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Neutrino sky map∗ at very high energies

* CR background removed
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Multi-messenger paradigm

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

• Flux predictions are based on CR
and γ-ray observation.

• A brief status summary:

8 No “surprises” yet.

4 Sensitivity has reached the level
of “serious” models.

Ü Implications of neutrino limits on
multi-messenger production.
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Neutrino observation at very high energies
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[MA’11]

Cherenkov radiation in transparent media (glaciers, lakes, oceans,. . . ).
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Cherenkov radiation in transparent media (glaciers, lakes, oceans,. . . ).
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Neutrino observation at very high energies
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[MA’11]

Coherent radio Cherenkov emission (Askaryan effect).
Observation in-situ, balloons or satellites.
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Neutrino observation at very high energies
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[MA’11]

Coherent radio Cherenkov emission (Askaryan effect).
Observation from lunar regolith.

Markus Ahlers (UW-Madison) The neutrino sky at very high energies Erlangen, October 12-14, 2011



Neutrino observation at very high energies
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[MA’11]

Acoustic detection?
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Neutrino observation at very high energies
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[MA’11]

Deeply penetrating quasi-horizontal showers.
Observation by CR surface arrays.
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Neutrino observation at very high energies
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[MA’11]

Observation by CR surface arrays and/or fluorescence
detectors/satellites.
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Neutrino observation at very high energies
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[MA’11]

Earth-skimming tau neutrinos.
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Neutrino limits at very high energies

ANTARES (3×νµ)

IC-40 (νe,µ,τ )
IC-40 (3×νµ)

FORTE (νe,µ,τ )

GLUE (νe,µ,τ )

ANITA (νe,µ,τ )
Auger (3×ντ )

HiRes (3×νx)

RICE (νe,µ,τ )
BAIKAL (νe,µ,τ )

AMANDA (νe,µ,τ )

AMANDA (3×νµ)

diffuse νe + νµ + ντ limits

a
tm

o
sp
h
eric

ν
µ
+
ν̄
µ

Eν

ω
ν
/
lo
g
1
0
(E

m
a
x
/E

m
in
)
[e
V

cm
−
3
]

E
2 ν
J
ν
[G

eV
cm

−
2
s−

1
sr

−
1
]

10−3

10−4

10−5

10−6

10−7

10−8

10−9

YeVZeVEeVPeVTeV

10−3

10−4

10−5

10−6

10−7

10−8

10−9

[MA’11]

Markus Ahlers (UW-Madison) The neutrino sky at very high energies Erlangen, October 12-14, 2011



Neutrino limits at very high energies

ANTARES (3×νµ)

IC-40 (νe,µ,τ )
IC-40 (3×νµ)

FORTE (νe,µ,τ )

GLUE (νe,µ,τ )

ANITA (νe,µ,τ )
Auger (3×ντ )

HiRes (3×νx)

RICE (νe,µ,τ )
BAIKAL (νe,µ,τ )

AMANDA (νe,µ,τ )

AMANDA (3×νµ)

KM3NeT (1yr)
IC-86 (3yr)

JEM-EUSO (3yr, “tilted”)

ARA-37 (3yr)

diffuse νe + νµ + ντ limits

a
tm

o
sp
h
eric

ν
µ
+
ν̄
µ

Eν

ω
ν
/
lo
g
1
0
(E

m
a
x
/E

m
in
)
[e
V

cm
−
3
]

E
2 ν
J
ν
[G

eV
cm

−
2
s−

1
sr

−
1
]

10−3

10−4

10−5

10−6

10−7

10−8

10−9

YeVZeVEeVPeVTeV

10−3

10−4

10−5

10−6

10−7

10−8

10−9

[MA’11]

Markus Ahlers (UW-Madison) The neutrino sky at very high energies Erlangen, October 12-14, 2011



How dark is the neutrino sky?
• UHE CRs produced by astrophysical engine with ambient gas and radiation

Ü pion production in pγ and/or pp interactions:

• pγ : Nπ± : Nπ0 ∼ 1 : 1
(∆-resonance with Nπ+ : Nπ0 : Nπ− ∼ 1 : 2 : 0)
(direct π+ production on resonance about 1/5th)

• pp : Nπ± : Nπ0 ∼ 2 : 1
(Nπ+ : Nπ0 : Nπ− ∼ 1 : 1 : 1)

