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Abstract We present a study of a fossil cluster, SDSS J0150-1065(.364), with

high spatial resolution based on the imaging spectros@ltysis ofChandra obser-
vations. TheChandra X-ray image shows a relaxed and symmetric morphology, which
indicates that SDSS J0150-1005 is a well-developed galasyer with no sign of a
recent merger. According to the isothermal model, its dlgla temperature is 5.73
+ 0.80 keV, and the virial mass #23 + 1.34 x 10** M. Compared with the poly-
tropic temperature model, the mass calculated based osdtieermal model is over-
estimated by 49%11. The central gas entropys. 1 ,,, = 143.9 + 18.3 keV cn?, is
significantly lower than the average value of normal galdxgters with similar tem-
peratures. Our results indicate that SDSS J0150-1005 tbdwmeng an early epoch.
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1 INTRODUCTION

Galaxy clusters are the largest gravitationally boundesystin the universe. They originated from
extreme overdensities in the primordial density field, gtewmugh continuous accretion as well as
serial mergers and finally formed mass concentration§ tf—10'° M, at the present epoch. X-ray
studies of galaxy clusters play an important role in essaloiig the current cosmological paradigm.
However, it is still necessary to investigate massive adisgalaxy clusters to help determine the
cosmological parameters with even higher precision.
SDSS J0150-1005 (RA = 840™21.3', Dec =—10°05 31”, J2000.0) is located at~ 0.364.

It is a massive (and thus, by inference, very X-ray luminpdstant galaxy cluster in the MAssive
Cluster Survey (MACS) sample, which includes the most exérand rarest clusters out to signif-
icant redshift (Ebeling et al. 2001). SDSS J0150-1005 wesstifled as a fossil system by Santos
et al. (2007), in which 34 fossil systems were found from tlea® Digital Sky Survey (Adelman-
McCarthy et al. 2007). According to the definition of Joneale{2003), a fossil system is a gravi-
tationally bound system with spatially extended X-ray esiais, whose X-ray luminosity is higher
thanl x 10*2 ergs—! andAm;, > 2.0 mag, whereAm,, is the gap in absolute total magnitude for
the R band between the brightest and second-brightest memtzadiggalvithin half of the (projected)
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virial radius. The processes of origin and evolution forsibsystems are still not well understood.
In this work, we study a galaxy cluster, SDSS J0150-1005 nayaing Chandra archive data to
probe the X-ray properties of the fossil system in the regifneery high mass.

We describe the data reduction, imaging and spectroscogplgss in Section 2, and discuss and
summarize our results in Sections 3 and 4, respectivelyddirout this paper, we adopt the angular
diameter distance of 1031.7 Mpc to the cluster usthg= 71 km s°* Mpc~!, Q,, = 0.3 and
Qa = 0.7. At this distance]’ corresponds to 296.9 kpc. We adopt the solar abundanceastinof
Grevesse & Sauval (1998), where the iron abundance retativgdrogen i8.16 x 10~° in number.
Unless stated otherwise, the quoted errors are the 68% eongdimits.

2 DATA ANALYSIS
2.1 Observation and Data Reduction

The Chandra observation of SDSS J0150-1005 was carried out on 2009 r@bptel4 (ObsID
11711) for a total exposure of 27.1ks with CCDs 0, 1, 2 and & Advanced CCD Imaging
Spectrometer (ACIS). The events were collected with an sxpeotime of 3.2 s and telemetered in
the VeryFaint mode. The focal plane temperature was setltZ)°C. We use theChandra data
analysis software package CIAO (version 4.5) to processithie extracted from the | chips. We
keep events witthSCA grades 0, 2, 3, 4 and 6, and remove all the bad pixels, bad oslurolumns
adjacent to bad columns and node boundaries. In order ttifiglpossible strong background flares,
light curves were extracted from a box regi’ (aboutl.5 r590) away from the X-ray peak. Time
intervals during the count rate exceeding the average cgmésalue by 20% were excluded.

2.2 X-ray Surface Brightness

Figure 1(a) shows the ra@handra ACIS-I image of SDSS J0150-1005 in thg — 7.0 keV band,
where all the point sources of the fossil cluster that cowdietected at the confidence leveBof
using the CIAO tookelldetect were excluded. The X-ray morphology roughly shows a relaaed
symmetric appearance.

