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We consider limits on the local (z = 0) density (n0 ) of extragalactic neutrino sources set by the
nondetection of steady high-energy neutrino sources producing & 50 TeV muon multiplets in the
present IceCube data, taking into account the redshift evolution, luminosity function and neutrino
spectrum of the sources. We show that the lower limit depends weakly on source spectra and strongly
on redshift evolution. We find n0 & 10−8 −10−7 Mpc−3 for standard candle sources evolving rapidly,
ns ∝ (1 + z)3 , and n0 & 10−6 − 10−5 Mpc−3 for nonevolving sources. The corresponding upper
42
41
limits on their neutrino luminosity are Leff
− 1043 erg s−1 and Leff
− 1042 erg s−1 ,
νµ . 10
νµ . 10
respectively. Applying these results to a wide range of classes of potential sources, we show that
powerful “blazar” jets associated with active galactic nuclei are unlikely to be the dominant sources.
For almost all other steady candidate source classes (including starbursts, radio galaxies, and galaxy
clusters and groups), an order of magnitude increase in the detector sensitivity at ∼ 0.1 − 1 PeV
will enable a detection (as point sources) of the few brightest objects. Such an increase, which
may be provided by next-generation detectors like IceCube-Gen2 and an upgraded KM3NET, can
improve the limit on n0 by more than two orders of magnitude. Future gamma-ray observations (by
Fermi, HAWC and CTA) will play a key role in confirming the association of the neutrinos with
their sources.
PACS numbers: 95.85.Ry, 98.70.Sa, 98.70.Vc

I.

INTRODUCTION

The detection of an extraterrestrial high-energy, ∼
30 TeV to a few PeV, neutrino flux by the IceCube
Collaboration [1–6] marks the beginning of high-energy
neutrino astrophysics. The observed signal is consistent
with an isotropic arrival distribution of the neutrinos,
and with equal contents of νe , νµ and ντ and their antiparticles. Above ∼ 100 TeV, the flux and spectrum are
consistent with the Waxman-Bahcall (WB) bound [7],
Eν2 Φνi ≃ 10−8 GeV cm−2 s−1 sr−1 per flavor, with a
possible spectral break or cutoff at a few PeV. These
properties together hint to a cosmological origin of the
observed neutrino flux, most likely related to the accelerators of high-energy cosmic rays (CRs) (see Refs. [8–10]
for reviews). High-energy neutrinos are expected to be
emitted in this case mainly by the decay of mesons and
muons produced in interactions of CRs with ambient gas
(nucleons) or radiation fields within or surrounding the
CR sources, with neutrino to CR energy ratio typically
given by Eν /Ecr ≈ (0.03 − 0.05)/A, where A is the CR
atomic number [8, 11].
IceCube’s analysis of lower-energy neutrino events indicates an excess of events at ∼ 30 TeV above an extension to low-energy of the “flat”, Eν2 Φνi = Const., higherenergy spectrum [4, 5]. Assuming that the astrophysical
neutrino spectrum is described by a single power-law,
Eν2 Φνi ∝ Eν2−s , different analyses of IceCube’s data lead
to different constraints on the spectral index s. There is
some (∼ 2σ) tension between analyses with higher-energy
thresholds, yielding values consistent with s = 2, and
those with lower-energy thresholds, yielding s ∼ 2.5 (see
Refs. [4, 5, 12]). This may indicate a new component con-

tributing to the flux at . 100 TeV energies (see Refs. [13–
16] for discussion). The existence of such a component
does not affect the analysis presented in this work, which
is focused on the higher-energy, & 100 TeV, neutrinos,
the flux and spectrum of which are consistent with the
WB bound. It should be noted in this context, that the
observed neutrino flux is comparable to the sub-TeV diffuse gamma-ray background flux measured by Fermi [17].
An extension with s & 2.1 − 2.2 of the & 100 TeV neutrino flux to low energies, ∼ 0.1 − 1 TeV, implies a diffuse
gamma-ray flux that exceeds the Fermi gamma-ray background, while an extension with a smaller spectral index
is consistent with the Fermi data [18] (see also Fig. 1).
The coincidence of the IceCube signal with the WB
bound implies that the universal average of the energy
production rate of ultrahigh-energy (UHE), > 1019 eV,
CRs is similar to the rate of energy production of ∼
0.1 − 1 PeV neutrinos. The observed neutrino signal may thus be explained by a model in which the
sources of UHECRs produce protons with a “flat” spectrum (equal energy per logarithmic particle energy inter2
dṅcr /dEcr = Const., and reside in
val), Ecr QEcr = Ecr
“calorimetric” environments in which protons of energy
. 50 − 100 PeV lose all their energy to meson production (i.e. these CRs are confined for a time longer than
their pp energy-loss time). This is the simplest explanation in the sense that the CR sources are known to exist,
the required CR spectrum is consistent with that observed at & 1019 eV and with theoretical expectations,
the model contains no free parameters (the production
rate of CRs is determined by observations and the fraction of their energy converted to mesons is min[fpp , 1] ≃ 1
below 50 − 100 PeV), and there is a known class of ob-
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jects, which are expected to act as “calorimeters” for
. 50 − 100 PeV protons – starburst galaxies (SBGs). In
fact, the signal detected by IceCube has been predicted
to be produced by sources residing in SBGs [19]. The
only assumption that one needs to make is that CR production is related to star-formation activity (which would
be the case for sources like gamma-ray bursts (GRBs),
energetic supernovae, or perhaps stellar tidal disruptions
by supermassive black holes). The main uncertainty in
this model (see Ref. [8] for a detailed discussion) is related to the fact that galaxies rapidly forming stars are
inferred to act as calorimeters for CR protons based on
the observations of local (z = 0) SBGs, while most of the
neutrinos are produced by galaxies rapidly forming stars
at redshifts z ∼ 1 − 2. The properties of these galaxies
are less well-constrained, and hence the fraction of them
which are “calorimetric” is uncertain.
While the above unified scenario for the production of
UHECRs and of IceCube’s neutrinos is simple and natural [8, 20], we have no direct confirmation for the emission
of neutrinos from SBGs. A wide range of different models
have been proposed for the origin of IceCube’s neutrinos.
Models predicting the production of high-energy neutrinos through the decay of mesons and muons produced
by high-energy CRs may be divided into two types:
“CR accelerator models”, where neutrinos are produced
within the CR source, and “CR reservoir models”, where
neutrinos are produced while they are confined within
the environment surrounding the CR source. CR accelerator models for the emission of high-energy neutrinos
have been proposed, for example, for gamma-ray bursts
(GRBs, e.g., Refs. [21–23]) and blazars [24–27], while CR
reservoir models for the emission of high-energy neutrinos have been proposed for SBGs [19], galaxy clusters
and groups (GCs/GGs) [28, 29], and active galactic nuclei (AGN) [30, 31]. In accelerator models, mesons are
typically produced by interactions of CRs with radiation, while in reservoir models they are typically produced by inelastic hadronuclear collisions. Some AGN
core models, where protons are accelerated and undergo
hadronuclear collisions in the vicinity of the black hole
(e.g., Refs. [30, 32]), are an exception.
In models where the mesons are produced by photohadronic (pγ) interactions with radiation, a low-energy
cutoff may be expected in the neutrino spectrum. For
a characteristic energy Eγ of the ambient photons, the
low-energy cutoff is expected at ∼ 0.05Emin, where
Emin ∼ mp mπ c4 /Eγ is the minimum CR nucleon energy required to allow pion production (in case the source
is moving relativistically with Lorentz factor Γ, Emin ∼
Γ2 mp mπ c4 /Eγ ). In models where mesons are produced
by inelastic hadronuclear (pp) collisions, we expect the
neutrino spectrum to extend down to sub-GeV energies,
since pion production is allowed for all relativistic CRs.
In this case, the neutrino spectral index should satisfy
s . 2.1 − 2.2, since, as explained above, for steeper
spectra the accompanying gamma-ray flux will be inconsistent with the Fermi gamma-ray background below

