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Observing Clusters

http://chile1.physics.upenn.edu/gbtpublic/

galaxies: HST, optical observations

gas: Xray observations

gas: Sunyaev Zeldovich Effect

Galaxy Cluster RXJ1347-1145

http://chile1.physics.upenn.edu/gbtpublic/
http://chile1.physics.upenn.edu/gbtpublic/
http://chile1.physics.upenn.edu/gbtpublic/
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What do we want to measure?

 Mass
 Substructure
 Morphology
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 Morphology
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What do we want to measure?

 Mass
 Substructure
 Morphology

Why?

Test Predictions of LCDM cosmology in the 
local Universe.
Compare with the morphologies of gas and 
light.
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Substructure: Elliptical Halos

What is the distribution of cluster 
ellipticity? 

How does the distribution and 
alignment vary with redshift & 

mass?
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Prediction from Simulations

Hopkins et al. 2005

Ho et al. 2006

Pair separation (h Mpc)
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Observations: Lensing

Corless & King 2008,2009

– 2 –

concentration parameter compared to !CDM simulations. Corless et al. (2009) have modeled the

weak lensing data with a triaxial NFW profile. They have computed a lower value for concentration

with much larger errors. These studies suggest a fairly complicated structure of A1689.

There have been several mass reconstruction studies for A1689. Broadhurst et al. (2005a) and

Umetsu & Broadhurst (2008) have found a very high concentration using weak lensing SUBARU

data. Strong lensing reconstruction using both parametric (Limousin et al. 2007, hereafter L07) and

non-parametric (Coe et al. 2010, hereafter C10) have estimated a lower concentration for an NFW

profile fitting. Diego et al. (2005) have done a multi-resolution non-parametric mass reconstruction

for A1689 using strong lensing only for the core of the cluster.

In this chapter, we study A1689 by comparing the X-ray distribution with a non-parametric

Strong+Weak lensing mass reconstruction using ”Particle Based Lensing” (PBL) (Deb et al. 2008),

and quantify substructure by measuring higher order moments of the mass and gas distribution.

The advantage of using PBL is the variable resolution that can be obtained in the strong (high

resolution) and weak(low resolution) lensing regions. Additionally, the errors in this technique are

well understood. This makes calculation of moments from the mass map possible.

2. Strong+Weak Mass Reconstruction

The primary challenge in combining strong and weak lensing data is the di"erence in scales

at which the various signals dominate. As discussed in the earlier chapters, the resolution of weak

lensing mass reconstructions vary from 1! for ground based data to 0.5! for space based data. This

happens because ground based observations are shallow having less than 20 galaxies per square

arcminute whereas space observations are deep with as high as 60 galaxies per square arcminute

making the poisson errors lower. The strong lensing information, such as the positions of multiply

imaged galaxies have very low errors (less than an arcsecond) are concentrated within an arcminute

from the cluster center. Thus strong lensing constrains mass distribution at the core of the cluster

very precisely but it is unable to produce a mass map towards the outskirts of the cluster.

!(R) =
"c!c(z)

R
Rs

(1 + R/Rs)2
(1)

R2 =
X2

a2
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Y 2
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Gravitational Lensing !2 = µ2 (1)
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Gravitational Lensing is co-ordinate transformation between the 
foreground (θ), and background positions(β)
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Shape Distortions
κ= (ψ,11+ψ,22)/2

Weak Gravitational Lensing 5

conveniently written as a complex number,

! = !1 + i!2 = |!| e2i! ; g = g1 + ig2 = |g| e2i! ; (4)

its amplitude describes the degree of distortion, whereas its phase " yields
the direction of distortion. The reason for the factor ‘2’ in the phase is the
fact that an ellipse transforms into itself after a rotation by 180!. Consider a
circular source with radius R (see Fig. 1); mapped by the local Jacobi matrix,
its image is an ellipse, with semi-axes

R

1 ! # ! |!| =
R

(1 ! #)(1 ! |g|) ;
R

1 ! # + |!| =
R

(1 ! #)(1 + |g|)

and the major axis encloses an angle " with the positive $1-axis. Hence,
if sources with circular isophotes could be identified, the measured image
ellipticities would immediately yield the value of the reduced shear, through
the axis ratio

|g| =
1 ! b/a

1 + b/a
" b

a
=

1 ! |g|
1 + |g|

and the orientation of the major axis ". In these relations it was assumed
that b # a, and |g| < 1. We shall discuss the case |g| > 1 later.

