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ABSTRACT

We used Subaru observations of A1689 (z = 0.183) to derive an accurate, model-independent mass
profile for the entire cluster, r < 2Mpc/h, by combining magnification bias and distortion measure-
ments. The projected mass profile steepens quickly with increasing radius, falling away to zero at
7 ~ 1.0Mpc/h, well short of the anticipated virial radius. Our profile accurately matches onto the inner
profile, r < 200kpc/h, derived from deep HST/ACS images. The combined ACS and Subaru informa-
tion is well fitted by an NFW profile with virial mass, (1.93 £ 0.20) x 10 M, and surprisingly high
concentration, cyir = 13.7ﬂ:‘11, significantly larger than theoretically expected (cyir > 4), corresponding
to a relatively steep overall profile. These results are based on a reliable sample of background galaxies
selected to be redder than the cluster E/S0O sequence. By including the faint blue galaxy population
a much smaller distortion signal is found, demonstrating that blue cluster members significantly dilute
the true signal for r < 400kpc/h. This contamination is likely to affect most weak lensing results to
date.
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INTRODUCTION

Many radially directed images define a radial critical

Numerical simulations based on the cold dark mat-
ter (CDM) scenario are reliable enough to make statis-
tical predictions for the mass profiles of clusters. The
gradient of an ‘NFW’ profile is predicted to monotoni-
cally steepen with increasing radius (Navarro, Frenk &
White 1997), with logarithmic slopes shallower than an
isothermal profile interior to the characteristic radius
r < rg, but steeper at larger radius, approaching to r—3
at 7 — ryip. This curvature is particularly pronounced
for massive clusters, where the halo is expected to have
a relatively low concentration, providing a clear predic-
tion. Weak lensing work has yet to make a definitive
statement regarding the validity of the NF'W profile,
with the analysis claiming only broad consistency with
both the singular isothermal case and the NFW model
(Clowe & Schneider 2001; Bardeau et al. 2004).

Recently, the central region of A1689 (z = 0.183) has
been imaged in detail with the Advanced Camera for

Surveys (ACS), revealing 106 multiply lensed images of
30 background galaxies (Broadhurst et al. 2004, B04).
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curve, inside which small counter-images are identified,
so the mass profile can be traced in detail to the center
of mass. An NFW profile fits well over the restricted

ACS field, r < 200kpc/h, but with a somewhat larger

concentration, ¢y = 8.2f?:§, than expected for mas-

sive clusters, cyir ~ 4 (e.g., Bullock et al. 2001). To
examine the shape of the full profile, we turn to the
wide-field prime focus camera, Suprime-Cam, of the
8.2m Subaru telescope. Suprime-Cam provides an un-
paralleled combination of area (34’ x 27') and depth
(Miyazaki et al. 2002). We measure the lensing dis-
tortion and magnification of background red galaxies
and combine them to derive a model-independent mass
profile out to r ~ 2Mpe, allowing a definitive compar-
ison with model profiles. Throughout this paper, the
concordance ACDM cosmology is adopted (Qpo = 0.3,
Qo = 0.7, h = 0.7). Note that one arcminute corre-
sponds to the physical scale 129kpc/h for this cluster.
The main results of this paper were reported in Broad-
hurst, Takada, Umetsu et al. (2005: B0O5b).
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II. DATA REDUCTION AND SAMPLE SE-
LECTION