∼ 0.1 − 1 TeV [18]. If IceCube’s neutrinos are produced
by pp interactions, the sources significantly contribute
to the extragalactic gamma-ray background. This is not
necessarily the case for pγ scenarios [13], since the radiation field required to produce sub-PeV neutrinos via pγ
interactions naturally leads to a large two-photon annihilation optical depth for GeV-TeV gamma rays [7, 13].
The neutrino signal detected in IceCube is not consistent with the predictions of most CR accelerator models derived prior to the IceCube detection. Neutrino
production within GRB sources is expected to produce
a flux which is ∼ 10(Eν /1 PeV)% of the WB flux at
Eν . 1 PeV [21]. The neutrino spectra predicted to be
produced in AGN jet models (in particular blazar models) are typically inconsistent with (too hard compared
to) IceCube’s data [33–35]. Nevertheless, the blazar models are not ruled out since their underlying assumptions
(e.g., the maximum CR energy) may be modified. In
fact, many of them have been revised after IceCube’s
discovery, with parameters appropriately chosen to reproduce IceCube’s flux above ∼ 100 TeV; in particular
see Refs. [36–39] and Fig. 2 for blazar models. In addition, models of CR accelerators obscured in gamma
rays are considered (see Refs. [13, 40, 41] and references
therein), and AGN core models [30, 42–44] have been
modified such that their flux normalization is adjusted to
IceCube’s flux. Finally, we note that “choked jet supernova” models [45–49] may also account for the IceCube
data. However, in our current analysis we derive constraints on steady sources and therefore do not address
these transient models further.
The main goal of this paper is to demonstrate that the
limits that can be set by IceCube’s measurements on the
source density exclude some widely discussed candidate
sources, and to show that an order of magnitude increase
in the detector sensitivity at ∼ 100 TeV is likely to enable the detection (as point sources) of the few brightest
objects for almost all other candidate source classes. The
limit on the density of “standard candle” sources is derived in Sec. II. Its implications to various classes of
sources are described in Sec. III, taking into account the
redshift evolution and the luminosity function (LF) of
the sources. The increase in the detector sensitivity required to enable the detection of neutrino point sources
(sources producing multiple neutrino events) is discussed
in Sec. IV.
The nondetection of point sources has been used in
earlier work [50–52] to set limits on the density of neutrino sources. The limits derived here are more stringent
thanks to the completion of the full IceCube detector, as
recently discussed [53–56]. Moreover, our analysis goes
beyond those of earlier work in taking into consideration
the dependence on the redshift evolution and on the LF
of the sources, and also on the neutrino spectrum of the
sources. As explained below, the density limit is sensitive
to the redshift evolution, and taking into account the LF
of the sources implies that their “effective” number density neff
0 (the number density of sources dominating the
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FIG. 1: Diffuse CR (thin dotted line), gamma-ray (thick
solid line, adapted from Ref. [18]), and all-flavor neutrino
(thick dashed line, adapted from Ref. [18]) intensities predicted in our grand-unified cosmic particle model in which
the UHECR flux is produced by an extragalactic distribution
of proton sources, producing a “flat” CR proton spectrum,
Ecr QEcr = 0.5×1044 erg Mpc−3 yr−1 , and residing in environments which are almost “calorimetric” for Ecr . 50−100 PeV
protons. The observed UHECR flux and spectrum (Auger
data points from Ref. [62, 63]) and IceCube’s neutrino flux
and spectrum (IceCube data points from Ref. [3]) are both
self-consistently explained (see Refs. [8, 20] for detailed discussion). The non-blazar contribution of the diffuse gammaray background measured by Fermi (shaded region above
50 GeV), which amounts to ∼ 30% [58] (see also Ref. [57])
of the “total” extragalactic gamma-ray background, shown
as Fermi data points [17], is simultaneously accounted for in
this model (see Refs. [13, 18] for details). The model UHECR
flux (thin dotted line) and corresponding cosmogenic neutrino
(thin dashed line) and gamma-ray (thin solid line) fluxes are
adapted from Ref. [64].

flux), which is constrained by the derived density limit,
may be significantly smaller than the total density, ntot
0 .
The non-blazar component of the sub-TeV extragalactic gamma-ray background flux measured by Fermi [57,
58] can be explained by the sum of hadronic gamma rays
produced inside the sources and “cosmogenic” gamma
rays produced in CR interactions with the cosmic microwave background and extragalactic background light
(see Fig. 1). In particular, SBGs have been predicted to
produce a significant contribution to the diffuse gammaray background [59–61], consistent with the neutrino flux
measured by IceCube. The source density and luminosity reached by gamma-ray observations are discussed in
Sec. V, where we show that some neutrino source models
like CR reservoir models should be testable with future
gamma-ray observatories.
Our conclusions are summarized and discussed in
Sec. VI. We use Ωm = 0.3, ΩΛ = 0.7 and H0 =
70 km s−1 Mpc−1 throughout.
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FIG. 2: All-flavor neutrino fluxes of “post-IceCube” blazar
models, with parameters chosen to explain the IceCube data.
We consider in this paper three spectral templates, taken from
Tavecchio & Ghisellini (TG15) [38] and Petropoulou et al.
(PDPMR15) [39] for BL Lac objects, and from Dermer et al.
(DMI14) [36] for flat spectrum radio sources (FSRQs).
II.

SOURCE DENSITY LIMITS

The analysis presented here relies on medium-energy
muon-neutrino-induced muon track events, for which the
angular resolution (∼ 0.5 deg) enables one to straightforwardly determine the absence of sources producing multiple events. Although statistics are limited, in the highenergy data sets, where the atmospheric backgrounds are
much smaller, significant clustering has not been seen in
both the latest high-energy starting event (HESE) data
(including several tracks) [3] and the multiyear upgoing
muon neutrino data [6, 67] (cf. [122]). More statistics are
available by including lower-energy events, and no source
has been detected in the point and extended source analyses [12, 65, 66]. As taken into account in the point-source
analyses, low-energy doublets may come from the atmospheric neutrino background. In what follows we consider the implications of a nondetection of any mediumor high-energy multiplets in the multiyear observation
by IceCube and the future neutrino detector IceCubeGen2. The background-induced false number of sources
producing multiplets is reasonably small (at most a few)
for sufficiently high-energy muons.
We consider in this section the limits set on the number density and luminosity of “standard candle” sources,
all producing the same luminosity. We denote the deneff
sity and luminosity of the sources by neff
s and Lνµ , and
explain in Sec. III how these effective density and luminosity may be defined for nonstandard candle sources
in order to enable the application of the results to such
source classes. The muon neutrino luminosity is defined
as the luminosity per logarithmic neutrino energy bin
(Eν LEνµ ≡ Eν dLνµ /dEν ).
The average (over randomly distributed observers)
number of the sources producing
R more than k−1 multiple
events is given by Nm≥k = dV neff
s [z]Pm≥k [z], where
Pm≥k [z] is the probability that a single source at red-
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shift z will produce more than k − 1 multiple events,
and neff
s [z] is the comoving source density at z (we assume that, for random observers, the number of sources
within small volumes dV follows a Poisson distribution
with average neff
s [z]dV). In the limit that the number of
total signal events is large enough, denoting the average
number of events produced by a source at z by λ[z], we
have Pm≥2 (λ) = 1 − (1 + λ) exp(−λ), where λ may be
expressed using the luminosity distance dN =1 for which
a source produces one event, λ[z] = (dN =1 /dL [z])2 where
dL [z] is the luminosity distance to z.
Using the above definitions, the average number of
sources producing multiple events may be written as
Z
(c/H0 )d2L [z]
p
Nm≥2 = neff
∆Ω
dz
0
(1 + z)2 Ωm (1 + z)3 + ΩΛ
 eff 
ns [z]
Pm≥2 (λ[z]),
(1)
×
neff
0
where ∆Ω is the solid angle covered by the detector and
neff
= neff
0
s [z = 0] is the local source density. Note
that Eq. (1) itself does not assume any connection to
the gamma-ray luminosity, and all information on the
exposure of neutrino detectors is included through the
definition of dN =1 (see Eq. 4 and Appendix A).
The above equation is useful when the contribution
of the background is negligible. If the distance out to
which sources may be identified as producing multiple
events is sharply limited by the background as dL < dlim
(i.e. Eν FEνµ > Flim ), the number of point sources is [52]
Nlim = neff
0 ∆Ω
×



