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The latest IceCube data suggest that the all-flavor cosmic neutrino flux may be as large as
1077 GeV em ™2 s71 sr7! around 30 TeV. We show that, if sources of the TeV-PeV neutrinos are
transparent to v rays with respect to two-photon annihilation, strong tensions with the isotropic
diffuse ~y-ray background measured by Fermi are unavoidable, independently of the production
mechanism. We further show that, if the IceCube neutrinos have a photohadronic (py) origin,
the sources are expected to be opaque to 1-100 GeV ~ rays. With these general multimessenger
arguments, we find that the latest data suggest a population of CR accelerators hidden in GeV-TeV
7 rays as a neutrino origin. Searches for x-ray and MeV ~-ray counterparts are encouraged, and
TeV-PeV neutrinos themselves will serve as special probes of dense source environments.

PACS numbers: 95.85.Ry, 98.70.Sa, 98.70.Vc

The astrophysical high-energy neutrino flux observed
with IeceCube [1-7] is consistent with an isotropic dis-
tribution of arrival directions, suggesting a significant
contribution from extragalactic neutrino sources. Most
likely, the neutrino signals are generated in the de-
cay of charged pions produced in inelastic hadronuclear
(pp) and/or photohadronic (py) processes of cosmic rays
(CRs) [8-11]. All these processes also predict the genera-
tion of hadronic 7y rays from the production and decay of
neutral pions. The power of multimessenger constraints
of astrophysical scenarios has been demonstrated [12] in
light of the IceCube and Fermi data [13]. CR reservoirs
such as starburst galaxies and galaxy clusters or groups
have been considered as promising sources, and neutrinos
produced by pp interactions between CRs and gas could
account for the diffuse flux at > 100 TeV [12, 14-16].

The contribution of astrophysical neutrinos has been
studied based on various analysis techniques. By now,
the strongest significance comes from high-energy start-
ing event (HESE) searches with IceCube [1, 2, 7]. A re-
cent combined likelihood analysis [5] sensitive to neutrino
energies of 10 TeV to 10 PeV suggests the all-flavor flux
is E20IC ~ 1077 GeV em ™2 57! st~ ! around 30 TeV and
a power-law index sop, = 2.50 £ 0.09 (for ®I€ o £ sov).
The most recent HESE data also indicate such a soft
component [7]. These observations are consistent with
an equal contribution of three neutrino flavors [17-20].

This work considers multimessenger implications of the
latest IceCube results for an extragalactic origin. As
shown in Ref. [12], the neutrino and ~-ray spectral in-

dex should be s < 2.1-2.2 for a power-law ®,,/, EV_/SW,

in contrast to sop, ~ 2.4-2.6. In CR reservoir models ex-
plaining < 100 TeV data, the spectral index should be
s ~ 2.0 and ~ 100% of the isotropic diffuse y-ray back-
ground (IGRB) comes from the same neutrino sources,
challenging the pp scenarios. Our results motivate us to

study py scenarios such as models of choked gamma-ray
burst (GRB) jets [21] and active galactic nuclei (AGN)
cores [22-24], which are opaque to GeV-TeV ~ rays.

Connecting v and v Flures.— Hadronic interactions
of CRs lead to the production of mesons (mostly pions),
which generates a flux of neutrinos via decay processes
like 7% — ptv, followed by ut — e*v,v,. The neutrino
energy £, (in the cosmic reference frame) is related to the
proton energy €, as ¢, ~ (0.04-0.05)e,. The neutrino
energy generation rate €,Q)., is given by

3K

evQe, = mmin[l,fpp/m]aanp ) (1)
where €,Q), is the CR generation rate. Here the factor
3/4 accounts for the 1/4 energy loss for the production of
et in the previous decay chain and K denotes the average
ratio of charged to neutral pions with K ~ 1 for py and
K =~ 2 for pp interactions. The energy-dependent me-
son production efficiency, min[1, f,, /], accounts for the
source environment. The corresponding all-flavor diffuse
neutrino flux, ®,, is calculated as (e.g., [25, 26])

c dz
= E/W[EVQEV(Z)]

where E, is the observed neutrino energy and H(z) is
the redshift-dependent Hubble parameter.

