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“Einstein Cross” 2237+0305:
galaxy at z = 0.04, lensing quasar at z = 1.695







Einstein’s general relativity has a 
reputation for being a very complex 

and highly mathematical theory





“Spacetime tells matter 
how to move, and 
matter tells spacetime
how to curve”

Gravity in EinsteinGravity in Einstein’’s Universes Universe



Gravity in EinsteinGravity in Einstein’’s Universes Universe

As light passes close to 
a star its path is bent 
by the curved spacetime

Gravitational Lensing



Three regimes:Three regimes:

o Strong gravitational lensing
• Easily visible distortion of background objects: 

arcs, rings and multiple images

o Weak gravitational lensing
• Distortions much smaller: can only be detected   

statistically, analysing large numbers of galaxies

o Gravitational microlensing
• No distortion can be seen, but the brightness of 

a background object changes in time.
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If the observer, lens and source 
are exactly aligned, images form 
an  Einstein Ring

Chwolson (1924),  Einstein (1936),  Zwicky (1937)
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Background source Lens

Lensed image 
of source

Einstein ring



As the lens crosses in front of the source, the brightness of the 
source increases by a significant factor, then decreases again.

Courtesy:  B.S. Gaudi



Strong lensing:  multiple images of background galaxies





Cabanac et al (2005).
Massive elliptical galaxy at z = 0.99, 
lensing a post-starburst galaxy at z = 3.78 





Complex caustic 
structure due to 
extended mass 
distrib. of lens

Can produce very 
complicated image 
structure.





Courtesy: J. Wambganss





“Einstein Cross” 2237+0305:
galaxy at z = 0.04, lensing quasar at z = 1.695



Gravitational microlensing of the Einstein Cross:
The individual images of the quasar change in brightness as 

they are microlensed by individual stars in the lensing galaxy 

Lewis & Irwin (1994)



Three regimes:Three regimes:

o Strong gravitational lensing
• Easily visible distortion of background objects: 

Einstein rings, arcs and multiple images

o Weak gravitational lensing
• Distortions much smaller: can only be detected   

statistically, analysing large numbers of galaxies

o Gravitational microlensing
• No distortion can be seen, but the brightness of 

a background object changes in time.



Weak lensing:  distorted images of background galaxies

Unlensed view of background galaxies Lensed view of background galaxies



Courtesy: Y. Mellier



Distortion of background images by foreground matter

Unlensed Lensed

Mapping dark matter with weak gravitational lensing







Bullet cluster:
When clusters collide

HST optical image: 
shows luminous galaxies

Chandra X-ray 
image: also shows 
‘dark’ cluster gas



Bullet cluster:
When clusters collide

HST optical image: 
shows luminous galaxies

Dark matter, 
reconstructed 
from strong 
and weak 
lensing

Chandra X-ray 
image: also shows 
‘dark’ cluster gas



Lensed galaxy at z = 5.6



Cosmology – the study of the 
Universe as a whole:

• Origin
• Evolution
• Eventual Fate



A long time ago,

in a galaxy far, far away…



Edwin Hubble



1922: Hubble finds 
Cepheids in the Great 
Nebula in Andromeda



Measuring Astronomical Distances: Parallax



Measuring Astronomical Distances: Parallax

Even the nearest star shows a 
parallax shift of only 1/2000th

the width of the full Moon





25000      10000      8000   6000     5000  4000    3000

Surface temperature (K)

O5  B0       A0        F0          G0       K0       M0      M8

Lu
m

in
os

ity
 (S

un
=1

)

Spectral Type

1

102

104

106

10-2

10-4

-10

-5

0

+5

+10

+15

A
bs

ol
ut

e 
M

ag
ni

tu
de

. . . . .
. . . .

.
.

.
..
. ....

..
.. .. .. .

.....

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

......
...

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

..
......

. .
. .

.........
..

.. ..

.
.

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

..

..
..Regulus

Vega

Sirius A

Altair Sun

Sirius B

Procyon B

Barnard’s
Star 

Procyon A

..

.. .
.. Aldebaran

Mira

Pollux

Arcturus

Rigel
Deneb

Antares

Betelgeuse

CEPHEIDS





25000      10000      8000   6000     5000  4000    3000

Surface temperature (K)

O5  B0       A0        F0          G0       K0       M0      M8

Lu
m

in
os

ity
 (S

un
=1

)

Spectral Type

1

102

104

106

10-2

10-4

-10

-5

0

+5

+10

+15

A
bs

ol
ut

e 
M

ag
ni

tu
de

. . . . .
. . . .

.
.

.
..
. ....

..
.. .. .. .

.....

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

......
...

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

..
......

. .
. .

.........
..

.. ..

.
.

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

..

..
..Regulus

Vega

Sirius A

Altair Sun

Sirius B

Procyon B

Barnard’s
Star 

Procyon A

..

.. .
.. Aldebaran

Mira

Pollux

Arcturus

Rigel
Deneb

Antares

Betelgeuse

CEPHEIDS

Pickering 1912





Brightness falls off with the square of the distance, because 
surface area of a sphere increases with the square of the radius

Measuring Astronomical Distances:

Inverse Square LawInverse Square Law





Herschel’s Milky Way (1790)

Shapley’s
Model (1915)



The nature of 
the nebulae?…

Early 20th Century

Gas clouds within the Milky Way, 
or Island Universes?….





The Great Debate, 1920

Shapley   vs Curtis
at the National Academy of Sciences



The Great Debate, 1920

Shapley   vs Curtis

Shapley argues successfully 
that the nebulae are within 
the Milky Way

at the National Academy of Sciences



Hubble measured distances to 
dozens of nearby nebulae

Even the nearest, 
in Andromeda, was 

millions of light 
years distant


