PHYSICAL REVIEW D VOLUME 53, NUMBER 6 15 MARCH 1996

Gravitational wave emission from a binary black hole system in the presence of an accretion disk
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We study the time evolution and gravitational wave emission properties of a black hole oibgidgan
accretion disk surrounding a massive black hole. We simultaneously solve the structure equations of the
accretion disk in the presence of heating, cooling, and viscosity as well as the equations governing the
companion orbit. The deviation from the Keplerian distribution of the angular momentum of the disk due to
pressure and advection effects causes a significant exchange of angular momentum between the disk and the
companion. This significantly affects the gravitational wave emission properties from the binary system. We
show that when the companion is light, the effect is extremely important and must be taken into account while
interpreting gravitational wave signals from such systems.

PACS numbeg(s): 95.85.Sz, 97.60.Lf, 97.80.Gm, 98.62.Mw

I. INTRODUCTION mentum distribution close to the black hole could be sub-
Keplerian as well, depending upon the viscosity and the
The study of gravitational wave emission from binary sys-angular momentum at the inner boundary of the disk. The
tems has received a significant boost in recent years becaudisk becomes Keplerian roughly in a distance of
of the realization that the detection of gravitational wavesXkep™~(M?% av)? from the black hole, wherél =v/a is the
would directly identify compact and strongly gravitating Mach number of the flowy anda are the radial and sound
bodies, such as neutron stars and black holes. The laser IMelocities, anda=<1 is a constant describing the viscosity
terferometric Gravitational Wave ObservatoflylGO) and  [14]. Assume that a companion of mak is in an instan-
Laser Interferometer Space AntenfldSA) project instru-  taneous circular Keplerian orbit around a central black hole
ments are being constructed to achieve these da#s In  of massM;. This assumption is justified, especially when
order to be able to obtain as accurate information about théhe orbital radius is larger than a few Schwarzchild radii
radiating compact bodies as possible, efforts are being madghere the energy loss per orbit is very negligible compared
to obtain correct forms of quadrupole radiation from a binaryto the binding energy of the orbit. The rate of loss of energy,
system[3—6]. In binary systems composed of only neutrondE/dt, in this binary system with an orbital perid@ (in
stars and stellar black holes, these computations are attours is given by[15,16]
equate. However, when studying effects around a massive
black hole, which is assumed to be present in centers of dE o _» Mot p | 7108
many galaxies, one needs to consider an additional effect, the gt =3x1 Mo/ | Mg 1h
effect of an accretion disk. It is widely believed that galactic (1)
centers are endowed with massive black h¢E8], and in
order to explain the observed luminosity from a galacticwhere
core, one needs to supply matters ranging from a few hun-
dredths to a few solar masses per year, some of which may MM,
be in the form of star§9]. Some of the stars could be com- K= M+ M,
pact, namely, neutron stars and stellar mass black holes
which orbit the massive ones at the same time gradually,q
spiraling in towards the center due to loss of angular momen-
tum by gravitational waves. M.o=M:+M.,.
Chakrabart{10] pointed out that the accretion disks close o ! 2
to the bla_lck_hole need not be K_eplerian and i_t V_VOUId affeCtryg orpital angular momentum loss rate would be
the gravitational wave properties. The radiation or gas

2 4/3

ergs sect,

pressure-dominated disks are likely to be super-Keplerian dL 1 dE
which would transfer angular momentum to the orbiting Row=—7 == —, 2
companion and, in some extreme situations, can even stabi- dt]g,, € dt

lize its orbit from coalescing any further. This was later veri-

fied by time-dependent numerical simulatiofisl]. When  whereQ =GM, /r3 is the Keplerian angular velocity of the

one considers the more general solutions of viscous, trarsecondary black hole with mean orbiting radiusThe sub-

sonic, accretion diskigl2,13, one finds that the angular mo- script “GW” signifies that the rate is due to gravitational
wave emission. In the presence of an accretion disk coplaner
with the orbiting companion, matter from the diskith local