S

!s

!

D
A!1

convergence only

convergence and
shear

"

O

!2

!1

"2

"1

Fig. 1. A circular source, shown at the left, is mapped by the inverse Jacobian A!1

onto an ellipse. In the absence of shear, the resulting image is a circle with modified
radius, depending on !. Shear causes an axis ratio di!erent from unity, and the
orientation of the resulting ellipse depends on the phase of the shear (source: M.
Bradac)

However, faint galaxies are not intrinsically round, so that the observed
image ellipticity is a combination of intrinsic ellipticity and shear. The strat-
egy to nevertheless obtain an estimate of the (reduced) shear consists in
locally averaging over many galaxy images, assuming that the intrinsic ellip-
ticities are randomly oriented. In order to follow this strategy, one needs to

Critical Curves: det(A)=0

Distortion Observables are 
Measured Ellipticities.
For semi-strong regime:Reduced shear :g=!/(1!") 
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Weak Lensing

Weak lensing is a 
statistical measure of 
the distortion of 
background galaxies 
due to the intervening 
mass.

Williamson et al. 2007.
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The shear signal

Catherine Heymans
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Comparison of Space vs Ground: A1689
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Recovering the Shear

Catherine Heymans
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Strong Lensing

αi  =  ψ,i
A

B
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Parametric technique

 Place galaxy sized halos 
at the location of Cluster 
Members.
 Have one or more dark 

matter halos with free 
parameters that are fit from 
data.

Assumption: Light traces 
mass
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Grid Based Lensing 

– 3 –

!!" = ", #

In this section we develop the Strong+Weak (S+W) lensing procedure using PBL. A combined

likelihood function is given by,

L = exp
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The first term of the equation is due to weak lensing only. The covariance in the data arises because

of the smoothing procedure described in Chapter 3 (Deb et al. 2009). The second term represents

the fit between the multiple images and the deflection field at the location of the multiple images.

Maximizing the liklihood for anyone of these terms is simple. The weak lensing mass map has

a resolution of 0.5", and the strong lensing mass map can have a resolution as low as 10"" (Coe

et al. 2010) and the positions of the multiple images are fit exactly. The S+W reconstruction has a

variable resolution, the outskirts have a resolution determined by the smoothing scale of the weak

lensing data and the core has a higher resolution since we fit to the high signal-to-noise strong

lensing data. The simultaneous fitting of the strong and weak lensing data is complicated since

there is some ambiguity in the choice of relative weighting between the strong and the weak lensing

measurements. The advantage of an S+W reconstruction is that it ensures the mass map at the

core of the cluster is consistent with the outskirts.

The contribution to the error of the ith pair is given by a combination of the error in redshift

and the astrometric error in measuring the positions of the multiple images. The error in measuring

the positions of the images is %$ = 0.2". The error % is given by,

%2 =

+

!&

z

,2
$ %$

!&

%2
+

+

!&

z

,2
$%z

z

%2
. (6)

where !& is the di"erence in positions for multiple images, %$ are the astrometric errors and %z

are the errors in redshift.

The astrometric errors associated with the positions of the multiple images is low. However

the error in the strong lensing mass reconstruction is dominated by Poisson error. Multiple images

sample the cluster potential at discrete locations at finite number of points. Thus, even if we fit the

mass at those finite locations very accurately the overall mass distribution will have higher error

since most of the positions are fitted to weak lensing data.

2.1. Covariance of S+W map

We have calculated the errors for weak lensing in (Deb et al. 2009) and we now calculate the

error in the reconstruction in a similar fashion. Before going into further details we present a brief
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of the smoothing procedure described in Chapter 3 (Deb et al. 2009). The second term represents

the fit between the multiple images and the deflection field at the location of the multiple images.

Maximizing the liklihood for anyone of these terms is simple. The weak lensing mass map has

a resolution of 0.5", and the strong lensing mass map can have a resolution as low as 10"" (Coe

et al. 2010) and the positions of the multiple images are fit exactly. The S+W reconstruction has a

variable resolution, the outskirts have a resolution determined by the smoothing scale of the weak

lensing data and the core has a higher resolution since we fit to the high signal-to-noise strong

lensing data. The simultaneous fitting of the strong and weak lensing data is complicated since

there is some ambiguity in the choice of relative weighting between the strong and the weak lensing

measurements. The advantage of an S+W reconstruction is that it ensures the mass map at the

core of the cluster is consistent with the outskirts.
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where !& is the di"erence in positions for multiple images, %$ are the astrometric errors and %z

are the errors in redshift.