The decay of neutral pions 7° — 2y leads to 7-ray
emission. On production, the neutrino and ~v-ray energy
generation rates are conservatively related as [27]

E2®,

ev=(142)E, "’ (2)

4
E’YQSW ~ 3_K(EVQ8U) e,=e,/2" (3)
where y-ray and neutrino energies are related as €, =~
2¢,. However, the generated v rays from the sources may
not be directly observable. Firstly, v rays above TeV
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FIG. 1. Left Panel: All-flavor neutrino (thick blue lines) and isotropic diffuse y-ray (thin red lines) fluxes for pp and minimal
py scenarios of Egs. (4) and (5) that account for the latest IceCube data from ~ 10 TeV to ~ 2 PeV energies [5], where
s' = sop = 2.5 is used. While pp scenarios require €5 = 25 TeV with a strong tension with the Fermi IGRB [13], minimal py
scenarios allow the range €% of 6-25 TeV (shaded regions) as long as the sources are transparent to <y rays (see the main text
for details). Right Panel: Same as the left panel, but now showing neutrino fluxes of AGN core and choked jet models from
Refs. [21, 24]. To illustrate the strength of diffuse y-ray constraints, we pretend that the sources were transparent to 7 rays.

energies initiate electromagnetic cascades in the extra-
galactic background light (EBL) and cosmic microwave
background (CMB) as they propagate over cosmic dis-
tances. As a result, high-energy ~ rays are regenerated
at sub-TeV energies [28]. Secondly, intrasource cascades
via two-photon annihilation, inverse-Compton scattering,
and synchrotron radiation processes, can prevent direct
~-ray escape [29]. To see their importance, we temporar-
ily assume that the sources are y-ray transparent. We will
see in the following that this hypothesis leads to strong
tensions with the IGRB, disfavored by the Fermi data.
In pp scenarios, neutrino and generated ~v-ray spectra
follow the CR spectrum, assumed to be a power law. In
CR reservoirs such as galaxies and clusters, a spectral
break due to CR diffusion is naturally expected [14, 15].
Thus, the neutrino spectrum is approximately given by

2 b
gy — Eu)
9 X
I/QEV {512,_5/ (Eg < EU)

where €% is the break energy and the softening of the
spectrum, § = s’ — s, is expected from the energy depen-
dence of the diffusion tensor [30]. In pp scenarios, the
corresponding generated ~y-ray spectrum is also a power
law e2 ¢ into the sub-TeV region (see Eq. (3)), where it
directly contributes to the IGRB [31] and Ref. [12] ob-
tained a limit s < 2.1-2.2 for generic pp scenarios that
explain the 2 100 TeV neutrino data. The limit is tighter
(s ~ 2.0) if one relaxes this condition by shifting £’ to
< 30 TeV to account for the lower-energy data [32].
Motivated by results of Ref. [5], we calculate the dif-
fuse neutrino spectrum using Eq. (4) with s = 2 and
s’ = 2.5 and the corresponding v-ray spectrum using
Eq. (3). Following Ref. [25], we numerically solve Boltz-

(pp) , (4)

mann equations to calculate intergalactic cascades, in-
cluding two-photon annihilation, inverse-Compton scat-
tering, and adiabatic losses. In the left panel of Fig. 1 we
show the resulting all-flavor neutrino and «-ray fluxes as
thick blue and thin red lines, respectively, in comparison
to the Fermi IGRB and IceCube neutrino data [5]. To
explain the < 100 TeV neutrino data, the contribution to
the IGRB should be at the level of 100% in the 3 GeV to
1 TeV range and softer fluxes with s 2 2.0 clearly over-
shoot the data. As pointed out by Ref. [12], this argu-
ment is conservative: the total extragalactic y-ray back-
ground is dominated by a subclass of AGN, blazars (e.g.,
Refs. [33, 34]), and their main emission is typically vari-
able and unlikely to be of pp origin [35, 36]. Most of the
high-energy IGRB is believed to be accounted for by un-
resolved blazars [37-39]. Although the IGRB should be
decomposed with caution, if this blazar interpretation is
correct, there is little room for CR reservoirs [12].

