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ABSTRACT

A search for gravitational radiation from the "millisecond pulsar”, PSR
1937+214, using a 40 meter baseline laser interferometric detector is described.
Four days of observation yielded 1.2x10° seconds of data. Throughout the exper-
iment, the pulsar phase was synthesized to an accuracy of better than one tenth
of the pulsar period. A trigger generated from this signal synchronized the data
averaging. Narrow band amplitude spectra centered at the pulsar's fundamen-
tal electromagnetic pulsation frequency (~642 Hz) and its first harmonic were
obtained. The spectra, one for each combination of polarization and center fre-
quency, place 99.7% confidence level limits on the emitted gravitational radia-

tion. In dimensionless strain, A, the rms limits are:

642 Hz '"plus” polarization 1.6x107!7
. "cross" " B0
1294 Hz "plus” polarization 1.1x107'7

"eross’' " 1.5x10717

Over the four day observing period, the performance of the detector varied
with changing temperature. During the stable night hours, the two optical cavi-
ties remained locked to reflection minima for 20 to 80 minutes before momen-
tarily losing lock. Temperature changes of 1° to 2° C in the morning and evening
necessitated compensating adjustments to the optics to maintain good fringe
visibility.

The interferometer senses changes in the separations between three test
masses. The test masses hang like pendulums so that they are free to move in
response to gravitational radiation. The suspension system is designed to pro-

vide passive isolation from seismic and environmental vibration noise. The



orientation of each test mass is stabilized with a feedback loop. The design of
the test masses, their suspension systems, and the servo system which controls

their orientation is described.
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Chapter 1
INTRODUCTION

The challenge of detecting gravitational radiation is motivated by several
things. As a test of theories of gravitation it stands apart from the classic tests:
the gravitational redshift, the bending of light by the sun, the precession of
Mercury’'s perihelion, and the dragging of inertial frames. The approximations
made in studying these effects perturbatively are different from those that go
into studying gravitational radiation. The aspects of gravitation probed are thus
different. Detection of gravitational waves can provide the speed of their propa-
gation. One way to do this is by measuring the time of flight of a disturbance
between two widely separated detectors. As another example of physics essen-
tially inaccessible to the classic tests, gravity waves can provide polarization
information which is tantamount to identifying the spin content of the gravita-
tional interaction. (In fact, indirect evidence for the existence of gravitational
radiation may already be in hand. Observations of pulse arrival times from the
binary pulsar PSR 1913+16 have been used by Taylor and Weisberg (1982) to

"rule out a number of theories of gravitation previously considered viable.")

A stronger motivation, particularly in light of the dwindling probability of an
alternative to General Relativity, is the new window on astrophysical processes
provided by gravitatiorial radiation. Much of what goes on, for example, in the
birth of a neutron star or a black hole during a supernova is hidden from us by a
cloak of electromagnetically opaque matter. Gravitational radiation, because of
its weak coupling to this matter, can pass unabsorbed through the expanding
stellar material. Even in the absence of an "electromagnetic cloak” the informa-
tion carried by gravitational radiation tends to be of a different nature. Its

amplitude waveform and polarization content carry information about the
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catastrophic dynamics of the collapse, unavailable from electromagnetic sig-

nals.

1.1. Sources of Gravitational Radiation

The sources of gravitational radiation can be divided into three somewhat
overlabping categories: 1) the burst sources include broad band sources of grav-
itational waves arising from cataclysmic events such as supernovae and colli-
sions between black holes, 2) periodic sources include binary systems and
rapidly rotating compact objects like pulsars, and 3) stochastic background
sources include remnant radiation from the early universe as well as the compo-
site radiation that may be produced by a large number of objects radiating out

of synchrony with one another.

The estimates and calculations of many theorists have been combined and
interpreted by Thorne (1980). The results are reproduced here in Figure 1.1.
For details and further references on sources see Smarr (1979). The sources
have been characterized by two parameters: dimensionless strain, A, and fre-
quency. A passing gravitational wave distorts distances by changing the metric
components, g,,, which define the separation between events in spac'eti;ne,l)
The dimensionless strain measures the magnitude of the metric perturbation
due to the passing gravitational wave. It is roughly the induced change in length

per unit length, 6L/ L.

For burst sources, shown in the vertically hatched region of the figure, the
"frequency” is roughly the inverse duration of the impulsive event. The strain, h,
is the rms strain in that time interval. These estimates are based on an event

rate of one burst per month. For example, the figure is populated in the 1 kHz

L Any good text on gravitation will explain these concepts further. For example, see Chapter
10 in Weinberg (1972) or Chapter 35 in Misner, Thorne, and Wheeler (1873)
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Figure 1.1. Estimates of the strengths of the gravitational waves that bathe the
Earth. Bursts of gravitational radiation, at a rate of one per month, might have
amplitudes as high as the "cherished beliefs" line without violating any of our
fundamental beliefs about the Universe. They are more likely to lie in the verti-
cally hatched region according to current models. A stochastic background with
an energy density large enough to close the Universe is represented by the "clo-
sure strength” line. This is likely to be larger than the existing background by
several orders of magnitude.
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regime by the violent deaths of stars in supernovae to form neutron stars or
black holes. Gravitational radiation is produced by the asymmetrical collapse
and bounce of the ~1Mg stellar interior with a time scale of about 1 msec.
Detecting a supernova in our own galaxy might require a sensitivity of only 1078
in dimensionless strain amplitude but is likely to happen only once in 10 to 30
years. For once-a-month event rates a detector must be sensitive to supernovae
as far away as the Virgo cluster of galaxies (10 to 20 Mpc). Other sources of
broad band burst energy in gravitational waves include neutron star core quakes

and collisions between black holes or neutron stars.

The horizontally hatched area includes the estimated rms strains from
pericdic sources. Rapidly rotating neutron stars with time varying quadrupole
moments fall into this category. Estimates for the Crab and Vela pulsars made
by Zimmermann (1978) and revised by Zimmermann and Szedenits (1979) place
the probable dimensionless strain at 5%x107?7 and 3x107?® respectively. They are
expected to radiate at their respective rotation frequencies, 30 Hz and 11 Hz.
Periodic sources also include compact binary systems. Most notably the binary
pulsar PSR 1913+16 which has been monitored since 1974, shows evidence by
pulse arrival timing interpreted as orbital decay due to the emission of gravita-
tional radiation (Taylor and Weisberg 1982). Its orbital period of about 7h45m
implies a gravitational wave frequency of about 107* Hz, probably too low for
earth-based detection. At the more exotic end of the frequency scale, it is
tempting to suggest a pair of neutron stars circling one another in a near graz-
ing orbit (separated by ~20 km). They will have an orbital period of about 1
msec but will radiate away their orbital energy on a time scale of only one orbit,

leading to a violent coalescence of the two stars more typical of a burst source.



1.2. Gravity Wave Detectors

The search for gravitational radiation began over 20 years ago with the
pioneering work of Weber (1960). The bar detector, which he invented, has seen
several orders of magnitude increase in sensitivity due to improved transducer
technology and the change from room temperature operation to liquid helium
temperature operation. The field has also expanded to include different kinds of
detectors: 1) earth based free mass antennas which use laser interferometry to
measure changes in the separation between test masses, and 2) Doppler track-

ing of spacecraft in which the earth-spacecraft separation is measured.

The Weber-type bar antenna is a machined cylinder of high Q material - typ-
ically aluminum, although niobium, sapphire, and silicon are being used or
tested for the purpose. The fundamental longitudinal mode of oscillation is
about 1 kHz for the bars currently operating and under construction (see Bra-
ginsky and Thorne 1980 for a summary). Gravitational waves will excite this
mode of the bar, changing the complex amplitilde of the oscillation a detectable
amount. The Stanford bar represents the state-of-the-art for resonant mass
detectors of this kind. It is a 5ton aluminum bar cooled to 4.3 K with an max-
imum Q of 6x10°%. The changes in the motion of the end of the bar are sensed by
a transducer which is carefully designed for low noise performance and optimal
mechanical coupling. It has an rms noise level corresponding to a senéitivity of

about 1078 in A (Boughn et al. 1982).

The laser interferometric free mass antenna was first considered by Moss,
Miller, and Forward (1971), Weiss (1972) and Forward (1978). Three test masses
are placed on two perpendicular lines - one at the intersection, and the other
two at a distance, L, down each line. They are free to move with respect to one
another under the influence of gravitational radiation. Differential length

changes in the two baselines, L, — L, are measured by laser light which travels
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down each arm and is made to interfere with itself - the changing interference
fringes indicate changing separation. A gravity wavé of ideal polarization will
cause one baseline to shorten while the other lengthens which registers as a
change in L; —Lz. In the original scheme, now in use at MIT (Weiss 1972) and in
Munich (Rudiger et al. 1982), the light is divided by a beam splitter on the
corner test mass and traverses the baseline distance several times (bouncing
between mirrors on the test masses) before being recombined - a multipass
Michelson interferometer. The scheme used at Caltech and Glasgow (Drever et
al. 1982) is slightly different, but analogous. The mirrors of the multipass
Michelson which cause the beam to bounce back and forth without overlapping
are replaced by two smaller mirrors which form a Fabry-Perot cavity. The light
effectively travels the leﬁgth many times, but the beams are completely overlap-

ping. (This scheme Will be discussed in more detail in Chapter 2.)

