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I WORZBURG Introduction

After the 1963 Nuclear Test
Ban Treaty, the U.S. launched
six pairs of Vela satellites:

» They carried X-ray,
gamma-ray, and neutron
detectors

» Vela 5a-b had enough spatial
resolution to pinpoint the
direction of events

» Intense gamma-ray emission
from a nuclear explosion lasts &
<107 %s... :

> ...however, longer-lasting ,‘
emissions were detected o o

5
VELA 5A/B SATELLITES (NASA)
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Julius-Maximilians-

WORZBURG Introduction

THE ASTROPHYSICAL JOURNAL, 182:L85-L88, 1973 June 1
© 1973. The American Astronomical Society. All rights reserved. Printed in U.S.A.

OBSERVATIONS OF GAMMA-RAY BURSTS OF COSMIC ORIGIN
Ravy W. KLEBESADEL, JaN B. StrONG, AND Roy A. OrsonN

University of California, Los Alamos Scientific Laboratory, Los Alamos, New Mexico
Rececived 1973 March 16; revised 1973 April 2

ABSTRACT

Sixteen short bursts of photons in the energy range 0.2-1.5 MeV have been observed between
1969 July and 1972 July using widely separated spacecraft. Burst durations ranged from less than
0.1 s to ~30 s, and time-integrated flux densities from ~10—5 ergs cm—2 to ~2 X 10—% ergs
cm—2 in the energy range given. Significant time structure within bursts was observed. Directional
information eliminates the Earth and Sun as sources.

Subject headings: gamma rays — X-rays — variable stars
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Julius-Maximillans»
I WORZBURG Introduction

First GRB detected: July 2, 1967, 14:19 UTC
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Detected by Vela 3, 4a, 4b (found on archival data)
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Julius-Maximilians-
ORZBORG Introduction

Dedicated missions were flown — e.g., BATSE detected 2704
GRBs between 1991 and 2000
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Fluence, 50-300 keV (ergs cm™) NASA
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Julius-Maximilians-
I WORzBURG Introduction

Two populations of GRBs:

80
Long-duration GRBs:
hypernovae
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Tyo: time during which 90% of gamma-ray energy is recorded
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I WORZBURG Introduction

GRB light curves come in different shapes:
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variability timescale (width of pulses) = ¢, ~ 1 ms
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I WORZBURG Introduction

1962: discovery of UHECRSs (ultra-high energy cosmic rays) at
the Park Ranch Experiment, New Mexico

Mauricio Bustamante



I UNIEERS T GRBs as sources of UHE CRs and v’s

The origin of UHE CRs (> 10° GeV) and v’s is still unknown:
» how are they produced?
» where are they produced?

GRBs are among the best candidate sources for CRs and v’s:
radiated energy of ~ 10°2 — 10°3 erg

intense magnetic fields of ~ 10° G

magnetically-confined p’s shock-accelerated to ~ 102 GeV
plus: low backgrounds (for v’s) due to small time window

v

v vy

Problem: experiments (IceCube, ANTARES) are starting to
strongly constrain the simplest joint emission models

Solution: we need to build more realistic models!

Mauricio Bustamante Universitat Wﬁrzt_ii 10



I UNIEERTA GRBs as sources of UHE CRs and v’s

The origin of UHE CRs (> 10° GeV) and v’s is still unknown:

» how are they produced? 1020 erg H bomb
1026 erg killer asteroid

» where are they produced? 10%° org Death Star
1033 erg s7! Sun

10*' ergs™!  supernova

GRBs are among the best candidate sour [ 10% ergs=!  galaxy
radiated energy of ~ 10°2 — 10°3 erg

intense magnetic fields of ~ 10° G

magnetically-confined p’s shock-accelerated to ~ 102 GeV
plus: low backgrounds (for v’s) due to small time window

v

v vy

Problem: experiments (IceCube, ANTARES) are starting to
strongly constrain the simplest joint emission models

Solution: we need to build more realistic models!
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N The GRB fireball model

What does a GRB look like? e.g., GRB060218 seen by Swift

SDSS, SWIFT COLLAB., SLOAN FOUNDATION, NSF, NASA

Mauricio Bustamante



I N The GRB fireball model

Fireball model: our current paradigm of how a GRB works

— relativistically-expanding blobs of plasma collide with each
other and, in the process, emit UHE particles

interstellar
medium
el at different speeds

. trav

central paryonic-loaded shells \/\/M
emitter M

. W

i 2 /\’\/\/\,\
I2r,=T2ct/(1+2) =RC=21“ o

1 1 1 collisions among shells start here 1
~ 1 1 1 T 11
T« U ~— ___5.5%x10""km
b4 ~" —
£ acceleration phase coasting phase — internal collisions afterglow
e (T grows) (" constant) (" decreases)

