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1. Introduction
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3. GeV-PeV neutrinos as a probe of relativistic |ets
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Motivation I: Unigue Probe of Cosmic Explosions

auﬂemova ~10 MeV neutrinos from supernova
= o2 = thermal: gravitational energy of a star

| - explosion mechanism * _ ‘
i i - progenitor/v properties ‘f‘

' MY Koshiba

- physics of relativistic jets (I'~100)
- SN-GRB connection




Motivation lI: Cosmic Rays - A Century Old Puzzle
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UHECR Source Candidates: Cosmic Monsters!
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direct probe of ion acceleration

Neutrinos

straight, negligible absorption
istralght, neglly Riign) CR accelerator

Gamma ra¥s
contamination by leptonic signal

interacting w. photons
Y+y—e +e

e+y — e+ v (Inverse-Compton)

¢+ B — e +y (synchrotron) Y% g

es are deflected by
magnetic fields

=

« Cosmic rag_s
deflected by magnetic fields
interacting w. photons/matter

p+y—=pin+Nxa
p+y—=p+e +e




Neutrino: Weak Interaction
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IceCube: Gton Neutrino Detector
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- at south pole

- ~1 km?® volume ~ Gton

- 86 strings (120 m spacing)
- 5160 PMTs (17 m spacing)
- completed in 2010

Deep Core




fceCube Detection of High-Energy Neutrinos

First detection of PeV events (~2.84) ~ Follow-up analysis (~4.8a)
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Hints from Classical Strateqy

« |C59 upgoing track (1.8a) « 1C40 shower (2.70)
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High-Energy Neutrino Sky Map

consistent w. isotropic distribution

ralactic

diamond (7): track events
circle (21): shower event Ahlers & KM 13, complied from [ceCube 13 Science



Demystifying the Origin
of Diffuse PeV Neutrinos
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Q. Whatis the Origin?

A. Not known yet. We need more statistics.
But interesting implications are obtained.

Requirements: isotropic flux w. E 2@, ~ 10° GeV cm2 s sr-
(breakf/cutoff around PeV for hard spectra)



Isotropic Diffuse Flux — Cosmic Background

It is typically difficult to detect individual HE v sources

& dt
28, = — / dz| | e2,(2) F2)

=0 t
z=0 (present) F(z): source redshift

evolution function
(typically max. at z~1-2)

=1 {d~3 Gpc)

z,” 0(z,): v generation
rate per volume
{(source physics involved)

=5 (d~8 Gpc)




Neutrino Production Processes? pp vs py
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Q. Whatis the Origin?

A. Not known yet. We need more statistics.
But interesting implications are obtained.

Requirements: isotropic flux w. E 2@, ~ 10° GeV cm2 s sr-
(breakf/cutoff around PeV for hard spectra)

candidate extragalactic sources (proposed before lceCube)

- y-ray bursts (ex. Waxman & Bahcall 97, Waxman & Bahcall 00 ApJ, KM et al. 06)
- active galaxies (ex. Stecker et al. 91, Mannheim 95)

- newborn magnetars (ex. KM, Meszaros & Zhang 09)

- starburst galaxies (ex. Loeb & Waxman 06, Thompson et al. 07)
- galaxy clusters/groups (ex. KM et al. 08, Kotera, Allard, KM et al. 09)

Galactic sources cannot be dominant, see Ahlers & KM 13




Now is the Time to Test Models!
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State-of-the-Art Theoretical Calculations

observation | target photon: N.{e )

or theory

target density: n

PP, PY

(data, GEANT, SOPHIA)

&, &, (K, K..): N(E)

weak decay
kinetic equation
4 1 N(E,)

CR input
N (Bp)

assumption

v

drec, = £ fdﬂdcrwsr :
e R d der s :
dt /jﬁ %ﬂﬁb \/;rnir. = 4':'1- l'-.-\.il-Err ﬂl
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v mixing
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propagation

Vo Vel B(E)

or theory

4—‘ magnetic field: B

!

