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The detection of quasi-periodic sources of gravitational waves requires the accumulation of signal to noise
over long observation times. This represents the most difficult data analysis problem facing experimenters with
detectors such as those at LIGO. If not removed, Earth-motion induced Doppler modulations and intrinsic
variations of the gravitational-wave frequency make the signals impossible to detect. These effects can be
corrected(removed using a parametrized model for the frequency evolution. In a previous paper, we intro-
duced such a model and computed the number of independent parameter space points for which corrections
must be applied to the data stream in a coherent search. Since this number increases with the observation time,
the sensitivity of a search for continuous gravitational-wave signals is computationally bound when data
analysis proceeds at a similar rate to data acquisition. In this paper, we extend the formalism developed by
Brady et al. [Phys. Rev. D57, 2101 (1998], and we compute the number of independent corrections
Np(AT,N) required for incoherent search strategies. These strategies rely on the metstadkedpower
spectra—a demodulated time series is divided Mtsegments of lengtA T, each segment is Fourier trans-
formed, a power spectrum is computed, and khspectra are summed up. This method is incoherent; phase
information is lost from segment to segment. Nevertheless, power from a signal with fixed freduretiey
corrected time serig¢ss accumulated in a single frequency bin, and amplitude signal to noise accumulates as
~NY* (assuming the segment lengiff is held fixed. For fixed available computing power, there are optimal
values forN andAT which maximize the sensitivity of a search in which data analysis takes a totaNttie
We estimate that the optimal sensitivity of an all-sky search that uses incoherent stacks is a facter of 2
better than achieved using coherent Fourier transforms, assuming the same available computing power; inco-
herent methods are computationally efficient at exploring large parameter spaces. We also consider a two-stage
hierarchical search in which candidate events from a search using short data segments are followed up in a
search using longer data segments. This hierarchical strategy yields a furth&0 20 improvement in
sensitivity in all-sky (or directed searches for old #1000 yp slow (<200 H2 pulsars, and for young
(=40 yp fast (<1000 H3z pulsars. Assuming enhanced LIGO detectai§SO-11) and 132 flops of effective
computing power, we examine the sensitivity to sources in three specialized classes. A limited area search for
pulsars in the Galactic core would detect objects with gravitational ellipticities=dx 10" ® at 200 Hz; such
limits provide information about the strength of the crust in neutron stars. Gravitational waves emitted by
unstabler-modes of newborn neutron stars would be detected out to distances dflpc, if the r-modes
saturate at a dimensionless amplitude of order unity and an optical supernova provides the position of the
source on the sky. In searches targeting low-mass x-ray binary sy&temhbich accretion-driven spin up is
balanced by gravitational-wave spin dowit is important to use information from electromagnetic observa-
tions to determine the orbital parameters as accurately as possible. An estimate of the difficulty of these
searches suggests that objects with x-ray fluxes exceediri2® ergcm 2s ! would be detected using the
enhanced interferometers in their broadband configuration. This puts Sco X-1 on the verge of detectability in
a broadband search; the amplitude signal to noise would be increased by a factor of 5rd&d by operating
the interferometer in a signal-recycled, narrow-band configuration. Further work is needed to determine the
optimal search strategy when limited information is available about the frequency evolution of a source in a
targeted search.

PACS numbegps): 04.80.Nn, 95.55.Ym, 95.75.Pq, 97.60.Gb

I. INTRODUCTION sensitively on the location and intrinsic properties of the

The detection of gravitational waves from periodic source, searches for periodier quasi-periodigsources will
sources is seemingly the most straightforward data analysise limited primarily by the computational resources available
problem facing gravitational-wave astronomers. It is also thdor data analysis, rather than the duration of the signals or the
most computationally intensive. The long observation timedifetime of the instrument. For this reason, it is of paramount
required to detect these waves mean that Earth-motion irmportance to explore different search strategies and to de-
duced Doppler effects and intrinsic frequency drifts degradeéermine the optimal approach before the detectors go on line
the signal to noise if not removed. Since these effects deperat the end of the century.
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In a previous papefl], hereafter referred to as paper I,  Finally, we mention several other works that consider
we presented a detailed discussion of issues that arise wherarching for quasi-periodic signals in the output of gravita-
one searches for these sources in the detector output. Usindgianal wave detectors. Data from the resonant bar detectors
parametrized model for the expected gravitational wave sigaround the world have been used in searches for periodic
nal, we also presented a method to determine the number §purces. Nevet al. [12] have discussed issues in searching
independent parameter values that must be sampled in far gravitational waves from milisecond pulsars. Krolak
search using coherent Fourier transfortwhich accumulate [13] and Jaranowsket al. [14,15 have considered using
the signal to noise in an optimal fashjoThe results were matched filtering to extract |nformat|on. about the continuous
presented in the context of single-sky-position directedVave sources from the data stream. Finally, work is ongoing
searches and all-sky searches, although the method outlin&¥ the Albert Einstein Institute, G, to investigate line-
in paper | is applicable tany search over a specified region tracking algoritthms based on the Hough transfoii@l; this
of parameter space. Livdg], Joneg3] and Niebaueet al. technique looks promising, although we must await results

[4] have implemented variants of the coherent search tectn the computational cost and statistical behavior before we
nique without the benefit of the optimization advocated inc@n make a detailed comparison to the techniques described

paper |. in this paper.
In this paper, we discuss alternative search algorithms that
can better detect quasi-periodic gravitational waves using A. Gravitational waveform

broadband detectors. These algorithms achieve better sensi-

tivities than a coherent search with equivalent available coméOJrr;Eezslo(;g ?23?;;323?\3;“\/?8 rriilliler:ei? rt]zgeestgg;[ Cfongglégﬂrs“
putational resources. This improvement is accomplished b 9 Y

combining coherent Fourier transforms with incoherent ad][Or changes in the wave frequency. Physical processes re-

dition of power spectra and by using hierarchical searchegpons'ble for these changes, and the associated time scales,

that follow up the candidate detections from a first passW.ere discussed in paper . In addition, th_e detector moves
search. with respect to the solar system baryceritenich we take to

The most likely sources of quasi-periodic gravitational be approximately an inertial frafieintroducing Doppler

waves in the frequency bands of terrestrial interferometricfm(r)?#ézgotrxooéftgitgrwg?g?rgzll;\g:\;e f;?g#]zr:?z/égomaoc;;%gi
detectors are rapidly rotating neutron stars. We use the ’ P

objects as guides when choosing the scope of the examp_ee gravrfanonal-wave frequendy(t;A) an_d phasep(t;A)

searches considered below. Nevertheless, the search aIgT)-ZW“(t‘)\) dt measured at the detector:

rithms are sufficient to detect any source of continuous gravi-

tational waves with slowly changing frequency. f(t;N) =",
A rotating neutron star will radiate gravitational waves if

its mass distribution(or mass-current distributionis not

symmetric about its rotation axis. Several mechanisms that

may produce non-axisymmetric deformations of a neutron H(t;N)=27f,

star, and hence lead to gravitational wave generation, have

been discussed in the literatuf@-10. A neutron star with (1.2

non-zero quadrupole moment produces gravitational waves

at a frequency equal to twice its rotation frequency if it ro- Here f is the initial, intrinsic gravitational-wave frequency,

tates about a principle axis. Equally strong gravitationalk(t) is the detector position;(t) is the detector velocityn

waves can be emitted at other frequencies when the rotatiog a unit vector in the direction of the source, ahdare

axis is not aligned with a principal axis of the souf@lll.  arbitrary coefficients that we capindown parameter§wWe

If the star also precesses, the gravitational waves will beefer the reader to paper | for a detailed discussion of this

produced at three frequencies: the rotation frequency and th@odel and its physical origin.The vector\ denotes the

rotation frequency plus and minus the precession frequencyearch parameters- the parameters of the frequency model

[9]. that are(generally unknown in advance. In the most general
For concreteness, we consider a model gravitational-wavgase that we consider below, the search parameters include

signal with one spectral component. This is not a Iimitationfre uencvf- the polar anales used to specifh. and
of our analysis since the search strategy presented belowg eqspin-ﬁo%n pa?ametefg . e pecifn,

inherently broadband; it can be used to detect sources that
emit gravitational waves at any frequency in the detector
passband. Additional knowledge of the spectral characteris-
tics of a signal might allow us to improve our sensitivity in
the case when multiple spectral components have similar
signal-to-noise ratio. In such a circumstance, a modifiedVe note that the parametar’=f, defines an overall fre-
search algorithm would sum the power at all of the approduency scale, whereas the remaining parameters define the
priate frequencies. In a background of Gaussian noise, thghape of the phase evolution. Itis convenient to introduce the
sensitivity would improve as (number of spectral lifésjor  projected vectok = (A1, A2, \3,\%, .. .) ofshape parameters
only a moderate increase in computational cost. alone.
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The strain measured at the interferometer is a linear com- A final class of sources that we consider is accreting neu-
bination of the+ and X polarizations of the gravitational tron stars in binary systems. Several such binary systems

waves, and is given by the real part of have been identified via x-ray observations; the rotation fre-
CilSN ] quencies of the accreting neutron stars are inferred to be
h(t;N)=Ae ' : (1.4 ~250-350 Hz (fa= 700 H2. Bildsten[24] has argued

. . that these accreting objects in low mass x-ray binaries
The time-dependent amplitudéand phase’’ depend on the | \1xgs) may emit detectable amounts of gravitational ra-

detector response functions and the orientation of the sourc iation. Since the positions of these sources are well local-

they vary gradually over the course of a dé&ee Refs. ;o4 in the sky by their x-ray emissions, the Earth-motion
[7,14)). In what follows, we treatd and'W’ as constants. OUr ,q,ced Doppier modulations of the gravitational waves can
analysis may be generalized to include the additional phasge recisely determined. The difficulty with these sources is
modulation. This effectively increases the dlmensmn of thgpe unknown, or poorly known, orbits of the neutron stars
parameter space, by 1, and the number of points that must bg,, ;¢ their stellar companions and the stochastic accretion-
sampled, by-4, which translates into a reduction in relative j,qyced variations in their spin. We estimate the size of these
sensitivity of ~6%. effects, and outline a search algorithm in Sec. VII C. These

issues deserve further study in an effort to improve the

B. Parameter ranges search strategy.

The computational difficulty of a search for quasi-
periodic signals depends on the range of parameter values C. Search technique
that are considered in the search. The intrinsic gravitational
wave frequencyf, ranges from(neay zero to some cutoff
frequencyf .. If gravitational waves are emitted at twice
the rotation frequency, theoretical estimaff&g,18 suggest
that

In searches for continuous gravitational waves, our sensi-
tivity will be limited by the computational resources avail-
able, rather than the duration of the signal or the total amount
of data. Therefore the computational efficiency of a search
technique is extremely important. For example, matched fil-
fra=1.2-4 kHz (1.5  tering(convolution of noise-whitened detector output with a
noise-whitened templatenay detect a signal with the great-
depending on the equation of state adopted in the neutro@st signal-to-noise ratio for any given stretch of data; how-
star model. Observational evidence—the coincidence of thever, it becomes computationally prohibitive to search over
periods of PSR 193%21 and PSR 1957¥20—favors the large parameter spaces with long data stretches. A sub-
lower bound on gravitational wave frequency,., Optimal, but more efficient, algorithm might achieve the best
~1.2 kHz[19]. The spin-down parametefsare allowed to overall sensitivity for fixed computational resources.
take any value in the randéj|$(1/7'mm)j wherer,~f/f is ' We presgnt two possible search strategies to accumulate
the characteristic time scale over which the frequency migh$'dnal to noise from the data stream. Central to both of these
be expected to change by a factor of order unity. Observanethods is the technique we adopt to demod_ulate the signal.
tions of radio pulsars provide rough guidance about the tim&Ve can remove the effects of Doppler and spin-down modu-
scalesr,;,. In paper | we considered two fiducial classes ofl@tions by defining a canonical time coordinate

sources:(i) young, fast pulsars, witH,=21000 Hz and St ; St k+1
Tmin=40 yr, and(ii) old, ;Ipw pu!sars, Withfqu= 200_ Hz tb[t;)f]=t+ &~ﬁ+ _k +&,ﬁ ’

and 7,;,=1000 yr. To facilitate direct comparison with the c k=1 k+1 c

achievable sensitivities quoted in paper |, we again use these (1.9

two classes to present our results.

