Turbulent acceleration in astrophysics
- galaxy clusters & radio galaxies-
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In addition to powerful and fast
accelerators there is also evidence
for gentle mechanisms operating

on long timescales and large volumes

Turbulent (some kind of) acceleration
IS a natural candidate.
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Second order Fermi Mechanisms
(Fermi 1949)
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Second order Fermi Mechanisms
(Fermi 1949)
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- Particles in a turbulent medium -

Resonant & nonResonant
interaction between CRs &
electromagnetic fluctuations

0B
oE

angle scattering

[Spa'rial diffusion via pitch- ]

Stochastic acceleration (diffusion
in particles momentum space)




- Particles in a turbulent medium -

Resonant & nonResonant
interaction between CRs &
electromagnetic fluctuations

0B
=

Spatial diffusion via pitch-
angle scattering

1 . ° Stochastic acceleration (diffusion
Dy = lim o7 CAUDAAE + 7)) = ERJ; drCUOR™E + 7)) in particles momentum space)
DPP

t—an

% (Ap(DAp*(t + 1)y = R Lmd’r@[r}ﬁ*{f + 1)

In the limit of small pitch-angle and momentum changes
(ie. dp<«<p) the process can be described as a diffusion in the

angle and momentum space



Cosmic ray scattering off Alfven waves

Axford, Bell, Cesarsky, Jokipii, Kulsrud, Parker,
Skilling, Wentzel,...
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Cosmic ray scattering off Alfven waves

v~ C vA <K ¢ —>wave atf rest

J’l .
Y cosmic ray Alfven wave packet
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_/ velocity and Bo
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Cosmic ray scattering off Alfven waves
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Cosmic ray scattering off Alfven waves
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Cosmic ray scattering off Alfven waves
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Diffusion in pitch angle : diffusion coefficient
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Diffusion in pitch angle : timescale and spatial diff

Gyroresonance
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Diffusion in pitch angle : timescale and spatial diff

Gyroresonance
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Diffusion in pitch angle : timescale and spatial diff

Gyroresonance
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- Particles in a turbulent medium -

Resonant & nonResonant
interaction between CRs &
electromagnetic fluctuations

0B
=

Spatial diffusion via pitch-
angle scattering

1 . ° Stochastic acceleration (diffusion
Dy = lim o7 CAUDAAE + 7)) = ERJ; drCUOR™E + 7)) in particles momentum space)
DPP

t—an

% (Ap(DAp*(t + 1)y = R Lmd’r@[r}ﬁ*{f + 1)

In the limit of small pitch-angle and momentum changes
(ie. dp<«<p) the process can be described as a diffusion in the

angle and momentum space



Momentum diffusion : coefficient

Gyroresonance
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Momentum diffusion : coefficient

Gyroresonance
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Evolution of particles interacting with Alfven waves
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Li et al. 1997, 1999
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Complication : scale anisotropy neglecting factors

of order unity:

Gyroresonance o 1
8 (kv — @+ nQ) = k""’zl"“" Y =R 3 L

Galaxy : R..®Mm,R, 21pc..10 dex
Galaxy Clusters : R, ® Mm ,R, # 1 kpc ... 13 dex




Complication : scale anisotropy neglecting factors

of order unity:

Gyroresonance
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Complication : scale anisotropy neglecting factors

of order unity:

Gyroresonance
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Fermi-like mechanisms using large scale turbulence

Transit-Time-Damping (TTD, magnetic Landau Damping)
[Fisk 76, Schliskeiser+Miller 98,..Yan+Lazarian 04, Brunetti+Lazarian 07.. ]
Coupling between particles magnetic moment and magnetic field gradients

Magnetic Pumping

[Swann 33, .. Melrose 80, ..] 5 -
Particles compressions and rarefactions in Wip (AB\™ >
B (betatron), coupled with an effective D;.};:« ~ Up B %
scattering mechanism . Vsc

Compression by large-scale trubulence

[Ptuskin 88, .. Cho+Lazarian 06, ... Brunetti 16..] ap Vu
Particles diffusing through turbulence (acoustic) ina ot 3 p
medium experience stochastic compressions/rarefactions and are statistically
accelerated at a rate depending on spatial diffusion coefficient and turbulence

