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Chapter 1: Hilights from Virgo 

Gravitational Waves (GW) give foundamental informations on the Universe. By comparing the 
four foundamental nature’s interaction constants we realize that gravitational interaction is 34 
order of magnitude smaller than the other: 

Strong Electromagnetic Weak Gravitational 

as= 1 e’=l/l 37 G ~ M ’ = ~ o - ~  G ~ M ’ = I o - ~ ~  

where M is the proton mass and we have set Planck’s constant and light speed equal to 1. 
This smallness has as a consequence that gravitons escape undisturbed when other particles 
interact many times; this happens in supemovae collaps where neutrinos undergoes about 1000 
interactions before escaping and gravitons none. 
This peculiarity makes that gravitons decouples from Big-Bang hot matter after 1043s , the 
Planck’s time, corresponding to -lo’* TeV. Graviton detection seems the only way to reach times 
closed to 10-23s (because we are sensitive only to the “acustic” band of frequencies) for studying 
Big-Bang. 

The existence of Gravitational Waves 

Einstein’s General Relativity Theory’ (GTR) has as a consequence the existence‘ of GW; this has 
been demonstrated by Taylor ed Hulse3 by observing for about 20 years the neutron stars binary 
system PSR 1913+16. They demonstrated that the binary system energy loss follows at 1/1000 
level the GTR predictions: 

I PMEAs /PGTR = 1.0023 k .0047 I 
Where PMEAS and PGTR are the revolution periods measured and predicted by GTR respectively. 
This measure give a non contradicted evidence of GW existance. 

GW-Mass interaction, polarization effects and the GW transmitter 

Gravitational Waves are a consequence of Einstein’s General Relativity; they are shown to be 
ripples in the space -time curvature traveling at light speed. In curved space-time the invariant 
distance ds between two neighbouring events is described by Metric Tensor gpv:  

(0 0 0 -1) 

The evolution of the metric tensor is given by Einstein’s equations: 
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Where Tpy is the energy-momenhm tensor and G is Newton's constant . 
The presence of Momentum-Energy tensor T,pO changes q,,, in g,,, according to Einstein's 
equations. When gravity is "small" we may write gpv= qpv+ hpv , where hpv is infinitesimal; to 
first order in hpv Einstein equation becomes: 

and rpv is Tpv expanded to first order in hpv . From momentum-energy conservation 

apzvy = o  

and considering that ' O O = d  , where p is the matter density, it follows: 

where 
qpv has 16 el. , Symmetry reduces to 10, Gauge trasf. X'=X+E (Oc=O) reduces to 6, Transversality 
and Tracelessnes (TTsystem)reduces to 2: 

is the source distance and p source mass density. 

It is easy now to show that GW have spin 2 because a 45 degree rotation exchange h' with h" and 
viceversa. 
The Riemann tensor in the IIT gauge reaches its simplest form: 
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+ Ri,.,&' -- = 0 

D2 is the second covanant derivative: 

i.e. in the limit of weak gravity, GW amplitude is proportional to the second time derivative of the 
mass quadrupole moment.This is the GW Transmitter. 

Fig.1 

The GW receiver 

A particle moving freely under the action of a gravitational field has its XP coordinate satisfying 
the geodesic equation: 

Where T is the proper time; It is always possible to find a space-time trajectory in which l Y v i = O  at 
any time; along this trajectory a particle is freely falling. Let's consider two freely falling particles 
A and B (see Fig. l), their separation ~ G ( x A - x B ) ~  satisfies the geodesic deviation equation: 

With the purpose of evaluating ,$a let's put xA=O in the A particle CMS, xAo equal to proper time 

D2Ca d2ya  flip $&' d dx' dCB &' dx' 
-- + -6 - + ra -(p -) + r;p (- + r,8,{& -)- 

dr2  dr2  dr dr " d r  d r  dr dr dr 
7 and the coordinate axis connected to gyroscopes camed by A. At XA =O since A is freely falling 
along the geodesic line , we can obtain (rPvh)x=o=O, (dI'PvX/d ~ ) ~ = 0 = 0  , consequently: 

To first order in h m p v  , since the only surviving terms are for @= 6=0 and 7 = t , and 
remembering that 

it follows that the relative acceleration of B with respect A is: 

and the Riemam force is 
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Consequently the receiver is a device measuring space-time curvature i.e. the relative acceleration 
of two freely falling masses or their relative displacement. 
GW produce real tidal accelerations on the bodies embedded in space-time; considering the 
reference system shown in fig.2, the two masses M will undergoes a relative acceleration A,=, and 
the Riemann force F. 

