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ABSTRACY

The genaral chavacteristics of pulsar Y=-ray spectra are presented for
a model where the y~raya are produced by curvature rvadiation from ensrgetic
particles abovae the polar cap and attenuated by pair production. The shape
of the spectrum is found to depend on pulsar pariod, magnetic field strength,
anrd primary particle energy. By a comparison of numarically calculated
gpectra with the observed spectra of the Crab and Vela pulsaxs, it is
determined that primary particles must be accelerated to energies of =~ 3x107
mcz. A general formula for pulsar Y-ray luminosity is determined and is
found to depend on period and fileld strength. The Y-ray efficiency scales

1.8

with characteristic age as T up to T ~ 3-6x107 yr., where there may ba a

turnoff in the Y-ray emiasion.
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I, INTRODUCTION

High enexgy pulsed Y-ray emission from the two shortest period radio
pulsars is now well established observationally. The Crab and Vela pulsars
have been studied extensively in the last few years by SAS2 (Kniffen et al.
1974, Thompson et al, 1975) and by COSB (Bennett et al. 1977) at energiles
above 30 MeV, The Y-ray emission from these pulsars ic = much higher fraction
of the total energy loss rate than the radio emission and, therefore, must
play a major role in the radiation mechanism. The energy spectra of the
Crab and Vela have recently been reanalyzed in the range 50 MeV-2 GeV from
COSB data (Lichti et al., 1980), and they fit steep power lawy with slopes of
~2.17 and ~1.89,%

Although only a small fraction of the 328 known radio pulsars hava
been detected in the Y-ray range, it is possible that many of these pulsars |
are emitting pulsed Y-rays below the present detectability limits. If y-ray
emission is a general characteristic, an important question is whether the
production mechanism is the same for all pulsars. The similar pulse shapes
and spectra of the Crab and Vela argue strongly in favor of a single mechanism

for these two pulsars, though thelr properties are quite different at other

energlies. From a theoretical point of view, it is essential to try to establish

the characteristics of pulsar y-ray emission in specific models for the whole
range of pulsar parameters such as period and magnetic field strength. When
Y-ray data on other pulsars becomes available from more sensitive detectors,

it may then be pogsible to use these characteristics as a test of certain

models for Y-ray pulsars as a class.

t

Detection of pulsed emission from PSR1747-46 has also been reported

(Bgelman et al. 1976, Thompson et al. 1976), but this result is now in question
because of a recent radio timing observation (Newton et al, 1980) which

measured a much lower period derivative than was used to determine the Y~-ray

light curve,
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It is the purpose of this paper to outline some observable charac-
teristics of pulsar Y-ray emission in a particular model and to determine
a general luminosity formula which is a function of pulsar parameters.
This model assumes that the Y-vay emission above 100 MeV is produced by
primary particles undexgoing curvature radlation in the maguetic field
above thae pulsar polaxr cap. These particles have been accelerated along
field lines by the intense electric fields induced by rotation. Because
of the extramely high energles to which the particles are accelerated
(Sturrock 1971; Ruderman and Sutheriand 1375; Scharlemaun, Arvons and Fawley
1978), their curvature radiation spectrum extends well into the Y-ray range.
The most important attenuation mechanism affecting these Y-rays is magnetic

field induced pair production, which becomes important around 500 MeV,

The details of this model were presented in an earlier paper (Harding,
Tademaru and Esposito 1978, hereafter referred to as Paper I), in which
the Y-rays were traced from their emission points through the rotating
magnetosphere and attenuated by pair production. Optical depths, pulse
shapes, and spectra were calculated in the case where the emitting
primary particles are monoenergetic. It was found that pulsar rotation
increases the amount of pair production, primarily through the induced
electric field perpendicular to the magnetic fisld., The electric field
increases the pair production rate above the value it would have in a
pure magnetic field (Daugherty and Lerche 1975). As a vesult, high
energy Y-rays are more severely attenuated in short peried pulsars., Salvati
and Massaro (1978) obtained similar results using the same type of model, but

including some synchrotron radiation from secondary pairs.
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This paper assumes a monoenergetic injection spectrum of primardes and
takes into account the energy loss of the particles as they radiate (§ II).
This produces steeper Y~ray spectra than those calculated in Paper I for
constant primary particle energy. Numerically calculated spectra for various
pulsar parameters and primary particle energies are presented in § III and
are compared to the COSB spectra of the Crab and Vela. In § IV, the
devendence of Y-ray luminosity on period and magnetic field strength is
derived from the integrated spectra. A prediction of the dependence of

efficiency on characteristic age is also discussed.

