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SUMMARY
Searches have been made for pulsed high energy (E > 35 MeV) y radiation
from 43 pulsars using the SAS-2 data base and radio parameters vwhich became
available after the previous search of 6gellnn et al. (1976). No positive
results were found, and the upper limits are consistent with the concept thatc
Y-ray production efficiency increases with {ncreasing apparent age. Two
limits from the agelnnn et al. (1976) search, however suggest that efficiency

cannot be a simple function of apparent age beyond 108 years.



I. TINTRODUCTION

Studies of the high-energy radiation from the Crab and Vela pulsars
(e.g., Kniffen et al., 1974; Thompson et al., 1977; Kanbach et al., 1980;
Wills, et al., 1982) have shown that the energy radiated in the form of y rays
exceeds that of radio waves by several orders of magnitude. This feature has
led to considerable effort to understand y rays as a probe of the high energy
phenomena asgociated with pulsars. In particular, various authors have
develped models for y-ray emission which might be expected from pulsars in
general (e.g., Hardee, 1977; Buccheri et al., 1978; Salvati and Massaro, 1978;
Ayasli and agelnan, 1980; Harding, 1981). Observationally, several searches
of y-ray data (agelman et al., 1976; Kanbach et al., 1977; Knight et al.,
1982; Graser and Schinfelder, 1983; Buccheri et al. 1983) have produced upper
limits but no confirmed y-ray emission from other pulsars.

The present work reports further upper limits to y radiation from radio
pulsars, using data from the SAS~2 high energy y-ray telescope (Fichtel et
al., 1975). This search is based principally on pulsar parameters derived

from radio observations since the work of agelnan et al (1976).

II. DATA ANALAYSIS

Pulsars to be examined were selected, with two exceptions, from the list

of Manchester and Taylor (1981), based on the following criteria:

a. The pulsar must have an apparent age T (T=P/2P, where P and P are the
period and period derivative) less than 108 years, or the pulsar must

be relatively nearby in space. According to current models, pulsars
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with small apparent age are most likely candidates to be y-ray
eunitters.

b. The pulsar must fall within the region of sky viewed by the SAS-2
instrument, as shown by Fichtel, Simpson, and Thompson, 1978.

¢+ The uncertainties in the period and pericd derivative must be suall
enough to allow an extrapolation to the time of the SAS-2 observations
in 1972-1973 (which were typically one week duration), assuming no
“glitches” or other timing variations. Proper motious can be
neglected for the present analysis.

d. Those pulsars already studied by 5ge1nan et al (1976) were excluded

unless improved radio data were available.

Forty-two pulsars were selected for study in this way. The recently-
discovered X-ray and radio pulsar in the supernova remnant MSH 15-52 (Seward
and Harnden, 1982; Manchester, Tuohy, and D'Amico, 1982) was included as a
special case due to its similarity to the Cradb pulsar. Another special case
wvas the 1.5 ms pulsar reported by Backer et al. (1982), for which a total y-
ray upper limit was calculated.

For each of the pulsars, Y rays with measured energies above 35 MeV in
the SAS-2 data base were selected if their measured arrival directions were
within an error circle about the known pulsar position. The radius of the
circle ranged from 4° to 6°, depending on y-ray energy. The arrival tilnkof
each Y ray was corrected to a corresponding arrival time at the solar system
barycenter, and these arrival times were then folded using the known radio
period and period derivative. The resulting phase plots were examined in bins
of 0.05 period. Taking into account the number of bins (20) and the number of

pulsars examined {in this analysis and the agelnan et al. (1976) search, (more



than 100), none of the peaks which appeared in the phase plots were considered
statistically gignificant.

For each of the pulsars, an upper limit was calculated for the pulsed Y-
ray flux above 35 MaV, based on the single highest peak in the phase plot.
These are 95% confidence upper limits calculated using the statistical
analysis techniques of Hearn (1969). Por those distributions for which two
adjr.ent peaks were high, the data were binned in 0.1 period increments. From
the flux upper limit, a y-ray luminosity upper limit was calculated based on
the distance estimates of Manchester and Taylor (1981) and assuming an
enission solid angle of 1 ster, so that the luminosity L is L = 1+Fed? where F
is the flux upper limit and d is the distance. The y-ray upper limits,
together with other pulsar data as summarized by Manchester and Taylor (1981),

are shown in Table 1.

