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ABSTRACT

In this second paper on the entire virial region of the retiossil cluster RXJ 1159+5531 we present a hydro-
static analysis of the azimuthally averaged hot intraelustedium (ICM) using the results of Paper 1 (Su et al.
2015). For a model consisting of ICM, stellar mass from thetreé galaxy (BCG), and an NFW dark mat-
ter (DM) halo, we obtain a good description of the projectadial profiles of ICM emissivity and temper-
ature that yield precise constraints on the total mass profilhe BCG stellar mass component is clearly
detected with &-band stellar mass-to-light ratibl, /Lx =0.61+0.11M /L, consistent with stellar popula-
tion synthesis models for a Milky-Way IMF. We obtain a halmcentrationg,go = 8.4+ 1.0, and virial mass,
Ma00=(7.940.6) x 10"*M,. For its mass, the inferred concentration is larger thart netexed halos produced

in cosmological simulations witRlanckparameters, co

nsistent with RXJ 1159+5531 forming eatian the

general halo population. The baryon fractiomap, fy200=0.134=+0.007, is slightly below thelanckvalue
(0.155) for the universe. However, when we take into accthmtadditional stellar baryons associated with
non-central galaxies and the uncertain intracluster l{tbit), f, 200 increases by: 0.015, consistent with the

cosmic value and therefore no significant baryon loss

fraavsiistem. The total mass profile is nearly a power

law over a large radial range-(0.2-10R.), where the corresponding density slapebeys thex - R scaling
relation for massive early-type galaxies. Performing amalgsis in the context of MOND still requires a large
DM fraction (850%+ 2.5% atr = 100 kpc) similar to that obtained using the standard Neiatoapproach.
The detection of a plausible stellar BCG mass componerihdistom the NFW DM halo in the total gravi-
tational potential suggests that10**M,, represents the mass scale above which dissipation is uniamp

the formation of the central regions of galaxy clusters

1. INTRODUCTION

Itis well appreciated that galaxy clusters are powerfultoo
for cosmological studies, especially through their halssna
function and global baryon fractions (e.g., Allen et al. 201
Kravtsov & Borgani 2012). In order to obtain mass measure-
ments of ever larger numbers of cluster masses at higher red
shifts, studies must resort to global scaling relationserof
involving proxies for the mass. Global scaling relations of
ICM properties are particularly useful to probe cooling and
feedback in cluster evolution. Measurements of global-scal
ing relations must be interpreted within the context of a-gen
eral paradigm (e.gACDM) that makes definite assumptions
about the full radial structure of a halo. It is essentialttha
those assumptions be verified for as many systems as possib
through detailed radial mapping of halo properties.

Fortunately, there are several powerful probes of cluster
mass distributions (e.g., galaxy kinematics, ICM tempeat
and density profiles, gravitational lensing, SZ effect) ethi
ideally, can be combined to achieve the most accurate gictur
of cluster structure (e.g., Reiprich et al. 2013). In peti
differenttechniques are better suited for particularteltssbe-
cause of multiple factors, such as distance and mass.

Well-known advantages of studying the ICM include (1)
that it traces the three-dimensional cluster potential;W2)
the electron mean free path is sufficiently short (espaciall
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when considering the presence of weak magnetic fields) to
guarantee the fluid approximation holds (i.e., with an it
pressure tensor); and (3) the hydrostatic equilibrium appr
imation should apply within the virialized region, allovgin
the gravitating mass to be derived directly from the temper-
ature and density profiles of the ICM (e.g., Sarazin 1986;
Ettori et al! 2013).

Since clusters are still forming in the present epoch, devia
tions from the hydrostatic approximation are expected.-Cos
mological simulations expect typically 10%-30% of the tota
ICM pressure is non-thermal, primarily arising from random
turbulent motions (e.g., Rasia et al. 2004; Nagai =t al. i2007
Eckert et al. 2015). Even with the very unfortunate demise of

stro-H, eventually microcalorimeter detectors will provide
or the first time precise direct measurements of ICM kine-
matics for many bright clusters, greatly reducing (or elimi
nating) this greatest source of systematic error in ICM stud
ies (e.g.. Kitayama et al. 2014). Even so, for the most ridiab
hydrostatic analysis it is desirable that the correctiomfun-
thermal pressure be as small as possible; i.e., for the most
relaxed systems.

It turns out to be difficult to find clusters with undisturbed
ICM within their entire virial region. The clusters that tbto
be the most dynamically relaxed over most of their virial re-
gion are the cool core clusters which, unfortunately, ase al
those that most often display ICM disturbances in theirreént
regions believed to arise from intermittent feedback fram a
AGN in the central galaxy (e.g., Bykov et/al. 2015). Hence,
CC clusters with the least evidence for central ICM distur-
bance are probably the best clusters for hydrostatic studie

The cool core fossil cluster RXJ 1159+5531 is especially
well-suited for hydrostatic studies of its ICM. It is bothfsu
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ficiently bright and distantz= 0.081) allowing for its entire  our analysis are the radial profiles of projected (1) emrissio
virial region to be mapped through a combinationGian- weighted temperature and (2) emissivity-weighpégg e.g.,
draandSuzakuwbservations with feasible total exposure time. equations B10 and B13 bf Gastaldello et al. (2007). In addi-
The high-qualityChandramage reveals a highly regular ICM  tion, we also use the profile of projected, emission-weighte
with no evidence of large, asymmetrical disturbances any-jron abundanceZge) expressed in solar units (Asplund et al.

where, including the central regions (Humphrey et al. 2012a [2006) to further constrain the emissivity in our hydrostati
We have Suzakuobservations covering the entire region models.

within rogp 0n the sky and presented results for the ICM prop-

erties in each of four directions (including using the cahtr 3

Chandraobservation) in_Su et all (2015, hereafter Paper 1). 3. ENTROPY-BASED METH_QD_

We found the ICM properties (e.g, temperature, density) to e prefer to construct hydrostatic equilibrium models us-

display only very modest azimuthal variations {0%), pro- ~ ing an approach that begins by specifying a parameterized
viding evidence for a highly relaxed ICM. model for the ICM entropy (Humphrey etlal. 2008). The ben-

In this second paper on the entire virial radius of efits of this “entropy-based” ap.proach, as well as a review of
RXJ 1159+5531 we focus on measurements of the BCG stel-0ther methods, are presented in Buote & Humphrey (2012a).
lar mass-to-light ratio, dark matter, gas, and baryon frac- Compared to the temperature and density, the entropy pro-
tion. Whereas Paper 1 focused on the comparison of ICMfile is more slowly varying and has a well-motivated asymp-
properties obtained for each of the four directions obskrve totic form, ~ r** for all clusters (e.gl, Tozzi & Normén 2001;
by Suzaky here we analyze results for all the directions to- Moit et al.[2005). In addition, by requiring the entropy to be
gether to obtain the best-fitting azimuthally averaged I@d a @ monotonically increasing function of radius, the addiéib
mass properties. For calculating distances we assumed a flagontraint of convective stability (not typically applienl ¢lus-

ACDM cosmology withmo = 0.3 andHg = 70 km s Mpc L. ter mass studies) is easily enforced. We assume s_pherical
At the redshift of RXJ 1159+553% € 0.081) this translates ~ Symmetry which, if in fact the cluster is a triaxial ellipgoin-

to an angular-diameter distance of 315 Mpc afi¢-1.5 kpc. troduces only modest biases into the inferred parametees (s
Unless stated otherwise, all statistical uncertaintiesteplin . ) ) )
this paper ared. For studies of cluster ICM the thermodynamic entropy is

The paper is organized as follows. We review very briefly usually replaced by the entropy proxg,= ksTne”>, ex-

tghze c\;\tllszrvations, data rl)repar?titpn, a??hlchM (;neatSli_femEmS(;pressed in units of keV cfult is useful to define the quantity,
. We discuss our implementation of the hydrostatic methods _ -2/3 ; ;
in §3 and define the particular models and parameterflin 84 SCPZI\] g?fd/ #hné)-{hpga;tévrr\:?ceﬁgslg H;ﬁtﬁ:ﬁgtnrggig;; g?ﬁg glt] t_he
We present the results inlss and describe the construction O{ropy ProXy With pgas (€.g., using eqﬁ B4 6f Gastaldello et al
the systematic error budget ifl§6. Finally, i 87 we discuss 2007) so that gasi=-ge : :
several implications of our results and present our summary= '
and conclusions in(§8.

i3 s, 1 <2+Mi)2/3

2. OBSERVATIONS S m (1)

S My
The observations and data preparation are reported in Pa- . . S .

per 1, and we refer the interesE[)edpreader to that Saper for dgThe equation of hydrostatic equilibrium may now be written,
tails. Briefly, after obtaining cleaned events files for eabh de 2 GM(< 1)

servation, we extracted spectra in several concentrialeirc — = ——725;3/ 5 (2)
annuli for each data set and constructed appropriate respon dr 5o

files for each annulus; i.e., redistribution matrix files (R8)
and auxiliary response files (ARFs, including “mixing” ARFs
to account for the large, energy-dependent Point SpreactFun g (after specifyingS) andM(< r), the hydrostatic equation
tion of the Suzakudata). We constructed mod8lizakuspec- can be integrated directly to obtajrand therefore the profiles
tra representing the “non-cosmic” X-ray background (NXB) ) _ 3/5 _ «3/5.3/2

and subtracted these from the observations. All other back-0f 988 densitypgas= (P/S,)7> = §,""¢7%, and temperature,
ground components for both th@handraand Suzakudata ke T /umy = §/5P2/5 = 82/55. By comparing the density and
were accounted for with simple parameterized models fit- temperature profiles to the observations, we constraindhe p
ted directly to the observations usirngPeECcv12.7.2((Arnaud  rameters of the inpu8andM(< r) models.