Mauricio Bustamante Universitat Wiirzburg / DESY



Julius-Maximilians-
I R AT The static burst
The static fireball picture: all collisions occur at the same radius

r»\/' =TIct,(142) ~ 9 x 10*(1+2) km

W T = 300

typical values: t,= 103s
Too=10s

: 5 »r
R-= 2cT%t,/(1+2) ~ 5 x 107/(1+2) km

» T'is inferred from afterglow observations
» t, is measured from the light curve
» 2 is measured for the host galaxy

Static burst: made up of Ty, /¢, ~ 100 — 1000 identical collisions
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I WORZBURG The static burst
Joint production of UHECRSs, v’s, and +’s:

power law ~ E~ P broken power law

+ _
+ nr™, BR=1/3
p vy —A (1232)—){]971_07 BR = 2/3

o /L+Z/” — ﬁue"'yeuu

T =y

n (escapes) — pe” e <
(AT: ~50% of all p interactions)

After propagation, with flavour mixing:

Ve:Vy:ivp:p=1:1:1:1
(“one v, per cosmic ray”)

The simplest neutron model is now strongly disfavoured

IcCECUBE CoLL., Nature 484, 351 (2012)
AHLERS ET AL. Astropart. Phys. 35, 87 (2011)
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Julius-Maximilians-

N The static burst

However, we have improved UHECR and v predictions, e.g.,

10* 107° >
= CR (neutron dominated (#1)) fo*~41 NeuCosma 2014 IC (2010-12) e
x?/dof. =331 1078 diffuse UHE v, -
! a flavor limit Pid
== CR (leakage dominated (#2)) f,™ ~ 62 - -

1P x¥/dof. =595 10
5" T 108
b n 1C40+59 stacking
P < o GRB limit
§ v 1077 P
L o N
& 10 § 10
3 >
é é 1071
5 & 102
Wt u

1078
1074}, , == prompt GRB v, +v,
; . 4 = COSTOQENIC v, +V,
10 10
107 10° 10° 10%° 10t 10° 10* 10° 10° 100 10® 10° 10° 10"
E [GeV] E [GeV]

P. BAERWALD, MB, AND W. WINTER, ACCEPTED IN ASTROPART. PHYS. [ARXIV:1401.1820]
See also: H. HE et al., ApJ 752, 29 (2012)
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I UNIVERSITAT An evolving, dynamical burst

We have considered a dynamical fireball instead:

v

the fireball expands with time
shells propagate with different speeds

v

v

they have different masses

v

they collide at different radii (collisions no longer identical)

Why is this important?

The particle (v, p) densities fall as the fireball expands —
particle production conditions change with time/radius

Mauricio Bustamante Universitat Wirzburg / DESY



E”w"d‘é?ﬁﬁ@ Initialising the burst

Initial number of shells: Ng, = 1000

Initial values of shell parameters:
» Separation between shells: d =1
» Kinetic energy Ef(?,‘,’,o equal for all collisions (~ 10°* erg)
» Speeds I';, o follow a distribution (see next slide)
> Masses: myo = Ee/(Troc?)

Mauricio Bustamante Universitat Wiirzburg / DESY '- 17
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Initialising the burst

Distribution of initial shell speeds (Lorentz factors):

(1

0.012f To =300 il
0.010} S Ar=01
~ 0.008} I
oy
el
3 00065, )
0.004—{1 A= 10
0.002} W e 2
+ oook Lo
100 200 300 400 500
Tro

F _
k.0 1) Apz
I'g—1

z follows a Gaussian distribution, P

(z)dx = dz e/ /2

speeds too similar, collisions only at
large radii

|
spread too large, too many collisions at
low radii

just right, burst has high efficiency of
conversion of kinetic to radiated energy

\.

J
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Julius-ngimiliins» . :
I WO Evolving the fireball

During propagation:

» speeds (I'y), masses (my), widths (I)
do not change (only in collisions)

» shell volume: Vi, ,, = 4xljry,

» the new, merged shells continue
propagating and can collide again

Evolution stops when either:
» a single shell is left; or

» all remaining shells have reached the
interstellar medium (> 5.5 x 10! km)

T, eee Non
. B‘ Final number of collisions:
\

N||%Nhipr21
m [/:I m m ' co s
k

S. KOBAYASHI, T. PIRAN, AND R. SARI, ApJ 490, 92 (1997)
s F. DAIGNE AND R. MOCHKOVITCH, MNRAS 296, 275 (1998)

-

Mauricio Bustamante
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I UNIVERSITAT Anatomy of an internal collision

WURZBURG

@ Propagation

/77 . fast shell
f Is] s:slow shell

Mauricio Bustamante Universitat Wiirzburg / DESY
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Julius-Maximiliins- o . .
I UNIVERSITAT Anatomy of an internal collision