II. CURVATURE RADIATION SPECTRUM

Paper I describes the basic assumptions and approximations of the
model and also the numerical technique used to calculate the pair production
rate as the photons move out from their emission points, The emission
spectrum here differs f£rom that described in Paper I in that it allows for
energy loss by the emitting particles as they move out from the accelerating
region. The calculation does not deal with the specifics of the acceleration
mechanism but rather assumes that the particles somehow reach highly

relativistic energies near the star,

Several methods of particle acceleration above the polar cap have
been discussed (Ruderman and Sutherland 1975; Scharlemann Arons and Fawley
1978; Arons and Scharlemann 1979) as well as acceleration in the outer
magnetosphere (Cheng, Ruderman, and Sutherland 1976). These studies determine

the energy, Yo’ to which the particles are accelerated as a function of
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period P, magnetic field strength Bo» and radius of curvatuve, Rc' of the

field lines., It is found that, while very large electric fields can be induced
along the B field lines, acceleration is basically limited by pair production

discharges which short out the E fields As a raesult of these competing
processes each of which depend on P and Bo' the net potential drop has only a
weak dependence on these paiamecers, In this calculation, we will simply

assume that Y _ does not depend either on P or B .
o 0

We assume that a monoenergetic beam of primary particles of enexgy Yo
is injected uniformly over the polar cap and moves out along dipole field

lines. As the particles radiate, they will be losing energy at a rata,

dy p] & e a <4
GQF) - G) v Q)
Iatcutv. 3 .‘%‘?3 R(:

where Rc‘~ §-§-1s the magnetic field line radius of curvature for a dipole

field. The equilibrium distribution of particles at (r,8) will be,

N a
N(Y,r,8) = '(3‘]‘,(7%/‘6“‘59:““ (‘;‘9’ ’ TS Ymax (rpe) (2)

whereymax (r,8) is the maximum particle energy at (r,0), obtained by

integrating the expression for (d)‘/dt:)curv along a field line:

13

a
- SBEaEy v 43 (3)
Ymax (F8) = ¥, [3.16x 107 = 1n(;;) Y, + 1
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No is the density of primary particles at the stellar surface, L emexrging
from the acseleration zone. Since we are ignoring the details of the

acceleration, we simply assume that No is proportional to the corotation

charge density:

NPc _nB _ 10 =1 -3
No = " Trec 7x10™" n P 312 cm (4)

12

where B12 is the surface magnetic field in units of 10™° gauss., The emission

coefficient at point (r,0) will therefore be

. Y
s (w, r, 8) _\ryﬁ

N (Y, T, §) P (W) dY (5)
max (r,0) _

where

p(w).!{é. Ei.‘_’. 7(..‘_”.)‘['“;( (x) dx
21 ¢ R W w 5/3 ‘
c c =

I R NP Y
AR R

3

3
w =3 ¥ 6)

oo

(Jackson 1962) js the instantaneous power emitted per electron and w, is
the critical frequency, above which the spectrum cuts off. The upper

integration limit in equation (5), Y_, is the lowest particle energy which

f
can produce photons of frequency w, or
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Performing the integration in equation (5), we find,

" kU s - 2 Re 1/a ro. 3 1/a [ c =1 1 1 ] L N N
G(‘Pp v, ) = 7 LUl No me (-é~) (T) W 4 'R-c w "y -‘;& arg s = Mz “cm
max

(7)

This is the energy spectrum radiated by primary partieles in a volume
element of the magnetosphere. The radiation will be highly beamed in a
direction tangent to the field lines, and emission points are chosen so
that photons in a given part of the pulse arrive at a stationary observer
simultaneously. The datermination of emission points and the subsequent
attenuation of the radiation by pair production has been detailed in Paper
I. Since the secondary pairs are produced at an angle to the field, they
will lose most of their energy by synchrotron radiation. While this
radiation may contribute to the Y-ray spectrum, the contribution above
100 MeV will come from the high energy tail of the steep primary spectrum.
We assume that this is a small effect, though it has not been fully determined,

and neglect the radiztion from secondary piarticles in the present calculation.
III., CALCULATED SPECTRA
Spectral points are calculated in this model by integrating the intensity
at a given photon energy across the pulse profile. The free parameters

determining the shape and magnitude of the spectrum are the period P, the

surface magnetic field strength B » the initial primary particle energy Yo»
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and number density n, The angle between the magnetic field and spin axes is
taken to be 90° in all calculations, with the observer's line of sight passing

through the magnetic pole.

