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ABSTRACT
The tidal interaction of n \ 1.5 polytropic stars with a massive rotating black hole is studied numeri-

cally. The general relativistic tidal potential for the Kerr metric is used to evaluate tidal forces exerted on
a star. The hydrodynamic response of a star to these forces is treated in the Newtonian approximation
using a three-dimensional, Eulerian, PPM hydrodynamical code. We compute the energy, *E, and
angular momentum, *L , transferred into a star and the mass, *M, lost by the star during the inter-
action.

The quantities *E, *L , and *M depend on the stellar orbit, stellar structure, and the black holeÏs
mass and angular momentum in a complicated way. We show that the dependence can be factorized by
introducing a single dimensionless parameter proportional to the integral of the square of the trace ofCŒ
the tidal tensor along the stellar trajectory. The energy and angular momentum transfer, and the mass
loss as functions of are found in hydrodynamical simulations. Analytical approximations to andCŒ *E(CŒ )

are constructed. The value of does not depend on the stellar structure. It is a universal func-*M(CŒ ) CŒ
tion on the parameters of the orbit and can tabulated once and for all. Tables of are presented.CŒ

The results of this paper allow one to easily determine the outcome of tidal interaction for every pos-
sible combination of the input parameters. We Ðnd that the Ðnal energy of a star or a stellar remnant (if
mass is lost) and its internal angular momentum as well depend most strongly on the angle between the
initial orbital angular momentum and the angular momentum of the black hole.
Subject headings : black hole physics È celestial mechanics, stellar dynamics È galaxies : nuclei È

hydrodynamics È relativity

1. INTRODUCTION

This paper continues our project of studying the hydrodynamics of tidal interaction of stars with a massive black hole (BH).
In previous papers we investigated the interaction of a polytropic star with a massive BH using the Newtonian approximation
for the BH gravitational Ðeld (Khokhlov, Novikov, & Pethick and started studying relativistic e†ects in the1993a, 1993b)
interaction of a white dwarf with a massive Schwarzschild BH et al. Other hydrodynamical simulations of the(Frolov 1994).
tidal interaction of stars with BHs have been performed by & Katz & Gingold &Nolthenius (1982), Bicknell (1983), Evans
Kochanek et al. and Lioure, & Bonazzola using di†erent numerical approaches. In this(1989), Laguna (1993), Marck, (1996)
paper we consider the general case of the tidal interaction of a polytropic star with a massive Kerr BH. Compared to the
Schwarzschild and Newtonian cases, the spherical symmetry is lacking in the Kerr spacetime, and the outcome of an
encounter depends on the angle between the angular momentum of the BH and the orbital angular momentum of the star.

E†ects of BH rotation are important for the interaction of stars with a BH, since it is more probable to capture (either
gravitationally or tidally) stars moving on retrograde orbits than stars moving on prograde orbits. To model the evolution of
a massive BH in a dense stellar cluster, it is necessary to have a simple and fast way of estimating the outcome of a tidal
encounter between any given star on any given orbit with a rotating BH.

We consider n \ 1.5 polytropic stars on parabolic orbits around a BH and compute the hydrodynamical response of a star
to the relativistic tidal Ðeld for di†erent orbits. We consider encounters with moderate energy transfer. During the interaction,
motions inside a star are excited and outer layers of the star may be lost, but in all cases considered in the paper the stellar
core survives. Very strong encounters that lead to a complete disruption of a star will be considered in a separate paper. In
this paper we estimate the energy transfer, the angular momentum transfer, and the mass loss during the tidal interaction, and
we Ðnd their dependence on the parameters of the stellar orbit, stellar mass and radius, and the angular momentum and mass
of the BH.

The paper is organized as follows. The problem is formulated in results of the hydrodynamical simulations are° 2,
presented in and discussion and conclusions are given in° 3, ° 4.

2. BASIC CONSIDERATIONS

We consider a star of mass and radius moving along a parabolic orbit with a pericentric distance around aM
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allow us to use the geodesic equations to calculate the motion of the star ; the second condition allows us to treat the
equations of hydrodynamics and the self-gravity of the star in the Newtonian approximation. We characterize the rotation of
the BH by the parameter Extremal rotation corresponds to a \ 1. We use the unit of lengtha \ J

h
c/(GM
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The equations of motions of a test body in the Kerr spacetime (see Thorne, & Wheeler can then be writtenMisner, 1973)
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Here q is the proper time of the star, is the energy in units of is the z-component of the orbital angular momentumE3 M
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For parabolic orbits with the pericentric distance is determined by the largest root of the right-hand side ofE3 \ 1, equation
and is found numerically. The plus and minus signs in correspond to outgoing and incoming parts of the(3) equation (3)

trajectory, respectively. The roots of the right-hand side of determine the extremal values of the polar coordinate,equation (4)
h, where a change of sign in occurs. The changes of sign in equations and are generally not simultaneous.equation (4) (3) (4)

The Ñuid dynamics of the star is described in a comoving reference frame that is parallel propagated along the stellar
trajectory. The reference frame is selected in the same way as described in The tidal accelerations can beMarck (1983).
represented in this coordinate system as

g
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where is the tidal tensor (see and are the Cartesian coordinates in the comoving reference frame. The tidalC
ij

Appendix) r
jtensor is a function of the radial coordinate x, the polar angle h and the angle ( to the BH as seen from the comoving
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The Ñuid dynamics and the self-gravity of the star are described in the Newtonian approximation
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where P is the pressure and U is the velocity. The ideal gas equation of state E\ P/(c[ 1) ] oU2/2 with c\ 5/3 is assumed
for the stellar matter. The initial stellar model is a polytrope of n \ 1.5.

The hydrodynamic equations are discretized on an equidistant, three-dimensional Cartesian grid and integrated using the
piecewise parabolic method (PPM) of & Woodward For further details on the code and its performance seeColella (1984).

and et al. The self-gravity is computed by the direct FFT convolution method &Khokhlov (1993) Frolov (1994). (Hockney
Eastwood The equations of the orbit (eqs. and for ( are integrated simultaneously with the1988). [3]È[6]) equation (9)
equations of hydrodynamics.

3. NUMERICAL SIMULATIONS

We have performed computations for encounters of di†erent strength of the interaction, and for di†erent values of the BH
rotation parameter a. The parameters of computed encounters are listed in Table 1.

We choose the z-component of the orbital angular momentum, CarterÏs fourth constant, and the polar angle at theL3
z
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BH. Here characterizes the strength of the encounter in the Newtonian case & Teukolskyg
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gcase of a rotating BH, the strength of the interaction depends on all parameters of the orbit, but the parameter g gives a rough
idea of the strength of the interaction. With decreasing pericentric distance the strength of the interaction increases while g
decreases. This parameter g is listed in for the purpose of comparison.Table 1

Most of the computations were performed for an extremally rotating BH, a \ 1, and some for the BH with half the extremal
rotation, a \ 0.5 (see the second column of Models 1È7 are encounters with the orbit lying in the equatorial plane ofTable 1).
the BH. Encounters 1È5 were prograde, while encounters 6 and 7 were retrograde. For the encounters 8È11, the initial angular
momentum of the orbit was orthogonal to the angular momentum of the BH. These orbits are not planar. For encounters 8
and 9, the pericenter of the orbit is located at the axis of the BH rotation. For encounters 10 and 11 the pericenter is located in
the equatorial plane of the BH. Encounter 12 is a prograde encounter with the orbit lying in the equatorial plane. For
encounter 13, the pericenter is located neither in the equatorial plane nor on the axis of the BH rotation. Encounters 12 and 13
are for a rotating BH with half the extremal rotation. Encounter 14 is in the equatorial plane and prograde. In this case the
stellar mass and radius are and respectively.M

*
\ 2 M

_
R

*
\ 1.5 R

_
,

There are several e†ects accompanying tidal interaction of a star with a massive BH (Khokhlov et al. 1993a, 1993b ; Frolov
et el. In the case of a weak tidal encounter, several modes of oscillations are excited in the star by the tidal force (mainly1994).
l\ 2 F-modes and the fundamental radial mode), and the star leaves the vicinity of the BH in a state of rotation. With an
increase of the energy transfer, the amplitude of tidal bulges increases and stripping of matter begins. The matter tends to Ñow
out in the form of S-shaped jets. Some of the matter escapes with hyperbolic velocity, but some returns and forms an extended
disk around the stellar remnant. It is this returning matter that represents the most difficult computational problem because it
may go away from the star to a large distance. The e†ects mentioned above are illustrated in which shows a starFigure 1,
during a tidal interaction with a massive Kerr BH at a time slightly after the star passed the pericenter. These e†ects were
observed in all simulations but to a varying degree.

Tidal interaction leads to the redistribution of energy and angular momentum between the star, stellar orbit, and stellar
debris if stripping or disruption of a star takes place. In case of stripping or disruption, the total energy transfer into the stellar
debris may be much larger than the initial binding energy of the star. However, we are not concerned with the kinetic energy
of the relative motion of stellar debris that moves around the BH ballistically, without gravitational and hydrodynamical
self-interaction. In this paper, we are interested in the Ðnal state of a star or survived stellar core after the tidal interaction is
over. Thus, below, we consider the energy and angular momentum transfer into the surviving core only.

TABLE 1

THE COMPUTED ENCOUNTERS

Filling Expansion
Model a L3

z
Q3 h

p
M

*
R

*
g Grid Size Factor Factor

1 . . . . . . . 1.0 3.33333 0.0 (n/2) 1.0 1.0 3.1517 1283 0.6 1.0
2 . . . . . . . 1.0 3.15955 0.0 (n/2) 1.0 1.0 2.6539 643 0.8 2.0736
3 . . . . . . . 1.0 3.00491 0.0 (n/2) 1.0 1.0 2.2566 1282] 64 0.8 1.44
4 . . . . . . . 1.0 2.85255 0.0 (n/2) 1.0 1.0 1.9051 1282] 64 0.8 1.44
5 . . . . . . . 1.0 2.72945 0.0 (n/2) 1.0 1.0 1.6486 1282] 64 0.8 1.44
6 . . . . . . . [1.0 3.33333 0.0 (n/2) 1.0 1.0 2.8116 1282] 64 0.8 1.44
7 . . . . . . . [1.0 3.15955 0.0 (n/2) 1.0 1.0 2.3038 1282] 64 0.8 1.44
8 . . . . . . . 1.0 0.0 11.1111 n 1.0 1.0 3.0014 643 0.8 1.728
9 . . . . . . . 1.0 0.0 9.98276 n 1.0 1.0 2.5018 643 0.8 2.48832
10 . . . . . . 1.0 0.0 11.1111 (n/2) 1.0 1.0 3.0014 643 0.8 1.728
11 . . . . . . 1.0 0.0 9.98276 (n/2) 1.0 1.0 2.5018 643 0.8 2.0736
12 . . . . . . 0.5 3.34725 0.0 (n/2) 1.0 1.0 3.1224 1282] 64 0.8 1.0
13 . . . . . . 0.5 2.14139 5.0 1.2 1.0 1.0 2.3891 1282] 64 0.8 1.44
14 . . . . . . 1.0 2.5 0.0 (n/2) 2.0 1.5 2.4 1282] 64 0.8 1.0
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FIG. 1.ÈSnapshot of density contours in the equatorial plane for model 6 in at a time 4.9 hr after the passage of the pericenter. Density levels di†erTable 1
by a factor of 2. The distances are measured in cm. The Ðgure shows the survived core of the star in which several modes of oscillations are excited. Stripped
matter outÑows in the form of two jets. Some material falls back onto the stellar core. This material forms a rotationally supported disk around the core.