EM cascade

v: NJAE)
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cosmic background observation
G| redshift evolution
F(z)

e.d., kK 07 FRD

diffuse flux: @ (E), P (E)




Example: Gamma-Ray Bursts

Photon Specirum (observed) CR Spectrum (Fermi mechanism )
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Gamma-Ray Bursts (py)

numerical results w. detailed microphysics
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GRBs are special since stacking analyses are possible
duration~10-100 s — atm. bkg. is negligible for typical GRBs

Stacking analyses imply <~ 10-9 GeV cm2 s sr' — disfavored
But different types (low-power GRBs) are viable (KM & loka 13 PRL)



Active Galactic Nuclei

« Active galaxies are known powerful y-ray sources
« (olden candidate sources of ultrahigh-energy cosmic rays

e e
= é_?t torus

 LAATANRY IR
| accretion disk
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Cosmic ray
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b _
typical energy B’ = 0.05(0.5m,c’Ep/Eg ) =~ 0.78 PeV
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AGN Inner Jet (py)
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Sub-PeV v flux Is insufficient and v spectra are too hard
— The inner jet model does notwork as it is

Strong prediction: cross-correlation with known <80 FSRQs



pp Scenarios: Cosmic-Ray Reservoirs

Star- forming galaxy Galaxy cluster
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Predicted models can explain the IceCube signal g
Diffusion break or cutoff around PeV is predicted

But each source is typically too faint to detect



py vs pp: Multi-Messenger Connection

PP 2N+

—e_
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p+p—= N+ X
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. =
0.1 TeV PeV

>
E'H‘
tight neutnino-gamma connection



Fate of Extragalactic Gamma Rays

cosmic photon bkg.
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Effects of Electromagnetic Cascades

cosmic photon bkg. Cosmic photon bkg.
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First Multi-Messenger Tests with “Measured” Fluxes

pp scenario: E2® =2E? @,

107 ¢ |
2 I I | | Felr'r"r"i ED'lD — - 3 KM, Ahlers & Lacki 13 PRDRE
Fermn 2012 —+—
o w00k f
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O . 'mimmiaete - pulaus “comparable fluxes”
5 ' | ”i%ﬁ}ﬁ (for all flavors)
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« ['<2.1-2.2 (for extragal.), I'<2.0 (gal.) (cf. Milky Way: I'~2.7)

« contribution to diffuse sub-TeV gamma-ray flux: =30-40%

 |imits are insensitive to source redshift evolution



Implications

pp scenarios can be tested In near future

+ Determining I at sub-PeV energies by IceCube
fI'> 2.2 — pp scenarios are disfavored

+ Understanding diffuse v-ray flux at sub-TeV energies
40%-100% from AGN — I'~2.0-2.1 or excluded

« Discovering individual TeV sources (by CTA HAWC)
The sources should show hard spectra

Need careful studies on py scenarios

+ Uneasy for standard jet models to explain the signal
— low-power GRBs”? AGN core?

e v-ray constraints are model dependent



Questions & Future Directions

« Spectral features; Is the neutrino break/cutoff real?
diffusion break, m cooling, v attenuation, maximum p energy

+ Flavor ratios
1:1:1, 0.57:1:1 (n damp), 2.5:1:1 {(n decay), others (exolic)

« Multi-messenger studies w. lceCube, Auger, HAWC, Fermi etc.;

Connection w. origins of observed cosmic rays?
-E .~ 0.04 E: PeV v & ~20-30 PeV p or ~(20-30)A PeV nuclei
- contained CR spectrum # escaped CR spectrum

EZ® ~10°GeV cm?s ! sr! & Waxman-Bahcall bound flux

a. fo.e~1 & €,2N(€)]10.100 pey~10% erg Mpc> yr-'~(obs. value)

b. fmes'{{'l & E_:pEN(Ep)l’m-'IDD Ii’e‘a»f'h'_-":ﬁ'l04'}11 €rd rV‘IF:"E_3 'y‘l'“1 _
(The latter is more favored if UHECRS are heavy nuclei)



Hope Multiwavelength Neutrino Astrophysics

|
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: higher- enerdy eardgh
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Hyper-K
GeV-TeV vs are interesting for both v physics & astrophysics!
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GeV-PeV Neutrinos as a
Probe of Relativistic Jets
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Why Transients?

Original motivation: identifying a source of neutrinos
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Ir:xg(Ev2 @, [GeY om™© g sr'1])
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e 4 5 & Fi
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1 “low-power GRBs”

predictions by
KM+ 06 ApJL

Transients — temporarily luminous and bkg. reduced



Why Transients?

