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Cosmic rays (CRs) accelerated at the forward shocks of supernova remnants (SNRs) likely con-
stitute the majority of the Galactic CR population. They also play a vital role in regulating the
hydrodynamical evolution of their accelerators. For example, efficient CR acceleration at shocks
leads to enhanced compression, which in turn alters the distribution of CRs released into the
Galaxy. Galactic CRs can also extend the lives of SNRs, serving as a non-thermal pressure
reservoir that supports expansion after the onset of the so-called “radiative phase," when thermal
gas pressure is lost to atomic transitions. In this proceeding, we explore the dynamical role of CRs
in regulating SNR evolution, and introduce observational evidence for CRs modifying the hydro-
dynamics of their accelerators. In particular, by coupling magnetohydrodynamic simulations of
SNR evolution with a self-consistent model of CR acceleration at shocks, the presence of both
CRs and magnetic fields (which are themselves amplified by CRs) can drastically alter the both
the radio and y-ray appearance of a radiative SNR. Proper accounting for the dynamical effects of
both CRs and magnetic fields is essential to producing simulated SNRs that are consistent with

multi-wavelength observations.
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1. Introduction

In the standard picture, supernova remnants (SNRs) are the primary source of cosmic rays (CRs)
in our Galaxy [e.g., 6, 20], efficiently accelerating particles via diffusive shock acceleration [DSA,
e.g.,3,5,8, 16, 23]. This particle acceleration gives rise to nonthermal emission that extends from
radio to y-rays and has been observed extensively [e.g., 1, 25, 29]. Supernova remnants (SNRs) also
play a critical role in galaxy formation and evolution by injecting energy and momentum into the
interstellar medium (ISM). This injection can drive large-scale winds which quench star formation
and enrich the intergalactic medium with metals [e.g., 19]. To model these effects, galaxy formation
simulations rely on subgrid prescriptions for SNR “feedback” [see 11] for a recent review].

In order to properly tune these feedback prescriptions, SNR evolution has been studied in a
variety of environments [e.g., 21]. While the precise nature of SNR evolution has been shown
to depend on the properties of the ambient interstellar medium (ISM), the life of an SNR can be
broadly separated into three main phases: I) a free-expansion, or “ejecta-dominated" phase [e.g.,
31], which persists until the swept-up mass becomes comparable to the ejecta mass; II) an adiabatic,
or “Sedov-Taylor" phase [28, 30], which continues until the shock slows such that the postshock
temperature drops below ~ 10° K and cooling becomes efficient; and III) a “radiative" phase, in
which thermal gas loses its energy via atomic transitions and expansion continues first due to the
SNR’s internal pressure and then due to momentum conservation [e.g., 4, 10, 15].

One of the key predictions of this evolutionary picture is the formation, at the onset of the
radiative phase, of a dense shell behind the shock, resulting from the drop in thermal pressure
support. [e.g., 7, 26]. This shell formation occurs after roughly 1 — 5 x 10* yr [for typical ISM
densities, e.g., 21] and, in the standard hydrodynamical picture, leads to density enhancement
factors approaching ~ 10? relative to the ambient medium, depending on the shock Mach number
[see, e.g., 13, 21, for some useful estimates]. However, a definitive detection of such a shell is still
missing. Searches have been conducted using neutral hydrogen emission, but only partial shells
have been reported in the literature [see, e.g., 22].

In short, observations point toward a picture in which shell formation is inhibited. As hy-
drodynamic instabilities appear insufficient to destroy radiative shells on ~ 103 yr timescales [17],
we instead look to nonthermal pressure contributions: CRs and magnetic fields. CRs, which can
represent as much as ~ 10 — 20% of the SNR bulk kinetic energy [9], are known to impact SNR
evolution during the radiative stage [12]. Namely, as their energy is not radiated away at late times,
they represent a reservoir of pressure available to continue SNR expansion and/or to prevent the
formation of the dense shell. By extending the lives of their accelerators, CRs may meaningfully
enhance SNR feedback. Similarly, magnetic fields are known to impede shell formation when
oriented perpendicular to the shock normal; these perpendicular components are compressed, in-
creasing the magnetic pressure in the vicinity of the shell [27]. However, the combined effect
of CR and magnetic pressure—particularly with realistic ~ 3uG ambient magnetic fields and a
theoretically-motivated picture of CR transport—has not been investigated in the literature.

