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We review the status of the IceCube observations of cosmic neutrinos. We investigate model-
independent constraints on the properties of the sources where they originate. Specifically, we
evaluate the multimessenger relations connecting neutrino, gamma ray, and cosmic ray obser-
vations and conclude that neutrinos are ubiquitous in the nonthermal universe, suggesting a
more significant role than previously anticipated. Subsequently, we study the implications of
IceCube’s upper limits on the flux from individual point sources, as well as on the “guaranteed”
flux of cosmogenic neutrinos.
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1. Introduction: Multimessenger astronomy

With the commissioning of the IceCube [1,2] and Advanced LIGO [3] facilities, we are able to
observe the universe for the first time using three distinct astronomical messengers. In addition
to photons, from radio waves to gamma rays, we can now simultaneously observe the sky with
gravitational waves and high-energy neutrinos. This new era of multimessenger astrophysics will
offer a unique view of our universe and provide powerful insights into the workings of some of the
most energetic and enigmatic objects in the cosmos. In fact, initial findings have been astonishing.
The first direct observation of a gravitational wave may become a footnote in history to the fact that
thirty-solar-mass black holes exist to generate its energy. The mere existence of black holes with
such a mass challenges our understanding of the universe.

Powered by gravity, shocks in the relativistic particle flows in the vicinity of neutron stars and black
holes may transform a fraction of the gravitational energy into the acceleration of particles, mostly
protons that are observed as cosmic rays. We do not know how, or even where, this happens, but we
have detected cosmic rays with Joule kinetic energy that bear witness to the enigmatic processes that
pack a macroscopic energy into a single elementary particle.

With IceCube’s discovery that neutrinos from the cosmos can be observed with a cubic kilometer
detector, cosmic neutrinos may now reveal an unobstructed view of the universe at wavelengths
above tens of TeV where the universe is opaque to light. With more than one thousand times the
energy of the highest-energy neutrinos produced with earthbound accelerators, cosmic neutrinos
also exceed by a factor of one billion the energy of the neutrinos detected from a supernova that
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exploded in the Large Magellanic Cloud in February 1987, the only neutrinos that have reached us
from outside the solar system prior to IceCube’s breakthrough. It is therefore probably somewhat
counterintuitive that the more puzzling property of the observed cosmic neutrinos is not their energy
but their large intensity.

An immediate inference made about the large neutrino flux observed by IceCube, which is pre-
dominantly extragalactic in origin, is that the total energy density of neutrinos in the high-energy
universe is similar to that of gamma rays. This is worthy of a closer look. Neutrinos are the decay
products of pions. Protons accelerated in regions of high magnetic fields near neutron stars or black
holes may interact with the radiation or dust surrounding them to produce pions and kaons that decay
into neutrinos. This is the mechanism by which neutrino beams are produced at Fermilab, where
the target material is arranged to be sufficiently dense so as to absorb all secondary particles created
in the collisions, except for the neutrinos of course. Not so in the sky, where pions and kaons are
produced in more tenuous radiation fields or in dust in the vicinity of the accelerator. In fact, the
accelerator and the pion-producing target may be separated, as is the case for the abundant production
of gamma rays in the Galactic plane. Elementary particle physics dictates that neutral pions, which
promptly decay into two gamma rays, inevitably accompany charged pions generating neutrinos.

It seems, therefore, surprising that no gamma ray has ever been observed matching the 100 to
10,000 TeV energy range of IceCube neutrinos. However, this is just a consequence of the universe’s
opacity to high-energy photons. Unlike neutrinos, gamma rays interact with photons of the cosmic
microwave background before reaching Earth. The resulting electromagnetic shower subdivides the
initial photon energy, resulting in multiple photons in the GeV-TeV energy range by the time the
shower reaches Earth. Calculating the cascaded gamma ray flux accompanying IceCube neutrinos is
straightforward. It is intriguing that the the resulting flux shown in Fig. 1 matches the extragalactic
high-energy gamma ray flux observed by the Fermi satellite.

The matching energy densities of the extragalactic gamma ray flux detected by Fermi and the high-
energy neutrino flux measured by IceCube suggest that, rather than detecting some exotic sources, it
is more likely that IceCube to a large extent observes the same universe astronomers do. The finding
implies that a large fraction, possibly most, of the energy in the nonthermal universe originates in
hadronic processes, indicating a larger role than previously thought. IceCube is developing methods,
most promisingly real-time multiwavelength observations with astronomical telescopes, to identify
the sources and build on the discovery of cosmic neutrinos to launch a new era in astronomy [7,8].

The outline of this paper is as follows. After briefly introducing IceCube in Sect. 2, we will review
the status of its observations in Sect. 3. Subsequently, we will discuss the initial lessons learned for
multimessenger astronomy in Sect. 4. The nonobservation of extragalactic neutrino point sources
allows the placement of exclusion limits on the density of feasible point source populations, as we
will discuss in Sect. 5. We then discuss the possibility that the sources of ultra-high-energy cosmic
rays (UHE CRs) are related to the observed flux of cosmic neutrinos in Sect. 6. In Sect. 7, we review
the predictions of cosmogenic neutrinos, which are considered a “guaranteed” contribution of the
sources of UHE CRs. We finally consider the possibility of finding correlations of UHE CR events
with neutrino events in Sect. 8 before we conclude in Sect. 9.

