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Abell 383

CLASH Strong-Lensing Analysis of A383 5

Fig. 3.— Galaxy cluster A383 (z = 0.189) imaged with HST/ACS/WFC3. North is up, East is left. We number the multiply-lensed

images used and uncovered in this work. The numbers indicate the 27 lensed images, 13 of which correspond to 4 newly identified sources,

and the different colors are used to distinguish the 9 different sources. For more details on the each system and the robustness of the new

identifications see §4.1. The overlaid white critical curve corresponds to systems 3 and 4, at zs = 2.55, enclosing a critical area of an effective
Einstein radius of � 52 kpc at the redshift of this cluster (16.3��). Also plotted is a red critical curve, which corresponds to system 5,

the drop-out high redshift galaxy at zs = 6.027. The composition of this color image is Red=F105W+F110W+F125W+F140W+F160W,

Green=F606W+F625W+F775W+F814W+F850LP, and Blue=F435W+F475W. This image was generated automatically by using the

freely available Trilogy software.
a

The upper-right inset shows the central core with the BCG subtracted, using the method of Jiménez-

Teja & Beńıtez (2011, see also §2).
a
http://www.stsci.edu/∼dcoe/trilogy/

identified in the data by morphology, internal structure

and color. The best fit is assessed by the minimum χ2

uncertainty in the image plane:
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i are the locations given by the model,

xi and yi are the real image locations, σ is the error in

the location measurement (taken as 0.5��), and the sum

is over all N images. The model location of each image

is the averaged location given by relensing all other im-

ages of the same system. The best-fit solution is unique

in this context, and the model uncertainty is determined

by the location (of predicted images) in the image-plane

itself. Importantly, this image-plane minimization does

not suffer from the bias involved with source-plane min-

imization, where solutions are biased by minimal scat-

ter towards shallow mass profiles with correspondingly

higher magnification.

Zitrin & CLASH 11



Abell 383

CLASH Strong-Lensing Analysis of A383 5

Fig. 3.— Galaxy cluster A383 (z = 0.189) imaged with HST/ACS/WFC3. North is up, East is left. We number the multiply-lensed

images used and uncovered in this work. The numbers indicate the 27 lensed images, 13 of which correspond to 4 newly identified sources,

and the different colors are used to distinguish the 9 different sources. For more details on the each system and the robustness of the new

identifications see §4.1. The overlaid white critical curve corresponds to systems 3 and 4, at zs = 2.55, enclosing a critical area of an effective
Einstein radius of � 52 kpc at the redshift of this cluster (16.3��). Also plotted is a red critical curve, which corresponds to system 5,

the drop-out high redshift galaxy at zs = 6.027. The composition of this color image is Red=F105W+F110W+F125W+F140W+F160W,

Green=F606W+F625W+F775W+F814W+F850LP, and Blue=F435W+F475W. This image was generated automatically by using the

freely available Trilogy software.
a

The upper-right inset shows the central core with the BCG subtracted, using the method of Jiménez-
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14 Coe et al. 2011

incident with the center of the BCG. There were roughly
equal net counts per annulus. A matched extraction
of events from a reprojected, filtered, deep background
events file was used for the background spectrum.
XMM observed Abell 2261 on 9 separate occasions be-

tween 2003 and 2004 for ∼12–13 ksec each. Each ob-
servation was heavily contaminated by proton flares and
deemed unsuitable for analysis. It is likely that these
lower priority observations were scheduled during peri-
ods of elevated particle backgrounds.
We fit the Chandra spectra simultaneously by creat-

ing models of hot gas in hydrostatic equilibrium in a
dark matter NFW gravitational potential well using the
JACO (Joint Analysis of Cluster Observations) software
(Mahdavi et al. 2007). JACO allows for nuisance param-
eters such as an X-ray point source (none was detected)
and contributions from a galactic soft background (found
to be negligible in this case).
In Fig. 12, we plot our NFW fit to the total mass (gas

+ dark matter) profile assuming a spherical halo and hy-
drostatic equilibrium (HSE). We fit out to r = 3.1� ≈ 667
kpc h−1

70 , or just beyond r2500 = 590 kpc h−1
70 , correspond-

ing to M2500 = (0.29±0.05)×1015M⊙h
−1
70 , which we de-

rive along with an NFW concentration c2500 = 2.3± 0.9.
This mass is ∼ 35% lower than the mass we derive at
that radius based on our lensing analysis. For reference,
if extrapolated to the virial radius, this profile would
correspond to Mvir = (0.82 ± 0.14) × 1015M⊙h

