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Abstract

We consider the «y-ray emissions from an outer-magnetospheric gap around a rotating neutron star.
Migratory electrons and positrons are accelerated by the electric field exerted in the gap to radiate copious
~-rays via a curvature process. Some of these y-rays materialize as pairs within the gap by colliding with
the X-rays, leading to a pair-production cascade. The replenished charges partially screen the original
acceleration field, which is self-consistently solved from the Poisson equation for the electrostatic potential.
By considering the 7-ray spectrum explicitly, we compute the pair-production rate in the gap to solve
the Boltzmann equations for ~y-rays, together with the continuity equations for particles and the Poisson
equation. It is demonstrate that the pulsed emission above 5 TeV due to the inverse Compton scatterings
could not be detected by the current ground-based telescopes for ordinary pulsar parameters.
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1. Introduction

The EGRET experiment on the Compton Gamma
Ray Observatory has detected pulsed signals from seven
rotation-powered pulsars (for Crab Pulsar, Nolan et
al. 1993; Fierro et al. 1998; for Vela Pulsar, Kanbach
et al. 1994; Fierro et al. 1998; for Geminga, Mayer-
Hasselwander et al. 1994; Fierro et al. 1998; for
PSR B1706 — 44, Thompson et al. 1996; for PSR B1046 —
58; Kaspi at al. 2000; for PSR B1055 — 52, Thompson et
al. 1999; for PSR B1951 + 32, Ramanamurthy et al. 1995;
for reviews, e.g., Ulmer 1994; Nel et al. 1996; Nolan et al.
1996), with PSR B0656 + 14 being a possible detection
(Ramanamurthy et al. 1996). The modulation of the
~-ray light curves at GeV energies testifies to the pro-
duction of ~y-ray radiation in the pulsar magnetospheres
either at the polar cap (Harding et al. 1978; Daugherty,
Harding 1982, 1996; Dermer, Sturner 1994; Sturner et al.
1995; Shibata et al. 1998; Miyazaki, Takahara 1997; also
see Scharlemann et al. 1978 for the slot gap model), or at
the vacuum gaps in the outer magnetosphere (Cheng et
al. 1986a,b, hereafter CHR; Chiang, Romani 1992, 1994;
Romani, Yadigaroglu 1995; Romani 1996; Zhang, Cheng
1998; Cheng, Zhang 1998). Effective y-ray production
in a pulsar magnetosphere may be extended to the very
high energy (VHE) region above 100 GeV as well; how-
ever, the predictions of fluxes by the current models of
~-ray pulsars are not sufficiently conclusive (e.g., Cheng
1994). Whether or not the spectra of y-ray pulsars con-

tinue up to the VHE region is a question which remains
one of the interesting issues of high-energy astrophysics.

In the VHE region, positive detections of radiation at
a high confidence level have been reported from the di-
rections of the Crab, B1706 — 44, and Vela pulsars (Nel
et al. 1993; Edwards et al. 1994; Yoshikoshi et al. 1997;
see also Kifune 1996 for a review), by virtue of the tech-
nique of imaging Cerenkov light from extensive air show-
ers. However, as for pulsed TeV radiation, only the upper
limits have been, as a rule, obtained from these pulsars
(see the references cited just above). If the VHE emis-
sion originates the pulsar magnetosphere, rather than the
extended nebula, a significant fraction of them can be ex-
pected to show pulsation. Therefore, the lack of pulsed
TeV emissions provides a severe constraint on the mod-
eling of particle acceleration zones in a pulsar magneto-
sphere.

In fact, in CHR picture, the magnetosphere should be
optically thick for pair-production in order to reduce the
TeV flux to an unobserved level by absorption. This in
turn requires very high luminosities of tertiary photons in
the infrared energy range. However, the required fluxes
are generally orders of magnitude larger than the ob-
served values (Usov 1994). We are therefore motivated by
the need to contrive an outer-gap model which produces
less TeV emission with a moderate infrared luminosity.

High-energy emission from a pulsar magnetosphere, in
fact, crucially depends on the acceleration electric field,

© Astronomical Society of Japan ¢ Provided by the NASA Astrophysics Data System


http://ads.nao.ac.jp/cgi-bin/nph-bib_query?2000PASJ...52..645H&db_key=AST

DPASI; _.752: Z645H:

I'Z_

646 K. Hirotani [Vol. 52,

AN
-light
. .cylinder

Fig. 1. Side view of a hypothetical outer-magnetospheric
gap which is immersed in the surface blackbody
X-ray radiation field. «-ray photons are produced
via a curvature radiation process.

Ej|, along the magnetic field lines. It was Hirotani and
Shibata (1999a,b,c; hereafter Papers I, II, III) who first
solved the spatial distribution of E} together with par-
ticle and ~y-ray distribution functions. They explicitly
demonstrated that there is a stationary solution for an
outer gap which is formed around the null surface at
which the local Goldreich—Julian charge density,

OB,
2me’

1)

vanishes, where B, is the component of the magnetic field
along the rotation axis, Q refers to the angular frequency
of the neutron star, and c is the speed of light. This ex-
pression of pgy holds if the electric field is approximated
by the corotational field; this is, in turn, justified when
the voltage drop in the gap is small compared with the
available electromotive force exerted on a spinning neu-
tron star surface, V, ~ 101%%Q52u30 V. Equation (1) is
valid unless the gap is located close to the light cylinder.
Here, distance of the light cylinder from the rotation axis
is given by

PGI =

wrc = 3 x 10307 c¢m, (2)

where Qp = /(100 rad s™*). See figure 1.

