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Abstract Based on our self-consistent outer gap model for high energy emission from the rotation-
powered pulsars, we study the statistical properties of X-ray and y-ray emission from the rotation-pow-
ered pulsars, and other statistical properties (e.g. diffuse y-ray background and unidentified y-ray
point sources) related to ¥-ray pulsars in our Galaxy and nearby galaxies are also considered.
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Observationally, the upper limits on pulsed ¥-ray emissions for 350 of 706 radio pulsars
have been obtained by EGRET. Of these pulsars, only six have been confirmed to emit high en-
ergy Y-rays in the energy range of EGRET. Furthermore, 96 unidentified Galactic ¥-ray point
sources (where 30 unidentified point sources are in low galactic latitudes | b1 < 5°) have been
found . Furthermore, ROSAT and ASCA satellites have detected 33 X-ray pulsars which are also
radio pulsars. These observed data allow us to perform useful statistical studies of the observed X-
ray/Y-ray pulsar parameters such as the distance, period, age, magnetic field and ¥-ray flux
distributions, which may provide clues about how to predict possible candidates for X-ray/ y-ray
pulsars and can also be used to test the validity of the various ¥Y-ray pulsar models.

Generally, the pulsar models which describe high energy emission from the pulsars can be
divided into polar gap models (e.g. refs. [1,2]) and outer gap models’>'%) . Based on various
models for Y-ray production from pulsars, many authors have studied detailed statistical proper-

(1113 Here, we will use our model proposed

ties of Y-ray pulsars by using Monte Carlo methods
by Zhang and Cheng[m to determine general formulae for the flux, the luminosity and conversion
efficiency of X-rays/ y-rays from the pulsars, and present the statistical analysis of X-ray/ y-ray

pulsars.
1 X-ray and Y-ray emission

1.1 The self-sustained outer gap

We have proposed a self-consistent model of the outer gap to describe the high energy ¥-ray
pulsar emission of the pulsars. In our model the characteristic photon energy E,(f) is completely
determined by the size of the outer gap (f). Half of the primary e* pairs in the outer gap will
move toward the star and loss their energy via the curvature radiation. The return particle flux can
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be approximated by N = =~ 5 f Ng;, where f is the fractional size of the outer gap and N is the

Goldreich-Julian particle flux. Although most of the energy of the primary particles will loss on
the way to the star via curvature radiation, about 10.6P'" erg per particle will still remain and
finally deposit on the stellar surface. This energy will be emitted in term of X-rays from the stellar
surface. The characteristic energy of X-rays is given by E% ~3kT =~ 1.2 x 10*P " B{}* eV,
where P is pulsar period in unit of second, By, is the dipolar magnetic field in units of 10 G
and the radius of the neutron star is assumed to be 10° cm. However the keV X-rays from a hot
polar cap will be reflected back to the star due to the cyclotron resonance scattering if there is
large density of magnetic produced e* pairs near the neutron star surface, and eventually re-emit
soft thermal X-rays with characteristic energy Ex=~0.1 f* P~'*E%. Despite the X-ray photon
density is very low, every pair produced by X-ray and curvature photons collision can emit 10°
photons in the gap. Such huge multiplicity can produce sufficient number of e* pairs to sustain
the gap as long as the center of mass energy of X-ray and curvature photon is higher than the
threshold energy of the electron/positron pair production, i.e. ExE,=(m,c*)*. From the con-
dition for the photon-photon pair production, the fractional size of the outer gap limited by the soft
thermal X-rays from the neutron star surface can be determined as

f=5.5P® B (1)
It should be emphasized that f< 1. Any fluctuation of the gap can be stabilized by the process
described above. In fact, the increase of gap size will increase the X-ray flux and the over-pro-
duced pairs can reduce the gap size. Similarly, the decrease of the gap size will produce insuffi-

cient pairs and results in the increase of the gap size.

