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Multi-Messenger Astronomy

• Neutrino astronomy:

4 natural extension

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

4 smoking-gun of CR
sources

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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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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be able to accelerate protons above energies in the range of 1015 eV. Effects of propagation
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Galactic Cosmic Rays
• Galactic supernova (SN) remnants with
Eej ' 1051 erg and 3 SNe per century

• Galactic CRs via diffusive shock
acceleration (efficiency ∼ 10%)?

[Baade & Zwicky’34]

dN
dE
∝ E−(2.2−2.4) (at source)

Ep,max ' 4.5 PeV ε
1/2
B,−2M−2/3

ej,� Eej,51n1/6
0

• energy-dependent diffusive escape
from Galaxy

dN
dE
∝ E−2.7 (observed)

• indirect (diffuse) & direct (“pion bump”)
evidence via γ-ray radiation

[Drury, Aharonian & Völk’94; Fermi’13]
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Figure 2: (A and B) Gamma-ray spectra of IC 443 (A) and W44 (B) as measured with the
Fermi-LAT. Color-shaded areas bound by dashed lines denote the best-fit broadband smooth
broken power law (60 MeV to 2 GeV), gray-shaded bands show systematic errors below 2
GeV due mainly to imperfect modeling of the galactic diffuse emission. At the high-energy
end, TeV spectral data points for IC 443 from MAGIC (29) and VERITAS (30) are shown.
Solid lines denote the best-fit pion-decay gamma-ray spectra, dashed lines denote the best-fit
bremsstrahlung spectra, and dash-dotted lines denote the best-fit bremsstrahlung spectra when
including an ad hoc low-energy break at 300 MeV c−1 in the electron spectrum. These fits were
done to the Fermi LAT data alone (not taking the TeV data points into account). Magenta stars
denote measurements from the AGILE satellite for these two SNRs, taken from (31) and (19),
respectively.

[Fermi’13]
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TeV γ-ray Observations

Galactic
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• leptonic: bremsstrahlung, synchrotron, inverse-Compton [TeVCat’14]

• hadronic: pion production in CR interaction with gas and radiation, π0 → γ + γ
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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
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• 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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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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Anisotropies of UHE CRs

Galactic

Auger 2010 E > 55 EeV (magenta) / TA 2014 E > 57 EeV (orange)
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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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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 ! = 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 ! = 2.3, Emin = 1018 eV, Emax = 26!1020.5 eV no evolution n = 0. Right panel: The corresponding
spectra of cosmogenic !-rays (dashed lines) and neutrinos (dotted line) for the two models. The di!use !-ray spectrum of the
proton model is marginally consistent with the di!use extra-galactic spectrum inferred by Fermi-LAT [51] and the di!use upper
limit on cosmogenic neutrinos from the 40-string configuration (IC40) of IceCube [55]. The cosmogenic !-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 ! = 2.3
and assume exponential cuto!s 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 ! = 2.3 but no evolution of the sources (n = 0). We assume the same
exponential cuto! at low energies as in the case of the proton model, Emin = 1018 eV, and a high energy cuto! 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 !-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± + !bgr % e± + !, and
pair production (PP) with CMB and CIB radiation, ! + !bgr % e+ + e! [22, 33]. In particular, the spectral energy
distribution of multi-TeV !-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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Astrophysical Neutrinos

• “smoking gun” of CR sources

4 weak interaction during propagation . . .

8 . . . and detection!

• good angular resolution possible for
muon neutrinos:
neutrino clusters and/or associations?

• recent IceCube observations of a
diffuse flux of cosmic neutrinos

[IceCube PRL 113 (2014)]

• best-fit E−2-spectrum at (0.1− 1)PeV:

E2
νJIC
να ' (0.95±0.3)×10−8GeVs−1cm2sr−1

cosmic neutrinos

⌫

p

interaction with
gas & radiation

p
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Arrival Directions
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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

• oscillation-averaged probability:

Pνα→νβ '
∑

i

|Uαi|2|Uβi|2

• oscillation-averaged probability
with exotic neutrino decay:
[Beacom et al.’03;Barenboim & Quigg’03]

Pνα→νβ '
∑

i,j

|Uαi|2Bri→j|Uβj|2

Ü final state bounded by
mass triangle

neutron
decay
(1:0:0)

oscillation-averaged

pion & muon
decay
(1:2:0)

muon-suppressed
pion decay

(0:1:0)

25%

50%

75%

75%

50%

25%

75
%

50
%

25
%

ντ

νµ

νe

• “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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• oscillation-averaged probability:

Pνα→νβ '
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i

|Uαi|2|Uβi|2

• oscillation-averaged probability
with exotic neutrino decay:
[Beacom et al.’03;Barenboim & Quigg’03]
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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

• oscillation-averaged probability:
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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.

• 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?

• chemical composition?

• pp or pγ origin?

CR

ν

γ
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Proposed Source Candidates

• Galactic: (full or partial contribution)

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

[MA & Murase’13; Neronov, Semikoz & Tchernin’13;Neronov & Semikoz’14; Guo, Hu & Tian’14]
• extended Galactic emission [Su, Slatjer & Finkbeiner’11; Crocker & Aharonian’11]

[Lunardini & Razzaque’12;MA & Murase’13; Razzaque’13; Lunardini et al.’13]

[Taylor, Gabici & Aharonian’14]
• heavy dark matter decay [Feldstein et al.’13; Esmaili & Serpico ’13; Bai, Lu & Salvado’13]

• Extragalactic:

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

[Katz, Waxman, Thompson & Loeb’13; Fang, Fujii, Linden & Olinto’14]
• active galactic nuclei (AGN) [Stecker’91,’13;Kalashev, Kusenko & Essey’13]

[Murase, Inoue & Dermer’14; Kimura, Murase & Toma’14;Kalashev, Semikoz & Tkachev’14]
• gamma-ray bursts (GRB) [Murase & Ioka’13]
• starburst galaxies [Loeb & Waxman’06; He et al.’13;Yoast-Hull, Gallagher, Zweibel & Everett’13]

[ Murase, MA & Lacki’13; Anchordoqui et al.’14; Chang & Wang’14]
• hypernovae in star-forming galaxies [Liu et al.’13]
• galaxy clusters/groups [Murase, MA & Lacki’13;Zandanel et al.’14]
• . . .
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Diffuse vs. Point-Source
• (quasi-)diffuse flux fixes luminosity L:

Fdiff =
1

4π

∫
dz

dVC

dz
H(z)

L
4πd2

L(z)

• point-source flux:

FPS =
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 IceCube flux:

FPS(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)

Ü stronger limits via source “stacking”

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]

Markus Ahlers (UW-Madison) Multimessenger Probes of the CR Origin March 6, 2015 slide 23



Example: GRB Neutrino Emission
• Neutrino production at various stages of gamma-ray burst (GRB), from precursor

to afterglow [Waxman&Bahcall’97,’00;Razzaque,Meszaros&Waxman’03]

• Neutrino emission of GRBs is one of the best-tested models: [IceCube, Nature’12]

4 cosmological sources (“one per day and 4π”)
4 wealth of data from Swift and Fermi
4 good information on timing and location (Ü background reduction)

presence of a jet (34–37). Whether or not a
jet is present, such energies are in principle
achievable for bursts arising from stellar pro-
genitors, but a poorly understood issue is how
this energy is converted into an ultrarelativ-
istic, and possibly collimated, bulk outflow.

