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.= - Cosmic messengers

Physics of astrophysical
neutrino sources = physics of
cOSMic ray sources
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UNIVERSITAT The two paradigms for extragalactic sources:

WURZBURG  AGNs and GRBSs

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

» Gamma-Ray Bursts (GRBSs): 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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universiTait Neutrino detection:
WURZBURG  Neytrino telescopes

= Example: e S L
lceCube at South Pole M.
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 (to appear)

» Neutrinos established as
messengers of the high-energy
universe!
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Contained event sky map TeV-PeV

. . neutrinos
Searches for clusters (source) & connection to galactic plane

p-values calculated for all 28 events & for 21 showers

+ == shower

UBE PRELIM'NARY X == muon track

* All p-values are pos! strial

shower events
p -value = 8%

all events
p-value = 80%| 10X

0 TS= 2log(L/LO) 12.4

No significant source or connection to galactic plane seen
(Whitehorn @ WIPAC 2013, Klein @ ICRC 2013) s




Simulation of cosmic ray and
neutrino sources

(focus on proton composition ...)
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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 — pte +7r. e A
- — .
p + YcMmB — AT — Cosmogenic neutrinos L — e + Ve + U,

Delta resonance approximation:
—|_ — —
n -+ 1/3 of all cases
p+y— 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) P

= A(1232)-resonance A+ n+7nt 1/3 of all cases
approximation: proy—a = p+m  2/3 of all cases
= Limitations:
- No = production; cannot predict =/ =" ratio (Glashow resonance!)
- High energy processes affect spectral shape (X-sec. dependence!)
- Low energy processes (t-channel) enhance charged pion production

= Solutions:
= SC GRB: intion of nhvsics

10715
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_
S
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Multi—r

— Combined

_
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3

from:

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

_
S
=
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Q(E) [GeV1lcm3 sl
per time frame

Input: N’ (E) N (E')) B N(E) [GeV- cmJ]
steady spectrum

Dashed arrows: include cooling and escape

photohadronics [

Q.. (E)

12
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UNIVERSITAT Peculiarity for neutrinos:
- URO Secondary COOIIng Example: GRB

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

Decay/cooling: charged p, wn, K

10m22

. NeuCoismA 2611 | | (NO llosse:s) v
5T T ~ n
E, i 97T€0m c rp‘ Pile-up effect < \\\\\
c 4 12 = | = Flavor ratio!
To€ B S Spectral
3 spI‘it
> E'; depends on particle physics ST ‘\
only (m, t,), and B 2) I
. = Adjabatic
> Leads to characteristic flavor = \
composition and shape 2 ) ‘h
» Very robust prediction for sources? QJ i
[e.g. any additional radiation processes % ‘ i‘
mainly affecting the primaries will not 1926 from K AN

10° 10' 10* 10° 10* 10° 10° 10" 10% 10°
E,' /GeV
Baerwald, HiUmmer, Winter, Astropart. Phys. 35 (2012) 508;
also: Kashti, Waxman, 2005; Lipari et al, 2007 13

affect the flavor composition]



UNIVEReITAT From the source to the detector:
E‘””RZB”RG UHECR transport

= Kinetic equation for co-moving number density:

Y, = 0p(HEY),) + g (be+e-Y)) + Op (b, Yy) + Lcr

Expansion of Pair production Ilflzcr)r:(r)nhe?dlr:\?[?lgi CR ini
Universe Blumenthal, 1970 : X ger, I
Spanier, Winter, 2010
a |
— — -1 10° T T T .
[here b_ dE/dt Et |OSS] * HiRes-I " HiRes-1II / GZK CUtOﬁ:
* Energy losses -
= UHECR must from 5 ol
from our |Ocal PE dip model. y = 2.5. SFR, CIBI “\
environment = T Dm0 A\
(~ 1 Gpc at 101° GeV,

~50 Mpc at 101 GeV)  wbeoo iV ]

(M. Bustamante) log (Cf\) 14
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UNIVERSITAT COSmMogenic neutrinos
WURZBURG

