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¥ Cosmic messengers

Physics of astrophysical
neutrino sources = physics of
cosmic ray sources

Astrophysical
beam dump
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Observation of
cosmic rays: need
to accelerate
protons/nuclei
somewhere

The same sources
should produce
neutrinos:

= in the source (pp,
py interactions)
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Example: IceCube at South
Pole. Detector material:
~ 1 km3 antarctic ice

Completed 2010/11 (86
strings)
Recent major successes:

= Constraints on GRBs
Nature 484 (2012) 351

= 28 events in the TeV-PeV
range Science 342 (2013) 1242856

Neutrinos established as
messengers of the high-energy
universe!

universiTaiT Neutrino detection:
WURZBURG  Neytring telescopes

/Npa-osIm-agnoast//-diy

/A1 -cdzur-saaejue//:-diy
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~ 11 events
of atmospheric
origin.
The rest:
Galactic?

Neutrinos in the TeV-PeV range

Extragalatic?

360°

Where do these come from?

Prompt atmospherics?

Directional information: Clustering?
Isotropic/from Galactic plane/Galactic center?
Why no events > PeV?

Which source class? More than one?
= Requires more statistics

No correlation with GRBs! however: if
to be correlated with sources of
UHECR, large I" and B required

= GRB?7?7? (Ww, PRD 88 (2013) 083007)

Equatorial

————

0 TS=2log(L/LO) 12.4

Science 342 (2013) 1242856 &
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UNIVERSITAT The two paradigms for extragalactic sources:

WURZBURG  AGNs and GRBs

= Active Galactic Nuclel (AGN blazars)
» Relativistic jets ejected from central engine (black hole?)
= Continuous emission, with time-variability

» Gamma-Ray Bursts (GRBs): transients

» Relativistically expanding fireball/jet

* Neutrino production e. g. in prompt phase
(Waxman, Bahcall, 1997)

Cosmic Rays: 100 years of mystery 2012-04-18

'. | Using data from the IceCube Neutrino Observatory, astrophysicists Nathan
g Whitehorn and Pete Redl searched for neutrinos coming from the direction of
known GRBs. And they found nothing.

Their result, appearing today in the journal Nature, challenges one of the two
leading theories for the origin of the highest energy cosmic rays.  Nature 484 (2012) 351
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(Source: SWIFT)
I ~200-1000 Afterglow

Engine
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I pNIVERSITAT - Fermi shock acceleration

= Fractional energy gain
per cycle: n

= Escape probability
per cycle: P,

* Yields a non-thermal power law spectrum
~ E-(Pesc/n+1)

= P_../m ~ 3/(x-1) in shock acc., where y IS
the compression ratio of the shock

= v ~ 4 for a strong shock = P_./n ~ 1 and
E-2 is the typical “textbook” spectrum



Simulation of cosmic ray and
neutrino sources

(focus on proton composition ...)
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UNIVERSITAT  COSMIC ray source

WURZBURG . . | . .
(illustrative proton-only scenario, py interactions)

If neutrons can escape: Neutrinos produced in
Source of cosmic rays ratio (veiv,:v,)=(1:2:0)
n —> pt+e 4+, ™ = ut+u,,
- - .
P+ YcMB — AT — Cosmogenic neutrinos o —e + v+,

Delta resonance approximation:
n+mt 1/3 of all cases
p+v— AT — 0 / -
p+m  2/3 of all cases

n*/n® determines ratio between neutrinos and high-E gamma-rays

0 High energetic gamma-rays;
[ 7 _I_ /7 typically cascade down to lower E

Cosmic messengers
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UNIVERSITAT - Source simulation: py
WURZBURG (particle physics) QP

= A(1232)-resonance A+ n+na" 1/3 of all cases
approximation: pry— A= p+ 7 2/3 of all cases

* Limitations:

- No r production; cannot predict n*/ n ratio (Glashow resonance!)

- High energy processes affect spectral shape (X-sec. dependence!)