2. IceCube

The IceCube detector [1] transforms deep natural Antarctic ice 1450 m below the geographic South
Pole into a Cherenkov detector. The instrument consists of 5160 digital optical modules that instru-
ment a cubic kilometer of ice; see Fig. 2. Each digital optical module consists of a glass sphere that
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Fig. 1. Two models of the astrophysical neutrino flux (black lines) observed by IceCube and the corresponding
cascaded gamma ray flux (blue lines) observed by Fermi. The models assume that the decay products of neutral
and charged pions from pp interactions are responsible for the nonthermal emission in the universe [4]. The
thin dashed lines represent an attempt to minimize the contribution of the pionic gamma ray flux to the Fermi
observations. It assumes an injected flux of £~2 with exponential cutoff at low and high energy. The green data
show the binned neutrino spectrum inferred from the four-year “high-energy starting event” (HESE) analysis
[5]- The green solid line and shaded band indicate the corresponding power-law fit with uncertainty range. Also
shown as a red solid line and shaded band is the best fit to the flux of high-energy muon neutrinos penetrating
the Earth [6].
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Fig. 2. Architecture of the IceCube observatory (left) and the schematics of a digital optical module (right).

contains a 10 in 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
2 ns and are subsequently transmitted to the surface. Processors at the surface continuously collect
the time-stamped signals from the optical modules, each of which functions independently. These
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Fig.3. (a) Light pool produced in IceCube by a shower initiated by an electron or tau neutrino. The measured
energy is 1.14 PeV, which represents a lower limit on the energy of the neutrino that initiated the shower. White
dots represent sensors with no signal. For the colored dots, the color indicates arrival time, from red (early) to
purple (late) following the rainbow, and size reflects the number of photons detected. (b) An upgoing muon
track traverses the detector at an angle of 11° below the horizon. The deposited energy inside the detector is
2.6PeV.

signals are sorted into telltale patterns of light that reveal the direction, energy, and flavor of the
incident neutrino.

Even at a depth of 1450 m, IceCube detects a background of atmospheric cosmic ray muons
originating in the Southern Hemisphere at a rate of 3000 per second. Two methods are used to identify
neutrinos. Traditionally, neutrino searches have focused on the observation of muon neutrinos that
interact primarily outside the detector to produce kilometer-long muon tracks passing through the
instrumented volume. Although this allows the identification of neutrinos that interact outside the
detector, it is necessary to use the Earth as a filter in order to remove the huge background of cosmic
ray muons. This limits the neutrino view to a single flavor and half the sky. An alternative method
exclusively identifies neutrinos interacting inside the detector [9]. It divides the instrumented volume
of ice into an outer veto shield and a 500-megaton inner fiducial volume. The advantage of focusing
on neutrinos interacting inside the instrumented volume of ice is that the detector functions as a total
absorption calorimeter, measuring the neutrino energy with a 10%—15% resolution. Furthermore,
with this method, neutrinos from all directions in the sky can be identified, including both muon
tracks as well as secondary showers, produced by charged-current interactions of electron and tau
neutrinos, and neutral current interactions of neutrinos of all flavors. The Cherenkov patterns initiated
by an electron (or tau) neutrino of 1 PeV energy and a muon neutrino depositing 2.6 PeV energy
while traversing the detector are contrasted in Fig. 3.

In general, the arrival times of photons at the optical sensors determine the particle’s trajectory
[10], while the number of photons is a proxy for the deposited energy. The two methods for separating
neutrinos from the cosmic ray muon background have complementary advantages. The long tracks
produced by muon neutrinos can be pointed back to their sources with a < 0.4° angular resolution.
In contrast, the reconstruction of the direction of secondary showers, in principle possible to a few
degrees, is still in the development stage in IceCube [11]. They can be pointed to within ~10°-15°
of the direction of the incident neutrino. Determining the deposited energy from the observed light
pool is, however, relatively straightforward, and a resolution of better than 15% is possible; the same
value holds for the reconstruction of the energy deposited by a muon track inside the detector.
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3. Cosmic neutrinos

For neutrino astronomy, the first challenge is to select a pure sample of neutrinos, roughly 100,000 per
year above a threshold of 0.1 TeV for IceCube, in a background of ten billion cosmic ray muons, while
the second is to identify the small fraction of these neutrinos that is astrophysical in origin, observed
at the level of tens of events per year. Atmospheric neutrinos are an overwhelming background for
cosmic neutrinos, at least at energies below ~100 TeV. Above this energy, however, the atmospheric
neutrino flux is too low to produce events, even in a kilometer-scale detector, and events in that
energy range are cosmic in origin.