* On leave from Tata Institute of Fundamental Research, Bombayspecific angular momentuik{r)] will be accreted onto the
Electronic address: chakraba@tifrvax.tifr.res.in companion at a rate close to its Bondi accretion f&#&18],
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477)\_‘0(6 M,)2 could be done and the vertical velocity component can be
ZZTZ)Q”Z’ (3 ignored. We assume the disk to be axisymmetric, an assump-
(Ve tion relaxed in studying nonaxisymmetric disks. Instead of
solving fully general relativistic equations, we assume the
unity (which we choose it to be 1/2 for the rest of the paper Paczyski-Wiita [19] potential approach which is sufficiently
and v,y= v g Ve iS the relative velocity of matter be- accurate to describe physical quantities around a Schwarzs-
tweenrgtlhe gllsskk arlfépthe orbiting companion. The rate at whic child black hole, provided one is not too close to the horizon
. — — 2 . . . ._
the angular momentum of the companion will be changec?r rg=2GM,/c is t_he Schwarzschild radlgs of the pri
due to Bondi accretion will bELO] mary black holg In this approach, the potential of the cen-
tral body ®(r)=—-GM,/r is replaced by a pseudo-
. Newtonian potentiakbpy(r)=—GM,/(r—rgy). The effect
Rdiskza =M[ lkep(X) =1 gis X) 1. (4)  we are presently discussing, namely, the transport of angular
disk momentum from the disk to the companion, is not of
general-relativistic origin. Hence the major conclusions

wherep is the density of disk matte)x,_is a constant of order

Here,l ke, andl 4g are the local Keplerian and disk angular S

momenteg, resp;jesctively. The subscript on the left-hand sidghc_)l_L:]ld not %e affected by our z!mkpln‘led gpproach. h

signifies that the effect is due to the disk. If some region Ofradialer:(t)?ez'gj:r?tg ic;ciirg::on isk equatipt@] are (a) the

the disk is sub-Keplerianl {i < kep), the effect of the disk q

would be to reduce the angular momentum of the companion d 1dp 12,12

further and hasten coalescence. If some region of the disk is v_v+ LXK ) (63

super-Keplerian, the companion will gain angular momen- dx pdp x® '

tum due to accretion, and the coalescence is slowed down. In

a thin disk with a high accretion rate, the Bondi accretion (b) the continuity equation

rate could be very high and the latter effect could, in prin-

ciple, stop the coalescence completglQ]. d ho) = b
In order to appreciate the effect due to the intervention of &(px v)=0, (6b)

the disk, we consider a special case whte<M,; and

| isk<lkep- I this case,u~M; and My~M;. The ratio  (c) the azimuthal momentum equation

R of these two rates is

R di(x) 1 d (aPXSh dQ) 0 60
_ — | ———|=0, c
R=_9K_ 1 518¢10°7 P10 x4 M2. (5) YT dx pxhdx\ Qge, dx

Rew Tio

. . . . . . n he entr ion
Here, x is the companion orbit radius in units of the and(d) the entropy equatio

Schwarzschild radius of the primaryg is in units of ds

10®Mg,, pyo is the density in units of 10'° gcm™3, and SoT—=0Q"—Q". (6d)

Tyo is the temperature of the disk in units of ®. It is dx

clear that, for instance, at=10 and Mg=10, the ratio .

