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Discovery of  fossil galaxy groups

Large luminosity gap;  Dm12 ~> 2 mag

Group scale X-ray emitting halo; LX~> 1042 ergs/s
Jones+ 2003



Fossil Groups Studies
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Exploring fossils 
General morphology (Halo, N density, …) 
Galaxy Properties (BGGs, GCs, AGNs, …) 
IGM (T profile, M-T, L-T, …)

Employing fossils 
Galaxy Formation  
Feedback 
Halo - Galaxy connection

Understanding fossils 
Formation of fossil groups 
Evolutionary tracks 
IGM (scaling relations) 



Halo concentration
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‣ Hydrostatic equilibrium 
‣ Spherical symmetry 
‣ NFW profile (c200=r200/rs)

Khosroshahi+ 2007 Buote 2016

NGC 6482و the nearest least 
massive fossilو as the most 
extreme outlier in C-M relation.



X-ray over-luminous
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Khosroshahi+ 2007

Fossils are more X-ray luminous for a 
given optical luminosity of the group, or 
they are under-luminous in optical!

Radial profile of fb and fgas for RX 
J1159+5531 (dark grey and dark blue 
regions, respectively), Also shown is the 
same for NGC720.

LX - LR relation

Humphrey+ 2012

Baryonically closed

RX J1159+5531 
NGC720

Fossils



The IGM

M - TX relation 
Fossils appear to be hotter than 
normal groups for a given mass of 
the system.
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S - TX relation 
Fossils appear to be closest halos to 
the prediction of self-similar scaling 
relation than any other system.

Finoguenov  et al (2001)

Khosroshahi et al (2007)



The IGM
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Finoguenov  et al (2001)

Qin 2015 Qin 2015

The entropy profiles of the z < 0.05 fossil 
systems can be described well by a power law
with shallower indices than what is expected for 
pure gravitational processes.

Bharadwaj+ 2015



Temperature profile
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With no evidence for recent mergers, 
fossils are ideal environments for the 
formation of cool cores.

NGC 6482 (khosroshahi+ 2004)J1416.4+2315 (khosroshahi+ 2006)

Sun+ 2009

O’Sullivan+ 2004

But the feedback (AGNs, SNe, SF) are in 
operation!
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The Brightest Group Galaxy

Non-boxy isophotes for the fossil BGGs was 
reported in 2006 (Khosroshahi, Jones and 
Ponman 2006). A similar trend was found in 
LoCuSS sample. Clusters with largest 
luminosity gap are dominated by non-boxy 
isophote giant elliptical galaxies.  

Khosroshahi+ 2006
See Khochfar & Burkert (2005) 
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Dwarf  galaxies in fossil groups

Lieder+ 2013

Subaru/Suprime-Cam wide-field, deep 
imaging study in the B− and R−bands 
of the nearest fossil group NGC 6482 
covering the virial radius out to 310 kpc.

The completeness-corrected
luminosity function is dominated by 
early-type dwarfs and is characterised 
by a faint end slope α = −1.32 ± 0.05 
(similar to average slope of nearby 
galaxy clusters).

Photometric properties consistent with 
those of regular galaxy clusters and 
groups, including a normal abundance 
of faint satellites.



The BGG - Globular Clusters
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GCs are among the oldest objects in the 
universe and are powerful tracers of galaxy 
evolution. The colour bi-modality could, for 
instance, indicate major episodes in galaxy 
evolution. 

… the paradigm of FGs as relaxed, undisturbed 
systems needs to be reconsidered.  

May be not! Fossil BGGs are merger products … 

Alamo-Martinez+ 2012

Alamo-Martinez+ 2012



The BGG; Stellar Population
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La Barbera+ 2012Trevisan+ 2016

Lack of any meaningful trend with luminosity gap was also suggested by Eigenthaler and Zeilinger (2013)



GMRT radio observations in 1.4 GHz and 
610 MHz observations suggest that for a 
given stellar mass the BGGs in fossil groups 
are under-luminous in radio emission. 
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Radio studies of  fossil dominant galaxy

Miraghaee+ 2014, 2015
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Dynamically relaxed groups; A simple lab

Galaxy Formation and Evolution; Mo, van den Bosch, White

Group mergers 
can remove 
cool cores

Galaxy mergers 
can trigger AGN 
activity 



Luminosity gap vs. Dynamical relaxation
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Galaxy groups possessing a 
large luminosity gap between 
the two brightest galaxies 
within a half a Virial radius are 
relatively older. 

The success is limited!

Other age indicators include:

Halo concentration

de-centring  

Raouf+ 2014
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Optically selected fossils; searching for hot IGM
Galaxy Luminosity Function of the Fossil Candidate Galaxy Groups 3
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Figure 1. UKSTU Schmidt R-band image of the field of fossil candidate (2PIGG group 2515) at z ≈ 0.062 in 2dF south field. The
circles show the group members with the dominant elliptical marked with larger circle at the centre of the field. The image is 12 × 12
arcmin 2.

area of ∼ 1000 deg2 which is about 14 times larger than the
area covered in the WARPS X-ray survey, 73 deg2. Hence we
probe a significantly larger volume in the present study than
the X-ray selected WARPS sample. However, the Ngal !
5 selection criterion we impose restricts us to richer fossil
systems, and results in a statistically well-controlled sample
of 6 ’optical fossils’. These are listed in Table 1, sorted by
their redshift to highlight the priority of studying nearby
systems which allows examining their core properties with
higher accuracy.

