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ABSTRACT

The inner annular gap (IAG), a new type of inner gap whose magnetic field lines intersect the null charge
surface (NCS), is proposed to explajaray and radio emission from pulsars. The IAG can be an important
source for high-energy particles. The particles can radiate between the NCS and the IAG. Some observational
characteristics in botR-ray and radio bands, such as the Crab-like, Vela-like, and Geminga-ligg emission
beams, can be reproduced by the numerical method. It is predicted that the view @hgleld be larger than
the inclination angle{(> « ), otherwise theray radiation will have little possibility to be observed. Whether
the IAG (or cap) is sparking (or free flow) depends on the surface binding energy of the pulsar. Instead of neutron
star models, the scenario of the IAG is favorable for bare strange star models, because bare strange stars can
easily satisfy the requisite condition to form an IAG for both puls&sK < 0 ) and antipul@aiB £ 0 ).

Subject headingslementary particles — pulsars: general — radiation mechanisms: nonthermal —
stars: neutron

1. INTRODUCTION open field line i, = Q%R**c®®. There is an annulus between
r, andr, .

Two kinds of inner vacuum gaps above the polar cap may
be formed in some circumstances: the conventional inner core

. : : ICG) above the central part of the pol d the IAG
Muslimov & Harding 2003: Zhao et al, 1989: Lu & Shi 1090, 92P ICG) above the central part of the polar cap and the

above the annular part of the polar cap. If the width of the
1994; Cheng et al. 1976, 1986, 2000; Ray & Benford 1981; ; : .
Hirotani 2000; Romani 1996, 2002). Here, we propose a ne IAG is large enough, the potential drop in the IAG would be

Whigh enough so that sparking will be able to take place there.

scenario of the inner annular gap (IAG) outside the conven- The s - - :
; : X X o . parking leads to pair production and generates the sec-
tional inner gap. The IAG is defined by magnetic field lines ondary pairs, which are accelerated out of the IAG.

that intersect the null charge surface (NCS; see Fig. 1). As we For neutron stars, the binding energy of positive particles

know, at any point on the NCS the direction of the local mag- could be high enough only under some special conditions (Gil

netic field is perpendicular to the rotation axis. So if the ra- ¢ s 5001; Gil & Melikidze 2002) to lead to the formation
diation region is located near the NCS (either inside oroutS|de),0f an inner v'acuum gap. Only one of the inner vacuum gaps

the pulsar can easily produce a very wide pulse profile (Qiao - ; )
T2 . ; can form in this case: an IAG for a puls® (B <0 or an
et al. 2003a). This wide profile will match the obserweday ICG for an antipulsar®-B>0 ). How[()aver, tr(1e physic)al con-

pulse profiles rather well. Some authors (Qiao et al. 2003a,d..
! . s ; ition changes for bare strange stars. The IAG and ICG can
2003b; Dyks & Rudak 2003) suggest that if the emission region form in this case, whether the star is a pulsar or an antipulsar,

is located inside the NCS, it would help us to understand the since the binding energy is roughly infinite (Xu et al. 1999

y-ray emission. Here we suggest that the particles flowing out h .dﬁ f hgy oug fy : fthe 1 I'. S

from the IAG could be reaccelerated and radmte@ys inside 2001). The width of the IAG is a function of the inclination
angle«, as Figure 2 shows. In the dipolar configuration, the

Eahniistci:oSr{ ggcdutr?i'sgma?dﬁ!:::::ﬁ?&?gtzf ?;ggggcaigggzig field Iine_s are traced to ol:_)tain the shapes of the IAG and ICG.
the IAG are presentednl§ 3 weshow howy-ray and radio When o INCreases, the width of the. annular gap betvv_een the
emissions can be produced. Conclusions and a brief discussiof"23netic axis and the equator (region A) becomes wider, and
are given in § 4. a higher pqtentlal drop can be obtained to produce sparks. At
the same time, the width of the IAG between the rotational
and magnetic axes (region B) becomes narrow and has little
2. DETAILS OF THE IAG chance to form sparks.

Pair cascades can develop in the IAG, and the secondary
pairs are produced in an intrinsically nonstationary mode, just
as like what occurs in an RS-type gap. The secondary pairs
light cylinder. The radius of the polar cap region defined by the are generated as small bundle_s. In the RS gap model, th_ese
critical field lines in an aligned rotator is, = 0.742°5R*5c®® bundles of nonneutral pl_asm_a will no longer endure accelergﬂon
(Ruderman & Sutherland 1975, hereafter RS). Hetem) and out of the gap. Does this still hold true for the IAG scenario?
Q are the radius and the angular velocity of the star, respectively,”r00ably not; we note that several factors may lead to reac-

andc is the light speed. The cap radius at the foot of the last C&l€ration out of the 1AG. .
First, because of field line curvature, the net charge density

will depart from the local Goldreich & Julian (1969, hereafter
! National Astronomical Observatories, Chinese Academy of Sciences, A20 GJ) charge density when particles move a|0ng the magnetic
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100871, China. especially strong in the magnetic tube rooted in the IAG, be-

