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Abstract We study ten galaxy groups and clusters suggested in thatlite to be “fossil systems (FSs)”
based orChandra observations. According to the5oo — 7" andLx — T relations, the gas properties of FSs
are not physically distinct from ordinary galaxy groups tusters. We also first study th&.., 2500 — 1’
relation and find that the FSs exhibit the same trend as ardBystems. The gas densities of FSs within
0.1r900 are~ 1073 cm=3, which is the same order of magnitude as galaxy clustersefilr@pies within
0.17200 (So.1r0,) Of FSs are systematically lower than those in ordinary>gaegaoups, which is consistent
with previous reports, but we find thesy 1..,,, — 7" relation is more similar to galaxy clusters. The derived
mass profiles of FSs are consistent with the Navarro, Fredkvehite model in(0.1 — 1)ro00, and the
relation between scale radiug and characteristic mass densityindicates self-similarity of dark matter
halos of FSs. The rangesmafandd, for FSs are also close to those of galaxy clusters. Thergf@®share
more common characteristics with galaxy clusters. Theiapleicth place of the FS makes it a distinct type
of galaxy system.

Key words: galaxies: cluster: general — galaxies: evolution — galsitialos — intergalactic medium —
X-ray: galaxies: clusters

1 INTRODUCTION ings (von Benda-Beckmann et al. 2008). The discrepan-

cies of its evolution process mainly focus on two points:
Jones et al. (2003) defined a fossil group in observationa¥hether the FS is the descendant of the compact group
terms as a spatially extended X-ray source with an X-rayYoshioka et al. 2004; Mendes de Oliveira & Carrasco
luminosity from hot gas with.x ,o1 > 10%2 ergs~?, and 2007), and the relation between the FS and the galaxy clus-
a bound system of galaxies widhn,, > 2.0 mag, where ter (thsros_hahi et al. 2006; Méndez-Abreu et.al. 2012)_.
§ma» is the absolute total magnitude gap iband be- S|mulat|oqs |nd|cate_ FSs a_ssemble a large fraction of their
tween the brightest and second-brightest galaxies in th@ass at high redshifts, which means FSs are formed ear-
system within half of the (projected) virial radius. Thus, lier than ordinary systems (Dariush et al. 2007; Dariush et
it is a galaxy group dominated by one central luminous gi&l- 2010). Much effort has been devoted to understanding
ant elliptical galaxy with few, or na,* galaxies inside the the origin and evolution of FSs via their optical proper-
radius due to orbital decay by dynamical friction. Thereti€s, such as the photometric luminosity function, the-stel
also exist some fossil clusters like RX J14164D18 and lar population ages and the isophotal shapes of the bright-
AWM 4. We call such a galaxy group or cluster a fossil €St gaIaX|es_|n FSs (Adami et al. 2012; Aguerri et al. 2011;_
system (FS) throughout this paper. High valuesiof;» Khosrosha_hl et al. 2006). There are also some systematic
are extremely rare in ordinary galaxy groups or clustersX-ray studies on hot gas properties of FSs (Khosroshahi
(Beers et al. 1995), which is why an FS is believed to be £t al. 2007; Miller et al. 2012).

distinct type of galaxy system. In this paper, we analyze tlf@handra archive data of

However, the origin and evolution process of an pgten FSs to determine their X_-ray_(_:haracteristic_s, inclgdin

are still not well understood and have many discrepanciel€Mperatures, masses, luminosities, gas fractions and en-
There are mainly three scenarios on the origin of an F&/OPi€s. The scaling relations between them are used to in-
that were proposed in previous works: (1) the FS may b er the gas accretion history and heating process in FSs.
the end result of galaxy merging within a normal groupwe also study dark matter halo structures of FSs.
(Ponman et al. 1994; Jones et al. 2000); (2) the birth place We describe the sample selection criteria and data
of the FS may be isolated and deficient iri galaxies analysis in Section 2 and Section 3, respectively. Sections
(Mulchaey & Zabludoff 1999); (3) the FS is a transient4, 5 and 6 present results of our sample study and dis-
yet common phase in the evolution of groups or clustersguss the physical implications. We summarize our work
ending with the infall of fresh galaxies from the surround-in Section 7. We assum&, = 70 km s ! Mpc™}, a
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flat universe for whichQ2,, = 0.3 andQ2y, = 0.7, and in every annulus, with an additional power-law component
adopt the solar abundance standards of Grevesse & Saualbject to the same absorption to constrain the contributio
(1998), where the iron abundance relative to hydrogen ifrom unresolved Low Mass X-ray Binaries. The absorp-
3.16 x 1075 in number. Unless stated otherwise, all quotedion (NVy) of each FS is fixed at the Galactic value (Dickey

