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Abstract In this paper, we give a criterion on the Cauchy data for the semilinear wave
equations satisfying the null condition in R* x R3 such that the data can be arbitrarily
large, while the solution is still globally in time in the future.
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1 Introduction
In this paper, we study the Cauchy problem to the semilinear wave equations

{D¢=P¥+Aw=Fwﬁ@, 0

¢)(07 x) = ¢)0(-x)7 ald)(o’ -x) = d)l(X)

on the Minkowski space of R3*!. The nonlinearity F is assumed to satisfy the null
condition outside a large cylinder {(z, x)||x| < R}, that is,

F(@.00) = A% 0,000 + O (16 + (001 +161" +1961Y), Ix|Z R, @

where A*? are constants such that A%# £,&p = 0 whenever 502 = 512 + .‘322 + 532 and N
is a given integer larger than 3. Inside the cylinder, we assume F is at least quadratic
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in terms of ¢, d¢. The data (¢, ¢1) are assumed to be smooth but can be arbitrarily
large in the energy space.

The long time behavior of solutions of nonlinear wave equations has drawn con-
siderable attention in the past decades. When the data are small, the classical result of
Christodoulou [1] and Klainerman [8] shows that the solution of the nonlinear wave
equation (1) is globally in time for all sufficiently small initial data. Generalizations and
variants can be found in [5,11,15,18,19,23,24,29] and references therein. One of the
most remarkable related results should be the global nonlinear stability of Minkowski
space first proved by Christodoulou and Klainerman [3] and later an alternative proof
contributed by Lindblad and Rodnianski [14].

For the general large data case which is concerned in the current study, global
existence results for the related wave map problems in dimension 2 + 1 have been
established with initial energy below that of any nontrivial harmonic maps, see e.g.,
[12,25,26,28]. Failure of this energy constriction may lead to finite time blow up, see
e.g., [13,20-22,27]. For the 3 + 1 dimensional case of Eq. (1), the concrete example

O¢ = |3,61* — V|

shows that the solution can blow up in finite time for general large data. For the details,
we refer to Klainerman [6].

In a recent work [30] of Wang—Yu, they constructed an open set of Cauchy data
for the semilinear wave equations satisfying the null condition such that the energy is
arbitrarily large, while the solution exists globally in the future. The construction is
indirect. They in fact impose the radiation data at the past null infinity and then solve
the equation to some time 7y < 0 to obtain the Cauchy data. Their work relied on the
short pulse method of Christodoulou in his monumental work [2] on the formation of
trapped surface. Extensions and refinements of Christodoulou’s result are contributed
by, e.g., Klainerman and Rodnianski [10], Luk and Rodnianski [16,17], Klainerman
etal. [9], Yu [31,35,36].

However, the nonlinear terms considered in Wang—Yu’s work are quite restrictive.
In fact, only quadratic null forms are allowed and cubic or higher-order nonlinearities
are excluded for consideration due to the short pulse method. In this paper, we use
the new approach developed in [4,32-34] to treat the nonlinear wave equations (1)
with large data. We are able to give a criterion on the initial data such that the solution
exists globally in the future, while the energy can be arbitrarily large. In particular, our
approach applies to equations with any higher-order nonlinearities. Combined with
the techniques developed in [34], our result here can even be extended to quasilinear
wave equations. Moreover, we no longer require the data to have compact support as
in [32-34]. This in particular implies that those results also hold for data satisfying
conditions in this paper.

Before we state the main result, we define the necessary notations. We use the
coordinate system (¢, x) = (xo, xl, X2, x3) of the Minkowski space. We denote 9y =
0,0, = 0,i,0 = (0,01, 02,03) = (9, V). We may also use the standard polar
coordinates (¢, r, ). Let ¥ denote the induced covariant derivative and A the induced
Laplacian on the spheres of constant r. We also define the null coordinates u =

t%’, v = % and denote the corresponding partial derivatives
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=0 —0, =0+ 0,=000¥), 9= @)
for r > 0. The vector fields that will be used as commutators are
Z ={0;,Qjj =x;0; — x;0;}.

