Gravitational Lensing
in the Universe

FHENER

HBi#E (Umetsu) 81— (Keiichi)
PR XFT AR 8

111111111






RILKRF@
BRRWE™

?

=
2
S
©
D
O
e
=




Wheream | from?
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Looking back to 2003 (14%EHi)..




Where are we?



Where are we? — Solar system (K&%)
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Galactic Longitude
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Where Is our Galaxy? — Local Group

Local Group (2% #%): our [ /E
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Local superclusters (B2 % H)

Network of Superclusters
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Now looking into the sky
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Many? Distant Galaxies (B2 %)
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Clusters of Galaxies (2 &H)

*»”

. - ,‘47

it ~ . s i ~ Joravitational Lens in Galaxy Cluster Abelhs% HWBLESITEAor‘g s
: ] X

. B
- '\o~ "‘

»

Cluster A1689



Hubble Frontier Fields

"zzzz,i’;;acer@lusters of GaIaXI"‘eS (2% M)

AC%PC F814W + WFC8/IR F105W

Cluster A2744.
Massive merging
: cluster
.



The Coma Cluster (Coma £ %
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Size of Hubble eXtreme Deep Field on the Sky

Digitizéd Sky Survey (ground-based image) for comparisen
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Gravitational Bending of Light

Einstein’s & 15w (FBx15®): Mass distorts space-time
(F§2ZE), and light follows a curved path (geodesic).

actual star observed star
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The Bending of Light

Apparent
scisition

First test with the A

total eclipse in 1919
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Computer simulation



Einstein Ring by & Jji&E#E
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Hubble Space Telescope
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Einstein Ring Examples

Hubble Space Telescope
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ERFAENFEIR: Arcs

Cluster A2218
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Cluster CL0024+1654
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Seeing the unseen: EE'¥ME

Abell 1689
HST ACS/WFC
-
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= 1 million light-years
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Seeing the unseen: Y&
582 %M (Bullet cluster)
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Hunting the first galaxies with lensing
Highly magnified distant galaxy: FEHMERRFIENEERE R
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Cluster MACS064
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Summary

Gravitational lensing is exciting!!!
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(M vs. EHBEE
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Multiple images of HBHT £
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B RHEAHFEEE: Giant arcs
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Supplementary material
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Photons (3&F): travelers in the cosmos

Photons are traveling through the clumpy universe.




Great walls, fllaments volids
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Gravitational Growth of Structure

Computer simulation
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Night Light Map




Gravitational Lensing
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Clusters of Galaxies

 Deep HST image of -
masswe galaxy cluste

Clusters of galaxies: largest
self-gravitating systems
(aka, DM halos) with 0>>1,
| composed of 10?3 galaxies
VIr - 1014_15 M sun / h
i ~1—-2Mpc/h =t

2Npch N KT, ~ 5-10keV
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Simulation of dark matter around a forming cluster (Springel et al. 2005)



Strong and Weak Lensing in Clusters

Observer Cluster of Galaxies Background Galaxy

Non-Linear
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Strong Lensing:
Critical Curves and Caustics

Elliptical lens potential (non-circularly symmetric case)
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