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Basics of gravitational lensing
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Surface brightness
is conserved
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The first discoveries
and surveys



(¥l

The first double: Q 0957+561
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Discovery of the Einstein cross
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Discovery of the Einstein cross

* Almost perfect
alignment with the
the core of the galaxy

* Unusually bright
nucleus
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Image configurations
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Symetric quadruple

WP (1994 from file mfhl
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Asymmetric quadruple

WP (1994 from file mfhl

arcasconds
O 10

=10

Falco et al. (1997)

arcasconds

1 1 1 I
A 10 12
kin Jul T3 1 33kEY 1985

(1“[ Bangalore, January 2007 (1“[



Long axis quadruple

WP (1994 from file mfhl

16

arcasconds
O

=10

CASTLES

arcasconds

1 1 1 I
A 10 12
kin Jul T3 13031157 1995

(1“[ Bangalore, January 2007 (1“[



o,
I o [ - [
T
| &
" -
"
[ n
[ ]
o
. E
. . 1}}
CASTLES

Rusin et al. 2001, Apd 557, 594

«nl Bangalore, January 2007 (1“[






The time delay method



Lenses and the Hubble parameter H,

Source
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Examples of light curves
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Intervening clusters and groups

Ellipticity-induced shear External shear
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Mass-sheet degeneracy

Scaled by
(1
Arrival time i
surfaces
Normalized
mass profile
(convergence)
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Lenses and the Hubble parameter H,

. Hy since 1870

o KFP Members

* DV or VdB
%3 and T
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Lenses and the Hubble parameter H,
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A word about microlensing
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Micro “images”




Microlenses

it

3
pir
b
=
:d
[
0
d
o
Eﬂ
el
(%,
i

:;"‘."h-.._\_ e —
- ; \ "-f-,__\__\_-\_ - R
I e
/.' -‘_‘l_- '“'“-L.L_L_L_H -
¢ q"““--—.h_hﬂ_‘f

4 normierte Zeit 1, {in Finatein—Radien)
-..__\\ ‘_. | N '

(1“[ Bangalore, January 2007 (1“[



Microlenses

EINSTEIN CROSS (QS0 2237+0305)

3000
HJD-2450000
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Microlenses
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Microlenses
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Do we need to measure H, ?



H,: most “popular” methods

1- Cepheids
* Local measurement
* Period-luminosity relation depends on metallicity
* Blends of photometrically variable objects
* Depends on a standard candle

2- Supernovae
« Constrainwell ( ,, )butnotH,

* Depends on a standard candle

3- Cosmic Microwave Background (CMB)
« Does not constraint H, on its own

* Sensitive to removal of low frequencies
* Assumes perfectly flat Universe
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H,: most “popular” methods

hire power spectrum

H, = 72 if the Universe is exactly flat.

H, = anything between 55 and 72
if the Universe is exactly flat.

Table 1. Parameters for degenerate models.

5-2 k 5_3 b .:a-r.. ' C; A JIf 1

(Efstathiou, 2003, MNRAS 343, L95)

0.00 0.0463 ).2237 )73 09X
—0.05 0.0806 ).3894 0.546
—0.10 0.1114 0.5386 0.446

—0.20 0.1714 0.8286 0.374
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WMAP and H,
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If the Universe is exactly flat then WMAP constrains H,
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COSMOGRAIL



Main goals of the project

To measure time delays with ~ 1-2% accuracy in
order to determine H,

To follow long- and short-term microlensing

To give alert for spectrophotometric monitoring

To provide deep high-resolution images of
lenses potentially useful to determine H,

To measure missing lens redshifts and
velocity dispersions
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Euler (Chile)
Vercator (LLarPalma)

2L 2I telESCOPES)

Teams and telescopes

Swiss node:

C. Vuissoz Belgian node:
A. Eigenbrod

G. Meylan P. Magain

F. Courbin L. Le Guillou
D. Sluse H. Van Winckel
P. Saha C. Waelkens
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British node:
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S. Dye

Uzbek node: Indian node:

M. Ibrahimov T. Prabhu
|. Asfandiyarov  D. Sahu
D. Sharapov Stalin
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Examples of images of lensed quasars at Euler

Target S/N: 100-200
per quasar image

Temporal sampling
adapted to each target

R-band (for a start)

Data analyzed using

(¥l
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Q 22374030/ R-band f 200s Original Deconvo lved
- i
Seeing ~ 1.0 arcsec Resolution = 0.42 arcsec
2 arcsec
Pixel = 0.28 arcsec Pixel = 0.14 arcsec
HE 0435-1223 Deconvolved

Seeing ~ 1.2 arcsec

Resolution: 0.48 arcsec
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Example of simultaneous deconvolution

B 1600+43
.
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Expectations



Expected accuracy on H,

Hubble constant (local units) Hubble constant (local units)

s8] 50 i 70 [208] 50

5 « best » lenses 6 « good » lenses
-8% accuracy . -10% accuracy

probability density
probability density

20

Hubble time (Gyt) Hubble time (Gyi)

Hubble constant (local units)

&0

5+ 6 lenses
-5% accuracy

probability density

14

Hubble time ( Gyt]

(cosmograil IV: Saha et al. 2005, A&A 450, 461)
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First light curve
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The quadruple RX J1131-123
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The quadruple RX J1131-123

1.2m Euler telescope (La Silla)

HST / ACS

(Sluse et al. 2003, A&A 406, L43)

q
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The quadruple RX J1131-123

RXJ1131-123
Infos  History (graph) History (fext) Planning  Update

R¥XJ1131-123 11:31:5540 -12:31:55.00 2 days

Chandra

Euler

Maidanak

Mercator

7 days - 30 days - 3 maonths - 1 year - 2 years

Automated log of the observations (Le Guillou & Vuissoz)
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The quadruple RX J1131-123

