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ABSTRACT

The general properties of the nonthermal nonpulsed X-ray emission of rotation-powered pulsars are investi-
gated in the context of a pulsar wind nebula model. An examination of the observed X-ray emission from a sample
of 23 pulsars in the energy range between 2 and 10 keV reveals that the relation of X-ray luminosity, Lx, to the
pulsar spin-down power, FE, is steeper for the nonpulsed component than for the pulsed component. Specifically,
L o E'4#01 for the nonpulsed component, whereas L2 oc £12£008 for the pulsed component. The former
relation is consistent with emission from a pulsar wind nebula model in which L™ o Er/2 where p is the power-
law index of the electron energy distribution. The relation for the pulsed component, on the other hand, is
consistent with a magnetospheric emission model. In addition, the photon spectral index, I', was found to be
correlated with the conversion efficiency of spin-down power into nonpulsed X-ray emission, with greater effi-
ciencies for I' ~ 2—2.5 than for I" ~ 1.5—-2. Such a relation can be naturally understood within the framework of a
pulsar wind nebula model, with the former relation corresponding to the emission of X-rays in the fast-cooling
regime and the latter relation corresponding to emission in the slow-cooling regime. The X-ray properties of pulsar
wind nebulae are sensitive to the physical conditions (e.g., the density and magnetic field) of the interstellar
medium, which can lead to important differences between the X-ray emission characteristics (luminosity, photon
spectral index, and emission morphology) of pulsars in various environments. Such wind nebulae can contribute
to the nonthermal symmetric emission morphology (pointlike) and elongated emission morphology (tail-like)
from sources similar to Geminga and PSR B1757—-24.

Subject headings: pulsars: general — radiation mechanisms: nonthermal — stars: neutron — X-rays: stars

1. INTRODUCTION

The study of the emission characteristics from rotation-
powered pulsars has been a subject of long-standing interest.
Our knowledge of the fundamental properties (e.g., mass, spin,
and magnetic field) of the underlying neutron star stems from
detailed spectral and timing investigations. To facilitate an un-
derstanding of the mechanism by which the loss of rotational
energy is converted into high-energy radiation, many observa-
tional and theoretical studies have sought to determine the
relationship between the X-ray luminosity, Lx, and the rate of
rotational energy loss or spin-down power, E. Indeed, a cor-
relation of the form Lx o £'3° was found in Einstein data
by Seward & Wang (1988). Subsequent studies using a larger
sample of pulsars led to a relation of the form Lx o< £ based
on ROSAT data (see Becker & Triimper 1997) and Lx o< E'-
based on ASCA data (see Saito 1998). Recently, a reanalysis of
39 pulsars on the basis of data obtained from several X-ray
satellites by Possenti et al. (2002) led to an intermediate rela-
tion, Lx o< E'3* similar to that of Seward & Wang (1988).

_ While the deduced existence of a correlation between Ly and
E suggests that the observed X-rays are produced by a process
that taps the rotational energy of the neutron star, a detailed
description of the mechanism remains elusive. This is, in part, a
result of the fact that the data from different satellites are ob-
tained in different energy ranges. The results can be affected by,
for example, interstellar absorption, especially for those pul-
sars studied in the soft X-ray regime of ROSAT (0.1- 2.4 keV).
In addition, the total X-ray luminosity is composed of con-
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tributions from both the pulsed and nonpulsed components,
and these components are likely to reflect physical conditions
in diverse spatial environments.

The X-rays radiated by rotation-powered pulsars could in-
clude contributions from five distinct components with differ-
ent origins:

1. Nonthermal nonpulsed diffuse radiation can be emitted
from a pulsar wind nebula. The radiation is discussed in § 2, and
we suggest that this emission component makes the major
contribution to the nonpulsed X-ray radiation in the ASCA ob-
servations of pulsars.

2. Nonthermal nonpulsed radiation from the pulsar mag-
netosphere could be important, as suggested by Becker et al.
(2004), if the angular resolution of the X-ray detector is suffi-
ciently high to separate this contribution from that of the nebula.
Although such a component may be present in the 4SCA data
that we use, owing to its low angular resolution it is not likely to
dominate the contribution from the pulsar wind nebula. For
example, Tennant et al. (2001) have found a nonthermal non-
pulsed component from the Crab pulsar by using the High-
Resolution Camera (HRC) of Chandra. They estimate that the
X-ray luminosity of this component is ~1034 ergs s~!, whereas
the nonthermal nonpulsed X-ray luminosity from the Crab Neb-
ula detected by ASCA (Saito et al. 1998) is ~10°7 ergs s~!. The
specific origin of the nonthermal nonpulsed component, not
associated with the nebula, is not clear. Although it contam-
inates the emission of the nebula, it is small. Provided that this
contribution is small for all the pulsars we study in this inves-
tigation, this component should not affect our analysis.

3. The nonthermal pulsed radiation component is generally
believed to be produced in the pulsar magnetosphere. This fol-
lows from the fact that the motion of charged particles within
the light cylinder is strongly affected by the magnetic field and
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the radiation of charged particles in the open field lines should
be pulsed. This component could be produced in the vicinity
of the polar cap as a result of the inverse Compton scattering
of higher order generation pairs of particles on soft photons
emitted by the neutron star (Zhang & Harding 2000) or in the
outer magnetosphere as a result of the synchrotron radiation of
downward cascades from the outer gap electron/positron par-
ticles (Cheng & Zhang 1999).

4. The thermal nonpulsed radiation from the pulsar surface
can contribute to the soft X-ray bands, typically characterized
by kT ~ 0.1 keV (Cheng & Zhang 1999). In this paper, we have
used the ASCA data on pulsars, so this component will not
contribute to the 2—10 keV ASCA energy band.

5. The thermal pulsed radiation from the pulsar surface
likely originates in a polar cap on the neutron star surface and
can contribute to the hard X-ray band (k7 ~1 keV). In ana-
lyzing the pulsed emission from pulsars, we follow the model
of Cheng & Zhang (1999) in which the thermal pulsed X-ray
emission is included in their model prediction.

Thus, the X-ray emission observed from pulsars in the 4SCA
sample primarily consists of contributions from components 1,
3, and 5. We have assumed that component 2 is not important
and that component 4 does not significantly contribute to the
2—-10 keV energy band. On the other hand, Becker & Triimper
(1997) have used ROSAT data to obtain a linear relation be-
tween the X-ray luminosity consisting of components 2 and
3 and the spin-down power. In the present paper, we concen-
trate on the X-ray properties in the energy band of 4SC4 (2—
10 keV). The X-rays, then, consist of a thermal component
from the polar cap, a nonthermal pulsed component from the
magnetosphere, and a nonthermal, nonpulsed emission from
the nebula. That is, we have explicitly assumed that the pulsar
magnetosphere and the pulsar wind nebula are primarily re-
sponsible for the pulsed and nonthermal nonpulsed compo-
nents, respectively.

