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Abstract. Based on the three dimensional outer magnetosphere
model of pulsars proposed by Cheng, Ruderman and Zhang,
we calculate the light curves and spectra of the Crab-like pulsars: PSR B0540-69 and PSR B1509-58. In this model, thermal
photon emission from the entire stellar surface is due to the
bombardment of the backflow charged particles from the outer
gap and cyclotron resonance scattering (Cheng & Zhang 1999).
Non-thermal photons are emitted by e± pairs produced by backflow charged particles from the outer gap through a synchrotron
radiation mechanism near the stellar surface and in a finite region
just above the outer gap through a synchrotron self-Compton
mechanism. For PSR B1509-58, when the magnetic inclination and viewing angle are 60◦ and 75◦ respectively, the photon
emission region has a mean thickness of ∼ 0.11RL , where RL
is the radius of the light cylinder. The expected broad single
pulse in optical, X-ray and γ-ray energy bands are comparable
with the observed light curves with a correct phase off-set with
respect to the radio pulse, and the model spectrum is consistent
with the observed spectrum. For PSR B0540-69, the calculated
mean thickness of the photon emission region is ∼ 0.21RL and
the model light curve and spectrum are similar to the observed
data if the magnetic inclination and viewing angle are 50◦ and
76◦ respectively.
Key words: stars: pulsars: individual: PSR B0540-69 – stars:
pulsars: individual: PSR B1509-58 – gamma rays: theory – Xrays: stars

1. Introduction
It is commonly accepted that a three dimensional outer gap
model is necessary in order to explain the observed light curves
and phase-resolved spectra of γ-ray pulsars. Outer gaps, which
are powerful acceleration regions, can form in the vicinity of a
“null charge surface” (Ω · B = 0) (Holloway 1973; Cheng et
al. 1976) because the charge carriers on each side of the null
charge surface have opposite charges. Current passing through
this surface removes charge in the vicinity of the null surface
and a charge vacuum forms there. Cheng et al. (1986a, 1986b,
Send offprint requests to: L. Zhang

hereafter CHR I and CHR II) proposed an outer gap model to
explain the observed data of the Crab and Vela pulsars (also
see Ho 1989). Their model assumed that the radiation regions
are thin in the longitudinal direction. The double peak structure in the pulse profile predicted by the model results from two
topologically disconnected outer gaps, each of which is associated with different magnetic poles. However, Romani and coworkers (Chiang & Romani 1992, 1994; Romani & Yadigaroglu
1995; Romani 1996) have shown that one outer gap with only
outgoing current can itself produce a broad, irregularly-shaped
emission beam which is particularly dense near the edge, so
that two γ-ray peaks would be observed when the line of sight
from the Earth crosses these enhanced γ-ray beam regions; the
inner region of the beam provides a significant amount of emission between the peaks. Recently, Cheng et al. (2000) (hereafter
CRZ) have re-considered conditions in the three dimensional
magnetosphere using various physical processes to determine
the three-dimensional geometry of the outer gap (including pair
production which depends sensitively on the local electric field,
the local radius of curvature, surface field structure, and reflection of e± pairs because of mirroring and resonant scattering).
They have shown that two outer gaps and both outgoing and incoming currents are, in principle, allowed, but that outgoing currents dominate the emitted radiation intensities. The observed
features of the Crab pulsar can be well explained by this model.
Based on the outer gap model of high-energy radiation from
the pulsars which we have proposed (Zhang & Cheng 1997;
see also Cheng et al. 1998), we (Cheng & Zhang 1999) have
studied in detail the X-ray production near or on the pulsar
surface due to backflow high-energy electrons/positrons from
the outer gaps. In particular, the soft thermal X-ray spectra of
Geminga and PSR B1055-52 are consistent with this backflow
current heating model. Here we report the X-ray emissions in the
three dimensional magnetosphere, and give X-ray light-curves
and spectra, which would be tested by measurements by newly
launched satellites, e.g. XMM, Chandra etc.
For the known γ-ray pulsars, two pulsars may be Crab-like
pulsars: PSR B0540-69 and PSR B1509-58. PSR B0540-69 in
the Large Magellanic Cloud (LMC) is one of the youngest and
most luminous rotation-powered pulsars, its period and period
derivative are 50 ms and 4.8 × 10−13 s s−1 , which implies a
characteristic age of τ = 1.5 × 103 yr. PSR B1509-58 is a
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pulsar with a period of 150 ms and period derivative of 1.5 ×
10−12 s s−1 . Its characteristic age of τ = 1.6 × 103 yr makes it
the second youngest known pulsar behind only the Crab pulsar.
In Sect. 2, we describe an outer gap model of Crab-like pulsars,
and then apply this model in Sect. 3 to explain the light curves
and spectra of PSR B1509-58 and PSR B0540-69. Our results
are summarized in Sect. 4.
2. The three dimensional outer gap model
of crab-like pulsars
2.1. The structure of the outer gap
CRZ have proposed a three dimensional outer gap model for
rotation-powered pulsars with a thin outer gap. They successfully applied this model to the Crab pulsar. In this model, polar
cap shape is determined first because it defines the boundary of
the open volume at the stellar surface. Because the outer gaps
are within the open volume, the open volume is divided into
many parts, in which the shape of each part at the stellar surface
is the same as the shape of the polar cap but with a smaller size.
If the coordinate values (x0 , y0 , z0 ) represent the values of the
last closed field lines at the stellar surface, then the coordinate
values (x00 , y00 , z00 ) for different parts can be determined by using
02 1/2
and by
x00 = a1 x0 , y00 = a1 y0 and z00 = (1 − (x02
0 + y0 ))
changing a1 . It should be pointed out that a1 = 1 corresponds
to the last closed field line and a1 < 1 to open field lines in
the magnetosphere. Once the polar cap shape is given, which
depends on pulsar parameters such as period, magnetic field and
the magnetic inclination angle, the structure of an outer gap can
be determined as follows:
According to CRZ, the azimuthal extension of the outer gap
(∆Φ) is finite and is determined by the local pair production
condition. Two mechanisms may be responsible for it. For an
oblique dipole, the radius of the inner boundary of the outer gap
(rin (φ))(the intersection of the null charge surface with the last
closed field lines) changes with azimuthal angle (φ). If we define
φ = 0 at the (x, z) plane, then rin (φ) increases from φ = 0◦
to φ = 180◦ , and decreases from φ = 180◦ to φ = 360◦ . In
the (Ω, µ) plane, four gaps (two long gaps labeled gaps 1 and
2 and two short gaps labeled gaps 3 and 4) exist in the outer
magnetosphere (CHR I). However, it has been shown (Halpern
& Ruderman 1993; Zhang & Cheng 1997, hereafter ZC; Zhang
& Cheng 1998; Cheng et al. 1998; Wang et al. 1998) that half
charged particles produced in gap 1 and gap 2 will move toward
the star and lose their energy via curvature radiation. Part of the
high energy curvature photons will be converted into secondary
e± pairs in the field lines which connect to gap 3 and 4 via either
photon-photon pair creation or magnetic pair production. Part of
incoming secondary pairs created in low magnetic field regions
can be reflected back and enter gaps 3 and 4 (Ho 1986). Those
secondary pairs created in strong magnetic field regions will lose
their energies via synchrotron radiation but some of these lower
energy secondary pairs will be reflected back by the resonant
X-ray scattering near the stellar surface (Wang et al. 1998) and
also enter gap 3 and gap 4. Therefore, the reflected outgoing
e± pairs can enter the gaps 3 and 4 to quench them. In this

