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Search of S3LIGO data for gravitational wave signals from spinning black hole and neutron star
binary inspirals
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We report on the first dedicated search for gravitationalesaemitted during the inspiral of compact
binaries with spinning component bodies. We analyg&g hours of data collected during the third science
run (S3) of the LIGO detectors. We searched for binary systasing a detection template family designed
specially to capture the effects of spin-induced precessibhe template bank we employed was found to
yield high matches with our spin-modulated target waveftonbinaries with masses in the asymmetric range
1.0 Mg < m1 < 3.0 Mg and12.0 Mg < mo < 20.0 Mg which is where we would expect the spin of the
binary’s components to have significant effect. We find thatsearch of S3 LIGO data had good sensitivity



to binaries in the Milky Way and to a small fraction of binari| M31 and M33 with masses in the range
1.0 Mo < mi,ma2 < 20.0 M. No gravitational wave signals were identified during tlgargh. Assuming a
binary population with a Gaussian distribution of compdrsdy masses of a prototypical neutron star - black
hole system withn1 ~ 1.35Ms andm. ~ 5M, we calculate th60%—confidence upper limit on the rate of
coalescence of these systems td b® yr~L;,', whereLio is 10*° times the blue light luminosity of the Sun.

PACS numbers: 95.85.Sz, 04.80.Nn, 07.05.Kf, 97.80.—d

I. INTRODUCTION

Currently, there is a world-wide network of kilometer
scale interferometric gravitational wave detectors that a
either at or approaching their respective design sensitivi
ties. The network includes the US Laser Interferometel , ‘
Gravitational-wave Observatory (LIGO)! [1, 2], the British o8 98.5 99 995 100
German GEO60d [3] and the French-Italian Virgb [4]. The time(s)
radiation emitted during the inspiral stage of a stellar snas
compact binary system is thought to be a likely candidate fo
the first direct detection of gravitational waves using ¢hes
terferometers [5,/6]. The initial interferometers will bela
to search for such systems well beyond the Virgo superclus
ter with an expected detectable rate of one inspiral event e\ . . ‘
ery few years|[6]. The LIGO Scientific Collaboration (LSC) 98 935 ele] 99.5 100
has searched for compact binaries with non-spinning stelle time(s)
mass components in data collected during the first, secona,
third and fourth science runs (henceforth S1, S2, S3 and S4,
respectively)[[7[/8], by employing optimal matched filteyin  FiG. 1: The gravitational waveforms predicted from the laspiral
techniques|[9] wherein detector data is cross-correlaifd w phase of two different neutron star - black hole systems consist-

a bank of “templates” which represent the best current khowling of non-spinning bodies (upper plot) and the other cdingjsof
edge of the emitted waveforms. maximally spinning bodies (lower plot). Both systems amntital

Studies of compact binaries with spinning componéﬂs [1O§1part from th_e spin of th_eir component bodies. Sp_in-indtmeQes-
|ﬂ, @,EBL_lMDB] have revealed that interactions betweedi®" of the bllnary’s orbital plane causes modulatlon of treitp-
the spin and orbital angular momenta can lead to precessioﬁ)nal wave signal and can be clearly seen in the lower plot.
of the binary’s orbital plane which in turn causes a modula-
tion of the observed gravitational waves’ amplitude andsgha
The statistical distribution of the spins of black holesrigpi-  The gravitational waves emitted by stellar mass compaet-bin
raling binaries is not well know Eh?] and until recently ries are expected to be at frequencies detectable by LIGO dur
the efforts have focused upon developing techniques for thi#g the final few seconds of the inspiral as well as the merger
detection of binary systems with non-spinning component&nd ringdown stages of their evolution. This paper reports
(for recent reviews see Ref5, [18] 19] and references thjerei the methods and results of a search for gravitational waves
The presence of amplitude and phase modulations in the olgmitted during the inspiral of binaries consisting of spmgn
served waveforms will reduce our detection efficiency whencompact objects. We analyze S3 LIGO data using a detection
using matched filter templates which do not include spin eftemplate family[[14] which efficiently captures the amptieu
fects [12/1B[ 14, 15]. These effects are small for low mas@nd phase modulations of the signal. This is the first time
binaries or binaries with roughly equal component massegravitational wave data has been searched for inspiraatEgn
but can be significant for high mass or asymmetric systemfom binary systems with spinning component bodies.

such as neutron star - black hole binaries. Figlire 1 compares In Sec[T) we discuss the evolution of spinning binary sys-
the gravitational waveforms we would expect to observe frontems. In Sed_Ill we describe the waveforms that are used to
two different binary systems, one consisting of non-spigni model the emission of the target sources we are seeking to
bodies and the other consisting of spinning bodies. detect. These target waveforms include modulations tw thei
LIGO consists of three detectors located at two sites acrosamplitude and phase in order to simulate the effects of spin-
the US. The LIGO Hanford Observatory (LHO) in Washing- induced precession of the source. In $ed. IV we describe the
ton state consists of two co-located interferometers of arndetection template family that we use to search for thegetar
length 4km and 2km and are known as H1 and H2 respeowaveforms and in SeE.JV we describe the design and testing
tively. The LIGO Livingston Observatory (LLO) in Louisiana of the template bank used. In SEC] VI we describe the S3 data
consists of a single 4km interferometer known as L1. Alléhre set and summarize the data analysis pipeline. In[Set. VII we
detectors were operated throughout S3 which spanned 70 dagisscribe various vetoes which were identified as benefizial t
(1680 hours) between October 31, 2003 and January 9, 200this search. In SeE._ VIl we detail results from this seaitah.
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the absence of a detection we will calculate an upper limit orhavex = 1 and for a non-spinning objegt = 0. Although
the rate of coalescences using the measured efficiency of othe estimated birth-spins of NS and BHs are small, simula-
search and an estimated population model of the distributiotions have shown that accretion during a common-envelope
of binary systems in the Universe. In SEc] IX we perform anphase can allow objects to achieve considerable or even near
upper limit calculation based upon the loudest event carteid maximal spins[[17]. Due to uncertainties in both the estima-
found in our search. Finally, in S€c] X we draw conclusionstion of birth-spins and modelling of accretion induced spin
Throughout we shall assunéé= ¢ = 1. up predictions of binary’s spin population are fairly urte@r.

The upper bound on a BH's spin is expected todbe 0.998.

Torque caused by radiation emitted from the accretion disk

II. EVOLUTION OF SPINNING BINARY SYSTEMS getting swallowed by the BH counteracts the increase of spin

caused as the BH accretes mas$ [21]. The upper bound of a
NS's spin is estimated by calculating the spin which would
cause it to break up using variety of models for its equatfon o
state. The upper limit is estimated to pe- 0.7 [22].

We briefly review the current literature regarding the forma
tion and evolution of spinning binary systems. The literatu
available focuses mainly on neutron star - black hole (N§-BH ) . S .
binaries (rather than BH-BH binaries). Later we shall show For optimal detection of gravitational waves using

that the template bank used in this search is most sengitive {natched-filter technique;s we must construct templates that
binaries with unequal masses such as NS-BH binaries. It jiepresent our best predictions of the signal. These teeplat

likely that the formation of BH-BH and NS-BH (and indeed must model the spin-induced modulations to the waveform’s

NS-NS) systems are qualitatively similar and that the discu amp'iF“d? and phase as accurately as possible while still
sion here will be relevant to all cases resulting in a computationally manageable number of tem-

A typical NS-BH evolution would involve two main se- gLaJ\?V?] C?\és;&%lﬁgﬁﬁﬁ?;ﬁ;?sr ?r?ae(;f%ctlst grz'aesnbee_en
quence stars in binary orbit. As it evolves away from the Iected?/vhen constructing our templates trﬁ)atour deteefion
main sequence, the more massive star would expand until 9 P

fills its Roche lobe before transferring mass to its Compan-ICIenCy will decrease and some spinning binary systems will

ion. The more massive body would eventually undergo core?e missed. Spin effects are more pronounced when the sys-

collapse to form a BH, and the system as a whole would bet_ems spin angular momentum is larger than its orbital an-

come a high-mass X-ray binary. As the second body expano%mar momentum. The Newtonian expression for the mag-