errors are derived at the 68% confidence level. & Lockman 1990) throughout. The spectra are fitted with
XSPEC v.12.3.1x. The best-fit deprojected gas temperature
2 SAMPLE AND DATA PREPARATION profiles of these five FSs are shown in Figure 1. To describe

the obtained deprojected best-fit temperature profiles in a
We construct our sample of ten FSs (including eight fossismooth form, we adopt the analytic model based on the
groups and two fossil clusters) with < 0.4, which are  formulation introduced in Allen et al. (2001),

chosen from confirmed FSs in previous works. Six of them (7 /ree)"
are observed by the S3 CCD of ti@handra advanced T(r) =Ty + T11—tcn77 : 1)
CCD imaging spectrometer (ACIS) instrument, and the re- (L4 (r/ree))

maining four are observed by the ACIS | CCDs. We listwhereTy, T} andr. are fitting parameters with fixeg =
basic properties of the sample in Table 1, which are ar2. We note that our temperature model differs from that
ranged according to object names (col. [1]), right ascensioof Allen et al. (2001) in two aspects: (i) it models the ra-
and declination coordinates (J2000) of the FS optical cerdius and temperature in physical units rather than normal-
troids (col.[2] and col.[3] respectively), redshifts (ddl), ized to their value aRly5( like in the model published by
detectors (col.[5]), exposure times (col.[6]Ehandra  Allen et al. (2001); (ii) our model has an extra™to bet-
Observational ID (col.[7]) and reference (col.[8]). ter describe the temperature drop at outer regions of galaxy
All the X-ray data analyzed in this work are acquired groups and clusters. The bestdiit, T, andr are listed in
with the temperature of the ACIS S/I CCDs settob20  Table 2, and the smoothed deprojected temperature profiles
°C. Using the CIAO software (version 3.4), we keep eventsire also shown in Figure 1. One can see AWM 4 shows a
with ASCA grades 0, 2, 3, 4 and 6, remove all the badnhearly isothermal temperature profile, which was reported
pixels and columns, columns adjacent to bad columns anly O’Sullivan et al. (2005). NGC 6482 shows a hot core
node boundaries, and then exclude the gain, charge transferits temperature profile, which was ascribed to possible
inefficiency and astrometry corrections. In order to iden-AGN activity in the group center (Khosroshahi et al. 2004).
tify possible strong background flares, light curves are exThe other three FSs show central temperature decreases,
tracted from regions sufficiently far away. Time intervalswhich indicate residing cool cores and have no ongoing
during the count rate exceeding the average quiescent valtigajor mergers.

by 20 percent are excluded. Due to the limited counts, it is insufficient to extract
the deprojected temperature profiles of the other five FSs.

3 DATA ANALYSIS Therefore, we obtain the global temperature of these five
FSs by extracting global ACIS spectra from a circular re-

