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Abstract If the binding energy of the pulsar’s surface is not so high (the case of a neutron
star), both negative and positive charges will flow out freely from the surface of the star. An
annular free flow model for γ-ray emission of pulsars is suggested. It is emphasized that:
(1) Two kinds of acceleration regions (annular and core) need to be taken into account. The
annular acceleration region is defined by the magnetic field lines that cross the null charge
surface within the light cylinder. (2) If the potential drop in the annular region of a pulsar
is high enough (normally the case for young pulsars), charges in both the annular and the
core regions could be accelerated and produce primary gamma-rays. Secondary pairs are
generated in both regions and stream outwards to power the broadband radiations. (3) The
potential drop grows more rapidly in the annular region than in the core region. The annular
acceleration process is a key process for producing the observed wide emission beams. (4)
The advantages of both the polar cap and outer gap models are retained in this model. The
geometric properties of the γ-ray emission from the annular flow are analogous to that pre-
sented in a previous work by Qiao et al., which match the observations well. (5) Since charges
with different signs leave the pulsar through the annular and the core regions respectively, the
current closure problem can be partially solved.
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1 INTRODUCTION

After more than 30 years of intense study, the origin of pulsed high energy emission from rotation
powered pulsars is still an unsolved problem. There are two types of radiation models, i.e. the outer
gap model (Krause-Polstorff & Michel 1985a,b; Cheng et al. 1986) and the magnetic polar cap model.
Within the polar cap models, two sub-types of model exist. The vacuum gap model is based upon the as-
sumption of strong ion binding energy on the neutron/strange star surface (Ruderman & Sutherland 1975;
Gil & Sendyk 2000; Zhang et al. 1997b). The space-charge-limited flow (SCLF) model (Michel 1974;
Fawley et al. 1977; Harding 1981) assumes a low ion binding energy. However, in the previous polar cap
models, only the core cap has been considered, for a critical review see Michel (1982). It is suggested in
this paper that two kinds of accelerators, in both the annular region and the core region, must be taken into
account. The annular region is defined by the magnetic field lines that cross the null charge surface (NCS).
Qiao et al. (2004a) and Xu et al. (2006) emphasized the importance of this annular region. The model is
found to be able to reproduce the γ-ray pulse profiles as well as the radio pulse profiles. In this paper we
focus on the free flow case. Two major assumptions have been adopted, which are the key points of the
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model. They are: 1) For an oblique rotator, particles in the magnetosphere flow out though the light cylinder
and the returning currents are located in the annular region; 2) The plasma in the magnetosphere is not fully
charge-separated.

In Section 2, we discuss our geometric setting and introduce the two polar flow regions. Pair production
and γ-ray emission are discussed in Section 3, which focus on the properties of the annular acceleration
region. Our conclusions with a discussion are presented in Section 4.

2 ANNULAR AND CORE ACCELERATION REGIONS

The open field line region of the pulsar magnetosphere is divided into two parts by the critical field lines.
The part that contains the magnetic axis is the core region, while the other part is the annular region. The
pulsar polar cap is also correspondingly divided into a core and an annular polar cap regions (Fig. 1). For an
aligned rotator, the radius from the magnetic pole to the edge of the core cap is r cr = (2/3)3/4R(RΩ/c)1/2,
while the radius from the pole to the outer edge of the annular cap , i.e. the radius of the whole polar cap, is
rp = R(ΩR/c)1/2 (Ruderman & Sutherland 1975). Here R and Ω are the radius and the angular velocity
of the star, respectively, and c the speed of light.

Fig. 1 A schematic diagram for the annular and the core regions for an inclined rotator, Ω and µ are the
rotational and magnetic axis, respectively. The null change surface (NCS) is the surface where the magnetic
field is perpendicular to the rotation axis (i.e. Ω · B = 0). Line ‘CFL’ and ‘LOF’ are the critical field
line and the “last” open field line, respectively. Charged particles with opposite signs leave off the annular
and the core cap regions, respectively. The upper boundaries of the pair formation front are denoted by
the dashed lines. The “flash” symbols indicate the locations with the maximal possibility to initiate the
pair-production cascade.