In pv scenarios, neutrino and ~-ray spectra depend on
a target photon spectrum. The effective optical depth
to photomeson prodution (f,) typically increases with
CR energy, so that the neutrino spectrum is harder than
the CR spectrum. However, it cannot be too hard since
the decay kinematics of pions gives £,Q., o €2 as a low-
energy neutrino spectrum [40]. In minimal py scenarios,
where neutrinos with ¢, < €% < 25 TeV are produced
by CRs at the pion production threshold, the neutrino
spectrum is approximately given by

13
evQe, X {
13

In the left panel of Fig. 1, we show the resulting neu-
trino and ~v-ray spectra with the diffuse neutrino flux

(minimal py).  (5)
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and the IGRB [41] for a neutrino break €% in the range
6-25 TeV. Since the sub-TeV emission is dominated by
~ rays from cascades in the CMB and EBL, the tension
with the IGRB can be weaker than in pp scenarios. How-
ever, the IGRB contribution is still at the level of ~ 50%
for €5 = 25 TeV and reaches ~ 100% for €% = 6 TeV.
The spectrum (5) can be realized when the target pho-
ton spectrum is a power law with a high-energy cutoff or
a gray body (see below). We note that specific models
have larger contributions to the IGRB, by accounting for
the detailed energy dependence of f,,/,, the contribu-
tion from low-energy CRs, and cooling of charged mesons
and muons. As examples, we consider hadronic v rays in
the low-luminosity AGN model of Ref. [24] (Model A),
which can explain < 100 TeV neutrino data, and the
choked GRB jet model of Ref. [21] (Model B), although
these sources are predicted to be opaque to very-high-
energy v rays. The right panel of Fig. 1 shows the corre-
sponding all-flavor neutrino and generated +-ray spectra
as thick blue and thin red lines. Pretending v-ray trans-
parency leads to violation of the high-energy IGRB data.
The limits of the IGRB contribution of py scenarios are
expected to become even stronger by identifying addi-
tional point sources or by decomposing the emission into
contributions from individual source populations. This
should further constrain the ~-ray transparent sources
for e5 = 6-25 TeV, which may still be allowed by the
Fermi data (cf. left panel of Fig. 1). On the other hand,
since the sub-TeV v-ray emission comes from cascades in
the CMB and EBL, the tension with the IGRB can eas-
ily be relaxed compared to pp scenarios if the sources are
~v-ray hidden, i.e. if high-energy v rays generated in the
sources of diffuse neutrinos undergo efficient interactions
with intrasource radiation. In fact, this is generally the
case for py scenarios as we will show in the following.
Connecting py and ~yy Optical Depths.— Let us con-
sider a generic source with comoving size r/T" (where r
is the emission radius and I is the bulk Lorentz factor of

the source). We assume the presence of target photons
with e} ~ ¢;/T" and spectrum n.,. For n., oc &’y * with
a > 1, which is valid in most nonthermal objects, meson
production is dominated by the A-resonance and direct

pion production. Its efficiency f,, is given by
for(ep) = 77177(0‘)6m(T/P)(Eina;)|s;:0,5mpc2€A/s;) ., (6)

where 6,, ~ 0.7 x 107*® cm? is the attenuation
cross section (the product of the inelasticity and cross
section [42-44]), npy(o) =~ 2/(1 + «), and Ea ~
0.3 GeV. The energy of protons that typically inter-
act with photons with cosmic reference frame energy
gt is g, ~ 20e, ~ 0.5I?myc*eae; !, leading to g ~
20 keV (I'/10)*(e, /30 TeV) ™ '. Thus, the IceCube data
imply sources with z-ray or MeV ~v-ray counterparts. If
target radiation is generated by synchrotron or inverse-
Compton emission from thermal or nonthermal electrons,
low-energy photon spectra can be expressed by power-
law segments, n;, o €', “, where v > 2/3 [42]. For ne; o

