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Abstract. We present a weak lensing analysis of the double clustezrsy&bell 222 and Abell 223. The lensing reconstruction
shows evidence for a possible dark matter filament conrgettirth clusters. The case for a filamentary connection betwee
A 222/223 is supported by an analysis of the galaxy density andyXeraission between the clusters. Using the results of
N-body simulations, we try to develop a criterion that sefesr¢his system into cluster and filament regions. The aimfisitl

a technique that allows the quantification of the signifieant (weak lensing) filament candidates in close pairs oftelss
While this mostly fails, the aperture quadrupole statss{i@chneider & Bartelmann 1997) shows some promise in teia. ar
The cluster masses determined from weak lensing in thiesyate considerably lower than those previously deternfiroed
spectroscopic and X-ray observations (Dietrich et al. 2608ust et al. 2000; David et al. 1999). Additionally, weagphe
serendipitous weak lensing detection of a previously unknduster in the field of this double cluster system.

Key words. gravitational lensing — galaxies: clusters: general —xdasa clusters: individual: A 222 — galaxies: clusters:
individual: A 223 — large-scale structure of Universe

1. The cosmic web Because of the greatly varying mass-to-light/() ratios

between rich clusters and groups of galaxies (Tully & Shaya
The theory of cosmic structure formation predicts throbgh 1999) it is problematic to convert the measured galaxy den-
body simulations that matter in the universe should be casities to mass densities without making further assumption
centrated along sheets and filaments and that clustersa{-gabynamical and X-ray measurements of the filament mass will
ies form where these intersect (e.g. Klypin & Shandarin 1983t yield accurate values, as filamentary structures ateaiy
Davis et al. 1985; Bertschinger & Gelb 1991; Bond et ahot virialized. Weak gravitational lensing, which is based
1996; Kadfmann et al. 1999). This filamentary structure, ofthe measurement of shape and orientation parameters of fain
ten also dubbed “cosmic web”, has been seen in galaxy rédckground galaxies (FBG), is a model-independent method
shift surveys (e.g. Joeveer et al. 1978; de Lapparent e986;1 to determine the surface mass density of clusters and fila-
Giovanelli et al. 1986; Geller & Huchra 1989; Vogeley et aiments. Due to the finite ellipticities of the unlensed FBG ev-
1994; Shectman et al. 1996) and more recently by Baugh etedly weak lensing mass reconstruction is unfortunately an in
(2004) and Doroshkevich et al. (2004) in the 2dF and SD$@rently noisy process, and the expected surface massydensi
surveys, and at higher redshift by Moller & Fynbo (2001)f a typical filament is too low to be detected with currengtel
Observational evidence for the cosmic web is recently alsoopes (Jain et al. 2000).

coming from X-ray observations. E.g. an X-ray filament be- ¢ e \yepy theory also predicts that the surface mass den-

tween two galaxy cluster was observed by Tittley & Henrikse&[ , .
. y of a filament increases towards a cluster (Bond et al6)199
(2001). Nicastro (2003) and Zappacosta et al. (2002) reFjorhlaments connecting neighboring clusters should haviacer

possible detections of warm-hot intergalactic medium f'l?ﬁass densities high enough to be detectable with weak [gnsin

ments. (Pogosyan et al. 1998). Such filaments may have been detected
in several recent weak lensing studies.

* Based on observations made at F5©Silla under program Nos. ~ Kaiser et al. (1998) found a possible filament between two
064.1L.-0248, 064.0-0248, 66.A-0165, 68.A-0269. of the three cluster in the = 0.42 supercluster MS 030247,
*x Appendices A and B are only available in electronic form dut the detection remains somewhat uncertain because sfa po
http://www.edpsciences.org sible foreground structure overlapping the filament andipos
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ble edge fects due to the gap between two of the camera chippgenty 600 s exposures were obtainedRiband in October
lying on the filament. Also, Gavazzi et al. (2004) could relyen 2001 centered on A 223, eleven 908$band exposures were
not confirm the presence of a filament in this system. Gray ettaken in December 1999 centered on A 222. The images were
(2002, G02) claim to have found a filament extending betwetaken with a dithering pattern filling the gaps between tlipch

two of the three clusters of the Abell 9@D2 supercluster, but in the co-added images of each field.

the significance of this detection is low and subject to giiesi ~ TheR-band data used for the weak lensing analysis is sup-
edge dects, as again the filament is on the gap between twlemented with three 900 s exposures inBhandV-band cen-
chips of the camera. Clowe et al. (1998) reported the detectiered on each cluster taken from November 1999 to December
of a filament extending from a high-redshift£ 0.809) cluster. 2000. The finalB- andV-band images have some remaining
Due to the small size of the image it is unknown whether thigaps and regions that are covered by only one exposure and —

filament extends to a nearby cluster. due to the dithering pattern — do not cover exactly the same
region as th&k-band images.
1.1. The A 222/223 system The reduction of th&®-band image centered on A 222 is de-

scribed in detail in DO2. ThB-band image centered on A 223

A 222/223 are two Abell clusters & ~ 0.21 separated by was reduced in the same way. TBeandV-band data was re-
~ 14 on the sky, o~ 280(h>} kpc, belonging to the Butcher duced using the GaBoDS pipeline (Schirmer et al. 2003; Erben
et al. (1983) photometric sample. Both clusters are riclirftav et al. 2005), using Astrometrixwith the USNO-A2 catalog
Abell richness class 3 (Abell 1958). The Bautz-Morgan typgMonet et al. 1998) for the astrometric calibration and SWar
of A222 and A 223 are lI-lll and Ill, respectively. While ttees for the co-addition of the individual dithered images anipsh
are optically selected clusters, they have been observedTheB- andV-band pointings were co-added into a single frame
ROSAT (Wang & Ulmer 1997; David et al. 1999) and are corfer each color. The PSF properties of fRéand pointings were
firmed to be massive clusters. A 223 shows clear sub-strictgo diferent that they were used separately for the lensing anal-
with two distinct peaks separated by4’ in the galaxy distri- ysis. The seeing of the co-addeeband images is'® and 08
bution and X-ray emission. We will refer to these sub-clumger the A 222 and A 223 pointings, respectively.
as A 223-S and A 223-N for the Southern and Northern clump, The R-band image centered on A 222 was photometri-
respectively. A 222 is a very elliptical cluster dominatgdwo cally calibrated using Landolt standard fields and corabtde
bright elliptical galaxies of about the same magnitude. galactic extinction (Schlegel et al. 1998), while the zpoint

Proust et al. (2000) published a list of 53 spectra in the fiedd the R-band image centered on A 223 was fixed to match
of A 222/223, 4 of them in region between the clusters (heréghe magnitudes of objects in both fields. BecauseBhand
after “intercluster region”) and at the redshift of the ¢&rs. V-band data were known to be taken under non-photometric
Later Dietrich et al. (2002, D02) reported spectroscopy8# 1 conditions, the red cluster sequence was identified in ar-colo
objects in the cluster field, 153 being members of the clastghagnitude diagram and its color adjusted to match those ex-
or at the cluster redshift in the intercluster region. Tagkihe pected of elliptical galaxies at the cluster redshift, ggpassive
data of Proust et al. (2000) and DO2 together, 6 galaxiesat #volution andK-correction on the synthetic galaxy spectra of
cluster redshift are known in the intercluster region, lel&#h- Bruzual & Charlot (1993), to account for the additional atmo
ing this cluster system as a good candidate for a filamentapheric extinction.

connection. Due to the greatly varying coverage of the fields, it iSidi
cult to give a limiting magnitude for the co-added images Th
1.2. Outline number counts stop following a power law at 22.5-23.0 mag

for the B- andV-band images and at 24 mag for tReband

This paper is organized as follows. We describe obsen&tén images.
the A 222223 system in Sect. 2. Our weak lensing analysis of
this double cluster system is presented in Sect. 3; we campar
this to the light (optical and X-ray) distribution in Sect.We 3. Lensing analysis
find possible evidence for a filamentary connection betweg,nl Lensing catalog generation
the two clusters and try to develop a statistical measurthfor =~
significance of a weak lensing detection of a filamentin Eect.Starting from the initial SExtractor (Bertin & Arnouts 1996
Our results are discussed in Sect. 6. catalog which contains all objects with at least 3 contiguou

Throughout this paper we assumeQa = 0.7, Qn = pixels 2r above the background, we measured all quantities
0.3, Hy = 70hyo kms™ Mpc™ cosmology, unless otherwisenecessary to obtain shear estimates from the KSB (Kaisér et a

indicated. We use standard lensing notation (Bartelmann 1895) algorithm. For this, we closely followed the proceslur
Schneider 2001) and assume that the mean redshift of the F§&scribed in Erben et al. (2001).

iS Zrag = 1. From the KSB catalog a catalog of background galaxies
used for the weak lensing analysis was selected with the/ell
2. Observations of the A 222/223 system ing criteria. Objects with signal-to-nois8KR) < 2, Gaussian

