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Multi-Messenger Astronomy

• Cosmic Messengers:

4 Cosmic Rays
4 Gamma-Rays
4 Neutrinos
? Gravitational Waves

Ü Neutrino astronomy:

4 closely related to cosmic
rays (CRs) and γ-rays

4 weak interaction during
propagation

4 exclusive messenger for
10 TeV-10 EeV telescopes

• Challenges:

8 low statistics
8 large backgrounds
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IceCube HESE Sample (3yrs)

• High-Energy Starting Event (HESE) sample: [IceCube Science 342 (2013)]

• bright events (Eth & 30TeV) starting inside IceCube
• efficient removal of atmospheric backgrounds by veto layer

• 37 events in about three years:
[IceCube PRL 113 (2014)]

• 28 cascades events
• 8 track events
• 1 composite event (removed)

• expected background events:

• 6.6+5.9
−1.6 atmospheric neutrinos

• 8.4+4.2
−4.2 atmospheric muons

• significance of 5.7σ above
backgrounds
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IceCube 3 year Results
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• 28 “cascade events” (circles) and 7 “tracks events” (diamonds); size of symbols
proportional to deposited energy (30 TeV to 2 PeV) [IceCube PRL 113 (2014)]

8 no significant spatial or temporal correlation of events
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Neutrino Flavors

• initial composition: νe : νµ : ντ
pion & muon decay: 1 : 2 : 0
neutron decay: 1 : 0 : 0
muon-damped pion decay: 0 : 1 : 0
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∑
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• “NuFit 1.3”: sin2 θ12 = 0.304 / sin2 θ23 = 0.577 / sin2 θ13 = 0.0219 / δ = 251◦

4 observed events consistent with equal contributions of all neutrino flavors
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Neutrino Flavors
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FIG. 3. The exclusion regions for astrophysical flavor ratios
(fe : fµ : f⌧ )� at Earth. The labels for each flavor refer
to the correspondingly tilted lines of the triangle. Averaged
neutrino oscillations map the flavor ratio at sources to points
within the extremely narrow blue triangle. The ⇡ (1 : 1 : 1)�
composition at Earth, resulting from a (1 : 2 : 0)S source
composition, is marked with a blue circle. The compositions
at Earth resulting from source compositions of (0 : 1 : 0)S and
(1 : 0 : 0)S are marked with a red triangle and green square,
respectively. Though the best-fit composition at Earth (black
cross) is (0 : 0.2 : 0.8)�, the limits are consistent with all
compositions possible under averaged oscillations.

are consistent with a recent, dedicated IceCube measure-
ment of the astrophysical spectral index and charm flux
with improved veto techniques [62]. Nuisance parameters
describing ⇡/K neutrinos and muons are also consistent
with expectations from the HKKMS flux and the control
sample measurement.

This analysis is sensitive to the astrophysical flux in the
neutrino energy range 35TeV – 1.9 PeV. The lower and
upper bounds of this range, Elow and Eup, were calcu-
lated separately by fixing the astrophysical spectral index
and normalization at their best-fit values, excluding the
flux with E < Elow or E > Eup, respectively, refitting the
data with nuisance parameters left free, and finding the
values for Elow or Eup that decreased the log likelihood
by 1/2 each.

With a power-law astrophysical flux describing the
data, we then further allow the flavor composition at
Earth to float and calculate exclusion regions according
to the Feldman and Cousins approach [67], as shown in
Fig. 3. Though the best-fit composition is (0 : 0.2 : 0.8)�
at Earth, the limits are compatible with all standard fla-
vor compositions possible under averaged neutrino oscil-
lations at < 68% confidence level.

With showers and tracks serving as the only two identi-
fiers for three flavors in this analysis, there is an inherent

degeneracy in the determination of astrophysical flavor
ratios. This is reflected in the strong anti-correlation
between ⌫e and ⌫⌧ components, which both produce
mostly showers. The degeneracy is broken mainly by two
e↵ects—the shift in the ⌫⌧ deposited energy distribution
caused by invisible energy lost to neutrinos in tau decay
and the lack of observed ⌫̄e Glashow resonance events.
The preference for a ⌫⌧ -like signature is not statistically
significant, and future work to identify ⌫⌧ signatures at
PeV energies may resolve this degeneracy.

Since compositions produced by averaged neutrino os-
cillations (narrow blue triangle in Fig. 3) are nearly or-
thogonal to the flavor degeneracy in IceCube, constraints
on source flavor composition are possible but not yet sig-
nificant. After restricting to flavor ratios allowed by aver-
aged neutrino oscillations, no source composition can be
excluded at > 68% confidence level, and this remains true
even with the additional constraint f⌧,S = 0 expected at
astrophysical sources.

Having found agreement with the predictions of aver-
aged neutrino oscillations, constraints are placed on non-
standard flavor compositions producing a large ⌫e or ⌫µ

fraction at Earth. A maximally track-like, pure ⌫µ sig-
nature of (0 : 1 : 0)� is excluded at 3.3� and a purely
shower-like ⌫e signature of (1 : 0 : 0)� at 2.3�.

These results contrast with an earlier analysis of Ice-
Cube’s 3-year data, which found a preference for (1 : 0 :
0)� over (1 : 1 : 1)� at 92% confidence level [68]. We at-
tribute this discrepancy mainly to two unaccounted for
e↵ects — partial classification of ⌫µ CC events as show-
ers and systematic uncertainty on muon background. Re-
peating their analysis but accounting for the ⇠ 30% of ⌫µ

CC events classified as showers and using a profile like-
lihood incorporating the 50% uncertainty in muon back-
ground, a (1 : 0 : 0)� best-fit is still obtained but neither
(1 : 1 : 1)� or our best-fit of (0 : 0.2 : 0.8)� are ex-
cluded at > 68% confidence level. Since only shower and
track counts were analyzed, the tighter constraints re-
ported here result from the use of energy and directional
information in addition to the lower energy data.

Future measurements of the flavor ratio at IceCube will
use improved veto techniques, include up-going tracks
starting outside the detector, and search for high-energy
signatures of ⌫⌧ . With these improvements, measuring
the flavor composition at astrophysical sources and pre-
cision tests of neutrino oscillations over astronomical dis-
tances will be in reach.

We acknowledge the support from the following
agencies: U.S. National Science Foundation-O�ce of
Polar Programs, U.S. National Science Foundation-
Physics Division, University of Wisconsin Alumni Re-
search Foundation, the Grid Laboratory Of Wisconsin
(GLOW) grid infrastructure at the University of Wis-
consin - Madison, the Open Science Grid (OSG) grid
infrastructure; U.S. Department of Energy, and Na-
tional Energy Research Scientific Computing Center,

[IceCube arXiv:1502.033]

• “NuFit 1.3”: sin2 θ12 = 0.304 / sin2 θ23 = 0.577 / sin2 θ13 = 0.0219 / δ = 251◦

4 observed events consistent with equal contributions of all neutrino flavors
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Multi-messenger Paradigm

• Neutrino production is closely related
to the production of cosmic rays (CRs)
and γ-rays.

Ü pion production in CR interactions with
gas (“pp”) or radiation (“pγ”); neutrinos
with about 5% of CR nucleon energy

• 1 PeV neutrinos correspond to
20 PeV CR nucleons and
2 PeV γ-rays

Ü very interesting energy range:

• Glashow resonance?

• galactic or extragalactic?

