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Figure 2. (a) False color image of the central 30!! of our combined F606W and F814W images of Q0957+561. (b) Close-up of the strong lensing region, after the
main lensing galaxy and quasar images have been subtracted. The white cross indicates the center of the lens galaxy G1, while the green crosses indicate the quasar
positions A and B. The red boxes and yellow circles indicate the “blobs” and “knots” identified by Bernstein et al. (1997). Newly resolved faint features are seen south
and east around quasar B and southwest of quasar A. The orange circle indicates an unknown object, not associated with any lensed features. Since the light profile of
the object is consistent with the PSF, we surmise it is a faint halo star in the foreground of the lens.
(A color version of this figure is available in the online journal.)

forming a 30 ks image in the F606W filter (15 ks in F814W) for
our strong lensing analysis with a final pixel scale of 0.!!03. The
large number of exposures in this central region allows us to use
a simple image-combining algorithm that avoids the undesirable
point-spread function (PSF) broadening and noise correlation of
the common Drizzle algorithm (Fruchter & Hook 2002).

1. An astrometric solution is derived for each exposure by
compounding the ACS/WFC coordinate map of Anderson
& King (2002) with an additional affine transformation to
account for pointing errors, stellar aberration, and slight
plate-scale variations due to the HST “breathing mode.”
The coefficients of the affine transformation are derived by
registering objects detected in individual exposures.

2. A grid of 0.!!03 pixels is created for the combined image.
Each pixel in each exposure is mapped to a single desti-
nation pixel. Input pixels flagged as invalid due to detector
defects, etc., are discarded.

3. For each destination pixel, we average all of the input
pixels, using a sigma-clipping algorithm to eliminate pixels
contaminated by cosmic rays.

The procedure is identical to the use of Drizzle with a
“drop zone” of zero size. Since each input pixel contributes
to only one output pixel, the output pixels have uncorrelated
noise. The combining algorithm broadens the PSF only by an
effective convolution with the output pixel square. The final
pixel size is chosen such that it is small enough not to degrade
the resolution, but coarse enough that there are enough input
pixels for averaging and outlier rejection. We present a false
color image of our combined F606W and F814W images in
Figure 2(a).

To look for new strong lensing constraints, we subtract the
bright quasar images A and B using the PSF derived from
observations of the star HD 237859. Since the PSF varies with
focal plane position as well as time, we observed the star as
close as possible in time and chip position to each quasar image
in each of the four pointings.

2.2. Lens Galaxy Properties

We model the main lensing galaxy using the IRAF ELLIPSE
task, masking out regions where quasar subtraction takes place
as well as any bright regions not associated with the galaxy
(e.g., other lensed features). Our resulting IRAF model provides
a measurement of the galaxy’s isophotes and total flux (see
Table 1). As shown previously (Bernstein et al. 1997), the
isophotes of the lens galaxy exhibit an ellipticity gradient and
a position angle twist (Figure 3). These isophotal features may
complicate the lensing potential, so we incorporate them directly
into our lens models (Section 3.2). We also use the photometry of
the lens galaxy to constrain stellar population synthesis models
and estimate the stellar mass-to-light ratio (Section 4.3).

2.3. Faint Strong Lensing Features

We subtract the model galaxy from the quasar-subtracted
image to produce the final image of the strong lensing region,
which is shown in Figure 2(b). This image reveals several new,
previously unresolved or undetected strongly lensed features.
Since the morphology is similar to the host galaxy arc from
NICMOS (Keeton et al. 2000), we conjecture that the optical
features are most likely images of star-forming regions of the
quasar host galaxy at z = 1.41.

The lensed “blobs” and “knots” indicated in Figure 2(b) were
previously identified by Bernstein et al. (1997), and were used
by Bernstein & Fischer (1999) and Keeton et al. (2000) as
constraints on lens models. To derive new constraints from our
new strongly lensed features, we use the models of Keeton et al.
(2000) as a starting point. Using the lensmodel software (Keeton
2001), we check to see how these older models would map new
features in the image plane. Specifically, we take an observed
image position, map it to the source plane, and then find all
corresponding images using the old lens models. We then look
for the predicted images in our new HST data. Unfortunately,
we find the Keeton et al. models cannot sensibly reproduce the
lensing we see in the HST data. These models fail most notably
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the lens galaxy to constrain stellar population synthesis models
and estimate the stellar mass-to-light ratio (Section 4.3).

2.3. Faint Strong Lensing Features

We subtract the model galaxy from the quasar-subtracted
image to produce the final image of the strong lensing region,
which is shown in Figure 2(b). This image reveals several new,
previously unresolved or undetected strongly lensed features.
Since the morphology is similar to the host galaxy arc from
NICMOS (Keeton et al. 2000), we conjecture that the optical
features are most likely images of star-forming regions of the
quasar host galaxy at z = 1.41.