The computations were started on a stationary grid of size 643, 1282] 64, or 1283, where initially the diameter of the star
was typically 80% of the smallest side of the box (initial Ðlling factor is listed in the tenth column of In the course ofTable 1).
the simulations, some matter acquired a high velocity and crossed the boundary of the computational domain. If the matter
approached the boundary with hyperbolic velocity, it was allowed to escape the box. The evolution of the star was computed
on a stationary grid until a certain density level reached the surface of the computational box with a velocity less than the
local escape velocity. We then mapped the distribution of the physical parameters onto a larger grid and continued the
computation. This grid expansion was typically made only once per simulation but in some cases several times. The
expansion factors of the grid are listed in The increase of the box size leads to a decrease of the resolution in the innerTable 1.
parts of the star. In several computations some of the bound matter with a velocity close to but less than the escape velocity
was lost. We found, however, that the estimate of the energy transfer and angular momentum transfer to the star is practically
una†ected by whether we take this matter into account or not. This is because the lost matter had almost zero binding energy
and was moving away mainly in radial directions. It was only for the stronger encounters that the angular momentum transfer
was signiÐcantly a†ected. shows with solid lines the time evolution of the total energy, angular momentum, centralFigure 2
density, and mass loss for encounter 5 (the strongest considered). The dash-dotted lines illustrate the correction due to mass
loss. The correction is obtained by counting the Ñuid elements that left the computational box with velocities less than the
escape velocity as still being present with the energy and angular momentum they had when they crossed the surface of the
box. Comparing the curves for energy and angular momentum, it can be seen that it is generally harder to determine the
angular momentum transfer into the surviving core than the energy transfer. Therefore, a larger uncertainty is associated with
the angular momentum than the energy.

The energy and angular momentum transfer and the mass loss for the computed encounters are listed in Table 2.
The amount of energy transferred into a star or survived stellar core is shown in as a function of the relativisticFigure 3

g-parameter. It is seen that the energy transfer tends to increase with decreasing g, but the transfer cannot be characterized by
g alone.

There are many combinations of BH, stellar and orbital parameters that lead to di†erent energy transfer. It is of great
practical importance to Ðnd a simple way of estimating the outcome of the interaction without performing simulations for

TABLE 2

THE RESULTS OF THE NUMERICAL SIMULATIONS

Model *E/E
B

*M
*
/M

*
L /(GM

*
3 R

*
)1@2

1 . . . . . . . . . . . . . 0.027 0.0 0.0159
2 . . . . . . . . . . . . . 0.127 0.0035 0.0563
3 . . . . . . . . . . . . . 0.344 0.049 0.116
4 . . . . . . . . . . . . . 0.648 0.165 0.149
5 . . . . . . . . . . . . . 0.876 0.32 0.0993
6 . . . . . . . . . . . . . 0.110 0.0053 0.0562
7 . . . . . . . . . . . . . 0.475 0.1 0.127
8 . . . . . . . . . . . . . 0.057 0.0002 0.0294
9 . . . . . . . . . . . . . 0.238 0.023 0.0860
10 . . . . . . . . . . . . 0.060 0.0005 0.0306
11 . . . . . . . . . . . . 0.258 0.03 0.0943
12 . . . . . . . . . . . . 0.034 0.0 0.0194
13 . . . . . . . . . . . . 0.284 0.036 0.0993
14 . . . . . . . . . . . . 0.300 0.035 0.0931
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FIG. 2.ÈEnergy, total angular momentum, central density, and the mass loss as functions of time for model 5. The dash-dotted lines are corrected for the
mass loss, i.e., the matter elements that leave the computational box with velocities less than the escape velocity are counted as still being present with the
energy and angular momentum they had when they crossed the surface of the box.

every possible case. To Ðnd a single dimensionless parameter on which the outcome of the tidal interaction could depend, let
us consider the ratio of the work done by the tidal forces near the pericenter of the orbit, *W , to the binding energy of the star,
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outcome of the tidal interaction would depend on the work done during the entire passage of the star near the BH. To take

as a function of the relativistic g-parameter. Models 1, 2, 3, 4, and 5 are shown with plus signs, models 6 and 7 are shown with asterisks,FIG. 3.È*E/Ebindmodels 8 and 9 are shown with diamonds, models 10 and 11 are shown with triangles, model 12 is shown with a square, model 13 is shown with a cross, and
model 14 is shown with a circle.
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this into account, we propose using as the quantityp C
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, (16)

where Tr (C@2) is the trace of the square of the dimensionless tidal tensor given in equations in the(A15)È(A20) Appendix,
is the proper time, is the characteristic time of the hydrodynamical motions inside the starq* \ (r
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and the integration is over the entire time of the encounter. Taking dimensional constants outside the integral, we Ðnally
introduce the following dimensionless parameter to characterize the outcome of the interaction
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This parameter can be seen as a measure of the accumulated work done by the tidal forces, and it is constructed in such a way
that it provides a universal characteristic of the energy transfer of the tidal interaction of di†erent stars and di†erent BH. For
all encounters computed in this paper the energy transfer is plotted as a function of in shows that, indeed,CŒ Figure 4. Figure 4
there is a unique (with the accuracy of numerical integration) relation between the energy transfer and which is independentCŒ ,
on the particular choice of the parameters of the encounter. Moreover, this relation does not depend on the mass and radius
of the star.

In addition to our numerical results, we plotted in the energy transfer predicted for weak encounters in theFigure 4
nonrelativistic linear theory & Ostriker (dashed line). The solid line in is the analytical approximation of(Lee 1986) Figure 4
the dependence of the energy transfer on for n \ 1.5 polytropes constructed to Ðt our numerical results at large values ofCŒ CŒ ,
and to reproduce the results from the linear theory valid for weak encounters. The analytical approximation is of the form
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Ebind
\ f (CŒ ) 4g f1(CŒ )

CŒ 2[ CŒ
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CŒ ¹ CŒ 1 ,
CŒ 1\ CŒ ¹ CŒ 2 ,
CŒ 2\ CŒ ,

where

f1(x) \ (ax)b@(ax)c and f2(x) \ (bx)c
1 ] (bx)c

, (19)

with

CŒ 1 \ 0.3 , CŒ 2\ 0.7 , (20)

a \ 0.350 , b \ 1.06 , c\ 0.509 , (21)

b \ 0.969 , c\ 4.98 . (22)

Only the models with and (models 1È13) were used to construct this analytical approximation. ModelM
*

\ 1 M
_

R
*

\ 1 R
_14 was then computed with di†erent values of mass and radius in order to check that the parameterization of the energy

transfer as a function of is really scale invariant. As can be seen from the agreement between the analytical Ðt andCŒ Figure 4,
the numerical value of the energy transfer is excellent. Now, the prediction of the energy transfer during an encounter of any

as a function of the parameter. The symbols are the same as in The solid line is the Ðt given in The dashed line is theFIG. 4.È*E/Ebind CŒ Fig. 3. eq. (18).
result of the nonrelativistic linear theory.



170 DIENER ET AL. Vol. 479

as a function of the parameter. Symbols are the same as in The solid line is the Ðt given inFIG. 5.È*M/M
*

CŒ Fig. 3. eq. (23).

polytrope with n \ 1.5 and any massive BH can be reduced to the integration of the ordinary di†erential equations of the
trajectory (eqs. evaluation of the parameter along this stellar trajectory and, Ðnally, evaluation of the energy[3]È[6]), CŒ
transfer using equation (18).

In the mass loss is plotted as a function of and it can be seen that there is also a unique relation between theFigure 5 CŒ ,
mass loss and The solid line is the Ðt to a function of the formCŒ .

*M
M

*
\ g(CŒ ) 4

G0
a1(CŒ [ a0)a2

CŒ ¹ a0 ,
CŒ [ a0 ,

(23)

with

a0\ 0.682 , a1\ 0.427 , a2\ 1.37 . (24)

Extrapolating this relation to higher values of and solving the equation we get an estimate of the critical value ofCŒ g(CŒ ) \ 1, CŒ
for complete disruption. The best-Ðt parameters quoted above give For the strongest encounters considered hereCŒ crit\ 2.5.
we lose matter from the computational box that should still be bound to the star. We correct for this e†ect by still counting
this matter as being present in the box. Under the continuing inÑuence of the tidal Ðeld, some of this matter may eventually
reach the escape velocity and really escape. This means that we slightly underestimate the mass loss in cases where mass loss is
large. Therefore, we slightly overestimate but probably by no more than 0.2. That is, we estimate the critical value of toCŒ crit, CŒ
be Note that has to be larger than a certain threshold given by in order for stripping of matter to occur.2.3\CŒ crit\ 2.5. CŒ a0As in the previous case, model 14 was not included in the Ðt but performed later in order to check scale invariance.

shows that there is also a unique relation between the angular momentum of the remnant and the parameter.Figure 6 CŒ
Since the angular momentum is less well determined than the energy and mass loss, we have not made a parameterization of
the angular momentum transfer and at this point.CŒ

The integral in depends on the BH rotation parameter, a, the total orbital angular momentum at inÐnity,equation (17)
the angle (at inÐnity) between the BH angular momentum and the orbital angular momentum, (tanL3 = \ (L3

z
2] Q3 )1@2, h

Land the polar angle at the pericenter, It turns out that the dependence on is so weak that it is negligible. Inh
L
\Q3 1@2/L3

z
), h

p
. h

ppractice, the integral in therefore depends only on the three parameters a, and As an example, theequation (17) L3 =, h
L
.

dependence of on for (we can now choose an arbitrary value of the BH*E/Ebind L3 = M
*

\ 1 M
_

, R
*

\ 1 R
_

, M
h
\ 107 M

_

FIG. 6.È*L of the remnant in units of as a function of the parameter. Symbols are the same as in(GM
*
3 R

*
)1@2 CŒ Fig. 3.
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FIG. 7.ÈDependence of on for for di†erent values of a and The dotted line is for*E/Ebind L3 = M
*

\ 1 M
_

, R
*

\ 1 R
_

, M
h
\ 107 M

_
h
L
. h

L
\ 0

(prograde orbit), the dashed line is for and the solid line is for (retrograde orbit).h
L
\ n/2, h

L
\ n

mass di†erent from the values used in the numerical computations), di†erent values of a, and di†erent values of is shown inh
LThe dotted line is for (prograde orbit), the dashed line is for and the solid line is forFigure 7. h

L
\ 0 h

L
\ n/2, h

L
\ n

(retrograde orbit) in all cases (a \ 1, 0.75, 0.5, and 0.25). It is seen that there are signiÐcant di†erences between prograde and
retrograde orbits. The maximum ratio of the energy transfer on the retrograde and prograde orbits are 4.4, 3.1, 2.1, and 1.5
for a \ 1, 0.75, 0.5, and 0.25, respectively. The plots shown in are calculated from Tables and whereFigure 7 3, 4, 5, 6,
[/ Tr (C@2)dq]1@2 is listed as a function of and for di†erent values of a. The corresponding values are given for theL3 = h

LSchwarzschild case in First, is used to calculate andTable 7. equation (17) CŒ (x
p
nr \ L3

z
2] Q3 \ L3 =2 g

nr
\ (M

*
/M

h
)1@2(R

p
/R

*
)3@2,

where Second, is used to calculate the energy transfer.R
p
\ r

g
x
p
nr). equation (18)

4. CONCLUSIONS

We have studied the tidal interaction of n \ 1.5 polytropic stars with a massive Kerr BH. The hydrodynamical response of
a star to the relativistic tidal Ðeld of a rotating BH was computed in three dimensions using an Eulerian, Ðnite-di†erence,
Godunov-type Ñuid dynamics code. The outcome of the tidal interaction depends on the parameters of the stellar orbit, on the
size and mass of the star, and on the BH mass and angular momentum. In this study, we considered parabolic encounters
during which the energy deposited into the star by the tidal forces was less than or comparable with the stellar binding energy.
Such encounters lead to the excitation of motions of the stellar matter and to stripping of matter from the surface of the star,
but the central core of the star survives. We determined the energy *E and angular momentum *L transferred into the star
during the interaction, and the mass loss *M due to stripping as functions of the parameters of the problem.