@ Propagation @ Collision

shock

/77 . fast shell
f Is] s:slow shell

Mauricio Bustamante Universitat Wiirzburg / DESY 20



Julius-Maxlmlllins» . s
E”w"dXEEﬁgeT Anatomy of an internal collision

@ Propagation © Collision © Radiation

shock merged shell

v
If I I T,
— Ifmf + lsms
m I P

m
f: fast shell
/7;7 /75\7 s: slow shell Im<le, s /7

Part of the initial kinetic energy radiated as ~’s, v’s, p’s, and n’s:

B = (B2, — B, ) + (Bie — Ees.)
nz M2 56
I«fo sh = € Egol €5 Egl ep Ecol
~—— ~——
energy in photons energy in magnetic fields  energy in baryons

Mauricio Bustamante Universitat Wiirzburg / DESY : 20
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We keep track of collision parameters as the fireball expands:

Evolution of parameters with collision radius

6 — :
—~ 4} early callisians (orange)
E N et =
< 2f- g e
=0 T s
=9 late collisions (blug)
g -4 .
= _¢| shell width
7 8 9 10 11 12

(For this burst: Nen = 1000, Neoi = 990, Tg = 300, Ar = 1, E° o = 10°° erg)

8 9 10 11 12
log;o(Rc/km)

is

loglO(E;

Pt N A
(=R e K S}

log,o(m,,,/GeV)

0sh/ erg )

shell mass

energy in photons

R

8 9 10 11
log;o(Rc/km)
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I UNIVERSITAT  Evolution of parameters with collision radius

The magnetic field at emission falls with collision radius:

12

10

:11/G)

loglo(B

-

6 7 8 9 10 11 12
logo(Rc/km)
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I UNIVERSITAT  Evolution of parameters with collision radius

The magnetic field at emission falls with collision radius:

12

10

m/G)

’

loglo(B

6 7 8 9 10 11 12
logo(Rc/km)
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I UNIVERSITAT  Evolution of parameters with collision radius

The magnetic field at emission falls with collision radius:

12

10

:11/G)

loglo(B

B/sld: 10‘7 ©

m

6 7 8 9 10 11 12
logo(Rc/km)
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I UNIVERSITAT  Evolution of parameters with collision radius

The magnetic field at emission falls with collision radius:
12

10

these collisions will dominate
the v emission

6 7 8 9 10 11 12

logo(Rc/km)
Mauricio Bustamante Universitat Wr
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E”w"d‘n(?'éﬁ'r{éT Synthetic light curves

A fast-rise-exponential-decay (FRED) gamma-ray pulse is
emitted in every collision:

W
N

peak
L7

W
(=)

log,O(LEeak/erg sh
N
N

~
(=]

tise(ms Ums T, rf, 2)

~
[ee}

9 10 11 12
log(Rc/km)

peak  p—2
L7 RC

Tobs
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[ UNIVERSITAT Synthetic light curves

A FRED pulse is assigned to each collision
— their superposition yields a synthetic light curve:

5S4
- (Total energy emitted as photons: Eis, = 10°° erg) |
.53 [ — at the source —
T |
“ r
a0 52:
5} i
= 51
-
= 50
en ]
e [ ]
49" Ty ~59s t,~0.06s
48 L . . . | . . . | . . . | . . . ]
0 20 40 60 80
1000 initial shells — 990 collisions Lobs/S MB: P BAERWALD, K. MURASE, AND W. WINTER,

IN PREPARATION
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JUlius-MaximillAans» x ; 1 o
I WORIBURE Particle emission from a collision

In a collision, UHE protons, photons, and neutrinos are emitted:
NeuCosmA

!/ / ! /
N, (Ej) ® N (B7)
~—— ——
proton density at the source [GeV—! cm—3] photon density at the source
/ /
- Qy (EV)
——

ejected neutrino spectrum [GeV~—! cm—3 s 1]

» From Fermi shock acceleration: N/, (E.) o E,, “"e~Fr/E;

» Photon density at source has same shape as observed:

It (E’,Y/E, ,break) _;7 ’ E%’,min < E’,Y < Erly,break
N, (Ew) = (E;/EI ,break) T E%' Z E:,,break
0 , otherwise

ay=1,8,=22E

=0.26V, B o = 1 keV

,min

Mauricio Bustamante Universitat Wiirzburg / DESY 4 25




I R AT Particle emission from a collision (cont.)

Normalise the densities at the source (for the k-th collision):

» Photons: from the simulation
/iSO . 1
’ / / r y—sh,
/EWNW(EW) dE), = 7= X5y
iso,k C
total energy density in photons
» Protons: baryonic loading (energy in p’s / energy in e’s + v’s) = 10
1 Elis_oh 1
/ / / / o y—sh,k
/Epr(Ep) b, = v C R
€ iso,k C

total energy density in protons

Note: in our simulation, we make the total emitted energy match the
observed energy of a burst,

Neoll

EX = Z ES g~ (1+2)"110° erg
k=1

Mauricio Bustamante
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I UNIEERS T Particle emission from a collision (cont.)