P+ YcMB — AT — Cosmogenic neutrinos

107°
* Prediction depends on b
. IceCube 2010-2012 E
maximal proton energy, ol :
spectral index vy, source - _y
evolution, composition - "
. Can teSt UHECR |g 107°F dip modelq,o}izZ.S,GRB:‘EI-]?-L"' ’ ....“‘

- Ep max= 1077 eV ',o' / \ “..‘
beyond the local 3 ~ ~
environment @ ) \

= Can test UHECR :
injection into ISM = H ~S e 00=z =60
independent of CR = AN/ R
. ST / 5=
production model 10711} A — 15<z<23
. J ' — 2 5=<z<40 3
= constraints on it SR
UHECR escape oL AUE

( = )
log|——
GeV

(courtesy M. Bustamante; see also Kotera, Allard, Olinto, JCAP 1010 (2010) 013) 15
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UNIVERSITAT ~ Ankle vs. dip model

* Transition between galactic and extragalactic cosmic rays
at different energies:

o = 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

« HiRes-I = HiRes-II

Figure courtesy M. Bustamante; for a recent review, see Berezinsky, arXiv:1307.4043 16



Multi-messenger physics with
GRBs
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The “magic* triangle

Satellite experiments
(burst-by-burst)

/ \

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

Baryonic loading?
u Dark GRBs? ... L\]

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

?

(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

_18
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(Source: NASA)

GRB gamma-ray observations
(e.g. Fermi, Swift, etc)
Predict neutrino flux from
observed photon fluxes
event by event

Observed: .
broken power law P

(Band function)
E-2 injection

ldea: Use multi-messenger approach (BG free)

UNIVERSITET  GRB stacking s

(Source: IceCube)

Neutrino
Coincidence! er‘g:ttlons
(e.q. Ice Pe )

T T

! ™ ------! S | T T T T™T=TTTTm ™ T
= (b) (NeuCosmA model) :

EZF, [GeV cm?

1

10-’ 3 ’ — 5 . 6 . 8 9
10 10* 10 10 10’ 0 10
E [GeV]

(Example: ANTARES, arXiv:1307.0304)
19
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UNIVERSITAT Gamma-ray burst fireball model:
WURZBURG  |C-40+59 data meet generic bounds

Nature 484 (2012) 351 Generic flux based
10-8 _ature ( ) , on the assumption
Waxman and Bahcall .

. g I that GRBs are the
= - = 1C40 Guetta et al. PP L St 3 < sources of (h|gheSt
7 — 1C40+59 Combined T, I . :
T it B energetic) cosmic rays
o __ 1C40+59 Guetta
c et al. XY (Waxman, Bahcall, 1999;
- \ Waxman, 2003; spec. bursts:
3 X Guetta et al, 2003)
— 107 e
(\,]e‘ : .- “ “ 1.
N A IC-40+59 |

stacking limit
104 108 108 107

Neutrino energy (GeV)

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

20
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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 FEy) [GeV em ™2

GRB 080916C

" FNeuCosmA 2011

' ~ 1000

shape revised

10 10° 10° 107 108 10° 10

Energy [GeV]

E2 Fu(Ey) [GeV em™ ]

10

—
=]
|

—
=
|

—
=
|

-

1077

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]

21
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I UNIVERSITAT  Systematics in aggregated fluxes

@ : ‘@ Distribution of GRBs
mz7~1 typlcal following star form. rate
redshift of a GRB 300 NerComa it l/ " (strong |
: M¥n [l evolution |
2501 L-IH _ case) |
= Peak contribution in = 4 20 i
. ) I
a region of low 5 150l \
statistics E | Iy
z 100 - \
»Ensemble fluctuations ;
of quasi-diffuse flux o
" 5 ‘6

Z (redshift)

(Baerwald, Himmer, Winter, Astropart. Phys. 35 (2012) 508) 22
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| NeuCosmA 2011 NFC prediction T100]
i I1C40 — GRB, all
---- GRB, zknown + 50
stat. error
o astrophysical
l; 1C40+59 uncertainties | 20
T 1077 |
G
g
QL
>
[P]
O,
=
<
= 10—10
10° 10° 10’ 108
E, [GeV]

(HUmmer, Baerwald, Winter, Phys. Rev. Lett. 108 (2012) 231101)

wirzeure Quasi-diffuse prediction

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

Peak at higher

energy!

