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In a recent investigation of the effects of precession on the anticipated detection of gravitational-wave
inspiral signals from compact object binaries with moderate total masdésM, we found that(i) if
precession is ignored, the inspiral detection rate can decrease by almost a factor of 1i0), preiously
proposed “mimic” templates cannot improve the detection rate significdbgtymore than a factor of)21In
this paper we propose a new family of templates that can improve the detection rate by a factor of 5 or 6 in
cases where precession is most important. Our proposed method for these new “mimic” templates involves a
hierarchical scheme of efficient, two-parameter template searches that can account for a sequence of spikes that
appear in the residual inspiral phase, after one corrects for any oscillatory modification in the phase. We present
our results for two cases of compact object magéésand 1.4 M, and 7 and 3 M) as a function of spin
properties. Although further work is needed to fully assess the computational efficiency of this newly proposed
template family, we conclude that these “spiky templates” are good candidates for a family of precession
templates used in realistic searches that can improve detection rates of inspiral events.
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I. INTRODUCTION proximations has been suggested for use in future searches
(see[12] and references thergin
This paper is the continuation ¢i] (hereafter paper)| Another case where the current template family does not

and is devoted to extending the seminal study of Apostolatogeflect realistic signals is the case pfecessingbinaries.

[2] in order to find an appropriate way to detect the gravita-Compact objects with spins of significant magnitude and
tional waves emitted by precessing compact binaries. Th|nisalignment relative to the orbital angular momentum axis
inspiral of binary compact objects is one of the main target£Mit inspiral signals that are mainly modified by precession
of the ground-based, interferometric gravitational-wave de®f the orbital plang13]. This precession is caused by high-
tectors currently coming onlifé.aser Interferometric Gravi- Crder spin-orbit and spin-spin couplings. Depending on the

tational Wave Observatory IGO) [3], VIRGO [4], GEO600 physicall properties of the_ b.inary, a significant number of
[5] and TAMA [6]]. It is well known that the most effective precession cycles occur within the frequency band of current

way of extracting such signals from the intrinsic noise of theground-based interferometers. The resulting change in the

. o : . olarization of the wave leads to modulations of both the
detectors is to usmatched-filteringechniqueg7-9], which polarl o . o
involves the correlation of detector output with a family of amplitude and the phase of the inspiral signal. In principle,

| houah h d sianals. | one would like to build a family of precessing inspiral tem-
templates thought to represent the expected signals. It i5ie However, this is unrealistic because of computational
clear that the success of such searches critically depends

- Fhitations: precessing waveforms depend on extra param-
the accuracy of the adopted template families. _ eters(spin magnitudes and orientatignand make the di-

A great effort has been devoted to the computation ofnensjon of template parameter space prohibitively large. The
compact object inspiral waveforms, especially using variousjrst investigations of the importance of precesdib8] were
post-Newtoniar{PN) expansiongsee[10] for a review. The  fyrther expanded in a consistent wij to account for the
current searches in LIGO, GEO600 and TAMA are per-current LIGO noise curve and all possible physical configu-
formed using the template family corresponding to two, nonrations of intermediate-mass 10 M systems. It is now
spinning, point masses, including 2.5-PN order correctionsunderstood that ignoring precession in the templates could
However, in some cases, expected signals are believed Kk the anticipated inspiral detection, since the detection rate
deviate significantly from these waveforms. For the case otan be reduced by almost an order of magnitude in the worst
massive compact binari¢mtal mass in excess of 10, it  cases. The need for a family of “mimic” templates that can
has been shown that the PN approximations break dowpapture the signal modifications without unreasonably ex-
right in the frequency band of the interferometric detectorspanding the dimensionality of the templates is clear. Early on
[11]. In fact the exact signal is unknown and a number of[2] suggested such a family that depends on only three addi-
different approximations have been suggested as alternativefonal parameters. In paper | we tested it extensively and
Recently, a family of templates that exhibits good overlapfound that this family alone did not improve the detection
with the results obtained using all the various expansion aprate significantlyimprovement factors remained lower than

2 regardless of spin properties and magses
Our motivation for this paper is to pursue the issue of
*Email address: PGrandclement@northwestern.edu mimic precession templates further. Throughout this work
"Email address: vicky@northwestern.edu the methods and notations are the same as in paper |. The
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precessing signals are obtained using the simple-precession [l. NEW FAMILY OF TEMPLATES
formalism[13,14], where only the most massive object car-
ries a spin(see the Introduction of paper | for a justificatjon

In this regime, the effect of precession is described by both a
phase and an amplitude modulation, so that, in the frequency The Apostolatos’ mimic templates consist of non-

A. Plausible explanation for the insufficiency of Apostolatos’
“mimic” templates

domain, the signal is given by precessing waveforms modulated in phase by the following
oscillatory mathematical form:
= ~ = C cog Bf ~ 3+ §). 3
hprec‘(f):AMXPM>< hnopre((f)- (1) ¢ : ) &

~ In the simple precession regini@, 13,14, both the spinS

In Eq. (1), :(no precdenotes the signa; Vt\;ith th_ehsame physicaland the orbital momentumn precess around the total angular
parametersmasses, orientations. .) but without preces- o+ 3 which remains at an approximatel

; . . . , y constant
S'On_' AM IS an amp“tUdﬁ modulat|<|)[r’§q. (11) of [11‘4]] and girection. Analytical, approximate formuld€gs. (29) of
PM_?XD(_"ZS”‘O") is a phase modu atl_o[rEq. (12) of [14]]. [14]] of the precession angl@.e. the angle describing the
We will neglect the Thomas precessifg. (14) of [14]], . - _ . .

