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Abstract: In this article we revisit the global existence result of the wave-Klein-Gordon model of the
system of the self-gravitating massive field. Our new observation is that, by applying the conformal
energy estimates on hyperboloids, we obtain mildly increasing energy estimate up to the top order for the
Klein-Gordon component, which clarify the question on the hierarchy of the energy bounds of the Klein-
Gordon component in our previous work. Furthermore, a uniform-in-time energy estimate is established
for the wave component up to the top order, as well as a scattering result. These improvements indicate
that the partial conformal symmetry of the Einstein-massive scalar system will play an important role in
the global analysis.
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1. Introduction

In this article we revisit the global existence of the following wave-Klein-Gordon model of the
Einstein-massive scalar field system:

—Ou = Pc’ﬁﬁdvaﬂv + RV,
— v+ c*v = H%ud,0pv

(1.1)

with initial data
ulg, = ug,  Otlg, = uy, Vg, =vo,  Ovla, = vi. (1.2)
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The coeflicients P*?, H%, ¢ are constants and ¢ > 0. In the present article, we restrict our discussion
to the compactly supported case, i.e. we suppose that u,,v,, £ = 0,1 are compactly supported in
H; = H, N K with H, = {(t, x)/t = s+ [x*}, K ={r <t—-1}and H; = H, N K.

The system (1.1) was introduced in [20, 29] in order to illustrate the main feature of the Einstein-
massive scalar field system written in wave coordinates, which is a key step in solving the nonlinear
stability problem of the Minkowski space-time with the presence of a real self-gravitating massive scalar
field.

Here we give a brief history on the research of nonlinear stability of Minkowski space-time in general
relativity. In the vacuum case, the first result belongs to Christodoulou and Klainerman [7] who applied
a gauge-invariant method via the Bianchi system satisfied by the Riemann curvature. Later on, Lindblad
and Rodnianski gave an alternative approach in [23] with formulation in wave coordinates, which was
applied by Y. Choquet-Bruhat in [6] for the first local existence result for Einstein equation. See also
Bieri-Zipser [3], Bieri [2], Hintz-Vasy [14] etc. In the case of massless matter fields, there are works of
Zipser [31], Loizelet [25], Taylor [27], Bigorgne et. al. [4], Kauffman-Lindblad [18], Chen [5] etc. for
various matter fields.

Compared with the previous two cases, the case with massive matter fields possesses a quite different
nature. The most important is the linearzied conformal scaling invariance, that is, the linearized Einstein
equation or Einstein-massless matter field systems enjoy the conformal scaling invariance, while the
linearized Einstein-massive matter field systems do not. This symmetry brings lots of properties among
which the conformal energy estimate is one of the most important. To be more precise, let us consider
the linearization of (1.1). Let

u (t, x) = u(dt, Ax), AeR.

It is clear that for the free-linear wave equation,
Ou(t,x) =0 = Ou,(t, x) = 0u(dt, Ax) = 0,

that is, a solution to the free-linear wave equation still solves the same equation after the scaling
transform. However, for the free-linear Klein-Gordon equation (which represents the evolution equation
of a massive real scalar field, see in detail later on):

—av(t, x) + v(t,x) =0 = —Ov, (1, x) + 22, (1, x) = 0, (1.3)

that is, v, does not solve the original Klein-Gordon equation in general case.

In [21], the authors relied on the hyperboloidal foliation in the interior of the light-cone K := {r <
t — 1} and established the nonlinear stability result of Minkowski space-time with the presence of a
real massive scalar field. This was based on a detailed analysis on the model system (1.1) in [20].
See also [29]. This result was later generalized by lonescu-Pausader in [15, 16] with Fourier-analytic
method on non-restricted initial data sets. For other important contributions on various massive matter
fields, we refer to [10, 11,24]. Apart from the above work with Minkowski background which model
the astrophysical events and its gravitational wave, we also refer to [1, 12, 28] for the global nonlinear
stability results of the Milne space-time with the presence of a massive scalar field in a cosmological
context.
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Now we give a more detailed explanation on the formulation of (1.1). Recall the Einstein-massive
scalar field system written in wave coordinates:

800,805 = Fop(g, g; 08, 08) — 1610 p0pp + (*/2)¢”gup)s
§"0,0,¢ — c*¢ =0, (1.4)
Fcyxﬁgaﬁ =0,

where g is the unknown metric and ¢ the massive scalar field. F is a quartic form, quadratic on g and
quadratic on dg. When ¢ = 0, the above system reduces to the vacuum Einstein equation:

800,845 = Fop(g, g; 08, 09),

1.5
Fcyyﬁgaﬁ=0, (15)

which is the Einstein-vacuum equations R,z = 0 written in the wave coordinates. Since the term
Fop(g, g;0g,0g) is already treated with the aid of the wave gauge condition in [23], one focus on the
the scalar-metric interaction term 167(9,¢0z¢ + (c?/ 2)¢2gaﬁ) and the metric-scalar interaction term
h,0,¢, where i = g"” — . Then we simplify (1.4) by dropping all terms contained in (1.5), and
regard h*” ~ —h,, as a scalar. We thus obtain (1.1) who keeps all analytic difficulties arising from
the coupling with a massive scalar field. In [20], we have established the global existence result for
small initial data with compact support. The proof relies on the hyperbolidal foliation combined with a
hierarchy energy estimate on the Klein-Gordon component. More precisely, in [20] we have obtained