/—Secr : a—1
e, and a 2 1, the efficiency scales as fp, o &5,

and the neutrino spectral index is s = s¢; + 1 — a. For
a < 1 the secondary neutrino and ~v-ray spectra follow
the initial CR spectrum, s ~ s¢;, above the pion produc-
tion threshold because f,, becomes approximately con-
stant due to higher resonances and multipion produc-
tion [43, 44]. A similar scaling is obtained for gray-body
and monochromatic target photon spectra [36, 44].
Now, in py scenarios, the same target photon field can
prevent v rays from escaping the sources. The relevance
of two-photon annihilation in GRBs and AGN has been
considered [45, 46]. The optical depth to vy — eTe™ is

Tyy(Ey) R Myy(@)or (r/T)(ene)ej=m2ci/er, »  (T)

where o7 =~ 6.65 x 10725 cm? and 7, (a) ~ 7/[6a°/3(1 +
a)] for 1 < o < 7 [47], which is the order of 0.1. The
typical y-ray energy is given by e, &~ I*m2cte, ~ 1.

Neutrino sources considered here include transrela-
tivistic or relativistic sources like GRBs, pulsars, and
AGN including blazars. For example, the observed neu-
trino energy is expressed to be E, = ¢,/(1 + z) =
e’ /(1+2). Egs. (6) and (7) can be used for both inter-
nal and external photon fields. As shown in Refs. [36, 44]
for reprocessed radiation from ionized clouds, the cases
of I' =1 are reduced to the formulas for external photon
fields. Thus, regardless of these model details, Egs. (6)
and (7) lead to the following relation [29, 43, 48],

where €7 is the y-ray energy corresponding to the reso-
nance proton energy satisfying

2,2
_ 2mge

v
moea o~ GV (25 TeV) ' ©)

Thus, the neutrino data from 25 TeV to 2.8 PeV [5], cor-
responding to the proton energy range from ~ 0.5 PeV
to ~ 60 PeV, can directly constrain the two-photon anni-
hilation optical depth at e, ~ 1-100 GeV. Importantly,
Egs. (8) and (9) are independent of I' and valid for both
internal and external radiation fields.

In general, the effective py optical depth f,, depends
on source models. But too small values of f,, seem un-
natural since the observed neutrino flux is not far from
the Wazman-Bahcall [49, 50] (see also Ref. [29]) and
nucleus-survival bounds [51], corresponding to maximally
efficient neutrino production in the sources of ultrahigh-
energy (UHE) CRs. More quantitatively, it is possible
to obtain general constraints on f,, by comparing the
observed CR and neutrino fluxes. Recently, Ref. [52]
obtained fp, 2 0.01 by requiring that the extragalac-
tic CR flux does not overshoot the observed all-particle
CR flux E2.®¢, =~ 4x107° GeV em™2 s~ sr~! at 10 PeV
(e.g., Ref. [53]). Since the observed CR flux in this en-
ergy range is dominated by heavy nuclei from Galactic
sources such as supernova remnants, this constraint is

el =~
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FIG. 2. Neutrino and CR bounds on the optical depth to
vy — eTe” in the sources of diffuse TeV-PeV neutrinos. We
calculate 7., and fp, as functions of €, and €,, respectively,
imposing fpy > 0.01. We consider simple power laws with
a =25 and a = 2/3 for e} = 6-25 TeV (shaded bands), and
the gray-body case with the temperature k7/I'% = 112 eV,

conservative. The recent KASCADE-Grande data [54]
suggest that a light CR component may become promi-
nent above the second knee energy at 100 PeV, which
can be interpreted as the onset of an extragalactic com-
ponent. Using their inferred extragalactic, light CR flux
Ez@p ~2x107% GeV ecm™2 57! sr~! as an upper limit,
we obtain f,, 2 0.1 at €, 2 10 PeV [55].

A similar conclusion is drawn by examining nonther-
mal luminosity densities of known objects. The CR lu-
minosity density of galaxies including starbursts is re-
stricted as £,Q., < 10%-10%° erg Mpc™® yr=! [56,
57].  The luminosity density of x rays (Qx =~ 2 x
10% erg Mpc™® yr=! [58]), which are thought to orig-
inate from thermal electrons in hot coronae, can be re-
garded as an upper limit of nonthermal outputs from
AGN. Adopting £,Q., < 2 X 10% erg Mpc™® yr=! as a
reasonable assumption for CRs from galaxies or AGN, we
have f,y 2 0.01, independently of the above argument.

