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ABSTRACT

Data from the SAS-2 high energy (> 35 MeV) y-ray experiment have

been examined for pulsed emission from each of 75 radio pulsars which

were viewed by the instrument and which have sufficiently well

defined period and period derivative information from radio observations

to allow for y-ray periodicity searches. When y-ray arrival times were

converted to pulsar phase using the radio reference timing information,

two pulsars, PSR1747-46 and PSR 1818-04, showed positive effects, each

with a probability less than 10-4 of being a random fluctuation in the

data for that pulsar. These are in addition to PSR 0531+21 and PSR

0833-45, previously reported. The results of this study suggest that

y-ray astronomy has reached the detection threshold for y-ray pulsars

and that work in the near future should give important new information

on the nature of pulsars.

Subject headings: 7-rays, pulsars

*Work started while at NASA/Goddard Space Flight Center as a NAS-NRC
Senior Postdoctoral Research Associate
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I.

7.the unexpected discovery of radio pulsars by Hewish et al. (1968)

represented the beginning of an extensive search for these objects,

which has led to the detection of well over a hundred radio pulsars

whose periods range from about 0.03 sec. to several seconds. Rela-

tively shortly after this discovery, Gold (1968, 1969) proposed that

this radiation probably originated from a neutron star primarily on

the basis that no other theoretically known astronomical object could

possess such short and accurate periodicities as those observed. This

concept is now generally accepted,and the radiation in the radio region

is usually attributed to radiation from electrons in the very strong

magnetic fields. In spite of extensive searches in the optical and

X-ray energy ranges, only one of the known radio pulsars, PSR0531+21,

has been detected with certainty. Periodicities in the range of seconds

have also been observed for Can X-3 (Giaconni at al., 1971; Schreier at

al., 1972) and Her X-1 (Tananbaum et al., 1972), but the X-radiation

from these two sources is generally attributed to accretion onto a

compact object of a close binary pair. No radio pulsars have been

associated with these X-ray pulsars.

Surprisingly even though y-ray astronomy has just recently had

detectors with enough sensitivi y to obtain clear positive results on

celestial y-rays, two y-ray pulsars (E > 10 MeV) have already been

identified and both have radio counterparts. They are PSR0531+21 in

the Crab (Browning at al., 1971; Albats et al., 1972; McBreen at al.,

1973; and Kniffen et al., 1974) and PSR0833-45 in Vela (Albats at al.,
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i
1974; Thompson at al., 1975). There is a marked contrast between

these last two pulsars in that, whereas the pulsed luminosity ratio,

L(Crab)/L(Vela), above 100 MeV is only about 8, the pulsed optical

luminosity ratio is at least 5000 (Kristian, 1970; Chiu, Lynda, and

Maran, 1970; Lasker, Bracker, and Sea, 1972), Further, in the X-ray

energy range, the luminosity ratio is at least 80 (Fritz at al., 1971;

Harnden and Gorenstein, 1973) at about 1 keV, and at least 1000 for

the 1.5-10 keV energy range (Rappaport at al., 1974). PSR 0531+21,

being the newer pulsar, might be expected to be more likely to be

emitting at all frequencies as observed. These results suggest that, in

the case of Vela,there is a dominant high energy component 10 4 years

after the supernova. Thus, it is an interesting speculation that

pulsars may be a relatively important phenomenon in the y-ray range.

To pursue this possibility, a search has been made through the SAS-2

data for y-ray emission from pulsars. This investigation and its

results are described in the following paragraphs.

II. DATA ANALYSIS

The data from the SAS-2 7 -ray experiment telescope (Fichtel et al.,

1975) cover about 60% of the sky and 89% of the galactic plane for

7 -rays with energy greater than 35 Me V. In order to compare these

results with those of the radio region, the summaries of radio pulsar

data of Terzian (1975) and Taylor and I•tanchester (1975) have been used.

These lists contain 147 objects, 13 of which were not included in the

SAS-2 exposure. Of the remaining 134, it should be rited that none

I
j	 ,
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(with the exception of PSR 0531 +21 and PSR 0833-45) had a significant

flux (> ?;) purely on the basis of the time-averaged data without con-

sidering the pulsar phase distribution. To look for a correlation in

phase, the period,P,and the period derivative with respect to time,P,

must be well defined for the time of the SAS-2 exposure (November 19)

1972 to June 8, 1973) so that the phase may be compared with the arrival
i

times of the y-ray events, which are known to about +1 millisecond.

