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HE Neutrino Astrophysics Started

Origins and mechanism of cosmic neutrinos?
-pp or py? -connection to UHECRs? -cogrgonection to y rays? — new physics?

-180°

Perseus

. Andremeda

Easy to see: mostly isotropic — extragalactic sources

(supported by diffuse gamma-ray searches:
KM, Ahlers & Lacki 13 PRDR, Ahlers & KM 14 PRD)



Motivation: Cosmic Rays — A Century Old Puzzle

10° [

10°
103
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10°?

F(m?srs GeV)'

1072
1073
10°'®
10!
1024

10

E (eV)

\ - dNCR x JF~SCR
N 2nd knee dF
~100 PeV
7 LHC Open problems
E-2 N\ s"=2x7 TeV - How is the spectrum formed?
(ex. transition to extragalactic)
nee
~3\PeV - How are CRs accelerated?
_ L yr (ex. Fermi mechanism: sg~2)
Galactic - How do CRs propagate?
Nankle _
I, ' The key question
meyrT — s g ..
supernova E-2.6 “What is the origin?”
remnants?
extragalactic extreme energy (EeV-ZeV)
PeV=10"5 eV — extreme sources
10> 10 10”10”10 10" 10*
GeV TeV EeV ZeV



astrophysical source

(GRB, AGN etc.) Multi-Messenger Approach

0 high-energy y
’ cosmic background radiation

(low-energy vy)

extragalactic

galaxy &
%

intergalactic
magnetic field )’

& v Earth
CR

Milky Way

intergalactic space




Astrophysical “Isotropic” Neutrino Background — Mean Diffuse Intensity

diffuse v intensity of extragalactic sources (cf. supernova v bkg.) < consistent w. isotropic distributior
£.2q,(¢,): v emissivity at z=0

2 = i @ 2 “source physics”
8V(I)V - 47 2 dz Sy <€V)F(Z) g,=Lx(source density)
A q,=Ex(burst rate)
t F(z): redshift evolution

z=0 (present)

<V

)

=1
typically maximum at z~1-2
ex. star-formation rate
supernova rate
AGN density
z=5

Most contributions come from unresolved distant sources, difficult to see each



Cosmic-Ray Connection: Hint or Conspiracy?

dt

dz

2<I>l,:i dz

v 4

Ct mes
53‘11/(51/)1:(2) |:>E3(I)u ~ 4: [f4 5129(]10(819)] e

fnes (<1): meson production efficiency (ex. f, ~0.2n,0,,A)
f, (~0.6-5): source redshift evolution
e,2q(e,): CR energy generation rate per volume

obs. UHECR flux: &,%q(e,)=0.6x10%* erg Mpc= yr' & f..—1 limit
(Waxman & Bahcall 98 PRD)

107°

lceCube 2015 — + —t

— 10°® Attempts to make a v-CR connection
"}) have been made but may not be easy
- (Katz et al. 13, Kistler+ 14,
~ 107 . Saheall 20T Yoshida & Takami 14, KM & Waxman 16)
E : mn- anca. S:=
3 : T | |

-8 L
G 107 ¢
N ol e | < “nucleus-survival” bounds
3 (KM & Beacom 10 PRD)

C Jgfyf = KpyOpy ~ 1072% cm?
10-10 af’ﬁy = KAyO A~y ~ 10727 cm?

—=> [~ (Jﬁff/dfy)fm S0.1



Astrophysical Extragalactic Scenarios

Cosmic-ray Accelerators . ]
(ex. UHECR candidate sources) Cosmic-ray Reservoirs

y-ray burst

Active galactic nuclei

- y-ray bursts - Starburst galaxies (not Milky-Way-like)
ex. Waxman & Bahcall 97, KM et al. 06 ex. Loeb & Waxman 06, Thompson et al. 07
after Neutrino 2012:

after Neutrino 2012: :
Cholis & Hooper 13. Liu & Wang 13 KM, Ahlers & Lacki 13, Katz et al. 13,

KM & loka 13, Winter 13, Senno, KM & Meszaros 16 Liu et al. 14, Tamborra, Ando & KM 14,
Anchordoqui et al. 14, Senno et al. 15