−1
70 with

cvir = 9.1 ± 3.0. As we show, this is in good agree-
ment with Zhang et al. (2010) who also fit out to larger
radii using the XMM data. Maughan et al. (2008) find a
slightly larger M500 ∼ 0.80×1015M⊙ within R500 ≈ 1.31
Mpc based on the Chandra data.
We also plot 20% deviations from HSE in the form of

non-thermal pressure support. Though larger than ex-
pected within r2500 (Lau et al. 2009; Shaw et al. 2010;
Molnar et al. 2010; Cavaliere et al. 2011b; Nelson et al.
2011), this is what the data would require to bring the
lensing and X-ray masses derived in this work into agree-
ment just within the error bars.
Mantz et al. (2010a) derive a higher gas mass than

Zhang et al. (2010) (also shown in Fig. 12). Based on
this, they derive a significantly higher M500 = 1.44 ±
0.26× 1015M⊙ within r500 = 1.59± 0.09 Mpc. This is in
excellent agreement with our derived lensing mass.
Mantz et al. (2010a) assume a gas mass fraction fgas ∼

12% for A2261, very similar to the fgas derived by Zhang
et al. (2010) assuming hydrostatic equilibrium. Various
systematics are discussed further in Conte et al. (2011)
who also derive a range of mass estimates for A2261 sim-
ilar to that described already. We consider this full range
in our analysis.
We note that published dynamical mass estimates of

A2261 are significantly lower (Rines et al. 2010). These
data are somewhat limited by bright stars in this field,
hindering our ability to obtain additional spectra which
might resolve this discrepancy.
X-ray observables, and the masses derived from them,

are largely insensitive to halo elongation (e.g., Gavazzi
2005; Nagai et al. 2007; Buote & Humphrey 2011a,b).
This is not the case for masses derived from lensing data,
as we discuss below.

Figure 12. Mass profiles derived from various observational

probes. We derive an X-ray mass (red curve, NFW profile) ∼ 35%

lower than our lensing mass (blue, NFW profile) at r2500 ∼ 600

kpc. Marginal agreement can be achieved by allowing for 20% non-

thermal pressure support (magenta), though this is much higher

than generally expected at this radius (e.g., Lau et al. 2009). Agree-

ment may be more readily achieved by an elongated halo with a 2:1

axis ratio for r > 100 kpc (light blue hashed). However, the need

for such elongation may be obviated completely by systematic un-

certainties in the X-ray results (Maughan et al. 2008; Zhang et al.

2010; Mantz et al. 2010a). The latter result agrees well with our

spherical lensing mass profile. A similar range of results was found

by Conte et al. (2011) who consider various systematics. The dy-

namical mass estimates Rines et al. (2010) are significantly lower

(M100 ∼ 0.5 – 0.7× 10
15M⊙h−1

70 ). Also plotted are gas mass mea-

surements based on X-ray (orange) and AMiBA SZE observations

(brown stars; Umetsu et al. 2009).

7.2. Halo Elongation

As shown in Fig. 12, our mass profiles derived inde-
pendently from lensing and X-ray analyses are in good
agreement in the core, while the latter exhibits a ∼ 35%
deficit at the X-ray r2500 ∼ 600 kpc. This result is to-
ward the low end of other X-ray mass estimates, so we
consider this to be a limiting case. This deficit could best
be accounted for by halo elongation along our line of sight
(though the Mantz et al. 2010a result would obviate the
need for any such elongation).
We found that an axis ratio of 2:1 is able to bring our

lensing and X-ray results into better agreement at r2500.
This elongation is not required at inner radii where a
spherical profile fits the data. Halo elongation is gener-
ally expected to decrease, not increase, with radius (e.g.,
Hayashi et al. 2007). However we note that here we
are probing the very inner core where the dense con-
centration of baryons may increase the sphericity (e.g.,
Kazantzidis et al. 2004). The large BCG of A2261 ex-
tends visibly to r ∼ 100 kpc.
We construct a toy model for the halo elongation e =

1− b/a varying with radius, increasing from zero (spher-
ical) for r ≤ 1 kpc to 0.5 (an axis ratio of 2:1) beyond
r ≥ 100 kpc. Between these two radii, it follows e(r) =
0.25 log10(r/kpc). The 3D mass density ρ(r) scales with
halo roundness (ξ = 1 − e): ρ(r) = ξ(r)ρNFW(u) where

u =
�

x2 + y2 + ξz2 and ρNFW (u) = ρs(u/rs)−1(1 +
u/rs)−2. This scaling preserves the projected mass den-
sity κ(R) integrated along the line of sight (z-axis) and
thus preserves all lensing observables.