3.1 Spectral Analysis gion with the center on the peak of the emission corre-

sponding to the maximum measured extent of the X-ray

We utilize theChandra blank—sky template for the ACIS emission. The gas is also modeled with an APEC com-
CCDs as the background. The template is tailored to mathonent p|us a power-|aw component, both Subjected to a
the actual pointing. The background spectrum is extracteommon absorption as above. Best-fit global temperatures
and processed identically to the source spectrum. Then wg, of these five members are also listed in Table 2.
rescale the background spectrum by normalizing its high
energy end to the corresponding observed spectrum. Thes g rface Brightness Profile and Gas Density
corresponding spectral redistribution matrix file (RMFS)
and auxiliary response files (ARFS) are created by usin@he Chandra images of members in the FS sample all ex-
the CIAO toolsmkwar f andmkacisrmf, respectively. hibit relaxed, regular and symmetric morphology. For ev-
All spectra are rebinned to insure at least 20 raw countery FS, the peak of the X-ray emission is consistent with
per spectral bin to allow? statistics to be applied. Since the centroid of the cD galaxy withiti’. We exclude all the
the contribution of the hard spectral componentis expectedisual point sources of FSs, which could be detected at a
to be rather weak, and also to minimize the effects of th&o confidence level by the CIAO tocklldetect. The X-ray
instrumental background at higher energies as well as theadial surface brightness profiles (SBPs) are extracted fro
calibration uncertainties at lower energies, the fittingsev  a series of annular regions centered on the X-ray emission
restricted ta).7 — 7.0 keV. peak and extending near the boundary of CCD detections.

Due to the sufficient count numbers, we can extract deThe energy band of SBPs is restricted to the ACIS images
projected temperature profiles of five FSs: AWM 4, ESOin the 0.7 — 7.0 keV band with exposure being corrected.
306017, NGC 1550, NGC 6482 and SDSS J1#2637, Such extracted SBPs are shown in Figure 2.
where we use the XSPEC modelojct to evaluate the Assuming spherical symmetry, we deprojected the
influence of the outer spherical shells on the inner onesSBP to generate the 3-dimensional electron number den-
We model the hot gas with an absorbed APEC componersity profile n.(r) of the intergalactic medium with the
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Table 1 FSs in Our Sample

Object name RA Ded Redshift Detector Exp ObsID Referefice
(h ms) (S (ks)

AWM 4¢ 16 04 57.0 +23 5514 0.032 ACIS-S 75 9423 [1]
ESO 306017 0540 06.7 -405011 0.036 ACIS-I 14 3188 [2]
NGC 1132 025251.8 —-0116 29 0.023 ACIS-S 40 3576 [3]
NGC 1550 0419 37.9 +02 24 36 0.012 ACIS-I 10 3186 [4]
NGC 6482 1751 48.8 +2304 19 0.013 ACIS-S 20 3218 [5]
NGC 741 0156 21.0 +05 37 44 0.019 ACIS-S 31 2223 [6]
RX J1340.6+4018 1340 09.0 +40 17 43 0.171 ACIS-S 48 3223 [1]
RX J1416.4+2315 14 16 26.0 +23 1523 0.138 ACIS-S 14 2024 [1]
SDSS J0150-1005 015021.3 -10 05 31 0.364 ACIS-I 27 11711 [7]
SDSS J1720+2637 17 2010.0 +26 37 32 0.159 ACIS-I 26 4631 [7]

Notes:® AWM 4 is a poor galaxy cluster, and RX J1416.2315 was identified as a fossil cluster (Cypriano et al. 200B)psitions
of FS optical centroids (J2000) References include [1] Zibetti et al. (2009), [2] Sun et 2044), [3] Yoshioka et al. (2004), [4] Sato
et al. (2010), [5] Khosroshahi et al. (2004), [6] RasmussdPofiman (2007), and [7] Santos et al. (2007).
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Fig.1 The deprojected temperature profiles of five FSs with sufficemunts. Solid lines are the best-fit deprojected tempezat
profiles.

standard “onion-skin” method (Kriss et al. 1983). During With the singleg model, we fit then.(r) of seven

the deprojection, we assume five FSs are isothermal &Ss as

the best-fit global temperaturds listed in Table 2, in-

cluding NGG 1131, NGC 74?,% RX J1340.6+4018, RX  "e(r) = mo[L+ (1/re)’] ™% 4 nuig | 2

J1416.4+2315 and SDSS JOISI005. For the other five  \yhere; is the 3-dimensional radius, corresponds to the

FSs, temperature profiles shown in Figure 1 are app"eqwormalizationrc is the core radius? is the slope and,

We believe that uncertainties from our choice of the gags the background. The singlémodel fails when applied

temperature would not significantly affect resultant elecyq the other three FSs, because these FSs have central emis-

tron density profiles, because Kriss et al. (1983) havgjgn that is not able to be described by the singieodel,

pointeql_outthat the deduced density profile is actually veryynich is more appropriate for describing the SBPs of outer