- Active galactic nuclei

ex. Stecker et al. 91, Mannheim 95

after Neutrino 2012:

Kalashev, Kusenko & Essey 13, Stecker 13,

KM, Inoue & Dermer 14, Dermer, KM & Inoue 14,
Tavecchio et al. 14, Kimura, KM & Toma 15,
Padvani et al. 15, Wang & Li 16

- Galaxy groups/clusters
ex. Berezinsky et al. 97, KM et al. 08, Kotera et al. 09
after Neutrino 2012:
KM, Ahlers & Lacki 13, Fang & Olinto 16




Astrophysical Extragalactic Scenarios

Cosmic-ray Accelerators
(ex. UHECR candidate sources)

Active galactic nuclei y-ray burst

A-resonance;
(+ direct cle;
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Cosmic-ray Reservoirs
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Astrophysical Extragalactic Scenarios

Cosmic-ray Accelerators

(ex. UHECR candidate sources) Cosmic-ray Reservoirs

Starburst galaxy Galaxy group/cluster

Active galactic nuclei y-ray burst

p+p—=Nr+X
E2® E2® PocE-s
X - T
obs. photon spectra gas density &
& source size source size T~ ,: CR

A%

E
p+y—= N+ X

S, #Scr $,~Scr

0.1 TeV PeV 0.1 TeV PeV
> >

E E

v

E,~ 0.04 E_: PeV neutrino < 20-30 PeV CR nucleon energy




Astrophysical Extragalactic Scenarios

Cosmic-ray Accelerators

(ex. UHECR candidate sources) Cosmic-ray Reservoirs

) i ) Starburst galaxy Galaxy group/cluster
Active galactic nuclei Y-ray burst S ¢

pp%NJt+X

N
p+y— Nma+ X

E2® E2®
obs. photon spectra /7@ gas density &
& source size source size \ ,: CR

A%

SVMS’CR

0.1 TeV PeV 0.1 TeV PeV

>

E E

v

E,~ 0.04 E_: PeV neutrino < 20-30 PeV CR nucleon energy



Cosmic-Ray Accelerators

Active galactic nuclei y-ray burst

relativistic
outflow

ex. shocks in outflows
— electron acceleration
— radiation (ex. synchrotron)

CRs may or may not escape



HE Neutrinos from Classical GRBs

Standard jet models as the cosmic v origin: excluded by multimessenger obs.
- Classical GRBs: constrained by stacking analyses <~ 10° GeV cm2 s sr-’
> space- and time-coincidence (duration~30 s — background free)

Classical GRBs (prompt)

V CR 10'85
WY B L W T v Wi -
- % % B Ao ;2 [
E :

3 107 |c-40/\;!é6

[ S (ic-79/
>< ! =
L V i
107 . |
10* 10° 10° 107 108 10° 10"
TIME O o

Bustamante, Baerwald, KM, & Winter 15 Nature Comm. He+ KM 12 ApJ



HE Neutrinos from AGN Jets

Standard jet models as the cosmic v origin: disfavored by multimessenger obs.
- Blazars: 1. obs. SEDs (int. & ext.) — hard spectral shape (KM, inoue & Dermer 14)
2. no clustering (km & waxman 16) 3. N0 source association (IceCube Coll. 15)

I

cosmic ray

blazar zone broadline region
(broadband) (opt, UV)

—
Ol
~

E2 ® [GeV em? s er 1]
S
0]

-5
dust torus 107 ¢

'\/\/\/\:L_i . rg (IR)
‘accretion dis i
v © N
NN ‘ v 107 |

KM, Inoue & Dermer 14 10'910

Blazars

Standard diffuse v predlctlons

H297 (Blazar) ——— ]
MPERSO3 (LBL) -eeevev ]

MPERS03 (HBL) - AT

PPGR15 (BL Lac; R / -
. MID14 (Blazar w. £,=3) —— < 3
E MID14 (Blazar w. £,=50) —— _|fuled ouf

oy '/.‘| L i L L L L L L
TSI,
# 10° 108 107 108
E [GeV]

- Very hard spectra: a general trend of one-zone models
- Many of them (including a leptonic-hadronic model) are excluded by lceCube



Controversy: Blazars as the Origin of IceCube’s Neutrinos?

lceCube 15
— Diffuse Flux — Limit] NO! (lceCube 15, Wang & Li 15, KM & Waxman 16)
10—6 PP _ . ’ _ .

