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Observations of the Milky Way at TeV–PeV energies reveal a bright diffuse flux of hadronic cosmic rays and
also bright point sources of gamma rays. If the gamma-ray sources are hadronic cosmic-ray accelerators, then
they must also be neutrino sources. However, no neutrino sources have been detected. Where are they? We
introduce a new population-based approach to probe Milky Way hadronic PeVatrons, demanding consistency
between diffuse and point-source PeV-range data on cosmic rays, gamma rays, and neutrinos. For the PeVatrons,
two extreme scenarios are allowed: (1) the hadronic cosmic-ray accelerators and the gamma-ray sources are
the same objects, so that bright neutrino sources exist and improved telescopes can detect them, versus (2) the
hadronic cosmic-ray accelerators and the gamma-ray sources are distinct, so that there are no detectable neutrino
sources. The latter case is possible if hadronic accelerators have sufficiently thin column densities. We quantify
present constraints and future prospects, showing how to reveal the nature of the hadronic PeVatrons.

I. INTRODUCTION

The Milky Way is blazing in the GeV–PeV diffuse emission
of hadronic cosmic rays (CRs) [1–4]. This requires the exis-
tence of powerful accelerators, though their locations are ob-
scured by magnetic deflections during CR propagation. While
many source classes seem able to accelerate hadrons to GeV
energies, it remains mysterious which ones can reach PeV en-
ergies [5–11] — i.e., the hadronic PeVatrons, which are our
focus. In principle, these should emit bright fluxes of gamma
rays and neutrinos due to the pion-producing CR interactions
with source matter and photons [12–14].

The Milky Way is also blazing in the GeV–PeV point-
source emission of gamma rays [15–19]. As the detector en-
ergy range is increased, sources become rarer, but they are still
found, which indicates their powerful emission at high ener-
gies. Recently, the Large High Altitude Air Shower Observa-
tory (LHAASO) detected twelve northern-sky sources above
100 TeV [19]. It is often assumed that the highest-energy
gamma-ray sources are hadronic CR accelerators. This may
be true. But it might instead be true that these sources are
only leptonic CR accelerators, which produce gamma rays —
but not neutrinos — through the inverse-Compton scattering
of CR electrons with source photons [20].

How can we identify the Milky Way’s hadronic PeVa-
trons? Neutrino emission would be a smoking gun. How-
ever, no sources have been found in more than a decade
of searches [21–27] despite a series of optimistic predic-
tions [28–31]. Figure 1 schematically illustrates the range
of possibilities. In the optimistic case, the highest-energy
gamma-ray sources are hadronic CR accelerators that pro-
duce neutrinos and electrons, making them exciting multi-
messenger sources. Then bright neutrino sources exist and
will be found with future detectors [32–36]. In the pessimistic
case, the highest-energy gamma ray sources are all leptonic
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CR accelerators. However, this seems to be at odds with the
requirement that some sources must accelerate hadronic CRs.
Here we point out a viable possibility that has received little
attention: the hadronic CR accelerators may be so thin in col-
umn density that the CRs escape without in-situ interaction.
Then bright neutrino sources would not exist and identifying
the hadronic CR accelerators would be difficult.

We distinguish the last possibility from so-called hidden
sources, which are hadronic CR accelerators that are so thick
in matter or radiation density that gamma rays cannot escape,

FIG. 1. Possible scenarios for PeV sources. Each diamond is a
source, emitting the noted particles. Bottom left shows the “opti-
mistic” case, where all gamma-ray sources are hadronic PeVatrons
with neutrino emission. Bottom right shows the “pessimistic” case,
where all gamma-ray sources are leptonic and no hadronic PeVatrons
produce detectable gamma-ray or neutrino fluxes.
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though neutrinos can. But then these sources are not what we
call hadronic PeVatrons, because in many cases the CRs can-
not escape either, leaving unanswered where the Milky Way
hadronic CRs come from. Hidden sources are interesting, but
they are not our focus.

In this paper, we present a new theoretical framework to
systematically study Milky Way hadronic PeVatrons, intro-
ducing three innovations. First, contrary to previous studies
on individual candidate sources, here we take a population-
studies approach. Second, we also take a multi-messenger ap-
proach, demanding consistency with diffuse and point-source
data on CRs, gamma rays, and neutrinos. Third, we quan-
tify the properties of PeVatrons in a semi-model-independent
plane of source gas density (ngassrc ) and CR escape time (τ escsrc ).
As the inputs are uncertain over orders of magnitude, we aim
for a precision of a factor of a few, which we show is adequate
given present flux sensitivities. Our goal is to guide the next
steps as observations and theory improve. Our new theoretical
framework is a valuable complement to other approaches.

In Sec. II, we review very high energy astronomy. In
Sec. III, we describe our models for the hadronic source pop-
ulation in a simplified way, followed in Sec. IV by the full
details. In Sec. V, we calculate constraints based on current
observations. In Sec. VI, we calculate prospects for future
neutrino telescopes and discuss ways to make progress. In
Sec. VII, we summarize key new insights.

II. OVERVIEW OF VERY HIGH ENERGY EMISSION

In this section, we review observations and theory for very
high energy astrophysics. We start with diffuse hadronic CR
emission, then point sources of gamma rays and neutrinos,
and finally diffuse gamma-ray and neutrino emission.

The CR spectrum is dominated by protons. The observed
CR proton intensity [37–43] is

E2
pΦp ' 7× 10−5

(
Ep

PeV

)−0.7
GeV cm−2 s−1 sr−1. (1)

Near the PeV range, helium and other heavy components are
also important [44, 45]; their contribution to hadronic gamma-
ray emission is discussed below. The all-particle CR spec-
trum has a break at about 3 PeV, commonly defined as the
“knee” [46–49]; CRs below the knee are believed to be of
a Galactic origin. (Note that the knee is likely the onset of
decrease in the proton spectrum; it does not necessarily corre-
spond to the end of Galactic component.) Supernova remnants
(SNRs) are the most promising candidate up to the knee and
possibly beyond [50], although decisive conclusions are yet to
be reached due to the absence of observational proofs [51, 52]
as well as some theoretical calculations showing maximum
energy not reaching the knee (e.g., Ref. [53]). For population
approaches based on specific SNR models, see Refs. [54, 55].
We strive to make our constraints general, so that they also
cover other scenarios [56–67].

An important observable is the grammage that CRs accu-
mulate before escaping the Milky Way, which is constrained

by data on the secondary-to-primary ratio [68, 69]:

X ' 8.7 g cm−2
(

Ep
10 GeV

)−δ
. (2)

Above 65 GeV/nucleon, observations are consistent with a
power law of δ = 0.33 (at lower energies, the index is some-
what larger), but detailed constraints are available only be-
low 3 TeV/nucleon, inducing uncertainties [70]. Also note
that the slope for the B/C ratio can differ from the slope
for the grammage. Nevertheless, we assume that the scaling
X ∝ (Ep)

−0.33 holds up to the knee, as is expected for CRs
that scatter with external turbulence (as opposed to turbulence
generated by CRs themselves) [71, 72]. (Shortly below, we
discuss uncertainties due to this assumption.)

The Milky Way CR production rate can be estimated from
the observed flux as

E2
p

d2Np
dEpdt

∣∣∣∣
MW

=
4π

c
E2
pΦp

VCR

τ esc(Ep)
, (3)

where VCR is the Galactic volume that CRs are confined
within and τ esc is the escape time from it. (Note that here
we focus on the Milky Way as a whole, whereas in most
of the paper we focus on sources.) This equation is derived
assuming steady-state conditions, in which case the CR en-
ergy density is the production rate on the left-hand side times
τ esc/VCR. In the standard paradigm, it is assumed that the
grammage, at least in the GeV range, is dominated by the
diffuse interstellar medium (ISM) [73, 74], (see, however,
Refs. [75–78]). Then, the factor VCR/τ

esc is calculated via
X = µmpn

gas
ISMcτ

esc = (Mgas/VCR)cτ esc, where mp is the
proton mass, µ ' 1.4 accounts for the composition of the ISM
gas on average, ngasISM is the gas number density, and Mgas is
the Milky Way’s gas mass (set to 1010M� [79]). The energy-
dependent CR production rate is then

E2
p

d2Np
dEpdt

∣∣∣∣
MW

∼ 1.3× 1038
(
Ep

PeV

)−0.37
erg s−1, (4)

which defines the energy budget of hadronic PeV sources [79].
Integrated above 1 GeV, this yields the proton luminosity of
∼ 6× 1040 erg s−1. Compared to widely assumed dN/dE ∝
E−2 or E−2.2, the above spectral index is softer, yielding less
power in the PeV range for a fixed total energy. (An even
softer E−2.4 is also widely used [74].) We focus on the flux
in a narrow energy range near 1 PeV, which makes our results
robust to spectrum uncertainties. The CR spectrum from Pe-
Vatrons might be harder than -2.37; the observed power-law
spectrum can be still obtained with additional soft-spectrum
sources with lower maximum energies. The typical spectral
index for PeVatrons is uncertain, but unimportant here, as our
analysis is independent of the lower-energy emission.

The major uncertainties in Eq. (4) are the observed inten-
sity and CR grammage. First, the observed proton intensities
differ between experiments by a factor of about 1.6 at 1 PeV,
which increases to 2.5 at 3 PeV [49]. (See also Ref. [80],
which suggests the location of “proton knee” might be lower
than 3 PeV.) Eq. (1) uses the upper end of the range. The
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actual production rate near 1 PeV might be smaller by a fac-
tor of 3. At higher energies, discrepancies between measure-
ments are even larger (a factor of 6 at 10 PeV). Although such
high energies are not our focus, in Sec. VI B we comment on
how future LHAASO gamma-ray data might help to resolve
this tension. Second, we extrapolate X from 3 TeV to 1 PeV
assuming δ = 0.33, which is predicted by the Kolmogorov
theory. Had we used δ = 0.5, as predicted by Kraichnan the-
ory, the value of X would be a factor of (1 PeV / 3 TeV)0.17

smaller, which means that the actual production rate might be
larger by a factor of 3. For the overall uncertainties on the
production rate near∼1 PeV, we thus expect a factor less than
∼ 3.

