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
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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
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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
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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.
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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

t L anar t _ R2
o CBZ o nCRlar
Maximum energy Ry, — éR AM Hillas (1984)

(Hillas criterion)

E 1 mG
Riar(E,B) = (10 EeV) < B ) 10 pc

DESY.



The Hillas Criterion (Implicitly Assumes
Accelerator is Efficient)

AM Hillas (1984)

I 12 R

E 1 0 G e, 7
Z .-:c:. ...... -
i etereteels 4
E i .
7 i, J
6 R ’
9106 ik ]
% ACTIVE GALACTIC NUCLEI? :
" % N e ]
:i’. - SUNSPOT! .

W 16 I MAGNETIC
g 0 asmes i .
< i CR AB A N ..::E:.:R_A_DJO GA LAXY h
= -INTERPLANETARY, Ny, N4 oo, LOBES 1
- SPACE % S 7. e -
We GALACTIC{ PSS Gk ]

tkm  10%ml,,  1pc 1kpc tMpc
SIZE

{ N~ 1 assumedinabove pIotJ Andrew Taylor
DESY.
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The End of the Accelerated Spectra:
Cutoffs

Andrew Taylor
DESY.



Particle Transport Equation in

Momentum Space

.

e f o N
ot PomP o p2
9 Y
~ 5 )
f 1 P f Q
ot Ve« | (DppVpf) + S(V v) Tloss (D) Tesc(D) " p?

DESY.

Andrew Taylor
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Particle Transport Equation

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

R L el 7~ i s O

| Acceleration | Radiative | Escape
Losses

| | Source term |

Andrew Taylor
DESY.
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DESY

Cut-off Shape

® Interplay of acceleration and cooling defines the value of the
cut-off of the primary particles:

dN

OO o By T (Be/ ) Be=2—q-—r

® Inthe following, demonstrations for this result will be shown
for the case of stochastic acceleration scenarios. However, in
reality, this result is more general, holding also for shock

acceleration scenarios.

[see Schlickeisser et al. 1985, Zirakashvili et al. 2007, Stawarz et
al. 2008]

Andrew Taylor
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A Simple Case- q=1, only escape

® Bohm diffusion (g=1) + only escape results in simple
exponential cutoff.

® Some simplifications to the transport equation:

(- )

\X\Tp- [(Dpprf) }Xp)f} Tesf( V;‘%j

| Steady state | | No losses | | Delta injection |

Andrew Taylor
DESY.
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A Simple Case (II)- q=1, only escape

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

1 0 2 p (9f) f »
p2 Op Do———] - =0 , Tesc(p)O(p
p2 0p (P 0 0 Op Tese (D) (p)

0%f 3 Of 1

_ Qv F_ s
Cutoff comes from — -
balancing 1t and 37 term E— f c Ae P/P

Recallgenerally, [ =2-—q—r

q:17 I‘:O, — Be:]-

Andrew Taylor

DESY (Note- energy losses forthe r = (0 case will not alter this resuit)



Particle Acceleration with Cooling

9 h Usg

= (27/3)«

4 )
e e
ol ™ (4/8)ToorUgp
\_ y,
hc
UTUBcri
Y (mec?)?

crit.

t —
cool = g ra E. Upg

DESY.

Andrew Taylor
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Particle Acceleration with Cooling

DESY.

t L 9 h UBcrit.
ool ™ 8ra E. Up

t ar — — Fe -
: eBc ( B ) Mg

B
sync __ 12
ESY"¢ =T (Bcrit) M

9 1948
STy ESynC tlar Andrew Taylor
~
y, 40




4 )
9 mg
tcool — 7oy Efsyync tlar
. Y,

PAUSE

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

Andrew Taylor
DESY.
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Particle Acceleration with Cooling

4 )
acC C/Bz COO 87_‘_& Sync ar)

N

Esync ~ _77 162 Me
4

Maximum synchrotron energy tells us how efficient accelerator is!

Where is E,Syync?

Andrew Taylor
DESY.
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Synchroton Cutoff for AGN?

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

Hardcastle et al. (1103.1744)

log,,(Energy/eV)

10725 W m™?)

oF (x

ng

DESY.

[¢] 0 requen

20
cy/Hz)

25

Cen A

~2 kpc
I

77<1O4

Andrew Taylor
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-42°40'0"F

Spectral index «
105 1 15 2 25

urface brightness

Centaurus A’s Inner Jet-

A Cosmic Lab

[J. Burns et al., ApJ (1983)]
Centaurus A C-Confiquration 1407 MHz

T

420"+

Declination (J2000)
1

20°
Right Ascension (J2000)

0.5

[ Cen A center 80" aperture




Transport & Cooling Times of Electrons in

Cen A's Jets

Electron Lorentz factor y,

Synchrotron cooling

10° 10* 10° 106 107 108 10° ]
: T dominates

- Cooling time
= ]
o | becomes shorter
o N . .
é ; than advection time
=10° E

102 advection ($=0.5): t 4, ,

acceleration (e=100): t,., —— ]
synchrc|>gocr1O élﬁ;SQtMG): t§yn R
10" c cooﬁﬁd?tféfg,?,{g \
" SOOI ot Electrons accelerated

to 0.1 PeV energies

10°

|
1010

| s | | |
10" 10"? 10" 10"

