
Cosmic Accelerators
Part A) Introduction

• Secondary particle production and nonthermal radiation
• Electromagnetic and hadronic cascades
• Accelerated particles in the Universe
• Collisionless plasma and transport equations
• Fazio-Stecker relation

Part B) Types of particle accelerators
• Magnetic Sun and solar wind
• Supernova Remnant shock waves
• Pulsars and plerions
• Nonthermal AGN: Radiogalaxies and blazars
• Other non-thermal sources

Part C) Particle acceleration
• Diffusive shock acceleration



Part A) Introduction



Relativistic particles and radiation
Mannheim & Schlickeiser A&A (1993)
Rybicki & Lightman „Radiative Processes in Astrophysics“, Cambridge 
Schlickeiser „Cosmic Ray Physics“, Springer

• Electrons
– Coulomb scattering
– Inverse Compton scattering
– bremsstrahlung
– Synchrotron radiation (magneto- bremsstrahlung)
– Triplet production

• Protons and ions
– Coulomb scattering
– Resonance excitation
– Spallation
– Pair production (Bethe – Heitler)
– Pion production

σN = 3 10-26 cm2

σT = 6.7 10-25 cm2

σγ = α σΝ = 2 10-28 cm2



Radiative efficiency

Energy

Rate

acceleration

e-syn

p-syn
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dN/dE~E-2

dN/dE~E-3



Quasi-klassische Berechnung 

�

Rybicki & Lightman

Exakte QED Berechnung (1. Ordnung) 

�

Jauch & Rohrlich

A. Karle
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Kaskadengleichungen

• Primärteilchen der KS erzeugt energiereiche 
Sekundärteilchen in der Atmosphäre

• Die Sekundärteilchen erzeugen lawinenartig 
weitere Teilchen, bis deren mittlere Energie für 
Teilchenerzeugung nicht mehr ausreicht 
(Ionisationsverluste sind dann dominant)

• Gekoppelte Transportgleichungen (Rossi & 
Greisen 1941)









Gekoppelte Kaskadengleichungen

• Die verlorene Energie Ea-Ec = κ Ea geht zum Teil in 
Sekundärteilchen (und in den Rückstoß des getroffenen Kerns)

• Die Sekundärteilchen kaskadieren weiter und erzeugen dabei auch 
wieder Teilchen der Primärteilchenspezies (z.B. γ, e) 

• Kopplung der Transportgleichungen für alle Teilchenspezies 
a,b,c,…

• Wegen der diskreten Natur der Wechselwirkungen (Fluktuationen) 
und der beschränkten Gültigkeit des Scalings werden bevorzugt 
Monte-Carlo Simulationen benützt (z.B. CORSIKA)



Spectrum of cosmic
rays

dN/dE~E-2.75

Emax = 3 1011 GeV

Solar modulation
below ~GeV energies



Diffusive transport of cosmic rays in the Galactic Disk (ISM): secondary pair 
production, inverse Compton, and bremstrahlung

At GeV energies:
Secondary cosmic rays: (10-15) g/cm2 decreasing with energy
Be7 clock: (1-2)x107 a age of cosmic rays

�� ��

Matter density traversed ~ (0.2-0.3) cm-3 i.e. much less than thick disk density

Ιγ =  τ pp ICR = ICR nISM σpp R



406 MHz

100 MeV

synchrotron

pion + IC



Diffusive-advective transport

• Collisionless plasma
• Quasilinear approximation

�Schlickeiser „Cosmic Rays Physics“
Berezinsky et al., „Cosmic Ray Physics“

�Reviews by Kirk, Drury, Ellison, Baring, 
Lerche, Zank, Webb, Axford, Völk, 
Biermann







Näherungslösungen
• Um Vlasov-Gleichung zu lösen, werden E und B Felder benötigt
• Um E und B Felder aus Maxwellgleichungen zu bestimmen, werden 

die Ladungsdichten und der Strom benötigt, die Lösungen der 
Vlasov-Gleichung sind

• Nichtlineare Kopplung aufheben für 
– Testteilchen (Annahme vorgegebener elektromagnetischer Felder, z.B. 

