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Abstract

We use a three dimensional pulsar magnetosphere model to study the geometry of outer-
magnetospheric gaps. The vertical size of the “outer gap” is first determined by a self-consistent
model in which the outer gap size is limited by pair production from collisions of thermal photons
produced from polar cap heating by backflow outer gap current with curvature photons emitted
by gap accelerated charged particles. The transverse size of the outer gap is also determined
by local pair production limits. In principle, there are two topologically disconnected outer
gaps in the magnetosphere of a pulsar. Both incoming and outgoing particle flows are allowed.

However, the emission morphologies produced by incoming particle flow is severely restricted
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by local pair production in the gap and the absorption of magnetic pair production near the
star. From the three dimensional structure of the outer gap and its local properties, we calculate

the emission morphologies and phase-resolved spectra of Crab-like pulsars.

Key words gamma rays: theory—pulsars: general—stars: neutron—stars: radiation
1 Introduction

It has been argued that powerful acceleration regions, called “outer gaps”, can form in the
vicinity of ”null charge surface” ( 2-B = 0) (Holloway 1973; Cheng, Ruderman & Sutherland 1976)
because the charged carriers on each side of the null charge surface have opposite charges. Current
passing through this surface removes charges in the vicinity of the null surface and a vacuum will
form there. Cheng, Ho and Ruderman (1986) used an outer gap to calculate the phase-averaged
spectrum of the Crab pulsar. Their model assumed that the radiation regions are thin in the
longitudinal direction. Their double peak «-ray structure was from two topologically disconnected
outer gaps, each of which is associated with different magnetic poles. However, Romani and his
co-workers (Chiang & Romani, 1992,1994; Romani and Yadigaroglu 1995; Romani 1996) have
shown that only one outer gap with only outgoing current can produce a double-peak ~y-ray
light curve in a three-dimensional outer-magnetosphere. Using either a static dipolar field or a
rotating dipolar field (results did not differ qualitatively) plus effects of time travel and aberration,
they showed that an assumed outgoing current alone could produce a broad, irregularly-shaped
emission beam which is particularly dense near the edge, so that two -ray peaks would be
observed when the line of sight from the Earth crosses these enhanced 4-ray beam regions; the
inner region of the beam provides a significant amount of emission between the peaks. EGRET
has accumulated enough photons for Crab, Vela, PSR B1706-44 and Geminga to analyze the
phase-resolved emission characteristics such as pulsed profiles and phase-resolved spectra (Fierro
1995; Thomson et al. 1996; Fierro et al. 1998). These data can give very strong constraint on
theoretical models.

We re-consider the three dimensional magnetosphere, following the important ground-breaking
work of Romani and co-workers. But instead of assuming a single outer gap with only an outgoing
current, and no restriction on azimuthal directions, we use various physical processes (including
pair production which depends sensitively on the local electric field and the local radius of curva-
ture, surface field structure, reflection of e* pairs because of mirroring and resonant scattering)
to determine the three-dimensional geometry of the outer gap. In our model, two outer gaps
and both outgoing and incoming currents are in principle allowed, but it turns out that outgoing
currents dominate the emitted radiation intensities.

2 The Model
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2.1 Pair production and the structure of outer gaps
According to Cheng, Ruderman & Zhang (2000), we propose a structure of outer gaps
determined by pair production conditions. The potential drop of the gap

AV 6.6 x 102f2B,P~%  Volts, (1)

where fo = h(< r >)/RL, h(< r >) is the average vertical separation of the gap boundaries in
the (2, p) plane and Ry, = ¢/ 2 is the light cylinder radius, and < r > is the average distance to
the gap; its value depends on magnetic inclination angle x (< r >~ Ry,/2). The particle current
passing through the gap is

Ngap = 3 x 10 fo£ By, P72 571 (2)

where £ = A®/2r; A is the transverse (¢-direction) extension of the gap. Each of the charged

particles inside the gap will radiate high-energy curvature photons with a characteristic energy
E,(fo) =2x 10322 B2/4p~"/4  ev. (3)

