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ABSTRACT

Unresolved pulsars can produce a significant fraction of the total galactic y-ray emission at ener-
gies greater than 100 MeV. Thus the observed variation of the y-ray emission with galactic longitude
can be understood without requiring a spatial variation of the cosmic-ray intensity in the Galaxy.

Subject headings: cosmic rays: general — galaxies: structure — gamma rays: general

I. INTRODUCTION

High-energy (> 100 MeV) y-ray observations (Fich-
tel ef al. 1975) show a greater intensity variation with
galactic longitude than would be expected from the
decay of neutral pions produced by cosmic-ray inter-
actions with the interstellar gas, using current madels
of the atomic and molecular gas distribution and assum-
ing a uniform cosmic-ray intensity throughout the
Galaxy. Thus it has been suggested (e.g., Bignami ef al.
1975; Stecker ef al. 1975) that the observations require
an increased cosmic-ray intensity in regions of higher

gas density and thus provide evidence of a galactic’

origin of cosmic rays. The alternative possibility that
most of the observed v-ray emission was produced by
X-ray sources (Ogelman 1969) or by cosmic rays in the
remnant nebulae of supernovae (Hayakawa and Tanaka
1970) has been considered but observational limits on
y-ray emission from these sources are much lower than
that required.

The SAS-2 observations (Kniffen et al. 1974; Thomp-
son ¢t al. 1975) do, however, show that the enhanced
emission from the direction of the Crab and Vela super-
nova remnants is predominantly pulsed, indicating that
this emission comes directly from the remnant pulsars.
This suggests that the direct contribution of pulsars to
the galactic y-ray emission should also be considered.

In this Letter we show that unresolved short-period
pulsars could in fact produce a significant fraction of the
galactic y-ray emission at energies >100 MeV. We
therefore find that the observed variation of the high-
energy v-ray emission with galactic longitude does not
require a variation in cosmic-ray intensity and thus
does not provide evidence of a galactic origin of cosmic
rays.

II. GALACTIC GAMMA-RAY EMISSION
Before considering the pulsar contribution, we re-
calculate the cosmic-ray contribution using the more
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recent atomic and molecular hydrogen distributions of
Gordon and Burton (1976), which are based on a re-
evaluation of the 21 cm emission, considering the effects
of saturation, and on extensive CO observations in the
Galaxy.

Assuming a uniform cosmic-ray intensity throughout
the Galaxy and an interstellar gas density #(l, b, 7) as
a function of galactic longitude, latitude b, and distance
7, the differential 4-ray intensity per radian of longitude,
dI/dl, is given by

al
7= ir fcism oS drn(l, b, 1),

(1)
where g is the yield of y-rays produced by cosmic-ray
interactions with the interstellar gas. The y-ray yield
g = 1.6 X 107%~(>100 MeV) s '(H atom)™! (Higdon
1974) is principally from pion decay, but electron
bremsstrahlung is also important.

The contributions to the y-ray intensity df/dl from
cosmic-ray interactions with atomic (H 1) and molecular
hydrogen (Hs) were calculated separately and are shown
in Figure 1, together with the SAS-2 observations (Fich-
tel ef al. 1975) of the variation of high-energy (>100
MeV) vy-ray emission as a function of galactic longitude.

As can be seen, in the direction 80° < ! < 260° the
emission is consistent with that expected from this
model. Note that the molecular hydrogen contribution
as shown is only the spatially averaged value which
ignores small-scale longitudinal wvariations resulting
from the concentration of molecular hydrogen in a rela-
tively small number of dense clouds. However, the
observed longitudinal variation of the galactic emission
between 270° < I < 80° cannot be accounted for by
pion decay and bremsstrahlung y-rays from cosmic-ray
interactions with the interstellar gas assuming a uniform
cosmic-ray intensity throughout the Galaxy, as was
shown for similar distributions by Bignami et el. (1975)
and Stecker ef al. (1975).

What had been neglected, however, in previous
studies was the contribution of unresolved pulsars to
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F16. 1.—Gamma-ray intensity for energies > 100 MeV, averaged over 5° intervals in galactic longitude /, and +10° of latitude centered
on the galactic equatorial plane (Fichtel ef l. 1975). The shaded area is the diffuse extragalactic component of 6 X 107¢ y-rays cm™2 rad—}
s~%. Also shown are the calculated emissions expected from cosmic-ray interactions with atomic hydrogen (solid curve), from this plus cosmic-
ray interactions with molecular hydrogen (dashed curve), and from both of these plus pulsed vy-ray emission from pulsars (dotted curve).
The calculated values for the latter two contributions are only spatially and temporally averaged values, and the expected present emission
should show small-scale longitudinal variations because of the finite number of pulsars and molecular hydrogen clouds.

the v-ray emission at 270° < 7 < 80°, even though the
important contribution of the Crab and Vela pulsars to
the emission at other longitudes has been clearly
recognized.

