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Abstract

GeV and TeV emission from the forward shocks of supernova remnants (SNRs) indicates that they are capable
particle accelerators, making them promising sources of Galactic cosmic rays (CRs). However, it remains uncertain
whether this 7-ray emission arises primarily from the decay of neutral pions produced by very-high-energy
hadrons, or from inverse-Compton and/or bremsstrahlung emission from relativistic leptons. By applying a semi-
analytic approach to non-linear diffusive shock acceleration, and calculating the particle and photon spectra
produced in different environments, we parameterize the relative strength of hadronic and leptonic emission. We
show that even if CR acceleration is likely to occur in all SNRs, the observed photon spectra may primarily reflect
the environment surrounding the SNR: the emission is expected to look hadronic unless the ambient density is
particularly low (with proton number density <0.1 cm ) or the photon background is enhanced with respect to
average Galactic values (with radiation energy density u,,q > 10 eV cm ). We introduce a hadronicity parameter
to characterize how hadronic or leptonic we expect a source to look based on its environment, which can be used to
guide the interpretation of current y-ray observations and the detection of high-energy neutrinos from SNRs.

Unified Astronomy Thesaurus concepts: Cosmic ray astronomy (324); Galactic cosmic rays (567); Cosmic ray

sources (328); High-energy cosmic radiation (731); Supernova remnants (1667); Shocks (2086)

1. Introduction

The forward shocks of supernova remnants (SNRs) are
promising candidates for the primary sources of Galactic
cosmic rays (CRs) because they provide sufficient energetics
and an efficient acceleration mechanism, which is diffusive
shock acceleration (DSA; O’C. Drury et al. 1994; Hillas 2005;
Berezhko & Volk 2007; Caprioli et al. 2010a; Ptuskin et al.
2010). However, direct evidence of efficient hadron accelera-
tion by SNRs, particularly up to the so-called “CR knee” at
energies >10'° eV, remains limited (Blasi 2019).

The best observational evidence for hadron acceleration is
>100 MeV ~-ray emission from the decay of neutral pions ()
produced by interactions between CR ions and the ambient
medium (O’C. Drury et al. 1994), as well as high-energy
neutrinos from the decay of charged pions in the same reaction.
However, when leptons—primarily electrons—are accelerated,
they too can produce strong ~-ray signatures via inverse-
Compton (IC) and relativistic bremsstrahlung radiation
(Aharonian et al. 2006). Ideally, observational signatures
would identify which of the two scenarios dominates, but in
many cases the results are ambiguous.

One example of this ambiguity is RX J1713.7-3946, which
was identified as a source of high-energy v-ray emission when
it was detected in the TeV band by the HESS collaboration
(Aharonian et al. 2006). As demonstrated in Morlino et al.
(2009), both hadronic and leptonic scenarios can explain
observed HESS data. However, later data from Fermi-LAT
favored leptonic models, apparently indicating that RX
J1713.7-3946 and Vela Jr. are not efficient hadron accelerators
(Ellison et al. 2010; Zirakashvili & Aharonian 2010;
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Abdo et al. 2011; Lee et al. 2013). Meanwhile, Morlino &
Caprioli (2012) later identified Tycho’s SNR as a strong
candidate for hadronic 7-rays based on VERITAS and Fermi-
LAT data. In addition, the detection of the characteristic “pion
bump” in IC443 and W44 confirmed the hadronic nature of the
~-ray emission from these SNRs interacting with molecular
clouds (Ackermann et al. 2013). The recent measurement of the
nova RS Ophiuchi, which was characterized as solidly
hadronic, serves as an example of this ongoing exploration
(Acciari et al. 2022; Aharonian et al. 2022; Diesing et al. 2023).
These findings raise questions about whether hadronic emission
from SNRs is common enough for them to be the primary
accelerators of Galactic CRs.

Ideally, to assess the hadronic/leptonic nature of a source,
multi-wavelength measurements would be made for all ~-ray
bright SNRs in consideration, but this is time-consuming and
often inconclusive due to the limiting constraints on age and
distance.