About half of Ngap will move toward the star. Although they continue to radiate their energies
on the way to the star, they still carry 10.5P/3 ergs of energy on to the stellar surface. The
energy will be radiated back out in hard X-rays. However, resonant scattering with pairs near
the star may reflect hard X-rays back to the stellar surface (Cheng, Gil & Zhang 1998; Wang et
al. 1998), to be re-emited as soft X-rays with a temperature

T, ~ 3.8 x 108 f3/4¢1/4g!2p-5/12 K (4)

The X-ray photon density is very low but each pair produced by an X-ray-curvature photon
collisions in the outer gap will emit almost 10° curvature v-rays for further pair creation in that
gap. Once the pair production threshold condition ¥T,E., > (m.c?)? is satisfied, the gap is

unlikely to grow much larger. This pair production condition gives
fo= 5.5P26/2131_24/7£1/7. (5)

Here, £ is still an unknown quantity. However, we see that fp is weakly dependent on £ which
is likely on the order of unity. In first approximation, we assume fo = 5.5P2¢/ 2131_24/ 7 (Zhang
& Cheng 1997). To determine &, we need to consider local pair production processes. The pair
production per unit length inside the gap is a decreasing function of r. According to Cheng, Ho
and Ruderman (1986), E|| oc 7~!/2 for the thin outer gap (e.g. the Crab pulsar), which gives
E,(r) o r~1/8 after using the large r limit s(r) = (rRy)/2. Since E. is only weakly dependent
on r, we assume 0., & const..

The local pair production per unit length is

Nos(r) = (1 = ™) Ny (r) % 7 Ny (), (6)
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where 7., = nx(r)o,,l(r) is the local optical depth, nx = R?*T2c/r?kTyc is the X-ray number
density at 7, I[(r) = (2s(r) f(r)Ry.)'/? is the local optical path, f(r) = h(r)/Ry, is the local vertical
extension of the gap (since B(r)h2(r) is a constant, which gives f(r) « 7*/2 and fy ~ f(RL/2),
and N, = eEj(r)/E,(r) is the number of curvature photons emitted at  per et /e~ per unit
length. Then

Nz (r) oc r~ 1178, (7

We see that most pairs are produced near the null surface where r = r;,. We estimate that
the pair production will take place mainly in the range ry, < r < ry, where 7y, is estimated
as TimNot (Mlim ) /TiaNex (Tin) & (Plim/Tin)~%/® =~ 1/2, which gives Tjim = 6ri,. This limits pair

production both along the field lines and in transverse directions, and gives
Ad = 160°. (8)

Within the pair production regions, outgoing and incoming directions for particle flows are al-
lowed. For r > rj, only outgoing current is possible.

Polar cap shape defines the boundary of the open volume at the stellar surface. Because
the outer gaps are within the open volume, we divide the open volume into many parts, in which
the shape of each part at the stellar surface is the same as the polar cap shape but the size is
smaller. First we determine the coordinate values (zg, Yo, zo) of the last closed field lines at the
stellar surface. Then the coordinate values (zf, y§, 2}) for different parts can be determined by
using 2} = a;o, ¥y = a1yo and z = (1 — (2 + y))!/? and by changing a;.

2.2 Pair production beyond the outergap boundary

Although pair production inside the gap is limited to a small region, pair production outside
the gap is not the same case if synchrotron photons produced by secondary pairs exceed the
thermal photons from the surface. The former photons do not get into the gap because of field
line curvature (cf.CHR I) but they could convert most of the curvature photons from the gap
into secondary pairs. We estimate the mean free path of curvature photon in the synchrotron
X-ray photon field as follows: the vy-ray mean free path Ax, = (Lx(2fo)E,0p/12 c(MeV)?)~! ~
107(f0/0.1)"1L33 13(E,/10GeV)~? cm, where L3s is the X-ray luminosity in units of 1036 erg s,
lg is the characteristic length to the outer gap in units of 10® c¢m, E, is the typical energy of
curvature radiation photons and oy, is the pair production cross section. Here, we have considered
that the threshold energy of pair production is Ex E, > (MeV)?/(1—cos8x,) and 0x~ = (2fo)'/2.
Since | << Ry, so most curvature photons emitted from the accelerator will become secondary
pairs outside the gap in some pulsars where the local magnetic field near the outer gap accelerator
is sufficiently strong to give keV synchrotron radiation.

