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Black hole tidal problem in the Fermi normal coordinates
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We derive a tidal potential for a self-gravitating fluid star orbiting a Kerr black hole along a timelike
geodesic, extending previous works by Fishbone and Marck. In this paper, the tidal potential is calculated
up to the third- and fourth-order terms in R/r, where R is the stellar radius and r the orbital separation, in
the Fermi normal coordinate system following the framework developed by Manasse and Misner. The new
formulation is applied for determining the tidal disruption limit (Roche limit) of corotating Newtonian
stars in circular orbits moving on the equatorial plane of Kerr black holes. It is demonstrated that the third-
and fourth-order terms quantitatively play an important role in the Roche limit for close orbits with R/r =
0.1. It is also indicated that the Roche limit of neutron stars orbiting a stellar-mass black hole near the
innermost stable circular orbit may depend sensitively on the equation of state of the neutron star.
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L. INTRODUCTION

A black hole is the most compact object in the Universe
and can tidally disrupt ordinary stars and compact stars
such as white dwarfs and neutron stars. A star of mass m
and radius R will be tidally disrupted by a black hole of
mass M for the case

m [/ r\3
" —(7) < for (1)

M\R

where r denotes the orbital separation and w4 is a con-
stant = 10-20 which depends on r/M, R/M, the spin of
the black hole, and equations of state (see Sec. V). If the
condition (1) is satisfied outside a minimum orbital radius
(e.g., r = 6GM/c?* for a star in a circular orbit around a
Schwarzschild black hole where ¢ and G are the speed of
light and gravitational constant), a star will be tidally
disrupted. According to Eq. (1), (i) an ordinary star of
mass ~M,, plunging inside a tidal radius of a supermassive
black hole of mass smaller than ~108M will be tidally
disrupted, (ii) a white dwarf of mass ~0.7M and radius
~10* km plunging into a massive black hole of mass
smaller than ~10°M, will be tidally disrupted, and
(iii) an inspiraling neutron star of mass ~1.4M and radius
~10 km in a circular orbit around a stellar-mass black hole
of mass smaller than ~5M will be tidally disrupted before
the neutron star reaches the innermost stable circular orbit
(ISCO). During the tidal interaction of the ordinary star by
a supermassive black hole, an ultraviolet flare of a charac-
teristic light curve may be emitted at the center of galaxy
and be observed (see, e.g., [1,2] for a review). White
dwarfs or neutron stars tidally disrupted by a stellar-mass
black hole will form a massive disk which may be a
possible candidate of the central engine of gamma-ray
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bursts [3]. Detection of gravitational waves at a tidal dis-
ruption of neutron stars by a stellar-mass black hole may
constrain the equation of state of neutron stars [4,5]. These
examples show that the tidal disruption of ordinary stars
and compact objects by a black hole is likely to happen
frequently and be an interesting phenomenon in the
Universe. This fact stimulates the theoretical study for
the tidal disruption of stars by a black hole. In this paper,
we present a new general relativistic formulation with
higher-order corrections of the tidal potential which can
be used to clarify the criterion of the tidal disruption for
close orbits more accurately than that by previous works.

Numerical studies for the tidal disruption of a star by a
black hole have been extensively performed assuming the
Newtonian (e.g., [6—11]) or post-Newtonian [1] gravity
with a point particle approximation for the black hole.
However, such an approximation is not quantitatively ap-
propriate for analyzing the tidal disruption near the black
hole, since general relativistic effects are essential for such
close orbits. In Ref. [12], a numerical result for a general
relativistic simulation was presented, but the authors
ignored the self-gravity of the fluid star assuming that it
is much weaker than the tidal force of the black hole.
Relativistic tidal problems have been widely studied in
the so-called tidal approximation (e.g., [13—17]). In this
approximation, one assumes that the mass of a star m is
much smaller than the black hole mass M and that the
stellar radius R is smaller than the orbital radius » (or the
curvature radius of the black hole spacetime). As a result of
these assumptions, one may assume that (i) the center of
mass of the star moves around the black hole along a
timelike geodesic in the black hole spacetime and (ii) the
tidal field from the black hole is computed from the
Riemann tensor of the black hole spacetime in terms of
the geodesic deviation equation. In addition to (i) and (ii),
one often assumes that the self-gravity of the star is de-
scribed by the Newtonian gravity. This approach has been
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used for studies of the tidal disruption limit of ordinary
stars and compact objects [9,11,13,17] and for hydrody-
namic simulations of the tidal disruption of ordinary stars
and white dwarfs [16]. The purpose of this paper is to
improve a calculation of the tidal potential in this frame-
work, since the improvement is necessary for some prob-
lems as explained in the following.

In the tidal approximation, one assumes R < r and then
expands the tidal potential in terms of R/r. This approxi-
mation is illustrated for the Newtonian potential ¢ as
follows: Considering ¢ of a point particle of mass M, at
(r,0,0) and expanding it around the origin, one obtains

GM
¢=_ 4
S

_GMP[I+f+2x2—y2—22+x(2x2—3y2—3z2)
r

r 2r? 273
8x* —24x%(y% + 22) + 3y* + 324 + 6222
e
r

2

where we assume that x|, |y|, |z] < r (i.e., R << r). In the
standard tidal approximation, one takes into account terms
up to the second order in R/r neglecting the terms of
O[(R/r)?], resulting in

¢tidal approximation

r 252

_GM,,[HLFzﬁ—yz—zz}
r

3)

The standard tidal approximation works for determining
the tidal disruption limit in many problems but does not in
some problems: Equation (1) implies that a tidal disruption
occurs if the following condition is satisfied:

R -
~ = ugl'0" 4)

Here Q = m/M. Thus, with increasing the mass ratio Q,
the critical value of R/r for the tidal disruption increases:
For Q = 1073, the tidal disruption sets in for R/r = 0.05,
indicating that neglecting more than third-order terms in
R/r yields an error of = 5% and may not be a very good
approximation for the computation of the tidal disruption
limit. For example, the tidal disruption of white dwarfs by
an intermediate-mass black hole of ~10°M,, is the case.
Even for Q < 1073, the star will be elongated during the
close encounter with a black hole in parabolic or highly
elliptical orbits. In such cases, R will increase with de-
creasing r, and hence, the higher-order terms may be
important. For binaries of a black hole of mass smaller
than ~5M, and a neutron star in close quasicircular orbits,
the higher-order terms are also important since R/r = 0.2
at the ISCO of radius ~6GM/c?. Our numerical results in
the framework of Newtonian gravity indeed suggest that
the third- and fourth-order terms play an important role for
a system of R/r = 0.1 [18]. For a rapidly rotating black
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hole, the radius of the ISCO can be as small as ~GM/c?.
In this case, the higher-order terms in R/r may become
quite important. These facts illustrate that it is often neces-
sary to take into account the higher-order corrections of the
tidal potential for computation of quantitatively improved
results in the tidal problem.

In this paper, we derive a general relativistic tidal po-
tential induced by a black hole in which higher-order
corrections are taken into account. In contrast to previous
works [13,15], we do not use the geodesic deviation equa-
tion to calculate the tidal potential. Instead, we derive the
tidal metric for an observer moving along a timelike geo-
desic on a black hole spacetime in the Fermi normal
coordinates following Manasse and Misner [19]. In this
method, the tidal potential can be calculated from the tidal
metric in a straightforward manner.

Using the new formulation, we numerically compute
equilibrium states and a tidal disruption limit (Roche
limit)! for corotating stars of polytropic equations of state
in a close circular orbit around a Kerr black hole.
Comparing the numerical results with those computed by
the standard tidal approximation, we illustrate that the
higher-order terms of the tidal potential play a quantita-
tively important role for R/r = O(0.1). The numerical
results in this framework will also be used to calibrate
accuracy of a numerical result of fully general relativistic
quasiequilibrium states for a binary of a black hole and a
neutron star which will be computed in the near future. (It
should be noted that there has been no comprehensive work
about the tidal disruption of stars by a black hole in full
general relativity, although there are primitive works for
binaries of a black hole and a neutron star [20,21].) The
solution obtained in this work is valid for r > R and M >
m, and hence, the calibration can be carried out for the case
of low-mass neutron stars. In addition, dependence of the
tidal disruption limit on the equations of state for the star is
investigated. It is indicated that the tidal disruption limit of
a neutron star by a stellar-mass black hole depends sensi-
tively on the equation of state of the neutron star.

The paper is organized as follows. In Sec. II, we derive a
general expression of the metric for an observer moving
along timelike geodesics in the Fermi normal coordinates.
In Sec. III, the results of Sec. II are applied to the Kerr
spacetime. In Sec. IV, the tidal potentials are computed for
equatorial circular orbits. In Sec. V, the tidal disruption
limit (Roche limit) of corotating stars of equatorial circular
orbits around a Kerr black hole is presented for a wide
range of the spin parameter of the black hole and the
equations of state for the star. Section VI is devoted to a
summary.

In the following, we adopt the geometrical units ¢ =
G = 1. Latin and Greek indices denote spatial and space-

'The Roche limit is defined as the tidal disruption limit for a
star of corotating velocity fields.
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time components with 7 = x° as the time coordinate in the
Fermi normal frame. g,,, 'Yy, and R uvos denote the
spacetime metric, Christoffel symbols, and Riemann ten-
sor, respectively. 8,;,(= &) denotes the Kronecker delta.
The comma and semicolon denote the ordinary and cova-
riant derivatives, respectively. For simplicity, we often use
the notations [22]

Ay =34, + A)), )]

A = 2Agj + Aji + Aji + A + Ay + Ayg), (6)

1
Adya) = Z_!Zl:Aaf(l)"’“f(/)’ (7

where in the last equation, the sum is taken for all
permutations.

II. EXTERNAL METRIC IN THE FERMI NORMAL
COORDINATES

A. Outlines and definition of the Fermi normal
coordinates

We derive the metric in an observer frame which moves
along timelike geodesics around a Kerr black hole. As
Manasse and Misner [19] show, this can be done by finding
the relation between the Riemann tensor and the metric in
the Fermi normal coordinate system which is one of the
local inertial frames. Then our goal is to write the metric in
the neighborhood of an observer in this coordinate system
as

— 1 i, 1 ij vk
g,LLV - T],u.v + Eg,u.v,ijx X + Eg,u,v,ijkx X/ x

+ ig,uv,ijklxixjxkxl + O(XS); (8)

where 7,, is the flat metric and x' denotes a spatial
coordinate in the Fermi normal coordinate system. The
coefficients g, ;;... are related to the Riemann tensor of
the spacetime. Using the definition of the Riemann tensor
and the geodesic deviation equations, Manasse and Misner
[19] derived the quadratic term in Eq. (8). Our purpose is to
derive the third and fourth terms following the method
developed by them.