Ü relative abundance K = Nπ±/Nπ0 : Kpγ ' 1 and Kpp ' 2

Ü neutrino production on decay:

π+ → µ+νµ → e+νeν̄µνµ & π− → µ−ν̄µ → e−ν̄eνµν̄µ

Ü electromagnetic emission (assuming no B):

Qγ(Eγ) =
1
3

1
K

Qν(Eγ/2) & Qe(Ee) =
1
3

Qν(Ee)

Ü cascades in cosmic radiation background

8 limited by extragalactic diffuse γ-ray background [Berezinsky&Smirnov’75]
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Diffuse GeV-TeV background

• CMB interactions (solid lines)
dominate in casade:

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

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

• PP in IR/optical background
(red dashed line) determines the
“edge” of the spectrum.

• this calculation:
Franceschini et al. ’08
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Rapid cascade interactions produce universel GeV-TeV emission
(almost) independent of injection spectrum and source distribution.
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Diffuse GeV-TeV background
• New diffuse γ-ray background measured by Fermi-LAT is significantly softer than

the former measurement by EGRET.
• Reduced energy density sets stronger limits on multi-messenger models, in

particular UHE CRs and cosmogenic neutrinos. [Berezinsky et al.’10]
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Test spectra

Study of multi-messenger relations over various CR energies via test-spectra:

Q(E; Emax,Emin) ∝ E−1 exp(−E/Emax) exp(−Emin/E)

• “bin-wise” test of neutrino fluxes:

log10(Emax/Emin) = const < 1

• serves as “basis”, e.g. for power-law flux:∫
dEmax E−γ

max Q(E; Emax) ∝ E−γ

• diffuse production assuming
homogeneous distribution of sources
within 0 < z < 1 and redshift evolution
(1 + z)3
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Cascade limit revisited
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• test-spectra: Qν(E; Emax) ∝ E−1e−E/Emax e−Emin/E with log10(Emax/Emin) = 0.25

• electromagnetic emission (with Kpγ ' 1) in GeV-TeV γ-rays normalized to
Fermi-LAT (+1σ)
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• envelope of test-function corresponds to a differential upper limit

• magnetic field at pion production (τsyn � τπ ?):

Qν(Eν)→ Qν(Eν)/(1 + (Eν/Eb)
2) with Eb ' 1

4
3
4

√
m2
π

πα2B2τπ
' 3PeV/BT
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Integrated cascade limit
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• integrated cascade limit assuming E−2 flux between E− and E+:

E2Φνtot ' 3× 10−7 (log10(E+/E−))−1 GeV cm−2 s−1 sr−1

• energy density: ωFermi ' 6× 10−7 eV/cm3 vs. ωIC40 ' 1× 10−7 eV/cm3
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The cosmic leg

The all-particle spectrum (as E2.5×F) of cosmic rays.
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The cosmic leg

The all-particle spectrum (as E2.5×F) of cosmic rays.
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The cosmic leg

The all-particle spectrum (as E2.5×F) of cosmic rays.
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Where do they come from?

• CR acceleration is (most
likely) a continuous
process.

Ü Accelerators need to
confine the particle by
magnetic fields.

• Emax ∼ size× field strength
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Conceivable neutrino fluxes
• Typical neutrino energy from pγ interactions (in boosted environments):

Eν ' 1
40

∆2Γ2

(1 + z)2Eγ
' 4× 1019 eV× Γ2

(1 + z)2 ×
(

Eγ
meV

)−1

• cosmogenic neutrinos (Γ = 1 / Eγ ' 10 meV): Eν ' 1 EeV
[Berezinsky&Zatsepin’69]

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

• afterglow emission in GRBs (Γ ' 100 / Eγ ' 1 keV): Eν ' 1 EeV
[Waxman&Bahcall’00]

• external radiation in line-emitting blazars (Γ ' 10 / Eγ ' 0.1 MeV): Eν ' 10 TeV
[Atoyan&Dermer’01]

• UV emission from AGN disk (Γ ' 1 / Eγ ' 10 eV): Eν ' 1 PeV
[Stecker/Done/Salamon/Sommers’91]

• internal synchrotron emission in AGN jets (Γ ' 10 / Eγ ' 1 meV): Eν ' 1 ZeV
[Mannheim/Stanev/Biermann’92]

• . . .
• Neutrinos form pp interactions Eν . 0.05Ep can dominate in dense environments:

• precursor neutrinos of GRBs: Eν . 100 TeV
[Razzaque/Meszaros/Waxman’03]

• starburst galaxies: Eν . 100 TeV
[Loeb&Waxman’06]

• . . .
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Optically thin sources

p

n π+

µ+

e+

νµν̄µνe

p ν̄e

e−

γ

Optically Thin Source

(i) tacc < min(tsyn, tpγ , tpp, tdyn)

(efficient CR acceleration)

(ii) tpγ � tpp & tacc < tn & tdyn . tpγ

(efficient emission of CR neutrons from
pγ-interactions in optically thin source)

(iii) tπ/µ < tsyn

(synchrotron loss of pions and muons
negligible)

Lall ν(z,Eν) ' η

ε
Ln(z,Eν/ε)

η =
〈Nν〉
〈Nn〉

' 3 and ε =
〈Eν〉
〈En〉

' 1
20
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UHE CR model

• spatially homogeneous and isotropic distribution of sources

• Boltzmann equation of comoving number density (Y = n/(1 + z)3):

Ẏi = ∂E(HEYi) + ∂E(biYi)− Γi Yi +
∑

j

∫
dEj γjiYj + Li ,

H : Hubble rate
bi : continuous energy loss
γji (Γi) : differential (total) interaction rate

• power-law proton emission rate:

Lp(0,E) ∝ (E/E0)
−γ exp(−E/Emax) exp(−Emin/E)

• redshift evolution of source emission or distribution:

Lp(z,E) = Lp(0,E)(1 + z)nΘ(zmax − z)Θ(z− zmin)

• fixed in the following: zmin = 0, zmax = 1 and n = 3.
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Cosmogenic neutrinos & gamma-rays

• photopion production of protons
[Greisen’66;Zatsepin/Kuzmin’66]

[Berezinsky/Zatsepin’69]

p + γCMB → n + π+/p + π0

• Bethe-Heitler (BH) pair production:

p + γCMB → p + e+ + e−

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

Ü decreases the cascade limit on
cosmogenic neutrinos.

[Kalashev/Semikoz/Sigl’09]
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MPR bound revisited
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[MA’11]

• CR emission via neutron production, ∆-approximation: εpγ ' 0.06 & ηpγ ' 3

• CR propagation: cosmogenic emission (photo-pion & Bethe-Heitler)

• CR proton limited by UHE CR data (Auger & Hires)

Ü “reduced” cascade bound of optically thin sources [Mannheim/Protheroe/Rachen’98]
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νe,µ,τ

p

γ

[MA’11]

• CR emission via neutron production, ∆-approximation: εpγ ' 0.06 & ηpγ ' 3

• CR propagation: cosmogenic emission (photo-pion & Bethe-Heitler)

• CR proton limited by UHE CR data (Auger & Hires)

Ü “reduced” cascade bound of optically thin sources [Mannheim/Protheroe/Rachen’98]

Markus Ahlers (UW-Madison) The neutrino sky at very high energies Erlangen, October 12-14, 2011



MPR bound revisited

10−10

10−9

10−8

10−7

10−6

10−5

GeV TeV PeV EeV ZeV

E
2
J

[G
eV

cm
−

2
s−

1
sr

−
1
]

E

ANITAIceCube (IC40)

Fermi-LAT

HiRes/Auger
cascade & CR p limit (à la “MPR”)
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CR proton bound
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• Neutrino emission is further constraint by neutrino upper limits.

Ü Constraints proton fraction of UHE CRs! [MA/Anchordoqui/Sarkar’09]

• full IceCube after 3 years: “model-independent” limit on the proton fraction up to
the ankle.
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CR proton bound
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• Neutrino emission is further constraint by neutrino upper limits.

Ü Constraints proton fraction of UHE CRs! [MA/Anchordoqui/Sarkar’09]

• full IceCube after 3 years: “model-independent” limit on the proton fraction up to
the ankle.
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CR proton bound
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• differential upper limit on proton fraction from optically thin sources

• IC86 after 3 years is sensitive up to the ankle (for HiRes normalization)

• stronger (model-dependent) bounds possible from specific emission spectra
[MA/Anchordoqui/Sarkar’09]
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Galactic to extragalactic crossover

