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We have developed a procedure for the search of signals from periodic sources in the data of gravitational
wave detectors. We report here the analysis of one year of data from the resonant detector Explorer, searching
for sources located in the Galactic Cent&C). No signals with amplitude greater thar- 2.9 10724 in the
range 921.32-921.38 Hz, were observed using data collected over a time period of 95.7 days, for a source
located ate=17.70£0.01 h andé= —29.00=0.05 deg. Our procedure can be extended for any assumed
position in the sky and for a more general all-sky search, with the proper frequency correction to account for
the spin-down and Doppler effects.
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[. INTRODUCTION later in Sec. Il A, to perform a single Fourier transform
over all the data. This means that the observation time has to
Periodic or almost periodic gravitational wavgW) are  be divided inM sub-periods, such that the spectral resolution
emitted by various astrophysical sources. They carry imporef the spectra become®'=M/t,,s and the corresponding
tant information on their sourceg.g., spinning neutron SNR isM times smaller than that given by E(.).
stars, accreting neutron stars in binary sysjeamsl also on The M spectra can be combined together by incoherent
fundamental physics, since their nature can test the model slummation, that is by averaging the square modulus. In this
general relativity{1,2]. The main feature of continuous sig- case the final spectral resolution is agdwi but there is still
nals which allows them to be detected is that, despite theome gain as the averaging reduces the variance of the noise
weakness of the signatompared to typical amplitudes for in each bin. We obtain
bursts, it is possible to implement procedures that build up
the signal to noise rati@SNR) in time. The natural strategy .
for searching for monochromatic waves is to look for the N h®tops 5
most significant peaks in the spectrum. In this case the SNR SNR_ZSh(j)N' )
increases with the observation timhg,s. In fact, ast,ys in-
creases, the frequency resolution of the spectrum also
increases—the frequency bin gets smalfer=1/,,—thus In general, if the signal is monochromatic but frequency
the noise content in each bin decreases wjtfa, while the  modulated due to the detector-source relative motion, pro-
signal is not dependent on the length of observation timecessing techniques exist which can recover the sinusoidal
More Specifica”y, for a periodic Signa' Of amp“tuaeat the case if the source direction is known. One of the standard

frequencyv the squared modulus of the Fourier transform WaYs of detecting such signgls is thrOl_Jgh appropriate resam-
- ) o — pling of data, better known in the radio astronomy commu-
pro&desh with a noise contribution of &,(v) v, where nity (where this technique is commonly ugeds “data
Sn(v) is the two-sided noise power spectrum of the detectoktretching”(see for exampl§3]). In the case of radio pulsar
(measured in Hz"). Thus the SNR for periodic signals is: searches, the location of the source is usually kndthe
— data come from a radio telescope pointing to a particular
N h*tops ) direction but some parameters of the system need to be es-
25,1 timated and this is done by a “timing solution which is phase
coherent over the whole data s¢8].

Equation(1) holds if the instantaneous frequency of the  However for gravitational waves, especially when search-
continuous signal at the detector is known. The analysis prong a large parameter space, it is doubtful that the strategies
cedure in this case is “coherent,” since the phase informatiordeveloped for radio pulsar searches can simply be adapted:
contained in the data is used and the sensitiliityampli-  the expected low SNR values for GW signals really modify
tude increases with the square-root of the time. However inthe nature of the search strategies that can be employed. In
some cases it may be impossible, for various reagses recent ms pulsar searches, for examplé3h the signal is
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FIG. 1. Left: lower resonanc@ninus mode frequency against tim@n days of the year Right: upper resonandglus mode frequency
against time. The frequency drift observed is due to a slow loss in the electrostatic charge of the transducer.

strong enough to allow suspected pulsars to be identified by The paper is organized as follows. In Sec. Il we briefly
visual inspection of the results of the final stages of thereview the characteristics of the detector during the 1991

analysis procedure. run; in Sec. Il we describe the main aspects of the proce-
For gravitational waves the study of the implementationdure; in Sec. IV we present the results obtained. The Appen-
of optimum analysis procedures is still in progréds-7]. dixes clarify some aspects of the analysis procedure and dis-

The present paper reports the search for ms periodicuss the extent to which the constraints that we have
sources located in the Galactic Cent&C) assuming their introduced in our procedure can be relaxed in order to ac-
intrinsic frequency to be constant over the analysis time, useount for different sources.
ing the data of a resonant GW detector.

The procedure we used in this study relies on a data base II. THE EXPLORER DETECTOR
of fast Fourier transformgFFT9, computed from short ] ]
stretches of datéshort with reference to the effects of the ~ The Explorer detector is a cryogenic resonant GW an-
Doppler shift, as will be described later in this papdihese  tenna located at CERN, at longitude 6°1F and latitude
short FFTs are then properly combined together to provide 46°27 N. The apparatus and the experimental setup of the
new set of FFTs with higher frequency resolution, representantenna during the 1991 run have been describg¢8liand
The combination of the elementary FFTs is done using a" [9-11. .
coherent technique, which provides the SNR given by Eq. The system has two resonance frequencies. (

(1), and also performs the required Doppler shift corrections=904.7 Hz andv, =921.3 Hz in 1991 where the sensitiv-
ity is highest. Figure 1 shows the variations of the two reso-

nance frequencies during the analysis period.