II1. INDIVIDUAL PULSARS

A. 1509-58. This is the pulsar in the supernova remmant MSH 15-52 (G320 .4~
1.2). Although its X-ray and radio timing parameters are not sufficiently
well defined to allow an unambiguous search of the SAS-2 data, the
sinilarity of this pulsar to the Crab pulsar made it a unique candidate.
The procedure followed was to search a range of periods and period
derivatives allowed by the uncertainties, extrapolated to the time of the
SAS~-2 observations in March 1973. The phase distribution with the highest
xz value is shown in Pigure 1. Al:hough the double peak structure is
similar to those of the Crab and Vela, it should be emphasized that'the
large number of periods searched (over 300,000) precludes any claim of a

positive result. The upper limit in Table I and FPig. 2 vas derived froe
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the phase distribution by taking the excess in the two high bins above the
background as determined from the other 18 bins. Applying the same
statistical analysis to this phase distribution as was used for the other
pulsars would produce a limit about 40X higher, but such a liait would be
an overestimate in light of the fact that the timing search has already
maximized the peaks. Neither the SAS-2 data (Hartman et al., 1979) nor
the COS-B data (Mayer-Hasselvander et al. 1982) show significant evidence
of a localized y-ray source at the position of this pulﬁar.

1747-46. agelnnn et al (1976) and Thompson et al (1976) found evidence
for a positive pulsed result, based on the radio timing measurements of
McCulloch et al. (1973) made approximately one week before the y-ray
observations. Recent radio observations made over a much longer time span
(Newton, Manchester, and Cooke, 1981) indicate a significantly smaller
period derivative. Using the revised period derivative produces a y-ray
phase plot with a peak of much lower significance than that found by
agelnnn et al.  The present upper limit is based on the revised radio
data.

1818-04. agelnnn et al. (1976) identified this pulsar as a tentative
positive result, based on a single large peak in the y-ray phase plot.

The radio data (Manchester and Peters, 1972; Belfand et al., 1980) show no
re-evaluation of P or P at a level which would affect the y-ray data; The
result in Table 1 is shown as an upper limit principally because of the
lack of confirmation in the COS-B data (Kanbach et al., 1977).

1822-09. Mandrou, Vedrenne, and Masnou (1980) found evidence for pulsed
radiation in the energy band 454-1126 keV. 4
1913+416. This pulsar has the shortest period of the three known binary
radio pulsars. The analysis of the SAS-2 data used the equations and

orbital parameters given by Taylor et al. (1976).
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P. A&C 21.55. The 1.5 msec pulsar discovered by Backer et al. (1982) in this
radio source is too fast to be resolved by the SAS~2 timing measurements.
An uppar limit (952 confidence) to a y-ray source above 100 MeV at the
location of this pulsar is 2 x 10-6 photons CI-zl-l. In light of the very
swall period derivative for this fast pulsar, little if any v radiation

would be expected.

IV. DISCUSSION

The upper limits of Table I rest on several assumptions which should be
re-emphasized:

a. The extrapolation of the radio parameters to the time of the SAS-2
observations assumes that there were no intervening "glitches”, large
timing variations, or systematic second derivative of the period.

b. The luminosity calculation assumes a 1 ster emission angle for all
pulsars. This assumption is a likely oversimplification.

¢. The uncertainties in the distance estimates for some of the pulsars
are relatively large, due to the uncertainty in the interstellar
electron distribution. Those pulsars in the table which are
designated as having large distance uncertainties are ones for which
the distance estimates changed by factors of four to fifteen hetween

L previous estimates (e.g. Taylor and Manchester, 1975) and the current
best estimates (Msnchester and Taylor, 1981). If HII regions
contribute significantly to their dispersion measures, some of these

pulsars may be significantly closer than estimated here.
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Tigure 2 susmarizes the results of this work, showing the y-ray
luminosity upper limits (converted to a fraction of total pulsar rotational
enargy loss) as a function of pulsar apparent age T. Also shown are the
positive results from the Crab and Vela pulsars from SAS-2, along with results
for 0950+08 and 1929410 from the previous pulsar search (agcluln et al,

