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Model: GRB origin of CRs at and above the knee

Cosmic Rays below . . . . ;
~ 1014 eV from SNe
that collapse to
neutron stars

Cosmic Ray All Particle Spectrum
- and Model of High Energy CRs from GRBs .
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Power-law transition at (Wick et al. 2004)
second knee
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log(FLUX * E® in eV’m™s™sr™)

Cosmic Ray Energy Spectrum at High (> 10'* eV/nuc) Energies
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Origin of Cosmic Rays at and above
Knee of the Cosmic Ray Spectrum is Unsolved Problem

* Nonrélativistic first-order shock-Fermi mechanism hasdifficulties
accelerating particles above knee

E,.., =10°7B . 573 (—12)*%ev

r]ISI\/I
Lagage and Cesarsky (1979)
* Obtain higher maximum particle energiesfor supernovaremnants
with faster initial speeds
Vv, = Bocisinitial speed of supernovaremnant shell; ~10,000 km/s
* Obtain higher maximum particle energiesfor supernovaremnants
with faster initial speeds, magnetic fields (Vélk and Biermann 1988)

* What are speeds of supernova g ecta?

Quo2Ntor 57

6x10° km

Different Types of Supernovae

Typel: no H linesin spectra, Typell: H lines

White Dwarf Detonation o
Supernovala: B, = v /c= 0.02-0.1
Core Collapse Supernova ISP,
Supernovall: B, O 0.005-0.05 RrANa
Supernova lb: B, O 0.03-0.1 (no H) oo |y

Supernovalc: B, 0 0.05-0.5 (no H, He) .\/
Collapse to neutron star

GRBs: B, U 1, [,= 100-1000 [
Collapse to black hole?
S Provtcneutr;r\ o
. Second-order Fermi acceleration
. Colliding magnetized shells Burrows (2000)
. Converter mechanism o] @
% K

<
qoloneu“o(\
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GRBsin the Galaxy as CR sources:

« Gamma Ray Bursts: supernovae collapsing into black holes
for a beaming factor ~1/500 (Frail et al 2001)
mean gamma-ray energy in X/y-rays ~5x10* ergs
power ful accelerators of UHE cosmic rays
(Vietri 1995, Waxman 1995; Dermer 2002)
relativistic shocks/jetswith IM'~100-1000 (beaming)
one of (only) 2 most probable sourcesfor UHE CRs

* Likelihood of arecent (~-Myr) GRB in our Galaxy
From BATSE rate 2 GRB/day
~0.3-1% of SNe collapse into black holes
= ~1 GRB every ~10 kyrsin the Galaxy
Expected number of recent GRBs near Earth:

(Ngpg) = (0.45—1.3)(“:'00] (thyr)

Implications of steep CR spectra: propagation effects
CR/proton energy losses. mostly -dE/dt O E (below 10'8eV),
no effective radiative losses 0 E? =

no _spectral steepening due to E-losses

— Energy-dependent propagation (diffusion) — the only possibility
to steepen the source spectra o J2.2to o, [12.7-3.0 observed
Possible if the CR distribution is non-uniform in space and time

Ncrgal(E) > Neric(E) 5 Nga(E) = N(E )
Steep spectra = local (‘CR bubble’) , N(E,t) higher than ‘outside’

For adiffusion coefficient D(E) DE® = NOE ¥

impulsive source: A= (3/2) 0, 5=2-q

continuoussource:. A=9 q isturbulenceindex

(g =5/3: Kolmogorov, g = 3/2; Kraichnan)
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CR flux evolution from a local GRB: simple power-low D(E)
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s 107 [
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- . 3 nLLl 3 :
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Energy (aV}

Injected CR energy: 10°? ergs at 1 kpc
E, =10t erg, a0 =2.2

D(1 PeV)= 10%° cm? s, 3 =0.6

Galactic halo size: 10 kpc

Diffusion of Cosmic Rays dueto plasma turbulence

Turbulence injection scales: Cosmic rays diffuse through
~1pc (SNR) & ~100pc (G. disc) .
N stochastic gyro-resonant
R pitch-angle scattering with
L N MHD wave turbulence,
o 1T ERT TS 1¢8 :
§ el S " ’/
= . Az6 10 -,/// ; -
107 L e '7/ e
0% 0,007 01 10 1000 10° N A T ,z)/ o
ke 5w a8 ///, .
g L St
2 6 \': .l.
Larmor = mcy 0 (y/10°) oc e . ///
Radius: oB ZB; v
. 10t 24
Mean free path A for deflection by A
T[/2. _ // J_;'J
A= iRV
w(k) .
(A0 27 for wOk™ 9) (Wick, Dermer, Atoyan 2004)

puoAag puesauy ayl (S0-2T-G welboidiutN IHN JLIM) TN ‘ewlegss|reyd "id

G abed




CR flux evolution from alocal GRB: model diffusion coefficient
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Fitsto KASCADE data through the Knee

