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Search for periodic gravitational wave sources with the Explorer detector
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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 Center~GC!. No signals with amplitude greater thanh̄52.9310224, 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 ata517.7060.01 h andd5229.0060.05 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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I. INTRODUCTION

Periodic or almost periodic gravitational waves~GW! are
emitted by various astrophysical sources. They carry imp
tant information on their sources~e.g., spinning neutron
stars, accreting neutron stars in binary systems! and also on
fundamental physics, since their nature can test the mod
general relativity@1,2#. The main feature of continuous sig
nals which allows them to be detected is that, despite
weakness of the signal~compared to typical amplitudes fo
bursts!, it is possible to implement procedures that build
the signal to noise ratio~SNR! in time. The natural strategy
for searching for monochromatic waves is to look for t
most significant peaks in the spectrum. In this case the S
increases with the observation timetobs. In fact, astobs in-
creases, the frequency resolution of the spectrum
increases—the frequency bin gets smaller,dn51/tobs—thus
the noise content in each bin decreases withtobs, while the
signal is not dependent on the length of observation tim
More specifically, for a periodic signal of amplitudeh̄ at the
frequencyn̄ the squared modulus of the Fourier transfo
providesh̄2 with a noise contribution of 2Sh( n̄)dn, where
Sh( n̄) is the two-sided noise power spectrum of the detec
~measured in Hz21). Thus the SNR for periodic signals is:

XSNR5
h̄2tobs

2Sh~ n̄ !
. ~1!

Equation~1! holds if the instantaneous frequency of t
continuous signal at the detector is known. The analysis p
cedure in this case is ‘‘coherent,’’ since the phase informat
contained in the data is used and the sensitivity~in ampli-
tude! increases with the square-root of the time. Howeve
some cases it may be impossible, for various reasons~see
0556-2821/2001/65~2!/022001~11!/$20.00 65 0220
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later in Sec. III A!, to perform a single Fourier transform
over all the data. This means that the observation time ha
be divided inM sub-periods, such that the spectral resolut
of the spectra becomesdn85M /tobs and the corresponding
SNR isM times smaller than that given by Eq.~1!.

The M spectra can be combined together by incoher
summation, that is by averaging the square modulus. In
case the final spectral resolution is againdn8 but there is still
some gain as the averaging reduces the variance of the n
in each bin. We obtain

XSNR85
h̄2tobs

2Sh~ n̄ !AM
. ~2!

In general, if the signal is monochromatic but frequen
modulated due to the detector-source relative motion, p
cessing techniques exist which can recover the sinuso
case if the source direction is known. One of the stand
ways of detecting such signals is through appropriate res
pling of data, better known in the radio astronomy comm
nity ~where this technique is commonly used! as ‘‘data
stretching’’~see for example@3#!. In the case of radio pulsa
searches, the location of the source is usually known~the
data come from a radio telescope pointing to a particu
direction! but some parameters of the system need to be
timated and this is done by a ‘‘timing solution which is pha
coherent over the whole data set’’@3#.

However for gravitational waves, especially when sear
ing a large parameter space, it is doubtful that the strate
developed for radio pulsar searches can simply be adap
the expected low SNR values for GW signals really mod
the nature of the search strategies that can be employe
recent ms pulsar searches, for example in@3#, the signal is
©2001 The American Physical Society01-1
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FIG. 1. Left: lower resonance~minus mode! frequency against time~in days of the year!. Right: upper resonance~plus mode! frequency
against time. The frequency drift observed is due to a slow loss in the electrostatic charge of the transducer.
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strong enough to allow suspected pulsars to be identified
visual inspection of the results of the final stages of t
analysis procedure.

For gravitational waves the study of the implementat
of optimum analysis procedures is still in progress@4–7#.

The present paper reports the search for ms perio
sources located in the Galactic Center~GC! assuming their
intrinsic frequency to be constant over the analysis time,
ing the data of a resonant GW detector.

The procedure we used in this study relies on a data b
of fast Fourier transforms~FFTs!, computed from short
stretches of data~short with reference to the effects of th
Doppler shift, as will be described later in this paper!. These
short FFTs are then properly combined together to provid
new set of FFTs with higher frequency resolution, represe
ing the signal in the frequency range selected for the stu
The combination of the elementary FFTs is done usin
coherent technique, which provides the SNR given by
~1!, and also performs the required Doppler shift correctio

FIG. 2. Hourly averages of the Explorer sensitivity to millise
ond bursts, expressed as noise temperature~K! as a function of
time.
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The paper is organized as follows. In Sec. II we brie
review the characteristics of the detector during the 19
run; in Sec. III we describe the main aspects of the pro
dure; in Sec. IV we present the results obtained. The App
dixes clarify some aspects of the analysis procedure and
cuss the extent to which the constraints that we h
introduced in our procedure can be relaxed in order to
count for different sources.

II. THE EXPLORER DETECTOR

The Explorer detector is a cryogenic resonant GW
tenna located at CERN, at longitude 6°128 E and latitude
46°278N. The apparatus and the experimental setup of
antenna during the 1991 run have been described in@8# and
some results of the data analysis for burst detection are g
in @9–11#.

The system has two resonance frequencies (n2

5904.7 Hz andn15921.3 Hz in 1991! where the sensitiv-
ity is highest. Figure 1 shows the variations of the two re
nance frequencies during the analysis period.

Figure 2 shows the hourly averages of the energy se
tivity ( SNR51) to millisecond bursts, expressed as effect
temperatureTe f f in kelvin, obtained with an adaptive Wiene
filter.1 The relation betweenTe f f and the amplitude of a ms

burst is@8# h58310218ATe f f (Te f f in kelvin!.
For periodic waves the sensitivity of a bar detector at

resonances is given by@13,14#:

h̄52.04310225A T

0.05 K

2300 kg

M

107

Q

900 Hz

n0

1 day

tobs
~3!

where T is the bar temperature,M its mass,Q the merit
factor, n0 the resonance frequency of the mode andtobs the

1The sensitivity obtained with a matched filter was, on avera
better by a factor of 2. The comparison between the two filter
procedures is shown in@12#.
1-2



th

to

e-

th

r
th
a
t

er
tr
w
of
m
nd
th
o

n
x

he

r
va

m
to

. It
ve.

