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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.
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I. INTRODUCTION

The Milky Way is blazing in the GeV-PeV diffuse
emission of hadronic cosmic rays (CRs) [1-4]. This
requires the existence of powerful accelerators, though
their locations are obscured 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 energies [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
energy range is increased, sources become rarer, but they are
still found, which indicates their powerful emission at high
energies. Recently, the Large High Altitude Air Shower
Observatory (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].
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FIG. 1. Possible scenarios for PeV sources. Each diamond is a
source, emitting the noted particles. Bottom left shows the
“optimistic” 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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How can we identify the Milky Way’s hadronic
PeVatrons? Neutrino emission would be a smoking gun.
However, no sources have been found in more than a
decade of searches [21-27] despite a series of optimistic
predictions [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 produce neutrinos and electrons, making them exciting
multimessenger 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 CR accelerators. However, this seems to be at
odds with the requirement that some sources must accel-
erate hadronic CRs. Here we point out a viable possibility
that has received little attention: the hadronic CR accel-
erators may be so thin in column 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, though neutrinos can. But then these sources are
not what we call hadronic PeVatrons, because in many
cases the CRs cannot 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,
introducing 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 approach, demanding consistency with diffuse
and point-source data on CRs, gamma rays, and neutrinos.
Third, we quantify the properties of PeVatrons in a semi-
model-independent plane of source gas density (n§y) and
CR escape time (z5c). 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
population 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

-0.7
E2®,~7x107 (i—’{l) GeVem™2s~lsrl. (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 spectrum 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 correspond 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 [S6—67].

An important observable is the grammage that CRs
accumulate before escaping the Milky Way, which is con-
strained by data on the secondary-to-primary ratio [68,69]:

E -0
X ~87 2 —2L—) . 2
gem (10 Gev> @)

Above 65 GeV /nucleon, observations are consistent with a
power law of 6 = 0.33 (at lower energies, the index is
somewhat larger), but detailed constraints are available only
below 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 « (E,)™%% holds up to the knee, as is expected for CRs
that scatter with external turbulence (as opposed to turbu-
lence 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

&EN, | An o, Ver
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(3)

where Vg is the Galactic volume that CRs are confined
within and 7% 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
energy density is the production rate on the left-hand side
times 7%/ Vcr. In the standard paradigm, it is assumed that
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the grammage, at least in the GeV range, is dominated by
the diffuse interstellar medium (ISM) [73,74], (see, how-
ever, Refs. [75-78]). Then, the factor Vg /7€ is calculated
via X = pum,ni et = (M g,/ Ver)ct™e, where my, is
the proton mass, x4 ~ 1.4 accounts for the composition of
the ISM gas on average, njg, is the gas number density, and
M 4, is the Milky Way’s gas mass (set to 10'°M, [79]). The

energy-dependent CR production rate is then

&N,

2
P dE,dt

E.\-037
~1.3x10% <—p> ergs™!, (4)
MW PeV

which defines the energy budget of hadronic PeV
sources [79]. Integrated above 1 GeV, this yields the proton
luminosity of ~6 x 10* ergs™'. Compared to widely
assumed dN/dE « E~2 or E~>2, the above spectral index
is softer, yielding less power in the PeV range for a
fixed total energy. (An even softer E~>* 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 PeVatrons 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
intensity 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.) Equation (1) uses the upper
end of the range. The actual production rate near 1 PeV
might be smaller by a factor of 3. At higher energies,
discrepancies between measurements are even larger (a
factor of 6 at 10 PeV). Although such high energies
are not our focus, in Sec. VIB 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 6 = 0.33, which is predicted by the
Kolmogorov theory. Had we used 6 = 0.5, as predicted
by Kraichnan theory, the value of X would be a factor of
(1 PeV/3 TeV)*!7 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 z, 7™, and
7%, The decay of a z° meson generates two gamma rays,
each with energy E, ~ 0.1E,, on average, while the decays
of 7 and #~ (and the subsequent decays of y* and u™)
produce three neutrinos, each with an energy of E, ~
0.05E, (see Refs. [81-83] for details). Hadronic gamma

rays must thus be accompanied by neutrinos with compa-
rable 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 E, ~ 1 PeV protons is most
effective for secondaries around E, ~ 100 TeV. Gamma-
ray sources at such high energies are now detected. Tibet
ASy 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 observa-
tions by imaging atmospheric Cherenkov telescopes
(IACTs), have discovered particularly strong candidates
for hadronic PeVatrons [86-88,93-95].

On the contrary, no Galactic neutrino sources have been
discovered. As discussed below, this can be interpreted as
meaning 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 efficiencies for producing TeV gamma
rays via leptonic processes [96-109].