Since the Fermi normal coordinate system is a local
inertial frame, g,, is the flat metric along the observer
frame, and the Christoffel symbols vanish

Iy, =0, 9
r,uva' = g,uarlo/((r =0. (10)

In addition, the time direction in the Fermi normal coor-
dinates is chosen as the direction of a timelike geodesic G.
Since Egs. (9) and (10) are preserved along the timelike
geodesic G, one obtains

I o0 = Thgo0 =0, (11)

vo,0 =
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r r F,LLVO’,O"‘O = 0. (12)

unrvo,0 = uvo,00 =

From the definition of the Christoffel symbols,
g,uv,a = F,u,va + Fv,u,a’ (13)
one finds along G,

g,U.V,aO = g/.LV,aUO = g,ul/,a0~~~0 = 0. (14)

B. Relation obtained from the definition of the Riemann
tensor

In this subsection, we present relations necessary for
deriving the tidal potential up to the fourth order using
the definition of the Riemann tensor

R =T -T +15,I

_ T«
nrpo oup,v aupo F,u.prawr'

(15)

In the following, the components of the Riemann tensor
along G are computed. For u = 0 in Eq. (15), we find that
the nonzero components are

ovp,p

Roivj = Ljou,i = =Thojis (16)

where Eqs. (9)—(12) are used. For » = 0 in Eq. (16), one
finds

go0ij = —20j00;i = —2Roi)» (17)

where Eq. (14) is used. This gives one of the second-order
terms in Eq. (8).

Since the Christoffel symbols are vanishing, the cova-
riant derivative of the Riemann tensor is equal to the
ordinary derivative along G as

R =R (18)

nrpo;a mrpo,ar

Thus, from Eq. (15) and F',‘fp = (), one obtains a relation
along G
=T

R,uvpo-;oz oup,va F(rvp,,uon (19)

and, thus,
RinO;k = FOij,Ok - Fooj,ik = %(gOi,jko + 8ojir0 — 800,ijk)-
(20)
Equation (20) leads to
Roiojk + Rojor:i + Rokoisj = (8oijk + 8ojki T 8okij)o
—3800.ijk- 2D

In Sec. IID, this equation is used for deriving the third-
order terms in Eq. (8).

The second covariant derivative of the Riemann tensor
along G is written as

J— _ Y _ b4
RMVPU'ZUI,B - R/w/w»aﬁ r,lL,B,CYR')’VPO' rvﬂ,apro
TRy = TlpaRunpy (22)
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Thus,

_T7
FV(B,a)RHVPO'

(23)

R r

Y
w(BaR
T

R,qulT,oz,B -
-T R

wvpoi(aB) — yvpo

Y Y R
p(Ba) T hrYo a(B,a) T RVPY’

and
Roioj.k1y = Roiojki — F;')Ek‘[)R’ijO - Fg(k,,)(Riyjo + Rjyi0)
- F}Y(k,l)Rino- 24)

Using Eq. (15), one obtains
ROin,kl = %(goi,ojkl + 80j,0iki — 800,ijki — gij,klOO)
+ TGl a0j0 + TG Taojk = Too, T aij
- Fgo,kraij,l’ (25)
and, hence,

Roioj ki + Roiok,ji T Roiorjk + Rojok,it T Rojorik T Rokorij
= 3(goijr + 8ojint + Sokijt T Sorijn).o — 3800,ijkl

— &kt it t Guk t &iwa T &inik T &uiij).00

+ 45 ) Laown + Tog a0 + Lo L aop)

= 360U agien * Lo Uatkn + Toosl atisn

+ 150 L acijn): (26)

In Sec. I D, this equation is used to derive the fourth-order
terms in Eq. (8).

C. Relations obtained from the geodesic deviation
equations

In this subsection, relations necessary for calculating the
tidal potential up to the fourth order are derived using the
geodesic deviation equations.

For the tangent of a geodesic u* and the displacement
vector to an infinitesimally nearby geodesic z#, the geo-
desic deviation equation is written as

utV,(w’V,z7%) = =R, utu?z". 27

Note here that the geodesic that we consider is not re-
stricted to G. Using an affine parameter A for the geodesic
[i.e., u* = (8/9A)*], Eq. (27) is rewritten to

e 2% 4 (T + TYT
— Fgﬁrﬁ,)u”u"z“ = =R, u’u’z% (28)
or
A2z dz"

Moo M V,0 0 —
el + ZHFWM + 'y au’u?z* = 0. (29)

Now we consider the family of spacelike geodesics in
the Fermi normal coordinates of the form
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0 and x' = a'), (30)

x° = const

where a' is a constant three-component. Using its defini-

tion, u® is written to

5 |
ub = <ﬁ>” = 54 al. @31)

As the displacement vector z7, we choose the spatial vector
defined by

= ( i )” — A&, (32)

dal
Substituting Eqgs. (31) and (32) into Eq. (29) leads to
2Tfal + AT% alak = 0. (33)

Our purpose here is to derive the relations among the
derivatives of the Christoffel symbols along G which will
be useful in the subsequent calculations. To obtain the
relations, Eq. (33) should be evaluated for A = 0.
However, Eq. (33) is trivial because of the vanishing
Christoffel symbols in the Fermi normal coordinates.
Thus, we carry out a Taylor expansion of Eq. (33) assum-
ing that A is small, and the first-, second-, and third-order
terms in A provide

wo ik &gk
ZFijyka a® + ij’l.a a 0, (34)
b ikl ookl
I'ij,kla a*al + ij’ila a’a 0, 35)
1M ok on o IR ok oo —
3Fij,klna a*ala + zrjk,,.ma a*ala 0. (36)

Equations (34)—(36) lead to cyclic relations among the
derivatives of the Christoffel symbols along G as

F}L(ij,k) = 0, (37)
Luijry =0, (38)
U iijkiny = O. (39)

Setting u = 0 in Egs. (37)—(39), the following useful
relations are derived:

goiijry = 0, (40)

3(g0ijx + &ojirt T Gokiji + &ovijk)

= (gijk T ikt + ijk T &ixit T &jrik + &xiij) 00
41

4(goi jkin T 8ojikin + &okijin + &ovijkn T Lomijit)
= (Qijkin T &ikjin t &itjkn + &injii + &jkitn
+ Gjtikn T &jnikt T &kiijn T Ckmijt T &mij) o (42)

Using Eq. (28) with the same strategy as that for deriving
Egs. (34)—(36), one can also obtain relations among the
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Christoffel symbols and Riemann tensor as

Rijk'“ajak = 3Fl’.;‘kajak, (43)
Rijk“,lajakal = 2F5)klajakal, (44)
1 o alat = STH kol
iRijk'u,lnaJa a” FU klna]a aa® + (FUI okn
- I‘ffr ll_‘;-’kyn)a/akala”. (45)
Here I'7, Lo/ aka" = 0 because of Eq. (37). Thus, the last

term of Eq. (45) vanishes.

From Egs. (43)—(45) together with Egs. (37)—(39), one
obtains the relations between the Christoffel symbols and
the Riemann tensor along G as

Tr o+ T = —3Rp™ + Ry#), (46)
Ul g+ Ui T U = —3Rip#  + Ryt + Ry
+ Rzu x T RyM Ry ,/)’
(47)
Ff'; kin T Flkjln + rﬁjkn Fz":z,jkz
= 2(Rl(1k> i T Ry g F Rign™ s Ry jn
+ Ry it T Rigm™ 0 = 3Th 0T
TG0 m + T Dwn + TienUogin
e + Tiuwlgn) (48)
Using Eq. (37), Eq. (46) is rewritten to
Luji = —3RiGiu- 49)

For © = 0 in Eq. (49),
—180ijk  (50)

= (0 are used. Thus,

_%Ri(jk)o = FOjk,i = %(go,',ik + gOk,ij) =

where Eq. (40) and g jo
- %(R()ijk + ROjik)' (51)

This gives one of the second-order terms in Eq. (8).
Equation (49) is also used to derive the relation for g, ;;

along G

80k,ij

8iij = Vwij + Tiij = 3(Riggj + Rij)- (52)

This also gives one of the second-order terms in Eq. (8).
From Eq. (52), one finds the following relations along G:

ik = 0, (53)

8w pi = 0. (54)

Equations (40), (53), and (54) are preserved along G, i.e.,
[g()(k,ij)],o =0, (55)
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[8ijkn]0 = 0. (56)
[8xpilo = 0. (57)
Substituting the last two relations into Eq. (41), one obtains
8o jk) = O- (58)

These relations are useful for deriving the third-order terms
in Eq. (8).

D. Deriving the third- and fourth-order terms

From Egs. (21), (40), (47), (55), and (58), third deriva-
tives of 00 and 0i components of the metric are found to be

—2(Roiojix + Rojori T Rokoisj) = —2Ro(ilolj:k)»

(59)

800,ijk =

_1
= 1(Rijkou + Rijoy + Rinosj
+ Riuo:j + Rijiok + Rijo)
= SRi(jxlol1)- (60)

For ij components,

80i, jkl

Gijkin = Vijin + Ljikin
=1k * Tk + Tijura + Tiin
+ Liivin + Tjinir)
= —#(Rpjii t Rijuit + Rijein + Rojuiy
+ Ryjiik T Rijnis)s (61)

where we use Egs. (38) and (47).
Using Egs. (24), (26), and (41), the fourth derivative of
the 00 component of the metric is written as

gOO,ijkl = _%[ROin;(kl) + RO[Ok;(jl) + RO[OZ;(jk) =+ ROjOk;(il)
+ Rojorry + Rororip] + ST T o
~ n
+ FO(j,l)FMO(i,k) + ro(i,l)rﬂog,k)]
= =3[ Rowjix) + Rowokny T Roioriwy T Rojorsn
+ Rojority + Rocoriip] + SIR™ (o Ruiino
+ R GpoRuino T R 0R o]

= ~2Ro(l01j:k T 8R™ (101 Riulijo-

(62)
From Eq. (61) and R, = 0, it is found
8ijkin) = &iGkn) = 0, (63)
and, hence,
g kim]o = [t km]o = 0. (64)

Using Eqgs. (42) and (64), one obtains
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8o(i, jkin) = 0. (65)  For u = 0in Eq. (66),

By a straightforward calculation, one finds

_3
Loijiin + Toikjin + Voitjin T Loinjki = 5800 jins  (67)
Upijin Ui jin + Upirjin + 1 pin jra

= 208uijuin T 8uijkini ~ 8ilj ki)t (66)  where Egs. (63) and (65) are used. Thus,
|

8oijkin = 3Toijxin + Toijin + Toirjkn + Toinjx1)
= 5(Riiwo.m + RiGnosn T Rigmoxr T Ricnojn + Ritkmojt + Ricmo,jx)
= 5% o ovam + TinLovwem + ThjmLovn + T Toutim + TiemTovtin + ThmLoviin)
= L(Rinoin + RiGnokn + Riimors T Rinojn + Riemo it T Rigmyo jx)
= 235(Ryij0 " Roumo + Ry Roeno + Ry "Rono + Ry Rogmo + Ry "Rogino + Ry Rogiao)
o %(Ri(jk)mRm(l'l)O + Ri(jl)mRm(k")O + Ri(jn)mRm(kl)O + Ri(kl)man(jn)O + Ri(kn)mRm(/l)O + Ri(zn)anm(/k)O)
= SRiGuolin) ~ 19Rx"Riotimo = 28R, Rimlimo (68)
where we use Eq. (48).