Neutrinos probe physics that cannot be studied by photons

For & ocg 2 Neceg @, — more statistics at lower energies

exciting targets: gamma-ray bursts & supernovae

r
Supernova v-ray bursgt)
? AN T ._*’




TeV-PeV Neutrinos as a Probe of Jets inside Stars

Motivations
- Jet acceleration and jet composition (baryonic or magnetic)

- clues to GRB-SN connection and progenitors
- Neutrino mixing including matter effects efc.
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T
T

stﬂliarnﬂvebpu; oagis s
" \ “Hidden” neutrino sources

Hr‘f g D Hs P : 3
N e ? \\ Jets before GRB emission

.-‘

/K [ N\ “precursor neutrinos”
v Choked jets (failed GRBs)
'J \ “orphan neutrinos”

{ n:enlral =-ng|ne (Gl l
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A ar:cr:;hnﬂ dice

Meszaros &Wa:a:man 01PRL high density — fF"f >> 1

Razzague, Meszaros & YWaxman 04 PRL all CRs are damped
Ando & Beacom 05 FEL



How are Cosmic Rays Accelerated?

diffusive shock acceleration (Fermi mechanism)

Shnck Front
Upsiream shock=converging flows

3 Downstream of ionized plasma
""'--.

-» N(g) o< &5
MHD waves 2

s=(V. N A+2)(V N ~1)~2

v, (m.f.p.) ~ r (e,) > (shock width)




More Realistic Picture

Two pieces of important physics were overlooked

/;[}, e " -___-""“SI:Q_llar envelope
~ rm—===z _Jet-head. e 1
: N fi Collimated jet
I Ccsllin';h;jnn
_: Radiation| ™ ShGCk"'-._..u
N > X/ ernal shocks
.': Coccon Pre-cpllimated jet,
| £\l AN,

1. Ballistic jets inside stars X
— collimation shock & collimated jet

2. CR acceleration at collisionless shocks ( )X
— Inefficient at radiation-mediated shocks



Limitation of Shock Acceleration

Collisionless shock Radiation-mediated shock
. ) deceleration
Vi'“‘:'t? plasma processes Vi!uc'ty by radiation
<> " S

lqec—ci{N

thermal energy

CR enerﬁ

downstream upstream downstream upstream

(m.f.p.) ~ r (e,) > (shock width) (m.f.p.) ~ r (s,) < (shock width)

CR acc. possible CR acc. suppressed



“Radiation Constraints” on Non-thermal Neutrino Production

log(l)

il
riS:]'_ﬂlﬂ — L compact star (Wolf-Rayet) KM & loka 13 PRL
35 L r.=10 e — «— big star (blue-super giant)
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29 Thomson optical depth
= =2
2 T=N. oA o« LT’
15 T e sSUppression region | g : : :
=l g t>1 atunshocked flow) | L. Kinetic luminosity
| e g Sle et el I Jet Lorentz factor
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Lower-power Is better
Bigger progenitor Is better

* suppressed in typical GRBs
and powerful slow-jet SNe

::>- favoring choked jets

(difficulty of penetration)



Novel Acceleration Process in Neutron-L oaded Jets

“Neutron-Proton-Converter Acceleration” (perishev+03 PRD)
another Fermi acceleration mechanism without diffusion

dovere trea m shock upstisam
* b o i o i

rEUtron —> proton Guud Nnews
mc‘m -Relevance in GRB jets inside stars
(b, Kashiyvama & Meszaros 13 FEL)

proton —z neltran

nem-_}pm:nw'““ even if radiation mediated
(0, < o)

- haturally injected
(neutron m.f.p. > shock width)

- guaranteed for n-loaded flows
sensitive to plasma physics)

proton —x e ution

time

- slow process — TeV v



NPC Acceleration: Spectra & Effects

We first performed Monte Carlo simulations for test particles
« Nucleon spectra consisting of bumps rather than a power law
« >10% of incoming neutron energy can be used for NPC acc.