Measurements of diffuse gamma-ray and neutrino
emission are also important for understanding the hadronic
source population. Recently, Tibet ASy 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, f sy, of

energy to pions, where
Xism
). 8

1 gcm

Srism ~ 1072 (

which is energy-dependent. This is derived using f 1sm ~
w5t/ Tiey and ol = (k,,niem0,p¢) 7", where «,, = 0.5
is the inelasticity and ¢,,, is the pp cross section, for which
we use 50 mb [81]. We use Xigy to explicitly note the
contribution from the ISM. If we extrapolate Eq. (2), the
grammage for PeV particles is only ~0.2 gcm™2, implying
that such CRs lose only a small fraction of their energy,
~2 x 1073, to pion production in the ISM.

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

0.1 nfris ¢ 5 6
X — . Src - ,
sre (5 cm‘3> (10 kyr> gem (6)

where n§. is the gas density at the source and 7 is the
escape time (i.e., how long CRs are confined by the source.)
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The fraction of proton energy lost in sources can be
estimated from X, similar to Eq. (5).

Because source spectra are often harder than the Galactic
spectrum, the total source emission might be expected to
dominate the diffuse emission at the highest energies.
For source emission to be important, X . must be com-
parable to Xigy. 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., lumi-
nosities, positions, and fluxes) as well as the total emission
from sources. Here we clarify the basic ideas for the
nSe—7¢ plane (hereafter “n—r plane”) introduced in

this paper.

113

A. Impulsive injection

We first consider the injection of CRs by impulsive
events, as expected for SNRs; in the subsequent subsection,
we discuss 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”),
I CR> 48

2
AN, 1, &N,
PdE,|, Tex ' dE,dilyy

(7)

where / stands for impulsive injection. In the baseline
scenario, ['cg is set by the SN rate (0.03 yr~!), though it
might be that only a subclass of SN explosions produces
CRs that reach PeV energies [122,123]. We discuss other
choices below.

The gamma-ray and neutrino emission from these
sources depends on how dense the target is (nf.) and
how long CRs are confined (zg). We assume that the CR
energy is impulsively injected, i.e., in a timescale At shorter
than 7z (although Eq. (7) is a good approximation even if
At ~7355). We thus take the confined CR energy to be
constant, as described by Eq. (7), during the time 75 and
zero afterwards, when the source CRs mix in with Galactic
CRs. The total number of sources is then ['crze.

The gamma-ray and neutrino (v + o, per flavor) lumi-
nosities of a source, normalized to CR data as per
Eq. (7), are

d’N

2 v _ €A , AN,

"dE,dt  3t5¢ P dE, | g —iop,

(8)

g Ny _ s o dN, )
YdE,dt 6thl " dE, I,Ep:ZOED’

where ¢, takes into account the fact that both the CR and
the target material contain heavy nuclei (mostly helium)
[124-127]. We use €4 = 2.6, as found by Ref. [128] for the
PeV range, which depends on the uncertain CR composi-
tion; see also Ref. [129]. We refer to them as luminosities
near specific energies, which means integrated over bins
with Aln E ~ 1. We do not include gamma-ray attenuation;
at 100 TeV, the effect 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

T'er Tsre
= ~ 300 - . 10
Ny =N, <0.03 yr‘1> <10 kyr) (10)

These sources have luminosities

, &N,
" dE,dt| _100 Tev
r 1 gas
~10% ergs™! <0 03CR _1> ( nsr;)’ (11)
.03 yr cm
2 dzNUi
YdE,dt|, _so tev

r ~1 [ pE
~5x 107 ergs™ [ —=8 ). (12
* cres (0.03 yr! cm™? (12)

The details of the spectrum shape are not important here, as
we only focus on a range of energies near £, ~ 1 PeV. For
comparison, the gamma-ray luminosity of the Crab Nebula
at 100 TeV is ~5 x 1032 ergs™! [133].

The detection horizon depends on the experimental
sensitivity, Fj;,, as

1 d*N;
dv = E? L 13
fim 4”Flim ! dEldt ( )

where i =y or v. A fraction ~§f(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 &; accounts
for the limited fraction of the sky (here we take & ~ 1/3).
The expected gamma-ray source count at 100 TeV is then

T nSe Fy; -1
~3 src 'tsre lim i 14
Naa (10 kyrem™ ) \ 107" ergcm=2s7! (14)

where we take the Galactic radius to be Ry, = 15 kpc. (The
above approximation is for demonstrative purpose; in the
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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—r 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 né and 7%¢, and then discuss
the effects of changing the CR source rate, I'cg, and the
source size, Rg..

(@)

(ii)

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
escape (CR hidden sources), are not considered. To
derive the CR yield per source, as in Eq. (7), we
assume a CR source rate of I'cg = 0.03 yr~! (alter-
natives are discussed below).

Gamma-ray data: Consider a hypothetical gamma-
ray observation that attains Fy;,, = 10713 ergem=2s!
and observes 10 sources at E, = 100 TeV. If all
of them are hadronic PeVatrons, Eq. (14) indicates
that 7%nse ~ 30 kyrem™, with smaller values
of 7%nse allowed if there is a smaller fraction of
hadronic sources (and hence a larger fraction of
leptonic sources). In panel A, we show two extreme
cases, where 100% or 0% of them are hadronic,
corresponding to the optimistic and pessimistic
cases in Fig. 1. Gamma-ray data alone are usually
insufficient to decisively determine if a source is
hadronic or not.