For given values of P and Bo. 70 uniquely determines the shape of the
spectrum and n determines the normalization., Figures 1, 2, and 3 show
calculated spectra for n = 1 and various values of Bo. Y, and P, The value
of Yo clearly has a large effect on the curvature radiation cutoff which
is in part responsible for the turnover in the spectrum at high energies.
Pair production also steepens the high energy part of the spectrum and
depends on both P and Bn’ The effect of P can be seen by comparing the
shapes of the spectra shown in each ?1gure, which are calculated for the
same values of B, and Yo’ The spectra steepen at lower energies for shorter
period pulsars as a result of the higher pair production rates caused by
rotation, Increasing Bo also increases pair production and, therefore,
ulso hag a steepening effect on the spectrum. The spectra for P = ,089 s.
in Figures 1 and 2 are nearly identical in shape to the spectra obtained by
Salvati and Massaro (1978) in their Figures 4a and 4b for B = lo‘éwéluss.
Since they have included a contribution fxom secondary pairs and our calcula=-

tions have not, it appears that the secondary pairs do not contribute

significantly to the spectrum abovre 100 MeV,

If a value Bo = 1012 gauss 1s agsumed, then the best fit spectrum to

the COSB data points for the Crab with P = ,033 s. is the one having

L 3x107 and requires that n = 1.2 x;103 for normalization at 100 MeV (assuming

a distance of 2 kpe.) A lower value of Yo will fall below the high erergy
points. These same values for Vg 0 and Bo, but with P = ,089 s, also

fit the spectral points for Vela quite well (assuming a distance of 0.5 kpc.)
These spectra and their fits to the data are shown in Figure 4. The fact

that both the Crab and Vela spectra can be fit with the same value of Y
0
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strongly supports the prediction of acceleration theories that the particle
enexgy depends only weakly, if at all, on the pulsar period, It als, indicates
that, in order to account for the highest energy y-radiacion from these pulsars,

the acceleration mechanism must be capable of producing particles with 70 »
3x107,nnd purticle densities n ~ 10% times the corotation charge density, Energies
this high are not acheived in the present models for acceleration above the polar
cap where potentials only reach ».1012 volts, though particle densities of this

*

magnitude are, Possibly, the highest energy particles zre accelerated, or reac-

celerated, in outer gaps where potentials can reach ~»101“ volts (Cheng, Ruderman

and Sutherland 1976), As we hava found in Paper I, high enexgy photons which are
observed must actually ba pradised further out in the magnetosphere where the

ontical deoths are lower, aod the field line curviture is greater.

*

IV. y=-RAY LUMINOSITY

The calculated spectra have been integrated for a range of pulsar periods
and magnetic field strengtha to obtain the dependence of Y-ray luminosity on
these parameters., A fit to the numerically integrated spectra gives an

expression for the luminosity above 100 MeV, normalized to the Crab with
38

L, (> 100 MeV) = 1.4 x 10°" photon s=1 and By, = 3.8,

L, (> 100 Mev) = 1.2 x 10% ;5% p=1.7 photins &=L (8)

where B12 is in units of 1012 gauss. This formula gives Ly (> 100 MeV) =
2.3 x,1037 s-1 for the parameters of Vela (812 = 3,4, P = ,089 s), which
is in good agreement with the observed value 2.4 x 1037 s™1 (Lichti et al. 1980). *ﬁ
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Without considering the attenuation due to pair production, one would
expest in this type of model that

L, €Y, N, 7 r§ c, 9)

y

where rp is the polar cap radius, If 70 is independent of P and Bo' as we

1l % -2
, and r? -, (1} ro/c)% = I"&, then LY «B, P,

have assumed, N_ = BDP"
The departures from this dependence in equation (8) therefore result from
the inclusion of pair production attenuation. Since pair production is
greater in shorter period pulsars, theilr luminosities are decreased relative

to longer period pulsars.