{position of L along its precession copeas a function of

assuming that the monotonic modulation induced by it wil h b derived. It has b d that th
not greatly influence the results. This assumption should bgequency, ave been derived. as been argue at the

checked by future work. Except when otherwise stated, th@quUI"’ltlon of the _|nsp|ral phase mducled by precession
. = would have essentially the same behavior with respect to
non-precessingarts of the templates and the sigra, prec frequency, hence the fors).
are Newtonian. This is a simplifying assumption that makes rqr6"\yas also an expectation that any monotonic modu-
our calculations feasible, given our current computational reration of the phase would be indirectly accounted for by a
sources. We have already shown in paper | that this assUMPsismatch of the non-precessing paramet@s)., massas
tion does not affect our results and conclusion in any quany;ith respect to the real values responsible for the signal. In
titative way. . o aper | we have shown that this oscillatory modulation alone
In_thls paper we have again included some |ndlcat_|ve 'UNgannot recover a high SNRve have also shown that this
(of hlgh.computatlonal (_:o}sto show that the assumption of .conclusion does not depend on the choice of the power index
Newtonian non-precessing parts of the Femplates and the Sigs the dependence of the precession angle on freqieAsy
nal (a; long as th? tV.VQ are con?stent W".[h each Oth?[%}' a first step in the search for a more efficient family of tem-
IS notin any way limiting. We adopt a noise curve reevant toplates, it is useful to try and understand in some more detail
the initial LIGO. The efficiency of a family of templates is the behavior of the Apostolatos' phase correction
qugnnﬂed b_y the concept (,)f thatting .factor (FP) [13], Before showing some particular examples, let us note
which describes the loss in signal-to-noise réBNR) due o o6 important points. First of all, one of the effects of

the mismatch between the signal and the templates: simple precession is an additive phase modification of the
non-precession phase:

2 $s= Pno prect Pmod 4

where ¢ is the total phase of the signab, yrecthe phase

where G/N)ax is the SNR that would be achieved if the without precession, and,,.q the phase modulationThe ex-
family of templates included the signéee[2,7,9,13 for  pression proposed by Apostolat® was intended to mimic
more details Most of the results will be presented by plot- the true¢,,oq. However, we will see that this is not always
ting the quantity(FF)3, the factor by which the detection the case.
rate is reduced, assuming a uniform distribution of sources in  Another complication comes from the fact th#tqis not
volume and using the fitting factor averaged over all randonthe phase that one would like to mimic to obtain high SNRs,
angles in the problem. at least not in the framework proposed [#] and tested in

This paper is organized as follows. In Sec. Il we firstpaper I. Indeed, in these studies, searches are performed in
provide a physical explanation for why the Apostolatos’two consecutive steps. First, one uses only tpes)-
“mimic” template family is insufficient, in the context of an Newtonian templates without any precession modification.
example case analyzed in detail. Motivated by the results ihet us callT,,, the Newtonian template for which the maxi-
the first part, we introduce a new family of templates, andmum FF is obtained, and ., tmax @and ¢max the param-
show how they can improve the SNR of detections. Aftereters of this templatéhe dependence o, is analytical
briefly reviewing the determination of various computationalbut its value can be determined, mainly for plotting pur-
parameters, we present our comprehensive results for twoose$. Because of the modulations of the signal induced by
cases of high precessigfm;,m,)=(10,1.4) and i, ,m,) precession, the parametersTof,, do not match exactly the
=(7,3) in Mg]. Conclusions, perspectives, and future work ones of the signal. Based on the expectation that the param-
are discussed in Sec. IV. eters of the Newtonian templates do not correlate with those

082002-2



SEARCHING FOR GRAVITATIONAL WAVES FROM THE . .. PHYSICAL REVIEW D 67, 082002 (2003

TABLE I. Values of the random angles for the two configurations shown, respectively, in Figs. 1 and 2.

Behavior coy 1) cosé’ o' Qprec
Configuration | Monotoniq 2] —0.615 1.31 0.248 3.86 3.32
Configuration Il Oscillatory 0.271 3.67 0.203 1.48 5.41

of the phase correctiofB), the maximization over the pa- nal, and the second maximization would match the oscilla-
rameters of this correction is performed afigf,, is identi-  tory behavior. If this were the case, then the residual phase
fied. A ¢ (dashed line on bottom panekould be described well
However, because of the mismatch of the parameters, they ¢°° [Eq. (3); solid line on bottom pangl Comparison of
phase difference betweéh,,, and the signalS is not the these two curves shows that this expectation is not realistic.
phase modulatiorb,.q. Instead it is equal to what we will The monotonic behavior, modulorZ is still present. Thus

call theresidual phase: the correction(3) (solid line of the bottom pangldoes a
really poor job.
Ap=ds— bt (5 The second configuratiofil) differs qualitatively from

the first one and exhibits clear oscillatory behavior in the
where bs is the phase of the signal amﬂT the phase of phase modulatioEbmod itself [EQ(4)] (dashed line of the top

Tmax- IN @ 2-step search schertfest Newtonian then mimic

templateg, the mimic templates must represent a good fit to 3+ ' Ny ' e | -
the residual phase defined above. It turns out that the residual il / i
phaseA ¢ and the phase correcti@B) can have very differ- - i .

ent behaviors so that this effect of the mismatch is rather
crucial. o |

In what follows we consider two opposite examples of 3§ oL
precession signals and their behaviors. In both cases the val- & |
ues of the masses am;=10 My and my,=1.4 My, the -1
spin magnitude of the most massive compact object is maxi-

mum (S=1), and the cosine of the spin-tilt anglelative to '2__ R j / ]
the orbital angular momentum axiss k=S-L=0.4. De- 3 HiE A §
pending on .the values of Fhe random angles that determine 0 ' 1(')0 : 2(')0 : 3(')0 00
the orientation of the orbital planed( and ¢'), the sky Frequency (Hz.)

position (¥ and ¢), and the constant phase present in the
expression for the precession anfté. Eq. (638 of [13]] - , - T