1.2 X-ray emission from pulsar magnetosphere

X-ray emission from a rotation-powered pulsar has been modeled by multi-component X-ray
emission. Generally, it consists of two hard thermal components, one soft thermal component and
one non-thermal component. For the thermal X-rays, the first hard thermal X-ray component re-
sults from polar cap heating by the return current in the polar gap. The second one with a typical
energy E~1.2x 10°P~'"° B}5* eV results from polar cap heating by the return particles from
the outer gap. Because of cyclotron resonance scattering, most of the hard thermal X-rays will be
effectively reflected back to the stellar surface and eventually reemitted as soft thermal X-rays with
a typical energy ( E;/E})'() =0.1 me -4 However, some of the hard thermal X-rays can still
escape along the open magnetic field lines, where the e* /e~ pairs density is low. The non-ther-
mal X-rays come from synchrotron radiation of e® pairs created in the strong magnetic field near
the neutron star surface by curvature photons emitted by charged particles on their way from the
outer gap to the neutron star surface. An electromagnetic cascade will take place until the energy
of synchrotron photons is ~ 1 MeV and the spectral index ~ — 2 (see refs. [14, 15] for de-
tails ) .

The total number of secondary e* pairs created in the electromagnetic cascade is given by
N - (].V(l))’mcz/Eo)(rs/fri)2 s, where NV zﬁVCJ and NGJ =2.7x10°B,P %5 'is
the Goldreich-Julian particle flux, Eq~1 MeV, r,~4R|/9 tan’ ¥ is the distance to the inner

boundary of the outer gap, R| is the radius of the light cylinder, ¥ is the magnetic inclination an-



No. 2 STATISTICAL STUDY OF HIGH ENERGY RADIATION 173

gle and r is the distance to the star where the magnetic pairs are produced. Since most of the en-
ergy of secondary e * is radiated away in form of synchrotron X-rays, we have the X-ray luminosi-

ty Ly = Eo'NQ). Thus writing r,/r; = (9/4 ) tan’ x(r./Ry) and using N® | we obtain

4
Ly ~ 5.5 % 10-4(;“57550) B%B P98 (2)

and Lyx~10"?Lq for the Crab pulsar, where P _, is the pulsar period in units of 0.1 s and L
is the spin down power of the pulsar. In the case of millisecond pulsars, for which the light-cylin-
der is much closer to the star than that in canonical pulsars we have to use r,~ R (the much
stronger multipole surface magnetic field will allow the copious pair production there) and

4
Ly ~ 10-3(—;1“5’;) BY"?PY°L,,. (3)

For P=0.004 s, B, =0.0005 and X = 55° one obtains LY***=0.002* L,;. The results of cal-

culations corresponding to X =55° in egs. (2) and (3) for 25 pulsars from table 1 in ref. [16]
are presented in ref. [14]. Furthermore, the expected X-ray spectrum for Ey < 1 MeV, which
consists of thermal X-rays and hard non-thermal X-rays, is given by
dn,
dEy

where Fy, is the sum of blackbody spectra with characteristic temperatures T';(subscript i repre-

= be(TivEX)'f'AE;(Z’ (4)

sents soft and two hard thermal X-rays respectively) and A is the normalized coefficient''!. It
should be pointed out that the characteristic blackbody temperatures of the two hard X-ray compo-
nents, emitted from the polar cap area inside the polar gap and the polar cap area defined by the
foot-prints of the outer gap magnetic field lines, are strongly affected by the surface magnetic
field, which can be much larger than the dipolar field. In fact, the strong surface magnetic field
can explain why the effective blackbody radiation area is nearly two orders of magnitude larger
(less) than that deduced from the dipolar field for young (old) pulsars. Our model indicates how
several possible X-ray components may be observed depending on the magnetic inclination angle
and viewing angle .

