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The big picture
MHD interactions
Open questions

Radio mode feedback by AGN

Paradigm: super-massive black holes with M ~ (10°...10'%)M
co-evolve with their hosting cD galaxies at the centers of galaxy
clusters. They launch relativistic jets that blow bubbles, potentially
providing energetic feedback to balance cooling. Key points:

Radio mode theory

Perseus cluster (NRAO/VLA/G. Taylor)  ViA Rono
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The big picture
MHD interactions
Open questions

Radio mode feedback by AGN

Paradigm: super-massive black holes with M ~ (10°...10'%)M
co-evolve with their hosting cD galaxies at the centers of galaxy
clusters. They launch relativistic jets that blow bubbles, potentially
providing energetic feedback to balance cooling. Key points:

Radio mode theory

@ energy source: release of
non-gravitational energy due to
accretion on a black hole and its spin

@ jet-ICM interaction and rising of the
bubbles: magnetic draping, cosmic
ray confinement, entrainment of ICM
plasma, duty cycle

@ heating mechanism:
1.) self-regulated to avoid overcooling
2.) thermally stable to explain T floor

3) low energy COUpllng efflCIency Perseus cluster (NRAO/VLA/G. Taylor) Vi Rwio
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The big picture
MHD interactions
Open questions

Radio mode theory

AGN feedback — energetics

@ gravitational binding energy: Egay = Mo?,
M — o relation: Mgy ~ M/500

@ available BH energy to be extracted is E ~ 0.1 Mgyc?
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The big picture
MHD interactions
Open questions

Radio mode theory

AGN feedback — energetics

@ gravitational binding energy: Egay = Mo?,
M — o relation: Mgy ~ M/500
@ available BH energy to be extracted is E ~ 0.1 Mgyc?

@ it follows

E Mgy /C\2 300 km/s \ 2
Egrav 0 M (U) 00 < g )

— there is more than enough energy available for AGN
feedback!

HITS
Christoph Pfrommer Radio mode theory



The big picture
MHD interactions
Open questions

Radio mode theory

AGN feedback — thermodynamics

@ relativistic jets displace the ICM at the location of the cavities,
i.e. they do pdV work against the ICM, as well as supply internal
energy to the cavities

@ total energy required to create the cavity equals its enthalpy

HeUtPV = — ' PPV = 5 py — 4PV, with~, = 4/3
Yo — 1 Yo — 1
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The big picture
MHD interactions
Open questions

Radio mode theory

AGN feedback — thermodynamics

@ relativistic jets displace the ICM at the location of the cavities,
i.e. they do pdV work against the ICM, as well as supply internal
energy to the cavities

@ total energy required to create the cavity equals its enthalpy

HeUtPV = — ' PPV = 5 py — 4PV, with~, = 4/3
Yo — 1 Yo — 1

@ only 1PV is directly available for mechanical work on the
surroundings (3PV is stored as internal energy); work done by 2
bubbles in one outburst

W=prPv=2 gwrg memkT ~ 10%° erg

with r, ~ 20kpe, mew ~ 1072em ™3, kT ~ 3 keV Mms
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The big picture
MHD interactions
Open questions

Radio mode theory

AGN feedback — luminosity

@ energy release time scale is of order the
sound crossing time ~ buoyant rise time ~ refill time of
displaced bubble volume ~ 3 x 107 yr

@ AGN heating rate

PV 10%erg erg
AGN touoy 10"%s 0 s Lx

i.e. comparable to the X-ray luminosity

— necessary condition for balancing X-ray cooling losses and
increasing the core entropy K. = /(T/ng/3 of the ambient ICM!
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The big picture
MHD interactions
Open questions

Radio mode theory

How efficient is heating by AGN feedback?

- — —
C.P., Chang, Broderick (2012)
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The big picture
MHD interactions
Open questions

Radio mode theory

How efficient is heating by AGN feedback?
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The big picture
MHD interactions
Open questions

Radio mode theory

How efficient is heating by AGN feedback?

C.P., Chang, Broderick (2012) EomlkTx=59keV)
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The big picture
MHD interactions
Open questions

Radio mode theory

How efficient is heating by AGN feedback?

C.P., Chang, Broderick (2012) FomlKTx =59keV)
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AGNSs cannot transform CC to NCC clusters (on a buoyancy timescale) /\<IHITs
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The big picture
MHD interactions
Open questions

Magnetic draping around rising bubbles

Radio mode theory
Cosmic ray feedback
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. The big picture
Radio mode theory MHD iﬁt;ractions

Open questions

What is magnetic draping?