The two extremes of sky area to be searched(iareero  with respect to which the signal, defined in Ed.4), is
steradians for @irectedsearch in which we know the source perfectly sinusoidal:
location in advance, e.g., a supernova remnant, (@ndk
steradiangSr) for an all-sky search. We consider both of
these cases, as well as the intermediate case of a 0.004 Sr
search about the galactic center.

It has been suggested recently that the gravitational wavé€Remember, we treatl and W as constant in timg.The
frequency of newborn, rapidly spinning neutron stars mayintroduction of the new time coordinate can be achieved by
evolve on a time scale of months rather than decf4@d®s  re-sampling the data stream at equal intervald,in The
23]; an activer-mode instability can radiate away most of a power spectrum, computed from the Fourier transform of the
neutron star's angular momentum in the form of gravita-re-sampled data, will consist of a single monochromatic
tional waves within a year. Thus, newborn neutron stars magpike, whose amplitudérelative to broadband noisen-
be loud enough to be detected in other galaxies, in whicltreases in proportion to the length of the data stretch. In
case optical detection of a supernova can serve as a triggpractice the data will be sampled in the detector frame, so
for a targeted search. Therefore we consider the case ofthat a sample may not occur at the desired valug ofCon-
directed search for sources with frequencie$@f=200 Hz  sequently, we advocate the use of nearest-neigtgioybo-
and evolution time scales af,;,=1 yr. scopig resampling[25]. This method will not substantially

h(tp[t;X]) =A™ 27 otoltN] -~ (1.7
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reduce the signal to noise in a search provided the detector
output is sampled at a sufficiently high frequentsyee Ap-
pendix B)

When the waveform shape paramet)érare not known in
advance, one must search over a mesh of points in parameter
space. The result of a phase corrected Fourier transform will
be sufficiently monochromatic only if the true signal param-
eters lie close enough to one of the mesh points. In Sec. Il we
rigorously define what is meant by “close enough,” and
show how to determine the number of points for which cor-
rections should be applied. This number depends on the
adopted search strategy, and increases as a large power of the
total observation timd 44, Note that the method of resam-
pling followed by a Fourier transform has the benefit that a
single Fourier transform automatically searches over all fre-

qguenciesf,, leaving only the shape paramet@fsto be
searched explicitly. Other demodulation techniques, such as
matched filtering, must apply separate corrections for each

value off, in addition to theX. This increases the computa-
tional cost dramatically.

A signal can also be accumulatattoherentlyfrom suc-
cessive stretches of data by adding their power spé2éha
However, even if each data stretch is demodulated to suffi-

Acquire data series
of length T

/
Divide data series
into N stacks

{

For each fine
mesh point A :

{
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For each coarse
| mesh point A’:

!

Determine which coarse
mesh parameters A’
to use for each stack

Correct phase in each

stack by resampling
according to X’

{

Correct frequency in
each spectrum by sliding
according to A

!

| Add power spectra |

f

Compute FFT and
power spectrum
for each stack

{

Store spectra for
as long as required
for sliding

cient precision that the power from a signal is focused in a

single Fourier frequency bin, residual errors)firmay cause
the power to be at different frequencies between successive
spectra. A more precise knowledge of the phase evolution is

required to correct for this drift, i.e. a finer mesh in parameter ) ) )
FIG. 1. A flowchart representation of tiséacked slidalgorithm

;pace. .Once a set of parameter correctibnsis ass_umed, it to search for sources of continuous gravitational waves. Notice that
'S_ relatively easy to CorreC.t for _the frequency drift: Succe,s'the computational cost of sampling the fine grid is reduced by slid-
sive power spectra are shifted in frequency by a correctiofg the power spectra, rather than re-computing a fast Fourier trans-
factor Af, whereAf is computed by differencing(t;\), in form (FFT) for each point on the fine grid.

Eq. (1.1), between the initial and corrected guessestpas

a function of the start time of each data stretch. Once thd he phase corrected stacks are fast Fourier transformed and
spectra have been corrected hy, they can be added to- the power spectra stored for as long as they are required in
gether. This accumulates signal to noise less efficiently thathe next step. The individual power spectra are then shifted,

coherent phase corrections and FFT’s, but is computationalliglative to each other, to correct for residual frequency drift.
cheaper. The corrected power spectra are summed, and searched for

spikes that exceed some specified significance threshold
[26]. The procedure is summarized in the flowchart in Fig. 1.

The search techniques considered in this paper are vari-
ants on the following scheme. First, the data stream is di-
vided into shorter lengths, calledtacks Each stack is phase We also consider a two-pass hierarchical search strategy.
corrected using a mesh of correction points sufficient to conin this case, one performs an initial search of the data using
fine a putative signal te- 1 frequency bin in each stack. This a low threshold that allows for many false alarms. This is
procedure is complicated somewhat by the evolution of théollowed by a second pass, using longer stretches of data, but
spin-down parameters with time. The following recipe deter-searching the parameter space only in the vicinity of the
mines the parameters used to phase correct each stadandidate detections of the first pass. This procedure is sum-

Choosex from the fine mesh, compute tharycentered time Marized in Fig. 2. The advantage of a hierarchical search is
t+>?(t) -n/c for the start of the entire search and the start oftWOfc’ld: (i) the low threshold on the first pass allows detec-

a given stack. Call the differencat,... The appropriate tion of low-amplitude signals that would otherwise be re-

spindown parameters to use for the given stack are those éﬁCted’ and i) .th? second pass can search longer data
the coarse grid which are closest to stretches on a limited computing budget, because of the re-

duced parameter space being searched, thus excluding false
positives from the first pass. If the thresholds and mesh
points are optimally chosen between the first and second
passes, this technique achieves the best sensitivity of the
strategies considered here and in paper | for given computa-
tional resources.

Record f and A
for any bins above
threshold p

1. Stack-slide search

2. Hierarchical search

> NI (/K) (Atg)" K
n=k
1+ 2, NP I(Atgn"
n=1
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Acquire data series
of length 7™

First pass:
Search entire range

List of
"candidate sources”:

bins f and patches A that
exceed threshold 'V

in f and A using
threshold

Acquire more data to
atotal length T @

Second pass:
Search only bins in f and

» patchesin A around
candidate sources, using
threshold p®

List of

"verified sources":
bins f and patches A that
exceed threshold ¢?

FIG. 2. A flowchart representation of timgerarchical algorithm

to search for sources of continuous gravitational waves. It should b
noted that while this approach will almost certainly be incorporate

into the eventual search algorithm for gravitational waves, the real
benefit of such an approach will be to increase the confidence in %

detection made using some other technique.

D. Results

The sensitivity® = 1/hy, of a search is defined in Egs.
(3.3) and(3.4). The threshold strain amplitudw;, is defined
SUCh that there iS a 1%pl‘i0ri probablllty that deteCtOI’ noise and those from Sco X-1 are based on the recent analysis by
alone will produce an event during the analysis, and theregij|gsten[24].
search. We compare our results for the sensitiétyto a

canonical sensitivity determined by the search threshol@nmysis should proceed at roughly the same rate as data
hay=4.2yS,(f) X10™* Hz, whereS(f) is the one-sided acquisition,(ii) finite computational resources will be avail-
power spectral density of the noise in the detector. Thisable to perform the data analysis, afiid) in a search, the
threshold is the characteristic amplitude of the weakespverall false alarm probability should be smalsually taken
source detectable with 99% confidence in a coherent sear¢h be 1%).Given these assumptions, there is an optimal
of 10" s of data, if the frequency and phase evolution of thechoice for the duratiof ., of data to be analyzed and how
signal are known. The relative sensitivi®),, is given by
0Oe=hgy /hy,; a relative sensitivity® =0.1 for a search
means that a signal must have a characteristic amplityde to the constraintéi)—(iii) [28]. To demonstrate the existence
= 10X hgy, to be detected in that search. Figure 3 shbys
based on noise spectral estimates for three detector systemdg of a search for young, fast pulsars as a function of the
in the Laser Interferometer Gravitational-wave Observatorhumber of stacks and the available computing power in Fig.
(LIGO): the initial detectors are expected to go on line in the4. The optimal number of stacks can be read off the plot for
year 2000, with the first science run from 2002 to 2004, thefixed computing power. Note that the maximum sensitivity
upgrade to the enhanced detectors should begin 2004,
with subsequent upgrades leading to, and perhaps past, theost computationally bound. This may be extremely rel-
advanced detector sensitivity. The expected amplitindex
several putative sources are also shown; we use the definiticgigement issues may impose more severe constraints on the
of h, given in Eq.(50) of Ref.[27] and Eq.(3.5) of paper I.
The strengths of gravitational waves from the Crab and Velalo. This remains to be explored when the data analysis plat-
radio pulsars are upper limits assuming all the rotational enforms have been chosen.
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FIG. 3. Characteristic amplitudes, [see Eq.(3.5 in [1]] for
several postulated periodic sources, compared with sensitivities
hgy, of the initial, enhancedbroadband and narrow bandnd ad-
vanced detectors in LIGON(z,, corresponds to the amplitudie of
the weakest source detectable with 99% confidencéy'm: 10's
integration time, if the frequency and phase of the signal, as mea-
sured at the detector, are known in advahémng-dashed lines
show the expected signal strength as a function of frequency for
pulsars at a distance of 8.5 kpc assuming a gravitational ellipticity
=105 of the source(see Ref[1]). Upper limits are plotted for
the Crab and Vela pulsars, assuming their entire measured spin
own is due to gravitational wave emission. The characteristic am-
litude of waves front-modes is also shown. These signals are not
recisely periodic; rather, they chirp downward through a frequency
and of~200 Hz in 2x 10’ s. Finally, the strength of the gravita-
tional waves from LMXB’s, normalized to the observed x-ray flux
from Sco X-1, is plotted under the assumption that gravitational
waves are entirely responsible for their angular momentum loss.

ergy is lost via gravitational waves. The estimates of waves
from the r-mode instability are based on Owenal. [23],

reasonable assumptions about any search strategglata

many stacks it should be divided into. The optimal choice is
that whichmaximizeghe final sensitivity of a search subject

of this optimum point, we have plotted the relative sensitiv-

in this plot is quite flat, especially in the regime where one is
evant when implementing these search technigues; data man-

size and number of stacks than computational requirements
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1011 1012 1013 1014 1015 1016 los)
Computing power (flops)

FIG. 4. A contour plot of the relative sensitivity defined in Sec.
I D as a function of available computing power and the number of
stacks in the search. The plot indicates the sensitivity that can be . . o .
achieved using a stack-slide search for sources #Witli000 Hz FIG. 5. Relative amplitude sensitivitié e=hgy:/hy, achiev-

and =40 yr. The darkest shading represents the worst sensitivityf.ible with given computational resources farone pass stack-slide
search strategies arft) two-pass hierarchical strategiassing the

