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I. INTRODUCTION AND SUMMARY

A. Coalescences of black hole binaries

It has Iong beel recognized that coalescences of bi-

"*i iv.,""'J "i * l'*'pl"j ri:tj,liflnTfiftrjsource of $avitational waves lr'
lr."J iot#"rorn"tric detectors t't'CO 1S1 *a VIRGO [4]
currentlv under constructron, and also'for the possible

;ril;;;;;-interferometer LISA [5-7]' The or-

il;;;ffi;y bl*k holes (BBHs) s'"d'"lll -d,":3L l:T
*osy-aans,'larmomentum,t:#"T"T#t:1"J#;t"ff
ation. EventuallY, the holes coar€

il1"] ri. ii"i,ri#io'J t"autioo *"ction to successtullv
drive the iinary to merge in less-thaa. a H::!91", 'W3'

the hiti81 orbita.l period must be : u'5 qays vut-J tuto') ' '

*'rt*" il rt ti"i"ial mass of the binary; thus the criticar

;;];JpJ"J is of ihe order of davs for solax mass blacx

;"#ffi;i.ilord". of vu-" to hundreds of vears for

.ro?,[-*tr"" 
"niiJ 

t'ot"t (tou vo S M. S los M€ )',, - - -- -'The 
orocess of coalescence can be divided up into tmee

more or less distinct Phases:

o An a.diabatic inspircl, during which the.gravita-

tional radiation reactron rimescale is much longer

ii"* ,it" *ilna periorl' The inspiral-ends wben

the binary orbit becolues relativisticaly dynamr-

;:l;J.bl; at an orbital sepaxatiou of r -.6M

in 
".,"i" 

*l*" Q = c = l) [8,9]' The Eravitational
waves ftom ihe inspiral caxry encoded !/lthln f,nem

the masses a.nd spins of the two black holes' some or

th; ;.btfi elements of the binary and tbe distarce

io the binarY [1,10]'

e Towa.rds the end of the inspiral' the black holes

mcounter the d1'namical instability ard maK€ a

oJtJ ,l-t"itl"i' from a radiation-reaction driven

i"J'# t'" " t"av-falling plunge [8'11'12]'. a'ftet

which, evm if the radiation reaction coulo De

i"*",i "n, lh" holt' would still merge'---We will

"liiif* t"il."o"*t plunge and violent collision the

L"-"t tl*""Ct*ltational vaves ftom the merger

;;;ft;;[ with idormation about the dvnamics

;;;ili"t;;i" sravitv in a hishlv nonlinear' 'hishlv
ay""*i"."gtt* which is poorly understood tbeo-

reticallY todaY.

. As the final black hole settles down to a statronary-i; 
;;", the nonlinea'r dyna'mics of the merger

eraduallv become more *d tot" describable as

ilil;;*.-;iilis final black hole's quasinormal
-oa"" tff'Ul The corresponding emitted gravita-

tional waves ionsist of a superposition ot exponen-

iiJit a"*""0 sinusoids We will call the phase of

ffi ;il"il" f* which the emitled gravitational-

**" J*"f is dominated by the strongest' I =,m-=

z ou*i"o.-a.f mode signal the ringdoutl phase'

i*;;;; t;,,, the riigdown carrv information

about the mass and spin of the 6nal black hole

iniir.'-il'i""1ttat' for want of a better termi-
lro]lJ, triiotgn-t this paper we consistentlv 'se"l"iF^il"i"--,i 

,a,"'to the entire process of inspi-
ra,l. meraer and ringdown' and reserve the woro

'ii#i8titt" on""Jinte'mediate b€tween insPiral

and-ringdown.)

