INFN - LNF
November 22, 2010

Istituto Nazionale
di Fisica Nucleare

www.Inf.infn.it/esperimenti/rog

NAUTILUS

Searching for Gravitational Waves
at LNF 0

Eugenio Coccia
U. of Rome “Tor Vergata” and INFN
coccia@romaZ.infn.it




GW OBJECTIVES

>
Parting Company
First Galaxies

Radius of the Visible Universe
Inflation
Quark Soup

-

1092 Sec, 1 Second 300,000 Years 1 Billion Years 12-15 Billion Years
Age of the Universe




P i)+ T k(1) + wox(f) = gﬁ(t)

LASER
4
Beam splitter

@@

Photo detector




Some perspective: 40 years of attempts at detection:

Since the pioneering work of Joseph
Weber in the 70, the search for
Gravitational Waves has never stopped,
with an increasing effort of manpower and
ingenuity:
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70’: Joe Weber
pioneering work

Resonant Bars
2005 - : Large Interferometric
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Over the years, techniques and sensitivities varied greatly, but since the start it has
been clear that to detect gravitational waves we need a NETWORK

The GW
Detectors
Iiﬁ:ggg Tokyo Japan N@tWOI'k = 20 1 0

1 300 m interferometer

shut down

LIGO Hanford
LIGO Hanford Wi, <+

1 4km, 1 2km interferometer
GEOB00

GEOB00 Hannover Germany
1 600 m interferometer

AURIGA

INFN- LNL,Italy NAUTILUS
Bar detector 7‘N INFN LNF, Italy
//@}} Bar detector

EXPLORER
3 INFN- CERN
ALLEGRO Bar detector

Baton Rouge LA — ——
1 Bar detector LIGO Livingston shut down

LIGO Livingston County L&
1 4 km interferometer

VIRGO Pisa ltaly
1 3 km interferometer
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Coelescence of
Massive Black Holes j

NS-NS and BH-BH

Resolved Coalescence

Galactic Binanes
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Frequency emitted by a dynamic system of density o :

kHz frequencies correspond to nuclear densities' (101> g/cm3) |

Sources:
* gravitationa se to form neutron star or black hole,

* last orbits o nspi ahng neutron star or black hole binary ?“,gystem,
its merging, an na '
« starquakes, phase transitions neutron to quark star

Bar detectors can reveal unique features of matter at
extreme densities and strong gravitational fields
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Bar Al 5056 M =2270 kg
L=291m D=0.6m
v,=935Hz @ T=3K
(T=130mK with dilution refrigerator)
Cosmic ray detector
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@l History of ROG DATA TAKING

ricerca onde gravitazionali
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EXPLORER

1990 91 92 93 94 95 96 97 98 99 OO 01 02 03 04 05 06 07 08 09 10

Coincidence Runs
Results published on CQG or PRD
Total number of bars taking data

96,97 98 99 00 0102 03 04 05 06 07 080910
NAUTILUS
—A———A_

A Major upgrades > 50% duty cycle I > 70% duty cycle I > 90% duty cycle



GW amplitude due to the isotropic conversion
of a mass M in GWs

h=2-10" (Skpc
r
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antenna Nautilus of the Rome group.
P. Astone et al. 1991.
Europhys.Lett.16:231-235,1991.

The gw detector NAUTILUS operating
at T=0.1-K.

P. Astone et al..
Astropart.Phys.7:231-243,1997.




EXPERIMENTAL CONFIGURATION
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Antenna 4
L,

M & L.
Capacitive Superconducting dc-SQUID
transducer L’(;‘v:;;illssfilf;t::n M. = 10 nH
Al15056 ® =3 -10° ®o/VHz
m, = 0.75 kg Lo=2.86 H
v=916 Hz L1=0.8uH
C,=11nF K=0.8




Principle of a Resonant Transducer

7 g e vz vz zzvzudg:

The displacement of the
secondary oscillator
modulates a dc electric or
magnetic field or

the frequency of a s.c. cavity




Experimental flux noise spectral density

The rosette capacitive transducer
gap=9um
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Increasing the bandwidth of resonant gravitational antennas: The Case of Explorer.
P. Astone et al. (ROG Collaboration)
Phys.Rev.Lett.91:111101,2003.
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NAUTILUS - 5 April 2010
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Some Historical papers

Upper limit for a gravitational-wave stochastic background
with the EXPLORER and NAUTILUS resonant detectors

P. Astone et al. (ROG Collaboration)

Phys. Lett. B 385, 421-424, 1996.