For a fixed number of stacks the sensitivity improves with increas- tack-slide alqorithm i h 3h it ted f
ing computing power as expected. Notice that for fixed computing. ack-silde aigorithm In €ac pasShe results are presented for our
iducial classes of source§) all-sky search for youngi=40 yr),

resources there is generally a point of optimal sensitivity; indeed th .
number of stacks at this optimal operating point should be com!ast (<1000 H2 pu|SaI’S,(.I.I.) al!-sky search for old £=1000 y,
pared with those given in Table I. It is important to notice that theS|OW (st_OO H_z) pulsars(iii) directed search for young, fast p_uI-
maximum falls off very slowly as the number of stacks increases. S&/S: and_(lv) directed search for OId’_ slow pulsa_rs. For a given
computational power, we have determined the optimum observation
) ) o time and number of stacks as described in Secs. IV and VI. fijyus
Figure Ha) shows the optimal sensitivities that can be s the expected sensitivity of the detector for an optimal stack-slide
achieved, as a function of available computing power, usingearch, with 99% confidence. For comparison, the relative sensitiv-
a stack-slide search. The results are presented for both flduy achievable in a 10s search with infinite computing power is
cial classes of pulsars: old-£1 000 yp slow (f<200 H2 shown in the bar on the right of each figure. When the relative
pulsars and youngr=40 yr) fast (f<1 000 H2 pulsars. In  sensitivity of a search exceeds this reference value, using finite
each case, we have considered both directed and all-slgpmputational resources, it indicates that the search uses more than
searches for the sources. The results should be comparé€’ s of data.
with those of paper I, in which we considered coherent

searches without stacking: the use of stacked searches gai$,meters in LIGO out to distancess Mpc; the rate of

afe;cr:]tor °f~2f_At' n senS|tr|]y|ty. hical h further i supernovae is-0.6 per year within this distance. Finally,
€ use ot a two-pass hierarchical search can further | gravitational waves from accreting neutron stars in LMXB's
prove sensitivities by balancing the computational require-

ments between the two passes. Figuie Shows the sensi- may be detectable by enhanced interferometers in LIGO if

fiviti hievable when h tack-slide strat we can obtain sufficient information about the binary orbit
€s achievable when €ach pass USes a stack-slide strategy, ,, electromagnetic observations. Sco X-1 is on the mar-
The sensitivities achieved exceed those of one-pass stac

slide searches by- 20— 60 % ins of detectability using the enhanced LIGO interferom-

’ . eters operating in broadband configuration. We estimate that
The computational requirements for all-sky, all-frequency. P 9 g

L . the amplitude signal to noise from these sources could be
surveys are sufficiently daunting that we explore three re: b g

stricted searches in Sec. VIi) a directed search for a new- g?npé?evrei?] zys%:]i\?-troercggesd, r112 rrtz))(/v?t[)):rﬁtlggn;igirlgiﬁ)rr?r
born neutron star in the youngs(l yr old) remnant of an

extra-galactic supernovdii) an area search of the galactic
core for pulsars withr=100 yr andf<500 Hz, andiii) a
directed search for an accreting neutron star in a binary sys- In Sec. Il we extend the metric formalism that was devel-
tem (such as Sco XJ1 Figure 6 shows the relative sensitivi- oped in paper | to determine the number of parameter space
ties attainable in such searches. With computational repoints that must be sampled in a search that accumulates
sources capable of 1 Tflop, we expect to see galactic corgignal to noise by summing up power spectra. This method
pulsars with enhanced LIGO if they have non-axisymmetriccan then be used to compute the number of correction points
strains ofe=5x10"° at frequencies of- 200 Hz. Estimates needed in a stack-slide search. Approximate formulas, useful
of the characteristic strain of gravitational waves from anfor estimating the computational cost of a search, are pre-
active r-mode instability in a newborn neutron star suggestsented for the number of corrections needed in an all-sky
that these sources will be detectable by the enhanced intesearch and also in directed searches of a single sky position.
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2 e We discuss three specialized searches in Sec. VII. In par-

= -7 ticular, we discuss issues that arise when the source of gravi-

@ T ——— . tational waves is in a binary systefa.g. an LMXB). Intro-

g I ] ducing a parametrized model of the binary orbit, we estimate

z 0.1 = E the number of parameter space points that must be sampled

Z F — @ rmode ] in a search for the gravitational waves from one of the ob-

5 L Gy 1 jects in the binary. When the gravitational-wave emitter is

Zool b e b accreting material from its companion, we also allow for

(@) 101C1 10 10 10" 10% 10! stochastic changes in frequency due to fluctuations in the
omputing power (flops) accretion rate.

£10-28 Ty T T g Detailed formulas for the number of points in parameter

$107= = \ @}_‘P/f space when dealing with a stacked search are presented in

510*25 ;é w"@/w = Appendix A. In Appendix B we discuss the loss in signal to

ilo'% _%F““‘ il .wi/©/”°. N noise that can occur when using nearest neighbor resampling

g 10728 F= Ty _z to apply corrections to the detector output. If the data is

“10:: e \ R sampled at 16 384 Hz, we demonstrate that this method will

Eig_% ?:g = lose less than 1% of amplitude signal to noise for a signal

@10_23 S T with gravitational wave frequencs:z 1000 Hz.

1073 8 =

5100 B 5 \dmgEent T Il. MISMATCH

©10-26 % Y

5 ! IIIIIII‘ L1 LIl Il II';IHI[

10 100 1000 In a de_tection strategy that searches over a discrete me§h
(b) Frequency (Hz) of points in parameter space, the search parameters and sig-
nal parameters will never be precisely matched. This mis-
FIG. 6. Panel@) represents the relative amplitude sensitivities match will reduce the signal to noise since the signal will not
0=hgy,/hy, achievable with given computational resources, inbe precisely monochromatic. It is desirable to quantify this
three specialized searchéb: A search for a newborn neutron star |oss and to choose the grid spacing so that the loss is within
(whose direction is determined by observing an optical supejnovaacceptable limits. This can be achieved by defining a dis-
that is spinning down by gravitational wave emission via an activetance measure on the parameter space based on the fractional
r-mode instability. We tookr=1 yr andf<200 Hz.(ii) A search  |gsses in detected signal power due to parameter mismatch.
for pulsars in a region extending 0.004 sr about the galactic corgn paper | we derived such a measure in the case where the
with 7=100 yr andf <500 Hz.(iii ) A source in a binary orbit, .9. search was performed using coherent Fourier transforms; this
Sco X1 We assume the orbit is c_haracterlzed by two orthogonqlnethod was modeled after Owen’s computation of a metric
velocity parameters, known to within a total error of 17 (krfys) on the parameter space of coalescing binary wavef¢as

\C/jver;u\rl\tlhzlakr ?ssiurr}e tfhztdtdhii f:egurerthySO(r) I;znexge:lencehs af rz]n- We extend this approach to the case of incoherent searches,
0 alk typical 0 glon-rate accretion. For eacn of s, \ hich several power spectra are added incoherently, or
sources, pane(b) shows hy, for initial (upper lineg, enhanced

(middle lineg, and advance@ower lineg interferometers in LIGO, stacked ar.ld then searched fpr spl'kes. .

assuming 1 Tflops of computing power. Thus this is the character- Let h(t;A) be a hypothetical slgnal given by EL.4)

istic amplitude of the weakest source that can be detected with 999¢/ith true signal paramete®s=(fy,\); we use the complex
confidence using a two pass-hierarchical search strategy. We haferm of h(t;\) without loss of generality. If the data con-
also indicated the threshold sensitivity, for enhanced LIGO in taining this signal are corrected for some nearby set of shape
narrow-band searches for LMXB's; the center frequency coincide@arameter‘{Jr AN, the signal will take the form

with the expected wave frequency for Sco X-1.

—_

hb(t;)\’A}\):Ae—i{waotb[t;):]-f—dz[t;)\]—dz[t;(fo,):+A):)]}'
We discuss the the issue of thresholding in Sec. lll. Then (2.9

we present the computational cost estimates, and determine

the optimal parameters for single-pass, stack-slide searchid1ere the subscrifii is used to indicate the corrected wave-
in Sec. IV. form, and¢[t;\] is defined in Eq(1.2). In a stacked search,

}he data are divided intt\ segments of equal lengthT

Section V contains a general discussion of hierarchica q h of th s is Fourier t ¢ 4. and
searches for periodic sources using a single interferometerccONdS, €ach orthese segments Is Founier transtormed, an

Schutz [29] has emphasized the potential of hierarchicalthen @ power spectruR,(f;X\,AN) is computed according
strategies in searches for periodic sources. The relationshif the formula

between the threshold in the second stage of the search and N
the threshold required in the first stage is discussed in detail. HFAAN)=2 (AN |2 29
We also present the computational cost of each stage of the (AR gl In(F AN 22

search. These results are used in Sec. VI to determine the
optimal search parameters in hierarchical searches for ourhe Fourier transform of each individual segment is defined
fiducial classes of sources. to be
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- - A (kAT A GLAAN o) 1 J‘kAT (. dyy (
he(f; N AN ——f e SltAA dt 2.3 kT ---)d blAN=0" 2-11)
k( ) /—T (k-1) b ( ) AT (k—1)AT

In a search, we will look for spikes in the power spectrum
H(f;\,AN) computed from the detector output; that is, we
A@[t; N AN]=27(f —fo)ty+ B[t;(fo. N +AN)]— S[t;N]. will look for local maxima in the frequency paramefeiThe
(2.4 relevant measure of distance in the space of shape param-
R eters\ is the fractional loss in power due to mismatched
Here AN=(f—fy,AN) denotes the error in matching the parametersAX, but after maximizing over frequency. We

modulation shape parameteand the error in sampling the o afore define therojected mismatclm()f,A)f) to be
resulting power spectrum at the wrong frequency. Both og

these errors lead to a reduction in the detected power relative .. _ o
to the optimum case where the carrier frequency and the m(N,AN)=min m()\,A)\):Z yij()\)A)\'A)\J,
phase modulation are precisely matched. f b

Themismatch ni\,AN), which is the fractional reduction (2.12
in power due to imperfect phase correctiand sampling at

whereA ¢ is given by

the wrong Fourier carrier frequency, is defined to be where
-~ giogjo>
H(f;N AN i=|gij— 2.1
m(x,m\):l—(—f. (2.5 % ( Y doo /yog (&9
H(fy;\,0) max

