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ABSTRACT

Aims. We present a weak gravitational lensing analysis of supamiSG11261202, consisting of four distinct X-ray-luminous
groups that will merge to form a cluster comparable in masdama atz = 0. These groups lie within a projected separation of 1 to
4 Mpc and withinAv = 550 km s* and form a unique protocluster to study the matter distidioin a coalescing system.

Methods. Using high-resolutiorHST/ACS imaging, combined with an extensive spectroscopic aradjing data set, we studied the
weak gravitational distortion of background galaxy imaggsthe matter distribution in the supergroup. We comparedréton-
structed projected density field with the distribution ofeg@es and hot X-ray emitting gas in the system and derivéal p@rameters
for the individual density peaks.

Results. We show that the projected mass distribution closely falldke locations of the X-ray peaks and associated brightespg
galaxies. One of the groups that lies at slightly lower rdti$k ~ 0.35) than the other three groups# 0.37) is X-ray luminous,
but is barely detected in the gravitational lensing sigitéle other three groups show a significant detection (upstonbmass),
with velocity dispersions between 335 and 53022 km s and masses betweerB&:3 x 10 and 1633 x 10“*h~*M,, consistent
with independent measurements. These groups are asslowittigpeaks in the galaxy and gas density in a relativelyighitéorward
manner. Since the groups show no visible signs of intenacthiis supports the hypothesis that we observe the groupsebiiney
merge into a cluster.

Key words. gravitational lensing: weak — cosmology: dark matter—xak groups: general — galaxies: clusters: general — galax
formation — X-rays: galaxies: clusters

1. Introduction Hoekstra et al. 2012; von der Linden etlal. 2014) as well as to
) ) . distinguish the latter from intrinsic variances in astrggibal

In the framework of hierarchical structure formation (Resb processes.
1970), matter overdensm_es grow through merging and #ocre Most overdensities are detected using visible, that is,
from the scales of galaxies up to those of large-scale S'm‘:tbaryonic means. Common methods use galaxies (red se-
(LSS). In the concqrdanc@CDl_\/l cosmology, the Iarge—sca_lequence and spectroscopic association, e.g., Eke et all; 2004
structure of the Universe is driven by the density fluctu®io sz qders & Yee 2005) or gas (X-ray emission or the SR
of dark matter, which provide the initial framework for sebs ¢ ¢ ['5,nvaey & Zeldoviéh 1970, 1972; Finoguenov &t al. 2007
quent structure form_ann. As such, the mass dlstrlbumnlhle While these methods arefieient, they mightvnot always be as
Universe is the driving force behind the formation of cluste ggactive: they rely on the presence of baryonic matter, while
|r;g sites for astrophysical processes, such as galaxy §/@U e matter distribution is driven by dark matter. Furthereno
Clusters. ) ) ) the subsequent classification relies on observing thetsestll

In galaxy formation and evolution, environment plays a rolgomplex (astrophysical) processes, which introduces mifsig
of major importance. Most galaxies are found in groups ar@nt intrinsic scatter in properties such as X-ray tempeeat
clusters (e.g.. Eke etigl. 2004), and observations inditt&e star formation rate, and galaxy morphologies iffetient struc-
the main part of galaxy evolution takes place in the group efres of comparable mass.
vironment, with significant post-processing occurringlumséers Gravitational lensing is the only direct probe of the total
(Tran et all 200€, 2009, hereafter T08 and T09). A detailed um 455 distribution, in the sense that it does not rely on plsye-
derstanding of the total mass (dark and visible) and thestrye, 55sumptions. A lower signal-to-noise ratigN$ makes it
ture of the mass density distribution is therefore necgs&ar j |ess gicient detection method except for massive structures,
understand both the processes of group and cluster formafp iy combination with complementary methods, it is a pow-
and fundamental scaling relations (e.g.._Leauthaud 20402 ¢fy| independent tool. From a statistical perspectivearain-
dependent, direct measurement, it can serve as a calilfioator
* e-mail:msmit@strw.leidenuniv.nl mass-observable scaling relations (elg., Leauthaud20&0;
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Hoekstra et al. 2012; von der Linden etlal. 2014). In indigidu  Since we do not know the intrinsic source sizes or magni-
systems it provides an independent estimation of the (pt@j® tudes, we can only measure the net distortion or reduced shea
density field and can shed light on aspects such as intenacti(@;, g2) = (y1,y2)/(1 - «):

dynamical state, andfi@ets between the overall matter distribu-

tion and the baryonic matter. X 1-91 -g |[x

Direct reconstructions of the density fields of individugd-s =(1-«) > (2)

tems do not have a high resolution and are predicted to show % 1+a)ly

significant noise fluctuations (van Waerbeke 2000). However L : S

gives an important qualitative indication of the dominaensity WE_err? the transfqrmat_llf)n IS written as a multlpl_lcatlonmk),

distribution, independent of the presence of baryons. Terde which we do not identify, and_ a distortion matrix desc_rlbthg
alignment of lensed sources in the foreground potential.

mine the parameters of the matter distribution, either itatiss The ob 4 sh f a back q .

tical survey or for individual systems, robust centroidiagan e observed shape of a background source Is not a pure

important task. Using other tracers of the center of mash ag  1acer of the gravitational lensingfect, but the combined ef-

X-ray detections, brightest clustgroup galaxies (BCBGG), fect of_an |ntr|n_5|c.galaxy shape and any qllstortlon of thalpe,
including gravitational lensing. Systematiffexts such as tele-

or the luminosity-weighted mean (LWM) position, gravitatal berrati d detect ; tics likewise ibate
lensing can significantly constrain halo masses and coreenCOPE aberrations and detecltor systematics fikewiselboter
which need to be corrected for.

tions (e.g., George etial. 2012). o S . .

