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* Why (should you) bother with high energies?
* GRBs and jets (Clearing the fog)
* 6GRBs and high energy particles

Why (should you) bother with high
energies?
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. [Blandford & Eichler, Phys. Rep. 87;
Cosmic-ray E [GeV] Axford, ApJS 94;
Nagano & Watson, Rev. Mod. Phys. 00]

py, pp(n) —— TO_,V’'s

The UHECR challenge

1. 1BR

, V=sd-—=fBR = £, <feBRIT
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2
L> 2%8;20 x10™ erg/s

[Hillas 1984; Waxman 04]
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The suspects

* AGN (steady):

r~ few L>10%7 erg/s
Few, brightest AGN

[Lovelace 1976;
Hillas, ARA&A (1984)]

e GRBs (transient):

r~ 300 L>10% erg/s
Average L ~10%2 erg/s

[Waxman 95; Vietri 95; Milgrom & Usov 95]

GRBs and jets (Clearing the fog)
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[Fishman & Meegan 95]

e T~0.01t0100s
Short: T~0.2 s, Long: T~20 s
Variability: At~1 ms

* Non-thermal spectrum
1-- 5100 MeV
Most E @ e1MeV

» Isotropic sky distribution

|

Cosmological origin
d~1028 cm > E(z~1)=10° erg
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[Winkler et al. 95]

The “fireball” model

RlcAt~107cm

E,~10%2 erg~10 M, c?
RBH~105 M/ Msun) cm
T~10s > AT
T(yy->ele)~1 014

100 MeV yll

Av(At)~c/ 2I’2

Gravitational collapse of
(few) solar mass to BH

[Paczynski 86; Goodman 86]

\T disk viscous time
Relahvnshc outflow

F>100 (c-v=c/2r?)

In'rernal shocks at
R~I2cAT~1012cm

[Narayan, Paczynski, Piran 92;

Meszaros & Rees 94]

e  acceleration in
Colhswnless shocks

T ——Synchrotron/IC emission

of vi$
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Orediction: “Afterglow”

M on ~1 Solar Mass BH
107cm

’ e acceleration in
M~300 Collisionless shocks
/ / 10%2cm

Collision with
MeV y's: L, ~10°%erg/ surrounding gas
/ 108 cm
e Synchrotron/IC //
——— [-ray, U
Radio

[Paczynski & Rhoads 93; Katz 94; Meszaros & Rees 97; Vietri 97; Waxman 97; Sari, Piran & Narayan 98]

[0 ynamics 101a

E r(R) n

E53 3/2
. [1677”%02jo 150( ]
w=RIA4c, T= 10('553} e

h="=or ctobs=1.7><10”(gj t>8 cm
a Ny

[Blandford & McKee 76]

[Waxman 97]
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ctral Index, 8

Spe

Oirect size measurement: I. Scintillation

?> 0.d> A

D|ffract|ve scintillation

 Finite size, cosmological source: h . ~few x 10cm

. ‘ . ‘ R _
. = = =2rct, = 10”( %J t8, cm

it B=+0.25+0.04

i ]
I EI%E E IEEI Ii%} E ]

[)
i 5 {
E —
E 1 [Goodman 97;
0 e 40 B0 80 Waxman, Kulkarni & Frail 98]
Days After Burst

IT. Resolved afterglow

[Taylor et a. 04]

« GRB 030320, 24 days after
the burst (z=0.17)

VLBA+Bonn at 22 GHz —

* Marginally resolved at 0.08
milliarcsec

 Superluminal expansion @ 5¢
h=34x10" cm

8
2rct=38 [E] toe 107 cm
1

[Fral et d. 04;
Granot, Ramirez-Ruiz & Loeb 04]
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0 ynamics 101b
« “Ignorantll jet/observer

Tcomovmg’R/rC
A ‘R/I_DGR r>1/6

comoving

M (R)>1/6;

« I'(R)=1/6j: Sideways expansion

-1/8
6 = 01( EISO,53J t-3/8

j.day
Ny

[Rhoads 97, 99]

t<t: h=1.7><10”(%] t> cm
N
t>t: tOR/Ic

2 16
h= h(tj {lj :1.6><1017(5J t2,.cm

“Uet breaks”
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[Staneck et a. 99; Harrison et al. 99]
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Collisionless shock 101

¢ v~C
— P

Relativistic collision: o P e« °h

2
Coulomb: mc? = % = Ao, =

3

b 1
n7o?

