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Abstract

The asymptotic properties of the solution to the Klein—Gordon equation will be studied in the Schwarzschild spacetime
background. The results are based on the global Sobolev-type inequalities and the generalized energy estimates.
© 2007 Elsevier B.V. All rights reserved.
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1. Introduction

The goal of this paper is to derive asymptotic behaviors of the solution to the Klein-Gordon equation in the external
Schwarzschild spacetime. The several decay estimates of the massive scalar field in Minkowski spacetime have been
studied intensively [14,17].

The asymptotic behavior of the scalar field in the presence of a black hole has been studied by several authors [3,
4,8,12,13,24] who were mainly concerned with massless fields. However, considering the recent development of the
Kaluza—Klein theories such as the Randall-Sundrum model [25] in string theory the evolution of massive scalar fields
will become important. Moreover the physical mechanism of the massive scalar field may be qualitatively different
from that of the massless one [18,20,21]. One of the features is that the decay in time of massive scalar field is much
faster along null directions than along timelike directions. We also note that the slowest rate of decay occurs along
null directions for the solution of the massless scalar field.

The Klein—Gordon equation in the Schwarzschild metrics has been studied by several authors [1,16,23]. The bound
in the exterior Schwarzschild spacetime for the C* solution of the covariant Klein—-Gordon equation which has
compact support on Cauchy surfaces in Kruskal spacetime was obtained in [16] and asymptotic behavior at the horizon
and infinity was studied in [23].

On the other hand, D. Christodoulou and S. Klainerman derived in [5] the uniform asymptotic behavior of
solutions to Maxwell equations and spin 2 equations in Minkowski space, based on generalized energy estimates and a
systematic use of the invariance properties of the field equations with respect to the conformal group of the Minkowski
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spacetime. Moreover they also showed in a remarkable paper [6] that the global nonlinear stability of Einstein equation
around the Minkowski spacetime (see also [19]). The results were extended in [15] to the case of the Maxwell
equations in the external Schwarzschild spacetime. We will adapt those methods to study the Klein—-Gordon equation.
However the application is not straightforward. The main difficulty comes from the fact that the energy—momentum
tensor of the massive wave field is not traceless in contrast to the Maxwell field’s, which is traceless. For the case of
massless wave field, the modified vector field was suggested to make the error terms simple [5,22] and its idea was
used in a black hole spacetime [7].

Recently the decay rates for massive Dirac particles in black hole geometry were shown in [10,11]. In fact it was
proved that the Dirac wavefunction decays in L{> at least at the rate ¢t~/ and the rate of decay is sharp for generic
initial data. From the physical viewpoint, those results show that the black hole’s gravitational attraction has an effect
on the long-time behavior of the massive Dirac particles. Therefore we may expect that the local decay rate of the
solution to (3) is at most /¢ for generic initial data. Actually it was anticipated in [21] that the massive scalar field
decays in L} at the same rate 1=3/6,

We also note interesting papers [2,9]. In particular it was shown in [2] that there are a countable family of globally
regular solutions of spherically symmetric Einstein—Klein—Gordon equations. These solutions, known as mini-boson
stars, are not static: although the metric and the stress-energy tensor of the scalar field are time independent, the scalar
field itself has the form of a standing wave ¢ (r, ) = ei“”&(r). This is in stark contrast with the classical case where
Minkowski spacetime is the background metric.

In Section 2, our main result will be stated. In Section 3, we will describe several preliminary facts and show how
to control the energy-type norms. In Section 4, the proof of Proposition 2.1 will be shown.