Kolomogorov-Turbulenz, und Lösung nach Teilchenverteilungsfunktion)
– Testwellen (Annahme einer festen Teilchenverteilungsfunktion als

Ausgangspunkt)
• Magnetohydrodynamische Gleichungen (MHD) für Dynamik auf 

Skalen >> mittlere freie Weglänge für Stöße (durch 
Momentenbildung aus Vlasovgleichung)

• Zwei-Flüssigkeits-Näherung: Thermisches Plasma (MHD) + nicht-
thermisches Plasma

• Diffusionsnäherung der quasilinearen Gleichung (Fokker-Planck)







Diffusions-Konvektionsgleichung mit Quellterm 
durch inelastische Wechselwirkungen und 
Entweichterm („leaky box“)



Self-Confinement
• KS strömt durch ISM (Advektion + Diffusion)
• Pitchwinkelstreuung an Plasmaturbulenz (Alfvénwellen ohne 

Landaudämpfung)
• Plasmaturbulenz wird durch die Zweistrominstabilität angeregt
• Selbst wenn in schmalen Wellenzahlenbereichen Dämpfung (z.B.  

Ion-Neutral) überwiegend, führen nichtlineare Kaskadenprozesse zu 
einem Auffüllen der Intensität in den Fluktuationen des B-Feldes

• Im relaxierten Zustand wird so ein Kolmogorov-Spektrum der 
Turbulenz angeregt I~k-5/3

• In der Nähe von Flares bzw. Stoßwellen Kraichnan Spektrum I~k-3/2

• Nachweis durch interstellare Szintillation (Radiobeobachtungen von 
Pulsaren)



Energiedichte





CygA (6cm)

Cas A (X-rays)

Fe



Cosmological horizons for cosmic rays, gamma

rays, and neutrinos

• Cosmic rays: Greisen-Zatsepin-Kuzmin cutoff
due to photo-pion production in 2.7K

• Gamma rays: Fazio-Stecker cutoff due to pair 
production in FIR-to-UV metagalactic radiation
field (MRF)
MRF  � mostly of thermal origin, nonthermal
component in radio and gamma-ray bands

• Neutrinos: Weiler dip due to resonant Z





Tegmark 2003





Kneiske, et al., A&A 2002, 2004: EBL model based on galaxy counts

Missing UV from AGN



Fazio-Stecker relation
Pair absorption cutoff energy as a function of redshift (Fazio &Stecker, 
1975, Nature; Kneiske et al., A&A, 2002)

�� ��

z~1 activity region becomes visible below ~100 GeV

Kneiske et al. 2002, 2004





Extragalactic X- ray/gamma- ray background

New determination by
Strong et al., ApJ (2004)



• Extragalactic gamma-ray background light (EBL) = present-day
metagalactic radiation field due to faint, unresolved gamma-ray
sources: Mukherchee & Chiang, ApJ 1998; Stecker, ApJ 1998 

• Energy container for radiation power produced by accelerated
particles. VHE gamma rays cascade until transparent (

�
Fazio-

Stecker relation): Aharonian & Coppi, Mannheim, Protheroe

• Bolometric flux of gamma-ray EBL related to neutrino EBL and UHE 
cosmic ray flux if particle acceleration limited by energy losses (pion
production and decay kinematics): 
– Mannheim (AGN as sources of UHE cosmic rays)
– Waxman & Bahcall (GRB as sources of UHE cosmic rays)

• Cosmic ray flux below ankle (~1018.5 eV) of galactic origin (chemical
composition) and particle acceleration limited by age and size of 
emission region rather than energy losses

�

diffuse galactic
neutrino and gamma-ray flux much smaller than cosmic ray flux



Part B) Types of particle accelerators

• Different types of high-energy sources

– Atmospheric (secondary) emission

�

neutrinos, muons, air showers
– Sun and solar system
– Galactic point sources

�

pulsars, plerions, supernovae, X-ray binaries
(microquasars, magnetic CVs,…)

– Galactic (> arcmin) extended sources

�

SNR, OB ass., molecular clouds
– Galactic diffuse emission

�

ISM, galactic wind, halo
– Extragalactic point sources

�

(jetted) active galactic nuclei, GRB
– Extragalactic extended sources

�

clusters of galaxies, intergalactic shocks
– Extragalactic diffuse, isotropic emission

�

unresolved, faint point sources









SNR Cas A Ginzburg
hypothesis: 
origin of 
galactic cosmic
rays

Successes:

a) Energetics

b) Diffusive shock
acceleration
model

c) Chemical
composition
(enrichment of 
volatile 
elements

�

dust sputtering)



Supernova Remnant Cas A: Bremsstrahlung of an 
interstellar shock wave. Pion component (HEGRA)?