NeuCosmA calculates the injected/ejected spectrum of

secondaries (m, K, n, v, etc.): v= E'/E, y=BE,/ (mpe)

/ E,PN’ E’)/ cdEy N, (E}) R (=.1y)

response function
R contains cross sections, multiplicities for different channels

What does NeuCosmaA include? 0

> py — AT (1232) — 7r0,7r+, Total flux

» extra K, n, 7, multi-m
production modes

=
3
&

> synchrotron losses of
secondaries

10°°

10710

E% .5, /(GeV s s om™?)

> adiabatic cooling
> full photon spectrum

» neutrino flavour transitions

Mauricio Bustamante Universitat Wirzburg / DESY 27



I UNIEERS T Particle emission from a collision (cont.)

Two important points:
0 p max 1S determined by energy-loss processes:
hoc (B ) = 10 [tyns toyn (Bp ) e (Boan) |
® Photons can be trapped in the source by pair production:
y+y—et+e”
Photosphere: radius where 7., (E) = 1 for all E/,

For each collision, E! is determined by

y,max

Toy (E;7max) =1.

Mauricio Bustamante Universitat Wirzburg / DESY : 28




I UNIEERS T Particle emission from a collision (cont.)

UHECRSs escape as either:
» neutrons, which decay into protons outside the source; or
» protons that leak out without interacting inside the source

Relative contributions determined by 7,, = (t;j /tgy1n>

E{o,max
Th<l Thz1
optically thin to n escape optically thick to n escape
4 P
n n
p's trapped in bulk p's trapped in bulk
by magnetic field by magnetic field
n
P p's, n's trapped in bulk P
by py and ny interactions
p's can leak p's, n's can leak
from borders from borders

Mauricio Bustamante Universitat Wiirzburg / DESY
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E2F/GeV.em™

Julius-Maximilians-

107’

10710
10711

10712

Mauricio Bustamante

Optically thin source:

Ly 1o=10" erges™ 7,=3.04-1072

NeuCosmA 2013

\

100 10 10° 10° 106 107 10° 10° 10" 10"
E/GeV

EXFGeV.ecm™2
e
1

10—10
10711

10712

P. BAERWALD, MB, AND W. WINTER, ApJ 768, 186 (2013)

Optically thick source:

Lyiswo= 10 ergs! 7,=3.37 :é
Z
Epmax | 2
— - initial p e
= CR from n “
= direct escaping p
— Vv,
______________________ .
\
\
100 10° 10" 10° 10° 107 10° 10° 10" 10"

iversitat Wiirzburg / DESY

E/GeV

Particle emission from a collision (cont.)
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UNIVERSITAT  Particle emission from a dynamical fireball

Each collision occurs in a different regime:

vy, + o, fluence maximum p energy maximum ~ energy
-3 14 6
18,4 e = subphotospheric }813 185
10_5 ., « opt. thick to neutrons 1012 UHECR CTA
b 6 o direct proton escape 11
g 10 . > 10
= 107 3 10"
3 107 3 10%
< 107 z 108 LAT
0@3‘ 10-10 T
B 10-11 108 ) .
1072 10°
10713 - 10t 10 OBM
10° 107 10® 10° 10'° 10" 10'? 10° 107 10* 10° 10'° 10" 10'? 10° 107 10® 10° 10'° 10" 10'?
Rc/km Rc/km Rc/km
(observer’s frame) (source frame)

MB, P. BAERWALD, K. MURASE, AND W. WINTER, IN PREPARATION
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Emission of different species peaks at different collision radii:

log,(E/erg)

~
=

427

40

6 7 8
< photosphe[

Particle emission from a dynamical fireball

IS
o

N
=N

neutrinos

CRs (neutron escape)
CRs (proton escape)
gamma-—rays

e inter-stellar
0go(Rc/km)  “medium

10 11 12

_>

\.

As the fireball expands, photon and
proton densities fall

J

\.

Why does it matter?

GRB parameters derived from
gamma-ray observations might not
be adequate to describe v and
UHECR emission

\.

So the following happens . ..

MB, P. BAERWALD, K. MURASE, AND W. WINTER, IN PREPARATION

Mauricio Bustamante
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HERSITAY A new GRB UHE neutrino prediction

Flux from a single simulated burst

» Flux at Earth [GeV~! cm~2 s~ ! sr™!] from the k-th collision:

fluence from k-th collision
Lo (+2) Q7 1Gevlem=® 7]

Jve = —Visoy——77— Qu.i
47 * Amdy z
Neol
> Total flux from a single burst: J,, single = Z Tk
k=1

\

Quasi-diffuse flux

If all of the long-duration GRBs behaved like this one simulated burst:

Ju (E) = Jysingie (E) - (1 yr-667 yr—')

Mauricio Bustamante Universitat Wirzburg / DESY
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I UNIVERSITAT A new GRB UHE neutrino prediction

Quasi-diffuse flux:

108

1C40+59 stacking
GRB limit
107°

1071 standard numerical

evolving fireball prediction

10~ 11

10~ 12

u

E2J, /GeV-cm 2.5 tgt

10~ 13

0—14
10! 102 10° 10* 10° 105 107 108 10° 100

E/GeV MB, P. BAERWALD, K. MURASE, AND W. WINTER,
IN PREPARATION

The prompt v emission peaks at energies < the typical ~ PeV!