- Low energy processes (t-channel) enhance charged pion production
= Solutions:

= SC GRB: 5" intion of nhvsics

1071

— Resonant

_
S
5

---- Direct
Multi—r

— Combined
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3

from:

HUmmer, Ruger,
Spanier, Winter,
ApJ 721 (2010) 630

_
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E: O4/(N, N, GeV em™ s71)
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U ERSIaT “Minimal” (top down) v model

Q(E) [GeV1 cm3 s
per time frame

Input = Object-dependent: (N/(E’) N'(E)) B N(E) [GeV-! cm3]
steady spectrum

Dashed arrows: kinetic equations include cooling and escape

photohadronics

Q.. (E’)
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UNIVERSITAT Peculiarity for neutrinos:
- SeCOndary COOllng Example: GRB

Secondary spectra (u, «t, K) loss-
steepend above critical energy

Decay/cooling: charged p, «r, K

. NeuCosmA 2011 (NO lOSSGS) v
) OmregmOc’ Y — S y
I o Pile-up effect \\\\
C 4 DI2 = | = Flavor ratio!
To€ B > Spectral
© split
o 1
» E'. depends on particle physics SR ‘\
only (m, <), and B 5 R 'at}atic
> Leads to characteristic flavor = \
composition and shape ST ‘h
> Very robust prediction for sources? < i
[e.g. any additional radiation processes . ‘ ||
mainly affecting the primaries will not RTINS fromK |\ Qi
affect the flavor composition] 10° 10! 102 103 10* 10° 10° 107 10° 10°

E,' /GeV
Baerwald, HiUmmer, Winter, Astropart. Phys. 35 (2012) 508;
also: Kashti, Waxman, 2005; Lipari et al, 2007 14



UNIVERSITAT From the source to the detector:
EW”RZB”RG UHECR transport

= Kinetic equation for co-moving number density:

Yy = 0p (HEY)) 4+ 0p (bete-Yy) + Op (bpyYy) + Ler

Expansion of
Universe

Pair production
Blumenthal, 1970

Spanier, Winter, 2010

Photohadronics
HUmmer, Riger,

CR inj.

z-dep!

[here b=-dE/dt=E t ]

= Energy losses
= UHECR must from
from our local
environment
(~ 1 Gpc at 101° GeV,
~ 50 Mpc at 10! GeV)
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* Prediction depends on
maximal proton energy,
spectral index vy, source
evolution, composition

= Can test UHECR
beyond the local
environment

= Cantest UHECR
Injection independent of
CR production model
= constraints on .
UHECR escape

1

Eﬁ J, (all flavours) [GeV cm 27! Sr"]

1

(courtesy M. Bustamante; see also Kotera, Allard, Olinto, JCAP 1010 (2010) 013)

genic neutrinos

P+ YoMB — AT — Cosmogenic neutrinos

1076 —
IceCube 2010-2012
1077}
,,,,,, EeV
10-8F .. - \
dip model,y =2.5, GRB, CIBI < A 3
Ep max= 1020'5 eV .4" ----- / “'-.
9| ; \ \*
10 ,_ \ \'
‘ . \
iy \!
:: f / \\\
. ,"j
0_10 F :: ;." '-.\
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. — 05=z<15
0 / _— 15=2<25
_:' _ / — 25 <z <40
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0—12 .: L . . . 1 . . . 1 . . 1 . "
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Julius-Maximilians-

UHECR transition models

= Transition between Galactic (?) and extragalactic cosmic
rays at different energies:

103

-
-
.
.
.
.
-

* HiRes-1 ® HiRes-II

+ Extra-
$ alactic

= Ankle model:

» |njection index y ~ 2
possible
(= Fermi shock acc.)

= Transition at > 4 EeV
= Dip model:

* |njection index
y ~ 2.5-2.7 (how?)
= Transition at ~ 1 EeV

= Characteristic shape
by pair production dip

Figure courtesy M. Bustamante; for a recent review, see Berezinsky, arXiv:1307.4043 17



Multi-messenger physics with
GRBs
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Multi-messenger physics

Satellite experiments
(burst-by-burst)

/ AN

Partly common fudge
factors: how many GRBs
are actually observable?