: o nitude of the orbital angular momentum of a binary system
and evolves it would eventually fill its own Roche lobe and.S Ly| = nM5/3u-1/3 where M — my + ms is the total

the binary would then go through a common-envelope phasé. ass of the svsterm — M2 is its SYmmetric mass
This common-envelope phase, characterized by unstabke maga © system; = mama/ IS 1ts Sy :
transfer, would be highly dissipative and would probabide ratio andw is the instantaneous orbital frequency of the sys-

to both contraction and circularization of the binary'siorb trﬁgnﬁtul:r:])r\/v?lllvsg l\;?lli? f(c)yjr/[bﬁgiw’s tgfe%rgcﬁihaggﬂg?rmrggées
Accretion of mass can allow the BH to spin-up. It has been ar- 9 . ysy 9 '
= my. For systems with unequal masses such as NS-BH

i ) i
gued that the common-envelope phase, and associated OrblEglnaries, the orbital angular momentum will be smaller and

contraction, is essential in the formation of a binary Whichthe <pin anaular momenturn will plav a more sianificant role
will coalesce within the Hubble timé [16]. Finally the sec- "< 3PN ang play 9

ondary body would undergo core-collapse to form a NS (or ifin the system’s evolution. It will therefore be more suseept

massive enough, a BH). Prior to the supernova associathd wi{3Ie to the effects of spin than equal mass systems (see Fig. 3

the core-collapse of the secondary body we would expect thgf Ref. [11]). For schemes that fail to take into account spin

spin of the BH to be aligned with the binary’s orbital angular gffects, detection efficiency W'!! be worse for b|.nar|es twit .

momentuml[[16]. However, the “kick” associated with the su—') une_qual mass___components,_n) components W'_th large spin

pernova of the secondary body could cause the orbital angul agnitude af?d iiiy when the_re is significant misalignment be

momentum of the post-supernova binary to become tilted wit ween the spins and the orbital angular momentum.

respect to the orbital angular momentum of the pre-sup@rnov

binary. Since the BH would have a small cross-section with

respect to the supernova kick we expect any change to the I1I. - TARGET WAVEFORMS

direction of its spin angular momentum to be negligible and

that the BH spin would be misaligned with respect to the post- In this section we describe the fiducialrget waveforms

supernova orbital angular momentum![20]. The misalignmentised to represent the gravitational wave signals expexed f

between the spin and orbital angular momentum is expectelinary systems of spinning compact objects. We adopt the

to be preserved until the system becomes detectable togroupost-Newtonian (PN) equations given out in Réf.|[14] and

based interferometers. based upon Reféih.léﬁ:lﬁl 24, %@@ 28] (seelEif. [14]
The magnitude of a compact object’s spin is dependenfor a complete list of references to all original derivasgpn

upon both its spin at formation (i.e., birth-spin) and thansp which model the inspiral of the binary in the adiabatic limit

it attains through subsequent accretion episodes. Thendimeln this limit the binary’s components follow a sequence of

sionless spin parametgris given by.J/M? where.J is the  shrinking instantaneously-circular orbits in a precegsin-

total angular momentum of the compact object ddds its  bital plane.

mass. For a maximally spinning compact object we would The instantaneous orbital frequengygvolves according to



Eq. (1) of Ref.[14], which has the structure IV. DETECTION TEMPLATE FAMILY

() R R R X As discussed in Selc] I, when the binary components carry

= F(w(t),Ln(t)-S1,2(t),S1(t) - S2(t); M,m, x1,2),  significant spins which are not aligned with the orbital dagu

(1) momentum, sp_in-orfbi;] andb_spiln-lspin Cﬁuplings can in_duce a

. . . strong precession of the orbital plane, thus causing sntista
with the tota! mass of the s_ystejbfﬂ, the symmetric mass ratio modulation of the gravitational waves’ amplitude and phase
. the magmtudes pf the binary’s d|m.enS|onIess spin parame(—see Fig[l). Detection-efficient search templates must ac-
tersxu,z, the direction of the Newtonian a”g“'ar momentumcount for these effects of spin. A straightforward paramatr
Ly (t) (o r x v, perpendicular to the bodies velocity and (o of search templates by the physical parameters that af-
the vector joining them), and the directions of the two spingect precession results in very large template banks, wisich
S1,2(t). Orbital PN effects are included up to 3.5PN order,computationally prohibitive. It is then necessary to resitie
while spin effects are included up to 2PN order. number of waveform parameters while still efficiently cover

The two spins and the orbital angular momentum evolve acind the parameter space of target waveforms. )
cording to standard general-relativistic precession tous, We shall denote by “detection template family” (DTF) a

which are truncated consistently at the relevant PN ordet, a family of signals that captures the essential features ef th
which have the structure true waveforms, but depend on a smaller number of parame-

ters, either physical or phenomenological. At their be3t-B
can reduce computational requirements while achieving es-

Si = Fg (w,Ly,S2; M,n,x2) x Si, sentially the same detection performance as true templates
. S1 o R However, DTFs can include non-physical signal shapes that
S: = Fy (w,Ln,S1; M, 1, x1) % So, (2) may increase the number of noise-induced triggers, affgcti

2

. o . the upper-limit studies. Moreover, DTFs are also less ade-
Ly = FﬁN(w,LN-Sl,LN-SQ, S1, SQ;M,n,xth) x Ly quate for parameter estimation, because the mapping betwee
template and binary parameters is not one-to-one.

In recent years several DTFs for precessing compact bina-
(see Egs. (2), (3), and (9) of Reff. [14]). ries have been proposéd [10] é E% 31]. A
DTF based on the so-calle&postolatos ansatji0, [12] for
the leading-order mass-quadrupole term specialized ¢o-cir the evc_>|ution of precession frequency was thoroughly itiﬂ_/es
lar orbits, following Finn and Chernoff [29] (see also Sdc. | gated in Refs[[15, 30]. It was found that the computational

C of Ref. [14]). Since Finn and Chemnoff use a fixed sourcd €duirements of the Apostolatos-type families are veryihig

coordinate system, the twice-differentiated mass-quzaleu and its signal-matching .perfor_man.ces are not very satisfac
tensorQ¥ is a function of the orbital phasgw dt and of tory. An improved version usingpiky templates was then

N . . roposed in Ref[[20].
L (t). The response of a ground-based interferometric dete(,Q : : T .
tor is obtained by projectin@? onto a combination of unit After analyzing the physics of spinning-binary precession

vectors along the interferometer arms, which introduces-a d and waveform generation, the authors of Refl [14] showed

pendence on five angles that describe the relative dire¢ion that the modulational effects can be isolated in the evaruti

. o . . of the two gravitational wave polarizations (i.&., andhy),
and¢y, which subsumes the initial orbital phase of the binary),_ , : : , :
and orientationd, ¢, and«) between the detector and the which combined with the detector’s antenna patterns yisld i

Finn—Chernoff source frame response. As a result, the detector’s response can berwritte
: as the product of a carrier signal and a complex modulation
Equations[(I1) and[{2) are integrated numerically in thefactor, which can be handled using an extension of the Apos-
time domain until the minimum of the PN orbital energy tolatos ansatz. More explicitly, the modulated DTF in thee fr
E3PN(W,f,N,Sl,SQ,M,n,Xl,Xz) (see Egs. (11) and (12) quency domain proposed in R14] reads:
of Ref. [14]) is reached or until becomes negative. No at-