If all of the observed gamma-ray sources are
hadronic, then the parameters n%. and 75 must be
within the shaded area enclosed by the solid band
labeled “Required if 100% hadronic.” This area is
defined by Ny = 10, with the width indicating
statistical fluctuations. If none of the observed
sources are hadronic, ne and 7% must be below
the dotted line labeled “Upper limit if 0% hadronic,”
obtained by setting Ny < 1 (ignoring 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 sources nearby. Toward the middle,
sources become rarer but more luminous, making
the observable sources more distant. Eventually,

(iii)

@iv)

)
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75 becomes smaller than 10/(&I'cr), at which
point the gamma-ray source number in the field of
view becomes fewer than ten. Then it becomes
impossible to attain Ny = 10 for any ngc by
continuing the diagonal, which causes a flattening
of the band. For the same reason, the dotted lines
flatten at 1/(&;I'cg), corresponding to one source.
Neutrino data: Consider two hypothetical neutrino
experiments, with sensitivities of F};,, = 10~!! and
2x 1071 ergem™2s7! at E, = 50 TeV, and sup-
pose they detect no sources. Nondetections define
dotted lines, and nSe and 75 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 v (Weak)” and “Upper limit by v (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
experiment with sensitivity of 1071° ergem™2 s~
at E, =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 “Required by v,”
where we set the neutrino source count to N g = 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 infor-
mation 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 bottom right region, where this is
excluded. In contrast, the “Neutrino (Strong)” limit
would exclude all scenarios 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
n§e and 75¢, we can compare these with expect-
ations from specific models of hadronic PeVatrons.
In panels B and C, we show three representative
cases with star symbols (“theory points”), each
explained below.

neutrino
1
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FIG. 2. Schematic constraints in the n—z 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

gas

line indicates where the column density encountered by CRs in the source (ng. czoe) equals that encountered in the ISM before escape
from the Milky Way (Xig\), a relevant scale for comparison. Stars indicate possible source classes. For this figure, we assume a CR
source rate of 0.03 yr~!. This new, semi-model-independent plane allows consistent comparisons of CR, gamma-ray, and neutrino data.

See text for details.

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.

(vi) Source vs. diffuse: The gray dashed lines show the
grammage that CRs accumulate in the ISM, or
equivalently the fraction of energy lost, as per
Eq. (5), obtained by extrapolating Eq. (2) to
1 PeV. For points above this line, CRs lose more
energy at the source than in the ISM before they
escape the Galaxy, i.e., X > Xigm. Above this line,
the total Galactic emission in gamma rays and
neutrinos would be dominated by sources as op-
posed 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—z plane is to allow a
consistent comparison of different results—CR, gamma-
ray, and neutrino data, for both source and diffuse emission—
to each other and to theoretical expectations.

As noted, we assume a CR source rate of I'cg =
0.03 yr~!, and then determine the CR energy per source
from the observed CR data. If we adopt different values of
I'cr, 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
(Tcr)™'; we show this case below and in the Appendix.

For convenience, we convert the source number into
the distance of the nearest source. Assuming a two-
dimensional geometry as above, it iS d;cor = Ryw/ VN, or

Ter  \7V2( 258 712
dpear ~ 0.9 k - . 15
e pe (0.03 yr‘1> 10 kyr (15)

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

An important effect not yet discussed is the source size,
R, 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
extended than the size of the point-spread function (PSF;
Opsp) by a factor of ~6./Opsp [134], where 6, is the
source angular extension. (Note that this treatment is only
approximate; for more detailed calculations see e.g.,
Ref. [135].) This quantitatively changes the band when
the point-source detection horizon in Eq. (13) is smaller
than the distance at which 6, = Opgp (Which we denote as
dg,.)- The detection horizon in this case shrinks to

L

S (16)
" 47TFErSndsize
where FES is the sensitivity for point sources. The

dependence of horizon distance on luminosities changes
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0 djy & L, resulting in N e o (dyim)?758 o L2755
(n$e)?7SE, so the source count does not depend linearly
on X..

Having introduced the basics of this figure, the following

questions should be addressed:

(1) What sets the range of parameters plotted? While
both n§e and 7% 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 nie
larger than displayed in Fig. 2. However, we show
below that nfe = 1000 cm™ is firmly ruled out by
existing IceCube data, except for very short escape
time (0.5 kyr). For 75, an upper bound comes
from a physical argument. Particle diffusion is
slowest in the Bohm diffusion regime, where the
coefficient is cR; /3, which is 3 x 10®® ¢cm?s~! fora
1-PeV particle in a pG field, where R; is the Larmor
radius. If such a slow diffusion is sustained over 100-
pc scale (note that this is extremely optimistic), we
obtain 75 ~ 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 theoretical bias.

