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ABSTRACT

Context. We report on the analysis ofMM-Newtonobservations of RX J1347-8145 (z=0.451), the most X-ray-luminous galaxy
cluster.

Aims. We present a detailed total and gas mass determination apg® dlistances<(1.7 Mpc), study the scaling properties of the
cluster, and explore the role of AGN heating in the clustei core.

Methods. By means of spatially resolved spectroscopy we derive tensimperature, entropy, and cooling time profiles of theain
cluster medium. We compute the total mass profile of the etustthe assumption of hydrostatic equilibrium.

Results. If the disturbed south-east region of the cluster is exaluilem the analysis, our results on shape, normalizaticsljreg
properties of density, temperature, entropy, and coolimg frofiles are fully consistent with those of relaxed, comle clusters.
We compare our total and gas mass estimates with previows/,Xansing, dynamical, and SZ studies. We find good agreemen
with other X-ray results, dynamical mass measurementsk Veesing masses and SZ results. We confirm a discrepancyacter f

~2 between strong lensing and X-ray mass determinations addfgross mismatch between our total mass estimate and #& ma
reconstructed through the combination of both strong anakviensing. We explore thdfervescent heating scenario in the core of
RXJ1347.5-1145 and find support to the picture that AGN outflows and heatlaction are able to quenching radiative cooling.

Key words. Galaxies: clusters: individual: RX J13475145 — X-rays: galaxies: clusters — intergalactic mediunoeling flows —
dark matter — Cosmology: observations

1. Introduction hosts a strong cooling flow in its center with nominal mass ac-
] ] ] cretion rate of~ 1900 Myyr~! (Gitti & Schindlel[2004). The
X-ray observations of the fluse Intra-Cluster Medium (ICM) ¢|yster is dominated by two cD galaxies which are separated b
in clusters of galaxies are a particularly rich source obinf gphout~ 187 along the east-west direction, the X-ray emission
mation for understanding the formation of large scale $tmec pejng centered on the western one. Although this is unusual f
and the physics of clusters. As they are the last manifestafi  strong cooling flow clusters, the optical spectrum of theteses
hierarchical clustering, whose history depends stronglgas-  prightest Cluster Galaxy (BCG) indicates that it hosts aivac
mology, galaxy clusters are key objects for cosmologiaalists ga|actic nucleus (AGN), with typical emission lines of diat
(se€ Voit 2005, for a review). Since the evolution of the IGM ijipticals at the center of cooling flow clustefs (Cohen & Kiei
mainly driven by the gravity of the underlying dark mattefha 2002). More striking is a recent discovery made withandra
clusters are expected to show similar properties when Im!;ca(A”en et al[2002b) ankMM-Newton(Gitti & Schindlef2004)
with respect to their total mass and formation epoch. Howevgs 5 region with hot, bright X-ray emission located -at 20
deviations from self-similarity are expected under tfie of 5rcsec from the central emission peak in south-east directi
more complex physical processes, beyond gravitationadlyn sypmillimeter observations also detected a very deep S@édec
ics only, which #@fect the thermodynamical properties of the difynent in the south-east region of the cluster (Komatsu! 20891
fuse ICM (e.g! Evrard & Henry 1991; Bryan & Norman 1998pointecouteau et Al. 2001). These results were interpastét
Borgani et al! 2002, and references therein). It is theeef®- gications of a subcluster merger in an otherwise relaxedsive
sential to investigate whether galaxy clusters obey theebgg q0| core cluster, pointing to a complex dynamical evolutid
scaling relations, which are the foundation to use thesalized he system. Furthermore, RX J134718.45 is a powerful gravi-
objects as cosmological probes. The first important stepi t{ational lens and mass reconstructions based on weak amdjstr
context is to find a proxy for an accurate determination of th@nsing analyses have been performed (Schindlel et alJ; 1995
cluster mass. _ Fischer & Tyson 1997; Sahu et al. 1998; Bradac &t al. 2005b).
The galaxy cluster RX J1347-8145 (z0.451) is an ex- With a detailed study of the properties of the ICM in this
ceptional object in many aspects, Itis th? most X-ray-loum ¢ ster it is thus possible to address many key issues on both
cluster known to datel = 6 x 10* erg s™* in the [2-10] keV dynamical and non-gravitational processes in galaxy etsst
energy range) with a very peaked surface brightness profde gy great advantage of observing RX J13471845 with XMM-
Newtonis that important quantities derived for the undisturbed
Send gprint requests toM. Gitti cluster (i.e., with the south-east quadrant excluded) susctine
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azimuthally averaged ICM density and temperature profidgs ctime having a count rate higher than a certain thresholdevalu
be computed up to a large distance from the cented 730 (the chosen threshold values are 0.15 cps for MOS and 0.22 cps
kpc). The measurement of cluster temperature gradierasget | for pn). The remaining exposure times after cleaning ar2 B2.
distances is also crucial for determining the total graniteal for MOS1, 32.5 ks for MOS2 and 27.9 ks for pn. Starting from
masses and in turn the gas mass fraction of clusters. A ptiee output of the SAS detection source task, we make a visual s
cise determination of the total mass at large radii allowgsn lection on a wide energy band MOS & pn image of point sources
timate of the virial radius of the object without much exwap in the field of view (hereafter FOV). Events from these region
lation of the universal NFW dark matter profile (Navarro et ahre excluded directly from each event list.
1996). The virial radius can then be used to study the scabifig The background estimates are obtained using a blank-sky
the temperature and entropy profiles and a fair comparisen lodservation consisting of several high-latitude poingingth
tween predictions of numerical simulations and obsermat@an sources removed (Lumb etial. 2002). The blank-sky backgtoun
be performed. Currently, the two most promising technidaes events are selected using the same selection criteria @sich
obtaining accurate determinations of cluster masses aw@y X-PATTERN, FLAG, etc.), intensity filter (for flare rejectioand
observations, by deprojection of X-ray surface brightreesa- point source removal used for the observation events; thids
bined with spectroscopic determination of the cluster terap final exposure times for the blank fields of 365 ks for MOS1,
ture, and gravitational lensing, through either strongilegfea- 350 ks for MOS2 and 294 ks for pn. Since the cosmic ray in-
tures or statistical distortions of background objectsaldens- duced background might slightly change with time, we coraput
ing). The mass estimates inferred with these two methodbearthe ratio of the total count rates in the high energy band-([2p
guite inconsistent, particularly in the case of strongileg¢e.g. keV for MOS and [12-14] keV for pn). The obtained normal-
Wu et all 1998, and references therein). In contrast to thiayX- ization factors (0.992, 1.059, 1.273 for MOS1, MOS2 and pn,
technique, the gravitational lensing method is essentigde of respectively) are then used to renormalize the blank fietd.da
assumptions on the nature and the dynamical state of the griamrthermore, the blank-sky background files are recastderor
itating material. In particular, the X-ray method can lfkeeted to have the same sky coordinates as RX J1347. The background
strongly during mergers (Schindler 1996) and in the innes-cl subtraction (for spectra and surface brightness profiegkei-
ter region where a strong interaction between the centrdll AGormed as described in full detail in_Arnaud et al. (2002)isTh
and the ICM is present (e.q., Birzan el al. 2004), as in tbases procedure consists of two steps. In a first step, for each-prod
deviations from the assumptions of hydrostatic equilibriand uct extracted from the observation event list, an equialesd-
spherical symmetry are expected. Since both the total nrass puct is extracted from the corresponding blank-field file dreht
file derived from X-rays and the total mass distribution dedi subtracted from it. This allows us to remove the particlekbac
from gravitational lensing are available for RX J13441345, ground. However, if the background in the observation neggo
a comparison between them is possible thus providing impdifferent from the average background in blank field data, this
tant insights on this issue. Furthermore, the presencesofvgh  step could leave a residual background component. Theuasid
short cooling time in the cluster cordfers the opportunity to background component is estimated by using blank field sub-
explore gas heating processes such as AGN heating, whieh hiascted data in a region free of cluster emission and then sub
become increasingly popular since the failure of standaad-c tracted in a second step from each MOS and pn product.
ing flows models. The source and background events are corrected for vi-
In this paper, by starting from the results of morphologicgjnetting using the weighted method described in Arnaudet al
(Sect[B) and spectral (SeEl. 4) analyseXMM—Newtonob- (2001), the weight cdBcients being tabulated in the event list
servations of RX J1347-8.145 (Sect12), we present a detaileavith the SAS taslevigweight This allows us to use the on-axis
study of the cluster mass distribution (Sé€dt. 6), and disdiss response matrices andfective areas. Unless otherwise stated,
comparison with the mass profile derived from previous stuthe reported errors are at 90% confidence level.
ies (SectlJ7). We also study the scaling properties of thetetu
(Sect[b andl6) and explore the role of AGN heating in the clus-
ter cool core in the context of thefervescent heating scenario3. Surface brightness profile