For easy discussion in the following, throughout the paper we will focus on anti-parallel rotators, i.e.
Ω · µ < 0. The case of Ω · µ > 0 could be derived by reversing the signs, and all the conclusions in this
paper remain valid.

For Ω · µ < 0, the Goldreich-Julian charge density (ρGJ) is positive in the region enclosed by the
NCS. For the core-region field lines, positive charges flow out through the light cylinder. The supply of
positive charges from the surface compensates the deficit from the light cylinder. To maintain the invariance
of the total charge of the pulsar, it is needed that a current carries positive charges back to the star, or a
current carries negative charges away from the star. For the fully charge separated magnetosphere, only
one sign of charge presents at a given location (Michel 1979). In the annular region the negative charged
particles at lower altitude can not pass the region with positive GJ charge density at higher altitude. An outer
gap then forms beyond the NCS (Holloway 1973; Krause-Polstorff & Michel 1985a,b; Smith et al. 2001).

However, recent pulsar magnetosphere simulations presented by some authors (Spitkovsky 2006;
Timokhin 2006) give different results from that of Smith et al. (2001). Furthermore, there is no a prior
justification for a fully charge-separated magnetosphere. Even if the magnetosphere is initially charge-
separated, the pair plasma generated from the outer gap will soon fill the annular flux tube, resulting in a
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quasi-neutral plasma. On the other hand, if one dismisses the conjecture of a fully charge-separated magne-
tosphere, another natural way to maintain the charge conservation of the pulsar is simply extracting negative
charges directly from the annular polar cap region (for the validity of the picture, see Sect. 3.3 for details).
In this paper, we explore such a possibility. It is found that the negative charges stripped off from the stellar
surface are naturally accelerated in the annular region. This leads to a particle acceleration model that keeps
the geometrical advantages of both the polar cap and the outer gap models and is able to explain the γ-ray
emission data (Dyks & Rudak 2003; Qiao et al. 2004a).

Since the positive and the negative charges are respectively accelerated from the core and the annu-
lar regions, the parallel electric fields (E‖) in the two regions are opposite, as have been discussed by
Sturrock (1971) and Holloway (1975). As a result, E ‖ vanishes at the boundary (i.e. critical field lines)
between the annular and the core regions. E‖ also vanishes along the closed field lines. Thus it is equal
potential along the closed field lines and the critical field lines. The potential on both the closed field lines
and the critical field lines should be equal to the value at infinity. We also assume E ‖ = 0 at the star surface.
When taking into account the γ − B process for pair production, there exist two accelerators, one at the
annular region, and another at the core region. Furthermore, the pair formation front also moves to further
distances near the magnetic pole.

One important issue is whether the secondary pairs can screen the E‖ developed in each region. In the
core region, since the primary charge density ρ has the same sign as the ρGJ, the produced secondary pairs
tend to get polarized in the acceleration electric field and screen the field. This usually happens especially
if the primary γ-rays are produced through curvature radiation (Harding et al. 2002). For the annular flow,
on the other hand, since the primary charge density ρ has the opposite sign with respect to ρ GJ , one has
∇2Φ ∝ (ρ − ρGJ) < 0, where Φ is the electric potential drop. As a result, pairs can not screen the
acceleration electric field globally. Secondary pairs will be accelerated in the residual electric field. As a
result, the charge acceleration region extends from the polar cap to higher locations in the magnetosphere.
This potentially matches the geometric model proposed in Qiao et al. (2004a). In the following, we will
elaborate the idea more quantitatively.

3 ACCELERATION, PAIR PRODUCTION AND γ-RAY EMISSION

3.1 Primary Particle Acceleration

Michel (1974) performed, for flat space-time, the calculation involving the 1-D Poisson’s equation and
the kinetic equation for charges to get the polar gap potential drop. For the Kerr space-time with a small
Lense-Thirring angular velocity, the Poisson’s equation is (Beskin 1990; Muslimov & Tsygan 1992).

