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ABSTRACT

Aims. We present a spectral analysis of a deep (220 ks) XMM-Newbsevation of the Phoenix cluster (SPT-CL J2344-4243). We
also useChandraarchival ACIS-| data that are useful for modeling the prdipsrof the central bright active galactic nucleus and
global intracluster medium.

Methods. We extracted CCD and reflection grating spectrometer (RG&)6pectra from the core region to search for the signature
of cold gas and to finally constrain the mass deposition ratbe cooling flow that is thought to be responsible for thesivasstar
formation episode observed in the brightest cluster ga(BGG).

Results. We find an average mass-deposition ratevbf= 620 (190 + 200) (—50 + 150)%,¢ M, yrt in the temperature range
0.3-3.0 keV from MOS data. A temperature-resolved analsis@vs that a significant amount of gas is deposited at ab8uktel
and above, while only upper limits on the order of hundredslgfyr— can be placed in the 0.3-1.8 keV temperature range. From pn
data we obtairM = 210 (-80 + 85)yx (—35 + 60)g¢ M, yr~* in the 03 — 3.0 keV temperature range, while the upper limits from
the temperature-resolved analysis are typically a fadt@rlower than MOS data. No line emission from ionization etabelow Fe
XXIIl'is seen above 12A in the RGS spectrum, and the amounasfogoling below- 3 keV has a formal best-fit valud = 122313

M, yr~1. In addition, our analysis of the far-infrared spectralrggelistribution of the BCG based on Herschel data providstsaa
formation rate (SFR) equal to 530, yr~* with an uncertainty of 10%, which is lower than previousrasties by a factor 1.5. Overall,
current limits on the mass deposition rate from MOS data ansistent with the SFR observed in the BCG, while pn dateepref
lower value ofM ~ SFR/3, which is inconsistent with the SFR at the 8onfidence level.

Conclusions. Current data are able to firmly identify a substantial amaficboling gas only above 1.8 keV in the core of the Phoenix
cluster. At lower temperatures, the upper limits Mnfrom MOS and pn data ffer by a factor of 3. While the MOS data analysis
is consistent with values as high B~ 1000 within 1o, pn data providéVl < 500M,, yr—* at 3 confidence level at a temperature
below 1.8 keV. At present, this discrepancy cannot be empthbn the basis of known calibration uncertainties or otloeirces of
statistical noise.

Key words. galaxies: clusters: individual: SPT-CL J2344-4243 — icittater medium; X-ray: galaxies: clusters

1. Introduction the ICM in most of the clusters (Silk 1976; Cowie & Binney
The majority of baryons in clusters of galaxies is con%tm;mn—&mwmwgﬂww&. The
by virialized hot gas [ (Lin C 2003: ey 3 Olf;%c?:;éhsls cooling gas would be to feed massive star foromati
that emits X-ray via thermal bremsstrahlung. Temperatiga; '

sity, and chemical composition of the so-called intragdust On the basis of the isobaric cooling-flow model
medium (ICM) can be directly measured thanks to X-ray imagFabian & Nulsen | 1977;. Fabian 1994), it was estimated
ing and spectroscopic observations. Spatially resolvedtsp- that typical cooling flows may develop mass deposition rates
scopic studies showed a significant temperature decreake ianthe range of a fewk100— 1000Mg yr—t. However, the lack
strongly peaked surface brightness profiles in the centex obf massive star formation events and of large reservoir®lof ¢
significant fraction of the cluster population. The shorbleo gas at the center of galaxy clusters casts some doubts on the
ing times associated with these high-density gas regiahsole hypothesis of a complete cooling of the ICM in cluster cores.
the conclusion that a massive cooling flow was developing Trhe picture changed dramatically when X-ray observations,
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particular of the RGS instrument onboard the XMM-NewtoNGC5813, Blanton et al. 201 1; Randall etlal. 2011). It is now
telescope, revealed a severe deficit of emission lines cadpawidely accepted, however, that the mechanical energy geavi
to the predictions of the isobaric cooling—flow model in alby the AGN through jets is gficient to overcome the cooling
the groups and clusters of galaxies with putative coolingiglo process in cluster cores. Therefore questions remain aheut
(Tamura et all_2001; Peterson etlal. 2001; Kaastra ;20@8&tailed physical mechanism that transfers energy to ti IC
IPeterson et al. 2003). Interestingly, this result has aksenb and how this mechanism gives rise to the regular cool-cae th
found in XMM-Newton and ChandraCCD spectra, despite mal structure, which requires a minimum temperature a facto
the lower resolution, thanks to the prominent complex ofiro~ 3 lower than the ambient cluster temperature.
L-shell lines (McNamara et al. 2000; Bohringer et al. 2001; Surprisingly, a recent observation introduced further
Molendi & Pizzolath 2001; Bohringer etlal. 2002). This dilg  changes in the picture outlined here. The SZ-selected clus-
implies that the cooling gas is present only in small amgunter SPT-CLJ2344-4243 (also known as the Phoenix cluster,
typically ten times lower than expected for steady-statharic IMcDonald et al! 2012) az ~ 0.596 for the first time shows
radiative cooling (see_Peterson & Fabian 2006). This detdnints of a massive cooling-flow-induced starburst, sudggst
mined a change from the cooling-flow paradigm, with typicahat the feedback source responsible for preventing rupawa
deposition rates of about 1601000M,, yr~2, to the cool-core cooling may not yet be fully established. SPT-CLJ2344-4243
paradigm, where most of the gas is kept at temperaturestigbleows a strong cool core with a potential mass deposition
than one-third of the ambient cluster temperature, and thesmrate of ~ 3000M, yr—! derived from the X-ray luminosity.
deposition rate, if any, is due to a residual cooling flow of@tb IMcDonald et al. [(2012) argued that the Phoenix cluster might
few tensMg yr1. harbor an almost isobaric cooling flow with an unusually high

Another direct implication of these observations is that¢h mass deposition rate. The strongest hint comes from the very
must be some process that heats the gas and prevents its digh star formation rate (SFR) observed in the brightess-clu
ing. Among the many mechanisms investigated in the pdst galaxy (BCG), which has originally been estimated to be
years, feedback from active galactic nuclei (AGN) is consid 700M, yr2, with large I errors ranging from 200 to 504,
ered the most plausible heating source. Radio AGN are ub},q—’l (McDonald et al.| 2012). However, an accurate measure-
uitous in cool cores (see_Sun 2009), and interactions betwegent of the SFR is madefticult by the presence of a strongly
the radio jets and the ICM have been observed unambigibsorbed AGN, whose contribution to the BCG emission can be
ously. AGN outbursts can in principle injectfigient energy accounted forin dierent ways. Recently, the HBWFC3 obser-
into the ICM (seé McNamara etlal. 2005). The relativisticele vation of the Phoenix (McDonald etlal. 2013) showed filamen-
trons in jets associated with the central cluster galaxyahte tary blue emission out to 40 kpc and beyond, and the estimated
to carve large cavities into the ICM. The free energy asso@xtinction-corrected SFR has been updated to a more aecurat
ated with these bubbles is plausibly transferred into thil ICvalue of 798 42M,, yr~*, consistent with optical and IR data at
and thermalized through turbulence (5ee McNamara & Nulsknwer spatial resolution.
12012;/ Zhuravleva et & 4). In addition, there is incireps  In this work we present the analysis of a 220 ks observation
evidence of interactions of AGN outflows with metal-rich gagith XMM-Newton awarded in AO12 on the Phoenix cluster,
along the cavities and edges of radio jets of some individuaith the main goal of investigating the thermal structurethaf
clusters and groups (Ki i : iet @A), cool core and comparing the mass deposition rate in the oore t
consistent with numerical simulations showing that AGN-outhe star formation rate in the BCG. We also use arci@aindra
flows are able to advect ambient, iron-rich material fromdtie  data (about 10 ks with ACIS-I) to model the emission of the
to a few hundred kpc away (e.g., Gaspari ét al. 2011a,b). TA&N in the BCG and global ICM properties. Finally, we revise
feedback mechanism has been observed in its full complixitythe SFR in the BCG on the basis of far-IR (FIR) data from the
nearby clusters such as Perseus (Fabiarlet all 2003, 200K, 20HerschelObservatory.
Hydra A (McNamara et al. 2000), and a few other clusters (see The paper is organized as follows. In Sgtt. 2 we describe the
Blanton et all 2011). reduction of the XMM-Newton an€handralata. In Secf]3 we

