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Motivation

+» AGN Feedback is often invoked 1n galax '
clusters to solve the cooling floor probl
and the overcooling problem

= Strong observational evidence of AGN [ ]
feedback has seen in galaxy clusters — :
cavities/radio bubbles




AGN feedback is observed

in RADIO! ./
INES
Bubblesf,,/}‘obe.s

M

.

A,

L

L :/f

/ff ]

[ 1

e & |44
|

|

!
!
v
.
'
J

J \

/

M87 at 90 cm (Owen et al 2000)
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and in X-ray — cavities



Radio lobes are often spatially j s
coincident with X-ray cavities! #} |

Red : Radio
Blue: X-ray

Inner 700 kpc of MS0735.6+7421 (Mcnhamara et al 2009)

This is the most powerful AGN outburst observed. A pair of X-ray cavities with diameter ~ » l \
200 kpc are detected.



Chandra image of Perseus Cluster

Most observed cavities are located near cluster centers, and are roughly spherical or
elongated in the tangential direction.

Cavities seem to rise buoyantly in the ICM.






Log 10 Cenmty

Bruggen & Kaiser 2002 ;.
Method I --- Hot, buoyant gas is injected into a small region offset from the cluster cen{er.
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Simulating AGN outbursts 11 // /
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Reynolds et al 2005

Method II --- a cavity containing ultra-hot thermal gas is initialized in the ICM in pressure
equilibrium with the ambient gas.



Cavities are formed by AGN jety! .

+» Ultimately, AGN feedback should be
investigated by directly simulating AGN |

-- the jet evolution in the ICM Y L
- the impact of AGN jets on the ICM 4




Simulating AGN outbursts 111

The jet-to-ICM ratio of
-- density 1:100

-- pressure 1:1

e s

Reynolds et al 2008

O’Neill & Jones, 2010

Method III ---light jet containing ultra-hot gas is initialized to simulate AGN feedback.



» Thermal jets penetrate through the ICM:
quickly, and form radially-elongated

” “ b
cavities at large radii, unlike observed - {/ 1 \
cavities i 4




The Cavity Formation Problem

Log (Electron number density) of e




How to solve the cavity formatio
problem?

+» Wide jets with half opening angles >~ 50°
(Sternberg et al. 2007)

+ fast precessing jets with large precessing a
(Sternberg & Soker 2008)

A
% i\
+» Large random gas motions in the ICM (Bruggen B
al 2007; Morsony et al 2010) Mt j\
5.



+ Is any of there situations common 1n AGN- 5
jets? R

!
< Do we have a more natural way to creat atjy ¢

cavities? T




~ 4" (20 kpe)

The Virgo Cluster
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~ 4" (20 kpc)

The Virgo Cluster 18 > 4



Cosmic-ray-dominated Jets [

If the jet is very light (e.g., n=1/10000), and dominated by CRs ... « [\* 1
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CR-dominated jet active for 10 Myr he
Guo & Mathews 2010c, in prep .
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Why CR-dominated jets form fat
cavities near cluster centers? °

< Low jet inertia and momentum

+ Lateral expansion induced by the CR
pressure

%
+ For more details, see Guo & Mathews (2010c¢), hjc\;!(.}. >
should be posted on astro-ph within one or two weeks® + *
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The Physics of AGN Outburstsy/ . A

+» Li1ght CR-dominated AGN jets naturally prod oo 1

fat X-ray cavities near cluster centers '

«» More studies on AGN feedback should be d¢ " o
with extremely light CR-dominated jets!




Impact of AGN Outbursts on the
ICM 8!

% Suppress cooling flows

» Extreme cases — Powerful AGN Outbursts /|

AGN energy ~10761 - 10762 erg ~ */4i ;
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Powerful AGN outbursts create huge X-f /
ray cavities : diameter ~ 200 kpc /§

MS0735.6+7421 (Mcnamara et al 2009)




center, could powerful AGN outbursts /1

remove cool cores and produce a non
core cluster?
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Our 1D feasibility study confirms that |
such injected energy is large enough,
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When AGN energy is m]ected // /&/
near the center.. - /\ 9

Guo & Mathews 2010b



9
8
7
=6
g5
=4
3
2
1

— — — —t=0.1 Gyr
— —— =02 Gyr
i —--1=0.3 Gyr
= L =05 Gyr

S (keV em?)




t=0.5 Gyr, run D1

t=0.5 Gyr, run D1-A
e e =05 Gyr, run D1-B
......... -t=0.5 Gyr, run D1-C

i 1=0.5 Gyr, run D1-D
“ =« 1=0.5 Gyr, run D2




Guo & Mathews 2010b

Wise et al 2007



Lt=0




t=0.5 Gyr, run D1
— — — — =05 Gyr, run DI-A
e e =05 CGyr, run D1-B
t=0.5 Gyr, run D1-C

(b)

t=0, run D1-D
t=0.5 Gyr, run DI-D




o« — — A1795 observations
e e A2199 observalions
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Impact of Powerful AGN Outbursts [
Cosmic Evolution of Metallicity Profilgs

of
e «

+ Central metallicity peaks are produced by cluster central galaxies (De Grandi et 1 2004

' ol
:

+ Broad central metallicity peaks are very robust (Poole et al 2008; Guo & Mathews 2040b);

powerful AGN outbursts produce NCC clusters with central metallicity peakssf 2 I

+» AGN feedback events broaden the central metallicity peak (Rebusco et al 20

+ Most low-redshift CC clusters have broad central metallicity peaks (De Grandi|et al 2004

= NCC clusters without central metallicity peaks may form from CC systems with fiarroy
central metallicity peaks at slightly higher redshifts (Guo & Mathews 2010 ') o
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