4)
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Lectures :

Particle acceleration up to ultra high
energies

GRBs (an example of relativistic shocks)

Cosmic ray propagation in extragalactic
radiation fields

Cosmic ray propagation in extragalactic
magnetic fields

Andrew Taylor



Lecture 1 Plan

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

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

Cosmic Ray Acceleration at Shocks

Andrew Taylor
DESY



The World of Non-Thermal Particles

Andrew Taylor
DESY.



Thermal Particles

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

E
4 /5
®; ®
E Eg

Andrew Taylor
DESY.
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Elastic Collisions

In the com frame:

Just because collisions are elastic, doesn’t mean 3
particle energy individually is conserved! S~

,_1_ cos  sinf (p1 — pa) + (P1 + p2)
P1 = 2 | —sinf  cos 0 P1 — P2 P1 +— P2 _
, 1 [( cos® sind (P2 — 1) + (p1 + )
P2 = 2 | _sinf  cosf P2 — P1 P1 +— P2 _

Andrew Taylor
DESY
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Elastic Collisions

pxand p, of each particle start off correlated, and through scattering become

decorrelated, appreciated by looking at phase space distribution
20 0.00035
0.0003

0.00025

0.0002

s 10 20 1.6x10™
0.00015
1.4x107°
0.0001
5 15 1.2x10°
-5
0 0 o 10 8x107®
0 5 10 15
Px 6x10°°

4x10°®

(¢,

each scattering p,and p, are individually
randomised

2x10°

0 5 10 15 20
Px

dp” = dp; + dp;
Andrew Taylor
DESY
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Origin of Thermalised Particle

Ensemble of particles exchanging energies:

DESY.

Distribution Function

E, |E, |E, |E, | E; | Es
100 | 100 | 1200 | 100 | 1200 | 200
101 [ 99 | 200 | 100 | 200 | 200
101 | 99 | 200 [ 200 [ 99 | 1201
100 | 99 | 201 [ 200 [ 99 | 1201
100 | 98 | 1201 | 200 | 99 | 102
99 99 101 | 100 | 99 102

Andrew Taylor
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]’{»elaxing to a Thermal Distribution

Ensemble of particles exchanging energies:

100000

10000 |

1000 |
L g
0
zZ I
©
100 |
10 |
]
10* 10° 10° 107
P
Andrew Taylor
DESY.
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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).....

O B\ \ 5
.

O
B

Q‘F o '

Andrew Taylor
DESY.
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Green’s Function for Stochastic
Acceleration

4 )
dN —(lnp)?/4(t/t
(Inp)®/4(t/tace)
J
10-6 1‘ - 0‘ e 1‘ - 2‘ - 3‘ - 4‘ - 5‘ - 6‘ Y 7‘ — 8‘ 9 A
107 10° 10" 102 10° 10* 10° 10° 107 10® 10 ndrew Taylor

DESY. 0



Shocks....... a Surprise!

Andrew Taylor
DESY.



Collisional Shock- Conservation
Conditions

viewed in shock frame

downstream upstream

(p27102) (P17,01)

— S
Vo Vi

Number Flux: P1V1 = P2V2

2 2
Momentum Flux: P1 + p1V] = P2 + p2Vs

Y 1 3 Y 1 3
Energy Flux: P1V1 + —p1Vy] = P2Va + —p2V
DESY. v -1 20 -1 L2 ”




é:)llisional Shock- Cold Shock Case

Momentum Flux: ) .
P1V] = P2 + p2Vs

Andrew Taylor

13



Why not have a go at solving this

Andrew Taylor
DESY.
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Collisional Shock- Cold Shock Case

()G ()=

So what are collisional shocks good for?
Stimulating the unstimulated degrees of freedom in the
system where energy can be stored

Andrew Taylor
DESY
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Collisional Shock- Partition of
Momentum and Energy

Downstream Momentum Partition:

P2

Downstream Energy Partition:

DESY.

B
v —1

15 |

3
= ZﬂlV%
P2V2 = 16

5 P1V1

Andrew Taylor

16



Collision Time

NeoTC

1 —3
( cm )Myr

Ile

¢

Andrew Taylor
DESY.
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Energy Exchange at Shocks

Collisional Shock

DESY.

Collisionless Shock

Andrew Taylor
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Collisionless Shock- the Injection
Problem

104 3
102 3

10° 10" 10° 10° 10% 107

Andrew Taylor
DESY.
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Particle Acceleration at Collisionless

E; =T?°E{(1 - Bu1) (1 + 5 (

DESY.

