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Galaxy clusters

• concentrations of 100-1000 
galaxies

• vel. dispersions ~1000 km/s

• Size: R~1 Mpc (tcross ~ R/σ~1 Gyr 
< tH~10h-1 Gyr)

• Mass

• Components: DM  (~85%), 
BARYONS (~15%)

•  Hot ICM: TX~3-10 keV, ngas~10-3 
atoms/cm3, Z~0.3 solar: fully 
ionized gas emitting via thermal 
Bremsstrahlung + line emission

LX ∼ ngas2(T) Λ(T) ∼ 1043-1045 erg/s
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Good reasons to study galaxy clusters

• powerful cosmological 
tools

• ideal laboratories for 
testing the predictions 
of CDM on small 
scales
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Good reasons to study galaxy clusters

• powerful cosmological 
tools

• ideal laboratories for 
testing the predictions 
of CDM on small 
scales

ρ(r) =
ρs

r/rs(1 + r/rs)2
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Studying galaxy clusters with lensing

• multiple images 

• positions 

• numbers

• magnifications

• distortions

• relative magnitudes
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SL Parametric mass models

Approach:

1. combine several mass components

2. assume that galaxies trace the matter

3. model each component using a) a density 
profile; b) an ellipticity; c) an orientation

4. cluster galaxies often described through 
scaling relations

5. find parameters such that a) the model 
yield predicted multiple images and arcs; b) 
it reproduces the correct # of sources; c) it 
gives reasonably source sizes.
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SL Parametric mass models

ρ(r) =
ρs

r/rs(1 + r/rs)2

ρ(r) =
σ2

v

2πGr2
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Abell 611 
Donnarumma et al. 2010

see also: Richard et al. 2009, Newman et al. 2009

Tuesday, October 5, 2010



χ2 minimization
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χ2 minimization
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χ2 minimization
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Test with 
simulations:

SkyLens

(Meneghetti et al. 
2006, 2010)

optical simulator 
which produces 
maps of the sky

• UDF galaxies 
as templates 
(shapelets)
• including 
lensing
• including colors

HST ACS images 
of the cluster 
centers 
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Strong Lensing

• Multiple images detected in the HST images are used construct a parametric lens model 
using the Lenstool public software (Kneib et al., 1993; Jullo et al. 2007)

• The model consists of 

• Main halo, modeled using NFW

• Additional mass components associated to star-groups, modeled using PIEMDs

10 M. Meneghetti et al.: Weighing simulated galaxy clusters using lensing and X-ray

Fig. 6. The total projected mass profile of the inner region of clus-
ter g1 − y as recovered from the strong lensing mass reconstruction
using Lenstool. The dashed line shows the result obtained by using
seven multiple-image systems. The red three-dot-dashed line shows
the mass profile if only three multiple-image systems are used. The
blue dot-dashed line indicates the mass profile recovered by fitting all
the 7 multiple-image systems, but assuming that the all the central im-
ages are not detectable. The lensing constraints are shown in the left
panel of Fig. 5. Finally, the true mass profile, as drawn from the par-
ticle distribution in the input cluster, is given by the solid line. The
shaded region shows the radial range of the tangential strong lensing
constraints.

ages are generally de-magnified and hidden behind the BCG,
and thus hard to detect. In this case, the mass enclosed by the
strong lensing region is again correctly estimated, but the re-
constructed profile deviates more from the true one at small
radii, as shown by the blue dot-dashed line in Fig. 6. This in-
dicates once more that the modeling of the central galaxy is
crucial for the correct separation of the baryon and dark matter
components in clusters.

4.2. Weak lensing

The weak lensing analysis is done by following the stan-
dard KSB method, proposed by ? and subsequently extended
by ? and by ?. Such method is now internally implemented
in Skylens. The galaxy ellipticities are measured from the
quadrupole moments of their surface brightness distributions,
corrected for the PSF, and used to estimate the reduced shear
under the assumption that the expectation value of the intrinsic
source ellipticity vanishes (see Eq. 14).

Selecting the galaxies with S/N > 10, we end up with cat-
alogs of galaxy ellipticities containing ∼ 25 − 30 sources/sq.
arcmin. We use these catalogs to derive the cluster mass using
several approaches:

NFW fit of the tangential shear profile: Assuming that the
cluster is well described by an NFW density profile, we use
the corresponding formula for the reduced shear to fit the az-
imutally averaged profile of the tangential component of the
reduced shear. For the NFW profile, the formulas for the radial

Fig. 7. Radial profiles of the tangential and of the cross components
of the reduced shear measured from the center of cluster g1 − y. The
dotted line shows the best fit NFW model.

profiles of the shear and of the convergence can be found in
Bartelmann (1996) and by Meneghetti et al. (2003). The tan-
gential component of the reduced shear is given by

g+ = −Re[ge−2iφ] , (29)

where the angle φ specifies the direction from the galaxy cen-
troid towards the center of the cluster, which we identify with
the position of the BCG. The cross component of the reduced
shear is given by

g× = −Im[ge−2iφ] . (30)

If the distortion is caused by lensing, this component of the
shear should be null.