The fourth derivative of ij components is derived as follows:

Gijimn = Lijkimn T 1 ik tmn
= %[Ri(kl)j,mn + Ri(km)j,ln + Ri(kn)j,lm + Ri(lm)j,kn + Ri(ln)j,km + Ri(mn)j,kl]
1
§[Ftl')(k,l)rj1/(m,n) + 1_‘iy(k,m)Fjl/(l,n) + F,'V(k’”)rjv(l,m) + F;}([,m)rjv(k,n) + F;/(l,n)rjl/(k,m) + Fiv(m,n)rjv(k,l)

+ F;'/(k,[)riv(m,n) + F;‘}(k,m)riv(l,n) + F;‘}(kyn)riv(l,m) + F}}([ym)riv(k,n) + F;‘}(l,n)riv(k,m) + F;}(m,n)riv(k,l)]

_ 1
= Riyjmn + Ritkmjin T Ritemyjin + Ritimyjkn T Ritin)jkm + Rimmyjxt
_ 2 0 0 0 0 0 0
E[Ri(kz) Rjmmo + Ri(km) Rjamo + Ri(kn) Riampo + Ri(lm) Rjgmo + Ri(ln) Rjmpo + Ri(mn) Rj(kl)o]

_ 2 D
B[Ri(kz)pRj(mn)p + Ri(km)pR + R R + Ri(lm)l Rj(kn)p + Ri(ln)pRj(km)P + Ri(mn)pRj(kl)I’]

)4
i(kn)” *Vilm)p

_6 4p 0 4
= 3Riwatjlmn) — §Ri(k1 Ryjlmmo — ERi(klplelmn)P' (69)

Jin)p

T
This is used as the tidal field from a black hole for a star

moving along G. The equation numbers for the relations
between the derivatives of the metric and the Riemann
tensor in the Fermi normal coordinates are summarized
in Table I.

We note that the second ordinary derivatives of the
Riemann tensor in Egs. (68) and (69) are transformed to
the covariant derivatives using
Rigriolimy = Riutolin) = 3R Risljor  (70)
RiGttmtin) = RiGutmlin) = 3Ri " Riotiom (71

This implies that go; jx, and g xms can be written in the 11l. COMPONENTS OF THE RIEMANN TENSOR

covariant form.

To summarize this section, we derive the coefficients
8uv,ij-- in Eq. (8) which denote the metric at 7 = X0 =
const in the neighborhood of the timelike geodesic G.

TABLE I.

FOR A KERR SPACETIME

To compute components of the Riemann tensor and its
covariant derivative for the Kerr metric in the Fermi normal
coordinates, we adopt the method developed by Marck

Equation numbers from which one finds the relation between g,,, ;... and the

corresponding Riemann tensor in the Fermi normal coordinates.

00 components Equation 0i components Equation ij components Equation
2nd order 800,ij a7 80i,jk (51) 8ijki (52)
3rd order 800,ijk (59) 80ijki (60) 8ijkim (61)
4th order 800,ijki (62) 80i, jkim (68) 8ijkimn (69)
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[15]. Namely, we first calculate the components in a stan-
dard tetrad frame of the Boyer-Lindquist coordinate sys-
tem [23] and then perform a coordinate transformation to
the Fermi normal coordinates.

The Kerr metric in the Boyer-Lindquist coordinate sys-
tem is written as

M 4Mrasin?0
d 2 _ 1— dt2 _ dtd
s ( S ) P ¢
2 4 42)2 — Ag2sin?
(r2+ a?) . Aa*sin Hsin29d€02 +§dr2+2d02,

(72)
where
S = 12 + a%cos?6, A=r*+a*>-2Mr, (73)

and M and a denote the mass and spin parameter, respec-
tively. A standard tetrad for the Kerr metric is defined by

(™), = <\/§ 0,0, —asinze\/é) (74)
3
(eM), = (0, \/; 0, O), (75)

(€?), = (0,0,3,0), (76)
@y _[_asind 0.0 (r + az)sinﬁ} .
(e®), [ 00 )

Note that the sign convention for (¢®),, is different from
that of Ref. [15].

In the first step, we compute the components of the
Riemann tensor and its covariant derivative in the standard
tetrad. The nonvanishing components of the Riemann ten-
sor in this tetrad frame are

1 1
Roene = Roene =5Room0 = ~5Reeee)

= R0 = ~Re)0)6)0)
_ Mr(3a*cos?0 — r?)

= : (78)
_ 1
Roeeo = ~Roeeo = ~5Ro0e)
aM cosf(3r* — a*cos?6
= ( ) (79)

23

The tetrad components associated with the first and second
covariant derivatives are defined as

Qo) = VY uRuper(ew)* (ew) (e (e)” (€)™,
(80)
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Paywyeaen = ViaVpRuper(ew) (er) (ec)" (e@)”
X ()7 (€)™ (81)

The nonvanishing components of Qx)(c)(a)(e) ar€

1
Qe = Lwnmene = 5 Lm0

1
= EQ(a)(Z)(3)(2)(3) = ~ Qw00

= —0w3)0)3)0)
_ (3MJ, A2 12MarJ, sind cosd
- < 29/2 y 29/2 » O) O))
(82)
Q@m0 = Lw@3)6)0)
_ <O, 0 12MarJ,A'/? cosﬂy
29/2
12Ma?rJ, sinf cos@
_ = ) (83)
Q1226 = ~2wMnH0)3)0)
B 3MJ,AY? 3Mal, siné
= (0055 ) e

1
Q0 = ~ Lm0 = ~52wnm0ee)

_ [ 12MarAY2J,cos0  3MaJ,sing
_<_ 3972 > 3972 ’0’0>’

(85)

Q)0 = ~L@@6)2)0)
_ [ 3MaJ,sing 12MarJ,A"?cosd
- <_ 29/2 B 29/2 > Yy O);

(86)

Qw1)3)26) = L@nH©0)2)0)
_(_12Ma2rjzsin0c0s0 _3MJ A2 >

392 ’ 39/2
(87)
where
J, = r* — 6a*r*cos?6 + a*cos*6, (88)
J, = r? — a*cos?6. (89)

For P,y b)(c)(@)e)(r)» the explicit form of the components in a
general orbit is very complicated. Thus, we write only the

nonvanishing components in the equatorial plane setting
0=m/2:
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—(4r* — 9rM + 5a?) 0 0 0
3M . A+4a® 0 0
Pammene = ~Peneoeo = 7 « « A 3gal2 | 00
s i x  —(Mr— 3a?)
000 0
3M| % 0 A aA'/?
Paonone = Peweoeo =~ "7« « o o | O
* k% 0
00 0 0 7
3M| = 0 8aA'? —(Mr— 8a?
Poomano = Papoeeo =57 « « o 0 : ©2)
* % * 0 i
0 0 8A—Mr 8aA!/?
M| = 0 0 0
Pamnooe = "Peoomoeo = 757« « o | ©3)
® ok * 0
0 0 aA'? g
M|« 0 0 0
Pommooo = ~Peomeoo =71 . « o o | ©4)
¥k * 0
0 aA'2 0 0
1 1 1 Mlx 0 00
15 oeoeeo = ~ 37 Poeneeo = T 3gPoenoee =7 . . o o | ©5)
* * * 0
—(4r> — 9rM + 7a?) 0 0 0
3M * (BA +4a* 0 0
Puenene = ~Penoooo = 7 N « A aar | 00
* o *  —Mr+ a?
16aA!/? 0 0 0
3M * —16aAY2 0 0
Pamoenmo = ~Peneeon =77 N 0o —mr | 7
* * * 0
0 82— 17Mr+16a> 0 0
IM | = 0 0 0
Paomeoe = Pavooeo = 37| . « 0 ol (98)
* * * 0
—(4r* — 9Mr + 64?) 0 0 0
6M . 2(A +2a%) 0 0
Paemonom = ~Penocee = 7 « « oA agal2 | O
* * *  —(Mr—2a%)
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Here the components in the two-matrix form of the sub-
scripts (a) and (b) are shown in the order (1), (2), (3), and
0).

