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The interaction of a rotating asymmetric (different principal moments of inertia) body with a

gravitational wave is considered. A resonant rotational detector of monochromatic gravitational radiation
is proposed in which the rotations due to the incident wave and the rotation that ensures resonance of
the detector with the wave correspond to different rotational degrees of freedom. This greatly facilitates
the development of a detector. The noise due to the gradient of the earth’s gravitational force and to the

rotation of the detector as a whole is estimated.

PACS numbers: 04.80. 4 z

Rapidly rotating neutron stars may turn out to be
sources of intense monochromatic gravitational radia-
tion. The most powerful among them is considered to
be! the pulsar PSRO531 + 21 in the Crab nebula, which
has the shortest period. The cyclic frequency of its
radiation is w, =380 rad/sec, and the dimensionless
amplitude can be £=10-2°, These parameters will be
used below for estimates.

To detect monochromatic gravitational radiation,
Braginskii, Zel’dovich, and Rudenko? have proposed a
rotational “heterodyne” detector. The measured
quantity in this detector is the change of the angle
(phase difference) between the rotators (dumbbells)
that rotate freely around an axis pointing to the source
of the radiation. The angular velocities of the rotator
should be the same and equal to wg /2 and the initial
phases should differ by 7/2. At a favorable ratio of the
phases of the rotators to the phase of the wave, after
an accumulation time ¢, the phase difference of the
rotators can change by
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In general, such a phase shift can be registered.?

1. The realization of the proposed rotation-detector
scheme entails certain difficulties.

In order for the wave to produce a relative rotation
of the rotators, the latter must be able to rotate freely.
The average difference between the random and dis-
sipative angular accelerations must not exceed

O )’ 13 h
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(relative rotation ~1” per year), otherwise in a mea-
surement time ~10* sec their random relative rotation
turns out to be 210-!2 rad. The accelerations them-
selves must be

<3:107° rad/sec ~*- (t/10* sec)®

(complete stoppage in 2300 years). Otherwise after
~10* sec the phases of the rotators will change by /2
and the gravitational wave will begin to apply to them
accelerations of opposite sign. The relative difference
Aw/w between the initial velocities of the rotators must
not exceed
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otherwise the rotators will turn relative to each other,
within time #, through an angle larger thanthe measured
angle.

These stringent requirements are aggravated by the
fact that the angular velocity of the rotation of the
neutrons star of the pulsar decreases.? The effect of
this factor on the rotation detector constructed in
accordance with the scheme proposed in Ref. 2 was
considered in Ref. 5, from which it follows that the
conditions for the accumulation of the signal become
substantially worse. This is seen also from the fol-
lowing simple estimate. For the PSR 0531 + 21, the
rate of slowing down of the rotation of the neutron star
is ~2.5%10"1° rad-sec-? (Ref. 4), so that after ~3 x10*
sec the phase of the gravitational wave changes by 7/2.
The relative angular acceleration of rotators will then
reverse sign and the accumulation of the signal will
stop. The coherence of the phases of the rotators and
of the gravitational wave is violated also because of the
Doppler shift due to the rotation of the earth.® At an
accumulation time 210* sec, this effect is substantial.
In order to provide a detector-sensitivity margin, (the
estimate £=10-%° is optimistic) and to be able toaccumu-
late the signal for a long time (3 x10* sec), it is de-
sirable to tune the detector to the varying frequency
of the gravitational wave.

In the discussed scheme,? one and the same degree
of freedom of the dumbbell rotation is connected with
two other rotations: “resonant” (with frequency wg /2),
which ensures resonance with the incident gravitational
wave, and “signal,” which is produced by this wave.
This makes it impossible to monitor and to correct
the resonant rotation in the course of the reception,
and simultaneously requires that the parameters of the
resonant rotation be maintained with an accuracy much
higher than needed for the resonance conditions. In
the present paper we consider the behavior, in a
monochromatic gravitational wave, of an asymmetrical
rotator with account taken of the three rotational de-
grees of freedom. It turns out that the resonant and
signal rotations can be separated, since the incident
wave causes rotation of the rotator around an axis
perpendicular to the axis of the resonant rotation.
Under definite conditions this effect is of the same
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FIG. 1. Relative positions of the asymmetrical rotator in a
Cardan suspension, of the fixed coordinate system XYZ with
axis Z along the wave vector of the gravitational wave &, of the
moving system X’Y’Z’ with axis Z’ along the rotation axis of
the rotator.

order as that considered in Ref. 2. Therefore we can
use the rotation of the resonant-rotation axis itself as
the signal motion.