EN(s,v)'? < 120 ENH(s, 1)1 < S0, (1.6)

where E (s, v) refers to the p—order energy of the Klein-Gordon component v defined in (2.27), (2.28),
and N describes the regularity of the initial data. The higher-order energies of v have a s'/?*° increasing
rate (with § < 1/2), while its lower-order energies only have a mild increasing rate, say, s°. This
technique also leads to a hierarchy of energy bounds for Klein-Gordon component when we regard the
complete Einstein-Klein-Gordon system in [21].

To our opinion, this hierarchy is physically counter-intuitive. As we believe that the Klein-Gordon
component describes a massive field, thus its propagation speed (the group speed) should be strictly
slower than that of massless fields, i.e. the wave component. This demands that when near the light-cone
{r = t}, the Klein-Gordon component should enjoy a strictly faster pointwise decay rate than that of
the wave component, because if not so, it happens that an observer detects the fronts of both massive
and massless waves from the same source simultaneously, which should not be the case. However
if the higher-order energies do have essential increasing rates as, say, s'/2*, this indicates that the
sufficient-high order derivatives of the Klein-Gordon component may have a decay rate as ™! (see
the Klainerman-Sobolev inequality (2.31)), which is exactly the same to that of the wave component.
Despite all this, at that moment we did not know whether this hierarchy is a physical phenomenon, or it
is only due to our mathematical technical weakness.

The main new contribution in the present article is to answer the above question. We managed to
prove that, at least when the initial data enjoy sufficient decay rates at spatial infinity, for example when
they are compactly supported, this hierarchy of energy bounds is only due to the technical weakness. In
fact we will show that

EV(s,1)'? < s°. (1.7)
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In this new proof, instead of making estimates on the standard energies, we rely on the conformal
energy estimate on the wave component. As we will see, this ingredient not only greatly simplifies the
original proof, but also brings a uniform bound on the standard energy. Then a scattering property on
the wave component is also established up to the top order. On the other hand, the hierarchy on the
energy bounds of the Klein-Gordon component is greatly improved. All energy bounds enjoy a mildly
increasing rate up to the top order.

From another perspective, applying conformal energy estimate means that we attempt to make use
of the conformal invariance of the system (1.1). Although (1.1) does not enjoy conformal scaling
invariance (even in the linearized sens, see (1.3)), the application of conformal energy estimate still
brings strictly finer estimates, and permits us to obtain better energy bounds. This can be considered as
an application of the “partial” conformal scaling invariance of (1.1), which reveals that even a property
of symmetry is disturbed, we can still obtain decay from the related (quasi-)conserved quantities. These
new observations will have their follow-up influence in the analysis of the full Einstein-massive scalar
field system in our coming work.

Now we state the main result of this article.

Theorem 1.1. Consider the Cauchy problem (1.1)—(1.2). For any positive integer N > 1, there exists
&y > 0 such that for any € < gy and

|I(ueo, Vo)||HN+1(R3) + |1, Vl)”HN(R3) <g, (1.8)

the corresponding local solution extends to time infinity. Furthermore, this global solution satisfies the
following properties:
1. Uniform energy bound on the wave component up to the top order:

3
D 1860"u(t, Mz < Ce, U< N. (1.9)
a=0

2. Linear scattering property for the wave component up to the top order:
3
lim Z 1060 u(t, -) = 3"w* (t, Dr2es) = 0, | <N, (1.10)
t—+00
a=0

where u* is a solution to a free-linear wave equation.
3. Non-hierarchy of the Klein-Gordon energy bounds:

EY(s,1)'? < Ces’. (1.11)

Here EN (s, v) represents the top order standard hyperboloidal energy defined later on in (2.28), and § a
small constant much smaller than 1/2.

Remark 1.2. The restriction on the support of the initial data is not essential. In fact one can generalize
the technique applied later on to the non-compactly supported regime via the Euclidean-hyperboloidal
foliation (see for example [22]), together with the conformal energy estimate on Euclidean-hyperboloidal
hypersurface (see [9, Section 11]).

Communications in Analysis and Mechanics Volume 15, Issue 2, 111-131.



115

The structure of this article is as follows. In Sections 2 and 3, we recall the technical ingredients in
the hyperboloidal framework. Sections 4—6 are devoted to the proof of Theorem 1.1, which is composed
by three steps. In the first step we rely on the Klainerman-Sobolev inequalities (2.32), (2.33) and the
bootstrap assumption (4.2), and obtain a series of L? and L™ estimations. In the second step we rely
on the linear estimates Propositions 3.1, 3.2 and obtain the sharp decay bounds. Finally, we apply
energy estimate Proposition 2.1 and obtain (4.3). The last Section is devoted to the proof of the global
properties.

