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Abs t rac t . T h e l imitat ions of searches for pulsed optical rad ia t ion f rom pulsars a n d o the r objects a re 
cons idered for the two cases (a) when the per iod is k n o w n from rad io observa t ions , a n d (b) when the 
per iod is u n k n o w n . Resul ts of searches b y the a u t h o r and by o thers a re summar i sed . 

So far, radio searches for pulsars have been more successful than optical searches, 
by a factor of about 50 if we judge success by the number of positive identifications. 
However, in addition to measurements of N P 0532 many optical searches have 
established upper limits to the pulsed light flux reaching us from a number of 
other pulsars. 

Let us consider the limitations of optical searches. The positions of some pulsars 
are already known within a few seconds of arc (Reichley et al, 1970), and some 
searches have been made using photometer diaphragms as small as 10 arc sec in 
diameter. Photon counting equipment is normally used. Because the optical emission 
from N P 0532 is a broad band phenomenon, photomultipliers are usually used 
without any filter in searches for other optical pulsars, and the light of the night sky 
causes many more counts than the dark emission of the detector. It is therefore the 
statistical fluctuations in the night sky light transmitted by the diaphragm which limit 
the sensitivity of optical searches. 

It is easy to show that, with a multichannel scaler giving time resolution equal to 
the undispersed radio pulse duration, and supposing that an excess of detected photons 
at one phase amounting to five standard deviations is certain to be recognised, the 
minimum detectable pulsed photon flux outside the Earth's atmosphere is 

where Af photons c m " 2 s e c " 1 reach the Earth's atmosphere from each square second 
of arc of sky; 

S square seconds of arc of the sky are searched; 
/ is the fraction of the pulsar period occupied by the undispersed radio pulse 

(the duty cycle); 
A c m 2 is the collecting area of the telescope; 
T sec is the observing time used; 

and e is the overall quantum efficiency, including the transmission of the atmo-

Clearly, searches to very faint limits depend on the determination of accurate 
positions by radio methods. 

(1) 

sphere and telescope. 
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At a reasonably dark observing site the sky brightness is about 21T5 per square 
second of arc, equivalent to N= 6 x 10" 3 photons c m " 2 s e c " 1 (arc sec)" 2 in the spectral 
range 3500 to 6000 A. Cocke and Disney (1970) searched recently for optical pulsars 
in the directions of CP 0328 and CP 0950 and claimed limiting sensitivities (apparent 
magnitudes) of 25T5 and 24T5 (later improved to 25T6). Equation (1) gives limits of 
25T5 and 25T2. It is reassuring to find such agreement between theory and practice. 

Kristian reported (this symposium, Paper 2.3, p . 87) his observations of 11 pulsars, 
reaching limits between 2 0 m and 2 5 m , all with negative results. Lynds et al (1968) very 
early set a limit of 2 6 m on CP 1919. Chiu (private communication) has searched the area 
around PSR 0 8 3 3 - 4 6 to a limit of 24 m , using an image intensifier to provide spatial 
resolution as well as time resolution. I have yet another negative observation to report, 
of H P 1506. Mrs. Mitton, one of the students at the Cambridge Observatories, pointed 
out (private communication) that the radio position is 1.4 sec following and 7 arc sec 
south of a star of about 16 m . This coincidence seemed good enough to investigate 
further. A fainter star, about 19 m , 16 arc sec Nf the first, was also observed. The shad
ing in Figure 1 represents the excess or deficiency in successive time bins, and the 
inset in each case shows the predicted effect of a 2 2 m star with all its light pulsed at 
the period of H P 1506. Evidently the light of these two objects is not modulated by 
more than about 1 per cent and 10 per cent respectively. 

