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Multi-messenger paradigm

• Neutrino astronomy:

4 natural extension:
“optical”

+ “multi-wavelength”
+ “multi-messenger”

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

4 smoking-gun of CR sources
4 weak interaction during

propagation

• Challenges:

8 low statistics
8 large backgrounds

CR

ν

γ
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High-energy neutrino detection

8 High energy neutrino collisions with nuclei are rare.

8 Backgrounds are huge and partially irreducible!

back-of-the-envelope (Eν ∼ 1015 eV):

• flux of neutrinos :
d2Nν
dt dA

∼ 1
cm2 × 105yr

• cross section : σνN ∼ 10−33cm2

• targets: NN ∼ NA × V/cm3

Ü rate of events :

Ṅν ∼ NN × σνN × d2Nν
dt dA

∼ 1
year

× V
1km3
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Multi-messenger paradigm

• pion production in CR interactions
with ambient radiation & matter

π+ → µ+νµ → e+νeν̄µνµ
π0 → γγ

• inelasticity:

Eν ' Eγ/2 ' κEp/4

• relative multiplicity:

K = Nπ±/Nπ0

• pion fraction via optical depth:

fπ ' 1− e−κτ

CR

ν

γ
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Kfπ
1+K E2
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∼

ωγ−bgr ' 6× 10−7 eV/cm3

ωUHECR ' 1× 10−7 eV/cm3

ωνall ' 2× 10−8 eV/cm3

Markus Ahlers (UW-Madison) Multi-Messenger Approaches to Cosmic Rays November 28, 2013



“IceCube excess”

• IceCube observes 28 events over a period of two years, while 10.6+5.0
−3.6 are

expected from atmospheric contributions.
[Ü talk by C.Kopper; IceCube arXiv:1311.5238]

• flux excess at 4.1σ for combined 26+2 fit

• isotropic and flavor-universal

• no significant time-clustering

• small excess in the Southern Hemisphere even after correction for zenith angle
dependent acceptance

• E−2 spectrum favors cutoff/break at 2− 5 PeV

• “best-fit” of the HESE spectrum

E2
νJIC
να ' (1.2± 0.4)× 10−8GeVs−1cm2sr−1
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“IceCube excess”
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[data from IceCube arXiv:1311.5238; MA & Murase arXiv:1309.4077]
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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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Conceivable PeV neutrino fluxes

• more ν flux properties (non-IceCube & preliminary data):

8 “Glashow-excitement” [Barger, Learned & Pakvasa 1306.2309; Bhattacharya et al. 1209.2422]
• spectral features [Laha et al. 1306.2309; Anchordoqui et al. 1306.5021;He et al. 1307.1450]
• flavor composition [Winter 1307.2793]

• neutrinos form pp interactions follow CR spectrum: Eν,max ' 1
20

Ep,max

• typical neutrino energy from pγ interactions (in boosted environments):

Eν,pk ' 1
20

Γ2 m2
∆ − m2

p

4Eγ
' 8PeV Γ2

(
eV
Eγ

)
8 GZK neutrinos from optical-UV background (Γ ' 1 / Eγ ' 10 eV)

[Berezinsky&Zatsepin’69; Roulet et al. 1209.4033]

8 prompt neutrino emission in GRBs (Γ ' 300 / Eγ ' 1 MeV) [Waxman&Bahcall’97]

• prompt neutrino contribution? [Enberg, Reno & Sarcevic’08; Lipari 1308.2086]
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Proposed source candidates

• extragalactic sources:

• relation to the sources of UHE CRs [Kistler, Stanev & Yuksel 1301.1703]
• GZK from low Emax blazars [Kalashev, Kusenko & Essey 1303.0300]
• cores of active galactic nuclei (AGN) [Stecker et al.’91;Stecker 1305.7404]
• low-power γ-ray bursts (GRB) [Murase & Ioka 1306.2274]
• starburst galaxies [Loeb&Waxman’06; He et al. 1303.1253; Murase, MA & Lacki 1306.3417]
• hypernovae in star-forming galaxies [Liu, Wang, Inoue, Crocker & Aharonian 1310.1263]
• galaxy clusters/groups [Berezinksy, Blasi & Ptuskin’97; Murase, MA & Lacki 1306.3417]

• Galactic sources:

• heavy dark matter decay [Feldstein et al. 1303.7320; Esmaili & Serpico 1308.1105]
• peculiar hypernovae [Fox, Kashiyama & Meszaros 1305.6606; MA & Murase 1309.4077]
• diffuse Galactic γ-ray emission [e.g. Ingelman & Thunman’96; MA & Murase 1309.4077]

• γ-ray association:

• unidentified Galactic TeV γ-ray sources [Fox, Kashiyama & Meszaros 1306.6606]
• sub-TeV diffuse Galactic γ-ray emission [Neronov, Semikoz & Tchernin 1307.2158]
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A. 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]

VOLUME 69, NUMBER 18 P H YS ICA L R EV I EW LETTERS 2 NOVEM BER 1992

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

et al. (to be published).

2738

IceCube excess

x100

[Stecker et al.’91]
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B. Gamma-ray Bursts
• strong limits on neutrino emission associated with the fireball model [Abbasi et al.‘12]

Ü IceCube excess exceeds IC40+59 limit by factor ∼ 5

• loophole: undetected low-power γ-ray bursts (GRB) [Murase & Ioka 1306.2274]

Ü talk by X.Y.Wang in this session3

process p + � ! �+ ! n + ⇡+. When these pions decay
via ⇡+ ! µ+⌫µ and µ+ ! e+⌫e⌫̄µ, they produce a flux
of high-energy muon and electron neutrinos, coincident
with the gamma rays, and peaking at energies of sev-
eral hundred TeV4,11. Such a flux should be detectable
using km3-scale instruments like the IceCube neutrino
telescope12,13 (Suppl. Fig. 1). Due to maximal mixing
between muon and tau neutrinos, neutrinos from pion
decay in and around GRBs will arrive at Earth in an
equal mixture of flavors. We focus here only on muons
produced in ⌫µ charged-current interactions. As the
downgoing cosmic ray muon background presents chal-
lenges for the identification of neutrino-induced muons,
we achieve our highest sensitivity for upgoing (northern
hemisphere) neutrinos. However, the tight constraint of
spatial and temporal coincidence with a gamma-ray burst
allows some sensitivity even in the southern sky. One of
the two analyses presented here therefore includes south-
ern hemisphere gamma-ray bursts during the 59-string
IceCube run.

The results presented here were obtained while Ice-
Cube was under construction using the 40- and 59-string
configurations of the detector, which took data from
April 2008 to May 2009 and from May 2009 until May
2010, respectively. During the 59-string data taking pe-
riod, 190 GRBs were observed and reported via the GRB
Coordinates Network14, with 105 in the northern sky.
Of those GRBs, 9 were not included in our catalog due
to detector downtime associated with construction and
calibration. Two additional GRBs were included from
test runs before the start of the o�cial 59-string run.
117 northern-sky GRBs were included from the 40-string
period7 to compute the final combined result. GRB po-
sitions were taken from the satellite with the smallest re-
ported error, which is typically smaller than the IceCube
resolution. The GRB gamma-emission start (Tstart) and
stop (Tstop) times were taken by finding the earliest and

latest time reported for gamma emission.