Galaxy clusters and, in the past decade, galaxy groups, re I he uncertainties the intrinsic shapes introduce is reterr
now identified in a robust manner, including examples of a&bf‘s jhtape .no'set'hand the amoufn':r?f backﬁrogrnhd sorl]Jrces avail
cretion of smaller structures onto existing clusters. Heeve able determines the precision of the results. 1he shap@ nois
we have less observational evidence of the connection betw&Verages out statlstlcall_y i we assume that '_[he background
structures on various scales, that is to say, the initicrasly sources are randomly oriented mtrmsmglly. If faint meardof
of clusters from groups and (:;alaxies. In this study, we perfo the foreground structure are not identified and removed from
a weak lensing analysis of SG1121P02 (Gonzalez et al. 2005,the sample of back_ground sources, the_se shapeg will not be
hereafter GO5), an assembling system of four galaxy groUpsageCtetd t;_y lgr?;/;]tan(:nalt Iensmg, but m|tghttlbe qulk?nedtswnh
z ~ 0.37 discovered in the Las Campanas Distant Cluster Sur\:gy ﬁo ential ot the s rucl_ure under inves Igal\l/lon.d Ibemm
(LCDCS, [Gonzalez et al. 2001). These groups are gravitatic S KNown as intrinsic alignment (see, e.g.. Mandelbaum et a

2006). However, recent results suggest that intrinsimatignts

ally bound and will merge into a galaxy cluster comparable fi A .
mass to Coma by = 0. The supergroup, hereafter SG1120, ighould have negligible influence for current cluster weakileg

; o . : dies|(Sifon et al. 2015).
confirmed by X-ray imaging and optical spectroscopy and hagJdThe average measured distortion, corrected for systematic

already formed a red sequence (see, e.g., G05, T08, T09, %[% . L 29

Kautsch et al. 2008; Just etial. 2011; Freeland et al.[2011). | ects, can then be related to the projected density disivibut
The individual subgroups are in the low-mass regime of 30 the lensing structure through

ray groupsMzoo ~ 10 to 104*M, andoy ~ 400 km s*, and 427G DoDy

have not yet interacted. The aim of this study is to deterrtiire x(6) = ——2(6) D’

total matter distribution in the system (dark and baryoaia) to ¢ 0s

constrain individual halo masses. whered represents the angular coordinates on the plane of the
This paper is organized as follows. We summarize the gesky, 5(6) is the projected density distribution, aBg are the an-

eral framework for weak Iensing in Sect. 2. In Sect. 3 we k}fiefbmar diameter distances between the observer, |ens, arhd ba

describe the data we use, while Sect. 4 covers the frameviorkg@ound sources (luminosity distances, sometimes writseDy a

measurement and analysis methods. In Sect. 5 we discuss th@fe not used throughout this paper).

sults and the scientific implications. Section 6 gives a sanmym Normalized by 4’GC_2, the convergence is therefore also

of our conclusions. known as the dimensionless surface mass density, direstly r
Throughout this paper we assume a Planglted to the lensing density distribution and the lensingnge-

(Planck Collaborationetal. | _2014)  cosmology  Withry, For axisymmetric lensesy|(6) = k(< 6) — (6) with k(< 6)

Qv = 03183,Q, = 06817 andHy = 67.04 km S the mean surface mass density within a radial separétiofd|

Mpc™. to the lens centroid.

®3)

2. Weak lensing framework 3. Data

Gravitational lensing is thefkect of curved space-time on theFor this project we made use of results of an extensive multi-
paths of light rays from distant sources to the observer &g ﬂ{/\/avelength data set (see, e.g., GO5, T08, and T09)

pass through the potential of foreground structures. This g . . . -
metrical gfect leads to a displacement of point sources on the r}ﬁe%_:gsglﬂrti;?ﬂ\_'sg_%gréﬁll)i/rsrg ?r:e 822§alfo?a$a cg nr?:g?g
projected plane of the sky. Thefl#irential éfect on extended 9 ging P

PP ; ; .. surements, as well a¥LT/VIMOS (Le Fevre etal.| 2003),
sources leads to magnification and distortigfeets. This is
commonly described as a coordinate transformation VLT/FORS2 [Appenzeller et al. 1998), arMagellar/LDSS3

spectroscopy.
[x’] [1_,(_71 v ][x] We also used the X-ray temperatures based on
= , (1) Chandra/ACIS imaging and stellar masses inferred from
y -y l-x+vy1 )y

! Based on observations made with the NAESA Hubble Space
where the trace componenis known as the convergence andrelescope, obtained at the Space Telescope Science tiastitaich is
the reduced symmetric part is determined by the gravitatioroperated by the Association of Universities for Researdksimonomy,
shear {1, y2). Inc.
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VLT/VIMOS BVR photometry (T08) and complement our optivisually overdense regions (G05), and observed using VIMOS

cal color information withKPNO/FLAMINGOS near-infrared Follow-up spectroscopy was selected frétg catalogs Ks <

(NIR) K imaging. 20) and carried out on LDSS3 and FORS2. Figure 2 shows the
We user = 11"119"580, 6 = 12°03'33/0 as center of coordi- redshift distribution of the final target selection, usingedshift

nates, which roughly is the center of the VIMOS imaging datguality cut as defined in TO8.

