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Abstrac t . Abso lu te t ime of arr ival measu remen t s were m a d e of the opt ical pulses f rom the C r a b 
pulsar between September 1969 a n d Apr i l 1970; they were corrected to the solar system barycent re . 
T h e fit to the t iming d a t a indicates t ha t the s lowdown is due t o magne t i c dipole rad ia t ion , bu t there 
a re significant deviat ions indicat ing the presence of small f luctuat ions a n d majo r j u m p s . There is n o 
evidence of the quasi-s inusoidal behav iour repor ted by Arec ibo . These measu remen t s a l lowed a n 
integrated light curve to be cons t ruc ted with high precis ion. 

1. Introduction 

Absolute time of arrival measurements of the optical pulses from the Crab pulsar 
N P 0531 have been made from September 1969 to April 1970, using the 61-in. reflector 
at Harvard's Agassiz Station. The timing accuracy, limited only by the available 
signal strength and the sky background level, is typically 3-8 /*sec after an hour of 
observation. 

The signal was accumulated in the usual way (Papaliolios et al, 1968, Horowitz 
1969) with some modifications made to allow for accurate absolute timing information 
(UTC to nearest j*sec) available from East Coast Loran-C to be inserted into the 
multichannel analyzer. A system similar to ours has been previously reported (Boynton 
et al. 1969a). 

2. Analysis and Results 

Each night's data consisting of 4 to 10 individual 10-minute runs are combined to give 
a precise arrival time at the telescope, for a single optical pulse within the observing 
period. This site arrival time is reduced to a solar-system-barycenter arrival time 
(Richards et al, 1970). The secular behavior of the pulsar period between successive 
observations is sufficiently stable so that each of the above pulses can be numbered 
unambiguously. The result of this data reduction process is shown in Table I. In
cluded in these calculations are the second order general relativistic effects arising 
from the earth's eccentric orbit around the sun (Hoffman, 1968; Counselman and 
Shapiro, 1968). 

We next attempt to reduce the contents of Table I to some analytic form in order 1) 
to display in a more transparent way the behavior of the pulsar, and 2) to gain some 
insights into the physical processes that determine the observed behavior. 
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DATE 
MO DA YEAR 

SITE ARRIVAL TIME 
HR MIN SEC 

SIGMA 
JJSEC 

BARYCENTRIC ARRIVAL TIME 
JUL. DAY SECONDS 

3 17 1969 01 47 39,983604 50.0 2440297.5 6437.513579 

12 1969 
13 1969 
16 1969 

10 9 1969 
10 10 1969 
10 17 1969 
10 18 1969 
10 19 1969 

08 57 06.023401 
08 11 02.024519 
08 39 46.009152 

08 19 57.002321 
07 56 09.984035 
09 09 29.992356 
08 02 44.990390 
08 37 14.983562 

11 16 1969 07 11 31.980315 

12 5 1969 
12 12 1969 
12 18 1969 

1 1 1970 
1 3 1970 
1 11 1970 
1 14 1970 
1 16 1970 
1 31 1970 

2 5 1970 
2 8 1970 
2 24 1970 
2 27 1970 

3 4 1970 
3 7 1970 
3 9 1970 
3 28 1970 

4 4 1970 
4 6 1970 
4 8 1970 
4 16 1970 
4 26 1970 

07 45 55.005933 
06 21 25.005616 
08 19 56.985649 

02 05 24.999442 
03 18 44.986356 
02 22 39.980689 
06 03 42.002578 
06 13 37.008305 
03 39 17.008171 

01 38 04.982081 
04 44 46.993842 
00 20 01.998223 
01 05 55.000236 

00 18 26.978656 
01 23 11.986946 
01 12 56.984122 
01 01 14.993929 

01 13 26.979862 
02 11 46.998164 
01 34 24.999011 
01 22 27.006979 
01 02 21.990707 