(@pred, the behavior of the phase modulatigi,oq [Eq. (4)] 3_‘ NI ]
can be very different. One of the two examplesnfigura- i HERN ; ]
tion I) produces a monotonic modulation whereas the other I i i ]
(Il produces mainly an oscillation. The exact values of the 1 .
random angles, for both configurations are given in Table I. g (“ PN / /‘\ -
First we focus on configuration(Fig. 1). Using the signal £0r (\ \/ \/ ]
parameters we can calculate exaciy,,q and plot it as a _1'_ i i ,,/' ]
function a function of frequencydashed line on top panel I i FARY ]
As already mentioned, it is a rather monotonic functios: 2k ’ / ’ .
call that the plot shows the phase modul®)2 We can also , /
take the mimic templates, fix the non-precessing parameters  -31 ' 7

to be exactly equal to those of the sigitiak., we avoid any 0 i0 .m0 300 400
mismatch effects and calculate the parameters of the phase Frequency (Hz.)
correction(3) that maximize FF. We can then plot this phase

correction as a fléncrt]lon ofllfrequetjncﬁsol_ld I'?e ond top lation ¢4 Of the signallEq. (4)]. The dashed line on the bottom
pane). As expected, the oscillatory behavior of E§) does panel shows the residual phase [Eq. (5)] after the first maximi-

not match well the phase modulation. In reality we cannot fiX, 4tion over non-precessing parameters of the templates. The solid
the non-precessing parameters of the templlat.e to be equal fRes correspond to the best-fitting phase correctiS [Eq. (3)]
those of the signal. Instead a 2-step maximization procesghen the non-precessing parameters are set equal to those of the
has been suggestddssuming that the non-precessing pa-signal (top panel and when they are derived through a maximiza-
rameters do not correlate with those of the precession modyion process, leading to a mismatgottom panel For more details
lation). In this case, it was expected that the first maximiza-see text. The physical configurationris,=10Mg, m,=1.4M,,

tion (and subsequent mismatch of the non-precessing=1 andx=0.4. The random angles are given by the first line of
parameterswould match the monotonic behavior of the sig- Table I (configuration ).

FIG. 1. The dashed line on the top panel shows the phase modu-
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' ' A ¢ exhibits some kind of monotonic behavior, which is ei-

] ther inherent to the precession phase modulatamfigura-

i tion ) or is introduced after the first-step maximization over

the non-precessing parametéronfiguration ). We have

. performed many more example studies like the above with

T consistent results, but of course this analysis does not con-

. ] stitute a proof. Given the very complicated dependence of
- the precession phase on a large number of paramsiense

1 non-physical, e.g., orientation anglei is difficult to imag-

- ine how one can derive an exact proof of the qualitative

1 characteristics of the precessing inspiral signal. However,

, , , , , , , these example studies provided us with motivation for the

0 100 200 300 400 development and the choice of a new template family that

Frequency (Hz.) has been tested, increases FF values, and is presented next.

3 . B. Spikes in the phase residuals
s _ Our extensive study of specific precession waveforms
: By ; helped us realize that the main features of Figs. 1 and 2 are
in 1 I L ‘ T rather common. Indeed the monotonic behavior can be rep-
3 0'_ il \/\/V\ ',"' \ ] resented by a succession of spike-like structures centered fur-
£ WAL N ther apart as frequency increases. The origin of the spikes in

this representation of the phageodulo 2r) is related to the

Y i x fact that the residual phase jumps from O+#oand O to

2r L F — ar on either side of each spike. To reflect this rapid change

I ’ / 7 in phase we choose a mathematical form with an infinite

3r . ) . , | , ] derivative at the central frequency of the spike

0 100 200 300 400
Frequency (Hz.) if f>f 0 then

FIG. 2. Same as Fig. 1 but for configuration II.

. ) P(f0,0',8)287T|: \/(1—;)—1]
panel of Fig. 2. We can perform the same tests as with [o(f—fo)+1]?
configuration |. We fix the Newtonian parameters of the tem-
plates to those of the signal, and maximize over the threg f<f, then
parameters of Eq3). It turns out that in this case the fit is

quite good, and this maximization raises the FF from 0.21 to 1
P(fy,0,e)=¢em| — \/ —
o) { ( [U(f_fo)_1]2> 1

0.67. However, in a real search, the non-precessing param-

eters are unknown, as we noted before. It turns out that the

first maximization over the non-precessing parameters intro- ©®)

duces a monotonic behaviof2w]) to the residual phase

A ¢ [Eq. (5)] (dashed line on bottom paneAs a result the The functionsP (Fig. 3) depend on three well constrained

second maximizatiofthis time over the three parameters of parameters:

Eq. (3)] does not lead to a high improvement of the FF: from € is either 1 or—1 and represents the two possible ori-

0.55 after the use of the Newtonian templates it increases tentations of the spike.

0.67 after the addition of Eq3). The fact that the two final o is related to the width of the spike. More precisely the

FF are almost equal is fortuitous. Indeed[®}, Apostolatos  half-width is f,=(2 V3—3)/(30).

made the assumption that the non-precessing variables fy is the central position of the spike.

andt, are not correlated to the parameters of the correction To recover most of the residual phase [Eq. (5)] (after

(3). If this is the case, the FF obtained by doing the maximi-the first-step maximization over non-precessing parameters

zation in two steps is the same as the one that would bbas been performegdike those in the bottom panels of Figs.

computed doing a five-dimensional search. The FF obtainedl and 2, we need to account for a sequence of a few or

by fixing the Newtonian parameters could only be smallerseveral spikes. By definition, the functioRsrepresent nar-

(or equal in this extreme caseFrom our computation, it row spikes, and hence their value is non-zero only very close

seems that this uncorrelation is not as good as statg@]in to fy. Thus, a sum of functionB, with a range ofy, o, and

However, this needs further exploration, beyond the scope of values should give us a good representation of the quali-

this paper. tative behavior of residual phase with frequency. In principle,
The two previous examples illustrate the fact that the osa prescription providing us with the number of spikes, their

cillatory correction proposed by Apostolatos does not rejositions, and their width is needed. The main constraints are

cover the main part of the signal because the residual phagkat (i) such prescriptions must depend on as few parameters
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Phase
(=7
I

L | L | L | L

L 0 100 200 300 400
0 Frequency (Hz.)