. The
ctor
tion

ion,
iza-
m-

late

at
oise
h

s of
eral
ry,

ary

r a

u
th

oth
ur-

ty of

SEARCH FOR PERIODIC GRAVITATIONAL WAVE . . . PHYSICAL REVIEW D 65 022001
observation time. After one year of effective observation,
minimum detectableh̄ ~amplitude detectable withXSNR
51), using the nominal parameters of the Explorer detec
(T52 K, M52300 kg,Q5106), is

h̄52310225 ~4!

in a bandwidth of.2 Hz around the two resonance fr
quencies and

h̄.2310224

in a bandwidth of 16 Hz between the two resonances. For
NAUTILUS @15# or AURIGA @16# detectors ~with T

50.1 K, Q5107) we get a valueh̄.1.5310226 at the reso-
nances.

III. MAIN FEATURES OF THE ANALYSIS PROCEDURE

In the search for continuous signals there are a numbe
issues that need to be kept in mind regarding the signals
might be present, the apparatus and the quality of the d
As far as the source is concerned, it is not possible to se
a single procedure capable of searching over all types
periodic signals. In this analysis, we concentrated on p
odic signals such as those expected from isolated neu
stars with weak spin down, i.e. we ignored the spin do
parameters.2 Moreover we did not consider the effects
proper accelerations of the source. Thus our model assu
that the frequency behavior of the signal exclusively depe
on the Doppler effect caused by the motion of our Ear
based detector relative to the source location. Let us qu
some basic figures:

The Doppler effect has two periodic components~see Ap-
pendix A for details!. The first one, due to the revolutio
motion of the Earth over a period of 1 year produces a ma
mum time derivative of the frequency given by

b5Udnorb

dt U
max

5n01.98310211 Hz/s ~5!

wheren0, measured in Hz, is the intrinsic frequency of t
source.

The second one, due to the rotation of the Earth ove
period of 1 sidereal day, produces a maximum time deri
tive of the frequency given by

a5Udn rot

dt U
max

5n011.24310211 cosf Hz/s ~6!

wheref is the latitude of the detector andn0 is measured in
Hz.

The observation is also affected by modulation in the a
plitude. This is due to the varying orientation of the detec

2However it is possible, using our procedure, to take into acco
the spin down. This will be the next step in the development of
procedure.
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with respect to the source because of the Earth’s motion
may also be a consequence of the polarization of the wa

As shown, for example, in@17#, this modulation spreads
the signal power across side bands, spaced at 1/24 hours
amplitude modulation observed using a resonant bar dete
is given by the geometrical part of the detector cross sec
@18#:

S5S0•F~u,ep ,fp!5S0sin4uS 12ep

2
1ep cos2~2fp! D

~7!

whereep is the degree of the wave linear polarization (ep
51 when there is linear polarization,ep50 when there is no
polarization!,

S05
16

p S v
cD 2 G

c

is the ~two-sided! mechanical part of the cross section (M
5bar mass,v5sound velocity in the bar!, u is the angle
between the bar axis and the wave direction of propagat
fp is the angle between the bar axis and the wave polar
tion plane. The cross section is maximum when the para
eters areu5p/2, fp50, ep51. If the source location and
the polarization state are known, it is possible to demodu
the amplitude of the observed signal.

A major consideration in developing the analysis is th
the operation of the detector is not continuous and the n
is not stationary. An example of this is given in Fig. 3 whic
shows two power spectra, each computed over two hour
data, in November and September 1991. There are sev
lines from periodic disturbances which are not stationa
and the noise level differs between the two spectra.

A. The length of the FFTs in the data base

Our frequency domain data base consists of ‘‘element
spectra,’’ each obtained by performing the FFT~fast Fourier
transform! of a given number of samples of the data, ove

nt
e

FIG. 3. The figure shows two power spectra of the detector, b
obtained during periods of ‘‘good’’ operation of the apparatus: d
ing November~left! and September~right! 1991. They-axis is Sh

31040 in units of 1/Hz. Thex-axis is the frequency in@Hz#. Com-
paring the two power spectra, it is easy to see the nonstationari
the system
1-3
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P. ASTONEet al. PHYSICAL REVIEW D 65 022001
duration t0, recorded by our detector. The signal sensitiv
of each spectrum, according to Eq.~1!, depends on the du
ration t0. As our observations are affected by the Dopp
shift, we have chosen the durationt0 of the ‘‘elementary
spectra’’ to be the longest possible compatible with the
quirement that the signal should ‘‘appear as monochroma
during t0. Clearly some assumptions about the frequen
variation must be made. In principle, in order to achieve
higher SNR in the short spectrum, some preprocessing c
take place by setting a coarse grid on the parameter s
~i.e., the part of the sky that is being investigated! and per-
forming suitable data stretching for each point in that para
eter space. In this way a signal coming from that param
space would appear as monochromatic in the resulting s
trum. As a consequence the size of the data base is incre
by a factor equal to the number of points in parameter sp
but there is a gain in SNR because of the higher spec
resolution.

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

As shown in Appendix A, the time durationt0 must be

t0,
1

Aa1b
58.73104/An0 s, ~8!

wheren0, measured in Hz, is the source intrinsic frequen
a and b are given in Eq.~6! and Eq.~5! and we have put
cosf51 ~maximum possible value!. In the particular case
of Explorer we gett0,103104/An0 s (f546 deg).