In general, the outcome of a tidal interaction of a star with a massive BH depends in di†erent ways on the following
parameters. The mass of the BH, the mass of the star, the radius of the star, the rotation of the BH, a, the totalM

h
, M

*
, R

*
,

orbital angular momentum at inÐnity, the angle between the BH angular momentum and the orbital angular momentumL3 =,
at inÐnity, and the polar angle of the orbit at the pericenter, The dependence on are qualitatively theh

L
, h

p
. M

h
, M

*
, R

*
, L3 =same as for a nonrotating BH. The dependence on is such that the strength of the encounter increases when goes from 0h

L
h
Lto n. This is mainly because the pericenter distance decreases when the orbit changes from prograde to retrograde. The

di†erence between prograde and retrograde orbits increases with a as can be seen in The dependence on is quiteFigure 7. h
pweak and certainly less than the accuracy of the numerical simulations, and it is neglected.

We found that the complicated dependence of the energy and momentum transfer, and the mass loss on all the input
parameters can be factorized. It can be expressed in terms of a single parameter deÐned in For a given stellarCŒ equation (17).
structure and equation of state of the stellar matter, the values of *E, *L , and *M can be expressed as unique functions of this
parameter (Figs. and These functions can be determined from hydrodynamical simulations of the encounters. For *E4, 5, 6).
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TABLE 3

[/ Tr (C@2)dq]1@2 FOR a \ 1.0

h
L

L3 = 0¡ 15¡ 30¡ 45¡ 60¡ 75¡ 90¡ 105¡ 120¡ 135¡ 150¡ 165¡ 180¡

1.0 . . . . . . cap cap cap cap cap cap cap cap cap cap cap cap cap
1.1 . . . . . . 2.15(1) 3.02(1) cap cap cap cap cap cap cap cap cap cap cap
1.2 . . . . . . 9.54(0) 1.15(1) 3.30(1) cap cap cap cap cap cap cap cap cap cap
1.3 . . . . . . 4.95(0) 5.57(0) 9.31(0) cap cap cap cap cap cap cap cap cap cap
1.4 . . . . . . 2.84(0) 3.08(0) 4.20(0) 1.34(1) cap cap cap cap cap cap cap cap cap
1.5 . . . . . . 1.74(0) 1.85(0) 2.28(0) 3.97(0) cap cap cap cap cap cap cap cap cap
1.6 . . . . . . 1.13(0) 1.18(0) 1.37(0) 1.95(0) 5.85(0) cap cap cap cap cap cap cap cap
1.7 . . . . . . 7.65([1) 7.92([1) 8.87([1) 1.13(0) 1.92(0) cap cap cap cap cap cap cap cap
1.8 . . . . . . 5.37([1) 5.51([1) 6.02([1) 7.19([1) 1.01(0) 2.39(0) cap cap cap cap cap cap cap
1.9 . . . . . . 3.87([1) 3.96([1) 4.25([1) 4.87([1) 6.19([1) 9.75([1) cap cap cap cap cap cap cap
2.0 . . . . . . 2.86([1) 2.91([1) 3.09([1) 3.44([1) 4.12([1) 5.58([1) 1.01(0) cap cap cap cap cap cap
2.1 . . . . . . 2.16([1) 2.19([1) 2.30([1) 2.51([1) 2.89([1) 3.61([1) 5.15([1) 1.13(0) cap cap cap cap cap
2.2 . . . . . . 1.66([1) 1.68([1) 1.75([1) 1.88([1) 2.11([1) 2.50([1) 3.20([1) 4.71([1) 1.26(0) cap cap cap cap
2.3 . . . . . . 1.30([1) 1.31([1) 1.36([1) 1.44([1) 1.58([1) 1.81([1) 2.18([1) 2.82([1) 4.10([1) 8.98([1) cap cap cap
2.4 . . . . . . 1.03([1) 1.04([1) 1.07([1) 1.13([1) 1.22([1) 1.36([1) 1.57([1) 1.90([1) 2.41([1) 3.26([1) 4.86([1) cap cap
2.5 . . . . . . 8.26([2) 8.33([2) 8.54([2) 8.92([2) 9.53([2) 1.04([1) 1.18([1) 1.36([1) 1.62([1) 1.96([1) 2.39([1) 2.80([1) 2.99([1)
2.6 . . . . . . 6.70([2) 6.75([2) 6.90([2) 7.17([2) 7.59([2) 8.19([2) 9.03([2) 1.02([1) 1.16([1) 1.33([1) 1.52([1) 1.67([1) 1.74([1)
2.7 . . . . . . 5.49([2) 5.53([2) 5.63([2) 5.83([2) 6.12([2) 6.53([2) 7.09([2) 7.81([2) 8.69([2) 9.68([2) 1.07([1) 1.14([1) 1.17([1)
2.8 . . . . . . 4.54([2) 4.57([2) 4.65([2) 4.78([2) 4.99([2) 5.28([2) 5.67([2) 6.15([2) 6.71([2) 7.32([2) 7.89([2) 8.31([2) 8.47([2)
2.9 . . . . . . 3.79([2) 3.81([2) 3.86([2) 3.97([2) 4.12([2) 4.33([2) 4.60([2) 4.93([2) 5.30([2) 5.69([2) 6.05([2) 6.31([2) 6.40([2)
3.0 . . . . . . 3.18([2) 3.20([2) 3.24([2) 3.32([2) 3.43([2) 3.58([2) 3.77([2) 4.01([2) 4.26([2) 4.53([2) 4.76([2) 4.93([2) 4.99([2)
3.1 . . . . . . 2.69([2) 2.70([2) 2.74([2) 2.79([2) 2.88([2) 2.99([2) 3.13([2) 3.30([2) 3.48([2) 3.66([2) 3.82([2) 3.94([2) 3.98([2)
3.2 . . . . . . 2.29([2) 2.30([2) 2.33([2) 2.37([2) 2.43([2) 2.52([2) 2.62([2) 2.75([2) 2.88([2) 3.01([2) 3.12([2) 3.20([2) 3.23([2)
3.3 . . . . . . 1.96([2) 1.97([2) 1.99([2) 2.02([2) 2.07([2) 2.14([2) 2.22([2) 2.31([2) 2.40([2) 2.50([2) 2.58([2) 2.63([2) 2.65([2)
3.4 . . . . . . 1.69([2) 1.70([2) 1.71([2) 1.74([2) 1.78([2) 1.83([2) 1.89([2) 1.96([2) 2.03([2) 2.10([2) 2.16([2) 2.20([2) 2.21([2)
3.5 . . . . . . 1.46([2) 1.47([2) 1.48([2) 1.50([2) 1.53([2) 1.57([2) 1.62([2) 1.67([2) 1.72([2) 1.78([2) 1.82([2) 1.85([2) 1.86([2)
3.6 . . . . . . 1.27([2) 1.28([2) 1.29([2) 1.30([2) 1.33([2) 1.36([2) 1.39([2) 1.43([2) 1.48([2) 1.52([2) 1.55([2) 1.57([2) 1.58([2)