case the extension along the azimuthal direction is about 180◦ ,
corresponding to the maximum value of the inner boundary of
0
where the null charge surface intercepts the
the outer gap rin
light cylinder. In this case, if the magnetic inclination angle is not
less than ∼ 20◦ , we find that the azimuthal extension of the outer
gap is about 180◦ . Another mechanism is that the extensions of
the outer gap along both azimuthal and radial directions are
limited by local pair production processes. The pair production
per unit length inside the outer gap is a decreasing function of
r. According to Cheng et al. (1986), E|| ∝ r−1/2 for the thin
outer gap (e.g. the Crab pulsar), which gives Eγ (r) ∝ r−1/8
after using the large r limit s(r) = (rRL )1/2 . Since Eγ is only
weakly dependent on r, we assume σγγ ≈ const. The local pair
production per unit length is
Ne± (r) = (1 − e−τγγ )Nγ (r) ≈ τγγ Nγ (r)

,

(1)

where τγγ = nX (r)σγγ l(r) is the local optical depth,
nX = R2 Ts4 σ/r2 kTs c is the X-ray number density at r,
l(r) ≈ (2s(r)f (r)RL )1/2 is the local optical path, Nγ =
eE|| (r)/Eγ (r) is the number of curvature photons emitted at
r per e+ /e− per unit length, and f (r) = h(r)/RL is the local
vertical extension of the gap. Since B(r)h2 (r) is a constant,
which gives f (r) ∝ r3/2 , and f0 ∼ f (RL /2) which is the average size of the outer gap and is given by (Zhang & Cheng 1997,
hereafter ZC)
1/7

∆Φ
−4/7
.
(2)
f0 ≈ 5.5P 26/21 B12
2π
Therefore
Ne± (r) ∝ r−11/8 .

(3)

We see that most pairs are produced near the null surface where
r = rin . We estimate that the pair production will take place
0
0
where rlim
is estimated as
mainly in the range rin ≤ r ≤ rlim
0
0
0
−3/8
rlim Ne± (rlim )/rin Ne± (rin ) ∼ (rlim /rin )
∼ 1/2, which
0
∼ 6rin . This limits pair production both along the
gives rlim
0
)
field lines and in transverse directions, and gives ∆Φ(rlim
which depends on the magnetic inclination angle. Therefore,
the azimuthal extension of the outer gap is
0
))
∆Φ ≈ min(180◦ , ∆Φ(rlim

(4)

and the pair production region inside the outer gap is in the
region from rin to rlim , where
0
0
, rlim
)
rlim = min(rin

.

