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Detecting neutrinos associated with the still enigmatic sources of cosmic rays has reached a new
watershed with the completion of IceCube, the first detector with sensitivity to the anticipated
fluxes. In this review, we will briefly revisit the rationale for constructing kilometer-scale neutrino

detectors and summarize the status of the field.
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1 Introduction

Soon after the 1956 observation of the neutrino [1], the
idea emerged that it represented the ideal astronomical
messenger [2-4]. Neutrinos reach us from the edge of the
Universe without absorption and with no deflection by
magnetic fields. Neutrinos have the potential to escape
unscathed from the inner neighborhood of black holes
and from, the subject of this update, the accelerators
where cosmic rays are born. Their weak interactions also
make cosmic neutrinos very difficult to detect. Immense
particle detectors are required to collect cosmic neutri-
nos in statistically significant numbers [5]. Already by
the 1970s, it had been understood that a kilometer-scale
detector was needed to observe the “cosmogenic” neutri-

nos [6] produced in the interactions of cosmic rays with
background microwave photons [7].

Today’s estimates of the sensitivity for observing po-
tential cosmic accelerators such as Galactic supernova
remnants, active galactic nuclei (AGN), and gamma-ray
bursts (GRB) unfortunately point to the same exigent re-
quirement [8-11]. Building a neutrino telescope has been
a daunting technical challenge.

Given the detector’s required size, early efforts concen-
trated on transforming large volumes of natural water
into Cherenkov detectors that catch the light emitted by
the secondary particles produced when neutrinos inter-
act with nuclei in or near the detector [3]. After a two-
decade-long effort, building the Deep Underwater Muon
and Neutrino Detector (DUMAND) in the sea off the
main island of Hawaii unfortunately failed [12]. How-
ever, DUMAND pioneered many of the detector tech-
nologies in use today and inspired the deployment of a
smaller instrument in Lake Baikal [13] as well as efforts
to commission neutrino telescopes in the Mediterranean
[14-16]. These have paved the way toward the planned
construction of KM3NeT [17]. The development of early,
very high-energy neutrino detectors has been recently re-
viewed by Speiring [18].

The first telescope on the scale envisaged by the DU-
MAND collaboration was realized instead by transform-
ing a large volume of deep, transparent, natural Antarc-
tic ice into a particle detector, the Antarctic Muon and
Neutrino Detector Array (AMANDA). In operation from
2000 to 2009, it represented the proof of concept for the
kilometer-scale neutrino observatory, IceCube [19, 20].

Neutrino astronomy has already achieved spectacu-
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lar successes: neutrino detectors have “seen” the Sun
and detected a supernova in the Large Magellanic Cloud
in 1987. Both observations were of tremendous impor-
tance; the former showed that neutrinos have a tiny
mass, opening the first crack in the Standard Model of
particle physics, and the latter confirmed the basic nu-
clear physics of the death of stars. Figure 1 illustrates the
cosmic neutrino energy spectrum covering an enormous
range, from the neutrinos produced in association with
the 2.725 K microwave photon background to 10%°eV
[21]. The figure is a mixture of observations and theo-
retical predictions. At low energy, the neutrino sky is
dominated by neutrinos produced in the Big Bang. At
MeV energy, neutrinos are produced by the Sun and by
supernova explosions; the flux from the 1987 event is
shown. At higher energies, the neutrino sky is dominated
by neutrinos produced by cosmic ray interactions in the
atmosphere, measured up to energies of 100 TeV by the
AMANDA experiment [22]. Atmospheric neutrinos are
a key to our story, because they are the dominant back-
ground for extraterrestrial searches. The flux of atmo-
spheric neutrinos falls dramatically with increasing en-
ergy; events above 100 TeV are rare, leaving a clear field
of view of the sky for extraterrestrial sources.
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Fig. 1 The cosmic-neutrino spectrum. Sources are the big bang
(CvB), the Sun, supernovae (SN), atmospheric neutrinos, gamma-
ray bursts (GRB), active galactic nuclei (AGN), and cosmogenic
(GZK) neutrinos. The data points are from a detector at the Fréjus
underground laboratory [24] (red) and from AMANDA [22] (blue).