• isotropic or point-sources?

CR

ν

γ
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The Cosmic “Beam”

27. Cosmic rays 15
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Figure 27.8: The all-particle spectrum as a function of E (energy-per-nucleus)
from air shower measurements [88–99,101–104].

giving a result for the all-particle spectrum between 1015 and 1017 eV that lies toward
the upper range of the data shown in Fig. 27.8. In the energy range above 1017 eV, the
fluorescence technique [100] is particularly useful because it can establish the primary
energy in a model-independent way by observing most of the longitudinal development
of each shower, from which E0 is obtained by integrating the energy deposition in
the atmosphere. The result, however, depends strongly on the light absorption in the
atmosphere and the calculation of the detector’s aperture.

Assuming the cosmic-ray spectrum below 1018 eV is of galactic origin, the knee could
reflect the fact that most cosmic accelerators in the galaxy have reached their maximum
energy. Some types of expanding supernova remnants, for example, are estimated not to
be able to accelerate protons above energies in the range of 1015 eV. Effects of propagation
and confinement in the galaxy [106] also need to be considered. The Kascade-Grande
experiment [98] has reported observation of a second steepening of the spectrum near
8 × 1016 eV, with evidence that this structure is accompanied a transition to heavy

December 18, 2013 11:57
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[Particle Data Group’13]
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Proposed Source Candidates I

• Galactic: (full or partial contribution)

• diffuse Galactic γ-ray emission [MA & Murase’13; Joshi J C, Winter W and Gupta’13]

[Kachelriess M and Ostapchenko’14; Neronov, Semikoz & Tchernin’13]

[Neronov & Semikoz’14; Guo, Hu & Tian’14]

• unidentified Galactic γ-ray emission [Fox, Kashiyama & Meszaros’13]

[Gonzalez-Garcia M, Halzen F and Niro’14]

• supernova remnants [Mandelartz & Tjus’14]

• pulsars [Padovani & Resconi’14]

• microquasars [Anchordoqui, Goldberg, Paul, da Silva & Vlcek’14]

• Sagitarius A* [Bai, Barger, Barger, Lu, Peterson & Salvado’14; Fujita, Kimura & Murase’15]

• Fermi Bubbles [MA & Murase’13; Razzaque’13]

[Lunardini, Razzaque, Theodoseau & Yang’13; Lunardini, Razzaque & Yang’15]

• Galactic Halo [Taylor, Gabici & Aharonian’14]

• heavy dark matter decay [Feldstein, Kusenko, Matsumoto & Yanagida’13]

[Esmaili & Serpico ’13; Bai, Lu & Salvado’13; Cherry, Friedland & Shoemaker’14]
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Example: Galactic Diffuse Emission

Galactic
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HESE 3yr with Edep > 60 TeV, ntot = 20, f̂iso = 0.81, λ = 0.74

• Strong Galactic diffuse emission up to PeV? [Neronov, Semikoz & Tchernin’13]

• simulated map: �/◦ : Galactic ν | �/◦ : isotropic ν | �/◦ : atmospheric ν | �/◦ : atmospheric µ
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Example: Galactic Diffuse Emission

Galactic
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sample with fiso = 0.50, ntot = 23, f̂iso = 0.76, λ = 0.86

• Strong Galactic diffuse emission up to PeV? [Neronov, Semikoz & Tchernin’13]

• simulated map: �/◦ : Galactic ν | �/◦ : isotropic ν | �/◦ : atmospheric ν | �/◦ : atmospheric µ
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Example: Galactic Diffuse Emission

Galactic
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sample with fiso = 0.00, ntot = 29, f̂iso = 0.09, λ = 26.03

• Strong Galactic diffuse emission up to PeV? [Neronov, Semikoz & Tchernin’13]

• simulated map: �/◦ : Galactic ν | �/◦ : isotropic ν | �/◦ : atmospheric ν | �/◦ : atmospheric µ
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Example: Galactic Diffuse Emission

Galactic
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sample with fiso = 1.00, ntot = 31, f̂iso = 0.82, λ = 1.11

• Strong Galactic diffuse emission up to PeV? [Neronov, Semikoz & Tchernin’13]

• simulated map: �/◦ : Galactic ν | �/◦ : isotropic ν | �/◦ : atmospheric ν | �/◦ : atmospheric µ
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Other Extended Galactic Emission

Galactic

SNR (log10(wsignal/wiso))
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Galactic Limits

• maximum likelihood-ratio test for
Galactic emission (signal)

• IceCube 3yr limits
(Edep > 60 TeV & 90% C.L.):

• Fermi Bubbles: < 25%
• unidentified TeV γ-ray sources:

< 25%
• Galactic diffuse emission: < 50%
• cumulative distribution of sources:

< 65%
• PeV DM decay: unconstrained

• stronger limits possible:

• spectral and flavor analysis
• classical νµ + ν̄µ search
• PeV γ-ray emission?
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[MA, Bai, Barger & Lu’15]
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PeV γ-ray Associations?

• IceCube-equivalent diffuse γ-ray flux:

EγJγ(Eγ) ' e
− d
λγγ

2
K

1
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∑
να

EνJIC
να(Eν)

• absorption length λγγ via γγ → e+e−

• effect strongest for CMB in PeV range:
λγγ ' 10 kpc

• plot shows distance d from 8.5 kpc
(GC) to 30 kpc

Ü strong constraints of isotropic diffuse
Galactic emission from γ-ray
observatories [Gupta 1305.4123]
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[MA & Murase’13]
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PeV γ-ray Associations?
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• 16 events lie in TeV-PeV “blind spot” [MA & Murase’13]

• one PeV event (“Ernie”) within 10◦ of PeV γ-ray “warm spot” [IceCube’12]
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Proposed Source Candidates II

• Extragalactic:

• association with sources of UHE CRs [Kistler, Stanev & Yuksel’13]

[Katz, Waxman, Thompson & Loeb’13; Fang, Fujii, Linden & Olinto’14]

• association with diffuse γ-ray background [Murase, MA & Lacki’13; Chang & Wang’14]

• active galactic nuclei (AGN) [Stecker’13;Kalashev, Kusenko & Essey’13]

[Murase, Inoue & Dermer’14; Kimura, Murase & Toma’14; Kalashev, Semikoz & Tkachev’14]

[Padovani & Resconi’14; Petropoulou, Dimitrakoudis, Padovani, Mastichiadis & Resconi’15]

• gamma-ray bursts (GRB) [Murase & Ioka’13; Dado & Dar’14]

• galaxies with intense star-formation
[He, Wang, Fan, Liu & Wei’13; Yoast-Hull, Gallagher, Zweibel & Everett’13]

[Murase, MA & Lacki’13; Anchordoqui, Paul, da Silva, Torres& Vlcek’14]

[Chang & Wang’14; Liu, Wang, Inoue, Crocker& Aharonian’14]

[Senno, Meszaros, Murase, Baerwald & Rees’15; Chakraborty & Izaguirre’15]

• galaxy clusters/groups [Murase, MA & Lacki’13; Zandanel, Tamborra, Gabici & Ando’14]

• . . .
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Identification of Extragalactic Point-Sources?

number of sources

number of events

distance

1 7 19 37

m m m m m

i3 -
(i-

1)
3

r1 2r1 3r1 4r1 ir10

• total number of sources

ns ' 106 − 107

• total number of “shells”

nshell ' (ns)
1
3

• total number of events

N̄ ' m× nshell = m× (ns)
1
3

4 required number of events to
see a doublet (m = 2)

N̄ ' 200− 500

8 random clusters are very likely
with bad angular resolution!