The gravitational strain perturbatid¥’ is computed from

tempt is made to describe the waveform beyond this stopping 3 _

point, where it is assumed that the adiabatic approximation h(bxa, to, ag; ) = | > (o +icgys)hy(f)| %
must break down. Altogether, the waveforms are functions of j=1

four mass and spin constanfq(n, X1 andy-), of six angles e2miftog( g — ) (for f > 0) ©)

describing the orientations diy, S;, and S, at a fiducial

time and frequency, the five direction and orientation amgle with h(f) = h*(—f) for f < 0. The coefficientsy; in Eq. [3)

and the distance of the detector from the source. We note thate six real coefficients encoding the global phase, thagtine
the angle® andy are degenerate with the angles given im-of the amplitude modulation, its relative phase with respec
plicitly when we definel. ;. In this analysis we assume that the leading order amplitude, and the internal (complexspha
the binary’s orbits have become circularized (see briefidis  of the modulations. The coefficient is the time of arrival
sion in Sec[l) and that the orbital eccentricity is zerovédi  andé(...) is the Heaviside step function which is zero for all
this assumption we are able to describe the binary using 18equenciesf > f.... We use the parametgt,, to termi-
independent parameters. nate the template waveform once we believe it is no longer



an accurate representation of the true gravitational veawref to extrinsic parameters can be performed automaticaly,(e.
(generally due to deviation away from the adiabatic approxi measurement of a signal’s time of arrival using an FFT) and is
mation). computationally cheaper than maximization of the SNR with
In Eq. (3) the functionsi;(f) = A;(f)e¥() are the respect to the intrinsic parameters.
basis-templateswhereA;( f) are the real amplitude functions:  In practise we sef.. to the frequency of the gravitational
wave emission at the last stable orbit (LSO) which we esgémat

Au(f) = 778, (4)  using
AQ(f) = f_7/6 COS(B)v (5) ]\/[1/2
As(f) = f77/° sin(B), (6) Jow = Juso = 5 ®

TTrLso

where = 3f~%/% and is related to the frequency of pre- wherer s, — 61 is the separation of the binary's com-
cession[[31] and is used to capture the spin-induced Modsonents and the total mads is estimated fromj, and
ulation of the waveform. The functionn(f) represents ysing approximate relationships between phenomenologica
the phase of the non-modulated carrier signal; it depends oging physical parameters we introduce in the next sectien, se
the masses and spins of the binary’s components and it carys, [TH#.11).

be computed in post-Newtonian (PN) theory. Here, as in T assess whether a stretch of detector data contains a grav-
Ref. [14], we expresgny in terms ofonly two phenomeno-  tational wave signal we calculate the signal-to-noiseorat

logical parameters, andys [50], i.e., (SNR) which is the cross-correlation of our templates with
53 the data. The full process of deciding whether a detectisn ha
Ynm(f) =777 (Yo + s f) - (7) " peen made is described in SEC VI of this paper and more fully

in the companion paperd [8,/19]. We can simplify the calcula-
tion of SNR by orthonormalization of the amplitude functon
Ay. We obtain the orthonormalized amplitude functions, de-
noted Ay, using the Gram-Schmidt procedure which leads to
the transformations:

In the case of single-spin binaries (i.e., only one of thei®é®d
has spin), it is possible to (analytically) relate the thpbe-
nomenological parameters, 13 andg with the four physical
parameters/, n, k1 andy; [31]. The physical parameter
is the cosine of the angle between the direction of the {total

spin and the orbital angular momentum and in this case would A A, - Ay

bex; = Ly-S;. However, for double-spin binaries — which RV ATIVE

is the case investigated in this paper — the mapping is not an e <A2, A1> i

alytical and the number of physical parameters is greaser th A a4, = 9

four, resulting in an intractably large template bank. \ivith 2 7 A2 A — <A 1 >ﬁ I11/2 ©)

the spirit of DTF and, as a first step in implementing search 2 L

templates for spinning, precessing binaries, we procesal he -~ T\ 1T T\ 7

with the three phenomenological parametggsys andg. Ay — Az = As <A3’ A1> A <A3’ A2> A
The DTF described by Ed.](3) generalizes the Apostolatos 1| A5 — <A3, A1> A — <A3,A2> A

ansatz in two ways: it allows @omplexphase offset between

i) the leading ordey ~7/¢ amplitude term (Eq.J4) and the sinu- where we usélal| to represent the inner product of a function

soidal amplitude terms (Eds. 5 dnld 6) and ii) between the cowith itself: ||a|| = (a,a). Throughout we will use the real-
sine and sine modulation terms. Quite interestingly, assho yalued inner product:

in Ref. [31], by an appropriate choice of the phenomenologi-
cal coefficientsy; ..., the DTF also has the ability to generate @ ()b(f)
higher harmonics which arise in the target signal discussed (a,b) = 4%/ dfw (10)
; . S 0 h

Sec[l. Those higher harmonics are caused by oscillations
the components of the gravitational wave polarizationdens whereS;, (f) is an estimate of the noise power spectral density
and not directly by the precession of the orbital angular moof the data. The final form of the orthonormalized amplitude
mentum and spins, and should be reproduced by the searéiinctions are very long and for that reason not reproduced
templates in order not to lose efficiency. here. The DTF in terms of the orthonormalized amplitude

Henceforth, we will treat)y, >3 and 3 asintrinsic param-  functions has the exact same form as that shown in [Eg. (3)
eters and they;...s andt, asextrinsicparameters. Intrinsic with h, h; ando; replaced byh, h; andd; respectively. De-
parameters describe t_he source itself (e.g., ma;ses).s]ims manding templates normalized so that k) — <B,B> -
maximize the SNR with respect to the intrinsic parameters
we must construct templates corresponding to different valleads to the constraint;_; 42 = 1. Having defined the or-
ues of the intrinsic parameters and measure the SNR obtaing@§onormalized amplitude functiond, we can calculate the
by each of these templates with our detector data. On thgNR, p:
other hand, extrinsic parameters describe the obserada’s r
tion to the source (e.g., distance of the source from the ob-

= II%&X
0

server, the amplitude and time of arrival of the gravitaslon ~ p = max (z, h(to, o))

6
to,a

Z <x,hj(t0)>2, (11)

wave at the observer). Maximization of the SNR with respect j=1



wherex is the detector data and the orthonormalized basis- In the strong modulation approximation, the orbital plane

templates are given by is assumed to precess many times as the gravitational wave

- i (F) . sweeps through the LIGO band of good sensitivity. Also the

hj = Aj(f)e forj =1,2,3 and opening angle between the orbital and spin angular momen-

h; = iﬁj,g(f)ewNM(f) for j = 4,5,6. (12) tum is assumed to be large, corresponding to large ampli-

. ) tude modulations of the signal. Mathematically this corre-

Note that we do not explicitly need to calculate..c in or-  gn5nds to the statement that the precession pRasgeeps

der to calculate th(? SNR but that they can be found simply 'fthrough many time€r and thus that the basis-templafes

required:é; = <:v, h; (to)> /p- are nearly orthonormal (without need for the Gram-Schmidt
For Gaussian white noise? will, in general, have a2 proce_(_jure). Below we shall see that this _assumptio_n _p_laces a

distribution with 6 degrees of freedom. In the case where th€ondition on the precession parametewhich for the initial

spin parameteg — 0 we find that4, and.4; both vanish LIEO deS|g2n/§10|se power spectral density [35] correspoads t

and thatp? is described by &2 distribution with 2 degrees of B Z 200 HZ*/.

freedom. To reflect the increased freedom we choose a higher We can relate this condition for validity of the strong mod-

SNR thresholdp, = 12 when # 0 and a lower value of ulation approximation to the astrophysical parameterysf s

p« =~ 11.2 when3 = 0. These values were chosen to give tem. Naively we can put the phenomenological parameters in

approximately the same number of triggers when analyzingerms of astrophysical parameters using:

Gaussian white noise and to ensure that the number of tdgger

produced during the real search was manageable.

