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ABSTRACT
We present the �rst pointed X-ray observations of 10 candidate fossil galaxy groups and
clusters. With these Suzaku observations, we determine global temperatures and bolomet-
ric X-ray luminosities of the intracluster medium (ICM) out to r500 for six systems in
our sample. The remaining four systems show signs of signi�cant contamination from
non-ICM sources. For the six objects with successfully determined r500 properties, we mea-
sure global temperatures in the range 2.8 � TX � 5.3 keV, bolometric X-ray luminosities
of 0.8 × 1044 � LX, bol � 7.7 × 1044 erg s�1, and estimate masses, as derived from TX, of
M500 � 1014 M�. Fossil cluster scaling relations are constructed for a sample that combines
our Suzaku observed fossils with fossils in the literature. Using measurements of global X-ray
luminosity, temperature, optical luminosity, and velocity dispersion, scaling relations for the
fossil sample are then compared with a control sample of non-fossil systems. We �nd the
�ts of our fossil cluster scaling relations are consistent with the relations for normal groups
and clusters, indicating fossil clusters have global ICM X-ray properties similar to those of
comparable mass non-fossil systems.

Key words: galaxies: clusters: general � galaxies: groups: general � X-rays: galaxies: clusters.

1 INTRODUCTION

Fossil galaxy systems are group and cluster mass objects character-
ized by extended, relaxed X-ray isophotes and an extreme magni-
tude gap in the bright end of the optical luminosity function of their
member galaxies. Typically, fossils are identi�ed with the criteria of
a halo luminosity of LX, bol � 0.5 × 1042 erg s�1 and a �rst ranked
galaxy more than 2 R-band magnitudes brighter than the second
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brightest galaxy within half the virial radius (Jones et al. 2003).
Fossil systems comprise 8�20 per cent of groups and clusters in
the same X-ray luminosity regime (Jones et al. 2003), and thus de-
termining the origin of the features characterizing these systems is
important for understanding the nature and evolution of a signi�cant
fraction galaxy groups and clusters.

The features of fossil systems seem to ful�l theoretical predic-
tions that the Milky Way luminosity (L�) galaxies in a group will
merge into a central bright elliptical in less than a Hubble time, but
the time-scale for the cooling and collapse of the hot gas halo is
longer (Barnes 1989; Ponman & Bertram 1993). Indeed the �rst
fossil group discovered, RX J1340.6+4018 (Ponman et al. 1994),

C� 2015 The Authors
Published by Oxford University Press on behalf of the Royal Astronomical Society

D
ow

nloaded from
 https://academ

ic.oup.com
/m

nras/article-abstract/454/1/161/1118585 by guest on 18 M
arch 2020

mailto:kundert@astro.wisc.edu


162 A. Kundert et al.

appeared as a solitary bright elliptical located in the centre of a
group-sized X-ray luminous halo. It was thought the central galaxy
of this group was the �nal merger remnant of the former group galax-
ies, and hence this object was named a �fossil group�. Since then,
deeper observations have found this system to consist of galaxies
other than the bright central galaxy (BCG; Jones, Ponman & Forbes
2000) and as a result the magnitude gap criterion of fossils has been
established. The motivation for this criterion is that over time, an
increasingly growing difference between the two brightest galaxies
will form as a result of the merging of the most massive galaxies into
a single bright central elliptical if no infall occurs. This formation
scenario is well suited for group mass fossils where the velocity
dispersion is low and the dynamical friction time-scale is short.

A number of objects meeting the fossil criteria have also been
observed in the cluster mass regime as well (Cypriano, Mendes de
Oliveira & Sodr·e 2006; Khosroshahi et al. 2006; Voevodkin et al.
2010; Aguerri et al. 2011; Harrison et al. 2012). It is possible fossil
clusters may form as the result of two systems merging, where one
group has had its bright galaxies merge due to dynamical friction,
and the other has comparatively fainter galaxies (Harrison et al.
2012). Should merging occur between systems with similarly bright
galaxies, any previously existing magnitude gaps may become �lled
in. Therefore, meeting the fossil criteria may only be a transitory
phase in the evolution of a group or cluster (von Benda-Beckmann
et al. 2008; Dariush et al. 2010).