The highest energy neutrinos in Fig. 1 are the decay
products of pions produced by the interactions of cosmic
rays with microwave photons [23]. Above a threshold of
~ 4 x 10* eV, cosmic rays interact with the microwave
background introducing an absorption feature in the
cosmic-ray flux, the Greisen—Zatsepin-Kuzmin (GZK)
cutoff. As a consequence, the mean free path of extra-
galactic cosmic rays propagating in the microwave back-
ground is limited to less than 100 megaparsecs. There-
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fore, the secondary neutrinos are the only probe of the
still enigmatic sources at further distances. The calcu-
lation of the neutrino flux associated with the observed
flux of extragalactic cosmic rays is straightforward, and
yields on the order of one event per year in a kilometer-
scale detector. The flux, labeled GZK in Fig. 1, shares
the high-energy neutrino sky with neutrinos anticipated
from gamma-ray bursts and active galactic nuclei [8-11].

2 The first kilometer-scale neutrino detector:
IceCube

A series of first-generation experiments [25, 26] have
demonstrated that high-energy neutrinos with ~ 10 GeV
energy and above can be detected using large volumes of
highly transparent ice or water instrumented with a lat-
tice of photomultiplier tubes. Such instruments detect
neutrinos by observing Cherenkov radiation from sec-
ondary particles produced in neutrino interactions inside
the detector. Construction of the first second-generation
detector, IceCube, at the geographic South Pole was
completed in December 2010 [27]; see Fig. 2.
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Fig. 2 Schematic of the IceCube detector.

IceCube consists of 80 strings, each instrumented with
60 ten-inch photomultipliers spaced 17m apart over a
total length of one kilometer. The deepest modules are
located at a depth of 2.45km so that the instrument is
shielded from the large background of cosmic rays at the
surface by approximately 1.5km of ice. Strings are ar-
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ranged at apexes of equilateral triangles that are 125 m
on a side. The instrumented detector volume is a cubic
kilometer of dark and highly transparent [28] Antarctic
ice. The ice is sterile with the radioactive background
dominated by the instrumentation deployed in this nat-
ural ice.

Each optical sensor consists of a glass sphere contain-
ing the photomultiplier and the electronics board that
digitizes the signals locally using an onboard computer.
The digitized signals are given a global time stamp with
residuals accurate to less than 3ns and are subsequently
transmitted to the surface. Processors at the surface con-
tinuously collect the time-stamped signals from the op-
tical modules, each of which functions independently.
The digital messages are sent to a string processor and
a global event builder. They are subsequently sorted
into the Cherenkov patterns emitted by secondary muon
tracks, or electron and tau showers, that reveal the di-
rection of the parent neutrino; see Ref. [29].

Based on data taken during construction, the actual
effective area of the completed IceCube detector is larger
by a factor 2 (3) at PeV (EeV) energy over what had
been expected [20], mostly because of improvements to
the data acquisition system. The neutrino-collecting area
is expected to increase further with improved calibra-
tion and development of optimized software tools for
the detector, which has been operating stably in its fi-
nal configuration since May 2011. Already reaching an
angular resolution of better than 0.5 degree for muon
tracks triggered, this resolution can be reduced off-line
to < 0.2 degree for individual events. The absolute point-
ing has been determined by measuring the shadowing of
cosmic-ray muons by the moon to 0.1 degree at FWHM.

IceCube detects 10'' muons per year at a trigger rate
of 2700 Hz. Among these it filters 10° neutrinos, one ev-
ery six minutes, above a threshold of ~ 100GeV. The
DeepCore infill array identifies a sample, roughly equal
in number depending on the quality cuts, with energies
as low as 10 GeV; see Fig. 2. These muons and neutri-
nos are overwhelmingly of atmospheric origin and are
the decay products of pions and kaons produced by col-
lisions of cosmic-ray particles with nitrogen and oxygen
nuclei in the atmosphere. With larger detectors, the sep-
aration of cosmic-ray muons from secondary muons of
neutrino origin becomes relatively straightforward even
though their ratio is at the level of 10%:1. Muons tracks
are reconstructed by likelihood methods and their en-
ergy deposition in the detector is determined in real time.
High-purity neutrino samples of upgoing muon tracks of
neutrino origin are separated from downgoing cosmic-ray
muons by quality cuts; for instance, on the likelihood of
the fit, on the number of photons that arrive at DOMs
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at the Cherenkov time (i.e., without a significant time
delay resulting from scattering), on the length of the
track, on the “smoothness” requiring a uniform distri-
bution of photoelectrons along the length of the track,
etc. Each analysis produces appropriate cuts depending
on the magnitude of the background and the purity re-
quired to isolate an eventual signal.