In recent years, kinetic simulations of non-relativistic shocks
have shown that the acceleration of protons and heavier nuclei
is mostly controlled by the local inclination of the shock (i.e.,
the angle between the shock normal and the local magnetic
field), rather than by the shock strength, parameterized by its
sonic and Alfvénic Mach numbers (Caprioli & Spitkovsky
2014a, 2014b, 2014c; Caprioli et al. 2017, 2018; Haggerty &
Caprioli 2020). Conversely, the efficiency of electron accel-
eration in such shocks is not fully understood yet (for more on
this subject, see the works by Guo et al. 2014; Park et al. 2015;
Xu et al. 2020; Shalaby et al. 2022).

Since most SNRs are likely to have a variety of shock
inclinations (Pais & Pfrommer 2020; Winner et al. 2020), we
do not expect the acceleration efficiency to vary greatly in all of
the SNRs that exhibit strong shocks. Therefore, we propose
that environmental factors are essential determiners of the
dominant emission mechanism. That is, we consider how the
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age and the characteristics of the medium in which SNRs
expand (i.e., density profile and normalization, and energy
density of background radiation) impact their y-ray production,
and thus its inferred hadronic/leptonic nature.

The suggestion that environmental factors play dominant
roles in the emission signatures from SNRs has previously been
explored (e.g., Ellison et al. 2007; Yuan et al. 2012), but this
study expands upon these works by incorporating the state-of-
the-art DSA theory, which is also validated by kinetic
simulations. We apply a semi-analytic formalism for non-
linear DSA to calculate the particle and photon spectra at
various stages in the evolution of simulated SNRs. Particle
spectra are determined self-consistently from the instantaneous
shock properties, including the generation of magnetic
turbulence via CR-driven instabilities, which affects the particle
spectral slope (Caprioli et al. 2020) and the cooling of electrons
(Diesing & Caprioli 2019). Using these spectra, we parameterize
the relative strength of hadronic and leptonic emission to assess
when the former dominates over the latter.

Our analysis, which leverages the relative normalization and
spectral slopes of different kinds of ~-ray emission, provides
information about when and where SNRs are most likely to
exhibit a hadronic signature. We construct effective “lookup
tables” that may guide the interpretation of the spectra currently
available and of those that will be provided by the incoming
generation of «-ray and neutrino telescopes, such as LHAASO,
CTA, and Ice Cube, KM3NET, TRIDENT, and so on.

This paper is organized as follows: in Section 2, we discuss
the theoretical background of our computational model, along
with the analytical tools which we use to present our results;
and in Sections 3 and 4, we present and analyze our results,
with the goal of providing a tool for quick estimation of a
source’s capacity to produce hadronic emission.

2. Method

In general, the evolution of a SNR follows four principal
stages (e.g., Ostriker & McKee 1988; Bisnovatyi-Kogan &
Silich 1995; Diesing & Caprioli 2018): in the ejecta-dominated
stage, the ejected mass is much greater than the swept-up mass
and the SNR expands effectively unimpeded; in the Sedov
stage, the swept-up mass exceeds the ejected mass and the SNR
expands adiabatically; in the pressure-driven snowplow, the
SNR begins to lose energy to radiative cooling but continues to
expand because its internal pressure exceeds that of the ambient
background; finally, in the momentum-driven snowplow,
expansion is driven by the residual kinetic energy from the
explosion. For this work, only the ejecta-dominated and Sedov
stages are considered because most of the SNRs seem to fade
away in the radiative stage (e.g., Case & Bhattacharya 1998;
Bandiera & Petruk 2010).

Broadly speaking, we consider two types of environments
surrounding our model SNRs. In the first, we assume a
homogeneous interstellar medium (ISM) with a uniform matter
density. In the second, we model an environment that may exist
around a core-collapse supernova, in which the medium is
dominated by stellar winds driven by the supernova progenitor
and exhibits an inverse square matter density pro-
file (n < Ry>).