In this work, we use two-fluid magneto-hydrodynamic (MHD) simulations to model the evo-
Iution of an SNR through the radiative phase, including the dynamical effects of both CRs and
magnetic fields. We then quantify the impacts of CR acceleration and magnetic compression on
shell formation, and couple these simulations with a semi-analytic model of particle acceleration
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to predict the nonthermal emission from SNRs with different CR acceleration efficiencies and
magnetic field orientations.

2. Method

Herein we describe the model we use to explore the effects of CRs and magnetic fields on
a typical SNR as it evolves from adiabatic to radiative. Throughout this work, we consider a
representative case with initial energy Esy = 10°! erg and ejecta mass M.j = 1M, expanding into
a uniform ISM with number density ngy = 1 cm73, temperature 7 = 10* K, solar metallicity, and
perpendicular magnetic field (relative to the shock normal) B, = Bysin8 € [0, 3]uG.

2.1 MHD simulations

To model shock evolution and shell formation, we conduct one-dimensional, spherically sym-
metric, ideal MHD simulations of a single supernova explosion without thermal conduction or
mixing diffusion. As this work concerns radiative SNRs, we neglect the ejecta-dominated stage
(and any associated explosion dynamics). More specifically, we use the PLUTO code [24], modified
to include CRs as an additional fluid component as described in detail in [18].

Note that we neglect CR diffusion and consider only advection, which dominates transport for
the ~GeV particles contributing to the majority of the CR pressure. We also neglect CR cooling
due to proton-proton losses, since the loss timescale even in dense environments (ny =~ 10? cm™>)
far exceeds the SNR ages considered in this work.

2.2 Nonthermal emission

In order to assess the observational consequences of nonthermal pressure during late-stage SNR
evolution, we couple our MHD simulations with a detailed calculation of particle acceleration and
nonthermal emission described in [13]. Namely, we model CR acceleration using a semi-analytic
prescription that self-consistently solves the steady-state transport equation for the distribution of
nonthermal particles at the forward shock, including the effects of magnetic field amplification and
shock modification due to the presence of CRs.

Our particle acceleration model yields the instantaneous spectrum of protons accelerated at
each timestep of our MHD simulations. We convert this spectrum to an instantaneous electron
spectrum using the analytical approximation calculated in [33]. To account for energy losses—
adiabatic, proton-proton (hadrons only), and synchrotron (electrons only)-we shift and weight our
instantaneous spectra as in [13]: each spectrum is treated as a shell of particles that expands
according to the velocity profiles given by our MHD simulations. We then apply energy losses
(and calculate nonthermal emission) based on the density and magnetic field at each shell’s current
location. To calculate the spectral energy distribution (SED) of photons produced by our weighted
particle distributions, we use the radiative processes code naima [32], which computes emission
due to synchrotron, bremsstrahlung, inverse Compton (IC) and neutral pion decay processes for
each shell of CRs.
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Figure 1: The maximum compression ratio, Ry,x = max[p(r)/po] as a function of shock age for our
representative SNR. Each panel corresponds to a different inclination, 6, of the magnetic field (taken to be 3
1G) with respect to the shock normal, while line color denotes the CR acceleration efficiency, £cr. Under
the right conditions, CRs and magnetic fields can decrease shell densities by up to an order of magnitude.

