two absorbed thermal components kT1=0.099 keV and
kT2=0.248 keV (Kuntz & Snowden 2000); Local Hot Bubble
(LHB), an unabsorbed thermal component kT=0.1 keV (Kuntz
& Snowden 2000) which is thought to be due to the shock region
between our local interstellar medium and solar wind; Cosmic
X-ray Background (CXB) is due to the contribution of mostly
unresolved AGNs as well as hot stars and galaxies and modeled
by an absorbed power-law with photon spectral index � =1.42
(Lumb et al. 2002).

For the modeling of the Astrophysical X-ray Background,
the background and cluster emissions are jointly fitted. The se-
lected external region for XMM-Newton is an annulus of 12.50
< r < 14.50, whereas for Chandra observations, we were able
to use an annular region of 100 < r < 120 thanks to the o↵-set

observations. We estimated and normalized the sky background
components using the XMM-Newton EPIC observation, that is
characterized at the same time by a more extended field of view
and a larger e↵ective area than the Chandra ACIS-I observation.

Non X-ray Background components can be divided into two
components. Quiescent Particle Background (QPB) (Kuntz &
Snowden 2000) is due to physical particles interacting with the
detectors even when the cameras are in closed mode. These par-
ticles produce X-ray emission, i.e. a continuum plus fluorescent
lines. These elemental fluorescent lines are modeled as Gaus-
sians and cause di↵erent responses form XMM-Newton MOS
and PN cameras. Soft Proton Background (SP) is modeled as
a broken power-law in case of a soft flare excess after the pre-
liminary data cleaning. However, none of the observations re-
quired an additional power-law component for the soft excess.
QPB background is treated with analytical approaches explained
in Sect. 2.2.1 and Sect. 2.2.2.

2.2.1. Analytic particle background model for XMM-Newton

EPIC

Analytic particle background model for XMM-Newton is de-
duced from the Filter Wheel Closed (FWC) observation which
is the sum of a set of fluorescence emission lines and a contin-
uum emission which has a flat response across the detectors. The
QPB model we used is well described by Bourdin et al. (2013).
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18850 14 40 41.9 +0.3 28 04.4 39.6

Fig. 1: Photon images of XMM-Newton (left) and Chandra (right) in the soft X-ray (0.3-2.5 keV) band. Although we were able to
use mosaic of three Chandra observations for background estimations, here (right) we show an enlarged image of Chandra data in
order to emphasize the BCG emission.

els positions. These components are extracted from the calibra-
tion data bases used to pre-process the event lists, namely the
CCF and the CALDB 4.3.3 for XMM-Newton and Chandra, re-
spectively. Point sources are identified from a wavelet analysis
and masked for any analysis of extended emissions, including
ICM and unresolved sky background. An exception to this is the
BCG, since it is one of the main interests of this study.

Extended background components can be divided into two
main types: Astrophysical X-ray Background and Non X-ray
Background. Astrophysical X-ray Background components are:
Galactic Thermal Emission (GTE) which is the thermal X-ray
emission coming from the halo of the Milky Way modeled
with two absorbed thermal components kT1=0.099 keV and
kT2=0.248 keV (Kuntz & Snowden 2000); Local Hot Bubble
(LHB), an unabsorbed thermal component kT=0.1 keV (Kuntz
& Snowden 2000) which is thought to be due to the shock region
between our local interstellar medium and solar wind; Cosmic
X-ray Background (CXB) is due to the contribution of mostly
unresolved AGNs as well as hot stars and galaxies and modeled
by an absorbed power-law with photon spectral index � =1.42
(Lumb et al. 2002).

For the modeling of the Astrophysical X-ray Background,
the background and cluster emissions are jointly fitted. The se-
lected external region for XMM-Newton is an annulus of 12.50
< r < 14.50, whereas for Chandra observations, we were able
to use an annular region of 100 < r < 120 thanks to the o↵-set

observations. We estimated and normalized the sky background
components using the XMM-Newton EPIC observation, that is
characterized at the same time by a more extended field of view
and a larger e↵ective area than the Chandra ACIS-I observation.

Non X-ray Background components can be divided into two
components. Quiescent Particle Background (QPB) (Kuntz &
Snowden 2000) is due to physical particles interacting with the
detectors even when the cameras are in closed mode. These par-
ticles produce X-ray emission, i.e. a continuum plus fluorescent
lines. These elemental fluorescent lines are modeled as Gaus-
sians and cause di↵erent responses form XMM-Newton MOS
and PN cameras. Soft Proton Background (SP) is modeled as
a broken power-law in case of a soft flare excess after the pre-
liminary data cleaning. However, none of the observations re-
quired an additional power-law component for the soft excess.
QPB background is treated with analytical approaches explained
in Sect. 2.2.1 and Sect. 2.2.2.

2.2.1. Analytic particle background model for XMM-Newton

EPIC

Analytic particle background model for XMM-Newton is de-
duced from the Filter Wheel Closed (FWC) observation which
is the sum of a set of fluorescence emission lines and a contin-
uum emission which has a flat response across the detectors. The
QPB model we used is well described by Bourdin et al. (2013).
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Fig. 4: Upper panel: XMM-Newton temperature map (left) and surface brightness map (right). Lower panel: For highest angular
resolution Chandra temperature map (left) and SBx map (right). Temperature maps are presented within 3� errors. Surface bright-
ness maps obtained in soft energy band 0.3-2.5 keV within 4� errors. Chandra maps are enlarged to emphasize the central region
of the cluster.

double �-model includes an ↵ parameter as a fine adjustment to
represent the power-law characteristics of the gas density in the
centers of clusters, which may deviate from a flat core.

h
nenp
i

(r) = n2
0

(r/rc)�↵

(1 + r2/r2
c )3��↵/2

1
(1 + r�/r�s )"/�

+
n2

02

(1 + r2/r2
c2)3�2

.

(1)
By using the proton (np) and electron (ne) densities obtained

from the fit and integrating the ICM density along the line of
sight in the energy band between 0.5 - 2.5 keV, we obtained the
projected surface brightness profiles ⌃x(r). The surface bright-
ness profiles of XMM-Newton and Chandra are given in Fig. 5
and Fig. 6 respectively.

For modeling three dimensional temperature profiles, we
used a broken power-law with five parameters as given in Eqn. 2,
followed by the integration along the line of sight to deduce the
projected "spectroscopic-like" temperature profiles as described
by Mazzotta et al. (2004). Projected temperature profiles plotted
over the corresponding three dimensional temperature profiles
are shown in Fig. 7. These methods are described in detail by
Bourdin & Mazzotta (2008).

T3D(r) = T0
(r/rt)�a

(1 + (r/rt)b)c/b . (2)

As shown by the dotted line of Fig. 5, the ICM surface bright-
ness is ideally fit by the projection of an analytical electron den-
sity profile given by Eqn. 1 from a few kpc to about ⇡ 400
kpc. This profile is plotted together with a radial profile of the
XMM-Newton aim point Point Spread Function (PSF). The sur-
face brightness profile is clearly shallower than the PSF profile,
which demonstrates that XMM-Newton allows us to spatially re-
solve an extended X-ray emission around the BCG.

The higher Chandra angular resolution allows us to better
resolve the X-ray surface brightness observed in the neighbor-
hood of the hot ISM of the BCG. As shown in Fig. 6, the Chan-
dra surface brightness profile can be divided in two components
that stand for the ICM and hot ISM emissions. In the radii range
from 10 kpc to 100 kpc, where the ICM emission dominates, the
Chandra surface brightness profile is accurately fit by the projec-
tion of an electron density profile that follows a single �-model
corrected by a power-law. The parametric form of such a den-
sity profile is given by the first fraction in the right-hand side of
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Fig. 6: XMM-Newton surface brightness fitting with double �-
model in the 0.5 - 2.5 keV energy band in the circular region with
r = 12.50. Background (black); XMM-Newton Point spread func-
tion modeling (yellow); surface brightness of the cluster (blue);
double �-model fit of the projected functions of temperature and
brightness (dotted black curve).

Fig. 7: Chandra surface brightness fit of double �-model in the
0.5 - 2.5 keV energy band in the circular region with r = 40.
Projected surface brightness (dotted black line); double �-model
(red); �-model corresponding to the ICM (green); �-model cor-
responding to the ISM (yellow); double �-model with ↵ parame-
ter is set to zero (light blue); �-model of the ICM with ↵ param-
eter is set to zero (dark blue).

the ICM emissions begin to "mix" beyond this radius. The
region enclosed by these two curves and the red curve (dou-
ble �-model), points to the existence of an interface region.
In order to demonstrate the presence of a power-law emis-
sion in the cluster center, we set only the ↵ parameter to zero
and obtained the light blue curve in Fig. 7. This curve shows
that ↵ is almost exclusively a feature of the ICM emission.
Keeping ↵ parameter at zero and furthermore, setting n02 to
zero, the resulting dark blue curve shows that the power-law

Fig. 8: Projected radial ICM temperature values plotted over
the three deprojected temperature profiles corresponding to r =
12.50 for XMM-Newton (top) and r = 40 for Chandra (bottom) as
described in Sect. 3.2. Confidence envelopes for XMM-Newton
(red) and Chandra (blue) were propagated from Monte Carlo
realizations of the fitted analytical functions.

is needed to fit a surface brightness excess of about a factor two
at r ⇡ 10 kpc with respect to the projection of a single �-model
that would appear as flat inside its characteristic radius. Interior
to r ⇡ 4 kpc, where emission originating form the hot ISM dom-
inates, a secondary �-model must be added to the ICM compo-
nent. Interestingly, this parametric model suggests that both ICM
and hot ISM contribute to the observed surface brightness in the
radii range 4 - 8 kpc, which let us infer the existence of a smooth
interface region separating the two media.