(5)

Within the pair production regions, outgoing and incoming directions for particle flows are allowed. For r > rlim only outgoing current is possible. It should be pointed out that four gaps
may be active or inactive for an aligned dipole.
We want to point out that the soft photons in the Crab-like
pulsars will be non-thermal photons which are produced by the
synchrotron radiation by the secondary pairs (CHR II). CHR II
estimated that the fractional size of the outer gap for the crab
pulsar is ∼ 0.05 by taking into account the effect of the synchrotron photons, while Eq. (2) gives 0.04. Since this estimate is
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so close, we will use Eq. (2) as a rough approximation for estimating f0 . In fact, in the three dimensional case, such estimate
of the fractional height of the outer gap including secondary
synchrotron photons becomes very difficult because both high
energy photons and the soft target flux are produced by the gaps
themselves (Romani 1996).
Briefly, for Crab-like pulsars, there may be two outer gaps
in the outer magnetosphere. The structure of an outer gap is as
follow: (i) the fractional height of the outer gap is given by f0 ,
(ii) the azimuthal extension is about ∼ 160◦ and (iii) the radial
extension is from rin to RL with small region (rlim − rin ) of
photon-photon pair production.
2.2. Photon emission processes and patterns
Because of the backflow of high-energy electrons/positrons
from the outer gap, thermal and non-thermal X-rays will be
produced near or on the pulsar surface (ZC, Cheng et al. 1998;
Cheng & Zhang 1999). Briefly, according to ZC, thermal hard
X-rays from the stellar surface result from the bombardment of
the return current. Most of these X-rays will be reflected back
to the stellar surface due to resonant cyclotron scattering by the
e± plasma screen on the strong magnetic field lines. Finally
soft X-rays from the entire stellar surface will be emitted with
1/4
1/4
a typical temperature Ts ∼ 3.8 × 105 f0 P −5/12 B12 K. The
soft X-ray spectrum can be written as (ZC)
thermal
dṄX

dEX

EX /mc )
= As E /kT
e X s −1

2
with Lsd ≈ 3.8 × 1031 B12
P −4 ergs/s. If rf is the position
at which the cascade stops, then the minimum and maximum
energies of these non-thermal X-rays are

EX,min = ~(eB(rf )/mc) ≈ 1.1×104 B12 (rf /R)−3 eV(11)
and

(6)

where As = (15/π)4 [(mc2 )2 /(kTs )4 ]LX and LX ≈ 3.3 ×
1031 f0 B12 P −5/3 ergs s−1 . On the other hand, primary electrons/positrons leaving the outer gap emit curvature photons
with a typical energy Ecur , which is

−1/8
r
3/2 3/4
eV .
(7)
Ecur (r) ≈ 2.3 · 109 f0 B12 P −7/4
RL
These high energy γ-rays will be converted into secondary e±
pairs by a magnetic-pair production process at a position

1/3
Ecur
rs
1/3
≈ 0.55B12
.
(8)
R
mc2
Subsequently, these e± pairs at rs lose their energies rapidly via
synchrotron radiation with typical energy

2
3 Ecur
eB(rs )
Ecur
0
~
=
(9)
Esyn =
2
2 2mc
mc
20
and the spectral index βi = 1.5. These synchrotron photons
will be further converted into e± pairs if their energies are large
enough. Therefore, the non-thermal X-rays are produced by a
cascade process (the detail see Cheng et al. 1998). The luminosity of these non-thermal X-rays is (Cheng et al. 1998)

4
tan χ
0.13
B12
(P/0.1)0.80 Lsd
(10)
LnX ≈ 5.5 × 10−4
tan 55◦



EX,max =

1
20

n f

0
Esyn

(12)

respectively, where nf is the generation number. Note that
rf /R = (1/20)nf /3 (rs /R). Below EX,min , the spectrum has
a break with spectral index −1/3. Therefore the spectrum of
these non-thermal X-rays is given by
−βf

n
EX
dṄX
= An
dEX
keV
for EX,min ≤ EX ≤ EX,max
(13)
and
−1/3

n
EX
dṄX
−βf +1/3
= An Ex,min
dEX
keV
for EX < EX,min ,

(14)

where
An ≈

2 2
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(2 − βf )

2−βf
Ex,max

−

2−βf
EX,min

LnX
(keV)2

.

(15)

The spectral index (βf ) depends on the cascade generation.
Here, we assume that there are two generation in this cascade,
so βf = 1.875.
CRZ have argued that most curvature photons emitted from
the accelerator will become secondary pairs outside the gap in
Crab-like pulsars, where the local magnetic field in the outer
gap accelerator is sufficiently strong to give KeV synchrotron
radiation. These secondary pairs will boost a fraction of the synchrotron photons to high energy γ-rays through inverse Compton scattering. Therefore, for Crab-like pulsars, photon emission
comes from the emission region above the outer gap through a
synchrotron self-Compton mechanism. Because those photons
emitted into a given pulse phase come from different positions
of the outer gap, and curvature radiation, synchrotron radiation
and inverse Compton scattering depend on local quantities, e.g.
curvature radius, E|| , B, nph etc., so it is likely that the radiation spectrum varies with phase. Here we assume that the
distribution of secondary electrons/positrons at steady state is
d2 N
= N0 (r)Ee−p for Emin ≤ Ee ≤ Emax ,
dEe