3 Center for Astrophysics, Guangzhou University, Guangzhou 510400, China. cause the GJ charge density varies more sharply than on other
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Both polar cap and outer gap modelsyefay pulsars have
been suggested to explain the high-energy emission from pul-
sars (Ayasli 1981; Harding 1981; Harding & Muslimov 1998;

Figure 1 illustrates the magnetosphere of an oblique rotator
with a dipolar magnetic field configuration. The magnetic field
line “c” is the critical field line, which intersects the NCS at the
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Fic. 2.—Shape of the IAG and the ICG for different inclination angies
A dipole magnetic field configuration is used in the calculations.

Null charge r. The angle between the magnetic axis and the NS, , has
su rface the form of

1 X COS¢ Sina — cos* o
(@) =5 ArceoS3 cog w + cos ¢ sita) @

wherex = (8 cog o + 9 cos ¢ sin«) ®®. The distance from

the center of the star to the intersection of the last open magnetic

field lines and the NCS is denoted ky¢) . For a dipole field

IAG configuration,ry(¢) = Ry(¢) sir? [y (¢)] , wherdR,(¢) is the
maximum radius of the last open field line. The distance from
the star center to the emission pointri@) = « [Ary(¢) +
Fic. 1.—IAG, ICG, and NCS of an oblique rotator. If the center star is a .(1 N M), Wh_er?)‘ and Kk are the t\_NO parameters used to

strange star, both the IAG and the ICG can work. For neutron stars, only one indicate the radiation location. For simplicity, we takeand

inner gap can be formed. k as 0.8 in our calculations. The physical meaningkof

0.8is that the radiation positions are located near the NCS and

the distance of the radiation location is roughly proportional

open field lines, and even the local changes from one sign to
the opposite sign when moving across the NCS. Second, it is
normally suggested that the self-consistent adjustment of the L
net charge of nonneutral plasma is able to screen the parallel QO
electric fields. However, when charged particles are moving at
relativistic velocities and are bunched into bundles, one has to
calculate the electric field by consulting the haad-Wiechert
potential rather than the Coulomb potential. It is known that
for a relativistic charge particle (with a Lorentz factgy, the
electric field on the moving direction is reduced by a factor of
1/y% the screen electric field generated by the secondary pairs
should also be reduced by a factorddf? , which may be ne-
glected to compare with the reacceleration electric field (K. J.
Lee et al. 2004, in preparation).

In this Letter, we simply assume that the secondaries are
reaccelerated and radiate photons in the region between the
NCS and the IAG. We then aim to find whether it is feasible
to account fory-ray and radio properties of pulsar emission.
The next section is an endeavor to reproduce the observational Pulsar
properties aty-ray and radio bands based on the assumption.

Line of sight

Magnetic
field lines

3. GAMMA-RAY AND RADIO EMISSION FROM PULSARS

Basic picture fory-ray emission.-As it is assumed thag-
ray emission can be produced between the NCS and the IAG, Fic. 3.—Radiation geometry of a pulsar. Hese¢, anda are the azimuthal
wide pulse profiles can also be produced there. To simulate theangle with respect to the magnetic axis, the viewing angle, and the inclination
observations, geometry is important. The radiation geometry angle, respectively, angl 6,, andf, denote the angle between the magnetic

: : : : : axis and the radiation sourc® the radiation direction, and the null charge
is shown in Figures 1 and 3, whegeis the azimuthal angle surface, respectively. Owing to the aberration effect, as well as because at

around the magnetic axisy is it.S in(?“nation angle_' Qnﬂ is _different radiation positions the NCS plays a different role, the radiation beam
the angle between the magnetic axis and the radiation locations asymmetric.
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to the distance of the NCS. Heke= 0.8 means that the dis- Cran Voin Gorminaa
tance of the radiation location is not exactly proportional to e Radio A Radio e

that of the NCS and needs correction, when the NCS is located
far from the star.

For the last open field line, the angle between the radiation
direction and the magnetic axi¢, , is also a function of the
azimuthal anglep, which reads

No radio ?
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3 sin () 5 _ _ _ o
1+ 3 cos (ﬂ) ) ( ) Fic. 4.—Theoretical and observed Crab-like, Vela-like, and Geminga-like
light curves at both radio angiray bands. Theg-ray and radio data are derived
from Thompson (2003) and the European Pulsar Network Data Archive, re-

— ; 0.5 ; ; spectively. The parameters listed in the figure are just for reference. If phase
Where0(¢) aresin [(¢)/R°(¢)] - The aberration correction separation is determined with 10% error, we found tBeB<k<0.99

is performed on thé, by numerical procedures. Pulse phase, g5 \<0.85 36<a <49, 3% < ;<57 for Crab and0.65< k< 0.83

separations can be figured out by direct but lengthy mathe-0.77< X <0.99 33 <a <44, 51° < ¢ < 61° for Vela. We do not give param-

matics, which involves the impact angfe(¢ = { — «). The eters for the Geminga light curve; the parameters cannot be gotten only from

calculated pulse profiles and parameters are given in Figure 4they-ray light curve.

