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ABSTRACT

We perform a combined X-ray and strong lensing analysis ofJR347.5-1145, one of the
most luminous galaxy clusters at X-ray wavelengths. We sti@at evidence from strong
lensing alone, based on published VLT and new HST data, gifraargues in favor of a
complex structure. The analysis takes into account ardipnsj shapes and orientations and
is done thoroughly in the image plane. The cluster innerregare well tted by a bimodal
mass distribution, with a total projected massvbf; = (9:9 0:3) 10**M =hwithin a
radius 0f360 kpc=h (1:5%. Such a complex structure could be a signature of a recejor ma
merger as further supported by X-ray data. A temperatureahée cluster, based on deep
Chandra observations, reveals a hot front located betweendt main component and an
X-ray emitting South Eastern sub-clump. The map also usveilament of cold gas in the
innermost regions of the cluster, most probably a coolinger@aused by the motion of the
cD inside the cool core region. A merger scenario in the pteitbe sky between two dark
matter sub-clumps is consistent with both our lensing andyanalyses, and can explain
previous discrepancies with mass estimates based on takthi@orem.

Key words: Galaxies: clusters: general — Galaxies: clusters: indmidRX J1347.5-1145 —
X-rays: galaxies: clusters — Gravitational lensing

1 INTRODUCTION RX J1347.5-11454 = 0:451) is one of the most X-ray
I . luminous and massive galaxy cluster known. This cluster has
ﬁ)clcjzﬁ(rje‘tetfs ;jaer:szr)r:?;etht)iré :f ;r?(tja(le\rg?jj :r: %?L?Q’SZE?;;‘*‘”@%Z? been the subject qf numerous X-ray (Schin.dler etal. 1999719
for many cosmological applications. Gravitational lexsithrough Allen et alll 2002;; Gltt! & Schindler 2004), qptlcal (Sahu £1898)
2 iy . and Sunyaev-Zeldovich (SZE) effect studies (Komatsu|&Gi1;
(r;}utl)ggf ':;Sgg ?(;lsjtrir:: (\,svt(;grll%ﬁzfr:ng) aﬁ)asggsaf:glrir:ggoi Kitayama et al. 2004). Formerly believed to be a well relacied-
to deter?nine the cluster(mass whichgi)s: iFr)1dependent of thidileq ter, with a good agreement between weak-lensing (Fischeysit
rium properties of the cluster ('Mell er 1999). The lensingsn de- 1997Kling e.t alL2005), s_trong lensing (Sahu €t.al. 199&). An
termination can be compared to est;mages b.ased on measuesd X ray mass estimates (Schindler etal. 1997), more recenstigae
. L tions revealed a more complex dynamical structure. In qaet,
surface prlghtness and Fempe.r.atu.re, which IS instead tmséue a region of enhanced emission in the South-Eastern quasdast
assumption of hydrostatic equilibriuin (Satszin 1988) akynam- rst detected by SZE effect observations (Komatsu €t al.13@hd

'é’al ebs.tlrnates,tlwt}lcg rely ondthe(jfissgmptlo? of vw;ahzlgsltetrg s later con rmed by X-ray observations that also measuredaiteh
ombining optical, X-ray and radio observations of galausters temperature for the excess component (Allen &t al.|2002%.f€h-

Itf]a mayjor t(.)Ol to |;1\|/est|_gate tk(;e)l(r 'nt”nf"z.p ropertla_'.?pblfrtlcular, ture has been interpreted as an indication of a recent mevgeit
€ comparison ot lensing and A-ray Studies can give fun € (Allen et al.| 2002| Kitayama et 2l. 2004). Furthermore, actge

insights on the dynamical Stat?.Of .the galaxy clusters (eggﬁ- scopic survey on the cluster members found a velocity disper
ample Allen et all{2002): De Filippis etlal. (2004)), on thatiity of 910 130 kms !, which is signi cantly smaller than that de-
of the equilibrium hypothesis and on their 3-dimensionalcttre rived from weak Ien’singJ.SOO 160 km's * (Fisher & Tyson
(De Filippis et all 2005; Sereno et al. 2006; Serleno 2007). 1997), strong lensing, roughly 1308n s * and X-ray analyses
1320 100 kms ! (Cohen & Kneib 2002, see their table 4). A

?
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Figure 1. VLT-FORS1 image of the cluster RX J1347-1145. The black
lines are the critical lines for the bimodal model (see S&otorresponding

to the source redshift of Arc A4, = 1:76. The white lines are the critical
lines obtained for Arc A14 = 0 :806).

major merger in the plane of the sky was proposed as a likely sc
nario to reconcile all measurements (Cohen & Kneib 2002).

