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Galaxy clusters and 
their central supermassive black holes

Cluster of galaxies Elliptical Galaxy SMBH (AGN)

1015Msun 1012Msun 109Msun



DM,80%

Stars, few %

Gas,15%

SMBH

Massive
galaxy



Three questions (10 years ago):

1. Clusters: why the gas in rich galaxy clusters does not cool?

2. Galaxies: why there are no HUGE galaxies (>1012 Msun)?

3. BH/AGN: why SMBH mass scales with the galaxy (bulge) mass?

Best guess today: because of the energy release by SMBHs
Progress largely driven by two X-ray observatories: 

Chandra XMM-Newton



Optically thin thermal bremsstrahlung + lines 
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X-ray image and spectrum of a cluster

Flux -> gas density
Spectrum curvature -> gas temperature

Forman et al.

M87/Virgo



Cooling flows model 

Gas cooling time in cluster cores is short =>

the gas cools and flows towards the center
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Lea et al. 73, Silk 76, Cowie & Binney 77, Fabian & Nulsen 77



Peterson et al. 2001

These lines MUST
be strong if the gas 
cools

XMM-Newton, RGS

The gas looses its thermal energy – we see this (Lx=1045 erg/s)

If the gas does not cool, then where is the source of energy?

Can  SMBH provide this energy?

Cooling flow model 
(1977-2000)



Energetics: rich cluster + 109 Msun BH

~1043 erg/s

erg/s1047≈
Edd

L

~1045 erg/s

No very bright source!
The gas is optically thin!



SMBH

X-ray “cavities”
X-ray image
Chandra; Perseus cluster
Fabian et al, 2000



SMBH

X-ray “cavities”
X-ray image
Chandra; M87/Virgo
Forman et al, 2005 Gas loosing 1043 erg/s



20 cm
Biretta+

~8 kpc

Radio (synchrotron radiation)
Relativistic plasma

M87/Virgo



~20 kpc

Radio
Relativistic plasma

X-rays
Thermal plasma



~20 kpc

Radio
Relativistic plasma

X-rays
Thermal plasma
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90 cm
Owen+

Bubbles of relativistic plasma
“young” electrons at 20 cm

M87 in radio band (90 cm)
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Bubbles of relativistic plasma at the bottom of the potential well. 



Energetics from the time evolution of buoyant bubbles

erg/s 10 few 43≈L

Size of bubbles: balance of buoyancy force and expansion rate
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Entrainment of the cold gas 



SMBH

M87 in X-rays



Ruszkowski+, 04

Observations

Forman+, 07

Shock wave in M87

Simulations

Sedov-Taylor problem?
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Sedov-Taylor solution
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Derived from AGN/gas interaction

Directly observed cooling losses in M87

Mirabel et al; Fender et al – similar behavior in Galactic BHs



Approximate equality of cooling losses and jets power (for a sample)

Rafferty+,2006



1 kpc
1056 erg
1042 erg/s

10 kpc
1059 erg
1045 erg/s

100 kpc
1062 erg
1046 erg/s

AGN power in objects with different mass

1. With bubbles we measure the mechanical power of SMBH 

2. Mechanical power >> radiative power 

3. SMBH power is approximately equal to cooling losses

4. How SMBH knows what the power should be?
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1. Gas with lowest entropy is at the bottom

2. SMBH monitors the lowest gas entropy

3. Self-regulated, stable equilibrium is possible  

Gas heating

SMBH power Accretion rate

Self-regulation (negative feedback)
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Works for M87!



e.g. Allen et al. 2006
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How the energy is dissipated?

High viscosity:
immediate dissipation

Low viscosity:
Turbulent motions
Internal waves

Bubbles loose most of the energy when crossing 
few scale heights of the atmosphere 

Cluster gas intercepts and 
dissipates ~100% of energy



Where the energy is hidden?
Turbulence, cosmic rays, magnetic fields?

1. Turbulent broadening of emission lines – future 
2. Cosmic rays interactions with thermal gas – soon
3. Non-thermal tails in the X-ray spectra – future 
4. Effect of line broadening on the optical depth of 

the resonant X-ray lines – now 
[Gilfanov+, 1987, EC+, 2004, Werner+, 2009]

5. Effect of line broadening on the polarization of the 
resonant X-ray lines – future 
[Sazonov+, 2002; Zhuravleva+, 2009]

6. Turbulent diffusion of heavy elements – now [Rebusco+, 2006]
7. Total energy density of cosmic rays, magnetic fields and

microturbulence – now [EC+,2008, 2009]



Confronting X-ray and Optical data

Optics X-rays

Stars: gravity Gas: gravity, cosmic rays,
magnetic fields, turbulence

NGC1399
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Comparison of optical and X-ray data

1. Calculate the depth of the potential well using stars
2. Calculate the depth of the potential well using gas
3. “X-ray” potential well is shallower than the optical one

[It is possible to use SZ signal instead of X-rays]



Conclusions

Total mechanical power of SMBH ~ total cooling power

Enough power to offset gas cooling [galaxies-clusters]

Self-regulation [Bondi accretion?]

AGN feedback in forming galaxies and M-σ relation?  

Accretion onto black hole [at low accretion rates]:

LMech >> LRad => Radiatively inefficient accretion

If Bondi accretion => Mechanically efficient [2-10%] 

Intra Cluster Medium (ICM):

Cosmic Rays, magnetic fields, micro-turbulence make minor

contribution to the total gas pressure