To convert angular to physical separations, we use a referen

redshift ofz = 0.37; this is the median of the redshifts of the

four BGGs. i 1
80 - s
—11.90F T T T T T T T i 1
i 6 1 i 1
—11.95F . 60~ -
~12.00F 1 2 6k 1
g i 1 ] I ]
D, —12.05 ‘ - i |
S r 7 1 20 *
S _12.10fF £ . I ]
: S A X bsen o]
712.W5j 7 0.0 0.2 0.4 0.6 0.8 1.0
r 1 1 ‘
_1200F -4 Fig. 2. Redshift distribution of the spectroscopic targets around
L I - I N 1 8G1120. Three significant peaks are identified betwegh €
170.1 170.0 169.9 z < 0.37, associated with SG1120; betweeAd< z < 0.44,
R.A. [deg] unassociated but concentrated slightly north of peak 1;bend

Fig. 1. Layout of theVLT/VIMOS pointings (red) an#iST/ACS tween 047 < z < 0.49, associated with X-ray peaks 1 and 6.

pointings (blue). The detected X-ray peaks are shown as well
(gray), with the radius of the circles 05 Mpc. The X-ray
peaks 1 and 6 (light gray) are associated with structurdglgeh
redshift, beyond SG1120 (G05).

Members of the subgroups of SG1120 were initially selected
as galaxies within 500 kpc of their respective X-ray peakhiwi
the redshift range.82 < z < 0.39. We narrowed the redshift
range to B4 < z < 0.38 without the loss of any members.
Figure[3 shows a layout of the targets.

3.1. HST imaging

TheHST/ACS imaging data were taken in July 2005 and January X (A 2) MF’C]W
2006 and consist of ten pointings, forming a contiguoUx18 T e Y 3
mosaic. Each tile was observed in F814W({§pixel) for 2ks I —— 3
over four dithered exposures. Figlide 1 shows the layout®f th L 2 E
different pointings. S RN IR 42
We reduced the data with the same pipeline as em- 5r e o ]
ployed in[Schrabback etlal. (2010), which u¥edtiDrizzle I L G A ER
(Koekemoer et al. 2003) to stack exposures and remove cosmic | A g N 1
rays. It also includes careful refinement of shifts and forest - RE
between exposures as well as optimized weighting.
Schrabback et al! (2010) found that usiMgltiDrizzle i . 5 1
with the default cosmic-ray rejection parameters can caese L L. R E . E 1
tral stellar pixels to be flagged as cosmic rays, especiatigrw 3 T e R e E
there are significant PSF variations between exposureaxigal -5 . bt ] o E
are not #fected, due to their shallower light profiles. To avoid I IO | O -2
differences in thefiective stacked PSFs, we created separate I e 3
stacks for stars and galaxies, with less aggressive cosice- A rrrr—— E
jection for the former. —10 _5 N 5 10
For a more detailed description of the reduction process, we X [arcmin]
refer to.Schrabback etlal. (2010).

Y [arcmi
L

Fig.3. Layout of spectroscopic targets, overlaid with the
VLT/VIMOS pointings. &Yy) = (0,0) corresponds tax =
3.2. Spectroscopy 11197580, 6 = 12°0333/0. Colors correspond to the peaks
We employed optical spectroscopy consisting of three dsloge in Fig.[d. The BGGs are indicated by larger circles.
data. The first subset of targets was selected from a magnitud
limited catalog R < 22.5), with preference given to objects in
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3.3. Subgroups with density profiles to the subgroups based on the BGG and
X-ray peak positions.

Table 1. Properties of galaxy groups in SG1120 and the twg ; ,sp+ shape measurements
structures identified at higher redshift. o
The art of measuring accurate galaxy shapes is an ongoing

i field of investigation, as witnessed, for instance, by the&sh
BGG  X-ray z T oz ) N TEsting Programmes and the GRavitational IEnsing Accuracy
ID  peak (kev)  (kms) Testing (Heymans et Al. 2006; Massey et al. 2007; Bridlelet al
1 2 03522 22797 303+60 13 2010;| Kitching et all 2012; Mandelbaum et al. 2015, hereafte
o STEP, STEP2, and GREAT08, GREAT10, and GREAT3). We
+0.5 J ) J )
2 3 A3707 1753 406+83 19 make use of the KSB methad (Kaiser et al. 1995), the most com-
3 4 03712 187Z 580+100 29 monly used and tested technique in the past decade, andgsliscu
4 5 03694 30fi'§ 567+ 119 21 its applicatipn to ACS data.
o0 For this study we used the same approach as
1 04794 237;; 820+101 19 Schrabback et al.[ (2007, 2010, the TS pipeline in STEP
6 04801 12 and STEP2) based on the implementation by Erbenetal.