Atmospheric neutrinos are a background for cosmic
neutrinos, at least at energies below 100 TeV where the
flux becomes too small to produce events in a kilometer-
scale detector; see Fig. 3. At the highest energies, a small
charm component is anticipated; its magnitude is uncer-
tain and remains to be measured. IceCube must look
through the atmosphere for cosmic neutrinos.
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Fig. 3 Measurements of the atmospheric neutrino energy spec-
trum; from Fréjus [30], SuperK [31], AMANDA forward-folding
[32] and unfolding analyses [33], and IceCube (40 strings) forward-
folding [34] and unfolding analyses [35]. All measurements include
the sum of neutrinos and antineutrinos. The expectations for the
conventional v, and ve flux are from Ref. [36]. The prediction for
the prompt flux from the decay of charm particles is from Ref. [37].

3 Two cosmic-ray puzzles

Despite their discovery potential touching a wide range
of scientific issues, the construction of ground-based
gamma-ray telescopes and kilometer-scale neutrino de-
tectors has been largely motivated by the possibility of
opening a new window on the Universe in the TeV en-
ergy region, and above in the case of neutrinos. In this
review, we will revisit the prospects for detecting gamma
rays and neutrinos associated with cosmic rays, thus re-
vealing their sources at a time when we are commemo-
rating the 100th anniversary of their discovery by Victor
Hess in 1912.

Cosmic accelerators produce particles with energies in
excess of 108 TeV, and we still do not know where or
how [38—40]. The flux of cosmic rays observed at Earth
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is shown in Fig. 4. The energy spectrum follows a se-
quence of three power laws. The first two are separated
by a feature dubbed the “knee” at an energy of approx-
imately 3 EeV. There is evidence that cosmic rays up to
this energy are Galactic in origin.
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Fig. 4 At the energies of interest here, the cosmic-ray spectrum
follows a sequence of three power laws. The first two are separated
by the “Knee”, and the second and third by the “Ankle”. Cosmic
rays beyond the ankle are a new population of particles produced
in extragalactic sources. Reproduced from Ref. [21].

Any association with our Galaxy disappears in the
vicinity of a second feature in the spectrum referred to as
the “ankle”; see Fig. 4. Above the ankle, the gyroradius
of a proton in the Galactic magnetic field exceeds the
size of the Galaxy, and we are almost certainly witness-
ing the onset of an extragalactic component in the spec-
trum that extends to energies beyond 100 EeV. Support
for this assumption now comes from three experiments
[41-43] that have observed the telltale structure in the
cosmic-ray spectrum resulting from the absorption of the
particle flux by the microwave background, the GZK cut-
off. Neutrinos are produced in GZK interactions; it was
already recognized in the 1970s that their observation
requires kilometer-scale neutrino detectors. The origin
of the cosmic-ray flux in the intermediate region cover-
ing PeV-to-EeV energies remains a mystery, although it
is routinely assumed that its origin is some mechanism
extending the reach of Galactic accelerators.

Acceleration of protons (or nuclei) to TeV energy and
above requires massive bulk flows of relativistic charged
particles. These are likely to originate from exceptional
gravitational forces in the vicinity of black holes or neu-
tron stars. The gravity of the collapsed objects powers
large currents of charged particles that are the origin of
high magnetic fields. These create the opportunity for
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particle acceleration by shocks. It is a fact that elec-
trons are accelerated to high energy near black holes;
astronomers detect them indirectly by their synchrotron
radiation. Some cosmic sources must accelerate protons,
because we observe them as cosmic rays.