The astrometric errors associated with the positions of the multiple images is low. However

the error in the strong lensing mass reconstruction is dominated by Poisson error. Multiple images

sample the cluster potential at discrete locations at finite number of points. Thus, even if we fit the

mass at those finite locations very accurately the overall mass distribution will have higher error

since most of the positions are fitted to weak lensing data.

2.1. Covariance of S+W map

We have calculated the errors for weak lensing in (Deb et al. 2009) and we now calculate the

error in the reconstruction in a similar fashion. Before going into further details we present a brief

Convolution
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Particle Based Lensing

 Variable Resolution with the same complexity as finite 
differencing on a regular grid.

 No empty grid cells.

Particles-> lensed 
image positions
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How does it work?

h 

Taylor Expansion

!2 = µ2 (1)

"

#

$

# = $ ! " (2)

% =
!

!cr

(3)

&(!) = &n + $j&n,j +
1

2
$j$k&n,jk + ... (4)

!2 = µ2 (1)

"

#

$

# = $ ! " (2)

% =
!
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(3)

&(!) = &n + $j&n,j +
1

2
$j$k&n,jk + ... (4)

blah

&n,j = D(j)
nm&m (5)

&n,jk = D(jk)
nm &m (6)

Similar to Finite Differencing
on uniform grids
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Reconstruction Procedure

Guess a potential 
field  
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i ! #B
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i )]2 (1)
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Compute 
observables  
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χ2 minimization 

Keep Iterating ...
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In case of weak lensing,  a        like 
this will fit best to noisy data

Smoothing the ellipticity 
field before 
minimization and using 
the full covariance 
matrix in the 
minimization
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Choice of smoothing scale

– 10 –

location (for particle based approaches like PBL) or grid cells averaged over the entire field

of view for several realizations of the data. This error is given by,

!2
! = !("model " "reconstructed)

2# (17)

Here it is important to remember that while doing mass reconstructions from data

we will not be able to use Equation 17 as our goodness of fit since we do not know

the underlying distribution of matter. In that the minimum #2 will determine the best

reconstructed mass.

3.5. Fitting

The reconstructed mass gets a!ected by the smoothing in several ways. The

measurement noise gets averaged out due to smoothing. Any structure present at a scale

smaller than the smoothing scale also gets averaged out and this actually produces error

in the results.We take into account these two e!ects and fit them to the error in the

reconstructed convergence from the data defined in § 3.3. In particular this form is valid

close to the minimum (as a function of smoothing scale) of the error.

!2
! = A0

!

$

%

"4

+ B0
!2

"/!"
2#

($)2n
+ C0 (18)

Here % is the wavelength of " defined by Equation 15 and n is the number density

of background galaxy images. The first term represents the bias due to smoothing of

small scale structure and the poisson noise, as long as $ << % and the number density of

background images is high the contribution from this term will be low. The second term

represnts the contribution from external error, in case of weak lensing this is the error due to

the intrinsic ellipticities of the background galaxies. !2
"/!"

2# represents the noise-to-signal
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Heterogeneous Datasets

HST: 
50-60 
galaxies 
per 
square 
arcminute

SUBARU: 
15-20 
galaxies 
per 
square 
arcminute



Introduction                Particle Based Lensing                Abell 901/902                S+W             Abell 1689               Current Research               Future  Work                 Summary

Abell 901/902

0.5 degree^2 fov
STAGES HST 
survey
60,000 background 
images.

Heymans et. al. 2008.
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A901a

Mass Map

Error Map

From Deb et al. 2009
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A901b

Mass Map

Error Map

Non-
Parametric:

Axis Ratio Position angle

Parametric:

Axis Ratio Position angle
From Deb et al. 2009
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A902

Mass Map

Error Map

From Deb et al. 2009
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Southwest Group

Mass Map

Error Map

Non-
Parametric:

Axis Ratio Position angle

Parametric:

Axis Ratio Position angle
From Deb et al. 2009



Dark Matter vs Light
– 16 –

Table 2. Measuring ellipticity of dark matter and light distribution.

Peak !v(km/sec) f "(degrees) M < 1! (h"1
70 1013M#) #2

!