(Sect[B). RX J1347:51145 (hereafter RX J1347)is ata reOlShiffDreviousChandraand)(MM—Newtonobservations of RX J1347

of 0.451. With a Hubble constant by = 70 km s Mpc™, and evealed the ; L
_ - L . presence of a hot and bright X-ray subclumbleisi
t%g a_n ;u_lagrzgcgl eO .iz,;h7e7lllirrgr;)%srlggslz?nce is 2506 Mpc anc{o the south-east (SE) of the main X-ray surface brightneak p
: ' (Allen et al. 2002b; Gitti & Schindler 2004). On the other dan
the data excluding the SE quadrant (hereafter “undistuched
2. Observation and data preparation ter”) show a regular morphology, indicating a relaxed stéie
. ) are interested in determining the characteristic propedf the
RX J1347 was observed ByMM-Newtonin July 2002 during cyster in order to perform studies of mass profiles and sgali
rev. 484 with the MOS and pn detectors in Full Frame Modgations as it is usually done for relaxed clusters. Thaudied
with THIN filter, for an exposure time of 37.8 ks for MOS ancgg guadrant is thus masked in the following morphological-an
33.2 ks for pn. We use the SASv6.0.0 processing tasks g

chain and epchainto_ generate cglibrat_ed event files from ra We compute a background-subtracted, vignetting-cordecte
data. Throughout this analysis single pixel events for hé@a ,4ial surface brightness profile in the [0.3-2] keV energpd

(PATTERN 0) are selected, while for the MOS data sets the, each camera separately. For the pn data, we generate a lis
PATTERNS 0-12 are used. The removal of bright pixels and hgf out-of-time even@ (hereafter OoT) to be treated as an ad-

columns is done in a conservative way applying the expressigyional background component. Théegt of O0T in the cur-
(FLAG==0). To reject the soft proton flares we accumulate the

light curve in the [10-12] keV band for MOS and [12-14] keV 1 oyt-of-time events are caused by photons which arrive wthite

band for pn, where the emission is dominated by the particleeD is being read out, and are visible in an uncorrected inzege
induced background, and exclude all the intervals of exmosbright streak smeared out in RAWY.
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a commorp value we findrg1 = 241+ 7 kpc,re2 = 47+ 2 kpc,
B =0.76+ 0.01 (see Tablgl1).

4. Spectral analysis

Throughout the analysis, a single spectrum is extracteddoh
region of interest and is then regrouped to reach a significan
level of at least 25 counts in each bin. The data are modeiag us
the XSPEC code, version 11.3/0 (Arnaud 1996). Unless other-
wise stated,the relative normalizations of the MOS and gt-sp
tra are left free when fitted simultaneously. We use the ¥allo

‘ ‘ ‘ ‘ ‘ ‘ 1] ing response matricesal_439_im_pall_vl.2.rmf (MOS1),

10 20 50 [1k00] 200 500 1000 m2 439 im pall v1.2.rmf (MOS2),epn_f£20_sY9.rmf (pn).

I [KpC

S[cts st arcmin?]

Fig. 1. Background subtracted, azimuthally-averaged radial sut-l. Global spectrum
face brightness profile in the [0.3-2] keV range of the data e
cluding the SE quadrant (undisturbed cluster). The beg-fit
model fitted over the- 350 - 1730 kpc region is over-plotted a:
a dashed line (model SO in Talgle 1). When extrapolated to t}
center, this model shows a strong deficit as compared to the
served surface brightness. The solid line shows the begidit d
ble g-model fitted over the whole region (model DD in Tabl

).

Eor each instrument, a global spectrum is extracted from all
vents lying within 5 arcmin to the cluster emission peak. We
st in detail the consistency between the three camera-by fit
By separately these spectra withmakal model (with the

redshift fixed at z0.451) absorbed by a column density in-
luded in thetbabs model (fixed at the nominal galactic value
n = 4.85x 10°° cm 2, [Dickey & Lockmafl 1990). Fitting the

data from all instruments above 0.3 keV leads to incondisten
values for the temperature derived with the MOS and pn cam-

rent observing mode (Full Frame) is 6.3%. The OoT list is pr&/askT = 12237 keV (MOS1), 104'02 keV (MOS2), 9303

cessed in a similar way as done for the pn observation event fif€V (pPn). We then perform a systematic study of tfieet of

The profiles for the three detectors are then added into a sffP0sing various high and low-energy cfi® for each instru-

gle profile, binned such that at least a signal-to-noise m@ftia Ment. Good agreement between the thr%? cameras is found in

is reached. The cluster emission is detected uB e = 1.73 the [0.8-10.0] keV energy rangkT = 11274 keV for MOS1,

Mpc (~ 5 arcmin). The surface brightness profile of the undig-0.0*8 for MOS2, 10254 for pn). We therefore perform the

turbed cluster, shown in Fifl 1, is fitted in the CIAO t&Herpa spectral analysis in this energy range. The combined MS

with various parametric models, which are convolved with trglobal temperature, in keV, and metallicity, as a fractibnhe

XMM point spread function (PSF). The overall PSF is obtain&slar value [(Anders & Grevesse 1989) derived from the best

by adding the PSF of each camera (Ghizzardi 2001), estimafédx?/dof = 27171697) are respectivelkT = 10.4*03 keV,

at an energy of 1.5 keV and weighted by the respective clus-= 0.25'333Z. The unabsorbed luminosities in this model

ter count rate in the [0.3-2] keV energy band. A singlmodel (estimated from the average of the fluxes measured by the thre

(Cavaliere & Fusco-Femiano 1976): cameras after fixingly = 0) in the X-ray ([2.0-10.0] keV) and

J\-38405 bolometric band are respectivelyy = 6.2+ 0.2x 10® erg s*,

sM=s (1 . r_) ) Lol = 135+0.4x10% erg s%, where the errors are given as half
-0 r2 the diference between the maximum and the minimum value.

is not a good description of the entire profile (model SG inldab )

