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ABSTRACT

Context. A2163 is among the richest and most distant Abell clusteith sutstanding properties in fiérent wavelength domains.
X-ray observations have revealed a distorted morphologhe@fjaz and strong features have been detected in the teompearaap,
suggesting that merging processes are important in thésezlltHowever, the merging scenario is not yet well-defined.

Aims. We therefore undertook a complementary optical analysising to understand the dynamics of the system, to consthan
merging scenario and to test it§ext on the properties of galaxies.

Methods. We present a detailed optical analysis of A2163 based on nelticolor wide—field imaging and the medium-to—high
resolution spectroscopy of galaxies.

Results. The projected galaxy density distribution shows strongchugbering with two dominant structures: a main central pom
nent (A), and a northern component (B), visible both in agtend in X-ray, while other substructures are detected enoftical.

At magnitudes fainter than=RL9, the galaxy distribution shows a clear elongation appnately on the east-west axis extending
over 4v} Mpc, while a nearly perpendicular bridge of galaxies aldmg north—south axis appears to connect (B) to (A). The (A)
component shows a bimodal morphology, and the positiontsdfvio density peaks depend on galaxy luminosity: when gting
magnitudes fainter thaR = 19, the axis joining the peaks shows a counterclockwiseiootéfrom NE/SW to E-W) centered on the
position of the X-ray maximum. Our final spectroscopic aagadf 512 objects includes 476 new galaxy redshifts. We hdaetified
361 galaxies as cluster members; among them, 326 have heglsion redshift measurements, which allow us to perforretait®d
dynamical analysis of unprecedented accuracy. The clostan redshift and velocity dispersion are respectizefy0.2005+ 0.0003
and 1434+ 60 kmy's. We spectroscopically confirm that the northern and westemponents (A2163-B and A2163-C) belong to the
A2163 complex. The velocity distribution shows multi-métia with a bimodal structure peaking at 59200 knjs and~ 60500
kmy/s. A significant velocity gradient( 1250 knjs) is detected along the NEW axis of the cluster, which partially explains the
detected bimodality. A2163 appears to be exceptionallysivesthe cluster virial mass M,ir = 3.8 + 0.4 x 10" Mgh73.

Conclusions. Our analysis of the optical data, combined with the avadlabformation from X-ray observations and predictions of
numerical simulations, supports a scenario in which A2A63as undergone a recert{ 0.5 Gyr) merger along a a NEW (or
E-W) axis, and A2163-B is connected to the main complex, gisbbinfalling on A2163-A.
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1. Introduction the most luminous oned £[2 — 10keV] = 6.0 x 10* erggs,

. . . GingarROSAT/PSPC, Elbaz et al. 1995). The clear subcluster-
A2163 is among the richest (richness class 2 as Coma) qﬁa in the ICM density map (Elbaz et al. 1995), in particutee t
most distant Abell clustersz(= 0.20) and presents outstandyresence of a secondary cluster in the North (A2163B in Elbaz
ing properties at various wavelengths. Extensive X—ra@nlas ot 51 1995) and the rotation of the main cluster isophotés wi
tions have shown that A2163 is the hottest Abell cluster (teqhdius, together with strong temperature variations incbe-
perature estimates vary between 11.5 and 14.6 keV; Arnauqugj region (Markevitch and Vikhlinin 2001, Bourdin et aD@1,
al. 199_2;.Elbaz et al. 1995; Markevitch et al. 1996; Markevit q\0ni et al. 2004) are typical signatures of merging preess
& Vikhlinin 2001; Pratt, Arnaud & Aghanim 2001) and amongyeyertheless, the surface brightness profile of the clissteell
- _ _ fitted by ag-model (Elbaz et al., 1995; Pratt et al. 2001) and
Send  offprint  requests to:  Sophie Maurogordato, e-mail: the temperature profile was shown to be relatively flat oetsid
sophie.maurogordato@oca.eu the very center (Pratt et al. 2001). The binding mass, derive

* Based on data obtained with the European Southern Obsry,vatcprom X-ra : : o
. , -ray observations under the isothermal hypothesigery
Chile (runs 073.A-0672 and 077.A-0813) and with the Canadade large: 46f(1)j§ % 1015M@ within a radius of 46 Mpc (Elbaz et

Hawaii Telescope.
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al. 1995, assuming a cosmology withh = 50 km s* Mpc™?, galaxies and of the gas and their comparison through the-dete
Qo =1). mination of isodensity maps and projected density profilés.
The galaxy density and mass distribution in the central ranalyse the velocity distribution and the dynamics for tihele
gion of this cluster have also been determined by weak gravitluster in Section 4, and the existence of subclustering bot
tional lensing (Squires et al. 1997, Cypriano et al. 200#pse density and velocity space in Section 5. In Section 6 we deriv
analyses show very similar mass and galaxy distributiofit, wan estimate of the cluster mass and compare it to independent
two coincident maxima and a flat shape elongated in the E-M¥ray and weak-lensing estimates. Discussion and coruigsi
direction, but the weak lensing signal is surprisingly faim are presented in Section 7.
comparison to what could be expected from the cluster X-ray In the following, we adopt the cosmological parame-
properties. However, these detailed studies are limitédeian- ters of a ACDM model with Qy=0.3, Qx=0.7 andHy =
ner 8'x8’ region of the cluster, and do not include the periphz0 km s Mpc™. With these parameters, at 0.2 one degree
eral clumps such as A2163-B. La Barbera et al. (2004) estirresponds to a physical length of.9Mpc.
mated the photometric redshifts of galaxies in A2163-Bwsho
ing that this structure lies at the typical redshift of theimaus- ) )
ter (z= 0.215+ 0.0125). 2. Observations and data reduction
_ The available optical and X-ray results suggest that A2163; pata acquisition and reduction
is not a completely relaxed cluster, as shown both by sigeatu
of a merging event in the central region, and by the presehceQur observations were carried out at ESO in 2004 (run 073.1-
A2163-B, which is a possible interacting subcluster in tlhoeth, 0672) and 2006 (run 077.A-0813). We also used additional un-
at ~7 arcmin from the peak of X-ray emission. Radio observgublished data from spectroscopic observations at loveeiue
tions (Feretti et al. 2001) revealed both an elongated affidséi tion obtained at CFHT by Soucail and collaborators in 1986 (s
source (a possible relic) in the N-E peripheral region of 821 below). A2163 was observed with the Wide Field Imager at the
and, above all, one of the most powerful and extended hakrs eSO 2.2m telescope and with the VIMOS (Vlsible Multi-Object
detected, which is quite regular in shape and elongateaiftth Spectrograph; Le Févre et al. 2000) at the Melipal UT3 tele-
W direction, similarly to the X-ray emission. Further argfy scope of the ESO VLT. Imaging of the central 30'x30’ field has
has shown that the spectral index map of the halo is flatter irbeen performed in the R (filter E38¥8) and V (filter ES{B43)
region elongated along the N-S direction and crossing tretei  bands. For each filter eight dithered images were obtairad; |
centre, and at the northern and southern boundaries of the Hag to a total exposure time of 40 mn. The seeing FWHM values
(Feretti et al. 2004). While the physical processes geimgraa- of the R and V band images amount to 1.25 and 1.40 arcsec,
dio halos are still not clarified, several studies have shthah respectively.
these objects are preferentially found in rich X-ray brighis- These sets of images were reduced and combined using
ters (Giovannini et al. 2002), and the mechanism of fornmatithe ES@MVM package (Alambic, Vandame et al. 2002), and
is probably connected to cluster mergers (Brunetti et a0320 the galaxy catalogs in the two passbands were extracted with
Govoni et al. 2004, Feretti 2006, Ferrari et al. 2008). A drett SExtractor (Bertin and Arnouts, 1996). These catalogsuufel
understanding of the merging scenario in A2163 will hoggful half-light radii and magnitudes (we adopted the MAGTO
also shed some light on the formation of its radio halo and @stimate), and the resulting magnitude—half light radiagmm
the origins of its clumpy spectral map. was used to classify stars and galaxies, up to a magnitude of 2
This work is part of a more general program aiming at rén both bands. The limiting magnitudes, defined asigtections
constructing the merging scenario(s) of Abell 2163 throaghwithin an aperture of twice the seeing FWHM, are 22.5 and 21.5
combined large-scale optigdtray analysis, and test the rela-in the R- and V-bands, respectively. Finally, the V- and Réba
tion between the merging event and the properties of thexgalaatalogs were matched by adopting a matching radius of &5 ar
ies and of the gas. Recent analyses of merging clusters cemlsiec.
ing a high number of redshifts to X-ray giod radio data have For multi—object spectroscopy, masks were prepared throug
brought significant insight in the understanding of theseglex the VMMPS (VIMOS Mask Preparation Software, Bottini et
systems (for a non exhaustive list, see for instance Quingan al. 2005). Spectra were obtained in the 30'x30’ field covered
al. 1996, Biviano et al. 1996, Maurogordato et al. 2000, Acha by WFI, with VIMOS in Multi-Object Spectroscopy mode. We
et al. 2000, Flores et al. 2000, Bardelli et al. 2001, Czogke @sed the High Resolution Blue grism, with a slit of 1” width,
al. 2002, Ferrari et al. 2003, Ferrari et al. 2005, Miller £t awhich leads to a resolution in the range [2050-2550] and isove
2004, Ledlow et al. 2005, Miller et al. 2006, Boschin et al020 the wavelength range 426006200A for a centered slit. At the
Girardi et al. 2005, Boschin et al. 2006, Girardi et al. 200@Juster redshift this range includes [Oll], K and H, G bakig,
Barrena etal. 2007). In this paper we present the resulésradt  H, ,H;, [OlllJa&b among the main spectral lines. About 100 slits
from the analysis of our optical observations carried o@004 per pointing were assigned to targets, and the field was edver
and 2006 at ESO, including wide-field multi-band imagingwitwith six pointings (four obtained in 2004 and two in 2006)-fol
the Wide Field Imager on the 2.2m telescope, high resol{fon lowing a dithering pattern, in order to fill the cross-shagag
~ 2000) spectroscopy obtained with the VIMOS Spectrograg®’ wide) among the 4 VIMOS quadrants. For each pointing,
at the VLT/UT3 telescope, and former spectroscopy obtainedwt obtained four exposures of 45 mn. The prereduction of-spec
CFHT with the MOS instrument at lower resolution. This paperoscopic data was performed with the dedicated VIPGI pack-
will be followed by an analysis of the X-ray observationstwitage (Scodeggio et al. 2005). Finally, redshifts were meakur
XMM and Chandra focused on the signature of the merging prdwough the standard cross-correlation packageo in IRAF
cess in the temperature maps, and by the study of the star {d@nry and Davis, 1981), using three stellar template spedi-
mation history of cluster members with respect to the meygitained during our observing runs and a set of synthetic spec-
event. tra derived from the population synthesis library of Bruz&a
In Section 2 we present the data and the reduction proced@barlot (2003). All the spectra were checked visually faog th
Section 3 focuses on the projected density distributionthef presence of [Oll], [Olll], and Balmer lines in emission with
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Fig. 1. Examples of spectra obtained with VIMOS in HR mode which amesentative of our Flag 0 sample. Spectra have been
deredshifted, and the rest wavelengths of various line8j([Calcium K and HHS, GbandHvy, Hp, [Olll] , and [Olll],) are shown

with dotted lines. Intensity values are in arbitrary unfsom top to bottom: a) spectrum of the brightest cluster memBCG-1