Z

neff
s [z]
neff
0

zlim



dz
,

(c/H0 )d2L [z]
p
(1 + z)2 Ωm (1 + z)3 + ΩΛ

(2)

where zlim is the redshift corresponding to dlim .
√ For dN =1eff ≪3 c/H0 , Nm≥2 is given by Nm≥2 ≈
π(∆Ω/3)n0 dp
N =1 . Similarly, for higher multiplets, we
eff 3
have Nm≥3 ≈ π/16(∆Ω/3)n
0 dN =1 (for triplets and
p
3
higher) and Nm≥4 ≈ π/64(∆Ω/3)neff
0 dN =1 (for quartets and higher), respectively. With Eq. (2), we repro3
duce the well-known result, Nlim ≈ (∆Ω/3)neff
0 dlim [52].
The calculation does not necessarily rely on the highenergy muon events above ∼ 200 TeV. One can use the
point-source sensitivity that is derived from the track
data with more statistics [12, 66] (see also Ref. [51]).
For the purpose of placing limits on the source density,
we consider m ≥ 2 multiplets. We therefore write


√
∆Ω
3
Nm≥2 = πqL
neff
(3)
0 dN =1 ,
3
where the luminosity dependent function qL depends on
redshift evolution models, and approaches unity at sufficiently low luminosities. For example, for luminosity
corresponding to dN =1 /(c/H0 ) = 0.1 we find qL = 0.94

and qL = 2.0 for redshift evolution of the form ns [z] ∝
(1 + z)m with m = 0 (no evolution) and m = 3 (rapid
evolution that reasonably mimics the star-formation rate
(SFR) or AGN luminosity density), respectively.
For neutrino sources with a “flat”, Eν FEνµ = Const.,
spectrum in the 0.1 − 1 PeV range, the nondetection of
point and extended sources in the four-year data of IceCube sets a 90% CL upper limit of Eν FEνµ < Flim ≈
10−9 GeV cm−2 s−1 to the muon neutrino flux produced
by a possible point source [66]. The two-year sensitivity is
worse by a factor of two, while the sensitivity is improved
to Flim ≈ (6 − 7) × 10−10 GeV cm−2 s−1 with the sixyear data [68]. For the high-energy IceCube data, that
are essentially background free, a 90% CL upper limit
corresponds to an upper limit of λ < 2.44 on the number
of events produced on average by a source [69]. Denoting the source differential “muon neutrino” luminosity by
eff
Leff
Eνµ = dLνµ /dEν , we have
dN =1 ≈

Eν Leff
Eν µ
4πFlim /2.4

≃ 110 Mpc

!1/2
Eν Leff
Eν µ

1042 erg s−1

!1/2

−1/2

Flim,−9 ,

(4)

where Flim = 10−9 Flim,−9 GeV cm−2 s−1 .
Interpreting the absence of multiple event sources
as a limit on Nm≥k , we may impose Nm≥k < 1 (or
Nm≥k /Nb < 1 in the presence of significant backgrounds,
where Nb is the number of false multiplet sources). In
more general, one may write the condition as


∆Ω
3
neff
N̂s = bm,L
0 dlim < 1,
3
where bm,L is an order-of-unity factor that depends on
details of analyses. For example, if we consider m ≥ 2
multiplets and Nb ∼ 1 due to the atmospheric neutrino
background, we obtain bm,L ≃ 6.6qL . Note that Eq. (1)
gives a stronger limit that from Eq. (2), as seen from
bm > 1. This is because there is a nonnegligible contribution of distant neutrino sources (from z > zlim ) to
doublet sources, due to Pm≥2 (λ). On the other hand,
as naturally expected, higher-multiplet sources are more
largely contributed by nearby neutrino sources. Indeed,
for triplets or higher multiplets, we obtain bm ≃ 1.6.
Using Eqs. (3) and (4), the condition Nm≥2 < 1 gives
neff
0

Eν Leff
Eν µ
1042 erg s−1

!3/2

−3/2

Flim,−9

. 1.9 × 10

−7

Mpc

−3

−1
qL



2π
∆Ω



.(5)

Note that this gives an upper limit on neff
0 , which depends on the luminosity (consistent with the results of
Refs. [51, 52, 70], in contrast with the result of Ref. [54]).
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where ξz is a dimensionless parameter that depends on
the redshift evolution of the sources: ξz ≈ 3 for m = 3
and ξz ≈ 0.6 for m = 0 [7] (ξz ≈ 2.8 for SFR evolution [71], ξz ≈ 8.4 for FSRQ evolution, and ξz ≈ 0.68 for
BL Lac evolution [72]). Combining Eqs. (5) and (6), we
find
!
−2
 2

Eν Leff
Eν µ
ξz
∆Ω
−2
3
. 1.4 qL
Flim,−9
,
1042 erg s−1
3
2π
(7)
and
 −3
2

ξz
∆Ω
−3
eff
−7
−3 2
n0 & 1.1 × 10 Mpc qL
Flim,−9
.
3
2π
(8)
Note that Eq. (8) gives a lower limit, which can be placed
because we require that the considered standard candle
sources produce the neutrino flux detected by IceCube.
Remarkably, the constraints are quite sensitive to the redshift evolution, and are more stringent for weaker evolution. This is simply because ξz in Eq. (6) comes via the
cubic term in Eq. (3). The background becomes more
important at lower energies or longer exposure time or
poorer angular resolution. If the false number of multiplet sources is Nb ∼ 2 − 3, the lower limit is relaxed by
a factor of 4 − 9. Instead, if Eq. (2) is used or m ≥ 3
multiplets are considered more conservatively, the lower
limit changes by a factor of ∼ 10. Also, its precise value
might be affected by details of the muon neutrino data
because of its dependence on Flim (that slightly varies
with zenith angle). However, in either case, our discussion on implications and prospects is unaltered.
In Fig. 3 we show the limits obtained using numerical calculations. In order to estimate the sensitivity, we
evaluate the number of through-going muons for both the
signal and the background, taking into account the zenith
and energy dependence of the effective area of IceCube
and the absorption of neutrinos within the Earth (see Appendix A for details). Then, we calculate the probability
to find at least one medium- or high-energy multiplet,
and place upper limits on neff
0 for different redshift evo-
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The upper limit is insensitive to the redshift evolution
at sufficiently low luminosities, and is valid regardless of
whether or not the sources dominate IceCube’s neutrino
flux.
The diffuse neutrino intensity observed by IceCube determines the neutrino luminosity density of the Universe,
eff
neff
0 (Eν LEνµ ). The coincidence of the observed intensity with the WB flux enables one to determine the neutrino luminosity density by using Eqs. (1), (2) and (5) of
Ref. [7], from which we find
!
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eff
≃ 1.6 × 10−7 Mpc−3 (3/ξz )
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1042 erg s−1
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FIG. 3: IceCube’s detection determines the local (z = 0)
eff
neutrino emissivity of the Universe, neff
0 Eν LEνµ , up to uncertainty related to the unknown redshift evolution of the
sources (see Eq. 6). The solid “IceCube lines” show the
eff
value of neff
0 Eν LEνµ implied by observations for no evolution (ns ∝ (1 + z)0 , top thin), SFR evolution [71] (similar
to ns ∝ (1 + z)3 and AGN evolution [73], middle thick),
and rapid FSRQ evolution (bottom thin). Nondetection of
point sources excludes the shaded regions lying to the right of
the dashed and dash-dotted lines (see Eq. 5), corresponding
to the sensitivity obtained for a six-year observation period
with IceCube (dashed lines) and a ten-year observation period with IceCube-Gen2 (dot-dashed lines). Thick dashed and
dash-dotted lines are for SFR evolution, whereas thin dashed
and dash-dotted lines are for no evolution (upper curves) and
FSRQ evolution (lower curves). The flat spectrum template
shown in Fig. 1 is used. Colored stars represent the density
and luminosity of various classes of candidate sources.