In addition, the regular behavior of cool cores is not onlpresent the results from ti@handralata analysis on the central

observed in local clusters, but seems to hold up to high redGN spectrum and the global ICM properties. In SELt. 4 we de-
shifts. High angular resolution observations of cool coaes Scribe our analysis strategy and present the results orottle ¢

z < 1 performed by our group (Santos elfal. 2010, 2012) showe@re temperature structure from EPIC MQS and pn data, RGS
that the radio feedback mechanism is already present.ai. data, andChandradata. In Sec]5 we revise the measurement
Temperature and metallicity profiles in cool cores are bipaddf the star formation rate in the BCG from FIR data in view of
consistent with local ones, with a remarkabléefience in the @ comparison with the mass deposition rate. Finally, oucken
the metal distribution that appears to be more concentiatedsions are summarized in Sddt. 6. Throughoutthe paper, wet ado
the core than in local clustefs (De Grandi ef al. 2014). Tini-i  the seven-year WMAP cosmology wighy = 0.73, Qy = 0.27,
cates that radio feedback also plays a role in the spatiailis andHo = 704 km s* Mpc™ (Komatsu et all 2011). Quoted
tion of metals. The regularity of the cool-core appearana o €frors and upper limits always correspond to & tonfidence
the entire cluster population and a wide range of epochspoiteVel, unless stated otherwise.

toward a gentle heating mechanism, with the radio AGN acting

with a short duty-cy(_:le to counterbalance the onset of 0golis> pata reduction

flows since the very first stages of cluster formation. At thias

time, outburst shocks may provide a more violent heatingmed.1. XMM-Newton: EPIC data

anism. It is poorly understood whether AGN heating of the ICM\/e obtained a total of 225 ks with XMM-Newton on the

occurs violently through shocks or through bubbles in press . : -
equilibrium that cause turbulence. Outburst shock withgarim Phoenix cluster in AO12. Data were acquired in November and

temperature are very hard to detect, and shocks have been uUnProposal ID 72270,The thermal structure of the cool core in the
ambiguously detected in only a few cases (see, e.g., A20&2 a@hoenix cluster;PI P. Tozzi
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Table 1. XMM-Newton data: exposure times for each Obsid after dadacgon.

Obsid EPIC detector| effectivete,
ks
0722700101 MOS1 128.0
0722700101 MOS2 128.0
0722700101 pn 103.0
0722700201 MOS1 92.0
0722700201 MOS2 92.0
0722700201 pn 81.5
0693661801 MOS1 16.0
0693661801 MOS2 16.5
0693661801 pn 8.6

December 2013 (Obsid 0722700101, 132 ks, and 07227002202, XMM-Newton: RGS data

93 ks). We added a shorter 20 ks archival observation taker\/{Pe reduced the RGS data set using the standard SAS v14.0.0

2012 to our analysi§ pipeline processing through the RGSPROC tool. We filteréd so
The observation data files (ODF) were processed to proroton flares by excluding time periods where the count rate
duce calibrated event files using the most recent releageeof on CCD$ is lower than 0.1 cfs in a region free of source
XMM-Newton Science Analysis System (SAS v14.0.0), witemission. The resultingfiective exposure times, after remov-
the calibration release XMM-CCF-REL-323, and running thiag flares from the data, are listed in Table 2. As backgrouad w
tasks EPPROC and EMPROC for the pn and MOS, respectivagopted the model background spectrum created by the SRS tas
to generate calibrated and concatenated EPIC event lisen, T RGSBKGMODEL, which can be applied to a given observation
we filtered EPIC event lists for bad pixels, bad columns, dosmfrom a combination of observations of empty fields, basedhen t
ray events outside the field of view (FOV), photons in the gagsunt rate of the fi-axis source-free region of CCD9. We veri-
(FLAG=0), and applied standard grade selection, correspondiied that the background spectrum obtained in this way iseinti
to PATTERN < 12 for MOS and PATTERN<= 4 for pn. We consistent with a local background extracted from beyor#d 98
removed soft proton flares by applying a threshold on the towf the RGS point spread function (PSF). Finally, we focused o
rate in the 10-12 keV energy band. To define low-backgroutitk first-order spectra and combined spectra, backgroands,
intervals, we used the conditidRATE < 0.35 for MOS and responses from all observations and from both RGS instrtsnen
RATE < 0.4 for pn. We found that for Obsid 0722700101, weising the SAS task RGSCOMBINE.
have about 128 ks for MOS1 and MOS2 and 103 ks for pn after
data reduction. For Obsid 0722700201 we have 92 ks for MOS1 ]
and MOS2 and 81.5 ks for pn. This means that removing highable 2. Cleaned exposure times for RGS detectors
background intervals reduces theeetive total time from 225 ks

to 220 for MOS (a loss of 2% of the total time) and to 184.5 ks . .
for pn (a loss of 18% of the total time). The archival data, i@bs Obsid | RGS detector eﬁecf('\s’ete“’
0693661801, wereftected by flares by a larger amount. From
20 ks of exposure in Obsid 0693661801, we have 16 and 16.5 0722700101 RGS1 126.4
ks for MOS1 and MOS2, respectively (a loss of about 18-20%), 0722700101 RGS?2 125.2
and 8.6 ks for pn (a loss of about 60% of the total time).

For each Obsid we merged the event files MOS1 and MOS2 8;35;88381 Egg% gg";
to create a single event file. This procedure has been adopted '

because the MOS cameras typically yield mutually consisten
fluxes over their whole energy bandpassinally, we also re-
moved out-of-time events from the pn event file and speatra. |
Table 1, we list the resulting clean exposure times for thanmh
the MOS detectors for the three exposures used in this work.

. A i ith ACIS-I for 11.9 ks
Effective area and response matrix files were generated wlthe Phoenix cluster has been observed wit
the tasksar fgen andrmfgen, respectively, for each obsid. For'n the VFAINT mode (Obsid 13408)We performed a standard

MOS, effective area and response matrix files were computed 2 reducti?tr\:vstartingkfrom thi l?féj event files, using thfeh
each detector and were eventually summed with a weightcorfdA0 4.6 software package, with the most recent version of the

sponding to the féective exposure time of MOS1 and MOS2.

2.3. Archival Chandradata

4 This is the CCD that generally records the fewest sourcetsyen
cause of its location close to the optical axis and is the susteptible
to proton events.

5 Proposal ID 13800933 Chandra Observation of the Most Massive
2 Proposal ID 069366, PI M. Arnaud. Galaxy Clusters Detected in the South Pole Telescope SyreyG.

3 See hitp/xmmz2.esac.esa.jlliocgdocument&CAL-TN-0018.pdf.  Garmire.
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ChandraCalibration DatabaseCALDB 4.6.3). We ran the task we found a much flatter spectrum with an intrinsic absorption
acis_process_events to flag background events that are modower by a factor of two, in agreement with the findings of
likely associated with cosmic rays and removed them. Wih tf@él.m@ for th€handralata alone. This is due to the
procedure, the ACIS particle background can be signifigaetl well-known degeneracy between spectral slope and intradsi
duced compared to the standard grade selection. The data vearption. Given the very low value 0.6 for the intrinsic spectral
filtered to include only the standard event grades 0, 2, 3nd, aslope obtained in this way, we prefer to rely on the resulth wi
6. We visually checked for hot columns that were left after tH" = 1.8 consistent with the Suzak@handranalysis. Since the
standard reduction. As expected for exposures taken in MFAI contribution of the AGN in the soft band is crucial in our spec
mode, we did not find hot columns or flickering pixels after filtral analysis of the core region, we will eventually alliiH to
tering out bad events. Finally, we filtered time intervalthwiigh range from 23 to 5% 10%? cmi 2, to span the upper and lower
background by performing as3clipping of the background level 1o limits of the two measurements in the analysis of the XMM
using the scriptinalyze_ltcrv. Only a negligible fraction of data. Finally, we note that we cannot clearly identify thatre
the exposure time was lost in this step, and the fiffelotive ex- Fe line at 6.4 keV rest-frame when adding an unresolved line
posure time is 11.7 ks. We remark that our spectral analyilis womponent. We also remark that our analysisCéiandradata
not be dfected by possible undetected flares, since we are ablas obtained by removing the surrounding ICM emission, and
to compute the background in the same observation from a largt by modeling the thermal and AGN components together as
Dééé etal.