Since the pulsed and nonpulsed emission have different
origins, the relationship between the total X-ray luminosity and
spin-down power is not expected, in general, to be represented
by a single power law. In fact, the nonthermal pulsed and
nonpulsed emission components are distinguished by different
spectral signatures and conversion efficiencies. To determine
their relative importance and their relationship to the spin-
down power, we have reexamined the pulsar data obtained in
the 2—10 keV energy band of ASCA, focusing on separating the
nonpulsed and pulsed emission data. In the next section, we
provide a simplified description of the emission from a pulsar
wind nebula, based on earlier work by Chevalier (2000), in
which the relativistic pulsar wind interacts with the interstellar
medium (ISM). In § 3, the X-ray properties of the pulsed and
nonpulsed components are collected and the relation between
their luminosities and spin-down power and photon spectral
index are determined. With these results in hand, the pulsar
wind nebula model is used to explain the occurrence of the
tail-like emission morphology in Geminga and PSR B1757—
24 in § 4. Finally, we summarize and conclude in the last
section.

2. THEORETICAL FRAMEWORK

A theoretical description of the interaction between a pul-
sar and its nebula, as applied to the Crab Nebula, was first
outlined in a seminal paper by Rees & Gunn (1974). In this
model, the central pulsar generates a highly relativistic particle-
dominated wind that passes through the medium in the supernova

remnant, forming a shock front. The electrons and positrons
in the shock are envisioned to be accelerated to a power-law
energy distribution and to radiate synchrotron photons in the
downstream region.

Since the magnetic field in the nebula derives from the
pulsar, a magnetohydrodynamic (MHD) model, rather than a
hydrodynamic model, of the pulsar wind nebula was required.
Such a model, in the steady-state and spherically symmetric
approximation, was developed by Kennel & Coroniti (1984)
for the Crab Nebula. A hot relativistic positronic plasma flow
was assumed to be terminated by a strong MHD shock, de-
celerating the flow and producing a nonthermal distribution
of electrons. The magnetization parameter, o, introduced to
describe the efficiency of the conversion of energy contained
in the pulsar wind into synchrotron radiation, was represented
by the ratio of the electromagnetic energy flux to the particle
kinetic energy flux and defined as

BZ

o=—".
4ny,,mc?

(1)

Here n is the particle number density, B is the magnetic field,
v, 18 the Lorentz factor of relativistic particles in the wind, m
is the particle mass, and c is the speed of light. As pointed out
by Kennel & Coroniti (1984), the magnetization parameter
must be small (for the Crab Nebula, ¢ ~ 0.003) in order for
sufficient compression to occur in the shock for the transfor-
mation of the bulk flow energy to random particle motion and
for the subsequent production of the observed synchrotron ra-
diation. Since the magnetic energy density must dominate the
particle energy density just inside the light cylinder, the wind
nebula must have evolved from a high-o to a low-o state to
produce the observed properties. The manner in which this
transformation takes place is central to detailed pulsar wind
models and is not understood in detail. Nevertheless, the low-
o model can account for the basic high-energy properties of
the Crab, including the position of the optical wisps, the spec-
trum of the nebula, and the size of the nebula as a function of
wavelength (van den Bergh & Pritchet 1989).

In the present paper, we concentrate on the X-ray properties
of the pulsar wind nebula, using a simple one-zone model
similar to that developed by Chevalier (2000) for a description
of the wind interaction with the surrounding medium in a va-
riety of environments. Although the model does not provide a
description of the spatial details associated with equatorial tori
and polar jets observed in Chandra studies of young pulsar
wind nebulae, it can explain the global X-ray properties of the
nebula to a first approximation.

2.1. One-Zone Model of X-Rays from Wind Nebulae

In general, the energy in shock waves is stored in the
magnetic field as well as in the proton (ion) and electron par-
ticle components. We assume that the fractional energy density
of the magnetic field €5 is ~1073 to 1072 (Kennel & Coroniti
1984). Provided that the spin-down power is eventually carried
away by pulsar wind particles and assuming equipartition of
energy between the electrons and protons, the fractional energy
densities in the proton and electron components should sat-
isfy €, ~ €.~ 0.5. For a given ¢ in the shock, the magnetic
field at the shock termination radius R; is estimated as B =
(6epE /R2c)'/?, where E = 4nlP/P? is the spin-down power of
the pulsar. Here P and P are the spin period and its derivative
and 7 is the moment of inertia of the neutron star (~10% g cm?).
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At the shock front, the electrons attain a power-law dis-
tribution corresponding to N(v) < v for v, < v < ¥ max»
where 7 is the Lorentz factor and v, =[(p — 2)/(p — 1)]€cYw-
An estimate for vyy.x can be obtained by equating the syn-
chrotron cooling timescale to the electron acceleration time-
scale. The former timescale is given by ty, = 6mm.c/ oryB?
and the latter timescale is given by t,ec = ymec/eB, leading to
Y max = (6me/ chB)l/ 2 where m, is the electron mass and oy is
the Thomson cross section. The synchrotron power of an
electron with Lorentz factor «y is (Blumenthal & Gould 1970)

4 B?
P(y) = < orey’ —. (2)
3 87

Following Chevalier (2000), the total rate of particles ejected
by pulsars at Lorentz factor v is (Chevalier 2000)

N() = (p — Dy (yume?)  Ey 7P, (3)

The resulting total number of radiating particles becomes
N(y) ~ N(7)t, where ¢ is a characteristic timescale. For a young
pulsar with a supernova remnant similar to the Crab, ¢ is iden-
tified with the age of the nebula, while for old pulsars or milli-
second pulsars, ¢ is comparable to the flow timescale within the
nebula. Thus, at the emitting frequency of an electron v(vy) =
v2eB/2wm,c, the luminosity of the particle is about P(7)N(7),
which should be less than E. The detailed properties of the
X-ray nebula are a function of €., €z, R, E, and the two critical
frequencies v, and v,, where v, is the frequency radiated by
the electrons with the Lorentz factor of ~,, and

v. = 18mem,c/o3t* B> (4)

is the electron synchrotron cooling frequency (see Chevalier
2000 and references therein).

