A&A 398, 639-646 (2003)
DOI: 10.1051/0004-6361:20021570
© ESO 2003

A8§tronomy
Astrophysics

X-ray and gamma-ray emission from millisecond pulsars

L. Zhang' and K. S. Cheng?

! Department of Physics, Yunnan University, Kunming, Yunnan, PR China
2 Department of Physics, University of Hong Kong, Pokfulam Road, Hong Kong, PR China

Received 23 July 2002 / Accepted 17 October 2002

Abstract. We present a self-consistent model to describe X-ray and y-ray emission from millisecond pulsars (MSPs). The
X-rays of MSPs are produced by the backflow of primary charged particles from the outer gap and most likely consist of
three components, two thermal components and one power law component if there is a strong multipole magnetic field on the
stellar surface. The backflow of ultra-relativistic particles emits photons with energies about several tens of GeV via curvature
radiation. These photons cause an electromagnetic cascade about 2-3 stellar radii above the polar cap. The synchrotron radiation
of these cascade e* pairs produces hard X-rays with a power law index ~1.5. Near 10° cm above the stellar surface, the primary
charged particles encounter the strong surface magnetic field, which alters the local radius of curvature greatly, and they quickly
loose more than half of their remaining energies to curvature radiation. These curvature photons heat up the polar cap area with
a radius ~10° cm, which produce the softer thermal X-ray component. Finally, the primary charged particles deposit their
remaining energies in a much smaller polar cap area, which corresponds to the footprints of outer gap and produce the medium
hard X-ray component. y-rays are produced in the outer gap through synchro-curvature radiation. We have applied this model
to the MSPs which emit pulsed X-rays and likely y-rays such as PSR J0437-4715, PSR J2124-3358, PSR J0218+4232 and

PSR B1821-24. Our results give an agreement between predicted spectrum and the observed spectrum of MSP emission.
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1. Introduction

Becker & Triimper (1999) have reported 9 millisecond pul-
sars which are detected to emit X-ray emission in the ROSAT
energy range. Four of them have been firmly detected to
emit pulsed X-rays. They are PSR J0437-4715 (Becker &
Triimper 1993; Halpern et al. 1996), PSR B1821-24 (Saito
et al. 1997), PSR J2124-3358 (Becker & Triimper 1997) and
PSR J0218+4232 (Verbunt et al. 1996; Kuiper et al. 1998).
Two natural sources of thermal X-rays are neutron star cool-
ing and polar cap heating. According to standard cooling mod-
els (a general review cf. Tsuruta 1998), MSPs are too cold to
emit strong thermal X-rays because they are old neutron stars
re-activated by accretion (Alpar et al. 1982). Even internal heat-
ing mechanisms are included, like frictional heating of super-
fluid (Shibazaki & Lamb 1989) and crust cracking (Cheng et al.
1992; Chong & Cheng 1993), the surface temperature of MSPs
is unlikely to exceed a few times 10° K. In polar cap heating
models (e.g. Cheng & Ruderman 1980; Arons 1981; Beskin
et al. 1993; Zhang & Harding 2000), models predict that the
polar cap temperature should be 10° K to 107 K in a polar cap
radius R, = (R3Q/c)V/2. Recently, Zavlin et al. (2002) report
the spectral and timing observations of the nearest MSP J0437-
4715. They find that the X-ray spectrum of this pulsar consist of
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three components, one power law and two thermal. The harder
thermal component has a temperature ~2 x 10® K, which is
consistent with some polar cap heating models but the radius
of this component is only ~10% cm, which is one order of mag-
nitude smaller than polar cap radius. Furthermore the thermal
X-ray pulses appear to coincide in time with the pulse of the
non-thermal component, which is hard to reconcile in terms of
polar cap models.

Moreover, Verbunt et al. (1996) (also see Kuiper et al.
1999) noticed that PSR J0218+4232 is positionally consis-
tent with the EGRET high energy source 2EG J0220+4228
(Thompson et al. 1995), detected above 100 MeV at a >50 sig-
nificance. Fierro (1995) obtained the y-ray flux (>100 MeV)
of PSR B1821-24 although the spatial coincidence is marginal.
All of these motivate us to propose a model to explain the X-ray
and y-ray emission from MSPs.