Let « be a positive constant. Without loss of generality, we may assume o < ;11. Denote

Eo(R) = / plte |8_(er¢)|2drda)‘
% {r>R}NR3 0 1=0

’

+/‘ 10ZK¢)? + |¢|*dx
{r<R}NR3 =0

Ei(R) =) / 0. (rZ* ) * + 1r Z*¢)*drde
k=<4 {r>R}NR3

t=0

These quantities can be uniquely determined by the initial data (¢¢, ¢1) together with
the Eq. (1). We have the following main result:

Theorem 1 Consider the Cauchy problem for the semilinear wave equation (1) satis-
fying the null condition (2) with some integer N > 3. For all « € (0, 1), there exists a
constant R(«), depending only on a, and a constant €y, depending only on the highest
order N of the nonlinearity, such that if the initial data satisfy the estimate

Eo(R) < R™*™, Ej(R) < R® A3)

for some R > R(w), then the solution ¢ exists globally in the future and obeys the
estimates:

3ol < Cs(1+1)"31 550
100 < Cs(L4+7) (U 41 —r+R)"272% 5§50, t+R>r;
6l < CA+r "R (4R <1,

where the constant Cs depends on 8, a and the constant C depends only on «.

Remark 1 Similar result holds for equations in higher dimensions without assuming
the null condition.

The Theorem implies that the energy of the initial data can be as large as R<%. Since
R can be any constant larger than a fixed constant R(«), the energy together with
the higher-order Sobolev norm can be arbitrarily large. Moreover, the amplitude of
the solution, at least in a small region, can have size R%EO"‘. In Wang—Yu’s work, the
construction of the Cauchy data is indirect and only the size of the energy has a lower
bound. The amplitude or the L°° estimates of the solution are unclear except the upper
bound. From this point of view, the problem we consider here is a large data problem.
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The existence of the initial data (¢, ¢1) satisfying the conditions in the Theorem
can be seen as follows: For any fixed « € (0, 1) and any R > R(«), let ¢ be small
in the ball with radius R in R3. Here, R(«) is a sufficiently large constant depending
only on «. Outside the ball, the energy of ¢ is allowed to be as large as R%. Then
for ¢1, we require it to be small inside the ball with radius R. Outside the ball, it is
close to d,¢g. This will definitely give a large set of initial data (¢, ¢1) satisfying the
conditions in the Theorem.

We will use the new approach developed in [4,32-34] to prove the main Theorem.
A key ingredient of this new approach is the p-weighted energy inequality originally
introduced by Dafermos and Rodnianski [4]. This inequality can be obtained by using
the vector field r? 9,y as multipliers in a neighborhood of the null infinity. It in particular
implies that the p-weighted energy Eo(R), see the definition before the main Theorem,
keeps small if initially it is. This allows us to relax the size of the transversal derivative
of the solution, which is E(R) in the theorem.

We will first construct the solution of the nonlinear wave equation outside the light
cone, that is the region » > R + ¢, and show that the energy flux through the outgoing
null hypersurface r = ¢ + R is small. And then, we prove the solutions exist globally
inside the light cone, for which we are not able to apply the results, e.g., in [34]
directly. In the previous results, the smallness needed in order to close the bootstrap
argument for nonlinear problem is guaranteed by assuming the data to be sufficiently
small. Hence, it is not necessary to keep track of the dependence of the radius R of
the constants in the argument. However, in this paper, the smallness comes from the
radius R and thus we need an argument with all the dependence on R.

2 Preliminaries and energy identities

We briefly recall the energy identity for wave equations, for details, we refer to Yang
[34]. Let m be the Minkowski metric. We make a convention that the Greek indices
run from O to 3, while the Latin indices run from 1 to 3. We raise and lower indices of

any tensor relative to the metric m, e.g., 3V = m”#9,,. Recall the energy-momentum
tensor

1
T;w[(;ﬂ = 0,0 — zmuvay¢8y¢~
Given a vector field X, we define the currents

TX[01 =TwlelX",  KX[¢]=T"[lx,),.

where ;i(u = %E X &uv 1s the deformation tensor of the vector field X. For any function

%, we define the vector field JX[¢]

- - 1 1
TX[¢1 = T [¢10" = (Jlf 91— 50ux - ¢ + Examz) . )
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For any bounded region D in R3*!, using Stokes’ formula, we have the energy identity

1
//D ed (X9 + X (@) + KX[¢] + %07 pdyop — 756X - ¢*dvol = /wijxwdvol,
)

where 9D denotes the boundary of the domain D, and iy dvol denotes the contraction

of the volume form dvol with the vector field ¥ which gives the surface measure of
the boundary.

3 The solution on the region {r > ¢t + R}

In this section, we construct the solution of the nonlinear wave equation (1) on the
region {r > R + t}. First, we define some notations. For R < ri < rp, we use Sy, ,,
to denote the following outgoing null hypersurface emanating from the sphere with

radius rq

ri

Sriry = {” = -7

R r1§r§r2}~

Similarly, define C,, ,, to be the following incoming null hypersurface emanating from
the sphere with radius r;

- r2
Crl,rz = {U = 5, rn<r= r2} .