(2001). KSB uses the first-ordeffects of distortions induced

. ) ] by gravitational shear and PSF on the weighted second msment
In Table[1, we give an overview of the properties of eac$f the light distribution of a source to estimate the reduced

subgroup, also given in G05, T08 and T09. We use the saglgear. We detect objects in the same way usiBgtractor

numbering convention for the X-ray peaks and BGGs as the@ertin & Arnouts 1996).

papers. Subtle dierences in the number of group members are e defined individual weights for this method based on the

due to using the same selection criteria as T09, but a sfighflariance of the shear estimators from this pipeline as
different cosmology.

Figure4 shows the radiat,(y) distribution of galaxies within y o (02 + 02 + o2 )*1 (4)
500 kpc of each subgroup, withd5 < z < 0.415. The sub- soTe s Tes o
group associated with X-ray peak 2 and BGG 1 is at a slightiyhere we assumed a minimum varianceod, the intrinsic
lower redshift, with an estimated 3040 Mpc in angular diam- shape noise. Based on the findings in the STEP analyses, we
eter distance to the median redshift of the supergroup. expect an underestimation of the shears by KkS# about a

few percent. We applied the same empirical correction faato

D, [A” Mpc% Schrabback et al. (2010) to account for this expected bias.

1000 1050 1100 1150 The systematic distortionfiects due to telescope and optic
‘ ‘ ‘ system give rise to shapes convoluted by a point spreadifumct
(PSF). The main source of variations of the ACS PSF is caused
by changes in the telescope focus, causing spatial and tempo
ral fluctuations (see, e.g., Schrabback et al. 2007; Rhdd#s e
2007).

A common strategy is to map the distortions caused by the
PSF using the shapes of foreground stars, but the average num
ber of stars in our ACS images is 20 — 40. This leads to a
poorly sampled PSF and an imperfect correction, causing sig
nificant residual distortions, especially detectable attiges of
the images where the tiles overlap slightly. We therefompéed
the same strategy as Schrabback et al. (2010) based on a prin-
. cipal component analysis of the PSF variation in denseastell

No_ oo o . fields.

0.32 0.34 0.36 0.38 0.40 Furthermore, deterioration of the ACS CCDs over time due
z to constant exposure to cosmic rays in space leads to an ef-
; ; T ; . fect called charge-transfer ifieiency (CTI), causing charge
Fig. 4. Radial ¢ y) distribution of all objects (black dots, with =~ ~: L )
a redshift quality of 3 as defined in T08). Objects within 5Op(alls in the CCD readout direction (e.g., Rhodes et al. 2007

kpc of an X-ray peak and the corresponding selection Gajteilg/lassey et al. 2010; Schrabback et al. 2010). Thésets will

are shown in dferent colors for easy distinction. The BGGs ar@ﬁeCt the measured shear pattern and the reconstruction of the

indicated by larger circles, group redshifts by dashedsline projected density distribution, and it is therefore impaitto
' correct for them.

Here we applied the same parametric CTl model as de-
scribed in| . Schrabback etlal. (2010) for the correction of the
KSB+ polarizations.

After constructing the shape measurement catalogs, we ap-
In this section we briefly describe our method of shape measuplied several common selection criteria and cuts. Thege-cri
ment. We discuss the redshift distribution and selectidmeak- ria are based on simulations and quality flags of the detectio
ground sources. After establishing a reliable backgroatalog and shape measurement pipelines, and they depend on tlee nois
with robust shapes, we describe how we obtain a qualitagive properties, on the variance and convergence of the modgl fits
construction of the projected mass density and complerhent tand on the object and PSF size.

Y [A™" Mpc]
o

=3
40
30

R L L A
[ P e e A PRRUYRRUTE INTRRUTRTA INUTNRUTNA INURUTNRTI ARTNURTNTE INURTNAREA

N(Az)

20
'8

4. Analysis
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A list of the various selection criteria can be found in the
appendix. Sources that pass the criteria of all pipelines-nu 12
ber 7012, for a source density ef 64 galaxiegarcmir? with 10
MAG_AUTO magnitudesgi4 < 27.1. 3

Ng(z)

4.2. Redshift distribution

H\\\H\H\\\H\\H\H\Tm

SG1120

We acquired spectroscopic redshifts for 497 objects in aty ¢
alogs. The spectroscopic targets were selected based on mag4
nitude, and preference was given to visually overdensensgi
which means that these spectroscopically confirmed merdbers 59

oo N b~ O

AL B AL UL L ¥ LA LARRARS RARS RERN RARS [P

not give a complete picture of the galaxy distribution in 3G0. =~ 0 E E E
The brightest confirmed supergroup member hags = 175, = Wl
while the spectroscopic survey remains 50% complete to 10 S 3
ig14 = 20.5 (T09). We find that confirmed supergroup members & &
have numbers peaking between magnitudes 49534 < 20.0. U Sl S S S =