1996); i.e., the annular spectrum of each data set was fittedi  Since M(< r) in eqn. [2) containdMg,s direct integra-
dividually with a complex spectral model consisting of com- tion only yields a self-consistent solution fpgas provided
ponents for the ICM and background. For each annulus on theMgas<< M(< r). In Paper 1, and all our previous studies of the
sky a single thermal plasma componersgEeC) was fitted to entropy-based method, we insured self-consistency irebe ¢
represent all the ICM emission in that annulus. No depro- whereMg,s cannot be neglected by differentiating the equa-
jection was performed during the spectral fitting because ittion with respect to r and making use of the equation of mass
amplifies noise and renders the analysis of the background€ontinuity; e.g., see eqn. (4) of Paper 1. Here we instead em-
dominated cluster outskirts even more challenging. Furthe ploy an iterative solution of eqri.l(2) by treatiMyasas a small
more, standard deprojection algorithms (e.g., onionipgel perturbation. We solve eqr.](2) initially by settityas= 0.

and PROJCTIn XSPEQ do not generally account for ICM  From this solution we use the ngwasto compute the profile
emission outside the bounding annulus, which also can leadof Mg,s We then insert it into the hydrostatic equation and
to sizable systematic effects (elg., Nulsen & Bohringer5199 obtain an improved solution. The process is repeated until
McLaughlini1999; Buote 2000a). the value oMgasnear the virial radius changes by less than a

Consequently, the principal data products resulting from desired amount.

where¢ = P?5, P is the total thermal pressure, aM{< r)
is the total gravitating mass enclosed within radiusGiven
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A boundary condition orf must be specified to obtain a Sersic model (i.e., de Vaucouleurs) with= 9.83 kpc and
unique solution of eqn[{2). We choose to specify the “ref- Lx = 1.03x 10'?L.,. Additional (poorly constrained) stellar
erence pressurePry, at a radius of 10 kpc. Hence, the free mass contributions from non-central galaxies and intstelu

parameters in our hydrostatic model &g and those associ-
ated withSandM(< r), which we detail below in[§4.
To compare to the observations, the three-dimensional

light are treated as a systematic error[in 86.2.

4.3. Dark Matter

density and temperature profiles of the ICM obtained from  \we consider the following models for the distribution of

egn. [2) are used to construct the volume emissivigyex
péasAV(T,Z), whereA,(T,Z) is the ICM plasma emissivity.
Thene, and the emission-weighted temperature are projected
on to the sky and averaged over the various circular annili co
responding to the X-ray data using equations B10 and B13 of
Gastaldello et al! (2007). Sinde,(T,Z) also depends on the
metal abundances, we need to specify the abundance profiles
in our models. As in our previous studies, we obtain best re-
sults by simply using the measured abundance profiles in pro-
jection and assigning them to be the true three-dimensional
profiles for the models. (The iron abundance profiles are
presented in Fig. 3 of Humphrey et al. 2012a and Fig. 13 of
Paper 1.) In 8618 we discuss instead using a parameterized
model for the iron abundance that is emission-weighted and
projected onto the sky and fitted to the observations.

Since the X-ray emission in each annulus on the sky gener-
ally contains the sum of a range of temperatures and métallic
ties owing to radial gradients in the ICM properties, thesesl
in particular of the temperature and metallicity obtaingd b
fitting single-component ICM models to the projected spec-
tra can be substantially biased with respect to the emission
weighted values (e.d., Buote 2000b; Mazzotta &2t al. 200G21). T
partially mitigate such biases in the data-model compariso
we employ “response weighting” of our projected models (see
egn. B15 of Gastaldello etlal. 2007).

4. MODELS AND PARAMETERS
4.1. Entropy
For the ICM entropy profile we employ a power-law with

dark matter.

e NFW As it is the current standard both for modeling

observations and simulated clusters, we use the NFW
profile (Navarro et al. 1997) for our fiducial dark matter
model. It has two free parameters, a concentration
and masM,, evaluated with respect to an overdensity
A times the critical density of the universe.

Einasto The Einasto profile (Einasto 1965) is now rec-
ognized as a more accurate representation of the pro-
files of dark matter halos. We implement the mass
profile followingMerritt et al. (2006) but using the ap-
proximation ford, given byl Retana-Montenegro et al.
(2012). As with the NFW profile, we express the pa-
rameters of the Einasto model in terms of a virial con-
centration,ca, and massMa. We fix n=5(a = 0.2)
appropriate for cluster halos (e.g., Dutton & Maccio
2014).

CORELOG To provide a strong contrast to the NFW
and Einasto models, we investigate a model having a
constant density core and with a density that approaches
r~2 at large radius. For consistency, we also express
the free parameters of this model in terms of a virial
concentrationca, and massMax; e.g., see 82.1.2 of
Buote & Humphrey!(2012b) for more details.

All ca, Ma, andra values are evaluated at the redshift of
RXJ 1159+5531 (i.ez=0.081). Below we quote concentra-

two breaks plus a constant,
r) =so+s1f(r), 3)
wheresy represents a constant entropy floor, and S(ref) —

s for some reference radiugs (taken to be 10 kpc). The

dimensionless functiofi(r) is,

r a1
(;;;) r<rpi
az
f(=4 f1 (r%) b1 <T <Trp2
fo( )"
2 I'ref r> rb,2

wherery, 1 andry, > are the two break radii, and the coefficients

f1 andf;, are given by,

Qn~Qn+l
_ Ibn
fo=foa | — ;
Iref

tion values for the total mass profile (i.e., stars+gas+D#§)) a
cRt = r%t/rPM wherer® is the DM scale radius andy! is

the virial radius of the total mass profile. We determife
iteratively starting with the DM virial radius, adding ineh
baryon components, recomputing the virial radius, and-stop
ping when the change in virial radius is less than a desired
tolerance.

5. RESULTS
5.1. Overview

We fitted the model to the data using the “nested sampling”
Bayesian Monte Carlo procedure implemented in the Multi-
Nest code v2.18 (Feroz et/al. 2009), and we adopted flat pri-
ors on the logarithms of all the free parameters. We used a
X2 likelihood function, where thg? consists of the tempera-
ture and projecteyjéasdata points, the model values, and the
statistical weights. The weights are the variances of tha da
points obtained from the spectral fitting in Paper 1. We quote

with fo = 1. To enforce convective stability [(B3) we require two “best” values for each parameter: (1) “Best Fit’, which
a1,a2,a3 > 0. Hence, this model has seven free parameters:is the expectation value of the parameter in the derived pos-

S0, Sty b1, b2, Cu1, (b2, anda.

4.2. Sellar Mass

terior probability distribution, and (2) “Max Like”, whicls
the parameter value that gives the maximum likelihood (Ebun
during the nested sampling). Finally, unless stated otiserw

We represent the stellar mass of the cluster usingkthe  all errors quoted aredlrepresenting the standard deviation
band light profile of the BCG (2MASX J11595215+5532053) of the parameter computed in the posterior probabilityrdist
from the Two Micron All-Sky Survey (2MASS) as listed in  bution. All models shown in the figures have been evaluated
the Extended Source Catalog (Jarrett &t al. 2000); i.a1 =ah using the “Max Like” values.
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Figure 1. The quantity plotted (with & errors) is proportional to the ICM surface brightness diddy A, (T,Z) (see equation B10 of Gastaldello et al. 2007).
The best-fitting fiducial hydrostatic model is also overt{gd so that its color reflects its value for each data set.dEi@ sets are labelled as followShandra
(black); Suzakupointings: N (blue), S (red), W (green), E (yellow). The i@t lines in the top right corner indicate the best-fittinigal radii for the fiducial
model; i.e., from left to rightrsgg, r2o0, @ndrigg. The bottom panel plots the data/model ratio.