The projected temperature profile of XMM-Newton as shown
in Fig. 8 reveals an isothermal region within r 6 5 kpc with a
temperature kT ' 1 keV. However in the range of 5 kpc 6 r 6
10 kpc, the temperature values show significant uncertainties,
likely due to the interface of ISM and ICM. Inside this region,
the deprojected temperature profile points to a sharp increase in
temperature values, followed by a gradual increase up to r ' 80
kpc, then steadily decreases to kT ' 2 keV around r ' 400 kpc.

The Chandra projected temperature values show a gradient
inside r 6 3 kpc. However, the deprojection curve shows the gas
is isothermal up to r ' 4 kpc therefore the gradient is not physi-
cal but due to the projection. With its superior angular resolution,
Chandra reveals that the isothermal region is enclosed only in-
side r 6 4 kpc.

As we have used XMM-Newton data for projected surface
brightness and temperature profile analysis for ICM, we turned
our focus on Chandra profiles to investigate the ISM interface
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region enclosed by these two curves and the red curve (dou-
ble �-model), points to the existence of an interface region.
In order to demonstrate the presence of a power-law emis-
sion in the cluster center, we set only the ↵ parameter to zero
and obtained the light blue curve in Fig. 7. This curve shows
that ↵ is almost exclusively a feature of the ICM emission.
Keeping ↵ parameter at zero and furthermore, setting n02 to
zero, the resulting dark blue curve shows that the power-law

Fig. 8: Projected radial ICM temperature values plotted over
the three deprojected temperature profiles corresponding to r =
12.50 for XMM-Newton (top) and r = 40 for Chandra (bottom) as
described in Sect. 3.2. Confidence envelopes for XMM-Newton
(red) and Chandra (blue) were propagated from Monte Carlo
realizations of the fitted analytical functions.

is needed to fit a surface brightness excess of about a factor two
at r ⇡ 10 kpc with respect to the projection of a single �-model
that would appear as flat inside its characteristic radius. Interior
to r ⇡ 4 kpc, where emission originating form the hot ISM dom-
inates, a secondary �-model must be added to the ICM compo-
nent. Interestingly, this parametric model suggests that both ICM
and hot ISM contribute to the observed surface brightness in the
radii range 4 - 8 kpc, which let us infer the existence of a smooth
interface region separating the two media.

The projected temperature profile of XMM-Newton as shown
in Fig. 8 reveals an isothermal region within r 6 5 kpc with a
temperature kT ' 1 keV. However in the range of 5 kpc 6 r 6
10 kpc, the temperature values show significant uncertainties,
likely due to the interface of ISM and ICM. Inside this region,
the deprojected temperature profile points to a sharp increase in
temperature values, followed by a gradual increase up to r ' 80
kpc, then steadily decreases to kT ' 2 keV around r ' 400 kpc.

The Chandra projected temperature values show a gradient
inside r 6 3 kpc. However, the deprojection curve shows the gas
is isothermal up to r ' 4 kpc therefore the gradient is not physi-
cal but due to the projection. With its superior angular resolution,
Chandra reveals that the isothermal region is enclosed only in-
side r 6 4 kpc.

As we have used XMM-Newton data for projected surface
brightness and temperature profile analysis for ICM, we turned
our focus on Chandra profiles to investigate the ISM interface
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region enclosed by these two curves and the red curve (dou-
ble �-model), points to the existence of an interface region.
In order to demonstrate the presence of a power-law emis-
sion in the cluster center, we set only the ↵ parameter to zero
and obtained the light blue curve in Fig. 7. This curve shows
that ↵ is almost exclusively a feature of the ICM emission.
Keeping ↵ parameter at zero and furthermore, setting n02 to
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(red) and Chandra (blue) were propagated from Monte Carlo
realizations of the fitted analytical functions.
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at r ⇡ 10 kpc with respect to the projection of a single �-model
that would appear as flat inside its characteristic radius. Interior
to r ⇡ 4 kpc, where emission originating form the hot ISM dom-
inates, a secondary �-model must be added to the ICM compo-
nent. Interestingly, this parametric model suggests that both ICM
and hot ISM contribute to the observed surface brightness in the
radii range 4 - 8 kpc, which let us infer the existence of a smooth
interface region separating the two media.

The projected temperature profile of XMM-Newton as shown
in Fig. 8 reveals an isothermal region within r 6 5 kpc with a
temperature kT ' 1 keV. However in the range of 5 kpc 6 r 6
10 kpc, the temperature values show significant uncertainties,
likely due to the interface of ISM and ICM. Inside this region,
the deprojected temperature profile points to a sharp increase in
temperature values, followed by a gradual increase up to r ' 80
kpc, then steadily decreases to kT ' 2 keV around r ' 400 kpc.

The Chandra projected temperature values show a gradient
inside r 6 3 kpc. However, the deprojection curve shows the gas
is isothermal up to r ' 4 kpc therefore the gradient is not physi-
cal but due to the projection. With its superior angular resolution,
Chandra reveals that the isothermal region is enclosed only in-
side r 6 4 kpc.

As we have used XMM-Newton data for projected surface
brightness and temperature profile analysis for ICM, we turned
our focus on Chandra profiles to investigate the ISM interface
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that would appear as flat inside its characteristic radius. Interior
to r ⇡ 4 kpc, where emission originating form the hot ISM dom-
inates, a secondary �-model must be added to the ICM compo-
nent. Interestingly, this parametric model suggests that both ICM
and hot ISM contribute to the observed surface brightness in the
radii range 4 - 8 kpc, which let us infer the existence of a smooth
interface region separating the two media.

The projected temperature profile of XMM-Newton as shown
in Fig. 8 reveals an isothermal region within r 6 5 kpc with a
temperature kT ' 1 keV. However in the range of 5 kpc 6 r 6
10 kpc, the temperature values show significant uncertainties,
likely due to the interface of ISM and ICM. Inside this region,
the deprojected temperature profile points to a sharp increase in
temperature values, followed by a gradual increase up to r ' 80
kpc, then steadily decreases to kT ' 2 keV around r ' 400 kpc.

The Chandra projected temperature values show a gradient
inside r 6 3 kpc. However, the deprojection curve shows the gas
is isothermal up to r ' 4 kpc therefore the gradient is not physi-
cal but due to the projection. With its superior angular resolution,
Chandra reveals that the isothermal region is enclosed only in-
side r 6 4 kpc.

As we have used XMM-Newton data for projected surface
brightness and temperature profile analysis for ICM, we turned
our focus on Chandra profiles to investigate the ISM interface
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double �-model fit of the projected functions of temperature and
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Fig. 7: Chandra surface brightness fit of double �-model in the
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Projected surface brightness (dotted black line); double �-model
(red); �-model corresponding to the ICM (green); �-model cor-
responding to the ISM (yellow); double �-model with ↵ parame-
ter is set to zero (light blue); �-model of the ICM with ↵ param-
eter is set to zero (dark blue).

the ICM emissions begin to "mix" beyond this radius. The
region enclosed by these two curves and the red curve (dou-
ble �-model), points to the existence of an interface region.
In order to demonstrate the presence of a power-law emis-
sion in the cluster center, we set only the ↵ parameter to zero
and obtained the light blue curve in Fig. 7. This curve shows
that ↵ is almost exclusively a feature of the ICM emission.
Keeping ↵ parameter at zero and furthermore, setting n02 to
zero, the resulting dark blue curve shows that the power-law

Fig. 8: Projected radial ICM temperature values plotted over
the three deprojected temperature profiles corresponding to r =
12.50 for XMM-Newton (top) and r = 40 for Chandra (bottom) as
described in Sect. 3.2. Confidence envelopes for XMM-Newton
(red) and Chandra (blue) were propagated from Monte Carlo
realizations of the fitted analytical functions.
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that would appear as flat inside its characteristic radius. Interior
to r ⇡ 4 kpc, where emission originating form the hot ISM dom-
inates, a secondary �-model must be added to the ICM compo-
nent. Interestingly, this parametric model suggests that both ICM
and hot ISM contribute to the observed surface brightness in the
radii range 4 - 8 kpc, which let us infer the existence of a smooth
interface region separating the two media.

The projected temperature profile of XMM-Newton as shown
in Fig. 8 reveals an isothermal region within r 6 5 kpc with a
temperature kT ' 1 keV. However in the range of 5 kpc 6 r 6
10 kpc, the temperature values show significant uncertainties,
likely due to the interface of ISM and ICM. Inside this region,
the deprojected temperature profile points to a sharp increase in
temperature values, followed by a gradual increase up to r ' 80
kpc, then steadily decreases to kT ' 2 keV around r ' 400 kpc.

