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[. Observations of Acceleration
In the Universe

1. Direct Observations

A. Galactic Cosmic Rays (Hess 1912)
B. Solar Energetic Particles

2. Observations of Non-thermal Radiation

Long Wave Radio to TeV Gamma-rays
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Where: Planets to Clusters of Galaxies
Spatial scales:  10° to 10?° cm and beyond
Temporal scales: Milliseconds to Gigayears
Energy scales: 10°to 10°° eV

Zakopane-1, 2019



BOW SHOCK

INTERSTELLAR "
MAGNETIC FIELD L,

Time: 2012-07-19T11:00:05.8262, dt=1200.0s
aia_20120719T1 10005_94- 335-193-blos_zk.preb
channel=34, 335, 5173, source=AlA,ALA, 418, HMI

Zakopane-1, 2019




Places: Galactic and Extragalactic

Fireball Model: long GRBs

External Shock

The flow decelerating into
Intemal Sh()f.‘k the surrounding medium

Collisions betwr. diff. 1
parts of the flow

Ambient photon
or synchrotron
photon
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|. Acceleration Mechanisms: General Remarks
Il. Turbulence: General Remarks
lll. Kinetic Equations of Transport and Acceleration

Different forms of the Fokker-Planck equation

V. Transport and Acceleration Coefficients
Energy losses and gains; Scatterings and diffusion

V. Some Solutions: Analytic and Numerical
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1. Acceleration Mechanisms
Electric Fields and Turbulence

“1* and 2™ Order Fermi

Magnetized Plasmas

Zakopane-1, 2019



A. ELECTRIC FIELDS: & (parallel to B field)
Acceleration Rate: dp/dt = e€
Astrophysical Plasmas Highly Conductive: & — 0
Dricer Field: &p = kT/(eAcoul)
E < Ep: Energy Gain AFE < kT (L/Acow)
E > &p: Runaway Unstable Distribution Leads to
PLASMA TURBULENCE
1. Double Layers (DLs) in Earth’s Magnetosphere
Multiple DLs: Difussive Process like
PLASMA TURBULENCE

2. Unipolar Induction in High B field of Neutron Stars
Extreme Relativistic Energies: Pair Cascade

Zakopane-1, 201Y




B. FERMI ACCELERATION

Random scattering by moving scattering centers.
Diffusive Process: Why Acceleration?

More headon than trailing scatterings

Phase space amilibilit}r

10, oy Ofy
s Dgh) & S (DB g )~ 5 AEN) (1)

LLWVIIS



1. Second order or Stochastic Acceleration (Fermi 1949)

Second order Fermi: Scattering by TURBULENCE DiisDpy

Energy Gain rate: EGSASKSED),/p" = ED(a /)

[First order accel. in contracting magnetic bottle: Fermi 1953]
2. Acceleration in converging flows: For example Shocks

Momentum Change First Order OPPrUshlY
But need repeated passages across the shock

Most likely scattering agent is TURBULENCE

Energy Gain rate Eyin = 0p/6t M COui = CGRIDS

Zakopane-1, 2019



. Cartoon of a Shock

. Down stream Upstream

R
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Define R = (Dpp/pz)/Dyy — TSC/TQC
Rate Ratio  Aqy /A, ~ Ri(v/ug,)’

At relativistic energies Ry={(y ) <1

so that Aga/Agy ~ (va/ug)® = M2 < 1

But at High Fields and Low energies R} =1 and
ASA/Ash, ~ Rl(’{}/ush)z > ]_

(Pryadko and Petrosian 1997)
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II. Turbulence
Required for all Acceleration Models

Zakopane-1, 2019



1. Turbulence Generation

2. Turbulence Cascade

3. Turbulence Damping

4. Interactions with Particles

5. Spectrum of the Accelerated Particles

Zakopane-1, 2019



Turbulence is Very Common in Astrophysics
Hydrodynamic: Ordinary Reynolds number

R. = Lv/v > 1, n = Viscousity
In MHD: Magnetic Reynolds number

R,, = Lv/n > 1, n = Mag. Diff. Coeff.

Thus most flows or fluctuations lead to
generation of turbulence on scales around L
(or waves with k-vector K,,,= 1/L)

Zakopane-1, 2019



HD: Large eddies breaking into small ones
Eddy turnover or cascade time

Teas ~ 1/[kv(k)] < L/tsound

MHD: Nonlinear wave-wave interactions
w(kl) — w(}{,‘g) —+—(_d(]{,‘3)? kl — ]{,‘2 -+ k‘g

Tcas / VAI fven

Dispersion Relation: (Low Beta Plasma, v,,,, >>V.,..)

a)(k) = ’ﬁ|VAvaen? kVA.i'fven-’ k||1‘/5ﬂund
For Alfven, Fast and Slow Modes



Viscous or Collisional Damping: &~ ! > Ao
Collisonless Damping: k! < Ay
Thermal: Heating of Plasma
Nonthermal: Particle Acceleration

Turbulence is damped for k>k_
where 7, (= k=1 _(<k™?)