Imaging of the A 22223 system was performed with the Wide ! http://www.na.astro.it/~radovich/wifix.htm
Field Imager (WFI) at the ES®™MPG 2.2 m telescope. In total, 2 http://terapix.iap.fr/rubrique.php?id_rubrique=49
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ison of the shear estimates of objects observed in the qverla
region of the twoR-band pointings. Overall, the two indepen-
dent shear estimates agree but show a broad scatter araind th
. ideal relation. For the set of all galaxies, we find that theame
i of the diferences between the two measurementif1 for
thee; component and.00 for thes, component. The standard
deviation is 020 in each component. Erben et al. (2003) found
"1 anrmsscatter of 016 between two diierent lensing analyses of
e their data. Our value seems to indicate that the additiar#t s
e,(A222) ' ter introduced by the independent observations is smallFcom
pared to the uncertainties intrinsic to the shear estimgiio-
cedure. The bottom left panel of Fig. 1 shows the dependence
of the absolute values offfierences of the shear estimatis|
on the apparem-band magnitude. As one expects, the reliabil-
ity of the shear estimates drops dramatically for faintgects.
Because these are the objects we keep in our lensing catalog t
rms scatter between the two shear estimates increaseg%o 0
per component for the galaxies kept in our lensing catalbg. T
N O mean for the set of galaxies in our lensing catalog staysstimo
C e M e ' unchanged at.01 in both components, showing that, while the
shear estimates become noisier, no systemattierdnces be-

Fig. 1. Rellaplllty te§ts of the shear estlma.te.s of object§ obsbnye tween both images are present.
the overlapping region of the tw-band pointings. All objects with . .

shear estimates are plotted as light dots, objects sugvivim various In the lensing reconStruc_t'on and. the aperture mass maps
selection criteria, detailed in the text, are plotted assesTop left: (SChnelder_199_6) we will assign a weight to each shear estima
Scatter plot of thes; component estimates from the exposures cetPr. The weight is computed by

tered on A 222 versus the one centered on A 223. The diagomalkli i

not a fit but only represents the ideal relation. Although wieté ob- w = (O—izo + 0'5) R (1)

jects with corrected ellipticitye| > 0.8 from our final lensing catalog,

some objects witle| > 0.8 are marked with crosses in this plot. This isvhereco,, is the intrinsic 2-d ellipticity dispersion andy is
because thenean ellipticity of their two measurements, which we em-the error estimate of the initial ellipticity measuremehtte

ploy in our selection and lensing analysis is below the chasg-df galaxy. We setr.,, = 0.38 which is typically found in ground-
level. These objects are strongly down-weighted and thellusion  phased weak lensing observations (T. Erben, private commu-

would not lead to significant fierences in the lensing analysi@p nication; e.g. Clowe & Schneider (2001) who find a value of
right: Same for the:, componentBottom left: Dependence of the ab- — 0.42).0 is computed from the uncertainty of the mea-
=0.42).0y

solute value of dferences of the shear estimatpxs| on the apparent SljzrDement of the quadrupole moment of the aalaxy in the image
magnitude of the object. As expected, fainter objects hass fteli- q P 9 y ge.

able shear estimateBottom right: This panels shows the correlationwhIIe both quantities are not independent; is of course

betweenjA¢| and the weighting scheme we employed. Objects witicreased by higher errors in the initial ellipticity meesment
higher weights have more reliable shear estimates. — their relation is very complex and not readily quantifiable

in the KSB algorithm. As a consequence, galaxies with low
oy probably receive less weight than they should in an ideal
radiusrg < 033 orrg > 1719, or corrected ellipticity > 0.8 weighting scheme. The large overlap and the high number of
were deleted from the sample. Objects brighter tRam 22 o0bjects detected in both frames would enable us to study the
were rejected as probable foreground objects, while a#iaibj shear estimation procedure in more detail and probably find a
with R > 23 were kept as likely background galaxies. Objecietter weighting scheme than the one used in this work. This
between 22< R < 23 with colors matching those of galaxieds, however, beyond the scope of this paper.
at redshiftz < 0.5,-0.23< (V- R) - 056 x (B- V) < 0.67, The bottom right panel of Fig. 1 shows the correlation be-
0.5 < B-V < 1.6 were not used for the lensing catalog. Objectween our weights (normalized to kel) and|As|. This verifies
not detected in thé&-band image were kept ¥ — R > 1.0. that galaxies with more reliable shear estimates have ahigh
The final catalog has 25940 galaxies, or 13.5 galaxies arémirweight in the generation of the lensing maps, although tigela
without accounting for the area lost to masked reflectioggijn variations in|Ag| only correspond to small relative changes in
diffraction spikes, and tidal tails. the weightw. The shear estimates with the highest weight, not
The large overlap between the tiRsband images allows part of our lensing catalog, are those which we reject asgrob
us to test the reliability of the shear estimates and thelipli ble foreground objects because they are too bright.
of the weighting scheme we will employ in the lensing analy-
sis. Wg perform these tests separately for thg set of albtzbjeaz Weak lensing reconstruction
found in the unmasked part of the overlap region, and thefset 0
objects left after performing the various cuts describethan Based on the lensing catalog described in the previoussecti
previous paragraph. The top panels of Fig. 1 show a comptire weak lensing reconstruction in Fig. 2 was performedgisin
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Fig. 2. Weak lensing surface mass density contours overlaid oR-tiend mosaic observed with the Wide-Field imager at the/FEBRG-2.2m
telescope. The shear field was smoothed witha 1:75 Gaussian, corresponding to the diameter of the circleealotver left corner. Each
contour represents an increase iof 0.005 ¢ 1.6 x 10" hyp Mg Mpc2, assumingrsc = 1) above the meanat the edge of the field.

the Seitz & Schneider (2001) algorithm adapted to the field The peak positions in the weak lensing reconstruction are

geometry with ao- = 1/75 smoothing scale on a 234200 off-set from the brightest galaxy in A 222 and the two sub-

points grid. clumps of A 223. The centroid of the mass of A 222 is’57
South-East of the brightest cluster galaxy (BCG); the mass ¢

. . troids of A 223-N and A 223-S are 8&nd 37 away from the
Both clusters are well detected in the reconstruction, t%%Gs of the respective sub-clumps

two components of A 223 are clearly visible, and the ellipti-
cal appearance of A 222 is present in the surface-mass glensit To estimate the significance of thed&-sets we performed
map. The strong mass peak West of A 223 is most likely asdensing simulations with singular isothermal sphere (18-
ciated with the reflection ring around the bright= 7.98 mag els of various velocity dispersions. The SIS models were put
star at that position. Although the prominentreflectiomgrivas at the cluster redshift of = 0.21; catalogs with a random
masked, diuse stray light and other reflection features are vidistribution of background galaxies with a number densfty o
ible, extending beyond the masked region, well into A 2235 arcmin?, and 1-d ellipticity dispersion af,,, = 0.27 were
probably being the cause of this mass peak. created for 200 realizations. The shear of the SIS models was
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To avoid the mass-sheet degeneracy we estimate the clus-
ter masses from fits of parameterized models to the shear cat-
alog. The fits were performed minimizing the negative shear
log-likelihood function (Schneider et al. 2000)

Ny
l, == > In pe(ailg(6)) )
i=1

over theN, galaxy images to obtain the parameter set most con-
sistent with the probability distributiop.(si|g(6;)) of lensed
galaxy ellipticities. See Schneider et al. (2000) for a itieda
discussion of this maximum likelihood method for parameter
ized models. We fitted more than one mass profile simultane-
ously. Compared to a single model fit, this reduces the influ-
ence of the other cluster on the fitting procedure and result.
Galaxies within distance$ < 0min = 3’ from the centers of
the models were ignored when fitting SIS models. Assuming a
typical SIS this corresponds to roughly 10 Einstein radd an
0 20 40 60 80 100 enough to assume that all galaxies used in the fitting praeedu
centroid off—set/arcsec are in the weak lensing regime. Ignoring galaxies close o th
] ) )  cluster centers also reduces the contamination with first ¢
Fig. 3. Cumulative frgctlon of f-set of.the reconstructeq .ce.ntr0|dster galaxies. As a first approach we fit two SIS, one centered
from the real centroid. The curves display the probabilifyfind- on the BCG of A 222, the other centered on the line connecting

ing a reconstructed centroid of an SIS with a velocity disjwer .
of 550 kms¥(continuous), 700 kn$(dotted), 850 kmd(short the BCGs of the two sub-clumps of A 223. The best-fit mod-

T o . 1
dashed), 1000 kn&(long dashed), and 1150 kim¢dashed-dotted) €IS In this case have velocity dispersions of #j&ms *and
from the real centroid position. The SIS was put at a redsfift 804°g, kms =, respectively. This is considerably lower than the

z = 0.21; the number density of the input catalog was 15 arctnin ~ SPectroscopic velocity dispersions of D02 of 1@3{1’4(m s tfor
A 222 and 10322 km s'*for A 223. Itis also lower than the ve-
locity dispersions derived from X-ray luminosities (Daeithl.