3.7 . . . . . . 1.11([2) 1.12([2) 1.12([2) 1.14([2) 1.16([2) 1.18([2) 1.21([2) 1.24([2) 1.27([2) 1.30([2) 1.33([2) 1.35([2) 1.35([2)
3.8 . . . . . . 9.77([3) 9.79([3) 9.85([3) 9.96([3) 1.01([2) 1.03([2) 1.05([2) 1.08([2) 1.10([2) 1.13([2) 1.15([2) 1.16([2) 1.16([2)
3.9 . . . . . . 8.60([3) 8.62([3) 8.67([3) 8.76([3) 8.88([3) 9.03([3) 9.21([3) 9.41([3) 9.61([3) 9.80([3) 9.96([3) 1.01([2) 1.01([2)
4.0 . . . . . . 7.61([3) 7.62([3) 7.66([3) 7.73([3) 7.83([3) 7.95([3) 8.10([3) 8.26([3) 8.42([3) 8.57([3) 8.70([3) 8.78([3) 8.81([3)
4.1 . . . . . . 6.75([3) 6.76([3) 6.79([3) 6.85([3) 6.93([3) 7.03([3) 7.15([3) 7.28([3) 7.41([3) 7.53([3) 7.63([3) 7.69([3) 7.72([3)
4.2 . . . . . . 6.00([3) 6.01([3) 6.04([3) 6.09([3) 6.16([3) 6.24([3) 6.33([3) 6.44([3) 6.55([3) 6.64([3) 6.72([3) 6.78([3) 6.79([3)
4.3 . . . . . . 5.36([3) 5.37([3) 5.39([3) 5.43([3) 5.49([3) 5.55([3) 5.63([3) 5.72([3) 5.81([3) 5.88([3) 5.95([3) 5.99([3) 6.01([3)
4.4 . . . . . . 4.80([3) 4.81([3) 4.83([3) 4.86([3) 4.90([3) 4.96([3) 5.03([3) 5.10([3) 5.17([3) 5.23([3) 5.28([3) 5.32([3) 5.33([3)
4.5 . . . . . . 4.31([3) 4.31([3) 4.33([3) 4.36([3) 4.40([3) 4.44([3) 4.50([3) 4.56([3) 4.61([3) 4.67([3) 4.71([3) 4.74([3) 4.75([3)
4.6 . . . . . . 3.88([3) 3.88([3) 3.90([3) 3.92([3) 3.95([3) 3.99([3) 4.04([3) 4.09([3) 4.13([3) 4.18([3) 4.21([3) 4.24([3) 4.25([3)
4.7 . . . . . . 3.50([3) 3.50([3) 3.52([3) 3.54([3) 3.56([3) 3.60([3) 3.63([3) 3.67([3) 3.71([3) 3.75([3) 3.78([3) 3.80([3) 3.81([3)
4.8 . . . . . . 3.17([3) 3.17([3) 3.18([3) 3.20([3) 3.22([3) 3.25([3) 3.28([3) 3.31([3) 3.35([3) 3.38([3) 3.40([3) 3.42([3) 3.42([3)
4.9 . . . . . . 2.87([3) 2.87([3) 2.88([3) 2.90([3) 2.92([3) 2.94([3) 2.97([3) 2.99([3) 3.02([3) 3.05([3) 3.07([3) 3.08([3) 3.09([3)
5.0 . . . . . . 2.61([3) 2.61([3) 2.62([3) 2.63([3) 2.65([3) 2.67([3) 2.69([3) 2.71([3) 2.74([3) 2.76([3) 2.78([3) 2.79([3) 2.79([3)
5.1 . . . . . . 2.38([3) 2.38([3) 2.38([3) 2.39([3) 2.41([3) 2.42([3) 2.44([3) 2.47([3) 2.49([3) 2.50([3) 2.52([3) 2.53([3) 2.53([3)
5.2 . . . . . . 2.17([3) 2.17([3) 2.17([3) 2.18([3) 2.19([3) 2.21([3) 2.23([3) 2.24([3) 2.26([3) 2.28([3) 2.29([3) 2.30([3) 2.30([3)
5.3 . . . . . . 1.98([3) 1.98([3) 1.99([3) 1.99([3) 2.00([3) 2.02([3) 2.03([3) 2.05([3) 2.06([3) 2.08([3) 2.09([3) 2.09([3) 2.10([3)
5.4 . . . . . . 1.81([3) 1.82([3) 1.82([3) 1.83([3) 1.83([3) 1.85([3) 1.86([3) 1.87([3) 1.88([3) 1.90([3) 1.90([3) 1.91([3) 1.91([3)
5.5 . . . . . . 1.66([3) 1.66([3) 1.67([3) 1.67([3) 1.68([3) 1.69([3) 1.70([3) 1.71([3) 1.72([3) 1.73([3) 1.74([3) 1.75([3) 1.75([3)
5.6 . . . . . . 1.53([3) 1.53([3) 1.53([3) 1.54([3) 1.54([3) 1.55([3) 1.56([3) 1.57([3) 1.58([3) 1.59([3) 1.60([3) 1.60([3) 1.60([3)
5.7 . . . . . . 1.41([3) 1.41([3) 1.41([3) 1.41([3) 1.42([3) 1.43([3) 1.44([3) 1.44([3) 1.45([3) 1.46([3) 1.47([3) 1.47([3) 1.47([3)
5.8 . . . . . . 1.30([3) 1.30([3) 1.30([3) 1.30([3) 1.31([3) 1.31([3) 1.32([3) 1.33([3) 1.34([3) 1.34([3) 1.35([3) 1.35([3) 1.35([3)
5.9 . . . . . . 1.20([3) 1.20([3) 1.20([3) 1.20([3) 1.21([3) 1.21([3) 1.22([3) 1.23([3) 1.23([3) 1.24([3) 1.24([3) 1.24([3) 1.25([3)
6.0 . . . . . . 1.11([3) 1.11([3) 1.11([3) 1.11([3) 1.12([3) 1.12([3) 1.13([3) 1.13([3) 1.14([3) 1.14([3) 1.15([3) 1.15([3) 1.15([3)
6.1 . . . . . . 1.02([3) 1.03([3) 1.03([3) 1.03([3) 1.03([3) 1.04([3) 1.04([3) 1.05([3) 1.05([3) 1.06([3) 1.06([3) 1.06([3) 1.06([3)
6.2 . . . . . . 9.50([4) 9.50([4) 9.52([4) 9.54([4) 9.57([4) 9.61([4) 9.65([4) 9.69([4) 9.73([4) 9.77([4) 9.80([4) 9.82([4) 9.83([4)
6.3 . . . . . . 8.82([4) 8.82([4) 8.83([4) 8.85([4) 8.88([4) 8.91([4) 8.95([4) 8.99([4) 9.02([4) 9.06([4) 9.08([4) 9.10([4) 9.11([4)
6.4 . . . . . . 8.19([4) 8.20([4) 8.21([4) 8.22([4) 8.25([4) 8.28([4) 8.31([4) 8.34([4) 8.38([4) 8.41([4) 8.43([4) 8.44([4) 8.45([4)
6.5 . . . . . . 7.62([4) 7.63([4) 7.64([4) 7.65([4) 7.67([4) 7.70([4) 7.73([4) 7.76([4) 7.79([4) 7.81([4) 7.83([4) 7.84([4) 7.85([4)
6.6 . . . . . . 7.10([4) 7.10([4) 7.11([4) 7.13([4) 7.14([4) 7.17([4) 7.19([4) 7.22([4) 7.25([4) 7.27([4) 7.29([4) 7.30([4) 7.30([4)
6.7 . . . . . . 6.62([4) 6.62([4) 6.63([4) 6.64([4) 6.66([4) 6.68([4) 6.70([4) 6.73([4) 6.75([4) 6.77([4) 6.79([4) 6.80([4) 6.80([4)
6.8 . . . . . . 6.18([4) 6.18([4) 6.19([4) 6.20([4) 6.22([4) 6.24([4) 6.26([4) 6.28([4) 6.30([4) 6.32([4) 6.33([4) 6.34([4) 6.34([4)
6.9 . . . . . . 5.78([4) 5.78([4) 5.79([4) 5.80([4) 5.81([4) 5.83([4) 5.84([4) 5.86([4) 5.88([4) 5.90([4) 5.91([4) 5.92([4) 5.92([4)
7.0 . . . . . . 5.41([4) 5.41([4) 5.41([4) 5.42([4) 5.43([4) 5.45([4) 5.46([4) 5.48([4) 5.50([4) 5.51([4) 5.52([4) 5.53([4) 5.53([4)

