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Introduction

‘The discovery of PSR1913+16 binary pulsar and the observation of its orbital period decay
provided the undirect evidence that gravitational waves do exist. Several interferometric
gravitational waves detectors will be operating in the world in a few years. The goals of
interferometric detectors, of unprecedented sensitivity over a wide band, are ambitious:
the first detection and the beginning of a new astronomy. The Italian-French VIRGO
antenna is one of these detectors and it is now being built on the Cascina site, near Pisa.

VIRGO aims to have a detection range of frequency extending from a few Hz to
several kHz. The sensitivity of ground based antennas in this range is limited by seismic
noise. Since ten years ago, Pisa VIRGO Group is working on the project of the mirror
suspensions, called superatienuators, aimed to isolate the mirror from ground vibrations
and to extend the low frequency sensitivity threshold down to few Hz. This work is part

of this re_sea,rch field.

Aims of the work In this thesis we propose a newly conceived Inverted Pendulum top
stage for the VIRGO superattenuator, capable of:

1. performing a pre-isolation action.
2. acting as a soft positioning device for the suspended mirror;

3. providing a suitable platform for active damping of the SA resonances.

These carachteristics not only allow to improve the overall isolation performance
of the superattenuator, but, above all, allow to simplify the interferometer locking
strategy. Other groups involved in gravitational waves detection research are devel-
oping pre-isolators for their suspension systems. The one proposed here has been
validated ‘and approved suitable for VIRGO.

Plan of the thesis This thesis is divided into 8 chapters:

¢ chapters 1,2,3 are an introduction to GW physics: theory, evidences of ex-
istence, principle of interferometric detection, expected sources are reviewed.
The operation of an interferometric detectors, the limitations ta its sensitivity
and the design of VIRGO interferometer are described;

vii



viii INTRODUCTION

e in chapter 4 the VIRGO superattenuator design and its performance are de-
scribed;

o chapter 5 should be read as a proposal: it explains why an Inverted Pendulum
is suitable as a top stage for the VIRGO superattenuator. The physics of the
Inverted Pendulum is outlined, the calculations are reviewed and the design of
the top stage is described.

o chapter 6,7,8 describe the experimental work done: the experimental setup used

for the tests, the tests of the Inverted Pendulum as a passive pre-isolator, the
tests of the Inverted Pendulum as a platform for active controls of the mirror.




Chapter 1

Gravitational Waves

1.1 The binary pulsar PSR1913+16

The theory of general relativity was published in 1916 [1]. Although up to now gravita-
tional waves remain undetected, an important astrophysical discovery has given the scien-
tific community the indirect evidence that they do exist: the binary pulsar PSR1913-116.
In 1974 Russel Hulse and Joseph Taylor observed for the first time the radio pulses of a
neutron star bound to a dark companion in a binary system. After more than 20 years of
observations data are useful to test general relativity to an high level of accuracy [14, 15]
and also to compare general relativity with other theories of gravity.

Pulsar 1913416 is an accurate clock moving at high velocity (v/e ~ 1073) in the
strong gravitational field of a dark companion, with orbital period of 7% 45™. The data
from the observation consist of pulse arrival times. Doppler shift of the pulse period is
related to the pulsar orbit and to relativistic effects such as gravitational redshift. The
data analysis allows to determine, to high level of accuracy, the parameters that give a
complete description of the dynamics of the binary system. General relativity predicts
such a system to lose energy and angular momentum via emission of gravitational waves.
This loss turns into a decrease of the orbital period of the pulsar. Hulse and Taylor
have measured the orbital period rate of decay, which is in good agreement with general
relativity predictions: their measurement is considered as the first evidence of the existence

of gravitational waves (GW).

1.1.1 Keplerian and post-keplerian parameters

In this section we review the results of the measurements performed by Hulse and Taylor,
in order to put in evidence the very good accuracy allowed by this astrophysical laboratory.

