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propagating in a stellar wind with a wind termination
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We investigate the acceleration process of particles in core-collapse supernova remnants (SNRs)
propagating in the circumstellar medium with the Parker-spiral magnetic field, current sheet, and
wind termination shock (WTS). Wolf-Rayet (WR) stars are considered in this work as progenitors
of supernovae. Test particle simulations are performed to reveal the particle motion between the
SNR shock and WTS and attainable maximum energy without magnetic field amplification in the
upstream region, where the magnetic field strength and rotation period expected from observations
of WR stars are used. We show that particles can experience the cyclic motion between the SNR
shock and WTS until the SNR shock collides with the WTS. Particles are accelerated at the SNR
shock and WTS again and again and the attainable maximum energy can exceed the maximum
energy limited by escape from core-collapse SNRs.
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1. Introduction

Supernova remnants (SNRs) are believed to be the origin of Galactic cosmic rays (CRs). In
addition to the spectral break around 3 PeV, recent observations reported that the energy spectrum
of CR protons and heliums has the spectral break around 10 TeV [1]. Although 3 PeV is thought to
be the maximum energy scale of Galactic CRes, it is still unclear what the energy scale about 10 TeV
means. Diffusive shock acceleration (DSA) is the plausible acceleration mechanism to accelerate
CRs up to the PeV scales [2]. In particular, the DSA at perpendicular shocks, where the magnetic
field is perpendicular to the shock normal direction, can accelerate particles to the PeV scale without
magnetic field amplification in the shock upstream region. Rapid perpendicular shock acceleration
is confirmed by numerical simulations [3, 4].

Recent work show that the maximum energy of particles can be limited by escape from
accelerators [5]. Our recent work investigated the escape process and maximum energy limited by
escape from core-collapse SNRs propagating in the circumstellar medium with the Parker-spiral
magnetic field and current sheet [6]. Not only the Parker-spiral magnetic field and current sheet but
also the wind termination shock (WTS) created by the stellar wind of progenitors of core-collapse
supernovae could realize in the circumstellar medium. Therefore, particles escaped from core-
collapse SNRs eventually can interact with the WTS and could be accelerated again at the WTS.
However, the particle motion between the SNR shock and WTS and attainable particle energy are
still unclear.

In this work, we investigate CR acceleration and attainable energy in the core-collapse SNR
shock propagating in the circumstellar medium with Parker-spiral magnetic field, current sheet,
and WTS by using test particle simulations. As for the Parker-spiral magnetic field, the toroidal
component can be larger than the radial component (see Equations (2) and (3)). Thus, most
shock surfaces of the core-collapse SNR and WTS can be perpendicular shocks. In this work, the
core-collapse SNR shock collides with WTS at about 1500 yr after the supernova explosion.

2. Simulation setup

This work focuses on core-collapse SNRs propagating in the free wind region (shock upstream
region) until the SNR shock collides with the WTS. Test particle simulations are performed to
investigate the particle motion between the SNR shock and WTS and attainable maximum energy
in this system. Here, we consider high-energy protons. Particles with 100 GeV are impulsively
injected on the SNR shock surface at the simulation start time. Wolf-Rayet (WR) stars, which are
thought to be progenitor of type Ib/Ic supernovae, are considered as progenitors. We use observed
values as parameters of WR stars. The surface magnetic field strength, B.., stellar radius, R., mass
loss rate, M, and wind velocity, Vi, are set to be 100 G, 10Rg, 107*M /yr, and 3000 km/s,
respectively. The time evolution of the SNR shock until the SNR shock collides with the WTS
(= 1500 yr) is
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where the wind density profile (py = M/(4nVyr?)) and ejecta profile are assumed [7]. The
explosion energy, Esn, and ejecta mass, M,;, are set to be 10°! erg and 5M,,, respectively. Rsnr =
f ! usNr(t)dt’ is the SNR shock radius. The flow velocity of the downstream region of the SNR
shock, us snR, is approximately given by us snr(7, 1) = (Busnr(2)/4 + Vi /4) (r/Rsnr(2)). Here,
the SNR shock is assumed to be the strong shock. The radius of the WTS, Rwrs, is fixed to be 8 pc
because the velocity of the WTS is much smaller than the wind velocity and SNR shock velocity
[8]. This WTS radius is almost consistent with the simulation of the evolution of the circumstellar
medium [9]. The flow velocity of the downstream region of the WTS, u; wrs, is approximately
given by us wrs(r) = (Vi/4)(r/Rwrs) ~2, where the WTS is assumed to be the strong shock.