M) and a fit to the outer regions (350 ke < 1730 kpc) shows a 4-2- Spatially resolved spectra

strong excess in the center as compared to the model (s Figas done for the morphological analysis, for the spectralyana
The centrally peaked emission is a strong indication of d-cogjs we separate the SE quadrant containing the X-ray sulpclum
ing flow in this cluster. We find that for 350 kp€ r < 1730  from the rest of the cluster. The data of the undisturbedetus
kpc the data can be described bg-model with a core radius gre divided into the following annular regions: 02380"-1’, 1'-
re = 307+ 9 kpc and a slope paramejer= 0.86+ 0.02 (3r 15 1.5-2, 2-3, 3-5. The spectra are modeled using a sim-
Conf|dence |eVe|). The S|nglém0de| fun_Ctlonal_fOI‘_m IS a con- p|e’ Sing|e_temperature modme(kal p|asma emission code in
venient representation of the gas density profile in theraete X SPEC) with the absorbing column density fixed at the nominal
gions, which is used as a tracer for the potential. The paranggy|actic value. The free parameters in this model are the tem
ters of this best fit are thus used in the following to estintiaée peraturekT, metallicity Z (measured relative to the solar values,
cluster gas and total mass profiles in the region where thgesinyith the various elements assumed to be present in their sola
B-model holds (see Se€l. 6). _ ratios,/Anders & Grevesde 1989) and normalization (enissio
We also consider a double isotherrgahodel in the form:  measure). The best-fitting parameter values and 90% couéiden
levels derived from the fits to the annular spectra are sutiaatir

in Table[2.

5 \-3i+05
] 2)

r
S(r) = E SO,i [1+ rT
i ci

. . . . . 4.3. D jecti lysi:
wherei = 1, 2, and find that it can account for the entire profile eprojection analysis

(see Fig[lL). The best fit parameters aye= 39+ 1 kpc,B1 = Because of projectionfiects, the spectral properties at any point
0.62+0.01,rc» = 386+ 17 kpc,82 = 1.01+ 0.05. By assuming in the cluster are the emission-weighted superpositioradi-r
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Table 1. Results from fitting the surface brightness profile of theistutdbed cluster in dierent radial intervalsHin-Roud. The
single and doublg-models used for the fitting are given by Elds. 1 @hd 2, resgegtiThey are indicated with: SGifigles-model,
fitted in theGlobal radial range), SO9ngle 8-model, fitted in theDuter region), DD Doubles-model, withDifferents values),
DE (Doubleg-model, withEqualg values). The quoted errors are at 8onfidence level.

Model Rin-Rout So; Bi fei Xz/dOf (sze
(arcmin) (kpc) (ctgs/arcmirt) (arcmin) (kpc)
SGisingles | 0.050  0-1731 14.4%:§§§5 0.590£§;§§§ 0.1492;§;§§§§ 52j9 1620129 (12.56)
SO:singleg | 1.0-5.0 346-1731 0.8911%%765 0.861783838 0.8876i8;8883 307j19 10987 (1.25)
DD: doubles | 0.0-50 ~ 0-1731 | 1894°0%2 0616700 011380702 401 | 258111 (2.32)
with 81 # B 0.42:9% 1.010t§;§5;g 1.11451%3%%2 386%;
DE: doubleg | 0.0-5.0 0-1731 18.12j}8° 0.1360_“8:8888 47“:27 289112 (2.58)
with 81 = B> 0.969% 0.761:3912 06968200 2417
Table 2. Results of the spectral fitting in concentric annular 16
regions in the [0.8-10.0] keV energy range obtained by fix- ’
ing the absorbing column density to the Galactic valhig &
4.85x 10°%m?). The temperature (in keV) and metallicity (in . o
fraction of the solar value, Anders & Grevesse 1989) are left, 5 | H L B
as free parameters. The data of the SE quadrant are exclu xd = T
(undisturbed cluster). = 10 ~
- 8 } < i ]
Radius | source counts kT z x?/dof H
(kpc) (MOS+pn)  (keV) Zo) 6l —
0-173 46719 9303 0.317 §-°5 914964 1
173-346 18377 12511 01600 573546 : ‘ : : S :
346-519 8733 118%% 0.22%% 288295 250 500 750 1000 1250 1500 1750
519-692 4331 94 01398 204178 r [kpcl
692-1038 4092 98t 0.18+; 315229 . . . .
1038-1731 2742 73%:% 0.40i§:§§ 572383 Fig. 2. Deprojected (triangles) and projected (stars) X-ray gas

temperature profiles measured in the [0.8-10.0] keV energy
range. The data points of the projected profile are slighiifges

to the right to improve the clarity of the plot. The solid lislgows

the best fit function used in the total gravitational masarest
tion presented in Sedt. 6.1 below.

ation originating at all points along the line of sight thgbu
the cluster. To correct for thigtect, we perform a deprojection
analysis by adopting the XSPHEfZojct model. Under the as-
sumption of ellipsoidal (in our specific case, sphericaglish
of emission, this model calculates the geometric weighféng
tor according to which the emission is redistributed amotigs from the maximum cluster temperature at a break radiys
projected annuli. moving outwards and drops towards the cluster center. If
The deprojection analysis is performed by fitting simultay, is simply defined as the distance from the cluster cen-
neously the spectra of the three cameras. The results aretee-where the temperature is maximal, thgp = 433 + 87
ported in Tabl€3. We also calculate the electron demgifyom kpc for the deprojected profile and, = 260 + 87 kpc
the estimate of the Emission Integial = fnenpdv given by for the projected profile, respectively. This distance eorr
themekal normalization: 101E1/(4n[Da(1 +2)]%). We assume Sponds to~ 0.1 — 0.2ry; (see Sectl 612), in agreement with

ne = 1.2023, in the ionized intra-cluster plasma. works on the scaling properties of large samples of clusiers
galaxies |[(Markevitch et al. 1998; De Grandi & Molendi 2002;

Piffaretti et al. 2005; Vikhlinin et al. 2005; Pratt etlal. 200Me
temperature decrease observed in the outer regiod8% from

ror to 0.5r1;) is also consistent with the findings of these studies.
5.1. Temperature The temperature derived from the deprojected spectraysisal

The deprojected temperature profile derived in $ect. 413dea  drops from the peak value of 13.6 keV to the central minimum

in Fig.[2, where we also show the projected profile for compaf@lue of 9.1 keV. This is fully consistent with the typical%0

ison. As expected, the deprojected central temperatugsvisr| drop seen in temperature profiles of cool core clusters ¢eq.

than the projected one, since in the projected fits the spactri<aastra etal. 2004).

of the central annulus is contaminated by hotter emissiongal

the _Iine of sight. We also note that the projectgd tempeeatus » Cooling time

profile measured by handra(Allen et al.| 2002b) is systemat-

ically slightly higher than that measured BMM-Newton al- The cluster RX J1347 is known to host a cool core

though the general trend observed by the two satellitesisiso (Schindler et al.[ 1997] Allen et al. _2002b; Gitti & Schindler

tent (Gitti & Schindler 2004). 2004). The centrally peaked surface brightness profile bad t
The temperature profile of RX J1347 exhibits the shamentral temperature drop discussed in 9éct. 3 and [Sekte5.1,

characteristic for cool core clusters: the temperaturdirtex spectively, are indeed signatures of the presence of aateatr

5. Radial profiles
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Table 3. Results of the deprojection analysis on annulavith amekal model the spectrum extracted up to the outer ra-
MOS+pn spectra using the XSPEojct model. The column dius detected by our X-ray observation (5 arcmin), afteigng
density is fixed to the Galactic value and the normalizatemes the cooling region (central 35 arcsec) and the SE quadramt. W
in units of 101NN, V/4r[Da(L + 2)]2. The fit givesy?/dof = find a value< Tx >= 10.1+ 0.7 keV.