' 1.3. Overview

In this investigation, I used the 40 meter Caltech interferometer to search
for periodic gravitational radiation from PSR 1937+214, the recently discovered
"millisecond"” pulsar (Backer et al. 1982). The output of the detector was aver-
aged over a period of 94 consecutive hours (possible because gravity waves pass
virtually unchanged through the earth). The averaging was synchronized to the
phase of the pulsar, using an ephemeris calculated from the published period,
right ascension, and declination of the pulsar (Backer, Kulkarni, and Taylor
1983) and the Astronomical Almanac (1983). Analysis of the data provided nar-
row band spectra centered at the pulsar's electromagnetic pulsation frequency
and its first harmonic. Polarization information was also recovered from the
experimental data by virtue of the earth's daily rotation. The changing orienta-

tion of the antenna with respect to the source caused its response to the two
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polarizations to be distinguishable over the course of a day.

The operation of the Caltech interferometer (its optics, electronics, and
sensitivity) is described in Chapter 2. Chapter 3 discusses the earmarks of a
periodic source in general, PSR 1937+214 specifically, and gravitational radia-
tion from rapidly rotating neutron stars. These two chapters provide the neces-
sary background for understanciing the experiment and the motivations behind
it. In Chapter 4, I describe the experimental setup: instrumentation, data col-
lection, and calibration. Then, in Chapter 5, I explain how the data were
corrected for gravity wave polarization and reduced to provide narrow band
spectral components of the dimensionless strain. Chapter 6 contains discussion
of the actual data collection run, the results and their implications. Finally, one
of my main contributions to the construction of the Caltech interferometer is
highlighted in the Appendix. While others were working on stabilizing the laser
to a Fabry-Perot cavity, designing the vacuum system, and tracking down
sources of noise, | was designing and building the test masses, their suspension
system, and the overall orientation control system. The considerations that went

into their design as well as details of their construction are discussed there.



-8-

Chapter 2
THE CALTECH 40 METER INTERFEROMETER

The Caltech interferometer is housed in an L-shaped laboratory built onto
the side of the existing Central Engineering Services building on campus. A pho-
tograph of the interferometer and laboratory is shown in Figure 2.1. At each of
the three vertices is a concrete pad isolated from the surrounding foundation.
Local ground disturbances caused by moving people or equipment do not couple
strongly to the interferometer. An optical table supported by pneumatic feet
rests on each pad. The pneumatic feet, though not used in the experiment to be
described, can in time of need be pressurized to provide seismic isolation - also
allowing the weight distribution on the table to be changed without changing its
tilt. A vacuum tank on each table contains the freely hanging test mass. Each
test mass has optical components on it so that the differential changes in their
separations can be measured with the 514.5 nm wavelength light from a Lexel

argon ion laser.

Two 40 meter 1enéths of 20 cm diameter stainless steel vacuum pipe con-
nect the tanks. The pipes are suspended at intervals along their lengths by rope
and winch. Each tank joins to the pipe with a flexible bellows section so that
motions of the pipe are not transmitted to the tank. Each pipe-to-tank bellows is
balanced with a second flexible bellows on the opposite side of the tank which is
evacuated with the pipe so that atmospheric pressure doesn't collapse the bel-

lows.

The entire vacuum system - tanks and pipes - is evacuated to a few millitorr
by two rotary pumps. A cold trap and a molecular sieve on each pump prevent

back-streaming oil from contaminating the delicate optical surfaces.
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Light enters the vacuum system through glass viewports on the tanks.
Electrical signals which drive motor-controlled mirror mounts and transducers

to stabilize the orientation of the test masses enter via vacuum feedthroyghs.

2.1. The Interferometer

Although the optics are subject to change, particularly those outside the
vacuum tanks, the configuration used during the experiment is outlined in Fig-
ure 2.2. The interferometer consists of two identical Fabry-Perot cavities
oriented perpendicular to one another. Linearly polarized light from the laser
passes through a Pockels cell where it is phase modulated at 12 MHz. A tele-
scope expands the beam to match its size and divergence to the fundamental

transverse mode of each cavity.

This beam passes through a glass viewport into the vacuum tank at the
corner of the L. The beam splitter on the central test mass (labeled Dewey)
divides the light equally, sending it into both cavities. The polarizing beém
splitter and the quarter wave plate (A/4) combination at the entrance to each
cavity isolates the laser from light reflected off the cavity. Linearly polarized
light from the laser is transmitted by the coated diagonal surface of the polariz-
ing beam splitter. After two passes through the quarter wave plate the polariza-
tion is rotated by 90° and the light is reflected by the polarizing beam splitter so
than it doesn't return to the laser. This precaution minimizes parasitic oscilla-
tions and other possible couplings through the laser plasma which might

degrade noise performance.

Light reflected from each cavity is directed out of the central tank and onto
a photodiode on the optical table. Because of the narrow width of the cavity
resonance (~10 kHz), the 12 MHz modulation sidebands are completely’

reflected. Only light in the central peak is stored in the cavity. The light
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reaching the photodiode has two components of interest: 1) the reflected side-
bands, and 2) the unmodulated central component leaking out of the cavity. It is
this second component which carries the cavity length information. The two
components interfere at the photodiode, effectively comparing the phase of the
laser to the phase of the light stored by the cavity. The demodulated signal
representing the signed deviation from resonance is applied to various transduc-
ers to keep the cavities in resonance. The nature of this feedback is quite

different in the two arms.

The phase signal from the first cavity is filtered and amplified and applied
as feedback to an intra-cavity Pockels cell in the laser. Fluctuations in the laser
frequency are corrected so that the laser frequency tracks a longitudinal mode
of the hanging cavity. At high frequencies, above a few tens of Hertz, this cavity
is extremely stable compared to the laser cavity. This is due to the wvery
effective vibration isolation, the lack of a turbulent active medium, the relatively
high reflectivity of its mirrors, and the large separation between cavity mirrors.
At low frequencies, because of the resonant nature of the passive vibration isola-

tion and the intrinsically larger ground noise, the stability is not as good.

The second cavity is equipped with a piezoelectrically movable mirror on
the distant mass (labeled Louie). This "piezo mirror” presently has its lowest
resonance at about 9 kHz. The speed of this element has been critical in deter-
mining the maximum loop gain, and therefore the stability of the second cavity
lock. The demodulated signal from the second cavity is applied to the piezo mir-
ror after amplification and filtering. The second cavity length is made to track
the stabilized laser frequency for frequencies up to the unity gain point of the

feedback loop, typically in the range of 1500 to 3000 Hz.

The undamped motion of the test masses at 1 Hz often exceeds the dynamic

range of this loop. To damp this motion, the low frequency portion of the second
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cavity signal is differentiated and applied to one of the three test masses by
moving the point from which it hangs with a piezoelectric transducer. This velo-
city dependent feedback removes energy from the low frequency eigenmode
with normal coordinate L; —La. (The length of the first cavity, L;, gets into the
picture because the stabilized laser light feeding the second cavity contains low
frequency variation due to the 1 Hz motions of Huey and Dewey.) In addition, a
signal derived from an auxiliary Michelson interferometer has been useful in
damping large motions caused by occasional excitations of the pendulums by

transient ground noise. (This signal is described in more detail in the Appendix.)

2.2. The Test Masses

The test masses hang from their centers of mass. This minimizes couplings
between their orientation and position. Without this feature the critical distance
between test masses would be much more sensitive to ground noise and other
effects which weigh on the overall sensitivity of the antenna. Because of this
feature the orientation of mass must be stabilized before the cavities can be
successfully held in resonance. Specifics of the pendulum suspension and orien-

tation control are given in the Appendix.

The test masses, merely disks of aluminum serving as small optical tables,
are suspended for two reasons. Firstly, being horizontally free to move at high
frequencies they respond as ideal test masses to the impinging gravitational
radiation. That is, in the jargon of one interpretation, they remain in "free fall”
tied to their respective geodesics while the invariant interval between them (as
measured by light) undulates in response to the passing radiation. Secondly,
motions of the test mass due to motions of the suspension point are attenuated

by the square of the frequency for f > 1 Hz.



-14 -

The orientation of the masses must be controlled carefully before either
cavity can resonate properly. The critical angular degrees of freedom are moni-
tored with optical levers. "Damping" and "spring"” signals derived from the moni-
tor are applied to the test masses to critically damp their rotations and tilts.
The necessary torques are supplied by the moving cones of loudspeakers which
are mechanically linked to the suspension wires of the test masses. The feed-
back signal is rolled off above 15 Hz to avoid possible conversion of electronic

noise to positional noise at the frequencies of interest near 1 kHz.

2.3. Noise Sources

I'll discuss some of the sources of noise facing the CIT interferometer - from
the standard quantum limit which is irrelevant at present, to the thermal noise
of the test mass. The discussion of isolating the test masses from seismic noise

is left for the Appendix where the design of the suspension system is detailed.