An observation that attracted much at-
tention was the discovery (38) of a prompt
and extremely bright (visual magnitude mv

! 9) optical flash in GRB990123, 15 s after
the GRB started (and while it was still
going on). This is generally interpreted (23,
39) as the radiation from the reverse com-
ponent of the external shock. However,
such bright prompt flashes may be rare
because they have not yet been detected
from other bursts. Two other noteworthy
developments are the possibility of a rela-
tion between the differential time lags for
the arrival of burst pulses at different ener-
gies and the luminosity (40), and between
the degree of variability or spikiness of the
"-ray light curve variability and the lumi-
nosity (41, 42). These hypotheses are based
on data for bursts where an optical redshift
allows a determination of the luminosity,
under the assumption of isotropy. These

correlations are still tentative, but if con-
firmed they could be used to derive inde-
pendent estimates of the redshift of a GRB.

Progenitors and Environment
The progenitors of GRBs are not yet well iden-
tified. The current view of most researchers is
that GRBs arise in a very small fraction
(!10#6) of stars that undergo a catastrophic
energy release event toward the end of their
evolution. One class of candidates involves
massive stars whose core collapses (43–45),
probably in the course of merging with a com-
panion; these are often referred to as hyperno-
vae or collapsars (46). Another class of candi-
dates consists of neutron star (NS) binaries or
neutron star–black hole (BH) binaries (12, 13,
47, 48), which lose orbital angular momentum
by gravitational wave radiation and undergo a
merger. Both of these progenitor types are ex-
pected to lead to the formation of a black hole
whose mass is several times that of the sun
(MJ), surrounded by a temporary debris torus
whose accretion can provide a sudden release
of gravitational energy, with similar total ener-
gies (49), sufficient to power a burst. An e$, "
fireball arises from the enormous compression-

al heating and dissipation associated with the
accretion, possibly involving a small fraction of
baryons and magnetic fields in excess of 1015

G, which can provide the driving stresses lead-
ing to the relativistic expansion. This fireball
may be substantially collimated if the progeni-
tor is a massive star, where an extended, fast-
rotating envelope can provide a natural escape
route or funnel for the fireball along the rotation
axis (Fig. 3). Other possible alternatives include
the formation from a stellar collapse of a fast-
rotating neutron star with an ultrahigh magnetic
field (50–52) or the tidal disruption of compact
stars by 105 to 106 MJ black holes (53).

Observations related to the possible progen-
itors are restricted, so far, to the class of long
bursts (of "-ray durations tb ! 10 to 103 s),
because BeppoSAX is mainly sensitive to
bursts longer than about 5 to 10 s. For these
long bursts, the fading x-ray and optical after-
glow emission is predominantly localized with-
in the optical image of the host galaxy. In most
cases it is offset from the center, but in a few
cases (out of a total of about 20) it is near the
center of the galaxy (11). This is in disagree-
ment with current simple calculations of NS-
NS mergers, which suggest that high spatial

Fig. 3. Schematic GRB from a mas-
sive stellar progenitor, resulting in
a relativistic jet that undergoes in-
ternal shocks, producing a burst of
"-rays and (as it decelerates
through interaction with the ex-
ternal medium) an external shock
afterglow, which leads successive-
ly to "-rays, x-rays, optical, and
radio. Iron lines may arise from
x-ray illumination of a pre-ejected
shell (e.g., supernova remnant)
(60) or from continued x-ray irra-
diation of the outer stellar enve-
lope (67).

Fig. 4 (left). Comparison (26) of
the observed light curves of the
afterglow of GRB970228 at vari-
ous wavelengths with the simple
blast wave model predictions
(23). Fig. 5 (right). Snapshot
spectrum of GRB970508 at t %
12 days after the burst, compared
to a standard afterglow synchro-
tron shock model fit (29).

www.sciencemag.org SCIENCE VOL 291 5 JANUARY 2001 81
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[Meszaros’01]
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Example: GRB Neutrino Emission

• stacking limits exclude GRBs as
the sources of the cosmic neutrino
flux [IceCube Nature 484 (2012)]

• most recent GRB stacking:

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

• νµ emission following the GRB
“fireball” model

• revised fireball calculation
“fireballet” used by
IceCube [MA’13]

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 2013]
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Leptonic and Hadronic Gamma-Rays

• leptonic γ-rays:
inverse-Compton, bremsstrahlung &
synchrotron emission

• hadronic γ-rays:
pion production in CR interactions

Ü linked to neutrino production

π0 → γ + γ

π+ → µ+ + νµ → e+ + νe + ν̄µ + νµ

4 cross-correlation of γ-ray and
neutrino sources

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

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]
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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
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]
pp scenario

SFR evolution

HESE (3yr)

arXiv:1410.1749

Fermi IGRB (2014)

[MA; updated for 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;MA & Guetta, in preparation]

• 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; Bai, Bargner, Lu & MA, in preparation]

• Are there extended Galactic sources dominating the neutrino emission,
e.g. Fermi Bubbles, Galactic Halo or PeV dark matter decay? (Ü PeV γ-rays)

• 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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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
νJν(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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Summary

• Many aspects of cosmic rays (CRs), in particular at ultra-high energies (UHE) are
still unknown.

• Multi-messenger studies with hadronic gamma-rays and neutrinos can help to
decipher CR composition and origin.

• Neutrinos are unique (pointing) probes in the 10TeV-10EeV energy range.

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

• Many open questions and opportunities concerning the recent neutrino
observation, e.g.

• Do we see individual sources or just a diffuse background?

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

• Is the corresponding CR population responsible for UHE CRs (WB saturation)?

• Local PeV γ-ray astronomy?
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Decomposition of IGRB 4

FIG. 1: Left (right) panels: �-ray emission from unresolved (total=unresolved+resolved) sources, along with data for the
IGRB (EGB) [5]. Lines and relevant uncertainty bands represent the contribution from the following source populations:
orange dashed for MAGN, green dotted for BL Lacs, grey double dot-dashed for FSRQs, purple dot-dashed for SF galaxies,
and blue solid for the sum of all the contributions. Upper (lower) panels refer to MW (PL) model for SF galaxies. Experimental
results have been obtained for the Galactic foreground Model A.