Ü multi-messenger
correlations!
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Diffuse vs. Point-Source
• (quasi-)diffuse flux fixes luminosity L:

φdiff =
1

4π

∫
dz

dVC

dz
H(z)

L
4πd2

L(z)

• point-source flux:

φPS =
L

4πd2
L(z)

• typically, the density H of extra-galactic sources is:

• 10−3 − 10−2 Mpc−3 for normal galaxies

• 10−5 − 10−4 Mpc−3 for active galaxies

• 10−7 Mpc−3 for massive galaxy clusters

• > 10−5 Mpc−3 for UHE CR sources

• PS flux based on HESE E−2-flux:

φPS(Eν) ' 9× 10−13 TeVcm−2s−1
( H0

10−5Mpc−3

)−1( r
10Mpc

)−2(
ξz

2.4

)−1
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Neutrino Point-Source Limits

• Diffuse neutrino flux normalizes the
contribution of individual sources

• dependence on local source density H
(rate Ḣ) and redshift evolution ξz

Ü PS observation requires rare sources

• non-observation of individual neutrino
sources exclude source classes, e.g.

8 flat-spectrum radio quasars
(H ' 10−9Mpc−3 / ξz ' 7)

8 “normal” GRBs
(Ḣ ' 10−9Mpc−3yr−1 / ξz ' 2.4)

10−7 10−6 10−5 10−4

H [Mpc−3]

10−14

10−13

10−12

E
2 J(

E
)

[T
eV

cm
−2

s−
1 ]

closest continuous source in FoV

Tlive = 5 yrs, ξz = 2.4, fsky = 0.5

IceCube (90% C.L., 5 yrs, Northern Hemisphere)

10−9 10−8 10−7 10−6

Ḣ [Mpc−3 yr−1]

0.01

0.1

1

E
2 F

(E
)

[G
eV

cm
−2

]

closest transient source in FoV

Tlive = 5 yrs, ξz = 2.4, fsky = 0.5

IceCube (90% C.L., Northern Hemisphere)

[MA&Halzen’14]
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IceCube Stacking Searches

GRB Stacking

104 105 106 107

E (GeV)

10�11

10�10

10�9

E
2
�
⌫

(G
eV

cm
�

2
s�

1
sr
�

1
)

IC40 thru IC86-I fireball UL (90% CL)

IC40 thru IC86-I photospheric UL (90% CL)

Total fireball prediction

Total photospheric prediction

IceCube Preliminary

[M.Richman ICRC’13; arXiv:1412.6510]

Blazar Stacking

The Journal’s name

Table 1: Definitions of Blazar populations

Type No. of sources Motivation
All 2LAC Blazars 862 No bias
FSRQ1 310 BLR radiation [11]
LSP2 308 FSRQ and LSP-BLLAC might be intrinsically similar [12]
ISP | HSP2 301 HSP objects seem to evolve di↵erently [13]
LSP & BLLAC12 62 Motivated by work in [9]

1 FSRQ/BL-LAC based on optical line equivalent width
2 Low/Intermediate/High Synchroton Peaked Object (LSP/ISP/HSP), based on position of syn-
chroton peak

Table 2: Results of the Blazar population tests for both weighting schemes.

p-values
wsource / F� wsource = 1

All 2LAC Blazars 36 % 6 %
FSRQs 34 % 34 %
LSPs 36 % 28 %

ISP/HSPs >50 % 11 %
LSP-BLLACs 13 % 7 %

Diffuse Flux Limit
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Diffuse Flux Limit

102 103 104 105 106 107 108 109

Neutrino Energy [GeV]

10�10

10�9

10�8

10�7

10�6

E
2

d
�

d
E

� µ
[G

eV
s�

1
cm

�
2
sr

�
1
]

2%

6%

IceCube Preliminary
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Figure 1: Neutrino flux upper limits for an E�2.5 spectrum (blue) compared to di↵use bestfit (black
solid) from [2]. a) shows this comparison for the "All 2LAC Blazar" sample, b) for the FSRQs.
Percentages with arrows denote the fraction with respect to the di↵use flux.

[Th.Gluesenkamp RICAP’14; arXiv:1502.03104]

• νµ emission following the GRB “fireball”
model

• 492 GRBs (2008–2012) in IceCube’s
FoV reported with GCN and Fermi
GBM

• Fermi blazar stacking

• plot shows limit on 310 FSRQ

• all 2LAC blazar limits of similar strength
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Extragalactic Gamma-Rays

• hadronic γ-rays:
pion production in CR interactions

π0 → γ + γ

π+ → µ+ + νµ → e+ + νe + ν̄µ + νµ

Ü cross-correlation of γ-ray and
neutrino sources

8 electromagnetic cascades of
super-TeV γ-rays in CMB

4 Isotropic Diffuse Gamma-Ray
Background (IGRB) constraints the
energy density of hadronic γ-rays &
neutrinos

hadronic 
gamma rays

⌫
�

electromagnetic
cascades

�
�

e� e+

E � TeVE ⌧ TeV
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Electromagnetic Cascades

• CMB interactions (solid lines)
dominate in casade:

• inverse Compton scattering (ICS)
e± + γCMB → e± + γ

• pair production (PP)
γ + γCMB → e+ + e−

• extragalactic background light
(red dashed line) determines the
“edge” of the spectrum.

[EBL: Franceschini et al. ’08]

• rapid cascade interactions produce
universal GeV-TeV emission

[Berezinsky&Smirnov’75]

E/bsyn (pG)
Γ−1

ICS (CMB)
Γ−1

PP (IR/opt.)
Γ−1

PP (CMB)
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gt

h
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c]

1013101210111010109108107106105104103102
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pair production

inverse-Compton

CMB EBL

Galactic Center
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[MA’11]
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Isotropic Diffuse Gamma-Ray Background (IGRB)

• neutrino and γ-ray fluxes in pp
scenarios follow initial CR
spectrum ∝ E−Γ

Ü low energy tail of GeV-TeV
neutrino/γ-ray spectra

8 constrained by IGRB
[Murase, MA & Lacki’13; Chang & Wang’14]

• extra-galactic emission
(cascaded in EBL): Γ . 2.15− 2.2

Ü & 10% contribution to IGRB at
Eγ & 100GeV

10−3 10−2 0.1 1 10 102 103

E [TeV]

10−9

10−8

10−7

10−6

E
2 J

[G
eV

cm
−2

s−
1

sr
−1

]
pp scenario

SFR evolution

HESE (3yr)

arXiv:1410.1749

Fermi IGRB (2014)

[Murase, MA & Lacki’14 ; IceCube-Gen2 1412.5106]
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Open Questions

• Is there a common origin of the high-energy IGRB and diffuse neutrino
emission?

• Is this source population (partially) identified by Fermi LAT? (Ü cross-correlation)
[Padovani & Resconi’14]

• Is secondary γ-ray emission “hidden” by source dynamics?

• Are there Galactic “contaminations” at Eν ' 1− 10 TeV that effectively lead to a
softening of the observed neutrino spectrum?