Thus, to construct the elementary spectra of our data b
we choose a duration oft052382.4 s539.7 minutes, corre-
sponding to 2N5131072 samples, recorded with sampli
time of 18.176 ms. With this choice oft0, as shown in Ap-
pendix A, the maximum Doppler frequency variation~for
Explorer atn05921.38 Hz) duringt0 is 0.215 mHz, smaller
than the resulting frequency bindn50.419 mHz.

B. The FFT header

The header of each elementary spectrum of the data
contains various information about the original data. T
allows stretches of data that are noisier than others to
vetoed or weighted differently and thus best exploits the
tential of the data.

Some of the information contained in the header relate
the data structure, some of it to the operational status of
detector and some to data quality. For example, the date
time of the first sample of the data series that the FFT
computed from is stored, along with the frequency resolut
of the FFT and the type of time-domain windowing use
There are also system parameters that vary in time: the
quencies of the two modes and of the calibration signal,
level of Brownian noise and the merit factors of the tw
modes, the wide band noise level and the status of the
eration flags~normal operation, maintenance works, liqu
helium refilling!. Some of this information was used to se
threshold for vetoing the data.
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C. The procedure for combining the spectra coherently

For the targeted search described here the basic FFT
combined coherently to improve the final sensitivity. T
following is an outline of how this is done~details are given
in Appendix B!.

~i! Take an FFT over a bandwidthB including the reso-
nances of the detector. Letdn be the frequency resolution
and 2N the number of data samples.

~ii ! Take the data fromn8 bins in the frequency rangeDn
of the actual search;n85NDn/B.

~iii ! Build a complex vector that has the following stru
ture: ~a! the first datum equal to zero;~b! the nextn8 data
equal to those from the selected bins of the FFT;~c! zeros
from binsn811 up to the nearest subsequent bin numbe
with a power of 2~let us say that this way we haven bins!;
~d! zeros in the nextn bins. So, we end up with a vector tha
is 2n long.

~iv! Take the inverse FFT of the vector. This is a compl
time series that is the ‘‘analytical signal’’ representation
the signal in the bandDn. It is shifted towards lower fre-
quencies and it is sampled at a sampling rate lower b
factor 2N/2n compared to the original time data.3 The time
of the first sample here is exactly the same as the first da
used for the data base and the total duration is also that o
original time stretch. There are fewer data because here
sampling time is longer.

~v! Repeat the steps outlined above for all theR FFTs;
~vi! If they all come from contiguous time stretches sim

ply append them one after the other in chronological orde
they are not all contiguous set to zero those stretches w
data are missing.

~vii ! To correct for the Doppler effect4 from sources from
a given direction, multiply each sample of the sequence

exp2 j f(t i ). ~9!

t i are the times of the samples andf(t i)5* ts

t i DvD(t)dt.

DvD(t) is the Doppler correction, in angular frequency,
the time t of the i th sample:DvD(t)5vD(t)2vs , where
vD(t) is the frequency observed at the detector, due to
Doppler effect from a given source that emits at a const
frequencyvs . ts is the start time of the overall FFT bein
constructed.
We note that the frequency correction is performed on
sub-sampled data set, and this is one of the advantages o
procedure.

~viii ! Perform the FFT of the 2n•R data thus obtained.
~ix! Finally, take the squared modulus of the FFT th

obtained. This is the power spectrum of the original tim
series, in the frequency rangeDn, with the full spectral reso-

3The construction of the analytical signal is a standard proced
of low-pass filtering for a bandpass process. In fact the anal
signal is zero on the left frequency plane, thus avoiding alias
effects in the low-pass sampling operation@19#.

4We could also take into account other causes of frequency s
such as those affecting the intrinsic frequency of the source.
1-4
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SEARCH FOR PERIODIC GRAVITATIONAL WAVE . . . PHYSICAL REVIEW D 65 022001
lution dn/R, and, more importantly, with the full sensitivit
given by Eq.~1!.

A signal exhibiting frequency variability smaller than th
variability we have corrected for, should appear who
within a single frequency bin, and its resulting SNR will b
that of Eq.~1!.

An example of the procedure for combining spectra

The procedure was tested on simulated signals adde
the data. We shall now briefly review the results of the
tests. Such simulations, although simple in principle, pres
practical design problems which demand extreme care in
implementation. The simulated signal is constructed in
time domain and then it is handled in exactly the same w
as the real detector data~details on the data handling proc
dures are given in the Appendixes!. Each FFT of the signal is
then added to the corresponding FFT in the data base.

s~nDt !5h̄~nDt !sin@f~nDt !1f0# ~10!

where Dt is the sampling time,n50,1 . . .131072,f0 the
initial phase,

f~nDt !5E
0

nDt

vD~ t !dt ~11!

wherevD(t) is the frequency at the detector due to the Do
pler shift at timet. Using the discrete form of Eq.~11! we
may write the phase at timet i :

f i5f i 211vDiDt.

We report here an example of the results of a simulat
performed in the absence of noise~we set the detector FFT
to zero, before adding them to the simulated signal!.

Figure 4 shows the comparison of the two power spe
obtained from a source assumed to be in the GC, emittin
921.3 Hz, before and after Doppler removal. It is clear t
the spread and the shift in the signal frequency~top figure!
have been properly corrected~bottom figure!. Here the ob-
servation time is 36 hours and the frequency resolution
6.4 . . .mHz.

The level of the signal, after Doppler removal, is th
which would be expected (h̄51.0/AHz). An accurate analy-
sis of the residual error after Doppler removal~this error is
defined as the instantaneous difference between the time
nal after correction and the time signal in the absence
modulation! showed that this residual error was always le
than 0.7%.