applied to the galaxy ellipticity of the catalog. Weak levgsi 1999) and the.x — o relation of Wu et al. (1999), which are
reconstructions based on these catalogs were performad §#5— 887 kms'and 828- 871 kms*, respectively (D02), but
the smoothing scale set = 1/75 to match the smoothing ofthe value for A 223 is consistent within the error bars. The er
our real data. Due to the lowSNR for the 550 kmsSIS, the ror bars of the individual velocity dispersion were complte
simulations yielded only 198 reliable centroid positiongjle  from 2Al, where the velocity dispersion of one component was
the centroid positions of the more massive SIS could betiglia kept fixed at its best-fit value to give the errors estimateter

determined in all 200 realizations. Fig. 3 shows the cuniugat 0ther component. The two component fit has a significance of
fraction of reconstructed peaks found within a given distan -9 over a model without mass. Joint confidence contours are

from the true centroid position. displayed in Fig. 4. A three component model with an SIS cen-
These simulations show that the observéicset of A 223- tered on each BCG has a lower significance over a zero mass

S is compatible with the statistical noise properties ofrihe model than the two SIS model and does not fit the data better.

construction. The f5-set of A 222, using the the velocity de- Because both clusters are elliptical and the masses deter-

termination of the SIS models fitted below, is significant dpined from SIS fits dfer strongly from those derived by D02,

the 2-3r level. The di-set of A 223-N cannot be explainedone might assume that fitting elliptical mass profiles yiedds

with the statistical noise of the reconstruction alones,Jhiow- More accurate estimate of the cluster mass. To test thisfwe fi

ever, likely that the observed significanff-sets are not real ted singular isothermal ellipse models to the clustersirhed

but linked to the influence of the bright star and its reflactioout that the 6 parameter fit necessary to model both cluster si

rings West of A 223. Although objects coinciding with this remultaneously was very poorly constrained and the fit proce-

flection ring were excluded from the catalog, the presence @fre was not able to reproduce the orientation of the clsister

a strong mass peak on the position of the bright reflectiap rifresults strongly depended on the initial values choserhier t

is a clear indication that the shear estimates fezted by the Mminimization routines.

weaker reflection features which are too numerous and large t The best-fit NFW models havego = 12761522 kpc, ¢ =

be masked. It is diicult to guess how these reflections coul8.4 andrzg = 1546 12372 kpc, ¢ = 1.2 for A 222 and A 223,

contribute to the observed peak shifts. We found that varyinespectively, excluding shear information at distantes1/5

the size of the masked region diffect the strength of the peakfrom the cluster centers. The NFW models have a significance

on the reflection ring but left theflesets of the cluster peaks esof 5.20- over a model with no mass. Fig. 5 shows confidence

sentially unchanged. Still, it is noteworthy that the masalks contours for the NFW fits to the individual clusters, compute

are shifted preferentially away from the star. from 2Al, while keeping the best-fit parameters for the other

N(<d)/N
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tween a normal cluster profile and a point mass of essentially
the same mass.

The situation is dterent for A 223. The two sub-clumps
are separated by 4. This means that even ignoring shear in-
| formation within the largedmnin, = 3’ radius, the outer slopes
of the sub-clumps are outsidgi, and the determination of the
concentration parameter gives a tight upper bound and dides n
change as dramatically when the minimization is performed
only with galaxies further away from the cluster center as is
the case in A 222. Because the shear outsigleis effectively
that of an averaged mass profile insiiig, the measured con-
centration parameter is very low.

The projected cluster separation is marginally smallen tha
the sum of the virial radiiri; ~ rogg) derived from the shear
analysis;raoo(A 222) + raoo(A 223) = 28221 h-tkpe. We
have to emphasize that this is only thejected separation.
D02 found redshifts ok = 0.2126+ 0.0008 for A 222 and
1 z = 0.2079+ 0.0008 for A 223. Assuming that both clus-
ters participate in the Hubble flow with no peculiar velogity
this redshift diference ofAz = 0.005+ 0.001 translates to a
physical separation along the line of sight of &LB)h;g Mpc.
Presumably, part of the observed redshiftatence is due to
peculiar velocities. In any case, it is more likely that thet
clusters are physically separated and the virial radii dower-
a(A223)/km/s lap.

Fig. 4. Combined confidence contours for the SIS velocity disper-
sion of A 222 and A 223. The contour lines are drawn fad 2= 33 A ible dark tter fil t
{2.3,4.616.17,9.21, 118, 184}, corresponding to the 63.8%, 909, /1 POSSIDIE Gark- matter flamen

95.4%, 99%, 99.73%, and 99.99% co_nfidence !evels' respbetin- - Aiso visible in the reconstruction is a bridge in the surface

der the assumption that the statistics is approximatelys&an. mass density extending between A 222 and A 223. Although
_ _ the signal of this possible filamentary connection betwéen t

Table 1. Summary of the cluster properties derived from spectroscog|usters is very low, the feature is quite robust when thecsel

800

600

o(A222) /km/s

400

\ ‘ \ ‘
600 800 1000

X-ray, and weak lensing observations. tion criteria of the catalog are varied and it never disappea
Variations on the selection criteria of the catalog let thee- fi
A 222 A 223 ment shift a few arcminutes in the East-West direction. The
or/(km s7) 10147 10327 filament strength also changes but on closer inspectiorcéms

o(Lx)/(kms?) 845-887 828-871
osig/(kms™) 7165 804'%
rod(kpehzd) 1276102 15461

be attributed almost entirely to variations in the massste-
generacy, which is fixed by setting the meaat the edge of
the field to zero. Although the field is big enough to assume
that the clusters have no considerable contribution to tine s
face mass density at the edge of the field, this is a regionavher
cluster fixed. We summarize the derived cluster propertiesthex-map is dominated by noise. Small changes in the selec-
Tab. 1. tion criteria can change the value of the mass-sheet deggner

As we see from the left panel in Fig. 5, it can beidilt by as much ag, = 0.02. This illustrates that a surface mass
to obtain reliable concentration parameters from weakinens 9€NSity reconstruction is not suitable to assess the signige

data. The reason is that the shear signal is mostly gover;rlecf)f)s'[rlJ(:tures as weak as filaments expected fkotiody simu-

the total mass inside a radius around the mass center. Om)lf‘aﬁipns. We try to develop methods to quantify the signifiean

the cluster center the shear profile carries significanrings  ©f this signalin section 5.

tion about the concentration parameter. For example if we se

6min = 3’ — like we did for fitting SIS models —in the minimiza-3 4 other mass peaks

tion procedureM,oo remains essentially unchanged while the

concentration factor can increase dramatically. The biggafi  In addition to the cluster peaks several other structuresesn
rameters for A 222 in this case argo = 123&;3 kpc,c = 7.8. in the reconstruction in Fig. 2. Using the aperture masssstat
If we choose the radiugy,in inside which we ignore galaxiestics (Schneider 1996) with a4 filter scale we find that the
too big, typical values for the scale radits= rygp/C are con- peak~ 13 SE of A 222 has &NR of 3.5. This peak corre-
tained within this radiusc is then essentially unconstrainedsponds to a visually identified overdensity of galaxies.. Fig
i.e. the minimization procedure cannot anymore distingbis- shows aV — R vs. R color-magnitude diagram of all galaxies
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Fig. 5. Confidence contours for the best-fit NFW parameters for A 2&2anel) and A 223 (ight panel). The contours are drawn at the same
levels as in Fig. 4.
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Fig. 6. Shown above ar8NR contours of the aperture mass statistics
with a @1 filter radius overlaid on the WR-band image. The lowest _ _ _
contour is at D, higher contours rise in step$0The mass peak 13 Fig. 7. Color magnitude diagram of objects around the mass peak SE
SE of A 222 has a pea®NR of 3.5. The circle segment in the lower 0f A 222. A possible red-cluster sequence can be seen aluritl~

left corner has the same radius as the filter function. 11.

in a box with 170 side length around the brightest galaxy ifizo0 = 1322h;5 kpc andc = 3.3 and a significance of 8- over

this overdensity. A possible red-cluster sequence (ROSpea a model withrago = 0, determined fronay?.

seen centered aroudl- R = 1.1, which would put this mass  Fig. 8 shows a comparison of surface mass and luminos-
concentration at a redshift af ~ 0.4. However, the locus of ity density for this peak. Galaxies with@L < V - R < 1.2

the RCS is so poorly defined that this estimate has a consideere selected to match the tentative RCS from Fig. 7. The
able uncertainty. Assuming this redshift, the best-fit Si&lel figure shows excellent agreement between the mass and light
has a velocity dispersion of 72{%km sland a significance of contours, unambiguously confirming that this is a weak lens-
3.20- over a model without mass. The best-fit NFW model hasg detection of a previously unknown cluster. TH&- et be-
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expected colors of early-type galaxies at the cluster iiédsh
this clearly shows that the bright central galaxies in A 283 a
bluer than expected.

The overdensity in number and luminosity density is not
aligned with the dark matter filament candidate. We should,
however, not forget that the position of the filamentaryctute
is somewhat variable with varying cuts to the lensing catalo
If the reflection features West of A 223 are indeed respoasibl
for shifting the centroid positions of the massive clusttrsir
effect may be even stronger on such weak features as the mass
bridge seen in the reconstruction.