Using the Earth as a filter, a flux of neutrinos has been identified that is predominantly of atmo-
spheric origin. IceCube has measured this flux over three orders of magnitude in energy with a
result that is consistent with theoretical calculations [12,13]. However, in seven years of data, an
excess of events is observed at energies beyond 100 TeV [6,14], which cannot be accommodated
by the atmospheric flux; see Fig. 4. Allowing for large uncertainties on the extrapolation of the
atmospheric component, the statistical significance of the excess astrophysical flux is 6 o. While
IceCube measures only the energy deposited by the secondary muon inside the detector, from Stan-
dard Model physics we can infer the energy spectrum of the parent neutrinos represented in the
figure. For the highest-energy event, already shown in Fig. 3, the most likely energy of the parent
neutrino approaches 10 PeV. Independent of any calculation, the energy lost by the muon inside
the instrumented detector volume is 2.6 4= 0.3 PeV. The cosmic neutrino flux is well described by a
power law with a spectral index y = 2.13 = 0.13 and a normalization at 100 TeV neutrino energy of
(O.90f832) x 10718 GeV~! em™2 s~!sr~! [6]. The error range is estimated from a profile likelihood
using Wilks’ theorem and includes both statistical and systematic uncertainties. The neutrino energy
contributing to this flux covers the range 200 TeV to 9 PeV.
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Fig. 4. Spectrum of secondary muons initiated by muon neutrinos that have traversed the Earth, i.e., with
zenith angle less than 5° above the horizon, as a function of the energy they deposit inside the detector. For
each reconstructed muon energy, the median neutrino energy is calculated assuming the best-fit spectrum.
The colored bands (blue/red) show the expectation for the conventional and astrophysical contributions. The
black crosses show the measured data. Additionally, the neutrino energy probability density function for the
highest-energy event assuming the best-fit spectrum is shown (dashed line).
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Fig.5. Deposited energies of muons observed in four years of data [5]. The hashed region shows uncertainties
on the sum of all backgrounds. The atmospheric muon flux (red) and its uncertainty is computed from simulation
to overcome statistical limitations in our background measurement and scaled to match the total measured
background rate. The atmospheric neutrino flux is derived from previous measurements of both the , K, and
charm components of the atmospheric spectrum [25]. Also shown are two illustrative power-law fits to the
spectrum.

However, it was the alternative method, which selects isolated neutrinos interacting inside the
detector, that revealed the first evidence for cosmic neutrinos [15,16]. Their isolation and well-
measured energy allows for a clear separation between neutrinos of atmospheric origin and those of
cosmic origin; a sample event with a light pool of roughly 100,000 photoelectrons extending over
more than 500 m is shown in Fig. 3. The geometry of the veto and active signal regions has been
optimized to reduce the background of atmospheric muons and neutrinos to a handful of events per
year while keeping 98% of the cosmic signal.

With PeV energy and no trace of accompanying muons from an atmospheric shower, these events
are highly unlikely to be of atmospheric origin. It is indeed important to realize that the muon
produced in the same pion or kaon decay as an atmospheric neutrino will reach the detector provided
that the neutrino energy is sufficiently high and the zenith angle sufficiently small [9,17]. PeV
atmospheric neutrinos come with their own self-veto. This self-veto is applied to IceCube cosmic
neutrino candidates that exclusively consist of isolated neutrino events.

The energy dependence of the high-energy neutrinos collected in four years of data [5] is compared
to that of atmospheric backgrounds in Fig. 5. It is, above an energy of 200 TeV, consistent with the
flux of muon neutrinos penetrating the Earth shown in Fig. 4. A purely atmospheric explanation of
the observation is excluded at 7.

In summary, IceCube has observed cosmic neutrinos using both methods for rejecting background;
each analysis has reached a statistical significance of more than 6 o. Based on different methods
for reconstruction and energy measurement, their results agree, pointing at extragalactic sources
whose flux has equilibrated in the three flavors after propagation over cosmic distances [18] with
Ve : Yy 1 ve ~ 1 :1: 1. Its total energy matches that of extragalactic photons, as seen in Fig. 1, and
also that of UHE CRs, as we will discuss in one of the following sections.

The four-year data set contains a total of 54 neutrino events with deposited energies ranging from
30 to 2000 TeV. The data in both Figs. 4 and 5 support an astrophysical component with a spectrum
close to E~2 above an energy of ~200TeV. An extrapolation of this high-energy flux to lower
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Fig. 6. Mollweide projection in Galactic coordinates of the arrival direction of neutrino events. We show the
results of the six-year upgoing track analysis [6] with energy proxy MuEx > 50 (®). The red numbers show the
most probable neutrino energy (in TeV) assuming the best-fit astrophysical flux of the analysis [6]. The events
of the four-year high-energy starting event (HESE) analysis with deposited energy (green numbers) larger
than 60 TeV (tracks ® and cascades @) are also shown [5,24]. Cascade events () are indicated together with
their median angular uncertainty (thin circles). One event (*) appears in both event samples. The gray-shaded
region indicates the zenith angle range where Earth absorption of 100 TeV neutrinos is larger than 90%. The
star symbol (x) indicates the Galactic Center and the thin curved solid black line indicates the horizon.