In Fig. 7, we show the radial profiles of both the compo-
nents of the shear for the cluster g1 − y, measured out to large
radii (∼ 3 h−1Mpc from the cluster center). The tangential com-
ponent is well fitted by an NFW profile with c = 4.82 ± 0.64
and rs = 0.307±0.048 h−1Mpc. As expected in absence of sys-
tematics, the cross component of the shear is consistent with
zero.

Aperture Mass Densitometry: The aperture mass densitome-
try (??) uses the fact that the shear can be related to a density
contrast. More precisely, it can be shown that the following re-
lation holds:

ζ(R1) = κ(< R1) − κ(R2 < R < Rmax)

= 2
� R2

R1

d ln R�γt� +
2R2

max

R2
max − R2

2

� Rmax

R2

d ln R�γt� , (31)

where κ(< R1) is the mean convergence within a circular aper-
ture of radius R1 and κ(R2 < R < Rmax) is the mean conver-
gence in an annulus from R2 to Rmax. This relation shows that
the mean surface density within a circle can be derived from
the tangential shear profile up to a constant. This is straightfor-
wardly converted into a mass estimate:

M(< R1) = πR2
1κ(< R1)Σcr(zl, zs) . (32)
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Strong Lensing

• Multiple images detected in the HST images are used construct a parametric lens model 
using the Lenstool public software (Kneib et al., 1993; Jullo et al. 2007)

• The model consists of 

• Main halo, modeled using NFW

• Additional mass components associated to star-groups, modeled using PIEMDs
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where κ(< R1) is the mean convergence within a circular aper-
ture of radius R1 and κ(R2 < R < Rmax) is the mean conver-
gence in an annulus from R2 to Rmax. This relation shows that
the mean surface density within a circle can be derived from
the tangential shear profile up to a constant. This is straightfor-
wardly converted into a mass estimate:

M(< R1) = πR2
1κ(< R1)Σcr(zl, zs) . (32)
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Strong Lensing

• Multiple images detected in the HST images are used construct a parametric lens model 
using the Lenstool public software (Kneib et al., 1993; Jullo et al. 2007)

• The model consists of 

• Main halo, modeled using NFW

• Additional mass components associated to star-groups, modeled using PIEMDs
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Fig. 6. The total projected mass profile of the inner region of clus-
ter g1 − y as recovered from the strong lensing mass reconstruction
using Lenstool. The dashed line shows the result obtained by using
seven multiple-image systems. The red three-dot-dashed line shows
the mass profile if only three multiple-image systems are used. The
blue dot-dashed line indicates the mass profile recovered by fitting all
the 7 multiple-image systems, but assuming that the all the central im-
ages are not detectable. The lensing constraints are shown in the left
panel of Fig. 5. Finally, the true mass profile, as drawn from the par-
ticle distribution in the input cluster, is given by the solid line. The
shaded region shows the radial range of the tangential strong lensing
constraints.

ages are generally de-magnified and hidden behind the BCG,
and thus hard to detect. In this case, the mass enclosed by the
strong lensing region is again correctly estimated, but the re-
constructed profile deviates more from the true one at small
radii, as shown by the blue dot-dashed line in Fig. 6. This in-
dicates once more that the modeling of the central galaxy is
crucial for the correct separation of the baryon and dark matter
components in clusters.

4.2. Weak lensing

The weak lensing analysis is done by following the stan-
dard KSB method, proposed by ? and subsequently extended
by ? and by ?. Such method is now internally implemented
in Skylens. The galaxy ellipticities are measured from the
quadrupole moments of their surface brightness distributions,
corrected for the PSF, and used to estimate the reduced shear
under the assumption that the expectation value of the intrinsic
source ellipticity vanishes (see Eq. 14).

Selecting the galaxies with S/N > 10, we end up with cat-
alogs of galaxy ellipticities containing ∼ 25 − 30 sources/sq.
arcmin. We use these catalogs to derive the cluster mass using
several approaches:

NFW fit of the tangential shear profile: Assuming that the
cluster is well described by an NFW density profile, we use
the corresponding formula for the reduced shear to fit the az-
imutally averaged profile of the tangential component of the
reduced shear. For the NFW profile, the formulas for the radial

Fig. 7. Radial profiles of the tangential and of the cross components
of the reduced shear measured from the center of cluster g1 − y. The
dotted line shows the best fit NFW model.

profiles of the shear and of the convergence can be found in
Bartelmann (1996) and by Meneghetti et al. (2003). The tan-
gential component of the reduced shear is given by

g+ = −Re[ge−2iφ] , (29)

where the angle φ specifies the direction from the galaxy cen-
troid towards the center of the cluster, which we identify with
the position of the BCG. The cross component of the reduced
shear is given by

g× = −Im[ge−2iφ] . (30)

If the distortion is caused by lensing, this component of the
shear should be null.