In this paper, we develop the method presented in Pa-
per III in the sense that:
(1) We consider the effect of aberration when we compute
the collision angles between the v-rays and the X-rays
(see subsubsection 2.4.1 for details),
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Fig. 2. Rectilinear approximation to the outer gap. The
null surface is approximated by the z-axis (z = 0).
The y-axis, which designates the azimuth, is not de-
picted to avoid complication.

(2) we take account of the projection effect of three-
dimensional velocities on the poloidal plan when we
write down the Boltzmann equations for particles (sub-
section 2.5) and for 7-rays (subsection 2.6),

(3) we consider hard blackbody and power-law X-ray
components in addition to the soft blackbody one (sub-
subsection 2.4.3 and 2.4.4).

In the next section, we discuss the physical processes
of pair production cascade in the outer magnetosphere
of a pulsar and present basic equations describing the
system. We then solve these equations in section 3 and
reveal that the flux of TeV 7-rays produced via inverse-
Compton scatterings will be well below the observational
upper limit. In the final section, we discuss the validity
of the assumptions.

2. Basic Equations and Boundary Conditions

To investigate the gap structure quantitatively, we
first reduce the Poisson equation for the electric poten-
tial into a one-dimensional form in subsection 2.1. We
then give a curvature-limited Lorentz factor in subsec-
tion 2.2. The X-ray field illuminating the gap is de-
scribed in subsection 2.3, which is important to deduce
the pair-production mean-free path in subsection 2.4.
We solve the Boltzmann equations of electrons/positrons
in subsection 2.5 and those of y-ray photons in subsec-
tion 2.6, and impose suitable boundary conditions in sub-
section 2.7.

2.1.  Reduction of the Poisson Equation

To simplify the geometry, let us introduce a rectilin-
ear approximation for a region around the null surface.
Suppose that the magnetic field lines are straight lines
parallel to the z-axis (figure 2). Here, z is an outward
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increasing coordinate along a magnetic field line, while
y designates the azimuth. We approximate the null sur-
face by the z-axis (z = 0). By using this rectilinear
coordinates, the Poisson equation for the non-corotating
electric potential & becomes

o2 0? o2
— (W + 3_3/2 + @) @(z,y,z)
= 4rle(Ny — N-) — pcil, (3)

where N, and N_ are the spatial number densities of
et’s and e~ ’s, respectively; e refers to the magnitude of
the charge on the electron. If the trans-field thickness of
the gap D, is sufficiently large compared to the longitudi-
nal thickness of the gap, we can neglect the z-dependence
of quantities, that is, 92/02% = 0. However, D,, which is
determined by quantum electrodynamic processes, can be
as large as the longitudinal thickness. To consider these
effects, we use an approximation, §2®/0z?> = —®/D,?
(Michel 1974). This approximation stands for the fact
that the accelerating region is bounded at z = 0 and
z = D, by the conducting side walls that are grounded
to the star on which ® vanishes.

In the same manner, we Fourier analyze all the quan-
tities in the azimuthal direction and replace 82/dy? with
—m?, where m is an integer from the periodic boundary
condition. On these grounds, we replace 8,2 + 9,2 with

—D,72 = —m? — D, 2 and focus attention on the gap
structure in the z direction (i.e., along the magnetic field
lines).

The primary effect of field line curvature appears in the
z-dependence of pgy. Thus, we arrive at the following
Poisson equation in the first order approximation:

d*®

o
0= = —D_f_ +4rnle(Ny — N_) — pasl. (4)

It is convenient to non-dimensionalize the length scales
by a typical Debye scale length c¢/wy, (see the discussion
in subsection 3.1 in Paper I for details), where

[4me? QB
wp = dme =1.875 x 107Q2,Y/2B5Y/2 rad s71,(5)
me 2mce

where Bs is the magnetic field at the null surface nor-
malized by 10° G.

Let us introduce the following dimensionless coordi-
nate variable:

€= %x = 6.25 x 10740, /2 B; /2, (6)

where z is measured in cm. We are considering a gap

which is not very close to the light cylinder. We thus

approximate Bs with the Newtonian dipole field to obtain

-3
Bs = 0.37+/1 + 3 cos?(fp — o) <-z%) p30922°, (7)
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where p3o refers to the magnetic moment u in the unit
of 100 G cm?, and a; to the inclination angle; (rq,6p)
indicates the polar coordinates of the intersection of the
null surface and the last open field line in the poloidal
plane. They are defined by

To __ 4
wLc 4+ tan? 6y

2tan? o; + 3 + \/9+8tan2ai

X ) (8)
(4/3)tan® os + 3 + /9 + 8tan® oy
3 tan o 2o
tanfo = anq; + 2Qtam o + 8. )

To fix the proportionality coefficient, £/ o +/€22Bs,
we evaluate it at the null surface. Its value there depends
on the three magnetospheric parameters: €2, u, and q;.
For example, when = 102 rad s and . = 10%° G cm?®,
we obtain £ = 8.31 x 107z if oy = 0°, while £ = 1.97 x
1073z if a; = 30°, and € = 4.91 x 10~z if o5 = —30°.