Mauricio Bustamante Universitat Wiirzburg / DESY 1 34



I UNIVERSITAT A new GRB UHE neutrino prediction

Quasi-diffuse flux:

1078 .
1C40+59 stacking
GRB limit

L 10°
4
el —10
,, 10 S standard numerical
W evolving f! reball prediction

We might be-looking for neutrinos in the wrong energies . ..

10—14
10! 102 10° 10* 10° 105 107 108 10° 100

E/GeV MB, P. BAERWALD, K. MURASE, AND W. WINTER,
IN PREPARATION

The prompt v emission peaks at energies < the typical ~ PeV!

Mauricio Bustamante Universitat Wirzburg / DESY
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I UNIVERSITAT A new GRB UHE neutrino prediction

Why? Critical synchrotron energy for p’s and «’s falls with B/,

(ms/GeV)®
(s/8) (B, /G)*

and we have seen that B), < R;'

E(’:VS ~24

log,o(B;,/G)
log,y(E!. ;/GeV)
log (., ,/GeV)

6 7 8 9 10 11 12
log,o(Rc/km) log,o(Rc/km) log,o(Re/km)
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I UNIVERSITAT A new GRB UHE neutrino prediction

Why? Critical synchrotron energy for p’s and «’s falls with B/,

(ms/GeV)®
(s/8) (B, /G)*

and we have seen that B), < R;'

E, ~24

log,o(B;,/G)

logo(E.-/GeV)
log m(E/«,y/GeV)

low critical energies at low radii

6 7 8 9 10 11 12 6 7 8 9 10 11 12
log,o(Rc/km) log,o(Rc/km) log,o(Re/km)
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I UNIVERSITAT A new GRB UHE neutrino prediction
Why? Critical synchrotron energy for p’s and «’s falls with B/,

b o4 (ms/GeV)® .
B, ~24 \/(TS/S) B /G? GeV (s=m, )

-1
2l There is a trade-off U B__x R

» v emission comes mostly from low radii, due to the high p and ~
densities . ..

» ...but high B/, there force intense synchrotron losses, which

make the v peak at lower energies

log,o(B,,/G)

low critical energies at low radii

6 7 8 9 10 11 12 6 7 8 9 10 11 12 6 7 8 9 10 11 12
log,o(Rc/km) log,o(Rc/km) log,o(Re/km)
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NIVERSITAT

I WURZBURG Summary and conclusions

We have studied an evolving GRB fireball model where:
» baryonic-loaded shells propagate at different speeds
» collisions among shells are treated individually

As a result we have found that
» photon, proton, neutrino emissions peak at different radii
» quasi-diffuse v flux peaks below typical energies (<« PeV)
» .. we might be looking for neutrinos in the wrong energies

» the standard GRB estimators might not be adequate for
CR and v emission

The current (IceCube, ANTARES) and upcoming (KM3NeT,
IceCube+) experiments force us to refine our predictions

Mauricio Bustamante Universitat Wirzburg /L
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UNIVERSITAT .
WURZBURG The neutron model under tension?
10°
== Waxman & Bahcall 10°
_ — IC40 limit
—L == IC40 Guetta et al. ,
@ __ 1C40+59 Combined, . =
T limit , \ D
N o [C40+50 Guetta | £
& etal R “‘ 2
S 10° B N
- v W et
;o‘ “ > 10° 107‘
Neutrino Energy (GeV)
IceCube Collaboration:

» v flux normalised to GRB ~ fluence:
oo 10 MeV
/ dE,E,Fy, (Ey) o / deyen Fry (Ep,)
0 1 keV

» quasi-diffuse v flux from 117 GRBs

» analytical calculation — in tension with
upper bounds

ICECUBE CoLL., Nature 484, 351 (2012)
AHLERS ET AL. Astropart. Phys. 35, 87 (2011)
GUETTA ET AL. Astropart. Phys. 20, 429 (2004)
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woRTERE The neutron model under tension?
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B L — 3 » synchrotron losses of secondaries
) =" etal ;. " > . . q
E 3 » adiabatic cooling
300 S » full photon spectrum, etc.
= 1w .
b . 10 v flux ~ one order of magnitude lower
o o ‘ BAERWALD, HUMMER, WINTER, PRL 108, 231101 (2012)
s ® T See also: HE, LU, WANG, ApJ 752, 29 (2012)
Neutrino Energy (GeV)
NeuCosmA 2012 NFC prediction 100]
- —_ al
IceCube Collaboration: 0 R o Lo
. tat. error
» v flux normalised to GRB ~ fluence: s corsy | rophyscd
] + uncertainties
e 10 MeV 4 T 107 R x
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ICECUBE CoOLL., Nature 484, 351 (2012) /
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I UNIEERS T Going beyond the neutron model