In Fig. 7, we show the radial profiles of both the compo-
nents of the shear for the cluster g1 − y, measured out to large
radii (∼ 3 h−1Mpc from the cluster center). The tangential com-
ponent is well fitted by an NFW profile with c = 4.82 ± 0.64
and rs = 0.307±0.048 h−1Mpc. As expected in absence of sys-
tematics, the cross component of the shear is consistent with
zero.

Aperture Mass Densitometry: The aperture mass densitome-
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where κ(< R1) is the mean convergence within a circular aper-
ture of radius R1 and κ(R2 < R < Rmax) is the mean conver-
gence in an annulus from R2 to Rmax. This relation shows that
the mean surface density within a circle can be derived from
the tangential shear profile up to a constant. This is straightfor-
wardly converted into a mass estimate:

M(< R1) = πR2
1κ(< R1)Σcr(zl, zs) . (32)
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ages are not detectable. The lensing constraints are shown in the left
panel of Fig. 5. Finally, the true mass profile, as drawn from the par-
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shaded region shows the radial range of the tangential strong lensing
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If the distortion is caused by lensing, this component of the
shear should be null.

In Fig. 7, we show the radial profiles of both the compo-
nents of the shear for the cluster g1 − y, measured out to large
radii (∼ 3 h−1Mpc from the cluster center). The tangential com-
ponent is well fitted by an NFW profile with c = 4.82 ± 0.64
and rs = 0.307±0.048 h−1Mpc. As expected in absence of sys-
tematics, the cross component of the shear is consistent with
zero.

Aperture Mass Densitometry: The aperture mass densitome-
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where κ(< R1) is the mean convergence within a circular aper-
ture of radius R1 and κ(R2 < R < Rmax) is the mean conver-
gence in an annulus from R2 to Rmax. This relation shows that
the mean surface density within a circle can be derived from
the tangential shear profile up to a constant. This is straightfor-
wardly converted into a mass estimate:

M(< R1) = πR2
1κ(< R1)Σcr(zl, zs) . (32)
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• Multiple images detected in the HST images are used construct a parametric lens model 
using the Lenstool public software (Kneib et al., 1993; Jullo et al. 2007)

• The model consists of 

• Main halo, modeled using NFW

• Additional mass components associated to star-groups, modeled using PIEMDs

Tuesday, October 5, 2010



Strong Lensing

• Multiple images detected in the HST images are used construct a parametric lens model 
using the Lenstool public software (Kneib et al., 1993; Jullo et al. 2007)

• The model consists of 

• Main halo, modeled using NFW

• Additional mass components associated to star-groups, modeled using PIEMDs

10 M. Meneghetti et al.: Weighing simulated galaxy clusters using lensing and X-ray

Fig. 6. The total projected mass profile of the inner region of clus-
ter g1 − y as recovered from the strong lensing mass reconstruction
using Lenstool. The dashed line shows the result obtained by using
seven multiple-image systems. The red three-dot-dashed line shows
the mass profile if only three multiple-image systems are used. The
blue dot-dashed line indicates the mass profile recovered by fitting all
the 7 multiple-image systems, but assuming that the all the central im-
ages are not detectable. The lensing constraints are shown in the left
panel of Fig. 5. Finally, the true mass profile, as drawn from the par-
ticle distribution in the input cluster, is given by the solid line. The
shaded region shows the radial range of the tangential strong lensing
constraints.

ages are generally de-magnified and hidden behind the BCG,
and thus hard to detect. In this case, the mass enclosed by the
strong lensing region is again correctly estimated, but the re-
constructed profile deviates more from the true one at small
radii, as shown by the blue dot-dashed line in Fig. 6. This in-
dicates once more that the modeling of the central galaxy is
crucial for the correct separation of the baryon and dark matter
components in clusters.
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The weak lensing analysis is done by following the stan-
dard KSB method, proposed by ? and subsequently extended
by ? and by ?. Such method is now internally implemented
in Skylens. The galaxy ellipticities are measured from the
quadrupole moments of their surface brightness distributions,
corrected for the PSF, and used to estimate the reduced shear
under the assumption that the expectation value of the intrinsic
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arcmin. We use these catalogs to derive the cluster mass using
several approaches:
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gential component of the reduced shear is given by

g+ = −Re[ge−2iφ] , (29)

where the angle φ specifies the direction from the galaxy cen-
troid towards the center of the cluster, which we identify with
the position of the BCG. The cross component of the reduced
shear is given by

g× = −Im[ge−2iφ] . (30)

If the distortion is caused by lensing, this component of the
shear should be null.