source-free region close to the cluster position, thusiakito in 3).
account any possible spectral distortion of the backgratsetf The total ICM emission contributes about 6400 net counts in
induced by the flares. the 0.5-7 keV within a radius of about 650 kpc, beyond which

the surface brightness reaches the background level. This e

. . abled us to perform the spectral analysis in independegsrin

3. Spectral analysis of Chandradata: AGN spectrum it glightly fewer than 1000 net counts each. The projected
and global ICM properties temperature and iron abundance profiles are shown iriFig. 1 in

the left and right panels, respectively. The temperatuodilpr

f Clearly shows a prominent cool core with a decrease of at leas

radr‘actor of 2 from 200 kpc to the inner 50 kpc. This is mirrored

analysis of the XMM-Newton data. In particular, it is immedi in the iron ._albundance profile as a clear peak IOWf?‘rd th? center

ately clear from the high-resolution hard-band image that gWhere the iron abundance reaches solar metallicity (witarso

BCG of the Phoenix cluster hosts a powerful obscured AGHetallicity values measured by Asplund et al. 2005) with an u

In XMM-Newton data, the point spread function has an halfertainty of 30%. These results were used to complement the

energy width (HEW) of about 18 at the aimpoint, which Causessoe\(/:\jga:izr:)a::yosrﬁp(jt)e(gﬂ twéNdegZ)tﬁn?e%?éz. temperature and density

the AGN emission to be spread over the entire starburstmegio  ° : -

Chandralata allow us to accurately measure the spectrum of tREfiles with a backward method (see Ettori €t al. 2010, 2p13a

central AGN and eventually model its emission in the analys¥v ich makes use of the geometrically deprojected X-ray sur-
of the XMM data. ace brightness and temperature profiles to reconstrudiyhe

We extracted a circular region with a radius of 1.5 arcsgfostatic mass profile. This is assumed to be described by the
to analyze the position of the central source in the haratbalF W functional form|(Navarro et &l. 1996). The best-fit param
Chandramage RA = 23:44:439, DEC = —42:43:1264). At ©ters of thezmass profile were obtained through the minimiza-
variance with most cool core clusters, the AGN in the centere?on of the y* statistics defined as the sum of the squared dif-
the Phoenix is extremely X-ray luminous. We only considerd8/€NCes between the observed temperature and the teomeerat
the energy range 1.0-10 keV for fitting purposes to avoictresieStimates obtained by inverting the equation of the hyatisst
ual contamination from the thermal emission of the ICM. Wgauilibrium, weighted by the observational errors on thecsp
detected 575 net counts in the 1.0-7 keV band, most of themt%‘ﬁSCOp'C temperature. The gas density was derived from the

We first performed the spectral analysis of fGBandradata.
Despite the short exposure tifip¢he high angular resolution o
Chandracan provide important parameters useful in the spect

the hard 2-7 keV band. In our fit we fixed the redshift to the€Projected surface brightness and the total mass modgi. Wi
optical valuezoy = 0.596 (seé McDonald et AL 2012). We alsghis method we measured a total mass, under the assumption
fixed the Galactic absorption to the valilgy = 1.52 x 10°° of hydrostatic equilibrium, oMsoo = (2.34+ 0.71) x .1015 Mo

cm 2 obtained from the radio map bf Kalberla et al. (2005) &ft Reoo = 1627 235 kpc. The ICM mass withifRsoo IS

the position of the cluster. The AGN was modeled as a po ra(é":ilo; (()%fl * 0'_2)5<0190J1r 8/'83 I;rtoRm thfévgesfn?t?'enggeiilsv'\eﬂ

law with an intrinsic absorptio’{SPEC modelzwabs x pow) ICM = LI 500- P '

X . " A
convolved by the Galactic absorption modeb4bs). The slope ienstlr;?trid :depniﬁweef;i tﬁe(2e7nﬁ;_re4c}a :tt?lthzeém(agfhﬁ
of the power law was frozen to the vallie= 1.8. 9 P P

We found and intrinsic absorptioNH = (46 + 7) x 102 sured betweenlloo and 500 kpc, anql computed the mass estimate
cm2 and unabsorbed intrinsic Iurﬁinosities o(fl& 0 1)) «10%  from Yx assuming the relation described in Arnaud et.al. (2010)
and (48 + 0.2) x 10% erg s in the 5-2 keV and' 210 keV with the slope fixed to the self-similar value. We found a mass

bands, respectively. Th€handraspectrum of the AGN and the of (2.15+ 0.24) x 10"°Mo, con_sisten.t_wi.th the valu_e previously
best-fit model are shown in Figl 2. According to this, the Cerq_omputed from the hydrostatic equilibrium well withinl

o If we extrapolate the measured profile up to the virial radius
tral AGN can be classified as a type Il QSO. These result . . . y
are consistent with the resultslﬂé@tl?ﬂmsy Whmbuaaoptmg the best-fit NFW profile_ (Navarro etlal. 1996), we find

— 5 —
NH = (32 + 9) % 1022 Cm—2 andT = 1.54 + 0.27 from the Moo = 34+12x 101 M@ atRypo = 2500+ 400 kpC We note

combined analysis of Suzaku XIS and HXD a@#andrawith that this value is about a factor of 2 higher than the massasti

: : i+ Mooz = (1.66 + 0.2344 + 0.445,4) x 10'° M,, obtained from
CALDB 4.5.3). We also note that if we left free in our fit, S7-mass scaling relations/in Williamson [ (2011) e

6 A new 100 ks observation witEhandrehas been taken in August considering that SZ-inferred masses are found to be stafigt
2014, PI M. McDonald. lower by a factor of 078 in their sample, the discrepancy be-
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Fig. 1. Left panel: projected temperature profile of SPT-CLJ2344 obtainethftbe 11.7 ksChandraACIS-I observation, after
removing the central AGN. Errorbars correspond to-.1Right panel: projected iron abundance profile of SPT-CLJ2344 from
Chandralata.
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Fig. 2. Folded spectrum with best-fit model for the AGN in the cenfehe BCG of the Phoenix cluster. The spectrum is extracted
from a radius of only B arcsec centered on the peak of the hard X-ray emission.

tween X-ray and SZ mass for the Phoenix is reduced thr, trated toward the center of the cluster, we assumed thaighals
and therefore is not significant. Finally, by extrapolating|ICM from the cold gas emission outside this radius is negligibles
density distribution, we fintl;cy = (3.2+0.3)x 10" M, fora assumption is consistent with the results we obtained fiwen t
virial ICM fraction of ficy = 0.095+ 0.035. RGS spectra in two ¢lierent extraction regions (see Sect. 4.3).

The background was sampled from a nearby region on the
. same CCD that was free from the cluster emission and was sub-
4. Spectral analysis of XMM-Newton data tracted from the source spectrum. We note that the total-back
; ground expected in the source region, computed by geometri-
4.1. Analysis strategy cally rescaling the sampled background to the source anda, o
We extracted the spectra from a circular region with a radfus amounts to 0.3% of the total observed emission. Before parfo
135 arcsec. This region was chosen to include the bulk of tiveg the final spectral analysis, we ran a few spectral fits arti
emission from the core region, which is estimated to be cofieially enhancing the background by factors of the order 1.2
fined within a radius of 40 kpc (about 6 arcseczat 0.6), 1.5, which range encompasses any possible uncertaintyein th
plus 7.5 arcsec corresponding to the half-power diamettdreof background level. We found no relevantfdrences in the best-
XMM-Newton PSF. Since the cold gas is expected to be concédit-values as a function of the background rescaling fact@. W
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conclude that the background only weaklfeats the spectral — a single cooling-flow modelkcflow plus one single-

analysis. We therefore only consider the results obtairtdtihe
background sampled from the data and geometrically redtale
the source region.