RXJ1131-123
Infos  History (graph)  History (text) Planning  Update

RYXJ1131-123 11:31:5540 -12:31:55.00 2 days

Chandra

Euler

Maidanak

Mercator

7 days - 30 days - 3 months - 1 year - 2 years

Automated log of the observations (Le Guillou & Vuissoz)
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The quadruple RX J1131-123
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The quadruple RX J1131-123

REXJ1131-123 (399 pts, 96 nights)
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First time delay



A new double: SDSS 1650+42

Polynomial fitting

of the light curves
and cross-correlation
techniques

o
—

probability density function
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o
]
g

Am

Vuissoz et al. 2006,
(astro-ph/0606317)
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A new double: SDSS 1650+42

Best estimate of the time delay:

At = 49.5 £ 1.9 days (~4%)

H,= 80.8 (+7)(-3) (de Vaucouleurs)
H,=51.7 (+4)(-3) (SIS)

No obvious galaxy in the direction
of the shear

Microlensing is negligible

A/B = 6.2 corrected for the time delay

Vuissoz et al. 2006, (astro-ph/0606317)
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Results from the HCT, India



DSS 1001+51

SDsSS1001+5027
Himalayan Chandra Telescope

30 min, R-band

Seeing: 1.5 arcsec

G1

FWHM: 0.28 arcsec

8

G2

Deconvolution

5 arcsec
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SDSS 1001+51

J1001+5027 in filter R
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Detailed follow-up at the VLT and the HST



An unusual quadruple: SDSS J0924+02

De-magnified image D
AN

Lensed host galaxy

HST (F555W+F814W+F160W)

|

Bluer arcs :  Lower redshift galaxy ?

_ Star forming region of the host ?
(Eigenbrod et al. 2005, A&A 451, 747)

aﬂl Bangalore, January 2007 (1“[



An unusual quadruple: SDSS J0924+02
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Modeling using Warren & Dye, 2003 ApJ 590, 673
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Spatial deconvolution of spectra

Spatial direction

Spectral direction

Multiple slits
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An unusual quadruple: SDSS J0924+02

Spectra of star a Spectira of ster ¢
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VLT Multi-Object-Spectroscopy

* Redshift of the lens (3h of exposure)

¢ Tempora| variations (miCI‘OlenSing) 5000 6000 7000 BO0O 5000 6000 %000 8000
A [A]

Reference stars :
* PSF
* Flux calibration
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An unusual quadruple: SDSS J0924+02
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COSMOGRAIL publications so far

O Eigenbrod et al. 2005, A&A 436, 25

O Eigenbrod et al. 2006, A&A 451, 747

C Eigenbrod et al. 2006, A&A 451, 759

. Saha et al. 2006, A&A 450, 461

C Vuissoz et al. 2007, in press in A&A (astro-ph/0606317)

C Eigenbrod et al. 2007, accepted by A&A (astro-ph/0612419)



An unusual quadruple: SDSS J0924+02

14 January 2005 1 February 2005

Ratio {B/A) Ratio (B/A)

Component A j Component A

Funciion aB+# Function aB+g

Difference (A—aB—£} Difference (A—aB—g)

a=2.80 o=2.86
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An unusual quadruple: SDSS J0924+02
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TG00
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Component B varies first (solid curve:
first epoch)

—Expected time delay = time interval
between observations (15 days)

The solid curves in the lower panels
should match the dotted curves in the
upper panels

- The variations are due to
microlensing



Integral field spectroscopy of lens galaxies

VLT FLAMES/ARGUS field of view in the Einstein Cross
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Integral field spectroscopy of lens galaxies

Lensing vs. Dynamics

Lensing using dynamics

VLT/ARGUS

HST H-band

VLT/SINFONLH-band
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Summary

H, still is not known with an accuracy any better than 10%

International monitoring campaign with 5 medium-size
telescopes.

* Target accuracy 1-2% can be reached on individual time delays
even in presence of microlensing.

* Residual microlensing of 1% has no effect on the time delay
measurement.

* Below 5% accuracy on H,using only the COSMOGRAIL
time delays

* Follow-up of microlensing events and use of Einstein rings to
constraint the lens models.
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Saas-Fee Advanced Course 33
Swiss Society
for Astrophysics and Astronomy

EE 394-5€ES

Saas-Fee Advanced Course 33

The theory, observations, and applications of gravitational lensing
constitute one of the most rapidly growing branches of astrophysics.
The gravitational deflection of light generated by mass concentra-
tions along a light path preduces magnification, multiplicity, and
distortion of images and delays photon propagation from one line
of sight relative to another. The huge amount of scientific work on
gravitational lensing produced over the last decade has clearly
revealed its already substantial and wide impact and its potential
for future astrophysical applications.

The up-to-date contributions in this book are based on the lecture
notes of the 33rd Saas-Fee Advanced Course of the Swiss Society for
Astrophysics and Astronomy, entitled Gravitational Lensing: Strong,
Weak, and Micro. The book comprises four complementary parts,
written by leading experts in the field, constituting a genuine text-
book about gravitational lensing:

P. Schneider C. Kochanek
J.Wambsganss

Gravitational
Lensing: Strong,
Weak and Micro

Sursua [euoneIIARIN

« Peter Schneider - Part 1: Introduction to Gravitational Lensing
and Cosmology

» Christopher Kochanek — Part 2: Strong Gravitational Lensing

« Peter Schneider — Part 3:Weak Gravitational Lensing

« Joachim Wambsganss — Part 4: Gravitational Microlensing
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Students and researchers alike will benefit from this comprehensive
presentation of the astrophysical and astronomical aspects of gravi-
tational lensing.
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