
arXiv:astro-ph/9911285 v2   10 Oct 2000

W
e
a
k
G
ra
v
ita

tio
n
a
l
L
e
n
sin

g
b
y
th
e
N
e
a
rb
y
C
lu
ste

r
A
b
e
ll
3
6
6
7

M
ich

a
el
J
o
�
re

1
;2

;7,
P
h
ilip

p
e
F
isch

er
3
;7,

J
o
sh
u
a
F
riem

a
n
1
;2

;7,
T
im

o
th
y
M
cK

a
y
4
;7,

J
o
sep

h
J
.

M
o
h
r
1
;6

;7,
R
o
b
ert

C
.
N
ich

o
l 5

;7,
D
a
v
id

J
o
h
n
sto

n
1
;2,

E
rin

S
h
eld

o
n
4
a
n
d
G
a
ry

B
ern

stein
3

A
B
S
T
R
A
C
T

W
e
p
resen

t
tw
o
w
ea
k
len

sin
g
reco

n
stru

ction
s
of
th
e
n
earb

y
(z
c
l
=
0
:055)

m
ergin

g
clu

ster
A
b
ell

366
7,
b
a
sed

o
n
ob
serva

tion
s
ta
k
en

�
1
year

ap
art

u
n
d
er

d
i�
eren

t
seein

g
con

d
ition

s.
T
h
is
is
th
e

low
est

red
sh
ift

clu
ster

w
ith

a
w
ea
k
len

sin
g
m
ass

recon
stru

ction
to

d
ate.

T
h
e
rep

ro
d
u
cib

ility
of

featu
res

in
th
e
tw
o
m
a
ss
m
a
p
s
d
em

o
n
strate

th
at

w
eak

len
sin

g
stu

d
ies

of
low

-red
sh
ift

clu
sters

are
feasib

le.
T
h
ese

d
a
ta

co
n
stitu

te
th
e
�
rst

resu
lts

from
an

X
-ray

lu
m
in
osity

-selected
w
eak

len
sin

g
su
rv
ey

o
f
1
9
low

-red
sh
ift

(z
<
0
:1)

so
u
th
ern

clu
sters.

S
u
b
jec

t
h
ea

d
in
g
s:

galax
ies:

clu
sters:

in
d
iv
id
u
al

(A
b
ell

3667),
grav

itation
al

len
sin

g

1
.

In
tr
o
d
u
c
tio

n

W
ea
k

g
rav

ita
tion

al
len

sin
g|

m
ea
su
rem

en
t
of

th
e
in
d
u
ced

sh
ear

o
f
d
istan

t
ga
la
x
y
im

a
ges

to
in
fer

th
e
fo
reg

ro
u
n
d
m
a
ss

d
istrib

u
tio

n
|
h
as

n
ow

b
ecom

e
a
stan

d
a
rd

to
o
l
to

p
rob

e
d
ark

m
a
tter

in
g
alax

y
clu

sters.
S
in
ce

th
e
w
ork

of
T
y
so
n
et

al.
(19

90
),
w
ea
k
len

sin
g
stu

d
ies

of
ov
er
tw
en
ty

galax
y

clu
sters

h
av
e
b
een

p
u
b
lish

ed
(M

ellier
1
9
99).

In
all

cases
to

d
ate,

th
e
ob
servation

s
h
ave

b
een

co
n
�
n
ed

to
m
o
d
era

te
to

h
igh

-red
sh
ift

clu
sters,

z
c
l
>
0
:15

�,
for

tw
o
rea

so
n
s:

(i)
th
e
clu

ster
len

sin
g
stren

gth
is
m
a
x
im

ized
if
th
e
a
n
g
u
la
r
d
iam

eter
d
ista

n
ce

to

1
D
ep
t.

o
f
A
stro

n
o
m
y
a
n
d
A
stro

p
h
y
sics,

U
n
iv
ersity

o
f

C
h
ica

g
o
,
C
h
ica

g
o
IL

E
m
a
il:jo

�
re@

co
ltra

n
e.u

ch
ica

g
o
.ed

u
2
N
A
S
A
/
F
erm

ila
b
A
stro

p
h
y
sics

C
en
ter,

F
erm

i
N
a
tio

n
a
l

A
ccelera

to
r
L
a
b
,
B
a
ta
v
ia
,
IL

3
D
ep
t.

o
f
A
stro

n
o
m
y,

U
n
iv
ersity

o
f
M
ich

ig
a
n
,
A
n
n

A
rb
o
r,
M
I

4
D
ep
t.

o
f
P
h
y
sics,

U
n
iv
ersity

o
f
M
ich

ig
a
n
,
A
n
n
A
rb
o
r,

M
I
5
P
h
y
sics

D
ep
a
rtm

en
t,

C
a
rn
eg
ie

M
ello

n
U
n
iv
ersity,

P
ittsb

u
rg
h
,
P
A

6
C
h
a
n
d
ra

F
ello

w
7
V
isitin

g
A
stro

n
o
m
er,

N
a
tio

n
a
l
O
p
tica

l
A
stro

n
o
m
y
O
b
-

serv
a
to
ries,

w
h
ich

is
o
p
era

ted
b
y
th
e
A
sso

cia
tio

n
o
f
U
n
i-

v
ersities

fo
r
R
esea

rch
in

A
stro

n
o
m
y,

In
c.,

u
n
d
er

co
n
tra

ct
to

th
e
N
a
tio

n
a
l
S
cien

ce
F
o
u
n
d
a
tio

n
�
L
en
sed

a
rcs

h
a
v
e
b
een

d
etected

in
tw
o
lo
w
-red

sh
ift

clu
sters

(B
la
k
eslee

&
M
etzg

er
1
9
9
8;

C
a
m
p
u
sa
n
o
et

a
l.
1
9
9
8),

b
u
t

su
ch

in
sta

n
ces

o
f
stro

n
g
len

sin
g
o
n
ly

p
ro
b
e
th
e
co
res

o
f

clu
sters.

th
e
foregrou

n
d
clu

ster
is
rou

gh
ly

h
alf

th
at

of
th
e

b
ack

grou
n
d
sou

rce
galax

ies,
w
h
ich

at
a
lim

itin
g

d
ep
th

o
f
R
�

25
are

ty
p
ically

at
hz
s i
�

1;
(ii)

a
d
istan

t
clu

ster
su
b
ten

d
s
an

area
on

th
e
sk
y
w
h
ich

can
b
e
rou

gh
ly

en
com

p
assed

b
y
a
sin

gle
C
C
D

ch
ip
,
allow

in
g
d
eep

ex
p
osu

res
of

th
e
en
tire

�
eld

in
m
o
d
erate

ob
serv

in
g
tim

e.
U
n
fortu

n
ately,

m
ost

of
ou
r
k
n
ow

led
ge

o
f
clu

ster
p
rop

erties
com

es
from

X
-ray

a
n
d
d
y
n
am

ical
(op

tical
red

sh
ift)

stu
d
ies,

w
h
ich

are
m
u
ch

m
ore

easily
con

d
u
cted

for
n
earb

y
clu

sters.
T
h
is

m
ism

atch
b
etw

een
th
e
ob
serv

in
g

req
u
irem

en
ts

for
w
eak

len
sin

g
an
d

d
y
n
am

ical
stu

d
ies

h
as

h
am

p
ered

d
irect

com
p
arison

of
th
ese

m
ass

m
easu

rin
g
tech

n
iq
u
es.

It
w
ou
ld
b
e
b
en
e�
cial

to
h
av
e
w
eak

len
sin

g
ob
servation

s
for

a
sam

p
le

of
n
earb

y
clu

sters.
T
h
is

w
ou
ld

en
ab
le

m
ore

d
etailed

stu
d
ies

of
th
e

clu
ster

b
in
d
in
g

m
ass,

b
aryon

fraction
,
an
d
m
orp

h
ology.

F
or

w
eak

len
sin

g
stu

d
ies,

n
earb

y
clu

sters
h
av
e

th
e
a
d
van

tage
th
at

th
eir

b
ack

grou
n
d
galax

ies
are

relatively
w
ell

resolved
(red

u
cin

g
th
e
e�
ect

of
P
S
F

sm
earin

g)
an
d
th
eir

in
ferred

p
ro
jected

m
ass

d
istri-

b
u
tion

s
are

relatively
in
sen

sitiv
e
to

th
e
u
n
certain

b
ack

grou
n
d
sou

rce
galax

y
red

sh
ift

d
istrib

u
tion

in
th
e
lim

it
z
c
l
�

z
s .

T
h
e
ad
ven

t
o
f
C
C
D

m
osaic

cam
eras

on
4m

telescop
es,

cou
p
led

w
ith

d
evelop

-
m
en
ts
in
w
eak

len
sin

g
an
aly

sis,
n
ow

m
ake

p
ossib

le
w
id
e-�

eld
stu

d
ies

of
w
eak

len
sin

g
in

n
earb

y
clu

s-
ters

(Jo�
re

et
al.