Upper limit for nuclearite flux from the Rome gravitational wave resonant detectors
P. Astone et al. (ROG Collaboration)
Phys.Rev.D47:4770-4773, 1993

Cosmic rays observed by the resonant gravitational wave detector NAUTILUS
P. Astone et al. (ROG Collaboration)
Phys.Rev.Lett.84:14-17, 2000.

Search for correlation between GRB's detected by BeppoSAX and the gw detectors
EXPLORER and NAUTILUS

P. Astone et al. (ROG Collaboration)

Phys.Rev.D66:102002, 2002.

Study of coincidences between the GW detectors Explorer and Nautilus
P. Astone et al. (ROG Collaboration) Intriguing coincidence excess
Class. Quantum Grav. 19, 5449, 2002.

Increasing the bandwidth of resonant gravitational antennas
P. Astone et al. (ROG Collaboration)
Phys.Rev.Lett.91:111101, 2003.
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The EXPLORER/NAUTILUS SEARCH FOR SHORT GW BURSTS

1997-2000 IGEC search Phys. Rev. Lett. 85, 5046 (2000)
1998 931 hours; COG 18, 43 (2001)

2001 2156 hours; COG 19, 5449 (2002)

2003 3677 hours; AMALDI 6, COG 23, S169 (2006)

2004 5196 hours; AMALDI 7, COG 25:114048 (2008)
2005 IGEC2 search, Phys.Rev. D76:102001 (2007)

2006-2007 IGEC2 search, Phys.Rev. D76:102001 (2010)



Results of the IGEC-2 search for gravitational wave bursts
during 2005

P. Astone!, D. Babusci?, L.Baggio®, M. Bassan®?, M. Bignotto®7, M. Bonaldi®°, M. Camarda'® . P. Carelli®!!, G.
Cavallari'?, M. Cerdonio®”, A. Chincarini'®, E. Coccia®!'?, L. Conti®". S. D’Antonio®, M. De Rosa'®''¢, M. di Paolo
Emilio**!4, M. Drago®7, F. Dubath!”, V. Fafone®>, P. Falferi®®, S. Foffa!”, P. Fortini'®, S. Frasca'*'?, G. Gemme!3,
G. Giordano?, G. Giusfredi?®, W.0. Hamilton?!, J. Hanson?!, M. Inguscio'®?2, W.W. Johnson?!, N. Liguori®",
S. Longo?3, M. Maggiore!”, F. Marin'®22, A. Marini?, M. P. McHugh??, R. Mezzena®23, P. Miller?!, Y.
Minenkov'?, A. Mion”?°, G. Modestino?, A. Moleti**, D. Nettles?', A. Ortolan®*, G.V. Pallottino®!?, R.
Parodi'®, G. Piano Mortari'’!4, S. Poggi?®, G.A. Prodi*®%% L. Quintieri?, V. Re%?5, A. Rocchi®, F. Ronga?,
F. Salemi®?5, G. Soranzo”, R. Sturani!”. L. Taffarello”, R. Terenzi'?", G. Torrioli'*?%, R. Vaccarone!'?, G.
Vandoni'?, G. Vedovato”, A. Vinante®?, M. Visco®?7, S. Vitale®23, J. Weaver?!, J.P. Zendri” and P. Zhang?!
(IGEC-2 Collaboration)

Phys.Rev.D76 (2007) 102001
gr-gc 0705.0688

IGEC

RURIGA
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"—GLC ALLEGRO (LSU) - AURIGA - EXPLORER - NAUTILUS

* First analysis in 2005:180 days from May to November 2005. Search for triple coincidences.