In this work, we consider only the Parker-spiral magnetic field as an unperturbed magnetic
field component in the free wind region (shock upstream region). To simplify, the magnetic field
fluctuation and amplification in the free wind region are not considered in this work. The rotation
axis of WR stars is set to be the polar axis of the spherical coordinate. 6 and ¢ are polar angle and
azimuthal angle, respectively. The poles and equator are the region where 6 = 0, 7 and 6 = 7/2,
respectively. The Parker-spiral magnetic field, B =B 1L,rér + B g€y, is

R.\* m
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By = BT sme{l—zH(e—g)} , (3)

where r is the distance from the explosion center [10]. The Alfvén radius, where the magnetic field
opens, could be almost the same as the stellar radius under the WR star parameters we use in this
work [11]. The sign of By, 4 is negative (positive) when the angle between the rotation and magnetic
axes, (inc, is smaller (larger) than /2 radians. We consider aligned rotators, which the rotation
axis is parallel or antiparallel to the magnetic axis. The current sheet of aligned rotators is created
at the equator [12]. The current sheet is assumed to be discontinuity in this work because the gyro
radius of high-energy protons is assumed to be much larger than the width of the current sheet. The
wind velocity is assumed to have only the radial component (\7W = Vwé,). Thus, in the simulation
frame (explosion center rest frame), the motional electric field, E | = —(Vw /c) X El, occurs in the
free wind region. Contrary to the magnetic field in the free wind region (shock upstream region),
the downstream magnetic field of both the SNR and WTS is assumed to be highly turbulent. The
turbulent magnetic field in the shock downstream region is suggested from some observations and
simulations [13, 14]. The particle motion in the downstream region of both the SNR and WTS is
assumed to be the Bohm diffusion, which is suggested by some observations and simulations [15].

We use different methods to solve the particle transport in the upstream and downstream
regions [4, 6, 16]. In the downstream region of both the SNR shock and WTS, we solve the
random walk by using Monte-Carlo method. Downstream particles are isotropically scattered in
the local downstream fluid rest frame. Scattering angle are randomly chosen between 0 and 47
steradians. The downstream particle mean free path is the downstream gyro radius because the
Bohm diffusion is assumed in our simulations. The downstream magnetic field strength, which
determines the downstream gyro radius, is given by the condition that some fractions of the upstream
kinetic energy flux in the shock rest frame convert to the downstream magnetic energy flux. The
conversion fraction, €g, is set to be 0.1 in our simulations. The magnetic field strength of the
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downstream region of the SNR and WTS, B, snr and B wrs, is
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respectively. On the other hand, in the free wind region (shock upstream region), we solve the
equation of motion under By and E to solve the particle orbit.

3. Simulation results
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Figure 1: Time evolution of the particle distribution for a WR star with a@j, = 0. The vertical axis is the
z component of particle positions, which direction is parallel to the rotation axis of the progenitor. The
horizontal axis is the distance from the rotation axis, yx2 + y2. The both axes are normalized by the radius
of the WTS, Rwrts. The points and color are particles and the particle energy, respectively. The gray line at
the equator (z = 0) is the current sheet. The inner and outer black hemispheres are the SNR shock and WTS,
respectively. Time elapses from the left to right figures.
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Figure 2: Energy spectrum of all particles at t = 122.3 yr and 1449.4 yr. The horizontal and vertical axes
are the particle energy, &, and £2dN /de, respectively. The vertical red line is energy limited by escape from
the SNR shock, esnr (Equation (6)).
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First, we show simulation results for the case of aj,. = 0. Figure 1 shows the time evolution
of the particle distribution for a WR star with @i, = 0. The vertical axis is the z component of
particle positions, which direction is parallel to the rotation axis of progenitors. The horizontal
axis is the distance from the rotation axis, 4/x2 + y2. The both axes are normalized by the radius of
the WTS, Rwrs. The points and color are particles and the particle energy, respectively. The gray
line at the equator (z = 0) is the current sheet. The inner and outer black hemispheres are the SNR
shock and WTS, respectively. Time elapses from the left to right figures. Particles injected on the
SNR shock surface are accelerated by the SNR shock while moving to the equator. Accelerating
particles eventually reach the equator and interact with the current sheet at the equator. Once
particles interact with the current sheet, these particles start to leave from the SNR shock while
moving along the current sheet. The particle motion along the current sheet is the meandering
motion [17]. This escape process from the SNR shock is the same as the results of our previous
work [6]. Particles escaped from the SNR shock move along the current sheet towards the WTS
(t = 122.3 yr in Figure 1). Once particles interact with the WTS, particles are accelerated by
the WTS while moving along the WTS towards the poles (+ = 171.2 yr in Figure 1). The radial
magnetic field component, By ,, becomes larger than the toroidal magnetic field component, B 4
around the poles. Then, parallel shocks realize around the poles. Hence, particles around the poles
can return to the SNR shock while moving the radial magnetic field component, By , (f = 223.9 yr
in Figure 1). Particles returned to the SNR shock are accelerated again at the SNR shock. Particles
move to the equator along the SNR shock and interact with the current sheet at the equator, leading
to escape from the SNR shock again (¢ = 259.6 yr in Figure 1). Above cyclic motion between the
SNR shock and WTS lasts until the SNR shock collides with the WTS (¢ = 1449.4 yr). Therefore,
particles continue to be accelerated by the cyclic motion between the SNR shock and WTS.