@ is magnetic draping (MD) similar to
ram pressure compression?
— no density enhancement for MD

Densty | ambtent densty.

e analytical solution of MD for :
incompressible flow R e S e S
e ideal MHD simulations (right)
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The big picture
MHD interactions
Open questions

Radio mode theory

What is magnetic draping?

@ is magnetic draping (MD) similar to
ram pressure compression?
— no density enhancement for MD

e analytical solution of MD for
incompressible flow
e ideal MHD simulations (right)

kpe from stagnation ine

@ is magnetic flux still frozen into the
plasma?
yes, but plasma is pulled into the P @
direction of the field lines while field
lines get stuck at the obstacle
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The big picture
MHD interactions
Open questions

Radio mode theory

Magnetic draping at bubbles: density

o
o0

log p, non-draping versus draping case (Ruszkowski et al. 2007) st
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The big picture
MHD interactions
Open questions

Magnetic draping at bubbles: magnetic pressure

log B?, non- drapmg versus draping case (Ruszkowski et al. 2007)

Radio mode theory

Christoph Pfrommer Radio mode theory
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The big picture
MHD interactions
Open questions

Magnetic draping at bubbles: X-ray emission

Radio mode theory

i ]HITS

Sx, non-draping versus draping case (Ruszkowski et al. 2007)
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The big picture
MHD interactions
Open questions

Radio mode theory

Conditions for magnetic draping

@ ambient plasma sulfficiently ionized such that flux freezing
condition applies

@ super-Alfvénic motion of a cloud through a weakly magnetized
plasma: M3 = yM?/2 > 1

@ magnetic coherence across the “cylinder of influence”:

AB 1 B 12 ; ;
R~ . ~0.1x <100 for sonic motions,

R denotes the curvature radius of the working surface at the
stagnation line

C.P. & Dursi (2010), Dursi & C.P. (2008) /’\'(J
HITS
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The big picture
MHD interactions
Open questions

Radio mode theory

Open questions on radio mode AGN feedback

@ how is accretion output thermalized?

e dissipation of waves, turbulence, releasing potential energy,
thermal conduction, cosmic-ray heating

@ is heating/cooling balance thermally stable?

@ no: turbulence dissipation, conduction
@ yes: cosmic-ray heating

@ how is the accretion rate tuned?

e cooling radius (30 kpc) ~ 108 Schwarzschild radius
e Schwarzschild radius

2GAZ§MBH ~ 10 ( MsnmgH ) om

FomaH = 5% 10° M,
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Cosmic ray physics
Observations of M87

Cosmic ray feedback Alfvén-wave heating

Galactic cosmic ray spectrum

o Gosmic Ray @ power-law momentum spectrum
o energy spectrum . .
10 Tm?s! with 33 decades in flux and 12
107 b e ey decades in energy
~ 0% 1% mostly e (betas) . L. . .
3 @ likely origin: diffusive shock
" acceleration at supernova
2 ity remnants (E < 107 eV)
10"
10
10%
o 1 km?2yr!
10?7

10> 10" 10 10" 10" 10" o
E (eV)

data compiled by Swordy

/\(J
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Cosmic ray physics
Observations of M87

Cosmic ray feedback Alfvén-wave heating

Galactic cosmic ray spectrum

o Gosmic Ray @ power-law momentum spectrum
o energy spectrum . .
10 Tm?s! with 33 decades in flux and 12
10° b e ey decades in energy
~ 0% 1% mostly e (betas) . L. . .
3 @ likely origin: diffusive shock
" acceleration at supernova
2 ity remnants (E < 107 eV)
10"
o . @ pressure of cosmic rays,
- magnetic fields, and turbulence
s lanyr in the interstellar gas all similar:
107 — CR pressure in cluster cores?
@ ol 100 10 107 10" o — impact of CRs on cooling gas
EEV and star formation in ellipticals?

data compiled by Swordy /'<I
.
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Cosmic ray physics
Observations of M87
Alfvén-wave heating

Interactions of CRs and magnetic fields

Cosmic ray feedback

@ CRs scatter on magnetic fields — isotropization of CR momenta

@ CR Streaming InStablllty Kulsrud & Pearce 1969

o if Vor > Wwaves With respect to the gas,
CR excite Alfvén waves

e scattering off this wave field limits the
CRs’ bulk speed « ¢

e wave damping: transfer of CR energy
and momentum to the thermal gas
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Cosmic ray physics
Observations of M87
Alfvén-wave heating

