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ABSTRACT

Aims. The aim of the present work is to study the overall mass distribution of the galaxy clusters Abell 1351 and Abell 1995 using
weak gravitational lensing. These clusters have a very different mass structure and dynamical state and are the two extremes from a
larger sample of 38 X-ray luminous clusters of similar size and redshift.

Methods. We measure the shear values of faint background galaxies and correct for PSF anisotropies using the KSB+ method. Two-
dimensional mass maps of the clusters are created using a finite-field mass reconstruction algorithm, and verified with aperture mass
statistics. The masses inferred from the reconstructions are compared to those obtained from fitting spherically symmetric SIS- and
NFW-models to the tangential shear profiles. We discuss the NFW concentration parameters in detail.

Results. From the mass reconstructions we infer Map(< ryo)-masses of 11.7 £ 3.1 X 10" i3} M and 10.5 £ 2.7 x 10" hyj M, for
Abell 1351 and Abell 1995, respectively. About 3’ northeast of the main mass peak of Abell 1351, we detect a significant secondary
peak both in the mass reconstruction and from aperture mass statistics. This feature is also traced by cluster members selected by
means of their V — I colour, and is therefore likely a real substructure of Abell 1351. From our fits to the tangential shear we infer
masses of the order of Moy, ~ 8—9 x 10 h;d My, (Abell 1351) and May ~ 5-6 x 10" h;d Mg (Abell 1995). The concentration
parameters remain poorly constrained by our weak lensing analysis.
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1. Introduction

Comprising the most massive gravitationally bound structures in
the Universe, galaxy clusters are essential in providing a deeper
understanding of the properties of dark matter. The recent pa-
pers covering 1E 0657-558 (the bullet cluster) by Clowe et al.
(2006a) and Abell 520 by Mahdavi et al. (2007) demonstrate the
importance of gravitational lensing for understanding the mat-
ter content of our Universe. Lensing studies of galaxy clusters
provide a powerful way to identify high density peaks in the
Universe, independent of their baryonic content (Maturi et al.
2007; Miyazaki et al. 2007; Gavazzi & Soucail 2007; Schirmer
et al. 2007; Wittman et al. 2006; Clowe et al. 2006b; Dahle et al.
2003; Schneider 1996).

Neither the nature nor the dynamical state of the gravitating
matter affect the mass estimates obtained through gravitational
lensing. These mass measurements are only changed by gravita-
tion and the geometrical configuration between observer, lens,
and source. Although this makes lensing a unique tool, such
measurements can be biased by e.g. different mass concentra-
tions along the line-of-sight.

In this paper we analyse two clusters of galaxies at inter-
mediate redshift (z = 0.32), Abell 1351 and Abell 1995. These
clusters are selected from a lensing study of 38 highly X-ray

* Based on observations obtained with CFH12K at the Canada-France-
Hawaii Telescope (CFHT) which is operated by the National Research
Council of Canada, the Institut des Sciences de 1’Univers of the Centre
National de la Recherche Scientifique and the University of Hawaii.

luminous galaxy clusters (Dahle et al. 2002). They were chosen
for further investigation because they represent the two extremes
in this cluster sample, regarding mass distribution and dynami-
cal state. Re-observing the clusters with the wide-field camera
CFH12K at the Canada-France-Hawaii telescope (CFHT) pro-
vided a larger field of view (42/2 x 28!1) than employed by
Dahle et al. (2002) (188 x 18!8). This allows us to map the clus-
ters to larger radii than previously possible.

The KSB+ method (Kaiser et al. 1995; Luppino & Kaiser
1997; Hoekstra et al. 1998) is used to recover the shear values
of faint background galaxies in the images. Using a finite-field
reconstruction technique (Seitz & Schneider 2001), we derive
two-dimensional mass maps, visualising the surface mass dis-
tributions of Abell 1351 and Abell 1995. We also apply aper-
ture mass statistics (Schneider 1996; Schirmer et al. 2007) to
our data, comparing the results to confirm mass peak detections.
Finally, by fitting predicted shear values from theoretical mod-
els to the shapes of the lensed galaxies we estimate the cluster
masses. We assume the clusters to be spherically symmetric and
to have density profiles following either a singular isothermal
sphere (SIS) or a Navarro, Frenk, & White (1997, 1995; NFW)
model.

Data processing and analysis are carried out using mainly
the IMCAT software package', Kaiser’s July 2005 version for
Macintosh. IMCAT is a tool specially designed for weak lensing

! IMCAT is developed by Nick Kaiser (kaiser@hawaii.edu),
http://www.ifa.hawaii.edu/~kaiser/imcat/
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purposes, and is optimised for shape measurements of faint
galaxies. It processes both FITS files and object catalogues.

The outline of this paper is as follows. In Sect. 2 we
summarise the observations and software used for our study, in
addition to the data reduction. In Sect. 3 we describe the shear re-
construction, focusing on shape estimates and point spread func-
tion (PSF) corrections. In Sect. 4 we present the clusters’ sur-
face mass density maps and attempt to verify the detected mass
peaks using V — I colours and aperture mass statistics. By com-
paring the measured shear profiles to theoretical expectations,
we model the lensing data in Sect. 5. Finally we present and dis-
cuss our results in Sect. 6, and our conclusions in Sect. 7.

Throughout this paper we assume a ACDM cosmology, with
Qum =0.3, Qx =0.7, and hy9 = Hy/(70 kms™! Mpc‘l). Errors
are given on the 1o level.

2. Observations and data reduction
2.1. Data acquisition

The galaxy clusters Abell 1351 and Abell 1995 are
centred at the positions 11"42M30%7 +58°32'21” and
14"52m50%4 + 58°02’48”, respectively. They were observed
with the CFHT on the 4 nights of 7-11 May, 2000, using the
wide-field CCD mosaic camera CFH12K. A total exposure time
of 5400 s was obtained for both clusters in / band. However,
due to seeing >1", we rejected 3 exposures from the Abell 1351
data set, resulting in 3600 s for this cluster. This corresponds to
a 50 limiting magnitude of I = 25.2 + 0.1 for point sources in
both pointings. The seeing in the final coadded images equals
0795 and 1715 for Abell 1351 and Abell 1995, respectively.
The number density of the lensed background galaxies is
16 arcmin™2 for both clusters, and the ellipticity dispersion
(after PSF correction) for each component is o, = 0.43 and
oy = 0.51 for Abell 1351 and Abell 1995, respectively. The
larger dispersion for Abell 1995 is explained by the 20% larger
image seeing, which enlarges the PSF correction factors and
their uncertainties.

The CFH12K mosaic camera covers a field of 12k x 8k pix-
els in total, representing an area of 42!2 x 28’1 on the sky. The
pixel scale is 0’206 when mounted at the CFHT prime focus.