[IceCube’15; MA, Bai, Bargner & Lu’15]

• The diffuse flux also saturates limits from UHE CR sources. Is this population
also responsible for UHE CRs? [Katz, Waxman, Thompson & Loeb’13]
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Anisotropies of UHE CRs

Galactic
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• θrms ' 1◦ (D/λcoh)
1/2

(E/55EeV)
−1

(λcoh/1Mpc) (B/1nG) [Waxman & Miralda-Escude’96]
• “hot spots” (dashed), but no significant auto-correlation in Auger and Telescope Array data
• no significant cross-correlation with source catalogs [Auger’10;TA’14]
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UHE CR association ?

• UHE CR proton emission rate density: [MA&Halzen’12]

E2
pQp(Ep) ' (1− 2)× 1044 erg Mpc−3 yr−1

• corresponding per flavor neutrino flux (ξz ' 0.5− 2.4 and Kπ ' 1− 2):

E2
νJφν(Eν) ' fπ

ξzKπ
1 + Kπ

(2− 4)× 10−8 GeV cm−2 s−1 sr

• WB bound: fπ ≤ 1 [Waxman&Bahcall’98]

• fπ ' 1 requires efficient pion production

8 how to reach Emax ' 1020 eV in environments of high energy loss?

Ü two-zone models: acceleration + CR “calorimeter”?

• starburst galaxies [Loeb&Waxman’06]
• galaxy clusters [Berezinsky,Blasi&Ptuskin’96;Beacom&Murase’13]

Ü “holistic” CR models: universal time-dependent CR sources?
[Parizot’05;Aublin&Parizot’06;Katz,Waxman,Thompson&Loeb’13]
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Starburst Galaxies
• intense CR interactions (and acceleration) in dense starburst galaxies
• cutoff/break feature (0.1− 1) PeV at the CR knee (of these galaxies), but very

uncertain
• plot shows muon neutrinos on production (3/2 of total)

3

olate the local 1.4 GHz energy production rate per unit
volume (of which a dominant fraction is produced in qui-
escent spiral galaxies) to the redshifts where most of the
stars had formed through the starburst mode, based on
the observed redshift evolution of the cosmic star forma-
tion rate [24], and calculate the resulting neutrino back-
ground. The cumulative GeV neutrino background from
starburst galaxies is then

E2
νΦν(Eν = 1GeV) ≈ c

4π
ζtH [4ν(dLν/dV )]ν=1.4GHz

= 10−7ζ0.5 GeV cm−2 s−1 sr−1. (2)

Here, tH is the age of the Universe, and the factor
ζ = 100.5ζ0.5 incorporates a correction due to redshift
evolution of the star formation rate relative to its present-
day value. The value of ζ0.5 ∼ 1 applies to activity that
traces the cosmic star formation history [6]. Note that
flavor oscillations would convert the pion decay flavor ra-
tio, νe : νµ : ντ = 1 : 2 : 0 to 1 : 1 : 1 [11], so that
Φνe = Φνµ = Φντ = Φν/2.

103 105 107 109 101110−9

10−8

10−7

10−6

10−5

E
ν
 [GeV]

E2 ν Φ
ν  [

G
eV

/c
m

2  s 
sr

]

0.1 km2

1 km2

WB Bound

Star Bursts

AMANDA(ν
µ
); Baikal(νe)

Atmospheric→
← GZK

FIG. 1: The shaded region brackets the range of plausible
choices for the spectrum of the neutrino background. Its up-
per boundary is obtained for a power-law index p = 2 of
the injected cosmic-rays, and its lower boundary corresponds
to p = 2.25 for Eν < 1014.5 eV. The solid green line corre-
sponds to the likely value p = 2.15 (see text). Other lines: the
WB upper bound on the high energy muon neutrino intensity
from optically-thin sources; the neutrino intensity expected
from interaction with CMB photons (GZK); the atmospheric
neutrino background; experimental upper bounds of optical
Cerenkov experiments (BAIKAL [29] and AMANDA [30]);
and the expected sensitivity of 0.1 km2 and 1 km2 optical
Cerenkov detectors [1].

Equation (2) provides an estimate of the GeV neu-
trino background. The extrapolation of this background
to higher neutrino energies depends on the energy spec-
trum of the high energy protons. If the proton energy dis-
tribution follows a power-law, dN/dE ∝ E−p, then the

neutrino spectrum would be, E2
νΦνµ ∝ E2−p

ν . The energy
distribution of cosmic-ray protons measured on Earth fol-
lows a power-law dN/dE ∝ E−2.75 up to the ”knee” in
the cosmic-ray spectrum at a few times 1015 eV [23, 25].
(The proton spectrum becomes steeper, i.e. softer, at
higher energies [2].) Given the energy dependence of the
confinement time, ∝ E−s [22], this implies a produc-
tion spectrum dN/dE ∝ E−p with p = 2.75 − s ≈ 2.15.
This power-law index is close to, but somewhat higher
than, the theoretical value p = 2, which implies equal
energy per logarithmic particle energy bin, obtained for
Fermi acceleration in strong shocks under the test par-
ticle approximation [26]. We note that the cosmic-ray
spectrum observed on Earth may not be representative
of the cosmic-ray distribution in the Galaxy in general.
The inferred excess relative to model predictions of the
> 1 GeV photon flux from the inner Galaxy, implies that
the cosmic-rays are generated with a spectral index p
smaller than the value p = 2.15 inferred from the local
cosmic-ray distribution, and possibly that the spectral
index of cosmic-rays in the inner Galaxy is smaller than
the local one [27]. The spectrum of electrons accelerated
in SNe is inferred to be a power law with spectral index
p = 2.1 ± 0.1 over a wide range energies, ∼ 1 GeV to
∼ 10 TeV, based on radio, X-ray and TeV observations
(e.g. [28]).

For a steeply falling proton spectrum such as dN/dE ∼
E−2, the production of neutrinos of energy Eν is domi-
nated by protons of energy E ≈ 20Eν [18], so that the
cosmic-ray ”knee” corresponds to Eν ∼ 0.1 PeV. In anal-
ogy with the Galactic injection parameters of cosmic-
rays, we expect the neutrino background to scale as

E2
νΦSB

ν ≈ 10−7(Eν/1GeV)−0.15±0.1GeV cm−2 s−1 sr−1(3)

up to ∼ 0.1 PeV. In fact, the ”knee” in the proton spec-
trum for starburst galaxies may occur at an energy higher
than in the Galaxy. The steepening (softening) of the
proton spectrum at the knee may be either due to a
steeper proton production spectrum at higher energies, or
a faster decline with energy for the proton confinement
time. Since both the acceleration of protons and their
confinement depend on the magnetic field, we expect the
”knee” to shift to a higher energy in starbursts, where the
magnetic field is much stronger than the Galactic value.
The predicted neutrino intensity is shown as a solid line
in Fig. 1. The shaded region illustrating the range of
uncertainty in the predicted neutrino background. This
range is bounded from above by the intensity obtained
for p = 2, corresponding to equal proton energy per log-
arithmic bin, and from below by the intensity obtained
for p = 2.25, corresponding to the lower value of the
confinement time spectral index, s = 0.5.