Wei et al. (1996) have considered y-ray emission from
MSPs in the context of the original outer gap model (Cheng
et al. 1986a, 1986b). In their model, the pulsed y-rays with
E, < Ej are produced inside the light cylinder, where E;
is the threshold energy in which electrons/positrons cascade
will occur. Moreover, the unpulsed y-rays are produced out-
side the light cylinder. Therefore the y-rays from the MSPs
consist of pulsed and unpulsed components. Zhang & Cheng
(1997) have proposed a pulsar model to describe the X-
ray and y-ray emission from normal pulsars. Furthermore,
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Cheng et al. (1998) have applied the model to explain X-ray
emission from pulsars. Cheng & Zhang (1999) have further
modelled multi-component X-ray emission from the pulsars.
Bulik et al. (2000) have used the polar-cap model calcula-
tions of Rudak & Dyks (1998) to predict the general proper-
ties of spectral features of high-energy emission above 1 MeV
from millisecond pulsars. X-ray emission from polar-cap mod-
els is expected from the backflow current. However, Arons &
Scharlemann (1979) estimated that only 10% of charged parti-
cles produced in polar gap can stream back to the neutron star
because the electric field in polar gap boundary is not strong
enough to return all oppositely charged particles. However, ac-
tually how many e* accelerated in the polar cap can stream
back to the neutron star are not known and why two-component
X-ray can be produced is not clear. So we will not consider the
thermal X-ray due to the charged particles accelerated in the
polar gap.

In this paper, we consider a model that describes both the
X-ray and y-ray emission from MSPs. The main difference
between this model and the model given by Zhang & Cheng
(1997) is that the possible effect of a multipole magnetic field
near the MSP surface is taken into account in this model. In
the model of Zhang & Cheng (1997), the X-rays produced by
the return particles cannot be reflected through resonant cy-
clotron scattering because of weak dipole magnetic field for
MSPs, so only one thermal and one power-law component of
X-ray spectrum are predicted. In the present model, one power-
law and two thermal components of X-ray spectrum are pre-
dicted because of the local strong magnetic field. Furthermore,
the outer gap size, which determines the properties of y-rays,
is also affected. In Zhang & Cheng (1997), the resonant cy-
clotron scattering can reflect the hard X-rays back to stellar
surface, which are re-emitted as soft X-rays, and the outer
gap size is determined by the collisions between y-rays and
soft X-rays. In MSPs, which do not have resonant cyclotron
scattering, the gap size is directly determined by the colli-
sions between hard X-rays and y-rays. In Sect. 2, the model
is presented. Applications of this model to PSR J0437-4715,
PSR J2124-3358, PSR J0218+4232 and PSR B1821-24 are
given in Sect. 3. A brief discussion is made in Sect. 4.

2. A model of X-ray and gamma-ray production
2.1. Pure dipole magnetic field near the stellar surface

According to Zhang & Cheng (1997), for a self-sustained outer
gap of pulsar, e* pairs needed to control the size of the outer
gap are produced by photon-photon pair production resulting
from the collisions between the curvature photons in the outer
gap and the thermal X-rays from the neutron star surface. The
average energy of the curvature photons is related to the frac-
tional size of the outer gap (f) by E, ~ 2x108f32B7*P~7/* eV,
where P is the pulsar period in units of seconds, Bj; is the dipo-
lar magnetic field in units of 10'> G and the radius of the neu-
tron star (R) is assumed to be 10° cm. These thermal X-rays
are produced by collision of the backflowing current with the
neutron star surface since half of the primary e* pairs in the
outer gap will move toward the star and lose their energy via
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the curvature radiation. The return particle flux can be approx-
imated by Ne: ~ 1fNgj, where Ng; is the Goldreich-Julian
particle flux (Goldreich & Julian 1969). Although most of the
energy of the primary particles will be lost on the way to the
star via curvature radiation, about 10.6P'/? ergs per particle
will still remain and finally deposit on the stellar surface. This
energy will be emitted in the form of X-rays from the stellar
surface (Halpern & Ruderman 1993). The characteristic energy
of X-rays is given by Ef ~ 3kT ~ 1.2 x 103P""/°B}/* eV. The
keV X-rays from a hot polar cap will be reflected back to the
stellar surface due to the cyclotron resonance scattering assum-
ing that there is large density of magnetic produced e* pairs
near the neutron star surface (Halpern & Ruderman 1993), and
eventually re-emit soft thermal X-rays with characteristic en-
ergy Ey ~ 0.1f/4p~14ED .

Despite the fact that X-ray photon density is very low, every
pair produced by means of X-ray and curvature photons colli-
sion can emit 10° photons in the outer gap. Such huge mul-
tiplicity can produce sufficient number of e* pairs to sustain
the gap as long as the center of mass energy of X-ray and cur-
vature photon is higher than the threshold energy of the elec-
tron/positron pair production, i.e. ExE,(f) > (mec?)?. From the
condition for the photon-photon pair production, the size of the
outer gap limited by the soft thermal X-rays from the neutron
star surface can be determined as
fi=55-Po g 1)
This however is valid for the canonical pulsars. It may not
hold true for MSPs where the surface magnetic fields are too
weak to produce magnetic pairs. Therefore the electron screen-
ing, which is responsible for the cyclotron resonant scattering,
might not exist. Even in the case where there might exist a
strong local magnetic field near the stellar surface (Cheng et al.
1998; Cheng & Zhang 1999), these pairs are produced locally
and hence unlikely reflect most of hard X-rays back to the
entire stellar surface.