1999;
S
teb

b
in
s
et

al.
1
996).

W
ith

th
ese

b
en
e�
ts

in
m
in
d
,
w
e
h
ave

b
egu

n

1



a complete, X-ray luminosity-selected weak lens-
ing survey of 19 nearby (zcl < 0:1) Southern
clusters (Jo�re et al. 1999); this sample, drawn
from the XBACS (Ebeling et al. 1996), is also
being targeted by the Viper telescope for Sunyaev-
Zel'dovich observations (Romer et al. 1999). As
of October 1999, we have completed imaging ob-
servations of 9 clusters in the sample, using the
BTC and Mosaic II cameras at the 4m telescope
at CTIO. In this Letter, we present results for our
�rst target, the z = 0:055 cluster Abell 3667.

The major obstacle to weak lensing studies of
nearby clusters is the small shear signal they pro-
duce. Shear estimates are limited by the intrinsic
ellipticity of the background galaxies (shape noise)
and PSF anisotropies. To create reliable mass
maps we must therefore measure ellipticities for a
large number of background galaxies and correct
for the PSF anisotropy very accurately. Given
that we expect cluster-induced shears of at most�
5%, we have reduced systematic sources of shear,
which include atmospheric turbulence, telescope
shake, and optical aberration, to less than 0:5%
across the images (based on the corrected stellar
ellipticities). As proof of our ability to make these
measurements, we present weak lensing analyses
of A3667 based on two sets of observations taken
� 1 year apart under di�erent seeing conditions
and with di�erent observing strategies.

2. Observations

Much ancillary information is available for
Abell 3667. Based on redshifts for 154 cluster
members (Sodre et al. 1992; Katgert et al. 1996),
an optical velocity dispersion in the range �v =
970�1200 km/s has been inferred (Sodre et al. 1992;
Fadda et al. 1996). From the ROSAT All-Sky
Survey, the X-ray luminosity LX = 6:5 � 1044

ergs/s (Ebeling et al. 1996), among the strongest
X-ray sources in the southern sky. The radio
map shows a double halo structure (Rottgering
et al. 1997). The A3667 �eld contains two
dominant D galaxies; the ROSAT PSPC im-
age (Knopp et al. 1996) and ASCA temperature
map (Markevitch et al. 1998) indicate the clus-
ter is undergoing a merger along the direction
(Knopp et al. 1996) joining them.

We observed A3667 on two separate runs with
the BTC (Wittman et al. 1998) at the CTIO 4m

telescope. The BTC is a 4096�4096 pixel camera
with a pixel scale of 0:4300; there are signi�cant
gaps between the four chips that must be re-
moved from the �nal combined image by dithering
exposures. In June 1997, two of us (PF and
JM) observed A3667 in the R and BJ bands in
relatively poor seeing (combined stellar FWHM
of 1:5500 � 0:1500 in R). The combined image in
each �lter covers an approximate area 420 � 420,
with a maximum surface brightness limit of 28.6
mag arcsec�2 in R and 28.9 mag arcsec�2 in BJ ,
corresponding to 1� in the sky. Total observing
times were 5500s in BJ and 15500s in R. We
denote these the `�' set of images in our analysis.
In September 1998, three of us (JF, TM, RN)
observed A3667 under better seeing conditions
(combined stellar FWHM = 1:2300 � 0:0700 in R),
covering a 440 � 440 area to a maximum surface
brightness limit of 28.2 mag arcsec�2 in R and
27.9 mag arcsec�2 in B. This corresponded to
a total observing time of 12600s in R and 2250s
in B. We also obtained I-band images which we
have used to construct a color-magnitude diagram
to remove cluster members from the background
sample. (Due to fringing e�ects, the I-band data
was not used in the lensing analysis itself.) We
denote these better-seeing images the `�' set.