= T oA WG Ail ZLAC Comparison w. FSRQSs’ y-ray bkg. (ajello+ 13 ApJ)
R -Lum. weighting " = — average ratio: L /L ~0.1 (for all-flavor L)
. F T “lceCube Diffuse flux ST .
3 ; | % - Blazars are rare objects in the Universe
SR U S B o B L./L,~0.1 — nearby blazars should be seen
) - 5 ; but unobserved
= T - Some model-dependence but quite reasonable
B 10-10 ceCube Prelminary | o Ml (e g., power-law assumption

102 10° 10" 10° 10° 107 108 10° Y ’

Neutrino Encray [GeV v-dim population of blazars)

2010 2010.5 2011 2011.5 2012 2012.5 2013 2013.5
LA B O B T T T T
— 2.5

YES! (Padovani & Resconi 14, Krauss+ 15)

- Three PeV events may be associated with
distant blazars

- Low significance
(~20 association of the 2 PeV event w. a FSRQ )

- Association w. a HESE event can be explained
if L~L
Y v

—1

- Krauss+ 15
Nature Phys.

N

big bird (2 PeV)

—
ot

—_

e
o

—6 —2
F100—300000 MeV [10 cm “s

o, |

1 | 1 1 1
55200 55400 55600 55800 56000 56200 56400 56600
MJD

| | | I | ! [




Astrophysical Extragalactic Scenarios

Cosmic-ray Accelerators

(ex. UHECR candidate sources) Cosmic-ray Reservoirs

) i ) Starburst galaxy Galaxy group/cluster
Active galactic nuclei Y-ray burst S ¢

pp%NJt+X

N
p+y— Nma+ X

E2® N E2d PocEs
A A
obs. photon spectra /7§ Z gas density &
& source size source size \ ,: CR

A%

0.1 TeV PeV

E'V
E,~ 0.04 E_: PeV neutrino < 20-30 PeV CR nucleon energy



Cosmic-Ray Reservoirs

Starburst galaxies Galaxy clusters/groups

“‘cosmic-ray
reservoirs’

CR confinement

Loeb & Waxman 06 CR

KM, Inoue & Nagataki 08

magnetized region w. CR sources

sufficiently high-energy CRs
escape without interactions

low-energy CRs are
confined by magnetic fields



Points of CR Reservoir Models

« Some contributions must exist: very natural
(galaxies contain CRs & gamma rays are detected)

* Predicted before IceCube’s discovery

(a multi-PeV break/cutoff has been expected)
(Berezinsky et al. 97, Loeb & Waxman 06, KM et al. 08 ApJ, Kotera, Allard, KM et al. 09)

« “Unification” of multi-messengers is possible
(KM, Ahlers & Lacki 13, Katz et al. 13, Dado & Dar 14, KM & Waxman 16)

Issue: tension w. Fermi gamma-ray limits?

relevance of “low-energy excess problem”

(KM, Ahlers & Lacki 13, Senno, Meszaros, KM+ 15
KM, Guetta & Ahlers 16, Ando, Tamborra & Zandanel 16, Bechtol+ 16)



S"_1] / (LCR,44 X ncc.—s)

E? dN/dE [GeV cm™2 57!

IceC

1078 =

L-non cool core
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ol *\ \\':,\ \\\"\
10— ‘ IR AN
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L N,
i CR sources: AGN, galaxy mergers, virial shocks \\\
r ~ “.\ \»
Kotera, Allard, KM, Aoi, Dubois, \ ' 8 1 A\
1 0—10 - . . \ — . % ,
- Pierog & Nagataki 09 \ KM, Inoue & Nagataki 08 . R\
Lo Loy Lovvinnas I N W Vs -13 I ] ] ] b I I :
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|
o9 £ loev] ~~(E, [GeV)
10 T T T
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= 10'“5 CR sources: hypernovae, GRBs, AGN 3
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2
> 107t ]
(3 10 ‘.”WB Bound
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S 1 T— \_____ -
(N Ite - 0.1k
R0t ;-
Atmospheric—% === - - - Tk~
.| Loeb & Waxman06 /= ¢
10 . . .
10° 10° 10’ 10’ 10"