2. Basic facts of the hyperboloidal foliation

2.1. Geometry of the hyperboloidal foliation

We are working in the (1+3)-dimensional Minkowski space-time with signature (—, +, +, +) and in
the Cartesian coordinates we write (¢, x) = (x°, x!, x%, x*). Let /2 := 37 ,(x)? and 8, = d,. Throughout,
Greek indices describe 0, 1,2, 3 and Latin indices describe 1, 2, 3, and we use the standard convention
of implicit summation over repeated indices, as well as raising and lowering indices with respect to the
Minkowski metric 77,4 and its inverse denoted by 7.

In this article we focus on the interior of a light-cone

K ={t,x)/r<t-1}.
In the interior of this cone we recall the hyperboloidal foliation
*K = JH;
s>1

where

7’[5 = {(t,X)/ tz_rzzsza Z‘>0}’ ?[: = 7'[50‘7(

We also denote by Ky, 51 = {(f,x)/ s§ < t* —r* < s7, r <t — 1} the subdomain of K limited by H,,
and H, .
Within the Euclidean metric of R* = R!*3, the normal vector and the volume form of HH, is written

as:
1
n=—=—(—-x%, do=+1+(/H2dx,
V2 + r?

which leads to
idx = (1, -x“/1). 2.1

2.2. The semi-hyperboloidal frame

We recall the semi-hyperboloidal frame:
0, =0, 0, = (x4/1)0; + 0. (2.2)

Notice that the vector fields 0, generates the tangent space of the hyperboloid, therefore the normal
vector of hyperboloids with respect to the Minkowski metric can be written as 0, := (/5)0; + (x“/$)0,.
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The relation between the semi-hyperboloidal frame and the natural Cartesian frame can be represented
as below: 9 = @79, where

1 000
X'/t 1.0 0
= X/t 01 0 (2.3)
X/t 0 0 1
and its inverse
1 0 0O
1
p_| =X /t 1 0 0
¥ -x*/t 01 0 (2.4)
-x3/t 0 0 1

Let T = T8, ® 95 be a two-tensor. We denote by T its components within the semi-hyperboloidal
frame, i.e., T%%0, ® 95 = T, ® 3. Then one has

B — B o B — B
Za - E/Tﬁg/T(t B T(Y - %/%/T(Y .

The corresponding semi-hyperboloidal co-frame can be represented as:
0 =dt — (x,/t)dx", @ = dx". (2.5)

In the semi-hyperboloidal frame, the Minkowski metric is written as:

-1 —x'/t —x'/t -3/t
| = 1=t =X =X 2.6)
Top =| —2/t =222 1= (2f1p 2P | ‘
-3/t =xx'/ XX/ 1= (3)1)?
—(s/t)? —x'/t —x'Jt =X/t
= 1 0 o
0" = / (2.7)

= —x*/t 0 1 0
—-x/t 0 0 1

2.3. The energy estimates on hyperboloids

In this paper, for any functions u defined in R!*3 or it’s subset, we define their integral on the
hyperboloids as:

||u||L1/(7{s) = f udx = f u( Vs? + r?, x)dx. (2.8)
’ H R3

We recall the following standard energy:

E.(s,u) = f (10 + )" 100l + 202" /)3yudu + *u)dx, (2.9)
#, -
and the following standard energy in a curved space-time (g% = n% + h%):
E, (s, u) = E.(s, u) - f (2" 0udguX, — hPd,udgu) dx (2.10)
H
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where
X() = 1, Xa = —Xa/t.

The hyperboloidal conformal energy is defined as
Econ(s, u) == f (Ku + 2u)* + E (50,u)*)dx 2.11
H, ( - ) @1h)

where,
Ku = (50, + 2x“0,)u.
They satisfied the following energy estimate(cf. [26, Proposition 2.2], see also [30]).

Proposition 2.1. /. For any function u defined in K, 5,1 and vanishes near 0K, for all s € [so, s1],

E(s,w)'* <E.2,w)'*+C f [[=T7 FEYOPAY: (2.12)
S0
Econ(s, u)l/Z < Econ(50, I/t)l/2 + Cf Elll:‘u”sz('Hi)di’ (2.13)
50 X

where Ou = %20, 04u.
2. Let g be a C' metric and v be a C? function. Both are defined in K, ). Let

—8%0,05v + v = f. (2.14)

Suppose h®f := g% — n® satisfies the following two conditions:

K_ZEg,C(s, v) < E.(s,v) < KZEg’C(S, V), (2.15a)
f (s/t)(28ah"ﬁ(')ﬁvc9,v — a,h"ﬁﬁavﬁﬁv)dx < M(s)E(s,v)"?, (2.15b)
(}{x
then !
E.(s,)"? < K¥*E.(2,v)"* + Kzf (”f”L]%(’Hg) + M(s)) ds. (2.16)
2

For the conformal energy, we have the following estimate:

Lemma 2.2. Let u be a function defined in K, 5,1 and vanishes near the conical boundary 0K = {r =
t—1}. Then
||S(S/t)2(9au||L;,(Hv) + ”(S/I)MHL}(‘HS) < CEco(s, M)1/2- (2.17)

