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Galaxy clusters

e concentrations of 100-1000
galaxies

e vel. dispersions ~1000 km/s

e Size: R~1 Mpc (tcross ~ R/0~1 Gyr
< th~10h"1 Gyr)

- Ro? _ (R o\ 2 14,
* Mass M ~ —7¢ ~ (T) (103) 10*° h™* My
e Components: DM (~85%),
BARYONS (~15%)

e Hot ICM: Tx~3-10 keV, ngas~103
atoms/cms3, Z~0.3 solar: fully
lonized gas emitting via thermal
Bremsstrahlung + line emission

Lx ~ ngas2(T) A(T) ~ 10%3-10%° erg/s
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Good reasons to study galaxy clusters

e powerful cosmological
tools

* ideal laboratories for
testing the predictions

of CDM on small
scales

o
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Inflation
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First Galaxies
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Good reasons to study galaxy clusters

e powerful cosmological 18
tools

¢ ideal laboratories for
testing the predictions

of CDM on small
scales

Log(p) [Mo/Mpc? n7]

_ Ps .
T/T8(1+T/T8)2 = 1 0 1 |
Log(r) [Mpc/n]

p(r)
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Good reasons to study galaxy clusters

e powerful cosmological
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testing the predictions
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Studying galaxy clusters with lensing

e multiple images

® positions

® numbers

e magnifications

e distortions

¢ relative magnitudes
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SL Parametric mass models

Approach:
|. 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 . L
gives reasonably source sizes. 70 =Y (L_*)

. . 1/2
7core — ’:0)'e(L/L*) / .
Feur = rcm(L/L* )
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Abell 61 |

Donnarumma et al. 2010
see also: Richard et al. 2009, Newman et al. 2009
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X? minimization
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X? minimization
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X? minimization
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Test with

simulations: ',
SkyLens

(Meneghetti et al.
2006, 2010)

optical simulator
which produces
maps of the sky

e UDF galaxies
as templates
(shapelets)

® including
lensing

® including colors

HST ACS images
of the cluster
centers
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Strong Lensing
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e 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)

e The model consists of
¢ Main halo, modeled using NFW

¢ Additional mass components associated to star-groups, modeled using PIEMDs
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¢ Additional mass components associated to star-groups, modeled using PIEMDs
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Strong Lensing
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e 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)

e The model consists of
¢ Main halo, modeled using NFW

¢ Additional mass components associated to star-groups, modeled using PIEMDs
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¢ Additional mass components associated to star-groups, modeled using PIEMDs
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e 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)

e The model consists of
¢ Main halo, modeled using NFW

¢ Additional mass components associated to star-groups, modeled using PIEMDs
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¢ Additional mass components associated to star-groups, modeled using PIEMDs
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e Multiple images detected in the HST images are used construct a parametric lens model
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e The model consists of
¢ Main halo, modeled using NFW
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Distortion of faint galaxies

Let consider a particular lensing regime
where we have small deflections, small
distortions, no multiple images (VVeak
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

__1(0)
[1 — k(0)]

1(0) =I¥[B, + A(6) - (0 — 6)]
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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: | measure the ellipticity, | 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 image centroid: 6 =

[d*01(6)qr[1(6)]0

fdQH I1(0)qp [I(O)]
® moreover, sources have their own surface ar(D) = H(I — Iy)
brightness profile th)

® the center of the galaxy is the “center of Qi = J4°0 1(0) a:I(0)] (6: — 6:) (6; — 6;) . 4,5 € {1,2}

M b3 ")H 0 - (}
light” of the galaxy [d26 1(0) q:[1(0)]

e the ellipticity is defined through the = Qu1 — Qa2 + 2iQ12 )
- - 9( — 02 \1/2
second moments of the brightness Qu + Q22 + 2(Q11 Q22 — Q)"
distribution

e = |e| exp(2ip) = €1 + i€
® |tis very common to work with the B i) |
complex notation v = |[ylexp(2ip) = 11 + iz

9 = |glexp(2ip) = g1 + igo
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From source to image ellipticities