1.3 Y-ray emission from pulsar magnetosphere
In our model, 7- rays are produced inside the thick outer gap through synchro-curvature ra-
diation''”" of the primary e* pairs. The Y-ray luminosities can be expressed as!1?!
~ 3.6 x 10’ B}, P *erg - s7'. (5)
The radiation spectrum produced by the primary particles with power-law distribution in the outer

gap can be expressed ast ']

&N, N J - RL[
~ — —Il1 + -
dE,dt  E, ). © 7 ( Qz) Fly) (

c

where No=y3e2yoNo/hR,, No=~1.4x 10°f(B;/P) and 7o~2 x 107 f2( B,/ P )4,
ro=xR. /[ (1+ rg/(xR;))cos’a + (R,/rp) xsin’a ], and Q.= (1/xR,) [ ((rg/xR;) + 1 -

3(R,/rg)x) cos*a +3(R,/rp) xcos’a + (R, /rg)*x” sin*a ]"?; x,;, and x,,, are minimum

rzlog) yK2,3]dx, (6)

<

and maximum curvature radii of the magnetic field lines in units of radius of light cylinder; rp =

ymc®sina/eB, a is the pitch angle of charged particle in the curved magnetic field ( B) and «
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~0.79 f2BL¥ PRV F(y) = J Ks3(z)dz, where Ks,3 and K,/; are the modified
y

Bessel functions of order 5/3 and 2/3, and y = E,/E.. The characteristic energy of the radiated

hotons is given by E.~640.5 (P/B), Y328 4 B4 (R, x0,)MeV. Therefore, the differential
p
flux at the earth is given by
1 d’N,
AQd* dE,d¢t’ (7)
where A is the solid angle of ¥-ray beaming and d is the distance to the pulsar. In this model,
g p

F(E,) =

there are three parameters, i.e. A2, %y, and %, . These three parameters depend on the de-
tailed structure of the outer gap and the inclination angle of the pulsar. We have calculated the
energy spectra from X-rays to Y-rays for the known Y-ray pulsars except for Crab pulsarm’lg] . As

an example, fig. 1 is the comparison of model result with the observed data of Geminga.

102 The expected efficiency of converting spin-
109 Geminga | down power to Y-rays, 7, can be defined by

1072 7w = Ly/ Ly where L, is total Y-ray luminosity

107
107
107
X 10—1():
10“2! ™~ pressed in terms of B, and P
, . - ‘ ‘ . ‘ - 2 p-12/7 p26/7 _4_6/1p2

107 107 1072 107! 10° 100 102 10° 10* 77[}‘ = 1.66 X 10 312 P == 10 T P ,

E,MeV (8)

which depends on the model used; L4 is the
spindown power and proportional to p “4“B%in
the approximation of dipolar magnetic field.

FE Yem™. s MeV™!

Therefore, the conversion efficiency can be ex-

Fig. 1. The spectrum of Geminga. Here AR =2.0, x,,, = where t is the characteristic age in unit of year.

0.7, %pu=2.0 and y = 55° are used. It should be pointed out that the pulsars with

f<1 are Y-ray pulsars in our model. There-

fore, in the database of Nel et al.!'!, we selected the pulsars which satisfy f<1 as a sample.

Together with 6 known Y-ray pulsars, our sample consists of 57 pulsars (including 7 millisecond

pulsars) . Our result is very consistent with the data. In particular, our model explains why the
conversion efficiency of millisecond pulsars is so low because of the P? dependence[zo] .

We have considered high energy Y-ray radiations from the radio pulsars associated with some
unidentified EGRET 7Y-ray sources'?!! . The calculated conversion efficiencies and energy spectra
of the high energy Y-rays from these possible y-ray pulsars in the outer gap models are compared
with the observed results. Of these possible Y-ray pulsars, our results indicate that (i) PSR
B1900 + 05 is not a possible Y-ray pulsar; (ii) although the newly discovered young radio pulsar
PSR J1105-6107 is a possible Y-ray pulsar, it may not account for high energy Y-ray emission
from 2EG J1103-6106; (iii) the high energy Y-rays from 2EG J1801-2312 and 2EG J1857 +
0118 may not be produced completely by radio pulsars PSR B1758-23 and PSR B1853 + 01 re-
spectively; (iv) the counterparts (radio pulsars PSR B1046-58 and PSR B1823-13) of 2EG
J1049-5247 and 2EG J1825-1307 are possible Y-ray pulsars; and (v) 2EG J0008-7307 associat-
ed with a young supernova remnant CTA 1 may contain a Y-ray pulsar with period 0.16= P =

0.12 s.