Frequency

FIG. 4. The dotted line is the residual phase [Eq. (5)] for
configuration Il(same as on the bottom panel of Fig. Zhe solid
line shows the mimic phase of the template, i.e., the sum of&q.
and seven spikeg). The resulting FF is equal to 0.79. It is clear
that the final mimic template matches the residual phase well.

FIG. 3. FunctionP. The solid line corresponds to=1 and the
dotted line toe=—1. The central position i§,. A measure of the
width of the spike is given by the black dots are located at half-
width, i.e. atfy="fqp.

as possible andi) they must recover the number and prop- ) ) )
erties of spikes well enough to increase FF significantly. weSubsequent searches with the “spiky” templates do not im-
tested various possible choices, but no accurate, simple prérove FF(t is important to note that no computational effort
scription was found. The reason is rather obvious given théS Wasted with the spiky template searches, since those are
morphology of these features of the residual phase: the fun@borted if the increase in FF is not significant
tions P are strongly localized in frequency space, so that the (i) The residual phase contains both spikes and oscilla-
positionsf, must coincide very precisely with the location of tions(e.g., bottom panel of Fig.)2Phase correction8) will
the spikes in the residual phase. trace the oscillations, and only moderately “pollute” the
If the problem is related to the fact th& is a highly  spikes. The hierarchical spike search is necessary and the FF
localized function, so does the solution. Indeed, given theiincreases substantially after both types of maximizations.
behavior, it seems natural to assume that the various spikes (iii) The residual phase contains only spikes. The oscilla-
do not influence each other very much. More precisely, thédor (3) does a very poor joke.g., bottom panel of Fig.)lin
correction of one particular spike will not influence the prop-recovering the signal-to-noise ratio. However, this first
erties of the others, precisely because the functibrere  search for oscillatory corrections does not introduce signifi-
non-zero only very close to their center frequency. This leadsant spurious traces to the residual phase. Several spikes are
us to consider a hierarchical search, where spike after spikeund and lead to a significant increase of FF.
is identified sequentially. Each step in this sequence involves These three types are rather simplistic in their description,
just a 2-parameter searcfy(ando;  only has two possible but we have found that they cover the full range of possible
values and therefore can be taken into account explicitly byituations at roughly equal weights, for the full range of ran-
doubling the extent of the search in the other two paramédom angles that determine the signal as “seen” by the detec-
eters. We note thato is narrowly constrained, since the tor.
spikes of relevance are always very narrdwghly local- Let us finally comment on the role of the oscillatory phase
ized). Two-parameter searches are repeated until the relativeorrection(3). It was initially motivated as a correction that
change in FF drops below a certain threshold, typicallywill closely track the number of precession cycl&ss.(29)
1072 of [14]]. If this were true, the pulsation of the oscillation
However, we found that, in some cases, an oscillatoryexpressed bys) should lie close to the one given by Egs.
behavior can be presefe.g., configuration Il in Sec. 1A (29) of [14]. However, we found in paper | that this is not the
Therefore it seems reasonable to keep the Apostolatos phasgse, and that the values Bffor which the maximum FF
correction (3). Such maximization can mimic accurately was obtained were very scattered. After careful examination
most of oscillations in the residual phagmte, for example, of the behavior of the correction and the residual phases, we
the two bumps on the right panel of Fig. 2, around 125 andtan confidently conclude that the reason for this unexpected
220 H2. Therefore a hierarchical set of the 2-parametemuncorrelation is the fact that E(B) can efficiently trackany

searches for the spikes must follow. kind of bump in the phase. This realization can also explain
Depending on the behavior of the residual phase, threthe very weak dependence of the results on the specific form
types of situations can be expected: of the frequency dependencé @ or f~1, cf. Sec. VI of

(i) The residual phase is oscillatory. In such a case a phag@]): the bumps become wider as the frequency increases and
correction of the form(3) recovers most parts of the signal this effect can be reflected in any decreasing functiorfi of
and FF increases. Not many spikes, if any, are expected, amdultiplying B in Eq. (3).
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Signal Apostolatos
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FIG. 5. The top-left panel shows the phase of the signal for configuration Il. The other plots show the residual phase after each step of
the search procedure is completed: after the Newtonian sé@agehight, the oscillatory phase correctighottom lefy), and the spiky phase
correction(bottom right; seven spikes

L | L | L | L
0 100 200 300 400 0
Frequency (Hz.) Frequency (Hz.)
Newtonian Spikes
L [P
§ 3
= £
. I . I . I . ) I ) I ) I )
0 100 200 300 400 0 100 200 300 400
Frequency (Hz.) Frequency (Hz.)