∇ ·
( 1√

κ
� Φ

)
= −4π(ρ − ρGJ) , (1)

where κ = 1− rg/r, and rg = 2GM/c2 is the gravitational radius. To the lowest order approximation, one
has

ρGJ � − (Ω− ωLT) · B
2
√

κπc
, (2)

where ωLT = 0.15ΩR3r−3I45 is the local Lense-Thirring angular velocity, and I45 the moment of inertia
of the star in units of 1045 g cm2.

In order to reveal the qualitative difference between the annular and the core cap regions (in the case of
the primary accelerator), for simplicity we only solve the 1-D Poisson’s equation

d

ds

( 1√
κ

dΦ
ds

)
= −4π(ρ − ρGJ) . (3)

This equation is only valid when s < rp, but in Figure 2 a tighter limit is placed. A full 3-D treatment is
desirable to fully describe the electrodynamics of the system, and we postpone it to a future work. The 3-D
calculation will be reduced to the 1-D result, when the solution is confined to a region of which transverse
size is much larger than the longitudinal size, i.e. ∇2 = ∂2/∂strans +∂2/∂slong � ∂2/∂strans for strans �
slong. Neglecting the minor energy loss due to radiation, the energy conservation law for particles in a given
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Fig. 2 Accelerated potential drop (Φ) and Lorentz factor (γ) as functions of distance s from stellar surface
in the AC and CC for an aligned anti-parallel rotator, s is in units of cm and Φ is in units of Volt. “AC”
and “CC” denote “annular cap” and “core cap”, subscripts ‘Num’ and ‘Ana’ refer to numerical solution and
analytic approximation. The shaded area mark the regions where the 1-D annular polar cap acceleration
solution is no longer valid. The parameters used here are the usual values for γ-ray pulsar (i.e. p = 0.1 s,
B = 1012 G).

magnetic flux tube is γm0c
2 + qΦ = m0c

2, where we have used the condition Φ = 0 and E‖ = 0 at
the stellar surface. It should be noted that here the condition Φ = 0 at the star surface can only be used in
the 1-D calculation and should not be regarded as the boundary condition, since setting any Φ at the star
surface does not change the physical picture. The real physical boundary condition is E ‖ = 0. This gives
m0c

2dγ/ds = −qdΦ/ds. Here γ is the Lorentz factor for the particles, s is the distance along the field line
from the stellar surface and m0, q are the mass and the charge of the particles concerned. In the annular
region, the primary particles are electrons, so m0 and q are the mass and the charge of the electrons. In the
core region m0 and q are the mass and charge of the ions pulled out from the surface. In curved space time
in the pulsar vicinity, the current conservation law can be expressed as

√
κJ/B =

√
κρv/B =const (for

flat space time case it is ρv/B =const), where we assume that the charged particles do not cross magnetic
field lines. Here v is the velocity of the particles and J = ρv is the current density. The charge density at a
given height can be then expressed as ρ =

√
κ0v0Bρ0/

√
κvB0, where the subscript ‘0’ denotes the values

at the stellar surface. Substituting the expression of ρ and ρGJ into Equation (3), we obtain

d

ds

( 1√
κ

d

ds
γ
)

= χλ−2

[
χ

Bv0
√

κ0

B0v
√

κ
− ρGJ

ρGJ0

]

λ−2 =
∣∣∣∣4πqρGJ0

m0c2

∣∣∣∣ , (4)

where λ is the reduced Debye wave length for the surface plasma, and a sign parameter χ is introduced. For
Ω · B < 0, one has χ = 1,−1 for the core and the annular regions, respectively. For the Ω · B > 0 case,
the following calculations are also applicable. The boundary condition at the stellar surface is ρ = ρ GJ in
the core region, while ρ = −ρGJ in the annular region. The latter is based on the consideration that the
negative polar cap current would eventually compensate the GJ current loss at the light cylinder.