(16)

where N0 (r) ∼ (lcur nGJ /Ecur ), lcur (r) = eE|| (r)c is the
local power in curvature radiation produced by a single e+ /e− ,
nGJ is the local Goldreich-Julian number density. Ecur is is
given by Eq. (7), p is the spectral index. Emin ∼ mc2 and
Emax ≈ Ecur /2 are the minimum and maximum energy of the
secondary pairs respectively.
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For photon emission from the emission region above the
outer gap, it is important to estimate the thickness of the emission region. CRZ have argued that the lower-energy photons
produced by the synchrotron radiation of the secondary pairs
outside the outer gap cannot enter the outer gap itself, but
they can collide with the high-energy curvature photons at an
angle ∼ f0 . The number density of these low energy pho2
tons is nX ∼ Lgap / hri cEX , where Lgap ∼ f03 Lsd and
Lsd ≈ 3.85 × 1031 P −4 B 2 12 ergs/s. Therefore, the mean
free path in which pairs are produced outside the outer gap
is λXγ ∼ (nX σp )−1 , where σp ∼ σT /3 is the pair production cross section and σT is the Thompson cross section. Using
hri ∼ RL /2 and EX ≈ (mc2 )2 /(f0 Ecur ), we have
5 
−1

P
Ecur
−2
B12
RL . (17)
λXγ ∼ 1.7 × 10−3 f0−4
0.1s
10GeV
The corresponding pitch angle is estimated by sin β(RL /2) ∼
λXγ /(RL /2). The photon spectrum of the synchrotron radiation of these secondary pairs is
31/2 e3 B(r) sin β(r) 1
mc2 h
Eγ

Z Emax 
dN (r)
F (x)dEe ,
dEe
Emin

Fsyn (Eγ , r) =

(18)

where x = Eγ /Esyn .

2
~eB(r) sin β(r)
3 Ee
(19)
Esyn (r) =
2 mc2
mc
R∞
is the typical energy and F (x) = x x K5/3 (y)dy, where
K5/3 (y) is the modified Bessel function of order 5/3. In
Eq. (19), β(r) is the local pitch angle and sin β(r) ∼
(r/RL )1/2 sin β(RL ) (CRZ). Similarly, the spectrum of inverse
Compton scattered photons in volume ∆V (r) is

 2
Z Emax 
dN (r)
d NICS (r)
dEe , (20)
FICS (Eγ , r) =
dEe
dEγ dt
Emin
where
d2 N (r)ICS
=
dEγ dt

Z

2

1

nsyn (, r)F (, Eγ , Ee )d ,

(21)

and
F (, Eγ , Ee ) =

1
3σT c
[2q ln q + (1 + 2q)
4(Ee /mc2 )2 
(Γq)2 (1 − q)
] ,
(1 − q) +
2(1 + Γq)

(22)

with Γ = 4(Ee /mc2 )/mc2 , q = E1 /Γ(1 − E1 ) with E1 =
Eγ /Ee and 1/4(Ee /mc2 ) < q < 1. The number density of the
synchrotron photons with energy  is
nsyn (, r) =

Fsyn ()
,
cr2 ∆Ω

(23)

where Fsyn is the calculated synchrotron radiation flux, and
∆Ω ∼ 2π(1 − cos β(r)) is the usual beam solid angle.

We now describe the photon emission patterns. We assume
that relativistic charged particles in the open zone radiate along
the magnetic field lines in the corotating frame, then we project
photon emission on (ζ, Φ) plane, where ζ is the polar angle
from the rotation axis and Φ is the phase angle of rotation of the
star. In the calculations, we have taken the effects of travel time
and aberration into account, and chosen Φ = 0 for emission
in the (x, z) plane from the center of the star. Therefore, for a
given magnetic inclination angle, we can calculate the photon
emission patterns of a given pulsar on the sky, and then can
obtain the light curve for a specific viewing angle (for details
see Romani 1996; CRZ).

3. Model results
We apply this three dimensional outer gap model to Crab-like
pulsars: PSR B1509-58 and PSR B0540-69, and model the light
curves and the spectra of optical, X-rays and γ-rays from these
two pulsars. For a Crab-like pulsar with a given magnetic inclination angle, our calculation procedure is as follow.
For the thermal X-ray emission produced by the backflow
of high-energy electrons/positrons near the stellar surface, the
thermal X-rays are assumed to be isotropic, while, for the nonthermal X-rays, as an approximation, we trace the magnetic field
lines from the position rs (see Eq. (8)) to the position r⊥ , which
denotes the normal intercept from the center of the star to the
tangent to the field line at the point (x, y, z) of the outer gap
where the photons are created:

r⊥ =

(xẋ + y ẏ + z ż)2
r −
ẋ2 + ẏ 2 + ż 2
2

1/2
.