2.2. Strong multipole magnetic field near the stellar
surface

It has been proposed that there is strong multipole magnetic
field near the stellar surface although a global dipole magnetic
field gives a good description of the magnetic field far from
the star (Ruderman & Sutherland 1975; Blandford et al. 1983;
Romani 1990; Ruderman 1991a—c; Arons 1993). Ruderman &
Sutherland (1975) assumed that there should be a strong multi-
pole surface magnetic field with a radius of curvature ~10° cm
in order to explain the copious y — B pair production process.
Theoretically, it has been argued that the neutron star magnetic
field is produced by currents flowing in a thin crustal layer of
thickness Ar < R, where R = 10° cm is the neutron star ra-
dius (e.g. Blandford et al. 1983; Romani 1990). Thus, the actual
surface magnetic field should be dominated by the multipoles.
Arons (1993) suggested that the surface magnetic field should
be a superposition of clumps with a typical size Ar covering the
whole surface of a neutron star. The surface magnetic field can
be approximated by By ~ BS(R/Ar)", where BY is the global
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surface dipole component which can be inferred from the pul-
sar spin down rate, n = 1 and 2 represent coherent and incoher-
ent superpositions of dipole moments of clumps respectively.
Since Ar must be less than the thickness of the crust (~10° cm),
B, should be easily 10-10° of BY.

Here we assume that there is a strong local magnetic field
located in a region near the polar cap for the millisecond pulsar
with outer gaps. The typical radius of curvature / of this local
magnetic field is of the order of the crust thickness of the star
(i.e. I ~ 10° cm), which is much less than the dipolar radius
of curvature s of the dipolar field component near stellar sur-
face. At a certain distance dr above the stellar surface, the local
magnetic field is equal to the dipole magnetic field, i.e.

[+ 6r\ "D R+ 6r\73
Bg( l ) =g @)

where B? and Bg are the local surface and global dipole fields
at the stellar surface. From this equation, we can determine 6r/1
for given BY/BY and m. The local magnetic field is a localized
dipole field for m = 2, e.g. a sunspot structure (Ruderman
1991a, 1991b, 1991c). From Eq. (2), for the localized dipole
field, we have

or BB -1

[ 1= RBYBY ®

In the region R + 6r to R, the local magnetic field will dominate
over the global dipolar field. The electrons/positrons leaving
the outer gap and moving towards the star emit curvature pho-
tons with a characteristic energy

Ey(rin) ~ 2.4x10'0£32

BO

~7/4 d
*Ps [ 108G)
where Ry is the radius of light cylinder, rj, is the inner bound-
ary of the outer gap which is about (4/9)Ry / tan’ « if the mag-
netic inclination angle @ is not less than 45° (e.g. Halpern
& Ruderman 1993) and f;, is the fractional size of the outer
gap (different from that given in Eq. (1) due to the insufficient
screening) determined by the pair production process. Because
of the much smaller radius of curvature, the return particles
from the outer gap reaching the distance dr along the magnetic

field lines lose their remaining energy (Halpern & Ruderman
1993)

Ee(R+6r) ~ 1.1P'7 ergs (5)

3/4

. -13/8
— % 4
(RL) ev, “)

through curvature radiation, which will become e* pairs by the
strong local field, and these energies will deposit on an effective
area Agf; of the stellar surface. Therefore, the thermal luminos-
ity can be expressed as

LY = E.(R)Ne

Q

BO
1.4 % 1032, (—IO;G)Pj“ ergs s, (6)

The effective area over which the e* pairs collide with the stel-
lar surface can be estimated as

AY) ~ n(or)?, (7
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which depends on the ratio of B? to Bg and m. So the tempera-
ture of thermal emission is given by

1/4
- (e
" AeiOsB
BO 1/4
~ 3.0x10° n‘/“(ﬁ) P %6r]' K, (8)

where drs = 0r/10° cm. Moreover, although the return particles
lose their energy on the way from the outer gap to the stellar
surface along the magnetic field lines, the energy of

Ec(R) = mec*y(R)
V(R + 6r)
~ mec? HI/3 ®
(1 + (¥R +6r)[ys(R)*)!/3
will deposit on the area Ag; of the stellar surface, which is
BO
Agﬁ) ~ B—gfmﬂrf,, (10)

S

where y4(R) = (m.c*I*/(2¢*6r)'3 (¥y(R) ~ y5(R), Y(R + 6r) =
1.3x 10°P', Is = 1/10° cm, and r, = R(R/Ry)""? is the radius
of the polar cap). If 3 (R + 67) > ¥3(R), Eq. (9) becomes

Ee(R) ~ 045 67" ergs. (11)

