Virial Theorem for Clusters

* Galaxy clusters — “fair samples” of the universe.

* Coma is closest relaxed cluster
* Original mass measurement was by Zwicky (1933).
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W= S5 308°M,

*  Measure n(r) , o,(r)

n(r) = # of galaxies,

-~ . . Determining membership
o,(r) =vel. Dispersion

» Fit to models based on PN
collisionless Boltzmann eq. >
~ isothermal, non-spherical. 'g
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X-ray emitting gas in clusters (6O fig, 27.17]

* gas is important mass component of cluster

* High-energy detestor

0 . 4
L) Medium-cnergy detectin

* emission by thermal bremsstrahlung (free-free).
o Ly~10%-10% erg/s (5x10% erg/s for Coma) 1o

freq.
amplitude distr.

— Best-fil thonnal bremssirahlung spectnin

Photons/m” sec keV

£,dv =544 x 10772 (dznl) T2 dy W3

Flux >

T~ 107 K. Why? . o

- Heated by shocks: infall, radio jets, SNe, etc. Energy > miev= By

* Temp. set by (heating rate) = (cooling rate).

» Cooling rate depends on nn, T2
* low density = high T
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X-ray emitting gas in clusters [CO fig. 27.17]

* gas is important mass component of cluster

]

* emission by thermal bremsstrahlung (free-free).
o L,~10%-10% erg/s (5x10* erg/s for Coma) 102

freq.
amplitude distr.

— Best-fil thonnal bremssirahlung spectnin

Photons/m” sec keV

r—% f_H
Codv =544 x 1077 (danl) T2 gy Wm™?
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total = *ﬂst‘Evdv =1.42x10 27> Wm™
’ [CO eq. 27.19] .
Measure Ly, R, T I b K —y
Solve for n, = electron density (electrons m-3) Energy > &®
= H nuclei m-

Mass = n, x m;x volume

Flux >

.« My, = (43)7Rnm, = 3x104M,
° Mstars: (M/L)LocalLV = 2x10V MO ’

10x more baryons in hot
intergalactic gas than in stars

But still factor of ~10 short... Hydra A - Chandra Hydra A - Optical




Gravitational Lensing

» Foreground cluster distorts images of numerous background galaxies.
* Use to determine total mass of foreground cluster.
» Shows that 85% of mass is Dark Matter.

Gravitational Lensing

The Schwarzschild metric:

-

dr > \ r
) — (rdf) — (rsinfdg)”

J1=2GM/rc?
Forlight: ds=0 b

dr [ 2GM)
=c|l1- [CO 17.28]

(ds)? = (('(H\.-"] -2G M',/J'E'J): - (

= Wavefront is retarded near a massive object.
=> path of light is bent. e
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Gravitational Lenses 1938+666

The “Einstein Cross”

Galaxy at center causes 4
images of same quasar.

Gravitational Lens Simulator
Blandford & Narayan 1986 ApJ, 310, 568
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Reflective, stretchy membrane

Lensing Mass




Gravitational Lensing by a Point Mass
[CO Sect. 28.4]
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Point mass
forms

two images
(or ring)

— For sun: rays intersect at d, ~ 50 ly
* Fordg>>d,

e — ﬁ;(:_&_)\ ds _c“L\ - 4-9':—‘1
& s dsd S & cl‘_

* For stars in Milky Way:
- M=1M,,,d =10*ly => 0 ~2x 10 arcsec
* For external galaxies

- M=10"M,,, d =101y ==>06; ~ 1 arcsec

sun ¥

+ Need B <0 to see multiple images (strong lensing)
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Lensing C

See Refsdal (1964) MNRAS 128, 295
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Lensing of Extended Sources
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