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WHAT IS

Gravitational lensing |

IT GOOD FOR?

nas developed into a key tool to

measure masses of obj

dynamical state.

ects, irrespective of their

Another important application is the study of the
statistical properties of the matter distribution to
constrain cosmological parameters.

Other useful applications are the detailed study of
distant magnified objects and the clumpiness of halos
through microlensing. The latter can also be used for
population studies of planets.




SOME HISTORY

That gravitational lensing occurs was long known: it was
used by Eddington to test General Relativity.

[ts use for the study of galaxies/clusters was proposed in
the ‘30s by Zwicky.

Some theoretical work was done in the ‘60s, but it was
considered mostly a waste of time...

A major milestone was the discovery of the first lensed
quasar 1n 1979.
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First lens QSO0957+561 was discovered in 1979 (Walsh et al.)



RAPIDLY CHANGING...
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RAPIDLY CHANGING...

Number of refereed papers with “gravitational
lensing” mentioned in the abstract in ADS.

1980 27
1985 35
1990 116
1995 220
2000 301
2005 315
2010 Sal

2011 333



FOUR LECTURES

Introduction
Cosmic shear/Interpretation
Measurements / Tests

Applications/Results



USEFUL RESOURCES

Lecture notes by P. Schneider for the 33rd
SAAS-FEE Advanced Course:

http:/[www.astro.uni-bonn.de/~peter/SaasFee.html

April 7-12, 2003

Les Diablerets, Switzerland

SPEAKERS:

Strong Lensing, C. S. Kochanek (CfA)
Weak Lensing, P. Schneider (Bonn)
Micro Lensing, J. Wambsganss (Porsdam)

CONTACT:
web, htlprobswew.unige.ch/saas-fee
email, saas-fee@obs.unige.ch
or gmeylang@stsci.edu
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INTRODUCTION

Light rays are deflected when they propagate through an
inhomogenuous medium (following Fermat’s principle)




INTRODUCTION

Light rays are deflected when they propagate
through an inhomogenuous gravitational field.




INTRODUCTION

The cluster mass distribution causes a distortion in the shapes of
background galaxies. The leads to spectacular lensing examples.



INTRODUCTION
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Galaxy Cluster Abell 2218 HST « WFPC2
NASA, A. Fruchter and the ERO Team (STScl, ST-ECF) * STScl-PRC00-08




LENSING=OPTICS

et us assume:

- gravitational field is weak
- deflection angles are small
- deflection occurs on scales << scale of the Universe

We can define a coordinate system in which the GR
line element is

dt” =(c" +2®P)dt’ - (1-2® / c*)ds”

and @ is the Newtonian potential



LENSING=OPTICS

We can now use Fermat’s principle: dt has to vanish

0
dt=\/1_2q)/c dszl(1-23)ds=ﬁds

% D
et D C C C

Newtonian potential plays role of “index of refraction”




LENSING=OPTICS

B

ds|,

Photons follow the path for which the light travel time

t=lfn°ds

‘
is stationary to small changes in the path.



LENSING=OPTICS

Through variational analysis one can show that
Lo o ol
O{=deV¢n=——2deVL(I)

s G

Using &(x)=-G f dx' L (xl)

e

We find that:

e ek [ x=(x)nx - x|
C



DEFLECTION BY A POINT MASS

GR weak field deflection is 2x Newtonian:

a=2xlf§gl_4GM

0
e C bc

Any mass distribution is just the sum of point masses, which

leads to the previous result in terms of surface mass density:.




LENS EQUATION
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Source plane | / = -Dd £ Ddsa(g)
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B =6 %d*‘" &(Dy6) = 0 — a(0)

Observer



LENS EQUATION

B =6-a0)

The mapping from image to source plane is easy. This is
not the case for the mapping from source to image plane:

A source with true position g will be observed at
all positions 0 that satisfy the lens equation.
Multiple solutions are possible: a single source
can be observed at several positions on the sky!