To compute R,peq> Qupede» a0d Pypeger n the Fermi
normal coordinates, we need to prepare the transformation
matrix from the standard tetrad frame to the Fermi normal

coordinate frame. Denoting it as AE,“), we have
Rapea = Rawyo@M A AINL,  (100)
b d
Quvede = Q)@ AL AL ALADAL,  (101)

b d
Paseder = Paioraiomn A Ay AEAL AL AL, (102)

AS;‘) is constructed from an orthonormal set of vectors A4
(a =0, 1,2, 3), which are parallel propagated along a time-
like geodesic G as

ALY = A (e@),. (103)

Since the tangent vector of the timelike geodesic u* =
(9/a7)* is parallel propagated along G, A§ should be
equal to u*. Here the geodesic equations are integrated
to give (see, e.g., [15])

1
u' = NS (r? + a®)XE — 2MarB), (104)
Cu")? = A2 — A(P* + K), (105)
BZ
(u’)? = K — a’cos? — ——, (106)
sin- 6
w=— oMLzl (07
A3sin?6
where
A=E/ +d* — aL, B =L — aEsin*4. (108)
E = —u, and L = u,, are the specific energy and angular

momentum, respectively, for a particle of mass u moving
around a Kerr black hole. K = (L — aE)? + Ck is the so-
called Carter constant with Cg a constant [24]. The first
integral of the geodesic equations leads to

AP = \/2_2, (109)
A = j{, (110)
AP =Zul, (111)
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For other components of /\5,“) , we follow Marck [15], and
thus, we choose

A(IO) = % cos¥ — % sinW, (113)
A(ll) = \/;(% cos¥ — % sin'P, (114)
AP = - 75%2’;2 cosW — ByIulsin®,  (115)
A(]3) = —'B\/iil;;_; cos6 cos¥ — \/gsl:ne sin¥, (116)
AP = —Ef/%w, (117)

3 = “A;Ji;, (118)

o ﬁ, (119)

AP = - \/i;_(”a, (120)

O = % sinW + J‘% cosW, (121)

= \/% sinW + a‘/\/?r cos, (122)

@ = - 51“(_?;’:2 sin¥ + BvVSul cosV,  (123)
AP = @ sinW + \/EB gn@ cosW, (124)

where o and 8 are normalization constants defined by

K — a®cos?6

— 12
rP+K (125)

1
a = B =—.
o
We note that the direction of the components 1, 2, and 3
[not (1), (2), and (3)] adopted by Marck are approximately
equal to x, —z, and y of the Cartesian coordinates in the
comoving frame. The time evolution of the rotation angle

V¥ is computed by
av \/I?< A aB )

A + :
dr S \rP+ K K — a?cos?d

(126)
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IV. FORMULATION FOR EQUILIBRIUM
NEWTONIAN STARS IN EQUATORIAL CIRCULAR
ORBITS IN THE BLACK HOLE TIDAL FIELD

A. Basic equations

In this section, we give a formulation for computing
equilibrium states of a fluid star in circular orbits around
an equatorial plane of a Kerr spacetime. Here we assume
that the self-gravity of the star is described by the
Newtonian gravity. In this case, the gravitational potential
associated with the tidal potential can be linearly super-
posed [13]. Using this property, we write the hydrody-
namic equation for the fluid body as

v i 0P _ (P + diga)

Prar TPV 0 T Toxd P ok

0A; 0A; 0A;
+ (—L——)——| 27
p[v"<8x’ ax’) 87’} (127)

where p is the mass density, v’ the three-velocity (dx'/dT),
P the pressure, and ¢ the Newtonian potential produced by
a star which obeys the Poisson equation

A¢ = dmp. (128)

A; is a vector potential defined in Eq. (134), which is
associated with the so-called gravitomagnetic force [25].
dqa denotes the tidal potential associated with the back-
ground Kerr spacetime, which is related to the metric
computed in previous sections as

Griga = —5(&o0 T 1)
= _%goo,i/xixj - ﬁgoo,ijkxixjxk
— 2800, iju X x xFx! + O(x°)
= %Cijxixj + %Cijkxixjxk + 2]—4[Cijkl + 4C(Uck1)
— 4B(kl|n|Bij)n]xixjxkxl + O(x), (129)
where
Cij = Roioj» (130)
Cijk = Rololjk)» (131)
Cijii = Roijolj:kn)» (132)
Bijx = Riiijor (133)
Ay =2Bx'x. (134)

In the equations of motion (127), we include the lowest-
order gravitomagnetic term associated with Ay, although it
is a first post-Newtonian term and does not appear in
Newtonian order from the point of view of post-
Newtonian approximations [26]. The reason we add it is
that the order of magnitude of this term is as large as that of
the fourth-order terms in ¢4, if the spin angular velocity
of the fluid star is of order () as in the corotational velocity

PHYSICAL REVIEW D 71, 044017 (2005)

field (see a discussion in the final paragraph of this sec-
tion). On the other hand, for the irrotational velocity field
in which the spin of the fluid star is negligible in the frame
of the Fermi normal coordinates, the magnitude of this
term will be much smaller than the fourth-order term in
biiqa- In the following calculation, we neglect the grav-
itomagnetic terms for most of the calculations, but to
clarify the quantitative effect of this term, we perform a
few computations including it.

In this paper, we restrict out attention to circular orbits in
the equatorial plane, i.e., 8 = 7/2, u” =0, u? =0, and
Cg = 0. Then [27]

P =2Mr + a/Mr

E 1
rD (135)
VMr(r* = 2a/Mr + a*
[ r(r a/Mr + a )’ (136)
rD
D= \/r2 — 3Mr + 2aMr, (137)

where r denotes the orbital radius. In this case, the evolu-
tion equation for ¥ becomes

M M
@ = \/:3 and hence, V¥ = \/:37'.
dr r r

For the equatorial circular orbits, the transformation matrix

(138)

AEZ“) reduces to a simple form as

B? B

(a) _

AW = (1/1 +7,0,0,7>,
B / B?

A(la) = (— — sinW, cosW, 0, —/1 + —ZSin\If>, (140)
r r

AY =(0,0,1,0),

(@) B B?
Ay = [ = cos¥,sinV, 0, /1 + —cos¥ |, (142)
r r

where B =L — aE = r(v/Mr — a)/D. Note that 1+
B?/r* may be written as A/D?. A known interesting
property is that, independent of the value of a, B/r =
1/+/3 and A/D = 4/3 at ISCOs [13] at which r satisfies
12— 6Mr + 8M'2art/? =342 = 0.  (143)

This implies that at the ISCO, r*C;; and r*B,;; are inde-
pendent of a (see below).

To derive the tidal tensors Cyj, C;jx, Cijy;» and By, as a
first step, it is better to calculate the components in a tetrad
frame defined by

(139)

(141)

AP =AY, (144)
AW = A9 cosW + A sin¥, (145)
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A(za) _ A(Qa)’ (146)
AW = — AW sin® + A cosW. (147)

We refer to this frame as the tilde frame in the following. In
the tilde frame, /NXff) is independent of W, but the coordi-
nate basis of this frame is not parallel transported along the
timelike geodesic. In the second step, we should perform
the coordinate transformation to the parallel-transported
frame.

The nonvanishing components of C;; s Cijk, C‘ijk,, and
B, ;jk» which denote the tidal tensor in the tilde frame, are

M + B2
¢ = —(1 37 > (148)
r r?
~ M B?
Cs —3<1 + 3—2>, (149)
r I
~ M
Cy =3, (150)
r
Em = 3311 = —stz = =By
1~ 1~ 3MB B?
= _53113 = 53222 =54 5 (151)
~ 3MA?
Cin D [2Dr? — 2aBr + 3B*D], (152)
6122 = 6212 = 6221
MAI/Z
=57 [3Dr* — 8aBr + 7B?D], (153)
C~'133 = 6313 = C~’331
MA'/?
= — Dr [3Dr? + 2aBr + 2B*D], (154)
-

~ 3IM
C1111 = —[_SDF4 + 18DMI’3 + 16aBrA
Dr°

— 12(a® + B*)Dr* + 27B*DMr — 194*>B*D)],

(155)
Ciiz2 = Coin = Cimp1 = Copip = Copzy = Gy
M
5[24Dr* — 51DMr* — 108aBrA
2D
+ 51(a? + B*)Dr?
— 109B2DMr + 1024>B2D)], (156)
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51133 = 61313 = 61331 = 63113 = 63131 = 63311

= DT [24Dr® — 51DM7 + 20aBrA
,

+ 25(a? + B*)Dr* — S6BDMr> + 10aB3rA
+ 5B*Dr? + 25a®B*Dr* — 15B*DMr

+ 10a2B*D), (157)
~ 3M
2202 = D 9[3D 4 - 6DMr - 16aBrA
+ 7(a®> + B*)Dr*> — 14B*DMr + 194>B*D),
(158)

C~‘2233 = C~'2323 = 62332 = C~‘3223 = C~'3232 = 63322
M
“2p

—10(a® + B>)Dr* +21B2DMr* — 10aB3rA
—5B*Dr? +5a’B>Dr* + 15B*DMr — 10a>B* D],
(159)

[—=6Dr + 12DM7r + 10aBr’ A

3IM

C3333 = —9[_3Dl’4 + 6DMr3 - 6aBrA
Dr

— 3(a® + B®)Dr> + TB’DMr — 6a*B>D]. (160)

The expression for C’ agrees with that derived by Marck
[15]. The nonvamshmg components of C;;, C;jx, Cyji, and
Bij; are derived by the coordinate transformation from &' to
x.

In the tilde frame, the tidal potential up to the fourth
order is written as

Giiga = 1€, ¥ +1C MW7 + L[Cjpy + 4C;;Cuy

4B(kl|n|sz)n]xiX‘j5€kil’ (]61)
where
1= x'cos¥ + x3sinP, (162)
=2 (163)
33 = —x'sin® + x3 cos V. (164)

In the Newtonian limit r > M(>a), it is written as
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Baa = 2L -2 + ()2 + ()]
2r

— PER[-2(E2 4 3@ + (@]
- %[8()?1)4 +3(2)* + 3(F)* - 24{(F)* ()

+ (@)P(E)} + 6(3)(F)] (165)

This agrees with the expansion form of the Newtonian tidal
potential from a point source of mass M at a distance r as

~ M
JEF T+ @+ @)F

(166)

The orders of the magnitude of the second-, third-, and
fourth-order tidal forces in Eq. (165) are O(MR/r?),
O(MR?/r*), and O(MR3/r>), respectively. On the other
hand, the order of magnitude of the gravitomagnetic force
in the Fermi normal coordinates is O(M3/2Rv /r"/?), where
v denotes the characteristic magnitude of v’. For the
corotational velocity field, v = O(M'/2R/r*/?), and hence,
the gravitomagnetic tidal force is of O(M?R?/r>), which is
the same as the order of the fourth-order tidal potential for
stars with R = O(M). For close corotating orbits with r =
O(M), it is as large as the third-order term. For rapidly
rotating stars with v =< ¢, the gravitomagnetic tidal force is
always larger than the third-order term. On the other hand,
for the irrotational velocity field, it will be negligible.

B. Hydrostatic equations for corotational and
irrotational equilibria

Now we turn our attention to the hydrostatic equations.
First, we consider the case in which the velocity field is
corotational and assume

vi = [—{x* — x.sin(Q7)}, 0, {x' — x.cos(Q7)}], (167)

where () = dV/dt = const. x, is a correction constant
which is much smaller than the stellar radius and nonzero
only when we take into account the third-order terms in
dqal OF the gravitomagnetic terms. For x. # 0, the rota-
tional axis deviates from the x? axis. Also, the center of
mass of a fluid star is different from the origin slightly (see
Sec. V).
In this velocity field, Eq. (127) is integrated to give

2
%[(i‘ —x P+ @I = h+ ¢+ bga + buag + C.