2.3 Photon emission morphologies
As pointed out above, in this model, two outer gaps can exist in the open field line volume

of the pulsar magnetosphere (cf. Fig.1). Due to pair production, outer gaps are limited along
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Fig 1. Emission projection onto the (¢,#) plane and pulse profile. The emission consists of the
emission outwards from both outer gaps and inwards only from the region (riim — rin)of both
outer gaps. The outer gaps are limited along the azimuthal direction by pair production. (a)
The emission projection (a1 = 0.9) and (b) corresponding pulse profile (Aal = 0.03). Crab
parameters, o = 65°, { = 82° and §¢ = 160° are used.
both radial and the azimuthal directions. Therefore the model allows both outward and inward

emission but inward emission is only from the region (rj;, —rin) of the outer gaps. A large fraction
of high energy photons emitted inwards cannot pass freely through the inner magnetosphere
within a certain distance to the star where these photons are converted into secondary et pairs
by the intense magnetic field. These secondary pairs will emit lower enefgy photons through
their synchrotron radiation. Part of that synchrotron photons will be further converted into
pairs. Moreover, about half of the charged particles accelerated in the outer gap will move
inwards along magnetic field lines. These charged particles will produce high energy curvature
radiation photons. These curvature photons can be converted into pairs near the star. A cascade
will develop there until the Lorentz factors of the pairs approach unity. Non-thermal X-rays can
be produced in this cascade and thermal X-rays can be radiated from the stellar surface (Halpern
& Ruderman 1993; Zhang & Cheng 1997; Cheng, Gil & Zhang 1998; Wang et al 1998; Cheng &
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Zhang 1999).
2.4 Phase-resolved spectra

From the emission morphologies we see that photons emitted into a given phase come from
different positions of the outergap. Fig. 4 shows the trajectory of the emission region for various
pulsar phases for a given viewing angle. Since curvature radiation, synchrotron radiation and
inverse Compton scattering depend on local quantities, e.g. curvature, E|, B, npp etc., it is likely
that the radiation spectrum varies with phase. First, the primary charged particles lose their

energy via curvature radiation with a spectrum

d2N,(r) _ leur(r)nga(r) 1
dVdE, T Eulr) E,

forEy < Ecur, 9)

where I (r) = eE)|(r)c is the local power in curvature radiation produced by a single et/e™, ngj
is the local Goldreich-Julian number density and E.,.(r) is the local curvature radiation energy.
In section 4, we pointed out that in many «-ray pulsars most curvature photons will be converted
into pairs by the synchrotron photons of the secondary pairs. The secondary pairs should then
have the distribution

dNx(r)

1 lcur("')nG (T) Ecur .
AT S E Bl ln( E. )AV(T)’ ao

where E, is the rate of energy loss of the secondary pairs and AV(r) is the involved volume at
position r. The radiation mechanisms of the secondary pairs include synchrotron radiation and
inverse Compton scattering. The local pitch angle of the secondary pairs is approximated by
sin B(r) = I(r)/s(r), where I(r) and s(r) are the local mean free path and the local radius of

curvature respectively.
3 Applications

3.1 Crab pulsar
We apply this model to the Crab pulsar at first. In panel A of Fig. 3, the photon emission

from a single outer gap in ({, ) plane is shown, where ¢ is the polar angle from the rotation
axis and @ is the phase of rotation of the star. Part of the inward emission which can pass freely
through the inner magnetosphere is also shown (dashed curves). The pulse profile corresponding

to the emission pattern of panel A of Fig. 1 is shown in panel B of Fig. 1.