In Fig. 7, we show the radial profiles of both the compo-
nents of the shear for the cluster g1 − y, measured out to large
radii (∼ 3 h−1Mpc from the cluster center). The tangential com-
ponent is well fitted by an NFW profile with c = 4.82 ± 0.64
and rs = 0.307±0.048 h−1Mpc. As expected in absence of sys-
tematics, the cross component of the shear is consistent with
zero.

Aperture Mass Densitometry: The aperture mass densitome-
try (??) uses the fact that the shear can be related to a density
contrast. More precisely, it can be shown that the following re-
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where κ(< R1) is the mean convergence within a circular aper-
ture of radius R1 and κ(R2 < R < Rmax) is the mean conver-
gence in an annulus from R2 to Rmax. This relation shows that
the mean surface density within a circle can be derived from
the tangential shear profile up to a constant. This is straightfor-
wardly converted into a mass estimate:

M(< R1) = πR2
1κ(< R1)Σcr(zl, zs) . (32)
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where the angle φ specifies the direction from the galaxy cen-
troid towards the center of the cluster, which we identify with
the position of the BCG. The cross component of the reduced
shear is given by

g× = −Im[ge−2iφ] . (30)

If the distortion is caused by lensing, this component of the
shear should be null.

In Fig. 7, we show the radial profiles of both the compo-
nents of the shear for the cluster g1 − y, measured out to large
radii (∼ 3 h−1Mpc from the cluster center). The tangential com-
ponent is well fitted by an NFW profile with c = 4.82 ± 0.64
and rs = 0.307±0.048 h−1Mpc. As expected in absence of sys-
tematics, the cross component of the shear is consistent with
zero.

Aperture Mass Densitometry: The aperture mass densitome-
try (??) uses the fact that the shear can be related to a density
contrast. More precisely, it can be shown that the following re-
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where κ(< R1) is the mean convergence within a circular aper-
ture of radius R1 and κ(R2 < R < Rmax) is the mean conver-
gence in an annulus from R2 to Rmax. This relation shows that
the mean surface density within a circle can be derived from
the tangential shear profile up to a constant. This is straightfor-
wardly converted into a mass estimate:

M(< R1) = πR2
1κ(< R1)Σcr(zl, zs) . (32)
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Distortion of faint galaxies

• Let consider a particular lensing regime 
where we have small deflections, small 
distortions, no multiple images (Weak 
Lensing)

• As we have seen earlier in the course, in 
the limit of small deflections, the lens 
equation can be linearized and the lens 
mapping is described by the Jacobian 
matrix

• The conservation of surface brightness in 
combination with the lens equation, allows 
to derive the distortion of the isophotes
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Distortion of faint galaxies
• A circular source is mapped into an ellipse 

by first-order lensing

• the major and the minor axes of the ellipse 
are given by combinations of shear and 
convergence

• the ellipticity can also be written in terms 
of convergence and shear

• choosing the right definition, one finds that 
the ellipticity is actually the reduced shear!

• thus: I measure the ellipticity, I measure the  
reduced shear

• in the very weak lensing regime, when the 
convergence is small, the ellipticity is an 
estimate of the shear
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Measurements of shapes and shear

• Unfortunately sources are not circular: 
they have their intrinsic ellipticity

• moreover, sources have their own surface 
brightness profile

• the center of the galaxy is the “center of 
light” of the galaxy

• the ellipticity is defined through the 
second moments of the brightness 
distribution

• It is very common to work with the 
complex notation

image centroid:

� = |�| exp(2iϕ) = �1 + i�2

γ = |γ| exp(2iϕ) = γ1 + iγ2

g = |g| exp(2iϕ) = g1 + ig2
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From source to image ellipticities
As done for the lensed source, we 
can define the source intrinsic 
ellipticity in terms of the second 
moments of the unlensed brightness 
distribution

Using the fact that

The inverse transformations are 
found by changing the source and 
the image ellipticities and g with -g
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Expectation value for the 
source ellipticities

Remember that ellipticities are complex numbers characterized by a phase. 

Suppose that sources have intrinsically random phases.

In this case, averaging over a number of sources, the expectation value of the ellipticity is...

Averaging

we get

E(�s) = 0
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Noise
The noise is given by the dispersion 
in the intrinsic ellipticity distribution

Averaging over N galaxies, the 1-σ 
deviation from the mean ellipticity is 

Thus, we can beat the noise by averaging over many galaxies! 
  select a number of galaxies in a region and assume that the shear is constant within the 

region
 if the region is too large, the shear is smoothed  
 increase the number density of galaxies
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Point spread function

PSF has several contributors: telescope 
(airy disk), atmosphere, AOCS,...

PSF can have weird shapes (anisotropy 
caused by coma, jitter, defocus, 
astigmatism, ecc.) and change across 
the field!
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Tangential and cross 
component of the shear

Given a direction φ we can define a 
tangential and a cross component of 
the shear relative to this direction. 