The uncertainty principle applied to the measurement of the difference in
positions of the test masses in a time 7 leads to dz 2VRhT/ m . For the measure-
ment of millisecond bursts of gravitational radiation, with 40 meters separating

10 kg test masses the standard quantum limit is A 34%107?!,

With the laser power currently available to our detector (on the order of 100
mW single mode), the standard quantum limit is not as relevant as the limit
imposed by photon counting uncertainty. If the end mirrors have reflectivity 7,
and the first mirrors are chosen optimally, then this limit is
(1—R)VAic/BrL?Pr. Taking R to be .995, and P to be 10 mW, the millisecond
burst sensitivity is A 310718,

Thermal noise may well be the nearest fundamental hurdle. The response
of a harmonic oscillator to k7 noise can be derived using an equivalent spectral

density for the applied force given by (6F)%/ 6f = 4kT7y, where y = mwy/ @ is
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the damping coefficient in terms of the mass, resonant frequency, and quality
factor of the oscillator. If z = w/ wg is the normalized frequency, then the spec-
tral density of the oscillator amplitude is

(6z)? __1 1 4k Twogm
of m2u¢ (1-22)2+ 2%/ @R Q

(2.1)

The kT noise in the 1 Hz pendulum motion doesn't pose a problem for frequen-
cies > 1 Hz. In this limit the spectral density of test mass position is given by
(6z)%/ 6f = 4kTwe/ mQw*. For a mass of 10 kg and a quality factor of 108, this
limits the sensitivity of the 40 meter interferometer to 1 msec bursts to
h »3x107%,

Where thermal noise poses. more of a difficulty is in the vibrational modes of
the test mass itself. In Munich it has been demonstrated that great care must be
taken in designing the test mass and affixing the cavity mirror to it so that".
natural resonances remain at frequencies sufficiently above 1 kHz with quality
factors high enough to localize the noise away from frequencies of interest
(Rudiger et al. 1982 and Schilling 1982). For w<wq the spectral density of the
mirror position given by equation 2.1 reduces to (6z)?/df = 4kT/m@w3. For a
carefully designed 10 kg test mass with a @ of 10% and a 5 kHz resonance the
room temperature limit placed on the 40 meter interferometer is about
h 36x107%, Although these numbers are not representative of the current test

masses, they do not seem unattainable.
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Chapter 3
PERIODIC SOURCES

Although current theory and speculation indicate that burst sources may
provide the first detection of gravitational radiation, periodic sources do have a
certain lure. For one thing, burst events offer no known signature which distin-
guishes them from local noise. Reliable detection of such radiation will at
present require two sensitive detectors operating simultaneously so that candi-
date events can be discarded if they are not registered by both detectors. On
the other hand, the Doppler shift:. caused by the Earth's orbit and diurnal rota-
tion provides an unmistakable signature which depends critically on the position
of the source as well as the time of observation. Such a signal could be detected

by a single detector.

A single broad band detector could in principle search for unknown periodic
sources. Analysis of the correlation of the signal with time-shifted versions of
itself, p(7) ~ fs(t)s(t+'r)dt, could provide the period(s) of the unknown
source(s) as shifts, 7, which give peaks in p. The diurnal and annual Doppler shift
of the period can give the position of the source as well as the speed of propaga-

tion of the radiation - all this with one detector!

As luck would have it, however, typical periodic sources are not only weak
producers of gravitational radiation, they tend to radiate at inconveniently low
frequencies. Terrestrial detectors are of necessity less sensitive at low frequen-
cies because of the increasing difficulty of isolating them from gravitational gra-

dients caused by fauna, weather, and other effects (Spero 1983).
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3.1. The Fast Pulsar(s)

Pulsars, long studied theoretically as possible sources of gravitational radi-
ation, have until recently remained at the edge of plausibility for Earth-based
detection. Several searches for monochromatic gravitational radiation have
been carried out (among them are Levine and Stebbins 1972, Hirakawa, Tsubono,
and Fujimoto 1978, and Oide, Hirakawa, and Fujimoto 1979). The éearch for the
2w component of the Crab pulsar, at 60.2 Hz, has achieved a noteworthy sensi-
tivity of A ~ 107%0 after 621 hours of integration (Oide, Hirakawa, and Fujimoto

1979). Needless to say, no detection has been reported.

With the discovery of PSR 1937+214 by Backer et al. (1982) came a great
deal of excitement in the gravitational wave community. Its 642 Hz electromag-
netic pulse rate is eAxceptionally high - some 20 times the pulse rate of the Crab
pulsar, the hitherto fastest known pulsar. A tentative determination of the slow
down rate led to the possibility that this pulsar might be braking by emission of
gravitational radiation. On this evidence Hough et al. (1983) carried out a search
at twice the primary pulse rate (1284 Hz), using an already existing bar detec-
tor. They announced their upper limit of A~ 1072 at the 11*" Texas Symposium
on Relativistic Astrophysics in Austin. At roughly the same time a more reliable
determination of the slowdown rate came: P = (1.24 + 0.25)x107!® sec/sec, an
exceptionally small figure by pulsar standards. The pulsar parameters reported

by Backer, Kulkarni, and Taylor (1983) are tabulated in Table 3.1.

The assumed rotation frequency of 842 Hz invites several interesting com-
ments. At a frequency of ~1800 Hz a 1 Mg pulsar with a 10 km radius may be
expected to become unstable to centrifugal breakup. At this frequency the cen-
trifugal force at the equator balances the gravitational attraction. (This number
is modified somewhat by details of the pulsar model, its actual mass, and

radius.)
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Parameters for PSR 1937+214

Right Ascension (1950.0) 19h 37m 28.72s +0.013s

Declination (1950.0) 21928' 013 +0"2
Dispersion Measure 71.20 £0.03 e pc cm ™3
Period 1.557 806 449 023 msec +110ilp

Apparent Period Derivative (1.24 + 0.25) x 107! sec/sec

Epoch (JED) 2445303.263

Table 3.1

How. this object acquired its 642 Hz rotation frequency is still‘largely a
matter of debate. Some researchers contend that the pulsar was simply born in
isolation with a very low magnetic field (< 10° gauss) so that its interaction with
surrounding matter and its electromagnetic dipole radiation would be consistent
with its spin-down rate.! Henrichs and van den Heuval (1983) advance the idea
that the pulsar was formed from the coalescence of a neutron star binary. The

millisecond period is supposed to result from the final orbital period.

A perhaps more conventional scenario holds that such fast pulsars have
been spun up by matter accreting onto their surface (Alpar et al. 1982; Fabian
et al. 1983). The matter, supplied by a companion star that has exceeded its
Roche lobe, forms a disk around the pulsar - the same mechanism that gives rise
to the X-ray sources found in the galactic bulge. The Keplerian period of the

matter at the accretion disks inner radius determines the maximum frequency

) An interesting news item in Physics Today (March 1983, p. 19) discusses the discovery of
PSR 1937+214 and the implications of its millisecond period.
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to which the pulsar can be spun up. If the magnetic field were sufficiently low so
that the disk of accreting matter could extend undisrupted to very near the pul-

sar surface, then frequencies of several hundred Hz would be possible.

3.2. Gravitational Radiation

If the pulsar is not being driven, an optimistic estimator of the gravitational
radiation being emitted assumes that the observed slow down is due entirely to
energy lost to gravitational radiation. For an assumed mass of 1 Mg uniformly

distributed in a sphere of radius of 10 km, the rate of rotational energy loss is

d 8n?_ MR(?P
L’P"ﬂ _E-Em‘ = 5 Pa (3.1)

1.0x10% erg/s = 1.8x107!! Mgp/yr

This corresponds to an rms strain sensitivity at an assumed distance of 8 kpc of

[ 4GLg *
302R2
H . -1
= 1.2%10°25 | e M_& " _r ] (3.2)
1078Mp/yr | |1 kpe | |1 kHz |
= 1.3%10°%

if the radiation is at 842 Hz, half this if it is at two times the rotation frequency.
I've assumed that Lgp = Lepin (i.e., spin-down is due entirely to gravitational radi-
ation). One could hope for more radiation than this even without requiring the
pulsar to be drivén. Gravitational potential energy could, for example, provide

additional impetus. Starquakes and corequakes evidence the conversion of this
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energy to rotational energy in the well known frequency "glitches” of the Vela

and Crab pulsars.

To get more ‘than this radiation from the pulsar it must be supplied with
energy. It has been shown that a rapidly rotating star can become unstable to
the emission of gravitational radiation (Chandrasekhar 1970). Calculations of
this effect and its implications for pulsar models have been carried out by
Wagoner (1983) and Friedman (1983), suggesting that the rotation frequency of
PSR 1937+214 may be close to the necessary frequency. Particularly, for condi-
tions which may be relevant to this pulsar, Wagoner calculates the strain that

might result,

(3.3)

h.=2.3x10‘2°[ R | ms ]%[ a_
C

1078Mp/yr |

where R is the distance to the pulsar, m is the azimuthal normal mode index of
the oscillation, f is the gravitational radiation frequency, and M is the rate of
mass deposition on the stellar surface. He has assumed that the magnetic field
is sufficiently low (B < 10° gauss) for the accretion disk to extend unperturbed
to the surface of the pulsar. It is important to note that f is not the rotational
frequency. For the above to hold, the angular frequency must be roughly
8- (GM/ R®)* (i.e. about half the centrifugal breakup frequency). The waves,
however, can come out at any frequency in the range 200-1000 Hz (with m equal
to 3 or 4) depending critically on the pulsar mass. So, although the gravitational
luminosity may be larger than implied by the spin-down rate, it may be difficult
to predict reliably the frequency of the radiation. As mentioned at the begin-
ning of the chapter, however, this needn't bé a serious drawback with a single
broad band detector, like the one described in Chapter 2. The correlation func-

tion can provide the amplitude as well as the frequency of the source.
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The output of a gravity wave detector can supply a great deal of information
about the source. For example, Zimmermann and Szedenitz (1979), calculated
the strain induced by gravitational waves from a freely precessing rigid body for

two cases.

In the first case the body is axisymmetric, with principal moments
I, =15 # 3. The grévitational radiation has two frequency components, f and
2f . The relative amplitudes and phases of the radiation at each of these fre-
quencies and in the two polarizations, they point out, uniquely determine the
angles between the angular momentum and the body’'s symmetry axis,8, and
between the angular momentum and the plane of the sky, i. In addition, the
absolute value of the difference between the principal moments, |/g—/,|, can be

determined if the distance to the pulsar is known by other means. 4

Interestingly, the fundamental frequency, f, needn’'t be the electromag-
netic pulse frequency fgy. For small wobble angle, 8, the two frequencies differ
by the precession frequency: fgy = f + fp. The precessioﬁ frequency is given by
fp = —cos@efgy, and the ellipticity is ¢ = (J3—7,)/I,. An observed difference

between fzy and fp would provide the value of 7, as well as the sign of ¢.