To separate background and foreground sources, we con- 00 0.2 0.4 0.6 0.8 1.0
sidered that group members are expected to dominate number 6

counts in the magnitude range of confirmed members, whitey 6 parametric redshift distribution of sources wighy > 22
background number counts dominate at fainter magnitudes. Wpper panel) and the corresponding distribution in lensing ef-
initially selected background sources as objects With > 22 ficiency 3 (lower panel). In the upper panel, the dashed green
and assessed possible contamination by faint foregrouedtsb |ine corresponds tay ~ 0.88 with respect to SG1120 and the
Figurel3 shows the number density of sources With< 22 and  gotted red line corresponds #; ~ 0.95 with respect to the
ig14 > 22, where we have used a Gaussian smoothing with a Qo structures at higher redshift. In the lower panel, thehea
kernel width. green curve shows the distributiongrwith respect to SG1120,
Because gravitational lensing is a geometffee that has a with (8) ~ 0.52 (dashed green vertical line), and the dotted red
non-linear dependence on redshift, we took the expectethiféd curve the distribution i for the two structures a= 0.48, with
distributions into account, following the same paramatitn as (3) ~ 0.42 (dotted red vertical line).
in|Schrabback et all. (2010). We show the total redshift ithistr
tion of sources witligy4 > 22 in Fig[6. For a given lens redshift,
such as in this particular system, the lensing signal has-a |her density profile around the group centers, as shown in Fig.
ear dependence on the lensirffaencys = max{0, Dis/Dos}. [7.
We can therefore determine a mean lensifiigiency(g) for the
sources with respect to each subgroup redshift.

As mentioned earlier, both X-ray peak 1 and 6 (G05) are as- 0
sociated with structures at higher redshift (bo#80s z < 0.48). £ 80
We must take the gravitational distortions caused by thask-b
ground structures into account when trying to isolate theali
from SG1120. We therefore also determined a mean lensing ef-
ficiency for these structures.

We found average lensingfiencies of(8) ~ 0.52 for

SG1120, corresponding to affective background redshift of Fig. 7. Variations in galaxy number densityas a function of ra-

Zz ~ 0.88, and(8) ~ 0.42 for the two background structuresdial distance from the lens positions, using the X-ray pédks

corresponding to anfkective background redshift afz ~ 0.95. amonds) and BGG positions (squares). Data points are Iglight
offset for clarity. Overplotted is the average number dendity o
~ 64 galaxiegarcmir? of the whole ACS mosaic (black solid

4.2.1. Foreground contamination line) and the best-fit radial profile (dashed) wiidr &rrors (dot-

ted). The estimatedfiect of the lensing magnificatiop?™?, is

shown in grayscale, varying the slope of the luminosity fiorc

Hetween O< @ < 3. Different shades in grayscale correspond to
or members of the SG1120 structure. Based on our paramegt[qé;ps of &6 x 10" in group masvizgo.

redshift distribution, we estimate that9% of our background
sources to lie in front of SG1120.

Foreground sources are not lensed by the groups. We accountye used radial bins between 1@ 8 < 95" to avoid the
for this dilution dfect by assigningg = 0 to this part of the BGGs and the edges of the ACS coverage. We also considered
redshift distribution in our definition of the lensingfieiency only the group centers of groups 2 through 5, as group 6 is not
above. entirely covered by the ACS pointings. Finally, we averatied

This assumes a random field of view, which is not the casegnal over all four subgroups to increase the signal-tsea-
for our observations, with known overdensitiezat 0.37 and tio.
z ~ 0.48. However, Fig[ b suggests no significant correlation We then quantified the radial dependence of the galaxy num-
between the distribution of these sources and the galasy-disber density by fitting a parameterized profile givenrifyg) =
bution of SG1120. To estimate possible variations in thelsem (1 + a/6)n,g, with 6 in arcseconds and with,g = 64/arcmirf
densityn of sources wittigi4 > 22, we derived an average numfixed. (In fact, if we allowny,g to vary, we recovenyy = (64 +

60

n [arcmi

40

20 40 60 80
Radial separation [arcsec]

An intrinsic redshift distribution of sources witgi4 > 22 im-
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3)/arcmirf.) We founda = 0.14+ 1.11, consistent with no trend 4.3.2. Density profile parameters
in galaxy number density with radial separation from thesle

centers. r?Earlier studies indicate that the groups are infalling fog first

time and have not yet interacted, although X-ray measur&men

To interpret this radial number density profile, we have tehow a possible onset of interaction (G05). We considered th
consider both the presence of unidentified faint group memjroups as individual overdensities with spherically syrtrine
bers and the féect of the lensing magnification (see, e.g., density distributions and derived halo parameters for gaatip,
Bartelmann & Schneider 2001, and references therein). Tingluding the background structure around X-ray peak 6.
presence of unidentified group members would increase the We considered two types of density profiles and two possible
number density. Magnification increases both the observed fchoices of group centroids. We considered the Navarrok=ren
of background sources, leading to an increasg and the solid White (NFW, [Navarro et al. 1996) density profile and compared
angle behind the lenses, causing a dilutiomdghot to be con- this to the singular isothermal sphere (SIS) model.
fused with the dilution of the shear signal caused by uniénse The SIS profile is determined by a single free parameter, the
foreground objects in the background source sample). 1 thealo velocity dispersion,, where the subscriptis used to dis-
depends on the slope of the luminosity function whether the tinguish this parameter, derived from a two-dimensionatiaio
lensing magnification causes a net increase or decreas@nin nuf the projected mass density, from other derivations abeigy
ber density byu"~*, whereu ande depend of the source red-dispersion, such as the one-dimensienaderived from the red-
shift. Both dfects were shown by Hildebrandt et al. (2009). Ahift distribution. The advantages of this profile are itslicity
decrease could cancel thieet of unidentified group members.and the linear dependence of the lensing signal on the sdjuare

