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The Crab Nebula pulsar, N P 0532, is the only one of the 56 known pulsars which 
has been observed to pulse in the optical spectrum. Even more spectacular are the 
vast quantities of pulsed X-rays which it has been found to emit. Soft X-rays in the 
1-10 keV region have been observed during four sounding rocket flights (Fritz et al, 
1969; Bradt et al, 1969; Boldt et al, 1969; Ducros et al. 1970) and harder X-rays, 
25-200 keV, have been detected during two balloon flights (Fishman et al., 1969a, b ; 
Floyd et al., 1969). From the results of these six experiments we summarize the 
properties of the X-ray pulsations from N P 0532. 

The X-ray and optical pulse profiles for N P 0532 have striking similarities while 
a detailed comparison reveals several distinct differences. In X-rays the characteristic 
main pulse and interpulse are present, but unlike the optical case (Lynds et al., 1969; 
Warner et al., 1969; Papaliolios et al., 1970) the energy in the broader and smaller 
amplitude interpulse is about equal to that in the main pulse. The separation of the 
two pulses is 13.2 + 0.3 msec (Bradt et al., 1969; Fritz et al., 1970; Rappaport et al., 
1970). The full widths at half maximum of the main pulse and interpulse are 1.0 + 0.2 
msec (Fritz etal, 1970; Rappapor t etal, 1970) and 2.8 + 0.3 msec (Fritz etal, 1970; 
Rappaport et al, 1970) respectively. The interpulse has a slow rise and rapid decline 
while the opposite is true of the optical interpulse (Lynds et al, 1969; Warner etal, 
1969; Papaliolios et al, 1970). In the 13 msec interval between the two pulses the X-ray 
flux does not go to the dc background level but remains at about 10% of the peak 
rate in the main pulse (Bradt et al, 1969; Rappaport et al, 1970). 

The MIT experiment of April 27, 1969 (Bradt et al, 1969) featured nearly simul
taneous optical and X-ray observations of the Crab pulsar. The time of the main 
optical pulse as determined at Mount Palomar and McDonald observatories differs 
from the time of the main X-ray pulse by only 0.4 + 0.5 msec. Recently the Princeton 
group (Groth and Wilkinson, 1970) calculated from their data the arrival time of the 
main optical pulse at White Sands Missile Range nearest the time of the M.I.T. 
rocket launch. The time they obtain differs from the time of the main X-ray pulse by 
only 0.22 + 0.3 msec. It is now clear that the radio (corrected to infinite frequency) 
(Rankin et al, 1970), optical and X-ray pulses are all coincident to within ~ 0 . 3 msec. 

The time averaged flux of pulsed soft X-rays (1-10 keV) from N P 0532 is about 
8% of the soft X-ray flux received from the Crab Nebula (Bradt et al, 1969). The 
X-ray flux from the nebula in this energy range is 3 x 10~ 8 erg c m - 2 s e c " 1 (Kellogg, 
1971) and the corresponding X-ray luminosity is 1.5 x 1 0 3 7 erg s e c " 1 . The time aver
aged flux (1-10 keV) from the pulsar is 2.5 x 1 0 " 9 erg c m " 2 s e c " 1 (Bradt et al, 1969) 
and its X-ray luminosity depends on the geometry of the pulsar beam. When the 
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X-ray flux from the pulsar is maximum it is about half as bright as the non-pulsed 
X-radiation from the Crab (Bradt et al, 1969; Rappaport et al, 1970). The pulsar 
puts out ~ 100 times as much energy in X-rays as in the optical (Oke, 1969) and ~ 10 5 

times as much as in the radio region ( > 10 8 Hz) (Rankin et al, 1970; Cornelia et al, 
1969). 

The X-ray energy spectrum of the Crab Nebula in the region 1-560 keV can be 
well represented by a power law with spectral index a = 1.1 (Kellogg, 1971). The pulsed 
component in the range 2-200 keV decreases with decreasing energy from about 15% 
of the flux density of the Crab to ~ 5 % (Fritz et al, 1969; Bradt et al, 1969; Ducros 
et al, 1970; Fishman et al, 1969b; Floyd et al, 1969). The M I T measurement in the 
interval 1-1.5 keV (Rappaport et al, 1970) indicates that the pulsed component is 
only 3.5 ± 1.2% of the nebular radiation at these energies. This apparent decrease in 
the pulsed radiation is not due to interstellar photoelectric absorption since the same 
energy X-rays from the nebula are not significantly attenuated (Rappaport et al, 
1969). Scattering by dust grains in the interstellar medium has been suggested by 
Slysh (1969) but an earlier calculation (Overbeck, 1965) and more recent calculations 
(Naranan and Shah, 1969; Ryter, 1970; Bowyer et al, 1970) show the optical depth 
for X-ray scattering at 1 keV for the Crab Nebula is small (~0 .2 ) . Absorption of the 
very soft X-rays could be taking place in the immediate vicinity of the pulsar or the 
intrinsic spectrum could be changing at 1 keV. 
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Discussion 

Sir Bernard Lovell: Is the r a t io of pulsed t o non-pulsed X- rad ia t ion a funct ion of energy as indicated 
by t he difference in the ba l loon a n d the rocket results or a re there uncer ta int ies in the two types 
of m e a s u r e m e n t ? 

S. Rappaport: I t is a definite effect. 
N. Visvanathan: In X-rays , t he 8 % pulsed intensity is c o m p a r e d t o the to ta l intensity f rom all 

over the C r a b , while in opt ical t he pulsed intensity is 1 8 % c o m p a r e d t o the 1 sec a r c N e b u l a a r o u n d 
the pulsar . 

/. P. Ostriker: C a n you q u o t e l imits for the per iodic c o m p o n e n t of the X-rays observed from the 
t w o o the r supernova r e m n a n t s emi t t ing X- rays? 

E. Kellogg: U p p e r l imits o n pulsed X- ray emission, 1-10 keV, f rom Cas A a n d T y c h o , assuming 
a single pulse occupying o n e t en th of a per iod , wi th per iods be tween 8 a n d 35 msec, with 9 9 % 
confidence a re 

Resu l t s ob ta ined by Lorens te in , Kel logg, a n d Gursky , a re publ i shed in Astrophys. J. 160, (1970) 199. 
/. Kristian: By h o w m u c h is y o u r c o m p a r i s o n with the opt ical F W H M affected by the fact tha t 

the opt ical peak is still unresolved wi th t ime resolut ion as shor t as 20 //sec? 
P. Horowitz: Even t h o u g h the t u r n - a r o u n d near the opt ical peak hasn ' t been resolved, the F W H M 

es t imate is no t m u c h affected since the rise to m a x i m u m is approx ima te ly l inear f rom b o t h sides and 
therefore the height of the peak is p robab ly no t in e r ro r by m o r e t h a n t h e rise du r ing one t iming 
channe l , i.e. less t han 5 % of the to ta l height . 

D. M. Jennings: D u c r o s et al. have recently repor ted two further inter-pulses, o n e following b o t h 
t he m a i n pulse and the wel l -known ' in te r -pu lse . H a v e you a n y in format ion o n these? 

S. Rappaport: N o . 
F. G. Smith: The re is a n o t h e r in ter-pulse c o m p o n e n t observed at r ad io frequencies, which we will 

hea r a b o u t later in a repor t by M r . S c h o n h a r d t . 

Cas A 
Tycho 

1 5 % 
1 9 % 
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