Problems with the
standard lore:

a) Lack of TeV emission
from EGRET SNR (which
may contain
pulsars/plerions)

b) Source distribution
with galactocentric radius
too flat

� up to now issue of 
galactic CRs still not
settled



Synchrotron sources: 
Pulsar wind in Crab- Nebel (Chandra/HST)

Moving wisps



Spectral energy distribution of the Crab nebula (Harding & Stecker) –
Models vs. Multiwavelength Observations





Old pulsars – high gama ray luminosity

Low magnetic fields (recycled =msec pulsars) –
high gamma ray maximum energy



Active Galactic Nuclei: produce most nonthermal 
power in the Universe = most efficient accelerators

1. “An Introduction to Active Galactic Nuclei”, B.P. Peterson,  1997, 
Cambridge University Press

2. “Quasars and Active Galactic Nuclei”,  A. Kembhavi & J. Narlikar, 1999, 
Cambridge University Press

3. “Astrophysics of Gaseous Nebulae and Active Galactic Nuclei”, Osterbrock, 
University Science Books, 1996

4. “Active Galactic Nuclei”, Krolik, Cambridge UP, 2000





AGN Taxonomy and Unification

Classification of AGN
AGN vs other emission line galaxies
Unification
Pros and cons of unification
Evidence for obscuring tori



AGN taxonomy
“Active” is used to refer to energetic processes that are not related to the 
normal evolution of stars.
However, the nucleus of a galaxy is defined as an AGN when it has certain 
optical spectroscopic characteristics. The definition does not address the 
mechanism responsible for the peculiarities of the spectra.

AGN are a very 
heterogeneous group:

(Goodrich 2001)



AGN taxonomy
Seyfert galaxy: galaxy (usually a spiral) with a high surface brightness 
nucleus that reveals unusual emission-lines (Seyfert 1943).

The definition has evolved to underline the presence of strong high-
ionization lines, and even coronal lines (although not all AGN have them).

NGC 1068

(Antonucci & Miller 1985)                                                          ©NOAO

(Paul van der Werf’s web-page,  see also Kraemer & Crenshaw 2000)



AGN diagnostic diagrams
The BPT diagrams are used in narrow-line emission systems, to distinguish
between hard and soft radiation (Balwin, Phillips & Terlevich 1981, Veilleux & Ostrebrock 1987),

which is usually ascribed to non-stellar and stellar activity, respectively.

(BPT 1981)                                                (Peterson 1997)

Shock-heatedPower-law

H II galaxies

Planetary nebulae

H II gal

Sey gal

LINERs

Some people erronuously take
[O III] / H

�

> 3 as the criterium for AGN

non-AGN emission-line galaxy

(Kennicutt 1998)
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AGN diagnostic diagrams

Policyclic aromatic hidrocarbons
(PAHs), create bumps in the MIR 
spectrum, which easily identify soft-UV 
radiation fields that irradiate hot dust. 
They get destroyed by hard radiation.
ULIRGs have radiation fields closer to 
starburst galaxies than to AGN. From 
this diagnostic diagram, it is estimated 
that 70-80% of the MIR radiation is 
powered by obscured starbursts and 
20-30% by AGN (Genzel et al. 1998).

�

( �m)



AGN taxonomy: Seyfert galaxies

Seyfert types: depending on the width of the optical emission lines (Khachikian

& Weedman 1974, Osterbrock 1981):

• Sy 2: narrow emission lines of FWHM

�

few x 100 km s �1

• Sy 1: broad permitted emission lines (H �, He II, ... ), of FWHM 
�

104 km s �1

that originate in a high-density medium (ne

�

109 cm �3), and narrow-
forbidden lines ([O III], [N II], …) that originate in a low-density medium      
(ne

� � �

3 �106 cm � 	

).
• Sy1.x (1.9, 1.8, ...): they graduate with the width of the H � and H




lines.
• NL Sy1: subclass of Sy 2 with

X-ray excess and optical 
Fe II in emission.