Proof. We denote by u,(x) := u(+/s* + |x?, x). Remark that d,u, = d u. Then we apply the classical
Hardy’s inequality:

-1 1/2
ICs/Dull 24y < Sl ulliz ey < Csl0, Iz < CBeon(s, )2,

Once ||(s/t)u|| L2(H) is bounded, we see that ||(s/f)Kul| L2(H,) is bounded. Then s(s/f)*0,u is bounded.
Then by recalling 8, = (x,/1)d; + d,, we obtain the bounds on J,u. O
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For the convenience of discussion, we introduce the following energy densities:

3 3
eclul := ) (s/Dl0aul® + > 10,ul’ + i, (2.18)
a=1 a=1
3 3
Cconlt] := D Is(s/020ul + ) 150 ul® + I(s/t)uP. (2.19)
a=0 a=1

From Lemma 2.2, it is clear that

f eCOIl[u]d'x S CECOI](S9 u)'
H,

2.4. High-order operators and Sobolev decay estimates

For a = 1, 2, 3 we recall the Lorentz boosts:
L, = x0, + t0, = x,0¢ — x00,. (2.20)

For a multi-index I = (iy,i,-1,-" " ,i1), we note & = 9,0, ,---0;. Similarly, we have L’ =
LiLi, - Li.

Let Z be a high-order derivative composed by d,, L,. We denote by ord(Z) the order of the operator,
and rank(Z) the number of boosts contained in Z. Given two integers k < p, it is convenient to introduce

the notations:

inYin-

|ul,r := max |Zul, |ul, := max |ul,,
osksy
ou|,, := max |0 u ou|, := max |0u
| |p,k a=0,1,2| a |p,k’ | |p Osk5p| |p,k,
0™ ul,x := max 10"ul,x, 0" ul, := max |0"ul,, (2.21)
Il=m 0<k<p
Ou|, := max{|0 u Ou|, := max |0u
|_ |p,k p {l—a |p,k}a |_ |p 0sk<p |_ |p,ka
|6Qu|p,k = n(}%x{léaadl't'p,ka |a(1Qau|p,k}a |6Qu|p = 52;?} |8Qu|p,k'
S <k<p

We recall the following estimates established in [26], which can be easily checked by induction:

julps <C Y 10"L7u),

1|=p—k
|JI<k

Ol <C Y 100"L7ul,

[T1+|J1<p (222)
<k,
((s/Dul, i <C(s/1) ), 1060"Lu,
e
Oulpsc < C Y 10,0 L ul+ Cr' > 1066 Lul < C utly o, (2.23)
ey ke ok
100Ul x < Ct 10Ul o1 51 2.24)
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On the other hand, one also introduce the high-order energy densities:

el u] = Z ef0'Lul, eXu]:= Z ewon[0'L7ul, (225
e’ ity
ef[u] = Z e‘g,k[u], eé)on[u] = Z e{:’(;];[u]’ (226)
k<p =p

as well as the high-order energies:

EN(s,u)i= ) B, d'L'w), Ely(sw):= ) Een(s,0'L'w), (2.27)
+|J1<p +1J1<p
|1<k |71<k
El(s,u) = ) EPMs,u),  Eln(s,u) i= ) El(s,u). (2.28)
k<p k<p

Combined with (2.18) and (2.19), one obtains

\(s/0)0ul , +10ul  + clul}, < CeP*[ul, (2.29)
|s(s/0)*Buly, . + |sOul’ , + |(s/Dul;, . < Celt [u). (2.30)

On the other hand, we recall the following Klainerman-Sobolev type estimates established in [13,
Chapter VII].

Proposition 2.3. Let u be a function defined in Ky, 5,) and vanishes near 0K = {r =t — 1}. Then

sup{r’*lul} < C Z 16" L ull 241,)- (2.31)
H, e
s 1+71<2

Combine this result together with (2.29) and (2.30), we obtain the pointwise estimates on F:

PR2(s/0)0ul i + 210Ul i + e ulpi < C VEZHR2 (5 ), (2.32)

£25(s/0210ul i + 2% 510ul i + £ (s/0)lulps < C VEZE2 (5 ), (2.33)

3. The L™ estimation of wave equation and Klein-Gordon equation

3.1. Estimates on wave equation

Due to the complexity of the system (1.1), the Klainerman-Sobolev inequalities can not supply
sufficient decay. We need more precise estimates which regard the linear structure of the wave and/or
Klein-Gordon equations. These are estimates which permit us to obtain the linear decay rate when the
energies are not uniformly bounded.

Proposition 3.1 (cf. [20]). Let u be a solution to the following Cauchy Problem:

—Ou=f, ul==0, dul= =0, 3.1)

Communications in Analysis and Mechanics Volume 15, Issue 2, 111-131.



120

where the source f vanishes outside of ‘K, and there exists a global constant Cy depending on f such
that:

Ifl<Ci@-r"", 0<u<1/2.