Note that, under this convention, 
“tangential” means both tangentially 
and radially oriented shears

With this we want to emphasize that 
lensing, being caused by a scalar 
potential is curl-free

The signs are chosen such that the 
tangential component is positive for 
tangentially distorted images, and it is 
negative for radially distorted images.
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Fit of the tangential shear profile

Having measured the tangential shear 
profile, we can fit it with some 
parametric model

SIS

NFW
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Aperture densitometry

ζ(θ1) = κ(θ1) − κ(θ1 < θ < θmax) =
2

1 − θ2
1/θ2

max

� θmax

θ1

�γt�d ln θ

ζc(θ1) = κ(θ1) − κ(θ2 < θ < θmax) = 2
� θ2

θ1

�γt�d ln θ +
2

1 − θ2
2/θ2

max

� θmax

θ1

�γt�d ln θ

mζ(θ) = θ2ζc(θ) = m(θ)−m(θ2 < θ < θmax)
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Aperture densitometry

ζ(θ1) = κ(θ1) − κ(θ1 < θ < θmax) =
2

1 − θ2
1/θ2

max

� θmax

θ1

�γt�d ln θ

Using the aperture densitometry one can estimate a lower 
limit to the mass within a given radius  

ζc(θ1) = κ(θ1) − κ(θ2 < θ < θmax) = 2
� θ2

θ1

�γt�d ln θ +
2

1 − θ2
2/θ2

max

� θmax

θ1

�γt�d ln θ

mζ(θ) = θ2ζc(θ) = m(θ)−m(θ2 < θ < θmax)
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Kaiser & Squires 
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Tracing the mass with weak lensing
Kaiser & Squires inversion 

CL1232-1250
(Clowe et al.)
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Maximum-likelihood approach

Bartelmann et al. 1996, Bradac et al. 2005, 
Merten et al. 2009

Tuesday, October 5, 2010



Maximum-likelihood approach
Having seen the KS inversion method, we 
consider now a  “maximum likelihood” 
method.

Bartelmann et al. 1996, Bradac et al. 2005, 
Merten et al. 2009
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Combining WL+SL
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Examples from simulations
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Mass sheet degeneracy

A circular source is mapped by a lens 
with Jacobian A into an ellipse with 
axes:

The ellipticity is then:

Consider a lens whose Jacobian is 

This transformation is equivalent to changing the convergence and the shear of the lens as:

γ → λγ (1− κ)→ λ(1− κ)

By means of this transformation the ellipticity of the lensed image would be:

�� =
λγ

λ(1− κ)
= �

Thus, the ellipticity does not allow me to discriminate between lenses which differ by the 
factor λ
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De-projection

• Lensing measures projected 
masses. 

• 3D masses can be derived 
making assumptions on the 3D-
shape of the clusters and on 
their density profiles.

• Our choices: spherical 
symmetry, NFW profile 

6 M. Meneghetti et al.: Weighing simulated galaxy clusters using lensing and X-ray

Table 1. Main properties of the simulated clusters used in this work. Column 1: cluster name; Column 2: redshift; Column 3: r200; Column 4:
M200; Columns 6-7: principal axes ratios: b/a, c/a, where a > b > c; Columns 8-10: angles between the main principal axis and the x−, y−,
and z−axes of the simulation box; Column 11: best-fit 3D-concentration; Column 12: best-fit 3D-scale radius

cluster z r200 M200 b/a c/a θx θy θz c rs

[h−1 Mpc] [h−1
M⊙] [deg] [deg] [deg] [h−1 Mpc]

g1 0.297 1.87 1.30 × 1015 0.64 0.57 33.3 57.4 96.1 4.62 0.310
g51 0.2335 1.71 8.85 × 1014 0.78 0.65 81.5 75.59 16.8 5.37 0.241
g72 0.297 1.60 8.15 × 1014 0.31 0.29 98.9 92.8 9.4 3.99 0.299

Fig. 2. Mass profiles of the clusters g1, g51, and g72. The solid black and red lines indicate the total and DM only 3D-mass profiles, respectively.
The total 2D-mass profiles corresponding to the x, y, and z projections of each cluster are given by the dotted, dashed, and dash-dotted lines.

Assuming a Plummer softening to avoid that the deflection an-
gles diverge, the F·(R�) functions are defined as:

F1(R�) =
1

(R�2 + s2)
(21)

F2(R�) =
−2

(R�2 + s2)2 (22)

F3(R�) =
8

(R�2 + s2)3 (23)

F4(R�) =
−2

(R�2 + s2)2 (24)

Nearby particles are treated as point lenses and Eq. 18 reduces
to

αi(R) =
4GM

c2 R
�
i
F1(R�) . (25)

The fraction of of particles which are evaluated with Eqs. 18
or 25 is set by the Barnes-Hut opening criterion, θBH (see e.g
Springel 2005), which we fix at θBH = 0.4. As shown by Aubert
et al. (2007), the optimal softening length s depends on the
resolution of the simulation. We performed several tests to de-
termine which values to use. Doing ray-tracing through NFW
halos sampled with a similar number of particles as our simu-
lated clusters, we verified that a softening scale of 4 h

−1kpc is
appropriate for reliably reproducing the deflection angle field
of the input models over the range of scales relevant for both
strong and weak lensing.