In the context of this model, measurements of the gravitational radiation
emitted can provide values for the moments of inertia of the spinning neutron
star in addition to its spatial orientation. Also, Zimmerman and Szedenits point
out that the radiation will be predominantly at f rather than 2f for small wob-

ble angle.

The second case calculated by Zimmerman and Szedenits is that of a freely
precessing triaxial rigid body (with /, <I3<I3). The calculation was carried out
to first order in mean wobble angle, 8,. The gravitational radiation appears at
three frequencies: f.,=(l1+e&)fzz and Rfgzy. The mean ellipticity is

e =2[([s=11)([s—1I2)/ [ []* and fgg is the mean electromagnetic pulse
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frequency. Measurements of the relative amplitudes at each frequency in each
polarization can again be combined with the distance to the pulsar to obtain the

moments of inertia, the mean wobble angle 6,,, and the inclination angle 1.

3.3. Remarks

Keeping in mind that pulsars with periods less than about 10 ms were not
observed earlier largely because they weren't looked for effectively, it might not
be unreasonable to think that they may become important objects of study for
gravitational astronomers. Additionally, models of these fast pulsars indicate
that they must have weak magnetic fields so that they don't brake electromag-
netically; in some models weak fields are even a prerequisite of the spin-up
mechanism. The weak magnetic fields give rise to a systematically low elec-
tromagnetic pulse power - the fast pulsars may be hiding from view. If the brak-
ing is weak enough, their likely low production rate will be offset by their longev-
ity. The very recent identification of a second fast pulsar by Boriakoff, Buccheri,

and Fauci (1983) with a period of ~6 ms is encouraging.

The experiment I will describe in the remainder of this work is an applica-
tion of a laser interferometer to the task of detecting gravity waves from a
periodic source.?) The sensitivity is lower than the previously mentioned
searches for periodic gravitational radiation at Tokyo and Glasgow with resonant
mass detectors. This is simply a consequence of the relative youth of free-mass
interferometric detector technology and is of no lasting concern. The naturally
wide bandwidth of detectors like the 40 meter Caltech interferometer offers an

important advantage over resonant detectors. Not only is a wider range of

% Laser interferometers have been used by several researchers to look for periodic gravita-
tional radiation. Among them, Levine and Stebbins (1872), Sadeh and Meidav (1972), and Mast
et al. (1872) have searched for gravitational radiastion from the Crab pulsar by sensing
strains induced in the Earth.
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periods accessible, but from a single measurement, information at the funda-
mental and harmonics can be culled. This distinctive property is demonstrated

in the experiment and analysis described in the following chapters.



-24,-

Chapter 4
THE EXPERIMENTAL SET-UP

The output of the Caltech interferometer was recorded for 4 days. During
this time the phase of pulsar PSR 1937+214 was generated so that recorded data
could be synchronously averaged. In this chapter I describe the instrumentation
used to perform this task. First, I discuss the signal from the interferometer and
the calibration of that signal. In the following section I describe the use of a
desk-top computer interfaced to an analog-to-digital converter as the data col-
lection system. The third section covers the generation of the pulsar phase. A
rubidium clock provided the stable time reference. The desk-top computer con-
trolled a frequency synthesizer which provided the pulsar phase. In the final
section of this chapter I describe the measures taken to verify that the phase
was not lost during the observing period; if the phase had been interrupted (due
to a power failure, for example) the signal-to-noise ratio advantages of time

averaging would be lost.

4.1. The Signal

At frequencies where the second cavity loop gain is high the voltage on the
fast piezo mirror represents the difference in arm lengths. It is essentially this
voltage which provided the gravity wave signal for the pulsar experiment (Figure
4.1). To avoid loading the piezo mirror drive amplifier or injecting noise at the
critical fast piezo, the voltage from a divide-by-1000 resistor divider was used.
To avoid saturating the PAR-113 preamp and analog-to-digital converter (ADC) to
follow, a two pole high pass R-C network rejected frequency components of the
signal below about 300 Hz. The preamp ground was isolated to break ground

loops. The gain of the preamp brought the signal to a few volts rms so that the
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effect of pickup at the ADC was minimized.

The calibration of the voltage into the ADC included 3 factors. First, the
piezo mirror was calibrated. The piezo mirror consists of an arrangement of
three matched piezo stacks and a spring loaded mirror. How many nanometers
of motion result from 1 volt applied? The most accurate value of 58+4
volts/order comes from a measurement using a microscope with a micrometer
adjustable stage; one order is A/ 2 which gives 4.4 nm/V for a wavelength of
514.5 nm. Various DC voltages were applied to one of the piezo stacks before it
became part of the fast piezo mirror. The change in length of the stack was
measured by keeping the face of the stack in focus with the micrometer on the
microscope. This calibration for a single piezo stack under a microscope has
been verified for the fast piezo mirror in the context of the second cavity,

although with lower accuracy.

Second, the conversion from volts at the ADC to volts at the piezo mirror
was measured. The input of the piezo mirror amplifier was driven by a sinusoid
at the pulsar frequency, and at each of the first two harmonics. A spectrum
analyzer measured the ratio of fast piezo volts to ADC volts. The results of the

measurement were in accord with the values predicted by

(4.1)

fast piezo volts r_]_'_
ADC volts [ i

20 MQ [
20 kQ || 10 kQ PAR gain

which is valid for frequencies f above f and the high pass filter corner frequen-
cies. The low pass corner, fo=~ .6 Hz, is given by the capacitance of the fast
piezo mirror and the series resistor. Above the high pass corner frequencies
(~300 Hz) the capacitors in the filter approach negligible impedance so that the
resistive divider is loaded by the resistance to ground of the filter. This fact is

reflected in the second factor of equation 4.1.
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The third factor which goes into converting volts at the ADC to differential
length of the cavities is a correction for finite second cavity loop gain.
Throughout the four day observation period the unity gain point of the second
cavity feedback loop was measured at irregular intervals. It was measured most
often after an adjustment of the optics to compensate for drifts - but, on a few
occasions it was measured both before and after the adjustment to get an idea
of how much it changed. The estimated average value for the unity gain point is
2200 Hz. Because of the 1/ f dependence and the 90° phése shift of the loop gain

for frequencies between about 80 Hz and a few kilohertz, the correction factor is

ey |0 (2]
l 7 ‘_l1+ fo]l (4.2)

where T(f ) is the complex loop gain, and f g is the unity gain frequency. For the
fundamental pulsar frequency, 642 Hz, this gives a factor of 1.04 ; for the first

harmonic, a factor of 1.16.

It is important to realize that the above factors are sufficient to convert
volts at the ADC to differential length change provided the PET wire pushing gain
is lower than the fast mirror gain at the frequencies of interest. If not, then the
ﬁiotion of the fast mirror is supplemented by a motion of the support point while
the loop tries to minimize the error signal at the detector. This situation would
necessitate an additional correction factor. Because the gain of the wire pushing

is small enough this effect can be neglected.

A typical 25.6 second average of the signal (Figure 4.2) shows a noise level
of about B.8x107!* m/vHz at 640 Hz. The lower frequencies are attenuated by
the high pass filter. The rises in the noise near 640 Hz and 1280 Hz are due to
the violin mode resonances of the wires from which the test masses hang. This

unfortunate circumstance from the point of view of the pulsar search at 842 Hz
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and 1284 Hz is, in fact, a design feature in a search for 1 msec burst sources.
The wire length was chosen for the load of the test mass to give fundamental and

first harmonic violin resonances which straddle the frequency of interest: 1 kHz.

4.2. Data Collection and Posting

The signal described in the last section was fed to an HP-3582A spectrum
analyzer. The analyzer functioned as a 12-bit analog-to-digital converter and sig-
nal averager while its spectrum analyzing capabilities served only as a monitor.

For this reason I refer to it as the ADC.

The data collection and timing instrumentation is shown in Figure 4.3. An
HP-85A desk-top calculator (CPU - for lack of a more appropriate term)
equipped with and HP-IB interface controlled the ADC. The ADC sampled the
incoming signal at 10.24 kHz for .1 seconds resulting in a digitized time trace
1024 samples in length. A trigger pulse derived from the Doppler shifted pulsar
frequency synchronized the start of each trace to a fixed phase of the pulsar
cycle. Two hundred and fifty six (256) such time traces were averaged by the
ADC before the CPU transferred the resulting 1024 point average trace to its own
memory and restarted the ADC. As many as 32 of these average traces were
summed in the CPU memory and written to tape every 30 minutes. A threshold
detector monitored the light level falling on each of the cavity photodiodes.
While the servo loop remained locked, this light level was low, but if either cavity
fell out of lock, one or both of the threshold detectors would alert the CPU via
hardware interrupt. The CPU responded by discarding the data already in the
ADC averaging buffer and restarting the ADC after the offending servo loop reac-

quired lock. Most often, this would be within a fraction of a second.