~, lceCube

| |
isobaric ==--
model A ——~—
model B -
central AGN

......... 5 |
cool core i
mixed 30uG = -6 “.. Atm.
mixed 10uG T
------------ mixed 3uG | 5
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——————— mixed no B ] ‘0
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-~ ] G
N >
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Inelastic pp Neutrinos from CR Reservoirs

E2 o [GeV cm?s?t sr'l]

10-5 | b | L vt L L g

IceCube 2014 +—+—

Fermi 2014 ——— 1

10© .
- diffuse v bkg.

107 — TI v ° _

— | T _ T

0 1 1]

10 |17 _ ST

T T

I I I

1079 | | |11 |_=

| | I 1113

| | [ 1117

10—10 Aol a4 o 1401

10

O 10! 102 102 10
E [GeV]

Explain >0.1 PeV v data with a few PeV break (theoretically predicted)

KM, Ahlers & Lacki 13 PRDR
updated @ Neutrino 2014

— diffusive escape of CRs

100 10° 10”7 108

Unification of neutrinos and gamma rays



Inelastic pp Neutrinos from CR Reservoirs

« Explain >0.1 PeV v data with a few PeV break (theoretically predicted)
« Escaping CRs may contribute to the CR flux (theoretically predicted)

KM & Waxman 16
see also Katz et al. 13

—_—t
ol
~

E2 @ [GeV cm? s sr'1]
S
(0]

—h
ol
©

Grand-unification of neutrinos, gamma rays & UHECRs
>kcosmogenic v flux does not violate the latest EHE limit by IceCube



Neutrinos from Dark Reservoirs

Quasi-isotropic emission from the Galactic halo (e.g., DM) can be constrained

107

" lceCube 2014 —+—
Fermi 2014 ——+— 1

S 10° E
m
r\llm 10_7 E
- _\[:
O -\[ ]
> i
-8 i
o 10 1
= 1 :
o K
Ll 10‘9 =
'\1" E
10—10 | N IR EEPEETEY PR PR AP I PR L
10° 10! 102 10° 10* 10° 10° 10" 10®

E [GeV]

KM, Laha, Ando & Ahlers 15 PRL

eX. Feldstein et al. 13,
Esmaili & Serpico 13,
Higaki+ 14, Fong+ 15,
Bai+ 14, Rott+ 15

DM — v +v, (12%)
DM — b+b (88%)

(similar results in other
models that are proposed)

« Galactic: y — direct (w. some attenuation), e* — sync. + inv. Compton
« Extragalactic — EM cascades during cosmological propagation



Galaxy Groups and Clusters: Basics

* intracluster gas density
n~10-+ cm-3, a fewx10-% cm (center)

 CR accelerators
AGN (~a few), galaxy mergers,
normal galaxies (~100-1000)
UHECR acceleration possible in AGN

 accretion shocks

ey~ (3/20)(Vs/c)eBrsn ~ 1.2 EeV B—6.5Vs,8.5M115{3

CR injection occurs for ~1-10 Gyr over a cluster/group

AGN energetics Qer ~ 3.2 x 10*® erg Mpc ™ yr™! eer 1L, 45paC,—5

cluster energetics Qcr ~ 1.0 X 1047 erg Mpc_3 yr_1 €cr,—1Lac,45.5PGC,—5

pp efficiency fpp ~ K/pO'ppnCtint ~ 076 X 10_2 gﬁ_4(tint/2 GYI')

E5d, ~107°-10"*GeVem 2™ s !



diff. flux dJ/dE -E>%/ (m2 sr1seV')

Diffusion Break & Second Knee

- Maximum energy of CRs is expected to be high enough
(which is not the case in normal/starburst galaxies)

- Big! — confining CRs is easy (E<eBR~10%" eV)

CR diffusion ime 4 ~ (r2,/6D) ~ 1.6 Gyr &, 15° BY5' s (leon /30 kpe) ">/ * M} L?