All simulated SNRs eject 1 M, of mass with E = 10" erg of
kinetic energy. For the homogeneous profiles, we assume an
ambient magnetic field strength of By =3 uG, and we test
ambient number density values spanning o€ [1072
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10'"7ecm™>. In the case of the wind profile, we represent the
number density as n(r) = no(r/pc)y2. Our choice of ng is
motivated by Weaver et al. (1977), who note that
p(r) o< M/(V,,r?), where M is the mass loss rate of the
progenitor and V,, is the speed of its stellar wind. Taking
M s5./V,e to vary around order unity, with M =
M_s55107M, yr~! and V,,=V,,c10°kms™', we obtain and
sample the following range of values: ng€[3.5x 1072,
7.5]cm >, Following Ptuskin & Zirakashvili (2005) and
Caprioli (2011), and references therein, we adopt an ambient
magnetic field strength profile that scales as the square root of
the number density, normalized as By = By(r/pc)”! ~
(141 /LG)n(}/ 2(r/pc)*l. Notice that with our current choice of
ng, our magnetic field normalization falls within the range
B, €[2.6 x 10", 3.9 x 10?] uG. Naively, these may appear to
be rather large, especially when compared to the homogeneous
profiles, but the adopted form is consistent with values
observed in radio SNe (see Chevalier 1998). For the results
of this paper, the downstream magnetic fields, which are
calculated using the semi-analytic formalism for non-linear
DSA that is described below, are more relevant. Indeed, we
find these downstream fields to be both consistent with
observed values and comparable in magnitude to the down-
stream fields of the homogeneous profiles.

We simulate CR acceleration using the semi-analytic
formalism for non-linear DSA (NLDSA) that was described
by Caprioli et al. (2009, 2010b), Caprioli (2012), and Diesing
& Caprioli (2019), and references therein (Malkov 1997;
Malkov et al. 2000; Blasi 2002, 2004; Amato &
Blasi 2005, 2006). This model self-consistently solves the
diffusion-advection equation for the transport of nonthermal
particles in a quasi-parallel and non-relativistic shock, includ-
ing the dynamical backreaction of accelerated particles and of
CR-generated magnetic turbulence. Magnetic field amplifica-
tion due to CR-driven streaming instabilities is taken into
account as described in Diesing & Caprioli (2021). More
precisely, fast shocks are dominated by the non-resonant (Bell)
instability, while later in the Sedov stage the resonant
instability becomes important (e.g., Bell 2004; Amato &
Blasi 2009).

This formalism calculates the instantaneous proton spectrum
at each timestep of the SNR’s evolution. The minimum
(injection) momentum occurs at py. = &Py, Where py is
the downstream thermal momentum, given by p, =
vy — 1/(v + D)mvg, =~ 0.77Tmvy, for y=15/3, where vy,
is the shock speed, and the value &,j > 3-3.5 is chosen based
on the simulations of Caprioli & Spitkovsky (2014a) and
Caprioli et al. (2015). The maximum momentum is set by the
finite size of the accelerator, namely the diffusion length at p,,,
becomes comparable to a given fraction of the shock radius,
~0.1Ry,. The diffusion coefficient is calculated assuming
Bohm diffusion, i.e., with the mean free path for pitch-angle
scattering equal to the particle gyroradius in the amplified
magnetic field (Reville & Bell 2013; Caprioli &
Spitkovsky 2014b). This scaling, which is identical to
assuming that acceleration is time-limited (Lagage &
Cesarsky 1983; Blasi et al. 2007), reads p,,,, &~/ BaVsh Ren , with
By the downstream magnetic field. The actual value of p, ;.
controls the acceleration efficiency (e.g., Caprioli 2012), and
we tune it to match kinetic simulations (Caprioli &
Spitkovsky 2014a), while the value of p,, determines the
highest-energy hadronic photon that can be produced and can
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be inferred from the spectra presented here (see Diesing 2023
for more details).