For the sake of completeness, in Fig. 2 we compare the
emission predicted for the resolved extragalactic sources
along with the relevant Fermi-LAT measurements. Since
the sample of detected SF galaxies and MAGN is negli-
gible with respect to FSRQ and BL Lac objects, we plot
only the �-ray flux coming from blazars. The models are
derived following the above prescription for the required
e�ciency. The comparison between the Fermi-LAT data
on all the resolved sources (orange band in [5]) and the
predictions (blue solid line and band) confirms that also
the resolved part of the high latitude di↵use emission is
well explained by the phenomenological models assumed
in the present work. In Fig. 2 it is also clearly visible that
the resolved sources contribute by a fraction of 20-30% of
the total high latitude emission for almost all the energy
range explored by the LAT.

B. Astrophysical interpretation of the IGRB data

In this Section, we determine to which extent the dif-
fuse emission coming from the various populations dis-
cussed in Sect. II can explain the IGRB data. As a con-
sistency check, we will repeat the same procedure to the

EGB spectrum. In all the following analysis we will as-
sume the predictions for the di↵use �-ray emission illus-
trated in Fig.1, namely: BL Lacs derived in [18], FSRQs
in [46], MAGN in [19] and SF galaxies (both MW and
PL models) as in [21]. The idea is to perform a fit to the
IGRB data with these contributions considered within
their predicted theoretical uncertainties. Our aim is to
probe that the extragalactic di↵use emission from known
source populations explains the observed IGRB spectrum
or, at variance, that an additional, more exotic compo-
nent is needed to better explain the data.
We have proceeded with a �2 fitting method with M free
parameters ~↵ = {↵1, ...,↵M} identified on the basis of the
physical properties of the fluxes of the various contribut-
ing populations. On a general basis, we have defined:

�2(~↵) =

NX

j=1

⇣
dN
dE (~↵, Ej) � dNexp

dE (Ej)
⌘2

�2
j

+

MX

i=1

(↵i � ↵̄i)
2

�2i
,

(2)
where dNexp/dE(Ej) and �j are the experimental
flux and 1-� error running on N energy bins, and
dN/dE(~↵, Ej) is the total theoretical �-ray emission eval-
uated within the ~↵ set of free parameters and in each en-
ergy bin Ej . The parameters ↵̄i and �i correspond to the

[Di Mauro & Donato’15]
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Required Neutrino Sample

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 “slices”

nslice ' (ns)
1
3

• total number of events

N̄ ' m× nslice = m× (ns)
1
3

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

N̄ ' 200− 500
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Required Neutrino Sample

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

rth

• total number of known
closeby (r < rth) sources, e.g.

ncat ' 100

• total number of events

N̄ ' m∗ × nslice = m×
(

ns

ncat

) 1
3

4 required number of events to
see an association (m = 1)

N̄ ' 20− 50
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DM decay
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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.
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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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Contrast of DM decay

• Galactic neutrino flux from DM decay:

Fgal =
Qν

mXτX

1
2

1∫
−1

dcα

∞∫
0

ds ρgal(r(s, cα)) ' Qν
mXτX

〈ρgal〉dhalo

• Extragalactic diffuse signal:

Fdiff =
ΩDMρcr

4πmXτX

∞∫
0

dz
H(z)

Qν((1 + z)Eν) ' 1
4π

Qν
mXτX

ξzΩDMρcr

H0

Ü flux ratio:
Fgal

4πFdiff
' 〈ρgal〉

ΩDMρcr

dhalo

ξz/H0
' 1

(
dhalo

20kpc

)(
ξz

0.5

)−1

Ü Similar contributions from Galactic and extragalactic DM decay.
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Active Galactic Nuclei
• neutrino interactions from pγ interactions in AGN cores [Steckeret al.‘91]

• AGN diffuse emission normalized to X-ray background
• revised model predicts 5% of original estimate [Stecker’05;’13]
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ERRATA

High-Energy Neutrinos from Active Galactic Nuclei
[Phys. Rev. Lett. 66, 2697 (1991)I

F. W. Stecker, C. Done, M. H. Salamon, and P. Sommers

Because of a misprint in the original luminosity function reference which we used [I],our curve given in Fig. 2 for the
neutrino background flux from all active galactic nuclei (AGN) is in error. We have recalculated our predicted neutri-
no background flux from AGN using the more recent AGN x-ray luminosity function and redshift dependence relations
found by the ROSAT satellite [2]. Our revised result is shown in the figure. It has a slightly different shape; however,
the main difference is that the flux values are -45 times lower than those given previously. Most of that change is due
to the misprint error; however, a small part comes from using the new relations given in Ref. [2]. Our flux estimates for
individual sources remain unchanged, as does our qualitative conclusion that AGN produce the dominant neutrino back-
ground flux at high energies. This flux should be observable with the DUMAND II detector. For further discussion, see
Ref. [3]. We thank R. Protheroe for pointing out the problem of the misprint in Ref. [I].
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FIG. 2. The integrated high-energy v„(v„) neutrino back-
ground from AGN. Also shown is the horizontal v„(v„) flux
from high-energy cosmic rays interacting with the Earth's at-
mosphere (Ref. 26).

ill K. Morisawa and F. Takahara, Pub. Astron. Soc. Jpu. 41, 873 (1989).
l2l R. Della Ceca and T. Maccacaro, in Proceedings of the Workshop on Space Distribution of Quasars, Victoria, Canada, June

1991 (to be published).
I31 Proceedings of the High Energy Neutrino Astrophysics Workshop, University of Hawaii, March 1992, edited by V. J. Stenger
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Active Galactic Nuclei

• 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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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
!!!(E! = 1GeV) ! c

4!
"tH [4#(dL!/dV )]!=1.4GHz

= 10!7"0.5 GeV cm!2 s!1 sr!1. (2)

Here, tH is the age of the Universe, and the factor
" = 100.5"0.5 incorporates a correction due to redshift
evolution of the star formation rate relative to its present-
day value. The value of "0.5 " 1 applies to activity that
traces the cosmic star formation history [6]. Note that
flavor oscillations would convert the pion decay flavor ra-
tio, #e : #µ : #" = 1 : 2 : 0 to 1 : 1 : 1 [11], so that
!!e = !!µ = !!! = !!/2.
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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 E! < 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
!!!µ # E2!p

! . 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 E! is domi-
nated by protons of energy E ! 20E! [18], so that the
cosmic-ray ”knee” corresponds to E! " 0.1 PeV. In anal-
ogy with the Galactic injection parameters of cosmic-
rays, we expect the neutrino background to scale as

E2
!!SB

! ! 10!7(E!/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
E! > 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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Cosmogenic neutrinos
6 G. Decerprit, D. Allard: Constraints on the origin of UHE Cosmic Rays using cosmogenic neutrinos and photons