There are also considerations that set the smallest
values that the parameters can take. No immediate
physical arguments prohibit sources from having
small values of nf., 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 material has been blown out due to
stellar winds or SN explosions. For 75y, the absolute
minimum would be the time needed to accelerate
particles to energies beyond 1 PeV, which in principle
could be as small as ~R; /¢ in any scenario of particle
acceleration [136]. This is only a few years for a pG
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.

(2) How should the complexity of sources be incorpo-
rated into phenomenological descriptions with n&e
and t5¢? 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 either diffuse matter or gas clumps
inside the shell or in their close vicinity, with all of
these components likely being highly inhomo-
geneous [137-149]. Moreover, the accelerator of
particles and the emitter of gamma rays might be
physically distinct. For example, a SNR may
accelerate protons, which can interact with nearby
molecular clouds (MCs), emitting gamma rays and
neutrinos [150-157].
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For a single source class, we can separately
consider multiple “emitting regions,” each charac-
terized by different combinations of n§;c and 7. 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
n$e 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 subvolumes of density n, and
filling fraction f, and expect ne ~ >, fon,, with
Where do realistic models lie in this plane? Below,
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.

(a) SNR: The most plausible candidate for the
source of PeV hadrons are SNRs. Indeed, both
GeV and TeV data support the scenario where
SNRs accelerate 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,
75 ~ 1 kyr, comparable to when the Sedov-
Taylor phase starts, although many details are
uncertain [162—-171]. Acceleration to the PeV
scale might take place on timescales much
shorter than kiloyears [172-176] and 75 in-
cludes the time particles are in the vicinity of
the accelerator. This choice of 75 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 surround-
ings are highly uncertain. If PeV protons
interact with the average gas densities in the
ISM, then n5s ~ 1 cm™3.

(b) 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 depends on the volume
filling factor of dense gas, which is usually
highly uncertain. Here, we take RX J1713.7-
3946 as an example case. Multiwavelength
modeling of this SNR suggests high-density
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(2.5 x 10* ecm™3) clumps with a volume filling
factor 1072, embedded in low-density gas
(~1072 cm™), for an average density of n&e ~
250 cm™ in the 10-pc shell [183] (see also
Ref. [144] for a detailed numerical study). The
escape of PeV particles is model-dependent.
Given the lack of > 10 TeV gamma-ray emis-
sion from this object, 75 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 environments (as o (nge)~'/3).
The actual escape time might be even shorter, as
discussed above. We optimistically take 75 =
I kyr, as in the previous case, but the above
uncertainties should be kept in mind.

(¢) MC near SNR: Emission may be produced by
CRs that escape from the accelerators and
diffuse 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
Mg = 10°My and a size of R, =20 pc at a
distance of d, = 50 pc from an SNR. With a
diffusion coefficient of D = 10*° cm?s~! at
1 PeV (ten times smaller than the ISM average),
the diffusion time is 75 ~ (dy)?/D ~ 5 kyr.
(Note that the use of an isotropic diffusion
coefficient can be a crude approximation close
to the source; more work is needed to theoreti-
cally evaluate the propagation of PeV particles in
the source vicinity.) The gas density of this MC
is very high, ~100 cm™, but the volume filling
fraction of this is ~(R/d)? ~ 0.06, resulting in
a modest value of nfs ~ 6 cm™3.

(4) How should the variation among sources be
treated? Both nf. and 7S¢ 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 different sources [184-186].
There are two theoretical possibilities to account
for this source-to-source variation.

First, among all varieties of a source class, only a
subclass with specific nfe and/or &¢ values might
be able to produce PeV hadronic CRs. In this case,
an appropriate value of I'cg should be chosen to
take into account the lower rate. A smaller value of
I'cr 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 n§;c and/or
75¢ values may produce PeV hadronic CRs, and
only those with sufficiently large values of these
parameters may be detectable in gamma rays and
neutrinos. Formally, one should introduce a prob-
ability density d*P/dn§e d7&5€. Simply, we may use

the nS,e and 7€ values that maximally contribute to

the source counts. We can instead imagine a
situation where the distributions are approximated
as bimodal. Such a scenario can be studied by using
Fig. 2 as a guide. For example, a fraction fg.,e 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. Figure 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 ~100f jense% 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
nSe and 7€
By construction, the n—z plane aims to constrain the
source class that dominates PeV CR energy budget. It is
quite plausible 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 £ smaller than in
Eq. (4), all the constraints would approximately be shifted
rightwards by a factor of &.

B. Continuous injection

The case of continuous production is straightforwardly
obtained from the results above. The luminosity of each
source follows from Eq. (4) and the number of objects
producing CRs, N ¢g, as

2
E2 d NP
P dE,dt

_ 1, &N,
C NCR P dEpdt

(17)

b
MW

where C stands for continuous injection. The CR energy
spectrum is

E2 dNP

e, N,
P dE,

¢ Ncr TdE,dt

(18)

MW

Here, the sources are assumed to be in steady-state
conditions, which necessitates the escape time 75 to be
less than the age of the source (more than Myr-scales for the
case of star clusters). Then Egs. (8) and (9) can be used to
calculate luminosities, with / replaced with C.