We want to point out that for young canonical pulsars
(P ~ 0.1 s), the energy given in Egs. (11) or (9) is negligible
in comparing with that in Eq. (5). But this energy becomes im-
portant for weak field millisecond pulsars because Eqgs. (11)
and (5) are comparable but the energy shown in Eq. (11) is de-
posited in a much smaller area which plays a dominant role in
hard thermal X-ray emission (E, ~ KeV). The thermal lumi-
nosity is given by

Llhl
LY = E.(R)Ne+ ~ X 12
x = BN R o BT (12
and the corresponding temperature is
B\
@ 6,1/4[ _Ds -1/6
Th =~ 7.8%x10°f, (1011 G) 3
®+sn\) "
[1+(%)] K. (13)
Vs

From Egs. (8) and (13), T3 /Ty ~ 0.4 (BY/B)/*P'?
1Y°6r7'12, so we have TS > TY if (B/B) > 100 for the
millisecond pulsars. The fractional size of the outer gap can be
determined by the collision between the curvature photons in
the outer gap and the thermal X-rays with a temperature Tlﬁ} )
from the neutron star surface through photon-photon pair pro-
duction process, which is

BO -4/7
fan = 7.0 1072P%% [—“) sr37. (14)

108 G 3
We would like to point out that the effect of inclination angle
(@) on the fractional size of the outer gap is neglected. This
factor can reduce the fractional size of the outer gap by a factor
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Table 1. Observed and expected quantities for 9 millisecond pulsars. Columns 1 to 5 list pulsar name, period, surface magnetic field, distance
and observed X-ray luminosity respectively. Column 6 lists the fractional size of the outer gap for each pulsar, which is estimated using Eq. (14).
Columns 7 and 8 are the temperatures which are estimated using Eqgs. (8) and (13) respectively. Column 9 is the predicted X-ray luminosity
(one power-law and two thermal components) for each pulsar. In our estimate, the parameters used are / = 10° cm, m = 2 and BY/ Bg = 100.

Pulsar P log B d logLy  fu T TS log Lo
ms  Gauss kpc  erg/s 10K 10°K  erg/s

B1957+20 1.60 8.14 1.53 31.93 0.180  0.67 1.46 32.10

JO751+1807 347 823 202 31.60 0419 0.62 2.54 31.26

J1012+5307 5.25 8.45 0.52 30.20 0.523 0.64 3.01 31.25

J1024-0719  5.16 849  0.35 29.30 0484  0.64 3.03 31.27

J1744-1134 407 827 026 2948 0482 0.62 2.69 31.22

J0437-4715 5.75 8.54 0.18 30.98 0.519 0.65 3.15 31.27

B1821-24 305 935 550 3320 0.083 0.84 3.22 32.56

JO218+4232 232 863 570 3275 0.148 0.73 2.36 32.10

J2124-3358 4.93 8.36 0.25 30.18 0.543 0.63 2.90 31.22
of several if the inclination is larger than 50° (Zhang & Cheng can be expressed as
2002). It is because the null surface can move in, close to the 0 =075 _1oss
star for a large inclination angle, and consequently the average 1" < 2% 107 412 p-025 q ( r )2 Fin L (17)
size of the outer gap is significantly decreased. Furthermore, mo T3 108G R/ \RL /i s>

a small size of outer gap can also change the radiation and
pair production processes in the outermagnetosphere. For typi-
cal MSP parameters, it could change from Vela-like/Geminga-
like mechanisms for @ <« 50° to Crab-like mechanisms (Cheng
et al. 1986a, 1986b; Zhang & Cheng 1997).

As suggested by Zhang & Cheng (1997), most of the en-
ergy of the return particles obtained from the outer gap will not
be deposited on the polar area, instead, many curvature photons
will be produced around ¢r above the surface if Bs > By, and
then many e* pairs will be created by the magnetic pair pro-
duction process in the strong local magnetic field if the condi-
tion of magnetic pair production is satisfied. Because the local
magnetic field is strong, it dominates the region from R + 6r
to the star. However, the magnetic moment of the strong local
magnetic field is not larger than that of the dipole field, which
means
BY < 10" (B}/10° G)I5° G. (15)
for m = 2, which can be also derived from Eq. (3). Moreover,
the position where secondary e* pairs are produced through
the magnetic pair production can be estimated by using
(E,/2mec®)(Bs/Bg) > 1/15, where By = 4.4 x 108 G.
Assuming that the secondary e* pairs are produced at the posi-
tion Or¢ above the stellar surface, we have

ors l

R "R

13
-1}, 16
By 2mcz) } (16)

which means that the secondary e* pairs can be produced near
the stellar surface if (15B?/Bg)(E,/2mc?) > 1. Therefore, non-
thermal X-rays will be produced by the synchrotron radiation
of secondary e* pairs created in the strong pulsar magnetic field
near the neutron star surface by curvature photons emitted by
charged particles on their way from the outer gap to the neutron
star surface. The luminosity of non-thermal X-rays from MSPs

(1532 E,

where Ly ~ 3.8 x 1033(P/ms) ™ #(B/10® G)? ergs s™! is the
spin-down power. It should be pointed out that the condition
rs/R > 1 must be satisfied if e* pairs are produced in the region
from (R + 6r) to the star. Otherwise, there is the non-thermal
X-ray component. Therefore, the X-ray spectrum from a mil-
lisecond pulsar can be expressed as a combination of two ther-
mal components with typical temperature T and TS and one
non-thermal component with spectral index 8 ~ 1.5.