« Enhancement of the detectability of GeV-TeV neutrinos
Kashiyama, KM & Meszaros 13 PRL
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hucleon spectra w.o. cooling neutrino spectra



Summary

PeV neufrinos may start to be detected by lceCube
- First evidence for astrophysical high-energy neutrinos

Demystifying the origin of the diffuse neutrino flux
- Py scenarios are possible but standard models seem disfavored

- pp scenarios can be tested in the next several years
by neutrino obs. (sub-PeV) and y-ray studies (sub-TeV & >TeV)

- Relevance of sub-PeV y-ray searches for Galactic sources

Probing cosmic explosions with multi-messender observations

- We derived radiation constraints on TeV-PeV v production, and

low-power GRBs including choked jets are more promising
- GeV-TeV vs are promising for neutron-loaded jets




J.N. Bahcall (IAS), Neutrino Astrophysics (1989)

“The title is more of an expression of hope than a
description of the book’s contents....the
observational horizon of neutrino astrophysics

may grow ... perhaps in a time as short as one or
two decades” '

Neutrino
Astrophysics
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Neutrino Constraints on Dark Matter Decay

kM & Beacom 12 JCAF

sAnnihilating heawy
dark matter scenarios
are difficult due to the
unitarty bound

E 4 i i 7 B a 10

Neutrino bound is ve?ﬂﬁimﬁgawﬁverful at high energies
Cascade y-ray bound: more conservative/robust at high m,
The dark matter scenario can be tested soon (KM+ in prep.)



Implications for Further Neutrino Studies

Id=al; Cascades 4

[

E, (dM/dE, ) [comnts]

Laha, Beacom, Dasgupta, 1[3';05

i | I10’5 1|:r1D5
Horiuchi & ki 2013 PRD B s [GEW] :

10! .

o f ek Tracks upgoing

E, [G2V]

Shower searches at lower energies offer the fastest way to

distinguish between the neutrino spectra
ex. If I'>2.3 — pp scenarios will be disfavored



Q. Galactic Contributions?

-lan @

« 5o far, much more papers came out Galactic scenarios
+ Need for PeV gamma-ray searches in the southern hemisphere



Q. Galactic Contributions?

Possibly, a fraction of the IceCube signal come from Galactic sources
107 ——— : - ; : .

example: Fermi bubbles 3 M
E H:'.ﬂ k ﬁ“ﬂ: T~

- HiICDERE(SYE, FE e
= LHAASO {131 FE) e
- HAWC (335, FB) s
=== T4 [(100h, FE
ANTAFES (FB, prdl)
B CRAFESG(FHE)
& CASAMLA (TR
HH  Famii Biitle .
" | mecube(FB, prely
relanee egbodcaeredr of vt s ¢ doffuse fus (ow 130 o T R AT BT ST B S EraT .ﬂ'.hlerS& HM 13 . 1
10 w02 10! 100 1:::1 1::-2 1::-3 10
GeV Ey [TeV] PeV

« UuUpto 7 (among 28) can be associated w. Fermi bubbles
+ consistent w. I'=2.2 (while the cutoff is indicated by Fermi)
« should be tested by y-ray detectors such as HAWC




Neutrino Production in the Source

pty— N+ X baryonic resonances,

direct production,
a,, ~ a few X 1028 cn?? multi-pion production etc.

at A-resonance (g, €, ~ 0.2 > GeV?)
£P~005¢p~001GeV2I2fe, , ~1PeV (if e

~1 MeV)

W Pk

Meson production efficiency (large astrophysical uncertainty)

foy ~0.2n,0,, (r/1) oc r1T+2 oc T4 6t (if r ~ I 8t)



Neutrino Spectra

CR Spectrum (F ermi mechanism

Eyecr = €,2N(E,) ~ E, (GRB-UHECR)

N(ED) G ED_S (S""Z ElSSLImE!d) ECH jdﬂ E N(E } 2“ EHECH

Photon Spectrum (observed) Neutrino Sp ectrum
£,2N(s,) Waman & Bahcall 97 PREL
a-1+2-z~0 HEEGH
:D B 1+2~ cooling
X-3+2=~-20
" &
4 ek MeV 'me g uh o PEV £ v:m
- 3 : - : " ILGRESe A ——— -
more detailed mlcrnphysmg | | Sl pumersy oS
- higher resonances & multi-pion production T "
- CR cooling (photomeson, photopair, syn., IC) £ .fem—————~=_..
.-_.-| -h""__,.-""; o —n ﬂ\.‘ :
- muon, pion, kaon w. their cooling Pl g N
- neutrino mixing Fap b
ex. KM & Nagataki 06 PRD, Baerwald+ 11 PRD SEE i § L MW
I 1 5 [ T PL g 10 1

lesiy; I:,'. [t )