Insensitive to temperature. regions. To overcome this limitation, we use a double-
model to describe the spatial distributionf(r) in the
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Table 2 Gas Properties of FSs

Tb

b

Object name Tga Tg 1 Tie 7200 To‘1r200 Te, 0.1r300
(keV) (keV) (keV) (kpc) (Mpc) (keV) (03 cm™3)
AWM 4 —_— 2.34 +0.17 2.81 +1.37 21.62 £ 7.21 0.90 £+ 0.05 2.72 + 0.05 2.83 +0.32
ESO 306017 —— 2.14 +0.09 3.563 + 0.87 143.56 + 52.91 1.07 +0.03 2.97 +0.19 2.65 +0.12
NGC 1132 1.06 + 0.01 —_— —— —— 0.62 + 0.008 1.04 +£0.01 1.40 £ 0.38
NGC 1550 —— 1.04 £+ 0.02 1.95 £ 0.21 35.22 +4.76 0.42 4+ 0.02 1.31 £ 0.009 6.78 £ 0.72
NGC 6482 —_— 0.31 +£0.04 2.29 + 0.28 4.5+0.14 0.53 + 0.004 0.65 + 0.01 1.08 £0.13
NGC 741 0.99 + 0.02 —— —— —— 0.64 £ 0.006 1.05 4+ 0.02 1.18 £ 0.14
RX J1340.6+4018 1.23 £ 0.06 —_— —— —— 0.64 £+ 0.02 1.154+0.14 3.71 £ 0.56
RX J1416.4+2315 4.23 +0.43 —— —— —— 1.21 + 0.06 4.00 £ 0.62 2.77+£0.14
SDSS J0150-1005 5.61 4+ 0.52 —— —— —— 1.55 +0.11 5.28 + 0.46 4.63 £ 0.75
SDSS J1720+2637 —— 4.23 +0.32 13.62 + 3.65 298.46 + 85.94 1.51 +0.08 4.47 +0.49 9.63 +0.24

Notes:* Global temperatures of five FSs with insufficient counts,chare extracted from a circular region with the center onpibak
of emission corresponding to the maximum measured exteifieoX-ray emission? Best-fit model parameters for deprojected temperature
profiles of five FSs with sufficient counts. We plot the bestiéiprojected temperature profiles as solid lines in Fig. 1.

Table 3 Best-fit Density Model Parameters

Object name B(B1) no(ny)® re(re1)? B2 no T2 Xz/dofb
(1072 ecm™3) (kpc) (102 cm~3) (kpc)
AWM 4 0.56 £0.01  4.00 £ 0.20 1.34 £0.19 0.48 £0.01 0.61 £+ 0.04 31.28 +1.35 113.14/104
ESO 306017 0.56 £0.01 7.24+0.18 3.18+0.14 0.46 £0.01 0.38 +0.01 56.06 + 116 117.31/114
NGC 1132 0.40 £0.01 14.82+2.28 0.70+0.12 —— —— —— 94.99/56
NGC 1550 0.35+0.01 9.35+0.83 2.16 +£0.03 —_— —— —— 119.47/114
NGC 6482 0.50 £0.01 14.71+0.90 1.13+0.06 —— —— —— 78.43/68
NGC 741 0.46 £0.01 22.32+1.41 0.83 4+ 0.05 —_— —— —— 118.66/76
RX J1340.6-4018 0.42 4+ 0.01 1.44 £0.14 13.80 + 1.40 —— —— —— 68.97/66
RX J1416.4-2315 0.42 +0.01 0.50 £0.02 57.92 + 1.40 —— —— —— 77.17/59
SDSS J01561005 0.65 4+ 0.02  5.40 £ 0.41 15.48 £1.59 0.64+0.01 0.52+0.01 107.43 + 14.75 97.42/94
SDSS J1726-2637 0.54 +0.01 4.88 £0.07 36.11 +0.54 —— —— —— 169.36/96

Notes:® For the single3 fitted FS these two columns represent andr., respectively, and for the doubf@{itted FS these two
columns represent; andr.1, respectively? Reduced Chi-square value for the best fit of singler double model.

other three FSs

ne(r) = na[l+ (r/re1)?] 45

+na[l+ (r/1e2)*) 9% + g

3)

We list the best-fit parametersof(r) in Table 3. The best-

fit electron number density profiles and SBPs are presented

in Figures 2 and 3, respectively.