Baryonic loading?
VX S

Model-
dependent
prediction

Waxman, Bahcall,
PRL 78 (1997) 2292; Guetta
et al., Astropart. Phys. 20

(2004) 429
= GR_B Robust connection
stacking if CRs only escape as

neutrons produced in
py interactions

7

(energy budget,
ensemble fluctuations, ...)

e.g. Eichler, Guetta, Pohl,

ApJ 722 (2010) 543; Waxman,
arXiv:1010.5007; Ahlers,

Anchordoqui, Taylor, 2012 ...

Ahlers, Gonzalez-Garcia, Halzen,
Astropart. Phys. 35 (2011) 87

_19
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. _ @
UNIVERSITAT - GRB stacking /

= |dea: Use multi-messenger approach (BG free) )

L
(Source: NASA)

_ Neutrino
N = Coincidence! . T

(e. g[[l B
GRB gamma-ray observations ’ i
(e.g. Fermi, Swift, etc) 'l it aL,

* Predict neutrino flux from
observed photon fluxes

E E(b) . (NeuCosmA model) 3
event by event Sl | (etosn
o
:’.I"t :._"10-2 ..........
w
10-3 .............................
b A
Observed: AN S ok
broken power law | p oW w9 Y el

(Band function)

L (Example: ANTARES, arXiv:1307.0304)
E-2 injection
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UNIVERSITAT Gamma-ray burst fireball model:
WURZBURG  |C-40+59 data meet generic bounds

Nature 434 (2012) 351 Generic flux based
10 T ( ) , on the assumption
Waxman and Bahcall ]

e | that GRBs are the
= -~ IC40 Guetta et al. R | < sources of (highest
@ — 1C40+59 Combined N I : :
" o Guett " energetic) cosmic rays
e - otel. (Waxman, Bahcall, 1999;
- Waxman, 2003; spec. bursts:
3 Guetta et al, 2003)
= 107
Y
= |IC-40+59

stacking limit
T 0 T o

Neutrino energy (GeV)

* Does IceCube really rule out the paradigm that
GRBs are the sources of the ultra-high energy
cosmic rays?

21
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Analytical recomputation
of IceCube method (CFB):

C;.. corrections to pion
production efficiency

Cg: secondary cooling and
energy-dependence

of proton mean free path
(see also Li, 2012, PRD)

E2 Fy(Ey) [GeV em™ ]

GRB 080916C

10

NeuCosmA 2011
I' ~ 1000
shape revised
107
107°
107°
107°

10°

Energy [GeV]

107 108 10° 10"

EY Fu(E) [GeV em™ ]

10

—
=
|

—
=
|

—
=
|

i

107

WURzBURG Revision of neutrino flux predictions

GRB 091024

NeuCosmA 2011

I'~ 200

CFB//f —
M shape revised

10° 10* 10° 10° 107 10° 10° 10%
Energy [GeV]
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WURZBURG (NeuCosmA model)

| NeuCosmA 2011 NFC prediction T100
I1C40 — GRB, all '
--—- GRB, zknown + 50
stat. error
o astrophysical
l; IC40+59 uncertainties | 20
T 1070 |
q
g
]
>
[P
o
=
4
asS
ol =
- 10—10

10° 10° 107 103 10°
E, [GeV]

unIversITAT - Quasi-diffuse prediction

= Numerical fireball
model cannot be
ruled out yet with
|C40+59 for same
parameters, bursts,
assumptions

» “Fudge” factors:

= Baryonic loading
Fo1 (energy in protons vs.
€ electrons) = 10?

= Total number of GRBs
N In observable universe
= chosen to be
667/year

“Astrophysical
uncertainties":

t,: 0.001s ... 0.1s
I': 200 ...500
a:1.8...2.2
gleg: 0.1 ... 10

(Himmer, Baerwald, Winter, Phys. Rev. Lett. 108 (2012) 231101) 23
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Neutrinos-cosmic rays

Satellite experiments
(burst-by-burst)

/ \

Partly common fudge
factors: how many GRBs
are actually observable?