Numerical and hydrodynamic simulations indicate the large mag-
nitude gaps characterizing fossil groups and clusters are associated
with an early formation time: fossil systems have been found to as-
semble more of their total dynamical mass than non-fossil systems
at every redshift (Dariush et al. 2007), where half the dynamical
mass is assembled by z � 1 (D�Onghia et al. 2005). Evidence that
fossils have formed and evolved in a different manner than nor-
mal groups and clusters should then manifest in differences in their
respective properties.

The bright central galaxy which dominates the optical output
of fossil systems has a number of unique characteristics, although
whether this demonstrates a clearly distinct formation scenario from
non-fossil BCGs is still uncertain. The BCGs of fossils are more
massive in both the stellar component and in total than the central
ellipticals in non-fossil systems of the same halo mass (Harrison
et al. 2012). M·endez-Abreu et al. (2012) �nd fossil BCGs are con-
sistent with the Fundamental Plane of non-fossil BCGs, but show
lower velocity dispersions and higher effective radii when com-
pared to non-fossil intermediate-mass elliptical BCGs of the same
Ks-band luminosity. These results suggest the fossil BCG has ex-
perienced a merger history of early gas-rich dissipational mergers,
followed by gas-poor dissipationless mergers later.

On the global scale, the scaling relations of fossil systems re-
main a point of contention due to limited data and inhomogeneities
between studies. Khosroshahi, Ponman & Jones (2007, hereafter
KPJ07) performed a comprehensive analysis of a sample of group
mass fossil systems and found their sample fell on the same LX�TX
relation as non-fossils. However, the fossil groups were found to
have offset LX and TX for a given optical luminosity Lopt or ve-
locity dispersion � v when compared to normal groups, which was
interpreted as an excess in the X-ray properties of fossil systems
for their mass. In a comparable study, Proctor et al. (2011) found
similar deviations between fossils and non-fossils. This offset, how-
ever, was interpreted as fossils being underluminous in the optical
which is supported by their large mass-to-light ratios. These fea-
tures would not result from galaxy�galaxy merging in systems with
normal luminosity functions, and thus this analysis calls into ques-

tion the formation scenario commonly attributed to generating the
characteristic large magnitude gap of fossil systems. Later studies,
such as Harrison et al. (2012) and Girardi et al. (2014, hereafter
G14), �nd no difference in the LX�Lopt relation of fossil systems
and non-fossils. Even so, most recently Khosroshahi et al. (2014)
present a sample of groups, one of which quali�es as a fossil, that
lies above the LX�Lopt relation of non-fossil systems, reopening the
debate on fossil system scaling relations.

In this paper we have undertaken an X-ray study of 10 candi-
date fossil systems, never previously studied with detailed pointed
observations in the X-ray regime. Using Suzaku data, we present
the �rst measurements of intracluster medium (ICM) temperatures,
bolometric X-ray luminosities, and estimates of the M500 masses of
our systems. This work comprises the sixth instalment of the Fossil
Group Origins (FOGO) series. The FOGO project is a multiwave-
length study of the Santos, Mendes de Oliveira & Sodr·e (2007)
candidate fossil system catalogue. In FOGO I (Aguerri et al. 2011),
the FOGO project is described in detail and the speci�c goals of the
collaboration are outlined. FOGO II (M·endez-Abreu et al. 2012)
presents a study of the BCG scaling relations of fossil systems and
the implications for the BCG merger history. Global optical lumi-
nosities of our FOGO sample are measured in FOGO III (G14)
and used to construct the global LX�Lopt relation which reveals no
difference between the fossil and non-fossil �ts. Deep r-band ob-
servations and an extensive spectroscopic data base were used to
redetermine the magnitude gaps of the FOGO sample and reclassify
our fossil candidate catalogue in FOGO IV (Zarattini et al. 2014,
hereafter Z14). In FOGO V (Zarattini et al. 2015), the correlation
of the size of the magnitude gap and the shape of the luminos-
ity function is investigated. In this work (FOGO VI) we advance
the characterization of the X-ray properties of fossil systems and
constrain the global scaling relations of these objects.

