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ABSTRACT

The environment of the high+radio galaxy PKS 1138-262 at~ 2.2 is a prime example of
a forming galaxy cluster. We use deep SINFONI integral fiplelcsroscopy to perform a de-
tailed study of the kinematics of the galaxies within 60 kpthe radio core and we link this
to the kinematics of the protocluster on the megaparsee siclntification of optical emis-
sion lines shows that 11 galaxies are at the redshift of tbéopluster. The density of line
emitters is more than an order of magnitude higher in the abttee protocluster with respect
to the larger scale environment. This implies a galaxy osesity in the core ofy ~ 200 and

a matter overdensity a@f,, ~ 70, the latter of which is similar to the outskirts of localayey
clusters. The velocity distribution of the confirmed sételjalaxies shows a broad, double-
peaked velocity structure with = 1360+ 206 km s*. A similar broad, double-peaked distri-
bution was found in a previous study targeting the largessgaidtocluster structure, indicating
that a common process is acting on both small and large stadhisding all spectroscopically
confirmed protocluster galaxies, a velocity dispersionG#f3:+ 87 km s is found. We show
that the protocluster has likely decoupled from the Hublole thnd is a dynamically evolved
structure. Comparison to the Millenium simulation indesathat the protocluster velocity dis-
tribution is consistent with that of the most massive haktes~ 2, but we rule out that the
protocluster is a fully virialized structure based on dyi@aharguments and its X-ray lumi-
nosity. Comparison to merging haloes in the Millennium dittion shows that the structure
as observed in and around the Spiderweb galaxy is best ietethas being the result of a
merger between two massive haloes. We propose that the noétg® subclusters can result
in an increase in star formation and AGN activity in the pobister core, therefore possibly
being an important stage in the evolution of massive cD gasax

Key words: galaxies: evolution — galaxies: high-redshift — galax@asters: individual —
cosmology: observations — cosmology: early Universe

1 INTRODUCTION ences galaxy evolution, but when and how this happens lsistil
known. Also, local galaxy clusters harbour cD galaxies, st

massive known galaxies in the Universe. Since these galaxie
exclusively located in the centers of galaxy clusters, likily that

the cluster environment is pivotal in their formation. Ripathe

emergence of large scale structure puts a strong constraics-
mological models and parameters.

Galaxy clusters are the densest large scale environmerttgein
known Universe and are therefore excellent laboratoriestialy-

ing several of the key questions in present day astronomg. Th
morphology-density relation (e.g. Dressler 1980) obsérivelo-

cal galaxy clusters indicates that the environment of getainflu-

To fully understand the role of galaxy clusters in these is-
* E-mail: kuiper@strw.leidenuniv.nl sues, it is essential to study galaxy clusters across cosme


http://arxiv.org/abs/1104.1176v1

2 E. Kuiper etal.

Recent years have seen the discovery of a few galaxy clusters
z > 1.5 (Wilson et al.l 2008, Papovich et al. 2010; Tanaka et al.
2010;|Henry et al. 2010; Gobat et al. 2010), but these strestu
remain elusive and flicult to find at such high redshifts. One
of the few methods of locating galaxy clusters at> 2 is
targeting the environment of high-radio galaxies (hereafter
HzRGs, Miley & De Breuck 2008). These HzRGs show powerful
extended radio emission and have large stellar massesbtd 0
10'? M,, (Rocca-Volmerange et al. 2004; Seymour et al. 2007). As
hierarchical galaxy formation dictates that the most nvasgalax-
ies originate in the densest environments, it is likely tthese
HzRGs are at the centres of overdensities. These overigasnsit
may in turn be the progenitors of massive galaxy clustersein
cent years many studies have focused on finding galaxy averde
ties around HzRGs (e.g. Pascarelle €t al. 1996; Knopp & Ckamb
1997;[ Pentericci et al. 2000; Venemans et al. 2005; Oveetial:
2006,/ 2008 Kuiper et al. 2010; Galametz et al. 2010; Hatctl et
2010).

One of the most studied HzRGs is PKS 1138-262 at2.15
(see Fig[). The stellar mass of this radio galaxy is estthad
be ~ 10> M, (Seymour et &l. 2007; Hatch et al. 2009, hereafter
H09), among the largest known at- 2 and similar to the stellar
masses found for local cD galaxies. Itis surrounded by at digm
halo powered by the AGN and young, hot stars and it is embed-
ded in dense hot ionized gas (RM5200 rad m?, |Pentericci et all.
1997 Carilli et all 1997). Furthermore, high resolutionA/tadio
observations show the presence of a radio jet with a bend. arhi
implies that this radio galaxy sits at the centre of a denastet
like medium with possibly a cooling flov (Pentericci etlal 979.

Deep HST imaging shows tens of satellite galaxies, many
of which are thought to be merging with the central galaxy
(Miley et al. |12006). The restframe FUV continuum morphology
of the radio galaxy is clumpy and disturbed, further strbagt
ing the notion of strong active merging and has earned it &meen
of ‘Spiderweb Galaxy’. Such a complex morphology agrees-qua
itatively with predictions of hierarchical galaxy formati models
(e.g.Saro et al. 2009).

Surrounding the central HzZRG are overdensities af ynd
Ha emitting galaxies, extremely red objects (EROs), X-raytemi
ters and sub-mm bright galaxies (Pentericci €t al. 2000k €tial.
2004h.a; Stevens etlal. 2003; Croft etlal. 2005; Zirm gt a0820
Kodama et &l. 2007). Furthermote, Kurk et al. (2004a) hasvsho
that the galaxies are spatially segregated, with tledrhitting
galaxies and EROs being more centrally concentrated tleaiyth
emitting galaxies. HO9 showed that if the many nearby stslare
truly located in the protocluster, then a fraction may mevih the
radio galaxy before = 0. Tidal stripping of these satellites could
in turn lead to a substantial extended stellar halo as sdenahcD
galaxies. Also, Hatch et al. (2008) provide evidence fositn-star
formation between the individual clumps, indicating arothos-
sible method for forming such an extended stellar halo. Adise
aspects make the Spiderweb system a unique laboratoryufty-st
ing not only important ingredients of massive galaxy foriomat
such as merging, downsizing and théeet of AGN feedback, but
also the formation of galaxy clusters and the influence ofpttee
tocluster environment on galaxy evolution.