No coincidence found on a background of 1event/century

* Second analysis: 515 days from 16 November 2005 to 14 April 2007. Search for triple and
quadrupole coincidences. No coincidence found on a background of 1levent/century
(http://arxivli.library.cornell. edu/abs/1002.3515v1, Phys.Rev. D76:102001 (2010)

10 % . _
;' ] Complete coverage
EXPLORER -
ALLEGRO .
NAUTILUS ' | :
o V/ | Configuration |Time of operation |-
5 0 P S FOTUTOR N (days).........] :
E - 0 detector 0
=) ; 1 detectors | 1.633
~ N | 2 detectors 30.998
m - A B e e
10 °F , w ; :| 3 detectors 188.837
.. M M‘ -| 4 detectors 293.532
. RO -
AURIGA 1 ) :
Lo . | . , 94% of the observation time
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Burst search results: Upper limits
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BURST SEARCH Last two years

First joint Gravitational Waves search by the Auriga-Explorer-Nautilus-Virgo collaboration.
By AURIGA-EXPLORER-NAUTILUS-Virgo Collaboration (F. Acernese et al.). Oct 2007. 23pp.
Published in Class.Quant.Grav.25:2005007, 2008. e-Print: arXiv:0710.3752 [gr-qc]

Results of the IGEC-2 search for gravitational wave bursts during 2005.
By IGEC-2 Collaboration (P. Astone et al.). May 2007. 10pp.
Published in Phys.Rev.D76:102001, 2007. e-Print: arXiv:0705.0688 [gr-qc]

EXPLORER and NAUTILUS gravitational wave detectors: status report on recent analysis
P. Astone et al. 2008. 8pp.
Published in Class.Quant.Grav.25:114048, 2008.

CONTINUOUS SIGNALS SEARCH

All-sky search of NAUTILUS data.
P. Astone et al. Sep 2008. 12pp.
Published in Class.Quant.Grav.25:184012,2008. e-Print: arXiv:0809.0273 [gr-qc]

All-sky incoherent search for periodic signals with Explorer 2005 data.
P. Astone et al. Aug 2007. 9pp.
Published in Class.Quant.Grav.25:114028,2008. e-Print: arXiv:0708.4367 [gr-qc]

COSMIC RAYS DETECTION

Detection of high energy cosmic rays with the resonant gravitational wave detector NAUTILUS and EXPLORER.
P. Astone et al. Jun 2008. 21pp.
Published in Astropart.Phys.30:200-208,2008. e-Print: arXiv:0806.1335 [hep-ex]



Cosmic ray interaction Excitation of the longitudinal modes
in the bar of a cylindrical bar

E = lli; },2 (d_EI
2Vt \dX

Allega A.M. & Cabibbo N. Lett Nuovo Cim 38 (1983) 263-

A. De Rujula & B. Lautrup, Nucl Phys. B242 (1984) 93-144

Gn form factor

AN A resonant gw detector used as a
i - particle detector 1s different from
R any other particle detector
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EXPLORER is equipped with 3 layers NAUTILUS is equipped with 7 layers (3
(2 above the cryostat - area 13m? - and 1 above the cryostat - arca 36m?/each - and 4
below -area 6 m?) below -area 16.5 m?/each) of Streamer
of Plastic Scintillators. tubes.

The cosmic ray effect on the bar 1s measured by an offline correlation, driven by
the arrival time of the cosmic rays, between the observed multiplicity in the CR
detector (saturation for M>103 particles/m?) and the data of the antenna, sampled

cach 4.54 ms and processed by a filter matched to o signals
AE =500 uK =75 peV



Burst event for a present bar: a millisecond pulse, a signal made by a few
millisecond cycles, or a signal sweeping in frequency through the detector
resonances. The burst search with bars is therefore sensitive to different kinds
of gw sources such as a stellar gravitational collapse, the last stable orbits of an

inspiraling NS or BH binary, its merging, and its final ringdown.

Real data: the arrival of a cosmic ray shower on NAUTILUS
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AMERICAN INSTITUTE OF PHYSICS SearchAIP Site + | Site Index M

Physics News Update
The American Institute of Physics Bulletin of Physics News

Number 465 (Story #3), Janvary 7, 2000 by Phillip F. Schewe and Ben Stein

COSMIC RAYS OBSERVED BY GRAVITY-WAVE DETECTOR. at the Frascati Laboratory m Italy conststs of a 2300-kg
aluminum cylinder cooled to a temperature of 0.1 K. The plan 1s that a passing gravtational wave (broadcast, say, by the
colliston of two neutron stars) would excite a noticeable wibration m the cylinder. NAUTILTUYS has not yet recorded any
gravitational waves, but scientists have now witnessed the cylinder wibrated by energetic particle showers mittated when cosmic
rays strike the atmosphere. The signal generated by the rays 15 believable because conventional cosmic-ray detectors
surrounding the bar also lit up when they were struck by the particles. In effect the detector 15 able to discern a mechanical

vibration as small as 1078 meters, corresponding to an energy depostt as small as 10 eV, (Astone et al, Physical Review
Letters, 3 Janvary 2000; Select Article. Contact Guseppina Modestino, modestino@inf mfn t, 011-39-694-032-756.)