The data collecting efficiency was low. That is, for 30 minutes of real time,

only about 10 minutes of data went into the averaged trace that was written to
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tape. The remaining 20 minutes were divided roughly as follows:

7.4 min  out of lock and other down time
5.7 min  ADC to CPU transfer time

4.5min  ADC time to compute average

1.3 min excess time between trigger pulses

.3 min tape 170

The inefficiency is essentially all due the limitations of the available instrumen-
tation. Three factors contribute the bulk of the unused time. Each time the
interferometer went out of lock, an average of 15 seconds of data were dis-
carded. This accounts for over 5 minutes of the "out of lock and :other down
time" entry in the list above. (The remaining time in that entry represents an
average of two hours a day spent adjusting the interferometer. Nearly all of it
was concentrated in the morning and evening when the temperature was chang-
ing most rapidly.)

Less averaging in the ADC would have cut this factor, but at the expense of
an already large loss of time: time to transfer data from the ADC to the CPU.
This transfer time is largely due to a delay of the ADC to respond to the CPU

request for data, and not the actual transfer.

In addition, the ADC spent almost a third of its time, in between collecting
.1 second traces, computing the average. The dead time caused by these
features might have been avoided with more costly instrumentation of the
experiment. The limit seems to be inherent in the HP-85A and HP-32B5A combi-

nation.
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4.3. Timing

The phase of the pulsar cycle had to be tracked to within about 1/10th of a
cycle over the observation period of 4 days. To maintain the part in 10'° stability
that this requirement implies, a rubidium vapor frequency standard (HP-5065A)
borrowed from JPL. The standard was adjusted 2 months before the experi-
ﬁlent began and checked 2 weeks after at the Standards Lab at JPL.? The Stan-
dards Lab maintains two cesium clocks (HP-5061A) with daily corrections at the
level of 1 usec based on published and broadcast NBS time. In addition, the rubi-
dium standard was compared both shortly before and after the experiment
against a WWVB receiver in our own lab. For all four testé. the standard was
found to be within a part in 10'° of the reference. For the duration of the obser-
vation period, the rubidium clock was assumed to be accurate provided its own
"continuous operation" indicator never failed. The indicator was proved opera-
tional in early tests when the clock was used to find an intermittently faulty
power plug. After this was corrected, the clock ran continuously without failure

until it was returned to JPL.

A frequency synthesizer (HP-3325A), phase-locked to the rubidium stan-
dard, provided a signal to the trigger generating circuitry. The CPU pro-
grammed the synthesizer with the changing 10 digit frequency at 15 minute
intervals throughout the experiment. The output of the synthesizer was a piece-
wise linear approximation to the Doppler shifted pulsar phase. The phase was
calculated to be at all times well within 1/10th of a pulsar cycle of the true
phase. Because of the uHz resolution of the synthesizer and the 10 digit
requirement on the frequency, I programmed the synthesizer with 10 times the

pulsar frequency, ~6.4 kHz.

U Here, I gratefully acknowledge Julias Law of JPL for loaning me the clock.
? Thanks are due to Hunter S. McConnell for his time and expertise applied to the adjust-
ment and checking of the clock.
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The list of frequencies were calculated in advance and simply stored in CPU
memory. The 10 digit accuracy required of the Doppler shifted frequencies
proved to be less than trivial to come by. An available program, DO_PSET,a) was
accurate to about B digits; it neglected planetary perturbations on the Earth's
velocity. I developed a program to interpolate tables in The Astronomical
Almanac (1983) and derive the velocity of the Caltech interferometer. After
accounting for aberration and several coordinate changes, the relativistic
Doppler shift was computed and applied to the pulsar frequency. Figure 4.4

shows the frequency as a function of time during the experiment.

After each .1 second time trace was digitized the ADC spent over .04
seconds to add it to the accumulating 1024 sample average trace; this accounts
for 4.5 minutes of dead time in each 30 minutes of real time as described ear-
lier. The total time per trace (~.14 sec) represents about 92 pulsar periods. For
simplicity, trigger pulses were separated by 100 pulsar periods accounting for
an inconsequential loss of efficiency in the face of the other losses; a total of
about 1.3 minutes in each 30 is spent during the extra 8 pulsar periods of dead
time. The trigger pulse was .5 usec wide (<« ADC sample time). This was
arranged to minimize the effect of the trigger (via crosstalk, pickup, or ground

loop) on the ADC signal input.

4.4. Timing Verification and Monitoring

Since timing played such a key role in the experiment, several active tests
of it were employed. To check for failure of the rubidium standard or phase lock
of the synthesizer to the standard, a 1 MHz sinusoid generated by the syn-

thesizer was mixed with a signal derived from an oven-controlled quartz crystal.

9 I thank Mike Lessing, in the Astronomy department at Caltech, for helping me use this pro-
gram on short notice.



_34-

ung 9y} moqe 1410 s, yprey sy 03 anp uolye
-11eA o1portad aa8ae] e jo jued st juswiadxs oy} Sulmp AouanbaJj o) jo aseaqoul
Jemoas ay], ‘Yyueq 9yl jo uonejol A[iep ayj 03 anp S uorjelrrea otpotrad ayy,
‘poraad uonyeatssqo oy} Surmp Aousnbayy xesmnd payrys Jsrddo( a9y, ¥ 2anIyy

(Yoo utr Aoy awrt|

Yot Yist Y1 YiEt Y¥et

A A |
v

-
.
3

£98 * 119

G098 ‘179 788 °198

= E
-
988 ‘178

(ZH) Aousnbaug ubsng

L98°178




-35-

The resulting beat note was recorded on a strip chart recorder for the duration
of the experiment. The oven controlled crystal is specified to have a 5x107°
accuracy, while the crystal in the synthesizer has an accuracy of 5x1078, If the
standard failed or for some reason the synthesizer lost lock, the inaccuracy in
its crystal would cause a noticeable change in the beat note. In addition to
detecting such a failure, the strip chart might have been useful in correcting for
it.

Every time the CPU changed the frequency of the synthesizer, the old value
waé read from the synthesizer and printed along with the new value and time of
day. This provided a log which was compared with the computed frequencies to
guarantee no CPU mishap. Additionally, if the synthesizer spontaneously reset
or modified itself as‘is characteristic of faulty power connections, this would

have shown up as an incorrect old value of the frequency.

The accumulated phase was monitored by a circuit (Figure 4.5) based on
one used in the receﬁt Glasgow search for the pulsar. At every one million (10%)
pulsar cycles (~24 min) the time in microseconds from the start of the observ-
ing period was saved in a register and displayed by a 12 digit LED array. The CPU
periodically (~15 min) interrogated this register and printed its contents with
the time of day for later perusal. To verify that the piecewise linear approxima-
tion to the Doppler shifted phase was sufficiently accurate, and to check that no
timing errors occurred during the experiment, the times of million cycle zero-
crossings were calculated using piecewise quartic approximation to the fre-
quency table. The times recorded differed by no more than about 10 usec from

the ideal values calculated.
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Chapter 5
ANALYSIS

The average time traces stored every 30 minutes during the 4 day experi-
ment were combined to give narrow band spectral information at the pulsar
electromagnetic pulse frequency and its first harmonic. In the first section, I
discuss the average time traces. From each stored record, I calculated the
complex amplitude of the interferometer’'s motion at the pulsar frequency and
its first harmonic. This involved a change of units from ADC volts to differential
length change, as described in the previous chapter, and a calculation of the
Fourier sine and cosine components. The Fourier component calculation was
complicated by limitations of the speed and size of the HP-85 computer. An
uncertainty for each complex amplitude was calculated. The second section
describes the correction applied to account for the time dependent detector
sensitivity to each of the two gravitational radiation polarizations. I explain in
the third section the calculation of F’oui’ier components in narrow frequency
bands centered at each pulsar frequency. Finally, in the last section, a check of
the data reduction is described. The results from the test verify that the pro-

grams all worked as designed.

5.1. Records from Tape

~ Each record on tape contains the data collected in 30 minutes in the form
of a 1024 sample average time trace 0.1 seconds in length. In addition, each
record includes the time and date that the record was written, the number of
206 average traces from the ADC that were summed to get this trace, the sensi-
tivity setting of the ADC, and the number of times either cavity fell out of lock

during the 30 minutes.
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Each time record, recall, is the sum of some number of 256 trace averages
from the ADC. The sum was turned into an average by dividing each point in the
1024 sample trace by the number of traces in the sum. Then the 16 bit values
were converted to volts with a factor which depended on the sensitivity setting
of the ADC. Finally, the conversion from volts to meters of differential motion in
the two arms of the interferometer was applied. (The factors entering into this
last conversion were discussed in the previous chapter.) The result is a 1024
sample time record of the length difference, synchronized to the pulsar and

averaged over a period of 30 minutes.

For each record I calculated the complex amplitude at the pulsar frequency
and its first harmonic. Memory and speed limitations of the small desk-top com-
puter used forced a clumsy calculation. Rather than multiply the 1024 sample
vector by cosine and sine in the straightforward way, I folded it into a single 18
sample vector representing about 1 cycle of the fundamental. To account for
the actual cycle length of 15.95 samples, cycles 22 to 42 were shifted by 1 before
folding, cycles 43 to 83 by 2, and cycle 64 by 3. The resulting 16 sample vector
was multiplied by sines and cosines at 641.9 Hz and 1283.9 Hz to get the complex
amplitudes at each frequency. This correction for cycle length is imperfect. As
shown at the end of this chapter, the effect is a ~2% reduction in magnitude at

642 Hz, and ~10% reduction at 1284 Hz.

To estimate the uncertainty in the complex amplitude I assumed that the

voltage represented in each time record is given by

v; = zqcos(Rrf of;) + Yosin(Rmfol;) +ny +m (6.1)

where i is the sample index from 0 to 1023, f¢ is the pulsar fundamental, n; is
the noise component, and m is the mean (which might result from offsets in the

electronics, ete.). The terms for the pulsar harmonics (less than the 2.5 kHz
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bandwidth of the ADC) which should also appear in the above equation, have
been left out for simplicity; they turn out to be as negligible as the fundamental.