(see TablEl3), with the absorption lines typical of an oldyapon; b) spectrum of a typical emission line galaxy, viBddmer lines
both in absorption and emission and oxygen emission lifespectrum of the galaxy with X-ray emission north of A2163vigh
broad hydrogen lines, which is a type | AGN.

equivalent widths larger than 5A, and in case of positive dehift precision was not critical (e.g. when associatinggis to
tection the emission lines redshifts were measured. Faxged the cluster in the color-magnitude diagram for the bestrdate
where both absorption and emission redshifts were availal# nation of the red sequence).
selected the value with lower error. Redshifts are helitrae(in
our case the heliocentric correction is small, amounting 3o As we mentioned above, we dispose also of supplementary
kmys). data coming from multi-object spectroscopy obtained at TFH
Objects were classified in two categories according to tMéth the MOS instrument (PI: G. Soucail), where the grism had
quality of the spectra, and thereby to the precision of the dedispersion of 300 Anm, giving a wavelength scale of 7 A per
rived redshifts: a) the “high precision” sample (Flag Oxlird- pixel on the CCD in a binned mode and a maximum wavelength
ing galaxies having high/8l ratio spectra{ 10 per pixel or range of 4400 to 8000 A. Due to the lower spectral resolution
higher) and typical redshift errors f20 knys; b) the “medium of CFHT observations, these objects have Flag 1. CFHT ob-
precision” sample (Flag 1), including galaxies having lo8& servations provided 108 spectra and 79 galaxies belonging t
ratio spectra but still reliable redshifts with larger esr¢~ 100 the cluster were identified: 51 of them were also observeld wit
knys). Examples of flag 0 spectra are displayed inFig.1. The dytMOS. After applying a 3 clipping, the mean ffset in veloc-
namical analysis was generally performed on the high prmetis ity is —90 + 42 knys, which is within the mean errors from the
spectroscopic sample; the total sample was used when the I@BHT measurements. When both measurements were available,
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Fraction of objects with measured z

17 18 19 20 21 22

Fig. 3. The spectroscopic completeness of our observations as
a function of R-band magnitude. Solid lines: Flag-(Flag 1
sample; dashed lines: Flag 0 sample. Upper and lower liffies re
respectively to thé&'x8 central field and to the(d'x20 wide

field.

we chose the higher precision VIMOS measurement. At the end,
28 objects were added from the CFHT observations. Therefore

our final spectroscopic catalog includes 512 spectra withca S g 4. The spectroscopic completeness for our high preci-
cessful radial velocity measurement. 476 of them are ge$axigion vejocity sample in the inner 2620". Top panel: galaxies
430 have a *high precision” and 46 have a “medium precisionyjghrer thanR = 19.5; bottom panel: galaxies brighter than
redshift. , , R = 20. Individual cells are 2’x2’ wide. The completeness ra-
The catalog is shown in Tablé 1, where colums are as fqly, jncreases from black to white. The threshold value isfor1

low: 1) identification number; 2) and 3) right ascension aec-d. pjack pixels and 0.6 for white pixels. The inner field (8'&)
lination (J2000.0); 4) radial velocity; 5) velocity err@) Rrgr displayed as a red square.

parameter (Tonry and Davis 1981; whBjr > 3 the cross-
correlation redshift can be considered as reliable); 7)iyftag

for the redshift (O: high precision, 1: medium precision)eBis- The original scope of the program was to obtain spectra of
sion lines flag (0: no emission, 1: with emission); 9) instewn 3| the galaxies brighter thaR = 20 in the 20'x20’ region cen-
(1: VIMOS at ESQVLT; 2: MOS at CFHT). tered on A2163, in order to sample the cluster population to

luminosities~ L* + 2, and to a radius of Zh;éM pc. Due to
our dithering pattern and to the field of VIMOS (16'x18’), the
total field covered by spectroscopy is slightly wider 25’ x
Apparent magnitudes were transformed to absolute on@svfoll 35’), but the spectroscopic completeness in the externtd |
ing: M = m-25-5log10(D.) — A— K(2), whereD, is the lumi- low. Therefore we limit the completeness analysis to thg-ori
nosity distance in MpcA is the galactic extinction, and(z) is inal 20'’x20’ region. Fig[2 shows the the WFI R-band image
the K-correction. We note that A2163 is in a region with sgronof A2163 with symbols identifying the galaxies which have a
local variations of the extinction, and that the estimatthefex- measured redshift (FlagOFlagl). We have computed the spec-
tinction by Schlegel et al. (1998) fiérs from that of Burstein troscopic completenesgR) = N, (R)/N2p(R), whereN,(R) is
and Heiles (1984). For this region La Barbera et al. (2004 hathe number of galaxies with a measured redshift and magmitud
found a value for E(B-V) of 0.41, in good agreement with thdirighter tharR, andN,p (R) is the number of galaxies in our pho-
of Schlegel et al. (1998), which we adopted in our work. Wemetric catalog with magnitude brighter than R. Fiy. 3 show
computed the K-correction corresponding to an elliptiedhgy f(R) for our two spectroscopic catalogs, the high precision and
atz = 0.2 for the set of adopted filters; in tHi®(AB) passband, total sample, corresponding respectively to Flag 0 and 6lag
assuming a Schechty; = —21.97 (Popesso et al. 2005), weFlag 1 objects in Tablgl 1. Completeness has been computed in
expectny, = 18.1. As the limiting magnitude of our catalog istwo fields: the inner (8'x8’) and the wider (20'’x20’). As a gen
R = 225, this means that we observe galaxies which are Zedal trend, the wide-field completeness is stable uR £ 19.5
magnitudes fainter thall*. Moreover, the total field covered byand rapidly drops at higher magnitudes. In particular, #raml

the WFI camera (30'x30’) corresponds to 6x6Mat the mean field is highly sampled: the completeness ratidRag 195 is
redshift of the cluster. Thus we have both a deep and wide sadmetween 0.63 and 0.75 for the total (Flag &lag 1) sample and
pling of the galaxy population in A2163. between 0.55 and 0.62 for the high precision (Flag 0) sample.

2.2. Completeness
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Fig. 2. WFI R—band image of the A2163 field. Galaxies for which susfidspectra have been obtained (Flag 0 and 1) are marked
by different symbols. Red circles: velocity range [54000,660@@Ekcorresponding to expected cluster members. Blue triangle
velocity range [71000,77000] kisicorresponding to the first background overdensity in thecity histogram. Green diamonds:
velocity range [87000-93000] kfsy corresponding to the second background overdensitgkBleosses: other redshifts. Squares

indicate emission line galaxies. There is a high number aégion line galaxies belonging to the cluster on the Wes.sldhe
spatial scale of the image is shown in the lower-left corner.

Fig[4 shows how the completenesfat 19.5 andR < 20.0 “blind cross” among the 4 VIMOS quadrants through a dither-
varies in the 20'x20’ central field; the completeness is coteg ing pattern: because of the technical problems this patt@m
in cells of 2'x2’. It is clear that at both magnitudes someioeg not completed, as apparent from the dark pixels in the cample
in the periphery are very poorly, or even not sampled (such msss map. On the other hand, some regions are very well sam-
for instance the South-East and North-East corners). The mpled, such as the central 8'x8’ core (except in its North-Vaesl

reason is due to technical problems during observationsrin sSouth-West corners). Sampling is not only higher but alscemo
vice mode. As we have previously explained, we covered the
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homogeneous @& < 195 than atR < 20, in particular in the subcluster Limitihg Rmag R.A.(J2000) Dec(J2000)
central region. Al R<19 16 1547.8 -06 08 11
A2 R<19 16 1542.5 -06 09 53
B R<19 16 1548.8 -06 02 21
3. Density distribution of galaxies C R<19 161622.8  -060617
D R<19.5 16 1527.9 -06 09 18
3.1. Projected isodensity maps Al R<21 16 1550.9 -06 08 29
. . L. . A2 R<21 16 15 39.3 -06 09 15
The projected density distribution of galaxies has beenmdsd X-ray (main) - 16 15 46.0 -06 08 55
from the photometric galaxy catalog in the R band through the X-ray (North) - 16 15 48.0 -06 02 25

multi-scale algorithm of Slezak et al. (in prep., see alsddaa 5 — 5 .
Slezak and Bijaoui 1998 and Ferrari et al. 2005 for a descrié"Zlble 2. Coordinates of the maxima in the projected galaxy iso-

: - : : : ensity maps and in the X-ray ROSAT image (Elbaz et al. 1995)
%O;g?;tgéi a(l]L?(;)rl;‘lit?hr:)ig fonéltz ?f p:nZ):cgtterlegrlt %uf |2n1;[hae}eR of A2163. As the positions of the maxima in_ t_he central subclu_
shown in Fid.b (top panel), where at each scale only strastuf€r A2163-A, Al and A2, depend on the limiting R-band magni-
which are 3 above the background are visualized. Fhe 21 tude, two sets of values are listed, corresponding &9 and