In XMM-Newton spectra the emission from the central AGN
is mixed with the ICM emission, therefore we modeled its con-
tribution with a power-law spectrum with a fixed slopeloE=
1.8 and an intrinsic absorption ranging from 23 to 30?2
cm? at the redshift of the cluster, as found in Sddt. 3. We
also left the normalization free for each separate spectaum
account for possible fferences in the calibration afhandra
and XMM-Newton. We consistently found values in the range
(1.0-1.4)x 103 for the normalization of the power-law compo-
nent. The Galactic absorption, instead, was frozen to theeva
NHga = 1.52 x 10°° cm? obtained from the radio map of
[Kalberla et al.[(2005) at the position of the cluster, ang idé-
scribed by thetbabs model. The &ects of possible uncertain-
ties on the Galactic absorption are discussed togetherothitr
systematic fects in Sect. 4.4.

We assumed that the gas in the residual cooling flow can

be described by an isobaric cooling model, therefore we used

themkcf1ow spectral model (Mushotzky & Szymkowlak 15])88)a|S

This model assumes a unique mass-deposition rate throtig
the entire temperature randgin-Trmax. Since we are interested

tributed across the entire temperature range, wd ggt= 0.3
keV andTax = 3.0 keV. We set the lowest temperature t
0.3 keV because this is the lowest value that can possibly ¢
tribute to the emission in th€handraand XMM-Newton en-
ergy range, given the relatively high redshift of the Pheehis-
ter. However, a singlekcflow model may not be dficient to

temperaturenekal component. The lowest temperature of
themkcflow componentis frozen to.B keV, and the largest

to 3.0 keV. By setting the lowest temperature 18 KeV, we
can interpret the normalization of tiwkcf1ow model as the
global deposition rate allowed for an isobaric cooling flow
across the entire.8-3.0 keV temperature range. The red-
shift is tied to the best-fit value found in the hottest compo-
nent. This choice does not introduce any uncertainty given
the strongK, line complex of the H-like and He-like iron.

— A set ofmkcflow models whose lowest and highest temper-

atures are fixed to cover the393.0 keV range with contigu-
ous and not overlapping intervals. Here the normalization
of eachmkcflow component refers to the mass deposition
rate in the corresponding temperature interval. The upper
and lower temperatures are frozen to the following values:
0.3-045, 045-09, 09-1.8, and 18-3.0 keV. As in the pre-
vious case, a single-temperaturekal model accounts for
any gas component hotter than 3 keV. The redshift is tied to
the best-fit found in the hottest component here as well.

As a fitting method, we used the C-statistics, although we

o ran our fits with thg?-statistics. In the latter case, spec-
P4 were grouped with at least a signal-to-noise ratjiN{®f 4

‘in each bin. When running C-statistics, we used unbinned-spe
tra (at least one photon per bin). As a default, we considered
the energy range.B-10 keV both for the MOS and the pn data.
Qe quote the best-fit values withr-lerror bars on the measured
QRAlue of M, or the 1r upper limit. The same analysis was also
applied to theChandralata for a direct comparison.

investigate the structure of the cool core. The actual sttna 4.2. Spectral results on the core region from EPIC MOS and
may be more complex, with some of the gas, above a given pn data

temperature threshold, cooling at a relatively high ratest
tently with the isobaric cooling-flow model, while coldergga
may have a much lower mass-deposition rate. Grating spe(%ﬁ
of cool cores are traditionally fitted with an isobaric cogh '
flow model with a cutff temperature below which no gas i

detected/(Peterson & Fabian 2006). To explore a more comp‘g&e

Spectra are broadly consistent with each other. When wedadde
gmkcflow component, we noted that the best-fit values of the
mass deposition rates from pn data were lower than those from
hI}éIOS data in all the dferent exposures. This shows that there
may be significant dierences between pn and MOS calibration

scenario, we aimed at separately measuring the coolind rte
the mass deposition rate) in several temperature bins.i$n t
case, the temperature intervals were fixed to 0.3-0.45;0.95
0.9-1.8, and 1.8-3.0 keV. This choice is similar to using t
single-temperaturmekal model for a discrete set of tempera,
tures, but with the advantage of a continuous descriptichef
gas instead of a set of discrete temperature values.

Before fitting the XMM data, we performed a series of basic
sts on our spectra. First, we separately fit pn and MOS rspect
om each exposure using a singlekal model plus the fixed

sAGN component and Galactic absorption. The best-fit tempera

values were all consistent withinr]l showing that all the

that dfect the measurements of cold gas components. Therefore,
we proceeded with our standard analysis strategy, which- com
bines diferent exposures of the same detector, but fitted pn and

The contribution of the much hotter ICM component aloni0s spectra separately.

the line of sight was modeled withmekal model with a free
temperature. Above 3 keV, a single-temperatu¢kal model

Following our analysis strategy, first we separately fittesl t

MOS and pn data with a singhécflow model, coupled with a

can account for several hot components because itis nab®ssyeka1 model to account for the hot ICM along the line of sight.

to resolve the temperature structure above 3 keV with the-spgye ysed both our new XMM-Newton data and the archival data.
tral analysis (see Mazzotta eflal. 2004). This means thatdbe e considered the energy range 0.5-10 keV both for MOS and

sible contributions to the emission from temperatures betw pn gata. TheXSPEC version used in this work is v12.8.1.

3.0 keV (the highest temperature of tlikecf1ow) and the best-

First we used a singlekcflow model with Ty, = 0.3

fit temperature of thenekal model are already described byjeay, andTmax = 3.0 keV to fit the combined MOS data with
a single-temperatuneekal component. Therefore, despite thesash statistics. The redshift of the cold gas componentked
strong temperature gradient toward the center, the rel@am i the pest-fit redshift found for the hot component (destib
of the thermal structure of the ICM is properly treated byuass by amekal model)zx = 0.593 + 0.002, consistent with the
ing a single temperature for the hot component and explorlggticéu value [(McDonald et al. 2012). We found that the metal

the low-temperature regime with a multi-temperatuke £1ow
model.

abundance of thekcflow component is not constrained by the
present data. Therefore we chose to explore the best-fit mass

In practice, our fitting method consists of two measuremerdeposition rate by varying the cold gas metallickyy in a

of the mass deposition rates, using the following models:

wide range of values. We set the lowest value Zgjq equal
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Fig. 4. Left panel: pn spectra from the three Obsids with best-fit model obthfoea singlenkcflow in the 0.3-3.0 keV temperature
range. The lower panel shows the residual with respect tbekefit modelRight panel: components of the best-fit model of the
pn spectra (three for each component, shown with dotted)lioletained for a singkekcflow in the 0.3-3.0 keV temperature range.
Themkcflow componentis the lower thermal component, while the AGN coution is virtually negligible below 2 keV.

to the metallicity measured for the hotteekal component the strongly absorbed AGN has virtually no emission below 2
Znot = 0.47°%%%7 (with solar metallicity values measured bykeV, also when assuming the maximum uncertainty in therintri

L. 2005), and we set the upper limit to theupper sic absorption value. We conclude that the MOS data provide
value~ 1.4Z, found in the inner 80 kpc in th€handraanal- a positive detection of an average mass-deposition rathen t
ysis. We quote the best-fit values obtained Zggiy = 1.0Z,, temperature range 0.3-3.0 keV at the &1., with M > 190M,
and add the uncertainty associated to the rang&@f as a yr! at the 2r c.l. after considering the systematitfest asso-
systematic error. We found a global mass deposition kate ciated with the unknown metallicity of the cold gas. For com-
620 (-190 +200)a (—50 +150)y« Mo yr~t. The intrinsic ab- pleteness, we repeated our analysis without merging MO81 an
sorption of the AGN is found to bBIH = (420 + 1.5) x 10?> MOS2 spectra, which implies a combined fit of six independent
cm?, in excellent agreement with the value found with thepectra. We found similar results and error bars for all tram-
Chandraanalysis. The best-fit temperature of the hot compéters, with the best-fit values for the mass deposition cater
nent iskThy = (6.5 + 0.3) keV, which also agrees well with by 6.5%.
the emission-weighted temperature in the inner 80 kpc nbthi Then we ran the multipletkcflow model on the com-
from the analysis of th€handradata. We repeated the fit withpined MOS spectra. The constraints on the amount of cold
x?-statistics with spectra binned to at least gN=S 4 per bin, gas vary significantly as a function of the temperature range
and we found almost identical results, with a redugée 1.04  |n this case, the metal abundance of the cold gas is linked to
for 663 dof. The binned spectra of the three Obsids with tisé-bethe value found in the temperature range 1.8-3.0 keV, which i

fit models are shown in Figl 3, left panel. We show th@edent 7, o, = 0.36'%19Z,. The best-fit temperature of thekal