NOTE.ÈIf an entry is given as ““ cap ÏÏ it means that the star is captured by the black hole. An expression given as a number followed by a Ðgure in
parenthesis x(y) means x ] 10y.

and *M, we have constructed analytical functions to Ðt our numerical results for encounters of n \ 1.5 polytropic stars.
is a Ðt to as a function of that also Ðts the results from the linear theory in the nonrelativistic limit.Equation (18) *E/Ebind CŒ

There is some uncertainty associated with the numerical simulations of strong encounters due to the mass loss from the
computational domain. is a Ðt to as a function of The critical value of for complete tidalEquation (23) *M/M

*
CŒ . CŒ

disruption is estimated to be in the case of n \ 1.5 polytropic stars with ideal equations of state.2.3\CŒ crit\ 2.5
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TABLE 4

[/ Tr (C@2)dq]1@2 FOR a \ 0.75

h
L

L3 = 0¡ 15¡ 30¡ 45¡ 60¡ 75¡ 90¡ 105¡ 120¡ 135¡ 150¡ 165¡ 180¡

1.0 . . . . . . cap cap cap cap cap cap cap cap cap cap cap cap cap
1.1 . . . . . . cap cap cap cap cap cap cap cap cap cap cap cap cap
1.2 . . . . . . cap cap cap cap cap cap cap cap cap cap cap cap cap
1.3 . . . . . . cap cap cap cap cap cap cap cap cap cap cap cap cap
1.4 . . . . . . cap cap cap cap cap cap cap cap cap cap cap cap cap
1.5 . . . . . . 2.94(1) cap cap cap cap cap cap cap cap cap cap cap cap
1.6 . . . . . . 2.16(0) 2.37(0) 3.50(0) cap cap cap cap cap cap cap cap cap cap
1.7 . . . . . . 1.17(0) 1.23(0) 1.47(0) 2.25(0) cap cap cap cap cap cap cap cap cap
1.8 . . . . . . 7.32([1) 7.57([1) 8.46([1) 1.06(0) 1.74(0) cap cap cap cap cap cap cap cap
1.9 . . . . . . 4.91([1) 5.03([1) 5.45([1) 6.33([1) 8.27([1) 1.45(0) cap cap cap cap cap cap cap
2.0 . . . . . . 3.45([1) 3.52([1) 3.74([1) 4.17([1) 5.00([1) 6.71([1) 1.23(0) cap cap cap cap cap cap
2.1 . . . . . . 2.52([1) 2.56([1) 2.68([1) 2.92([1) 3.33([1) 4.05([1) 5.49([1) 9.79([1) cap cap cap cap cap
2.2 . . . . . . 1.88([1) 1.91([1) 1.98([1) 2.12([1) 2.35([1) 2.72([1) 3.32([1) 4.42([1) 7.03([1) cap cap cap cap
2.3 . . . . . . 1.44([1) 1.46([1) 1.50([1) 1.59([1) 1.73([1) 1.93([1) 2.24([1) 2.70([1) 3.44([1) 4.69([1) 7.39([1) cap cap
2.4 . . . . . . 1.13([1) 1.14([1) 1.17([1) 1.22([1) 1.30([1) 1.43([1) 1.60([1) 1.84([1) 2.16([1) 2.58([1) 3.08([1) 3.54([1) 3.75([1)
2.5 . . . . . . 8.92([2) 8.98([2) 9.19([2) 9.55([2) 1.01([1) 1.09([1) 1.19([1) 1.33([1) 1.50([1) 1.69([1) 1.89([1) 2.05([1) 2.11([1)
2.6 . . . . . . 7.16([2) 7.21([2) 7.35([2) 7.59([2) 7.96([2) 8.47([2) 9.13([2) 9.96([2) 1.09([1) 1.20([1) 1.30([1) 1.37([1) 1.40([1)
2.7 . . . . . . 5.82([2) 5.85([2) 5.95([2) 6.12([2) 6.38([2) 6.72([2) 7.16([2) 7.69([2) 8.29([2) 8.92([2) 9.49([2) 9.90([2) 1.00([1)
2.8 . . . . . . 4.78([2) 4.80([2) 4.87([2) 5.00([2) 5.17([2) 5.41([2) 5.71([2) 6.06([2) 6.46([2) 6.85([2) 7.20([2) 7.44([2) 7.53([2)
2.9 . . . . . . 3.96([2) 3.98([2) 4.03([2) 4.12([2) 4.25([2) 4.42([2) 4.63([2) 4.87([2) 5.13([2) 5.39([2) 5.62([2) 5.77([2) 5.83([2)
3.0 . . . . . . 3.31([2) 3.33([2) 3.36([2) 3.43([2) 3.52([2) 3.65([2) 3.79([2) 3.97([2) 4.15([2) 4.33([2) 4.48([2) 4.58([2) 4.62([2)
3.1 . . . . . . 2.79([2) 2.80([2) 2.83([2) 2.88([2) 2.95([2) 3.04([2) 3.15([2) 3.27([2) 3.40([2) 3.52([2) 3.63([2) 3.70([2) 3.73([2)
3.2 . . . . . . 2.37([2) 2.38([2) 2.40([2) 2.43([2) 2.49([2) 2.55([2) 2.63([2) 2.73([2) 2.82([2) 2.91([2) 2.98([2) 3.03([2) 3.05([2)
3.3 . . . . . . 2.02([2) 2.03([2) 2.04([2) 2.07([2) 2.11([2) 2.16([2) 2.22([2) 2.29([2) 2.36([2) 2.43([2) 2.48([2) 2.52([2) 2.53([2)
3.4 . . . . . . 1.74([2) 1.74([2) 1.75([2) 1.78([2) 1.81([2) 1.85([2) 1.89([2) 1.94([2) 2.00([2) 2.04([2) 2.08([2) 2.11([2) 2.12([2)
3.5 . . . . . . 1.50([2) 1.50([2) 1.51([2) 1.53([2) 1.56([2) 1.59([2) 1.62([2) 1.66([2) 1.70([2) 1.74([2) 1.77([2) 1.79([2) 1.79([2)
3.6 . . . . . . 1.30([2) 1.30([2) 1.31([2) 1.33([2) 1.35([2) 1.37([2) 1.40([2) 1.43([2) 1.46([2) 1.49([2) 1.51([2) 1.52([2) 1.53([2)
3.7 . . . . . . 1.14([2) 1.14([2) 1.14([2) 1.16([2) 1.17([2) 1.19([2) 1.21([2) 1.23([2) 1.26([2) 1.28([2) 1.30([2) 1.31([2) 1.31([2)
3.8 . . . . . . 9.95([3) 9.96([3) 1.00([2) 1.01([2) 1.02([2) 1.04([2) 1.05([2) 1.07([2) 1.09([2) 1.11([2) 1.12([2) 1.13([2) 1.13([2)
3.9 . . . . . . 8.75([3) 8.76([3) 8.80([3) 8.87([3) 8.97([3) 9.09([3) 9.23([3) 9.37([3) 9.52([3) 9.66([3) 9.77([3) 9.84([3) 9.86([3)
4.0 . . . . . . 7.72([3) 7.74([3) 7.77([3) 7.83([3) 7.90([3) 8.00([3) 8.11([3) 8.23([3) 8.35([3) 8.46([3) 8.54([3) 8.60([3) 8.62([3)
4.1 . . . . . . 6.84([3) 6.85([3) 6.88([3) 6.93([3) 6.99([3) 7.07([3) 7.16([3) 7.25([3) 7.35([3) 7.44([3) 7.51([3) 7.55([3) 7.57([3)
4.2 . . . . . . 6.08([3) 6.09([3) 6.12([3) 6.15([3) 6.21([3) 6.27([3) 6.34([3) 6.42([3) 6.50([3) 6.57([3) 6.62([3) 6.66([3) 6.67([3)
4.3 . . . . . . 5.43([3) 5.43([3) 5.45([3) 5.48([3) 5.53([3) 5.58([3) 5.64([3) 5.70([3) 5.77([3) 5.82([3) 5.87([3) 5.90([3) 5.91([3)
4.4 . . . . . . 4.85([3) 4.86([3) 4.88([3) 4.90([3) 4.94([3) 4.98([3) 5.03([3) 5.08([3) 5.13([3) 5.18([3) 5.22([3) 5.24([3) 5.25([3)
4.5 . . . . . . 4.35([3) 4.36([3) 4.37([3) 4.39([3) 4.42([3) 4.46([3) 4.50([3) 4.55([3) 4.59([3) 4.63([3) 4.66([3) 4.68([3) 4.68([3)
4.6 . . . . . . 3.92([3) 3.92([3) 3.93([3) 3.95([3) 3.98([3) 4.01([3) 4.04([3) 4.08([3) 4.11([3) 4.14([3) 4.17([3) 4.19([3) 4.19([3)
4.7 . . . . . . 3.53([3) 3.54([3) 3.55([3) 3.56([3) 3.58([3) 3.61([3) 3.64([3) 3.67([3) 3.70([3) 3.72([3) 3.74([3) 3.76([3) 3.76([3)
4.8 . . . . . . 3.19([3) 3.20([3) 3.20([3) 3.22([3) 3.24([3) 3.26([3) 3.28([3) 3.31([3) 3.33([3) 3.35([3) 3.37([3) 3.38([3) 3.39([3)
4.9 . . . . . . 2.89([3) 2.90([3) 2.90([3) 2.91([3) 2.93([3) 2.95([3) 2.97([3) 2.99([3) 3.01([3) 3.03([3) 3.04([3) 3.05([3) 3.06([3)
5.0 . . . . . . 2.63([3) 2.63([3) 2.64([3) 2.65([3) 2.66([3) 2.67([3) 2.69([3) 2.71([3) 2.73([3) 2.74([3) 2.76([3) 2.76([3) 2.77([3)
5.1 . . . . . . 2.39([3) 2.39([3) 2.40([3) 2.41([3) 2.42([3) 2.43([3) 2.45([3) 2.46([3) 2.48([3) 2.49([3) 2.50([3) 2.51([3) 2.51([3)
5.2 . . . . . . 2.18([3) 2.18([3) 2.19([3) 2.19([3) 2.20([3) 2.21([3) 2.23([3) 2.24([3) 2.25([3) 2.26([3) 2.27([3) 2.28([3) 2.28([3)
5.3 . . . . . . 1.99([3) 1.99([3) 2.00([3) 2.00([3) 2.01([3) 2.02([3) 2.03([3) 2.04([3) 2.06([3) 2.06([3) 2.07([3) 2.08([3) 2.08([3)
5.4 . . . . . . 1.82([3) 1.83([3) 1.83([3) 1.83([3) 1.84([3) 1.85([3) 1.86([3) 1.87([3) 1.88([3) 1.89([3) 1.89([3) 1.90([3) 1.90([3)
5.5 . . . . . . 1.67([3) 1.67([3) 1.68([3) 1.68([3) 1.69([3) 1.69([3) 1.70([3) 1.71([3) 1.72([3) 1.73([3) 1.73([3) 1.74([3) 1.74([3)
5.6 . . . . . . 1.54([3) 1.54([3) 1.54([3) 1.54([3) 1.55([3) 1.56([3) 1.56([3) 1.57([3) 1.58([3) 1.58([3) 1.59([3) 1.59([3) 1.59([3)
5.7 . . . . . . 1.41([3) 1.41([3) 1.42([3) 1.42([3) 1.42([3) 1.43([3) 1.44([3) 1.44([3) 1.45([3) 1.45([3) 1.46([3) 1.46([3) 1.46([3)
5.8 . . . . . . 1.30([3) 1.30([3) 1.31([3) 1.31([3) 1.31([3) 1.32([3) 1.32([3) 1.33([3) 1.33([3) 1.34([3) 1.34([3) 1.34([3) 1.34([3)
5.9 . . . . . . 1.20([3) 1.20([3) 1.20([3) 1.21([3) 1.21([3) 1.21([3) 1.22([3) 1.22([3) 1.23([3) 1.23([3) 1.24([3) 1.24([3) 1.24([3)
6.0 . . . . . . 1.11([3) 1.11([3) 1.11([3) 1.12([3) 1.12([3) 1.12([3) 1.13([3) 1.13([3) 1.13([3) 1.14([3) 1.14([3) 1.14([3) 1.14([3)
6.1 . . . . . . 1.03([3) 1.03([3) 1.03([3) 1.03([3) 1.04([3) 1.04([3) 1.04([3) 1.05([3) 1.05([3) 1.05([3) 1.05([3) 1.06([3) 1.06([3)
6.2 . . . . . . 9.53([4) 9.54([4) 9.55([4) 9.57([4) 9.59([4) 9.62([4) 9.65([4) 9.68([4) 9.71([4) 9.74([4) 9.76([4) 9.78([4) 9.78([4)
6.3 . . . . . . 8.85([4) 8.85([4) 8.86([4) 8.88([4) 8.90([4) 8.92([4) 8.95([4) 8.98([4) 9.01([4) 9.03([4) 9.05([4) 9.06([4) 9.07([4)
6.4 . . . . . . 8.22([4) 8.22([4) 8.23([4) 8.25([4) 8.26([4) 8.29([4) 8.31([4) 8.34([4) 8.36([4) 8.38([4) 8.40([4) 8.41([4) 8.41([4)
6.5 . . . . . . 7.65([4) 7.65([4) 7.66([4) 7.67([4) 7.69([4) 7.71([4) 7.73([4) 7.75([4) 7.77([4) 7.79([4) 7.81([4) 7.81([4) 7.82([4)
6.6 . . . . . . 7.12([4) 7.13([4) 7.13([4) 7.14([4) 7.16([4) 7.18([4) 7.19([4) 7.21([4) 7.23([4) 7.25([4) 7.26([4) 7.27([4) 7.27([4)
6.7 . . . . . . 6.64([4) 6.64([4) 6.65([4) 6.66([4) 6.67([4) 6.69([4) 6.71([4) 6.72([4) 6.74([4) 6.75([4) 6.77([4) 6.77([4) 6.78([4)
6.8 . . . . . . 6.20([4) 6.20([4) 6.21([4) 6.22([4) 6.23([4) 6.24([4) 6.26([4) 6.27([4) 6.29([4) 6.30([4) 6.31([4) 6.32([4) 6.32([4)
6.9 . . . . . . 5.79([4) 5.80([4) 5.80([4) 5.81([4) 5.82([4) 5.83([4) 5.84([4) 5.86([4) 5.87([4) 5.88([4) 5.89([4) 5.90([4) 5.90([4)
7.0 . . . . . . 5.42([4) 5.42([4) 5.43([4) 5.43([4) 5.44([4) 5.45([4) 5.47([4) 5.48([4) 5.49([4) 5.50([4) 5.51([4) 5.51([4) 5.52([4)

NOTE.ÈIf an entry is given as ““ cap ÏÏ it means that the star is captured by the black hole. An expression given as a number followed by a Ðgure in
parenthesis x(y) means x ] 10y.

The functional form of on the other hand, does not depend on the stellar structure and equation of state. It depends onlyCŒ ,
on the parameters of the stellar orbit, stellar mass and radius, and the mass and angular momentum of the BH. The
dependence of on these parameters can, again, be factorized. First, is proportional to the square root of the dimensionlessCŒ CŒ
integral of the trace of the square of the tidal tensor along the trajectory. This integral depends only on the dimensionless
parameters that determine the orbit, i.e., a, and (since the dependence on is neglected), and it can therefore beL3 =, h