The Chandra projected temperature values show a gradient
inside r 6 3 kpc. However, the deprojection curve shows the gas
is isothermal up to r ' 4 kpc therefore the gradient is not physi-
cal but due to the projection. With its superior angular resolution,
Chandra reveals that the isothermal region is enclosed only in-
side r 6 4 kpc.

As we have used XMM-Newton data for projected surface
brightness and temperature profile analysis for ICM, we turned
our focus on Chandra profiles to investigate the ISM interface
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the saturated evaporation by the ICM) and find no correlation.
This implies that the ICM heat flux is not the reason for the over-
heating of the coronal gas relative to stars. We notice that small
!spec has also been found for coronae in the field or poor environ-
ments with the Chandra data (e.g., 0.3Y1 by David et al. 2006).

One may notice that the bottom left of Figure 8 is not popu-
lated with any coronae and almost all coronae are hotter than
0.4 keV. Is this real or due to the observational bias? For low-
temperature plasma (<0.35 keV), the iron L-shell hump becomes
not significant any more. Therefore, these coronae cannot be well
identified by criterion 1. However, they should still be identified
by criteria 2 and 3. The soft X-ray sources identified by criterion 3
are also generally hotter than 0.4 keV. Galaxy coronae with a
temperature of <0.4 keV are indeed reported in poor environ-
ments (e.g., !0.25 keV gas in NGC 4697, Sarazin et al. 2001;
!0.3 keV gas in Centaurus A, Kraft et al. 2003), but the X-ray

gas luminosities of these galaxies are all low. Recently, David et al.
(2006) studied 18 low-luminosity early-type galaxies in poor en-
vironments. Seven coronae they examined just fill the bottom left
of Figure 8 with temperatures of 0.2Y0.4 keV. However, these co-
ronae are too faint (!1039 ergs s"1) to be detectedwith our data and
their low gas density (central electron density of 0.003Y0.02 cm"3)
makes them hard to survive in dense environments. Thus, we
conclude that, above our detection limit (LX ! 1040 ergs s"1),
embedded coronae are almost all hotter than 0.4 keV.
For seven luminous coronae within 50 of the optical axis, the

superior spatial resolution of Chandra allows us to derive tem-
perature values in 2Y4 radial bins. We summarize the results in
Figure 9, which includes the published profiles of NGC 3842,
NGC 3837, NGC 4874, and NGC 1265 (V01; S05; SJJ05). The
temperature profiles of two larger X-ray sources (IC 1633 and
NGC 7720) are discussed separately in the Appendix (Figs. 21
and 23). There is clearly a large temperature gradient across the
coronal boundary. Inside the coronae, temperature profiles can
have a positive gradient (NGC 3842, NGC 4874, NGC 1265,
ESO 137-006, NGC 3309, andNGC 1265) or be flat (NGC 6109
and NGC 3837). Within the very center (P0.6 kpc), the gas
temperature is 0.5Y0.8 keV.

4.6. Abundance of the Coronae

Although the temperature and luminosity of coronae can be
robustly determined, the abundance is generally poorly constrained
as the data statistics are not very good. For the two largest and
brightest coronae in this sample, NGC 7720 and IC 1633, their
abundances are fairly well determined, 1:08þ0:62

"0:18 solar (from
MEKAL) and 1:37þ0:51

"0:29 solar (iron abundance from VMEKAL).
As constraints for other coronae are poor, we selected 20 coronae
with temperatures determined better than 13% (NGC 1265, NGC
1270, NGC 1277, CGCG 540-101, NGC 3309, NGC 3311, NGC
3842, NGC 3837, NGC 4874, NGC 4889, NGC 6107, NGC 6109,
PGC 020767, ESO 137-006, NGC 4706, IC 5342, NGC 5718,
ESO 444-046, PGC 047197, and PGC 073007) to perform a
joint fit. The MEKAL model was adopted and only the abun-
dance was linked in the joint fit. The deep observations of
Centaurus and Perseus Clusters allow us to include three faint
coronae (NGC 1277, CGCG 540-101, and NGC 4706, all with
LX < 1040 ergs s"1) in the joint fit. The derived abundance from

Fig. 7.—Temperatures of coronae vs. LKs
of the host galaxy. Temperature

values from stacked spectra are not included. The coronal temperatures of<1011.8

LK$ galaxies are generally 0.4Y1.1 keV and are not correlated with LKs
, but

coronae of very massive galaxies (>1011.8 LK$, all cDs) are systematically hotter
(1.0Y1.8 keV). Open data points have the same meaning as in Fig. 3.

Fig. 8.—Temperatures of coronae vs. the central velocity dispersion of the
stars. Temperature values from stacked spectra with a significant iron L-shell
hump are also included (stars with dotted lines), as stacked galaxies have similar
stellar velocity dispersion. The corresponding !spec is between 0.2 and 1.1, which
implies that the coronal gas is almost always hotter than stars of the host galaxy.
The corona with the smallest !spec is marked (NGC 6107). Open data points have
the same meaning as in Fig. 3.

Fig. 9.—Temperature profiles of seven luminous galaxy coronae and the
surrounding hot ICM. The temperature profiles of two bigger ones, IC 1633 and
NGC 7720, are shown in Figs. 22 and 24. [See the electronic edition of the
Journal for a color version of this figure.]
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Fig. 10: XMM-Newton spectral fitting of the 10 kpc centered on
the NGC 5718 with Model 1 (top), Model 2 (middle)and Model
3 (bottom). For plotting purposes only, adjacent bins are grouped
until they have a significant detection at least as large as 4�,
with maximum 10 bins. Upper curve corresponds to the simul-
taneous fit of the XMM-Newton EPIC source and background
counts, where the lower curve presents the background model.

747.79/181. The simultaneous fit of MOS1, MOS2 and PN spec-
tra is shown in the top panel of Fig. 10.

Following the spectral fit with a single temperature model,
we added a powerlaw model since the spectra presented in the
upper panel ofFig. 10 shows the requirement for another com-
ponent especially beyond 3 keV. The second model, Model 2;
phabs ⇥ (apec + powerlaw), significantly improved the statis-

Table 2: Spectral parameters and 1� uncertainty ranges of XMM-
Newton EPIC spectra for the circular region with r = 10 kpc cen-
tered on the position of NGC 5718. apec normalization (norm)
is given in 10�14

4⇡[DA(1+z)]2

R
nenHdV where powerlaw normalization

() is photons keV�1cm�2s�1 at 1 keV.

Model 1: phabs ⇥ apec
kT (keV) 1.32 ±0.02
Z (Z�) 1 (fixed)
norm (10�5) 7.67+0.45

�0.31
C / ⌫ 747.79/189

Model 2: phabs ⇥ (apec + powerlaw)
kT (keV) 0.98 ±0.03
Z (Z�) 1 (fixed)
norm (10�5) 2.38+0.18

�0.14
� 1.81 +0.05

�0.09
 (10�5) 2.28+0.12

�0.17
C / ⌫ 239.80/187
Model 3: phabs ⇥ (apec + apec + powerlaw)
kT (keV) 0.84+0.08

�0.05
Z (Z�) 1 (fixed)
norm (10�5) 1.64+0.12

�0.13
� 1.62+0.29

�0.26
 (10�5) 0.88+0.43

�0.34
kT2 (keV) 2.37+0.79

�0.37
Z2 (Z�) 1 (fixed)
norm (10�5) 5.39+1.19

�1.43
C / ⌫ 204.59/185

tics with �C/�⌫ ' 507.99/2 which can also be seen from the
middle panel of Fig. 10. Model 2 suggests a kT ' 0.98 keV
plasma in addition to a power law emission with photon index �
' 1.81, the latter being consistent with an AGN emission.

To further improve the fitting of the XMM-Newton spectrum
model since the region selected may enclose a part of the hot
ISM and ICM interface region. However, the abundance of the
second apecmodel was freed to vary since this component is
expected to originate from ICM whereas the first apecmodel
corresponds to the hot ISM (BCG coronae) given its tem-
perature value (Sun et al. 2007). This additional model further
improved the fit, indicating the presence of two thermal plasma
components with temperatures kT ' 0.84 keV and kT ' 2.37
keV along with a power-law component with photon index � '
1.62 improving the statistics by �C/�⌫ ' 35.21/2 . This can be
observed from residuals in the energy range between 0.5 - 2 keV
in the data/model ratios of the bottom panel of Fig. 10. This
third model; phabs ⇥ (apec + apec + powerlaw), will be re-
ferred to as Model 3. The spectrum of Model 3 is shown in the
bottom panel of Fig. 10.

The best-fit results of these three models are summarized in
Table 2.

