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SNRs are likely to be significant sources of Galactic cosmic rays up to the knee. They pro-
duce gamma rays in the very-high-energy (𝐸 > 100 GeV) range mainly via two mechanisms:
hadronic interactions of accelerated protons with the interstellar medium and leptonic interactions
of accelerated electrons with soft photons. Observations with current instruments have lead to the
detection of about a dozen SNRs in VHE gamma rays and future instruments will help significantly
increase this number. Yet, the details of particle acceleration at SNRs, and of the mechanisms pro-
ducing VHE gamma-ray at SNRs remain poorly understood: What is the spectrum of accelerated
particles? What is the efficiency of particle acceleration? Is the gamma-ray emission dominated
by hadronic or leptonic origin?

To address these questions, we simulate the population of SNRs in the gamma-ray domain, and
confront it to the current population of TeV SNRs. This method allows us to investigate several
crucial aspects of particle acceleration at SNRs, such as the level of magnetic field around SNR
shocks or scanning the parameter space of the accelerated particles (spectral index, electron to
proton ratio and the acceleration efficiency of the shock) with the possibility to constrain some of
the parameters.
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1. Introduction

Cosmic rays (CRs) were discovered thanks to the pioneer work of Domenico Pacini and Victor
Hess in the 1910s and have been extensively studied ever since[1]. Remarkably, a fundamental
question of CR physics remains unanswered: where are they produced? The standard paradigm
for the origin of Galactic CRs is that supernova remnants (SNRs) accelerate the bulk of CRs, via
the first-order Fermi mechanism called Diffusive shock acceleration (DSA)[2]. DSA can efficiently
energize ions (mostly protons), as well as electrons. Subsequently, the accelerated protons and
electrons can interact with the interstellar medium (ISM) to produce gamma rays in the very-high-
energy domain, mainly through two mechanisms: 1) the production/decay of neutral pions, in
the collision of accelerated protons with hadrons of the ISM (hadronic mechanism), and 2) the
inverse Compton scattering of accelerated electrons on soft photons (CMB, IR, optical) (leptonic
mechanism). In most cases, it is very difficult to differentiate between a leptonic and a hadronic
origin of the gamma-ray emission. The study of the population of SNRs in the VHE gamma-ray
domain can help us understand particle acceleration, and discriminate between the two mechanisms.

In this work we investigate the properties of the population of VHE SNRs in the Milky Way. For
this purpose we simulate populations of Galactic SNRs using a Monte Carlo method. We simulate
the explosion times and positions of the supernovae and calculate the gamma-ray emission from
the SNRs at the current time. We confront the simulations with measurements from the H.E.S.S.
Galactic Plane Survey (HGPS) [3] by identifying the detectable sources in the simulations based on
the longitude, latitude, and angular-extension dependent HGPS sensitivity and comparing it with
the detected sample of SNRs in the HGPS. The inclusion of the complex dependencies of the HGPS
sensitivity is crucial for drawing conclusions on the SNR population based on this data comparison.
Due to the large number of 47 unidentified sources in the HGPS the SNRs that are identified as such
in the HGPS (8) are treated as a lower limit. Assuming that for at least some of the unidentified
HGPS sources with SNR associations, their true nature is a SNR, we use the sum of actual SNRs
and of HGPS sources associated (by position) with a known SNR (8 + 20) as the upper limit.

2. SNR population model

The SNR population model is constructed from three basic ingredients: the physics of the
SNR, the spatial source distribution, and the matter distribution. In this work we explore these
ingredients to probe the properties of the Galactic population of SNRs.

The SNR evolution follows the work presented in [4] and [5]. The dynamical evolution of the
shock (radius and velocity as function of time) is computed following the approach of [6],[7],[8]
and [9], taking into account the density of the interstellar matter [10] at their positions. The
magnetic field amplification, due to non resonant streaming is taken into account. We work under
the assumption that a fraction b𝐶𝑅 of the ram pressure is converted at the shock into CR protons; and
that a fraction Kep of b𝐶𝑅 is converted into accelerated electrons. The gamma-ray emission from
the SNR is then calculated from the spectrum of protons and electrons, assuming an electron-proton
ratio and a spectral index. In our approach, we are thus left with four main parameters accounting for
particle acceleration: 1) the spectral index of the accelerated particles (𝛼), 2) the ratio of electrons to
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protons (Kep), 3) the acceleration efficiency ([) of the shock, and 4) the magnetic field amplification
in the shock.