As in our previous study7, we conducted two analyses
of the IceCube data. In a model-dependent search, we
examine data during the period of gamma emission re-
ported by any satellite for neutrinos with the energy spec-
trum predicted from the gamma-ray spectra of individual
GRBs6,9. The model-independent analysis searches more
generically for neutrinos on wider time scales, up to the
limit of sensitivity to small numbers of events at ± 1 day,
or with di↵erent spectra. Both analyses follow the meth-
ods used in our previous work7, with the exception of
slightly changed event selection and the addition of the
southern hemisphere to the model-independent search.
Due to the large background of down-going muons from
the southern sky, the southern hemisphere analysis is
sensitive mainly to higher energy events (Suppl. Fig.
3). Systematic uncertainties from detector e↵ects have
been included in the reported limits from both analyses
and were estimated by varying the simulated detector
response and recomputing the limit, with the dominant
factor the e�ciency of the detector’s optical sensors.

Neutrino Energy (GeV)

Waxman & Bahcall
IC40 limit
IC40 Guetta et al.
IC40+59 Combined 
 limit
IC40+59 Guetta 
 et al.

FIG. 1. Comparison of results to predictions based on ob-
served gamma-ray spectra. The summed flux predictions
normalized to gamma-ray spectra6,9,15 is shown in dashed
lines; the cosmic ray normalized Waxman-Bahcall flux4,16 is
also shown for reference. The predicted neutrino flux, when
normalized to the gamma rays6,9, is proportional to the ra-
tio of energy in protons to that in electrons, which are pre-
sumed responsible for the gamma-ray emission (✏p/✏e, here
the standard 10). The flux shown is slightly modified6 from
the original calculation9. �⌫ is the average neutrino flux at
Earth, obtained by scaling the summed predictions from the
bursts in our sample (F⌫) by the global GRB rate (here 667
bursts/year7). The first break in the neutrino spectrum is
related to the break in the photon spectrum measured by the
satellites, and the threshold for photopion production, while
the second break corresponds to the onset of synchrotron
losses of muons and pions. Not all of the parameters used
in the neutrino spectrum calculation are measurable from ev-
ery burst. In such cases, benchmark values7 were used for the
unmeasured parameters. Data shown here were taken from
the result of the model-dependent analysis.

In the 59-string portion of the model-dependent anal-
ysis, no events were found to be both on-source and
on time (within 10� of a GRB and between Tstart and
Tstop). From the individual burst spectra6,9 with the

ratio of energy in protons vs. electrons ✏p/✏e = 10 [Ref.
6], 5.2 signal events were predicted from the combined
2-year dataset and a final upper limit (90% confidence)
of 0.47 times the predicted flux can be set (Fig. 1). This
corresponds to a 90% upper limit on ✏p/✏e of 4.7, with
other parameters held fixed, and includes a 6% system-
atic uncertainty from detector e↵ects.

In the model-independent analysis, two candidate
events were observed at low significance, one 30 sec-
onds after GRB 091026A (Event 1) and another 14 hours
before GRB 091230A (most theories predict neutrinos
within a few minutes of the burst). Subsequent examina-
tion showed they had both triggered several tanks in the
IceTop surface air shower array, and are thus very likely
muons from cosmic ray air showers. In Fig. 2 are shown
limits from this analysis on the normalization of E�2

muon neutrino fluxes at Earth as a function of the size
of the time window |�t|, the di↵erence between the neu-
trino arrival time and the first reported satellite trigger

IceCube excess

?x5

[modified from Abbasi et al.‘12]
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C. Starburst galaxies
• intense CR interactions (and acceleration) in dense starburst galaxies
• cutoff/break feature (0.1− 1) PeV at the CR knee (of these galaxies), but very

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

3

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

E2
νΦν(Eν = 1GeV) ≈ c

4π
ζtH [4ν(dLν/dV )]ν=1.4GHz

= 10−7ζ0.5 GeV cm−2 s−1 sr−1. (2)

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

103 105 107 109 101110−9

10−8

10−7

10−6

10−5

E
ν
 [GeV]

E2 ν Φ
ν  [

G
eV

/c
m

2  s 
sr

]

0.1 km2

1 km2

WB Bound

Star Bursts

AMANDA(ν
µ
); Baikal(νe)

Atmospheric→
← GZK

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

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

neutrino spectrum would be, E2
νΦνµ ∝ E2−p

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

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

E2
νΦSB

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

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

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

[Loeb & Waxman’06]
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D. Cosmogenic neutrinos

• cos-mo-gen-ic (adj.): “produced by cosmic rays”

8 but this is true for all high-energy neutrinos. . .

Ü more specifically: not in the source or atmosphere, but during CR propagation

• most plausibly via pion production in pγ interactions, e.g.

p + γbgr → ∆→ n + π+

π+ → µ+νµ & µ+ → e+ν̄µνe

(e.g. Centaurus A)

pγ / pp

propagation
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D. Cosmogenic neutrinos

• Greisen-Zatsepin-Kuzmin (GZK)
interactions of ultra-high energy CRs
with cosmic microwave background
(CMB) [Greisen’66;Zatsepin/Kuzmin’66]

• “GZK”-neutrinos at EeV energies from
pion decay [Berezinsky/Zatsepin’69]

• three neutrinos (νµ/ν̄µ/νe) from π+:
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FIG. 4. Fluxes of electron neutrinos (dashed lines) and an-
tineutrinos (dotted lines) generated in propagation of protons
are shown in the upper panel. The lower panel shows the
fluxes of muon neutrinos and antineutrinos. Solid lines show
the sum of neutrinos and antineutrinos. The shaded band
shows the Waxman & Bahcall [25,26] limit for neutrino pro-
duction in cosmic ray sources with the same injection power.
The lower edge of the band is calculated without account for
the cosmological evolution and the upper one with the evolu-
tion of Eq. (9).

Fig. 5 is designed to show how the neutrino flux is
built up from contributions at different redshifts. It is
evident that the high and low ends of the neutrino spec-
trum are sensitive to different epochs of the source evo-
lution. First consider the protons that will contribute
to neutrinos with energy 1019 eV. At z = 0 these pro-
tons have an energy of a few times 1020 eV, above the
threshold for photoproduction. This energy will increase
with the source redshift. As a result, the source contribu-
tion EpdN/dEp for these neutrinos effectively decreases
as (1 + z)−1. To this we must add additional factors
of η(z)H(z) ∼ (1 + z)0.5 for the source evolution in a
ΩM = 1 cosmology, and a factor of (1+ z) explicit in the
(1 + z)d/d(1 + z) plot. Together, the function plotted
naively scales as (1 + z)0.5. This scaling stops at z = 1.9
where H(z) is assumed to flatten. For higher energy neu-
trinos Eν = 1020 eV, the increasing proton energy runs
into the exponential cutoff Ec of our model injection spec-

trum causing a further decrease with 1+ z. The result of
these considerations is that the highest energy neutrinos
are produced primarily by relatively young sources, and
are sensitive to assumptions about the recent universe.

For low energy neutrinos, say 1016 eV the story is a
bit more complicated. From kinematic arguments the
prime production candidate for such neutrinos would be
a proton of energy a few times 1017 eV, but such protons
are below the photoproduction threshold. Protons with
higher energy can, of course, produce low energy neutri-
nos, but due to the small phase space the production is
suppressed by a factor of Eν/Ep. Now, as the source red-
shift increases, Eν at production also increases as 1 + z.
At the same time, the minimum value for Ep at produc-
tion decreases due to the increasing cosmic microwave
background temperature. Thus, phase space considera-
tions of the neutrino production process yield a net factor
of (1+z)2. With the lowering of Ep, the source spectrum
factor yields an increase of 1+z. Including η(z)H(z) and
the explicit 1+z for the plot gives an overall dependence
of (1+ z)4.5 at low energies. This behavior continues un-
til
a) the source evolution model changes its z dependence,
or
b) the photoproduction threshold at z has dropped so
that there is no phase space suppression for that neu-
trino energy. At that point there is a transition to the
high energy behavior outlined above. The net result of
these considerations is that the low energy part of the
spectrum is dominated by high redshift sources, and is
sensitive to assumptions of a cosmological nature in our
calculation.
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FIG. 5. The curves, labeled by log10(Eν), show the contri-
bution of different source distances to the neutrino flux as a
function of redshift for our nominal n = 3 source evolution
model given in Eq. (9).

