Physics of galaxy clusters from X-ray observations

M. Markevitch (CfA)
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1E0657-56

n ~ 1072 -10"3cm™3
Te ~ 1-10keV

B ~ 1uG

o B ~ 500

X-rays: hot intergalactic gas — dominant baryonic component
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Qrelat|V|st|c electrons, y ~ 10*

radio synchrotron

D ; 500 kpc




Galaxy cluster formation

Mergers are the most energetic events since the Big Bang:
Exin Up to ~ 10%3-%4 ergs

Unique laboratory of cluster physics:

shocks, “cold fronts”, gasdynamic instabilities, turbulence;

particle acceleration, dynamic effects of magnetic field;
dark matter effects



Merger shock fronts
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Chandra X-ray image
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1E065/7-56

Chandra X-ray image
weak lensing mass contours (Clowe 06)



1E0657-56: textbook example of a shock front
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Physics from shocks |. Electron-ion nonequilibrium?

e At shock, protons heated dissipatively

e Electrons heated adiabatically and then reach equilibrium with protons on t~ ¢,

T Te

(simulations by Takizawa 1999)



Model predictions for Bullet cluster shock:

Tep << Coulomb

Tep = Coulomb
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1600 km/s

0
X, arcsec




Model predictions for Bullet cluster shock:

Tep << Coulomb

Tep = Coulomb

-—

1600 km/s

0
X, arcsec

e 95% confidence: 7, << Coulomb



Physics from shocks II. Particle acceleration

A521

1 Mpc

Chandra X-ray image Giacintucci et al. 08



Physics from shocks II. Particle acceleration
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Chandra X-ray image Giacintucci et al. 08



Physics from shocks II. Particle acceleration

A521

827 MHz GMRT

Chandra X-ray image Giacintucci et al. 08



A521 relic radio spectrum shock X-ray brightness profile
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Cold fronts



A3667
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Physics from cold fronts |I. Diffusion and conduction

sectors 1a+3a, bin 3.5”
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Width of density jump d < 4 kpc ~ 10-15 kpc
— diffusion across front is suppressed
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Physics from cold fronts Il. Viscosity
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1E9657“-56 : no turbulence —» Re< 10

ML
Re ~ e — A > few kpc

Spitzer 4 = 1 - 10 kpc

— Plasma viscosity > Spitzer




Physics from cold fronts Il. Viscosity

1E 0657—56 no turbulence

Spitzer 4; = 1 - 10 kpc

Upper limit: need turbulence
to generate radio halos



Summary

X-ray observations of intracluster shock fronts and cold fronts
offer interesting tests of plasma properties:

e From the best-studied shock (Bullet cluster), ¢, << Coulomb

(first such measurement in any astrophysical plasma?)

e Directly see relativistic particle acceleration by shocks —

even in relatively weak, M ~ 2 fronts

e From sharpness and stability of cold fronts:
o diffusion and thermal conduction are suppressed

o viscosity probably as high as Spitzer



opt lens halo merg le-x tmap x-lens M 520 takiz tei 521 521-spec 3667 1404 lam visc Sum 754 drap solar

Thermal conduction in the bulk of ICM

A754

Time for T variations to disappear
(for Spitzer x):

2
tcond ~ kn;sl = 1.2 X 107 yr

Age of the structure:

Conduction suppressed by factor

tage
tc:ond > 10

Chandra T map (Markevitch et al. 2003)



opt lens halo merg le-x tmap x-lens M 520 takiz tei 521 521-spec 3667 1404 lam visc Sum 754 drap solar

Magnetic draping

Simulation of magnetic field around cold front (Asai et al. 05)

a logp b
ol H 1.50
]
0.800
\ N 0.100



opt lens halo merg le-x tmap x-lens M 520 takiz tei 521 521-spec 3667 1404 lam visc Sum 754 drap solar

Typical Earth’s bow shock:

Hull et al. (2001)
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opt lens halo merg le-x tmap x-lens M 520 takiz tei 521 521-spec 3667 1404 lam visc Sum 754 drap solar

Typical Earth’s bow shock:
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