Equations (3) and (4) are solved numerically for both the core cap (CC) and the annular cap (AC)
regions (see Figure 2). Analytical approximate solutions are also derived. For the core cap, this is γ �
1 +

√
2s/λcore, while for the annular cap it is γ � 1 + s2/λ2

annular. We see that while the particle Lorentz
factor increases linearly in the core region, it increases quadratically in the annular region, analogous to the
vacuum gap model (Ruderman & Sutherland 1975). The analytical solutions are also plotted in Figure 2,
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which show very consistent results with the numerical solutions. Note that in order to compare the difference
between the core and the annular regions, we have assumed that the accelerated particles in the core region
are positrons. More realistic models involve positively charged ions. This would change the Lorentz factor
calculation (lower panel of Fig. 2) by a factor of the mass ratio between the positron and the ion.

3.2 Location of the Pair Formation Front

The primary particles gain very high Lorentz factors (� 10 3 ∼ 105) within a short distance (� 102 ∼
103 cm) (Fig. 2). They will radiate γ-ray photons via curvature radiation and inverse Compton scattering
(Ruderman & Sutherland 1975; Zhang et al. 1997a,b; Harding 1981; Zhang et al. 2000). The energetic γ-
ray photons will be converted into electron and positron pairs via the γ − B process. The condition to
generate the secondaries is EMeVB⊥12/44 ≥ 1/15 if the magnetic fields are not close to the critical values
(Ruderman & Sutherland 1975). For curvature radiation, the typical γ-ray photon energy is E cur = 2

3
c
ργ3h̄;

for resonant inverse Compton scattering, the typical photon energy is E RICS = 2h̄γωB, where ωB = eB
mec

is the cyclotron frequency of electron (Zhang et al. 1997a). The magnetic fields near the stellar surface may
not be pure dipolar (Ruderman & Sutherland 1975; Gil & Melikidze 2002). We then generically assume
that the curvature radius of the magnetic field lines is R, so that B⊥ = Bs/R, B being the total magnetic
field intensity. One can then estimate the typical length scale of pair production. The typical height of
pair formation front (or gap height) in the core region has been estimated previously, e.g., Ruderman &
Sutherland (1975), Zhang et al. (1997a, 2000), Harding et al. (2002). Here we focus on the annular region.
In the annular cap, one has γ � 1 + s2/λ2 � 0.21s2B12/P , where P is the pulsar period. Following the
method of Zhang et al. (2000), the height of the pair formation front in the annular region can be estimated
as

hCur � 4.2 × 103(cm)B−4/7
12 P3/7R2/7

6 ,

hRICS � 2.1 × 104(cm)B−11/7
12 P1/7R4/7

6 , (5)

where the subscripts ‘Cur’ and ‘RICS’ denote the cases of curvature radiation, and resonant inverse
Compton scattering, respectively. We can see that for typical parameters, the pair formation length is in
the range of 103 − 104 cm. Since the solutions for Equations (3) and (4) are valid only for acceleration
of primary particles, the solution breaks down above the pair formation front. The region above the pair
formation front is shown by the shaded region on the right in Figure 2.

3.3 Secondary Pairs

The behavior of the secondary pairs in the core region has been widely discussed. The polarization of the
pairs in the initial electric field generates an electric field with the opposite direction to compensate the initial
electric field. In most cases, the pair density is so high that the electric field is screened (Harding et al. 2002).

The case of the annular region is different. Whether the particles can be accelerated depends on the
direction of the electric field. If the electric field points towards the star in the annular region, the negative
charges will be accelerated outwards and positive charges will be accelerated inwards. The only possibility
for the electric field to vanish along the magnetic tube is ρ = ρGJ associated with trivial boundary condi-
tion, but the net free flow from the stellar surface is negative, which is opposite to the local ρ GJ , thus the
electric field can not be globally screened, although it may be partially screened locally and temporarily.
The physical picture is that negative charges move outward on an inward-pointing electric field background
(and positive charges inward). The inward-pointing electric field is not a new idea, and was in fact dis-
covered long ago by Holloway (1973), Michel (1979) and Cheng & Ruderman (1986). They proposed the
outer gap model, in which positive charges move inward, indicating an inward-pointing electric field or at
least a zero electric field. Since our basic assumption is a quasi-neutral plasma, the negative charges move
outward, and the positive charges move inward.