energy suggests an excess of events in the 30—100 TeV energy range over and above a single power-
law fit. This conclusion is supported by a subsequent analysis that has lowered the threshold of the
starting-event analysis [19]. The astrophysical flux measured by IceCube is not featureless; either the
spectrum of cosmic accelerators cannot be described by a single power law or a second component
of cosmic neutrino sources emerges in the spectrum. The events are isolated neutrinos, and it is
therefore very difficult to accommodate them as a feature in the atmospheric background, of charm
origin or not [20]. The excess is already hinted at in the data shown in Fig. 1 and, in the context of
that discussion, the energy associated with the photons that accompany the neutrino “excess” is not
seen in the Fermi data [4]. This might indicate that the neutrinos originate in hidden sources [21] or
in sources with a very strong cosmological evolution resulting in a shift of the photons to sub-GeV
energies [22].

In Fig. 6 we show the arrival directions of the most energetic events of the six-year upgoing
v, + vy, analysis (©) and the four-year HESE analysis, separated into tracks (®) and cascades (D).
The median angular resolution of the cascade events is indicated by thin circles around the best-fit
position. The apparent anisotropy of the arrival directions is dominated by the effective area of the
analysis. The most energetic muons with energy £,, > 200TeV in the upgoing v, + v, analysis
accumulate just below the horizon in the Northern Hemisphere due to Earth absorption. The HESE
events with deposited energy of Eqep, > 100 TeV also suffer from Earth absorption, but can also be
visible in the Southern Hemisphere. Various analyses of the IceCube event distribution could not
reveal a strong anisotropy from extended emission regions, which could indicate, e.g., a contribution
from Galactic sources along the Galactic plane [23,24]. In fact, no correlation of the arrival directions
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Fig. 7. Summary ofneutrino observations and upper limits (per flavor). The black and gray data show IceCube’s
measurement of the atmospheric v, 4+, [26,27] and v, 4+, [28] spectra. The green data show the inferred bin-
wise spectrum of the four-year high-energy starting event (HESE) analysis. The green line and green-shaded
area indicate the best-fit and 1 o uncertainty range of a power-law fit to the HESE data. Note that the HESE
analysis vetoes atmospheric neutrinos, and the true background level is much lower as indicated in the plot
(cf. Fig. 5). In red we show the corresponding fit to the six-year v, + v, analysis. The dashed lines show 90%
C.L. upper limits of an £~2 neutrino emission flux (dashed) at higher energies from IceCube [29] (brown),
ANITA [30] (orange), and Auger [31] (blue).

of the highest-energy events, shown in Fig. 6, with potential sources or source classes has reached
the level of 30 [19].

Various scenarios have been invoked to explain the observed diffuse emission. The absence of strong
anisotropies in the arrival direction of the data disfavors scenarios with strong Galactic emission.
However, the limited event number and the low angular resolution of cascade-dominated samples can
hide this type of emission. Scenarios that could have a partial contribution to the diffuse neutrino flux
in the TeV-PeV energy range are the diffuse emission from Galactic CRs [32—37], the joint emission
of Galactic CR sources [38—40], or very extended emission from the Fermi bubbles [32,41,42] or
the Galactic halo [43.,44]. More exotic scenarios consider dark matter decay [45—51] in the Galactic
dark matter halo. A smoking gun of these local scenarios would be the observation of PeV gamma
rays [32,52] that can only survive over Galactic distance scales.

On the other hand, an isotropic arrival direction of neutrinos is expected for extragalactic source
populations. Various scenarios have been considered, including galaxies with intense star formation
[4,53-59], cores of active galactic nuclei (AGNs) [60—62], low-luminosity AGNs [63,64], quasar-
driven outflows [22], blazars [65—72], low-power gamma ray bursts (GRBs) [73—76], choked GRBs
[77,78], cannonball GRBs [79], intergalactic shocks [80], galaxy clusters [4,81-83], tidal disruption
events [84—87], or cosmogenic neutrinos [88,89].

An overview of the current information on the flux of cosmic neutrinos is shown in Fig. 7. As already
mentioned, a challenge of most of these Galactic and extragalactic scenarios is the high intensity
of the neutrino data at 10-100 TeV (see Fig. 7), which implies an equally high intensity of gamma
rays produced via neutral pion production and decay. For extragalactic scenarios, this emission is
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not directly visible due to the strong absorption in the extragalactic radiation background. However,
this emission induces electromagnetic cascades that contribute strongly to the Fermi gamma ray
background in the GeV-TeV range. We will discuss these multimessenger relations in the next
section.