0 1.2 . is the mismatch metric projected onto the subspace of shape
RememberA=(A",\)=(fo,A",A%, .. .). Substituting the o5 ameters, ané, ., is the maximum frequency that we in-
expressions foH from Eq. (2.2) into Eq. (2.5, we find clude in the search. The meaning of the minimization;rign
N clear from the definition of the mismatch in EQ..6).
~k(f;)\1AK)|2- 2.6 Technica_lly, ¥ij should be cqmputed f_ro'rgaﬁ evalqated
at the specific value of at which the minimum projected
mismatch occurred. Since this number is unknown in ad-
It is easily shown tham(X,A\) has a local minimum of zero vance of detection, we evaluatg; for the maximum fre-
whenAN=0. We therefore expand the mismatch in powersquency that we include in the search. In this way we never
of A\ to find underestimate the projected mismatch.
The distance function, and in particular the metric in Eq.
(2.13, can be used to determine the number of discrete mesh
m(?\,m\)=a2ﬁ Jap(MAN“ANP+O(AN®), (27 points that must be sampled in a search. Pdie the space

of all parameter values to be searched over, and define the

where (@, 8) are summed over 0,1.. j, ... . The quantity ~Maximal mismatchum,y to be the largest fractional loss of
gap is a local distance metric on the parameter space. ThiBower that we are willing to tolerate from a putative source
metric is explicitly given by with parameters irP. For the model waveform in Eq€L.1),
(1.2, and (1.4) this parameter space is coordinatized )By
1 =(6,¢,f1,f5, ...)wheref, ¢ denote location of the source
9ap(N)= §§Ax“‘9Axﬂ MmN AN ax-o, (2.8 on the sky, and; are related to the time derivative of the

intrinsic frequency of the source. Each correction point of

It is convenient to express, ; as a sum of metrics computed 2VKmax/N, wheren is the dimension of; this ensures that

for the individual stacks, that is all points inP are within a proper distange,,, Of a discrete
mesh point as measured with the metyjc. The number of
1 N patches required to fill the parameter space is
9up(N) =15 2, 9N (2.9

® L)\/dell ’y” |dn)\
where the individual stack metricg,(N) are explicitly N, (AT, Ny=————— (2.14

given by e 2 lad )"
9%UN) =(9ara A dars Aphk—(Iara Ad)(Iare Ab)y. Since pmay is the maximum loss in detected powater the

(2.10 power spectra have been added,(AT,wmax,N) is the

number of patches required to construct fime mesh in the
The phase erroA ¢ is given in Eq.(2.4), and we use the stacked search strategy described in Sec. | C. The coarse
notation mesh in the stacked search strategy requires that the spikes in
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the individual power spectra be reduced by no more thamo be circular. However, in this paper we are concerned also
Mmax; consequently, the number of points in such a mesh isvith the dependence &, on the number of stackd. This

simply N, (AT, tmand)- significantly complicates the calculation of the metric and its
determinant, and makes it necessary to adopt some approxi-
A. Directed search mations in the calculation. Fortunately, the results of interest

. here are insensitive to small errorsit .
In most cases, the forms of Edd.2) and(1.6) are suffi- In paper | we mentioned that there are strong correlations

ciently complicated to defy analytical solution, especiallybew\/een sky position and spindown parameters. This re-

sincev in Eq. (1.2) should properly be taken from the true quires the use of the fullst- 2)-dimensional metric. How-
ephemeris of the Earth during the period of observationever, these correlations are due primarily to the Earth’s or-
However, for the case of a directed search, that is a search j§ital motion, which has a low-order Taylor approximation
just a single sky direction, the phase correction is polynomiafor times much less than a year. Therefore we treat the num-
in t, and the metric can be computed analytically. To a goother of patches as the product of the number of spin-down
approximation, the metric is flat — the SpaCing of pOintS in patches times the number of Sky positimS’ Computed
parameter space is independent of the value of the spin-dowghalytically using only the Earth’s rotational motion. We
parametersf(;,f,, ... fs). For a given numbes of spin-  note that this approximation is appropriate only for comput-
down parameters in a search, the right hand side of Edng the number of patchesyhen actually demodulating the
(2.14) can be evaluated analytically. The result is expressedignals, the true orbital motion would have to be included

as a productV;Gs, where This approximation works well as long as the orbitaidu-
s (s+3)12 als (the remaining orbital modulations after correction on
N Frna(AT) 21 this sky meshare much smaller than the spin-down correc-
s_(,umax/S)S/zTﬁﬁﬁf 12 219 fions being made at the same powet.iiThe residual orbital

velocity at any powetX is roughly
depends on the maximum frequenfGys, (in Hz), the length
of each staclAT (in seconds the maximal mismatclu .y, X E(Qt)k (2.21)
and the minimum spindown agg,, (in secondsconsidered Kl \/ﬁs c ' '
in the search. The dependence on the number of stddks
contained inG¢(N), which are given by

where ¢ is a humber of order unityM; is the number of

Go(N) =1 2.16 sky patches, and=1AU and()=27/yr are the Earth’s or-
0 ’ ' bital radius and angular velocity. When the range in this
N residual is comparable to or larger than the range in the cor-
G1(N)~0.524, (217 responding spin-down teriiytX, the “spin-down” parameter
- 3 space must be expanded to include the orbital residuals. The
G2(N)~0.0708V%, 218 range in«y is difficult to arrive at analytically. We have
- 6 found that using a maximum value 6£0.3 gives good
G3(N)=~0.00243", 219 agreement with the numerical results of papédr.é. for N
when N>4. The detailed expressions f@(N) are pre- —1), to within factors of~2. , _
sented in Appendix A. For up to 3 spin-down terms in the ©One other approximation was made in computing the
search, the number of patches is then number of sky patches. We found that the measidef y;; |

for the sky position metric is almost constant in the azimuth
Np(AT, tmax.N)= max [NGsN)]. (220 ¢, and has a polar angle dependence that is dominantly of
se{0,1,2,3 the form sin 2. When performing the integral over sky po-

o o _ sitions, we approximated the measure {gef y;;[=const
The maximization accounts for the situation where InCI’eaSX sin 20’ this approximation is accurate to about 1 part in
ing s, the dimension of the parameter space, decreases thep.
value of ;G because the parameter space extends less than Gjven these approximations, the number of patches for a
one patch width in the new spin-down coordindte one  sky search is
should not search over this coordinate.

_ £ 0.3 QK 17k,
B. Sky search No= max | MNGG] | 1+ ————] |.
. . . 5€{0,1,2,3 k=0 c kly Mg
For signal modulations that are more complicated than (2.22

simple power-law frequency drift, it is impossible to com-

pute N, analy_tlcally. In an actual search over sky posmon.s.l_he number of sky patches(,, in the s+ 2)-dimensional
as well as spin down, one should properly compute the mis- L :

. . ) . search, is given approximately by
match metric numerically, using the exact ephemeris of the

Earth in computing the detector position. In paper | we com-
puted N, (AT, umanl) numerically, with the simplification

2
Mo Tmax
that both the Earth’s rotation and orbital motion were taken S Apmaxl (S+2)

(A2+B 2+C 2712 (223
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where tor. Consequentlyy=1—F can be thought of as the confi-
dence of detection. In a non-hierarchical search, the thresh-
A=0.014, 224 o pc is set by specifyingr and then inverting E¢(3.2).
Finally, how does the thresholg affect the sensitivity of
B=0.046 AT/1 day?, (2.25 y i y

our search? We define a threshold amplitigeto be the
minimum dimensionless signal amplitude that we expect to

— 5 3
C=0.18AT/1day> N (2.26 register as a detection in the search, that is

This is a fit to the analytic result given in Appendix A. The ;
number of spin-down patches NGs in the = \/ (pc/N=S) (3.3
(s+2)-dimensional search is (F2)(1—(u)AT
_ s5/2 where(F2) is the square of the detector response averaged
NSGSZWZNSGS (2.27 over all possible source positions and orientations, {@rid

= umad3 is the expected mismatch of a signal that is ran-
where A, and G, are given in Eqs(2.15—(2.19, and the ~domly located within a patcf81]. The sensitivity® of the
prefactor on the right corrects for the sky dimensions. Theséarch is then defined by
remaining product termél in Eq. (2.22 represent the in-

crease in the size of the spin-down space in order to include A= ioc A /(1_'“ma>!3)AT. (3.4)
the orbital residuals. hin pc/N—=S,

For any given search strategy, the goal of optimization is to
maximize the final sensitivity of the search, given limited

The thresholds for a search are determined under the agomputational power.
sumption that the detector noise is a stationary, Gaussian
random process with zero mean and power spectral density IV. STACK-SLIDE SEARCH
S,(f). In the absence of a signal, the powéY,(f)
=2|71(f)|2 at each sampled frequency is exponentially dis-
trlbgtgd with probability den§|ty fﬁnCt'O'e Pl . The algorithm are shown in the flow chart of Fig. 1. In this sec-
statistic for stacked spectra jis=21Py(f). The cumulative  qn \ve estimate the computational cost of each step, and
p_robabl_llty distribution function forp, in the absence of a {etermine the ultimate sensitivity of this technique.
signal, is The first step, before the search begins, is to specify the
N-1 Y(N,p/S,) size of the parameter space to be seardhedchoose .y,

= ’ 7, and a region of the skythe computational powe? that
N—1)! (N—-1)! will be available to do the data analysis, and an acceptable
(3.)  false alarm probability. From these, one can determine opti-
mal values for the maximal mismatgh,,,, for a patch, the
number of stackd\, and the lengtlA T of each stack, using
the optimization scheme discussed at the end of this section.
For now, we treat these as free parameters.

Coarse and fine grids are laid down on the parameter
space with Npc=Np(AT, umaxl) and Nps
=Np(AT, umax,N) points, respectively. The data stream is
low-pass filtered to the upper cutoff frequenéy,.,, and
broken intoN stretches of lengtiAT.

Each of the steps above have negligible computational

_ _ cost since they are done only once for the entire search. The
F=Tmad TNo(AT, o N) (1= CDFLpc/Sy NJ)- 3.  subsequent steps, on the other hand, must be executed for
' each of theN . correction points.

[In reality, there will be correlations between the statistic Each stretch of data is re-sampléat the Nyquist fre-
computed for different frequencies and different patchesquency Z,,5) and simultaneously demodulated by strobo-
Since this will reduce the number of independent trials, Eqscopic sampling for a set of demodulation parameters se-
(3.2 overestimates the number of false events. This is dected from the coarse grid. The resulNglemodulated time
small effect that should not change the overall sensitivity ofseries, each one consisting £ 2f,, AT samples. Since
a search by much. It is only in the case that the number o$troboscopic demodulation only shifts one in every few thou-
trials is initially small that one should be concerned with thissand data pointeassuming a sampling rate at the detector of
effect; unfortunately, we operate in the other extrgnifeF 16 384 Hz), the computational cost of the demodulation it-
<1, the number of false evenksis approximately equal to self is negligible.
the probability that an event is caused by noise in the detec- Each stretch of data is then Fourier transformed using a

Ill. THRESHOLDS AND SENSITIVITIES

A stack-slide search is the simplest alternative to coherent
searches we consider here. The main steps involved in the

pISy
CDF[p/Sn,N]=j efr(
0

wherey(N,p/S,) is an incomplete gamma function.