The width and height of each component in the mean pulse

profile are input-free parameters. But phase sep_aration is_ ﬁrmlyGeminga-like light curve for both the radio and #eay band

related to the parametess £, N, and«. The physical consid-  nqer reasonable parameters. The observed pulse profifes in

erations for the parameters are as follows. o ray and radio bands are reproduced for seven pulsars: the Crab,
Physical and geometrical limitations of-ray emission PSR B1509-58, the Vela, PSR B170644, PSR B195% 32,

regions—The Lorentz factor of the secondary particles out of {he Geminga, and PSR B10552 (Qiao et al. 2003a, 2003b).
the inner gap can reach %(Zhang et al. 1997). When the ’ ’

secondary particles move out from the IAG, they lose their
energy through various mechanisms simultaneously, and in- 4. CONCLUSIONS AND DISCUSSIONS
verse Compton scattering plays an important role (Xia et al.
1985; Dyks & Rudak 2000; Zhang & Harding 2000). Magnetic
inverse Compton scattering is also an important source of hard
y-ray photons (Sturner et al. 1995). This means that the hard
y-ray radiation could be produced just out of the gap. However,
the position where sucf-rays can escape is limited by the
ray attenuation effect in the strong magnetic fields.

A spectral cutoff ofy-ray pulsars above 10-100 GeV (Kildea
2003) presents a lower limit of the distance from the emission o .
location from the stellar center. Detailed calculation shows that Itis indicated from the calculation above and from the con-

; ition of y-ray pulsars that we observed that the view arigle
the 100 GeV photons can only escape from the distance at Igas hould be larger than the inclination angle, i@ 0 . This is

gb;)\;e 1%?3 fé))r gggh t;]r:aevggtl?ﬁ (sljr;agexrrl%gl?etéc) SF;tLTQaarUsl Wels because the part of the IAG between the magnetic axis and the
7 o= o ’ equator is wider, so that it gains a higher potential drop when
obtaink > 0.5 and 0.2, respectively, for the Crab and Vela pulsars the inclination angle becomes larger.

in the model. O :
L . The luminosity ofy-ray pulsars in the IAG model depends
The calculation indicates that the parameleasadx will affect on the maximum potential drop across the gap/ —

the phase separation between the two peaks light N . !

curvpe For Crgb and Vela (see Fig. 4) vf/)e fm@O?O#?O%Q) O.K}Brpzp 1'. For a given Lorentz factor we f|n_d ;hat theray
and ;e (0.65, 0.85) for Crab and e (’O 65. 0 83). and e luminosity is proportional tdP®*P~** | which is in agreement
(077, 0.99)or Vela, for a 10% changg in_the phase separation ngu?bﬁévigzgzrio is intrinsically different from the free-
for the two peaks. The values efand\ indicate that the main flowing type of polar cap model. How does the IAG interact

ra%gg?g reer?lliggicl)?qf‘?'ﬂgn?r?vgf;er tgirrl:llg(?ﬁ scattering model with the outer gap? Are pulsars bare strange stars or a special

(Qiao & Lin 1998: Xu et al. 2000; Qiao et al. 2001, 2002) is kind of neutron star (Gil & Melikidze 2002)? D_oes the radiation

involved in our | A’G model to accbunt for the radio ,emission come from the reaccelerated nonstationary pair flow or free flow?
- All of these questions need to be investigated further. The details

The secondary pairs streaming out from the polar cap cascadé . - i
with a typical energyy = (1 — 82) °5~10° and will scatter of the IAG model, such as the reacceleration and radiation pro

: cessesy-ray luminosity, spectral behaviors, emission beam prop-
;rl?i:t%vr\/egre?rlézzg(\;\)//avrtzzggidlz{(;gi(bly_thBe Csfsori I)<|ng, ?{gi’e UP-erties, and so on, will be discussed in separate papers.
B, = 4.414 x 10" G), wheref, is the incident angle (the angle
between the moving direction of the particle and the incoming  We are very grateful to Professor R. N. Manchester and B.
photon). The differences between the observed radioyatay Zhang for their valuable suggestions. The anonymous referee
pulse profiles are very significant. is sincerely acknowledged. This work is supported by the NSF
Figure 4 shows the calculated Crab-like, Vela-like, and of China (10373002, 10273001).

fu = arcta

We emphasize here that the IAG and the NCS play an im-
portant role in pulsat-ray radiation; at least the IAG can be
a source of high-energy particles for pulsar emission. If the
radiation region is located near the NCS, many radio ¢nd
ray observational facts can be easily understood. The large
phase separation af-ray pulse profiles reveals that theray
radiation region should be located near the NCS. The geometry
calculation partly supports this radiation location.
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