In this work we present results obtained using deep integral
field spectroscopy data of the core of the Spiderweb praseclu
tef]. Previous work on this particular region using integraldiel

1 There is no evidence that the radio galaxy is truly at thereeof the
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Figure 1. A composite ACS @u75+lg14) image of a 275¢ 200 kpé field
centered on the radio galaxy PKS 1138-262. The blue and nethws,
respectively, indicate the extent of thed.gmission line halo and the lo-
cation of non-thermal radio emission in the 8 GHz band calmed jet
(Pentericci et al. 1997). The black rectangle shows thecaqapate outline
of the field as covered by SINFONI.

data has been done by Nesvadba et al. (2006) (hereafter NGsS).
NO6 study focused on the central radio core and its host galas
found evidence for the presence of strong outflows with veésc

of the order of~ 2000 km st. These outflows are consistent with
being powered by the AGN, indicating that AGN feedback plays
an important role in expelling gas from galaxies thus trtinga
star formation.

In this follow-up study we focus on the immediate environ-
ment of the radio core and the satellite galaxies locatediinvit
60 kpc of it. We combine the integral field data with all avaita
spectroscopic redshifts in the literature to obtain the lbessus
of the cluster population to date. We also investigate theraaof
such a protocluster structure by comparing our resultsrwlsi-
tions. An indepth study of the internal dynamics of the biggiin-
dividual satellites will be presented in an upcoming workiger et
al. 2011, in prep.). Throughout this paper we use a stanti@ioM
cosmology withHg = 71 km st Mpc™, Qy = 0.27 andQ, = 0.73.

2 DATA

We observed the Spiderweb Galaxy € 11 : 40 : 483,46 =
—26 : 29 : 087) with the Spectrograph for INtegral Field Obser-
vations in the Near Infrared (SINFONI, Eisenhauer et al.2200
seeing limited mode on UT4 at the Very Large Telescope (VLT)
on several nights in December 2007 and February 2008. SINFON
is a medium-resolution, image-slicing integral-field dpegraph
that has a 8x8” field of view and a spectral resolution of approxi-
matelyR = 2000- 4000 depending on the band.

The field was observed in the H andK bands. Based on pre-
vious work (Pentericci et al. 2000; Kurk et al. 2004a) thestefd
of the protocluster is established to be- 2.15. Therefore, the
band covers the [§ 13726 3729 doublet, théd band contains the
[Om] 214959 5007 and k& emission lines and &l [Nu] 16548 6584
and [S1]16719 6730 are redshifted into thi€ band. TheH band

structure. However, the radio galaxy is a viable cD galaxgpnitor and the
density of protocluster candidates around it is large. @&loee, for the sake
of brevity we refer to the SINFONI field as the 'core’ of the fduster.



was given more integration time as the blue star formingllgate
galaxies are likely to show [@] emission. Furthermore, this line is
least likely to be contaminated by neighbouring lines mgkirthe
most reliable kinematic tracer.

A special dithering pattern was adopted to obtain a wide field
of view around the central radio galaxy, leading to fie&ive cov-
erage of approximately ¥%15” centred on the radio core. Details
on the observations for the various bands can be found irelabl

Details of the data reduction can be found in NO6 and
Nesvadba et al. (2008), but a brief summary is given here dakee
are dark subtracted and flatfielded. Curvature is measurdean
moved using an arc lamp after which the spectra are shifteah to
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detected for 11 galaxies. These galaxies are #1, #5, #68##18,
#11, #12, #13, #20 and #21. Figdre 3 shows the strongest emis-
sion lines for each of these confirmed satellites. The spdotr
each of the galaxies have been obtained by summing the apéctr
individual pixels with line emission. For the faint or iratly un-
detected objects all pixels within the seeing disk at thatioo of
the galaxy have been summed. Sky spectra for the satellégiga
are also shown in Fi@] 3. These have been extracted usinguhe s
apertures as used for the individual galaxies and they givim-a
dication of the location and severity of sky line contamioat No
significant line emission is found for #4, #17, #18 and #19.
Figure[3 also shows the spectrum of one galaxy (#9) that is

absolute vacuum wavelength scale based on the OH lines in theidentified as being a low redshift interloper through thentifeca-

data. This is done before sky subtraction to account fortsgec
flexure between the frames. The subsequent sky subtrastitume
for each wavelength separately, with the sky frame beingnabr
ized to the average of the object frame in order to accountzioa-
tions in the night sky emission. The three dimensional diagadhen
reconstructed and spatially aligned using the telescdfsets as
recorded in the header data. Before cube combination tlednd
ual cubes are corrected for telluric absorption. Flux eatibn is
done based on standard star observations and from the slastda
light profile a FWHM spatial resolution of 0.7—0.8 measured.

tion of [Om] and Hx atz = 1.677. This is surprising, as previous
studies have provided ample evidence for it being at theniftas
the protocluster. The Ly narrowband imaging of Pentericci ef al.
(1997) shows a significant and distinct source of emissidimeaio-
cation of galaxy #9 and subsequent spectroscopy detectehian
sion line that is consistent with being &yatz ~ 2.15 (Kurk 2003).
There are no strong emission lineszat 1.677 that could mimic
Ly« at the protocluster redshift. It is therefore most likelgttkhe
emission at~3840 A is Lyr emission from the extended &yhalo
surrounding the central radio galaxy rather than eynission from

We also use deep Hubble Space Telescope (HST) data to supthe galaxy itself.

plement the SINFONI data. These data were obtained with the A
vanced Camera for Surveys (ACS, Ford et al. 1998) irgtheand

lg14 bands |(Miley et al. 2006) and with the Near Infrared Camera
and Multi-Object Spectrometer (NICMOS) in thlkio and Higo
bands|(Zirm et al. 2008).