In this paper, we further investigate the merger hypothesis
by performing a combined strong lensing and X-ray analy$is o
archive data. We perform a strong lensing investigatiorthas a
family of multiple arc candidates rst proposed in Bradacat.
(2005) using deep VLT observations. Differently from poas
studies, we take care of performing the statistical anslysithe
lens plane, which is a more reliable approach than the sqlace
investigation when working with only one multiple image ®ys.

We further re ne our analysis by taking into account not otitg
image positions, but also the shape and orientation of tte &¥
addition, we exploitChandraobservations to gain additional in-
sights into the dynamical status of the cluster, througlttspkeand
morphological analyses of the X-ray halo, and to discrirrgrze-
tween different evolutionary scenarios.

The paper is organised as follows. Sectidn 2 discusses the
strong lensing image candidates selection from archive ¥hdl
HST data. Sectioh]l3 describes the statistical method usdakin
lensing analysis whereas SEt. 4 is devoted to the X-ray dia a
ysis. Sectiof b discusses the merger hypothesis. Summarry an
conclusions are presented in Sédt. 6. Throughout this paper
use a at model of universe with a cosmological constant with

m = 0:3andHo = 70 kms Mpc 1. This implies a linear
scale 0f5:77 kpc="at the cluster redshift.

2 OPTICAL DATA: CLUSTER MEMBERS AND ARC
CANDIDATES

The lensing analysis was based on archival VLT data, peddrm
using the same dataset of Bradac et al. (2005), and moretrel&T
data. The VLT data were obtained with FORS1 in high resatutio
mode (pixel scale 0.89 total eld of view 3:2° 3:29, using
UBVRI Bessel lters. The seeing in the- Iter is of 0:57%° De-
tails on the data reduction can be found.in Bradac et al. §200/e
generated object catalogs for each band, using SExtra2témivto
measure photometric and geometrical parameters.

So far, more than ve arc candidates for this cluster havanbee
reported in the literature (see Kif.1). The rst two (Al and)A

and X-ray anely

Figure 2. HST images of arcs A4, A5, AC (in the F814W band). On the
left, we show the test curve A4; in the middle and right pamed, show
the reference arc A5 and AC, respectively. The diamond spards to the
observed arc A4 centroid. The crosses represent the ceordges of the
four points sampling the test curve A4.

were discovered by Schindler et al. (1995); later, HST STS i
ages revealed three additional ones, i.e. A2, A3, |A5 (Sahl et
1998). Recently, Bradac et al. (2005) reported the discofisev-
eral new arc candidates (AC, B1 B2, C, D1, D2, D3, D4, E) using
VLT data. Arc Al = 0:806) is the only one with measured spec-
troscopic redshift (Allen et al. 2002). Despite A3 could eppas a
likely counter arc, this identi cation is still pretty undain. For the
rest of the arcs only photometric redshift estimates aréadla so

far (Bradac et al. 2005). Thus, based on the existing liteeawe
decided to start to use the most likely multiple-image syste.g.
the A4-A5 arcs, to model the cluster mass distribution. Wenth
searched for additional images. Following Bradac et aD0g),
we compared photometric properties and used ux measuremen
in UBVRI to distinguish different arc families. We inspedtéhe
galaxies having I-band magnitude up to three magnitudesefai
than the BCG and with a distance to the BCG smaller tifaive
con rm that the most plausible counter arc candidate is Adng

a system of three images A4, A5 and AC (see Elg. 1) which have
consistent multi-band colors (using 5” aperture magnisjidend
surface brightness within the errors. Such a system igylitteé to

a source redshift & ' 1:76 (Bradac et all. 2005). It is important
to stress that, while we can not exclude that there are additi
multiple-image systems, our analysis indicates that tasreéo ad-
ditional lensed images belonging to the A4-A5 system withia
inspected region and above our detection limit.

New observations from HST, in the F475, F814 and F850
bands, became recently available (Proposal id. 10492). Vsl a
ysed the new data to check whether they con rmed out ndings.
The three images, obtained with the ACS camera, are not signi
cantly deeper than the VLT data, but the higher spatial vt
(0.05" FWHM) allows to better disentangle nearby sourcedse T
analysis con rms that A4, A5 and AC have consistent colors. |
particular AC could now be resolved in a tangential arc and an
overlapping source, see FId. 2. We nd that while the arc liy/fu
compatible with the other images, the overlapping souragots
thus strengthening the results based on VLT data.