tdiﬂ-‘ — tinj |:> Eg ~ 5l PeV B—6.5(lcoh/30 kpc)_2M125(tinj/2 Gyr)_3

1 017 AL

ey

o
—
=)

- CR break compatible w. 2" knee
- Escaping CRs naturally contribute to
the observed CR flux above 2" knee

1 015 —

| \\HH%’?\\\HH‘:

primary energy E/eV

Apel et al. 13 APh

—>  wvbreak £~ 0.04e" ~ 2.0 PeV B_g 5(lcon/30 kpc) > M (tinj/2 Gyr) ™
KM, Inoue & Nagataki 08 ApJL



Galaxy Clusters/Groups, CRs, vs

Pre-lceCube predictions motivated by the explanation of observed CRs

Normalized by CRs above 2" knee (s=2.0)

(only massive clusters included)

'5 N I I | I |
.
.

|
isobaric ===

~ 6 F Atm. model A ——— |
T model B -~
® 7L central AGN ------ -+ ol
o gloooowWB .
R S o
> 9 7777777777 o '\F\ \\\\\\ 7]
8 \\\\\\
10T PP N )
k; \u
“ a1 b RN
i~ \\\
E-’v o AN
=-12 = KM, Inoue & Nagataki 08-ApJL \‘\»\j
-13 | | | | ’.'r | | '\‘\
3 4 5 6 7 8 9 10 11

log(E, [GeV])

E? dN/dE [GeV cm™ 57! Sr_1]/(LCR,45 X Neg_s)

1078 =

107°F

10—10

Normalized by UHECRs (s=2.3)
(low-mass clusters included)

L non cool core cool core

mixed 1uG mixed 30uG
mixed 10uG

............ mixed 3uG

- - - - protons 10uG
_______ mixed no B
mixed 10[4’-G1
shifted 100kpc

« Consistent w. obs. & a multi-PeV break was predicted
« No firm gamma-ray detection, low-mass clusters needed g



Neutrino Limits

Cosmic-ray confined in one cluster

gcr ~ Lcr X min[tinja tdiff]

~ 1061.5 erg Lcr min[tinjytdiff]
10% erg s—1 Gyr

~1091-10%2 erg needed to explain CRs or vs
KM & Beacom 13 JCAP

L 1 I 70

1 T
E2F o AN Ler Virgo
g 87Td2 fpp 7zcr 87Td2 e UppcRcr 69 I Forn%x _—— n
_ 2 Perseus
~ 1.5%x1071Y GeV cm ™2 s_l< N ) Ear 20\ (16 Mpe 68 - Coma -=~-~- ~
1074 cm =3/ \10%! erg) \Rer d | Ophiuchus ~T

IceCube started to constrain

the relevant parameter space!
(seen in the IceCube point source paper 2014)
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i

Gamma-Ray Limits?

GLA

I

I

I
Final

Escaped from CG

L KM, Asano & Inoue 08 IIMPD

Primary -

1

-6

l 1 l | | | 1
-4 -2 0 2 4 6 8
log(E, [GeV])

KM & Beacom 13 JCAP 60

models have to be consistent
with non-detection by Fermi
(but connection to the diffuse
flux is actually not trivial)

65 I I |

. Virgo

IceCube 5yr

61

1.5 1.75

2.5



Application to Dark Matter

—
Try

0.01

o
| | b
| i | -
e 7
F,

dn/dinM [R*Mpc?]
© o o o o o
@ -2 [+] - w

- [ Warren, Abazajian, Holz &
10~ | Teodoro 06 ApJ

10—10

A 3&“

pued souud 4o

sauad

k

FEPFEETTTY EEPEETITY BPEPTTTT BT BRI TTIT BT |
10 10! 10'? 10‘13 104 10'® 10'®
M [h'M,)

» Clusters are also storage rooms of dark matter (DM)

Ty ~ a fewx10%” s
needed in the DM decay scenario

nearby DM halos (galaxies, clusters)
enable us to test DM models

E2¢ ~ 1 MdmC2
YU 127d? 14 R,

= 1.3 x 107" GeVem™s7' 73! ,, 5(R,/15)7"