Coe & CLASH 2012
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spherical lensing mass profile. A similar range of results was found

by Conte et al. (2011) who consider various systematics. The dy-

namical mass estimates Rines et al. (2010) are significantly lower

(M100 ∼ 0.5 – 0.7× 10
15M⊙h−1

70 ). Also plotted are gas mass mea-

surements based on X-ray (orange) and AMiBA SZE observations

(brown stars; Umetsu et al. 2009).

7.2. Halo Elongation

As shown in Fig. 12, our mass profiles derived inde-
pendently from lensing and X-ray analyses are in good
agreement in the core, while the latter exhibits a ∼ 35%
deficit at the X-ray r2500 ∼ 600 kpc. This result is to-
ward the low end of other X-ray mass estimates, so we
consider this to be a limiting case. This deficit could best
be accounted for by halo elongation along our line of sight
(though the Mantz et al. 2010a result would obviate the
need for any such elongation).
We found that an axis ratio of 2:1 is able to bring our

lensing and X-ray results into better agreement at r2500.
This elongation is not required at inner radii where a
spherical profile fits the data. Halo elongation is gener-
ally expected to decrease, not increase, with radius (e.g.,
Hayashi et al. 2007). However we note that here we
are probing the very inner core where the dense con-
centration of baryons may increase the sphericity (e.g.,
Kazantzidis et al. 2004). The large BCG of A2261 ex-
tends visibly to r ∼ 100 kpc.
We construct a toy model for the halo elongation e =

1− b/a varying with radius, increasing from zero (spher-
ical) for r ≤ 1 kpc to 0.5 (an axis ratio of 2:1) beyond
r ≥ 100 kpc. Between these two radii, it follows e(r) =
0.25 log10(r/kpc). The 3D mass density ρ(r) scales with
halo roundness (ξ = 1 − e): ρ(r) = ξ(r)ρNFW(u) where

u =
�

x2 + y2 + ξz2 and ρNFW (u) = ρs(u/rs)−1(1 +
u/rs)−2. This scaling preserves the projected mass den-
sity κ(R) integrated along the line of sight (z-axis) and
thus preserves all lensing observables.

Coe & CLASH 2012

Summary

Gigantic BCG 
(Postman & CLASH 
2012)

Many distinct mass 
subclumps

Dynamical analysis 
indicates LOS merger

Less of these please
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Figure 7. Comparison of projected cumulative mass profiles M2D of MACS1206 obtained with di!erent lensing methods. The red
shaded area shows our full weak-lensing constraints (68% CL) derived from a joint Bayesian analysis of Subaru shear and magnification
measurements (Figure 9), in good agreement with the shear aperture mass measurements (squares) obtained with a zero density boundary
condition of "(16! < ! < 18!) = 0. The triangles denote the mass profile using the NE-SW " profile of Figure 6 excluding the NW-SE
excess regions. The two open rectangles represent model-independent Einstein-radius constraints of !Ein = 17!! ± 2!! (zs = 1.03) and
!Ein = 28!! ± 3!! (zs = 2.54). The blue shaded area represents our primary strong-lens model with 1" uncertainty from an MCMC
implementation of Zitrin et al. (2012), which is broadly consistent with our semi-independent results from a wide variety of four strong-lens
modeling analyses (Pixelens, Lenstool, LensPerfect, and SaWLens). providing a valuable consistency check. Our independent strong
and weak lensing profiles are in good agreement in the region of overlap, and together are well described by the standard NFW form (gray
area), but increasingly exceed it at R >

! 1Mpch"1 out to the limit of our data. The bottom panel shows fractional deviations (#M/M)2D
of projected mass profiles with respect to the best-fit NFW model (top, gray), demonstrating the presence of a large scale anisotropy in
the mass distribution around the cluster.

This section is devoted to our cluster weak-lensing
analysis based on the deep multi-color Subaru observa-
tions. In Section 5.1 we present the projected mass and
galaxy distributions in and around MACS1206. In Sec-
tion 5.2 we derive cluster lens distortion and magnifi-
cation radial profiles from Subaru data. In Section 5.3
we briefly summarize our Bayesian mass inversion meth-
ods based on combined lens distortion and magnification
measurements, and apply to Subaru weak-lensing obser-
vations of MACS1206.