3 STATISTICAL ANALYSIS

We consider two density pro les to model the mass components
the rst one for the cluster-sized halos and the second onéhto
galaxy-sized objects. We model the main mass (dark matter pl
baryonic intra-cluster medium) components as softenecptaw
ellipsoids (Keetan 2001). The projected surface mass tegisihe
projected positiorx in the plane of the sky is as usual expressed
in terms of the convergence, i.e the ratio of the local surface
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mass density of the len§ x) to the critical surface mass density
o = C®Ds=(4 GD ¢Dygs), beingDs, Dy andDgs the source,
lens and the lens-source angular diameter distances,cteshe
For a general softened power law ellipsoidal model,
()_1 V3
() = -

= where
cr 2 (2+ 2)1 =2

? = e x=d

whereb gives the mass normalisatiog,is the projected axis ra-
tio, is the slope index,. is a core radius and is an elliptical
coordinate. We will adopt, for the main dark components,ibe
singular isothermal ellipsoid (NSIE) which hasxed to 1.

We model the galaxy-sized (dark matter plus stellar coptent
halos as pseudo-Jaffe models (Keeton 2001). The pseufdo-Jaf
model is obtained by combining two softened isothermapstlids
in such a way that the projected density falls as outside the
cut-off radius cut (> ¢).

We performed a 2 t taking care of both the contribution
from the image positions,ﬁng , and the arc shapes and orienta-
tions, 2. ,sothat 2 = ﬁng + 2., . We evaluated them in the

image plane(Kochanek 1991) using the Gravlens cbd&eeton

plane. This allows) to further check if other additional images of
the chosen lens system are formed @ndo allow an easy com-
parison with previous works.

A model with a single dark matter component provides a good
t only if two further images are present in the A4-A5-AC sgst.
They appear when we check thé,. tting result on the image
plane. These two additional images should be lensed in tlieole
view of the VLT and HST observation, 0°2 SW of the BCG, with
ampli cation factors of the same order of the other three gem
and should then be easily detected, if present. This moddbéen
then discarded. This rst model is essentially the same awtte
used in Bradac et al. (2005) as a rst step in their tting pealure.

We then performed the? minimisation in the image plane let-
ting all the dark component parameters valiyfs = 10). A single
mass component yields a very poor t with a very highcs . The
mass component is locatefil8.East of the BCG. In Tab. 1 you
can see the performance and the properties of this modeithteg
with the other models discussed in the following.

A single dark matter component model is therefore not appro-
priate to describe the matter content in RX J1347.5-114B¢éde

2001). The Z,, accounts for the agreement between the observed revealing a possible more complex con guration. Even if dee

positions of the arc centroids and their predicted valuesnuit-
ing the ﬁng in the image plane is the most reliable technique when
dealing with just one multiple image system. In fact, theralative
procedure of estimating? in thesource planéKayser et al. 1990),

despite of being computationally faster, does not take aatmunt

tails of the results in the following subsections strongies on
the position of the counter-arc AC, the information congaiin the
shapes and orientations of A4 and A5 alone indicates a soatewh
irregular mass distribution.

how many images make up the observed system, and might prefer

in a awed way mass models that yield a good t adding ctitisu
images.

We took into account the shape and orientation of the obderve
arcs sampling each curve in a number of points (Keeton 2001).
A useful 2. takes into account the distances between the t-
ted points of the counter-images of a test curve and the deatasp
sampling the other reference curve. Such an approach isiesd
to exploit the A4-A5-AC system, where the arcs are elongatet
well de ned.

Our strong lensing statistical analysis was then implesgnt
considering the system A4-A5-AC as a multiple image sysi&m.
considered bhoth the centroid position and shape and ofiemtaf
the arcs as input data. We chose A4, the longest and bettaede
arc, as test curve, leaving the others as reference curkeqdsi-
tions of the sampling points are showed in Fig. 2.

The total number of constraint®N¢onst ) in our analysis is
18 = 6 +8+4 , being3 2 the centroid positions}4 2 the
additional sampled positions of the test arc and2 the additional
sampled positions of the Arc A5 . The image centroid of A4 asd A
are used only for %, , so that &,, and 3.s are independent.
The number of parameterdlpsr , and the number of degrees of
freedom, N gof N const Npar , for the different models are
reported in Tab. 1. In our tting analysis, we assume a posil
uncertainty of 0.01".