4.2. Chandra ACIS-I spectral fitting

For our spectral analysis of Chandra observations, we extracted
a circular region with r = 3 kpc (⇡500) centered at NGC 5718
with 515 net photon counts which corresponds to the 98.3%
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Fig. 10: XMM-Newton spectral fitting of the 10 kpc centered on
the NGC 5718 with Model 1 (top), Model 2 (middle)and Model
3 (bottom). For plotting purposes only, adjacent bins are grouped
until they have a significant detection at least as large as 4�,
with maximum 10 bins. Upper curve corresponds to the simul-
taneous fit of the XMM-Newton EPIC source and background
counts, where the lower curve presents the background model.

747.79/181. The simultaneous fit of MOS1, MOS2 and PN spec-
tra is shown in the top panel of Fig. 10.

Following the spectral fit with a single temperature model,
we added a powerlaw model since the spectra presented in the
upper panel ofFig. 10 shows the requirement for another com-
ponent especially beyond 3 keV. The second model, Model 2;
phabs ⇥ (apec + powerlaw), significantly improved the statis-

Table 2: Spectral parameters and 1� uncertainty ranges of XMM-
Newton EPIC spectra for the circular region with r = 10 kpc cen-
tered on the position of NGC 5718. apec normalization (norm)
is given in 10�14

4⇡[DA(1+z)]2

R
nenHdV where powerlaw normalization

() is photons keV�1cm�2s�1 at 1 keV.

Model 1: phabs ⇥ apec
kT (keV) 1.32 ±0.02
Z (Z�) 1 (fixed)
norm (10�5) 7.67+0.45

�0.31
C / ⌫ 747.79/189

Model 2: phabs ⇥ (apec + powerlaw)
kT (keV) 0.98 ±0.03
Z (Z�) 1 (fixed)
norm (10�5) 2.38+0.18

�0.14
� 1.81 +0.05

�0.09
 (10�5) 2.28+0.12

�0.17
C / ⌫ 239.80/187
Model 3: phabs ⇥ (apec + apec + powerlaw)
kT (keV) 0.84+0.08

�0.05
Z (Z�) 1 (fixed)
norm (10�5) 1.64+0.12

�0.13
� 1.62+0.29

�0.26
 (10�5) 0.88+0.43

�0.34
kT2 (keV) 2.37+0.79

�0.37
Z2 (Z�) 1 (fixed)
norm (10�5) 5.39+1.19

�1.43
C / ⌫ 204.59/185

tics with �C/�⌫ ' 507.99/2 which can also be seen from the
middle panel of Fig. 10. Model 2 suggests a kT ' 0.98 keV
plasma in addition to a power law emission with photon index �
' 1.81, the latter being consistent with an AGN emission.

To further improve the fitting of the XMM-Newton spectrum
model since the region selected may enclose a part of the hot
ISM and ICM interface region. However, the abundance of the
second apecmodel was freed to vary since this component is
expected to originate from ICM whereas the first apecmodel
corresponds to the hot ISM (BCG coronae) given its tem-
perature value (Sun et al. 2007). This additional model further
improved the fit, indicating the presence of two thermal plasma
components with temperatures kT ' 0.84 keV and kT ' 2.37
keV along with a power-law component with photon index � '
1.62 improving the statistics by �C/�⌫ ' 35.21/2 . This can be
observed from residuals in the energy range between 0.5 - 2 keV
in the data/model ratios of the bottom panel of Fig. 10. This
third model; phabs ⇥ (apec + apec + powerlaw), will be re-
ferred to as Model 3. The spectrum of Model 3 is shown in the
bottom panel of Fig. 10.

The best-fit results of these three models are summarized in
Table 2.

4.2. Chandra ACIS-I spectral fitting

For our spectral analysis of Chandra observations, we extracted
a circular region with r = 3 kpc (⇡500) centered at NGC 5718
with 515 net photon counts which corresponds to the 98.3%
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Fig. 10: XMM-Newton spectral fitting of the 10 kpc centered on
the NGC 5718 with Model 1 (top), Model 2 (middle)and Model
3 (bottom). For plotting purposes only, adjacent bins are grouped
until they have a significant detection at least as large as 4�,
with maximum 10 bins. Upper curve corresponds to the simul-
taneous fit of the XMM-Newton EPIC source and background
counts, where the lower curve presents the background model.

747.79/181. The simultaneous fit of MOS1, MOS2 and PN spec-
tra is shown in the top panel of Fig. 10.

Following the spectral fit with a single temperature model,
we added a powerlaw model since the spectra presented in the
upper panel ofFig. 10 shows the requirement for another com-
ponent especially beyond 3 keV. The second model, Model 2;
phabs ⇥ (apec + powerlaw), significantly improved the statis-

Table 2: Spectral parameters and 1� uncertainty ranges of XMM-
Newton EPIC spectra for the circular region with r = 10 kpc cen-
tered on the position of NGC 5718. apec normalization (norm)
is given in 10�14

4⇡[DA(1+z)]2

R
nenHdV where powerlaw normalization

() is photons keV�1cm�2s�1 at 1 keV.

Model 1: phabs ⇥ apec
kT (keV) 1.32 ±0.02
Z (Z�) 1 (fixed)
norm (10�5) 7.67+0.45

�0.31
C / ⌫ 747.79/189

Model 2: phabs ⇥ (apec + powerlaw)
kT (keV) 0.98 ±0.03
Z (Z�) 1 (fixed)
norm (10�5) 2.38+0.18

�0.14
� 1.81 +0.05

�0.09
 (10�5) 2.28+0.12

�0.17
C / ⌫ 239.80/187
Model 3: phabs ⇥ (apec + apec + powerlaw)
kT (keV) 0.84+0.08

�0.05
Z (Z�) 1 (fixed)
norm (10�5) 1.64+0.12

�0.13
� 1.62+0.29

�0.26
 (10�5) 0.88+0.43

�0.34
kT2 (keV) 2.37+0.79

�0.37
Z2 (Z�) 1 (fixed)
norm (10�5) 5.39+1.19

�1.43
C / ⌫ 204.59/185

tics with �C/�⌫ ' 507.99/2 which can also be seen from the
middle panel of Fig. 10. Model 2 suggests a kT ' 0.98 keV
plasma in addition to a power law emission with photon index �
' 1.81, the latter being consistent with an AGN emission.

To further improve the fitting of the XMM-Newton spectrum
model since the region selected may enclose a part of the hot
ISM and ICM interface region. However, the abundance of the
second apecmodel was freed to vary since this component is
expected to originate from ICM whereas the first apecmodel
corresponds to the hot ISM (BCG coronae) given its tem-
perature value (Sun et al. 2007). This additional model further
improved the fit, indicating the presence of two thermal plasma
components with temperatures kT ' 0.84 keV and kT ' 2.37
keV along with a power-law component with photon index � '
1.62 improving the statistics by �C/�⌫ ' 35.21/2 . This can be
observed from residuals in the energy range between 0.5 - 2 keV
in the data/model ratios of the bottom panel of Fig. 10. This
third model; phabs ⇥ (apec + apec + powerlaw), will be re-
ferred to as Model 3. The spectrum of Model 3 is shown in the
bottom panel of Fig. 10.

The best-fit results of these three models are summarized in
Table 2.

4.2. Chandra ACIS-I spectral fitting

For our spectral analysis of Chandra observations, we extracted
a circular region with r = 3 kpc (⇡500) centered at NGC 5718
with 515 net photon counts which corresponds to the 98.3%
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Fig. 10: XMM-Newton spectral fitting of the 10 kpc centered on
the NGC 5718 with Model 1 (top), Model 2 (middle)and Model
3 (bottom). For plotting purposes only, adjacent bins are grouped
until they have a significant detection at least as large as 4�,
with maximum 10 bins. Upper curve corresponds to the simul-
taneous fit of the XMM-Newton EPIC source and background
counts, where the lower curve presents the background model.

747.79/181. The simultaneous fit of MOS1, MOS2 and PN spec-
tra is shown in the top panel of Fig. 10.

Following the spectral fit with a single temperature model,
we added a powerlaw model since the spectra presented in the
upper panel ofFig. 10 shows the requirement for another com-
ponent especially beyond 3 keV. The second model, Model 2;
phabs ⇥ (apec + powerlaw), significantly improved the statis-

Table 2: Spectral parameters and 1� uncertainty ranges of XMM-
Newton EPIC spectra for the circular region with r = 10 kpc cen-
tered on the position of NGC 5718. apec normalization (norm)
is given in 10�14

4⇡[DA(1+z)]2

R
nenHdV where powerlaw normalization

() is photons keV�1cm�2s�1 at 1 keV.

Model 1: phabs ⇥ apec
kT (keV) 1.32 ±0.02
Z (Z�) 1 (fixed)
norm (10�5) 7.67+0.45

�0.31
C / ⌫ 747.79/189

Model 2: phabs ⇥ (apec + powerlaw)
kT (keV) 0.98 ±0.03
Z (Z�) 1 (fixed)
norm (10�5) 2.38+0.18

�0.14
� 1.81 +0.05

�0.09
 (10�5) 2.28+0.12

�0.17
C / ⌫ 239.80/187
Model 3: phabs ⇥ (apec + apec + powerlaw)
kT (keV) 0.84+0.08

�0.05
Z (Z�) 1 (fixed)
norm (10�5) 1.64+0.12

�0.13
� 1.62+0.29

�0.26
 (10�5) 0.88+0.43

�0.34
kT2 (keV) 2.37+0.79

�0.37
Z2 (Z�) 1 (fixed)
norm (10�5) 5.39+1.19

�1.43
C / ⌫ 204.59/185

tics with �C/�⌫ ' 507.99/2 which can also be seen from the
middle panel of Fig. 10. Model 2 suggests a kT ' 0.98 keV
plasma in addition to a power law emission with photon index �
' 1.81, the latter being consistent with an AGN emission.