But the classification for a 
single object can change 
with time, due to AGN 
variability!

(Goodrich 1995)



Quasar = Quasi Stellar Radio-source   ,    QSO = Quasi-Stellar Object
Scaled-up version of a Seyfert, where the nucleus has a luminosity  
MB< �21.5 + 5 log h0  (Schmidt & Green 1983). The morphology is, most often,   
star-like. The optical spectra are similar to those of Sy 1 nuclei, with the 
exception that the narrow lines are generally weaker.

There are two varieties: radio-loud QSOs (quasars or RL QSOs) and radio-
quiet QSOs (or RQ QSOs) with a dividing power at P5GHz

�1024.7 W Hz �1 sr–1 . 
RL QSOs are 5 �10% of the total of QSOs.

AGN taxonomy: Quasars and QSOs

Ly �
Si IV

C IV

C III]

Mg II

C III H �

H

�

[O III]

H

�

[O II]

©HST                                                             (Paul Francis’ web page)(Å)



AGN taxonomy: Quasars and QSOs

There is a big gap in radio power between RL and RQ varieties of QSOs
(Kellerman et al. 1989, Miller et al. 1990)

(Miller et al. 1990)

P5GHz

�1024.7 W Hz

� �

.



AGN taxonomy: BAL QSOs
BAL QSOs = Broad Absorption Line QSOs
Otherwise normal QSOs that show deep blue-shifted absorption lines 
corresponding to resonance lines of C IV, Si IV, N V.
All of them are at z 

�

1.5 because the phenomenon is observed in the rest-
frame UV. At these redshifts, they are about 10% of the observed 
population.

BAL QSOs tend to be more polarized than non-BAL QSOs.

(Ogle et al. 1999)



AGN taxonomy: Radio galaxies
Strong radio sources associated with giant elliptical galaxies, with optical 
spectra similar to Seyfert galaxies.

Sub-classification according to 

�

optical spectra:  NLRG = narrow-line radio galaxy, and BLRG = broad-line    
radio galaxy, with optical spectra similar to Sy 2 and Sy 1, respectively.

�

spectral index ( �, such that F �=ν �
) at ν=1GHz: steep or flat separated by 

�= �0.4

�

radio morphology (Fanaroff & Riley 1974): measured by the ratio of the distance 
between the two brightest spots and the overall size of the radio image.
FR I  with  R<0.5 and FR II with R>0.5

Hydra A

(Aretxaga et al. 2001)                                                   ©Chandra
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AGN taxonomy: BL Lacs
BL Lac is the prototype of its class, an object, stellar in appearance, with 
very weak emission lines and variable, intense and highly polarized 
continuum. The weak lines often just appear in the most quiescent stages.
Blazars encompass BL Lacs and optically violent-variable (OVV) QSOs. 
These are believed to be objects with a strong relativistically beamed jet in 
the line of sight.

(Vermeulen et al. 1994)



AGN gallery and densities

Space densities in 
the local Universe
(Wotjer 1990)

Radio-quiet

Sy 2: 8 x 105 h0
3 Gpc

�3

Sy 1: 3 x 105 h0
3 Gpc

� 3

QSOs:   800 h0
3 Gpc

�3

Radio-loud

FR I: 2 x 104 h0
3 Gpc

�3

BL Lac:  600 h0
3 Gpc

�3

FR II:        80 h0
3 Gpc

� 3

Quasars:  20 h0
3 Gpc

�3

(Bill Keel´s web page)
(Sanders & Mirabel 1996)



Phenomenology of AGN: variability
Broad-line varieties (Sy 1s, QSOs, BLRGs) are usually variable, where as 
narrow-line varieties (Sy 2s, LINERs, NLRGs) are usually quiescent.

(Peterson et al. 1994, Peterson 2001)

But there are outstanding exceptions....



Phenomenology of AGN: energetics

(Sanders & Mirabel 1996)

The extreme luminosities emitted 
by AGN

bolometric LSy

� 1044 erg s �1

LQSO
� 1046 erg s �1

made it clear that the easiest way 
to explain them was through the 
release of  gravitational energy.
In the mid-60s the concept of a 
supermassive black hole (SMBH) 
surrounded by a viscous disk of 
accreting matter gained 
popularity (Zeldovich & Novikov 1964),

and has become the standard 
model for AGN, still used today.  