R~0.015, suggesting that the effect of the disk could be a 1€"€lkep @ndQyep are the Keplerian angular momentum

significant correction term to the general relativistic loss ofand Keplerian angular velocity, respectivelyjs the density

angular momentum. In the above example, both the disk ang vertically integratedh=h(x) is the half-thickness of the

the gravitational wave work in the same direction in reducingdisk at radial distance, v is the radial velocitys is the

the angular momentum of the secondary. Alternatively, wher£ntropy density of the flow, an@™ and Q™ are the heat

| kep they act in opposite directions and may slow 9ained and lost by the flow. We compuigx) assuming the

down the loss of angular momentuit0]. In either case, the lesk isina hydrostatic balance equation in th_e vertical dl_rec-

ratio R is independent of the mass of the companion blackion- 1(x) is the angular momentum distribution of the disk

hole, as long adl, <M. matter. .Her.e, we .have. chosen geometric units; t.hus,
In what follows, we present equations governing the disk<="/r is distance in units of the Schwarzschild radius,

and the companio(Bec. I). In Sec. lll, we solve these equa- (X) iS in units of Z5M, /c, and velocities are in units of the

tions simultaneously along with Eq&2) and (4) in a few  Velocity of light. We have implicitly assumeM,<M; so

typical cases which show varied nature of the disk structuréhat the gravitational effects due to the companion in shaping

and evolution of the companion. These disks are the geneft disk could be ignored. However, locally, the companion

alization of the viscous, isothermal disks obtained earliefS capable of exerting its effect to accrete matter from the

[12]. We also present some interesting observations on norlisk. a=1 in the above equation is the viscosity parameter

axisymmetric disks containing spiral shocks. Finally, in SecOf Shakura and Sunya€\t4], which is widely used to de-
IV, we make concluding remarks. scribe the viscous stress, ,= —aP. This stress transports

angular momentum from the inner to the outer region of the

disk. We choose total pressufthermal plus rarmin this

prescription in order that the angular momentum remain con-
To simplify the equations governing the accretion disks tinuous across shock waves as wWé!B].

we make the usual assumption that the disk is thin, so that The equation governing the companion, treated as a test

the vertical averaging of density, pressure, and viscous stregarticle in the field of the massive black hole, is simply

II. GOVERNING EQUATIONS
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at =1 + 2 (7) cann(_)t rgmain Keplerian very close to the black hole, as the
velocity increases and the advection tefirst term in(6a)]

becomes important. Similarly, when the accretion rate is high

In the following section, we present simultaneous solu-or very low, the radiation pressufé9] or the gas pressure
tions of the four sets of equation®), (4), (6a)—(6d), and(7) [23] becomes important and the pressure tgsacond term
obtained by a very accurate fourth-order Runge-Kuttan (6b)] cannot be ignored. Both of these terms were ignored
method[20]. in the study of Keplerian disksl4,24). Also, in a Keplerian

We note from the estimate of the rat®in (5) that it is  disk, angular momenturh(r) =1y, is used independent of
independent of the mass of the companion. However, theiscosity prescription. But generally, for some ranges of vis-
evolution time scale./(dL/dt) of the companion orbit de- COsity and accretion rates, this need not be true. Since our
pends inversely upon its madd,. Thus, even when the e€ffects are nonzero only in non-Keplerian diksy. (4)], it
effect is very small,R<1, the smaller companion will IS essential that we include these effects. Neaw., where
evolve so slowly that the number of cycles will be signifi- | (X) ~Ikep, the distribution rapidly deviates from Keplerian
cantly affected. While integrating the above equations, how!© hlghly sub-KepIerla!'l. .Th's causes a “microburst” of the
ever, we had to consider the computing ability of our ma-dravitational wave emission as we shall show below.

chines. This constrained us to study cases only with a faSte\/rolcgsI?hpoocrliavr\]/;\(/:(leasisz (1)% i\tlizlr% ?r?(leugggfrif(uﬁaél_(ggrig]r- of
evolution time scale: We choseM;=10°M, and f g