A (candidate detection occurs wheneverin some fre-
guency bin exceeds a pre-specified threshgldtchosen so
that the probability of a false trigger due to noise alone is
small. There ard ., AT Fourier bins in each spectrum and
Np(AT, umax,N) spectra in the entire search. Therefore we
assume that a search consistgf ,, AT independent trials
of the statisticp, and compute the expected number of false
eventsF to be
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FFT algorithm with a computational cost ofn8Ilog,(n) TABLE I. The optimum stack length T, number of stack\,
floating point operations. Power spectra are computed fof?@ximal projected mismatchum,y, and the relative sensitivity

each Fourier series, costing 3 floating point operations pef e~ Naw/hn as functions of available computational power for
frequency bin, i.e. a total cost of il floating point opera- directed, stgck-slldg sgarches. The threshold was chosen to give an
tions. overall statistical significance of 99% to a detecti@fthough the

For demodulation parameters in the coarse grid théesults are insensitive to the precise valuehe optimization was
power of a matched signal will be confined tol Fourie,r performed numerically using simulated annealing, which accounts

o . . for some of the fluctuations in the observation times.
bin in each power spectrum, but not necessarilystirmebin
in different spectra. To ensure that power from a signal is
accumulated by summing the spectra, we must apply the

Young (tmin=40 yr), fast .=1000 Hz) pulsars

following steps for each of thdl,¢ correction points in the E;,l(())msp))ute power (dAaTg N Homax Ore
fine mesh. P Y

For a given set of parameters from the fine mesh, one.o0x 10% 0.52 157 0.49 0.13
determines which power spectra from the coarse grid are tg.16x 101 1.15 56 0.43 0.13
be summed, using Eq1.8). For each of theéN spectra to be 1.00x 102 1.24 60 0.41 0.14
stacked, the frequency of a putative signal with initial fre-3 16x 1012 1.51 55 0.43 0.15
quencyf . is computed using Eq1.1). These can be read 1 ggx 102 1.65 58 0.43 0.16
from a look-up table generated when the meshes were laigl 15+ 103 1.79 62 0.43 0.17
out. Each spectrum is re-indexed so that the power from such g 1014 201 63 0.42 0.18
a signal would be in the same frequency bive ignore the 5 16,1014 231 62 0.42 0.19
computational cost of this stgpand the spectra are added 1.00x 1015 257 64 0.43 0.20
[0.5n(N—1) floating point operatior}s We automatically 5 15 155 293 64 0.43 0.21

account for corrections at other frequencies by applying thgl'OO>< 10t
fine grid corrections in this way. It may be possible to reduce
the computational cost of this portion of the search by not-
ing, for example, that we over count the fine grid corrections

3.17 69 0.44 0.22

Oold (7min=10% yr), slow (f =200 Hz) pulsars

for signals with frequency,,./2 by a factor of 2 wheren is Compute power At N Fmax Ore
the dimension of the parameter space being explored. SindfPd (days

it is difficult to assess the feasibility of using this in a real 1 ggx 107 1.15 236 0.49 0.23
search, we simply mention it so that it might be explored at3 16« 107 1.58 206 0.49 0.25
the time of implementation. 1.00x 108 204 199 0.50 0.28
The resulting stacked §pectrgm is scanne_d for peaks that; g, 18 263 192 0.49 0.31
gxceed the thresholgl. . Since th|s ha§ neghglbl_e computa- 4 g, 10° 354 172 0.49 0.34
tional cost! the numbgr of floating point operations requwed;16>< 109 4.29 183 0.49 0.38
for the entire search is 1.00x 10 5 26 192 0.49 0.42
C=3nNN,[logy(n)+0.5+Ny(N—1)/(6NN,)]. 3.16x10%° 6.52 197 049 047
4.1 1.00x 10" 12.62 95 0.47 0.52
3.16x 10 19.41 59 0.43 0.55
If data analysis proceeds at the same rate as data acquigiogx 102 21.28 62 0.42 0.58

tion, the computational poweP required to complete a
search isP=C/NAT floating-point operations per second
(flops). Equation(4.1) and the definition oh=2f, AT im-

ply that the computational power is and have determined optimal valuesgf.x, N, andAT for

a range of values of the available computational power.
— _ Table | shows the results for directed searches for young, fast
P=6TmalNpol1082(n) + 0.5+ Nor(N=1)/(6N Ny 1 (=40 yr, f ... =1000 H2 and old, slow ¢;,=21000 yr,
fmax= 200 H2 pulsars, respectively. Table Il shows the re-
The final sensitivity®, defined in Eq(3.4), of the search  sults for an all-sky search for the same two classes of source.
is determined once we know the functidly, the frequency The optimal sensitivities achieved by these searches are sum-
fmax, the maximal mismatclx .., and the confidence level marized in Fig. %a) of the Introduction.
a=1—F. An optimized algorithm will maximize® as a It is worth pointing out here that we have assumed
function of umay, N, andAT, subject to the constraints im- memory and I/O requirements to be irrelevant in determining
posed by fixing the false alarm probabilig and the com- the computational cost. Specifically, power spectra generated
putational powelP. on the coarse grid are stored as long as they are needed for
The results of the optimization procedure are given inthe sliding portion of the search. In practice, it may prove
Tables | and Il for the fiducial classes of pulsar defined innecessary to recompute power spectra or to retrieve them
Sec. | B. In each case we have set the probability of a falsbéom slow-access data storage. Such hardware- and
alarm threshold & = 0.01(indicating a 99% confidence that implementation-specific details are beyond the scope of this
detector noise will not produce an event above threghold paper.
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TABLE Il. Same as in Table I, but for an all-sky search. events. If(as we assumeall of these trials are statistically
independent, the number of false events above the threshold
Young (7min=40 yr), fast .,=21000 Hz) pulsars p(l) will be

Compute power AT N Mmax O e

(flops (days FO=NENM (- CDAp®/s(P NDY). (5.0)

1.00< 10" 0.04 1232 0.50 0.07 e assume that the number of false events will significantly

3.16x10" 0.06 830 0.49 0.07  exceed the number of true signals in this pass; consequently

1.00¢10* 0.08 651 0.49 0.08  the number of events to be analyzed in the second pass will

3.16x 10" 0.11 475 0.49 0.08 peF®.

1.00<10'* 0.16 329 0.50 0.08 The second stage uses a coarse grid wiy?)

3.16x 108 0.21 250 0.48 009 _— Np(AT(z),M(Z),l) points and a fine grid witthzf)

1.00x10* 0.30 166 0.50 009 =N (AT®), 1 N®@) points. On average each false alarm

3.16x<10" 0.36 152 0.49 010 will require N@/NSY coarse grid points anbl{?/N? fine

1.00x10%° 0.37 179 0.50 0.10  grid points in the second stag&Vhen a second-pass mesh is

3.16x10° 0.41 184 0.50 0.11  coarser than the first pass’s parameter determination, the cor-

1.00x10' 051 154 0.50 0.11  responding ratio should be taken as unitiFurthermore,
since the first stage will identify the candidate signal’'s fre-

Old (7pnin=10% yr), slow (f =200 Hz) pulsars guency to within~2 frequency bins, the second-stage search
Compute power AT N Mmax O el should be over the 2T®?/ATM) second-stage frequency
(flops) (days bins that lie in this frequency range. Once again, we assume

that the noise in all frequency biriand over all grid points

1
1.00x 18111 118 o4 0.42 0.14 is independent, so the number of false events that exceed the
i(ngxx 1012 122 22 8'35 8'1‘51 thresholdp(® in the second stage is
3.16x 10" 2.40 31 0.31 0.16 1—a=F®
1.00x 10" 2.84 27 0.27 0.16
3.16x 10" 3.10 27 0.28 0.17 N@ ATE)
_ 1) pf 2)a(2 2
1,00 104 3.2 29 030 017 =2F 5 (1~ COAp @IS N
3.16x 104 3.38 30 0.28 0.18 pf
1.00x 10'° 3.77 29 0.29 0.19 = 2fma)AT(2)NE)2f)(1_ CDH pM/stH N@Y)
3.16x 10'° 4.67 24 0.27 0.19 2)1e(2) (2
1.00x 1016 5.81 19 0.21 0.20 X(1—CDH p®/s{? ,N@)Y), (5.2

where « is our desired confidence level for the overall
V. HHERARCHICAL SEARCH: GENERAL REMARKS search.
The threshold$™ andp® cannot be assigned indepen-

The basic hierarchical strategy involving a two pass ently; rather, they should be chosen so that &g signal

search is represented schematically in Fig. 2. In the first pass,” """ . . .
N stacks of data of length T® are demodulated on a uried in the noise that would exceéd expectation value

coarse and fine mesh of correction points computed for somt reessﬁg%n?r;sé?ﬁ; \t/t:cr)er}sgoiltdsgl\l/lezi\:)e E?Scs)gg tthz%git-stage
mismatch leveluY), and then searched by stacked Fourier, ' ’ purp P Y
dEWer than the weakest signal that would have excegded

transforms. A threshold signal-to-noise level is chosen thal sianal that is expected to pass the second-stage threshold
will, in general, admit many false alarms. In the secon '9 IS exp P 9

stage,N@ stacks of lengthAT® are searched on a finer €xactly has an amplitudé®|>=p*—~N®s? . wWe define
mesh of points computed at a mismatch leué?, but only ~ the false dismissal probability Do be the probability that

in the vicinity of those events that passed the first-stagsuch a signal will be falsely rejected in the first pass. Since
threshold. The second stage will involve fewer correctionthe spectral power of a true signal increases WhT, the
points than the first, so the second-stage transforms can Isignal seen in the first pass has amplitudie®)|?
made longer and more sensitive. The goal of optimization is= R(2)|2(NWATD)/(NPAT?), and the thresholds satisfy
to find some combination AT®, AT®), @ L) ND 46 relation

and N that maximizes the final sensitivity for fixed com-

putational poweP and second pass false alarm probability W_[R®2
F@), D=CDH>— =~ N®

sp

A. Thresholds
(1) (2) (2) (DA T(D)
. : : ) _ PP |3 NTATT )
In the first pass of a hierarchical search, eachNé]f o) 2) D NDOATD)’ .

- (1) ins inNW = 1,10 ND Sh Sy Sh’ N¥AT
=fmad T frequency bins inNgy=Np(AT, u'~,N*)
stacked power spectra will be scanned for threshold crossing (5.3
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Now, for any choice ofAT®), AT®) etc., the thresholds uM=u(?=0.3 and re-optimize, we obtain sensitivities

p® and p® are completely constrained by our choices ofwithin 20% of the optimal.

the final confidence levek and false dismissal probability This becomes very useful when we consider the general-

D. The false dismissal probability is fixed Bt=0.01 in our ized two-stage hierarchical searulith stacking. Normally

optimization; this is an acceptably low level, meaning thatthis would involve optimizing over six variablegu("(?),

only one signal in a hundred is expected to be lost in thisfN®:(®) and AT()(2)) with one constraint ofP. However,

type of search. by assuming that we can continue to g€f)=4(?=0.3

with minimal loss of sensitivity, we can reduce our degrees
B. Computational costs of freedom back down to four minus one constraint.