The detailed blueprint for a cosmic-ray accelerator
must meet two challenges: the highest energy particles
in the beam must reach beyond 103 TeV (10% TeV) for
Galactic (extragalactic) sources, and their luminosities
must be able to accommodate the observed cosmic-ray
flux. Both represent severe constraints that have limited
theoretical speculations.

Supernova remnants were proposed as possible sources
of Galactic cosmic rays as early as 1934 by Baade and
Zwicky [44]; their proposal is still a matter of debate af-
ter more than 75 years [45]. Galactic cosmic rays reach
energies of at least several PeV, the “knee” in the spec-
trum. Their interactions with Galactic hydrogen in the
vicinity of the accelerator should generate gamma rays
from the decay of secondary pions that reach energies of
hundreds of TeV. Such sources should be identifiable by a
relatively flat energy spectrum that extends to hundreds
of TeV without attenuation; they have been dubbed Pe-
Vatrons. The search to pinpoint them has so far been
unsuccessful.

Although there is no incontrovertible evidence that su-
pernovae accelerate cosmic rays, the idea is generally ac-
cepted because of energetics: three Galactic supernova
explosions per century converting a reasonable fraction of
a solar mass into particle acceleration can accommodate
the steady flux of cosmic rays in the Galaxy. Energet-
ics also drives speculations on the origin of extragalactic
cosmic rays.

By integrating the cosmic-ray spectrum in Fig. 4 above
the ankle, we find that the energy density of the Universe
in extragalactic cosmic rays is ~ 3x 1079 erg-cm ™3 [46].
This value is rather uncertain because of our ignorance
of the precise energy where the transition from Galactic
to extragalactic sources occurs. The power required for a
population of sources to generate this energy density over
the Hubble time of 1010 years is 2x 1037 erg-s~! per Mpc?>.
(In the astroparticle community, this flux is also known
as 5 x 10* TeV - Mpc—2 - yr~1). A gamma-ray-burst fire-
ball converts a fraction of a solar mass into the accel-
eration of electrons, seen as synchrotron photons. The
observed energy in extragalactic cosmic rays can be ac-
commodated with the reasonable assumption that shocks
in the expanding GRB fireball convert roughly equal en-
ergy into the acceleration of electrons and cosmic rays
[47-49]. Tt so happens that 2 x 10%! erg per GRB will
yield the observed energy density in cosmic rays after
1019 years, given that their rate is on the order of 300 per

Francis Halzen, Front. Phys., 2013, 8(6)
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Gpc? per year. Hundreds of bursts per year over Hubble
time produce the observed cosmic-ray density, just like
three supernovae per century accommodate the steady
flux in the Galaxy.

Problem solved? Not really: it turns out that the same
result can be achieved assuming that active galactic nu-
clei convert, on average, 2x10%** erg-s~! each into particle
acceleration [8-11]. As is the case for GRBs, this is an
amount that matches their output in electromagnetic ra-
diation. Whether GRBs or AGN, the observation that
these sources are required to radiate similar energies in
photons and cosmic rays is unlikely to be an accident. We
discuss the connection next; it will lead to a prediction
of the neutrino flux.

4 Neutrinos (and photons) associated with
cosmic rays

How many gamma rays and neutrinos are produced in
association with the cosmic-ray beam? Generically, a
cosmic-ray source should also be a neutrino-producing
beam dump. Cosmic rays accelerated in regions of
high magnetic fields near black holes inevitably interact
with radiation surrounding them. These may be photons
radiated by the accretion disk in AGN or synchrotron
photons that co-exist with protons in the exploding fire-
ball producing a GRB. In these interactions, neutral and
charged pion secondaries are produced by the processes

pt+ry—AT 7%+ p and p+y— AT -7 +n
(1)

While secondary protons may remain trapped in the
high magnetic fields, neutrons and the decay products
of neutral and charged pions escape. The energy escap-
ing the source is therefore distributed among cosmic rays,
gamma rays and neutrinos produced by the decay of neu-
trons, neutral pions and charged pions, respectively.