III. GAMMA-RAY EMISSION FROM PULSARS

The ~-ray emission from the Crab pulsar (PSR
05314-21) at a galactic longitude of 185° and the Vela
pulsar (PSR 0833 —45) at 264° are conspicuous features
of the galactic y-ray emission (Fig. 1). The bulk of the
emission from these two sources is pulsed. The observed
pulsed v-ray intensity at energies > 100 MeV from the
Crab pulsar (Kniffen ef al. 1974) is 2.2 X 1078y cm™2
s7! and from the Vela pulsar (Thompson e al. 1975;
Bennett et al. 1976) is apparently variable between
4.5 X 1075 and 1.0 X 1075y cm 25 L

Of particular significance to this discussion is the fact
that the pulsed emission from these two sources alone
contributes 20 percent of the total y-ray emission from
the galactic disk in the longitude interval 80° < I <
270°. The importance of these two resolved pulsars
clearly suggests that other as yet unresolved pulsars
may also make a significant contribution to the galactic
y-ray emission, especially in the region 270° < [ < 80°,
Tentative identifications of two radio pulsars PSR
1747—46 and PSR 1818—04 as pulsed vy-ray emitters
have recently been reported in this region (Ogelman
et al. 1976).

To estimate the total contribution of pulsars to the
galactic y-ray emission we must first estimate how the
high-energy v-ray luminosity of a pulsar varies with
age and how the pulsars are distributed in both age and
distance in the Galaxy. The pulsed y-ray luminosities
determined from the SAS-2 observations of the Crab
pulsar at a distance of 2 kpc and the Vela pulsar at
0.46 kpc are ~1.0 X 10%%y(>100 MeV)s™! and ~1
to 2 X 10%f4(>100 MeV) s71, respectively, where f is
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the fraction of the 4x sr solid angle swept out by the
pulsar emission beam. This fraction f is also the prob-
ability of observing the pulsar from an arbitrary
direction.

In view of the uncertainty in the mechanism of y-ray
emission, we simply assume that the y-ray luminosity
of a pulsar as a function of its age, L(#), is proportional
to its rate of rotational energy loss, dW/dt. Then
differentiating the rotational energy with respect to the
rotation period P, we see that

L(t) « dW/di « P-3dP/dt.

This is quite similar to the P~3*d P/dt dependence of
the y-ray luminosity derived by Sturrock (1971), if we
assume a predominantly dipole radiation loss for the
pulsar so that dP/dt « P7'. Since the maximum lumi-
nosity is associated with the shortest periods, an ex-
ponent of —3 is a more conservative estimate.

We thus define

L(t) = fL,P~%dP/dt, (2)
where L, is the normalization constant for the par-
ticular pulsar. For the Crab pulsar, which has an ob-
served luminosity of ~1.0 X 10%%f(> 100 MeV) s7%,
a period of 0.0331s, and dP/dt of 423 X 10713, L, =
9 X 10%y(>100 MeV) s?; while for the Vela pulsar,
taking a luminosity of ~2.0 X 10%¥fy(>100 MeV) 57!
a period of 0.0892 s, and dP/dt of 1.25 X 1073, L, =
1.2 X 10%y(>100 MeV) s Even higher values for L,
could be expected from the tentatively identified pulsars
PSR 1747 —-46 and PSR 1818 —04, but because of un-
certainties in their identification and distances we will
not consider them in this calculation.

Recent observations (Hulse and Taylor 1974, 1975)
of the spatial distribution of pulsars in the longitude
ranges 170° < ! < 210° and 35° <! < 75° show that
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| they are much more numerous in the inner part of the
Galaxy than in the outer part. These observations show

i3 a markedly reduced density of pulsars at distances

greater than 8-10kpc from the galactic center. Al-
though the entire radial distribution of the pulsar
population is not known, qualitatively similar distribu-
tions within the observational uncertainties have been
found for supernova remnants (e.g., Ilovaisky and
Lequeux 1972) and carbon monoxide (Burton ef al.
1975). Since the CO distribution is the best determined,
we assume that the spatial distribution of pulsars in the
Galaxy is proportional to that of CO molecules.
Assuming that the pulsar density distribution, D(!,
b,7), normalized to a volume integral of unity, is propor-
tional to the CO density distribution of Gordon and
Burton (1976), we calculate the total y-ray emission
from pulsars. We define the rate of pulsar formation in
the galaxy as 1/7,, where 7, is the mean time between
formation of pulsars. We thus replace the product of
the vy-ray emissivity and the gas density in equation
(1) by the corresponding function for pulsar sources,

n(l, b, r) — TL S LD, b, 7)dt .
s o

Using L(2) from equation (2), and noting that P = P,
at ¢ = 0, we obtain

qn(l, b, 7) __)i{‘**D_q('M J;D P3dp

FL DU, b, 7)
= —*Z—TST ) 3)

where fL,/27. Py is the total pulsar y-ray luminosity
in the Galaxy.