By using £, we can simplify the Poisson equation (4)
to the form

d
By = —d—ﬁ (10)
and
dE 2
—d—gﬂ = _ALi? +ni(€) —n_(&) - 'S;"B—CPGJ(@’ (11)
where
A = _wc_le; (12)

the dimensionless electrostatic potential and electric field
are defined by

_ e®(z)

p(§) = T (13)
de e dd
Ej=——=— kel
I d¢ MeCWp AT

_s [ d®/dx 1
=3.12x107° , 14
* (V m‘l) Vs 14

and the particle densities are normalized in terms of a
typical value of the Goldreich—Julian density defined by
B (instead of B,) as follows:
2mce
ne() = Do Na(a) (15)
For a Newtonian dipole field, the Goldreich—Julian
charge density becomes

E 2086 cos( —ainc) —sin 0sin(f — ainc) (16)
aB” V1+3cos?0[1—(Qw/c)?] T

where 6 refers to the polar angle of the position at which
pgy is measured, and w indicates the distance of the
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point from the rotation axis. As we shall see, the gap
half width along the field lines is typically less than 15%
of ¢, we can evaluate 6 under the rectilinear approxi-
mation as

§ = sin~! (@ﬂy) , (17)

where 7 denotes the distance of the position from the
star, and is given by

T = 1/r0? cos? 0y + (ro sinfy + )2 (18)

We also have w = r sinf = rq sinfy + x.

2.2. Terminal Lorentz Factor

The most effective assumption for particle motion in
the gap arises from the fact that the velocity immediately
saturates in the balance between the electric force and
the radiation reaction force due to curvature radiation.
Equating the electric force, e|d®/dz|, and the radiation
reaction force with the radius of curvature, R., we obtain
the saturated Lorentz factor at each point, as follows:

3R.2
r= ( 2e

where the second term 10?4 is added for a realistic treat-
ment of the boundaries of the gap. Near the bound-
aries, where the diminished electric field no longer con-
tributes to the force balance, radiation reaction damps
the Lorentz factor. Since the damping length is larger
than the width of the boundary regions, I' is kept over
10° in these regions. (Without the 10?* term, the van-
ishing electric field would lead to the vanishment of I" at
the boundaries.)

d®

dz

1/4
+ 1024) , (19)

2.3. X-Ray Field

Before proceeding to a discussion on the pair-
production mean-free path, it is desirable to describe the
X-ray field that illuminates the outer gap. The X-ray
field of a rotation-powered neutron star within the light
cylinder can be attributed to the following three emission
processes:

(1) Photospheric emission from the whole surface of a
cooling neutron star (Greenstein, Hartke 1983; Romani
1987; Shibanov et al. 1995; Pavlov et al. 1994; Zavlin et
al. 1995a).

(2) Thermal emission from the neutron star’s polar caps,
which are heated by the bombardment of relativistic par-
ticles streaming back to the surface from the magneto-
sphere (Kundt, Schaaf 1993; Zavlin et al. 1995b; Gil,
Krawczyk 1996).

(3) Non-thermal emission from relativistic particles
accelerated in the pulsar magnetosphere (Ochelkov,
Usov 1980a,b; El-Gowhari, Arponen 1972; Aschenbach,
Brinkmann 1974; Hardee, Rose 1974; Daishido 1975).

[Vol. 52,

The spectrum of the first component is expected to be
expressed by a modified blackbody. However, for sim-
plicity, we approximate it in terms of a Planck function
with temperature kT, because the X-ray spectrum is oc-
casionally fitted by a simple blackbody spectrum. We
regard a blackbody component as the first one if its ob-
served emitting area is comparable with the whole sur-
face of a neutron star, A, = 47r.2, where r, denotes the
neutron star radius. We take account of both the pulsed
and the unpulsed surface blackbody emission as this soft
blackbody component.

As for the second component, we regard a blackbody
component as the heated polar cap emission if its ob-
served emitting area is much smaller than A,. We ap-
proximate its spectrum by a Planck function. We take
account of both the pulsed and the unpulsed polar cap
emission as this hard blackbody component.

Unlike the first and the second components, a power-
law component is usually dominated by nebula emission.
To get rid of the nebula emission, which illuminates the
outer gap inefficiently, we adopt only the pulsed compo-
nents of a power-law emission as the third component.

2.4. Pair-Production Mean-Free Path

In this subsection, we draw attention to how the pair-
production mean-free path is related with the X-ray field
described in the previous section. To this end, we first
give the threshold energy for X-ray photons to materi-
alize. Then, we consider the mean-free path for a y-ray
photon to materialize as a pair in a collision with one
of the soft blackbody X-rays in subsubsection 2.4.2, the
hard blackbody ones in subsubsection 2.4.3, and the mag-
netospheric, power-law X-rays in subsubsection 2.4.4.
We finally summarize how the real mean-free path should
be computed under the existence of these three X-ray
components in subsubsection 2.4.5.

2.4.1.

The threshold energy for a soft photon to materialize
as a pair in a collision with a y-ray photon having energy
mec?e, = E,, is given by

Threshold energy

2 me02
1—pe €

(20)

where . refers to the cosine of the three-dimensional
collisional angle between the X-rays and the y-rays. The
lower bound of 2/(1 — ) is unity, which is realized if the
two photons head-on collide.

To evaluate p., we must consider a y-ray’s toroidal
momenta due to an aberration. It should be noted that
a y-ray photon propagates in the instantaneous direction
of the particle motion at the time of the emission. The

© Astronomical Society of Japan ¢ Provided by the NASA Astrophysics Data System


http://ads.nao.ac.jp/cgi-bin/nph-bib_query?2000PASJ...52..645H&db_key=AST

DPASI; _.752: Z645H:

rz

No. 4]

toroidal velocity of a particle at the gap center (rg, 6p)
becomes

Uy = T0 sin 6pQ) + KBy — E“ X qué, (21)

where k is a constant. On the right-hand side, the first
term is due to corotation, while second one due to mag-
netic bending. Since E) arises in the gap, the corre-
sponding drift velocity appears as the third term. Un-
less the gap is located close to the light cylinder, we can
neglect the terms containing By as a first-order approxi-
mation. We thus have vg = 7¢ sin6p{2. Since the three-
dimensional particle velocity is virtually ¢, the angle be-
tween the particle motion and the poloidal plane becomes

Gap = sin 1 (————TO s 609) =sin™! (—TO s 00) . (22)

c wLC

In the case of a; = 30°, we obtain ¢,, = 21°8. When
a; = 30°, the collisional angle on the poloidal plane be-
comes 0, = 90° — 6y = 21°6 when outwardly propagating
~-rays collide with the X-rays emitted from the neutron
star surface; p can be computed by equation (9). There-
fore, we obtain p. = cos ¢,p sinf. = 0.342. It should be
noted that the collision angle between inward propagat-
ing y-rays and the X-rays emitted from the neutron star
surface becomes —p..