Recent IceCube Limits on Prompt v Emission

102 : : : .
Waxrnan and Bahcall {107
[0
= - A0 Guetta g & o ee=me 1 _——— Theor. prediction (but see below]
% 5 . (040440 Combinec s ”{f‘f—— 5
T lirnit Ly
ol 2 |Icnln+59 Guatta . E
= at &, 1 oy
% I & — Obs. limit {(based on stacking)
LL;
— -5 =~
o o linke
LLI .
: ,.f," : Sy lceCube collaboration 12 Nature
10 10% 109 107
Mleutring energy [Heh)
Observational limits start to be powerful but be careful
1. pr Is energy-dependent, x-cooling —~4 | (Li 11, Hummer et al. 12)
2.(e7 ¢, ate ) # (Ide e ¢) —~3-6 | (Hummer et al. 12, He+ KM 12)

3. details (multi-x, v mixing etc.) — ex., multi-x ~2-3 1 (KM & Nagataki 06)
totally different from “astrophysical” model-uncertainty in calculating f,,
% our pre-lceCube models do not have the above problems (ex. KM & Nagataki 06)



Implications of IceCube “Stacking” Searches
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E, [Gev] E, [Gav]

He+ B 12 Apd (see also Hummer et al. 12 PRL)

+ Not ruled out yet
+ ~10 yr observations by lceCube can cover most of relevant

parameter space for the GRB-UHECRp hypothesis



Fall of Classical GRB Picture

Wolf-Rayet star Probl : External shock
R~10"-10"2 cm robiems:

~1016-1017

- spectrum r~107°-10"" cm
- empirical relations

- rad. efficiency

- o

“Classical’ internal shock
r~1013-101%-5 cm

Photosphere Mag. dissipation
(t7=no(r/T)=1) ex. r~1015-1015 cm
r~101-103 cm (model-dependent)

modified-thermal emission
dissipation: shock/mag./n-p collision



oG (Ernay [EY])

0T, )

22

Fe: maximum energy
21

- p: maximum energy

L |

15

MJ oJ =
/
1 |

f,,: disintegration efficiency

-2
® % internal shock . f,,: meson production efficiency
-412_ 125 13 135 14 1445 15 155 16 1645
& ¥ Jogi [om]) b = 51.5
photospheric mag. dissipation LY 10 erg.’s

f— % I'=300, U _=Ug



Model-Dependent Predictions

Dissipative photosphere

- GeV-TeV due to pp
- (UHE)CRs depleted

-E I I I I | I I
PP iT=1) ———
= L KM 08 PRDR brirad) e |
a2 T
i it
= L = v (op=10) ——— _
3, ,-""-T"""'-«:-hp*
= e, C 4 Wi z=0.1
S 51 A % \ -
T Bt ‘}Eé& N
. SR r.-"'f N i
= i "'-.H"m
Lal| e ; Y
|_|J:- ? _l'""r -l"Ill '||I -\'l. 7]
= ¥ Y
o = Fi 'II 1III |
Vi 'II |
21 Ecp=E, .
0 ! | ! ! ! B 9y !
= 4 5 G 7 = o 10

log(E,, [Gen])

see also Viyang & Dai 09 ApdL
Gao, Asano & Meszaros 13 JCAF

Large r models
- PeV-EeV (undetectable)

- UHE "nuclel” possible

HL GRE (z=0.1

kh+ 08 FED | GRB z=0008) ———

IDglefrb«, [ergem™])

gk, [GeV]

see also He et al. 12 Apd
Zhang & kiumar 13 PRL



The Role of Neutrons at Subphotospheres: GeV Neutrinos

Collision w. compound flow (ex Meszaros & Rees 00)

Dissipation
nucleons nucleons I
(protons (protons -
+heutrons) +heutrons) Interr_lal Sh?c_k

Inelastic collision
N+n—x—y,v.e

Collision w. decoupled neutrons (e« Bancall & Meszaros 00, Beloborodov 10)