3 RESULTS
3.1 Cluster membership

In each of the panels of Fif] 2 the field covered by SINFONI is
shown. The greyscale image is the sum of gh&, lg14, J110 and
Hi60 images obtained with ACS and NICMOS. The top-left panel
shows the numbering convention for the individual saslintro-
duced by HO9 which is adopted in this work as well. In addition

the 19 galaxies of HO9 we add another object to the samplg, #20

as we find evidence for line emission at its location. We alsokm

In addition to #9, several of the other objects in the SINFONI
field have been previously targeted for spectroscopy (KGG32.
Objects #1, #8t6, #7, #10 and #11 have all been shown to have Ly
emission az ~ 2.15. However, a comparison between the results
presented in this paper and those obtained from $yectroscopy
shows in general large flierences. Five out of six objects have ve-
locities based on Ly that difer by 500 km s* — 1500 km s with
respect to the velocities presented in this paper. Onlycblsgl
shows consistent redshifts. Th&sets found for the other objects
do not indicate any systematic trend. This is in accordanite w
Pentericci et al! (1997), who found no evidence for orderetion
such as rotation. The resonant nature of the lize can thus cause
the measured redshift to deviate significantly from the tagshift.
Therefore caution must be used when interpreting the riédsii-
tained through spectroscopic confirmation ofdalone.

A full list of all detected emission lines and their corresge
ing redshifts, velocities, line widths and fluxes can be fbum

the region between galaxies #17 and #18 as #21. In H09 a bridgeTable[2. The brightest galaxies for which emission lines dee

of red light was found at this location and this was interpdeas
being a stream of gas or stars between two interacting galakhe
SINFONI coverage does not include galaxies #2, #3, #15 afd #1
and therefore these will not be discussed in this work. Gatd
does have SINFONI coverage in tHeband, but it is located at the
edge of the field where data quality is poor. Therefore #14sis a
excluded from this work.

The contours in panels, ¢ andd of Fig.[d indicate the loca-
tions of line emission in each of the three bands. The coatoave
been produced for each satellite galaxy individually. Més done
by creating a cut-out at the location of the satellite and raumg
for each pixel in the cutout over the spectral range wherdemde
for line emission can be found. The resulting line image wsedu
for calculating the contours.

As can be seen in Fif] 2, there are multiple sources of line
emission, most of which are associated with the satellitexigs.
Some of the objects that show no clear evidence of line eamissi
single pixels do show evidence for line emission after sungntie
pixels associated with continuum emission in the ACS and-NIC
MOS data. One or more emission lines consistent with2.15 are

tected in individual pixels have been corrected for intekiae-
matic structure. This has been done by shifting the indeiidpec-
tra such that the line centres in the individual pixels makehred-
shift of the galaxy as a whole. Uncertainties are calculbtedary-
ing the summed spectra using a normal distribution chanaete
by the rms noise of the spectrum in question. This is repek266
times and the standard deviation of the resulting paranatséni-
butions are taken as the-Lincertainties.

3.2 Overdensity

The confirmation of 11 protocluster galaxies withinra60 kpc
radius makes this field extraordinarily dense. The surfaoeber
density of the core region is8x 10% arcmim? or 7x 107 kpc™? in
physical units. This is likely a lower limit to the actual ualas qui-
escent galaxies without line emission cannot be spectpisaity
confirmed with the SINFONI data.

To illustrate the extreme denseness of the region around the
Spiderweb galaxy we compare the density in the SINFONI figld t
that of the larger protocluster field. Kurk et al. (2000) fdumntotal
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Table 1. Details of the observations. Values for the seeing are medswom the standard star observations, with the uncéigaimiven by the rms of
individual measurements. Thefidirence between the seeing valuesdf@nds is a natural consequence of the SINFONI image slicer beitigeitight path.

Band Exp.time (sec.) Seeingdnands () Coverage Dispersion (fixel)  Spectral Resolutiom(1/.1)

J 16200 09+03,07+04 13'x12.58’ 15 2000
H 45600 09+0.3,07+03 16.8'x16.8’ 2.0 3000
K 28800 09+0.2,08+03 15"'x12.58" 2.5 4000
Spiderweb Galaxy J contours
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Figure 2. All panels show a combinegl JH image of the field as covered by SINFONI. The pixel scale oHB& images has been matched to the pixel scale
of the SINFONI data (0.125pixel™1). In panela the numbers follow the labeling of the galaxies used by HORis also used in this work. The contours in
panelsb, c andd show the locations of line emission in tieH andK band, respectively. The colours of the contours indicatetidr the emission is blue-
or redshifted with respect to the radio galaxy. Each set nfaas is obtained by summing over a narrow spectral windowrey line emission can be found.
The line emission in question for the protocluster galaisg®n] emission inJ band, [Gu] emission inH band and k& K band. The outermost and innermost
contours indicate flux levels of2x 10719 and 45x 10°1° erg s cm=2 A~1, respectively. Diamond symbols indicate objects that @odaint to yield proper
contours, but do show line emission in summed spectra. Thoeieoffset in km s with respect to the central radio galaxakt = 2.1585) is given for all
objects that have line emission consistent with2.1 — 2.2.

of 50 Lya emitter candidates in a 35.4 arcrhiield centered on the SINFONI field is~ 56 + 10 times denser than the protocluster as

radio galaxy. In_Kurk et al! (2004a) (hereafter KO4) a sangblé0 a whole for the Ly emitters and- 12 + 4 times as dense for the

candidate i emitters was identified within a field ef 12 arcmii. Ha emitters. Here the uncertainties are determined usings@ois

Respectively, six and thfdef these line emitters are located in  statistics. Since the large scale protocluster field isaetbely 4+

the SINFONI field of 0.0756 arcmin Thus, it is found that the 2 and 14+ 2 times denser than the field at~ 2.2 (Kurk et al.
2004b; Hatch et al. 2011) this indicates that the protoetusbre
has a galaxy overdensity ef 200.