We wish to obtain a rough estimate of the expected influen¥gloCity dispersion. The tangential component of the shgtir
of magnification to check whether it is smaller than the stati"®SPeCt to the group center is given by
tical uncertainty. For this we ignored the redshift deperuiks 27 ,f
of u ande and considered a wide range<Oe < 3, which was 71(6) = —2055 , (6)
simply chosen to assess all possible variations in the rfiagni ¢
tion without making assumptions about the luminosity fimtt whered indicates the separation from the center in radians. This
We used a group mass b, = 1.0 x 104, whereM,qq is de-  allows for a straightforward interpretation of any possibbrre-
fined as the total mass within a radiug gfy of a halo, where the lation between the fitted parameters afeient subgroups.
mean density of the halo jg< ra00) = 20Qoit(2). For a robust The NFW profile is usually expressed in terms of its mass
estimate, we also considered variationdpyg of £0.5 x 104, and concentration and depends on redshift. The halo Mags
The results are plotted in Figl 7 in grayscale. is given by

We estimate possible magnificatioffiects to be smaller than 4 . H@®)
the statistical uncertainties from potential residualugronem- Mz200 = zoqocrit(z)§” 200 = 100?500 (6)
ber contamination. We expect that any residual excess minta . ] . ]
nation by member galaxies of SG1120 in the source sample mliBg concentratiort,o is defined as the relation between the
be small and comparable to regular line-of-sight variatidn ~characteristic shape of the density profile ap@. The analyti-
Sect. 5.2, we confirm that we do not need to apply a dilutigifl formulas for the shear signal of an NFW profile can be found

correction for excess contamination from the supergraeifit  inWright & Brainerd (2000) and Bartelmann (1996).
Because of the lower/N, the centers of dark matter haloes

should not be estimated directly from the lensing data wteen d
4.3. Lensing analysis termining density profile parameters. Instead, one haslyo re
upon visible tracers such as peaks in the X-ray emission bf ho

Our approach to determining the matter distribution in Sg11 9as Or the brightest or heaviest galaxy (e.g., in terms oéla st
is twofold. First, we show that the distribution of light (gay 'ar mass as derived in T08) in the group or cluster. If theditte
number densities, BGGs, and X-ray peaks) is closely cagelanalo model is @set from the true underlying halo, the fit is in-
with the underlying mass distribution. Second, we deteertiie  feérior and the introduced systematic uncertainties carigrgfs
density profile parameters for each subgroup, taking intoaat  icant (George et al. 2012). In particular, the halo mass onill

the efect of each subgroup and background structure simultaf¥€rage be underestimated, while the uncertainties, nitest o
ously. determined from confidence levels, will be increased. Teasls

to both a biased and a lesextive study.
As described in_George etlal. (2012), there are several
4.3.1. Reconstruction of the mass distribution choices possible as tracer of the halo center. These carsbd ba
upon a central galaxy, several or all of the associated geacr

We used a Kaiser-Squires (KS, Kaiser & Squires 1993) ithe X-ray flux. In this study, the haloes under consideradion
version technique to reconstruct the surface mass defgity, Part of @ coalescing system, and dfset from the true halo cen-

smoothed the data onto a rectangular grid, using a Gausd@pOf Some or all of these tracers is not unlikely. Howevee, t
smoothing kernel with a width of 20”, equal to the smoothing©GS of the subgroup are also the most massive group galaxies
used for the galaxy number densities in Fig. 5. MGG, |George et al. 2012) in terms of stellar mass and mag-

) . . i ) nitudes in most observed bands and coincide well with they-r
We investigated possible systematic errors in our data B¥aks (T08). We derived the parameter values using botbrepti

changing the phase of the shear b, which corresponds to and determined whether these are consistent.

rotating the background galaxies éyr. The distortion caused  Given the close angular separation of the X-ray peaks, we

by weak lensing does not introduce a curl in the shear field, adid not compute azimuthally averaged profiles. Instead,ame-c

the resulting reconstructed map should display only noishe puted the total lensing distortiogn = Y’ g; for each background

absence of systematic errors. source induced by each of the six foreground structures ishi
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valid if we assumeg <« 1, which is certainly the case for the Peak 2
sources where the distortion is not dominated by one of the le
ing structures.

We then determined profile parameters for each subgroup us-
ing ay? minimization. For X-ray peak 1, we assumed= 820 Peok 3
km s from GO5 and an order of magnitudd,py = 3.7 X 50

10"h™*M, and assessed théfect of omitting the influence of — I

this background structure. 'y 20
~ © Peak 4
E 40
5. Results o
'®) 20
In this section we discuss the reconstructed density digtagn = ™ Peok 5

and best-fit profile parameters, and we show that SG1120 is corr
sistent with expectations from hierarchical structurerfation, 7 o
even though the system is not relaxed. b 10
Q
=10

5.1. Matter distribution 30

20
In Fig.[8 we show the reconstruction of the projected surface o
mass density. We detect significant peaks near three of the fo 712
ground structures. We do not detect a significant peak ing¢he d
sity distribution near X-ray peak 2.