L
h
p
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TABLE 5

[/ Tr (C@2)dq]1@2 FOR a \ 0.5

h
L

L3 = 0¡ 15¡ 30¡ 45¡ 60¡ 75¡ 90¡ 105¡ 120¡ 135¡ 150¡ 165¡ 180¡

1.0 . . . . . . cap cap cap cap cap cap cap cap cap cap cap cap cap
1.1 . . . . . . cap cap cap cap cap cap cap cap cap cap cap cap cap
1.2 . . . . . . cap cap cap cap cap cap cap cap cap cap cap cap cap
1.3 . . . . . . cap cap cap cap cap cap cap cap cap cap cap cap cap
1.4 . . . . . . cap cap cap cap cap cap cap cap cap cap cap cap cap
1.5 . . . . . . cap cap cap cap cap cap cap cap cap cap cap cap cap
1.6 . . . . . . cap cap cap cap cap cap cap cap cap cap cap cap cap
1.7 . . . . . . cap cap cap cap cap cap cap cap cap cap cap cap cap
1.8 . . . . . . 1.27(0) 1.34(0) 1.61(0) 2.92(0) cap cap cap cap cap cap cap cap cap
1.9 . . . . . . 6.98([1) 7.18([1) 7.86([1) 9.38([1) 1.32(0) cap cap cap cap cap cap cap cap
2.0 . . . . . . 4.45([1) 4.54([1) 4.82([1) 5.36([1) 6.36([1) 8.39([1) 1.54(0) cap cap cap cap cap cap
2.1 . . . . . . 3.06([1) 3.10([1) 3.24([1) 3.49([1) 3.91([1) 4.59([1) 5.78([1) 8.30([1) cap cap cap cap cap
2.2 . . . . . . 2.20([1) 2.22([1) 2.30([1) 2.43([1) 2.64([1) 2.95([1) 3.42([1) 4.11([1) 5.19([1) 7.10([1) 1.25(0) cap cap
2.3 . . . . . . 1.64([1) 1.65([1) 1.69([1) 1.77([1) 1.89([1) 2.05([1) 2.28([1) 2.58([1) 2.96([1) 3.43([1) 3.94([1) 4.39([1) 4.57([1)
2.4 . . . . . . 1.25([1) 1.26([1) 1.29([1) 1.33([1) 1.40([1) 1.50([1) 1.62([1) 1.78([1) 1.96([1) 2.16([1) 2.34([1) 2.49([1) 2.54([1)
2.5 . . . . . . 9.73([2) 9.79([2) 9.97([2) 1.03([1) 1.07([1) 1.13([1) 1.20([1) 1.29([1) 1.39([1) 1.49([1) 1.58([1) 1.65([1) 1.67([1)
2.6 . . . . . . 7.72([2) 7.76([2) 7.87([2) 8.08([2) 8.36([2) 8.74([2) 9.21([2) 9.74([2) 1.03([1) 1.09([1) 1.14([1) 1.18([1) 1.19([1)
2.7 . . . . . . 6.21([2) 6.23([2) 6.32([2) 6.45([2) 6.65([2) 6.90([2) 7.20([2) 7.55([2) 7.92([2) 8.27([2) 8.57([2) 8.78([2) 8.85([2)
2.8 . . . . . . 5.05([2) 5.07([2) 5.13([2) 5.23([2) 5.36([2) 5.54([2) 5.74([2) 5.97([2) 6.21([2) 6.44([2) 6.64([2) 6.76([2) 6.81([2)
2.9 . . . . . . 4.16([2) 4.18([2) 4.22([2) 4.29([2) 4.38([2) 4.50([2) 4.65([2) 4.81([2) 4.97([2) 5.12([2) 5.25([2) 5.34([2) 5.37([2)
3.0 . . . . . . 3.46([2) 3.47([2) 3.50([2) 3.55([2) 3.62([2) 3.71([2) 3.81([2) 3.92([2) 4.04([2) 4.14([2) 4.23([2) 4.29([2) 4.31([2)
3.1 . . . . . . 2.90([2) 2.91([2) 2.93([2) 2.97([2) 3.02([2) 3.08([2) 3.16([2) 3.24([2) 3.32([2) 3.40([2) 3.46([2) 3.50([2) 3.51([2)
3.2 . . . . . . 2.45([2) 2.46([2) 2.47([2) 2.50([2) 2.54([2) 2.59([2) 2.64([2) 2.70([2) 2.76([2) 2.82([2) 2.86([2) 2.89([2) 2.90([2)
3.3 . . . . . . 2.09([2) 2.09([2) 2.10([2) 2.12([2) 2.15([2) 2.19([2) 2.23([2) 2.27([2) 2.32([2) 2.36([2) 2.39([2) 2.41([2) 2.42([2)
3.4 . . . . . . 1.79([2) 1.79([2) 1.80([2) 1.82([2) 1.84([2) 1.87([2) 1.90([2) 1.93([2) 1.96([2) 1.99([2) 2.02([2) 2.03([2) 2.04([2)
3.5 . . . . . . 1.54([2) 1.54([2) 1.55([2) 1.56([2) 1.58([2) 1.60([2) 1.62([2) 1.65([2) 1.67([2) 1.70([2) 1.72([2) 1.73([2) 1.73([2)
3.6 . . . . . . 1.33([2) 1.33([2) 1.34([2) 1.35([2) 1.36([2) 1.38([2) 1.40([2) 1.42([2) 1.44([2) 1.46([2) 1.47([2) 1.48([2) 1.48([2)
3.7 . . . . . . 1.16([2) 1.16([2) 1.17([2) 1.17([2) 1.18([2) 1.20([2) 1.21([2) 1.23([2) 1.24([2) 1.26([2) 1.27([2) 1.27([2) 1.28([2)
3.8 . . . . . . 1.01([2) 1.02([2) 1.02([2) 1.03([2) 1.03([2) 1.04([2) 1.06([2) 1.07([2) 1.08([2) 1.09([2) 1.10([2) 1.10([2) 1.11([2)
3.9 . . . . . . 8.90([3) 8.91([3) 8.94([3) 9.00([3) 9.06([3) 9.15([3) 9.24([3) 9.34([3) 9.43([3) 9.52([3) 9.58([3) 9.63([3) 9.64([3)
4.0 . . . . . . 7.85([3) 7.86([3) 7.88([3) 7.92([3) 7.98([3) 8.05([3) 8.12([3) 8.20([3) 8.27([3) 8.34([3) 8.40([3) 8.43([3) 8.44([3)
4.1 . . . . . . 6.95([3) 6.95([3) 6.97([3) 7.01([3) 7.05([3) 7.11([3) 7.17([3) 7.23([3) 7.29([3) 7.35([3) 7.39([3) 7.42([3) 7.43([3)
4.2 . . . . . . 6.17([3) 6.17([3) 6.19([3) 6.22([3) 6.25([3) 6.30([3) 6.35([3) 6.40([3) 6.45([3) 6.49([3) 6.53([3) 6.55([3) 6.56([3)
4.3 . . . . . . 5.50([3) 5.50([3) 5.51([3) 5.54([3) 5.57([3) 5.60([3) 5.64([3) 5.69([3) 5.73([3) 5.76([3) 5.79([3) 5.81([3) 5.82([3)
4.4 . . . . . . 4.91([3) 4.92([3) 4.93([3) 4.95([3) 4.97([3) 5.00([3) 5.03([3) 5.07([3) 5.10([3) 5.13([3) 5.16([3) 5.17([3) 5.18([3)
4.5 . . . . . . 4.40([3) 4.41([3) 4.42([3) 4.43([3) 4.45([3) 4.48([3) 4.50([3) 4.53([3) 4.56([3) 4.59([3) 4.61([3) 4.62([3) 4.62([3)
4.6 . . . . . . 3.96([3) 3.96([3) 3.97([3) 3.98([3) 4.00([3) 4.02([3) 4.04([3) 4.07([3) 4.09([3) 4.11([3) 4.13([3) 4.14([3) 4.14([3)
4.7 . . . . . . 3.57([3) 3.57([3) 3.58([3) 3.59([3) 3.60([3) 3.62([3) 3.64([3) 3.66([3) 3.68([3) 3.69([3) 3.71([3) 3.72([3) 3.72([3)
4.8 . . . . . . 3.22([3) 3.22([3) 3.23([3) 3.24([3) 3.25([3) 3.27([3) 3.28([3) 3.30([3) 3.32([3) 3.33([3) 3.34([3) 3.35([3) 3.35([3)
4.9 . . . . . . 2.92([3) 2.92([3) 2.93([3) 2.93([3) 2.94([3) 2.96([3) 2.97([3) 2.98([3) 3.00([3) 3.01([3) 3.02([3) 3.02([3) 3.03([3)
5.0 . . . . . . 2.65([3) 2.65([3) 2.65([3) 2.66([3) 2.67([3) 2.68([3) 2.69([3) 2.70([3) 2.72([3) 2.73([3) 2.73([3) 2.74([3) 2.74([3)
5.1 . . . . . . 2.41([3) 2.41([3) 2.41([3) 2.42([3) 2.43([3) 2.44([3) 2.45([3) 2.46([3) 2.47([3) 2.48([3) 2.48([3) 2.49([3) 2.49([3)
5.2 . . . . . . 2.20([3) 2.20([3) 2.20([3) 2.21([3) 2.21([3) 2.22([3) 2.23([3) 2.24([3) 2.25([3) 2.25([3) 2.26([3) 2.26([3) 2.26([3)
5.3 . . . . . . 2.01([3) 2.01([3) 2.01([3) 2.01([3) 2.02([3) 2.03([3) 2.03([3) 2.04([3) 2.05([3) 2.05([3) 2.06([3) 2.06([3) 2.06([3)
5.4 . . . . . . 1.84([3) 1.84([3) 1.84([3) 1.84([3) 1.85([3) 1.85([3) 1.86([3) 1.87([3) 1.87([3) 1.88([3) 1.88([3) 1.88([3) 1.89([3)
5.5 . . . . . . 1.68([3) 1.68([3) 1.69([3) 1.69([3) 1.69([3) 1.70([3) 1.70([3) 1.71([3) 1.71([3) 1.72([3) 1.72([3) 1.72([3) 1.73([3)
5.6 . . . . . . 1.55([3) 1.55([3) 1.55([3) 1.55([3) 1.55([3) 1.56([3) 1.56([3) 1.57([3) 1.57([3) 1.58([3) 1.58([3) 1.58([3) 1.58([3)
5.7 . . . . . . 1.42([3) 1.42([3) 1.42([3) 1.43([3) 1.43([3) 1.43([3) 1.44([3) 1.44([3) 1.44([3) 1.45([3) 1.45([3) 1.45([3) 1.45([3)
5.8 . . . . . . 1.31([3) 1.31([3) 1.31([3) 1.31([3) 1.32([3) 1.32([3) 1.32([3) 1.33([3) 1.33([3) 1.33([3) 1.34([3) 1.34([3) 1.34([3)
5.9 . . . . . . 1.21([3) 1.21([3) 1.21([3) 1.21([3) 1.21([3) 1.22([3) 1.22([3) 1.22([3) 1.23([3) 1.23([3) 1.23([3) 1.23([3) 1.23([3)
6.0 . . . . . . 1.12([3) 1.12([3) 1.12([3) 1.12([3) 1.12([3) 1.12([3) 1.13([3) 1.13([3) 1.13([3) 1.13([3) 1.14([3) 1.14([3) 1.14([3)
6.1 . . . . . . 1.03([3) 1.03([3) 1.03([3) 1.04([3) 1.04([3) 1.04([3) 1.04([3) 1.04([3) 1.05([3) 1.05([3) 1.05([3) 1.05([3) 1.05([3)
6.2 . . . . . . 9.57([4) 9.58([4) 9.58([4) 9.59([4) 9.61([4) 9.63([4) 9.65([4) 9.67([4) 9.69([4) 9.71([4) 9.72([4) 9.73([4) 9.74([4)
6.3 . . . . . . 8.88([4) 8.88([4) 8.89([4) 8.90([4) 8.92([4) 8.93([4) 8.95([4) 8.97([4) 8.99([4) 9.00([4) 9.02([4) 9.02([4) 9.03([4)
6.4 . . . . . . 8.25([4) 8.25([4) 8.26([4) 8.27([4) 8.28([4) 8.30([4) 8.31([4) 8.33([4) 8.35([4) 8.36([4) 8.37([4) 8.38([4) 8.38([4)
6.5 . . . . . . 7.67([4) 7.68([4) 7.68([4) 7.69([4) 7.70([4) 7.71([4) 7.73([4) 7.74([4) 7.76([4) 7.77([4) 7.78([4) 7.79([4) 7.79([4)
6.6 . . . . . . 7.15([4) 7.15([4) 7.15([4) 7.16([4) 7.17([4) 7.18([4) 7.20([4) 7.21([4) 7.22([4) 7.23([4) 7.24([4) 7.25([4) 7.25([4)
6.7 . . . . . . 6.66([4) 6.66([4) 6.67([4) 6.68([4) 6.68([4) 6.69([4) 6.71([4) 6.72([4) 6.73([4) 6.74([4) 6.75([4) 6.75([4) 6.75([4)
6.8 . . . . . . 6.22([4) 6.22([4) 6.22([4) 6.23([4) 6.24([4) 6.25([4) 6.26([4) 6.27([4) 6.28([4) 6.29([4) 6.29([4) 6.30([4) 6.30([4)
6.9 . . . . . . 5.81([4) 5.81([4) 5.82([4) 5.82([4) 5.83([4) 5.84([4) 5.85([4) 5.85([4) 5.86([4) 5.87([4) 5.88([4) 5.88([4) 5.88([4)
7.0 . . . . . . 5.44([4) 5.44([4) 5.44([4) 5.44([4) 5.45([4) 5.46([4) 5.47([4) 5.47([4) 5.48([4) 5.49([4) 5.49([4) 5.50([4) 5.50([4)

NOTE.ÈIf an entry is given as ““ cap ÏÏ it means that the star is captured by the black hole. An expression given as a number followed by a Ðgure in
parenthesis x(y) means x ] 10y.

tabulated once and for all (Tables Second, is proportional to a dimensionless factor in front of the integral. This factor3È7). CŒ
is a combination of the mass and radius of a star and the BH mass and the orbital parameters andM

*
R

*
, M

h
, (L3

z
Q3 ).