At the sources or during propagation, CR hadrons collide
with gas, producing roughly equal numbers of π+, π−, and
π0. The decay of a π0 meson generates two gamma rays, each
with energy Eγ ∼ 0.1Ep on average, while the decays of π+

and π− (and the subsequent decays of µ+ and µ−) produce
three neutrinos, each with an energy of Eν ∼ 0.05Ep (see
Refs. [81–83] for details). Hadronic gamma rays must thus
be accompanied by neutrinos with comparable numbers and
energies.

Gamma-ray observatories have detected a large number
and large variety of Galactic sources in the GeV–PeV range.
The search for the sources of Ep ∼ 1 PeV protons is most
effective for secondaries around Eγ ∼ 100 TeV. Gamma-
ray sources at such high energies are now detected. Tibet
ASγ and the High-Altitude Water Cherenkov Observatory
(HAWC) have detected several gamma-ray sources emitting
above 100 TeV [84–91]. LHAASO has expanded the source
count above 100 TeV, detecting twelve uniformly selected
sources in Ref. [19], which we use. (They also reported one
more in Ref. [92].) Incredibly, some are observed at energies
beyond 1 PeV. These telescopes, combined with observations
by imaging atmospheric Cherenkov telescopes (IACTs), have
discovered particularly strong candidates for hadronic PeVa-
trons [86–88, 93–95].

On the contrary, no Galactic neutrino sources have been dis-
covered. As discussed below, this can be interpreted as mean-
ing that the sensitivities are insufficient. However, it might
also indicate that a significant fraction of 100-TeV gamma-ray
sources are leptonic and that the accelerators of PeV hadrons
are so thin that they produce little gamma-ray and neutrino
emission. This suspicion is strengthened by observations that
indicate that young and middle-aged pulsars have high ef-
ficiencies for producing TeV gamma rays via leptonic pro-
cesses [96–109].

Measurements of diffuse gamma-ray and neutrino emission
are also important for understanding the hadronic source pop-
ulation. Recently, Tibet ASγ made the first observations of
diffuse gamma rays near the 100-TeV range [110]. The flux
may be originating from the ISM [111, 112], where CRs lose
a small fraction, fπ,ISM, of energy to pions, where

fπ,ISM ∼ 10−2
(

XISM

1 g cm−2

)
, (5)

which is energy-dependent. This is derived using fπ,ISM ∼
τ escISM/τ

pp
ISM and τppISM = (κppn

gas
ISMσppc)

−1, where κpp = 0.5

is the inelasticity and σpp is the pp cross section, for which
we use 50 mb [81]. We use XISM to explicitly note the contri-
bution from the ISM. If we extrapolate Eq. (2), the grammage
for PeV particles is only ∼ 0.2 g cm−2, implying that such
CRs lose only a small fraction of their energy, ∼ 2× 10−3, to
pion production in the ISM.

Unresolved sources (both leptonic and hadronic) can con-
tribute to the diffuse flux [113–121]. The grammage acquired
in a source is

Xsrc = 0.1

(
ngassrc

5 cm−3

)(
τ escsrc

10 kyr

)
g cm−2, (6)

where ngassrc is the gas density at the source and τ escsrc is the
escape time (i.e., how long CRs are confined by the source.)
The fraction of proton energy lost in sources can be estimated
from Xsrc, similar to Eq. (5).

Because source spectra are often harder than the Galactic
spectrum, the total source emission might be expected to dom-
inate the diffuse emission at the highest energies. For source
emission to be important, Xsrc must be comparable to XISM.
Such a possibility has been discussed in the GeV–TeV range,
but not been constrained in the PeV range. Below, we show
that this is constrained by source counts.

III. MODELS OF THE HADRONIC SOURCE
POPULATION: SIMPLIFIED OVERVIEW

In this section, we introduce a model of the hadronic source
population in which the results are explicitly normalized by the
energy-dependent hadronic CR energy budget in Eq. (4). We
predict the expected source counts and their gamma-ray and
neutrino properties (e.g., luminosities, positions, and fluxes)
as well as the total emission from sources. Here we clarify the
basic ideas for the ngassrc –τ escsrc plane (hereafter “n–τ plane”)
introduced in this paper.

A. Impulsive Injection

We first consider the injection of CRs by impulsive events,
as expected for SNRs; in the subsequent subsection, we dis-
cuss the case where injection is continuous. The total energy
produced in CRs per event follows from Eq. (4) and the rate
of events that produce them (“CR source rate”), ΓCR, as

E2
p

dNp
dEp

∣∣∣∣
I

=
1

ΓCR
E2
p

d2Np
dEpdt

∣∣∣∣
MW

, (7)

where I stands for impulsive injection. In the baseline sce-
nario, ΓCR is set by the SN rate (0.03 yr−1), though it might
be that only a subclass of SN explosions produces CRs that
reach PeV energies [122, 123]. We discuss other choices be-
low.

The gamma-ray and neutrino emission from these sources
depends on how dense the target is (ngassrc ) and how long CRs
are confined (τ escsrc ). We assume that the CR energy is impul-
sively injected, i.e., in a timescale ∆t shorter than τ escsrc (al-
though Eq. (7) is a good approximation even if ∆t ∼ τ escsrc ).
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We thus take the confined CR energy to be constant, as de-
scribed by Eq. (7), during the time τ escsrc and zero afterwards,
when the source CRs mix in with Galactic CRs. The total
number of sources is then ΓCRτ

esc
src .

The gamma-ray and neutrino (ν+ν̄, per flavor) luminosities
of a source, normalized to CR data as per Eq. (7), are

E2
γ

d2Nγ
dEγdt

=
εA

3τppsrc
E2
p

dNp
dEp

∣∣∣∣
I, Ep=10Eγ

, (8)

E2
ν

d2Nνi
dEνdt

=
εA

6τppsrc
E2
p

dNp
dEp

∣∣∣∣
I, Ep=20Eν

, (9)

where εA takes into account the fact that both the CR and the
target material contain heavy nuclei (mostly helium) [124–
127]. We use εA = 2.6, as found by Ref. [128] for the PeV
range, which depends on the uncertain CR composition; see
also Ref. [129]. We refer to them as luminosities near specific
energies, which means integrated over bins with ∆ lnE ∼ 1.
We do not include gamma-ray attenuation; at 100 TeV, the ef-
fect is at most a factor of ∼2 and certainly smaller for most
sources [130–132], but note that this becomes increasingly
important at higher energies.

Quantitatively, we find the total number of gamma-ray and
neutrino sources in the Milky Way to be :

Nγ = Nν ∼ 300

(
ΓCR

0.03 yr−1

)(
τ escsrc

10 kyr

)
. (10)

These sources have luminosities

E2
γ

d2Nγ
dEγdt

∣∣∣∣
Eγ=100 TeV

∼ 1032 erg s−1

×
(

ΓCR

0.03 yr−1

)−1(
ngassrc

cm−3

)
,

(11)

E2
ν

d2Nνi
dEνdt

∣∣∣∣
Eν=50 TeV

∼ 5× 1031 erg s−1

×
(

ΓCR

0.03 yr−1

)−1(
ngassrc

cm−3

)
.

(12)

The details of the spectrum shape are not important here, as
we only focus on a range of energies near Ep ∼ 1 PeV. For
comparison, the gamma-ray luminosity of the Crab Nebula at
100 TeV is ∼ 5× 1032 erg s−1 [133].

The detection horizon depends on the experimental sensi-
tivity, Flim, as

dlim =

√
1

4πFlim
E2
i

d2Ni
dEidt

, (13)

where i = γ or ν. A fraction ∼ ξf(dlim/Rgal)
2 of the total

source population can be detected, where we assume that we
are at the center of a thin disk and the factor ξf accounts for

the limited fraction of the sky (here we take ξf ∼ 1/3 ). The
expected gamma-ray source count at 100 TeV is then

Ndet ∼ 3

(
τ escsrc n

gas
src

10 kyr cm−3

)(
Flim

10−13 erg cm−2 s−1

)−1
,

(14)
where we take the Galactic radius to be Rgal =15 kpc. (The
above approximation is for demonstrative purpose; in the next
section we include the source spatial distribution and the full
detector sensitivities as functions of source positions.)

Figure 2 shows the concepts behind using the n–τ plane
to constrain hadronic PeVatrons. Here we illustrate a simple
version of the figure with hypothetical data, explaining the
implications one by one. In the next section, we use real data.
We start by focusing on ngassrc and τ escsrc , and then discuss the
effects of changing the CR source rate, ΓCR, and the source
size, Rsrc.

• Cosmic-ray data: By construction, any source class
in this plane is consistent with the energy-dependent
CR production rate in the PeV range, as in Eq. (4).
Hadronic sources that do not reach PeV energies, or
those that accelerate PeV particles but do not allow es-
cape (CR hidden sources), are not considered. To derive
the CR yield per source, as in Eq. (7), we assume a CR
source rate of ΓCR = 0.03 yr−1 (alternatives are dis-
cussed below).

• Gamma-ray data: Consider a hypothetical gamma-ray
observation that attains Flim = 10−13 erg cm−2 s−1

and observes 10 sources at Eγ = 100 TeV. If all
of them are hadronic PeVatrons, Eq. (14) indicates
that τ escsrc n

gas
src ∼ 30 kyr cm−3, with smaller values

of τ escsrc n
gas
src allowed if there is a smaller fraction of

hadronic sources (and hence a larger fraction of lep-
tonic sources). In panel A, we show two extreme cases,
where 100% or 0% of them are hadronic, correspond-
ing to the optimistic and pessimistic cases in Fig. 1.
Gamma-ray data alone are usually insufficient to deci-
sively determine if a source is hadronic or not.

If all of the observed gamma-ray sources are hadronic,
then the parameters ngassrc and τ escsrc must be within the
shaded area enclosed by the solid band labeled “Re-
quired if 100% hadronic.” This area is defined by
Ndet = 10, with the width indicating statistical fluctua-
tions. If none of the observed sources are hadronic, ngassrc

and τ escsrc must be below the dotted line labeled “Upper
limit if 0% hadronic,” obtained by settingNdet < 1 (ig-
noring statistical fluctuations). One could also display
parameter spaces that are consistent with intermediate
cases (e.g., half of them being hadronic).

Regardless of the hadronic fraction of gamma-ray
sources, the upper right side of the plane is always ruled
out, due to predicting more sources than observed.