KM, Laha, Ando & Ahlers 15 PRL

Mdm d —2
X )
5x10M ) \ 16 Mpc

flux oc M, /D2



What’s Next?: Need to Identify the Sources

IceCube-Gen2
1029 L A A B B B B B B 70 V' | | | |
- ) irgo
. Heavy DM scenario ] 69  Fomax——-— ruled out .
[ (nearby DM halos)  rccubecos | eg|  Perseus-
102 | o //’ 67 | Ophiuchus

Tam [s]

KM, Laha, Ando & Ahlers 15 PRL

1026

IR I NN TN N N NN Y NN N N (N B 15 1.75 2
34567 8 91011121314151617181920

Observation Time with IceCube [yr]

N F

1

2.5 2.75 3
KM & Beacom 13 JCAP



Multiplet Searches are Independently Powerful

Non-detection of point sources give “upper” limits on the number density
For early (quasi-ignored) papers, Lipari 08, Silvestri & Barwick 10, KM, Beacom & Takami 12

AN g B, L \'? B, L \'? P ~1/2
Ns — bm,L <T) ng dlim <1 diim ~ ( EVH) ~ 72 Mpc <#> ( i )

A7 Flim 10*%ergs—1! 1072 GeVem—2s—1

E, L 372 : —3/2 -1 -1
:> ngT < 2.5% 107 Mpe? [ o2 _ Mlim bm,p\ (A0
10*“ergs—1 1077 GeVem—2s~1 5 27
IceCube measurements fix the normalization
eff -1 9
nett Pl ~ 1.6 x 1077 Mpc~? & by,
0\ 10%2ergs—1 3 10-8 GeV cm—2 s—1 gr—1

<

b 2 ¢ -3 jof -3 AQ 2
113 T H = eff > 08 10—5 M -3 m,L z im
lower” limits 7, < 0.8 X pc 2 06 TR 5=

cluster accretion shock model: weak (even negative) evolution, n,¢f~10-¢ Mpc-3
cluster/group internal accelerator model: positive evolution, n,®%~10-> Mpc-3

For discussion after IceCube’s discovery, Ahlers & Halzen 14, Kowarski 15, KM & Waxman 16



Starburst/Star-Forming Galaxies

High-surface density

M82, NGC253: £,~0.1 gcm™ — n~200 cm™
high-z MSG: £,~0.1 g cm™ — n~10 cm™
submm gal. £,~1 gcm= — n~200 cm™

Supernovae, hypernovae, GRBs, AGN etc.
SNR shock

e~ (3/20)(Vej/c)eBRgeq =~ 3.1 PeV B_3.551j/,§’1V1/3n_1/3

p e ej,9
10* :
SFG CR energy budget ~ Milky Way CR budget
‘él 10* 1 ch ~ 8.5 X 1045 €rg MpC_3 yr_l €cr,—10SFR,—2
= ]
5, | SBG CR energy budget
?_‘D MW, Starbursts « SFR 1
S 10™ 1 Qer ~ 8.5 x 10* erg Mpe ™ yr ! €, —10sFR, -3
Ic%eneutrinos UH_ECR,S .
| UHECR energy budget integrated over UHE
10" —— — —— Quheer ~ a few x 10** erg Mpc™> yr—!

10 10 10
eleV]



CR Confinement and Escape

- Low-energy CRs are advected by starburst-driven winds
advection time  {... & {oqv & h/ ~ 3.1 Myr (h/kpc) ; % 5

pp efficiency fpp & Kpoppnclese >~ 1.1 Eg,—lv_7 5(tesc/tadv)

f,,>~1 < “calorimetric”: almost all CR energy is used for v & y
E;®, ~107°-107" GeVem s s
(Loeb & Waxman 06 JCAP)

- Diffusive escape is more important for high-energy CRs
(a) f,,>1 — a break is determined by t;=t

(b) f,,<1 — a break is determined by t;=t,,,
(KM, Ahlers & Lacki 13 PRDR)

In case (a) ~ 21 PeV DO_SGES —1(h/kPC)3

—

* diffusion coefficient D, must be smaller than the Galactic one (D,~10%2 cm? s-1)

RS B

~ 0.04e” ~ 0.80 PeV Dy 353 _, (h/kpe)”