3 + mg)?
Yo = qaclrmy )| TERE g
17762
V. TEMPLATE BANK 3 2
by = _g[ﬂ'(ml +m2)]72/3w’ (14)
mimso
Since we will not know the parameters describing an inci- 3 M 2/3
dent gravitational waveform a priori, we must filter our de- 8 = 258 HZ?/3 (1 + ﬂ) mx (79) (15)
tector data with a set of templates known asmplate bank dmy ) m2™ \ma +mo

Neglecting the effects of noise, we would expect that the tem

plate yielding the largest SNR to be the best representatiogcknowledging that, in reality, the true signal manifoldian
of an incoming signal. Due to the discrete nature of the temphenomenological template manifold do not map this simply.
plate bank (it must be discrete since it can only contain &fini The equations fors, and 5 can be found by considering
number of templates) we will lose SNR due to mismatches bege expansion for the gravitational wave phasg) given in
tween the intrinsic parameters of any gravitational wageai  erms of masses (e.g., Egs. (3.3) and (3.4) of [36]) and equat
and the best template. By placing templates with an apprang the dominant terms of this expansion to those with the
priate density, we can limit the maximum mismatch betweersame frequency exponent in the expansion for gravitational
signal and template intrinsic parameters and hence limgit thyy4ye phase given in terms @f, . in [14,[37]. The effects
loss of SNR caused by the discreteness of the bank. The spag spin are neglected in these approximationgi@fand1)s.

ing of templates in the intrinsic parameter space requised tThe equation fop3 arises by recognizing that is related to

limit this mismatch can be found using the metric on the sig+he evolution of the rate of precession, see Eq. (45) 6f [26] a
nal manifold [32,.38]. In this section we describe the cal-[31] for further discussiori [51].

culation of the metric, the template placement algorithm an ) . )
comparisons with other banks before discussing the tesfing . 11€ constraint for validity of the strong modulation approx

the bank using software-injected simulated signals. imation is that the mass ratio must satisy /m, 2 2. Also,
we specify that the total mass be less than some value (here

~ 15 M) so that the waveforms do not begin far enough
A. Metric calculation into the non-linear region to require extra phenomenoklgic
parameters. Thus the parameter space region of such a search
ay be expressed solely in terms of the range of masses for the
[ower-mass body. In this search the range usediwias/, <
m1 < 3.0 Mg, alikely range of masses for neutron stars, cor-

In this search we use a simple metric based on the stron
modulation approximation described below. The rationgle i

that systems with waveforms only weakly modulated by spin :
y y y y 5P responding formally to 6.0 M, < msy < 12.0 M range for

induced precession should be detectable with high effigienc h ve bod h hvsically thi hi
by a non-spinning binary search, e.gl, [8]. Thus we concent'® More massive body. Thus, astrophysically this search is

trate on designing a bank that will capture systems WhosgIreCteOl at NS-BH systems or BH.'BH systems W'.th unequal
waveforms will be strongly modulated. The metric calcuati Masses. As we shall see below, th|_s s_earch s efficient for non
and template placement (or tiling) algorithms become muclFPiNNING systems as well as for spinning ones.

simpler in the strong modulation limit. More recently, more We derive the metric components in the manner of
precise treatments of the full metric on the DTF parameteRef. [32]. Starting from the detection statisfi¢ (the square
space have become available [31, 34] and work is in progressf Eq. [11)), let us take our datato have the form of a tem-

to incorporate them into future searches. plate with parameters slightly perturbed from those of éme-t



plateh we filter it with:

(a1 + ia2)ei(wNN1+dwN1v1)
+(ag + iay) cos(B + dB)e!Vxmtdinn)
+(as + iag) sin(B + dB)e!Vxmtdin) (16)

Z(f)

Note that only the intrinsic parameters are perturbed, @s th

maximization takes care of the extrinsic parameters. Egtpan
ing to second order in the perturbation, we have

~
~

+(ag + i) [(1 - %dBQ) hy — chg]
+ (a5 + iae) [(1 - %de) hs + chz} }(17)

Under the approximation that tftg are orthonormal, we get

(z,h1) = o _1 - %F(W%M)} — o F'(dynm),

(2, hg) = ao - %F (dwfw)} + a1 F(dynm),

(z,hs) = as = %F(dwﬁm) — %F(dBQ)-
—ay F(dnm) + a5 F(dB) — agF (diww dB),

(,hs) = o4 - %F (dvim) — %F (dBQ)_ + a3 F(dnm)
+aF(dB) + asF(dyxw dB),

(k) = a5 [1— 2P (@0ar) — 2 (48%)] - a6 F(dinn)
—azF(dB) + as F(dipnm dB),

(z,he) = ag _1 ~ %F(dwﬁm) ~ %F(de)- + a5 F(dipnw)
—ay F(dB) — azF(ddxy dB), (18)

whereF is a functional (originally defined in Ref. [32] a8)

given by
F(a) = ) /fmaX/fo dwﬂa(x) (19)
It fusus o Sn(@fo)
and the noise momeiitis itself defined as
fmax/ fo 2—/3
I, = /fmin/fo dmm (20)

where f.i, and fi,.x define the range of frequencies we inte-
grate over. In S3 we used a lower cutoff frequency@Hz,
chosen to exclude lower frequencies for which the detector’

8

into Eq. [11) and keeping up to second order perturbations,
we obtain

6

(@) = Y e [L= Fldvfan) + Fldixa)’]
- 26:0‘5 [F(dB?) — F(dB)?]
J=3
_ [2 (00 — asan)
. [F(dywnt dB) — F(dynn) F(dB)] | (21)

To finish computing the perturbed? we must maximize
Eq. (21) over the coalescence time andsubject to the con-
straintzgz1 oF = 1 since we are dealing with normalized
waveforms). Maximization ovet; is performed straightfor-
wardly using Lagrange multipliers. We fint, = ay = 0,
a3 = —ag, anday = a5, which leads to

(z,h;)* =1~ F(dyZy) + F(dinu)? — F(dB?)

max
@

+F(dB)? + F(dywn dB) — F(dywm) F(dB). (22)
We incorporate the time-dependencedinto the template’s

phasing and expand the phase functions in terms of the phe-
nomenological parameters and coalescencetime

dipnw = dipo [P + dips f20 4 2 fdt,  (23)
dB = dp f=%3. (24)
Using the definition of the metri€ [32] to write
0% =1 —2gapd\*d\, (25)
we obtain the metric components
2910, = Ar? (J1 = J3),
20ty = 27 (Jo — JuJ12),
29ty = 27 (Jo — JaJy),
2018 = (—7/2)(Jo — JaJy),
29900y = Ji7 — Jia,
29p0ps = J1a — JoJi2,
29y0s = (—1/2) (J1a — Jo12),
2995y = Ju — J927
20055 = (=1/2) (Ji1 — J3),
2955 = J11 — Jg (26)

before projecting out the coalescence time Here we have
usedJ, to represent the normalized noise moments given

by [38]

Jo=1,/17 (27)

power spectral density was significantly non-stationang a where the noise momentwas defined in Eq[{20). These mo-
an upper frequency corresponding to the Nyquist frequencynents give us a way of checking when the strong modulation

in this casel024 Hz. Inserting the relations from Ed._(18)

approximation is valid.



T T T ' T ' B. Template placement algorithm

We set the density of our template bank in terms ofttie-
imal match(M M), defined to be the lowest match that can be
obtained between a signal and the nearest templalte [32]. A
template bank designed to have minimal mait¢i/ = 0.95
would therefore suffer no more thanla- MM = 5% loss
in SNR due to mismatch between the parameters of a signal
and the best possible template in the bank (assuming that the
signal and templates are from the same family).