1 d 2  A - - - L a T h a  '- 2 dt ' 
I Fa = M A ,  

Fig. 
J 

where La is the mass separation. This equation is valid in the limit h>>L and in this limit we note 
that Riemann force increases with L. 
GW have two state of polarization h+ and h,; the effect on a massive ring whose plain is 
perpendicular to wave propagation direction, is to produce a deformation as shown in fig.3. 
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Short outline about GW sources 

Coalescing binaries 

These systems are formed by two compact stars, neutron stars and black-holes, rotating one around 
the other. In fig.4 the reference system for a coalescing binaries system having with respect to the 
equatorial system (&,YO,&), direction (a,&) and angles (i,9) of the orbit plane normal with respect 
to the direction (a,&). 

XO Fig. 4 

The detector responds to the GW action in the following way: 

h ( t )  = h + ( t ) F + ( a , 6 ) + h , ( t ) F , ( a , 6 )  (2) 

Where F+ and F, dipend from detector orientation and h+ ed h, are given by: 

cos i + 1 cos @ ( t )  ~ COS( 28)  + sin @ ( t )  cos i sin 28 

sin @ ( t )  cos i cos( 28) - cos @ ( t )  ~ SUI( 28)  

2 
c o s 2 i + l  . i 2 

(3) 

Where p=MlM2/( MI+ M2) is the reduced mass and M= MI+ M2 is the total mass, Me la the Sun 
mass and 0 is: 

The frequency as a time function is given by: 

318 1 5  1 1  v( t )=-  -- [ 256 p i 3  GI] 
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Where K=(PM~/~)~/ '  is the Chirp Mass and b the coalescence time. 
The typical received signal will have a shape similar to the one shown in fig.5; on the last ms 
strong GRT nonlinearities will occur. 

The signal Fourier transform h(v) is given by: 
~ v - l / 6 e i @ ( K , . . . )  h ( v )  

The signal analysis consists in filtering the detector signal with a series of templates in which the 
unknown parameters 
integrals: 

M, p, the initial phase .... are cyclically explored by means of Wiener 

Re ( S  + h)V,* I := f d v  
S 2  

Where S is the spectral noise and S+h is the detector signal+ noise, V, is the n-th template and T 
the arrival time. 
The expected rate is some event per year in a 5OMpc sphere. 

Supernovae (SN) 

The theoretical evaluation of GW emission from SN explosions has a large uncertainty since the 
fraction of energy converted in GW is uncertain too; it is assumed a fraction between 10" and 10- '. The expected rate is about 1/30 years in our Galaxy with h-10-20 and about l/year in the Virgo 
cluster with h- 1 O-23. 

Periodic Sources 

In our Galaxy are about 109-10'0 Neutron Stars (NS) which may emit because of some mass 
distribution asymmetry both at the rotation and twice the rotation frequency v. 
Since Earth rotates both around the Sun and arount his polar axis, the detector receives a non- 
monochromatic signal because of Doppler shift: 

i w ( t - i i . R / c ,  3 e  i w t  



67 

where n is the NS direction, o=2m and R is the vector connecting the detector to the cms of the 
Sun-Earth system. The Doppler shift widens the relative natural frequency width Av=l/T , where T 
is the observation time, to Av/v-104. For eliminating this effect we need to know o and n and 
this happens only for known Pulsars. 
The known Pulsars are about 1400 and those in the Virgo bandwidth, above 4 Hz, about 700. 
If o and n are unknown the optimal analysis method it the “blind search” consisting in dividing 
the space (o , n) in cells and evaluate (mi , ni) in each cell and compute the FFT 

the FFT will be repeated in every cell and the + iw iii 17 /c of the data multiplied by e 

sky will be explored till a high S/N ratio is found. 
The payed price is enormous because for obtaining the maximal frequency resolution Av=l/T we 
need about 10’’ sky cells; consequently the computing power rquired becomes impossibly large 
hence hierarchical methods are under study. 