On the initial hypersurface R3, the annulus with radii ry, 5 is
By, ={t=0, ri <r <n}

We use S, to be short for S, . Similarly, we have C, and B,. B
We use Dy, ,, to denote the region bounded by Sy, ,,, Bry.r,» Cr,.rn- Let E[@](X) be
the energy flux for ¢ through the hypersurface X in the Minkowski space. In particular,

E[61(S),.0,) = / g2 dvdw,  E[G1(Cr, ) = / e 2P dudo,

Srlv"Z Crl,rz

where 9, = (d,, ¥). On the initial hypersurface

E[¢>](Br1,r2)=/ |0¢|>dx.

Bryny
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3.1 Energy estimates

In the energy identity (5), take the region D to be D, ,,, the vector field X = 9; and
the function y = 0. We obtain the classical energy estimate

2//1) O¢ - dipdvol + E[PI(Sy, r,) + EIPNCy, 1y) = E[$1(Byy ). (6)
1.7

We also need an integrated energy estimate adapted to the region D,, ,,. For some
small positive constant €, depending only on «, we construct the vector field X and
choose the functions f, x as follows

—1

(14 1)

X = f(rd, [f=2"- x=r"'f

We then can derive from the energy identity (5) that
I°[¢]? < Ce(E[$1(By,) + E[1(Sr,.r) + EIDN(Cr, 1) + DOBL), (D)

where we denote

|ag|? // 1 2
I1€[p]2 :=// — T ___dxdt, D[F]?:= 1+ 7)€ F2dxdr.
[p])2 oy ()T [F1}? Dw( )T F|

here, 3¢ = (9, %). The constant C. depends only on € and is independent of
r1, rp. For the derivation of the above estimate (7), it is almost the same as Proposition
1 of Yang [34] or Proposition 2 of Yang [33]. The only point we have to point out
here is that we use the fact that the solution ¢ goes to zero as r — oo on the initial

2
hypersurface. We thus can use a Hardy’s inequality to control the integral of C 1|i|r)2‘

This is also the reason that we have E[¢](B,,), which is E[¢](B, «) according to
our notations, instead of E[¢](B,, r,) on the right-hand side of the above estimate (7).

Combine the above two estimates (6), (7). We derive the following integrated energy
estimates.

Proposition 1 We have

E[)(Sr.ry) + EIPN(Cry.ry) + 11012 < Ce(E[P1(By)) + D (9] (@)
for some constant C depending only on €.

Proof For the derivation of the integrated energy estimate (7), we refer to [33] or [34].
Then, from the energy identity (6), we can estimate

- 1
E[¢1(Sr,rn) + E[@1(Cry ry) < E[@1(Bry, 1) + §C§116[¢]Z +2CD[Ug1;2,
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where C¢ is the constant in the integrated energy estimate (7). Then, the integrated
energy estimate (7) can be improved to be

I[¢];7 < 4C(E[$1(B))) + D[LIg];2
This together with the previous estimate proves the proposition. Here, according to
our notation, C is a constant depending only on the small constant €. O
Next, we consider the p-weighted energy inequality. In the energy identity (5), we
take

X = [0, X:rpfl, f=r?, 0<p<2

We can compute

1
/ Ejrpgrdvol = 5 /B £ (10002 + 19912) = 0, (fr¢?) + f'r¢drdo,

12 rsr2

/ lJX[q)]dVOl / f|8v1/f| - —3u (fr¢ )dvda)

S"I"Z ’l n

/C ijxigdvol = —/, FIVU 1+ fro® + EBM (fr¢2) dudow.,

T Crl 5

// K¥[¢] + x9" ¢d, ¢ — %Dx - p*dvol

Vl n

= [, it (- 5r) e - g (re) e

’1’2

here, ¥ = r¢. We can do integration by parts on D,, ,, to estimate the integral of
3, (f'r¢?). Alternatively, we can modify the current vector field J X [¢] defined in line

(4) to be
A ~ 1
Tl =T (g1 + 5 f're%0,.
Notice that
— / O (fro?)drdw — / 3 (fre?)dudw + / 3y (fr¢?)dvdw = 0.
B’lv’Z C’l~r2 S’l-’Z
Then, from the energy identity (5) and the above calculations, we obtain

// rP*‘<p|avw|2+(2—p)|x7w|2)drdrdw+/_ PP Wy Pduda

r1.r Crl,rz

+/ rp|8vlp|2dvda)=/ rp|a_vw|2drdw—2// rP~10¢d, ¥dxdr.
B

Sr| R r.r Dr| R
©)
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3.2 Bootstrap argument
We assume initially
Eo(R) <R™P, Ei(R) < R,

for some positive constant B, €1, which will be determined later. The definition of
Eo(R) can be found in the introduction before the statement of the main Theorem. We
impose the following bootstrap assumption on the nonlinearity F (d¢) in the Eq. (1)