Most of the energy emitted by QSOs is 
associated with the big blue bump. One 
needs to understand the emission 
mechanism in this region to understand 
what makes AGN unique.



The standard model of AGN

(Collin 2001)

Components:
accretion disk: r ~ 10 �3 pc      n ~ 1015 cm �3

v ~ 0.3c 
Broad Line Region (BLR):

r ~ 0.01 �
��
�

� �� n ~ 1010 cm � �

v ~ few x 103 km s �
	

torus: r ~ 1 �
� � � �� n ~ 103 � 106 cm � �

Narrow Line Region (NLR):
r ~ 100 � � � � � �� n ~ 103 � � �6 cm � �

v ~ few x 100 km s �1

Jet:

From 10-3 pc to 100 kpc



Blandford-Znajek Mechanism
I

I

LO
A

D
R
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Unification in AGN

All AGN are the same type of object but looked at from a different point of 
view Face-on                           Edge-on

Radio-quiet Sy 1                                Sy 2
QSO    FIR gal?

Radio-loud BL Lac                             FR I
BLRG   NLRG
quasar FR II      

This idea dates back to, at least, Rowan-Robinson (1977), and became 
popular in the mid-80s (reviews by Lawrence 1987, Antonucci 1993, Urry & Padovani 1997, 
Goodrich 2001).

(Rosa González-Delgado´s web page)

(new ingredient)



Support for unification: hidden emission lines

(Bill Keel´s web page with data from Miller, Goodrich & Mathews 1991, Capetti et al. 1995)

Some Sy 2s show broad lines in polarized light (Antonucci & Miller 1995, Goodrich & Miller 

1990, ...): the fraction is still unclear since the observed samples are biased 
towards high-P broad-band continuum objects.

The polarization level of the continuum flux is roughly constant up to 

�

1500Å
(Code et al. 1993), which 
implies that hot electrons 
are the scattering source 
near the nucleus, but dust 
dominates the outskirts.



Support for unification: ionization cones

(Pogge 1989)

A number of Sy 2s also show clear anisotropy in the highly ionized emission 
lines (like [O III]) which, often, resemble a cone (Pogge 1988): the ionization cone 
is “collimated” by the obscuring torus.

NGC 1068

One can readily assess that the radiation 
field is anisotropic (Neugebauer et al. 1980, Wilson 
et al. 1988, Storchi-Bergmann et al. 1992):

The number of ionizing photons to 
produce H

�

:

This can be compared with the ionizing 
production rate inferred from the 
continuum:

which yields N(H)/N(H

�

) < 1, and suggests 
that the ionization cone sees a more 
luminous continuum than we do.
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Support for unification: IR and NH excess
(Risaliti et al. 1999)

One can measure the column of neutral H that 
absorbs the soft X-rays emitted by the nucleus. 
The gas is associated with the dust in the 
molecular torus, and thus provides a rough 
estimate of the dust content and the attenuation 
this provides.

Sy 2s have the largest absorption columns, many 
of which imply the medium is Compton thick, so 
that X-rays are suppressed below 10 keV (Mushotzky
1982, Risaliti et al. 1999, Bassani et al. 1999). 

Sy 2s also have colder IR colours than Sy 1s, as 
inferred  from a sample of 10 Seyfert galaxies with 
ISO colours (Pérez-García et al. 1998):

TSy2=112 – 136 K               TSy1
� 150 K

which can be explained if the torus is partially thick 
at mid-IR wavelengths.



Support for unification: detection of tori?

380” = 26.6 kpc

1.79” = 125 pc

NGC 4261

HST imaging of the radio galaxy NGC 4261 at 5429 Å reveals a thin (

�

20pc) 
extended (125pc along major axis) disk of obscuration (Jaffe et al. 1993, 1996). 