3.3. The SkyLens simulator

Having obtained the deflection angle maps, we apply the clus-
ter distortion fields to the images of a large number of back-
ground galaxies. While doing so, we simulate optical obser-
vations of each cluster under different projections. For this
purpose, we use the code described in ? (quoted as SkyLens
hereafter), which has been recently further developed. In short,
the code uses a set of real galaxies decomposed into shapelets
Refregier (2003) to model the source morphologies on a syn-
thetic sky. In the current version of the simulator, the shapelet
database contains ∼ 3000 galaxies in the z-band from the
GOODS/ACS (?) archive and ∼ 10000 galaxies in the B,V, i, z
bands from the Hubble-Ultra-Deep-Field (HUDF) (?) archive.
Most galaxies have spectral classifications and photometric
redshifts available ??, which are used to generate a population
of sources whose luminosity and redshift distributions resem-
ble those of the HUDF.

SkyLens allows to mimic observations with a variety of tele-
scopes, both from space and from the ground. In this work we
simulate wide field observations, on which we carry out a weak
lensing analysis, using the SUBARU Suprime-Cam. We simu-
late Hubble-Space-Telescope observations of the cluster cen-
tral regions using the Advanced Camera for Surveys. All sim-
ulations include realistic background and instrumental noise.
As an example, in Fig. 3 we show two color-composite images
of cluster g1. The left and the right panels show the results of
simulated observations with SUBARU and with HST, respec-
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Table 3. The NFW parameters resulting from the weak-lensing analysis of the clusters in our sample.

cluster cNFW rNFW
s cap rap

s cSL+WL rSL+WL
s

[h−1Mpc] [h−1Mpc] [h−1Mpc]
g1 - x 6.21 ± 0.87 0.229 ± 0.037 6.08 ± 1.54 0.232 ± 0.061 6.59 ± 0.32 0.221 ± 0.012
g1 - y 4.82 ± 0.64 0.307 ± 0.048 4.42 ± 0.99 0.339 ± 0.079 5.39 ± 0.23 0.276 ± 0.013
g1 - z 4.44 ± 0.62 0.317 ± 0.053 3.84 ± 0.96 0.373 ± 0.096 4.54 ± 0.23 0.320 ± 0.017
g51 - x 5.83 ± 0.96 0.242 ± 0.045 6.14 ± 2.09 0.226 ± 0.078 6.10 ± 0.29 0.235 ± 0.012
g51 - y 5.13 ± 1.05 0.246 ± 0.057 9.13 ± 5.27 0.131 ± 0.076 6.35 ± 0.42 0.206 ± 0.014
g51 - z 6.06 ± 0.93 0.244 ± 0.043 5.33 ± 1.47 0.279 ± 0.078 7.41 ± 0.32 0.204 ± 0.010
g72 - x 4.17 ± 1.54 0.262 ± 0.105 5.03 ± 3.86 0.215 ± 0.161 3.88 ± 0.30 0.306 ± 0.025
g72 - y 7.91 ± 2.86 0.135 ± 0.053 11.32 ± 10.05 0.092 ± 0.083 4.17 ± 0.31 0.287 ± 0.023
g72 - z 4.19 ± 0.62 0.367 ± 0.062 5.51 ± 1.58 0.272 ± 0.080 4.50 ± 0.24 0.324 ± 0.018

Fig. 14. As in Fig. 12, but comparing the estimated and true 3d-masses.

Fig. 15. Ratio between estimated and true lensing masses as a function
of the angle between the major axis of the cluster inertia ellipsoid and
the axis along which the mass distribution is projected. The results
are shown for the lensing masses obtained with the SL+WL method.
Squares, triangles and diamonds indicate the mass measurements at
R200, R500, and R2500, respectively.