Fig. 4. Cosmic ray (markers), neutrino (dashed lines) and pho-
ton (solid lines) spectra (E2 ⇥ dN/dE) for the dip model com-
pared to Auger spectrum (Abraham et al., 2010; open circles)
and the Fermi di↵use gamma-ray spectrum (Abdo et al., 2010;
black squares). The contribution of the pion mechanism to the
photon spectrum is shown (dashed lines). The chosen spectral
indices are � = 2.6 for the uniform case (no evolution), 2.5 for
SFR and 2.3 for FR-II. The results were computed assuming
the IR/Opt/UV background estimate from Stecker et al., 2006
(Top) and Kneiske et al., 2004 (Bottom). In the top panel the
Auger 90% C.L integrated upper limit (2 years) for tau neutri-
nos assuming a pure E�2 neutrino spectrum is also shown for
comparison (Abraham et al., 2011; the line represents the cen-
tral value and was multiplied by 3 assuming a complete mixing
of the neutrino flavors). The equivalent IceCube limit (IC-40,
red thick-dashed line) is also shown (Abbasi et al., 2011).

range from the estimate of Kneiske et al. (2004) leads to neu-
trino fluxes a factor of ⇠ 2 lower at 1016 eV and dropping much
faster below this energy. For both of the background models the
expected low-energy photon fluxes significantly overshoot the
di↵use photon flux measured by Fermi in the scenario of a FR-
II evolution of sources. Constraints seem to be more stringent
using the photon background by Kneiske et al. (2004), favored
by the Fermi observations (Abdo et al., 2010) and in this case
the photon flux in the SFR evolution case appears to be very
close to the Fermi bounds. Here, we confirm previous results by
Berezinsky et al. (2010) and Ahlers et al. (2010), claiming that
in the framework of the dip model, the Fermi measurements of
the di↵use gamma-ray flux actually involve strong limitations
on the expected cosmogenic neutrino fluxes. By themselves, in-
deed, ruling out basically all models that yields neutrino fluxes
higher than the SFR model, they imply neutrino fluxes almost
an order of magnitude lower than the upper limit of the Pierre
Auger Observatory (see Abraham et al., 2009; Ti↵enberg et
al., 2009; Abreu et al., 2001 and Fig. 4) and even lower than
the current limits from the IceCube collaboration (Abbasi et
al., 2011). Constraints obtained from the Fermi measurements
can be somewhat dulled by invoking a low-energy cut mecha-
nism1 that would leave the UHE neutrino flux unchanged while
decreasing the pair production contribution (see below) to the
di↵use gamma-ray flux. However, this would be at the expense
of the cosmogenic neutrino flux between 1-100 PeV (see Allard
et al., 2006).

4.2. Mixed composition transition models

We now consider the mixed composition model from Allard et
al. (2005). There, the composition at the extragalactic sources
is assumed to be similar to that of low-energy galactic cosmic
rays. In this case, a pair production dip is no longer possible
because of the significant contribution of nuclei to the source
composition, and one can fit the cosmic ray spectrum down
to the ankle (which is in this case the signature of the end of
the transition from galactic to extragalactic cosmic rays) with
harder spectral indices than for the dip model. Results are dis-
played in the top panel of Fig. 5. One can see that in this case,
as previously shown in Allard et al. (2006) and Kotera et al.
(2010), the high-energy neutrino and UHE photon fluxes are
very similar to the one obtained for the dip model. At PeV en-
ergies, the neutrino fluxes are, however, much lower because of
the harder spectral index required to fit the experimental data
which leads to lower injected luminosities at low-energy.

The constraints implied by the Fermi di↵use flux appear
to be much less stringent for the mixed composition model
than for the dip model. Only the FR-II source evolution model
seems to be constrained by slightly overshooting the Fermi
flux, while the low-energy photons produced in the SFR case
are safely below the bounds. For the mixed composition model,
the bounds given by Fermi are only constraining the most opti-

1 A change of the spectral index below ⇠ 1018 eV to a harder value
owing to a change of the acceleration regime at the source that allows
one to limit the luminosity injected at low-energy, see Berezinsky et
al. (2006)
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tral value and was multiplied by 3 assuming a complete mixing
of the neutrino flavors). The equivalent IceCube limit (IC-40,
red thick-dashed line) is also shown (Abbasi et al., 2011).

range from the estimate of Kneiske et al. (2004) leads to neu-
trino fluxes a factor of ⇠ 2 lower at 1016 eV and dropping much
faster below this energy. For both of the background models the
expected low-energy photon fluxes significantly overshoot the
di↵use photon flux measured by Fermi in the scenario of a FR-
II evolution of sources. Constraints seem to be more stringent
using the photon background by Kneiske et al. (2004), favored
by the Fermi observations (Abdo et al., 2010) and in this case
the photon flux in the SFR evolution case appears to be very
close to the Fermi bounds. Here, we confirm previous results by
Berezinsky et al. (2010) and Ahlers et al. (2010), claiming that
in the framework of the dip model, the Fermi measurements of
the di↵use gamma-ray flux actually involve strong limitations
on the expected cosmogenic neutrino fluxes. By themselves, in-
deed, ruling out basically all models that yields neutrino fluxes
higher than the SFR model, they imply neutrino fluxes almost
an order of magnitude lower than the upper limit of the Pierre
Auger Observatory (see Abraham et al., 2009; Ti↵enberg et
al., 2009; Abreu et al., 2001 and Fig. 4) and even lower than
the current limits from the IceCube collaboration (Abbasi et
al., 2011). Constraints obtained from the Fermi measurements
can be somewhat dulled by invoking a low-energy cut mecha-
nism1 that would leave the UHE neutrino flux unchanged while
decreasing the pair production contribution (see below) to the
di↵use gamma-ray flux. However, this would be at the expense
of the cosmogenic neutrino flux between 1-100 PeV (see Allard
et al., 2006).

4.2. Mixed composition transition models

We now consider the mixed composition model from Allard et
al. (2005). There, the composition at the extragalactic sources
is assumed to be similar to that of low-energy galactic cosmic
rays. In this case, a pair production dip is no longer possible
because of the significant contribution of nuclei to the source
composition, and one can fit the cosmic ray spectrum down
to the ankle (which is in this case the signature of the end of
the transition from galactic to extragalactic cosmic rays) with
harder spectral indices than for the dip model. Results are dis-
played in the top panel of Fig. 5. One can see that in this case,
as previously shown in Allard et al. (2006) and Kotera et al.
(2010), the high-energy neutrino and UHE photon fluxes are
very similar to the one obtained for the dip model. At PeV en-
ergies, the neutrino fluxes are, however, much lower because of
the harder spectral index required to fit the experimental data
which leads to lower injected luminosities at low-energy.