Cosmological BKG4’ 
Perhaps the most important signal to search for; it gives informations on the Big-Bang at time 
close to Planck time. For being detected it requires coincidence between two close high sensitivity 
interferometers. 

Mass disolacement due to GW action. 

As shown in Fig. 6, GW produce a mass displacement; this displacement, A L, is extremely small 
and may be optimistically evaluated to be in the order A L - 10-22L. 
Thermal noise, created by mirror and mirror suspension wires atom, is the dominant noise at room 
temperature. To detect GW the thermal stockastic force” should be smaller than the one produced 
by GW: 

4kTMwi N 
Qw 

1 -Mw2L,h; > 
2 

Where M is the oscillator’s mass, Q his quality factor, vo=od2n the resonance frequency and T the 
temperature. 

By defining the spectral GW amplitude as x;(1/=) and defining, La = L K 

The measurability condition becomes 

From this condition detector topology is following: 

-If L is small (some meter) and the source has Fourier components around 1000Hz, the Bar 
crygeni~~’~’*”’’~ detectors working at very low teperature (1K) are needed. 
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-If L is large (some km) it is possible to have high sensitivity at low frequency too (some Hz) and 
the detector may work at room temperature (but at low temperature seems even better); this is the 
working condition for Interferometric detectors ". 

In the following we will concentrate our attention on the Virgo interferometric detector. 

Interferometers as GW detector 

Eq. 1 gives the relative acceleration, due to GW interaction, of two freely falling objects separated 
by the distance L. 
We should find out the effect of interferometric measurement of masses distance. For doing this 
evaluation let's observe test masses displacement in a system in which they are at rest. 
From General Relativity Theory it follows that if we change reference system by E,, also h,," 
changes according to a transformation, which leaves invariant ds': 

It is then possible to find the appropriate E,, in such a way that mirror separation does not vanes; in 
this new reference system the perturbed photon ds2 is: 

I ds2 =c2df2 -(1+hr)dr2 - ( l+hF)dy2 = O  

where hnl1=- hlT22 = h(t)=hcos (Q,t+); integrating we obtain, for a ray traveling along x axis and 
scattered back by a mirror at distance x=L, the round trip retarded time tr : 

1 
2 

cdt(l--hcos(n,t+~))=dw 

c(t, - t ) - - h  = -2L 
2 "I  

1 sin(R,t, + p) - sin(R,t + p) 

To first order in h we obtain: 

sin( ~ , ( t  - + p )  - sin( art + p )  
c ( t ,  - t )  - - h ,  C = -2L 

2 Q r  

L sin r]  
cos( 0 - r ] )  

2L 
t ,  = t -  -- &h -- 

C * c  r]  

Where v=QgL/c and € 4 1  if the photon is traveling along x or y axis respectively. 
The time dependent part of the EM fields along the trajectory, after a round trip 2L long, is: 
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For F mmd brips in a Fabry-Perot cavity we obtain" the phase shift produced by GW: 

cutoff freq. C vg =- 
2ltp;L 

We see thElt the cavity has B storage time a FUc acts as a low pass filter ; above that cutoff 
hquerncy h e  cavity starts loosing sensitivity. A tipical value v,=IWz is set for being maximally 
sensitive to supernova explosions events whose characteristic GW emission time is 21 ms. 

The V i ~ v  Collaboration 

Virgo is a french-italian collaboration between CNW and W N .  The following groups are 
involved: Lapp ( IN2P3 Annecy), OCA (CNRS Nice), SMA (IN2P3 Lyon), Orsay(W2P3 Qmy), 
ESPCI (CNG Paris) on the h n c h  side and the italian XNFN groups of Pimze-Urbmo, I N ,  
Pmgia, Pim, Romal, Napoli. 
The coliabmtioa is composed by about 100 physicists and a similar number ofteckiicians, Virgo 
is built at 9. Stefano n Macenta bcdity, about 15 km from Pisa. 