2 #5, #6 and #10 were taken as part of #1 in K04 and thereforelantified The bias factor of star forming galaxies at high redshift is

as individual Hr emitters. #8 and #13 were too faint to be included in the typically 1-5 (e.gl Adelberger etial. 1998: Giavalisco e1£198;

Ha emitter sample. Quchi et all 2004). Thus for oar~ 2 star forming galaxies we as-
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Figure 3. Summed spectra of the galaxies in the SINFONI field that shoiggon lines. Only the strongest emission lines are sh&anthe satellite galaxies
sky spectra are also shown in gray. The sky spectra have k#aoted from locations close to the galaxies using the sgmeeures. For clarity, the emission
lines have been labeled and patches of poor night-skylisieluals have not been plotted. Eleven galaxies are idehtifseprotocluster members and one
galaxy (#9) is identified as a foreground galaxy.

sume a bhias factor of 3, which is roughly consistent with teed Such core overdensities are rare, but not unique, among high
observed in_Marinoni et al. (2005). This implies a matterrdea- z protoclusters. Out of the sample of eight protoclusterdistlin

sity in the core of~ 70. Local galaxy clusters have matter over- Menemans et al. (2007) none havedgmitters within 60 kpc of the
densities at their virial radii of 100. The matter overdensity in

the core of the Spiderweb protocluster is thus similar totwha

observed in the outskirts of local galaxy clusters.
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Table 2.Line properties for each of the protocluster candidates.shistemic redshift is taken to be the redshift of #1 as medgtwm the [@u] 45007 emission
line. 2Where possible the galaxies have been corrected for intieimematic structure®Values given are for b+[Nu]. ¢The [Si] doublet is unresolved3c-
upper limits inJ/H/K band for a FWHM of 500 km&.. €Lines likely contaminated by emission from the central oaturce.

Object Line z vkms?l) Flux (107 erg st cm2 A-1)2
#RG [On]  2.1590+ 0.0002 +40 128+ 3
[Nem]13869 21595+ 0.0010 +10 359+47
[Nem]A3968 21555+ 0.0015 +10 167+ 2.7

HB 21590+ 0.0002 +47 502+ 0.9

[Om]14959 21584+ 0.0001 -15 1371
[Om]A5007 21585+ 0.0001 0 477 1

He 21585+ 0.0001 -5 582+ 4P

[Sul® 21590+ 0.0018 +40 149+ 4

#4 - - - < 2.5/0.6/0.7¢
#5 [On] 2.1701+ 0.0016 +1100 56+ 0.8
[Om]  2.1695+ 0.0004 +1040 59+ 0.7

He 21699+ 0.0015 +980 43+0.7

#6 [On] 2.1686+ 0.0018 +950 58+ 1.0
[Om] 2.1683+ 0.0002 +925 181+ 1.1¢

He 21706+ 0.0005 +1220 358+ 2.2¢

#7 [On] 2.1658+ 0.0011 +690 32+09
#8 [Om] 2.1437+ 0.0007 -1410 D+07
He 21434+ 0.0002 -1440 %+ 0.9

#9 [Om] 1.6767+ 0.0005 - 46+ 0.6
He 1.6773+0.0001 - 91+0.6

#10 [On]  2.1443+0.0006 -1350 16+ 14
[Om] 2.1446+ 0.0001 -1325 11 +1.0

He 21442+ 0.0002 -1360 101+ 1.0

#11 [0 2.1418+ 0.0004 -1590 6 +1.2
[Om] 2.1415+ 0.0008 -1620 B+0.7

He  2.1409+ 0.0004 -1675 D106

#12 [Om]  2.1447+ 0.0023 -1315 ®+15
#13 He 21702+ 0.0011 +1110 26+ 04
#17 - - - < 1.7/0.6/1.0¢
#18 - - - <1.1/0.6/0.7
#19 - - - <0.7/0.4/0.64
#20 [Om]  2.1301+0.0010 -2700 ®=+03
#21 [Om]  2.1505+ 0.0010 -765 6l+0.7

radio galaxE. For the H-alpha emitters only two other radio-galaxy
protoclusters have been imaged. Tanakaletal. (2010a) fannd
overdensity oby = 4+2 of He emitters around 4C23.5@ ¢ 2.48),
but none were found in direct vicinity of the radio galaxy.dn-
other study by Hatch et al. (2011) an overdensitypf= 12 + 2
was found in the field of radio galaxy 4C10.48 at~ 2.35. A
significant number of these was found close to the radio galax
The spatial distribution, however, shows a striking aligmtof the
galaxies with the radio jet indicating that these objecty traex-
periencing jet-induced star formation. It is thus not cledether
the origin of the overdensity in 4C10.48 is of the same nahsre
that seen around the Spiderweb galaxy.

3.3 Velocity distribution

We have obtained redshifts for a large number of objects én th
field. Before, protocluster candidacy was determined using
narrowband imaging and follow-up spectroscopy, but as we ha
shown for satellite #9 in Sedi._3.1, the presence of the dein
Lya halo can lead to incorrect redshifts. No extended optice li

3 Here the assumption is made that the radio galaxy tracesotieeof the
protocluster

emission is seen at distances larger thah5 kpc from the radio
core and thus these emission lines are likely to originaimfthe
satellite galaxies.

The velocity distribution of the spectroscopically confan
protocluster core galaxies is shown in the top panel of[Biye4
locities are taken with respect to the systemic redshifthef ra-
dio galaxy. The detection of stellar absorption featuresld/@n-
equivocally set the redshift of the stellar content of thiiaaalaxy.
However, none are found and therefore we rely on emissi@s.lin
As shown in NO6, the internal velocity distribution of thenteal
radio source based on @ covers a large range of velocities of
~ 1500 km st (2.158 < z < 2.173). This indicates the presence of
strong outflows. It is therefore not trivial to assign a syutered-
shift to this object. In this work the systemic redshift{ 2.1585)
is chosen to be the redshift of the location of the HST continu
emission (zone 3 in NO6). It may be that this region hosts d@n ou
flow that is blueshifted with respect to the stellar contehthe
galaxy. This means the actual redshift of the central radioce
may be significantly higher; up to~ 2.170. This would result in a
shift of the zeropoint in Fig.J4 of several 100 ki sowards larger
positive velocities. The shape of the velocity distribntibowever,
will remain the same.

In Fig.[4 a striking subclustering in the velocity distribu-
tion can be seen with two subgroupsst ~ —1500km s* and
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Figure 4. Top panel: velocity distribution of the confirmed protocters
members found in this work. Velocities are with respectztsy; of the
radio core (#1). Two groups can be identified that are blud-radshifted
with respect to the radio galaxy. Bottom panel: velocitytritisition of the
full Spiderweb sample. The velocity distributions of PO@ 04 are indi-
cated by the blue and red hatched regions, respectively.

Av ~ +900km s*. The large separation between the subgroups im-
plies a large velocity dispersion of the satellite galaxies whole.
Assuming that the underlying distribution is a single Géarssa
value of 1360 206 km st is found using the Gapper scale estima-
tor (Beers et al. 1990).

