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this region affected by AGN core emission

(Churazov et al. 2003)




200ks Chandra Observations in Perseus

less accurate only Ne peaks
in the core

0 r (kpc) 120

less accurate

(Sanders et al. 2004)
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sk '/ Gyr

Voigt & Fabian (2004)
*a defining characteristic of cooling flows!









Temperature structure in
clusters looks
like normal cooling flows

(Tozzi & Norman 2001)

High central entropy is / S ~rll

(Piffaretti et al. 2005)




for both groups and clusters:
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(Xue & Wu 2000)




(Sanderson et al. 2006)
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Central Iron Abundance Peaks are Common

.100.
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The cooling rate must be no more than ~ 0.1 (dM/dt),

The gas temperature must increase tor ~0.3 1.
1.e. T(r ) must look like a conventional cooling flow
central AGN 1s surrounded by the coolest gas!

The iron abundance profile
must have a broad peak within r ~ 100 kpc
must be ~ 0.4 solar on average



Mass of black holes is related to total stellar mass M.,:

(Haring & Rix 2000)
X-ray luminosity from standard cooling flow:

Accretion luminosity onto the black hole:

a tiny accretion can heat the entire flow:

set then
Radio Jets
Shock Waves

PV heating by inflating or dissipating X-ray cavities
turbulent heating, thermal conduction, supernovae,
viscous dissipation, inverse Compton, etc




100 kpc
(Omma, Binney, Bryan, Slyz 2004)




density contours

log, density

(Bruggen & Kaiser 2002)




(Reynolds et al. 2005)
(Jones & De Young 2005)




(Narayan & Medvedev 2001)

(Voigt et al. 2004)

(Brighenti & Mathews 2003)

(Brighenti & Mathews 2002; Sun et al. 2004)




cooling flow is stopped!

(Ruszkowski & Begelman 2002)

But does not work on E galaxy scales (Brighenti & Mathews 2003)




(Fabian et al. 2003)




(Fabian et al. 2003)

Unsharp-masking: smooth image
with 10” gaussian, subtract
original image, then smooth with
1” gaussian
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Observations fail at r < 10 kpc (Mathews et al. 2005)




for 4x10° yrs
with fixed spherical
barrier at r,, = 1kpc

Gas that cools
near 1,

1s removed from
the calculation

|

observed
profiles

\

Perseus looks
like a cooling tflow







very little gas cools
0.04 Gyrs 4 Gyrs but

/

Since gas density
decreases slower
than ~ r 2 , most of
the wave
dissipation occurs
near the origin.

not

(Mathews et al. 2005)




heating cluster gas with shock (or other) waves
depends on the density profile

if the density 1s constant, a point explosion results
in a temperature peak (Sedov solution)

if the density drops faster than r -?, heating increases
with cluster radius

clusters density typically varies asr-! - r -1
so shock heating 1s centrally-concentrated



it has long been recognized that cluster gas
can be shock-heated by as young cavities expand,
but this heating can be << PV if cavities form slowly

it 1s also thought that moving cavities can also heat
the cluster gas:

“... the bubbles ... will expand as they rise, doing PdV
work on their surroundings. The expansion, of course,
converts internal energy to kinetic form [which]
1s quickly converted to heat.”

(Begelman 2001; Ruszkowski & Begelman 2002)

this 1s 1incorrect.



a currently favored mechanism 1s to heat cluster gas
by dissipating the energy H = PV*y/(y-1)
as gas flows around a buoyant cavity (Churazov et al. 2002)

as gas flows around cavity, potential energy is turned
into kinetic energy which 1s dissipated beneath
the cavity (McNamara &Nulsen 2007)

for a relativistic gas Y= 4/3 and H = 4PV
so the total heating rate in the wakes
of all buoyant cavities in a cluster 1s

where the (subsonic) buoyant rise time is t,,,,,
(Birzan et al. 2004, 2008)
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instead of heating the cluster gas,
consider the buoyancy due to cosmic rays

can gas near cluster centers flow out before it cools?

for this calculation let’s consider the Virgo cluster ...
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~ 4" (20 kpc)
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first study the energetics of cosmic ray-cavities

without radiative losses ...
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cavity position in cluster

cavity radius
(assumed spherical)

high & low diffusion
(Mathews & Brighenti 2008)



l Cooling!

(Mathews & Brighenti 2008)
E,;, from cavity is small -- even when all E,  1s dissipated,

it is unable to heat the cluster gas --- 4PV varies with time






each computational
/zone is plotted

low diffusion

(Mathews & Brighenti 2008)



now add radiative losses

and explore the possibility that many successive cavites
can remove gas from the cluster core before it cools



start at t = 0 with
observed density
& temperature after 3 Gyrs

S/S,

(Mathews 2009)



start at t = 0 with
observed density
& temperature after 3 Gyrs

S/S,

(Mathews 2009)



e. (R,z) (1012 erg/cm?)

cooled gas (108 M (Mathews 2009)

sun)

(Ferland etal 2008)



cluster gas density temperature entropy ~ T/p?3

(David & Nulsen 2008)



suppose cluster gas is heated in cavities at 10 kpc and buoyantly flows out to 100 kpc

the gas T doesn’t change much, so S ~ Tn 23 ~ n-?/3
entropy S increases by about 12 from 10 to 100 kpc
and the density drops by n ~ S-32=12-32=0.024

typical density atr = 10 kpc is n;, =0.02 cm™ or p,, = 1.14*m _*n,,

suppose all cavities formed at r = 10 kpc have radiia =r
the mass of hot gas in each heated cavity is

if clusters are 7 Gyrs old and produce cavities every 108 yrs, 70 cavities are made so
3.5x10°
since iron is fairly evenly distributed out to ~ 100 kpc,
the total mass of gas that needs to move out is comparable to total mass within 100 kpc!

typical cluster density varies as p = p,, (r/10kpc) -!
so the total gas mass within 100 kpc is
3x1013

but only ~ 104 of this mass can be transported to 100 kpc by heated cavities!

regardless of the AGN energy,
heated cavities are too small and infrequent to transport iron



luster neating mecnanisms
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