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Main GRB Characteristics

. Rate: ~ 3/ day
. Flux: ~ 107% erg/ cm’s
. Duration: ~ 10 s; Variability: ~ 1 ms

. Spectrum: E2dN,/dE, =~ Const., E,>1 MeV

Up to 100 MeV (some to > 1 GeV)

. Isotropic distribution over the sky
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Cosmological Fireball

5t~ msec —= ~107¢m

51 15 ~ 10 km Explosion
L~107" ergls —= 1., ~10%

[Goodman 86; Paczynski 86]

100 MeV — y ~ 300

[Narayan, Paczynski, Piran 92
Rees & Meszaros 92]

[Paczynski & Rhoads 93:;
Katz 94;

Meszaros & Rees 97;
Vietri 97;

~10% km GRB
(seconds)
Waxman 97;
Wijers et al. 97; 1 :
X-ray
Sari, Piran, Narayan 97] il (')ln:i-ﬁl
Radio

(days)
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Scintillation

Scattering by electron density fluctuations in
the local inter-stellar gas

= Strong flux variations provided:

1. Multiple images produced:

V < Vp(dse., SM) >~ 11 GHz

)

. Apparent source size:
h < ho(dse., SM) ~ 10'" em
[ Goodman 97 |

T_T"' .'"IR

Fireball: h = 8 x 10'°(Es5y/ny)'/%t., em

[ Waxman 97 |




Redic Flux Density (uly)

Radio Flux Density (uiy)
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FiG. 2.—BVR/ light curves of GRB 990510. Our data is shown with circles
and OGLE data with squares. Other data used to constrain the fits is shown
with trianzles (for references see text). Also shown is the simple analytical fit
discussed in the text.
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Main Open Questions

1. Underlying source

Neutron Star merger: Goodman 86. Paczviiski 86

Failed SuperNova, HyperNova: Woosley 93, Paczynski 98

2. Shock Processes:

e Magnetic Field Amplification:
B energy fraction £ ~ 0.1
e ¢~ Coupling:

'f;.r S l_},11 r’*'lﬂ\"rp ..flr’{ﬂl* "{ .Tf_,

3. Fireball Jet/Sphere?

o F = FE(Isotropic) AS2/4n
GRB970508, GRB990510: AQ /47w ~ 10%

Frail, Waxman & Kulkarni 99; Rhoads 99




The Flux Above 10'7 Ev

1) SPECTRUM:

o J(>E)~1-(E/10 eV) *Km2 - yr~1 . g

e A Break ~ 5-10!8 eV:
Jo(E) x E-35 (< 5-10%eV)

JXG(E) o 28 (> D - 10186\;)

2) COMPOSITION: E 0

Heavy(Fe) Light(p)
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The Flux Above 107 eV

3) DIRECTIONAL:

e No evidence for anisotropy (disk).
or clustering

4) HIGHEST ENERGY EVENTS (> 10% eV):
Fly’'s Eye: 3£1-10% ¢V ; 1 2160°b210°

AGASA:1.7-2.6-100 eV ; [~ 130°, b2 —40°

[p— Fe, Notavy, v7]




Cosmic Rays from Fireballs

1. Fermi Acceleration:

éE > 0.02 9 L_]' Epmtnn ’
Z‘ = VY2300 Ly 52 1020 oV

[Waxman 95. Vietri 95]

>1997: L, = 10°%erg/s; £ ~ €5 ~ 0.1

2. Avoid Synchrotron Losses:

3/4 -1/4
r 2 130 Eproton &t
1020 eV 10ms

|[Waxman 95]

S0 1 >~ 3K

e
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Cosmic Rays from Fireballs

3. Mildly Relativistic (internal) Shocks —

dN,
dE,

x E;" ne~?2

4. Energy production rate:

| r ( ]. -
Ecr(>10"%eV) ~ 1070 ——5— x 10® erg
Mpc vr

= 10—
Mpciyr

[Waxman 95

|'j(3T H._'_;[{r; -— |l| e —l”_” '.}\ll){"'jl‘\-‘l'q

Egrp =~ 10° erg
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Data versus Cosmological (GRB) Model

¢ Generation Rate & Spectrum:

E?dN/dE = 0.8 x 10*erg Mpc ~2 yr—!

17

“F o AGASA 1’\

¢  Fly’sEye
Yakutsk

P

wls 1[']9 1020

E [eV]

[Waxman 1995]
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High Energy GRB Neutrinos

e Photo-meson Losses:

y+p—om+N

Tt opt b, et H v+ 4

e Threshold:
g_g E

2

GRB photons, E,, >~ 1MeV:

E,o~10"%V, E,q~5x 10"V

e Efficiency:

L 52
e =02——1—_ E>E
f '}rgﬂﬂ(StlUms Al

[Waxman & Bahcall 97]
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Ultra High Energy “AfterGlow” Neutrinos

e Threshold:

E, E,
A

Prompt AfterGlow, E, ; ~ 100eV:

E,p =~ 10"V, E, ~10Y%V

e Efficiency:

Lyvas 172
fr =0.05———F
YasoTi0s T

|Waxman & Bahcall 99|
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Neutrino Fluxes

e “GRB” neutrinos:

e c < 10%%eV:

£ ) GeV

2P, (g) 1077 (
/(€) = 3 x 10 min{ 1, cogs

cm® s sy

J, ~ 20/Km” - yr

Suppressed above 10'° eV (7, u losses)

o “Afterglow,” 10 s delay. neutrinos:

£ ) A GeV

9 110
P, (e) > 2 x 10 (
() s 1017eV

.Ij
Cn1- 88t

. 1/2, for e > 10" eV;
= A for € < 10% eV.

Jy~ 0.1/Km* . yr

Suppressed above 10 eV (p acceleration)

[Waxman & Bahcall 97, 99]
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Implications:

e 7 detection — Vacuum Oscillations (v, — v, )

E,
Am? > 10717222 eV?
D10

e 1 sec v — v Arrival Time:
(i) W.E.P. : At ~ $£ ~ 10° sec (Galaxy)
(11) 1-— % —_— lO—IEAtSEC/Dlm
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