3.1 One component

As a rst step, we considered the simplest tentative modelai
single main mass component centred in the neighbourhoadaeof t
BCG. Although we performed the whole investigation in thage
plane, we rst considered also th&,. minimisation in the source

1 The software is available via the web

site:http://cfa-www.harvard.edu/castles

3.2 Two components

We tried to improve the t by adding a second main mass com-
ponent. We rst considered the model with the two main matter
components being xed at the positions of the two brightedag-

ies (Ngot = 8). This model is similar to the one proposed by
Allen et al. (2002), where the mass components were consttai
by requiring that the overall potential was able to prodieertorth-

ern Arc 1. Itis worth noticing that, as Allen et al. (2002)tielves
remarked, their best model could not explain A4 and A5 as éaag
of the same source, as instead suggested by later photorobtri
servations.

When we consider the A4-A5-AC system as input data, the
image positions are poorly reproduced and we get a radial itb w
an extremely high 2. . Even if we move the position of the
second mass component from the second brightest cluseexygal
(SCG) towards the peak of the south-eastern X-ray subatejct
the tis still very poor.

We then made an additional step further, and let the position
of the second dark matter halo free to vary, while leavingntiaén
one xed onthe BCG (Ngot =6). A rst acceptable result is that
a second component at 1°2 East of the BCG can improve the t
substantially. The main improvement obtained with this elad
that the Arc 5 is now tangential, even if too much elongated an
shifted towards North with respect to what observed. Addisec-
ond component clearly improves our t, strongly suggestinbi-
modal structure for the cluster.

We further explored the bimodal structure of the cluster by
relaxing also the position of the rst main mass component (
Naor =4), see Fig. 4. The tobtained is pretty goods, = 7:13.
The two dark matter components have comparable massesand th
centres do not coincide with either the BCG or SCG (see Fig. 4)
The rst component is located North-West of the BCG, the seco
one South-East (but far away from the secondary X-ray peak).
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Figure 3. The position of the source galaxy (triangles) of the arcsA®4-
AC is shown together with the tangential caustic (dasheiaf (solid)
curves and lips (dashed-dotted line). The right panel, e/ttez naked cusp
and the source are clearly visible, shows an enlargemehedéft panel.

3.3 Multiple components

To test the reliability of the bimodal scenario and give asight
on some possible degeneracies, we explored some altemativ
counting for other physical effects. We then explored tHeatf
of adding some further components, by considering a modgl wi
three main components, keeping the rst two dark matter anmp
nents xed and adding a third free componeriflgor = 2. We
xed the rst component in the BCG (coincident with the rst-X

ray peak) and the second one in the second X-ray peak leaving

the third one free to vary. Even if the image positions ard veel
produced, this model does not improve substantially the the
observations with respect to the model with two componeifits.
fact, the mass clump centred on the X-ray peak is very smail co
pared to the others and the global result is very similar &b with
one component xed and the second one free to vary. For alkmod
els, when leaving only one component free to vary, while gthe
other/s one/s, the free component is always located in thera

part of the system, showing a mass of the same order of the othe

main component, while the second frozen component, loagited

ther in the SCG or in the second X-ray peak, tends to be much

smaller .

We eventually considered the effect of galaxy-sized halos.

Starting from our bimodal model with two free components, we
added 10 galaxy-sized mass components centred at theolocxti
the 10 brightest galaxies of the cluster (selected in thenidp. We
expect that only those close to the images can affect thetang-
uration. We scale the p-Jaffe parameters with the lumipesing
the following relations (Kneib etal. 1996):;p =  (L=L )**
andrew = rey (L=L )2, respectively. We scale the core radius
in the same way as.: . Note that all galaxies, except the BCG and
SCG, are assumed to be spherical, see Tab. 2. The propdittiona
constants andr, arethen tted together with the parameters of
the main mass components, so tNat: = 2. The critical curves
for this model are plotted in Fig. 1 (where we also show thioetli
curves corresponding to the Arc Al redshift= 0:806) and the
caustics in the source plane are shown in Fig. 3. The bestl-t va
ues are listed in Table 2 and the surface mass density ieglott
Fig. 4. The errors on the parameters were estimated perigrb@io
Monte Carlo simulations. Adding galaxy-sized halos caas&wsft

in the positions of the total mass distributions, towar@sttto main
cluster galaxies. We note that when we introduce a galakyiba

