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
e Magnetic Sun and solar wind
e 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

e Electrons
— Coulomb scattering
— Inverse Compton scattering
— bremsstrahlung
— Synchrotron radiation (magnete bemsstrahlung)
— Triplet production

e Protons and ions

07 = 6.7 10 cm?

— Coulomb scattering o, = 3102 cn?
— Resonance excitation
— Spallation 0,= 0 0y =2 1028 cne?

— Pair production (Bethe — Heuitler)
— Pion production
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A. Karle

Inverse Compton scattering

}/LE 7 eHE ]/HE + eLowerE

Inverse Compton scattering (not really a good name)
— Very important process in HE astraophysics

— Electron is of high energy:
1. Go into rest frame of electron {one gamma factor)
2. Apply Thomson scattering in rest frame of electron
3. Lorentztransform the result back into the observer’f frame (second gamma factor)

— Maximum energy transfer:

ho =4-y” how

Jfinal max initial

— Again a gamma”2 factor, similar to ionisation loss energy loss formula

Quasi-klassische Berechnung = Rybicki & Lightman
Exakte QED Berechnung (1. Ordnung) - Jauch & Rohrlich




Neutrino production
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 Primarteilchen der KS erzeugt energiereiche
Sekundarteilchen in der Atmosphare

 Die Sekundarteilchen erzeugen lawinenartig
weitere Tellchen, bis deren mittlere Energie fur
Tellchenerzeugung nicht mehr ausreicht
(lonisationsverluste sind dann dominant)

o Gekoppelte Transportgleichungen (Rossi &
Greisen 1941)
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Gekoppelte Kaskadengleichungen

Die verlorene Energie E_-E. = K E, geht zum Teil in
Sekundarteilchen (und in den Rickstol3 des getroffenen Kerns)

Die Sekundarteilchen kaskadieren weiter und erzeugen dabei auch
wieder Teilchen der Primarteilchenspezies (z.B. vy, e)

Kopplung der Transportgleichungen fur alle Teilchenspezies
a,b,c,...

Wegen der diskreten Natur der Wechselwirkungen (Fluktuationen)
und der beschrankten Gultigkeit des Scalings werden bevorzugt
Monte-Carlo Simulationen benutzt (z.B. CORSIKA)




Spectrum of cosmic
rays
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Solar modulation
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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/cm? decreasing with energy

Be7 clock: (1-2)x10’ a age of cosmic rays

- Matter density traversed ~ (0.2-0.3) cm3 i.e. much less than thick disk density




100 M eV

406 MHz

pion + IC

synchrotron




Diffusive-advective transport

e Collisionless plasma
e Quasilinear approximation

-> Schlickeiser ,Cosmic Rays Physics”
Berezinsky et al., ,Cosmic Ray Physics"

- Reviews by Kirk, Drury, Ellison, Baring,
Lerche, Zank, Webbh, Axford, VOoIk,
Biermann
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Naherungslosungen

Um Vlasov-Gleichung zu l6sen, werden E und B Felder bendétigt
Um E und B Felder aus Maxwellgleichungen zu bestimmen, werden

die Ladungsdichten und der Strom bendtigt, die LOsungen der
Vlasov-Gleichung sind

Nichtlineare Kopplung aufheben fur

— Testteilchen (Annahme vorgegebener elektromagnetischer Felder, z.B.
Kolomogorov-Turbulenz, und Lésung nach Teilchenverteilungsfunktion)

— Testwellen (Annahme einer festen Teilchenverteilungsfunktion als
Ausgangspunkt)
Magnetohydrodynamische Gleichungen (MHD) far Dynamik auf
Skalen >> mittlere freie Weglange fur Stof3e (durch
Momentenbildung aus Vlasovgleichung)
Zwei-Flussigkeits-Naherung: Thermisches Plasma (MHD) + nicht-
thermisches Plasma

Diffusionsnaherung der quasilinearen Gleichung (Fokker-Planck)
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Diffusions-Konvektionsgleichung mit Quellterm
durch inelastische Wechselwirkungen und
Entweichterm (,leaky box")
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Self-Confinement

KS stromt durch ISM (Advektion + Diffusion)

Pitchwinkelstreuung an Plasmaturbulenz (Alfvénwellen ohne
Landaudampfung)