The metric components shown in EQ.J(30) are constant in
the strong modulation approximation, which enables us to
use a simple template placement algorithm. We use a body-

L | s centred cubic (BCC) lattice which is the most efficient tem-
300 400 500 plate placement in three dimensions. We first diagonaliee th
2/3 . . ;
B Hz ) metric, which leaves thg parameter unchanged but gives us
new “horizontal” parameterg), andy’;. Starting on the plane
£ = 0, we draw a box in the primed coordinates which en-
FIG. 2: Moment functions’ () (solid line) andS-(3) (dashed closes the part of that plane to be searched. Beginning at one
line) for the initial LIGO design noise power spectral déysiFor  corner of this box, we step in the primed “horizontal” coor-
values of3 > 200 Hz*/* we see that these moments become smallginates by amountSl/B)\/m, whereE is the
and can bg neglected - this is what we call gteng modulation corresponding eigenvalue of the metric, i%éw, OF Gyt -
approximation At each point we transform to the mass parameters using
Eqgs. [I8) and(14) and check if we are in the targeted region of
] ~_ physical mass space. If the point is within that region, we: ad
If we had not made the strong modulation approximationg template to the list. Once a plane of constait filled, we

we would also need the functions move “up” a distance i equal to(2/3)/2(1 — MM)/ggg,
and lay a “horizontal” grid which is staggered half a cell (in

1
100 200

oo -1
Cp(B) = / df {fp/?’Sh(f)} cosB(f)/I;, (28) both primed directions) from the previous one. Thus a BCC
0 lattice is formed.
_ p/3 . Such a simple template placement algorithm is susceptible
5»(6) /0 af [f Sh(f)} sinB(f)/ 1z, (29) to the “ragged edges” problem. That is, there will be some

areas near the edge of the targeted region of parameter space

which we call the cosine and sine moment functions. The inthat will match the nearest template at a level less thal .
ner products of the basis templateswith each other (prior  The problem appears in other template placement algorithms
to the Gram-Schmidt procedure) are proportional to these masuch as those of Refs, [18,/33], and sometimes is addressed
ment functions, and thus the strong modulation approximnati in a complicated way. Our solution is simple and practical.
corresponds to assuming th@# and.S7 are small compared  In stepping around th@y), 1/4) plane, we check to see if we
to unity. For the initial LIGO design noise power spectratde have crossed the edge of the targeted region. If we find our-
sity curve [39] the moment functions are plotted in Fig. 2. Weselves at a point outside of the targeted region, we check to
see that the strong modulation approximation should hold (tsee whether the point halfway between the current position
about the 10% level) fof > 200 Hz*/3. See also Fig. 15 of and the previously laid template is itself within the taegkt
Ref. [31], discussed more below, which shows approximatelyegion. If so, we add a template there. Although the edges of
the same behavior. the targeted region are curved, the radius of curvature izyma

After projecting the coalescence time out of Eg.l(26) andtemplate spacings meaning that we can treat the edgeslgs fair
droppingy S cross terms (which simplifies the template place-straight. This simple method solves the ragged edges proble
ment and changes the volume per template by less than 3%jyhile resulting in a small number of additional templates.

we obtain As mentioned earlier, we choosé,, the frequency at
which we end our template, to be the frequency of gravita-
2p0w0 = J1r — JH — (Jo — JaJi2)?/ (Ji —J3), tional wave emission at the last stable orbit. However, we
20pows = J1a — JoJia — (Jo — JuJo)(Jo — JuJ12) compute metric components by effectively takifig; to in-
/ (J B JQ) finity, which gains us simplicity at the cost of a small over-
1) coverage.
29y = 0, We can compare the simplified template bank used here to
20usps = J11 — I3 — (Jo — Judo)?/ (J1 — J3), those proposed in the literature, particularly in Réfs), [4].
204.5 = O, Although neither of those articles actually constructsra-te

) 9 ) plate bank or gives explicit metric components, we can find a
2985 = Ju —Jy — (Js — Jado)" /4 (']1 - J4) - (30) point of comparison. Figure 15 of Ref. [31] plots the coordi-
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nate volume per template as a functionspfassuming a sim-

ple cubic lattice with\/ M = 0.97 and an analytical approxi- e 1000 :
mation to the initial LIGO noise curve. In the high{strong e 2000f -+ —
modulation) limit, their volume tends te 5 x 10° Hz®. For 000 _—

the same\Vl M, lattice, and noise curve, our volume per tem- —
plate is~ 6.4 x 106 Hz3. Thus, our grid is slightly sparser than e ==
that of Ref.[31L]. Most of the difference is because they defin [0
their final metric (on the space of intrinsic parameters pimly v, 10

terms of a “minimax” overlap, which is more restrictive than
the metric described here. The issue is that the spacingeon t
intrinsic parameter space in general depends on the extrins 500
parameters, and there are multiple ways to remove this depe

800 - - 800
BO [+

e 40| -

.. . . o 400
dence. The minimax criterion of Ref, |31] assumes the wors :
case (in terms of extrinsic parameters) or tightest spafting 2 2oy
each point in parameter space, and thus is tighter (lower ten 0 ; 0 ;
1} 2 4 6 8 -5000 -4000 -3000 -2000 -1000

plate volume) than it needs to be. Spin-induced precession ¢
the orbital plane will cause sidebands either side of theerar
frequency. The metric we describe is constructed impjicitl

assuming that there is always non-zero power at the carri
9 Y P Ell'—rIG. 3: A template bank generated with minimal mateh0.95 us-

frequency and both precession S|deba_nds,_ which e“m'mtesing 2048 seconds of H1 data taken during S3. The crosses show
set of measure zero of worst-case points in the extrinsic p

) %he positions of individual templates in thgyo, 13, 3) parameter
rameter space. The template bank tests described below V&5ace. For each template a value for the cutoff frequefagyis es-

ify that the loss of efficiency due to neglecting the worsi&ca timated using E¢J8. This bank requires a 3-dimensional katep
extrinsic parameters is no more than a few percent. placement scheme in order to place templates ir{thevs, 3) pa-
For the real S3 noise spectra which were used to construcameter space. Previous searches for non-spinning sybterasised
the template banks in this search, template numbers were tyg-dimensional placement schemes.
ically 2 — 6 x 103 in H1 and L1 when prescribing a minimal
match of0.95. The number of templates was larger in H2
compared to the other detectors and also increased with tintbe orbital angular momenta. The template achieved matches
to ~ 1.6 x 10* towards the end of S3 due to a flattening of the> 0.9 for a mass rangé.0 My < m; < 3.0 Mg and
noise power spectrum in H2. Although a minimal match of12.0 Mg < mo < 20.0 M, (and equivalent systems with;
0.95 was prescribed the effective minimal match of the tem-andm, swapped). The detection template family (described
plate banks generated was reduced-t0.93 due to a small in Sec[1V) is capable of obtaining high matches for compara-
calculation error. Figurgl3 shows a template bank generateole mass systems, the lower matches obtained for comparable
using 2048 seconds of H1 data and with a prescribed minimahass systems are a result of targeting our template bank on
match 0f0.95. asymmetric mass ratio systems (which are more susceptible
to spin effects and conform to the strong modulation approxi
mation).
C. Tedting thetemplate bank Matches below the specified minimal match0a$5 in the
bank’s region of good coverage are a consequence of (small)

The template bank was tested using a series of simulate%"’-rerences between the DTF and the target waveforms mean-

signals constructed using the equations of the target wav ing that the DTFeannotperfectly match the target waveforms.

) . ) . .erhefitting factor (FF) measures the reduction of SNR due to
forms described in SeEJIl. We considered a variety of Spin . on oo petween the DTF and the target waveforrh [12]

configurations including systems where neither, one or bot . oS ;
: S . -(and should not be confused with the minimal match which
bodies were spinning. We also considered masses outside :
measures the loss of SNR due to discreteness of the template

the range we expected the template bank to have good “Oank [32]). The DTF performance is evaluated and its fitting

erage in order to fully evaluate the range of masses for Whic?actor is measured in Sec. VI of Ref, [14], for NS-BH systems
it could be used. For each spin configuration we created a i : !

) . : -~ an average FF of 0.93 was measured [52].
series of signals corresponding to every mass combination:
1.0 Mg < mq,mq < 20.0 M. Using the initial LIGO de-
sign sensitivity we then measured the best match that could

be obtained for every signal using our template bank. Fig- VI. SEARCH PIPELINE

ure[4 shows a sample of the results from the tests of the tem-

plate bank. As expected we found that our template bank The pipeline used for this search is the same as used in the
achieved the highest matches for non-spinning (and theresther S3 searches for binary inspirals [8] and is describiy f
fore non-precessing) binaries. Performance degradesras spin a set of companion papefs [19] 40]. This pipeline has been
precessional effects become more pronounced i.e., whén bosignificantly updated since the S2 analysis and a brief sum-
bodies are spinning maximally with spins misaligned frommary is now given.