5.1. Two-Dimensional Mass Map

Weak-lensing distortion measurements (g) can be used
to reconstruct the underlying projected mass density
field !(!) (see Equation 3). Here we use the linear map-
making method outlined in Section 4.4 of Umetsu et al.
(2009) to derive the projected mass distribution from the
Subaru distortion data presented in Section 3.
In the left panel of Figure 8, we show the !(!)

field in the central 24! ! 24! region, reconstructed from
the blue+red sample (Section 3.4), where for visualiza-
tion purposes the mass map is smoothed with a Gaus-
sian with 1.5! FWHM. A prominent mass peak is vis-

ible in the cluster center. This first maximum in the
mass map is detected at a significance level of 9.5!,
and coincides well with the optical/X-ray cluster center
within the statistical uncertainty: "R.A. = 7.0!! ± 7.2!!,
"Decl. = "1.4!! ± 7.6!!, where "R.A. and "Decl. are
right-ascension and declination o#sets, respectively, from
the BCG center.
Also compared in Figure 8 are member galaxy distribu-

tions in the MACS1206 field, Gaussian smoothed to the
same resolution of "FWHM = 1.5!. The middle and right
panels display the number and (K-corrected) Rc-band
luminosity density fields, respectively, of green cluster
galaxies (see Table 3).
Overall, mass and light are similarly distributed in the

cluster: The cluster is fairly centrally concentrated in
projection, and associated with elongated LSS running
north-west south-east (NW-SE), both in the projected
mass and galaxy distributions. A more quantitative char-
acterization of the 2D matter distribution around the
cluster will be given in Section 6.

5.2. Cluster Weak-Lensing Profiles

Zitrin & CLASH 2012
Umetsu & CLASH 2012
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Figure 7. Comparison of projected cumulative mass profiles M2D of MACS1206 obtained with di!erent lensing methods. The red
shaded area shows our full weak-lensing constraints (68% CL) derived from a joint Bayesian analysis of Subaru shear and magnification
measurements (Figure 9), in good agreement with the shear aperture mass measurements (squares) obtained with a zero density boundary
condition of "(16! < ! < 18!) = 0. The triangles denote the mass profile using the NE-SW " profile of Figure 6 excluding the NW-SE
excess regions. The two open rectangles represent model-independent Einstein-radius constraints of !Ein = 17!! ± 2!! (zs = 1.03) and
!Ein = 28!! ± 3!! (zs = 2.54). The blue shaded area represents our primary strong-lens model with 1" uncertainty from an MCMC
implementation of Zitrin et al. (2012), which is broadly consistent with our semi-independent results from a wide variety of four strong-lens
modeling analyses (Pixelens, Lenstool, LensPerfect, and SaWLens). providing a valuable consistency check. Our independent strong
and weak lensing profiles are in good agreement in the region of overlap, and together are well described by the standard NFW form (gray
area), but increasingly exceed it at R >

! 1Mpch"1 out to the limit of our data. The bottom panel shows fractional deviations (#M/M)2D
of projected mass profiles with respect to the best-fit NFW model (top, gray), demonstrating the presence of a large scale anisotropy in
the mass distribution around the cluster.

This section is devoted to our cluster weak-lensing
analysis based on the deep multi-color Subaru observa-
tions. In Section 5.1 we present the projected mass and
galaxy distributions in and around MACS1206. In Sec-
tion 5.2 we derive cluster lens distortion and magnifi-
cation radial profiles from Subaru data. In Section 5.3
we briefly summarize our Bayesian mass inversion meth-
ods based on combined lens distortion and magnification
measurements, and apply to Subaru weak-lensing obser-
vations of MACS1206.

5.1. Two-Dimensional Mass Map

Weak-lensing distortion measurements (g) can be used
to reconstruct the underlying projected mass density
field !(!) (see Equation 3). Here we use the linear map-
making method outlined in Section 4.4 of Umetsu et al.
(2009) to derive the projected mass distribution from the
Subaru distortion data presented in Section 3.
In the left panel of Figure 8, we show the !(!)