A comparison of the velocity distribution to the results
of previous studies shows both resemblances afigrences.
Pentericci et al.| (2000, P0O0) used theolgmission line to spec-
troscopically confirm 14 objects as being at the protoctusd-
shift. All 14 objects are located outside the SINFONI field/ifw.
They thus trace the large scale protocluster structure anthm-
ination from the extended lyhalo is unlikely. Another study by
K04 obtained spectroscopy on candidateéddnitters in the Spider-
web protocluster. Nine objects were confirmed to be in théopro
cluster. Finally, the studies bf Croft et al. (2005) and Diet al.
(2010) have respectively confirmed two X-ray emitting otjeand
two red galaxies to be part of the protocluster structure. fEisult-
ing full velocity distribution, including all confirmed gakies, is
shown in the bottom panel of Figl 4. For clarity the distribos
of P00 and K04 have been indicated by blue and red hatched his-
tograms, respectively.

First considering the P00 distribution, we see that evengho
these studies are fully independent and targédint scales within
the protocluster, the velocity distribution of the doyemitters is
qualitatively the same as in the protocluster core. The sulps
in the POO distribution are located at = 2145+ 0.002 and
Z = 2.164+0.002 which is similar to the locations of the subgroups
found in this work (see Table 2). The fact that both the lange a
small scale velocity distribution are broad and doublekpdandi-
cates that there is a common process acting on both largevaait s
scales. Therefore, the evolution of the central Spiderveddnqy and
the larger protocluster structure may be linked. We will edmack
to this in Sect’4.213.

In contrast to this, the K04 velocity distribution shows-nei
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ther a resemblance to the velocity distribution found irs study
nor to that of P0OO. The nine confirmedatemitters have a rel-
atively narrow velocity distribution with redshifts in thenge
21463 < z < 2.1636. It is not clear why the & emitters show
such a diferent velocity distribution, because the narrowband trans
mission curve covers the entire velocity range spanned épitb-
tocluster galaxies. Considering the poor number stagistionay
therefore be attributed to sampling. Nevertheless, tHedfsiribu-
tion, including the velocities of all confirmed objects, imad and
yields a velocity dispersion of 101887 km s,

Are such high velocity dispersions common in higipro-
toclusters? In_Venemans et &l. (2007) a sample of six pnagecl
ters with redshifts in the range of 2 z < 5 was studied. Most
of the protoclusters have velocity dispersions signifigastnaller
than 1000 km &, but the protocluster around MRC 0052-241
(0052) atz = 2.8600 was found to have a velocity dispersion of
980+ 120 km s?. Also, the velocity distribution of 0052 shows
signs of bimodality. It thus seems that although the Spidérpro-
tocluster is exceptional, it is not unique in showing thesaracter-
istics.

Venemans et al. (2007) also found an increase in velocity dis
persion with decreasing redshift. Although the Spiderwelig
cluster is in line with this trend, its velocity dispersia signif-
icantly higher than the ~ 1.2 galaxy cluster RDCS 1252.9—
2927, which was used as a ‘low’ redshift control case in the
Venemans et al. (2007) study. This indicates that even whesid-
ering this trend, the Spiderweb protocluster remains aapianal
case.

Another possible cause for the large velocity dispersion ha
been proposed by P00. P00 speculated that the double—paaked
file hints at a possible merger of two groups of galaxies. &éve
cases of merging clusters are known at lband some do show a
clear segregation in velocity space (e.g. Abell 1750, AB&W4,
Ramirez & Quintana 1990; Owers et al. 2011). Considering th
possibility, we fit a double Gaussian to the full Spiderwebge
ity distribution. We find that the two groups are separatea bg-
locity difference of 1600 km™$ and have velocity dispersions of
492 km st and 417 km 5.

A Kolmogorov-Smirnov (KS) test was used to investigate
whether the single or double component model fits the observa
tions better. Although formally both models are consisteith
the observed distribution, the probability that the twdrilisitions
match is 0.98 for the double component model whereas is @ 0.6
for the single component model. Also, a normalized tail inde
(Bird & Beers$/1993) yields 0.82 indicating that a uniformtdis
bution better describes the complete distribution rathenta sin-
gle Gaussian. Note that if the Spiderweb protocluster isédda
double or merging system, then the comparisons to the sestilt
Venemans et al. (2007) discussed above will yield signiflgatif-
ferent results.

Could the subclustering found in the core of the protocluste
be an artefact of the data? The wavelength range 15800 <
15850 (2156 < z < 2.166) in theH band is one of the regions par-
ticularly afected by poor night—skyline residuals. This may lead
to the galaxies with weak optical emission lines in this ipatar
wavelength range being missed. If all of the four unconfirmes
tocluster candidates are indeed in this specific range thendre
distribution would more closely resemble a flat distribotiblow-
ever, we argue that the velocity distribution of the compkample
will remain broad and its shape will not change significantly
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Figure 5. The velocity distributions of all spectroscopically confed Lyx
and Hr emitter candidates. Also shown are the respective trasgmis
curves (or selection functions) as function of velocityhwiespect to the
radio galaxy. The Ly velocity distribution dffers from the selection func-
tion indicating it is not a field environment.

4 DISCUSSION
4.1 A galaxy cluster progenitor

The Spiderweb protocluster is known to harbour galaxy cserd
sities (see Sedt] 1) and is therefore thought to evolve igalaxy
cluster. It is however not guaranteed that an overdensihjgg-z
will evolve into a present day massive galaxy cluster. Tedsine
whether the Spiderweb protocluster is truly a forming gglebas-
ter, we attempt to determine whether the dynamical statdef t
galaxies in the overdensity is significantlyffégrent from what is
expected in field environments.

Shown in Fig[h are the velocity distributions of all speetro
scopically confirmed galaxies that have been marked as e e
ters in P00 and K04. Also plotted are the selection functhmased
on the transmission curves of the narrowband filters useldset
studies. These selection functions should be good appediins
of the expected field velocity distributions. Thexldmitters shown
in the bottom panel follow the expected distribution quitellwA
KS testyields a probability of 20 per cent that the obsenistlitu-
tion is drawn from the expected velocity distribution. Timdicates
that we cannot conclude whether there is a significafierdince
between the two distributions. All of the 19 &kyemitters, however,
are located at higher velocities than the mean velocity iedpby
the selection function. Applying a KS test we determine thate
is a 5x 107° probability that the Ly emitters in the overdensity are
drawn from the expected field velocity distribution. Thus tivo
distributions are dferent at the- 4.5¢0- level. From this we con-
clude that the Ly emitters are associated with the radio galaxy. In
fact, this is likely the case for all the galaxies considesdce the
Lya emitters cover the same velocity range.