In Figures[1 and12 we display the projectga@as (x which the slope is uncertain, but consistent with the baseli

¥, /A, (T,Z), whereX, is the surface brightness) and tem- model out to the largest radii investigated (10g). As noted
perature data along with the best-fitting “fiducial” modeiga  in Paper 1, at no radius does the scaled entropy fall below the
residuals). The fiducial model consists of an entropy profile baseline model, consistent with a simple feedback explana-
with two breaks, the = 4 sersic model for the stellar mass of tion. (See Paper 1 for more detailed discussion of how the
the BCG, and the NFW model for the dark matter. Inspection €ntropy profile compares to theoretical models.)

of the figures reveals that, overall, the fitis good. Most ef th  In Fig.[3 following| Pratt et 1. (2010) we also show the re-
fit residuals are withire 10 of the model values, and the most  sult of rescaling the entropy profile bygks/ fou)?°, where
deviant points lie withire 20 of the model values. Since for  fgasis the gas fraction as a function of radius agd = 0.155

our Bayesian analysis we cannot easily formally assess thds the baryon fraction of the Universe. The overall very good
goodness-of-fit as in a frequentist approach, we have aiso fit agreement of this rescaled entropy profile with the baseline
ted models to the data using a standard frequegfisinaly- model suggests that the feedback has primarily served to spa
sis. For our fiducial model we obtain a minimuy? = 39.9 tially redistribute the gas rather than raise its tempeeatu

for 39 degrees of freedom, which is formally acceptable from We note that the second break in the entropy profile is not

the frequentist perspective. (For reference, if the BCG-com required at high significance; i.e., the ratio of the Bayesia
ponent is omittedy? = 59.6; i.e., the data strongly require €vidences for the 2-break and 1-break modelis 1.9.

i)
Below we shall often refer to the "Best Fit” virial radii of 5.3. Pressure

the fiducial model:ras00 = 271 kpc,rsoo = 575 Kpc, rao0 = The results for the pressure profile using the fiducial hy-

862 kpc, and;r =rios=1.12 Mpc. drostatic model are displayed in F[g. 3, and the constraints

59 Entro for the reference pressure are listed in Table 1. In the figure
e Py we have plotted the “scaled” pressure in units of the char-
The results for the entropy profile using the fiducial hy- acteristic pressurdseo = 5.9 x 10 keV cn (see eqn. 5 of
drostatic model are displayed in Fig. 3, and the parameteiarnaud et al. 2010), and compared to the “universal” pressur
constraints are listed in Také 1. In the figure we have plot- profile of[Arnaud et dI.[(2010). (Note that we quote results
ted the “scaled” entropy in units of the characteristicepyt  for the total gas pressure rather than the electron gasyseess
Ss00= 2606 keV cnt (see eqn. 3 of Pratt etlal. 2010). The en- and have accounted for this also in the definitiorPgf.) In
tropy profile has a small, but significant floor at the centet an most of the region where the universal profile is expected to
then rises more steeply than ther' profile out to the first  be valid, the pressure profile of RXJ 1159+5531 agrees within
break radius4£ 36 kpc). The profile is then shallower than the 20% scatter in the pressure profiles of the clusters stud-
the baseline model out to the second break’ 00 kpc), after  ied by Arnaud et all (2010), reaching maximum deviations of
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Figure 2. Projected emission-weighted hot gas temperatkg® Y along with the best-fitting fiducial hydrostatic model irckaircular annulus versus radiis
on the sky. The labeling scheme is the same adFig. 1

Table 1
Pressure and Entropy
Pref S S b1 b2 a az az
(102 keV cmi®) | (keVcn?)  (keV cn?) (kpc) (kpc)
Best Fit 5304+ 0.25 448+078 109+13 356+51 708+277 181+0.18 057+006 101+0.44
(Max Like) (5.49) (4.51) (107) (424) (180) (180) (036) (074)

Note. — Constraints on the free parameters associated with #espre and entropy for the fiducial hydrostatic mo&}; is the normalization of the total
thermal ICM pressure profile at the reference radius 10 kpe.dther parameters refer to the double broken power-lasw@nmodel (eqr13). In the top row we
list the marginalized “best fitting” values and Errors; i.e., the mean values and standard deviations qfat@neters of the Bayesian posterior. In the second
row we give the “maximum likelihood” parameter values thaximize the likelihood function.

50-60% at the endpoints; i.e., RXJ 1159+5531 has a pressur€XBSLOPE,A, (T, Z), Solar Abun, and FiZge(rout) rows in

profile similar to the other clusters. Table[2. It is, however, reassuring that even these changes
generally lead to parameter changes not much larger than 1
5.4. Mass (See Bb for a more detailed discussion of the systematic erro
budget.)

In Fig.[4 we show the profiles for the total mass and differ-
ent mass components for the fiducial hydrostatic model,avhil

in Table[2 we list the results fdW, /L and the NFW pa- with our previous determinations (Gastaldello etlal. 2007,

rameters, concentration and mass, evaluated for sevesal ov H h Al 2012 d also | istent with th |
densities. Of all the mass components, the stellar mass has umpnrey €L al. 2a) and also is consistent wi € value

the weakest constraints-(+18%), while the gas mass is the Expected from stellar population synthesis models. Using
best constrained (e.gw +4% atrsgs.), considering only the the published relationship tzetween stellar mass-to-lrght
statistical errors. tio and color from_Zibetti et al. (2009), we obtal, /L =

: : : 0.55Mq/Ls for g—i = 141, where theg and i magni-

Most of the possible systematic errors we considerin 86, 0/ =0 i » s

and listed in Tablé]2, are not significant since they induce 'Edtes arle t?kelg f:okr)n the ’LVIESeI efntr!es '? trt‘ﬁ NéISA/IPé_C

parameter changes of the same size or smaller thandhe 1. xtragalactic Database ( ) referring to the Sloan Dig-
ital Sky Survey Data Release[® This good agreement

statistical error. The most significant changes result faem . ! . ;
pects of the background modeling(86.6), the treatmentef th should be considered only a mild consistency check, since

plasma emissivity (8618), and how the metal abundances are : _
treated (@5), particularly in the outermost apertures, the http://www.sdss.org/dr6/products/catalogs/indexlhtm

The value we obtain for th&-band stellar mass-to-light
ratio (M, /Lk = 0.6My/Lg) of the BCG agrees very well
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Figure 4. (Left Pane) Radial profiles of the various mass components of the fidlbgidrostatic model: total mass (black), NFW DM (blue), st@ed), hot gas
(green). The vertical lines in the bottom right corner irdécthe best-fitting virial radii for the fiducial model; i.&om left to right: rsgg, r200, andrigs. (Right
Pane) Results shown for hydrostatic models having differenkdaatter profiles: NFW (solid lines), Einasto (dotted linegSprelog (dashed lines). Only the
best-fitting models are shown. The color scheme is the sarfioe tiee left panel. The gas mass profiles are indistinguighlbétween the models.

(1) there is significant scatter depending on which bands arescatter depending on the color used, the X-ray analysis fa-
used for the color (we usegl—i as favored by Zibettietal. vors the lowerM,/Lx obtained from_Zibetti et al.[ (2009)
2009), and (2) the relationship between color aigd/Lk who adopt a Milky-Way IMF|(Chabrigr 2003). Several pre-
depends on the assumed stellar initial mass function (IMF).vious studies have found that massive early-type galaxies
If instead we use the relationship between stellar mass-to-instead favor a Salpeter IMF (e.g., Conroy & van Dokkum
light-ratio and color of_Bell et al.| (2003), who employ a 2012;[Newman et al. 20113a; Dutton & Treu 2014), although
Salpeter-like IMF, we obtaiM, /Lx ~ 0.94M /L., about the more recent study by (elg. Smith etal. 2015) and most
30 above our measured value. While there is considerableof our previous X-ray studies (e.d., Humphrey et al. 2009,