Plasmaturbulenz wird durch die Zweistrominstabilitat angeregt

Selbst wenn in schmalen Wellenzahlenbereichen Dampfung (z.B.
lon-Neutral) Uberwiegend, fihren nichtlineare Kaskadenprozesse zu
einem Auffullen der Intensitat in den Fluktuationen des B-Feldes

Im relaxierten Zustand wird so ein Kolmogorov-Spektrum der
Turbulenz angeregt |~k>"3

In der Nahe von Flares bzw. StoBwellen Kraichnan Spektrum I~k-3/2

Nachweis durch interstellare Szintillation (Radiobeobachtungen von
Pulsaren)




Energiedichte

Flufl kosmischer Strahlung

Protonenkomponente (im solaren Minimum)

o N dE © erE? dN
= = —dlnE =0.83eV cm™®
o dFE Bc 0o pBec dE . eV o

pr = 4m

rhog(c + Kerne) = 0.27 eV cm ™

Zum Vergleich: Magnetische Energiedichte im interstellaren Medium (mit
Brsy = 3uG
B2
pp = — =0.25 eV cm™
87
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Kosmische Strahlung

Quelle Energie Rate E ~rB
[ergs] [1/a] [GeV]
e 51 6
Supernovauberreste 10 1/30 10
(s=2.2+0.5)
61 5 11
Radiogalaxien 10 1/3x10 10
(s=2.0)
6

Y -3
(Wig Rg= NVl mit Np= 10 Mpe
und Lg= 10% ers/s)

2.7
E dN/dE

T
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Fe
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E (eV/nucleus)




Cosmological horizons for cosmic rays, gamma

rays, and neutrinos

e 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: Weller dip due to resonant Z







Current power spectrum P(k) [{(h-!' Mpc)?]
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Tegmark 2003

Wavelength A [h-1 Mpc]
104 1000 100 10 1

LI 1 IIIIIII 1 1 Illllll 1 1 IIIIIII 1 1 III

T T TTIITH
1 L. L LiLin

m Cosmic Microwave Background

* Cluster abundance
m Weak lensing

4 Lyman Alpha Forest

Tegmark & Zaldarriaga, astro-ph/0207047 + updates
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0.001 0.01 0.1 1 10
Wavenumber k [h/Mpc]
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Kneiske, et a., A& A 2002, 2004: EBL model based on galaxy counts

1ﬂﬂ I 1 T rrrrrt I I II:;IIII
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——  Ultselected galaxies + ULIGs |
- only UV-selected galaxies :
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1 L1 1 1 111l I L 11 1 1 1gIr
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1 100
Missing UV from AGN A [um]




Fazio-Stecker relation
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E? dIfdE tkeV¥{cm>s-ke V-5t

Extragalactic X rmy/gamma ry background
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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 (~10'8=> 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
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SNR Cas A b
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)?

0.1

E | : * | * ! | ! ! | ; " | J ; | VI I220IO kl / : |
= sk — m/s
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=3[ n, = 10 ecm™ .
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E
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Predictions of the nonlinear diffusive shock-acceleration model from radio to TeV ~-rays as com-
pared to observations (see Ellison et al. (1999) for details and references therein). The present result is shown
together with the Whipple upper limit of Lessard (1999).
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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 8bel (Chandra/HST)
Moving wisps




Spectral energy distribution of the Crab nebula (Harding & Stecker) —
Models vs. Multiwavelength Observations
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Active Galactic Nuclel: 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
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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.

1
s Sey 19 WX
Y & LINER
% 5 BLRG
o3
AGN are a very Sey 1 Lsm
heterogeneous group: ‘B!ﬂﬂgﬂ Mes tro
7 or cey 2
BLL & Oy

(Goodrich 2001)




AGN taxonomy

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

(Paul van der Werf's web-page, see also Kraemer & Crensha\IN 2000)
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The definition has evolved to underline the presence of strong high-
lonization lines, and even coronal lines (although not all AGN have them).




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.

Some people erronuously take
[O Ill] / HB > 3 as the criterium for AGN
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AGN diagnostic diagrams
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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.