30072557. The data of the SE quadrant are excluded (undis-

turbed cluster).

5.3. Entropy
Radius KT 7 norm Ne The gas entropy in groups and clusters of galaxies has tgcent
(kpc) (keV) (Zo) (x1073)  (x1073cmrd) received particular attention since it resulted to be a wasful
0-173 9.1°07 o,32j§§§ 6_02‘:§:§§ 23,223-%2 quantity to probe the thermodynamic history of the hot gas in
173-346 126fi;§ O.16j83é8 2.7&8;8; 5.91i§j§g these systems. The entropy is usually define® as kT/n2’>,
346-519 | 136737 0-228;%% 1-51i8j88 2'66i8:8§ whereT andn, are the deprojected electron temperature and
519-692 8-6%139 01807 08800 L4640 density, respectively.
f(?gzglf%?l 17%1%7820 8:g§8388 8:2}1;8;85 8:2?8;85 In coo_ling core clusters _the radial_ entropy profiles are ex-
=24 =039 =007 =002 pected to increase monotonically moving outwards, anddavsh
‘ R ‘ ‘ ‘ ‘ ‘ no isentropic cores (e.g., McCarthy et al. 2004). This behas
200 | indeed observed in nearby cooling core clusterfidRitti et al.
2005; Pratt et al. 2006). Entropy profiles are in general del
100 ¢ ; scribed by a power law. The value of the power law index scsitte
50| around unity, depending on the cluster or cluster sampld use
g e to derive it: for example, Ettori et al. (2002a) found 0.9@nfr
o) - Chandradata of A1795, Pratt & Arnaud (2005) derived a slope
3 20 | of 0.94 + 0.14 from scalings of the entropy profiles of 5 clus-
< 10! * ters observed wittKMM—Newton|Piffaretti et al. [(2005) found
0.95+0.02 using scaled profiles of 13 cool core clusters observed
51 with XMM-Newton and| Pratt et al.| (2006) derived a slope of
1.08 + 0.04 (extending the sample studiedlin Pratt & Arnaud
2 +— . ‘ ‘ ‘ ‘ ‘ (2005) to 10 objects).
100 150200 300 500 700 1000 1500 In Fig. [4 we show the gas entropy profile of RX J1347
r [kpc] computed from the deprojected temperature and electron den

sity derived in Sec{_4]13. We fit the profile with a line in log-
log space (with errors in both coordinates) and find: 8lgE
(1.053+ 0.005)x log[r] + (0.011+ 0.010) (entropy in keV crh
and radius in kpc), which is consistent with previous result
e . . . Donahue et al.| (2006) recently found that the entropy pmofile
compute the cooling time profile and the cooling radius of trlﬁey derived fromChandraobservations of 9 cool core clusters

cluster. '
The cooling time is calculated as the characteristic tinaé thre better fitted by a power law plus a constant entropy patiest

it takes a plasma to cool isobarically through an incremént 8f ~ 10 keV cnf than by a pure power law. We performed
P y 9 Similar fits and find an entropy pedestal consistent with zero

Fig. 3. Cooling time as a function of radius.

gion where the plasma cooling time is short. In the followivey

temperaturéT However, we notice that this result might be due to the lack of
5 ksT adequate spatial resolution of the entropy profile in theraén
teool = 5 ——= (3) region.
2 NeA(T)

Recent results suggest that the entropy scales with the tem-
where A(T) is the total emissivity of the plasma (the coolingrerature a$ «< Tx >%°, the so-called “entropy ramp”, instead
function) andk is Boltzmann’s constant. Utilizing the depro-of the self-similar scalinds «< Tx > (Ponman et al. 2003;
jected temperature profile and the density profile from 8&8t. [Pratt & Arnaud| 2005] Riaretti et al.. 2005 Pratt etlal. 2006).
we can calculate the cooling time as a function of radiuscitvhiHere < Tx > is the mean clustggroup temperature corrected
is shown in FigB. The cooling time shows a power law behavifor the cool core fiect andS is the entropy measured at some
as a function of radius. We firtgho o r146*001 when all 6 radial fraction of he virial radius (usually.@ x rq0, see Secf_6l2 be-
bins are used in the fit artgyo oc r7292% if only the 4 radial low for the definition and computation ofog). In order to verify
bins beyond @rsq0 ~ 280 kpc are considered (see SECHl 6.2 bé-the entropy measured in RX J1347 follows this relation, we
low for the definition and computation ofo0). The latter value therefore adopt the scalirg) « h™#/3(2) (< Tx > /10keVf®5,
agrees with recent results from the analysis in the samalradiith a mean temperature for RX J1347 equal tal100.7 keV
range of a sample of luminous clusterszat 0.2 (Zhang et al. (see Secl.512). Het€(2) = Qm(1+2)°+Q, and the factoh=#/3
2007). Following Birzan et al. (2004), we define the cooliag comes from the scaling of the density. AL ryqo the scaled
dius as the radius within which the gas has a cooling time lesstropy is equal to 38232, 349+ 54, and 432 51 keV cnf? for
than 77 x 10° yr, the look-back time ta& = 1 for our adopted r,qo computed from the total mass profiles derived from model
cosmology. With this definition, we findoo ~ 210+ 10 kpc SO, DDg1, and NFW, respectively (see SEcil 6.1 below for the
which corresponds to the central 36 arcsec. different models used in the total mass determination from the

In the following analysis it is important to correct for theX-ray data). If instead the valuégg is used (i.e., we adopt the
effects of the central cooling flow when measuring the chasize-temperature relation calibrated through numerirats-
acteristic temperature of the undisturbed cluster. Theagee tions, see Sect._8.2 below), the normalization is %670 keV
emission-weighted cluster temperature is calculated tindit cn?. The errors on these normalizations also take into account
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3000 ‘ AR ‘ — e is independent of the gas density central value. Since k350
2000 ; kpc the temperature profile is declining, it can be well medel

1500 | through the polytropic relatio o p} ™, with 1 < y < 5/3.
__ 1000 ¢ The polytropic fit to the deprojected temperature profileggi
%t 700 in this casey = 1.23+ 0.02 (1o- error on one parameter). The
L2 500+ total mass profile computed using this model is discussed be-
§ 300 | low together with the results from the more sophisticateabdi®
D 200! B-model.

In order to obtain a total mass estimate for the whole ob-
served radial range we use the douBienodel fits discussed
in Sect[B (model DD and DE in Tablé 1). The gas density is
computed from the doubJ@model surface brightness fits using
100 150200 300 500 700 1000 1500 the formulas derived in Xue & Wi (2000): we assume that each
r [kpc] component corresponds to a gas phase, invefflEq. 2 and cemput
. ) . . the the electron number densities for the two componesi(s)
Fig. 4. Entropy as a function of radius and the best fit power laghd the total electron number density(r) using:
log[S] = (1.053+ 0.005)x log[r] + (0.011+ 0.010) (entropy in
12
Ne(r) = Y Nei(r) = [ne(O)Z ﬁe,i(r)} : (5)
I I

150 ¢
100

keV cn? and radius in kpc).

the uncertainty in the estimate Bfo. The normalization derived

by adopting the size-temperature relation is in good ages¢m ne(0)] .

with the entropy normalization of th8(0.1 x rzg0)-< Ty > re- Nei(r) = [ne(r)} Aei(r), (6)
lation at< Ty >= 10keV by (Ponman et al. 2003, see their Fig.
4). The values computed usimgy derived from the total mass 2\~ i

profiles are smaller, but still consistent within the unagties, fg;(r) = n&i(O)[1+ r_] , 7
than the values found by Ponman €t al. (2003). | 2

ci

where E£1,2 andng(0) is the central, total electron density. The

6. Mass determination central number densities for the two components are given by
In|Gitti & Schindler (2004) we presented the total mass peofil 47112 (3) Soi

estimated from the singjé-model. Here we perform a detailednéi(O) = [ ] [ : ] (—') Ajj (8)
study of the radial profiles of total gravitational mass aiag g ®(T)Gike] |T(36i —1/2)] \rei

mass reconstructed by usingfdrent methods. The new valuesy, which

do not change the main conclusions in Gitti & Schindler (2004

but are more accurate. In this section we also present the corm 0i\(rciSo;\(Ti 12 I'(38;) I'(36i - 1/2)

putation of the characteristic radii quoted above. A =1+ (g_l) (rc Soi ) (T_,) [F(3ﬁi) (36 - 1/2)} )

where 1,2 andj # i. Hereg; is the Gaunt factor for the compo-
nenti anda(T;) is the emissivity due to thermal bremsstrahlung.