2. Statement of the result

To begin with we summarize several facts concerning the Klein—-Gordon equation in the Schwarzschild metric.
Recall that in Boyer—Lindquist coordinates (¢, r, 0, ¢) withr > 0,0 < 0 < 7w, 0 < ¢ < 2w, the Schwarzschild
metric is given by

oM oM\ !
ds? = — (1 - —> dr? + <1 - —> dr? + r?(d6? + sin® 6d¢?), (1)
r

r

where M denotes the mass of the black hole. The r > 2M region, denoted by M, is called the external Schwarzschild
spacetime. We will use the notation ¢ = 1 — % The Klein—Gordon equation in the Schwarzschild spacetime is

Ogu — m*u = g Dy Dgu — m*u =0, (m #0), )

where D, denotes the Levi-Civita connection relative to the Schwarzschild metric and (g*?) is an inverse of (8ap)-
The external Schwarzschild spacetime has the following geometric structures.
(a) Hyperplane: Y = {p € M | t(p) =1t}.
(b) Canonical null foliations consist of the null cones: {C (v), C(v)},
Cwy={peMlvp)=v=t—ry,
Cw={peMlup) =v=1t+r
where 7, = r + 2M log(53; — 1). We will use the following notation:
s ={t 0l <t <t —re=—r.2QM +5)},
Vils = {0, 0)lig <t <11, —ri < —r2M +8)},
Rs ={(t,x) e M|t >0and t +r,2M 4+ §) — r.(r) < 0}

s ={t, D)t =10, t —ry < —r(2M + )},

In particular, we define ro = 2M + 8o by r.(2M + §p) = 0.
(c) Canonical sphere foliation: S(¢, r) = X; N C(v) where C (v) is the outgoing null cones, through (z, ). For each
fixed ¢ the family {S(¢, r)} produces a S? foliation of the hyperplane ;.
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(d) Canonical null pairs are given by the vector fields
e3= 079 — 03, es=97'9 + P,

We can complete the pair e3, e4 to a null frame {ej, e>, e3, es}, at a generic point p, by taking an orthonormal frame
{eq}, a € (1,2)" on the space tangent to the sphere S(z, ) passing through p.
(e) Conformal structure: the external Schwarzschild spacetime has the following Killing vector fields.

1. Time translation
T = 8;.
2. The three generators of the rotation group O (={0;; : 1 <i < j < 3}),

0 d .
Ol]:xla—xja—x[, forl,]=1,2,3«

For convenience, we will use the following notation:
T=9¢"'T, N=&N-=j,.
Now let us state our result.

Proposition 2.1. Consider the following initial value problem:

{g“ﬁDaDﬂu —m*u=0, (m>0), 3)

u(0,x) =uo(x), Dwu(0,x)=ui(x),

in the external Schwarzschild spacetime. Let § be a positive number. If a point (t, r) belongs to a region Rs and u is
a solution of the Cauchy problem equation (3), then the following estimates hold:
(I) For a fixed § (>8y), we have

sup (rt? ful) < ¢ 12, 4)

S(t,r) m

where t2 = 1 4 (t — ry)? and c is independent of § (>8). The quantity I is defined as (13).
(I) For a fixed 5 (<dp), we have

sup (r72[ul) < cA(m, 8)217, )
S(t,r)

where A(m, 8) = "L 2MED)3 (| QM + 8))2.

Remark. The estimate (II) is actually concerned with the region Rs — Rs, (§ < 8¢) and note that A(m, §) — oo as
§— 0.

3. Preliminaries

We recall several facts and estimates used for the proof of Proposition 2.1. The following lemma states the
commutativity of the Klein—-Gordon operator and the Lie derivatives with respect to T, O;;.

Lemma 3.1. If u is a solution to the Klein-Gordon equation, then Lie derivatives of u with respect to T, O;; are also
solutions.

1 For instance, ¢y = %39, ep = ﬁ%.
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Proof. Recall that
Ogu = g%’ Dy Dgu = g (Bupu — Iydyu) = O'u — g )0, u,
where I' denotes the Christoffel symbol with regard to the given metric. Then we have
0 (Ogu — m*u) = 0,('u) — 8, (8P I}y 1) — m* (dyu0)
= V@) — g*P T 50y (1) — m>(d;u)
= Oy (Bu) — m?(du),

where the second equality above comes from the fact that g®# and Fo}; p are independent of a time variable ¢. In fact,
we can check that the only nonzero components of Christoffel symbol are

Iyy=O*M/r?, T}y =—-072M/r,
Iyy=-r®,  Ijy=—0rsin®0, I3 =—sin6cosd.
a

Next we will check the case [O12, g — m?] = 0. We know that Oy, = xlaaTz —Xogy = 0.