Y, 10 Y,



11

but science mode might interfere with the other detector.

We denote periods of time when all three detectors are in
science mode as H1-H2-L1 times and periods when only the
Hanford detectors are on as H1-H2 times. A coincidenttrigge
consisting of a trigger in the H1 detector and the L1 detector
will be referred to as an H1-L1 coincident trigger and simi-
larly for other combinations of detectors.

In this search we analyze 184 hours of H1-H2-L1 data and
604 hours of H1-H2 data (see Ta@le ). During these times we
construct template banks for each detector and subseguentl
produce a list of triggers whose SNR exceeded our threshold.

Around 9% of the data is specified pyground datand
is used to tune the various parameters (e.g., SNR thresholds
and coincidence windows) used in the full search. Playgiloun
data is not included in the upper limit calculation but idl sti
searched for possible detections. We also construct Ifsts o
veto timesduring which the data we analyze had poor data
FIG. 4: Plots showing the best match achieved by filteringrese ~ quality due to short stretches of instrumental or enviromme
of simulated signals through the template bank describéisrsec-  tal noise [4D] 41]. All coincident data is analyzed but gravi
tion. The values on the x and y axes correspond to the componenational wave candidates found during veto times will be-sub
masses of the binary source to which the simulated signak<cor jected to greater scrutiny than those found during otheggim
sponds. The colour of the plots shows the best match achfeved
a given simulated signal. The four subplots correspond to diif-
ferent spin-configurations of the binary source. The tdpsiebplot ~ TABLE I: Summary of the amount of data analyzed in our various
shows results for a non-spinning binary system. The toptsgh-  data sets. In S3 we only analyze data from the LHO detectoesiwh
plot shows results for a system consisting of one non-spgweb-  both H1 and H2 are in science mode. Around 9% of the data is
ject and one maximally spinning object with its spin slighthis-  classified aplayground dataand is used to tune the parameters of
aligned with the orbital angular momentum. We would expbit t  the search.
system to precess. The bottow two subplots show resultsafor t

generic precessing systems consisting of two maximallprspg Data type| Total analyzed (hours)  Non-playground (hours)
bodies with spins and orbital angular momentum all misadyftom H1-H2 604 548
each other. We see that the region of the mass plane for wiedbw ~ H1.H2-L1 184 167

tain matches> 0.9 is largest for the non-spinning system and tends
to be concentrated in the asymmetric mass region looselgpdasl
by 1.0 Mo < mi1 < 3.0 Mp and12.0 Mo < ma < 20.0 M. We can compare the sensitivities of the LIGO detectors by
measuring thdorizon distancef a particular source — this
is the distance to which an optimally oriented source can be
In Sec[VTA we discuss the S3 data set. In $ec. VI B we deobserved with SNR= 8. In Fig.[ we plot the horizon dis-
scribe how we decide whether triggers measured in differertance of &2, 16) M, binary. This choice of component mass
detectors could be associated with the same gravitatioma w reflects that the template bank used for this search (see Sec-
event. In Sed._VIT we introduce the statistic which we use tdion[V/) achieves highest matches for asymmetric binaries. |
assign SNRs to the events found in coincidence between twlig. 1 of [8] the horizon distance for a range of symmetric
or more detectors. In Sdc. V1D we describe how we estimatbinaries is shown.
the expected rate of accidental coincidences.

B. Coincident analysis

A. Datasample
To minimize the false alarm probability we demand that a
r gravitational wave signal be observed by two or more detec-

To begin with we construct a list of times for which two o : th simil ¢ In order to determi heth
more of the detectors are operating nominally, in what is re;Ors With simiiar parameters. In order to determine wheener

ferred to asscience modeBy demanding that a gravitational trigger me?‘S‘%fed by one p:_:\rticul_ar detector should be don_si
wave be detected in coincidence between two or more dete(?—reOI as c0|_nC|_dent W'th. atrigger in a_nother detector we defin
tors we simultaneously decrease the probability of infeyri a Sft. of cmr;mdeggf? W|nf[jgwts. 1“ th![s %earch Wde de(;nf_;lnd that
a detection when no true signal was present (a false alarng (; r'??ﬁrs romt ! t('arl?nth efeltlz ors 1o eg.ot.ns' .ere as-co
and improve the confidence we have in a detection of a tru ident they must salisty the following conditions:

signal. Data collected by the LHO detectors was only ana- B
lyzed when both detectors were in science mode. This was [t —ta] < Aty + Aty +Thz, (31)
due to concerns that since both of these detectors share the [ho1 —to2| < Ado1 + At (32)
same vacuum system, the laser beam of a detector in anything [ths1 — 32] < Athgq + Aths o (33)
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In practise the parametetisandb are tuned so that the con-
tours of false alarm generated using Hq.l (34) separate trig-
gers generated by software injection of simulated signads a
background triggers as cleanly as possiblé [40] (see the nex
subsection for details of how we estimate the backgroumd). |
this search we used values= b = 3 for all detectors. For
coincident triggers found in all three detectors we use:

=20 (35)

Horizon distance (Mpc)

D. Background Estimation

We estimate the rate of accidental coincidences, otherwise
known as the background or false alarm rate, for this search
through analysis of time-shifted data. We time-shift thg-tr
gers obtained from each detector relative to each other and

(2,16) M binary can be detected with SNR 8 throughout S3. the_n feF’eat our analysis, searching for triggers that oiccur
For systems with spinning components, the horizon distarmed ~ C0incidence between 2 or more of the detectors. By choos-

be equal or less than what is shown in this figure since any spining our time-shifts to be suitably largex( 10 ms light travel
induced precession would cause the system to become lesstha  time between LHO and LLO) we ensure that none of the co-
timally oriented and therefore reduce the measured andglitd its ~ incident triggers identified in our time-shift analysis tbbe
emission. We see a large improvement in the sensitivity ofitting ~ caused by a true gravitational wave signal and can therefore
this science run. be used as an estimate of the rate of accidental coincidences
In practise we leave H1 data unshifted and time-shift H2 and
L1 by increments of 0 and5 s respectively. In this search, we
wheret;, ¢o,; andys,; are the measured time of coalescenceanalyzed 100 sets of time-shifted data (50 forward shifts an
and phenomenological mass parameters measured using @g backward shifts). For clarity we will use the teimtime
template bank in detectar At;, Ay, and Ay ; are our  to mean triggers which have not been time-shifted.
coincidence windows in detectoandT; ; is the light travel
time between detector locationsndj. The light travel time

1 1 1 1 1 1 1 1
0 200 400 600 200 1000 1200 1400 1600 1800

Time Since GPS time 751789890 (hours)

FIG. 5: Distance to which an optimally oriented non-spiignin

between LHO and LLO is- 10 ms. VII. VETOES
We tune our coincidence windows on the playground data
in order to recover as many of our simulated signals as possi- A. Instrument based vetoes

ble whilst trying to minimize the false alarm rate. The use of

playground data allows us to tune our search parameters With \yia are able to veto some background triggers by observing

out biasing the results of our full analysis. The tuning roeth 0 |ation between the gravitational wave channel @)of

used for this and the non-spinning search on S3/S4 data I$ harticular detector and one or more of its auxiliary chan-

described fully in[[4D]. Using this tuning method we find our nei< which monitor the local physical environment. Since we

coincidence windows to be equz;ll gor each detectorwﬁghgmluewomd not expect a true gravitational wave signal to exdiee t

At =100 ms, Ay = 40,000 Hz/? andAys = 600 H2*>.  auxiliary channels, we will treat as suspicious any exicitat

The value ofA¢ used in this search is four times larger thanjn the gravitational wave channel that is coincident in time

the25 ms value used in the S3 search for non-spinning binaryyith excitations in the auxiliary channels. A list of auzity

black holes|[8] indicating that the estimation of arrivahé of  channels found to effectively veto spurious (non-graicta!

a gravitational waveform s less well determined inthiseka \yave coincident triggers) were identified and used for all S3

than in the non-spinning search. searches [41]. Additional vetoes based upon other auxiliar
channels were considered but were subsequently abandoned
because the total amount of data these channels would have