density map is superimposed to the W&image in Fidp, where < 21, respectively.
the most significant substructures are identified. A visuspéec-
tion of the isodensity maps at thefldirent magnitudes cutfis
reveals a main, central component (A), while at larger dists
there are a variety of substructures, the most significaatiypn ) ) )
ing at~ 7 arcmin North (B), and another one, less prominerf@P panel); b) in the whole 3& 30 field covered by WFI (Figl7,
located at- 9 arcmin East of the center (C). These three compBottom panel); ¢) with velocities within the cluster rangey(8).
nents are visible at all magnitude cufs AtR < 20 and fainter N all diagrams the red sequence is clearly visiblR at 20 (with
cut-afs, new substructures are visible, such as (D) which@ an obvious higher dispersion when including the whole figft)
arcmin to the west of the centroid, and (E) which-ig arcmin  order to parametrize the red sequence (hereafter RS), vee hav
to the south of it. Other smaller substructures in the nepesy Used the robust fitting method introduced by Lopez-Cruz et al
riphery of the main subcluster (A) depend on the magnitudie c2004). We have fixed the magnitude cuf-at R=20, which cor-
off and might be spurious. substructures. We note however {§gponds td” +2 at the cluster redshift. We have found that the
presence of two substructures, more prominent at fainter- myalues found by the minimization for the slope and the irgptc
nitudes, to the northern periphery of the main subclustdr (Aor the diferent subsamples are very stable.
At faint magnitudes (1% R < 21), a bridge of faint galaxies =~ We have finally fitted the RS selecting only the “redshift
connects the main subcluster (A) to the northern subcl@Bjer confirmed” cluster members as defined in sediion 4. The color—
There is also a long, low density structure extending in th&/E magnitude diagram of this sample is shown in[Hig.8, both for
direction, and including D, the main subcluster A and C. emission line (blue symbols) and no emission line (red syg)bo
The inner structure of A changes significantly with luminosgalaxies. Emission line galaxies were also excluded franfith
ity: it has an elongated shape and is bimodal, with two ma@$ they are not expected to populate the RS. In conclusien, th
components (Al and A2 in Fidl 5) visible at all magnitude®est fit parameters for the RS relativn- R = a + bR of this
However, when including fainter objects, the position of#id Subsample area = 1.04 andb = —0.024, with ay? value of
A2 changes, with a counterclockwise twisting of the axigoi 0.10.
ing them: at R19 the two density peaks are aligned along a In order to construct the projected density distributiohef
NE/SW direction, but at fainter limiting magnitudes€¢R0 and cluster, we selected all galaxies (with and without a mesur
R< 21), Al and A2 are lying on the (E-W) large-scale axis okdshift) within+20 from the RS best fit, assuming that they are
the cluster. The angular separation of the two peaks is 2iarcrearly—type cluster members (see Hg.7).
(3.5 arcmin) in the case of bright (faint) objects. The caates The density maps are displayed in Hig. 5 (bottom panels).
of these maxima as a function of magnitude are listed in T2bleThe overall morphology of the cluster is globally unchanged
The projected density distribution of the second main corshowing the main central cluster A2163-A and the northen su
ponent, A2163-B, also varies with magnitude At 19 it hasa cluster A2163-B. The density contrast of A2163-A is enhance
regular, circular shape but at fainter magnitudes it becomare in the red sequence (hereafter RS) density maps. However, th
elongated,with two tails extending in the NE and NW direm$io is not the case for the smaller clumps: while A2163-E is gis
respectively. ible, A2163-C and A2163-D are hardly distinguishable. Weeha
On large scales, two main directions clearly appear atdainindeed verified that several galaxies in C and D still folldwe t
magnitudes: an E-W axis, corresponding to the large-scale @luster red sequence, but with a somewhat larger dispettsion
entation of the main component A, and including also the C atigat found for galaxies in the cluster central region. Weohaade
D substructures, and a N-S axis, joining the northern sshaiu that the clumps C, D and E all belong to the A2163 complex,
B, the main component A, and the E substructure. and that their galaxy population includes both bright eérpe
In order to better isolate the cluster population of earpety RS galaxies and fainter objects with colours outside thesesd
galaxies, we used our photometric data to construct the-colguence.
magnitude diagram and to identify the red sequence of A2163. In Fig.[d, the optical isodensity contours for the RS galax-
The resulting density map has the advantage to be mostly s with R<19 (top) and R20 (bottom) are superimposed on
contaminated from projectionffects, and it can be consideredhe R-band image of the cluster central region. The presehce
as more representative of the cluster density map (it wii-ob bimodality (clumps Al and A2 in Figl5) is striking, as well as
ously miss eventual concentrations dominated by objedis wthe twist of the axis joining the two density peaks as a func-
late—type or peculiar colors). We have plotted the (V-R)susr tion of the magnitude cut, while in both cases the peak of X-ra
R diagram of galaxies: a) in the central’ 2010 region (Fid.Y, emission is located between the two central maxima (seathe a
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Fig. 5. Projected galaxy density maps foifféirent magnitude cuts (from left to right<RL9, R< 20, R< 21, and19 < R < 21). In
the top panels no color selection has been applied, whileibhottom panels only red-sequence galaxies have beenuseaipute
the density maps (see text). The field displayed in each gamedsponds to the centrdd x 20'. As usual, North is on the top and
East on the left.

Name R.A.(J2000) Dec(J2000) R vel(jsn error(kmis) PA
BCG-1 161548.9 -06 0841 16.86 60361 10 5.
BCG-2 161533.5 -060916 16.45 60006 13 -9.

Table 3. The properties of the two brightest elliptical galaxies he entral region of A2163, BCG-1 and BCG-2. Column 1)
Identificator; Column 2) and 3) Right ascension and dedbmngti2000.0); Column 4) R-band magnitude; Column 5) anda@)i&d
velocity and its error; Column 7) Position Angle of the magai's (starting from the E-W axis, anti-clockwise)

gular coordinates of the X-ray and optical subclustergdish — a clear dfset between a) the positions of the BCGs, b) the
Table[2). It is important to stress that the two Brightestsftu peaks in the projected galaxy density maps and c) the X-ray
Galaxies (BCG1 and BCG2 in Figl 9 and Table 3) are both lo- intensity peak.

cated in the central clump A, but their positions do not cimiac
with the maxima of the density peaks. However, while BCG1 |§
near Al (at bright and faint magnitudes), BCG2 has a sigmifica™

offset to the west of A2. The axes of these two giant galaxigfe comparison between the galaxy and gas projected density
and the line joining them are aligned along the same directi; important to characterize the dynamical state of the-clus
of the large—scale cluster density distribution, i.e. thé\Edi- ter as the relative distribution of the collisional versusn-
rection (see Tablel 3). We note the presence of a bright gataxy:o|lisional components of the cluster is indicative of itenger

2. Compatrison of galaxy/gas density distribution

proximity (east) of A2, which is also on the E-W axis. stage (Roettiger et al. 1997).
To summarize, the galaxy density distribution of A2163 As the projected galaxy density distribution changes with
shows: magnitude, we compare the two density maps limited at

R < 19 and R < 21 (previously shown in Fig[]5)
to the XMM/EPIC images. Using archival XMM data (ID-

— a main cluster component (A) elongated along an E-W a38412230601, ID-0112230701, ID-0112230801, ID-011223090
on large scales, and a northern subcluster (B), visible inothand 1D-0112231001) we have built a mosaic image of the clus-
optical and in X-ray. ter in the [0.5-2.] keV energy band (all instruments and pogs

— several peripheral clumps; the two most significant ones (§ymmed together). The isocontours of the X-ray image superi
and (D) are located east and west of the cluster centroid pgsed on the galaxy density distribution are shown in[Eiy. 10
spectively, on the same E-W axis defined by the large scale While A2163-A and A2163-B are detected both in optical
distribution of A2163-A. At faint magnitudes, a southermand in X-ray, the western and eastern clumps A2163-C and
clump (E) appears on the N-S axis joining (A) and (B). A2163-D are not detected in X-ray. At both magnitude limits,

— a bimodal morphology (clumps Al and A2) in the centrdhe galaxy density distribution in A2163-A is elongated &md
(10'x10") cluster field; modal; the gas distribution is centrally peaked and morelezg

— a significant counterclockwise twisting of the axis joinindput it exhibits the same E-W elongation seen in the optice da
the highest density peaks of the central clumps Al and AR large scales.
when including fainter magnitude objects; In the case of bright galaxieR(< 19), the projected galaxy

— both the major axes of BCG1 and BCG2 and the axis joilensity distribution in the central regon is nearly aligmeith the
ing them lie on the same E-W axis of the cluster large scateer major axis of the X-ray map (NEW), and perpendicular
structure, which is seen both in the optical and X-ray mapsp the compressed X-ray contours in the SW region which cor-



8 Maurogordato et al.: A2163: Merger events in the hottestliidalaxy cluster

Fig. 6. Projected galaxy density maps fr< 21 superimposed on the WF| R-band image. Substructures signifat more than
30 levels are identified with capital letters. Cluster memberhe three velocity bins corresponding to the KMM partiscare
marked with circles of dferent colors. Blue: KMM1; red: KMM2; yellow: KMM3. Emissioline galaxies are marked with a black
square.

responds to the position of the secondary optical clump A2. A We have calculated the number of objects in concentric cir-
large scales, the gas distribution presents the same E-Walo cles of radiug in the galaxy catalog\, (6), and in the random
tion as the galaxy distribution at faint magnitudBs<{ 21) (with  catalog,N;and(6), deriving the projected density profib6):

the E-W structure embedding A2163-A, A2163-C and A2163- ot

D). As we have seen, faint galaxies follow the same E-W orienw) _ Ngal (0) Niong Q)
tation also in the cluster central region. Nrand(6) N“;j

Independently of the magnitude céiithe X-ray center po- ~ whereN% andN;2,, are the total number of objects in the
sition does not correspond to any of the two optical maximé, byalaxy catalog and in the random catalog, respectively. ¥delfi
is located between them; moreover, also the positions dfitbe thfnd 200000, a value high enough to avoid introducing addi-
BCGs do not correspond to the maxima of the density distribtive noise in the profiles.
tion, neither of the galaxies nor of the gas. These facts&stgg  We have fixed the cluster center at the position of the X-ray
that the gas is in a more relaxed state than the galaxies ahd #entroid. The X-ray center is located between the local maxi
we are witnessing a post merger eventin A2163-A. On the comt and A2, and roughly coincides with the centroid of the ggla
trary, the distributions of bright galaxies and of gas intieeth-  distribution when smoothing over large scales. The profis w
ern component A2163-B are comparable, a fact which migbdiculated for RS galaxies witR < 20.0, in order to minimize
suggest that A2163-B has not yet collided with A2163-A. Wehe contribution of the background. The estimate of the back
will discuss the merging scenario in section 7. ground level (critical on large scales) was done within audar
annulus comprised between 15 and 20 arcmin from the cluster
center. Apparently the background is reached near the edge o
our field.

The background subtracted profile was fitted with a gener-
alized beta modelr(r) = oo/(1 + (r/rc)?)? and a generalized
We have estimated the projected radial density profile in tisasped profileo(r) = oo/(r/re(1 + (r/ro)?)), as defined in
30 x 30 WFI field centered on the cluster. In order to correct fohdami et al. (2001), using a Levenverg-Marquargialgorithm,
the areas which have been masked due to the presence of bnigtith gives simultaneously the three paramestey,s. andg.
saturated stars, we have generated a random catalog reprgdu  The raw and the background subtracted radial profile with
the same geometry as the observed one. its best fits are plotted in Fig.lL1. Both the beta and cuspedt mo

3.3. Density profiles
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Fig. 10.X-ray isocontours superimposed on the projected densipsrabgalaxies withR < 19 (left panel) andR < 21 (right panel).
The X-ray contours derive from smoothed [0.5-2.keV] vigeétcorrected XMIVEPIC images, and are logarithmically spaced by
0.2 dex, with the lowest contour at 4.65E-xrcmirf and the highest one at 1.86E-srcmir?

els provide a good fit to the data up 010 arcmin, withy? galaxies from the high precision (flag 0) catalog. This sampl
values of 0.25 and 0.35, respectively (the most deviatirigtpo satisfies the criterion of a maximum velocity gap of 100Q0%«m
—at 1o level- are the last ones, where the uncertainty due to thetween adjacent members in velocity space. An alternatiye
background subtraction is larger). For the beta model we hao select cluster members is the classical three-sigmainlip