[at 2 PeV, where two
cascade events have
been seen]

“Astrophysical
uncertainties":

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

23
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Not only normalization, but also uncertainties depend
on assumptlonS: Internal shock model,

target photons from synchrotron
/\ . emission/inverse Compton
10 - : -

NenCam 011 4/— NFC prediction from Flg 3 of |CeCUbe,
e B Nature 484 (2012) 351; uncertainties
o —— NFC uncertainties
L/~ Tcao % IC-FC incsttamte from Guetta, Spada, Waxman, Astrophy
5 57 | \ He etal. uncertainties J. 559 (2001) 2001
) =
8 = Internal shock model,
Q T target photons from observation,
§e) e .
c s origin not specified
S z 1077 from Fig. 3 of
QO ) N '
o = HUummer et al, PRL 108 (2012) 231101
D 3
e W
% - — Dissipation radius not specified (e.

- g. magnetic reconnection models),
target photons from observation,
origin not specified

10712 - : : : from Fig. 3 of
10° 10° 107 10° 10° He, Murase, Nagataki,
#Gey] et al, ApJ. 752 (2012) 29
(figure courtesy of Philipp Baerwald) 24
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Satellite experiments
(burst-by-burst)

/ \
Partly common fudge P
factors: how many GRBs "
are actually observable?| (energy budget,
Baryonic loading? ensemble fluctuations, ...)

u Dark GRBs? ... t / e.g. Eichler, Guetta, Pohl,

Model-
dependent
prediction

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

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

2004) 429

( : Anchordoqui, Taylor, 2012 ...
= GR.B Robust connection

stacking if CRs only escape as

neutrons produced in
py interactions

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




Julius-Maximilians-

» |f charged = and n produced together:

n—+at 1/3 of all cases
p+ WO\Q/S of all cases

Fit to UHECR Consequences for
spectrum (diffuse) neutrino fluxes

pa— AT -

T T T TTT11T] I| T T T TTTTT T 171 T 1OMG L T
- GOF 997% E>4 EeV = . strong evolution cosmogenic .
Strong Evolution * HiRes |l iiﬁ I; =10%° and t, = 0.01 s “benchmark” [ |
i s HiRes | . teyn < tayn [ |
) v Auger ‘;U} 10-7
BRI C?H
5
Z 1078
<,
~
10— 3 4 5 6 TS 109 10 11
0% 10t 105 10° 107 10% 10 10 10
E(GeV) E [GeV]
» Baryonic loading? CR leakage? Ensemble

fluctuations? (Ahlers, Anchordoqui, Taylor, 2012; Kistler, Stanev, Yuksel, 2013; ...)

18 (TT02) G€ 'sAud 1edossy
‘usz[eH ‘elo1eD)-za[ezuo9 ‘sI9|Yy

UNIVERSITAT T T
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CR escape mechanisms

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

Optically thin
(to neutron escape)

Optically thick
(to neutron escape)

v

/oy

®/
/e
iy /

v

= One neutrino per = Neutron escape

cosmic ray

Protons
magnetically
confined

limited to edge of
shells

= Neutrino prod.
relatively enhanced

Direct proton escape
(UHECR leakage)

relatively low

* Protons leaking
from edges
dominate

A~ R,
* py interaction rate

27
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* For high acceleration

. : 107

efficiencies: - Lyio=10" ergs™! 7=0.34

‘ 1077 ¢
R*, can reach shell Ep g

. . -4
thickness at highest 070 initial p Spectral break

I =5 | wmm CR fro in CR spectrum

e.ne‘rg €S . 2 10 — Eﬂig el_?cﬁpmg p = two component
(If E') max determined by = ;. — ., models
t' ) >

yn [5) 104 o %- -q

%i‘ . Neutron spectrum -
107 ¢ harder than E-2
> UHECR from i Ston Spec

proton spectrum

optically thin GRBs 0

will be direct escape- w0
dominated o

i 10712 L ‘ : ‘ — ‘ — : - ‘
,(A\BS?%\QV@?’JBU7%ST2%”1§)’ }’gg;ter’ 102 10° 10° 10° 10° 107 10° 10° 10 10"
E/GeV

I' =300, t, = 0.01ls, T = 10s. n = 1.
ee/eg =1, f.=0.1, a,=1, 3, =2 & , =1keV, and z = 2.