IV. THE ANALYSIS OF THE EXPLORER DATA

We analyzed data taken during the period between Ma
and December 1991. These data sets comprise 4954
from March to July and 4384 from August to Decemb
After a preliminary analysis of the features of the spec
with particular reference to their sensitivity performance,
decided to veto the spectra with Brownian noise larger t
7.8 K ~i.e., three times greater than the expected value of
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K @8#!. With this criterion we vetoed 807 spectra, that
.10% of the total.

A comment on the accuracy of the timing of the data
necessary at this point: the absolute time recording had
indetermination of the order of 10–20 ms@8# at the begin-
ning of each new run. This was due to the fact that, althou
the time was checked against the Swiss time signal H
with an accuracy of a few ms, the software procedu
at the start of each run introduced an imprecision
.10– 20 ms.

On the other hand we are confident about the precisio
the rubidium clock, which was used to determine the sa
pling time. As a consequence we could combine cohere
only data obtained from one single acquisition run.

The strategy for the analysis procedure was thus the
lowing: ~i! choose the frequency bandwidths to be analyz
and calculate new—higher resolution—FFTs on each n
run, for each of these chosen bandwidths;~ii ! choose the
coordinates of the source direction and correct for Dopp
effect and for amplitude modulation, using the procedure
scribed in Sec. III. We ignored possible polarization of t
waves.

This analysis was focused on possible sources in the
at a517.7 h,d5229.0 deg.

To calculate the Doppler shift we used the JPL ephem
des~JPLEPH.405! and software routines from the U.S. Na
val Observatory~NOVAS!. The amplitude modulation wa
removed from the data by multiplying the data by the fac
sin4u(t) ~in other words, the data were weighted on the ba
of the source-detector direction!.

In 1991 we collected data over 51 separate runs and th
fore, applying the procedure outlined above, we obtained
separate FFTs. Each one has a different frequency resolu
according to its length in time. The analysis of the 51 FF
could only be done by combining their information ‘‘inco

FIG. 4. Simulation of a signal~at 921.3 Hz! from the GC, over
36 hours of data. Top: Spectrum of the simulated data. Bott
Spectrum after Doppler removal. They-axis is the spectrum31040,
in units of 1/Hz. Thex-axis is the frequency in Hz.
1-5
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P. ASTONEet al. PHYSICAL REVIEW D 65 022001
herently,’’ thus combining the spectra for example by inc
herent summation. Obviously, this reduced the sensitivity
the final analysis@see Eq.~2!#.

We report in this paper the results of the analysis of
data around the frequency of the plus mode~the mode in Fig.
1, bottom!.

A. The analysis of 95.7 days of data

First of all we give an example using data over one we
in June 1991. Figure 5 shows one spectrum, obtained
tobs57.05 days from day 159.8~June, 8th! in the bandwidth
921.32–921.38 Hz. The figure is normalized in terms of
amplitudeh̄ that would giveXSNR51 for sources in the GC

The level of the noise is (1.260.7) 310224, in good
agreement with that expected for Explorer@using Eq.~3!,
with T52.6 K andQ5106, we get 1.9310224#.

The Doppler correction needed for signals from the G
was applied to the data. The highest peak found ish̄55.2
310224.

For comparison we show in Fig. 6 the case where
Doppler correction was applied. It is possible to note a h
peak (h̄51.2310223), which disappears when the Doppl
correction is applied, as it spreads this contribution over s
eral frequency bins. It is most likely that the peak in Fig.
was due to the apparatus.

We started the analysis using only the data from th
consecutive runs in May and June. We averaged the co
sponding spectra over a total observation time oftobs
521.177 days from day 128.53~May 8th!. The analysis was
done in the frequency range 921.32–921.38 Hz, where
antenna noise spectrum was flat, as shown in Fig. 7, with̄
level (1.660.5)310224. We notice that the average level fo
the 21.177-day period is roughly the same as that for
7.05-day period, and the standard deviation decreases,
should do, by a factor of the order ofA21.177/7.05.A3 ~the

FIG. 5. Amplitudeh̄ of signals detectable with SNR51, over
7.05 days~from June, 8th!, in the range 921.32–921.38 Hz. Th
data have been corrected to look for signals from the GC.
x-axis is the frequency in units of Hz, having subtracted 921 H
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small difference is due to the nonstationarities during
three time periods!.

No spectral lines were detected with amplitude~at the
detector! greater thanh̄54.1310224 during this period.

To set an upper limit on the amplitude of possible sign
from GC in the chosen bandwidth, we decided to check
efficiency of detection, given the noise of the detector. W
therefore added signals with different amplitudes and pha
to the data, using data without Doppler correction, since
efficiency of detection, on the average, does not depend
the Doppler effect.

We added four different families of signals, each fam
consisting of 20 sinusoids with the same amplitude but d
ferent phases.

e

FIG. 6. The same data as for Fig. 5 but in this case no Dop
correction is applied. The high peak disappears when applying
Doppler correction, thus it is not due to monochromatic sign
from the GC.

FIG. 7. Averageh̄ from GC obtained averaging the spectra of
runs, 7 days each, from May, 8th. Thex-axis is the frequency, in
Hz-921 Hz.
1-6



is
en

1.

to
w
o

s

e
is

he
ion

the
in-

y

ay
to

72
ssary

ec-

.53,
.37,

o
e

m
av-

s

z.

ot

e
ow
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The results of the analysis are shown in Fig. 8. The h
tograms report the detected amplitudes for the four differ
families of simulated signals. On thex-axis we have values
ranging fromh̄51.0310224 to 1.6310223, with an interval
of 0.1310224.

The nominal amplitudes of the added signals are
310223, 8.7310224, 5.8310224, and 3.0310224. If we
consider only the three families of higher signals, the his
grams show very clearly that all these signals have been
detected. Even the smallest of these 60 signals is well ab

FIG. 9. Averageh̄ from GC obtained using data from May t
December~95.7 days! in the bandwidth 921.32–921.38 Hz. Th
x-axis is the frequency, in Hz-921 Hz.