After debiasing and 
at�elding of the frames,
the frames were coadded. BTC observations
of USNO astrometric �elds were used to re-
move �eld distortion from the images. Ob-
jects were detected using SExtractor (v2.1.0)
(Bertin & Arnouts 1996). Our own code measures
quadrupole moments Qij of each object using the
adaptive Gaussian weighting scheme of Bernstein,
et al.(2000): the image is multiplied by an
elliptical Gaussian weight function, the shape
of which is successively iterated to match the
object's ellipticity. This routine returns estimates
of the ellipticity vectors e1 = (Q11 �Q22)=(Q11 +
Q22) and e2 = 2Q12=(Q11 + Q22) and their
uncertainties. The unsaturated bright stars in
each image were used to characterize the PSF
anisotropy as a function of position. Following
Fischer & Tyson (1997), we convolved the images
with a spatially varying kernel which circularizes
the stellar images. We then repeat the detection
and measurement of background galaxies in the
PSF-corrected images. The moments of each
galaxy are �nally corrected for isotropic PSF
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dilution using the simulations and analytic results
of Bernstein, et al.(2000); the correction factor
depends upon galaxy image size relative to the
PSF and upon the image pro�le. Objects in the
background galaxy samples for the lensing analysis
are selected to have magnitudes R < 24:75,
B < 24:5, and BJ < 25:5. They are also required
to have half-light radii at least 1:5 times that of
the PSF. The R � I color-magnitude diagram
is used to remove red cluster members from
the background sample brighter than R = 22.
These cuts ensure that the object moments can
be accurately measured (S=N > 8 � 10�), that
stellar contamination is minimal, and that the vast
majority of the sample lies well behind the cluster.
The resulting samples contain approximately
11,000 background galaxies for the � R image,
30,000 for the � R, 18,000 for the � BJ , and
11,000 objects for the � B image. We note that
the � R image has a larger number of galaxies
than the � set, although the later has a longer
exposure time. This is due to the fact that the
� images covered a larger area on the sky and
the poor seeing of the � R image makes galaxies
and stars diÆcult to distinguish. Many of these
smaller galaxies are lost when we cut on half-light
radius.

3. Comparison

To study the robustness of the mass maps
derived from the two sets of observations, we
�rst examine the consistency of the measured
ellipticities of background galaxies. We focus on
the shear measurements (as opposed to the mass
maps themselves) because we expect the errors
to be uncorrelated in di�erent regions of the sky.
In principle, di�erences in seeing, imaging depth,
and �lters will lead to di�erences between the
shear �elds estimated from the two observations.
However, after applying the corrections discussed
above, the derived shear �elds should be strongly
correlated.

We trimmed the R and B band images in the �
and � datasets to the regions common to both and
calculated the mean ellipticities of the background
galaxies in 100 angular bins of width � 2500.
To quantify the consistency of the two �elds we
calculate the �2 value for the ellipticities for each

�lter,

�2 =
2X

i=1

100X
Nb=1

(ei� � ei�)2

(�2ei� + �2ei� )
:

The estimate of the ellipticity variance in a spatial
bin for a given data set is

�2ei = (Nc=N
2)h�2mic + (Nd=N )2�2rms=(Nd � 1);

where N is the total number of background galax-
ies in the bin and Nc and Nd are the numbers
of galaxies in the bin with and without coun-
terparts in the other data set. h�2mic is the
average measurement error in ei derived from our
measurement uncertainties in Qij for the galaxies
common to both sets; �rms is the rms spread in
the ellipticities of the Nd galaxies in the bin not
found in the other set. That is, for galaxies mea-
sured in both data sets, we use the measurement
uncertainty rather than the rms per bin to take
into account the correlation between the data sets.

Figure 1a shows the binned ellipticities of back-
ground galaxies found in both data sets in the
R band; the reduced �2 is 1.11 for 200 d.o.f.
Fig. 1b compares the ellipticities for all galaxies:
in this case, the scatter between the datasets is
signi�cantly larger, as expected since they are no
longer con�ned to the same galaxies; the reduced
�2 for all the objects is 1.19, implyinga probability
P (�2j200) = 3:5% in the case of random errors.
The average ellipticity in Fig. 1b is 2:57� 0:22%
for the � set and 2:42 � 0:16% for the � set.
As expected for low redshift cluster lensing, the
maximum tangential ellipticity is only 4%, while
the majority of the signal is � 1%. The major
contribution to �2 comes from a few bins located
at the edge of the images; removing the two worst
bins drops �2 substantially, raising the probability
that the ellipticities are consistent within the er-
rors to � 30%. The edges of our images have the
largest �eld distortions and shallowest coverage
and are therefore where we expect the largest
discrepancy between the data sets. For the blue
�lters, due to the shallowness of the � set and the
fact that the B and BJ �lters are not identical,
there are very few background objects in common
(� 1000 vs. 9000 in the R images). The error
in �2 is dominated by the rms ellipticity, giving
a value of �2 = 1:125 or P (�2j200) = 10:9%.
This is a very strict test of our measurement
and correction algorithm, showing that our shear
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measurements are reproducible. The relatively
low formal probabilities may be due to either small
residual systematics or slight underestimates of
the measurement error. Across the image, the
high correlation between the corrected data sets is
quite encouraging, with large di�erences generally
con�ned to small areas near the edge of the �eld.