M2=106M@. Second, we note fron®) that the effect is the flow brakes the radial motion of the disk before the disk

direcil ional he densitv of th in the disk can continue through the sonic point to become supersonic,
irectly proportional to the density of the gas In the disk, s satisfying the boundary condition on the horizon. At the

which in turn depends upon the accretion rade of the  shock wave, the density, velocity, and temperature change
primary. It is customary to express accretion rates in astrodiscontinously and the effect we are considering is expected
physics in units of Eddington ratedlgq=47GM;m,/  to be discontinuous as well. This causes a “microglitch” in
or~0.2MoMgyr 1, wherem, is the proton mass angris  the gravitational wave. In the case of nonaxisymmetric disks,
the Thomson cross section. Unlike the accretion process ontbe spiral shocks cause microglitches to appear repeatedly
ordinary stars radiating from its surface, a black hole accredepending on the number of spiral arms. This will be dis-
tion process need not be limited by its Eddington rate. Sinceussed towards the end of this section.

at the mosty=0.06 fraction of the rest mass energy is re- A few cases of the solutions are presented here, which
leased by accreting matter on a Schwarzschild black holeover all possible types of solutions. All the disk solutions
[18], a critical rate ofM i~ Mgqq/ 7~ 16Mgqq is very rea-  are characterized by three parameténstead of four, since
sonable to choose. For concreteness, we assunibe flow passes through one or more sonic poirig]).
M;~70M; (i.e., M;~1000M 4. The effects we describe These parameters afg [angular momentum at the inner
will be proportionately weaker when smaller rates are usededge of the disk, the integration constant of E8p)], M,

To keep the problem simple enough, we have considerefaccretion rate on the primary, the integration constant of Eq.
the companion orbit to be circular. The general elliptic orbit(6b)], andx;, (the location of the inner sonic point; this de-
is easily studied by including the evolution of the azimuthalfines specific energy of the flow at a given poinilterna-
coordinate in conjunction with Eq7). This will be done tively, we could choosee,, the location where the disk
later. Second, we assume that the companion orbit is costarts deviating from the Keplerian distribution, but we pre-
planer with the disk, so that the companion is always im-fer to choose the sonic point location for convenience. We
mersed inside the disk. When it is not so, one has to includalso choose any, the unknown viscosity parameter, the
the fraction of time the companion is exchanging angulapolytropic index of the gag which defines the specific in-
momentum with the disk and the effect would be proportion-ternal energy of an ideal gag=(y—1) 'P/p and the
ately reduced as well. In the case of lighter companions, th€® , —Q_, the relative importance of cooling and heating
time scale of evolution is very long, and it is not unlikely to [Eq.(6d)]. These are not completely independent parameters,
imagine that the orbits originally away from the equatorialbut to obtain them one requires to include other equations in
plane will gradually lose the momentum component normathe list(6a)—(6d) to describe the viscous mechanigsnch as
to the disk by repeated interactippl] and eventually come poorly understood turbulence and convectjoasd cooling
to the plane of the disk much before our effects becomerocessegsuch as the Compton effect, bremsstrahlung, pair
important. In the case of massive companions, the evolutionreations and annihilations, etcinstead of bringing in these
due to gravitational waves could be very rapid, and they magquations we choose reasonable values for these quantities.
remain inclined to the plane, as is possibly the case foSince the ratidR [Eq. (5)] does not depend oll, (but the
0J287[22]. orbital evolution time does we consider only the case of
M;=10M, andM,=10°M, in order to hasten the evolu-
tion of the companion orbit.

Case A. Figures (B)—1(c) show results where the disk
always remains sub-Keplerian after deviating from the
Before we present the results of our investigation, we disKeplerian disk atxge,~90rgy. The disk smoothly passes

cuss briefly what type of accretion disk solutions are ex-through the inner sonic point a,=2.3. Other parameters
pected. From(6c) (also see Chakrabaiftl2]) one observes are |;,=1.7, M;=1000Mgy, 7y=5/3, «=0.02, and
that a weakly viscous disk starts deviating from KeplerianQ_=Q, . In Fig. 1(a), we notice that the flow quickly be-
distribution very far away, whereas the strongly viscous diskcomes highly sub-Keplerian first. However, before entering

(dx)z 1 |§ep remains Keplerian until close to the black hole. The disk
"