Suprime-Cam imaging data of A1689 in V' (1,920s)
and SDSS i’ (2,640s) were retrieved from the Sub-
aru archive, SMOKA. Reduction software developed by
Yagi et al (2002) was used for flat-fielding, instrumen-
tal distortion correction, differential refraction, PSF
matching, sky subtraction. and stacking. The resulting
FWHM is 0782 in V and 0”88 in i’ with 0202 pix~?,
covering a field of 30’ x 25’. Photometry is based on
a combined V + i’ image using SExtractor (Bertin &
Arnaut 1996). The limiting magnitudes are V' = 26.5
and i’ = 25.9 for a 30 detection within a 2”aperture (we
use the AB magnitude system). For the number counts
to measure magnification, we define a sample of 8,907
galaxies (12.0 arcmin~2) with V' — i’ > 1.0. For distor-
tion measurement, we define a sample of 5,729 galax-
ies (7.59 arcmin~?) with colors 0.22 mag redder than
the color-magnitude sequence of cluster E/SO galaxies,
(V —4') +0.0209¢ — 1.255 > 0.22. The smaller sam-
ple is due to the fact that distortion analysis requires
galaxies used are well resolved to make reliable shape
measurement. We adopt a limit of ¢/ < 25.5 to avoid
incompleteness effect. Our red galaxies are very rea-
sonably expected to lie behind the cluster, made red-
der by larger k-corrections. The counts of all galaxies
including the dominant faint blue population is much
larger, ~ 40 arcmin—2. However, as we show below,
the distortion signal of the full sample is significantly
diluted within » < 400kpc/h, compared to the red sam-
ple, indicating that blue cluster members contaminate
the sample. The mean redshift of the red galaxies is
estimated to be z; ~ 1 4 0.1, based on deep photo-z
estimation for deep field data (Benitez et al. 2002).
In the following we will assume (z;) = 1 for the mean
redshift, but note that the low redshift of A1689 means
that for lensing work, a precise knowledge of this red-
shift is not critical.

III. LENSING DISTORTIONS

We use the IMCAT package developed by N. Kaiser
for our distortion analysis, following the well tested
formalism outlined in Kaiser, Squires & Broadhurst
(1995), with modifications described by Erben et al.
(2001). Figure 1. shows the radial profiles of the tan-
gential distortion, g,, and the 45-degree rotated (x)
component, g, for the different samples of galaxies,
where the cluster center is well determined by the lo-
cations of brightest cluster galaxies and/or giant arcs.
Note that lensing induces only the tangential shear in
the weak lensing regime. It is clear that the observed
signal is significant to the limit of our data, ~ 20" or
2Mpc/h, and that the x-component of the red galaxy
sample is consistent with a null signal at all radii, indi-
cating the reliability of our distortion analysis. One can
see that the NFW prediction for source redshift z; = 1
(cyie = 8.2 and My;; = 2.6 x 10'°h M), which fits best
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Fig. 1.— Radial profiles of the tangential shear (upper
panel) and the 45° rotated (x) component (lower panel).
The square symbols correspond to the red background sam-
ple. The cross symbols correspond to the full sample of faint
red+blue galaxies, excluding objects falling on the narrow
cluster E/SO sequence. The triangle symbols denote galax-
ies with photometry coincident with the color-magnitude
sequence of cluster E/SO galaxies. The solid and dotted
curves show an NFW profile with a large concentration,
cvir = 14, and a power-law profile with slope n = 3.16 and
core 0. = 1.65 arcmin (see §V), respectively, both match-
ing well the overall profile of the red galaxy sample. The
best-fitting model (dashed curve) based on the inner ACS
measurements (B04), with c,ir ~ 8, clearly overestimates
the outer profile.

the ACS strong lensing data restricted to the central re-
gion < 2’ (B04), matches onto the Subaru distortions
at < 3 for the background red galaxies, but increas-
ingly overestimates the distortions at larger radii 2 3'.
A steeper NFW profile with cyir ~ 14 (solid curve) bet-
ter reproduces the distortion profile at all radii, as does
a cored power-law profile (dotted curve), (see §V for the
details).

A careful background selection is critical. If we se-
lect all galaxies irrespective of color with magnitude
limit 3’ < 25.5, and exclude only the cluster sequence
galaxies, then we find that the distortion signal falls
below the red background sample by a factor of 2-5 at
r < 400kpc/h. While the slight dilution within a fac-
tor of 2 is still apparent at large radii 2 5, blue cluster
members must be significantly contaminating the full
sample at the small radii, reducing the distortion sig-
nal.
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Fig. 2.— Number-count profile of the red background
galaxies (square symbols). The triangle symbols show the
counts without the mask correction due to cluster members.
The model curves are shown for comparison as in Figure 1.