We estimate the cluster luminosities by measuringRhe
band luminosity density of all galaxies withingy — as deter-
mined from the lens models in Sect. 3.2 —in excess of the lumi-
nosity density in a circle with’Fadius centered on (01:36:45.8,
—13:07:25), which is an empty region in the SW of our field.
A 222 has a luminosityg r,, = (2.7 + 0.4) x 10*h~2 L and

03’
04 F -
05

06’

(J2000)

p7 [

¢

08’

09" 1)

—13°10

P e Ry e, e A 223 has a luminosity ofg r,,, = (5.6 + 0.8) x 10?h=2 L.
01M38M25° 20° 15° 10° 05°  38M00° Using the mass determined from the NFW profiles, this im-
& (2000) plies rather lowM/L ratios; M/Lgr = 11132h7oMe/Le for

A 222 andM/Lg = 95'3%h7oMp/Lg for A 223. The mass-
fio—light ratios increase tM/Lg = 1787%5h;oMp/Le and
M/Lg = 1313%h70 M /L for A 222 and A 223, respectively,
if the mass estimates from the SIS models withig are used.
The X-ray satellitd)ROSAT observed the pair of galaxy clus-
8}s on 16. January 1992 using the position sensitive propor
tional counter (PSPC). We extracted these data from thegubl
of 2~ 0.4 ROSAT archive in Munich and analyzed the total integration

L ime of 6780 seconds using tH&SAS software (Zimmermann
The mass concentration in the Western part of the possi [Te]

, . al. 1998). To avoid any confusion withfilise soft X-ray
f|Iamen'F reaches a pezﬂNR of 3.6 at a filter scalg of:.32. we .emission and associated photoelectric absorption tovihaeds
do not find an overdensity in the number or luminosity densi

: . . Yea of interest, we focused our scientific interest on the up
of galaxies at this position. None of the other mass peaks s

i th ructi th tionofth the réifie %eer energy limit of the PSPC detector. Using the pulse height
N the reconstruction, with exception ofthe one onthe rabec ;. 4 iant channels 51-201 (corresponding 8KV < E <
ring, is significant in filter scales 2/4.

2.1 keV) we calculated the photon image and the correspond-
ing “exposure-map” according to the standard data reduoctio
4. Comparison of mass and light in A 222/223 We performed a “local” and a “map” source detection which in

Fig. 9 shows the number density and luminosity distribution tc;t?elny|elded 42 X-ray sources above a significance threshol

the A 222223 system. The left panel shows the numberdensﬂy ) , ,
distribution of the color-selected (B < V — R < 0.98) early- By visual inspection, we selected some X-ray sources lo-
type galaxies. The contours lines indicate R determined C€ated close to the fluse X-ray emission of the intra-cluster
from bootstrap resampling the selected galaxies. It isentid 98 and subtracted their contribution using B¥SAS task

that a highly significant overdensity of early-type galaxex- Ccreate/bg-image. This task subtracts the X-ray photons of
ists in the intercluster region. The right panel shows a carmph€ Point sources and approximates the background inessit
ison between luminosity (background gray-scale image) ali@ & Pi-cubic spline interpolation. Finally the X-ray datare
surface mass density. In general, there is good agreement$ja0thed to an angular resolution df7% using a Gaussian
tween the two. We again note thé-sets of the mass centroidsSmeothing kernel.

from the light distribution, which we attribute to the systat- Contours for this final image are shown in Fig. 10. Detected
ics induced by the reflection ring. The elongation of A 222 ¥-ray sources kept in the final image are marked with circles;
nicely reproduced in the reconstruction. A 222 is the dominathe subtracted unresolved sources are denoted by stars. The
cluster in the luminosity density map, while in the mass recolowest contour line is at thes3level. Higher contours increase
struction A 223 appears to be more massive. We note, howeisteps of 2. Both cluster are very well visible. As already
that many of the bright 50 galaxies in A 223 escape our colopoted by Wang & Ulmer (1997), A 223-S is by far the domi-
selection because they are bluer than expected for egugy-tjpant sub-clumpin A 223 in X-ray.

galaxies at this redshift. This indicates a high amount afyae A bridge in X-ray emission connecting both clusters is seen
activity in this irregular system and most likely still cafising at the % level in this image. This possible filament is aligned
system. As we fixed the colors such that the RCS matches tti¢h the overdensity of the number density of color selected

Fig. 8. Mass and light contours in the peak SE of A 222. Black soli
lines are contours of the mass reconstruction in Fig. 2,entféshed
lines denote the luminosity density of galaxies with ¢ V-R < 1.2.

tween the mass centroid and the BCG, which is located
@=01:38:12.16=-13:06:38.2, is 27 and not significant for
an SIS with a velocity dispersion ef 730 km sat a redshift
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Fig. 9. Smoothed distribution of the number density (left panel) #me luminosity density (right panel). The smoothing waselwith a

o = 1/75 Gaussian to match the smoothing of the weak lensing racaotion. The diameter of the circles at the lower left cosneprresponds
to the FWHM of the Gaussian. The contour lines in the left panesignificance contours starting at &nd rising in steps ofd, the contour
lines in the right panel are the surface mass density contfithe reconstruction.

galaxies but not with the filament candidate seen in the weRlndomizing the orientation of the faint background gaaxi
lensing reconstruction. while keeping their ellipticity moduli constant and perfdang

The Eastern spur in the X-ray emission of A 223 is caus@deconstruction on the randomized catalog allows one &sass
by a point source whose removal would cut significantly intihe overall noise level 3<9fr2ana>- While this can be used to de-
the cluster signal. We therefore decided to keep this sourt&rmine the noise level, the mass-sheet degeneracy (Signnei
Removing it does not influence the signal in the intercluster & Seitz 1995) allows us to arbitrarily scale the signal.
gion. The Northern extension of A 223 in thenap is blinded Statistics like the aperture mass (Schneider 1996) and aper
by the support structure of the PSPC window in the X-ray exire multipole moments (Schneider & Bartelmann 1997) allow
posure. the calculation of signal-to-noise rations for limited splkre-
gions and are thus well suited to quantify the presence of a
structure in that region. Hence, to quantify the presenca of
structure between two galaxy clusters, the aperture hagto b
In Sect. 3 we found a possible dark matter filament extendiﬁbosen such that it avoids the clusters and is limited to the fi
between the clusters A 222 and A 223 but its reality and sigment candidate. This is of course closely related to the firs
nificance are not immediately obvious. In this section wedry Problem. We will discuss in the following sections how aper-
develop a method to quantify the significance of weak lensifi¢fe statistics could be used to determine3fR of a possible
filament candidate detections. dark matter filament.

To quantify the presence of a filament and the significance We useN-body simulations of close pairs of galaxy clusters
of its detection, two problems must be solved. First the fundto find solutions to these problems.
mental question “What is a filament?” must be answered. How,
for instance, is it possible to discrimi.nate between oympiag 5.1. N-body simulations
halos of two galaxy clusters and a filament between two clus-
ters? While in the case of large separations this may be e&iyce we are interested in developing a method for a very par-
to answer intuitively, it becomes considerably moricilt if ticular mass configuration, it is desirable to work withbody
the cluster separation is comparable to the size of theezhustsimulations that could mimic as closely as possible the A 222
themselves (see e.g. the left panel of Fig. 9). and A 223 cluster system. This goal can be achieved by per-

The second problem — quantifying the significance of a filtoerming constrained N-body simulations.
ament detection — is rooted in the weak lensing technique. To Constrained realizations were first explored by Bertschin-
avoid infinite noise in the reconstruction, the shear fieldmuger (1987), and later presented in an elegant and simpleaferm
be smoothed (Kaiser & Squires 1993). This leads to a stroisgn by Hatman & Ribak (1991). Here we follow the approach
spatial correlation of thems error in the reconstructedmap, of van de Weygaert & Bertschinger (1996) of the so-called
making it dificult to interpret the error bars at any given poinHoffman-Ribak algorithm for constrained field realizations of

5. Quantifying filaments
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o (J2000) sity from the left panel of Fig. 9.

