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ACOUSTIC DETECTORS of GRAVITATIONAL RADIATION
G. A. Prodi
Universita di Trento and INFN - AURIGA Collaboration

Gravitational Waves and Experimental Gravitation
motivations, g.w. emission, g.w. detection

Overview of Ground Based Gravitational Wave Detectors
interferometers, resonant detectors

Resonant Detectors of Gravitational Waves
sensitivity, noise, signal extraction, motion transducers, signal amplifiers

Data Analysis and Observations by Resonant Detectors
data validation, multi-detector searches for g.w.

credits to AURIGA colleagues: J.P. Zendri, L.Taffarello, L.Baggio, L.Conti ...
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EXPERIMENTAL GRAVITATION

Minertial = Mgravitational UP to (1107 (torsion balance) — ? satellite 10™*°

General Relativity: Principle of Equivalence of Gravitation and Inertia
[] point Olocally inertial coordinate system in which the laws of nature are locally those of Special
Relativity in the absence of gravitation

[1 trajectories of freely falling particles are properties of Space-Time
[1 geometrical description of Space-Time

Some crucial experimental tests:
» Perihelium precession of Mercury [143 arcsec/century, IX century -

» Deflection of light rays, 1919 -
curvature of space time due to gravitational field

» Gravitational red-shift, Pound & Rebka 1960 -
time dilation due to gravitational field

« Radar echo delay, 1970's -

* Precession of inertial frames, Lense-Thirring dragging, spin-spin "gravitomagnetic" effect
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GRAVITATIONAL RADIATION

1915 - 1960's to demonstrate theoretically that gravitational waves carry energy
ripples on space-time, ¢ speed, transverse waves

RELEVANCE OF GRAVITATIONAL WAVE ASTRONOMY

» emission by bulk motions of matter, not by electric charges 0 new complementary
information

» weakness of interaction with matter [ uncorrupted information from deepest

universe
» can be emitted by Black Holes [0 direct observation of Black Holes
e cosmic gravitational wave background [I earliest history of Universe
 direct observation of gravitational radiation [] last test of General Relativity,

new quantum theory of gravity?
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EVIDENCE OF GRAVITATIONAL RADIATION
orbiting PSR 1913 +16 discovered in 1974 by Hulse and Taylor

binary system in tight orbit: 2 x 1.4 Mg, at 01-5 Rgyn orbital period [017h45min

radio pulsar: spinning neutron star - dynamical clock 117 Hz

&

"silent" compact companion: neutron star ?

[ solve for system parameters and map the orbit !

doppler effect on PSR clock - radial PSR velocity (eccentricity [10.6)

arrival time of pulses - changes in light travel time (LUs) - size of orbit
— relativistic precession of periastron ([14°/ yr, stellar masses)
— time dilation and gravitational red-shift of PSR clock

(Oms, speed and strength of G field)

first time: General Relativity as a tool for atrophysical measurements
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INTENSITY ————>
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averaged shape over 5000 pulses
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periastron time shift

system loses energy according to predicted gravitational radiation emission

shrinking of PSR orbit: [13 mm / orbit

decreasing orbital period: 07 10® s / orbit
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DETECTION OF GRAVITATIONAL RADIATION

Equivalence Principle:
measure non-uniformities of the gravitational field of the wave
[0 TIDAL FORCES across a wide detector

at detector site, the metric g,y Unuw + hy weak field limit
small perturbation [h,,[1<< 1 of flat metric ny,
| | ajz_ 1 9°0 0
......... In the suitable Transverse-Traceless gauge: =~ ¢? 6t2D ™

strain waves hy, :
e propagating at ¢ speed

* transverse and traceless [I 2 independent polarizations huv —an, +bhx
0O O 0O 0O 00 0 0 @

N [
| S IR le25001%
for a plane wave propagatingaong zaxis = [0 0 -1 0O 00 1 0
E) 0 0 OE Eo 00 cE
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_ 1 C3 ° 2 —_ 33 W h If
- huge energy flux conversion factor Fou = 07T Eh(t) ~4x10 o~ E'H_E

EFFECTS

change in position x of free test
masses:

1. tidal force on test mass at x:

2 _ k

. . . F, =2 mh;X
deformation of a ring of free test particles 2

in a plane transverse to the wave: y tidal force lines:
i NP //%f%
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EMISSION OF GRAVITATIONAL RADIATION