(168)
where x, = 2x., C is an integration constant, and
dP
h= | —, (169)
p
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bue = 222 1+ B0l o 2@ - )
3l - @2 | (170)

The first integral of the Euler equation is independent of 7
in the tilde frame. Equations (128) and (168) constitute the
basic equations for the corotational binary.
For the irrotational velocity field, we should set the
three-components of the four-velocity as
ad
u; = v; + Ai = i,
ox'
where ¢ denotes the velocity potential which is time
independent in the tilde frame. Then Eq. (127) is integrated

to give
a1 ap oy o

—— =0, ——=h+ ¢+ Pjga ——A +C. (172
ar 2 Yoxi gx/ ¢ d)tldal ox ( )

In the tilde frame, the first term is written as

(171)

0 ]
——lp: Qil—iﬂ.. (173)
T ax!
Also, we have a relation
oy 0 oy 0
BN LA (174)
ax' ax/ axt ox/

Thus, the first integral of the Euler equation is also inde-
pendent of 7 in the tilde frame.

¢ is determined by solving the continuity equation
rewritten as

phy+ 8,090 _
X

(175)
where A is the Laplacian in the tilde coordinates.
Equations (128), (172), and (175) constitute the basic
equations for irrotational binaries.

V. ROCHE LIMIT IN EQUATORIAL CIRCULAR
ORBITS

To quantitatively illustrate the importance of the higher-
order terms in the tidal potential ¢4, as well as to clarify
the dependence of the tidal disruption limit of a star on the
equations of state and on general relativistic effects of the
black hole, we numerically compute corotating equilibria
and determine the tidal disruption limit (Roche limit) as an
extension of a previous work by Fishbone [13]. For some
cases such as binaries of a black hole and a neutron star, the
irrotational velocity field is more realistic. However, we
know that, in the incompressible case, the tidal disruption
limit depends weakly on the velocity profile as far as the
spin angular velocity of the star is of order M'/2/r3/2 [17].
We expect that this will also be the case for compressible
stars, and, hence, even in the assumption of the corotational
velocity field, we can obtain an approximate result of the
tidal disruption limit for the irrotational velocity field.
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A. Setting and numerical method

We adopt polytropic equations of state for the star as

P=kp'tU/W  andthus, h=«k(n+ 1)p'/", (176)

where k is the polytropic constant and n the polytropic
index. In this paper, we choose n = 0.5, 1, and 1.5 to
approximately model neutron stars or white dwarfs.

The basic equations in this problem are Egs. (128) and
(168). Numerical solutions are obtained by iteratively solv-
ing these coupled equations. To achieve a convergence in
the iteration, we rescale the coordinates as ¥ = pq’, where
p is a constant and ¢’ dimensionless coordinates. Then the
basic equations are written in the form

A,¢ = 4mp, (177)

0?2 _
— (G = q)* +(@)1=h+ p*d

2
+ pz((z)tidal + (}T)mag) + C,
(178)

where A, is the Laplacian in the coordinates of g, ¢ =
p_2¢> ¢tidal = p_2¢tidal’ d)mag = P_z(bmag’ and Qg =
q_zxg. Thus, six free constants M, a, k, q,, p, and C are
contained in the equations. In the following, M is fixed
adopting the units ¢ = G = M = 1. An equilibrium con-
figuration is computed for fixed values of k, p. (the central
density), a, and r(>R). Sequences of the equilibria are
computed varying these parameters. k and p. determine
the mass m and the radius R of a star, and so do the ratios
O = m/M and R/r. Note that, for a given value of r, () is
determined to be (M/r*)"/2 in this problem.

The three remaining constants dqs P> and C are parame-
ters determined at each step of the iteration from the
following conditions: During the iteration, we require
that p = p. and dp/dq' = 0 at the origin (¢', ¢, ¢°) =
(0,0, 0). In addition, we fix the coordinates of the stellar
surface along the %! axis (the axis connecting the origin
and the center of a black hole) on the black hole side as
(g5, 0,0), where g, < 0. From these three conditions, the
three free parameters are determined.

If we include the third-order terms in the tidal potential,
the center of mass of a star may be deviated from the
origin, although for consistency, it should be located ap-
proximately there. To check that the deviation is much
smaller than the stellar radius, we calculate the value of
g' coordinate for a center of mass defined by

3
(") = % fd%mql, (179)

where
m= p3fd3qp. (180)

We found that [(g')| is indeed much smaller than the stellar
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radius (e.g., [{(g")] ~ 0.005|q,| at ISCOs for a = 0-0.9M
and the value is smaller for smaller orbital radii).

The Poisson equation (177) is solved in the Cartesian
coordinates with the uniform grid of size 2N + 1, N +
1,2N + 1) for (q', g% ¢*), which covers the region with
—L=q'=L,0=¢><0L, and —L = ¢ = L (the re-
flection symmetry with respect to the g> = 0 plane is
assumed). The numerical method is essentially the same
as that in Ref. [28]: We make the second-order finite-
differencing equation and solve it in a preconditioned
conjugate gradient method. Typically, N and the grid spac-
ing A are set to be 50 and |g,|/40, respectively. To check
the convergence, we varied the values of (N, |g,|/A) as
(60, 48), (50, 30), and (40, 32). It is found that the numeri-
cal results converge at the second order and the error is
within 0.1% with (50, 40).

Following Fishbone [13], we often refer to a nondimen-
sional parameter defined by

0?2 M

= = 3 (181)
TP TP
The order of magnitude of this parameter is
MR?> MR/?
~ =—. 182
¢ mr’ m/R? (182)

Thus, it denotes the ratio of the tidal force by a black hole
to the self-gravity of a star. In particular, we focus on the
value of  at the Roche limit, which is denoted by {,; in
the following. £, is a function of /M and depends on the
equations of state and the black hole spin. We can also
compute the minimum allowed mass of a star that can
escape tidal disruption for a given radius. The critical
mass ratio associated with such minimum mass is defined
by Ot = (m/M) minimum- Oeric 1 also a function of r and
depends on the equations of state and the black hole spin. A
star will be tidally disrupted for Q < Q-

Numerical computations for determining ¢ ;; and Q.
are performed by approximately fixing the value of an
averaged stellar radius for a given set of r, a, and n. The
stellar radius of a spherical polytrope R is written by [29]

R — (n+1)Kp(617")/" I/Zér [ h,
° [ 4t } ' (47Tpc

/
)1 £, (183)

where h, = k(n + 1)p, and &, denotes the Lane-Emden
coordinate at the stellar surface, which is 2.75270, 7, and
3.65375 for n = 0.5, 1, and 1.5, respectively. Note that for
n = 1 fixing the value of « is equivalent to fixing the value
of R,. For other values of n, k varies along a sequence of a
fixed value of R,.

To determine the Roche limit for a given set of r, a, and
n, we compute a sequence of solutions by varying p,. from
a large value to a small value until an inner edge of the star
forms a cusp on the black hole side. A configuration with
such a cusp can be identified as the Roche limit; i.e., the
self-gravity of the star is small enough to form a saddle
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point of the total gravitational potential at a stellar surface.
Specifically, the Roche limit is determined by monitoring
the following quantity at (¢', ¢% ¢°) = (g, 0, 0):

AP+ J)tidal)'

H= QZ(QS - ('Ig) Gq'

(184)
Here H is proportional to dh/dq". Thus, the value of H for
qs < 0 is positive for stable stars and becomes zero for the
marginally stable configuration against tidal disruption.
In this paper, we are, in particular, interested in making
approximate models of binaries composed of a stellar-mass
black hole of mass M ~ 3-30M, and a neutron star of
mass m ~ 1.4My. It is appropriate to assume that the
radius of neutron stars is between 10 and 15 km. Then
Ry in the present units should be between ~3M and
~0.2M. In the following calculation, we adopt the values
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of Ry/M as 0.5, 1, and 2. For consistency in the framework
of this paper, (i) Ry should be much smaller than r, (ii) m
should be much smaller than M, and (iii) r should be larger
than the orbital radius of an ISCO (hereafter rigco) around
the black hole. Thus, the computations are performed only
for m <M and for r = rigco. It would not be quantita-
tively appropriate to model a neutron star by Newtonian
gravity since neutron stars are compact with m/Ry ~ 0.2
and thus general relativistic objects. The following numeri-
cal results could contain a systematic error of magnitude
~m/R,. However, the quantitative importance of the
higher-order terms as well as the general relativistic effects
in the tidal potential can be clarified even if we neglect the
general relativistic corrections of neutron stars. Also, the
present study will be useful for qualitatively clarifying the
dependence of the Roche limit on the equations of state.
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The profiles of the tidal potential ¢4, along the x!, x2, and x> axes (a) for r = 6M and a = 0, (b) for r = 2M and a = M,

(c) for r = 6M and a = M, and (d) for r/M = 1.2, 1.5, 2, and 3 and a = M. The solid, dashed, and dotted-dashed curves in
panels (a)—(c) denote ¢4, in the fourth-, third-, and second-order approximations, respectively. In panel (d), the tidal potential in the
fourth-order approximation along the x' and x> axes are shown. The units of G = M = 1 are adopted in these figures.
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B. Tidal potential

In Fig. 1, we display the tidal potential ¢4, along the
%, #2, and ¥ axes. Figures 1(a)—1(c) show ¢gy for
(r/M,a/M) = (6,0), (2,1), and (6,1), respectively.
Figure 1(d) is ¢ gy in the fourth-order approximation for
a=M and r/M = 1.2, 1.5, 2, and 3. To clarify the con-
vergence with increasing the order, ¢q4, in the second-
(dotted-dashed curves), third- (dashed curves), and fourth-
order (solid curves) approximations are shown together in
Figs. 1(a)—1(c). ¢gga In the second- and third-order ap-
proximations are identical along the ¥> and %* axes. Thus,
only the second-order results are presented. At the second
order, ¢q, 1S Ssymmetric with respect to the origin along
all the axial directions. The third-order terms induce an
asymmetry in the %' direction.

The difference in the magnitude of ¢4, is about 20% —
30% between the second- and fourth-order approximations
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for |%| ~ Ry ~ M near the ISCOs. For |¥| = R, ~ M, the
difference in the magnitude of the third- and fourth-order
tidal potentials is < 1%, and, hence, the convergence is
approximately achieved. ¢q, in the third- and fourth-
order approximations are larger than that in the second-
order approximation in the black hole side (%' < 0). This
indicates that a star becomes prone to tidal disruption in the
higher-order approximations.

