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Search for gravitational radiation from the Crab pulsar
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The result of a search for the gravitational radiation from the Crab pulsar, at 60.2 Hz, is presented. A
400-kg aluminum quadrupole antenna, Q = 4500, is thermally tuned tracking the pulsar frequency.
Correlating the 420 h of recorded antenna output with the timing of the optical pulses, we have obtained an
upper limit for the energy flux of the gravitational radiation: S < 14 W/m %

I. INTRODUCTION

There have been various estimates on the emis-
sion from astrophysical sources, such as binary
star systems,! rotating and vibrating stars,? of gravi-
tational radiation (GR) of continuous wave form.
Although the expected energy fluxes of GR at the
earth based on these estimates are well below the
sensitivity of present-day detectors, it is worth-
while trying to detect the fluxes or to establish
their upper limits since the estimates involve sev-
eral assumptions that could be wrong, and since a
different format of experiment is used in a search
for these sources as compared with those employed
in a search for burst events.*®

PSR 0532, the pulsar in the Crab nebula, is one
of the most promising objects in this respect be-
cause of its short period (0.033 sec) and the rela-
tively small distance (1-2 kiloparsec) from the
solar system. There are thorough records of the
optical’®! and radio’?'® observations on this pul-
sar which narrow down the frequency band to look
for. The estimated energy flux S of GR ranges
from 107'° to 10™*°® W/m?, depending on models of
the pulsar.'*!'® There have been several experi-
mental works, a geophysical strain measurement
using a laser interferometer,'® seismonieter .ob-
servations,'” and a laboratory experiment using a
laser interferometer,'® setting an upper limit of
the energy flux,'® S <10° W/m? In the following we
report on the result of a search for GR from the
Crab pulsar performed with a resonant antenna at
w/2m=60.2 Hz, twice the pulsar rotation frequency.
The experiment distinguishes itself from the pre-
vious ones in two respects: the use of a tunable
resonant antenna which tracks the pulsar frequency

and the extended period of the correlation integration.

II. EXPERIMENTAL
‘The‘ antenna used in this experiment is an alum-
inum quadrupole with mass M =400 kg (Fig. 1), of
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a similar type as those used in our previous ex-
periments.® The size of the cuts on each side is
so determined that the frequency of the fundamen-
tal B,, vibration mode is slightly over 60.2 Hz.
Figure 2 shows the tuning curve of this mode ob-
tained from a scale model study. The antenna is
tuned more precisely with small weights mounted
at the four corners. The resonant frequency of the
antenna is measured by incorporating the antenna
in a feedback oscillation loop together with an
amplifier of a proper phase shift. The tracking of
the antenna resonance after the expected arrival
frequency of GR (Fig. 3) is effected by enclosing
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FIG. 1, 400-kg quadrupole antenna for gravitational
radiation (GR) at 60.2 Hz. Machined from a square alu-
minum plate /=1.10 m, it has cuts on each side, s=0.14
m, d=0.08 m. Four electrode plates are mounted in the
cuts to form a pair of capacitors.
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FIG. 4, Power spectrum of the antenna signal of a
typical three-hour run, obtained by an autocorrelation
analysis with a Bartlett filter.

2w/27m (m Hz)

1001 electrostatic transducer circuit of capacity C = 3700

pFand electricfield E =2.1 X 10° V/m, withan elec-
tromechanical coupling coefficient® 8 = C E?/ uw?
TUNING GOAL =1.4 X103, After amplification, 148 db within 2 Hz
bandwidth, the signal v(¢) is sampled and converted
) into 12 bits digital code every At =1 sec and recorded
0 ol 02 03 onto perforated paper tape. Attemperature 7'=300
K, the antenna Brownian motion has a root-mean-
s/4 square (rms) amplitude a = (BT/u)/2/w=1.9 X 1074
FIG. 2., The resonant frequency, w/2m, of a square m in the electrode distance x around its equilibrium
quadrupole antenna varies with the size of cuts on each value, while the wide-band noise of the transducer
side. The cut is specified by a distance s (Fig. 1). The plus amplifier system is 30 nV at the amplifier
product lw/2m is given as a function of a nondimensional input, equivalent to an rms amplitude w = 1.5 X 10714
parameter s/1, d/1=0.073. m in x. Figure 4 illustrates the power spectrum of
the signal obtained from the taped record v(¢;) by an

the antennz within a thermal shield of a controlled autocorrelation analysis. The Brownian motion of
temperature. The temperature coefficient of the the antenna is recognized in the bandwidth w/27Q
antenna frequency is —0.014 Hz/K, while the =0.013 Hz. The power spectra are conveniently
thermal time constant of the antenna in vacuum is ° utilized to check the frequency tracking of the an-
60 h. The resultant tracking accuracy is +0.003 tenna during the experiment.

Hz. Equipped with two capacitors and supported at The antenna rests horizontally, with the plane of
the four nodal points, the antenna has a loaded capacitors normal to the meridian, on a vibration-
quality factor @ =4500, an effective area’® A ,=0.40 isolation stack in a vacuum tank located on the

m?, and a reduced mass 1 =78 kg in reference to University of Tokyo campus. The expected inten-
the electrode distance x indicated in Fig. 1. Two sity curve® for unpolarized GR from the Crab pul-
capacitors are connected in parallel to form an sar received with this antenna is shown in Fig. 5.