4. Multimessenger relations

Having established a prominent role for hadronic accelerators in the nonthermal universe, we inves-
tigate how the accelerated cosmic rays may produce photons and neutrinos after the relatively brief
acceleration process. The principal mechanism at work is the production of pions in interactions
of high-energy cosmic rays with photons or nuclei. Targets include strong radiation fields that may
be associated with the accelerator as well as any concentrations of matter or molecular clouds in
their vicinity. Finally, attenuation of the cosmic rays when propagating through the interstellar or
intergalactic backgrounds can lead to further production of pions. A high-energy flux of neutri-
nos is then produced in the subsequent decay of charged pions via 7+ — u* + v, followed by
ut — et + v, + U, and the charge-conjugate processes. High-energy gamma rays are produced in
the decay of neutral pions, 70 — 2y.

Pion production of cosmic rays via scattering off photons can proceed resonantly via p + y —
AT > 7% porp+y — AT — 7t 4 n. These channels produce charged and neutral pions with
probabilities of 2/3 and 1/3, respectively. However, the contribution of nonresonant pion production
at the resonance changes this ratio to about 1/2 and 1/2. In contrast, cosmic rays interacting with
hydrogen, e.g., in the Galactic disk, produce equal numbers of pions of all three charges in hadronic
collisions: p +p — Ny [n° + 7w+ + 77 ] + X, where N, is the pion multiplicity.

To evaluate the flux of neutrinos from the cosmic ray interaction region, we start from the pion
production rate O =, providing the number of charged pions per unit energy and time (units of
GeV~!s™1). This quantity is proportional to the corresponding cosmic ray nucleon density Oy by
a “bolometric” proportionality factor f; < 1 that parametrizes the efficiency of the conversion of
cosmic ray energy into pion energy:

Kx
1+ K,

E2Qq+(Ex) = fr [EXONEN];, g (1)

[kn*

The factor introducing K,; accounts for the different ratio between charged and neutral pions in
interactions with gas or dust (“pp”’) and with radiation (“py”), with K; >~ 2 and 1, respectively. The
total energy loss of the hadronic interaction (pp or py) is in the form of pions with average energy
E,, average multiplicity N, and total inelasticity x. For py interactions, the total inelasticity is
about k¥ >~ 0.2, whereas it is about ¥ =~ 0.5 for pp interactions. In both cases the average inelasticity
per pion can be approximated as k,; = k/N, =~ 0.2 [90]. The average energy per pion is then
E, = kyEn. For a target with nucleon density » and diameter ¢, the efficiency factor for producing
pions can be expressed as

Jx =1 —exp(—«lon), 2)
with cross section ¢ and inelasticity « for either py or pp interactions.
Subsequently, 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 make the approximation that, on average, the four leptons
in the decay of ¥ equally share the charged pion’s energy. The energy of the pionic leptons relative
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to the proton is:

1 1 E 1 1
= kg > —andxy = - = ~ky = —. 3)

E,
WTE T4 20 E, 2 10

With this approximation, the neutrino production rate Q,,, can be related to the one for charged pions:

1
5 ZE"QV“ (Ey) ~ [Ez'erti(Eﬂ)]E,,:4EU . “4)

Using Egs. (1) and (4), we arrive at the final relation for neutrino production:
= ZEZQ%, E,) ~ fn = K [EXONEN] 5, _ags . - (5)

The production rate of gamma rays from the decay of neutral pions can be obtained in exactly the
same way.

From the two equations for the productions of neutrinos and gamma rays, one can eliminate Oy
to obtain a model-independent relation that is independent of the details of the cosmic ray beam,
except for the relative contribution of charged-to-neutral pions,

2 ZEZQME =T lEow], . ©)

=2E,
Here, the prefactor 1/4 accounts for the energy ratio £, /E,, 2~ 1/2 and the two gamma rays produced
in the neutral pion decay. The relation simply reflects the fact that a 7 produces two y rays for
every charged pion producing a v, + v, pair, which cannot be separated by current experiments.

This is the simple counting that was used to derive the energy density in gamma rays in the universe
accompanying the flux of cosmic neutrinos observed by IceCube, shown in Fig. 1.

5. Constraints on neutrino source populations

The failure of IceCube to identify sources in the diffuse cosmic neutrino flux [91] leads to constraints
on the potential origin of these neutrinos. Individual neutrino sources at redshiftz contribute a flux
(units GeV~! em~2 s~! and summed over flavors)

(1+2)?

prere ZQUa«l +2)E,) (7

O3 (E,) =

to the total diffuse flux, where dy is the luminosity distance that, for a flat universe, is given by
z d ,
/4
d =(1 — 8
v =+ [ ®)
0

with Hubble parameter H. For the standard ACDM cosmological model, the Hubble parameter
scales as H2(z) = HZ[(1 +2)°>Qm + Qal, with @y >~ 0.3, Q4 =~ 0.7, and ¢/Hy =~ 4.4 Gpe [92].
The diffuse neutrino flux from extragalactic sources is given by an integral over comoving volume
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dV. = 4n(d;/(1 + 2))>dz/H(z), weighting each neutrino source by its density per comoving
volume p(z),

o0

C
B = o | H()p( )ZQUC,«Hz)E) ©)

In the following, we will assume that the neutrino emission rate Q,,, follows a power law E~!". The
flavor-averaged neutrino flux can then be written as

—ZE%(E) ig—zpo ZE2QUC,<E) (10)

where we introduce the redshift factor
fo'e) 1 -I
gZ:/ PR St pE) (11)
0 VA +A+2)3Q,r0)

A spectral index of I >~ 2.0 and no source evolution, p(z) = pg, yields & =~ 0.6, whereas the same
spectral index and source evolution following the star formation rate yields p ~ 2.4.