STRONG LENSING

Gravitational Lenses HST - WFPC2
PRC95-43 - ST Scl OPO « October 18, 1995 - K. Ratnatunga (JHU), NASA




STRONG LENSING




CONVENIENT NOTATION

[t is convenient to rescale the surface density using

2
K(H) e 2 ’ Zcrit = : DS
3 4nG D, D,

Crit

[f the convergence k>1 then the lens equation
is guaranteed to have multiple solutions
(sufficient but not necessary condition)



SOURCE REDSHIFTS

2crit = Cz DS
4nG D, D,

To relate the lensing signal to physical quantities
we need to know the redshifts of the sources.

Spectroscopy is expensive, but lensing kernel is
broad and photometric redshift are sufficient.



CONVENIENT NOTATION

The deflection angle is given by

a(f) = — fd 9 k() b _= V¥ ()

-9

where the deflection potential is defined as

W)= [d*9-k(@)n|o -9
JU

Note the “Poisson equation”: VW (0) =2k(0)



3. Distortion

There 1s a 4th one called “flexion”




DELAY

Delay: 0" derivative
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magnitude
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TIME DELAY
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DEFLECTION

Deflection: 1st derivative

Vr=0
(J— _);— 6! D) — ()

Units: (angle)?



DIFFERENTIAL DEFLECTION

Lens “pushes” sources away

radial squeezing:




DISTORTION

Distortion: 2nd derivative
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WEAK LENSING

The effect of lensing is to remap the images of extended
sources, while conserving surface brightness

1(6) = I)[3(8),

[f the source is small compared to the scale on which
the deflection angle changes:

1(6) = I®[B + A(6o) - (6 — 60)]

~J

=00 (150 25) o 0~ 20




WEAK LENSING

convergence and
shear

O convergence only

€

Two ettects: shearing and magnification



OBSERVABLES

reduced shear: 9 = 1 f <)

1 —b/a b 1—
ja . b g
a

9= 10/ 1+ g

| | |

magnification: u= R G B Rl e A )



MAGNIFICATION

Magnification has two effects:

true sky observed sky

<.

- true survey area is 1/ u times larger

- objects are u times larger/brighter

1 S
n(> S, z)=— n <> ,:>
| w@,2) "\ u(8,z)




MAGNIFICATION

number

magnitude



MAGNIFICATION

\/ reduction in volume

number

magnitude



number

MAGNIFICATION

INncrease in counts

\/ reduction in volume

,/increase in flux

magnitude



MAGNIFICATION

INncrease 1N counts decrease in counts

number

magnitude



MAGNIFICATION AROUND GALAXIES
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GRAVITATIONAL TELESCOPE




GRAVITATIONAL TELESCOPE




ARK MATTER
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In the absence of noise we would be able to map the matter

distribution in the universe (even “dark” clusters).



CONVENIENT NOTATION

Recall that:  W(g) = [ d*9 k() njo -9
JU

a(0) = V¥ (0)
VW (0)=2K(0)
but also that:
1{*®F o) PRV
)/1 = 9) ) and )/2 "
20 d 0 dx,0x,

The shear and the convergence are related



MASS RECONSTRUCTION

1

v(0) = _/ d°0'D(0 — 0') k(0') , with kernel
T JR2
03 — 67 — 2i6,05 —1

[ (01 —i62)*

S
=
I

Hence Y is a convolution of k with a kernel D.
In Fourier space this becomes:

N

Y¥(€) =n"'"D¥)k(€) for £#0.



MASS RECONSTRUCTION

With inversion: &(€) =7n7'45(£) D*(€) for £+£0

where (62 T )
) 2 — 22 4 %, /0,
T
was used (this implies DD* = 7%).
Fourier back-transtormation then yields
1 :
K(0) — kg = - /]R2 4’60’ D*(6 — 6')~(0')

Kaiser & Squires (1993)

The surface density can be recovered up to a
constant: mass-sheet degeneracy



MASS RECONSTRUCTION

The surface density is a real quantity and the
imaginary part of the integral should vanish.