After eliminating a total of 59 radio pulsars because P and $ were not

well enough defined, there were 75 pulsars left to be examined. Two
i

of these were the already published pulsars PSR 0531 +21 and PSR 0833-45

(Kniffen at al., 1974; Thompson at al., 1975). For each of the remaining

pulsars, the y-ray events were selected with measured arrival directions

within an error circle which is a function of energy and is defined in

the previous 7-ray pulsar papers. SAS-2 viewed a given region of the

sky for approximately one week; however, in some cases, for example

PSR0833-45, the object of interest was in the field of view for more

than one week. The arrival time of each y-ray was converted to a

pulsar phase (relative to an arbitrary starting time, since the arrival

times of the radio pulses were generally unknown) using programs pre-

viously used for the Crab and Vela pulsars. The method used was to

correct the arrival time of the photon at the satellite to an arrival

time at the solar system barycent:er. Using the pulsar barycentric

period, the barycentric arrival times were converted into a phase plot.

From the work on the Crab and Vela pulsars, it is known that the phase

of any y-ray can be calculated with an error of the order of two



milliseconds, provided the radio reference information is known well

enough for the observing interval in question. The limited photon

statistics and long observing times make a general search of the y-ray

data for unknown cad short periodicities impractical. The resulting

phase distribution for the observed y-rays selected as described for

each radio pulsar location was then examined in bins of 0.05 period.

The uncertainty in the 7 -ray phase calculation can be estimated

from the uncertainties in the radio reference information. Unless the

pulsar is extremely strong compared to the general 7-ray background

(an unlikely occurrence since most of the pulsars lie on the galactic

plane where the 7-ray intensity is the greatest), a pulse may be

assumed to be unrecognizable if it drifts more than 0.1 period (two

bins) during the observation interval. The uncertainty in the period

arises from the combined uncertainties of the period determination

itself and the uncertainty in the period derivative extrapolated to the

epoch of the 7 -ray observations. Setting AN, the drift or error in

the phase distribution, equal to 0.1 gives a maximum time over which

the y-ray data can safely be summed in order to avoid "smearing" a

possible pulse. For some radio pulsars, the timing uncertainties were

large enough that this computed maximum folding time was shorter than

the SAS-2 observation period. For these cases, the SAS-2 data were

broken down and summed over smaller time increments.

In order to assign a level of statistical significance to the

observed phase distribution, certain assumptions have to be made since

the nature of the 7 -ray pulsation is not known. To illustrate this

point, whereas the 7-rays from the Crab pulsar follow the phase

5
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distribution seen at other wavelengths within the present limited

statistics, the phase distribution of the Vela pulsar is quite differer?

from that of the radio pulsar in that the y-ray distribution shows two

distinct peaks of about equal intensity about 0.4 period apart rather

than the single pulse at radio frequencies. Furthermore, the radio

pulse does not coincide with either y-ray pulse. Since there is no

clear a priori pulse profile, the approach used here was to apply first

a straightforward X2 test comparing the data in twenty phase bins to

that expected for a random distribution with the observed mean.

The results of the X2 analysis for the 73 pulsars are given in

Table I. The great majority of the surveyed pulsars gave X 2 values

clearly compatible with no signal. out of 73 pulsars, each with 19

degrees of freedom, even the two highest X2 values (46.82 for

PSR1747-46 and 37.97 for PSR1818-04) are not very improbable for a

sample of this size (9% and 45%). The X 2 test, however, does not distin-

guish between random fluctuations throughout the phase plot and a con-

centration of data in one or two strong peaks. Since a phase distri-

bution for a pulsar would probably contain no more than two peaks,

additional information is available beyond the simple X 
2
test. This

test, however, provides an initial screening process to select candidates

for a detectable pulsed flux.