RX J1347-1145 strong lensing and X-ray asaly

3.4 Model comparison

Lensing information strongly supports a bimodal structitee re-
liability of this result appeared by considering differatternative
scenarios, which are summarised in Table 1. To further abses
goodness of our models, we exploited the Akaike (AIC) and the
Bayesian information criteria (BIC) (see Liddle 2004 antere
ences therein). AIC is de ned a&IC = 2 4 2 Npar , While
BIC = 2+ Npa logNeonst Where 2 is the total 2 for the
model. The best model is the model which minimises the AIC or
the BIC. By looking at Tab. 1, we can see that the one component
model is highly disfavoured, while adding a second mass cemp
nentimproves the t, since the BIC value substantially drdpwn,
suggesting a bimodal structure for the cluster. When we et o
component position vary, the BIC value becomes even snaiigr

a substantial improvement is obtained when you let both @amp
nent positions be free. Adding the 10 galaxies does not iwgro
considerably the t, but it helps to better re ne the featsiref

the cluster model. In other words, a bimodal model is nalyral
favoured by our analysis, which de nitely rules out the casth

just one component.

The consideration of different lens con gurations allovadsio
an insight into model degeneracies. As can be inferred bythe
vious analysis, the main degeneracy is connected to théqsi
of the two cluster-sized halos making up the binary lens. The
does not change in a dramatic way if the two centres are ataus|
keeping the separation xed at 1°.

Our result on the model con guration does not depend on the
estimated source redshift. In fact, a variatiorzofmplies a rescal-
ing of the critical density, but does not affect the posisi@md the
relative mass ratios of the components of the cluster. Wekelue
that our result does not change in a signi cant way if we emlo
different sampling scheme for the curves. In the same waptad
ing either larger or smaller positional errors does notrétte t
values.

4 X-RAY ANALYSIS

We looked for further evidence of the complex structure of
RX J1347.5-1145 by analysing the intra-cluster gas at Xwraye-
lengths. RX J1347.5-1145 was rst detected in the X-rays by
ROSAT in the All-Sky Survey, which showed and extremely X-ra
bright extended source (Schindler et al. 1995). SubseROHAT
HRI and ASCA pointed observations revealed it as the most lu-
minous X-ray cluster known at that time, with a bolometrimiu
nosity L x 2 10% ergss ! (Schindler etal. 1997). Based
on a 20 ksecChandraobservations, Allen et al. (2002) re-
ported the discovery of a region of relatively hot, enhankegy
emission, approximatelg0®to the south-east of the main X-ray
peak (which is located at RA13"47" 3036, Dec= 11 45°09%3
(J2000)), separated from the main cluster core by a regiage-of
duced emission. Later XMM-Newton observations con rmeeisi
results (Gitti & Schindler 2004; Gitti et al. 2007).

In this work we analysed an archiv@handraobservation of
RX J1347.5-1145, carried out on September, 2003, using ACIS
(already published by Allen et al. 2004 within a study of xeld
galaxy clusters). The data reduction was performed usifgOCI
3.3.0.1. The net good exposure time, after removing allogsri

cated at the SCG, the peak of the second main component movef high background, is 056 ksec This longerChandraexposure

South-East. Figure 2 reports three enlargements showianddta
and tted points for the system A4-A5-AC.

roughly con rms previous ndings detailed above. In theléwling
we will hence exclusively point out some new results, coragdo
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Model Npar  Ngof ﬁng 2 2 AIC BIC

One Comp 8 10 244 2827 3061.00 3077.00 3084.12
Two Comp:2 xed 10 8 228 770 998 1018 1026.93
Two Comp:1 free 1 xed 12 6 39.52 89.15 128.67 152.67 163.35
Three Comp:2 xed 1 free 16 2 35.36 72.84 108.20 140.2 154.44
Two Comp:2 free 14 4 0.48 6.65 7.13 35.13 47.59
Two Comp:2 free +10 galaxies 16 2 0.13 6.03 6.16 38.16 52.41

Table 1. Summary of our lensing models. Thé values, the Akaike (AIC) and Bayesian (BIC) informationteria are reported. Note thiktpar counts 2
free parameters due to the unknown source position duregtthg procedure.