Recently ?, by studying the weak lensing signal of 30
galaxy clusters observed with the Subaru telescope, found that
the mean ratios between 3D- and 2D-masses at Rvir and R500 are
1.34± 0.17 and 1.40± 0.10, respectively, where the virial over-
density corresponds to ∆ ∼ 110. They derive the 2D-masses
using the aperture mass densitometry method, while the 3D-
masses are obtained from the NFW fits of the shear profiles.
Their sample spans a range of masses which is much wider than

that covered by our sample. From their Fig. 8, we can estimate
that, limiting the analysis to masses Mvir ≥ 8 × 1014 h−1 M⊙
and M500 ≥ 4 × 1014 h−1 M⊙, the ratios are smaller (∼
1.06 and ∼ 1.37 at Rvir and at R500, respectively). Averaging
over our sample, we find Map

vir,2D/M
NFW
vir,3D = 1.14 ± 0.09 and

Map
500,2D/M

NFW
500,3D = 1.29 ± 0.08. Using other methods to esti-

mate the 2D- and the 3D-masses, the results are slightly dif-
ferent. For example, using the mass estimates obtained from
the SL+WL method, we obtain MSL+WL

vir,2D /M
SL+WL
vir,3D = 1.16 ±

0.04 and MSL+WL
500,2D /M

SL+WL
500,3D = 1.29 ± 0.03. These are quite

in a good agreement with the the ratios between the true
2D- and 3D-masses, which are Mtrue

vir,2D/M
true
vir,3D = 1.13 and

Mtrue
500,2D/M

true
500,3D = 1.34. From these results, we can deduce that

a) on average, the ratios between 2D- and 3D-masses are well
recovered, despite triaxiality and substructures can affect indi-
vidual mass estimates, and b) the agreement between simula-
tions and observations is an indication that the density profiles
of real and simulated clusters are, within the errors, compatible
with each other.

5.1.4. X-ray masses

5.2. Lensing vs. X-ray 3D mass profiles

Finally, we attempt a comparison between the 3D-lensing and
the X-ray masses. Several recent studies seem to agree on the
fact that the lensing masses are on average larger than the X-
ray correspondents. For example, analyzing a sample of 19
clusters observed with Subaru and XMM-Newton, ? find that
M500,WL/M500,X = 1.09 ± 0.08. ? reports similar results ana-
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De-projection

• Lensing measures projected 
masses. 

• 3D masses can be derived 
making assumptions on the 3D-
shape of the clusters and on 
their density profiles.

• Our choices: spherical 
symmetry, NFW profile 
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Table 1. Main properties of the simulated clusters used in this work. Column 1: cluster name; Column 2: redshift; Column 3: r200; Column 4:
M200; Columns 6-7: principal axes ratios: b/a, c/a, where a > b > c; Columns 8-10: angles between the main principal axis and the x−, y−,
and z−axes of the simulation box; Column 11: best-fit 3D-concentration; Column 12: best-fit 3D-scale radius

cluster z r200 M200 b/a c/a θx θy θz c rs

[h−1 Mpc] [h−1
M⊙] [deg] [deg] [deg] [h−1 Mpc]

g1 0.297 1.87 1.30 × 1015 0.64 0.57 33.3 57.4 96.1 4.62 0.310
g51 0.2335 1.71 8.85 × 1014 0.78 0.65 81.5 75.59 16.8 5.37 0.241
g72 0.297 1.60 8.15 × 1014 0.31 0.29 98.9 92.8 9.4 3.99 0.299

Fig. 2. Mass profiles of the clusters g1, g51, and g72. The solid black and red lines indicate the total and DM only 3D-mass profiles, respectively.
The total 2D-mass profiles corresponding to the x, y, and z projections of each cluster are given by the dotted, dashed, and dash-dotted lines.

Assuming a Plummer softening to avoid that the deflection an-
gles diverge, the F·(R�) functions are defined as:

F1(R�) =
1

(R�2 + s2)
(21)

F2(R�) =
−2

(R�2 + s2)2 (22)

F3(R�) =
8

(R�2 + s2)3 (23)

F4(R�) =
−2

(R�2 + s2)2 (24)

Nearby particles are treated as point lenses and Eq. 18 reduces
to

αi(R) =
4GM

c2 R
�
i
F1(R�) . (25)

The fraction of of particles which are evaluated with Eqs. 18
or 25 is set by the Barnes-Hut opening criterion, θBH (see e.g
Springel 2005), which we fix at θBH = 0.4. As shown by Aubert
et al. (2007), the optimal softening length s depends on the
resolution of the simulation. We performed several tests to de-
termine which values to use. Doing ray-tracing through NFW
halos sampled with a similar number of particles as our simu-
lated clusters, we verified that a softening scale of 4 h

−1kpc is
appropriate for reliably reproducing the deflection angle field
of the input models over the range of scales relevant for both
strong and weak lensing.

3.3. The SkyLens simulator

Having obtained the deflection angle maps, we apply the clus-
ter distortion fields to the images of a large number of back-
ground galaxies. While doing so, we simulate optical obser-
vations of each cluster under different projections. For this
purpose, we use the code described in ? (quoted as SkyLens
hereafter), which has been recently further developed. In short,
the code uses a set of real galaxies decomposed into shapelets
Refregier (2003) to model the source morphologies on a syn-
thetic sky. In the current version of the simulator, the shapelet
database contains ∼ 3000 galaxies in the z-band from the
GOODS/ACS (?) archive and ∼ 10000 galaxies in the B,V, i, z
bands from the Hubble-Ultra-Deep-Field (HUDF) (?) archive.
Most galaxies have spectral classifications and photometric
redshifts available ??, which are used to generate a population
of sources whose luminosity and redshift distributions resem-
ble those of the HUDF.