2.1 X-RAY OBSERVATION

The objective of this proposal is to accumulate sufficient
counts to securely verify the presence of extended X-ray
emission and to measure a mean temperature for all targets
in our sample. We have simulated absorbed APEC spectra
for each of our targets, assuming a temperature of 1 keV,
and an abundance of 0.4 Solar, using the HI galactic col-
umn based on their RA/Dec. Assuming that the detected
emission originates from within a radius of 3 arcmin (rang-
ing from 180–300 kpc for our targets), we have extracted an
ACIS-S background spectrum from the most recent Chandra
blank sky backgrounds, taken in very faint mode. We esti-
mated bolometric group X-ray luminosities (Lgrp

X ) for our
sample (see Table 1), using the LX −LB relation calibrated
based on our existing sample of fossil groups (Khosroshahi,
Ponman and Jones, 2006). The APEC normalisations for
each spectrum were adjusted to match these predicted lu-
minosities, and the resulting 0.5–3.0 keV count rates are
listed in Table 1. We have chosen exposure times based on
these count rates (see Table 1), to ensure that we can con-
strain the mean temperature of the emission to better than
5% (i.e. 0.05 keV) in all cases.

In addition we estimate the X-ray emission contribution
from the central galaxy using the observed LX − LB for
early-type galaxies (O’Sullivan, Forbes & Ponman 2001).
The estimated bolometric X-ray luminosity of the central
galaxy (Lgal

X ; given in Table 1) will be used to verify that
the observed X-ray emission is actually from the group,

after point source removal. We propose to use ACIS-S3
CCD because it has the highest sensitivity at low energies.

2.2 OPTICAL OBSERVATION

Optical observations of groups used in the present study
were performed during two observing runs in December
2007, May 2008 using the 2.5 meter (100-inch) Iréńee du
Pont telescope, operating at Las Campanas Observatory.
The telescope was calibrated with the wide field reimaging
CCD (WFCCD) camera which reimages a 25 arc-minute
diameter field onto the TEK5 CCD camera, with a scale
of 0.77 arcsec/pixel. The characteristic mean red shift of
groups is z ∼ 0.059 which corresponds to a luminosity
distance D ∼ 260.6 Mpc and a scale of 1.127 KPc/′′, using
a flat concordance cosmology with H0 = 71 km(sMpc)−1,
Ωm = 0.27, and ΩΛ = 0.73 (Dunkley et al. (2009)). For
each galaxy group a total exposure time of 3600s and 1440s
were applied in B band and R band respectively. Since each
group image is a mosaic frame consisting of four individual
pointings, the actual exposure time used for each group is
one fourth of those values, i.e. 900s in B-band and 360s in
R-band. The exposure times in B and R was not applied
continuously as there is a risk that group images being
saturated by bright stars in the field of view. So the expo-
sure times were split and each pointing was taken as three
separate images, each with 300s and 120s in B-band and
R-band. Splitting images would help us also in removing
of cosmic rays during data reduction. Another advantage
in taking several low-exposure images rather than a long
continuous one is to prevent the bright stars in the field
of view from being saturated. A dithering was applied
between individual exposures by moving the telescope in
either RA or DEC by 10 arcsec which should be taken into
account during image processing. The observed magnitudes
of galaxies are instrumental magnitudes which are different
from standard magnitudes. Thus in order to calibrate the
observed galaxy magnitudes, images of standard stars are
necessary. These images of standard stars should be taken

The primary aim of this work was to test the hypothesis that 
most of the galaxy merging which builds up giant ellipticals 
actually takes place in collapsed groups. If this hypothesis is 
true, then we would expect the great majority of purely optically 
elected fossil groups to show group-scale X-ray emission.

                                          Khosroshahi+ 2014    

‣ Groups with at least five confirmed members 
(Ngal > 4)

‣ Groups with magnitude difference between 
first and second ranked galaxies ∆M12 > 2.0

‣ Groups with a bright early-type dominant 
galaxy MB < −21.5 and choose only elliptical 
galaxies. 
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IGM in optical fossils and in XI groups

The first results of the XI (XMM/IMACS) Groups Project, a study targeting a redshift-selected, 
statistically unbiased sample of galaxy groups using deep X-ray data reveals surprisingly faint X-
ray emission. They conclude that the X-ray selected sample of groups may not be quite 
representative of IGM properties of galaxy groups. Possible explanations for the lack of significant 
X-ray emission in these groups is that they are most likely collapsing for the first time.

Rasmussen+ 2006
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A new sample of  fossil groups

Gozaliasl+ 2014

Gozaliasl+ 2016
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Connection with compact groups

About 30% of fossil groups go through a compact group phase in their life time. Only 
2% of compact groups are fossils at any epoch.

Farhang+ in prep.

?
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Fossils Galaxy Groups; verdict … so far!

‣ Clearly very interesting objects  

‣ Luminosity gap matters but … 

‣… dynamical relaxation is the key phenomena 

‣ High halo concentration still debated  

‣ Hotter IGM still debated but no contradiction  

‣ No distinction in dominant galaxy properties 

‣ Possible distinct AGN activity 

‣ Only 30% have been compact in the past 

‣ Large statistics and improved sample selection