Fig. 2 are the comparisons between model results and the simultaneously observed data of
OSSE, BASTE, COMPTEL and EGRET (Ulmer et al. 1995) for the Crab pulsar (Zhang, Cheng
& Mei 2000).
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Fig. 2 The spectra of the Crab pulsar: peak 1, bridge, peak 2 and phase-averaged. Solid curves
represents model results. The simultaneously observed data of OSSE BASTE, COMPTEL and

EGRET are taken from Ulmer et al. (1995).
3.2 PSR B1509-58

PSR B1509-58 is believed to be a Crab-like pulsar because its parameter B/P? 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, Tuohy & D’Amico
1982), soft X-rays (Becker & Triimper 1997), hard X-rays (Kawai, Okayasu & Sekimoto, 1993;
Matz et al. 1994; Rots et al. 1998), low energy v-rays (e.g. Ulmer et al. 1993) and medium
energy v-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 y-rays have broad single peak, (ii) the X-ray
pulse lags the radio 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) low energy y-ray pulse lags the radio by 0.32+0.02
(Ulmer et al. 1993) or = 0.3 (Rots et al. 1998), and (iv) medium energy v-ray pulse lags the
radio by 0.30 & 0.06 (Carraminana et al. 1997). Rots et al. (1998) pointed out that the change

in phase lags of X-rays and low energy <-rays would be due to a gradual change in dispersion
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Fig. 3 Emission projection onto the (¢,#) plane and pulse profile for PSR B1509-58 ( = 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-dashed
curves represents inward and outward non-thermal photon emission from the region near the
stellar surface. The observed lines of sight at ¢ = 75° and ¢ = 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 B1509-58.
The model X-ray/~y-ray pulse at { = 75° is shown.

measure. According to the thick outer gap model, hard X-rays and low energy vy-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 lags between X-rays and low energy

~-rays are still possible because the emission regions of X-rays and v-rays are very thick. Each
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layer of the emission can contribute to X-rays and v-rays differently. For example, synchrotron
radiation from the regions near light cylinder radius contribute less gamma-ray than the regions
near the star.

The light curve and spectra of PSR B1509-58 can be explained in terms of the three dimen-
sional outer gap model described in section 3.2. In order to determine the emission pattern, we
need to know the magnetic inclination angle and viewing angle. Unfortunately, we cannot get
any constraints on two angles from radio observation. However, these two angles can be esti-
mated because of the following constraints: (i) viewing angle must cross the radio beam which is
a2 6.3/VP ~ 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. It turns out that the model light curve with a magnetic
inclination angle of about 60° and a viewing angle of 75° can compare with the observed light
curves (Zhang and Cheng. 2000). After determining the inclination and viewing angles, one
can follow the calculation procedure described above to determine the emission patterns. The
emission patterns are shown in panel A of Fig. 3. Using equation (5), the fractional size of the
outer gap is fo = 0.12. Such thickness cannot use only one representative surface to calculate the
high energy spectra. In panel B of Fig.3, eight surfaces are used and the light curves for various
wavebands are shown in the panel C of Fig.3. The model phase-average spectra is compared with
the observed data shown in Fig.4. Here, the observed pulse profile data for the X-ray band of
16 ~ 32 keV were measured by RXTE (Rots et al. 1998).
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Fig. 4 The comparison of model spectra with the observed data for PSR B1509-58. The solid

curve represents model result for sin(8(Ry)) =0.5. We have used the observed data compiled
by Thompson et al. (1999), ROSAT data (box) (Becker & Triimper 1997), ASCA data (cross)
(Saito 1998) and COMPTEL data (solid diamonds) (Kuiper et al. 1999).
Although the phase-resolved spectra of PSR B1509-58 are not known, Zhang and Cheng
(2000) calculate the radiation spectrum from PSR B1509-58 by dividing the phase into three
bins: & —15° < ¢ <= 50°, ~ 60° < ¢ <~ 180°, and ~ 180° < ¢ <= 270°(cf. Panel C of Fig. 3).
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In the phase bin from 180° to 270°, the photon emission is dominated by thermal photons coming
from the stellar surface, and the expected thermal photon spectrum is shown in Fig.4, where the
isotropic emission is assumed. The spectrum of the non-thermal photons in the phase bin from
~ —15° to 50° is shown in Fig.4, 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°.