10.6 
11.5 
7.2 

5.1 
4.1 

10.6 
4.6 
3.4 

4.4 
8.1 
4.4 

11.8 
6.8 
7.1 
5.3 

10.6 
6.1 

7.3 
9.7 

12.2 
4.5 

4.1 
11.7 
7.4 
7.2 

7.7 
9.7 
7.0 

14.2 
49.0 

2440476.5 
2440477.5 
2440480.5 

2440503.5 
2440504.5 
2440511.5 
2440512.5 
2440513.5 

32189.666495 
29433.917910 
31183.686258 

30186.164151 
28766.894782 
33220.661799 
29222.660511 
31300.091969 

2440560.5 
2440567.5 
2440573.5 

2440587.5 
2440589.5 
2440597.5 
2440600.5 
2440602.5 
2440617.5 

2440622.5 
2440625.5 
2440641.5 
2440644.5 

2440649.5 
2440652.5 
2440654.5 
2440673.5 

2440680.5 
2440682.5 
2440684.5 
2440692.5 
2440702.5 

28439.187459 
23376.294043 
30488.458890 

7996.335239 
12390.913015 
8999.188371 

22248.193239 
22834.231771 
13492.359294 

6187.966638 
17368.167257 

1361.581707 
4089.601008 

1199.865754 
5058.931412 
4426.844686 
3562.137620 

4236.229829 
7719.818813 
5462.152386 
4683.327070 
3409.390075 

PULSE NUMBER 

468033096 
470559950 
478443104 

538444366 
541011518 
559416162 
561905392 
564578148 

5.9 244Q541.5 2632Q.609244 637506568 

687158492 
705274534 
721148376 

757006265 
762358574 
783134278 
791363730 
796600923 
835464572 

848292409 
856459147 
897730144 
905641422 

918602218 
926547588 
931747690 
981303336 

999590399 
1004914645 
1010065478 
1030917923 
1056974148 

The first relationship between t, the barycentric arrival time, and N, the pulse 
number that we try is the truncated power series 

0 = 0o+/o' + i / o ' 2 + i /o' 3 ( 1 ) 

where we have replaced the integer N by 0, a continuous variable. The parameters 
$ o , / o / 0 , / o are adjusted by the method of least squares to minimize the residuals 
defined by r = N—</). If such a fit is performed over the data from March 1969 to the 
end of September 1969, we have the residuals (converted to units of time) shown in 
Figure 1. It is clear that for the days not involved in the fit, i.e., past September 1969, 
the residuals diverge quite markedly. This is not because of the fitting procedure, but 
because of a sudden increase in the frequency of the pulsar, as others have announced 

*CRAB PULSAR*TIMIN6 DATA 

T A B L E I 

Pulse arrival t imes at site a n d solar system barycenter , a n d co r re spond ing pulse n u m b e r 

CRAB PULSAR TIMING DATA 
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Fig . 1. Residuals vs. Ju l i an day , after weighted arr ival t imes pr ior to 22 September 1969 
( J D 2440484.5) a re fitted by e q u a t i o n (1). T h e phase residuals resul t ing f rom this calculat ion have 

been conver ted t o un i t s of t ime. 

(Boynton et al, 1969b). A cubic fit to the data past the jump allows us to give the 
following values to the parameters before the jump, and their changes (final-initial) 
at the jump, 

/ = 30.209297624 Hz Af = 9.3 ± 1 x 1 0 " 8 Hz 

/ = -3 .857212 x 1 0 " 1 0 Hz/sec Af = - 1 . 8 + .1 x 1 0 ' 1 4 Hz/sec 

/ = 1.04 x 1 0 " 2 0 Hz/sec 2 Af = 5.9 ± 1 x 1 0 " 2 1 Hz/sec 2 

t = JD 2440484.5 ± 4 = 20 September 1969 + 4 days 

If this jump is the result of a sudden readjustment of the equatorial radius of the 
outside crust, then this radius changed by only 15 \i. It can easily be shown that 
changes of this size should be happening about once a week, but no other has 
been observed. Another explanation for the jump could lie in Scargle's observation 
(Scargle and Harlan, 1970) of changes in nebulosity following the jump. A cubic fit 
to all the data following the jump up to 26 April 1970 results in residuals shown in 
Figure 2. These residuals, particularly the early ones, are far greater than what one 
would expect from the measuring process. There is some evidence of a post-jump 
relaxation lasting up to 1 January 1970. Using the data past 1 January 1970 results 
in residuals shown by the solid circles of Figure 2. 