2.4.2.  Soft blackbody component

We first consider the pair-production mean-free path,
Xs, for a y-ray photon to materialize in a collision with
one of the soft blackbody X-rays. For outwardly propa-
gating y-rays, As is given by (Hirotani 2000a, b; hereafter
Papers IV, V):

1 /°° dNg
— = dex——0p (€, €x, lc), (23
/\;{» 2/ (1—po)es d6x pP\*Y C) )
whereas for inwardly propagating ~y-rays,

1 /°° dNg

= = dex——o (6 y €x5 M )7 (24)

X Jaynee, dec PUTTUTE

where p. = 0.345 for o; = 30°; the pair-production cross
section is given by (Berestetskii et al. 1989)

Up(e'ya €xs fhc)

1
= —-?:-CTT(]. -v?) |(3—v!)In +o - 20(2 —v?)| ,(25)
16 1-
2 1
'U(f'hex’/‘l'C) = 1~ 1— e €€ ) (26)
c EyEx

Here, o is the Thomson cross section, and ex = E/ Mec?
refers to the non-dimensional energy of an X-ray photon.
We may notice here that the non-dimensional threshold
energy Ein/(mec?) appears in the lower bound of the
integral in equations (23) and (24).

Gamma-Ray Emission from Pulsar Outer Magnetosphere 649

The number density of soft X-rays between energy

mec?ex and mec?(ex + dex) at a position z is given by

the Planck law,

dN., z z \?| [dN,
= |1+2 i S 27
. [ + p— Sln00+<ch) } (dfx)o’ (27)

where

AN\ 1 (me®\’ [ A
(dex )0 " 4n? ( ch ) <4m"§)
€x’
Ko X
exp(fx/As) -1’
is evaluated at the gap center (z = 0); A indicates the
observed radius of the blackbody-emitting region and A
is defined by
kT,
Mmec?’

(28)

A = (29)
where kT refers to the soft blackbody temperature mea-
sured by a distant observer. Since the outer gap is lo-
cated outside of the deep gravitational potential well of
the neutron star, the photon energy there is essentially
the same as that which a distant observer measures.

2.4.83. Hard blackbody component

In this subsection, let us consider the case when the
X-ray field is dominated by the hard blackbody compo-
nent. In the same manner as the soft blackbody compo-
nent, the hard blackbody component gives the following
mean-free path for pair production:

1 © dNy
N /2/(1¢uc>67 e (€, s ). (30)
where p. takes the same value as in the soft-blackbody-
dominated case. The upper and lower signs correspond to
the outwardly and inwardly propagating v-rays, respec-
tively. The number density of the hard X-rays between
energy mec2ey and mec?(ex +deyx) at a position z is given
by the Planck law,

dNy, z . z \?| (dNy
_ . 31
. [1-}-2wLC sin 6 + (WLC> } (dex )’ (31)
where

dNn\ L MeC? 3 An
dex ), 4Am2 \ ch 4mrk
€x?
X ————
exp(ex/Ap) — 1
where A, is the observed emission area of the hard-
blackbody emission. Ay, is defined by
Ay = kT,

T mec?’

(32)

(33)

where kTj, refers to the hard blackbody temperature mea-
sured by a distant observer.

© Astronomical Society of Japan ¢ Provided by the NASA Astrophysics Data System


http://ads.nao.ac.jp/cgi-bin/nph-bib_query?2000PASJ...52..645H&db_key=AST

DPASI; _.752: Z645H:

rz

650 K. Hirotani

2.4.4. Power-law component

The secondary X-ray photons emitted outside of the
gap via synchrotron process will be beamed in the propa-
gation direction of the primary y-rays. Thus, the collision
angle between a secondary X-ray photon and a primary
~-ray photon can be evaluated by the angle between the
propagation direction of the vy-rays (71, say) that has ma-
terialized to emit the secondary X-rays and the another
y-rays (72, say). The collision angle will therefore be the
directional difference of the magnetic field at the places
where v; and 7, are emitted. Evaluating the distance
between the two places as the gap half width, the typical
collision angle can be approximated as h = H/wic rad.
As shown in section 3, the dimensionless gap half width,
h, becomes typically around 0.1. We thus assume in this
paper that the collision angle between the y-rays and the
magnetospheric, power-law X-rays is 0.1 rad. It follows
that the mean-free path for a «-ray photon to material-
ize in a collision with one of the magnetospheric X-rays
becomes

1 * dNy
—= dex—20p (v, €x, Ihe), 34
where
2
= — 35
¢ T (35)

with pepi = cos(0.1). We represent the power-law spec-

trum as
dNp;
dex

The photon index, «, is typically between —2 and —1

for a pulsed, power-law X-ray component in hard X-ray
band (e.g., Saito 1998).