The separation of the rotating motion from the signal
motion lowers the requirements on the accuracy of
synchronization of the rotation of the rotators by
several orders of magnitude. In addition, it becomes
possible to use a servomechanism control with feedback
to synchronize the rotation of the rotators with the
variable frequency of the gravitational wave. Because
of this, the development of a rotational detector seems
in our opinion more realistic.

2. We consider now an asymmetrical rotator. The
simplest form of such a rotator, which we shall use
for the sake of clarity (see Fig. 1), is a “dumbbell”
with masses m on the ends and with an “axis” on which
are located masses m’. We assume first that this
rotator is in a Cardan suspension, i.e., it has three
degrees of freedom. We introduce an immobile coor-
dinate system XYZ, which is connected with the plat-
form on which the Cardan suspension is mounted (Fig.
1). We connect with the rotator a coordinate frame
X'Y'Z’ with Z’ axis along the rotation axis and with ¥’
axis along the dumbbell axis. The transformation from
the XYZ system with the X’Y'Z’ will be specified by
three rotations: through an angle ¢ around the Y axis
(which coincides with the external axis of the Cardan
suspension), through an.angle 6 around the internal
axis of the suspension, and through an angle ¢ around
the rotation axis of the rotator.

We assume that a monochromatic gravitational wave
is incident along the Z axis. If the origin of the coor-
dinate system coincides with the mass center of the
rotator, then the wave exerts on a massive point with
coordinates x and y the accelerations

a.=pz+qy, )

a,=qz—py, (2)
where

p=—"/105h* cos (0gt+p*), 3)

g=—",0g* F* cos (0gt+p>). 4)

The symbols + and X pertain to the two possible polari-
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zations with dimensionless amplitudes h** and phases
B**. Inthe case of the + polarization, the purely
radial accelerations are directed along the axis X and
Y.

The rotator in the gravitational wave is acted upon
by a moment of forces with components

M,=*/.I[q(ysin 2¢ cos* 0—sin 2¢ sin® {+cos® @ sin O sin 2¢

~sin® ¢ cos 8 sin 2% +sin 2¢ sin® 0 cos® §) +p (—Y cos ¢ sin 20
~—sin ¢ cos 0 sin 2§ +sin 20 sin®*§) ] —m, sin ¢ cos 6, (5)
M,="/.I[q(—x cos ¢ sin 20—sin @ cos 0 sin 25 +cos ¢ sin 20 cos> L)
+p(— sin 2¢ cos? 0+sin 2@ sin® {—cos? @ sin 8 sin 2§
~+sin’ @ sin 0 sin 25 —sin 2¢ sin? § cos? §) ] —m, sin 6, (6)
M.='/.I{q(27 sin’® @ cos® 6—2¢ sin® 8+2 cos® @ sin®
+sin 2@ sin 0 sin 2§+2 sin® ¢ sin® 0 cos? {—2 cos® 8 cos? §)
+p(—21 sin @ sin 26+cos 6 cos ¢ sin 2¢+sin ¢ sin 20 cos* ¢
+cos @ cos § sin 2§ +sin @ sin 26 cos? §) ]+m, cos @ cos 6. 7

Here I is the moment of inertia of the rotator dumbbell,
and y is the ratio of the moment of inertia of the mas-
sive axis of the rotator and of the dumbbell. The pres-
ented expressions include also the moment m,, which
can act along the rotation axis and change the rotation
velocity L‘ so as to be able to follow the pulsar frequency.

It is seen from (5)—(7) that the moment of the forces
exerted by the wave on the rotator is oscillatory. An
exception is the case when the circular velocity of
rotation ¢ =w is equal to w, /2. In this case secular
terms appear in the expressions (5)-(7) for the com-
ponents and cause a regular motion of the rotator axis
and a change in its angular velocity. If we retain in
the equations of motion only the non-oscillating com-
ponents, then these equations take the form

I cos 8dg/dt=M, cos ¢+M, sin g, 8)
IwdB/dt=M_sin 6 sin 9—M, cos 6—M, sin 6 cos ¢, )

and
Idw/dt=—M_ cos 0 sin 9—M,, sin 6+M, cos 6 cos p+m.. (10)

It is seen from (10) that, just as for the detector
considered in Ref. 1, at m,=0 the expression for the
angle of rotation of the free rotator ¢ should contain
terms proportional to 2. However, as already men-
tioned, the measurement of the contributions of these
terms to the running value of the angle

§=j dt'o(t')

is difficult, since it changes rapidly. If the detector
operates in a regime wherein it follows the frequency
Wer /2, then m,+0 and expression (10) should be re-
garded as an equation for this quantity.