While parameters within the band predict the same
source counts, the luminosities of gamma-ray sources
vary along the band. In the upper left, sources are
common but less luminous, making the observable
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SNR

SNR 
(Dense)

MC near SNR

Upper limit if 0% hadronic

Required if 100% hadronic 

Upper limit by  (Weak)

νUpper limit by  (Strong)

ν

Required by ν

XISM

FIG. 2. Schematic constraints in the n–τ plane for PeV sources. Panel A considers hypothetical gamma-ray source data in light of real CR
data. If all gamma-ray sources are hadronic, then the sources must lie within the blue band; if none are, then the sources must lie below the
blue dotted line. Regardless of the interpretation of the nature of the gamma-ray sources, the upper right of the plane is excluded. Panels B
and C compare hypothetical neutrino source data (green bands/lines, with similar interpretations). The dashed gray line indicates where the
column density encountered by CRs in the source (ngas

src cτ
esc
src ) equals that encountered in the ISM before escape from the Milky Way (XISM),

a relevant scale for comparison. Stars indicate possible source classes. For this figure, we assume a CR source rate of 0.03 yr−1. This new,
semi-model-independent plane allows consistent comparisons of CR, gamma-ray, and neutrino data. See text for details.

sources nearby. Towards the middle, sources become
rarer but more luminous, making the observable sources
more distant. Eventually, τ escsrc becomes smaller than
10/(ξfΓCR), at which point the gamma-ray source
number in the field of view becomes fewer than ten.
Then it becomes impossible to attainNdet = 10 for any
ngassrc by continuing the diagonal, which causes a flatten-
ing of the band. For the same reason, the dotted lines
flatten at 1/(ξfΓCR), corresponding to one source.

• Neutrino data: Consider two hypothetical neutrino ex-
periments, with sensitivities of Flim = 10−11 and
2× 10−13 erg cm−2 s−1 at Eν = 50 TeV, and suppose
they detect no sources. Non-detections define dotted
lines, and ngassrc and τ escsrc must be below them, similar
to the case of zero hadronic sources for the gamma-
ray data. Those cases are marked as “Upper limit by
ν (Weak)” and “Upper limit by ν (Strong)” in panel B
of Fig. 2. As with the gamma-ray case, the upper right
of the plane is ruled out.

Next, consider a hypothetical neutrino experiment with
sensitivity of 10−13 erg cm−2 s−1 at Eν = 50 TeV,
and suppose that it finds one source, which must then
be hadronic, defining a robust allowed parameter space.
This case is shown in panel C of Fig. 2, marked as “Re-
quired by ν,” where we set the neutrino source count to
Ndet = 1. We expect the area (statistical fluctuations)
to be larger than the gamma-ray case, due to the smaller
source number. And as with the gamma-ray case, the
parameters must be in the band, meaning that the lower
left of the plane is also ruled out.

• Gamma-ray data vs. Neutrino data: Comparing
gamma-ray and neutrino constraints provides informa-

tion on the fraction of hadronic sources in the gamma-
ray observations. In panel B, the “Neutrino (Weak)”
limit would be consistent with a scenario where 100%
of gamma-ray sources are hadronic, except for the bot-
tom right region, where this is excluded. In contrast,
the “Neutrino (Strong)” limit would exclude all scenar-
ios where 100% of gamma-ray sources are hadronic.

In panel C, there is a narrow parameter space that is
consistent with the scenario where 100% of gamma-
ray sources are hadronic, which is where the two bands
overlap. The neutrino data rule out the scenario where
0% of gamma-ray sources are hadronic, as expected,
because the dotted blue line is outside the band allowed
by the neutrino source detection. This could be true
even if the gamma-ray and neutrino telescopes viewed
disjoint regions of the sky.

• Data vs. Theory: With observational constraints on ngassrc

and τ escsrc , we can compare these with expectations from
specific models of hadronic PeVatrons. In panels B and
C, we show three representative cases with star symbols
(“theory points”), each explained below.

If all gamma-ray sources are hadronic, then the theory
points should be within the allowed band. If none of
the sources are hadronic, then the theory points should
be below the blue dotted line. Note that even if a theory
point is in the “100% hadronic” band, it does not always
mean that this source class must explain 100% of the
gamma-ray sources, due to statistical fluctuations.

• Source vs. Diffuse: The gray dashed lines show the
grammage that CRs accumulate in the ISM, or equiv-
alently the fraction of energy lost, as per Eq. (5), ob-
tained by extrapolating Eq. (2) to 1 PeV. For points
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above this line, CRs lose more energy at the source
than in the ISM before they escape the Galaxy, i.e.,
Xsrc > XISM. Above this line, the total Galactic emis-
sion in gamma rays and neutrinos would be dominated
by sources as opposed to diffuse emission. Our full
population models (next section) consistently calculate
the resolved source counts and also the contribution of
sources to the total Galactic emission of gamma rays
and neutrinos.

The underlying idea of the n–τ plane is allow a consistent
comparison of different results — CR, gamma-ray, and neu-
trino data, for both source and diffuse emission — to each
other and to theoretical expectations.

As noted, we assume a CR source rate of ΓCR = 0.03 yr−1,
and then determine the CR energy per source from the ob-
served CR data. If we adopt different values of ΓCR, most
constraints are unchanged, as the source count, as in Eq. (14),
does not depend on it. However, the flattening of the band is
shifted, proportionally to (ΓCR)−1; we show this case below
and in the Appendix.

For convenience, we convert the source number into the dis-
tance of the nearest source. Assuming a two-dimensional ge-
ometry as above, it is dnear = RMW/

√
N , or

dnear ∼ 0.9 kpc

(
ΓCR

0.03 yr−1

)−1/2(
τ escsrc

10 kyr

)−1/2
. (15)

This is to be contrasted with the maximum distance telescopes
can see, dlim, which we note for each experiment in the next
section.

An important effect not yet discussed is the source size,
Rsrc. In the rest of the paper, we adopt a source size of 10 pc
unless otherwise noted. The sensitivities of gamma-ray and
neutrino telescopes are degraded for sources that are more ex-
tended than the size of the point-spread function (PSF; θPSF)
by a factor of ∼ θsrc/θPSF [134], where θsrc is the source
angular extension. (Note that this treatment is only approxi-
mate; for more detailed calculations see e.g., Ref. [135].) This
quantitatively changes the band when the point-source detec-
tion horizon in Eq. (13) is smaller than the distance at which
θsrc = θPSF (which we denote as dsize). The detection hori-
zon in this case shrinks to

dlim =
L

4πFPS
limdsize

, (16)

where FPS
lim is the sensitivity for point sources. The depen-

dence of horizon distance on luminosities changes to dlim ∝
L, resulting in Ndet ∝ (dlim)2τ escsrc ∝ L2τ escsrc ∝ (ngassrc )2τ escsrc ,
so the source count does not depend linearly on Xsrc.

Having introduced the basics of this figure, the following
questions should be addressed:

• What sets the range of parameters plotted? While both
ngassrc and τ escsrc can vary over many orders of magnitude,
we only show limited parameter ranges. We encourage
new work to sharpen our choices.
There are considerations that set the largest values that
the parameters can take. Sources can have ngassrc larger

than displayed in Fig. 2. However, we show below that
ngassrc

>∼ 1000 cm−3 is firmly ruled out by existing Ice-
Cube data, except for very short escape time (<∼0.5 kyr).
For τ escsrc , an upper bound comes from a physical argu-
ment. Particle diffusion is slowest in the Bohm diffu-
sion regime, where the coefficient is cRL/3, which is
3 × 1028 cm2 s−1 for a 1-PeV particle in a µG field,
where RL is the Larmor radius. If such a slow diffu-
sion is sustained over 100-pc scale (note that this is ex-
tremely optimistic), we obtain τ escsrc ∼ 100 kyr. Such
a large value, although cannot be excluded from first
principles, is certainly too high, though we display it in
the figure to show present constraints without theoreti-
cal bias.
There are also considerations that set the smallest val-
ues that the parameters can take. No immediate phys-
ical arguments prohibit sources from having small val-
ues of ngassrc , though some matter is required to support
the magnetic fields that accelerate (and confine) CRs.
The gas densities can be much smaller than 1 cm−3 if,
for example, a SN occurs in a cavity region where ma-
terial has been blown out due to stellar winds or SN ex-
plosions. For τ escsrc , the absolute minimum would be the
time needed to accelerate particles to energies beyond 1
PeV, which in principle could be as small as ∼ RL/c in
any scenario of particle acceleration [136]. This is only
a few years for a µG magnetic field and can be even
smaller for a stronger field. These small values are not
shown in the figure, but may be physically plausible.

• How should the complexity of sources be incorporated
into phenomenological descriptions with ngassrc and τ escsrc ?
The environments of CR sources and the production
sites of gamma rays should be quite complicated. In
the case of SNRs, gamma rays may be produced by ei-
ther diffuse matter or gas clumps inside the shell or in
their close vicinity, with all of these components likely
being highly inhomogeneous [137–149]. Moreover, the
accelerator of particles and the emitter of gamma rays
might be physically distinct. For example, an SNR
may accelerate protons, which can interact with nearby
molecular clouds (MCs), emitting gamma rays and neu-
trinos [150–157].
For a single source class, we can separately consider
multiple “emitting regions,” each characterized by dif-
ferent combinations of ngassrc and τ escsrc . In the case of
SNRs, one can separately consider SNR shells, wind
bubbles, wind cavities, and nearby molecular clouds,
for example. Due to the likely inhomogeneities of the
densities, the parameter ngassrc should be regarded as an
average gas density that PeV CRs encounter. Formally,
it should be calculated by convolving the gas density
with the spatial distribution of CRs, which requires a
detailed understanding of CR propagation and the gas
distribution. More simply, we can separate the source
into sub-volumes of density nv and filling fraction fv
and expect ngassrc ∼

∑
v fvnv , with

∑
v fv = 1.

• Where do realistic models lie in this plane? Below,
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we discuss three concrete cases, each marked in Fig. 2.
Although we focus on SNRs as illustrative examples,
our framework can be applied to more general source
classes, for which we encourage further work.