field in the central 24! ! 24! region, reconstructed from
the blue+red sample (Section 3.4), where for visualiza-
tion purposes the mass map is smoothed with a Gaus-
sian with 1.5! FWHM. A prominent mass peak is vis-

ible in the cluster center. This first maximum in the
mass map is detected at a significance level of 9.5!,
and coincides well with the optical/X-ray cluster center
within the statistical uncertainty: "R.A. = 7.0!! ± 7.2!!,
"Decl. = "1.4!! ± 7.6!!, where "R.A. and "Decl. are
right-ascension and declination o#sets, respectively, from
the BCG center.
Also compared in Figure 8 are member galaxy distribu-

tions in the MACS1206 field, Gaussian smoothed to the
same resolution of "FWHM = 1.5!. The middle and right
panels display the number and (K-corrected) Rc-band
luminosity density fields, respectively, of green cluster
galaxies (see Table 3).
Overall, mass and light are similarly distributed in the

cluster: The cluster is fairly centrally concentrated in
projection, and associated with elongated LSS running
north-west south-east (NW-SE), both in the projected
mass and galaxy distributions. A more quantitative char-
acterization of the 2D matter distribution around the
cluster will be given in Section 6.

5.2. Cluster Weak-Lensing Profiles

Zitrin & CLASH 2012
Umetsu & CLASH 2012
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Fig. 10.— This figure shows, from left to right: The observed arc on the left. In the middle, from top
to bottom: The observed counterimage, the reconstructed source with di!erent resolutions and the model
counterimage. On the right: The model arc. All images are combinations of the F435W, F606W and F814W
bands, respectively. On the left, the numbers mark the multiple image input positions on the arc for the
point-like model. We overplot the critical line structure in cyan on the left for the point-like model, on the
right for full surface brightness reconstruction, respectively. The critical lines are calculated from a pixelated
magnification map, the lines define regions above a absolute magnification value of 100, not taking parity
into account. For the sources, the left source (10(c)) shows the source galaxy at a 50 pixel grid, giving
a better than HST resolution, the right hand source (10(d)) shows the same source at approximate HST
resolution. 19

Eichner & CLASH in subm.
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Figure 7. Comparison of projected cumulative mass profiles M2D of MACS1206 obtained with di!erent lensing methods. The red
shaded area shows our full weak-lensing constraints (68% CL) derived from a joint Bayesian analysis of Subaru shear and magnification
measurements (Figure 9), in good agreement with the shear aperture mass measurements (squares) obtained with a zero density boundary
condition of "(16! < ! < 18!) = 0. The triangles denote the mass profile using the NE-SW " profile of Figure 6 excluding the NW-SE
excess regions. The two open rectangles represent model-independent Einstein-radius constraints of !Ein = 17!! ± 2!! (zs = 1.03) and
!Ein = 28!! ± 3!! (zs = 2.54). The blue shaded area represents our primary strong-lens model with 1" uncertainty from an MCMC
implementation of Zitrin et al. (2012), which is broadly consistent with our semi-independent results from a wide variety of four strong-lens
modeling analyses (Pixelens, Lenstool, LensPerfect, and SaWLens). providing a valuable consistency check. Our independent strong
and weak lensing profiles are in good agreement in the region of overlap, and together are well described by the standard NFW form (gray
area), but increasingly exceed it at R >

! 1Mpch"1 out to the limit of our data. The bottom panel shows fractional deviations (#M/M)2D
of projected mass profiles with respect to the best-fit NFW model (top, gray), demonstrating the presence of a large scale anisotropy in
the mass distribution around the cluster.

This section is devoted to our cluster weak-lensing
analysis based on the deep multi-color Subaru observa-
tions. In Section 5.1 we present the projected mass and
galaxy distributions in and around MACS1206. In Sec-
tion 5.2 we derive cluster lens distortion and magnifi-
cation radial profiles from Subaru data. In Section 5.3
we briefly summarize our Bayesian mass inversion meth-
ods based on combined lens distortion and magnification
measurements, and apply to Subaru weak-lensing obser-
vations of MACS1206.

5.1. Two-Dimensional Mass Map

Weak-lensing distortion measurements (g) can be used
to reconstruct the underlying projected mass density
field !(!) (see Equation 3). Here we use the linear map-
making method outlined in Section 4.4 of Umetsu et al.
(2009) to derive the projected mass distribution from the
Subaru distortion data presented in Section 3.
In the left panel of Figure 8, we show the !(!)

