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The metric of a tidally distorted, nonrotating black hole is presented in a light-cone coordinate system
that penetrates the event horizon and possesses a clear geometrical meaning. The metric is expressed as an
expansion in powers of /R << 1, where r is a measure of distance from the black hole and R is the local
radius of curvature of the external spacetime; this is assumed to be much larger than M, the mass of the
black hole. The metric is calculated up to a remainder of order (r/R)*, and it depends on a family of tidal
gravitational fields which characterize the hole’s local environment. The coordinate system allows an easy
identification of the event horizon, and expressions are derived for its surface gravity and the rates at
which the tidal interaction transfers mass and angular momentum to the black hole.
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Introduction.—The numerical integration of the
Einstein field equations for the simulation of a two-body
system of black holes is currently the subject of intense
research activity. This work is largely motivated by on-
going attempts to measure gravitational waves, an effort
which requires the theoretical input of detailed predictions
for the expected waves. The numerical simulations must
proceed from initial data that correctly describe a situation
of astrophysical interest, a spacelike hypersurface that
contains two black holes in bound orbital motion, together
with the gravitational radiation that was emitted by the
system in the recent past. To find realistic initial data has
proved a challenge [1], and it has been suggested [2,3] that
these could be reliably constructed using post-Newtonian
(and post-Minkowskian) methods.

While a post-Newtonian metric is adequate to describe
the mutual gravity of a weakly bound two-body system, it
fails to describe the strong gravity of each black hole.
Building on techniques developed by previous authors
[4,5], Alvi remedied this situation [3] by matching the
post-Newtonian metric to two perturbed versions of the
Schwarzschild metric (each black hole being tidally dis-
torted by the other hole), in a buffer region in which both
approximations are valid. Alvi’s metric is ready to use in
numerical simulations, and in this Letter we improve on a
part of Alvi’s construction by providing a more accurate
version of the perturbed Schwarzschild metric.

We calculate the metric of a tidally distorted, nonrotat-
ing black hole to a level of accuracy that has never been
attempted before. The hole is immersed in an external
spacetime whose local radius of curvature is R; this is
assumed to be much larger than M, the mass of the black
hole. The tidal distortion is created by the Weyl curvature
of the external spacetime, and the Schwarzschild metric
acquires a correction that can be expanded in powers of
R~'. We calculate all correction terms of order R ~2 and
R ~3; while the former were known previously [6,7] and
used in Alvi’s construction [3], the latter are new. The
metric is presented in a light-cone coordinate system that
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penetrates the event horizon and possesses a clear geomet-
rical meaning. These coordinates, which extend over a
neighborhood of the black hole that is large relative to M
but small relative to R, allow an easy identification of the
perturbed event horizon. As an application we calculate the
hole’s surface gravity and the rates at which the tidal
interaction transfers mass and angular momentum to the
black hole. Because of space limitations we present our
results with very few derivations; a forthcoming paper will
supply the missing details.

Advanced coordinates based at a world line.—We begin
with the construction of a light-cone coordinate system in
the neighborhood of a geodesic world line; the only as-
sumption placed on the spacetime is that its Ricci tensor
vanishes in the neighborhood. This spacetime will later
play the role of the external spacetime, and the world line
will later be replaced by the world tube traced by the black
hole. The quasi-Cartesian version of the advanced coordi-
nates is denoted (v, x?), and the quasispherical version
(v, r, 64). The null coordinate v labels past light cones
that are centered on the world line, r is an areal radius
and an affine parameter on each cone’s null generators
(with » =0 on the world line), and the angles 04 =
(6, §)(A = 2, 3) are constant on each generator. The coor-
dinates x%(a = 1, 2, 3) are defined by x* := rQ4(64) with

4 = (sinf cos¢, sinf sing, cosh).

