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a b s t r a c t

Supernova remnants (SNRs) are one of the most energetic astrophysical events and are thought to be the

dominant source of Galactic cosmic rays (CRs). A recent report on observations from the Fermi satellite has

shown a signature of pion decay in the gamma-ray spectra of SNRs. This provides strong evidence that high-

energy protons are accelerated in SNRs. The actual gamma-ray emission from pion decay should depend on

the diffusion of CRs in the interstellar medium. In order to quantitatively analyse the diffusion of high-energy

CRs from acceleration sites, we have performed test particle numerical simulations of CR protons using a

three-dimensional magnetohydrodynamics (MHD) simulation of an interstellar medium swept-up by a blast

wave. We analyse the diffusion of CRs at a length scale of order a few pc in our simulated SNR, and find the

diffusion of CRs is precisely described by a Bohm diffusion, which is required for efficient acceleration at least

for particles with energies above 30 TeV for a realistic interstellar medium. Although we find the possibility

of a superdiffusive process (travel distance ∝ t0.75) in our simulations, its effect on CR diffusion at the length

scale of the turbulence in the SNR is limited.

© 2015 Elsevier B.V. All rights reserved.

1. Introduction

Supernova remnants (SNRs) have long been believed to be the

source of hadronic Galactic cosmic rays (GCRs) up to energies of the

‘knee’, near 5 × 1015 eV, of the cosmic ray (CR) spectrum. Supernova

explosions forming collisionless shock waves induce the shocked gas

and relativistic particles (hereafter cosmic rays) that produce multi-

wavelength thermal and nonthermal emission. Diffusive shock accel-

eration (DSA) is the most promising mechanism for converting the

kinetic energy of a supernova explosion into energetic particles [1–4]

and plays an important role in nonthermal emission during the over-

all process (e.g., [4–6]).

In the framework of DSA, an individual charged particle experi-

ences many collisions with background electromagnetic waves and

gains energy by shock crossing. This leads to a nonthermal CR spec-

trum of the power-law form N(ε) ∼ ε−2. Shock acceleration by DSA

in SNR shocks is associated with transport processes, and some of the

highest energy CRs eventually escape from their acceleration sites by

a so-called diffusion process due to interactions with turbulent mag-

netic fields. To analyse the diffusion process we have to determine
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the effective diffusion coefficient D(r, p), and the understanding of

D(r, p) is necessary to interpret many astronomical observations.

Several studies of escaping CRs have already been done and a

strong spatial correlation between TeV emission and the molecular

gas distribution at the Galactic Center has been observed [7–9]. The

pion-decay signature in SNRs is believed to be evidence for protons

accelerated in middle-aged SNRs interacting with molecular clouds

[10–16]. Recent observations suggest that gamma-ray emission and

CO+HI emission are spatially correlated in young SNRs RX J1713.7-

3946 and RX J0852.0-4622 ([17,18], see also [19–21].

Nevertheless, the identification of pion-decay gamma rays is dif-

ficult because high-energy electrons also produce gamma rays via

bremsstrahlung and Inverse Compton scattering (leptonic model)

[10]. X-ray observations show that electrons are accelerated to highly

relativistic energies in SNR shocks [23]. Therefore, in order to under-

stand the acceleration sites of CRs, it is crucial to distinguish GeV–

TeV emission from Inverse Compton scattering by CR electrons and

the decay of neutral pions produced by inelastic collisions between

CR protons and ambient thermal nuclei.

In this paper, we investigate the diffusion of CRs using a hydrody-

namics simulation of a strong shock wave propagating in a realistic

multiphase interstellar medium and a one-phase medium. The orga-

nization of the paper is as follows. In Section 2, we describe the three-

dimensional hydrodynamics simulations and the resulting configu-

ration of electromagnetic field used. We also briefly introduce the

http://dx.doi.org/10.1016/j.astropartphys.2015.06.001

0927-6505/© 2015 Elsevier B.V. All rights reserved.

http://dx.doi.org/10.1016/j.astropartphys.2015.06.001
http://www.ScienceDirect.com
http://www.elsevier.com/locate/astropartphys
http://crossmark.crossref.org/dialog/?doi=10.1016/j.astropartphys.2015.06.001&domain=pdf
mailto:soonyoung@nagoya-u.jp
mailto:inutsuka@nagoya-u.jp
mailto:tsuyoshi.inoue@nao.ac.jp
http://dx.doi.org/10.1016/j.astropartphys.2015.06.001


2 S. Roh et al. / Astroparticle Physics 73 (2016) 1–7

Fig. 1. Fourier power spectrum of SNR turbulence. Figures on left and right indicate for multiphase and one-phase medium, respectively. The upper thin solid line in figure indicates

the velocity field and dashed line indicates the magnetic field. The uppermost thick solid line in figure represents the Kolmogorov law k−5/3.

process of Bohm Diffusion. The results of test particle simulations

performed in these environments are shown in Section 3. We inves-

tigate the properties of escaping CRs in terms of the diffusion coeffi-

cient in both energy and configuration space, and finally we summa-

rize and discuss our findings in Section 4.