(24)

The photons with r⊥ > R cannot collide with the stellar surface.
For the non-thermal photon emission above the outer gap,
we trace the magnetic field lines by changing a1 for a given
f0 (which can be approximated by Eq. 2), and require that the
interval (in units of RL ) between the field line and the last closed
field line (corresponding a1 = 1) at radius of RL /2 equal f0 .
We thereby find a value of a1 which approximately defines the
upper boundary of the outer gap (we label it as au1 ). We then
trace the magnetic field lines for a different a1 and find the
value of a1 (we label it as ar1 ) where the interval between the
field lines with ar1 and the field lines with a1 = au1 at radius
of RL /2 equals ∼ λXγ /RL , where λXγ is given by Eq. (17).
After estimating au1 and ar1 , we calculate the emission pattern of
non-thermal photons produced in the emission region above the
outer gap and the variation of radial distances with pulse phase
in this emission region for a given viewing angle. Finally we
calculate the light curve and spectrum of this Crab-like pulsar.
In our calculation, we assume that the spectral index of the
secondary pairs is 2 (i.e. we have approximated the curvature
radiation spectrum as a δ function). Although
√ sin β(RL ) can be
roughly estimated by using sin β(RL ) ∼ 2 sin β(RL /2) with
sin β(RL /2) ∼ λXγ /(RL /2), here we use it as a parameter.
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3.1. PSR B1509-58
PSR B1509-58 is believed to be a Crab-like pulsar because
its parameter B/P 2 is very close to that of the Crab pulsar.
PSR B1509-58 was discovered as an X-ray pulsar (Seward &
Harnden 1982). Its pulsed emission has been detected at radio
frequencies (Manchester et al. 1982), soft X-rays (Becker &
Trümper 1997), hard X-rays (Kawai et al. 1993; Matz et al. 1994;
Rots et al. 1998), low energy γ-rays (e.g. Ulmer et al. 1993) and
medium energy γ-rays (Carraminana et al. 1995, 1997; Kuiper
et al. 1999). The observed data indicate that (i) the light curves
of hard X-rays and low energy γ-rays have a broad single peak,
(ii) the X-ray pulse lags the radio pulse by about 0.27 ± 0.01
period, with no evidence for any energy dependence in the range
2–100 keV (Rots et al. 1998), (iii) the low energy γ-ray pulse
lags the radio pulse by 0.32 ± 0.02 (Ulmer et al. 1993) or ∼ 0.3
periods (Rots et al. 1998), and (iv) medium energy γ-ray pulse
lags the radio pulse by 0.30 ± 0.06 period (Carraminana et al.
1997). Rots et al. (1998) pointed out that the change in phase
lags of X-rays and low energy γ-rays can be due to a gradual
change in the dispersion measure. According to our model, hard
X-rays and low energy γ-rays have the same origin, i.e. they are
produced by synchrotron self-Compton radiation of secondary
e± pairs of the outer gap. Therefore, the phase offsets of hard
X-rays and low energy X-rays with respect to the radio pulse are
the same. However, a small phase lag between X-rays and low
energy γ-rays is still possible because the emission regions of
X-ray and γ-rays is very thick. Each layer of the emission can
contribute to X-rays and γ-rays differently. For example, synchrotron radiation from the regions near the light cylinder radius
contribute fewer gamma-rays than do the regions near the star.
A more detailed study on energy-dependent light curves will be
presented elsewhere.
We consider the light curve and spectra of PSR B1509-58 using the three dimensional outer gap model described in Sect. 2.
In order to determine the emission pattern, we need to know the
magnetic inclination angle and viewing angle. Unfortunately,
we cannot obtain any constraints on the two angles from radio
observation. Therefore, we estimate these two angles as follows: (i) the
√ viewing angle must cross the radio beam which
is ∼ 6.3/ P ∼ 16.3◦ for PSR B1509-58 and (ii) the phase
offset with respect to radio pulse is ∼ 0.3 and the pulse is a
single broad peak. We have tried to calculate various angles and
found that model light curve with a magnetic inclination angle
of about 60◦ and a viewing angle of 75◦ can compare with the
observed light curves. These results are consistent with those
estimated by Romani & Yadigaroglu (1995). After determining
the inclination and viewing angles, we follow the calculation
procedure described above to describe the emission patterns.
For non-thermal photon emission near stellar surface, we estimate the pair production position rs using Eq. (8), and follow
the photon traces along the magnetic field lines inwards to the
positions given by Eq. (24). The emission patterns are shown
in panel A of Fig. 1. When we consider the emission patterns
of the non-thermal photons above the outer gap, we find that
au1 ∼ 0.90 for f0 ∼ 0.12 (which is estimated by using Eq. (2))
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and ar1 ∼ 0.62 for λXγ (RL /2) ∼ 0.11RL (which is estimated
by using Eq. (17)). Therefore, the non-thermal radiation above
the outer gap is produced in the emission region from au1 = 0.90
to ar1 = 0.62. The emission pattern is shown in panel A of
Fig. 1 (the radio caps are also shown). Furthermore, we estimate
the radial distances of the emission region above the outer gap
which is a function of pulse phase (shown in panel B of Fig. 1).
Furthermore, we calculate the intensity of non-thermal photons
from the emission region which is function of the pulse phase.
Therefore, we obtain the light curves of the Crab-like pulsars
once the inclination angle, viewing angle and the thickness of
photon emission region are given. The light curves corresponding to the emission pattern of panel A of Fig. 1 are shown in
panel C, in which the radio pulse is schematic. We assume that
the radio emission comes from the polar cap, so its phase is zero.
As a comparison, the dashed histogram in the panel C of Fig. 1
represents the observed pulse profile data for the X-ray band of
16 -32 KeV measured by RXTE (Rots et al. 1998), where we
take the value at pulse phase 0◦ as zero. In panel C of Fig. 1,
we schematically show the light curve of the thermal photons
coming from the entire stellar surface.
Using the parameters given above, we calculate the radiation spectrum from PSR B1509-58. We divided the phase into
three bins: ∼ −15◦ ≤ φ ≤∼ 50◦ , ∼ 60◦ ≤ φ ≤∼ 180◦ , and
∼ 180◦ ≤ φ ≤∼ 270◦ . In the phase bin from 180◦ to 270◦ ,
the photon emission is dominated by thermal photons coming
from the stellar surface, with the expected thermal photon spectrum as shown in Fig. 2, where isotropic emission is assumed.
The spectrum of the non-thermal photons in the phase bin from
∼ −15◦ to 50◦ is shown in Fig. 3, where the photons are produced near the stellar surface due to the cascade process and the
beaming solid angle is assumed to be 1 sr. The non-thermal photon emission above the outer gap ranges from ∼ 60◦ to ∼ 180◦ .
Its phase-resolved spectrum is shown in Fig. 4, where the expected spectra for sin β(RL ) = 0.7, 0.5 and 0.3 respectively are
shown.
The comparison of the phase-averaged spectrum with the
observed one is shown in Fig. 5. Up to now, GINGA has observed X-ray spectrum with a spectral index of 1.3 ± 0.05 in the
(2-60) KeV energy range (Kawai et al. 1993). In the medium γray energy range, COMPTEL showed a detection in the energy
range from 0.75 MeV to 30 MeV (Kuiper et al. 1999). At the high
energy range, PSR B1509-58 was not detected by EGRET. Here
we use the data compiled by Thompson et al. (1999), ROSAT
data (Becker & Trümper 1997), ASCA data (Saito 1998) and
new COMPTEL data (Kuiper et al. 1999). In our calculation of
the phase-averaged spectrum, we determined the relative intensities of three components (the soft X-rays, non-thermal X-rays
produced near the stellar surface and non-thermal photons produced above the outer gap), then used the expected spectrum
to fit the observed data by adjusting the beaming solid angle,
which is 3.9 sr for sin β(RL ) = 0.5(r/RL )1/2 . It can be seen
that there is a general agreement between the expected result
and the observed spectrum. In Fig. 5, the three components are
also shown respectively.
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Fig. 1a–c. Emission projection onto the
(ζ,Φ) plane and pulse profile for PSR
B1509-58 (α = 60◦ ). Panel A: Photon
emission from the pulsar as a function of
phase, the solid curves indicate outward
photon emission from the emission region
above a single outer gap. The tiny-solid
curves represents inward and outward nonthermal photon emission from the region
near the stellar surface. The observed lines
of sight at ζ = 75◦ and ζ = 90◦ (dashed and
solid lines), and both polar caps (contours)
are shown. Panel B: The variation of radial distance with pulse phase for the thickness of the emission region of ∼ 0.11RL .
The curves represent trajectories for a1 =
0.90, 0.86, 0.82, 0.78, 0.74, 0.70, 0.66 and
0.62. Panel C: Pulse profile for PSR B150958. The model X-ray/γ-ray pulse at ζ =
75◦ is shown. For comparison with the observed data, we have shown the observed
pulse profile data for the X-ray band of 16–
32 KeV measured by RXTE (dashed histogram) (Rots et al. 1998), where we assume
that the value at pulse phase 0◦ is zero.