Interactions of CRs and magnetic fields

Cosmic ray feedback

@ CRs scatter on magnetic fields — isotropization of CR momenta

@ CR Streaming InStablllty Kulsrud & Pearce 1969

o if Vor > Wwaves With respect to the gas,
CR excite Alfvén waves

e scattering off this wave field limits the
CRs’ bulk speed « ¢

e wave damping: transfer of CR energy
and momentum to the thermal gas

— CRs exert a pressure on the thermal gas by means of

scattering off Alfvén waves and heat the surrounding gas

cool-core heating: Loewenstein+ 1991, Guo & Oh 2008, C.P. 2013 /<I
HITS
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Cosmic ray physics
Observations of M87

Cosmic ray feedback Alfvén-wave heating

CR transport

@ total CR velocity vor = v + Vg + Vi (Where v = vgys)

@ CRs stream down their own pressure gradient relative to the gas,
CRs diffuse in the wave frame due to pitch angle scattering by
MHD waves (both transports are along the local direction of B):

VP | B? V Per
st VA VP Witn va 4rp’ di Kdi P,

/\<I
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Cosmic ray physics
Observations of M87

Cosmic ray feedback Alfvén-wave heating

CR transport

@ total CR velocity vor = v + Vg + Vi (Where v = vgys)

@ CRs stream down their own pressure gradient relative to the gas,
CRs diffuse in the wave frame due to pitch angle scattering by
MHD waves (both transports are along the local direction of B):

VP | B? V Per
st VA VP Witn va 4rp’ di Kdi P,

@ energy equations with ¢ = ey, + pv?/2:

Oe
E+V'[(€+Pth—|—Pcr)V] =  PyV:-V+|Vg: VP

0
“or + V- (earV)+ V-« [(ecr + Per)Vsi]

ot

—PorV - v — |V - VP

/\<I
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Cosmic ray physics
Obs! ti of M87

Cosmic ray feedback

Messier 87 at radio wavelengths

v = 1.4 GHz (Owen+ 2000)

@ expectation: low frequencies sensitive to fossil electrons
(E ~ 100 MeV) — time-integrated activity of AGN feedback!

/ ]HITS
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Cosmic ray physics
Observations of M87
Alfvén-wave heating

Messier 87 at radio wavelengths

Cosmic ray feedback

v = 1.4 GHz (Owen+ 2000) v = 140 MHz (LOFAR/de Gasperin+ 2012)

@ expectation: low frequencies sensitive to fossil electrons
(E ~ 100 MeV) — time-integrated activity of AGN feedback!

° halo confined to same region at all frequenciesandno
low-v spectral steepening — puzzle of “missing fossil electrons” )@

HITS
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Cosmic ray physics
Observations of M87

Cosmic ray feedback Alfvén-wave heating

Solutions to the “missing fossil electrons” problem

solutions:

@ special time: M87 turned on
~ 40 Myr ago after long
silence
< conflicts order unity duty
cycle inferred from stat. AGN
feedback studies (irzan+ 2012)
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Cosmic ray physics
Observations of M87
Alfvén-wave heating

Solutions to the “missing fossil electrons” problem

Cosmic ray feedback

solutions:
@ special time: M87 turned on R NN Ty
~ 40 Myr ago after long T gnenic
silence wEL

B=20.G v s

< conflicts order unity duty
cycle inferred from stat. AGN
feedback studies (irzan+ 2012)

10 Coulomb:

@ Coulomb cooling removes I
fossil electrons
— efficient mixing of CR
electrons and protons with It 10 1‘?; w0 I

dense cluster gas

electron loss timescales = E/E [Myr]

/\<I
HITS
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Cosmic ray physics

Cosmic ray feedback Obsgrvatlons el
Alfvén-wave heating

The gamma-ray picture of M87

@ high state is time variable
— jet emission

! ' ! Radio
1000 4
HST W]
Chandra &
@ low state: |

(1) Steady flux " HESS. hgh

[ L] LR i
. ¥ R

as

¥, (10 erg/s cm?)

04 L L L
10:08 110 ferl2 ferld ferl6 1erlB 1020 1e+22 1er2d 1es26  1es28

(3) spatial extension is under "
investigation (,?) Rieger & Aharonian (2012)

— confirming this triad would be smoking gun for first v-ray
signal from a galaxy cluster!