Let v denote the geodesic world line, which is parame-
trized by proper time 7; its normalized tangent vector is u*.
Let e/ (7) be a triad of orthonormal vectors (all orthogonal
to u*) which are parallel transported on the world line. Let
o(x, x') be half the squared geodesic distance between x
and x’, and let o, (x, x) denote its gradient with respect to
x'. The advanced coordinates are defined as follows. Let x’
be the point on the world line at which 7 takes the value v.
The set of events x such that o(x, x’) = 0 and x is in the
past of x’ defines the past light cone of x'. We assign the
advanced-time coordinate v to all these events. The spatial
coordinates of a point x on the cone are then x¢ =

—8%e¥ (V) yu(x, x'). We introduce r:= (§,,xx?)"/?,
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which can be shown to be an affine parameter on the null
generators of the cone v = const. We also introduce
Q4 := x/r, which may be parametrized by the two angles
64 It can further be shown that # are constant on the null
generators.

Tensors on y can be decomposed in the tetrad (u*, ef).
For example, C,op0 = Cppppebuteju? and Cppeo =
Curvp el ete’u” are frame components of the Weyl tensor
evaluated on . Similarly, C,op0 1= Cppppwel uesul u®
and C,gpo)c -= CM,,p;weZ‘u)‘e}’jupeg’ are frame compo-
nents of the covariantly differentiated Weyl tensor. The
10 independent components of the Weyl tensor are con-
veniently related to two symmetric-tracefree (STF) frame
tensors [4], €, = Cuopo and By, = 3£,71C .9, Where
€upe 18 the permutation symbol (frame indices are freely
manipulated with 6,,). The components of the differenti-
ated Weyl tensor can also be expressed in terms of STF
frame tensors; these include £, and Bub aswellas £, =
$(Caopote T Ceoaoly + Chocola) and Bupe =5 X
(SapqcquOIC + scpqcpanIb + prqCquth)'

These frame tensors allow us to define length scales [4]
that characterize the tidal gravitational field acting at y. Let
R be the local radius of curvature, defined such that £, ~
B, ~ R72. Let L be a scale of spatial inhomogeneity,
defined such that £, ~ By, ~ R 2L Andlet T bea
time scale associated with changes in the tidal field, de-
fined such that £, ~ B,, ~ R 2T ~!. In the sequel we
assume, for simplicity, that R ~ £ ~ T and use R as the
fundamental length scale associated with the tidal field.

The procedure to obtain the spacetime’s metric in the
coordinates (v, x%) or (v, r, 84) is detailed in Ref. [7]. The
metric is expressed as an expansion in powers of r/R,
which is assumed to be small; the coordinate domain is
therefore limited to a neighborhood of y. The appearance
of the metric is simplified by forming irreducible combi-
nations involving the tidal fields £,,(v), €,5:(v), Bap(v),
and B,;.(v), the unit frame vector )¢ = x*/r, the permu-

1
8

TABLE I. Irreducible tidal fields. Each field is identified with a
sans-serif superscript that specifies its multipole content. A field
labeled with a “q” is a quadrupole field, and one labeled with an
“0” is an octupole field. The vector and tensor fields are all
orthogonal to ¢, and all tensor fields are symmetric and trace-
free.

&9 = £,,0004
£9 = (8,5 — 0, 0)E,, 04

Eap =208, — 9,05, — Q,QNE .y + (845 — 0, Q) E
fBg = saququcQC
ng = 811ququ0(801, - QFQ],) + (a A b)

£0 = £,,00040¢

£ = (8,5 — Q, Q&4 QQ°

% =28, = 0,08, = 0, Q)E 4. Q° + (845 — 2 Q) E°
BO = %sal,qQPfBZdQCQd
B, = QPBa_ (6 — QA + (a < b)

4
3 €apq

tation symbol €., and the frame metric ,,. These com-
binations are displayed in Table I.
The quasi-Cartesian form of the metric is

8oy = —1 — P89+ 1380 —L3ge 1 0(4), (1)

Sva = Qy — 3283 — BY) + 1P (EF — B — 1P(£3 - BY)
+ 0(4), ()