3.2. PSR B0540-69
PSR B0540-69 was discovered in the soft X-ray band by the Einstein X-ray Observatory (Seward et al. 1984). Optical and radio
pulses were detected by Middleditch & Pennypacker (1985) and
Manchester et al. (1993), respectively. Moreover, X-ray pulses
from PSR B0540-69 have been detected by various X-ray detectors such as GINGA (Nagase et al. 1990; Deeter et al. 1999),
ROSAT (Finley et al. 1993; Eikenberry et al. 1998), BeppoSAX
(Mineo et al. 1999), and Chandra (Gotthelf & Wang 2000), but
pulses of γ-rays were not detected by OSSE, COMPTEL and
EGRET and only upper limits in those energy ranges are available. All these observations indicate that (i) PSR B0540-69 has
a single broad pulse profile in the radio band, and (ii) there is
a close alignment between the optical and X-ray pulse profiles.

Although the radio pulse was detected, the pulse offset of X-rays
with respect to the radio pulse has not been determined.
PSR B0540-69 is one of the youngest rotation-powered pulsars. Its energy and age have been found to be similar to those
of the Crab pulsar, but with different pulse profiles. In fact,
X-ray/γ-ray emission from the Crab pulsar indicate two peaks
with a phase separation of ∼ 0.4. Since (i) it has a broad X-ray
pulse with a width of about 0.45 phase which is similar to that
of PSR B1509-58, and (ii) we observe both radio and X-ray
pulses (the radio beam is 6.3◦ P −1/2 ∼ 28◦ ), we expect that
the viewing angle is far away from ξ = 90◦ and the magnetic
inclination is not less than ∼ 40◦ . However, because the phase
offset of X-rays with respect to the radio pulse is not clear, it
is difficult to estimate the values of the viewing angle and the
magnetic inclination. We have chosen different magnetic incli-
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Fig. 4. Phase-resolved spectrum of PSR B1509-58 in the phase bin
from ∼ 60◦ to ∼ 180◦ . The photon emission in this phase bin is
dominated by the non-thermal photons produced above the outer gap.
The solid, dashed and dot-dashed curves represent model results for
sin(β(RL )) = 0.3, 0.5 and 0.7 respectively. The beaming solid angle
is assumed to be 1 sr.