GRB occurred ~2x10° years ago at a distance of ~500 pc (Wick et al, 2004)
(similar for t ~1 Myr, at r ~ 1 kpc; depends on Dxt)
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CR flux evolution from alocal GRB: model diffusion coefficient
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Anisotropy of CRsfrom a ‘single source':

[ D3D lgrad, N(r,E)| (Ginzburg & Pruskin 1976)

a): max
I CN(r,E)

+| .
max min

= for a‘single-source’ diffusion

3r _
=g 0.45, tyy, (%0)

r ~0.1% for (e.g.) r~500pc & t~2Myr

Energy-loss M ean Free Path of UHECR Protons on CMBR Photons
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Effects of Star Formation Rate on UHECR Spectrum

e Production of the anklein
s S <t extragalactic CR spectrum
= o o B ] uDWSFRa:ldlowersFH I l
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Assume luminosity density of GRBs ! ]
follows SFR history of Universe '
10 10 10 ” fev] 10 10% 10
Pair-production losses on cosmological scales
(also Berezinskii et al 2002)
Best Fit to High Energy Cosmic Ray Data
Inject -2.2 spectrum o T o
.. upper SFR 1ex=746(70.8) for E_ =1 GeV(100 TeV)
(relativistic shock ) , )
i | p=22 E_ =10%V Emb=107"eV y¥=1.03
acceleration index) 10 | .
Better fit with upper SFR
“Second knee” at
transition between B0 e
gaactic and extragalactic ~ ~
components %
Fitsto KASCADE and
HiRes dataimply local 1 E
luminosity density of
GRBS L P TR YO R RO B PR
101 100 101 1010 10% 10%
E, [ev]

B

(50 — 200) x10™ ergs/(Mpc®-yr)
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Contribution from local extragalactic GRBs (Virgo?)
above GZK cutoff ?
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Neutrino Detection from GRBswith L arge Baryon-L oading

Nonther mal Baryon L oading Factor f,, = 20

For a fluence of
3x 10+ ergs/cm?(~2/yr) 103L (V,‘J, fluence) Nspk=50
N. predi : ) fap =20
, predicted by E ot CR
IceCube: ¢ 10
o ;
N~ 13,01 0016 o 107 L R T e
tor & = 100, 200, o i // e
and 300, =4 107° [ 3 “-\‘\
respectively n NG LF 7 \
collapsar model for w10 esr s 6 = 100 — solid \
£ =90 2 8 = 200 - dashed \
2 1078 L ~ 8 = 300 - dot-dashed )
h 10" 10 10° 10" 10" 10® 10'®
Energy (eV)
Proton Injection and Cooling Spectra
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47 Cooled proton ]
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Energy (GeV)
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Explanation for High Energy Cosmic Ray Data:

Inject -2.2 spectrum (relativistic shock
acceleration); spectral

modiffications due to CR scattering
on the MHD turbulence

Kneein CR spectrum: results from
the knee in the spectrum of MHD
turbulence in the Galaxy, rigidity
dependece of the knee due to interaction
with the same spectrum of turbulence.
“Second knee”: results from the
decline of turbulence with

wavel engths >100 pc

Flux IEXE’ [10™ev m™? st 57
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-
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Cosmic Ray All Particle Spectrum

Galactic CRs
from GREs

Extragalactic
CRs from
GREs

- and Model of High Energy CRs from GRBs B

transition between galactic and 10" 10" 10® 107 10" 10" 10  10¥
extragal actic components occurs E_ (V)
between the second knee and ankle.
Transition to CRsfrom Galactic SNR
occurs at ~100 TeV (or lower)
Fitsimply large baryon load: f, ~ 10-100
Predict detectable neutrino flux from strong
GRBs
Fitsto AGASA Data
~ X T S R e R e e e R T S L T o “HHHE~
7 upper SFR I = 6.66, 6.08, 5.64, 5.65, 7.00
& @ HiRes—2 Manocular
T S ‘ E,,=10%eV X2 = 3.41, 2.87, 2.33, 1.83, 1.42
‘.‘“ Flys Eye Stereo b el E
NE 15 [ v acasa R ; T‘TT s '
| ER .\
Sl Lyjgut ! Ty
%L 6 v - L TP LT o i
2 'H'l 1 oottt LT AR R S
| : I e Te7 Gk A
% r e Yy % i 1 s 1‘ vy /j//. . \i\/ b
$sitgy g el R/ N
1 om J ey N
* | imn® : ! L5 -
JRAAUT il A T
} 7 /
1 . / # S
gg * ! ] /f/ /// /.’/) - g // E
ca + ,// / 7 ; » /
0.5 | | [ L p=18 /186 " 14 712 10
7.5 18 8.5 19 19, 20 20.5 ' Ll sl Lo aanl Loy el PR
logo(E) (e¥) B b e e e o
: E, [eV]

e Fit highest energy points with hard

injection spectrum

e Requires other sources for lower

energy cosmic rays

3

*  GRB mode implies AGASA
results not valid

e If correct, pointsto new physics
*  Will beresolved with Auger
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Photomeson Cascade Radiation Fluxes