To further improve the fitting of the XMM-Newton spectrum
model since the region selected may enclose a part of the hot
ISM and ICM interface region. However, the abundance of the
second apecmodel was freed to vary since this component is
expected to originate from ICM whereas the first apecmodel
corresponds to the hot ISM (BCG coronae) given its tem-
perature value (Sun et al. 2007). This additional model further
improved the fit, indicating the presence of two thermal plasma
components with temperatures kT ' 0.84 keV and kT ' 2.37
keV along with a power-law component with photon index � '
1.62 improving the statistics by �C/�⌫ ' 35.21/2 . This can be
observed from residuals in the energy range between 0.5 - 2 keV
in the data/model ratios of the bottom panel of Fig. 10. This
third model; phabs ⇥ (apec + apec + powerlaw), will be re-
ferred to as Model 3. The spectrum of Model 3 is shown in the
bottom panel of Fig. 10.

The best-fit results of these three models are summarized in
Table 2.

4.2. Chandra ACIS-I spectral fitting

For our spectral analysis of Chandra observations, we extracted
a circular region with r = 3 kpc (⇡500) centered at NGC 5718
with 515 net photon counts which corresponds to the 98.3%
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Table 2: Spectral parameters and 1� uncertainty ranges of XMM-
Newton EPIC spectra for the circular region with r = 10 kpc cen-
tered on the position of NGC 5718. apec normalization (norm)
is given in 10�14

4⇡[DA(1+z)]2

R
nenHdV where powerlaw normalization

() is photons keV�1cm�2s�1 at 1 keV.

Model 1: phabs ⇥ apec
kT (keV) 1.32 ±0.02
Z (Z�) 1 (fixed)
norm (10�5) 7.67+0.45

�0.31
C / ⌫ 747.79/189

Model 2: phabs ⇥ (apec + powerlaw)
kT (keV) 0.98 ±0.03
Z (Z�) 1 (fixed)
norm (10�5) 2.38+0.18

�0.14
� 1.81 +0.05

�0.09
 (10�5) 2.28+0.12

�0.17
C / ⌫ 239.80/187
Model 3: phabs ⇥ (apec + apec + powerlaw)
kT (keV) 0.84+0.08

�0.05
Z (Z�) 1 (fixed)
norm (10�5) 1.64+0.12

�0.13
� 1.62+0.29

�0.26
 (10�5) 0.88+0.43

�0.34
kT2 (keV) 2.37+0.79

�0.37
Z2 (Z�) 1 (fixed)
norm (10�5) 5.39+1.19

�1.43
C / ⌫ 204.59/185

plasma in addition to a power law emission with photon index �
' 1.81, the latter being consistent with an AGN emission.

To further improve the fitting of the XMM-Newton spectrum
model since the region selected may enclose a part of the hot
ISM and ICM interface region. This additional model further
improved the fit, indicating the presence of two thermal plasma
components with temperatures kT ' 0.84 keV and kT ' 2.37
keV along with a power-law component with photon index � '
1.62 improving the statistics by �C/�⌫ ' 35.21/2. This can be
observed from residuals in the energy range between 0.5 - 2 keV
in the data/model ratios of the bottom panel of Fig. 10. This
third model; phabs ⇥ (apec + apec + powerlaw), will be re-
ferred to as Model 3. The spectrum of Model 3 is shown in the
bottom panel of Fig. 10.

The best-fit results of these three models are summarized in
Table 2. We have tested the stability of these models using the
spectra of a slightly smaller region with r = 8.5 kpc.

4.2. Chandra ACIS-I spectral fitting

For our spectral analysis of Chandra observations, we extracted
a circular region with r = 3 kpc (⇡500) centered at NGC 5718
with 515 net photon counts which corresponds to the 98.3%
of total photon counts. We used the same application of spectral
models as described in Sect. 4.1; Model 1, Model 2, Model 3.
When the abundance value was freed to vary, the value was
not constrained and we placed a lower limit of Z = 0.32 Z�.
The abundance parameters in all models were fixed to the
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Fig. 11: Chandra spectral fitting of the r = 3 kpc circular region
centered on the NGC 5718 with Model 1 (upper) and Model 2
(lower). For plotting purposes only, adjacent bins are combined
until they have a significant detection at least as large as 2�, with
maximum 5 bins. Upper curve corresponds to the simultaneous
fit of the Chandra ACIS-I source and background counts, where
the lower curve presents the background model.

solar abundance value, since at r = 3 kpc region we expect
the coronal gas to be of ISM origin (Sun et al. 2007).

As a first step in the spectral analysis, we implemented
Model 1, i.e. phabs ⇥ apec. This model yielded a temperature
of kT ' 1.21 keV, which is slightly lower than the temperature
value obtained from XMM-Newton using Model 1. The corre-
sponding spectrum is presented in the upper panel of Fig. 11.

The addition of a powerlaw model to apec, Model 2, en-
hanced our statistics by �C/�⌫ ' 72.1/2 which is apparent from
the ratio axis shown in the lower panel of Fig. 11. However,
the photon index value of � ' 2.5 is beyond the value found for
XMM-Newton. Since the power-law emission from an AGN is
more dominant in hard X-ray band, XMM-Newton is more sen-
sitive to this emission, hence we implemented a modified Model
2 for Chandra by fixing the value of the photon index to the
value obtained from XMM-Newton Model 2 (Table. 2). Using
this method, we found kT = 0.93 ± 0.04, yet C / ⌫ = 47.99/43
which is still an improvement of Model 1, but not of Chandra
Model 2.

The r ' 10 kpc region selected from XMM-Newton required
an additional temperature component which was shown by the
improvement of the statistics with an additional apec; namely
Model 3 (Table 2). Unlike the XMM-Newton spectral fitting, due

Article number, page 9 of 15

A&A proofs: manuscript no. JUNE10

Table 3: Spectral parameters and 1� uncertainty ranges of Chan-
dra ACIS-I spectrum for the circular region with r = 3 kpc ra-
dius centered on the position of NGC 5718. apec normalization
(norm) is given in 10�14

4⇡[DA(1+z)]2

R
nenHdV where powerlaw nor-

malization () is photons keV�1cm�2s�1 at 1 keV.

Model 1: phabs ⇥ apec
kT (keV) 1.21 +0.04

�0.06
Z (Z�) 1 (fixed)
norm (10�5) 3.25+0.12

�0.17
C / ⌫ 111.70/44
Model 2: phabs ⇥ (apec + powerlaw)
kT (keV) 0.91+0.08

�0.09
Z (Z�) 1 (fixed)
norm (10�5) 1.51+0.20

�0.21
� 2.49+0.26

�0.34
 (10�5) 1.13+0.25

�0.22
C / ⌫ 39.60/42

to the smaller region selected for the analysis, the second apec
model for Chandra failed to improve the statistics. In addition,
the uncertainty of the temperature values and the photon index
increased substantially with the implication of this model. At the
radius r = 3 kpc, we are well within the NGC 5718.

The best-fit results of Model 1 and Model 2 are summarized
in Table 3. We have tested the stability of these models using
the spectra of a slightly smaller region with r = 2.7 kpc.

4.3. Luminosity

In order to assess the contamination of the bremsstrahlung lu-
minosity of the ISM-ICM hot gas by the power-law emitting
source, we used Chandra observations and analyzed the spectra
of both components in concentric annuli of width � r ⇠ 1 kpc.
Firstly, we selected an innermost central circle with r ⇠ 1 kpc
and applied phabs ⇥ (clumin ⇥ apec + clumin ⇥ powerlaw)
where we set the normalizations of apec and powerlaw to a
non-zero value, then clumin normalizations were freed to vary.
Then we applied the same model to all successive annuli in order
to investigate up to which radius the power-law shows significant
contamination in the surface brightness. We calculated the ratio
of power-law luminosity with respect to the total luminosity. Our
analysis showed that for regions beyond r ' 3 kpc, the influence
of power-law was not significant.

Subsequently, we calculated the luminosity ratio by selecting
a new circular region with 0 6 r 6 3 kpc. Total luminosity in the
energy band 0.5 - 2.5 keV was found to be LX = 1.07+0.12

�0.13 ⇥ 1041

erg s�1, where the power-law component is LX = 3.04 +0.75
�0.79 ⇥

1040 erg s�1. We conclude that power-law accounts for ⇠30% of
the total luminosity in the central region up to r ' 3 kpc.