Figure 1(b) shows the SDS3-band image for the box region in Figure 1(a), with Ceandra
0.7 — 7.0 keV X-ray intensity contours overlaid. The white plus in ttenter indicates the X-ray
peak of SDSS J0150-1005. The X-ray peak and the positioreatBhgalaxy SDSS J015021.27—
100530.4 are consistent with each other within The cD galaxy shows regular morphology, and
appears as a giant isolated elliptical galaxy.

The exposure-corrected surface brightness profile (SBE}timcted from a series of annular
regions centered on the X-ray emission peak, and shown ur&@. The energy band of the SBP
is restricted ta).7 — 7.0 keV. Assuming spherical symmetry, we deproject the SBP tivel¢he
three-dimensional electron number density profilér) of the intracluster medium (ICM) with the
standard bnion-skin” method (Kriss et al. 1983). Using the singlemodel, we fitn,(r) for SDSS
0150-1005 as

ne(r) = no[l + (r/7¢)*] 715 + Npig, (1)
wherer is the radiuspn corresponds to the central electron number dengitis the core radius,
B is the slope andw,i, is the background. The reduced chi-square of the sifgheedel fit is
x?/dof = 1.88, which is unsatisfactory. The singlebest-fit SBP (dashed line in Fig. 2) exhibits
significant disagreement in the central 30 kpc due to thedende of central excess. Therefore, we
apply the double3 model to describe.(r) as,

ne(r) = na[1+ (r/re1)?] 7P 4 no[l 4 (1/72)%] 7572 + N, 2

which gives an acceptable fit with the reduced chi-squayelof = 1.04. The doubles best-fit SBP
is shown as a solid line in Figure 2. The resultant= 0.054 & 0.004 cm—3, ro; = 15.48 4+ 1.59
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Fig.1 (a) RawChandra image of SDSS J0150-1005 in th& — 7.0 keV energy band. (b) SDSS
B-band optical image for the box region in Figure 1(a), whaeeX-ray contours o€handra 0.7 —
7.0 keV image are overlaid. The white plus in the center indgdite X-ray peak of SDSS J0150-

1005.
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Fig. 2 Exposure-corrected surface brightness profiles extracted a series of annular regions
centered on the X-ray emission peak of SDSS J0150-1R0S.the projected distance. The blue
dashed and red solid lines correspond to the best-fit sifigled double3 SBPs, respectively.

kpc and3; = 0.65 + 0.02 for one componenty, = 0.005 4 0.001 cm~3, 7o = 107.43 + 14.75
kpc and@s = 0.64 £ 0.02 for the other. According to the best-fit gas distributiore #verage gas
density in the central 150 kpc regionis0.0054+ 0.001 cn13.

2.3 Hardness Ratio Map

We define the hardness ratio as the ratio of counts withig {he 7.0 keV band over that within the
0.7 — 2.0 keV band. For the observations of the ICM, the hardnessisatidemperature diagnostic:
a larger hardness ratio means higher temperature. Thebamdi@.0 — 7.0 keV) and the soft-band
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Fig. 3 Hardness ratio map (see definition in Sect. 2.3), which iadainspatially by a factor of 20.
The white plus in the center indicates the X-ray peak of SOHS0-1005.

(0.7 — 2.0 keV) counts are extracted from the event data, and then dispatially by a factor of 20
to increase the statistical significance for every pixel.

Figure 3 exhibits the hardness ratio map, which demonsttateé SDSS J0150-1005 could be a
cool core cluster, because it has a lower hard-band counéiodnter. Moreover, there is no obvious
thermal substructure in this cluster.

2.4 Spectral Analysis

We utilize the Chandra blank-sky template for the ACIS CCDs as the background. Hme-t
plate is tailored to match the actual pointing (Pointing RRE5947774587, Pointing Dec = —
10.0645622317 and Pointing Roll = 81.4228143940). The dpacknd spectrum is extracted and
processed identically to the source spectrum. Then, walette background spectrum by normal-
izing its high energy enfl.0 — 12.0 keV to the corresponding observed spectrum. The correspgnd
spectral redistribution matrix files and auxiliary respefiges are created by using the CIAO tools
mkacisrm f andmkwar f, respectively. All spectra are rebinned to ensure at léast\® counts per
spectral bin to allow? statistics to be applied. Since the contribution of the rsmrekctral compo-
nent is expected to be rather weak, and also to minimize teetefof the instrumental background
at higher energies as well as the calibration uncertaiatidswer energies, the fit is restricted to
0.7 — 7.0 keV.