Since the residuals are considerably larger than the measurement errors (which are 
too small to be shown in Figure 2 but are listed in Table I) we conclude for the present 
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F ig . 2. Res iduals vs. Ju l ian d a y ; O = res iduals of a cubic fit f rom 1 Oc tobe r 1969 t o 26 April 1970. 
# = residuals of a cubic fit after 1 J a n u a r y 1970. T h e b r ak ing pa rame te r n is 2.70 a n d 2 .61 , respectively, 
wi th a n uncer ta inty of a b o u t 5 % d u e t o possible e r rors of a second of a rc in the a l ignment of solar 
system coord ina tes re la t ive to N P 0 5 3 1 . T h e measuremen t e r rors a re t o o small to show in this figure 

b u t can be ob ta ined f rom T a b l e I. 

that Equation (1) is not the appropriate relationship between / and 0. Modifying 
Equation (1) by adding a quartic term reduces the residuals somewhat, but this modi
fication is rejected because of the anomalously large contribution to </> from the 
additional term. 

Another useful relationship is obtained from 

/ = - « / " (2) 

The braking parameter n defined by Equation (2) has the value 3 if the slowdown 
of a spinning rigid neutron star is due to solely dipole radiation, and has the value 5 
for quadrupole radiation. The solution of (2) is 

0 = 0!+ a (1 +tjLf (3) 

where k={n — 2)1 (n— 1), and L is a 'lifetime' parameter. 
Least-squares adjustment of the four parameters in equation (3) results in residuals 

that are essentially identical to the ones obtained from the use of Equation (1). Even 
such diverse forms as 

</> = (/>, + a { ( / + L) + j8[ln(f + L) + 2 ] } , / 2 (4) 
and 

</> = fa + a (t + L ) 3 / 4 + fi (t + L ) 5 / 4 (5) 
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which are the solutions expected if both dipole and quadrupole radiations are present 
where dipole radiation is dominant in (4) and quadrupole is dominant in (5), result in 
residuals identical to those previously obtained. 

These results indicate that it is very difficult to compare theoretical explanations 
with one another, since only the number of adjustable parameters seems to matter. 
The underlying reason for this unfortunate property appears to be noise, so that all 
simple relationships between </> and t will result in excessive residuals. 

The braking parameter n varies between 2.6 and 3.7 depending on the string of 
data one uses in the least-squares fitting process. If we set n = 3 (the case for pure 
dipole slowdown) then we see from equation (3) that 

t = t0 + P0(j> + iPo<t>2 (6) 

This leads to another means of data analysis, the method of divided differences 
(Buckingham, 1957) which allows us to recognize the existence of small fluctuations 
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Fig . 3. Residual per iod vs. phase , calculated by divided differences, wi th a l inear t e rm sub t r ac t ed . 
E r r o r ba rs are omi t t ed when less t han 0.35 picosec. 
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in the arrival times as well as the major ones such as the jump previously noted. In 
addition this method is able to suggest interpretations that might not otherwise have 
been suspected. If we assume that Equation (6) is valid between every pair of measured 
points (t,N) then at N=i (Nl+N2) the period P is exactly (t2-tl)/(N2-N1). 
Equation (6) also implies that the period P is a linear function of TV (or <f>). We perform 
these calculations, subtract out a linear dependence of P on 0, and plot the remaining 
residual periods vs. 0 in Figure 3. This graph shows clearly the jump in period that 
occurred on 20 September 1969, the relaxation following the jump, and the small 
fluctuations throughout the year. These fluctuations in period of about one part in 
1 0 1 0 make it difficult to extract from the present timing measurements any useful 
information on the gravitational red shift, and on the solar system ephemeris. There 
is also no evidence of a continuation of the sinusoidal oscillation that was reported 
to exist before the j ump by Richards et al. (1970). 

If we perform the above analysis on the Arecibo data, kindly supplied to us by the 
Arecibo group, then the results are as shown in Figure 4. The two straight lines suggest 
a pure-dipolar slowdown with a single jump in dipole moment. The phase residuals 
calculated on the basis of this interpretation, which incidentally contains only five 
adjustable parameters instead of Arecibo's seven, are shown in Figure 5 and are as 
small as those of the Arecibo group. If our interpretation is correct then there is no 
sinusoidal oscillation, but instead the dipole moment increased by 3.7 parts in 10 5 

on JD 2440410.4. 
Finally, as a simple byproduct of our timing measurements, we can superpose the 

light curves taken throughout the year, and still maintain the 32-jUsec resolution. The 

Fig . 4. Residual per iod vs phase of the summer Arec ibo da ta , with a linear term subtracted. 
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JULIAN DAY - 2440000 
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Fig . 5. Residuals vs. Ju l ian day, after fitting a dipole b rak ing law wi th a single j u m p in the dipole 
m o m e n t t o the radiofrequency arr ival t imes ob ta ined dur ing the s u m m e r of 1969 by the Arec ibo g r o u p . 

