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The complex environments around core-collapse supernova remnants (SNRs) originates from
their massive progenitors and shapes the spectra and morphology of non-thermal emissions from
the remnants. We study the effects of the flow profiles and the magnetic field of the circumstellar
medium on particle acceleration and emission from remnants and estimate the contribution of
core-collapse SNRs to the Galactic CR production depending on progenitor masses.

We use RATPaC and PLUTO to simultaneously solve with spherical symmetry the hydrodynamic
equations, the transport equations for CRs and scattering magnetic turbulence, and the induction
equation for the large-scale magnetic field.

Our study shows a significant impact of the hot wind material. For example, the hot shocked
wind created by 60 M, Wolf-Rayet progenitor significantly reduces the sonic Mach number of
that SNR shock and hence persistently softens the particle spectra with spectral index ~ 2.5,
specifically at lower energy, and likewise the radio spectra with spectral index @ ~ 0.8 (energy
flux, S, oc v=¢). In contrast, the SNR with 20 M Red-Super giant (RSG) progenitor produces
soft radio spectra with spectral index ~ 2.2, and correspondingly soft pion-decay gamma-ray
spectra, only briefly during the interaction of the SNR shock with the dense RSG shell. For old
remnants with shocks inside the shocked interstellar medium, we find soft pion-decay emission for
all progenitors, consistent with the observed gamma-ray emission from SNRs like 1C443, W44,
G39.2-0.3, etc.

The flux of CRs released into the interstellar medium is the highest for low-mass progenitors that
are in the RSG phase in the pre-supernova stage. The total production spectrum of cosmic rays
injected into the interstellar medium from remnants with 35 M progenitor has a spectral index of
s ~ 2.4 at higher energies which is comparable with the spectra predicted by Galactic propagation
models.
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1. Introduction

Massive stars (M, > 8Mg) structure their circumstellar medium (CSM) through ionizing
radiation and stellar winds during different evolutionary stages. Therefore, when massive stars
explode as core-collapse supernova remnants (SNRs), the generated SNR blast waves will expand
inside the complex wind-blown bubbles, and consequently, the dynamics of SNRs should be
regulated by the CSM parameters [1].

SNRs are considered to be major sources of galactic cosmic rays (CRs) that are accelerated by
the Diffusive Shock Acceleration (DSA) process at SNR shocks. In the core-collapse scenario,
particle acceleration and emission from remnants should be affected by the interactions between
SNRs and respective wind-blown bubbles. In our previous study [2], the spectral evolution and
emission morphology of core-collapse SNRs were extensively studied using simulated CSM for the
stellar track of a 60 M, star and considering Bohm-like diffusion for energetic particles. Apart from
the shape of the wind bubbles, the self-generated magnetic field amplification can also influence
the spectra of accelerated particles, specifically during later times of evolution [3]. Therefore, the
core-collapse SNRs inside wind bubbles should be explored by the combined effect of the CSM
and the CR-streaming instabilities along with their impact on CR diffusion as described in our most
recent study (Das et al. 2023, submitted). In this context, we have investigated the following aspects
here:

a. Effects on the spectra of accelerated particles of the different wind bubbles around progenitors
with different Zero Age Main Sequence (ZAMS) masses.

b. The reduction in the driving of scattering magnetic turbulence on account of the escape of
high-energy particles from the remnants, and the subsequent softening of particle spectra at higher
energies for older remnants.

¢. The spectra of the total CR production at SNRs as a function of the progenitor mass.

d. The temporal evolution of the non-thermal emission spectra as well as the SNR morphology
during the expansion of remnants through different regions of the wind bubble.

2. Numerical modeling

The diffusive shock acceleration at SNR forward shock has been modelled in test-particle
approximation using RATPaC (Radiation Acceleration Transport Parallel Code) [4].
2.1 Hydrodynamics

The Euler hydrodynamic equations including an energy source-sink term, considering the
magnetic field as dynamically unimportant, can be described as :
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where p, u, m, P, E, S are the mass density, flow velocity, momentum density, thermal pressure,
total energy density, and source-sink term which includes the optically-thin cooling and radiative
heating for the construction of CSM at the pre-supernova stage, respectively. I is the unit tensor.

* Construction of CSM at pre-supernova stage: The structure of CSM at the pre-supernova
stage is obtained by performing hydrodynamic simulation in 1-D spherical symmetry using
PLUTO code [5] for the entire lifetime of massive progenitor stars. The stellar wind properties
are taken from the pre-calculated stellar evolutionary tracks, [6] for 20 M, and 35 M, stars
and [7] for 60 M, star. As an example of simulated CSM structure, Figure 1 illustrates the
flow profiles of the wind bubble around a 20 M progenitor star at the pre-supernova stage,
after around 8.64 million years.