1976). In all cases, the average energy for the y rays has been taken as 100
MeV, consistent with the energy spectra observed for the Crab and Vela
pulsars. The line passes through the Crab and Vela results. The upper limits
do not conflict with the trend suggested by the Crab and Vela pulsars for the
efficiency of y-ray production to increase with increasing apparent age. A
simple dependence of efficiency on apparent age (such as that proposed by
Buccheri, et al., 1978 and Ayasli and agelnnn, 1980) cannot, however, extend
to ages beyond 106 years without conflicting with the upper limits for 0950+08
and 1929+10. Unless these two pulsars ave uncharacteristic, the efficiency
for y-ray production must either flatten or reach a maximum and then decrease
with increasing apparent age. Alternatively, the y-ray production efficiency
asy depend on other parameters. The model of Harding (1981) predicts a
depondence of (apparent age)l’8 x (period derivative)1'3. None of the y-ray
upper limits are in conflict with this model.

As just indicated, upper limits to vY-ray emigsion from pulsars can place
restrictions on models. Future observations will be needed to verify .ucy
models. Some of the SAS-2 upper limite are close enought to possible extra-
polations from the Crab and Vela pulsars to suggest that the large COS-B datas
base may reveal additional pulsars. Candidates would de 0740-28, 0919406,
1055-52, and 1822-09 (all of which lie close to the line in Figure 2), older
nearby pulsars such as 0950+08 and 1929+10, and other candidate pulsars listed

by Harding (1981). Many pulsars are inaccessible to instrumeuts with the
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sensitivity and resolution of SAS-2 and COS-B, as can be seen in Figure 2, but
might be observable with large instruments such as those on the Gamma Ray

Observatory.




i

The authors thank C.E. Pichtel and A.K. Harding for their encouragement and

suggestions. Ve gratefully acknowledge helpful discussions with J.H. Taylor.
Our thanks go also to the referes, M. Salvati, for a number of useful
comments .



oth

€S 9 L€ €y 76°0 '%°e's 161" TS-$S01
19 ve's 0° 8¢ L' 09°1 910" T 1L0¢° Ly-1001
v93°S 134 13 62 ot € $99° 1§ 99Ey° 1 ¥$-6560
4 15°¢ 6° 8¢ r o 5 06"y L19° 6€ 1808° 95-1960
T L9°s 8’8t 0t 06° Y 6€L°TT "we9° $$-0v60
[ 4 is°s (A1 3K 4 oLre LLy st 147N e8-1t60
oL s 1 L€ 1 00" 1 STL €1 90¢EYy° 90+6150
4 or°9 < 8¢ oy 0y'z 0€L°2 e €$-€v20
1 oT's € Lc 01 0s° 1 T€8° 91 8991° 82-0%40
€9°¢ $° L€ ri 0s°1 8v6° 81 zo1s° 81-42L0
89 L°9¢ 9°€ 0%°0 009° 1 698¢° 14990
1 62°S 8 L€ 9°2 09°1 066° 881 L1s€° 2 1949510
19°¢ 1 8¢ A% 4 0s°Z 189°01 "L LS+9C10
(2£) %y (;-9 suoloyd) Ipeyy (1-92-%2 4.01x) (>dx)

sa30y Jusawddy L3psouymn] xnig pasInd due3sig (8/8,, 01 %) (35)d usd

Jo Soq dwy-A jo 8o 3o ITeIY 07 pamnssy P |

A% SC daoqy saxnj Amy-A pasing o3 s3ymy] iaddp Z-svs

1 919%L

- gzzg



I 06°Y 98¢ [ A 4 oty TL9° €9 L6t8° =Ll
9%°s 5 Le 3 § 05°¢T 91p° Ot Non«. Le-61L1
9%°S 8t L 3 4 09°¢ 6 <1 2668° €C-L041

[ 4 90°9 T it 0"t °0 ori°y 06T 31-20L1

[ 4 6L 0" L€ 6°0 o1 1 TY0° € *ei6° 11-8991

9 113 8 sc L o 4 ot°s (g1 ot 1§33 2 SY-1991
€99 9° L€ L3 ¢ 091 0T6° T €sLL” L{T-0091
T s ¥ 8€ €y 0¢°2 TLS° 69 Tyee* 0S-8SS1

€ eLs s 6t 0°s 08" L £90° S sTet” 0S-L$S1
£8°'s 1*6¢ € 0ot 9 6L1°0C 's6° SE-S¢S1

T 802 0° 98¢ 0°€ 091 0oL’ 0 9%¢es” €T-tsst

T 1444 ] Tt T 09°t 050°0 181¢° 1€-T8S1

4 61°¢C T°6¢ 16 or* 0TS Tust® 256051
06°S L8 L9 06T $06° 91 8TYe” €9-9s€1
05§ 9 6€ £ 089 6€C° 9 sar 09-9¢¢€1