The parameters, determined by fitting experimental data with the theoretical model,
are divided in two groups:




2 CHAPTER 1. GRAVITATIONAL WAVES

o keplerian parameters (which determine the newtonian orbit):

1. P: the orbital period;
2. e: the orbit eccentricity;

3. = asini/c, where a is the semimajor axis of the orbit, ¢ is the angle between
the orbital angular momentum and the line of sight from Earth to pulsar, ¢ is
the velocity of light;

4. w: the longitude of periastron;

5. To: the time of periastron passage;
o post-keplerian (PK) parameters (associated to relativistic effects):

1. @: the advance of periastron;
2. +: the time dilation and gravitational redshift parameter;

3. P: the orbital period rate of decay.

The values of these parameters obtained from the data of ten years high quality timing
observation are listed in the table [13].

parameter value

P (s) 27906.9807807(9)
€ 0.6171309(6)

z (s) 2.341759(3)

w (%) 226.57531(9)
To (MJID) 46443.99588321(5)
w {°yr~h) 4.226628(18)

v (ms) 4.294(3)

P -2.425(10)x 10712

The PK parameters are functions of the two star masses: from the equations

thh(mp’ mc) — Lbobs

7th(mp, mc) — ,},obs
the masses, of the two stars have been accurately derived [12}:

my, = 1.442 4 0.003 Mg, ; m. = 1.386 £ 0.003 M,

where m, is the mass of the pulsar and m,. that of the dark companion?.

*This result has been published in 1989, It is interesting to compare it with the former result published
n 1982:
y = 1.42 + 0.06 Mg ; me = 1.41 £ 0.06 My

Seven years of further observation reduced the uncertainty ém/m from about 4% to about 0.2%.
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1.1.2  Orbit decay

According to general relativity the binary system emits GW with luminosity (see [19] and

references therein):

: 5 4 2

_ 332'%_ (mym,) ‘Evsnp + mC)f(e), (1.3)

where f(e) is a function? of the orbit ellipticity e and @ is the semimajor axis of the

orbit®, The system loses energy and angular momentum via GW emission: PSR1913+16

is spiralling towards its companion and the two stars will coalesce in 3.5 . 108 vears. The

general relativity prediction of the period decrease is straightforward using the values of
the star masses calculated above:

1927 [27G %3 My M,
c*P (my + m /3
= (-2.40216 & 0.00021) x 1072

Pt e fle) (1.4)

The result of the observation is:
Pobs — _ 92 495(10) x 10712 (1.5)

To correctly compare theory and experiment the perturbing effect of the Galaxy gravita-
tional field has to be subtracted? [16). The result is:

hobs _ paal
ﬁp—ﬂﬁ_ = 1.0032 = 0.0035 (1.6)

The agreement between the general relativity prediction and the observation is at
31073 Jevel: this result is a success of general relativity and is considered as the indirect
proof of GW existence. Moreover, as pointed out by Damour (18], this is also a proof of
the propagation properties of the gravitational field in the sirong field regime.

*The function f{e) is written [11]:

73 37
_ 20772 S 37,
fle)=(1-¢%) (1—}—24& +96e)

In case of circular orbit (¢ =0}, f(e) = I and the GW luminosity is minimum.
*For the sake of simplicity: in the case of circular orbit and m, = m. = m (1.3} is written:

LB
5 ¢ RS
where R is the orbit radius.

. *The observed period P°™ depends on the relative velocity of the pulsar and the solar system. Then,
P°" depends on their relative acceleration. The pulsar and the Sun accelerate towards the galactic centre
In Euch a way that a non null relative acceleration is present, which turns into an error on the measired
PerE
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1.1.3 Other theories of gravity

The observation of the PSR1913+16 and of other similar systems (such as PSR1534412
[32]) has provided a natural laboratory to test gravity theories in a strong-field regime.
Damour and Esposito-Farése [17, 18} have studied a class of two parameters tensor-scalar
theories of gravity, compatible with the equivalence principle, at the light of the results
coming from binary pulsars experiments, and have calculated the constraints imposed
to the parameters by the observations. This class of theory predicts the existence of
scalar GW beside the usual tensor waves. The detection of GW from coalescing binaries
and the observations of binary pulsars could prove quantitatively the radiative aspects of
relativistic gravity and help to discriminate between general relativity and other theories.