Cluster-Size b (arcmin) x 1 (arcmin) X2 (arcmin) e PA (deg) c(arcmin) cut

1DMcomp 0:872 0:03  0:333 0:04 0:522 0:03 008 0:04 124 0:2 0521 003 -
2DMcomp 0:747 0:03 0:494  0:02 0:277 001 005 003 2734 009 040 0:03 -

Galaxy-Size (km/s) c(kpc) cut (kpc)
BCG 250 100 [0.0] [0.0] [0.3] [-0.10] [0.5] 100 20
SCG 2125 100 [-0.301] [-0.033] [0.23] [33] [0.425] 85 20

Table 2. Parameters for the dark matter halos and of the two brigbtdakies of our best t model. Values in square brackets ael and not minimisede
is the ellipticity; PA the position angle measured NorthrdZast. The coordinate system is centred on the BCG galaxy.

what already published in literature. For the extractiorhaf az-
imuthally averaged temperature pro le (se&1), obsID 506 and 257 T T
507, with net exposure times 6fand 10 kseg respectively, were
also used. In the innermost regions of the cluster the hotlgasly
follows the BCG gravitational potential, with the X-ray ession
approximately oriented in the NS direction (Fig. 5). The mx
ray peak is slightly shifted towards SW respect to the cémhtod
the overall cluster emission.

201 N

4.1 X-ray Spectroscopy

KT [keV]
—t

Throughout this section, spectra have been modelled (if:the

7:0 keV band) to an absorbed XSPEC isothermal plasma emis- i % 1
sion code by Kaastra & Mewe (1993), including the FelL calcu- i L
lations of Liedahl etal. (1995) (Mekal) folded through the- a H—

propriate response matrices and corrected for the ACIS tiese 5k |

pendent absorption due to molecular contamination. Therhbs
ing column density was xed at the nominal Galactic valug =
4:85 10?° cm 2 (Dickey & Lockman 1990). All errors, if not I
otherwise stated, af@0% con dence limits. Within1:5° from the 0 T I
main X-ray peak (to the fulB60 ), we measure a mean emission- 10 WOO, [kpe] 1000
weighted temperature &T = 11:7 0:5 keV and a metal abun-
dancez = 0:30 0:06 Z in agreement with previous Chan-
dra (Allen et al. 2002) and ASCA (Schindler et al. 1997) measu
ments.

The azimuthally averaged temperature behaviour was in-
spected by extracting spectra into elliptical annular hieatred
at the cluster X-ray main peak, and excluding the Southefast
guadrant. We observe a sharp temperature decrease wighierh
tral 200 kpc, consistent with the presence of a massive cool
core, and a more gentle decline in the outer regions (Allet.et

Figure 6. Projected X-ray gas temperature prole in tbe3  7:0 keV
energy range.
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Figure 4. Projected mass distribution as inferred from the strongit@nanalysis of the system A4-A5-AC for some of the modedsulised in the text. Left
panel : multiple smooth dark components, one component irettie BCG, the second one xed in the second X-ray peak, aadtind one being free to
vary. Middle panel: two smooth and free dark matter comptmdRight panel: our best t model, composed by two smootlk daatter components plus the
10 brightest galaxies. The coordinate system is centrdteadB€G; units are in arcminutes. The surface mass densityuisits of ¢ = 3100 hM pc ?;

contours represent linearly spaced values of the conveedefrom 1.3 to 0.5 with a step

=0.1. The two star shaped symbols denote the positions of the

BCG and the SBG; lled dots represent the centres of clusiezd mass components; the position of the SE X-ray subglargiven by an empty box.

)

Figure 5. VLT-FORS1 image of RX J1347+1145. Superposed are the contepresenting the lensing mass distribution (left paaet) the X-ray surface

brightness (right panel). The units are the same as in Fig.1

2002; Gitti & Schindler 2004) (see Fig. 6). The deprojectenht
perature pro le follows the same trend, and does not diffgnis-
cantly from the projected one shown in the plot.

photons The resulting temperature map is shown in the righelp
in Fig. 7. The relative errors of the temperatures in two ltesy
temperature maps are of the orderdl® 20%, with a slight de-

We then performed a two-dimensional spectral analysis of pendence on the temperature. Regions with larger errors ouer

the central1:6°  1:6° of the cluster. This was done with
the aid of the WVT binning algorithm by S. Diehl and T.S.
Statler (Diehl & Statler 2006; Cappellari & Copin 2003), ahén
extracting spectra for each resulting Voronoi cell (eachtaiming
at least 900 photons (S/N30) inthe0:3  7:0 keV energy range,
after background subtraction). The resulting temperatoa® is
shown in the left panel in Fig. 7.

off from the nal maps.