lution models. The limits obtained numerically are consistent with those obtained analytically above. For SFR
−7
evolution, we find neff
Mpc−3 and Eν Leff
0 & 10
Eν µ .
1042 erg s−1 , consistent with the analytical estimates
44
given by Eqs. (8) and (7). For Eν Leff
erg s−1 ,
Eνµ ∼ 10
that corresponds to dN =1 /(c/H0 ) = 0.1, we find qL ≈ 0.9
for no evolution and qL ≈ 2 for SFR evolution, consistent
with the analytic results.
As seen from Fig. 3 and Eq. (8), the lower limit on neff
0
is sensitive to redshift evolution models. As a result, for
nonevolving sources, m = 0 and ξz ≈ 0.6, the limits we
−5
can achieve are neff
Mpc−3 and Eν Leff
0 & 0.9 × 10
Eν µ .
40
−1
9 × 10 erg s , respectively. The former (latter) is
two orders (one order) of magnitude stronger than the
SFR case. Note that the absence of multiplets in the
two-year muon neutrino data (including the public highenergy data set [6]) leads to the lower limit of neff
0 &
10−8 −10−7 Mpc−3 (as in Ref. [54]), giving an interesting
constraint on BL Lac objects (see Section III).
The effective area of IceCube-Gen2 is expected to be
∼ 5 − 7 times larger than IceCube-86 [74], yielding
Flim ∼ 10−10 GeV cm−2 s−1 after ∼ 10 year observations at sufficiently high energies and improving the
−4
source density lower limit to neff
Mpc−3 for
0 & 0.4 × 10
the m = 3 or SFR case (see Eq. 8).
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TABLE I: Densities of various classes of steady sources suggested to produce the flux of high-energy neutrinos observed
in IceCube.
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FIG. 4: Similar to Fig. 3, for the blazar spectral templates
shown in Fig. 2, with BL Lac evolution for the TG15 [38] and
PDPMR15 [39] templates and FSRQ evolution (with mean
redshift z̄ = 2 [36]) for the DMI14 template. The solid red
eff
“IceCube lines” show the value of neff
0 Eν LEνµ implied by observations for BL Lac evolution (upper curve) and FSRQ evolution (lower curve). Point source limits obtained for a sixyear observation period with IceCube and a ten-year observation period with IceCube-Gen2 are shown with thick and thin
lines respectively. Nondetection of points sources excludes the
regions lying to the right and above the dashed, dotted and
dash-dotted lines.

The muon neutrino constraints depend not only on redshift evolution models but also on the assumed neutrino
spectra, since the limits depend on Flim , which in turn
is affected by the assumed source spectra. Although a
flat spectrum is a reasonable assumption for CR reservoirs, the neutrino spectrum may be more complicated,
as often predicted for blazar models (see Fig. 2). We
have expanded our numerical analysis to sources with
harder spectra (s < 2) using the three blazar spectral
templates shown in Fig. 2, and tested the applicability
of Eqs. (7) and (8) for these spectra. Our numerical results are shown in Fig. 4. As expected, the limits are
somewhat weaker for harder neutrino spectra.

III.

IMPLICATIONS TO CANDIDATE
SOURCES

In order to determine the implications of the constraints given by Eqs. (7) and (8) to different classes of
candidate neutrino sources, one must take into account
the source luminosity distribution (i.e. deviations from
“standard candle” sources). While the distribution of
electromagnetic luminosities, i.e. the photon LFs, of different classes of objects are known, the neutrino LFs of
most source classes are not known and are model dependent. We therefore do not attempt here a comprehensive
analysis under different model assumptions regarding the
LFs of various classes of objects. Rather, for each class
of objects we define an effective neutrino luminosity, Leff
νµ ,
as the luminosity that maximizes Lνµ (dns /d ln Lph ) under commonly used model assumptions determining the

FSRQa
BL Lacb
SBGc
GC-accd
GC/GG-inte
RL AGNf
RQ AGNg
LL AGNh

∼ 3 × 1046
∼ 2 × 1044
∼ 2 × 1040
∼ 1 × 1042
∼ 2 × 1040
∼ 2 × 1042
∼ 7 × 1040
∼ 1 × 1039

Lγ ∼ 5 × 1047 ∼ 2 × 10−12
∼ 10−9
45
−9
Lγ ∼ 5 × 10
∼ 5 × 10
∼ 10−7
41
−5
Lγ ∼ 10
∼ 10
∼ 3 × 10−5
LX ∼ 8 × 1044
∼ 10−6
∼ 2 × 10−6
LX ∼ 6 × 1043
∼ 10−5
∼ 5 × 10−5
43
−7
Lγ ∼ 10
∼ 10
∼ 10−4
LX ∼ 1044
∼ 3 × 10−6
∼ 10−4
LHα ∼ 1040
∼ 10−3
& 10−2

a Based on the FSRQ LF and redshift evolution of Fermi [72]; L
γ
is defined in the [0.1 GeV, 100 GeV] photon energy band.
b Based on the BL Lac LF and redshift evolution of Fermi [72];
Lγ is defined in the [0.1 GeV, 100 GeV] photon energy band.
c Using L ∝ L1.17 [75], where L
γ
IR is the infrared luminosity, and
IR
the infrared LF of Ref. [76], assuming the SFR redshift evolution
(that is similar to the m = 3 redshift evolution); Lγ is defined in
the [0.1 GeV, 100 GeV] photon energy band and LIR is defined in
the [8 µm, 1000 µm] photon energy band.
d Based on the halo mass function [77], assuming no redshift evolution; LX is defined in the [0.01 keV, 40 keV] photon energy band.
e Based on the halo mass function [77], assuming the m = 3 redshift evolution.
f Using L ∝ L1.16 [78], where L
γ
radio is the radio luminosity, and
radio
the radio LF of Ref. [79], assuming the m = 3 redshift evolution
(that roughly mimics the RL AGN redshift evolution); Lγ is defined
in the [0.1 GeV, 10 GeV] photon energy band and Lradio is defined
in the 5 GHz photon energy band.
g Based on the AGN x-ray LF and redshift evolution of Ref. [73];
LX is defined in the [0.2 keV, 10 keV] photon energy band.
h Based on the Hα LF [80], assuming no redshift evolution.