As in Diesing & Caprioli (2019), we calculate the
instantaneous electron spectra using the analytical approx-
imation provided in Zirakashvili & Aharonian (2007),

L) = Kep fy (D)1 + 0.523(p/ Py /4 P &7 Pimas (1)

with K, the normalization of the electron spectrum relative to
that of protons and p, .. the maximum electron momentum
determined by equating the acceleration and synchrotron loss
timescales (Zirakashvili & Aharonian 2007; Blasi 2010). For
Bohm diffusion and typical shock compression of ~4, this

reads:
1/2
) . 2)

Unless explicitly stated otherwise, we adopt the reference value
of Kep=1.6 x 1073, which corresponds to the value deter-
mined for Tycho’s SNR in Morlino & Caprioli (2012), and
discuss how the results change when varying this parameter
over the range of K., = 107*-1072, which also encompasses
the range of values inferred in other SNRs (Berezhko &
Volk 2004, 2006; Berezhko et al. 2006; Lee et al. 2013). The
instantaneous proton and electron spectra are then weighted to
account for adiabatic and—in the case of electrons—synchro-
tron losses, before being summed to produce a cumulative
spectrum (see Caprioli et al. 2010a; Diesing & Caprioli 2019,
for more details).

To generate the spectrum of nonthermal radiation from a
modeled SNR, we use the Naima Python package
(Zabalza 2015), which, given arbitrary proton and electron
momentum distributions, calculates the emission due to IC
(Khangulyan et al. 2014), synchrotron (Aharonian et al. 2010),
nonthermal bremsstrahlung assuming a fully ionized medium
(Baring et al. 1999), and pion decay (Kafexhiu et al. 2014). In
this work, we do not consider propagation in partly ionized
media, which is considerably more complicated because of the
potential role of ionization and charge exchange (see, e.g.,
Blasi et al. 2012; Morlino et al. 2013, and references therein).
This prescription effectively maximizes nonthermal brems-
strahlung emission, but this does not affect our results since the
process is typically subdominant.

We consider different background radiation fields, which are
meant to mimic different astrophysical environments, on top of
the ubiquitous cosmic microwave background (CMB) radia-
tion, with a temperature of 7=2.72 K and an energy density
Ua = 0.261 eV em . An effective “maximal” radiation field
would correspond to that of a HII environment, as described in
Section 12.7 of Draine (2011), with an energy density of
Uraa ~4 % 10° eV em 3. To span the range of photon energy
densities between these two extremes, we also consider an
environment consisting of the CMB field and starlight peaking
in the mid-infrared with a temperature of 7= 100 K. We treat
the energy density of this stellar radiation field as a free
parameter. All spectra are calculated assuming a fixed source
distance of 3 kpc, so that only their relative comparisons are
important for the purposes of this study.

To interpret the dominant form of emission, we introduce a
parameter H, which we name the hadronicity of the emitted

pe,max

~238 TeV( Vsh ) B
3000 km s ' /| 100 .G
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radiation. This parameter is defined as:

H = 2 arctan log, Lt 3)
™ L]ep

where Lpaq/1ep 18 the hadronic/leptonic luminosity integrated
over a given energy band. While H can be retained as a
function of energy, we focus on the GeV band, which is
defined as 100 MeV-100 GeV, and the TeV band, which is
defined as 100GeV-1PeV. These bands broadly reflect the
regimes of energy spanned by GeV and TeV observatories (i.e.,
Fermi and Cherenkov telescopes). Using this definition, a value
of 0.75<H< 1.is considered extremely hadronic, while
0. <H<0.5 corresponds to mildly hadronic. Conversely,
similar absolute values of H but with negative sign would
correspond to extremely and mildly leptonic cases. The
hadronicity parameter H may be interpreted as the likelihood
that the y-ray emission of SNR with given characteristics (age,
density, magnetic field, photon background) is of hadronic
origin.