In the case of Galactic supernova shocks, cosmic rays
inevitably interact with the hydrogen in the Galactic
disk, producing equal numbers of pions of all three
charges in hadronic collisions p +p — N [7° + 7+ +
7~ ]4+X; N is the pion multiplicity. Their secondary fluxes
should be boosted by the interaction of the cosmic rays
with high-density molecular clouds that are ubiquitous
in the star-forming regions where supernovae are more
likely to explode.

In a generic cosmic beam dump, accelerated cosmic
rays, assumed to be protons for simplicity, interact with
a photon or proton target. In either case, accelerated
cosmic rays produce charged and neutral pions. Subse-
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quently, the pions decay into gamma rays and neutrinos
that carry, on average, 1/2 and 1/4 of the energy of the
parent pion. We here assume that the four leptons in
the decay 7" — v, + ™ — v, + (e* + ve + 7,) equally
share the charged pion’s energy. The energy of the pionic
leptons relative to the proton is

E, 1 1
v— & — —TT =~ — 2
r= = 3lmen) = g )
and
L, 1 1
Ty = B, §<93p—>rr> ~ 10 (3)
Here,
E
(Tpsr) = (==) =~ 0.2 (4)
p Ep

is the average energy transferred from the proton to the
pion.

5 Sources of the extragalactic cosmic rays

Waxman and Bahcall [50] have presented an interest-
ing benchmark for the neutrino flux expected from ex-
tragalactic cosmic ray accelerators, whatever they may
be. Assuming an E~2 spectrum of the accelerators, the
cosmic-ray flux can be parametrized as

dN, 5x10""

B, B2 TeV~.cm 2.7 s ! (5)

Integrating this flux, from the ankle to a maximal accel-
erator energy of 10° TeV, accommodates the total energy
requirement of ~ 3 x 10~ erg- cm~3. Injecting this flux
in the microwave background leads to a spectrum that
agrees with the observed flux. The secondary neutrino
flux is given by [51]

AN, 1 [2] 1N, (B “
dE, 3 3] z, dE, \ z,

Here the coefficients 1/3 and 2/3 correspond to photo-
and hadroproduction of the neutrinos, respectively.

N, (= Ny, = N,, = N, ) represents the sum of the neu-
trino and antineutrino fluxes which are not distinguished

by the experiments. Oscillations over cosmic baselines
yield approximately equal fluxes for the three flavors.
For the cosmic-ray flux introduced above, we obtain a
neutrino flux

dN, _2x 10712
dE, ~ B2

TeV~'.cm 2.7 st (7)
Notice that we sneaked in the assumption that each
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cosmic ray interacts once and only once in the target—
if not, the flux is multiplied by the number of interac-
tions nine; see Ref. [51] for a detailed discussion. In fact,
Waxman and Bahcall have argued that, if the density
of the source were such that a high-energy cosmic ray
interacted more than once, it would be opaque to TeV
photons. So, the neutrino flux represents an upper limit
for extragalactic sources that emit TeV gamma rays.

5.1 Gamma-ray bursts

It is important to realize that the high-energy protons
may be magnetically confined to the accelerator. In the
case of GRBs, for instance, protons adiabatically lose
energy, trapped inside the fireball that expands under
radiation pressure until it becomes transparent and pro-
duces the display observed by astronomers. Secondary
neutrons do escape with high energies and decay into
protons that are the source of the observed extragalactic
cosmic-ray flux [52]. In this case, cosmic rays and pio-
nic neutrinos are directly related by the fact that, for
each secondary neutron decaying into a cosmic-ray pro-
ton, there are three neutrinos produced by the associated
7t [see Eq. (1)]:

dN, dn,,
E”d—EV =3E, iE. (Ey) (8)

and, after oscillations,
g (x—”> E
dF, Ty
per neutrino flavor, where x,, ~ 1/2 is the relative energy
of the secondary neutron; the neutron flux is identified
with the observed cosmic-ray flux. This straightforward
prediction has been ruled out by IceCube with data taken
during construction [53]. There are alternative scenar-
ios, including the one originally proposed by Waxman
and Bahcall [54], that, fortunately, also yield predictions
within reach of the completed detector within several
years.