We performed mass reconstruction on a 60 �
60 grid, applying a version of the Kaiser and
Squires (Squires et al. 1996) algorithm separately
to the blue and red catalogs and combining them
by weighting the mass at each gridpoint by its
S/N. We have chosen to plot the S/N of each
mass map pixel as this gives a direct picture
of which mass peaks are signi�cant. We esti-
mated the the noise in each pixel for this map
as follows: we rotated each galaxy orientation
through an arbitrary angle and then computed
the resulting mass map; we then repeated this
procedure 100 times and estimated the noise from
the variance of these 100 noise maps. As a
check of systematics, we produced mass maps
for each image with all galaxy orientations ro-
tated by 45 degrees and found no signi�cant fea-
tures. In the absence of residual systematic ef-
fects such a map should be consistent with noise
(Stebbins et al. 1996; Kaiser et al. 1994). As an
additional systematics check, we have made shear
maps for the stars in each �lter; they are consistent
with noise, as expected.

The combined convergence maps are shown in
Figures 2 and 3 for the � and � data sets. There
is remarkable agreement in morphology of the two
maps, and the largest mass features appear to be
robust. To quantify this correlation, we calculate
Pearson's r between the two mass maps:

r =

PN (m� � hm�i)(m� � hm�i)qPN (m� � hm�i)2
qPN (m� � hm�i)2

;

where m is the value of a mass map pixel and
N is the total number of gridpoints. r =
�1 for completely anticorrelated data, 0 for
uncorrelated data, and 1 for completely correlated
data. We �nd a value of r = 0:6 between
the two maps, indicating that they are in fact
correlated. The formal probability of achieving
such a high value of r by chance for uncorrelated
maps is erfc(jrj

p
N=2), negligibly small for 3600

gridpoints. To further quantify the degree of

correlation, we calculated Pearson's r between
the 100 noise maps described above and found
these maps gave a value of �0:009 � 0:089. To
determine the correlations between the entire
maps, rather than the correlation introduced by
the coincidence of the central peak, we masked
out a box centered on the two maps with a
size of 100. When Pearson's r was computed on
the remaining unmasked areas, we still found a
value of r = 0:40. This value remained fairly
constant as we increased the masked region until
the masked region's size approached that of the
two images. Inspection of the maps indicates
that even the relatively low signi�cance (� 3�)
mass peaks which correspond to a convergence
of � 0:02 are reproducible. We quanti�ed this by
masking regions greater than 3� in either map and
computing Pearson's r on the unmasked portions.
The value of the correlation only dropped to
r = 0:27. We note that r dropped quickly to zero
if we masked out all regions of signi�cance lower
than 3�. We have also implemented the mass
reconstruction algorithm of Seitz & Schneider
(1998) and �nd the same correlation between
features.

The mass map is strongly peaked around the
central D galaxy and generally correlates well with
both the cluster light and ROSAT X-ray 
ux
distributions (Jo�re et al. 2000). At lower signif-
icance, there also appears to be mass associated
with the second bright D galaxy in the NW of the
image and with cluster galaxies in the N and SE
of the central D.

4. Conclusion

We have detected weak lensing at the 0:5� 4%
level in a nearby galaxy cluster using two sepa-
rate sets of images. Despite di�erences in depth,
seeing, and �lters, the shear maps are consistent
within the errors, and the reconstructed mass
maps are strongly correlated. This reproducibility
demonstrates the feasibility of using weak lensing
to probe the mass distribution in low-redshift
clusters. In future work, we will apply these
methods to all the clusters in our survey and
compare the resulting mass maps with X-ray,
optical, and Sunyaev-Zel'dovich data to obtain a
more detailed picture of the properties of nearby
clusters.
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Fig. 1.| (a) The binned average ellipticities of background galaxies appearing in both R band images, light
blue for the � data set and black for the � data set. (b) The same for all background galaxies. The units
are CCD pixels; an ellipticity of 2% is shown in the lower left.
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Fig. 2.| Projected mass map of A3667 for set �. Contours correspond to a change in signal to noise of
unity; only contours � 1� are shown. The mass map is superimposed upon the � R image. The image is
420 � 420.
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Fig. 3.| Projected mass map of A3667 for set �. The mass map is superimposed upon the � R image. The
image is 440 � 440.
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