2// |ZKF|2r?tdxdr < 2R7P. (10)
Dr

k<4

Then, the p-weighted energy inequality (9) obtained in the end of the previous sub-
section implies that

// pp] (p|avz"w|2 +2- p)wsz) drdrde
D,

12

+/ r”|8vZk1/f|2dvda)+/ rP\WZ*y |2 dudw
S,

)

Srf’_l_“/ r1+°’|8_uw|2drdw+// grpﬂavzkwﬁdrdzdw
B,

1. Drl,rz
2
+// Zrph ZkOg P dxdr
Dy P

<P Eg(R) + g// PP 10, 28y Pdrdede + P71
D,

1.2

2
x // 22 ZKOg) 2 dxds.
Dy .,y P

2

C’lv’2

The second term in the last line can be absorbed. Then, let , goes to infinity, we can
obtain the following p-weighted energy estimate

/ / PP 3,24y Pdrdede + / P10y 25y Pdvde + / rP W24y P dude
D, S

r1 Crl,rz

S R PP (11)

forallk <4, >r; > R,0 < p <1+ «. Here and in the following, we make a
convention that A < B means A < CB for some constant C depending only on «
and is independent of R, ry.

Note that the assumption (3) in particular implies that

/r2|Zk¢(O, r,o)’do < R, k<4, r>R. (12)
w



Global solutions of nonlinear wave equations 1413

Using the p-weighted energy inequality (11) when p = 1+, on S, we can estimate

/ rZk¢ (1, r, )dw < / Irz¥¢ (0, r1, w)*dw
w w

+/ P9, (r ) Pdvdw - o

S"l

5/ IrZk¢ (0, r1, w)*dw + R7Pr;®, k<4 (13)
w
In particular, we have

/ IrZke|? (¢, r, w)dw < R, k < 4.

w

We also need an inequality to estimating d,v, ¥ = r¢. From the energy inequality
(8), we can show that

/_ 19, 25y > dudew < E[)(Cr.ry) + / r1Z* 12 (uyy s vy, @)dw
CR,r2

w

SR, k<4, rn=R, (14)

where u, = %, v = #,ZZ (Ous ¥).
We now improve the bootstrap assumption (10). The quadratic part of the nonlin-
earity F is a null form Q(¢, ¢). Note that

706.9)= > 0(z¢.7").

ki+ka<k

Here, Q denotes a general null form. They may stand for different null forms with
different constants A*V. For details, we refer to, e.g., [7]. We denote

or=2M¢, ¢r=27R¢, Yi=ré1, V2=re¢n.

This ¢ is only a notation and should not be confused with the initial data ¢;. Note
that

PZ5Q@. I S D 19vllgal + Wy |02l + 18u¥2]) + 91 [ 2]

ki +ko <k
+10u 111021

For the proof of the above inequality, we refer to, e.g., Lemma 7 in [33]. The key point
of this estimate is that the null form does not allow the worst term 9, ¢; - 9,¢> in the
estimate. Then by using Sobolev embedding, for k < 4, we have the estimate
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[rzoworiws ¥ [ il [ P

ki<4,kp<4”®

+ 3 [ anPao- [ el
k1<4,kp<2

. /|a yifde - /|3v1/'2| doo
k1<2,kp<4

i / W24y 210,y Pdo. (15)
w

The last term in the above estimates needs special consideration. We comment here
that all the other terms (after using Sobolev embedding on the unit sphere) estimating
the term | W ||0;2| in the previous inequality are grouped to the first term in the
above estimate.

We will use estimate (12) or (13) to bound |[|¢2]|12(s2), k2 < 4. For the good term
10u ¥ |l L2(S?)s ko < 3, we will rely on the equation together with the p-weighted
energy estimates. In fact, we have

swp I < [ a0 0o

+ / 8 (|0, 92 ) dudo
CR,r

o / 19092200, 7, 0)deo
w
+/_ r 3y 2 419,80, Y2119, Y2 [dudw
CRr.r
<r"‘/|8vwz|2(0,r,w)dw+/_ r* 1o,y |2 dudw
w CR.r

+/_ reTL (VR + IrZF F1?)dudw,
CRr.r

where we have used the equation for ¢, in null coordinates (u, v, ). We have to note
that the coordinate (0, r, w) appeared in the above estimate is with respect to the polar
coordinate (¢, r, ). Integrate the above estimate with respect to r from R to infinity.
We obtain

o0
su F By ¥al|% 5 o dr
A p R vlﬁ LZ(SZ)

5/ r"‘|8vw2|2drda)+// r“*‘|avwz|2drdrdw+// r Wy, |2
BR DR DR

+roP31ZR FPdrdwdr < R7A. (16)

)
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here, we have used the assumption on the initial data that Eg(R) < R~ . The bound
for F follows from the bootstrap assumption (10). The estimates for |3,V |2, | VQyr2 |?
are due to the p-weighted energy inequality (11) and the fact that k, < 3.