“dip-transition” vs. “ankle-transition” 12
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FIG. 10: Left panel: the second-knee transition . The extragalactic proton spectrum is shown for E−2.7 generation spectrum
and for propagation in magnetic field with Bc = 1 nG and lc = 1 Mpc, with the Bohm diffusion at E <∼ Ec. The distance

between sources is d = 50 Mpc. Eb = Ecr = 1 × 1018 eV is the beginning of the transition, EFe is the position of the iron knee
and Etr is the energy where the galactic and extragalactic fluxes are equal. The dash-dot line shows the power-law extrapolation
of the KASCADE spectrum to higher energies, which in fact has no physical meaning, because of the steepening of the galactic
spectrum at EFe. Right Panel: the ankle transition, for the injection spectrum of extragalactic protons E−2. In both cases the
dashed line is obtained as a result of subtracting the extragalactic spectrum from the observed all-particle spectrum.

flatness of the extragalactic generation spectrum, which provides reasonable luminosities of the sources and a natural
interpretation of the intersection of the galactic and extragalactic cosmic ray components. Being stimulated by the
discovery of the ankle by the Haverah Park array in the ’70s, this model has been considered recently in Refs. [12, 13].
Both models of the transition, at the second knee and at the ankle, have some advantages and problems, as summarized
below:

• The second knee model is inspired by and based on the numerical confirmation of the existence of the dip as a
spectral feature of extragalactic protons interacting with the CMB (see Fig. 2). The probability of an accidental
agreement, estimated from the χ2, the number of free parameters and the number of energy bins in each of
the four experiments, is very small. The ankle model explains the dip as a possible interplay between galactic
and extragalactic spectra. It looks rather odd that such feature has exactly the same shape as that of the
CMB-induced dip.

• The explanation of the transition is more straightforward in the ankle model: it is the simple intersection of
the flat extragalactic spectrum with the steep galactic spectrum. This model naturally predicts a rather low
luminosity of the sources and allows to incorporate an arbitrary fraction of heavy nuclei in the total flux at
E > 1×1019 eV, in case the future experiments will show that this is needed. The second knee transition is also
based on the intersection of a steep galactic spectrum with a flat extragalactic spectrum. The flatness of the
extragalactic spectrum (diffusion ’cutoff’) appears quite naturally at energy close to Ecr = 1 × 1018 eV due to
diffusion of protons with E < Ecr. However, a low luminosity of the sources can be achieved only by postulating
a distribution of maximum energies at the sources. The energy where the effective generation spectrum shows
the steepening is a free parameter.

• The dip is modified by the presence of heavy nuclei in the primary radiation and it allows only small admixture
of heavy nuclei at the dip and above it. This may in turn be interpreted as a possible signature of the model of
transition at the dip.

• The model of the transition at the ankle requires that the galactic component of cosmic rays extends to energies

[e.g. Aloisio et al.’06]
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Proton-dominance in UHE CRs?

• GoF based on
Hires-I/II data
(∆E/E ' 25%)

• fixed:
Emax = 1021 eV
zmin = 0 / zmax = 2

• priors:
2.1 ≤ γ ≤ 2.9
2 ≤ n ≤ 6
ωcas ≤ ωFermi

• range of spectra:
99% C.L.

• increasing
crossover energy
from 2nd knee to
ankle

[MA/Anchordoqui/Gonzalez-Garcia/Halzen/Sarkar’10]
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Cosmogenic neutrinos from CR protons
• Cascade bound, ωcas ≤ ωFermi, reduces the cosmogenic neutrino flux

(dotted green line) by a factor 2-4.

• Range of cosmogenic neutrino fluxes (dashed green line) increase along with
the cross-over energy and lies within reach of present & future neutrino
observatories.
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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

[ARA’11]

Best-fit range of GZK neutrino predictions (∼two orders of magnitude!) cover various
evolution models and source compositions.
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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.

Acknowledgments

We thank the National Science Foundation for their gener-
ous support through Grant NSF OPP-1002483. We are very
grateful to Raytheon Polar Services Corporation for their ex-
cellent field support at Amundsen-Scott Station, and the Ice-
Cube drillers and specialists who helped with our installation.

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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TABLE III. Expected numbers of events in 333.5 days from
several cosmogenic neutrino models and top-down models.
The confidence interval for exclusion by this observations is
also listed where appropriate. The cosmogenic neutrino mod-
els (GZK 1-6) assume the cosmic-ray primaries to be protons
and different spectral indices/cutoff energies at sources as well
as different cosmological evolution parameters and extension
in redshift for the sources. Representative models with mod-
erate (GZK 3, 4, 6), moderately strong (GZK 1) and strong
(GZK 2, 5) source evolution parameters are listed here.