= plexa (5min <ex < 6max)- (36)

2.4.5. Pair-production mean-free path

The true mean-free path, \p, is determined by the com-
ponent that dominates the X-ray field, or equivalently,
the smallest one among A, Ap, and Ap;. Therefore, we
can evaluate X\ as

1 1 1 1

SR + N + o (37)

When a pulsar is young, the third term will dominate
because of its strong magnetospheric emission. As the
pulsar evolves, the first term becomes dominant because
of the rapid decrease of the magnetospheric emission due
to spindown. However, as the pulsar evolves further, po-
lar cap heating due to particle bombardment begins to
dominate; therefore, the second term will be important
at last.

[Vol. 52,

2.5. Boltzmann Equations for Particles

The number density of positrons (N;) or electrons
(N_) follows one-dimensional continuity equation with
a source term; the particles are supplied by the photon—
photon pair-production process. It should be noted that
almost all the particles migrate with the large, saturated
Lorentz factor. We therefore assume for simplicity that
both electrostatic and curvature-radiation-reaction forces
cancel out each other and obtain the following continuity
equations in the rectilinear coordinates:

dN,
dx

_ /0 " dey s G (3,6) + oG (m6)],  (38)

+c(1—q)

dN_
—c(1— Q)W

= /Ooo dey [Mp+G+(x,€y) +Mp—G_(z,€y)], (39)

1 @ \? 40
=5 (=) (40)
where N4 (z) are the spatial number density of e*’s, and
G4+ are the distribution function of y-ray photons hav-
ing momentum tmece, along the poloidal field line; the
factor 1 — ¢ denotes the projection effect due to the three-
dimensional motion of the particles. In general, cos ¢ap
appears instead of (1 — ¢) in the left-hand side. Ex-
panding it around ¢,, = 0, we obtain (40) with the aid
of (22). Since the electric field is assumed to be posi-
tive in the gap, e™’s (or e™’s) migrate outwards (or in-
wards). The particles are assumed to lose their initial
momenta shortly after their birth; that is, a positron and
an electron are supposed to split into opposite directions
at the place of pair production. 7p4+ (or np—) refers to
the pair-production redistribution function for outward
(or inward) propagating 7y-rays. The dimensionless pair-
production rate, 7p+, is related with the mean-free path
as follows:

_c 1
Wp ’\g: 3
Let us introduce the following dimensionless y-ray den-

sities in the dimensionless energy interval between (;_1
and f; such that

Mo+ (€4, &) (41)

2mee [P

g+'(&) = 9B s,

de,Gy(,€y), (42)
1
where QB/(2nce) is a typical value of the Goldreich—-
Julian number density of particles. In this paper, we
set Bo = 1, which corresponds to the lowest y-ray en-
ergy, 0.511 MeV. To cover a wide range of y-ray en-
ergies, we divide the y-ray spectra into 14 energy bins
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and put B; = 1.0 x 10}, B, = 3.0 x 10%, B3 = 1.0 x 102,
Bs = 2.0 x 102, B5 = 3.0 x 102, B = 6.0 x 102, 37 =
1.0 x 103, Bs = 2.0 x 103, By = 3.0 x 103, B10 = 6.0 x 103,
Bi1 = 1.0 x 10%, B2 = 2.0 x 104, B3 = 3.0 x 10%,
B1a = 1.0 x 10°. Provided that the blackbody tempera-
ture is roughly 100 eV, only «-rays having energies

KT \7!
2 3 2
meC ey > 10 (100 eV) MeC
kT \ 7'
=05 —— \% 4
05(100 eV) Ge (43)

can contribute for pair production.
We can rewrite equations (38) and (39) into the di-
mensionless forms:

14
dn

(1- q)d—g =+ [0 g4 (&) +n g (9], (44)
=1
dn 4 o
(-9 == DI gh(©) +n2g @)l (49)
i=1

where np"i are evaluated at the central energy in each bin
and are defined as

; 1 Bi-1 + Bi
L= it T I 46
Mo+ wp T+ < 2 ) ( )
ny(€) = (2mce/QB)N4(z) is normalized with the same
factor as g4 (£).

A combination of equations (44) and (45) gives the
current conservation law,

Jo = n4(&) + n—(€) = constant for &. (47)

When jo = 1.0, the current density equals the typical
Goldreich—Julian current density, QB/(2w).

2.6. Boltzmann Equations for Gamma-Rays
Let us next discuss the Boltzmann equations which the
~-ray distribution functions obey. In the rectilinear ap-
proximation, y-ray photons are considered to be directed
only in the tz-direction due to relativistic beaming. We
thus approximate the y-ray Boltzmann equations into the
one-dimensional form
+c(1 9 G
(1 - 0) -G (s, 65)
= —pr G (T, €y) + NcNx(2), (48)

where (e.g., Rybicki, Lightman 1979)

VBT 1 (e,
"= R o (?) (49)

_ 1 3 he?®
e = mec? 4 R, ’

(50)
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F(s)= s/oo Ks(t)dt, (51)

where R, is the curvature radius of the magnetic field
lines. The effect of the broad spectrum of curvature
v-rays is represented by the factor F'(e,/ec) in equa-
tion (49).

Integrating (48) in the energy intervals [8;—1, Bi], we
obtain

d 1 i .1 1
(1 - q)d—ggi(ﬁ) = —1p4. 9% (§) + menx(§), (52)
where i =1,2,---,m and
) 2 Bi/ec oo
Te = V3T / ds / K (t)dt
wphR. Bi—1/€c s s
_ R. \7' [%
=214 8 ==
x 10770 (0.5ww) \ Bs
Bi/ec 00
x / ds / K3 (t)dt. (53)
Bi-1/ec s s

We may notice here that the ratio

i — 1/2 ,—1/2
10 sray/2B; Y
mot'  104520%2B /2

r KT \ 72
~103 [ — -1
10 (107) (100 eV) i (54)

is much greater than unity unless I' is sufficiently less
than 107. Therefore, the y-ray production term domi-
nates the y—y absorption terms of equation (52).