Similarly, for |9, ||L2(Sz), ki < 3, we have

o
/ sup 9yl g, dr
R r

— st
U=—=7,v23

gR—l/ |8u1p1|2drda)+// r 2|0,y |2 drdrde
Br DR

+// |VQp1 1 + |rZ* F*drdtdew
Dr

< R7]+€l + R71+€[€[¢1]%0 + R*Z*O{*ﬂ
< R—l+€1+€.

here, the estimate for the integrated energy estimate /€[¢]% follows from (8) in which
the bounds for D¢[ZK1 F % are guaranteed by the bootstrap assumption (10).

On the right-hand side of the null form estimate (15), we are left to estimate the
special term |V ||0: Y|, Y1 = Z41ﬂ. We can show that

/ / 90 P10, 2rdrdedes < / / vl / e / [ Pdaodrdv
< / / vl / P 1
X (/ |¢2|2 r, %,a)) do+R7P (v—i—%)_a) drdv
< g2 / /rg/w(%—u)awuzdw
/|w2| )da)dudr

Here, we have used estimate (13) and k» < 3. We note that when u is fixed, the
p-weighted energy inequality (11) implies that

14+«
/ / (5-u) ¥y Pdodu < / P Wy Pdudo S R,
5 Jo 2 Cr.r
Thus, we can show that

o0
// |V 1219, |2 rdrdtde < R—2ﬁ—“+/ R—ﬁ—l/ 192120, r, w)dwdr
DR R w

< R« 4 gi-frer
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Therefore from the null form estimate (15), we can derive that

// 2 z5 0 (¢, ¢)|*drdrdw
Dr

o0
< R / / 2y Pdrdrde + / sup 79,2 125 2, / (31 Pdudadr
Dg u o

R Cr
oo
+/ supr_1||8uw1||iz(gz)/ r 9,y P dvdwdr, + R 4 RT1 At
R v Sry

S R251—1+a+e +Rel—1—ﬁ +R—l+61+e—ﬁ +R—2ﬁ—a +R_1_ﬁ+€1.

For cubic or higher-order nonlinearities, we first conclude from estimate (16) that

r—R
/ / e (|auz’<w|2 + |avatzk¢|2) dodt <R1P, k<2

0 w

In particular, we have
/ 19, 25y Pdo < RV, k<2
w
Since we have shown that
k.12 €1
[1ztvPao SR k<a
w

we then have

/ 10Z%y?dw < R, k <2.

w

Thus for cubic or higher-order nonlinearities, we can bound

// |ZK(F — 0))?r*dxdr < Z// |0 Zkp|2r—4+2He RZIN=D1 4 gy
DR DR

k<4
< R(2N73)e| +a+e—1

here, we recall that N is the order of the highest order nonlinearity. To summarize, we
have shown that

// |ZkF|2r2+adxdt g R(2N—3)€1+&’+€—1 +R—1+€1+€—ﬂ _’_R—2ﬁ—a.
Dr

If we take
o

o
B=1-2q, 62%, El:ﬁ’ (17
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we then have

// \ZKF2r2 e dxdr < RP5°,
Dr

According to our notations, the implicit constant in the above estimate depends only
on «. Hence, let the constant R be sufficiently large, depending only on «, we then
can improve the bootstrap assumption (10). Once we have improved the bootstrap
assumption (10), the proof for the existence of a unique solution of the Eq. (1) on the
region {r > R + t} is standard, see the end of Yang [33].

Remark 2 In particular, the small constant €p in the main Theorem can be €y = ﬁ

4 The solution on {r < R + t}

We have constructed the solution of the Eq. (1) outside the light cone {r > R +¢}. In
this section, we will prove that the solution also exists globally in the future inside the
light cone which is the region {r < R + t}. We use the foliation

T—R T+ R
2 7 2

S,::Iu:urz =v,§v], Yyi={t=1t, r<R}US;.

The energy flux through X for the scalar field ¢ is E[¢](7). For 7o > 11, we define

. |a¢|2 € . 2 1+e 2
I€[¢12 : / /2 (1+r)1+6dxdt, D[F]Z._/tl /z,(H_r) |F|2dxdr.