3 £9°¢ o° oy 0° 91 06°¢ 068° 81 66%¢° T9-czL1
€8s L 8¢ 9 06°2 9tT°s L99¢° 13319 44

(2£) oy ({-® suoloyd) Ipmyq (1-92-%2 §-01%) (24x)
930y, Jusaeddy A3ysouymn] xnyd pIeIng aduwiIeyq A-\-ﬂ..g x) (o9g)4d sd
Jo 3o Awy-A jo S0 Jo IymIY 97 pemns3y g




i

wocol “°T® 39 a9383yousKy) Yo3I¥rd sL61 943 03 aojad saajauweaed sasg 9

auwsnd Lasuig '

anyea [VuUFEOuU 8yl punoaw Bpojaad jJo yoaeds uo peseq IJWFT addpn v

307d @swyd ujq g1 uo paseq £

e8aw] AT3ATIVTA2 LJuTeIIDUN IDULISIQ r 4
sxajomeawd paiwpdn ° (9£61) °Iv 3@ uwwyadp jo 3ISFT uv saesdde osyy 1 :STION
96°S 0° 8¢ 1 0s°¢ 97 91 8yy6° T9+1S€ET
09°y €° 6t 6°€ 00° L 08L° LS yy1° TT+H0t6!1
€ rA rAN 1% g€ oy 9 199° ¢ 009¢L° €1+L261
LS S* 8¢ 81 ey %00° 81 86.LS° 91+9Z61
€ §6°Y € LE (A 9,°0 oy 11¢ 6081° 1 149161
€S £0°8 6° 8¢ e (1 TARY 600°0 0650° 91+E161
96°S £ 6t 011 [ YA/ 968° 1 99yL° S0+0061
88°S 1°6€ 1 06° 8 SLL° 1t LT9S° 0T1-%€81
1 Le° s 8° 9¢ 1° 2 9¢° 9 oze* s 069L° 60-2781
9L°S 0° 6¢ | 4 08°9 11 YARY £681° € -1281
1 {(ro 6° LE 13 % 0S°1 8ce’ 9 186S° v0-8181
€1 96°9 0" L€ . 1A 4 99°0 s62°1 \ZAZ% 9y-L¥LY
68°S 8’ 8¢ L1 01°9 ge8° ¢l 0829° Ty-62L1

(3K) ofy ({8 suoloyd) pmyy (- 9-0T0) (M)

S9J0N juaawddy £33sourung Xn4d posInd aduwvisig (s/9 < .TS x) (998)d usd

Jo 8o Awg-A jo 807 30 ITWIY 07 paunsey d




TR Wy TR R T T e

-l

i

REFERENCES
Ayasli, S., Ugelman, H.: 1980, Astrophys. J. 237, 227

Backer, D. C., Kulkarni, S. R., Eeiles, C., Davis, M. M., Goss, W. M.: 1982,
Nature 300, 615

Buccheri, R., D'Amico, N., Massaro, E., Scarsi, L.: 1978, Nature 274, 572

Buccheri, R., Bennett, K., Bignaml, G. F., Bloemen, J. B,.G. M., Caraveo, P. A.,
Hermsen, W., Kanbach, G., Masnou, J. L., Mayer-Hesselwander, H. A., bzel, M.,
Paul, J, A., Sacco, B,, Scarsi, L., Strong, A. W.: 1983, in preparation, to
be submitted to Astron. Astrophys.

Fichtel, C. E., Bargman, R. C., Kgiffen, D. A., Thompson, D. J., Bignami, G. F.,
agelman, H. B., Ozel, M. E., Tumer, T.: 1975, Astrophys. J. 198, 163

Fichtel, C. E., Simpson, G. A., Thompsom, D. J.: 1978, Astrophys. J. 222, 833
Graser, U., Schonfeller, V.: 1983, submitted to Astrophys. J.