These results also imply that the protocluster structuse ha
dropped out of the Hubble flow. Assuming this is indeed thecas
how does the dynamical state of the protocluster comparkato t
of the field if the Hubble flow is removed? To investigate this w
compare to galaxies that reside in field environmenis-a® in the
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Figure 6. Composite field velocity distribution of peculiar veloesi ob-
tained from the Millennium simulation. Also shown as thechad his-
togram is the Spiderweb velocity distribution. The Milléunm field dis-
tribution has been scaled down to facilitate comparisore flédd velocity
distribution is significantly narrower than the Spiderwetioeity distribu-
tion.

Millennium simulation |((Springel et al. 2005; De Lucia & Btai
2007). The Millennium simulation traces cosmological ewian at
a number of discrete redshift ‘snapshots’. The resultirld fieloc-
ity distribution will therefore indicate the deviation frothe Hub-
ble flow. The redshift chosen for this purposeis 2.24, which is
the snapshot closest to the redshift of the actual prottesius

The total area probed by P00 is approximately 100 comoving
Mpc?. To obtain proper statistics, we therefore select threarsep
boxes with sides of 50 comoving Mpc from the Millennium simu-
lation. Each of thexy, xzandyzplanes is subsequently divided into
a grid of 10x 10 Mp¢ fields, thus yielding a total of 75 fields per
box. To ensure that no large scale structures are preseakchele
all fields with number densities that satisfy- n > 20, with n'the
median number density. Approximately 10 per cent of the diale
excluded this way. Changing this limit does not stronglyuefice
the final result. We also apply a magnitude cut to the res#rBm
band magnitude of the simulated galaxies. This cut is plackd
trarily at R < 27 since varying the exact value of the cut between
26 < R < 30 does not alter any of the conclusions presented here.

A composite galaxy velocity distribution of the remaining
fields is shown in Fid.]6. When compared to the protocluster di
tribution, it is seen that the composite field velocity diaition is
relatively narrow. A KS test is used to determine whetherfthie
Spiderweb velocity distribution is consistent with thedigklocity
distribution. A probability of %107 is found, indicating that the
two distributions dffer at the~ 50 level. Applying a KS test to each
of the individual field distributions shows that allfigr at least at
the 3r level with 95 per cent of the fieldsfiiering at> 40-. There-
fore, if the protocluster has indeed fully dropped out ofthéoble
flow, then it difers significantly from what is expected from a field
environment.

We conclude that the Spiderweb field is not only overdense,
but also kinematically distinct from regions where the Habb
flow dominates. The Spiderweb protocluster is thus a dynaliyic
evolved, collapsing (or collapsed) structure.

4.2 Formation scenarios

With the confirmation of a total of 38 galaxies at the redstiifthe
radio galaxy and from the fact that this is a dynamically eedl



structure, it is apparent that the Spiderweb is the progeoit a
galaxy cluster. As it is still unclear how galaxy clusters formed,
we review here two possible formation scenarios.

4.2.1 Single virialized structure

The first option we consider is the scenario in which the Spidb
protocluster is a single virialized structure. This can besidered
by comparing the velocity distribution presented in thipgrato re-
sults obtained with the Millennium simulation. Although eow
little of the dark matter halo that hosts the protoclustee, dense
nature of the Spiderweb field indicates that this is likely of the
most massive dark matter haloeszat 2.15. We therefore inves-
tigate the properties of the 25 most massive dark matteebadd
z = 2.24 in the Millennium simulation. These haloes have masses
ranging from 0.75-1410'* M, and galaxy velocity dispersions in
the range of 450-900 knT% Visual inspection shows that one of
the haloes is in the process of merging with another massile h
This particular halo is not included in the comparison fa& single
halo scenario.

Using a KS test we investigate whether the double-peaked
structure found for the Spiderweb can be drawn from the veloc
ity distributions obtained for the Millennium haloes. Tlésdone
for all three velocity components separately. Using theSpider-
web velocity distribution we find that 19 haloes yield prottitibs
indicating that they are fferent from the protocluster distribution
at at least the 2 level. The remaining 6 haloes yield probabilities
of ~ 10 per cent. The possibility that the Spiderweb protocluste
a single massive structure can therefore not be wholly eéeclwon
these grounds.

Another test for the virialized structure scenario is siggpby
the protocluster mass. If virialized, it is possible to detime the
mass contained within the area covered by the SINFONI fiettus
(Small et all 1998):

6
2
Myir = =0 “Tyir

1
- (1)
with o the velocity dispersion obtained in Sect]13.3 angd the
mean projected harmonic separation given by

Z)

Here N is the number of objects considered. Using =
1360 km s and findingryicore = 55 kpc, a dynamical mass of
~ 10" M, is found for the core region of the protocluster.

For the complete Spiderweb galaxy sample the velocity dis-
persion is 1013 km'$ and we approximate,; by using only the
objects of P00 as the KO4 and SINFONI objects are taken fraen da
with smaller field of view: including these would thereforiadbthe
radius to smaller values. We find that the virial radius of 8p-
derweb is 1.2 Mpc, implying a total mass-ef2 x 10> M.

Using the scaling relations presented_in Rfflat al. (2008)
and the total protocluster mass of 20'° M, the X-ray luminosity
of the cluster gas in restframe 0.1-2.4 keV can be calcutatbd~
1.5x10% erg st. Assumingkg Tx ~ 5-7 keV we convert this to the
range 2-10 keV and find-36x 10* erg s. This can be compared
to the upper limit on the X-ray luminosity of an extended tdus
atmosphere of .5 x 10* erg s presented in_Carilli et all. (2002).