IV. MAGNIFICATION BIAS

=

Lensing magnification, u(f), influences the observed
surface density of background galaxies, expanding the
area of sky, and enhancing the flux of galaxies (BTP).
The number counts for a given magnitude cutoff mcys,
approximated as a power law with slope s = dlog No/dm,
are modified as N(< meut) = No(< Meur)pt? 571,
where Ny is the unlensed counts. Thanks to the
large Subaru FOV, the normalization and slope of Ny
for our red galaxy sample are reliably estimated as
ng = 12.6+£0.23 arcmin~2 and s = 0.2240.03 from the
outer region > 10’. The slope is less than the lensing
invariant slope, s = 0.4, so a net deficit of background
galaxies is expected. The number density in each ra-
dial annulus is then calculated by excluding this area
and simply renormalising. Note that, if we adopt the
masking factor of 2 or 4 instead of 3, the results shown
below are little changed. Figure 2 shows that the red
galaxy counts are clearly depleted, with a clear trend
towards higher magnification in the center. The mask-
ing area is negligible at large radius and rises to ~ 20%
of the sky close to the center, » £ 3’. Comparison with
models shows that the data are broadly in agreement
with the profiles as described in §V. We have ignored
the intrinsic clustering of background galaxies, which
seems a good approximation, though some variance is
apparent in 2D maps (Umetsu et al. 2004 in prepara-
tion) and may explain a discrepant point at ~ 5’ in the
radial profile.

V. MODEL-INDEPENDENT MASS PROFI
-LE

The relation between distortion and convergence is
non-local, and masses derived from distortion data
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Fig. 3.— Reconstructed mass profile. The triangle and

square symbols with error bars show the results from the
ACS strong lensing analysis (B04) and the Subaru weak
lensing analysis (this work), respectively. The dashed and
solid curves show the best-fitting NFW profiles for the ACS
data alone and for the combined ACS+Subaru profile, re-
spectively.

alone suffers from a mass sheet degeneracy. However,
by combining the distortion and magnification mea-
surements the convergence can be obtained unambigu-
ously. Here we derive a model-independent, discrete
convergence profile in 10 logarithmically spaced bins
for 1’ < 6 <18: k; = k(6;) for i = 1,2,...,10, repre-
senting 10 free parameters which are constrained with
20 data points in Figures 1 and 2. To perform the mass
reconstruction, we need to express the lensing observ-
ables in terms of the binned convergence profile. The
tangential shear amplitude in the i-th radial bin can
be expressed as v4; = K; — k; (Fahlman et al. 1994),
where &, is the average convergence interior to radius

6; and expressed as K; = K(6;) = 2/62):_, 67k;h
with the bin width A = Alnéd. Once the shear profile
is given, it is straightforward to compute the binned
tangential distortion and magnification via the rela-
tions gy; = 74_1-2/ (1 — £;) (at radii of our interest) and
pi = |(1 = k)* —~3,/7'. However, for the discrete
model, to properly compute the shear in the first bin,
we need to specify the mass interior to radius 1’, which
is readily obtained from the well constrained ACS de-
rived profile. We have checked that, if we instead adopt
the model independent mass interior to the Einstein ra-
dius (= 45"), the results are very similar.