:87'[G_|_

* non linear field equations c2 w O very difficult predictions

energy momentum tensor

e emission of g.w. requires non spherical motions
outside a spherical body the field is the same as that of a Black-Hole of the
same mass (Birkhoff's theorem)

« first order post Newtonian approximation — multipole expansion for Rsource<<Agw
* no dipole radiation

analog of electric dipole dj :IdVPXj p density of mass-energy

time derivative is momentum [J constant for isolated system
neglecting the momentum subtracted by the g.w. itself

similarly, analog of magnetic dipole Hj = IdVP MxXVig angular momentum
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* lowest order is quadrupole IdVPHX X~ 5u<r traceless
| . _ZGij~ZG MV |
wave amplitude P , Vs nNon spherical part of

squared velocity inside source

order of magnitude for upper bound on amplitude:

GM

2 - —
for self-gravitating bodies Vs = max{|¢int} , ¢int — R hewtonian
potential well inside source
_,; (A0Mpc _ 5
[] ‘h‘<10 H r H with |¢int|~o'2C as for a neutron star
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» estimate of frequency of sources:

~ VNS
natural frequency for motions of self gravitating system fo= 2nR,
urce

, _GMD 1 [2GM

snce WeSHRH, 0 "R,

highest frequency sources are Black-Holes:

2GM
I:\)source - I:\)Schwarschild :—2

C
ground based detectors (10-10" Hz) look for stellar mass sources

binary systems observable from ground will coalesce within 1 year

space based detector monitor different sources
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Gravitational Dynamics
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GRAVITATIONAL WAVE DETECTORS

A. relative motion of DISTANT FREELY FALLING MASSES:
by Michelson interferometer ground or space based
by doppler tracking (space based)

frequency bandwidth:
e goodness of free fall - lower cut off
ground based > 10 Hz
seismic noise, local gravity gradients
space based > 10 Hz
drag free control, orbits models
» light travel / storage time - higher cut off
ground based < 10" Hz
space based < 10™ Hz
signal:

2rL
A qo(t) — h+ (t) optical path

difference of light travel time in arms - phase shift ight
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ground based max. Lam 03-4 km
| delay line interferometer
" I—optical path
& - LopticaJ path — 2|\Iroundtrips I—arm , Torage = C
| . .
drawback: too large mirrors required for N>>1
@
—

Fabry Perot cavity interferometer

Cavities locked at resonances 2Larm = nAIight

- 2F F 2L,
e I—optical path — ?ZLarm , Tstorage - T Car
- | Af C
. F = , Nf =
finesse AV, i 2L, free spectral range

b interval between two resonances
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SIGNAL RESPONSE of interferometer
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ANTENNA PATTERN of MICHELSON INTERFEROMETERS
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OPERATING SCHEME of TAMA300 (Japan)

Fabry-Perot-Michelson mterfemmeter
with an arm length of 300 m
300m
Injection-locked NS anm
10 W laser ’“"““—” ] &L
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NOISE at INPUT in operating TAMA300 (Japan)

L | | | ]
—14 >
10 TAMAZ300 sensitivity (September 04, 2000) 410712
2 107 1
N & Observation band - 10—14
I LY _
hap 18 '?..:—__) phase 9 o\ gga\ H
B pha'ﬁ-
10 2.\Ns 10718
3 - CRAVARES LT
O o0 \JPrals— fopr B!
c 10%% I L
< 10 SRt G I““ _ |10
g i ‘ A gpon ot
B 10722F '
P‘@”ﬂfwu " I U A 10720
_ M the o \Jk Mirror thermal noige
—24 ”0,-‘39 —
|
10 1 < y
10 10 10

Frequency [Hz]

Displacement noise [mez”E]



Rivelatori Acustici di Onde Gravitazionali - XI Giornate di Studio Sui Rivelatori (Torino, 2001)

DESCRIBING NOISE in LINEAR SYSTEMS

linear systems (time invariant)
output O(t) is the convolution of input I(t) with impulsive response G(t) to a J(t) at input

O() = _fw (@) Gt -T)ar or by Fourier Transform  O(w) = (W)G( &)

G(w) transfer function

Stochastic processes (stationary)

+o00

autocorrelation function of x(t) Ra(T) = ; XOx(t+r)dt <X2> =R,(0)

Power Spectral Density of x(t) Su(@) = J

—00

-

—iwT _ " T dw
R, (T)e™drt and R(X(T)::[)Sxx(w)e o

0 () = [, 2Su(@)adv oD Sho(@) =S (W|G(Wf

energy of process x(t) in bandwidth Av converting PSD at different port



Rivelatori Acustici di Onde Gravitazionali - XI Giornate di Studio Sui Rivelatori (Torino, 2001)