Due to the limited counts, it is insufficient to extract thepdgected temperature profile of
SDSS J0150-1005. We take the spectral temperature froomthéws0.2 — 0.5 r509 as the global
temperature in order to reduce the effect of a cool core (gledal. 2007)r5g is the radius within
which the average mass density is 500 times the criticalityeofsthe universe at the corresponding
redshift. We will describe how to determine it in Section.3\k use the XSPEC 12.4.0 package to fit
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the spectrum. Following the method in Gu et al. (2010), we ehtdte gas with the WABS APEC
model. We fix the absorption to the Galactic value of 21%2° cm~2 (Dickey & Lockman 1990).
The best fit determines a temperatur&af3 + 0.80 keV, and an abundance 6f30 + 0.07 times
solar withy? /dof = 0.97. As a cross check for its cool core identified with the hardratio map,
we also extract the spectral temperature withirso, and fit the spectrum with the same method
described above. In the cluster’s center, the besffif {of = 1.02) temperature and abundance
are4.54 + 0.33 keV and0.51 + 0.14 times solar, respectively. Such a low inner temperatur@ als
indicates the cool core of SDSS J0150-1005.

3 RESULTS
3.1 Total Gravitational Mass Profile

In a spherically symmetric system in hydrostatic equilibti M. (< ), the total mass within a
given radiusr, is given by
kgT(r)r [d1nne(r)  dInT(r)
Gumy, dInr d Inr

Mot (< 1) = ) )
whereG is the universal gravitational constaht; is the Boltzmann constant, = 0.62 is the mean
molecular weight per hydrogen atom,, is the proton massi.(r) is the electron number profile,
andT'(r) is the temperature profile. In the,..(< r) calculation,n, is obtained from the best fit
of the X-ray surface brightness profile described in Sec#icgh As described in Section 2.4, we
cannot acquire the deprojected temperature profile of SD$503-1005. Therefore, we assume that
this cluster is an isothermal system. In such a case, thareitsrative process involved in the mass
calculation: an initiaksq is provided to obtain the global temperature; the globajterature is then
used in Equation (3) to producey, for the next iteration; such iteration continues ungjy and the
global temperature converges. Based on the resultantigkaiaerature, the virial radiusgg and
virial massiMsqo are obtained. With Equation (3) and 1000 Monte Carlo sinnutat virial radius is
ro00 = 1.544 0.11 Mpc and the virial mass 623 + 1.34 x 10'* M,,. The total gravitational mass
profile is shown in Figure 4.

We assume there is an isothermal distribution that may etierate the mass of the galaxy’s
cluster. In order to constrain this uncertainty, we alsopadioe polytropic model (Sarazin 1988),
where the temperature gradient in the intracluster gassisnasd. In this model, if the hot gas is
strictly adiabatic, its pressure and density have a simglgtion of P oc p7.., where polytropic
index~y is the usual ratio of specific heat. Because of the low delfsity< 10~2 cm~2), the ICM
can be treated as an ideal gas wWith= n4,skpT. The temperature profile is described by

) =T (pgas<r>)“ 1. (nm) @

Po o
As a rough estimation, we adopt the polytropic index 1.19 + 0.03 according to Tawa (2008),
in which they used observations from the Suzaku satelliteeastended the temperature profiles up
to the virial radius. The resultant virial mass4i20 + 1.01 x 10** Mg, and the calculated total
gravitational mass profile is also shown in Figure 4. We firat the virial mass derived from the
isothermal model is overestimated 9% =+ 11 compared with the polytropic temperature model.

3.2 Gas luminosity

The luminosity,Lx, of SDSS J0150-1005 within is given byLx = [[[ AnenudV, whereA is
the cooling function anay is the proton number density. We calculate the integral efelectron
number density profile to get the bolometfig = 3.87 4 1.47 x 10** erg s!. The error ofLx is
obtained from the Poisson error in the X-ray count rate.
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Fig.4 Total gravitational mass profiles of SDSS J0150-1005 barsddathermal ed) and poly-
tropic (black) temperature modelsd@lor onling). The solid lines show the best fits to the NFW
model, which give mass concentration parametess = 8.55 + 0.38 and 22.46+ 1.33 for the
isothermal and polytropic temperature models, respdgtive

4 DISCUSSION

According to results presented in Section 3, we would likeigzuss the epoch of formation for
SDSS J0150-1005 through X-ray morphology, the mass coratimt parameter and the central
entropy as follows.

