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ABSTRACT

Context. In the core-collapse scenario, the supernova remnants (SNRs) evolve inside the complex wind-blown bubbles,
structured by massive progenitors during their lifetime. Therefore, particle acceleration and the emissions from these
SNRs can carry the fingerprints of the evolutionary sequences of the progenitor stars.

Aims. We time-dependently investigate the impact of the ambient environment of core-collapse SNRs on particle
spectra and the emissions, for two progenitors with different evolutionary tracks, accounting for the spatial transport
of cosmic rays (CRs) and the magnetic turbulence which scatters CRs.

Methods. We use the RATPaC code to model the particle acceleration at the SNRs with progenitors having zero-age
main sequence (ZAMS) masses of 20 My and 60 M. We have constructed the pre-supernova circumstellar medium
(CSM) by solving the hydrodynamic equations for the lifetime of the progenitor stars. Then, the transport equation for
cosmic rays, and magnetic turbulence in test-particle approximation along with the induction equation for the evolution
of large-scale magnetic field have been solved simultaneously with the hydrodynamic equations for the expansion of
SNRs inside the pre-supernova CSM in 1-D spherical symmetry.

Results. The profiles of gas density and temperature of the wind bubbles along with the magnetic field and the
scattering turbulence regulate the spectra of accelerated particles for both SNRs. For the 60 Mg progenitor the spectral
index reaches 2.4 even below 10 GeV during the propagation of the SNR shock inside the hot shocked wind. In contrast,
we have not observed persistent soft spectra at earlier evolutionary stages of the SNR with 20 M progenitor, for which
the spectral index becomes 2.2 only for a brief period during the interaction of SNR shock with the dense shell of red
supergiant (RSG) wind material. At later stages of evolution, the spectra become soft above ~ 10 GeV for both SNRs,
as weak driving of turbulence permits the escape of high-energy particles from the remnants. The emission morphology
of the SNRs strongly depends on the type of progenitors. For instance, the radio morphology of the SNR with 20 M

progenitor is centre-filled at early stages whereas that for the more massive progenitor is shell-like.
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1. Introduction

Massive stars (M, > 8Mg) shape the morphology of their
circumstellar medium (CSM) through ionizing radiation
and stellar winds (Freyer et al. 2003; Mackey et al. 2014;
Dwarkadas 2022). As massive stars evolve through differ-
ent stages, mass-loss in the form of stellar winds should
vary (Maeder & Meynet 1987; Langer 2012; Meynet et al.
2015; Gormaz-Matamala et al. 2022), which is crucial for
sculpting their environment (Dwarkadas 2005, 2007). The
impact of stellar wind properties on the structure of wind
bubbles has been explored by many studies. For instance,
Garcia-Segura et al. (1996a,b) investigated the structure of
wind bubbles around 35 Mg and 60 M, stars in terms of
the interacting stellar winds from different stages of evo-
lution. The bipolar morphology of nebulae around Lumi-
nous Blue Variable (LBV) and Wolf-Rayet (WR) stars as
a consequence of asymmetric ambient medium from prior
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evolutionary stages were studied in Dwarkadas & Owocki
(2002); Meyer (2021).

At the end of their life, massive stars explode as core-
collapse supernova remnants (SNRs), hence the generated
SNR blast waves will expand inside the complex wind-
blown bubbles. Several SNRs such as Cas A (van Veelen
et al. (2009); Orlando et al. (2016)), SN 1987A (Blondin &
Lundqvist (1993); Bear & Soker (2018)), G292 + 0.8 (Park
et al. (2002); Temim et al. (2022)) appear to evolve in-
side the wind-blown bubble. Evidently, the dynamics of the
SNR blast waves will be regulated by the CSM parame-
ters (Chevalier & Liang (1989); Ciotti & D’Ercole (1989);
Dwarkadas (2005, 2007); Meyer et al. (2021, 2022); Meyer &
Meliani (2022); Velazquez et al. (2023); Meyer et al. (2023))
and should not only differ from that for a uniform inter-
stellar medium (ISM), but can also depend on the type
of progenitor star. However, this is quite difficult to deter-
mine the type of progenitors for core-collapse SNRs from
the morphology of SNRs as the observed asymmetries in
SNRs can also be developed by the magnetic field and ex-
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plosion mechanisms, for instance, “ear’-like structures ob-
served in radio and X-ray emission have been interpreted
as indicative of the interplay between the remnants and
bipolar CSM, created by LBV progenitors Chiotellis et al.
(2021); Ustamujic et al. (2021b), whereas other authors at-
tributed these structures to the orientation of the external
magnetic field (Matt & Balick 2004; Townsend & Owocki
2005; Petruk et al. 2009; Petruk et al. 2011) and explosion
mechanisms, for example, jet-driven and single-lobed su-
pernova Khokhlov et al. (1999); Hungerford et al. (2005).
Supernova remnants (SNRs) are assumed to be major
sources (Baade & Zwicky (1934); Drury et al. (1994);
Biisching et al. (2005); Blasi (2013)) of galactic cosmic rays
(CRs), where CRs are considered to be accelerated by Diffu-
sive Shock Acceleration (DSA) process (Fermi (1949); Bell
(1978); Drury (1983)). In the core-collapse scenario, par-
ticle acceleration along with emission (Dwarkadas (2013))
should be influenced by the interactions between SNR and
wind-blown bubble. Particle acceleration during the ex-
pansion of the SNR through the wind bubble was stud-
ied assuming Bohm diffusion in (Voelk & Biermann 1988;
Berezinskii & Ptuskin 1989; Berezhko & Vélk 2000). Re-
cently, Sushch et al. (2022); Kobashi et al. (2022) used
simplified flow profiles to investigate the influence of an
ambient medium shaped by Red Super Giant (RSG) and
Wolf-Rayet (WR) winds on the non-thermal emission from
the remnants.

In our previous study (Das et al. (2022)), the spectral
evolution and emission morphology for SNR-CSM interac-
tion were elaborately investigated using a realistic repre-
sentation of CSM for the stellar track of a 60 M star and
for Bohm-like diffusion for energetic particles. Although in
this study, the complete hydrodynamic evolution of CSM
throughout the lifetime of the star has been considered, the
treatment of magnetic turbulence was not self-consistent.
The impact of the self-generated magnetic field amplifica-
tion on the maximum attainable particle energies and the
resulting softer spectra at higher energies during later times
were intricately explored in Brose et al. (2016, 2020) for
type-Ia SNR.

Probing the particle acceleration and non-thermal emis-
sion in SNR within wind bubbles by the combined influence
of the CSM and the CR-streaming instabilities and their
impact on CR diffusion would be desirable. In this paper,
we explore the spectral evolution of accelerated particles at
forward shocks of SNRs with 20 Mg, and 60 M progeni-
tors, during their expansion inside the wind-blown bubbles,
considering the time-dependent evolution of self-generated
magnetic turbulence. The 20 Mg, star evolves through a
RSG phase as the post-main sequence (MS) stage, whereas
the 60 5 star has LBV and WR phases after MS. Our study
demonstrates the following aspects

— The difference in spectral shapes arising from the mor-
phological dissimilarity of the CSM of both SNRs.

— In both scenarios, the softening of particle spectra at
higher energies during the later stages of evolution, on
account of the weak driving of magnetic turbulence and
the escape of high-energy particles from the remnants.

— The temporal evolution of the spectra for different emis-
sion channels as well as emission from the escaped par-
ticles around the remnants.

— The evolution of the morphology for the different en-
ergy bands during the lifetime of remnants and its de-
pendence on the structure of the CSM.
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2. Numerical methods

In this section, we introduce the numerical methods ap-
plied in the presented study. We have modelled the dif-
fusive shock acceleration (DSA) at SNR forward shock
in test-particle approximation by combining the hydrody-
namic evolution of SNR inside CSM, large-scale magnetic
field evolution in addition to the time-dependent treat-
ment of the magnetic turbulence, and finally the solution
for CR transport equation. We have numerically solved
the particle acceleration and hydrodynamics, respectively,
with RATPaC (Radiation Acceleration Transport Parallel
Code) (Telezhinsky et al. 2012, 2013; Brose et al. 2020;
Sushch et al. 2018) and the PLUTO code (Mignone et al.
2007; Vaidya et al. 2018).