No. 2 STATISTICAL STUDY OF HIGH ENERGY RADIATION 175

2 The statistical properties of high energy emission from Young pulsars

Based on our model, we will consider the statistical properties of X-ray and 7-ray pulsars re-
spectively. In order to do so, we use the following conventional assumptions for generating the
Galactic pulsar population: (i) the pulsars are born at a rate (Nyg ~ (1—2) per century) at
spin periods of Py =30 ms; (ii) the initial positions for each pulsar are estimated from the distri-
butions p,(z) = (1/z.,)exp( = 1 z1/z,,) and pg(R) = (ag/R%,) R exp( - R/R,,), where
z is the distance from the Galactic plane, R is the distance from the Galactic center, z, =75
pc, ag = [1-e Ra’Ba(1 + Rmax/Rexp) 1-1, R, =4.5 kpc and R, =20 kpcm’m s (i)
the initial magnetic fields are distributed as a Gaussian in log B with mean log By =12.5 and
dispersion 65 = 0.3, we ignore any field decay for these rotation-powered pulsars; (iv) the ini-
tial velocity of each pulsar is the vector sum of the circular rotation velocity at the birth location
and a random velocity from the supernova explosion[18’ 28

Once the initial properties of a pulsar at birth are given, the pulsar period at time ¢ can be
estimated by

2p6 n? 172
Py = [P (PR ] 9)
where Rys is the neutron star radius and [ is the neutron star moment of inertia. Furthermore,
the pulsar position at time ¢ is determined by following its motion in the Galactic gravitational po-
tential . Using the equations given by Paczynski[m for given initial veloeity, the orbit integrations
are performed by using the 4th order Runge Kutta method with variable time step on the variables
R, Vi, z, V; and $. Then the longitude, latitude and the distance of the model pulsar can be
calculated. In order to generate a sample pulsar which is detectable at radio band, we need to
consider radio selection effects and radio beaming effect. In the radio selection effects, the pulsar
must satisfy that its radio flux is greater than the radio survey flux threshold and its broadened

13]

pulse width is less than the rotation period[ . The radio beaming fraction can be expressed as f,

(w)=(1=cosw) + (/2 - w) sinw, where a random distribution of magnetic inclination an-

(23

gles is assumed and w is the half-angle of the radio emission cone I, Here we will use the mod-

el of Lyne and Manchester'?* corrected by Biggsm] ,i.e. @ =6°.2x P~"2 Then, following

23]

Emmering and Chevalier'®’, a sample pulsar with a given period P is chosen in one out of f,

(P) ! cases using the Monte Carlo method.

2.1 The statistic properties of young galactic X-ray pulsars

We study statistical properties of Galactic population of X-ray pulsars with their ages less
than 10° a using Monte Carlo method. We will use the Monte Carlo simulation code described in
Cheng and Zhang“s] to calculate the distributions of distance, period, age, magnetic field and X-
ray flux of the Galactic X-rays pulsars with their ages less than 10° a. In order to do so, the fol-
lowing changes have been made: the Y-ray detectability is replaced by X-ray detectability (we

2

take 2 x 10" erg*em ™ 2+s ™! as the minimum detectable energy flux) , and the magnetic inclina-

tion angles of the pulsars have been randomly sampled. We perform Monte Carlo simulations of

pulsars born during the past one million years. In the observed sample of Galactic X-ray pulsars

[16]

listed by Becker and Triimper-'®', 18 of 21 X-ray pulsars have their ages less than 10° a with the
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exception of three old pulsars PSR B1929 + 10, PSR B0950 + 08 and PSR B0823 + 26 (their ap-
parent ages are 10%*°, 107-** and 10°-%° respectively. It should be pointed out that these old pul-
sars have no outer gaps because their fractional sizes are greater than 1 in our model) . The ex-
pected X-ray energy flux is estimated by either our model or the empirical formula given by Beck-

