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We calculate the light curve and phase-resolved spectra of Geminga in a three-dimensional pulsar magnetosphere

model. The light curve of gamma-rays is consistent with that observed if the magnetic inclination and viewing angle

are ~ 50° and ~ 86° respectively. We also model the phase-resolved spectra of the Geminga pulsar.
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I. INTRODUCTION

Geminga (PSR J0633+1746) is a pulsar with a
period of 237ms and a period derivative of ~ 1.1 x
10714 st Tts period was first determined by us-
ing ROSATM and EGRET observations.?! Using the
measured period and period derivative, Geminga has
a characteristic age of ~ 3.4 x 10° year and its spin-
down power is ~ 3.3 x 1027 J-s~!. The observed pulse
profile by EGRET!! has a double peak-shape with a
phase separation of 0.49 4+ 0.05. Furthermore, the ob-
served phase-resolved spectra in eight parts of phase
have been obtained.[’ These eight parts are: leading
wing 1 (LW1), peak 1 (P1), trailing wing 1 (TW1),
bridge, leading wing 2 (LW2), peak 2 (P2), trailing
wing 2 (TW2) and offpulse (OP). The phase intervals
of all these parts are 0.11, 0.09, 0.11, 0.15, 0.13, 0.13,
0.08 and 0.21, respectively. Theoretically, there are
two kinds of y-ray pulsar models: polar cap models!*!
and outer gap models.) Here we will use our outer

(6]

gap model® to explain the y-ray light curve and the

phase-resolved spectra from the Geminga pulsar.

I. MODEL

We have proposed a self-sustained outer gap
model of ~-ray emission from rotation-powered
pulsars.l®! In this model, the fractional height of the
outer gap (fo) in (2, p) plane is limited by the pair
production between the thermal x-rays with energy
Ex(fo) from the stellar surface and the ~-ray pho-
tons with energy E,(fo) emitted by the primary elec-
trons/positrons accelerated in the outer gap, and is

given by
fo~ 5.5 P2/ R Te=1/T, (1)

where fo = ho/Rp, ho is the average vertical ex-
tension (perpendicular to the magnetic field) of the
outer gap, £ = AP/2r is the azimuthal width of the
three-dimensional (3D) outer gap, A@ is the trans-
In the 3D case,
ho is the average separation between two equipoten-

verse extension of the outer gap.

tial surfaces which define the boundary of the outer
gap.
field along the magnetic field lines is approximated as
E| ~ f3(r/R)Y?B(r) and the local number density
of accelerated particles is n(r) = @ - B/2mwec. There-

Inside a thick outer gap, the local electric

fore, the primary e® pairs in the steady state have a
power-law distribution with a spectral index 16/3, be-
cause the Lorentz factor of the accelerated particles is
Ye o (r/Rp)~3/8.18] These accelerated particles emit
high-energy ~-rays through curvature radiation inside
the outer gap. The curvature spectrum for a single
electron is

V3e2 ¥
FarlB0) = 5,
ol

F(y), (2)

where E, is the photon energy, e is the electron charge,
h is the Planck constant, s is the radius of curva-
ture, F(y) = fyoo Ks/3(2)dz, with y = E,/FEey and
K53 is the modified Bessel function of the order of
5/3. The 7-rays are produced by the primary acceler-
ated particles through curvature radiation, which de-
pends sensitively on the local curvature. Assuming
that = s/Ry, ~ (r/Rr)"/?, then the distribution of
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the accelerated particles at radius r. satisfies!S

dN,
dx

Therefore, the curvature spectrum for the accelerated

= Noz”/*6(x — ). (3)

particles with a power-law distribution at radius r. is
Fcur(E'ya xc) = F0$;5/3E;5/3F(yc)u (4)

where Fp is a constant and y, = E,/Ecu(rc). From
Eq.(4), we can calculate the v-ray spectrum at any
radial distance of the outer gap.

Now we consider the 3D structure of the outer
gap. In the (Q, p) plane, E, o r~13/8. Such a strong
dependence of E, on 7 will make the cross section for
pair production decrease rapidly. Since pair produc-
tion must take place at the beginning of the outer gap
(otherwise there will be no current passing through
the outer gap), we argue that the radial extension of

the outer gap must be
Tim ~ foRL. (5)

In other words, the radial range of the pair produc-
tion region is limited to a certain part (rjm — 7in) of
the entire outer gap region, where i, is the distance
of the null surface which is a function of ¢. Since
Tim — Tin(®) > 0, it gives the extension of the outer
gap along the azimuthal direction, A¢ ~ 150° for the
Geminga pulsar. Therefore, for the structure of the
thick outer gap in the open field line volume of the
pulsar magnetosphere, the gap height is determined
by fo. The azimuthal extension of the outer gap is
~ 150° and the extension along the magnetic field is
from ry, to Rr. However, both outgoing and incom-
ing e* flows along the magnetic field lines occur in
the region 7, — rin and only outgoing flow in region
Ry, — 7im, where rj, is the radius of inner boundary
of the outer gap. Also, 1, is estimated by Q- B =0,
and we have ry, ~ (4/9)Ry/tan? o, if the inclination
angle a is large.