Finally, we comment on the energy where the neutrino
flux peaks in Fig. 4. Given the turn on of photoproduc-
tion (Fig. 1) and the kinematics of the ∆ resonance,
one might expect the peak to occur at around 1019 eV.

5

[Engel, Stanev & Seckel’01]
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D. Cosmogenic neutrinos

• Greisen-Zatsepin-Kuzmin (GZK)
interactions of ultra-high energy CRs
with cosmic microwave background
(CMB) [Greisen’66;Zatsepin/Kuzmin’66]

• “GZK”-neutrinos at EeV energies from
pion decay [Berezinsky/Zatsepin’69]

• three neutrinos (νµ/ν̄µ/νe) from π+:
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FIG. 8. Constraints on the UHECR source evolution param-
eters of m and zmax with the present analysis. The semi-
analytic formulation [4] estimates the neutrino flux for calcu-
lating the limit shown here. The area above the solid lines is
excluded at the quoted confidence level.

CMB photons produces a bulk of neutrinos with energies
much higher than 100 PeV which should have been de-
tected because of the significantly larger effective area at
these energies. In addition, the substantial flux at PeV
energies yields energy PDFs for the observed two events
very similar to those from an E−2

ν spectrum. Since the
energy range for the E−2

ν spectrum PDF does not extend
to 10 PeV as shown in Table III, neutrinos with energy
of 100 PeV or greater are less likely to be responsible
for the observed PeV cascades. Because of these reasons,
p-values for these scenarios in Kotera et al. are small
as shown in Table IV. In conclusion, none of the cos-
mogenic scenarios is consistent with the observation of
the two events. This indicates that models which predict
neutrino spectra extending to energies well beyond 100
PeV will not explain our measurements.

The model test based on the event rates above 100PeV
indicates that strong source evolution models (m ≫ 4)
are not responsible for the bulk of UHECRs. Among
sources categorized in this class are the Fanaroff-Riley
type II (FR-II) radio galaxies, the long-standing favorite
as a candidate of the UHECR emitters [60]. Similarly a
strong source evolution model for GRBs [61] is also re-
jected by our observation since the model produces higher
neutrino flux than the FR-II model. The obtained limits
are highly complementary to the bound from the dif-
fuse photon flux [55], because the cosmogenic neutrino
intensity around 1EeV, the central energy range of the
presented search with IceCube, is stable against uncer-
tainties in the IR/UV backgrounds and the transition
model between the galactic and extragalactic component
of the UHECRs [4, 17, 62, 63]. We should note, however,
that the obtained bound is not valid if the mass compo-

/GeV)
ν

(E
10

log
6 8 10

] 
-1

 sr
-1  s

-2
) [

G
eV

 c
m

ν
(Eφ 2 ν

  E -10

-8

-6

-4

-1010

-1110

-9   10

-8   10

-7   10

-6   10

-5   10

-4   10

 modelsνCosmogenic 

Engel et al.

Kotera et al. (FRII)

Ahlers et al. (max)

Ahlers et al. (best)

Yoshida et al. 

IceCube2012

RICE(2012)

 limit x3τνPAO(2012) 

ANITA-II(2010)

FIG. 9. All flavor neutrino flux differential 90% C.L. upper
limit evaluated for each energy with a sliding window of one
energy decade from the present IceCube EHE analysis in-
cluding the IceCube exposure from the previously published
result (IC40) [9]. All the systematic errors are included. Var-
ious model predictions (assuming primary protons) are shown
for comparison; Engel et al. [7], Kotera et al. [17], Ahlers et
al. [33], Yoshida et al. [6]. The model-independent differen-
tial 90% C.L. upper limits for one energy decade by other
experiments are also shown for Auger (PAO) [53], RICE [54],
ANITA [14, 15] with appropriate normalization by taking into
account the energy bin width and the neutrino flavor.

sition of UHECRs is not dominated by proton primaries.
The dominance of proton primaries is widely assumed in
the models mentioned here while a dominance of heav-
ier nuclei such as iron provides at least 2–3 times lower
neutrino fluxes. The analysis is not sensitive enough to
reach these fluxes yet.

VIII. THE MODEL INDEPENDENT UPPER
LIMIT

The quasi-differential, model-independent 90% C.L.
upper limit on all flavor neutrino fluxes was evaluated for
each energy with a sliding window of one energy decade.
It is shown in Fig. 9 using the same method as imple-
mented in our previous EHE neutrino searches [9, 11].
An equal flavor ratio of νe : νµ : ντ = 1 : 1 : 1 is assumed
here. A difference from the calculation of the limit shown
in our previous publications arises from the existence of
two events in the final sample. The 90% event upper
limit used in the calculation takes into account the en-
ergy PDFs of each of the observed events using Eq. 3,
where Pn is a function of the neutrino energy Eν and cor-

[IceCube’13]
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D. 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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the di↵use gamma-ray flux actually involve strong limitations
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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
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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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E. GZK neutrinos from heavy nuclei 4
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FIG. 1: Left panel: Two models of extra-galactic CRs assuming a homogenous distribution of protons (red line) and iron
(blue line) between zmin = 0.001 (4 Mpc) and zmax = 2. For the proton sources we use an injection spectrum with γ = 2.3,
Emin = 1018 eV, Emax = 1020.5 eV and assume strong source evolution with n = 5. The extra-galactic iron sources assume an
injection spectrum with γ = 2.3, Emin = 1018 eV, Emax = 26×1020.5 eV no evolution n = 0. Right panel: The corresponding
spectra of cosmogenic γ-rays (dashed lines) and neutrinos (dotted line) for the two models. The diffuse γ-ray spectrum of the
proton model is marginally consistent with the diffuse extra-galactic spectrum inferred by Fermi-LAT [51] and the diffuse upper
limit on cosmogenic neutrinos from the 40-string configuration (IC40) of IceCube [55]. The cosmogenic γ-ray and neutrino
spectra of the iron model are two orders of magnitude below the proton model predictions.

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

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

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

L ≡
∫

dE E Q(E) $ 1042

( H0

10−5 Mpc−3

)−1

erg s−1 . (6)

III. ELECTROMAGNETIC CASCADES FROM HEAVY NUCLEI

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

• UHE CR emission toy-model:

• 100% proton: n = 5 & zmax = 2 & γ = 2.3 & Emax = 1020.5 eV

• 100% iron: n = 0 & zmax = 2 & γ = 2.3 & Emax = 26× 1020.5 eV

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

Markus Ahlers (UW-Madison) Multi-Messenger Approaches to Cosmic Rays November 28, 2013



E. GZK neutrinos from heavy nuclei

Ü nucleon spectrum for
observed mass number Aobs:

Jmin
N (EN) = A2

obsJCR(AobsEN)

• lower limit by “indefinite”
back-tracking of nuclei

• dependence on cosmic
evolution of sources:

• no evolution (dotted)

• star-formation rate (solid)

Ü generalization to arbitrary
composition via

Jmin
N (EN) =

∑
i

fi(AiEN)A2
i JCR(AiEN)
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F. GeV-TeV γ-ray limits on pp scenario

• neutrino flux in pp scenario follows
CR spectrum ∝ E−Γ

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

8 constraint by extragalactic γ-ray
background

• extra-galactic emission: Γ . 2.2

• Galactic emission: Γ . 2.0

4 limits insensitive to redshift
evolution effects
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[Murase, MA & Lacki’13]
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Outlook

• The IceCube excess marks the birth∗ of HE neutrino astronomy!