Shocks

1+ Bus)

,uz—ﬁ))
1 — Buz

upstream

-~

1+ Bua

1+ Bz

) J Andrew Taylor




Fermi Shock Acceleration

3
4
E; = (1 - 55) Eq

4 n

So n~1/PB crossings are needed
before the particle population is
significantly altered

Number

AN

N

4v

4
T

S

4
S

N
3)0

(advection
downstream)

>

SNRs have v, ~10°km s!
so B~1072



Fermi Shock Acceleration

Energy Number

B~107

25000 T T T T T T T T T 1e+06 T T T -
particle energy ——— particle number
900000 .
vy 20000 v 800000 .
Q0 Qo
O ‘O 700000 i
+ =
@ 15000 f G 600000 .
ol (ol
o %5 500000 .
c>5 10000 | © 400000 .
s O
GCD g 300000 .
W 5000 | Z 200000 .
100000 .
0 1 1 1 L 1 1 1 0 1 L i 1
0 100 200 300 400 500 600 700 800 900 100C 0 100 200 300 400 500 600 700 800 900 100(
no. of crossinas no. of crossinas

DESY.

22



PAUSE

Why not have a go at determining the resultant spectrum

Andrew Taylor
DESY.
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Fermi Shock Acceleration

So, 10000 [

p'article'spectr'um I

AN N (1 —45/3)“

AE Fo \1+48/3) 5
Z 1000 |
6 !
N _9n -
~ —2 (1+48/3)2
Eo
~ NOEOE_2 100 5 110 115 210 2]5 E;O 315 4‘:0 41»5 50

Lorentz Factor

The flat spectrum, with dN/dE ~ E-4, is produced when
the

acceleration time and the escape time are equal (and

DESY have the same energy dependence) Andrew Taylor
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Diffusive Shock Acceleration
(Fermi First Order)

Andrew Taylor
DESY.



Fermi (First Order)
Acceleration Time

[viewed in shock rest frame]

= {a—

downstream upstream

Spatial Transport Equation (Continuity Equation)

[ % = V- [-(D Vi) @J

|Difo5i0” | |Advection | |Source term |

Andrew Taylor
DESY.
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Fermi (First Order)
Acceleration Time

Atcycle

tace = E
2 A]Ecycle

Transport of particles in each
region is dictated by competition

between diffusion and advection downstream
¢ R? ¢ R
diff — adv —
Dxx Vadv

Balancing these timescales

DXX
BN CEE

upstream

Andrew Taylor
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Fermi (First Order)
Acceleration Time
Atcycle
AEcycle

tacc = K

t . DXX
resid — (Cﬁsh)z

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

4 )

DXX
Atcycle — (Cz/Bsh)

g Y, Andrew Taylor
DESY
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Fermi (First Order)
Acceleration Time

¢ —E Atcycle
acc —
AEcycle
____________ o | @
At DXX E17 K1 E/]}’ Ha
cycle —
(Czﬁsh) __________ ™ ® - - ® -
E27 2 Ell? :u/Z
AFicycle — Eﬁsh ;
E2 :El (11§M1)
t L Dxx o tscat &
acc — —
(cOsn)? szh

Andrew Taylor
DESY
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The Need for Efficient Accelerators
....what means efficient?

Andrew Taylor
DESY.



Particle Acceleration in AGN

acc C 62 esc. nchar
Maximum energy Ry, — éR 1o LT (1)*+, -

(Hillas criterion)

E 1 mG

Riar (B,B) = 75 Fav B

10 pc

DESY.



The Hillas Criterion (Implicitly Assumes
Accelerator is Efficient)

1B ()% +, -

- [

12

E 1 0 G e, 7
z .-:0:. ...... -
i etereteels 4
E i .
) R -
o 1nd RN 1
=100 Sasde, -
% 35 2ACTIVE GALACTIC NUCLEI? 7]
X x I BN ]
:;_’. - SUNSPOT -
W 16 I MAGNETIC )
g0 A i .
< - NOXERADIO GALAXY A
= -INTERPLANE'IAREY , N LOBES o
S S
WG ¢ GALACTIC{ i,

1pc 1kpe Mpc
SIZE

thm  10%m !,

[ ' 1 1 assumedinabove pIotJ Andrew Taylor
DESY.
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The End of the Accelerated Spectra:
Cutoffs

Andrew Taylor
DESY.