We considered the results of our mass reconstruction in a 0%,.5 [100% km? s77]

qualitative manner. The peaks in our surface mass density re
construction coincide very well with the peaks in galaxy auntig. 9. Marginalized 2Dy? distributions of the simultaneous fit
ber density (Figl5) and X-ray emission (G05), within smeottio the individual subgroup velocity dispersions, togethigh the
ing scales. We found no significant ‘dark’ overdensitiebaif marginalized 1D likelihoods for each subgroup. Overptbtee
and small éfsets between peaks using various tracers are éke 683%,954%, and 997% confidence levels.
pected in a coalescing system. Finally, the map shows signifi
cantly stronger peaks than the control map.

Peak 6

©000C
©0C0

© O

—206-100 10 20 30 10 20 30 40 50 0 10 20 30 40-100 10 20 30 —-100 10 20 30

0a)/0 = 1+ 1.25/6 for group member contamination, as dis-

5.2. Individual groups cussed in Sect. 4.2, using a conservatiraupper limit. We find
that this does not alter the results by more than 37% of the 68%
5.2.1. SIS velocity dispersions confidence intervals, justifying our earlier approach.

We present the results of the joipf minimization fit of SIS We repeated the fit around the BGGs as tracers of the halo
rofile parameters around the X-ray peaks in [Fig. 9. The ey SENters: The results are very similar, with the fitted vakiss

p2 valurt)a isy2 = 1.4 yp 9.9 given in TabldR. There is somefflirence with up to @ devia-

X Ay = 2 tions between the results for peaks 3 and 5, where the saparat

. The .cor.n_bmed contours .Of Figl 9 show no fga}tures that 'Hetween X-ray peak and BGG is also the largest. The quality of
dicate significant degeneracies between the individualgeg the fit, in terms of a reducegf value, is the same
values. While it is to be expected that nearby mass concentra” ' '

tions influence the shear pattern around an individual lees,
conclude that noise is a dominant factor in these resultseM®.2.2. Mygq
massive haloes or smaller halo separations can be expected t ) )
increase correlations. In the same manner, we determined NFW profile parameters
The resultingr, values are given in Tablg 2. Consistent withrom the distortion pattern in the ACS field around the sub-
the reconstructed mass map in Fif). 8, we do not detect a vEFUPS.
significant lensing signal around X-ray peak 2, barely edirep Weak lensing data of individual groups or low-mass clus-
the 68% confidence limit. ters do not have dghicient signal-to-noise to provide useful
The velocity dispersion associated with X-ray peak 1 is negonstraints onMazg and czo simultaneously. Therefore,
essarily kept constant, as the peak lies outside the ACSimos@€ _employed the mass-concentration relation given in
Upon inspection, it turns out that varying this parameténieen Mandelbaum et al. | (2008), restricting the fit to one free
0 < o1 < 820 km s* does not alter the results by more than 109arameter,Mago. The results of these fits are summarized in
of the 68% confidence interval for X-ray peak 2, which liesselo Tablel2, both for the X-ray centroids and BGGs as tracerseof th
est to peak 1. Thefect is even smaller for the other groups.  halo centers.
Similar to our assessment of systematics for the mass map
reconstruction, we repeated the fit to a control signal byhgha
ing the phase of the shear éy. The results are consistent with
a control signal of. ~ 0. Because of its less favorable lensings05 showed that the subgroups were consistent with the local
geometry (8) = 0.42), the constraints for group 6 are weakefy — o, relation (Xue & Wil 2000), a fact which did not change
although it is still detected at a significancecok 1.6. with more spectroscopic data in T09. Here we did not deter-
Finally, we determined how much our results would be afnine 1D velocity dispersions from the redshift distribatiof
fected if the signal were boosted by a dilution factor of fa+ group members, but assumed the projections of 3D halo models

5.2.3. Scaling relations
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Table 2. Profile parameter fit results

Subgroup oy o, (X-ray) o, (BGG) My (X-ray) Mam (BGG)
(X-rayID)  (kms?) (kms?) (kms?t)  (10“h M)  (10%h™1My)
2 303+60 24099, 230'% 0.3:91 0.2:92
3 406+ 83 5308 42550 1154 0.97%%
4 580+ 100  450% 44585 1695 16708
5 567+119 3555 480'% 0.894 1.6%0%
6 325 ?go 305j2g5 0. 7f8:g 0. 7j8:§

Hence, we are not limited by group member identification. Aseparations are of about¥ Mpc (G05). As such, the system is
mentioned before, group centroiding can be a problem. a uniqgue demonstration of hierarchical structure fornmatio
Although the parameters of individual groups have shiftedi  Slight ofsets between the peaks in the galaxy distributions,
this analysis, on average the groups still lie on the Idsat o, X-ray gas, and the total matter distributions are well withi
relation, showing a scatter of similar magnitude as the @hatasmoothing scales used and are consistent with an unrelgged s
Xue & WU (2000, Fig[ID). tem on the verge of merging. We found that using either X-
ray peaks or BGGs as tracers for the halo centers (George et al
2012) has a minor impact on the derived halo parameters, with
results consistent withina2 error bars. We consider these con-
clusions to be an indication of the robustness of our results
10.0¢ 1 Furthermore, while the groups are close enough to be gravi-
tationally bound (G05), the individual group halo massedaw
enough compared to their separations to treat them as dhili
e lenses, within parameter error bars.
L i b o, (200) WL The fitted profile parameters are consistent with well-
& o, (G05/T09) 0.1