B = 0.83+ 0.15 andr, = 2.5 + 0.5 arcmin, corresponding to method (Yahil & Vidal 1977). We have applied it to all flag

re = 0.5+ 0.1 Mpc (in our cosmology), which is a high value. In0 galaxies within the redshift rangel® < z < 0.22, obtain-

the case of a cusped model, the best fit valueg ar®.49+0.10 ing again the same final sample of 326 galaxies. We have also
andr. = 3.4+ 0.3 arcmin (072+0.07 Mpc). The values g8 are, checked the velocity of these galaxies as a function of fhreir
within the errors, in agreement with those found by Adami et gected distance from the cluster center, finding no significait-
2001 on a sample of nearby clusteBgss moge = 1.0+ 0.02 and liers. Applying the same analysis to the total (flagl sample,
Beusped = 0.56 = 0.01), while the values of are significantly we find 361 cluster members. These are our reference catalogs
higher (the values in Adami et al. 2001, when converted to oaf cluster members, which were used to study the kinematical
cosmology, areg. = 0.13+ 0.07 Mpc for the beta model andand dynamical properties of A2163

re = 0.45+0.05for th_e cusped model). For comparison, the val- Applying the program ROSTAT (Beers et al. 1990), we find
ues for the gas profile amg = 1.2 arcmin ang3 = 0.2 (Elbaz  ery stable values for the cluster mean velocity and vejatiit-
etal. 1995). As expected from the density and isocontoupsmayersion calculated with the fiérent methods. In Tablg 4 we
(Fig.[10), the galaxy profile is less centrally peaked thanghs give the biweight estimates of the locati@g, and scaleSg,,
profile. The larger core radius found for the galaxies redléite \yhich are better estimators than the classical mean and stan
elongated, bimodal galaxy distribution in the center. dard deviation, for dferent subsamples. The total cluster sample
with 361 galaxies and the high-precision one with 326 galax-
. o ies have comparable values of location and scale, with a huge
4. Velocity distribution value of velocity dispersion~( 1430 knjs). The subsample in-
4.1. General behavior cI_uding only _emis_sion Ii_ne ga_laxies shows —not surpris;jn_gi
higher velocity dispersion, with a value of 156# knys; its

In this section we analyze the spectroscopic high preciag mean velocity is marginally higher than the mean velocity of
0, 430 galaxies) and the total sample (Flags 0 and 1, 476-galthe no emission and total cluster samples, with a velodityed
ies). A visual inspection of the velocity histogram (Fig)) 12AV = 400+ 280 knys. The velocity distribution of these objects
clearly shows the main component of the cluste~a60000 (see Fig[[IB) is very broad. Their projected spatial digtidn
kmy/s, while background overdensities are detected @000 (Fig[@) shows that most of them lie in the cluster outskirteese
knv/s (18 objects), and more marginally-a80000 knfs (11 ob- results are expected for late-type galaxies infalling anrtrain
jects). See also the field image in Fig. 2, where galaxiesen tbluster. However, several emission line galaxies are fovitiin
velocity bins corresponding to these three peaks are mdnkedthe cluster core, which is quite unusual. We have examined in
different symbols. more detail the position of the emission line galaxies infiiiel,

A critical point is the identification of cluster members andby dividing the 30°x30’ field in individual cells of 10’x10and
the exclusion of interlopers (see e.g. den Hartog & Katgezstimating the fraction of emission line cluster membeessioh
1996). As A2163 is a rich cluster, we have to take into accoucell. The mean fraction in the whole field is13%. There is a
its broad velocity distribution. Withia6000 kmjs from the main systematic increase of the fraction from the central cefierg
peak of the velocity distribution at 60000 kmis, we find 326 it has the minimum value of 6.5%, to the lateral cells where
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Fig. 13.a) Velocity histogram of the confirmed cluster galaxies inkigh precision redshift sample (326 members), with
the Gaussian best—fit. Bins of 300 fgihave been used. The thick solid lines correspond to theatstil mean velocities
of the three groups identified by KMM. b) Same sample as in&)dlvided into galaxies without emission lines (empty
histogram), and with emission lines (filled histogram). 8af 500 knjs have been used. The velocities of the two BCGs
have been plotted as red dashed lines.

the mean value iss 11%. However, in the western region ofsuggesting again a population of field galaxies. More rdt$shi
the cluster it reaches the high value~080%. This corresponds would be necessary to identify possible structures.
to the excess shown in Figl 6 in the immediate surroundings of

A2163-D. ] o . 4.2. Statistical analysis of the velocity distribution
When excluding emission line galaxies, the cluster vejocit

dispersion slightly decreases but still has a high valug31% In order to characterize the dynamical state of A2163, we per
km/s. However, our estimate could bected by substructures.formed quantitative tests which check if the velocity disition

For example, a visual inspection of the histogram in Fig. 16&n be reproduced by one or a combination of Gaussian func-
shows a bimodality in the central part of the velocity distri tions, applying them to the high precision spectroscopymam
tion, with two peaks at 59000knis and~ 60500 kns; it also (326 objects). Among the 15 normality tests of the ROSTAT-pro
suggests a lack of galaxies (with respect to the Gaussiaat fitgram (Beers et al. 1990), only two (the B2 and KS tests) reject
~ 61000 knis, and the presence of a third peak 83000 knjs.  the Gaussian hypothesis at a significance |gudl%. N

It is not clear how much these deviations from a Gaussian dis- We also used two kinds of shape estimators (the traditional
tribution are real or artifacts of sampling, and in the foling third and fourth moments, i.e. skewness and kurtosis, aad th
section we will address the details of the velocity disttibuof ~asymmetry and tail indices (Bird & Beers 1993) in order td tes
the cluster with the appropriate statistical tools. the null hypothesis of a Gaussian velocity distributionnsof

. : them shows strong deviation from a Gaussian velocity tigtri
The velocity histogram suggests the presence of a bagk;

. ) n, with the exception of a slight indication of positiviee(
ground structure at 74000 knfs. Selecting all galaxies between,;, 1\« the mean velocity) asymmetry in the whole sample given

71000 ks and 77000 kifs (18 objects, marked with blue trian-, o iat ; ;
g / i - y the skewness parameter. An indication of possible dewiat

gles in Fig[2), and applying ROSTAT, we fifly = 73724:182 4oy Gaussianity is the presence of gaps in the observed-velo

km/s andSg = 848", kmys. These values would be consisyy gistripution (Beers et al. 1991). We detected five sigaifit

tent with a backgro_un(_j_cluster Seen on_the_ same Ii_ne—oft—si ighted gaps; two of them are around the mean radial vglocit
of A2163, but no significant concentration is seen in the pres ihe cluster (60131 kys).

jected distribution O.f the 18 galaxies (see F[_]@._Z). Morepve 1 order to quantify the deviation of the velocity distribu-
most of these galaxies (13 over 18) show emission lines.&ahgg,, fom 3 single Gaussian, we have applied the Kaye's Méxtu
fgcts suggest th.at.the background overdensity is probafgiyal ;. e algorithm (KMM, McLachlan & Basford 1988) in the im-
field galaxies within a _Iarge—scale structure and not to atetu mentation of Ashman et al. (1994). This algorithm fits\egi

maybe a large scale filament spreading from the SE to the NWi\per of Gaussian distributions to the data, calculatiey t

of the field. maximum likelihood values for the mean and the variance, and
Finally, there is another small peak in the velocity histrgr evaluating the improvement with respect to a single Ganggia
at~ 90000 knis, for which we have 11 redshifts. As in the prein particular, it gives as output the-value, which is the prob-
vious case, the projected distribution of these galaxiesefy ability of measuring the observed value of the likelihootiora
diamonds in Figl. 2) does not show any significant density cotest statistic for a sample drawn from a single Gaussiannpare
centration. The objects seem to populate a strip crossenfigldl  population: the null hypothesis of a single Gaussian pgept
along the N-S direction, and half of them present emissioesli ulation is conventionally rejected P < 0.05 and marginally
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Fig. 14. Projected distribution of galaxies and velocity histogsgmith a binning of 300 ki) for the three KMM
partitions of A2163. The open star indicates the peak of tlrayXemission. The bottom right panel shows the
global velocity histogram (in black) and the expected ljgamns for KMM1 (blue) KMM?2 (green) and KMM3
(red) with their respective Gaussian fits. The two magenttcas lines represent the velocity limit andV»

of the three partitions. Galaxies with velocRy V, are associated to KMM1; galaxies with velocityV, are
associated to KMM3; galaxies in the intermediate range ssedated to KMM2 (see text).

inconsistent if M5 < P < 0.1. On the basis of the previouspeaks at 59000 kfs, 60500 krys and 63000 kris), the KMM
discussion, we have tried to fit two and three Gaussian compaentifies the two central peaks around the mean clustecvelo
nents to our data. In both cases, the KMM does not reject tityg with a third component at 62400 ks (see Tablgl4). While
null hypothesis. For example, the two—component fit ideggtifi such groups are not statistically significant in the velosfiace,
the first group at a mean velocity of 59517 jarand the sec- we use the KMM results with three Gaussians as an objective
ond one at 61729 ks, with aP-value of 0.17, assuming thepatrtition of the data and a starting point for the followirge
homoskedastic case, i.e. the same velocity dispersiohéattif- bined analysis, which makes use of the projected positions.
ferent components. Moreover, the two-Gaussian fit failetect The mean velocities of the three fitted groups are shown with
the peak at 60500 knjs. This is not surprising, as the velocityt ick lines in the left panel of Fig_13 andgthe \eelocit cilst-
separation between the first two peaks is comparable to the tion properties of ther'zhree artitions’are listed in Tﬁﬂ){edtice
locity dispersion of the groups (theoretically two equali&gian hat E)heprelative richness ofpthe KMM groups is not very rabus
distributions can be separated if their peaks have a sdxpmra# le in the h kedasti groups i ' yth'ﬂE

> 20, Everitt & Hand 1981). However, when applying a three2" EXample, In the homoskedastic case, 1.€. Imposing a

I ; : locity dispersion for the three components, KMM2 becomes
component Gaussian fit to the data (assuming as flrstguémse%/rfe ricKeStF()Jne). The two main parti'ﬁons KMM1 and KMM2



12 Maurogordato et al.: A2163: Merger events in the hottdmtliigalaxy cluster
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Fig. 15. Velocity histograms as functions of luminosity and fieldesiZop row: whole field; bottom row: circular region within a 5
arcmin radius centered on A2163-A. Left column: “BrighR’ £ 19) galaxies; central column: “faint’l@Q < R < 21) galaxies; right
column: the whole magnitude ranBe< 21. The velocity of the two BCGs are plotted as red dashed lines.

correspond to the central peaks in the velocity histograth athe two distributions are issued from the same one is exdlude
have an €fset in velocity of~ 1360 knjs (corresponding to a at more than 99% confidence level. A more detailed comparison
physicalAV ~ 1130 knjs in the reference system of the clusterpf the spatial distributions of KMM1 and KMM2 objects will
while KMM3 includes the 63000 kfs peak but is not centeredbe addressed in Se€i. b.2. Galaxies in the KMM3 partition are
onit. more concentrated in the central region of the clusterjrigac
the elongation in the EW direction. This could be due to moje

The spatial and velocity distributions of the three KMM par:. X : A . X .
titions are shown in Fig_14. For each galaxy, the KMM algotlon efects, since infalling field galaxies, characterized byahdi

rithm estimates the probability of belonging to thé&elient par- orbits ]EO\r/]va.rds the clulste_r cenhter, hte)lve a Qigher radialn%mp
titions, associating the galaxy to the partition with thgiest €Nt of their proper velocity when observed in projectio

robability. As a result, all galaxies below a “critical” loeity ~C'USter center. Indeed galaxies in the lower tail of the eitjo
b Y g y istribution of A2163 show a very similar spatial distritmut.