Table 2

Stellar and Total Mass

M. /Lk C2500 Mzs00 Cs00 Mso0 C200 M200 Cuir Mvir
MoLd) (10"*Mg) (10"*M¢) (10"*M¢) (10"*Mg)

Best Fit 0614011 | 26404 31401 | 56+07 59404 |84+10 79+06 | 109413 94407
(Max Like) (053) (3.0) (31) (6.3) (5.6) (9.4) (7.4) (122) (88)
Spherical ET o4
Einasto -0.05 -0.2 -0.0 -0.4 01 -0.6 01 -0.9 01
CORELOG -0.05 100 -0.4 231 05 375 24 517 47
1 Break 002 -0.1 00 -0.2 01 -0.2 02 -0.3 02
Au(T,2) -0.04 0.2 -0.1 05 -0.4 0.7 -05 0.9 -0.6
Response 02 -0.2 00 -0.4 01 -0.6 03 -0.8 03
Proj. Limit 1500 50 30 50 50 30 50 %0 30
SWCX 000 -0.0 00 -0.0 00 -0.1 01 -0.1 01
Distance 00 1 30 03 1 35 1 3 "
Ny -0.02 0.1 -0.0 0.2 -0.1 0.3 -0.2 0.4 -0.3
FixZre(row) 563 03 i 03 03 03 03 i 0
Solar Abun.  —0.05 03 -0.1 05 -03 0.7 -05 1.0 -0.6
PSF 003 -0.1 01 -03 02 -0.4 03 -05 04
FI-BI 0.02 -0.1 -0.0 -0.1 00 -0.2 01 -0.2 01
NXB o -0.0 ol -0.0 ol -01 01 -01 ol
CXB -0.01 0.0 00 0.1 -0.0 0.1 -0.0 0.1 -0.1
CXBSLOPE %504 iy o1 %57 by 16 55 iy 56

Note. — Best-fitting values, maximum likelihood values, and drrors (see notes to Talile 1) for the stellar mass-to-ligtio M, /Lk ), concentration, and
enclosed mass corresponding to the total mass profile {g@s$DM) of the fiducial hydrostatic model computed for radirresponding to several different
over-densities. (Note: “vir’ refers th = 108) We also provide a detailed systematic error budget as imgaldan §6. For most of the entries we list the values
using the same precision. If the particular error has a emedllue, it appears as a zero; e.g., “0.0” or “-0.0". Briefiyg systematic test names refer to tests of,
(“Spherical’, §6.1): the assumption of spherical symmetry
(“Einasto”, “CORELOG”, §6.4): using Einasto or CORELOGtiead of NFW for the DM profile
(“1 Break”, §6.3): only using one break radius for the engrapodel
(“Au(T,2)", §6.8): different treatments for deprojecting the plasemissivity
(“Response”, [B618): response weighting
(“Proj. Limit”), 86.8): outer radius of model cluster
(“swcCx”, §6.8): Solar Wind Charge Exchange emission
(“Distance”, §6.8): assumed distance
(“Nn”, B-7): assumed Galactic hydrogen column density
(“Fix Zee(rouw)”, 86.9)): effect of fixing the metal abundance in the ouerzakiaperture to either.QZ, or 0.3Z¢
(“Solar Abun; §6.8): using different solar abundance tables
(“PSF”, §6.7): the sensitivity to the PSF mixing proceduethe Suzakudata
(“FI-BI", 86.7): the flux calibration of the differenSuzakuCCDs
(“NXB", 86.6): the sensitivity to the adopted model of thenaX-ray background for th&uzakudata (“CXB”, §6.8): fixing the normalization of the CXB power
law to the average value determined from surveys
(“CXBSLOPE”, §6.6): the sensitivity to the assumed slopéhie CXB power law

2012b) favor a Milky-Way IMF. our measured;go = 7.8+ 1.0 is slightly more than 2 above
Since fossil clusters like RXJ 1159+5531 are thought to the mean predicted value of 5.6 and a little above thmfrin-

be highly evolved, early forming systems, it is interestiog  sic scatter ¢;00 = 7.5) using the results of Dutton & Maccio

examine whether they possess large concentrations far thei(2014). The reduced significance for the Einasto case arises

mass compared to the general population. According to thefrom a combination of our smaller measureg, and also

results of Dutton & Maccid (2014), the mean valuegf, for larger theoretical intrinsic scatter for the Einasto peofibm-

a “relaxed” dark matter halo witNl,go = 7.9 x 10'3M, in the pared to NFW.

Planckcosmology is 5.3, which is a little more than Bwer In the right panel of Fig.]4 we compare the results for the

than the value we measure for RXJ 1159+5534 {81.0). different dark matter models. As is readily apparent from vi

In addition, with respect to the intrinsic scatter of the-the sual inspection, the gas mass profiles are virtually idahtic

oretical relation, thecygg value is a~ 20 outlier. Hence, for all three cases; i.e., the inferred gas mass profile iagbob

with respect to the fiducial hydrostatic model with an NFW to the assumed dark matter model. Over most of the radii in-

DM halo, RXJ 1159+5531 appears to possess a significantlyvestigated, the total mass profile is also quite insensttive

above-average concentration, consistent with formintiegar  the assumed dark matter model, though CORELOG leads to a

than the average halo population. For the Einasto DM halo,more massive halo than either NFW or Einasto. (Note in par-
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ticular the “pinching” of the total mass profile near 10-2@kp
about 1-2R., where the dark matter crosses over the stellar
mass.) The largest deviations appear at the very largest rad 3
(= r108). The fitted stellar mass profile is very similar for all L Cosmic Value
three DM models and yields consistét/Lk values in each 015
case.

All the DM models produce fits of similar quality in terms
of the magnitude of their fractional residuals. When we per-
form a frequentisk? fit we obtain minimumy? values of 39.4 “
for Einasto, 40.1 and for CORELOG compared to 39.9 for ©
NFW; i.e., the fits are statistically indistinguishablerfrethe 1)
frequentist perspective. Moreover, from the Bayesianyanal
sis we can use the ratio of evidences to compare the Einasto™
(InZ =-53.00) and NFW (IrZz = -53.81) models since they
have essentially the same free parameters and priors: We ob- ]
tain an evidence ratio of 2.2 in favor of the Einasto model, 0.05 A _
which is not very significant. It is not straightforward tonae | A Ts00 Ta00 Coir |
pare the evidences of the CORELOG and NFW models be- L
cause they have different prior volumes (and the models are
not “nested”). Nevertheless, the frequentist minimyfrval- L
ues clearly show that, despite the high-quality X-ray data c 200 400 600 800 1000
ering the entire virial radius in projection, the data do stat r (kpe)
tistically disfavor the CORELOG model.

For completeness, we have also examined allowing the
Einasto indexh to be a free parameter. Since, as just noted, F_igure 5. Radial profiles of_ the baryon (solid_ black Iine, cyam @rror re-
the data are unable to distinguish clearly between the NFW,%';dnr)O:‘gzigffogi‘f.ttEd red line, red: &rror region) fractions of the fiducial
Einasto 1= 5), and CORELOG profiles (each of which have
two free parameters), and these models already provide for-

mally acceptable fits, it follows that adding another free pa |ar baryons from non-central cluster members and intraclus
rameter does not improve the fit very much. Indeed, for the ter Jight (ICL) we follow the procedure we adopted in §4.3
frequentist fit we find that? is reduced by only 0.08 and  of [Humphrey et dl.[(2012a). Since the contribution of these
gives a large & error range on the indexn = 5.8'38 or non-BCG stellar baryons is not measured directly, we lasit
a=1/n=0.173%. Despite the large uncertainty, the best- & systematic error in Tablé 3 (sele 86.2). At the largest radii
fitting Einasto index matches well the value expected for a these baryons are expected to increase the baryon fragtion b
DM halo of the mass of RXJ 1159+5531 (Dutton & Maccid ~ 10% which is not much larger than the statistical error at
2014). l'108.

0.1

5.5. Gas and Baryon Fraction 5.6. Mass and Density Sopes

The results for the baryon and gas fraction profiles using It is now well established that the total mass profiles of
the fiducial hydrostatic model are displayed in Fig. 5, ared th massive elliptical galaxies have density profiles very eltws
parameter constraints are listed in TdBle 3 including tise sy p ~ ™ with a ~ 2 over a wide range in radius. This relation
tematic error budget. Similar to the results for the totabsya ~ €xtends to higher masses with smadien the central regions
most of the systematic errors are insignificantin the serese t  Of clusters (e.g.. Humphrey & Buote 2010; Newman et al.
the estimated parameter Changes in the gas and baryon fra@013b; Courte_au et &l 20 14, C_appellarl etal. 2015, and ref-
tion are comparable to or less than the dtatistical error. ~ €rences therein). In particular,/in Humphrey & Buote (2010)
Again the most important changes occur for aspects of theit was shown that the total mass profiles inferred from hy-
background modeling [§8.6) and the treatment of the plasmadrostatic studies of hot gas in massive elliptical galaxies
emissivity (§6.8) and metal abundancds (E6.5), partibuiar groups, and clusters, are fairly well-approximated by a sin
the outermost apertures; i.e., the CXBSLORE(T,Z), Fix ~ 9le power-law over 0.2-10 stellar half-light radRd) so that
Zeo(rouw), and Solar Abun rows in Tablg 3. The CXBSLOPE approximately,a = 2.31-0.54log(R./kpc), a result consis-

and FixZg¢(r) result in systematic errors almost 81 magni- tent with that obtained from combination of stellar dynasnic

tude. (Seel§6 for a more detailed discussion of the systemati and strong gravitational lensing for massive ellipticalega

error budget.) ies (Auger et al. 2010). . o o .
For most radiif, < f,y, where f,y = 0.155 is the mean In Fig.[@ we display the radial logarithmic derivatives (j.e

baryon fraction of the universe as determined Bianck slopes) of the total mass and total density profiles for the fid
(Planck Collaboration et Al. 2014). Negys, fy is consis-  cial hydrostatic model. The slopes are indeed slowly vary-
tent with f,, with the hot ICM consisting of 96% of the to-  ing for our models, ranging from: 1.2-1.4 for the mass
tal baryons. These results are virtually identical to thiose 0 ~ -1.6 to -2.0 for the density over radii 0.2-F, repre-
the Einasto model, wherg = 0.157+0.011 atry0s, whereas ~ Se€nting a radial variation a£20%. In Tablé # we quote the