4 HOT GAS PROPERTIES

4.1 Msoo — T and Lx — T Relations

In a spherically symmetric system with hydrostatic equi-
librium, M;.:(< ), the total mass within a given radius,
r, is given by
—r2kg  d[ne(r)T(r)]
e SN
wmpne(r) dr
whereG is the universal gravitational constaig is the
Boltzmann constanty, = 0.62 is the mean molecular
weight per hydrogen atorm,, is the proton massi.(r)
is the electron number profile, afit|) is the temperature

Mtot(< ’f') =

In this section, we present hot gas properties of FSs, e.grofile. In theM,..(< r) calculation, all the gas tempera-
the relations between gravitational mass, X-ray lumiryosit ture profiles’(r), are directly taken from Table 2.(r) is
(L), gas fraction f.,s), entropy and system temperature obtained from the best-fitting of the X-ray surface bright-
(T"). The spectral temperatures within therqg region
are used as the system temperafliréirst of all, we de-
termine the radirsgo, 7500 andrasgg, Within which the re-
spective average mass density is 200, 500 and 2500 timé&ss, where one can only calculate the global temperatures
the critical density of the universe at corresponding redd,. With Equation (4) and 1000 Monte Carlo simulations,
shift (we will introduce calculation of mass in Section 4.1) M5, and its error are readily derived.

Table 2 lists all the values of virial radiusyg of our sam-
ple in detail. The total mass withiygg is denoted ad/so,
which is used to examine the5q, — 7" relation of FSs. The
bolometricLx of the FS is taken to be withiryg,. Then,
we derive the gas fractiofi,., which is the mass ratio of
the hot gas component to the total magss 2500 means

the gas fraction ato50. Finally, we calculate entropies

within 0.175¢ of FSs.

ness profile described in Table 3. In detail, we U¥e)
as the spectral modeling of the five FSs with sufficient
counts, and assume a constaift) for the remaining five

Values for the luminositylx of the FSs withinragg
are givenbyLx = [[[ An.nudV, whereA is the cooling
function andhy is the proton number density. We calculate
the integral of the electron number density profile to derive
the bolometricLx. The error inLx is obtained from the
Poisson error in the X-ray count rate.

Figure 4 shows thé/5,, — T relation of FSs compared
with galaxy groups and clusters from Sun et al. (2009) and
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Fig. 2 Exposure-corrected SBPs extracted from a series of anredans centered on the X-ray emission peak of the RSs.the
projected distance. The solid lines and dotted lines cpaomd to the best-fit singlg-and double3 SBPs, respectively.

Arnaud et al. (2005), respectively. The slope of the bestlusters from the sample of Helsdon & Ponman (2000) and
linear fit to all the data i$.67 & 0.04, which is consistent Wu et al. (1999), respectively. The500 — 7"andLx — T’
with the value of previous work,.78 & 0.09, within errors  relations of FSs exhibit no obvious deviation from non-
(Finoguenov et al. 2001). Figure 5 presentsike— 7' re-  fossil galaxy groups and clusters.

lation of FSs compared with non-fossil galaxy groups and
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Fig. 3 Gas density profiles obtained from the deprojection of thB$B
4.2 Gas Fraction of FSs wheren, is the electron number density. We calculate the