* (4.1σ background probability: ∼4 in 100000)

• What’s next: Ü talk by C.Finley after coffee

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

• What can we learn from spectrum (in particular a possible PeV-ish break) and
flavor composition? Ü next talk by R.Laha

• Is the corresponding CR population responsible for UHE CRs?

• Neutrino astronomy also closes in on cosmogenic neutrino fluxes.

• Will be already see the first hints with IceCube or do we have to wait for future
EeV neutrino upgrades (ARA, ARIANNA,. . . )?

• Full power of multi-messenger astronomy lies in the combination of all
messengers, in particular γ-rays! Ü γ-ray afternoon session
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Cosmic ray spectrum
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Cosmic ray spectrum

 [eV]E

13
10 1410

15
10

16
10

17
10

18
10

19
10

20
10

]
-1

 s
r

-1
 s

-2
 m

1
.6

 [
G

eV
F

(E
)

2
.6

E

1

10

210

3
10

410

Grigorov

JACEE

MGU

Tien-Shan

Tibet07

Akeno

CASA-MIA

HEGRA

Fly’s Eye

Kascade

Kascade Grande 2011

AGASA

HiRes 1

HiRes 2

Telescope Array 2011

Auger 2011

Knee

Ankle

ex
tr
ag
al
ac
tic

ga
la
ct
ic ?

[from Particle Data Group’12]

Appendix



Galactic Plane diffuse fluxes

• diffuse γ-ray emission from CR
propagation (|b| < 2◦)

• supernova remnants (SNR):
RSN ' 0.03yr−1

Eej ' 1051 erg
NSNR ' 1200

• hypernova remnants (HNR):
RHN ' 0.01RSN

Eej ' 1052 erg
NHNR ' 20

• flux concentrated in Galactic
Plane:
J ∝ 30% for |b| < 10◦

J ∝ 15% for |b| < 30◦

• however, this does not account for
local fluctuation 100 101 102 103
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LHAASO (1yr, |b|< 2◦)

HAWC (3yrs, |b|< 2◦)

CTA (100h, |b|< 2◦)

Milagro (|b|< 5◦, 40◦ < l < 100◦)

Milagro (|b|< 2◦, 30◦ < l < 85◦)

Milagro (|b|< 2◦, 85◦ < l < 210◦)

GRAPES-3 (|b|< 2◦, 20◦ < l < 55◦)

GRAPES-3 (|b|< 2◦, 140◦ < l < 225◦)

UMC (|b|< 10◦, 30◦ < l < 220◦)

IC-40 (γ) (−10◦ < b< 5◦, 280◦ < l < 330◦)

HEGRA (|b|< 5◦, 0◦ < l < 255◦)

HEGRA (|b|< 5◦, 20◦ < l < 60◦)

EAS-TOP (|b|< 5◦)

Tibet (|b|< 2◦, 20◦ < l < 55◦)

Tibet (|b|< 2◦, 140◦ < l < 225◦)

CASA-MIA (|b|< 5◦, 40◦ < l < 200◦)

[MA & Murase 1309.4077]
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Extended Galactic sources?Skymap: No Significant Clustering

See: talk by Naoko Kurahashi Neilson
N. Whitehorn, UW Madison IPA 2013 - 34

Fermi Bubbles
Local Arm (Vela)

Local Arm (Cygnus)

Galactic Plane
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Milky Way and Local Arm

240o

60o

Close-by sources in the Local Arm can show up as high-latitude hot spots!
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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 π0 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, dNγ/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,

diffusive propagation and cooling would be expected to
soften the spectrum, making it difficult 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 sufficiently
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 BubblesZenith Distribution

I Compatible
with Isotropic
Flux

I Events from
North absorbed
in Earth

I Minor excess in
south
compared to
isotropic, but
not significant

IceCube Preliminary

N. Whitehorn, UW Madison IPA 2013 - 33

Fermi Bubbles ?
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CASA-MIA (FB)
Fermi Bubble
IceCube (FB)

[MA & Murase 1309.4077]

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

• Galactic Center source(s) of extended source, e.g. “Fermi Bubbles”?
[Finkbeiner, Su & Slatyer’10]

• FB “excess” in agreement with GeV-PeV neutrino & γ-ray observations and limits
assuming Γ ' 2.2
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Glashow resonance
Ü resonant interactions with in-ice electrons:

ν̄ee− → W → X

• hadronic (70%) or leptonic (30%) decay

• pp (top plot) and pγ (bottom plot) with
different flavor ratios and E−2-flux

[Bhattacharya, Gandhi, Rodejohann & Watanabe’11]

• early “Glashow-excitement” after Neutrino
2012, Kyoto

[Barger, Learned & Pakvasa 1207.4571]

[Bhattacharya et al. 1209.2422]

8 Where are the Glashow events?

Ü flavor composition and spectral features
[Laha et al. 1306.2309; Anchordoqui et al. 1306.5021]

[He et al. 1307.1450; Winter 1307.2793]

Figure 4: The shower spectrum for pure pp sources, x = 1. We have neglected events
from the interactions ν̄ee → ν̄ee and ν̄ee → ν̄τ τ which contribute, comparatively, a very
tiny fraction of events to the spectrum.

(neutral) current. The tau contribution ντN + ν̄τN (CC) is irrelevant at the resonance

energy bin since a tau with Eτ ! 2 PeV manifests itself as a track. The event rate of

νeN + ν̄eN (CC) is given by

Rate = 2π NAVeff

∫
dEν [σCC(νN) Φνe(Eν) + σCC(ν̄N) Φν̄e(Eν) ] , (4.2)

where σCC(νN/ν̄N) is the neutrino–nucleon cross section which is ≈ 1.4 × 10−33 cm2 at

Eν = 6.3 PeV [24]. For ναN + ν̄αN (NC), the rate is calculated as

Rate $ 2π NAVeff

∑

α=e,µ,τ

∫ E1/〈y〉

E0/〈y〉
dEν [ σNC(νN) Φνα(Eν) + σNC(ν̄N) Φν̄α(Eν) ] , (4.3)

for the shower energy between E0 and E1. Here 〈y〉 is the mean inelasticity which is

well described by the average value 〈y〉 = 0.26 at PeV energies. The NC cross section

at the resonant peak is ≈ 6 × 10−34 cm2. In the NC process, only a part of the neutrino

8

Figure 5: The shower spectrum for pure pγ sources, x = 0. We have neglected events
from the interactions ν̄ee → ν̄ee and ν̄ee → ν̄τ τ which contribute, comparatively, a very
tiny fraction of events to the spectrum.

energy (about 26%) is converted to shower energy, so that the NC contribution is generally

small with respect to the CC event number. We have assumed 100% shadowing by the

earth for the sake of simplicity, but note that muon and tau neutrinos are not completely

attenuated and actually about 20% of them survive in average at the resonant energy.

The muon and tau component in Eq. (4.3) would thus receive " 20% enhancement in a

more precise treatment. For showers with energies 106.7 GeV < Eshower < 106.9 GeV, for

example, the rate reads 0.31 yr−1 for CC and 0.18 yr−1 for NC in the case of a pp flux.