The SNR ages are drawn assuming a uniform distribution and assume a total supernova explosion
rate of three per century. We use a Monte Carlo approach and distribute the SNRs in the Milky Way
according to either a four-arm spiral model based on the interstellar medium [11] (referred to as
Steiman, an example simulation is shown in Figure 1), a four-arm spiral model used to model pulsar
positions [12] (referred to as CAFG), a four-arm spiral arm model based on data from young massive
stars with maser parallaxes [13] (referred to as Reid), or an azimuthally symmetric model with no
spiral arms based on SNR data [14] (referred to as Green). In this work we use a galactocentric
coordinate system with the sun located at x = 0, y = 8.5 kpc, z = 0. The Steiman and Green models
are both implemented following the work by [15]. In order to account for the variety of SNRs, four
SNR types are simulated, the relative rates and properties of each SNR type are summarized in
Table 1 [16],[4],[17]. We consider that SNRs are efficiently accelerating particles up the to end of
the Sedov Taylor phase (typically of the order of 20 kyrs).

Type Ia IIP Ib/c IIb
Rel. rate 0.32 0.44 0.22 0.02

𝜖51 1 1 1 3
M𝑒 𝑗,⊙ 1.4 14 2 1
¤M−5 - 1 1 10

Table 1: The four SNR types used in the simulations, with their properties and relative rates. 𝜖51 is the ejecta
energy in 1051 erg. 𝑀𝑒 𝑗,⊙ is the mass of ejecta in solar masses. The mass of ejecta is fixed for types Ia and
IIb but normally distributed around around the mean displayed for IIP and Ib/c. ¤M−5 is the wind mass loss
rate in 𝑀⊙/yr.

3. Confronting our simulated populations to available data

We simulate 100 populations for each set of population properties. The positions of the sources
are different for each of the 100 populations in a property set, however, if the source distribution
property remains the same and other properties change those same 100 position sets are used. This
allows us to closely examine how each of the properties affects the population.

With the gamma-ray flux, size, and position we are able to determine whether each SNR would
have been detected in the HGPS. To account for the selection bias in the H.E.S.S. catalog we follow
the work in [15] and in particular account for the fact that the HGPS sensitivity varies with position
and source extent. In Figure 1 the HGPS detectability range for point like sources with a luminosity
of 5× 1033 photons s−1 is displayed, demonstrating the large variations in sensitivity as function of
Galactic longitude.

To test the different population properties we compare the integrated flux above 1 TeV of the
simulated SNRs to that of the sources in the HGPS. Because many of the HGPS sources are
unidentified and at least some of those should be SNRs we create a lower and upper limit for the
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Figure 1: Plot showing a single population of simulated SNRs. The gray shaded region is the HGPS
detectability range for point like sources with a luminosity of 5 × 1033 photons s−1. The orange pluses are
the simulated sources which are detectable and the blue dots are simulated SNRs which are not detectable.
The location of our Sun is shown by a green cross.

comparison based on the number of identified SNRs (lower limit) and the number of identified or
associated SNRs (upper limit).

4. Results

Our simulations are confronted to the HGPS (figure 2). The cumulative distribution of the
integrated flux of the sources (both simulated and H.E.S.S.). The spectral index is changed for each
set of simulated populations and a decrease in spectral index increases the number of detectable
sources in the population. Demonstrated in Figure 2 (right) is that the total number of SNRs is
unchanged.

