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Einstein Ring formed when earth-lens-object
EINSILE:E ;me e parfacity siorend

/ CONVEX GLASS LENS

Light near the edge of a glasslensis
deflected more than light near the

optical axis. Thus, the lens focuses
parallel light rays onto a point.

LENS GALAXY

GRAVITATIONAL LENS

Light near the edge of a gravitational
lens is deflected less than light near
the center. Thus, the lens focuses light
onto aline rather than a point.

Muliiple mages formad when alignment is not perfact

Glass and gravitational lenses
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18th Century - John Michell , Laplace and Brief
Cavendish - deflection of light by a body,

assuming the corpuscular theory of light Hist()ry
and Newton’s law of gravitation.

e AT Wenn alfo .ein Lichtltral an einem Weltkorper vorbej
ABronomitehes geht, fo wird er durch die Attraktion deflthen gend
Jahrbuch thiget, anftatt in der geraden Richtung fortzugehen,

eine Hyperbgl wu befchreiben, deren konkave Seite
gegen den anzichenden Kérper gerichtet i,

fiir das Jahr 1804. !
nebft einer Sammlune

R

On the Deflection of a Light
Ray from its Straight Motion
due to the Attraction of

Ueber die Ablenkung eines Lichtftrals von [einer
geradlinigen Bewegung, durch die Attraktion eines
Weltkérpers, an welchem er nahe vorbei geht.

a World Body which it Passes Yon Hrn. Jok. Soldner. -
Closely (Johann Soldner 1801) N M-‘Ir;@

0.84 arcsec



Exploring consequences of a heuristic
assumption about static gravitational
fields, Einstein in 1911 published a
paper on the deflection of light by the
gravitational field of the sun.

In spring 1912, Einstein, then a professor in Prague, visited Berlin
where he met Freundlich, who was working at the Konigliche
Sternwarte, the Royal Observatory. It is quite possible that the 1ssue
was discussed at a meeting with Freundlich. At any rate, Einstein did
the gravitational lensing calculations during his Berlin visit as
evidenced by notes found in a small notebook dated to the period 1910
to 1914.
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There actually were plans to test Einstein's dass Liolhstndlo s sinars Gemvitihism
wrong prediction of the deflection angle [l s et capdicn.

during a solar eclipse in 1914 on the Russian Je—i Cnsaspaie

Crimea peninsula. However, when the VAL soscver o i e o ST T

observers were already in Russia, World War %% sl wvie L abuehomons
I broke out and they were captured by % Jﬁ""‘l ‘E"'"*")

: —— " Bl f".'.'"'. —
Russian soldiers. So, fortunately for - O o
Einstein, the measurement of the deflection |
angle at the solar limb had to be postponed for do ware dishald ve grdsalion -
eticesar, Ao Frn e gresdie Fovinitan -
a few years. he SLAN T trnnts dei
o adad feadin. Keagno . o ags-
(+ine H’mt%q} gereteiss soerdlen

To Georg Hale 1913
0.84 arcsec



1919 - Sir Oliver Lodge - proposal of gravitational lens,
similar to optical.
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With Arthur Eddington



In a superstitious age a natural philosopher

Eddington on 1919 Expeditions wishing to perform an important

_ experiment would consult an astrologer to

;-5 ascertain an auspicious moment for the

trial. With better reason, an astronomer to-
day consulting the stars would announce
that the most favourable day of the year for
 weighing light is May 29. The reason is
~ that the sun in its annual journey round the
ecliptic goes tyhrough fields of stars of
varying richness, but on May 29 it is in the
midst of a quite exceptional patch of bright
stars---part of the Hyades---by far the best
star-field encountered. ... by strange good
fortune an eclipse did happen on May 29,
1919.

1919 Briksh Expeditions
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Figure 6. Changes in star positions recorded during the eclipse of
1922 and published in Campbell & Trumper (1923). The eclipsed Sun
1s represented by the circle in the centre of the diagram. surrounded
by a representation of the coronal light. Images too close to the corona
cannot be used. The recorded displacements of other stars are repre-
sented by lines (not to scale)



A few years later (1924), Chwolson pointed out that
if a star, gravitational lens, and observer are in
alignment, the observer will see a ring-shaped image
of the star centered on the lens.

The lensing of light by a giant galaxy can make a faraway celestial object appear closer than it really is

Quasar as far as
10 billion light
years away

light rays from the quasar

are deflected by gravitational Chwolson_
distartion of space-time
Einstein

near a giant galaxy

To observers on Earth, the

galaxy appears to have a
ring of light around it Or

DISTANT OBIECT
Einstein-
Chwolson?