0.1

[OIV]NeII] or [OIV]{1.7*[SIII])

01 +

ULIRGs have radiation fields closer to : SBs m;;"'r
starburst galaxies than to AGN. From - .

this diagnostic diagram, it is estimated i AN W gas
that 70-80% of the MIR radiation is QO0F Eroves o o TS
powered by obscured starbursts and 0.1 1 10

20-30% by AGN (Genzel et al. 1998). relative strength of 7.7um PAH feature




AGN taxonomy: Seyfert galaxies

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

& Weedman 1974, Osterbrock 1981):

e Sy 2: narrow emission lines of FWHM < few x 100 km s™1

» Sy 1: broad permitted emission lines (Ha, He l, ... ), of FWHM <104 km s
that originate in a high-density medium (n_.z 10° cm=3), and narrow-
forbidden lines ([O Il1], [N 11], ...) that originate in a low-density medium

(n,= 103-10° cm™).

e Syl.x (1.9, 1.8, ...): they graduate with the width of the Ha and Hf lines.

* NL Syl: subclass of Sy 2 with
X-ray excess and optical
Fe Il in emission.

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

1530

100

NGC 2622

50 '

-‘,,4\/)""

-n..r..-..-.-&-.-n-"j: I..H'“"-._
) = § e e e e e ] F
45300 000 A300 &0

(Goodrich 1995)




AGN taxonomy: Quasars and QSOs &

Quasar = Quasi Stellar Radio-source , QSO = Quasi-Stellar Object
Scaled-up version of a Seyfert, where the nucleus has a luminosity
Mg< —=21.5 + 5 log h, (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.

S T T T e T T T T S Y Y R T e e ey
. [O 1]

2.0 __Ly(j HB
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I [O1] Hb
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M Silv 4
0.5F .
DL v o e s v ue wfau e o oome olivn a s gone s ilon s e i
1000 2000 3000 4000 5000 6000
OHST A (A) (Paul Francis’ web page)

There are two varieties: radio-loud QSOs (quasars or RL QSOs) and radio-

Ea
f T
e
BT
=
-

quiet QSOs (or RQ QSOs) with a dividing power at P.,,,=10%47 W Hz 1 srt.

RL QSOs are 5-10% of the total of QSOs.




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)
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AGN taxonomy: BAL QSOs b

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 2 1.5 because the phenomenon is observed in the rest-

frame UV. At these redshifts, they are about 10% of the observed
population.
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Wavelength (A) (Ogle et al. 1999)

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




AGN taxonomy: Radio galaxies

Strong radio sources associated with giant elliptical galaxies, with optical
spectra similar to Seyfert galaxies.

1 218 - Hydra A (2=00541)
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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 (a, such that F,=v%) at v=1GHz: steep or flat separated by
a=-0.4

¢ radio morphology (rFanaroff & Riley 1974): measured by the ratio of the distance

between the two brightest spots and the overall size of the radio image.
FR 1 with R<0.5 and FR Il with R>0.5
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AGN taxonomy: BL Lacs
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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.

F.(arbitrary units)

I|I|'I|TII

3 —

0

| BL Lac r
=
— - =
B ET
- oF
— L] ‘f —
: A |
g _
. B « =
b " ke
'||| ST 7
- @ B8 =
. ,// gao K'g
= SR g
| g g g b e el pact el yex g

(Vermeulen et al. 1994)

Image Size 55x80 asec

Image Size 10x10 arcmin




AGN gallery and densities of

Sty

i Space densities in

3 N, ) s e .. 1 thelocal Universe
| g (Wotjer 1990)
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Phenomenology of AGN: variability

Broad-line varieties (Sy 1s, QSOs, BLRGSs) are usually variable, where as
narrow-line varieties (Sy 2s, LINERs, NLRGSs) are usually quiescent.
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(Peterson et al. 1994, Peterson 2001)

But there are outstanding exceptions....
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(Sanders & Mirabel 1996)

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 extreme luminosities emitted
by AGN

bolometric L, = 10** erg s™*
Loso™ 107 erg s

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.
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The standard model of AGN

Components:
accretiondisk: r~10=pc n~ 10" cm™3
v ~0.3c

Broad Line Region (BLR):

r~0.01-01pc n-~109%9cm=3

v ~ few x 103 km s
torus: r~1-100 pc n~103-10°cm™
Narrow Line Region (NLR):

molecutsr [ ~ 100—-1000 pc  n~103-10%cm3

e v ~ few x 100 km s™1

RG |
Jet:
1R
' ' From 103 pc to 100 kpc
local gravitational
instability
OO O O GALACTIC BAR
O ?
P N
Do 0 o
o o. OO O o

(Collin 2001)




Blandford-Znajex Mechanism
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Unification in AGN

All AGN are the same type of object but looked at from a different point of

view

Radio-quiet

Radio-loud

Face-on Edge-on
Syl Sy 2
QSO FIR gal?
BL Lac FR |
BLRG NLRG
quasar FR I

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 Gonzalez-Delgado’s web page)
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Support for unification: hidden emission lines S

inAQe

i

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 A1500A
(Code et al. 1993), which
Implies that hot electrons
are the scattering source
near the nucleus, but dust
dominates the outskirts.