We can now investigate under what circumstances IceCube can detect the neutrino emission from
individual, presumably nearby, point sources that contribute to the diffuse emission. Equation (10)
relates the average luminosity of individual neutrino sources to the diffuse flux that is measured by
the experiment to be E2¢, ~ 1078 GeVem 2 s~ ! sr~! for energies in excess of ~ 100 TeV; see
Fig. 7. From the measurement, we can infer the average emission from a single source [93]:

1 £\ P0 -t
“N"E20, (E)) ~ 1.8 x 108 [ 2= S I 12
3 2 Ev0n (F) = 18 % (2.4 M) e (12)

For a homogenous distribution of sources, we expect, within the partial field of view fy of the full
sky, one source within a distance d:

47 /3d3 po fay = 1. (13)

Defining F| as the point source flux of a source with emission rate (12) at distance »;, we can write
down the probability distribution of the sources:

pan _3 (ﬂ)z ()7 (14)

dF 2\ F

[NST[98}

The average flux from the closest source is then (F') >~ 2.7F, with median Fi,q =~ 1.3F. Assuming
the latter as the emission of the closest source, we arrive at

2
1 - Jfsky \3 (& - £0 B B
SN E2p, ~9x 1073 (=Y 22 S TeVem 2s~ !, 15
3%3 vhu =9 (0.5 24) \10-8Mpc3 srem oS (15)

Interestingly, this value is comparable to IceCube’s point source sensitivity at the level of
5x 10713 TeV cm 2 s~! in the Northern Hemisphere [91].
In Fig. 8, we show the inferred local density and luminosity of neutrino source candidates from

wl—

Ref. [94]. The gray-shaded region is excluded by nonobservation of sources as individual point
sources, assuming the aforementioned sensitivity of IceCube in the Northern Hemisphere. The green
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excluded by non-observation

of closest source

Starburst

effective local density pesr [Mpc‘:‘]

— diffuse flux (&, =2.4)
. diffuse flux (&, = 0.6) @ J
FSRQ
107 ]llo3s 1 639 1 640 1 641 1 (;42 1 643 1 644 1 (;45 10%
neutrino luminosity Ly [erg/s]

10710}

Fig. 8. The effective local density and (maximal) neutrino luminosity of various neutrino source candidates
from Ref. [94]. The green solid (green dotted) line shows the local density and luminosity of the population
of sources responsible for the diffuse neutrino flux of £2¢p ~ 1073 GeV cm~2 s~ sr~! observed with IceCube,
assuming source evolution following the star formation rate (§, >~ 2.4) or no source evolution (¢, >~ 0.6),
respectively. The gray-shaded area indicates source populations that are excluded by the nonobservation of
point sources in the Northern Hemisphere (f5, =~ 0.5) with sensitivity E2¢™ ~ 5 x 107" TeVecm ™2 s~

lines show the combination of density and luminosity for sources at the level of the observed IceCube
flux, assuming a source density evolution following the star formation rate (solid line) or no evolution
(dotted line). We conclude that IceCube is presently sensitive to source populations with local source
densities lower than about 6 x 1078 Mpc—3, and much lower local densities, like flat spectrum
radio quasars, are excluded by the nonobservation of individual sources. Some source classes, like
Fanaroff-Riley (FR) radio galaxies, have an estimated neutrino luminosity that is too low for the
observed flux. Note that these estimates depend on the evolution parameter &, and the exact sensitivity
estimate depends on the particular redshift evolution of the source luminosity density. In addition,
this simple estimate can be refined by considering not only the closest source of the population but
the combined emission of known local sources; see, e.g., Ref. [93].

6. The energy density of extragalactic cosmic rays

Is it possible that the sources of the extragalactic cosmic rays are themselves neutrino sources? From
the measured cosmic ray spectrum, one can derive that the emission rate density of nucleons is at
the level 0f [95,96]

Ly = poEXOn(Ep) = (1 —2) x 10" ergMpc 2 yr=!. (16)

Combining this with Eq. (5), we can derive the diffuse neutrino flux:

&K
1+ K,

1
3 ZEE% (Ey) =~ fr 2—4)x108GeVem2s tsr L. (17)
o
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Here, &, is the evolution factor previously introduced. The requirement f; < 1 limits the neutrino
production by the actual sources of the cosmic rays as pointed out in the seminal work by Waxman
and Bahcall [12]. For optically thin sources, f; < 1, neutrino production is only a small by-product
of the acceleration process. The energy loss associated with pion production must not limit the
sources’ ability to accelerate the cosmic rays. On the other hand, optically thick sources, f; ~ 1,
may be efficient neutrino emitters. Realistic sources of this type need different zones, one zone for
the acceleration process (f; < 1) and a second zone for the efficient conversion of cosmic rays to
neutrinos (f; =~ 1). Examples of this scenario are sources embedded in starburst galaxies, where
cosmic rays can be stored over sufficiently long timescales to yield significant neutrino production.