01 (Ogu —mu) = 01(u) — 012(8* T}y, u) — m* O1ou
= 0(012u) — g% T}50, (O12u) — m* Opu
= g (O12u) — m*(O12u).

By the similar argument we can prove the other case O3, O13. U

To define conserved positive quantities, the energy—momentum tensor will be made use of.
Definition 3.2. The energy—momentum tensor of a function u is

1
qu[u] - D”,uDuu - zg,w(DauDau =+ m2u2)

Lemma 3.3. 1. The energy—momentum tensor Q is symmetric and satisfies Q(X, Y) > 0 for any non-spacelike future
directed vector fields X, Y.
2. If u is a solution of the Klein—Gordon equation then the energy—momentum tensor Q has vanishing divergence.

Proof. 1. The future directed vector fields can be written as linear combinations of e3, e4 with nonnegative coefficients.
So the result is an immediate consequence of the following:

033 = Quvesel = les)?, (6)
Qus = Quveliel = lea)|?, (7)
O34 = Quvelel = |Vul* +m*u?, (8)

where Vis the covariant derivative of the two-dimensional submanifold S(z, r) with respect to the induced metric.
2. The second result can be shown as follows:

1
D*Qup = D* DauDpu + DouD* Dgu — — (DgD"uDyju + D*uDgDyu) — m*uDgu

= DquD*Dgu — D*uDgDgu
= Dqu(D*Dgu — DgD%u) =0. O

Remark. Q is not traceless. In fact, Q,Mc;g‘)‘/S =—D*uD,u — 2m2u?.
Now we introduce a global Sobolev-type inequality. Using T we can define positive definite metric g in M:

gp,v = guv + Zi}Lfv-
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If U is an arbitrary tensor field in M of type (g, p) we shall denote by |U| its pointwise norm relative to g:

o - — — Bi-B ]/2
|U| = <gu1v1 G g c By p, UZ;“'Z‘;UVIIH-U:) _

We denote by Iy the projection over the tangent space of S(z, r) of D and by ¥the Levi-Civita connection relative
to the induced metric on S(z, r). To get an L°° estimate of the solution to the Klein—Gordon equation, we shall use
the global Sobolev-type inequality which was found in [6,15].

Lemma 3.4. Let U be a C* tensor field tangential to S(t, r) and satisfying
lim r|U(r, w)| =0,
r—00

where w indicates the angular coordinates; then the following inequality holds:
|

1 2
sup (re2|U) < ¢ U \UP + 2| VU * + 22| Py UIP + r| W2 U + r? | YDy UF} :
S(t,r) 2 ([r,00))

where T> = 1 + (t — ry)? and the integral over the spacelike hypersurface %; is defined as

00
/ Hzf dr// o7 'H.
X ([r,00)) r S(t,r’)

Now we introduce how to control the energy-type norms. Recall that the energy—momentum tensor of a function u
relevant to the Klein—Gordon equation is given by

1 o 2.2
Ouwlul = DyuDyu — Eg,w(D uDgu + m-u®).

Define the covariant vector field P associated with vector field X, P, [u] = Q,[u]X"; then we can get the following
equality easily:

1 x
D“Py = D* Qup X + - 0w
where X778 is a deformation tensor Ly g. Integrating D* P, over th)" s we obtain the following lemma.