Fig. 2. Phase-resolved spectrum of PSR B1509-58 in the phase bin
from ∼ 180◦ to ∼ 270◦ . The photon emission in this phase bin is
dominated by the thermal photons from the stellar surface.

Fig. 5. The comparison of model spectra with the observed data for PSR
B1509-58. The solid curve represents model result for sin(β(RL )) =
0.5. We have used the observed data (solid circles) compiled by Thompson et al. (1999) which include X-ray data (Seward et al. 1984; Kawai
et al. 1993) and gamma-ray data (Matz et al. 1994; Nel et al. 1996),
ROSAT data (box) (Becker & Trümper 1997), ASCA data (cross) (Saito
1998) and COMPTEL data (solid diamonds) (Kuiper et al. 1999).
Fig. 3. Phase-resolved spectrum of PSR B1509-58 in the phase bin
from ∼ −15◦ to ∼ 50◦ . The photon emission in this phase bin is dominated by the non-thermal photons produced near the stellar surface.
The beaming solid angle is assumed to be 1 sr.

nation and viewing angles to calculate the pulse profiles with the
constraints that (i) viewing angle must cross the radio beam and
(ii) the X-ray pulse profile must have a broad shape. Because
the thickness of the emission region above the outer gap is limited by Eq. (17), a broad X-ray pulse profile will have the result
that the viewing angle will not cross the radio beam for small
magnetic inclination angles (say less than 45◦ ). Furthermore,
the pulse width is too small compared to the observed data for a
large inclination angle (larger than 60◦ ). Therefore, we chose a
magnetic inclination and viewing angle of 50◦ and 76◦ respectively. Because of the large rin for small magnetic inclinations,
the extension of the outer gap is about 180◦ and the corresponding rlim is determined by the value of rin at φ ∼ 180◦ . For
PSR B0540-69, we have f0 ∼ 0.05 and λXγ ∼ 0.21RL which
give au1 ∼ 0.95 and ar1 ∼ 0.71. According to our calculation de-

scribed above, the emission patterns of the non-thermal photons
due to the backflow of high-energy electrons/positrons from the
outer gap is shown by the dashed curves in panel A of Fig. 6.
The non-thermal photon emission pattern of the emission region from au1 to ar1 in the (ζ, Φ) plane and radio caps are shown
in panel A of Fig. 6, where outgoing and incoming emission
patterns are represented by solid curves and dashed curves respectively. Then we calculate the radial distances of the emission
region, which vary with the pulse phase. In panel B of Fig. 6,
we show such a variation of the radial distance of the emission
region with pulse phase. Finally, we calculate photon intensity
from the emission region which is a function of the pulse phase
and show the light curves corresponding to the emission pattern
in panel C of Fig. 6, where we assume that the radio emission
comes from the polar cap, so that its phase is zero and the radio
pulse is schematic. As mentioned above, because the pulse offset of X-rays with respect to the radio pulse is not known and
the X-ray background has not been well determined, it is not
easy to compare our results with the observed pulse profile.
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Fig. 6a–c. Emission projection onto the
(ζ,Φ) plane and pulse profile for PSR
B0540-69 (α = 50◦ ). Panel A: Photon
emission from the pulsar as a function of
phase. The solid and dashed curves indicate
inward and outward photon emission from
the finite region above a single outer gap
respectively. The tiny-solid curves represents inward and outward non-thermal photon emission from the region near the stellar surface. The observed lines of sight at
ζ = 76◦ and ζ = 90◦ (dashed and solid
lines), and both polar caps (contours) are
shown. Panel B: The variation of radial distance with pulse phase for the thickness
of the emission region of ∼ 0.21RL . The
curves represent trajectories for a1 = 0.95,
0.92, 0.89, 0.86, 0.83, 0.80, 0.77, 0.74 and
0.71 respectively. Panel C: Pulse profile for
PSR B0540-69. The model optical/X-ray/γray pulse at ζ = 76◦ is shown. For comparison with the observed data, we have shown
the observed pulse profile data for the X-ray
band of 0.4 -10 KeV measured by Chandra (dashed histogram)(Gotthelf & Wang,
2000).