gas entropy a0.17200, So.1r4,- BeCaUSE). 17900 IS VEry
With n(r) from Section 3.2, we calculate thg.s for  close to the center, we can avoid the shock-generated en-
FSs atrago, 1500 @andras00. The gas fractions increase tropy and thus enhance the sensitivity to any additional en-
with radius in FSs, which is consistent with ordinary sys-tropy. Figure 7 shows the entropies of FSs compared with
tems (Gastaldello et al. 2007). Typically, we present thePonman et al. (2003). The entropies of FSs are systemati-
Jfeas, 2500 — T relation in Figure 6 compared with 43 galaxy cally lower than those of the non-fossil galaxy groups, and
groups (Sun et al. 2009) and 14 galaxy clusters (Vikhlininthe Sy 1,.,,, — T plots of FSs are roughly around the dashed
et al. 2006, 2009). In our sample, seven higher temperaine in Figure 7, which has a self-similar slope of 1, nor-
ture FSs show a nearly constant gas fraction with a meamalized to the mean entropy of the hottest eight clusters
value of fgas, 2500, 0.073 £ 0.007, while the other three in Ponman et al. (2003). We also list within 0.1729 re-
lower temperature FSs exhibit decreasigl, 2500. The  gions of FSs in Table 2, which are 10~2 cm~2, the same
feas, 2500 — T relation in FSs is consistent with previous order of magnitude as galaxy clusters, but higher than those
works, which have reported thit.s, 2500 remains quite  of galaxy groups.
constant over higher temperature galaxy systems, yet de-

tected a decrease in the low mass, low temperature end
(Gastaldello et al. 2007; Dai et al. 2010). DARK MATTER HALO STRUCTURES

" As suggested by high-resolution N-body simulations, the
4.3 Entropy Within 0.17209 Navarro et al. (1996) (hereafter NFW) model is used to

The gas entropy is defined as describe the mass profile of all the dark matter halos

pO(SC
§=T/nZ?, (5) ) = Gy ©)
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wherep is the mass density, is the scale radiugy is the Since the density profile of a dark halo is only re-
critical density of the universe, ard is the characteristic arranged by a major merger, it indicates when the last
density. With the NFW model, we can obtain the following merger took place: each in the NFW model corresponds
integrated profile of a spherical mass distribution, to a formation epoch of the associated dark matter halo.
3 r r Therefore, dark matter halos of FSs were assembled at ap-
Meor(< 1) = dmdepor {m (1 + r_s) Torr TJ - (1) proximatelyl + z ~ 2 — 3 as shown in Figure 8.

We fit the NFW mass profile, Equation (7), to our X-ray
derived total mass profile of FSs (0.1 — 1)r29 to deter-
miners andd..

Figure 8 shows the relation betweenandd. of FSs.
The FSs show a similar correlation betwekrandrg to

6 DISCUSSION

In Section 4 and Section 5, we present hot gas properties
and dark matter halo structures of FSs. The gas properties
thatin Sato et al. (2000), which indicates the self-sintyar of FSs are not physically distinct from those of ordinary
of dark matter halos. According to the rangergfandd.,  systems, but their special birth places make FSs a distinct
the sizes of dark matter halos of FSs are more similar toype of galaxy system. In detail, we discuss this result as
those of galaxy clusters. follows.
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First of all, according to Figures 4-5, the FSs have(2000), dark matter halos of FSs were assembled approxi-
similar M50 — 1" and Ly — T relations to those of nor- mately atl + z; ~ 2 — 3, which means the forming epoch
mal groups and clusters, which means the gas properties of FSs is later than that for the galaxy groups, but at the
FSs are not physically distinct from normal objects. In thesame time as galaxy clusters. This is consistent with the
standard picture of hierarchical structure formationug®  simulation of Diaz-Giménez et al. (2008), who points out
comprising a handful of galaxies merge through gravity tathat the first-ranked galaxies in fossil systems merged late
form large clusters of hundreds of galaxies. THgy, — 7'  than their non-fossil-system counterparts.
andLx — T relations also indicate that FSs follow the stan- ~ FSs share many common characteristics with galaxy
dard picture, and belong to a common class of virializectlusters. Their gravitational collapse times and dark mat-
systems in the hierarchical structure forming universe. Weer halo sizes are nearly the same, and alsotheithin
also present thé,.s 2500 — T relation of FSs in Figure 6, 0.1r50 regions of FSs are- 1072 cm~3, the same order
which agrees with current observations (Gastaldello et abf magnitude as galaxy clusters. Why do the FSs have large
2007; Dai et al. 2010). In simulation, the gas fraction ismagnitude gaps which are distinct from an ordinary galaxy
directly related to the strength of cooling, star formationcluster? We prefer the answer that the birth places of FSs
and AGN activity in the galaxy group and cluster (e.g.,may be isolated and deficientirf galaxies, so thatthe FSs
Kravtsov et al. 2005; Puchwein et al. 2008). Therefore, ouexhibit large magnitude gaps compared with galaxy clus-
result indicates these non-gravitational events in FSs matgrs. All in all, we would conclude that the special birth
be as active as ordinary systems. This is supported by place of the FS makes it a distinct type of galaxy system.
study on the level of AGN activity in fossil systems (Hess
et al. 2012). In summary, the gas properties of FSs are net gypMMARY
physically distinct from those of ordinary systems.