A variation of the spatial model is shown in Figure 3, clearly demonstrating that our results are
not significantly impacted by changing from the Steiman to the Green distribution. In Figure 4 we
investigate the impact of the magnetic field amplification by considering two different methods:
an estimation based on X-ray observations with the Hillas criterion [18] and combining Bell
amplification (<∼ 10 kyr) [19] with resonant streaming [20] (10 kyr - 20 kyr).
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Figure 2: Cumulative distribution of the integrated flux above 1 TeV of the detectable simulated SNRs (left)
and all simulated SNRs (right) averaged over the 100 populations with 1 standard deviation shown. The
H.E.S.S. SNRs fluxes are shown in the thick blue line and the thick orange line shows the flux distribution
for all the H.E.S.S. sources that could be SNRs i.e. not identified as something else. The thick green line
shows the H.E.S.S. sources that have an association with a SNR, a more realistic upper limit. The hatched
region shows the ideal area for the simulated SNRs to be in. The adjustable property of these populations is
the spectral index of the accelerated particles, which is varied from 4 to 4.4. The other properties are kept
constant: Kep = 10−4, [ = 6%, X-ray estimation is used for the magnetic field amplification, and the spatial
distribution follows the Steiman model.

Improvements in the processing speed of the simulations allow us to not only investigate the
effect of varying a single property at a time, but also to explore the parameter space of 𝛼, Kep and
[ systematically. For the comparison with data, we use the percentage of the populations having a
total number of detectable SNRs in the range between the number of H.E.S.S.-detected SNRs (the
lower limit) and the H.E.S.S. sources associated with SNRs (the upper limit) as figure of merit.
This range defined by the H.E.S.S. measurements is displayed as hatched region in Figures 2-4.
The typical ranges explored are: 𝛼 from 4 to 4.4, Kep from 10−2 to 10−5 and [ from 1% to 10%.

The results of the parameter exploration are shown in Figure 5. We observe clear correlations
between parameters: and increase in the cosmic-ray efficiency is compensated by a decrease in the
electron-proton ratio, or an increase in the spectral index. These intertwining make it arduous to
identify a preferred region of the parameter space, but it is still possible to exclude some part of the
parameter space. The population is better explained by more hadronic sources and we can rule out
populations with an electron to proton ratio of > 10−3. The population is also better described by a
steeper spectral index and rules out populations with 𝛼 = 4. The SNR population is best described
by particles with a spectral index between 4.1 and 4.4 and an electron to proton ratio between 10−3

and 10−5.

5. Conclusion

We present here a novel realistic comparison of models of the Galactic SNR population in
the VHE range with the available TeV data, taking into account the multi-dimensional exposure of
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Figure 3: Cumulative distribution of integrated flux of detectable simulated SNRs, the same as in Figure
2 (left). The adjustable properties of these populations is the spatial distribution of the simulated SNRs.
The constant properties are: 𝛼 = 4.3, Kep = 10−4, [ = 6% and X-ray estimation for the magnetic field
amplification method.

the HGPS. We especially report on an extensive exploration of the parameter space including the
usual parameters describing particle acceleration at SNRs : the electron-proton ratio, the spectral
index, the CR acceleration efficiency, the estimation of the magnetic field amplification. While
correlations prevent the identification of an optimal combination of the evaluated parameters, the
H.E.S.S. data have the potential to constrain parameter ranges for the chosen setup of simulations.
Thus we find e.g. a tendency for lower electron-proton ratios, with values larger than 10−3 basically
excluded and for steeper spectral indices. Finally, the observed degeneracy could be alleviate by
any additional constraint on one of the discussed parameters, that could help substantially narrow
the allowed parameter space.
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Figure 5: Scan of the parameter space of the SNR model: shown is the percentage of populations that have
at least as many detectable simulated SNRs as firmly detected H.E.S.S. SNRs and no more than the H.E.S.S.
sources with associated SNRs for parameter combinations of the electron-proton ratio, the spectral index, and
the acceleration efficiency. The electron-proton ratio is shown as logarithm. The Steiman spatial distribution
and the magnetic field amplification estimation based on X-ray observations are used for all populations.
Bright colours indicate a good agreement with data, for dark colours the parameter combination is in conflict
with HGPS observations.
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