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Abstract. The sensitivity to a cosmic stochastic background eémains below the limit imposed by nucleosynthesis considera-

gravitational waves of the resonant cryogenic anteldBAIR  tions that put an upper limit to the stochastic g.w.'s background

operating at .8 kHz, is reported. An experimental upper limit(Brustein et al. 1995).

of ALTAIRis compared with the upper limits given by the other The limit is usually expressed in terms of the fraction of the

detectors at lower frequencies. cosmological closure densify. that is in gravitational wave
energypg., per unit logarithmic frequency interval,
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1. Introduction We recall that for a g.w. with a dimensionless amplitude

strain) h, the general relationship between the g.w. density

All resonant bar detectors currently in operation, as well g5 () and the power spectrusy, () of & (in units of 1/ H z)

the more advanced bar and interferometric detectors prese uiven by:
in the planning and proposal stage, are sensitive in frequenc
bands whitin the rang&0 Hz - 3 kHz. These detectors were _An? P

developed or designed with the main purpose to detect |mp9IW(V) - 3 H? Sn(®), (2)

sive radiation, as that coming from a collapsing star or from th . -

. 9 psing w%ereH is the Hubble’s constant. As the predictions of the new

fall of large masses into a black hole, or other types of grav: .

o . strfng cosmology models depend on a number of parameters,
itational waves, like those due to pulsars or to coalescence 0 ) :

tg&n the results obtained with a measurement, even an upper

binary systems (Thorne 1987). Recently, it has been pOImhmit, would help very much in delineating the exact model.

out (Ferrari 1996) that a different source of gravitational waves A recent paper (Astone et al. 1996) reported the experi-

(g.w.),_ the St(.)ChfaSt'C paclfground,. could be one of the most méntal upper limits at abot00 Hz for the g.w. stochastic
teresting as it might give information on the very early stag%s

) ; . . ackground, obtained with thexplorerandNautilusresonant
of the Universe and its formation. In particular a new sourc

for stochastic background, based on the string theory of mat eetectors. Here we report the correspondlng upper I.|m|t atabout
kHz, using the data collected with the cryogenic resonant

has been more deeply investigated (Brustein et al. 1995).

the other hand several sources of stochastic background of g_é;/[_ectorALTAlR

have been considered in the past years (Flanagan, 1993), but all

the models tend to predict g.w. in the frequency range bel@yv The ALTAIRdetector
1 Hz, lower than the operating frequency of the present detec-

tors already in operation (resonant bars) or entering in operati(? .eAI\IBTAIRdgtectgr (.I?r? nifazi et'?l. 1993) CO':?'StS %f a cylin- q
in the next years (long-arm interferometers). rical bar equipped with a capacitive resonant transducer and a

The interesting feature of this model based on string cosm8I9'SQUID amplifierAL TAIRis located at IFSI-CNR laborato-

ogy, from the observer’s point of view, is that it predicts relif®S E ('): ras?an (F\;gme).. Tg.e ant;ennalksr]arﬁ%;[a_lloggcgyzn-
g.w. whose energy spectral density increases, in a certain rarggeé’ cm 1ong, 5o cm In dlameter, with masst = 9

. ; . .. resbnant frequency (first longitudinal mode) = 1763 Hz.
with the frequency to the third power. This energy densit . ' g "
q w P 9y )[rhe antenna is equipped with a capacitive resonant trans-

Send offprint requests 1®. Bonifazi (Bonifazi@romadl.infn.it) ducer, consisting of a small disk, which vibrates at a frequency
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vy = 1782 Hz. Because of the resonant transducer there are The previous formulas are valid for a bar equipped with a
two resonant modes at frequencies abaut= 1752 Hz and non-resonanttransducer. In the case of a detector with a resonant
v, = 1785 Hz. The read-out system, very similar to that usetlansducer, we have to take into account the stochastic force
with the Explorer (Astone et al. 1993) anlautilus (Astone acting on the transducer oscillator. If the transducer is well tuned
et al. 1994a, 1997a) detectors, has been described elsewletbe bar, the effect of this additional force is equivalent to
(Bassan et al. 1990). double the force spectrum. This means that the final spectral