1.2 Gravitational Waves

In the weak field approximation Einstein equations can be linearized and then admit wave
solutions describing ripples in the space-time metric propagating at the speed of light:
gravitational waves. In the following we describe shortly the theory of GW, referring the
reader to [2, 3] for details.

The flat space of Special Relativity is described by the Minkowski metric:
3
ds? = n,,dztde” = —cAdt® + de? (L.7)
=1

The metric of regions of space-time where the gravitational field of astrophysical objects
is weak can be written in the form:

gy.t; = Tuv + h;w (1.8)

with |ku.| < 1. The tensor h is a small perturbation to the flat space geometry. To first
order with respect to h,, the field equations are linear. The freedom in the choice of the
coordinate system can be used to impose h to be transverse and traceless (TT gauge). In
this gauge the coordinates are marked by the world lines of freely falling test masses (that
is, the coordinates of freely falling test masses are constant). With such a choice, Einstein
equations in the weak field approximation, are written:
1 9*
2 —
(v - 8—23?) By =0 (1.9
and describe the propagation of waves at speed c.
Let # be the propagation direction: in the chosen gauge h is written in the form

g 0 0 0
0 ¢ & 0
0 b —a 0
00 0 0

h=
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The tensor h can be written as the sum of two components:
h = ah* + bh* (1.10)

where the basis tensors “A plus” and “h cross” represents the two possible polarizations
states and are written:

6 0 0 0 00 00
: 601 0 o0 0010
+ _ x
= 6 0 -1 0 P R = 0100
00 0 0 ¢ 000

The emission of GW is associated to mass acceleration, as the emission of electromag-
netic radiation is associated to charged particles acceleration. But, while an oscillating
electric dipole emits radiation, this is not true in the gravitational case, due to momen-
tum and angular momentum conservation laws. The emission of GW is associated to the
variations of the quadrupole moment tensor of a mass distribution, defined as:

1
Qz’j :'/ P(f) (Z‘zlj - —51'3' 57'[2) dv (1.11)
Vv 3
The power emitted in form of GW (GW luminosity) is:
16 ..
L= ¢ <QyQiy> (1.12)

where <> indicates the time average over the wave period or the duration of the wave
burst. From (1.12) comes out that there cannot be GW emission from a spherically sym-
metric mass distribution. Moreover, {1.12) can be used to estimate the GW luminosity of
an astrophysical source of mass M and characteristic radius R. Let 7" be the character-
istic time for the evolution of the source and let € be a factor measuring the asymmetry
in the mass distribution; thus the quadrupole moment is roughly Q ~ eMR?. The GW
luminosity is then:

o GM iRt

5 Te

£ (1.13)

The source mass can be expressed in terms of the Schwarzschild radius: Rg = 2GM /2.
Introducing a characteristic speed v = R/T the (1.13) reduces to

£~ Ezfaf (%) ’ (3)6 (1.14)

The last equation shows that an efficient source of GW should be compact (R ~ Rg),
relativistic (v ~ ¢}, highly anisotropic (e~ 1).
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The amplitude at distance r of the GW emitted by this mass distribution is (in TT
gauge):
2G 42
where r is the distance of the observer from the source. For a rough estimate of 4 one can
use the same approximation of (1.13), thus getting the expression [19]

heo &LUET (1.16)

it or

where E™ = e M R2/T=.