Thermal noise

Nyquist theorem: S/V (w) = 2kBT Re{ } bilateral (- oo, + o)

PSD of voltage noise source in series with an electrical impedence Z(w)

in terms of PSD of current noise source in parallel to Z(w
Rey Z(w
S (@)= (@ _ o ¢ Re{Z(@}
Z(@)[ Z(a)f

more generally — fluctuation dissipation theorem

linear system of "coordinate" x(t) under external "force" f (C()) = Z(C()) X( C")
Z ((A)) de (CO)

where —_f
dt

PSD of thermal noise force acting on x(t) Sff (w) - 2kBT Re{ Z(w)}
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Rel Z(w
| | Sy (W) =2k, T 12 )}2
in terms of coordinate X(t) w° |Z(a))|
. . 2., _ _mo
for a mechanical harmonic oscillator: mX+'BX+rm)OX_f ’ 'B_ Q
Sy (@) =2KTB , Soe)=2ks— “
i - B y - B
mQ w’ o0
%wz—wé)2+ (ng
[ Q" [

G, (w)=mrf - f + L%
N Q

L1101

since



http://igec.Inl.infn.it

International Gravitational
Event Collaboration
T

ALLEGRO group: ALLEGRO (LSU)
Louisiana State University, Baton Rouge -
Louisiana
http://phwave.phys.Isu.edu

AURIGA group: AURIGA (INFN-LNL)
INFN of Padova, Trento, Ferrara, Firenze, LNL
Universities of Padova, Trento, Ferrara,
Firenze
CeFSA, ITC-CNR, Trento — Italia

http://www.auriga.lnl.infn.it
G.A.Prodi - Univ. of Trento and INFN - Trento - Italy
prodi@science.unitn.it

NIOBE group: NIOBE (UWA)
University of Western Australia, Perth, Australia
http://www.qgravity.pd.uwa.edu.au

ROG group: EXPLORER (CERN),
NAUTILUS (INFN-LNF)
INFN of Roma and LNF
Universities of Roma, L’Aquila
CNR IFSI and IESS, Roma - Italia
http://www.romal.infn.it/rog/rogmain.html




SENSITIVITY of RESONANT DETECTORS TO BURSTS SIGNALS

Fourier component H(w) of the gravitational wave around e
1 E

H (W) = TRE Mda Eqet €nergy released by the g.w.burst to the bar

barvr&s bar

current best (AURIGA detector, 1999)
H(c) =2 x10 "**/Hz Eget =1 x10 ?°J =2 x10 * hv,es €energy quanta

Standard Quantum Limit is 4 orders of magnitude lower in energy (factor 100 for H)

[1 significative improvements are been pursued to get soon to =100 hvjes:
« transducer and amplifier system of the signal

* mechanical suspension system

» LHe cryogenics acoustic noise

SQL is not in principle a limitation, since it comes from the quantum nature of the
detector while the measurand is a classic force — new detection schemes (QND)



FREQUENCY BANDWIDTH
The resonant detector is not band-limited to its resonance width, effective bandwidth is

a function of noise parameters.

simplified model
Frher thermal noise force

See PSD of back action noise

lFGm\rJ{F'I'th 5 =
S,x PSD of displacement noise
due to transducer-amplifier

S, O Vout
Fqrav gravitational tidal signal

x(t)




S . Wy
Total noise referred as force at input of detector Seiner + Sepa S %‘)0 ~ W Q B
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RESONANT TRANSDUCER

— 0000000 . H= T a)o = Ir — |_“Bar
{ | M Bar M Tr M Bar
bar tr _
P P Energy Conservation:
}{-}r Beat Time
1I\/IBar(’()gxlgar o 7 1I\/ITrC“gxrﬁr
2 2
[]

Improve transduction efficiency by a Mechanical Amplification: x :\/i [X
U

Bar



SIGNAL TRANSDUCER + AMPLIFIER

Electro-mechanical transduction efficiency O
for a capacitive transducer - electric bias field E; [V/M]

S v
O
L SaO) Vout
I__

F2EQW 0 Se S 20al

23
Vo =EX) 0 S, =20

x(t)
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[0 maximize transduction efficiency a Srba = Skther
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[0 make amplifier noise close to quantum limit S’VS' - E