2.1. Hydrodynamics

The Euler hydrodynamic equations including an energy
source/sink term, considering the magnetic field as dynam-
ically unimportant, can be described as :

g [P pu T 0

— m|+V | [mu+PI|] =1(0 (1)

ot \p (E + P)u S

Luz_,_i_E. _5 (2)
2 Ty-17 7 773

where p, u, m, P, E, S are the mass density, flow velocity,
momentum density, thermal pressure, total energy density,
and source/sink term to include the optically-thin cooling
and radiative heating for the construction of CSM at the
pre-supernova stage, respectively. I is the unit tensor.

2.1.1. Construction of CSM at pre-supernova stage

We start with constructing the wind-blown bubble around
the progenitor star with 20 Mg at solar metallicity (Z =
0.014) from the zero-age main sequence (ZAMS) to the pre-
supernova stage. Das et al. (2022) already simulated the
wind bubble for 60 My star, and we use the same method-
ology also for the 20 My progenitor. Hence, we will only
provide a synopsis here.

We have performed hydrodynamic simulations with
PLUTO code in 1-D spherical symmetry with 50000 grid
points of uniform spacing out to Rpa.x = 150pc. To ini-
tialise the simulation, the radially symmetric spherical su-
personic stellar wind has been injected into a small spher-
ical region of radius 0.06 pc at the origin, using the stel-
lar evolutionary tracks for 20 Mg star (Ekstrom et al.
(2012)), and 60Mg star (Groh et al. (2014)). The inter-
stellar medium is assumed to have a constant number den-
sity, nigm = 1em™3. The stellar wind density, py, can be
expressed as:

M (t)

V() )

Pwind =

where r is the radial coordinate, and M and Vi repre-
sent the time-dependent mass-loss rate and the wind veloc-
ity, respectively. The wind parameters for the 20 My star
have been derived from the Geneva library of stellar models
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Fig. 1. Evolution of stellar mass in panel (a), mass-loss
rate in panel (b), and wind velocity in panel (c¢) as a
function of stellar age in Myr during different evolution-
ary stages of 20 My and 60 M, stars shown in red dashed
line and blue solid lines, respectively. We used these pa-
rameters as the initial condition in hydrodynamic simulation for
constructing the corresponding CSM at the pre-supernova stage
at 8.64 million years for 20 My star and 3.95 million years for
60 Mg star. These stellar parameters for 20 M and 60 M, stars
are taken from Ekstrom et al. (2012); Groh et al. (2014), respec-
tively.

Ekstrom et al. (2012) and for the 60 Mg, star, wind prop-
erties have been taken from Groh et al. (2014).

Figure 1 depicts the stellar mass in panel (a), mass-
loss rate in panel (b), wind velocity in panel (¢) during
stellar evolution at different stages that are used as initial
conditions in the hydrodynamic simulation for CSM. The
CSM evolution has been simulated from ZAMS to the pre-
supernova phase, over 8.64 million years for the 20 M star
and over 3.95million years for the 60 Mg star. The 20 Mg
star evolves through the MS phase for approximately 6.3
million years followed by the RSG stage and the 60 Mg
star evolves through the MS stage for approximately 3 mil-
lion years followed by LBV phase with the span of approx-
imately 0.2 million years and WR phase. For modelling
the evolution of the wind bubble, the second-order Runge-
Kutta method has been applied to integrate equations (1)

and (2), using the Harten-Lax-Van Leer approximate Rie-
mann Solver (hll) and finite volume methodology. Addi-
tionally, optically-thin cooling and radiative heating have
been included through the source/sink term, S = ®(T, p),
following the cooling and heating laws,

O(T, p) = n*(L(T) — A(T)) (4)

where n is the particle number density, I' is the radiative
heating term that represents the effect of stellar photons.
In our adopted cooling curve, the cooling term A is com-
posed of the contributions from hydrogen (H), helium (He)
and metals (Z), whose contributions come from (Wiersma
et al. 2009) for a plasma at solar helium abundance (As-
plund et al. 2009), and it governs the gas cooling at high
temperatures. Additionally, for temperatures 7' < 6x10* K,
a cooling term for H recombination is added following the
case B energy-loss coefficient of Hummer (1994). Collision-
ally excited forbidden lines (mainly from O and C elements)
are included as described in Eq. A9 of Henney et al. (2009),
using a relative abundance O/H = 4.89 x 10~* in number
density (Asplund et al. 2009). The heating rate, I, mimics
the ionization of recombining hydrogenic ions by photons
from the photosphere, in which the free electrons receive
the energy carried by an ionizing photon once the reion-
ization potential of an H atom has been subtracted. In a
statistical equilibrium, the rate follows from the recombi-
nation coefficient . whose values are from the table 4.4
of (Osterbrock 1989). The heating term, T, represents the
photoelectric heating of dust grains by the Galactic far-
UV background. For T" < 1000 K, we used equation C5 of
Wolfire et al. (2003), and the electron-density profile, n.,
follows Eq. C3 of Wolfire et al. (2003). For T' > 1000K we
take the value of n. interpolated from the CIE curve by
Wiersma et al. (2009). This cooling strategy has been used
in a series of papers (Meyer et al. 2014, 2020, 2023).

Fig. 2 illustrates the structure of the pre-supernova CSM
at 8.64 million years and 3.95 million years after ZAMS
stage for 20 M and 60 M, progenitors, respectively. The
wind bubble generated by the 20 M progenitor consists of
dense RSG material which stretches until around r = 15 pc,
and the deceleration of slow RSG wind against the back-
flowing MS material causes the formation of the RSG shell.
This characteristic structure of CSM arising from RSG-
MS interaction has been noted before for a 35 M, star
(Dwarkadas 2007, Sec. 3), and likewise the absence of a
wind termination shock in the RSG wind.

The temperature of the CSM around the 60 M,
progenitor is very hot in the entire shocked wind material,
extending out to r =~ 60 pc, whereas the CSM around the
lower-mass star shows high temperature only in the region
of shocked MS wind. The wind bubble structure around
the 60 Mg star has been illustrated before in (Das et al.
2022) and is reproduced in Fig. 2 to ease the comparison.

Comparative discussion about wind bubble
structure
The structure of wind bubbles shaped during the lifetime
of 20 M5 and 60 Mg progenitors reflects the history of the
mass-loss rate and stellar-wind velocity as shown in Fig. 1.
In literature, a myriad of studies exist concerning the wind
bubble structure and the included physics in the numeri-
cal modelling. For instance, the properties of the ISM and
the prescription of radiative heating and cooling play a sig-
nificant role in shaping the wind bubbles, along with the
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Fig. 2. Pre-supernova CSM profiles of the number density, n, in panel (a), the flow speed, u, in panel (b), the
thermal pressure, P, in panel (c¢), and the temperature, 7, in panel (d), at 8.64 million years after ZAMS stage
for the 20 M progenitor on the left and at 3.95 million years for the 60 M progenitor after ZAMS stage on the
right. The right panels are reproduced from Das et al. (2022).

Vertical grey lines mark the boundaries of specific regions. For the 20 M, progenitor these are the free RSG stellar wind (region 1),
piled-up RSG wind (region 2), shocked MS wind (region 3), shocked ISM (region 4), and ISM (region 5). The RSG shell indicates
the accumulation of decelerated, freely expanding RSG wind, Rrgsg denotes the transition between RSG and MS wind, and CD
represents the contact discontinuity between shocked wind and ISM.

For the 60 M, progenitor we distinguish the free stellar wind (region 1), the shocked LBV and WR, wind (region 2), shocked MS
wind (region 3), shocked interstellar medium (ISM) (region 4), and ambient ISM (region 5). Rywr is the radius of wind termination
shock (WT), LBV shell denotes the dense shell created by the interaction between LBV wind and WR wind, and CD represents
the contact discontinuity between shocked wind and shocked ISM.

stellar-wind parameters as shown for two different stars in
Fig. 2. As the cooling time scale of gas depends on p~ 1,
for a high ISM density, the cooling timescale is small which
leads to rapid cooling of the gas. For instance, Toald &
Arthur (2011) considered an ISM density that is approxi-
mately 100 times higher than that in this paper and there-
fore very rapid cooling generates a thin and dense shell,
whereas for the bubbles illustrated in Fig. 2 a thin dense
shell of shocked ISM does not form. Including only radiative
cooling, Dwarkadas (2007) obtained a thin shell of shocked
ambient material in the simulation of wind bubble around
35 M star. The absence of radiative heating of the gas
permits the gas to cool down to very low temperature and
hence the shell becomes confined by the thermal pressure of
the ambient medium. The prescription of radiative heating-
cooling as in Equation 4, with a balance temperature of
10*K in the ISM, resists the cooling of shocked ambient
gas in the shell and leads a thick shell of shocked mate-
rial without any sharp piled-up of shocked ISM material.
The shape of the shell made by shocked ISM should also
depend on the temperature of the ambient medium as the
thermal pressure therein opposes the expansion of the shell.
We mention in passing that dense shells at radiative shocks
can also be suppressed by magnetic pressure (Petruk et al.
2016).