Baryonic loading?
VX S

Model-
dependent
prediction

Waxman, Bahcall,
PRL 78 (1997) 2292; Guetta
et al., Astropart. Phys. 20

(2004) 429
= GR_B Robust connection
stacking if CRs only escape as

neutrons produced in
py interactions

7

(energy budget,
ensemble fluctuations, ...)

e.g. Eichler, Guetta, Pohl,

ApJ 722 (2010) 543; Waxman,
arXiv:1010.5007; Ahlers,

Anchordoqui, Taylor, 2012 ...

Ahlers, Gonzalez-Garcia, Halzen,
Astropart. Phys. 35 (2011) 87

_24
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* |If charged = and n produced together:

n—+at 1/3 of all cases

_|_
Py AT p+7r0\2/30fallcases

>
=
Eit to UHECR Consequences for E >
diffuse) neutrino fluxes S v
spectum -6 —MUSE) Neutrino fluxes £ o
T T TTTT] T TTTTTT T T 117 [ T T L

- GOF 99% E>4 EeV - | strong evolution cosmogenic i — %
- Strong Evolution * HiRes | e [ =10%% and , = 0.01 5 pencmarkt D D
o | eS ) {M'n < {ll\']'l i:] D
A — ; N ] N

I A u g e r l 1 O - 7 ‘i:;:i:.‘ f:'l\'n < f::\'.’l'l | . .ﬁ !
r 4 ” SRR o G
s o SRR N o
| py - =
(:I' T EHE, prelim.) —~~ (2.

g 7 : S B
> 108 ; ~ T
&) ® N

~ &

™ / -

[ . RO _
107& 3 4 h G T 1S 9 10 11
10 10 10 10  10° 10 107 10 10

E(GeV) E [GeV]
» Baryonic loading? CR leakage? Ensemble
fluctuations? (Ahlers, Anchordoqui, Taylor, 2012; Kistler, Stanev, Yuksel, 2013; ...)
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CR escape mechanisms

Optically thin
(to neutron escape)

Optically thick
(to neutron escape)

v

/

/V
e
c

v

= One neutrino per
cosmic ray

= Protons
magnetically
confined

N
WL

M~cty,

= Neutron escape
limited to edge of
shells

= Neutrino prod.
relatively enhanced

Baerwald, Bustamante, Winter, Astrophys. J. 768 (2013) 186

Direct proton escape
(UHECR leakage)

M~ R,

* py Interaction rate

relatively low

* Protons leaking
from edges
dominate

26
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NERoReT A typical (?) example

10 | harderthanE2 |  —=

proton spectrum

= For high acceleraton .
efficiencies: om0 ergs” r,=0.34
R’ can reach shell Ep
thickness at highest 07 nitialp Speciral break
energ|es . 107 : _C‘R from n _- .:;n CR spectrum
("r. E‘p - determined by = 06 S:{ricvtﬂescapmgp twr?]ggg;sgnent
t'yun) S

yn L N W
%Z‘ 10 Neutron spectrum \ -
<8

» UHECR from
optically thin GRBs 10

will be direct escape- 10"
dominated 0"

lﬁ?ﬁg‘g’ﬁ;@f“fggr&%‘fg)’ \1/\éi6r)1ter, 102 100 10* 10° 10° 107 10° 10° 10 10!
E/GeV

[ =300, t, = 0.01s. Tyg = 10s. 7 = 1.
cefep=1,fe=01,a,=1,03,=2 ¢ ,=1keV, and z = 2.

27



Combined source-propagation
model

... as a first step towards
completely self-consistent picture



W« © Combined source-prop. model

P P8 GRB source model:
E“'}-",iS('J'J fe / F'J

= Determines prompt neutrino and

Injected cosmic ray spectrum
(including composition, E spectral index)

max?

'3

Cosmic ray propagatin:

Cosmological distribution .
of sources; number of sources
(normalization) N

i Use multi-messenger
!‘i picture (norm. to obs.
h UHECR flux)

to measure f_1

= Determines observed cosmic fuc
ray (incl. GZK cutoff) and "
cosmogenic neutrino spectra




I wirzsore. Gamma-ray observables?