Figs. 4 and 5 show the number of events in the neighborhood of the resonant energy.

Fig. 4 is for a pure pp flux with x = 1 and Fig. 5 for a pure pγ flux x = 0. As was

pointed out in [17], the resonance peak is clearly seen for a pure pp source, whereas

the peak is significantly weakened for pγ sources. We have divided the energy decade

106.3 GeV < Eshower < 107.3 GeV into five bins by assuming the energy resolution of the

shower to be log10(Eshower/GeV) = 0.2. Notice that ντN + ν̄τN and νeN + ν̄eN generate

9
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Gamma-ray bursts (GRBs)
CONTENTS 7

Figure 1. Diversity of gamma-ray light curves observed by BATSE [127]

would strain a stellar origin interpretation, since from basic principles and experience

it is known that, even for the most efficient radiation conversion schemes, a dominant

fraction of the energy should escape in the form of thermal neutrinos and gravitational

waves. The energy requirements, however, are much less severe in the case when the

emission is collimated (§2.2).

GRB afterglow light curves such as those shown in Figure 2 have been followed

up starting several hours after the trigger in X-rays by Beppo-SAX and subsequently

HETE-2, and in the optical/IR from ground-based telescopes (or in some case with

HST), and have been explained in terms of forward shock emission (for discussions

of the pre-Swift data interpretation see, e.g. [471, 298, 525, 377]). Afterglows have

been followed up at radio wavelengths in some cases over months, and the analysis and

interpretation of the radio spectra and light curves [470, 38, 136] provides important

clues for the calorimetry and the multi-waveband model fits discussed in §5.1.
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IC40+59 results
• Limits on neutrino emission coincident

with 215 (85) northern (southern) sky
GRBs between April 2008 and May
2010 (“IC40+59”). [Abbasi et al.’11;’12]

Ü Model-dependent limit for prompt
emission model.

Ü Model-independent limit for general
neutrino coincidences (no spectrum
assumed) with sliding time window
±∆t from burst.

• Stacked flux below “benchmark”
prediction of burst neutrino emission by
a factor 3-4. [Guetta et al.’04]

Ü conversion to diffuse flux via cosmic
GRB rate.

“model-dependent”

producing neutrinos at proton–photon (p–c) interactions in internal
shocks. The remaining parameter spaces available to each model
therefore have similar characteristics: either a low density of high-
energy protons, below that required to explain the cosmic rays, or a
low efficiency of neutrino production.

In the GRB fireball, protons are believed to be accelerated
stochastically in collisions of internal shocks in the expanding GRB.
The neutrino flux is proportional to the rate of p–c interactions, and so
to the proton content of the burst by a model-dependent factor.
Assuming a model-dependent proton ejection efficiency, the proton
content can in turn be related to the measured flux of high-energy
cosmic rays if GRBs are the cosmic-ray sources. Limits on the neutrino
flux for cosmic-ray-normalized models are shown in Fig. 3; each model
prediction has been normalized to a value consistent with the observed
ultra-high-energy cosmic-ray flux. The proton density can also be
expressed as a fraction of the observed burst energy, directly limiting
the average proton content of the bursts in our catalogue (Fig. 4).

An alternative is to reduce the neutrino production efficiency, for
example by modifying the physics included in the predictions16,17 or by
increasing the bulk Lorentz boost factor, C. Increasing C increases the
proton energy threshold for pion production in the observer frame,
thereby reducing the neutrino flux owing to the lower proton density at
higher energies. Astrophysical lower limits on C are established by pair
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Figure 2 | Upper limits on E22 power-law muon neutrino fluxes. Limits
were calculated using the Feldman-Cousins method21 from the results of the
model-independent analysis. The left-hand y-axis shows the total number of
expected nm events, while the right-hand y-axis (Fn) is the same as in Fig. 1. A
time window ofDt implies observed events arriving between t seconds before the
burst and t afterward. The variation of the upper limit (solid line labelled ‘90%
Upper limit’) withDt reflects statistical fluctuations in the observed background
rate, as well as the presence of individual events of varying quality. The dashed
line labelled ‘90% Sensitivity’ shows the upper limit that would have been
obtained with exactly the mean expected background. The event at 30 s (event 1)
is consistent with background and believed to be a cosmic-ray air shower.
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Figure 1 | Comparison of results to predictions based on observed c-ray
spectra. The summed flux predictions normalized to c-ray spectra6,9,19 are
shown as a function of neutrino energy (E) in dashed lines, with the dark grey
dashed line labelled ‘IC40 Guetta et al.’ showing the flux prediction for the 40-
string portion of the analysis, and the black dashed line labelled ‘IC40159
Guetta et al.’ showing the prediction for the full two-year dataset. The cosmic
ray normalized Waxman-Bahcall flux4,20 is also shown for reference as the pale
grey dashed line. 90% confidence upper limits on these spectra are shown as
solid lines, with the grey line labelled ‘IC40 limit’ showing the previous IceCube
result6 and the black ‘IC401IC59 Combined’ line showing the result from the
full dataset (this work). The predicted neutrino flux, when normalized to the
c-rays6,9, is proportional to the ratio of energy in protons to that in electrons,
which are presumed responsible for the c-ray emission (ep/ee, here the standard
10). The flux shown is slightly modified6 from the original calculation9. Wn (left
vertical axis) is the average neutrino flux at Earth, obtained by scaling the
summed predictions from the bursts in our sample (Fn, right vertical axis) by
the global GRB rate (here 667 bursts yr21; ref. 7). The first break in the neutrino
spectrum is related to the break in the photon spectrum measured by the
satellites, and the threshold for photo-pion production, whereas the second
break corresponds to the onset of synchrotron losses of muons and pions. Not
all of the parameters used in the neutrino spectrum calculation are measurable
from every burst. In such cases, benchmark values7 were used for the
unmeasured parameters. Data shown here were taken from the result of the
model-dependent analysis.
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Figure 3 | Compatibility of some neutrino flux predictions based on cosmic
ray production in GRBs with observations. The cross-hatched area
(‘IC40159 Allowed 90% CL’) shows the 90% confidence allowed values of the
neutrino flux (vertical axes, as in Fig. 1) versus the neutrino break energy (eb) in
comparison to model predictions with estimated uncertainties (points); the
solid line labelled ‘IC50159 Allowed 95% CL’ shows the upper bound of the
95% confidence allowed region. Data were taken from the model-independent
analysis from the time window corresponding to the median duration of the
GRBs in our catalogue ( |Dt | 5 28 s). Spectra are represented here as broken
power laws (Wn?{E

21/eb, E , eb; E22, E . eb}) with a break energy eb

corresponding to the D resonance for p–c interactions in the frame of the shock.
The muon flux in IceCube is dominated by neutrinos with energies around the
first break (eb). As such, the upper break, due to synchrotron losses of p1, has
been neglected here, as its presence or absence does not contribute significantly
to the muon flux and thus does not have a significant effect on the presented
limits. eb is related to the bulk Lorentz factor C (eb / C2); all of the models
shown assume C < 300. The value of C corresponding to 107 GeV is .1,000 for
all models. Vertical axes are related to the accelerated proton flux by the model-
dependent constant of proportionality fp. For models assuming a neutron-
decay origin of cosmic rays (ref. 8 and ref. 10) fp is independent of C; for others
(ref. 4) fp / C24. Error bars on model predictions are approximate and were
taken either from the original papers, where included10, or from the best-
available source in the literature15 otherwise. The errors are due to uncertainties
in fp and in fits to the cosmic-ray spectrum. Waxman-Bahcall4 (circle)
and Rachen8 (box) fluxes were calculated using a cosmic-ray density of
(1.5–3) 3 1044 erg Mpc23 yr21, with 3 3 1044 the central value20. The Ahlers10

model is shown with a cross. CL, confidence level.
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“model-independent”

producing neutrinos at proton–photon (p–c) interactions in internal
shocks. The remaining parameter spaces available to each model
therefore have similar characteristics: either a low density of high-
energy protons, below that required to explain the cosmic rays, or a
low efficiency of neutrino production.