The constraints implied by the Fermi di↵use flux appear
to be much less stringent for the mixed composition model
than for the dip model. Only the FR-II source evolution model
seems to be constrained by slightly overshooting the Fermi
flux, while the low-energy photons produced in the SFR case
are safely below the bounds. For the mixed composition model,
the bounds given by Fermi are only constraining the most opti-

1 A change of the spectral index below ⇠ 1018 eV to a harder value
owing to a change of the acceleration regime at the source that allows
one to limit the luminosity injected at low-energy, see Berezinsky et
al. (2006)

IC excess (x3) IC excess (x3)

[Decerpit & Allard ’11]

Ü neutrino flux depend on source evolution model (strongest for “FR-II”) and EBL
model (highest for “Stecker” model)

8 “Stecker” model disfavored by Fermi observations of GRBs

8 strong evolution disfavored by Fermi diffuse background
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FIG. 27: Compilation of sensitivity estimates from existing instru-
ments, published limits, and a range of GZK neutrino models, along
with the expected 3 year ARA sensitivity.

thus |!E"/E"|y = !y/!y" # 1. Assuming these errors are un-
correlated, and using !R/R $ 0.02 with a mean R $ 1 km,
and cos#C $# = 0.06, the root-sum-squared error is domi-
nated by the Bjorken-y uncertainty, giving |!E"/E"|total $ 1
for E" = 3% 1018 eV. This resolution will also be compara-
ble for lower neutrino energies in the GZK neutrino spectral
range. The y-dominated uncertainty is generic for UHE neu-
trino experiments, but this energy resolution is wholly ade-
quate for the first-order science goals of the ARA instrument.

D. Comparison to Existing Instruments

Fig. 27 provides a comprehensive graphic summary of the
comparison of our estimated ARA sensitivity to estimates for
several operating experiments, along with 2006 limits from
the ARA forerunner experiment RICE [2]. We have already
noted the comparison of ARA to the published ANITA limits;
here we use projections for ANITA’s reach after three flights,
along with similar projections for IceCube and the Auger Ob-
servatory. GZK neutrino models are also included from a wide
range of estimates [27, 28, 30, 31, 34, 37, 43], including the
pure-Iron UHECR composition model noted above.

ARA improves over any other current instrument by an or-
der of magnitude within 3 years of operation, filling in an im-
portant gap in sensitivity in the heart of the cosmogenic neu-
trino spectral energy region. IceCube has excellent sensitivity
to lower energies, up to the 10 PeV level, and ANITA has un-
matched sensitivity at the higher energies, above 10 Eev. The

Auger Observatory, while probing a similar energy range as
ARA, does not have as high a neutrino sensitivity as it is pri-
marily a UHECR instrument. ARA will complement these
other instruments by making high sensitivity observations in
the 0.1-10 EeV energy range, matching the peak of the ex-
pected cosmogenic neutrino fluxes.

V. CONCLUSIONS

We have described the design and initial performance of
a new ultra-high energy neutrino detector at the South Pole,
the 16-antenna, self-triggering ARA-testbed, which is a high-
fidelity prototype for future ARA detector stations. Our initial
operation extending well into the the extreme thermal environ-
ment of the austral winter indicates that radio-frequency inter-
ference is infrequent and has only a slight impact on operation
for our testbed detector, which is closest of any future ARA
stations to the primary sources of interference at the South
Pole station. Other than brief periods of sporadic interference,
the baseline radio noise levels are dominated by the pure ther-
mal noise floor of the ambient ice, and the thermal noise does
not appear to be correlated to wind velocity. We have demon-
strate the ability to maintain impulse trigger sensitivity at a
level close to the thermal noise. We have demonstrated RF
impulse propagation of more than 3 km slant range through
the South Pole ice without significant loss of signal coherence.
We have demonstrated inter-antenna pulse timing precision of
order 100 ps, implying angular resolutions which are more
than adequate for neutrino vertex reconstruction. We have
presented simulations using characteristics projected from our
measurements which give high confidence that our completed
phase-I array, ARA-37, will achieve its goal of a robust detec-
tion of cosmogenic neutrinos, and will lay a clear foundation
for an observatory-class instrument.
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Appendix A: ARA Autonomous Renewable Power Stations
(AARPS)

As ARA moves farther from the station, the transition from
station power to autonomous power sources will become in-
creasingly important. The planned ARA footprint calls for
three ARA stations to be powered from a single node, requir-
ing about 300W from that node.

A variety of power sources were reviewed during 2010 in-
cluding photovoltaic (PV) arrays, wind turbines, diesel gener-
ators, fuel cells, and Stirling engine generators. The first three
remain in consideration with the renewable sources, PV and
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especially in the upper 2 km of its depth, is the clearest solid
dielectric medium on Earth in the radio range, and is the most
compelling natural feature of the ARA site.

Fig. 25(bottom) also shows the arrival zenith angular distri-
bution of neutrino events that were detected, showing that the
neutrino angular acceptance spans a range from ! 5" below
the horizon to ! 45" above the horizon, more than 6 steradi-
ans of solid angle.

TABLE II: Expected numbers of events N! from several UHE neu-
trino models, comparing published values from the 2008 ANITA-II
flight with predicted events for a three-year exposure for ARA-37.

Model & references N!: ANITA-II, ARA,
(2008 flight) 3 years

Baseline cosmogenic models:
Protheroe & Johnson 1996 [27] 0.6 59
Engel, Seckel, Stanev 2001 [28] 0.33 47
Kotera,Allard, & Olinto 2010 [29] 0.5 59

Strong source evolution models:
Engel, Seckel, Stanev 2001 [28] 1.0 148
Kalashev et al. 2002 [30] 5.8 146
Barger, Huber, & Marfatia 2006 [32] 3.5 154
Yuksel & Kistler 2007 [33] 1.7 221

Mixed-Iron-Composition:
Ave et al. 2005 [34] 0.01 6.6
Stanev 2008 [35] 0.0002 1.5
Kotera, Allard, & Olinto 2010 [29] upper 0.08 11.3
Kotera, Allard, & Olinto 2010 [29] lower 0.005 4.1

Models constrained by Fermi cascade bound:
Ahlers et al. 2010 [36] 0.09 20.7

Waxman-Bahcall (WB) fluxes:
WB 1999, evolved sources [37] 1.5 76
WB 1999, standard [37] 0.5 27

In Table II we give expected neutrino event totals from a
wide range of currently allowed cosmogenic neutrino models
for ARA in three years of operation, compared to recent pub-
lished expectations for the best current limits to date, from the
ANITA-II flight [3]. It is evident that ARA-37 will extend in
sensitivity above ANITA-2’s sensitivity by factors of two or-
ders of magnitude or more. For strong-source-evolution and
baseline models, ARA-37 detects between of order 50 to over
200 events in three years of operation, enough to establish the
basic characteristics of the energy spectrum and source arrival
directions.

There are also recent cosmogenic neutrino flux estimates
which compute neutrino fluxes subject to constraints from the
Fermi diffuse gamma-ray background [36], and which include
a heavier nuclear composition (e.g., an admixture of iron) for
the UHECRs [29, 34, 35]. Over a 3-year timescale all of these
models are detectable, but in some cases only marginally, and
up to five years will be necessary to establish the flux. Over
the planned instrument life of a decade or more, ARA-37 will
thus be able to not only establish the flux levels for all of even
the most conservative models, but to begin measurements of
their energy spectral dependence as well.