In the continuous case, the total Galactic source
number N is fixed, and larger values of n§e and 7&¢ both

lead to larger luminosities, as L, o n§c zs¢. In the plane of

nie—t%¢, the upper right region corresponds to more

luminous sources. Because the detection area increases

with df o L,, the detectable source count increases
accordingly as N e &x N'L, o niiczie. This is in contrast
to the impulsive case, where the total Galactic source

number is N o 7&¢ and their luminosities are L, « nfi,
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although this case also results in N g x N'L, o n§7se.

Additionally, the band does not flatten in the continu-
ous 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 exceed ~50 pc. The diffusion in this region is slow.
Assuming D = 10?° cm?s™! (ten times smaller than the
ISM average), 755 ~ 5 kyr. The gas densities are sug-
gested to be high nfe ~ 10 cm™ [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 compared 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 phenom-
enological parameters 7% and n§. as in Egs. (10), (11),
and (12).

For each parameter set {7, nfc, Ry}, we run the
simulation 10* times, each time sampling I'cg7$ sources
and calculating the distributions of observables. We place
sources randomly in the Milky Way plane, following the
radial distribution of initial positions of neutron stars used
in Ref. [196] (the “FO6 model” [197]), and assuming a
Gaussian distribution for the height above the plane, with a
standard deviation of 30 pc [197]. We then calculate the
source luminosities with Eqgs. (11) and (12). We include a
variety of corrections, including how the search sensitiv-
ities depend on declination and the extent of the sources, as
discussed above. We set the maximum detectable angular
size to be 0,,,x = 5°, which excludes sources closer than
100 (Rg./10 pc) pe.

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
require 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.

(1) Source counts from LHAASO at 100 TeV: LHAASO

reports the detection of 12 Galactic sources [19].
This search covers a sky region of —15° < § < 75°.
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(i)

Because the details of the sensitivities are not
reported, we assume a sensitivity of 0.4 Crab at
100 TeV at best (4 x 10713 ergem™ s71), which is
comparable to the minimal flux reported in
Ref. [19]. We assume a PSF size of fpsp = 0.3°
[198]. The sensitivities are degraded closer to the
edge of observable sky region; due to the lack of
detailed information, we assume a declination
dependence of the sensitivity as in the 2HWC
survey for a E>3 spectrum [16]. This flux
sensitivity corresponds to a distance range of
1.5 kpc for T'cg = 0.03 yr~! and nfe =1 cm™,
as per Eq. (11). This distance being moderately
small indicates that LHAASO and future experi-
ments 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 nondetection of any Galactic sources. We use
these two papers to constrain models. They report
“Seo 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
conservative, as we are fixing the flux near 50 TeV.
(Using the latter would make the IceCube con-
straints better by a factor of ~2.) We consider
sources to be detected when the source flux at
50 TeV exceeds 5o discovery potential of either
track or cascade searches; tracks are more sensitive
for a large portion of the sky, while cascade are
slightly better for sources at sind < —0.3 as the
detector is at the South Pole. The best detectable flux
level reaches 107!2 ergem™ s~! at 50 TeV [23].
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 somewhat below the 50 TeV we use,
but the sensitivity calculations can be improved in
future work. We assume Opgr = 0.5° for track and
Opse = 10° for cascade events. This flux sensitivity
corresponds to a distance horizon of 0.6 kpc for
Fer = 0.03 yr~!' and n§ic = 1 cm™ [Eq. (12)]. This
distance being very small indicates that IceCube has
not yet significantly probed Milky Way sources.
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In addition to source counts, we calculate the total
emission from the Milky Way plane:

(1) Total gamma-ray flux from sources: Tibet ASy
reported the detection of emission from the
Milky Way plane [110]. We use the measured
diffuse intensity, 5 x 107 GeVem™2s~!sr! at
E, =100 TeV for the region of 25° < < 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.

(i) 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
contributions from sources. Unlike Tibet, they have
no sources to be removed. We use the upper limit at
E,=50TeV (1.5x 1077 GeVem™2s™!, v+ 7, all
flavor) [199] obtained using templates for diffuse
neutrino emission from Refs. [200,201]. Note that
the latest cascade search reported a 20 level detec-
tion, 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 E, = 1 PeV to gamma-ray data
near E, = 100 TeV and neutrino data near £, = 50 TeV,
focusing on narrow energy bins that are connected by
typical kinematic relations. To extend our discussions
to somewhat lower energies, we make an additional
calculation:

(i) Source counts from HAWC at E, =7 TeV: We
calculate the expected source counts for the latest
survey, 3HWC [202], which contains 63 sources
(removing two sources that are known to be extra-
galactic). We calculate the source flux by extrapo-
lating Eq. (11) with d’N,/(dE,dt) < (E,)™>,
motivated by the CR production rate, although the
caveats discussed below Eq. (4) should be kept in
mind. We adopt the differential sensitivity near
7 TeV quoted in Ref. [202] for a spectrum index
of —2.5 and assume Gpgr = 0.3°. The best sensitivity
reaches 3 x 10713 ergem™2s7! (at 7 TeV).