Figure 1 shows the phase plots from the two pulsars which gave

the highest X2 values. Each of these pulsars shows a statistically-

significant excess at a level sufficiently high to warrant the claim

of a tentative positive result. In Figure la, the phase plot for
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PSR1818-04 contains 264 events, for an average of 13.2 events per bin.

The three bins between 0.55 and 0.70 phase contain 67 events. If

Gaus!ian statistics are used, the excess in these bins lies 4.4

standard deviations Above the average for all bins. Radio observations

from the same time frame as the SAS-2 observations (Reichley, 1975)

show that the peals does not coincide with the dispersion-corrected

radio pulse. The Poisson probability of finding a peak this large

at any random point in the phase diagram is about 4 x 10-5 or 3 x 10-3

for any one of 73 pulsars. Treating this as a positive result and using

the 17 bins away from the peal: as background yields an excess of 32.2

photons (or 5.5o above the background) associated with the source.

This corresponds to a pulsed 7-ray flux above 35 MeV of (2.0 +0.5) x

10 6 cm 2a-l.

In figure lb, 16 of the 79 events in the phase plot of PSR1747-46

lie in one bin. The Poisson probability of finding this peak in any

one of 20 bins is about 8 x 10-5 (equivalent to approximately 46), or

6 x 10-3 for any one of 73 pulsars. Treating this as a positive

result, the excess represents a pulsed y-ray flux above 35 MeV of

-6 -2 -1
(2.4 ±0.7)x 10 cm s 	 The events used in this analysis lie in a

cluster which stands about 2.9 standard deviations above the surrounding

region of the sky at the same galactic latitude. Details of the analysis

of this source have been discussed by Thompson et al. (1976). For both

PSR1818-04 and PSR1747-46, the pulsed flux levels represented by these

results are consistent with the time-averaged flux which would be

calculated for y-ray sources at these positions.
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Phase plots for the other four pulsars which had X2 values above

27 are shown in Figure 2. Although some peaks do appear in these

histograms, none of them are statistically significant. These pulsars

do, however, repreaent interesting candidates for future studies of

7-ray pulsars.

For each of the remaining pulsars, a 2a upper limit to the pulsed

y-ray flux above 35 MeV was calculated based on the highest single peak

in the phase plot. These upper limits might be somewhat underestimated

in some cases, for example, for a pulsar with both a pulse and an

interpulse. From the 7-ray flux upper limit, a y-ray luminosity upper

limit for each pulsar was then calculated based on the distance

estimates of Taylor and Manchester (1975) which follow thL nethod

developed by Prentice and ter Haar (1969). For the luminosity cal-

culation an emission solid angle of 1 sr was assumed, so that the

luminosity L is

L = 1•F d2,

where F is the observed flux and d is the distance. The summary of

these results is also shown in Table I. It should be borne in mind

that the upper limits given here for the luminosities do not truly

reflect upper limits in the sense that neither the distance nor the

emission solid angle is known accurately for any pulsar.

Some other pulsars, particularly the fastest ones, are also of

interest to this study even though the timing information is not

i	
sufficiently precise to make a phase calculation. y-ray flux and

luminosity upper limits have been calculated for all additional

J(
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pulsars with periods shorter than 0.2 seconds which were observed by

SAS-2. These results are total values rather than pulsed and are

summarized in Table II.

111. DISCUSSION

The encouragement to survey the SAS-2 data for pulsed y-ray

emission from all radio pulsars came from the initial identification

of the Crab and Vela pulsars at y-ray energies. These observations

immediately provoked the question: Can 7 -rays be found from any other

pulsars,which would suggest that y-ray emission is a general charac-

teristic of radio pulsars, or do y-rays originate only from a subclass

of radio pulsars?