C. Combined SNR discounted, known as ttiead-timewas unacceptably large.

For coqu_ent triggers we use a_c_ombmgd S|gnal—tc_>—n0|se B. Signal based vetoes
ratio p.. statistic based upon the individual signal-to-noise ra-

tios p; measured by each detector:
pi y We can use the fact that the Hanford detectors are co-

located to veto coincident triggers whose measured andglitu
p? = min ZP.Z’ (ap; —b)% % . (34) Is not consistent between H1 and H2. We check for consis-
¢ — tency between the SNR values measured using H1 and H2
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data for triggers found in coincidence. Since H1 is the moraneans that during these times some of the detectors auxil-
sensitive instrument we simply required that the SNR meaiary channels exhibited correlation with the gravitatibmave
sured in H1 be greater than that measured in H2 for an event thannel (ASQ ) and that we should be careful in how we
survive this veto. Since data from H1 and H2 was only analtireat event candidates found in these times. For this partic
ysed when both were in science mode, this veto means thatar coincident trigger an auxiliary channel indicated an i
there will be no H2-L1 coincident triggers since this would creased numbers of dust particles passing through the dark
indicate that H2 had detected a trigger which H1 was unable@ort beam of the interferometér [41]. Upon further investig
to detect. tion it was found that this coincident trigger occurred dgri
The x2 veto used for the primordial black hole and binary a period of seismic activity at the Hanford site and we subse-
neutron star searches [8] has not not been investigatedéor uquently discounted this candidate as a potential gragitati
in searches using detection template families (i.e., #agsch  wave event. Time-frequency images of the gravitationalavav
and the S2-S4 searches for non-spinning binary black holeshannel around the time of this candidate were inconsistent
[, €]). with expectations of what an inspiral signal should looleJik
further reducing the plausibility of this candidate beintguse
gravitational wave event. It is interesting, but unsuipgs
VIIl. RESULTS to note that during the search for non-spinning binary black
holes that also used S3 LIGO data, high-SNR triggers associ-
ated with this seismic activity were also detected [8]. Rert
more, the 20 next loudest event candidates were also investi
egated and none were found to be plausible gravitational wave

quirements described in S&_VI B) were found in triple—timeevent candidates. Work is in progress to automate the fellow

(H1-H2-L1) data. Many double-coincident event candidates'P irjvestigative procedure and to int;lude new techniques !n
were found in both triple-time and double-time (H1-H2) data cluding null-stream and Markov chain Monte Carlo analysis

A cumulative histogram of combined SNR for in-time and for assessing the plausibility of coincident triggers a/ga-

background coincident triggers is shown in Hif. 6. We seetlonal wave events.

that, at the SNR threshold (i.e., the leftmost points on this
figure), the number of in-time double-coincident triggess i
consistent with the number of coincident triggers yieldgd b
the time-shift analysis. The small excess in the number-of in
time H1-H2 coincident triggers at higher SNRs indicates tha
there is some correlation between the LHO detectors. Th
coincident triggers contributing to this excess have been i
vestigated and are not believed to be caused by gravitation
waves. Seismic activity at the Hanford site has been redorde
throughout S3 and can cause data to become noisy simult
neously in H1 and H2. Coincident triggers caused by seismi
noise will predominantly cause only in-time coincidencas (
though time-shift coincidences caused by two seismic event
separated in time but shifted together can occur) leading t
an excess of in-time coincident triggers as we have observe
in Fig.[8. As mentioned previously, there were no coincident
triggers observed by all three detectors.

A scatter plot of the SNRs measured for coincident triggers : i : i i : i
in H1-H2 times is shown in Fid]7. The distribution of our e . S U N TR
in-time triggers is consistent with our estimation of theka e
ground. This is also true for the double-coincident trigger
measured in H1-H2-L1 times. FIG. 6: Cumulative histograms of the combined S)NRfor in-time

The loudest in-time coincident trigger was observed in H1-coincident triggers (triangles) and our background (a@sssith one-
H2 when only the Hanford detectors were in science modeSigma deviation shown) for all H1-H2 and H1-H2-L1 times with
This event candidate is measured to have SNRE16f3 in S3. We see a small excess in the number of in-time coincidigpat t
H1,20.4 in H2 and a combined SNR 68.3. The loudest co- gers with combined SNR- 45. This excess was investigated and

incident tri biected t t tic foll . was caused by an excess of H1-H2 coincident triggers. Sirdce H
incident triggers are subjected o systematic follow-ues and H2 are co-located, both detectors are affected by the karal

tigations in which a variety of information (e.g., data ,q,uﬁl disturbances (e.g., seismic activity) which contributethe number
at time of triggers, correlation between the detector'silaux of in-time coincidences but which is under-representednieshift
iary channels and the gravitational wave channel) is used testimates of the background.

assess whether the coincident triggers could be confidently
claimed as detection of gravitational wave events. Thisieve
is found at a time flagged for “conditional” vetoing. This

In the search of the S3 LIGO data described in this pa
per, no triple-coincident event candidates (exceedingpoges
determined SNR threshold and satisfying the coincidence r

Number of events
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IX. UPPERLIMITS

Given the absence of plausible detection candidates within
the search described above, we have calculated an uppger limi
on the rate of spinning compact object coalescence in the uni
verse. We quote the upper limit rate in units yﬁ”lLl‘Ol
whereL;y = 10 L p is 10! times the blue light lumi-
nosity of the sun.

The absorption-corrected blue light luminosity of a galaxy
infers its massive star formation rate which we assume scale
with the rate of compact binary coalescence withirl it [42].
This assumption is well justified when the galaxies reaclyed b
the detector are dominated by spiral galaxies with ongdeng s
formation (e.g., the Milky Way). Results papers reportimg o
S1 and S2[]7, 43, 44] have quoted the upper limit in units of
Milky Way Equivalent Galaxy (MWEG) which is equivalent
to aboutl.7Lyo. Upper limits on the rate of coalescences
FIG. 7: Scatter plot of SNR for coincident triggers in H1-Hes.  calculated during other searches using S3 and S4 LIGO are

The black circles represent in-time coincident triggers tre light ~ 9iven in units oflL;o [8].

snr H2

colored (red) pluses represent time-shift coincidengefs thatwe ~ The upper limit calculations are based on the loudest event
use to estimate the background. Note that due to our sigrsaidba Statistic [416], which uses both the detection efficieaty
veto on H1/H2 SNR we see no coincident triggers with < puo. the combined SNR of the loudest event candidate and the as-

sociated background probability. The in-time non-playoa
dataset (which we use to set the upper limithlisdedin the
sense that all analysis parameters are tuned (as descnibed i
Secs[ V) prior to its analysis.
The Bayesian upper limit at a confidence lewghssuming
Rate versus mass a uniform prior on the raté, is given by I[Zb]

A
1—a=e BTCrlpemax) [1 + <—> RTCL(pC,maX)}

1+A

(36)
whereCr (pe max) iS the cumulative blue light luminosity to
which we are sensitive at a given value of combined SNR
Pemax, 1 1S the observation time, antl is a measure of the
likelihood that the loudest event is consistent with being a
signal and inconsistent with background (as estimatecgusin
time-shifts). We evaluate the cumulative luminosity at the
combined SNR of the loudest coincident trigger seen in this
search,p. max = 58.3 (see Sed_VIlI for discussion of this

coincident trigger). The expression faris
marginalized : ; : : § H

1
6 8 10 12 14 16 18 20 22

el e (Mo A — [CL(pemax)| {CL(pc,mag } -
P/B (pc,max) PB (pc,max) ’

(37)