For the y-ray production, according to Zhang & Cheng
(1997), the y-rays are produced by the synchro-curvature ra-
diation (Cheng & Zhang 1996) in the outer gap which depends
sensitively on the local curvature radius. The luminosity of
y-rays can be given

B\’
L, ~3.8x10%” ;P:g(logdGJ ergs s (18)

As pointed out by Zhang & Cheng (1997), the radiation spec-
trum produced by the accelerated particles with a power-law
distribution in the outer gap depends on two parameters, Xyin =
(rin/R1)"? and xpa. When the inclination angle a is large, then
Xmin ~ 2/(3 tana). The quantity x,,x depends on y and f. For
a very thick outer gap and a nearly aligned rotator, xp,x ~ 2.
Furthermore, when the particle energy density is comparable
to that of the local magnetic energy density, the local radius of
curvature can become larger.

As an example, we assume that / ~ 10° cm, Bg / Bg =100
and m = 2. So we have 6r ~ 6.8 x 10° cm from Eq. (2) and
Aei ~ 1.45 x 10'? cm?. In order to compare with the ROSAT
observed data, we have calculated the expected X-ray lu-
minosities in the ROSAT energy range (0.1-2.4 KeV) for
9 millisecond pulsars. In Table 1, we list our model results
and the observed data, where xy;, = 0.5 is used. It should be
pointed out that the BE /B°, xmin and [ for different millisecond
pulsars should be different although the expected X-ray lumi-
nosities are not inconsistent with the observed those. In other
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words, we need to use different values of these three parameters
in order to compare our results with the observed data.

3. The applications

We use our model to explain the X-ray and y-ray emis-
sion from the millisecond pulsars which emit pulsed X-rays
and likely y-rays such as PSR J0437-4715, PSR J2124-3358,
PSR J0218+4232 and PSR B1821-24. According to our model,
the X-ray emission from a millisecond pulsar consists of two
thermal and one non-thermal X-ray components, and high en-
ergy y- rays are produced in the outer gaps of millisecond
pulsar’s magnetosphere. In our calculations, we assume that
m = 2, i.e. the local magnetic field is a dipole field, so the
model parameters are BS /B2, [ and xp;n. If the inclination angle
of a pulsar is known, then the x;, can be determined, other-
wise, Xpin 1S adjusted to make the expected X-ray energy flux
be the same as the observed for given BY/B and I.

3.1. PSR J0437-4715

PSR J0437-4715, which was discovered by Johnston et al.
(1993), is a millisecond pulsar with a period 5.75 ms and a
period derivative (0.8 + 0.7) x 1072° s s7! which is in a close
5.74 day circular orbit around a ~0.25 M white dwarf com-
panion (e.g. Becker & Triimper 1999). Its surface dipole mag-
netic field is ~3.2x 108 G if a global dipole magnetic field in the
magnetosphere is assumed, and its distance is (178+26) pc. The
inclination angle of the pulsar is 35° (Manchester & Johnston
1995). The X-ray emission from this pulsar has been observed
by ROSAT and ASCA and the spectrum has been obtained
(Becker & Triimper 1993, 1997, 1999; Kawai et al. 1998). The
observed luminosity of this pulsar is listed in Table 1. Halpern
et al. (1996) considered the soft X-ray properties of this pul-
sar using EUVE and ROSAT data. The observed X-ray spec-
trum can be fitted by a double blackbody model, i.e. the ther-
mal X-rays with typical temperature T} = (4 — 12) x 10° K
are produced on a larger area (A,) less than 200 km? and the
thermal X-rays with T, = (1.0-3.3) x 10° K are from a smaller
area (A,) with radius 50-600 m (Halpern et al. 1996). More
recently, Becker & Triimper (1999) pointed out that the tem-
peratures of the double black body components are 1.2 x 10% K
derived from ROSAT data and ~(3.0 + 0.5) x 10° K derived
from ASCA data respectively and the X-ray energy flux is
(1.9 £ 0.2) x 1072 ergs cm™2 s~! in 0.1-2.4 KeV. For the
y-ray emission from this pulsar, the upper limit of observed flux
above 100 MeV is 1.51 x 1077 cm™2 s~! (Fierro et al. 1995).
In our calculations, we use the observed inclination angle
of this pulsar to estimate xp;,, which is xyuin ~ 0.95, then we
choose the BY/BY and [ to fit the observed X-ray energy flux
and we have B)/B) ~ 800 and /s ~ 0.15. Furthermore, we
have T\ ~ 1.19 x 10° K, T? ~ 2.71 x 10° K and f,, ~ 0.43.
The ratio of areas corresponding to temperature Tr(nl) and Tl(n2 )
is A(elﬁ) /Ag}? ~ 455, which is consistent with the observed re-
sults ranging from 107*~102 given by Halpern et al. (1996).
Moreover, the non-thermal X-ray flux expected by our model
for PSR J0437-4715 is less than the thermal X-ray one because
of large value of xpin. In our calculation of X-ray spectrum,
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Fig. 1. Comparison of our model results (solid curves) with the ob-
served data for the spectra of X-rays and y-rays from PSR J0437-
4715 and PSR J2124-3358. A) The observed pulsed X-ray energy flux
of PSR J0437-4715 is taken from Becker & Triimper (1999) and the
upper limit of y-rays in the energy range from 100 MeV to 30 GeV is
taken from Fierro et al. (1995). B) The observed pulsed X-ray energy
flux of PSR J2124-3358 is taken from Becker & Triimper (1997) and
the upper limit of y-rays in the energy range from 100 MeV to 30 GeV
is obtained by assuming that EGRET threshold for point source detec-
tion above 100 MeV is no lower than 1077 cm™2 s™! (Fierro 1995).