V, are associated to KMM1, all galaxies above a critical V%
evertheless, we cannot exclude that the small excess at-gal

locity V, are associated to KMM3, and those betwégrand ™" KMM3 i hiah dial veloci th
V, are associated to KMM2. In order to reconstruct the veloc:itgstr']r(‘e clusterlriga%]roup at a higher radial velocity with respect

distributions without artificial cutids, for each partition we have
summed up the corresponding probabilities of all the geki
each velocity bin. The fourth panel of Flg.]114 shoWsandV,
as vertical lines and the reconstructed velocity distitng of

the three partitions with the corresponding Gaussian fits. We have discussed the variation of the projected densitsitalis
From the projected distribution of the galaxies displayed tion of galaxies as a function of galaxy luminosity in the itah

the first three panels of Fig. 114, afiset between the spatial dis-component A2163-A. Here we will investigate the dependence

tributions of the two main velocity partitions is apparetdray  of the velocity distribution on the galaxy luminosity. Fdrig

the NESW direction : KMM1 objects are more concentrated tqaurpose, we have divided our high quality cluster spectpisc

wards the NE side of the peak of X-ray emission (open star siample in two luminosity classes, brigit £ 19, 137 galaxies),

Fig.[12), while KMM2 objects show a more clumpy distributionand faint (19< R < 21, 161 galaxies), and we have analyzed the

the main concentration being located more towards the @lentitwo subsamples with ROSTAT. Their velocity distributions a

SW region of the cluster compared to KMM1 galaxies. Applyinghown in Fig[Ib and the values of location and scale arealliste

the Kolmogorov-Smirnov test indicates that the probaptliat in Table[4. A similar analysis was performed in the central re

4.3. Velocity distribution as a function of luminosity
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Fig. 16. Mean velocity (top) and velocity dispersion (bottom) predil The plots on the left correspond to integrated profilédew
the ones on the right to flérential profiles. The error bars correspontktaerrors calculated on 10000 bootstrap catalogs. Horizontal
short dashed lines mark the estimated values of the meaaityedmd velocity dispersion, respectively, for the whaenple.

gion of the cluster, corresponding to A2163-A, within a tegli brightest ones (1862156 kny's), but now the ffect appears sta-
of 5 arcmin from the X-ray center. tistically significant (3-). This mightindicate that the population
Concerning the 30x 30 field, the estimates of location for of faint objects in the core is more relaxed. The peak 60500
the two luminosity classes are consistent and also in gomgkag km/s becomes more dominant when analyzing the distribution
ment with the estimate for the whole sample. The velocity disf faint objects in the core. The comparison between thecvelo
persion of the bright sample is 90 knys higher than that of the ity distribution in the core and that in the whole field sugges
total sample, while the velocity dispersion of the faint géen that the velocity peak at 59000 knjs is mostly composed of
is ~ 80 kmys lower than that of the total sample, but at the 1faint and bright objects outside the inner 5 arcmin, whikedhe
level. The histograms (Fif.1L5) show that the bimodality/pre at~ 60500 knis is dominated by the faint population within the
ously detected around 60000 Jerfor the whole sample is still core. The third peak at 62500 knjs is particularly apparent
present for both the bright and faint subsamples. Faintxgzga in the core (as it was apparent in the projected distributibn
appear to be slightly more numerous in th€0500 knjs peak. KMM3 objects shown in Figi_14) and composed both of faint
Restricting the analysis to the inner 5 arcmin field (botto@nd bright galaxies. In the following sections we presenbaem
row in Fig[I5), we find that the estimates of location for twe t detailed analysis of the relative projected density distion of
luminosity classes are stable and consistent, with a valge0 these objects.
kmy/s higher than the estimate for the whole field but still consis
tent taking into account the large error bars. On the othedha
as in the case of the 3& 30 field, the velocity dispersion of
the faint sample (1232 141 kmys) is smaller than that of the
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Fig. 17. Mean velocity (left) and velocity dispersion (right) eséitad in 45 degrees sectors. These are labeled from 1 to 8 anti-
clockwise. With this notation, sector 1 corresponds to @d@rees, sector 2 to 45-90 degrees, etc...

Field Population Flag R Cg Sei Nga
[km s7] [kms™?

30'x30’ all 0+1 R<22 6021Z§§ 1437%% 361

30'x30’ all 0 R<22 60131 1434 326

30x30' noemission 0  R<22 6008053 140@2% 284
30'x30"  only emission 0 R< 22 60491%5 1564%% 42
R<19 60153 1529106 137

30'x30’ all 0 3128 195

30'x30’ all 0 19<R<21 60190 1360° 161
<5 all 0 R<22 6038@ﬂgg 1636_*1?% 123
<5 all 0 R< 19 60548%gg 18625%%% 61
<5 all 0 19<R< 21 6041@% 1240_%3? 54
Field Partition Flag R <V > 0 Nga

[km s7] [kms™

30'x30’ KMM1 0 R<22 5918637 1039+230 172

30'x30’ KMM2 0 R<22 60545%4 951+283 102

30'x30’ KMM3 0 R<22 6241@%2 1016+ 212 52

Table 4.Cg| andSg,, the biweight estimators for location and scale and theastam errors computed with ROSTAT (Beers et al.
1990) for diterent subsamples, with the exception of the KMM partiticgee(sectioh 41 2), for which we give the standard mean
velocity and velocity dispersion and the correspondingstoap errors.

4.4. Spatial variation of the velocity distribution The velocity dispersion profile has very high valuesld00
e to 1600 knfs) in the inner region (up te 6 arcmin), then drops
We have analyzed the velocity distribution infidrent cluster ;J|qwer values (1100 kfs) at larger scales. Here again, the error

regions, addressing the variation of the global quaniit®®- ;¢ are large, but when comparing the value in the 2-4 arcmin
tion and scale, as a function of the angular distance to theten bin to that in the 8-10 and 10-12 arcmin bins, tHeeet is 3r

center and of the position angle. As for the projected densit;, \isicant.

profiles, we have chosen the position of the X-ray centroid asg

the cluster center. For our first purpose, we have measueed th Given the complexity of the system, we analyzed the vari-
locationCpg and scalég, in increasing circular annuli. The dif- ations of the velocity distribution not only as a functiontbé
ferential and integrated profiles of these quantities aosvahin  distance to the center, but also in sectors fiedent position an-
Fig.[18. The velocity profile reaches a maximiyn~ 60800 gles. We have estimate@; and Sg, in eight angular sectors,
km/s at an angular scale ef5 arcmin, then declines to 59400 each one 45 degrees wide, centered on the X-ray centroid and
km/s. While a determination of the exact profile ifidiult due to rotating counterclockwise starting from West on the rigdttem-

the large error bars, the mean velocity in the inner clugtigion sion axis. These measurements are shown inEFlg. 17. The mean
is significantly higher than in the outer region. velocity shows a systematic trend, reaching a maximum value
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Fig. 8. Color-magnitude diagram for cluster members identified
by spectroscopy. Red symbols indicate spectra with no éamiss
lines while blue symbols correspond to spectra with emissio
lines. The solid line is the best—fit obtained applying thieust
method of Lopez—Cruz et al. (2004) to the subsample of gedaxi
without emission lines.

Table 5. 3-D substructure indicators for the sample of 326 confirmed
cluster members in our dataset

Indicator Value Significance
A 428.790 0.002
@ 0.478 o™t Mpc 0.012
€ 3.369x10?" kg 0.999

S In what follows we will investigate how the features of the
w e e velocity distribution are connected to the overdensitiestified
R in the projected density distribution.

Fig. 7. Color-magnitude diagram in the field of A2163. Top ] ] ) ]
panel: the central 10°’x10’ field. Bottom panel: the wholex@p’ 9. Combined velocity-density analysis of
field covered by WFI. Black dots: galaxies in the photometric subclustering
catalogs; red circles: spectroscopically confirmed clustem- 1 Kinematical indicators of subclusterin
bers. The solid line represents the Red Sequence best fie whi~ 9
dashed lines indicate the2o- limits from the best fit. We have applied three classical methods that quantify the
amount of substructure in galaxy clusters using a combinatd a
ysis of the velocity and spatial distributions of confirméaise
ter members, i.e. tha, @ ande tests by Dressler & Shectman
) _ . (1988), West & Bothun (1990) and Bird (1994) respectiveheT
(Cai ~ 60700 kns) in the 0-45 degrees sector, and a minNiMuRctyal values of tha,  ande parameters and their significance
nearly in the opposite direction, with values lower thanrtfean  |evels are summarised in Talfle 5. Significance levels were ob
in the North-East quarter (90-180 degrees). The velocgpel tained using the bootstrap technique and normalizing wa01
sion is quite high in all sectors, with a particularly highu@of  ponte Carlo simulations.
Sei ~ 1700 knfs in sector 5 (180-225 degrees). Unfortunately - Assuming that these tests reject the null hypothesis for sig
our sampling is not diicient to consider this high value as stapjficance levels lower than 10%, both theand o tests find
tistically significant. strong evidences of subclustering, with significance kexel%.

We conclude that there are variations of the velocity distri  Subclustering is not detected by th¢est, which was shown in
tion between dferent field regions; the velocity dispersion dePinkney et al. (1996) to be less sensitive thanAtenda tests.
creases with radius, and the value of the mean velocity islow In Fig.[18 we show the results of the Dressler & Shectman
in the NE region than in the NW (and also lower with respect {d988) test. The projected position of each galaxy is represl
the cluster mean). by a circle whose radius is weighted by the correspondipg-
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Fig.11. Projected galaxy density profile in the central field of
A2163. Galaxies witliR < 20 belonging to the Red Sequence
of the cluster have been selected. The raw profile (stars) and
the background-subtracted profile (open circles) aregudoithe
horizontal short dashed line marks the estimated backgroun
value. The best-fit function with generalized beta and cdspe
models are also shown with solid and dashed lines respgctive

Fig. 9. R-band image of the central field of A2163, hosting the
two BCGs (marked in figure). Contours correspond to the priris purpose, we have built several sets of density mapséor t
jected density distribution of Red Sequence galaxies withR galaxies with a measured redshift (spectroscopic sample).

(top panel) and R20 (bottom panel). The position of the X-

In Fig.[I9 we show the density maps for all the galaxies

ray emission peak derived from XMMPIC observation is indi- which are members of the cluster and for the galaxies adsadcia

cated by an asterisk.

rametel. Large circles indicate local spatial god kinematic

variations with respect to the whole cluster propertiesjdcal
velocity dispersion arfdr mean velocity significantly elierent

from the global cluster values. From this plot, we do not dete

any strong concentration of large circles which would iatkc
the presence of a significant substructure. However, largies
appear to be more frequent in the northern region of A2163-A,
and west of the main cluster. Given the highly significantreal

of the A anda tests and the local concentrations of circles, we
have investigated in more detail the correlation of suliehisg

in velocity and density space.