Then u satisfies the following estimate:

Lt -yt 0<v<1/2,
lu(t, )l < Cpq ™ (3.2)
- P, -1/2<v<0.

3.2. Estimations on Klein-Gordon equation

This estimate was established in [19]. The above version is a special case of Proposition 3.2 of [22].
Let v be a sufficiently regular solution to the following Cauchy problem:

— 8%0,0pv + v = f,

=Vo, OVlg,, =1,

(3.3)

Vin,,

where the initial values vy, v; are prescribed on H,,, and compactly supported in H; = H,, N K. The
metric g is sufficiently regular and g% = %? + h®, where h®® vanishes near K. For (,x) € K, we
denote by

; 2700
H; = (/)"0 |ae/s.x)s)-

Then we state the following result:

Proposition 3.2. Suppose that for all (t, x) € Kis,.5,1 and for all g < A < sy, one has

Al < 13, f A (DldA < C (3.4)
A

0

with C a universal constant. Then for any n € R, the following estimate holds:

s/ ([W(t, x)| + (s/D|0v(t, X)) <0 (/D752 ]1(2, x) + sup (V] + |0V])

)

s (3.5)
+ (s/t)”f /13/2|f + Rg[v]l(/lt/s,/lx/s)d/la
Ao
in which
2_
50, 0<r/t< j‘;—+i,
Ao = " 21 o 3.6)
ﬁ’ x%+l = r/t <l
and
R, [V1l < 572l + (/)2 Ih®I(s vl + £ |0v]) + £ AlIOV], . (3.7)

Here “<, " means smaller or equal to up to a constant determined by (1, so).
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4. Global existence: direct estimates

4.1. The bootstrap argument

From this section we are going to prove Theorem 1.1. Our proof relies on the standard bootstrap
argument which is based on the following two observations:

1. The local solution to (1.1) can not approaches its maximal time of existence s* with bounded energy
(of sufficiently high-order). Because if not so, one may apply local existence theory and construct a local
solution to (1.1) form (s* — &) with initial data equal to the restriction of the local solution at the time
(s* — &). This construction permits us to extend the local solution to s* — & + 6 where ¢ is determined
by the system itself and the high-order energy bounds (which is independent of £). When € < ¢, one
eventually extends the local solution out of s* which contradicts the fact that s* being the maximal time
of existence.

2. The high-order energies are continuous with respect to the time variable, whenever the local solution
exists. This is also a direct result of local existence theory.

Based on the above observations, and suppose that the local solution (u, v) to (1.1) satisfies a set of
high-order energy bounds on an arbitrary time interval [s, s1] (contained in the maximal interval of
existence). If we can show that the same set of energies satisfies strictly stronger bounds on the same
interval, then one concludes that this local solution extends to time infinity. To see this, suppose that

El, 2w < Cos,  EY(2,0)'? < Coe. @.1)
Let [2, s1] be the maximal time interval in which the following energy estimate holds:

N 1/2 1/2+6
EN (s,u)'? < Cies'/**,

4.2
Elcv(s, v)l/2 < Ces® 4.2)

where C; > () is sufficiently large, and 6 > 0 will be determined later. Then by continuity, when s = s,
at least one of (4.2) becomes equality. However, if we can show that (based on (4.2))

EN,(s,0)'? < (1/2)Cie5"/7*, “3)
EY(s,1)'? < (1/2)C,e5°. '

Then we conclude that (4.2) holds on [2, s*) where s* is maximal time of existence. However this is
impossible when s* < oo due to the first observation. We thus obtain the desired global-in-time existence.
Therefore we need to establish the following result:

Proposition 4.1. Let N > 7 and 0 < 6 < 1/10. Suppose that (4.2) holds on [2, s,]. Then for C; > 2C
and ¢ sufficiently small, (4.3) holds on the same time interval.

The rest of this article is mainly devoted to the proof of the above Proposition. In the following
discussion, we apply the expression A < B for a inequality A < CB with C a constant determined by
0, N and the system (1.1).

4.2. Direct L* and pointwise estimates

Based on (2.29) and (2.30) together with (4.2), we have the following L? estimates:

2 1/2+6
s/ Dlulnllz ey + 110Ul 24y + (/D7 1OUINI 290y S Cr858 2+ (4.4)
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s
lleWInllzz e + 1Cs/DIOVINN2 94 + NOUINI 250y S Cres” (4.5)

Recalling (2.32), (2.33) and (4.2), one has
(s/Dluly-2 + s10uly— + s(s/1)*|0uly—> < Cret™>?s"2*°, (4.6)
cVlv-2 + (s/DIOVIy-2 + 8VIy-2 < Cret 5. 4.7)

4.3. The uniform standard energy estimations on the wave component

We recall Proposition 2.1. For the wave equation, we apply (2.12) with ¢ = 0:
EN(s,u)'? <ENQ2,u)'* + Cf |||DM|N||L§(ws>dS- (4.8)
5 :

Then we remark that, provided that N > 5,
10av3pvinlliz, S Cres’lle10vInllzay, < (Cre)’s™2,
IV IWllze) S Cres’ Wil < (Cre)’s™.
Substitute these bounds into (4.8), we obtain, provided that Cy < C;/2 and C, ¢ sufficiently small,
EV(s,u)'? < Coe + C(Cie)* 5 C&. (4.9)
This uniform energy bound, combined with (2.32), leads us to the following pointwise estimates:
(s/Dl0uly-> + |Buly— < Cra1". (4.10)

On the other hand, we remark that for ord(Z) < N — 3,

0,20,01 =10,2¢7 Lanl s 7 ) 10zl

ord(Z')<N-2
<Ciet™(t —r)'2.