Inertial Range k_. <k<k_

Zakopane-1, 2019
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Wiky ="

(General Features:

¢ Injection scale: ki

¢ Cascade and index g k

¢ Damping scale or £, ..

Damping

Wave power

Injection

Wavenumber

Kinetic Equation:

W (K, t)
at

Wk, ¢)

_ Q.p(kj t) o "}f(k)W(k, t) -+ Vz [_DEJVJW(I{, t)] o W

Qp(k): Rate of wave generation.
T Wave leakage timescale.

[==lo

~({k) = ~. + ~»: The damping coefficients.

D;;: Wave diffusion tensor.
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2D simulation

Comisso and Sironi 2018; arXiv:1809.01168
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Electron density spectrum
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Resonant Wave-Particle Interactions

Interaction Rates
Dispersion Relations
Particle Kinetic Equation

Zakopane-1, 2019



Dominated by Resonant Interactions

+ 00
D, =ne* ¥ d3k<dij>5(k ‘v — o+ %’2 QO) ,

n= —ao

Lower energy particles interacting with
higher wavevectors or frequencies
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1
B wpe B ( n )1/2 B()
_ Ype

=0 = ks 100G

Abundances: Electrons, protons and alpha
particles
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Damping
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Define Ry = (Dpyp/P”) /Dy = Tse [ Tuc

2
Rate Ratio AEA/ Agy ~ Iy (“U/ ush)
At relativistic energies _
SO that ASA/ASh ~ (’U‘A/ush)Q — M:{2 < 1

Butat High Fieldsand Ry >

Low energies Asa/A., ~ Ri(v/ug)? > 1 and
we have an Hybrid Mechanism

(Petrosian 2012)
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III. Kinetic Equation for
Acceleration and Transport in
Magnetized Plasmas
Many Faces of the Fokker-Planck Equation

Zakopane-1, 2019



Fokker-Planck Equation for Gyrophase Average Dist. f(Z, s, i, p)

af 8f_182[ af Bf] Blﬂ 8f+D

— +v D,,—+D o5 [Py

of 19 of af 1 0
ot Fos — p? app PP op PEou au

#pa_p — __(pzpf) T S

1. ISOTROPIC if 7. ~1/D,, < Teess = L/v (and if D,, > D,,/p%

Can Define 1 /! : .
F(t:- S:p) — 2 / dﬁf(t: Sy Dy P‘*)a S(t S'.Ip) — 2 / dﬁs(ta S, D, P‘*)
-1 —1
OF & @F 10 (, OF Ok, OF (1 8F 8 .

- i PP F 277 (T (3 S(s,t
at a H‘SE 85 —|_ 28p (p pr p p @) ) —|_p 35 ap (p2 aS ap(p Hﬁp)) —|_ (Sﬂ Jp)
v? [t (ul — p?)? v 1 o Dyp 1 /! 5

KRss = g . Dp:,u y  Kgp 4_}’5' » dﬁ(l — H )Dp:,u s Rpp = @ . d-u(Dpp T Dpp/D,u,u)
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Fokker-Planck Equation for Gyrophase Average Dist. f(Z, s, i, p)

af of 14 , af af d af
8t+vﬁ83_p23p lﬂwﬁp—l_ﬂwﬁp +3,u D””Er‘,u—'_

If there is flow convergence (e.g. SHOCK)

1. ISOTROPIC if 7. ~1/D,,, € Taoss = L/v (and if D,, > D,,/p*)

: 1 [t : 1 [/t ,
Can Define  p(t,5,p) = §/ duf(t,s,p.p), S(t,s,p)= 5/ dusS(t, s, p, 1)
-1 —1

or o oOoF 190 ¢, OJOF Ok, OF 1 0F 0 :
= —— — —p*(p) F P [ === S(s,t
t  9s > 9s o p? dp (p e P (p) ) TP ds dp (pﬂ ds Bp(p HEP)) +5(s,4,p)
_ v? [t (ul — p?)? v ! o Dyp 1 5
KRss = g . d Dp:,u y kKgp = 4_}’5' » dﬁ(l — H )Dp:,u s Rpp = @ . d-u(Dpp T Dpp/D,u,u)
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Fokker-Planck Equation for Gyrophase Average Dist. f(Z, s, i, p)

N Ela o | p af]ilawg—ﬁ Fpﬁ—;]—i%ﬂws

—L D

o RIS e

Toe ~ 1/ Dy € Toros = L/v (and if D, > D,,/p?)