1. SNR: The most plausible candidate for the source
of PeV hadrons are SNRs. Indeed, both GeV and
TeV data support the scenario where SNRs accel-
erate protons to TeV scales [158–161], although
it remains unknown if the maximum energy can
reach the PeV range. If produced, PeV protons are
expected to escape in the very early phase of the
SNR evolution, τ escsrc ∼ 1 kyr, comparable to when
the Sedov-Taylor phase starts, although many de-
tails are uncertain [162–171]. Acceleration to the
PeV scale might take place on timescales much
shorter than kiloyears [172–176] and τ escsrc includes
the time particles are in the vicinity of the acceler-
ator. This choice of τ escsrc is likely optimistic, given
the escape of PeV particles from the shock might
be as short as ∼10 yrs [173] and the escape from
the larger surroundings are highly uncertain. If
PeV protons interact with the average gas densi-
ties in the ISM, then ngassrc ∼ 1 cm−3.

2. SNR (Dense): For a handful of shell-type SNRs,
TeV gamma rays are spatially coincident with
gas clouds, supporting a hadronic origin for
the gamma rays: RX 1713.7-3946 [177–179],
Vela Jr. [180], HESS J1731-347 [181], and
RCW86 [182]. They are young (' 1−5 kyr)
and have high target gas densities of >∼10–
100 cm−3, although the latter significantly de-
pends on the volume filling factor of dense gas,
which is usually highly uncertain. Here, we take
RX J1713.7-3946 as an example case. Multi-
wavelength modeling of this SNR suggests high-
density (2.5 × 104 cm−3) clumps with a vol-
ume filling factor 10−2, embedded in low-density
gas (∼ 10−2 cm−3), for an average density of
ngassrc ∼ 250 cm−3 in the 10-pc shell [183] (see also
Ref. [144] for a detailed numerical study). The es-
cape of PeV particles is model-dependent. Given
the lack of > 10 TeV gamma-ray emission from
this object, τ escsrc is likely smaller than its age (1.4
kyr). If the escape time coincides with the Sedov
time, it would be smaller for SNRs in dense en-
vironments (as ∝ (ngassrc )−1/3). The actual escape
time might be even shorter, as discussed above.
We optimistically take τ escsrc = 1 kyr , as in the
previous case, but the above uncertainties should
be kept in mind.

3. MC near SNR: Emission may be produced by
CRs that escape from the accelerators and dif-
fuse around them, interacting with a massive gas
cloud or clouds. The duration is determined by
the local propagation of CRs. As a reference,
we consider a molecular cloud with a mass of
Mcl = 105 M� and a size of Rcl = 20 pc at

a distance of dcl = 50 pc from an SNR. With
a diffusion coefficient of D = 1029 cm2 s−1 at
1 PeV (ten times smaller than the ISM average),
the diffusion time is τ escsrc ∼ (dcl)

2/D ∼ 5 kyr.
(Note that the use of an isotropic diffusion coef-
ficient can be a crude approximation close to the
source; more work is needed to theoretically eval-
uate the propagation of PeV particles in the source
vicinity.) The gas density of this MC is very high,
' 100 cm−3, but the volume filling fraction of
this is ∼ (Rcl/dcl)

3 ∼ 0.06, resulting in a modest
value of ngassrc ∼ 6 cm−3.

• How should the variation among sources be treated?
Both ngassrc and τ escsrc should vary among sources. In the
case of SNRs, the measured gas densities are known to
vary by more than an order of magnitude among differ-
ent sources [184–186]. There are two theoretical possi-
bilities to account for this source-to-source variation.

First, among all varieties of a source class, only a sub-
class with specific ngassrc and/or τ escsrc values might be able
to produce PeV hadronic CRs. In this case, an appropri-
ate value of ΓCR should be chosen to take into account
the lower rate. A smaller value of ΓCR does not move
the “theory points,” but does change the allowed bands
and limit lines, as discussed above.

Second, sources with a wide range of ngassrc and/or
τ escsrc values may produce PeV hadronic CRs, and only
those with sufficiently large values of these parame-
ters may be detectable in gamma rays and neutrinos.
Formally, one should introduce a probability density
d2P/dngassrc dτ

esc
src . Simply, we may use the ngassrc and τ escsrc

values that maximally contribute to the source counts.
We can instead imagine a situation where the distribu-
tions are approximated as bimodal. Such a scenario can
be studied by using Fig. 2 as a guide. For example, a
fraction fdense of SNR may be in dense regions, like
in the “SNR (Dense)” point, while the remainder are
in a normal environment, like in the “SNR” point. Fig-
ure 2 shows that the “SNR (Dense)” and “SNR” models
predict that ∼ 100% and ∼ 0% of gamma-ray sources
are hadronic, respectively. Then, in total we expect that
∼ 100fdense% are hadronic. This consideration can be
extended to more general distributions. The key point is
that the applicability of Fig. 2 is wide, despite the fact
that it assumes a universal ngassrc and τ escsrc .

By construction, the n–τ plane aims to constrain the source
class that dominates PeV CR energy budget. It is quite plau-
sible that other source classes produce gamma-ray (or even
neutrino) fluxes but make subdominant contributions to the
hadronic CR flux. For a source class that produce CRs at a
rate a factor of ξ smaller than in Eq. (4), all the constrains
would approximately be shifted rightwards by a factor of ξ.
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B. Continuous Injection

The case of continuous production is straightforwardly ob-
tained from the results above. The luminosity of each source
follows from Eq. (4) and the number of objects producing
CRs, NCR, as

E2
p

d2Np
dEpdt

∣∣∣∣
C

=
1

NCR
E2
p

d2Np
dEpdt

∣∣∣∣
MW

, (17)

whereC stands for continuous injection. The CR energy spec-
trum is

E2
p

dNp
dEp

∣∣∣∣
C

=
τ escsrc

NCR
E2
p

d2Np
dEpdt

∣∣∣∣
MW

. (18)

Here, the sources are assumed to be in steady-state conditions,
which necessitates the escape time τ escsrc to be less than the age
of the source (more than Myr-scales for the case of star clus-
ters). Then Eqs. (8) and (9) can be used to calculate luminosi-
ties, with I replaced with C.

In the continuous case, the total Galactic source number
N is fixed, and larger values of ngassrc and τ escsrc both lead
to larger luminosities, as Lγ ∝ ngassrc τ

esc
src . In the plane of

ngassrc –τ escsrc , the upper right region corresponds to more lu-
minous sources. Because the detection area increases with
d2lim ∝ Lγ , the detectable source count increases accordingly
as Ndet ∝ NLγ ∝ ngassrc τ

esc
src . This is in contrast to the impul-

sive case, where the total Galactic source number isN ∝ τ escsrc

and their luminosities are Lγ ∝ ngassrc , although this case also
results in Ndet ∝ NLγ ∝ ngassrc τ

esc
src . Additionally, the band

does not flatten in the continuous case.
An example case is stellar winds of massive stars in star

clusters [187]. Gamma-ray observations support the idea
that this source class is continuously injecting CRs into the
ISM [188]. The extent of the gamma-ray emitting region is
often greater than the size of the cluster itself and can ex-
ceed ∼50 pc. The diffusion in this region is slow. Assuming
D = 1029 cm2 s−1 (ten times smaller than the ISM aver-
age), τ escsrc ∼ 5 kyr. The gas densities are suggested to be high
ngassrc ∼ 10 cm−3 [90, 189, 190]. These points suggest that star
clusters are promising PeVatron candidates that can be probed
by gamma rays and neutrinos. (In compact star clusters or
more loose young star associations, multiple SNRs can also
be produced, which might efficiently accelerate hadrons com-
pared to isolated SNRs [191–195], which should be viewed as
“impulsive” injection.)

IV. MODELS OF THE HADRONIC SOURCE
POPULATION: TECHNICAL METHODS

In this section, we describe the methods for our Monte-
Carlo simulations of the population of hadronic gamma-ray
and neutrino sources, with the results and interpretation given
in the next section. We continue to use the phenomenological
parameters τ escsrc and ngassrc as in Eqs. (10), (11), and (12).

For each parameter set {τ escsrc , n
gas
src , Rsrc}, we run the sim-

ulation 104 times, each time sampling ΓCRτ
esc
src sources and

calculating the distributions of observables. We place sources
randomly in the Milky Way plane, following the radial distri-
bution of initial positions of neutron stars used in Ref. [196]
(the “F06 model” [197]), and assuming a Gaussian distribu-
tion for the height above the plane, with a standard deviation
of 30 pc [197]. We then calculate the source luminosities with
Eqs. (11) and (12). We include a variety of corrections, in-
cluding how the search sensitivities depend on declination and
the extent of the sources, as discussed above. We set the maxi-
mum detectable angular size to be θmax = 5◦, which excludes
sources closer than 100 (Rsrc/10 pc) pc.

In the next section, we compare several quantities with
present data, while here we only describe what we calculate
and how. For predictions to agree with observations, we re-
quire that the observed values be between the 10th and 90th
percentiles. To disagree, we require that the observed value
be less than the 10th percentile. This is conservative because
we consider a parameter set to be ruled out only if more than
90% of the predicted range disagrees with observations.

• Source counts from LHAASO at 100 TeV: LHAASO re-
ports the detection of 12 Galactic sources [19]. This
search covers a sky region of −15◦ < δ < 75◦. Be-
cause the details of the sensitivities are not reported,
we assume a sensitivity of 0.4 Crab at 100 TeV at best
(4 × 10−13 erg cm−2 s−1), which is comparable to
the minimal flux reported in Ref. [19]. We assume
a PSF size of θPSF = 0.3◦ [198]. The sensitivities
are degraded closer to the edge of observable sky re-
gion; due to the lack of detailed information, we as-
sume a declination dependence of the sensitivity as in
the 2HWC survey for a E−2.5 spectrum [16] . This flux
sensitivity corresponds to a distance range of 1.5 kpc
for ΓCR = 0.03 yr−1 and ngassrc = 1 cm−3, as per
Eq. (11). This distance being moderately small indi-
cates that LHAASO and future experiments have many
more sources to discover.