The signal from the SQUID amplifier is sent to lock-in amsensitivity is reduced by a factor of &, (v_) and Sy, (v4),
plifiers (with integration time of 00 ms) that extract the signal given by Eq.[(#) are twice than before. For any arbitrary tuning
components at the frequencies of interest: at the two mode foéthe transducer formulas (3) arid (4) can be also used, but the
guencies/_ andv, and at the frequency of a reference signaquivalent force spectra for the two modes are different
(ve = 1716 H?z), used to monitor the gain of the SQUID. The

Sn(v-) 5 _ Sh(vy)

data, sampled a0 H z, are processed and recorded on a Digital, (v_) = =~ and S),(vy) = === (6)
MicroVax 3300, using the DAGA2 acquisition system (Frasca a- a+
1993). with 0 <ay <landa_+ay =1 (")

We report the results of our analysis only for the mode at

the frequency of 785 H z, at4.2 K, where sensitivity was best. This means that at one mode we can obtain a better spectral

Extra-noise, probably due to mechanical resonances in the stggsitivity at the expense of a reduced sensitivity at the other

pensions, driven by the Helium boil-off, affected the measuréode (Astone et al. 1997a).

ment at the other mode at frequeney in normal operation. ~ The g.w. spectrum for thaLTAIRdetector is estimated by

Results at the/_ mode are instead reported for the antenr@nalyzing the outputs x(t) and y(t) of the lock-in amplifiers,

operating aR.0 K, in superfluid helium regime. operating at the two resonant modes. For each mode, the two
outputs of the instruments provide two independent noise pro-

3. Sensitivity for stochastic waves cesses with spectra (Astone et al. 1994b)

By equating to unity the ratio of the noise spectrum (due to ti: («*) = Sy, (W*) = Suu (W] + T)[Wa|? 8)
thermal noise of the detector and electronic noise contribu%ﬂeresuu is the spectrum of the noise forces driving the me-
by the readout system), and the spectrum of the bar end ‘yﬁénical oscillatory* = |w — w;|, andw; is the angular reso-
placement due to a g.w. excitation with power spectijtv), nance frequency of the mode considered.

we obtain (Astone et al. 1993) tigaw. spectrum detectable with Wi = (1 + jw*r;)~! represents the transfer function of

SNR = 1, that is the detector noise spectrum referred to ttgﬁe antenna as seen through the lock-in amplifier, Aad—

input (1 4+ 2jw*to) ! represents the filtering action of the lock-in
Sp(v) = T kTe wvo (neglecting the gain of the amplifiers).is the amplitude decay
8 MQL? vt time of the mode and, is the integration time of the lock-in
9 2\ 2 ) amplifier and it is set equal to the sampling ticé.
X (1 +I {Q (1 - (v/n) ) + (/) D ©) The corresponding spectra for a flat g.w. spectgmwill

whereT, is the equivalent temperature of the detector that ine
cludes the heating effect (back-action) due to the electronic ag);, (w*) = S, (w*) = Sp|W1 Wa|? 9)
plifier, k is the Boltzmann constani;, is the spectral ratio be-

tween electronic and brownian noise (Pizzella 1975), Q is the !N Order to estimates), (v) at each mode we must divide
overall quality factor, L is the length of the bar, anglis the the power spectrum obtained from the two discrete sequences
resonance frequency of the bar. x(At) andy(At) by the square modulus &V, W, (1/W, W,

Beingl" < 1, at a resonance, we have is the inverge _filter that cancels the dynamic of the antenna and
- kT 1 of the Io_ck-m integrator). .