LENS GALAXY
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Calculations on gravitational lensing made by Einstein in 1936 as
background for a letter to amateur scientist R. W. Mandl. Einstein
here derives the equations published in his note of the same year.
The calculations are essentially equivalent to the ones of 1912.



DISCUSSION |

LENS-LIKE ACTION OF A STAR BY THE
DEVIATION OF LIGHT IN THE
GRAVITATIONAL FIELD

SoME time ago, R. W. Mandl paid me a visit and
asked me to publish the results of a little caleulation,
which I had made at his request. This note complies
with his wish, ;

The light coming from a star A traverses the gravi-
tational field of another star’B, whose radius is R,.
Let there be an observer at a distance D from B and
at a distance «x, small compared with D, from the ex-
tended central line AB.  According to thcbgcncral
theory of relativity, let a, be the deviation of the light
ray passing the star B at a distance R, from its center.

IFor the sake of simplicity, let us assume. that AB
is large, compared with the distance D of the observer
from the deviating star B.  We'also negleet the eclipse
(geometrical obscuration) by the star B, which indeed
is negligible in all practically important cases. To
permit this, D has to be very large compared to the
raddins R, of the deviating star.

1t follows from the law of deviation that an observer

situatgd exactly o the extension of the central line - Shsbramani.

A8 will porcclve, instead of a point-like star 4, a

luminius circle of the angular radius @atnround the

center of B, where g o]

e |B\]ao "!

It should be noted that thlsfangular dlameter B does

|
o

not decrease like 1/D; but like 1/\/3, as the distance
D increases.,

Of course, there is no hope of observing this phe-
nomenon dircetly. First, we shall scarcely ever ap-
proach closely enough to such a central line. Second,
the angle B will defy the resolving power of our

instruments.. For, a, being of the order of magnitude

of one seconh of are, the angle R,/D, under which the
deviating star B is seen, is much smaller. Therefore,
the light coming from the luminous circle can not be
dlstm«rulshcd by an observer as geometrically different
from ‘that cbmmg, from the star B, but simply wil
manifest itsclf as increased apparent brightness of 3.

The same will h‘nppen, if the observer is situated at
a small dis | ce z from the extended central line 4B.
But then ;:F obscrver will sce A as two point-like
light-sources| which are deviated from the true geo-
metrical positxon o‘f A by the angle 8, approximately.

The appmﬁent bt\xghtness of A will be increased by

. the lens-like | actlon of the gravitational field of B in

the ratio q. \ This | \q will be considerably larger than
unity only i 'z is sp small that the observed positions
of A and B cpincidé, within the resolving power of our
Simple geometrie consxderatxon? Jead
to the"exprcs%ion
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As T have shown previously,® the probability of the overlapping of
images of nebulae is considerable. The gravitational fields of a num-

ber of “foreground” nebulae may therefore be expected to deflect the
light coming to us from certain background nebulae. The observa-
tion of such gravitational lens effects promises to furnish us with the
simplest and most accurate determination of nebular masses

1940 1960 1980 2000
Year of Publication (Source: NASA-ADS)
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Q 0957+561 A, B — First observed gravitational lens system
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Quasar Image 1
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The Centre for Advanced Study
(CAS) at the Norwegian
Academy of Science and Letters
1s a basic research institution
devoted to ensuring that
outstanding, innovative
researchers get the resources they
need to make further scientific
advances. In other words, CAS 1s
intended to serve as a catalyst to
enhance the quality of the
Norwegian research system, to
raise the standards of Norwegian
basic and interdisciplinary

research to the highest
international level.
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high enough resalution, a microlensing event would
look like this. In practice, observers see only that the star got brighter.