In his original papers, 0old (1968, 1969) suggested that the

neutron star might have a surface field strength of from 1012 to 1013

gauss and that the principal source of energy for the pulsar was the

rotational energy of the star. These concepts still seem to be

favored. Assuming that the observed pulsar radiation does coma from

the rotational energy, and assuming the term containing the change in

the moment of inertia is negligible compared to the term containing the

period change, the rotational energy loss is given by the expression

dFR = ISXa _ 4n2
,.	 ¢

(1)
dt	 p3

where I is the pulsar moment of inertia, S1 is the angular frequency of

the pulsar, and 6 16 the time derivative of Q. Attempts to correlate

this expression with observed radio periods, period derivatives, and

luminosity have been ambiguous. There could be many reasons for this:

(i) many of the distances to pulsars are poorly known, (ii) the moments
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of inertia are almost certainly not all the same, (iii) the radiated

energy even in the radio range is often poorly known because of lack

of information over a large part of the spectrum; and (iv) the field

strength could vary considerably and the rotational energy could go

into other forms of radiation (Lyne at al., 1975). This latter

possibility is suggested by the relatively slow decrease in radio

luminosity as a function of period for short periods. Hence, it is

not yet appropriate to abandon the concept implied by equation (1).

Using the measured values of P and P 3 and a value for I of 1045

g cm2 (Taylor and Manchester, 1975), an estimate of the values of

(dKR/dt) can be made. These values of the rotational energy loss

would then be upper limits for the y-radiation assuming all energy

that is lost comes from the rotational energy. Figure 3 shows the

results of this comparison. The 7 -ray luminosities and the computed

(dFZ/dt) values are all uncertain by an order of magnitude or more due

to uncertainties in the values for I, the distance estimates, and the

solid angle of emission for 7-rays, but this comparison is still useful.

For completeness, the results from the crab (pulsed flux above 35 MeV =

(6.2 ±2.8) x 10 6 cm; -m 2 s-I , luminosity (2.2 ±1.0) x 10 38 s-1 , Kniffen

et al., 1974) and Vela (pulsed flux above 35 MeV = (1.1 ±0.4) x 10-5

cm- 2 s-1, luminosity (2.3 ±0.8) x 1037 s-1 , Thompson et al., 1975) are

also shown. It should be emphasized that the error bars represent only

the uncertainties in the y-ray flux measurements.

Taking a characteristic energy of 100 MeV for y-rays seen by SAS-2,
i

the ratio of energy loss in the form of y-rays to energy loss due to

^w ..,.^..... F'...-	 _. ..:_._._.: .__—___.__^:_^:_.v.....a.`....^.1,^......;.....::.ia-.:u..r ....:........r.,:..^...!...•rw.....aer.s.+..,o.ra:iw ti.--rsne+3x^c-=.—...-^^5i:..
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rotation can be calculated. Subject to the accuracy of the assumed

parameters, the Crab and Vo l a pulsars appear to convert 10-4 and 10-3

of their rotational energy loss into 7-rays observed. If the pulsed

results from PSR1747-46 and PSRi818-04 are confirmed, the fraction

of rotational energy loss appearing in the form of y-rays would seem

to be about 0.3 and > 1,0 respectively, the latter of which would cast

doubt on the accuracy of the assumed pulsar parameters. Even taking

into account these large uncerra a nties, the results suggest that

PSR1747-46 and PSR1818-04 are losing a larger fraction of their energy

as y-rays than are the Crab and Vela pulsars. It is also worth noting

that the upper limits from this study do not rule out the possibility

that most or all pulsars may be emitting a small fraction (less than

1`/) of their rotational energy in the form of high energy y-rays.

In some pulsar models (e.g. Ostriker and Gunn, 1969; Ruderman and

Sutherland, 1975) 2 the current value of P/(2$) is representative of the

pulsar age. For the Crab pulsar, this apparent age is reasonably con-

sistent with the known age of the pulsar. Although consistency between

apparent age and true age may not hold for pulsars with P/(2$) greater

than 106 years (Lyre at al., 1975), it seemed worth examining the pulsed

y-ray luminosities and upper limits as a function of this parameter, as

shown in Fig. 4.

In Fig. 4, as in Fig. 3, there is no clearly visible simple

relationship between the intensities and upper limits to 7-ray lumi-

nosities determined from the SAS-2 data and the function to which they

are compared; however, there is the hint, especially in Fig. 4, that a
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threshold for detection is just being approached by the SAS-2 7-ray

instrument. If, for example, the PSR1618-04 result is an improbable

statistical fluctuation, then the other three positive results stand

nearly alone in Fig. 4. The radio luminosity of pulsars appears to

decrease relatively rapidly for pulsars older than about 10 6 years,

and various theoretical reasons for this turnoff have been suggested

(Gunn and Ostriker, 1970; Ruderman and Sutherland, 1975; Lyne at al.,

1975), The .,rs,ez of Fig. 4 suggest that a similar pattern may exist

for 7-ray pulsars. The upper limits for many pulsars with apparent

ages greater than 10 6 years are at least inconsistent with 7-ray

luminosities comparable to the positive results, while no such state-

ment can be made for pulsars with apparent ages less than 10 6 years.