If the protocluster is indeed virialized, it would have befeected.
This has been indicated in KO4 as well. Furthermore, a toedam
of ~ 10'® M, would rank this halo among the most massive known

aN(N-1)
2 2

@)
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haloes and the probability that such a massive halo exidtsisat
redshift is negligible according thCDM cosmology (e.d. Jee etlal.
2009). We thus conclude that the protocluster is not a izedl
structure. If only the core region were virialized the expecX-
ray luminosity would drop to & 10*? erg s*. This possibility can
therefore not be excluded.

Saro et al. [(2009), who presented high resolution hydrody-
namical simulations of higk-protoclusters modelled after the Spi-
derweb system, also argued that the inner region of a Spaterw
like protocluster ( < 400 kpc) can be virialized & ~ 2. How-
ever, the velocity dispersion in the simulated cluster gni$i-
cantly lower than what is presented in this study, makingdear
whether it is applicable to the Spiderweb system.

4.2.2 Merger of haloes

Given the broad double-peaked velocity distribution orhimnall

and large scales, we now investigate whether it is posgiblghere
are two separate structures in the Spiderweb field. Thessttwo-

tures are possibly in the act of merging with each other, tinas
ating a larger protocluster structure. We therefore candiae sce-
nario where two haloes, each containing their own groupuster
of galaxies, merge to form a more massive structure.

One quantative way to tell whether this scenario is feasgble
to determine whether the velocity dispersion-01000 km s* and
velocity separation between the two groups-01600 km s can
be reproduced by a merger of two massive dark matter haloes. F
this comparison the halo is used that was excluded befor¢odtie
being in the process of merging. Based on the number of datk ma
ter particles, these haloes have masses-of @ and 6x 10" M.

To trace the velocity evolution, the galaxies belongingdthb
subhaloes are identified. The locations of the subhaloedeies-
mined by visual inspection and all galaxies within 0.5 Mpalaé
centres are assumed to belong to the respective subhaloese T
two groups of galaxies are subsequently traced fmm 2.4 to
z = 1.5 and their median velocities relative to the velocity of the
main dark matter halo are assessed.

In the left panel of Fig_]7 we plot the velocityfterences be-
tween the two haloes as a function of redshift for each oftihest
velocity components. The major merger occursat2 and around
this time we see a maximum in the velocityfdrence for the x—
component of approximately 1500 kmsThis is comparable to
the velocity diference found for the Spiderweb. The other veloc-
ity components show smaller velocityfidirences, but this is due to
the merger being aligned along the x—axis. The x—comporfeheo
velocity therefore represents the velocity obtained ime-bf-sight
merger event.

The middle panel of Fig]7 shows the evolution of the ve-
locity dispersion of the main halo as a function of redshitis
means that prior to the merger only the velocity dispersibthe
most massive halo is considered and during and after theemerg
both involved haloes are included. We see that at the time of
merger the large velocity fierence for the x—component results
in a sharp increase in the velocity dispersion, reaching>xman
of ~ 900 km s*. As with the velocity diference, this is similar to
what is found for the Spiderweb protocluster. Another meme
curs atz ~ 1.6, leading to a similar sharp increase in the velocity
dispersion.

The distribution of the x—component of the velocities fottho
haloes as well as the velocity distribution of the Spidensyestem
are shown in the right panel of F[g. 7. To facilitate compamisvith
the distributions shown in Fidl] 4, the velocities have beiery
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Figure 7. Left panel: Velocity diference between two groups of galaxies as a function of ritd¥hie different colours indicate theftitrent components of
the velocity vector, with black, red and blue being the X, g amomponent respectively. The dashed lines indicate thmaimate redshifts at which mergers
take place. At the redshift of the first merger a maximum vigfadifference of 1500 km$ is seen in the x—component. Middle panel: Evolution of the
velocity dispersion of the main halo for all three composeat a function of redshift. A maximum is reached at the timtheffirst merging. Right panel:
Velocity distributions of the galaxies in both of the merginaloes at the approximate time of merging. The full Spigdrwelocity distribution is shown as

the red hatched histogram and has been scaled up to facdatparison.

with respect to the most massive galaxy in the two haloeseArcl
double-peaked structure is seen and in general the resecefie-
tween both distributions is striking. Applying a KS test, imees-
tigate whether the Spiderweb velocity distribution can banch
from such a velocity distribution and a probability-e#0 per cent
is found. This is a larger probability than found for any of gingle
haloes investigated above. The hypothesis that the veldistri-
bution of the Spiderweb is consistent with the distributtaised
by the merger of two haloes can therefore not be ruled outhBur
more, as indicated above, a direct comparison to the disiwip
of the Spiderweb system has shown that both the velociterdi
ence and the velocity dispersion are only marginally smailée
therefore consider the merger origin a viable scenariohfisriro-
tocluster.

Since there is a significant possibility that the Spiderweb s
tem is the result of a merger of two massive haloes, it is nossipo
ble to infer something about the properties of the intengdtialoes.
Venemans et al. (2007) calculated the masses of the two gitmup
assuming that the individual groups are virialized and haxial
radii of 0.8 and 1.1 Mpc.(Kurk et al. 2004b). The velocity disp
sions used were 520 and 280 krt as taken from the POO study.
This yielded halo masses ofx4 10 and 1x 10" M, respec-
tively. With the addition of the confirmed galaxies presente
this work the velocity dispersions become 492 and 417 kin s
as given in Secf_313. This yields that both haloes have a ofass
~ 2.7 x 10" M,,. A virialized halo of this mass would have an X-
ray luminosity of~ 2x10* erg st in the restframe 2-10 keV range.
Two such haloes in the line of sight are thus consistent veithain-
ing undetected considering the upper limit given| by Caeitilal.
(2002).

The masses calculated above are significantly larger thean th
halo masses involved in the simulated merger. However, teses
of the simulated haloes are based on the number of dark rpatter
ticles in each halo and may give a more accurate estimateeof th
actual halo mass. Calculating the masses of the simulatedshat
the time of merger using the velocity dispersion yields raassf
3x10* and 5x 10"* M, where estimated virial radii of 1 Mpc are
used. Using the velocity dispersion in a merger situationtbare-
fore overestimate the total mass by over an order of magmitiug
therefore propose that the subhalo masses stated for tter&pb
protocluster are to be considered upper mass limits.

galaxy to be at the centre of either of the two velocity pe&imv-
ever, remember that in SeEf. B.3 we noted that the redshtfteof
radio galaxy is highly uncertain due to the large velocitgdients.
This could mean that the redshift of the radio galaxy is uestér
mated. If this is indeed the case, then the radio galaxy wialld
exactly within the ‘red’ group.