For practical purposes, H is meant to provide an informed
guess about the hadronic/leptonic nature of the GeV or TeV
emission from a given SNR without the need to perform a
detailed time-dependent and multi-zone calculation of particle
acceleration, and its ensuing multi-wavelength emission.

3. Results

The ion and electron spectra produced by a sample of SNRs
expanding in different density profiles are shown in Figure 1.
These spectra are the cumulative post-shock distributions
calculated when the SNR transitions from the ejecta-dominated
to the Sedov stage. This time, denoted Tgr, is evaluated to be
the moment that the accumulated mass from the surrounding
medium exceeds the originally ejected mass. Across the
parameter space for both profiles, the particle spectra do not
change dramatically, but it should be noted that p, ., and p, ..
vary slowly, resulting in changes in the high-energy cutoffs.

It is worth stressing that these spectra are steeper than the
standard DSA prediction, dN/dE E~2, due to the shock
modification induced by nonthermal particles and by the
amplified magnetic they generate. In particular, we include the
effects of the postcursor, i.e., the region immediately down-
stream of the shock where there is net drift of magnetic
fluctuations and CRs with respect to the thermal plasma. These
effects, which were seen for the first time in kinetic simulations
(Caprioli et al. 2020; Haggerty & Caprioli 2020), lead to an
enhanced shock compression and a steepening of the CR
spectrum, both in excellent agreement with observations—see
Diesing & Caprioli 2021 for a discussion on SNR spectra and
Giuffrida et al. (2022) for the specific case of SN1006. This
steepening of the particle spectra is most relevant to the results
of our study because this will impact the behavior of the
resulting photon spectra. In addition, electron spectra are
cooled by IC and synchrotron losses, as pointed out by Diesing
& Caprioli (2019) and discussed by Cristofari et al. (2021),
Morlino & Celli (2021). Since the maximum electron energy is
controlled by synchrotron losses, it is strongly dependent on
the amplified magnetic field, which also correlates with the
local density.

In Figure 2, we present a wide sample of modeled v-ray
spectra from SNRs in different environments, spanning the full
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Figure 1. Cumulative proton spectra (solid lines) and electron spectra (dashed lines) at the transition between the ejecta-dominated and Sedov-Taylor stages of a
modeled SNR in a sample of environments. Line colors denote the density normalization used in each model. In the left-hand panel, the ambient medium is taken to be
homogeneous; in the right-hand panel, it follows a wind profile. The electron/proton normalization is fixed to K, = 1.6 x 1072, as discussed in the text.
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Figure 2. Cumulative hadronic v-ray spectra (blue lines) and leptonic -ray spectra (red lines) at the transition between the ejecta-dominated and Sedov—Taylor stages
of a modeled SNR in a sample of environments. Each panel represents a different ambient medium, with n, denoting the matter density normalization and u.,q
denoting the radiation energy density. As in Figure 1, we consider both homogeneous and wind profiles for the ambient density. Vertical-black dashed lines mark
100 GeV, the dividing energy between our GeV and TeV bands. The top (bottom) panels represent hadronic (leptonic) cases with the extremity of the scenario (i.e.,
the absolute value of the hadronicity, H) increasing from left-hand to right-hand. Note that the nature of the underlying particle acceleration remains the same across
panels. The strong variation in 7-ray emission shown here arises solely from environmental factors.

range of hadronicity. These spectra are calculated at the
beginning of the Sedov stage. Across the parameter space,
variation in hadronicity is exacerbated by the fact that an
increase in the hadronic v-ray luminosity typically accom-
panies a decrease in the leptonic luminosity, and vice-versa.
Namely, the luminosity due to my-decay scales the ambient
density, while IC emission tends to be inhibited in denser
environments, where electrons tend to suffer strong synchro-
tron losses. Note also that relativistic bremsstrahlung is nearly

always subdominant with respect to IC, except in cases of
extreme hadronicity.