28



Julius-Maximilians-

1000 _'
800 :
600
400 _

200

UNIVERSITAT 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

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

29
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UNIVERSITAT Cosmic energy budget

Satellite experiments
(burst-by-burst)

/ \
Partly common fudge )
factors: how many GRBs "
are actually observable?| (energy budget,
Baryonic loading? ensemble fluctuations, ...)

u Dark GRBs? ... j / e.g. Eichler, Guetta, Pohl,

Model-
dependent
prediction

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

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

(2004) 429
Anchordoqui, Taylor, 2012 ...

= GR.B Robust connection

stacking if CRs only escape as

neutrons produced in
py interactions

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

= Redshift distribution

Gamma-ray observables?

= Can be integrated

- (1+2) p— over.
. N7
AN _ p)El2) p-(2) dV/d: Total number of bursts
dz (foeam) 142 in the observable
E”IIIH T | [ ARRRRN | ”E universe
CE L ] [dN 1
T: lOSzI;_ L :'.ff-..__;gja 'r:] _él N — dZ
- W g o : rot / dz F ﬁz)
10T E et ¢ ':7 4 w
s ﬂi.j-'-;z.-'-,‘ i : Threshold correction
107 gy 2 ) E _
ol . 1 > Can be directly
o s T determined (counted)!

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

» Order 1000 yr-

31
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I UNIVERSITAT - Consequence: Local GRB rate

= The local GRB rate can be written as

.1 Neetlyr/'] 1
NGRB = Gpcdyr 968 1.

where f, iIs a cosmological correction factor:

nare|._,
SFR model o) fo | [Gpe P yr7Y
Hopkins & Beacom (2006) | 1.2 | 25.15 0.08
0.0 | 5.65 0.35 (for 1000
Wanderman & Piran (2010) | 0.0 | 7.70 0.26 observable
Madau & Porciani (2000) GRBs per
SE'1 0.0 9.89 0.21
SE2 0.0 | 14.42 0.14 year)
SE3 0.0 | 14.36 0.14

(Baerwald, Bustamante, Halzen, Winter, to appear) 32



I UNIVERSITAT Required UHECR injection

= Required energy ejected in UHECR per burst:

.[1010,1012; _

E[1010,1012] — 1053 erg - Eon . 968 yr—! f
CR 1044 erg Mpc—3 yr—1 Niot z
~1.5 to fit UHECR ~5-25

* |n terms of observations

y-ray energy. Fraction of energy How much energy
in CR production? - in UHECR?
[1019.1012] » Jbol 2
CR — JCR f v,180
e

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

» Baryonic loading f,*~50-100 for E- inj. spectrum (f,,
~0.2), E, i, ~ 10°° erg, neutron model (fcg ~ 0.4)

ISO .
[lceCube standard assumption: f,1~10] 33
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UNIVERSITAT  |mpact factors

— X X —_— X X
fe‘ ﬁhresh ﬁial‘k ‘ fe ﬁhresh fdark FOCUS on 1/ fe
in following
: | X f éR X f i)ol
Jz

V - CR

Jer X fool

Depends on
model for UHECR escape

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

34
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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_*.

10* ' ‘ | ' 107° - ' ' ‘ —
=== CR (model 1) j;,_l =~ 107 dI(fZﬁj(ZOlO—lZ)u PRe
. -6 | 1 UHE s
Neutron escape dominates  [P[RELIMIN/ARY 10°° fovor Timit /g -
== CR (model 2) .l ~144 . d

— 10° | Direct escape dominates 107
D - _g [ IC40+59 stacking
7 ' 107" GRBlimit <
o s 1077
& D
2 10% g 10710 |
2 3
9‘ 9‘ 10—1] L
> =
£ 10712/
oo =

10—13 L

10714 ¢ / prompt GRB v, +v,

,’ = COSTNOZENIC V;+V,
100 10—15 A " n L L L
107 10° 10* 10° 10° 107 10° 10° 10 10"
E/[GeV] E/[GeV]