Here the first inequality is due to the homogeneity of d, and L,, and can be checked by induction.
Integrate the above bound from 90K = {r = ¢t — 1} to a point (¢, x) along the radial direction on a times
constant hyperplane, one obtains

|Ouly-—3 < Clat_z(t - r)l/2 < Cet™?s. “4.11)
In the same manner, we can integrate the estimate
10,Zu| < Cret™(t — r)'/?
for ord(Z) < N — 2 and obtain

RN V) -3/2
N-2 = ~ . .
lulyr < Ciet™ (t—r)'" < Ciet™'"s 4.12)
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5. The sharp decay estimates

5.1. Linear estimates on wave and Klein-Gordon equations
For the convenience of discussion, we introduce the following notations:
. -2 3/2
Ax(s) = sup{(s/t) > (WIn-ax + (S/OWIn-a)}s
Kiz.s)

Bi(s) := sup{rluli}.
Kiz.s1

S.D

We will apply Proposition 3.2 on the Klein-Gordon equation. We firstly remark that, following the
notations therein and apply (4.10), (4.11) and (4.12):

\H,.| s(s/t)*|ul s C&(t/5)"*s7'* < Ce,
A, | <(s/072((s/0l0ul + (t/9)|0ul) < Cre(s/0) 2572,

which guarantees (3.4). Here we have applied the fact that # < s? in K and the fact that (z/s) < A, for all
(t,x) e K.
On the other hand, we remark that for ord(Z) < N — 4, thanks to (4.7) and (4.10), (4.11), (4.12)

R,[Zv] < Ci&(s/t)* s,

Finally, we establish the following estimate on commutator.

Lemma 5.1. Let ord(Z) = p < N — 4 and rank(Z) = k, then

k
|12, HPud,051v| <(5/0)°s7*(Bo(5)Asoi () + k; Bi, (A1, () (5.2)

+(C18)*(s/D)s .
Especially when k = 0, the first term does not exist.

Proof. Form (B.2) of [26], Z can be written as a finite linear combination of §’L’ with constant
coeflicients. Here |I| = p — k and |J| < k. This can be checked by the following commutation relation:

[0, L= > T,d"L" (5.3)
ok
where I'}/,, are constants determined by 7, J. Then we only need to focus on [¢'L, ud,dp]v. For this
term, we remark that

0L, ududglv| < > 10" L ulld”L"0,0p

Wy [+ =1 121
1 1+21=11

£ >0 1 ull"L"0,05v1 + l|[9'LY, Ba0p1v]-

|1 1+121=171
[J1=1

5.4
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Here we remark that the last two terms do not exist when £ = 0. For the first term, we remark that,
thanks to (4.10) and (4.7),

0" LMl 0" L28,0pv <(Cre)(s/0)! 25732 (Cre)1 25
S(Cre)(s/0)s7.

For the second term, we remark that in this case |J,| = |J| — |/1|. Thus
k
L w0 L 000v1 S (/075 > By (5)Aui, (9).
k=1

For the last term, we remark that
[0'L, 8,051v| < 10V]psc1s

which can be obtained from (5.3). Then

ul|[6'L7, 0a051v| < (5/1) s/ Bo(5)Aw-1(5).

Now we are ready to establish the estimate on A and B. We apply Proposition 3.2 on
—8"0,05Zv + *Zv = [Z, h"P0,,0p]v
where g% = n% + h*® = °¥ + H%y and ord(Z) < N — 4. Then by (3.5) and take = -2,

(s/t)25*2(1ZvI(t, ) + (s/DIOZVI(2, x))

<(s/0)72s'21Zv]; + sup (1Zv] + [0Zv))
H>

+ (S/l)_zf DPPR,ZV] + [Z, h*P 8,051V 11/s.1015)d A
Ao

S k )
<Cie+ (s/1) f X Bo(DA (DA + (s/1) Y f By (DA, (DL
Ao

k=11

When k = 0, the last two terms do not exist. Recall the definition of | - |, and A(s), we obtain

2

S k N
Ai(s) S Cie+ f A Bo(DA (DdA + Zf /l_lBk1 (DA, (DA (5.5)
k=12

where the last two terms do not exist when k£ = 0.
Then we turn to the wave equation:

—0Zu = Z(P"P0,v8gv + RV*) (5.6)

for ord(Z) < N — 4. We remark that Zul, and 8,Zulg, are compactly supported in /. Then Zu can be
decomposed as Zu = w; + wy with