The structure of this shell also relies on the wind param-
eters, as with a higher stellar mass the velocity of stellar
wind increases, and so does its ram pressure, which supports
the formation of prominent shells. The lifetime of stars de-
creases with stellar mass and hence, the propagation of the
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shock front of the shell for more massive stars becomes lim-
ited by the available time, whereas for less massive stars,
the shock front evolves until the pressure of the shell comes
into equilibrium with the ambient thermal pressure, and
the shell structure depends on the balance temperature in
the simulation.

Therefore, the structure of the shell is quite parameter-
dependent, in particular concerning the ambient medium
and the prescription for heating-cooling, and so care must
be exercised in a comparison of different studies.

In this present study the structure of the CSM beyond the
contact discontinuity of the wind bubble has negligible im-
pact on the particle acceleration by the corresponding SNR,
as particle acceleration becomes ineflicient when the rem-
nant reaches the CSM, and hence we stop our simulation
within 1 pc beyond the contact discontinuity.

2.1.2. Supernova ejecta profile

The density of supernova ejecta, pei(r), is modelled as
(Truelove & McKee 1999)

Pes r<7re

pei(r) = o\
Pc (E)

where n = 9, as conventionally used for core-collapse explo-

sions. The velocity profile for ejecta ue;(r) follows homolo-

gous expansion,
r

- Tsn

()

e <1 < Rej

uej

(6)
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at the starting time of the hydrodynamic simulation, Tgn =
3 years. The initial ejecta temperature is set to 10*K.

The expressions for r. and p. as a function of the ejecta
mass, M, and explosion energy, E,; will be,

10Es n—5 n— 323\ "
c = T ’
" ( 3Mej n—3 n— 53:5—") SN @

Mej 3—n\—1
pe = Trrd 3(n—3) (n—3z"") (8)

where Re; = 2r. and x = 2.5 ! Here, x is a free parameter
that determines the ratio between the flat and steep parts
of the ejecta density profile and its choice is motivated by
the comparability of the ejecta and ambient densities at
R.j and numerical stability of simulations. The choice of
has a negligible effect on the dynamics of the shock which
was thoroughly tested through the comparison of numeric
simulations with analytic solutions Chevalier (1982); Tru-
elove & McKee (1999). Further, in comparison to Cheva-
lier (1982) where the ejecta distribution extends to infinity,
the truncation at R.; provides a limit to the ejecta speed
and feedback from pushing away the CSM that originally
resided very close to the star. The explosion energy is fully
transferred to ejecta, Eej = 10°! erg. The ejecta mass, M,
for the 20 My star is 3.25 My, and My = 11.75 M, for
the 60 M, star, assuming a left-over compact object on the
neutron-star mass scale.

tpreSN

Mej = M* — M(t)dt - MCompactOb_]ect(1'4M®) (9)

tizams

To launch the supernova explosions, the supernova ejecta
profiles have been inserted in the pre-calculated pre-
supernova CSM profiles, covering the inner 56 to 108 grid
points, depending on the progenitor type and also on
the ejecta mass. Then equations (1) and (2) have been
solved in the absence of heating or cooling (S = 0) us-
ing a Harten-Lax-Van Leer approximate Riemann Solver
that employs the middle contact discontinuity (hllc), finite-
volume methodology, and a second-order Runge-Kutta
method. The numerical simulations of the supernova rem-
nant with the PLUTO code have been carried out in 1-
D spherical symmetry with a spatial resolution of about
0.0004 pc, about a factor 7.5 finer than that used for the
wind bubble prior to the supernova explosion, using linear
interpolation of the pre-supernova CSM grid. The proper
solution of the cosmic-ray transport equation near the
shock requires an exquisite spatial resolution, otherwise the
cosmic-ray precursor is not resolved and the velocity jump
at the shock is poorly reconstructed. The higher resolution
of the grid describing the gas flow also helps in defining
a sharp shock in the inhomogeneous spatial grid that we
use for the cosmic-ray transport equation (cf. section 2.3).
To ensure a sharp transition in hydrodynamic parameters -
density, velocity, pressure and temperature from upstream
to downstream values at the shock, the hydro data from
PLUTO code needs resharpening. Resharpening is done by
blinding hydro data for density, velocity, pressure and tem-
perature at 4 bins upstream and downstream of the shock

! There is a typo in the expression of p. in Equation 7 of Das
et al. (2022).

and replacing these values with the linear extrapolation us-
ing further downstream and upstream values (Brose 2020,
Chapter 4). These resharpened profiles are used for further
necessary calculations in the simulation.

2.2. Magnetic field

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

Bioy = \/ Bg + B1;2urb ’

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

(10)

2.2.1. Large-scale field profile

Simulating the CSM magnetic field for the entire lifetime
of progenitors by solving magneto-hydrodynamic (MHD)
equations is out of the scope of this paper. Therefore, we
have parametrised the magnetic field in the CSM around
20 Mg, star, similarly as we constructed the CSM mag-
netic field for the 60 Mg progenitor (Das et al. 2022). The
magnetic field in the stellar wind of a rotating star will
be toroidal except for very close to the stellar surface. In
the equatorial plane of rotation, it can be expressed as (Ig-
nace et al. 1998; Garcia-Segura et al. 1999; Chevalier & Luo
1994),

I‘OR* B‘k R*
By = B, 2ottt _ 0

UwindT r

r>>R,, (11)
where B, and R, are the stellar surface magnetic field and
radius, respectively, u,ot and uwing represent the surface
rotational velocity in the equatorial plane and the radial
wind speed, respectively. A 20 M, star evolves through MS
and RSG phases. At the RSG phase, the star reaches a
very large size up to a few hundred times Rg, but be-
comes a slower rotator (Maeder & Meynet (2012)), and
the wind speed is 20 — 50kms~!. Measurements by (Au-
riere et al. (2010); Tessore et al. (2017)) suggest that a
RSG has a weak surface field with 1 — 10G, and there-
fore we chose By o(R./Rs) = 750 G. Equation 11 then de-
fines the field strength for both free RSG wind and piled-
up RSG wind, region 1 and 2 as marked in Fig. 2. At
Rrsq = 16.3pc ~ 7 x 10% Ry, there is the transition to
MS wind, which has a very uncertain magnetic field. We
assume a decrease in magnetic field strength by a factor
of 3 following B o< /p and the density jump at Rrsc-
Throughout the MS wind the magnetic field is supposed to
have a constant strength. In the ISM, the field strength has
been chosen as 4 uG to provide a super-Alfvenic flow to the
shell, marked as region 4 in Fig. 2. The field in the shell
has been calculated assuming flux conservation (van Marle
et al. 2015). In total, the magnetic field strength (Bo, 20 m,)
in the different regions mentioned in Fig. 2 of the wind bub-
ble created by 20 M, star can be expressed as,

(1.07 uQ) @ regions 1 & 2
0.35 uG region 3
Bo,20m, = (12)
4.68 uG region 4
4.0 uG regiond .
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For the 60 Mg star we used the same methodology as in
Das et al. (2022), but slightly changed the field strength
from those quoted there to maintain the magnetic field as
dynamically unimportant. Hence, the magnetic field in the
different regions of the CSM that is formed by a 60 Mg
progenitor, can be written as,

(0.63 pG) W region1
2.52 uG regions2& 3
By, oM, = (13)
14.8 uG region 4
4.3 uG region 5 .

We have determined the magnetic field initially in the su-
pernova ejecta following (Telezhinsky et al. 2013, Sec.3).
Finally, the time-dependent computation of frozen-in large-
scale magnetic field, transported passively with the hydro-
dynamic flow is given by the induction equation in 1D
spherical symmetry (Telezhinsky et al. 2013),

0B

Tto =V X (u X Bo) .
This method mimics MHD for negligible magnetic pres-

sure.

(14)

2.2.2. Magnetic turbulence

The temporal and spatial evolution of magnetic turbu-
lence spectrum can be described by a continuity equation
for magnetic spectral energy density per logarithmic band-
width, E,,(r, k,t) (Brose et al. (2016)),

08, _ 9 e d Boy o
W = —V . (uEw) — kak (k’ Dk 6)k k?’ ) + 2(Fg Fd)Ew
(15)

where k denotes the wavenumber, Dy represents the dif-
fusion coefficient in wavenumber space describing cascad-
ing, and I'g, I'g are growth and damping rates, respectively.
This transport equation for the magnetic turbulence spec-
trum has been solved in 1D spherical symmetry, considering
Alfvén waves as scattering centres for CRs.