1 5 . .
8ab = Oap — QL — grz(ggb - fng) + 1_8"3(521; - ng)
1
- gr3(6’2b — B, + 04), (3

where O(4) stands for “a remainder that scales as R ™*.”
The quasispherical form of the metric is obtained by
performing the coordinate transformation x¢ = rQ%(6%).
Its nonvanishing components are g,, given by Eq. (1),
g = 1,and

B = HE - B +E - B - e - B
+ 04), “

1 5 . .
8AB = rZQAB - g 4(823 - BXB) + 7181"5(523 - gB)
1
- 6r5(<‘:§§B — BSp) + 0(4). 6))

Here Q5 1= §,,Q40% = diag(1, sin’d), &7 := £3Q4,
Elp 1= £3,040%, and so on, with Q4 := 9Q“/36*. The
irreducible tidal fields can all be expanded in spherical
harmonics, and this decomposition is presented in
Table II. According to Egs. (1), (4), and (5), \/—¢ =
r?sinf[1 + O(4)], which implies that surfaces of constant
v and r have an area of 47r2[1 + 0(4)].

Metric of a tidally distorted black hole.—The metric of
an isolated, nonrotating black hole of mass M can be put in
the form

ggﬁdx“dxﬁ = —fdv® + 2dvdr + r*Q,3d6%dO®, (6)

where fi=1—2M/r and Q,zd0*d6® = d6> +
sin0d ¢>. The coordinates (v, r, #*) have the same mean-
ing as in the preceding section: v labels past light cones, r
is an areal radius and an affine parameter on each cone’s
null generators, and 64 are constant on each generator. The
metric of Eq. (6) approaches the Minkowski metric in the
asymptotic regime r >> 2M.

A tidally distorted black hole is described by a metric
that is a perturbed version of Eq. (6). In the asymptotic
regime r 3> 2M (keeping r << R, which implies that M
must be much smaller than R) this metric must approach
the metric of Egs. (1), (4), and (5), instead of the
Minkowski metric. This observation motivates the follow-
ing ansatz for the perturbed metric:
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TABLE II.  Spherical-harmonic decomposition of the irreducible tidal fields. The first column lists Y'™(4), the real-valued
spherical-harmonic functions that are used in the decomposition. The abstract index m describes the dependence of these functions
on ¢; for example Y>?* is proportional to sin2¢. The second and third columns define £ (v), £ (v), B (v), B (v), the harmonic
components of the tidal fields, in terms of their frame components &, (v), €p(v), Bap(v), By (v). The fourth column displays the
spherical-harmonic decompositions of the quadrupole and octupole tidal fields. The vectorial spherical harmonics are Y™ := D,y
and XM := —¢,BD,Y™, where D, is the covariant derivative operator on the unit two-sphere (D4Qzc = 0) and e45 is the Levi-
Civita tensor (g44 = sind; indices raised with QA8 the inverse two-sphere metric). The tensorial spherical harmonics are Y’ ﬁ{g =
[DsDp + 311 + 1)Qup]Y'"™ and X} = —1(2,Dp + £5°D,)DcY™.

Y2'0 = _(3 COSZG - l) gg = %(511 + 522) Bg = %('B“ + Bzz) &9 = ng%yﬂﬂ

Y%1¢ = 25inf cosf cos¢ &l =€ B = Bi; & =1y nenyim
Y21 = 25inf cosf sing El =&y Bl = By Elp = Sményim
Y2'2C = sin20 COSZ¢ Egc = %(511 - 522) Bgc = %(B“ - 322) Bg = EZmB%Xim

Y2'25 = Sin29 Sin2¢ ng = 512 Bg; = B]z BgB = meB?nX%rg
Y30 = —(5c0s30 — 3 cosh) Q=13 + &) B =%(By15 + Byy)

y3le = —% sin@(5cos?d — 1) cos¢ &, = %(5111 + &) BS, = %(31“ + Bin)