dependence of Lνµ on the photon luminosity Lph , and an
effective source number density,
Z
1
dns
neff
≡
,
(9)
d(ln Lph ) Lνµ
s
eff
Lνµ
d ln Lph
which characterizes the density of sources that dominate
the neutrino production. As we show below, the classes
of sources that are ruled out by the constraint of Eq. (8)
are characterized by neff
0 values which are orders of magnitude smaller than the limit of Eq. (8).
The functional dependence of Lνµ on Lph , which is typeff
eff
ically of the form Lνµ ∝ Lα
ph , determines n0 and Lph .
eff
The absolute value of Lνµ , and hence Lνµ , is typically
uncertain and may be considered as a free parameter of
the models. It is determined by the requirement that the
sources would produce the observed neutrino flux, i.e. by
Eq. (6). The SBG “calorimetric” model is an exception–
in this model the neutrino luminosity is directly related
to the gamma-ray luminosity, and the cumulative flux
predicted by the model is consistent with the flux measured by IceCube.
Table 1 presents the values of neff
0 and the correspondeff
)
and
Leff
≡
L
(L
ing values of Leff
ph
νµ , for commonly
νµ
ph
discussed source classes. The total number density of
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the sources, ntot
0 , which is approximately the density of
the lowest-power sources, is also indicated. As explained
in some detail below, comparing the numbers given in
Table 1 with the constraints on source density, which
were derived in the preceding section, implies that rare
sources, such as powerful blazar jets (BL Lac objects and
FSRQs), are unlikely to be the dominant sources of IceCube’s neutrinos.
(i) FSRQs: The neutrino emission from FSRQs is expected to be dominated by the decay of pions produced
via interactions of high-energy protons with external target photons provided by the accretion disk, broad-line
region, and dust torus [25, 26]. The broad-line emission
and/or the infrared emission from the dust torus are typically dominant in luminous quasars, and the optical and
infrared data imply that the photomeson production ef1/2
ficiency fpγ (. 1) is proportional to LAD [33]. Here LAD
is the accretion disk luminosity and we assume that the
CR luminosity is proportional to LAD . Using this sim3/2
ple scaling (Lνµ ∝ Lγ ) and the FSRQ LF observed
by Fermi [72] one finds Leff
∼ 5 × 1047 erg s−1 and
γ
−3
−12
neff
Mpc , well below the IceCube lower
0 ∼ 2 × 10
limit on the density of sources given by Eq. (8) and by
−9
Fig. 4, neff
Mpc−3 . We note that the total num0 & 10
−9
Mpc−3 , is comparable
ber density of FSRQs, ntot
0 ∼ 10
to the limit on source density, implying that a model in
which the neutrino emission is dominated by the lowestpower FSRQs would be consistent with the source density
limit. Such a model is, however, theoretically unlikely.
(ii) BL Lac objects: In BL Lac objects, internal synchrotron photons in the AGN jet are the most important target photons. One has to take into account that
the photomeson production efficiency depends on the
spectral energy distributions [33, 38, 39], which may
vary with the blazar luminosity (the so-called “blazar
sequence”). As an example, in Table 1, we consider the
TG15 model, that predicts approximately fpγ ∝ Lγ at
the neutrino energies of interest. Based on the LF of BL
45
Lac objects [72], one finds Leff
erg s−1 and
γ ∼ 5 × 10
−3
−9
eff
n0 ∼ 5 × 10
Mpc , well below the lower limit on
the density of sources given by Eq. (8) and by Fig. 4 for
sources with weak redshift evolution characterizing BL
−6
Lac objects [72], neff
Mpc−3 . Note that
0 & (1 − 4) × 10
tot
these limits are also larger than n0 ∼ 10−7 Mpc−3 .
(iii) SBGs: In the SBG model, we expect the gamma-ray
and neutrino luminosities to be linearly correlated [19].
1.17
In Table 1 we use, following Ref. [75], Lνµ ∝ Lγ ∝ LIR
(that is roughly consistent with the “calorimetric” picture), where LIR is the infrared luminosity. Based on the
LF and redshift evolution inferred by the Herschel sur11
L⊙ ,
veys at the far-infrared band, we find Leff
IR ∼ 3 × 10
−3
−5
41
eff
eff
−1
n0 ∼ 10 Mpc and Eν LEνµ ∼ 10 erg s . This
source density is well above the lower limit placed by
IceCube, neff
& 10−7 Mpc−3 , but accessible to next0
generation neutrino detectors such as IceCube-Gen2 (see
Eq. 8 and Fig. 3). As pointed out by Refs. [33, 81, 82], a
significant fraction of SBGs may coexist with AGN (that

are mostly radio quiet), and CRs may be accelerated by
jets embedded in the galaxy or disk-driven outflows. Such
an SBG-AGN model may have similar predictions if they
have the typical AGN evolution but their redshift evolution could be as fast as the FSRQ one. As discussed in
Sec. IV and Sec. V, the tight relationship between the
neutrino and gamma-ray luminosities predicted in the
SBG model implies that the model is testable by future
neutrino and gamma-ray detectors.
(iv) GCs/GGs: Two types of models should be considered here. In the GC-acc model CRs are produced by
the accretion shocks in massive clusters and/or by GC
merger shocks [83, 84], and the CR production rate is
expected to be proportional to M 5/3 , where M is the
cluster halo mass. Ignoring details such as the halo mass
dependence of the gas fraction [85], the pp production
efficiency fpp is expected to be proportional to M 0 (in
the confinement limit) or M 2/3 (in the diffusion limit).
Assuming fpp ∝ M 1/3 on average, Lνµ ∝ M 2 leading
45
to Leff
erg s−1 (using the LX − M relation of
X ∼ 10
eff
Ref. [86]) and n0 ∼ 10−6 Mpc−3 . This density is well below the source density limit for the relevant redshift evolution, ns ∝ (1 + z)m with m = 0 (no evolution) or even
m < 0. For nonevolving sources ξz ≈ 0.6 the IceCube
−5
Mpc−3 (see Eq. 8 and Fig. 3),
lower limit is neff
0 & 10
implying that if CRs in GCs are produced by accretion
and merger shocks, these objects cannot contribute much
to the flux of neutrinos detected by IceCube, which is
consistent with the previous calculations [28, 85, 87–89].
In the GC/GG-int model CRs are mainly supplied by
sources residing with the GC or GG [28, 29, 87], like
AGN, galaxies, and galaxy mergers. In this case we expect the CR production rate to be proportional to M
and more CR accelerators may be active in the past,
and the redshift evolution can be positive [18, 88]. As44
suming ns ∝ (1 + z)3 leads to Leff
erg s−1 and
X ∼ 10
−3
−5
1.5
eff
n0 ∼ 10 Mpc (for Lνµ ∝ M ). This source density is well above the lower limit placed by IceCube,
neff
& 10−7 Mpc−3 , but accessible to next-generation
0
neutrino detectors such as IceCube-Gen2 (see Eq. 8 and
Fig. 3).
(v) Misaligned radio-loud (RL) AGN: A nearly linear relation between gamma-ray and radio luminosity, Lγ ∝
L1.16
radio , has been inferred from a small sample of gammaray detected radio galaxies [78]. Although the process responsible for gamma-ray emission of many radio
galaxies is most likely inverse-Compton scattering (as
suggested by its variability [90]), various models have
been suggested where the gamma-ray emission is produced by the decay of mesons and muons (produced
in interactions of high-energy protons with surrounding
plasma [18, 29–31, 91, 92]). In such models one would
expect Lνµ ∝ Lγ ∝ L1.16
radio , implying, based on the radio
43
−7
LF [79], Leff
∼
10
erg s−1 and neff
Mpc−3 .
γ
0 ∼ 10
The inferred number density is close to the lower limit
set by IceCube for sources following SFR/AGN evolution (see Eq. 8 and Fig. 3), implying that RL AGN could
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contribute significantly to the flux detected by IceCube,
and that some RL AGN may be soon detected as neutrino point sources, if the flux is indeed dominated by
this class of objects.
(vi) Radio-quiet (RQ) AGN: Most AGN do not have
powerful jets, have been suggested as efficient neutrino
sources [42, 93], in which CRs are accelerated to high
energies and lose most of their energy to pion production, min[1, fpγ ] ∼ 1, by interactions with radiation in
the vicinity of the supermassive black hole. Although
the original predictions of this model are inconsistent
with IceCube’s flux, the model may be adjusted to explain the IceCube data [43, 44]. The simple scaling of
44
this model, Lνµ ∝ LX , implies Leff
erg s−1 and
X ∼ 10
−6
neff
Mpc−3 (based on the x-ray LF and red0 ∼ 3 × 10
shift evolution of Ref. [73]). This AGN core model is
unconstrained by the present IceCube data, but can be
tested with IceCube-Gen2.
(vii) Low-luminosity (LL) AGN: It has been suggested
that CR acceleration followed by pp and pγ interactions
in radiatively inefficient accretion flows in the vicinity
of the black hole, may account for IceCube’s neutrino
flux [30]. In this model, the diffuse neutrino flux is likely
to be dominated by objects with LHα ∼ 1040 erg s−1 [30],
∼ 10−3 Mpc−3 . Regardless of the redimplying neff
0
shift evolution of LL AGN, which is currently uncertain [80], this model is not constrained by current IceCube data. However, if their evolution is weak as that of
low-luminosity BL Lac objects and Fanaroff-Riley I radio
galaxies, Fig. 3 suggests that this model could be tested
by IceCube-Gen2.