Models Event rate C.L. %
GZK 1 [3] 0.57 · · ·
GZK 2 [4] 0.91 53.4
GZK 3 (ΩΛ = 0.0) [5] 0.29 · · ·
GZK 4 (ΩΛ = 0.7) [5] 0.47 · · ·
GZK 5 (maximal) [6] 0.89 52.8
GZK 6 (the best fit) [6] 0.43 · · ·
Top-down 1 (SUSY) [22] 1.0 55.7
Top-down 2 (no-SUSY) [22] 5.7 99.6
Z-burst [21] 1.2 66.4
WB bound (with evolution) [32] 4.5 · · ·
WB bound (without evolution) [32] 1.0 · · ·

by the models GZK 1, 4, 6, all of which assume primary
protons. This suggests that the IceCube EHE neutrino
search will reach these flux levels in the near future since
the event rate is roughly proportional to the fiducial vol-
ume (see Fig. 3), and the current analysis used only the
half-instrumented IceCube detector configuration. Fur-
ther improvements in sensitivity would enable IceCube to
act as a a probe of the primary cosmic-ray composition
at GZK energies [28].

Figure 4 indicates that a large part of the EHE neu-
trino signal are expected from the zenith angle region
between 60o and 90o. Upward-going EHE neutrinos are
absorbed in the Earth. The propagation length of sec-
ondary muons and taus is greater than the distance be-
tween the surface and the IceCube fiducial volume. Thus,
the inclined particles that reach the IceCube detector are
created in the Earth. For νe, the event signatures are pro-
duced nearly at the neutrino interaction points and the
current analysis is sensitive to all downward-going geome-
tries. The peaked features in Fig. 4 (a) and (d) at Eνe

∼
6.3 PeV is due to the Glashow resonance [29]. Expected
signal energy distributions of GZK 6 at the final selection
level are shown in the lower right panel in Fig. 4. The
peak energy of the expected signal after all selection cri-
teria is at ∼7.0 ×108 GeV. Significant contributions from

all neutrino flavors are observed. In the GZK 6 model,
13% of the signal are from νe, 45% are from νµ and 42%
are from ντ . Through-going tracks (muons and taus) con-
stitute 60% of the signal rate and the rest are neutrino in-
teractions that create cascade-like events near and inside
the detector volume. Table III gives the event rates for
several model fluxes of cosmogenic neutrinos, top-down
scenarios, and a pure E−2 power-law neutrino spectrum
normalized to the Waxman-Bahcall flux bounds for ref-
erence. We expect 0.3 to 0.9 cosmogenic neutrino events
in 333.5 days, assuming moderate to strong cosmological
source evolution models. The half-instrumented IceCube
detector is already capable of constraining those models
with relatively high neutrino fluxes. The IceCube sensi-
tivity to cosmological EHE neutrinos continues to grow.
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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

Two “extreme models”: [MA&Salvado’11]

• 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

Ü “Guaranteed” diffuse spectra of gamma-rays (dashed lines) and cosmogenic
neutrinos (all flavor, dotted lines).

Ü Absolute neutrino limits from diffuse γ-ray background (Fermi-LAT).
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Propagation of CR nuclei

• strong photo-disintegration of nuclei
(mass number A) beyond the giant
dipole resonance (GDR):

EA
GDR ' A× 2× ε−1

meV × 1010 GeV

Ü strong influence of mass composition
at very high energy, but conserves
total number of nucleons with nucleon
energy E/A.

• energy loss rates via Bethe-Heitler
(BH) and photo-pion (γπ) production:

bA,BH(E) ' Z2 × bp,BH(E/A)

bA,γπ(E) ' A× bN,γπ(E/A)