The neutron model hinges on:

© »’s magnetically confined, only n’s escape

® p’s interact at most once, n’s do not (optically thin source)

However, under the “one v, per CR” hypothesis, GRBs are
disfavoured to be the sole source of UHECRs (AHLERS et al.).

M. AHLERS, M. GONZALEZ-GARCIA, AND F. HALZEN Astropart. Phys. 35, 87 (2011)
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I UNIEERS T Going beyond the neutron model

The neutron model hinges on:
© »’s magnetically confined, only n’s escape
® p’s interact at most once, n’s do not (optically thin source)

However, under the “one v, per CR” hypothesis, GRBs are
disfavoured to be the sole source of UHECRs (AHLERS et al.).

What if @) and @ are violated?
» p’s “leak out”, not accompanied by (direct) v production
» multiple p interactions enhance the v flux
» in optically thick sources, only n’s at the borders escape

M. AHLERS, M. GONZALEZ-GARCIA, AND F. HALZEN Astropart. Phys. 35, 87 (2011)

Mauricio Bustamante Universitat Wiirzburg / _:- 39



I UNIVERSITAT A two-component model of CR emission

Optical depth:

—1
_ tP’Y
Tn = —T

tdyn

| <1, optically thin source
| >1, optically thick source

Ep,max

Particles can escape from within a shell of thickness \’

nﬁp:
pmip (') = min [Ar', Ry, (E') by, (E')] } e Antp
An,mip (E ) = min [Ar 2 Clyry (E )] Ar!

fraction of escaping particles

Mauricio Bustamante Universitat Wirzburg / DESY : 40



I UNIER I A two-component model of CR emission

Scan of the GRB emission parameter space:

acceleration

efficiency — 71 = 0.1 n=1.0

1000 f

10% 10% 10% 10% 10%° 10% 10% 10%

Lyiso/ergs™ Lyiso/ergs™
P. BAERWALD, MB, AND W. WINTER, ApJ 768, 186 (2013)
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WURZBURG e Detailed p~y cross section

Eun_p’}‘ié?é‘i“{%"? Revising the neutron model: NeuCosmA

1000
DESY, SLAC, Cornell Fermilab, ~ DESY, 199X
500 - late 60’s, early 70’s 1978 Baksan, 2003
M
_100- .
oy
g 50F ]
=
O
b
10 |
5+ ]
\ . 18GeV  185GeV
1 L |
0.1 1 10 100 1000 10

i ) € [GeV] Implemented as fast SOPHIA-based
S. HUMMER, M. RUGER, F. SPANIER, AND W. WINTER, d parametrisation

Astrophys. J. 721, 630 (2010)
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UNIVERSITAT Revising the neutron model: NeuCosmA
WURZBURG

e Contributions to the full photohadronic cross section

—7
10 NeuCosmA 2010
T
Ho 10—8
2 WB A*—approx.
Ibl x-_—_-..-_-—- =2
> 7
] /7 \
e 7’ \
= 7/ \
T 90 ’ \
,S? 10 WB fluX\I!// W
o 77 W
w /7 W\
77/ L)
77 W
/1 )
/,// \
10—10 A ‘u
100 100 100 10° 100 10®
E/GeV

Mauricio Bustamante
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Julius-Maximilians-

UNIVERSITAT Revising the neutron model: NeuCosmA
WURZBURG

e Contributions to the full photohadronic cross section

. . _ 7
Contributions to (v, + ) flux S A S—"
from == decay divided in:
> A(1232)-resonance _
a9
E o
1
o WB A" —approx.
. x—_—_-..-_-—ta\‘
> Ve 1
D 7 \
8 ) \
Ly S /4 \‘
,S? 10 WB fluX\I!// W
W 71 )
71
P. BAERWALD, S. HUMMER, AND W. WINTER, ,I,/ [
Phys. Rev. D83, 067303 (2011) /1 W
10—10 A A
100 100 100 10° 100 10®

Mauricio Bustamante
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UNIVERSITAT Revising the neutron model: NeuCosmA

WURCERRG e Contributions to the full photohadronic cross section
. . —7
Contributions to (v, + ) flux S A S—"
from == decay divided in:
> A(1232)-resonance _
£
» Higher resonances < 10°
o WB A" —approx.
Ib] >____
3
e
~
= 10°
e
W
P. BAERWALD, S. HUMMER, AND W. WINTER,
Phys. Rev. D83, 067303 (2011) 0
10°
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Julius-Maximilians-