Comparing Figs. 1(a) and 1(c), for which the results
with the same value of r are shown, it is found that the
spin effect reduces the magnitude of ¢4, along the %' and
%% axes. This illustrates the property that for the larger
value of a/M, the tidal effect is weaker for a given value
of r/M. Figure 1(d) shows that the magnitude of 73 ¢4, in
the black hole side is smaller for the smaller values of r.
This suggests that a star is less prone to the tidal disruption
for an extremely high value of a = M near the ISCOs.
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(@) e and . as functions of r for Ry/M = 0, 0.5, 1, and 2, and for a = 0. (b) The same as (a) but for Ry/M = 0, 0.5, and

1 and for a = 0.9M. (¢) et/ Leritona — 1 as a function of M/r for Ry/M = 0.5 (dashed curve) and 1 (solid curve) and for a = 0.
(d) The same as (c) but for a = 0.9M. Here n = 1. { o 15 Lie With Rg = 0 and equal to that in the second-order tidal
approximation. We note that a star with ¢ > £, (or u < uyy) for a given value of r/M is unstable against tidal disruption.
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Such a special feature is not outstanding for other values of
a.

C. Roche limits

In Flg 2, we show gcrit and Mrit = chit(r/R0)3 as
functions of r/M (a) for n =1, a =0, and Ry/M = 0,
0.5,1,and 2, and (b) forn = 1, a = 0.9M, and R,/M = 0,
0.5, and 1. Stars with ¢ < . and p > u for a given
value of r/M are stable against tidal disruption. The com-
putations for Ry # 0 were performed, taking into account
the tidal potential up to fourth order. Note that the values of
Lerie and p o, in the third- and fourth-order approximations
with Ry = 0 are equal to those in the second-order ap-
proximation with an arbitrary value of R. Thus, “Ry = 0
implies that the computations were performed in the
second-order tidal approximation. With increasing Ry/M,
Lerit (erir) at a given orbital radius decreases (increases).
This illustrates that the tidal force in the fourth-order
approximation is stronger than in the second-order one.

As in previous works [13,17] carried out by the second-
order tidal approximation, ., () decreases (increases)
with decreasing r/M. This implies that with the decrease
of r/M, the tidal force is enhanced. At r = rgco, (i and
Meric become minimum and maximum for given values of a
and R,. We denote them by .ii.min @aNd Meriemax- ON the
other hand, for r — oo, {; and u.; become maximum
and minimum for given values of a and R, and they agree
with the values in the Newtonian limit [18]. For given
values of a and R, a star at an ISCO has to be tidally
disrupted whenever g > gcrit = {crit:min Or M << fherit =
Moicmax- 1N other words, for ¢ < iimn and w >
Meritemax» the star in a circular orbit is not tidally disrupted
outside the ISCOs.

In FlgS 2(0) and 2(d)’ gcrit/gcrit:an —1 and
Merit/ Mesieond — 1 as functions of M/r are shown for the
004 __| LI L .l—.l—'—l'_I‘_'I_'L._I._I___I_.L__
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same parameters as in Figs. 2(a) and 2(b), respectively.
Here, {eritong and ferigong denote o and e determined
in the second-order tidal approximation. We note that, in
the second-order tidal approximation, {;; and ., are
independent of Rj. It is found that for M/r(< 0.1),
gcrit/gcrit:an — 1 and /‘Lcrit//-“’crit:an — 1 are approximately
linear functions of M /r. Thus, for the large values of r/M,
the third-order tidal potential dominantly modifies the
values of . and p.. The numerical results show that
the following relations approximately hold:

R
gcrit = é/crit:ZHd(1 - Cl 70)’ (185)

Merit = Mcrit:an(l + C2 Ij?) (186)
Here the coefficients of the correction factors C; and C,
are = 0.95 and = 0.80 irrespective of the value of a for
n = 1. The error is within ~0.05 for both coefficients. For
M/r = 0.1, the fourth-order tidal potential becomes im-
portant. However, Eqs. (185) and (186) approximately hold
even for r = 6M. For r < 6M, the correction factors in
these fitting formulas give overestimated values.

To clarify the importance of the higher-order terms of
R,/ r in the tidal potential, in Fig. 3 we show . and g
as functions of r/M (a) forn = 1, a = 0, and R, = M and
(b) for n =1, a = 0.9M, and R, = M with the second-,
third-, and fourth-order tidal potentials (dotted, dashed,
and solid curves, respectively). With the higher-order tidal
potential, the value of {_; decreases. Namely, the mini-
mum allowed value of p, increases. This also illustrates
that, in the second-order approximations, the tidal force is
underestimated. For r/M(= r/R,) = 6(10), the values of
{eric In the third- and fourth-order approximations are about
13 (8)% and 15 (10)%, respectively, smaller than that in the
second-order one. This shows that the standard tidal ap-
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Lerie and po, as functions of r (a) for a = 0 and (b) for @ = 0.9M. For both cases, n = 1 and Ry = M. The solid, dashed, and

dotted-dashed curves denote the results in the fourth-, third-, and second-order tidal approximations, respectively.
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FIG. 4. (. and p; as functions of r for n = 1 and various values of a/M. (a) The dotted, dotted-dashed, dashed, solid, dotted —
long-dashed, and long-dashed curves denote the results in the fourth-order tidal approximation with R, = M for a/M = 0.9, 0.8, 0.3,
0, —0.3, and —1, respectively. (b) The dotted, dotted-dashed, solid, and long-dashed curves denote the results in the second-order tidal
approximation for a/M = 0.9, 0.8, 0, and — 1, respectively. Note that, in the second-order tidal approximation, . and . at ISCOs
are about 0.0303 and 14.9 irrespective of the value of a (dotted horizontal lines).

proximation taken up to the second-order term provides a
result with the error of ~10(R,/M)% for close orbits with
Ry/r = 0.1. However, the convergence appears to be very
good if the third- and fourth-order terms are included for
Ry = M. In other words, the fourth-order term plays a
quantitatively minor role. All these results agree qualitative
with a Newtonian analysis [18].

In Fig. 4(a), we show . and u as functions of r/M
forn=1,Ry= M, and a/M = 0.9, 0.8, 0.3, 0, —0.3, and
—1 in the fourth-order tidal approximation. For compari-
son, the results in the second-order approximation are
shown in Fig. 4(b). These figures clarify effects of the
black hole spin on the Roche limit. For each curve of a
given value of a, the minimum value of r is equal to rgcq.
In the second-order tidal approximation, the values of
and . at the ISCO are independent of a [13] and are
about 0.0303 and 14.9, respectively (cf. Table II). In the
third- and fourth-order approximations, on the other hand,
these values depend slightly on the value of a. As men-

TABLE II.

tioned before, the value of {.; (.4) in the fourth-order
tidal approximation is smaller (larger) than that of  ;.onq
(Meritong)- The magnitude of the difference between
and {.ong 1 slightly smaller for a large value of a = 0.9M
and a < 0. The effects of the third- and fourth-order terms
in the tidal potential are strongest for 0.3M < a =< 0.8M.

In Figs. 5(a)-5(d), the density contour curves in the
equatorial plane (the ¥'-% plane) at the Roche limit are
displayed. Figures 5(a)—5(c) are those in the fourth-, third-,
and second-order tidal approximations, respectively, for
r=6M,Ry=M, a=0, and n =1, and Fig. 5(d) is in
the fourth-order approximation for r = 2.4M, Ry = M,
a = 0.9M, and n = 1. In the second-order approximation,
the density is symmetric with respect to the ' = 0 plane,
and, hence, the asymmetry is induced by the third-order
term. At the tidal disruption, x, = pg, = 1.6, 1.55, and
1.5R, in the second-, third-, and fourth-order approxima-
tions, respectively. On the other hand, the length of the
minor axes is ~ R, independent of the order of the approxi-

Values of {_ii.ond> Merit2nd» Me» C1, and C, for each value of . The values forn = 0

were determined by Fishbone [13]. {;1.ong and fegirong do not depend on the value of @, and C;
and C, depend very weakly on it. The value of M. shown here is that for a = 0 and r = rigcog =
6M and for a # 0, M.(a) = M.(a = 0)(6M/rsco)*’?. For the values of C; and C,, the
numerical error is within 5% for n = 1 and 1.5 and ~10% for n = 0.5.

n gcrit:an(ISCO) ;U“crit:an(ISCO) .(:crit(r - OO) /-'Lcrit(r - 00) Mc(Mo) Cl C2
0 0.0664 20.1 0.0901 14.8 4.54 s e
0.5 0.0480 19.4 0.0651 14.5 4.45 0.7 0

1.0 0.0303 14.9 0.0411 11.1 3.90 095 0.80
1.5 0.0171 13.7 0.0232 10.1 3.74 097 0.97
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FIG. 5. Density contour curves at Roche limits in the (a) fourth-, (b) third-, and (c) second-order tidal approximations for » = 6 M,
Ry =M, a =0, and n = 1. (d) Density contour curves at a Roche limit in the fourth-order approximation for r = 2.4M, Ry = M,

a=0.9M, and n = 1. The contour curves are drawn for p/p, = 107%% for j=0,1,2,---,15. X and Y denote &

respectively.

mation. Thus, in the higher-order approximations, the el-
lipticity at the Roche limit is slightly smaller. Comparing
Figs. 5(a) and 5(d), it is found that the density configura-
tions near ISCOs for different values of a are very similar
irrespective of r.