C. The procedure and some examples We would like to mention that the maximization ovigr
In the previous sections we used specific examples t§2" alsp be obtainec_i, in a more. computationally. efficient
probe in detail the main qualitative effects of precession orvay. using FFT techniques. In particular, such algorithms are
waveforms. The results of such an analysis motivated us tgsed for current searches with LIGO. However, the version
develop a new family of templates, which combined with theof the code used in this paper does not use this feature. Such
oscillatory form originally suggested K] can increase the an improvement of the code has now been impleme(aéd
FF to desired levels. In what follows we summarize our sugter submissionand FFT will be used for future work. We
gested complete procedure for searches of precessing inspiradte that the first tests show an almost perfect agreement
signals. It involves three successive steps: between the FFT method and the one used for this paper
(i) A non-precessing Newtonian search using the standarg<1%), andtherefore it is not necessary to rederive the
2-parameters chirp family15—17, where M., andt,.,  results presented here and obtained by a grid-based method.
that maximize FF are determined. The phase of the assoddowever, the use of the FFT technique will allow us to ex-
ated templatel na is plore a greater parameter space.
3 It is important to note that this step can be replaced by a
Drew= 2Tt mad + 1728(77/\/lmax)—5/3f—5/3+ beonst (7) PN search where the two compact_ob]ect masses can de-
couple. We have adopted a Newtonian for reasons of com-
putational efficiency, but we have showpaper ) that the
where ¢qonst IS @ constant phase. It is well known that the results do not change significantly as long as the order of the
maximization with respect te s iS analytical, so that the search in this first level is consistent with the order used to
search is really only two dimensional. However, let us men-construct the non-precessing part of the signal. We will re-
tion that this phase can be computed and is used when platdrn to this issue in Sec. Ill Bsee also paper I; cf2] for
ting the various residual phases. effects of inconsistent choices
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(ii) A three parameter search using the oscillatory correc- 08 T T T
tion (3) to the phasd7). The values that maximize FF are
Bmax: Cmax» @nd Smax, and the phase of the newly deter- 0775
mined template is

0.75

3

bo=2mtmadf + ES( T Mmax) B e Peonst

& 0.725

+ ConanlCOS Brnao 2+ Simasd)- ®
0.7
(iif) The last step consists of identifying the spikes in the

residual phasé8). The spikes are searched one by one, and s
for each one a 2-parameter search is perforr@ds the q
boolean parameter). This sequential search ends when the 085 A A | A | |
relative change in FF is smaller than a given threshold. Let 0 1 2 Ninbmfspi;jes 5 6 7
us call N,ax the number of spikes found anfl) (i),
omadi), and epi) the frequency positions, widths, and  FIG. 6. Convergence of the FF value as more and more spikes
signs that maximize FF. The phase of the associated templage added to the phase. The search was ended when the relative
Tmax IS change in FF dropped below 19 (configuration ).

around 150 Hz. Indeed the phase difference is drastically
reduced in those regions. The remaining spikes have not
been found because they cause a very small increase of the

3
¢NmaX: 27t mad + HS( TMmax) ™~ SR 534 Peonst

+CmaC0S Brmaxt ~ 2%+ Omax) FF, either because they are not very wide or because they are
Npmax located at frequencies where the noise is high.

+ P(f i), i), i) 9 Finally, in Fig. 6 we show the improvement in FF as more
;1 (Tomad 1) omal 1), Emaf 1)) © and more spikes are identified and added to the best-fitting

template. The case=0 corresponds to the case where only

We note that nothing at this point ensures that this stepthe oscillatory term(3) is included. The curve shows that,
wise procedure produces the highest FF possible. We intenfideed, the more efficient spikéise. the ones giving rise to
to perform tests and maximizations over combined templaténe best improvement in one siepre found first. This is a
parameters4 and 5 dimensionalin the near future, as our clear and strong indication of thiedependence of the spikes
computational resources permit. However, we stress that thghich is crucial for the success of the hierarchical search.
procedure suggested at this point involves a number of fewshe curve converges as less and less significant spikes are
parameter, computationally efficient searches through temgentified and included. In this particular case, the FF using
plate spaces. There is only one 3-dimensional search. In fagl;st Newtonian templates is 0.55. Both the oscillatory correc-
it seems that four-parameter searches are beyond current aggh and the spikes produce an improvement of about 20%. It
near-future developments in computational resouft8 is a case where both types of corrections are important. This

In what follows we give one example of how the abovejs actually expected, as the residual phésettom panel of
procedure can increase the SNR and hence the detection rafgg. 2) contains both bumps and spikes.
We use configuration Il from Fig. 2, which combines both | et us mention that the previous example is by far not one
oscillatory and spiky behaviofsecond type of signal from of the best cases. In fact the final FF is somewhat smaller
Sec. Il B. Figure 4 shows both the residual phdse., the  than the average value. One of the best cdeas of 2000
phase difference between the signal and the Newtonian besfets of random angless shown on Fig. 7. The top panel
fitting template and the mimic phase at the end of the searchshows both the residual phagtashed lingand the fit(solid
procedure. In this particular case, the value of FF convergegne) after the finding of five spikes. The convergence of the
to 0.79 after seven spikes have been identified. FF is plotted on the bottom panel and it shows an impressive

The plots of Fig. 5 provide another way of examining the convergence to a value of almost 0.97. The value using just
results. The first panétop left) shows the phase of the signal the Newtonian templates is 0.78.
(configuration Il in Table ). The second ondtop right
shows the residual phase between the signal and the best-
fitting Newtonian template, the third ondottom lefy the
residual phase after the best fitting oscillatory fo(®) is So far we have focused on an empirical approach that
incorporated in the template, and the last dnettom righy  aims at reducing the phase difference between the signal and
the residual after all seven spikes have been identified anthe best possible template. Indeed, matched-filtering tech-
included in the final template. Each step can be viewed as amiques require that signal and template be in phase for the
attempt to reduce the phase difference to zero, i.e. to makengest possible frequency. Therefore one might expect that
the curves of Fig. 5 as close to zero as possible. This paphase corrections are more crucial than amplitude modula-
ticular example shows that our suggested procedure workisons. Once the suggested procedure is completed, the re-
very well, especially in the regions of maximum sensitivity sidual phase appears to be very noigyg., bottom-right

D. Other possible corrections
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- FIG. 8. Comparison between the standard methodsgmbolg
0.96 and the method including an amplitude correctiengymbols. For
094' m;=10 Mg, m,=1.4 Mgy, S=1, and«x=0, ten sets of random
T angles are showfsome of the points overlap
0.92
E ot phase corrections except for the Newtonian search. We de-
0.9 cide to combine the amplitude correction with the search
088' with respect to the non-precessing parameters in one single,
L four-dimensionamaximization, by using the following tem-
0.86 plate:
0.84- ' ' ' L ~
0 1 2 3 4 5 h(f):AcorffﬂﬁeXF(i(ﬁNewt) (11)