Both shear components are not independent: there is
redundancy in the measurements, which can be used
to check for residual systematics (see tomorrow).

The integral extends to infinity, but data only for finite
field. This is particularly important when the field-of-
view is small and finite field methods have been
developed to solve this problem.




MASS RECONSTRUCTION

We can “see” dark matter!

[}
n 4

Y ™ C:lo_v'\iefe_’g al. (28062.



TANGENTIAL SHEAR




TANGENTIAL SHEAR

v,
Gauss’ theorem: f 420V VW — Hfﬁ dpVW *n

2,

m(0) = — fd 9 k(9) = zngﬁdqpi;g

dm m 0 AV m
=2t o= $do— == +6[(x(8))~(1,(0))]

where we used that =K—Y;



TANGENTIAL SHEAR

dm

m@)=0"kx0) = -

= 260K (6)

by,
(y,)(0) = k() -(K)(B)

The tangential shear provides a direct measure of the mass
contrast. This can be used to estimate projected masses within a
radius with minimal assumptions about the radial matter
distribution.



TANGENTIAL SHEAR
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WEAK LENSING S/N

The signal-to-noise for an individual lens (described by isothermal sphere with
l.o.s. velocity dispersion o) is

S N4( n )1/2(06)—1 o ? (Dgs/ Dy)
N~ " \20arc min 2 0.3 600 kms ™ 0.6

e Clusters of galaxies (o, & 600km/s) can be detected with S/N < 4 from
weak lensing:;

e individual galaxies (o, ~ 200km/s) are too weak as lenses to be detected
individually






MASS-X-RAY PROPERTIES
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TESTING X-RAY MASSES

—_
_
|
|

“cool core”

X-ray / WL mass

0.7 - L =

Mahdavi et al. (in prep):
gas is not always in hydrostatic equilibrium.



STACKING SIGNALS

[f the masses are too low, one can still learn about the
cluster properties by stacking the signal of many systems.

This is for instance done for galaxy groups (Hoekstra et al.
2001; Parker et al. 2006).

Similarly, although SDSS imaging is not deep enough to
study the masses of individual clusters, the signals of
similar systems can be combined.

For instance this allows studies of the cluster mass profile
out to large radii



LENSING BY GROUPS
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Parker et al. (2005)



CLUSTER DENSITY PROFILES

AL(hMg/ pc?)

107 0.1 1 10 107 0.1 1 10 107 0.1 1 10 10
r (h" Mpc) r (h' Mpc) r (b’ Mpc)

Johnston et al. (2007)



RCS2 - 28,000 CLUSTERS
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RCS2 - 28,000 CLUSTERS

van Uitert et al. (in prep)

( )
(Preliminary)
1]
— RCS2 }_
— MaxBCG %
o 10M} i
= : :
1
ﬁ 1

10 L o 1
10 100

N
L 200 )




Tanaential shear

RCS52: 800 square degrees (van Uitert, in prep.)

AROUND GALAXIES
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HoOwW TO INTERPRET THE SIGNAL.?

The signal (the galaxy-mass cross-correlation function) is the
convolution of the dark matter distribution around galaxies
and the clustering properties of the lenses.

We have some options to infer information about the properties
of the dark matter halos around galaxies:

- interpret the data in the context of a model (simulations/analytical)
- deconvolve the correlation function
- look at isolated halos



HALO-MODEL INTERPRETATION
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HALO-MODEL INTERPRETATION

Fitted halo models
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Shear

SIGNAL VS STELLAR MASS
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CONCLUSIONS

Weak lensing studies of clusters, groups and
galaxies provide important information to link
observations to simulations, which in turn leads to
a better understanding of baryon physics.

Sample sizes are increasing rapidly (KiDS, DES, Euclid).
Therefore it 1s important that the analyses become more
sophisticated.