In addition we made use of the V-band data obtained by
Dahle et al. (2002) to verify neighbouring peaks present in our
two-dimensional mass maps described in Sect. 4. These data
were obtained at the 2.24 m University of Hawaii telescope us-
ing the UH8K mosaic camera, covering an area of 4k x 4k pixels
(rebinned 2 x 2) mapping 18’8 x 188 of the sky. Each image has
a total exposure time of 12 600 s, resulting in a depth comparable
to our /-band data, with 5o limiting magnitudes of V = 25.9+0.1
and V =25.8 £ 0.1 for Abell 1351 and Abell 1995, respectively.
Further details about the reduction process and coaddition of the
V-band data can be found in Dahle et al. (2002).

As Abell 1351 and Abell 1995 are both located at redshift
z = 0.32, they have a similar correspondence between physical
and angular scale, given as 1 Mpc = 215”.

2.2. Image processing
2.2.1. Pre-processing

To remove the bias level in each frame we used the mean value of
the overscan region from the corresponding chip. The flatfielding
was carried out using a master night time flat, made from aver-
aging 56 night time exposures; most of them so-called “blank”
fields and all well displaced from each other. The fringing that

occurs in /-band exposures is also captured in this type of flat,
and upon dividing the object exposures by it the fringes were
cleanly removed. To estimate the background level in the expo-
sures, we used the heights of the minima of the sky level present
to create a model for each individual frame. After subtraction the
median sky level was set to zero.

As fringing is an additive effect and not a multiplicative one,
ideally the fringes should be subtracted. Since we had no twi-
light flats available, standard defringing could not be performed.
The photometric error introduced by division is negligible, as
the amplitude of the fringes compared to the sky background
after flatfielding was of the order of 2%. However, since fring-
ing acts mostly on small angular scales, its treatment will af-
fect the shapes of the small and faint background galaxies used
for weak lensing. To investigate this we obtained a set of 10
archival images of the Deep3 field (Hildebrandt et al. 2006),
taken with the Wide Field Imager at the 2.2 m MPG/ESO tele-
scope through their /-band filter. As the Deep3 field does not
contain any massive clusters it is very well suited for this test.
Two different coadded images were created. In the first case the
data were flatfielded using twilight flats, after which a fringing
model was created from the flatfielded data and subtracted. The
second coadded image was processed in the same way as our
CFHT data, i.e. the data were flatfielded and fringe-corrected by
division of a night-time flat. We then measured the shapes of a
common set of ~12 000 galaxies in both images (see Sect. 3) and
created two mass reconstructions, using the same technique and
smoothing scale as for Abell 1351 and Abell 1995 (see Sect. 4).
We found that the rms of the difference of the two mass maps
is a factor of 2.5 smaller than the noise of the individual mass
maps, mainly caused by the intrinsic ellipticities of background
galaxies. The effect in our CFH12K data is much smaller, as the
CFHI12K [-band filter has a blue cut-on at around 730 nm and a
red cut-off at 950 nm. The ESO [-band filter on the other hand
opens at 800 nm and has no cut-off on the red side. Hence the
fringing amplitude in the comparison data set from ESO is up to
5 times higher than that from CFHT. We conclude that our anal-
ysis of Abell 1351 and Abell 1995 is not affected by our fringe
correction.

2.2.2. Masking

The CFH12K mosaic contains some bad pixels and columns,
in particular two of the CCDs suffer from this. By using Nick
Kaiser’s ready made CFH12K masks? as global masks, all bad
areas were ensured to be ignored. An additional patch of 219 bad
columns in CCDO0 was also added to the global masks. We did
not make further individual masks for each exposure, as most
spurious detections were filtered out during the astrometric cali-
bration. Suspicious objects in the final catalogue were in addition
rejected by visual examination.

2.2.3. Astrometric calibration

Wide-field data typically do not have a simple relation between
the sky coordinates and those of the detector. A mapping from
pixel coordinates onto a planar projection of the sky needs there-
fore be performed. We solved for this through a series of steps.
First, all objects in each exposure were detected and aper-
ture photometry carried out. By plotting r, (~half-light radius)
vs. instrumental magnitude of the objects in each exposure, we
extracted the moderately bright, non-saturated stars suitable for

2 http://www.ifa.hawaii.edu/~kaiser/cfhl2k/masks/
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Fig. 1. Example of size-magnitude (left) and weighted ellipticity parameter diagram (right) for an arbitrary exposure. The moderately bright, non-
saturated stars were chosen from within the squares and utilised in the astrometric solution, the right plot containing only the stars chosen from
the left plot. The stars utilised in the PSF corrections (Sect. 3.1) were selected the same way.

deriving an astrometric solution. Their weighted ellipticity pa-
rameters (defined by Kaiser et al. 1995), e;,, were in addition
plotted and eyeballed, and the main clustering of objects were
selected to ensure a catalogue containing purely stars (see Fig. 1
for an example). IMCAT only offers squared regions for extract-
ing objects from a two-dimensional parameter space. Although
a circle would be a more natural choice for the right panel in
Fig. 1, the difference is considered negligible.

Left with star catalogues we then computed the transforma-
tion parameters needed using information from the USNO-B1.0
catalogue (Monet et al. 2003). However, as many of the USNO-
B1.0 stars were saturated in our images, we extended our refer-
ence catalogue by detecting more sources in FITS files derived
from the Digitized Sky Survey’. We matched the target cata-
logues to the reference catalogue, solving for a set of low-order
spatial polynomials mapping the images onto each other, by re-
peatedly refining the least squares minimisations using outlier
rejection.

2.2.4. Final master image and object catalogue

Gain and quantum efficiency variations between chips and dif-
ferential extinction between exposures were solved for by least
squares minimisations. The extinction corrections between the
exposures were very small, typically ~0.01 mag, whereas the
zero-point offsets between the chips were ~0.1 mag. As an ac-
curate absolute photometric calibration was not necessary for
the present work, we adopted standard Landolt magnitude ze-
ropoints.

The coaddition was done after magnitude corrections were
applied to the data. In addition cosmic rays were masked out,
before the median image was computed and the background flat-
tened. A master object catalogue was created, where each ob-
ject’s WCS coordinates were calculated from the astrometric so-
lution, and their ellipticity parameters computed (see Sect. 3).
Finally we masked out false detections by overplotting the
objects onto the image, hence ensuring a final object catalogue
free from spurious detections.

3 http://archive.stsci.edu/dss/index.html

3. Shear measurements

Identifying weak lensing effects requires measuring the elliptic-
ities of a large number of faint background galaxies. The main
source of noise in weak lensing analysis is the intrinsic elliptic-
ities of these galaxies. To distinguish between distorted images
resulting from a weak lens and the usual distribution of shapes
existing in an unlensed galaxy population, the ellipticities must
be examined for a systematic change. In particular, a tangential
alignment of the galaxy shapes around the cluster centre would
confirm the existence of a weak lens.