Th tational co€® of the first st f1h h The results of this optimization for our four canonical

€ computational o of the hirst stage of the searc example searches are given in Tables Il and IV. We have

follows the same formula as for a simple non'h'eramh'Calchosen a final confidence level 0.99 and a false dismissal

search, that is probability of D=0.01. Table Il shows the results for di-
cW=gf MATOND T10g.(2f T +05 rected searches for young, fast.(,= 40 yr, f ;=1 000 H2
mal pe [10G2(2TmaA T) and old, slow €i,=1 000 yr, f =200 H2 pulsars, re-
+NEIIND = 1)/ (6NONE))]. (5.4)  spectively. Table IV shows the results for all-sky searches

for the same two classes of source. The optimal sensitivities
For each of ther() first-stage triggers, the second stageachieved by these searches are summarized in Fiy.ifs
requires N&,%’/Nélf) (minimum 1 coarse grid corrections the Introduction.
(each involvingN® FFT’s of lengthAT®)), along with
N/NEY (minimum 1) frequency shifts and spectrum addi- VIl. SPECIALIZED SEARCHES
tions. Each of the coarse grid corrections requires the usual . o
2f . . NOATR)[ 3 logy(2f ., AT?) +0.5] floating-point op- The strongest sources of continuous gravitational waves

erations. The incoherent frequency shifts and spectrum add@'® likely to be the most difficult to detect since the fre-
tions require only 2K —1)AT@/AT® floating point op- quency of the waves will be changing significantly as the
erations since the frequency correction and powePSOUrce radiates angular momentum. As we have seen in the

summation need only be applied over a bandwidth~c previous sections, an all sky search for these sources is un-

first-pass frequency bins. The total cost of the second pass [&€lY to achieve the desired sensitivity with available com-
therefore putational resources. To reach better sensitivity levels, it will

be useful to consider targeted searches for specific types of
2EN@A TN source. In this section, we consider three such searches:
= o) P2 ! 3F mad 1002 (2f mad T?) +0.5] neutron stars in the galactic core as an example of a limited
N area sky survey(ii) newborn neutron stars triggered on op-
@) n(2) tically observed extra-galactic supernovas, émglow mass
Npt' (N _1)] x-ray binary systems such as Sco X-1.
— = [ -
N(Z)NE)C)AT(I)

c®@

(5.5

A. Galactic core pulsars
We require that data analysis proceed at the rate of data . . N
acquisition. Since the amount of data used in the second-. Area surveys of the sky will certainly begin with the re-

stage of the search will generally be greater than that used i jon mast likely to_ hold a large ”“"T‘bef . negrby SOUrces.
the first, we require that the analysis be completed i ased on population models of radio pulsars in our Galaxy

N@AT® seconds. Thus the computational power is giverrlsz]’ there should be many rapidly rotating neutron stars in
the galactic bulge. As an example of a limited area search,

by we therefore consider the optimal strategy for searching an
P=(CH+C@)/N@AT®D, (5.6) area of 0.004 sr about the galactic core, for sources with
frequenciesf <500 Hz and spin-down ages=100 yr. The
Our final sensitivity® is given by Eq.(3.4), using the choice of a 0.004 sr search is arbitrary; it includes the entire
observation time, mismatch level, and threshold of ¢ke-  molecular cloud complex at the core of the galaxy300 pc
ond stage of the search. Optimization then consists of maxiradius at a distance of 8.5 kpg.

mizing this function over the six parametekd ™), AT(), It is easy to include a correction factor, to allow for this

w1 N® andN®@), for specifieda, D, andP. limited area, in our calculation of the number of patches by
reducing the ranges of the integral ovErin Eg. (2.14.

VI. HIERARCHICAL SEARCH WITH STACKING Given the approximations in Sec. Il B, this amounts to re-

o _ _ _ducingN, in Eq. (2.22 by
It turns out that the optimization described in the previous
section is only weakly sensitive to the parametef® and 0.00
w?): that is, even if we choose values fof? andu(® quite 0.97<\ 7 (7.
different from the optimal ones, we can recover nearly all of
the sensitivity by adjusting the other parameters for the samehere the multiplicative factor 0.97 is the correction for the
computational poweP. In particular, if we arbitrarily fix  difference in functional form between the mismatch metric
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TABLE lIl. The optimum stack lengtiA T2 and number of stacks(*? for the first and second stages
of directed, hierarchical searches. For numerical convenience the maximal projected mismatch was chosen in
advance to beuy,a=0.3. The last column gives the overall relative sensiti@ity = hgy, /hy,. The threshold
was chosen to give an overall statistical significance of 99% to a detdeditiough the results are insen-
sitive to the precise valye

Young (tmin=40 yr), fast y.=1000 Hz) pulsars

Compute power AT N AT® N2 Lomax Oy
(flops) (days (days

1.00x 10 2.12 16 2.40 31 0.30 0.19
3.16x 101 2.18 20 2.87 35 0.30 0.21
1.00x 10%? 452 9 4.59 22 0.30 0.23
3.16x 10%? 4.18 12 5.24 22 0.30 0.24
1.00x 103 8.87 5 8.93 12 0.30 0.25
3.16x 10" 5.19 13 5.62 29 0.30 0.27
1.00x 10" 6.61 11 8.11 20 0.30 0.28
3.16x 10" 9.41 8 11.70 13 0.30 0.29
1.00x 10%° 9.88 9 10.57 19 0.30 0.31
3.16x 10 8.15 13 8.93 31 0.30 0.32
1.00x 10 12.17 9 15.78 15 0.30 0.34

Old (Tmin=10% yr), slow (f =200 Hz) pulsars

Compute power AT N AT® N2 Mmax Ol
(flops) (days (days

1.00x 10° 2.37 58 2.39 185 0.30 0.36
2.51x 10 3.43 47 3.46 132 0.30 0.39
6.31x 10 4.31 47 4.69 110 0.30 0.42
1.58x 10° 6.66 32 7.07 76 0.30 0.46
3.98x10° 4.77 81 5.69 152 0.30 0.50
1.00x 10° 10.24 31 11.69 62 0.30 0.55
2.51x10° 9.75 48 9.80 115 0.30 0.59
6.31x 10° 14.35 34 15.00 75 0.30 0.64
1.58x10t° 17.71 32 20.65 60 0.30 0.69
3.98x 10 19.78 36 23.01 69 0.30 0.74
1.00x 10! 25.44 32 28.76 64 0.30 0.81

and the angular area metd€)2=sir?9déde in the direction ~ deformations of up tae~10"°, though most neutron stars
of the galactic centefi.e. —28.9° declination probably support smaller deformations. From Figs. 3 and 6,
The optimal choices ofl(®):(2) and AT®:(2) for a hierar-  We see that 1 Tflops of computing power should allow us to
chical stacked search are shown in Table V as a function ofetect pulsars with strains as small as-5x10 ° at
available computing power; the relative sensitivity of this8.5 kpc using enhanced LIGO detectors.
search is shown in Fig. 6 of the Introduction.
We note from Eq(3.6) of paper | that gravitational waves B. Newborn neutron stars
from rapidly_ rc_)tating neutron stars might be expected to have gayeral recent papef0—22 have indicated that newly-
a characteristic amplitude of formed fast-spinning neutron stars may be copious emitters
" ¢ ’ of gravitational radiation. If the newborn neutron star is ro-
h.=2.3x10 25 € 22 8.5 pc( z) tating sufficiently fast, its-modes(axial-vector current os-
¢ 107510 gen? T 500 Hz °’ cillations whose restoring force is the Coriolis forege un-
(7.2  stable to gravitational radiation reaction. As the star cools,
viscous interactions eventually damp the modes in isolated
wheree= (l,,—1yy)/1,,is the non-axisymmetric straih;; is  neutron stars. Numerical studi¢23] indicate that neutron
the moment of inertia tensor,is the distance to the source, stars born with rotational frequencies above several hundred
f is the gravitational wave frequency, ahd has been aver- Hz will radiate away most of their angular momentum in the
aged over the detector responses to various source inclinferm of gravitational waves during their first year of life.
tions[27]. Theoretical estimates of the strength of the crys-Estimates of the viscous time scales and the superfluid tran-
talline neutron star crust suggest that it can support statisition temperature suggest that thenodes are stabilized
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TABLE IV. Same as in Table llI, but for an all-sky search.

Young (tmin=40 yr), fast y.=1000 Hz) pulsars

Compute power AT® N® AT® N(2) Lomax Oy
(flops) (days (days

1.00x 10! 0.09 169 0.10 462 0.30 0.09
3.16x 10 0.12 160 0.12 451 0.30 0.09
1.00x 10*? 0.16 105 0.16 349 0.30 0.10
3.16x10%? 0.20 83 0.26 204 0.30 0.11
1.00x 102 0.28 56 0.34 174 0.30 0.11
3.16x 10 0.50 30 0.56 97 0.30 0.12
1.00x 10 0.60 31 0.78 72 0.30 0.13
3.16x 10" 0.94 21 1.07 55 0.30 0.14
1.00x 10'° 1.17 22 1.30 47 0.30 0.15
3.16x 10'° 1.33 23 1.77 40 0.30 0.16
1.00x 10'® 2.64 11 2.75 26 0.30 0.17

Old (Tmin=10% yr), slow (f =200 Hz) pulsars

Compute power AT® N AT®) N®) Mmax O
(flops) (days (days

1.00x 10! 3.68 9 4.10 15 0.30 0.20
3.16x 10 5.44 6 7.28 8 0.30 0.21
1.00x 10*? 8.09 4 8.55 8 0.30 0.23
3.16x 10'? 9.78 4 10.14 7 0.30 0.24
1.00x 103 14.78 3 14.95 5 0.30 0.25
3.16x 10" 16.75 3 19.54 3 0.30 0.26
1.00x 10* 14.88 4 16.18 6 0.30 0.27
3.16x 10" 20.80 3 23.89 3 0.30 0.28
1.00x 10'° 22.66 3 25.47 3 0.30 0.28
3.16x 10 35.03 2 36.25 3 0.30 0.29
1.00x 106 20.79 4 23.89 5 0.30 0.29

when the star cools below-10° K and are rotating at _ 12
~100-200 Hz. During the evolutionary phase when most of ~TABLE V. The optimum stack lengtid T**~ and number of

the angular momentum is lost, the amplitude and Spin_dowﬁtacksl\l(lvz) for the first and second stages of an hierarchical search
time scale are expected to be, for pulsars located in a sky region of 0.004 sr about the Galactic

center, with7=100 yr andf=<500 Hz. For numerical convenience
fo the maximal projected mismatch was chosen in advance to be
) (7.3 Lmax=0.3. The threshold was chosen to give an overall statistical
significance of 99% to a detectidalthough the results are insen-
sitive to the precise valye

f \%20 Mp
1 kHz r

he=1.2x 1024\/2(

580 s/1 kHz\®
~ ~6t. (7.4

™ f Compute power AT®  N@  AT@  N@ 4 0 O
(flops) (days (days

K

These estimates are based on Hgs9) and (5.13 in Ref.

[23]. (We note that the “characteristic amplitude” used in 1.00< 10" 4.72 7 550 13 030 022
Ref. [23] is appropriate to estimate the strength of burst3.16x 10 5.56 7 565 14 030 023
sources, and is different from oin;.) Herex is a dimen- ~ 1.00<10% 776 5 864 10 030 0.24
sionless constant of order unity; it parametrizes our igno3.16<10" 9.05 5 1097 7 030 024
rance of the non-linear evolution of themode instability. ~ 1.00< 10" 15.81 3 16.84 5 0.30 0.26
The distance to the neutron starjsandt is the actual age of 3.16x 10'3 18.33 3 18.37 5 0.30 0.27
the star. Figure 3 shows, as a function of frequency with 1.00x 10* 1990 3 238 3 030 027
k=1 at distances=2 Mpc and 20 Mpc. 3.16x 10* 3007 2 3167 3 030 0.28

Sources outside our Galaxy are potentially detectable dug.oox 10'° 33.21 2 35.33 3 030 029
to the high gravitational luminosity of a newborn neutron 3.16x 10 35.26 2 39.99 3 0.30 0.30
star with an activer-mode instability. Nevertheless, it is a 1.00x 106 38.13 2 4357 3 0.30 0.31

significant challenge to develop a feasible search strategy for
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TABLE VI. The optimum stack lengtA T2 and number of C. X-ray binaries
stacksN*?) for the first and second stages of a hierarchical for
newborn neutron stars spinning down due to an aatigeode in-
stability. We assume that a supernova has been identified and ac
rately located in the sky, so this is a directed search for an obje

A low-mass x-ray binary is a neutron star orbiting around
.stellar companion from which it accretes matter. The ac-
C(fretion process deposits both energy an_d angular momentum
with 7,,,=1 yr and f<200 Hz. For numerical convenience the ont.o the neutron star. The energy is radiated awa_y as x-rays,
maximal projected mismatch was chosen in advance toipg  While the angular momentum spins the star up. Bild$2)
=0.3. The threshold was chosen to give an overall statistical sigha_3 sugge;ted that the accretion could create non-
nificance of 99% to a detectidalthough the results are insensitive aXisymmetric temperature gradients in the star, resulting in a

to the precise valye substantial mass quadrupole and gravitational wave emis-

sion. The star spins up until the gravitational waves are
Compute power AT®  N®  AT®  NO 4 0 O strong enough to radiate away the angular momentum at the
(flops) (days (days same rate as it is accreting; according to Bildsten’s estimates

the equilibrium occurs at a gravitational-wave frequency

1.00x 1011 108 4 116 6 030 008 500 Hz The characteristic gravitational-wave amplitudes
3.16<10! 1224 125 7 030 0.09 from these sources would be

1.00x 102 1.22 5 1.26 8 0.30 0.09

3.16x 101 167 4 216 5 030 0.0 b= a%10-77 oMo\

1.00<10* 251 3 279 3 030 0.10 e 10 km/ |1.4v,

3.16x 101 2.63 3 3.39 3 0.30 0.11 1

1.00x 104 228 4 232 6 030 011 F fo\ ;
3.16x10" 458 2 497 3 030 011 1078 ergcni?s 't 600H (19
1.00x 10%° 3.94 3 4.04 3 0.30 0.12

3.16x10% 5.94 2 6.07 3 030 012 .