CRAB NEBULA PULSAR(NP053D 

LIGHT CURVE 

32 Msec PER POINT 

6 1 10 I? K 18 20 22 » 26 28 30 
TIME. MSEC 

Fig . 6. Superposed light curve f rom ten nights of observing between Oc tobe r 1969 a n d M a r c h 1970. 
T o t a l observing t ime is a b o u t ten h o u r s . 

result of such a superposition (representing about 10 h of observation throughout the 
year) is shown in Figure 6. There is no evidence of rounding at the top of the main 
peak even down to this short time scale. The time interval of 13.376 + 0.032 msec 
between the peaks of the two light pulses agrees with the 13.36 + 0.03 msec interval 
between the two sharp spikes recorded at 430 MHz by the Arecibo group (Rankin 
et al, 1970). 
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Discussion 

D. T. Wilkinson: It n o w is clear tha t the behaviour of res iduals is a s t r o n g funct ion of the model 
chosen and the d is t r ibut ion of the d a t a . W e disagree with several of the resul ts of the H a r v a r d g roup . 
O u r da t a indicate tha t the exponent ia l decay of the transient par t of the discont inui ty has a t ime 
cons tan t of a b o u t 2 weeks ; its effect is essential ly gone by 1 December . T h e value of Q, as defined by 
Pines et al., is a b o u t 1 o r larger in o u r fits. T h e c h a n g e s in n r epor ted a re model led in o u r fits as 
quar t i c or per iodic t e rms . Final ly, we also see the b u m p s in M a r c h a n d Apri l of 1970, seen by the 
Lick g roup . They a r e unexpla ined in a n y m o d e l s discussed here . 

C. Papaliolios: W e d o observe a different behaviour for the pulsar before a b o u t 1 J anua ry 1970, 
a n d then after tha t da te . Th i s difference is no t an art ifact of the fit bu t is clearly indicated by the m e t h o d 
of divided differences. 

Hills: A s a m e m b e r of the Berkeley g r o u p I would like to c o m m e n t o n the a p p a r e n t differences in 
the results of the pulse t iming presented by the different g roups . A s far as we k n o w there are n o actual 
con t rad ic t ions in the arr ival t imes measu red bu t clearly t h e p h e n o m e n a which show u p depend very 
m u c h on the details of the observa t ions m a d e . T h u s ou r measu remen t s which have greater t iming 
accuracy ( < 2 //sec for a good night ) a n d m o r e frequent observa t ions , but a shor te r t ime base than the 
o thers , show only the s t ruc ture on a scale which is very small ( some might say insignificant), whereas 
the measurement s over longer per iods with lower resolut ion show the m o r e d rama t i c changes . 
W e look forward to c o m b i n i n g o u r d a t a with tha t of o ther g roups to check o u r measurements a n d 
t o try t o unde r s t and whe the r the p h e n o m e n a described can all be cons idered pa r t of the same 
behaviour o r whether a m o r e complex mode l must be used. 

C. Papaliolios: In s tudying the s low-down of the pulsar, i.e., the b rak ing parameter , it is not 
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sufficient t o consider jus t t he r ad ia t ion t o r q u e s . T h e changes in m o m e n t of inert ia can a lso play an 
i m p o r t a n t ro le ; after all, we k n o w tha t t he pulsar is s lowing d o w n , therefore , its obla teness is also 
changing . A l t h o u g h this effect is n o t in itself sufficient t o account for the to ta l discrepancy between 
n = 3 (magnet ic dipole s lowdown) a n d the observed average va lue of a b o u t 2.6, it is in the p rope r 
d i rec t ion . O the r effects which shou ld b e included in a detai led ca lcula t ion a re t he changing dipole 
m o m e n t tha t comes from the s h a p e changes a n d the addi t ional effects due t o the compressibi l i ty of 
t h e pulsar . 
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