The mean square noise in this record is

<n®> = <> -m? - é—(zg +y§) (5.2)

where < > means sum over % and divide by 1024, i.e. take the time average.
Barring large quantities of gravitational radiation or pickup, z§ + y§ should be
small. In fact it was negligible (<< 1%), leaving the usual variance.

The uncertainty in a quantity derived from these 1024 samples is related to
the square root of the variance by the square root of the number of samples. For
sine and cosine amplitudes, each is effectively using half of the 1024 samples.
So, the uncertainty in the real and imaginary parts of the amplitude calculated

above is given by

# { <'U-;z> - m? ]}i

512

(5.3)

_ I'<mz>
= l 512

All told, 184 records spanning 94 hours make up the data collected for the

experiment. Records were discarded if any one of the following applied:

1) empty record - number of ADC traces zero
R) cavity out of lock > 1000 times

38) ADC sensitivity neither 3V nor 10V

Eight records were discarded. Seven of these had one or both cavities out of con-
trol too many times. The remaining record was eliminated because the ADC sen-

sitivity had been inadvertently left on an incorrect setting after a test. The
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remaining 177 records combined to give 177 complex amplitudes separated by

.96 uHz, or (94 hours) ™}, surrounding each of the pulsar related harmonics.

5.2. Polarization

Because of the changing orientation of the interferometer with respect to

the pulsar, the detector's sensitivity is a function of both time and polarization.

To analyze this dependence I chose a coordinate system as follows (Figure
5.1). The % direction is aligned with the direction of propagation. The § unit
vector lies in the plane containing the pulsar and the Earth's spin axis. It has a
positive projection onto the spin angular momentum. The £ direction is defined

by the right hand rule.

In this coordinate system a convenient polarization basis for the gravita-
tional radiation is defined by components of the metric perturbation in the

transverse-traceless gauge (superscript TT):
hil = —hLl = Re[h, e ~te(t-2)] (5.4a)

hIT = RIT = Re[hye te(t=2)] (5.4b)

where o is the radiation frequency, h; and hy are complex amplitudes. The
response of a quadrupole detector such as the Caltech interferometer to a
sinusoidally time varying plane wave with unit strength is given by a complex
number representing both the magnitude and the phase of the detector's out-
put. If the two arms of the interferometer are directed along mutually orthogo-

nal unit vectors, & and I, then this response is given by

S = S(HiH; - LiLs)epy
= L (HE-HE-12+13) +v(HHy - L, L) (5.5) .

AV}
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where the non-zero components of the polarization tensor, ep, are
€p = —Cpy = U (5.6a)
epry = Epg =V (5.6b)
subject to the normalization condition
wl?+ [u[f=1 (5.7)

For the Caltech detector A points eastward and [ points southward. In terms of
the declination of the pulsar, d, the apparent latitude of the detector, A, and the
phase of the Earth's rotation, ¢, (¢=0 when the detector is closest to the pul-

sar), the response is

S = -é—u [cos®d cos®\ + 2sind cosd sin cosA cosy
+ cos®yp (1 + sin® sin®\) —sin®yp (5in®3 + sin®\)] (5.8)
—wsing [cosd sinA cosA +sind cosg (1 + sin®\)]

Figure 5.2 shows the Caltech detector sensitivity for the two cases (u,v)=(1,0)

and (0,1) corresponding to "plus” and "cross'" polarization respectively.

These two response functions were used to compute separately the gravita-
tional radiation amplitude for each polarization. This was possible with our single
detector because of the orthogonality of the response functions for the indepen-
dent polarizations and the fact that our observation period uniformly spanned

an essentially integral number of days.

Assuming first a "plus” polarization (i.e., u=1,v=0) the complex amplitudes

(z; = real part, ¥ = imaginary part) and uncertainties computed for each 30



- 43

[irey ayj jo spis J8Yyjo ayj uo
J019218p aY) Y)IM Ja7e] SN0y [eaJapis g1 st joid ayj Jo J9juad ay], '1'G 2Jngdi ul
umoys se ‘peayuaac Jesmd ayj ym spae)s joid oy, ‘awin Jo uonounj e se uorjez
-1rejod uonerped [euolje)iaedsd yoes 09 J1010919p 9Y) Jo AJIAT)ISUSS JY], ‘2'G aInFYY

2001~

. |

pe®3jjo(] - UopjpZIJID[O{ ®eO0U]
P319S - UopjpzZiupiod enld
34®7 3P poeyuea ®1 Jpe[nd .xoa [peJepig Bu(

A3TAT3TISUSG 4030933(]

- 2001




- 4_4 -
minute tape record were divided by the response:

z; 0y
S(t) =5(t)

Ty t0; o B 40 = (5.9)

and likewise for ¥; +¥;, where 1 is the record index. This can be thought of as a
change of units from differential strain in the detector orientation to differential
strain in the z, y, 2 coordinates. This conversion was carried out for the "cross”

polarization response function as well.

5.3. Fourier Components

Consider a particular polarization at one of the pulsar harmonics, say "plus"
polarization at the fundamental (~642 Hz). The 177 complex amplitudes
corrected for polarization response represent the alleged gravity wave signal in
a .6 mHz or (30 min)~! bandwidth centered at the pulsar fundamental. This time
domain representation can be transformed to give 177 complex frequency

domain amplitudes separated by 2.96 uHz, or (94 hours)™!. If

i  is the vector index from 0 to 176

t; the time the i vector was measured

Z; real part, corrected for polarization

Y; imaginary part of same

d; the uncertainty in either part, and

n  is the Fourier frequency index from -88 to 88

then

cos(Rmnf t;) —sin(Rmnf .t;) |

sin(Rrnf ;) cos(Rmnf .t;)

~d
z;

07

Yn

~| 1
o

i=0 Uy

(5.10a)
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1 177

1
— 5.10b
62 1=0 '&‘5 ( )

where f ,=(94 hours)™

Equation 5.10 was applied to each polarization at the fundamental pulsar
frequency and at the first harmonic. The four resulting Fourier transforms will

be discussed in the last chapter.

5.4. Numerical Calibration

The ADC represents voltages with 18 bit binary numbers. This representa-
tion was calibrated for the two ADC sensitivities used during the data collection:
3V and 10V. Known square and sinusoidal waveforms at various frequencies and
amplitudes were digitized and checked. The calibration factors obtained were

consistent to within 1 percent.

After this calibration was established, the data analysis programs were
checked (except for polarization corrections) by analyzing a numerical signal as

if it had come from the data tapes. The waveform analyzed was, in units of volts:

v(t) = sawtooth[(f o +45f ,)t] + sawtooth[(Rf ¢ —30.5f ,)t] (5.11)

where f g~ 642 Hz is the fundamental pulsar frequency, and f, = 2.96 uHz is the
frequency resolution for 94 hours of observing time. The "sawtooth" function is a

2 volt peak-to-peak waveform given by

sawtooth(z) = 2 *(fractional part of z) —1 (5.12)

where z = 0 is in cycles. A simple Fourier analysis gives numbers to compare to

the "measured” ones. The comparison is shown in Table 5.1.
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Numerical Calibration Check

Frequency | Expected | Measured | % Error
Jot45f . 637 .623 -2
Rf o+90f ¢ .318 .R886 -10
Rfo0—31f .405 .375 T
Rf0—30f 4 .405 .375 -7
Table 5.1

As can be seen in Figure 5.3 and Table 5.1 the results are as expected. The
slight reduction of the magnitudes is a systematic effect introduced by the cal-
culation of the complex amplitudes from each time record as discussed earlier
in this chapter. It is insignificant in the present experiment. The phase shifts
(not shown) that acc.ompany the magnitudes are roughly 10° for 642 Hz com-
ponents and 25° for 1284 Hz components. In making comparisons between the
data described in the next chapter and pulsar models or electromagnetic pulse
data these phases might be important. They do not enter in placing an upper

limit on gravitational radiation from PSR 1937+214.
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Figure 5.3. The results of test data analysis. The test "signal" was composed of
two sawtooth waveforms. The sawtooth near the pulsar fundamental has com-
ponents near the fundamental (a) and its harmonic (b). The sawtoot;h near the
pulsar harmonic (b) fell between frequency bins; it was resolved symmetrically
into adjacent bins.
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Chapter 6
RESULTS AND CONCLUSIONS

In this chapter I first give a short overview of the running of the experi-
ment, focusing on the long term stability of the cavity alignment and the steps
taken to keep the interferometer locked. In the second section I describé the
results of the data analysis and place a polarization dependent upper limit on
the gravitational wave strain amplitude. The third section contains an applica-
tion of the predictions for gravitational radiation from an axisymmetric freely
precessing neutron star given by Zimmerman and Szedenits. It is an example of
how the data from an experiment like this one could be used to determine some

of the physical parameters of a pulsar and its precessional motion.

6.1. The Run

The antenna output was monitored from 17:33 PST on March 12, 1983 to
15:30 on March 16. During the 94 hour experiment, 1.2x10° seconds of data were
collected. I stayed with the detector for the entire four days. The other
members of the group took turns so that there were two of us present at all
times. The occasional adjustments of the optics to compensate for drifts (chiefly
induced by temperature changes) were typically very minor, taking a single per-
son a few minutes. A small adjustment of the second mode matching lens to
reoptimize the fringe visibilities of the two cavities usually sufficed. On occasion
the adjustment was slightly more involved, taking two people 10 to 80 minutes.
These "major” adjustments were necessitated by the relatively large tempera-

ture changes that occurred in the morning and the evening.