The extension of the neutrino spectrum to energies
Eν > 1 PeV is highly uncertain. If the steepening of the
proton spectrum at the knee is due to a rapid decrease
in the proton confinement time within the Galaxy rather

[Loeb & Waxman’06]
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TeV Starburst Galaxies
Messier 82

E2φγ(E) ' 3.3× 10−13
(

E
TeV

)−0.5 TeV
cm2s

E2φν(E) . 3× 10−12 TeV
cm2s

[IceCube 4yr]

NGC 253

E2φγ(E) ' 9.6× 10−13
(

E
TeV

)−0.14 TeV
cm2s

no neutrino limit

expected from pp interactions: E2
νφνµ(Eν) ' 1

2
E2
γφγ(Eγ)
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Summary & Outlook
• Neutrinos are unique cosmic (pointing) probes in the 10TeV-10EeV energy

range (six orders of magnitude!).

• Identification of PeV neutrino sources is challenging.

• Galactic neutrino emission unlikely the main source of the PeV diffuse flux.

Ü Multi-messenger correlations are the most promising scenario for point-source
detection, in particular for transient sources.

• Similar diffuse energy densities of UHE CRs, γ-rays and neutrinos might
indicate a common extragalactic origin.

Ü Input from γ-ray astronomy will be essential to identify extragalactic source
populations.

• How well can we determine the spectrum and flavor composition?

• Local PeV γ-ray astronomy?

• IceCube 4th year HESE data to be published soon.

• Studies of possible future extensions of IceCube underway.
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Neutrino Point-Source Limits

• upper flux limits and
sensitivities of Galactic
neutrino sources with
“classical” muon neutrino
search (θres ' 0.3◦-0.6◦)

• sensitivity for extended
sources weaker by√

ΩES/ΩPSF ' θES/θres

• strongest limits for sources in
the Northern Hemisphere
(IceCube FoV for upgoing ν’s)

• time-dependent sensitivity:
[IceCube ApJ 744 (2012)]

E2Φνµ ' (0.1− 1)GeVcm−2

– 24 –

Fig. 11.— Muon neutrino upper limits with 90% C.L. evaluated for the 44 sources (dots), for the

combined four years of data (40, 59, 79, and 86 string detector configurations). The solid black line

is the flux required for 5� discovery of a point source emitting an E�2 flux at di↵erent declinations

while the dashed line is the median upper limit or sensitivity also for a 90% C.L. The ANTARES

sensitivities and upper limits are also shown (Adrián-Mart́ınez et al. 2014). For sources in the

southern hemisphere, ANTARES constrains neutrino fluxes at lower energies than this work.

[IceCube 1406.6757]
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Neutrino Point-Source Limits

Galactic

0.9 1.3
7.7

0.7

0.80.60.41.4

Galactic search with IceCube (red, 3yrs) & ANTARES (blue, 6yrs)

180o

-90o

-180o

LSI +63 303
(Binary)

MGRO J2019+37
(PWN)

Crab (PWN)

Geminga (PWN)

MGRO J1908+06
(unidentified)

GP scan minimum
p-value = 2.8%

Vela Jr. (Shell)RX J1713.7-3946
 (Shell)

Vela X (PWN)

• relative strength of neutrino limits assuming hadronic TeV γ-ray emission
(only shown for selected strong sources):

Fγ(Eγ > Eth)/F90CL
ν (Eν > Eth/2)

8 caveats: soft spectra, low energy cutoffs and extended emission
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AGN jets

• neutrino from pγ interactions in AGN jets [Mannheim’96; Halzen & Zas’97]

• complex spectra due to various photon backgrounds

• typically, deficit of sub-PeV and excess of EeV neutrinos

2

They are the most prominent extragalactic sources in
γ rays. A significant fraction of the diffuse γ-ray back-
ground is attributed to blazars whose jets are pointing
towards us. Imaging atmospheric Cerenkov telescopes
and the recent Fermi Gamma-ray Space Telescope have
discovered many BL Lac objects and flat spectrum radio
quasars (FSRQs) (for a review, see [23] and references
therein). Moreover, radio galaxies that are misaligned
by large angles to the jet axis and thought to be the par-
ent population of blazars in the geometrical unification
scenario [24], are also an important class of γ-ray sources.
Te blazar class has been investigated over many years as
sources of UHECRs and neutrinos [16, 25–27].

The spectral energy distribution (SED) of blazar jets is
usually modeled by nonthermal synchrotron and inverse-
Compton radiation from relativistic leptons, although
hadronic emissions may also contribute to the γ-ray spec-
tra (see, e.g., [28]). It has been suggested that the
SEDs of blazars evolve with luminosity, as described
by the so-called blazar sequence (e.g., [29–33]). The
blazar sequence has recently been exploited to system-
atically evaluate contributions of BL Lac objects and
quasar-hosted blazars (QHBs) (including steep spectrum
radio quasars as well as FSRQs) to the diffuse γ-ray
background [34–36]. Besides the jet component, typi-
cal quasars—including QHBs—show broad optical and
ultraviolet (UV) emission lines that originate from the
broadline regions (BLRs) found near supermassive black
holes. The BLR also plays a role in scattering radiation
emitted by the accretion disk that feeds matter onto the
black hole. In addition, the pc-scale dust torus surround-
ing the galactic nucleus is a source of infrared (IR) radi-
ation that provides target photons for very high-energy
CRs.

In this work, we study high-energy neutrino production
in the inner jets of radio-loud AGN, and examine the ef-
fects of external photon fields on neutrino production in
blazars. We use the blazar sequence to derive the dif-
fuse neutrino intensity from the inner jets. We show that
the cumulative neutrino background, if from radio-loud
AGN, is dominated by the most luminous QHBs. This
implies a cross correlation between astrophysical neutri-
nos with ∼ 1–100 PeV energies and bright, luminous FS-
RQs found by Fermi.

In previous works on the diffuse neutrino intensity [15,
16], only the jet and accretion-disk components were con-
sidered as target photons, but here we show that pγ in-
teractions with broadline photons and IR dust emission
are important when calculating the cumulative neutrino
background. Our study is useful to see if radio-loud AGN
can explain the IceCube signal or not. We show that the
simple inner jet model has difficulty in explaining the
IceCube data even when the external radiation fields are
taken into account. Even so, interestingly, we find that
the expected neutrino signal in the 0.1–1 EeV range pro-
vides promising targets for future projects suitable for
higher-energy neutrinos, such as the Askaryan Radio Ar-
ray (ARA) [37], the Antarctic Ross Ice-Shelf ANtenna
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FIG. 1: Schematic picture of a blazar, showing external
radiation fields relevant for neutrino production.

Neutrino Array (ARIANNA) [38], the Antarctic Impul-
sive Transient Antenna (ANITA) ultrahigh-energy neu-
trino detector [39], and the ExaVolt Antenna (EVA) mis-
sion [40].

Throughout this work, Qx = Q/10x in cgs units. We
take Hubble constant H0 = 70 km s−1 Mpc−1, and let
the dimensionless density paramters for mass and cos-
mological constant be given by ΩΛ = 0.7 and Ωm = 0.3,
respectively.