An additional source of error comes from the faint back-
ground galaxies being smeared by the PSF, caused by atmo-
spheric turbulence and optical aberrations. The weak shear sig-
nal is hence diluted because this smearing will cause the galaxy
images to appear more circular than before the smearing. In ad-
dition, PSF anisotropies distort the images, causing the galaxies
to appear more elliptical, hence introducing false shear signals.
It is crucial that these PSF effects are corrected for.

3.1. PSF corrections

Following the KSB+ method developed by Kaiser et al. (1995),
Luppino & Kaiser (1997), and Hoekstra et al. (1998), we present
a short summary of our implementation below. KSB+ inverts the
effects of PSF smearing and anisotropy on objects in an image,
presenting a method to recover the true shear.

Ignoring the effects of photon noise, it is possible to express
the observed ellipticity of a galaxy as

eo” = ey + Plygs + Pogpp, 1)
where the first term represents the intrinsic ellipticity of the
galaxy, the second term the shift in ellipticity caused by grav-
itational shear, and the third term the smearing of the galaxy im-
age from the anisotropic PSF (see Luppino & Kaiser 1997, with
additional corrections from Hoekstra et al. 1998 for a thorough
deduction of this equation). Present in Eq. (1) are the pre-seeing
shear polarisability tensor, PZﬁ, and the smear polarisability ten-
sor, P;;‘B“ The latter can be calculated for each object together
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Fig. 2. Ellipticities of the stars in the field of Abell 1351 (fop) and Abell 1995 (bottom) before and after corrections for PSF anisotropies. The stars
initially had systematic ellipticities up to ~7—9% in one direction. The PSF corrections reduced these effects to typically <1.5%.

with egbs,

centroid of the object.

the post-seeing shear polarisability tensor Pfl% and the
Because stars are foreground objects (g = 0) and intrinsi-
cally circular (¢}, = 0), applying Eq. (1) to stellar objects pro-
vides a measure of the total PSF anisotropy, pg. This was calcu-
lated from bright stars selected from the final object catalogue
(Sect. 2.2.4). The PSF corrections were then calculated for all
individual objects and corrections applied respectively.

The ellipticities of the stars were fitted to a sixth-order Taylor
series expansion. When comparing mass and B-mode maps
(Sect. 4) for fits of different orders, there was little change with
the order of fit. Over the whole field, 410 and 530 stars were used

in the fitting process for Abell 1351 and Abell 1995 respectively.
Figure 2 shows the ellipticities of the stars before and after PSF
corrections.

The pre-seeing shear polarisability tensor, P’ ., is defined in
KSB+ to be

sh S S -1 psh
Pl = Py — P (P, P

5/3 s (2)

where the asterisk denotes P;‘}), and P27 applied to stellar objects.

From Eq. (1) we see that the reduced shear, g = y/(1 —«), is
given by

gs = (P")gp e = Pips) . 3)
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Following the approach by Wold et al. (2002), we assume the
PSF is close to circular after the correction, and the polarisabili-
ties can be approximated by P.g = %(Pn + P)d4p. The average

of PS"* / PS™* can be calculated as
shx shx
P+ P

Psh* 1
<Psm*> - Ntars Z psmx P;';* >

stars = 11

“)

where using the median value rather than the mean minimises
the effect of outliers. Hence Eq. (2) turns into

y 1 sh sh 1 Sm Sm PSh*
P =§(P11+P22)—§(P11+P22) W . (5)

As P;h and P27 have already been calculated, this equation is
easily solved, and Eq. (3) provides an estimate of the gravita-
tional shear of each object.

Hoekstra et al. (1998) showed that estimating the PSF di-
lution for each individual galaxy introduces additional noise.
We therefore followed their approach by determining P” as a
function of magnitude and galaxy size. We determined the me-
dian P within 15 bins in an r,-magnitude diagram, where the
central 4 bins contain ~4000 galaxies/bin and the outer ones
~200 galaxies/bin. We then computed one correction factor for
each bin using Eq. (5), and applied this to all galaxies within the
corresponding bin.

The faintest and smallest galaxies are more affected by see-
ing than the larger galaxies, giving them a poorer shape determi-
nation and a high correction factor. Such galaxies are therefore
of less importance. To account for this, a normalised weight,

-2
wi o ( UZ;")‘) , ©)

was calculated for each bin i and assigned to the correspond-
ing galaxies. Here, o, is the observed dispersion of galaxy
ellipticities.

4. Mass reconstruction

We selected background galaxies with 6 < S/N < 100 for the
creation of our mass maps. These maps were constructed from
the galaxies’ shapes using the finite-field inversion method pre-
sented by Seitz & Schneider (2001; SSO1). This method calcu-
lates a smoothed shear field on a grid using a modified Gaussian
filter. The algorithm then iteratively computes a quantity K(6) =
In[1 — x(6)] which is determined up to an additive constant due
to the mass sheet degeneracy. We could break this degeneracy by
assuming that the average convergence vanishes along the bor-
der of the wide field of view. The width of the Gaussian term
in the filter was set to 2’0, resulting in an effective smoothing
length of about 176.

In order to evaluate the noise of the mass maps, we com-
puted 2000 mass maps for each cluster based on randomised
galaxy orientations, keeping their positions fixed. As the clus-
ter lens signal increases the ellipticities of galaxies, this would
lead to an overestimation of the noise at the cluster position. We
roughly corrected for this effect by subtracting the expected SIS
tangential shear signal, determined from the clusters’ known ve-
locity dispersions (see Table 1). Since the singularity of the SIS
can lead to overly large corrections close to the cluster centre, we
limited the maximum correction factor allowed to 0.5 in each el-
lipticity component. This affected less than 5 galaxies in both
fields. The true mass maps were then divided by the noise maps

obtained from the randomised mass maps to create the S/N-
maps seen in Fig. 3.

Abell 1351 and Abell 1995 are detected with a S/N of 5.3
and 5.2, respectively. Upon integrating the x maps within rp99 =
1.69 h;ol Mpc (1.50 h;& Mpc) for Abell 1351 (Abell 1995),
we find total masses of Mop(< ra0) = 11.7 +3.1 x 10" h;ol Mg
and Map(< r0) = 10.5 + 2.7 x 10" ko) Mo, for the clusters, re-
spectively. The (o radii have been taken from what we consider
to be the best NFW fits to the data (see Table 1 and Sect. 5.2),
while the errors were determined from integrating the same areas
in the 2000 noise maps.