In this paper we will for simplicity reshict atrcntion--to

tr"?- norJ 
-firr"ti"s 

of approximately equal masses We

-iff ""*ia* tbree difieient classes of BBHs:

(i) solor moss black hole gt**' t::''-l^1Tf^-'1t1
"t" fotot"d from massive main-sequence progeIutor Dr-

;ff;il;;;tr""t' SuchJBHs are e'eected to bave

total masses in the range wt"6 ! M S 50Mo' brrt not

ffieT*t;,dlui.. il" tut" of coa'lescence of solar-

rnlJisfit io .1" Universe is not very well l:own' Hon'-

; ;0.* ttsg"sts that most of tbe BBH progmitor

;;;; #y t"; disrupt durin-g the stellar collapses that

;'#;'il [u.t ttot""' so that t'heir coa]escence rate

;;dd;;;; G ffims as t'fiq-birth rate for theh pro-

"*ii"*, "i.tt 1/100,000 years in our Galaxy' or several

::#;"';;;;;d;;"" of zo0Mp" [17-2rl Note ihat

ffi:,"l:ilili";;";il'*ehrv 'h"''de as tie expected
;;;; ror whai has tradi'fiilli#.'-f,#*ff
the most Promising source lor gl

ffi:, ;;"r,ffi;;?i"totto" st-ar-neutron star (N$NS)

i'i"*r.. tg,fot. However, lhe :x?ected rate of NS-NS co-

Jr""".d, i, *u.h *o'" firmly kaown' as i-t -i:^based 
on

;;;;-.;;"; ftom detected prosenitor NSNS svstems

[17-1e].
fi\ Intermetliote mass black hole biuaries' with total

#J*'ffifi*#; dY" F M 5 (arew).x rdMg' ̂In
-nrrot to the cases of solar mass black holes and su-

l'#itt* ulJ-uor"* (discus-sed below)' there is.little

ii*", ti."t*ar""al evidence for the existence of black

ill* ;il nass range Althouch there have been sug-

""ri.it in , t,n" glob;lar clusti M15 harbors a black

;;;;;il[, - rc y"- Lr-l l]6ir.:t.1#*Ti"Tf;
bined with the mosi recent 11
iJn"il;;;J" out ttris possibilitv [23]' Despite-the

ii;Hd;;;t;l :l*l'.:*i: *1fii:,::i :":*holes in this mass range are ror

"i-"i""i.*, ". r" gaiactic- nuclei in the process of for-

,rii"" "i .'ttp"tmlassive black hole [26] Simulations

;; a;j; and shapi'o susBest tbat black holes. with

il --innl,l^ - roo0Mra could be formed in the evolution

# ;t* ;'.'"1-;-fi1"t"" or *an sequence stars in Ealac-

iic;uJlii6;]' ard coalescences of binaries of such black

ilkt ;"ff i:;;sible en route to the formation of a

supermassive blark hole'--i,,itr.paper,we.*-:-f 
:Ti::1.:""ff#|1ii"3,"#il1

this intermediate mst tTC:.t:#;;J;r"un"L 
,ut" 6t i"-(see Sec. IE below): even tr r

l."t*!ii"t'" **.-sBHt it - ro-n that of NS-NS binaries

i;i#ffi;ff;o u" - to-' v'. ."1.?Y' GdTITS';
ltt teJ uUo""), tttese sources would still be seen more ot-



ter than NS_NS binark*'::j:..$;il;TTin::,'f,ff#ii1 ililTtr# ;;i3;"X,J.:il;Xlfr:,1:TT-_*,"-11:,., approxiea,ion

#;fii'dilffi.ti

LTiifr i:[flj#*i1*"ht."tr]llillfl"";*-iffiJd,fdiF*]**fr i,'-"?jffi,f.'.-:r:i#trtri"$#,';iilf il'i-tr**il#l^:t+.;lti*T*ti{+l*ir*=.*qr.ru
m*fnhiq#tr;$iffiffff

'' ""'"" :'":1"1:li'i1X."fli{-,,:* ",,n, .ffli:jl#fi#;"trXglt{fy, n#il##
,*T'"""'i,:,1*:i",jI*",HTl']T.oll*,To,r*dicrions or '#"':11ff""X"*"ii:"" *H#,.:":rt*ted_ mers€r