Figure 2 shows the hourly averages of the energy sensi-
tivity (SNR=1) to millisecond bursts, expressed as effective
temperatur@ o¢¢ in kelvin, obtained with an adaptive Wiener
filter.> The relation betweefl,¢; and the amplitude of a ms
burst is[8] h=8x 10T (Tess in kelvin).

For periodic waves the sensitivity of a bar detector at its
resonances is given Ky 3,14
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FIG. 2. Hourly averages of the Explorer sensitivity to millisec- !The sensitivity obtained with a matched filter was, on average,
ond bursts, expressed as noise temperafifjeas a function of better by a factor of 2. The comparison between the two filtering
time. procedures is shown ifi2].
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observation time. After one year of effective observation, the s " TR

minimum detectableh (amplitude detectable withXgyr E R
=1), using the nominal parameters of the Explorer detector ,z| | 1 o7l
(T=2 K, M=2300 kg,Q=10%), is ] [ S |

h=2x10"25 (4)

in a bandwidth of=2 Hz around the two resonance fre-
guencies and

X

v b e by Ly L n Ll i |
10
200 905 910 H9215 920 925 900 905 910 HQWS 920
z

i 10
h=2x10"24 V :

-2
10

in a bandwidth of 16 Hz between the two resonances. For the

AT
925

NAUTILUS [15] or AURIGA [16] detectors (with T FIG. 3. The figure shows two power spectra of the detector, both
=0.1 K, Q=10") we get a valudr=1.5x 10 2% at the reso-  obtained during periods of “good” operation of the apparatus: dur-
nances. ing November(left) and Septembefright) 1991. They-axis is S,

% 10" in units of 1/Hz. Thex-axis is the frequency ifHz]. Com-
paring the two power spectra, it is easy to see the nonstationarity of
the system

In the search for continuous signals there are a number of
issues that need to be kept in mind regarding the signals thatith respect to the source because of the Earth’s motion. It
might be present, the apparatus and the quality of the dat&ay also be a consequence of the polarization of the wave.
As far as the source is concerned, it is not possible to set up As shown, for example, ifl17], this modulation spreads
a single procedure capable of searching over all types dghe signal power across side bands, spaced at 1/24 hours. The
periodic signals. In this analysis, we concentrated on periamplitude modulation observed using a resonant bar detector
odic signals such as those expected from isolated neutrdf given by the geometrical part of the detector cross section
stars with weak spin down, i.e. we ignored the spin dowr{18]:
parameteré. Moreover we did not consider the effects of 1
proper accelerations of the source. Thus our model assumess _ . "¢
that the frequency behavior of the signal exclusively dependsSE =20 (0,€p,¢p) _EOSIHAQ( > e coS'(245)
on the Doppler effect caused by the motion of our Earth- )
based detector relative to the source location. Let us quote ) . o
some basic figures: where e, is the _de_gree of thg wave linear polar|zat|_oq)(

The Doppler effect has two periodic compone(sise Ap- = 1 vyher_l there is linear polarizatios,=0 when there is no
pendix A for details. The first one, due to the revolution Polarization,
motion of the Earth over a period of 1 year produces a maxi-

IIl. MAIN FEATURES OF THE ANALYSIS PROCEDURE

: T : 16(v\?G
mum time derivative of the frequency given by |z =
" xlc) ¢
dV b _
:—dir =101.98x 10" Hz/s (5) is the (two-sided mechanical part of the cross sectioll (
max =bar massy =sound velocity in the bay 6 is the angle

where vy, measured in Hz, is the intrinsic frequency of the betyveen the bar axis and the wave direction of propagat!on,
source ¢, is the angle between the bar axis and the wave polariza-

The second one, due to the rotation of the Earth over éion plane. The cross section is maximum when t_he param-
period of 1 sidereal day, produces a maximum time derivaSte’s ar€f=m/2, $,=0, e;=1. If the source location and
tive of the frequency given by the poIar!zauon state are known! it is possible to demodulate

the amplitude of the observed signal.

A major consideration in developing the analysis is that

=1011.24x10 ! cos¢ Hz/s (6) the operation of the detector is not continuous and the noise
max is not stationary. An example of this is given in Fig. 3 which
i ) ) . shows two power spectra, each computed over two hours of
where is the latitude of the detector ang is measured i ya3 in November and September 1991. There are several
Hz. lines from periodic disturbances which are not stationary,

The observation is also affected by modulation in the am+ 4 the noise level differs between the two spectra.

plitude. This is due to the varying orientation of the detector

dt

_‘dyrot

A. The length of the FFTs in the data base

’However it is possible, using our procedure, to take into account Our frequency deain data baS? consists of “eIem_entary
the spin down. This will be the next step in the development of thespectra,” each obtained by performing the F&ast Fourier
procedure. transform of a given number of samples of the data, over a
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durationt,, recorded by our detector. The signal sensitivity ~ C. The procedure for combining the spectra coherently

of each spectrum, according to EQ), depends on the du- o the targeted search described here the basic FFTs are
ration to. As our observations are affected by the Dopplercompined coherently to improve the final sensitivity. The
shift, we have chosen the duratidg of the “elementary  fo|iowing is an outline of how this is don@etails are given
spectra” to be the longest possible compatible with the rej, Appendix B.