(Baerwald, Bustamante, Halzen, Winter, to appear)
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UNIVERSITAT Combined source-prop. model fit
WURZBURG (cosmic ray dip model transition, a,, ~ 2.5)

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

10} 1073 S —
=== CR (model 3) fe_l ~1.1-10° IC (2010-12) »7
x*/dof. =154 1076 ¢ dgfuse IIJHE all R
avor limit/3
== CR (model 4) i R . d
0 Y2/dof. =27.97 | 107" ¢
T . . - _s [ IC40+59stackin
7 Pair prod dip L 107 GRE limit
~ _:‘9 \..__- | -
@ . ol -
q 2
k: £
> >
S S
> =
= %
&
prompt GRB V#+Vp
IMI I:I I:\l\llj = cosmogemc Vﬂ+V

107 108 10° 10“’ 10”
E/[GeV] E/[GeV]

(Baerwald, Bustamante, Halzen, Winter, to appear) 36
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Results depends on
shape of additional
escape component,
acceleration
efficiency

This example: — w0

oranch surviving
future lceCube
pounds requires
arge baryonic
oadings to fit
UHECR
observations

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

UNIVERSITAT Parameter space?

a,=2.0,1=1.0, E, €[10'°,10"°] GeV

1000

800

—

400

200

ull‘)}]l—

9 5 5 5 53

log[Liso/(erg s 1]

37
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UNIVERSITAT
I wURzBURG Summary

» GRB explanation of UHECR requires large baryonic
loadings >> 10; still plausible in “ankle model” for
UHECR transition

= Neutron model for UHECR escape already excluded
by 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

= Cosmic rays escape by mechanism other than pion
production plus much larger baryonic loadings than
previously anticipated
[applies not only to internal shock scenario ...]

= The cosmic rays and neutrinos come from different
collision radii (dynamical model with collisions at different
radii)?

38
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WORZBORG \What if: Neutrinos decay?

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

V# NeuCosmA 2012 ve — NO decay
== ;<-1=102 sfeV
-9 | ,—"'_ ] 10—9 L . . mmm i S/CV
10 1C40+59 ,~ Limits? =107 s/ev

3 2
: :
T T,

T; T; 1010
> =
c) S
— ——
e i

/ 10—11

/ 1C86,10y (extrapolated)
/ NenCosmA 2012
10* 10° 10° 10’ 108 10° 10* 10° 10° 107 10® 10°

E, [GeV] Ey [GeV]

= Reliable conclusions from flux bounds require cascade (v,)
measurements! Point source, GRB, etc analyses needed!

Baerwald, Bustamante, Winter, JCAP 10 (2012) 20 40



Julius-Maximilians-

%NJKE';?,',IQT lceCube method ...normalization

= Connection y-rays — neutrinos

Y (charged pions) x

Y4 (energy per lepton) l Energy in protons l
- 11 s 10 MeV
/ dE, E,F,(E,) = ] f_ (1 — (1 = (zp—n)) / m) / dE, E,F,(E,)
0 e 1keV
: : Fraction of p energy Energy in electrons/
Energy in neutrinos converted into pions f_ photons

= Optical thickness to py interactions:

AR Liso (0.015) (102-5)4 (MeV)
Apy \ 10°2ergs—! tvar Cjet €~
[in principle, &,, ~ 1/(n, o); need estimates for n,, which

contains the S|ze of the acceleration region]

(Description in arXiv:0907.2227,
see also Guetta et al, astro-ph/0302524; Waxman, Bahcall, astro-ph/9701231) 41




Julius-Maximilians-

UNIVERSITAT
WURZBURG

= Example:  rm)=9

lceCube method ... spectral shape

o E Oy
£ {(LEV) ! (Meiv) for £, < ey
v e \B E, —By
(MeV) ! (Mev) for By > €

AMANDA
w==  |CECUBE-22
=  |CECUBE-40
100 L Waxman & Bahcall
= I1C40 Guetta et al.

3-B,

=10t \
&

10* 1¢°
E, [GeV]

First break from
break in photon spectrum

(here: E'1 = E~in photons)

10°

Second break from
pion cooling (simplified)

42
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