The details and observations of our Suzaku sample are described
in Sections 2 and 3. A discussion on how non-ICM sources may
contribute to the observed emission of our systems follows in Sec-
tion 4. Tests to determine the contribution of these non-ICM sources
are presented in Sections 5 and 6. Measurements of the global ICM
properties of the thermally dominated subset of our sample are
recorded in Section 7. Global scaling relations and their implica-
tions are presented in Section 8. For our analysis, we assume a
� cold dark matter (�CDM) cosmology with a Hubble param-
eter H0=70 km s�1 Mpc�1, a dark energy density parameter of
�� = 0.7, and a matter density parameter �M = 0.3.

2 THE SAMPLE

Our sample of 10 observed galaxy groups and clusters was selected
from the Santos et al. (2007, hereafter S07) catalogue of candidate
fossil systems. The S07 catalogue was assembled by �rst identify-
ing luminous r <19 mag red galaxies in the luminous red galaxy
(LRG) catalogue (Eisenstein et al. 2001), and selecting only those
galaxies associated with extended X-ray emission in the ROSAT
All-Sky Survey (RASS). Sloan Digital Sky Survey (SDSS) Data
Release 5 was then used to spatially identify companion galaxies to
these bright galaxies. Group or cluster membership was assigned to
galaxies identi�ed within a radius of 0.5 h�1

70 Mpc from one of the
bright LRGs and with a redshift consistent with that of the LRG.
While spectroscopic redshifts were used when available, galaxy
membership was primarily determined using photometric redshifts.
Groups and clusters with more than a 2 r-band magnitude difference
between the brightest and second brightest member galaxies within
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Table 1. Summary of observations.

Object Sequence number RA Dec. Start date Exposure (ks) Typea

FGS03 807052010 07:52:44.2 +45:56:57.4 2012 Oct 28 18:39:14 14.3 F
FGS04 807053010 08:07:30.8 +34:00:41.6 2012 May 06 16:24:20 10.1 NC
FGS09 807050010 10:43:02.6 +00:54:18.3 2012 May 30 05:18:38 9.9 NC
FGS14 807055010 11:46:47.6 +09:52:28.2 2012 May 29 17:06:08 12.4 F
FGS15 807057010 11:48:03.8 +56:54:25.6 2012 May 26 17:58:41 13.6 NF
FGS24 807058010 15:33:44.1 +03:36:57.5 2012 Jul 28 08:10:10 13.2 NF
FGS25 807049010 15:39:50.8 +30:43:04.0 2012 Jul 28 18:06:02 10.6 NF
FGS26 807054010 15:48:55.9 +08:50:44.4 2012 Jul 29 02:05:54 8.6 F
FGS27 807056010 16:14:31.1 +26:43:50.4 2012 Aug 05 07:14:36 10.6 F
FGS30 807051010 17:18:11.9 +56:39:56.1 2012 May 02 11:43:31 14.0 F

Notes. aThe fossil status column contains the Z14 updated fossil characterizations of the S07 catalogue. In the fossil status column,
�F� is a con�rmed fossil, �NF� is a rejected fossil, and �NC� is not con�rmed as either a fossil or non-fossil according to Z14 and
remains a fossil candidate.

the �xed 0.5 h�1
70 Mpc system radius were then selected, and those

with an early-type BCG were identi�ed as fossils.
Z14 observed the S07 fossil candidate list with the Nordic Op-

tical Telescope, the Isaac Newton Telescope, and the Telescopio
Nazionale Galileo to obtain deeper r-band images and spectroscopic
redshifts for candidate group members allowing for improved sys-
tem membership. Additionally, the search radius for galaxy sys-
tem members was extended to the virial radius of the system as
calculated from the RASS X-ray luminosity. The Z14 study con-
�rms 15 targets out of 34 S07 candidates are fossil galaxy systems.
According to this characterization, our sample contains �ve con-
�rmed fossil systems and �ve non-con�rmed or rejected fossil sys-
tems (see Table 1).

3 OBSERVATIONS AND DATA REDUCTION

The 10 systems in our sample were observed with the Suzaku X-ray
telescope between 2012 May and October (Table 1). Our analysis
uses the data from Suzaku�s three X-ray Imaging Spectrometers
(XIS) sensitive to the 0.5�10 keV band. Our single-pointing obser-
vations were taken with a normal clocking mode, and an editing
mode of 3 × 3 or 5 × 5 which were combined when both were
available. The stacked XIS0+XIS1+XIS3 raw count images of the
sample are shown in Fig. 1.