(16] " In our model, the fractional size of the outer gap for each pulsar is estimated

er and Triimper
by using eq. (1), if a pulsar has f> 1, then the pulsar does not have an outer gap and is ex-
cluded in our statistical analysis. When the expected X-ray energy flux of the model pulsar is
larger than the minimum detectable energy flux, it should be an X-ray pulsar. In fig. 2, the nor-
malized cumulative distributions of distance, period, age, magnetic field and X-ray energy flux of
the pulsars with an initial period of 30 ms in both our model (solid curves) and Becker &
Triimper model (dashed curves) are shown. For comparison, the corresponding observed distri-
butions for 18 known Galactic X-ray pulsars with their ages less than 10° a are also shown. In the
energy flux distribution, there are only 14 pulsars with known X-ray luminosities. The Kol-
mogorov-Smirnov (KS) test indicates that two model results are consistent with the observations.
Finally, we would like to estimate the number of possible Galactic X-ray pulsars from our statisti-
cal analysis. Using 2.0 x 10~ erg-s™'" cm 2 as the minimum detectable energy flux (the cor-
responding L./4nd® ~2.0x 107" erg*s '*em~?) and the radio pulsars with their ages < 10
a in the Princeton pulsar archive, Becker & Triimper model predicts 46 X-ray pulsars. From our
simulations , however, the ratio of simulated X-ray pulsar numbers in our model to those obtained

(16] i about 0.6. Therefore, our model

by using the empirical formula of Becker and Triimper
predicts that about 28 canonical pulsars with their ages < 10° a should be X-rays emitters. It
should be pointed out that our model prediction depends on the minimum detectable energy flux of
X-rays. For example, if the minimum detectable energy flux is about 5 x 10~ 5 erges™'-em™?,
then our model predicts that there are about 48 canonical pulsars with their ages less than 10° a
which emit X-rays. In fact, the minimum detectable energy flux of X-rays by ROSAT depends

strongly on the observation time. Fainter sources will be detectable with longer explosure time.

2.2 The statistic properties of Galactic Y-ray pulsars

Cheng and Zhang[m have studied the statistical properties of the Y-ray pulsars. Using S, .,
=3.0x 10" "Cerg:cm ™ ?+s ™' as the minimum detectable Y-ray energy flux, they found that our
model can explain the statistical properties (distance, period, age, magnetic field and Y-ray en-
ergy flux) of Y-ray pulsars when the simulated results are compared with the observed data. They
also expected that about 11 high energy Y-ray pulsars can be found out of ~ 100 detected radio
pulsars with age less than 10° a. They also compared the simulated Geminga-like pulsars with the
unidentified EGRET sources in the Galactic plane and found that the fluxes of Geminga-like pul-
sars at | b | < 5° concentrate mainly in the range from ~3 x 1077 to ~ 3 x 1078 em=2-s71,
which is consistent with the observed data of 30 unidentified point sources detected by EGRET at
Ib! < 5°. Finally, Cheng and Zhang[m estimated that the number of Geminga-like pulsars is

~ 37N 4 in our Galaxy.
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Fig. 2. The normalized cumulative distributions of distance, period, apparent age, magnetic field and energy
flux of Galactic X-ray pulsar population with their ages less than 10° a for both our model (solid curve) and
Becker & Triimper model. For comparison, corresponding distributions of 18 observed X-ray pulsars by ROSAT

are also shown (solid histograms) .

3 The Galactic diffuse gamma-rays from unresolved rotation-powered pulsars

Recently, EGRET provided more detailed observation of the diffuse ¥-ray emission from the
Galactic plane. It has been found that the observed intensity exceeds the prediction of cosmic-ray
interaction model by as much as 60% above ~ 1 GeV!?) . In order to explain the observed ex-
cess, Hunter et al .!%] pointed out two possibilities (also see ref. [27]). The first is that the
Galactic cosmic-ray particles have a harder spectrum beyond 10 GeV than those observed in the
solar vicinity. However, Mori ) used the observed cosmic-ray proton flux to calculate the Galac-
tic diffuse Y-ray spectrum and concluded that the observed excess above ~ 1 GeV cannot be ex-
plained by revising the models of cosmic-ray interaction with interstellar matter. The second is
that the unresolved Y-ray point sources in the Galaxy may contribute their Y-rays to the Galactic
diffuse Y-rays. In this section, we consider the second possibility .