IV. SEARCHING FOR THE BRIGHTEST
NEUTRINO SOURCES: MUON NEUTRINOS

Several attempts have been made to identify the neutrino sources by searching for a cross correlation between
the neutrino arrival directions and the angular locations
on the sky of various types of astrophysical objects (see,
e.g., Refs. [94–99]). Most of them are based on IceCube’s
HESE searches, where the fully contained events are selected and many of the neutrino events consist of shower
events with ∼ (10 − 20) deg angular resolutions. Although possible associations have been claimed, none of
them are significant.
Stacking analyses or cross-correlation studies can be
more powerful than searches for event clustering [53].
However, they intrinsically require multimessenger observations, and it is not straightforward to obtain implications to the candidate sources. This is because one
needs to determine the multimessenger relationship between Lνµ and Lph . Despite the uncertainties, Table 1
suggests that all canonical models considered here should
be testable by IceCube and IceCube-Gen2.
First, we discuss blazars including (i) FSRQs and (ii)
BL Lac objects, which are disfavored by the muon neutrino constraints described in the previous section. For

FSRQs, the few brightest objects include 3C 273 and
3C 454.3 in the northern hemisphere and 3C 279 in the
southern hemisphere look the most promising [25]. The
recent stacking analysis [100] suggest that FSRQs are
subdominant as the main sources of the diffuse neutrino
flux, which is consistent with our independent conclusion in the previous section. For BL Lac objects, the
IceCube Collaboration has searched for a cross correlation with bright blazars found by Fermi, and placed an
upper limit on the blazar contribution to the diffuse neutrino flux [101]. As noted above, one possible caveat
in such cross-correlation analyses is that weighting each
source depends on theoretical modeling especially for distant blazars that are not well studied. As a complementary check, we also consider one of the brightest BL Lac
objects in the northern sky, Mrk 421, and calculate the
number of muon events expected in IceCube. The nondetection of Mrk 421 as neutrino point sources also supports
our conclusion obtained in the previous section (see also
Ref. [68]).
The other models listed in Table 1 are unconstrained
so far. But we expect that stacking and cross-correlation
analyses are promising for (iii) the SBG model by using
catalogues obtained at the infrared or gamma-ray band,
(iv) the GC/GG model by using x-ray catalogues, (v)
the RL AGN model by using catalogues obtained at the
radio or gamma-ray band, (vi) the RQ AGN model by
using x-ray catalogues, and (vii) the LL AGN model by
using optical or x-ray catalogues.
In particular, SBGs are intriguing since nearby SBGs
are have been detected in gamma rays. Among nearby
SBGs detected by Fermi, Arp 220 is an ultraluminous
infrared galaxy with LIR ≈ 1.4 × 1012 L⊙ , whose gamma
rays is recently discovered [102, 103]. Also, NGC 1068
and NGC 2146 with LIR ≈ (1 − 3) × 1011 L⊙ , which is
comparable to the infrared luminosity of representative
11
SBGs, Leff
IR ∼ 3 × 10 L⊙ , so we find that they should be
regarded as promising neutrino sources in the “calorimetric” SBG model. Using Eγ LEγ ≈ 2(Eγ /2Eν )2−s Eν LEνµ
(expected in pp scenarios; see below), we calculate their
neutrino fluxes and evaluate detection rates of muon
tracks. The results are shown in Fig. 5, showing that
IceCube-Gen2 can detect signals around these nearby
SBGs in several years. In particular, the s = 2.0 case that
safely explains the high-energy IceCube data (see Fig. 1)
is promising. Note that NGC 1068 coexists with an AGN
(Seyfert galaxy), which is important to test the SBGAGN model suggested by Refs. [33, 81]. We also consider
the possible contribution of M 82. However, M 82 (in the
northern sky) and NGC 253 (in the southern sky) are prototypical SBGs with LIR ∼ a few × 1010 L⊙ , which may
be so compact that the confinement of ∼ 50 − 100 PeV
protons may be difficult and they may not be ideal PeV
neutrino emitters. Note that NGC 4945 is also detected
with gamma rays but located in the southern sky.
Next, we discuss the detectability of RL AGN assuming that neutrinos and gamma rays are produced by pp
interactions [18, 31, 32] (although the canonical picture
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FIG. 5: The number of muon tracks expected in stacking
four representative SBGs, Arp 220, NGC 1068 and 2146, and
a prototype SBG, M 82. Five years of operations by IceCubeGen2-like detectors are assumed. Muon neutrino fluxes are
normalized by the observed gamma-ray fluxes at GeV energies [75, 104], for s = 2.0 (thick) and s = 2.18 (thin), respectively. Here, the observational (1σ) uncertainties in the
gamma-ray fluxes are indicated by the shaded regions. The
background curves (dashed and dot-dashed) include both the
atmospheric and astrophysical neutrino backgrounds.
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sider the five brightest RL AGN with s ∼ 2.0 − 2.2 in the
northern sky, NGC 6251, M 87, IC 310, NGC 1218, and
4C +39.12 that are listed in the 3FGL catalog [90]. The
results are shown in Fig. 6, which imply that IceCubeGen2 would detect signals around these nearby RL AGN
in several years if the pp scenario is correct. Nondetection of high-energy neutrinos correlated with RL AGN
will give us useful constraints complementary to the limits from neutrino multiplet searches, and will support a
leptonic origin of gamma-ray emission from RL AGN.
So far we have considered SBGs and RL AGN since
they are detected as gamma-ray point sources. Note
that, if GCs/GGs contribute to IceCube’s flux, nearby
GCs such as the Virgo cluster are detectable as single
neutrino sources by next-generation detectors such as
IceCube-Gen2 [105].
Whereas the “statistical” detection of neutrino sources
seems the fastest way, the robust identification of a single source is desirable for the neutrino astronomy. However, this may be challenging even for IceCube-Gen2.
The lower limit on the number density of sources implies that the number of neutrino sources contributing to
the flux is & 106 , and that the angular source density is
& 30 deg−2 . If the angular uncertainty in the determination of the direction of a neutrino-induced muon track is
∼ 0.1 deg, the number of sources located along the line
of sight consistent with the neutrino arrival direction is
& 1(∆θ/0.1deg)2 . This in turn implies that the sources
may not be identified by searching for an angular correlation between the neutrino arrival direction and the
location on the sky of various astrophysical objects.
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FIG. 6: The number of muon tracks expected in stacking
five nearby RL AGN, M 87, NGC 6251, IC 310, NGC 1218,
and 4C +39.12. As in Fig. 5, five years of operations by
IceCube-Gen2-like detectors are assumed. The background
curves (dashed and dot-dashed) include both the atmospheric
and astrophysical neutrino backgrounds. Note that the pp
scenario is assumed here, so the detectability of neutrinos is
much smaller in the standard leptonic scenario.

for MeV-GeV emission from this class of AGN is the leptonic scenario). Among the sources listed in the 3FGL
catalog, Cen A, Cen B, Pic A, and PKS 0625-35 are located in the southern sky. On the other hand, ten RL
AGN (NGC 1275, NGC 6251, M 87, 3C 111, IC 310, NGC
1218, 4C +39.12, 3C 264, NGC 2484, and 3C 303) are in
the northern sky. NGC 1275 is the brightest in gamma
rays, but it is highly variable so that the gamma-ray
emission cannot be attributed to the host galaxy or the
environment of the Perseus cluster. Also, the observed
gamma-ray spectrum of 3C 111 is too steep for CR reservoir models. In this work, excluding NGC 1275, we con-