To clarify the dependence of the Roche limit on the
equations of state, we show (. and u.4 for n = 0.5, 1,
and 1.5 and (a) for @ = 0 and (b) for @ = 0.9M in Fig. 6.
The solid and dotted curves for each value of n denote the
results in the fourth-order tidal approximation with Ry =
M and in the second-order tidal approximation, respec-
tively. Recall that, for { > {;, or u < w, @ star is stable
against tidal disruption. This implies that for given values
of mass and radius (Ry =< M), a star with softer equations
of state is stronger against tidal disruption than that with

U and #,

the stiffer one. On the other hand, ¢ is smaller for softer
equations of state. This implies that, for given values of
central density and radius (Ry = M), a star with stiffer
equations of state is stronger against tidal disruption.2
From the analysis of  {i/leicona — 1  and
Merit/ Mesicond — 1 as functions of M/r, the coefficients
Cy and C, are computed for ¢ = 0 and 0.9M. We find
that they depend very weakly on a and C; ~ 0.7 and C, ~
0 for n = 0.5 and C; = 0.97 and C, = 0.97 for n = 1.5.
For n = 0.5, Cy and C, are not determined very accurately,

Figure 6 suggests that these statements may not be correct for
a very large value of R, >> M. However, for such a large value of
Ry, the tidal approximation is not applied, and, thus, this point is
not clear.
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FIG. 6. (. and w; as functions of r (a) for a = 0 and (b) for a = 0.9M. For both figures, the results with n = 0.5, 1, and 1.5 are
shown. The solid and dotted curves for each value of n denote the results in the fourth-order tidal approximation with Ry = M and in

the second-order tidal approximation, respectively.

and, hence, the error would be ~ =+ 0.1. This is because,
for very stiff equations of state, the density steeply de-
creases near the stellar surface and it is not easy to accu-
rately apply the condition for determining the Roche limit
[cf. Eq. (184)]. Nevertheless, C; and C, for n = 0.5 are
much smaller than those for n = 1 and 1.5, and, therefore,
we can conclude that C; and C, are larger for softer
equations of state. This implies that the third- and fourth-
order terms in the tidal potential play a more important role
in softer equations of state. For n = 0.5, C, is approxi-
mately zero within the numerical error. This can be ex-
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FIG. 7.

plained as follows. The central density at the Roche limit in
the fourth-order approximation is always larger than that in
the second-order one. On the other hand, the volume of a
star at the Roche limit in the fourth-order approximation is
smaller than in the second-order one. These two effects
seem to approximately cancel for n = 0.5.

Computations were also performed including the grav-
itomagnetic terms associated with A; for n = 1, Ry/M =
0.5, 1, and a/M = 0,0.9. In Fig. 7, we display ¢, and
Ui as functions of r/M. This figure shows that the
gravitomagnetic terms decrease {; and increase i for
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s F/”" ——4th order+MG.R=M ]
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{erie and . as functions of r in the presence of the gravitomagnetic (GM) term (a) for a = 0 and (b) for a = 0.9M. For both

figures, the results with n = 1 and with Ry/M = 0.5 and 1 are shown. The solid, dashed, long-dashed, and dotted-dashed curves
denote the results in the fourth-order tidal approximation with the GM term and for Ry = M, in the fourth-order tidal approximation
with no GM term and for Ry = M, in the fourth-order tidal approximation with the GM term and for Ry = 0.5M, and in the second-

order tidal approximation with no GM term, respectively.
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a given value of r, respectively. This implies that the
gravitomagnetic tidal force reduces the magnitude of the
tidal force. This result is reasonable since the gravitomag-
netic force in the Fermi normal coordinate is mainly asso-
ciated with the coupling between the star’s spin and orbital
motion, and the spin-orbit coupling force has a repulsive
nature in the case that their axes are parallel [30]. The order
of magnitude of this term is smaller by the order of =2 as
described in the end of Sec. IVA. Thus, it plays an im-
portant role only for very small orbital radii r =< 5M as in
the fourth-order term of ¢,;4,;. The numerical results show
that, at r = 6M, .. and p. change only by ~4(Ry/M)%
for a = 0 and by ~3(R,/M)% for a = 0.9M. However, for
rapidly spinning black holes, this term can significantly
modify the Roche limit near the ISCOs. Indeed, for a =
0.9M with r ~ rigco = 2.32M, their values are changed by
20%—-30% for Ry = M.

D. Application to neutron star-black hole binaries

Now we apply the results obtained in the previous sub-
sections to binary systems of a neutron star and a black
hole. Using the result for pei = Merivana(l + C2Ry/F) =
(m/M)(r/Ry)?, the condition for the mass of a black
hole that can tidally disrupt a neutron star outside the ISCO
is derived as

Ry 32/ m \-1/2 Rp\1/2
M=M 1+c, 20"
C(a)<10 km) <1.4M0> ( 2 r>

(187)

where M_.(a) is a function of a. M, is estimated for
r = risco, and, thus, it denotes the maximum mass of a
black hole that can tidally disrupt neutron stars of a given
setof m = 1.4My, Ry = 10 km, and rigco/M. The depen-
dence of M. on a results only from the dependence of
Fisco/M on a since phiong at the ISCO is independent of a
(Mericond = 19.4, 14.9, and 13.7 at the ISCOs for n = 0.5,
1, and 1.5, respectively; cf. Table II).

Fora = 0,M.(a = 0) = 4.45M, 3.90M, and 3.74M,
for n = 0.5, 1, and 1.5, respectively. Note that M (a =
0) = 4.54M, and freong = 20.1 at ISCOs for n =0
[13,17], and, thus, they are close to the values for n =
0.5. M.(a) for a # 0 can be computed by M.(a = 0) X
(6M/risco)?/?. For a rapidly rotating black hole with a =
0.99M (0.9M), rigco/M =~ 1.4545 (2.3209), and, hence,
M, = 37.3M,, 32.7Mg, and 31.3M, (18.5M4, 16.2M,,
and 15.5M) forn = 0.5, 1, and 1.5, respectively. Thus, for
the large value of a/M = 0.9-1, neutron stars of R, =
10 km are tidally disrupted for a wide mass range of the
black hole with M =< 15-40M,. If the typical radius of
neutron stars is Ry = 15 km, the value of M, increases by a
factor of = 1.84, and M, becomes =~ 30-75M, for a/M =
0.9-1.

In the second-order tidal approximation, M, for given
values of R and m is smaller for the larger value of n. It is

PHYSICAL REVIEW D 71, 044017 (2005)

interesting to point out that the difference between M. for
n = 0.5 and for n = 1 is fairly large ~14% although the
differences forn = 1 and n = 1.5 and forn = 0 and n =
0.5 are only ~4% and ~2%, respectively. This suggests
that the critical mass ratio Q. for orbits close to the ISCO
depends sensitively on the equations of state in a stiff
region of n = 0.5-1.

For n = 1 and 1.5, the higher-order terms in the tidal
potential increases the critical mass for the tidal disruption.
For parameters M = 4.5My and R, = 10 km, we obtain
Ry = 1.5M. In this case, the critical mass with ¢ = 0 and
risco = 6M increases by a factor of = 1 + C,/8. For M =
15My and Ry = 10 km, Ry, = 4M/9. In this case, the
critical mass with a = 0.9M and rigco = 2.32M increases
by a factor of = 1 + C,/10. Thus, the critical mass for
orbits close to the ISCO increases by ~5% beyond the
value of M. for n =1 and 1.5 due to the effect of the
higher-order tidal potential, and, hence, the dependence of
the critical mass on n would be weaker in reality.
Nevertheless, the critical mass near the ISCO still depends
fairly strongly on n for n = 0.5-1, which are plausible
polytropic indices for neutron stars [29]. In contrast, {; is
smaller for softer equations of state, and the higher-order
terms in the tidal potential make this feature stronger.

To clarify its dependence on the orbital radius, in Fig. 8
we display the critical mass of a black hole as a function of
r/M. Here the critical mass in the fourth-order approxi-
mation is defined by

12 p3/2. r\-3/2
Mcrit = lucr/itRO/ m Vz(ﬂ) .

For M < M, at a given orbital radius /M, the neutron
star is tidally disrupted. In Fig. 8, we show M fora = 0
and 0.9M, for Ry = 10 and 15 km, and for n = 0.5, 1, and
1.5. It is found that, if we assume that the mass of black
holes is larger than 3M, the tidal disruption can happen
only for close orbits with /M < 7 for Ry = 10 km and for
r/M =< 10 for Ry = 15 km. Based on observational results
for black hole binaries in our galaxy and in the Large
Magellanic Cloud, the typical mass of black holes is in
the range between 6 and 8 M [31]. This suggests that the
tidal disruption of neutron stars may happen frequently
only if (i) the radius of neutron stars is fairly large as
~15 km or (ii) the typical spin parameter of black holes
is fairly large as a/M = 0.6.

As mentioned above, the values of M are very close
each other for n =1 and 1.5 irrespective of the orbital
radius r/M, and difference in the value of M forn = 0.5
and 1 is remarkable for r ~ rigco. It is interesting to note
that the value of M depends very weakly on the equa-
tions of state for orbits not very close to the ISCO (or, in
other words, for M_; =< 4M). The reason is that, with
increasing r/M, the value of M., steeply decreases as
M_./Ro < (M/r)*? and, hence, for a given value of Ry,
the importance of the correction due to the higher-order
terms associated with the term Ry/r = (Ry/M)(M/r) in

(188)
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(b)

Critical mass M, of a black hole for the tidal disruption of a neutron star of mass 1.4Mg and radius Ry, = 10 and 15 km as a

function of /M (a) for a = 0 and (b) for a = 0.9M. The dashed, solid, and dotted curves denote the results for n = 0.5, 1, and 1.5,
respectively. For M < M, at a given value of r/M, the neutron star is unstable against tidal disruption.

determining M, is enhanced for n =1 and 1.5
Nevertheless, M., for small values of r/M < 5 (or for a
large black hole mass with M = 4M,,) still depends on the
equations of state. This suggests that, by determining the
tidal disruption limit of binaries of a neutron star and a
massive and rapidly spinning black hole in an observation,
the equations of state of neutron stars may be constrained.

An observation of binaries composed of a stellar-mass
black hole and a neutron star will be possible in the near
future using laser interferometric gravitational wave detec-
tors such as Laser Interferometer Gravitational Wave
Observatory [32]. For the orbital separation r = 10M, the
binary adiabatically evolves due to emission of gravita-
tional waves. In such an inspiral phase, the masses of the
black hole and the neutron star as well as the black hole
spin will be determined from the chirp signal of gravita-
tional waves by using matched filtering techniques [33]. If
the mass of the black hole is smaller than the maximum
value of M, the tidal disruption of the neutron star will
happen near an ISCO. It is reasonable to expect that the
chirp signal of gravitational waves quickly shuts down at
the tidal disruption. This suggests that, from the signal of
gravitational waves, the radius and the orbital frequency at
the tidal disruption may be identified. With increasing
observational samples, M;; (or Q) may be determined.
If that becomes possible, the equations of state of neutron
stars will be constrained.

Unfortunately, the present formulation is not yet appro-
priate for an accurate determination of the values of M

3The tidal approximation cannot be used for M ; < 2M,
because M ; and r should be much larger than m and R,
respectively. Thus, one should focus only on the results for M =
M in Fig. 8.

and Q. for a binary of a neutron star and a black hole,
since m and Ry are not much smaller than M and r.
Although it is reasonable to expect that dependence of
M and Q. on the equations of state is qualitatively
unchanged even in a more accurate computation, the values
would be systematically modified by 10%-20% (see
Appendix A). Thus, M_; and Q. should be determined
more accurately in terms of fully general relativistic com-
putations in the future.