The key feature is that the normalization of the generic
neutrino flux of Eq. (6) is correct for GRBs because
the fireball model generically predicts that ng,; ~ 1.
The GRB phenomenology that successfully accommo-
dates the astronomical observations, as well as the ac-
celeration of cosmic rays, is that of the creation of a hot

fireball of electrons, photons and protons that is initially
opaque to radiation. The hot plasma therefore expands

, AN,
" dE,

(En) (9)

by radiation pressure, and particles are accelerated to a
Lorentz factor I' that grows until the plasma becomes
optically thin and produces the GRB display. The rapid
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time structure of the burst is associated with successive
shocks (shells), of width AR = ¢x t,,, that develop in the
expanding fireball. The rapid temporal variation of the
radiation, ¢,, is on the order of milliseconds, and can be
interpreted as the collision of internal shocks with differ-
ent Lorentz factors. Electrons, accelerated by first-order
Fermi acceleration, radiate synchrotron gamma rays in
the strong internal magnetic field, and thus produce the
spikes observed in the emission spectra. The number of
interactions of protons with the synchrotron photons is
simply determined by the optical depth of the fireball
shells of width AR to p-~y interactions and is generically
on the order of n;,: ~ 1.

5.2 Active galaxies

No compelling prediction is possible for AGN, complex
systems with many possible sites for acceleration and
interaction of the cosmic rays. Our discussion has, how-
ever, introduced the rationale that generic cosmic-ray
sources produce a neutrino flux comparable to their flux
of cosmic rays [46] and pionic TeV gamma rays [55].
In this context, we introduce Fig. 5, which shows the
present IceCube upper limits on the neutrino flux from
nearby AGN as a function of their distance. Also shown
is the TeV gamma-ray emission from the same sources.
Except for CenA and M7, the muon-neutrino limits
have reached the level of the TeV photon flux. This is
a notable fact because of the roughly equal sharing of
the cosmic-ray, gamma-ray and neutrino fluxes from a
cosmic-ray accelerator. One can sum the sources shown
in the figure into a diffuse flux; the result is, after di-
viding by 47/c to convert the point source to a diffuse
flux, 3 x 10712 TeV-cm=2-s7!-sr~!, or approximately
1071 TeV-cm=2-s71.sr! for all neutrino flavors. This
flux matches the “maximal” flux previously argued for;
see Fig. 6.

le+46 |
1 TeVCat x
T Jeras] 1CA0+1CS9 Timits ~
& ]
2 lerd4] .
o 4
= ] IES1959+650~, * *
£ le+43] . ;
8 1 M > *
£ le+42 ] .
£ ] « M87
g let4l1d4 =
—~ ] Cen A
le+40 : .
0.001 0.01 0.1 1
Red shift z

Fig. 5 IceCube neutrino flux limits are compared with the TeV
photon flux for nearby AGN. Figure courtesy of T. Gaisser.
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Fig. 6 Limits on a diffuse neutrino flux from existing (top) and future (bottom) experiments; see Refs. [57-66]. The

quantity on the vertical axis is referred to as Elz,le,/dEV in the text and is in GeV units here. The shaded band indicates
the anticipated neutrino fluxes associated with cosmic rays. Reproduced from Ref. [52].

IceCube’s sensitivity is rapidly approaching this
benchmark flux as shown in Fig. 6. In fact, the latest
IceCube “limit” recently obtained with one year of data
taken with 59 strings is a 1.8 ¢ flux [56]. A 2.3 ¢ high-
energy excess, instead of a limit, has also been identified
in a measurement of the diffuse flux of shower events
based on data from the 40-string detector. Although both
results are not significant because of insufficient statis-
tics, it is of interest that the benchmark flux previously
argued for lies above the atmospheric neutrino back-
ground in Fig. 6 for energies exceeding 100 TeV, a flux

level already reached by the completed IceCube detector
after one year of operation.
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5.3 Neutrinos from GZK interactions

The improved performance of IceCube at EeV energy has
created the opportunity to detect neutrinos from GZK
interactions. We anticipate 2.3 events in three years of
running the completed detector assuming a flux derived
from the “best fit” to the cosmic-ray data [23], and 4.8
events for the largest neutrino rate allowed by the con-
straint that the accompanying electromagnetic flux re-
sulting from the production of neutral pions not exceed
the known flux of diffuse photons in the Universe [23].
Throughout the discussion of the neutrino flux associ-
ated with extragalactic cosmic rays we have neglected the
fact that neutrinos, unlike cosmic rays, are not absorbed
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by microwave photons, resulting in a neutrino flux not
attenuated by “a factor” that depends on the cosmolog-
ical evolution of the sources with redshift. We have also
assumed that the highest energy cosmic rays are protons.
Experiments disagree on the composition but the cosmo-
genic neutrino flux is inevitably reduced in the case of
heavy primaries.