C. Resolution

Although not directly important for detection of neutrinos,
the resolution of both the distance and angles to the neutrino
interaction vertex, as well as the ability to reconstruct coarse
neutrino incident directions on the sky, are important char-
acteristics of our detector, and we have studied them in de-
tail. This is especially important for our current realization of
ARA-37, since the wider spacing will lead to very few multi-
station coincident events, and thus each station must function
as a stand-alone neutrino detector in both shower energy esti-
mation and neutrino direction angular resolution.

To make these measurements, we have 16 antennas per sta-
tion, and thus 16 waveform amplitudes and phases, as well as
the frequency spectral components of the coherently-summed
waveform which can be estimated to good precision once the
arrival direction is fitted. From the Vpol and Hpol data we
also fit the plane of polarization, and with precise timing we
can measure the radius of curvature of the arriving wavefront.

Our measurement of the distance to the neutrino vertex is
accomplished by the estimates of the wavefront curvature.
This may be thought of as measuring the residuals when fit-
ting the arrival times to a plane wave. For the angular mea-
surements, the antenna array is analyzed as a correlation inter-
ferometer, and precise timing differences between the arrival
times of the Askaryan radio impulse are determined for all of
the N(N #1)/2 pairs of N antennas.

Complementing the precise timing measurements, we can
also operate our cluster array as a radio intensity gradiome-
ter and polarimeter. The gradiometric function comes through
amplitude calibration of the received impulse, and the polari-
metric information comes from ratios of the calibrated ampli-
tudes of the Vpol and Hpol antennas.

All of these estimates are done in offline reconstruction rou-
tines. They are not necessary for the triggering of the array to
record potential neutrino events, but they do make maximal
use of the recorded information in the waveforms and arrival
times of the events.

1. Vertex Resolution

The critical parameter for vertex location is the intra-cluster
timing precision. For this we have used actual measurements
made with ANITA data, to which our collaboration has access.
The ANITA payload, which uses waveform digitizers that are
comparable to our planned digitizers, has demonstrated tim-
ing resolution as good as 30 ps rms for waveforms registered
at the 4"-level detection threshold of ANITA. These timing
precisions come about from extensive in-flight calibration us-
ing ground-based impulse generators, and have proven robust
in the ANITA analysis [5]. For our simulations we have de-
rated these values by a factor of 3.3 to account for our more
limited radio bandwidth, the slower sampling rate we expect
to use, and for possibly unknown systematics in our calibra-
tion.

Fig. 26(left,middle) shows the results of these simulations
for both the range and pointing resolution to the vertex. The

[ARA’11]

Range of GZK neutrino predictions of various evolution models and source
compositions range over two orders of magnitude!
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Approximate∗ Scaling Law

ων ∝
∑

i

A2−γi
i

E2
thQi(Eth)

2− γi︸ ︷︷ ︸
composition

×
∫ zmax

0
dz

(1 + z)n+γi−4

H(z)︸ ︷︷ ︸
evolution

* disclaimer:

• source composition Qi with mass number Ai and index γi

• applies only to models with large rigidity cutoff Emax,i � Ai × EGZK

previous examples (zmax = 2 & γ = 2.3):

• 100% proton: n = 5 & Emax = 1020.5 eV
ωγ ∝ 1× 12

• 100% iron: n = 0 & Emax = 26× 1020.5 eV
ωγ ∝ 0.27× 0.5

4 relative difference: ∼ 82.
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Sources of UHE CRs?

• fundamental energy bound on
cosmic accelerators

Ü accelerators with size R and
magnetic field strength B:
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Figure 27.9: Expanded view of the highest energy portion of the cosmic-ray
spectrum from data of HiRes 1&2 [101], the Telescope Array [103], and the Auger
Observatory [104]. The HiRes stereo spectrum [122] is consistent with the HiRes
1&2 monocular results. The differential cosmic-ray flux is multiplied by E2.6. The
red arrow indicates the change in the plotted data for a systematic shift in the
energy scale of 20%.

primaries.

Concerning the ankle, one possibility is that it is the result of a higher energy
population of particles overtaking a lower energy population, for example an extragalactic
flux beginning to dominate over the galactic flux (e.g. Ref. 100). Another possibility is
that the dip structure in the region of the ankle is due to γp → e+ + e− energy losses
of extragalactic protons on the 2.7 K cosmic microwave radiation (CMB) [108]. This
dip structure has been cited as a robust signature of both the protonic and extragalactic
nature of the highest energy cosmic rays [107]. If this interpretation is correct, then the
galactic cosmic rays do not contribute significantly to the flux above 1018 eV, consistent
with the maximum expected range of acceleration by supernova remnants.

The energy-dependence of the composition from the knee through the ankle is useful
in discriminating between these two viewpoints, since a heavy composition above 1018

eV is inconsistent with the formation of the ankle by pair production losses on the
CMB. The HiRes and Auger experiments, however, present very different interpretations
of data on the depth of shower maximum Xmax, a quantity that correlates strongly
with the interaction cross section of the primary particle. If these results are interpreted
using standard extrapolations of measured proton and nuclear cross sections, then
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Figure 9: Example of a longitudinal air shower development as measured with
fluorescence telescopes. Data points are taken from [145] (E = (30 ± 2) EeV)
and compared to ten simulated [133] air showers for three di↵erent primary
particle types using the hadronic interaction model Epos1.99 [36].

groups (see e.g. [150]) similar to what is done for surface de-
tectors. In the following, however, we will concentrate on the
first two moments of the Xmax-distribution, hXmaxi and �(Xmax).

For the determination of the average shower maximum, ex-
periments bin the recorded events in energy and calculate the
mean of the measured shower maxima. For this averaging not
all events are used, but only those that fulfill certain quality
requirements that vary from experiment to experiment, but all
analyses accept only profiles for which the shower maximum
had been observed within the field of view of the experiment.
Without this condition, one would rely only on the rising or
falling edge of the profile to determine its maximum, which
was found to be to unreliable to obtain the precise location of
the shower maximum. The field of view of fluorescence tele-
scopes is typically limited to 1-30 degrees in elevation. There-
fore some slant depths can only be detected with smaller e�-
ciencies than others, resulting in a distortion of the measured
Xmax-distribution due to undersampling in the tails of the distri-
bution [151, 152]. For instance, a detector located at a height
corresponding to 800 g/cm2 vertical depth cannot detect shower
maxima deeper than 800, 924 and 1600 g/cm2 for showers with
zenith angles of 0, 30 and 60 degrees respectively. On top of
this acceptance bias an additional reconstruction bias may be
present that can further distort the measured hXmaxi-values.