The X-ray morphology of SDSS J0150-1005 shows a relaxed ymdhstric appearance: the
cD galaxy is consistent with the X-ray peak withifi; there exists a cool core in the center of the
galaxy cluster, as shown in the hardness ratio map; and alstumps or substructure are seen in
the ICM. The simulation of Poole et al. (2006) claims that $lgstem needs 2 x 10° yr to relax
and virialize, and that the smoothness of isophotes in itay<surface brightness is the only reliable
indicator of the virialization. Therefore, this galaxy star exhibits no violent turbulence caused by
recent major mergers.

We apply the NFW profile (Navarro et al. 1995)

_ p0§c
)= Gt R

to describe the total gravitational mass density, whdssthe mass density, is the scale radiugy
is the critical density of the universe, ahdis the characteristic density. With the NFW model, we
can obtain the following integrated profile of a sphericabmdistribution,

Miot(< 1) = 4m6opor’ {m (1 + 1) S— } . (6)

Ts r4re

We fit the NFW mass profile, Equation (6), to the total graidgtaél mass profile, derived from X-
rays in the isothermal model, obtained in Section 3.1, aaddbkult is shown in Figure 4. The best-fit
givesry = 181.24 + 11.20 kpc. The mass concentration parameter is defined@s= r200/7s =
8.55 4 0.38. Due to the systematic overestimation of the mass distabugy the isothermal model,
we also apply the NFW mass profile to the total gravitationassnprofile derived by the polytropic
temperature model in Section 3.1; the resultant 60.48+5.86 kpc andcagg = 22.46+1.33. Both
concentration parameters are higher than the simulatedlasetved values in galaxy clusters with
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similar mass (Dolag et al. 2004; Pratt & Arnaud 2005). Sirtiatashows that dark matter halos,
which have not undergone a major merger since 2, are more concentrated than those that have
experienced one since then (Wechsler et al. 2002). Sucthantégs concentration may indicate an
early epoch of formation.
The gas entropy is defined as
S =1T/n2/3. (7)

We focus on the gas entropy@t 7200, So.1 ., - BECAUSE.1 7500 IS Very close to the center, we can
avoid entropy generated from the shock, and thus enhanciisitivity to any additional entropy.
This yieldsSy 1 ,,, = 143.9 & 18.3 keV cn?, which is significantly lower than the average value
obtained by Pratt et al. (2006) for the relaxed galaxy chsstgth similar temperatures. Voit et al.
(2003) suggested that most feedback within the ICM occuisrbét falls into the clusters, rather
than after virialization. In the pre-collapse gas, the higintrast in density leads to higher post-
shock entropy, once the gas crosses the accretion shoclgdhe formation of the galaxy cluster.
According to the above statements, we conclude that the lgagentropy in the center also indicates
an early epoch of formation for this galaxy cluster.

As discussed above, SDSS J0150-1005 shows no recent magermer early formation ac-
cording to its relaxed X-ray morphology, high mass coneditn and low central entropy. From the
simulation by D’Onghia et al. (2005), a fossil system shddde already assembled half of its final
mass at ~ 1, and subsequently it typically only grows by minor merg@itse high mass concen-
tration was also previously reported in other fossil systéidhosroshahi et al. 2004, 2006; Sun et al.
2004). Moreover, the gas entropy in fossil systems is repldd lie along the lower envelope of the
entropy-temperature distribution (Khosroshahi et al. 2J0Therefore, we conclude that the X-ray
properties of SDSS J0150—-1005 may be ascribed to its fdsmibcter.

5 SUMMARY

With the Chandra observation of a massive, distant galaxy cluster, SDSSQEII5, we study
properties of this fossil cluster related to hot gas, intlgdts temperature, luminosity and gas
entropy. The isothermal and polytropic temperature moale®dopted to estimate the total gravita-
tional mass. Its relaxed X-ray morphology, high mass cotraéon parameter and low entropy near
its center indicate that this cluster formed early and hagrperienced a recent major merger. We
conclude that these X-ray properties may be ascribed tosslfcharacter.
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