UNIVERSITAT Revising the neutron model: NeuCosmA

WURCERRG e Contributions to the full photohadronic cross section
. . —7
Contributions to (v, + ) flux S A S—"
from == decay divided in:
> A(1232)-resonance _
. 5 t—channgl
» Higher resonances 2 10 crem
o WB A" —approx.
> ¢-channel 4
. . 3
(direct production) )
~
= 10°
e
W
P. BAERWALD, S. HUMMER, AND W. WINTER,
Phys. Rev. D83, 067303 (2011) o
10°
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Euwm\’}‘iéi”g‘i“{%"? Revising the neutron model: NeuCosmA

URZBURG e Contributions to the full photohadronic cross section

. . —7
Contributions to (v, + 7,) flux 17 [ Necema
from == decay divided in:
Total flux
> A(1232)-resonance _
T
£ 3 )
> Higher resonances 2 00 reheme /- MuliT
o WB A" —approx.
1
> ¢-channel 4
. . 3
(direct production) )
N
» High energy processes @ 107
(multiple ) T
P. BAERWALD, S. HUMMER, AND W. WINTER,
Phys. Rev. D83, 067303 (2011) 10
10°

10°  10* 10° 10° 100 10°
E/GeV
Especially "Multi 7" contribution leads to change of flux shape; neutrino flux

higher by up to a factor of 3 compared to WB treatment

Mauricio Bustamante i Urzburg / DESY 43



Julius-Maximilians-

UNIVERSITAT Revising the neutron model: NeuCosmA

WU e Neutrino spectra including flavour mixing
Electron neutrino spectrum Muon neutrino spectrum
10-7 NeuCosmA 2010 10_7 NeuCosmA 2010
—~ Total flux s Total flux rescaled  10t@ flux
e £
‘_‘0 1078 r“o 10-8
Tl?l ﬁ‘m
é" 10°° 1@:: 107
o L
107 107
10 100 10° 10° 10° 107 10° 10° 10% 10° 10° 10 10° 10° 10" 10° 10° 10"

E/GeV E/GeV

P. BAERWALD, S. HUMMER, AND W. WINTER, Phys. Rev. D83, 067303 (2011)

Characteristic double peak structure from p and = decay in both
flavours, additional peak from K™ decay at 10® to 10° GeV

Universitat Wiirzburg / DE
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E2F,(E,) [GeV cm™2]

1072

NeuCosmA 2011

shape revised

10* 10° 10° 107
E, [GeV]

S. HUMMER, P. BAERWALD, AND W. WINTER,
Phys. Rev. Lett. 108, 231101 (2012)

10°

Revising the neutron model: NeuCosmA

e How the spectrum changes...

Corrections to the analytical model:
» shape revised:

> shift of first break (correction of
photohadronic threshold)

» different cooling breaks for p’s and ©’s
» (1 + z) correction on the variability
scale of the GRB
» Correction cf. to 7 prod. efficiency:
> fc.: full spectral shape of photons

> f~ = 0.69: rounding error in
analytical calculation

> fo ~ 2/3: from neglecting the width
of the A-resonance
» Correction cs:
> energy losses of secondaries

> energy dependence of the mean free
path of protons

Mauricio Bustamante
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Julius-Maximilians-

UNIVERSITAT Revising the neutron model: NeuCosmA
WURZBURG e How the spectrum changes ... (cont.)

1072

NeuCosmA 2011

For example, GRBO80603A:

1. Correction to analytical
model (IC-FC — RFC)

G107
£
o
g calculation\(full py) - NFC 2. Change due to full
= numerical calculation
)
5
o 107
/ Numerical calculation \
/ (WB A=approx) IC-FC: IceCube-Fireball Calculation
/—RFC RFC: Revised Fireball Calculation
107 / NFC: Numerical Fireball Calculation
10 10° 10 10 10% 10°

E, [GeV]

S. HOMMER, P. BAERWALD, AND W. WINTER, Phys. Rev. Lett. 108, 231101 (2012)
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Revising the neutron model: NeuCosmA

e Further particle decays
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Euu;{?i%}”é‘i“{ﬁ"? Revising the neutron model: NeuCosmA
WURZBURG

e Further particle decays

" n Resulting v, flux (at the observer)
T = pt Aty
— 1077
,U+ — €+ + Ve _l_ l/# NeuCosmA 2010
LA N; 107
poo—e + Uty T
4
3
+ + S 107
K - u+tuy 5
&
W

n — pt+e +U

10—10

102 10° 10 10° 10° 100 10° 10° 10%
E/GeV

P. BAERWALD, S. HUMMER, AND W. WINTER, Phys. Rev. D83, 067303 (2011)
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Euu;{?i%}”é‘i“{ﬁ"? Revising the neutron model: NeuCosmA
WURZBURG

e Further particle decays

Resulting v, flux (at the observer)
™ = pt+ Vy g
_ 1077
,U+ — €+ + Ve _l_ VP« NeuCosmA 2010
Total flux