"HS%&' (' +,- HHI01"$%.+) % +)
2.3(+$13)4-"&(

4 | f Q )

- y

e )
| . P, . .. P . f Q
— =1 ,4 (Dy! o)+ =(! &v f +
| t p @ (Dpp? pf) 3( ) "loss (P) "esc(P)  P? )

\_

Andrew Taylor
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"HE%& (4" + - #$)/01"$%.+

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

(" :
| f , f
- ! p a ! p f) 11 p f 11 I + Q
\! ('loss ip) < escxp) P
|Acce|eration | Radiative | Escape | | Source term |

Losses

Andrew Taylor
DESY.
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DESY

21$344)56"-(

L 1HS968 )+, * (-5 S0 (. +"* (" ¥+ "0%/$, "SLH2S*I(ASH+ H2$*
AH5F, F+ 2B+ 8% .6(%)*&(Yo#.-'$17

dN BN e —
| E'! e (Ee/Emax) le =21 Q! 1
dE. ¢ °

Lo sx +748."00%/$6+" 1HY% (#.4+" 1% +%0*#2. 1% $14'#+8."*: $*12+8
O H2P*-(1$*+,* 1H#+-2(1#.-*(--$'$% (#.+"*1-$"(%.+1;*<+8$3$%9
%5(".#)9*#2.1*%P$14'#*.1*6+%$*0$"$%('9*2+'."0*("'1+*,+%*12+-:
(--$'$%(#.+"*1-$"(%.+1;*

>1$9:2".-=$. 11$%# (" * @ ABCH(= (12354 (' *EFFGR(8 (Yo

(';*EFFBI

Andrew Taylor
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7)5%8-'()2",( 309:;).+'<)(,&"-(

| Bohm diffusion (I"# ) + only escape results in simple

exponential cutoff.

| Some simplifications to the transport equation:

(

X:

| p & (Dpp!

f . g
"esc(P) P2

~N
J

=

| Steady state |

DESY.

pt)” "|Xp)f "
7

| No losses |

| Delta injection |

Andrew Taylor
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7)5%38-'()2",()=>>309:;).+'<)(,&"~(

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

11 o If f
. p?Dy—— | = #(p), lesc(P) !
2ip P Pog ip oy T P o

2 3tf 1
__I f = #
[! p> p!p  Do" (p)]

Cutoff.comes fromo| > fl Ae! p/pi
balancing 1°tand 3™ term

1

Recallgenerally, 1o=21 ! r

g=1,r=0,1 1,=1

Andrew Taylor

DESY (Note- energy losses forthe r = O case will not alter this resuit)



Particle Acceleration with Cooling

DESY.

é )
; _ Me
ol T (4/3)! 1 7Up
\_ J/
hc
! T U Bcrit (m C2)2 = (2"/3)#
e
t —_ 9 h LJBcrit.
cool — gI" Ee UB

Andrew Taylor
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Particle Acceleration with Cooling

DESY.

t —_ 9 h LJBcrit.
cool = gI" E. Ujg

tl _ 2! Ee — | Bcrit h
T eBc ° B Me
B
EPNC =13 Me
Bcrit
4 ] )
9 Me
tCOOI - 8|—.. EISW t|ar Andrew Taylor
" | y w0




DESY.

(" _ )
9 Me
Leool = gl g Syne Ular
N | y

Try using relations 1-3 from previous slide to obtain the above result

PAUSE

Andrew Taylor
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Particle Acceleration with Cooling

4 ] )
¢ o Rlar t = 9 Me t
= cool — Sinm ar
acc Ui Cﬁz gl Esync

g J

9 m
Esync | T '1n2777€
! 4 #

Maximum synchrotron energy tells us how efficient accelerator is!

Whereis EP'™ ?

Andrew Taylor
DESY.
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Synchroton Cutoff for AGN?

Evidence of a candidate source (Cen A) "4

operating as an efficient accelerator? ~2 ||<pc

$7 /01" (2436324 " i) **564*7-- .5

log,,(Energy/eV)

10725 W m™?)

oF (x

oq,

Andrew Taylor

10 15 20 25

DESY. log(Frequency/Hz)
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14#$5678(3&)$*+94 $::1<2 3 1"#$%&'(($&)$*+#,$"-"$/00123
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42'0" N
44'0"- - g
g
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500" 1
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B} ™ k — : : Cen A center BO" aperture 1
i B eq — 60 “.G oE 3
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'+ - #$)=)5.."%+>%3(,).?)/ (&$#.+,)%+)

5(+)67,)9(S$,

Electron Lorentz factor @

Synchrotron cooling
dominates

Cooling time
becomes shorter
than advection time

Electrons accelerated
to 0.1 PeV energies

"acc (P) " "loss (P) "

09/
Qo 1
m ——
(8] E
7] ]
OE) ]
=10° F E
2 L dvection ('=0.5): t ]
1 a : d :
0 acceleration ( =100): tgc\é —_— ]
synchrotron (B=30! G): toyn ——

10t IC cooling: tic starlight —— J
IC cooling: t- cus E
IC cooling: tic qust ]
10° | E
Ll Ll Ll L] Ll Ll R

10° 10" 10* 10" 10" 10*

Electron Energy [eV]
?X” - 5P 4 P LYo
| " pa | .