Distortions

Magnification



8 BRIGHTNESS FLUCTUATIONS
of a quasar asit passes behind
the star cluster

MAGNIFICATION produced by star cluster: low [blue );
moderate green); high (red]; very high [yellow]

APPARENT MOTION OF QUASAR
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Time ——




Time series frequency content depends
on masses of halo objects
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Another system with strong microlensing : Q2237+0305
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Source quasar structure from
microlensing?
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MACHO — MAssive Compact Halo Object

Halo of dark matter

Large Magellanic Cloud BOhdan PaCZyr,] Ski

Idea in 1985-1986

Target star

GRAVITATIONAL MICROLENSING BY THE GALACTIC HALO ]
BOHDAN PAcCzyNsk1' 3 \
Princeton University Observatory -
Received 1985 August I accepted 1985 October 23 i é§
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Image Credit - ESA




Microlensing in our Galaxy
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MACHO - MAssive Compact Halo Objects

EROS - Expérience pour la Recherche d'Objets Sombres
OGLE - the Optical Gravitational Lens Experiment
MOA - Microlensing Observations in Astrophysics
MPS - Microlensing Planet Search Project

MicroFun - Microlensing Follow Up Network




Search of planets using
microlensing
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MOA 2003-BLG-53Lb : Jupiter-like planet
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OGLE-2005-BLG-390Lb 5.5 planet
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ANATOMY OF A SUPER-EARTH

A new class of planet has been discovered outside our solar system. In terms of their size and presumed composition, the two known
"super-Earths" are the most Earth-like worlds yet seen, but they also have striking differences

1: “GLIESE 876 d”
Distance from Earth: 15 light years
Mass: 7.5 times Earth

Temperature: over 200°C

Age: 9-10 billion years

Star: red dwarf

Distance from its star: 3 million km
Duration of year: 2 Earth days

METALLIC CORE

2: “0GLE-05-BLG-390Lb"
Distance from Earth: 22,200 light years
Mass: 5.5 times Farth

Temperature: -240°C

Age: 9-10 billion years

star: red dwarf

Distance from its star: 375 million km MOLTEN LAVA AND VOLCANOES

Duration of year: 10 Earth years

METALLIC CORE

EARTH
Mass: 6 trillion gigatonnes
Temperature: rising

: ICE AND ROCK | Age: 4.6 billion years

|CE LAYER (FROZEN ATMOSPHERE)

THE MILKY WAY

Super-Earth 2 (0GLE)
Constellation: Scorpio
GALACTIC 5

CENTRE
.

Constellation: Aquarius

|
50,060 ight years

RELATIVE SIZES AND ORBITING DISTANCES FROM THEIR STAR 1 AU = 150 million km

* Super-Earth 1 (Gliese) Super-Earth 2 (OGLE) #




Planet Detection Methods

Michael Perrvman. Rep. Prog. Phys., 2000, 63, 1209 (updated November 2004)

[corrections or suggestions please to muchael perrvman@esa inf]
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Splitting and distortions — weak and strong lensing
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Galaxy or group of galaxies distorts background images




Weak lensing — artistic phantasm

D o e

PATH OF LIGHT
AROUND
DARK MATTER




HST can see it all!

’ . B . *

] ! " STRONG LENSING ARC
WE}RI{ NSING ELLIPSE g

BACKGROUND SOURCE GALAXIES

Galaxy Cluster Abell 1689
Hubble Space Telescope * Advanced Camera for Surveys

NASA, N. Benitez (JHU), T. Broadhurst (The Hebrew University), H. Ford (JHU), M. Clampin(STScl),
G. Hartig (STScl), G. lllingworth (UCO/Lick Observatory), the ACS Science Team and ESA
STScl-PRC03-01a




Galaxy Cluster Abell 2218
Hubble Space Telescope « WFPC2

NASA, A. Fruchter and the ERO Team (STScl) « STScl-PRC00-08



Galaxy Cluster SDSS J1004+4112
HST AGS/WFC_

.Lenséd
« Galaxy

N ® ensed
Quasar

f

More fun!




Weak lensing

Originals
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SWULATION: COURTESY MIC GROUP, 5. COLOMBEIL AP,




Distribution of Dark Matter HST = ACS/WFC

6.5 billion™
5 billion yaars ago

3.5 billion years ago

years ago

COSMOS (Cosmic
Evolution Survey)

NASA, ESA, and R. Massey (California Institute of Technology) STScl-PRCO7-01a




ACDM

SCDM

TCDM

*

Virgo consortium




First light 20127
Cerro Pachon Chile
8.4m mirror

400 Moon images in
frame

4 shots in minute
Not Canon, not Nikon,
but still digital ”‘




Time series 1n gravitational
lensing context

Time delay estimation

Estimation of time delay systems
Time delays from blended light curves
Weak transients and their significance
High precision supernova lightcurves

Frequency content of the microlensing



Problems

Long gaps 1n data sets

High noise level

Crosstalk 1n photometric channels
Microlensing

Low resolution

Low number of crossing or magnification
events