56Fe

55Fe

54Fe

53Fe

52Fe

55Mn

54Mn

53Mn

52Mn

51Mn

54Cr

53Cr

52Cr

51Cr

50Cr

49Cr

48Cr

53V

52V

51V

50V

49V

48V

47V

52Ti

51Ti

50Ti

49Ti

48Ti

47Ti

46Ti

45Ti

44Ti

50Sc

49Sc

48Sc

47Sc

46Sc

45Sc

44Sc

43Sc

49Ca

48Ca

47Ca

46Ca

45Ca

44Ca

43Ca

42Ca

41Ca

40Ca

46K

45K

44K

43K

42K

41K

40K

39K

38K

44Ar

43Ar

42Ar

41Ar

40Ar

39Ar

38Ar

37Ar

36Ar

40Cl

39Cl

38Cl

37Cl

36Cl

35Cl

38S

37S

36S

35S

34S

33S

32S

33P

32P

31P

30P

32Si

31Si

30Si

29Si

28Si

29Al

28Al

27Al

26Al

28Mg

27Mg

26Mg

25Mg

24Mg

25Na

24Na

23Na

22Na

24Ne

22Ne

21Ne

20Ne19F

18F

17F

18O

17O

16O

15O

14O

15N

14N

13N

14C

13C

12C

11C

11B

10B

10Be

9Be

7Be

7Li

6Li

4He

3He

T

D

p

N

Z

stable
nuclei

long-
lived
nuclei

PSB-chain

[Puget/Stecker/Bredekamp’76;MA/Taylor’10]
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Approximate∗ scaling law for GZK neutrinos

ωGZK ∝
∑

i

fi A2−γi
i︸ ︷︷ ︸

composition

×
∫ zmax

0
dz

(1 + z)n+γi−3√
ΩΛ + Ωm(1 + z)3︸ ︷︷ ︸
evolution

* disclaimer:

• source composition {fi} (
∑

i fi = 1) with mass number Ai and index γi

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

• applies to total relative energy density; below the peak (1018 − 1019 eV) it is more
model dependent/less predictable

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

• 100% proton: n = 5 & Emax = 1020.5 eV
ωGZK ∝ 0.3× 0.8

• 100% iron: n = 0 & Emax = 26× 1020.5 eV
ωGZK ∝ 1× 28

Ü relative difference: ∼ 120.
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Prompt neutrino emission of GRBs?

• acceleration of UHE CRs in internal
shocks of GRBs? [Waxman’05;Vietri’95]

(Lorentz factor Γi and variability tv)

• prompt neutrino emission via pγ
interactions [Waxman&Bahcall’97]

Ü neutrino spectrum follows CR
spectrum ∝ E−γ at PeV energies

• pγ break in spectrum (ε0 ∼ 1 MeV):

Eν,b ' 1
20

Ep,b ' 2× 1015 Γ2
i,2.5

ε0,6
eV

• synchrotron knee of pions/muons:

Eν,s =

(
εe,−1Γ

8
i,2.5t2

v,−2

εB,−1Lγ,52

)1/2

×
{

2× 1017 eV (νµ)

1× 1016 eV (ν̄µ, νe)
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prompt neutrino emission

Qp ∝ E−2 (Waxman’03)

Qp ∝ E−2.3
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Prompt neutrino emission of GRBs?

• fit of spectrum to HiRes data above ankle: L(0,E) ∝ E−γ/(1 + (Ep,b/E))e−E/Emax

• “SFR” : evolution following star formation rate [Hopkins&Beacom’06;Yuksel et al.’08]

• “strong” : Lstrong(z,E) = (1 + z)1.4 LSFR(z,E) [Yuksel&Kistler’06]
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Prompt neutrino emission of GRBs?
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tsyn < tdyn
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• hypothesis : UHE CRs production in GRBs via neutron emission

• scan over luminosity range 0.1 < (εB/εe)Lγ,52 < 10

Ü probe of viable GRB parameters [MA/Gonzalez-Garcia/Halzen’11]
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Prompt neutrino emission of GRBs?
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Prompt neutrino emission of GRBs?
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Summary
8 No surprises yet: very high energy neutrino sky looks dark.

4 Neutrino (non-)observatories have reached a sensitivity to constrain
multi-messenger signals – γ-rays and UHE CRs – with “minimal” assumptions.

4 Cosmogenic neutrinos of proton-dominated models in reach, even with stronger
bounds on diffuse γ-ray emission from Fermi-LAT.

8 However, there are model uncertainties, in particular evolution of CR sources.

4 Strong integral limit on diffuse emission set by IceCube (PeV-EeV):

• ωFermi ' 6× 10−7 eV/cm3

• ωHiRes,E>4EeV ' 4× 1044erg/Mpc3/yr× tage ' 1× 10−7 eV/cm3

• ωIC40 . 1× 10−7 eV/cm3

4 Specific neutrino emission models, e.g. prompt neutrino emission of GRBs can
already be tested by present limits.
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