= 1028n;1 cm

r—\m3|

Nuclear : A, = =10®n"cm
no,, °

4rmne’ c )
= —=10'nY?cm
mp C()p ’

Plasma:a)p =

- B bUild-Up: B* /8= Eglihermal

m
* Non-thermale:  y =y, . =g —2T

e

V>V @Dy“’;pﬁ
dy

[ bservations: Synchrotron spectrum

4

e [arameters:
I:Elnl Sel 8B (Iele)D

e [I bservations:

O v Vi Ve, Vol

[E~10%2erg, n~1/cm3, n -

Log flux density (udy)

86~8B~1O_O5D Log Frequency (Hz)
p=2.20-0.1
[Wijers & Galama 99]

« Not too many examples [Note, e.g. f,, ~(neg)/2E
n~v,250 [
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Fireball “calorimetry”

« Sub-relativistic @ lyr,
Isotropic radio emission.

R =10%E,/n,) *em
tNR = 1(E51/ nO)ll3yr
L [ty 1I0GHZ ~10" ¥ E,, erg/sHz

[Frail, Waxman & Kulkarni 00;

. . Livio & Waxman 01]
» Long term radio observations

[ etermine total fireball E

Foasanz WY) Fresanz (Y

Fo1acr (1Y)

10°L %;: ﬁ_) o 85GHz | GRB |:|70508
: -—"—':II' v %Ij.t
10°F
ol | | | _ 4.8 GHz
. r TEE
¢
10%
ol 1.4 GHz
10 b I i :
1
. - [Berger et a. 04]
10 10

Time Since the Burst (days)
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GRB 970508

« Explosion energy:
E~10510-05 gpg

Energy (erg)

e Radius: R~10!75 cm

« Consistent with relativistic
evolution: E, R, 6,

Energy (erg)

0.5 1 15 2 25 3
Radius (cm) o

[Frail, Waxman & Kulkarni 00;
Berger et a. 04]

GRBs and high energy particles
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‘éﬂ/%onprf%nWass BH

Relativistic Outflow

MeV y's: L ~10>%erg/

~300

. . _—Energy extraction (kinetic="fireball” /Poyniting)?

€ accelerationin
CoI lisionless shocks

UHE peASgaldnation? //
—— X-ray, U

_ Radio
[Firan, Phys. Rep. 99; Meszaros, ARA&A 02;
Waxman, Lec. Notes Phys. 598 (2003).]

[Iroton/electron acceleration

Urotons Electrons Afterglow
* Acceleration/expansion: . MeVys:
0.02
ug/u, >02 ug/u, >0.1 Ug /U, ~1
* Synchrotron losses: « [ ptical depth:
I >10? r>10%° r>10%°
* [Oarticle spectrum: . yspectrum:
dn,/de, O&,’ dn,/de, O&.”
* p energy production: + yenergy production
£ an, ~10% 29 & dn, _ 103 x10%erg =10% 9
P dg Mpc’yr de, Gpcyr Mpciyr
02 «10%5erg=10% 9
[Waxman 95] Gpciyr Mpciyr
[Waxman 04]
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Rate calibration
R =3.0x10*erg/Mpc’yr

AGASA
energy scale
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[Bahcall & Waxman 03]

“Generic” GRB fireball v's

+ . + + =
y+p N+ T oo e HV YV, +D,

(,/T)(e,/T)= 0.3Gev?

£,=1MeV, [ =10 = ¢£,210°eV, g 210" eV

f,..=02
Weak dependence on model parameters
s GeV
= £2q)v = 02¢\I£VB =10 8 — g, = 1014'5 eV
cm-ssr

- 2
J,_,=20/km?yr  (bgnd free)

[Waxman & Bahcall 97, 99; Rachen & Meszaros 98; Guetta,

Spada & Waxman 01;

Alvarez-Muniz & F. Halzen 99; Guetta, Hooper, Alvarez-Muniz,

Halzen & E. Reuveni 04;
Dermer & Atoyan 04]
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Summary

 Long duration, cosmological GRBs:
r>100, 8;~0.1, E~ 105105 erg explosions
Likely: (few) M,,, BH formation

* Likely sources of high energy particles
May account for observed >10"eV particles
predictions: to be tested by Auger

>1 TeV Neutrinos: km3 neutrino telescopes

[ etection: Identify UHE CR sources
Unillue probes on GRB jet physics
Unillue probe of neutrino physics
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