Until further data is available it should also be kept in mind

that some or all radio pulsars may exhibit time variability in the y-ray

energy range. An indication has already been found that the Crab pulsar

may have a variable y-ray luminosity at photon energies above 500 MeV

(Greisen et al., 1975). Alternately there simply may be no general

relationship between different pulsars in the energy range viewed by

SAS-2. If this is the case, then PSR1747-46 and PSR1818-04 could be

exceptional in having y-ray emission. Further developments in this

field in the near future could be extremely rewarding. Even a y-ray

telescope with modestly greater sensitivity could improve the limits

on y-ray pulsars substantially. As radio measurements continue, better

timing information could make possible studies on more of the nearby

and fast pulsars than was possible in the SAS-2 exposure, Six of the



ten fastest known pulsars were not included in the present search due

either to lack of exposure or inadequate period and period derivative

information available for the time of observations.

In view of having found two definite and two very likely pulsars

with y-ray luminosities above 35 +4eV in the range of 10 37 to a few

times 1038 s-1 , the question naturally arises as to what fraction of

the total galactic y-ray luminosity they may constitute. Since

pulsars are generally thought to be created during supernovae, a

reasonable estimate for their generation in the galaxy might be

10-2/year. There is at the moment no generally accepted theory to

explain the newly discovered phenomenon of y-ray pulsars, and there-

fore, there is certainiy no unambiguous prediction of the time dependence

of the radiation. however, as a reasonable possibility, assume that

pulsars are generated at the rate of 10-2/year, that the concept of

each pulsar having a constant luminosity (which will be taken to be

1037 s-1 ) for 106 years is valid, and that no 7-rays are emitted from

pulsars older than 106 years. The total y-ray luminosity above 35 MeV

for our galaxy would then be 1041 s-1. compared to about 2 . x 1042 s-1

for y-rays above 35 MeV produced by cosmic rays interacting with

matter (e.g. Bignami at al., 1975). Since the assumption that

million-year-old pulsars emit y-rays at about the same rate as

10,000-year-old pulsars seems optimistic, the total contribution to

the galactic y-ray luminosity from pulsars is probably smaller

but the uncertainties are large enough that the pulsar contribution

may not be negligible.

13
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IV. SUMMARY

Including the results reported here, there now appear to be four

statistically significant y-ray pulsars, and there is the suggestion

that many more may be detected as more sensitive telescopes are

flown. Thus, as y-ray astronomy begins the exploratory phase, the

y-radiation associated with the pulsars may ultimately be determined

to be a very important unexpected high energy phenomenon. Further,

the different nature of the Crab and Vela radiation mentioned, earlier

and the y-radiation from the 'old" pulsars PSR1818-04 and PSR1747-46

suggest that more than one mechanism may be involved. With future

more sophisticated and sensitive instrumentation, not only w 4 11 the

history of pulsar emission be better estimated, but also the details

of the 7-ray pulse profiles from these objects. There should then be

a better hope of determining the exact physical mechanism responsible

for this very large pulsed emission of high energy 7-rays, and hence

an important clue in the understanding of pulsar dynamics.

We would like to thank J. M. Rankin, D. C. Backer, and G. A.

Osswald for their help in developing the pulsar phase programs used

in this study; the Massachusetts Institute of Technology Lincoln

Laboratory for providing the ephemeris; P. M. Reichley for sending
f

phase information for PSR1818-04; and R. C. Lamb for many helpful

conversations concerning this work. Our thanks also to C. J.