E dN/dE,
S

=

Q
N
o

=

e
N
N

@%,$%+>1%,A%+>)5(+)67,)B1&'(1,)"+C)
8++(#)9($)4/@

electrons

[y
o
o

10* 1025
Ee [McC7]

108 10° 108

\_

104

1
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. 108 2 .

| max B

201G

J
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DESY.

E2dN/dE [ergs~tcm™2]
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Conclusions

408 (V& (+, -+../)-*"S+O"- +"() (+,&'-(,*H#$&.*(+,)

1+, Z"#$%&'-3&$*(.'#-3$+4/.*(+,—O-3+))(5'#_(’_’+, 2+"()(+1&'_)6)*#%)'(,'7"(."'
B#H-H HH06-()-8O8( 85 H-(,-*"H-8+$Y-+8-&-.+,9#$0(,0-8+7

VE+3"6)(. &) +.2)-&SH-&-3(VoH-H<8Yo3 H-+8-)/."-)B)HY%5)-

H-&. HHSE -38SH(H-13-++-/*$&-"(0"-# HSO(H)-SH=/($H)-8&) *H2-%( 4'6-$#&*(9()*(.
+3-$#&*(9()*(.@-)"+.;)-

AHHERGH) (0,4 &*-8-) i &, -8 HHBEH H-I3-+-/*$&-"(0"-#,HSO(#)-T+/' 4-5#-
w1 @ (X-35+4] #)-)6,."S+*$+,-#90())(+,-5#6+,4-BHC-# #S0(#)?

Andrew Taylor

DESY 47



2(+$"1#1,Y7)3@A/)/BS(+,%.+

HESS Detected Extension on ~2kpc scale

2 B>C(
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Possibility to probe cutoff region—— 17w 1w 108
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Collisional Shock - Enthalpy

| — Whonrel .
— 1
e Wrelzll 1p+||
e+ p I
e = Whnonrel . T !
e = D
111
!
Whnonrel . = ] 1p
Andrew Taylor
DESY 4%




+ S $1%$%C()>+ %D6S, ) Ba4).)21
56"-()E#%D %+

Consider the steady-state case of diffusion (constant
diffusion coefficient) of particles into an absorbing medium

.I:

L&Dy ! 1) T "(r)
For !(xX)="! (X/x)* f I const
[For L(x) =1, fl e XX }
For  1(x)=!i(x/xi) * fl e (/)

Andrew Taylor
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Stochastic Acceleration
(Fermi Second Order)

Andrew Taylor
DESY.
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Stochastic Acceleration/Propagation

2 2
Dyx Dpp ! 'St P

Q\

. scat\l . scat

‘/my ‘ ‘

SC&'[

‘icat

I\ scat

Andrew Taylor
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E"+C.3)G"H,
I(t+ 1) = t!
L (t+ 1) = 'O! x'e *dx /<
MO = e <2+ I1)(lt (+[le2 tl2+ 1)1(2")
gl X/ (2t)
f(x,t) ! 1/ (t/2)]¥2 |  Toberetumedtoinalater lecture...

no harm at having a go at deriving
this from above

Andrew Taylor
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"+C)2.3(+$13)4-"&()

Spatial spread:

l X = Dy /C d_N gl X*/4D x t
dx
d_N | @ X%/ AC% t goqt 1
dx

Momentum spread:
| E
—
: d_N | g (n p)?/4(Dpp / p2)t
dp [ = p2
acc Dpp

g X e_(ln p)2/4(t/tacc) Andrew Taylor

DESY dp
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Momentum Continuity Equation
(Boltzman Equation)

-

| f

| Acceleration | Radiative

Where f is the phase space density:

Losses

r

f

DESY. U

dN

- d3xd3p

ik é-! pf) " @f " ('es:Xp) ) 9

| Escape | | Source term |

Andrew Taylor
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+ Stochastic Particle Acceleration-
Random Walk Result (Momentum)

r

f , f Q
X:\! p 2 (O’ (Xp) eSC(V_Z

| Steady state | | No Iosses | | Delta injection |

'(0*+%, Dpp ! IOq
(2+ qQ) ' Aacc f
S =
!|o2 p 'p "esc P2 (P)

"g  f=p° $%& (= 2

4"acc
! 2 | 31 | - =0 Andrew Taylor
DESY. esC
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12y 311 T o

€eSC

PAUSE

Why not have a go at solving this

Andrew Taylor
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Particle Acceleration- When Are E'*
Type Spectra Expected?

|2| 3| | 4"acc — O

L3, e, 9
2 esc 4

'acc -1

lesc
daN

f = —— = 4
d3p P

Andrew Taylor
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Fermi (Second Order) Acceleration Time

It
o = E| scat

E scat

— 2
! ESC&t = E! scat

_ Tscat
lacc = | 2
* scat

Andrew Taylor
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