Recently, in a dedicated search for cosmogenic neutri-
nos, two events have been found [67] in the first year of
data taken with the completed detector. They are con-
tained showers more than 500 m in size that start inside
the detector and produce about 10° photoelectrons. With
no evidence of a muon track, they are initiated by elec-
tron or tau neutrinos; see Fig. 7. However, their energies,
rather than super-EeV as expected for cosmogenic neu-
trinos, are in the PeV range: 1.1 and 1.3 PeV with a
negligible statistical error and a 35% systematic error.
The analysis of these events is ongoing and we expect
this error to be significantly reduced in the near future.

We are in the process of determining the directions of
the initial neutrinos, exploiting the fact that the wave-
forms collected by the DOMs following and trailing the
initial neutrino direction are identifiably different [19];
see Fig. 8.

More importantly, we have designed a dedicated anal-
ysis to find more such starting events in the same data
sample. Some of them should contain muon tracks whose
arrival directions can be reconstructed with superior pre-
cision to that of the two shower events. The events rep-
resent an interesting hint for new neutrino physics, or
astrophysics, because their origin as conventional atmo-
spheric neutrinos is excluded at the 2.9 ¢ level [67]. Ac-
commodating the events as the decay of charm particles
produced in the atmosphere would require a flux that vi-
olates the IceCube diffuse limit obtained with data col-
lected with 59 strings [56].

6 Sources of galactic cosmic rays

Despite the commissioning of instruments with improved
sensitivity, it has been impossible to conclusively pin-
point Galactic PeVatrons by identifying gamma rays of
pion origin. The position of the knee in the cosmic-ray
spectrum indicates that some sources must accelerate
cosmic rays to energies of several PeV. PeVatrons there-
fore produce pionic gamma rays whose spectrum extends
to several hundred TeV without cutoff. In contrast, the
widely studied supernova remnants RX J1713-3946 and
RX J0852.0-4622 (Vela Junior) reach their maximum en-
ergy in the TeV region. In fact, recent data from Fermi
LAT have directly challenged the hadronic interpretation
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of the GeV-TeV radiation from one of the best-studied
candidates, RX J1713-3946 [68].

It is difficult to hide a Galactic cosmic accelerator
from view. A generic supernova remnant releasing an
energy W of about 10°° erg into the acceleration of cos-
mic rays will inevitably generate TeV gamma rays in
the interaction of the accelerated cosmic rays with the
hydrogen in the Galactic disk. The emissivity (number
of particles produced per unit volume and time) in pio-
nic gamma rays )~ is simply proportional to the den-
sity of cosmic rays n.,. and the density of the target
n ~ 1/cm?® of cosmic rays in the disk. Here, n.. (>
1TeV) ~ 4 x 10~ cm~3 is obtained by integrating the
proton spectrum for energies in excess of 1 TeV. For an
E~2 spectrum [69]

Ex

E—})\pp_lnw (> 1TeV) =~ 2cayop, n e, (10)
P

Qy >~
or

Q,(>1TeV) = 1072 ¢cm =3 - 57! (L) (11)

lem—3

The proportionality factor in Eq. (10) is determined
by particle physics; z, ~ 0.1 is the average energy of
secondary photons relative to the cosmic-ray protons
and \,, = (nop,)~' is the proton interaction length
(opp =~ 40mb) in a density n. The corresponding lumi-
nosity is

Ly (>1TeV) ~ Q,

s|=

(12)

where W/pg is the volume occupied by the supernova
remnant. Here we have made the approximation that
the volume of the young remnant is given by W/pg,
or that the density of particles in the remnant is not
very different from the ambient energy density pgp ~
10712 erg-cm ™2 of Galactic cosmic rays.