. . . = -0.15
components of the best-fit model in the right panel of thisrgu component is NoKThy = 7.47%5 keV with a metal abundance
We note that the_ contribution_ of the cold gas in the tempeegatu Zow = 0549957 The re_soiflts forM are shown in Figl5
range 0.3-3 keV is about 5% in the 0.5-1 keV energy band, Wh‘?e ¢ p%tmel. \.Nefr?'c%e tHat the lowest upper limits (af Bre mea-’
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Fig.5. Left panel: mass deposition ratél as a function of the temperature from the analysis of the M&8 df the Phoenix with
a multi-componentkcflow model. Error bars are atd confidence level and arrows represent upper limitsat(the systematic
uncertainty is not included here). The red horizontal lineves the best-fit value from the singlkcflow model in the 0.3-3.0 keV
temperature range, while the shaded area shows éhericertaintyRight panelSame as in the left panel, but for the pn data.

sured in the temperature bingl8—0.9 and 09— 1.8 keV. These account for most of the soft emission, which in the MOS fit was
upper limits provide the strongest constraint for the fitwihie associated with the cold gas. As a result, the soft emissian t
singlemkcflow model (see shaded area in Fiy. 5). We also notan be associated with the cold gas is significantly lowet tha
that a clear detection of a mass deposition rate is obtaioied 80 upper limit to the mass deposition rate is as low-a40Mg
the 1.8-3.0 keV temperature range. This means that our anal-!.
ysis of the MOS data with a temperature-dependtattlow The significant dierence between pn and MOS results
model suggests that the cold gas around and below 1 keV dersarly requires a detailed treatment of any cross-calimain-
not cool as rapidly as the gas between 2 and 3 keV. This is c@ertainty, which is beyond the goal of this paper. A firstrape
sistent with the physical conditions often encountereddalc to estimate the systematic uncertainty due to cross-edir
cores, where the gas cools down to a temperature floor belproblems is discussed in Sect. 4.4. Nevertheless, a relabl
which it is hard to probe the presence of cooling gas. Howeveumption which may bring the two analyses into better agree-
in the case of the Phoenix, the gas is observed to cool dowient is to set the temperature of the hot gas to the value found
to a temperature much lower than the ambient temperature with Chandraand XMM-Newton MOS kTt ~ 6.8 keV. With
as opposed to the classic cool cores where the lowest templis assumption, we find = 210 (80 + 85)gq (-35 +
ature is~ 1/3Tyir. We only obtained upper limits ol for gas  60)qs M, yr-*. Here, the best-fit value was also obtained af-
with temperatures below 2 keV. From comparing the resultsifr ter freezing the abundance of the cold gaZ4gy = 1.0Z,, and
the multi-temperatunekc f1ow model with that from the single- the systematic error was obtained by varying the abundaice o
temperaturekcflow, we conclude that the mass deposition rafgae cold gas in the range4s-14 Z,. The abundance of the hot
found in the analysis with a singié&cflow model should not be mekal component iz, = 0.48 + 0.04Z, , which agrees very
taken as representative of the entire cooling flow, since & well with the MOS data. Finally, the intrinsic absorptiontb&
emission-weighted value averaged over a temperature thage AGN is also well constrained to beH = (43.6 + 1.2) x 10?2
is too wide. Therefore, a temperature-resolved analysib@®f cm=. The binned spectra of the three Obsids with the best-fit
cool core structure is mandatory to constrain the presehae anodels are shown in Fifl] 4, left panel. In Hig. 4, right pan,
cooling flow. Nevertheless, the constraints on the masssiepghow the diferent components of the best-fit model. It is pos-
tion rate from MOS data still allow values of several hundredible to appreciate the loweikcflow component with respect
of My yr~*, which might agree with the star formation rate obto the right panel of FidJ3. This means that the analysis ef th
served in the BCG. Finally, the same fit on the separate MOB# data plus the conditiokiT; = 6.8 keV provides a positive
and MOS2 spectra provides very similar upper limits. Inipart detection of a significant mass-deposition rate, althougiuta
ular, the most constraining bin at® < KT < 0.90 keV is left factor of 3 lower than those found in the MOS analysis.
unchanged. We briefly comment on the dependencevbbn the temper-
The fit of the pn data with the singlékcflow model en- ature of the surrounding hot gas. Clearly, the valué/o€riti-
countered some fliculties. The best fit was obtained when theally depends on the amplitude of the continuum and thesefor
temperature of the hot component wag,s = 5.9 + 0.1 keV, on the hot gas temperature. As already mentioned, our gyrate
which disagrees with the MOS data and with tBBandrare- consisted of anchoring the hot gas temperature to the lest-fi
sults. In addition, the reducgd = 1.38 for 637 degrees of free- value driven by the continuum in the high-energy range, evhil
dom, is significantly larger than the value obtained for th@®1 the colder gas below 3 keV was properly treated by the multi-
data. The lower temperature of the hot component is enoughtémperaturekcflow model. With current data, any other treat-
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ment of the hot gas component would be highly speculativd/e usedXSPEC version 12.8.1 and C-statistics on the unbinned
therefore we did not explore the possibléeet of the temper- spectrum. We first applied a single-temperatue&al model
ature distribution above 3 keV in the cluster core in more denodified by the Galactic absorption, while the redshift wasdi
tail. We argue that the best way to deal with this aspect is &b the optical value. The AGN was modeled as in the fits of the
use highly spatially resolved data that allow avoiding the s EPIC data, but because of the strongly absorbed spectrem, th
rounding hot gas component as best possible and to focugonétiect of the AGN emission is completely negligible in the RGS
innermost core region. spectra given the limited wavelength range. From the RG&-spe
The analysis with a multi-temperaturekcflow model, trum extracted from the larger regions (with a width of 507),
shown in the right panel of Fi@ll 5, confirms this inconsistencwe found that a single-temperature model provides a reason-
The behavior oM as a function of the temperature is similarable fit to the data, with &«4/dof = 19781952 with a best-fit
with the most constraining upper limits coming from the temp temperature okT = 6.2 + 0.4 keV with a metal abundance of
ature bins ®5- 0.9 and 09 — 1.8 keV and a clear detection of Z = 0.55+ 0.09Z;,. We show in the left panel of Fifll 6 the first-
a high mass-deposition rate in the 1.8-3.0 keV temperatiare border combined spectrum with the best-fitting thermal maddel
The ratio betweeM in the bin 18—3.0 keV and the upper limits the same figure we show the positions of relevant emissi@s lin
below 1.8 keV also has the same value as in the MOS analys$imat are clearly identifiable in the spectrum. The set ofdiise
We therefore qualitatively reach the same conclusion asolyas the same seen in the RGS spectrum of the cluster Abell 1835, as
tained from the MOS data analysis with the multi-tempemtushown in the comparison plot in the bottom panel of Elg. 6. For
mekal model, but the valueM! are scaled down by a facter3. Abell 1835 we used the same data reduction as performed on
Incidentally, if the energy range used for spectral fittinge- the Phoenix data on the three observations fietted by flares
duced to the 0.7-10.0 keV range, best-fit values and uppéslim(Obsid 0098010101, 0551830101, and 0551830201). The spec-
from the pn spectra are found to agree with MOS results. Jleaitrum obtained with our reduction agrees very well with thecsp
this simply depends on the fact that the sensitivity to tHd gas trum shown by Sanders et/ al. (2010). Based on the RGS spec-
is significantly reduced by excluding the energy bins below Otrum of the Phoenix cluster we therefore reach the same goncl
keV, allowing much higher upper limits to the contributionm  sions as were obtained for A1835: no line emission from ianiz

the cold gas. tion states below Fe XXl is seen above 12A, and no evidence
To summarize, the analysis of XMM-Newton CCD spectréor gas cooling below 3 keV is found.
confirms the detection of gas cooling at a rat&000M yr—*in We then proceeded to obtain a measurement of the mass de-

the temperature range 1.8-3.0 keV, while it only providegearp position rate from the RGS data by using tekal+mkcflow

limits for gas at temperaturéd < 1.8 keV. The upper limits to model with abundances constrained to be the same in both com-
the global mass deposition rate below 1.8 keV appear to be cganents. As for the EPIC data analysis, the temperaturesraing
sistent with an SFR of 800M,, yr* within 1o, as measured by themkc£1ow component was fixed ta8- 3.0 keV. We found no
IMcDonald et al. [(2013) in the BCG, from the MOS data anatatistically significant improvement with respect to tiregte-

ysis. On the other hand, the upper limits bhmeasured from temperature modeQgq/dof = 19771951). The best-fit ambient

pn data at temperatures below 1.8 keV are significantly lowgét temperature waTo; = (6.3 + 0.5) keV with a metal abun-
(more than 3) than the SFR. Therefore, no final conclusion caflance ofZ = 0.43 + 0.09Z,. The best-fit value for the mass

be drawn on the correspondence between the cooling flow afghosition rate was = 122j§‘2‘§ M, yr~1. The 90% upper limit

the observed star formation rate in the core of the Phoens¢cl 5, the mass deposition rate was 682yr1.

ter.