Luminosities and fluxes for other pulsars can be predicted from equation

(8). The magnetic field strength is usually estimated from the amount of

radiation reaction torque implied by the valuwe of the period derivative, P

(Ostriker and Gunn 1969)

19 (I/r°6 )% (r é)% gauss, (10)

=~ 3,2
Bo 3.2 % 10 109 8 cem~

While it is reasonable to assume that all neutron stars have comparable
masses, and therefore similur moments of inertia, I, and radii, o it is
also possible that the range of observed Pé indicates a range of neutron
star massgs. In other words, it is possible that the value of Bo is the
same for all pulsars. However, observational determinations of the masses
of neutron stars in orbit around binary companions (Rappaport and Joss 1979,

Taylor et. al. 1979) have all been consistent with 1.4 * 0.2 MO’ which seems
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to suggest a very small mass range. The observed values of PP also give
a reasonable range for B, (2 x 1010 -2x 1013 gauss) 1f a constant value

of I/r°6 is assumed,

For pulsars with measured values of P, the estimates of Bo, asguming

2

canonical values of I = 1045 g cm” and v, ,106 cm, are used in deriving

the luminosity, For all other pulsars, a value of Bo = 1012

gauss ia

assumed, The pulsars with the highest predicted Yy-ray fluxes are listed

in Table 1 with tneir luminosities and other measured parameters from
Manchester and Taylor (1980). Most of these have fluxes well below those

of the Crab (PSR 0531 + 21) and Vela (PSR 0833-45), but a few have comparable
predicted fluxes. Eight are above the point source detectability limit of
COSB, but all are either outside the latitude range of the search or near

the galactic center where the diffuse background is high., All of the pulsars
in Table 1 with previously reported period derivatives have been searched for
pulsed Y~ray emission by SAS2 and COSB. The predicted fluxes for PSR 0950 + 08,
PSR 1642-03, PSR 1706=-16 and PSR 192% + 10 exceed the flux upper limits reported
by SAS2 (Ogelman et al. 1976), but by no more than a factor of 3. This is not
a serious discrepancy, considering that the errors in the SAS2 limits are of

the same magnitude.

Pulsar Y-ray efficiency is defined as the fraction of the total energy loss
rate which is vadiated in Y-rays. From equation (8) and the expression for the

rotational energy loss rate,

dE _ , 2. P
g = 4 I;iergsl, (11)

the efficiency above 100 MeV will be

Ly (> 100 Mev) 2.0 x 10313“95 ple3 “
Ty = =ggraE = 12 3
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For constant moment of inertia, the efficlency can be expressed in

terms of the pulsar's characteristic age, T = % (P/P)é, using equatton (10):

ny = 4x10~14 ple3y1.8 (13)

where é is in units of 10"'15 s 8! and 7 s in years. For the two pulsars

with measured Y-ray luminosities, there seems to he an increase in efficiency

."'103

with age. Figure 5 shows that the quantity ﬂy P plotted against T for

these pulsars 1s consistent with a 71.8 dependence. Equation (13) predicts

that will exceed 1 above some characteristic age which is equal to ~ 3x107

0"15 8 8'1

le LX)
years for P ~ 1 » This suggests that the Y-ray emission meclianism
may turn off before this point since the efficiency cannot exceed 1. One
explanation for a Y~ray turnoff is that the primary particle energy, which
was assumed to be constant in deriving equation (13), begins detreasing
with increasing P at the point where the induced electric fields are no
longer shorted out by pair production. Beycud this point, the acceleration
grows wesaker, producing fewer and lower energy Y-rays, which also cannot
produce the particle-photon cascades necessary for the radio emission.

The fact that there are few radio pulsars (with measured values of é) which
bhave characteristic ages greater than ~ 3x107 years implies that the radio

emission also turns off around this value of T and may be the result of a

Y-ray turnoff.