quirement that the signal should “appear as monochromatic” (i) Take an FFT over a bandwidf including the reso-

during t,. Clearly some assumptions about the frequency,ances of the detector. Léw be the frequency resolution
variation must be made. In principle, in order to achieve ay,q 2\ the number of data samples.

higher SNR in the short spectrum, some preprocessing could (i) Take the data from’ bins in the frequency rangkw
take place by setting a coarse grid on the parameter spagg ihe actual search)’ =NA v/B.

(i.e., the part of the sky that is being investigatedd per- (iii) Build a complex vector that has the following struc-
forming suitable data stretching for each point in that params,, . (a) the first datum equal to zerdb) the nextn’ data

eter space. In this way a signal coming from that parametet o) to those from the selected bins of the FEJ:zeros
space would appear as monochromatic in the resulting SPe&om binsn’ + 1 up to the nearest subsequent bin numbered

trum. As a consequence the size of the data base is increasgd, 5 power of 2(let us say that this way we havebins);
by a factor equal to the number of points in parameter spac?d) zeros in the next bins. So, we end up with a vector that
but there is a gain in SNR because of the higher spectra}g 2n long.

resolution.

As stated above, we restricted our analysis to the ca
where the only frequency changes are due to the Doppl
effect of the detector motion relative to the source.

As shown in Appendix A, the time duratidg must be

(iv) Take the inverse FFT of the vector. This is a complex

e series that is the “analytical signal” representation of
&he signal in the band . It is shifted towards lower fre-
quencies and it is sampled at a sampling rate lower by a
factor 2N/2n compared to the original time datalhe time
of the first sample here is exactly the same as the first datum
=8.7x 101, s, (8)  used for the data base and the total duration is also that of the
ya+b original time stretch. There are fewer data because here the
sampling time is longer.

(v) Repeat the steps outlined above for all REFTS;

(vi) If they all come from contiguous time stretches sim-

to<

wherev,, measured in Hz, is the source intrinsic frequency,

a andb are given in Eq(6) and Eq.(5) and we have put . nhend them one after the other in chronological order. If

cos¢=1 (maximum possible valyeln the particular case hey are not all contiguous set to zero those stretches where
of Explorer we get,<10x10%\v, s (¢=46 deg). data are missing.

Thus, to construct the elementary spectra of our data base, (vii) To correct for the Doppler effetfrom sources from

we choose a duration 05=2382.4 s=39.7 minutes, corre- g given direction, multiply each sample of the sequence by
sponding to N=131072 samples, recorded with sampling

time of 18.176 ms. With this choice ¢f, as shown in Ap- exp 14, 9)

pendix A, the maximum Doppler frequency variati¢ior

Explorer atvg=921.38 Hz) durindg is 0.215 mHz, smaller t; are the times of the samples atjkﬂti)zf:‘AwD(t)dt.

than the resulting frequency bifw=0.419 mHz. ®

Awp(t) is the Doppler correction, in angular frequency, at

the timet of the ith sample:A wp(t) = wp(t) — ws, where

wp(t) is the frequency observed at the detector, due to the
The header of each elementary spectrum of the databaggoppler effect from a given source that emits at a constant

contains various information about the original data. Thisfrequencyws. tq is the start time of the overall FFT being

allows stretches of data that are noisier than others to beonstructed.

vetoed or weighted differently and thus best exploits the powe note that the frequency correction is performed on the

tential of the data. sub-sampled data set, and this is one of the advantages of the
Some of the information contained in the header relates tgrocedure.

the data structure, some of it to the operational status of the (viii) Perform the FFT of the - R data thus obtained.

detector and some to data quality. For example, the date and (ix) Finally, take the squared modulus of the FFT thus

time of the first sample of the data series that the FFT isbtained. This is the power spectrum of the original time

computed from is stored, along with the frequency resolutiorseries, in the frequency rangev, with the full spectral reso-
of the FFT and the type of time-domain windowing used.

There are also system parameters that vary in time: the fre———

quencies of the two modes and of the calibration signal, the 3the construction of the analytical signal is a standard procedure
level of Brownian noise and the merit factors of the two of |ow-pass filtering for a bandpass process. In fact the analytic
modes, the wide band noise level and the status of the ogsignal is zero on the left frequency plane, thus avoiding aliasing
eration flags(normal operation, maintenance works, liquid effects in the low-pass sampling operatjdr®].

helium refilling. Some of this information was used to set a “we could also take into account other causes of frequency shifts
threshold for vetoing the data. such as those affecting the intrinsic frequency of the source.

B. The FFT header
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lution 6v/R, and, more importantly, with the full sensitivity
given by Eq.(1).

A signal exhibiting frequency variability smaller than the
variability we have corrected for, should appear wholly
within a single frequency bin, and its resulting SNR will be
that of Eq.(1).