3.3 PSR B0540-69

PSR B0540-69 was discovered in the soft X-ray band by Einstein X-ray Observatory (Se-
ward, Harnden & Helfand, 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, Nagase & Boynton 1999), ROSAT (Finley et al. 1993; Eikenberry, Fazio & Ransom
1998), BeppoSAX (Mineo et al. 1999),and Chandra (Gotthelf & Wang 2000), but the pulses of
~-rays have not been 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 at radio band, (ii) there is a close alignment between optical and X-ray pulse
profiles. Although radio pulse has been detected, the pulse offset of X-ray with respect to radio
pulse has not been known.

PSR B0540-69 is one of the youngest rotation-powered pulsars. Its energetic behavior and
age have been noted as similar to those of the Crab pulsar, but pulse profiles are different. In
fact, X-ray/~-ray emission from the Crab pulsar indicate two peaks with phase separation ~ 0.4.
Following the similar calculation procedure as described for PSR B1509-58, The light curves,
emission pattern and spectra of PSR B0540-69 are shown in Fig.5 and Fig.6.

Again the phase-resolved spectra of PSR B0540-69 are divided into three phase bins: ~
—15° < ¢ <~ 50°, = 60° < ¢ <~ 180°, and =~ 180° < ¢ <~ 270°. In the phase bin from 180° to
270°, the photon emission is dominated by thermal photons coming from the stellar surface(see
Fig.5). In the phase bin from =~ —15° to 50°, the photon emission is dominated by the non-
thermal photon spectrum produced near the stellar surface due to the cascade process. One can
see that the thermal component is negligible compared 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.6). It can be seen that this photon emission is from optical
to y-ray ranges. 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.



194 RX¥HRE — PEARXEFLSEREFRKREG LXK 19 %

20 |
al
60 |
80 [
100 [
20 [
140 [

Viewing Angle/(°)

160 + .
180 +—— ;

0.8

R/Ry

o = 50°
04 ¢ =176°

02— ———

(<)

o Optical/X/v-ray

=}
o
&
(=%
®
<
3
- -
"

- =

I Radio ' Thermal X-rays -

Intensity(arbitrary unit)

1 RN |J/1/‘T’._l___|‘7\l\l
—-60 —-30 0 30 60 90 120 150 180 210 240 270 300

Phase/(°)

Fig. 5 Emission projection onto the ({,#) plane and pulse profile for PSR B0540-69 (a = 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-dashed curves represents inward and outward non-thermal photon
emission from the region near the stellar surface. The observed lines of sight at { = 70.5°
and ¢ = 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
~ 0.08RL. The curves represent trajectories for a; = 0.93, 0.91, 0.89, 0.87, 0.85, 0.83, 0.81 and
0.79 respectively. Panel C: Pulse profile for PSR B0540-69. The model optical/X-ray /v-ray
pulse at ¢ = 70.5° is shown.
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Fig. 6 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(8(RL)) = 0.25. The dot-dashed, long-dashed and short-dashed curves represent photon

spectra in different phases.

4 Summary

We use a 3-D model magnetosphere to give the observed light curve and the phase-resolved
spectra of the y-ray pulsars. In our model, the local photon-photon pair production in the outer
gaps limits the extension of the outer gaps along the azimuthal direction. We find that the two
topological disconnected outer gaps, with some extension along the azimuthal (¢) direction, exist
in the pulsar magnetosphere. Double-peaked pulse profiles and single pulse profiles with varying
phase separation depend on viewing angle and inclination angle. For the Crab pulsar, a double-
peaked pulse profile with a strong bridge emission occur naturally, as in the single pole outer
gap model. Although pair production inside the outer gap is only limited to a small region, the
intense X-rays produced by secondary pairs in the outer-magnetosphere of the Crab pulsar can
convert most curvature photons into pairs outside the gap. However, for the PSR B1509-58 and
PSR B0540-69, single pulse profiles are observed in the X-ray bands. According to our model,

we expect that the y-ray pulse profles from these two pulsars have also single pulse profiles.
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