>
i
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Rl o | demonstrated scaling relations, within the intrinsic sratre-

X Magp (X—ray}

‘ ‘ ‘ ‘ ‘ ated by astrophysical variations (Leauthaud et al. 201i0)s iB
! T ] 10 ! . még - ;%OS,»WOOO further confirmation that the observed structure of SG1K20 i

” consistent with the paradigm of hierarchical structurefation,
Fig.10. Comparison of the properties of SG1120 with obproviding a unique example of this theoretical framework.
servedo — T (Xue & WU 12000, left) andLx — Mg relations Structures such as SG1120 are rare. In fact, SG1120 should
(Leauthaud et al. 2010, right). Results based upon X-rakpede seen as a single piece of a much larger puzzle, where con-
and BGGs as center of mass are indicated by crosses and djremation from studies of similar structures is a necessitye
squares, respectively, while velocity dispersions fronb@@d structure of SG1120 is uniquely oriented in the plane of the
TO9 are shown as open diamonds. Horizontal error bars ate pkky, and the subgroups show no signs of interaction yet, mak-
ted at the vertical median. ing it well suited to distinguish the various components and
overdensities. An example of a well-studied heavier stmgcis
the Cl 1604 supercluster (Gal et al. 2008), where the complex
ructure presentsfiiculties in determining accurate masses, ei-
er using spectroscopic velocity dispersions (e.9., Lened al.
012) or weak lensing analyses of a few selected subclusters

Leauthaud et al| (2010) constrained the — Mg scaling
relation using weak lensing data of groupsin the COSMOS.fiel?fE
The supergroup as a whole is consistent with this scaliegiosl 5

as well, WiFhm the Scatter (Fig.110). . . . léMargoniner et al. 200%; Lagattita 2011).
These interpretations would be reinforced if we did not take Especially the extension of studies like these to individua

X-ray peak 2 into account and considered the conclusion é?stems of lower mass like SG1120 will P
. 3 present a significant
George et al.[(2012) that BGBSMGGs are better tracers of ;hajlenge, both in detecting such rare coalescing systems a

group halo centers than X-ray centroids. , _in obtaining robust and accurate lensing measurementsn giv
Even though individual groups do not always lie preciselpe [ower N. An interesting approach is the combination of

on the determined scaling relationsffdiences in environment|arge existing spectroscopic group catalogs (e.q., EKE2084;

and their éfect on the astrophysical processes behind the obsegy(ind et al.| 2006, Tempel etldl. 2012; Robotham ét al. 2011)

ables used in these analyses create intrinsic scatter@tbese gnd recentor currehtlyohgoing large sky imaging surveysof

relations, which is averaged out in a stacking analysis stschioys width and depth, designed for lensing (.g., Heymaa€ et

employed in Leauthaud et/al. (2010). 2012;[Gilbank et I 2011; de Jong et al. 2013) that are sup-

ported by extensive spectroscopic and color information.

6. Summary Acknowledgements. We thank the anonymous referee for constructive and ef-
ficient comments that helped to improve this paper and thastolkss of our

We have performed a weak lensing analysis of the coalesaing sonclusions. MS acknowledges support from the Netherl@msnization for

pergroup SG1120 and showed that the underlying densiW—diSfSCiemiﬁC Research (NWO). TS acknowledges support fromNbtherlands

- - . - Organization for Scientific Research (NWO), NSF throughmgrfeST-0444059-
bution of matter is well traced by both visual galaxy lightat 001, and the Smithsonian Astrophysics Observatory throggint GOO-

ray emission. The subgroups of SG1120 have not yet intetactei1474. observations taken by NASA HST G0-10499, Ritech SST GO-
but are expected to do so within short timescales, as peaect0683, and Chandra GO2-3183X3.
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Facilities. VLT (VIMOS), VLT (FORS2), Magellan (LDSS3), HST (ACS),

SST (MIPS), CXO (ACIS).
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Appendix A: Quality flags and selection criteria for
background sources.

We assigned several quality flags to the source catalogeguri
detection and shape measurement.

We used the same rms noise model and deblending pa-
rameters as _Schrabback et al. (2010) for object detectitim wi
SExtrator. In addition to detection flags, we required at least
eight adjacent pixels with values more tha#d above the back-
ground. We defined an initial/S cut by flagging objects with
FLUX_AUTO/FLUXERR_AUTO< 10.

We furthermore selected sources with a minimum size com-
pared to the smearing induced by the PSF. We excluded sources
for which the half-light radiusy, (as defined in_Erben etlal.
2001) compared to that of the average star is not smaller than
rh > 1.2r7.

Finally, we selected sources with a KSB shape measurement
SN (defined in_Erben et &l. 2001) larger than 4, to be consistent
with KSB+ studies using a similar definition of the sourg&lS
In this pipeline, the ect of smearing and shearing by the PSF is
for an important part described by tR€ tensor. To avoid being
dominated by noise, we excluded sources for whicPdi2 <
0.1 (see Erben et al. 2001, for technical details and term@ylo

In the final source selection, the catalog of 8273 galaxies is
reduced to 7012y 64 galaxiegarcmir?, that pass all quality cri-
teria from detection and shape measurement.
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