Sn() = = e ~— 4) In Fig. 1 we report the square modulus of the FFT (peri-
2 MQug v odogram) relative to the data of the mode.at= 1784.853H =
(neglecting the transducer constant and the gain of the ampdir a time period of one hour starting on 17 UT, 7 January 1992,
fiers), wherev, is the velocity of sound in the bar. We noticeand in Fig. 2 the corresponding estimation of the square root of
that, for a bar of given material and resonance frequencthe the g.w. spectrum detectable with SNR=1 (amplitude sttin
best spectral sensitivity, obtained on resonance, only depergtsained from the square root of the product between each data
according to Eq[{4), on the temperatiethe mass)/ and the of the periodogram and the corresponding value of the inverse
quality factor@ of the detector, provided’ ~ T, that is the transfer functionl /|WW,W,| computed withr,. = 780 s and
coupling between bar and read-out system is sufficiently smajl. = 0.1 s. We note that the minimum value éfis on reso-

The bandwidth, withSNR = 1, estimated at half-height nance and corresponds to the valug 6f10—2! Hz~'/2, that
of the power spectrum, is given by (Pallottino et al. 1984) it is only a factor two greater than ti&plorerone, at900 H z.
v 1 On the other hand, the bandwidth ALTAIRIs a factor two
NG ®) greater than that of thexplorer.

~ QT
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Table 1. Sensitivity and bandwidth of cryogenic gravitational wave detectors of the Roma group.

Frequency Bandwith exp. strain theor. pulse
with SNR =1 sensitivity sensitivityh
[Hz] [Hz] 1/vVHz (0.5 ms)
EXPLORER, Cern 900 1 710722 31071
ALTAIR, Rome 1800 2 2102 110718
NAUTILUS, Rome 900 1 710722 310°2°

* experimental strain sensitivity is dimensionléss
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Fig. 1. The square modulus of the FFT (periodogram), for one hour of Hz

data of ALTAIR, at the mode+1(84.853H 2). Fig. 2. Sensitivity to stochastic g.w. background with SNR=1 for AL-

TAIR at1785H2. T = 4.2 K, Q = 4.4 105, spectrum averaged over

The bandwidth is an important parameter to measure #PRe hour: The normalization in terms of h units is optaineq computing
g.w. stochastic background, by crosscorrelating the outputffﬁm the integral value of the periodogram the corrisponding value of
two identical antennas close to each other, within a distariEein kelvin, and imposing that the value &) = 1/Sk(vy) is
much smaller than the g.w. wavelength (Astone et al. 1996).9iven by Eq.[(6) using the value of, = 0.478.

In Fig. 3 we show the amplitude (straih)at 1784.853 Hz
computed by the hourly periodogram of the mode+ for a period -1
of 84 hours starting on 19 UT, 5 January 1992. We note that we
have a duty cycle d90% of useful data.

In Fig. 4 we reportthe value éf(v_) = /S, (v_) atv_ =
1751.945 Hz with T'= 2.0 K, a_ = 0.466, 7 = 167 s, and
to = 0.1 s relative to one hour of data starting on 22 UT, 8,52
April 1992,

The sensitivities and bandwidth for the gravitational wave
resonant detectors of the Roma group are shown in Table"1.
ALTAIRoperates at abotB00 H z and all the others operate at x X x x x Ty
about900 H z. The other operating antennas: Allegro (Mauceliig*'
et al. 1996), Niobe (Blair et al. 1995) and Auriga (Vitale et
al.1997) have parameters very similar to those of Explorer and
Nautilus.
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4. Conclusions 10 20 30 40 50 60 70 80

.. . . h ut
Upper limits onQ,,, () by direct experimental measurements our

on ground, in thekHz range, have been performed in thé&ig. 3. Sensitivity to stochastic g.w. backgrou_nd with SNRzl_for AL-
past. The first limit by ground-based gravitational wavEAIR at 1784.85 Hz, computed by hourly péarlodograms starting on 19
detectors was,,,(900 Hz) < 3 103, set by a coincidence UT: 5 January 1992’ = 4.2 K, @ = 4.4 10°.
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10 P e e T e value for(2,,, = 3 10°. Obviously all these values 61,,, do

‘ not set interesting limits on the stochastic background, but they
give us the opportunity to develop adeguate tecniques of data
analysis. In fact these upper limits have to be compared with the
nucleosynthesis limit (Brustein et al. 1995)@f,, < 1075 at
all scales of frequency.
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