YT INUETSF QURVITY [RTITT SERTT TS

An example of the procedure for combining spectra *0:4

921.21 921.215 921.22 921.225 92'.23 821.235

The procedure was tested on simulated signals added to
the data. We shall now briefly review the results of these
tests. Such simulations, although simple in principle, present
practical design problems which demand extreme care in the
implementation. The simulated signal is constructed in the
time domain and then it is handled in exactly the same way
as the real detector datdetails on the data handling proce-
dures are given in the Appendiye&ach FFT of the signal is
then added to the corresponding FFT in the data base.

’8 921.285 921.29 921295 921.3 821.305 92131 921.375

s(nAt)=h(nAt)sin ¢(nAt)+ ¢g] (10
FIG. 4. Simulation of a signalat 921.3 Hz from the GC, over
where At is the sampling timen=0,1...131072,¢o the 36 hours of data. Top: Spectrum of the simulated data. Bottom:
initial phase, Spectrum after Doppler removal. Tleaxis is the spectrunx 10%,
in units of 1/Hz. Thex-axis is the frequency in Hz.

nAt
¢(nAt)=J1) wp(t)dt 1D g [8]). With this criterion we vetoed 807 spectra, that is
=10% of the total.
wherewp(t) is the frequency at the detector due to the Dop- A comment on the accuracy of the timing of the data is
pler shift at timet. Using the discrete form of Eq11) we  hecessary at this point: the absolute time recording had an

may write the phase at tintg: indetermination of the order of 10—20 8] at the begin-
ning of each new run. This was due to the fact that, although
bi= i1+ wpjAt. the time was checked against the Swiss time signal HBG

with an accuracy of a few ms, the software procedure
We report here an example of the results of a simulatiorat the start of each run introduced an imprecision of
performed in the absence of noigge set the detector FFTs =10-20 ms.
to zero, before adding them to the simulated signal On the other hand we are confident about the precision of
Figure 4 shows the comparison of the two power spectrahe rubidium clock, which was used to determine the sam-
obtained from a source assumed to be in the GC, emitting giling time. As a consequence we could combine coherently
921.3 Hz, before and after Doppler removal. It is clear thatonly data obtained from one single acquisition run.
the spread and the shift in the signal frequefiop figure The strategy for the analysis procedure was thus the fol-
have been properly correctédottom figure. Here the ob- lowing: (i) choose the frequency bandwidths to be analyzed,
servation time is 36 hours and the frequency resolution ignd calculate new—higher resolution—FFTs on each new
6.4...uHz. run, for each of these chosen bandwidtlis) choose the
The level of the signal, after Doppler removal, is thatcoordinates of the source direction and correct for Doppler

which would be expected7(=1.0/~ [Hz). An accurate analy- effect and for amplitude modulation, using the procedure de-
sis of the residual error after Dopp|er remo\qaﬁs error is scribed in Sec. Ill. We |gnored pOSSIb'e polarlzatlon of the
defined as the instantaneous difference between the time sig/aves. . . _

nal after correction and the time signal in the absence of This analysis was focused on possible sources in the GC,

modulation showed that this residual error was always lesat @=17.7 h,6=—-29.0 deg.
than 0.7%. To calculate the Doppler shift we used the JPL ephemeri-

des(JPLEPH.40% and software routines from the U.S. Na-
val Observatory(NOVAS). The amplitude modulation was
removed from the data by multiplying the data by the factor
We analyzed data taken during the period between Marckin*é(t) (in other words, the data were weighted on the basis
and December 1991. These data sets comprise 4954 FFo§the source-detector directipn
from March to July and 4384 from August to December. In 1991 we collected data over 51 separate runs and there-
After a preliminary analysis of the features of the spectrafore, applying the procedure outlined above, we obtained 51
with particular reference to their sensitivity performance, weseparate FFTs. Each one has a different frequency resolution,
decided to veto the spectra with Brownian noise larger thamccording to its length in time. The analysis of the 51 FFTs
7.8 K (i.e., three times greater than the expected value of 2.6ould only be done by combining their information “inco-

IV. THE ANALYSIS OF THE EXPLORER DATA
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FIG. 5. Amplitudeh of signals detectable with SNRL, over FIG. 6. The same data as for Fig. 5 but in this case no Doppler
7.05 days(from June, 8th in the range 921.32—-921.38 Hz. The correction is applied. The high peak disappears when applying the
data have been corrected to look for signals from the GC. Théoppler correction, thus it is not due to monochromatic signals
x-axis is the frequency in units of Hz, having subtracted 921 Hz. from the GC.

herently,” thus combining the spectra for example by inco-smg|| difference is due to the nonstationarities during the
herent summation. Obviously, this reduced the sensitivity of,;ee time periods

the final analysigsee Eq.(2)]. _ No spectral lines were detected with amplitu@e the
We report in this paper the results of the analysis of th

e — . . )
. detectoy greater tharh=4.1x 10 2% during this period.
iafo?t?#)nd the frequency of the plus mathe mode in Fig. To set an upper limit on the amplitude of possible signals

from GC in the chosen bandwidth, we decided to check the

efficiency of detection, given the noise of the detector. We

therefore added signals with different amplitudes and phases
First of all we give an example using data over one weeKo the data, using data without Doppler correction, since the

in June 1991. Figure 5 shows one spectrum, obtained ovefficiency of detection, on the average, does not depend on

t,p<= 7.05 days from day 159.8une, 8thin the bandwidth the Doppler effect.