Figure 3, instead, depicts the time evolution of the GeV and
TeV luminosities for a homogeneous profile and a wind profile. In
particular, for the homogeneous scenario, in the late-Sedov stage
the leptonic luminosity tends to grow faster than the hadronic
luminosity, which is a consequence of the shifting of the electron
cutoff to higher energies when the amplified magnetic field
decreases and synchrotron losses become less severe. As a
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Figure 3. Time evolution of hadronic and leptonic luminosities for a
moderately hadronic homogeneous profile scenario (left-hand) and a
moderately leptonic wind profile scenario (right-hand). The environmental
parameters are the same as those used in the middle column of Figure 2. The
top (bottom) row corresponds to luminosities calculated in the GeV (TeV)
band. The vertical-black dashed lines denote the onset of the Sedov-Taylor
phase.

consequence, over time, there is a general trend for the spectra to
become more leptonic. In the case of a wind profile, the leptonic
emission monotonically increases against a monotonically
decreasing hadronic curve, which results in a definitive progres-
sion toward a leptonically dominated scenario. Note that the two
resulting plots are generally representative of the behavior of the
time evolution of the uniform and wind profiles across their
parameter spaces. The only variation comes from the relative
values of the hadronic and leptonic curves as the environmental
parameters are modified.

To summarize the effect of the environment on an SNR’s
~-ray emission, Figure 4 shows hadronicity as a function of
ambient matter density and background radiation energ
density. At number densities less than order ~0.1-1 cm™~,
where IC scattering tends to dominate leptonic emission,
hadronicity increases linearly with increasing matter density
and with decreasing energy density. Once the scenario becomes
moderately or extremely hadronic, 7° decay and relativistic
bremsstrahlung become more dominant processes, such that the
energy density dependence weakens and the hadronicity
increases more purely with number density. It is also worth
noting that hadronicities—both hadronic and leptonic—tend to
be more extreme in the TeV band, largely due to the fact that
TeV energies often sample the IC cutoff.

We summarize the effect of SNR evolution on hadronicity in
Figure 5, which shows hadronicity as a function of SNR age.
As stated previously, SNRs generally become more leptonic
with time. Here we can see that this effect is more pronounced
in wind profiles, where the ambient density decreases with
radius. Homogeneous profiles also exhibit a modest decrease in
hadronicity with time in the TeV band, due to the increasing IC
cutoff energy. However, in this case we never find situations in
which a source transitions from being dominantly hadronic to
leptonic.

4. Discussion

Our analysis demonstrates that the apparent hadronicity of an
SNR depends strongly on its age and the environment into which
it expands. Notably, the best SNR candidates for strong hadronic
emission are young and expanding into environments with high
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matter densities and/or low radiation energy densities. This
conclusion derives from the fact that emission from 7° decay
scales with matter density, while IC emission scales with radiation
energy density. Many of the candidates for hadronic SNRs
identified in Caprioli (2011) and Acero et al. (2015) are indeed
young and/or associated with molecular clouds. Likewise, Funk
(2015) collected the spectra of several bright y-ray sources, and
those that are identified as likely hadronic are either young or exist
in high density environments.

When considering GeV and TeV-band spectra, one notable
pattern, as mentioned earlier, is that the TeV emission tends to
exhibit more extreme hadronicity, meaning that dominantly
hadronic cases become even more hadronic. This behavior may
run counter to expectations because at TeV energies the
hadronic spectrum is steeper than the leptonic one. However,
when measuring hadronicity over a fixed energy band, the
dominance of one process over another depends in large part on
the position of the high-energy cutoff. In the case of IC
emission, this depends on the electron cutoff, which is
mediated by synchrotron losses.

Note that the ~-ray cutoff of a leptonic-dominated SNR is
not representative of the maximum energy of the accelerated
hadrons, which raises the question of whether y-ray emission at
energies 10 TeV can be used to identify SNR PeVatrons,
(i.e., as in, e.g., Cao et al. 2021; Acero et al. 2023; MAGIC
Collaboration et al. 2023). Yet, since PeVatrons must have very
large magnetic fields, our model suggests that their TeV
emission should generally be hadronic, and thus a good probe
of their ability to accelerate Galactic CRs up to the knee.