Since both charged and neutral pions are produced by
hadronic interactions of high-energy nucleons with target
photons or nucleons, the emission of neutrinos by charged
pion decay is accompanied by the emission of gamma rays
by neutral pion decay. The characteristic photon energy
is roughly twice the characteristic neutrino energy, and
the gamma-ray energy production rate is approximately
the same as the neutrino production rate (the exact ratio
depends on the particle and radiation spectra). The neutrino sources are therefore expected to also be gamma-ray
sources of similar luminosity.
Assuming that the parent CRs are produced with a
−s
power-law spectrum, dNcr /dEcr ∝ Ecr
, and that the
meson production is dominated by inelastic pp collisions
with nucleons, the differential gamma-ray luminosity is
expected to be Eγ LEγ ≈ 2(Eγ /2Eν )2−s Eν LEνµ [18].
This is due to the fact that the energy-loss time to meson
production is not strongly dependent on the energy of the
CRs and the CR spectrum is not too hard, e.g., the confinement time of CRs within an environment in which
they may undergo inelastic pp collisions is expected to
decrease with energy. If, on the other hand, meson pro-
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duction is dominated by interactions of CRs with radiation, the gamma-ray luminosity at low energies may be
well below that of the high-energy neutrino luminosity.
This is partly due to the fact that the energy threshold
for pion production in interactions with radiation fields,
Ep Eγ & 0.2 Γ2 GeV2 (where Γ is the bulk Lorentz factor)
for the photomeson production, may be above the energy
of the CRs for which the production of pions would lead
to gamma rays at observable energies [13].
Note that the gamma-ray luminosity may be suppressed by two effects. First, high-energy gamma rays
may be absorbed by two-photon annihilation interactions
with the radiation field in or around the source. Ref. [13]
showed that this internal attenuation should naturally
occur if IceCube’s neutrinos are produced via pγ interactions. In what follows we assume that this effect is negligible, and this assumption is valid for candidate sources
like SBGs and GCs/GGs up to ∼ 10 − 100 TeV energies. Second, high-energy gamma rays may be absorbed
by two-photon annihilation interactions with the extragalactic background light including the cosmic optical
and infrared backgrounds. We take this effect, which
suppresses the flux of & 0.1 − 0.3 TeV gamma rays from
cosmologically distant (dL & 1 − 3 Gpc) sources, in a
manner similar to that of Refs. [52, 106].
As shown above, CR reservoir models are promising targets for IceCube-Gen2. The muon neutrino contot
straints will reach neff
0 and n0 indicated in Table 1 after
∼ 5 − 10 yr observations. However, even if the statistical
detection is possible, the robust identification of a single
neutrino source may be difficult due to the difficulty in
excluding many distant candidate sources. Thus, establishing its gamma-ray counterpart is important to have
convincing evidence of a single neutrino source detection.
Firstly, the angular resolution of imaging Cherenkov telescopes is better. For example, the Cherenkov Telescope
Array (CTA) [107] will achieve ∼ 0.05 deg at TeV energies and even smaller at higher energies. Secondly, multiTeV sources should be local sources because of the attenuation due to the extragalactic background light. For example, the High-Altitude Water Cherenkov Observatory
(HAWC) [108] may detect ∼ 10 − 100 TeV gamma-ray
sources within ∼ 100 Mpc.
To see whether gamma-ray counterparts of single
neutrino sources (that will be inferred by IceCube or
IceCube-Gen2) can be discovered or not, in Fig. 7, we
show the number density of candidate neutrino sources,
whose gamma-ray spectra can be measured by various
gamma-ray experiments including the current Fermi,
HAWC, and future CTA. The 5σ significance discovery potential for point sources is used. We consider
2.0 ≤ s . 2.2. The upper limit on s is set by the
isotropic diffuse gamma-ray background measured in the
0.1 − 820 GeV range (gamma-ray sources with larger values of s that explain the observed IceCube neutrino intensity produce a gamma-ray background violating the
Fermi data [18]). Using Eq. (2) for CR reservoir models, the number density of neutrino sources reachable by

gamma-ray detectors is approximately given by
neff
0

∼ 2 × 10
×



ξz
3

−5

Mpc

−3 

−3

10−10

Eγ2 Φγ

!3

2 × 10−8 GeV cm−2 s−1 sr−1
2
−3 
Flim
∆Ω
. (10)
2π
GeV cm−2 s−1

For Fermi-LAT (0.1 − 300 GeV) and HAWC (0.3 −
100 TeV), which are observatories with a wide field of
view, their discovery potentials imply that SBGs and
−5
GCs/GGs, predicting neff
Mpc−3 , can be dis0 ∼ 10
covered for s ∼ 2.2. Note that Fermi’s all-sky survey should have yielded a detection of a few sources for
sources with s ∼ 2.2 and density of ∼ 10−5 Mpc−3 , as
expected for SBGs and GCs/GGs. Indeed, high-energy
gamma-ray emission from several nearby SBGs has been
detected [75, 104], consistent with the prediction of the
SBG model in which SBGs are the sources of IceCube’s
neutrinos. The nondetection of GCs/GGs does not yet
rule out these objects as candidate sources, since nearby
objects of this type are extended (for Fermi’s resolution),
and the flux sensitivity for extended sources is worse than
that for point sources.
For CTA (0.02 − 300 TeV), which is a narrow field-ofview observatory, the single source discovery line refers to
a study of catalogs of known sources which are suggested
as neutrino source candidates, assuming 50 hr integration per source. We do not assume the survey mode.
Fig. 7 implies that, if SBGs or GCs/GGs or perhaps
RL AGN are responsible for the observed high-energy
neutrino flux, single neutrino source candidates found
by IceCube-Gen2 via, e.g., multiplet or stacking analyses
should be discovered with multi-TeV gamma-ray observations (even for a hard spectral index s = 2.0).
Among the nearby (< 100 Mpc) SBGs in the catalogue
used in Ref. [75], 18 SBGs have LIR & 1011 L⊙ , which can
be representative neutrino sources in the “calorimetric”
SBG model. The promising targets in the northern sky
include NGC 2146, NGC 1068, Arp 299, NGC 6701, NGC
7771, NGC 7469, Arp 220, Mrk 331, NGC 828, Arp 193,
and NGC 6240, which can be detected by CTA if SBGs
are the sources of IceCube’s neutrinos.
For RL AGN, all 3FGL sources will be promising targets for CTA. An important test is the measurement of
time variability. If neutrinos and gamma rays are produced via inelastic pp interactions in their host galaxies
or cluster environment, significant variability is not expected. Variable gamma-ray emission can exclude CR
reservoir models for RL AGN, and will favor the emission from core regions (where the internal attenuation
may be relevant).
Finally, we note that a lower limit on the source density
may be obtained from the upper limit on the anisotropy
in the extragalactic gamma-ray background measured by
Fermi (Cp ≤ 2 × 10−20 cm−4 s−2 sr−1 at 20 GeV [109],
where Cp is the angular power spectrum). The recent
results obtained via the photon count fluctuation anal-
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FIG. 7: The local (z = 0) number density of neutrino
sources, whose gamma-ray counterparts can be discovered
by the current Fermi (with eight-year observation), HAWC
(with five-year observation) and future CTA (with 50 hr observation per source). We consider pp sources with Eγ LEγ ≈
2(Eγ /2Eν )2−s Eν LEνµ (see text for details). The solid red
line corresponds to the neutrino luminosity density indicated
by the IceCube observation, as indicated by Eq. (6). The SFR
evolution is assumed.

yses [57, 58, 110, 111] can be used for additional constraints, and the cross correlation gives stringent limits on contributions from star-forming galaxies including
SBGs [112].
VI.

