Lecture 1 Plan

1) An intro to the world of non-thermal particles
(ie. “Cosmic Rays”)

2) Shocks- what are they? What do they do to
the gas passing through them?

3) Cosmic Ray Acceleration at Shocks
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The World of Non-Thermal Particles
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Thermal Particles

Thought experiment- imagine an ensemble of particles all with the
same energy bouncing around in a box.....
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Origin of Thermalised Particle

Ensemble of particles exchanging energies:
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Distribution Function

E, |E, |E, |E, | E; | Es
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Relaxing to a Thermal Distribution

Ensemble of particles exchanging energies:
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Microscopic Particles Thermalising
off Macroscopic Objects

Another thought experiment- imagine an ensemble of thermalized
macro particles (blue) with a cold set of micro particles injected (red).....

Andrew Taylor
DESY.



Green’s Function for Stochastic
Acceleration
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Shocks....... a Surprise!
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Collisional Shock- Conservation

Conditions
downstream upstream
(sz ,02) (p17 ,01)
V2 V1
Number Flux: P1V1 = pP2V2

2 2
Momentum Flux: P1 + p1V] = P2 + p2Vs5

1 3 Y 1 3

- 1I)1V1 + 5,01V1 = - 1P2V2 + 5,02V2

Energy Flux:
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Collisional Shock- Cold Shock Case

Momentum Flux: ) )
P1Vi = P2 + p2Vs

P2 < Vz)
> = |(1—-=
P1Vy Vi

Energy Flux: 1 3 ( 8 ) 1 3

oP1V1 =
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Collisional Shock- Cold Shock Case

—1
)G ()=
Vi Vi Y + 1
So what are collisional shocks good for?

Stimulating the unstimulated degrees of freedom in the
system where energy can be stored
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Collisional Shock- Partition of
Momentum and Energy

Downstream Momentum Partition:

3 2

P2 = Z,Olvl

Downstream Energy Partition:

Y 15 |1 3
Vo = — | —p1V
v_1I)2 2 16 2,01 1
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Collision Time

Andrew Taylor
DESY.



Energy Exchange at Shocks

Collisional Shock
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Collisionless Shock
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Collisionless Shock- the Injection
Problem

V = —mAv?

p2dN/dp
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Particle Acceleration at Collisionless

Shocks
/7
downstream = ® -1 9/_, P upstream
Ei, 11 ET17 M1 )
AN
------------ .-./-,-
E27 H2 El? Mo

Es = FzEl(l — 5,“1)(]— + B:LL/Z)

I K ﬁ
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ea 1m0 (1 (£252)
1 — fue
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Fermi Shock Acceleration

. . 4 (energy gain)
— 35
4
E;, = (1 + gﬁ) Eq

4 n

So n~1/P crossings are needed

before the particle population is
significantly altered

Number

AN 4v

3V (advection

4
N 3¢ __gﬁ downstream)

Mo (1)
S

N
3)0

SNRs have v, ~10°km s
so B~10-2



Fermi Shock Acceleration

Energy

Number
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Fermi Shock Acceleration

So, 10000

T T T
particle spectrum

AN Npj (1 —45/3>“

AE Eo \1+43/3) %
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- [
N _on
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Lorentz Factor
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Stochastic Acceleration
(Fermi Second Order)
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Stochastic Acceleration/Propagation

DXXDPP ~ 6scatp

@ -

ﬁscat\l 'X Bscat
‘ﬂﬂscatI ‘ ‘
Bscat

iﬁscat
‘;scat
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- Random Walks \’ ——

y(t + ]_) = t! t_-_
Y(t+1) = /OOO x'e *dx | \\

y(t+1)

f(x,t) = ([t —x]/2 + 1)y([x + t]/2 + 1)](2¢)
g e—x7/(2t)
O L

L /

Andrew Taylor
DESY



Random Walks in Physical Space

and Momentum Space
Spatial spread:

Ax = Dy /c dN —x2 /4Dt

a X e
dN 2 /4.2
& X e—X /4C tscatt
Momentum spread:
AE
T *7
dN  —(np)?/4(Dpp/p?)t
dp

AN (1np)?/4(t/tace)

— x €
DESY dp
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Momentum Continuity Equation
(Boltzman Equation)

| f ' P f Q
o, a Dy ph) O +Q?
L t P : P (loss ip) esc p) P
> 7 ——
IAcceIeration I Radiative IEscape I ISourcetermI
Losses
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Stochastic Particle Acceleration-
Random Walk Result (Momentum)

[X 154 0! Xp) esc(p)/pz]

AN
N\
Steady state No Iosses Delta |nJect|on
Dpp ! pq
2+q)!'f 4" f
| . ( q)| i acc _ _ #(p)
P P P "esc P
" tT=p $%& Q= 2
121 311 éf,"acc =0 Andrew Taylor
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Particle Acceleration- When Are E'*
Type Spectra Expected?

|2| 3| | 4"acc — O
esc
. §i. Faco . 9 1/2
2 "esc 4
llacc -1
: @SC
dN
f= — = 4
d3p P
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Fermi (First Order)
Acceleration Time

tacc = E |.