• Source counts from IceCube: The latest results from
full-sky point-source searches are reported in Ref. [23],
which uses ten years of track-like events data and looks
for the clustering of neutrino events over background.
Additional searches with seven years of cascade events
data are presented in Ref. [22], which is more sensitive
to the sources located in the southern sky. Both searches
reported the non-detection of any Galactic sources. We
use these two papers to constrain models. They report
“5σ discovery potential” flux levels as a function of
source declination, for two assumed spectrum slopes,
−2.0 and −3.0. We use the former to be conserva-
tive, as we are fixing the flux near 50 TeV. (Using the
latter would make the IceCube constraints better by a
factor of ∼ 2.) We consider sources to be detected
when the source flux at 50 TeV exceeds 5σ discovery
potential of either track or cascade searches; tracks are
more sensitive for a large portion of the sky, while cas-
cade are slightly better for sources at sin δ <∼ −0.3 as
the detector is at the South Pole. The best detectable
flux level reaches 10−12 erg cm−2 s−1 at 50 TeV [23].
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Had we instead used the “differential sensitivity”, the
detectable flux need to be larger by a factor of ∼ 3, and
IceCube constraints gets worse by the same factor. It
would, however, underestimate the power of IceCube,
because lower-energies emission should also contribute
to the test statistics for detection. The IceCube analysis
method integrates the significance over energy, putting
more weight on high energies [22, 23]. Based on our
estimates, the most important energy range is some-
what below the 50 TeV we use, but the sensitivity
calculations can be improved in future work. We as-
sume θPSF = 0.5◦ for track and θPSF = 10◦ for cas-
cade events. This flux sensitivity corresponds to a dis-
tance horizon of 0.6 kpc for ΓCR = 0.03 yr−1 and
ngassrc = 1 cm−3 (Eq. 12). This distance being very small
indicates that IceCube has not yet significantly probed
Milky Way sources.

In addition to source counts, we calculate the total emission
from the Milky Way plane:

• Total gamma-ray flux from sources: Tibet ASγ re-
ported the detection of emission from the Milky Way
plane [110]. We use the measured diffuse intensity,
5× 10−8 GeV cm−2 s−1 sr−1 at Eγ =100 TeV for the
region of 25◦ < l < 100◦ and |b| < 5◦, which includes
the truly diffuse ISM emission and contributions from
unresolved sources, but excludes the contribution from
resolved (known) TeV sources. The total emission from
known sources is on the order of 10% level [110, 111],
so we do not correct for this. We calculate the sum of
100-TeV gamma-ray fluxes from simulated sources in
the region observed by Tibet, and require that it does
not exceed the measured flux.

• Total neutrino flux from sources: IceCube and
ANTARES have searched for the diffuse emission of
neutrinos from the Milky Way plane [22, 199], which
is the sum of the truly diffuse flux plus the contribu-
tions from sources. Unlike Tibet, they have no sources
to be removed. We use the upper limit at Eν = 50 TeV
(1.5 × 10−7 GeV cm−2 s−1, ν + ν̄, all flavor) [199]
obtained using templates for diffuse neutrino emission
from Refs. [200, 201]. Note that the latest cascade
search reported a 2σ level detection, with the best-fit
flux about half of this upper limit [22]. We calculate
the sum of 50-TeV neutrino fluxes from the Milky Way
plane (|b| < 5◦) sources, and require that it does not
exceed the reported upper limit.

By using the observations noted above, we connect the CR
energy budget near Ep = 1 PeV to gamma-ray data near
Eγ = 100 TeV and neutrino data near Eν = 50 TeV, focusing
on narrow energy bins that are connected by typical kinematic
relations. To extend our discussions to somewhat lower ener-
gies, we make an additional calculation:

• Source counts from HAWC at Eγ = 7 TeV: We cal-
culate the expected source counts for the latest survey,

3HWC [202], which contains 63 sources (removing two
sources that are known to be extragalactic). We cal-
culate the source flux by extrapolating Eq. (11) with
d2Nγ/(dEγdt) ∝ (Eγ)−2.37, motivated by the CR
production rate, although the caveats discussed below
Eq. (4) should be kept in mind. We adopt the differ-
ential sensitivity near 7 TeV quoted in Ref. [202] for
a spectrum index of −2.5 and assume θPSF = 0.3◦.
The best sensitivity reaches 3×10−13 erg cm−2 s−1 (at
7 TeV).

We also calculate expectations for future data.

• Expected source counts for IceCube-Gen2: The sensi-
tivity depends on the details of the detector and search
strategies, which are uncertain, but an overall factor of
five improvement is expected [32]. We estimate the
sensitivity of Gen2 by scaling the 5σ discovery-level
fluxes from the existing IceCube searches by this factor.
We use θPSF = 0.3◦ for track at Gen-2. For cascade,
we use the same θPSF as for IceCube, although some
improvements are expected.. The detection horizon is
1.3 kpc (ΓCR/0.03 yr−1)−1/2 (ngassrc /1 cm−3)1/2.

• Expected source counts for other neutrino experi-
ments: Several neutrino telescopes, all in the north-
ern hemisphere, are planning to use water instead of
ice. Those include KM3NeT, P-ONE, Baikal-GVD,
and TRIDENT [33–36]. Those experiments are ex-
pected to have better angular resolution than IceCube,
improving the power for finding sources, and also cov-
ering a large portion of sky outside IceCube’s best
range. Although the details are still uncertain, analyses
for KM3NeT/ARCA suggests a source flux sensitivity
of ' (0.8–1.6) ×10−12 erg cm−2 s−1 in 6 years, com-
parable to IceCube, but over a different range of sky
(−1 < sin δ < 0.8) [203] (see also Ref. [135]). We cal-
culate the source-detection expectations for these com-
bined experiments by assuming a uniform sensitivity
over the entire sky (combining with IceCube or Gen2),
using two values of 1.2 (“KM3”) and 0.16 (“KM3×5”)
in units of 10−12 erg cm−2 s−1 per flavor at 50 TeV.
As a reference, the neutrino sources detectable with
“KM3×5” sensitivity should have a hadronic gamma-
ray flux of 0.3 Crab at 100 TeV. The detection hori-
zon for the “KM3×5” case is still small; 1.5 kpc for
ΓCR = 0.03 yr−1 and ngassrc = 1 cm−3. In all cases,
we assume θPSF = 0.3◦, which is conservative for
KM3NeT [33].

While gamma-ray telescopes typically have better flux sen-
sitivity, neutrino telescopes have advantages beyond being
able to decisively indicated hadronic sources. First, they cover
larger regions of the sky. Second, sources are typically small
compared to the angular resolution, so the flux sensitivity is
less subject to being degraded due to the source extent (see,
e.g., Ref. [135]).
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V. PRESENT CONSTRAINTS ON THE HADRONIC
SOURCE POPULATION

In this section, we develop new constraints on hadronic
sources using present data on CRs, gamma rays, and neutri-
nos, as discussed above. We stress that the n–τ plane is con-
structed from the energy budget of PeV protons, and is thus
consistent with CR observations.

In short, the LHAASO highest-energy sources are consis-
tent with being either all hadronic or all leptonic. The IceCube
non-detections still allow a wide range of PeVatron models,
indicating the need for upgraded neutrino telescopes. The
source grammage in the PeV range is likely subdominant
compared to that in the ISM. Next, we quantify these points.

Figure 3 (left panel) shows important results on gamma-ray
point-source observations. The LHAASO sources may all be
hadronic. We show by a star one theoretical model that is
nominally consistent with this, but we note that these models
are optimistic and in conflict with IceCube data (below). It is
also possible that none of the LHAASO sources are hadronic.
This is hinted at by the disagreement of the LHAASO band
with the fiducial hadronic model of PeV protons from SNRs
interacting with gas of density 1 cm−3, characteristics of the
ISM. It may thus be that hadronic CR accelerators are so thin
(i.e., have small ngassrc τ

esc
src ) that they are not observable multi-

messenger sources.
Figure 3 (left panel) shows important results on neutrino

point-source observations. The IceCube non-detections ex-
clude scenarios with very high average gas densities (and part
of the LHAASO “100%” band on the right), and that is quite
useful. However, many other scenarios remain allowed, in-
cluding those where all the LHAASO sources are hadronic.
More sensitive neutrino observations are needed.

Figure 3 (right panel) shows further details about the
gamma-ray data. We show bands assuming that 100%, 50%,
and 10% of the LHAASO sources are hadronic PeVatrons. As
the total source count is 12, the case of 10% indicates that
about one of them is hadronic. If one source is hadronic, pa-
rameters within the “10%” band are required. If zero sources
are hadronic, the limit is invoked; it is higher than the “10%”
band because we conservatively allow statistical fluctuations.
The “normal” SNR model is slightly outside the “10%” band.
If the gas density surrounding typical SNRs is slightly larger
than 1 cm−3 due to, e.g., compression by the shock, there is a
chance that the LHAASO sources include one hadronic accel-
erator, though the uncertainties are large. It is also interesting
to note that τ escsrc for “SNR (Dense)” model could be a fac-
tor of ∼ (250)1/3 ∼ 6 smaller than the value in the plot, if it
scales with the gas density like the Sedov time; such a scenario
would predict∼ 1 detection by LHAASO. Overall, this figure
suggests that the highest-energy gamma-ray sources are likely
dominated by leptonic accelerators, although they might con-
tain one (or even a few) hadronic accelerators.

SNRs have long been the leading candidate for hadronic
PeVatrons. However, no SNRs show evidence of gamma-
ray emission beyond 100 TeV, increasing the impression that
they (or at least the majority of them) might not accelerate
PeV hadrons. But our results show that even in the scenario

where all ordinary SNRs are hadronic PeVatrons, LHAASO
most likely does not expect to see 100 TeV gamma rays from
them. LHAASO is only starting to probe scenarios where
SNRs have high densities or nearby molecular clouds. This
is consistent with the observational fact that many LHAASO
sources are not associated with SNRs, although further obser-
vations are needed for in-depth studies of source association
because (1) follow-up observations of LHAASO objects could
reveal the existence of SNRs and (2) some SNRs observed in
TeV gamma rays have no multi-wavelength counterpart.

Figure 3 also shows the relative importance of unresolved
hadronic sources and truly diffuse emission. The diagonal
dashed line represents X = XISM, where source column den-
sities for CRs are comparable to what they will encounter in
the ISM before escaping the Galaxy. The grammage accu-
mulated in the source (Xsrc) could be comparable to XISM;
in that case, the LHAASO source counts must be dominated
by hadronic sources (except for the case of very high ngassrc

and small τ escsrc .) If only a fraction of LHAASO sources are
hadronic, Xsrc should be smaller. This means that the total
(source + diffuse) Milky Way luminosity in the PeV range is
likely dominated by the diffuse emission from the ISM. This
conclusion is affected by the uncertain source size (discussed
below) and escape time from the Galaxy (a shorter escape time
would increase the relative importance of sources). Note that
the above discussion on grammage applies only to the PeV
range, which is challenging to observationally probe (contrary
to the GeV range, where we have various secondary data). In-
terestingly, the possibility of XISM < Xsrc in the PeV range
is allowed for some parameter space; exploring this further
might lead to new constraints.