Fig . 1. Resul ts of searches for opt ica l variabili ty in two s tars nea r H P 1506 (a = ^ ^ " O S 8 ^ 
S = + 55°42'50" (1950)). O r d i n a t e s : Var ia t ion in the ra te of de tec t ion of p h o t o n s f rom the s tar a n d 
sky, in per cent, as a funct ion of phase . Absc issae : Phase , relative t o a n a rb i t ra ry origin, (a) 1970 
J u n e 3 2 2 h 5 3 m to 2 3 h 3 0 m : 52.072 readings /sec . S u m m a t i o n over 3001 cycles. 1 6 m s t a r a t a = 1 5 h 0 8 m 0 1 8 . 9 
S = + 55°42'57" (1950) (J. M i t t o n , pr iva te communica t ion ) , (b) 1970 J u n e 4 2 2 h 5 7 m t o 2 3 h 3 6 m : 48.8176 
readings/sec. S u m m a t i o n over 3154 cycles. 1 9 m s tar N f the 1 6 m s tar . I n b o t h observa t ions the p h o t o 

mete r d i a p h r a g m was 25 a rc sec in d iameter . 
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I now wish to discuss the problem of detecting pulsed optical radiation in cases 
when no pulsed radio emission has been detected, and the period is therefore unknown. 
This problem arises because Cavaliere and Pacini (1970) have advocated a radio 
search for a pulsar associated with the supernova remnant Cas A, and Bahcall et al. 
(1970) have suggested optical and X-ray examination of newly reported supernovae 
nearer than 10 Mpc. The recent appearance of a supernova of 1 l m in M 101 at 1.1 Mpc 
adds to the interest of their suggestion. Signal averaging methods must be used, to 
overcome the statistical fluctuations in the night sky light, but the multichannel scaler 
is not a suitable recording device because it depends on the period being known. 
Instead, the numbers of photons detected in equal short intervals must be recorded 
on magnetic tape, paper tape or cards, and subsequently analysed, by computer, 
for all independent periods, for example by the Cooley-Tukey fast Fourier transform. 
Recording equipment of this type is available at the Hale Observatories, Harvard, 
Cambridge (U.K.), and some other observatories. 

Figure 2 shows the plotter output from a recent analysis of my earliest data on 
the Crab Nebula, obtained on 24 November 1968. The plot is based on observations 
covering 2 m 4 8 s (16384 readings at 97.64 per sec) using a 36-inch telescope with a 
diaphragm 50 arc sec in diameter, in a comparatively bright sky. At the time of 
observation the period of this pulsar was known, but its position was still uncertain 
by ± 10 min of arc, and it was fortunate that the diaphragm was placed accurately 
enough at the centre of the nebula to include the pulsar. Because of the strong 
interpulse the fundamental, at 30.22 Hz, is weaker than the second harmonic which is 
aliassed and appears at 37.20 Hz (97.64-60.44). 

Using this equipment at the Cambridge Observatories and at the Royal Greenwich 
Observatory on the Isaac Newton Telescope I have examined a number of supernova 
remnants, white dwarfs and other objects. The results are summarised in Table I. 
With the exceptions of Nova (DQ) Her 1934 and the nucleus of M 31 all the fluc-
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F i g . 2 . N P 0532 observed o n 24 N o v e m b e r 1968. D a t a analysed after the discovery of optical 
flashes. This fast Four ie r t r ans fo rm is based o n 16384 readings m a d e a t 97.64/sec us ing the Cambr idge 
9 2 c m reflecting telescope wi th a d i a p h r a g m 50 a rc s in diameter . T h e fundamen ta l , a t 30.22 Hz , and 

the second h a r m o n i c , at 37.20 Hz , a re b o t h present . 
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tuations found were attributable to photon statistics or to irregular sky transparency. 
The observations of the nucleus of M 31, made on two different nights in 1969 August, 
showed a variation of the order of 0.15 per cent and with a period of 2.393 seconds. 
This was shown to originate in a periodic error in the drive of the telescope amounting 
to ±0.01 arc sec, which was caused by a slight eccentricity in one component of a 
small gearbox, rotating at 25 revolutions per sidereal minute. Such a small error is, 
of course, quite unimportant for other types of observation, and the fact that no 
variations were found at the frequency of rotation of the principal gears testifies to 
the work of the makers. 