We thus predict [70] a rate of TeV photons from a su-
pernova remnant at a nominal distance d on the order of
1kpc of

dN. L,(>1TeV)
Lo G = [ P,
E>1TeV v E>1TeV 0
hotons w
~10"12 _ 1011 p
0 0 cm? -8 1059 erg

(v (i)
lem—3 1kpc

This is a PeVatron flux well within reach of the current
generation of atmospheric gamma-ray telescopes; has it
been detected?

Looking for them in the highest energy survey of the
Galactic plane points to the Milagro experiment [71].
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Their survey in the ~ 10TeV band revealed a sub-
set of sources located within nearby star-forming re-
gions in Cygnus and in the vicinity of Galactic latitude
I = 40 degrees. Subsequently, directional air Cherenkov
telescopes were pointed at three of the sources [72, 73],
revealing them as PeVatron candidates with gamma-ray
fluxes in the range estimated above following an E—2
energy spectrum that extends to tens of TeV without
evidence of a cutoff.

Interestingly, some of the sources cannot be readily
associated with known supernova remnants, or with any
non-thermal source observed at other wavelengths. These
are likely to be molecular clouds illuminated by the
cosmic-ray beam accelerated in young remnants located
within about 100 pc. Indeed one expects that multi-PeV
cosmic rays are accelerated only over a short time period
when the shock velocity is high, i.e., between free expan-
sion and the beginning of its dissipation in the inter-
stellar medium. The high-energy particles can produce
photons and neutrinos over much longer periods when
they diffuse through the interstellar medium to inter-
act with nearby molecular clouds [74]. An association of
molecular clouds and supernova remnants is expected in
star-forming regions. In this case, any confusion of pionic
with synchrotron photons is unlikely.

Assuming that the Milagro sources are indeed cosmic-
ray accelerators, particle physics dictates the relation be-
tween pionic gamma rays and neutrinos and basically
predicts the production of a v, + v, pair for every two
gamma rays seen by Milagro. This calculation can be
performed using the formalism introduced in the previ-
ous section with approximately the same outcome.

The quantitative statistics can be summarized as fol-
lows. For average values of the parameters in the flux
expression, we find that the completed IceCube detector
should confirm sources in the Milagro sky map as sites
of cosmic-ray acceleration at the 3¢ level in less than one
year and at the 50 level in three years [70]; see Fig. 9.
This assumes that the source extends to 300 TeV, or 10%
of the energy of the cosmic rays near the knee in the spec-
trum. These results agree with previous estimates [75].
There are intrinsic ambiguities of an astrophysical na-
ture in this estimate that may reduce or extend the time
required for a 50 observation [70]. Also, the extended
nature of some of the Milagro sources represents a chal-
lenge for IceCube observations that are optimized for
point sources. In the absence of an observation of TeV-
energy supernova neutrinos by IceCube within a period
of 10 years, the supernova origin of cosmic rays in the
Galaxy will be challenged.
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Fig. 9 Simulated sky map of the probability distribution function
[20] for point sources in Galactic coordinates after 5 years of oper-
ation of the completed IceCube detector. Two Milagro sources are
visible with 4 events for MGRO J1852+4-01 and 3 events for MGRO
J19084-06 with energy in excess of 40 TeV. These, as well as the
background events, have been randomly distributed according to
the resolution of the detector and the size of the sources.

7 Conclusion: Stay tuned

In summary, IceCube was designed for a statistically
significant detection of cosmic neutrinos accompanying
cosmic rays in five years. Here we made the case that,
based on multiwavelength information from ground-
based gamma ray telescopes and cosmic-ray experiments,
we are indeed closing in on supernova remnants, GRBs
(if they are the sources of cosmic rays) and GZK neutri-
nos. The discussion brought to the forefront the critical
role of improved spectral gamma-ray data on candidate
cosmic-ray accelerators. The synergy between CTA [76],
HAWC [77], IceCube, and KM3NeT as well as other
next-generation neutrino detectors is likely to provide
fertile ground for future progress.
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