Amato & Blasi (2009) suggested that although non-
resonant CR streaming instabilities are likely the domi-
nant way of magnetic field amplification during the free
expansion phases and early Sedov-Taylor phase of SNR,
when the SNR shock is relatively fast, at later times reso-
nant modes provide efficient amplification. It is to be noted
that non-resonant amplification is a very complex issue,
and some of the commonly quoted concepts may be mis-
perceptions. The magnetic field in the free wind, that the
shock passes through early in the evolution, is mostly per-
pendicular to the shock normal, whereas the usual calcula-
tions of the growth rate for resonant ((Skilling 1975; Bell
1978)) and non-resonant (Bell 2004) modes is performed for
streaming parallel to the magnetic field. Here we may have
oblique streaming, but that implies that even fewer growth
times are available before the plasma passes through the
shock. Already for parallel shocks, one expects only very few
growth times, i.e. few exponential growth cycles (Niemiec
et al. 2008). This is one of the reasons why the peak ampli-
tude of the non-resonant mode is generally less than naively
estimated (Pohl 2021). The entire process, and hence its
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spatial profile, is highly nonlinear. It would be important
to understand the cascading properties of the mode and
the dependence on the wave spectrum of the CR diffusion
coeflicient, but that is beyond the scope of this paper. In
the literature, cascading is often neglected and Bohm dif-
fusion is simply assumed (e.g. Zirakashvili & Ptuskin 2008;
Cristofari et al. 2021). Here, we enhance by a factor A = 10
the growth term for the resonant streaming instability,

vAp?v
3Ey,

oN

I',=A
g or

(16)

where v and p are the particle velocity and momentum
respectively, v is the Alfvén speed, N is the differential
number density of CRs. The value A = 10 agrees with the
observations of historical SNRs (Brose et al. (2021)) and
estimates of the growth rates operating at the early stages
of CR-acceleration (Marcowith et al. 2018).

The spectral energy transfer process from small
wavenumber scale to large wavenumber scale through tur-
bulence cascading can be empirically described as a diffu-
sion process in wavenumber space with coefficient (Zhou &
Matthaeus (1990); Schlickeiser (2002))

| E
Dy =FKva |22 .
R VPYz

This form of the diffusion coefficient conforms with Kol-
mogorov scaling in the case of pure cascading from large
scales, E,, o k~2/3. Furthermore, since vg o Bio and
B2 =4r [dlnk E,(k), D) depends more sensitively on
E,,, when the turbulent field is amplified beyond the am-
plitude of the large-scale field,

VvE, for
Ey

(17)

E, < BZ/8n
E, > B3/8n.

Dy = (18)

for

2.2.3. Diffusion coefficient

The diffusion coefficient governs the rate of particle accel-
eration, the maximum attainable energy of the particles
(Lagage & Cesarsky 1983; Schure et al. 2010), and the spa-
tial distribution of the accelerated particles in the remnant.
Since we have considered Alfvén waves as the scattering
centres for CRs, the resonance condition is,

q| B
kres = ‘ | 0
pc

(19)

where k.5 represents the resonant wavenumber, and ¢ is
the particle charge. Then, the diffusion coefficient for CRs
coupled to E,, can be described as (Bell (1978); Blandford
& Eichler (1987)),

4v Upg

D, = —r,—
37Trng

(20)
where Up is the energy density of the large-scale mag-
netic field and 7, represents the gyro-radius of particles
in the total magnetic field (Biot). The growth of Alfvén
waves, damping, spectral energy transfer through cascad-
ing, and the spatial transport of waves suggest that the
magnetic turbulence spectra should exhibit a complicated
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shape rather than a featureless and flat spectrum described
by the Bohm-like diffusion coefficient. In addition, the time-
dependent calculation of E,,, following equation 20, pro-
vides the self-consistent diffusion coefficient, hence result-
ing in a more realistic picture of CR acceleration in SNR,
in comparison to the simplified Bohm-like diffusion eluci-
dated in our previous study with core-collapse SNR (Das
et al. 2022).

As an initial condition, we assume a magnetic turbu-
lence spectrum that yields a diffusion coefficient a factor of
100 lower than that for Galactic propagation of cosmic rays
(Trotta et al. 2011),

_ pc \3 [ B 3
Doz(ly7cmgsl)(ummv) <3MG) '

2.3. Particle acceleration

(21)

The time-dependent transport equation for the differential
number density of CRs, N(p), can be written as,

ON o (. V-u

where p corresponds to the energy loss rate for synchrotron
and inverse Compton losses of electrons (Brose et al. 2021),
and @ denotes the source term (Skilling 1975).

This equation has been solved in test-particle approxi-
mation for spherical symmetry in RATPaC, applying im-
plicit finite-difference algorithms implemented in the FiPy
package (Guyer et al. 2009). In this paper, the non-linear
shock modification by CR pressure is negligible and ignored,
because the cosmic-ray pressure has always constrained be-
low 10% of the shock ram pressure (Kang & Ryu 2010).
We have solved equation 22 on an inhomogeneous spatial
grid, " = r/Rq,(t) and this co-ordinate transformation pro-
vides excellent spatial resolution near the shock (Brose et al.
2020; Das et al. 2022),

P —1=(z, —1)%. (23)

where Ry, is the shock radius.

2.4. Injection of particles

The source term, @, in the transport equation, can be ex-
pressed as

Q = ninjnu(‘/sh - uu)(s(R - Rsh)(s(p - pinj) 5

where 75 is the injection efficiency, n,, and u, are the up-
stream plasma number density and velocity in observer’s
frame, respectively, Vi, is the shock velocity in the ob-
server’s frame, and pin; = {pen = {v/2mkpT1y , represents
the momentum of injected particles. The injection efficiency
is defined following the thermal leakage model (Blasi et al.
2005),

(24)

4 3 2
Minj = W(Rsub —1)&% exp (=€) (25)
where Rg,1, represents the sub-shock compression ratio, the
ratio of upstream and downstream flow speed in the shock
rest frame where Vj, is calculated by mass flux through
the shock in the observer’s frame and u, and downstream

plasma velocity in observer’s frame (uq) are calculated at
the immediate upstream and downstream at the shock us-
ing resharpened flow velocity profile. We have used £ = 4.2
in our simulations, which is consistent with the observed
radiation flux from SN1006 (Brose et al. 2021, Appendix
A) and conforms with the test-particle limit. Furthermore,
as we have injected electrons and protons at the same &, the
electron-to-proton ratio at higher energy can be determined

by their mass ratio, K¢, ~ y/me/m, (Pohl (1993)).

3. Results

We follow the evolution of the SNRs of the 20 Mg, and
60 M, progenitor stars for 30000 years and 110000 years,
respectively. We discuss the behaviour of parameters for the
SNR forward shock along with the spectra for accelerated
particles. Furthermore, we compare the spectra, specifically
at later times, obtained from the self-consistent calculations
with explicit turbulence transport with those derived for
Bohm-like diffusion, illustrated in (Das et al. 2022). Ad-
ditionally, we present the spectra and morphology of non-
thermal emissions from the SNRs.

3.1. Shock parameters

Fig. 3 illustrates the forward shock parameters for both
SNRs.

3.1.1. SNR with 20 M progenitor

During the expansion through free RSG stellar wind re-
gion, the speed of the forward shock gradually decreases
from 6300kms~! to 5300 kms~!, and the sub-shock com-
pression ratio is approximately 4. When the forward shock
starts interacting with the dense RSG shell, the shock speed
falls to about 2000 kms~!, and the sub-shock compression
ratio slightly diverges from the value 4 and reaches 3.7. For
brief moments around 1500 years and 3600 years the com-
pression ratio becomes approximately 4.2, when the forward
shock propagates along a steeply declining density, once af-
ter reaching the peak of RSG shell and then at the transi-
tion from the piled-up RSG wind to the shocked MS wind.
During this period, the upstream density decreases more
rapidly in comparison to the downstream density which
consequently results in a slightly higher compression ratio
at the forward shock. Thus, the fluctuations in compression
ratio reflect interactions with discontinuities in the CSM.
The hot MS wind material in region 3 causes reduction in
the sonic Mach number, My, and consequently, the com-
pression ratio becomes approximately 3.5.