Hardee, P. E.: 1977, Astrophys. J. 216, 873

Harding, A. K.: 1981, Astrophys. J. 245, 267

Hartman, R. C., Kniffen, D. A., Thompson, D. J., Fichtel, C. E., Ygelman, E. B.,

Tumer, T., and Ozel, M. E.: 1979, Astrophys. J. 230, 597
Hearn, D.: 1969, Nucl. Inst., Methods 70, 200

Helfand, D, J., Taylor, J. H., Backus, P.R., Cordes, J.M.: 1980, Astrophys. J.
237, 206

Kanbach, G., Bennett, K., Bignami, G, F,, Boella, G., Bonnardeau, M., Buccheri, R.,
D'Amico, N., Hermsen V. Higdon, J. C., Lichti, G. G., Masuou, J. L.,
Mayer-Hasselwander, B A., Paul, J. A., Scarsi, L., Swanenburg, B. N.,

Taylor, B. G., Wills, R. D.: 1977, Recent Advances in Gamma-Ray Astronomy,
FESA SP-124, 21

Kanbach, G., Bennett, K., Bignami,- ¢.F., Buccheri, R., Caraveo, P., D'Amico, N.,
Hermsen, W., Lichti, G. G., Masnou, J. L., Mayer-Hasselwander, H. A., Paul, J. A.,
Sacco, B., Swanenburg, B. N., Wills, R, D.: 1980, Astron., Astrophys. 90, 163

Kniffen, D. A., Hartman, R. C., Thompson, D. J., Bignami, G. F., Fichtel, C. E.,
Ogelman, H., Tumer, T.: 1974, Nature 251, 397

Knight, F, K,, Matteson, J. L., Peterson, L. E., Rothschild, R, E.: 1982,
Astrophys. J. 260, 553

Manchester, R. N., Tuohy, I. R., D'Amico, N.: 1982, Astrophys. J. 262, L31
Manchester, R. N., Peters, W. L.: 1972, Astrophys. J. 173, 221 ‘
Manchester, R. N., Taylor, J. H.: 1981, Astromom. J. 86, 1953

Manchester, R. N., Newton, L. M., Goss, W. M., Hamilton, P. A.: 1978, Mon. Not.
R. Astr. Soc. 184, 35P

Mandrou, P., Vedrenne, G., Masnou, J. L.: 1980, Nature 287, 124




-iin

Mayer-Hasselwander, H. A., Bennett, K., Bignami, G, F,, Buccheri, R,,
Caraveo, P. A., Hermsen, W., Kanbach, G., Lebrun, F., Lichti, G. G.,
Masnou, J. L., Paul, J. A., Pinkau, K., Sacco, B., Scarsi, L.,
Swanenburg, B. N., Wills, R. D.: 1982, Astron. Astrophys. 105, 164

Newton, L. M., Manchester, R. N., Cooke, D. J,: 1981, Mon. Not. R. Astr,
Soc. 194, 841

Ogelmau, H. B., Pichtel, C. E., Kniffen, D. A., Thompson, D. J.: 1976,
Astrophys. J. 209, 584

Salvati, M. Massaro, E.: 1978, Astron. Astrophys. 67, 55
Seward, F. D., Hoernden, F. R., Jr.:1982, Astrophys. J. 256, L45

Taylor, J. H., Hulse, R. A,, Fowler, L. A., Gullahorn, G. E., Rankin, J. M.:
1976, Astrophys. J. 206, L53

Taylor, J. H. , Manchester, R. N.: 1975, Astron. J. 80, 794

Thompson, L. J., Fichtel, C. E., Kniffen, D. A., Lamb, R. C., 3ge1m, H. B.:
1976, Astrophys. Lett. 17, 173

Thompson, D. J., Fichteli, C. E., Kniffen, D. A., 3gelm. H. B.: 1977, Astrophys.
J. 214, L17

Wills, R. D., Bennett, K., Bignam{, G, F., Buccheri, R., Caraveo, P. A.,

Hermsen, W., Kanbach, G., Masnou, J. L., Mayer-Hasselwander, H. A., Paul, J. A.,
Sacco, B.: 1982, Nature 296, 723



-iin

FIGURE CAPTIONS

Pigure 1 - Most likely candidate phase plot for Y rays from the direction of
pulsar 1509-58. Although similar to phase plots for the Cradb and
Vela pulsars, this result is not statistically significant due to
the large nuaber of period and period derivative combinations
searched.

Figure 2 - Gamma ray efficiences for radio pulsars (energy radiated as Yy
rays/total rotational energy loss), under assumptions discussed in
the text. Several pulsars of interest are identified.
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