Photon index 107° 3 Nonthermal Baryon Loading Factor f, = 1 3
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Hard y-ray emission component from hadronic cascade radiation
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Magnetic Field Model of the Galaxy

Disk magnetic field: 20
15
r
R cost-pInL) |
! R,
Alvarez-Muniz, et a. (2000) 5F

B(r,@) = B,(

(kpe)

The typical Galactic magnetic field near
Earth is 3-4 pGauss s

Combined finite difference/Monte Carlo
simulation for motion of cosmic ray
protons and ions, and protons formed a5 |
from neutron decay.

Rate of Irradiation Events by GRBs
Fluence referred to Solar energy fluence in one second
— — 6 -2
@ =S¢ =1.4x10>Sergscm
2 3
S>10°-10
for significant effects on biology. Using constant-energy reservoir result implies
2 3 y !
R: (S/10°)t,

N(>S)=
where 10%t; yr is the mean time between galactic GRBs, and the GRB distanceis

— 1 E51
R (kpe) = (6,10.2) | (S/10°)
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Flux of Cosmic Raysfrom GRB Jet Pointed towardsthe Earth

Fluxes of cosmic ray neutrons, neutron-decay protons, and protons
passing near Earth as afunction of time for cosmic ray Lorentz factors
between 108 and 10°. The source of high-energy cosmic raysis located
1000 parsecs from the Earth, with the GRB jet pointed in our direction.

o ] As many as three phases of
- GRE source 1 kpc from Earth ] o o ..
B s 1 cosmic ray irradiation are
y=10" - 10’ ' found:

—
)
o

N =10000 <

1.  Prompt neutron (and
gamma-ray) flux,

2. Neutron-decay protons,

3. Cosmic ray protons
produced at the GRB
source.

Flux (Relative Linits)
=]

A
fon)

10*
Time (yrs)

Cosmic Ray Sources in the Inner Galaxy

300 290 280 270 260 250

| | | |
. 0 18 eV) 10 AGASA excess 10
cosmic ray sources towards the
Galactic Center _— k
. o
The Last Gamma Ray Burst in our Galaxy E - L
n 5 _
Q
m
+y > A e
prY 0 SUGAR point source X e %
n +e++ Vet Tj,u + Vﬂ Galactic plane
-0 \ [ B -4

300 290 280 270 260 250
RIGHT ASCENSION

Duration of a cosmic-ray neutron
event from a GRB is short
compared to the mean lifetime
between GRBs; therefore
GRB/Cosmic Ray model predicts
NO SUGAR excess

Medina-Tanco, Biermann et al. (2004)
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Summary

* Complete model where Cosmic Rays originate from
1. SNe that collapse to neutron stars in the Galaxy (E<~10%° eV),
2. SNe that collapse to black holes (GRBSs) inject CRs with (1014 eV <~ E
<~ 10?0 eV)
1. SNe that collapse to black holes (GRBs) in the Galaxy (1014 eV <~ E <~
5x1017 eV),

2. Extragalactic SNe that collapse to black holes (GRBs) (E >~ 5x107 eV)

» Structure of lonic Spectra at Knee consistent with power-law injection
modified by propagation; predict composition change at second knee

* GRB/Cosmic Ray model requires that GRBs are hadronically
dominated

» High-energy neutrino detection from GRBs only if GRBs are
hadronically dominated

* UHECRSs from CRs in the Milky Way inconsistent with SUGAR
sourdce

Rate of GRBsinto Milky-Way--Type (L*) Galaxies

 BATSE obs. imply ~2 GRBs/day over the full sky
* Beaming factor increasesthat rate by factor ~500
« Volume of the univer se ~ 414000 M pc)3/3

« Density of L* galaxies ~ 1/(200-500 M pc3)

Rate 3 *
role - 250Mpc’/L* 2 365><500f500><SFR><KFT

SR

= () XK, x— s foooKer /(18000yrs)

1/6 6x107* yr

Kgr correction
factor for XRFs

O 1 GRB in the Milky Way every 10,000 —
100,000 years
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