AURIGA Strain Noise Power Spectral Density
July 1999

TAMA 2000

AURIGA
1999
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OPTIMAL LINEAR FILTER
for a g.w. signal with Fourier transform H(v)

S\|R2 J‘ ‘ ‘

5.0)

for resonant detectors — H(v) at resonances






SENSITIVITY of DETECTORS
1997-1998

Hmin: minimum detectable H at SNR =1

hmin 10-18

NIO e | | ———
NAU e B B | | H
EXP —T 1T}
AUR — T
ALL | [’D

10-22 10-21 ) 10-20

— | | | —

0O 0025 0.16 05 084 0975 1

fractions of observation time with detector noise <
Hmin

Hget: thresholds used for this g.w. search

NIO | |—|I I Il T IHI
NAU _ — T ¥ T H
EXP _ — T 11
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ALL _ — T
TER 107 o

Hdet [Hz-l]



TIME COINCIDENCES
coincidencei -k o [, —-t\[(KAt,

At,=1s coincidence time window
< a few % of false dismissal

RATE OF ACCIDENTAL COINCIDENCES
above threshold Hi,

1) theoretical prediction:

assuming random distributions of event times for
each detector:

/\a = (At )M - I_J N, (chr)

obs

M number of detectors Tops ObServation time
N (Hin;) number of events above threshold Hgy,

2)empirical estimate:

time shifts of one detector response with respect to
others

- agreement with theoretical predictions

- event rates of different detectors are
uncorrelated



RATE of ACCIDENTAL COINCIDENCES
vs SIGNAL THRESHOLD

1997-1998
,-\10 2 E T T T T T T
210 & E
o 1
c 1 F l _
-1 ¢ .
10 ¢ E
2F T
10 ¢ E
3 F ALLEGRO-AURIGA
10 =
4 L
10 &
5 F
10 ¢ E
-6
10 ¢ E
7E ALLEGRO-AURIGA-NAUTILUS
10 ¢ =
-8 F
10 ¢ =
9F i
10 = E
-10 ¢ ]
10 11 EE ALLEGRO-AURIGA-NAUTILUS-EXPLORER E
” ] \ _g
-12 ¢ ]
10 F =
10 -13 E Il Il Il Il Il Il | E
21 -20
310 10 H, (Hz™)

continuous line: predicted false alarm rate
dotted line: predicted + 1 ¢ of instantaneous f.a.rate

pair 89 days over 104
triple 14.3 17.1
4-tuple 6.7 7.9

high statistical significance for any 3- and 4-fold
coincidence, even allowing for accidental rate
uncertainties
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AMPLITUDE RESPONSE of IGEC DETECTORS for the GALACTIC CENTER
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SATISFACTORY vs UNSATISFACTORY DETECTOR OPERATION

1. Experimentalists set vetos on time periods for maintenance, calibration, failures...

2. Data analysis tests statistics of noise: are filtered & whitened data gaussian?
good Kurtosis
Chauvenet selection converges rapidly
are whitened data uncorrelated?
either
A) successful separation between contributions due to
« dominant modeled quasi-stationary gaussian noise
« small unmodeled noise background in excess or “signals”

DAY 182, THURSDAY Jul 1, 1999

| 5/ ndf 60.78 / 32

10

AURIGA WK filtered data
histogram relative to the ¢ 1°
satisfactory operation
during one day
(1 sample/s)

T=1.27 0.01mK

counts

10

i LI MH | |

-0.2 -0.1 0 0.1 0.2
Amplitude (H,-10%°)

Versione analisi on-line 1.2



only for gaussian data buffers, i.e. not dominated by “signals” (95 sec/ buffer)

[I reliable estimate of the noise
by the Chauvenet criterion the rms is calculated on the low amplitude part of the
distributions of WK filtered and whitened data

[J allow slow adaptiveness of filter parameters
corrections can be estimated from the spectrum of whitened data

[J self consistency check of WK filter is granted by the flatness of whitened data
PSD
WK filter is matched to the noise
rare buffers dominated by excess noise, i.e. gaussian only at very low amplitudes, are kept within
the satisfactory operation of the detector
or 109
B)“too much” unmodeled noise: i
[J wrong filter model and/or parameters
[0 automatic vetos on time periods when at least half of
the data buffers don’'t meet above requirements define
the unsatisfactory operation
histogram of a sample buffer showing non gaussian
distribution (95 s of WK filtered data)

counts