4.4. Cooling time profile

We performed an order of magnitude estimation of the cool-
ing time at r = 3 kpc centered on NGC 5718 with Chan-
dra following the procedure implemented by Tombesi et al.
(2017). The normalization of XSPEC model apec is defined
as;
h
10�14/4⇡ [DA(1 + z)]2

i R
nenHdV , where the integrant is the

emission measure (EM), ne and nH are electron and hydrogen

Fig. 12: Cooling time profile of MKW 08 obtained from Chan-
dra data. Selected region is a disk of r = 24000 (' 130 kpc) cen-
tered at the BCG.

densities in cm�3 and the angular diameter distance to NGC 5718
is DA' 3.55 ⇥1026 cm. By using the normalization of apec,
1.51+0.20

�0.21 ⇥ 10�5, found for Model 2 given in Table 3 , we es-
timated EM ' 2.38 +0.31

�0.33 ⇥ 1063 cm�3. With the assumption of
a fully ionized plasma (ne ' 1.2 nH) within a spherical volume
with r ' 3 kpc, we estimated nH ⇠ 0.02 cm�3.

Following the method described by Peterson & Fabian
(2006), we estimated the cooling time in the following steps.
The X-ray luminosity of the hot ISM gas within r = 3 kpc in the
0.3 - 10 keV energy band of the apec model was found to be
Lhot ' 1.07 ⇥ 1041 erg s�1 as described in Sect. 4.3. Changing
the energy band from 0.5 - 2.5 keV to 0.3 - 10 keV did not
significantly a↵ect the luminosity. The cooling time of this hot
gas of a galaxy can be estimated as tcool = U/ Lhot where U =
(5/2) NkT is the internal energy of the gas. Estimating the num-
ber of particles N from gas density and volume, we calculated U
' 2.12 ⇥ 1056 erg for kT ' 1 keV gas at T ' 107 K. Then, cooling
time at r = 3 kpc was found to be ⇠ 64 Myr. By applying this
set of calculations using the parameter values obtained from our
density and three dimensional temperature profiles, we obtained
the cooling time curve for Chandra corresponding to each radial
element up to r ' 130 kpc as shown in Fig. 12.

5. Spectroscopic properties of the ⇠40 kpc tail

Chandra surface brightness map reveals a 40 kpc tail as shown
in the lower right panel of Fig. 4. In order to understand the fea-
tures of this tail enclosed inside this region, we have selected
two sectors which are symmetric along the true NE - SW axis as
shown in Fig. 13. Both sectors cover a 45 degree angle with an
inner radius of 10 kpc and an outer radius of 40 kpc. Sector 1 en-
closes the tail region with 1570 net photon counts correspond-
ing to the 86.2% of total photon counts., whereas Sector 2 is
selected from a region which does not show contrasting emis-
sion features from the surrounding medium and contains 985
net photon counts corresponding to the 79.8% of total pho-
ton counts. We applied phabs ⇥ apec models to both regions
and compared the results. In order to compare the luminosities,
we selected 0.5 - 2.5 keV range and applied phabs ⇥ (clumin ⇥
apec) model, where apec normalization was fixed at a non zero
value. We selected the same regions and applied the afore-
mentioned methods to the XMM-Newton observation. Sec-
tor 1 enclosing the tail region has 547 (MOS1), 468 (MOS2),
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Table 3: Spectral parameters and 1� uncertainty ranges of Chan-
dra ACIS-I spectrum for the circular region with r = 3 kpc ra-
dius centered on the position of NGC 5718. apec normalization
(norm) is given in 10�14

4⇡[DA(1+z)]2

R
nenHdV where powerlaw nor-

malization () is photons keV�1cm�2s�1 at 1 keV.

Model 1: phabs ⇥ apec
kT (keV) 1.21 +0.04

�0.06
Z (Z�) 1 (fixed)
norm (10�5) 3.25+0.12

�0.17
C / ⌫ 111.70/44
Model 2: phabs ⇥ (apec + powerlaw)
kT (keV) 0.91+0.08

�0.09
Z (Z�) 1 (fixed)
norm (10�5) 1.51+0.20

�0.21
� 2.49+0.26

�0.34
 (10�5) 1.13+0.25

�0.22
C / ⌫ 39.60/42

to the smaller region selected for the analysis, the second apec
model for Chandra failed to improve the statistics. In addition,
the uncertainty of the temperature values and the photon index
increased substantially with the implication of this model. At the
radius r = 3 kpc, we are well within the NGC 5718.

The best-fit results of Model 1 and Model 2 are summarized
in Table 3. We have tested the stability of these models using
the spectra of a slightly smaller region with r = 2.7 kpc.

4.3. Luminosity

In order to assess the contamination of the bremsstrahlung lu-
minosity of the ISM-ICM hot gas by the power-law emitting
source, we used Chandra observations and analyzed the spectra
of both components in concentric annuli of width � r ⇠ 1 kpc.
Firstly, we selected an innermost central circle with r ⇠ 1 kpc
and applied phabs ⇥ (clumin ⇥ apec + clumin ⇥ powerlaw)
where we set the normalizations of apec and powerlaw to a
non-zero value, then clumin normalizations were freed to vary.
Then we applied the same model to all successive annuli in order
to investigate up to which radius the power-law shows significant
contamination in the surface brightness. We calculated the ratio
of power-law luminosity with respect to the total luminosity. Our
analysis showed that for regions beyond r ' 3 kpc, the influence
of power-law was not significant.

Subsequently, we calculated the luminosity ratio by selecting
a new circular region with 0 6 r 6 3 kpc. Total luminosity in the
energy band 0.5 - 2.5 keV was found to be LX = 1.07+0.12

�0.13 ⇥ 1041

erg s�1, where the power-law component is LX = 3.04 +0.75
�0.79 ⇥

1040 erg s�1. We conclude that power-law accounts for ⇠30% of
the total luminosity in the central region up to r ' 3 kpc.

4.4. Cooling time profile

We performed an order of magnitude estimation of the cool-
ing time at r = 3 kpc centered on NGC 5718 with Chan-
dra following the procedure implemented by Tombesi et al.
(2017). The normalization of XSPEC model apec is defined
as;
h
10�14/4⇡ [DA(1 + z)]2

i R
nenHdV , where the integrant is the

emission measure (EM), ne and nH are electron and hydrogen

Fig. 12: Cooling time profile of MKW 08 obtained from Chan-
dra data. Selected region is a disk of r = 24000 (' 130 kpc) cen-
tered at the BCG.

densities in cm�3 and the angular diameter distance to NGC 5718
is DA' 3.55 ⇥1026 cm. By using the normalization of apec,
1.51+0.20

�0.21 ⇥ 10�5, found for Model 2 given in Table 3 , we es-
timated EM ' 2.38 +0.31

�0.33 ⇥ 1063 cm�3. With the assumption of
a fully ionized plasma (ne ' 1.2 nH) within a spherical volume
with r ' 3 kpc, we estimated nH ⇠ 0.02 cm�3.

Following the method described by Peterson & Fabian
(2006), we estimated the cooling time in the following steps.
The X-ray luminosity of the hot ISM gas within r = 3 kpc in the
0.3 - 10 keV energy band of the apec model was found to be
Lhot ' 1.07 ⇥ 1041 erg s�1 as described in Sect. 4.3. Changing
the energy band from 0.5 - 2.5 keV to 0.3 - 10 keV did not
significantly a↵ect the luminosity. The cooling time of this hot
gas of a galaxy can be estimated as tcool = U/ Lhot where U =
(5/2) NkT is the internal energy of the gas. Estimating the num-
ber of particles N from gas density and volume, we calculated U
' 2.12 ⇥ 1056 erg for kT ' 1 keV gas at T ' 107 K. Then, cooling
time at r = 3 kpc was found to be ⇠ 64 Myr. By applying this
set of calculations using the parameter values obtained from our
density and three dimensional temperature profiles, we obtained
the cooling time curve for Chandra corresponding to each radial
element up to r ' 130 kpc as shown in Fig. 12.

5. Spectroscopic properties of the ⇠40 kpc tail

Chandra surface brightness map reveals a 40 kpc tail as shown
in the lower right panel of Fig. 4. In order to understand the fea-
tures of this tail enclosed inside this region, we have selected
two sectors which are symmetric along the true NE - SW axis as
shown in Fig. 13. Both sectors cover a 45 degree angle with an
inner radius of 10 kpc and an outer radius of 40 kpc. Sector 1 en-
closes the tail region with 1570 net photon counts correspond-
ing to the 86.2% of total photon counts., whereas Sector 2 is
selected from a region which does not show contrasting emis-
sion features from the surrounding medium and contains 985
net photon counts corresponding to the 79.8% of total pho-
ton counts. We applied phabs ⇥ apec models to both regions
and compared the results. In order to compare the luminosities,
we selected 0.5 - 2.5 keV range and applied phabs ⇥ (clumin ⇥
apec) model, where apec normalization was fixed at a non zero
value. We selected the same regions and applied the afore-
mentioned methods to the XMM-Newton observation. Sec-
tor 1 enclosing the tail region has 547 (MOS1), 468 (MOS2),
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Fig. 12: Sectors selected from Chandra observations outlined on
the surface brightness map.

two sectors which are symmetric along the true NE - SW axis as
shown in Fig. 12. Both sectors cover a 45 degree angle with an
inner radius of 10 kpc and an outer radius of 40 kpc. Sector 1 en-
closes the tail region with 1570 net photon counts correspond-
ing to the 86.2% of total photon counts., whereas Sector 2 is
selected from a region which does not show contrasting emis-
sion features from the surrounding medium and contains 985
net photon counts corresponding to the 79.8% of total pho-
ton counts. We applied phabs ⇥ apec models to both regions
and compared the results. In order to compare the luminosities,
we selected 0.5 - 2.5 keV range and applied phabs ⇥ (clumin ⇥
apec) model, where apec normalization was fixed at a non zero
value. Results are presented in Table 4 and the corresponding
spectra are given in Fig. B.1 in the appendix section or our
work.