-ffiffi$ffiTffi
ffmm*nffruH$p mt'l.'mpffi;::jlT,#;:*1s"lxjlt"#H frHiT"t'ff 

i' i"i
,J;;JT"T::'# o"lff i j'"'*:"::jj".."ii#h.m:;



C. PurPose of this Paper

The principal purpose of this paper is to €stimate' in

more detail tla;r nas been done previously' the prospects

fo, In"**iog gravitational waves ftom the three differ-

"*'pft** # Ldescence el€nts (inspiral, merger and

rinrdown), for various different detectors' and lor a qnqe

t-?" "t1'SH masses. We estimate in ea'ch case the dis-

i.",L. to which the different types of source can be seen

iv-"Jcutating expected SNns In particula'r' we deter-

Ji"" f* "t"i'BIiH -us. and each detector whether a

.o"tl"** *"ttt is most efiectively detected by search-

i:rc for the inspiral portion of the signal, or the-merger

oo?tio", ot ttt" tl"gdbwn portion' We also determine how

ilo.n tir" alailability of theoretica'l template waveforms

for the merger phase could increase the €vent detection

rate.-Pi.r,iou, 
estimates of SNRs for ground-based interfer-

ometers have focused on the inspiral [l'40] and rin-gdown

[15.161 phas$, a.nd a]so focused on solar-mass tJtltls' for

i"**l'"""a i"*tt*oneters, previous estimates of SNRs"f;th" 
;-"tc* phase [7'10J were restricted to specific

-ass values ana aiO noi consider the rilgdown portion

of the signal.
In a cimpanion paperi paper II of this series' we dis-

.no io a"trit ttt" useful information carried by the three

;l;; ;1il stt"itational-wave signal , and methods and

orosoects for extracting this idormation both wlth ano

;th;ut templates for the merger phase [36]'
In the fouo-ing subsection we describe our calcula-

tions and summarize the assumptions underlying our es-

dmated sisnal-tGnoise ratios' Ilr Sec' I E below we sum-

t"*ir"1ti *At results and conclusions, and an outline

of the paper is given in Sec IF'

D. Estimating the signal-to'noise ratios: method
ald assumptions

We calculate SNRs for three difierent typel of inler-

t"t"-"t-' initial and adra'nced ground-based irnterfer-

ometers (LIGO/VIRGO), and the proposed -space'Daseo
interferometer LISA. The noise spectra ol the rrutlar

*J uat""t""a S.ouud-based interferomet€rs we took from

n"i.iel, ;d .h", f.r LISA we obtained from Ref [7] Our

"ooabii*ut" versions of these noise spectra are grven uI

Sq-.. t+.fl - (4.4) below, and are illustrated in Figs l -

3 in Sec. V A.
*" .onrla". the following three difierent signal-

detection methods:

i\ Matched filtering seatches: For those phases of the

""i1,*"".. io, which- a complete set of theoretica'l tem-

"i*". *fff be arailable (i e, the inspiral' the rin-gdown'

LJ oo".iutn ttt" *erger), the method ofmatched filiering

o, oiti-* ntt".ing ian be used to search for the waves

iifi;:-55i. ih""th"o'v of matched filterins is brieflv

l'r.i,"irJ t"'s". II A below For any source of waves' the

SNR, p, obtainecl from matched filtering is related -to the

*u'ritliiooA *u""form h(t) measured by the interferom-

3i* "rJ t" the spectral density Sr'("f) of the strain noise

in the hterferometer via [56]

I =+ l"* 
W4-.an

l " l  x
\ N / b.,,d-p*"

/ s \
\F/"0.,-"

where f,(/) is the Fourier transform of h(t) defined bv

i"lfz.ii'64.*. The SNR (1.1) depends, i'hrous! tJre
i]*i'r# i,ttl, on the orieniation and position of the
r.** t"fttit6't" the interferometer' In Sec' IIC below

we show that if we perform an flns average over soluce

oriJations and positions (at a fixed distance), the rms

SNR thus obtained depends only on the mers/ spectrum

in'iai- "*."a ofi from the source by the €ravitational
*"i"t. tU" t"tutting relationship between the waves' en-

o*t to""tto. arrdihe rms angle-averaged SNR forms

ii? urli. i"i most of our calculations' It is given bv

[cl. Eq. (2'34) below]