Gaussian fields. With this approach, the constructed fiedg®b field in order to produce a realistic field around the clusters
the imposed constraints and replaces the unconstraindd fielThe stretching mode of the tidal field was aligned along the
The cluster-bridge-cluster system intended to simulate game direction given by the major cluster axes. The compres-
sembles a quadrupolar matter distribution. It is therefaxe sional mode was set perpendicular to the bridge axis. This co
pected that primeval tidal shear plays an important rol@aps bination of constraints proved to be the most successfulrone
ing such matter configuration (see van de Weygaert 2002 foregroducing (in the linear regime) the configuration présen
review), which must have been induced by tiny matter denslvy the two Abell clusters.
fluctuations in the primordial universe. The initial particle displacements and peculiar velositie
In moulding the observational data we have considerggtre assigned according to the Zel'dovich (1970) approxima
each one of the observational aspects and cosmologicachation from the constrained initial Gaussian density fieldeTh
teristics of the system. We have put constraints onto thigini evolution of the linear constrained density field into thexno
constrained field to create the two clusters and the bridgeein linear regime was performed by means of a standak ¢ de
following way: (Bertschinger & Gelb 1991). The number of grid-cells used to
Two initial cluster seeds were sowed at the center of tie¥aluate the particle-mesh force was 3,26ith a particle mass
simulation box, separated by a distartteWe imposed con- resolution of 33 x 10'*°M. We selected 15 time outputs in or-
straints over the clusters themselves like peak height (i cgler to follow the simulation through the non-linear regimvéh
straint), shape (3 constraints), orientation (3 constsjipecu- a time output at redshift = 0.21, to match the observed clus-
liar velocity (3 constraints) and tidal shear (5 constig)int ter redshift. Fig. 11 shows the most successful clustetgleri
We have performed a set of 10 realizations in a periodituster configuration.
50h;g Mpc box, with diterent combinations of the mentioned To estimate the underlying smooth mass distribution from
18 constraints. In all simulations we def = 0.7, i.e.Hy = the result of the simulations, the particle distributionswa
50 km s1. All constraints were imposed over a cubic gri¢émoothed using the adaptive kernel density estimate destri
of 64 grid-cells per dimension. In all 10 realizations, athe by Pisani (1996, 1993). A comparison of the simulated and
straints were defined on a Gaussian seglef 4h7o Mpc for  smoothed mass distribution can be found in Figs. 11 and 12.
both clusters. Because we are dealing with rich clusters, Wwae surface mass density of all simulations was linearliesca
have imposed a peak heigfg = 30, Whereoy is the vari- such thakmayx =~ 1.
ance of the smoothed density fielao(rg) = (fyfs)Y/?). The We have also computed the density field by means of
other constraints considered were: oblate clusters withrax the Delaunay Tessellation Field Estimator (Schaap & van de
tios 12/41 = 0.9 andAs/A; = 0.8 and both major axes alignedWeygaert 2000), which in principlefi@rs higher spatial res-
with each other. We have imposed a “weak” primordial tidalution at both, dense and underdense regions in comparison
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Fig. 11.Zoom in on the central 18 10 Mpc®/h3, of anN-body simu- Fig. 13. Reconstruction of the mass distribution in Fig. 12 on a

lation. Displayed is the projection of a slice of 2.5 Mg thickness. 206 x 206 points grid. The scale of the axes is given in arcminutes.
The contours mark an increasexoin steps of 0.025 above the mean

| ‘ ‘ : - of the edge of the field. The diameter of the circle in the loleétris

equal to the FWHM of the Gaussian smoothing of the shear field.

The lensing properties of the smoothed mass distribu-
5 L | tion were computed on a 20482048 points grid using the

kappa2stuff program from Nick Kaiser's IMCAT software
packagé. kappa2stuff solves the Poisson equation

1 VA(6) = 2«(0) 3)

in Fourier space on the grid by means of a Fast Fourier
Transformation (FFT) and returns — among other quantities —
the complex sheay(#) and the magnification(6).

For the lensing simulation, catalogs of background gataxie
were produced. Galaxies were randomly placed within a pre-
defined area until the specified number density was reached.
To each galaxy an intrinsic ellipticity was assigned frono tw

! , ! : ! : ! . | Gaussian random deviates. Unless noted otherwise all gimul
—4 -2 0 2 4 tions have 30 galaxigarcmir? and a one-dimensional elliptic-
Mpc/ R, ity dispersion obr,,, = 0.2.

Fig. 12. Smooth density distribution of the data in the left panel To test the validity of our lensing simulation we performed

from the adaptive kernel density estimate. The contoursatike= a mass reconstruction of the simulation in Fig. 12 using the
{0.03.0.05,0.1, 0.5}. algorithm of Seitz & Schneider (2001). The smoothing scale

in this reconstruction was set td3l The result is shown in
Fig. 13. We see that the reconstruction successfully resove
the main properties of the density distribution; both cust
with other fixed-grid or adaptive kernels density recordion  are clearly detected, their ellipticity and orientatiomess with
procedures. that of the smoothed density field. A “filament” resemblingtth
The reconstructed DTFE surface mass density maps of thé-ig. 12 is also seen. We now have to find a way to determine
cluster-bridge-cluster system agree with those from thepad the significance of its detection.
tive kernel since in high-density regions, both method® giv
similar density estimates (Pelupessy et al. 2003). S http://www.ifa.hawaii.edu/~kaiser/imcat/
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Fig. 14. Left: Fit of two NIE profiles to the simulation in Fig. 12. The coatdines increase from = 0.025 tox = 0.25 in steps of 0.02Right:
Difference image of Fig. 12 and the left panel. The contours dheaame level as in the left panel. The filament was complstditracted.
The surface mass density in the intercluster region is mostjative.

5.2. Fitting elliptical profiles to galaxy clusters

In a first attempt to quantify filaments, we try to fit the galaxy
clusters by elliptical mass profiles. We then define the filatm
as the part of the mass distribution which is in excess of th

mass fitted by the ellipses.
The profile we used is the non-singular isothermal ellipse
of Keeton & Kochanek (1998). This profile has four parameters

per cluster that need to be fitted: Fig. 15. Simple toy model of two galaxy clusters connected by a fila-
ment. A quadrupole moment is present in the aperture cehteréhe
— The axis ratio filament.

— The core radius
— The Einstein radius of the corresponding singular isother-
mal sphere

tation of the ellipse are so stronglyfected by the choice of
— The orientation of the ellipse P gyt y

initial values, that they have a profound impact on the sgrfa

The central position was fixed and taken to be the peak jBass density in the intercluster region. Especially, thenta-
sition of the mass reconstruction. As in Sect. 3.2 we use 1" IS only poorly constrained. Generally, the fits overeate
shear-log-likelihood function to fit more than one mass peofitn€ Surface mass density in the intercluster region, fittitey

simultaneously. “filament” completely away. The behavior of the fits to the sim
Various methods for multidimensional minimization aréllated data confirms our experience with fitting SIE profifes i
available. All programs used for fitting either used the DewrANe A 222223 system. Letting the slope of the density profile
hill Simplex or Powell's Direction Set algorithms discudga Y&y does not remedy the problem. The shear log-likelihood
detail in Press et al. (1992). We could not find any systemafftction is rather sensitive to the slope of the density fEofi
differences between the results of the two methods. In geneP4f the ellipticity of the clusters is still poorly constad.

their results agreed quite well if the same initial valueseve
used. _ , _ ~ 5.3. Using aperture multipole moments to quantify the
Fig. 14 shows a fit .of twq nop-smgular isothermal ellipse presence of a filament
(NIE) profiles to the simulation in Fig. 12. We see that the
cluster are roughly fitted by the NIE profiles. Like in the cas&perture multipole moments (AMM) quantify the weighted
of fitting SIE models to A 22223, the ellipticity of the origi- surface mass density distribution in a circular apertdri.i$
nal cluster is only poorly reproduced. Varying the initialwes possible to find a characteristic mass distribution for fézus
of the minimization procedure, gives comparable best-fit vaand express it in terms of multipole moments, AMM can be
ues for the Einstein and core radius. The axis ratio and oriersed to quantify the presence of a filament.
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Fig. 15 illustrates with the help of a simple toy model of twef
galaxy clusters connected by a filament why one expects to fir
a quadrupole moment in an aperture centered on the filaméf

Fig. 16 illustrates that it is crucial not to choose the apert | 1.
too large. If the aperture also covers the clusters, a qpatzu D
moment will be measured even if no filament is present. N T I
We choose a weight function Fig. 17. Quadrupole moment of the simulation in Fig. 12. Overlayed
0 \2 are the contours of the mass reconstruction in Fig. 13 age kircles
u(e) = {1 h (9_) < Gmaf" 4) with radiusr,qo as determined from the 3-dimensional simulated data.
otherwisg |Q®@| was computed in an aperture with radig, = 2’ (top left),

! Omax = 3 (top right), Omax = 4’ (bottom left), max = 5 (bottom right).
to compute the aperture quadrupole moment a_s def'”edTHb circles at the lower left corners have the same radii @diltier
Schneider & Bartelmann (1997, see also Appendix B). Whilgnction in the respective panel. The cluster on the leftdasass of
this weight function is clearly not ideal as it does not clpse \,,, = 2.0 x 1044M, the one on the right dflg0 = 1.4 x 104Mg.
follow the mass profiles of the simulated data, it iffisient to

identify all relevant features in quadrupole mom@®| maps. each cluster center. This is indeed to be expected for akgal

Fig. 17 shows suckQ®| maps for the simulation in Fig. 12. i o
In the quadrupole magny increases from’o 5. The maps clusters because there is a non-vanishing quadrupole ntomen
ax X if the aperture is not centered on the cluster center, buesom

. . . L
yver,e co/mputed on 55 55 points grid, so that each grid pOIntWhere on the slope of the mass distribution. This now ralses t
is I’ x 1’ big. Overlayed are the contours of the surface mass N
density of the reconstruction of Fig. 13. question how we should distinguish the quadrupole moment