More complicated models, such as the one including a set of
mkcflowmodels, are not constrained by the RGS data. However,
4.3. Spectral results from RGS data we were able to obtain constraints on the abundance of metals

) other than iron using amekal model. We foun@yg = (0.53+
The RGS spectrum was extracted from a strip of roughly 50 aE24)Z,, Zsi = (0.66+ 0.15)Z,, andZs = (0.33+ 0.25)Z,. The

sec long across the center of the object, a width correspgndi ;s ofymekal provides a slightly lower upper limit on the mass
90% PSF. Because the RGS is a slitless instrument and the Z8osition rateM = 103345 M, yr-L, with a 90% upper limit

. o 22 . 103
PO of e ayelenolh Selbraton i Sependenton I S5O, yr . Bestt temperatures are et unchange
the coordinateRA = 23:44:439, D’EC = —42:43:1264, which We applied the §ame_analysi.s to the RGS spectrum extracted
correspond to the position of the central AGN (see Sect.r3). fom & smaller region with a width of 15”. We obtained very
practice, with our choice for the extraction region, we edil similar results, with small tﬂﬁer_ences, the largest being a lower
photons from a box region with dimensions %12 centered on value of about Lr of the ?Orgblent hot temperature, Whlch as
the source (see, e.g., Figs. 2 and 3 in_Wernerlét al] 200%. Thieaured to b&The = 5.773 keV. As for the mass deposition
is the standard choice to maximize the signal from the clustéate, we found a & upper limit of M = 470M,, yr~*, with a 90%
This choice is motivated also by the fact that the Phoenigtelu Upper limit at 744V, yr*. Therefore, the RGS spectral analysis
has a brightness distribution that is similar to a point sedirom Provides similar results for the twoftiérent extraction regions.
the XMM point of view, so that the line widening that is due to  To summarize, the analysis of the RGS data only provided
the spatial extension of the source does not sevefédgtathe upper limits to the global mass deposition rate, in agreemen
data. This means that thé&ective area that is sampled by oumwith the values found with the analysis of the EPIC pn data,
RGS spectrum is a circle with a radius of 25”, to be compareohd also consistent with those found with EPIC MOS within
with the circle of 13” used to extract the EPIC spectra. We altess than 2 . The better agreement with EPIC pn analysis is
extracted an RGS spectrum from a narrower region with dimesexpected on the basis of the cross-calibration status of XM
sions 15"x 12, corresponding to 70% of the PSF as opposed struments: the agreement between EPIC pn and RGS is cyrrentl
the 98% of the PSF achieved with a width of 50 within a few percent as a result of the combinétet of the

We fitted the first-order spectra between 7 and 27 A, sin&GS contamination model plus the improved pn redistriliutio
this is the range where the source is higher than the backdroumodel (Stuhlingér 2010).
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At the same time, we remark that the comparison between
the values oM obtained from the two RGS extraction regions 10* ——o-
and the EPIC pn extraction region allows us to conclude that o
choice of the extraction radius for EPIC data was adequate fo
sampling the possible cold gas emission. The simple fativha
from RGS sampled in the region twice larger than that used for |
EPIC data is not significantly larger than the value founchim t

pn data confirms that no significant emission from cold gas can i e i
be found outside the 13" radius. =

~ 1000 — ]

= L B

4.4. Discussion of the systematics in XMM-Newton data b A ]

analysis |

The discrepancy among the results obtained with MOS and pn
can be ascribed to the uncertain cross-calibration of fileetive
area among the XMM-Newton CCD, while there are no other
sources of statistical noise that can account for a significac-
tion of this discrepancy. This fierence is persistent despite the 100 L 5 g
recent model for the MOS contamination introduced in the SAS KT (keV)
release v13.5.0 (see_Sembay & Saxton 2013). Since the -contri
bution of the cold gas below 3 keV to the total emission in the _
extracted region is about 3% in the 0.5-2.0 keV energy rande &ig. 7. Mass deposition rat® as a function of the temperature
about 5% in the 0.5-1.0 keV range, an uncertainty in tifiece from the analysis of the ACIS-Chandralata of Phoenix within
tive area of the same order may severdfge the measurement30 kpc from the center. The AGN emission has been removed
of the cold gas. (inner 1.5 arcsec). The results have been obtained with &-mul

A first way to estimate the calibration uncertainty is to comemperaturenkcflow plus amekal model for the hot compo-
pare our results with the results obtained by applying the caent. Arrows refer to - upper limits. The shaded area shows
rection CORRAREA to the response area of the EPIC detahe 1o upper limit based on the analysis of a single-temperature
tors based on the resultit@OM). The CORRARmRcflow model in the 0.3-3.0 keV temperature range plus a
calibration is based on an extensive cross-calibratiodystumekal model for the hot component.
of 46 non-piled-up sources extracted from the 2XMM EPIC
Serendipitous Source Catalogue (Watson gt al.|2009). Tias p
nomenological correction is meant to bring into agreemieat t
broadband fluxes measured by EPIC-MOS and EPIC-pn. \&&t allowed value oNHga, and this implies that much more
obtained an estimate of the uncertainty Mrvalues associated cold gas can be allocated. Specifically, if we allow the Gadac
to uncertainties in the EPIC response areas by comparing &Rsorption to vary up ttN\Hea = 2.13 x 10°° cm?, we find
best-fit values obtained with and without the CORRAREA coM = 900(-390 + 110)a(-130 + 250)y¢Mo yr~* from the
rection. The best-fit values dfl are 1% and 5% higher whenanalysis of the MOS data with a singtiecf1ow model in the
applying the CORRAREA correction for MOS and pn data, réemperature range 0.3-3.0 keV. This value is 45% higher than
spectively. This is far from the factor of 3 needed to brig that obtained with thélHgs value of Kalberla et al. 5) at
from MOS and pn into agreement. Therefore we conclude tHae position of the cluster. A similaifiect is found for the other
the measurement of cold gas in the spectra of the Phoeniecludits, including those with the multi-componaetitc f1ow model.
is significantly d@fected by the calibration of the EPIC detectorH, on the other hand, we leaWHg, free to vary, we find best-fit
at a level beyond that probed by Read ét(al. (2014). values ofNHpes it = (2.2+0.8)x 10?2 cm2, which is very close

We also included the energy range 0.3-0.5 keV to investigdfethe upper bound we assumed fdga . The analysis of the
possible &ects associated with this low-energy band. AlthoughPIC pn data, with the same values\ifica), providesM values
the calibration is even more uncertain in this range, theigien 2.3 and 3 times higher fdiHgy = 2.13 and 2x107°cm 2, re-
of the lowest energies may help to increase the relativeitort Spectively, which considerably reduces the discrepantyden
tion of the cold gas. However, when we repeated our fits on tH& MOS and pn analysis. However, when the Galactic absorp-
0.3-10 keV energy range, we did not find any significarfiei tion is left free, the best-fit value NHga = (0.8 + 0.2) x 10?°
ence with respect to the results described in Sect. 4.2. cm 2, which in turn provides much lower values bf than the

We also explored the possibility that data taken iffiedient Standard analysis. Therefore, we conclude that there anente
epochs may have aftiérent calibration. However, when we exfor a plausible variation oNHga that can significantly change
cluded the shortest Obsid, which was acquired two yeargearPur results, including the discrepancy between the begaifies
than most of our data on the Phoenix, the best-fit values wéteM found between MOS and pn data.
only affected by a negligible amount.