9 dyy*K(y)

D, ==p’D
pI 91 Ji 2+ y2D2




Fermi-like mechanisms using large scale turbulence

Reacceleration in super-Alfvenic turbulent reconnection
[Brunetti & Lazarian 16, Xu & Zhang 18, .. ]

Particles diffusing in super-Alfvenic turbulence
experience cycles of positive and negative
acceleration via interaction with collapsing

(in reconnection regions) and expanding

(in dynamo regions) magnetic field lines.
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Reacceleration in super-Alfvenic turbulent reconnection
[Brunetti & Lazarian 16, Xu & Zhang 18, .. ]

Particles diffusing in super-Alfvenic turbulence
experience cycles of positive and negative
acceleration via interaction with collapsing

(in reconnection regions) and expanding

(in dynamo regions) magnetic field lines.

V. (LV99, deGouveia+tLazarian 05)
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Fermi-like mechanisms using large scale turbulence
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eddy turnover time =1,/V,
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Reacceleration in super-Alfvenic turbulent reconnection
[Brunetti & Lazarian 16, Xu & Zhang 18, .. ]

Particles diffusing in super-Alfvenic turbulence
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acceleration via interaction with collapsing

(in reconnection regions) and expanding
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(3) Case: p>>Ap Ap = po



Fermi-like mechanisms using large scale turbulence

Reacceleration in super-Alfvenic turbulent reconnection
[Brunetti & Lazarian 16, Xu & Zhang 18, .. ]

Particles diffusing in super-Alfvenic turbulence
experience cycles of positive and negative
acceleration via interaction with collapsing

(in reconnection regions) and expanding

(in dynamo regions) magnetic field lines.

V. (LV99, deGouveia+tLazarian 05)

1) &, Ve

it~ e’ X

Va
(2) particles diffuse faster than

eddy turnover time %1,/V,

(3)Case: p>> Ap

where Amfp = WilA



- Particles in a turbulent medium -

Resonant & nonResonant
interaction between CRs &
electromagnetic fluctuations

0B
=

Spatial diffusion via pitch-
angle scattering

1 . ° Stochastic acceleration (diffusion
Dy = lim o7 CAUDAAE + 7)) = ERJ; drCUOR™E + 7)) in particles momentum space)
DPP

t—an

% (Ap(DAp*(t + 1)y = R Lmd’r@[r}ﬁ*{f + 1)

In the limit of small pitch-angle and momentum changes
(ie. dp<«<p) the process can be described as a diffusion in the

angle and momentum space
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Cluster-scale radio emission
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Cluster-scale radio emission
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Cluster-scale radio emission

o U @665
ool L1 Steep spectrum sources

: (a>1,F(v)=Kva)
M 1 Low + smooth brightness
™ and unpolarised (< 5%)

1 Insituacceleration
TURBULENCE ?

20s 16h16h00s 40s 15m20s
° Right ascension
review ¢ -

Brunetti+]ones 14 ! 40 30 20 10 0:14:00 '

Right ascension

Syn frequency

VS}f"-ﬁf 24‘.(1 qB}_LG(I —I_:J_I

GeV+ electrons (protons?)
and pG B distributed
on Mpc-scales...



Cluster-scale radio emission
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TURBULE{NT ACCELERATION

Electrons lifetime.

1000 |-

o
>
=
=
100 E
10 L IlLlllJl 1 lliIlHl 1 JILIIHI 1 (BN R
1 10 100 1000 104
v[MHz]
d Tm % 1-3 Gyr

a T+~ L/8V = 200-500 Myr

= 1= [ Tescape > Gyr

o | S.
E 100 |3 Tacc < Tt < Tes =Tm
~ =  —+

g s :";‘2;.56" -] = Energy is transported from
FEIRCE S AR VARVt 15 Mpc to Mm scales into
Y oos o e L g non-thermal particles.