The X-ray luminosity and the spectral index depend on the
inequality between vy and v.. For typical values of €, ~
0.5,7, ~10° and B ~ 10~* G, v,, ~ 10!2 Hz is always less than
vx. In this case, the X-ray luminosity from the total emission
of particles per unit frequency can be calculated according to
the synchrotron spectral profiles that have been presented in
Figure 1 of Sari et al. (1998). For vx > v,, the luminosity per
unit frequency can be obtained following equations (7) and (8)
of Sari et al. (1998),

Ly = /)W) V) Ly s (5)

where L, max = N(9m)P(ym) and v ~10'8 Hz. This expres-
sion corresponds to the fast-cooling regime, and is equivalent
to equation (9) in Chevalier (2000), reflecting our use of the
same form of particle number injection rate by a pulsar (see
eq. [3] in this section). On the other hand, if vx < v, (denoted
as slow cooling), the synchrotron X-ray luminosity is esti-
mated as (Sari et al. 1998)

L, ~ (V/Vm)i(pil)/zLu,max- (6)

It can be seen that the X-ray luminosity in the fast-cooling
regime is larger than that in the slow-cooling regime by a
factor of (VC/V)()I/Z if vy is in the slow-cooling regime. Since
the range of p due to shock acceleration lies between 2 and 3
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(see Achterberg et al. 2001; Lemoine & Pelletier 2003 and
references therein), the photon index in the slow-cooling re-
gime is expected to lie in the range 1.5-2 whereas the photon
index in the fast-cooling regime is expected to be in the range
2-2.5.

2.2. Interactions between the Pulsar Wind
and Surrounding Medium

Within the theoretical framework, the energy of the electrons
is converted to X-radiation solely at the shock termination
radius. For pulsar motion that is subsonic, the determination of
this radius is obtained via the balance between the wind ram
pressure and the total magnetic and particle pressure within
the nebula (Rees & Gunn 1974). In this case, the wind bubble
will be nearly centered about the position of the pulsar. Rees
& Gunn (1974) estimated Ry ~ 3 x 10" c¢m, which is consis-
tent with the size of the inner X-ray ring of the Crab Nebula
(~0.1 pc; see Kennel & Coroniti 1984; Weisskopf et al. 2000).
The termination shock picture is not necessarily restricted to
slowly moving pulsars, since even for pulsars moving at sev-
eral hundred km s~' the motion can be subsonic in, for ex-
ample, regions where the gas has been heated to temperatures
of ~108 K by a supernova shock. The radius of the termination
shock can be estimated as

E \1/2 .
&2<ﬁﬁ ~6x10ME 7B ¢ cm, (7)

where E34 is the pulsar spin-down power in units of 10°* ergs
s~! and By is the magnetic field strength in the nebula in
milligauss. With the observed values of the Crab pulsar and its
nebula (£34 = 5 x 10* and B,,g = 0.5), consistency of the shock
radius is easily achieved.

For supersonic motion, the nebula will form a bow shock
morphology. In this case, the termination shock radius is given
by the balance of the ram pressure between the wind particles
and the medium at the head of the bow shock:

E 1
Gmel 2P ®)

where pigy is the density of the ISM and v, is the pulsar’s
proper motion velocity. The termination shock radius is given
as

E 1/2
Roe| — = | ~3x10%E2n71%1 9
s (27TPISM11,2,C> X 34 My " Uy p00 CMM, 9)

where n; and v, 199 are the number density in the ISM in
units of 1 particle cm™ and the pulsar space velocity in units
of 100 km s, respectively. As an example, Caraveo et al.
(2003) recently discovered a bow shock structure coincident
with the Geminga pulsar on the basis of observations obtained
with XMM-Newton. An estimate of the termination radius
for Geminga follows from its spin-down power, £ ~ 3.2 x
10%* ergs s~!, a distance of ~160 pc, and a proper motion ve-
locity of v, ~ 120 km s~! (Bignami & Caraveo 1993), leading
to a radius of 4 x10'® ¢cm, which is consistent with the ob-
servational constraint on Geminga’s compact X-ray nebula.
The general features of the emission region surrounding
rotation-powered pulsars in the Galaxy will be bracketed by
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these two wind nebula morphologies. Since the range in mag-
netic field strengths in the shock can vary from ~10-5 G to as
high as 10~ G in the Vela Nebula and 5 x10~* G in the Crab
Nebula for very young pulsars within supernova remnants, a
range in the conversion efficiency of the spin-down energy into
nebula luminosity is expected. The relation between the nebula
X-ray luminosity and the pulsar’s spin-down power is deferred
until § 3.

2.3. General Properties of the Wind Nebulae in X-Rays

In the above, we have discussed the pulsar wind nebula
models in different contexts within a one-zone approximation.
The luminosities and spectral properties of the nebulae can
be determined by equations (5) and (6) in the fast- and slow-
cooling regimes, respectively. In the fast-cooling case, the ef-
ficiency of converting spin-down power to nebula luminosity
is higher than that in the slow-cooling case. Assuming that
€~ 0.5, e5~0.01, v,~10° and p~22 (see Bednarz &
Ostrowski 1998), the ratio of the X-ray luminosity Lx ~ vL,
to the spin-down power at v ~10'® Hz can be estimated as
Lx/E ~1072 to 10! for the fast-cooling case and Lx/E ~
107* to 1073 for the slow-cooling case if # ~10° s and B ~
1073 G. The spectral properties in these two regimes differ,
since the photon index in X-rays is I' = (p 4+ 2)/2 and (p +
1)/2 for fast and slow cooling, respectively. Since p varies from
2103, ~1.5-2.0 (slow cooling) and 2.0-2.5 (fast cooling).
These are typical of the photon indices of observed X-ray neb-
ulae (see Table 1 of Chevalier 2000).

As described in § 2.1, the fast- and slow-cooling regimes are
distinguished by the X-ray and cooling frequencies. Since the
cooling frequency is dependent on the magnetic field and the
flow timescale of the nebula, it is possible that different regions
of the nebula may correspond to different cooling regimes. For
example, the inner region of the nebula may correspond to the
slow-cooling regime, whereas the fast cooling may be more
appropriate in the outer region of the nebula. In this case, the
power-law index of the X-ray spectrum will steepen by ~0.5
between the inner and outer regions. This may be consistent
with the spectral results from the high spatial resolution obser-
vations of the nebulae surrounding PSR B1823—13 obtained
with XMM-Newton (Gaensler et al. 2003b).

Because the spatial resolution of current X-ray detectors is
limited, the emission from compact nebulae of size ~R; may
be contaminated by the nonthermal X-ray emission from the
pulsar magnetosphere. However, the pulsar magnetospheric
radiation is assumed to be pulsed, whereas the nebula contri-
bution is nonpulsed. Therefore, the separation of the nonther-
mal X-ray emission into its pulsed and nonpulsed components
is essential for determining their relative contributions.

3. PULSED AND NONPULSED EMISSION

Since the pulsed and nonpulsed emission components orig-
inate from different regions, their X-ray luminosities are not
expected to exhibit a similar relationship to the spin-down
power. For example, Wang & Zhao (2004) recently found that
the correlation of the observed pulsed X-ray luminosity with
spin-down power is not well matched to the linear form found
by Becker & Triimper (1997) for the total luminosity in the
ROSAT energy band (0.1-2.4 keV; see Fig. 8 of Wang & Zhao
2004). We note, however, that studies in this lower energy band
are incomplete, since pulsars can emit a significant fraction
of their luminosity at higher energies. To examine the X-ray
luminosity—spin down power relation at higher energies (2—
10 keV), Kawai et al. (1998) selected a sample of bright
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nebulae and found a relation in the form Ly oc 127017 Since
the individual components were not separately analyzed, the
result was insufficient to establish a relation between the pulsed
or nonpulsed emission with spin-down power.