The B-modes in both cluster fields are shown in Fig. 3, com-
puted by repeating the « reconstruction with all galaxies ro-
tated 45° (Crittenden et al. 2002). Provided that the lensing data
are free from systematics and that the noise (intrinsic elliptici-
ties) is Gaussian, these B-mode maps should be consistent with
Gaussian noise. Given the effective filter scale of 176, about 380
independent peaks can be placed in the CFH12K field. Thus one
would expect 1.1 noise peaks above 3¢ in the field. A more re-
alistic estimate comes from the 2000 randomisations as these
are based on the real ellipticity and spatial distribution. We ex-
pect 1.4 (1.6) such peaks for Abell 1351 (Abell 1995). In the
real B-mode maps we find 3 peaks for each of the clusters. This
is insignificant, as in our randomisations at least 3 such peaks
appear per field in 20% of the cases. In case of Abell 1995 the
highest B-mode peak has a significance of 3.9¢. Its B-modes ap-
pear generally somewhat larger than for Abell 1351, which has
no B-mode peaks higher than 3.50.

4.1. Mass and galaxy density distributions

In order to compare the surface density maps with the distribu-
tion of cluster galaxies, we extracted the red sequence (see e.g.
Gladders & Yee 2000) and investigated the distribution of the se-
lected galaxies. To match the /-band and the V-band images, we
resampled both data sets to the same pixel scale, resulting in a
common area of 18/5 X 18’5 on the sky. The V-band image see-
ing is around 0”7, and thus consistently better than in the /-band.
The V-band data were therefore convolved to match the seeing
in the I-band data, 0’95 for Abell 1351 and 1”15 for Abell 1995.
Aperture photometry was carried out using SExtractor (Bertin
& Arnouts 1996) in double-image mode. The deep /-band im-
ages served as the detection image, providing us with a target
list with defined coordinates. At these positions we integrated
the flux in a 3” wide aperture in each of the V- and /-band im-
ages. Plotting the galaxies in a colour—-magnitude diagram will
then in principle provide enough information to separate the red
early-type cluster members from the other galaxies.

Each cluster’s red sequence did not clearly stand out from
the V — I vs. I diagram when all objects were plotted. However,
selecting only galaxies within a radius of 3’ of the brightest clus-
ter galaxy (BCG) for the colour-magnitude diagram (see Fig. 4)
enabled us to detect a red sequence at 1.4 < V — I < 1.9 for both
clusters. The selection criteria indicated by the box in each plot
were then applied to the entire object catalogue. The number
density of the galaxies selected was then calculated as a function
of position and overplotted onto the central 9" of the mass maps
(see Fig. 5).

The number density maps were normalised by the fluctu-
ation measured in the field outside the clusters. The centres
of Abell 1351 and Abell 1995 are then detected with 15.50
and 9.90 significance, respectively. The positional offsets be-
tween mass centres, BCGs, and centres of galaxy density distri-
butions are in the range of 30" —55" for both clusters, and are due
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Table 1. Results from fitting theoretical density profiles to the measured shear values, where each subheadline indicates the cluster centre around

which the fitting was done.

BCG Abell 1351  Abell 1995 | SS01° x map Abell 1351 Abell 1995
SIS [x?/ d.o.f.] 1.60 1.70 SIS [x/ d.o.f.] 1.44 1.14
O ] 162757 122+26 | 6 ("] 150737 120732
o, [kms™'] 10407 900 | o, [kms™'] 1000 £80 890 0
Ms;s [10™ b3} Mo 8747 58712 | Mys [10™ hl Mo) 78713 557
NFW [/ d.o.f.] 1.32 1.64 NFW [/ d.o.f.] 112 111

¢ 9.1 j“o;; 527 | ¢ 16.1%7 3.0tj’;;;
ra00 [h54 Mpc] 1737008 1537007 | rag0 [hod Mpe] 1697010 1.5070%
Moo [10™ h} Mo 8178 56710 | Moo [10™ hol M) 75" 5371
NFW (fixed ¢) [y?/ d.o.f.] 1.42 1.66 NFW (fixed ¢) [y?/ d.o.f.] 1.31 112

c 3.7 3.7 c 3.7 3.7
rao0 [h33 Mpc] 1817997 156701 | raoo [h) Mpe] L6706 151701
Moo [10™ 3 M) 9.410% 59710 | Mag [10™ Iyl Mo) 7417 547
KS93” « map Galaxy density

SIS [x?/ d.o.f.] 1.30 2.32 SIS [¥*/ d.of.] 1.17

O ] 165739 104757 | 6e["] 16577

o, [kms™] 1050+80  8307\% | o, [kms™'] 10507

Msis [10™ ho} Mo) 8915 4.9 Ms;s [10" kol Mo) 9.01)3

NFW [/ d.o.f.] 0.96 2.22 NFW [*/ d.o.f.] 0.88

¢ 112753 097, | ¢ 1137

ra00 [h} Mpc] 1747010 150007 | ra00 [hi73 Mpc] 1767019

Moo [10™ izl Mo 8319 53008 | Mooy [10™ hyd M) 8517

NFW (fixed ¢) [y*/ d.o.f.] 113 2.33 NFW (fixed ¢) [y*/ d.o.f.] 1.00

¢ 3.7 3.7 c 3.7

ra00 [h3¢ Mpc] 1817010 1517000 | rago [ Mpc] 1797019

Moo [10™ 1zl Mo 9.41)¢ 54702 | Moo [10™ hy) Mo 9.01,3

Integration of SS01 x maps
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Note that the KSB+ PSF correction tends to underestimate the shear by 10—15%, which in turn reduces the cluster masses up to 20%.

to noise in the mass maps. Changing the width of the Gaussian
kernel in the finite-field reconstruction algorithm shows that the
peak centres can drift by up to 20” from the mean position.
These offsets are consistent with other results in the literature,
such as Clowe et al. (2006a), who observed offsets of the or-
der of 10” between the lensing peaks (of higher S /N than ours)
and the optical centres of the bullet cluster. Positional offsets
of 50" are common in the sample of 70 shear-selected clusters
by Schirmer et al. (2007).

The cluster galaxy distribution resembles well the mass dis-
tribution in the central part of Abell 1351. It extends signifi-
cantly towards the northeast, a feature also seen in the mass map
where we find a local maximum which we refer to as peak A
(see Sect. 4.2). The galaxy distribution of Abell 1995 appears el-
liptical and elongated in the northeast-southwest direction. This
property is not reflected in the mass map where the peak is of
rather circular appearance.

To check the integrity of our mass reconstructions further,
we applied the peak finder (S -statistics) developed by Schirmer
et al. (2007). This method detects areas of enhanced tangential
shear using the aperture mass statistics (Schneider 1996). Since
it uses a filter function that mimics the tangential shear profile

of galaxy clusters it is well suited for detecting mass concen-
trations. With this method we recover Abell 1351 at the 7.00
level in a 10’ wide filter, and Abell 1995 with 6.10 for a 7’ fil-
ter. The filter shape parameter (Schirmer et al. 2007) was chosen
as x. = 0.2 in both cases. We find that the S -statistics is elon-
gated in the same way as the mass reconstruction for Abell 1351,
extending towards peak A. We evaluate the significance of this
possible substructure in the following.