—Ow, = Z(P"ﬁaavﬁﬁv +RV), Wilg, = Owilar, = 0,
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_Dwi = 0’ Wil?‘(z = Zulq'{za atwi = atzulﬂz-

For w; we know that it is the solution to the above free linear wave equation with compactly supported
initial data. Thus
wil < Cret™". (5.7)

For wy, we apply Proposition 3.1. For this purpose we need to bound the right-hand-side of (5.6). Recall
the definition of A, one has, fork < N — 4

k
R L e e e (e O B Z Ak (DAt (5),  in Ko g (5.8)

k1=0

Then by Proposition 3.1 with u = v = 1/2, we obtain

k
Wil S 17" Ay (DA, (s),  in K.y

k=0
‘We thus obtain

k
Bi(5) S Cie+ ) Au()Aci (s). (5.9)

k1=0

For the case k = 0, we recall (5.5) together with (5.9), and obtain
Ao(s) + Bo(s) < Cie. (5.10)

5.2. Conclusion by induction

Substituting (5.10) into (5.5) and (5.9) we obtain the following system of integral inequalities:

Au(s) <CCie + CCie f A'A (DdA+ CCe f A 'Bi(1)dA
2 2

k—1 s
scy fz A7 By (DAL, (DA, 5.11)
k=1

k—1
Bi(s) <CC& + CCaAW(s) + C ) Ak (8)Aii, ()

ki=1

where C is a constant determined by N, . Then by induction, one obtains

Ai(s) +Bi(s) < CCiestC®, k=1,2--- ,N-4. (5.12)
‘We thus conclude
Clet_l, k=0,
Ul < 5.13
el {clgrlsccls, 1<k<N-4, .13)
Cie(s/t)*s™32, k=0,
VIvcagx + ($/D|0V|v_ar S 5.14
[VIn—ax + (s/D|OVIN-ax {Cls(s/t)zs‘3/2+cclg, l<k<N-4 (5.14)

Communications in Analysis and Mechanics Volume 15, Issue 2, 111-131.



126

6. Improved energy estimate and conclusion

In this section we apply the energy estimates Proposition 2.1. For the wave component, we need to
establish the following result:

2
|||aavaﬁV|N,k”L§((}-{x) +1llv |N,k||L§(7{x)

6.1)
SC18S—3/2EQ/,/¢(S’ V)1/2 + Clgs—3/2+CC18EiY,k—l(s’ V)1/2.

This can be checked directly. We only need to remark that

k=1

10avOpIns < 10VIOVIng + D 10Vl [Vvici,

k=1

and then apply (5.14) (under the condition N > 7). The estimate of v* is even easier and we omit the
detail. Substitute (6.1) into (2.14), and obtain

con

EN4(s, u)!/? SCQS'i'CC]Sf T‘l/zEfl’k(T,v)l/sz
2

s (6.2)
+ CClsf HCCEgNEL ()1 2qr,
2
For the Klein-Gordon equation, we need to apply Proposition 2.1 (case 2) on
—g“ﬂZaa(?ﬂv +c%2v = [Z, H“ﬂuaaaﬁ]v. (6.3)

In order to check (2.15a), recall (2.10) and (5.13) (case k = 0) and remark that ! < (s/¢)*> in K. Then
when C ¢ sufficiently small, (2.15a) is checked. For (2.15b), we apply directly (4.10) and obtain

M(s) < Ci&t'?s*E (s, Z)"* < Cies "EPF(s,v)' /2, (6.4)

Finally we need to bound the commutator [Z, H“ﬁuaaaﬁ]v. For this purpose, we recall (5.4). The first
term in right-hand side of (5.4) is bounded as, thanks to (4.10) and (4.7),

ccC V2532100, LI+ SN -1,
|6I‘leu||812szaaﬁﬂv| < 18(5/ ) s | vlp,k | 1| | 1| (65)
CC]St_3/2S6|aM|N_1, L+ |Jo] +2 <N -2,
rovided that N > 5. For the second term, we recall (5.13) and (5.14) and suppose that N > 7,
p
Cies MO8 (s/1)|0V]ps-r, |Jil < N -4,
I ull0"L"v] < § Cres™(s/0)lulk, |1l =k, [I| <N -4, (6.6)
Cres7 2O (s uli-1, il <k, U]+ ]J2] <N -4
The last term is easier:
ul|[9'L, BaBplv| 5 Cros™ (s/D|OV]pscr 6.7)
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Now we sum up (6.5) — (6.7), and obtain

Z, HPud,04]v <(Cre)*s73/2+%
1z, o0 (Ce)

L3(H,)

+ Cres "EPK (s, 1) + (Cre)s™ Bl (s, w)'?