FIG. 8. ~Color! Histograms in the range 921.32–921.38 H
tobs521 days. The histograms report the data~magenta! and the
four different families of simulated signals~violet, yellow, green,
red!. For clarity, they-axis numbers above five have not been pl
ted. Thex-axis ranges from 1.0310224 to 1.6310223, with step
0.1310224. The histograms show clearly that the efficiency of d
tection is 1 for the simulated signals corresponding to the yell
green and red plots.
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the standard deviation of the data~the smallest three signal

have h̄54.4310224, which is roughly 10 times the nois
standard deviation!. Thus, for these signals, on a time bas
of only 21 days, the efficiency of detection is 1. On t
contrary, the histograms show that the efficiency of detect
for the signals at the lowest level (3.0310224) is very poor.

Thus, on the basis of 21 days of data, we exclude
possibility that, in the GC, there are sources having a sp
down aget>33107 years emitting signals with frequenc
in the range 921.32–921.38 Hz and strength~on Earth!
greater than or equal toh̄55.8310224.

We now consider the eleven longest runs between M
and December, with observation times ranging from 7.7
12.8 days, giving a total effective observation time of 95.
days. We averaged these spectra, after adding the nece
zeros to obtain the same virtual resolution~this produces a
change in the SNR and therefore a re-calibration of the sp
tra is needed!.

The start times of these eleven runs, are days 128
137.29, 159.82, 171.43, 213.94, 225.32, 301.61, 312

FIG. 10. ~Color! The incoherent analysis over 51 spectra fro
May to December. The upper plot shows the time-frequency beh
ior of the peaks withXSNR>4, in each spectrum. The lower plot i
their histogram versus frequency.
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323.46, 339.68. Figure 9 shows the averageh̄ for the fre-
quency range 921.32–921.38. In the frequency bandw
921.32–921.38 Hz over these 95.7 days the noise leve
(1.260.2)310224, well in agreement with the expecte

value. No lines with amplitude greater thanh̄52.9310224

are apparent.
The standard deviation is a factor 2.5 lower than the st

dard deviation obtained using only 21 days, thus we exp
the efficiency of detection over the 95 days to be of the or

of unity even for signals ofh̄5(223)310224.
Thus, we exclude the possibility that, in the GC, there

sources having a spindown aget>108 years, emitting sig-
nals with frequency in the range 921.32–921.38 Hz a

strength~on Earth! greater than or equal toh̄52.9310224.

B. A first attempt to incoherent analysis by frequency tracking

The analyzed period consists of 51 runs, leading to
spectra of different resolution. It is not convenient to avera
these spectra as done before for the eleven longest o
because now their durations are very different one from e
other. They can be analyzed using other methods—for
ample, by looking for patterns in the time evolution of the
spectral lines. However this kind of analysis would requ
algorithms which are rather more involved than those use
the present analysis~such algorithms are presently under i
vestigation@4,5#!. The analysis here is also complicated
the fact that the different spectra have different resoluti
and thus different SNRs, for any given signal.

We restricted our search to a source in the GC emittin
signal at constant frequency during the observation time.
have tracked all the local maxima in each spectrum obtai
by setting a threshold@5# at XSNR.4. If a spectral line from
the GC were present, it should show up in all the spectra~at
various SNRs! at the same frequency.

Figure 10 shows~top! the time-frequency plot of the se
lected maxima and their histogram~bottom!. The resulting
histogram is flat and hence no evidence of straight horizo
lines is present in the top figure. However, the sensitivity
this analysis is much poorer than the previous method
almost all the selected peaks~86%! have amplitude greate
than 10222.

V. CONCLUSIONS

A first analysis of the data obtained with the Explor
detector in 1991 was performed, with the aim of search
for continuous GW. The analysis was limited to the fr
quency range 921.32–921.38 Hz, which contained the p
resonance of the detector, where sensitivity was high
Doppler corrections on the GW frequency were made un
the assumption that the source was still in the GC with
any intrinsic frequency spin down.

No signals were observed with amplitude greater thah̄
52.9310224, using data collected over 95.7 days, for
source located ata517.7060.01 h and d5229.00
60.05 deg, having a spindown parametert>108 years
~that is ṗ<1.7310219 s/s).
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The procedures adopted here can be applied to any
sumed position in the sky of a GW source, for a grea
frequency range, or even for a frequency correction at
source due to spin down and intrinsic Doppler effects.

ACKNOWLEDGMENTS

We would like to thank Andrzej Krolak for useful discus
sions.

APPENDIX A: FREQUENCY RESOLUTION
OF THE BASIC FFTS

We report here on the choice of the spectral resolution
our spectral data base@17,18#. For this purpose the use o
approximate formulas is well justified.

The formula for the frequency modulation of the signal,
the approximation of circular motion and neglecting t
spin-down, is given by@20#

n~ t !5n02A sin~V rott1fa2a!1B sin~Vorbt1fb!
~A1!

whereV rot is the angular sidereal frequency,Vorb the angu-
lar orbital frequency,fa , fb constant phases,a is the
right ascension,n0 the frequency of the GW at the sourc
The amplitudeA of the sidereal period is given by

A5n0REV rot cosf cosd/c ~A2!

whereRE is the Earth radius,f is the latitude of the detector
c is the velocity of the light andd is the declination of the
source.

The sidereal component produces a maximum time
rivative of the frequency given by

a5Udn rot

dt U
max

5A•V rot5n011.244310211cosf Hz/s

~A3!

wheren0 is measured in Hz.
The amplitudeB of the annual modulation is of the orde

of

B5n0RorbVorb /c ~A4!

whereRorb is the radius of the orbit of the Earth around th
Sun.