Figure 4 shows the effects of taking into account the total
gamma-ray and neutrino fluxes from the Milky Way plane.
The gamma-ray constraint from Tibet ASγ is compatible with
the constraints by LHAASO source counts. If one can isolate
contributions from the truly diffuse ISM emission (which may
be dominant), the constraints will get even stronger. The con-
straint from the IceCube neutrino total flux is comparable to
the constraint from IceCube source counts; both are in gen-
eral somewhat weaker than gamma-ray constraints. Figures 4
also displays the gamma-ray luminosity (the corresponding
neutrino luminosity is a factor of 2 smaller than this) and to-
tal source number in the Milky Way as a reference; the same
scale on Fig. 4 applies to all other figures in the main text.

The source-count constraints get worse if the sources is
larger or the observational angular resolution is worse, while
the total-emission constraints do not. These indicate the po-
tential power of the diffuse measurements to probe the origin
of PeVatrons, especially if they are extended or have low gas
densities. If IceCube confirms the emission from the Milky
Way plane, it would define an allowed band in the n–τ plane,
similar to that for the LHAASO sources. For the cases consid-
ered here, while source crowding could be an issue for cases
with a large escape time, the background induced by faint
sources in a given direction is never a problem.

Figure 5 extends our gamma-ray point-source considera-
tions to somewhat lower energies, where there are more detec-
tions. Comparing this to Fig. 3 shows that there is no overlap
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FIG. 3. Constraints on PeVatron models from point-source observations, with the models calibrated to hadronic CR data in the PeV range.
Gamma-ray constraints are based on LHAASO source counts (blue band or dotted line) and neutrino constraints are based on IceCube non-
detections of sources (green dotted line). Other aspects follow Fig. 2. Left Panel: Cases where 0% or 100% of LHAASO sources are hadronic.
Right Panel: Same, but for cases with 10%, 50%, or 100%. Key takeaways: (Left) A wide range of models remain viable, with present IceCube
constraints allowing between 0% and 100% of the LHAASO sources to be hadronic accelerators, although the latter requires a large ngas

src τ
esc
src ,

so that the source grammage dominates over that of the ISM. (Right) LHAASO is beginning to probe scenarios where SNRs are in high density
environments or have a nearby molecular cloud, but not yet the ordinary SNR case, despite our being optimistic on τ escsrc .
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FIG. 4. Same as Fig. 3 (left panel), adding constraints on sources
from the Tibet ASγ (a measurement) and IceCube (a limit) observa-
tions of the Milky Way plane. The alternate axes also apply to the
other main text figures. Key takeaway: Constraints from the Milky
Way plane emission are important.
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FIG. 5. Constraints from HAWC source measurements (at Eγ =
7 TeV).XISM is scaled to the value forEp = 70 TeV. Key takeaway:
Large values of ngas

src and τ escsrc are needed to have all HAWC sources
to be hadronic, suggesting that leptonic sources may be dominant.
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between “100% Hadronic” areas for LHAASO and HAWC.
If the escape times for these two particle energies were the
same, having all of the HAWC sources be hadronic would be
in conflict with the LHAASO observations. However, HAWC
data are based on gamma-ray measurements at 7 TeV, prob-
ing Ep ∼ 70 TeV, while LHAASO data are Ep ∼ 1 PeV. It
is reasonable to expect that the escape time depends on en-
ergy, being longer for lower-energy particles. Still, this anal-
ysis shows that the required ngassrc and τ escsrc values required
to explain all the HAWC sources with hadronic accelerators
are high, suggesting a significant contribution from leptonic
sources or hadronic non-PeVatrons. Our results are consistent
with a more narrowly focused population study by Cristofari
et al. [55], which focused on a standard SNR scenario and
found that only limited number of sources should be detected
by multi-TeV gamma-ray survey.

In the Appendix, we explore the following three model vari-
ations and their corresponding n–τ planes.

1. It may be that only a fraction of supernova explo-
sions produce PeV hadrons. In the scenario where
ΓCR = 0.003 yr−1 (10% of the SN rate), even the
“SNR (Dense)” point predicts that only one of the
LHAASO sources are hadronic. This scenario is also
allowed by existing IceCube data.

This scenario should be distinguished from the case
where all SNRs are PeVatrons, but only a fraction re-
side in dense environments. Such a scenario can be
studied by Fig. 3. For example, it might be that 90%
of SNRs are in a “normal” environment, while 10%
are in a dense environment. These cases predict 10%
and 100% gamma-ray source count (Fig. 3). In total,
hadronic PeVatrons may be 90%×0.1+10%×1 ' 20%
of the highest-energy gamma-ray sources, i.e., 2 or 3 of
them.

2. If the emitting regions are larger than 10 pc, more
sources escape detection, reducing the capability of
source searches. In scenarios where Rsrc = 30 pc,
the standard “SNR” points are now further outside the
“10%” band, indicating that they do not appear in the
highest-energy gamma-ray source count even with a
factor of ∼10 increase in the gas densities. An impor-
tant new result is that the possibility that Xsrc > XISM

is allowed over a wider parameter space than the case of
10-pc sources, which suggests that sources could make
a dominant contribution to the total Galactic emission.

3. Finally, hadronic accelerators might produce CRs over
a long time, rather than impulsively. A scenario
that attracts increasing attention is stellar winds in
young star clusters over Myr timescales. We con-
sider the scenario where they are hadronic PeVatrons.
The total number of OB stars in the Milky Way is
estimated to be ∼ 105 [204]. The number of OB
stars contained in a cluster, NOB, is distributed as
dn/d logNOB ∝ 1/NOB. This may suggest that clus-
ters with smaller NOB contribute more to the total en-
ergetics. However, it is reasonable to think that a larger

clusters might have collective effects that make parti-
cle acceleration efficient. Here, we consider clusters of
NOB

>∼ 102 to be efficient PeVatrons [205]; the num-
ber of such clusters are about 102. The kinetic power is
∼ 1038 erg s−1 per cluster and ∼ 1040 erg s−1 in total
for the Galaxy. Comparison of this to the PeV CR en-
ergy budget indicates that 1% of the kinetic energy must
be converted to PeV CRs. This requires 10% of the en-
ergy transferred to CRs with a hard spectrum, such as
E−2.

Our estimates for star clusters are encouraging. They
may contribute half of the LHAASO source count, and
future Gen2 observations might find as many as three
of them. Indeed, one of the LHAASO sources is from
the region that contains the Cygnus OB association of
massive stars. At the same time, if many of LHAASO
sources are associated with star clusters, we might ex-
pect more associations than one. This might suggest
that we are somewhat in the downward fluctuations.
Alternatively, it could be that instead of continuous in-
jection, impulsive events (e.g., SNR shocks embedded
in compact clusters) could be the PeV hadron sources.
Solid conclusions require more work on both theory and
observation.

VI. FUTURE PROSPECTS FOR PROBING THE
HADRONIC SOURCE POPULATION

In this section, we outline the power of upcoming observa-
tions to find hadronic PeVatrons. In Sec. VI A, we calculate
the prospects for future neutrino observations, which will be
the most decisive. In Sec. VI B, we discuss improved gamma-
ray and other observations, which will be available sooner. In
Sec. VI C, we discuss how our population approach, combined
with improvements in multi-messenger studies of individual
sources, will be critical to solving the long-standing mystery
of the Milky Way’s hadronic PeVatrons.

A. Future Neutrino Observations

IceCube will likely be upgraded to Gen2, which will be
much more powerful. Here we estimate its potential to dis-
cover Milky Way sources.

Figure 6 (left panel) shows a scenario where Gen2 does
detect Milky Way sources, with the examples of more than
one or three sources. As shown, this would strongly constrain
the properties of PeVatrons, limiting the parameter space to
one of the green areas, as labeled. The joint parameter space
where the LHAASO sources can be 100% hadronic is even
smaller. The upper right region of the figure (white space)
would be ruled out by LHAASO and IceCube not detecting
more sources.

Figure 6 (right panel) shows a scenario where Gen2 does
not detect Milky Way sources. This would rule out the param-
eter space where 100% of LHAASO sources are hadronic and
also where Xsrc is larger than XISM. The latter is particularly
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FIG. 6. Sensitivity of Gen2 to Galactic hadronic PeVatrons. Left: The case of detections. Right: The case of non-detections. The other
features follow Fig. 3 (left panel). Key takeaways: Over a wide parameter space, it is promising that Gen2 will find more than one PeVatron,
though it may find zero. Non-detection by Gen2 would rule our models where 100% of the LHAASO sources are hadronic and also where
Xsrc > XISM, but would still allow a wide range of hadronic models.

important, as it would indicate that the total Galactic emis-
sion should be dominated by the truly diffuse ISM emission
(or leptonic sources). Nevertheless, Gen2 non-detection could
still allow a wide range of hadronic models.

The probability that Gen2 will find a source can be viewed
optimistically or pessimistically. If the source parameters are
in the band of “>1 Source,” there is a good chance that Gen2
finally detects the Milky Way’s PeVatrons. However, even for
models that predict one detection, the real source count can
easily fluctuate down to zero. On the other hand, if no sources
are observed, the region above the dotted line in Fig. 6 (right
panel) would be robustly excluded, even in the presence of
statistical fluctuations. To put it differently, the left and right
panels of Fig. 6 displays prospects for Gen2 in the presence
of favorable and unfavorable statistical fluctuations. Note that
sources Gen2 would discover are most likely those already
found by LHAASO, but not necessarily. Gen2, especially
with a cascade analysis, can in principle observe a much wider
sky region and be sensitive to even extended sources.