The best-fitting model «; is then derived by properly
weighting signal-to-noise (S/N) ratios of the distortion
and magnification data (e.g., see Schneider, King & Ei-
ben 2000). The square symbols in Figure 3 show the
best-fitting mass profile obtained from the Subaru data,
where the minimized x? value is x2;,/dof. = 27.9/10
for 10 degrees of freedom. The bad x2;, is mainly
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due to the two data points at ~ 3’ and 5" in Figure
2, which apparently deviate from a continuous curve
and are probably affected by the intrinsic clustering of
background galaxies. Excluding the two data points
leads to an acceptable fit x2, /dof. = 12.4/8, mean-
ing the best-fit mass profile well reproduces the dis-
tortion and magnification data simultaneously. The
outer profile at 2 9’ is consistent with a null signal
to within 1o (the points at ~ 9’ and 16’ are 1o upper
limits), implying a more rapid decay in mass profile
than expected from the standard NFW profile, falling
well short of the anticipated virial radius. We have
also checked that this result is not sensitive to varying
the count-slope and the unlensed background galaxy
density within the 1o measurement errors. Force fit-
ting an NFW }grofile to the Subaru mass profile yields
My = 1.697039 x 10'"° Mg, (ryir = 1.95 £ 0.11Mpc/h)
for the virial mass (radius), where x2. /dof. = 5.36/8.
Note that the NFW profile is specified by the two para-
meters, M,ir and halo concentration ¢,;, (Bartelmann
1996), and we have adopted the flat prior ¢,y < 30
because the NFW profiles with c.ir 2 20 can not be
distinguished by the Subaru data alone due to lack
of information on the inner density profile. The error
quotes 68% confidence intervals (Ax? = x?—x2,, < 1).
Next, we consider the combined Subaru and ACS pro-
file, where the ACS profile with error bars is taken from
Figure 22 in B04 and the amplitude is scaled to z; = 1
from the z; = 3 result. By combining the strong and
weak lensing analyses, we can trace the mass distri-
bution over a large range in amplitude x ~ [1073,1]
and in radius r = [1072,2]Mpc/h. In this case, we
have 22 independent data points in total excluding the
ACS data points at radii overlapping with the Sub-
aru data. The best-fitting NFW profile is given by
coir = 13.7717 and My, = (1.93 4 0.20) x 10" M
(rvir = 2.04 £ 0.07Mpc/h), and has an acceptable fit
XZn/dof. = 13.3/20. The inset plot shows how the
constraints are degenerate in the (cyir, Myir) plane.
Hence, this result gives the lensing based confirma-
tion of the NFW profile over the radii we have con-
sidered, however, the mass distribution appears to be
much more concentrated toward the center than the
CDM simulations predict for a halo of the above mass,
cvir = 4.0 (Bullock et al. 2001). A generalized NFW
profile given by p o r=15(1 + r/r,)~%% (e.g., Moore
et al. 1998) is disfavored (x2, /dof. = 28.3/20; see
Umetsu et al. 2004 for more details), being too steep
in the center. A cored power-law profile, x o (84+6.)"™,
gives a better fit: x2, = 4.49/19 with a steep slope,
n = 3.1670%, and a core of 6, = 1.657077 arcmin
(re = 214137 kpe/h). A softened isothermal profile is
strongly rejected (100 level!).

VI. DISCUSSION AND CONCLUSION

We have obtained a secure, model-independent mass
profile of A1689 over 1’ < 6 < 20/ (100kpc/h S 7 2

2Mpc/h) by combining the distortion and magnification-
bias measurements from high-quality Subaru imaging.
We have seen that to reliably measure distortions it
is critically important to securely select background
galaxies in order to avoid dilution of the distortion
signal by blue cluster members and foregrounds (see
Figure 1). Thus we have resolved the discrepancy
between the small Einstein radius (~ 20”) inferred
from the previous work based on largely monochro-
matic measurements and the observed radius (~ 45").
The mass profile of A1689 obtained from the Subaru
and ACS data covers 2 orders of magnitude in radius,
[10~2,2]Mpe/h, and shows a continuously steepening
profile with increasing radius, very similar to an NFW
profile but with a much higher concentration than ex-
pected. The best-fitting NFW profile has ¢,;, ~ 14,
significantly larger than expected cyi; =~ 4, correspond-
ing to the profile expected for a much lower mass halo of
~ 101712 M (Bullock et al. 2001), 3-4 orders of mag-
nitude less than the mass of A1689. Subaru imaging
in more passbands will provide many reliable photo-
metric redshifts for refining the background selection,
helping to improve the distortion signal and allowing
the lens magnification to be separated from the back-
ground clustering. In addition, the redshift dependence
of the distortion and magnification signals may be ex-
tracted to constrain cosmological parameters.
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