The analysis to estimate the total gravitational mass of ®3¢3 The Gaunt factors are computed using the results of Sutiterla

is not limited to only one specific method, but is insteadiedrr (1998). Note that in the derivation of the equations giveoveb

out by adopting dferent approaches. This enables us to inveds assumed that each component has a constant electren tem

tigate the €ects introduced by fierent fitting functions for the peratureT; throughout the cluster. As shown in Sédt. 5 the gas

gas density and temperature, anflatient methods to derive theis not isothermal hence this assumption is not strictly dzali

total mass from the observed gas distribution. Nevertheless the temperature dependence of the abovequat
The total gravitating mass distribution is calculated uride  is fairly weak and we s€Tio2 = Tmax = 13.6keV (the maxi-

usual assumptions of hydrostatic equilibrium and sphesiga- mum of the temperature profile) ardTzor1 = Tmin = 7.1 keV
metry by using (the minimum of the temperature profile) to quantify the max-

imum variation of the total mass estimate with temperature.
KT(r)r [dInpg(r) dInTg(r) 4 Using the above equations and Eh. 4 we compute the mass pro-
Gum, | dinr * dInr 4) file for 4 cases: DDg1 (model DD anth = Tmax T2 = Tmin),
DDg2 (model DD andl; = Thin, T2 = Tmay, DEg1 (model
whereG andm, are the gravitational constant and proton masse andT; = Tmax T2 = Tmin), and DEg2 (model DE and
andu = 0.62. A welcome property of EQ] 4 is that the total gravl; = Tyin, T2 = Tmay). While the assumption of isothermal-
itational mass within a sphere of radius determined from the ity is justified in the evaluation of the density-dependemirt
gas densityq and temperatur€; measured at the cluster-centricof Eq.[4 from the observed surface brightness profile, tharad
distancer. This implies that when the gas density and temperdependence of the gas temperature must be carefully modeled
ture are well modeled only in the radial rangg — Rout but not  since the total gravitational mass varies strongly withgem
within Rip, the mass determination is still reliable in the ranggture. The temperature profile in the whole observed range is
Rin — Rout. As shown in SecL]3, a singiemodel provides a good clearly not well described by a polytropic relation and itist
fit to the surface brightness profile in the radial range 350Xp possible to model it using a single analytical function duéhie
r <1730 kpc (model SO in Tablé 1). In this case the deprojectedntral temperature drop. We therefore model the profilegusi
gas density profile is easily computed and the total clustessm two functions joined smoothly at a cut radiRsy, i.e. we take

6.1. Total gravitational mass

Mtot(< I’) ==
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care that the temperature profile and its gradient are conti® c are the free parameters. The total gravitational mass mithi
acrossRq.. Since the polytropic relation provides a good dea sphere of radius is given by gas plus dark matter mass
scription in the outer region, we adoptx pj " as fitting func- and thereforéMioi(< r) = Mgad< ) + Mom(< ) in Eq.(2).
tion forr > Ry, with p computed from the doubjemodel fits. Nevertheless, in most of the wolkioi(< r) = Mpwm(< 1) is used,
The values obtained for the parametere very similar to those i-€. the NFW profile is used to fit dark matter plus gas mass. We
obtained when using the singsemodel. WithinR; we choose also computed the total mass profile by taking into accoumt th
to fit the temperature profile using a 5-th order polynomiahwi gas mass, i.e. by adding the cumulative gas mass profile to the
zero derivative at the center. If the latter condition is satis- best-fitting NFW profile, and found little fierence between the
fied the derived total mass density is found to be negativiedn ttwo profiles. The best-fit parameters aye- 722+ 112 kpc and
cluster core. We varRR, and find thaRe,: = 520 kpc provides € = 3.20J_r 0.30 (errors are RMS of thevijoint confidencg lim-
the best model. The resulting best fit function is shown inBig its), with x2. = 6.7 for 4 degrees of freedom. Our best-fit NFW
The total mass profiles computed from the surface brightiitess profile is shown in Figl. 5. From the set df, (s) parameters ac-
presented in the following are computed using this tempegat Ceptable at b- we compute, for each radius, the maximum and
profile modeling and will be indicated by the name of the mod&?inimum value of the total mass and hence its upper and lower
used to describe the surface brightness (see Table 1). errors. These are of the order of 10 %. From a visual inspectio
The relative diference between the mass profiles for modéf Fig.[3 one can note that the NFW mass profile is lower than
DDg1 and DDg2 (DEgl and DEg2) is less than 4 % (6 %) ithe doubles estimate for < 1150 kpc and higher at larger radii.
the whole observed radial range (0-1731 kpc). Models DDdhhe discrepancy within 1150 kpc is due to the fact that out-bes
and DDg2, and DEg1 and DEg2 give nearly identical results fif NFW profile tends to underestimate the temperature in this
r > 500 kpc. The largest fierence is found between modelgange. The relative ierence between the NFW and the double
DDg1l and DEg2, butitis less that 15 % in the whole radial rangemass profiles is -38 % (underestimate) at 500 but decreas-
and less than 5 % far> 250. These small ffierences show that Ing towards the center, and increases almost linearly to 30 %
the temperature does not significantijeat the gas density de- (Overestimate) at = 1731 kpc. The fairly low concentration
termination for this massive and hot cluster, and that moDB& parameter, compared to the predictions of numerical simula-
an DD provide the same mass estimate for the whole radiaérai@ns (e.g/ Maccio’ et al. 2006), and the goodness of our NFW
of interest. Given these results and the fact that model Bsga  fit might indicate that our temperature profile is not enouggs

smauer/\/rZed than model DE for the surface brightness modelingally resolved in the central region of the cluster for thiisd of

we will discuss, in the following, only the mass profile dedv mass determination method. While the mass determinaion fr

using model DDg1. We compare the mass profiles derived fréhe doublgs-model may therefore be preferred, we present val-

the doublgs-model with the one from the singemodel in the ues also from the NFW fitting for completeness.

radial range 350-1731 kpc. In this range the relativ®edénce

of the mass profiles is at most 13 % (close to the innermost

outermost radii), but smaller than 10 % in the range 380-1

kpc for the four doubl@-models we derived. Hence, the doublén this section we determine the characteristic ragliused in

B-model provides estimates in good agreement with the sin@ects[ 5 anf 513. For the various mass profiles we compute

B-model, and is of course preferred since it allows us to egdém the radius within which the mean interior densityisimes the

the mass in the whole observed radial range, i.e. 0-1731 kpdtical value, by using