Figure 2 shows comparisons of the effective py optical
depth required from the IceCube observation to the cor-
responding optical depth to v+ interactions in the Ferms
range, related by Eq. (8). Strictly speaking, Egs. (8) and
(9) are valid for soft target spectra. To see the robustness
of our results, following Ref. [43], we perform numerical
calculations using the detailed cross sections of the two-
photon annihilation and photomeson production (includ-
ing nonresonant processes). We consider target photon
spectra leading to % = 6-25 TeV (indicated as bands in
Fig. 2), which can reproduce minimal py scenarios. Note
that adopting lower values of €%, or assuming v-ray trans-
parency for models like those shown in the right panel of
Fig. 1 leads to inconsistency with the Fermi IGRB data.
The conclusion from Eq. (8) holds even for realistic tar-
get radiation fields, including synchrotron and gray-body
spectra.

The high p~ efficiency suggested by the IceCube data
and upper limits on CR luminosity densities suggest that
the direct 1-100 GeV ~-ray emission from the sources —
either leptonic or hadronic — is suppressed. Thus, ten-
sions with the IGRB, which are unavoidable for v-ray
transparent sources, are largely alleviated or even ab-
sent. However, TeV ~-ray counterparts could be seen
by Cherenkov telescopes and the High-Altitude Water
Cherenkov Observatory. For power-law target photon
spectra, which extend to low energies, 7, is larger than
unity beyond the Ferm: band and as a result the TeV
emission from the sources should also be suppressed (see
Fig. 2). For gray-body-like spectra, one could expect
point-source vy-ray emission above TeV. The escaping
hadronic ~ rays are cascaded in the CMB and EBL and
could be visible as extended pair-halo emission in the
sub-TeV range (e.g., [25, 26]). In this special case, al-
though direct point-source emission at 1-100 GeV is still
suppressed and the tension with the IGRB remains, TeV
counterpart searches can be used as an additional test.

Summary and Implications.— We considered implica-
tions of the latest IceCube results in light of the multi-
messenger data. Based on the diffuse v-y flux connection
and CR~v optical depth connection, we showed that the
two-photon annihilation optical depth should be large as
a direct consequence of astrophysical scenarios that ex-
plain the large flux observed in IceCube.

There are various implications. Cross correlation of
neutrinos with Fermi-LAT sources is predicted to be
weak. Rather, in py scenarios, since target photons are
expected in the x-ray or MeV ~-ray range, searches for
such counterparts are encouraged. Candidate sources of
hidden CR accelerators include choked GRB jets [21]
and supermassive blackhole cores [23, 24, 59] (see also
Supplementary Material, which includes Refs. [60-94]),
so correlations with energetic supernovae including low-
power GRBs, flares from supermassive blackholes, radio-
quiet or low-luminosity AGN, and a subclass of flat spec-
trum radio quasars can be used to test the models. For
broadband nonthermal target photon spectra, v rays are
suppressed at TeV-PeV as well as 1-100 GeV energies.
However, if the target photons follow a narrow thermal
spectrum or are monochromatic in x rays, hadronic
rays might be seen in the TeV range for nearby neu-
trino sources. Although the obvious multimessenger re-
lation between neutrinos and ~ rays no longer exists, our
findings suggest that cosmic neutrinos play a special role
in the study of dense source environments that are not
probed by v rays. Larger detectors such as IceCube-
Gen?2 [95] sensitive to 10-100 TeV neutrinos would be
important for the identification of the sources via auto
correlation of neutrino events [96, 97].

We have assumed that the diffuse neutrino emission
is isotropic. Even if half of the neutrino flux has a
Galactic origin, which allows somewhat smaller values of
eb ~ 2 TeV and fpv, our conclusions remain unchanged.
Future data on the arrival distribution of starting muon
events will also be useful.
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