IIl. SIMULTANEOUS SOLUTIONS OF THE GOVERNING
EQUATIONS
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12 . . evolution[Eq. (2)] without the presence of the disk. Time in
the abscissa denotes time passed since the companion en-
r 1 tered the sub-Keplerian disk. Two effects are cléay:The
binary coalescence takes place roughly 10% times faster and
(b) the number of orbital cycles is also about 10% times
higher at the time of coalescence. If an accretion rate of
M ;=M gqqWere chosen instead, the effect would be reduced
by a factor of 1000. If a lighter black hole &1,~M was
chosen instead, a longer orbital evolution time due to weaker
gravitation wave loss gives rise to the same effect.

Case B. In this case we choose a solution with a standing
shock wave. The disk parameters dfg=1.6, x;,=2.87,

1F Jump at Keplerian Boundary >

Ratio of Disk to Companion Specific Angular Momenta

08 |-

@ % Dtm::‘osr‘ echia 0 MlleOO\A Edd» ’y:4/3, a=0.05, an@,zo.er . Figure
R R eRmeneTa 2(a) shows the Mach number variation as a function of dis-
o ' , tance from the black hole. The arrowed curve is followed by

the disk after it deviates from Keplerian disk at
Xkep=480rg. The disk first passes through the outer sonic
point (located at Xx,,=50), then through the shock at
Xs=13.9, and finally enters the black hole through the inner
sonic point atx;,=2.87. The shock location or the location
of the outer sonic point is not a free parameter, but is self-
consistently determined from the Rankine-Hugoniot relation
[25,12. The shock solution is always chosen if it is available
to the disk, since the entropy at the inner sonic point is
higher compared to its value at the outer sonic point, and the
required entropy must be generated at the shock. Figimwe 2
s shows the ratio of disk to Keplerian angular momentum dis-
tributions. Figure &) shows the ratidR as a function of the
280000 T distance. The ratio becomes almost 5 (B0 3 for
M1=Mgqd), @ microburst of a sort, around=400r,. There
200000 |- 7 is also a glitch at the shock location. In cases with a stronger
shock wave the glitch would be stronger.
Case C. In this case we choose disk parameters so as to

. ] obtain a super-Keplerian region in the disk. We choose
l,=1.88,x,=2.2, M;=1000M g4q, «=0.005, y=4/3, and
100000 - ' 1 Q_=Q,. The disk deviated from Keplerian disk at
Xkep= 7.5 4. Figure 3a) shows the ratio of disk to Keplerian
distributions which clearly shows the sub-Keplerian as well
as super-Keplerian regions. FigurébBshows the ratioR
[Eq. (5)]. The fractional change in orbital cycle number with
© ST R—— 49;11' 5ot GeriT et Besit Serti testz and without the disk i®SN/N~R. ThUS,5N~1 0n|y when
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FIG. 1. (a) Ratio of disk angular momentum distribution to B 1 |(XKep)

Keplerian distribution of a disk which is entirely sub-Keplerian for N~R 1~— W

X<Xgep=90. See text for flow parametei®) Ratio of the rates of P cw

change of angular momentum of the companion due to exchange

with the disk and due to gravitational wave emission. The ratio isThus, even ifR is small, lighter companions should survive

highest in regions closer to the Keplerian boundésyComparison  long enough to feel the effect of angular momentum ex-

of the number of orbital cycles in a binary with a digolid lineg ~ change. Chakrabarfil0] considered a thin disk where the

and without a diskdashed lingas time passes since the companion density of the disk was high enough to stabilize the compan-

enters the sub-Keplerian region of the disk. The companion fallson orbit in the super-Keplerian region.

faster when the disk is present. Case D. In this case we solve nonaxisymmetric disk equa-
tions [26] instead of Eqgs.(6a—(6d). Here spiral shocks

the black hole it becomes only moderately sub-Keplerianformed would produce repeated glitches in the gravitational