It has two peaks of f=3.6 db and 0 db every side-
f«——PERIOD OF EXPERIMENT—

30130\ 60.26

Hz Hz 3 hours
A —f=
ARRIVAL FREQUENCY. B — —
125 .25 C — —
PSR_0532 {
ROTATION FREQUENCY Feb 26,1977
120 24 2.0 oh uT
Jul 1, 1976 Jan 1, 1977 1.0
A157 T I 1 ] : [ t 23 (0] : L
2800 3000 . 3200 31995 32005 32015t
J.D.-2440000 -
FIG. 3. The rotation frequency (d¢/dt~ 30.1 Hz) of the J.D. - 2440000

Crab pulsar slows down 0.04% annually. The arrival fre- FIG. 5. Expected intensity variation of Crab GR signal
quencies of the optical pulse (d¥/dt~ 30.1 Hz) and the received by the quadrupole antenna at the University of
expected GR (2dy/dt~ 60.2 Hz) show, in addition, a Dop- Tokyo (+ 9"19™ 1, +35°43). Three series of observation

pler shift of maximum +0.01%. runs, 4, B, and C, were made.



17 SEARCH FOR GRAVITATIONAL RADIATION FROM THE CRAB... 1921

real day. During May 1976-March 1977, a series
of 140 runs of observations, A, were made cover-
ing the central peak. Also, an additional two series
of runs, B and C, were made for the side peak and
for one of the valleys between the peaks. A unit
run lasted three hours, recording »=10800 words.
The timing pulse for the sampling was obtained
from a quartz oscillator which was monitored
against the standard broadcast JJY. The accuracy
of the timing was kept within £0.05 msec through-
out the experiment. In the east part of Japan in-
cluding the Tokyo area, the power line frequency is
50 Hz. This eliminates the troubles expected in a
similar experiment performed in a 60-Hz area. It
might be worthwhile to note that in a high-sensitiv-
ity work such as this one, we have to prepare
against the infiltration of noise at 59.94 Hz, the
vertical sweep frequency of network TV.

III. RESULTS

The first step of the processing of the taped data
is the calculation of the sum of #» vectors for the
Ith run,

(Z v(t,j cosdmy(t;), D v(t,) sin4mp(ti)>

=(CW!,s )
=Y, @)

where ¥(¢;) is the phase (in Hzsec) at ¢; of the Crab
electromagnetic pulse arriving at the antenna. In
our analysis we used the polynomial

D(E)= o+ vyt~ 15)

+ 30, (E= )P+ 2, (- 1,) .

¢o=-0.355 Hzsec ,

V,=30.122428 8537 Hz, @
v, =-3.83014729 x 10°*° Hz/sec ,

v,=1.225 X 10" Hz/sec?,
{,=Julian day 2443100.5,

representing the barycentric arriving phase of
Crab pulses, obtained by Lohsen'! at Hamburg
based on his optical observations of 1975-77. The
polynomial is checked against the polynomials ob-
tained from the complementary observation in the
radio frequency band by Gullahorn, Isaacman,
Rankin, and Payne'® at Arecibo. The phase (¢,;)
at our antenna is calculated from the above poly-
nomial for ¢ (¢) through a program based on the
Ephemeris and including the earth diurnal motion
and the motion of the sun around the barycenter of
the solar system. If the antenna signal v(¢) con-

tained a possible coherent component u cos[4mi)(t)
+a], the vector V(J) should consist of two parts,
the coherent component

((nu/2) cosa, - (nu/2)sina) = (C,,S,) , (3)

and a random component representing the Brownian
motion and the wide-band noise. The distribution
of V{I) =(C,S) is therefore given by a normal form

1 C—CyoP+(S=5,)7
ey (O =50

b® =n[(2Q /wAt)a®+w?], where the contribution of
the wide-band noise to b is less than 3%. The sec-
ond step of the analysis is the summation of the
vectors V(I). A phase shift (1/27) tan™(2Q Aw/w)
Hz sec is added here for each vector, in connection
with the daily tracking error Aw/2r of the antenna
frequency. Figure 6 shows the accumulation of
vectors obtained from the observation of series A
through the entire period of the experiment. Dur-
ing the first few weeks we noticed by surprise, a
growth of the sum toward one direction. However

)dC ds, (4)

3
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FIG, 6. Successive summation of the daily signal vec-
tors V(I)=(C(1),S(D) of series A. Total number of vec-
tors K=140. Date of observation is designated by Julian
day —2440000. The segment of circle shows the rms
expected distance of a random walk.
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TABLE I. Estimated coherent component (Cy,Sy)
[Eq. (3)], contained in the three series of antenna output.

Series Co Sy
A (1£30)a (-16+30)a
B (~28+35)a (59t 35)a
C (=16x31l)a (—6+31)a

the growth did not continue further with the in-
creasing number of runs, and the final outcome
turned out to be

> c@)=0.21x10%
®)

> .S)=-2.24x10%,

which is the sum of 140 (= K) vectors with the rms
length b =510a. Considering the possibility of un-
expected slips of the assumed phase of the pulsar,
the nature of the vector series V’(I) is checked by
an autocorrelation analysis, and the taped data
themselves were examined with other sets of the
phase factor § corresponding to slightly offset pul-
sar frequencies. No significantly different conse-
quences were found in these analyses, From the
vector sum obtained above, we estimate the size of
the coherent component (C,,S,) contained in the
taped record of series A,

_El Zc(z)i(—ﬂ%m:uiso)a

1 b ©)
== ZS(I)i:W:(—IB:ESO)a,

Cl2+S5,7<2.1x10%2.

The errors represent the statistical standard de--
viation, The records of series B and C were pro-
cessed identically. Table I compares the results
of estimation on the coherent components contained
in the three series A, B, and C, respectively. °

The GR flux S arriving at the antenna is obtained
from the formula for the equilibrium energy of the
antenna at resonance,'®

E=ipulw?
-ﬁi- (C2+SH)w?

27rG

A, fSy : M

Using C, and S, given by (6) and assuming the po-
larization factor y=3, we have an upper limit of
GR flux from the Crab pulsar

S$<14 W/m?

determined in this experiment, which is nearly 10°
times lower than the previous value.
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