Even if Gen2 detects sources, it may not be many, and fur-
ther improvements in sensitivity will be needed to decisively
probe Milky Way hadronic accelerators. This conclusion is
less optimistic than early work that suggested that IceCube
could detect several sources [28–31]. Those early studies as-
sumed that most gamma-ray sources were hadronic and the
calculations were not constrained by detailed measurements
of source properties and calibrated to the CR energy budget,
as here. To improve sensitivity to Milky Way sources, water-
based detectors may be especially important because of their
better angular resolution [33–36]. Also, those detectors are

planned to be in the Northern hemisphere, and hence would
have better sensitivity to the inner Milky Way through Earth-
filtered samples.

Figure 7 shows how such future neutrino telescopes could
probe PeVatron models. We show the cases of non-detection
with two sensitivities (“KM3” and “KM3×5”) as defined
above. Non-detection by “KM3×5” level experiments would
be very constraining. The limit would surpass even the “MC
near SNR” point by a factor of 4, ruling out scenarios where
more than quarter of SNRs coincide with MCs that produce
gamma rays. Nevertheless, there would still remain a wide
range of models allowed, where hadronic PeVatrons are thin,
indicating the need for still-better sensitivity.

One idea to attain better sensitivities is further efforts to
improve the angular reconstruction of the neutrino cascade
events. In the current neutrino source searches, the best sensi-
tivities are obtained by the analysis of track-like events due to
muons. As pointed out by Ref. [206], electron neutrinos have
much smaller backgrounds than muon neutrinos, making this
channel interesting if the angular resolution can be made suf-
ficiently good. We will report on this in a forthcoming paper.

Our analysis does not constrain CR-hidden sources, from
which CR do not escape. Though IceCube has not yet identi-
fied any such sources, future neutrino experiments might.

B. Future Multi-Messenger Observations

New multi-messenger observations — covering the full
electromagnetic spectrum (not only gamma rays) plus cosmic
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Future Experiments 
(Source Non-detection)

KM3

KM3 × 5

SNR SNR 
(Dense)

MC near 
SNR

FIG. 7. Projected constraints from future neutrino experiments for
the case of non-detection. Labels are same as the right panel of Fig. 6
(except for Gen2) and omitted. Some arrows are removed to improve
visibility. The neutrino sensitivities are assumed to be uniform across
the sky with values as expected for KM3NeT (marked with “KM3”)
and five times better than that (“KM3×5”). Key takeaway: To defi-
nitely probe scenario where hadronic PeVatrons are thin, sensitivity
better than that of even Gen2 and KM3NeT is needed.

rays — will also be important.
The most powerful input we have so far for constrain-

ing hadronic PeVatrons is the count of LHAASO gamma-ray
sources near the PeV range. In the next few years, even bet-
ter results are expected as the LHAASO construction is com-
pleted, the observation time is increased, and more theoretical
modeling is done. The LHAASO source count provides firm
upper limits on the properties of hadronic PeVatrons, gener-
ally stronger than even those based on the non-detection of
IceCube neutrino sources. In the forthcoming years, as Tibet
ASγ, HAWC, and especially LHAASO increase the source
counts in the 100 TeV range, this will lead to better constraints
in the n–τ plane. Their diffuse measurements will also help,
primarily by constraining the properties of the high-energy
cosmic-ray spectrum.

In the further future, the Cherenkov Telescope Array
(CTA) [207], which will have outstanding flux sensitivity
and angular resolution, will discover many sources and will
be able to conduct detailed morphological studies, probing
the spatial correlations between gamma-ray emission and gas
density. A possible future observatory is the Southern Wide-
field Gamma-ray Observatory (SWGO) [208]. Like Tibet
ASγ, HAWC, and LHAASO, this would be a large ground
array that simultaneously views a wide field on the sky. Such
detectors are more sensitive to extended sources than pointed
observatories like CTA. SWGO would be located in the South-

SNR SNR 
(Dense)

MC near 
SNR

Future , North + South (>1 Source)γ
(>3 Sources)

(Upper right region : 
 Ruled out by existing 
 LHAASO + IceCube data)

XISM

FIG. 8. Sensitivity of SWGO (or ALPACA) + LHAASO to Galactic
hadronic PeVatrons. Same as the left panel of Fig. 6, but we omit
constraints from the existing LHAASO and IceCube data for visibil-
ity (we instead add a remark in the right top corner). Key takeaway:
Future gamma-ray observations are promising to find more than one
PeVatron, even if ngas

src and/or τ escsrc is not large.

ern hemisphere, providing a good view of the inner Galaxy,
where a high density of bright, interesting sources is found.
Another experiment, the Andes Large-area PArticle detector
for Cosmic-ray physics and Astronomy (ALPACA), is also
planned to observe highest-energy gamma-ray sources in the
Southern hemisphere [209]. Figure 8 illustrates the power of
future gamma-ray observations; we assume that a combina-
tion of LHAASO and a southern-hemisphere telesope (like
SWGO or ALPACA) will achieve a uniform sensitivity of
0.1 Crab at 100 TeV over the entire sky. Other aspects follow
the left panel of Fig. 6. Even for our regular SNR scenario,
more than one detection is expected.

In principle, gamma-ray observations could separate
hadronic and leptonic sources without using neutrinos, though
decisive answers have been challenging to obtain. A lot of at-
tention has been placed on specifically identifying hadronic
sources. This might be done through some combination of
the spectrum shape, spatial correlations between emission and
gas density, and multi-wavelength observations and model-
ing. Another approach would be specifically identifying lep-
tonic sources, using tests of the spectrum shape and multi-
wavelength studies. Crucially, the electrons that produce
gamma rays through inverse-Compton emission must also
produce synchrotron x-rays. In the limit that leptonic sources
are dominant, this may be a more fruitful approach. If more
sources are identified as leptonic, the allowed parameter space
in the ngassrc –τ escsrc would get narrower and lower, providing
stronger constraints on the PeVatron models.
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One of the key inputs in our population model is the escape
time τ escsrc . The recent discovery of “TeV halos” around pul-
sars, where the escape time is quite long, has demonstrated
the power of gamma rays to probe the escape of very high
energy particles from accelerators. Near-future observations
will certainly find more halos around CR accelerators, which
would be key input to theoretical efforts in understanding the
confinement by both leptonic and hadronic sources.

Multi-wavelength observations will help identify sources
and characterize their properties. In particular, radio and x-ray
observations of gamma-ray objects are important. First, they
allow us to isolate components (e.g., SNRs, pulsar wind nebu-
lae, star clusters) due to having good angular resolution. Sec-
ond, these data probe shock structures and magnetic fields in
the region, which is a key input to understand particle acceler-
ation. Third, they are needed to constrain the leptonic compo-
nent of the gamma-ray emission. In-depth multi-wavelength
observations toward sources will also be needed to character-
ize the environment, constraining the values of ngassrc .

New CR data will help reduce uncertainties in the CR pro-
duction rate. First, an improvement in the measurement of
the grammage, especially at higher energies, would be crucial
in determining the CR energy budget. Second, a better un-
derstanding of the CR knee is needed. The existing measure-
ments of CR protons show discrepancies among observations;
the amount is by a factor of about 3 at Ep ' 3 PeV, which
becomes larger for higher energies. This prohibits us from
pointing the exact energy of the proton knee and other spec-
trum features. Although the all-particle CR spectrum shows
the knee at ' 3 PeV, the proton spectrum might have a spec-
trum break at ' 1 PeV.

Throughout this work, we use the proton energy budget
near 1 PeV and also gamma-ray data atEγ = 100 TeV. In fact,
the LHAASO sources are observed much above this energy,
reaching more than 1 PeV in some cases. This is curious, be-
cause hadronic sources that accelerate protons only to∼1 PeV
would generate gamma rays typically of Eγ � Ep. Such
high-energy photons are also difficult to produce by leptonic
sources; in the Klein-Nishina regime of the inverse-Compton
scattering, the fractional energy from CRs to gamma rays are
large, Eγ/Ee ∼ 1, but the cross section is suppressed. As the
probability distribution of Eγ/Ep for hadronic interactions
is broad, this suggests that LHAASO are starting to probe
the end of radiation spectrum. If LHAASO continues to see
sources beyond ∼PeV, it might place interesting constraints
the locations of proton knee, the contributions from leptonic
emission, and the population of super-knee sources.

C. Importance of Our Population Approach

Our new theoretical framework will remain valuable even
as studies of individual sources advance. For example, ded-
icated IceCube studies of LHAASO sources may lead to
stronger constraints on hadronic emission, but those are not
connected to the Milky Way CR energy budget. Even once
individual hadronic sources are identified, our population ap-
proach will remain valuable. First, it might be that one or

a few hadronic sources are observed in both gamma rays
and neutrinos, but that this does not necessarily mean that
this source class contributes significantly to the Milky Way’s
cosmic-ray budget. In our approach, this can be tested by ex-
amining if the source parameters, ngassrc and τ escsrc , are consistent
with the various constraints from gamma rays and neutrinos.
Contradictions would suggest that either the sources are not
representative PeVatrons or that the standard models of CR
production and propagation as adopted above need to be dras-
tically modified.

Our approach can be improved in a number of ways. Be-
sides the total source count, other observables can be pre-
dicted by our population models. First, the flux distributions,
dN/dF , differ for different combinations of ngassrc and τ escsrc ,
even if they predict the same source count. Our calculations
here can be regarded as only using the integral of dN/dF
above Flim. In principle, the use of full distribution can further
constrain models. For example, our approach may be allow-
ing too much of the bottom-right region, where sources are lu-
minous and rare. Second, the latitude distribution could help
to constrain models where gamma-ray sources have low gas
densities. If the sources are low-luminosity and nearby, then
the latitude distribution should have a larger scatter compared
to the case of high-luminosity and distant sources. This might
further constrain models in the upper left part the plane. Quan-
titatively, since the distance horizon for gamma-ray sources
is ' 3

√
ngassrc /cm−3 kpc and the CR sources are distributed

within a height of ' 30 pc (conservatively small), the scatter
in the latitude could be |b| ' 0.6◦

√
ngassrc /cm−3.

One difficulty in our approach is that we have to assume
a CR source rate to derive constraints in the n–τ plane, be-
cause we consider the number of sources. Such an assump-
tion would be eliminated if we instead consider the total flux
from these sources, which we discussed only briefly. Such
an approach may give new and comparable constraints on the
PeVatron models. Alternatively, we could construct a plane
of ngassrc and ΓCR. Another difficulty in our approach is that
we assume that sources are the same as each other, which is a
strong assumption, although we briefly discussed how to con-
sider source-to-source variations in an approximate manner.
At the present level of precision, this is reasonable, but ulti-
mately it will be necessary to take variations into account in a
more sophisticated manner.