The migrating e*’s and the y-ray photons in the gap
are described by 2m + 4 differential equations (10), (11),
(44), (45), and (52). It is worth noting that nt and
n~ are related through the current conservation rela-
tion (47). To solve these equations, we shall impose some
boundary conditions in the next subsection.

2.7. Boundary Conditions

Let us first consider the conditions at the inner (star-
ward) boundary £ = &;. For one thing, the inner bound-
ary is defined as the place where E| vanishes. Therefore,
we have

Ey(&) =0. (55)

It is noteworthy that condition (55) is consistent with
the stability condition at the plasma-vacuum interface
if the electrically supported magnetospheric plasma is
completely-charge-separated, i.e., if the plasma cloud at
x < x1 is composed of electrons alone (Krause-Polstorff,
Michel 1985a,b).

Further, we put the value of ® to be zero at the inner
boundary,

¢(&1) = 0. (56)
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What is more, we impose for simplicity that no ~-rays
capable of pair production enter from the outside of the
gap; that is,

g:(&l)zo (121,2,,771) (57)

One final point is that we can impose conditions on n
and n_. Assuming the negatively charged cloud at x <
11 is composed of pure electrons, we can expect no influx
of positrons, which are migrating 4+ direction in the gap,
at the inner boundary. Therefore, we obtain

Ty (61) =0, (58)

which yields with the help of the charge-conservation
law (47),

n- (&) = Jo- (59)

We next consider the conditions at the outer bound-
ary. The outer boundary, £ = &, is defined so that Ej
vanishes again. That is,

E)(&2) =0. (60)
In the same manner at £ = £;, we impose both

9-(62) =0 (i=1,2,---,m) (61)
and

n_(&) =0. (62)

We have totally 2m + 6 boundary conditions (55)—(62)
for 2m + 4 unknown functions ®, Ej, ny, n_, g+, g4+,
sy g™, 9ot 922, -+, g_™. Thus two extra bound-
ary conditions must be compensated by making the po-
sitions of the boundaries &; and & be free. The two free
boundaries appear because Ej = 0 is imposed at the both
boundaries and because jj is externally imposed.

In short, for a fixed X-ray field, the gap structure is
described in terms of the following five dimensionless pa-
rameters:

jo =Ny +n_, (63)
'I]pii o' 923/235—1/2 (64)
) R
i c 65
N & c/wp’ (65)
Ay =D, /(c/wp) x Dy (QB)"Y/2, (66)
Q. (67)

The X-ray field affects the gap structure through npii (1=
1,2,---,m). It is noteworthy that jo is a free parameter
in this paper, because it can be determined only from
a global condition of the current circuit (e.g., Shibata
1997).
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Fig. 3. The distribution of the acceleration field along
the field line. For the solid line, KTy = 50 eV, while
for the dashed and the dotted one, 100 and 23.5 eV,
respectively. The hard blackbody and the power-law
components are not included in this calculation.

3. Results

8.1. Electric Field Structure

We first consider the acceleration field £y as a func-
tion of the position z for several values of the soft black-
body temperature, kTs. In figure 3, we present the re-
sults of Ej(x) for KTy = 70 eV (solid curve), 100 eV
(dashed one), and 23.5 eV (dotted one); the abscissa is
in centimeter. In this calculation, neither the hard black-
body component nor the power-law component is not in-
cluded. The parameters are fixed for these three curves
as © =100 rad s71, =103 G cm®.

It follows from this figure that the acceleration field
increases as kT deceases; this result is consistent with
previous works (Papers I, I, III, IV, and V). Moreover,
the gap extends mainly in the positive z region for a
small kT, because the X-ray field is diluted as the dis-
tance from the star increases. Below a certain value of
kT, (= 23.5 eV in the case of the present parameter set, as
indicated by the dotted line), there is no solution that sat-
isfies the boundary conditions described in subsection 2.7
(see also figure 2 in Hirotani, Okamoto 1998).

Let us briefly examine the Lorentz factor distribution.
In figure 4, the terminal Lorentz factors computed from
(20) for the electic field distribution presented in figure 3,
are depicted. At the gap boundaries, the Lorentz factors
become less than 107. As a result, the particles upscatter
the soft photons above 5 TeV only in the gap.

In the next subsection, we consider other two X-ray
components in addition to the soft blackbody one and in-
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Fig. 4. The distribution of the Lorentz factor. For the
solid line, kTs = 50 eV, while for the dashed and
the dotted one, 100 and 23.5 eV, respectively. The
hard blackbody and the power-law components are
not included in this calculation.

vestigate the strength of the inversely Comptonized TeV
fluxes.

3.2.  Invisibility of Pulses above 5 TeV

The relativistic particles produce 7y-rays mainly via
curvature radiation as described in the preceding sec-
tions. However, even though energetically negligible, it is
useful to draw attention to the TeV v-rays produced via
inverse-Compton (IC) scatterings. We should notice here
that it is the infrared photons with energy ~ 0.1 eV that
contribute most effectively as the target photons of IC
scatterings. Neither the higher energy photons, like sur-
face blackbody X-rays, nor the lower energy photons, like
polar-cap radio emission, contribute as the target pho-
tons, because they have either too small cross sections or
too small energy transfer when they are scattered.