DISCUSSION AND SUMMARY

We have derived in Sec. II constraints on the density and luminosity of steady “standard candle” neutrino
sources dominating the high-energy, & 100 TeV, neutrino
flux detected in IceCube, based on the nondetection of
“point sources” producing high-energy multiple neutrinoinduced muon tracks in the detector. The limits are given
in Eqs. (7) and(8), and illustrated in Figs. 3 and 4 (an
upper limit on the density of steady sources at a given
luminosity, which is valid for sources that do not necessarily dominate the flux, is given in Eq. 5).
These limits were applied in Sec. III to a wide range of
potential source classes, taking into account their redshift
evolution and LF. While the distribution of electromagnetic luminosities, i.e. the photon LF, of different classes
of objects are known, the neutrino LFs of most source
classes are not known and are model dependent. We
therefore did not attempt a comprehensive analysis under different model assumptions regarding the neutrino
LFs of various classes of objects. Rather, for each class of
objects we defined an effective number density neff
s (see
Eq. 9), characterizing the density of sources dominating
the flux. Our conclusions are not sensitive to the details
of the relation between the photon and the neutrino LFs
and to the exact definition of neff
s . The classes of sources
that are ruled out by the constraint of Eq. (8), and for
which there is a large difference between neff
0 and the to(see
Table
1),
are
characterized
tal number density ntot
0

by neff
0 values which are orders of magnitude smaller than
the limit of Eq. (8).
The constraints imply that rare objects, such as powerful blazar jets, are unlikely to dominate IceCube’s
flux. For blazars, we showed that the conclusion does
not change even if harder (possibly more realistic) neutrino spectra are used (see Fig. 4). This result is consistent with those obtained from stacking and crosscorrelation analyses [100, 101]. However, it should be
noted that neutrino emission by transient AGN “flares”
[25, 36, 113, 114] is not constrained by the current analysis, as is the case for other types of transient sources.
CR reservoir models and AGN core models, with
−6
source density of neff
Mpc−3 , are not con0 & 3 × 10
strained by current IceCube data. An order of magnitude improvement in Flim , the minimum flux required for
a source to be detectable as a point source, can improve
the limit on n0 by more than two orders of magnitude,
and will likely enable the detection (as point sources) of
the few brightest objects for almost all candidate source
classes, including SBGs, RL AGN, and GCs/GGs (see
Table 1 and Fig. 3). Such an improvement in Flim requires an order of magnitude increase in the effective
mass of the detector at 0.1−1 PeV (where the background
is negligible), which may be provided by IceCube-Gen2
and an upgraded KM3NeT.
Searches for the brightest neutrino sources, including
stacking and cross-correlation analyses, are powerful especially for the SBG and RL AGN models. However, in
general, they are model dependent. While the detection
of a few point sources may confirm the validity of a suggested source model, nondetections may not necessarily
rule out all the models for the suggested source class.
This is due to the fact that large deviations from an “average source luminosity” cannot be excluded when the
source physics is not well understood, and model uncertainties often prevent accurate predictions. For example,
testing the LL AGN core model is feasible in the canonical case since neff
∼ 10−3 Mpc−3 can be reached by
0
IceCube-Gen2 for nonevolving sources. However, access−2
ing ntot
Mpc−3 may be difficult.
0 & 10
At photon energies of 1 GeV to 1 TeV, which are well
below the energy of the neutrinos observed by IceCube
but accessible to gamma-ray telescopes, a gamma-ray luminosity of Eγ LEγ ≈ 2(Eγ /2Eν )2−s Eν LEνµ is expected
for CR reservoirs (like SBGs and GCs/GGs) in which (a)
the parent CRs are produced with a power-law spectrum,
(b) the production of mesons is dominated by inelastic pp
collisions with nucleons, and (c) the internal absorption
of gamma rays by two-photon annihilation interactions is
negligible below ∼ 1 − 10 TeV. We showed that gammaray observations may be useful for testing models of this
type. In particular, dedicated targeted observations by
the CTA detector of the brightest objects of a complete
catalogue of candidate neutrino sources will lead to the
detection of individual bright sources for source classes
−4
Mpc−3 .
with neff
0 . 10

12
Acknowledgments

K. M. acknowledges the hospitality of Institute for
Advanced Study and Weizmann Institute of Science.
K. M. thanks Markus Ahlers, Shin’ichiro Ando, Kfir
Blum, Doug Cowen, Chuck Dermer, Francis Halzen,
Yoshiyuki Inoue, Shigeo Kimura, Kumiko Kotera, Brian
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Appendix A: Calculating the number of
through-going muon events

Following Refs. [115, 116], we calculate the differential
detection rate of through-going muon tracks
!
Z ∞
dṄµ
NA AIC
det
≈
dEν φνµ σCC e−τνN , (A1)
dEµ
α + βEµ Eµ
where Eν is the incoming neutrino energy, Eµ is the muon
energy, NA is the Avogadro number, AIC
det is the muon
effective area, σCC is the charged-current cross section,
and τνN is the attenuation in the Earth. We use the
cross sections given in Ref. [117], the Earth model of
Ref. [118], and the zenith-angle dependence of AIC
det given
in Ref. [119]. We use an average muon energy-loss rate,
−dEµ /dX = α + βEµ with α = 2 × 10−3 GeV cm2 g−1
and β = 4 × 10−6 cm2 g−1 . We have verified that the
muon neutrino effective area of IceCube-86 reported in
Ref. [66] is reproduced by our calculation.
To evaluate the background, we consider both the
conventional and the prompt atmospheric muon neutrino backgrounds [120, 121]. For example, the number of total background events (Nb ) with Eµ & 50 TeV
in the six-year observation by IceCube is Nb ∼ 200,
which is consistent with Ref. [67]. In addition, we take
into account the cumulative astrophysical background
based on the diffuse muon neutrino flux in the northern
sky [6]. For IceCube, we set the angular size to 0.5 deg +
−0.5
1.0 deg (Eν /TeV)
[68]. For IceCube-Gen2, the best
angular resolution may be ∆θ res = 0.1 deg [74]. With the
−0.5
kinematic limit, we use ∆θres + 0.5 deg (Eν /TeV)
.

For a given background, the limits on the single source
flux are estimated following Ref. [69]. Note that the 5σ
sensitivity (discovery potential) is about four times worse
than the 90% CL limit sensitivity [66]. We consider only
high-energy muons, for which background events within
the angular resolution are essentially negligible so that
the simple analysis described in the text is also applicable. To derive muon neutrino constraints, we set the
muon energy threshold to 50 TeV. We do not consider
starting muon events or neutrino-induced showers. The
constraints can be improved by including such events. In
this sense, our results are conservative.
As noted in the text, there may be false multiplet
sources (with Nb ) due to the atmospheric neutrino background. Similarly to the well-known birthday problem,
for the number of angular bins, n, in the northern sky,
the probability to find false multiplet sources is given
by p≥2 = 1 − n CNb Nb !/nNb . The expectation value of
the number of background pairs is Nb C2 /n. For example, with Nb = 200 and n = 26262 (corresponding to
∆θres = 0.5 deg), we have Nb ∼ 200 C2 /26262 ∼ 0.8.
Note that the probability to find false triplet or higher
multiplet sources is given by p≥3 = 1 − n CNb Nb !/nNb −
[Nb /2]
Σk=1
(Nb C2 · · · Nb −2k+2 C2 /k!)(n CNb −k (Nb − k)!/nNb ),
which is negligibly small in the high-energy track data.
For the signal, motivated by CR reservoir models, we
first consider [13]
Eν LEν

(
Eν2−s
∝
′
Eν2−s

(Eν ≤ Eνb )
,
(Eνb < Eν )

(A2)

where Eνb is the neutrino break energy. Note that in
the CR reservoirs such as SBGs and GCs/GGs, a spectral break around a few PeV energies due to CR diffusion is predicted [19, 28]. The softening of the spectrum,
δ ≡ s′ − s, comes from the the energy dependence of the
diffusion tensor. Throughout this work, we mainly use
s = 2.0 and s′ = 2.5 as invoked by Ref. [18], which allow the CR reservoir models to explain the high-energy
IceCube data without contradicting the diffuse gammaray background. The normalization of Eν LEνµ is set by
Eν2 Φνµ = 10−8 GeV cm−2 s−1 sr−1 at Eν = 0.3 PeV.
Note that larger indices of s > 2 lead to larger values of
(dṄµ /dEµ ), leading to stronger muon neutrino limits.