As done for the lensed source, we
can define the source intrinsic

. cl 3 I1%(0) qr[I®(3)] (8 — B;) (3.
ellipticity in terms of the second Qij' )ar ™ (B)] ) (5

fd 3]‘“‘ Q) qr[I'5(3)]

moments of the unlensed brightness
distribution

A AT _ AN,

Using the fact that =AQA" =AQA
d?3 = det A dQH, ~ & (€79 if [g| <1 ;
— _ e N 1 . g*f — )

B-3=A4(0-0) O
1 —ge* .
if [g| > 1.
| €* — g*

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. u

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

E(es) =0
— L ifg| <1
- 1 — g*e
Averaging e'® = {
1 — *
I° it g > 1.
\ €F —g"
g if [g] <1
we get E(e) = TR GgRAE
1/g* if|g| > 1
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The noise is given by the dispersion
in the intrinsic ellipticity distribution

Averaging over N galaxies, the |-O
deviation from the mean ellipticity is

Thus, we can beat the noise by averaging over many galaxies!

[1 select a number of galaxies in a region and assume that the shear is constant within the
region

L1if the region is too large, the shear is smoothed

[1increase the number density of galaxies
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Point spread function

Intrinsic galaxy Gravitational lensing  Atmosphere and telescope  Detectors measure Image also
(shape unknown) causes a shear (g) cause a convolution a pixelated image contains noise
system PSF ] I

..............

1°(0) = [ 4% 1(9) P(6 - 9)

PSF has several contributors: telescope [ || 1 1
(airy disk), atmosphere, AOCS,... 2 7 | | I I

..................

cccccc

PSF can have weird shapes (anisotropy (W7

caused by coma, jitter, defocus,

astigmatism, ecc.) and change across ; T T
the field! e e
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1°(0) = [ 4% 1(9) P(6 - 9)

PSF has several contributors: telescope

(airy disk), atmosphere, AOCS,... . |

cccccc

PSF can have weird shapes (anisotropy Ll |t @
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Point spread function

B
-)=-)=-) J ]

Intrinsic galaxy Gravitational lensing  Atmosphere and telescope  Detectors measure Image also
(shape unknown) causes a shear (g) cause a convolution a pixelated image contains noise
system PSF
Observed Fit
2 ! A L XA ! A L !
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Tangential and cross
component of the shear

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

—Qi(b]

Yo = —RKe [“! e Tx = _I 1n [A.' €

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

Q.3 T T T T e .
profile, we can fit it with some : . ° |
parametric model : NEW A o :
0.2F =
SIS ~(z) = (72 +~2)V/2 = L o ]
(@) = (F +73)"/% = 5= = k(@) =~ | } 5
) —~ 0O0.F -
3 - {} } i
- S (e ]
(&ox) _ f(x) o - 1 """ i ............... { ...... i ,,,,, -
o(x) = = 2K — - b A
NFW r(e) = =2 = 2%, <3 0of } } \ ] pp 11
( 2 r—1 .
B R I R R N
Tr) = 2 l—x .
fla) =« 1 - jp— arctanh 14z (z <1) R [arcsec]
\ 0 (x=1)
N, o ) A2
L, = Z |57T2[8((31))]| + 21Ino[g(8;)]
v(z) =FR(x) — K(x) =1 L TS
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Aperture densitometry

) Omas
1) = K(01) — R0 0 mazx) —
C(0) = 7(02) 701 <0 < bu) = T—garza— /9 (10)dIn 0

0 0
2 2 max
Ce(61) = R(01) —R(B2 < 0 < Opan) = 2/ (y)dInf + —— / (v;)dn 0
01 1 — 92/97277@:1: 01

me(0) = 02¢.(0) = m(0) —m(fs < 0 < Opnaz)
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Aperture densitometry

I 2 Orns
C(0) = 7(00) = R(0r < 0 < Oe) = T 75— /9 () d1n 0

0 0
2 2 max
Ce(61) = R(01) —R(B2 < 0 < Opan) = 2/ (y)dIn 6 + ——— / (v;)dn 0
01 1 — 92/9maa: 01