Dark Matter: Parametric

A901b 518+149
"157 0.437+0.1

"0.087 90.0+2.25
"2.25 2.66+0.29

"0.24 1.49

SW group 307+117
"143 0.42+0.18

"0.12 180.0+7.73
"5.15 0.92+0.26

"0.22 1.46

Dark Matter: Non-parametric

A901b ! 0.37+0.1
"0.1 91.4+8.2

"8.2 1.49 ± 0.21 !
SW group ! 0.54+0.08

"0.09 120.0+4.8
"4.8 1.31 ± 0.12 !

Light Distribution

A901b ! 0.58+0.1
"0.09 121.5+12.0

"12.0 ! !
SW group ! 0.69+0.06

"0.05 100.0+10.0
"10.0 ! !

Note. — The measurements for the ellipticity and position angle are inferred at

a distance of 200h"1 kpc from the center of each peak for non-parametric measure-

ments.
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Alignment between Light and Dark Matter
From Deb et al. 2009
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Radial dependence
Ellipticity Alignment

Light

Dark Matter

Dark Matter

Light

From Deb et al. 2009



Alignment
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Reconstruction Methods

Parametric:
Strong Lensing
GRAVLENS - Keeton et al., 2001

LENSTOOL - Jullo et al., 2007

Galaxy-Galaxy 
Lensing
Natarajan et al. 2005

LENSTOOL - 
Jullo et al., 2009

Non-Parametric
Strong Lensing
Jullo & Kneib 2009,
LENSPERFECT -Coe et al, 2008,2010 (Mesh Free) 

Weak Lensing
Kaiser 1995, Seitz & Schneider 1995-2001

Strong+Weak Lensing
Finite Differencing Based 
 Bradac et al. 2004, 
(ADAPTIVE)  - Diego et al.  , Cacciato et al.
Merten et al.,  Saha et. al. Pixelens
and more ....

Mesh-Free Technique
Particle Based Lensing 
(PBL)
Deb et al. ,2008, 2009

Hybrid
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Strong+Weak Lensing: Challenges

HST/ACS image of Abell 
2218 (Sánchez et al. 2006) 
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Difference of Scales: Bullet Cluster
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Strong+Weak Lensing
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The contribution to the error of the ith pair is given by a combination of the error in redshift and

the astrometric error in measuring the positions of the multiple images. The error in measuring

the positions of the images is 0.2". The error # is given by,
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where !$ is the di"erence in positions for multiple images, #$ are the astrometric errors and #z

are the errors in redshift.

The astrometric errors associated with the positions of the multiple images is low. However

the error in the strong lensing mass reconstruction is dominated by Poisson error. Multiple images

sample the cluster potential at discrete locations at finite number of points. Thus even if we fit the

mass at those finite locations very accurately the overall mass distribution will have higher error

since most of the positions are fitted to weak lensing data.

2.1. Covariance of S+W map

We have calculated the errors for weak lensing in (Deb et al. 2009). We calculate the error in

the reconstruction in a similar fashion. Taking the first derivative of Equation 2, we have,
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A1689

http://chandra.harvard.edu/photo/2008/a1689/

http://chandra.harvard.edu/photo/2008/a1689/
http://chandra.harvard.edu/photo/2008/a1689/
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A1689: ACS+SUBARU
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Mass Map
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X-ray vs Weak Lensing

Sorensen et al. 2009
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 X-ray vs S+W Lensing
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Recent Observations

Haines et al. 
arXiv:1005.3811

Hershel 
Observations reveal 
an excess of 100 
micron-selected 
galaxies extending 
~6 Mpc in length 
along an axis that 
runs NE-SW through 
the cluster centre
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Power Ratios

– 6 –

where G is the gravitational constant, Tg is the temperature as a function of radius, and !g is the

gas density that can be found by fitting the plasma model. The resulting mass profile is commonly

fitted to the universal NFW profile (Navarro et al. 1997) to constrain dark matter halo properties.

2E-07 4E-07 6E-07

Fig. 1.— X-ray Surface Brightness distribution for A1689. The X-ray distribution is fairly uniform

at the center.

6. Power Ratios

The power ratio technique was first introduced in Buote & Tsai (1995). Using this technique, we

calculate the higher order moments of the mass distribution (in case of lensing) and gas distribution

(in case of X-rays) and compare them to each other. These moments are calculated within a circular

aperture. Let us define the mth moment in the x and the y direction by,
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!
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!("r!)