0.4 E — . . .

. 03¢F = This requires a hierarchy of

Il 3 complex mechanisms and

-_.. I " - , o I I I I I i
5 10 15 plasma/kinetic effects !
time [Gyr]



TURBULENCE IN THE ICM

Cluster Mergers:
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Cluster Mergers:
1063-10%4 erg/crossing
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TURBULENCE IN THE ICM
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TURBULENCE IN THE ICM

- Particles heating/
Fermi Il acceleration acceleration rate

Cluster Mergers:
1063-10%4 erg/crossing

Hydro turbulence
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TURBULENT ACCELERATION : example

6/5)°L Turbulent Particles heating/
Iy = LoM 3 = 2210 acceleration rate
A = LoM, (VB.Mo) energy flux A
(o 37—1 3 nOfi _ 3
premValy ner ~ [ d 5 d” EW (k)F(L)
lcm‘_1 . .
>\ Efficiency depends on turbulent

acceleration model and on plasma
conditions (Brunetti+Lazarian 07)



TURBULENT ACCELERATION : example

6/5)°L Turbulent Particles heating/
_3 fI)7 LY .
Iy = LoM ;" = —— acceleration rate
A = LoM, (VB.Mo) energy flux A
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> Efficiency depends on fturbulent
acceleration model and on plasma
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TURBULENT ACCELERATION : example
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TURBULENT ACCELERATION : example
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TID with Magnetosonic/fast Modes
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TURBULENT ACCELERATION IS A GENTLE MECHANISM

Toce ® p?/Dy,, #10-1000 Myr

Reacceleration time is of the
same order of magnitude of
the energy-losses time-scale
of the electrons emitting Syn
radiation in the radio band !

Radio Power

Max Syn frequency

v./GHz ~ (Tace/400Myr) ™

Frequency

Radio Halos predicted to be a mix of
different populations including with
[ assuming rough equipartition very steep spectrum sources

between Syn and inverse «invisible» at classical frequencies.
(Cassano, Brunetti, Setti 06

Compton losses ] Brunetti + al 2008 Nature 455,944)



TURBULENT ACCELERATION IS A GENTLE MECHANISM

. # p2/D,,, #10-1000 Myr

Reacceleration time is of the
same order of magnitude of
the energy-losses time-scale
of the electrons emitting Syn
radiation in the radio band !

Radio Power

Max Syn frequency Frequency

ve/GHz ~ (Tace/400Myr) Brunet etal 08 Nature 455,944
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The largest radio telescope on
the way to the SKA : 25000 antennae

# 10-80 MHz
# 120-240 MHz




Ultra-steep spectrum
radio halos
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OUTLINE

0 Turbulent acceleration: from Fermi to Gyroresonance

‘ J & S eL: e
and diffusion coefTicients

u Co'mplicq"riomj ﬂmf( acceleration models using
large-scale turbulence

J Turbulent acceleration in galaxy clusters: Radio Halos,

models and observations at low radio frequencies

O Turbulent acceleration in head tail radio galaxies:
evidences from observations at low radio frequencies

Q APPENDIX: Fokker-Planck equation and coefficients



Cen JAY Radio Galaxies

Energy is extracted from a supermassive BH
30,000 light-years Relativistic jet : kinetic + Poynting flux

Particle acceleration : shocks , reconnection

Hot spots : shocks

Backflow : reacceleration ? Mixing ?

3 light-years
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Head Talil
Radio Galaxies

Jones+

- Ingalaxy clusters
- Probes of jet/cocoon
ICM interaction

pi , Vi 2
R~ Lgar -
PicMm (‘fcqa)

Supermassuve

- Internal + external
ms‘rabili‘ries

Mixing at later stages
- Ina turbulent medium
- Adiabatic losses
- Reacceleration ?

temperature




Head Tail How long does it take ??
Radio Galaxies

- Ingalaxy clusters
- Probes of jet/cocoon
ICM interaction [
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Head Tail Where (frequency) we have
Radio Galaxies +0 observe 27
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OUTLINE

Q Turbulent acceleration: from Fermi to Gyroresonance
and diffusion coefficients

Q Complications and acceleration models using
large-scale turbulence

O Turbulent acceleration in galaxy clusters: Radio Halos,
models and observations at low radio frequencies

O Turbulent acceleration in head tail radio galaxies:
evidences from observations at low radio frequencies

Q APPENDIX: Fokker-Planck equation and coefficients
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Evolution of particles interacting with Alfven waves
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Fokker-Planck Equation
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Fokker-Planck equations

particle distribution in phase-space The aim is to derive an equation
f(x,p.t)dxdvdzd pxd pyd p: describing the 6D+1 evolution of f(..)
subject to stochastic changes in p
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particle distribution in phase-space The aim is to derive an equation
f(x,p.t)dxdvdzd pxd pyd p: describing the 6D+1 evolution of f(..)