/\<I
HITS
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Cosmic ray physics
Observations of M87
Alfvén-wave heating

Cosmic ray feedback

Estimating the CR pressure in M87

@ X-ray data — nand T profiles o T
HST W
andra 4
@ assume g S
Xor = Per/ P = const. - "
(self-consistency requirement) < L Ly
u).) 0. L

@ F, x [dV Pynenables to
estimate X;, = 0.31
(allowing for Coulomb cooling
with 7cou = 40 Myr)

10120 1ei22 lei24 1ei26 lei28

vIH7l

Rieger & Aharonian (2012)

— in agreement with non-thermal pressure constraints from
dynamical potential estimates (churazov+ 2010)

/\<I
HITS
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Cosmic ray physics
Observations of M87

Cosmic ray feedback Alfvén-wave heating

Cosmic-ray heating vs. radiative cooling (1)

CR Alfvén-wave heating:

oP,
Her = —Va-VPy=—vq (Xcrvr<Pth>Q + (Slcr)

@ Alfvén velocity v4 = B/+/4mp with
B ~ Bgq from LOFAR and p from X-ray data

@ X calibrated to « rays
@ Py, from X-ray data
@ pressure fluctuations 6P, /d/ (e.g., due to weak shocks of M =~ 1.1)

/\<I
HITS
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Cosmic ray physics
Observations of M87

Cosmic ray feedback Alfvén-wave heating

Cosmic-ray heating vs. radiative cooling (1)

CR Alfvén-wave heating:

oP,
Her = —Va-VPy=—vq (Xcrvr<Pth>Q + (Slcr)

@ Alfvén velocity v4 = B/+/4mp with
B ~ Bgq from LOFAR and p from X-ray data
@ X calibrated to « rays
@ Py, from X-ray data
@ pressure fluctuations 6P, /d/ (e.g., due to weak shocks of M =~ 1.1)

radiative cooling:
Crad = NeNilcool( T, Z)

@ cooling function Ao With Z ~ Z, /@
all quantities determined from X-ray data HITS
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Cosmic ray physics
Observations of M87

Cosmic ray feedback Alfvén-wave heating

Cosmic-ray heating vs. radiative cooling (

Global thermal equilibrium on all scales in M87

10

radial extent of radio halo:

25
10 - D
7 ~
e
’

=
I 5 ]
™ r 7 1
e ]

o o 1
g 1077 E
o] 3 E
= r 1
O N 7
RS r S 1
¥ 107 -
&) E B
[ ———  Her, Psmootn + 6P 5

10-28 -—— (I'{CRy Psmooth

Crad(0.7Z5 £ Z 5 1.3Z) ~

1 10 100 -
radius [kpc] /\<I
C.P. (2013) HITS




Cosmic ray physics
Observations of M87
Alfvén-wave heating

Cosmic ray feedback

Local stability analysis (1)

T?Her
Tzcrad

heating

cooling

KT
@ isobaric perturbations to global thermal equilibrium

@ CRs are adiabatically trapped by perturbations /\@st
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Cosmic ray physics
Observations of M87
Alfvén-wave heating

Cosmic ray feedback

Local stability analysis (1)

T?Her
Tzcrad

heating

cooling

KT
@ isobaric perturbations to global thermal equilibrium

@ CRs are adiabatically trapped by perturbations /\@st
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Cosmic ray physics
Observations of M87
Alfvén-wave heating

Cosmic ray feedback

Local stability analysis (1)

T?Her
Tzcrad

heating

stable FP cooling

KT
@ isobaric perturbations to global thermal equilibrium

@ CRs are adiabatically trapped by perturbations /\@st
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Cosmic ray physics
Observations of M87
Alfvén-wave heating

Cosmic ray feedback

Local stability analysis (1)

T*Hcr
T2Chsa separatrix

heating

&

"stable FP cooling

region of stability

KT
@ isobaric perturbations to global thermal equilibrium

@ CRs are adiabatically trapped by perturbations /\@st
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Cosmic ray physics
Observations of M87
Alfvén-wave heating

Cosmic ray feedback

Local stability analysis (2)

Theory predicts observed temperature floor at kT ~ 1 keV

L Xcr =031 A
5L 10 o __ Xcr=0031
\
~ [ 1 1
g | il
% L : “islands of stability” B
© [ 7
c 1 A\
2 [
[} | \/1( 1
= i
G | )
2 1 1
3 ! 1
% ! “ocean of instability” |
ol L L PR