For & ~ 2.4 and K,; ~ 1-2, the upper bound resulting from Eq. (17) and f; = 1 is at the level
of the neutrino flux observed by IceCube. Therefore, it is possible that the observed extragalactic
cosmic rays and neutrinos have the same origin. A plausible scenario is a “calorimeter” in which
only cosmic rays with energy below a few 10 PeV interact efficiently. An energy dependence of the
calorimetric environment can be introduced by energy-dependent diffusion. If D(E) is the diffusion
coefficient, then the timescale of escape from the calorimeter is given by the solution to 6D(E)t = d?,
where d is the effective size of the region. Typically, we have D(E) oc E® with § ~ 0.3-0.6. In the
following, we again consider the case of protons. Taking o, ~ 8 x 10726 cm? at E, = 100 PeV
and the diffusion coefficient of D(E},) >~ Dgev (E)/1 GeV)!/3, the pp thickness can be expressed as
Tpp = CNgasOpp, OT

o0 (=4} (Lo T (B _1/S(L> (18)
PP 777N 100 pe 1026 cm?2 5! 10 PeV 100cm=3/"

Here, we have used feasible parameters of starburst galaxies [4,53]. Therefore, depending on the

calorimetric environment, it is possible that the flux below a few PeV is efficiently converted to
neutrinos and contributes to the TeV-PeV diffuse emission observed by IceCube.

7. Cosmogenic neutrinos

The production of neutrinos in the sources that accelerate the high-energy cosmic rays depends on
the source environment. In order to efficiently accelerate cosmic rays, any loss mechanism, including
pion production in py and pp interactions, must be suppressed as it reduces the acceleration time.
Efficient accelerators are likely to be inefficient beam dumps for producing neutrinos. High-efficiency
neutrino production can be achieved by separating the sites of acceleration and neutrino production.
For instance, after acceleration, extragalactic cosmic rays propagate over cosmological distances of
more than 10 Mpc and can efficiently produce neutrinos on the dilute extragalactic medium.

In this section, we will discuss the production of neutrinos in the interactions of extragalactic
cosmic rays with cosmic radiation backgrounds. Soon after the discovery of the cosmic microwave
background (CMB), Greisen, Zatsepin, and Kuzmin [97,98] (GZK) realized that extragalactic cosmic
rays are attenuated by interactions with background photons. Actually, protons interact resonantly
via py — AT — mTn with background photons with mean energy € ~ 0.33meV at energies
E, ~ (m2A — mf?) /4/€ >~ 500 EeV. The width of the Planck spectrum leads to a significant attenuation
of proton fluxes after propagation over distances on the order of 200 Mpc at an energy above Egzk =~
50 EeV, which is known as GZK suppression. Also, heavier nuclei are attenuated at a similar energy
by photodisintegration of the nucleus by CMB photons via the giant dipole resonance.

The pions produced in GZK interactions decay, resulting in a detectable flux of cosmogenic neu-
trinos first estimated by Berezinsky and Zatsepin [99] in 1969. This guaranteed flux of neutrinos
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became one of the benchmarks for high-energy neutrino astronomy leading early on to the con-
cept of kilometer-scale detectors. The flux of cosmogenic neutrinos peaks at EeV neutrino energy
depending on the chemical composition and the evolution with redshift of the unknown sources.
The largest neutrino flux results from proton-dominated models [100—102]. A particularly strong
emission can be expected in such models if the proton spectrum extends below the ankle. Referred
to as “dip models,” the ankle results from the absorption of protons by Bethe—Heitler pair produc-
tion on CMB photons. A fit to the observed cosmic ray spectrum requires relative strong source
evolution with redshift [103—106] that enhances pion production. However, the corresponding elec-
tromagnetic emission via neutral pions as well as e* pairs is constrained by the isotropic gamma
ray background (IGRB) observed by Fermi LAT [107,108] and limits the neutrino intensity of these
proton-dominated scenarios [ 109—114]. Recent upper limits on cosmogenic neutrinos resulting from
the failure by IceCube to observe EeV neutrinos constrains proton-dominated models [29].

In contrast, the IceCube constraint can be accommodated by introducing a heavy nuclear compo-
sition. Resonant neutrino production still proceeds via the interaction of individual nucleons with
background photons, but the threshold of the production is increased to Ecr 2 AEgzk for nuclei
with mass number 4. Therefore, efficient cosmogenic neutrino production would require an injected
cosmic ray flux that extends well above Egzi. Especially for heavier nuclear composition of the
primary flux, the production of neutrinos on photons of the extragalactic background light (EBL)
becomes relatively important [95,112,115-122]. The interaction with optical photons produces neu-
trino fluxes in the PeV energy range. However, the overall level is much lower because of the low
intensity of the EBL photons. It is unlikely that the PeV neutrino flux observed with IceCube could
be related to the neutrino production in the EBL [88] (see also Ref. [89]). The observed PeV neutrino
flux level is too high to be consistent with associated electromagnetic contributions to the IGRB or
upper limits on the EeV neutrino flux.