Polarization and the Hidden Nucleus of NGC 1068

Intensity

Polarization map

4000 4500 5000
Wavelength, Angstroms

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




Support for unification: ionization cones

A number of Sy 2s also show clear anisotropy in the highly ionized emission
lines (like [O Il1]) which, often, resemble a cone (pogge 1988): the ionization cone

IS “collimated” by the obscuring torus.

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 Hf:
N (HB) = LHp) ae?f ~2.1x10” L, (HB) photonss™ =

. Vip Fup . L
This can be compared with the ionizing 8

arcse

production rate inferred from the 5 -

continuum:

N(H) = 47d” [° k }vzd‘/
1 1%

which yields N(H)/N(HP) < 1, and suggests —1¢/

that the ionization cone sees a more
luminous continuum than we do.
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0 (Pogge 1989)




Support for unification: IR and N,

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-Garcia et al. 1998):

Ts,,=112 — 136 K Tgy= 150 K

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

excess 7

3 | (Risaliti et al. 1999)
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Support for unification: detection of tori?
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HST imaging of the radio galaxy NGC 4261 at 5429 A reveals a thin (20pc)
extended (125pc along major axis) disk of obscuration (Jaffe et al. 1993, 1996).




Unification hypothesis:

blazar

quasar

Radio-loud: BLRG

Radio-quiet:

Syl
QSO

RQs have radio jets very simil ar to those in
RLs abet at much lower power

(Goodrich 2001)




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

Superluminal Motion in the M87 Jet

o
L = L

24 light yrs

Relativistic propagation of
acceleration zone - beaming,
abberation

Power law spectra = in situ
aaceleration with Fermi-type spedra
dN/dE ~ E-2 (synchrotron spedral
index %2)

Problems with spedral ageing away
from the shock front

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




Composite spectra - multiple shocks in the jet
Blandford&Konigl, Marsher&Gear, Mannheimé&Biermann

A MODEL FOR THE INNER JET

SOFT X-RAY xﬂgf\r
¥ -BAY 7-RAY + X-RAY

O+R RADIO
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Spectral energy distributions
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Flare spectra = single shock evolution
Kirk&Rieger, Dermer&Schlickeiser, Mucke(Reimer)&Protheroe
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Bimodal distribution of the burst
duration
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Current GRB Characerizations

Gamma Ray Photon Energies > 100 keV

GRB types, by duration/spectra:

— ShotandHard <2 sewmnds
— Longand Soft > 2 seands, some over 100seconds

Sources are now determined to be extra-galactic
— upto redshifts of 5 have been olserved

Typically 10-1000 FOE released (isotropically)
— I.e., large luminosities 10°1>° erg/s

Power-law spectra

— Index of 1 at low energies
— 2-3 above about 1 MeV, extendingwell above 1 GeV

FRED time behavior — Fast Rise Exponential Decay




Temporal Variation

Walker, Schader and Fenimore, ApJ 537.264 (2000)

 Lookingat isolated flares. Examined initial second of GRB
light curvesin asample of 20 bursts.

 Timescdesfrom 256to 2048usecwere observed.
— Wavelet analysis showed power from 256 usec to 33 ms

e Conclusons:
— R <1200 km along line of sight

— Emisgonregion as subtended from central sourceand collimation of jet
must be lessthan 42’ —implies a degreeof polarizaion

— Lorentz fadors aonga radius line must have dispersion of lessthan
roughly 2%

— External Shock scenario: impacied cloud nust 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 mstimescde variability (both short and long)
— Unlikely to beextemal shock
— 30% of short bursts are smocoth




The CompadnessProblem

(cf. discovery of 3C279 with EGRET: Bignami report in 199 Nature “isotropic luminaosity of 10%° erg/s’ and
first relativistic beaming model with baryonic energy transport by Mannheim& Biermann, AA Letter 1992

e Consider isotropicdly emitting sourceat adistance D

2
E=47 D’F =0.1FOE| —= — d -
3Gpc ) 107" erg/cm

e Tempord variations = R < 1200 km

« Given high photon energy population, production of e'e pairs
likely. fisfraction of photon pairsthat satisfy