Assuming that the azimuthal gap width is

T2 — 1

Th=m rad, (68)

w

we can estimate the number of particles contained in the
gap as

D .
Ne ~ wLCS (.70 25 > (_J:_> (2ﬂm> hza (69)

2mce wLC WLC

where h = (22 — 21)/(2wLc) denotes the dimensionless
gap half width; joQB/(2nce) indicates the number den-
sity of particles. Since the 7-rays have energies less than
'mec?, we obtain the luminosity of IC-scattered ~-rays
as follows:

Lic < Ne - Nirore - Tmec?, (70)
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where Nig refers to the number density of the infrared
photons. Evaluating Nig at the gap center, we obtain

Lr

NRr ~ ————
47T7‘020E[R’

(71)

where Ly is the infrared luminosity and Eg ~ 0.1 eV.
‘We thus obtain

D
Lic < 5.63 x 107 °BsLir (ch sin 90> (j0—£>
To wWLC

x Th? erg s71. (72)

The vF, flux of IC-scattered «y-rays, (VF,)rev [Jy Hz],
can be readily computed as

Lic wrev \ 7! o
73
erg s—1> (1 ster) di™" Jy He,(75)

(VFU)TeV = 1020 (

where wrey refers to the solid angle in which the TeV
v-rays are emitted, and d; = d/1 kpc.

An analogous relation holds for an infrared flux,
(vF,)o.1ev, if the infrared luminosity, Ligr, is emitted in
a solid angle wg.1ev ster. We thus obtain the flux ratio

= (VE))Tev

_ wWLC .
= ) 10°
WF))o1ov < 5.63 x 10 < sin 6’0)

To

. Dy B woiev,os
X F (]Och> 105 G DTy h . (74)

Since we take the ratio of vF, flux at two different en-
ergies, the uncertainties arising from the distance dis-
appears on the right-hand side. For simplicity, we as-
sume wrey = Wo.iev- As an upper bound, we take
D, /wic =1.0.

Substituting the results of h into equation (74), we
obtain the upper bound of fr. We adopt jo = 0.01,
because the solutions exist for a wide range of parameters
such as Q, u, kT, As, kTh, An, a (photon index), and
Ny

We present the results of fg when the soft black-
body component dominates in figure 5; A; = A, and
Ap = Ny = 0 are assumed. The five curves correspond
to the parameter set presented in table 1. It follows that
fr is a decreasing function of kT and is not more than
102 for a very small kT,. The filled circles correspond
to the minimum allowed temperature below which no
solution exists; this corresponds to the dotted curve in
figure 5. The open circles, on the other hand, represent
kT, at which the acceleration length of particles equals
the gap half width. Above this kT}, the mono-energetic
approximation of particles breaks down.

It is noteworthy that the upper limits of fr are derived
for small jo (= 0.01). Seemingly, the value of fg increases
for much larger jo. However, the boundary conditions do
not allow a solution to exist above a certain value of jg
for fixed other parameters. That is, a large jo makes the
terms ny — n_ in equation (11) be large to cancel the
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TeV flux / IR flux

kTs [eV]

Fig. 5. vF, TeV flux vs. soft blackbody temperature.
The five curves corresponds to the parameter set
presented in table 1. The hard blackbody and the
power-law components are not included.

Table 1. Model parameters for figures 3-7.

Q [ o D, jo
rad s~ ! G cm?® degree
thick solid 50 1.0 x 10%° 30 wLe  0.01
thick dashed 50 3.0 x 10%° 30 wic 0.01
thick dotted 50 0.3 x 10%° 30 wrc 0.01
thin solid 100 1.0 x 10%° 30  wrc 0.01
thin dashed 25 1.0 x 10%° 30 wrc 0.01

term containing pgj. As a result, Ey(¢) has the ‘brim’
(ie., dE)/d¢ =~ 0 at the outer boundary) for a large jo.
For example, if we fix the temperature as k7T = 100 eV
for @ = 100 rad s™! and p = 10%° G cm?, jj should be
less than 0.594 so that a solution may exist. The value of
fRr is an increasing function of jg; however, its value is at
most 239 at jo = 0.594. Furthermore, fr increases with
decreasing kT for a fixed jo and other parameters. For
example, for jo = 0.03, fgr attains its maximum value
at kT, = 29.9 eV; below this temperature, no solution
exists (see the dotted curve in figure 3). In short, the
TeV flux does not greatly exceed a few hundred times of
the infrared flux; and such largest values of TeV flux can
be realized only when the current density is fine tuned
closed to its maximum value for a given set of parameters
of Q, u, and k7.

When the hard blackbody and/or the power-law com-
ponents contribute in addition to the soft blackbody
emission, the X-ray field becomes stronger to reduce fgr.
To clarify this point, let us briefly consider the cases when

[Vol. 52,

TeV flux / IR flux

S100 150 200 250 300
KTh [ev]

Fig. 6. vF, TeV flux vs. hard blackbody temperature.
The five curves corresponds to the parameter set
presented in table 1. The power-law component is
not included.

TeV flux / IR flux

; L
10" 10% 103 10%*
Lx [ergs/s]

Fig. 7. vF, TeV flux vs. power-law luminosity. The five
curves corresponds to the parameter set presented
in table 1. The hard blackbody component is not
included.

the other two components contribute.

First, in figure 6, we present the results when the hard
blackbody component dominates. The abscissa indicates
kTh; kTs = 70 eV, As = A., Ap = 1072A,, and Ny = 0.
The five curves correspond to the parameter set presented
in table 1. At small kTy, fr is bounded by the soft
blackbody X-ray field with k75 = 70 eV. As a results, fr
does not greatly exceed 2.