The two temperature maps reveal a cool c&® ( 5:8 keV)
which appears slightly attened, extending from North tou8o
(see left panel in Fig. 7). Out to6 1°the temperature is approxi-
mately constant around 14:0 17:0 keV. Several much hotter re-
gions are observed, one of which lies surprisingly closéé¢ocool
cluster core (theHot front' at 9°°south-east of the cluster centre).

We also produced an additional temperature map using a to- This hot frontis located in the region of reduced X-ray emission

tally different binning technique: theontour binningalgorithm by
Sanders (2006). This method chooses regions by following co
tours on a smoothed image of the cluster; the generated losealy
follow the surface brightness distribution. As above, sEewere
extracted from each resulting region, each containingaxtt|800

that separates the cluster core from the the X-ray sub-glurhizh
instead shows a slightly lower temperature. The X-ray dubsp,
contrary to what previously thought (Allen et al. 2002), sloet
therefore correspond to the temperature peak in the relyiche
hot front region, neither optical nor X-ray point sources are ob-
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Hot front

Subclump

Figure 7. Adaptively binned temperature maps of the centta6® 1:6% perfo

6 8 10 12 14 16 18

rmed using a Voronoi binning algorithm (left panelgdancontour binning

algorithm (right panel). The temperature scale on x-axex@essed in keV. Superposed are the logarithmically shem®othed X-ray contours.

served. The same features are observed in the temperatpre ma
produced with theontour binningechnique (right panel in Fig. 7),
showing that the result cannot be ascribed to the binnirtgiigoe.
Atrailof cold gas ( 8:0 10:0 keV), approximatel\130 kpclong
and extending form the BCG toward N, is also visible. Morentha
half of the detected photons at that position will be praddrom
the surrounding gas; the intrinsic temperature of the cdd is
hence likely to be lower than the values quoted above. The kol
ament is probably a cooling wake, caused by the motion of Ehe ¢
galaxies inside the cool core region (David et al. 1994; &alki al.
2001).

4.2 X-ray and SZE face to face

Our X-ray analysis has revealed hot gk$ (> 20 keV) in the SE
guadrant, associated to a hot front located between thecnwel

and the SE sub-clump rather than to the sub-clump itsel§ ffont

is most probably what remains of a shock front, a clear intioa

of a recent merger event.

SZE effect studies, despite their low spatial resolutiamthier
strengthen the above conclusions. The SE sub-clump of en-
hanced emission was rst detected through SZE measurements
by Komatsu et al. (2001) . Subsequent X-ray and SZE ob-
servations revealed a substantial agreement with preV8¥E
data (Kitayama et al. 2004, and references therein).

In order to characterise the high temperature substryctire
tayama et al. (2004) performed a combined X-ray-SZE armlysi
They assumed that the hot substructure was embedded in an amb
ent gas identical to that in the other directions, derivirtgraper-
ature of 28 7 keV for the hot component, in agreement with
our X-ray measurement for the hot front.

5 AMERGER HYPOTHESIS

Our mass estimates for the inner regions in RX J1347+1145 are
in substantial agreement with previous lensing analysesnfeur
bootstrap error analysis, we estimated an integrated povgcted
mass of(1:42 0:05) 10°M inside a radius of:5 arcmin,

consistent with the estimate (f:2 0:3) 10™®M from a com-
bined weak and strong lensing analyses in Bradac et al5)200e
should point out that our results depend upon the correchiftd
determination and identi cation of members of the multipieage
system we use. An error of0:5 on the source redshift implies an
errorof 1:0 10™M on the mass estimate.

A rst weak lensing result by Fisher & Tyson (1997) gave a
total integrated mass ¢:5 0:3) 10"°M within 5% and
a corresponding velocity dispersion of = 1500 160 kms 1!
assuming singular isothermal sphere méd&his result was later
con rmed considering a larger eld of view by Kling et al. (26),
which obtained v = 1400"3% kms ! under the same assump-
tions, while our mass estimate translates into a velocipelision

v =1620 30kms !. Results from both our lensing and X-ray
analysis indicate that the cluster is not in virial equililon; the in-
ferred estimate of y has hence been derived only for comparison
with weak lensing results.