One clearly sees that the quadrupole moment between ﬂq(eesent around any cluster from that caused by a filamentary

. ) . . ructure between the clusters.
clusters increases as the size of the apertures incredsiss. S )
. . . To better understand the features visible in [(&)| maps
is of course expected and due to the growing portion of th . . o .
. ) the N-body simulations we qualitatively examine the struc-
clusters in the aperture, so that their large surface mass de .
. . R . . tures of a quadrupole map for a system of two isolated clus-
sity dominates the mass distribution. Fig. 17 also illussdahe : . .
. ; ... ters and two clusters connected by a filament using simple toy
problem of separating clusters from a filament. The viridiira . .
models. Fig. 18 shows noise-free quadrupole maps of twe trun

of the clusters extend far beyond the mass contours of tise clu . :
ters in most directions and thus beyond what can be detec gt d NFW halos (Takada & Jain 2003) without (top panel) and

with weak lensing. Due to the ellipticity of the clusterssitriot wi (bott_om panel) a connec'qng filament for the same apert.u.
. ) . . sizes as in the top panel of Fig. 17. The halo centers and viria
obvious whether the projected mass extending out to thalvirl : ; ;
A . . radii were chosen to match those in tRebody simulation. To
radius is part of the cluster or belongs to a filament. While wi ) ! !
; . : : . escribe the filament we choose a coordinate system such that
certainly can define that projected mass outside the vadil r : g S
) : I the x-axis runs through the halo centers and has its origin at the
belongs to a filament, the case is not clear for mass ingige

The surface mass density contours in Fig. 17 seem to suggfﬁeé{]t{glrlg\imeigggfoﬂPSters separated by a disthand define
t 9 :

that a signature of a filament is present and observable wi

weak lensing inside the virial radius. Because weak lensing (k1X4 + k2x2) % - Xl d

only has a chance to detect filaments in close pairs of chstei (X, y) = ko 5 (’5 - ') (5)
whose separation is comparable to the sum of their virial,rad (v/ke)™ +1

understanding this signature is important. wherek; < 0 andk; chosen such that the maxima of the fourth

In this context the two maps in the top panel which shoarder polynomial coincide with the halo centek$(x) is the
the smallest overlap of the aperture with the virial radé ire Heaviside step-function.
most interesting. Noteworthy in Fig. 17 is also that the tapp As in the |Q®| maps of theN-body simulations a qua-
els show a quadrupole moment on a ring-like structure aroudidipole moment related to the slope of the clusters is sibl
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Fig. 18.|/Q®| maps of toy models of two clusterfop panel: without _ L

a connecting filamenBottom pane!: with a filament running between Fig. 19. Simple model of the surface mass density distribution of an
both clusters. Quadrupole moments in the left panel werepoted elliptical cluster and a filamentary extension along thenraiis of

in a 2 aperture, in the right panel in & aperture. The radii of the the system. The solid line is a symmetric King profile, thegldashed

apertures correspond to the radii of the circles at the Idefecorners i€ is the same King profile stretched by a factor to intredtiee

of the respective panel. White contours are surface masstgetne ellipticity seen in simulation. The filament is modeled asspasate
black circles correspond thiey, of the clusters. component (dotted line). The observed profile (short daginedl is

the sum of the filament and the stretched King profile. The axes
labeled in arbitrary units. The vertical lines exemplifpigal values

Already the smallest aperture (left panel) overlaps thedated Or fit anddeu; see text for details.

NFW halos and leads to a strong quadrupole moment in the in-

tercluster region. This quadrupole moment is, however,imuc

weaker than it is in the presence of a filament (bottom panel . _— o
.ament components could be provide an objective criterion fo

of Fig. 18). Additionally, the presence of a filament is mdl_cl'siosing the filter scale.

cated by a ring structure on which the quadrupole moment'i o .
lower. This structure becomes more prominent with increas- hile in the (failed) attempt to separate the clusters and
ing filter radius. All aperture statistics act as bandpagsrs the filament by fitting eI_IlptlcaI profiles to the clustersetfnla—
on structure comparable in size to the filter radius. As thg ri MeNt was naturally defined as the surface mass density excess
has a radius of 7 it is better visible in the map generated®POVe the clusters, there is no criterion in the AMM statssti
from the larger filter. This structure is present only in tiaoh  that defines cluster and filament regions. We try to develop su
filament-halo system and not in the halo-halo system, even fycriterion in the following section.
filter scales larger than those depicted in Fig. 18. Thictiine
is also visible in the quadrupole maps of tNebody simula-
tions. It is well visible in the top right panel of Fig. 17 arekk
well visible but still present in the top left panel of Fig..17Fig. 19 shows a simple one-dimensional toy model of the
Thus, the quadrupole maps clearly indicate that the medsuneass distribution of a cluster with a filamentary extension.
quadrupoles on the filament are not caused by a situation witthe model consists of the following components: We assume
out filament like that illustrated in Fig. 16. Unfortunatellyis a cluster with a King profile. This is the solid line in Fig. 19.
ring structure, like the filament itself, is a visual impriess In all simulations we see that the clusters are not sphevidal
that does not lend itself easily to a quantitative assestofentriaxial with their major axes oriented approximately tods
the presence of a filament. each other. We account for this in the model by stretching the
These toy models and tid-body simulation show that the right half of the King profile (long dashed line) by a factir
aperture gquadrupole statistics is indeed sensitive to éfam which has to be determined, i.e. the original prokitgg(0) is
tary structures. The quadrupole moment of a halo-filameiu-h replaced withksyrete{f) = kking(f6), O < f < 1, for positive val-
system exceeds that of a pure halo-halo system. As the maes ofg. We will call f the “stretch factor”. The contribution of
sured quadrupole moment strongly depends on the size of the filament (dotted lineys; (9) is added to the stretched King
aperture, choosing the appropriate aperture is imporfadé- profile. The result is the observed surface mass densitylgrofi
composition of a halo-flament-halo system into halo and fibn the right-hand side (short dashed) which can be described

5.4. Defining cluster and filament regions
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by

Kobs(g) = KKing(fG) + Kiil (9) . (6)

0.25 \

Since the mass profile of the filament alone is not accessibl
by observations, we have to determine a point on the observed’
mass profilepg0) that we treat as the “end” of the cluster and
the “start” of the filament. We tried this using the following
procedure: The unstretched King profile, observed on the lef0.15
hand side where < 0, is stretched by the factdt to model the
influence of tidal stretching. By this step we try to obtaie th*
(unobservable) cluster profikgyerc{6) on the right side without
the contribution of the filament.

This stretched profile is then compared to the observed pro-
file xops cONtaining the contribution of the filament by comput-
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at sample point§; in the reconstruction along the main axis of distance/arcmin

the system. Typically, the spacing of the sample pointsivell Eia. 0. Surf densit files of the clust the left in th
that of the grid on which the reconstruction was performed'.g' - Surtace mass densily profiies ot the clusteron the feft In the
. . . . . . . reconstruction displayed in Fig. 13 along the line conmecthoth
Llnear_ Interpolatlon between grld_po_lnts v_v|II be us_ed 'f_thgluster centers. The crosses mark the surface mass dentity fila-
sampling points do not exactly coincide with the grid paiNntnent part, the dashes the surface mass density on the léf$idan of

o is the estimated error ikyps at theith point. We define our the cluster. Thec-axis denotes the distance from the cluster center in
sample points such thay = 0, i.e. is placed at the clus- grcminutes.
ter center. Usually, we will séy = 1. Note that in our model
the contribution from the poirt = 0 always vanishes as by
definition the observed and the stretched profile have the sam We also modified the starting positi@y in the summation
value. in eq. (7). First, we placed it & in order to exclude the cen-
x? is repeatedly computed for increasing valuesNofWe tral region, which by definition of this procedure has a small
can define the “end of the cluster” and the “start of the fila<*. Second, we calculatgd in a moving window of fixed size
ment” by the poinfy; = 6y, Where the probability thatyeicn  and set the separation point between cluster and filamehéto t
is a good representation s falls below a pre-defined level, start of the window for which? fell below the cut-& confi-
which we call the “cut-& confidence level}?,. dence level. This was done for various window sizes and confi-
We now have to find a way to determine the stretch factdence levels. Again, parameters that worked well for ons-clu
f. For this, we assume that a positié, 0 < 6 < 6 < 6o  ter failed completely for others in both approaches.
exists, such that the influence af (8 < 65t) is negligible, i.e.
we assume that the observed profile is a fair representatio
the (unobservable) stretched pfoﬁgeetch The stretF::h factof b5, Quadrupole moment map of A 222/223
can then be determined by fitting the unstretched pI’OfileC'WhiHaving found in the previous section that aperture quadeupo
we obtain from observations ét< 0, to the inner portion (i.e. moments in principle can be used to quantify the presence of
ate < 6g) of the observed profile. This “stretch factor fit” wasa filamentary structure, if we are able to choose the rigl siz
done using &? minimization. of the aperture, we now apply this method to the A /223
The “cut-df parameter’d.,; and the “cut-&f confidence system. Fig. 21 shows|®?)| map with a weight function with
level” y2,, have to be determined from simulations. Fig.28:2 radius. The white significance contours show a quadrupole
shows the mass profiles to the left and right of the center moment signal on the filament that reaches a [@&dR of 3.0.
the left cluster in the reconstruction displayed in Fig. Idhg The filter scale was chosen to be the same in which the aperture
the main axis of that system. For simplicity the error barsavemass statistics gave the most significant signal in thechtss
assumed to be equal to the standard deviation of a recotesfrucer region. ThdQ®)| signal does not fully trace the filament
mass map of a randomized catalog of background galaxies.candidate but only the Western part of it and an extension to-
We determined several combinations of the cfiitparam- wards the mass peak in the East. The pgBIR is most likely
eterd,c and confidence leval,, that match the visual impres-enhanced by the trough at the Western edge of the mass bridge.
sion of filament beginning and cluster end. However, if thesgis not surprising that the significance of the quadrupote m
were applied to clusters from other simulations, the sdjmera ments on the possible filament is not very high. The aperture
point between cluster and filament was placed at non-sdnsitass statistics already gave a relatively IBNR. The AMM
positions. statistics uses data within the same aperturdgsbut gives