1.00% 10 463 3 5.00 3 030 013 WhereRandM are the radius and mass of the neutron star,

andF is the observed x-ray flux at the Earth.
The amplitude of the gravitational waves from these

sources makes them excellent candidates for targeted

these signals since the frequen_cy evolves on such short timseearches. If the source is an x-ray binary pulsar—an accret-
scales(compared to those considered abov@ne approach o neytron star whose rotation is observable in radio

is to perform directed searches on optically observed supel(y,yes—then one can apply the exact phase correction de-
nova explosions. Although some supernovas may not be oRyyced from the radio timing data to optimally detect the
tically visible, and this instability may not operate in all new- gravitational waves(In this process, one must assume a re-
born neutron stars, the Computational benefits of targetin%tionship between the gravitationaj-wave and radio pu|sa_
supernovas are substanti@ not essentigl Based on the tjon frequencies. Unfortunately, radio pulsations have not
estimates in Ref.23], most of the signal to noise is accumu- been detected from the rapidly rotating neutron stars in all
lated during the final stages of spin down. With limited com-LMXB'’s (i.e. neutron stars that rotate hundreds of times a
putational resources, it seems best to limit the directedecond. In the absence of direct radio observations, esti-
searches to frequencies200 Hz, when the spin-down time mates of the neutron-star rotation rates are obtained from
scale is~1 yr. Table VI shows the optimal search criteria in high-frequency periodic, or quasi-periodic, oscillations in the
a hierarchical stacked search for neutron stars aged 2 montkgay output during type | x-ray burstéSee Ref[36] for a

or older; the upper frequency cutoff iig,,=200 Hz and the ~summary). But this does not provide precise timing data for
minimum spin-down time scale is,,=1 yr. The sensitivi- @ coherent phase correction. To detect gravitational waves
ties achievable in a search are shown in Fig. 6 of the Introff0M these sources, one must search over the parameter
duction. space of Doppler modulations due to the neutron-star orbit
around its companion and fluctuations in the gravitational-
pyave frequency due to variable accretion rates. The Doppler
effects of the gravitational-wave detector's motion can be
computed exactly, because the sky position of the source is
known.

Figure 6 shows that 1 Tflops of computing power waiit
suffice to detect newborn neutron stars as far away as t
Virgo cluster =20 Mpg); however, such sources will be
marginally detectable within~-8 Mpc by enhanced LIGO

de_tec_tors. The NBG catalog3) lists 16'_5 galaxies within In most cases, the orbital period of an x-ray binary can be
this distancéassuming a Hubble expansion of 75 km/S/MpC, 4eqyced from periodicity in its x-ray or optical light curve.
retarded by the Virgo clusterFrom the Hubble types and |, some cases, the radial component of the orbital velocity
luminosities of these galaxies, and the supernova event ratgg, pe computed by observing an optical emission line from
in [34], we estimate a total supernova rate-00.6 per year the accretion disk, as was done with the bright x-ray binary
in this volume, of which~10% would be of type 1a;-20%  Sco X-1[37]. Such observations do not determine the phase
of type Ib or Ic, and~70% of type II.(We note that the total modulation of the gravitational-wave signal with sufficient
rate is consistent with values given in RE35].) At present,  precision to make the search trivial, however, they do sub-
it is not known what fraction of these will produce neutron stantially constrain the parameter space of modulations.
stars with unstable-modes. In this subsection, we consider a directed search for an
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x-ray binary in which the orbital parameters are known up toThe frequency will make a random walk as the accretion rate
an uncertaintysv in the radial velocity, of the neutron star fluctuates about its mean value. This type of random walk
and an uncertainty¢ in the orbital phase. It is assumed that cannot be modeled as a low-order polynomial in time. Nev-
long-term photometric observations of the source can givertheless, the stack-slide technique is well suited to search
the orbital periodP to sufficient precision that we need not for these sources since corrections for the stochastic changes
search over it explicitly. We therefore parametrize the phasé frequency can be applied by shifting the stacks+h, O,
modulations as follows: or —1 frequency bins when required. In a search uding
stacks, each of length T, this kind of correction would be
S(tN) =27fo| t+ 2 cos 2mt/P+ L2 sin 2m/P> . appliedaftera time such that

27C 2mcC
(7.6) 3.6xX10 8 Hz (t/day)=1/AT. (7.13

where A=(fo,v1,0,) are our search parameters, theThe number of times that these corrections must be applied
gravitational-wave frequench, is constrained to besf..x,  is thenNAT/t, and the number of distinct frequency evolu-
and the pair ¢;,v5) is constrained to lie within an annular tions traced out in this procedure i$¥3"t. Monte Carlo
arc of radiusv,, width év, and arc angles¢. simulations of stacked FFT’s of signals undergoing random
Applying the formalism developed in Sec. Il to this prob- walks in frequency have shown that one can incredseup
lem gives essentially the same result as for a sky search ove§ a factor of 4, i.e. allowing drifts of up te= 2 frequency
Earth-rotation-induced DOppler modulations if one ConVert%”"S while i |ncurr|ng 0n|y\, 20% losses in the final summed
time units by the ratioP/day. In the case of the Earth’s power; however, we have not yet studied in detail how this
rotation, a search over sky positioms corresponds to a combines with the mismatches generated from other de-
search over an areav2,coS(\) in the equatorial compo- modulations or how to search over all demodulations to-
nents of the source’s velocity relative to the detector,gether in an optimal way. For now we assume a factor of
whereas in the case of a binary orbit, the search is over go-00N(AT/day? ayirg points in our search mesh for mis-
coordinate area,évd¢. So we can simply multiply Eq. matches ofup,=0.3.
(2.22 by the ratio of these coordinate areas to obtain the As an example, we consider a search for gravitational
number of grid pointdN, in the parameter space: waves from the neutron star in Sco X-1. This system has an
orbital period P=0.787313-0.000001 dayg38], a radial

_ (fmal)? v, 60 5 orbital velocity amplitude of,=58.2+3.0 km/s, an orbital

-2 -2 —-2\—1/2
Np 2 c2 (A75+B7+C 975 (7.7 phase known to *=0.10 rad [37], and an inferred
gravitational-wave frequency,,,,~500 Hz [24]. We note
A=05 (7.9 that the uncertainty i is basically negligible over the 18
’ day coherent integrations expected. The remaining uncertain-
B=16AT/P)?, (7.9 Uesgive
_ 5n3 10°
C=6.4AT/P)>N". (7.10 Np= —— — OOOEN(AT/day)Z(A 24 B 24+C2)" 12
Accounting for the intrinsic phase variations of the spin- (7.19
ning neutron star itself is problematic since changes in the
accretion rate may lead to stochastic variations in the rotation A=0.5, (7.15
frequency of the star. Consider a typical neutron étath
radius 10 km, mass 1M, and moment of inertia B=2.6AT/day)?, (7.16

10* gcn?) in an accreting system. If the torque from ac-
cretion turns off, or doubles, for some reason, we can expect

— 503
the gravitational-wave frequency to drift by C=21(AT/day N, (7.19

M ¢ where it is understood thafT<18 days, in order for the
Af=3.6x10"8 — | Hz random-walk stack-slide corrections to achieve maximum
(1.5>< 10 °Mg yr‘l) day ' sensitivity.
(7.1 Table VII shows the optimal search criteria for a hierar-

chical stacked search for the Sco X-1 pulsar under these
over a timet, where M is the rate of accretion onto the assumptions. The sensitivities achievable in such a search are
neutron star. For the sources of interest to us, accretion prghown in Fig. 6 of the Introduction. We see that 1 Tflops of
ceeds at (or neay the Eddington rate M=1.5 computing power may be sufficient to detect this source us-
X10 °My yr L. If we require that the frequency drifts by ing enhanced LIGO detectors if it is radiating most of the
less than one Fourier binf<1/AT during a coherent obser- accreting angular momentum as gravitational waves. The

vation, the observing time=AT must satisfy sensitivity to these sources would be enhanced by a factor of
~5-10 if the interferometer is operated in a signal-
AT=<18 days. (7.12 recycled, narrow-band configuration during the search.
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TABLE VII. The optimum stack lengt T*? and number of ~ data to achieve optimal sensitivity. At LIGO, it is planned to
stacksN‘*? for the first and second stages of a hierarchical searctycquire ~1 yr of data in the first science run. Should we
for sources of continuous gravitational waves that are in binangiscard all but~60 days of it? Clearly not. We have ex-
systems. We assume the orbit is characterized by two orthogongiored two possible search algorithms in this paper, but there
velocity parameters that are known to within a total error of 3ye infinitely many algorithms to choose from. The goal is to
17 (kmisf, and that the frequency<500 Hz is experiencing @ fing the one that useall of the data to achieve optimal
random walk typical of Eddington-rate accretion. For numerical ensitivity in the sense that we have used it. The algorithm
convenience the maximal projected mismatch was chosen in a hat achieves this goal will be more complex than the two-
vance to beu .= 0.3. The threshold was chosen to give an overallStage hierarchical algorithm — we suspect it will be a multi-
statistical significance of 99% to a detecti@ithough the results stage hierarchical algorithm. At this point, the urgency is to

i itive to th i . ’ " :
are insensitive to the precise vajue implement any reasonable search algorithm. Experimental

Compute power AT® NO AT N® 4 0 edvances WiI_I probably out pace gains achieved by optimiz-
(flops) (day3 (day3 ing the algorithm to use aII_the data. _

Further theoretical work is also need to determine the pa-
1.00x 10 7.12 11 8.60 53 0.30 0.40 rameter space that should be searched, especially in the case
3.16x 101 733 14 851 57 030 040 of activer-mode instabilities and radiating neutron stars in
1.00x 10%? 4.72 49 8.31 58 030 0.40 LMXB’s. We have performed preliminary estimates in this
3.16x 10%2 513 50 8.47 58 0.30 0.41 paper; however, the promising nature of these sources should
1.00% 1018 5.84 57 8.27 56 030 041 MmMake them high priorities in targeted searches.
3.16X 1083 614 56 846 57 030 041 Finelly, it would be v_vorthwhile to consider what a_dvan—
1.00x 1014 678 55 838 57 030 o042 tage, ifany, can be gained by using data from multiple in-
3.16x 101 6.69 48 9.17 57 030 042 terferometers at the initial detection stage of a search for
1.00x 1015 740 49 8.93 58 030 042 continuous gravitational waves.
3.16x10'° 753 55 899 56 0.30 042
1.00x 10'° 700 51 971 58 030 042 ACKNOWLEDGMENTS
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with real data, and, hopefully, highlight the shortcomings of

the computational cost estimates presented here. It will also APPENDIX A: PATCH NUMBER FORMULAS

allow direct comparison with other approaches such as the

line-tracking method that is being explored by Pagiaal. The approximate formulas given in Eq2.17—(2.19 are