Number of spikes

FIG. 7. The top panel shows the residual phédashed ling where ¢ewt IS given by Eq.(7), so that the templatél) is
and its fit, including an oscillatory phase correction and five Spikeﬁust the Newtonian template corrected by an oscillatory term
(solid line). The bottom panel shows the convergence of the FF ag, the amplitude. Once this first step is completed, we follow
more and more spikes are found. The physical paramete®are i the standard procedure of phase corrections, starting
=10Mo, m=14Mg, S=1 andx=0.4. The random angles are i, the oscillatory term and following with the spikes.
glven_?é;ow:—o.esz, ¢=2.57, co%'=0.593, ¢"=5.65 and The first maximization mentioned above is four dimen-
Fprec™ 200 sional, and hence computationally demanding. Therefore we
panel of Fig. 5. It seems to us that it is almost impossible to restrict it tp a fgw sets of random angles, typically ten. F(_)r
each configuration, we calculate the associated FF by using

find any additional systematic correction. However, in an th the standard procedufeithout any amplitud rec-
attempt to further increase the FF value, we examine wheth 0 € standard procedu out any ampfitude corre
lons) and the four-dimensional sear¢followed by the os-

%Icorrectlon to the amplitude of the templates would be useéillatory and “spiky” searches Clearly exploring just 10

The amplitude modulatiofAM), in the simple precession sets of random angles is not adequate but it can still indicate

regime, is mainly oscillatoryEq. (11) of [14] ]. So it is natu- Whgitherr thse im\,?,“utjﬁe corrT:ectrlion r:sflrpfor:t\almlt or n?ct'th can-
ral to introduce an amplitude correction with the same form gure © shows the comparison for ten values ot tne ra

. o dom angles, fom;=10 My, m,=1.4 M, maximum spin
as Eq.(3). Given that FF is independent of the absolute j Nt ©r 2 O e
normalization, we can drop the paramefethis time. Then magnitude §=1), and a spin-tilt angle of 90°(=0). Each

we are left with the following correction: symbol dgnotes the va!ug of FF for one particular orientation

(some points are not visible due to oveplaphe X symbols
A CO'= cog 3amplif ~2/3 1 samply (10) correspond to results for the standard procedure and+the
symbols to those from the four-dimensional search. Between
One must then determine the appropriate way to includ¢he two procedures, only step | is different; step Il is the

such a correction. One simple way is to apply it sequentiallysearch for oscillatory correction&), and step Il is the

after all the corrections to the pha&tescribed aboyehave  search for spikes. We find that initially the four-dimensional

been applied. We have tested such an approach and foulséarch leads to higher FF values in comparison to the New-

almost no improvement at all in terms of increasing FF. Wetonian and oscillatory search, but this effect is overcome by

conjecture that the mismatch of the non-precessing paranthe inclusion of spikes. At the end of the process, the average

eters and all the modifications on the phase have alreadjtting factor is almost the same for the two metho¢sF)

attempted to mimic the amplitude modulation. Alternatively =0.821 for the standard procedure afi&F) =0.828 for the

we attempt to apply the amplitude correctidi®) before any case with the amplitude correction. Given these tests, we
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FIG. 10. For 2000 sets of random angles, the valugtf,, at
FIG. 9. Range of estimated chirp masses, measured by the ratighich the maximum of the FF is attained is computed and the
of the estimated values.e. the ones of the template for which the results plotted in this histogram. The configurationris=10M,,
maximum FF is attaingdo the “true” values(i.e. the ones of the m,=1.4M,, S=1 andx=—0.5. The range of the plot is the ac-
signa). The sets of random angles and the physical parameters ataal range for the large search of the maximuie.
the same than the ones of Fig. 8. Tkedenote the standard method [0.6M,2M.]).
and the+ the four-dimensional search.

D ) ) _this range. Of course, for reasons related to computational
conqlude t_hat no S'gn'f'caf't gain seems to be associated W"ﬁﬂne, we would like to search through intervals as small as
';gfm:nclusmn of an amplitude modulation to the templatepossible. To determine the limits, for each choice of masses,

E\Yén though(FF) values are very close, the procedureWe consider one of the worst cases for the F.F’.thaﬂ
involving the more computationally de,manding four- and«= —0.5(seg resu!ts of paper |, for why this IS the worst
case. For this orientation, we use a very broad interval for

dimensional search might still be a viable choice, if, for ex- . . :
. : o . the search of the maximum. Figure 10 shows the histogram
ample, the extraction of the physical parameters of the bmar%f the occurrences at which thg maximum of the EE isgob-

is more accurate. To examine this question, we compare tht%ined at a givenM for m=10M~ mo—14M. S

i —~ — max 1~ [OR] 27 +- [OR]
parameters of the S|gnalA(l—_2.99w@ and : 0) to the =1 andk=—0.5. In this particular example the search in-
best-fitting values obtained with the two different methods.

We focus on the chirp mass and show the results in Fig. 9. ﬁerval is then chosen to §8.8M;,1.3M;], whereM is the