1.3 Radiation-matter interaction

Let us consider a “+” polarized plane gravitational wave of frequency few propagating
along the % direction and impinging over a circle of test masses laying in the zOy plane.
Let the centre O of the circle coincide with the origin of the reference frame. The metric

element is then written:
ds® = —c2de® + [1 4 h(27 fout — k - R)]da? + (1 — A(27 fgwt — k- H)]dy® +d2®  (1.17)

Suppose that two of the test masses (the ones on the & and § axes) are the end mirrors of a
Michelson interferometer (whose beam splitter is placed in the origin of the reference frame
at distance L from each of the mirrors). For a photon propagating in the interferometer
ds? = 0. Then it is possible to calculate from (1.17) the time the light takes to complete
a round trip in each arm of the interferometer. The light travel time in the £ arm form
the beam splitter to the mirror (at distance L) is:

b 1 [t 1 [t 1
il = ] dt = _/ V(1 + h)de =~ ,/ (1 + —h) dz (1.18)
0 cJo ¢ Jo 2

In the same way, the return trip takes a time

I 1 :
7 ~ —/ (1 - —h) dz (1.19)
cJr 2

The two integrals can be easily calculated by replacing A(t) = hoexp [i27 fewt] and remem-
bering that = 2/c in (1.18) and ¢ = (2L — z)/cin (1.19).

The result for the round trip travel time is:

o= 4 (1.20)
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L L
= %E-{-—l-/ hd -1 hdz
¢ 2c fy 2¢ fy
Ao [ 227 few To :‘
= Tot+ T |eMevT ]
4ri fewro

where 79 = 2L /¢ is the classical return trip time.

In the § arm the light picks the effect of hoy = —hy; and one gets:

ho

—_— ‘EZ‘.’Tf wT) _ 5
e [e 5 1] (1.21)

Ty = Tg —~

From the point of view of an observer in the laboratory, the phase variation of the
interferometer output can be interpreted as a variation of the arms length (see fig. 1.1):

T, h
B i 1.2
L, €5 L(1+2) (1.22)
T, h

When the two waveforms arrive at the beam splitter they are “out of sync” and the
time difference is

Ar(t) = h(t)rpei™fewo ——_Slngf S:’OTO) (1.24)
gw

Thus, at the interferometer output a photodiode would measure a phase variation:

dp(t) = %—Eh(t)ei”fg‘"msinc(vrfgwrg) (1.25)

where A is the laser wavelength and sincz = sin LIED

From (1.26) it is clear that an interferometer can be used as a GW detector. The
interferometer response to impinging GW is plotted in fig. 1.2 as a function of few:
the interferometric transducer acts as a low pass filter starts attenuating at frequencies
f ~¢/2L, that is when the period of the wave is comparable to the return trip time 7.
Anyway, for low frequency wave JewTo € 1 the interferometer response is flat:

oplt) _ arl (1.26)

dp(ty  4AxlL
h(t) A

Eq. (1.26) shows straightforwardly that the longer the interferometer arms the more
sensitive the detector. In the Jow frequency approximation from (1.22) and (1.23) one can
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h, h,

Figure 1.1: Effect of a monochromatic GW of frequency f = 2x /T over a circle of test
masses: a) when the wave is "4" polarized; b) when the wave is " x” polarized. The figure
shows especially the effect of the wave on a Michelson interferometer.

derive the “arm length variation” measured in the laboratory frame:

Sz(t) = £h(::) Sy(t) = —gh(t) (1.27)

1.4 Astrophysical Sources of GW

A large amount of theoretical work has been done to predict waveforms and intensities of
the gravitational radiation emitted in astrophysical events. The task is difficult because
of the subtleties of the theory, the complexity of the systems under study and, above all,
because of the fact that little is known about the dynamical behaviour of compact objects
as supernova cores. A fair amount of uncertainty affects the calculated GW amplitudes as
well as the event rates. In the following sections we review the main results about expected
GW sources emitting in the operating frequency range of ground based antennas (from
few Hz to few kHz) (see [20, 22] and references therein): coalescing binary compact stars,
gravitational collapses, spinning neutron stars, stochastic background. In chapter 3 the
expected intensities of GW are compared with the target sensitivity of the forthcoming
interferometric antennas.