In the GRB fireball, protons are believed to be accelerated
stochastically in collisions of internal shocks in the expanding GRB.
The neutrino flux is proportional to the rate of p–c interactions, and so
to the proton content of the burst by a model-dependent factor.
Assuming a model-dependent proton ejection efficiency, the proton
content can in turn be related to the measured flux of high-energy
cosmic rays if GRBs are the cosmic-ray sources. Limits on the neutrino
flux for cosmic-ray-normalized models are shown in Fig. 3; each model
prediction has been normalized to a value consistent with the observed
ultra-high-energy cosmic-ray flux. The proton density can also be
expressed as a fraction of the observed burst energy, directly limiting
the average proton content of the bursts in our catalogue (Fig. 4).

An alternative is to reduce the neutrino production efficiency, for
example by modifying the physics included in the predictions16,17 or by
increasing the bulk Lorentz boost factor, C. Increasing C increases the
proton energy threshold for pion production in the observer frame,
thereby reducing the neutrino flux owing to the lower proton density at
higher energies. Astrophysical lower limits on C are established by pair
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Figure 2 | Upper limits on E22 power-law muon neutrino fluxes. Limits
were calculated using the Feldman-Cousins method21 from the results of the
model-independent analysis. The left-hand y-axis shows the total number of
expected nm events, while the right-hand y-axis (Fn) is the same as in Fig. 1. A
time window ofDt implies observed events arriving between t seconds before the
burst and t afterward. The variation of the upper limit (solid line labelled ‘90%
Upper limit’) withDt reflects statistical fluctuations in the observed background
rate, as well as the presence of individual events of varying quality. The dashed
line labelled ‘90% Sensitivity’ shows the upper limit that would have been
obtained with exactly the mean expected background. The event at 30 s (event 1)
is consistent with background and believed to be a cosmic-ray air shower.
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Figure 1 | Comparison of results to predictions based on observed c-ray
spectra. The summed flux predictions normalized to c-ray spectra6,9,19 are
shown as a function of neutrino energy (E) in dashed lines, with the dark grey
dashed line labelled ‘IC40 Guetta et al.’ showing the flux prediction for the 40-
string portion of the analysis, and the black dashed line labelled ‘IC40159
Guetta et al.’ showing the prediction for the full two-year dataset. The cosmic
ray normalized Waxman-Bahcall flux4,20 is also shown for reference as the pale
grey dashed line. 90% confidence upper limits on these spectra are shown as
solid lines, with the grey line labelled ‘IC40 limit’ showing the previous IceCube
result6 and the black ‘IC401IC59 Combined’ line showing the result from the
full dataset (this work). The predicted neutrino flux, when normalized to the
c-rays6,9, is proportional to the ratio of energy in protons to that in electrons,
which are presumed responsible for the c-ray emission (ep/ee, here the standard
10). The flux shown is slightly modified6 from the original calculation9. Wn (left
vertical axis) is the average neutrino flux at Earth, obtained by scaling the
summed predictions from the bursts in our sample (Fn, right vertical axis) by
the global GRB rate (here 667 bursts yr21; ref. 7). The first break in the neutrino
spectrum is related to the break in the photon spectrum measured by the
satellites, and the threshold for photo-pion production, whereas the second
break corresponds to the onset of synchrotron losses of muons and pions. Not
all of the parameters used in the neutrino spectrum calculation are measurable
from every burst. In such cases, benchmark values7 were used for the
unmeasured parameters. Data shown here were taken from the result of the
model-dependent analysis.
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Figure 3 | Compatibility of some neutrino flux predictions based on cosmic
ray production in GRBs with observations. The cross-hatched area
(‘IC40159 Allowed 90% CL’) shows the 90% confidence allowed values of the
neutrino flux (vertical axes, as in Fig. 1) versus the neutrino break energy (eb) in
comparison to model predictions with estimated uncertainties (points); the
solid line labelled ‘IC50159 Allowed 95% CL’ shows the upper bound of the
95% confidence allowed region. Data were taken from the model-independent
analysis from the time window corresponding to the median duration of the
GRBs in our catalogue ( |Dt | 5 28 s). Spectra are represented here as broken
power laws (Wn?{E

21/eb, E , eb; E22, E . eb}) with a break energy eb

corresponding to the D resonance for p–c interactions in the frame of the shock.
The muon flux in IceCube is dominated by neutrinos with energies around the
first break (eb). As such, the upper break, due to synchrotron losses of p1, has
been neglected here, as its presence or absence does not contribute significantly
to the muon flux and thus does not have a significant effect on the presented
limits. eb is related to the bulk Lorentz factor C (eb / C2); all of the models
shown assume C < 300. The value of C corresponding to 107 GeV is .1,000 for
all models. Vertical axes are related to the accelerated proton flux by the model-
dependent constant of proportionality fp. For models assuming a neutron-
decay origin of cosmic rays (ref. 8 and ref. 10) fp is independent of C; for others
(ref. 4) fp / C24. Error bars on model predictions are approximate and were
taken either from the original papers, where included10, or from the best-
available source in the literature15 otherwise. The errors are due to uncertainties
in fp and in fits to the cosmic-ray spectrum. Waxman-Bahcall4 (circle)
and Rachen8 (box) fluxes were calculated using a cosmic-ray density of
(1.5–3) 3 1044 erg Mpc23 yr21, with 3 3 1044 the central value20. The Ahlers10

model is shown with a cross. CL, confidence level.
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IC40+59 results
• IceCube limit below benchmark

diffuse models normalized to UHE CR
data. [Waxman&Bahcall’03; Rachen et al.’98]

Ü IceCube’s results challenge GRBs
as the sources of UHE CRs!

• Limit on burst neutrino emission
depends on neutrino break energy
“εb ∝ Γ2” (break in optical depth).

• Results from model-dependent
analysis translate into bounds of GRB
parameters. [Guetta et al.’04]

Ü Neutron emission models largely
ruled out. [MA, Gonzalez-Garcia & Halzen’11]
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FIG. 2. Limits on E�2 fluxes from the model-independent
analysis as a function of the size of the time window |�t|,
calculated using the Feldman-Cousins method17. The left y-
axis shows the total number of expected ⌫µ events while the
right-hand vertical axis is the same as the right-hand vertical
axis in Fig. 1. A time window of �t implies observed events
arriving between t seconds before the burst and t afterward.
The variation of the upper limit with �t reflects statistical
fluctuations in the observed background rate, as well as the
presence of individual events of varying quality. The event
at 30 seconds (Event 1) is consistent with background and
believed to be a cosmic-ray air shower.

E�2 muon neutrino fluxes at Earth as a function of the
size of the time window |�t|, the di↵erence between the
neutrino arrival time and the first reported satellite trig-
ger time. As a cross-check on both results, the limit from
this analysis on the average individual burst spectra6,10

during the time window corresponding to the median
duration of the bursts in the sample (28 seconds) was
0.24 times the predicted flux, within 10% of the model-
dependent analysis.