[16]. valid when N>4. General expressions for thes can be
Several issues remain to be explored. The two-stage hiederived by setting<=0 in Egs. (1.2 and (1.6), and using

archical searches discussed in this paper use only 60 days Bfjs.(2.4), (2.9), (2.10, (2.11), (2.13, and(2.14):

G, (N)= $\/5N2—4 (A1)

G,(N)= 7T—2¢175N‘3— BAON®+ 1100N?— 432 (A2)
180,105

3

ar
G3(N)= —————1/3673N*?— 5880N 0+ 36316N®— 105336(N° + 1484330N*— 98784N°+ 248832. (A3)
75600,/105

082001-18



SEARCHING FOR PERIODT ... .1l ... PHYSICAL REVIEW D 61 082001

In Eg. (2.14 we approximate the metric as having constant f2_(vlc)?

determinant and evaluate it at the point of zero spin down; b= b21ZTS

this introduces small errors of orddiNAT]/ 7).
Equations(2.23—(2.26 for the number of sky patches

ignoring spin down and orbital motions provide an empiricalHere<b=27rNAT/(1 day) is the total angle over which the
fit to a numerical evaluation of the metric determinant. The

determinant was found to have an approximate functiona'lEarth rotates during the observatiar = ®/N is the angle

. . . rotated during each stretch of the data, arid the maximum
dependence|| y;;|~|sin 26| with corrections of ordew/c . . , s o
~10 4. Assuming this dependence to be exact, EAsl3 radial velocity relative to the detector at latitude- 45° of a

and (2.14) give point at a polar angl@= m/4 on the sky, that is

ind. (A14)

2l i90i .
M= de{gij _ 0i90; . (A4) _ 27REa7COSA Sin g
4ﬂmax/(s+ 2) oo f=fmax U= 1 day
0= /2

(A15)
Here g, is the mismatch metric, defined in Eq&.9)—
(2.17), computed using only the Earth-rotation-induced Dop-
pler modulation. Since the Earth’s rotation is a simple circu-
lar motion, and since we are evaluating the metric at a single In this paper, we have assumed that coherent phase cor-
point in parameter space, we can carry out the integrals inections are achieved through stroboscopic resampling: a de-
Eq. (2.11) analytically, to obtain modulated time coordinatig[t] is constructed, and the data
streamh(t) is sampled at equal intervals ip at the Nyquist
_ rate for the highest frequency signal presefiyqyist
9ap=bap= kzl Ak » (AS)  —2f__ . However, since the data stream is initially sampled
at some finite raté;= R fyquis (WhereR is theoversampling
where factor), this can introduce errors: in general, there will not be
a data point exactly at a given valuetgf, so the nearesgin

APPENDIX B: RESAMPLING ERROR

N

1 vlc . time) datum must be substituted. Consequently, there will be
ao=| k- 2 ACDJFE{S'WKA@)_S”[I(_ 11A®)} residual phase errord®(t) e[ — #/2R,7/2R) caused by
(A6)  rounding to the nearest datum even if one chooses a phase
model whose frequency and modulation parameters exactly
fma®/C . ) match the signal. The phase of the resampled signal drifts
qa= g (SINKAD) —sin([k—1]A®); (A7) until the timing error is=1/2f,, at which point one corrects
the phase by sampling an adjacent datum, which shifts in
fma/C time by 1f5. These residual phase errors reduce the Fourier
&= g 1c04[k—1]A®)—cogkA®)} (A8)  amplitude of the signal by a fraction
1 v v)?2 3 v
b00= @ — 24+ E+6 E d+4P +24ECOS(D F i 2 eiAq’(k/fNyquist) (Bl)
N &1 ’
U v 2
+24E<I> sin¢>+3(g) sin2d>] (A9)
where N=f\quisAT is the total number of points in the
f2 (vlc)? . resampled data stream.
n=— ap (2P+sin2®) (A10) The uncorrected signal will in general drift by many radi-
ans in phase, which is the reason why we must apply phase
fﬁ]a*(v/c)z corrections in the first place. This means tiaab(t) will
20= T(Z(I)—sin 2D) (A11) sweep through the rande- 7/2R,7/2R) many times over
max v _ TABLE VIII. The percentage reduction (1F) in amplitude of
bo1=b1g VT —4+ ZECI>+4 cosd +4d sind a signal as a function of the oversampling facRr The LIGO

interferometers will collect data dt=16 384 Hz, so that the data
v will be oversampled byR=4 compared to the maximum gravita-
+ —=sin 2613} (A12) tional wave frequency that we expect on physical grounds. In fact,
¢ it seems more likely thaR=8 for real signals.

/c v B
—[—2(1) cos® +sind| 2+ Esin(b)] R= 2 3 4 5 6 7 8

1-F= 10.0% 45% 2.6% 1.6% 1.1% 0.8% 0.6%
(A13)
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the course of the observation. So, regardless of the precisgnhe fractional losses in amplitude-IF for a few values of
form of the phase evolution, we expekth (k/fyyqis) 10 be  the oversampling factaR are given in Table VIII.
essentially evenly distributed over this interval. Thus, replac- The highest gravitational-wave frequencies we consider
ing the sum with an expectation integral, we have are 1000 Hz, requiring a resampling rate fgfq,is—= 2000
Hz. Since LIGO will acquire data at a rate of 16 384 Hz,
corresponding to an oversampling factorrof 8, we have a
R (#/2R sin( 7/2R) maximum signal loss due to resampling of E=0.6%. Re-
—f e'? d(I)’ =T a2R (B2) sampling errors will increase if the number of data samples is
m reduced by some factdreforephase correcting.

F~

™) —72R

[1] P. R. Brady, T. Creighton, C. Cutler, and B. F. Schutz, Phys[26] The method of stacking power spectra has been used by radio
Rev. D57, 2101(1998. astronomers in deep searches for millisecond pulsars, although

[2] J. C. Livas, Ph.D. thesis, Massachusetts Institute of Technol-  all corrections were applied to the data stream via resampling
ogy, 1987. and not sliding the spectra. For more information on the imple-

[3] G. S. Jones, Ph.D. thesis, University of Wales, 1995. mentation, see S. B. Anderson, Ph.D. thesis, California Insti-

[4] T. M. Niebaueret al,, Phys. Rev. D47, 3106(1993. tute of Technology, 1993.

[5] S. Chandrasekhar, Phys. Rev. Led, 611(1970. [27] K. S. Thorne, inThree Hundred Years of Gravitatipedited

[6] J. L. Friedman and B. F. Schutz, Astrophys.2P2 281 by S. W. Hawking and W. Isra¢Cambridge University Press,

(1978. Cambridge, England, 1987Chap. 9, pp. 330—458.
[7] S. Bonazzola and E. Gourgoulhon, Astron. Astroph3s2, [28] It may seem that the optimal duration of data to analyze is
675(1996. equal to the amount of data taken by the instrument. This is not

[8] M. Zimmermann, Phys. Rev. R1, 891 (1980.
[9] M. Zimmermann and E. Szedenits, Jr., Phys. Rex2351
(1979.
[10] R. V. Wagoner, Astrophys. 278 345(1984.
[11] D. V. Gal'tsov, V. P. Tsvetkov, and A. N. Tsirulev, Zh. Eksp.
Teor. Fiz.86, 809(1984 [Sov. Phys. JETB9, 472(1984].
[12] K. C. B. New, G. Chanmugam, W. W. Johnson, and J. E.
Tohline, Astrophys. J450, 757 (1995.

[13] A. Krolak, “Searching data for periodic signals,”
gr-qc/9803055.

[14] P. Jaranowski, A. Krolak, and B. F. Schutz, Phys. Re\b&
063001(1998.

neccessarily true for a given algorithfe.g. the stack-slide
search or the two-stage hierarchical sear@uppose, under
the stated assumptions, we determine the optimal amount of
data Ty, to analyze using a given algorithm. Now, hold the
computational resources fixed, but increase the amount of data
by a factor of 10, so that we have 10 times as long to analyze
it. Unfortunately the computational cost increases by more
than a factor of 10 because the number of parameter-space
corrections increases faster thaig,,. Thus, we cannot com-
plete our analysis in the time it takes to acquire the data. Im-
plications of this point are further discussed in Sec. VIII.
[29] B. F. Schutz, “Sources of radiation from neutron stars,”
[15] P. Jaranowski and A. Krolak, Phys. Rev5B, 063003(1999. gr-qc/9802020; talk given at Gravitational Wave Data Analy-
[16] M. A. Papa, B. F. Schutz, S. Frasca, and P. Astone, in Pro-  sis Workshop, MIT, 1996.
ceedings of the LISA Symposium, 1998; M. A. Papa, P. As-[30] B. Owen, Phys. Rev. [33, 6749(1996.
tone, S. Frasca, and B. F. Schutz, in the Proceedings of Grav[31] The average expected power loss for a source randomly placed

tational Wave Data Analysis Workshop, 1997; M. A. Papa

(private communication

[17] S. L. Shapiro, S. A. Teukolsky, and I. Wasserman, Astrophys.

J. 272, 702 (1984

[18] J. L. Friedman, J. R. Ipser, and L. Parker, Nat(irendon
312 255(1984.

[19] S. R. Kulkarni, Philos. Trans. R. Soc. Londok341, 77
(1992.

[20] N. Andersson, Astrophys. 502, 708 (1998.

[21] J. L. Friedman and S. M. Morsink, Astrophys. 302 714
(1998.

within a cubical patch i$u)= pwmad3. In paper | we quoted an

average that was computed for ellipsoidal patches; this is not
appropriate to the cubical grid that will likely be used in a real
search.

[32] S. J. Curran and D. R. Lorimer, Mon. Not. R. Astron. Soc.

276, 347(1995.

[33] R. B. Tully, Nearby Galaxy CatalogCambridge University

Press, Cambridge, England, 1988

[34] S. van den Bergh and R. D. McClure, Astrophys425, 205

(1994.

[35] R. Talbot, Astrophys. 205 535(1976.

[22] L. Lindblom, B. J. Owen, and S. M. Morsink, Phys. Rev. Lett. [36] M. van der Klis, inThe Many Faces of Neutron Staedited

80, 4843(1998.
[23] B. J. Owenet al, Phys. Rev. D68, 084020(1998.
[24] L. Bildsten, Astrophys. J. Let601, L89 (1998.
[25] B. F. Schutz, inThe Detection of Gravitational Wavesdited

by A. Alpar, L. Buccheri, and J. van Paradij&luwer, Dor-
drecht, in press

[37] A. P. Cowley and D. Crampton, Astrophys. J., Lett. 201,

L65 (1975.

by D. G. Blair (Cambridge University Press, Cambridge, En- [38] E. W. Gottlieb, E. L. Wright, and W. Liller, Astrophys. J.,

gland, 199}, Chap. 16, pp. 406—451.

082001-20

Lett. Ed.195 L33 (1975.