We also calculate expectations for future data.

(1) Expected source counts for IceCube-Gen2: The
sensitivity 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 50 discovery-level fluxes from the existing
IceCube searches by this factor. We use Opsp =
0.3° for track at Gen-2. For cascade, we use the same
Opsr as for IceCube, although some improvements
are expected. The detection horizon is 1.3 kpc
(Tcr/0.03 yr=1)=1/2 (n§e /1 em™3)1/2.

(i1) Expected source counts for other neutrino experi-
ments: Several neutrino telescopes, all in the
northern hemisphere, are planning to use water
instead of ice. Those include KM3NeT, P-ONE,
Baikal-GVD, and TRIDENT [33-36]. Those
experiments are expected to have better angular
resolution than IceCube, improving the power for
finding sources, and also covering 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) x 107!2 ergcm™2s~! in 6 years, compa-
rable to IceCube, but over a different range of sky
(=1 < sind < 0.8) [203] (see also Ref. [135]). We
calculate the source-detection expectations for
these combined experiments by assuming a uniform
sensitivity over the entire sky (combining with Ice-
Cube or Gen2), using two values of 1.2 (“KM3”) and
0.16 (“KM3 x 5”) in units of 1072 ergcm™2s~! per
flavor at 50 TeV. As a reference, the neutrino
sources detectable with “KM3 x 5” sensitivity
should have a hadronic gamma-ray flux of 0.3 Crab
at 100 TeV. The detection horizon for the “KM3 x 5”
case is still small; 1.5 kpc for g = 0.03 yr~! and
nSe =1 cm™3. In all cases, we assume @pgp = 0.3°,
which is conservative for KM3NeT [33].

While gamma-ray telescopes typically have
better flux sensitivity, neutrino telescopes have advan-
tages 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]).

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
neutrinos, as discussed above. We stress that the n—z plane
is constructed from the energy budget of PeV protons, and
is thus consistent with CR observations.

In short, the LHAASO highest-energy sources are
consistent with being either all hadronic or all leptonic.
The IceCube nondetections still allow a wide range of
PeVatron models, indicating the need for upgraded neutrino
telescopes. The source grammage in the PeV range is likely
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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 nondetections 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

£as_esc

the latter requires a large ng. 7oy, 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 z5y.

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
n§etSsS) that they are not observable multimessenger
sources.

Figure 3 (left panel) shows important results on neutrino
point-source observations. The IceCube nondetections
exclude 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, including 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, parameters 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™ due to, e.g.,
compression by the shock, there is a chance that the
LHAASO sources include one hadronic accelerator, though
the uncertainties are large. It is also interesting to note that
758 for “SNR (dense)” model could be a factor of
~(250)!/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 contain 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
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FIG. 4. Same as Fig. 3 (left panel), adding constraints on
sources from the Tibet ASy (a measurement) and IceCube (a
limit) observations 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.

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 observations 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 multiwavelength counterpart.

Figure 3 also shows the relative importance of unre-
solved hadronic sources and truly diffuse emission. The
diagonal dashed line represents X = Xjq\;, Where source
column densities for CRs are comparable to what they will
encounter in the ISM before escaping the Galaxy. The
grammage accumulated in the source (Xg.) could be
comparable to Xiqy; in that case, the LHAASO source
counts must be dominated by hadronic sources (except for
the case of very high nc and small z%¢.) If only a fraction
of LHAASO sources are hadronic, X, 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).
Interestingly, the possibility of Xjgy < X 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 ASy 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 constraint from the IceCube neutrino total
flux is comparable to the constraint from IceCube source
counts; both are in general somewhat weaker than gamma-
ray constraints. Figure 4 also displays the gamma-ray
luminosity (the corresponding neutrino luminosity is a
factor of 2 smaller than this) and total 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 potential 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— plane, similar to that for the LHAASO sources.
For the cases considered here, while source crowding could
be an issue for cases with a large escape time, the back-
ground induced by faint sources in a given direction is
never a problem.

Figure 5 extends our gamma-ray point-source consid-
erations to somewhat lower energies, where there are more
detections. Comparing this to Fig. 3 shows that there is no
overlap between “100% hadronic” areas for LHAASO and

7 TeV Gamma-ray Luminosity [erg s™!]
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FIG. 5. Constraints from HAWC source measurements (at

E, =7 TeV). Xigy is scaled to the value for E, =70 TeV.

Key takeaway: Large values of nf and 75 are needed to have all

HAWC sources to be hadronic, suggesting that leptonic sources
may be dominant.

043002-12



WHERE ARE MILKY WAY’S HADRONIC PEVATRONS?

PHYS. REV. D 107, 043002 (2023)

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 obser-
vations. However, HAWC data are based on gamma-ray
measurements at 7 TeV, probing E, ~70 TeV, while
LHAASQO data are E, ~ 1 PeV. It is reasonable to expect
that the escape time depends on energy, being longer for
lower-energy particles. Still, this analysis shows that the
required ne and 7&° values required to explain all the
HAWC sources with hadronic accelerators are high, sug-
gesting 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

variations and their corresponding n—7 planes.