2
JEE, >m.c
« Theaverage optical depth for thisprocessis

2 p)
T = 1013 fp — F > D ( or j
107" erg/cm” )\ 3Gpc ) \ 10 ms




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

__ 10" / F D 2( ST jz
y 429 7P 107 erg/em” \ 3Gpe ) \ 10 ms

- y~300




GRB Generic Modédl

Thisleads usto the following generic modd:

|. A hidden central inner engine which produces a relativistic outflow of
energy

* NSNS, NS-BH, BH-He, Coll apsar, Hypernova
I1. Energy transport from the engine to an outer region where,
» Kinetic energy flux by relativistic particlesis easiest
I11. thereisa 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.

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

a) Inner engine of GRB shines for longtime, produces
bath the pre-cursor as well as the afterglow

b) Slowing down of relativistic shdl by the ISM,
I.e., an external shock, the Blandford- M cK ee self-similar solution
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Fireball s

» Large concentration of electromagnetic
radiation in small region of space with small
fradion of baryons

o Sudden release of high intensity gamma-rays
produces e'e pairs which create an o@qLe
ohaon-lepton “fireball”

 If present, most energy goesinto buk motion
of the baryons. Reach a Newtonian flow with

ve=~2E/M




Types of Fireballs

Pure Radiation Fireball

Neglecting baryons, evolution is pure phoon-lepton. When T=20keV,
=1 and E>Mc?, radiation dominated, energy escapes as radiation.

Electron Dominated Opacity

In late stages, eledrons associated with baryonsdominate oaaty.
T<<20keV before 1=1. Eventually radiation dominated.

Relativistic Baryonic Fireball

Matter dominated before optically thin. Energy is conwerted into bulk
Kinetic energy of baryons. Modg interesting for GRBs.

Newtonian Fireball

Expansion never becomesrelativistic. An exampleisasupernova
explosion where the energy isdepaosited into a massve envelope




Energy Conversion

SNR

order of FOE

Solar massof geda
Non-relativistic flow

— Severa 1000km/s
|nteradion with |SM

— Over severd pc

— lastsfor thousands of years

GRB

order of FOE

Small fraaion of a solar massof
geda
Very relativistic flow
Internal colli sions produce
primary radiation

— Over hundreds of AU

— Lastsfor fraction of a second
|SM interadions prodice
afterglow

— Over afraction of apc

— Lastsfor severa days




|nternal Shocks

Tal|<|e place a\I,<VhenI inner shell overtakes an outer shell (with lower velocity, y).
Collision takes place at -2 . _1Nnl4 2

where J,,istheinitial separation by 10:°cm
Internal shocks are important only if the bulk motionis not too fast (otherwise one

would only get external shocks) -3/8
y <28007,,.
Recall lower bourd on velocity.

-2/5 1/5
— For Compton scatering of the photonson the shell’ s eledrons: 7/ 2 130 ]105 E52
— For pair production, unity opticd depth of 100MeV photon -1/4
y=5701,,

Thislimitsthe radii at which the anisson can take place
{5%10° em T%,10% em T2 }< R, <3x10' cm T,

Prediction: bursts with narrow pegs should not have high energy tail s, very short
bursts may have a softer spectrum




External Shocks with the |SM

o Characterized by the reverse shodk which
crosses inner outwardly moving shocks:
— Newtonian
* Reduces energy in ead shock very little
— Relativistic
* Reduces significantly the kinetic energy of each ayer
that it crosses

 Mostly important in the afterglow effed




Emisson Medianisms and Limits

Synchrotron Emisson
— Observed low energy spedra appea to resemble synchrotron gpedra, power law index abou 2.5
— Eledronsaretightly coupged to protons and therefore plasma waves.
— Maximal velocity of eledrons corresponds to the acceeration time equaling the magneto-sonic

crossing time: CRL
= 2
v ,_me 4 U
— Synchrotron Cooling Timescde: synch ~— P ? synch 3 - OrC 37/

synch

— Thisyieldsy-fadors of 1%, which if significantly higher than anything we're worried aboui.
So we can ignarethe upgr cutoff. (recdl HW)

Given the characristic phoon erergy (hv nch)obs(Wh'Ch is related to the Larmor frequency and the erergy
of the emitting eledrons), We can @mpute the above synchrotron coaling time.