4.1. Dependence on K.,

Here, we examine the effect of changing the normalization
of the electron spectrum relative to the ions spectrum, K.
Figure 6 shows the hadronicity of a SNR embedded in
environments of varying density as a function of K.
Increasing K., makes the SNR look more leptonic, with a
scaling that can be calculated directly via Equation (3) with
respect to the cases considered here.

However, a simple rescaling would not work if K, exhibited a
strong dependence on the SNR evolution (see Figure 5) and/or
environment. For instance, particle-in-cell (PIC) simulations (e.g.,
Amano & Hoshino 2010; Riquelme & Spitkovsky 2011; Shalaby
et al. 2022) hint that electron acceleration may be enhanced when
the shock Alfvénic Mach number drops below +/m;/m, / 2 ~ 21.
However, that being said, this should only affect the emission of
SNRs in the late-Sedov/radiative stage, especially if the
dynamical role of CRs were taken into account (Diesing &
Caprioli 2018). Mainly because PIC simulations of non-relativistic
shocks are computationally very challenging, it has only been
possible to calculate K., self-consistently in a few cases (e.g., Park
et al. 2015; Xu et al. 2020; Shalaby et al. 2022). A theory of how
K., depends on the shock parameters is currently missing.

The best characterization of the acceptable values of K., are
therefore phenomenological. The analysis of individual SNRs
(e.g., Berezhko & Volk 2004; Volk et al. 2005; Vladimirov
et al. 2006; Morlino & Caprioli 2012; Slane et al. 2014) and of
the radio emission from a complete sample of SNRs in nearby
galaxies (Sarbadhicary et al. 2017) suggests values of
Kep~ 107* to 1072, These values are consistent with those
extrapolated from PIC simulations (Park et al. 2015; Xu et al.
2020; Shalaby et al. 2022) and are emphasized in Figure 6.
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Figure 4. Hadronicity as a function of matter (ny) and background radiation energy density (u,.q). The model results are presented as data points, while the contours in
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homogeneous (wind) density profiles. Broadly speaking, hadronic emission dominates in environments with high ambient density and low radiation energy density.
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Figure 5. Hadronicity as a function of SNR age and ambient density (n,). The model results are presented as data points, while the contours in the background are
generated by 2D interpolation. The left-hand (right-hand) columns correspond to the GeV (TeV) bands, while the top (bottom) rows correspond to homogeneous
(wind) density profiles. The black lines represent the Sedov—Taylor times for each density profile. In general, young SNRs tend to be the most hadronic. In all cases,
the radiation field (CMB and moderate stellar background) has energy density i,,q = 10.3 eV cm .

4.2. Dependence on the Environment

We can summarize the role of the SNR environment on its
~-ray emission in terms of a simple scaling relation for
hadronicity, assuming that IC dominates the Ileptonic
emission. Assuming power-law particle spectra of the form

dN,/dE = K,E~7 and dN,/dE = K.E~9, we construct expres-
sions for the emissivities of the two radiative processes motivated
by the derivations in Longair (2011) and Ghisellini (2013):
€y o(E) o nK,E™4, €, (E) o g K. E~@ /2 These scalings
are only valid at energies below the high-energy cutoff for each
species. We expect these approximations to break down in the
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total radiation field is fixed as uy,q = 10.3 eV cm ™, as was done in Figure 5.
Exterior regions with hatch marks bound the region K, ~ 10~* to 1072, which
broadly reflects the observed range of values.

TeV band when electron synchrotron losses are important
(Diesing & Caprioli 2019). Posing K., = K./K,, the ratio of
these two expressions scales as,

[0 n

o —— 0)

/2’
Eyic KepufadE(q+ )/

Using the results of our hadronicity calculations in a
homogeneous medium to estimate the normalization of this
expression, we obtain,

0 :44(103)( n )(e\/cmj(GeV)q;l. )
e Ko, J\em™3 Urad E

This formula is in good agreement with the top left-hand
panel of Figure 4. The story is somewhat more complicated for
expansion in a wind profile, for which this simple single-zone
model is not necessarily a good approximation. In addition, this
may underestimate the hadronicity in the TeV band, where
radiative losses may suppress the electron spectrum. Even-
tually, we argue that in the absence of detailed information
about a SNR expansion history, this expression still holds as a
rough estimate of the hadronicity.