Since our analysis showed indications of dynamical complex
ity, estimates of the cluster mass as inferred from X-rap dader
the hypothesis of hydrostatic equilibrium should be tréatdth
caution. Nevertheless, just for comparison with the lemsirass
we performed an X-ray analysis excising from the X-ray dam t
perturbed South-East quadrant , using both parametricglésand
double models) and model independent approaches. We obtained
an X-ray estimate of the mass withlrtb arcminof (8 1 2)
10"“*M , where the rst error is statistical and the second one ac-
counts for the uncertainty on the intrinsic geometry of thester,
which might be either oblate or prolate. The total 3-dimenal
mass within a spherical region of radidsMpc (2:9 arcmin) is
Mt = (1:1 1 2) 10™M . These estimates are in good
agreement with previouXMM-Newton(Gitti & Schindler 2004;
Gitti et al. 2007) andChandra (Allen etal. 2002, 2004, 2007,
Schmidt & Allen 2007) X-ray analyses, and are consistent @l§ w
with our results from gravitational lensing. However, Xnaass
estimates of perturbed system may be strongly biased. On one
hand, neglecting the X-ray South-East sub-clump implies we

2 The values for v andM have been converted to our referencEDM
model.
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are not considering an additional contribution to the totalss,
which is consequently underestimated. On the other hardeth-
perature in a merging system might be in ated with respec¢h&®
temperature of a relaxed cluster, which implies an ovarmege of spectroscopic con rmation of further arc candidates isréopiired
the mass. step to con rm and accurately de ne the merging scenario &nd
Whereas X-ray and lensing estimates are in good agree- provide a nal, more accurate description of the dynamitatesof
ment, the dynamical mass estimate is considerably smaller RX J1347.5-1145.
(Cohen & Kneib 2002). Cohen & Kneib (2002) suggested a merger
scenario to solve this puzzle. Until the merger is completd a
galaxy orbits have virialized to the new total mass, the dyioal
mass estimate would be biased toward the mass of the latgepcl
Then, a major merger between two clumps of comparable massWe thank Thomas Erben and Sabine Schindler for providing the
could reconcile the discrepant observations. The bimodalksmis- VLT/FORS data. We thank Charles Keeton for making available

undoubtedly belong to the same system. Remarkably, basdton
shapes and orientations of A4 and A5 alone, without any cainst
on AC, we can exclude the presence of a single mass companent.
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scenario . Moreover the merger is possibly happening in tdeep
of the sky, since the redshift distribution of the clusternmhers
does not show any feature along the line of sight.

The merger scenario is also supported by the X-ray and SZE

observations of the intra-cluster medium. Both the gasciuimp
and the hot front in the SE quadrant are indications of a nmgnge
cess. The overall agreement between the X-ray and lensisg ma
estimates might suggest that the emitting gas has had tiwie-to
alize. Hydrostatic equilibrium is also supported by thet fémat
the overall mass, temperature and luminosity of RX J1344511
relate as expected by a typical for massive cluster (Alleal.et
2002). A major merger scenario was also considered in Kitaya
et al.(2004), which discussed as an head-on collision of two
5 10"“M clusters with relative velocity of 4000 kms !
would result in a bounce-shock wikT ~ 25 keV, as detected in
the SE quadrant.

6 SUMMARY AND CONCLUSIONS

We have analysed both the lensing and X-ray properties of

RX J1347.5-11.45, one of the most luminous and massive X-ray

cluster known. Based on the analysis of an arc family, phetam
cally selected, we have estimated the total cluster masthdison,
within a radius of 500 kpcfrom the cluster centre. We performed

a 2 analysis in the lens plane and scrupulously modelled the arc

con guration. A model with two smooth dark matter comporgent
of similar mass accurately reproduces the observationsyigais

a mass estimate in agreement with previous strong and wesk le
ing and X-ray studies. Our strong lensing analysis suggestajor
merger between two sub-clumps of similar mass located mitie
central300 kpc.

X-ray observations further strengthen our view of a complex
structure of the inner regions, revealing a hot front in tloeit8-
Eastern area, most probably a remnant of the occurred méiger
merging framework, which arises naturally from our strosgsing
model, can also reconcile the observed discrepancy betdgen
namical mass estimates and X-ray, lensing and SZE oneshwhic
instead give consistent results. Agreement between Xndyems-
ing mass estimates further indicates that the gas might hade
time to virialize. Spectroscopic measurements additlprsalggest
that the merger is taking place in the plane of the sky.

Whereas the presence of a merger is con rmed on several

grounds, its properties are though still unclear. The tetdiea-
tures of our model are strictly related to the selection efriiem-
bers of the multiple image system, in particular to the isidno of
the arc AC. Despite all candidates should be con rmed spectr
scopically, a photometric analysis suggests that A4 and|bst
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