field in the central 24! ! 24! region, reconstructed from
the blue+red sample (Section 3.4), where for visualiza-
tion purposes the mass map is smoothed with a Gaus-
sian with 1.5! FWHM. A prominent mass peak is vis-

ible in the cluster center. This first maximum in the
mass map is detected at a significance level of 9.5!,
and coincides well with the optical/X-ray cluster center
within the statistical uncertainty: "R.A. = 7.0!! ± 7.2!!,
"Decl. = "1.4!! ± 7.6!!, where "R.A. and "Decl. are
right-ascension and declination o#sets, respectively, from
the BCG center.
Also compared in Figure 8 are member galaxy distribu-

tions in the MACS1206 field, Gaussian smoothed to the
same resolution of "FWHM = 1.5!. The middle and right
panels display the number and (K-corrected) Rc-band
luminosity density fields, respectively, of green cluster
galaxies (see Table 3).
Overall, mass and light are similarly distributed in the

cluster: The cluster is fairly centrally concentrated in
projection, and associated with elongated LSS running
north-west south-east (NW-SE), both in the projected
mass and galaxy distributions. A more quantitative char-
acterization of the 2D matter distribution around the
cluster will be given in Section 6.

5.2. Cluster Weak-Lensing Profiles
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Fig. 10.— This figure shows, from left to right: The observed arc on the left. In the middle, from top
to bottom: The observed counterimage, the reconstructed source with di!erent resolutions and the model
counterimage. On the right: The model arc. All images are combinations of the F435W, F606W and F814W
bands, respectively. On the left, the numbers mark the multiple image input positions on the arc for the
point-like model. We overplot the critical line structure in cyan on the left for the point-like model, on the
right for full surface brightness reconstruction, respectively. The critical lines are calculated from a pixelated
magnification map, the lines define regions above a absolute magnification value of 100, not taking parity
into account. For the sources, the left source (10(c)) shows the source galaxy at a 50 pixel grid, giving
a better than HST resolution, the right hand source (10(d)) shows the same source at approximate HST
resolution. 19
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Figure 7. Comparison of projected cumulative mass profiles M2D of MACS1206 obtained with di!erent lensing methods. The red
shaded area shows our full weak-lensing constraints (68% CL) derived from a joint Bayesian analysis of Subaru shear and magnification
measurements (Figure 9), in good agreement with the shear aperture mass measurements (squares) obtained with a zero density boundary
condition of "(16! < ! < 18!) = 0. The triangles denote the mass profile using the NE-SW " profile of Figure 6 excluding the NW-SE
excess regions. The two open rectangles represent model-independent Einstein-radius constraints of !Ein = 17!! ± 2!! (zs = 1.03) and
!Ein = 28!! ± 3!! (zs = 2.54). The blue shaded area represents our primary strong-lens model with 1" uncertainty from an MCMC
implementation of Zitrin et al. (2012), which is broadly consistent with our semi-independent results from a wide variety of four strong-lens
modeling analyses (Pixelens, Lenstool, LensPerfect, and SaWLens). providing a valuable consistency check. Our independent strong
and weak lensing profiles are in good agreement in the region of overlap, and together are well described by the standard NFW form (gray
area), but increasingly exceed it at R >

! 1Mpch"1 out to the limit of our data. The bottom panel shows fractional deviations (#M/M)2D
of projected mass profiles with respect to the best-fit NFW model (top, gray), demonstrating the presence of a large scale anisotropy in
the mass distribution around the cluster.

This section is devoted to our cluster weak-lensing
analysis based on the deep multi-color Subaru observa-
tions. In Section 5.1 we present the projected mass and
galaxy distributions in and around MACS1206. In Sec-
tion 5.2 we derive cluster lens distortion and magnifi-
cation radial profiles from Subaru data. In Section 5.3
we briefly summarize our Bayesian mass inversion meth-
ods based on combined lens distortion and magnification
measurements, and apply to Subaru weak-lensing obser-
vations of MACS1206.

5.1. Two-Dimensional Mass Map

Weak-lensing distortion measurements (g) can be used
to reconstruct the underlying projected mass density
field !(!) (see Equation 3). Here we use the linear map-
making method outlined in Section 4.4 of Umetsu et al.
(2009) to derive the projected mass distribution from the
Subaru distortion data presented in Section 3.
In the left panel of Figure 8, we show the !(!)