921.32-921.38 Hz. The figure is normalized in terms of the We added four different families of signals, each family

amplitudeﬁthat would giveXgyg=1 for sources in the GC. consisting of 20 sinusoids with the same amplitude but dif-
The level of the noise is (1:20.7) X102 in good ferent phases.

agreement with that expected for Explofersing Eq.(3),

A. The analysis of 95.7 days of data

with T=2.6 K andQ:].dS, we get 1.% 10*24]. » . 'Observauon(in:e=21.1766days‘ ‘
The Doppler correction needed for signals from the GC

was applied to the data. The highest peak founti=s5.2 a2

X 10724, -33

For comparison we show in Fig. 6 the case where no ..
Doppler correction was applied. It is possible to note a high skl

peak ©=1.2x10 2%, which disappears when the Doppler _-s
correction is applied, as it spreads this contribution over sev-2 -7
eral frequency bins. It is most likely that the peak in Fig. 6 3-8
was due to the apparatus. -39
We started the analysis using only the data from three -
consecutive runs in May and June. We averaged the corre —“ | |
sponding spectra over a total observation time tgfs -2
=21.177 days from day 128.5%1ay 8th). The analysis was -43
done in the frequency range 921.32-921.38 Hz, where the 4
antenna noise spectrum was flat, as shown in Fig. 7, with 8z 03 03 035 5% oar 038
level (1.6=0.5)x 10 %% We notice that the average level for reenrtel

the 21.177-day period is roughly the same as that for the FiG. 7. Averageh from GC obtained averaging the spectra of 3
7.05-day period, and the standard deviation decreases, asris, 7 days each, from May, 8th. Theaxis is the frequency, in

should do, by a factor of the order g21.177/7.05- /3 (the ~ Hz-921 Hz.
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) Histogram of e datia and of the added sgnals (Tote=21 days) the standard deviation of the datae smallest three signals

i | have h=4.4x 1024 which is roughly 10 times the noise
standard deviation Thus, for these signals, on a time basis
of only 21 days, the efficiency of detection is 1. On the
contrary, the histograms show that the efficiency of detection
R T for the signals at the lowest level (X024 is very poor.

- Thus, on the basis of 21 days of data, we exclude the
possibility that, in the GC, there are sources having a spin-
down ager=3x10’ years emitting signals with frequency

2 1 in the range 921.32-921.38 Hz and strengtm Earth
h “ i greater than or equal to="5.8x 10~ %4
5 ‘ -,H L [ | I - J‘I ‘ i
h v a0

¥

Signals of GEx 10

- Sgnals ol A7 1077

Hurmbast

We now consider the eleven longest runs between May
and December, with observation times ranging from 7.7 to
12.8 days, giving a total effective observation time of 95.72
days. We averaged these spectra, after adding the necessary
zeros to obtain the same virtual resoluti@his produces a
change in the SNR and therefore a re-calibration of the spec-

. . tra is needed

FIG. 8. (Color) Histograms in the range 921.32-921.38 Hz. .

t.5=21 days. The histograms report the détaagenta and the The start times of these eleven runs, are days 128.53,

four different families of simulated signalsiolet, yellow, green, 137.29, 159.82, 171.43, 213.94, 225.32, 301.61, 312.37,
red). For clarity, they-axis numbers above five have not been plot-

ted. Thex-axis ranges from 1010 2* to 1.6x10 23 with step
0.1x 10 %4 The histograms show clearly that the efficiency of de-
tection is 1 for the simulated signals corresponding to the yellow,

green and red plots. B21d

The results of the analysis are shown in Fig. 8. The his-
tograms report the detected amplitudes for the four different =
families of simulated signals. On theaxis we have values _ i M hhne:
ranging fromh=1.0x10"%*to 1.6x10 %, with an interval & " g e e
of 0.1x10 %4 : ' T T R

The nominal amplitudes of the added signals are 1.4 ...
X 10723 8.7x10 24 5.8x10 %% and 3.0<10 %% If we
consider only the three families of higher signals, the histo-
grams show very clearly that all these signals have been well **
detected. Even the smallest of these 60 signals is well above b

TRy
3
1

Observation time=95.7 days
-35 T T T T

-36 . |

25 8213 B29.35 5214

. - : p 821 = B21.3 821.45
0.33 0.34 0.35 0.36 0.37 0.38
frequency {Hz]

log(h - 10%%)

|
>

. FIG. 10. (Color) The incoherent analysis over 51 spectra from
FIG. 9. Averageh from GC obtained using data from May to May to December. The upper plot shows the time-frequency behav-
December(95.7 day$ in the bandwidth 921.32-921.38 Hz. The ior of the peaks witiXgyg=4, in each spectrum. The lower plot is
x-axis is the frequency, in Hz-921 Hz. their histogram versus frequency.
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323.46, 339.68. Figure 9 shows the averagor the fre- The procedures adopted here can be applied to any as-
quency range 921.32-921.38. In the frequency bandwidtgumed position in the sky of a GW source, for a greater

921.32-921.38 Hz over these 95.7 days the noise level f§€duency range, or even for a frequency correction at the
(1.2-0.2)x 1024 well in agreement with the expected SOUrce due to spin down and intrinsic Doppler effects.

value. No lines with amplitude greater tham=2.9x 10~ %4
are apparent.