8. Correlation with UHE CR events

Cosmic rays above the GZK cutoff have an absorption length on the order of 200 Mpc. Therefore,
the observed events have to originate in the local universe. In combination with the high rigidity,
R o« E/Z, of these events, the deflection in extragalactic and Galactic magnetic fields can be
low enough to find anisotropies in the UHE CR arrival direction. Figure 9 shows the distribution
of events observed with Auger [123] above 52 EeV (x) and Telescope Array [124] above 57 EeV
(+). To highlight feasible anisotropies in the arrival direction of the combined data set, we smooth
the events at best-fit position n; over the sphere with unit vector n following a von Mises—Fisher
distribution, f;(n) = aexp(an-n;)/ sinh a/(4r). The parameter a is fixed to 11.5 such that 50% of
the distribution is contained within an opening angle of 20°. From the smoothed event distribution
f(m) =), fi(n), we define £(8) as the average of the distribution f in each declination bin 8 and
define the anisotropy as

8I(m) =f(n)/f ((m)) — 1. (19)

This simple procedure ensures that spurious anisotropies coming from the detector exposures that
depend mostly on declination are corrected from the map. The anisotropy map recovers two small-
scale excess regions in the Northern and Southern Hemisphere that coincide with the excess regions
reported by Telescope Array [124] (sampling radius of 20°; post-trial p-value of 3.7 x 10~%) and
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Auger 2014 E > 52 EeV (x)/ TA 2014 E > 57 EeV (+) / smoothed anisotropy map (ABsqq, = 20°)

0°

Equatorial

* event appears in both samples

\
-0.836732 0.836732

Fig.9. Mollweide projection of the arrival direction of neutrinos and UHE CRs. The neutrino sample is
identical to the one shown in Fig. 6. We show events from Auger [123] above 54 EeV (x) and from Telescope
Array [124] above 57 EeV (+). The background shows the anisotropy of the combined UHE CR map derived
with the method described in the main text and smoothed with with 654, = 20°. We highlight the excess regions
found by Auger (sampling radius of 15°; post-trial p-value of 1.4 x 1072) and Telescope Array (sampling radius
of 20°; post-trial p-value of 3.7 x 107%).

Auger [123] in the direction of Centaurus A (sampling radius of 15°; post-trial p-value of 1.4 x 1072),
respectively. These are indicated as dashed circles of different sizes.

Figure 9 also shows the same neutrino event candidates that were shown in Fig. 6. It is apparent
that there is no noticeable clustering of high-energy neutrino events in the direction of these hot
spots. Indeed, a dedicated analysis [125] by Telescope Array, Auger, and IceCube did not identify
significant cross-correlation of neutrino and UHE CR events (below 3.3 o). However, this does not
necessarily rule out the possibility that the events emerge from the same sources. Neutrino events
can be observed from all UHE CR sources up to the Hubble horizon ¢/Hy =~ 4.4 Gpc. On the other
hand, UHE CRs above the energy shown in Fig. 9 have to emerge from local sources up to 200 Mpc.
Therefore, we can estimate that only a fraction of 200 Mpc/4.4 Gpc =~ 5% of astrophysical neutrinos
should correlate with UHE CRs. The total number of neutrino events shown in Fig. 9 is only 45, so
maybe two events are expected to correlate with the anisotropy structure suggested by UHE CRs.

9. Conclusions

IceCube has discovered a flux of extragalactic cosmic neutrinos with an energy density that matches
that of extragalactic high-energy photons and ultra-high-energy cosmic rays. This may suggest that
neutrinos and high-energy cosmic rays share a common origin. They may originate in calorimetric
environments like starburst galaxies or galaxy clusters hosting the cosmic ray accelerators. Identi-
fication of the sources by observation of multiple neutrino events from these sources with IceCube
will be challenging. However, the possibility exists for revealing the sources by the comprehensive
IceCube multimessenger program.
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Further progress requires larger instruments. We therefore propose as a next step the extraordi-
nary opportunity of instrumenting 10 km? of glacial ice at the South Pole and thereby improving
on IceCube’s sensitive volume by an order of magnitude [126]. This large gain is made possible
by the unique optical properties of the Antarctic glacier revealed by the construction of IceCube.
As a consequence of the extremely long photon absorption lengths in the deep Antarctic ice, the
spacing between strings of light sensors can be increased from 125 m to over 250 m without loss
of performance of the instrument. The instrumented volume can therefore grow by one order of
magnitude while keeping the construction budget of a next-generation instrument at the level of the
cost of the current IceCube detector. The new facility will increase the event rates of cosmic events
from hundreds to thousands over several years.
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