3.1. Lx-E Relations from ASCA Data

Over 50 rotation-powered pulsars have been detected in the
X-ray band (Becker & Aschenbach 2002), but only a fraction
of them have been resolved with pulsed nonthermal compo-
nents. Here we have selected 23 X-ray pulsars with both pulsed
and nonpulsed emission measurements obtained from ASCA
(listed in Table 1). The pulsed and nonpulsed X-ray luminos-
ities of these selected pulsars are taken directly from the cited
references. This pulsar sample includes 19 normal pulsars and
4 millisecond pulsars whose observational data are taken from
recent references (see Table 1). Since 4SCA does not have high
spatial resolution, the X-ray luminosity of the pulsars in the
ASCA field is composed of emission from the pulsar’s mag-
netosphere and compact pulsar wind nebula. For reference, the
total pulsed plus nonpulsed X-ray luminosity in the 4SCA en-
ergy range (2—10 keV) is plotted versus spin-down power in
Figure 1. A correlation is found that is consistent with the form
Lx o< E'* found by Saito (1998), but the best-fit form of this
correlation is found to be Ly o< £'-35%02 Here the error in the
power-law exponent represents +1 o, corresponding to the scat-
ter in the observed data points, which may reflect variations
in €, €p, and 7, and uncertainties in distance from pulsar to
pulsar. Our best-fit power-law relation is consistent with the con-
clusion of Possenti et al. (2002), who used a sample of 39 pul-
sars observed mainly by ROSAT and data from ASCA, RXTE,
BeppoSAX, Chandra, and XMM-Newton. Although Possenti et al.
(2002) considered their result (Lx o< £'3*) statistically unac-
ceptable, our result is not subject to the uncertainties associated
with the normalization of different satellite data to obtain the
X-ray luminosity between 2 and 10 keV (cf. Table 1 of Possenti
et al. 2002), for which the extrapolation relied on the uncertain
photon index in the ROSAT energy band.

The X-ray luminosity associated with the pulsed emission
component is illustrated versus spin-down power in Figure 2.
A correlation separate from the total luminosity is found that
is inconsistent with either the form Lx o E or Lx o E*/%. The
best-fitting function to the data is found to be Lx pu =~ (1.0 &=
0.6) x 1011 E12£008 'which significantly deviates from the 3/2
power-law relation proposed by Saito (1998). Such a relation
is consistent with the relation Lx oc E1-15, derived from the
theoretical X-ray magnetospheric emission model of Cheng &
Zhang (1999); however, this latter result is not without un-
certainties, since the inclination angle of the magnetic field
with respect to the rotation axis and the viewing angle are not
well determined. The observed conversion efficiencies are
found to range from ~107> to 9 x 1073, which is not in conflict
with model predictions (Cheng et al. 1998; Cheng & Zhang
1999).

A correlation is also found to exist between the non-
pulsed X-ray luminosity and the spin-down power, as shown in
Figure 3. The data points are consistent with the previous
ASCA relation of the type Lx o< £3/2, but the correlation is also
consistent with Lx npu o £4%%1. On comparison with the re-
sults from Figure 1, this power-law relation is a consequence of
the fact that the pulsar emission in the ASCA sample is dom-
inated by the nonpulsed radiation component. The conversion
efficiency for the nonpulsed component overlaps with that for
the pulsed component, but extends to efficiencies as high as
0.1.



TABLE 1

CHARACTERISTICS OF SPIN-POWERED PuLSARS AND THEIR X-Ray LuminosiTiES OBSERVED BY ASCA

P P d LX,tot LX,pul LX,npul

PSR (s) (s s‘l) (kpc) E (ergs s‘l) (ergs s‘l) (ergs s‘l) Reference

)] 2) 3) ) (5) 6) ©)] ®) ©)
J0631+1036................ 0.288 1.0x 1071 1.0 54%x10%  42x103 20x103 22 x10% 1
J1811—1926............... 0.065 44 x 1071 50 7.0x10°  1.6x10%* 19x10¥ 14x10* 2,3
B0531+421.... 0.033 42 x 10713 20  45x10%  1.1x107 6.8x10° 1.0x 107 4
B0833—45... 0.089 1.25 x 10713 0.3 69x%x10% 19x10¥ 15x102 1.8x10% 4,56
B0633+17.... . 0.237 1.1x107% 016 32x10* 82x10® 46x10® 3.6x10% 7,8
B1706—44................. 0.1025 93 x 10714 1.82 34x10% 68x102 41x102 2.7x10% 4
B1509—58......coounnee. 0.150 154 x 10712 43 1.8x 107  40x10* 13x10%* 2.7x10%* 4
B1951432. ... 0.0395 5.8 x 1071 2.5 3.7x 10 62x10¥  62x102 56 x 103 4
B1046—58 0.124 96x 107 298 20x10° 95%x102 55x102 45x10% 4,9
B1929+10.... 0.227 1.16 x 10715 017 39x103 1.54x10° 56x10® 9.8x10% 10
B0656+14.... 0.385 55%x107% 076 3.8x10* 1.7x10% 1.0x10%"  7.0x10% 4
B0540—69... . 0.05 48x 10713 494 15x10%  83x10%° 13x10® 7.0x10% 11
B0950+08........oo....... 0.253 23%x10716 012 5.6x102  46x102  1.6x10*° 3.0x10¥ 10
B1610—50.................. 0232 493x10713 726 1.6x10° 9.6x10¥ 3.0x103 6.6 x 103 9
B1055—52. .o, 0.197 5.83 x 1071 153 3.0x10*%* 27x10° 20x10° 7.0x10% 12
B1853+01 ..o 0.267 54 %1013 202 80x10% 14x10¥ 14x102 13x103 4
12229+6114. 0.0516 7.8 x 10714 30 22x107  1.7x10¥  40x102 13 x10% 13
B0537—69... 0.016 513 x 10714 47 4.8 x10% 2x10%  1.7x10%  1.8x10% 14, 15
J1846—0258 . 032 71%x10712 19 1 x 10%7 1 x 10 4 x 103 1 x10% 16
B1937421 ..o, 0.00156 1.05 x 10720 3.6 1.1 x10%  57x102 25%x102% 32x10* 17
J2124—3358............... 0.005 1.08x 10720 025 35x10% 48x10® 1.6x10¥ 32x10¥ 18
B1821—24 ... 0.003 1.6 x 10718 5.1 22x10%  65%x1083  94x102% 55x103 19
JO437—4T ... 0.0058 20x 10720 018 42x10¥  13x10° 40x10*° 9.0x10¥ 4

Notes.—Col. (1): Pulsar name. Col. (2): Spin period. Col. (3): Period derivative. Col. (4): Distance of the pulsar from.
Col. (5): The pulsar’s spin-down power. Col. (6): Total X-ray luminosity observed by ASCA (2—10 keV). Col. (7): Pulsed X-ray
luminosity. Col. (8): Nonpulsed luminosity. Because the X-ray luminosities are all calibrated by 4SCA4, we can assume a 10%
uncertainty for the total flux measurement and a 30% fraction uncertainty, except for B1706—44, B1046—58, J1610—50, and
J0437—47, which have a 50% uncertainty for the pulsed fraction.