The limitations of this equipment are illustrated in Figure 3, which also indicates 
the observed limits of pulsed light from several pulsars. The upper limit to frequencies 

T A B L E I 

Objects examined in search for regular f luctuat ions 
(o ther t h a n N P 0532) 

Object D a t e Tel . D i a p h . R a t e M a x . var . In frequency 
a rc sec. (per cent range H z 

or mag . ) 

W h i t e dwarf s tars 
G R W + 70°5824 1969 M a y 16 98 13 97.6 0.44 0.0 -48 .8 

0.21 0 . 0 2 5 - 8.1 
W 1346 1969 A u g 14 98 13 48.8 0.80 0.005-24.4 

0.48 0 . 0 0 5 - 8.1 
R 627 1970 M a r 8 36 25 24.4 0.64 0.0 - 0.006 

0.48 0.006-12.2 
0.21 0 .009 - 2.034 

L 1 2 4 4 - 2 6 1970 M a r 8 36 13 12.2 1.50 0.0 - 0.008 
0.33 0 . 0 0 8 - 6.1 

L 1 4 0 9 - 4 1970 M a r 9 36 25 12.2 1.30 0.0 - 0.012 
0.30 0 .012 - 6.1 

1970 M a r 9 36 25 97.6 0.75 0.0 -48 .8 
F la re s tar 
A D Leo 1970 M a r 10 36 25 12.2 0.15 0 . 0 6 5 - 6.1 

Galaxies 
N G C 5548 1969 M a y 16 98 14 48.8 0.67 0.006-24.4 

0.28 0 . 0 2 5 - 4.07 
M 31 1969 A u g 14 98 7 48.8 0.24 1.3 -24 .4 

0.14 0,26 - 6.1 
M 31 1969 A u g 18 98 7 12.2 0.12 0.28 - 0.42 

0.10 0.42 - 1.525 
N G C 4151 1970 M a r 5 36 25 97.6 0.60 0.0 -48 .8 

1970 M a r 5 36 25 24.4 0.42 0.0 - 0.042 
0.26 0.042-12.2 
0.13 0 .136 - 2.034 

M 82 1970 M a r 6 36 50 97.6 0.40 0.9 -48 .8 
1970 M a r 6 36 50 48.8 0.27 0.0 -24 .4 

0.10 0 . 0 2 3 - 4.068 
M 87 1970 M a r 7 36 25 24.4 0.27 0.062-12.2 

0.12 0 .047 - 2.034 
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Object D a t e Tel . D i a p h . R a t e M a x . var . In frequency 
a rc sec. (per cent r ange H z 

o r mag . ) 

P lane tary nebula 
M 57 Nucleus 1969 A u g 18 98 7 48.8 1.50 0.0 - 2 4 . 4 

0.68 0 . 0 0 5 - 4.068 
Supe rnova r emnan t s 
O A 184 1970 F e b 36 50 97.6 1 6 m . 4 0.0 -48 .8 
(4 a reas searched) 
O A 184 1970 F e b 36 240 97.6 1 3 m . 7 0.0 -48 .8 
(7 a reas searched) 
I C 443 1970 F e b 36 50 97.6 1 6 m . 7 0.05 -48 .8 
(2 a reas searched) 
I C 443 1970 F e b 36 240 97.6 1 3 m . 7 0.0 -48 .8 
(7 a reas searched) 
H B 9 1970 F e b 36 50 97.6 1 6 m . 5 0.0 -48 .8 
(2 a reas searched) 

Miscel laneous 
3C 273 1970 F e b 8 36 25 97.6 4.00 0.0 -48 .8 
B L L a c 1969 A u g 17 98 13 24.4 1.00 0.01 -12 .2 