field in the central 24! ! 24! region, reconstructed from
the blue+red sample (Section 3.4), where for visualiza-
tion purposes the mass map is smoothed with a Gaus-
sian with 1.5! FWHM. A prominent mass peak is vis-

ible in the cluster center. This first maximum in the
mass map is detected at a significance level of 9.5!,
and coincides well with the optical/X-ray cluster center
within the statistical uncertainty: "R.A. = 7.0!! ± 7.2!!,
"Decl. = "1.4!! ± 7.6!!, where "R.A. and "Decl. are
right-ascension and declination o#sets, respectively, from
the BCG center.
Also compared in Figure 8 are member galaxy distribu-

tions in the MACS1206 field, Gaussian smoothed to the
same resolution of "FWHM = 1.5!. The middle and right
panels display the number and (K-corrected) Rc-band
luminosity density fields, respectively, of green cluster
galaxies (see Table 3).
Overall, mass and light are similarly distributed in the

cluster: The cluster is fairly centrally concentrated in
projection, and associated with elongated LSS running
north-west south-east (NW-SE), both in the projected
mass and galaxy distributions. A more quantitative char-
acterization of the 2D matter distribution around the
cluster will be given in Section 6.
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Fig. 10.— This figure shows, from left to right: The observed arc on the left. In the middle, from top
to bottom: The observed counterimage, the reconstructed source with di!erent resolutions and the model
counterimage. On the right: The model arc. All images are combinations of the F435W, F606W and F814W
bands, respectively. On the left, the numbers mark the multiple image input positions on the arc for the
point-like model. We overplot the critical line structure in cyan on the left for the point-like model, on the
right for full surface brightness reconstruction, respectively. The critical lines are calculated from a pixelated
magnification map, the lines define regions above a absolute magnification value of 100, not taking parity
into account. For the sources, the left source (10(c)) shows the source galaxy at a 50 pixel grid, giving
a better than HST resolution, the right hand source (10(d)) shows the same source at approximate HST
resolution. 19
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Figure 7. Comparison of projected cumulative mass profiles M2D of MACS1206 obtained with di!erent lensing methods. The red
shaded area shows our full weak-lensing constraints (68% CL) derived from a joint Bayesian analysis of Subaru shear and magnification
measurements (Figure 9), in good agreement with the shear aperture mass measurements (squares) obtained with a zero density boundary
condition of "(16! < ! < 18!) = 0. The triangles denote the mass profile using the NE-SW " profile of Figure 6 excluding the NW-SE
excess regions. The two open rectangles represent model-independent Einstein-radius constraints of !Ein = 17!! ± 2!! (zs = 1.03) and
!Ein = 28!! ± 3!! (zs = 2.54). The blue shaded area represents our primary strong-lens model with 1" uncertainty from an MCMC
implementation of Zitrin et al. (2012), which is broadly consistent with our semi-independent results from a wide variety of four strong-lens
modeling analyses (Pixelens, Lenstool, LensPerfect, and SaWLens). providing a valuable consistency check. Our independent strong
and weak lensing profiles are in good agreement in the region of overlap, and together are well described by the standard NFW form (gray
area), but increasingly exceed it at R >

! 1Mpch"1 out to the limit of our data. The bottom panel shows fractional deviations (#M/M)2D
of projected mass profiles with respect to the best-fit NFW model (top, gray), demonstrating the presence of a large scale anisotropy in
the mass distribution around the cluster.

This section is devoted to our cluster weak-lensing
analysis based on the deep multi-color Subaru observa-
tions. In Section 5.1 we present the projected mass and
galaxy distributions in and around MACS1206. In Sec-
tion 5.2 we derive cluster lens distortion and magnifi-
cation radial profiles from Subaru data. In Section 5.3
we briefly summarize our Bayesian mass inversion meth-
ods based on combined lens distortion and magnification
measurements, and apply to Subaru weak-lensing obser-
vations of MACS1206.

5.1. Two-Dimensional Mass Map

Weak-lensing distortion measurements (g) can be used
to reconstruct the underlying projected mass density
field !(!) (see Equation 3). Here we use the linear map-
making method outlined in Section 4.4 of Umetsu et al.
(2009) to derive the projected mass distribution from the
Subaru distortion data presented in Section 3.
In the left panel of Figure 8, we show the !(!)