The lensed “blobs” and “knots” indicated in Figure 2(b) were
previously identified by Bernstein et al. (1997), and were used
by Bernstein & Fischer (1999) and Keeton et al. (2000) as
constraints on lens models. To derive new constraints from our
new strongly lensed features, we use the models of Keeton et al.
(2000) as a starting point. Using the lensmodel software (Keeton
2001), we check to see how these older models would map new
features in the image plane. Specifically, we take an observed
image position, map it to the source plane, and then find all
corresponding images using the old lens models. We then look
for the predicted images in our new HST data. Unfortunately,
we find the Keeton et al. models cannot sensibly reproduce the
lensing we see in the HST data. These models fail most notably
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Figure 2. (a) False color image of the central 30!! of our combined F606W and F814W images of Q0957+561. (b) Close-up of the strong lensing region, after the
main lensing galaxy and quasar images have been subtracted. The white cross indicates the center of the lens galaxy G1, while the green crosses indicate the quasar
positions A and B. The red boxes and yellow circles indicate the “blobs” and “knots” identified by Bernstein et al. (1997). Newly resolved faint features are seen south
and east around quasar B and southwest of quasar A. The orange circle indicates an unknown object, not associated with any lensed features. Since the light profile of
the object is consistent with the PSF, we surmise it is a faint halo star in the foreground of the lens.
(A color version of this figure is available in the online journal.)
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experimental e!ects such as striping from spatial calibration
variations. The striping in the Haslam map is along the sur-
vey scan lines and was corrected to first order by the applica-
tion of a Wiener filter. (The filtered version of the Haslam
map is publicly available on the Legacy Archive for Micro-
wave Background Data Analysis [LAMBDA]Web site.) The
remaining adverse e!ects of the Haslam map are mitigated
by two e!ects: First, the template fit calls for only a small
Haslam correlation (see x 6 of Bennett et al. 2003b). Since the
correction is small, the error on the correction is negligible.
Second, the foreground contamination is most significant

only on the largest angular scales, so the Haslam resolution
limit and small-scale map artifacts are not significant sources
of error. The MEM solution only uses the Haslam map as a
prior, and the spinning dust limit only uses the full-sky
median of the Haslam map. Thus, the spinning dust limit is
insensitive to residual striping in theHaslammap.

The MEM results are used to assess the degree of fore-
ground emission remaining after the template subtraction.
The result is less than 7 lK rms at the Q band and less than 3
lK rms at both the V band and the W band for ‘ < 15. This
remaining foreground emission constitutes less than 2% of

Fig. 7.—Comparison of the COBE 53 GHz map (Bennett et al. 1996) with the W-band WMAP map. The WMAP map has 30 times finer resolution than
theCOBEmap.
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Fig. 1.—Left panel: Color image from the Magellan images of the merging cluster 1E 0657!558, with the white bar indicating 200 kpc at the distance of the
cluster. Right panel: 500 ks Chandra image of the cluster. Shown in green contours in both panels are the weak-lensing k reconstructions, with the outer contour
levels at k p 0.16 and increasing in steps of 0.07. The white contours show the errors on the positions of the k peaks and correspond to 68.3%, 95.5%, and
99.7% confidence levels. The blue plus signs show the locations of the centers used to measure the masses of the plasma clouds in Table 2.

TABLE 2
Component Masses

Component
R.A.
(J2000)

Decl.
(J2000)

MX
(1012 M,)

M!
(1012 M,) k̄

Main cluster BCG . . . . . . . . 06 58 35.3 !55 56 56.3 5.5 ! 0.6 0.54 ! 0.08 0.36 ! 0.06
Main cluster plasma . . . . . . 06 58 30.2 !55 56 35.9 6.6 ! 0.7 0.23 ! 0.02 0.05 ! 0.06
Subcluster BCG . . . . . . . . . . 06 58 16.0 !55 56 35.1 2.7 ! 0.3 0.58 ! 0.09 0.20 ! 0.05
Subcluster plasma . . . . . . . . 06 58 21.2 !55 56 30.0 5.8 ! 0.6 0.12 ! 0.01 0.02 ! 0.06

Notes.—Units of right ascension are hours, minutes, and seconds, and units of declination are degrees,
arcminutes, and arcseconds. All values are calculated by averaging over an aperture of 100 kpc radius
around the given position (marked with blue plus signs for the centers of the plasma clouds in Fig. 1);
measurements for the plasma clouds are the residuals left over after the subtraction of the circularlyk̄

symmetric profiles centered on the BCGs.

Both peaks are offset from their respective BCGs by "2 j but are
within 1 j of the luminosity centroid of the respective component’s
galaxies (both BCGs are slightly offset from the center of galaxy
concentrations). Both peaks are also offset at "8 j from the center
of mass of their respective plasma clouds. They are skewed toward
the plasma clouds, and this is expected because the plasma con-
tributes about one-tenth of the total cluster mass (Allen et al. 2002;
Vikhlinin et al. 2006) and a higher fraction in nonstandard gravity
models without dark matter. The skew in each k peak toward the
X-ray plasma is significant even after correcting for the overlap-
ping wings of the other peak, and the degree of skewness is
consistent with the X-ray plasma contributing of the ob-"9%14%!8%
served k in the main cluster and in the subcluster (see"12%10%!10%
Table 2). Because of the large size of the reconstruction (34! or
9Mpc on a side), the change in k due to themass-sheet degeneracy
should be less than 1%, and any systematic effects on the centroid
and skewness of the peaks are much smaller than the measured
error bars.
The projected cluster galaxy stellar mass and plasma mass