Np = 8.5 % 10" cm™2 (Becker & Triimper 1999), and the pho-
toelectric cross section of the interstellar medium (Morrison
& McCammon 1983) are used. Furthermore, we assume that
Xmax ~ 2 and then calculate the y-ray spectrum based on the
model proposed by Zhang & Cheng (1997). In panel A of
Fig. 1, the comparison of observed and expected spectrum from
X-ray band to y-ray band is shown, where the observed pulsed
X-ray energy flux is used.

After completion of this manuscript, we find that Zavlin
et al. (2002) have reported new X-ray results of PSR J0437-
4715 observed by Chandra. They find that the X-ray spectra
of PSR J0437-4715 can be described two thermal components
plus one power law component with a spectral index ~2.2. The
temperatures and the radii of those two thermal components
are 2.1 MK and 0.12 km, and 0.54 MK and 2.0 km respectively.
These parameters are consistent with our parameters used here.
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3.2. PSR J2124-3358

PSR J2124-3358 is an isolated millisecond pulsar with a pe-
riod 4.93 ms and a period derivative 1.08 x 10720 s s7!. It
was discovered by Bailes et al. (1997) and its distance is
d ~ 250 pc. X-rays from this pulsar have been detected
by ROSAT (Becker & Triimper 1997). Total and pulsed X-
ray luminosities are ~2.24 x 10°° (d/250 kpc)? ergs s~! and
~6.9 x 10?° (d/250 kpc)? ergs s~! respectively. No informa-
tion on the pulsar y-ray emission in EGRET energy range is
available. However, ASCA has observed this pulsar on 1998
May 9 and the X-ray spectrum in 0.6-10 KeV band was ob-
tained (Sakurai et al. 2001). The X-ray spectrum can be fitted
with a single blackbody model with a temperature k7" = 0.31
(4+0.08, —0.06) KeV.

The period and global dipole magnetic field of PSR J2124-
3358 are similar to those of PSR J0437-4715, so the ex-
pected X-ray luminosity in ROSAT energy range seems to
be dominated by thermal X-ray components. Is = 0.3 and
BY/BY = 107* are chosen to fit the observed X-ray luminos-
ity, so we have T\" ~ 1.28 x 10 K, T? ~ 3.03 x 10°® K
and fi, ~ 0.34. These parameters are consistent with the spec-
trum obtained by ASCA (Sakurai et al. 2001). We find that
the non-thermal X-ray flux for thus parameters is much less
than the thermal ones if xp;, > 0.6, so we use xpn = 0.7 to
calculate the y-ray spectrum of this pulsar. In our calculation,
Nu = 5.0 x 10 cm™? (Becker & Triimper 1997) is used. In
panel B of Fig. 1, the comparison of observed and expected
spectrum from X-ray band to y-ray band is shown.