3.1.2. SNR with 60 Mg progenitor

The evolution of the forward shock parameters has been
described in Das et al. (2022, Sec. 3.1). The most promi-
nent feature is that the sub-shock compression ratio reaches
approximately 1.5 while the SNR expands through the hot
shocked wind.

The SNR shock interactions with any structures in CSM
give rise to reflected shocks that propagate through the
downstream of SNR forward shock and eventually hit other
structures present there and reflected back in the outward
direction. These shocks collide with SNR forward shock and

Article number, page 7 of 17



A&A proofs: manuscript no. main

sof T 20 Mo progeni'tur /
115%
= 20f 5
5% 1 2 3 4 108
o / -0.565
g/ 40.0
- “'\J&RSGshell
W O l
?
2 g
0] 2 L L L —

2.0 2.5 3.0 3.5 4.0 4.5
log(Time[yr])

60 M, progenitor

80f
60}
40
20

Rsh
[pcl
O.h [degree]

N

w

-
PR S S T S
O N W A~ WU

shock mergirlg

I'd

FS&LBV sl

\

Vsh
[le3km.s 1]

4.0

3.5¢

3.0r
1

2.0r
1.5F

2.5 3.0 3.5 4.0
log(Time[yr])

4.5 5.0

Fig. 3. Temporal evolution of the forward shock parameters: the radius, Rgp, the speed, Vi, and the sub-shock compression
ratio, Cr. In the upper panel, we provide the angular scale, 81, for an SNR located 1000pc away. We also mark the interactions
of the forward shocks with discontinuities in the wind bubbles of the two types of progenitor stars.

produce instantaneous spikes in the shock velocity, as shown
in Fig. 3. This feature has already been described elabo-
rately in Das et al. (2022).

3.2. Particle acceleration and escape

To understand the spectral evolution of accelerated parti-
cles, the volume-averaged downstream spectra for protons
and electrons are illustrated in Fig. 4 and Fig. 7 for the two
types of SNRs, and the corresponding spectral indices are
shown in Fig. 5 and Fig. 8, respectively. The selected ages
correspond to the forward shock passing through the dif-
ferent regions of wind bubbles. The earlier study of type-Ia
SNR. with self-consistent amplification of Alfvénic turbu-
lence (Brose et al. 2020) indicated that the spectral shape
is controlled by the transport of turbulence and Alfvénic dif-
fusion. The continuous deceleration of the shock decreases
the CR flux and hence reduces the CR gradient, leading to
a weaker driving of turbulence. For the core-collapse SNRs
discussed here, the resulting particle spectra should get af-
fected both by the complicated hydrodynamics of the wind
bubbles and by the dynamics of the self-consistent turbu-
lence. Further, the profiles resulting from the passive trans-
port of CSM magnetic field (cf. sec. 2.2.1) can also influence
the particle acceleration.

3.2.1. SNR with 20 M progenitor

The particle acceleration in the different regions of the wind
bubble is as follows-

Free RSG wind-During the propagation of SNR forward
shock inside this region, the compression ratio becomes 4
and so, the particle spectral index is around 2, here shown
at 500 years in Fig. 4 and Fig. 5. At the end of the evolu-
tion inside this region, the maximum attainable energy for
protons reaches 20 TeV.

Piled-up RSG wind- During the interaction between the
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Fig. 4. Proton (PR) and electron (EL) spectra volume-
averaged downstream of the forward shock at different
regions of the corresponding wind bubble for 20 M, pro-
genitor (cf. Fig. 2).

forward shock and dense RSG shell, the maximum attain-
able energy of protons slightly decreases to 6 TeV, on ac-
count of the decrease in shock speed. During this time, il-
lustrated at 1100 years and 1500 years, spectral softening
is observed, and the spectral index reaches 2.2 at energies
above 100 GeV for protons, but the spectral index returns
to 2 when the forward shock has emerged from the RSG
shell. This brief spectral softening reflects the variation of
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Fig. 6. Proton number-spectra at later times. Solid lines
represent the total spectra and dashed, and dotted lines indi-
cate the forward shock upstream, and the downstream spectra,
respectively. The gray vertical lines at 200 GeV and 30 GeV de-
note the escape energies at 11000 years and 30000 years, re-
spectively. The arrows point out the energy bands with spectral
indices of 2.2 and 2.6.

the sub-shock compression ratio depicted in Fig. 3. After
climbing the RSG shell, the shock speed again increases,
and so does the maximum energy of particles. During this
time the compression ratio becomes 4.2, which results in
spectral hardening to an index of 1.9 at higher energies,
shown at 2500 years. Further, the collision between the
piled-up RSG wind and the forward shock gives rise to an
inward-moving reflected shock which merges with the SNR
reverse shock and propagates towards the interior with a
speed of ~ 3000km.s~'. We do not inject particles at this
shock, but this inward-moving shock can re-accelerate en-
ergetic particles. As we display the total volume-averaged
particle spectra downstream of the forward shock, at higher
energies the hardest contribution should dominate (Brecher
& Burbidge 1972; Biisching et al. 2001).

Particle acceleration in core-collapse SNR,

Shocked MS wind- In this region, the forward shock
passes through hot MS wind material, and consequently
the forward shock has a reduced compression ratio and pro-
duces relatively soft particle spectra, but these particles are
so few that volume-averaged over the downstream region
we do not observe a spectral softening (e.g. at 3000 years
in Fig. 4). The high temperature in the shocked MS wind
also provides a high injection momentum, and the volume-
averaged spectrum is dominated by previously accelerated
particles at all energies. The freshly accelerated particles in
the MS wind cannot penetrate deep into the interior, on
account of the strong magnetic field in the piled-up RSG
wind.

Shocked ISM-After passing through the contact discon-
tinuity between shocked MS wind and shock ISM, the for-
ward shock becomes inefficient at accelerating particles up
to very high energy. In the shocked ISM region, the max-
imum attainable energy for protons falls from 20TeV to
50 GeV at the end of our simulation. The forward shock
encounters dense and cool material in this region which
lowers the injection momentum and increases the injection
rate into DSA. But the forward shock is too weak to acceler-
ate these particles to very high energy. Hence, a prominent
spectral break near 1 GeV is noticeable in Fig. 4 at 11000
years and later. Later, the multiple merging of fast shocks
with the weak forward shock increases the acceleration effi-
ciency, and the step-like spectral feature emerges at slightly
higher energies. The electron spectra roughly follow those
of protons, except for an additional softening arising from
the radiative cooling.

In our time-dependent treatment of the transport of CRs
and Alfvénic turbulence, the driving of turbulence dimin-
ishes at later stages of SNR evolution on account of the
decrease in CR pressure gradient (Brose et al. (2020)).
Therefore, the diffusion coeflicient as well as the accelera-
tion timescale (Drury (1991)) increase, hence particles with
higher energy in the shock precursor are slow to return and
participate in further shock acceleration. Hence, a break in
the downstream particle spectra should appear at the cur-
rently achievable maximum energy, above which particles
escape to the far-upstream region. After 30000 years this
softening is clearly visible in Fig. 5, where the spectral in-
dex reaches approximately 2.6 at high energy, starting from
about 2.2 above 10 GeV.

Total production spectra of protons, including parti-
cles outside of the SNR, are depicted in Fig. 6 at differ-
ent times. As we solve the CR transport equation out to
65 Rgp, all particles reside inside the simulation domain.
Therefore, integrating the particle spectra over the whole
simulation domain yields the total CR production of the
SNR, and that is spectrally harder than the component in-
side the remnant. At 5000 years, protons are accelerated
up to 20 TeV energy while at 11000 years protons above
200 GeV are preferentially found in the upstream region,
rendering the downstream spectra softer with the spectral
index of ~ 2.2, shown in Fig. 6. At a later stage, the transi-
tion energy shifts to 30 GeV and the spectral index reaches
~ 2.6 above this escape energy. At any time, the break
appears at the energy up to which the particles can be
currently accelerated. It reflects the interplay between the
reduction in maximum energy and the escape of particles
from the accelerator (Ohira et al. (2010); Celli et al. (2019);
Brose et al. (2020)).
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SNR with 60 M progenitor-

Particle acceleration by the SNR forward shock at different
regions of the wind bubble was explored in our previous
work (Das et al. 2022) for Bohm-scaling of the diffusion
coeflicient. Here we investigate the spectral modifica-
tions deriving from the explicit treatment of turbulence
transport, considering the CR streaming instability and
the growth, damping, and cascading of the waves. The
propagation of the SNR forward shock through the hot
shocked regions, region 2 and region 3 in Fig. 2, leads to
softened spectra below roughly 10 GeV, but not as severe
as for Bohm scaling, in particular at higher energies.
Later, after 28000 years, the spectral index reaches 2.75
at lower energies, agreeing with the result for Bohm-like
diffusion. Additionally, the introduction of turbulence adds
non-linearity to the calculation of the diffusion coefficient.
While the SNR shock expands through the shocked ISM,
with the self-consistent turbulence model the spectral
softening at higher energies arises from the evanescence
of Alfvén waves. After 110000 years, the spectral index
reaches approximately 2.2 above ~ 10GeV, illustrated
in Fig. 9, on account of the escape of particles from the
remnant. Further, the proton production spectra shown
in Fig. 9 suggest that the particles above 70 GeV start
leaving the remnant already after 28000 years when
the forward shock resides inside the shocked MS wind.
Then, this typical energy of escaping CRs is reduced to
about 1.5GeV after 110000 years as a consequence of
the ineflicient confinement of high energy particles in the
Alfvénic diffusion scenario.