. 1 /1 . 1 /! .
Can Define  F(t.s.p) = 5[ duf(t,s,p,p), S(t, s, p)= 5/1@5(%5}3‘%#)
_1 -

Ok.. OF 1 8F & :
_ 2 - SP_ _ - 3 S t
P, ~P (p)F) +P— Bp (pg 95 ap(p fﬂsp)) + S(s,1,p)

1 1
o R
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2. If Unresolved or Homogeneous Use spatially integrated eq.
Defing N F)E = [ aVitm F(t,s.p)ds) and Q(t. E)IE = [ aViams?S(t.s,p)dp

N E)  Anp? 9 ( OF 1 8

_ VL (2 —uF — P2 (g,
Tese(E) 3 s " Os “ p? Op (p°s ;ﬂ)

AN & AN\ 8 N .
ot OE (BEEE}‘E) 5 A~ EL)N]_TEE.: ¢

Diffusion Accel. Loss [Escape Source

Known as the Leaky Box Model
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2. If Unresolved or Homogeneous Use spatially integrated

eq. . .
q N(t, E)dE = f dV4rp*F(t, s, p)dp] and Q(t, E)dE = / dV[4xp*S(t, s, p)dp]

DNt F) Amp? % OF 10
L= dV — —uF — P~ —
Tese(E) 3 s ( *Os “ p? Ip (" ))

Need density n and temperature T: Assume we know these
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2. If Unresolved or Homogeneous Use spatially integrated

eq. . .
N(t, E)dE = /dl [Anp* F (1, s, p)dp] and Q(t, F)dE = [(ﬂ [A7p*S(t, s, p)dp]
N - e
Dﬁ(t,E):_-ﬂlﬂp fdva ( OF o F——pﬁ, )
Tese(E) B Js p? dp

ON _ 0 () aN ]_
9 O EEaE

E; =4nriinAmcn/B+ (4/9)r5cB*Y'B* 7. = BE/E,

Need density n, temperature T and magnetic field B

(+soft photon) energy densities: Assume we know these.
Zakopane-1, 2019



Energy Loss Timescales, E/E s

Coulomb, Bremsstrahlung, Synchrotron and Inverse Compton

Solar Plasma
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Energy Loss Timescales, E/

Coulomb, Bre
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Timescals (3)

Coulomb Loss and Diffusion rates

Solar Plasma Cluster of Galaxies

Various Timescales

Various Timescales
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Coulomb, Bremsstrahlung; FPion, neutron and line production
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The Leaky Box Model
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Diffusion Acceleration.
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Coulomb, Bremsstrahlung and Synchrotron (IC)

Coulomb and Inelastic Loss Times (7/7¢.,)
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Damping

Wave power

Injection

Wavenumber
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Free escape; uniform B field Tes.c X Tcross

Converging B Field lines Tese X Tse
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ot — OF oF

Strong diffusion, _ ~ 72 /7
Weak diffusion T

esc ™~ Tcross

oF

Converging B-fieldT, . ~ ..
Combined equation (Malyshkin and Kulsrud 2001)
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o = ar \Ptrag

Strong diffusion T .. ~ Tfmss/Tsc T,
Weak diffusion  T,... ~ Teross 10° | .
Converging B-field T... oX Tsc .

OE ) OE

Combined equation (Malyshkin and Kulsrud ApJ 2001) y
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3
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Agrees with simulations .

Points, from Effenberger and Petrosian) « o ®

Astrophysical Journal Letters,868:L.28
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The required parameters of the Problem

Density, Temperature, Magnetic Field (soft photons)

Turbulence energy density, spectral index and kmax
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Including acceleration energy loss and escape
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log[E-N(E)]

Particles in the acceleration site; N(E)
Particles in radiating or observing sites; Q(E) = N (E)/T...(E)
A. Closed; no escape T... = oo, Q(F) =0

more heating than acceleration

VP, East, ApJ, 2008 ;
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harder or softer escaping spectra
VP, Liu, ApJ, 2004
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The Final unknown

Magnetic Turbulence
Diffusion Approximation

=5 Cﬁci TI}E 5 WEk?

Yar Ty 4Ty A (WE)2E + w(k)




Toward a Complete Treatment
Stochastic Acceleration by
Turbulence
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Jiang et al. 2008




SUMMERY-1

Acceleration happens everywhere and all scales
Turbulence is the main ingredient of acceleration

For complete treatment of Acceleration and

transport of high energy particles we need to
Include all particle-particle, particle-field, wave-
particle and wave-wave Interactions

A critical role Is played by the escape time

Zakopane-1, 2019



D. SOME STEADY STATE SOLUTIONS

% = ol DION] = So{IA(B) - BrN} -

Green’s Functions: @ = Q,5(F — E;)

+Q

1. Constant Coefficients no Losses: E; = 0

(Direct acceleration. e.g. shock acceleration D = 0)

N(E) x QOE_{1+E/AT"'M]

K ii skl Loy opagaal 4 aaaaal 11 rreanal b i1 beiel LN Rkl
1972 107 187" 18° 19" 18° 10

2. Simple Coefficients no Losses: D o« B9, A o« B9 T o E* g

3. Effects of Energy Losses: Fr oc £
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oON J oON J :
= = 3% DEEaE SE‘[(A EL)N] 9

e 2

Strong diffusion Ty, ~ T2/ Tuc

Weak diffusion  T,... ~ Teross

Converging B-field Too. oX Tyc

Combined equation (Malyshkin and Kulsrud ApJ 2001)
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