The analysis of our study was conducted using the HEASOFT ver-
sion 6.15 software library with the calibration data base CALDB XIS
update version 20140520. Spectra were extracted using XSELECT ver-
sion 2.4c and �t using XSPEC version 12.8.1g. The event �les were
reprocessed using AEPIPELINE with the CALDB XIS update 20140203
using the default settings with an additional criterion of COR > 6.
In our spectral analysis, emission from the 55Fe calibration sources,
located in the corners of each XIS detector, was removed. Addition-
ally, the XIS0 damaged pixel columns caused by micrometeorites
were masked.

A Redistribution Matrix File (RMF) was created for all spectral
extraction regions with XISRMFGEN. For each RMF, two Ancillary
Response Files (ARFs) were created with XISSIMARFGEN, one to be
convolved with the background spectral model, and the other to be
convolved with the source model following the method of Ishisaki
et al. (2007). Background ARFs were created out to a radius of
20 arcmin using a uniform emission source mode. For the source
ARFs, an image of the stacked XIS �eld-of-view (FOV) was used
to model the emission.

4 TREATMENT OF NON-ICM EMISSION

High �delity measurements of the ICM temperature and luminos-
ity require careful consideration of non-ICM sources of emission
during our analysis.

4.1 Background and foreground sources

The standard Suzaku XIS background consists of a non-X-ray par-
ticle background (NXB; Tawa et al. 2008), the cosmic X-ray back-
ground (CXB; Fabian & Barcons 1992), and foreground Galactic
emission from the Local Hot Bubble (LHB) and the Milky Way
Halo (MWH; Kuntz & Snowden 2000).

The contribution of the NXB for each object was assessed using
the night earth data base within 150 d of the observation using the
FTOOL XISNXBGEN (Tawa et al. 2008). Our XIS1 observations were
taken in a charge injection mode of CI = 6 keV which increases the
NXB. Accordingly, the NXBSCI6 calibration �le was used as input
for XIS1 to counteract this.

The contribution of the galactic foreground to a XIS
spectrum is well described by two thermal plasma models:
APECLHB + WABS × APECMWH, where zLHB = zMWH = 0,
ZLHB = ZMWH = 1 Z�, and kTLHB = 0.1 keV (Kuntz & Snow-
den 2000). The CXB was modelled by an absorbed power law:
WABS × POWER LAWCXB with � = 1.412 (Kushino et al. 2002). During
spectral analyses, the summed background and foreground model:
APECLHB + WABS(APECMWH + POWERLAWCXB) was convolved with the
uniform emission ARF.

4.2 Solar wind charge exchange

The interaction of ions in the solar wind with neutral atoms in the
heliosphere and in Earth�s atmosphere can produce E < 1 keV pho-
tons in the X-ray regime (Cravens 2000; Fujimoto et al. 2007). To
check for contamination from solar wind charge exchange (SWCX),
proton �ux light curves with a sampling frequency of 90 s were ob-
tained from the NASA WIND-SWE data base over the time span
of each observation. The intensity of proton �ux has been found to
be related to the strength of geocoronal SWCX contaminating pho-
tons, where �ux levels above 4 × 108 protons cm�2 s�1 commonly
indicate potentially signi�cant contamination to X-ray spectra from
charge exchange (Yoshino et al. 2009). Following Fujimoto et al.
(2007), 2700 s were added to the time points in the WIND-SWE
light curve to account for the travel time between the WIND satel-
lite, located at the L1 point, and Earth, where the geocoronal SWCX
emission is produced.
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Figure 1. The Suzaku combined raw counts XIS0+XIS1+XIS3 images in the 0.5�10 keV band. The image is Gaussian smoothed with � = 0.42 arcmin.
White circles demarcate the initial spectral extraction region rap, src de�ned to encircle the source-dominated region (rap, src values in Table 4). 55Fe calibration
source events have been removed.

Much of the FGS24 observation occurs during an elevated pe-
riod of proton �ux; however, the light curve of FGS24 displays no
signi�cant duration �ares. Furthermore, as a check, we have per-
formed our spectral analysis on the time windows where the proton

�ux was less than 4 × 108 cm�2 s�1 and found the results were con-
sistent with the spectral analysis of the full baseline. We therefore
consider the effects of SWCX to be small and have recorded the
results of the analysis of the full observation in the main text and
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