field in the central 24! ! 24! region, reconstructed from
the blue+red sample (Section 3.4), where for visualiza-
tion purposes the mass map is smoothed with a Gaus-
sian with 1.5! FWHM. A prominent mass peak is vis-

ible in the cluster center. This first maximum in the
mass map is detected at a significance level of 9.5!,
and coincides well with the optical/X-ray cluster center
within the statistical uncertainty: "R.A. = 7.0!! ± 7.2!!,
"Decl. = "1.4!! ± 7.6!!, where "R.A. and "Decl. are
right-ascension and declination o#sets, respectively, from
the BCG center.
Also compared in Figure 8 are member galaxy distribu-

tions in the MACS1206 field, Gaussian smoothed to the
same resolution of "FWHM = 1.5!. The middle and right
panels display the number and (K-corrected) Rc-band
luminosity density fields, respectively, of green cluster
galaxies (see Table 3).
Overall, mass and light are similarly distributed in the

cluster: The cluster is fairly centrally concentrated in
projection, and associated with elongated LSS running
north-west south-east (NW-SE), both in the projected
mass and galaxy distributions. A more quantitative char-
acterization of the 2D matter distribution around the
cluster will be given in Section 6.
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Fig. 10.— This figure shows, from left to right: The observed arc on the left. In the middle, from top
to bottom: The observed counterimage, the reconstructed source with di!erent resolutions and the model
counterimage. On the right: The model arc. All images are combinations of the F435W, F606W and F814W
bands, respectively. On the left, the numbers mark the multiple image input positions on the arc for the
point-like model. We overplot the critical line structure in cyan on the left for the point-like model, on the
right for full surface brightness reconstruction, respectively. The critical lines are calculated from a pixelated
magnification map, the lines define regions above a absolute magnification value of 100, not taking parity
into account. For the sources, the left source (10(c)) shows the source galaxy at a 50 pixel grid, giving
a better than HST resolution, the right hand source (10(d)) shows the same source at approximate HST
resolution. 19
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Summary

The CLASH star

spectacular 
“racetrack” arc

Calibrated our WL 
pipeline

Strong filament 
evidence



MACS J1149



MACS J1149



MACS J1149



MACS J1149

Zheng & CLASH 2012



MACS J1149

Zheng & CLASH 2012

Summary

Strong Lens, 
fortunately ...

Wei One

Hey, did you get 
Nature for free too?

Nice test case for 
light tracing mass.
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MACS J0329
Summary

Really bad NFW fit, if 
you don’t mask

A little weird given 
that it is in the 
relaxed sample

Teaches you to be 
careful when fitting 
fixed profiles
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MACS J1115 Summary

Basically one of these 
that we want

Seems to have a 
preferred direction in 
the DM distribution

Very under-
constrained from SL 
alone



MACS J2129



MACS J2129 Summary

Nemesis system, at 
least for the WL guys

Cirrus extinction 
ruins all photometry

WL background 
density of
~ 4 arcmin^-2

Also combined rec is 
bad. HST WL may help.
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MS 2137
Summary

Well-known system 

Small and kind of 
round

Text-book lensing 
configuration

Just two systems as 
SL constraints



RX J1347



RX J1347 Summary

Well-known system 

Disturbed, sub-
structured 
morphology

We need to be careful 
with this one. 
Compare A2261, 
M0329



MACS J0717
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MACS J0717
Summary

As spectacular as 
expected

Multi merger

Not sure what’s going 
on with the “bridge”.

More from Elinor



Abell 611



Abell 611
Summary

Seems well-behaved

Another good M-c 
candidate

Have to check 
reconstruction

Comparison to 
Newman et al. will be 
interesting



MACS J0416
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MACS J0416 Summary

Very spectacular

As usual Adi found 
tons of SL features

Enormous elongation 
in critical line and 
mass distribution

Gas constraints 
impressive (central 
entropy) but from 
low quality data



The plots everybody wants to see
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The plots everybody wants to see



The plots everybody wants to see



The plots everybody wants to see
So far, right on track.

But, some systems are 
problematic (RXJ1347, A2261, 

M0329...)

AND, we need more of the 
relaxed systems. Time to think 

about the full sample. 



Problem: Low mass systems?

Potentially problematic

M1311, RX1532,  A1423
For all holds

M1115
MS2137



Problem: Filling scale gaps



Problem: Filling scale gaps



Problem: Filling scale gaps

CLASH data problem here: See Peter’s talk



Problem: inner profile

Rocha et al. 
2012

Newman et al. 
2011



Problem: what does it all mean? 

CLASH 
selection 
function?

*Numerical simulations*

What is the 
inner slope? Is 
it really flat?

What if c-M 
turns out to be 

just fine?

What is the 
amount of 

substructure?

How elliptical 
are our halos?

Can we do a 
full (2D+) 

morphological 
analysis?

See Massimo’s talk and discussions on Thu



Summary

Happy to discuss individual systems, very 
valuable. 

FULL SAMPLE SCIENCE. It’s time for it.