Although temperature values of Sector 1 and Sector 2 are
in agreement within 1� errors, both the spectral fit and param-
eter values show that the NGC 5718 tail (Sector 1) encloses a
medium with high luminosity and abundance with respect to
Sector 2.

6. Discussion

The temperature and pressure profiles obtained from the Chan-
dra data reveal three characteristic regions from ISM (r 6 4 kpc),
ISM-ICM interface (4 6 r 6 10 kpc) and ICM (10 kpc 6 r). The
density and temperature profiles are typical of luminous X-ray
thermal coronae of galaxies in hot clusters, as reported for seven
of the most luminous coronae in the systematic study of 25 hot
nearby clusters of Sun et al. (2007). In addition, the Chandra
temperature profile hints at a temperature gradient inside 4 6 r 6
10 kpc interface, and the high pressure ISM seems to reach pres-
sure equilibrium with the surrounding ICM inside this interface.

In both spectral analyses of the XMM-Newton and Chan-
dra data, a power-law emission was required besides the hot
gas emission, for the region centered at NGC 5718. The power-
law has photon indices of � = 1.81+0.05

�0.09 and � = 2.49+0.26
�0.34 for

XMM-Newton and Chandra respectively, which are consistent
within the 2� confidence range. However, due to superior energy
sensitivity of XMM-Newton with respect to Chandra at energies
higher than 5 keV, and photon index precision, it is more likely
that the power-law emission of XMM-Newton is more accurate,

Table 4: Spectral parameters of Chandra ACIS-I spectrum for
the selected sectors shown in Fig. 12. Errors are presented within
1�. apec normalization (norm) is given in 10�14

4⇡[DA(1+z)]2

R
nenHdV .

Luminosity values were calculated within 0.5 - 2.5 keV energy
band.

Sector 1 Chandra XMM-Newton
kT (keV) 4.65 +0.39

�0.36 3.62 ±0.23
Z (Z�) 0.90+0.35

�0.22 0.49+0.13
�0.11

norm (10�4) 1.30+0.08
�0.11 1.48±0.08

C / ⌫ 61.69/87
205.18/198
Luminosity (1041ergs�1) 1.68±0.05 1.76±0.08
Sector 2 Chandra XMM-Newton
kT (keV) 4.09+0.48

�0.43
Z (Z�) 0.22 +0.19

�0.16
norm (10�4) 1.06+0.07

�0.08
C / ⌫ 39.60/42
Luminosity (1041ergs�1) 1.16±0.05 0.96±0.06

as demonstrated also by the much smaller error bars. This find-
ing suggests the existence of an AGN along with the findings
of Hogan et al. (2015) who found evidence for radio activity of
this BCG, and Bharadwaj et al. (2014) who points to the cen-
tral radio source in MKW 08. The photon index of 1.8 6 � fa-
vor an AGN emission rather than X-ray binaries (� 6 1.4) (see
e.g. Tozzi et al. 2006). In addition, the di↵erence between the
photon indices obtained from XMM-Newton and Chandra may
be due to the intrinsic temporal variability of the AGN (see e.g.
Fabian et al. 2015), as the observation date of the XMM-Newton
and Chandra data span more than 10 years. We investigated this
feature by inserting the XMM-Newton photon index value into
the Model 2 of merged Chandra observations as described in
Sect. 4.2 and found that BCG ISM gas was not a↵ected by this
intrinsic temporal variability.

Thanks to the Chandra spectral analysis, for the circular re-
gion of r ' 3 kpc centered at the BCG, we found a tempera-
ture value of kT ' 1 keV which is in agreement with a hot ISM
emission. An additional thermal component did not improve the
statistics, indicating that in the central ' 3 kpc region the thermal
emission is not substantially influenced by the emission from the
interface region between the ISM of NGC 5718 and the ICM.
For the r ' 3 kpc region, we found a cooling time value of ⇠ 60
Myr, which shows that although classified as a NCC by its cen-
tral cooling time at r = 0.4% R500 (Hudson et al. 2010), MKW
08 hosts a mini-cooling core, at a much smaller spatial scale (r '
3 kpc) as opposed to CC clusters in agreement with the findings
of Sun et al. (2007). The cooling time value of ⇠ 60 Myr is three
orders of magnitude smaller than the Hubble time which implies
that there is a need for a heating mechanism to keep the ISM
hot, otherwise the gas enclosed in this region would have expe-
rienced a pure cooling flow catastrophe, leading to the collapse
of the inner gaseous atmosphere.

AGN heating, star formation and heat conduction from the
ICM are possible heating mechanisms which can hinder the
cooling of the hot ISM. In order to investigate the most possible
scenario of the heating mechanism, firstly we estimated the star
formation rate expected from NGC 5718. Using the relation of
X-ray luminosity and star formation rate given by Mineo et al.
(2014), LX(0.5�8.0keV) ' 4 x 1039 (Ṁ⇤/M�yr�1), we found a star
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Fig. 13: Sectors selected from Chandra observations outlined on
the surface brightness map.

ing to the 86.2% of total photon counts., whereas Sector 2 is
selected from a region which does not show contrasting emis-
sion features from the surrounding medium and contains 985
net photon counts corresponding to the 79.8% of total pho-
ton counts. We applied phabs ⇥ apec models to both regions
and compared the results. In order to compare the luminosities,
we selected 0.5 - 2.5 keV range and applied phabs ⇥ (clumin ⇥
apec) model, where apec normalization was fixed at a non zero
value. We selected the same regions and applied the afore-
mentioned methods to the XMM-Newton observation. Sec-
tor 1 enclosing the tail region has 547 (MOS1), 468 (MOS2),
1278 (PN) net photon counts which correspond to the 92.6%,
91.9%, 91.8% of total photon counts, respectively. Whereas,
Sector 2 has 357 (MOS1), 333 (MOS2), 820 (PN) net pho-
ton counts which correspond to the 88.8%, 88.3%, 88.4% of
total photon counts, respectively. Results are presented in Ta-
ble 4 and the corresponding spectra are given in Fig. B.1 and
Fig. B.2 in the appendix section of our work.

Although temperature values of Sector 1 and Sector 2 are
in agreement within 2� errors, both the spectral fit and param-
eter values show that the NGC 5718 tail (Sector 1) encloses a
medium with high luminosity and abundance with respect to
Sector 2, while XMM-Newton results provide a better con-
strained abundance values.

6. Discussion

The temperature and pressure profiles obtained from the Chan-
dra data reveal three characteristic regions from ISM (r 6 4 kpc),
ISM-ICM interface (4 6 r 6 10 kpc) and ICM (10 kpc 6 r). The
density and temperature profiles are typical of luminous X-ray
thermal coronae of galaxies in hot clusters, as reported for seven
of the most luminous coronae in the systematic study of 25 hot
nearby clusters of Sun et al. (2007). In addition, the Chandra
temperature profile hints at a temperature gradient inside 4 6 r 6
10 kpc interface, and the high pressure ISM seems to reach pres-
sure equilibrium with the surrounding ICM inside this interface.

In both spectral analyses of the XMM-Newton and Chan-
dra data, a power-law emission was required besides the hot
gas emission, for the region centered at NGC 5718. The power-
law has photon indices of � = 1.81+0.05

�0.09 and � = 2.49+0.26
�0.34 for

XMM-Newton and Chandra respectively, which are consistent

Table 4: Spectral parameters of Chandra ACIS-I spectrum for
the selected sectors shown in Fig. 13. Errors are presented within
1�. apec normalization (norm) is given in 10�14

4⇡[DA(1+z)]2

R
nenHdV .

Luminosity values were calculated within 0.5 - 2.5 keV energy
band.