2. Methods

2.1. Setup of background interstellar medium

2.1.1. Multiphase medium

The interstellar medium (ISM) is an open system in which radia-

tive cooling and heating are effective. It is an inhomogeneous, mul-

tiphase system in which gases of different temperatures, densities,

and ionization fractions can coexist in approximate pressure equilib-

rium. Diffuse warm gas (diffuse intercloud gas) with T � 104 K and HI

clouds (interstellar clouds) with T � 102 K are approximately in pres-

sure equilibrium in a typical ISM environment. As a consequence of

the thermal instability driven by external compressional events such

as shock waves due to expanding HII regions or very late phase SNRs,

unstable gas evolves into diffuse gas and HI clouds [24–26]. There-

fore, inhomogeneities inevitably emerge and remain ubiquitous in

the ISM. The characteristic length scale of an inhomogeneity can be

expressed in terms of the “Field length”, which is the critical wave-

length of the thermal instability [27,28]. The Field length depends on

density and temperature and can be smaller than 1 pc. A blast wave

generated by supernova expansion sweeps up the dense and clumpy

HI clouds of the multiphase ISM, which eventually generates strong

velocity shear in the magnetic fields. Magnetic fields undergo ampli-

fication from their typical strength of μG to mG due to the turbulent

dynamo in the post-shock region ([22,29–31]). This process may ex-

plain the existence of magnetic fields of mG strength investigated by

Uchiyama et al. [32].

Inoue et al. [22] performed ideal three-dimensional mag-

netohydrodynamic (MHD) simulations of a strong shock wave

(vsh ∼ 2500 km s−1) propagating in a realistic multiphase ISM as the

pre-shock region. We use the data for the perpendicular shock of In-

oue et al. [22] at t = 750 years as the background ISM to set up the

electromagnetic field for our microscopic particle simulations.

To generate a multiphase ISM, Inoue et al. [22] solved the ideal

MHD equations including cooling, heating, and thermal conduction,

which determine the unstable scale of thermal instability. They con-

sidered a net cooling function and photoelectric heating, and gener-

ated an inhomogeneous medium via thermal instability. The simu-

lation considered ideal gas and used an adiabatic index of � = 5/3.

The mean number density, initial thermal pressure, and initial mag-

netic field strength were taken to be 〈n0〉 = 2.0 cm−3, p/kB = 2887 K

cm−3, and B0y = 5.0 μG, respectively, at the x = 0 boundary plane. For

the density, they imposed random density fluctuations with a ther-

mally unstable state in the range 10 K ≤ T ≤ 104 K for effective cooling

and heating. In the resulting clumpy cloud, they induced a high Mach

number shock wave using a hot plasma with ph/kB = 109 K cm−3 and

〈nh〉 = 0.1 cm−3.

2.1.2. One-phase medium

Inoue et al. [30] performed ideal three-dimensional magneto-

hydrodynamic (MHD) simulations to investigate the interaction be-

tween blast wave (vsh ∼ 1800 km s−1) and interstellar density fluc-

tuations. They investigated the magnetic field amplification and

the magnetic field distribution of turbulent SNRs driven by the

Richtmyer–Meshkov instability (RMI). They assumed an adiabatic gas

with adiabatic index � = 5/3 and used a high Mach number shock

wave. Density fluctuations superposed by sinusoidal functions were

included and followed an isotropic power-law spectrum with random

phases. The power spectrum of the density fluctuations was shown

to be described by an isotropic power law for the wavenumber k in

the inertial range of turbulence: P(k) = ρ2
k

k2 ∝ k−5/3, where ρk is

the Fourier component of the density. The mean number density, the

initial thermal pressure, and the initial magnetic field strength were

taken to be 〈n0〉 = 0.5 cm−3, p/kB = 4 × 103 K cm−3, and B0 = 3.0 μG,

respectively. The parameters represent typical values in the diffuse

ISM [33,34]. To induce the blast wave, a hot plasma is set up as fol-

lows: ph/kB = 2 × 108 K cm−3, 〈nh〉 = 0.05 cm−3, and B0y = 3.0 μG at

the x = 0 boundary plane. This creates the primary shock wave whose

normal vector is perpendicular to the mean magnetic field. The SNR

is modelled as a young SNR (age = 103 years) with a late with veloc-

ity of 1800 km s−1. We used the data for the perpendicular shock on

model 1 in [30] at t = 700 years as the background ISM.

A simulation box with size Lbox = 2 pc is used, and the system res-

olution is �x = Lbox/(number of grid cells) = 1.95 × 10−3 pc, where

the number of uniform grid cells is 10243. Periodic boundary con-

dition is used for the yz-plane. The above simulation resolution and

boundary condition are applied for both media. The Fourier power

spectra of SNR turbulence for both media are given in Fig. 1 (for more

details see [22,30].)

2.2. Test particle simulations

The magnetized turbulent medium flows along the (positive)

x-direction. We calculate the trajectories of CR particles using



Download English Version:

https://daneshyari.com/en/article/1770610

Download Persian Version:

https://daneshyari.com/article/1770610

Daneshyari.com

https://daneshyari.com/en/article/1770610
https://daneshyari.com/article/1770610
https://daneshyari.com