10° | H‘HlOG 10 | 10B

temperaturd [K] /\<I
C.P. (2013) HITS

ristoph Pfrommer Radio mode theory



Cosmic ray physics
Cosmic ray feedback Obsservat\ons @i MO/
Alfvén-wave heating

Virgo cluster cooling flow: temperature profile

X-ray observations confirm temperature floor at kT ~ 1 keV

™

KT (keV)

1 10

R ( arcmin ) (Matsushita+ 2002) /\<IHITS
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Cosmic ray physics
Observations of M87

Cosmic ray feedback Alfvén-wave heating

Impact of varying Alfvén speed on CR heating

global thermal equilibrium: local stability criterion:

10% .

T T
——— Herivaxp'?
5i- —— Her, va=const o

radial extent of radio halo: Hewryy vacp?

s _
. 10 g T
A = islands of stability’
i’ ]
- < 0 | /Ih
E° oz

Hery, va o pH? B ‘'ocean of instability’ i

&
C—

——— Her, va=const.
108L—— Horu vacpt?
_ Cal07Z,525£13Z)
h

. : I I
10 100 10 1 10' 10
radius [kpc] temperaturd [K]

1

parametrize B o p®&, which implies va4 = B/\/4mp o p*8~1/2:
@ ap = 0.5 is the geometric mean, implying v4 = const.

@ ap = 1 for collapse perpendicular to B, implying va ;  p'/2 /\qms
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Cosmic ray physics
Observations of M87
Alfvén-wave heating

Cosmic ray feedback

Critical length scale of the instability (~ Fields length)

C fep=10,2=072, L7

F____ fep=10,2=13Z, /,’,c
e
100 —— fap=032=07Z,
F— fyp=032Z2=137 .
L Agit =1 R - .
10 unstable wavelength

larger than system

thermally unstable

_______ stabilized by CR streaming

critical instability length Agit [kpc]

=

1 10 100 »
radius[kpc] /\<I
C.P. (2013) —
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Cosmic ray physics
Observations of M87
Alfvén-wave heating

Cosmic ray feedback

CR heating dominates over thermal conduction

10.0

Her/Heond
[
o

———  Hcr, Psmooth + 6P

: -—— wCRy Psmooth
01l . P!

1 10 100
radius [kpc] /\<I
C.P. (2013) HITS
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Cosmic ray physics
Observations of M87

Cosmic ray feedback Alfvén-wave heating

Prediction: flattening of high-»~ radio spectrum

10000 E|
1000= E
= [ ]
3 [ ]
2  100= -
(%] c 3
c L ]
S E ]
3 [ ]
= [ ]
=

T 10g 3
r radio data ]
i continuous inj. ]
1L continuous inj., switch f§ i
hadronically induced emission E

10" 107 10° 10 10°

frequency [MHz] /\<I
C.P. (2013) HITS
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Cosmic ray physics
Observations of M87

Cosmic ray feedback Alfvén-wave heating

Conclusions on AGN feedback by cosmic-ray heating

@ LOFAR puzzle of “missing fossil electrons” solved by mixing with
dense cluster gas and Coulomb cooling

@ predicted v rays identified with low state of M87
— estimate CR-to-thermal pressure of X;; = 0.31

@ CR Alfvén wave heating balances radiative cooling on all scales
within the radio halo (r < 35 kpc)

@ local thermal stability analysis predicts observed temperature
floor at kT ~ 1 keV

outlook: simulate steaming CRs coupled to MHD, cosmological

cluster simulations, improve ~-ray and radio observations ...

cf. Loewenstein et al. (1991), Guo & Oh (2008), EnBlin et al. (2011) /<I
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Cosmic ray physics
Observations of M87

Cosmic ray feedback Alfvén-wave heating

Literature for the talk

AGN feedback by cosmic rays:

@ Pfrommer, Toward a comprehensive model for feedback by active galactic nuclei:
new insights from M87 observations by LOFAR, Fermi and H.E.S.S., 2013, ApJ,
779, 10.

HITS
istoph Pfrommer Radio mode theory



	Radio mode theory
	The big picture
	MHD interactions
	Open questions

	Cosmic ray feedback
	Cosmic ray physics
	Observations of M87
	Alfvén-wave heating