(6.8)
+ C18S_1+CC18Ep’k_1(S, v)l/z
+ Ces HHCCERPEL 6 )12,
Now we substitute (6.8) and (6.4) into (2.16), and obtain (fix p = N)
EY(5,v) <Coe + C(C18)* + CCie f T EY (1, v) ! Pde
2
+CCie f TPENN (rw) PdT
z (6.9)

S
+CCie f T CCEEY T (v P dr
2

con

S
+CC18f 32HCCERNA=L )2 g
2

The integral inequalities (6.2) together with (6.9) forms a system. By Cornwall’s inequality and
induction, we obtain

1/2

sTPENK (5, u)*? + EN* (5,17 < Coe + C(C18)Y2 5512 (6.10)
provided that C; > C,. Now if we take
C, —2Cy)?
C(Cie)'* <6, C1>2C), &< (12—30) (6.11)
C2C3

then (6.10) leads to (4.3). Then Proposition 4.1 is established.
7. The uniform energy bounds on hyperplanes and scattering result

In this section we discuss the asymptotic properties of the wave component. We denote by
D, ={(t,0)/s <t < Vs> +r2).

We will make energy estimates of the wave equation in this domain, which permit us to control the
standard energies on hyperplanes by the energies on hyperboloids. More precisely,

Proposition 7.1. Let u be a C? function defined in K., Then for any 5/2 < s < s

llu(s, e < E(s, u) + f |0,u0u|dxdt, (7.1

Ds

where
3
e M = [ 1ot 0F + Y 0t P
R a=1

is the standard energy on a hyperplane.
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Proof. We only need to integrate the identity

3 3
~20u0u = d(|0uf + ) 10,u) =2 )" Du(Biudn)
a=1

a=1
in D;. O

Then we remark that for ord(Z) < N,

fl@,ZuDZuIdxdtSf |0, ZunZu|dxdt
Dy K[ V2s—1,s]

= f ‘ f \(5/0)8,Zu| |0 ZuldxdT
V2s—1 JH;

S
N 1/2
gf EN(z,u)" Bulnll 2 dT.

V2s-1

Recalling (6.1) and (4.2) (which is now valid on [2, o), following the bootstrap argument), one has
f |0,ZunZuldxdt < (C1&)?, (7.2)
D,
provided that CCe < 6,6 < 1/10. We then obtain the following uniform energy bound:

llu(t, lle < (Cr8)°. (7.3)

At the end, we establish the scattering property of the wave component. For this purpose we recall
the following result established in [17, Lemma 6.12].

Lemma 7.2. Let u be a solution to
_DM(I, -x) = F(t’ X), u(2, .X) = MO(X), 8[1/!(2, -x) = M](X) (74)
where F € C([0, 0); L2 (R%)), uy € H'(R?),u; € L*R?). If

f IF (7, Nl 2mmdT < 00, (7.5)
2

then there exists (u,u}) with uf € H'(R?), ut € L*(R?) such that

3
lim Zé 18ate(t, ) = Bott* (1, 2 = O, (7.6)

where u* is the solution to the Cauchy problem
—ou* =0, u*(2,x)=ul(x), Ou*Q2,x)=uj(x). (7.7
Moreover,

||148 - M0||H1(R3) + ||bi;k - M1||L2(R3) < Cf IF (7, ')||L2(R3)d7'~ (7.8)
2
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Proposition 7.3. There exists an initial datum (u},uy) € HYY(R?) x HY(R?), such that the wave
component of the global solution constructed in Theorem 1.1 satisfies:

—+00

3
lim Z 100" L’ u* (1, -) — 8,0" L ut, )23y = 0 (7.9)
a=0

where |I| + |J| < N.

Proof. We apply Lemma 7.2 on
—00'L’u = 'L’ (P"3,v85v + RV?).
Recalling (4.7) which is now valid in K3 «),
10avOpvInll2@s) < Clgllt_3/256|8V|N||L2(R3) < Cret/H%

which is integrable in time. The same estimate holds for v?. Then by Lemma 7.2 we obtain the desired
result. 0

8. Conclusion

We first emphasize that the system (1.1) simplified from the Einstein-massive scalar field system
with small amplitude regular initial data model the gravitational wave stimulated by an astrophysical
event. The background is taken to be the Minkowski space-time. In this context, due to the fact that
the Klein-Gordon component always enjoys a mildly increasing energy, the massive wave enjoys a
strictly faster decay rate up to the top order, say, ~ t~3/?s° compared with ~ ~! of massless wave
(recalling (4.7)). As a consequence, it seems that the extra massive field would not be easily detected
directly. If one wants to make tests on the scalar-tensor theory, it is better to concentrate on the wave
component, i.e. the metric wave. However, the linear scattering result indicates that in this weak field
case, the metric wave looks “very like” (in the sense of L? norm) a linear wave by a distant observer,
even if a massive scalar field is coupled. If this property still holds for the complete Einstein-massive
scalar system (especially with positive ADM mass initial data), it seems to be difficult to distinguish
a scalar-tensor gravitational wave from a relativistic one. The same situation holds for many other
modified gravity theories such as the f(R) theory and the Brans-Dicke theory. Both of them possess a
similar wave-Klein-Gordon structure demonstrated by (1.1).

We should emphasize again that the above discussion is only valid in the astrophysical context with
Minkowski space-time background. In the cosmological context where the background space-time
is more complicated (for example, the Milne model), it may happen that the massive scalar enjoys a
directly detectable feature.
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