The typical diafram of Virgo loterferometric detector 

In Fig.'7 the typical acheme far the interferometric read out system of test mass displacement is 
shown '*; since the GW changes LA and LB in different way, the measurement uf &=LA - LEI& 
gives a GW mplitucte measurement. 



The interferometric measurement sensitivity may reach -1 0-19-1 O-*' mLHz'" hence for measuring 
LWL-~O-~~  at room temperature, L ~ a n d  LB should be Km long. The large interferomer arm length 
and frequency band are enumerated in table 1. 

Table 1 

In fig. 8 the typical optical scheme of Virgo and LIGO like detectors is shown: in Virgo a laser 
NdYAG having - 20 w is prestabilized by a Fabry-Perot (FP) triangular rigid cavity 30 cm long to 
spectral frequency width -10" Hz.&Iz'" @I0 %. The prestabilized laser is then injected in a FP 
triangular cavity 144 m long in such a way of filtering out all the tramvers modes and leaving only 
the TEMoo. The beam then traverse the Recycling Mirror (RM) and enters through the Beam 
Splitter (BS) mirror which split it into Nord and West beams. The two beams then enter the two FP 
cavities where ahout 50 reflections occur for a total of 150 km. Subsequen~y the photoms reach 
the BS mirror and the phase can be varied in such a way that all the power flows toward RM and 
the sidebands, containing the signa1,flows through a mode cleaner, to the photodiodes. 'The beam 
sent to RM is then sent toward BS by RM and the power at BS increased by a factor -50 with the 
purpose of reducing shot noise. The RM effect is not only to reduce shot noise but also to stabilize 
laser frequency at level of 10" HzIHzin @I0 Hz. This spectral frequency width reduction is vital 
since FP arms might have storage time asymmetries as large as 10%. 

Fig.7 
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The interferometric detector dominant noises. 

Main contributions are shown in fig. 8 : 

Seismic noise 1 3 :  It is due to the continuous agitation of Earth crust due both to man and natural 
activity. If not attenuated it may give contributions as large as -10’’ than GW signal. 

Thermal noiseI4: Is created by the thermal agitation of atoms composing mirror substrate and his 
wire suspension. The thermal stockastic force is created by the materials internal friction, hence for 
having low thermal noise monocristat mirror and mirror suspension wires are needed. 

Shot noise:Is due to the granular nature of photons who is creating a phase fluctuation Acp=N1”, 
where N is photon number. This noise is reduced increasing laser power. 

Radiation Pressure noise: In FP cavities about 100 KW are stored; the photon numbert 
fluctuations produce a fluctuting force on the mirrors A f i  Fd(N1’2hvJc)/dt, ( where F is the cavity 
finesse and VL the laser frequency); this force produces a mirror position fluctuation. 

Quantum Noise: represents the precision limit for mass M position measurement in a time t at the 
oserving frequency v; it is obtained by minimizing the equivalent displacements due both to shot 
noise and radiation pressure noise. From this operation it follows the optimal laser power as 
hnction of M and v. 

Newtonian noise: Is produced by newtonian fluctuating force due to the seismic movement of 
Earth masses close to the test masses. Also wind is producing Newtonian noise. The Earth 
Newtonian noise can be reduced by putting a grid of seismometers around the detector and by 
reconstructing the produced noise. 
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The Laser and the frequency stabilization requirements 

The laser system (see Fig. 9) is a 20 
W ring with cristal Nd: W O 4 ;  this 
power unit is Injection-Locked to a 
1W Monolitic YAG master 
prestabilized to a 30 cm triangular 
Ultra Low Expansion reference 
cavity. The prestabilization can 
reach lo4 HdHz0.5@50 Hz. 
Due to the unavoidable storage 
time mismatch of the two 3km 
cavities, for reducing laser 
frequency noise effects, it is 
necessary to stabilize the laser by 
using as a frequency reference the 3 
km cavities common mode. This 
allows to reach the frequency 
fluctuations specifications (10-6 
HdHzo%?iJlO Hz), needed for 
reaching the design sensitivity 

........................ .--I ....... s u D ~ b  ......... I ............. 
i 
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The Virgo Superattenuators and the Ierarchical control 