(@]



16 J. P. Dietrich et al.: Weak lensing study of dark mattenféats and application to the binary cluster A 222 and A 223

36
42" =
48" |
= L
O .
o .,
354 =
- L
-13°00 1y _
| Fig. 21. Aperture quadrupole moment map
of A 222/223 in an aperture of!3 radius,
L corresponding to the radius of the circle at
06 | the lower left corner. The thick white lines
L areSNR contours forlQ®), the lowest con-
L tour being at 2 and higher contours increas-
o, ing in steps of (. The aperture quadrupole
-1312 .
moment on the “filament” region reaches a
L peak SNR of 3.0. The black lines are the
01"39Mp0s 30° 38M00° contours of the mass reconstruction. The

dashed circles indicate tihg), from our best
o (J2000) fit NFW models.

more information, namely instead of the mass in the apertufie are higher for both cluster but compatible within their re
it gives the mass distribution. Being generated from theesaspective error bars¥igs(A 222) = 4.8°12 x 10h7IMg and
information, this naturally comes with a lowSNR. Msis(A 223) = 7.3"}3 x 101*h;;Me. These mass estimates are
Several other features — most of them associated with tensiderably lower than those derived from the virial ttesor
slopes of the two massive clusters — are also seen in Fig. #it.an SIS model. Using the velocity dispersions from D02 we
Interesting in the context of quantifying filaments is #&?)| find My; (A 222) = 9.7°12 x 10™h7Mg and My;r(A 223) =
statistics in the region between A 222 and the newly detectt®0733 x 10“*h;iMe.
cluster SE of it. Indeed we see a signal with a peak signal-to- The M/L ratios we found in Sect. 4 are lower than the
noise ratio of 27 extending between the two clusters. The massies determined by D02 d¥l/Lg = (202 + 43)h;o Mg /Lo
reconstruction in Fig. 2 also shows a connection betweem bédr A 222 andM/Lg = (149+ 33)h;g Mg/Le within a radius
clusters but at a level that is dominated by the noise oktheof 1.4h~! Mpc but agree within the error bars of our values
map. The redshift dierence between A 222 and the new clugor the M/L ratios determined from the SIS model masses, and
ter, inferred from the color-magnitude diagram (Fig. 7)ke® in the case of A 223 also with thil/L ratio from the NFW
it very unlikely that these two clusters are connected by-a fihodel. Two competingféects are responsible for thistiir-
ament. It is much more probable that we are in the situatience. First and foremost, the weak lensing masses are lower
depicted by Fig. 16 in which the influence of the two individthan the masses D02 used. Second, also the luminosities dete
ual clusters leads to a quadrupole moment in the interclustgined are lower than in D02. This has two reasons. First, D02
region. analyze the Schechter luminosity function; this allowsitte
estimate the fraction of the total luminosity they obseweaile
we limit our analysis to the actually observed luminositisd
D02 correct the area available to fainter objects by subimgc
Based on observations made with WFI at the B8RG 2.2 m the area occupied by brighter galaxies, which might obscure
telescope we find a clear lensing signal from the Abell cluginter ones. Both dlierences mean that we probably underes-
ters A 222 and A 223. Comparing our lensing analysis with thienate the total luminosity of the clusters. OMI/L ratios are
virial masses and X-ray luminosities, we find that A 2223 already at the lower end of comma/L ratios. A higher lu-
forms a very complex system. Mass estimates vary considerinosity would lead to even lowevl/L value making A 222
ably depending on the method. Assuming the best-fit NF@#hd A 223 unusually luminous clusters, considering thegsna
profiles of Sect. 3.2M00(A 222) = 3.0°0% x 10"h;iMe  Although this system is complex and probably still in the-pro
and Maoo(A 223) = 5.3*1% x 10Mh;iM@. The masses of the cess of collapsing, thiel/L ratios of both clusters are very sim-
best-fit SIS models withimygo as determined from the NFW ilar and do not exhibit variations like those observed by @02

6. Discussion and conclusions
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A 901/902. Variations between mass, optical, and X-ray lumihe work presented here. From varying the radius of theesrcl
nosity are seen on smaller scales in A 223. A 223-N is veity which shear information was ignored, we saw that galax-
weak in the X-ray image, while it is the dominant sub-clumigs closer to the cluster center constrain the concentraie

in the mass and optical luminosity density map. The lattey,maameter better than those at large distances from the cduste
however, be fiected by the color selection that misses many ohe wants to determine concentration parameters morélelia
the unusually blue bright galaxies in A 223, especially ia ththe fitting procedure has to be extended to include backgroun
Southern sub-clump. galaxies close in projection to the cluster centers, whikue-

The weak lensing mass determination depends on the redy that faint cluster galaxies do not have a strong influence
shift of the FBG which we assumed to Beg = 1. This as- the shear signal.
sumption is based on the redshift distribution of the Foatan The lensing reconstruction shows a “bridge” extending be-
et al. (1999) HDF-S photometric redshift catalog. Changéseen both clusters of the double cluster system. We devoted
in the redshift distribution could change the absolute massich dfort to developing a method that could objectively de-
scale while leaving the dimensionless surface mass densiye whether this tantalizing evidence is indeed caused by a
and hence also the significance of the weak lensing signal @ifement like it is predicted fronN-body simulations of struc-
changed. However, the A 2223 clusters are at comparablyture formation. Unfortunately, this was mostly done withou
low redshift and changes in-gg affect the mass scale onlysuccess. The aperture quadrupole moment statistics iniprin
weakly. To bringMs;s(A 222) to the value oMy;; (A 222), the ple has the power to detect the presence of a filament-shaped
mean redshift of the faint background galaxies would have structure. To objectively apply it, one however needs tolide a
move toZrgg = 0.3. This is clearly unrealistic given the deptto separate clusters from the filaments connecting them.itive d
of our WFI images and the color selection we made. Althougtot find an objective way to do this and had to resort to subjec-
we cannot exclude deviations from the redshift distributdd tively defining the sizes of the apertures used.

Fontana et al. (1999), it is much more realistic to attrithie We would like to stress that this is not a problem of the
differences between virial and weak lensing masses to intrinsieak lensing technique but stems from the fact that the ghescr
cluster properties. tion of the cosmic web as filaments and galaxy clusters isthase

From the visual impression of the galaxy distribution it isn the visual impression dfl-body simulations. Attempts to
already obvious that this system is far from being relaxéils T objectively separate these two components from each agher r
can dfect the measured masses in several ways: First, the geire a mathematical description which we tried to devetop i
viation from circular symmetry certainly implies that thed Sect. 5.4. This was mostly unsuccessful because we could not
of sight velocity dispersion is not equal to the velocitypdis find a procedure that reliably reproduces our visual impo@ass
sion along other axes in the clusters. If the clusters arateblThe visual impression of what a filament is, is oftefffisient
ellipsoid with their major axis lying along the line of siglthe in simulations or redshift surveys where filaments stretghi
measured velocity dispersions will overestimate the \gtoclong distances between clusters are seen. In the case ef clos
dispersion. Second, if the clusters are not virializedpesting pairs of clusters — where we can hope to see filaments with to-
their masses from the virial theorem of course can give Bignilay’s telescopes — a more objective criterion is importaunt,
icant deviations from their actual mass. Finally, we coultiyo difficult to find.
successfully obtain weak lensing mass estimates with spher We have not addressed the question how to distinguish the
cal models, which are probably not a good representationagerture quadrupole moment of a filamentary structure from
the actual system. Although both clusters are clearly tellipthat of a pure double cluster system in Sect. 5.3. We found
cal, fits with SIE models could not reliably reproduce the olthat the quadrupole moment in a system with a filament ex-
served cluster properties. This does not come as a total stgeds that of a halo-halo system without filament. Closer in-
prise; King et al. (2002) already noticed that the shear logpection reveals that the shape of the quadrupole momé in t
likelihood function is much more sensitive to changes in ttietercluster region changes if a filament is added to a two hal
slope than to a possible cluster ellipticity. The inseugijtiof system. Because one can compute significances for AMM in a
the log-likelihood function to the ellipticity parametareans limited spatial region, a significant deviation from the egfed
that the fitting procedure rather changes other clustempara shape of the quadrupole moment from a pure halo system could
ters than reproducing the actual ellipticity which we sethin possibly be used to overcome thigidiulty. This can only work
parameter-free weak lensing reconstruction. This behavid if the signal-to-noise ratio of the aperture quadrupole raom
the dificulty to accurately fit elliptical models to shear data iss high. Possibly stacking several cluster pairs could io®ea
confirmed by our simulations in Sect. 5.2. Although our asuficiently highSNR. This could in principle be tested with
sumption about the dispersion of intrinsic galaxy ellipiis our N-body simulations but is beyond the scope of this paper
and number density were much more optimistic than justifiéa which we try to develop a criterion to quantify the evidenc
by our data, we could not recover the ellipticity and ori¢iota for filaments in single systems, like the A 2223 system at
of the clusters in thé&l-body simulation. hand.