Luminosity Function & Calorimetry

LF is described by the Schechter function

L\ (I L
®(L)dlogL = &* (F) exp [—m logy, (l + F)] dlogL

-

o~1, L'~10" L_, : typical infrared luminosity

sun-

Redshift evolution: m~3-4 up to z~1 for (1+z)™

SFR (Moyr“)
102 10" 1 10 10 10°

1043 = © LAT Non-detaected (Upper Limit)

F 0O LAT Non-detected with AGN (Upper Limit)

® |AT Detected op OA

{Q*2L = LAT Detected with AGN 6 ® 7
E — Bostit 0o £°%.d

[ [ Fit Uncertainty 2109, %5

10415_|jDispersion %00 A

E - - Calorimetric Limit 0@ 8:’/
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(basic agreement w. calorimetry)

— “typical” muon neutrino luminosity:
EL: ~2x10%0 erg s
S BB “effective” density: n,~10~° Mpc=

Lg 1000pm (Lg) can be reached by Gen2 (KM & Waxman 16)



Star-Forming/Starburst Galaxies, vs, ys
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« Consistent w. obs. & a multi-PeV break is possible

 How can CRs get accelerated above 100 PeV?



Necessity of Super-Pevatrons

Our Galaxy’s CR spectrum

Knee at 3 PeV
— neutrino knee at ~ 100 TeV

So ordinary supernovae (SNe) are not
sufficient to explain >0.1 PeV data

Possible solutions
1. Hypernovae (HNe) Kwm+ 13, Liu+ 14, Senno+ 15
2. Gamma-ray bursts Dado & Dar 14, Wang+ 15

3. Low-luminosity gamma-ray bursts/
Trans-relativistic supernovae

4. Type lIn supernovae zirakashvilli & Ptuskin 16

5. AGN jets/disk outflows km+ 14, Tamborra+ 14

6. B fields amplified to ~mG km+ 13
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How about Radio Galaxies?

Detected by Fermi & possible origin of the diffuse y-ray bkg.
Q. Can they explain the IceCube flux like starbursts?

107914
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oy te?,
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--f: ~~~~~~~~ [ I ,
o e . :-Q.
B e
"';' {) ‘e\'
- i
; - === Unresolved Radio Galaxies 2 <l
‘ 107t ¢ Fermi IGRB i"
Hooper, Linden & Lopez 16
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E, (GeV)

f,, in elliptical galaxies: /f,, ~1.2x 107 n_1Dy3; 5¢,15° (R/3 kpe)* non-calorimetric!
Many of radio galaxies show time variablity — more compact
Efficient pp inside jets leads to the energetics crisis (Atoyan & Dermer 01)
But AGN core emission is possible (Kimura, KM & Toma 15, Tjus et al. 14)



What’s Next?: Need to Identify the Sources

Starbursts and radio galaxies are already detected by Fermi
For pp scenarios, we have strong predictions for IceCube-Gen2

nearby starburst galaxies nearby radio galaxies
in the northern hemisphere in the northern hemisphere

2 _muon neutrlnos from nearby Ferml detected RL AGN (for Gen 2)
\M87+NGC6251 +|C31 O+NGC1 21 8+4C39 12

muon neutrlnos from nearby Ferm1 detected SBGS (for Gen 2)
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KM & Waxman 16

V=10 km3 & best ang. res.=0.1 deg & 5 yr obs. assumed



Wrap up: Predictions of CR Reservoir Models

« Explain >0.1 PeV v data with a few PeV break (theoretically predicted)
« Must largely contribute to diffuse y-ray bkg. (perhaps “common” origins?)

" lceCube2014 —+- 1 KM, Ahlers & Lacki 13 PRDR
i Fermi 2014 —— 1 yndated by KM 1410.3680
- 10 E
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- Strong predictions: spectral index s<2.1-2.2, >30-40% to diffuse y-ray bkg.
Proposed tests: 1. (Stacking) searches for neutrinos & y rays from nearby reservoirs
2. Decomposing the diffuse y-ray bkg.
3. Measurements of neutrino data below 100 TeV



Beyond Waxman-Bahcall?: Low-Energy “Excess” Problem

« Best-fit spectral indices tend to be as soft as s~2.5
» 10-100 TeV data Iarge quxes of 10 7 GeV cm? s gr
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- If y-ray transparent — strong tensions w. diffuse y-ray bkg. for both pp & py
pp — ~100% of diffuse y-ray bkg. even w. s~2.0 contrary to standard

minimal py — >50% diffuse y-ray bkg. (via EM cascades) AGN interpretation!