After determining the 3D structure of the outer
gap, we can show the high-energy photon morphology
inside an outer gap following our recent work.”) In
this work, a rotating dipole magnetic field structure
of a neutron star was simulated. For a given magnetic
inclination, the polar cap shape defines the bound-
ary of the open volume of the magnetosphere at the
stellar surface. Because the outer gap is 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. Firstly, we determine the coordinate values
(20, Yo, 20) of the last closed field lines at the stellar
surface. Then the coordinate values (x(, y(, 2,) for
different parts can be determined by using z{, = a1 o,
v = aryo and 75 = (1 — (af? + yi2) /2
ing a;. Once the polar cap shape is defined, we find

and by chang-

the last closed field lines using the Runge-Kutta in-
tegration: (i) give a set of initial values at the stellar
surface; (ii) use the Runge-Kutta integration to follow
a particular field line in space and determine whether
this line closes inside the light cylinder or crosses it;
and (iii) iterate on the initial value until the field line
is just tangential to the light cylinder. Furthermore,
we assume that relativistic charged particles in the
open zone radiate in their direction of propagation,
i.e. along the magnetic field lines in the co-rotating
frame.

For each location within the open zone, the direc-
tion of emission expressed as (¢, @) is calculated, where
¢ is the polar angle from the rotation axis and @ is the
phase of rotation of the star. In these calculations, the
effects of travel time and aberration are taken into ac-
count. A photon with velocity u = (ug, uy, u,) along
a magnetic field line with a relativistic addition of ve-
locity along the azimuthal angle gives an aberrated
emission direction u' = (u, u;,u}). The travel time
gives a change of the phase of the rotation of the star.
Combining these two effects, and choosing ¢ = 0 for
radiation in the (z, z) plane from the centre of the
star, ( and @ are given by

cos¢ =u’,
b= —ri, (©)

where ¢, is the azimuthal angle of w' and 7 is the
emitting location in units of R;,. We project photon
emissions onto the (¢, $) plane and observe the emis-
sion patterns on the sky. In (¢, @) plane, the null
surface can be determined easily because it consists of
points at which magnetic field lines are perpendicular
to the rotation axis. For a field line, the null charge
crossing is the location at which the projected line
crosses the equatorial line (¢ = 90°).

II. DISCUSSION AND CONCLUSION

For the Geminga pulsar, fo ~ 0.7, so the 7, ~
0.7R;, and Ad ~ 150°. The reasonable value of the
magnetic inclination angle is ~ 50°. Then assuming
a uniform emissivity of «-rays, we solve the emission
pattern. In the top panel of Fig.1, the y-ray emission
from a single outer gap in the (¢, @) plane is shown.
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Due to the azimuthal and radial limits of the outer gap
by photon—photon pair production, the v-rays emitted
outwards (solid curves) from the outer gap are mainly
above £ = 90° in the (¢, @) plane, but the y-rays emit-
ted inwards (dotted curves) are mainly below & = 90°
(note that the inward «-rays are emitted in the range
(rim — 7in) of the outer gap). We also show the polar
caps and the Earth line of sight (dashed line) in the
top part of the figure. In the middle part of the figure,
the variation of radial distance with the pulse phase
for different a; surfaces is shown. The pulse profile
of 7-rays (histogram) corresponding to the emission
pattern of the top part of Fig.1 is shown in the lower
part of Fig.1. From this figure, it seems that the pulse
profile of y-rays from the Geminga pulsar can be ex-

plained in our model.
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Fig.1. Emission projection onto the ({,®) plane and pulse
profile for the Geminga parameter (o = 50°). Top: photon
emission from the pulsar as a function of phase, where the
solid and dashed curves indicate inward and outward photon
emission from a single outer gap respectively. The observed
lines of sight at ¢ = 86° and ¢ = 90° are shown (dashed and
solid lines), and both polar caps (contours) are also shown.
Middle: the variation of radial distance with the pulse phase
for different a; surfaces. Bottom: pulse profile for Geminga.
The model y-ray pulse at { = 86° is shown.
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Fig.2.
spectra of the Geminga pulsar: peak 1, trailing wing
1, bridge, leading wing 2, peak 2 and phase-averaged.
Observed data are taken from Ref.[3].

Phase-resolved and phase-averaged ~-ray

From the emission morphology we see that pho-
tons emitted into a given phase come from different
positions of the outer gap. For a thick outer gap, the
high-energy emission inside the outer gap can occupy
a finite thickness. Since we have assumed that high-
energy photons are emitted tangentially to the local
magnetic field, if the viewing angle to the Geminga
pulsar is known, for a single a; surface, the emission
regions are functions of ¢ and r on the a; surface.
Once the radial distances are determined, the spec-
trum of photon emission can be calculated for a given
radial distance r. In order to compare with the ob-
served phase-resolved spectra of the Geminga pulsar,
we calculate the radial distances in the emission region
from a; = 0.6 to a; = 0.98 for the viewing angle of
86°, and then divide the calculated pulse phases into
different parts according to the division given for the
observed phases.[?! Therefore, using the possible val-
ues of the radial distances for each part of the phase
and Eq.(4), we calculate the phase-resolved spectra
for the phases labelled peak 1, trailing wing 1, bridge,
leading wing 2 and peak 2. We also calculate the
phase-averaged spectrum of the Geminga pulsar. A
comparison of the expected results with the observed
data is shown in Fig.2. It can be seen that results

based on our model are well consistent with the ob-
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served data, although the components have been in-
dividually normalized. Peaks 1 and 2 are weak by
factors of three and two, respectively. It should be
pointed out that we have used a constant gap height
in our calculations. In fact, the gap height may be

variable, as pointed out by Ref.[8].
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