= Redshift distribution

~ (+2) Star formation rate
e ¥(2) 52 dV/d
— = F(2) o
dz \ <fbeam> 142

(Kistler et al, Astrophys.J. 705 (2009) L104)

= Total number of
observable bursts

N:{%dz

» Can be directly
determined (counted)!

» Order 1000 yr-1

= Provides information
about cosmic
distribution of sources
as well (a)

30
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UNIVERSITAT Combined source-prop. model fit
WURZBURG (cosmic ray ankle model transition, o, ~ 2)

= Cosmic ray leakage (dashed) can evade
prompt neutrino bound with comparable f_:

Fit | =) |Consequence, incl. f1
10* ' ' | ' 107 - - - - - - - p
=== CR (neutron dominated (#1)) f,~! =41 NeuCosmA 2013 IC (2010-12) _
x’/dof =331 1076 | diffuse UHE v, L’
] flavor limit
= = CR (leakage dominated (#2}) e'l =~ 62 e
3 Y/dof =595 1007 ¢
o 107 ¢ ] —
. T 1078 -
@ = IC40+59 stacking
Y T ol GRBlimit 2=
lT’E "|:P 10 S _ L _A”
L2107 E 10710}
- >
G v ~11 ]
) O 10
-
,:;5 f:L; 1012 |
910t}
10_13 B
10714 ¢ , prompt GRB v+,
/ = COSIMOZENIC Vy+Vy
0 7 NeuCosmaA 2013 _15 y,
10 ' : : : 10
7 8 9 10 11 3 4 5 6 7 8 0 10 1411
10 10 10 10 10 10 10 10 10 10 10 100 10 10
E [GeV] E [GeV]

(Baerwald, Bustamante, Winter, arXiv:1401.XXXX)
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Julius-Maximilians-

= Dip-model transition requires extremely
large baryonic loadings (bol. correction!):

EJer [GeVZ.em 25 lesr ']

== CR (neutron dominated (#3)) f.”* ~ 6.6-10"

¥’ /dof =155
== CR (leakage dominated (#4)) 7, ~ 2.8-10°
x2/dof = 3059
Pair prod. dip
'#‘ {
\
1
1
1
\
1
i
[
i
1
1
1
. . : Neu.Cm'I]A 2013
10® 10° 10'° 10"

E [GeV]

Combined source-prop. model fit

(cosmic ray dip model transition, a,, ~ 2.5)

diffuse UHE v,
flavor limit

stacking GRB_ ~
limit_ <

E2J, [GeV-cm 2571511

prompt GRB v, +v,,
= COSTNOZENIC Vy+Vy

(Baerwald, Bustamante, Winter, , arXiv:1401. XXXX)
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= Neutron model

1000
800
600

400

1049 1050 == 1051

Ligo [erg s™']

» Ruled out by current stacking
bounds on prompt neutrinos

(dark gray)

UNIVERSITAT Parameter s

1000

800

600

400

@[log,o(Liso)

XE'lin/dOf =13.3

1050

pace”?

[ankle model, high acceleration efficiency]
= Diffusive e

scape

1051 1052 1053

Liso [erg 3_1]

extremely large (unrealistic?)
baryonic loadings

(XXXX TOVT:AIXJR ‘A81UIAN ‘DlueWRISNg ‘plemiseq)

» Remaining parameter space requires

33
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\What if: Neutrinos decay?

Decay hypothesis: v, and v; decay with lifetimes compatible with SN 1987A bound

v# NeuCosmA 2012 ve — NO dcca3|r
o x‘i:lOz s/eV
-9 | T ] 1070 P === =1 s/eV
10 1C40+59 ,~ Limits? K 1=1074 s/eV

2 2

g £

@ 9
T, T
T‘; 10—10 L TCI{-} 10—10 L

> >

$ S

2y 28

1071} / 10-11
/ 1C86.10y (extrapolated)
10* 10° 10° 107 10® 10°
E, [GeV]

Ep [GeV]

= Reliable conclusions from flux bounds require cascade (v,)
measurements!