The standard deviation is a factor 2.5 lower than the stan- \We would like to thank Andrzej Krolak for useful discus-
dard deviation obtained using only 21 days, thus we expediions.
the efficiency of detection over the 95 days to be of the order

of unity even for signals oh= (2—3)x10 % APPENDIX A: FREQUENCY RESOLUTION
Thus, we exclude the possibility that, in the GC, there are OF THE BASIC FFTS
sources having a spindown age=10° years, emitting sig-

nals with frequency in the range 921.32-921.38 Hz andOur spectral data bagd7,18. For this purpose the use of

Strength(on Earth greater than or equal IE=29>< 10_24. approximate formulas is well ]usnﬁed
The formula for the frequency modulation of the signal, in
B. A first attempt to incoherent analysis by frequency tracking the approximation of circular motion and neglecting the

The analyzed period consists of 51 runs, leading to Sfpln—down, is given by20]
spectra of different resolution. It is not convenient to average A t b —a)+Bsi n
these spectra as done before for the eleven longest ones, O=vo= ASiNQiot + da ) + B SIN(Qont ¢b)(A1)
because now their durations are very different one from each

other. They can be analyzed using other methods—for exyhere(),, is the angular sidereal frequen€y,,,, the angu-
ample, by looking for patterns in the time evolution of their |ar orbital frequency,¢,, ¢, constant phasesy is the

algorithms which are rather more involved than those used iffhe amplitudeA of the sidereal period is given by

the present analysisuch algorithms are presently under in-

ACKNOWLEDGMENTS

We report here on the choice of the spectral resolution for

vestigation[4,5]). The analysis here is also complicated by A=vyRg(), COSe cosS/ C (A2)
the fact that the different spectra have different resolutions
and thus different SNRs, for any given signal. whereRg is the Earth radiusp is the latitude of the detector,

We restricted our search to a source in the GC emitting & is the velocity of the light and is the declination of the
signal at constant frequency during the observation time. Weource.
have tracked all the local maxima in each spectrum obtained The sidereal component produces a maximum time de-
by setting a thresholfb] at Xsyg=4. If a spectral line from  rivative of the frequency given by
the GC were present, it should show up in all the speettra
various SNRpat the same frequency. dvyor 19

Figure 10 showstop) the time-frequency plot of the se- 2= | qgg | A Lrot=1011.244X10""cos¢ Hz/s
lected maxima and their histograthottom. The resulting max (A3)
histogram is flat and hence no evidence of straight horizontal
lines is present in the top figure. However, the sensitivity ofwhere v, is measured in Hz.
this analysis is much poorer than the previous method, as The amplitudeB of the annual modulation is of the order
almost all the selected peakB6%) have amplitude greater of
than 1022

B=voRormQorn/C (Ad)
V. CONCLUSIONS

] . ] ) whereR,,, is the radius of the orbit of the Earth around the
A first analysis of the data obtained with the Explorer gyn.

detector in 1991 was performed, with the aim of searching This component produces a maximum time derivative of
for continuous GW. The analysis was limited to the fre-the frequency given by

guency range 921.32-921.38 Hz, which contained the plus
resonance of the detector, where sensitivity was highest.
Doppler corrections on the GW frequency were made under b=
the assumption that the source was still in the GC without

any intrinsic frequency spin down.

dvor
dt

=B-QOgp=101.977<10 ! Hz/s (A5)

max

) ) ) — wherewvq is measured in Hz. In order to have a bin width
No signals were observed with amplitude greater than greater than the maximum frequency variation expected for

_ — 24 .
=2.9x10"", using data collected over 95.7 days, for athe poppler effect during, we must choose the time dura-
source located ata=17.70:0.01 h and 6=-29.00 tion of our basic spectrg, such that

+0.05 deg, having a spindown parametes10® years
(that isp<1.7x10"%° s/s). 1hy>to- (a+b). (AB)
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If we consider the Explorer latitude ang=921.38 Hz we st , ; ;
g et D alphas-0.01 h

t,<3339 s. (A7)

In our data, the sampling time i$T=18.176 ms; then, us-

ing t,=2382.35 s, that is 0.6617 h, we have a frequency
resolution

© alpha=—0.005 h

v observed [Hz)

ov=0.41975 mHz

[while the maximum frequency variation due to the Doppler Nousecars

effect during the timety is of the order ofty-(a+b) e

=0.215 mH3, that is 2’=131072 samples in each peri- eyl 100

odogram. FIG. 11. The graph shows the difference in the observed fre-

guency on Earth between a signal in the GC and signals coming
APPENDIX B: PRACTICAL ISSUES IN THE PROCEDURE from nearby coordinates. Theaxis are days of 1991. Theaxis
FOR COMBINING THE SPECTRA COHERENTLY are the frequencies, from 2.5 10 % to 2.5 10" % Hz.