We find that the difference between the observed
v-ray emission in the longitude range 270° < I < 80°
and that expected from cosmic-ray interactions with
the gas can be accounted for by pulsar emission, if the
total galactic y-ray pulsar luminosity is ~4 X 104y
(>100 MeV) s™%. This is about half the galactic lumi-
nosity produced by cosmic-ray interactions. The longi-
tudinal distribution of the combined y-ray emission
from pulsars and cosmic-ray interactions with the gas
is shown as the dotted curve in Figure 1. The calculated
emission from the pulsars represents only spatially and
temporally averaged values, since the expected emission
should come from a relatively small number of sources.
The Crab and Vela pulsars are presently emitting
roughly half of the time-averaged emission predicted
within the longitude range 80° < I < 270°.

The required galactic luminosity of fL, /27, P2 ~ 4 X
1089 (>100 MeV) 571 is quite consistent with current
estimates of the initial periods and birthrates of pulsars.
The range of L, = (0.9-12) X 104y(>100 MeV) s2,
deduced from the Crab and Vela pulsars, gives a range
of 7,Po?/f ~ (1-15) X 105573, Probably the best de-
termination of f is that of Roberts (1976), who finds f =
0.25, based on the analysis of the radio pulsar periods
and pulse widths. Since the vy-ray pulse widths for the
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Vela and Crab pulsars are comparable to their radio
pulse widths (Bennett ef al. 1976), we would also expect
this value of f to hold for y-ray emission. Assuming the
same detection probability f, Gunu and Ostriker (1970)
and Seiradakis (1976) estimate the galactic pulsar birth-
rate 75! to be one every 25 to 30 yr. Using an f of 0.25
and 7, of 30 yr, the above range of 7,P%/f gives a range
of 0.005 < P, < 0.02s. This is almost identical to
0.0055 < Py < 0.014 s estimated by Ruderman (1972).

Thus we see that the difference between the observed
high-energy emission at 270° < / < 80° and that ex-
pected from cosmic-ray interactions with the gas could
simply be the result of the combined emission of all
pulsars, if their average Py and L, lie anywhere between
the limiting combinations of an Z, comparable to that
of the Vela pulsar with P, of 0,020 s and an L, com-
parable to that of Crab pulsar with P, of 0.005 s. In the
first limit we see that the bulk (90%,) of the y-ray emis-
sion would come from those pulsars with periods less
than or equal to two-thirds that of the Vela pulsar. If
pulsar ages are proportional to P2, these pulsars would
have ages <5500 yr, and thus there should be nearly
200 such pulsars in the Galaxy. About 50 cf these
should be observable from the Earth for f = 0.25. Of
these roughly 40 should lie between 270° < I < 80°,
and be the principal contributors to the emission from
that region.

At the other extreme, if the characteristic luminosity
of most pulsars is like that of the Crab pulsar and Py =
0.005 s, then the bulk of their v-ray emission comes
from those pulsars with periods less than or equal to
half that of the Crab pulsar. Such pulsars should have
ages <230 yr, and thus we would expect only about
eight in the Galaxy. Although most of these would lie
between 270° < I < 80°, only a quarter of them would
be observable at the Earth, and thus only a couple of
pulsars would be the principal contributors to the ap-
parent excess emission. This latter extreme is clearly
ruled out by the wide longitudinal distribution of the
observed emission. But all possibilities with L, at least
twice that of the Crab pulsar, which would permit half
a dozen or more pulsars to contribute to the bulk of
the emission excess, are quite compatible with the ob-
servations. The observed small-scale variations of the
intensity with longitude within the range 270° < I <
80° may not be entirely statistical but may in fact
result from the emission of the few strongest pulsar
sources, as is the case with the Crab and Vela pulsars
at other longitudes.