3.3. PSR J0218+4232

PSR J0218+4232 is a millisecond pulsar with a period 2.32 ms
and a period derivative 8.0 x 1072° s s™! whichisin a2 day bi-
nary orbit with a ~0.2 My white dwarf companion (Navarro
et al. 1995). From the dispersion measure, the distance is
about 5.7 kpc. X-rays from this pulsar have been detected
by ROSAT (Verbunt et al. 1996; Kuiper et al. 1998; Becker
& Triimper 1999). Total and pulsed energy fluxes are 1.5 X
103 ergsem™2 s and (3.9+1.4)x10™"* ergs cm™2 s~! respec-
tively (Kuiper et al. 1998). The y-rays have also been detected
by EGRET (Verbunt et al. 1996; Kuiper et al. 1999; Kuiper
et al. 2000). The pulse shape and energy spectrum of this pul-
sar in the energy band 1-10 keV observed with BeppoSAX was
presented (Mineo et al. 2000). The pulse profile is characterized
by two peaks separated by 169° and the pulsed spectrum is best
described by a power-law of photon index 0.61. The X-ray lu-
minosity in 2-10 keV is 1.3 x 10°%6 erg/s, where 0 is the solid
angle spanned by the emission beam.

We choose following parameters: Is = 1.0 and Bg/BE =
1072 in our calculations, then we have 6r ~ 6.8 x 10° cm
and f;, ~ 0.15. Furthermore, compared to the observed lu-
minosity of pulsed X-rays from PSR J0218+4232 which is
~10%2 ergs s7!, we have xpin ~ 0.46. Therefore, the effi-
ciency of converting spin-down power into y-rays is about
0.34%. According to Verbunt et al. (1996), the time-averaged
flux of y-ray (>100 MeV) from 2EG J0220+4228 is about
1.7 x 1078 photons cm™2 s~!. The corresponding luminosity
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Fig. 2. Comparison of our model results (solid curves) with the ob-
served data for the spectra of X-rays and y-rays from PSR J0218-
4232 and PSR B1821-24. A) The observed pulsed X-ray energy flux
of PSR J0218-4232 is taken from Becker & Triimper (1999) and the
observed y-ray flux in the energy range from 100 MeV to 10 GeV is
taken from Verbunt et al. (1996). B) The observed pulsed X-ray en-
ergy flux of PSR B1821-24 is taken from Saito et al. (1997) and the
observed y-ray fluxes in the energy ranges from 30 MeV to 100 MeV
and from 100 MeV to 10 GeV are taken from Fierro (1995).

is about 8 x 103 ergs s™!, where the solid angle AQ has
been assumed to be 1 sr. The observed efficiency which spin-
down power is converted to y-rays is about 3%. However,
Kuiper et al. (2000) reported circumstantial evidence for the
pulsed high-energy gamma-ray from this pulsar, which gave
the pulsed y-ray luminosity ~1.64 x 103* erg/s and it is about
7% of the total spin-down luminosity. According to our model,
the spectrum from X-ray to y-ray for a pulsar can be deter-
mined if the pulsar’s parameters: period P, magnetic field B,
inclination angle @ and xp,x are known. The expected spec-
trum of X-ray and y-ray emission from PSR J0218+4232 is
shown in the panel A of Fig. 2. In our calculation of X-ray spec-
trum, Ny = 5% 102 cm™2 and 8 = —1.5 (Kuiper et al. 1998),
and the photoelectric cross section of the interstellar medium
(Morrison & McCammon 1983) are used. For the calculation
of the y-ray spectrum, xpi, = 0.46 (corresponding value of the
magnetic inclination angle is about 55°) which is determined
by equating the expected X-ray luminosity to the observed one,
Xmax = 2.0 and AQ = 1 sr are used. From Fig. 2A, the expected
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y-ray spectrum is below the observed data given by Verbunt
et al. (1996). If the expected y-ray spectrum is consistent with
the observed data, then the solid angle should be ~0.1 sr, which
seems too small.

3.4. PSR B1821-24

PSR B1821-24 is an isolated millisecond pulsar in the globu-
lar cluster M28. Its period and period derivative are 3.05 ms
and 1.62 x 107'® s s7! respectively, and the distance is about
5.1 kpc. The X-rays have been detected by ROSAT and ASCA
(e.g. Danner et al. 1994, 1997; Saito et al. 1997) and y-ray flux
has been observed by EGRET (Fierro 1995).

We apply our model to this millisecond pulsar. The pulsed
X-ray component has been observed by ASCA and the pulsed
X-ray luminosity is ~9.4 x 103? ergs s~ (Saito et al. 1997).
Moreover, the y-ray emission has been observed by EGRET
and y-ray fluxes are <4.81 X 1077 cm~2 s~! in the energy range
from 30 MeV to 100 MeV and (11.4+3.6)x10"8 cm™2 s~! in the
energy range with energy greater than 100 MeV (Fierro 1995).
Corresponding observed y-ray efficiency with energy greater
than 100 MeV is ~0.2% if the solid angle is 1 sr. Using the same
parameters as those of PSR J0218+4232 except xpmin = 0.39,
we have fi, ~ 0.08. So we obtain that the expected y-ray effi-
ciency is ~0.06%. In panel B of Fig. 2, the expected spectrum
of X-ray and y-ray emission from PSR B1821-24 is shown,
where Ny = 2.8x10* cm™2, 8 = —1.5 and AQ = 1 sr are used.
It can be seen that the expected spectrum is not inconsistent
with the observed data.

