Cosmic-ray escape from supernova remnants
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Supernova remnants are known to accelerate cosmic rays for their non-thermal emission of radio
waves, X-rays, and gamma-rays. Although there are many models for the acceleration of cosmic
rays in supernova remnants, the escape of cosmic rays from this sources is yet understudied.
We use our time-dependent acceleration code to study the acceleration of cosmic rays and their
escape from supernova remnants.
We carry out spherically symmetric 1-D simulations in which we simultaneously solve the transport equations for cosmic rays, magnetic turbulence, and the hydrodynamical flow of the thermal
plasma. The transport equations for cosmic-rays and magnetic turbulence are coupled via the
cosmic-ray gradient and the spatial diffusion coefficient of the cosmic rays, while the cosmic-ray
feedback onto the shock structure is ignored. Our simulations span 100000 years, thus covering
the free-expansion, the Sedov-Taylor and the radiative phase of the remnant evolution. During
this time we keep all cosmic rays in the simulation domain.
At later stages of the evolution cosmic-rays in a wide energy-band are able to escape the remnant.
We compare the results with common analytic estimates for the escape-spectra.
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1. Introduction
Supernova remnants (SNRs) are known to accelerate cosmic-rays (CRs) to relativistic energies
[1], where it is assumed that the highest energies are reached during the early times of the SNR
evolution [2].

In this work we present a time-dependent, test-particle calculation of the CR acceleration over
the whole lifetime of a SNR including the radiative phase. We show that the maximum energy of
the accelerated CRs differs only by one order of magnitude and that the late evolution stages give
rise to the formation of some spectral features.

2. Basic equations and assumptions
2.1 Cosmic rays
We model the acceleration of cosmic rays using a kinetic approach in the test-particle approximation [7, 8, 9], thus the CR-pressure has always to stay below 10% of the shock ram pressure.
The time-dependent transport equation for the differential number density of cosmic rays N [10] is
given by:



∂N
∂
∇·u
= ∇(Dr ∇N − uN) −
(N ṗ) −
Np +Q ,
∂t
∂p
3

(2.1)

where Dr denotes the spatial diffusion coefficient, u the advective velocity, ṗ energy losses and Q
the source of thermal particles.
We solve this transport equation in a frame co-moving with the shock. The radial coordinate
is transformed according to (x − 1) = (x∗ − 1)3 , where x = r/Rsh . For a equidistant binning of x∗
this transformation guarantees a very fine resolution close to the shock and a outer grid-boundary
that extends to several tens of shock-radii upstream for x∗ >> 1. Thus all accelerated particles can
be kept in the simulation domain.
Following [8] we apply Bohm diffusion close to the shock and have a transition to the galactic
diffusion coefficient further upstream. The code contains the possibility consider the amplification
of magnetic turbulence and thus calculate the diffusion coefficient self-consistent[11] but this will
be addressed in future work.
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However, the link between the acceleration of CRs in SNRs and their release into the interstellar medium (ISM) has still to be build. Recent models for CR acceleration that include the
CR-feedback on the plasma-flow as well as the amplification of magnetic turbulence are either
steady-state calculations (e.g [3]) or include particle in cell codes that cover only very short timescales[4]. The late phases of the remnant evolution are poorly studied although they span a huge
part of the SNRs lifetime. The possibility of reacceleration of CRs at slow shocks [5] has be
discussed as well as the modification of the CR spectra due to an enhanced escape-rate of CRs[6].
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2.1.1 Injection
We inject particles according to the thermal leakage injection model[12]. Here the efficiency
of injection ηi is given by
2
4
ηi = √ (σ − 1)ψ 3 e−ψ ,
3 π

(2.2)

2.2 Hydrodynamics
The evolution of a SNR without CR-feedback can be described solving the standard gasdynamical equations


T  
ρv
0
ρ
∂  


 
 m  + ∇  mv + PI  =  0 
∂t
E
(E + p)v
L


ρv2
P
+
= E,
2
γ −1

(2.3)

(2.4)

where ρ is the density of the thermal gas, v the plasma velocity, m = mρ the momentum density,
P the thermal pressure of the gas, L the energy losses due to cooling and E the total energy of the
ideal gas with γ = 5/3. This system of equations is solved under the assumption of a spherical
symmetry in 1-D using the PLUTO-code [15]. The non-equilibrium cooling function L is taken
from [16].
In this work we consider type1a supernova explosions. Therefore we apply
ρSN = A exp(−v/ve )ti−3 and v = r/ti with