Using the aperture densitomelry ohe can estimate a Lower
Limit to the mass within a given radius

me(0) = 02¢.(0) = m(0) —m(fs < 0 < Opnaz)
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Kaiser & Squires

5 1 (0*y(0) | 0*y(0
w(0) = 5( aeg)J“ 092)) . Loy
1 2 AF) = —5 (R +RDE),
1 [0%*p(0)  0%*u(h) . S
BN 5( 067 063 WE) = = 0k = KOE),
v (9_> = azw(g) Folk) = —kikato(k)
2T 50,00,

—2 ((k{—k3) .
k (2k1k2 K,

v = k[ - K, kb)) (1)

N

2> =D

o —

SN
|

3 | =

k(@) = / 20/ Re [D*(0 - ) 4(7)]

< (03— 62) —2i6,0
p(g) = 2= =200
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Tracing the mass with weak lensing
Kaiser & Squires inversion

B CL1232-1250
! (Clowe et al.)
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Tracing the mass with weak lensing
Kaiser & Squires inversion

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

R Sad ¥
AR e © o G £t 3

LT ket R - + ¥ T4
+ + o e o e ., 4

gt +'? t:++ #Tf" + ;*1*

LT NS ST, o TR Y Ll e

N ;cj‘ﬂ; e R A A
HE ik I PR DAL T

- N ¥y g '
| o T e Lrerd e 1;++$+¢ JE— :

SR TR T t i |
Tt T T * +lk+ " 1

Bartelmann et al. 1996, Bradac et al. 2005,
Merten et al. 2009
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Maximume-likelihood approach

Having seen the KS inversion method, we
consider now a “maxinaum Likelihood”
mebthod.

fu 1 "
L= (.11 — .22)
1,
9= = (W11 + 1 22)

Bartelmann et al. 1996, Bradac et al. 2005,
Merten et al. 2009
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Comblnlng WL+SL
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Examples from simulations

merged g 72 Y arc1fits O fT‘Gf]e" " z_arct ”.- 0 ,_,,, _yz_ arc1 it |"

120
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Mass sheet degeneracy

A circular source is mapped by a lens

with Jacobian A into an ellipse with a=1——> b=
axes: |

a—>b 24 ~
The ellipticity is then: €=

Consider a lens whose Jacobianis A = A’

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

v — Ay (1—k) = A1 —kK)
By means of this transformation the ellipticity of the lensed image would be:
;- Ay o
T T N1—r)

Thus, the ellipticity does not allow me to discriminate between lenses which differ by the
factor A
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Performances
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Performances
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De-projection
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e CLASH means “Cluster Lensing
And Supernova survey with

Hubble”

e This program has been

recently approved as a Multi-
Cycle Treasury program using

the HST (Cycles 18-20)

Approved MCT proposals
target P.1. orbits
. Sandra Faber
Wide field o rancon 902
Cluster Lensing And Supernova survey with Hubble Andromeda. 51;11101:2&2 828

A Hubble Space Telescope Multi-Cycle Treasury Program

P.I. Marc Postman (STScl) Co-P.l. Holland Ford (JHU)

Matthias Bartelmann ¢ Narciso Benitez ¢ Larry Bradley * Tom Broadhurst ® Dan Coe ® Megan Donahue ¢ Rosa Gonzales-Delgado
Leopoldo Infante ¢ Daniel Kelson ¢ Ofer Lahav ® Doron Lemze * Dan Maoz ¢ Elinor Medezinski ® Leonidas Moustakas ® Eniko Regoes
Adam Riess ® Piero Rosati ® Stella Seitz » Keiichi Umetsu ¢ Arjen van der Wel « Wei Zheng * Adi Zitrin

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?%

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

e Jlooking for strong lensing events and highly
magnified sources behind clusters

e insights into structure formation
e mass profiles

e cluster and lensed galaxies

e high redshift (z>7) Salaxies

e looking for SNIa in parallel fields: dark energy
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What will CLASH do?%

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

e Jlooking for strong lensing events and highly
magnified sources behind clusters

insights into structure for’matiOIklﬂ s >
mass profiles .

alaxies
e high redshift (z>7) Salaxies

e looking for SNIa in parallel fields: dark energy
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