(1) It may be that only a fraction of supernova ex-
plosions produce PeV hadrons. In the scenario
where I'cg = 0.003 yr~!' (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 reside in dense environments. Such a sce-
nario 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% x
0.1 +10% x 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 R . = 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
important new result is that the possibility that
Xoe > Xigum 1s 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 consider
the scenario where they are hadronic PeVatrons.
The total number of OB stars in the Milky Way is
estimated to be ~10° [204]. The number of OB
stars contained in a cluster, Ngp, is distributed
as dn/dlog Nog &« 1/Ngg. This may suggest that

clusters with smaller Ngp contribute more to
the total energetics. However, it is reasonable to
think that a larger clusters might have collective
effects that make particle acceleration efficient. Here,
we consider clusters of Nog > 10? to be efficient
PeVatrons [205]; the number of such clusters are
about 10?. The kinetic power is ~10% ergs™' per
cluster and ~10* ergs™! in total for the Galaxy.
Comparison of this to the PeV CR energy budget
indicates that 1% of the kinetic energy must be
converted to PeV CRs. This requires 10% of the
energy 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 expect more associations than one.
This might suggest that we are somewhat in the
downward fluctuations. Alternatively, it could be that
instead of continuous injection, 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
observations to find hadronic PeVatrons. In Sec. VIA,
we calculate the prospects for future neutrino observa-
tions, which will be the most decisive. In Sec. VIB, we
discuss improved gamma-ray and other observations,
which will be available sooner. In Sec. VIC, we discuss
how our population approach, combined with improve-
ments in multimessenger studies of individual sources,
will be critical to solving the longstanding 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
discover 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 param-
eter 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.
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FIG. 6. Sensitivity of Gen2 to Galactic hadronic PeVatrons. Left: the case of detections. Right: the case of nondetections. 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. Nondetection by Gen2 would rule our models where 100% of the LHAASO sources are hadronic and
also where X, > Xigyv, but would still allow a wide range of hadronic models.

Figure 6 (right panel) shows a scenario where Gen2 does
not detect Milky Way sources. This would rule out the
parameter space where 100% of LHAASO sources are
hadronic and also where X is larger than Xgy. The latter
is particularly important, as it would indicate that the total
Galactic emission should be dominated by the truly diffuse
ISM emission (or leptonic sources). Nevertheless, Gen2
nondetection 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
further improvements in sensitivity will be needed to
decisively probe Milky Way hadronic accelerators. This
conclusion is less optimistic than early work that sug-
gested that IceCube could detect several sources [28-31].

Those early studies assumed that most gamma-ray sources
were hadronic and the calculations were not constrained
by detailed measurements of source properties and cali-
brated 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 nondetection
with two sensitivities (“KM3” and “KM3 x 57) as defined
above. Nondetection by “KM3 x 5”7 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
MC:s 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
sensitivities are obtained by the analysis of tracklike 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 sufficiently good. We will report on
this in a forthcoming paper.
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FIG. 7. Projected constraints from future neutrino experiments
for the case of nondetection. 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
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KM3NeT (marked with “KM3”) and five times better than that
(“KM3 x 57). Key takeaway: To definitely probe scenario where
hadronic PeVatrons are thin, sensitivity better than that of even
Gen2 and KM3NeT is needed.

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

B. Future multimessenger observations

New multimessenger observations—covering the full
electromagnetic spectrum (not only gamma rays) plus
cosmic rays—will also be important.

The most powerful input we have so far for constraining
hadronic PeVatrons is the count of LHAASO gamma-ray
sources near the PeV range. In the next few years, even better
results are expected as the LHAASO construction is com-
pleted, the observation time is increased, and more theoreti-
cal modeling is done. The LHAASO source count provides
firm upper limits on the properties of hadronic PeVatrons,
generally stronger than even those based on the nondetection
of IceCube neutrino sources. In the forthcoming years, as
Tibet ASy, HAWC, and especially LHAASO increase the
source counts in the 100 TeV range, this will lead to better
constraints in the n—z 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 ASy, 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 Southern 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 hemi-
sphere [209]. Figure 8 illustrates the power of future
gamma-ray observations; we assume that a combination
of LHAASO and a southern-hemisphere telescope (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 attention has been placed on specifically identify-
ing hadronic sources. This might be done through some
combination of the spectrum shape, spatial correlations
between emission and gas density, and multiwavelength
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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 visibility (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 ne and/or 75 is not large.
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observations and modeling. Another approach would be
specifically identifying leptonic sources, using tests of the
spectrum shape and multiwavelength 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 n§e -7 would
get narrower and lower, providing stronger constraints on
the PeVatron models.

One of the key inputs in our population model is the
escape time 75 . The recent discovery of “TeV halos™ around
pulsars, where the escape time is quite long, has demon-
strated the power of gamma rays to probe the escape of very
high energy particles from accelerators. Near-future obser-
vations will certainly find more halos around CR acceler-
ators, which would be key input to theoretical efforts in
understanding the confinement by both leptonic and had-
ronic sources.