Here, we compare our results with those observed by Gotthelf
& Wang (2000). To do this, we shift the observed pulse profile
with respect to our expected results, then take 250 counts/sec as
value of the X-ray background (see Fig. 4 of Gotthelf & Wang
2000). We then normalize the observed pulse profile so that its
area is roughly same as that of the expected result at a phase of
∼ 45◦ - ∼ 189◦ . The observed pulse profile is indicated by a
dashed histogram with error bars in the panel C of Fig. 6.
We also model the phase-resolved and phase-averaged spectra of PSR B0540-69. First, we calculated the phase-resolved
spectra for three phase bins: ∼ −15◦ ≤ φ ≤∼ 50◦ , ∼ 60◦ ≤
φ ≤∼ 180◦ , and ∼ 180◦ ≤ φ ≤∼ 270◦ . In the phase bin from
180◦ to 270◦ , the photon emission is dominated by thermal
photons coming from the stellar surface, the thermal spectrum
is shown in Fig. 7. In the phase bin from ∼ −15◦ to 50◦ , the pho-

ton emission is dominated by the non-thermal photon spectrum
produced near the stellar surface due to the cascade process; the
spectrum is shown in Fig. 8. One can see that the thermal component is negligible compared to the non-thermal component. In
the phase bin from ∼ 60◦ to ∼ 180◦ , the phase-resolved spectrum is dominated by the non-thermal photon emission above
the outer gap (see Fig. 9). It can be seen that this photon emission
is from optical to γ-ray range. In Fig. 9, the expected spectra for
sin β(RL ) = 0.20, 0.25 and 0.30 are shown.
Finally, we calculate the phase-averaged spectrum. The
comparison with the observed data is shown in Fig. 10. Observed data at optical wavebands are taken from Middleditch
et al. (1987), Hill et al. (1997). The data at the ROSAT energy range, the BeppoSAX energy range, and COMPTEL and
EGRET are taken from Finley et al. (1993), Mineo et al. (1999),
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Fig. 9. Phase-resolved spectrum of PSR B0540-69 in the phase bin
from ∼ 60◦ to ∼ 180◦ . The photon emission in this phase bin is
dominated by the non-thermal photons produced above the outer gap.
The dot-dashed, solid, and dashed curves represent model results for
sin(β(RL )) = 0.20, 0.25 and 0.30 respectively. The beaming solid
angle is assumed to be 1 sr.

Fig. 7. Phase-resolved spectrum of PSR B0540-69 in the phase bin
from ∼ 180◦ to ∼ 270◦ . The photon emission in this phase bin is
dominated by the thermal photons from the stellar surface.

Fig. 8. Phase-resolved spectrum of PSR B0540-69 in the phase bin
from ∼ −15◦ to ∼ 50◦ . The photon emission in this phase bin is dominated by the non-thermal photons produced near the stellar surface.
The beaming solid angle is assumed to be 1 sr.

Hermsen et al. (1994) and Thompson et al. (1994) respectively.
In Fig. 10, we show the three components. The fitting of the
expected phase-averaged spectrum with the observed one gives
a beaming solid angle of ∼ 0.35 sr.
4. Summary
We have used a three-dimensional outer gap model to calculate
the observed light curves and spectra of the Crab-like pulsars:
PSR B1509-58 and PSR B0540-69. According to our model,
there are three components for X-ray emission for Crab-like
pulsars: thermal X-rays from the stellar surface, non-thermal
X-rays produced near the stellar surface through synchrotron
radiation and non-thermal photons produced above the outer
gap through a synchrotron self-Compton mechanism. We have
calculated the light curves and spectra of these three components

Fig. 10. The comparison of predicted phase-averaged spectrum with
the observed data for PSR B0540-69. Observed data at optical waveband are taken from Middleditch et al. (1987), Hill et al. (1997). The
data at ROSAT energy range, BeppoSAX energy range, COMPTEL
and EGRET are taken from Finley et al. (1993), Mineo et al. (1999),
Hermsen et al. (1994) and Thompson et al. (1994) respectively. The
solid curve represents phase-averaged spectrum for sin(β(RL )) =
0.25. The dot-dashed, long-dashed and short-dashed curves represent
photon spectra in different phases.

for PSR B1509-58 and PSR B0540-69 respectively. Compared
to non-thermal components, the thermal component can be negligible. Furthermore, the non-thermal photon emission above
the outer gap dominates the non-thermal photons produced near
the stellar surface. The light curves and spectra depend on the
inclination angle (α), viewing angle (ξ) as well as the thickness
of the emission region. We found that the inclination and viewing angles are 60◦ and 75◦ respectively and the mean thickness
of the photon emission region is ∼ 0.11RL for PSR B1509-58,
and 50◦ and 76◦ respectively and ∼ 0.21RL for PSR B054068. However, we stress that the observed light curves of these
two pulsars are broader than our model
√ light curves. If the radio
beam is actually wider than 6.3◦ / P or radio emission comes
from the region very near the stellar surface where multiple
field dominates the dipolar field, a smaller inclination angle is
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allowed and this gives a wider X-ray light curves (cf. Fig. 6 of
CRZ).
Using the CHR model, Cheng & Ding (1994) and Cheng
& Wei (1995) have calculated the phase-averaged spectrum of
PSR B1509-58 by assuming that it is a Vela-like and a Crablike pulsar respectively. Generally, if the mean distance to the
outer gap approaches the light cylinder radius, and then the
smaller magnetic field makes the Vela-like mechanism more
favorable, otherwise the Crab-like mechanism is more likely.
In their calculations, however, they did not consider the offset
of the X-rays/γ-rays with respect to the radio pulse. Romani
& Yadigaroglu (1995) have considered the observed offset and
concluded that α = 60◦ and ξ ∼ 75◦ based on the geometry of the outer gap, which is consistent with our result. For
PSR B0540-69, Cheng & Wei (1995) have calculated the phaseaveraged spectrum by assuming that it is a Crab-like pulsar,
which is consistent with our findings.
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