— The observed codingtimeis shorter by a fador of /..
— We can oltain the cooling time scde & a fundion of the observed phdon energy.

3/2-1/2, ~1/2
l‘synch(v)ocB [ v

Thisisa“universal’ time sincethe energy of a patrticular eledronisnot present in the
equation. Thisrelationisvery close to the observed GRB timescde of ST oc V—O 4

Lower limit on variability of GRB. Source cannat spike an scdes shorter than @olingtime.
FRED may be explained by rapid shock heaing of the eledrons, decay set by cooling




Synchrotron Self-Absorption

 Irrelevant during the GRB itsdlf
-> Optically thin region

 Moreimportant at late times, I.e., afterglow




Synchrotron Self-Compton

Only one IC scattering can take place
— v2 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 energiesin 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 = y2t which can be large




GRB Central Engines

Requirements
Energy
1 FOE (anisotropic), accelerate approximately 10 solar massesto relativistic velocities, I > 100
Beaming

Most are beamed with opening angles 0.02 to 0.2radians - collim ated flow

But some have rather large opening angles, na well collim ated
Long and Short Bursts

same mecdhanism?
Rates

1 per 107 (4/62) yea per galaxy, abou 1/1000the rate of supernovag equivalent to eboutone per day
Time Scales

variability of say 1 ms, duration onthe order of 50 s — canna be produced from single explosion
Possible SN association

Some GRBs sean to be associated with SNe. GRB030329shows SN spedrum, SN2003dh
Iron Lines

Observed in some X-ray afterglows. Must have large amountof iron at rest nearcentral engine
Star For mation association

GRBs sean to beprevalent in star forming regions. Rates also ssem comparable.
Distribution

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

“No evidencefor awind (n=2) in any of the aferglow light curves? Futhermore, most fitsfor the
afterglow parameters show low ambient density.”




GRB Engine Models

Collapsar and Hypernova

— Another endfor stars, fitsin with
stell ar evolution of massve stars

e Typel
— lIroncore collapse to BH

— 0.01-0.1 solar massper second
for first 20s

— Variability down to 50 ms,
duration of about10 seconds
 Typell —“Falled Supernova”
— Fallbadk of SN explosion onb
NS'BH

— 0.001-0.01 solar massper
seaond, nojet by neutrinos

— Duration 13100times longer
than Typell




GRB Engine Models
Compact Object Merger

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

e Dired Merger
— NSNS, NS-BH, BH-He star
binary mergers
— Very short burst
— Could have variability of
output flow during merger
e Tidal Disruption
— BH torus system

— similar to coll apsar moadel
- Asxciation with star forming
— Blandford-Znajek
9 regions at high z favor SN Caoll apsar
models . ;




Probing the jet phase of a GRB

e Cosmic Rays

— Posshility of 10 eV cosmic raysfrom Fermi acceleratin
of protonsin cosmologicd GRBS. e waxman, Api4s2,L1 (1995

e Neutrino emission

— 10 eV neutrincs via photomeson production of pionsin
Interadions betwean the fireball gamma rays and
acceerated protons. e waxman PRL 78:2292(1997)

o Gravitational Wave Signature

— All models have a predicted unique gravitational wave
signature which should be detectable by alvarced LIGO




Open Questions

* Fireball model has olservational suppat

— Predictions about early afterglow and the GRB-
afterglow transition need to be confirmed

— How do collisionless shocks work?

— Source of large magnetic fields? (101318 G)

— Just the right amount of baryon contamination
 GRB Enginefor acceleration of geda

— Variability of gecta, (shot-gun mode ?)
e Short vs. Longbursts — the same mechanism?




Part C) Particle acceleration

Stol3freies, magnetisiertes Plasma
MHD Stol3welle der thermischen Teilchen
Suprathermische Testteilchen (Injektion)

Plasmaturbulenz tber gyroresonanten Wellenzahlenbereich
(Diffusionskoeffizienten im Orts- und Impulsraum)

Quasilineare Naherung
Energieverluste < Energiegewinne

Statistische Balance aus Entweichen und Beschleunigung




Relative enerqy distribution f(E)
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(a} Shock front traveling at speed U

(b) seen 1 rest frame of shock front

(¢) rest frame of downstream medium

(d) rest frame of upstream medium

Does not work for relativistic shocks = anisotropies (Kirk)
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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 ?