Secondly, we consider the case when the magneto-
spheric, power-law component contributes. In figure 7,
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we present the results of fr as a function of the luminos-
ity of the power-law emission, Ly, where Ly is related
with N, as

-2

2—a Ly To

Npl = 2-a 2-a 4y 2 3 ’ (75)
fmax - Emin TerC mec wLC

As the lower and the upper limits of Ly, we take 103!
and 1034 erg s™!, respectively. We fix other parameters
as kT = 70 eV, Ay = A,, A, = 0, and o = —1.5,
MeC%€min = 100 eV, and mec?emax = 50 keV. It fol-
lows that fgr is bounded by the soft blackbody emission
from the whole neutron star surface and does not exceed
greatly 2. On these grounds, we can conclude that fgr
does not greatly exceed 102 for realistic pulsar parame-

ters, regardless of the component dominating the X-ray
field.

4. Discussion

In summary, we have developed a one-dimensional
model for an outer-gap accelerator immersed in an X-
ray radiation field; the X-rays are supplied by the pho-
tospheric emission from the neutron star whole surface,
thermal emission from the star’s polar caps, and/or non-
thermal emission from the magnetosphere. As the X-ray
field becomes less luminous, the pair-production mean-
free path for a v-ray photon and hence the gap width
along the magnetic field line enlarges. It follows from
the Poisson equation that the enlarged gap width results
in the increase of the acceleration field (figure 3). As
a result, the gap becomes most active when the surface
blackbody temperature is small and when neither the
polar cap nor the magnetospheric emissions contribute.
Even in this case, the flux above 5 TeV does not greatly
exceed 102 times the infrared flux. We can therefore
conclude that the difficulty of excessive TeV emission,
which appears in the CHR picture, does not arise in
the present outer-gap model for a moderate infrared flux
(< 10° Jy Hz), if we confine the argument to above 5 TeV.

The IR photons can be upscattered above 5 TeV only
within the small-volume gap (figure 4). However, the
particle Lorentz factor is kept above several times 106
even outside of the gap; therefore, the gap volume may
be underestimated if we extend our discussion into some-
what lower energies around TeV. On thses grounds, the
visibility of vy-ray pulses below 5 TeV calls for further con-
sideration. More precisely, the energy (5 TeV, say) above
which no vy-rays are emitted outside the gap, should be
examined based on the equations of particle motion at
the gap boundaries of individual pulsars.

Let us consider how the structure of Ej(x) depends
on jo. In figure 8, we present the distribution of E for
three values of jo. In this figure, we fix the parame-
ters as ainc = 30°, = 100 rad s~ !, = 10%° G cm?,
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Fig. 8. The distribution of the acceleration field along
the field line. For the dashed line, jo = 0.01, while
for the solid and the dotted one, 0.03 and 0.0592 eV,
respectively. The hard blackbody and the power-law
components are not included in this calculation.

kTs = 100 eV; the hard blackbody and the power-law
components are not included. The dashed, solid, and the
dotted curves correspond to jo = 0.01, 0.03, and 0.0592.
Above jo = 0.0592, no solutions exist. The dashed curve
coincides with the dashed one in figure 3.

It is worth noting that a ‘brim’ is formed at the inner
boundary in figure 3 of Paper II1, while it is formed at the
outer boundary in figures 3 and 8 of the present paper. In
Paper III, the two-dimensional effect prevents the gap to
have a brim at the outer boundary. In the present paper,
we get rid of such effects by setting D), = wpc. There-
fore, the brim is formed at the outer boundary, where
pcJ becomes very small.

We briefly discuss the validity of the rectilinear approx-
imation. In figure 3, the full gap width becomes 10.3%
and 14.7% of the light cylinder radius for kT = 100 and
70 eV, respectively, while it becomes 85.5% for 23.5 eV.
Therefore, the assumption of the rectilinear coordinates
does not seem to be very good for the neutron star that
has a very small surface temperature. Nevertheless, for
pulsars with a surface temperature less than 100 eV, ther-
mal emissions from heated polar caps may contribute in
addition to the whole surface blackbody emission to re-
duce the gap width. For example, middle-aged pulsars
B1055 — 52 and B0656 + 14 (Greiveldinger et al. 1996),
or millisecond pulsar J0437 — 4715 (Zavlin, Pavlov 1998)
exhibit a thermal hard X-ray component in addition to
the soft blackbody one. On these grounds, we consider
that the rectilinear approximation holds well for the outer
gaps of realistic pulsars.

Let us finally discuss the reason why our analysis re-
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sults in a significantly smaller TeV flux compared with
that given by Zhang and Cheng (1998). In the present
analysis, the gap occupies only a small fractional space in
the magnetosphere. On the other hand, the thick outer—
gap model proposed by Zhang and Cheng (1998) occupies
a large fractional space. The difference of the gap vol-
ume mainly comes from the difference in the presumed
soft photon field: Zhang and Cheng (1998) considered the
case when the soft photon field results from the bombard-
ment of the return current. In their method, bombard-
ment is self-consistently important, because the return
particle flux is large owing to a large fractional volume
of the magnetosphere occupied by the outer gap. On
the other hand, in the present paper, we consider that
the X-ray fields are externally given from observations.
The resultant small-volume gap provides so small parti-
cle fluxes that the bombardment is relatively unimpor-
tant. In the case of middle-aged (or post-Vela) pulsars,
however, the outer gap is no longer small-volume. For
example, the full gap width along the field lines attains
40% of wric for B1055 — 52 (Hirotani 2000a). Neverthe-
less, for such pulsars, the magnetic field, and hence E)
in the gap, is so weak that the particles cannot produce
copious TeV ~-rays above the detection limit of ground-
based telescopes.

This research owes much to the helpful comments of
Dr. S. Shibata. The author wishes to express his grati-
tude to Drs. Y. Saito and A. Harding for valuable advice.
He also thanks the Astronomical Data Analysis Center of
National Astronomical Observatory, for the use of work-
stations.
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