We found that the concentration parameteaf the NFW What can we then say about a possible filament between
profile is poorly constrained if we omit the central regioris A 222/2237? All observations presented in this work — weak
the cluster in order to avoid contamination with clusteragal lensing, optical, and X-ray — show evidence for a “filament”
ies. This does not significantlyffact the masses determinedetween the two clusters. The most compelling evidence-prob
from fitting NFW profiles and was not of prime importance tably comes from the number density of color-selected early-
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type galaxies, which is present at the ¥evel (Fig. 9). The 3o signal of the quadrupole statistics on the filament candidat
spectroscopic work of D02 and Proust et al. (2000) confirmatface value, an increase of the number of density of FBGs by a
the presence of at least some galaxies at the cluster retshifactor of 28 could give a & detection. Such number densities
the intercluster region. Obtaining a larger spectroscegiople can be reached by 8 m class telescopes. The f22&xystem,
in the intercluster region would allow us to spectroscalca being only the third known candidate system to host a filament
confirm the significance of this overdensity and could previdtconnecting two cluster, would be a good target for such aystud
insights into the correlation of star formation rates andtera In fact, a weak lensing study of A 2223 using SuprimeCam
density (e.g. Gray et al. 2004). The X-ray emission betwben tat the Subaru telescope is already underway (Miyazaki et al.
clusters is aligned with the overdensity in galaxy numbet aim preparation).
luminosity density. This provides further evidence for dafi In addition to the lensing signal from Abell 222 and
ment” extending between A 222 and A 223. Abell 223 we found a significant mass peak SE of A 222.
The signal level of the possible filament in the weak lensinthis peak coincides with an overdensity of galaxies. Thereol
map Fig. 2 is rather low compared to the clusters. The apertanagnitude diagram of these galaxies suggest that this newly
quadrupole statistics has a signal at thd@vel on the filament found cluster is at a redshift af~ 0.4, but this estimate comes
candidate but this signal may already be contaminated by thigh a considerable uncertainty and requires spectroscomi-
outskirts of the cluster in the aperture. The most strikifega* firmation. A maximum likelihood fit to the shear data around
ture” of the mass bridge seen in thenap is the misalignment this mass peak leads to a best-fit SIS model with a veloc-
with respect to the possible filament seen in the optical and ¥y dispersion of 728}% kms™. This serendipitous detection
ray maps. This can be interpreted in several ways. It coudd sagain illustrates the power of weak lensing as a tool fortelus
gest that the surface mass density on the “true filament” eefirsearches.
by the position of the optical overdensity and X-ray emissio

is below our detection limit and what we see in thenap is  syngniedgements. We wish to thank the anonymous referee for
a noise artifact. This possibility aside, the observed higsa  many comments that helped to improve this paper. This wostean
ment can have several causes. First, as we already disdossedpported by the German Ministry for Science and EducaBotgF)
Sect. 4, the influence of the many reflection features ardugd through DESY under the project 05AE2P3A and by the Deutsche
bright star West of A 223 on the weak lensing reconstrucgonforschungsgemeinschaft under the project SCHN342
difficult to determine. It seems that the cluster peaks are dhifte
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Appendix A: Strong lensing features in A 222 ‘ - '

Already in 1991 Smail et al. (1991, SEF) found two candida ‘
arclets in the center of A 222. We also see two possible arcl i : ‘ *
in the center of A 222 displayed in Fig. A.1.

Arclet 1 is the same as found by SEF and labeled A 22
1. Unfortunately, SEF’s second candidate is not markeden
plate in their paper, and as SEF give only distances from t
cluster center and no position angle we do not know whetr
their second candidate corresponds to ours. A comparisor
the arclet candidate properties between SEF and our caasid & ) - ;
is given in table A.1. The distance measurements for A 22'5" B .
1 and arclet 1 are in good agreement but the values for 1" e
axis ratio show a clear deviation. Theffdrence may be due TN ".,, -
to the comparably poor image quality in the work of SEF ar ‘\ g
blending with the nearby object to the South-West of arclet G o
However, it must also be mentioned that the determination - ' = i
the axial ratio is relatively uncertain and we estimate itore 2 2 ' ‘

r ®

-

to be of the ordex 0.6.

Given the discrepancy between the distance measurem
for A 222-2 and arclet 2 it is unlikely that these are the san.. ®
objects. Fig. A.1. Arclet candidates around the cD galaxy in A 222. North is

Unfortunately, theV band image is not deep enough tap and East is to the left. The scale i’16ng.
show the candidate arclets, so that no color informatiovdd-a
able.

—_
-

wheren is the number density of galaxies in the aperture,

Table A.1. Arclet candidate properties from SEF and our data}. Tr(@i’ i) are the polar coordinates of tfth galaxy with respect to
column entries are distance from the center of the cD galaxig 6o, ands;; = —R(sie’ZiWi) andey = —I(sie*ZiW) are the tangen-

ratio, and position angle measured clockwise from the rdirdction tial and cross components of the shear estimate, respective

in Fig. A.1. with respect tofy. HereU’(0) is the derivative of the weight
ArcID  d/arcsec b/a pos. angle function. o
SEF We now show that the definition (B.1) cannot be general-
A 2221 122 47 _ ized to non-radially symmetric filterd (6). We partially inte-
A 222-2 141 2.6 _ grate eq. (B.1) with respect topand obtain
this work Lo
arclet 1 127 2.8 w om = ! f 49 gt
arclet 2 108 3.0 140 nJo
2 ; 0 0
f de €"¢ |U(0)—«(8) + x(0)—U(0)] , (B.3)
0 de de

where for simplicity we have s& = 0 without loss of gen-
Appendix B: Multipole moments erality. The integral over the first term in this expressiam c

) ] be expressed in terms of the shear in analogy to Schneider &
Schneider & Bartelmann (1997) define the compiéx-order partelmann (1997), while we integrate the second term again

aperture multipole moment as by parts, this time with respect t This integration over the
. o : second term leads to an expression similar to (B.3) with- inte
Q"™ (6o) = j(; d°6 6"U (|01)e"“x(6o + 6) (B.1) grals over two terms; one that can be readily expressedrirster

) ) ) ) _ of the shear, the other requiring further integration bytqar
with a radially symmetric weight functiol(/fl). Forn = 2 and so on. Eventually, the aperture multipole moment can be
eq. (B.1) expresses the aperture quadrupole moment in tegRgressed in terms of the shear as an infinite series of aigegr
of the surface mass density. Based on this definition, an ex-

pression for the aperture moments in terms of shear esématg, el 2 i
may be found (Schneider & Bartelmann 1997): W - . do 0 : dy €"°U(6)71(6)

1 N + |
(n) - = i -
HCEEIE -

00 21
f do f de 61U (6)y.(6)
0 0

L
n

n ) (o [ I+l oo 21 s oI+t
x{ei”U(ei)swgi o) + & (0')]sxi}, (B.2) "2 ﬁ) o[ oo vees

n j=0
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with the requirement on the weight function that

j
Wi (62) U() — 0, for6 — 0 andg — o, (B.5)
14

so that the integrals exist; andy, are the tangential and cross
components of the shear, in analogyt@ande, above. It turns
out that this sum in general does not converge. E.gnfer2
and

u) = £(0) [1 + 5 (e e’zw’)] , (B.6)

wheref(6) is a smooth, positive, and finite function satisfying
the condition (B.5), the sum in eq. (B.4) oscillates around O
This behavior can be understood if we insert (B.6) into (B.1)
and integrate by parts, while settin{) to a constant value.

The quadrupole moment then dependsg@runless we allow
6°f(0) to be compensated. A constagtdoes not influence the
shear. Hence, the sum in eq. (B.4) cannot converge. We thus
find that the mass-sheet degeneracy prevents us from comput-
ing aperture multipole moments in non-circular apertures.