The main result of this study is the Ðnding that, although the outcome of the tidal interaction of a star with a rotating BH
depends in a complicated way on many parameters of the problem, it can be expressed with good accuracy as functions of a
single parameter, which is proportional to the trace of the tidal tensor integrated along the stellar orbit Of courseCŒ , (eq. [17]).
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TABLE 6

[/ Tr (C@2)dq]1@2 FOR a \ 0.25

h
L

L3 = 0¡ 15¡ 30¡ 45¡ 60¡ 75¡ 90¡ 105¡ 120¡ 135¡ 150¡ 165¡ 180¡

1.0 . . . . . . cap cap cap cap cap cap cap cap cap cap cap cap cap
1.1 . . . . . . cap cap cap cap cap cap cap cap cap cap cap cap cap
1.2 . . . . . . cap cap cap cap cap cap cap cap cap cap cap cap cap
1.3 . . . . . . cap cap cap cap cap cap cap cap cap cap cap cap cap
1.4 . . . . . . cap cap cap cap cap cap cap cap cap cap cap cap cap
1.5 . . . . . . cap cap cap cap cap cap cap cap cap cap cap cap cap
1.6 . . . . . . cap cap cap cap cap cap cap cap cap cap cap cap cap
1.7 . . . . . . cap cap cap cap cap cap cap cap cap cap cap cap cap
1.8 . . . . . . cap cap cap cap cap cap cap cap cap cap cap cap cap
1.9 . . . . . . 1.47(0) 1.54(0) 1.86(0) cap cap cap cap cap cap cap cap cap cap
2.0 . . . . . . 6.57([1) 6.69([1) 7.05([1) 7.74([1) 8.98([1) 1.14(0) 2.07(0) cap cap cap cap cap cap
2.1 . . . . . . 3.98([1) 4.02([1) 4.15([1) 4.38([1) 4.73([1) 5.24([1) 5.98([1) 7.05([1) 8.71([1) 1.17(0) cap cap cap
2.2 . . . . . . 2.68([1) 2.70([1) 2.76([1) 2.86([1) 3.01([1) 3.21([1) 3.47([1) 3.79([1) 4.17([1) 4.57([1) 4.96([1) 5.26([1) 5.37([1)
2.3 . . . . . . 1.91([1) 1.92([1) 1.95([1) 2.00([1) 2.08([1) 2.18([1) 2.30([1) 2.45([1) 2.60([1) 2.75([1) 2.88([1) 2.97([1) 3.01([1)
2.4 . . . . . . 1.41([1) 1.42([1) 1.44([1) 1.47([1) 1.51([1) 1.57([1) 1.64([1) 1.71([1) 1.79([1) 1.86([1) 1.92([1) 1.96([1) 1.98([1)
2.5 . . . . . . 1.08([1) 1.08([1) 1.09([1) 1.11([1) 1.14([1) 1.17([1) 1.21([1) 1.25([1) 1.30([1) 1.34([1) 1.37([1) 1.39([1) 1.40([1)
2.6 . . . . . . 8.40([2) 8.43([2) 8.50([2) 8.63([2) 8.80([2) 9.01([2) 9.25([2) 9.51([2) 9.77([2) 1.00([1) 1.02([1) 1.03([1) 1.04([1)
2.7 . . . . . . 6.67([2) 6.69([2) 6.74([2) 6.82([2) 6.94([2) 7.07([2) 7.23([2) 7.40([2) 7.57([2) 7.72([2) 7.84([2) 7.92([2) 7.95([2)
2.8 . . . . . . 5.38([2) 5.39([2) 5.43([2) 5.48([2) 5.56([2) 5.65([2) 5.76([2) 5.87([2) 5.98([2) 6.09([2) 6.17([2) 6.22([2) 6.24([2)
2.9 . . . . . . 4.39([2) 4.40([2) 4.43([2) 4.47([2) 4.52([2) 4.59([2) 4.66([2) 4.74([2) 4.81([2) 4.88([2) 4.94([2) 4.97([2) 4.98([2)
3.0 . . . . . . 3.63([2) 3.63([2) 3.65([2) 3.68([2) 3.72([2) 3.77([2) 3.82([2) 3.87([2) 3.93([2) 3.97([2) 4.01([2) 4.04([2) 4.05([2)
3.1 . . . . . . 3.03([2) 3.03([2) 3.04([2) 3.06([2) 3.09([2) 3.13([2) 3.16([2) 3.20([2) 3.24([2) 3.28([2) 3.30([2) 3.32([2) 3.33([2)
3.2 . . . . . . 2.54([2) 2.55([2) 2.56([2) 2.57([2) 2.59([2) 2.62([2) 2.65([2) 2.68([2) 2.70([2) 2.73([2) 2.75([2) 2.76([2) 2.77([2)
3.3 . . . . . . 2.16([2) 2.16([2) 2.17([2) 2.18([2) 2.19([2) 2.21([2) 2.23([2) 2.26([2) 2.28([2) 2.29([2) 2.31([2) 2.32([2) 2.32([2)
3.4 . . . . . . 1.84([2) 1.84([2) 1.85([2) 1.86([2) 1.87([2) 1.88([2) 1.90([2) 1.92([2) 1.93([2) 1.95([2) 1.96([2) 1.96([2) 1.97([2)
3.5 . . . . . . 1.58([2) 1.58([2) 1.59([2) 1.59([2) 1.60([2) 1.61([2) 1.63([2) 1.64([2) 1.65([2) 1.66([2) 1.67([2) 1.68([2) 1.68([2)
3.6 . . . . . . 1.37([2) 1.37([2) 1.37([2) 1.38([2) 1.38([2) 1.39([2) 1.40([2) 1.41([2) 1.42([2) 1.43([2) 1.43([2) 1.44([2) 1.44([2)
3.7 . . . . . . 1.19([2) 1.19([2) 1.19([2) 1.19([2) 1.20([2) 1.21([2) 1.21([2) 1.22([2) 1.23([2) 1.23([2) 1.24([2) 1.24([2) 1.24([2)
3.8 . . . . . . 1.03([2) 1.04([2) 1.04([2) 1.04([2) 1.05([2) 1.05([2) 1.06([2) 1.06([2) 1.07([2) 1.07([2) 1.08([2) 1.08([2) 1.08([2)
3.9 . . . . . . 9.07([3) 9.08([3) 9.09([3) 9.12([3) 9.16([3) 9.20([3) 9.25([3) 9.29([3) 9.34([3) 9.38([3) 9.41([3) 9.43([3) 9.44([3)
4.0 . . . . . . 7.98([3) 7.99([3) 8.00([3) 8.02([3) 8.05([3) 8.09([3) 8.13([3) 8.16([3) 8.20([3) 8.23([3) 8.26([3) 8.27([3) 8.28([3)
4.1 . . . . . . 7.06([3) 7.06([3) 7.07([3) 7.09([3) 7.11([3) 7.14([3) 7.17([3) 7.20([3) 7.23([3) 7.26([3) 7.28([3) 7.29([3) 7.30([3)
4.2 . . . . . . 6.26([3) 6.26([3) 6.27([3) 6.28([3) 6.30([3) 6.33([3) 6.35([3) 6.38([3) 6.40([3) 6.42([3) 6.44([3) 6.45([3) 6.45([3)
4.3 . . . . . . 5.57([3) 5.57([3) 5.58([3) 5.59([3) 5.61([3) 5.63([3) 5.65([3) 5.67([3) 5.69([3) 5.70([3) 5.72([3) 5.73([3) 5.73([3)
4.4 . . . . . . 4.97([3) 4.98([3) 4.98([3) 4.99([3) 5.00([3) 5.02([3) 5.04([3) 5.05([3) 5.07([3) 5.08([3) 5.10([3) 5.10([3) 5.10([3)
4.5 . . . . . . 4.45([3) 4.46([3) 4.46([3) 4.47([3) 4.48([3) 4.49([3) 4.51([3) 4.52([3) 4.53([3) 4.55([3) 4.56([3) 4.56([3) 4.56([3)
4.6 . . . . . . 4.00([3) 4.00([3) 4.01([3) 4.01([3) 4.02([3) 4.03([3) 4.04([3) 4.06([3) 4.07([3) 4.08([3) 4.08([3) 4.09([3) 4.09([3)
4.7 . . . . . . 3.60([3) 3.60([3) 3.61([3) 3.61([3) 3.62([3) 3.63([3) 3.64([3) 3.65([3) 3.66([3) 3.67([3) 3.67([3) 3.68([3) 3.68([3)
4.8 . . . . . . 3.25([3) 3.25([3) 3.26([3) 3.26([3) 3.27([3) 3.28([3) 3.28([3) 3.29([3) 3.30([3) 3.31([3) 3.31([3) 3.32([3) 3.32([3)
4.9 . . . . . . 2.94([3) 2.94([3) 2.95([3) 2.95([3) 2.96([3) 2.96([3) 2.97([3) 2.98([3) 2.98([3) 2.99([3) 2.99([3) 3.00([3) 3.00([3)
5.0 . . . . . . 2.67([3) 2.67([3) 2.67([3) 2.68([3) 2.68([3) 2.69([3) 2.69([3) 2.70([3) 2.70([3) 2.71([3) 2.71([3) 2.72([3) 2.72([3)
5.1 . . . . . . 2.43([3) 2.43([3) 2.43([3) 2.43([3) 2.44([3) 2.44([3) 2.45([3) 2.45([3) 2.46([3) 2.46([3) 2.46([3) 2.47([3) 2.47([3)
5.2 . . . . . . 2.21([3) 2.21([3) 2.21([3) 2.22([3) 2.22([3) 2.22([3) 2.23([3) 2.23([3) 2.24([3) 2.24([3) 2.24([3) 2.25([3) 2.25([3)
5.3 . . . . . . 2.02([3) 2.02([3) 2.02([3) 2.02([3) 2.03([3) 2.03([3) 2.03([3) 2.04([3) 2.04([3) 2.04([3) 2.05([3) 2.05([3) 2.05([3)
5.4 . . . . . . 1.85([3) 1.85([3) 1.85([3) 1.85([3) 1.85([3) 1.86([3) 1.86([3) 1.86([3) 1.87([3) 1.87([3) 1.87([3) 1.87([3) 1.87([3)
5.5 . . . . . . 1.69([3) 1.69([3) 1.69([3) 1.70([3) 1.70([3) 1.70([3) 1.70([3) 1.71([3) 1.71([3) 1.71([3) 1.71([3) 1.71([3) 1.71([3)
5.6 . . . . . . 1.55([3) 1.55([3) 1.56([3) 1.56([3) 1.56([3) 1.56([3) 1.56([3) 1.57([3) 1.57([3) 1.57([3) 1.57([3) 1.57([3) 1.57([3)
5.7 . . . . . . 1.43([3) 1.43([3) 1.43([3) 1.43([3) 1.43([3) 1.43([3) 1.44([3) 1.44([3) 1.44([3) 1.44([3) 1.44([3) 1.44([3) 1.45([3)
5.8 . . . . . . 1.32([3) 1.32([3) 1.32([3) 1.32([3) 1.32([3) 1.32([3) 1.32([3) 1.32([3) 1.33([3) 1.33([3) 1.33([3) 1.33([3) 1.33([3)
5.9 . . . . . . 1.21([3) 1.21([3) 1.21([3) 1.22([3) 1.22([3) 1.22([3) 1.22([3) 1.22([3) 1.22([3) 1.22([3) 1.23([3) 1.23([3) 1.23([3)
6.0 . . . . . . 1.12([3) 1.12([3) 1.12([3) 1.12([3) 1.12([3) 1.13([3) 1.13([3) 1.13([3) 1.13([3) 1.13([3) 1.13([3) 1.13([3) 1.13([3)
6.1 . . . . . . 1.04([3) 1.04([3) 1.04([3) 1.04([3) 1.04([3) 1.04([3) 1.04([3) 1.04([3) 1.04([3) 1.05([3) 1.05([3) 1.05([3) 1.05([3)
6.2 . . . . . . 9.61([4) 9.61([4) 9.62([4) 9.62([4) 9.63([4) 9.64([4) 9.65([4) 9.66([4) 9.67([4) 9.68([4) 9.69([4) 9.69([4) 9.69([4)
6.3 . . . . . . 8.92([4) 8.92([4) 8.92([4) 8.93([4) 8.93([4) 8.94([4) 8.95([4) 8.96([4) 8.97([4) 8.98([4) 8.98([4) 8.99([4) 8.99([4)
6.4 . . . . . . 8.28([4) 8.28([4) 8.29([4) 8.29([4) 8.30([4) 8.30([4) 8.31([4) 8.32([4) 8.33([4) 8.34([4) 8.34([4) 8.34([4) 8.35([4)
6.5 . . . . . . 7.70([4) 7.70([4) 7.71([4) 7.71([4) 7.72([4) 7.72([4) 7.73([4) 7.74([4) 7.74([4) 7.75([4) 7.75([4) 7.76([4) 7.76([4)
6.6 . . . . . . 7.17([4) 7.17([4) 7.17([4) 7.18([4) 7.18([4) 7.19([4) 7.20([4) 7.20([4) 7.21([4) 7.21([4) 7.22([4) 7.22([4) 7.22([4)
6.7 . . . . . . 6.68([4) 6.69([4) 6.69([4) 6.69([4) 6.70([4) 6.70([4) 6.71([4) 6.71([4) 6.72([4) 6.72([4) 6.73([4) 6.73([4) 6.73([4)
6.8 . . . . . . 6.24([4) 6.24([4) 6.24([4) 6.24([4) 6.25([4) 6.25([4) 6.26([4) 6.26([4) 6.27([4) 6.27([4) 6.28([4) 6.28([4) 6.28([4)
6.9 . . . . . . 5.83([4) 5.83([4) 5.83([4) 5.83([4) 5.84([4) 5.84([4) 5.85([4) 5.85([4) 5.85([4) 5.86([4) 5.86([4) 5.86([4) 5.86([4)
7.0 . . . . . . 5.45([4) 5.45([4) 5.45([4) 5.46([4) 5.46([4) 5.46([4) 5.47([4) 5.47([4) 5.47([4) 5.48([4) 5.48([4) 5.48([4) 5.48([4)