5.2. Slicing the density distribution in velocity and luminosity
space

As shown in sections 4.3 and #.4, we have detected several sig
natures indicating that the velocity distribution dependsthe
luminosity and on the spatial location of galaxies. Herenves-
tigate the relation between the substructures visible éncths-
ter projected density distribution and the partitions dité in

Number of objects by 500 km/s bins

0
4x10* 5x10* 6x10* Tx10* Bx10* 9x10* 108
radial velocity (km/s)

the velocity distribution, testing the dependence of trogquted

Fig. 12. \Velocity distribution histogram in the WFI field cen-

density both on the velocity and on the luminosity range. Féered on A2163. Filled histogram: high precision VIMOS spec

troscopic catalog (430 galaxies). Empty histogram: tcdatsle

1 The test by Dressler & Shectman (1988) associdteaiue to each Ncluding also redshifts from CFHT spectra and lgi¥IMOS

galaxy,A being the sum of ab.

spectra (476 galaxies).
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Fig. 19. Density maps of A2163 in velocity and luminosity space. Rewsespond to dierent magnitude limitsR < 19 bright
subsample (top)l9 < R < 21 faint subsample (middleR < 21 total sample (bottom). Columns correspond tfiedient velocity
limits: all spectroscopically confirmed cluster membeest]] members of the KMM1 partition (middle), members of KidM2
partition (right). Projected density maps previously aédted are superimposed, corresponding to galaxies witHlR (top), and
to galaxies withl9 < R < 21 (middle), and tR < 21 (bottom).

Fig. 20. Density maps of A2163 in velocity space for galaxies iith< 21 (the same as in the bottom row in Fig. 19) with
superimposed X-ray isocontours. Left panel: all galaxiéh weasured redshift; middle panel: galaxies associatebe KMM1
partition; right panel: galaxies associated to the KMM2itian. X-ray contours have a logarithmic step of 0.2 dexfmhe lowest

contour at 4.65E-3 gg/arcmirf and the highest at 1.86E-Ygarcmirt



18 Maurogordato et al.: A2163: Merger events in the hottdmtliigalaxy cluster

10

A1

Dec
N(/500 km/s bin)

B2

0
5.6x10* 6x10* 6.5x10*
v(km/s)

Fig. 18.Projected positions of the galaxies in our spectro-

scopic sample, represented by circles with size weighted Fig. 22. Veelocity histogram of A2163B (northern group). Open
by the 6 estimator of Dressler & Shectman (1988). and filled histograms include galaxies within 3 and 2 arcmin,
Concentrations of large circles indicate a correlated spa- respectively from the density maximum.

tial and kinematical variation.

is an dfset in the core along the NEW axis between the pro-
to the KMM1 and KMM2 partitions (Sedt. 4.2). We omit KMM3 jected density maxima of KMM1 and KMMZ2, consistently with
as its number of objects is too small; these objects were shofuig. [14. In the density maps of the spectroscopic sample ther
to be located preferentially in the central region corresfiog are no clear peaks in correspondence to the A2, D and E com-
to A2163-A. We have furthermore selected galaxies in thr@@nents, while they are apparent in the density maps of the ph
magnitude ranges, applying the same criteria as in Sedt. 4@metric catalogue: this is due to the low sampling rate oséh
the whole magnitude rang® (< 21), and the brightR < 19) regions.
and faint (19< R < 21) ranges. In each case, we overplot the Forthe whole velocity range within the cluster (left column
isocontours of the projected density distribution for fiteto- when varying the magnitude range from bright to faint gaaxi
metric sample corresponding to the same magnitude limits, €ep left to middle left panels), there is a shift of the magag
it does not sffer of the sampling inhomogeneities of the spedwithin the core of A2163-A along the N-NE-SW axis. The po-
troscopic sample. We stress that the spectroscopic sagniglinsitions of the density maxima both for KMM1 and KMM2 (mid-
homogeneous only in the central field and for the bright gakax dle and right columns) show also variations with luminasite
(R < 19): for this reason the density maps of fainter galaxies agenclude that the galaxies associated tdedent velocity par-
biased and require a careful interpretation. titions have dfferent projected density distributions, and this is
We have also built density maps for galaxies iffafient ve- true whatever be their luminosity range. Moreover, thequtgd
locity ranges. In the case of the bright subsample (B, top density distributions of all the velocity partitions varystemat-
row), the density map of all the confirmed velocity members dgally with the luminosity range.
the cluster (top left) is in very good agreement with the ectgd In Fig.[20 we compare the density maps of the spectroscopic
density map of the photometric catalogue at the same mafgnitgample including the whole magnitude range € 21) to the
limit. Both subclusters A2163-A and A2163-B are clearly-visX-ray isocontours. The X-ray maximum of the main component
ible on the map (and to some extent A2163-C, which is ho#2163-A is located in between the density peaks corresmgndi
ever in a region not very well sampled by spectroscopy). én tlio KMM1 and KMMZ2, indeed very close to the KMM2 peak.
main cluster A2163-A, the NBSW orientation is confirmed, and KMML1 is clearly ofset to the NE with respect to the X-ray con-
the deformations of the projected isocontours in its peniph tours. More strikingly, the compressed X-ray contours s\$iw
are shown to be due to the presence of small groups belongigion are roughly perpendicular to the axis joining KMMIan
to the cluster. The density maps of galaxies in the KMM1 ar§MM2.
KMMZ2 partitions (top middle and top right) reveal somédfeli-
ences. While KMM2 follows the projected high density strucg
ture with maxima Al and A2, KMML is clearly located in the
northern region of A2163-A. This is in good agreement with thThe projected galaxy density distribution (Fid. 5) has show
previous analysis of the velocity distribution in sectoshich the presence of two particularly significant subclustersytiN
showed a lower mean velocity in the NE sectors (Eig. 17).  and East of the main component (A2163-B and A2163-C), and
The density maps of faint galaxies (¥ R < 21, middle of smaller ones, West (A2163-D) and South (A2163-E) respec-
line) in KMM1 (central panel) and KMM2 (middle row, right tively. We have used our spectroscopic data to establistede
column) indicate clear flierences. The same is observed whetomponents belong to the A2163 complex. Unfortunately the
considering all galaxies witR < 21. Looking at A2163-A, there regions of A2163-D and A2163-E are sparsely sampled. In the

.3. The peripheral subclusters
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Fig.21. A close-up view on a 6’x6’ region centered on A2163B (northgroup). Left) The projected galaxy density contours
(R < 195) are superimposed on the R-band WFI image. Galaxies wittsuned redshift are separated in three velocity intervals,
corresponding to the three peaks in the velocity histogiloe circles correspond to the range [57000-59000jskmpellow di-
amonds to [59000-61000] kisrand red triangles to [61000-63000] janBlack squares identify galaxies with emission lines. A
zoom on the central region of the subcluster is shown in thoboright corner, where rectangles identify the northeair,ghe
southern pair and the dumbbell galaxy. Right) The same wWéhptojected X-ray contours from XMM.

case of A2163-C, 15 redshifts are available within a radiud o them with diferent symbols according to the velocity range. A
arcmin from its center: the mean locationdg, = 59960 knis, significant component of galaxies belonging to the interimed
thus confirming its association to the A2163 complex. ate velocity peak~ 60000 knis) extends all over A2163-B,

In Figl2Z1 we show the projected density distribution ofhcluding the central elliptical galaxy on which the X-ragre
galaxies in A2163-BR < 19.5), which is centered on a densgours are centered (Fig.121, right) . This suggests that 8246
group of bright objects with two galaxy pairs. Contours arand A2163-B have approximately the same redshift. However,
roughly elliptical in the center and progressively elomgidlong both low an high velocity components are present, and slyong
a tail extending North-West. This tail becomes more prominecontribute to the measured high velocity dispersion. Tien®
and extended when including fainter magnitudes (seE Riteft9 BCG in the center but a couple of galaxy pairs and a dumb-bell
panel). galaxy. The two galaxies of the northern pair lie at 61804skm

The right panel of Fif.21 shows the X-ray contours frorffor the brightest) and 61920 ks) revealing a “physical” pair
XMM data. A secondary peak in the X-ray emission, North ot high velocity as compared to the main cluster. Howeveyr, th
A2163B, is due to a galaxy which is a cluster member: it is &0 galaxies of the southern pair (a bright elliptical on gthi
type 1 AGN, and its spectrum is shown in Fig.1. The velocit§re centered the X-ray contours and a smaller object) show ve
histograms of galaxies within projected separation of 2ramc different velocities (59914 kfs and 58192 kifs), implying that
and 3 arcmin respectively from the position of the main detheir pair-like aspect probably results from a projectidieet.
sity maximum of A2163-B are shown in Higl22. Values of loUnfortunately, the Eastern region of A2163-B is poorly sam-
cation and scale have been calculated with ROSTAT, leadingried. In particular, there is a concentration of galaxiesuad
Cg = 60272 knfs andSg = 1223 knjs (2 arcmin, 22 galax- & bright dumb-bell galaxy whose redshift is unknown. Wita th
ies) andCg = 60190 knis andSg = 1323 kmis (3 arcmin, 35 present incomplete velocity sampling of A2163-B, it iffidult
galaxies). The value of the mean velocity is in good agre¢mdf separate its velocity distribution from that of the maluster.
with the global one for the whole cluster (Table 4). Howevwer t Present evidence might suggest a complex dynamical state fo
velocity dispersion is high, typical of a rich cluster and nba A2163-B with the presence of several components in velocity
group. space, but the low spectroscopic sampling does not allow us t

The mean velocity of A2163-B confirms that it is member oféach a definitive conclusion. The relation of A2163-B wtile t
the same complex as A2163-A, as already indicated by the d&#Rin complex will be further discussed in Sect.7.
sity map of galaxies within the cluster redshift range digpel in
Fig.[19 (bottom left). However, the velocity distributic¢om-
plex, with three peaks at filerent velocities. One fliculty, due 6. The mass of A2163
to the small angular separation of the two components (7 #ris well known that estimating the mass of a merging system
cmin), is to disentangle the contribution of A2163-B fronath is a dificult problem, as the general assumption on which mass
of the main underlying cluster A2163-A. In order to better urcalculation is based is that the system is at equilibriurmigli
derstand the spatial location of the galaxies belongingheo ttheorem for optical analysis, and hydrostatic equilibriiemX-
different peaks in velocities, in Fig. 121 (left) we have markemy). However, the simple presence of substructures intersys
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does not automatically imply that such an estimate is uaibtdi  Using the photometric catalog we are able to have an homoge-

the crucial pointis how much the system is far from equilibti  neous field coverage, and the red sequence guarantees that we
In the case of A2163, we have shown that clear signs afe selecting early—type cluster members, excludinglopers

merging are present; on the other hand, the general regulaand therefore optimizing the mass estimate (see Biviand. et a

of its density and velocity profiles suggests that the syseem2006).

not too far for equilibrium. In fact, the projected galaxsii- From our photometric catalogue we have selected all galax-

bution of the main cluster is reasonably regular when sneabthies with 165 < R < 20 which belong to the red sequence, and

on a stificiently large scale. Moreover the velocity distributionare within 10 arcmin of the cluster center (corresponding to

in spite of the existing bimodality, is well fitted by a Gauwssi Mpc —and to~ 1 Abell radius— in our concordance cosmology).