Baerwald, Bustamante, Winter, JCAP 10 (2012) 20 34
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UNIVERSITAT
I wiURzBURG Summary

* GRB explanation of UHECR still possible (plausible?)
in “ankle model“ for UHECR transition

* Neutron model for UHECR escape already excluded
by current neutrino data

» Future neutrino bounds will strongly limit parameter
space where pion production efficiency is large

» Possible ways out:
= GRBs are not the exclusive sources of the UHECR

= Extremely large baryonic loadings + direct/diffusive escape
[applies not only to internal shock scenario ...]

= Model too simple? Do the cosmic rays and neutrinos come
from different collision radii?

35
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I UNIVERSITAT - Systematics in aggregated fluxes

‘@ : (@ Distribution of GRBs
m7~1] typlcal following star form. rate
redshift of a GRB NG [ eng
: M¥nll  evolution -
2507 L-IHI _ case) |
= Peak contribution in = 5 20" Ifh
. @) i
a region of low 5 150" \
statistics £ [
z 100 N
»Ensemble fluctuations ;
of quasi-diffuse flux o
" 5 I6

Z (redshift)

(Baerwald, Himmer, Winter, Astropart. Phys. 35 (2012) 508) 37
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Model dependence

Not only normalization, but also uncertainties depend

on assumptions:

-

1078 -
NeuCosmA 2011

10_9 -

10—10 L

E2 ¢(E) [GeV em™2 57! sr1)

10—11 L

Model dependence

4/— NFC prediction

== IC-FC

NFC uncertainties
IC—FC uncertainties

He et al. uncertainties

10—12

10°

108

107
E, [GeV]

108 10°

(figure courtesy of Philipp Baerwald)

Internal shock model,
target photons from synchrotron
emission/inverse Compton

from Fig. 3 of IceCube,

Nature 484 (2012) 351; uncertainties
from Guetta, Spada, Waxman,
Astrophys. J. 559 (2001) 2001

Internal shock model,
target photons from observation,
origin not specified

from Fig. 3 of
Hummer et al, PRL 108 (2012) 231101

Dissipation radius not specified (e.
g. magnetic reconnection models),
target photons from observation,
origin not specified

from Fig. 3 of
He, Murase, Nagataki,
et al, ApJ. 752 (2012) 29
38



UNIJVIE;‘SH'IAT UHECR escape:
WoRZBURG  Parameter space?
= The challenge: need
high enough E to

describe observed
UHECR spectrum

> The acceleration

efficiency n has to
be high

» Can evade the “one
neutrino per cosmic
ray“ paradigm

1000

(Baerwald, Bustamante, Winter,
Astrophys. J. 768 (2013) 186)

39



I UNIVERSITAT  |_ocal GRB rate

= The local GRB rate can be written as

1

Ntot [;Yl“_l] 1

NGRB — Gpc3 yr

968

f=

where f, Is a cosmological correction factor:

ﬁGRB‘z:D

SFR model 9! f- | [Gpe™ yr7!]

Hopkins & Beacom (2006) | 1.2 | 25.15 0.08

0.0 ] 5.65 0.35

Wanderman & Piran (2010) | 0.0 | 7.70 0.26
Madau & Porciani (2000)

SE'1 0.0 9.89 0.21

SE2 0.0 | 14.42 0.14

SE3 0.0 | 14.36 0.14

(Baerwald, Bustamante, Halzen, Winter, to appear)

(for 1000
observable
GRBs per
year)



Julius-Maximilians-

UNIVERSITAT
WURZBURG

| 1
— X
fe fthresh

(Baerwald, Bustamante,
Winter, to appear)

Impact factors

| |
— X
fe fthresh

1 X fCR X fool
)z
— CR
Jer X fool
Depends on

model for UHECR escape

Same.
Focus on 1/f, in
following

Baryonic
loading
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I UNIVERSITAT - Required UHECR injection

» Required energy ejected in UHECR per burst:

10 1412
E[101071012] _ 1053 ero - 5%5{ ,1077] . 968yr_1 . f
CR — g 104 erg Mpc—3 yr—1 Nooe e
~1.5to fit UHECR ~5-25
= |n terms of observations
y-ray energy. Fraction of energy How much energy

in CR production? P in UHECR?
E[101‘3’,1012] B » Jbol I

CR — JCR f Y,1S0
Je

BNy Energy in protons
vs. electrons (IceCube def.)