CORELOG has a smaller valué, = 0.121+ 0.008 mass-weighted total density slope) following equation (2)
The preceding discussion considered the baryons containe@f/Dutton & Treu (2014),

in the hot ICM and stellar baryons associated only with the dinM dinp

BCG as determined by the fittdd, /L« . To estimate the stel- (a) =3~ a=- 4)

dinr’ dinr’



Table 3

Gas and Baryon Fraction

fgas2500 fb,2500 | fgass00 fh,500 | fgas200 fh,200 fgasvir To,vir
0.051+0.001 Q0724+0.004 | 0.093+£0.003 Q104+0.004 | 0.1264+0.007 Q134+0.007 | 0.152+0.010 Q159+4+0.010

(Max Like) (0.052) (0070) (0.093) (0103) (0.127) (0134) (0.155) (Q161)

M otlh"er +0.017 +0.016 +0.016 +0.015
stellar
Spherical o.0008

Einasto -0.001 Q000 -0.002 -0.001 -0.002 -0.001 -0.002 -0.001

CORELOG 0003 Q002 -0.003 -0.001 -0.018 -0.015 -0.037 -0.035

1 Break 0000 -0.000 -0.001 -0.001 -0.001 -0.001 -0.000 -0.000
A(T,2) 0.000 Q001 0.004 Q004 0.010 Q010 0.015 Q016

Response 001 Q001 -0.001 -0.001 -0.003 -0.003 -0.004 -0.004
Proj. Limit +0.000 +0.000 +0.000 +0.000 +0.001 +0.001 +0.001 +0.001
: -0.000 -0.000 -0.000 -0.000 -0.000 -0.000 -0.000 -0.000

SWCX -0.000 -0.000 -0.000 -0.000 -0.000 -0.000 -0.000 -0.000
; 0.002 0.001 0.002 0.002 0.003 0.003 0.003 0.002
Distance o001 20000 o001 o001 o002 o001 o002 o002
Ny -0.000 Q000 0.001 Q001 0.002 Q002 0.003 Q004
Fzde) 000 %@ | em g | e am | gm o g
Solar Abun. -0.000 Q001 0.004 Q004 0.007 Q007 0.008 Q008

PSF 0001 -0.000 -0.001 -0.002 -0.003 -0.003 -0.004 -0.004
FI-BI 0.002 Q001 0.003 Q003 0.005 Q005 0.007 Q007
NXB +0.001 +0.001 +0.002 +0.001 +0.001 +0.001 +0.000 +0.000
0.001 0.000 20.002 20.002 0.006 0.005 20.010 20.010

CXB -0.001 -0.000 -0.001 -0.001 -0.002 -0.002 -0.004 -0.004
CXBSLOPE 5851 *8001 *5.008 *5.008 *5018 *5018 18087 18087

Note. — Best-fitting values, maximum likelihood valuesr &tatistical errors,

and estimated systematic errors (stsno Tablgll) for the gas and baryon

fractions of the fiducial hydrostatic model computed foriiradrresponding to several different over-densities. teN6vir” refers to A = 108)

Table 4
Mass-Weighted Total Density Slope

Radius Radius
(kpc) Re) (o)
4.9 0.5 18640.07
9.8 1.0 18040.08
19.7 2.0 1674+0.07
49.2 5.0 162+0.02
98.3 10.0 174+0.04

Note. — The mass-weighted slope is computed for the fiducial hstdtiz
model with eqn[}.

whereM is the total mass enclosed within radius Within
10R,, () =1.7440.04, which is consistent with the value of
a = 1.67313 we obtained previously from a power-law fit to
the mass profile (Humphrey & Buote 2010) and witk 1.77
obtained using the - Re scaling relation.

5.7. MOND

While the presence of dark matter is largely accepted
by the astronomical community, it is worthwhile to ex-
amine interpretations of the observations that instead con
sider a maodification of the gravitational force law. Here

modified gravity theory, MOND [ (Milgrom 1983), which
nevertheless is unable to explain observations of galaxy
clusters considering only the known baryonic matter (e.qg.,
Sanders 1999; Pointecouteau & $ilk 2005; Angus et al.l2008;
Milgrom [2015). We investigate whether MOND can obviate
the need for dark matter in RXJ 1159+5531 following the ap-
proach of Angus et al. (2008).

For an isolated spherical system the gravitational acceler
ation in Newton gravity,gy = GMy(< r)/r?, and MOND,
gm = GMu(< r)/r2, have similar forms, wher®y(< r) and
Mm (< r) are the respective enclosed masses within radius
For some interpolating functiom(gn/ao), the accelerations
are related bygm = (gn/a0)gn, So thatMy = u(gn/a0)Mn,
andag ~ 1.2 x 108 cm s2 is the MOND acceleration con-
stant. Foru(x) =x/(1+x), wherex = gn/ap, we have,

Mn(<T)
1+ag/gn(r)

In this way we easily compute the MONDian mass using
the Newtonian mass we have derived previously; i.e., there
is no different fitting required. Equatiohl(5), being dedve
from the simple interpolating functiom, has the undesirable
property thaMpy (< r) reaches a maximum value at some ra-
dius and then decreases (for more discussion of this paént se
Angus et all 2008). Hence, for the moment we focus on re-
sults roughly within the radius where the MONDian mass

Mw(<r) = (5)

we consider the most widely investigated and successfulreaches a maximum value.



10

10 R,

- 02 R,

Density

r (kpe)

Figure 6. Slopes (i.e., logarithmic derivatives) of the total masd &otal
mass density for the fiducial hydrostatic model. The errgiores shown
are . The vertical lines indicate the regions between 0.2-10asthalf-
light radii (Re) of the central galaxy that were studied in Humphrey & Buote
(2010).

In Fig.[q for the fiducial hydrostatic model we compare the
cumulative dark matter fraction$1om /Miota)) inferred from
Newtonian gravity and MOND. Like in the Newtonian case,
MOND requires a dominant fraction of dark matter with in-
creasing radius to match the X-ray data. rAt 100 kpc the
DM fraction is 850+ 2.5%; i.e., the mass discrepancy is
a factor of 6.7. Even when considering the contribution of
baryons from (rather uncertain) non-central baryoms (§6.2
the DM fraction is reduced by only a small amounti®2%.

It is also interesting to view the performance of MOND
from a different perspective. Solving the MOND equation for
on with the same interpolating function yields,

Om do
== |1+,/1+4— ).

N 2 ( Om )
That is, givengy evaluated using the baryonic mass profiles
(i.e., stellar and gas) derived from the Newtonian analysis
this expression givegy, and thus the Newtonian mass profile
(with DM), that MOND would predict. In Fig.]7 we compare
this “MOND predicted Newtonian mass profile” with the ac-
tual Newtonian total mass profile. The MOND profile under-
predicts the Newtonian mass over most radii, with the larges
deficit again occurring near= 100 kpc such that the pre-
dicted mass isz 0.30My. The predicted profile crosses over
the Newtonian profile shortly beforgyg and then exceeds the
Newtonian profile afterwards.

(6)

obtained best-fitting valued\l./Lx = 0.54 (in solar units),
Cvir =112, Myir = 9.3 x 108Mg,, and fy, 500 = 0.124 (includes
non-BCG stellar baryons). All of these results agree within
1o of the values obtained in our study (Tallés 2 ahd 3).