distribution. Finally, there is an excellent agreemenieen the We find a projected virial radiuR,;; = 1.9 Mpc, and a virial
X—ray temperature of the cluster£I2.4 keV, see Govoni et al. massM,i; = 4.1 x 10'°M,.
2004 and Pratt et al. 2001) and its global velocity dispergis- However, we have to take into account that our observations

ing for example the relatioor(km/s) = 107°%(kT)%® (Lubin & cover a large part of the cluster, but not the whole clustes: t
Bahcall 1993) we obtaior = 1490 knjs, to be compared to ourvalue ofM,;; represents a good estimate of the mass only within
estimate otr =~ 1400 knjs. There are also mass estimates fromur observational window, but not of the total mass. In amgive
weak lensing, which do not rely on hydrostatic equilibriwini:  cosmology, the total virialized mass of a cluster is expbtte
alization or the symmetry of the system. Unfortunately,tthe be correctly estimated if the rati;, = p(r.ir)/pc(2) of the mean
weak lensing velocity dispersions presently availableA®t63 density withinr,, to the critical density is lower than a given
are quite uncertain: for a singular isothermal model Sguéte value A¢, which depends on the cosmological model and the
al. find og;s = 740 knys, but note that a value of 1000 jen cluster redshift. The value of; can be derived in the spheri-
would still be consistent with observations; with the sanoelel, cal collapse model assuming that the cluster has just izieii
Cypriano et al. (2004) findts;s = 1021+146 kny's. These values in the case of an Einstein - de Sitter mod&),= 182, usually
correspond to mass estimates systematically lower thaicéva approximated withA, = 200, while in our cosmology. = 97
culated from X-ray approaches. Squires et al. (1997) nat tlatz = 0 (see e.g. Eke et al. 1996) and = 118 atz = 0.2
the mass estimate can be biased downwards if the cluster @sing the fitting formula in Bryan & Norman 1998); for sake of
tends to the control annulus, and applying a tentative ciole  comparison we will give values both fag = 100 andA. = 200.
based on the X-ray derived mass profile they obtain consiéten  Given thatp(2) = 3H(2)%/87G andH(2) = Ho[Qm(1+2)° +
ray and weak lensing mass estimates. However, up to now weaK1 + 2)° + QA]Y?, A,ir can be related to the virial radius ac-
lensing analysis have been restricted to relatively snmallen- cording to the relation:
tral fields (7'x7’), while the cluster extends at least to alag
separations of 10’. Aweak lensing analysis using our mhdtid  p(rir) 1 3M a? 6
wide-field imaging of A2163 is under progress (Soucail elral. y.(z2) = po(2) 42r3. ~ 12 H2(2) ()
prep.). Another alternative, when the merging clustersask arer
defined, is to estimate the mass for each clump separately andintroducing the mean cluster redshift and the estimatedeval
add the two components. This is not possible here, as thergfshe three-dimensional virial radius into the above eiguat
too mL_lch spatlal overlap between the two main velocity compgith r,; = nR,;;/2 = 2.8, we findA,; ~ 250. As expected, this
nents identified as KMM1 and KMM2. _ ‘value is higher tham.. In order to measure the total mass, we
We have applied a s_tandard approac_h to estimate the vitigle therefore to extrapolalié,; to larger radii.
mass from spectroscopic and photometric data (see e.@rFerr - Assuming that at radii larger tham;, the profile goes as
et al. 2005); under the usual assumptions of spherical sYrime,(r) « r-2, from equation({s) we find the radiug, within which
we haver,ir = (7/2)Rir, wherer,i; andR; are respectively the the mean density i80c(2):
spatial and projected virial radii (see Limber & Mathews Q6

ando i = 30, Whereo;; is the spatial virial velocity dispersion NG A;{—%
andor is the radial velocity dispersion of the system. The virigl, — lLfl (6)
massM,;, is then: ‘" H@® AL
M,ir = ngvi,a-Z 2 The mass goes ad(r) o r¥ if a # 3, or M(r) « Inr if
r
2G a = 3. Fora # 3 we obtain
R is given by: A o
2N Ma, = Myir (—) @)
Riir = mRh 3) Ac

Assuminga = 4, which corresponds to an Hernquist profile
at large radii (Hernquist 1990) and gives a convergent nvess,
N-1 N -1 find ryg0 = 3.6 Mpc andragp = 3.1 Mpc, while Mo = 5.0 and
[Z 3 i] (4) Mago=42x 101 M. -

= S Rij _Untll now we_have |gnor_e_d the surface pressure term _(The &
White 1986). This is an additional term to the standard Mihie-

Rij is the projected separation between itieand jth galaxies, orem which must be taken into account when the volume used
andN is the total number of objects in the system. to estimate the virial mass does not include the whole system
For the estimate of the harmonic radius we apply the rinddeglecting it, the virial mass is overestimated by a facter d

wise estimator (Carlberg et al. 1996). As in Ferrari et aD20 pending on the observed fraction of the cluster and its gxofil
we have estimated the harmonic radius selecting from our phbis factor cannot be larger than 50%, which is the case of an
tometric catalogue the galaxies belonging to the red sespierisothermal sphere (see Carlberg et al. 1996, Girardi eB&I8)1L

whereR; is the projected harmonic radius

_N(N-1)

R 2
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In our case, the field is quite large and the expected surfase p  Another signature of merging is the presence of multi-
sure term should be small, but in order to quantitativelyeass modality in the velocity distribution of the whole clust&vith a
the dfect of the field size we have used numerical simulationKMM analysis we identify two partitions very close in velbogi
We have generated 1000 mock clusters, each one following@mtered at 59186 kimi(KMM1) and 60545 kn's (KMM2), re-
Hernquist distribution, with a density profile truncate@@tMpc  spectively, corresponding to the two main peaks in the vigloc
andR. ~ 1.815& = 1 Mpc. We have chosen this value asistogram, and a third partition peaked at 62410k(KMM3).
Lanzoni et al. (2004) have found that for cluster dark hatbes The spatial distribution of the galaxies belonging to KMMida
half-mass projected radius is in the range of 0.2 torgyét the KMM2 partitions is diferent; in particular in the central re-
estimated value of1gp = 3.6 Mpc for A2163 implies thaR. gion KMM1 galaxies are preferentially in the NE part while
should be betweern 0.7 and 14 Mpc. The total mass has beerKMM2 galaxies rather populate the central region. Galakies
fixed to 35x 10'°M,, a value slightly smaller than the estimatedhe KMM3 partition do not show any particular concentration
one and reproducing the observed velocity dispersion;tbe a and are distributed along an elongated structure, follgwire
age number of simulated galaxies has been chosen to regroduaeain E-W axis of the cluster.
—on the average— the observed number of cluster members. WeA comparison of the optical and X-ray density maps indi-
have estimated the virial radii and masses of the simuldtesd ¢ cates a strong segregation between gas and galaxies, and int
ters as a function of the field radius, applying the same aisalyesting alignmentsfiects. In A2163-A, the main NBW axis
as for the real data. The dispersion of the mass values atbandjoining the two maxima in the isodensity map of bright galax-
mean gives an estimate of the error due to the poissonian sées-is nearly aligned with the inner direction in the gas den-
pling, while the systematicftset of the measured mean massity contours, and perpendicular to the compression of tayX
with respect to the prediction for a theoretical Hernquisi-p isophotes in the SW region. This can be expected in the case
file gives an estimate of the surface pressure term. The awefrmerging between these two clumps along &8\ axis. On
age measured virial mass of the simulations within 10 arcmiine other hand, at larger scales the gas density distribigio
is 275+ 0.25x 10" M, , i.e. 79% of the total mass, with amostly oriented along an East-West axis, which is also tise ca
1o error of 9%. According to the theoretical Hernquist profiléor the large—scale over-density embedding A2163-A, A2063
with a cutdf at 20 Mpc, we would expect 71% of the total masand A2163-D, and for the density distribution of faint gadex
within 10 arcmin, i.e. on average we overestimate the massaffA2163-A.
the simulated cluster by 8%. Several facts argue that we are witnessing a post-merger
Taking into account the pressure term, we finally hlye =  event: for instance the relatively mixed velocity disttion
3.8 + 0.4 x 10" M, while the extrapolated total masses argSchindler and Bohringer 1993), and the location of thesitgn
Mzgo = 3.9 + 0.4 X 10" Mg andMigo = 4.6 £ 0.5x 10" Mo.  maximum in the gas distribution traced by X-ray observatjon
Our values are in good agreement with the X—ray estimate iafbetween the two peaks of the galaxy density distribufidre
Elbaz et al. which, rescaled tdy = 70 knysMpc, corresponds most likely scenario for the main cluster is that a collistas
to 33 x 10"M, within r = 3.3 Mpc, and confirm that A2163 is already occurred within A2163-A, as suggested by Elbaz.et al
one of the most massive clusters known. (1995) and Squires et al. (1997). The two density clumpg-exis
ing in the core of the galaxy distribution would be the fossif
the previously colliding subclusters. Another signatura post-
merger event is the luminosity segregation detected in 8246
Multiple signatures of merging have been detected in A2168.luminosity segregation in projected density has beenmvese
Comparing this optical analysis to previous results at othim several observed clusters (Biviano et al. 1996, Barrérs. e
wavelengths allows important clues about the merging hista2007). The most luminous cluster galaxies are then supgosed
of this cluster to be derived. trace the remnants of the pre-merging substructures, e
A2163 appears to be composed of a main componedistribution of fainter objects, elongated in the samedlion as
(A2163-A), of a subcluster 7' North of its center (A2163-B)the ICM distribution, traces the large-scale structure -
both identified at optical and X-ray wavelengths, and of varbhology of the recently formed cluster. Moreover, in A2183-
ous clumps: A2163-C, A2163-D, and A2163-E, East, West atlte velocity distribution of bright object®(< 19) is more dis-
South of the main component respectively, detected onligén tpersed than that of fainter ones (¥9R < 21), varying from
optical. A2163-A, A2163-B and A2163-C are spectroscopjcal~ 1800 kmis to~ 1200 knjs. The density distribution of those
confirmed. A large scale elongation along the E-W directjpn afaint objects with measured redshift is also roughly calimg
pears at faint magnitudes, embedding A2163-A, A2163-C amdth that of the gas shown by X-ray isocontours, but this itesu
A2163-D and extending over 20 arcmin (4 Mpc). A bridge ofnay be &ected by incomplete spectroscopy sampling at faint
faint galaxies seems to connect A2163-A to A2163-B along teagnitudes. These facts converge to the conclusion thalishe
North-South direction. A2163-E also lies on this N-S axiseT tribution of faint objects is quietly settling within theudter po-
central cluster A2163-A shows a strong luminosity segiiegat tential, while that of bright ones is still substantiallystlirbed,
in its projected density distribution. At bright magnitisi¢here as expected in the early period after a merger.
is a NESW structure, with a bright maximum in the NE partand The comparison with the dark matter and gas density maps
a secondary maximum in the SW part. When including galagerived from numerical simulations is essential in orderdno-
ies at fainter magnitudes, the orientation of the inner kudber- strain the merging scenario, in particular the epoch ancxie
ing changes, showing two maxima aligned in the E-W directionf the merger event. This is due to thetfdience in relaxation
We find that there are relativeffeets in the positions of: a) thetimes between collisionless and collisional componenttef
BCGs; b) the peaks in the projected galaxy density mapsgc) ttluster. Roettiger et al. (1997) have followed the evolubbgas
X-ray density peak. Restricting the analysis to the membérsdensity and dark matter density distributions during thegne
the red-sequence shows the same properties, while enlganaig process. While gas and dark matter contours are cointide
the density contrast of the bimodal structure in the cemtaad before the merging, they become quitéelient after core pas-
of A2163-A. sage, with the gas “sloshing” about within the gravitatiqoa