Y3'1s = _% Sln0(5 COSZQ - 1) Sin¢ g?j = %(5112 + 5222) B?A = %(3112 + 3222) (S‘O = ng%y3m
Y3’2c =3 sin20 cosf C032¢ (C/‘g(‘ = %(5113 - 5223) Bg(? = %(3113 - 3223) gg = %ng% Y;Zm
Y32 = 3.sin20 cosf sin2¢ £, =& B, =3B E% =1 mEnYan
y33e = S}H30 §OS3¢ £, =1(Em — 3 ) BS. =3 (B —3Bp) BS =33 BaX"
Y335 = sin’@ sin3¢ £ =131 — Emn) B3, =1(3By1, — Byn) B = 13 mBRXE

8oy = —f — e E9 + %r3€25q — e+ 04), (7)
gor = 1, ®)

gvA = _%73(34(‘:3 - b4fBg) + %}’4(6553 - bsﬂg)

- ‘—117'4(@65?‘ - bégg) + 0(4), (9)

1
8AB = ”ZQAB - 574(67533 - b7B§B)

5 . . 1
+1—875(€8g§13 - bSBiB) _67’5(698?‘3 - bgB?‘B)

+0(4). (10)

The radial functions e,(r), b,(r) must be determined by
integrating the Einstein field equations; they are indepen-
dent of R, they are required to be well behaved at r = 2M,
and they must approach unity when r > 2M. The per-
turbed metric of Eqs. (7)—(10) is expressed in a gauge
that preserves the geometrical meaning of the coordinates
(v, , 6%); this gauge is both physically meaningful and
technically simple. The gauge freedom is not exhausted
by adopting the ansatz of Egs. (7)—(10); refinements can be
made when solving the field equations.

The metric of Egs. (7)—(10) is used to compute the
Einstein tensor, which is then expanded in powers of
R 1. There is no contribution at orders R° and R !,
but we examine carefully the contributions at orders R ~2
and R 3. At order R ~? the Einstein tensor decouples into
spherical-harmonic components that can be handled sepa-
rately, and it decouples further into even-parity terms
proportional to £, and odd-parity terms proportional to
Bi.. The even-parity sector gives rise to a coupled set of

ordinary differential equations for {e|, e, e;}, while the
odd-parity sector determines {b4, b7}. General solutions
are easily found, and they are constrained by demanding
that the radial functions be well behaved at r = 2M and
approach unity as » — oo. This leaves a number of inte-
gration constants undetermined, and those can be freely
assigned; this represents a refinement of the gauge, and we
adjust the constants so that a maximum number of radial
functions vanish at r = 2M.

This procedure can be completed at order R 3. Here the
octupole terms (proportional to £%, and Bf,) decouple from
the quadrupole terms (proportional to £, and B), and as
before the even-parity terms decouple from the odd-parity
terms. We thus obtain coupled sets of equations for
{62, €s, 6’8}, {bs, bg}, {83, €6, 89}, and {bﬁ, bg} These are
integrated using the same techniques as for the R 2 part
of the metric. The radial functions are listed in Table III.

The quasi-Cartesian form of the perturbed metric is
obtained by inserting e, and b, at the appropriate places
in Eqgs. (1)—(3); for example, the coefficient of &g in g,,
becomes — % r*e,. The complete determination of the met-
ric requires the specification of the tidal fields &,,(v),
Eupve(v), B,y (v), and B, (v). These characterize the black
hole’s local environment, and they are determined by
matching the hole’s local metric to a metric that describes
a larger portion of the spacetime [4,5]. For example, the
global metric could be the post-Newtonian metric of a two-
body system, and Alvi [3] has shown how to carry out the
matching procedure in this context.