II. BLAZAR EMISSION

In general, the observed blazar SED consists of sev-
eral spectral components produced in different regions
(for reviews, see, e.g., [23, 28]). We consider four com-
ponents that can be relevant as target photons for pγ
interactions. First, broadband nonthermal synchrotron
and synchrotron self-Compton (SSC) emission originates
from the dissipation region dissipation in the jet. Sec-
ond, there are accretion-disk photons that enter the jet
directly or after being scattered by electrons in the sur-
rounding gas and dust. Provided that the jet location
is ! 1016 cm and the Thomson-scattering optical depth
is ! 0.01, the direct accretion-disk component can be
neglected [41]. The third component is the broad AGN
atomic line radiation; this emission component is espe-
cially relevant for PeV neutrino production in QHBs.
Fourth, there is IR emission from the dust torus. A
schematic diagram is shown in Fig. 1 and the SEDs of
blazars are shown in Fig. 2 as a function of the radio
luminosity at 5 GHz (L5GHz). Note that we regard the
SEDs as functions of L5GHz (see Table 1), and that the
radio luminosity itself is irrelevant for our calculations
since CRs do not interact with such low-energy photons.
There is uncertainty in modeling those four components
but our systematic approach is reasonable for the purpose
of obtaining neutrino spectra.
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FIG. 13: Cumulative neutrino background from radio-loud
AGN in the blazar sequence model. The CR spectral index
s = 2.3, and the CR loading factor ξcr = 100 (thick) and 500
(thin). The atmospheric muon neutrino background is also
shown (dot-dashed).

this conclusion holds even if we make hypothetically as-
sume broadline and IR emission for less luminous BL Lac
objects. As shown below, even ∼ 0.1 EeV neutrinos are
dominated by luminous QHBs.

In our model, note that the local CR energy bud-
get (integrated over CR energies) is estimated to be
Qcr ∼ 4 × 1044 ξcr erg Mpc−3 yr−1 and most of the CRs
come from blazars with L∗

X ! LX ! La when γ1 < 1.
The CR generation rate at 1019 eV is then written as
E′

pQE′
p
|1019 eV = (ξcrQr)/Rp|1019 eV, where Rp ∼ 20 and

Rp|1019 eV ∼ 840 for s = 2.3 (assuming εm
p ∼ 10 GeV

and εM
p ∼ 109.5 GeV). If we normalize the CR injec-

tion rate by the observed CR generation rate at 1019 eV
(0.6 × 1044 erg Mpc−3 yr−1), we obtain ξcr ∼ 3 and
ξcr ∼ 100 for s = 2.0 and s = 2.3, respectively. Although
such values are smaller than those required to support the
hypothesis that UHECRs originate from GRBs [19, 60],
larger CR loading factors are needed to achieve the in-
tensity level of the IceCube signal.

Blazars with Lrad ∼ 1048.5 erg s−1 have the X-ray lu-
minosity of LX ∼ 1044.5 erg s−1. The corresponding
number density at z = 0 is ρ ∼ a few × 10−12 Mpc−3.
Using these parameters as typical values, the diffuse neu-
trino intensity can be estimated to be

E2
νΦν ∼ 10−8 GeV cm−2 s−1 sr−1 ξcr,2R−1

p,2.5(fz/8)

×
(

min[1, fpγ ]

0.05

)
Lrad,48.5

(
ρ

10−11.5 Mpc−3

)
.(39)

Figs. 13 and 14 show results of our numerical calcu-
lations compared with the atmospheric muon neutrino
background [68]. As expected, with ξcr ∼ 10–100, it is
possible to have E2

νΦν ∼ 10−8 GeV cm−2 s−1 sr−1 at
PeV energies. We find that the inner jet model may
account for a couple of PeV neutrino events found by
IceCube. However, there are two difficulties. First, this
model cannot explain sub-PeV neutrino events. This is
because broadline emission leads to a low-energy cutoff
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FIG. 14: Same as Fig. 13, but for s = 2.0. Here ξcr = 3
(thick) and ξcr = 50 (thin).

in neutrino spectra around PeV. Also, both accretion-
disk and internal synchrotron emission components have
soft spectra in the relevant UV and soft X-ray energy
range, so the neutrino spectra are generally quite hard
at sub-PeV energies, which appears to be incompatible
with observations. Thus, for radio-loud AGN to explain
the excess IceCube neutrino signal, a two-component sce-
nario is needed, as discussed in several works [69, 70]. In
our case, sub-PeV neutrino events could be attributed
to an atmospheric prompt neutrino background that is
higher than the prediction by Enberg et al. [71] or, alter-
nately, different classes of astrophysical sources such as
star-forming galaxies and galaxy clusters. It may be pre-
mature to study such possibilities, however, because the
statistics are not yet sufficient to discriminate between
competing scenarios.

The second issue is that the calculated neutrino spec-
tra are quite hard above PeV energies. CR spectral
indices of s ≈ 2.0 are inconsistent with the IceCube
data, as many more higher-energy neutrino events would
be predicted, given the Glashow resonance at 6.3 PeV
and the increasing neutrino-nucleon cross section. To
avoid this problem, one sees from Figs. 13 and 14 that
steep CR spectra with s " 2.5, or maximum energies of
E′max

p ! 100 PeV, are needed. Another possible option
is to consider more complicated CR spectra, such as a
log-parabola function [69]. Note that if a simple power-
law CR spectrum is assumed from low energies to high
energies (as expected in the conventional shock acceler-
ation theory), steep spectral indices unavoidably lead to
excessively large CR energy budgets, whereas more com-
plicated curving or broken-power law CR spectra could
explain the IceCube data and relax source energetics.

While the inner jet model with a power-law CR proton
spectrum faces two difficulties to consistently explain the
IceCube neutrino signal, it does suggest that radio-loud
AGN are promising sources of 0.1–1 EeV neutrinos (see
Figs. 13-16). In particular, for ξcr = 3 and s = 2.0 or
ξcr = 100 and s = 2.3, the CR energy generation rate
1019 eV is comparable to the UHECR energy budget at
that energy, which is intriguing, even though the Ice-

[Murase, Inoue & Dermer 1403.4089]
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Extra-galactic background light (EBL)

10-3 10-2 10-1 100 101

E [eV]

10-16

10-15

10-14

E 
u(

E)
 [e

rg
 c

m
-3

]

Finke et al. (2010)
Kneiske et al. (2004) 
Franceschini et al. (2008)
Gilmore et al. (2008)
Razzaque et al. (2009)
Stecker et al. (2006)

100101102103
λ [µm]

100

101

102

E 
I(

E)
 [n

W
 m

-2
sr

-1
]

Figure 1: EBL models, measurements, and constraints. See Finke et al. for details and references.

such as the star formation rate density, dust absorption, initial mass function, cosmological
expansion rate, and others. Fig. 1 shows many EBL measurements, constraints and models, and
Hauser & Dwek 14 present a thorough review.

The EBL photons interact with γ-rays from cosmological sources to produce e+e− pairs,
absorbing the γ-rays so that the observed flux Fobs(E) = Fint(E) exp[−τγγ(E)] where Fint(E) is
the unabsorbed source flux as a function of observed energy E, and τγγ(E) is the EBL absorption
optical depth. If Fint(E) is known, a measurement of the observed γ-ray spectrum from these
sources can be used to probe the EBL. The intrinsic spectrum is not generally known, however it
is possible to determine an upper limit either from theory or from extrapolating a lower energy,
unattenuated spectrum to higher energies. This is discussed further in the next sections. From
the upper limit on Fint(E) and the measurement of Fobs(E) with a γ-ray telescope, an upper
limit on τγγ(E) can be calculated and compared to theoretical predictions.