The temperature changes, which were most extreme during the morning

and late evening, caused mirror mounts, the laser frame, and the 40-meter
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vacuum pipes to expand and contract. The number of affected elements as well
as the disparate time constants associated with each can make manual compen-

sation (by adjusting mirror mount screws) less than trivial.

During the first 24 hours of the run the temperature in the laboratory was
particularly stable because of the prevailing overcast weather. The air condi-
tioning was also probably more efficient because of the small load on the chilled
water supply during the weekend. The diurnal temperature excursion was g1°C
at the corner of the lab. The warming trend that followed led to a larger tem-
perature difference (32°) between night and day. During the lést ~24 hours of
observing I periodically adjusted the thermostats in each arm of the detector to
compensate for the effectively low "loop gain' of the air conditioning system. I

was able to stablize the temperature to within a degree.

The effect of these temperature variations is cleérly evident in the quality
of the data collected (Figure 6.1). Shown are the magnitudes of the 642 Hz
Fourier component in each tape record stored during the run. They've been
corrected for detector response to the "plus” polarization and weighted by the
mean square fluctuation as described in Chapter 5. Ignoring the polarization
correction, it is evident that the first and last days of data will contribute more

to the final result than the intervening two days.

Several effects determined the stability of the lock. Increased demand on
the campus chilled water supply during the hot hours of the day reduced the
efficiency of both the air conditioning and the laser cooling water heat
exchanger. In addition to the changes in alignment, the thermal drifts caused
longitudinal mode hops in both the laser and free mass cavities. Each mode hop,
lasting for a fraction of a second, resulted in an average of 15 seconds of con-

taminated data being discarded.
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During the four day observing period adjustments taking from 10 to 80
minutes were performed once or twice a day. Quick adjustments taking from 1
to 5 minutes were made every 2 to 8 hours. These adjustment periods all contri-
buted to the down fime during which data was lost. The chief contribution was
caused by one or both cavities falling out of lock. During thermally stable and
environmentally quiet times the lock was lost once every 20 to 80 minutes, typi-
cally for less than a few seconds (Figure 6.2). But, during less ideal intervals the
lock was lost as often as every couple of minutes (Figure 6.3). Although the out-
of-lock time was only milliseconds to seconds, the data being averaged in the
ADC could not be separated from the contaminating out-of-lock data with the

available hardware. As much as a 30 seconds of data were discarded each time.

6.2. Results

Four spectra representing the signal magnitude as a function of frequency
and polarization at the pulsar fundamental and first harmonic were calculated

from the data collected (Figures 6.4 and 6.5).

I first wanted to rule out any obvious errors in the analysis or data collec-
tion. Over the narrow frequency bands shown in the figures, | expected to see a
roughly "white" noise background with possible peaks representing gravitational
radiation from the pulsar. These peaks could show up in any of the four spectra
and at frequencies other than the center, depending on the dynamics of the

source as indicated in Chapter 3.

For each spectrum I plotted the amplitudes of all frequency components in
the complex plane - a dot for each point in the transform. The scatter looked
Gaussian. It was well centered at the origin and there were no obvious correla-
tions between magnitude and phase. The computed mean and standard devia-

tion for the real and imaginary parts of each plot (Table 6.1), show that the two
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Figure 6.4. The dimensionless strain amplitude spectra for "plus" polarization.
The frequency axes are labeled in units of inverse duration of the experiment.
The top spectrum is centered at the electromagnetic pulsation frequency of the
pulsar. The bottom is centered at the first harmonic.
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Figure 6.5. The dimensionless strain amplitude spectra for "cross” polarization.
The frequency axes are labeled in units of inverse duration of the experiment.
The top spectrum is centered at the electromagnetic pulsation frequency of the
pulsar. The bottom is centered at the first harmonic.
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standard deviations for the real and imaginary parts are equal to within statisti-

cal error. This is an indication that the distribution is independent of phase.

Mean and Std. Dev. of the Fourier Components
in Units of Dimensionless Amplitude
Center f 842 Hz 1284 Hz
Polarization . u X + X
Re x10% 2.8 24, 18. -7.8
ORe X 1018 4.6 8.4 3.1 4.4
Im x10%° .018 5.3 6.8 <6.2
Oy X1018 4.8 9.7 3.2 4.3
o x10!8 4.7 9.1 32 4.4
(T x10'8) 4.6 7.4 2.5 4.1
Table 6.1

The uncertainty represented by @, the mean of op, and oy, is consistent
with the variance used to weight the time domain data. That is, G ~ &, where @ is
given by equation 5.10. Failure of this condition might indicate that neglecting

the sinusoidal contributions to ¥ in equation 5.2 wasn't valid after all.

The magnitude distributions shown in Figures 6.6 and 6.7 compare well with
the theoretical curves. Assuming that the distribution of complex amplitudes is
Gaussian, in both real and imaginary parts, with variance 3 and negligible offset

from the origin, the magnitude distribution is given by the Rayleigh distribution

P(r) = ;—e 2’2 (6.1)
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Figure 6.6. The measured and theoretical magnitude distributions for the "plus”
polarization amplitude spectra in Figure 6.4. The magnitudes have been normal-
ized to the values for o in Table 6.1. The magnitude at zero-shift has been
identified with an arrow.
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Figure 8.7. The measured and theoretical magnitude distributions for the
"cross" polarization amplitude spectra in Figure 6.5. The magnitudes have been
normalized to the values for ¢ in Table 6.1. The magnitude at zero-shift has been
identified with an arrow.
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where 7 is the magnitude. Monte Carlo simulations of the magnitude distribu-
tion exhibit similar fluctuations from the theoretical curve. This suggests that
the spectra are in fact the result of a random process which can be taken to be

"white" in the narrow band surrounding each center frequency.

Several of the peaks in each spectrum have confidence levels of ~99%. (I use
confidence level to mean to the "central confidence levél": the probability that
the magnitude will be less than the given value.) But, as was demonstrated by
the Monte Carlo simulations, they are quite likely within the statistics. There is
no compelling evidence for gravitational radiation, or any other systematic

source of large amplitude signals (i.e. ground loops, pickup, etc.).

I carried the analysis a little further by assuming that the gravitational
radiation signal was at the center frequency in each spectrum. Several ways in
which the frequency of emitted gravitational radiation could be different from a
multiple of the electromagnetic pulse frequency were discussed in Chapter 3:
shift by precession rate, splitting due to triaxial mass distribution, or Wagoner's
equilibrium of radiation losses with spin-up by accreting matter. Other mechan-
isms may exist. But, without a specific model for PSR 1937+214, or an outstand-
ing candidate peak, little can be done except assume the simplest possibility:

zero shift.

The zero-shift amplitudes are given as magnitude and phase in Table 6.2.
The "raw" phases for the 642 Hz amplitudes can be compared to one another, as
can the phases for the 1284 Hz components. But, they have not been corrected
for systematic phase shifts which make the 642 Hz phases incompatible with the
1284 Hz phase's and both incompatible with electromagnetic pulse data. Among
the corrections left out are: 1) the phase shift introduced by the fold-and-shift
calculation of the complex amplitudes for each time record, 2) a phase shift

introduced by the loop gain of the second arm, and 3) the arbitrary initial phase
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Center Frequency Amplitudes and

Gravitational Radiation Upper Limits

Center f 642 Hz 1284 Hz

Polarization + X + X

Magnitude (hx10'8) 14.4 6.08  8.83 12.7

Raw Phase (deg) -12 146 34 -163
Confidence (%) 99.1 20.2 97.9 98.6
99.7% Limit (hx10'8) 16.1 30.9 10.8 14.8
.-Table 6.2

of the generated pulsar phase.

A 99.7% confidence limit to the gravitational radiation from the pulsar is set
by integrating equation 6.1 using the values for @ in Table 8.1. The bottom line of

Table 6.2 gives these limits.

Confidence levels for the zero-shift magnitudes are given in the table, also.
Looking at them it seems possible that the center frequencies may have gotten
more than their fair share of low probability amplitudes. To test this I computed
the joint magnitude probability given by the 8-dimensional analog to the Ray-

leigh distribution
Plp)= £ze 2 (8.2)

where p is the dimensionless magnitude in the B-dimensional space of 4 complex

amplitudes (one for each combination of polarization and pulsar harmonic)
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pf = (8.3)
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To combine amplitudes from spectra with different center frequencies, I used
harmonically related shifts. That is, the amplitudes at a shift of +9 (or ~268 uHz)
from a center frequency of 642 Hz for each polarization where combined with
the amplitudes at a shift of +18 from the center frequency of 1284 Hz. The fac-
tor of two in the shift restricted the number of frequency components from 177
to B9. Figure 6.8 (top) shows p as a function of shift from the fundamental. In
this light, the zero shift amplitudes appear to be more significant; the magni-
tude corresponds formally to a confidence level of 399.8%. Figure 6.8 (bottom)
compares the observed probability distribution to the theoretical distribution
given by equation 8.3. Likewise, in Figures 6.9 and 6.10, ] compared amplitudes
with harmonically related shifts plus or minus one frequency bin (i.e. +9 from
842 Hz was compared separately to +19 and +17 from 1284 Hz). Again, there is
no obvious indication that the theoretical curve provides an inconsistent

description of the bulk of the distribution.