Implications of Detailed Gamma-Ray Studies

3 '“.f.“

Fermi Collaboration 16 PRL

Photon fluctuation analyses (Poisson term of angular power spectra)
AN

Smax
Cp = /0 (1-w(5)) $?=ds[(ph em™ s™)’s™!] Non-blazar contribution < 14+14%



Implications of Detailed Gamma-Ray Studies

Our conclusion has been confirmed by subsequent papers

hadronic y-ray emission normalized to best-fit non-blazar EGB

a=2.2
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shot-noise in diffuse y-ray bkg. cross corr. between galaxy catalogues

Given that IceCube’s data above 100 TeV are explained...

Decomposition of extragalactic y-ray bkg. gives tighter limits: s<2.0-2.1
Insufficient room for pp scenarios to explain the 10-100 TeV neutrino data



Implications of Detailed Gamma-Ray Studies
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Our conclusion has been confirmed by subsequent papers
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- This conclusion is driven by the interpretation of 10-100 TeV data

could be alleviated by possible high-z only contributions

- The model (s=2.0) in MAL2013 does not contradict the Fermi data
(non-blazar EGB is well-explained by combination w. cosmogenic y!)
- But galactic CR production should be dominated by super-Pevatrons



py/vy Optical Depth Correspondence

* yy — e*e”: unavoidable in py sources (ex. GRBs, AGN)

- Same target photons prevent y-ray escape

ff
~ N~ A 0.1c
Tyy = Ny (0.107)A ,l: Py

ep ~ 20e, & O.5F2mpc2éA5t_1 c 2m§c2 Ey
o 94 1 S —c, ~ GeV
ey = I"mic e MpEA 25 TeV

30 TeV-3 PeV v constrains 1-100 GeV vy

* Neutrino production efficiency f,, cannot be too small

1. f,, << 1 unnatural (requiring fine tuning),
Do not overshoot the observed CR flux
(Yoshida & Takami 14 PRD)

2001 [ 7., 210
2. Comparison w. non-thermal energy :> fm ~ VY ~

budgets of known objects
(galaxies, AGN, cluster shocks etc.)




Indication of Gamma-Ray Dark Cosmic-Ray Accelerators

KM, Guetta & Ahlers 16 PRL
py/yy optlcal depth correspondence

z I |
< Fermi-LAT, '/> power Iaw( 0. 5) -------

3 F Y 4 power law (a=2/3) —— _
//,"./ gray body ..............

2 T 4 |

: ’v & CR bound ..... ~ y 4
4 /)n yy annihilation

log(e [GeV])
* Bounds on t,, hold for both thermal and nonthermal photon targets
* py mechanism: v sources should naturally be obscured in GeV-TeV y rays



GRBs and AGN as Hidden Neutrino Factories?

Low-power GRBs (choked jets)

ellar envelope
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Summary

CR reservoirs are promising multi-messenger sources
Nice features: theoretical predictions including a multi-PeV break
UHECRs may be explained simultaneously
Even the diffuse y-ray bkg. can be explained (grand-unification)
Strong predictions that can be tested (KM, Ahlers & Lacki 13)
1.8<2.1-2.2
2. >30% to the diffuse sub-TeV y-ray bkg.
3. IACTs should observe them as hard y-ray sources
Source identification is possible w. lceCube-Gen2 (stacking, event clustering)

Understanding the 10-100 TeV data is important

LE excess: fluctuation? magical combination w. Gal. comp.? or new physics?
pp scenarios: most models suffer from tensions w. the diffuse y-ray bkg.

py scenarios: hidden CR accelerators needed & tensions are naturally avoided
X-ray/MeV y-ray counterparts (ex. low-power GRBs/AGN)

Are cosmic-ray connections just coincident?
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