2 Constraints with Atmospheric Cherenkov Telescopes

Nearby blazars—active galactic nuclei with relativistic jets pointed along our line of sight—are
γ-ray-emitting sources up to VHE energies and are located at cosmological distances. They
are thus a good candidate for constraining the EBL by measuring their γ-ray attenuation.
Atmospheric Cherenkov telescopes (ACTs) such as HESS, MAGIC, and VERITAS detect γ-rays
through the Cherenkov radiation from particle cascades produced by γ-rays interacting with the
Earth’s atmosphere. TeV blazars are located nearby and VHE γ-rays are generally attenuated
by the mid-IR EBL. Although they seem to be persistent sources, they are highly variable and
the intrinsic spectrum cannot be determined. However, theory allows the determination of a
maximum possible intrinsic spectrum. Assuming the γ-rays are produced by Compton scattering
off of electrons accelerated by näıve test particle acceleration theory, the hardest possible photon
index will be Γint,max = 1.5 where the photon flux is dN/dE ∝ E−Γ. Using this, results from

several blazars (e.g. 1ES 1011-23215, 1ES 0229+20016, 3C 27917) have ruled out high levels of
the IR EBL. However, physical mechanisms have been suggested to produce intrinsic VHE γ-ray
spectra harder than Γ = 1.5 18,19,20. Without a strong constraint on Fint(E), the constraining
upper limits on the EBL intensity are not well-accepted by some in the community.

3 Constraints with the Fermi-LAT

Higher z sources can be probed in the GeV range using the Fermi telescope. The Fermi Gamma-
Ray Space Telescope’s primary instrument, the Large Area Telescope (LAT) is a pair conversion

[Finke et al. ’10]

optical-UV background gives PeV neutrino peak
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DM decay
• heavy (>PeV) DM decay?

[Feldstein et al. 1303.7320; Esmaili & Serpico 1308.1105; Bai, Lu & Salvado 1311.5864]

• initially motivated by PeV “line-feature”, but continuum spectrum with/without line
spectrum equally possible

Ü observable PeV γ-rays from the Milky Way halo?

5

Eq. (9) as well as to scramble in terms of the DM pro-
file when we calculate the TS distribution. We show the
results in Fig. 5 for di↵erent values of ↵̄, which clearly
show that the pure galactic DM explanation for the data
is not preferred for a wide range of ↵̄. For the 21 cas-
cade events and for a flatter DM profile with a larger ↵̄,
there is still a non-negligible Type-I error for rejecting
the pure galactic DM explanation. We have also checked
and found that the IceCube data can not exclude the
pure galactic DM explanation with an isothermal DM
profile, ⇢DM(r) = ⇢0/(1 + r2/r2

c ), with a core radius of
rc = 1 kpc [28].
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FIG. 5: The p-values as a function of ↵̄ of the Einasto DM
profiles. A suggestive p-value of 0.05 to exclude a certain DM
model is shown in the horizontal and black line. Here, we have
S=homogeneous and B=DM, to have the DM distribution as
the null hypothesis.

Neutrino spectra from dark matter decays The
energy spectrum of the IceCube neutrino excess has in-
teresting features [5]. First, there are two isolated events
at around 1 PeV [8] with one at 1.04 ± 0.16 PeV and the
other one at 1.14 ± 0.17 PeV. Secondly, there is an po-
tential energy cuto↵ at 1.6+1.5

�0.4 PeV. Thirdly, there is an
energy gap or no neutrino events observed in the energy
range of ⇠ (0.3, 1) PeV, which is not significant at this
moment. Although a wide range of the energy spectrum
can be fit by an E�2 feature [5], it is still interesting
to explore potential DM produced spectra from particle
physics.

To fit the observed spectrum at IceCube, one also
needs to consider di↵erent detector acceptances at dif-
ferent energies. For di↵erent flavors of neutrinos, the
acceptance areas vary a lot with the largest one for the
electron neutrino. In our analysis below, we don’t distin-
guish di↵erent flavors of neutrinos and use the averaged
acceptance areas in terms of flavors and declination an-
gles [5], which are only slightly di↵erent from Ref. [17].
Because the uncertainties on the acceptance areas and
the large statistical errors, the current IceCube data is

not su�cient to distinguish spectra among di↵erent par-
ticle physics models. So, we consider several represen-
tative decaying DM models and study their fit to the
observed energy spectrum. We consider candidate mod-
els according to the operator dimensions of DM coupling
to SM particles.

20 50 100 200 500 1000 2000
0.01

0.1

1

10

100

En @TeVD

Ev
en
ts
pe
r6
62
D
ay
s

c Æ h + n
c Æ n + HL Æ n + t- + t+

XÆ2 h
XÆt-+t+

FIG. 6: The fitted spectra for several DM decay channels.
The black and solid line is the atmospheric backgrounds [6, 7].
For the two fermion DM cases, the DM mass is 2.2 PeV and
both lifetimes are ⌧� = 3.5 ⇥ 1029 s. For the two scalar DM
cases, the DM mass is 5 PeV and the lifetimes are 9.2⇥1028 s
and 4.6 ⇥ 1029 s, for 2h and ⌧� + ⌧+ channels, respectively.

At the renormalizable level and for a fermion DM �,
we consider the operator �H̃L̄L � for DM coupling to
the Higgs field in the SM or �HLL̄L� in the lepton-
specific two-Higgs doublet models, which has DM decays
as � ! h + ⌫ and � ! ⌫ + HL ! ⌫ + ⌧+ + ⌧�, re-
spectively. Fixing the fermion DM mass to 2.2 PeV, we
show the fitted spectra in Fig. 6 after using PYTHIA [29]
for SM particles decay and hadronization. We sum the
experimental error and systematical background error
in quadrature to calculate the total chi-square for the
goodness of fit. For the two fermion DM decay spec-
tra, a dip feature exists because of the combination of
mono-energetic and continuous neutrinos. For a scalar
DM, one can have the renormalizable coupling to the SM
Higgs boson as simple as µ XHH†, which simply medi-
ates the decay of X ! 2h. Beyond the renormalizable
level, one could have DM mainly couple to two leptons
via ✏m⌧X⌧+⌧�/⇤, so the decay channel is X ! ⌧+⌧�.
Fixing the scalar DM mass to be 5 PeV, we also show
the fitted spectra in Fig. 6 (see [14, 30] for other spectra
from DM decays).

Conclusions and discussion Our geometrical
analysis has already shown that a combination of the
galactic DM contribution and a homogenous spectrum,
which could be due to additional extragalactic sources,
provides the best fit to the data. A purely galactic DM
origin for the 28 events is not preferred unless a flatter

[Bai, Lu & Salvado’13]
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Ultra-High Energy Cosmic Rays

• particle confinement during
acceleration requires: [Hillas’84]

E . 1018 EeV (B/1µG) (R/1kpc)

8 low statistics:
large uncertainties in chemical
composition and spectrum!

8 “‘GZK” horizon (. 200 Mpc):
resonant interactions of CR nuclei with
CMB photons

[Greisen’66;Zatsepin &Kuzmin’66]

4 “guaranteed flux” of secondary γ-ray
and neutrino emission
[Berezinsky&Zatsepin’70;Berezinsky&Smirnov’75]

UHE cosmic ray

e±
⌫

�

interaction with
cosmic radiation

p
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Cosmogenic (“GZK”) Neutrinos

• Observation of UHE CRs and extragalactic radiation backgrounds “guarantee” a
flux of high-energy neutrinos, in particular via resonant production in CMB.