( cycle

E cycle

Transport of particles in each
region is dictated by competition

between diffusion and advection downstream
" R? ; R
di! — adv —
D XX Vadv

Balancing these timescales

£ = D xx
DESY resid — (CI Sh)z

upstream
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Fermi (First Order)

Acceleration Time

lacc = E I.

t cycle

E cycle

to = I:)xx
resid — (C! sh)z

However, during the time it takes advection to dominate over
diffusion, the particle will have crossed the shock 1/! times

DXX

!
Cz!sh)

leycle = (
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Fermi (First Order)
Acceleration Time

_ ! tcycle
lacc = E|
- Ecycle
/! A
------------ R
| t I _ DXX E17 H1 E/]}a 1251
- leycle —
(c?lsh) ™ ® |- ®
E27 2% E?l? :LL/Z
! Ecycle = Elgh ,
E2:E1( +5N1>
D t 1+ Sz
t _ XX _ Uscat
acc — 5 — 2
(C! Sh) | sh
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Fermi (Second Order) Acceleration Time

|
t = E-
| Escat

t scat

— 2
! ESC&t = E! scat

_ Uscat
lace = 2
" scat
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The Need for Efficient Accelerators
....what means efficient?
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Particle Acceleration in AGN

t = | R lar [0 — R °
acc ) Cll 2 €SC. | CR ar
Maximum energy Ri = !—R " S%EGTF-

(Hillas criterion)

- E - 1mG
Riar (E,B) = 10 EeV B 10 pc
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The Hillas Criterion (Implicitly Assumes
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MAGNETIC FIE

1G |
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Accelerator is Efficient)

caLAacTIC{ Hate — SR
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assumed in above plot

o'sc-" . l.LSTER¢
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The End of the Accelerated Spectra:
Cutoffs
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"HSY%&' (JH# +,- #$)/01"$%. +

| Cut-offs arise naturally in the general solution of the
transport equation for particles

it . P o
[ﬁ ='pd ! ) (Iossip)f <'escip) i Q

N

Acceleration Radiative Escape
Losses

Source term
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DESY
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| Bohm diffusion (I"# ) + only escape results in simple
exponential cutoff.

| Some simplifications to the transport equation:

[X:!pé- Pon ol Xp) =0 /pZJ

Steady state No Iosses Delta |nJect|on
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7)5%8-'()2",()=>3309:;).+'<)(,&"~(

! Rearranging the terms (and explicitly stating the
dependences from p of the parameters):

1 ! ) p !f f |
Dog— —— | = #(p), lesc(P) ! P
° Po ! P "esc(p) (p) =

12f 31f 1
o+ | f= #
{! p> p!p Do (p)}

Cutoff.comes from > £l Ae! p/p
balancing 15t and 379 term

1

Recallgenerally, 1o,= 21 q! r

g=1,r=0,! leg=1
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<Particle Acceleration with Cooling

4 9 ] ~\
dEe 4 2 t — me t
= 141U cool X Sync lar
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<Particle Acceleration with Cooling

~ _ ™
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<+ Particle Acceleration with Cooling

R 4 ] )
lacc = | ar Lcool = > T - thar
. C" 2 8!" E!ynC
\ J
9 m
EsynC | _I I T _e
! 4 #

Maximum synchrotron energy tells us how efficient accelerator is!

Whereis EPY"* ?
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Synchroton  Cutoff for AGN?

Evidence of a candidate source (Cen A)
operating as an efficient accelerator? ~2 kpc

"#$%

$'/01'(2&3 32#'&4A#)**564*7--.#

log,o(Energy/eV)

12

10

log,o(VF (x 1072 W m™?))

8
[

B Andrew Taylor
DESY. log,o(Frequency/Hz)

#l



2(+$"1#1, 7)3CD/)/E$(+,%.+

HESS Detected Extension on ~2kpc scale
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Centaurus A’s Inner Jet-
A Cosmic Lab
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Transport & Cooling Times of Electrons in

Cen A’s Jets

Electron Lorentz factor @
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Distinguishing Cen A’s Nucleus and
Inner Jet SED

electrons
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Future Probes- Cutoff Region in
Synchrotron Spectrum
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Collisional Shock- Enthalpy
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Consider the steady-state case of diffusion (constant
diffusion coefficient) of particles into an absorbing medium

Do ) =D
For 1(x)= 1 (x/x)? ! const
CFor 1(X)= 1, Froexi |
For 1(xX)=1,(x/x) ° £ @ (X/xi)?
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