FIG. 8: Upper limits on the spinning binary coalescence patd.;o L . .
as a function of the total mass of the binary. For this catiuta ~ Where the derivatives are with respecpto Ps (p) is the prob-

we have evaluated the efficiency of the search using a pipulat  ability that all background coincident triggers (as estieda
binary systems withn; = 1.35M andm. uniformly distributed ~ using time-shifts) have a combined SNR less thafror the
betweer2 and20M . The darker area on the plot shows the regionloudest event candidate in this search we fitad= 0.23 and
excluded after marginalization over the estimated systierearors A — (.05. In the case where the loudest event candidate is

whereas the lighter region shows the region excluded ifetlsys-  most likely due to the background— 0 and the upper limit
tematic errors are ignored. The effect of marginalizattypically becomes

small (< 1%). The initial decrease in the upper limit corresponds to

the increasing amplitude of the signals as total mass isesearhe - 2.3 38
subsequent increase in upper limit is due to the countectetifiat Rooy = TCL(pemax) (38)
as total mass increases the signals become shorter andévese f ’

cycles in LIGO's frequency band of good sensitivity. In the limit of zero background, i.e., the event is definitedy

backgroundA — oo and the numerator in Ed.(88) becomes
3.9. The observation tim& is taken from Tabl&l I, where we
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use the analyzed timeotin the playground. This is consistent of the compact objects is distributed uniformly in the range
with our blind analysis strategy. 0 < x < landii) the direction of compact object’s spin is uni-
In searches for systems consisting of non-spinning bodiefrmly distributed on the surface of a sphere. The distantes
efficiency is typically found as a function of its effectivesd  the simulated sources are chosen uniformly on a logarithmic
tance and chirp mass [47]. For a system consisting of nonscale. The sky-positions and initial polarization and iimas!
spinning bodies effective distance can be calculated ukimg tion angles of the simulated sources are all chosen randomly
distance to the source, its inclination with respect to thiec-  and to be uniformly distributed on the surface of a sphere.
tor and the detector’s antenna response functions (se€fq. (We evaluated the efficiency of this search for masses in the
of [8] and [5]). For a system consisting of spinning bodies,rangel.0 M. < my,ms < 20.0 M. During S3, LIGO’s
its inclination with respect to a detector will evolve dgithe  efficiency was dominated by sources within the Milky Way
course of the inspiral making the calculation of effectiv@d for which detection efficiency was high across the entiresmas
tance complicated. Instead, in this search we find efficiencyange investigated due to the proximity of these sources to
and predicted source luminosity as a function of the invefse Earth. We also had some detection efficiency for binaries in
theexpected SNBf a source. The expected SNR is defined adv31 and M33.
the SNR that would be obtained for a given simulated source The cumulative luminosit¢;, (p..) can be obtained by gen-
assuming we use a template that perfectly matches the emigrating a population of simulated signals using informatia
ted gravitational waveform and a detector whose noise powehe observed distribution of sources from standard asingno
spectrum we can estimate accurately. By taking the invérse @atalogs. We use a model based|on [48] for the distribution of
the expected SNR we obtain a quantity which behaves simiblue light luminosity throughout the nearby Universe. We us
larly to the effective distance by taking larger values figr s  software injection of simulated signals (the target waue®
nals which are nearer and/or optimally oriented to the detec described in SeE]Il) to evaluate the efficieritfor observing
and thus more easily detectable and by taking smaller valuean event with combined SNR greater thanas a function of
as the signals become less detectable. the source’s expected SNR. We then integéatienes the pre-
Following the tests of the template bank (Sec.]V C) wedicted source luminosity as a function of expected SNR and
also know that the efficiency at which we are able to detectnass. Since a binary system will generally have slightly dif
sources will depend on their spins as well as their effeclivse  ferent orientations with respect to the two LIGO obserwator
tance and component masses. In this upper limit calculatiosites, the detectors at the two sites will both measuretligh
we assess the efficiency of the search using software injedifferent expected SNRs. The source’s luminosity and tfie ef
tion of simulated signals representing a population ofsesir  ciency with which it is detected are functions of both expdct
with spins randomized so that i) the spin magnitude of eactfsNRs, and the integration needed is two-dimensional:

CL (pc) = / / E(DP,H, DP-,L’ p) L(Dp,H7 de,L) de,L de,H (39)
0 0

whereD, is the distance measure equal to the inverse of th@er limit calculation takes into account the possible systiic

expected SNR, at LHO (H) or LLO (L). As mentioned earlier, uncertainties which arise in this search, which are desdrib

we evaluate€;, at p. max = 58.3. The cumulative luminosity in some detail in[[47], and we will follow the analysis pre-

was measured to be 1.9L,¢ and is dominated by the Milky sented there to calculate the systematic errors for theeabov

Way (1.7 L10) with the remainder made up by M31 and M33. result. The most significant effects are due to the possidie ¢

ibration inaccuracies of the detectors (estimated usimg-ha

We calculate the upper limit on the rate of coalescence foware injections of simulated signals) and the finite numliber o

proto-typical NS-BH binaries with masses; ~ 1.35 Mg Monte Carlo injections performed.

andms ~ 5 M. These values correspond to a population

of NS-BH binaries with component masses similar to those We must also evaluate the systematic errors associated with

used to assess the NS-NS and BH-BH upper limits_in [8]the chosen astrophysical model of potential sources wikign

To calculate this upper limit we evaluate the efficiency of ou galaxy. We obtain upper limits on the rate after marginal-

search using binaries with a Gaussian mass distributidm witization over the estimated systematic errors, as described

meansyn; = 1.35 Mg andmy = 5 M, with standard de- in [4€,[47]. After marginalization over these errors we dbta

viationso; = 0.04 Mg, andos = 1 M. These efficiencies an upper limit 0fRggy, = 15.9yr— Lo .

are measured with simulated injected signals, using thesam

pipeline we used to find our candidates, counting the number We also calculate upper limits for a range of binary sys-

of injections detected with SNR aboyg ,,.x, and the num-  tems withm; = 1.35Mg andmy uniformly distributed be-

ber missed. Assuming a Gaussian distribution of masses, weveen2 and20M,. These upper limits, both before and after

obtain an upper limit ofRgy, = 15.8yr~'Lio~!. The up- marginalization are shown in Figl 8.
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X. CONCLUSIONS ponent bodies using a template family described by physical
(rather than phenomenological) parameters [34] is alseund

In this paper we have described the first search for gravita/ay:
tional waves emitted during the inspiral of compact birgrie
with spinning component bodies, which was carried out us-
ing data taken during the third LIGO science run. This search
uses a detection template family designed to capture time spi
induced modulations of the gravitational waveform which
could have resulted in them being missed by other searches The authors gratefully acknowledge the support of the
targeted at non-spinning systems. The search pipeline uséghited States National Science Foundation for the construc
to carry out this and the other recent inspiral searadhesd8] h tion and operation of the LIGO Laboratory and the Sci-
been significantly improved since S2 and is fully descrilved i ence and Technology Facilities Council of the United King-
a companion papell[8]. dom, the Max-Planck-Society, and the State of Niedersach-

There were no plausible gravitational wave event candisen/Germany for support of the construction and operation o
dates detected within the 788 hours of S3 data analyzed. Thie GEO600 detector. The authors also gratefully acknowl-
upper limit on the rate of coalescence for prototypical N$-B edge the support of the research by these agencies and by the
binaries with spinning component bodies was calculate&to bAustralian Research Council, the Council of Scientific amd |
Roon = 15.9yr~ Ly~ once errors had been marginalized dustrial Research of India, the Istituto Nazionale di Fiditu-
over. cleare of Italy, the Spanish Ministerio de Educacion y €ien

Preliminary work is underway on an improved search forcia, the Conselleria d’'Economia, Hisenda i Innovacio @& th
binaries with spinning component bodies that will use Saidat Govern de les llles Balears, the Scottish Funding Coural, t
which is greater in sensitivity and observation time thag-pr Scottish Universities Physics Alliance, The National Aero
vious datasets. We now have an improved parameter-spaoautics and Space Administration, the Carnegie Trust, the
metric which does not depend on the strong modulation apteverhulme Trust, the David and Lucile Packard Foundation,
proximation and we will also be able to search a larger regiothe Research Corporation, and the Alfred P. Sloan Founda-
of parameter space, including more comparable mass ratioson. This paper was assigned LIGO document number LIGO-
Preparation for another search for binaries with spinnorgc  P070102-03-Z.
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