REereRENCES.—(1) Torii et al. 2001; (2) Torii et al. 1997; (3) Torii et al. 1999; (4) Saito et al. 1998; (5) Helfand et al. 2001;
(6) Pavlov et al. 2001; (7) Halpern & Wang 1997; (8) Cavaveo et al. 2003; (9) Pivovaroff et al. 2000; (10) Wang & Halpern 1997;

(11) Hirayama et al. 2002; (12) Shibata et al. 1997; (13) Halpern et al. 2001; (14) Marshall et al. 1998; (15) Wang & Gotthelf

1998; (16) Gotthelf et al. 2000; (17) Takahashi et al. 2001; (18) Sakurai et al. 2001; (19) Saito et al. 1997.
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Fic. 1.—Total X-ray luminosity (2—-10 keV') from ASCA observations vs.
spin-down power of 23 X-ray pulsars. The solid line is Lx = 1072'£%/2, as
used by Saito (1998), and the dashed line represents Ly = 107>£, as used by
Becker & Triimper (1997) to summarize ROSAT observations of central ob-
jects and pulsars. The best-fitting function is Lx oc £'3°%%2 where the error in
the power-law exponent represents +1 o, corresponding to the scatter in the
observed data points.

Fic. 2.—Pulsed X-ray luminosity (2—-10 keV) from ASCA observations
vs. spin-down power of 23 X-ray pulsars. The solid line is Lx = 10721 £3/2
and the dashed line represents Lx = 1073 E. The relation between the pulsed
component and the spin-down power cannot be described by both the two

formulae. The best-fitting function is shown as the dotted line, Lx pu =
10-11 124008
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Fic. 3.—Nonpulsed X-ray luminosity (2-10 keV) from ASCA observations
vs. spin-down power of 23 X-ray pulsars. The solid line is Lx = 102132
and the dashed line represents Lx = 107E. The best-fitting function is
Ly o E14%01,

Generally, the X-ray luminosity of pulsar wind nebulae
(Chevalier 2000) is a nonlinear function of the spin-down
power. As can be seen from equation (9) of Chevalier (2000),
the nebula’s X-ray luminosity follows from

Ly E;ea—l6}(31?72)/4#;;21{?—(p—2)/2E(p+2)/4' (10)

Here ¢, and ep are assumed to be constant, but R, o< £'/2 from
equations (7) and (9). Although the above equation corre-
sponds to the fast-cooling regime, the dependence of Lx on £
for the slow-cooling regime is unchanged because the ratio
of the X-ray luminosities in these two regimes depends only
on the cooling frequency v,, which is independent of £. We
note that v, also depends on the spin-down power, so the
explicit dependence of Lx on E remains to be theoretically
determined. To estimate this dependence we make use of the
results of Ruderman (1981) and Arons (1983), who argued that
large fluxes of protons (ions) could also be extracted from
the neutron star and accelerated in the parallel electric field
in the magnetosphere. The initial Poynting flux can be con-
verted into particle thermal and kinetic energy well within the
termination radius. Since both electrons and protons are basi-
cally accelerated by the low-frequency electromagnetic wave
generated by the pulsar, they will be accelerated to the same
relativistic speed, since they are bound by the strong electro-
static force. Hence, the Lorentz factor of the electrons and pro-
tons are the same, leading to the result that the protons may
have carried away most of the spin-down power (Coroniti
1990). Thus, we can obtain a form for the spin-down power
from

E ~ Ny,myc?, (11)

where N is the outflow current from the surface. This cur-
rent should be on the order of the Goldreich-Julian current
(Goldreich & Julian 1969), given as N ~1.35 x 10*°B;, P2
s!. Since £ ~ 10382, P~* ergs s~!, we find N o E'/2, lead-
ing to 7, o< £'/2. Therefore, we obtain the relation Lx oc £P/2,
where p generally varies between 2 and 3. The relation deduced
from the nonpulsed X-ray luminosity and spin-down power of

observed pulsars may result from a relatively high electron
energy index in the nebula.

3.2. Statistical Properties of Pulsed and Nonpulsed Spectra

Spectral observations of X-ray emission provide additional
evidence in support of the pulsar wind nebula interpretation. In
particular, the photon indices of both the pulsed and nonpulsed
emission components, where determined, for X-ray pulsars are
listed in Table 2. In this data compilation, the observational
results are taken from the 4SCA data and also from the recent
observations by BeppoSAX, Chandra, and XMM-Newton. In
Figure 4, the photon index of the pulsed component is plotted
versus the ratio of the isotropic pulsed X-ray luminosity to the
pulsar spin-down power, L1/ E. The results reveal that the pho-
ton index of the pulsed emission component generally varies
from 1.1 to 1.9 (except for PSR 0218+4232). Such a range is
consistent with the pulsed component originating in the pulsar’s
magnetosphere (Wang et al. 1998; Cheng et al. 1998). The
values of L,/ E vary over a wide range from 10~ to 102 with
no apparent correlation of the photon index with respect to
efficiency. We note that the actual pulsed X-ray luminosities
depend on the beaming of the pulse and therefore the con-
version efficiency of spin-down power into pulsed X-ray lu-
minosity is uncertain. The real efficiency may only scatter
around an apparent efficiency, which is based on an assumed
constant solid angle. Unless the beaming conspires with the
photon index to produce a correlation, the rough distribution of
the data presented in Figure 4 would not be expected to change.
In summary, the efficiency and the photon index do not appear
to show any correlation, which is consistent with the model
predictions of Cheng & Zhang (1999). On the other hand,
Cheng & Zhang (1999) suggest that the photon index sensi-
tively depends on the local properties of the stellar magnetic
field.