It follows from (8) and (9) that the angles 6 and ¢
vary linearly with ¢, i.e., the rotator precesses. After
a measurement time ¢#~10* sec, these changes

AB~Ap~wgth

® t h
410~ rad 2
= " 380.rad/sec’! 10*sec 10-*

are very small and can hardly be measured at present.
Thus we arrive at the conclusion that a rotator whose
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axis is freely suspended in space can hardly be used
effectively to detect monochromatic gravitational
radiation.

3. The situation changes substantially if one of the
degrees of freedom of the rotation of the rotator axis
and the Cardan suspension is eliminated. It is im-
material from the structural point of view which of
the angles, 6 or ¢, remains constant. Let ¢ =0. This
means that the rotator is acted upon by an additional
moment of the reaction

m=m (sin @ sin 0, cos 2¢ cos 6, cos ¢ sin ). (11)
Its value m is determined from the equations of motion,
which in our case take the form

1 d do
—Z_IE[ (1+2y+cos ZZ)W] = M, cos g+ M, sinp+msin2¢sin®, (12)

1 d . de de . .
?I[—-d_t (51n2(;—£)+20)§]—M=sm(psm 6—M,cos6

V-Aflr,rcoscpsin 0—m cos 2}?, o (13)

1 do\? _do

—1fsin2t (Z) 222 =n.si +M, sin 0—M, —m,.

21[51n2{;(dt) 2 dt] M. sin @ cos 0+M, sin © cos @ cos 6—m,
(14)

If =0 or n/2 is chosen, the unknown quantity m is
eliminated from (12) and this equation turns out to be
independent of the two others. From expressions (5)
and (7) for M_ and M, it is easily seen that at ¢ =0 the
right-hand side of (12) is proportional to sin6 and is
small near §=0. In contrast, at ¢=7/2, the right-
hand side of (12) is proportional to —gcos26 + psin26
and both polarizations of the wave enter in this expres-
sion symmetrically. For detection it is preferrable to
choose ¢ =m/2. Integrating (12) at this value of ¢ and
averaging the results over a time < |w — 1/2wy, |-, we
find that the change of the angle 6 under the influence of
the gravitational wave is

Pog’

Ab= W(hx cos 26 cos (28,—B*) —h* sin 20 cos (2L,—B*)), (15)

where ¢, is the initial value of the phase of rotation of
the rotator. Thus, it follows from (15) that under the
influence of a monochromatic gravitational wave, under
resonance conditions w =w, /2, the axis of the asym-
metrical rotator rotates with equal acceleration in a
direction perpendicular to the wave vector of the wave.

4. It is usually assumed that the pulsar radiation is
due to rotation of a neutron star with a quadrupole a
moment of the mass distribution. If the rotation axis
makes an angle 9 with the direction to the observer
(the Z axis) and lies in the same plane as the Y axis,
then

R* (t) ='/,h (1+cos* 8) cos (wgt+26), (16)
kX (t) =h cos ¥ sin (@4 t+28), (V%))

where 6 =kR/2 +6,, k is the length of the wave vector
of the gravitational wave, §, is the phase of rotation of
the star at the instant ¢t —R/c, R is the distant to the
pulsar, wg /2 is the angular velocity of the star, and
h is the amplitude of the gravitational wave.

Substituting (16) and (17) in expression (15) for A6
and recognizing that w, =4n/P(P is the period of the
pulsar), we obtain
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- *t*h ‘
Py(1+y) 1"

+cos ® cos 2(8—E,+5) ] . (18)

1
[—2-(1——005 4)*cos 20 cos 2(,—6)

After a measurement time ~10* sec, the axis of the
rotator will turn through an angle

AB=~10~" rad - (¢/10* sec)?(k/10~**) (0.033 sec/P)>.

If its length is ~10% cm, that is a result of this rotation
the positions of the end of the axis will be displaced by
~10-!! em. Such displacements can be readily regis-
tered at the present time.? On the basis of the mea-
surements we can estimate the amplitude of the gravi-
tational wave and consequently determine the quadru-
pole moment of the neutron star. Measuring A6 at
different values of ¢, and 6, we can determine the angle
9 between the rotation axis of the neutron star and the
line of sight. If sufficiently accurate account is taken
of the change of the propagation velocity of the elec-
tromagnetic radiation of the pulsar in the interstellar
medium, we can determine the location of the star at
the instant when it emits the electromagnetic pulses.

5. In the case analyzed above (w Lk), observation
of a gravitational wave is possible in principle in the
presence of only one rotator, in contrast to the detector
with w |lk. However, the influence of the Coriolis
accelerations (to be discussed below) makes it advan-
tageous to use two synchronously rotating rotators and
to measure the relative rotations of their axes. If the
initial phases ¢, of the rotators differ by /2, then the
moments applied to them by the gravitational wave have
opposite signs and the relative rotation of the axis is
2A6 [see (18)].