i}

n| Click on Logo to Retam to AIP Home Page
Physics News Update N\g%_rﬁ 0 © 201 Ao tige of s
Bl phystvrs @uip org PHYSICS e Physice Ellipse, Collsge Pk, MD 20740-3843
Phane: 301-209-3090 =R Bt i @ oz Pheme: 301-209-3100; Fie: 301:209-0843



Thermo-acoustic effect and Cosmic ray detection in Nautilus and Explorer
“enhancement at T=0.14Kelvin”

* an “event” in the antenna language --> signal many sigma above noise (~10

mKelvin or more)

* adding the antenna output for many cosmic ray signals and subtracting the
background out of time we have sensitivity for very small signals (~0.01 mKelvin)

NAUTILUS=circles, filled circles T=0.14 K,

EXPl ORER=sauares

In this plot you see directly the °E 1‘ t
enhancement due to superconductive 445MeV 1 - ¢ i q.: Y
state. F : ;

The RAP experiment using a particle Eoll i

beam has confirmed the thermo- - T

acoustic model for T>Tc. 445MeV"E

For T<Tc RAP has ;

measured an enhancement similar 107 5™ -~100""500 500 400" 500600700 800 600 7000

to Nautilus. This is due to
superconductive effects

particle density (m'z)

Fig. 3. Averages of signals with energy E,., < 0.1 K, grouping data in ranges of

particle density A. Filled circles NAUTILUS at T = 0.14 K, open circles NAU-
TILUS at 7" = 3 K, filled squares EXPLORER at 7" = 3 K. The data gathered
at T' = 0.14 K are almost one order of magnitude larger than those collected at

T=3K.

In Nautilus T=0.14 K >1 order of magnitude in energy




Thermo-acoustic etfect: “exotics particles”

searches in anti- coincidence with the CR detector

we need very high energy release ,
candidates: (nuclearites= stable matter with s quark, gballs ecc..)

BO(m) |-
dx cm ’

10~

where the mass dependence is

Blm)=1 if m=1.5ng,

1/3
m

1.5 ng

Qim)=

e limits are higher than the

ones in other experiments
(SLIM 1.4 10> MACRO 3 10-19)

e some interest because

the detection mechanism is quite
simple, no threshold in f3
“calorimetric measurement”

if m=1.5ng.
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The phase change and the future

1960 - 2005
Given the uncharted territory that gravitational-wave detectors are probing

unexpected sources may actually provide the first detection.

2005 -
Only new high sensitivity detectors can provide the first detection and open

the GW astronomy

The contribution of Resonant Bars has been essential
in establishing the field, giving interesting results and
putting some important upper limits on the
gravitational landscape around us, but now the hope
for guaranteed detection is in the Network of long
arm interferometers.
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Data Taking

We are here
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Detectable signals today

BURSTS: Black Hole (M~10Mp) formation, 10-4Mg into GW

e 103 10kpe\2 (10 He ™l ( AFY
SNR = 0107 = /( i \iHz)

SPINNING NEUTRON STARS: Non axisymmetric (¢~10-6)
pulsar, M~1.4Mo

_anf 10kpc)? 10—44Hz—1)/ e \( T,
SNR =30 /( P \10—6/( 1y)

COALESCING BINARIES: Inspiraling NS-NS system,
M~1.4Mo

3 10kpe\2 (107 Hz 1\ [ Af
SNR =107 /( 7\

STOCHASTIC BACKGROUND: 2 detectors, at distance
d<<hgw

~ 2 1/2
3 1/2
\900Hz) \1072Hz7V2) \ Af ) \T,,
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Conclusion

 NAUTILUS
- 95% duty cycle
- monitor of gw sources in the Galaxy
- data validated by cosmic ray acoustic effect
- study of coincidences in long runs

« NAUTILUS and AURIGA in continuous operation:
continuous search for strong galactic sources
during the long period not covered by long arm
interferometers.