Lemma 3.5. Let P, [u] = Qu[ulX"; then Stokes’s theorem implies

1
10

ox. T+ [ ooen=[ o~ [ pop. ©)
s 210'5 7

2.6 10,8
We will assign special timelike vector fields to X. The elementary application is X = T. Since T is a Killing vector
field, if u is a solution of the Klein—Gordon equation then Lemma 3.3 guarantees that D* P,, vanishes. Moreover the
positivity property of the energy—momentum tensor Q relative to future causal vector fields 7, e4 makes the second
integral of equation (9) nonnegative. So we obtain the following inequality:

oT.T) < / o(r, ). (10)
210,5

2

However estimate (10) is not enough to control the weighted integral in Lemma 3.4. To obtain information concerning
the behavior of u along null directions we borrow some ideas from [18]. That is, we consider the case of X = f - T
where f depends only on r, t; then we can calculate D* P, as follows:

P

D*P, = 7 (Q33e4(f) + Qzaea(f) + Quzes(f) + Quaes(f)). (11)
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Then we obtain the following inequality:

/Q(fT,'hs/ Q(fT,f)—/ DP,. (12)
EI,B Eto.ls Vi

0-11:0

Let us consider the following integrals:
fz Q[L‘}Lbou](X, T) for a, b : nonnegative integer,

where Ly is the Lie derivative with respect to a vector field V. From the integrals we define the following norm:

[(5.X)= ) QILG Lyul(X, T). (13)
O<a+b=<2" %
We consider the Cauchy problem for the Klein—Gordon equation in the Schwarzschild spacetime where the initial
data are given on the Xy hypersurface. We assign initial data for which the value I = I(Xp, X) with X =
(1+ (t — r)HT = 727 is finite.

4. Proof of Proposition 2.1

Now we prove Proposition 2.1. Recall the global Sobolev inequality

1

sup(rr1/2|u|)sc[/ |u|2+r2|>vu|2+r2|lz>ﬁu|2+r“|7ﬂu|2+r2r2|wﬁu|2}2. (14)
S(t,r) X [r,00)
If we can control the right hand side of (14) in terms of the initial data then the proof is done. Moreover let us recall
that a point (¢, r) belongs to a region Rs.

For the ﬁrst integral in the right hand side of (14), using (10) the following estimate can be obtained easily (note
that Q(T, T) = (033 + Qaa +203)):

1 2 -
[N Quiul = = [ a7 our. 1)
X [r,00) m= J 5 [r,00) m= J 5 [r,00)

< 2o OLI(T, )
m X [r,00)
2 -1 7 2 -1

= Z07o) [ o) = oo, (1)
m b m

where we use the notation #~1(8) = ,/ 2”{3—” (=971 (2M + 5)) for brevity.
For the second integral of (14), we can check by direct calculations that

|Lou|® = r?|Yu|*> for any function u, (16)

where the covariant derivative ¥is calculated with respect to the metric (1) (see also [15]). Therefore we have

1
/ P2\
2 ([r,00))

IA

2 _ -
— O[Loul(es, es) < —2/ ¢~ Q[Lou)(T, T)
m= J 5 ([r,00)) m= J 5 ([r,00))

IA

2 ~ 2
—07'6) [ oiLour. D) = o oL
m P m
Using the following identities together with (16):

|X7L0u|2 = |L0XZ4|2 for any function u, a7
rA\YU?> = |LoUJ> +|U|> for any 1-form U, (18)

we may control the fourth integral of (14) in a similar way.
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IA

f PILoVul + r2|Yul? 5/ Lul + |Loul
2 ([r,00))

/ Y ul?
2t ([r,00)) Lt ([r,00))

1 2
< — QILHul(e3, ea) + QlLoul(es, ea) < — & (S)1.
m= J 5 ([r,00)) m

The third and fifth integrals in (14) are different from the previous ones because D* P, does not vanish. Let us
show this with the third integral first. We know that

1Dy ul® <2 (| o Lou® + |e4(u)|2) for any function u. (19)

Therefore,

1
/ | Py ul® < 2/ 7? <¢—2—2Q[Lru]<e3, es) + Qlul(es, e4>)
21 ([r,00)) 21 ([r,00)) m
< 2/ 7’ (2@3%Q[LTM](T, T)+40~ ' Q[u)(T, T)) :
21 ([r.00)) m

We will show how to control fE,([r,oo)) 72 Olul(T, T). By Lemma 3.5 we obtain

[ 2T, T) < / 2 QMuI(T, T) — / " (20)
X1 ([r,00)) 20 !