"

r!
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cos(m#!)d2"r!, (10)
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These moments have the following properties. A circularly symmetric mass distribution pro-

duces a monopole only term. The dipole term vanishes if the co-ordinate system is set to be at

the center of the mass distribution. An ellipse contributes to even terms only, thus significant

contribution to odd terms would indicate presence of substructure. These moments are calculated

in a circular aperture. This makes sure that the shape of the aperture does not produce any bias.
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Power Value (X-ray) Value (lensing)

P2/P0 (6.68 ± 0.27) ! 10!06 (1.6 ± 0.25) ! 10!5

P3/P0 (3.71 ± 1.12) ! 10!07 (0.9 ± 0.14) ! 10!5

P4/P0 (6.42 ± 2.65) ! 10!08 (8.6 ± 0.3) ! 10!5

Table 1: Power ratio measurements of the X-ray gas distribution at 500 kpc from the center.

The powers are given by,

P0 = [a0ln(R)]2, (12)

Pm =
1

2m2r2m

!

a2
m + b2

m

"

. (13)

We calculate these powers and calculate their ratio in the form P2/P0,P3/P0. These ratios are very

sensitive to substructure and describe a wide range of cluster morphologies.

7. Results

A1689 is a very well studied cluster. There have been several mass reconstructions for this

cluster. The authors of Broadhurst et al. (2005a) and Umetsu & Broadhurst (2008) have found

a very high concentration using weak lensing SUBARU data. Strong lensing reconstruction both

parametric (L07) and non-parametric (C10) have estimated a lower concentration for a NFW profile

fitting. Diego et al. (2005) have done a multi-resolution non-parametric mass reconstruction for

A1689 using strong lensing only for the core of the cluster.

In this section we have applied PBL as described in § 2 to the strong and weak lensing data

for A1689. The advantage of using PBL for strong+weak lensing mass reconstruction is that we

can probe the core of the cluster with high resolution and the periphery with a lower resolution.

Compared to previous strong lensing only mass reconstruction we are able to probe the mass

distribution out to a much larger radius. The mass reconstruction shows the presence of a secondary

structure in the north east direction Figure 2. The presence of the secondary structure is revealed

on addition of the strong lensing data. The optical image shows some second group of galaxies

at that location. This is also consistent with findings of Riemer-Sørensen et al. (2009). They

performed a harness ratio test to recover a cool core and some substructure in the north eastern

part.

In order to quantify these secondary structure we use the power ratio formalism. We have

measured the power ratios at 500 kpc for the X-ray distribution. They are listed in Table 1.

Moments of the mass distribution characterize the 
morphology and substructure in dark matter distribution.

Power X-ray Lensing
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Current Research
A2219: Optical vs Lensing mass reconstruction

PRELIMINARY
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Current Research
A2261: X-ray vs Lensing mass reconstruction

PRELIMINARY

XMM Newton
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Current Research
A1914: X-ray vs Lensing mass reconstruction

PRELIMINARY

Chandra data

http://chandra.harvard.edu/photo/2006/clusters/

http://chandra.harvard.edu/photo/2006/clusters/
http://chandra.harvard.edu/photo/2006/clusters/


Application: Studying high redshift galaxies

Swinbank et al. 2006

Lensed Unlensed

magnification: 4.92+/-0.15

z=1.034 z=0.1
Lensed

http://www.gemini.edu/node/100
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http://www.gemini.edu/node/100
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Sumilimeter Imaging

Chapman et. al. 2000

Cluster field images at 850 microns
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Multiwavelength analysis 
Multiwavelength shape analysis of 
galaxy clusters for the current 
sample of 20 clusters.

X-ray data: Chandra & XMM 
archival data
SZ data: Future plans of writing 
CARMA proposals with Dr. Morandi 
for some of these clusters.

Clusters are being discovered as 
we speak with SZ experiments like 
ACT/SPT. Lensing observations of 
these clusters will also increase 
this data set.
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Summary

METHOD
Developed a non-parametric mass reconstruction technique “Particle 
Based Lensing” (PBL).
PBL is applied to compute mass maps of variable resolution and signal-
to-noise. 