At SNR with 20 Mg progenitor the total proton pro-
duction spectra have an index of ~ 2.1 — 2.2 above approx-
imately 100 GeV energies at 11000 years and 30000 years.
For the 60 M, progenitor, the index of the total proton pro-
duction spectra is ~ 1.9 near the cut-off at later times. Both
spectral shapes are quite different from the production in-
dex for type-Ta SNRs, about 2.4 above 10 GeV (Brose et al.
2020). There the downstream spectra are shaped by the
temporal decline of the maximum energy F,,.., to which
the shock can accelerate (see also Celli et al. 2019). In con-
trast, the downstream spectra at core-collapse SNRs also
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Fig. 7. Proton (PR) and electron (EL) spectra volume-
averaged downstream of the forward shock at different
times and regions of the corresponding wind bubble of
the 60-M; progenitor (cf. Fig. 2).
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reflect the effect of the CSM hydrodynamics, besides the
time evolution of turbulence spectra. For example, the SNR,
with 60 M provides downstream spectra with index ~ 1.9
at higher energies, before the escape starts. Although at
later times the downstream spectra become softer as the
consequence of particle escape, the proton production spec-
tra show a slight hardness near cut-off, shown in Fig. 9.
Our results suggest that the cascading and decay of tur-
bulence are crucial in the formation of soft particle spec-
tra with spectral breaks for the older remnant. In con-
trast, with simple Bohm-like diffusion particles near the
cut-off energy may escape the shock environment only at
later stages, yielding insignificant spectral modifications, as
shown in Fig. 10 for SNR with 20 M progenitor as well as
for 60 My progenitor described by Das et al. (2022). We
emphasise that the spectral shape with Bohm-like diffusion
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Fig. 10. Proton number-spectra for Bohm-like (left
panel) and self-consistent (right panel) diffusion.

only reflects the influence of the CSM flow profiles, while
in the Alfvénic scenario the spectra are a function of the
hydrodynamic parameters and the properties of the tur-
bulence. Our investigation on particle acceleration in SNRs
with 20 Mg and 60 M progenitors illustrate the differences
in spectral features arising from the environment of the
SNRs. This is to be noted that the flow structure of wind
bubbles becomes eventually very complex, on account of
multiple reflected and transmitted shocks. We have solved
the CR transport equation on a non-uniform grid centered
on the forward shock to obtain the required fine resolution
near the shock, described in sec. 2.3. Simultaneously refin-
ing the grid also for the other shocks located downstream
is desirable but out of the scope of this paper. Further,
acceleration of particles from very low energies is possible
only for the forward shock, and so we inject the particles
into DSA only there. Re-acceleration of pre-energised par-
ticles at the other shocks, in particular the reverse shock,
is included though, and we have seen negligible effects of
that in the particle spectra. The higher fraction of reaccel-
erated particles in Das et al. (2022) is entirely caused by
their choice of a Bohm-like diffusion coefficient. We obtain
softer spectra at high energies for the SNR with 20 M, pro-
genitor, during the propagation of the SNR forward shock
in the shocked ISM, while for the very massive progenitor
the signature of softness is observed already when the SNR
shock is in the shocked wind, on account of particle escape.
Here, the difference between a Bohm-like diffusion coeffi-
cient (Das et al. 2022) and the self-consistent treatment in
this work becomes particularly evident, as the softness at
low energies is present in both cases, due to the hot shocked
wind, but at higher energies considerably softer spectra only
develop due to particle escape. The enhanced driving of tur-
bulence in the scenario with the 20 M progenitor arises
from the higher normalisation of the CR spectrum (Brose
et al. (2020)), that is caused by roughly four orders of mag-
nitude higher density in the RSG wind. Additionally, the
shock radius for the 20 My progenitor is smaller than for
the 60 Mg progenitor, which enhances the gradient in the
cosmic-ray distribution and hence the driving rate of tur-
bulence. Fig. 7 suggests that the maximum cut-off energy
for protons is Fp.x =~ 0.5 TeV for the 60 My progenitor,

which is significantly less than that for the 20 Mg progen-
itor, Fn.x =~ 50TeV. A contributing factor could be our
estimation of ejecta mass, M¢; = 11.75 My for SNR with
60 M progenitor, assuming the compact object as a neu-
tron star. But, in reality, a black hole might be formed in
the explosion of this very massive star, which would re-
sult in a lower ejecta mass. Then the ejecta speed and the
shock speed would be higher, leading to a maximum energy
of particles that is higher by a factor of a few, but not more,
because the acceleration rate scales with v% and hence in-
versely with the ejecta mass for a given explosion energy.
In addition, the result from SNR with 20 M progenitor is
consistent with the estimation of maximum energy for type
IT progenitor discussed in Cristofari et al. (2020). Further,
the spectral index at high energies obtained for the SNR
with 20 M progenitor at later times is roughly compara-
ble to those observationally deduced for 1C443 and W44
((Ackermann et al. 2013)).

3.3. Non-thermal emission

The processes of non-thermal radiation include synchrotron
emission, inverse Compton scattering, and the decay of neu-
tral pions. In our results, the synchrotron cut-off energy
reflects the evolution of the electron acceleration efficiency
that depends on the magnetic field profile and hydrodynam-
ics. In this paper we only consider the cosmic microwave
background to derive the inverse Compton emission from
the remnants. Porter et al. (2006) estimated that the con-
tribution of infrared and optical photon fields to inverse
Compton emission is not significant to that of CMB pho-
tons except for SNRs residing near the Galactic centre.
Hence, we are aware that these additional photon fields
might be needed to consider during the modelling of spe-
cific SNRs by taking into account the respective background
photon fields. The emission flux from different processes
is calculated for remnants at lkpc distance. Fig. 11 and
16 illustrate the synchrotron spectra from the SNRs with
20 Mo and 60 My progenitors respectively, and Fig. 12, 17
demonstrate the gamma-ray spectra from both the rem-
nants. These illustrations depict the time evolution of the
total emission spectra, as well as the part originating down-
stream of the SNR shock. Fig. 13 demonstrates as a func-
tion of time the radio flux at 5 GHz, the non-thermal X-ray
flux in the 0.1 keV —10keV range, as well as the gamma-ray
emission at high energy (HE) (0.1 GeV —100 GeV) and very
high energy (VHE) (> 1 TeV) for the SNR with 20 M, pro-
genitor.We also calculate intensity profiles at characteris-
tic times for synchrotron (Fig. 14 and Fig. 18) and gamma-
ray emission (Fig. 15 and Fig. 19), following the method
described in Telezhinsky et al. (2013). Although total X-ray
emission may be largely thermal during the interaction of
the remnant with dense molecular clouds Ustamujic et al.
(2021a), efficient CR, acceleration may suppress the post-
shock temperature and hence the thermal X-ray flux O'C.
Drury et al. (2009). Calculating the thermal X-ray emission
from SNRs is out of the scope of this study and only the
non-thermal emission is presented.

SNR with 20 M. progenitor- Below the age of about
5000 years, essentially the entire non-thermal emission is
produced in the interior of the remnant.