4.2. Lower mass peaks in the fields

In the mass reconstructions two neighbouring peaks A and B are
detected around Abell 1351, and another one (peak C) in the field
of Abell 1995. Their S/N-ratios are 4.2, 3.8, and 3.8, respec-
tively. We used the 2000 noise randomisations for each field to
find that the probability of a noise peak higher than 4.20 (3.80)
in the field of Abell 1351 is 0.8% (6.8%), respectively. The cor-
responding probability for peak C in the Abell 1995 data is 7.0%.
These are somewhat higher than what would be expected from
purely Gaussian noise.

Hence the only significant substructure detected in the mass
reconstructions is peak A near Abell 1351. Looking at the
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Fig. 3. The projected surface mass densities and B-modes for both clusters in the full CFH12K field, using a finite-field mass reconstruction. The
maps show the S/N of the clusters, with contours starting at Oo- and increasing in steps of 1o. The clusters are detected at significance levels of
5.30 (Abell 1351) and 5.20 (Abell 1995). The lower peaks A, B, and C have S /N-ratios of 4.2, 3.8, and 3.8, respectively. The effective smoothing
length of the reconstructions is 1.6. The highest B-mode peak of Abell 1351 (Abell 1995) has a S /N-ratio of 3.5 (3.9).

contours in the upper right panel of Fig. 5, one can see that the
S -statistics trace this structure as well at the 4.5-5.00-level. We
note that we recovered this substructure over a broad range of
filter scales in the S -statistics and hence think that it is a real
feature in the mass distribution of Abell 1351.

Out of the broad range (1'—15") of filters probed with the
S -statistics, peak B is detected only once with 4.00 in the 4’
wide filter for x, = 0.5. It has the typical characteristics of the
dark peaks found by Schirmer et al. (2007), i.e. it is not associ-
ated with any overdensity of galaxies. It is therefore most likely
a noise peak.

In the Abell 1995 field we could not detect any other peaks
using the S -statistics. Since the B-modes for those data show
a maximum of 3.90 near peak C (at 3.807), we consider it to
be a noise peak. As it also lies outside the area covered by the
V-band, we could not check for overdensities of red galaxies at
this position.

5. Modelling the lensing data

The mass of a galaxy cluster can be estimated by comparing ob-
served distortions in the background galaxies to those predicted
by theoretical density profiles. Using y?-minimisations of SIS

and NFW models we first determined the best fit parameters and
then calculated the cluster masses.

The theoretical profiles are both spherically symmetric. We
therefore averaged the tangential reduced shear, g, = y,/(1 — )
(for r > Og, where 6g is the Einstein radius), in 17 radial bins
around the cluster centre. The bins are logarithmically spaced,
covering the entire field of view, and starting at r;, = 150” to
avoid the large contamination from cluster galaxies close to the
centre of the field (see also Sect. 5.1). To determine the cluster
centre, we tested three different positions. First we adopted the
peak location in the mass reconstructions generated (Sect. 4).
These coincide with the centres of the S -statistics. Second the
BCG served as cluster centre, and third we tried the centre of the
galaxy density of each cluster. As the last coincide with the BCG
for Abell 1995, only two positions were tested for this cluster.
We also considered strong lensing features, but found that they
do not offer further insight in this respect (see Sect. 6.3.1 for
details). We calculated (g;); for each radial bin i and compared
them to the theoretical values at the average radius of each bin,
).

When calculating the mass of a cluster, the relative dis-
tance of the background galaxies and the lensing cluster is re-
quired. As we have no specific information about the redshifts
of the background galaxies, the distances had to be estimated
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Fig. 4. Colour-magnitude diagrams for Abell 1351 (left) and Abell 1995 (right), where only galaxies within 3" from the BCG are plotted. The red
sequence can be seen for 1.4 < V — I < 1.9 for both clusters, the box indicating our selection criteria.

statistically. By using the photometric redshift distribution
of corresponding faint galaxies from the Hubble Deep Field
North (Ferndndez-Soto et al. 1999), we estimated the average
B = Dys/ Dy, where Dy is the angular diameter distance between
the lens and the source and D, between the observer and the
source. The empirical relation
B) =-1.21z9+0.91 @)
is derived for a ACDM cosmology analogously to the equation
of Dahle et al. (2002) for an Einstein-de Sitter universe, which
also accounts for the redshift distribution of the source galaxies.
Here z4 denotes the redshift of the lens.

5.1. Cluster contamination and magnification depletion

At small projected radii from the cluster centre our faint galaxy
sample will contain cluster galaxies in addition to background
galaxies. We could not discriminate faint cluster members from
lensed field galaxies using V — I colours, hence the sample of
presumed lensed background galaxies remained contaminated,
leading to a systematic bias of the shear measurements towards
lower values. In order to quantify this contamination, we deter-
mined the overdensity of galaxies in the background catalogue
at the cluster position compared to the mean density in the field
(an example is shown in Fig. 6 for Abell 1351). A contamina-
tion rate of 50% was found for both cluster centres, vanishing
for radii larger than about 4’ -5’.

The cluster galaxy contamination is in fact even higher than
stated above, as magnification depletion leads to a reduced num-
ber density of lensed galaxies in the /-band near the cluster
centre. We found, however, that this effect can be neglected in
our case. From the smoothed convergence (see Sect. 4) and re-
duced shear fields we estimated the magnification using u =
((1 = x)(1 - g))~2. We found very similar magnifications for both
clusters, being 1.65 at the centre and becoming indistinguishable

from the noise (0, ~ 0.15) for radii larger than ~3’. The deple-
tion of the number density of lensed galaxies is oc x>, with
s = 0.15 in red filters (see e.g. Narayan & Bartelmann 1996).
At the cluster centres the number densities are thus reduced by
a factor of ~ 0.73, and at a radius of 15 magnification deple-
tion becomes indistinguishable from the natural fluctuations in
the distribution of field galaxies. Magnification depletion hence
only affects the innermost ~0.3 Mpc (100”) of the clusters and
can be neglected since we compare the tangential shear profiles
to models only for radii larger than 0.5 Mpc (see Fig. 7).

In order to correct for the contamination by cluster galaxies,
we modified the theoretical shear values. The reason for adjust-
ing the theoretical values rather than the measured values is that
this method is considerably easier to implement. The correction
factors were determined in radial bins of logarithmic spacing.
One correction value was then calculated for each of the 17 bins
in which (g;) had been measured. By assuming the edges of the
field to be approximately free from cluster galaxies, the outer-
most correction factor could be set to 1 to mimic contamination-
free boundaries of the field. Finally the best fit was found using
y*-minimisations.