5/2
63/2 Me j
Eex 1/2
and A =
ve =
3/2
6Me j
8π Eex

(2.5)
(2.6)

as initial conditions[17]. Here ti is the time that has passed since the SN explosion and thus the
starting time of our simulation, Me j the ejecta mass, Eex the explosion energy and r the spatial
coordinate.
For our simulations, we choose an initial age of about three months, as the solution converges
rather fast against solutions with an lower initial age. The ejecta mass was 1.4 solar masses and the
density of the ambient medium 0.4 cm−3 .
3
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where σ is the shock compression ratio and ψ is the multiple of the thermal momentum we inject
particles at. Usually ηi is assumed to be constant. The total number of injected particles might well
change over time depending on the upstream density distribution. For a type1a SNR expanding in
an uniform ISM the injection term in (2.1) will be growing with time due to the growing shocksurface. As a result the last injected particles are dominating the volume integrated particle spectra.
However, there have been several cases discussed in which ηi might be or have been changing
with time[13, 14]. To investigate the effects of atime-dependent
injection efficiency, we included
a
t
to possibility to vary ηi according to ηi,t (t) = ηi t0 .
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3. Results
Using the framework described above, we followed the evolution of a SNR for 100000 years.
The remnant entered the Sedov phase after ≈ 1300 years, the radiative phase after ≈ 35000 years.
After ≈ 85000 years the shock compression ratio started to drop below 4 and reached a value of
3.6 when the simulation stopped. The shock speed dropped from ≈ 13000 km/s to ≈ 45 km/s at the
end of the simulation.
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Figure 1: The curve shows the radial position of the SNRs forward shock over time scaled with t 2/5 . The
transitions between free-expansion and Sedov phase and Sedov and radiative phase appear at around 1300yrs
and 35000yrs respectively.

In Fig. 1 one can see the different stages of evolution the remnant went through. The transition
to the Sedov phase happens when the swept-up mass is ≈ 10Msol .
It is important to point out, that after 10000 years the shock speed has already dropped to
≈ 600 km/s. Thus the speed difference between the end of the Sedov phase and the end of the
radiative phase is just one order of magnitude. As a result the maximum energy, that can be reached
during the radiative phase, should be just one order of magnitude lower than that during the Sedov
phase.
3.1 Static diffusion coefficient
The evolution of the volume integrated downstream spectra is shown in Fig. 2. In the case of
the steady injection the downstream spectra reassemble powerlaws with s = −2 up to 50000 years.
The spectra at 100000 years feature some curvature. Responsible are two phenomena that operate
successively. First the total compression ratio rises when the remnant enters the radiative phase.
This higher compression ratio is felt by the highest energetic particles which thus show a harder
spectrum. When the forward shock gets weaker, the lowest energetic particles experience a lower
compression ratio, thus their spectrum becomes softer. This effect is assisted by an increasing
density at the forward shock due to the formation of an dense shell which also results in a softer
spectral index for the low energetic particles.
4

PoS(ICRC2017)584

18.09

Robert Brose

Cosmic-ray escape from supernova remnants

Steady injection

Decreasing injection

-5.8

-6.4

-8.5

-6.6

2000yrs
10000yrs
20000yrs
50000yrs
100000yrs

-6.8

-3

-2

-1

0

1
2
log(p/p0)

-9.0
-9.5
3

4

5

6

-3

-2

-1

0

1
2
log(p/p0)

3

4

5

6

Figure 2: The left panels show the downstream proton spectrum in the case of steady injection, while the
right shows the case of decreasing injection with ηi,t ∝ t −1 .

The spectra for the case of an decreasing injection show a different spectral behaviour. Here
from 10000 years on a spectral break at around 3 GeV can be seen. Particles with lower energies
show harder spectra whereas particles with higher energies show s = −2 spectra. Also here a small
hardening at the highest energies can be seen due to the increased total compression ratio during
the radiative phase. At the lowest energies the spectral hardening due to the decreasing injection is
dominant. This is qualitatively in agreement with [13].
The upstream spectra almost reassemble log-parabolas, because of the small variation of the
maximum energy of one order of magnitude. The spectrum for the case of decreasing injection is
flattened an reassembles a power law in a small energy band due to the decreasing density of the
CRs escaping.
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Figure 3: Proton spectrum for model with Bohm diffusion after 100kyrs. The left panel shows the volume
integrated upstream proton spectrum and the right the volume integrated proton spectrum in the total simulation volume. The black lines correspond to a model with steady injection, while the red ones to one with a
decreasing injection.

The total spectra, integrated over the whole simulation reassemble almost perfect s = −2 spectra for the case of static injection with a spectral hardening at the highest energies. The spectrum
5
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for the case of decreasing injection is more complicated. The high energy part is similar to the
case of constant injection. The low energetic particles produced during the late phases of the remnant evolution, when the dense shell forms, show a harder spectrum and then a soft transition to
the s = −2 spectrum at around 10 GeV. In general is the shape of the spectrum dominated by the
decreasing injection, rather than the properties of the radiative shock.

4. Conclusions
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We developed a model for the particle acceleration in SNRs up to a point where the forward
shock of the remnant starts to become a weak shock by solving the time-dependant transport equation for the CRs in a test-particle limit. In this work we considered a static Bohm-like diffusion
coefficient upstream of the forward shock, whereat it is planned to consider the amplification of
turbulence as a next step and study the effect of the enhanced escape-rate.
The particle spectra for steady injection after 100000 years show deviations from standard
DSA-spectra by a hardening of the spectrum at the highest energies due to the increased total
compression ratio during the radiative phase and a softening at the lowest energies due to the
weakening of the shock after the radiative phase. Furthermore is the difference in maximum particle
energy just one order of magnitude between the Sedov phase and the end of the radiative phase. The
spectra for a decreasing injection are more complicated and demonstrate qualitatively the effects a
non steady injection might have on the observed and released particle spectra.
With our model the creation of a link between the acceleration of CRs and their release into
the ISM is in reach.
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