Assuming that the GRBs in our catalog are a rep-
resentative sample of a total of 667 per year7, we can
scale the emission from our catalog to the emission of
all GRBs. The resulting limits can then be compared
to the expected neutrino rates from models that assume
that GRBs are the main sources of ultra high energy cos-
mic rays4,9,11, with sampling biases of the same order
as model uncertainties in the flux predictions18,19. Lim-
its from the model-independent analysis on fluxes of this
type are shown in Fig. 3.

These limits exclude all tested models4,9–11 with their
standard parameters and uncertainties on those parame-
ters (Figs. 1, 3). The models are di↵erent formulations of
the same fireball phenomenology, producing neutrinos at
proton-photon (p�) interactions in internal shocks. The
remaining parameter spaces available to each therefore
have similar characteristics: either a low density of high-
energy protons, below that required to explain the cosmic
rays, or a low e�ciency of neutrino production.

In the fireball scenario, protons are accelerated
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FIG. 3. Limits from the model-independent analysis in
comparison to theoretical predictions relating GRB neutrino
fluxes to the cosmic ray flux. Data are taken from the time
window corresponding to the median duration of the GRBs
in our catalog (|�t| = 28 seconds). Spectra are represented
as broken power laws (�⌫ · {E�1/✏b, E < ✏b; E

�2, E > ✏b})
with a break energy ✏b corresponding to the � resonance for
p� interactions in the frame of the shock. The muon flux
in IceCube is dominated by neutrinos with energies around
the first break (✏b). As such, the upper break, due to syn-
chrotron losses of ⇡+, has been neglected, as its presence or
absence does not contribute significantly to the muon flux
and thus does not have a significant e↵ect on the presented
limits. The neutrino break energy ✏b is related to the bulk
Lorentz factor � (✏b / �2). All of the models shown assume
� ⇠ 300. The value of � corresponding to 107 GeV is > 1000
for all models. Vertical axes are related to the accelerated pro-
ton flux by the model-dependent constant of proportionality
f⇡. For models assuming a neutron-decay origin of cosmic
rays (Rachen and Ahlers) f⇡ is independent of �; for others
(Waxman-Bahcall) f⇡ / ��4. Error bars on model predic-
tions are approximate and were taken either from the original
papers, where included11, or from the best-available source in
the literature18 otherwise. The errors are due to uncertain-
ties in f⇡ and in fits to the cosmic-ray spectrum. Waxman-
Bahcall4 and Rachen et al.9 were calculated using a cosmic
ray density of 0.5 � 1 ⇥ 1044 erg Mpc�3 yr�1, with 1044 the
central value16.

stochastically in collisions of internal shocks in the ex-
panding GRB. The neutrino flux is proportional to the
rate of p� interactions, and so to the proton content of the
burst by a model-dependent factor. Assuming a model-
dependent proton ejection e�ciency, the proton content
can in turn be related to the measured flux of high-energy
cosmic rays if GRBs are the cosmic ray sources. Limits on
the neutrino flux for extragalactic cosmic ray normalized
models are shown in Fig. 3; each model prediction has
been normalized to a value consistent with the observed
ultra high-energy cosmic ray flux. The proton density
can also be expressed as a fraction of the observed burst
energy, directly limiting the average proton content of
the bursts in our catalog (Fig. 4).

An alternative is to reduce the neutrino production ef-

5

ficiency, for example by modifying the physics included
in the predictions19,20 or by increasing the bulk Lorentz
boost factor �. Increasing � increases the proton en-
ergy threshold for pion production in the observer frame,
thereby reducing the neutrino flux due to the lower pro-
ton density at higher energies. Astrophysical lower limits
on � are established by pair production arguments10, but
the upper limit is less clear. Although it is possible that
� may take values of up to 1000 in some unusual bursts,
the average value is likely lower (usually assumed to be
around 3006,10) and the non-thermal gamma-ray spectra
from the bursts set a weak constraint that � . 200021.
For all considered models, with uniform fixed proton con-
tent, very high average values of � are required to be
compatible with our limits (Figs. 3, 4).

In the case of models where cosmic rays escape from
the GRB fireball as neutrons9,11, the neutrons and neu-
trinos are created in the same p� interactions, directly
relating the cosmic ray and neutrino fluxes and remov-
ing many uncertainties in the flux calculation. In these
scenarios, � also sets the threshold energy for production
of cosmic rays. The requirement that the extragalactic
cosmic rays be produced in GRBs therefore does set a
strong upper limit on �: increasing it beyond ⇠ 3000
causes the proton flux from GRBs to disagree with the
measured cosmic ray flux above 4⇥1018 eV, where extra-
galactic cosmic rays are believed to be dominant. Limits
on � in neutron-origin models from this analysis (& 2000,
Fig. 3) are very close to this point, and as a result all
such models in which GRBs are responsible for the entire
extragalactic cosmic-ray flux are now largely ruled out.

Although the precise constraints are model dependent,
the general conclusion is the same for all the versions of
fireball phenomenology we have considered here: either
the proton density in gamma ray burst fireballs is sub-
stantially below the level required to explain the highest
energy cosmic rays or the physics in gamma ray burst
shocks is significantly di↵erent from that included in cur-
rent models. In either case, our current theories of cos-
mic ray and neutrino production in gamma ray bursts
will have to be revisited.
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GRB flux normalization

• Neutrino predictions depend on model and normalization:

A GRB as the source of UHE CRs?

Ü calculate the pion energy fraction fπ in pγ interactions
Ü normalize to UHE CRs [Waxman & Bahcall’97]

A’ GRB as the source of UHE CR neutrons?

Ü independent of fπ
Ü normalize to UHE CRs [Rachen & Mészáros’98; MA, Gonzalez-Garcia & Halzen’11]

B GRB as one source of (UHE) CRs?

Ü use bolometric energy arguments about internal energy densities U in shock

UB = εBUtot Ue = εeUtot Up = εpUtot

Ü by construction, εB + εe + εp . 1, but otherwise not well constrained
Ü calculate the pion energy fraction fπ in pγ interactions
Ü normalize to CRs in individual bursts, Up = (εp/εe)Uburst [Guetta et al.’04;He et al.’12]
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GRB model-dependence

• The parameters Γi, εp and εe are in general fudge-factors; some indirect
observation by GRB afterglow emission.

• Model hierarchy: “A Ü B” or “not B Ü not A”

• Heavy nuclei acceleration in internal shocks?

• issues for model A; large internal shock radii and/or large Lorentz factors
needed to reach UHEs [Wang,Razzaque&Meszaros’08;Murase et al.’08]

• generally lower neutrino luminosity due to limited photon density

• Diffuse limits have also dependence on the stochasticity of the tested GRB
ensemble. [Baerwald,Hümmer&Winter’11]

• Revised calculations of pion fraction fπ produce lower values than the standard
parametrization [Li’11; Baerwald,Hümmer&Winter’11;He et al.’12]

• CR production via neutron emission (model A’) relates neutrinos and CR protons
independent of the absolute value fπ; scenario largely ruled out by IC40+59.

[MA/Gonzalez-Garcia/Halzen’11]
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Extra-galactic background light (EBL)
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Figure 1: EBL models, measurements, and constraints. See Finke et al. for details and references.