Free RSG wind- At the early stages of evolution, the in-
teraction of the SNR with the strong magnetic field in the
free wind region, By o 1/r, combined with strong ampli-
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fication, yields the considerable X-ray flux at this stage,
shown at 500 years in Fig. 11. The simulated non-thermal
X-ray light curve shown in Fig. 13 indicates declining X-
ray emission during the SNR evolution inside free RSG
wind. Initially, the remnant expands through dense mate-
rial, p o< 72 in the free RSG wind, and consequently pion-
decay emission dominates over inverse-Compton scattering
for the first 200 years. During this stage, the strongest
magnetic field is found near the contact discontinuity be-
tween SNR forward and reverse shock (cf. Lyutikov & Pohl
2004). The turbulent magnetic field generated in the up-
stream and at the shock is eventually damped in the down-
stream region as a consequence of the weak driving of tur-
bulence (Pohl et al. 2005). Hence, the contact discontinuity
between forward and reverse shock of the SNR produces
the highest intensity in the radio and X-ray band, shown
in Fig. 14. Further, Fig. 15 indicates that at this stage, the
peak intensity of pion-decay and inverse Compton emis-
sion also coincides with the contact discontinuity between
the forward and reverse shock. The interior of the remnant
also appears inverse-Compton bright at 1 TeV, because the
high-energy electrons can penetrate the deep interior.
Piled-up RSG wind- During the collision of SNR with
the RSG shell, at an age between 750 years and 1600 years,
the radio spectra start to soften to a spectral index o = 0.54
(S, o v~ %) well in agreement with the low-energy spectral
index of particles as seen in Fig. 5 but after the crossing
of the RSG shell the radio spectral index resumes to be
a = 0.5.

In addition, the pion-decay flux enhances on account of the
interaction with dense RSG shell. Further, during this in-
teraction, the spectral index of pion-decay emission reaches
2.2. It is important to note here, that the softness of the
pion-decay emission is extending all the way to low gamma-
ray energies, unlike the all-downstream particle spectrum,
as the bulk of the hadronic emission originates from the
shocked RSG-shell immediately downstream of the shock.
As a result, the low-energy gamma-ray spectra appear even
softer than the radio emission that is produced by electrons
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Fig. 11. Synchrotron emission from the SNR at different
ages. The upper boundaries of the shaded regions indicate the
total emission from the remnant whether the lower ones denote
emission from the downstream of SNR forward shock. The brown
band indicates the 50MHz — 10 GHz range and the blue band
denotes 0.1keV — 40 keV.
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Fig. 13. Evolution of energy flux (¢) during the lifetime
of SNR for synchrotron emission and gamma-ray emis-
sion at specific energy ranges inside the different regions
shown in Fig. 2 of wind-bubble formed by 20 My progenitor.
We specify that the shown X-ray flux only refers to the non-
thermal X-ray.

of comparable energy. This stage of SNR evolution may be
comparable to Cas A which may be expanding inside the
dense RSG wind (Chevalier & Oishi 2003). Although the
ambient CSM of Cas A may differ from that of a 20 Mg
progenitor, and the reverse shock of Cas A is an efficient
accelerator (Uchiyama & Aharonian (2008)), the spectral
index for accelerated protons obtained in this study is com-
parable with that estimated by Saha et al. (2014). The syn-
chrotron flux in the radio and X-ray band as well as the
hadronic emission flux reaches their maximum at this time
when the forward shock crosses the dense RSG shell. For
the next 200 years after that, the X-ray flux and HE pion-
decay flux decrease at rates of ~ 0.3%/yr and ~ 0.7%/yr,
respectively, as a consequence of the declining density and
the deceleration of the remnant. For Cas A, a reduction rate
of 1.5% /yr was observed for non-thermal X-rays in the band
4.2keV — 6keV (Patnaude et al. (2011)). So, it is possible
that the forward shock of Cas A is propagating through
piled-up RSG wind, and the difference in density, age, and



F/Fmax F/Fmax

F/Fmax

S. Das et al.:

Particle acceleration in core-collapse SNR,

20M, progenitor

500yr 1100yr
0.0 N
1.0 f 1500yr P Ll <o 2500yr
0.8 / \ U
. 55 gl ~ !
0.6 y \\ N AN
0.4 27\ - St A
- Dt ol [}
0.2 kwsmman=="~ \\ |
0.0 3 <
1.0EA 5000 74 30000
” \ yr N v
\ I ~’/ \7
0.6 ~ m—— ¢ |
h-_-— [,\ “_'.‘,a JJ,, \\
0.4 P |
eSO i % +r \ \w’\\.hs"‘fa?“\" ’_‘:‘*-ﬂ / S~ ~
02h =t # e . A WP [ e e o LV 7Y T ey -
L i
0.0 _—— ]
0.4 0.6 0.8 1.0 1.2 0.4 0.6 0.8 1.0 1.2
r/Rsh r/Rsh

Fig. 14. Normalised intensity profiles for synchrotron emission. For each specified profile, the intensity is normalised to

its peak value.

F/Fmax F/Fmax

F/Fmax

1.0
0.8
0.6
0.4
0.2

0.0
1.0

0.8
0.6
0.4

0.2f™

0.0
1.0

0.8
0.6
0.4
0.2
0.0

20M, progenitor

5. vse3

.
---‘

1GeV[IC]
1TeV[IC]

1GeVv [PD]
+ 1TeV[PD]

FHH.

500yr

1100yr

vt ®

s St —~

— el e = e mef

"»yl

2500yr

30000 yi

-
'''''

------

“a,
.
“.

0.4

0.6 0.8

r/Rsh

1.0

1.2

0.8
r/Rsh

0.4 0.6

Fig. 15. Normalised intensity profiles for gamma-ray emission. Emissions for pion-decay (PD) and inverse Compton
emissions (IC)are shown. For each specified profile, the intensity is normalised to its peak value.

shock radius may reflect a much lower progenitor mass for
Cas A than the 20 M assumed here.

Further, the synchrotron morphology is centre-filled in
this region. After the encounter with the RSG shell, the

velocity of forward shock starts to increase, and the reverse
shock and the contact discontinuity move towards the
interior. After 2500 years, two radio shells are visible, the
inner shell at the contact discontinuity and the outer one
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at the shocked RSG shell. Additionally, the brightest X-ray
band is created near the forward shock. In the gamma-ray
band, the brightest gamma-ray emission emanates from
the region near the contact discontinuity between forward
and reverse shock, and reverse shock. In reality, the
intensity peak is likely smeared out, on account of the
Rayleigh-Taylor instability of the contact discontinuity.
Furthermore, at 2500 years the entire remnant looks bright
in inverse Compton emission, specifically at 1 TeV, as the
energetic particles reach the reverse shock and may be
re-energised there.

Shocked MS wind- At 5000 years, when the SNR, for-

ward shock is inside this region and about to collide with
the contact discontinuity between shocked MS wind and
shocked ISM, Fig. 11 indicates that the total X-ray syn-
chrotron flux is slightly higher than that coming from the
downstream region only. The intensity of X-ray emission
at this time, shown in Fig. 14, indicates that the upstream
emission is generated near or at the wind bubble contact
discontinuity, on account of the very strong magnetic field
there, almost 15 times stronger than that in the shocked
MS wind. At the same time, the highest radio intensity
comes from the piled-up RSG wind behind the forward
shock and also from the region inside of the contact dis-
continuity between the SNR forward and reverse shock.
In this stage the pion-decay flux decreases on account of
the lower density of the medium, and the VHE inverse-
Compton emission flux dominates over the HE flux, as the
maximum achievable energy for electrons increases on ac-
count of the increase in shock velocity by 2000km.s~' in
this region. The normalised intensity profile at 5000 years
suggests that both the leptonic and hadronic gamma-ray
emission emerges from deep downstream.
Shocked ISM- During the forward-shock passage through
the shocked ISM, particles of higher energy can escape the
remnant, as discussed in sec. 3.2, and a significant frac-
tion of the synchrotron flux is produced in the upstream
region, depicted at 30000 years in Fig. 11. Additionally,
the pion-decay emission flux enhances on account of the
shock propagating in dense material. At this age, a frac-
tion of the gamma-ray emission is produced around the
remnant, on account of particle escape. The spectral in-
dex for pion-decay emission reflects the soft proton spec-
tra, and it reaches 2.4 — 2.6 above 10GeV. This kind of
soft gamma-ray spectra is observed from SNRs for exam-
ple 1C443, W44, G 39.2 — 0.3, etc., that are expanding in or
near the dense molecular clouds ((Fang et al. 2013; Cardillo
et al. 2014; de Ona Wilhelmi et al. 2020)). The old rem-
nant appears shell-like in pion-decay emission, whereas the
inverse Compton emission is centre-filled, contrary to the
synchrotron intensity profile. This morphology of old core-
collapse remnant is consistent with that of old type-Ia SNRs
(Brose et al. 2021).