Vio:s

where u = D% Py[u] = (ry — t)(Q34[u] + Qu4[u]). Here is the place where we need to consider the region Rs.
(A) The case §p < & will be considered for the time being. Since S(z, r) belongs to Rj,, ry — t is positive. So

the left hand side of (20) is controlled trivially by the initial data. The other term f 5 ((r00)) 2Q[L7ul(T, T) can be
estimated in a similar process. Therefore, we obtain the following consequence:

/ Py ul® < 8¢—1<5)f T Qul(T, T) + 1245—3(5)/ o* QILrul(T, T)
2 ([r,00)) 20 m o

2

I I
< 8(@‘(5)+—2¢3(5)>1 <2y
m

The identity that we need to consider to control the fifth integral in (14) is the commutative property of Lo and
Dy:
[Lo, Pyl =0 forany function u. 201
Using (18), (19) and (21) we deduce the inequality
WPy ul? = Lo Py ul* + | Py ul?

= 20 (107 LrLou + lea(Low ) + 272 (107 Lul® + les@)P?)

We just show how to control 7:2|L012)A~, u|? and the term t2|LZ)A~, u|? can be estimated in a similar way.

[ iLopgup =2 2 (27LrLoul +lesLow)
2 ([r,00)) 2 ([r,00))

1
= 2/ = <¢2—2Q[LTLOM](€3, eq) + Q[Loul(es, e4)>
2 ([r,00)) m

A

< 2/ 7’ (% ¢ QILrLou)(T, T) + 49~ Q[Loul(T, f))
2 ([r,00))

m

IA

1245—3(5)/ T Q[LrLoul(T, T)+8q5_1(8)/ T QILoul(T, T)
m o 2o
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where the assumption §o < § is used in the last inequality. Therefore we reach the first result (I) in Proposition 2.1.
Next we derive the second estimate (II) in Proposition 2.1 to which the region § < §y is related.
(B) The only troublesome items are

f Py ul* and f 2 YDy ul*.
Si([r.00) Zi(Ir.00)

As in the previous case, we will control the following integrals to estimate | S1(1r.00)) 12|D]\~, ul®:

/ & 3?Q[Lru)(T,T) and / &' 2 T, T).
Zi([r,00) Zi([r,00)

Using the notation ;o for the radial coordinate of S(¢, 0) = X; N C(0), we know that

f 2 QMu(T, T) = / 2 QMul(T, T) + / 2 Q[ul(T, T)
2 ([r,00)) i ([r,re0)) 2 (rs,0,00)

72(8) O[ul(T, T) + / 2 Qu)(T, T)

2 ([rre,0D 2 (r1,0,00)

2(8) QLul(T, T) + / 2 Q[ul(T, T)
2 ([r,00)) 20

IA

IA

A

< 225 f OLuI(T, )+ / 2 QLuI(T, )
X0 20
< cA(m, )1,

where t2(8) = 1 + r2(2M + &) and A(m, §) = mj%l(m’g—”)%(l — r+(2M + 8))?. The same argument can be easily
r.00)) r2Q[LTu](T, f). Considering the identities (18), (19) and (21) the following
estimate of f 51(1r.00)) r2t? |¥Dy u|* can be easily obtained:

applied to the other integral f X

/ P2 WPy ul’ < Zf 2 (107 LrLoul® + les(Low)? + 187 Lyul® + les)]?)
2i([r,00)) 2 ([r,00))
<2 (107 LrLoul +lesLowP + 127 Lruf + lestu)P)
Zi([r,re.0D)

+z/ 2 (107 Ly Loul +lea(Low P + 127 Lyul? +les)l?)
21("[,0,00)

< cA(m,d)I.
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