The unresolved Y-ray pulsars are those whose Y-ray fluxes are less than the threshold. Using
the period, magnetic field strength and distance for each unresolved Y-ray pulsar in our Monte
Carlo sample, the diffuse y-ray differential spectrum from the ith unresolved y-ray pulsar can be
calculated by F;(E,) = (1/AQd%) (d*N,/dE,dt), where d*N,/dE,dt is given by eq. (6).

The total spectrum which is the superposition of all unresolved 7-ray pulsar’ s spectra in our

Monte Carlo sample is given by F,...(Ey) = Zin: . F,(E,), where n is the sample number.

The spectrum will contribute to the differential spectrum of Galactic diffuse ¥-ray.

From our view, the Galactic diffuse Y-rays come mainly from the interaction of cosmic-ray
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with interstellar matter and the Galactic unresolved Y-ray pulsars. The total spectrum, F,, of the
Galactic diffuse Y-rays can be expressed as

E(Ey) = Fer(Ey) + Foaa(Ey), (10)
where F (g is the spectrum produced by the interaction of cosmic rays with the interstellar matter
given by Mori®! . In comparison of model predictions with the observed data, we will use the
product of Mori’s model prediction in which the cosmic-ray proton spectrum is the median proton
spectrum and a parameter c1 as the F¢g. For the spectrum produced by the unresolved y-ray pul-
sars, we only consider the unresolved pulsars in the region of |51 <10° and 300° < [ <60° and
assume that x_;,, =0.51, 2, =2.1 and AQ = 2.0 are the same for all unresolved Y-ray pul-
sars. Then we calculate the spectrum for a fixed Nysio0fy -

107 F In fig. 3, we show the comparisons of the

E model predictions with the observed data, where
,—'; f Nxsioofy = 1 has been used. The XZ test for com-
T paring the model result (solid curve) with the ob-
‘Né 107 _ served data gives 2.5 per degree of freedom for 29
E / Ay observed data when ¢l =0.94. We believe that
5 i such y” value should be acceptable. In fig. 3,
cvcnsd v v vl we also show the model results in which the maxi-

10! 10 10° 10* 10°

E,/MeV mal ( short-dashed curve) and minimal (long-

dashed curve ) proton spectra given by Mori
Fig. 3. The diffuse Y-ray differential spectrum, multiplied

by E%, of the Galactic plane. Data are the EGRET observa- .
. the observed data except for one in the energy
tions averaged over 300° < [ < 60° and | b| < 10°. The model

predictions are also shown, which are obtained from eq. range from 30 GeV to 50 GeV are within model
(10) . The Y-ray spectrum from the unresolved pulsars with predictions. It can be seen that the unresolved

Nxsiafy = 1 has been calculated. The Y-ray spectra produced pylsars contribute very little to the diffuse Galactic
by the cosmic-ray interaction model in which median, mini-

(1997) are used respectively. It can be seen that

Y-ray emission at lower energies but they signifi-
mal and maximal proton fluxes are used are taken from

Mor™ . Solid curve: Fog (median p-flux) + Fous short- cantly contribute to the diffuse emission above 1

dashed curve: Feq (maximal p-fluix) + Foge long-dashed GeV. For example, the unresolved pulsars can

dotted curve: Fo account for ~50% of the observed intensity
11297,

curve: Feg (minimal p-flux) + Flu.;

(median p-flux) ; dot-dashed curve: F .. above 1 GeV for NNSIOOfy =1 in our mode
We have also applied this method to calculate the
duffuse Y-rays from LMC and SMC and found that the diffuse Y-ray flux is also dominated by the

contribution of pulsars for £, > 1 GeV!¥,

4 Conclusions

We have used our pulsar model to study the statistical properties of the ¥/X-ray pulsars.
Our results indicate that our model can successfully explain the X-ray and Y-ray emission from
spinpowered pulsars. It should be pointed out that some improvements are needed although some
successes of our model have been obtained, for example the details of pulsar magnetosphere and

phase emission characteristics of Y-ray pulsarsm] .
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