SNR with 60 M, progenitor- For self-consistent tur-
bulence, the flux evolution of non-thermal emission in the
different energy bands is similar to that for Bohm-like dif-
fusion, which has been described in our previous study Das
et al. (2022). Therefore, here we only summarise the dif-
ference in emission spectra and morphology on account of
self-consistence turbulence and the time-dependent evalua-
tion of diffusion coefficient.

Considerable synchrotron and gamma-ray emission emerge
from the upstream region of the SNR forward shock already
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during the propagation of SNR in the shocked wind, on ac-
count of the escaped particles arising from the weak driving
of turbulence, as indicated by Fig. 9. The contact discon-
tinuity between SNR forward and reverse shock appears
bright in the radio and the X-ray band before the SNR
approaches the shocked ISM, clearly visible in the X-ray
morphology at 28000 years, illustrated in Fig. 18. Around
28000 years, following the collision of the SNR forward
shock with the LBV shell, the wind-bubble contact discon-
tinuity appears X-ray bright on account of the very strong
magnetic field. The brightest radio emission still emerges
from the region near the contact discontinuity between the
SNR forward and reverse shock. The synchrotron morphol-
ogy, illustrated in Fig. 18 modelled with self-consistent tur-
bulence is similar to that for Bohm-like diffusion (cf. Das
et al. 2022), except the contribution from escaped particles
around the SNR. This is to be noted that the radio spectra
are softer with spectral index, o = 0.8, where energy flux,
S, = v~ %, during the shock passage through the shocked
wind and the shocked ISM, which is quite consistent with
the observed indices for many old Galactic SNRs (Baars
et al. 1977; Green 2009; UroSevi¢ 2014).

During the early stages of evolution, the strong mag-
netic field in the free wind permits efficient proton accelera-
tion to very high energy, and the gamma-ray emission is pre-
dominantly hadronic, independent of the diffusion model.
At later stages, when the SNR expands in the shocked wind,
inverse Compton emission dominates and pion-decay emis-
sion is diminished until particle escape becomes significant.
Around 28000 years, high-energy protons residing in the
shock precursor can reach the high-density material be-
hind the contact discontinuity of the wind bubble, which
causes bright hadronic TeV-scale emission from the periph-
ery of the SNR. Therefore, we obtain significant pion-decay
emission flux from the upstream of the remnant, demon-
strated in Fig. 17 at 28000 years and also visible in the mor-
phology at 1TeV, shown in Fig. 19 where the pion-decay
emission emerges from the shell around the wind-bubble
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Fig. 16. Synchrotron spectra from the SNR at different
ages. The boundaries of the shaded regions indicate the total
emission and that from the interior of the SNR, as in Fig. 11.
The brown band indicates the 50 MHz — 10 GHz range and the
blue band denotes 0.1keV — 40keV.
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Fig. 18. Normalised intensity profiles for synchrotron
emission. For each specified profile, the intensity is normalised
to its peak value.

contact discontinuity ahead of the SNR shock. This situa-
tion is comparable with the scenario of gamma-ray emis-
sion from the interaction of escaped protons with ambient
molecular clouds, that has been suggested for IC 443, W44,
(G39.2 — 0.3 and G106.3 + 2.7 (Fang et al. 2013; Yang et al.
2022; de Ona Wilhelmi et al. 2020). Pion-decay dominates
the gamma-ray emission from old remnants whose forward
shock propagates in the shocked ISM, and the spectral in-
dex (2.2-2.4) for pion-decay emission above 10 GeV reflects
the softness of the proton spectra.

The gamma-ray emission morphology is shell-like at
early stages, dominated by the emission from the contact
discontinuity between forward and reverse shock. After the
collision with the wind bubble contact discontinuity, the ve-
locity of SNR forward shock decreases, and it can no longer
accelerate particles at very high energies. At that time, con-
fined particles of very high energy can reach, and be re-
accelerated by, the reverse shock that itself is energised by
multiple reflected shocks resulting from the SNR-CSM in-
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Fig. 19. Normalised intensity profiles for gamma-ray
emission. Emissions for pion-decay (PD) and inverse Compton
(IC) emissions are shown. For each specified profile, the inten-
sity is normalised to its peak value.

teraction. It is already evident that after 28,000 years, the
inverse Compton emission mainly emerges from the region
around the reverse shock, and the morphology eventually
becomes centre-filled. This late-time morphology is similar
to that obtained for the SNR with 20 Mg progenitor.

4. Conclusions

We have probed the structures of the ambient medium at
the pre-supernova stage for 20 Mg, and 60 M5 progenitors
by solving the hydrodynamic evolution of the CSM from
the ZAMS stage to pre-supernova stage. We then have ex-
plored the interaction of the SNRs with the so-modelled
CSM, as well as the acceleration and transport of ener-
getic particles. For that purpose, we have solved the time-
dependent transport equations of CRs in the test-particle
limit and of magnetic turbulence, as well as the induc-
tion equation for the large-scale magnetic field, all in par-
allel with the hydrodynamic equations for the SNR and
the CSM. The self-consistent turbulence module provides
a time- and momentum-dependent spatial CR diffusion co-
efficient which is far more realistic than the oversimplified
Bohm-scaling of the diffusion coefficient.

We have demonstrated that inefficient confinement of
high-energy particles eventually causes spectral breaks at
GeV energies, above which the spectral index is 2.2 — 2.6.
The simulations of particle acceleration at the SNR forward
shock indicate that the spectra of the particles and their
emission products are significantly affected by the struc-
ture of the wind bubble. Our morphological analysis of two
SNRs with 20 Mg, and 60 Mg progenitors has revealed dis-
similarities in various frequency bands, that reflect the dif-
ferences in the wind bubbles.

In the scenario with the 20 My star, we have observed
transient softer spectra with the spectral index of 2.2 specif-
ically at higher energy during the collision between SNR-
RSG shell. Beyond this, the flow profiles of the ambient
medium do not induce any spectral softness. It is the weak
driving of turbulence that for old remnants renders pro-
ton spectral indices around 2.6 at high energies. Similar
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soft proton spectra have been deduced from observations
of the SNRs evolving inside dense molecular clouds. The
synchrotron flux depends on the total magnetic field in-
tensity in the different regions of the wind bubble as well
as the maximum achievable electron energy. At the later
stage, although the magnetic field strength is very high in
the shocked ISM, the paucity of high-energy electrons in the
shock environment causes the synchrotron cut-off energy to
decline from 10keV to 0.1 keV. The flux of pion-decay emis-
sion varies throughout the evolution, whereas the inverse
Compton flux shows a steady trend and slightly increases
until the SNR enters the shocked ISM. SNRs with a 20 M,
progenitor have a shell-like morphology in the X-ray band
and pion-decay emission except at middle age, while in the
radio band the SNR appears more centre-filled, except at
very old age. The inverse-Compton morphology is that of a
thick shell, which transitions to a more centre-filled config-
uration at late times.

For the SNR with 60 M, progenitor star, we have ob-
tained soft spectra also at low energies, on account of the
low sonic Mach number inside the hot shocked wind regions.
At later times, the spectra become soft at higher energies
as well, reflecting inefficient driving of turbulence and the
associated rapid decline in the currently achievable maxi-
mum particle energy, that we already described for the SNR,
with 20 Mg progenitor. The synchrotron cut-off frequency
increases with time, on account of the high magnetic field
intensity in the shocked wind, until the high-energy elec-
trons start to escape from the remnant. Inverse Compton
emission dominates the gamma-ray output until the SNR
reaches the vicinity of the contact discontinuity of the wind
bubble, and the pion-decay emission is prominent for the
old remnant. For both types of SNR the gas density of the
ambient medium determines the dominant contribution in
the gamma-ray band (cf. Yuan et al. 2012). The X-ray mor-
phology resembles a thick shell, whereas the radio emission
evolves with time from shell-like to centre-filled configu-
ration. In the gamma-ray band, the pion-decay intensity
profile is shell-like, and that of inverse Compton emission
eventually transitions from shell-like to a centre-filled struc-
ture. For both SNRs, the morphology looks similar for old
remnants, and in this stage, it also resembles that of type-Ia
SNRs (Brose et al. 2021).

In conclusion, it is evident that the spectra of acceler-
ated particles are shaped by both the hydrodynamics of
the ambient medium and the time-dependent diffusion co-
efficients. Our results suggest that non-thermal emission
and its morphology can inform us about the progenitor
stars and the current state of evolution of the remnant,
at least until it reaches the shocked ISM. The SNR with
lower-mass progenitor star (20 M) is more likely to be de-
tected with current-generation observations, on account of
the high density of the RSG wind.
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