Figure Ib) shows the ratioR=Rgg/Rgw. The ratio R waves pattern. The simplest solutions of the nonaxisymmet-

jumps to almost 0.1 aroung=80 before decreasing to a ric shocks are obtained by assuming self-similaritkiand

very small value close to a black hole. Figure)ishows the  all the disk velocity components vary gg ¢)x ¥ and the

number of times the companion orbits the priméwyice the  density of the disk varies a$p(¢)x*3’2. Here, azimuthally

number of full gravitational waves emittedrhe solid curve  varying coefficientsgi(¢) andq,(¢) are to be determined

is drawn including the effect of the accretion disk, while thefrom boundary conditions. Figurg&@ shows a typical solu-

dashed curve is drawn considering the usual binary orbition for the velocity coefficients when a two-armed spiral
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FIG. 2. (a) Variation of the Mach number of the disk which
includes a shock wave at,~13.9. The arrowed curves are the
solutions chosen by the flow. See text for flow parameté)sRatio
of disk angular momentum distribution to Keplerian distribution of
the disk with a shock which is entirely sub-Keplerian for
Xx<Xgep=480. (c) Ratio of the rates of change of angular momen-

tum of the companion due to exchange with the disk and due to
gravitational wave emission. The ratio is highest in regions closer tg .
the Keplerian boundary. Note the glitch at the shock location which

could be very high for stronger shocks.
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Ratio of Disk to Companion Specific Angular Momenta
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FIG. 3. (a) Ratio of disk angular momentum distribution to
Keplerian distribution of the disk where the sub-Keplerian disk be-
low Xx<Xep= 7.5 becomes super-Keplerian close to the black hole.
See text for flow parametergh) Ratio of the rates of change of
angular momentum of the companion due to exchange with the disk
and due to gravitational wave emission. The ratio is highest in re-
gions closer to the Keplerian boundary. Note the change in sign of
the ratio as the companion enters the super-Keplerian region.

the flow crosses the shock front. Other components also suf-
fer a jump. In a single circular orbit, the companion thus
passes twice through these jumps. Figufte) 4hows(in ar-
bitrary unitg the glitches in the rati® in a single orbit. In an
axisymmetric disk, the glitch appears only once, but in a disk
with spiral shocks the effect occurs repeatedly and cumula-
tive effect becomes important due to the repeated passage of
the companion through the shock. This could significantly
modify the shape of the gravity wave signals.

IV. CONCLUDING REMARKS

It is widely recognized that accurate templates of possible
signals may be essential to determine the nature of radiating
compact bodie§l]. In this paper, we have discussed several
important ways a gravitational wave signal from a binary

shock solution is considered. The solid, long-dashed, andompanion could be modified in the presence of an accretion
short-dashed curves show the the radial, azimuthal, andisk. We find that even under very normal circumstances, the
sound velocity coefficients and the dotted curves show theffects will be sufficiently significant and our effect may in-
density coefficients as they vary with the azimuthal anglefluence the templates constructed assuming the absence of

The shocks are located dt=0 and ¢=1. In a Keplerian
disk, the azimuthal velocity coefficient would be unity

accretion disks.
In a binary system containing lighter mass black hole

throughout the disk. In this example, the azimuthal velocitycomponents, the accretion disk need not be present. Systems
coefficient varies from 92% Keplerian to 26% Keplerian asinvolving massive black holes at the galactic center may nec-
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1 : : : : : : nary star orbits the central black hole. In the latter case, the
L angular velocity of the disk changes significantly along a
s - radial direction across the star. This would cause some angu-
lar momentum of the disk to spin up or spin down the star
itself rather than changing its orbital angular momentum.
Furthermore, the star may lose angular momentum through
winds. Therefore, our result need not be strictly valid in these
systems. These effects are negligible if the companion is a
black hole or a neutron star because of its small size and the
absence of winds.

