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Abstract

We study the synchrotron radiation as the observed non-thermal X-ray emission from old pulsars
(≥ 1− 10Myr). We assume that the power-law component of the observed X-ray spectra is caused by the
synchrotron radiation from electrons and positrons in the magnetosphere. We consider two production
mechanisms of emitting particles, magnetic and photon-photon pair productions. We use the analytical
description for the radiative transfer and estimate the luminosity of the synchrotron radiation. We find
that pulsars with the spin-down luminosity ≤ (1032−1033) erg s−1, the synchrotron radiation is difficult to
explain the observed non-thermal component. In order to clarify the nature of these emission components,
the pulse profile of non-thermal components are essential, and may be detected by future observations
such as Astro-H.
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1. Introduction

Pulsars emit high-energy emissions powered by their ro-
tational energy loss. It is considered that particles are
significantly accelerated and emit γ-ray in a gap. These
γ-ray photons ignite the pair cascade. As a result, the
significant number of produced particles are supplied to
the charge depleted region in the magnetosphere (e.g.,
Sturrock 1971). Poduced particles emit optical to X-ray
emissions via such as synchrotron radiation (e.g., Cheng,
Ho & Ruderman 1986). Therefore, observed high energy
emissions from pulsars are the useful tools to investigate
the particle accleleration and the pair cascade processes
in the magnetosphere.

It is highly unknown how to evolve the location of
particle acceleration region. Old pulsars which we define
as non-recycled pulsars with characteristic ages ≥ (1 −

10)Myr have not been detected in γ-ray yet (Abdo et
al. 2013). On the other hand, a dozen of old pulsars
have been detected in X-ray band (e.g., Posselt et al.
2012). The observed flux ratio of non-thermal to thermal
components in X-ray band is the order of or larger than
unity for most old pulsars. It is worthwhile to investigate
whether the synchrotron radiation explains the observed
non-thermal X-ray emission or not.

2. Model

For the non-thermal component, the synchrotron radi-
ation from secondary particles is considered. We only
consider that the emission region of the synchrotron ra-
diation locates within the radius of the light cylinder.
For the global magnetic structure of the old pulsar mag-
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Fig. 1. Synchrotron radiation death lines (thick solid and dashed
lines) on the P -Ṗ diagram. The thin dot-dashed lines denote the
spin-down luminosities Lsd = 1033, 1032 and 1031 erg s−1. Each
large cross denotes X-ray detected old pulsars. Small dots denote
other pulsars taken from ATNF Pulsar Catalog (Manchester et
al. 2005). Four of our samples locate in the filled region (below
the death lines) so that the synchrotron radiation model does
not explain their non-thermal X-ray emissions (Kisaka & Tanaka
2014).

netospheres, we assume the dipole field. Since the loca-
tion of the particle acceleration is highly uncertain for
the old pulsar magnetospheres, we parameterize the dis-
tance from the centre of the neutron star to the emission
location and constrain this distance from the observa-
tional results.
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3. Results and Discussion

For the synchrotron radiation, we obtain one of the con-
ditions which secondary pairs produced by the outgo-
ing primary particles through the magnetic pair produc-
tion reproduce the observed non-thermal X-ray emission.
Using this condition, we obtain the death lines for the
synchrotron radiation on the period P versus its time
derivative Ṗ plane shown in figure 1. Each large cross
denotes X-ray detected old pulsars. Small dots denote
other pulsars taken from ATNF Pulsar Catalog (Manch-
ester et al. 2005) 1. The filled region denotes that syn-
chrotron radiation does not explain the observed non-
thermal emission. We see that pulsars with spin-dpwn
luminosity Lsd ≤ (1032 − 1033)erg s−1 does not satisfy
our constraints so that other emission mechanisms such
as the inverse Compton scattering are required. On the
other hand, pulsars with small period P ≤ 0.3s and large
spin-down luminosity Lsd ≥ 1032erg s−1 satisfy our im-
posed conditions. For these pulsars, the region of the
particle acceleration should locate at the inner region of
magnetosphere ≤ 107cm where the magnetic pair pro-
duction occurs. This location is closer to the neutron
star surface than that for young pulsars (Cheng et al.
1986).

Currently, synchrotron radiation and inverse Compton
scattering are considered as the mechanisms to explain
the non-thermal X-ray component. We mention some
implications for the observational defference between two
emission mechanisms. Note that our synchrotron model
shows that the location of the synchrotron radiation
nearly equals to the radio emission location. Due to poor
photon statistics, pulse profiles of non-thermal compo-
nent for old pulsars have not been detected yet except
for B0950+08 and B1929+10. If pulse profiles will be
detected in future observations such as NuSTAR and
ASTRO-H, the observed phase and width of the peak
is expected to be very similar to the radio one. On the
other hand, the resonant region of the inverse Comp-
ton scattering at 1keV is about ∼ 107cm, so that peak
made from the inverse Compton scattering has expected
to have broader width than that of synchrotron radiation
case. Furthermore, for synchrotron radiation, harder
photons tend to come from inner region of the magneto-
sphere. This is because the magnitude of magnetic field
is larger at inner region. The lower limit for the emission
region is smaller for higher energy photons. For the in-
verse Compton scattering, the resonance radius is larger
for higher energy photons, because of the smallness of
collision angle. Therefore, we may be able to distinguish
between synchrotron emission and inverse Compton scat-
tering using the width of the X-ray peak compared with
radio one and the energy dependence of the width.

*1 http://www.atnf.csiro.au/research/pulsar/psrcat
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