The excellent agreement between the two studies is notable
for several reasons. First, the addition of Swezakwbserva-
tions covering out ta,qo in the S, E, and W directions does
not modify the results significantly, consistent with the re
sults of Paper | indicating only small azimuthal variation i
the ICM properties at large radius. Second, improved back-
ground modeling incorporating point sources resolved by of
set Chandraobservations — as well as improved calibration
and data processing in ti@&handraand Suzakipipelines — do
not change the results significantly. Finally, the consiste-
sults between the studies provides a useful consistenckche
on the different implementations of the entropy-based tyydr
static modeling (e.g., treatment of self-gravity of gas spas
see EB) between the two studies using entirely different-mod
eling software.

6. ERROR BUDGET

We have considered a variety of possible sources of sys-
tematic error and list a detailed error budget in Tables 2 and
[3. Below we provide details on the construction of the error
budgets.

6.1. Spherical Symmetry

Buote & Humphrey|(2012b) showed that assuming a clus-
ter is spherical when in fact it is ellipsoidal does not typi-
cally introduce large errors into the quantities inferreahi
hydrostatic modeling of the ICM. For a large range of in-
trinsic flattenings, they computed orientation-averageadds
(mean values and scatter) of several derived quantitielsidn
ing halo concentration, total mass, and gas fraction.

We use the “NFW-EMD” results from Table 1 of
Buote & Humphrey|(2012b) to provide an estimate of the er-
ror arising from the assumption of spherical symmetry waithi
I'soo; i-€., the error from assuming the cluster is spherical when
in fact it is a flattened ellipsoid viewed at a random orienta-
tion to the line of sight. From a study of cosmological dark
matter halos Schneider et al. (2012) find that for a halo tgavin
mass similar to RXJ 1159+5531 the typical intrinsic short-t
long axis ratio is~ 0.5. We adopted this value for the error
estimates on the concentration, mass, and gas fractiomwith
rsooin Tabled 2 andl3 (“Spherical”) . In all cases the effect is
insignificant.

6.2. Sellar Mass

While the BCG dominates the stellar mass in the central re-
gion of the cluster, smaller non-central galaxies and défu
intracluster light (ICL) contribute significant stellar ssat
larger radius. Due to the greater uncertainty of the amounts
and distributions of these non-central baryons, we tregit th
contribution as a systematic effect to the baryon fractitm.
account for these additional stellar baryons, we follow the

In sum, consistent with previous results for X-ray groups procedure described in §4.3[0f Humphrey etlal. (2012a). For
and clusters, MOND requires a large fraction of dark matter {he non-central galaxies we use the resuft of Vikhlinin ét al

similar to Newtonian gravity to explain the X-ray data.

5.8. Comparison to Previous Work

(1999) that these galaxies compris25% of theV-band stel-
lar light. We assume this result also applies inkhizand with
the saméM, /Lk as the BCG. Since we do not have a precise

It is interesting to compare our results to those obtained observational constraint on the ICL, we use the result from

bylHumphrey et al. (2012a) who used only tBbandradata
and the NorthSuzakuobservation._Humphrey etlal. (2012a)

the theoretical study hy Purcell et al. (2007) that the ICh-co
tains up to~ 2 times the stellar mass of the BCG and adopt
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Figure 7. (Left Pane) Radial profiles of the DM fraction for the fiducial hydrostamodel for the Newtonian (black and cyan) and MOND (red)esasThe
shaded and hashed regions represengrtors. Right PanglNewtonian mass profiles for (1) the total mass of the fidugyalrostatic model (black and cyan,
same as in Fifil4), and (2) the total mass profile predicted O)NR (red) from eqri 6.

this value to give a conservative reflection of the systernati ject to systematic errors, we also examined the impact of fix-
error. We assume both components of non-central baryonsng the metal abundance there &), and 032, bracketing
are spatially distributed as the dark matter in our models. the best-fitting value of 0.2Z;, (referred to as Aabun” in

The contribution of the non-central baryons to the baryon Table 3 of Paper 1). As can be seen in the row “BiYrou)”
fraction are listed in Tablgl M21eT). These stellar baryons  in Tables2 and13, this effect leads to one of the two largest
increasefyyir by ~ 10% to 0174 fully consistent with the  systematic errors as mentioned above[ini85.4 §5.5.
value reported in Humphrey etlal. (2012a) containing the con

tributions from both the BCG and non-central stellar basyon 6.6. Background

This modifiedfy,ir exceeds the cosmic valdgy = 0.155 by We considered the impacts of several choices made in the

20 considering only the statistical error on our fiducial medel treatment of the background in the spectral fitting (see Pa-

although the disagreement should be considered less signifiper 1). The effect of including a model for the solar wind

cant given the uncertainties in the non-central stellay®as.  charge exchange emission in the spectral analysis is listed
row “SWCX” in Tabled 2 an@13. We find the effect to be in-

6.3. Entropy Model significant in all cases.
We examined the effect of restricting the entropy broken To assess the sensitivity of the results to the particle back
power-law model to only a single break (ONEBREAK). The ground in theSuzakuobservations, we artificially increased

effect is everywhere insignificant. and decreased the estimated non-X—ray background compo-
nent by45% and list the results in row “NXB” in Tabldd 2
6.4. Dark Matter Mode and3. In all instances the differences are insignificantHer

stellar and total mass parameters. While this is also true at
most radii for the gas and baryon fractionsygt the differ-
jgnces are comparable to the érror.
" We also explored the sensitivity of our results to the extra-
galactic Cosmic X-ray Background (CXB) power-law compo-
nent (see 85.1 of Paper 1). In Paper 1 by default we assumed a
6.5. Metal Abundances power-law component in our spectral fits with a slope fixed at
We considered how choices made in the measurement of” = 1.41 (e.g.. De Luca & Molendi 2004) and normalization
the metal abundances from the spectral fitting affecteddhe r free to vary. If we fix the normalization to the value expected
sults. (We refer the reader to Paper 1 for details on the sgdect for the cosmic average (see §2.3 of Paper 1), we obtain the
analysis.) First, we examined the impact of using diffesent ~ results listed in row “CXB” in TableEl2 arid 3. It is reassur-
lar reference abundances. Whereas our default analysis useing that the differences are all negligible. If instead wepke
the solar abundance tablelof Asplund etlal. (2006), the teffec the normalization free to vary but change the slopes used to
of instead using the tables of Anders & Grevesse (1989) orl" = 1.3,1.5 we obtain the results listed in row “CXBSLOPE”
Lodders|(2003) are listed in the “Solar Abun” row in Tallles 2 (corresponding to “CXB-" in Table 3 of Paper 1). As al-
and3. The differences do not exceed thesiatistical error. ready noted in[85]4 and85.5, this effect leads to one of the
Second, since the spectra in the outermost aperturesfi.e., two largest systematic errors. The differences are corbpara
the virial radius) are the most background dominated and sub to the X errors withinrzsggand increase to 2&3atr.;;, where