We have the integrated energy estimate and the energy estimate

€ [9) © |X7¢|2 € 1%}
E[¢l(v2) + I"[P] + S 1+rdxdf S Elgl(x) + DE[FI;,  (18)

see Proposition 1 of Yang [34] or Proposition 2 of Yang [33]. As before, the implicit
constant here depends only on €.

4.1 The p-weighted energy inequality

As we have discussed in the introduction, the smallness needed to close the bootstrap
argument for nonlinear problem in this paper comes from the radius R while in the
previous work, e.g., [33] the smallness comes from the data. In particular, the previous
argument cannot be applied directly to the settings in this paper. Instead, we need an
argument with all the dependence of the constants on the radius R. To be more precise,
we first consider one of the key ingredients the p-weighted energy inequality. We recall
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the p-weighted energy identity originally introduced by Dafermos and Rodnianski [4]

1%
/ rp(avl//)zdvda)-l—/ /2r”+1F-8U1//dvdrda)
s 7 Jsp
12
- / / o (p(avw+<2—p>|W|2)dvdrdw
7] Sy

+/ rP |V > dudw
C(t1,12,v)
-,

where ¥ = r¢p, F = U¢. Note that the boundary term on {r = R} is proportional to
R?. Hence, we can simply take p = 0 to estimate it. First for any t, we have

1]

rP (3y¥)>dvdw + /

7]

(1992 = 00)?) dodel, =,

v
71

(3,¥)*dvdw < 5E[¢](7).
st

For the proof of this inequality, see e.g., Corollary 1 in [33]. For the inhomogeneous
term F'0,v¥ when p = 0, we can estimate it as follows:

)
/ / rF - dyyrdvdrdw
1 Sy

Therefore for general p, we have the estimate for the boundary term

S DELFI + El8](T).

S RP(DC[FIE + El1(11)).

/ 2 (192~ 092 dodel,—

1

Since the boundary term on the incoming null hypersurface C(ty, 72, v) has a good
sign, to obtain a useful estimate from the p-weighted energy identity, it suffices to
estimate the integral of the inhomogeneous term ”+! F3,1 in the above p-weighted
energy identity. On S;, we control it as follows

2P F | < rP 3oy Por T+ rP PR PO, =14t

The integral of the first term r? |8v1/r|27:;1_6 will be bounded by using Gronwall’s
inequality. Thus, we derive
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/ rP (8y9) dvde + / E / P (plavh P + @ = p)I¥ ) dvddr
STZ 7 A\

< RP(E[$)(my) + DFI2) +/ PP 10,2 dude

71

1%
+/ S DY [F12dr + (ot Dy FB, (19)
7|
where
1]
DY[F]2 ;=/ 1+ r' F*dxdr.
71 St
4.2 The data

To study the equation in the interior region {r < ¢ + R}, we need the initial data on
the boundary which consists of the outgoing null hypersurface S, thatis {v > g, u=
—%} and the initial ball with radius R. However, we are not able to get the desired
estimates of the solution on the particular cone Sg . The idea is that we instead
find some one nearby. Since the data on the ball with radius R can be arbitrarily small
according to our assumptions, the results in the Sect. 3 also hold if we replace R with g
(the data between are small). As long as R is sufficiently large, we still can construct
the solutions satisfying the estimates in Sect. 3 on the larger region {r > ¢ 4 %}.
Therefore from the p-weighted energy inequality (11), we have
I+a ko2 -8 _ R
/ riT0, 2" |*dvdo S RTF, B=1-20a, k<4, Vrle, (20)
SVI‘OO

o0
[ / r*19, 2%y |*dvdwdr < R7P. (21)
jR r,00

Here, note that we have fixed 8 in line (17). From the integral version of the p-weighted
energy estimate (21), we in particular can choose a slice Sy,  for some ry € [%R, R]
such that

/ r* 0, Z8y P dvdw < R71P.
Sro,oc

Therefore for the energy flux through S, o, we can show that

> EIZ*¢1(Sr.00) < D / 0,Z" Y Pdvdw + D 1o / 1612(0, ro, w)de
Sro,oc

[k|<4 [k|<4 k|<4 ¢

SR 10ZF¢2dx < R72H, (22)
k<4 =R
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Here, we used the Sobolev embedding on the ball with radius R on the initial hyper-
surface.

In summary, we have constructed the solution on the extended exterior region
{r >t+ %} and we can find some cone S, o for some r( € [%R, R] such that the
solution on this cone satisfies the estimates (20), (22). The data on the ball with radius
ro remain small. So, in the sequel, we will construct solutions on the interior region
{r <t + ro}. However, to avoid too many constants, we still use R to denote rg.