L A TR E e
po e v+, "
2
3

+ + € 1w°
K — M + vy 5
&
W

n — pt+e +U0 10710

i

10? 10° 10* 10° 10° 10" 10° 10° 10%
E/GeV

P. BAERWALD, S. HUMMER, AND W. WINTER, Phys. Rev. D83, 067303 (2011)
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WURZBURG

Eun_p’}‘ié?é‘i“{%"? Revising the neutron model: NeuCosmA

» Same n = 117 GRBs, effective
area, and parameters as used by
the 1C-40 analysis

» Calculate the associated
neutrino flux for each burst and
the stacked flux F, (E.)

» Quasidiffuse flux:
11
v Eu :Fu El/ -
0 (B) = Py (B) g0 =
» Statistical uncertainty:

extrapolation of a few bursts to a
quasidiffuse flux

» Astrophysical uncertainty:

> 0.001 <t,[s]<0.1
> 200 < T < 500

> 18<a, <22

> 0.1<e/ep <10

667 bursts

E2 ¢,(E) [GeV cm2 st 5]

e The new prediction of the quasi-diffuse GRB v flux

NeuCosmA 2012 NFC prediction 1100
1C40 — GRB, dl
---- GRB, zknown { 50
Stat. error
astrophysical
1C40+59 uncertainties 20
10°° S 7
1
777777777 10
fe
_____________ +5
10°10
g
/ , 1C86, 10y (extrapolated) Y\
i/ A
10 100 10 10 10°
E, [GeV]

S. HOMMER, P. BAERWALD, AND W. WINTER,
Phys. Rev. Lett. 108, 231101 (2012)
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UHE v’s in the GRB internal shock model

~agy
= N, (E)/ cde'N!, ()R (E',E), ')
0

El E,

Normalisation to the observed GRB photon flux F,

Ish
/EN' (¢') de =3

1S0

F,, /E’N’ (EL)d

)dE, =

1 Elsh

ISO

fe 1s0

Fw

fe

Fluence per shell, at Earth (GeV~! cm~2)

t V/ (1+Z)2

J—"S 150 4 d2

QI
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I T UHE v’s in the GRB internal shock model

Secondary injection of neutrons, neutrinos (GeV~! cm=3 s~ !

> dE) o
Q (E) = . E,PN' (E}) /0 cde'N!, ()R (E', E}, ')

» Photon density, shock rest frame (GeV~! cm™3):
N (€') x (a’)_Z" 7 617 min = 028V e’ < Ev break
! (&) € preak < € < &) max = 300 x &
8fy,break =0 (keV), ay = 1,8, ~2

~,min

» Proton density:
—ayp 2
N} (E))  (E;) X exp [— (E,/E) max) ] (ap =~ 2)
Maximum proton energy limited by energy losses:

acc (Ezl) ma,x) = min [tdyn7 syn (Ezl) max) s Ypy (E;:) max)]

Mauricio Bustamante Universitat Wiirzburg / DESY . 49
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Wsore'  UHE /s in the GRB internal shock model

RZBURG

< (F! o0
Q' (E) = EN, (E,) /O cde'N!, ()R (E', E}, ')

El E,

Normalisation to the observed GRB photon flux £,

/EIN,; (8/) dc‘:, _ ‘E‘l,:(g)1 ny , /EINI E/ dEI _ ; ‘E‘l,:(g1 %
€ e

ISO ISO
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Julius-Maximilians-

e UHE v’s in the GRB internal shock model

>~ dEj, o0
/ / ! ! ! ! ! / / !
Q (E) = W E, N, (E)/O cde'N!, ()R (E', E}, ')
Normalisation to the observed GRB photon flux £,
/glN,,), (E/) dﬁ’ _ ‘E‘l,:g)l O(F /EINI E/ dEI _ 1 ‘E‘l,:g)1 &
1so fe 1so fe
Fluence per shell, at Earth (GeV~! cm™2) .
2
, (1+2)° .,
‘F-S t ‘/;SO 4 d2 Q
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I WONZEORG Three emission regimes

» the standard emission scenario
» p’'s magnetically confined: n’s and v’s from p interactions
» n’s escape and decay to produce UHECRs

Direct escape regime \

» directly-escaping p’s from the borders dominate
» subdominant n production
» more CRs emitted, so “one v, per CR” no longer valid

. J

Optically thick to neutron escape regime \

» n’s and p’s in the bulk trapped by multiple py interactions
» they only escape from the borders
» v production enhanced

Mauricio Bustamante i ita : g 50
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