Probability density that particles change subject to stochastic changes in p

momentum by Ap in a time At.
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Fokker-Planck equations

particle distribution in phase-space The aim is to derive an equation
f(x,p.t)dxdvdzd pxd pyd p: describing the 6D+1 evolution of f(..)

Probability density that particles change subject to stochastic changes in p

momentum by Ap in a time At.
Assume this is a Markov process...
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Fokker-Planck equations

particle distribution in phase-space The aim is to derive an equation
f(x,p.t)dxdvdzd pxd pyd p: describing the 6D+1 evolution of f(..)

Probability density that particles change subject to stochastic changes in p

momentum by Ap in a time At.
Assume this is a Markov process...

Z(p.Ap) < f dApZ(p.Ap) =1

fp.x+VArt+Ar) = fd.ﬁp_f[p—ﬂp,x,t]i’:}a{p—ﬂp,.ﬁp}

2

f+ [a—fﬂ\-"-?}f]m:

32 3P 1. PP
fdﬂp ——i'n.p—l— ﬂpﬂpai+ (2 - pﬁp+—ﬂpﬂp p2



Fokker-Planck equations

particle distribution in phase-space The aim is to derive an equation
f(x,p.t)dxdvdzd pxd pyd p: describing the 6D+1 evolution of f(..)

Probability density that particles change subject to stochastic changes in p

momentum by Ap in a time At.
Assume this is a Markov process...
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Fokker-Planck equations

particle distribution in phase-space
f(x,p.t)dxdvdzd pxd pyd p:
Probability density that particles change

momentum by Ap in a time At.
Assume this is a Markov process...

Z(p.Ap) <

f+ [EH\F V) f]At =

fdﬂp( — —fi'i.p—|—

The aim is to derive an equation
describing the 6D+1 evolution of f(..)
subject to stochastic changes in p
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Fokker-Planck equations

particle distribution in phase-space The aim is to derive an equation
f(x,p.t)dxdvdzd pxd pyd p: describing the 6D+1 evolution of f(..)

Probability density that particles change subject to stochastic changes in p

momentum by Ap in a time At.
Assume this is a Markov process...

P(p.Ap) <Tmm=p f dApZ(p.Ap) =1 - N

ApAp, 1 . .
. e, ( ) =— [ dApZ(p.Ap)ApAp
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Fokker-Planck equations

particle distribution in phase-space
f(x,p.t)dxdvdzd pxd pyd p:
Probability density that particles change

momentum by Ap in a time At.
Assume this is a Markov process...

Z(p.Ap) < f dApZ(p.Ap) =1
definitions :

If  voone. 9 AP, 1 d d  ApAp
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The aim is to derive an equation
describing the 6D+1 evolution of f(..)
subject to stochastic changes in p

fFokker-PIanck coefficients
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Fokker-Planck equations

particle distribution in phase-space

f(x,p.t)dxdvdzd pxd pyd p:

Probability density that particles change
momentum by Ap in a time At.
Assume this is a Markov process...

Z(p.ap) <=
df o, 9 . Ap
ar +(V-V)f = _E [f {E}]

Relation between (@ )

FP-coefficients dp ' Ar

The aim is to derive an equation

describing the 6D+1 evolution of f(..)

subject to stochastic changes in p
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Fokker-Planck equations
particle distribution in phase-space The aim is to derive an equation
f(x,p.t)dxdvdzd pxd pyd p: describing the 6D+1 evolution of f(..)

Probability density that particles change
momentum by Ap in a time At.
Assume this is a Markov process...
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