The effects of using a DM profile different from NFW are
indicated in the rows “Einasto” and “Corelog” in Tablés 2 and
[B. We have discussed the magnitudes of these systematic di
ferences in[85]4 and §5.5.
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the data are most dominated by the background. Previously inl_ Zappacosta etlal. (2006) we made the ob-
) o servation that in massive galaxy clusters (i.e., with Viria
6.7. Miscellaneous Spectral Fitting mass larger than a few 1tM.,) the total gravitating mass
We performed other tests associated with the spectral fit-profile inferred from X-ray studies is itself generally well
ting which we summarize here. In all cases they did not described by a single NFW profile without any need for a
produce significant parameter differences in Tables 2[&nd 3distinct component for stellar mass from the central BCG.
(1) The effect of varying the adopted value of Galadtig On the other hand, individual massive elliptical galax-
(Dickey & Lockman 1990) by+20% is shown in row Ny” ies (e.g.,.Humphrey etal. 2006, 2011, 2012b) and group-
in Tabled2 an13 (see 8§5.6 of Paper 1). (2) We varied thescale systems (e.g., Gastaldello et al. 2007; Zhanglet@¥; 20
spectral mixing between extraction annuli %% from our Démocles et al. 2010; Su et al. 2014) with virial masses less
default case to assess the impact of small changes on how wthan 134M, studied with X-rays usually (but do not always)
account for the large, energy-dependsnrakiPSF (see 85.3  require distinct stellar BCG and DM mass components.
of Paper 1). The results are given in row “PSF” in Taljfes 2 The most massive clusters where X-ray observations clearly
and[3. (3) By default we allowed the normalization of the require distinct stellar BCG (with a reasonable stellar snas
ICM model for annuli on theSuzakuXIS front-illuminated to-light ratio) and DM (without an anomalously low con-
(FI) and back-illuminated (BI) chips to be varied sepasatel centration) mass components are RXJ 1159+5333o(=
to allow for any calibration differences. To assess the ithpa 7.940.6 x 10*M,) and A262 M200= 9.3+ 0.8 x 10*M,,
of this choice, we also performed the spectral fitting reiqgir  |Gastaldello et al. 2007). Hence, from the perspective ch)X-r
the same normalizations fqr the_ Fl and BI chips (_§5.7 of Pa- studies,~ 10"*M, appears to represent a point of demarca-
per 1) and the results are given in the row “FI-BI” in Taldles 2 tion above which the total mass profile, rather than the DM
and3. profile, is represented by a single NFW component.
. . . Since X-ray images of the central regions of cool core
6.8. Miscellaneous Hydrostatic Modeling clusters typically display irregular features (e.g., tag) be-
Here we describe a few remaining tests we performed as-lieved to be associated with intermittent AGN feedback, it
sociated with choices made in our hydrostatic modeling pro-is tempting to speculate that the inability to detect a dis-
cedure. First, we varied the cluster redshift 8% in our tinct stellar BCG component in massive cool core clusters re
hydrostatic models (it was similarly varied in the specfital flects simply a strong violation of the approximation of hydr
ting in Paper 1), and the results are listed in row “Distance” static equilibrium used to measure the mass profile. However
of Tabled2 an@l3. The differences are everywhere insignifi- Newman and colleagues (Newman €t al. 2013b) have used a
cant. Second, we explored the impact of changing the defaultcombination of stellar dynamics and gravitational lensimg
bounding radius of the cluster model. Whereas the defaultperform detailed studies of the radial mass profiles in sev-
employed is 2.5 Mpc, in row “Proj. Limit” of Tablds 2 and eral galaxy clusters. In their most recent study of 10 clus-
[3 we show the differences resulting from instead using eithe ters [Newman et al. 20115), they also propesd0*M. as
2.0 Mpc or 3.0 Mpc for the bounding radius. In all cases the the mass above which the total mass profile, rather than the
effect is negligible. Next we examined the sensitivity of th DM, is well-described by a single NFW component.
results to the “response weightingT{§3) by instead perform  The consistent picture obtained by X-ray, stellar dynamics
ing no such weighting. As indicated in row “Response” of and lensing studies provides strong evidence for the yeafit
Tableg 2 anfll3 the differences are insignificant. this transition mass. This has importantimplications fadm
_ Finally, we examined how our choices regarding the model- es of cluster formation since 10M, appears to represent
ing of the plasma emissivity affect the results. As discd$se  the mass scale where dissipative processes become importan
g3, the hydrostatic models by default take the measured metain the formation of the central regions of galaxy groups and
abundance profile in projection and assigns it to be the truecysters; i.e., above this mass the impact of dissipatige pr
three-dimensional profile which is then used (along with the cesses on the total mass profile has been counteracted by late
temperature) to compute the plasma emissiifyT,Z). Our  time collisionless merging that re-establishes the NFW: pro
default procedure to do this assignment usesthendralata  file (e.g./Loeb & Peeblds 2003; Laporte & WHite 2015).
and onIy the NSuzakwbservation. We_ln\_/estlgated using In- As discussed in[85.6, the various mass components of
stead each of the other thr&izakupointings. For a more  RXJ 1159+5531 combine to produce a nearly power-law to-
rigorous test, we also fitted a projected, emission-wejhte ta| mass profile with slowly varying logarithmic density séo
parametric model to the projected iron abundance profite (Fi - ranging betweem ~ —1.6 to -2.0 within a radius- 100 kpc
13 of Paper 1). We employed a multi-component model con- (~. 10R;). This result is not strongly dependent on the as-
sisting of two power-laws mediated by an exponential (eqn. sumed DM profile (NFW, Einasto, CORELOG). The slape
5 of|Gastaldello et al. 2007) and a constant floor & is consistent with that inferred from the scaling relatioithw
The results of both of these tests for the plasma emissivty a R, proposed by Humphrey & Budte (2010) and Auger ét al.
listed in row “A, (T, 2)" of Tables2 an@B. The differencesare (2010). ’ 7 ) -
among the largest, though in most cases are less tharwthe 1 This nearly power-law behavior in the total mass obeying
error. In detail, both the metallicity model test and theesas  scaling relations betweem and R. (and stellar density) for
where the E and Suzakupointings are used produce negligi-  early-type galaxies is known as the “Bulge-Halo Conspifacy
ble results. The differences indicated in the tables agektr  Using empirically constrainedCDM models Dutton & Trelu
when the WSuzakupointing is used to assign the metallicity (2014) argue that a complex balance between feedback and
profile. baryonic cooling is required to explain this “conspiracy.”

7. DISCUSSION
7.1. Distinct Sellar BCG and DM Halo Components 7.2. High DM Concentration
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While some early X-ray studies indicated that fossil groups 7.4. Hydrostatic Equilibrium Approximation
and clusters have unusually large NFW DM concentrations, aq we have noted previously in the related context of el-

essentially all of those measurements were inflated by neyistica| galaxies (see §8.2.2.1 0f Buote & Humphrey 2012a),
glegtlr;_g to mclulae the Zteﬂ'aé.B%gogorﬁponﬁmf'” t_rllelmass even without possessing direct, precise measurementg of th
modeling (e.g.. Mamon & t.okas ). For the fossil cluster o 4a5 kinematics, it is still possible to identify relaxsg-

RX J1416.4+2315, Khosroshahi et al. (2006) accounted for : AT At
the presence of the stellar BCG componentand inferred a DMLeem%g;e;%ézianqrost)ilgcﬁggzlfggglm igpgr%g?itgc;g S‘?;Slsjter

concentration ofx00= 112+ 4.5 which is about 2 above the 4 displays a very regular X-ray image from the smallest

Va“ie of~ 4 expected for a relaxed halo WiMZOO =31x scales probed b@ghandrgwith little or no evidence for AGN-
10"M, according td Dution & Maccidl (2014). The result jnquced disturbances) out tep,. The Suzakuimages map-
we obtained for RXJ 1159+5531 i 8.4 is @ Giscrepancy,  ping the radial region from- rasp= 200 with full azimuthal

providing even stronger evidence for an above-average congoyerage display remarkably homogeneous ICM properties
centration in a fossil cluster, suggestive of a halo thaifea (Paper 1).

9arl|erthan Fhe general popplatlon. (We note that we have no * \we are able to obtain a good representation of the X-ray
included adiabatic contraction (e.g.. Blumenthal etaB&l9  gata with hydrostatic models with reasonable values for the
Gnedin et al. 2004) of the DM halo in our model whichwould  model parameters: (1) the stellar mass-to-light ratio is-co
lead to an even larger concentratlo_n.) We caution, thever-sistent with stellar population synthesis models (85 2)tife

that as noted in[85.4, when the Einasto DM model is em- yajye of the concentration, while statistically higherrttibe
ployed the significance of RXJ 1159+5531 as an outlier is expected mean of the halo population, is within thecs-
somewhat reduced. » mological intrinsic scatter [85.4), and, at any rate, deéoies

It is also worth emphasizing that from the perspec- fom hydrostatic equilibrium due to additional non-thetma
tive of relaxed, low-redshift X-ray clusters, the concen- pressure support should tend to produce anomalously low,
tration of RXJ 1159+5531 is not very remarkable. The pot high, concentrations by leading to smaller inferendes o
only study that has measured the X-ray concentration-the virial mass and radius (e.g., see discussion in §6.2 of

mass relation for a sizable number of relaxed systems havigyote et all 2007); and (3) the baryon fraction is consistent
ing masses both lower and higher than RXJ 1159+5531 is\yith the cosmic value.

Buote et al.|(2007), which also included the measurement of Although it is tempting to ascribe the very relaxed state of

RXJ 1159+5531 by Gastaldello et al. (2007). Our value for Rx31159+5531 to it being a fossil cluster, recent evidence
RXJ 1159+5531 is only- 1o larger than the mean relation g ggests that the X-ray properties of fossil systems are not
obtained by Buote et al. (2007). The higher normalization of significantly distinguishable from the general cluster gap

the X-ray concentration-mass relation can be explainedby i jon (Girardi et al 2014). The apparently highly relaxedC
cluding reasonable star formation and feedback in thealust \yithin r,, implies that non-thermal pressure support is small

simulations [(Rasia et &l. 2013) which are not present in theihroughout the cluster and, as such, constrains theoras th

DM-only simulations of Dutton & Maccld (2014). predict a large amount of non-thermal pressure support from
the magneto-thermal instability (MTI) in the ICM outside of
7.3. GasFraction rsoo (€.9./Parrish et al. 2012).