» Baryonic loading f,-'~50-100 for E-2 in]. spectrum (f
~0.2),E, ., ~ 1O5§erg, neutron model (fo.g ~ 0.4)

ISO .
[IceCube dtandard assumption: f,1~10] 2



Julius-Maximilians-

lJvNL:\RIEElSJEéT lceCube method ...normalization

= Connection y-rays — neutrinos

% (charged pions) x

Y4 (energy per lepton) 1 Energy in protons l
00 11 AR/A 10 MeV
/ dE, E, F,(E,) = ] I (1 — (I = (zpr)) m) / dE, E,F,(E,)
0 fe 1keV
: : Fraction of p energy Energy in electrons/
Energy in neutrinos converted into pions f_ photons

= Optical thickness to py interactions:

AR Ly (0.013) (102-5)4 (MeV)
Apy \ 10°2ergs—! tvar et €~
[in principle, &,, ~ 1/(n, c); need estimates for n,, which

contains the size of the acceleration region]

(Description in arXiv:0907.2227;
see also Guetta et al, astro-ph/0302524; Waxman, Bahcall, astro-ph/9701231) 43




Julius-Maximilians-

UNIVERSITAT
WURZBURG

Cry iy Efy _a,Y
. dN(E,) (vrr) (MeV for By <€y
u Exalllple. Fy(Ey) = aiE = [y X e \f 5.\ B~
7 (MeV) ! (Mev) for £y > €,
AMANDA
wes  |CECUBE-22
= |CECUBE-40
100 i Waxman & Bahcall
= 1C40 Guetta et al.

eV cm 2]

3-B,

/;

E’F (E

10 \

10* 1¢°
E, [GeV]

First break from
break in photon spectrum

(here: E-1 = E-2in photons)

10° 10’

Second break from
pion cooling (simplified)

lceCube method .. spectral shape

44



	Are gamma-ray bursts the sources of ultra-high energy cosmic rays? 
	Contents
	Cosmic messengers
	Cosmic ray observations 
	Neutrino detection:�Neutrino telescopes
	Neutrinos in the TeV-PeV range
	The two paradigms for extragalactic sources: �AGNs and GRBs
	Internal shock model
	Fermi shock acceleration
	Simulation of cosmic ray and neutrino sources
	Cosmic ray source�(illustrative proton-only scenario, pg interactions)
	Source simulation: pg�(particle physics)
	“Minimal“ (top down) n model
	Peculiarity for neutrinos: �Secondary cooling
	From the source to the detector: UHECR transport
	Cosmogenic neutrinos
	UHECR transition models
	Multi-messenger physics with GRBs
	Multi-messenger physics
	GRB stacking
	Gamma-ray burst fireball model:�IC-40+59 data meet generic bounds
	Revision of neutrino flux predictions
	Quasi-diffuse prediction�(NeuCosmA model)
	Neutrinos-cosmic rays
	The “neutron model“
	CR escape mechanisms�Baerwald, Bustamante, Winter, Astrophys. J.  768 (2013) 186
	A typical (?) example
	Combined source-propagation model
	Combined source-prop. model
	Gamma-ray observables?
	Combined source-prop. model fit�(cosmic ray ankle model transition, ap ~ 2)
	Combined source-prop. model fit�(cosmic ray dip model transition, ap ~ 2.5)
	Parameter space?�[ankle model, high acceleration efficiency]
	What if: Neutrinos decay?
	Summary
	Backup
	Systematics in aggregated fluxes
	Model dependence
	UHECR escape:�Parameter space?
	Local GRB rate
	Impact factors
	Required UHECR injection
	IceCube method …normalization
	IceCube method … spectral shape