From the condition |2w - Wer |#<«<1 it follows that the
angular rotations of the rotators should follow during
the course of time the changing frequency w, (#) with
accuracy Aw/w <3-107.(10* sec/t). In the synchroni-
zation it is necessary to take into account the Doppler
shift of w, due to the earth’s rotation. It is very im-
portant that the errors of the synchronization of w and
wg /2, which do not go beyond these limits, have prac-
tically no influence on the relative rotation of the axis
of the rotations of the rotator, i.e., on the observations.

To estimate the influence of the Coriolis accelerations,
we assume that the platform with the detector rotates
relative to the fixed stars with angular velocity Q.

Each of the dumbbells is acted upon by a moment of
forces 2mrXxw(Q+ r), where r is the radius vector of
the masses m on the end of the dumbbells relative to
the inertia center, and w is their angular velocity. At
@=m/2, the component of the moment of the Coriolis .
forces, which changes the angle 6 that is measured in
the course of the detection, turns out to be

Mﬁr’l([ﬂx (v)]-l;—) cos? (at+5o), 19)

where k is the wave vector of the gravitational wave.
The Coriolis acceleration does not influence the ob-
servations of the difference between the regular parts
of the moments (19) acting on the dumbbells AMy=~IAwQ
is much less than the moment of the forces applied by
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the wave. This corresponds to the condition

o (20)

Ao h
Q—<4heo~10 —— e .
o e 10 190 rad/sec’?

One can expect (see, e.g., Ref. 7) that the mean value
during the time ~10* sec of the random velocity of ro-
tation of a stabilized platform can be decreased to

~10-1° rad/sec. In this case the influence of the
Coriolis accelerations on the relative rotation of the
rotator axes is small, if the degree of synchronization
of their rotation is Aw/w <102, The use of a frequency
standard with superconducting resonators can in prin-
ciple attain the required accuracy.”

6. The field gradient of the force of gravity inter-
feres strongly with rotational detectors.*’ We shall
show that if the rotation axis of the rotators are per-
pendicular ¢ Lk this interference can be eliminated with
sufficient accuracy.

A point located at a distance r from the mass center
of the rotator is acted upon, because of the inhomo-
geneity of the field of the force of gravity, by an ac-
celeration

Ag(r) zn{LL[er(3 cos® p—1)—e,-3 cos psin p]

2
3
+ (%) [ey?cos w(3—5 cos? p,)+e,.—21—sin n(15 cos® n—3) ]} (21)
Here g is the acceleration due to gravity, L is the
distance from the center of inertia of the rotator to

the earth’s center,

. L r L
eusinp= [TX[TT]] '

where . is the angle between the vectors r and L. When
this acceleration acts on the rotator it produces mo-
ments

M,=(3gI/4L)sin 2u[ (1—27) =cos 2¢],
M =(3gI/2L) sin p sin 2§,

(22)
(23)

which are directed respectively along the vectors 5
=[wxL]/wL and ¢ =[Lxq]/L. These moments can
greatly exceed the moment produced by the gravitational
wave. The moment M, contains a term that can cause
a regular rotation of the rotator axis. This rotation is
less than the rotation induced by the gravitational wave
if y=1/2 with relative accuracy ~10-!* (this should be
ensured by the tuning of the detector). The second
term of the moment M, and the moment M, are pro-
portional to cos2(w? +¢,) and sin2(wt+¢,). They cause
forced oscillations of the rotator axis with frequency 2w
and with amplitude <10-!! rad, but, being averaged out,
do not hinder the observation of a slow systematic dis-
placement due to the monochromatic wave if the recep-
tion time is long enough.
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FIG. 2. Possible schematic diagram of the detector of mono~
chromatic gravitational radiation with transverse arrangement
of asymmetrical rotators (the callouts are explained in the
text).

7. A possible schematic diagram of a detector with
transversely placed asymmetric rotators is shown
in Fig. 2. The asymmetric rotators 1 and 2 rotate
about the axes 3 and 4, which are secured with the aid
of “frictionless” bearings 5 in the measuring cylinders
6 and 7. The latter are fixed with the aid of bearings
8 relative to the longitudinal displacements along the
cylindrical vessel 9, but can rotate about its axis.
The relative rotation of axes 3 and 4 of the rotators
causes a relative rotation of the cylinders 6 and 7,
and a change in the gaps 10, which are measured
by the pickups 11. The synchronism of the rotators
and satisfaction of the resonance condition @ =W, /2
are ensured by angular-velocity synchronizers 12 and
13, which are the actuating elements of the server
mechanism. The platform 14 makes it possible to
specify the optimal position of the detector relative
to the source of the gravitational waves (w Lk) and
ensures stabilization of the detector.
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