The perturbed horizon.—To locate the event horizon of
the tidally distorted black hole we note first that the vector
r, ‘= d,ris normal to any surface of constant r and that it
is null when r = 2M: g*fr,rz = O(4). The generators of
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TABLE III. Radial functions that appear in the metrics of
Eqgs. (7)—(10), expressed in terms of x := r/(2M) and f := 1 —
2M/r.Atr=2M wehave e; =1, eq = {5,b; = — 1, and by =
- %, with all other functions vanishing.
=f2
= fl1 + 1 (5 + 121nx) —
=704
64 f
=M1 +4 (13 +121Inx) — 325 — 555 — 54]
=f0-5
€7 =1- —2
eg— 1+ = (4+3lnx) &~ (7+3Inx) + 2%
f+ le
b4 =f
=fl1+& (7+ 121nx) — 3 — 55 — ]
=f1—-5%
b7 =1- 2[*
bg=1+ (5+61nx) %—;7(2+3lnx)+$
b9 - f l()x

3 7 3
(9 +4Inx) + 5+ ;5]

this null surface have r* as their tangent vector, and a
simple calculation reveals that r® = t* + O(4), where
t%(9/9x%) := 9/0v. The generators are therefore parame-
trized by v, and they move with constant values of 84 (up
to corrections of order R ~%). That r = 2M is in fact the
event horizon is confirmed by a theorem established in
Ref. [8]: Let g,z be the metric of a perturbed
Schwarzschild black hole, let h,g = gop — ggﬁ be the
metric perturbation, and let t* be tangent to the null
generators of the perturbed horizon; in a coordinate sys-
tem in which h,g tB = 0 on the horizon, the horizon has the
same coordinate description in the perturbed and unper-
turbed spacetimes. In other words, the gauge conditions
ha, = 0 at r = 2M guarantee that the event horizon is
located at r = 2M in both spacetimes. Because the metric
of Egs. (7)—(10) satisfies these conditions to order R 4,
we conclude that the surface r = 2M[1 + O(4)] is the
event horizon of the tidally distorted black hole.

The surface gravity « of the perturbed horizon is defined
by the statement 1* 4% = «t, which holds on r =2M
and expresses the fact that the integral curves of t* are null
geodesics. A straightforward calculation gives

1 16 . i
K= —[1 oo M, (0007 + 0(4)} an
4M

The expansion of the congruence of null generators is
calculated as @ = (g*f + 1P + [*1P)t,. 5, where [, :=
—d,v is the other null normal to the event horizon. A
straightforward calculation reveals that ® = O(M*/R?).
This result implies that within the accuracy of the calcu-
lation, each cross section v = const of the event horizon is,
in fact, an apparent horizon.

The slow growth of the event horizon is not revealed by a
direct examination of the horizon’s geometry. It can, how-

ever, be calculated using the techniques introduced in
Ref. [8]. Such a calculation reveals that the averaged rate
at which the black hole increases its mass because of tidal
heating is given by

dM 1 6 ab ab
<%>—EM (E,E% + B, B

16
+ 8 abc + abc
M <5(,,,L5 Ba,,LB > (12)

with a remainder of order (M/R)°. The rate at which the
horizon’s surface area grows is then (dA/dv) = (87/ k) X
(dM /dv). The tidal interaction also transfers angular mo-
mentum to the black hole; the averaged rate of change of its
angular-momentum vector is given by

dJe - _ 32 6 cd RbRcd
<dv> TS MOe, (S + BYB)

_ %MSSabC<5Ze(€cde + g BzeBcde> (1 3)
with a remainder of order M°/R3.

Conclusion.—The metric of an arbitrary vacuum space-
time was expressed in a light-cone coordinate system
centered on a geodesic world line; the metric was expanded
to third order in powers of r/R, which is assumed to be
small in the coordinate domain. This provided asymptotic
conditions on the metric of a tidally distorted, nonrotating
black hole, which was obtained by integrating the equa-
tions of black-hole perturbation theory to order R 3. The
coordinates allow an easy identification of the event hori-
zon, and the effects of the tidal interaction on its physical
properties were explored.
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