NOTE.ÈIf an entry is given as ““ cap ÏÏ it means that the star is captured by the black hole. An expression given as a number followed by a Ðgure in
parenthesis x(y) means x ] 10y.

we have only investigated this for n \ 1.5 polytropic stellar model with an ideal equation of state. This is a good Ðrst
approximation for the main-sequence stars and white dwarfs. The quantitative result will be di†erent for other stellar models,
but we are conÐdent that the existence of a relation between and the energy and angular momentum transfer and the massCŒ
loss will persist.
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TABLE 7

[/ Tr (C@2)dq]1@2 FOR a \ 0.0

L3 = h
L

1.0 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . cap
1.1 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . cap
1.2 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . cap
1.3 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . cap
1.4 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . cap
1.5 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . cap
1.6 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . cap
1.7 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . cap
1.8 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . cap
1.9 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . cap
2.0 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . cap
2.1 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 6.05([1)
2.2 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 3.49([1)
2.3 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 2.31([1)
2.4 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 1.64([1)
2.5 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 1.21([1)
2.6 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 9.27([2)
2.7 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 7.24([2)
2.8 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 5.77([2)
2.9 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 4.66([2)
3.0 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 3.82([2)
3.1 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 3.17([2)
3.2 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 2.65([2)
3.3 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 2.23([2)
3.4 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 1.90([2)
3.5 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 1.63([2)
3.6 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 1.40([2)
3.7 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 1.21([2)
3.8 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 1.06([2)
3.9 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 9.25([3)
4.0 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 8.13([3)
4.1 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 7.17([3)
4.2 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 6.35([3)
4.3 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 5.65([3)
4.4 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 5.04([3)
4.5 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 4.51([3)
4.6 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 4.04([3)
4.7 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 3.64([3)
4.8 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 3.28([3)
4.9 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 2.97([3)
5.0 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 2.69([3)
5.1 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 2.45([3)
5.2 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 2.23([3)
5.3 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 2.03([3)
5.4 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 1.86([3)
5.5 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 1.70([3)
5.6 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 1.56([3)
5.7 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 1.44([3)
5.8 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 1.32([3)
5.9 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 1.22([3)
6.0 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 1.13([3)
6.1 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 1.04([3)
6.2 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 9.65([4)
6.3 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 8.95([4)
6.4 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 8.31([4)
6.5 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 7.73([4)
6.6 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 7.20([4)
6.7 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 6.71([4)
6.8 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 6.26([4)
6.9 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 5.85([4)
7.0 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 5.47([4)

NOTE.ÈIf an entry is given as ““ cap ÏÏ it
means that the star is captured by the BH. An
expression given as a number followed by a
Ðgure in parenthesis x(y) means x ] 10y.

Using the value of the critical parameter for complete tidal disruption determined above, it is easy to Ðnd the criticalCŒ
value of as function of for any given combination of and a. In this way, the cross section for tidalL3 = h

L
M

h
, M

*
, R

*
,

disruptions near a massive Kerr BH can be easily obtained for modeling the evolution of active galactic nuclei. This will be
reported in a separate publication.
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APPENDIX

THE TIDAL TENSOR

In order to compute the tidal accelerations, we introduce two Ðelds of orthonormal tetrads. The Ðrst tetrad, is thee(a),canonical orthonormal tetrad given by(Carter 1968b ; Marck 1983)

e(0)b
L

Lxb
\x2] a2/4

Jsm2
L
Lt

] a/2

Jsm2
L
L/

, e(1)b
L

Lxb
\
S s

m2
L
Lx

,

e(2)b
L

Lxb
\ 1

Jm2
L
Lh

, e(3)b
L

Lxb
\ [ a/2 sin h

Jm2
L
Lt

[ 1

Jm2 sin h
L

L/
. (A1)

The other orthonormal tetrad Ðeld, is deÐned along a geodesic trajectory in such a way that all the vectors deÐning it, arej(a),parallelly transported along the geodesic. This can be obtained by choosing (Marck 1983)

j(0)b \ 1

Jm2s
G
E3
A
x2] a2

4
B

[ a
2

L3
z

H
e(0)b ]

Sm2
s

x5 e(1)b ] Jm2h5 e(2)b ] 1

Jm2
Ga
2

E3 sin h [ L3
z

sin h
H
e(3)b , (A2)

j(1)b \ j8 (1)b cos ( [ j8 (3)b sin ( , (A3)

j(2)b \
S m2

K3 s
a
2

cos hx5 e(0)b ] 1

JK3 m2s
a
2

cos h
G
E3
A
x2] a2

4
B

[ a
2

L3
z

H
e(1)b [ 1

JK3 m2
x
Aa
2

E3 sin h [ L3
z

sin h
B
e(2)b ]

Sm2
K3

xh5 e(3)b ,

(A4)

j(3)b \ j8 (1)b sin ( ] j8 (3)b cos ( , (A5)

where

j8 (1)b \ k
S m2

K3 s
xx5 e(0)b ] k

JK3 m2s
x
G
E3
A
x2] a2

4
B

[ a
2

L3
z

H
e(1)b ] l

JK3 m2
a
2

cos h
Aa
2

E3 sin h [ L3
z

sin h
B
e(2)b [ l

Sm2
K3

a
2

cos hh5 e(3)b ,

(A6)

j8 (3)b \ k
Jm2s

G
E3
A
x2] a2

4
B

[ a
2

L3
z

H
e(0)b ] k

Sm2
s

x5 e(1)b ] lJm2h5 e(2)b ] l
Jm2

Aa
2

E3 sin h [ L3
z

sin h
B
e(3)b , (A7)

and

K3 \ Q3 ]
A
L3

z
[ a

2
E3
B2

, k \
SK3 [ (a2/4) cos2 h

x2] K3
, l\ 1

k
, (A8)

and ( is a solution of the di†erential equation

d(
dq

\JK3
m2
GE3 [x2] (a2/4)][ (a/2)L3

z
x2] K3

] a
2

L3
z
[ (a/2)E3 sin2 h

K3 [ (a2/4) cos2 h
H

. (A9)

The geodesic of a test particle and this tetrad form a comoving reference frame. We choose the orientation of this reference
frame such that ( \ 0 at the pericenter of the orbit. In the comoving reference frame, the position of a given mass element in
the star can be described by a three-vector

r \ ;
i/1

3
rik(i) . (A10)
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The tidal acceleration of the mass element are then, according to the geodesic deviation equations et al. given(Misner 1973),
by

d2ri
dq2 \ [ LU

Lri
, (A11)

with the tidal potential given by

U \ 12Cij
rirj , (A12)

C
ij
\ Rabcd j(0)a j(i)b j(0)c j(j)d , (A13)

where are the components of the Riemann tensor calculated at the origin of the comoving reference frame. is theRabcd C
ijsymmetric tidal tensor, and it can be written as(Marck 1983)

C
ij
\ GM

h
r
g
3 C

ij
@ , (A14)

where

C11@ \
G
1 [ 3

S3 T3 [x2[ (a2/4) cos2 h]
K3 [x2] (a2/4) cos2 h]2 cos2 (

H
I1] 6

a
2

x cos hS3 T3
K3 [x2] (a2/4) cos2 h]2 cos2 (I2 , (A15)

C12@ \
G
[ a

2
x cos h(S3 ] T3 )I1]

Aa2
4

cos2 hS3 [ x2T3
B
I2
H
3

JS3 T3
K3 [x2] (a2/4) cos2 h]2 cos ( , (A16)

C13@ \
GAa2

4
cos2 h [ x2

B
I1] 2

a
2

x cos hI2
H
3

S3 T3
K3 [x2] (a2/4) cos2 h]2 cos ( sin ( , (A17)

C22@ \
G
1 ] 3

x2T3 2[ (a2/4) cos2 hS3 2
K3 [x2] (a2/4) cos2 h]2

H
I1[ 6

a
2

x cos h
S3 T3

K3 [x2] (a2/4) cos2 h]2 I2 , (A18)

C23@ \
G
[ a

2
x cos h(S3 ] T3 )I1]

Aa2
4

cos2 hS3 [ x2T3
B
I2
H
3

JS3 T3
K3 [x2] (a2/4) cos2 h]2 sin ( , (A19)

C33@ \
G
1 [ 3

S3 T3 [x2[ (a2/4) cos2 h]
K3 [x2 ] (a2/4) cos2 h]2 sin2 (

H
I1] 6

a
2

x cos hS3 T3
K3 [x2] (a2/4) cos2 h]2 sin2 (I2 . (A20)

Here

S3 \ x2] K3 , T3 \ K3 [ a2
4

cos2 h , (A21)

and

I1\ x3 [ 3(a2/4)x cos2 h
[x2] (a2/4) cos2 h]3 , I2\ (a/2) cos h[3x2[ (a2/4) cos2 h]

[x2] (a2/4) cos2 h]3 . (A22)

REFERENCES

G. V., & Gingold, R. A. 1983, ApJ, 273,Bicknell, 749
B. 1968a, Phys. Rev., 174,Carter, 1559
1968b, Comm. Math. Phys., 10,ÈÈÈ. 280
P., & Woodward, P. R. 1984, J. Comput. Phys., 59,Colella, 264

C. R., & Kochanek, C. S. 1989, ApJ, 346,Evans, L13
V. P., Khokhlov, A. M., Novikov, I. D., & Pethick, C. J. 1994, ApJ,Frolov,

432, 680
R. W., & Eastwood, J. W. 1988, Computer Simulations UsingHockney,

Particles (Bristol : Hilger)
A. M. 1993, ApJ, 419,Khokhlov, L77
A. M., Novikov, I. D., & Pethick, C. J. 1993a, ApJ, 418,Khokhlov, 163

A. M., Novikov, I. D., & Pethick, C. J. 1993b, ApJ, 418,Khokhlov, 181
P., Miller, W. A., Zurek, W. H., & Davies, M. B. 1993, ApJ, 410,Laguna,

L83
H. M., & Ostriker, J. P. 1986, ApJ, 310,Lee, 176

J.-A. 1983, Proc. R. Soc. Lond. A, 385,Marck, 431
J.-A., Lioure, A., & Bonazzola, S. 1996, A&A, 306,Marck, 666
C. W., Thorne, K. S., & Wheeler, J. A. 1973, Gravitation (SanMisner,

Francisco : Freeman)
R. A., & Katz, J. I. 1982, ApJ, 263,Nolthenius, 377

W. H., & Teukolsky, S. A. 1977, ApJ, 213,Press, 183