SkyLens allows to mimic observations with a variety of tele-
scopes, both from space and from the ground. In this work we
simulate wide field observations, on which we carry out a weak
lensing analysis, using the SUBARU Suprime-Cam. We simu-
late Hubble-Space-Telescope observations of the cluster cen-
tral regions using the Advanced Camera for Surveys. All sim-
ulations include realistic background and instrumental noise.
As an example, in Fig. 3 we show two color-composite images
of cluster g1. The left and the right panels show the results of
simulated observations with SUBARU and with HST, respec-
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Table 3. The NFW parameters resulting from the weak-lensing analysis of the clusters in our sample.
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g1 - x 6.21 ± 0.87 0.229 ± 0.037 6.08 ± 1.54 0.232 ± 0.061 6.59 ± 0.32 0.221 ± 0.012
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Fig. 14. As in Fig. 12, but comparing the estimated and true 3d-masses.

Fig. 15. Ratio between estimated and true lensing masses as a function
of the angle between the major axis of the cluster inertia ellipsoid and
the axis along which the mass distribution is projected. The results
are shown for the lensing masses obtained with the SL+WL method.
Squares, triangles and diamonds indicate the mass measurements at
R200, R500, and R2500, respectively.

Recently ?, by studying the weak lensing signal of 30
galaxy clusters observed with the Subaru telescope, found that
the mean ratios between 3D- and 2D-masses at Rvir and R500 are
1.34± 0.17 and 1.40± 0.10, respectively, where the virial over-
density corresponds to ∆ ∼ 110. They derive the 2D-masses
using the aperture mass densitometry method, while the 3D-
masses are obtained from the NFW fits of the shear profiles.
Their sample spans a range of masses which is much wider than

that covered by our sample. From their Fig. 8, we can estimate
that, limiting the analysis to masses Mvir ≥ 8 × 1014 h−1 M⊙
and M500 ≥ 4 × 1014 h−1 M⊙, the ratios are smaller (∼
1.06 and ∼ 1.37 at Rvir and at R500, respectively). Averaging
over our sample, we find Map
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vir,3D = 1.14 ± 0.09 and

Map
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NFW
500,3D = 1.29 ± 0.08. Using other methods to esti-

mate the 2D- and the 3D-masses, the results are slightly dif-
ferent. For example, using the mass estimates obtained from
the SL+WL method, we obtain MSL+WL

vir,2D /M
SL+WL
vir,3D = 1.16 ±

0.04 and MSL+WL
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SL+WL
500,3D = 1.29 ± 0.03. These are quite

in a good agreement with the the ratios between the true
2D- and 3D-masses, which are Mtrue
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true
vir,3D = 1.13 and

Mtrue
500,2D/M

true
500,3D = 1.34. From these results, we can deduce that

a) on average, the ratios between 2D- and 3D-masses are well
recovered, despite triaxiality and substructures can affect indi-
vidual mass estimates, and b) the agreement between simula-
tions and observations is an indication that the density profiles
of real and simulated clusters are, within the errors, compatible
with each other.

5.1.4. X-ray masses

5.2. Lensing vs. X-ray 3D mass profiles

Finally, we attempt a comparison between the 3D-lensing and
the X-ray masses. Several recent studies seem to agree on the
fact that the lensing masses are on average larger than the X-
ray correspondents. For example, analyzing a sample of 19
clusters observed with Subaru and XMM-Newton, ? find that
M500,WL/M500,X = 1.09 ± 0.08. ? reports similar results ana-
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• CLASH means “Cluster Lensing 
And Supernova survey with 
Hubble”

• This program has been 
recently approved as a Multi-
Cycle Treasury program using 
the HST (Cycles 18-20)

Approved MCT proposalsApproved MCT proposalsApproved MCT proposals

target P.I. orbits

Wide field Sandra Faber
Harry Ferguson 902

Andromeda Julianne 
Dalcanton 828

Galaxy 
Clusters

Marc Postman
Holland Ford 524

http://www.stsci.edu/institute/org/spd/mctp.html/

Tuesday, October 5, 2010

http://www.stsci.edu/institute/org/spd/mctp.html/
http://www.stsci.edu/institute/org/spd/mctp.html/


What will CLASH do?

• will observe 25 galaxy clusters (20 orbits/cluster) in 
16 ACS & WFC3 filters

• looking for strong lensing events and highly 
magnified sources behind clusters

• insights into structure formation
• mass profiles 
• cluster and lensed galaxies
• high redshift (z>7) galaxies

• looking for SNIa in parallel fields: dark energy
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