The mass profiles from the doultgemodel (model DDg1) and

the singles-model (model SO) are plotted in Figl. 5. Errors or) _ 3Miot(< ra) (11)

the total gravitational masses are computed by propagttig 47rpc,zri '

1o errors on the surface brightness and temperature profigs be

fit parameters, and are of the order of 10 % and 20 % for ti@r the cosmology adopted here the virial radius is given by

values derived from the single and douBtenodel, respectively. Tvir =z, With A = 178+ 82x— 39x* and wherex = Q(2) — 1 and

The profile derived using the singimodel is shown only in (2 = 0.3(1+2?%/(0.3 (1+2)® + 0.7) (Bryan & Normali 19¢8).

the region where it is valid, i.e. far> 350. The mild depression Thus for RX J1347A = 135. We also comput®li(< ra) and

visible around~ 250 kpc in the mass profile derived from theMgad< r'a) for various overdensitiegs = 2500 100Q 50Q 200.

doubleg-model is due to the shape of the temperature profile ihie results obtained from the overdensity profiles caledlat

the inner region. from the doubles-model (DDg1) and NFW fit are reported in
The cluster gravitational mass can also be computed by mdRblel4.

ing direct use of the gas temperature and gas density prdéles ~ The size-temperature relation « v<Tx > predicted by

rived from the deprojection analysis presented in $ect. W8 self-similarity allows an estimate afy from the mean clus-

invert the equation of hydrostatic equilibrium (Eq.4) anding ter temperature alone, provided that its normalizatiomisvkn

the three-dimensional gas density, we select the dark nmattes from numerical simulations. We compute the normalization f

model that reproduces better the deprojected temperatare ghe cosmology adopted here by interpolating the valuesigive

file. In the minimization the & errors on one single parametelEvrard et al.[(1996). For the mean cluster temperatufg >=

from the spectral fits are used. For dark matter mass model, ¥l = 0.7 keV we derive the characteristic rad{™, finding

consider the integrated NFW_(Navarro et al. 1996) dark matt&m, = 886+ 30 kpc andrS™ = 3197+ 107 kpc. From our

vir

5a§c% Virial radius and scaling relations

profile: X-ray analysis we findzsg0 = (734+ 34,729+ 63,608+ 20)
kpc andr,;; = (2378+ 76,2241+ 189 2639+ 108) kpc when
20003(“'1(1 +1/rs) = ﬁ) using in EQCIIL the mass profile derived from model (SO, DDgL1,
Mopwm (< 1) = 4nr3pc,— ) (10) NFW), respectively. These values are consistent with the- si

3 Inl+g-c/(1+0) temperature relation derived from observations of neaglaxed
wherep., = (3H2)/(87G) is the critical density at the cluster'sclusters|(Arnaud et &l. 2005). By comparing the above vakees
redshift. The scale radiug and the concentration parametenote that the estimates from the X-ray analysis are systemat
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Table 4. Characteristic radii,, total massMi; and gas masMg,s for various overdensitieA derived from the doublg-model
(DDg1) and NFW fits (& errors in parentheses). The masses are estimated withixs discussed in Se¢i._ 6.1, results from the
doubles-model are generally more reliable.

A I'ADDg1 Mot DDg1 Mgasbpg1 I ANFW MiotNFw MgasnFw
(kpc) (10*M.) (10M.) (kpc) (10M.) (10Mo)
200 | 19572 (183.2) 1100 (2.78) 3.34 (0.10)2286.7 (110.8) 17.86 (2.07) 3.82 (0.18)
500 | 1387.2 (123.9) 9.77 (2.30) 2.39 (0.05)1479.2 (71.23) 11.85(1.13) 2.55 (0.06)
1000 | 10633 (91.00) 8.80(1.91) 1.79 (0.08)1029.3 (43.08) 7.99 (0.62) 1.73(0.03)
2500 | 729.3(63.2)  7.10(1.40) 1.15(0.02) 608.1(19.8) 4.12(0.22) 0.91 (0.01)

numerical simulations indicate that the total mass of satad
clusters estimated through the X-ray approach is lowerttieat
true one due to gas bulk motions (i.e. deviation from the bydr
static equilibrium) and the complex thermal structure ef ¢fas
(Rasia et al. 2006; Nagai et al. 2007).

A self-similar scaling relation betwedd,; and< Tx > at
a given overdensity is predicted in the fody oc< Ty >%/2.
Various observational studies have foundfetient and some-
time conflicting results regarding the slope and norméabreanf
theM-T relation (e.g., Allen et al. 2001; Finoguenov et al. 2001;
Ettori et al.| 2002b| Sanderson et al. 2003; Arnaud et al. |2005
and references therein). The relation derived by Arnaudl et a
(2005) for a sub-sample of six relaxed clusters hotter thén 3
keV observed wittKMM-Newtoris consistent with the standard
self-similar expectation, following the relation:

1.x10%

5.x 10

<Tx >
5keV

This result is in agreement withiChandra observations
(Allen et al.[2001). In the case of RX J1347, Eq] 12 turns into
an estimate oMaspp = (4.07 + 0.46) x 10*M,. By consider-
ing the wholeXMM-Newtonsample (ten clusters in the temper-
ature range [2-9] keV), the relation steepens with a slofer0
(Arnaud et all 2005) indicating a breaking of self-simiiarin
this case we estimatdsoqppgr = (4.39+ 0.35)x 10"*M,,. The
mass estimate that we derive at the overdersity2500 difers
strongly depending on the model adopted (see Table 4). From
250 500 750 1000 1250 1500 model DDg1 we estimatMzsoqppg1 = (7.10+ 1.40)x 10M,
r [kpc] which is much higher than the prediction of tMeT relation.
The mass estimate M,soonFw = (4.12+0.22)x 10M,, as de-
Fig. 5. Integrated three dimensional total mass profiles, with giived from the best-fitting NFW profile is instead in good agre
rors, derived from the doublg-model (model DDg1, solid), mentW|th.th.e|\/I-'.I' rglanon,althoughthella.rge error bars prevent
singleg-model (model SO, dashed), and the NFW model (dots from distinguishing between a self-similar or steeplatian.
dashed). The dotted line shows the cumulative gas masseprofil
See text for details.

1.51+0.11
) (12)

h(2)Masgo = (1.79+ 0.06) x 1014|v|o(

6.3. Gas mass and gas mass fraction

From the results of the deprojected spectral analysis wepaten
cally lower than the ones predicted from the size-tempegatuhe cumulative gas mass profliyad < r), thus obtaining values
relation calibrated by means of numerical simulationss ot for the 6 bins used in in the spectral analysis. In order tovder
surprising that we find a smaller discrepancy fgyo thanr,i,, better estimates when an extrapolation of the gas mass teyon
as its determination does not require extrapolation of the oR.u: is needed, we compute the gas mass profile using the radial
served mass profile. This is in agreement with results foerthgas density profile derived from the best fit parameters of the
individual clusters (e.gl, Gitti et al. 2007) and studieschfs- doubles-model (model DDg1) of the surface brightness profile.
ter samples| (Sanderson etlal. 2003fdpetti et al. 2005). The The normalization of the latter is fixed using the gas dernsity
largest discrepancy is found foj; and in poor, cool clusters. In file from the spectral analysis. The resulting gas mass prigfil
these systems the impact of additional, non-gravitatibeating shown in Figl’b. WheiMg.{< r) is evaluated withirR,; we use
is most pronounced, as the extra energy required to accountthe binned profile and spline interpolation, which in thidis
their observed properties is comparable to their thermatgn range provides values consistent with the ones computed usi
(Ponman et al. 1996; Tozzi & Norman 2001). The observed dife results from the doubfgmodel.
crepancy is also related to the cluster total mass detetimma The gas mass fractiofy,sis defined as the ratio of the total
In this context it is interesting to note that recent resfritsn  gas mass to the total gravitating mass within a fixed volume. W
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measuregasos00 = 0.162+ 0.036 from the mass profiles derivedWhen considering the mass profile derived from the dogble
from the doublg-model fit (model DDg1). This value is close tomodel (DDg1), which at large distances is lower than the one
the global baryon fraction in the Universe, constrained MBC derived from the NFW fit (see Fifl 5 ), we fidi(< 2Mpc) =
observations to b&y/Qn = 0.175+ 0.023 (Readhead etlal. (1.11*33%) x 10'°Mg,. This value is fairly low compared to the
2004 Spergel et al. 2003), and is higher than the average valalue found by Allen et all (2002b), but still consistent sinker-
derived in a number of previous measurements Wittandra ing the errors on the mass estimates at this large distance.