Finally, it may be argued that this structure is possiblyhirag
more than a chance superposition of two unrelated striuctitres
hard to disprove such a notion, but we must consider thatehe c
tral radio galaxy is an exceptional object in itself. It hamass of
~ 10'2 M, hosts a powerful AGN and has an extremely clumpy
morphology indicating strong interaction and merging. tRrer-
more, it has an exceptionally large rotation measure ([Catiall
1997). If these are indeed separate, unrelated structuwel be
difficult to explain why such an exceptional object is found inla re
atively low-mass halo. The merger process, however, mapeeb
the driving forces behind the unique appearance of the aleBpi-
derweb galaxy. This link between the central galaxy and teeger
process is further investigated in Séct. 4.2.3.

4.2.3 The Spiderweb Galaxy

One of the striking results found in this study, is that theecof
the protocluster, which is believed to evolve into a massize
type galaxy byz = 0, has a similar velocity distribution as the
megaparsec scale protocluster structure. This may pueetyebef-
fect of the merger of two protoclusters of galaxies as pregas
Sect[4.2.P, but the large number density of confirmed gasaxéar
the radio core implies that an additional physical mecharngsat
work. In this section we briefly explore a scenario that mayla&x
the dense nature of the core region within the merger saenari
Although not common to all merging clusters, there have
been several reports in the literature of triggered staméion
in the constituents of merging clusters _(Caldwell & Rose 7199
Ferrari et all 2005; Hwang & L=e 2009; Ma etlal. 2010). Numeri-
cal simulations have also shown that it is possible to triggjar
formation during cluster merger, either through the tidavia-
tional field of the merger (Bekki 1999) or caused by an inedas
ram-pressure of the intracluster medium (Kronberger |¢2G08).
As shown in Fig[lL, one of the striking properties of the Spide
web galaxy is the extended &yhalo enveloping the system. Much

In the merger scenario as presented here, it seems oddéhat th in analogy to what has been found for low-redshift clustgrayi-

central massive galaxy (#1) has a velocity placing it betwise
two velocity peaks seen in Fifll 4. One would expect the centra

tational interactions and ram pressure may enhance staafian
in the galaxies falling through thisfiise halo. This will result in



a relatively large number of UV bright galaxies near to theéioa
core. Naturally, these galaxies reflect the velocity stmecof the
halo merger as is the case in the protocluster core.

In addition to inducing star formation, the merger may also b
responsible for an increase in the AGN activity. The halogaer
could lead to a period of more frequent and stronger intenast
with the central galaxy. The gas within the radio galaxy widoke
its angular momentum through torques induced by theseaicrter
tions and it would subsequently be funneled towards therakent
black hole. It is thus possible that a halo merger will triggeadio
luminous phase of the central AGN. If these processes indapd
pen, then it is evident that such halo mergers should be deres
an important phase of massive galaxy evolution.

We must now ask the question whether selecting galaxy clus-
ter progenitors using HzRGs targets predominantly merging-
ters. It is beyond the scope of this paper to answer this iquest
but other HzRGs have been shown to have relatively largecitglo
dispersions or are speculated to be part of superstrudteugsthe
0052 and 0316 protoclusterszat 2.86 andz ~ 3.13, respectively
Venemans et al. 2007; Maschietto et al. 2008). An extensivdys
of HzZRGs and their protocluster environments is neededswen
this question.

5 CONCLUSIONS

We have presented results obtained from deep SINFONI déte of
core of the protocluster around the radio galaxy PKS 113B&6
z~21.

(i) We search for emission lines at the locations of the Begel
galaxies and find 11 galaxies with one or more emission linas t
are consistent with being part of the protocluster. This esathe
core region more than an order of magnitude denser thanéiady
overdense large scale environment. Based on the galaxgever
sity of ~ 200 we estimate that the matter overdensity in the core is
ém ~ 70. This is comparable to what is seen in the outskirts oflloca
clusters.

(ii) The velocity distribution of the satellite galaxiestime cen-
tral 120x 120 kpé of the protocluster is broad and double-peaked
with a velocity dispersion of 1368 206 km s'. An almost identi-
cal velocity distribution was found in a previous study feed on
the velocity distribution of the megaparsec scale prosielustruc-
ture [Pentericci et al. 2000; Kurk etlal. 2004a). This intisathat
there is a physical link between the evolution of the cemrassive
galaxy and the larger protocluster structure. Includirgrésults of
previous studies, we find that the velocity dispersion ofgteo-
cluster is 1013t 87 km s*. This is higher than previous estimates
of velocity dispersions in other highprotoclusters.

(iii) Comparison to the expected field velocity distributiand
the peculiar velocity distribution of field environmentsthe Mil-
lennium simulation shows that the protocluster velocigtribution
is different at the &0~ and % significance level, respectively. We
therefore conclude that the protocluster is decoupled fhatub-
ble flow and a dynamically evolved structure.

(iv) A comparison to the 25 most massive haloez at 2 in
the Millennium simulation shows that the majority of the ded
differ from the protocluster at 20~ level. However, approximately
20 per cent of these haloes have velocity distributions diféer
less thark 20 from the Spiderweb system. Based on the velocity
distribution we can therefore not exclude the possibiligttthis is
a single virialized massive halo. If virialized, the clustere will
have a mass of 1 x 104 M, and the total protocluster mass will
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be ~ 2 x 10'® M,. We conclude that the protocluster cannot be
virialized since such a total mass would imply an X-ray luasity

of ~ 5x 10* erg s* and this exceeds the upper limit given in the
X-ray study of Carilli et al.|(2002). It is possible that orthe inner
regions have been virialized.

(v) We investigate an alternative scenario in which the 8pid
web protocluster consists of two galaxy groups that areerptio-
cess of merging. A comparison to a massive halo mergerag
in the Millennium simulation shows that velocityffirences and
dispersions similar to those found in the Spiderweb syst@mbe
obtained this way. Furthermore, a KS test shows that thecvelo
ity distribution caused by a massive merger of haloes isisons
tent with the velocity distribution of the Spiderweb prdtster.
We conclude that the merger scenario best describes therfiesp
of the protocluster.
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