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A) Giant AGN-related Cavities Commonly Seen in ICMs
Potential Calorimeters of AGN Energy Output

MS0735.6+7421

Red: radio
Blue: X-ray
White: visible

McNamara etal

Aug 24, 2010

Physics of the ICM

200 kpc
Cavities

E> 10° erg

t>108yrs



E., +PV=H

cav

= v/(y-1) PV (assuming E_,,=1/(y-1)

H~ (5/2) PV (y = 5/3)
~ 4 PV (y = 4/3)
BE: / Loge (given some age esti

Cavity-ICM pressure balance ass




Test: 3D MHD Jet Simulations & Synthetic
Observations

*Bipolar, collimated jet outflows

L = 1.2x10% erg/s (combined jets at full power), Mach 30, v;= 0.1c
et = 3 kpc

pjet/p0 = 0.01

Toroidal jet B field at source (B ~ 100; B ~ 10 uG)
eSteady, Intermittent & Terminated @26 Myr Outflows

*AGN at center of ~ 4x10'* M, relaxed cluster
(NFW potential)

KT,y ~3 keV (-~ Perseus)

Double  ICM density profile with random density fluctuations
Tangled ICM magnetic field
<Bpiasma>~ 100 (range ~ 30:1000) (<B.,> ~ 7nG)
No radiative cooling of ICM

600x480x480 kpc box (1 kpc resolution) (O'Neill &Jones 2010)
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t,, = 13 Myr
tor = 13 Myr
Six cycles

Blue (AGN plasma)
Red (ICM plasma)
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Intermittent Jets

Rendering of lllustrative Outflow Structure
t~ 170 Myr

Magnetic Field Intensity
Projected i~ 45°

Physics of the ICM



Synthetic 2 keV X-ray Observations:

Thermal + Inverse Compton (CMB)
Radio Synchrotron

170.68 Myr

Red: 300 MHz
Blue: 10 keV

1] 2E+07 4E+07 6E+07 BE+07 1E+08  1.2E+08) 15

Intermittent Jets, projected i=80°
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Touoy ~ R \/(A/ (29V)), ts ~ RIc,
x 'V are size, cross-section and volume estim

Age in sim. Touoy
))° ) (Myr) (Myr) (
ent| 170 | 154 | 1
wed| 157 | om0 |

*All ‘derived from observation’




<Pj>(sIiM.)
10%erg/s




Rayleigh-Taylor unstable:
1; disruption for A~R)




Real Cavities & Simulated ‘Dynamical’ Cavities Do Survive

MS0735.6+7421
Simulation: relic plasma

125 Myr after jet termination
In cluster-like environment
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-' = .'. -c' . 'vc c- '.'
entrainment, enhanced effective viscosit

High Reynolds number
simulation with
subgrid turbulence model




*“Large Scale” Magnetic Fields

Field Tension can stabilize R-T & K-H instabilities in field plane;
Note, however, tension also can ‘cut’ bubble, disrupting it.
Field tangling on scales I<r, e limits disruption, maximizes stabilizing role

Even “weak” fields (B >> 1) have influence

Slowly Inflated Bubbles
B~ 100
1= 6 T'puople

O’Neill, DeYoung & Jones 2009
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Simulated Cavity Evolution

time (Myr)
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Micro instabilities may be
critical players: e.g., firehose, mirror




Magnetic Field Structure in Turbulent Flow:

u & B fields intermittent on MHD scales, |,
esmall-scale power L B(l,), laminated ribbons
spanning large eddies

Driven, isothermal
turbulence,

Porter, Ryu,
Cho & Jones
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Volume containing
one large eddy on
~driving scale

From 20483

compressible MHD
simulation
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C) Dynamical ICM Interactions with AGN

‘Relaxed’,dynamical
cluster from SPH
MHD cosmological
simulation

This box (588 kpc?)
AX =1 kpc

Steady Jets

Mendygral,
Dolag & Jones

Magnetic Field Strength
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Influence Enhanced on Unsteady Outflows

‘Relaxed’,dynamical
cluster from SPH
MHD cosmological
simulation

This box (588 kpc?)
AX =1 kpc

Intermittent Jets

Mendygral,
Dolag & Jones

Gas Density
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. J. Morsony el al.

Elopsed Time: 120.288 Myr Imoge Size: 178.312 kpc

Elopsed Time: 120.288 Myr Image Size: 178.312 kpe

Image Size: 178.312 kpe

178.312 kpe Elapsed Time: 120.288 Myr

Elapsed Time: 120.288 Myr Image Size:

Figure 8. Synthetic Chandra scale, arbitrary units) for
simulation with continuous AG thc F‘rr:eus clu..ster Lower left and lower right
panels are an unsharp-masked image lwuh and 3 '»duced by the same procedure as in Fabian et al.
2003. A series of bubbles detached from the AGN are wslbln t.c: the upp ft f centre, and are labelled L1
- L3 and R1 - R3 in the er right image. Low level radio emis stinct es visible in the v images,
although there are small ripples in the unsharp-masked image t-hroughout. the radio region.




Plane of the sky:
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Perseus @ 350 MHz
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cavities provide approximate calorimeters of AGN ac

les are dynamically formed & stabilized by entrainme
potentially by magnetic fields &
perhaps locally generated turbulent viscosity.

strength magnetic fields have structure-dependent rol

e scale ICM flows & turbulence can control long term
AGN outflow evolution, disruption & impact on the IC

outflows provide unique probes of ICM environments
dynamics




Thanks!




Example: Hydra (cavities & shocks)

Chandra

330 MHz
contours

KT ~4 keV, R ~ 25 kpc
PV ~ 10> erg in cavities

Shock M ~1.2-1.4, R ~ 200 kpc
tshock ~ 140 Myr, E ~ 108! erg,
Lagn ~ 2X10% erg/s

Nulsen etal 2005




AE,; ~1.5x108! erg

- oCluster “weather”
-large scale flows

*Turbulence
-driven by flows, AGN

80 10u 1<u Lau 10U

Time (Myr)
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Volume Estimation: Ellipsoids (by Eye)

A

Physics of the ICM
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Dynamical ICMs Broaden & Complicate Interactions

Intermittent AGN flow
In ‘relaxed’,

but dynamical

cluster extracted
from SPH MHD
cosmological
simulation

This box (588 kpc?)
AX =1 kpc
Tong— 130 Myr

Mendygral,
Dolag & Jones
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AGN Outflows Clearly Impact Environments

Cygnus A

Radio contours over Chandra X-ray
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NGC 1265 “complex”
probes Perseus’ periphery

cluster accretion sho
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Perseus @ 350 MHz

Pfrommer & Jones

20™ 15™
Right Ascension (J2000)

Brentjens & deBruyn



Dynamical ICMs Broaden & Complicate Interactions

Intermittent AGN flow
In ‘relaxed’,

but dynamical

cluster extracted
from SPH MHD
cosmological
simulation

This box (588 kpc?)

Mendygral,
Dolag & Jones
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Dynamical ICMs Broaden & Complicate Interactions

Intermittent AGN flow
In ‘relaxed’,

but dynamical

cluster extracted
from SPH MHD
cosmological
simulation

This box (588 kpc?)

Mendygral,
Dolag & Jones

Aug 24, 2010 Physics of the ICM

34



Steady AGN flow
In ‘relaxed’,

but dynamical
cluster extracted
From SPH MHD
cosmological
simulation

Mendygral,
Dolag & Jones
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Dynamical ICMs Extend Outflow Interaction
Even in Relatively ‘Relaxed’ Clusters

Magnetic field intensity

Physics of the ICM
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