We also illustrate the relation between the efficiency of pul-
sar spin-down power to nonpulsed X-ray luminosity, Lypu/E,
and the photon index of the nonpulsed component in Figure 5.
It can be seen that the photon index of the nonpulsed emis-
sion component shows two distinct regimes. In particular, there
is a grouping of data points with I';p, <2 for low efficien-
cies (<10-3) and a separate grouping of data points with I'ypu 2
2 at higher efficiencies. This tendency may reflect a larger
photon index in the fast-cooling regime in comparison to the
slow-cooling regime, as discussed in § 2.3. Specifically, we
showed that the fast- and slow-cooling regimes are separated
by (v./vx) <1 or >1, respectively, where v, is the cooling fre-
quency and vy is the observed X-ray frequency. In the former
regime, the photon indices are in the range from 2 to 2.5 and in
the latter regime the photon indices range from 1.5 to 2. Typ-
ically, the slow-cooling region has a lower efficiency than the
fast-cooling region by a factor (v./ ux)l/ 2 < 1. The actual ef-
ficiency of an individual pulsar depends on its corresponding
parameters (e.g., p, Yw, B, and ¢.). Evidence in favor of such a
relation is suggested by the difference between the Crab, which
is in the fast-cooling regime with an efficiency of ~0.03, and
Geminga, which is in the slow-cooling regime with an effi-
ciency of ~1073.

3.3. The Termination Radius and Nonpulsed Luminosity

In Table 3, the termination radii derived from the images of
some identified pulsar wind nebulae are listed. Although the
determination of radius is imprecise, we have adopted two
procedures for its estimation. For the nebulae that have ring
structures (e.g., Crab Nebula), the termination radius is chosen



TABLE 2

X-Ray PuLsep AND NONPULSED COMPONENT PROPERTIES OF SPIN-POWERED PULSARS

E

PSR (ergs s_l) pul Tnpul Fpul anul Reference

1 2) 3) @) (5) ©) @]
B1823—13...ccvvenn. 2.8 x 10% 3x107%  1.1x1073 1.6 £ 0.1 23402 1
J0537—6910............... 48 %10  3.6x107* 4x1073 1.6 £0.2 2.55+0.15 2
B0540—69.... 1.5 x 1038 0.01 0.05 1.834+0.13  2.06+02 3
B1509—58.... 1.8 x 107 7x 107 15x1073 136 +0.02 2.2 4 0.005 4
J0218+4232.. W 25x10%  48x107* 2x107*  0.61 +£0.32 1.4+02 5
J0631+1036................ 5.4 % 10%* 5% 107 7x107* 23405 35+ 1.0 6
J1811-1926............... 7 x 103 3% 107 5%107  1.65+026  2.08+02 7
BO0531421 e, 45%x10%  1.6x 1073 0.03 1.6+02 2.1 +£0.01 8
B0833—45......oou...... 6.9 x 10% 2% 1073 3x 1074 15403 1.67 £ 0.04 9
B0633+17.. 32%x10%  14x10° 1.1x1073 1.0+£0.5 1.6 £ 0.2 10, 11
B1055—52. 3 x 103 7% 1073 2x107° 1.5403 1.9+02 12
B1937+21.. o L1x10% 2x 1074 3x 107 1.71 £0.07 0.8+ 0.6 13
B1821—24....cooen.. 2.2 x 10% 5% 107 3% 1073 12405 1.89 £ 0.22 14
12229+6114................ 2.2 x 10%7 2x107° 1074 1.51 £0.14 1.6 £0.2 15
J1105—6107............... 2.5 x 10% 6x107* 1.6x1073 1.84+04 22404 16
B1706—44.................. 34x10°  14x107* 107 1.9+ 0.6 1.7+£0.5 17
B1757—24.... 2.6 x 103 1073 10~ 1.6+ 0.6 1.0 + 0.6 18
10205+6449... 2.6 x 10%7 1073 1.1 x1073 1.1 +£04 1.9+02 19
B1929+10.. . 39x10% 3% 107 6x107*  1.79 £0.23 20
B0656+14.................. 3.8 x 10% 3x107* 2x 1074 1.54+0.1 21
1202143651 ... 3.6 x 103¢ 3x 1074 7 %107 1.5+03 1.7+03 22
T1747-2958............... 2.5 x 103 1073 0.02 1.8+0.1 2.1+0.1 23
B1853+01....cveennn. 4.3 x 10% 5% 107 15x1072 1294045 22402 24

Notes.—Col. (1): Pulsar name. Col. (2): Spin down power. Cols. (3) and (4): 1pu = Lpul/E and Mnpu = anu]/E
are the X-ray conversion efficiencies of spin-down power to pulsed and nonpulsed X-ray luminosities, re-
spectively. Cols. (5) and (6): I'pu and I'ypyr are the pulsed and nonpulsed photon indices, respectively.

Rererences.—(1) Gaensler et al. 2003b; (2) Marshall et al. 1998; (3) Kaaret et al. 2001; (4) Marsden et al. 1997,
(5) Mineo et al. 2000; (6) Torii et al. 2001; (7) Torii et al. 1999; (8) Willingale et al. 2001; (9) Pavlov et al. 2001;
(10) Halpern & Wang 1997; (11) Cavaveo et al. 2003; (12) Shibata et al. 1997; (13) Takahashi et al. 2001; (14) Saito
et al. 1997; (15) Halpern et al. 2001. (16) Gotthelf & Kaspi 1998; (17) Finley et al. 1998; (18) Kaspi et al. 2001;
(19) Murray et al. 2002; (20) Wang & Halpern 1997; (21) Greiveldinger et al. 1996; (22) Hessels et al. 2004;
(23) Gaensler et al. 2004; (24) Petre et al. 2002.
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Fic. 4—Photon index of the pulsed emission component of spin-powered
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gime, is shown for convenience.

to nonpulsed X-ray luminosity. A dashed line corresponding to I' = 2, which
approximately separates the fast-cooling regime from the slow-cooling re-
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TABLE 3
X-RAY PrOPERTIES OF PuLsAR WIND NEBULAE