[Berezinsky & Zatsepin’69]

• “Guaranteed”, but with many model uncertainties and constraints:

• (low cross-over) proton models + CMB (+ EBL)
[Berezinsky & Zatsepin’69; Yoshida & Teshima’93; Protheroe & Johnson’96; Engel, Seckel &

Stanev’01; Fodor, Katz, Ringwald &Tu’03; Barger, Huber & Marfatia’06; Yuksel & Kistler’07; Takami,

Murase, Nagataki & Sato’09, MA, Anchordoqui & Sarkar’09 ]

• + mixed compositions
[Hooper, Taylor & Sarkar’05; Ave, Busca, Olinto, Watson & Yamamoto’05; Allard, Ave, Busca, Malkan,

Olinto, Parizot, Stecker & Yamamoto’06; Anchordoqui, Goldberg, Hooper, Sarkar & Taylor’07; Kotera,

Allard & Olinto’10; Decerprit & Allard’11; MA & Halzen’12]

• + extragalactic γ-ray background limits
[Berezinsky & Smirnov’75; Mannheim, Protheroe & Rachen’01; Keshet, Waxman, & Loeb’03;

Berezinsky, Gazizov, Kachelriess & Ostapchenko’10; MA, Anchordoqui, Gonzalez–Garcia, Halzen &

Sarkar’10; MA & Salvado’11; Gelmini, Kalashev & Semikoz’12]
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Composition Dependence of UHE CRs 4
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FIG. 1: Left panel: Two models of extra-galactic CRs assuming a homogenous distribution of protons (red line) and iron
(blue line) between zmin = 0.001 (4 Mpc) and zmax = 2. For the proton sources we use an injection spectrum with γ = 2.3,
Emin = 1018 eV, Emax = 1020.5 eV and assume strong source evolution with n = 5. The extra-galactic iron sources assume an
injection spectrum with γ = 2.3, Emin = 1018 eV, Emax = 26×1020.5 eV no evolution n = 0. Right panel: The corresponding
spectra of cosmogenic γ-rays (dashed lines) and neutrinos (dotted line) for the two models. The diffuse γ-ray spectrum of the
proton model is marginally consistent with the diffuse extra-galactic spectrum inferred by Fermi-LAT [51] and the diffuse upper
limit on cosmogenic neutrinos from the 40-string configuration (IC40) of IceCube [55]. The cosmogenic γ-ray and neutrino
spectra of the iron model are two orders of magnitude below the proton model predictions.

source fluxes associated with these CR sources. We will assume that the emission rate of CR sources is fixed and that
their number density evolves with redshift.

In the following we are going to consider two models of extra-galactic CR sources, that have been considered
previously in fitting the UHE CR data [12, 31]. The first model consists of CR proton sources with a strong evolution
(n = 5) with a relatively low crossover below the ankle. For the injection spectrum we use the power index γ = 2.3
and assume exponential cutoffs at Emin = 1018 eV and Emax = 1020.5 eV (see Eq. (4)). The spectrum of protons after
propagation through the CRB is shown as a red line in the left panel of Fig. 1. The second model assumes a pure
injection of iron with the same spectral index γ = 2.3 but no evolution of the sources (n = 0). We assume the same
exponential cutoff at low energies as in the case of the proton model, Emin = 1018 eV, and a high energy cutoff at
Emax = 26 × 1020.5 eV, motivated by the rigidity dependence of the maximal energy of CR accelerators, Emax ∝ Z.
The total spectrum of primary iron and secondary nuclei produced via photo-disintegration is shown as the blue line
in the left panel of Fig. 1.

Both models reproduce the UHE CR data above the ankle reasonably well. The deficit below the ankle is assumed
to be supplemented by a galactic contribution. Note that the crossover with the galactic component is higher for
the all-iron model than for the all-proton model. The fit of the model spectra to the CR data sets the absolute
normalization of the CR emission rate. This can be expressed as the required bolometric power density per CR
source, which depends on the local density of source, H0. For both models we find a value of

L ≡
∫

dE E Q(E) $ 1042

( H0

10−5 Mpc−3

)−1

erg s−1 . (6)

III. ELECTROMAGNETIC CASCADES FROM HEAVY NUCLEI

The production and interaction of cosmogenic electrons, positrons and γ-rays are governed by a set of Boltzmann
equations analogous to Eqs. (3). Electromagnetic interactions of photons and leptons with the CRB can happen on
time-scales much shorter than their production rates [32]. The driving processes of the electromagnetic cascade in
the cosmic background photons are inverse Compton scattering (ICS) with CMB photons, e± + γbgr → e± + γ, and
pair production (PP) with CMB and CIB radiation, γ + γbgr → e+ + e− [22, 33]. In particular, the spectral energy
distribution of multi-TeV γ-rays depends on the CIB background at low redshift. For our calculation we use the
estimate of Franceschini et al. [25]. We have little direct knowledge of the cosmic radio background. A theoretical
estimate has been made [34] of the intensity down to kHz frequencies, based on the observed luminosity function and

8 large uncertainties on UHE CR mass composition

• UHE CR examples in plot: only proton or only iron on emission

• diffuse spectra of cosmogenic γ-rays (dashed lines) and neutrinos (dotted lines)
vastly different [MA&Salvado’11]

Ü neutrino limits start to constrain most optimistic scenarios of proton-dominated
UHE CR sources. [IceCube’13;ANITA’12]
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Guaranteed Cosmogenic Neutrinos

Ü neutrino emission depend on
nucleon spectrum:

JN(EN) =
∑

i

A2
i Ji(AiEN)

Ü minimial contribution can be
estimated from observed mass
composition

• dependence on cosmic
evolution of sources:

• no evolution (dotted)

• star-formation rate (solid)

Ü ultimate test of UHE CR
proton models with ARA-37
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Guaranteed Cosmogenic Neutrinos

Ü neutrino emission depend on
nucleon spectrum:

JN(EN) =
∑

i

A2
i Ji(AiEN)

Ü minimial contribution can be
estimated from observed mass
composition

• dependence on cosmic
evolution of sources:

• no evolution (dotted)

• star-formation rate (solid)

Ü ultimate test of UHE CR
proton models with ARA-37
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TeV Associations
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Classical νµ + ν̄µ Sensitivity
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• Classical νµ + ν̄µ search in the Northern Hemisphere compared to HESE (all 3yr).

• simulated map: �/◦ : Galactic ν | �/◦ : isotropic ν | �/◦ : atmospheric ν | �/◦ : atmospheric µ
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Classical νµ + ν̄µ Sensitivity
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• Classical νµ + ν̄µ search in the Northern Hemisphere compared to HESE (all 3yr).

• simulated map: �/◦ : Galactic ν | �/◦ : isotropic ν | �/◦ : atmospheric ν | �/◦ : atmospheric µ
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Classical νµ + ν̄µ Sensitivity
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• Classical νµ + ν̄µ search in the Northern Hemisphere compared to HESE (all 3yr).

• simulated map: �/◦ : Galactic ν | �/◦ : isotropic ν | �/◦ : atmospheric ν | �/◦ : atmospheric µ

Appendix



Classical νµ + ν̄µ Sensitivity
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• Classical νµ + ν̄µ search in the Northern Hemisphere compared to HESE (all 3yr).

• simulated map: �/◦ : Galactic ν | �/◦ : isotropic ν | �/◦ : atmospheric ν | �/◦ : atmospheric µ
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