: . 0 ; :
is clear that the dispersion around the signal value of thghlrp mass of the signaless than 1% of the maxima lie

chirp mass is very comparable for the two methods. We haVSUISide this range, for the particular realization of Fig).10
_ _ _ As we did in paper |, the number of templates, sets of
conducted tests fom;=7 Mg, m,=3 Mg, S=1, andk . : ;
=0.4 and observed very similar behaviors. Therefore, at thig’“’]do.m angles, _and collocation points are determined by
poiﬁt it seems that there is no good reason for us’ing thgtudymg the relative convergence of the FF as thgse numbers
o . . increase. Here we skip the details, but we mention that the
time-consuming four-parameter search instead of the stan- .
dard method described earlier. chosen nur_nbers are sufficient to ensure an accuracy of_ the
FF calculation of 1% or better. We also require that for sig-
nals without any precession modulation we recover FF
IIl. EFFICIENCY OF THE “SPIKY” TEMPLATES =0.97. Let us mention that we impose the convergence of
FF for every configuration and not of the averager),
which is a stronger constraint. This is true for all computa-
To perform the searches we need to first determine a nuntional parameters, except for the number of sets of random
ber of computational parameters: the boundaries of the paangles, for which only the convergence of the avergefe
rameter space to be searchies do make use of our knowl- makes sense. For example, Fig. 11 shows the relative con-
edge of the true parameters of the signéhe number of vergence with the increasing number of collocation polits
templates between these boundaries, the number of sets wded to calculate the integrals in the expression of the FF.
random angles needed to obtain an accurate avéifeige From this particular plot, we estimated that we should use
the number of collocation points needed to obtain an accut000 collocation points to get a relative error of order 10
rate value for FF with a Gauss-quadrature scheme used in the The complete set of computational parameters used in our
cross-correlation calculations. searches are summarized in Table Il. We also note that the
In what follows we briefly illustrate how the search inter- grids associated with the masses are in logarithmic scale to
vals are found, using the chirp mass as an example. We firginsure proper distribution of the templates.
determine the valuesA,,;, and M5, SO that the maximum The computational parameters for the addition of Aposto-

value of the FF is always obtained for a valié,,,, inside  latos’ correction are given in Table Il and the ones for the

A. Determination of the computational parameters
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T ' ' ' ' ' T TABLE lll. Various computational parameters for the mimic
107~ N templates.

Masses Interval Number Interval Number Interval Number

g

20T N (M) B B C C ) s

£ ”’_6_ | (7,3) (0,75 30  [07] 10 [02a 20

g o 7 (10,1.4) [0,160 580  [0,r] 10 [02a 10

é‘:’ 107+ .

:é 107+ 7

Z oL N The triangles are computed by including 2PN corrections

to the phases of the non-precessing partbath the signal

and the templates. As already stated in Sec. Il C, the results
10" g 5(|)0 ' 10|00 ' 15|(m ' 20|00 ' 25|00 ' 30|00 ‘ 35|()0 ' 40|00 ' 45|<)0 So00 are almost the same as the ones obtained by using only New-

Number of collocation points tonian expressions. It is a clear validation of our results, as it

FIG. 11. Convergence of the FF with respect to the number o{llfusrt]rates the fact, already observeq in paper |, thlat the ordher
collocation points. The signal is for (10;1.4) solar masses objects0 the non-precessing pe_lrt IS not _|mportant, as long as the
maximum spin ande=—0.2. The random angles ats=0.107r, Order_ of the non-precessing parts is kept consistent between
¢=0.2927, 0'=0.4127, @' = 1.857 andaye—0.4997. The com- "€ Signal and the templates.

parison is done with the value for very highwhich is FF=0.46. Figure 13 shows the same results butifor=7 Mo and
m,=3 My. The reduced detection raiFF)? is always

spikes in Table V. For each spiké, is searched in all the greater than 70%, whereas it could drop to 50% if one uses
range of frequency, from the low cut at 40 Hz to the termi-only Apostolatos’ correction.
nation frequency at the innermost stable circular orbit Figure 14 presents another way of looking at the improve-
(ISCO). The value of the ISCO is the one of a test particlement caused by the “spiky” templates. Fon,=10 Mg,
orbiting a Schwarzschild black hole. It may seem a rathem,=1.4My, S=1 and x=0.4, the FF for 2000 sets of
crude approximation but, because the noise is high at thosandom angles has been computed. Figure 14 shows the as-
frequencies, its exact value is not expected to be important. Aociated histogram, i.e. the number of configurations for
logarithmic grid is used fof,, because the spikes are more which a given FF is obtained. One can clearly see that, after
densely distributed at low frequencies. We search for spikesach step of our search procedui¢the (FF) increases and
until the relative change of fitting factor is smaller than (ii) the distribution of FF values narrows significantly.
SFF=10"2, As already stated in Sec. Il C, fast Fourier transform
(FFT) technigues can also be used to compute(&#® dur-
B. Results ing the first step of our procedukpost-Newtonian searth
Although such algorithms have not been used for obtaining
plates form; =10 My, m,=1.4 My, and S=1. The top tr;]e plots shoyv_n in this paper, we conducted a few tests to
panel shows the averaggF) as a function of the cosine of check the validity of our results. As expecte_d, we found that
the agreement between the two methods is almost perfect.

the mi_salignmer!t angle:_ES.L andsthe bott_om pangl the |ndeed, it is better than a fraction of 1% for reasonable num-
reduction factor in detection ratéF)°, assuming a uniform  per of points used to compute the FFT.

volume distribution of sources. It is evident that the new
family of templates can greatly improve the signal-to-noise
ratio. Values of(FF) are above 0.8 for the full range of
spin-misalignment angles. Consequently the reduction fac- The goal of this paper has been to find a new family of
tors of detection rate increase by factors of up to 5 or &emplates for the efficient detection of precessing binary in-
(compared to cases where precession is ignored; see papespiral. We are motivated by a careful study of the qualitative
or in other words the detection rate is never reduced by morbehavior of the residual phase once the signal has been
than a factor of 2. This is to be compared with the curvesamatched with a best-fitting non-precessing template. This ini-
showing the Newtonian and Apostolatos’ templates fortial study provides us with an explanation for the insuffi-
which the detection rate can be reduced by as much as Iflency of the purely oscillatory phase correction shown in
and 5, respectively. Eq. (3), suggested for the first time by Apostolai@y. The

In Fig. 12 we show the efficiency of the “spiky” tem-

IV. SUMMARY AND CONCLUSIONS

TABLE Il. Various computational parameters for tfos) Newtonian templates. The mass intervals are given in fraction of the signal
masses. “Col” is the number of collocation points and “Angles” the number of sets of random angles. Let us mention that the parameters
related tot, have no meaning when FFT techniques are used.