4.3 Bootstrap argument

We now use the above initial data to establish the decay of the energy flux. We impose
the following bootstrap assumptions on the nonlinearity F for all k < 4

D[Z*F]? < 2min {R*ﬁ(n);l—“, R+ R,l,ﬁ,em)?,} ,
D‘i[ZkF]Z <2t '7“R7P. (23)

We show the decay of E[Z¥¢](t). Let p = 1+« in the p-weighted energy inequality
(19). We have

Js

2

7]
r‘+a|avw|2dudw+/ / r19,y *dvdodr < R1T¢2He L g=F — R=F,
7] St
Hence, we can choose a dyadic sequence {t,} such that

/ 9, ¥ 2 dvdo < (m); ' R7P.

n

Interpolation leads to

/ rdy ¥ P dvde < R7P (1)1

Then, take p = 1 in the p-weighted energy inequality (19). We derive

/

[ Eo10dr £ R @3 + REGIE) + R (El61m) + @) R )

SRP @)+ RTERIm). U=
In the energy estimate (18), set t; = 0. We have

E[¢](r) < R
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For v/ > 7, we have
E[$1(r) S Elpl(x) + R P!~

We thus can conclude that

(t' = EDI) S R P (@) + REl9)(w).
In particular, we have

E[¢l(r) < 7! (zrf8 + RI“R*Z*“) <R
This then implies that

E[$l(tar) S R P ()34 + R Pz 2.
As 1, is dyadic, we then infer that
E[)l(r) S R Pe ! 4 R P2,

Summarizing, we have the following energy decay estimate

Proposition 2 For any k < 4, we have
112812 + D[ZFF12 + E[Z¥1(7) < A(D),
where
A = min [RPTE0 RIVA2 jee it
In particular, we have
E[Z*¢1(x) < min {R*VI;I—“, R’”"‘} Ly =f—(+ea
Proof The estimate for the energy flux E[¢](r) follows from the above argument.

The estimate for the integrated energy /€[ Z kd)]ﬁ follows from (18) and the bound for
the inhomogeneous term F is a restatement of the bootstrap assumption (23). O

The following lemma will be used to show the C! estimate of the solution.

Lemma 1
15}
/ / r1 710,08, Z%p*dxdr < A(t1), Vk < 3.
o JEnrE=>1}

Proof Using the equation for Zk¢ (commutation of the equation (1) with Zk), we
have
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1% 1%
/ / r17€18,0, ZF ¢ |*dxdr 5/ / R (R VAT
0 JE.np=1 0 JE.npr=1)

+|AZ | + | ZF F|)2dxdr
S I[ZR 12 + 1125912 + D [ZFF12
< A(y)

forall k < 3. O

Next, we improve the bootstrap assumption (23). We mainly consider the quadratic
nonlinearity Q(¢, ¢), which satisfies the null condition. We first estimate DY [F ]2
On S;, we can estimate

/ IrZ* ¢ (z. 1. w)do < / rZ*¢(t. R, w)[*do
w [0}
+/ P19, (r 28 ) Pdvdw - 07T R
e

§/ IrZ¥¢(z, R, )|Pdw + RPR™® < R7IH,
w

Let Cr, 1,0, be the incoming null hypersurface between X, and X,,, defined as
follows:

C‘L’],‘L’z,vl = {U = V], Urg <u= u‘L’z}'

The energy estimate on the region {v > vy, wu; < u < u} then implies that

/ 10, Z5 9 Pdudw < A1), k < 4.
C

71.72,V]

For the detailed proof of this estimate, we refer to, e.g., Lemma 8 in [33] or Lemma
11 in [32]. Then from estimate (15), we can show that

%) B
A VAR K / |0y |2r 3T drdrde
T

T ~
1 St

15}
+> R /1 sgpr—szwuwuzdwdz

k<2 T

o
+ A(11) Z/ supr“il/ |3y Y2 |>dovdv
k L ®

2<2

+ / i \WZ*y 2r* E[Z3$](v)drdwdr.
71 St

here, we still use the notation that ¢1 = ZX1¢, ¢ = ZR2¢, Yy = r¢. Now on
Sz, 71 < 1 < 13, We can estimate
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re / @uy)dw S r® / (Y1)’ do

+/ r~ 10,y [Fdvdew
v:v,z T

+/ r_l_“(ﬁuwl)zdvdw—i—/ %8, 0, 1) *dvdew

T

< / CRDR

+/ P10y 2 + 192y P dvde
U=Ur2 T
+/ 37 ZK F2dvdw.