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

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

2 Constraints with Atmospheric Cherenkov Telescopes

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

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

3 Constraints with the Fermi-LAT

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

[Finke et al. ’10]

optical-UV background gives PeV neutrino peak
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Cosmogenic neutrinos & gamma-rays

• GZK interactions produce neutral
and charged pions

p + γCMB → n + π+/p + π0

• Bethe-Heitler (BH) pair production:

p + γCMB → p + e+ + e−

Ü BH is dominant energy loss
process for UHE CR protons at
∼ 2× 109 ÷ 2× 1010 GeV.

• EM components cascade in
CMB/EBL and contribute to
GeV-TeV γ-ray background

[Berezinsky&Smirnov’75]
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Cosmogenic neutrinos from EBL
6

10�11

10�10

10�9

10�8

10�7

10�6

10�5

E
2
J

[G
eV

cm
�

2
s�

1
sr

�
1
]

maximal cascade

Emin = 1017.5 eV

HiRes I&II

Fermi LAT

p (best fit)

�, �̄ (99% C.L.)

� (99% C.L.)

10�11

10�10

10�9

10�8

10�7

10�6

10�5

0.1 1 10 102 103 104 105 106 107 108 109 1010 1011 1012

E
2
J

[G
eV

cm
�

2
s�

1
sr

�
1
]

E [GeV]

maximal cascade

Emin = 1018 eV

HiRes I&II

Fermi LAT

p (best fit)

�, �̄ (99% C.L.)

� (99% C.L.)

10�11

10�10

10�9

10�8

10�7

10�6

10�5

0.1 1 10 102 103 104 105 106 107 108 109 1010 1011 1012

E
2
J

[G
eV

cm
�

2
s�

1
sr

�
1
]

E [GeV]

maximal cascade

Emin = 1018.5 eV

HiRes I&II

Fermi LAT

p (best fit)

�, �̄ (99% C.L.)

� (99% C.L.)

10�11

10�10

10�9

10�8

10�7

10�6

10�5

0.1 1 10 102 103 104 105 106 107 108 109 1010 1011 1012

E
2
J

[G
eV

cm
�

2
s�

1
sr

�
1
]

E [GeV]

maximal cascade

Emin = 1019 eV

HiRes I&II

Fermi LAT

p (best fit)

�, �̄ (99% C.L.)

� (99% C.L.)

FIG. 4: Comparison of proton, neutrino and gamma ray fluxes for di�erent crossover energies. We show the best fit values
(solid lines) as well as neutrino and gamma ray fluxes within the 99% C.L. with minimal and maximal energy density (dashed
lines). The gamma ray fluxes at the 99% C.L. are marginally consistent with the highest energy bins of the Fermi LAT data.
Note, that due to the uncertainties of the infrared background the exact contribution around 100 GeV is uncertain.

The marginalization in Eq. ((9)) also determines Nbest and �best for the model which are the values of the energy shift
and normalization that render the best description of the experimental data, i.e. the maximum probability.

The model is compatible with the experimental results at given goodness of the fit (GOF) if

X

~k

P~k(n, �, Nbest, �best)⇥
⇥
P~k(n, �, Nbest, �best) � Pexp(n, �)

⇤
 0.99 (11)

Technically, this is computed by generating a large number Nrep of replica experiments according to the probability
distribution P~k(n, �, Nbest, �best) and counting the fraction of those which verify P~k(n, �, N , �best)�Pexp(n, �)  0.99

Wit h this method we determine the value of (n, �) parameters that are compatible with the HiRes I and HiRes II
experiments [5]. We plot in Fig. 1 the regions with GOF 64%, 95% and 99% for four values of the minimum energy.
We also show the corresponding values of wcas. These results are obtained assuming an energy scale uncertainty
�Es

= 25% with a top hat prior for the correspondig energy shifts which are assumed to be uncorrelated for HiRes I
and HiRes II. In Fig. 3 we explore the dependence on the results on these assumptions by using a di↵erent form for
the prior, assuming the energy shifts to be correlated between the two experiments, or reducing the uncertainty to
�Es

= 15%. As seen in the figure, the main e↵ect, is associated with the reduction of the energy scale uncertainty
which, as expected, results into a worsening of the GOF for models with larger n. This is directly related to the
normalization constraint from Eq. (10). If one naively ignores the energy scale uncertainty, the constraint in Eq. (10)

Figure 4: Comparison of proton, neutrino and �-ray fluxes for di↵erent crossover energies. We show the best-fit values (solid
lines) as well as neutrino and �-ray fluxes within the 99% C.L. with minimal and maximal energy density (dashed lines). The
values of the corresponding model parameters can be found in Table. 1. The dotted line labeled “maximal cascade” indicates
the approximate limit E2Jcas . c !max

cas /4⇡ log(TeV/GeV), corresponding to a �-ray flux in the GeV-TeV range saturating the
energy density (10). The �-ray fluxes are marginally consistent at the 99% C.L. with the highest energy measurements by
Fermi-LAT. The contribution around 100 GeV is somewhat uncertain due to uncertainties in the cosmic infrared background.

in Fig.2 for illustration only (hence our results are directly comparable to those in Ref.[22]). As described
in Refs. [6, 17], besides the energy scale uncertainty there is also an (energy-dependent) energy resolution
uncertainty which implies that bin-to-bin migrations influence the reconstruction of the flux and spectral
shape. Since the form of the corresponding error matrix is not public, this data [6, 17] cannot be analysed
outside the Auger Collaboration.

4. Discussion

The cosmogenic neutrino fluxes that we have shown in Fig. 4 are compared to present upper limits on
the di↵use neutrino flux in Fig. 5. As before, the solid green line shows the neutrino flux (summed over
flavours) corresponding to the best fit of the proton spectra and the dashed green line indicate the range of
neutrino fluxes within the 99% C.L. For all crossover energies considered, the range of models at the 99%
C.L. is consistent with existing neutrino limits. For illustration, the thin dotted line shows the larger range
of neutrino fluxes at the 99% C.L. corresponding to a fit without the Fermi LAT constraint (cf. the black

9

[MA, Anchordoqui, Gonzalez-Garcia, Halzen & Sarkar ’11]
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Propagation of CR nuclei
• fast photo-disintegration of

nuclei (mass number
A = N + Z) beyond the giant
dipole resonance (GDR):

λGDR ∼ 4
A

Mpc

8 strong influence of mass
composition at very high
energy

Ü BUT: conserves total
number of nucleons with
nucleon energy E/A!

Ü Neutrino production
(mostly) via γ-nucleon
interaction!
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[Puget/Stecker/Bredekamp’76;MA/Taylor’10]
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Approximate∗ scaling law of energy densities

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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Nucleon cascade

• Observed composition is result of
source composition and nucleon
cascades.

• Backtracking conserves energy per
nucleon.

8 Bethe-Heitler (BH) loss breaks this
approximation

bA,BH(E) ' Z2 × bp,BH(E/A)

Ü Minimal cosmogenic neutrino
production from fit to Auger data
assuming:

• maximal backtracking

• minimal BH loss

Ü minimal nucleon emissivity

A+5

A+4

Ap He
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Nucleon cascade

• Observed composition is result of
source composition and nucleon
cascades.

• Backtracking conserves energy per
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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 |∆Eν/Eν|y = ∆y/〈y〉 # 1. Assuming these errors are un-
correlated, and using ∆R/R ∼ 0.02 with a mean R ∼ 1 km,
and cosθC δθ = 0.06, the root-sum-squared error is domi-
nated by the Bjorken-y uncertainty, giving |∆Eν/Eν|total ∼ 1
for Eν = 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 Nν 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 Nν: 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 4σ-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
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Best-fit range of GZK neutrino predictions (∼two orders of magnitude!) cover various
evolution models and source compositions.
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