This component produces a maximum time derivative
the frequency given by

b5Udnorb

dt U
max

5B•Vorb5n01.977310211 Hz/s ~A5!

wheren0 is measured in Hz. In order to have a bin wid
greater than the maximum frequency variation expected
the Doppler effect duringt0 we must choose the time dura
tion of our basic spectrat0 such that

1/t0.t0•~a1b!. ~A6!
1-8
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If we consider the Explorer latitude andn05921.38 Hz we
get

t0,3339 s. ~A7!

In our data, the sampling time isd t f
518.176 ms; then, us

ing t052382.35 s, that is 0.6617 h, we have a frequen
resolution

dn50.41975 mHz

@while the maximum frequency variation due to the Dopp
effect during the timet0 is of the order of t0•(a1b)
50.215 mHz#, that is 2175131 072 samples in each per
odogram.

APPENDIX B: PRACTICAL ISSUES IN THE PROCEDURE
FOR COMBINING THE SPECTRA COHERENTLY

Each FFT is computed using 2N data, sampled with sam
pling time Dt. The data are windowed, in the time doma
before the Fourier transform. This means that the datayi are
multiplied by the weightswi5A2B cos(i)1Ccos(2i), where
i 5(0,2N21)•2p/(2N21). In the present analysis we hav
used a Hamming window, that isA50.54, B50.46, andC
50.

The FFTs are stored in units of strain/AHz, and are nor-
malized so that their squared modulus is the spectrum.

The basic FFTs of the data base overlap for half th
length. The time duration of each FFT ist052NDt, and a
new FFT is done after timet0/2. This is important since it
avoids distortions in the final time domain sequence—thi
the well known ‘‘overlap-add’’ method, described in man
data analysis textbooks. For example, for the Explorer de
tor we have 110 overlapped FFTs over 36 hours (dn
50.41 . . . mHz).

We select the frequency range to be analyzed and we
zeros to construct the analytical signal. These data shoul
to a power of 2, to allow use of a fast Fourier algorithm. T
chosen frequency range should be wide enough to includ
the frequencies we expect to observe due to the Doppler
from the given source, during the time of observation.

After the bandwidth has been selected, the data~still in
the frequency domain! should be windowed, to avoid edg
effects in the transformed data.

The selected data are then transformed to return to
time domain. At this stage we must remove the window u
in the data when constructing the FFT data base, by sim
dividing the new time domain data by the weightswi . This
operation recovers the original time data~sub-sampled! be-
cause the only regions where the division might not work
the edges of the data stream, where the value ofwi may be
zero, depending on the kind of window used~a problem
which, of course, has been overcome by the overlapping
the FFTs!.

If an FFT under consideration is vetoed or if it is missin
then the data are set to zero.

Each new group of time domain data is appended to
previous groups, after elimination of the overlapped da
Since the overlapping concerns half the data we elimin
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1/4 of the data at the beginning and end of each stream.
first 1/4 data in the first FFT and the last 1/4 in the last F
can be discarded. The data of missing or vetoed periods
to zero as explained above, are appended to the others i
same way.

At this stage we have a sub-sampled time domain d
stream, which represents the analytical signal associated
the original data.

Now we can take into account the Doppler shift and c
rect the data as previously explained.

The final step is to calculate the power spectrum from t
sub-sampled time domain data~after data windowing in the
time domain!.

APPENDIX C: UNCERTAINTY IN THE SOURCE
PARAMETERS

Uncertainty in the source position parameters

In this analysis we used the coordinatesa517.7 h,d
5229.0 deg to define the GC. In order to calculate t
region of the sky effectively covered by this definition it wa
necessary to study the effect on the analysis of a source
being ‘‘exactly’’ in the GC, since the frequency modulatio
depends on the precise location of the source. To get an
of the problem in 1991 we plotted~Fig. 11! the difference in
the observed frequencies on Earth between a signal from
GC and signals coming from sources at nearby coordina

From the graph it is easy to see that differencesDa in the
right ascension of60.01 h lead to maximum differences i
the observed frequenciesDn0 of .6231024 Hz.

This mismatch is maximum twice a year, at the beginn
of June and at the beginning of December. Thus, we stud
the effect of the mismatch during a run in December, whe
was maximum.

From the figure it is also possible to note that, for t
considered~small! differences in the values of right asce
sion, if Dn0 is the frequency change due toDa, the fre-
quency change due to2Da is 2Dn0.

This effect can be derived using Eq.~A1! ~Appendix A!,
in the approximation (12cosDa).0.

FIG. 11. The graph shows the difference in the observed
quency on Earth between a signal in the GC and signals com
from nearby coordinates. Thex-axis are days of 1991. They-axis
are the frequencies, from22.531024 to 2.531024 Hz.
1-9
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Table I shows the results for uncertainties both in rig
ascension and in declination.

It is hence important to note that we report in the table
results of the simulation only for positive values ofDa. In
fact, as explained before, the resulting frequency varia
due to a~small! mismatch6Da is symmetric. We must note

TABLE I. An example of the effect due to uncertainties in rig
ascension and declination.

Da h Dd deg signal energy D f (n bin)