^. z0 + z)z [* ,, , ^ *K, + z)Jl, {r.z)@"1 = 
6ffi lo 

"I 
Vso=0) ot -

where z is the source's cosmological redshift and D(z) is

the luminosity distance from the source'--i" 
-J"t for a signal to be detected, the waves'-mea-

r"*a illn **t bJ hrger than the detectiou threshold

pthreshord E ,u/z tn1.M"r*r-rt.*) + 2ln(i'6h"pe"); (1'3)

see. for example, Ref. [a0] and also Sec' IIB below' Ilere

t,"*-.'-* ii tle nu-Uet of independent starting times

;fli'l-ff#;;J *"'" tieoa that are searched for in

il;;; J, ;iermined b] the total duration of ihe

i?L Jf "i 6ta* "ue vear) and the sampling time' The

;;t;',|/,r,**" i" ttt" toi"t number of trial waveforur

"irnes used in the maiched filtering process'

(il\ Band-pass filtering seorthes: For the merger phase'

. ,[itor"a" t'o "itheoreiical templates may not be avail-

able. in which case it will not be possible to use matcneq

filterins and otber search methods will need to De em-

Jr*il sta-p*s filterhg, followed bv setting a detec-

ii.rl *.ottofo'i" the tim; domain' is a simple- metbod-

;i;;hit; arl interferometer data strearn for bursts of

;;k;;*; firm J351. In Sec IIA below we derive an

,r"t*trrrrJ .a*iJn between the SNR obtainable from

t'"ii"*" m,"J"e, and tbe SNR (1'1) obtainable from

rnui.ilui mt".i"slior any burst of waves' namely

1

ffi

(r.1)

(1.4)

Here ? is the duratio! of the burst a'nd A/ is the-ba'nd-

*iair, "irtt"-mapass filier lci Eq (2'14) below] The

ouantity 2TAJ is the dimension of the linear space oI

.=igo".lt t"i"g searched for, which is roughly the same as



::: d;:T*:"",:",r-.res' 
of the,sravrtational waveform. we

fliln:r'L'ly-i:*; ;ffi il;:'TT;ff Bil'ixTi:ffi::i: jl.,.*j:::.1,-r!ffi ffi :Tfr:",X'i;H;J,:#[:ta'* 
gtess ot dE/d,f . sec. rlr below gives more de.

f ;,f::::**.n::lls;;';ft 
";*il,";",lffi l"'""1:f;ru"kr**"'j*t*'H;#H 3ffi,-i1,i,'*.'ff *iffT.r""{i ,*#fti'"oT:^:;""s"-'i,x*f".;

,^!\) Nl1tineer fru*,n""il,u"",rhe rrar,i+i^_.r _.:^_. Ell"6;;1";tt"o J*l,ll".::*,p.fr;;;T#ihas.been that ihe'sii"i ii;fl:lfi,li:i'"S'lilliJi: *:l\: ir" s.ri d;'J,Jt*ff*T'r;'H#
ffiil" jilt!| 3$t"?ll-1T,"-.:rt"t ,".pr.i"iii.:J ii 

ins ror Newtonian' o'J*i#

;fjhr"?xfy"n:H--Hit$iitri*:,.,:'.,,+,'*'3 :HFjlhjfilijinl*t"J.::t"'::1f,J"#r#
rne assu.rnption tt "t tt "ijl' 

This view i, u*"a"""]i" 1111. 
*ld"rrl.r u"ine'po'a-N"#' 

general-relativisiic iD-

senc€ or temprates," o*oo'3^*,.t:'r'"a *"a ,"ii. 'il $,?l'1l: 9" 'r'r' ui i"t"v ;?fij&::iiitritirti