The assumption of a thin disk in vertical equilibrium
(namely, that the vertical velocity is negligle compared to the
s s radial or azimuthal velocityenabled us to integrate the gov-
erning equations. Numerical simulations of fully three-
dimensional diskg28] indicate that the assumption of the
- - vertical equilibrium adequately describes the disk properties
ESf  ClthesDuetothe SpiShocks ] and therefore we do not believe that the conclusions drawn
in the present paper are affected by this assumption. Another
implicit assumption has been that the disk remains continu-
ous (and does not break apart in the form of rings as in the
case of orbiting matter around Satueven in the presence
of an orbiting companion. The formation of gaps in the disk
is possible only if the instantaneous gap is not filled in by the
accreting matter through radial pressure or viscous forces
[21,29. This implies that either the Roche radidg, | of the
star orbiting at radiug is greater than the disk thickness,
0 : T : ; R.~(M,/M)¥]r=h~ar®~0.5 (here, the sound speed

Azimuthal Angle (Radian)
a~1/\3r 1), or the viscosity parameter is so small that the

FIG. 4. (a) Velocity and density variations with azimuthal angle angular momentum transfer rate by tidal coupling through
in a nonaxisymmetric disk with a two-armed spiral shock wavesthe satellite is higher than that by viscosity:
located at¢=0 and ¢=m. The velocities are in units of local a<<1/40(M,/M,)?(r/h)°~3/8(M,/M,)?. It is clear that
Keplerian velocity, while the density is in an arbitrary unib) for the cases we are interested in, namely, kbg/M;
Ratio of the rates of change of angular momentum of the compan<10-% and «=10"3, neither of these conditions would be
ion due to exchange with the disk and due to gravitational wavesatisfied. Thus, we do not think that gaps would be formed
emission. The jump in the ratio at the spiral shocks producegyy orbiting black holes or neutron stars.
glitches twice per orbital cycléonce per gravitational wave signal Our goal in this paper has been to indicate a new physical

effect which may change the gravitational wave pattern sig-

) ) ) ) ) nificantly. Construction of accurate templates for inferring
essgrlly contain accretion disks and lighter _bla_ck hole COMzomponent masses of the gravitating systems is beyond the
panions. The frequency of the gravitational wavegcope of the present paper. It is possible that one could esti-
fow=2.25<10"*x~¥Mg " is well outside LIGO sensitivity, mate the mass of the central black hole by comparing the
but could be well within LISA sensitivityf2,27]. By self-  observed optical or UV radiation spectra and hard or soft x
consistently solving the equations governing the accretiomays with the theoretically derived spectra using these gen-
disk structure and the evolution of the binary orbit, we ﬁrStera| disk mode|$13,3q The accretion rate of the Kep|erian
showed that accretion disks close to the black hole are igisk could be inferred from the normalization of the optical
generalnon-Keplerian In the sub-Keplerian region of the or UV flux as well. Thus two parameters are easily elimi-
disk, the residence time of the companion inside a disk an@ated. Viscosity is not a well-understood process in the con-
the probability of its observation would be reduced. On thetext of accretion phenomena, but typica| values of the param-
other hand, the super-Keplerian region enhances the resiters have been presented in the literature from time to time
dence time and the probability of observing these systems {81,327 which we have considered here for simplicity. Since
higher. We also find that the orbital evolution may be fastefyhether the flow is Keplerian or non-Keplerian depends very
away from the black holes where the disk angular momencrucia”y upon the Viscosity parametE[S], undoubted|y, a
tum distribution starts deviating from Keplerian distribution. Comp|ete resolution of the present pr0b|em hinges upon a
The population density of compact stars close to galactietter understanding of the viscosity of the accretion disk.
nuclei should be affected by their interaction with the disk.
These effects should be taken into consideration while deter-
mining the band of maximum sensitivity of future instru- ACKNOWLEDGMENTS
ments for gravitational wave astronomy.
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