3. Results

3.1 Shock hydrodynamics

To summarize the effect of CR and magnetic pressures on shell formation, we show the
maximum compression ratio, Rma.x = max[p(r)/po] as a function of shock age in Figure 1. Each
panel corresponds to a different magnetic field obliquity # while color denotes the CR acceleration
efficiency, £cr. We see that increasing &cr from 0.0 to 0.2 decreases Rpyax by a factor of ~ 10.
Meanwhile, as one increases 6 from 0° to 90° (assuming écr = 0.0), Rpnax declines by a similar
amount. Thus, both CRs and magnetic fields can reduce the shell density. Keep in mind that we
consider only the typical ISM value of By = 3uG; shell densities could be further suppressed in the
presence of mild magnetic field amplification or a more highly magnetized medium. We also note
that Figure 1 shows that the effect of increasing écr decreases as 8 increases. Namely, if one raises
&cr, one lowers Ry,x, thereby reducing the maximum magnetic pressure. Similarly, if one raises
6, CRs experience less compression, and therefore provide less pressure support in the vicinity
of the shell. In other words, the combined effect of CRs and magnetic fields is highly nonlinear.
However, in practice, one would expect efficient CR acceleration only in quasi-parallel (small 6)
regions [recall 9]. As such CRs and magnetic fields can provide a reasonably even reduction in
shell density across the surface of an SNR, with CRs providing pressure support where € is small,
and magnetic fields providing pressure support where 6 is large.
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Figure 2: Nonthermal multi-wavelength SEDs from our representative SNR at a distance of 3 kpc. Each panel
corresponds to a different magnetic field orientation and/or CR acceleration efficiency. The color scale denotes
the age of the SNR, while line styles indicate different emission mechanisms: dashed corresponds to pion
decay (hadronic emission), dot-dashed corresponds to nonthermal bremsstrahlung, and dotted corresponds
to inverse Compton. Thick lines correspond to total emission, which is dominated by synchrotron at low
energies (radio to X-rays) and pion decay at high energies (y-rays).

3.2 Observational impacts

A sample of nonthermal spectral energy distributions (SEDs) from radio to y-rays are shown in
Figure 2, with each panel corresponding to a different £cr and/or 6. The color scale denotes the age
of the SNR. Clearly, the case with no dynamical impact from CRs or magnetic fields (écr = 0.0 and
6 = 0°, top left panel of Figure 2) is unique, exhibiting a dramatic rise in both radio and y-rays at the
onset of the radiative phase. While the synchrotron emission falls off as the shock age approaches
10° yr, largely due to strong synchrotron losses in the compressed amplified magnetic field (recall
that we use this turbulent field as the target for synchrotron emission), the y-ray emission remains
enhanced out to ¢ = 10° yr. Notably, this y-ray emission is so large that TeV emission becomes
non-negligible, despite the very conservative estimates of the maximum proton energy considered
in this work. Namely, the rise is sufficient to generate appreciable emission above the high-energy
cutoff.

On the other hand, the presence of CRs mitigates this enhancement, with no appreciable rise
in synchrotron emission and only a modest rise in the nonthermal y-rays around the onset of the
radiative phase; this y-ray emission quickly decays to emission that resembles Sedov-Taylor levels.
This impact can be seen more clearly in Figure 3, which displays nonthermal light curves of our
representative SNR in radio (top panel), GeV y-rays (middle panel), and TeV y-rays (bottom panel).
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Figure 3: Nonthermal light curves for our representative SNR at a distance of 3 kpc. Each panel represents a
different photon energy, while line thickness and color denote the magnetic field orientation and acceleration
efficiency, respectively. For comparison purposes, CTA’s predicted differential point source sensitivity at 1
TeV is denoted with a gray dotted line on the bottom panel [2]. The presence of CRs reduces not only the
magnitude of the nonthermal rebrightening at the onset of the radiative stage, but also its duration.

4. Summary

In short, CRs and magnetic fields can meaningfully alter SNR evolution and emission. In par-
ticular, the dearth of radiative SNRs exhibiting bright emission with complete, shell-like morpholo-
gies represents circumstantial evidence for inhibited shell formation, likely due to the nonthermal
pressure sources described in this work. For additional details, please see [13] and [14].
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