0.56 0.20 - 2.03 
1969 A u g 17 98 13 48.8 0.68 0.015-24.4 

0.36 0 . 1 0 0 - 4.88 
D Q H e r 1969 A u g 18 98 13 48.8 0.88 0.01 - 2 4 . 4 

0.51 0 . 0 0 6 - 4.07 
3 C 386 1969 A u g 18 98 13 48.8 1.50 0.0 - 2 4 . 4 

0.64 0 . 0 0 8 - 4.07 

that can be determined unambiguously is half the rate of the readings, the Nyquist 
limit. Higher frequencies are detectable, with reduced sensitivity, and by using different 
recording rates in turn it is possible to resolve almost all ambiguities. The extreme 
lower limit to frequencies that can be observed is one cycle in the time covered by 
16384 readings (the current limit of the computer and reduction programme). In 
practice random changes in sky transparency introduce noise at very low frequencies 
and there is usually some reduction in sensitivity. Over the rest of the frequency range 
the sensitivity is fairly accurately estimated by Equation (1), setting the duty cycle, 
/ = 0 . 5 . For example, using the Isaac Newton Telescope with a diaphragm of 10 square 
seconds of arc and making 100 readings per second, the limit of detection should be 
about 22™7. If a pulsar similar to that in the Crab Nebula, which is apparently about 
16™5, (Lynds et al, 1969), were located in Cas A, at twice the distance of the Crab 
and with 6 or 7 magnitudes of absorption instead of 1.7, it would have an apparent 
(integrated) magnitude of 22T3 or 23T3. But Cas A is only one third of the age of the 
Crab, so it might be intrinsically much brighter. With such a small diaphragm it 
would take about 9 hours to search an area 20 x 20 arc sec. This search area covers 
only a small fraction of the area of the diffuse object, but so also did my original look 
at the Crab. 

Table I (Continued) 
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Fig . 3. Ord ina t e s : A p p a r e n t m a g n i t u d e ; Absc issae : F requency in H z ( t op scale) o r per iod in 
seconds (bo t tom scale). S y m b o l s : 4- indicates the observed periodicities a n d t ime-average br ightness 
of D Q H e r (Walker , 1954, 1956) a n d N P 0532 (Lynds et al, 1969). J indicates the periodicities 
de termined by rad io observa t ions a n d uppe r limits to the t ime average of any pulsed opt ical r ad ia t ion 
f rom five o ther pulsars . See the text for details . T h e lines a t 164 sec per iod, a n d a t 2 2 m . 7 then curv ing 
u p to 100 H z , indicate the limits of sensitivity of equ ipmen t buil t a t C a m b r i d g e when used on the 
249 cm (98-in.) I saac N e w t o n telescope with a pho tome te r d i a p h r a g m 10 (arc sec) 2 in area , a n d 

record ing 16 384 readings a t 100/sec. 

So I conclude that the future of optical searches for pulsars is not hopeless, though 
the past has been less fruitful than some of us hoped. 
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Discussion 

M. Rees: I would like to c o m m e n t fur ther o n the calculat ions by Bahcal l , Salpeter a n d myself which 
D r . Wil ls t rop has men t ioned . W e a s s u m e tha t the e lec t romagnet ic luminos i ty of a y o u n g pulsar can 
be ob ta ined by scaling f rom the C r a b pu l sa r accord ing t o the QA l aw predicted by t he e lec t romagnet ic 
d ipole theory (which is pessimist ic insofar as it implies tha t only ~ 1 0 - 4 of the avai lable energy is 
channe led in to the optical b a n d ) . Pulses shou ld be de tec table f rom a newly formed pulsar , spinning 
wi th its b reak -up angu la r velocity ( ~ 50 t imes the ro t a t ion speed o f t h e C r a b pulsar ) , o u t t o dis tances 
~ 10 M p c . T h e envelope w o u l d become t r anspa ren t enough for opt ica l pulses t o shine t h rough after 
3 weeks t o 3 m o n t h s , depend ing o n a s sumpt ions regarding the mass , velocity, a n d ionizat ion of the 
expand ing debr is . T h e envelope wou ld be m o r e o p a q u e to X-rays a n d t o r a d i o pulses, so these would 
p robab ly r emain undetec tab le unti l the pu lsar has slowed d o w n substant ia l ly f rom its initial ro ta t ion 
r a t e . Optical observa t ions t hus seem t o s t a n d the best chance of detec t ing extragalact ic pulsars . 

W e believe tha t these results a r e sufficiently encourag ing t o justify a search for opt ical pulses, with 
mil l isecond per iods , f rom the sites of all newly- repor ted supernovae a t dis tances < 10 M p c . 

D. ter Haar: Calcula t ions by Tsytovich , Buckee a n d ter H a a r {Phys. Letters 32A, 1970) suggest 
t ha t , of those pulsars for which dP/dt is k n o w n apa r t f rom N P 0532, only P S R 0833 m a y pulse 
opt ical ly. O t h e r pulsars m a y pulse in t h e infra-red. I n these es t imates we a s s u m e tha t the loss of 
ro ta t iona l energy p redominan t ly shows u p a t those frequencies where the br ightness t empera tu re is 
of the o rder of the effective t empe ra tu r e of the relativistic e lectrons. 

https://doi.org/10.1017/S0074180900007488 Published online by Cambridge University Press

https://doi.org/10.1017/S0074180900007488