Sz

Similarly, on Cy, 1,4, We have

e / (392 de < r® / Gov2)’do|  + / F (3 92) dudao
w (2] U=urg Crl,rz,v

+ / % (8 3y ¥r2)*dudw + / r*1(@,9) dudw
C

Crl,rz.v

+ / r @) + r (Ay2)?
U=urg Crl.rz,v

71,7,V

< / (3,¥2)*dw

+ r* 21z F P dudw.
Therefore we can show that

DAz 012 < RT3F2H€A(r) + RTP2HA(r) + A(m)R™'P + A(e)R™P

1~

< A(t)R7P.

The estimate for cubic or higher-order nonlinearities is better and we can conclude
that
DYIZFFI2 SA@R™P, k<4 (24)

Next, we estimate the integral inside the cylinder with radius R. We have

(%) 12
/ / (1+r)‘+€|sz|2dxdr§/ / (1 +r)'*19¢1 1|9 > dxdr
T r<R 7] r<R

12)
5// 196112182 |*dxde
7] r<1

12)
+/ / r11€19¢1 17196 | >dxdr.
7] 1<r<R

Here, we omitted the summation sign for simplicity and the right-hand side should
be interpreted as the sum for all k1 + kp < k < 4. The integral on the cylinder with
radius 1 can be estimated by using elliptic estimates together with the wave equation
and Sobolev embedding. This will rely on the commutator d;. More specifically, we
have the elliptic equation for the solution on the disk with radius one at a fixed time.
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Then, the estimate of 9;,¢ will lead to the desired estimate of ¢ inside the disk. For
much more detailed argument, we refer to, e.g., Proposition 6 in [33]. To estimate the
second part, we claim that

/r|8(2k¢)|2dw <A(r), k<2, 1<r<R. (25)
w
In fact from Lemma 1, we have
1—e k2
/ r 0,0, 2% 7dx S A(T), k<2,
1<r<R
/ 10,0, Z*¢dx < E[9, Z*¢1(x) S A(r), k <3.
1<r<R
This implies that
/ 10,0, Z*p2dx < A(x), k <2.
1<r<R
In particular, we can show that
r/ 10, Z5p%dw < A(r), 1<r <R, k<2.
w
This leads to the above claim (25). Hence, we can show that
(%) 1]
/ / r1T€10¢1 1 10¢, [2dxdr < Ré/ A(r)?dt < A(r)RP.
7 1<r<R T]

Inside the cylinder with radius 1, by using elliptic theory, we can show that
10Z%¢1> < A(r), k<2.

For the details, we refer to, e.g., the end of the second last section of Yang [34].
Therefore, we can estimate

15 1]
/ / 1061 2 0 Pdxdr < / A)Ade S Am)RPFe,
7] r<l 71
Combined with the estimate (24), we then have shown that

(]
D[Z*F12 < DY[Z*F]?2 +/ / (A + )€1 Z¥F)Pdxdr
T] r<R

< A@)RP, vk <4
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Simply considering the total decay in R and (71) 4+, we see from the definition of A(t)
in Proposition 2 that

A(r) <2t ¥ ReTeh,
Therefore, we have the estimate for Df‘ﬁ[Zk F ]2

DYZFFI2 < () T RTPRTTP, vk <4,

;
For D[Z¥F12, when (t1)4 < R, we have

A(t) < R72 < REmin{R P (e) 1'%, R, RTI7P=¢(z) %),
Here, recall that 8 = 1 — 2«, € = 2“—0. When (71)+ > R, we can show that

At) < RP@a)i™ + R P (o) < 2R P (a2
< 2R2€+0{ min {Rfﬁ(tl)zl—a’ R72+Ot’ R*lfﬁfe (Tl)la}

In any case, we have
A(m) < 2R min { R (o) 117, R RTPa) 7)
Therefore, we have

T ~

DIZ¥F12 < AR < R3T*F min {R‘ﬂ(rl);l’“, R+, R—l—ﬂ—e(n);‘*}

for all k < 4. Recall that ¢ = %, B=1—-20and o < %. ‘We conclude that for
sufficiently large R, depending only on «, we can improve the bootstrap assumption
(23). Then, the construction of the solution on the region {r < t 4+ R} will be the same
as that in, e.g., [33] (the last section).

Finally for the pointwise bound of the solution, the case inside the cone t + R > r
can be obtained in the same way as that in, e.g., [34]. The pointwise estimate for the
solution in the region r + R < r is derived from the estimate (12) after using Sobolev
embedding on the unit sphere. We are not able to get the pointwise estimate for the
full derivative of the solution in the region ¢ + R < r as initially we are lack of this

pointwise estimate.
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