Thompson for assistance in the data reduction.
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0."ìriri
a,

O
\

rlco
 

N
NNq

\ONr-4

rlmr--1



ii

coM
O

coMO
coM

O
a,M

O
hM

O
mM

O
a%M

O
mM

O
coM

O
a%MO

mM
O

coM
O

mM
O

coM
O

wM
mM

O
%aMO

ONM
O

LnMO

co
co

r-1
.+

%0
d

.O
O

N
CO

N
I0

10
m

O
M

N
N

h
•

•
.

•
i-1

h
O

7
r-I

N
N

N
N

V
1

-.^
M

M
N

N
N

M
N

N

co	
I
D

 
r

- I
 
.
O
	

a
%

 
N

 
.
0
 

a%
	

%O	
O+	

a
,
 
r
	

.-I	
O
	

M
 M

 h
	

10
.	

.	
.	

•	
•	

.	
.	

.	
•	

.	
.	

•	
.	

.	
.	

• 	
.

M
 
M

 
M

 
M

 
O

 
t
i
 
M

 
N

 
M
•
 
M

 
.
t
 
M

 
N

 
N

 
r
-
i
 
r
-
1

 
^
 
N
•
 

.-^

1
0
 %

0
 O

N
 d

 N
 O

N
 N

 h
 h

 O
 d

 M
 N

 h
 a

%
 
a
%

 r
-
I O

 .y
N

 h
1
0
 L

n
 a

•
 .O

 c
o
 M

 M
 N

 M
 M

 L
n
 %

0
 N

 d
 M

 M
 h

r
t
i 
M

 
M

 
O

 
d
 d

 
h
 
N

 
♦0

N
 N
	

N
	

N
 r

~
 N

 N
	

N
 O

 N
	

N
 r

a
	

N
	

N
 r

♦
 N

nMNtoNO.
vH

O
O

O
O

O
O

O
O

O
O

O
O

O
O

O
O

O
O
	

O
O

O
O

O
O

O
O

O
O

O
O

O
O

O
O

O
N

O
W

M
d

h
d

O
O

00
M

O
N

h
N

d
M

d
N

r1
N

d
^

u1
0

w
d

h
M

M
M

M
M

0
a1

^i	
~

F

D\	
h
 
.
O
 
O
	

N
	

%
0
 
a
N
	

%
a
 
O
 
h
	

u1	
10

r-a	
N
	

r
1
 
L
n
	

I
0
 
u
l
 
O
 
N
 
.
O
 
c
o
 
M
 
N
 
t
i

N
	

11
.	

•	
.	

.	
.	

.	
.	

.	
.	

.	
•	

.	
.	

.	
•	

.	
.

O
 
v
Y
 
u
1
 
d
 
C
 
h
 
M
 
d
 
u
1
 
N
 
N
 
a
\
 
d
 
h
 
h
 
O
 
.
+
 
a
0
 
.
+

O
 c

o
 T

 .-
+

 N
 L

n
 N

 m
 h

 L
A

 d
 M

 1
0
	

c
o

 h
m

 m
 M

 N
 .-

+
 w

'S
 M

 N
	

m
 
c
o

 
M

 
N

 
a
1

 
h

 
N

 
M

 
h

 
N

N
 U

l
 %

0
 d

 I
O

 .D
 d

 h
 O

 I
T

 N
 N

 m
	

N
 c

o
 M

 O
 N

O
 
O

 
O

 
N

 
O

 
O

 
O

 
O

 
r
~

 
O

 
O

 
N

 
O

 
O

 
.
-
^
 
O

 
.
-
^
 
t
i 
O

d
 
d
	

O
 
a
 
M

 
.
O

 
.
-
+

 
O

 
N

 
O

 
O

 
I
t
 
M

 
O

 
O

.
 