��
�

��
�

�
�

�
�



Unification hypothesis:

(Goodrich 2001)

Sy 1
QSO

Sy 2

Radio-loud:

Radio-quiet:

RQs have radio jets very similar to those in 
RLs albeit at much lower power



Particle acceleration at shocks
Blandford & Königl 1979, Blandford & Eichler 1982

Relativistic propagation of 
acceleration zone

�
beaming, 

abberation

Power law spectra

�

in situ
acceleration with Fermi-type spectra
dN/dE ~ E-2 (synchrotron spectral
index ½)

Problems with spectral ageing away
from the shock front

Shear acceleration? (Rieger & 
Mannheim 2003, Ostrowski 2003)



Composite spectra� multiple shocks in the jet
Blandford&Königl, Marsher&Gear, Mannheim&Biermann



Spectral energy distributions



Flare spectra� single shock evolution
Kirk&Rieger, Dermer&Schlickeiser, Mücke(Reimer)&Protheroe

Periodic modulation
due to binary black
hole ?

Valtaoja

Rieger&Mannheim



GammaGamma--Ray BurstsRay Bursts
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Bimodal distribution of the burst
duration



Current GRB Characterizations
• Gamma Ray Photon Energies > 100 keV
• GRB types, by duration/spectra:

– Short and Hard < 2 seconds
– Long and Soft > 2 seconds, some over 100 seconds

• Sources are now determined to be extra-galactic
– up to redshifts of 5 have been observed

• Typically 10-1000 FOE released (isotropically)
– i.e., large luminosities 1051-55 erg/s

• Power-law spectra
– index of 1 at low energies
– 2-3 above about 1 MeV, extending well above 1 GeV

• FRED time behavior – Fast Rise Exponential Decay



Temporal Variation
Walker, Schaefer and Fenimore, ApJ 537:264 (2000)

• Looking at isolated flares.  Examined initial second of GRB 
light curves in a sample of 20 bursts.

• Timescales from 256 to 2048 �sec were observed.
– Wavelet analysis showed power from 256 �sec to 33 ms

• Conclusions:
– R 

�

 1200 km along line of sight
– Emission region as subtended from central source and collimationof jet 

must be less than 42” – implies a degree of polarization
– Lorentz factors along a radius line must have dispersion of less than 

roughly 2%
– External Shock scenario: impacted cloud must be smaller than 16 AU on 

average

Nakar & Piran, astro-ph/0103192

• Looking at 33 short pulses and 34 long pulses, came to similar 
conclusions:

– On average 10 ms timescale variability (both short and long)
– Unlikely to be external shock
– 30% of short bursts are smooth



The Compactness Problem
(cf. discovery of 3C279 with EGRET: Bignami report in 1991 Nature “ isotropic luminosity of 1049 erg/s” and 
first relativistic beaming model with baryonic energy transport by Mannheim&Biermann, AA Letter 1992)

• Consider isotropically emitting source at a distance D

• Temporal variations � R < 1200 km
• Given high photon energy population, production of e+e- pairs 

likely. fp is fraction of photon pairs that satisfy

• The average optical depth for this process is









== � ��

�

�

erg/cm 10Gpc 3 FOE 1.0 4 FDFDE π

�

�� cmEE �>
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��
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ms 10Gpc 3erg/cm 1010
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δτ



Correction of optical depth due to relativistic
beaming for source moving at Lorentz factor γ
towards the observer:

��

������
��

ms 10Gpc 3erg/cm 10
10 �

�� 








= TDFf 	

δ
γτ 


�

γ ~ 300



GRB Generic Model

This leads us to the following generic model:
I. A hidden central inner engine which produces a relativistic outflow of 

energy
• NS-NS, NS-BH, BH-He, Collapsar, Hypernova

II. Energy transport from the engine to an outer region where,
• Kinetic energy flux by relativistic particles is easiest

III. there is a conversion of energy to the observed prompt radiation, i.e., 
the burst

• Kinetic energy is converted to thermal energy in shocks, then radiated 
away as gamma-rays.  Two models: internal and external shocks.

