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Abstract

Pulsar wind nebulae (PWNe) are created by the interaction between their central pulsar wind with
surrounding supernova ejecta. The PWN is a shocked pulsar wind composed of accelerated plasma and
magnetic fields and we have observed its high energy emission from radio to gamma-rays. PWNe have
been studied mostly in one-zone model and these studies give insight into central pulsar and its pulsar wind
properties. Because PWNe are observed as spatially extended sources, we would obtain more information
from the spatial structure of PWNe, e.g., the particle transport and acceleration mechanisms. We model
the evolution of the magnetic field and the particle energy distribution inside the spherically symmetric
PWNe and study multi-wavelength spatial structure of PWNe.
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1. Introduction

It is interesting to study the emission from PWNe be-
cause the magnetized plasma inside PWNe is experi-
enced many physical processes, such as the pair cascade
process at the pulsar magnetosphere, the bulk acceler-
ation of the pulsar wind, and the particle acceleration
at the termination shock of the pulsar wind (see reviews
by e.g., Kirk et al. 2009). A number of studies inves-
tigating the broadband emission from PWNe are done
till now in one-zone evolution model (e.g., Gelfand et al.
2009, Tanaka & Takahara 2010, 2011, 2013a, Bucciantini
et al. 2011). We require it to reproduce the observed
broadband spectrum that only a small fraction (∼ a few
×10−3) of the spin-down energy of the central pulsar
is accumulated inside the PWN as the magnetic energy
and the particle energy dominates in the PWN. This is
consistent with the conclusion by the study of Kennel &
Coroniti 1984 where the magnetization parameter σ (the
ratio of the Poynting to the kinetic energy flux of the pul-
sar wind) is much smaller that unity, called σ-problem.
Moreover, we found the problems on the particle accel-
eration process, where we require broken power-law in-
jection spectrum of the particles, and on the particle
number flux, where we require the particle number flux
greater than theoretical studies of the pulsar magneto-
sphere, called κ-problem (Tanaka & Takahara 2013b).

On the other hand, one-zone models do not explain
the spatial distribution of the brightness and spectral in-
dices. Although we have many spatially resolved obser-
vational data of PWNe for different wavelengths, these
have not been studied well. The surface brightness pro-
files (Amato, et al. 2000) and the spectral index profiles

(Tang & Chevalier 2012) are studied till now. However,
further studies for the particle transport and acceleration
mechanisms are required because we may find answers to
the problems which were recognized by one-zone stud-
ies from multi-zone study of PWN. It is important to
consider the diffusion process for the particle transport
inside PWNe, because the escaping of electron-positron
plasma from PWNe is one of the promising explanation
to the Pamela anomaly (Adriani et al. 2009).

2. Model

Spatial structures (brightness and spectral index maps)
of PWNe are very different in radio, optical and X-
ray. Especially, in X-rays, the spectral index is αX ∼ 1
(Fν ∝ να) at the pulsar position and gradually increases
with the distance from the pulsar (Mori et al. 2004).
This observed spectral index distribution in X-rays is
not reproduced by Kennel & Coroniti’s model (Reynolds
2003) because they only consider the advection trans-
port of the relativisitic plasma inside the PWN. The ad-
vective model predicts sharp increase of the spectral in-
dex. Diffusion transport of the X-ray emitting particles
may reproduce observed gradual increase of the spectral
index (Tang & Chevalier 2012). We will consider the
energy-dependent diffusion and the advective flow with
the magnetic field is determined by the low energy par-
ticles which are not transported by diffusion.

The equation governs the transport of the accelerated
particles inside the PWN may be written as the following
transport equation
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Fig. 1. Particle spectra for each radius (left panel) and the spectral
index profile (right panel). The PWN radius 2.0 pc in the right
panel corresponds to the normalized radius 300r0 in the left panel.
We do not include the diffusion effect in this case (ξ = 0).
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where K, βsyn and βIC are the diffusion coefficient, the
synchrotron and the inverse Compton cooling rates.

We assumed the flow velocity profile of the form v⃗ =
v0(r/r0)−αv e⃗r. We also assumed the toroidal magnetic

field B⃗(r, tinj) = B0b(tinj)
"

r
r0

#α
B

e⃗ϕ, where tinj is the

time when the magnetic field injected at r = r0. The
normalization B0 is the value at tinj = 0 and b(tinj) ∝

L1/2
spin(tinj). We obtain the power-law index αB = αv − 1

is determined from the induction equation.
For the diffusion coefficient K, we assumed the Bohm

diffusion introducing the gyro-factor ξ as K(r, tinj, p) =
ξrgc/3 = ξpc2/3eB(r, tinj). For the cooling rates, βsyn ∝

B2(r, tinj) and βIC ∝ Uph where Uph is the interstellar
photon field around the PWN. We adopt the broken
power-law form of the injection spectrum of the accel-
erated particles,

Qinj(r, t, p) = q(t)
δ(r − r0)

4πr2
0

×

)

(p/pb)2−p1 (pmin ≤ p ≤ pb),
(p/pb)2−p2 (pb ≤ p ≤ pmax),

(2)

where pmin, pb, pmax are minimum, break, and maximum
momentum and p1, p2 are the power-law indices of low
and high energy components of the injection spectrum.

3. Results & Conclusions

Figures 1 (ξ = 0) and 2 (ξ = 1) show calculated parti-
cle spectra (left panel) and spectral index profile (right
panel). In Figure 1, we do not consider the diffusion
effect (ξ = 0) and no particle escape from the PWN.
The adiabatic and synchrotron coolings change the par-
ticle spectra at 2.0 pc from that at 0.3 pc. The syn-
chrotron cooling eliminates the high energy particles in
each radius and then the spectral index profile in X-rays
(ν = 1016 Hz) rapidly increases with radius. This is the
same result with Reynolds (2003).
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Fig. 2. Particle spectra for each radius (left panel) and the spectral
index profile (right panel). The PWN radius 2.0 pc in the right
panel corresponds to the normalized radius 300r0 in the left panel.
We include the diffusion effect in this case (ξ = 1). Particles
escape from the PWN (> 2.0 pc).

In Figure 2, we include the diffusion effect (ξ = 1).
Particles can escape from the PWN (> 2.0 pc). Because
high energy particle has the large gyro-radius, diffusion
effect is important for high energy particle. The spectral
index profile in Figure 2 is very different from the case for
no diffusion effect (Figure 1). We find that the spectral
index profile in X-rays (ν = 1016 Hz) does not increase
with radius inside the PWN (< 2.0 pc).
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