RESULTS
 The ellipticity for the light distribution is smaller than the ellipticity of 

the dark matter distribution for A901b and the Southwest Group.
 A901a, A901b and A902 have strong alignment whereas the Southwest 

group is not aligned with the rest of the peaks.
 The gas distribution of A1689 is smoother than the dark matter 

distribution.

Future Research
Mutiwavelength analysis for a sample of 20 Supermassive Clusters.
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Smoothing Ellipticities: Error Covariance
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signal-to-noise ratio. The error budget of weak lensing is controlled by the scale at which

the data is smoothed. Optimizing this scale is necessary independent of the technique that

is used. In this section we will introduce smoothing, describe the inversion technique used

to create mass maps from measured ellipticities and lay down a foundation for the choice

of the optimal smoothing scale that will produce minimum reconstruction errors in the

recovered mass.

A radially symmetric smoothing function is necessary for the smoothing process. We

choose a gaussian function for this purpose.

!i
sm,p = Qpq!

i
q (11)

where Q is the normalised gaussian weight function given by,

Qpq =
exp(!

r2
pq

2!2 )
!

q exp(!
r2
pq

2!2 )
(12)

where " is the scale at which the data is smoothed. Smoothing of data prior to mass

reconstruction has been done by several groups (Bartelmann 1995; Seitz & Schneider 1996,

1998, 2001), the covariance due to this smoothing is given by,

CMIN
pq = QkpQkq#

2
q (13)

The superscript MIN symbolizes the use of the above expression in the $2 minimization.

3.1. $2 Minimization

Non-parametric mass modeling is based on linearization of the equations that map the

potential and the surface mass density. We start with values {%} as model parameters, and

the data as constraints. This becomes a general minimization problem with a $2 statistic
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concentration parameter compared to !CDM simulations. Corless et al. (2009) have modeled the

weak lensing data with a triaxial NFW profile. They have computed a lower value for concentration

with much larger errors. These studies suggest a fairly complicated structure of A1689.

There have been several mass reconstruction studies for A1689. Broadhurst et al. (2005a) and

Umetsu & Broadhurst (2008) have found a very high concentration using weak lensing SUBARU

data. Strong lensing reconstruction using both parametric (Limousin et al. 2007, hereafter L07) and

non-parametric (Coe et al. 2010, hereafter C10) have estimated a lower concentration for an NFW

profile fitting. Diego et al. (2005) have done a multi-resolution non-parametric mass reconstruction

for A1689 using strong lensing only for the core of the cluster.

In this chapter, we study A1689 by comparing the X-ray distribution with a non-parametric

Strong+Weak lensing mass reconstruction using ”Particle Based Lensing” (PBL) (Deb et al. 2008),

and quantify substructure by measuring higher order moments of the mass and gas distribution.

The advantage of using PBL is the variable resolution that can be obtained in the strong (high

resolution) and weak(low resolution) lensing regions. Additionally, the errors in this technique are

well understood. This makes calculation of moments from the mass map possible.

2. Strong+Weak Mass Reconstruction

The primary challenge in combining strong and weak lensing data is the di"erence in scales

at which the various signals dominate. As discussed in the earlier chapters, the resolution of weak

lensing mass reconstructions vary from 1! for ground based data to 0.5! for space based data. This

happens because ground based observations are shallow having less than 20 galaxies per square

arcminute whereas space observations are deep with as high as 60 galaxies per square arcminute

making the poisson errors lower. The strong lensing information, such as the positions of multiply

imaged galaxies have very low errors (less than an arcsecond) are concentrated within an arcminute

from the cluster center. Thus strong lensing constrains mass distribution at the core of the cluster

very precisely but it is unable to produce a mass map towards the outskirts of the cluster.
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well understood. This makes calculation of moments from the mass map possible.

2. Strong+Weak Mass Reconstruction

The primary challenge in combining strong and weak lensing data is the di"erence in scales

at which the various signals dominate. As discussed in the earlier chapters, the resolution of weak

lensing mass reconstructions vary from 1! for ground based data to 0.5! for space based data. This

happens because ground based observations are shallow having less than 20 galaxies per square

arcminute whereas space observations are deep with as high as 60 galaxies per square arcminute

making the poisson errors lower. The strong lensing information, such as the positions of multiply

imaged galaxies have very low errors (less than an arcsecond) are concentrated within an arcminute

from the cluster center. Thus strong lensing constrains mass distribution at the core of the cluster

very precisely but it is unable to produce a mass map towards the outskirts of the cluster.
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