IV, CONCLUSION

We have shown that short-period pulsars, emitting
pulsed high-energy y-rays with luminosities comparable
to that observed from the Crab and Vela pulsars, are
expected to produce a substantial fraction of the ob- -
served galactic y-ray emission at energies >100 MeV.
Only a few such pulsars have been detected at radio
frequencies because of observational difficulties. At
present only the y-ray emission from the Crab and
Vela pulsars has been unambiguously resolved, but
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further observation with greater angular and temporal
sensitivity should be capable of resolving y-ray emission
from as yet undiscovered pulsars. Since variations in -
ray emission on time scales of the order of a year are
observed (Greisen ef al. 1975; Bennett e al. 1976) from
the Crab and Vela pulsars, significant time variations
may also be expected in the galactic y-ray emission from
the region 270° < 1 < 80°.

Finally, when the contribution of the pulsars to the

HIGDON AND LINGENFELTER

galactic y-ray emission is considered, the observed
longitudinal dependence does not necessarily require
any spatial variation of the cosmic-ray density. Thus
until the contribution of discrete sources is fully under-
stood, the longitudinal variation of the y-ray emission
cannot be regarded as evidence of either large-scale
cosmic-ray gradients in the Galaxy or a galactic origin
of cosmic rays. Clearly, more sensitive observations are
required.

REFERENCES

Bennett, K., Bignami, G. F., Boella, G., Buccheri, R., Burger,
J. J., Cuccia, A., Hermsen, W., Higdon, J. Kanbach, G., Koch,
L., Lichti, G. G., Masnou, J., Mayer-Hasselwander, H. A,,
Paul, J. A., Scarsi, L., Shukla, P. G., Swanenburg, B. N,
Taylor, B. G., Wills, R. D. 1976, International Gamma Ray
Symposium on the Siructure and Content of the Galaexy and
Galactic Gamma Rays, in press.

Bignami, G. F., Fichtel, C. E., Kniffen, D. A., and Thompson, D.
J. 1975, Ap. J., 199, 54.

Burton, W. B., Gordon, M. A_, Bania, T. M., and Lockman, F. J.
1975, Ap. J., 202, 30.

Fichtel, C. E., Hartman, R. C., Kniffen, D. A., Thompson, D. |,
Bignami, G. F., Ogelman, H., Ozel, M. E., and Tiimer, T. 1975,
Ap. J., 198, 163.

Gordon, M. A., and Burton, W. B. 1976, 4p. J., in press.

Greisen, K., Ball, S. E., Jr., Campbell, M., Gilman, D., Strickman,
M., McBreen, B., and Koch, D. 1975, 4p. J., 197, 471.

Gunn, J. E., and Ostriker, J. P. 1970, Ap. J., 160, 979.

Hayakawa, S., and Tanaka, Y. 1970, in Non-Solar X- and Gamma-
Ray Astronomy, (Dordrecht: Reidel), p. 374.

Higdon, J. C. 1974, unpublished Ph.D. dissertation, University of
California, Los Angeles.

Hulse, R. A., and Taylor, J. H. 1974, Ap. J. (Leiters), 191, L59.

. 1975, ibid., 201, L55.

Tlovaisky, S. A., and Lequeux, J. 1972, Asir. and 4., 18, 169.

Kniffen, D. A, Hartman, R. C., Thompson, D. J., Bignami, G. F.,
Fightel, C. E., Tiimer, T., and Ogelman, H. 1974, Nasure, 251,
397.

Ogelman, H. 1969, Nature, 221, 753.

Ogelman, H., Fichtel, C. E., Kniffen, D. A., and Thompson, D. J.
1976, Nasa Preprint X-662-76-51.

Roberts, D. H. 1976, Ap. J. (Leiters), 205, L29.

Ruderman, M. 1972, Ann. Rev. Astr. and Ap., 10, 427,

Seiradakis, J. H. 1976, International Gamma Ray Symposium on
the Structure and Content of the Galaxy and Galactic Gamma Rays,
in press.

Stecker, F. W., Solomon, P. M., Scoville, N. Z., and Ryter, C. E.
1975, 4. 7., 201, 90.

Sturrock, P. A. 1971, 4p. J., 164, 529, "

Thompson, D. J., Fichtel, C. E., Kniffen, D. A., and Ogelman,
H. B. 1975, Ap. J. (Letters), 200, L79.

J. C. Hicpon: Cosmic Ray Working Group, Huygens Laboratory, Leiden, The Netherlands

R. E. LINGENFELTER: University of California, Department of Astronomy, Los Angeles, CA 90024

© American Astronomical Society ¢ Provided by the NASA Astrophysics Data System


http://adsabs.harvard.edu/cgi-bin/nph-bib_query?1976ApJ...208L.107H&amp;db_key=AST