7. Discussion and conclusions



22 Maurogordato et al.: A2163: Merger events in the hottdmtliigalaxy cluster

tential. The observed relative distribution of gas towayasxies ity peaks and a high velocity dispersion, more typical ofcl ri

in A2163-A, with a single peak in the gas contours locatedsin beluster than of a group. Part of this high dispersion mighdibe
tween the two peaks of the galaxy distribution (supposedt®t to contamination from galaxies of the main cluster.

the dark matter one) is quite similar to that observed in #mu A possible scenario is that A2163-B is infalling towards
tions immediately £ 0.5 Gyr) after the merger (see Figure 23&A2163-A. This pre-merger hypothesis is consistent withate

of Roettiger et al. 1997). Chandra observations (Markbwic incident and round shape of the gas and bright galaxiestgensi
al. 2001, Govoni et al. 2004) at higher spatial resolutiatidate distributions. However, two features are not easily exméi

a possible double peak structure in the very center of A216Be fact that at fainter magnitudes the projected denstiridi
However the separation of these peaks § arcsec) is quite bution of A2163-B shows an important Western trail (confidme
smaller than that shown by the galaxy distribution, andrtpei by the redshift space density maps) which seems to extend to-
sitions are in between the galaxy peaks. wards A2163-A through a N-S bridge of galaxies, and that the

Subclustering tests can also bring information on the mengelocity distribution looks highly dispersed. While theyhive-
ing axis. From numerical simulations Pinkney et al. (1996)-c locity dispersion may be an artifact due to an iffiient spec-
clude that if the angle between the merger axis and the linetadscopic sampling, the N-S bridge of galaxies is not exglai
sight is greater than 30 degrees, little substructure velde- in this scenario.
tected in the 1D velocity distribution during the 2 Gyr afthe This bridge could in fact have a tidal origin. Another scémar
merging occurred. We detect subclustering in A2163 with 2D ¢ that A2163-B has already undergone a high impact parame-
3D tests, but also from the analysis of the radial velocigyribu-  ter merging event with A2163-A. Crossing the very periphera
tion (strong velocity gradient). This implies that the miaggaxis region of A2163-A, the gas core would have been preserved,
(whose projection on the plane of the sky follows the/S¥/ di- but the tidal interaction would have left the N-S bridge offa
rection) has also a component along the line of sight andlieat galaxies. Moreover, the velocity dispersion of A2163-B Vdou
angle of the merger axis with the line of sight should be le$give been strongly increased by the merging event. Thisscen
than 30 degrees. It is interesting to note that in correspoog is however dificult to reconcile with present X-ray observations,
to the SW clump A2 revealed at bright magnitudes, one can fiathce whatever the impact parameter, one should in prieadiei
the cold core detected by Govoni et al. (2004) in the Chandest a trailing emitting X-ray gas, which is not the case. jie
temperature map, near the region of compressed inward X-giydy of the X-ray observations, in combination with thesgret
contours. data, should help to resolve the issue.

Some facts still remain to be explainédpriori, one would The Eastern and Western clumps, A2163-C, and A2163-D
have expected a correlation between the positions of thesBClgss dense than A2163-B and not visible in X-ray, are likely t
and the two density peaks Al and A2 defined by bright galaxid® groups infalling on A2163-A along the E-W structure. The
The Eastern one, BCG1, is located near the NE bright clump Adresence of a significant excess of emission line galaxiésein
However, the location of BCG2, completelyfset to the West Western periphery of A2163-D could also be related to thegmer
side of A2163-A, is quite puzzling. However, in case of a posing process, which has been suggested to trigger a bursarof st
merger event, such apparent discrepancies can be exp€bted.formation in the galaxy population (Bekki 1999), or to atitne
velocities of the two BCGs are comparable to the cluster mean the E-W filament. The southern clump A2163-E is probably
velocity and are within the range defined by the two central vaccreted on the N-S direction.
locity peaks: they have respectivsets of+230 knys and -125 Although the central region of the cluster exhibits clear si
kmy/s with respect to the cluster velocity derived from the highatures of recent merging, the velocity distribution onwliele
precision sample, which correspond to physical velocifiedi sampled region is not statistically deviant from a Gausdistni-
ences of+192 knys and -104 ks in the reference system of thebution, and the averaged density profiles are reasonahijareg
cluster. Therefore it appears reasonable to estimate the mass agplyi

Another issue is the geometry of the merging event. Whitge virial theorem: the resulting valull,; = 3.8+0.4x10"*Mp,
the projected density distribution of bright galaxié® ¢ 19) is among the largest measured for a cluster. This would remai
suggests a NBW axis, the two BCGs are aligned along &'ue even taking into account the uncertainties which coaltse
E-W axis, as well as the projected density distribution @ ttan overestimate of the mass (by25% if for example the true
fainter galaxies. The analysis of the velocity distribntiof ~Velocity dispersion were as low as as found for the subsaofple
bright galaxies seems to confirm the /$&V orientation for the the central, faint galaxies, i.e. 1200 kns).
merger axis, and that of fainter galaxies appears to be stemsi In conclusion, the observed properties of A2163 result from
However, one has to note that the velocity distribution & thmultiple merging and accretion processes. We should ptgpbab
fainter objects is very poorly sampled, especially in thestwe speak of an “A2163 complex”, a very massive structure com-
ern subcluster of A2163-A visible in the projected densigpm posed of a main component having recently undergone a strong
at R< 21, and responsible of the twist of the isophotes froferger phase along the K&\ or E-W axis with a velocity gra-
NE/SW to E-W. Important issues on the velocity distribution ofient~ 1500 knjs, and accreting a variety of groups aligned
faint galaxies may therefore be hidden by this inhomogeseadlong a large scale filament spreading over 4Mpc in the E-W di-
sampling. A detailed analysis of the density and tempeeatis= rection. The secondary northern subcluster A2163-B beldng
tribution of the gas from XMM observations, and of the furthethe same complex and according to optical observationsealon
constraints on the merging scenario which can be derived frd1as probably already crossed the periphery of A2163-A.

a comparison to numerical simulations will be presented mA@knowledgemmts The data published in this paper have been reduced using
forthcoming paper. VIPGI, designed by the VIRMOS Consortium and developed byFN/ilano.
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Table 1. Radial velocities measurements in the field of Abell 2163e Tall catalogue (512 redshifts) is available in electroféem at
www.edpsciences.org

Galaxy  Right Ascension(J2000) Declination (J2000) v@&® e(kms?T) Rrr Flag Emission Run

@) &) @) @) ©) ® @ ) (©)

1 16 14 53.88 -06 09 00.4 100970 50 51 0 1 1
2 16 14 54.15 -06 06 08.3 63576 32 8.6 0 1 1
3 16 14 58.18 -06 00 44.9 126845 71 3.4 0 1 1
4 16 14 58.59 -06 08 01.8 62075 8 18.2 0 0 1
5 16 14 58.65 -06 14 34.4 62851 14 9.7 0 0 1
6 16 1459.21 -06 0555.4 59068 29 6.0 0 1 1
7 16 15 00.26 -06 1516.5 57805 11 145 0 0 1
8 16 15 00.84 -06 18 59.4 60983 14 8.9 0 0 1
9 16 15 00.87 -06 07 02.0 52493 59 6.5 0 1 1
10 16 15 01.03 -06 17 46.4 59140 11 20.6 0 0 1
11 16 15 01.86 -06 02 47.1 -89 8 14.8 0 0 1
12 16 1502.18 -06 07 57.4 -86 14 11.7 0 0 1
13 16 15 03.34 -06 10 32.9 37716 11 14.3 0 0 1
14 16 15 03.38 -06 09 55.8 75970 17 19.8 0 1 1
15 16 15 03.54 -06 01 25.6 -71 11 11.9 0 0 1
16 16 15 03.65 -06 05 16.7 73835 14 11.4 0 0 1
17 16 15 03.67 -06 20 15.0 100610 20 8.7 0 0 1
18 16 15 03.91 -06 05 40.4 73697 17 13.6 0 1 1
19 16 15 03.99 -06 02 29.1 61148 11 18.0 0 0 1
20 16 15 04.02 -06 15 46.9 62845 128 3.2 1 1 1
21 16 15 04.05 -06 14 19.9 61928 11 13.1 0 0 1
22 16 15 04.92 -06 13 53.8 58984 5 27.4 0 0 1
23 16 1505.41 -06 02 46.6 -23 17 10.1 0 0 1
24 16 15 05.50 -06 09 23.9 49627 47 6.5 0 1 1
25 16 15 05.95 -061117.3 60414 8 23.9 0 0 1
26 16 15 06.14 -06 00 33.9 79684 32 6.0 0 1 1
27 16 15 06.56 -0559 46.8 79606 47 5.6 0 1 1
28 16 15 06.61 -06 00 28.7 79534 23 8.9 0 1 1
29 16 15 07.06 -06 03 12.6 34296 38 8.5 0 1 1
30 16 1508.11 -06 14 14.9 80 11 14.8 0 0 1
31 16 15 08.48 -06 14 00.3 58012 20 13.3 0 0 1
32 16 15 09.02 -06 1913.8 58984 11 12.7 0 0 1
33 16 1509.17 -06 11 13.7 76042 38 10.8 0 1 1
34 16 1509.17 -06 15 27.6 57680 11 12.3 0 0 1
35 16 1509.19 -06 0050.1 -74 11 14.2 0 0 1
36 16 15 09.30 -06 17 28.4 59038 8 23.4 0 0 1
37 16 15 09.69 -06 01 09.6 9173 62 3.8 1 0 1
38 16 15 09.80 -06 10 32.7 60806 11 18.8 0 0 1
39 16 15 09.84 -06 11 23.7 62093 14 10.4 0 0 1
40 16 15 09.90 -06 06 49.0 59098 20 8.9 0 0 1
41 16 1510.79 -06 02 38.1 73754 20 12.1 0 1 1
42 16 1510.79 -06 01 46.2 73230 29 6.2 0 0 1
43 16 1510.94 -06 05 03.7 129285 17 11.3 0 0 1
44 16 1511.84 -055929.1 46527 29 2.7 0 1 1
45 16 1512.03 -06 00 19.9 74042 23 9.3 0 1 1
46 16 15 12.07 -06 05 27.6 60423 20 8.5 0 0 1
47 16 15 12.09 -06 17 20.1 83306 11 15.7 0 0 1
48 16 1512.12 -06 08 32.5 60063 8 23.4 0 0 1
49 161512.18 -06 04 03.4 61769 8 27.6 0 0 1
50 161512.44 -06 07 25.2 59224 53 5.2 0 1 1
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