¢ Introducing supernova explosion: Supernova explosions have been introduced through the
insertion of appropriate supernova ejecta profiles, for example, the ejecta mass for SNRs from
20 Mg, 35 M, and 60 M, progenitors are 3.25 Mg, 7.75 Mg and 11.75 M, respectively, in
the corresponding pre-supernova stage CSM, described in [2] and Das et al. 2023 (submitted).

2.2 Magnetic field

The total magnetic field strength in the entire system is given by

Bior = \/B(Z) + Btzurb > (3)

where By and By, are the large-scale and turbulent magnetic field, respectively.

2.2.1 Large-scale magnetic field

Simulating the CSM magnetic field for the lifetime of progenitor stars by solving magneto-
hydrodynamic (MHD) equations is out of scope. We parametrise the CSM magnetic field for
different stars using the information about the stellar magnetic field and magnetic flux conservation
[2]. For instance, the 20 M star becomes a red supergiant (RSG) at the pre-supernova stage and,
considering a weak surface field of 1 — 10 G [8], the magnetic field in the free wind region is set
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up as a Parker spiral with predominantly toroidal magnetic field. The CSM magnetic field for this
20M,, star can be written as,

(1.07 uG) 286G  regions 1 & 2
0.35 uG region 3
Bo,20m, = “)
4.68 uG region 4
4.0 uG region5 .

where at Rrsg = 16.3 pc the RSG wind transitions to the MS wind (cf. Figure 1). The subsequent
evolution of the large-scale magnetic field is determined by passive transport in the gas flow and is
given by the induction equation in 1-D spherical symmetry,

0By

W:VX(HXBO)- (5)

This method mimics MHD for negligible magnetic pressure.

2.2.2 Magnetic turbulence

The temporal and spatial evolution of the magnetic turbulence spectrum can be described by

a continuity equation for magnetic spectral energy density per logarithmic bandwidth, E,, (r, k, 1)
(31,
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where k refers to the wavenumber, Dy is the diffusion coefficient in wavenumber space describing

)+2(Ig = Ty)E,, (6)

cascading, and I'y, I'y are growth and damping rates, respectively. This transport equation for
the magnetic turbulence spectrum has been solved in 1-D spherical symmetry, considering Alfvén
waves as scattering centres for CRs. The non-resonant CR streaming instabilities are considered
the dominant way of magnetic field amplification when the SNR shock is relatively fast and at
later times, resonant modes give efficient amplification. But considering the non-resonant modes is
beyond the scope of this study and therefore, we enhance the growth term for the resonant streaming
instability by factor 10 [9] during the entire lifetime of the SNR as a simple proxy to get efficient
amplification.

2.2.3 Diffusion coefficient

lg] Bo
pc
where ks is the resonant wavenumber, and ¢ is the particle charge. Therefore, the diffusion

Alfvén waves as the scattering centres for CRs give the resonance condition, ks =

coefficient coupled to E,, reads [3],
v Upg
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where Ugp is the energy density of the large-scale magnetic field and r, represents the gyro-radius
of particles in Biot.
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2.3 Particle acceleration
The time-dependent transport equation for the differential number density, N, of CRs

ON 0 V.
2 = V(D,VN —uN) - — (pN - ~2Np|+0 ®)
ot op 3
have been solved in 1D spherical symmetry in a shock-centred co-ordinate system considering only
DSA at the forward shock in test-particle limit, where D, is the spatial diffusion coefficient, p
corresponds to energy loss rate, and Q refer to the plasma velocity and the source term, respectively.

The source term is defined as,

Q = nny(Veh = Vu)6(R — Ran)6(p — pinj) &)

where 7 is the injection efficiency, n, and V, are the upstream plasma number density and velocity,
respectively, Vi and Ry, are shock velocity and radius, respectively, and pj,; represents the momen-
tum of injected particles.

The equations for the hydrodynamic evolution of SNR, the evolution of the large-scale magnetic
field, and the CR and magnetic turbulence transport equation have been solved in parallel using
RATPaC.

3. Results

3.1 Shock parameters

The speed of the forward shock of SNRs with different progenitors depends on the character-
istics of the wind bubbles through which the forward shock expands. The sub-shock compression
ratio (Rgyp) depends on the sonic Mach number (M), following Rgy, = (1+7y)M/((1 —y)M+2).
The evolution of forward shock parameters was described elaborately for SNRs with different pro-
genitor masses in [2] and Das et al. 2023 (submitted). The most important feature is that Ry
reaches 1.5 for SNRs with very massive progenitors that have a very fast wind, for example, the
propagation of SNR through the hot shocked wind region created by 60 M, star persistently reduces
Rgup from value 4 for strong shock.