R R L L n p r"
PSR E (cm) (cm) (ergs s‘l) (ergs s‘l) (cm‘3) (km s7h (cm) Reference
1 () 3) 4) %) (6) @) (3) ) (10)
B1823—13....ccouenn. 2.8 %10  6x 107 3x103  2x10% 1 7 x 1018 1
J0537—6910............... 48x10% 4 x107 1.8 x 10 3 x 103 2
B0540—69.... 15%x10% 3 x 107 7x10% 4% 103 3
J1811—-1926. 7%x10% 2 x 107 1.4 x 10%* 103 4
B0531+21..... e 45x10%  4x107  3x10"7 1037 4 % 10% 10 123 10'8 5
B0833—45.....cooee.. 6.9 x 103 107 2x 107 1.8x10% 103 1 65 8 x 1016 6
B0633+17....coeereenn. 32x10%*  5x100  4x10'¢ 4 % 10%° 103 1 120 4 % 10" 7
J2229+6114............... 22%x107 4 x107 13x10%  3x10% 8
J1105-6107 25%x 10 4x 10 4x10¥  3x10% 9
B1706—44.... 34 %10 3x107 3x 102 4x10% 10
B1757—24.... 26x10%°  4x10 5x10¢ 3x10%2 5% 10%2 1 590 1018 11
J0205+6449.. e 2.6x10%7 10" 3x10%* 3 x10% 12
B1957+420.....c.oou..... 10% 5% 10 4x10 1.6 x 103! 103! 1 220 4 x 107 13
J202143651 ................ 3.6 x10% 8 x 107 3x103¥  2x10% 14
J1747-2958.............. 25%x 10  3x10  7x10' 5% 10% 103 0.3 600 2% 108 15,16
J1124—-5916 10%7 10" 2 x 10" 4% 10%* 103 0.5 450 6 x 107 17
B1853+01..... 43 x 10% 107 3 x 106 6x 102 4x10% 5 375 10'8 18
J1930+1852.. 2 x 10% 10" 1033 7 x 1032 1 10'8 19
B0453—685.. 107 6 x 10'7 6x10%* 2 x10%* 0.4 3% 10'8 20
J0538+2817....c........ 4x10* 8x10° 3x10'° 6x 103 5x 103! 0.5 385 21

Notes.—Col. (1): Pulsar name. Col. (2): Spin-down power. Cols. (3) and (4): R°® and R"™ are the observed and the predicted
termination radius of the pulsar wind nebulae, respectively. Cols. (5) and (6): Lg};;l and L{ﬂml are the observed and theoretical X-ray
luminosities of pulsar wind nebulae, respectively. Col. (7): Number density of the medium around the pulsar. Col. (8): Pulsar proper
motion velocity. Col. (9): Length of the observed X-ray elongated structure.

? Seven fast-moving pulsars in the bow shock show the X-ray tail features. The / of the Crab and Vela pulsars corresponds to the
outflow scales of the nebulae. For B0453—685 and J1930+1852, / shows the scales of the elongated structure.

REerErRENCES.—(1) Gaensler et al. 2003b; (2) Marshall et al. 1998; (3) Kaaret et al. 2001; (4) Reynonds et al. 1994; (5) Weisskopf et al.
2000; (6) Pavlov et al. 2001; (7) Cavaveo et al. 2003; (8) Halpern et al. 2001; (9) Gotthelf & Kaspi 1998; (10) Finley et al. 1998; (11) Kaspi
et al. 2001; (12) Murray et al. 2002; (13) Stappers et al. 2003; (14) Hessels et al. 2004; (15) Gaensler et al. 2004; (16) Camilo et al. 2002;
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(17) Hughes et al. 2001; (18) Petre et al. 2002; (19) Lu et al. 2002; (20) Gaensler et al. 2003a; (21) Romani & Ng 2003.

as the size of the inner ring. On the other hand, for the extended
sources with a bright pointlike central sources the termination
radius is taken to be the size corresponding to the scale in
which ~90% of the observed counts are included. For com-
parison, the theoretical termination radii for some nebulae are
estimated according to equations (7) and (9) (for the Crab
Nebula and other nebulae, respectively) as discussed in § 2.2
and also listed in Table 3.

With the knowledge of the termination radius of the nebulae,
the X-ray luminosity can be estimated assuming typical values
for the parameters (v, p, €., and €g). The observed and esti-
mated X-ray luminosities of these compact nebulae are given
in Table 3. For these estimates, we have taken R, as the ob-
served values and assumed ~,, ~10%, p = 2.2, ¢, ~ 0.5, and
ep~ 0.01 for all pulsars. We find that the model luminosities
and the observed luminosities are in rough agreement with
each other to within a factor of 4, which, taking into account
the possible variations of these parameters amongst the pulsars,
suggests that the simple one-zone model provides a reasonable
approximation for the X-ray luminosity level.

4. NORMAL PULSARS AND X-RAY TAILS

The X-ray—emitting region with a characteristic frequency
(vx = 3v%eB/2m,.c) may exhibit a tail-like spatial structure
provided that the pulsar velocity exceeds that of the termi-
nation shock front and the nebula magnetic field is suffi-
ciently low. In this case, the distance traversed by the pulsar
within the synchrotron cooling timescale can be taken as a
lower limit of the elongation length. Specifically, the synchro-

tron cooling time in the X-ray band is 7, = 6mm.c/yorB> ~
1083;12}/2(]11/)(/ keV)’l/ 2 s, where Bpg is the magnetic field
in the emission region in milligauss. Thus, the typical cooling
time is ~10'! s for B, = 0.01 and the length of the X-ray
elongated feature is about / ~ v,7. ~ 10'® cm for a pulsar mov-
ing at a velocity of 100 km s—! with respect to the ISM.

The X-ray images of some pulsar wind nebulae, indeed,
reveal extensive X-ray tails. In Table 3, several sources with
X-ray tail features are included. Seven cases are thought to be
the consequence of a bow shock formed by a high-velocity
pulsar (e.g., Geminga, PSR B1823—13, B1757—24, B1957—
20, J1747-2958, J1124—5916, and B1853+01). The two pul-
sars J1930+1852 and B0453—685 exhibit elongated structures
and may also be bow shock structures. On the other hand,
the Crab and Vela Nebulae exhibit an outflow structure (X-ray