IV. Later, there is a conversion of the remaining energy into radiation, i.e., 
the afterglow

a) Inner engine of GRB shines for long time, produces 
both the pre-cursor as well as the afterglow

b) Slowing down of relativistic shell by the ISM, 
i.e., an external shock, the Blandford-McKee self-similar solution





Fireballs

• Large concentration of electromagnetic 
radiation in small region of space with small 
fraction of baryons

• Sudden release of high intensity gamma-rays 
produces e+e- pairs which create an opaque 
photon-lepton “ fireball ”

• If present, most energy goes into bulk motion 
of the baryons.  Reach a Newtonian flow with 

ME /2v ≅



Types of Fireballs

1. Pure Radiation Fireball
Neglecting baryons, evolution is pure photon-lepton.  When T=20keV, 

�=1 and E>Mc2, radiation dominated, energy escapes as radiation.

2. Electron Dominated Opacity
In late stages, electrons associated with baryons dominate opaci ty.  
T<<20keV before �=1.  Eventually radiation dominated.

3. Relativistic Baryonic Fireball
Matter dominated before optically thin.  Energy is converted into bulk 
kinetic energy of baryons.  Most interesting for GRBs.

4. Newtonian Fireball
Expansion never becomes relativistic.  An example is a supernova
explosion where the energy is deposited into a massive envelope.



Energy Conversion

SNR

• order of FOE
• Solar mass of ejecta
• Non-relativistic flow

– Several 1000 km/s

• Interaction with ISM
– Over several pc
– lasts for thousands of years

GRB

• order of FOE
• Small fraction of a solar mass of 

ejecta
• Very relativistic flow
• Internal colli sions produce 

primary radiation
– Over hundreds of AU
– Lasts for fraction of a second

• ISM interactions produce 
afterglow
– Over a fraction of a pc
– Lasts for several days



Internal Shocks
• Take place when inner shell overtakes an outer shell (with lower velocity, �).  

Collision takes place at

where 

�

10 is the initial separation by 1010 cm
• Internal shocks are important only if the bulk motion is not too fast (otherwise one 

would only get external shocks)

• Recall lower bound on velocity.
– For Compton scattering of the photons on the shell ’s electrons:

– For pair production, unity optical depth of 100MeV photon 

• This limits the radii at which the emission can take place

• Prediction: bursts with narrow peaks should not have high energy tails, very short 
bursts may have a softer spectrum

��
�� ���

���

 cm 10 γδδγ� ≈≈R

�	
�
�
� 2800 �≤ Tγ

���
� �

� � � ��
��� 130 ET≥γ

� � ���
��� 570T≥γ

{ } �  !#
"�$

�%�  &
"�$

�'�  '
"�$

�(  cm 103  cm 10 , cm 105 TRTT ×≤≤× )



External Shocks with the ISM

• Characterized by the reverse shock which 
crosses inner outwardly moving shocks:
– Newtonian

• Reduces energy in each shock very li ttle

– Relativistic
• Reduces signif icantly the kinetic energy of each layer 

that it crosses

• Mostly important in the afterglow effect



Emission Mechanisms and Limits
• Synchrotron Emission

– Observed low energy spectra appear to resemble synchrotron spectra, power law index about 2.5
– Electrons are tightly coupled to protons and therefore plasma waves.
– Maximal velocity of electrons corresponds to the acceleration time equaling the magneto-sonic 

crossing time:

– Synchrotron Cooling Timescale:

– This yields �-factors of 108, which if significantly higher than anything we’re worried about. 
So we can ignore the upper cutoff.  (recall HW) 

• Given the characteristic photon energy (h �

synch)obs (which is related to the Larmor frequency and the energy 
of the emitting electrons), we can compute the above synchrotron cooling time.

– The observed cooling time is shorter by a factor of 
�

.
– We can obtain the cooling time scale as a function of the observed photon energy.

• This is a “universal” time since the energy of a particular electron is not present in the 
equation.  This relation is very close to the observed GRB timescale of

• Lower limit on variabilit y of GRB.  Source cannot spike on scales shorter than cooling time.
• FRED may be explained by rapid shock heating of the electrons, decay set by cooling
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Synchrotron Self-Absorption

• Irrelevant during the GRB itself
� Optically thin region

• More important at late times, i.e., afterglow



Synchrotron Self-Compton

• Only one IC scattering can take place
– γ2 factor in energy, energy relation no longer satisfied 

(Klein-Nishina)

• Large fraction of low energy radiation will be up-
scattered by IC
– Can have photon energies in the GeV or even TeV range

• Has the effect of shortening the cooling time (by 
extracting energy from the electrons)

• Reduces the efficiency of energy conversion by the 
Comptonization parameter Y = γ2τ which can be large



GRB Central Engines

Energy
1 FOE (anisotropic), accelerate approximately 10-5 solar masses to relativistic velocities, 

�

> 100
Beaming

Most are beamed with opening angles 0.02 to 0.2 radians 

�

collimated flow
But some have rather large opening angles, not well collimated

Long and Short Bursts
same mechanism?

