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Chandra X-ray Observatory

ACIS detector:

0.5-8 keV energy band
16° 16° FOV



Galaxy cluster formation

Mergers are the most energetic events since the Big Bang:
Ewin upto  10°3 4 ergs

Unique laboratory of cluster physics:
shocks, instabilities, ram pressure stripping,

particle accelertion, magnetic eld ampli cation,
dark matter effects
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Chandra X-ray image
weak lensing mass contours (Clowe 06)



1E0657-56: textbook example of a shock front
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0.4, shock v=4700 km/s
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Chandra X-ray image

500 kpc

z=0.2



A521

1 Mpc

Chandra X-ray image Giacintucci et al. 08
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Chandra X-ray image Giacintucci et al. 08
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327 MHz GMRT

Chandra X-ray image Giacintucci et al. 08



radio spectrum X-ray brightness pro le
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consistent with Fermi acceleration

on a M=2.3 shock
Giacintucci et al. 08
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ROSAT X-ray image 1 Mpc Krivonos et al. 03




Physics from cluster shocks



Electron-ion nonequilibrium

At shock, protons heated dissipatively

Electrons heated adiabatically and then by collisions with protons on t ep
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(simulations by Takizawa 1999)



Model predictions for Bullet cluster shock

ep Coulomb

ep = Coulomb
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Model predictions for Bullet cluster shock

ep Coulomb

ep = Coulomb

-—

1600 km/s

0
x, arcsec

95% condence: ¢,  Coulomb



Constraints on nature of dark matter
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Chandra X-ray image: gas mass
weak lensing contours: total mass (Clowe 06)
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Chandra X-ray image: gas mass
weak lensing contours: total mass (Clowe 06)

DM subcluster survived ! limit on cross-section for DM particle collisions
(Markevitch 04; Randall 06) — excludes interesting range
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Chandra X-ray image: gas mass
weak lensing contours: total mass (Clowe 06)

DM subcluster survived ! limit on cross-section for DM particle collisions
(Markevitch 04; Randall 06) — excludes interesting range

X-ray - lensing peaks offset ! (Clowe 04, 06)
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Zwicky (1933, 1937): “Missing mass” in clusters

dark matter or

Bullet cluster — with different kinds of matter separated by merger —
offers direct test



1E 0657-56

most of visible mass is in :
but grav. potential peaks (from lensing) are elsewhere ! there is dark matter

iImage from NASA / Chandra press release, August 2006



Summary

With Chandra, observe intracluster shock fronts (so far 2 con rmed),
which offer interesting tests of cluster physics

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

rst such measurement in any astrophysical plasma
Directly see relativistic particle acceleration on shocks
Dark matter tests:

It exists!

... and is collisionless (= m < 0.7 cm?/g)
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