Recently, Eckert et al. (2015) have used gas masses inferred
from XMM-Newton and total masses from weak lensing to 8. CONCLUSIONS
measure gas fractions gbo for a large cluster sample. They We present a detailed hydrostatic analysis of the ICM of
conclude that the gas fractions measured in this way are sigthe fossil cluster, RXJ 1159+5531, a system especially-well
nificantly smaller than those obtained from hydrostaticistu  suited for study of its mass distribution with current X-iay
ies (e.g., Ettori 2015). By assuming the weak lensing massesservations. At a redshift of 0.081 it is sufficiently distamal-
are accurate, Eckert et/al. (2015) infer a hydrostatic mass b low mapping of its entire virial region on the sky with reason
of 0.72°3%8  When compared to numerical hydrodynami- able exposures, while still being close enough to spatiay
cal simulations[(Le Brun et 5. 2014), the small gas fraction solve the central regions near the BCG. Previous studies hav
obtained by _Eckert et all (2015) favor an extreme feedbackshown this cluster to have a remarkably regular and undis-
model in which a substantial amount of baryons are ejectedturbed ICM (Vikhlinin et al.| 1999, 2006; Gastaldello et al.
from cluster cores. 2007; Humphrey et al. 2012a). In Paper 1 we presented three
From our hydrostatic analysis of RXJ 1159+5531 we mea- hew Suzakuobservations in the South, East, and West direc-
sured within a radiusseo: Msgo = (5.940.4) x 101*M, and tions, which, in conjunction with the existin§uzakupoint-
fgas = 0.093+ 0.003 (Tabled P2 andl3). For this value of ing to the North and centraChandradata, allow complete
Msoo, the best-fitting relation for the gas fraction obtained azimuthal and radial coverage on the sky withjgo. Our
by [Eckert et al. [(2015) give$gas= 0.05 implying a hydro- separate analysis of the ICM in each of the four directions
static mass bias of 80%. Since the wealth of evidence indi- found the ICM properties to be very homogenous in azimuth,
cates the ICM in RXJ 1159+5531 is very relaxed (see below testifying to the relaxed state of the ICM outiigy, (see Pa-
in §7.4), including that the value df.s~ 0.09 we measure  Pe€r 1). ) . )
agrees much better with the cluster gas fractions producedi We constructed hydrostatic models and fitted them simulta-
the simulations of Le Brun et all (2014) considering plausi- heously to the projected ICM temperature and emission mea-
ble cooling and supernova feedback, we do not believe suctsure (x péas) measured individually for eacthandraand
a large hydrostatic mass bias in RXJ 1159+5531 is supportedSuzakuobservation (see Paper 1). We employ an “entropy-
by the present observations. Instead, we believe thesksesu based” procedure (Humphrey etlal. 2008; Buote & Humphrey
for RXJ 1159+5531 support the suggestion/ by Eckertlet al.2012a) where the hydrostatic equilibrium equation is ex-
(2015) that the weak lensing masses are biased high. pressed in terms of the entropy prog/and total mass,
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which allows the additional contraint of convective stiil
(dS/dr > 0) to be easily enforced. Our fiducial model con-
sists of a power-law with two breaks and a constantSor

a Sersic model for the stellar mass of the BCG, and an NFW

e High Concentration For the fiducial model (i.e., with
an NFW profile) we obtaiicygo = 8.4+ 1.0 andMyqo =
(7.940.6) x 10'*M,. The concentration exceeds the
value of 5.2 expected for the mean relaxed cluster

DM halo. We explore the parameter space and determine con- population in thePlanckcosmology!(Dutton & Macclo
fidence limits using a Bayesian Monte Carlo procedure and
find the fiducial model is a good fit to the data.

We constructed a detailed budget of systematic errats (§86)

to assess the impact that different data analysis and nmadeli
choices have on our measurements. The largest systematic erties make RXJ 1159+5531 the most significant over-
effects are associated with the background spectral models concentrated fossil cluster to date (seeB7.2), indicating
metal abundances, and modeling the plasma emissivity vari- an earlier formation time than the average cluster at its
ation with radius. These effects are most significant at the
largest radii, although none of them change qualitativiedy t
results of the fiducial model.
The principal results are the following:

e Entropy The radial entropy profile of the ICM is de-
scribed well by the power-law model with either one
or two breaks. When rescaled in terms of the “virial”
entropy Gsoo), the entropy exceeds the rl! profile
predicted by pure gravitational formation unti ragg,
but does not fall below it at any radius. Further rescal-
ing of the entropy by fgas/ fou)?® matches very well
the ~ r'! profile, suggesting that feedback has spa-
tially redistributed the ICM rather than raised its tem-
peraturel(Pratt et al. 2010).

e PressureThe radial pressure profile expressed in terms
of Psgo slightly exceeds the mean“universal” pressure
profile oflArnaud et al. (2010), but is consistent within
the scatter of that profile.

e BCG Stellar Mass & Dissipation ScaleThe stellar
mass of the BCG is clearly required by the model fits
and yields &-band stellar mass-to-light ratibl, /Lx =
0.61+0.11Mg /L, consistent with stellar population
synthesis models for a Milky-Way IMF. This makes
RXJ 1159+5531 along with A262 (Gastaldello et al.
2007) the most massive clusters where X-ray stud-
ies have measured such a distinct BCG stellar com-
ponent and supports recent work (Newman et al. 2015;
Laporte & Whité 20155) suggesting that10'*M,, rep-

2014) by ¥. It is also a~ 20 outlier considering the
intrinsic scatter of the theoretical relation, althougé th
discrepancy is reduced to a little more thanadut-
lier when the Einasto DM profile is used. These prop-

redshift. However, with respect to a sample of relaxed,
low-redshift galaxy systems studied in X-rays spanning
a mass range of 10'2-10"M,,, the concentration of
RXJ 1159+5531 is only 1o above the mean relation
of[Buote et al.|(2007).

e Gas and Baryon Fraction Considering only the
baryons associated with the ICM and the BCG, we ob-
tain a baryon fraction abgo, fp200=0.134+0.007, that
is slightly below thePlanckvalue (0.155) for the uni-
verse, but the baryon fraction continues to rise with ra-
dius so thatfyyir = 0.159=+ 0.010 atryi =rips. Taking
into account estimates for the stellar baryons associated
with non-central galaxies and intracluster light (ICL)
increases these values {0.015, in which casépyir
marginally exceeds (by® the cosmic value. Since
our estimate of the ICL mass is very uncertain, we do
not consider the disagreement to be significant; i.e., the
baryon fraction is consistent with the cosmic value and
therefore no significant baryon loss from the system.

¢ Slope of the Total Mass ProfileThe total mass profile
is nearly a power-law over radii®- 10R, with a slope
ranging from~ 1.2-1.4 and density slope ranging
from -1.6 to -2.0. Within 18, the mass-weighted
slope of the total density profileja) = 1.74+ 0.04,
is consistent with the value = 1.77 obtained using
the o — Re scaling relation (Humphrey & Buote 2010;
Auger et all 2010).

e MOND Following the procedure of Angus etal.
(2008) using a particular simple interpolating function

resents the mass scale above which dissipation does not wu(gn/a0), we computed mass profiles in the context

dominate the formation of the inner regions of clusters

(87.3).

e Dark Matter Profiles Despite the high-quality X-
ray data covering the entire region withmg, our
model fits do not statistically distinguish between
NFW, Einasto (= 5), or CORELOG (singular isother-
mal sphere with a core) profiles for the DM halo.
This contrasts with clusters much more massive than
RXJ 1159+5531 where previous X-ray studies (e.qg.
Pointecouteau et al. 2005) clearly disfavor pseudo-
isothermal models in favor of NFW, which is also found
by recent results from the CLASH survey from gravi-
tational lensing analysis of several very massive clus-
ters (Umetsu et al. 2015). Allowing the Einasto index
n to be free does not improve the fit significantly and
yields,n=5.8"3¢ or o = 1/n=0.17"3%, very consis-
tent with the values expected for a DM halo of the mass
of RXJ 1159+5531 (Dutton & Macdio 2014).

of MOND. We find that MOND requires DM fractions
nearly as large as for conventional Newton gravity: At
r =100 kpc the DM fraction is 88%-+ 2.5% implying

a mass discrepancy of a factor of 6.7. The DM frac-
tion decreases ter 82% considering the (rather uncer-
tain) contribution of non-central stellar baryong (§6.2).
Therefore, consistent with previous results for other X-
ray groups and clusters, MOND requires a large DM
fraction to explain the X-ray data.

In sum, our hydrostatic analysis of the ICM emission within
rooo yields baryon and DM properties quite consistent with
typical clusters for its virial mass in th&CDM paradigm.
The only notable exception is the higher-than-average NFW
concentration parameter that, nevertheless, is not usmeas
able for a fossil system expected to form earlier than the gen
eral cluster population. Hence, RXJ 1159+5531 appears to be
an optimal, benchmark cluster for hydrostatic studies of it
ICM.
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