Rates
1 per 107 (4/

�

2) year per galaxy, about 1/1000 the rate of supernovae, equivalent to about one per day
Time Scales

variabilit y of say 1 ms, duration on the order of 50 s – cannot be produced from single explosion
Possible SN association

Some GRBs seem to be associated with SNe.  GRB030329 shows SN spectrum, SN2003dh
Iron Lines

Observed in some X-ray afterglows.  Must have large amount of iron at rest near central engine
Star Formation association

GRBs seem to be prevalent in star forming regions.  Rates also seem comparable.
Distribution

Within galaxies, don’ t seem to be outside of galaxies (NS-NS)
No Windy Afterglow

“No evidence for a wind (n=2) in any of the aferglow light curves?  Futhermore, most fits for the 
afterglow parameters show low ambient density.”

Requirements



GRB Engine Models
Collapsar and Hypernova

– Another end for stars, fits in with 
stellar evolution of massive stars

• Type I
– Iron core collapse to BH
– 0.01 – 0.1 solar mass per second 

for first 20 s
– Variabilit y down to 50 ms, 

duration of about 10 seconds

• Type II – “Failed Supernova”
– Fallback of SN explosion onto 

NS/BH
– 0.001 – 0.01 solar mass per 

second, no jet by neutrinos
– Duration 10-100 times longer 

than Type I



GRB Engine Models
Compact Object Merger

– Promising for short and hard 
bursts, not so much for long 
and soft

• Direct Merger
– NS-NS, NS-BH, BH-He star 

binary mergers

– Very short burst

– Could have variability of 
output flow during merger

• Tidal Disruption
– BH torus system

– similar to collapsar model

– Blandford-Znajek Association with star forming
regions at high z favor SN Collapsar
models



Probing the jet phase of a GRB

• Cosmic Rays
– Possibili ty of 1019 eV cosmic rays from Fermi acceleration 

of protons in cosmological GRBs. E Waxman, ApJ 452, L1 (1995)

• Neutrino emission
– 1014 eV neutrinos via photomesonproduction of pions in 

interactions between the fireball gamma rays and 
accelerated protons. E Waxman PRL 78:2292 (1997)

• Gravitational Wave Signature
– All models have a predicted unique gravitational wave 

signature which should be detectable by advanced LIGO



Open Questions

• Fireball model has observational support
– Predictions about early afterglow and the GRB-

afterglow transition need to be confirmed
– How do collisionlessshocks work?
– Source of large magnetic fields? (1013-18 G)
– Just the right amount of baryon contamination

• GRB Engine for acceleration of ejecta
– Variability of ejecta, (shot-gun model?)

• Short vs. Long bursts – the same mechanism?



Part C) Particle acceleration

• Stoßfreies, magnetisiertes Plasma

• MHD Stoßwelle der thermischen Teilchen

• Suprathermische Testteilchen (Injektion)

• Plasmaturbulenz über gyroresonanten Wellenzahlenbereich 
(Diffusionskoeffizienten im Orts- und Impulsraum)

• Quasilineare Näherung

• Energieverluste < Energiegewinne

• Statistische Balance aus Entweichen und Beschleunigung



at threshold for gyro-resonant
scattering





Does not work for relativistic shocks

�

anisotropies (Kirk)





Summary of lecture on cosmic
accelerators

• Nonthermal Universe hosts zoo of interesting objects
– AGN most powerful population, UHE CR candidates
– GRB most powerful objects, UHE CR candidates
– SNR candidates for galactic CRs with problems

• Ubiquity of collisionless relativistic plasma
– shock waves
– magnetic fields and plasma turbulence
– jets (collimated by z-pinch)
– rotation

• Link between energy carried in cosmic rays, gamma rays, and 
neutrinos

�

observations and theory can be tied together

• New physics at high mass scale

�

anomalies ?