Masses W) Col Angles IntervalM Number M Intervalt, (s.) Numbert, Interval my Numberm;
(7:3) 1,000 2,000 [0.9;1.1§ 90 [—0.05;0.09 70 [1;2.4 20
(10;1.4) 1,000 2,000 [0.8;1.3 90 [-0.1;0.7 130 [0.5;2.6 30
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TABLE IV. Computational parameters for the search of the spikes.

Masses i) Interval f Numberf Interval o Numbero OoFF
(7:3) [40;440Q 500 10;0.8] 100 102
(10;1.4) [40;386 400 10;0.8] 60 102

problem seems to be that the mismatch between the noWe note that, before searching for the spikes, it is useful to
precessing parameters of the signal and the templates fails #till use the oscillatory correctiof2] because the oscillator
remove all the monotonic behavior of the phase modulatior§3) can account for any periodic behavior present in the re-
(cf. Fig. 1. In some other cases, the mismatch can evesidual phase. We also considered including a correction to
“pollute” the phase modulation and becomes responsible fothe amplitude, in the form of an oscillator similar to E).
the appearance of a monotonic componht Fig. 2). Our preliminary examination of this question did not reveal
To tackle this problem, we have shown that the monotoni@ny significant improvement of the signal-to-noise ratio and
behavior of the phase can be represented by a successiontbérefore this approach did not warrant any further explora-
spike-like structures. These spikes can be searched very dfon.
ficiently by using a hierarchical algorithm, in which the  Quantitative results about the usefulness of the spiky tem-
spikes are found one after the other until the FF convergeslates in improving detection rates have been presented,
studying two configurations for which precession is most

g , | | | | | | | important[ (m;,m,)=(10,1.4) and (7,3) M]. We find that,
095 A even in the most unfavorable cases, the detection rate is re-
0 8—_"'»..,_, M . duced by less than a factor of 2. This is to be compared with
Fo - the factor of 10 reduction when precession is ignored alto-
o - J: @] gether and the factor of 5 when the Apostolatos’ oscillatory
0.6 ©- mT o 8 correction is included.
éo.s— O @ . We view our results as very encouraging, especially when
Y oal ] one considers the very moderate number of parameters in-
0.3__ +—e Spiky ]
F oo OPN,S=1| 1(_» T T T T T T T T T K
021 A 2PN, Spizljzy 7 091 -
- O-8 smic £ . 1
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w 061 ; 0.1- &8 Mimic f .
Vi ol ! | ! ! 1 ) ) ) ) 1
@0'5_‘ A ‘I 08 06 04 02 0 02 04 06 08 1
1 - g K
04 - F ]
r g ol 1
03 - s
u @ ———————————————— ' o 4 E 1 T T T T T T T T T
02F e BT o - 5
I P 1 091 A
0.1_— § 08[ pp
0 1 | | 1 1 1 | | 1 F oY ) -
-1 -08 06 04 02 0 02 04 06 08 1 0.7+ o .
K L
- 06F % o s
FIG. 12. Efficiency of the spiky templates in recovering the Qo5 R e i
signal-to-noise ratio and increasing the inspiral detection rate. The Voal o.. o 7
circles and dotted lines correspond to the values obtained using the Tt O G @ @O
Newtonian templates. The squares and dashed lines correspond to 031 o Spiky 7
Apostolatos’ waveforms alone, and the filled diamonds and solid 0.2- ©-00PN,S=1| T
lines correspond to the combination of the Apostolatos’ and spiky 0.1 58 Mimic £2°| 4
templates. The triangles denote the values obtained by using 2PN [ ! | | | ! ! | L
order expressions for the non-precessing parbéiththe signal and -1 -08 06 -04 -02 0 02 04 06 08 1

the templates. The top panel shows the avek&f® whereas the
bottom panel shows the reduction factors of the detection rate, both FIG. 13. Same as Fig. 12 but fon;=7 Mg andm,=3 Mg
as a function of the cosine of the spin-misalignment angle. (except for the 2PN triangles
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the SNR. For the immediate future there are a number of
issues that we would like to examine in more detail, as our
. computational resources permit. The ultimate question is
whether the spiky family of templates and the search proce-
dure described here can be used in real searches.

As the very first step, we would like to examine this fami-
ly’s efficiency when we move away from the approximations
. of simple precession and we consider more complicated pre-
cession signals, obtained by numerical integration of more
complete post-Newtonian dynamics for examplé]. We
= expect that the results will not change dramatically because
of the generic nature of our family of templates. Indeed, the
procedure presented in this paper should reproduce rather
O — — L o1 accurately any sup_erpositior_l of oscillatqupqstolatos’ an-
) ) ) FF ) ) satz and monotonic(the spikes behaviors in the phase.
o ) ] . Moreover, we found that the results did not change very

FIG. 14. Distribution of FF vglues using 2000 configurations much when higher order PN effects were included in the
(§ets of random anglesThe physical parameters adopted for the non-precessing pafcf. Sec. Il B. Low false alarm rates
ﬁhgengjaﬁ:)?géThtox?u’e?gf:telr':meu:sszflthaenﬁlgv:vt%;émgrgolttfd 4and moderate numbers of templates needed for real searches

plates, aere amongst the other properties that must be asserted. Issues

dashed line those obtained after the addition of the Apostolatos . ) - . .
related to reliable physical parameter estimation are also im-

oscillatory correction, and the solid curve those after all the impor- - . . -

tant spikes have been identified. portant, if we want to think about questions of interest to
gravitational-wave astrophysics that goes beyond detection.

We plan to conduct these studies in the near future and

volved (two for each spike Of course, it must be possible to | . : ) .
obtain higher FF by using templates with more parameterémplemem the spiky templates in the LIGO algorithm library

but the applicability to real searches may be problematic in-AL) [20], should they constitute a viable family.
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