Secondly, we examine the entropies withifirogo of ~ BY using Chandra X-ray observations of a sample of ten
our sample. As shown in Figure 7, the entropies of FSs arESs, we study theiblso0 — 7', Lx — T'and fgas, 2500 — T
systematically lower than those of ordinary galaxy groupgelations, and find the hot gas properties of FSs are not
or clusters. If FSs evolve from normal galaxy groupspPhysically distinct from ordinary systems. By analyzing
through a fast and efficient process of merging, the mergéhe gas densities, entropies and dark matter halos of FSs,
shocks during this process would generate entropy, so th#t€ also find FSs share common characteristics with galaxy
the FSs have higher entropy than normal galaxy groupslusters, such as they have almost the same gas densities,
(Tozzi etal. 2000). This is opposite to our result. Therefor gravitational collapse times and dark matter halo sizes.

FSs are unlikely to be formed through a fast and efficient herefore, we prefer the scenario that the birth place of
merging of normal galaxy groups. an FS may be isolated and deficientl/i galaxies, which

On the other hand, th®, ;,.,,, — 7" relation follows the makes it a distinct type of galaxy system.
self-similar extrapolation of rich-cluster entropies.dre-
vious work, entropy excesses in the inner regions of galax
groups and clusters are explained by the pre-heating sc
nario, which suggests the existence of a universal entroplg}
floor. The entropy excess is greater in lower temperature
systems (Ponman et al. 1999; Finoguenov et al. 2002). ABeferences
presented in Figure 7, the entropy excess in FSs is less than
that in ordinary galaxy groups, but at the same level as orAdami, C., Jouvel, S., Guennou, L., etal. 2012, A&A, 540, A10
dinary galaxy clusters. The gravitational collapse of ggla Aguerri, J. A. L., Girardi, M., Boschin, W., et al. 2011, A&A,
clusters happened earlier than the galaxy groups, which 527, A143
means the entropy excess is greater in cooler systems: illen, S. W., Schmidt, R. W., & Fabian, A. C. 2001, MNRAS,
hotter clusters the gravitational collapse of the system ge 328, 37
erates entropies in excess of the floor value established byrnaud, M., Pointecouteau, E., & Pratt, G. W. 2005, A&A, 441,
preheating, butin cooler systems itis preserved during col gg4
Iapsg,_and prevents the gas from collapsing to high centraéeers’ T.C.. Kriessler, J. R., Bird, C. M., & Huchra, J. P.2.99
densities (Ponman et al. 1999). Therefore, FSs may col- AJ. 109, 874

lapse as early as galaxy clusters, and FSs are more simil%r _ E S. Mendes de Oliveira. C. L. & Sodré. Jr. 00
to galaxy clusters in the preheating history. ypriano, E. S., Mendes de Oliveira, C. L., & Sodre, Jr.,00&

. AJ, 132,514

Finally, we study dark matter halo structures of FSsby_ .~~~ .
fitting theymass pro%le with the NFW model. As shown inyDa" X., Bregman, J. N., Kochanek, C. S., & Rasia, E. 2010, ApJ
Figure 8, the dark matter halo structures of FSs are similar 7_19' 119 _
to those of ordinary objects (Sato et al. 2000). The rang&2riush, A., Khosroshahi, H.G, Ponman, T. J., et al. 2007,
of FSr, andd, is closer to that of galaxy clusters, which ~ MNRAS, 382, 433
indicates that FSs and galaxy clusters may have nearlariush, A. A., Raychaudhury, S., Ponman, T. J., et al. 2010,
the same size dark matter halos. According to Sato et al. MNRAS, 405, 1873
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