Each FFT is computed using\2data, sampled with sam-
pling time At. The data are windowed, in the time domain
before the Fourier transform. This means that the giatae
multiplied by the weightsv;=A— B cos{)+C cos(2), where
i=(0,2N—1)-27/(2N—1). In the present analysis we have
used a Hamming window, that &=0.54, B=0.46, andC

1/4 of the data at the beginning and end of each stream. The
'first 1/4 data in the first FFT and the last 1/4 in the last FFT
can be discarded. The data of missing or vetoed periods, set
to zero as explained above, are appended to the others in the
same way.

At this stage we have a sub-sampled time domain data

_01:he FFTs are stored in units of straif#iz, and are nor- ?;;eiwéi;vgli%r;:SPresents the analytical signal associated with

malized so .that their squared modulus is the spectrum. _ Now we can take into account the Doppler shift and cor-
The ba5|c_ FFTs of _the data base oyerlap for half their,{ the data as previously explained.

length. The time duration of each FFT tig=2NAt, and a The final step is to calculate the power spectrum from this

new FFT is done after tim/2. This is important since it g,p_sampled time domain datafter data windowing in the
avoids distortions in the final time domain sequence—this igje domain.

the well known “overlap-add” method, described in many
data analysis textbooks. For example, for the Explorer detec-
tor we have 110 overlapped FFTs over 36 houév ( APPENDIX C: UNCERTAINTY IN THE SOURCE
=0.41... mHz). PARAMETERS

We select the frequency range to be analyzed and we add
zeros to construct the analytical signal. These data should be
to a power of 2, to allow use of a fast Fourier algorithm. The In this analysis we used the coordinates-17.7 h, ¢
chosen frequency range should be wide enough to include at —29.0 deg to define the GC. In order to calculate the
the frequencies we expect to observe due to the Doppler shifegion of the sky effectively covered by this definition it was
from the given source, during the time of observation. necessary to study the effect on the analysis of a source not

After the bandwidth has been selected, the dat#l in being “exactly” in the GC, since the frequency modulation
the frequency domajnshould be windowed, to avoid edge depends on the precise location of the source. To get an idea
effects in the transformed data. of the problem in 1991 we plotte@Fig. 11) the difference in

The selected data are then transformed to return to ththe observed frequencies on Earth between a signal from the
time domain. At this stage we must remove the window used>C and signals coming from sources at nearby coordinates.
in the data when constructing the FFT data base, by simply From the graph it is easy to see that differensesin the
dividing the new time domain data by the weights. This  right ascension of-0.01 h lead to maximum differences in
operation recovers the original time ddtub-sampledbe-  the observed frequencigsy, of =+2x10 % Hz.
cause the only regions where the division might not work are This mismatch is maximum twice a year, at the beginning
the edges of the data stream, where the valug;ahay be of June and at the beginning of December. Thus, we studied
zero, depending on the kind of window uséa problem the effect of the mismatch during a run in December, when it
which, of course, has been overcome by the overlapping ofvas maximum.

Uncertainty in the source position parameters

the FFTs. From the figure it is also possible to note that, for the
If an FFT under consideration is vetoed or if it is missing, consideredsmall differences in the values of right ascen-
then the data are set to zero. sion, if Ay is the frequency change due tow, the fre-

Each new group of time domain data is appended to thguency change due t6 Ax is —Avy.
previous groups, after elimination of the overlapped data. This effect can be derived using E@1) (Appendix A),
Since the overlapping concerns half the data we eliminat&n the approximation (* cosAa)=0.
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TABLE I. An example of the effect due to uncertainties in right
ascension and declination.