(e.g., Allen et al| 20022 Vikhlinin et al. 2006). Howeverew  [Ettori et al. (2004) derive fronChandradata estimates of
note that a general trend of increasifags with cluster tempera- \, = (8.94+0.80)x10*Mg andMgas = (1.81+0.08)x 10*Mg
ture (hence mass) has been observed (Vikhlininlet al. 20D&). ithin 1368 kpc, which corresponds gy in their work. While
high central gas mass fraction measured here is consistnt Wyr value Mi(< 1368kpc) = (10.84 + 1.11,9.72 + 2.27) x
this tendency, as RX J1347 is a hot, massive cluster. 10"Mg (for model SO and DDg1, respectively) agrees with
the Chandraestimate, we find a larger value for the gas mass:
_ _ . Mgad< 1368kpc)= (2.35+ 0.05) x 10**M@. The discrepancy
7. Comparison with previous work might be related to the fierent approaches adopted for the cal-

In this section we compare the most relevant total and gas mﬁ%aé':rri'\}ggefre:rtr'mﬁ;e (t;;e ?Oa.‘zge?ss d'ergt‘;g?/ ;rr?;T tshg dg%y 4
estimates for RX J1347 found in literature with our resultse ProJ p ysis ( .

: 3 : ; i
values in literature are converted to the cosmology addpee ngr?s mgsge%c;grz}ggt?gn‘zég:;ﬁt at‘lfo(rzot()rléle) Icso(rjﬁl;li\r/wea?:ixtﬁ)r){ es
before the comparison. 9 Y

the best-fit results of the spectral and imaging analysaadéha
the normalization of the thermal spectrum and the parameter
7.1. Comparison with X-ray studies of the singleB-model). In particular, the low value measured by
. ) . |[Ettori et al. (2004) might be biased by an underestimate ®f th
Using combined ROSAT and ASCA obs%rvatlongemrm density due to a possible undersampling of the exlust
Schindler et al. [(1997) deriveMie = 111 x 10“Mo,  |uminosity within the radius where the thermal spectrumxis e

Mior = 4.93x 10*M@, andMio = 1.45x 10'*Mg within 204, racted, which corresponds to ony0.4 times the radius where
850, 2550 kpc, respectively. These values were derivedrassiine X-ray emission is detectable in tbhandradata.

ing isothermality and the error coming from the uncertainty

on the global temperature is of the order of 10%-15%, as we

estimated from the plot showing the profile of the integrated2. Comparison with dynamical estimates

total mass (see Schindler etlal. 1997, Fig. 6). We find, forehod

(SO, DDgl), Myt = (1.14 + 0.14,0.93 + 0.17) x 10"Mg, Using the virial approach, Cohen & Kneib (2002) derMgy =
Mot = (810 + 0.84,7.85 + 160) x 10“Mg, and (6.927%3) x 10*Mg within 597 kpc from galaxies velocity dis-
Mt = (1.47 + 0.15,1.22 + 0.32) x 10°*Mg within 204, persion measurements. Within this radius we consistentty fi
850, 2550 kpc, respectively. While we find a significant misMiot = (6.06+0.61, 6.05+1.14)x10"Mg for model (SO, DDg1).
match at 850 kpc, the results are in reasonably good agréemen

at small and large radii, in particular considering the exro ) ) o )

and the dferent assumptions adopted in the mass deterndi3- Comparison with gravitational lensing

nation. For the cumulative gas mass_Schindleretial. (19
found Mgas = 1.33 x 10MMg and Mgas = 5.93 x 10MMg
within 850, 2550 kp(i respectively, while our vallies ar
v'\cigda'lsin éég%&%ﬁ;iﬁ el\élr?ei?is Qfﬁamhségtﬁzovglgsl glt 'glé% \ line of sight the cumulativc?OSD mass profilbku(< r) derived
are consistent, the large value found at 2550 by Schindklt etin Sect[®, thus obtaininy”(< r).

(1997) is very likely due to the narrower radial range probed From a weak lensing investigation, Fischer & Tyson (1997)
by their observation. As shown in Seict. 3 (see Table 1), tise ggeriveM},” = (9.35+2.55)x 10*Mg within 850 kpc. We find, in

density steepens in the outer region. As a result, the gas MgSod agreemethp'f’j = (9.95:+1.03,9.17+ 2.1379)x 10MM¢
o .95+1.03,9.17+2.13

derived from a singlgg-model fit to a narrow central region¢,. model (SO, DDg1). Note that Fischer & Ty$on (1997) com-

and extrapolated to large radii is biased high. In companglk_:{gg‘re their mass measuremeffj within 850 kpc with theMy;

the results, we should also bear in mind that the analy X - ! )
presented by Schindler etial. (1997) is performed on the lef'fllue quoted inSchindler etlal. {1997) and find a large dscre

360 data, as the hot enhancement in the SE quadrant has AR As p0|_nted outdy Sa_?uhet al. (1998), th(_a_two mas;%eterm
discovered only subsequently wighandraand XMM-Newton 210N are in agreement f the correct quantities are coapa
observations (Allen et &l. 2002b; Gitti & Schindler 2004). In the strong lensing analysis by Sahu etlal. (199} =

We compare our best-fitting NFW profile with the one de5.36 x 10**Mg, is measured within 204 kpc, the cluster-centric
rived bylAllen et al. [(2002b) fronChandradata. The two pro- distance of the arcs. Within this projected distance we find
files are consistent, with a relativefidirence ranging from 15% Mgtoj = (2.38+ 0.27,2.05+ 0.37) x 10"*M¢ for model (SO,
to 30% depending on the radial range considered. As a ggyDg1). Although this discrepancy might be due to the fact tha
eral trend, our profile results lower in the inner region (inwe excise the perturbed region of the cluster, we note thet su
side ~600 kpc) and higher in the outer region (outsie®000 a Jarge mismatch between the masses determined from X-rays
kpc) than the one derived by Allen et al. (2002b). In paréeul and strong lensing is commonly found (§ee Wu ét al. 1998, and
Allen et al. (2002b) find an integrated mass within the vira&l references therein). In the inner core of clusters, wheangt
dius of their best-fitting NFW mass profile 8fiot(< 2Mpc) =  |ensing occurs, the physics of the ICM may be complicated by
(195349 x 10**Mg, which is in fairly good agreement with thethe interaction with the central AGN. The central clustegioa
value that we measurdlioi(< 2Mpc) = (1.59°018) x 10*Mg. s thus poorly described by the usual simple models usedein th