There are two ways to deal with such biases: If one is only
interested in comparing the data to air shower simulations for
di↵erent primary particles, then the biased data can be simply
compared to air shower predictions that include the experimen-
tal distortions. For this purpose the full measurement process
has to be simulated including the attenuation in the atmosphere,
detector response and reconstruction to obtain a prediction of
the observed average shower maximum, hXmaxiobs. Another
possibility is to restrict the data sample to shower geometries
for which the acceptance bias is small (e.g. by discarding verti-
cal showers) and to correct the remaining reconstruction e↵ects
to obtain an unbiased measurement of hXmaxi in the atmosphere.
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Figure 10: Elongation rates obtained by a linear fit in lg E to the Xmax data
of HiRes, Yakutsk, TA and Auger above di↵erent energy thresholds. Only fit
results with �2/Ndf < 2 are shown. The yellow, solid band is the average
obtained for HiRes, Yakutsk and TA , the green hatched band indicates the
average for all four experiments.

Whereas the former approach maximizes the data statistics,
the latter allows the direct comparison of published data to air
shower simulations even for models that were not developed at
the time of publication. Moreover, only measurements that are
independent of the detector-specific distortions due to accep-
tance and reconstruction can be compared directly.

The HiRes and TA collaborations follow the strategy to pub-
lish hXmaxiobs [130, 132] and to compare it to the detector-
folded air shower simulations. In the HiRes analysis the cuts
were optimized to assure an Xmax-bias that is constant with en-
ergy, but di↵erent for di↵erent primaries and hadronic inter-
action models. The preliminary TA analysis uses only mini-
mal cuts resulting in energy dependent detection biases. The
Auger collaboration quotes average shower maxima that are
without detector distortions within the quoted systematic uncer-
tainties [153] due to the use of fiducial volume cuts. Yakutsk
derives Xmax indirectly using a relation between the slope of
the Cherenkov-LDF and height of the shower maximum (cf.
Sec. 3.2). This relation is derived from air shower simula-
tions and is universal with respect to the primary particle and
hadronic interaction models [154]. We will therefore assume
in the following, that the the Yakutsk measurement is bias-free
and that it can be compared to air shower simulations directly.

To allow a comparison of the results of these experiments and
moreover to calculate hln Ai using the Eposmodel (cf. Sec. 3.4)
which was not used in some of the original publications, we
correct the hXmaxiobs-values of HiRes and TA by shifting them
by an amount � which we infer from the di↵erence of the pub-
lished hXmaxiobs-values for proton, QGSJetII to the simulated
values that are obtained without detector distortions:

hXmaxicorr = hXmaxiobs + � (27)
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[Kampert&Unger’12]

• composition measurement on a statistical basis

• first two moments: 〈Xmax〉 & RMS(Xmax)

• average mass inferred, e.g. from 〈Xmax〉:

〈ln A〉 =
〈Xmax〉p − 〈Xmax〉data

〈Xmax〉p − 〈Xmax〉Fe
ln 56
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Auger Auger HiRes HiRes TA Yakutsk
standard cuts without FOV cuts standard cuts no Rp cuts

E > 1018.2 eV 5138 11343 798 1306 279 412
E > 1019.0 eV 452 709 123 143 67 22

Table 1. Number of events above 1018.2 eV and 1019.0 eV (Fig. 6). In this table we have included the
number of reconstructed Auger events that survived all the quality cuts (i.e. number of events prior to
the application of the field-of-view cuts). The energy distribution of these data is not shown in Fig. 6.
The total number of events that the HiRes collaboration has used for the Xmax analysis above 1018.2 eV
is 815. However, after the application of the energy normalization (normalized to the TA energy scale)
across experiments, 798 HiRes events remained with energies above 1018.2 eV (17 events ended up with
energies below this). The HiRes collaboration applies a cut on Rp to reduce the detector bias effect.
This table shows the number of events before applying this Rp cut.

The HiRes collaboration chooses a fluctuation estimator that differs from the one pub-
lished by Auger and Yakutsk. Whereas the latter use simply the standard deviation (denoted
by RMS(Xmax)), HiRes uses the width of an unbinned likelihood fit with a Gaussian to the
distribution truncated at 2 ⇥ RMS, denoted by sX .

Fig. 4 shows the hXmeas
max i and sX as measured by HiRes. The lines are the corresponding

hXmeas
max i and sX expectations for proton and iron compositions. The different line types

correspond to different models (QGSJet-01, QGSJet-II, SIBYLL2.1).
Fig. 5 shows the corresponding hXmeas

max i observation and expectation for the TA experi-
ment. Currently the TA experiment does not have enough statistics to quantify the width of
the Xmax distributions at the highest energies.

UHECR2012: International Symposium on Future Directions in UHECR Physics

At this meeting, the energy spectrum working group has compared the shape of the
energy spectrum from the Auger, Yakutsk, HiRes and TA experiments and has produced a
table with normalization factors [22]. For the plots presented here, we have normalized the
energy scales to an energy scale that is half way between the Auger and TA energy scales.
The normalization factors that we have used are 1.102 for Auger, 0.55 for Yakutsk, 0.883 for
HiRes and 0.908 for TA. Later in Sec. 7 we will evaluate the compatibility of the different
results. We will transform hXmaxi and hXmeas

max i to hlnAi for meaningful comparisons.
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Fig. 3. Measured hXmaxi (left) and RMS(Xmax) (right) for the Auger and Yakutsk experiments. The
lines indicate the hXmaxi expectations for proton and iron compositions using different hadronic in-
teraction models. Notice that the highest energy bin for Yakutsk contains only 3 events (Fig. 6).

Fig. 3 shows the measured hXmaxi (panel on the left) and RMS(Xmax) (panel on the right)
for the Auger and Yakutsk experiments. Since both experiments published hXmaxi values
with minimum detector bias, we can compare both of them with the model expectations.
The same holds true for the measurements of the shower-to-shower fluctuations, where
both experiments corrected the measurements for the detector resolution. The lines indicate
the predictions from air shower simulations for proton and iron compositions. There are
different line types corresponding to different high energy hadronic interaction models:
QGSJet-01, QGSJet-II, SIBYLL2.1 and EPOSv1.99.

[Mass Composition Working Group Report ’13; arXiv:1306.4430]
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(a) using QGSJet-II model. (b) using SIBYLL model.

Fig. 11. Comparing the average composition (hlnAi) estimated using Auger, HiRes , TA and Yakutsk
data. The shaded regions correspond to the systematic uncertainty ranges. To infer the average com-
position from hXmaxi, QGSJet-II and SIBYLL models have been used.
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Fig. 12. Evaluation of the average composition (hlnAi) estimated using SIBYLL as a function of energy.
Two composition models are evaluated, a constant composition (as suggested by HiRes and TA) and
a changing composition with a break (as suggested by Auger). The results of the fits are summarized
in Tables 2 and 3.

Auger HiRes TA Yakutsk
Constant hlnAi 1.11 ± 0.03 0.6 ± 0.1 0.8 ± 0.2 0.3 ± 0.2

c2/nd f 133.6/10 4.4/7 9.8/7 7.7/7

Table 2. Fitting a horizontal line to the hlnAi as a function of energy.