Aa h Ad deg signal energy Af (n bin)
0.000 -0.30 0.25; 0.31; 0.28 +13
0.000 -0.20 0.24; 0.46; 0.43 +8
0.000 -0.10 0.35; 0.79; 0.37 +4
0.000 -0.05 0.40; 0.95; 0.26 +2
0.000 0.000 0.46; 1.00; 0.17 +0
0.000 +0.05 0.51; 0.92; 0.13 -2
0.000 +0.10 0.56; 0.74; 0.13 -4
0.000 +0.20 0.31; 0.51; 0.35 -9
0.000 +0.30 0.24; 0.33; 0.29 -14
0.005 -0.30 0.26; 0.26; 0.15 +143
0.005 -0.20 0.35; 0.37; 0.23 +139
0.005 -0.10 0.31; 0.59; 0.39 +134
0.005 -0.05 0.40; 0.72; 0.35 +131
0.005 0.000 0.47; 0.85; 0.27 +129
0.005 +0.05 0.50; 0.95; 0.19 +128
0.005 +0.10 0.50; 0.96; 0.14 +126
0.005 +0.20 0.51; 0.66; 0.18 +127
0.005 +0.30 0.29; 0.43; 0.33 +116
0.008 -0.30 0.21; 0.26; 0.18 +220
0.008 -0.20 0.24; 0.34; 0.29 +206
0.008 -0.10 0.43; 0.47; 0.25 +202
0.008 -0.05 0.19; 0.55; 0.52 +199
0.008 0.000 0.18; 0.71; 0.53 +197
0.008 +0.05 0.15; 0.88; 0.52 +195
0.008 +0.10 0.13; 0.96; 0.51 +193
0.008 +0.20 0.23; 0.79; 0.50 +189
0.008 +0.30 0.34; 0.50; 0.35 +184
0.010 -0.30 0.16; 0.23; 0.21 +271
0.010 -0.20 0.26; 0.31; 0.24 +266
0.010 -0.10 0.24; 0.44; 0.38 +261
0.010 -0.05 0.29; 0.56; 0.38 +260
0.010 0.000 0.35; 0.67; 0.36 +255
0.010 +0.05 0.42; 0.79; 0.33 +256
0.010 +0.10 0.43; 0.92; 0.27 +254
0.010 +0.20 0.36; 0.95; 0.24 +250
0.010 +0.30 0.40; 0.59; 0.29 +246
0.020 -0.30 0.11; 0.18; 0.15 +429
0.020 -0.20 0.21; 0.23; 0.12 +426
0.020 -0.10 0.23; 0.30; 0.23 +421
0.020 -0.05 0.29; 0.34; 0.25 +419
0.020 0.000 0.35; 0.40; 0.24 +417
0.020 +0.05 0.43; 0.45; 0.22 +415
0.020 +0.10 0.16; 0.52; 0.49 +412
0.020 +0.20 0.08; 0.68; 0.62 +408
0.020 +0.30 0.64; 0.78; 0.12 +405

Table | shows the results for uncertainties both in rightAV

ascension and in declination.

It is hence important to note that we report in the table thep.o

results of the simulation only for positive values &tr. In

fact, as explained before, the resulting frequency variationg. 1

due to a(smal) mismatch= A « is symmetric. We must note,

PHYSICAL REVIEW D 65 022001

0.01

8 deg a hour

FIG. 12. Three-dimensional plot of the data in Table I. The
z-axis is the energy of the signal integrated over the three bins
(maximum previous, next The x and y-axes are the mismatch in
right ascensiorthours and in declinatior(degrees

from the table, that, fod =0, the frequency variation is
symmetric also for gsmal) mismatch of+ A 4S.

Thus, in a first approximation, given a result for a pair
(Aa, AS), the same result, but with the opposite sign for
Avg, will be obtained for the pair{ Aa, —AJ5). We have
tested this also with a Monte Carlo simulation on a few
points from the table.

The first column in the table gives the error in right as-
cension A« in houry; the second, the error in declination
(A S in degreey the third, the energy of the signal, 1/Hz, in
the frequency bin of its maximum and in the previous and
next bins nearest to the maximum; the fourth column gives
the difference in the frequency of the signal compared to the
nominal, expressed in number of bisne bin is 8.1
X107 Hz). Figure 12 is the corresponding 3-dimensional
plot. Thez-axis is the energy of the signal, integrated over
the three bins.

It is not easy to arrive at a general conclusion, because the
final effect depends very much on the uncertainty on right
ascension and declination. In some cases, when the two pa-
rameters act in opposite direction, the final result is better
compared to a mismatch in only one of the two parameters.
This is why, for example, the energy absorbtion when

TABLE Il. Results for uncertainty in the source frequency. The
first column gives the error in the correction frequendy(in Hz);
the second, the energy of the signal, 1/Hz, in the frequency bin of
its maximum and in the previous and next bins nearest to the maxi-
mum; the third column gives the difference in the frequency of the
signal compared to the nominal, expressed in number of (oins
bin is 8.1x10" 7 Hz).

signal energy Af (nbin)
(0.4 1.00(0.17 +0
+0.1 (0.29 0.92(0.39 +1
(0.71 0.73(0.15 -1
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Aa=0.02 handA6=0.3 degis 0.78, larger than the value lation of a spectrum of 14.1 days, by introducing a signal at
0.40 forAa=0.02 h andA5=0 deg. 921.3 Hz and correcting it, during Doppler removal, using
Anyway, assuming the analysis is valid even when theré21.2 and 921.4 Hehat is with an error ofc0.1 Hz). From
is a worsening by a factor of 2 in the energy absorbtion weTable 1l it is easy to see that there are no significant differ-
may conclude that the region of the sky under study is defiences in the resulting spectra. Thus the final result is only

nitely within either the volumex=17.7-0.01 h andé= slightly affected by even a very “big” error such as this. This
—29.0+0.05 deg (0.01 h=0.15 deg, or the volumea finding is important because it allows us to analyze just a set
=17.7-0.005 h ands=—29.0+0.2 deg. of discrete frequencies, for example just 1/100 of the fre-
guencies in the original FFTs (0.41.. mHz). It can be
Uncertainty in the source frequency shown that this property is intrinsic to the nature of the Dop-

To test the extent to which the analysis depends on knowlIPler correcting factofEq. (9)], which depends on theiffer-
edge of the intrinsic frequency of the source, we did a simuencebetween the intrinsic and the observed frequenicigs
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