within 100 kpc apertures centered on the BCGs and X-ray
plasma peaks are shown in Table 2. This aperture size was
chosen because smaller apertures had significantly higher k
measurement errors and because larger apertures resulted in a
significant overlap of the apertures. Plasma masses were com-
puted from a multicomponent three-dimensional cluster model
fit to the Chandra X-ray image (details of this fit will be given
elsewhere). The emission in the Chandra energy band (mostly
optically thin thermal bremsstrahlung) is proportional to the
square of the plasma density, with a small correction for the

plasma temperature (also measured from the X-ray spectra),
which gives the plasma mass. Because of the simplicity of this
cluster’s geometry, especially at the location of the subcluster,
this mass estimate is quite robust (to a 10% accuracy).
Stellar masses are calculated from the I-band luminosity of

all galaxies equal in brightness or fainter than the component
BCG. The luminosities were converted into mass by assuming
(Kauffmann et al. 2003) . The assumed mass-to-lightM/L p 2I
ratio is highly uncertain (and can vary between 0.5 and 3) and
depends on the history of the recent star formation of the gal-
axies in the apertures; however, even in the case of an extreme
deviation, the X-ray plasma is still the dominant baryonic com-
ponent in all of the apertures. The quoted errors are only the
errors on measuring the luminosity and do not include the
uncertainty in the assumed mass-to-light ratio. Because we did
not apply a color selection to the galaxies, these measurements
are an upper limit on the stellar mass since they include con-
tributions from galaxies not affiliated with the cluster.
The mean k at each BCG was calculated by fitting a two-

peak model, each peak circularly symmetric, to the reconstruc-
tion and subtracting the contribution of the other peak at that
distance. The mean k for each plasma cloud is the excess k
after subtracting off the values for both peaks.
The total of the two visible mass components of the sub-

cluster is greater by a factor of 2 at the plasma peak than at
the BCG; however, the center of the lensing mass is located
near the BCG. The difference in the baryonic mass between
these two positions would be even greater if we excluded the
contribution of the nonpeaked plasma component between the

200kpc

Clowe et al. 2006
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Popular DM 
models

Equation 2.5 shows that for coherent scattering, the

cross section is proportional to the number of nu-

cleons squared. So, heavy nuclei such as Xenon

(A � 131) and germanium (A � 69) are natural

choices for coherent scattering experiments.

Figure 2.1: A schematic diagram of electronic and

nuclear recoils.

XENON100 uses a liquid-gas time projection

chamber (TPC) to characterize events inside the de-

tector. There are two types of interactions that the

XENON100 detector is sensitive to: electronic re-

coils (ER) and nuclear recoils (NR). Electronic re-

coils are the primary source of background noise in

the XENON100 detector but are well studied [14].

Nuclear recoils can come from neutrons and are also

believed to come from coherent WIMPs scattering off
the nucleus. Both cases produce scintillation (called

S1) and ionization from which XENON100 extracts

its’ data. An electromagnetic field is placed along the

length of the TPC causing ionized electrons that do

not recombine with xenon to drift inside the cham-

ber. When the electrons cross the liquid-gas phase

a second burst of scintillation (called S2) occurs due

to an acceleration caused by a rapid change in the

mean free path. The ratio of S2 to S1 can be used

with greater than 99% accuracy to discriminate be-

tween electronic recoils and nuclear recoils [15]. In

particular:

�
S2

S1

�

WIMP

�
�
S2

S1

�

γ

(2.6)

2.2 Limits on WIMP Cross-
Section

Recently, there has been some discussion by CoGeNT

for a possible ”light WIMP” signal with a mass of

∼ 7GeV/c2 [16]. Furthermore, they claim to have

observed an annual modulation [17] with a 2.8σ sig-

nificance. While this observation is a far cry from

discovery much work has been done to try and un-

derstand these results. In particular, some theorists

along with CoGeNT have argued that their result

coincides with an earlier, even more dubious claim

made by the DAMA/LIBRA group [18]. Numerous

theoretical studies have been done to see if their re-

sults are valid [19, 20, 21] but most have cast serious

doubt based on a theoretical and statistical basis.

Figure 2.2: Current experimental limits for WIMP

cross-section vs mass, each at the 90% CL [15, 16,

18]. Note that for the XENON100 Curve the 1σ and

2σ sensitivities are indicated. The grey regions are

the expected parameter space predicted by CMSSM

is indicated at 68% (dark grey) and 95% (light grey)

CL [23].

CoGeNT’s claims grow weaker with the inclusion of

other experiment’s results. In particular, XENON100

and CDMSII have both placed limits on the cross sec-

tion that effectively put Cogent’s result in the exclu-

sion curve [15, 22]. XENON100 current reports an

upper limit of the cross section for WIMP-Nucleon

cross section of ∼ 10−44cm2 for a 50 GeV/c2. Fig-

ure 2.2 shows the projected XENON100 cross sec-

tion sensitivity. When XENON1T comes into opera-

8
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