4. Discussion

We have presented a model to describe the X-ray and y-ray
emission from MSPs. Assuming that there is a strong multi-
pole magnetic field near the stellar surface (this local mag-
netic field is estimated by Eq. (2)), the X-rays are produced
by the backflow current of the outer gap. These X-rays consist
of one power-law and two thermal components: (i) the non-
thermal X-rays are produced by the synchrotron radiation of
e* pairs created in the strong magnetic field near the stellar
surface by curvature photons emitted by charged particles on
their way from the outer gap to the neutron star surface; (ii)
the soft thermal X-rays are produced by heating of polar cap
area with a radius 10° cm due to the curvature photons of the
return particles from the outer gap in the strong local magnetic
field; and (iii) the medium hard thermal X-rays result from the
polar cap heating by the return particles from the outer gap.
The light curves of these two thermal components can have
360°6r/(2nR) ~ 10° phase shift. The phase shift between soft
X-rays and synchrotron X-rays could be up to 180°. The X-
rays collide with high-energy photons inside the outer gap to
sustain the outer gap. The y- rays are produced in the outer
gap. In this model, the condition of the outer gap existence is
Jm < 1 (see Eq. (14)), which depends on the typical radius of
curvature /, parameters m and Bg / Bg (see Eq. (2)). The basic
parameters for a given MSP in our model are /, m, BE / Bg and
the inclination angle. In Table 1, we have shown that the outer
gaps for the known MSPs which are detected to emit X-rays
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can exist for the parameters [ = 10° cm, m = 2, Bg/ Bg =100
and xpin = 2/3tana = 0.5. It should be pointed out, however,
that the values of local strong magnetic field near the stellar
surface, the curvature radius and the magnetic inclination an-
gle are different for various MSPs. Our model predicts that a
y-ray MSP would be a X-ray MSP, or a X-ray MSP which the
X-ray emission comes from magnetosphere would be a y-ray
pulsar. Furthermore we have applied our model to the MSPs
which emit pulsed X-rays and likely y-rays such as PSR J0437-
4715, PSR J2124-3358, PSR J0218+4232 and PSR B1821-24
(Figs. 1 and 2). Our model results are consistent with the ob-
served data.

Although we suggest that all of these X-ray components are
produced by the backflow current of outer gap, it is possible
that those two thermal components may result from the follow-
ing polar cap model. For example, assuming a strong surface
field again exist, then the polar cap and the polar cap accel-
erator has an area described by Eq. (7). In this case the back-
flow of primary charged particles produced inside the polar cap
can easily radiate the harder thermal component. Clearly, part
of this thermal energy must be transported along the magnetic
field into the stellar interior. Since the multipole should pen-
etrate about 10° cm in the crust, subsequently it must spread
over an area with radius ~10° cm, which produce softer X-rays
with larger emission. However, this scenario may still have dif-
ficulty in explaining why the pulses of thermal and non-thermal
components are in phase (Zavlin et al. 2002).

Sturner & Dermer (1994) have extended four y-ray models
to the millisecond regime and discussed their predictions for
the detectability for known millisecond pulsars. These models
are (i) relativistic pulsar wind model (model UN) (e.g. Tavani
1991); (ii) polar cap model-magnetic Compton-induced cas-
cade (model SD) (Dermer & Sturner 1994); (iii) polar cap
model-curvature radiation-induced cascade (model HTE) (e.g.
Harding et al. 1978; Harding 1981; Daugherty & Harding
1982) and (iv) original outer gap model (model CHR) (Cheng
et al. 1986a, 1986b). They found that models UN and SD do
not predict any millisecond pulsars which emit y-rays detected
by EGRET, but HTE and CHR predict almost half of the mil-
lisecond pulsar sample would be detectable. According to our
model, an MSP sample would emit high energy y-rays if the
fractional size of its outer gap is less than unity. However, the
energy range of the y-rays depends on xp,;, which is determined
by the observed pulsed X-ray flux.

According to Wei et al. (1996), the y-rays from MSPs con-
sist of pulsed y-rays with energy less than ~1 GeV produced in-
side the light cylinder and unpulsed y-rays with energy greater
than ~1 GeV produced outside the light cylinder. However, our
model predicts that the production of the pulsed high energy
y-rays depends on the value of xp,, and then on the observed
X-ray flux. If the observed X-rays are dominated by the non-
thermal X-ray component, then the y-rays can extend to higher
energy, say 20-30 GeV (see Fig. 2). Otherwise, only ~GeV
y-ray can be produced.
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