A main source of uncertainty in the soft band is 'ghe Galactﬁ:_5_ Comparison with spectral results on the core region
column density. The possible presence of unnoticed fluctua- from Chandradata
tions in the Galactic neutral hydrogen column densities on
scales smaller than the resolution of Kalberla et al. (?@08y We repeated the same fits on tBéandradata available in the
reach 10-40% on scales of1 arcmin (Barn Nulsen 2003).archive as of December 2014. The photometry in the inner 30
Therefore, we considered a systematic uncertainty in ostriite kpc, corresponding to 4.5 arcsec, excluding the central AGN
values ofM assuming a maximum variation dfHgy by 40%. amounts to 1510 net counts in thé&s@- 7.0 keV energy band.
The typical éfect is that the best fit is obtained for the highThis is usually not sflicient to provide robust constraints on the

10
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Phoenix RGS data
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Fig. 6. Top panel: combined RGS 1 and 2 spectrum for the Phoenix cluster artefibemgle-temperature model. The data have
been rebinned to have a signal-to-noise ratio of 10 and eli/wy the &ective area of the instrument only for displaying purpose.
Relevant lines are also labeldgbttom panel: The Phoenix spectrum (in red) is compared with the RGS spmadf Abell 1835 (in
black). We plot the fluxed spectra obtained with RGSFLUXERifr results are obtained by plotting the unfolded speatin
XSPEC (the green line in the Phoenix spectrum) wit the onljedence set by the binning conditi®iN = 10. The best-fit thermal
model of the Phoenix is also plotted as a blue line. We alsbrplevant lines clearly seen in the spectra: the same séitsegfare
present in both spectra in the overlapping wavelength range

amount of cold gas in nearby clusters, and it would be even Idi the AGN since its emission was removed from the spectrum
effective at the redshift of Phoenix. Nevertheless, we peréakmthanks to theChandraangular resolution.

our spectral analysis as for the XMM-Newton data. The single )

temperaturankc£low model in the temperature range 0.3-3.0 Despite the low S\ of the Chandradata (almost two or-
keV provides a b upper limit of 630 £85 +60)y,q Mo yrL or ders of magnitude fewer photons than for the combined XMM-
a 2o upper limit of 1130 £150 + 1100}, Mo yr-*, where the Newton spectra), anc_i th_e high red_shlft of the Phoenix ctuste
systematic uncertainty corresponds < Zeyg < 1.4Z,. The also performed the fit Wl_th_ a multi-componetitc f1ow model.

hot gas temperature Kho = 7‘231),3 keV, within 1o- from the Temperature and mgtalllc[ty of t_he hot gas component weze th
value found in XMM-Newton analysis and in the overall tem=aMe as in the previous fit, whilog = 1.0Zo. As expected,

perature profile of thChandradata. We recall that we did not e obtained little additional information. The results aran-
’ marized in Fig[l7, where we can conclude that the strongest co

11
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inconsistent at about3c.l. with the mass deposition rate found

1O7§ T T T

AN with EPIC pn analysis.
10°F 3
: - E 6. Conclusions
:; 0% 3 We analyzed the X-ray data taken with a 220 ks exposure of
= I 3 XMM-Newton on the Phoenix cluster. We focused on cold gas
2 10*F . in the core by selecting a circle of B3arcsec centered on the
F E BCG in the XMM image and a strip with a width correspond-
10°k J ing to 90% of the PSF in the RGS data. Our immediate goal
E was to constrain the actual mass-deposition rate assdaidtte
1021 . . the residual cooling flow, with the aim of understanding vileet

this may be directly linked to the current massive starbobst
served in the BCG. We combined XMM-Newton data with shal-
low Chandradata, particularly to model the hard emission of
Fig. 8. Spectral energy distribution of the BCG of Phoenix in ththe central absorbed AGN, which cannot be removed from the
FIR from the PACS (100 and 160n) and SPIRE (250, 350, 500 XMM-Newton data alone. Our results are summarized as fol-
um) instruments onboard thderschelSpace Observatory. Thelows:

red dotted line and the blue dashed line show the best fit to the

SED for the AGN and starburst template, respectively. — We measured an average mass-deposition raté/ of=
620 (190 + 200)z (-50 + 150)4Mo yrt and M =

210 (-80 +85)gat (—35 +60)sst Mo yr~tin the 0.3-3.0 keV
temperature range from the analysis of the MOS and pn data,
respectively. These values are dominated by the cold gas in
the energy range 1.8-3.0 keV, while only upper limits can be
obtained at temperatures below 1.8 keV. The upper limits to
the global mass deposition rate below 1.8 keV appear to be
consistent with an SFR of 800M,, yr, as measured in the
BCG by/McDonald et &l. (2013), from the EPIC MOS data
5. Exploring the connection between SFR and analysis within &, while the upper limits orM measured
global M from EPIC pn data at temperatures below 1.8 keV are sig-
nificantly lower (more than @) than the SFR measured in
We inspected available FIR data on the Phoenix cluster to bet [McDonald et al.[(2013).
ter constrain the SFR. The BCG has been observed in the Considering the temperature range 0.3-1.8 keV, we found

100 1000

Wavelength (um)

10000

straints onM mostly comes from the gas between 0.9 and 1.8
keV. This means thaChandraupper limits are consistent with

a mass deposition rate of about1000M,, yr~t. We remark,
however, that deep&handralata are expected to provide much
stronger constraints.

FIR with the PACS (100 and 16@m) and SPIRE (250, 350,
500 um) instruments onboard thderschelSpace Observatory

that MOS data analysis is consistent with~ 1000 within
107, while the pn data provid® < 400M,, yr—* at 3 c.l.

(Pilbratt et al! 2010)Herscheldata bracket the critical peak of — Since the discrepancy between the MOS and pn data anal-

FIR emission of high-redshift galaxies, providing a directbi-
ased measurement of the dust-obscured star-formationeWe p

yses cannot be explained on the basis of currently known
cross-calibration uncertainties between the two instmime

formed aperture photometry assuming an aperture radius of 6 nor of other sources of statistical noise, we argue that-addi

and 9 arcsec for 100 and 1@, respectively, while for SPIRE
we used PSF fitting. The five data points fréferschelnstru-
ments provide the SED shown in Hg. 8.

We investigated the contribution of the AGN compo-
nent to the FIR emission using the program DECOMPIR
(Mullaney et all 2011), an SED model-fitting software thatsi
to separate the AGN from the host star-forming (SF) galake. T

tional calibration problems between EPIC instruments$ stil
need to be understood and properly treated. The contribu-
tion of the cold gas with an average mass-deposition rate of
~ 600M, yr~t in the EPIC data is about 5% in the energy
range 0.5-1.0 keV for our extraction region. This impliestth
any calibration uncertainty on the same order stronfigcas

the data. This conclusion is valid in the framework of the iso

AGN componentis an empirical model based on observations of baric cooling model that we assumed here. At present, we are
local AGNs, whereas the five starburst models were developed unable to discuss whether the assumptionsfédint phys-

to represent a typical range of SED types, with an extrajooiat
beyond 10Q:m using a gray body with emissivifg/fixed to 1.5.
The best-fitting model obtained with DECOMPIR confirms at

ical models for describing the cooling of the gas can change
the picture and mitigate theftierence between MOS and pn
analysis.

No line emission from ionization states below Fe XXIlII is
seen above 12A in the RGS spectrum, and the amount of gas
cooling below~ 3 keV has a formal best-fit value for the
mass deposition rate ofl = 1227333 M, yr*. This result

least a 50% contribution of the AGN to the total SED flux, as—
shown in Fig[8. The AGN clearly dominates the FIR emission.
The IR luminosity for the starburst component (best desctib

by the model SB5 in_Mullaney etfdl. 2011) is measured to be

Lir = 3.1 x 10'%L,. Assuming a Salpeter IMF, this luminos-
ity corresponds to a star formation rate of 389 yr~* with a
typical error of 15%, which is lower than the value found by
IMcDonald et al.[(2013) at 3 c.I. The total luminosity given by
the best fit isLjr = 2.09 x 10'3L,, with the AGN component

contributing by 86%. Taken at face value, this revised esém —
of the SFR is in very good agreement with the mass deposition

rate found with the analysis of the EPIC MOS data, while i sti

12

was confirmed by a direct comparison of the Phoenix RGS
spectrum with A1835 in the overlapping spectral range. This
means that the mass deposition rate from RGS analysis is
lower than the SFR of McDonald etl2l. (2013) in the BCG at
the 2r c.l.