9gi)nce the gravitational lensing analysis measures the ghexj
%otal mass distribution, in order to compare consisterttéyre-
ults from the X-ray and lensing techniques we project atheg
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these objects must be prevented from cooling below the weder
central temperature minimum. The most appealing mechanism
is heating by AGN because it is strongly motivated by observa
tions. Central AGNs with strong radio activity are found lret
majority of cool core clusters (e.g, Burns 1990; Ball et 8193)

and powerful interactions of the radio sources with the 1G#¥l a
observed (e.g., Birzan etlal. 2004;Raty et al. 2006, and ref-
erences therein). The presence of a central AGN in RX J1347 is
indicated by the NRAO VLA Sky Survey (NVSS), that shows a
strong central source along with some hint of a possiblenelad
emission. However, the resolution and sensitivity of theS$v
‘ ‘ ‘ ‘ ‘ ___ 1 arenotstiicient to study the characteristics of the central source
100 200 300 400 500 600 and establish the existence oftdise emission. We obtained new

r [kpc] VLA datain order to further investigate the nature and prtes
of the radio source in RX J1347 (Gitti etlal. 2007).

Fig. 6. Ratio of the lensing to the (projected) X-ray mass profile In order to explore the heating by AGN, we adopt the model
for different X-ray mass estimates. The line styles are the sadweloped by Ruszkowski & Begelman (2002, hereaffégre

as in Fig[5. The reported errors are those coming from thayX-rvescent heating). The details of the model and the procedure
mass determinations. adopted to estimate the AGN parameters from the observed tem
perature and density profiles are given_irfétetti & Kaastra
ﬁ.ZOOG)' Here we simply summarize the essential elements. In
the dfervescent heating scenario the central AGN is assumed
to inject buoyant bubbles into the ICM, which heat the ambi-
ent medium by doind?dV work as they rise and expand adia-
hl?atically. In addition, besides being essential in staini§j the
model, thermal conduction transports energy from the hotte
outer region to the central region. Unfortunately itiagency

=
o

M lensing / Mx—ray

[y
3

0.5

X-ray methods which rely on the assumptions of sphericalsy
metry and hydrostatic equilibrium.

We compare our total mass determination with the len
ing results of Bradac et al. (2005b). The results of Brasta.
(2005b) are obtained using a mass reconstruction methathw|
combines strong and weak gravitational lensing data #died-e

tively breaks the mass-sheet degeneracy (Bradat et 212200 is poorly known since it depends on magnetic fields and mod-

z;gé[afd:]itis:r? \gftp:di)f;iypt?eleg%nl?p?a{iz rlmﬁggr/xjﬁ?yof els with diferent fractiond, of the Spitzer rate are studied. For
’ a fixed f. between 0 and/B (the maximum for magnetized a

the lensing study. From a visual inspection of this figuresit | L . .
clear that there is lack of agreement between the X-ray arsd |lePlasma) the contribution of heat conduction as a functioraef

ing mass estimates. Only in the central region the X-ray rnsas r:lés dles l:g%\’(‘:’?e??ec; tZ(raatti?épergﬁgevgéa:é?:i@ﬁ??:amd Lr
marginally consistent with the lensing mass. The massgatio Proj P P : emss

crease with radius and tend to approach a constant valugyat | .h"?‘t heat conduction alone balances radiative Ipssesjttheﬁ
radii. At 600 kpc the ratio is 2.07, 2.17, and 2.45 for the Y-ra/iciency would be much larger thafalof the Spitzer rate and
mass estimated using the singlenodel (SO), doublg-model therefore unrealistic. The raising entropy profile (in SECB)

: indicates that convection is not operating on the scaldsviba
(DDg1), and NFW model, respectively. We stress that the Saﬁ}% able to resolve and is therefore not included in the matiel

discrepancy is found when we compare our mass profiles w! g . ; ;
: : ra heating profile resulting from subtracting the heaidua-
a corrected mass profile computed from the lensing map wh ?gn yield from the ICM emissivity is then assumed to be bal-

;[:rl]jd?alc:_i quadrant, which contains the hot X-ray subclump,-s Anced by the AGN heating function:

AGN L L p (ro=1)/7p 1dIn p
7.4. Comparison with the Sunyaev-Zel'dovich (SZ) effect H™ o 3 (1-eT/r) (—) TdmnT (13)

Po
Through the SZ #ect, Pointecouteau etlal. (2001) measure theh

as mass of RX J1347. They compare their results with the $1ereP is the ICM pressurerp some reference value) and
?ay results of Schindler et aI)./ (199%, finding good agreetmegfe adiabatic index of the buoyant bubbles, which is fixed to

Within 74 arcsee 427 kpc the SZ estimate Blgas = (4.7 + /3 (i.e., relativistic bubbles). Fitting EQ.(IL3) to the extreat-

Inn . B ing profile provides the AGN parametdrs(the time-averaged
0.4)x 10°°Mg in agreement with our valudjgas = (5.5+0.1)x luminosity) andrg (the scale radius where the bubbles start ris-

10“Mo. ing in the ICM). Only if Q10 < f, < 0.27 the fitting pro-
vides meaningful results. Fdg = 0.27 the AGN parameters are
L = 7.45x 10®ergs*’ andrq = 4 kpc. As we decreask both
AGN parameters increase monotonically and reach the maxi-
As shown in Sect]5, there is no evidence for very low tempanum atf, = 0.10, for which we findL = 10.11x 10*®ergs?
ature gas in the core of RX J1347, suggesting that the descapdry = 29 kpc. The trend of the AGN parameters withindi-
tion of the inner region of this cluster by means of a standacdtes that, in the framework of th&ervescent heating scenario,
cooling flow model is not appropriate. The spectral analysis heat conduction and AGN heating cooperate in quenchingradi
Gitti & Schindler (2004) shows that if the cool core in RX J¥34tive cooling. The inferred AGNime-averageduminosity lies

is fitted with an empirical cooling flow model where the lowesherefore in a quite small range.46—10.11x 10*®ergs?), and
temperature is left as a free parameter, very tight comtégrain is larger but comparable to the cluster luminosity in thergpe
the existence of a minimum temperature keV) are found. range [2.0-10.0] keVi(x = 6.2+ 0.2 x 10*® erg s1). The model
This situation is common for cool core clusters and it has beith f. = 0.22 is the one with the smallest reduggdand in this
come clear that the gas with short cooling time at the cerftercasel. = 8.32x 10*®ergs™ andr, = 13 kpc.

8. The cool core
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The dfervescent heating model applied to RX J1347 predicts there is a large discrepancy at all radii between our totakma
that the scale where the bubbles start rising in the ICM ifént  estimate and the mass reconstructed through the combinatio
range 4-29 kpc. The observed extension of the AGN jets should of both strong and weak lensing.
be of the same order of magnitudef{Rietti & Kaastra 2006). o )
Interestingly, the first results from 1.4 GHz VLA observago ~ We study the AGN heating in RX J1347 by applying the
of the central region of RX J1347 show hints of faint struetur effervescent heating model. We find support to the picture that
emanating from the discrete radio source outt80 kpc from AGN heating and heat conduction cooperate in balancingadi
the centerl (Gitti et al. 2007). A comparison between theveeri tive losses. Our predictions concerning the extensionedABN
luminosity L with the observed AGN luminosity is unfortunatelyiets in RX J1347 are consistent with recent radio obsemaio
not possible. In fact, in the framework of théervescent heat- the radio source at the cluster center.
ing model, the derived AGN luminosity is a time-averagetal
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