Sector 1 Chandra XMM-Newton
kT (keV) 4.65 +0.39

�0.36 3.62 ±0.23
Z (Z�) 0.90+0.35

�0.22 0.49+0.13
�0.11

norm (10�4) 1.30+0.08
�0.11 1.48±0.08

C / ⌫ 61.69/87 205.18/198
Luminosity (1041ergs�1) 1.68±0.05 1.76±0.08
Sector 2 Chandra XMM-Newton
kT (keV) 4.09+0.48

�0.43 2.90+0.26
�0.28

Z (Z�) 0.22 +0.19
�0.16 0.20 +0.10

�0.09
norm (10�4) 1.06+0.07

�0.08 0.90±0.07
C / ⌫ 39.60/42 155.45/163
Luminosity (1041ergs�1) 1.16±0.05 0.96±0.06

within the 2� confidence range. However, due to superior energy
sensitivity of XMM-Newton with respect to Chandra at energies
higher than 5 keV, and photon index precision, it is more likely
that the power-law emission of XMM-Newton is more accurate,
as demonstrated also by the much smaller error bars. This find-
ing suggests the existence of an AGN along with the findings
of Hogan et al. (2015) who found evidence for radio activity of
this BCG, and Bharadwaj et al. (2014) who points to the cen-
tral radio source in MKW 08. The photon index of 1.8 6 � fa-
vor an AGN emission rather than X-ray binaries (� 6 1.4) (see
e.g. Tozzi et al. 2006). In addition, the di↵erence between the
photon indices obtained from XMM-Newton and Chandra may
be due to the intrinsic temporal variability of the AGN (see e.g.
Fabian et al. 2015), as the observation date of the XMM-Newton
and Chandra data span more than 10 years. We investigated this
feature by inserting the XMM-Newton photon index value into
the Model 2 of merged Chandra observations as described in
Sect. 4.2 and found that BCG ISM gas was not a↵ected by this
intrinsic temporal variability.

Thanks to the Chandra spectral analysis, for the circular re-
gion of r ' 3 kpc centered at the BCG, we found a tempera-
ture value of kT ' 1 keV which is in agreement with a hot ISM
emission. An additional thermal component did not improve the
statistics, indicating that in the central ' 3 kpc region the thermal
emission is not substantially influenced by the emission from the
interface region between the ISM of NGC 5718 and the ICM.
For the r ' 3 kpc region, we found a cooling time value of ⇠ 60
Myr, which shows that although classified as a NCC by its cen-
tral cooling time at r = 0.4% R500 (Hudson et al. 2010), MKW
08 hosts a mini-cool core, at a much smaller spatial scale (r ' 3
kpc) as opposed to CC clusters in agreement with the findings of
Sun et al. (2007). The cooling time value of ⇠ 60 Myr is three
orders of magnitude smaller than the Hubble time which implies
that there is a need for a heating mechanism to keep the ISM
hot, otherwise the gas enclosed in this region would have expe-
rienced a pure cooling flow catastrophe, leading to the collapse
of the inner gaseous atmosphere.

AGN heating, star formation and heat conduction from the
ICM are possible heating mechanisms which can hinder the
cooling of the hot ISM. In order to investigate the most possible
scenario of the heating mechanism, firstly we estimated the star
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Fig. 13: Sectors selected from Chandra observations outlined on
the surface brightness map.

ing to the 86.2% of total photon counts., whereas Sector 2 is
selected from a region which does not show contrasting emis-
sion features from the surrounding medium and contains 985
net photon counts corresponding to the 79.8% of total pho-
ton counts. We applied phabs ⇥ apec models to both regions
and compared the results. In order to compare the luminosities,
we selected 0.5 - 2.5 keV range and applied phabs ⇥ (clumin ⇥
apec) model, where apec normalization was fixed at a non zero
value. We selected the same regions and applied the afore-
mentioned methods to the XMM-Newton observation. Sec-
tor 1 enclosing the tail region has 547 (MOS1), 468 (MOS2),
1278 (PN) net photon counts which correspond to the 92.6%,
91.9%, 91.8% of total photon counts, respectively. Whereas,
Sector 2 has 357 (MOS1), 333 (MOS2), 820 (PN) net pho-
ton counts which correspond to the 88.8%, 88.3%, 88.4% of
total photon counts, respectively. Results are presented in Ta-
ble 4 and the corresponding spectra are given in Fig. B.1 and
Fig. B.2 in the appendix section of our work.

Although temperature values of Sector 1 and Sector 2 are
in agreement within 2� errors, both the spectral fit and param-
eter values show that the NGC 5718 tail (Sector 1) encloses a
medium with high luminosity and abundance with respect to
Sector 2, while XMM-Newton results provide a better con-
strained abundance values.

6. Discussion

The temperature and pressure profiles obtained from the Chan-
dra data reveal three characteristic regions from ISM (r 6 4 kpc),
ISM-ICM interface (4 6 r 6 10 kpc) and ICM (10 kpc 6 r). The
density and temperature profiles are typical of luminous X-ray
thermal coronae of galaxies in hot clusters, as reported for seven
of the most luminous coronae in the systematic study of 25 hot
nearby clusters of Sun et al. (2007). In addition, the Chandra
temperature profile hints at a temperature gradient inside 4 6 r 6
10 kpc interface, and the high pressure ISM seems to reach pres-
sure equilibrium with the surrounding ICM inside this interface.

In both spectral analyses of the XMM-Newton and Chan-
dra data, a power-law emission was required besides the hot
gas emission, for the region centered at NGC 5718. The power-
law has photon indices of � = 1.81+0.05

�0.09 and � = 2.49+0.26
�0.34 for

XMM-Newton and Chandra respectively, which are consistent

Table 4: Spectral parameters of Chandra ACIS-I spectrum for
the selected sectors shown in Fig. 13. Errors are presented within
1�. apec normalization (norm) is given in 10�14

4⇡[DA(1+z)]2
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Luminosity values were calculated within 0.5 - 2.5 keV energy
band.

Sector 1 Chandra XMM-Newton
kT (keV) 4.65 +0.39

�0.36 3.62 ±0.23
Z (Z�) 0.90+0.35

�0.22 0.49+0.13
�0.11

norm (10�4) 1.30+0.08
�0.11 1.48±0.08

C / ⌫ 61.69/87 205.18/198
Luminosity (1041ergs�1) 1.68±0.05 1.76±0.08
Sector 2 Chandra XMM-Newton
kT (keV) 4.09+0.48

�0.43 2.90+0.26
�0.28

Z (Z�) 0.22 +0.19
�0.16 0.20 +0.10

�0.09
norm (10�4) 1.06+0.07

�0.08 0.90±0.07
C / ⌫ 39.60/42 155.45/163
Luminosity (1041ergs�1) 1.16±0.05 0.96±0.06

within the 2� confidence range. However, due to superior energy
sensitivity of XMM-Newton with respect to Chandra at energies
higher than 5 keV, and photon index precision, it is more likely
that the power-law emission of XMM-Newton is more accurate,
as demonstrated also by the much smaller error bars. This find-
ing suggests the existence of an AGN along with the findings
of Hogan et al. (2015) who found evidence for radio activity of
this BCG, and Bharadwaj et al. (2014) who points to the cen-
tral radio source in MKW 08. The photon index of 1.8 6 � fa-
vor an AGN emission rather than X-ray binaries (� 6 1.4) (see
e.g. Tozzi et al. 2006). In addition, the di↵erence between the
photon indices obtained from XMM-Newton and Chandra may
be due to the intrinsic temporal variability of the AGN (see e.g.
Fabian et al. 2015), as the observation date of the XMM-Newton
and Chandra data span more than 10 years. We investigated this
feature by inserting the XMM-Newton photon index value into
the Model 2 of merged Chandra observations as described in
Sect. 4.2 and found that BCG ISM gas was not a↵ected by this
intrinsic temporal variability.

Thanks to the Chandra spectral analysis, for the circular re-
gion of r ' 3 kpc centered at the BCG, we found a tempera-
ture value of kT ' 1 keV which is in agreement with a hot ISM
emission. An additional thermal component did not improve the
statistics, indicating that in the central ' 3 kpc region the thermal
emission is not substantially influenced by the emission from the
interface region between the ISM of NGC 5718 and the ICM.
For the r ' 3 kpc region, we found a cooling time value of ⇠ 60
Myr, which shows that although classified as a NCC by its cen-
tral cooling time at r = 0.4% R500 (Hudson et al. 2010), MKW
08 hosts a mini-cool core, at a much smaller spatial scale (r ' 3
kpc) as opposed to CC clusters in agreement with the findings of
Sun et al. (2007). The cooling time value of ⇠ 60 Myr is three
orders of magnitude smaller than the Hubble time which implies
that there is a need for a heating mechanism to keep the ISM
hot, otherwise the gas enclosed in this region would have expe-
rienced a pure cooling flow catastrophe, leading to the collapse
of the inner gaseous atmosphere.

AGN heating, star formation and heat conduction from the
ICM are possible heating mechanisms which can hinder the
cooling of the hot ISM. In order to investigate the most possible
scenario of the heating mechanism, firstly we estimated the star
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Abundance is of ISM origin 
  RAM pressure stripping and/or Bridge between the two galaxies 



•  BCG AGN is the most likely heating mechanism in action for MKW 08 
•  No gradient in the radial temperature profile inside ISM à projection 

effect, no heat conduction 
•  BCG tails may not be as rare as previously thought 
•  High resolution studies of BCG coronae; interesting laboratories to 

disentangle mechanical AGN feedback from cluster merger related 
mechanisms (core sloshing, merger induced turbulence in the ICM) 

 

• What is the exact mechanism keeping the central regions 
of the clusters hot?


•  Is CC/NCC a dichotomy or merely an evolutionary stage?
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Conclusion & Discussion (open ends)
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