Current Chandradata (from a short exposure ef 10 ks)
agree with our XMM-Newton analysis, but do not provide
meaningful constraints okl. DeeperChandralata, thanks
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to the high angular resolution, are expected to provideéigh Kaastra, J. S., Ferrigno, C., Tamura, T., et al. 2001, A&/5,309
constraints to the global mass deposition rate. Kalberla, P. M. W., Burton, W. B., Hartmann, D., et al. 200®/ 440, 775

_ : Kirkpatrick, C. C., McNamara, B. R., & Cavagnolo, K. W. 20¥pJ, 731, L23
A Ca.rdeﬂo‘l' anal|y3|sfof tEe EIIBRS_EDhba;eC%bmfr ZChe“E{tf Komatsu, E., Smith, K. M., Dunkley. J., et al. 2011, ApJS, 162
provided a value for the In the of 581 yr Lin, Y.-T., Mohr, J. J., & Stanford, S. A. 2003, ApJ, 591, 749

with an uncertainty of 15%. This revised estimate of the SHRathews, W. G. & Bregman, J. N. 1978, ApJ, 224, 308
agrees very well with thé/l from EPIC MOS data and is Mazzotta, P., Rasia, E., Moscardini, L., & Tormen, G. 200\RAS, 354, 10
consistent within & with M from the RGS analysis, while McDonald, M., Bayliss, M., Benson, B. A., et al. 2012, Nai#88, 349

still inconsistent at more tharv3with the mass deposition MCADS;a;%'SMI'_éE;enson’ B., Veilleux, S., Bautz, M. W., & Reiufit, C. L. 2013,

rate found in EPIC pn data. Our revised SFR therefore do@énamara, B. R. & Nulsen, P. E. J. 2012, New Journal of Phy4i¢s055023
not significantly change the comparison between SFR amdNamara, B. R., Nulsen, P. E. J., Wise, M. W,, et al. 2005uMat433, 45
the g|oba||\/| in the Phoenix cluster. McNamara, B. R., Wise, M., Nulsen, P. E. J., et al. 2000, A4, 5135

) Molendi, S. & Pizzolato, F. 2001, ApJ, 560, 194
To summarize, the range off allowed by XMM-Newton Mullaney, J. R., Alexander, D. M., Goulding, A. D., & HickoR. C. 2011,

. . . : MNRAS, 414, 1082
data from. EPIC MOS is consistent with the SFR observed in t?/é(:fjshotzky, R. F. & Szymkowiak, A. E. 1988, in NATO ASIC Pro22 Cooling
BCG, while EPIC pn and RGS data analyses suggest a mass dgjos in Clusters and Galaxies, ed. A. C. Fabian, 53-62

position rate of about SFR/3, and the derived upper limit is Navarro, J. F., Frenk, C. S., & White, S. D. M. 1996, ApJ, 4683 5
inconsistent with the observed SFR at least at thdeXel for Peterson, J. R. & Fabian, A. C. 2006, Phys. Rep., 427, 1

RGS, and more thanoSfor EPIC-pn. As a consequence, oubaeietl -0 B0k, > 2T, Feoien B0 B8 0 M e, 365, L 104
results do not provide a final answer on the possible agretemgnratt’ G.L. Riedinger. J. R.. Passvogel, T., et al. 2040A, 518, L1

between the mass deposition rate of isobaric cooling gasein Randall, s. W., Forman, W. R., Giacintucci, S., et al. 2010 26, 86
core and the observed SFR in the BCG. As recently shown Ryad, A. M., Guainazzi, M., & Sembay, S. 2014, A&A, 564, A75
Molendi et al. (in preparation)yl is often measured to be sig-Sanders, J. S., Fabian, A. C., Smith, R. K., & Peterson, OED MNRAS, 402,

nificantly lower than the global SFR in central cluster regio Santos, J. S., Tozzi, P., Rosati, P., & Bohringer, H. 2010AA521, A64
for several strong cool-core clusters. These findings sstdbat .05 7S’ Tozzi P. Rosati. P.. Nonino. M. & Giovair@ 2012. AGA

cooling flows may be short-lived episodeffj@ent in building 539, A105
the cold mass reservoir that, on dfdient timescale and possi-Sembay, S. & Saxton, R. 2013, XMM-CCF-REL-0305
bly with some delay, triggers the star formation rate in ti@@ Silk, J. 1976, ApJ, 208, 646

; : . : ; Stuhlinger, M. 2010, XMM-SOC-CAL-TN-0052
To investigate whether this also occurs in the Phoenix etust Sun, M. 2009, ApJ, 704, 1586

whether the Phoenix cluster actually hosts the highestimgol Tamura, T., Kaastra, J. S., Peterson, J. R., et al. 2001, 885, L87
flow observed so far wittM ~ SFR, we must wait for a deep, Ueda, S., Hayashida, K., Anabuki, N., et al. 2013, ApJ, 738, 3

high-resolution, spatially resolved X-ray spectral aseyo re- Watson, M. G., Schroder, A. C., Fyfe, D., et al. 2009, A&A34339

move the stronger emission from the surrounding hot gassts Q%ﬁﬁgﬁ:sgln éh“éae‘ﬂ‘;‘é?; Ié ihUL"?SEV%Ewete?'éfg%%lMX‘g%?iég3

possible. Zhuravleva, 1., Churazov, E., Schekochihin, A. A., et all20Nature, 515, 85

Acknowledgements. We acknowledge financial contribution from contract PRIN
INAF 2012 (‘A unique dataset to address the most compelling open ques-
tions about X-ray galaxy clusteps’lB and JSS acknowledge funding from the
European Union Seventh Framework Programme (E007-2013) under grant
agreement no. 267251 "Astronomy Fellowships in Italy” @&sit). We thank
Guido Risaliti for useful discussions on the XMM data redtuctand analysis.

We also thank the anonymous referee for comments and sigugesiat signif-
icantly improved the paper.

References

Arnaud, M., Pratt, G. W., Fiaretti, R., et al. 2010, A&A, 517, A92

Asplund, M., Grevesse, N., & Sauval, A. J. 2005, in AstronmahiSociety of
the Pacific Conference Series, Vol. 336, Cosmic Abundansd®eaords of
Stellar Evolution and Nucleosynthesis, ed. T. G. Barne& . N. Bash, 25

Barnes, D. G. & Nulsen, P. E. J. 2003, MNRAS, 343, 315

Blanton, E. L., Randall, S. W., Clarke, T. E., et al. 2011, Af&7, 99

Bohringer, H., Belsole, E., Kennea, J., et al. 2001, A&A536181

Bohringer, H., Matsushita, K., Churazov, E., Ikebe, Y., &aD, Y. 2002, A&A,
382, 804

Cowie, L. L. & Binney, J. 1977, ApJ, 215, 723

De Grandi, S., Santos, J. S., Nonino, M., et al. 2014, A&A,,56102

Ettori, S., Donnarumma, A., Pointecouteau, E., et al. 208gmce Sci. Rev.,
177,119

Ettori, S., Gastaldello, F., Gitti, M., et al. 2013b, A&A, 55A93

Ettori, S., Gastaldello, F., Leccardi, A., et al. 2010, A&324, A68

Fabian, A. C. 1994, ARA&A, 32, 277

Fabian, A. C. & Nulsen, P. E. J. 1977, MNRAS, 180, 479

Fabian, A. C., Sanders, J. S., Allen, S. W,, et al. 2011, MNRHS, 2154

Fabian, A. C., Sanders, J. S., Allen, S. W., et al. 2003, MNR#&, L43

Fabian, A. C., Sanders, J. S., Taylor, G. B., et al. 2006, MSR266, 417

Gaspari, M., Brighenti, F., D’Ercole, A., & Melioli, C. 2041 MNRAS, 415,

1549

Gaspari, M., Melioli, C., Brighenti, F., & D’Ercole, A. 20b]l MNRAS, 411,
349

Gonzalez, A. H., Sivanandam, S., Zablft@\. I., & Zaritsky, D. 2013, ApJ,
778,14

13