It is very important to underline the extremely high level of technology for Virgo design and 
specifications; Virgo mirror suspensions, called Superattenuators (SA), are unique and kill seismic 
noise in such a way to cross thermal noise at 4 Hz. The seismic performances are so good because 
every mechanical filter of SA isolate the rigid body in 6 dimensions, 3 translations and 3 rotations; 
this is the key to extreme seismic isolation i.e. for every mechanical filter there are not un-isolated 
degrees of freedom who may leave noise to go through. 
In Fig. 10 the required specifications and in Fig. 1 1 the schematic diagram are shown. The inverted 
pendulum supports the inertial table actively isolated by means of 4 accelerometers, 3 on the 
horizontal plane and one in the vertical direction. This table supports the chain of mechanical 
filters together with marionette and mirror. 
We have measured the upper limit of SA isolation at 4 Hz ; the value(see Fig. 12) perfectly stands 
on the attenuation transfer function(TF) obtained by measuring SA attenuation stage by stage and 
then multiplying the TF so obtained. SA structure allows to implement a very efficient mirror 
control; infact we may keep un-intempted locking even in presence of large tidal SA displacement 
by distributing locking control signal at different levels of SA, as shown in Fig. 13. 
With by the jerarchical control we obtain an optimal dinamicswise system; infact with SA the 
contro lsystem should not introduce noise down to 4 Hz. 
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"5-so IT;r Fig. 1 3 

Results from the Central Interferometer (CITA ~ o m m i s s i o n i ~ ~  

In the CITF operation the north and west input mirrors were used to create kt short Michelson 
interferometer (see interferometer inside green part ofFig.7): in the latest runs also the recycling 
mirror was used. 
Results from the CITF operation are shown in Fig. 14, and expressed in meterBXz-" . 
Cenhal Interferometer operation ended succesfully in july 2002 and the milestone required by 
INFN and CNRS was fulfilled. 
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m u g r a d i n g  to 3km 

S&ng ou sepbrnber 2002 till October 2003 the fallowing upgradings to Virgo were performed 
1) Completion of vacuum. 
2) Mounting N o d  and West end Superatremators. 
3) Mounting of high quality minors. 
4) New Mode-Cleaner Minor suspension. 
5) More p e d o m a ~ t  bcal controls. 
6 )  Mare perfobman: DSP for suspension control. 
In M y  2003 f i e  upgmdings ended and the 23 July 2003 the Virgo inauguration was performed. In 
september 2003 Virgo 3kn: Commissioning Started and the recombined 3+3 km cavities were 
operated (see dirtgram in fig. 15 and node the misaligned power recycling mirror). 
M n g  these m, C2 and C3, the longer was unintenupted 28 hours, we had the fallowing 

1 ) h e r  fhquency stabilized on the 3 km ca&k common mode. 
2)CirVitieS mirror were automatidy aligned by using the (0. I) or (1,O) modes excitation. 
3)The output mode cleaner, on the detection bench, needed for increasing black €Tinge contrast, 

mming conditions: 

was in opetation. 



In Fig. 14 results from these mns are presented and in Fig. 17 the principal contributions to 
recombined ITF noise are shown. 

,.,.,.,....,.... .,.,., .... ,..., 

,.,.... . . . ., . .. . 
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From the operation of recombined 1°F and fram the first attempt of recycling locking, we 
reaiized that the need of a Paraday isolator in the injectlon system 
In Stvptember 2004 we started the recycled operation of Virgo; the Poww Recycling mirror was 
aligned and he minors were digned only with the local controois and not with the automatic 
alignment system (see Fig. 1 S), being the latter not yet rcady for the rwycled ITF. In Fig. k 9 Ihfi 
sensitivities of C4 and of C.5 both recombined and recycled, are shown. 

MC 
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Close future urogram 

The main changes we have to perform during the first half 2005 are: 
1)New injection bench equipped with Faraday isolator. 
2)Change of mode cleaner mirror, being it too contaminated. 
3)Substitution of power recycling curve-flat mirror with a flat-flat mirror 

After this changes are performed we can start to dig deeply into the noise hoping to reach the 
design sensitivity before end 2005. 
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