Figure 2 shows the energy spectrum of all particles. The horizontal and vertical axes are the
particle energy, &, and £2dN /de, respectively. The vertical red line is energy limited by escape from
the SNR shock, esnr, Which is the same as the energy limited by the potential difference between
the pole and equator [6]. The potential-limited maximum energy at the SNR, egngr, is

usNr — Vw R.Q. .
Vw

ESNR = B.R. . (6)
At t = 122.3 yr, the maximum energy of particles is almost consistent with the potential-limited
maximum energy (red line in Figure 2), which is the same as our previous work [6]. The energy
spectrum of accelerated particles is almost same as the standard DSA prediction, dN/de o &2
[2,4]. As we mentioned above, particles can perform the cyclic motion between the SNR and WTS
and are accelerated at both SNR and WTS again and again, leading to increasing the attainable
maximum energy. Hence, as one can see, the attainable maximum energy can exceed the escape-
limited maximum energy.

Next, we show results for the case of @i, = 7. Figure 3 shows the time evolution of the particle
distribution for a WR star with aj, = 1. The horizontal and vertical axes, points, colors, inner and
outer black hemispheres, and gray line at the equator (z = 0) are the same as Figure 1. Time elapses
from the left to right figures. Contrary to the case of aj,. = 0, injected particles move to the poles
while being accelerated because the sign of toroidal magnetic field component, By 4, is opposite to
that of the case of aj, = 0. The radial magnetic field component, B ,, is larger than the toroidal
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Figure 3: Time evolution of the particle distribution for a WR star with @j,c = 7. The horizontal and
vertical axes, points, colors, inner and outer black hemispheres, and gray line at z = 0 are the same formats
as Figure 1. Time elapses from the left to right figures.
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Figure 4: Energy spectra of all particles. The horizontal and vertical axes are the particle energy, &,
and &?dN /de, respectively. The vertical red line is energy limited by escape from the SNR shock, esng
(Equation (6)).

magnetic field component, B 4, around the poles. Therefore, particles around the poles can move
along the radial magnetic field, B; ,, and escape from the SNR shock while moving along the poles.
This escape process from the SNR shock is the same as our previous work [6]. Particles escaped
from the SNR shock move to the WTS and eventually reach the WTS (¢ = 122.3 yr in Figure 3).
Particles are accelerated at the WTS while moving along the WTS (¢ = 171.2 yr in Figure 3). These
particles reach the equator of the WTS and can return to the SNR shock while moving along the
current sheet (meandering motion) (¢ = 223.9 — 259.6 yr in Figure 3). Particles are accelerated at
the SNR shock again and escape from the poles again. This cyclic motion between the pole and
equator occurs until the SNR shock collides with the WTS (¢ = 1449.4 yr) and particles continue
to be accelerated by the cyclic motion between the SNR shock and WTS.

Figure 4 shows the energy spectrum of all particles. The horizontal and vertical axes are the
particle energy, £, and £2dN/de, respectively. The vertical red line is energy limited by escape
from the SNR shock, esnr (Equation (6)). Similar to the case of @i, = 0, the maximum energy
of particles escaped from the SNR shock is limited by the potential difference between the pole
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and equator (¢ = 122.3 yr) [6]. The energy spectrum of accelerated particles is almost same
as the standard DSA prediction, dN/de o £72 [2, 4]. As we mentioned above, particles can
experience the cyclic motion between the SNR shock and WTS until the SNR shock collides with
the WTS (¢ = 1449.4 yr), leading to increasing the attainable maximum energy. Thus, the attainable
maximum energy can exceed the potential-limited maximum energy similar to the case of @j,. = 0.

4. Discussion

The spectral break of CR protons and heliums around 10 TeV is reported by some observations
[1]. However, the origin of the spectral break around 10 TeV is still unclear. Our recent work
showed that the maximum energy limited by escape from core-collapse SNRs without upstream
magnetic field amplification is about 10 TeV [6]. As one can see Figures 2 and 4, the attainable
maximum energy can reach 10 TeV by the cyclic motion between the SNR shock and WTS even
if the escape-limited maximum energy (Equation (6)), is smaller than 10 TeV. Furthermore, our
recent work showed that the perpendicular shock region of type Ia SNRs without upstream magnetic
field amplification accelerate particles up to about 10 TeV [16]. Hence, SNRs without upstream
magnetic field amplification could be the origin of the spectral break around 10 TeV.

5. Summary

In this work, we performed global test particle simulations to investigate the particle motion
and attainable maximum energy of particles accelerated in core-collapse SNRs propagating in the
free wind region. The Parker-spiral magnetic field, current sheet, and WTS in free wind region are
considered in this work. For simplicity, the Parker-spiral magnetic field is only considered as the
magnetic field in the free wind region (shock upstream region). The magnetic fluctuations in the
upstream and downstream regions is assumed to be zero and highly amplified. We focus on WR
stars, which are thought to be progenitors of type Ib/Ic supernovae. We show that particles can
perform the cyclic motion between the equator and poles for both case of @i, = 0 and 7 and that the
attainable maximum energy can exceed the maximum energy limited by the escape from the SNR
shock (Equation (6)). Core-collapse SNRs without upstream magnetic field amplification could be
the origin of the 10 TeV break of the CR energy spectrum.
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