An interesting possibility within such a picture is that the annular flow is non-stationary, as has been
discussed earlier by Sturrock (1971). This is mainly caused by the interplay between the un-screened elec-
tric field and the screening field of the pairs. This may result in oscillating electric fields as envisaged by
Levinson et al. (2005), and may provide natural mechanisms to induce pulsar inward emission (Dyks et al.
2005a, b)
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3.4 γ-ray Luminosity

The unscreened field extends at least to the NCS. Although with the existence of pairs E ‖ is hard to model,
electrons keep accelerating in this extended annular region, and almost achieve the maximum potential drop
in the annular cap region, e.g.,

ΦMax,Ann =
4π2R3B

cP 2

[(
1 −

(2
3

)3/4)
+

α

2
1

63/4

]2

. (6)

For α = 0, it is reduced to the value of the aligned rotator (Ruderman & Sutherland 1975). The maximum
particle luminosity from the annular region is Ėann = AρGJcΦMax,Ann ∝ B2P−4(2 + α), where A is
the area of the annular cap region. We can see that the annular cap power somewhat favors stars with large
inclination angles. Equation (6) marks the shaded region on top in Figure 2.

An interesting inference from the above picture is that γ-rays are preferentially emitted in the annular
flow. Qiao et al. (2004a) have investigated a model with such geometry, and suggested that the model could
well fit the observed wide-beam γ-ray pulse profiles as well as their radio pulse profiles. The acceleration
model proposed in this paper provides the physical basis of that geometric model.

4 CONCLUSIONS AND DISCUSSION

The annular free flow is taken into account in this paper. In the calculation, we assume that E ‖ = 0 at
the star surface and relax the assumption that a pulsar magnetosphere must be charge-separated. Several
conclusions are derived. (1) There are two separate polar cap regions that accelerate particles with opposite
signs; (2) Particle acceleration is more facilitated in the annular cap region thanks to its quadratic growth
of the electric potential. It is then a favorable source of pair production. (3) Secondary pairs can not screen
the parallel electric field in the annular region, so the electrons can be re-accelerated. The acceleration flow
may be unsteady. (4) The annular acceleration region extends to the NCS or even beyond it. This leads to
a fan-beam γ-ray emission, which has been found suitable to interpret the observed broad-band emission
(Qiao et al. 2004a). (5) Both the wide radiation beam observed in the high energy band and the current
closure problem for pulsar can be addressed at the same time, if E ‖ = 0 at star surface is assumed.

Whether the electric field is positive or negative in a given region depends not only on the sign of
charges in the region but also on the boundary conditions at the surface enclosing the region. Hence the
electric field was solved for a 1-D model where the potential at the star surface was arbitrarily chosen to be
zero, and not as a boundary condition. This is not true for 3-D calculations, however, because the potential
at the star surface and that on the surface of the tube are used as the boundary condition. In the SCLF case,
the boundary condition Φ = 0 is actually adopted at the star’s surface, the charges can be accelerated in the
charge-depleted region. However, the boundary condition E ‖ = 0 is used at the star surface in our case, so,
charge excess rather than charge depletion is needed to accelerate particles in the core region. It should be
noted that the Poisson’s equation is not well posed, if the electric field and the potential are both specified
as the boundary conditions at the same places.

The traditional outer gap model is based on the assumption of a fully charge-separated magnetosphere.
Our model is based on the different assumption that negative charges are freely supplied from the surface
of the pulsar. This leads to a different acceleration picture, in which the γ-ray emission region can be closer
to the null surface. In principle, our model suggests that a vacuum outer gap should not exist.

The re-acceleration and possible pair-production process beyond the pair formation front involves more
complicated physics and is a subject for further study. A more generalized 3-D treatment for both the core
and annular accelerators is desirable.

Both the core and the annular accelerators produce pairs that can emit radio waves. The bi-drifting
phenomenon (McLaughlin et al. 2003) can be well interpreted by assuming that the observed radio emission
comes from both regions (Qiao et al. 2004b).

If pulsars are bare strange stars (Xu et al. 1999), vacuum gaps would be formed. Qiao et al. (2004a) has
discussed the separation between the core and the annular region in the model.
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