HiRes quotes systematics broken down into a 3.4 g/cm2 shift in the mean and an un-
certainty of 3.2 g/cm2/decade in the elongation rate. For the purposes of the present com-
parison, we have combined the two HiRes uncertainties into a single number by adding in
quadrature the uncertainty in the mean and the shift due to a 1 s variation in slope over 1.6
decades of energy.

All the systematic uncertainties (on the measured hXmaxi) used in this work correspond
to each experiment’s quoted value. This working group has not attempted to validate those
values.

[Mass Composition Working Group Report ’13; arXiv:1306.4430]

• inferred mass depend on hadronic interactions models

• large systematic uncertainties!

Ü “Auger results are consistent within systematic uncertainties with TA and Yakutsk,
but not fully consistent with HiRes.” [arXiv:1306.4430]
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Fermi Bubbles

• two extended GeV γ-ray emission
regions close to the Galactic
Center [Su, Slatyer & Finkbeiner’10]

• hard spectra and relatively uniform
emission

• some correlation with WMAP haze
and X-ray observation

• model 1: hadronuclear interactions
of CRs accelerated by star-burst
driven winds and convected over
few 109 years [Crocker & Aharonian’11]

• model 2: leptonic emission from
2nd order Fermi acceleration of
electrons [Mertsch & Sarkar’11]

Ü probed by associated neutrino
production [Lunardini & Razzaque’12]
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Fig. 18.— Comparison of the Fermi bubbles with features in other maps. Top left: Point-source subtracted 1 ! 5 GeV Fermi-LAT 1.6
yr map, same as the lower left panel of Figure 3 with north and south bubble edges marked with green dashed line, and north arc in blue
dashed line. The approximate edge of the Loop I feature is plotted in red dotted line, and the “donut” in purple dot-dashed line. Top
right: The Haslam 408 MHz map overplotted with the same red dotted line as the top left panel. The red dotted line remarkably traces
the edge of the bright Loop I feature in the Haslam soft synchrotron map. Bottom left: the ROSAT 1.5 keV X-ray map is shown together
with the same color lines marking the prominent Fermi bubble features. Bottom right: WMAP haze at K-band 23 GHz overplotted with
Fermi bubble edges. The ROSAT X-ray features and the WMAP haze trace the Fermi bubbles well, suggesting a common origin for these
features.

shown in Figure 16, the Loop I correlated emission also
has a softer spectrum than the Fermi bubble emission.

The Loop I feature in the ROSAT map similarly has a
softer spectrum than the limb-brightened X-ray bubble

edges: as shown in Figure 20, when a low-energy map
is subtracted from a higher-energy map in such a way

that Loop I vanishes, the bubble edges remain bright.
We also see additional shell structures which follow the

Fermi bubble edges and the northern arc in the Haslam
408 MHz map (top row of Figure 26).

The Fermi bubbles are morphologically and spectrally
distinct from both the !0 emission and the IC and
bremsstrahlung emission from the disk electrons. As we

have shown in Figure 12 to Figure 17, the Fermi bub-
bles have a distinctly hard spectrum, dN!/dE ! E!2,

with no evidence of spatial variation across the bub-
bles. As shown in Figure 23, an electron population

with dNe/dE ! E!2!2.5 is required to produce these
gamma rays by IC scattering: this is comparable to the

spectrum of electrons accelerated by supernova shocks or
polar cap acceleration (Biermann et al. 2010). However,

di!usive propagation and cooling would be expected to
soften the spectrum, making it di"cult to explain the

Fermi bubbles by IC scattering from a steady-state pop-
ulation of these electrons (a single brief injection of elec-

trons with dN/dE ! E!2 could generate a su"ciently
hard spectrum for the bubbles if there was a mechanism
to transport them throughout the bubble without sig-

nificant cooling). The facts strongly suggest that a dis-
tinct electron component with a harder spectrum than

[Su, Slatyer & Finkbeiner’11]
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Fermi Bubbles
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FIG. 9. Zenith angle distribution of events depositing more
than 1, 25, and 100 TeV (points) with the best-fit combination
of atmospheric and astrophysical contributions from Table I,
using the same color scheme as in Fig. 8. At the lowest en-
ergies the sample is concentrated at the horizon, as expected
from conventional atmospheric neutrinos. The astrophysical
component contributes significantly to the sample above 25
TeV, and the bulk of the sample is down-going. By 100 TeV
only the astrophysical component remains, and the up-going
flux is suppressed by absorption in the Earth.

Fermi Bubble?
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[IceCube arXiv:1410.1749] [MA & Murase 1309.4077; updated with Fermi ApJ 793 (2014)]

• small zenith “excess” in IceCube sample (but not statistically significant)

• Galactic Center source(s) of extended source, e.g. “Fermi Bubbles”?
[Finkbeiner, Su & Slatyer’10; Crocker & Aharonian’11; Lunardini & Razzaque’12]

Ü extrapolation of hadronic γ-ray/neutrino responsible for an “excess” at 1-10 TeV?
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Contrast of GC excess

• Galactic Center (GC) flux:

FGC ' LGC

4πd2
GC

• (quasi-)diffuse flux from similar galaxies:

Fdiff =
1

4π

∫
dz

dVC

dz
H(z)

LGC

4πdL(z)2 '
L

4π
ξzH0

H0

Ü flux ratio depend on local source density H0 and evolution parameter ξz:

FGC

4πFdiff
' H0

4πξzH0d2
GC
' 100

(
ξz

2.4

)−1( H0

10−3

)−1

• “benchmark” local density H0 ' 10−3–10−2 Mpc−3 (normal galaxies)

• “benchmark” evolution ξz ' 2.4 (star-formation rate)

Ü Additional component needed for full observation.
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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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Spectrum

• E−2-spectrum of the HESE 3yr sample within (0.1− 1)PeV: [IceCube PRL 113 (2014)]

E2
νΦνα ' (0.95± 0.3)× 10−8GeV cm−2 s−1 sr−1

• “classical” muon-neutrino analysis (dominated by Northern Hemisphere) sees flux
excess consistent with HESE sample [IceCube APS meeting’14]

• extended HESE sample with lower energy
threshold indicates softer spectrum:

[IceCube 1410.1749]

E2Φνα(E) '
(

2.06+0.4
−0.3

)
×10−8

(
Eν

100TeV

)−0.46±0.12
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FIG. 12. Unfolding the non-atmospheric excess as piecewise-
constant per-flavor fluxes E2�. The horizontal error bars
show the range of primary neutrino energies that contribute to
each bin, while the vertical error bars show the range of E2�
that change the �2� ln L test statistic by less than 1. The
black points show the fit to the data sample presented here;
the light grey data points are from the 3-year data sample of
[7], shifted slightly to the right for better visibility. Above the
highest observed energy, the error bars provide upper limits
on the flux; these are less constraining than the upper lim-
its of [82] above 10 PeV. The thin lines show models for the
di↵use astrophysical neutrino background: the upper bound
from the total luminosity of EeV cosmic rays from [60] (blue),
the starburst galaxy model of [46] (green), and the AGN core
emission model of [40] (purple).
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