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                    Abstract
A study is performed of the acceleration of cosmic rays by shock waves propagating in bubbles of hot rarefied gas created by the stellar wind of supernova progenitors. Spectra of accelerated particles produced in type Ib/c supernova remnants are determined.
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                                    INTRODUCTION
Supernova remnants are now considered the main source of galactic cosmic rays. It is assumed that particles receive energy in the vicinity of remnant shock waves through the action of diffusion acceleration discovered by Krymsky and Bell [1, 2]. Observations of gamma radiation from young supernova remnants show that particles in them are accelerated to energies of at least 100 TeV [3].
The acceleration of particles in supernova remnants is usually modeled by assuming that the shock wave from the explosion propagates in a homogeneous interstellar medium. However, at least half of all supernova explosions occur in a cavity filled with hot rarefied gas created by the powerful stellar wind of the supernova progenitor. It is known that supernova remnants of this type are the best accelerators of charged particles, due probably to there being a rather strong turbulent magnetic field inside the cavity. This allows particles to be accelerated to PeV energies while the shock wave propagates inside the cavity [4]. The shock wave is later decelerated inside a dense shell that bounds the cavity, and the energy of the accelerated particles falls. As a result, the spectrum of particles produced by a given supernova remnant is determined by both the early and late stages of its evolution.
In this work, we used our numerical model of acceleration by shock waves [5, 6] to describe the acceleration of particles in supernova remnants with a nonuniform density distribution. The second section provides a brief description of the model and some additional elements needed to model supernova remnants at a later stage of evolution. In the third section, we use this model to describe the evolution and acceleration of particles in a type Ib/c supernova remnant.


MODEL OF ACCELERATION 
IN SUPERNOVA REMNANTS
A detailed description of our acceleration model was given in [5, 6]. Nonstationary spherically symmetric equations of hydrodynamics and cosmic ray transport are solved numerically by the finite difference approach. The pressure of the accelerated particles has a dynamic effect on the evolution of the supernova remnant.
Radiative losses of the gas and the attenuation of Alfven waves on neutral atoms must be considered for old remnants. The following equations were therefore used for gas pressure Pg and wave pressure Pm:
$$\begin{gathered} \frac{{\partial {{P}_{{\text{g}}}}}}{{\partial t}} + u\frac{{\partial {{P}_{{\text{g}}}}}}{{\partial r}} + \frac{{{{\gamma }_{{\text{g}}}}{{P}_{{\text{g}}}}}}{{{{r}^{2}}}}\frac{\partial }{{\partial r}}{{r}^{2}}u \\ = \,\, - \left( {{{\gamma }_{{\text{g}}}} - 1} \right)\left( {\left( {1 - {{h}_{{\text{m}}}}} \right){{V}_{{{\text{Ar}}}}}\frac{{\partial {{P}_{{\text{c}}}}}}{{\partial r}} + \Lambda \left( T \right)n_{{\text{H}}}^{2} - 4{{\Gamma }_{{\text{n}}}}{{P}_{{\text{m}}}}} \right), \\ \end{gathered} $$

                    (1)
                

$$\begin{gathered} \frac{{\partial {{P}_{{\text{m}}}}}}{{\partial t}} + \left( {u + {{V}_{{{\text{Ar}}}}}} \right)\frac{{\partial {{P}_{{\text{m}}}}}}{{\partial r}} + \frac{{{{P}_{{\text{m}}}}}}{{{{r}^{2}}}}\frac{\partial }{{\partial r}}{{r}^{2}}\left( {\frac{3}{2}u + {{V}_{{{\text{Ar}}}}}} \right) \\ = \,\, - \frac{{{{h}_{{\text{m}}}}}}{2}{{V}_{{{\text{Ar}}}}}\frac{{\partial {{P}_{{\text{c}}}}}}{{\partial r}} - 2{{\Gamma }_{{\text{n}}}}{{P}_{{\text{m}}}}. \\ \end{gathered} $$

                    (2)
                