Generally speaking, the trends that we have identified are
consistent across both homogeneous and wind profiles. The
most notable difference is that in a decreasing density profile,
SNRs may exhibit more leptonic emissions as they age.
Physically speaking, any wind profile should terminate at some
finite distance (Weaver et al. 1977; Ptuskin & Zirakashvili
2005), beyond which the emission should be similar to that of a
SNR expanding in the homogeneous ISM (Caprioli 2011).
Furthermore, beyond a power-law scaling with radius, none of
our profiles include inhomogeneities (i.e., clumps, molecular
clouds, or ISM-scale gradients), which would certainly be
present in realistic scenarios. Since the matter density of clouds
would be greater than their ambient surroundings, our results
suggest that that they would increase the hadronicity of an
observed source. Therefore, Equation (5) also likely represents
a lower limit on the actual hadronicity in this case.

5. Conclusion

In summary, we modeled time-dependent and multi-zone
CR acceleration in an evolving SNR using a semi-analytical
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implementation of non-linear DSA. Our goal was to under-
stand the factors that influence whether a SNR emission is
dominated by hadronic or leptonic processes. For a fixed
supernova explosion, the dominance of hadronic or leptonic
emission is likely to be governed by environmental factors,
rather than by the underlying nature of particle acceleration,
in the sense that —for typical ISM parameters— the same
accelerator would look more/less hadronic depending on its
environment.

Furthermore, we find that SNRs may appear more leptonic as
they age—particularly in the TeV band—due to decreases in
the amplified magnetic field, and thus increases in the
synchrotron-limited maximum electron energy. This transition
is even more pronounced in SNRs expanding into media with
decreasing density, such as pre-SN stellar winds. This is true
before the shock hits the ISM “wall” (Weaver et al. 1977) and
in the absence of local density enhancements, such as
molecular regions, which would naturally boost the hadronic
signal. Thus, our findings suggest that the best candidates
bearing signatures of hadron acceleration are young core-
collapse SNRs, as well as SNRs interacting with molecular
clouds.

More quantitatively, SNRs expanding into media with
[n/ (em™)] /[traa/ €V cm )] > 2 are likely to exhibit hadronic
signatures, even in the case of very efficient electron
acceleration (Kgp S 107%). These findings may guide the
interpretation of data from very-high-energy ~-ray observa-
tories such as HESS, MAGIC, VERITAS, LHAASO, and, in
the near future, CTA. To inform these observations, we have
introduced the hadronicity parameter, H, which can help direct
them toward sources that are more likely to be hadronic. It
should be noted, however, that observations of a source in both
the GeV and TeV bands provide the most compelling case for
whether the source is hadronic or leptonic: since particle
spectra are expected to be «cE~ or steeper, any GeV-to-TeV
spectrum steeper than E~2 is a strong indication of hadronic
emission (e.g., Caprioli 2011).

Finally, we propose that the hadronicity H (Equation (3)) and
the scaling in Equation (5) can be used as indicators of the
probability that a SNR may be a source of high-energy
neutrinos in the TeV band. The sensitivity of current neutrino
telescopes (i.e., Ice Cube and Antares) is not likely to be high
enough to detect individual SNR sources, but may be sufficient
to conduct a stacked analysis of candidate sources, and
hadronicity may represent an effective sorting parameter. The
next generation of very-high-energy neutrino observatories
(e.g., KM3NET, IceCube-Gen2, TRIDENT, and P-One) have
the potential to fully unravel the nature of SNRs as hadron
accelerators and, in turn, as the sources of Galactic CRs.
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