jet).
4.1. Geminga

Geminga is one of the most studied pulsars because it is one
of the very nearby pulsars and is the first pulsar detected in
optical, X-ray, and gamma ray, but not in radio (Bignami &
Caraveo 1996) wavelengths. Based on ASCA observations,
Saito et al. (1998) found that the nonpulsed X-ray luminosity
was ~3.6 x 10% ergs s~! and the pulsed X-ray luminosity was
~4.6 x10% ergs s~! in the 2—10 keV band. On the basis of
more recent XMM-Newton observations, Caraveo et al. (2003)
has reported the detection of a power-law component (~7.7 x
10?° ergs s~! in the 2-8 keV band), which consists of the
pulsed as well as the nonpulsed component. The pulsed
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component in 2—6 keV is ~33.2% = 4.5%, which is consistent
with ASCA observations. However, it is still not clear if the
nonpulsed component originates from the pulsar or the nebula.
The recent Chandra observations of the Geminga pulsar show
an X-ray bow shock structure (Caraveo et al. 2003). The image
of the field including the Geminga pulsar reveals a compact
pointlike X-ray source of size 20” or (6 x 10'® cm) with two
elongated tails extending to 2’ (Caraveo et al. 2003). Since the
X-ray tails have a nonthermal X-ray spectrum (I" ~ 1.6), these
features may be produced by synchrotron emission in the bow
shock between the pulsar wind and the ISM. The spin-down
power of the Geminga pulsar is relatively low compared with
other pulsars, with £ ~ 3.2 x 10°* ergs s~!. Assuming a proper
motion velocity of v, ~ 120 km s~! (Bignami & Caraveo 1993)
and a number density of 1 particle cm™ in the ISM, the termi-
nation shock radius of the pulsar wind nebula is ~4 x 10'® cm.
This scale is consistent with the observational constraint on the
compact X-ray nebula for an assumed distance of ~160 pc.
The pointlike source has a X-ray luminosity of 1.2 x 103° ergs
s~! in the energy range from 0.3 to 5 keV and the total lumi-
nosity from the two tails is ~6.5 x 10?8 ergs s~! (Caraveo et al.
2003). The pulsed and nonpulsed emission of the pointlike
source was not resolved in the XMM-Newton observations, but
the results from § 3 (see Table 1) reveal that the nonpulsed
luminosity of Geminga is 3.6 x 102 ergs s~'. Interpreting this
luminosity as arising from the compact X-ray nebula, we find
that Lyey, x/E ~ 1073, which is low compared to other pulsar
wind nebula. We suggest that the nebula is in the slow-cooling
regime where the photon spectral index I' = (p + 1)/2. The
observed photon index of the tail is 1.6, corresponding to
p =22, and its observed length (~4 x 10'7 ¢cm) suggests that
the magnetic field of the surrounding medium is weak (B ~
1.5% 107> G; see also Caraveo et al. 2003). Thus, the inferred
fractional magnetic energy density is ez ~1073. Assuming a
fractional electron energy density of ¢, ~ 0.5 yields a nebula
luminosity of ~10%" ergs s~! in the 2—10 keV band, which
modestly overestimates the contributions from the compact
nebula and X-ray tails by a factor of ~2.5.

4.2. PSR B1757—24

Another example in which the model can be compared
with observational data is the X-ray tail associated with PSR
B1757—24, observed by Kaspi et al. (2001) with Chandra.
PSR B1757—-24 is a 124 ms radio pulsar discovered near the
supernova remnant (SNR) G5.4—1.2 (Manchester et al. 1985),
with a spin-down power £ ~ 2.6 x 10°® ergs s~! (Manchester
et al. 1991). Assuming an association between the pulsar and
G5.4—1.2 and that the pulsar’s characteristic age is a good
estimate of its true age, a proper motion of 75 mas yr—! is
inferred. This corresponds to a transverse space velocity of
v, ~ 1800 km s~! for a distance of 5 kpc (Frail et al. 1994).
However, recent interferometric observations have failed to
detect the implied proper motion (Gaensler & Frail 2000),
which suggests that the pulsar is older than its characteristic
age or that the assumed pulsar birthplace is incorrect. Here we
take the proper motion velocity of PSR B1757—24 to be
vy ~ 590 km s~! (Gaensler & Frail 2000). The observed 2—
10 keV luminosity is ~2 x 1033 ergs s~!, corresponding to a
conversion efficiency of 1073, with the X-ray tail extending to
~20" (0.5 pc for the distance of 5 kpc). The observed photon
index I' ~1.6, yielding p = 2.2 in the slow-cooling regime.
Assuming an ISM number density n ~ 1 cm ™3, the termination
shock radius is Ry ~10'7 cm, with the known velocity v, ~
590 km s~!. Taking the typical pulsar wind nebula parameters,
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€.~ 0.5, eg~0.01 (corresponding to B ~ 20 uG at R;), and
7w ~10°, we find that the X-ray luminosity from 2—10 keV is
~3x10% ergs s~! using the one-zone model. The predicted
X-ray tail length is given by / ~ vt ~ 2 x 10'® cm. Both these
estimates for the X-ray luminosity and tail length are in ap-
proximate accord with the observed values.

5. SUMMARY

The nonthermal nonpulsed X-ray emission of rotation-
powered pulsars has been investigated in the context of
emission from a pulsar wind nebula. We have confirmed that
this emission can significantly contribute to the total X-ray
emission, thereby increasing the X-ray emission above that
produced in the pulsar magnetosphere. A re-examination of
ASCA data for pulsars separated into nonpulsed and pulsed
emission components indicates that their nonthermal compo-
nents, individually, are correlated with spin-down power. In
particular, the dependence is steeper for the nonpulsed com-
ponent, with Lx oc £14*%1 as compared to Ly oc £'2+098 for
the pulsed component. Our results are similar to those dis-
covered by Becker & Triimper (1997), who found that the
nonthermal (pulsed and nonpulsed) component satisfied the
linear relation Lx x E, based on ROSAT data in the 0.1—
2.4 keV range. In this paper, we have used 4SCA data in the 2—
10 keV range, which includes the contribution of the additional
thermal pulsed component, with k7 ~ 1 keV from the polar cap
(Cheng & Zhang 1999). In this case, the dependence of the
X-ray luminosity on spin-down power is steeper. Because of
the poor angular resolution of 4SC4, the possible contribution
of nonthermal nonpulsed emission from the magnetosphere is
mixed in with that of the nebula.

Within the framework of a one-zone model for the pulsar
wind developed by Chevalier (2000), the power-law relation
between the nonpulsed luminosity and spin-down power pro-
vides an important diagnostic for the electron energy distri-
bution in the shock that results from the interaction of the
relativistic wind with the ISM. Specifically, Lx o EP/2 where
p is the power-law index of the electron energy distribution,
suggesting that the index characterizing these pulsars is rela-
tively high, p ~ 2—3. The observational results also show that
the conversion efficiency of spin-down power into X-ray lu-
minosity is a function of spin-down power, varying from 1073
to 0.1. The efficiencies in the lower (upper) end of the range
can be understood in terms of emission in the slow (fast)
cooling regime where the X-ray frequency is less (greater) than
the electron synchrotron cooling frequency.

The spectra from pulsar wind nebulae are distinctly non-
thermal, described by a photon power-law index, I' = (p +
2)/2 or (p+ 1)/2 for the fast- or slow-cooling regimes, re-
spectively. This implies a correlation between the photon index
and the efficiency of conversion of spin-down power to non-
pulsed X-ray luminosity, with steeper photon power-law in-
dices associated with higher conversion efficiencies. Although
the photon power-law indices inferred from the pulsars stud-
ied have large uncertainties, there are hints from the observed
data that such a correlation exists. We note that the low values
of I' and Lx/E inferred for the extended emission observed
from Geminga and B1757—24 are consistent with such an
interpretation. Future observed determinations of the photon
power-law indices could further verify this correlation, thereby
providing an additional diagnostic tool for probing the pulsar
and its environment.

Finally, the pulsar wind nebula interpretation may also apply
to the spatially extended X-ray emission observed in binary
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systems containing a pulsar. For example, the extended X-ray
emission associated with the millisecond pulsar B1957+20
(Stappers et al. 2003) may be interpreted within such a frame-
work. The application of such models to recycled pulsars in the
Galaxy will be the subject of a future investigation.
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