3.2 Particle acceleration

In the core-collapse scenario, the resulting particle spectra are affected both by the complex

hydrodynamics of the corresponding wind bubbles and by the dynamics of the self-consistent
turbulence. Additionally, the profiles of large-scale magnetic fields, deriving from the passive
transport of field strength in CSM can also have impacts on particle acceleration [10].
In our time-dependent treatment of the transport of CRs and Alfvénic turbulence, the driving of
turbulence diminishes, because the CR gradient decreases at later stages of SNR evolution [11].
Consequently, the acceleration timescale increase and particles at higher energy may escape from
the shock vicinity. Therefore, the downstream particle spectra become softened above a certain
energy (Das et al. 2023, submitted). Here, we only mention a comparative analysis of the total
production spectra of protons, including particles outside of SNRs considering remnants with
progenitors having different ZAMS masses, shown in Figure 2.
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Progenitors with 20 M, 35 Mg, 60 My ZAMS masses evolve through MS, RSG stages and MS,
RSG, Wolf-Rayet (WR) stages, and MS, RSG, Luminous Blue Variable (LBV) stages. Therefore,
the hydrodynamics and magnetic field strength of respective wind bubbles will be distinct which
shape particle spectra with different spectral features. Besides these, the flux of injected particles
into ISM at certain energies by different SNRs depends on the density of the plasma that the shock
passes through, as well as the size of the remnant. As the wind bubble from 20 M, star comprises
denser RSG wind and becomes RSG at the pre-supernova stage, the resulting injected spectra into
ISM are prominent in comparison to that from the other two remnants. Further, the cut-off energy of
injected spectra is also different depending on SNR shock velocity, magnetic field strength and the
size of the remnant. Figure 2 also depicts the different spectral indices of proton production spectra
at higher energies and the softest spectrum comes from the SNR with 35 M, star with spectral
index of s = 2.4 which fits with the required spectral shape of CRs released into ISM predicted by
Galactic propagation models.

3.3 Non-thermal emission

The processes of non-thermal emission from the remnants include synchrotron emission,
inverse Compton scattering considering only the cosmic microwave background photon field, and
the decay of neutral pions. In this article, we only highlight the radiation from the SNR of the
20 Mg, star to provide a glimpse of the time-dependent evolution of emission.

Synchrotron and gamma-ray emission flux in Figures 3 and 4, respectively suggest the entire non-
thermal emission originated in the interior of the remnant below the age of about 5000 years. At
the early stages of evolution, the SNR interact with a strong magnetic field in the free wind region
which leads to the highest X-ray flux at this stage, shown at 500 years. While the SNR collides with
RSG shell, shown in Figure 1, between 750 years and 1600 years, the radio spectra start to soften
to a spectral index of @ = 0.54 (S, o« v~ %) and the spectral index of pion-decay emission reaches
2.2. This stage of remnant evolution may be comparable to Cas A, and although the progenitor
of Cas A may differ from the 20 M, star, the spectral index for accelerated protons obtained in
our study is comparable with that estimated by [12]. Later on, during the forward-shock passage
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Figure 3: Synchrotron emission from the
SNR at different ages for the 20 M pro-
genitor. The upper boundaries of the shaded
regions indicate the total emission from the
remnant whether the lower ones denote emis-
sion from the downstream of SNR forward
shock. The brown band indicates the 50 MHz
— 10 GHz range and the blue band denotes
0.1 keV — 40 keV.

Figure 4: Gamma-ray emission by pion-
decay (PD) and inverse Compton (IC) scat-
tering at different ages for the 20 M, star.
The boundaries of the shaded regions indi-
cate the total emission and that from the in-
terior.

through the shocked ISM, a significant fraction of the synchrotron flux is produced in the upstream

region, depicted at 30000 years as well as a fraction of the gamma-ray emission on account of

particle escape. The spectral index for pion-decay emission reaches 2.4 — 2.6 and this kind of soft

gamma-ray spectra are observed from SNRs for example 1C443, W44, G 39.2 — 0.3, etc., that are

expanding in or near the dense molecular clouds [13]. The morphology of the remnant in other

wave bandss also evolves time-dependently.

4. Conclusions

In this work, considering SNRs with progenitors of different ZAMS masses we have time-

dependently calculated spectra of accelerated particles by using self-consistent magnetic turbulence.
It can be concluded that

* The spectral shape depends on the flow profile and magnetic field of the wind bubble along

with the CR-driven magnetic turbulence. Therefore, the spectra of particles released into the

ISM from remnants with different progenitors should vary and demonstrate different spectral

softness at higher energies.
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* From the considered SNRs, dominating flux of particles is injected into ISM from the lower
massive star because of the presence of RSG phase during the pre-supernova stage.

* The non-thermal emissions from the core-collapse remnant depend on the region where
the SNR shock resides and hence, changes time-dependently. Further, emissions from the
escaped particles around the remnants are also obtained in this study.
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