5.2. Fitting the SIS and the NFW profiles

Once the cluster centre is determined, the only free parameter
of the SIS profile is the velocity dispersion, o,. The best fit of
the SIS profile is determined by y2-minimisation for a range of
o, values, the results being shown in Table 1. The mass estimate,
Mgs;s, for this profile is calculated at 7 (the radius inside which
the mean mass density of the cluster equals 200p.i¢) found in the
NFW fitting with two free parameters utilising the same cluster
centre.

The NFW profile is derived from fitting the density profiles
of numerically simulated cold dark matter halos. It appears to
give a very good description of the radial mass distribution inside
the virial radius of a galaxy cluster. For a thorough introduction
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Fig. 5. The black contours show the mass reconstruction (left) and S -statistics (right) for Abell 1351 (top) and Abell 1995 (bottom). The contours
start at the 3.00 level and increase in steps of 0.50-. Overplotted in white contours (red in online version) are the number densities of galaxies
selected with the red sequence method, normalised by the rms fluctuation in the field outside the clusters. These contours are isodensity contours,
starting at 30~ going in steps of 30, and peak at 150 and 100, respectively.

to the gravitational lensing properties of the NFW mass density
profile we refer the reader to Wright & Brainerd (2000). The
theoretical vy, and « can be calculated analytically for the NFW
density profile (Bartelmann & Schneider 2001). We derived the
best fit parameters for different values of the concentration pa-
rameter, ¢, ranging from 0.1 to 24.9 in steps of 0.1.

With the cluster centre fixed, the NFW profile has two free
parameters, 109 and c. We fitted our shear measurements to this
profile twice; first by keeping ¢ fixed and varying only ryo to
find our best fit, and second by varying both parameters. The best

fit parameters were determined by minimising y? in both cases.
Based on N-body simulations of dark matter halos, Bullock et al.
(2001) derived relations for the mean value of ¢ as a function of
redshift and mass for different cosmologies. For a halo of mass
My = 8 X 10'* My, the relation yields

5.8

T 11941 + z9) ®

(where ry00 = 1.194r,;; for a ACDM cosmological model). As
this mass is close to the mass estimates of Abell 1351 and
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Fig. 6. Percentage of cluster galaxies in the faint galaxy catalogue of
Abell 1351 (that of Abell 1995 is very similar). Because the projected
density of cluster galaxies is assumed to equal zero at the edge of the
field, the cluster galaxy contamination was set to zero here by subtract-
ing the median value outside the central area of the image (the large
field of view makes this a well-working approximation). Our fitting
procedure starts at r,;, = 150” to avoid the large cluster galaxy con-
tamination at the centre.

Abell 1995 (Sect. 4), the weak mass dependence of ¢ can be
disregarded. In the second fitting process both rpgy and ¢ were
altered, creating a grid of ¢, r0p-values. The best fit 7599 was first
determined for each value of ¢, then the best fit ¢ was found. The
results are given in Table 1. We could not find an upper limit for
the concentration parameter of Abell 1351, independent of the
cluster centre chosen. The same holds for Abell 1995 in case the
BCG is chosen as the centre. We discuss this in more detail in
Sect. 6.2.

As an example we display the reduced tangential shear as
a function of radius using the SSO1 « maps as cluster centre,
see the left diagrams of Fig. 7. The measured values of (g;) are
given together with the best fit models of the SIS and NFW pro-
files. Judging from the diagrams alone, the NFW profile letting
both ¢ and g vary seems to represent the best fit to the clusters.
However, the y?/d.o.f. values given for each model in Table 1
show that the differences between the models are not statistically
significant. The differences emerging from different cluster cen-
tres seem to have a higher impact. The right diagrams of Fig. 7
show the B-modes of both clusters, i.e. the cross-component of
(gy) as a function of radius. Both measurements are consistent
with zero.

6. Discussion

X-ray studies show Abell 1351 to be a galaxy cluster exhibiting
significant dynamical activity and undergoing a major merger
event (Allen et al. 2003), which indicates a cluster still in
its formation phase. Analyses assuming a relaxed cluster will
hence naturally differ from weak lensing analyses, where no
assumption is made about the dynamical state of the cluster.
One example is the virial analysis by Irgens et al. (2002), where
an unusually high velocity dispersion of o, = 1680338 kms™!
was obtained for Abell 1351, based on radial velocity mea-
surements of 17 cluster galaxies. Such a high velocity disper-
sion is not uncommon in merging systems. If for example two

smaller clusters with low velocity dispersions fall towards each
other along the line of sight with a velocity comparable to or
higher than their o, then a very large total o, would be inferred,
with a correspondingly overestimated virial mass. The cluster
CL0056.03 — 37.55 is a good example for such a system (see
Schirmer et al. 2003).

Abell 1995 is, unlike Abell 1351, classified as a relaxed clus-
ter in dynamical equilibrium (Pedersen & Dahle 2007). X-ray
studies and virial analyses of this cluster are hence also more
compatible with lensing studies (Patel et al. 2000; Irgens et al.
2002). The projected two-dimensional distribution of cluster
galaxies in Abell 1995 is clearly elliptical (see Fig. 5), whereas
the central lensing mass distribution is circular.

6.1. The mass estimates

The mass distributions of Abell 1351 and Abell 1995 were es-
timated assuming that the clusters follow spherically symmetric
SIS or NFW profiles. Although an elliptical mass profile might
yield more accurate cluster mass estimations, Dietrich et al.
(2005) showed that the results from fitting a singular isothermal
ellipse model depend strongly on the initial values chosen for the
minimisation routines. We therefore decided not to fit this profile
to our clusters.

Heymans et al. (2006) demonstrated in the shear testing
programme that the KSB+ PSF correction tends to systemati-
cally underestimate the shear values ~10—15%. To measure how
much this affects our data, we calculated an upper limit for our
mass estimates by increasing the ellipticities with 15% and re-
peating the fitting process. We found that the underestimation of
shear leads to an underestimation of the total cluster mass with a
maximum of 20%, which is within the initial error bars. The con-
centration parameters did not change significantly by this boost-
ing of ellipticities. Since we do not know by exactly how much
our shear values are underestimated this was merely an attempt
to quantify this effect on our data, and is not taken into account
in the results presented in this paper.

Dahle et al. (2002) obtained weak lensing estimates of
the cluster velocity dispersion of several clusters using an
SIS model and assuming an Einstein-de Sitter universe.
Their results were o, = 1410:’38 km s~' for Abell 1351 and

o, = 1240 = 80 km s7! for Abell 1995, and do not agree with
our results. However, there are several important differences
in methodology between Dahle et al. (2002) and our work.
As mentioned above, the assumed cosmological model is dif-
ferent. Also, the first paper approximated g, = y;, whereas we
use g; = /(1 — k) in our fits and mass reconstructions. Finally,
the shear estimator of Kaiser (2000) used by Dahle et al.
(2002) is shown by Heymans et al. (2006) to have a non-
linear response to shear. A re-analysis of the Dahle et al.
(2002) data, taking all these effects into account, yielded new
values of o, = 1410+ 90 km s™' and o, = 1000 + 100 km s™"
for Abell 1351 and Abell 1995, respectively. Hence there
still remains a systematic discrepancy between the results for
Abell 1351, while the measurements for Abell 1995 agree within
error bars.