Electron Energy [eV]

o |

P P

5 Tioss (D) n] -

Tacc (p)

1n

Tesc (p) " Q

e %QQ
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Distinguishing Cen A’s Nucleus and
Inner Jet SED

Centourus A C-Configuration
T T T

1407 MHz
T T

E dN/dE,
3

108 |

10-10 L

electrons

Frequency [Hz]

10712

10° 10’

/
’r]:

~ 104

\_

I'max?(B /Bt )a

108

max
Fe

[HESS- F. Rieger, A. Taylor, et al., Nature]

DESY.
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Conclusions

Thermalisation occurs through collisional interactions

Non-thermal particle production is possible in non-collisional systems in which
free energy is available in the form of a converging flow

Astrophysical shocks are a prime example of such systems

To accelerate particle up to ultra high energies requires fast (ie. mildly relativistic
or relativistic) shocks

One telltale sign that a shock can accelerate up to ultra high energies would be
that it produces synchrotron emission beyond MeV energies.

Andrew Taylor

DESY
47



Centaurus A - VHE Extension

HESS Detected Extension on ~2kpc scale

] Jet
-42°56'00.0"
14
Narrow-line Region
o4 @
- ' 58'00.0"
-1 " Broad-line Region
Log;(z [pcl) v
2 -
- S 43°00'00.0"
S -43°00'00.0
3 - - o
- O
o}
-4 - w [a]
9 Disk
T
-4 -3 -2 -1 0 i i I3
Logyq(r [pc])
04'00.0"
06'00.0"

26m00.00s 48.00s 36.00s 24.00s 12.00s  13h25m00.00s
RA (J2000)

[HESS- F. Rieger, A. Taylor, et al
Nature- accepted today!]

” Andrew Taylor
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Future Probes- Cutoff Region in
Synchrotron Spectrum

total ‘ 1
10?
o 10 SIL _ o1}
o e,
Z S~
Z
Eo 10° o
-QLIJ> 0.01 |
10
1073 1(‘)'2 16'1 10° 16‘ 0'008.001 0.61 0‘.1 1 1
E, Eng
B, =4 x 1013 G
o B crit — o
Eiync = Fe me total ——
Bcrit
E, dN :/<Eg> dN (E,;) E dN JE,
dE.,, . E?) dE, \E2) "°dE. |
1072 /

IEf‘{ossibility to probe cutoff region/fo* R T
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Collisional Shock- Enthalpy

Whnonrel.
’}/:
e
_eTp
e
I &
e —
v—1
W 1. = ! &
nonrel. ,7_1

DESY.

— Wnonrel. T P

Andrew Taylor
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DESY.

Intuitive Insights into Cut-off
Shape Origin

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

f

V (DxVH) = 5 = 6
For 7(x) = 7.(x/x,)? f' o< const.
CFor T(x)=m. foce /x|
For  7(x) = 7u(x/x:) f oc e (/x0)°

Andrew Taylor
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Stochastic Acceleration
(Fermi Second Order)

Andrew Taylor
DESY.



Stochastic Acceleration/Propagation

DXXDPP ~ 5scatp

@ -

Bscat\l '\ Bscat

‘@scatjr ‘ - ®

Bscat

‘Fscat

I\Bscat

Andrew Taylor
DESY.
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Random Walks \= ——

f(x.t) — y(t+1)
0 Dt =x]/2+1)y([x +t]/2 +1)](2%)
: o—x2/(2t)
f(X7 t) ~ [77/(1;/2)]1/2 To be returned to in a later lecture.....
\_ ) no harm at having a go at deriving

this from above

Andrew Taylor
DESY

54

v



Random Walks in Physical Space

and Momentum Space
Spatial spread:

Ax = Dy, /c dN —x2 /4Dt

a X e
dIN 2, 2
a X e—X /4C tscatt
Momentum spread:
AE
g *F
AN —(np)2/4(Dyp/p?)t
dp [tacc — ];)2 ]
g X e_(ln p)2/4(t/tacc) Andrew Taylor

DESY dp
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Momentum Continuity Equation
(Boltzman Equation)

| Acceleration | Radiative

Where f is the phase space density:

Losses

r

DESY. U

f =

dN

d3xd®p |

igi—vp'[vpﬂ @} 0

| Escape | | Source term |

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

(- )
of f
= Vp - | (DppVpf) f | Q
/
| Steady state | | No losses | | Delta injection |
Assuming Dpp X p“
O2f (24+q9) 0 A7aec f — 5(p)
o2 P P  Tesc P2V
For f = p—a and q= 2
4 acc
Oéz — 3 7 =0 Andrew Taylor

DESY. Tesc
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4
a? — 3a Tacc =N\

Tesc

PAUSE

Why not have a go at solving this

Andrew Taylor
DESY.
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Particle Acceleration- When Are E-2
Type Spectra Expected?

4Tacc

a? — 3o — 0
Tesc
3 47-acc 9 1/2
= — T - —
2 Tesc 4
Tacc — 1
Tesc
dN
f = —— = p_4

Andrew Taylor
DESY.
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Fermi (Second Order) Acceleration Time

At
tacc _ EAEscat
scat
A]Escat — Eﬁszcat
t
tacc — Szcat
scat

Andrew Taylor
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