1
4
 
r
+

 O
O

 O
 O

 O
 N

 p
}
0
 y

o
-
 p

}
	

.-
^
 N

 O
 r

-
I
	

r
a
 N

 N
r
i V

1
 N
	

1
t
 
r
n
 
O

 
O

 
h
 
I
^
 
n
 
O

 
r
l 
u
^
1
 
h
	

O
M

 
d
 
d
 
d
	

d
 D

c
o
O

 
D

0
0
 c

o
 O

 O
 O

 O
 O

 ^
 a

%
 O

ra
 a

%
 mO

 
a
, O

 O
N

 N
coN	

cod
4	

W
 c

o O
 O

• 	
O`	

O	
^

.-I	
N
	

r^l	
ri	

N
	

e-1 	
N
	

N
	

r1	
.-1	

.-1 	
.-1	

r-i 	
.--I	

'-I	
N
	

r-1 	
N
	

r-I



0
0
	

o
 
c
o
 
t
o
 
m

 
^
D

 
n
 
t
o
 
t
o
 
%

D
 
c
o
 
t
,
 
c
o
 
n
 
%

D
 
r
 
r
 
n
 
%

D

M
 O

 O
 O

 O
 O

 
M

O
 
Q

 O
 

M
O
 
O

 
M

O
 
O

 O
 

M
O
 
O

 
M

O
 

O
 O

 M
O

H
 
H

 H
 H

 H
 H

 H
 H

 t^
 H

 H
 H

 H
 H

 H
 1

-4
 H
	

H
k
 
k
 
k
 
k
 
k
 
k
 
k
 
k
 
k
 
k
 
k
 
k
 
k
 
k
 
k
 
k
 
k
 
x
 
k

to
	

t
o
 t

o
 
H

 
n
 
N

 
t
b

 
t
o

 
M

 
N

 
H

 
N

 
M

 
c
o

 p
 
M

 
D

\
 
O

ttl	
^
	

to
t
0
 
H

 
M

 
n
 
T

 
N

 
T

 
N

 
H

 
H

 
N

 
t
o
 
t
o
 
N

 
n

 
n

i

r. %
D

 H
 ^

 O
 0

0
 O

 r to
 r tf) n

 t0
 O

 N
 .7

 O
 
d
 
t
o

^
 H

 N
 H

 N
 H

 H
 H

 H
 H

 H
 H

 H
 H

 H
 H

 H
i	

H
 
H
 
N

n
-̂1

^D
CtlN

d̂t
Hn

NN
tDM

nN
pM

?^7
N

MM
H

M̂1'
nto

NN
toN

TN

iI
N

r0-I
N

N
N

N
v

' p-t
1

N
N

N
N

I
M

i

7u!CO
i	

O.vH

i

OO0

OMt!1

OOI
t

pĥD
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FIGURE CAPTIONS

Figure 1 -- Distribution of Y-ray arrival times in fractions of a radio

pulse period for Y-rays above 35 MeV from the directions of

(a) PSR1818-04 and (b) PSR1747-46. In (a), the arrow marked

R in the expected position of the pulse based on radio obser-

vations (Reichley, 1975).

Figure 2 -- Distribution of Y-ray arrival times in fractions of a radio

pulse period for Y-rays above 35 MeV from the directions of

four pulsars: PSR1845-o4, PSR2016+28, PSR2148+63, and PSB-

2324+6o.

Figure 3 -- Observed Y-ray luminosities and upper limits to luminosity

as a function of pulsar rotational energy loss rates. The

.rotational energy loss rates are from Taylor and Manchester

(1975), where the moment of inertia of each pulsar is taken

to be 1045 g cm2 . Open circles are the Crab 'Kniffen et

al., 1974) and Vela (Thompson et al., 1975) observations

from SAS-2. The open boxes are for PSR1747-46 and PSR1818-

04, under the assumption that these are positive results.

The Y-ray luminosities are calculated using the distance

estimates of Taylor and Manchester (1975) and taking the

solid angle of emission for each pulsar to be 1 sr. The

error bars shown reflect only the uncertainties in the Y-ray

flux measurements. If the assumptions discussed in the text

are all valid, then the line dER , L represents the coedit-
dt Y

ion for which all the pulsar rotational energy appears in
	

4

the form of Y-rays.

r
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k^
Figure 4 -- Observed Y-ray luminosities and upper limits to luminosity

i
above 35 MeV as a function of pulsar apparent age (apparent

i

w
age = P/2P). The Y-ray luminosities are calculated using

i

the distance estimates of Taylor and Manchester ( 1975) and
v

taking the solid angle of emission for each pulsar to be 1

sr. The error bars shown reflect only the uncertainties in

F	 the Y-ray flux measurements.
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