Here, γg = 5/3 is the gas adiabatic index; nH is the concentration of the gas; u is the velocity of the medium; VАr is the radial component of the Alfven velocity; Pc is the pressure of cosmic rays; hm is the fraction of energy converted into wave energy during the development of streaming instability; Гn is the decrement of wave attenuation on neutral atoms; and Λ(Т) is a function describing the total radiative losses of a gas with temperature T. It is clear from Eq. (2) that the speed of wave propagation does not coincide with the velocity of the gas. The same can be said about the advection of particles accelerated in the vicinity of the front. The pressure gradient of the accelerated particles is negative ahead of the shock wave front, and the amplified waves propagate from the latter. The situation is less clear behind the front. At the phenomenological level, it was suggested in [7] that waves and particles behind the front can also be transported with an Alfven velocity directed from the shock wave front. This effect was recently observed in the hybrid modeling of collisionless shock waves [8].
Equation (2) was used ahead of the shock front. We used the same equation behind the front, but we assumed the gas was completely ionized and Гn = 0 (i.e., there was no attenuation of waves in this region).
Fraction Xn of neutral atoms, which determines the attenuation of waves ahead of the front of the forward shock wave, was determined using the equation
$$\begin{gathered} \frac{{\partial {{X}_{{\text{n}}}}}}{{\partial t}} + u\frac{{\partial {{X}_{{\text{n}}}}}}{{\partial r}}~ \\ = \,\, - \left( {aI + {{\alpha }_{i}}} \right){{X}_{{\text{n}}}} + {{\alpha }_{{{\text{rec}}}}}{{n}_{{\text{H}}}}{{\left( {1 - {{X}_{{\text{n}}}}} \right)}^{2}}. \\ \end{gathered} $$

                    (3)
                

Here, a is the cross section of photoionization; \({{\alpha }_{i}}\) is the rate of collisional ionization; and αrec is the rate of recombination. Flux I of ionizing photons in this equation was determined using the simplified radiation transfer equation
$$I = {{I}_{0}}\frac{{R_{{\text{f}}}^{2}}}{{{{r}^{2}}}}{\text{exp}}\left( { - \mathop \smallint \limits_{{{R}_{{\text{f}}}}}^r dr~a{{X}_{{\text{n}}}}{{n}_{{\text{H}}}}} \right).$$

                    (4)
                

Here, I0 is the flux of ionizing radiation at the front, which is in turn determined by function Λi(T) of radiative losses for ionization behind the front of the shock wave:
$${{I}_{0}} = I_{{\text{H}}}^{{ - 1}}R_{{\text{f}}}^{{ - 2}}\mathop \smallint \limits_0^{{{R}_{{\text{f}}}}} {{r}^{2}}dr~{{\Lambda }_{i}}\left( T \right)n_{{\text{H}}}^{2}.$$

                    (5)
                

Here, IH = 13.6 eV is the potential of hydrogen ionization. We used function Λi(T) obtained from [9] for radiation in the range of 300–910 Å.
Radial component VА and the magnitude of amplified magnetic field B were determined using the expression
$$B = \sqrt {B_{0}^{2} + 8\pi {{P}_{{\text{m}}}}} ,\,\,\,{{V}_{{{\text{Ar}}}}} = {{{{V}_{{\text{A}}}}} \mathord{\left/ {\vphantom {{{{V}_{{\text{A}}}}} {\sqrt 3 }}} \right. \kern-0em} {\sqrt 3 }}.$$

Here, B0 is a regular magnetic field in the medium. Alfvén velocity VA was calculated in the amplified field B and had opposite signs ahead of and behind the shock front.
In our calculations, we used values hm = 0.8, B > 3B0, hm = 1, and B ≤ 3B0. In other words, part of the energy is transferred to heating the gas ahead of the shock front at high amplitudes of the amplified field. Coefficient D of particle diffusion is expressed in terms of the wave energy density:
$$D = {{D}_{{\text{B}}}}\frac{{{{{{B}^{2}}} \mathord{\left/ {\vphantom {{{{B}^{2}}} {8\pi }}} \right. \kern-0em} {8\pi }}}}{{{{P}_{{\text{m}}}}}},\,\,\,{{D}_{{\text{B}}}} = \frac{{pv{\text{c}}}}{{3qB}}.$$

Here, q, p, v are the charge, momentum, and speed of the particles, respectively. In an amplified field when B \( \gg \) B0, the coefficient of diffusion is equal to Bohm coefficient DB.