A remaining difference between our work and Dahle et al.
(2002) is the maximum radius, rpax, to which the shear is mea-
sured, given by the field of view of the detector. Changing 7yax
in our Abell 1351 data to 550" (as this is the value used by Dahle
et al. 2002) led to o, = 1240 + 105 km s~!, consistent with the
re-analysed Dahle et al. (2002) values within error bars.
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Fig.7. Left: Reduced tangential shear as a function of radius for Abell 1351 (fop) and Abell 1995 (bottom) using the SSO1 « map as cluster centre
(the other centres show very similar figures). The averaged gravitational lensing distortions of background galaxies are shown as points with
1o error bars. The lines indicate the best fit models; the dashed line representing the SIS profile, the dot-dashed line the NFW profile keeping
¢ fixed, and the solid line the NFW profile with two free parameters. It should be noted that these lines represent the theoretical values after
modifications from cluster galaxy contamination are applied to each bin independently of each other (see Sect. 5). Right: cross-component of the
reduced tangential shear as a function of radius for Abell 1351 (fop) and Abell 1995 (bottom). This signal should disappear if (g,) is caused by
lensing only, and it is seen that the measurements are close to zero for both clusters.

Allen et al. (2003) used the Dahle et al. (2002) ob-
servations to obtain a weak lensing mass estimate apply-
ing the NFW model to a ACDM cosmology. Their re-
sults gave Mo = 30.2775 x 10" h7} Mo, for Abell 1351 and

Mooy = 14.4730 x 10 h70 My, for Abell 1995. These values are
high compared to the results of this study. Allen et al. (2003)
used a fixed concentration parameter in the fitting process, ¢ = 5.
Applying this value to our data yielded minimal changes in M.
The discrepancies hence originate from Allen et al. (2003)
utilising r0 = 2.69 14 a5 Mpc and ryg = 2.07 +8 3 h>; Mpc
(priv. comm.) for Abell 1351 and Abell 1995, respectlvely, as

these values are larger than our best fit ryg values.

6.2. The concentration parameter

The mass density of a cluster with a low concentration parame-
ter decreases slower when going to larger radii than for a clus-
ter with a high ¢ value (Wright & Brainerd 2000). Although
unconstrained upwards, we find a lower limit of ¢ > 4.5 for
Abell 1351. As is also seen from the radial dependence of the

shear in Fig. 7 (top left), the mass distribution of Abell 1351
concentrates around the cluster centre, indicating that its concen-
tration parameter is significantly higher than that of Abell 1995.
The values found for ¢ of Abell 1995 (see Table 1) suggest that
its mass is spread more evenly to larger radii, which is also seen
in Fig. 7 (bottom left).

From their aperture mass calculations Dahle et al. (2002)
found that most of the mass of Abell 1995 is contained within
r~0.9 h o Mpc (~2007). The mass of Abell 1351 shows the
opposite behav1our, increasing evenly with radius, even at large
radii. These results are contrary to our conclusions. As measure-
ments at large radii are certain to include additional information
not recognised close to the cluster centre, these discrepancies
are likely explained by the difference in field-size between the
two studies. By mapping the mass distribution towards a radius
more than twice the size as that of Dahle et al. (2002), our results
are better constrained. Further bias also arises from the mea-
surements of Dahle et al (2002) starting from an inner radius
of rmin = 50”7 (~ 0.37 h o Mpc), where we consider the cluster
galaxy contamination to be very high, in addition to not includ-
ing any correction for this contamination.
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Table 2. Results from varying the inner radius from where the shear values of Abell 1351 are measured.

Fmin Iy C 200 M200 No. of /\(z/dof
] "] [h Mpe]  [10" o) My]  galaxies

100 767° 4.9j§:§ 1.76 7007 85705 15630 111
110 617  60%: 1.71£0.10 7914 15582 1.45
120 54*% 6870 171000 79714 15529 1.31
130 6078 2 g6 8.5 708 15482 133

-26 26 Y -0 o117 :

140 37%5 10073 1.73f§;§; 8.17% 15428 1.16
150 33%% 11.2°% L7400 831°% 15358 0.96

Our shear values are measured from a radial cut-off,
rmin = 150”, to avoid the large cluster galaxy contamination
present at small radii. Because c is estimated from the scale ra-
dius, s = roo/c, it is desirable to include rg in the measure-
ments (rpin < ¥s) in order to obtain an accurate estimate of the
concentration parameter. If this is not the case, ¢ is basically
unconstrained.

This appears to be the case for Abell 1351, explaining why
we were not able to derive an upper limit for its concentration
parameter. Letting rp,, = 150”, we ensured a cluster galaxy con-
tamination <25% at this inner radius. However, as the ¢ parame-
ter appears unconstrained under this condition, we reduced 7,
in an attempt to obtain clearer results. The problem then arising
was the increasing contamination of cluster galaxies. Looking at
Fig. 6 we see that at » = 120" the cluster contamination is ~32%,
and at r = 100" it equals ~40%. Though this contamination is
accounted for during the fitting process, the contamination cor-
rection is still vulnerable to fluctuations in the projected galaxy
density caused by foreground and/or background structures.

Table 2 presents the results from letting 100" < ry;, < 1507
for Abell 1351 (with the Kaiser & Squires 1993 « map peak as
cluster centre, see Sect. 6.3). It is seen that whilst ¢ is decreas-
ing with smaller ryn, r200 and Mgy remain stable for different
Tmin- Also worth noticing is that for ry,i, < 130”, ¢ becomes con-
strained. However, as rin > 75 for the different starting radii,
we cannot obtain further conclusions from these results. As r;
is even smaller for Abell 1995, we did not repeat this test for
the cluster. Dietrich et al. (2005) experienced similar problems
when attempting to determine the concentration parameter for
Abell 222 and Abell 223, concluding that obtaining a reliable ¢
from weak lensing data only is difficult, if not impossible.

6.2.1. Best fit concentration parameter

Bullock et al. (2001) presented dark matter halo simulations, at-
tempting to find a “best fit concentration parameter” applicable
to all types of halos. They found that for halos of the same mass,
the concentration, cyir = 7vi:/7s, can be given by cyir o (1 + za)" L.
This is contrary to earlier beliefs that c¢,;; does not vary much
with redshift. Numerically simulated massive clusters typically
have concentration parameters ~4—5 (Bullock et al. 2001). This
is within the limiting values for both clusters, although looking
at Fig. 7, the outcome from varying ¢ seems to better follow the
shear values of Abell 1351.