Multiwavelength 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 nebulae, star clusters) due to having good
angular resolution. Second, these data probe shock struc-
tures and magnetic fields in the region, which is a key input
to understand particle acceleration. Third, they are needed
to constrain the leptonic component of the gamma-ray
emission. In-depth multiwavelength observations toward
sources will also be needed to characterize the environ-
ment, constraining the values of nge.

New CR data will help reduce uncertainties in the CR
production 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 understanding of the CR knee is needed. The existing
measurements of CR protons show discrepancies among
observations; the amount is by a factor of about 3 at
E, ~3 PeV, which becomes larger for higher energies.
This prohibits us from pointing the exact energy of the
proton knee and other spectrum features. Although the all-
particle CR spectrum shows the knee at ~3 PeV, the proton
spectrum might have a spectrum break at ~1 PeV.

Throughout this work, we use the proton energy budget
near 1 PeV and also gamma-ray data at £, = 100 TeV. In
fact, the LHAASO sources are observed much above this
energy, reaching more than 1 PeV in some cases. This is
curious, because hadronic sources that accelerate protons
only to ~1 PeV would generate gamma rays typically of
E, < E,. 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, E,/E, ~ 1, but the cross
section is suppressed. As the probability distribution of
E,/E, 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,
dedicated 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 pop-
ulation approach 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 examining if the source parameters, n&c
and 75, 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 drastically modified.

Our approach can be improved in a number of ways.
Besides the total source count, other observables can be
predicted by our population models. First, the flux distribu-
tions, dN /dF, differ for different combinations of n. and
7o¢, even if they predict the same source count. Our
calculations here can be regarded as only using the integral
of dN /dF above Fy;,,. In principle, the use of full distribution
can further constrain models. For example, our approach may
be allowing too much of the bottom-right region, where
sources are luminous and rare. Second, the latitude distribu-
tion 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. Quantitatively, if the distance

horizon for gamma-ray sources is ~31/n8e /cm™ 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°y/néc /cm™.

One difficulty in our approach is that we have to assume
a CR source rate to derive constraints in the n—r plane,
because we consider the number of sources. Such an
assumption 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 nf;c and I'cg. 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 consider source-to-source
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variations in an approximate manner. At the present level of
precision, this is reasonable, but ultimately 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 emis-
sion 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
accelerators of PeV hadronic CRs. And gamma-ray point
sources have been observed at energies into the PeV range.
However, no neutrino sources have been detected. As
illustrated in Fig. 1, these observations leave two extreme
possibilities for the mysterious hadronic PeVatrons:
(1) Hadronic CR sources do produce both gamma rays
and neutrinos, making them exciting multimessenger tar-
gets, but greater sensitivity is needed to detect the neu-
trinos, 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 observed 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 character-
izes sources in the plane of source gas density and CR
escape time (the n—r 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 multimessenger
sources. This requires models to be within the “100%”
band in the n—7 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, quantified in the “LHAASO (0% had-
ronic)” limit in Fig. 3 (left). In this case, the grammage
accumulated in the ISM would dominate. 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 nondetections 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 sensitivities are needed. Gen2 and
KM3NeT are promising for finally identifying the had-
ronic PeVatrons, as discovery can be expected for a wide
range of the parameter space (Fig. 6, left). Nondetections
by Gen2 and KM3NeT would constrain significant and
important parameter space, but even then, a substantial
discovery space for multimessenger source would remain.
To quantify that, the detection range of Gen2 for is only
~1.3y/nSe /em™ kpe (for Teg = 0.03 yr~!). 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 PeVatrons. Our hope is that it will be
improved through new observational 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. Ironically, while that
would confirm the existence of hadronic PeVatrons, it
would still not reveal where they are. Still, it would indicate
that the optimistic case in Fig. 1 is likely true, indicating a
bright future for multimessenger astronomy as cosmic-ray,
gamma-ray, and neutrino observatories gain in sensitivity.
In turn, that would imply excellent prospects not only for
resolving 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: POPULATION MODEL FOR
ALTERNATIVE SCENARIOS

In the main text, we focused on the case of impulsive CR
injections at a rate of [cg = 0.03 yr~! and assumed the size
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FIG. 10. Same as Fig. 3 (right panel), but for R, = 30 pc.
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FIG. 11. Same as Fig. 3 (right panel), but for the case of

continuous CR injection with N'cg = 10% and R, = 30 pc.

of the gamma-ray and neutrino emitting regions to
Ry = 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", 10% of the Galactic
SN rate.
(2) Figures 10 and 13 show scenarios where R, =
30 pc.
(3) Figures 11 and 14 show scenarios where the in-
jections of CRs are continuous. We use N cg = 107,
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as discussed in the main text, and we assume
Ry =30 pc. Also, we show a star to represent
the case of “star cluster” sources, as discussed in the
main text.
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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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