These results on pulsar y-ray efficiency roughly agree with the estimate
of Buccherl et al. (1978) that ﬂ? @ T. They also have estimated y-ray fluxes
for 88 pulsars with measured values of é-and listed those considered to be
potentially observable. All of the pulsars in Table 1 do not appear in the
list of Buccheri et al. because many did not have measured values of é at
the time. They also chose a lower limit to the flux detectability of the
COSB satellite of 0.1 times the Crab flux and therefore included some pulsars

with lower predicted fluxes which do not appear in our 1list.

P
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V. DISCUSSION

Thia paper has iuvestigated the dependunce of pulaar y-ray spactra

and luminosities on tha pulsar paviod and magnetic fiald stwength dn a
modal whare tha Y=vays ara produced by curvatura radiacion from primarxy
particles, Data on tha Crab and Vala pulsars were usad to determine the
primary pavtiole energy and denaity, both of which rvut conatraints on
theories of particle acceleration in the wagnatosshare, Using thase
paramaters and tha calculated spactrea, wa have determined how Y-ray
Llumdnosdty ncales with tha quantities P and B for all othaexr pulsavs. A
formula has also baen devivad for the y=-vay effictency, which is found to

incrense with charvactevistic aga as Tl'a.

Ganaral Y=ray luminosity formulaa for pulsars inva baen darxdved by
other authors., Chang and Ruderman (1980) have estimatad, from considerations
of a large potential drop in thu outer wmagnatosphere, that LY'“ lebso niﬁ

-2 L gt gaveral hundrad MaV, Ayasli and Ogalman (1980) considar

P ey &
thias outer gap wodal and caleulata analytically the expacted spectrum and
Juminogity. Thay conclude that LY W:P"l B and that the Y-ray afficiency
scales aa 73/2. Thasa papers deal with a spacific model of particle
accelaration and include the effects of padr production only on tha gap
potential or in the form of a shavp enorgy cutoff, We have concentratad
hera on a detalled treatment of the palr production attenuation and fta
effects on tha shapa of the apectrum. The rasults ara basieally indepaendent
of the acealaration wachanism, given that ¥, 18 no more than weakly dependent
on pulsar parvamaters. While the derivaed dependence of the luminosity on
thasa parametery 18 gonaxally conaistent with tha pravious davivations, the

differances raflect the affects of palr production iun the magnatosphara.
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Futura instruments aboard the propoued Gamma Ray Obsarvvatory (GRO)
ghould ba capable of detacting wmany mova Y=vay pulsara, The number of
obasarvabla aources in a disk population with suvface dansity, NQ. at a

! gvan Juminosity, L, 18 N, (e SY) "} L, Nolsy’ whara S, 18 tha Y=ray

)o
flux abova 100 MaV. Asauming a mean pulsar paeriod of 0.3 s. and magnatde
£lald strangth B_ = 1012,&““38n L, ~ dx1090 gL With a local pulsar surface

» danaity off N = 500 kpc“a (Manchaster 1979), Ny > ST) m(:LxlD'SISY) photona
z - -? ) ; d
| 8 1em "¢ Tha numbar of obsarvable gources which are pulszra should ba of

owvdar 10 with tha limtting sensitivity of COSH and 100 with GRO. The numbex
which can be detacted as pulsad Y-way sources, howevar, is somawhat lasa,

as only a fraction of these will havae measured radio perdods and pexiod

? davivativas.

3 N

| The author would like to thank D. J. Thompson, R. Ramaty, ¥, W. Stecker,
‘ and ¥, C. Jones for useful discussions and suggeations, and P, R, Backus fon

aupplying data in advance off publication.
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FIGURE CAPTIONS

Figure l--Calculated spectra above 100 MaV for a magnatic field of 1012
gauss, initial primary particle energy of 1 x 107 and different

values of the pulsar period in seconds.

Figure 2-~Calculated spectra above 100 MeV for a magnetic field of 1_012 gauss,
initial primary particle energy of 3 x 107 and different valuss of

the pulsar period in seconds.

Figure 3-~Calculated spectra above 100 MeV for a magnetic field of 5 x 1012
gauss, initial primary particle energy of 3 x 10’ and different

values of the pulsar period in seconds.

Figure 4-~Fits of calculated spectra to observed spectra of the Crab and

Vela pulsars. Data points are from Lichti et al. 1980.

Figure 5--Gamma ray efficlency times the quantity (Pcrab/ P)l/3 plotted

against characteristic age.
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