MODELING ACCELERATION 
IN A TYPE Ib/c SUPERNOVA REMNANT
Our calculations used ejection mass Mej = 1.0 solar masses and energy of explosion ESN = 1.0 × 1051 erg, which are typical of type Ib/c supernovas. The gas density profile was

                $${{n}_{{\text{H}}}} = {{n}_{{\text{b}}}} + {{n}_{{\text{s}}}}{{\left( {\frac{r}{{10~\,\,{\text{pc}}}}} \right)}^{{10}}}.$$


              The shock wave first propagated in rarefied gas with density nb = 0.01 cm−3, and then entered a dense medium. The density of the medium was ns = 50.0 cm−3. The magnetic field in the medium was B0 = 10−5 G. Protons were injected onto a forward shock wave, while helium nuclei were injected onto a reverse shock wave with an efficiency of 0.001. Electrons were injected onto the forward shock wave with an efficiency of 10−6.
Initial wave pressure Pm0 in the medium ahead of the front was set at the moment of the explosion. It is then amplified, due to the streaming instability of particles accelerated by the shock wave (see Eq. (2)). Inside the cavity, we set Pm0 = \({{B_{0}^{2}} \mathord{\left/ {\vphantom {{B_{0}^{2}} {8\pi }}} \right. \kern-0em} {8\pi }}\) (i.e., a high level of magnetic field disturbance) when the coefficient of particle diffusion was close to the Bohm coefficient. Pm0 = \({{10}^{{ - 4}}}{{B_{0}^{2}} \mathord{\left/ {\vphantom {{B_{0}^{2}} {8\pi }}} \right. \kern-0em} {8\pi }}\) was specified for the transition to the shell when nH > 0.1 cm−3, and the wave amplitude grew because of the streaming instability for effective particle acceleration.
The evolution of the main physical parameters of the remnant is shown in Fig. 1. The gas in the cavity and dense envelope is initially ionized by the optical radiation of a supernova progenitor (a Wolf–Rayet star). The shock wave begins to enter the dense shell 500 years after the explosion. By this time, a small fraction of the gas has recombined, and the maximum energy starts to fall rapidly because of the attenuation of waves on neutral atoms. Approximately 2500 years after the explosion, however, ionizing radiation produced behind the front of the shock wave re-ionizes the medium. The drop in maximum energy stops, despite the reduced velocity of the shock wave. The radiative stage, at which the degree of compression of the shock wave and the efficiency of acceleration rise sharply, begins 5000 years after the explosion. We finished our modeling at the remnant age of 17 000 years, where the ionizing radiation flux was already insufficient to ionize the gas ahead of the shock front. The radius of the shock wave at this moment was Rf = 10 pc, and its velocity was 70 km/s. About 40 percent of the explosion’s energy was converted into accelerated particles. About 20 percent of the explosion’s energy left the system, due to radiative losses. The gas immediately behind the shock front cooled to a temperature of around 104 K. A dense shell did not form, however, since this was hindered by the pressure of the accelerated particles and the magnetic field (see [10] as well). The central part of the remnant was filled with a rarefied hot gas at a temperature of the order of millions of degrees.
Fig. 1. [image: figure 1]
Time dependence of the physical parameters of the supernova remnant. Shown are radius Rf of the forward shock wave (solid curve); shock wave velocity Vf (fine solid curve); maximum energy Emax of particles on the forward shock wave (dashed curve); fraction Xn of neutral atoms at the shock front (fine dashed curve); and degree σ of shock wave compression (dashed curve).


Full size image

Spectra of the accelerated particles are shown in Fig. 2. In the past, particles were accelerated in this remnant to about 1 PeV. Particles with energies up to 100 TeV were still confined behind the shock front. The spectra of nuclei accelerated by the reverse shock wave were harder, which is explained by the reverse shock wave accelerating particles in a medium with a falling density. About 25 percent of the explosion’s energy went to protons accelerated by the forward shock wave, and 15 percent went to helium nuclei accelerated by the reverse shock wave. This large fraction of the energy transferred to particles accelerated by the reverse wave was due to an inhomogeneous density distribution. The energy of the reverse shock wave is usually around 10 percent for a supernova remnant evolving in a homogeneous medium. In our case, however, when a forward shock wave collides with a dense shell, a considerable fraction of the energy goes into the remnant, and the energies of the forward and reverse shock waves are approximately the same.
Fig. 2. [image: figure 2]
Spectra of accelerated protons (heavy curves), electrons (fine curves), and helium nuclei produced in a supernova remnant. Shown are the time-integrated spectra of particles leaving the remnant (dashed curves), the volume-integrated spectra of particles inside the remnant (dotted curves), and their sum (solid curves).


Full size image
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