We encourage the development of public codes to model
point sources and collections thereof. At the moment, there
seem to be none. This is in contrast to extensive work
on modeling diffuse gamma-ray and neutrino emission in
the Milky Way, such as with GALPROP [73, 210–218],
DRAGON [219–221], USINE [222–225], PICARD [226,
227], and CRIPTIC [228]), some of which are public.

VII. CONCLUSIONS

The Milky Way contains powerful but unidentified acceler-
ators of PeV hadronic CRs. And gamma-ray point sources
have been observed at energies into the PeV range. How-
ever, no neutrino sources have been detected. As illustrated
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in Fig. 1, these observations leave two extreme possibili-
ties for the mysterious hadronic PeVatrons: (1) Hadronic CR
sources do produce both gamma rays and neutrinos, making
them exciting multi-messenger targets, but greater sensitiv-
ity is needed to detect the neutrinos, versus (2) Hadronic CR
sources are so thin in matter column density that they produce
no detectable gamma rays or neutrinos in-situ, so that the ob-
served gamma-ray sources are only leptonic accelerators.

The main aim of this paper is to understand where the
hadronic PeVatrons lie between those extremes. We introduce
a new population-based approach that characterizes sources
in the plane of source gas density and CR escape time (the
n–τ plane), explicitly calibrating point-source models to CR
observations. We quantify the counts of identifiable hadronic
sources and the contributions of hadronic sources to the total
emission from the Milky Way plane. We calculate the ranges
of allowed models for hadronic accelerators.

We compare predictions for gamma-ray sources to data
from LHAASO, which has identified PeV-range sources.
In the optimistic interpretation, these sources could all be
hadronic CR accelerators and hence multi-messenger sources.
This requires models to be within the “100%” band in the n–τ
plane shown in Fig. 3. In this case, PeV hadrons accumulate
a comparable grammage in the sources and in the ISM. In a
pessimistic interpretation, the LHAASO sources could be all
leptonic. This is allowed over a wide parameter space, quanti-
fied in the “LHAASO (0% Hadronic)” limit in Fig. 3 (left). In
this case, the grammage accumulated in the ISM would dom-
inate. Possibly the most realistic scenario is that only one or a
few of the LHAASO sources is hadronic, as in Fig. 3 (right).

Neutrino observations are the key to decisively resolving
the nature of the hadronic PeVatrons. We show that IceCube
non-detections rule out models with high gas densities, but
still leave a wide parameter space open, as per the “IceCube
(Source)” limit in Fig. 3. Improvements in the neutrino sen-
sitivities are needed. Gen2 and KM3NeT are promising for
finally identifying the hadronic PeVatrons, as discovery can
be expected for a wide range of the parameter space (Fig. 6,
left). Non-detections by Gen2 and KM3NeT would constrain
significant and important parameter space, but even then, a
substantial discovery space for multi-messenger source would
remain. To quantify that, the detection range of Gen2 for is
only ∼ 1.3

√
ngassrc /cm−3 kpc (for ΓCR = 0.03 yr−1). Even

larger detectors may be needed to fully probe the origins of
hadronic CRs in the Milky Way.

Identifying the origins of the cosmic rays is a century-old
problem. While it is possible that new observations may soon
lead to breakthroughs, it is also possible that this problem will
remain challenging for decades more. A key focus of work
on Milky Way hadronic CR accelerators has been on trying
to determine if individual gamma-ray sources are hadronic
or leptonic, with clear progress but not meeting the goal of
definitive answers for most sources. And even when this
goal is achieved, it remains a separate question to decide if
these sources are producing enough CRs to account for the
Milky Way fluxes. This paper is a first step in starting a new,
population-based approach to revealing the hadronic PeVa-
trons. Our hope is that it will be improved through new ob-

servational constraints, new ideas for theoretical constraints,
and the development of public codes similar in sophistication
to those used for modeling the Galactic diffuse emission.

In the near term, results from IceCube on observations of
the total neutrino emission from the Milky Way plane will be
quite important, especially if the hint of a signal strengthens in
significance. As shown in Fig. 4, an IceCube signal near their
present “Total” limit would suggest that source emission is
more important than diffuse emission and that the LHAASO
gamma-ray sources should be dominantly hadronic. Ironi-
cally, while that would confirm the existence of hadronic Pe-
Vatrons, it would still not reveal where they are. Still, it would
indicate that the optimistic case in Fig. 1 is likely true, indicat-
ing a bright future for multi-messenger astronomy as cosmic-
ray, gamma-ray, and neutrino observatories gain in sensitivity.
In turn, that would imply excellent prospects not only for re-
solving long-standing questions in astrophysics, but also for
developing new tests of physics beyond the standard model
using these sources.
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Appendix A: Population Model for Alternative Scenarios

In the main text, we focused on the case of impulsive CR
injections at a rate of ΓCR = 0.03 yr−1 and assumed the size
of the gamma-ray and neutrino emitting regions to Rsrc =
10 pc. Here we present figures for three alternative scenarios:

1. Figures 9 and 12 show scenarios where the CR source
rate is 0.003 yr−1, 10% of the Galactic SN rate.

2. Figures 10 and 13 show scenarios where Rsrc = 30 pc.

3. Figures 11 and 14 show scenarios where the injections
of CRs are continuous. We use NCR = 102, as dis-
cussed in the main text, and we assume Rsrc = 30 pc.
Also, we show a star to represent the case of “Star Clus-
ter” sources, as discussed in the main text.

Figures 9–11 are the same as the right panel of Fig. 3, and
Figs. 12–14 are the same as the left panel of Fig. 6. In these
appendix figures, arrows are omitted for clarity.
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FIG. 9. Same as Fig. 3 (right panel), but for ΓCR = 0.003 yr−1.
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FIG. 10. Same as Fig. 3 (right panel), but for Rsrc = 30 pc.
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FIG. 11. Same as Fig. 3 (right panel), but for the case of continuous
CR injection withNCR = 102 and Rsrc = 30 pc.
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FIG. 12. Same as Fig. 6 (right panel), but for ΓCR = 0.003 yr−1.
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FIG. 13. Same Fig. 6 (right panel), but for Rsrc = 30 pc.
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FIG. 14. Same as Fig. 6 (right panel), but for the case of continuous
CR injection withNCR = 102 and Rsrc = 30 pc.



19

[1] V. L. Ginzburg and S. I. Syrovatskii, The Origin of Cosmic
Rays (1964).

[2] V. S. Berezinskii, S. V. Bulanov, V. A. Dogiel, and V. S.
Ptuskin, Astrophysics of cosmic rays (1990).

[3] T. K. Gaisser, Cosmic rays and particle physics. (1990).
[4] T. K. Gaisser, R. Engel, and E. Resconi, Cosmic Rays and

Particle Physics (2016).
[5] P. O. Lagage and C. J. Cesarsky, A&A 125, 249 (1983).
[6] A. R. Bell, MNRAS 353, 550 (2004).
[7] T. Antoni et al., Astroparticle Physics 24, 1 (2005),

arXiv:astro-ph/0505413 [astro-ph].
[8] A. R. Bell, K. M. Schure, B. Reville, and G. Giacinti, MN-

RAS 431, 415 (2013), arXiv:1301.7264 [astro-ph.HE].
[9] P. Blasi, A&A Rev. 21, 70 (2013), arXiv:1311.7346 [astro-

ph.HE].
[10] L. A. Anchordoqui et al., Journal of High Energy Astrophysics

1, 1 (2014), arXiv:1312.6587 [astro-ph.HE].
[11] P. Cristofari, Universe 7, 324 (2021), arXiv:2110.07956

[astro-ph.HE].
[12] F. W. Stecker, Cosmic gamma rays, Vol. 249 (1971).
[13] F. A. Aharonian, Very high energy cosmic gamma radiation :

a crucial window on the extreme Universe (2004).
[14] C. D. Dermer and G. Menon, High Energy Radiation from

Black Holes: Gamma Rays, Cosmic Rays, and Neutrinos
(2009).

[15] A. A. Abdo et al., ApJ 664, L91 (2007), arXiv:0705.0707
[astro-ph].

[16] A. U. Abeysekara et al., ApJ 843, 40 (2017),
arXiv:1702.02992 [astro-ph.HE].

[17] H. Abdalla et al. (H. E. S. S. Collaboration), A&A 612, A1
(2018), arXiv:1804.02432 [astro-ph.HE].

[18] S. Abdollahi et al., ApJS 247, 33 (2020), arXiv:1902.10045
[astro-ph.HE].

[19] Z. Cao et al., Nature 594, 33 (2021).
[20] A. M. Atoyan and F. A. Aharonian, MNRAS 278, 525 (1996).
[21] M. Ahlers and F. Halzen, Progress in Particle and Nuclear

Physics 102, 73 (2018), arXiv:1805.11112 [astro-ph.HE].
[22] M. G. Aartsen et al. (IceCube Collaboration), ApJ 886, 12

(2019), arXiv:1907.06714 [astro-ph.HE].
[23] M. G. Aartsen et al., Phys. Rev. Lett. 124, 051103 (2020),

arXiv:1910.08488 [astro-ph.HE].
[24] A. Albert et al. (ANTARES Collaboration and Icecube Col-

laboration), ApJ 892, 92 (2020), arXiv:2001.04412 [astro-
ph.HE].

[25] A. Kheirandish, Ap&SS 365, 108 (2020), arXiv:2006.16087
[astro-ph.HE].

[26] S. Adrián-Martı́nez et al. (ANTARES Collaboration and Ice-
Cube Collaboration), ApJ 823, 65 (2016), arXiv:1511.02149
[hep-ex].

[27] A. Albert et al. (ANTARES Collaboration), Phys. Rev. D 96,
082001 (2017), arXiv:1706.01857 [astro-ph.HE].

[28] M. D. Kistler and J. F. Beacom, Phys. Rev. D 74, 063007
(2006), arXiv:astro-ph/0607082 [astro-ph].

[29] J. F. Beacom and M. D. Kistler, Phys. Rev. D 75, 083001
(2007), arXiv:astro-ph/0701751 [astro-ph].

[30] F. Halzen, A. Kappes, and A. Ó Murchadha, Phys. Rev. D 78,
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