Dissipation =
—> " "
Inelastic collision
proton flow neutron flow N+n—x—y,v,e .
after ry.. 0

* Quasi-thermal emission explain observed GRB spectra
(via EM cascades, Coulomb heating & synchrotron)




Quasi-thermal Neutrinos are Detectable

-2 I T |

Cyasitherral ——
25 2
= 1
< s e, ~30-300 GeV |
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e I'=600, 2=0.1 2
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« DeepCore is crucial
in the 10-100 GeV range

« Stacking ~1000-2000 GRBs
(~10 yr w. current satellites)

KM, Kashivama & Meszaros 13 FEL
seg also BEartos, Eeloborodov+ 132 PREL

=l

E'\f ~ 0.1 I' Fre| I'I'Ip CE

inevitable, CRs not required
If dissipation comes from nheufrons

e 2
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g
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ik I I
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Quasitheral+e L
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stacking for GRBs |




Novel Results of Swift (GRB060218)

‘“j?! T T T T T T T T T 1T TR

Picedal paramizbas:

1. Low-luminosity (LL) GRBs? & -~ i

wo=WE O, -|:l|." =THIG es

- GRB060218 (XRF060218) R T
= T Th — - s teen! Ye et e e 3
*The 2"Y nearby event (~140 Mpc) e AR
-Associated with a SN Ic (optical) -, Liangetal. 07)
*Much dimmer than usual GRBs % 10 “HE.;},
(E Grey ~ 10°" ergs ~ 0.001 Ey gpp,) = -
w 10 ~
5 ]
= 107 _

LL GRBS (e.g., XRF060218, GRB930425) :
more frequent than HL GRBs o a e
local Rate ~ 1023 Gpc-3 yr1>> (0.01-1) Gpe3yr! ~ : dark brlght * :

: HL-GRBs
{(Soderberg et al. 06, Liang et al. 07 etc...) al_@-)_ﬂi

10

If true — contribution to HECRs & vs )
Luminosity L_/1 0" erg s’

107107107 107 10" 10" 1¢° 107 107



Neutrinos in Jet Scenario

i i L (E JEZyt (E < E%)
py production efficiency £, =006 M, 47 { P el P e
J 15(:[1"'1[}) Es ket (EFIEi) : (E:{: EF)’
EI{M Iuka Nagatalﬂ &: Hakmtmra, Ap]J, 651, L5 (EIIIIIIE]
rEr.lED e — E-r'S%/E =10
=10 e A
-3 o [’
= r=20 ---- _ D= 1II] Mpc
Ey . IfT'=10 w. prompt emission
& ™ s #ofus ~1-2
("] .
il — optical follow-up!
=
2 .3
S\ 1fT=10 w. thermal X rays
4F L (stellar shock brealkout or cocoon)
qg Ll | , . . e — # of us ~0.1-0.2
3 4 5 6 7 8 2] 10 11
lag(E, [GeV])

X LL GRBs accompanying relativistic SNe may produce UHECRS

KM+ 06 Ap] (energetics), Wang+ 07 PRI (ext. free exp. shock), KM + 058 PRI (int. or ext. dec. shock)



Neutrino Predictions in the Swift Era

KM & Nagataki, PRL, 97, 051101 {2006}
KM, loka, Nagataki, & Nakamura, Ap.JL, 651, LS (20086)

5 . . . . ] See also, Gupta & Zhang 07
— &k LL GRE -
—..__ Flaro
g o Barynn loading
':':-E £ - ..-.jl'l.ll.'rﬁ..-..-..-..-..-..-.....-..-........-..................-.. — HECH ﬂ 5 E",
LW
HL Gm

&ME}# o,

possib

Y 1n the
*. Flares

(Efiarey = 0.1 Erey )
I

L1. GRBs

-13

(ELLore, ™ 0.001 By Gre, ) -

-

3 &

leg(E, [GaV])

g8 2]

11

dommant contribution

1y high energy region

V flashes = Coincidence with flares/early AGs, a few events/yr
¥ s from LL GRBs = little coincidence with bursts, a few events/ yr

Approaches to GRBs through high-energy neutrinos

Flares — potentially more baryon-rich and efficient neutrino emitters

LL GRBs — possible indicators of SNe followed by opt. telescopes
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