;'#i1,"T$dil..,$":,flji'i:::,1"{mr:r{:itg.lzffi xi;,:mrnnr6$""pl"lm*",i
_-*l b_*:d or nonrinear o,;t-Tt"o 

uv navesian anJvs"es nui'r"Ei?i,irJf ;:tfffg";l ilitilrfi;

l:i*:+t:fi;J,r*ln:tTi.:l$1il*nr#rmlt:ru":rr"rir.RT"*Fffi pm*
fhTTl*33ilfiduGno*nJlF,,. rr rs based on carculaiins ,.!,:!!,y^!:*y spectnnn:. ,il'.T":r'#;,, -",1"_lfl;\3.3i) berowl is det€rmined i"o-to rrrii,*"ri

au) = + I_'::,drh,(t+r)2, (,5),ffiiil#*'"lild,t6itlT'ii:i;:,,,$"i=.#;#
w_hJere?.is.themaximumexp i?9f :: * "-p*i-lrl" iffi'Liffi",*tf*3,-*
"q"::l,AJti,:#fr'1.:tr::f iT'xlT,",i:':i:s#i ;:"*xr*:""1;m,ru:tl;R:*r*frTffi,:
_^1n" fl:*yr oiili. nont 

oY"L{t"'anddampins time z, and rh" *;"x;;;-

;1=;1"'ri{:ml#"#Flii:r:'}i1,"*Hl+i,+"ff q{i":f *"**l;uTf; :'ffiffi+
:lr:ji',,T."ffid;iili{t}:.1ffi xix??ltr;liliiilH':i,r-R'i-T*i;"-f ,tj,T$ffi r:i-ut"r,ua nrtu,ing ifi. iili :ffi1,"i:1lh1ff;:tffiirl if,".{ 

."aiut"a i'-ii'! 'i.ea;,;"i*r,i"r a"t"..i,o tn;
;"ilH1f*#,ffif'.';""jg:1.:ltr*t *.*s,;,;,i '-IT;fr'l?'ilrln" *n"'t'u*'i' p"'t"a 'fJ J1"1,
"*.tT*";r4i"#..:,ffi"Jiff+'H"i.{aiffi'"tf: d:,$r-,it"d$::,:i:ii,"fl.'i1'$1"*ffiHj,'h^j
:::I*1.: *,ni .i.,r-rr"?rtlrvtrr 

be detected with hieh to-.:f^tl: fi"{ ur".t r'.i" *li ul .r'o"" to -.*i.u.r, "io"e',**"'r"*Tiril:11,il1i';':?l#ffi :f;;"T?ff "tfti:{tr*-T.X?ry;l1i5"ffi "t#H;;p?=2tn(N",",,-,-e")*r/,in",n (t+p1/No,*) Qa) tTHi,j,ililif.${i*;'\ji#*:*HTitilltr
fl::{i*i*r,i4::1"-tr"iiJil'-*:"11fl,'ffi s$il3*ff*s:ifl,"TT}Js"'"f;T:,","'"imu,a,ions...o'r
fi si:1"$.LlltT"T';5trtrf :"'ilT,[i:iilf,-H'f; #:ixilTf {lif,#"','gT*:-,i"l'ffi
;,f1: .':l1"ili::',iTi.'�ffi "';" 111". " '", sNR ca'cu_ :*lii::"&H:iil!;ili:*gi-r 

sisra, depends
rarrons, a.nd the SNR thresholds

::.r-d.e.1uc,.1ions.fr o;il.;ffiiill,r '1119-a*1";**n*f;***:n:,t-l'hy"",nmi
111':"ol',r "r ,r'"''--r,,i",rp'"T"i';T#nh:-i:i: l*ir^"j-::y*,:.,.r'" ir,ia"*,#ol"iiu,,.".,aB% radi-

fT+,::"di*tLTti{{';,''"ll�*Fh!",J*i'fi-it*#*t--1.i,{qH,i,*i''ffi*1,:it'*:l{'ff.:n'A1;'"'H".?j.fl,#i*jTil:n nl-JJ:L:[{,ri,"".1r"1F:::#;t:":.r;**?,1if#'een numerical simulations of the evolutio"n of dls]