There exists several examples of high concentration
parameters in the literature. Kneib et al. (2003) found
c=22 fg for the central mass concentration of the cluster
C1 0024 + 1654. Gavazzi (2005) concluded on ¢ = 11.73 £ 0.55
for MS2137 — 23, while Broadhurst et al. (2005) found
¢ = 137111 for Abell 1689. Limousin et al. (2007) presented

‘] . . . .
a thorough discussion of the different concentration parameters

derived for Abell 1689 in the literature, concluding that a dis-
tribution of best fit ¢ parameters is needed for observed lens-
ing clusters in order to provide a sample large enough to make
an adequate comparison with simulations. A recent study of
observed concentration values for clusters by Comerford &
Natarajan (2007) show that the best fit lensing-derived ¢ param-
eters are systematically higher than concentrations derived via
X-ray measurements, a difference which can be at least partly ex-
plained by effects of triaxiality of cluster halos (Corless & King
2007; Gavazzi 2005; Oguri et al. 2005; Clowe et al. 2004) or the
substructure within the clusters (King & Corless 2007), although
the latter effect may also produce a negative bias of ¢ values.
In addition, baryonic physics can increase the concentration pa-
rameter mildly by up to 10% as compared to dissipationless dark
matter in pure dark matter simulations (see e.g. Lin et al. 2006).

6.3. Centre position

In addition to the three centre positions tested in Sect. 5, we com-
puted x maps with the inversion method of Kaiser & Squires
(1993; KS93) and utilised the peak of this surface mass distri-
bution as a fourth cluster centre. The KS93 method assumes
that y = ¢, which is not a good approximation near the cen-
tres of massive systems. Therefore, in comparison with the other
methods, it provided us with a reference point as for how large
variation one can reasonably expect for the various centroiding
methods.

All centre positions obtained with the four methods lie
within 1’ and hence represent the errors expected when using the
peak of a x map as cluster centre. As can be seen from Table 1,
varying the centre position only slightly can lead to different
mass estimates. Although within error bars, the results from fit-
ting NFW using a fixed ¢ varies most. The NFW fitting of two
parameters is more stable with a smaller spread in M. This is
also reflected in /\{2 /d.o.f., as a value closer to 1 is a better fit.

Worth noticing is the generally smaller differences between
the results of Abell 1995 as compared to those of Abell 1351.
The concentration parameter also seems better constrained for
Abell 1995, where we could not obtain an upper limit for ¢ only
in the case where the BCG was used as the centre reference. On
the other hand, an upper limit for ¢ could not be obtained for
Abell 1351 for any of the cluster centres chosen. This is consis-
tent with the fact that Abell 1351 is not in dynamical equilib-
rium, lacking a well-defined cluster centre. The results obtained
from fitting spherically symmetric models hence depend on the
cluster centre chosen.

6.3.1. Strong lensing features

Strong lensing effects are in general susceptive to substructures
in clusters, and might constrain the centre of mass further. For
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both clusters recent archival WFPC2 HST data exists, taken for
an ongoing snapshot survey of X-ray luminous clusters (HST
PID 11103, PI: H. Ebeling). The images are taken through the
F606W filter totalling 1200 s exposure time each.

Taking into account both the colours and morphologies of
galaxies in our V — [ data and the morphologies in the HST im-
ages, there are at least half a dozen plausible arcs and arclets visi-
ble in each of the two clusters. The lensing pattern for Abell 1351
appears to be very complex and does not indicate a single, well-
defined centre. This is supported by the presence of several ellip-
tical galaxies which are of similar brightness as the BCG. On the
contrary, for Abell 1995 several arc(let)s are well aligned around
the BCG (apart from three which are obviously associated with
individual cluster galaxies), justifying adopting the BCG as clus-
ter centre for Abell 1995. Applying strong lensing to our data
will therefore not offer further constraints on the determination
of the centre of mass than we already have.

6.4. The mass reconstructions

In Sect. 4 we presented the weak lensing reconstruction of
the clusters’ surface mass density, detecting the clusters on the
50 level. In case of Abell 1351 a significant neighbouring peak
A was detected, which coincides with the galaxy distribution.

We note significant differences comparing our mass maps
to those of Dahle et al. (2002), who used the KS93 inversion
method. Abell 1995 appears rather circular in both reconstruc-
tions, with attached filamentary structures of low significance
seen in the KS93 map. In their re-analysis of the Abell 901 su-
percluster field, Heymans et al. (2008) argued that such filamen-
tary structures could be enhanced by the KS93 method itself.
This algorithm assumes g = 7 near the critical cluster cores,
which hence overestimates «, and the smoothing implemented
could then lead to the apparent merging of neighbouring peaks.

Our map of Abell 1351 appears roughly circular at the posi-
tion of the main cluster with a significant extension towards the
northeast, whereas it shows an extension to the southwest in the
work of Dahle et al. (2002). Both reconstructions have peak B
in common. Since it is not associated with any overdensity of
galaxies but appears in both reconstructions based on very differ-
ent data sets, the most likely explanation is a chance alignment
of galaxies triggering this detection.

7. Conclusions

Utilising observations from CFHI12K we find the masses of
Abell 1351 (Abell 1995) to be My = M(ra0) ~ 89 X
10" hi) Mo (Magy ~ 5-6 x 10" hy) Mo). These results
are derived from fitting our data to the NFW profile, altering
both ¢ and ry, to find the best theoretical fit to our shear mea-
surements (Fig. 7). Our « reconstructions yield mass estimates
of Mop(<ryo) = 11.7 £ 3.1 X 10 h;ol My (Mop(<ryo) =
10.5+2.7 x 10" h;(} M) for Abell 1351 (Abell 1995).

Our results illustrate that using solely weak lensing mea-
surements, with no photometric or spectroscopic information to
separate cluster members from background galaxies, the con-
centration parameter found for a galaxy cluster is poorly con-
strained. Future spectroscopic redshift measurements and strong
lens modelling of the arcs seen towards the cores of Abell 1351
and Abell 1995 might help improve the constraints on their con-
centration parameters. However, the change in ¢ value resulting
from small variations of the centre position of Abell 1351 indi-
cates that the mass distribution in the core of this dynamically

unrelaxed cluster is too complex to be meaningfully fit by the
NFW mass density profile. M»(, on the other hand, varies only
slightly for both clusters when either ry;, is decreased or the
cluster centre varied. Although the KSB+ PSF correction leads
to an underestimation of the cluster masses (with a maximum
of 20% in our case), increasing the background galaxy elliptici-
ties correspondingly still yields masses within error bars of our
current estimates. We therefore conclude that the mass estimates
presented are robust.
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