0.000 -0.30 0.25; 0.31; 0.28 113
0.000 -0.20 0.24; 0.46; 0.43 18
0.000 -0.10 0.35; 0.79; 0.37 14
0.000 -0.05 0.40; 0.95; 0.26 12
0.000 0.000 0.46; 1.00; 0.17 10
0.000 10.05 0.51; 0.92; 0.13 -2
0.000 10.10 0.56; 0.74; 0.13 -4
0.000 10.20 0.31; 0.51; 0.35 -9
0.000 10.30 0.24; 0.33; 0.29 -14
0.005 -0.30 0.26; 0.26; 0.15 1143
0.005 -0.20 0.35; 0.37; 0.23 1139
0.005 -0.10 0.31; 0.59; 0.39 1134
0.005 -0.05 0.40; 0.72; 0.35 1131
0.005 0.000 0.47; 0.85; 0.27 1129
0.005 10.05 0.50; 0.95; 0.19 1128
0.005 10.10 0.50; 0.96; 0.14 1126
0.005 10.20 0.51; 0.66; 0.18 1127
0.005 10.30 0.29; 0.43; 0.33 1116
0.008 -0.30 0.21; 0.26; 0.18 1220
0.008 -0.20 0.24; 0.34; 0.29 1206
0.008 -0.10 0.43; 0.47; 0.25 1202
0.008 -0.05 0.19; 0.55; 0.52 1199
0.008 0.000 0.18; 0.71; 0.53 1197
0.008 10.05 0.15; 0.88; 0.52 1195
0.008 10.10 0.13; 0.96; 0.51 1193
0.008 10.20 0.23; 0.79; 0.50 1189
0.008 10.30 0.34; 0.50; 0.35 1184
0.010 -0.30 0.16; 0.23; 0.21 1271
0.010 -0.20 0.26; 0.31; 0.24 1266
0.010 -0.10 0.24; 0.44; 0.38 1261
0.010 -0.05 0.29; 0.56; 0.38 1260
0.010 0.000 0.35; 0.67; 0.36 1255
0.010 10.05 0.42; 0.79; 0.33 1256
0.010 10.10 0.43; 0.92; 0.27 1254
0.010 10.20 0.36; 0.95; 0.24 1250
0.010 10.30 0.40; 0.59; 0.29 1246
0.020 -0.30 0.11; 0.18; 0.15 1429
0.020 -0.20 0.21; 0.23; 0.12 1426
0.020 -0.10 0.23; 0.30; 0.23 1421
0.020 -0.05 0.29; 0.34; 0.25 1419
0.020 0.000 0.35; 0.40; 0.24 1417
0.020 10.05 0.43; 0.45; 0.22 1415
0.020 10.10 0.16; 0.52; 0.49 1412
0.020 10.20 0.08; 0.68; 0.62 1408
0.020 10.30 0.64; 0.78; 0.12 1405
02200
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from the table, that, forDa50, the frequency variation is
symmetric also for a~small! mismatch of6Dd.

Thus, in a first approximation, given a result for a pa
(Da, Dd), the same result, but with the opposite sign f
Dn0, will be obtained for the pair (2Da, 2Dd). We have
tested this also with a Monte Carlo simulation on a fe
points from the table.

The first column in the table gives the error in right a
cension (Da in hours!; the second, the error in declinatio
(Dd in degrees!; the third, the energy of the signal, 1/Hz, i
the frequency bin of its maximum and in the previous a
next bins nearest to the maximum; the fourth column giv
the difference in the frequency of the signal compared to
nominal, expressed in number of bins~one bin is 8.1
31027 Hz). Figure 12 is the corresponding 3-dimension
plot. Thez-axis is the energy of the signal, integrated ov
the three bins.

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

TABLE II. Results for uncertainty in the source frequency. T
first column gives the error in the correction frequency (Dn in Hz!;
the second, the energy of the signal, 1/Hz, in the frequency bin
its maximum and in the previous and next bins nearest to the m
mum; the third column gives the difference in the frequency of
signal compared to the nominal, expressed in number of bins~one
bin is 8.131027 Hz).

Dn signal energy D f (n bin)

0.0 ~0.46! 1.00 ~0.17! 10
10.1 ~0.29! 0.92 ~0.39! 11
-0.1 ~0.71! 0.73 ~0.15! -1

FIG. 12. Three-dimensional plot of the data in Table I. T
z-axis is the energy of the signal integrated over the three b
~maximum previous, next!. The x and y-axes are the mismatch in
right ascension~hours! and in declination~degrees!.
1-10
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Da50.02 h andDd50.3 deg is 0.78, larger than the valu
0.40 forDa50.02 h andDd50 deg.

Anyway, assuming the analysis is valid even when th
is a worsening by a factor of 2 in the energy absorbtion
may conclude that the region of the sky under study is d
nitely within either the volumea517.760.01 h andd5
229.060.05 deg ~0.01 h50.15 deg!, or the volumea
517.760.005 h andd5229.060.2 deg.

Uncertainty in the source frequency

To test the extent to which the analysis depends on kno
edge of the intrinsic frequency of the source, we did a sim

@1# B. F. Schutz, inProceedings of the 12th Sigrav Meeting~World
Scientific, Singapore, 1997!.

@2# K. Thorne, in300 Years of Gravitation, edited by S. W. Hawk-
ing and W. Israel~Cambridge University Press, Cambridg
England, 1987!.

@3# F. Camilo, D. R. Lorimer, P. Freire, and A. G. Lyne, Astrophy
J. 535, 975 ~2000!.

@4# P. R. Brady and T. Creighton, Phys. Rev. D61, 082001~2000!;
P. R. Brady, T. Creighton, C. Cutler, and B. F. Schutz,ibid. 57,
2101 ~1998!.

@5# M. A. Papa, P. Astone, S. Frasca, and B. F. Schutz, Searc
for Continuous Waves by Line Identification, in Albert Ein
stein Institute AEI-057, 1998; andProceedings of the GW
DAW2, Orsay, 1997, edited by M. Davier and P. Hello~Edi-
tions Frontières, Gif-sur-Yvette, 1998!.

@6# A. Krolak, ‘‘Data analysis for continuous GW signals,
gr-qc/9903099; P. Jaranowski and A. Krolak, Phys. Rev. D61,
062001~2000!; 59, 063003~1999!; P. Jaranowski, A. Krolak,
and B. F. Schutz,ibid. 58, 063001 ~1998!; P. Astone, K.
Borkowsi, P. Jaranowski, and A. Krolak, ‘‘Data analysis
GW signals from spinning neutron stars. IV. An all sk
search,’’ gr-qc/0012108.