I then checked the sensitivity of the previously mentioned measurement
made by the Glasgow group (Hough, et al. 1983) to the polarization implied by
the zero shift amplitudes at 1284 Hz. Coincidentally, the polarization was
remarkably close to a null in their sensitivity! The null was a result of a fortui-
tous cancellation of the response of the detector over the eight hours of their
data collection. A smaller averaging time would have exposed a peak as large as
the the one in my data without the cancellation. The data tapes were subse-
quently rea.nalyzedl) in smaller chunks and showed no sign of the peak. This

removed all likely possibility that the peak was due to gravitational radiation.

N1 gratefully acknowledge [larry Ward and Andrew Munley for reanalyzing the data and pro-
viding me with the results.
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Figure 6.8. The joint magnitude as a function of frequency (a) and its distribu-
tion compared to the theoretical distribution (b). Each point in (a) is the square
root of the sum of squares of corresponding magnitudes from Figures 6.4 and 6.5
as in equation 6.3. The joint magnitude at zero-shift is conspicuous. It is labeled
with an arrow in (b).
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Figure 6.9. The same as in Figure 6.8 except that for each point in the spec-
trum, indexed by a shift of 7, the 1284 Hz magnitudes at 2i+1 were included in
the sum of the squares, instead of the magnitudes at 2i.
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Figure 6.10. The same as in Figure 6.8 except that for each point in the spec-
trum, indexed by a shift of i, the 1284 Hz magnitudes at 2i—1 were included in
the sum of the squares, instead of the magnitudes at 2i.
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(The slim possibility that I observed the pulsar while the radiation was tem-

porarily "turned on" still remains.)

Remaining as a possible explanation for the peak height (aside from the sta-
tistical one) is that a systematic error such as might be provided by a ground
loop was responsible. Because of a limitation in the available instrumentation,?
the pulsar frequency itself was generated rather than some convenient subhar-
monic. During a long trial run, a ground loop which coupled the pulsar fre-
quency to the signal was discovered and corrected. Additional pains were then

taken to break other ground loops and shield against pickup.

A simple ground loop alone would not easily explain the presence of a large
peak in the "cross"” polarization spectrum at 1284 Hz since half the data was
averaged with a change of sign - it should have canceled. However, systematic
variations in the weighting of the data might allow a constant signal to show up
in the "cross” polarization. This might arise from any diurnal variation in the
performance of the interferometer, such as might be caused by temperature
changes. To test this, | computed the the effect of the measured weighting fac-
tors on a supposed constant signal. The amplitude that leaked through to the
"cross” polarization was 25% of the amplitude appearing in the "plus” polariza-
tion. This is six times too small to account for the measured "cross” amplitude
at 1284 Hz if it is due entirely to "leakage" from the "plus" amplitude of
8.8x107!8 (Table 6.2). A more complicated problem, like a time-dependent

ground loop, might explain the peak height.

% The HP-3336A frequency synthesizer has a 1 (4Hz resolution. With the 10 digit frequency
accuracy required, [ had to program the synthesizer with 10 times the pulsar fundamental
and divide it down externally.
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6.3. Speculations

Inverting equation 3.2 I find that an observed A ~ 107!7 corresponds to a
power output of roughly 60My/s for an isotropically radiating source 6 kpc dis-
tant. A sustained output of this magnitude would be difficult, by some 16 orders
of magnitude, to reconcile with current pulsar physics. It is hard to imagine a

gravitational source of such an amplitude in this experiment.

Nonetheless, it was instructive and fun to try to calculate the consequences
of the measured amplitudes in the context of a simple model. I compared the
measured complex amplitudes at zero shift with the Zimmermann and Szedenits

waveforms for a freely precessing axisymmetric body.

~ Rl wPesing
By S +r'_[(1 + cos®) sinfcos2wt + cosi sincosfcoswt | (6.4a)

~  2I0%sing
hy = 17_— [Rcosi sinfsinwt + sini cos&sinwt | (8.4b)

In_these equations w is the fundamental gravitational radiation frequency, 7 is
the distance to the pﬁsa, 8 is the angle between the pulsar angular momentum
and its symmetry axis, 7 is the angle of inc]inatioﬁ of the angular momentum to
the plane of the sky (0° is pointing at us), and the ellipticity is & = (Ig—7,)/ I,,
expressed in terms of the principal moments of inertia, /, = [z # /.

Assuming that the signal is at zero shift, is the same as assuming that the
precession frequency is less than ~.8 uHz. A larger precession frequency would

shift the gravitational radiation off of the center frequency of 1284 Hz.

A rotation of coordinates about the direction of propagation was required to
convert my coordinates z and ¥ to theirs. The coordinates for which equations
8.4 apply maximize the ratio of |A,|/ |hy| at 1284 Hz. Consistency with the

model requires also that this ratio be minimized at 842 Hz by the same
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transformation. I chose to work first with the 1284 Hz amplitudes because they
are both above the background; the 642 Hz "cross" amplitude is buried in the
noise. A rotation about the direction of propagation by an angle ¢ transforms

the polarization amplitudes at a given frequency as

[h,

o cosR¢ sinly
s

” —sin2¢ cos2¢

2

(8.5)

The ratio is maximized for an angle of 82°. The projection of the pulsar's angular
momentum onto the sky would be either parallel or perpendicular (with either

sign) to a line 62° (in the right-hand sense) from my z —axis.

In this coordinate system, the "plus” and "cross" amplitudes at 1284 Hz, are
phased by 90° to one another as is evident from the waveforms. (The maximiza-
tion guarantees this for any initial complex amplitudes, whether they are physi-
cal or not.) The ratio is seen from the equation to be (1 + cos® )/ 2cosi. Interest-
ingly, the maximized ratio sets the inclination angle of the angular momentum
to the sky at 94° (90° being in the plane of the sky). This is striking because the
electromagnetic pulse profile indicates that the angular momentum vector
might indeed be nearly in the plane of the sky. The pulse profile has a primary
peak and a secondary peak separated by 180°. We are probably seeing pulses
alternately from opposite poles. This is explained most easily by an angular

momentum in the plane of the sky and a dipole field aligned perpendicularly.

Next, I assumed that the 642 Hz "plus” polarization amplitude represents a
true signal. I calculated the set of "cross" polarization amplitudes for which
]i?+|/ |I?x| is minimized by a rotalion of coordinates through 62°, as in equation
8.5. The consistent amplitudes are not implausibly far from the measured
"cross" amplitude, but further progress along these lines requires a more

sophisticated approach.
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For a more likely gravity wave signal I could include the statistics of the
background to generate a "most likely” set of amplitudes consistent with the
model. To do this, I would have to make comparisons of the magnitudes and
phases of all four amplitudes. The "raw phases” of Table 8.2 must be corrected
as described earlier to compensate for systematic phase shifts that are different
at 642 Hz than at 1284 Hz. From the corrected values I could carry the analysis
profitably further to arrive at values for 8 (between 0° and 90°) and |/ /7.

The assumed distance of 6 kpc then provides and estimate of |/g—1,].

6.4. Concluding Remarks

The experiment places a 99.7% confidence limit on gravitational radiation
from PSR 1937+214 in 523 uHz frequency bands centered on the radio pulsation
frequency and its first harmonic (Table 6.2). Limits were placed on each polari-
zation component separately. The result at 642 Hz is new. It is important
because under the reasonable assumptions of small wobble angle and near axial
symmelry gravitational radiation is expected to be emitted predominantly at
this frequency and not 1284 Hz. The limit placed on radiation at 1284 Hz is not
as strong as that implied by the experiment carried out in Glaséow. It did, how-
ever, inspire a second look at the Glasgow data to remove the possibility of grav-

itational radiation in a particularly devious polarization state.

The experiment demonstrated that even at this early stage, the Caltech
detector can run unattended for hours at a time and for as long as a day without
more than minor adjustment. Valuable experience with the detector and the

_effects of temperature changes on it was gained.



-89 -

Appendix
DESIGN OF THE TEST MASS
AND POINTING CONTROL SYSTEM

The test masses must be free to respond to gravitational radiation. At the
same time, they must be isolated from other perturbing influences - ground
vibrations, magnetic fields, etc. - that might masquerade as gravitational radia-
tion. These considerations motivated the design of the te.st masses and their

suspension system and orientation control system. 1

The resonant suspension of the test mass allows the mass to be free for
gravitational waves above the suspension frequencies. It also provides attenua-
tion of ground vibrations. The final stage of this passive isolation is provided by
hanging the test mass from wires, giving it a high-Q pendulum resonance at 1 Hz.
Without thisAhigh quality factor, the thermal noise of the pendulum mode would

limit the sensitivity of the detector.

Likewise, the test mass itself must be made of high-Q material with reso-
nances removed from the frequencies of interest around 1 kHz. The current
mass compromises this ultimately necessary design feature in favor of a design
which allows convenient access and modification of the optics - a necessity at

this early stage in the development of the detector.

Magnetic materials have been avoided where possible, but again, the need
for flexibility has taken precedence. Mirrors mounts have been motorized in
many places; in the future they will probably have to be machined in the correct

place on the test mass. The mirror mounts are the source of resonances and

 In this endeavor, [ have benefited significantly from the work done at Glasgow by R.W.P.
Drever, W.A. Edelstein, G.M. Ford, S. Hoggan, J. Hough, [. Kerr, W. Martin, B.J. Meers, A.J. Mun-
ley, G.P. Newton, J.R. Pugh, N.A. Robertson, and H. Ward.
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damping. The magnets in the motors may be a small source of noise due to their

coupling to stray magnetic fields.

The resonant nature of the suspension enhances vibrational motions at the
resonant frequency. This doesn't affect the noise performance of the antenna
directly since the resonant frequency is well away from the current frequencies
of interest, and can be made lower if the interest changes. The resulting
motions, both translational and rotational, are t<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>