VI. SUMMARY AND DISCUSSION

As an extension of previous works by Fishbone [13] and
Marck [15], we have derived the tidal potential induced by
a black hole up to the fourth order in R/r in the Fermi
normal coordinate system using the method developed by
Manasse and Misner [19]. The new tidal potential is in-
corporated into the Newtonian equations of motion for a
star orbiting the black hole. Using the new formulation, we
determined the tidal disruption limit (Roche limit) for
corotating Newtonian stars in equatorial circular orbits
around a black hole. It is found that the third- and fourth-
order terms in the tidal potential always amplify the tidal
force and modify the Roche limit for close orbits. In
particular, the third-order term plays a quantitatively im-
portant role for orbits with R/r = 0.1. To this time, tidal
problems for a star orbiting a black hole have been widely
studied, taking into account only the second-order terms of
the black hole tidal field (see, e.g., [9,13,16,17]). The
present results illustrate that, for close orbits with R/r =
0.1, the second-order approximation might not provide
quantitatively accurate results.

For a specific illustration of the importance of the
higher-order terms in the tidal potential as well as the
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dependence of the Roche limit on the equations of state
of the star, numerical computations are performed for
plausible parameters of binaries of a black hole and a
neutron star. Since neutron stars are general relativistic
objects and the mass ratio Q between two stars is not
very small, the present framework might not yet be appro-
priate for such studies. However, it is still possible to
extract many qualitative features on the tidal disruption
limit. The following is the summary of the results:
(i) General relativistic corrections amplify the tidal poten-
tial with the decrease of the orbital separation irrespective
of the order of the tidal approximation; (ii) as found
by Fishbone [13], in the second-order tidal approximation,
the minimum value of {;; and the maximum value of
Mqic are independent of a. In the third- and fourth-order
approximations, they depend on a; (iii) because of the
third- and fourth-order terms in the tidal potential, the
critical mass ratio Q. for the tidal disruption is changed
by ~10%—-15% for close orbits near ISCOs with Ry ~ M;
(iv) with the increase of the value of spin parameter a, the
magnitude of the tidal potential decreases for a given value
of r/M, and as a result, {;, increases and u decreases.
This property is independent of the order of the tidal
approximation; (v) for given values of central density and
stellar radius (Ry = M), a neutron star with stiffer equa-
tions of state is stronger against tidal disruption. On the
other hand, for given values of stellar mass and radius
(Rg = M), a neutron star with softer equations of state is
stronger against tidal disruption. The maximum value of
Mo depends sensitively on stiffness of the equations of
state for n = 0.5-1.

As mentioned above, the present formulation is not yet
appropriate for an accurate determination of the tidal dis-
ruption limit of a neutron star by stellar-mass black holes,
since the effects of mass, spin, and multipole moments of
the neutron star to the orbital motion [34,35] as well as its
general relativistic self-gravity are neglected in the analy-
sis. In Appendix A, we estimate the order of magnitude of
the error associated with such neglected effects. To more
accurately determine the tidal disruption limit, fully gen-
eral relativistic computation is obviously necessary. We
expect that our result presented in this paper could be a
guideline for the future computation. In particular, we note
that, for the case that the mass and radius of a neutron star
are much smaller than the black hole mass and orbital
radius, respectively, the present formulation provides an
accurate result for the Roche limit. The fully general
relativistic results computed in the future should be com-
pared with our numerical results to check the accuracy.

So far, we have focused on binaries of a black hole and a
neutron star. The results with n = 1.5 may be used for
determining the Roche limit of a white dwarf near the
ISCO of a massive black hole. For typical values of mass
~0.7M, and radius ~10* km of a white dwarf with n =
1.5 [29,36], Eq. (187) is written as

PHYSICAL REVIEW D 71, 044017 (2005)

_ 5 RO 3/2 m -1/2 L -3/2
M= 16710 M‘°<104 km> (0.7Mo> <6M>
X (Mcrit)l/z.
13.7
In this case, Ry/r < 1, and, therefore, the third- and
fourth-order terms in the tidal potential are not important
and can be neglected. Equation (189) implies that an
intermediate-mass black hole of M ~ 103M, will tidally
disrupt a typical white dwarf in a circular orbit at r ~
160M. To tidally disrupt a typical white dwarf in a circular
orbit, a supermassive black hole of M ~ 10°M, has to be
rapidly rotating with a = 0.95M for which rigcg = 2M.
White dwarfs orbiting a supermassive black hole in
galactic centers are likely to have highly elliptic orbits
with E = 1 or parabolic orbits with £ =1 (see, e.g.,
[37,38]). Even in this case, the values of M, which are
determined for the circular orbits with r = rigco, may be
used for determining the upper mass of a black hole, M.,
for which a white dwarf with E = 1 is tidally disrupted.
The reason is that the tidal disruption limit will be deter-
mined by the tidal force at the periastron radius, and, thus,
M.« will be determined by the radius of the marginally
bound orbits. For highly elliptic or parabolic orbits in
general relativity, the marginally bound orbits become
the so-called zoom-whirl orbits [39], which have a nearly

circular trajectory near the periastron with the orbital
radius [29]

F=rmp =2M —a+2M\1 —a/M.

Therefore, the analysis in assumption of the circular orbits
is approximately applicable. Here the circular orbits with
r = rpp are unstable. Nevertheless, we can estimate the
Roche limit by the analysis presented in Sec. V
mathematically.

The result is that pg;.0ng = 20.7 for n = 1.5 irrespec-
tive of the value of a. Here we note that, for such circular
orbits with £ = 1 and r = r;,, B/r = 1 independent of a,
and S0 1S Werirong- Replacing rigco with ry, and adopting
the new value of p ;i.ond, W can approximately estimate
M.« of the black hole for the tidal disruption of a white
dwarf in highly elliptic or parabolic orbits as

R 3/2 m -1/2
M. =~ 377 X 10°M 0
max 0(104 km> <0.7Mo>

“(aw)
4aM
Therefore, a black hole of M < 3.8 X 10°M, and a = 0
(M =3 X 10°My and a = M) can tidally disrupt white
dwarfs of m =~ 0.7M, and R, = 10* km.

In this paper, we have studied only the tidal disruption
limit for a star in equatorial circular orbits. The formulation
derived in this paper can be used for the hydrodynamic
tidal problem of an ordinary star or a white dwarf in
parabolic orbits around a supermassive black hole [16].

(189)

(190)

(191)
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In Appendix B, we write the tidal potential for a parabolic
orbit in the equatorial plane, which may be used for an
extension of the works presented in Ref. [16]. To confirm
the prediction (191) for the tidal disruption of white dwarfs
by a supermassive black hole, we plan to perform numeri-
cal simulations.
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APPENDIX A: ORDER OF MAGNITUDE OF THE
ERROR

In the analysis for the tidal disruption limit of a star by
black holes in terms of the present tidal approximation, we
neglect the effects associated with the mass, spin, and
multipole moments of the companion star to its orbital
motion. Here we estimate the order of magnitude of the
error due to neglecting these effects.

Neglecting the mass of the star results in the error of the
orbital angular velocity by a factor of m/M. This error is
included in the centrifugal force associated with the coro-
tating velocity field [cf. Eq. (168)]. Since the order of
magnitude of the centrifugal force is nearly identical
with the tidal force, the values of [ and . which
characterize the tidal disruption limit would be modified
by a factor < m/2M ~ 1%-20% form = 1.4My and M =
Mcrit -~ 4_50MO

An equation of motion for an extended body was con-
sidered in Ref. [35] ignoring the self-gravity of the body. If
we take into account the spin and quadrupole moment of
the body, we have the equations of motion

D

1
% U,BS‘}’éRans + EjﬁyaevaRB'yﬁe’

(AL)

N[ =

Pa =

where p® is the momentum vector, s an affine parameter
[see Eq. (171) in Ref. [35]], S*# the spin tensor, and J*#7®
the quadrupole mass distribution of the extended body. In
the post-Newtonian approximation, two terms in the right-
hand side of Eq. (A1) are estimated as

1 mMR?*Q?  mM?R?
oF, = EUBSWSRM75 5 (A
mM?R*
SFY = JPY°V Ry 5 ~ . (A3)
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where we assume that the orbital angular velocity () is
equal to the spin angular velocity observed by a comoving
flame and that the quadrupole moment is induced by the
black hole tidal field. The ratio of these terms to the
Newtonian force is

S|Fs|  MR?
Mm/r? - P (A%
S|FL| MR*
Mm/r? T (A3)

Thus, these corrections modify the orbital angular velocity
by a factor of ~MR?/r? and ~MR*/r, respectively. They
are likely to be much smaller than m/M for neutron star
binaries. We note that for the irrotational velocity field, the
correction due to the spin is approximately zero.

With the modification of the orbital motion, the location
of the ISCO will be modified. By this effect, { ;q.min and
Meriemax Will also be modified.

APPENDIX B: TIDAL TENSORS FOR
EQUATORIAL PARABOLIC ORBITS

In Sec. IV, we derive the formulation of the tidal prob-
lem for a star in equatorial circular orbits. Another inter-
esting case is a parabolic encounter of an ordinary star or a
white dwarf with a supermassive black hole. Here we write
the tidal potential for equatorial parabolic orbits.

For equatorial parabolic orbits with £ = 1 and L > L,
where L., is a critical value which depends on a and
L i = 4M for a = 0, the first integrals of the geodesic
equations are written as

1
u' = —2[(1’2 + a?®)r* — 2Mar{], (B1)

Ar
W=V, (B2)

—2M{€ + Lr
uf = ——— (B3)
Ar
and u? = 0. Here
at\2 A 2

and £ = L — a. Then the nonzero components of the tidal
tensor in the tilde frame are

- M r? + €2
Cnu= ?<1 - 2 ), (BS)
. M €2
~ M
Cyz = Pl (B7)
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Components in the Fermi normal coordinates are calcu-
lated by operating rotational matrices associated with ¥ as
in Sec. IV. Here the evolution equation of the rotation angle
is written as

dw L
e B2 (B24)

If computations are performed in the tilde frame, W is not
necessary for computing the tidal potential. Instead,
dV/dr and d*¥/d7> appear in computing the inertial
forces in the equations of motion.
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