@7# P. Astone, S. Frasca, and M. A. Papa, ‘‘Main features of
proposed short FFT data base and of the analysis proced
that will operate on it;’’ ‘‘Practical aspects of the propose
targeted search with short FFTs’’ at the ‘‘Working group o
algorithms for reconstructing data from short FFT data bas
Joint meeting, Max Planck Institut of Potsdam and Univers
of Rome ‘‘La Sapienza,’’ Rome, 1998~this and related
material are available at http://www.roma1.infn.it/rog/asto
and http://grwav1.roma1.infn.it/dadps!.

@8# P. Astone, M. Bassan, P. Bonifazi, P. Carelli, M. G. Castella
G. Cavallari, E. Coccia, C. Cosmelli, V. Fafone, S. Frasca,
Majorana, I. Modena, G. V. Pallottino, G. Pizzella, P. Rapa
nani, F. Ricci, and M. Visco, Phys. Rev. D47, 362 ~1993!.
From 1998 Explorer is a CERN recognized experiment.

@9# P. Astone, M. Bassan, P. Bonifazi, P. Carelli, E. Coccia,
Cosmelli, V. Fafone, S. Frasca, K. Geng, W. O. Hamilton,
W. Johnson, E. Mauceli, M. P. McHugh, S. Merkowitz,
Modena, P. Modestino, A. Morse, G. V. Pallottino, M. A. Pap
G. Pizzella, N. Solomonson, R. Terenzi, M. Visco, and N. Zh
Phys. Rev. D59, 122001~1999!.

@10# P. Astone, M. Bassan, D. G. Blair, P. Bonifazi, P. Carelli,
Coccia, V. Fafone, L. Febo, S. Frasca, L. S. Heng, E.
02200
e
e
-

l-
-

lation of a spectrum of 14.1 days, by introducing a signa
921.3 Hz and correcting it, during Doppler removal, usi
921.2 and 921.4 Hz~that is with an error of60.1 Hz). From
Table II it is easy to see that there are no significant diff
ences in the resulting spectra. Thus the final result is o
slightly affected by even a very ‘‘big’’ error such as this. Th
finding is important because it allows us to analyze just a
of discrete frequencies, for example just 1/100 of the f
quencies in the original FFTs (0.419 . . . mHz). It can be
shown that this property is intrinsic to the nature of the Do
pler correcting factor@Eq. ~9!#, which depends on thediffer-
encebetween the intrinsic and the observed frequencies@7#.

ng

e
res

,’’

,
.
-

.
.

,
,

.
.

Ivanov, A. Marini, S. M. Merkowitz, Y. Minenkov, I. Modena
G. Modestino, A. Moleti, G. V. Pallottino, M. A. Papa, G
Pizzella, F. Ronga, R. Terenzi, M. E. Tobar, P. J. Turner, F
van Kann, M. Visco, and L. Votano, Astropart. Phys.10, 83
~1998!.

@11# Z. A. Allen, P. Astone, L. Baggio, M. Bassan, D. G. Blair, M
Bonaldi, P. Bonifazi, P. Carelli, M. Cerdonio, E. Coccia,
Conti, C. Cosmelli, V. Crivelli Visconti, S. D’ Antonio, V.
Fafone, P. Falferi, P. Fortini, S. Frasca, W. O. Hamilton, L.
Heng, E. N. Ivanov, W. W. Johnson, C. R. Locke, A. Marini,
Martinucci, E. Mauceli, M. P. McHugh, R. Mezzena, Y
Minenkov, I. Modena, G. Modestino, A. Moleti, A. Ortolan, G
V. Pallottino, G. Pizzella, G. A. Prodi, E. Rocco, F. Ronga,
Salemi, G. Santonastasi, L. Taffarello, R. Terenzi, M. E. Tob
G. Vedovato, A. Vinante, M. Visco, S. Vitale, L. Votano, and
P. Zendri, Phys. Rev. Lett.85, 5046~2000!.

@12# P. Astone, C. Buttiglione, S. Frasca, G. V. Pallottino, and
Pizzella, Nuovo Cimento Soc. Ital. Fis., C20C, 9 ~1997!.

@13# G. V. Pallottino and G. Pizzella, Nuovo Cimento Soc. Ital. Fi
C 7C, 155 ~1984!.

@14# P. Astone, G. V. Pallottino, and G. Pizzella, Class. Quant
Grav.14, 2019~1997!.

@15# P. Astone, M. Bassan, P. Bonifazi, P. Carelli, E. Coccia,
Cosmelli, V. Fafone, S. Frasca, S. Marini, G. Mazzitelli,
Modestino, I. Modena, A. Moleti, G. V. Pallottino, M. A. Papa
G. Pizzella, P. Rapagnani, F. Ricci, F. Ronga, R. Terenzi,
Visco, and L. Votano, Astropart. Phys.7, 231 ~1997!.

@16# G. Prodi, inInitial Operation of the GW Detector Auriga, Pro-
ceedings of the Second Edoardo Amaldi Conference on Gr
tational Wave Experiments, edited by E. Cocciaet al. ~World
Scientific, Singapore, 1998!, pp. 148–158.

@17# J. Livas,Broadband Search Techniques for Periodic Sources
Gravitational Radiation, in Gravitational Wave Data Analysis,
edited by B. F. Schutz~Kluwer Academic, Dordrecht, 1989!, p.
217.

@18# C. La Posta and S. Frasca, Nuovo Cimento Soc. Ital. Fis
14C, 235 ~1991!.

@19# See, for example, S. A. Tretter,Introduction to Discrete Time
Signal Processing~Wiley, New York, 1976!.

@20# See Eq.~18! in P. Jaranowski, A. Krolak, and B. F. Schut
Phys. Rev. D58, 063001~1998!. Equation~18! of the above
paper contains the formula for the phase. Time derivative o
~divided by 2p) gives the instananeous frequency.
1-11


