The Role of Shock Heating
in AGN Feedback

S.W. Randall - cfA




Abell 1835 RGS Spectrum and Models

Doto
Isothermal
Cooling Flow 1
Cooling Flow 2

10™* Photons/cm’/s/A

e XXV 3p2s
Fe XXV 3d2p
+Fe XXl

—
-

et
\
-
S u
\ .
w N
S ]
2
o
v
o

O Vil Lyo

Rest Wovelength (A)

Peterson+ 2001

Early XMM-Newton and Chandra observations showed
that there is not as much gas cooling to low
temperatures as predicted in “cool core” clusters

Gas must be heated, most likely through feedback with
the central AGN (McNamara & Nulsen 2007)
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The AGN Feedback Cgcle

Jets inflate
Flows onto Drives AGN cavities,
AGN outburst driving
shocks

Gas cools

Slows mass Cavities and
flow, and Slows cooling shocks heat

heating ICM

Cavities rise
buoyantly
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ng Do We Care About
Feeclback?

Solution to the “cooling flow problem®

Affects the structure and evolution of clusters and groups
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Does It Work?

Cavities are easy to detect, and are seen in many systems
(clusters, groups, and galaxies)

Generally, the total energy of the cavities (estimated from
PV work) is sufficient to offset cooling (Birzan+04, Dunn &

Fabian 04, Rafferty+06)
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What About Shocks?

Expect a total shock energy similar fo cavities, especially
soon after the outburst

Basic shock physics is well understood




M87
Virgo Cluster)

Forman+07
Broad energy band
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Abell 2052

2nd shock 1st shock

N filament

N bubble

NW bubble

S bubble

SE outer bubble

I
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Blanton+11
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Observations of Outburst
Shocks

There are a handful of AGN outburst shocks detected,
many fewer than X-ray cavities

Outburst shocks tend to be weak, with M™ 1.1-1.8




P (X 107" dyn cm'2)

Radius (arcsec)

Deprojected temperature, density, and pressure for
A2052. Positions of the shocks are indicated.

Blanton+l1
S.W. Randall

A2052: 660 ksec
KT jump only across
inner shock, after
deprojection

Perseus: 900 ksec
Originally
isothermal shock
claimed. KT rise
detected behind
shock with
deprojection
(Graham+08)
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Moral: Outburst Shocks
with kT JumPs are VERY
Diticult to Detect

Shocks are weak, and shock fronts are thin




Inner Cavities ,
10 kpc  * *Middle Cavity

Randall+11, NEW 650 ksec image here
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Ideal for the Studg of
Feedback

Three pairs of collinear,
regular cavities
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Sharp surface brightness
edges associated with inner
and middle pairs

Radio spectral index steepens
rapidly with cavity radius

Cooler group temperatures easier to measure with Chandra
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New Long Observation

An additional 500 ksec, 650 ksec total

Longest Chandra observation to date of any galaxy
group core
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Outer Cavity

MiddIe Cavit ;oJ

Inner Cavities
10 kpe  * *Middle Cavity

L
0.49 0.50 0.55 0.65

Shocks are clearly visible, even in the temperature map
Cool gas filament, lifted by buoyant bubbles
Higher resolution temperature map coming soon!
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Azimuthally averaged profiles
(from original 150 ks observation, SR+11)

SE shock
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Shock Structure

Back to original 150 ksec observation:

All edges are well-modeled by a discontinuous power
law density model

Outer shocks: pi/p2-1.74, M =1.52

Core shock: p1/p2-197, M =1.71
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What About Heati ng?

Within 170" (26.3 kpc) Uges = 1.7 x 10°8 erg, tcool = 1.0 Gyr

Outburst repetition rate (from bubble rise times and
shocks) is 107 yr




BUT, only some fraction of this energy goes into heating
(and this fraction is small for weak shocks)

Transient temperature rise as shock passes, but lasting

hea’rlng comes from change in entropy, so the heating
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Shocks Alone Can Do the
Job!

Shock heat input is 10% and 5% of the local thermal
energy of the gas for the inner and outer shocks
respectively. Therefore, to completely replace the
thermal energy of the gas per *local* cooling time
requires 10 and 20 shocks
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What to Take Awag

Although the energetics of X-ray cavities are sufficient fo

offset radiative cooling, the details of the heating process
are not well understood

Shocks also heat the gas, isotropically and in the core, in
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NGC 5813 (now with 650 ksec total Chandra exposure,
more than any other group) uniquely shows collinear
cavities and shocks with temperature jumps from multiple
outbursts, and is ideal for studying AGN feedback, shock
heating, outburst history, and buoyant bubble evolution

In this case, shocks alone offset cooling within the central
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Model shock with hydro-code as a point explosion in an
isothermal, power law density gas sphere

Predicted projected temperature jump of = 0.1 keV is
consistent with observations (and Mach number exactly
matches above estimate)
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To measure shock properties, fit the integrated
emission measure profile with a discontinuous power
law density model
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HX image from SOAR
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Beam sizes

-

Residual map

Three pairs of collinear, regular cavities
Sharp surface brightness edges
associated with inner and middle pairs

Radio spectral index steepens rapidly
with cavity radius

S.W. Randall

Blue: 1.4 GHzVCX Gtdent@35Bdbto GMRT



Outburst Energy

The total shock energy is roughly Eshock ~ PV (fp - 1)
[Also estimated shock energy from hydro simulations]

Cavity internal energy is ~ 3 PV

Total outburst energy o~ shock energy + cawty mternal energy
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Results

Total previous outburst energy more than 10 x’s that of the
current outburst (1.5 x 10°°ergvs. 4 x 10>/ erg)

Mean power of the current outburst is also less
(1.5 x 10 erg/svs. | x 10*3 erg/s)




High resolution
temperature map of the
core

Rims around central cavities
are hot and over-pressured,
also consistent with shocks




Outer Cavity

10 kpc

225.340
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Hint of an outer edge associated with the outer cavities (?)
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