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ABSTRACT. In this paper, we discuss the decay rate for the solution to semi-
linear energy-critical wave equation that behaves like the free wave. It is known

n—1
that free waves in R™ have a decay rate of (14+¢)~ 2 . Using the Klainerman-
Sobolev inequality and Strichartz estimates, we are able to prove non-linear

1
waves that scatter in R3 have a decay rate of t~2. Moreover, we generalize
n—2
the results to R™ to obtain a (1 4+¢)~ 2 decay rate, and also discuss some

results that might be helpful to improve our bound.

1. INTRODUCTION

We study the decay rate for solutions to the energy-critical semi-linear wave
equation:

Ou := —02u + Au = +u’
ul0] = (u(0,2), Bu(0,2)) = (f,9) € CZ(R?) x CZ(R?)
in R? under the scattering assumption, which means that there exists a free wave
ur, that solves
DUL =0

with a possibly different initial condition than f and g, and

ult] = ur[t]ll g1y =0
as t — oo.

Remark 1.1 The equation

Ou = «°
is often called the defocusing equation, and the equation
Ou = —u®

is often called the focusing equation.

The motivation behind this problem is that any free wave uy that has smooth
and compactly supported initial data in R® has a L°-norm decay rate of ¢t~ 1. For
semi-linear waves that scatter (i.e. the difference between the semi-linear wave and
the free wave tends to 0), it is tempting to think that they behave very similarly
as t goes to infinity. Hence, we conjectured u should also have a decay rate of ¢~ 1,
and the propose of this paper is to give a bound for these semi-linear waves. The
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method we used is similar to the one used in the free wave equation, and we can
prove a t~1/2 decay rate for semi-linear wave equations.

Note that in this paper, we will need our solution u to exist for all time ¢. In
the defocusing equation, this follows from the global well-posedness described in
Corollary 5.2 in [2]. However, in the focusing case, not all solution u exist for all
time ¢. (i.e. some u blows up in finite time). The assumption of small energy on
the initial data is required in the focusing equation for u to exist in all time ¢. In
this paper, we will only be discussing solutions that exist for all time ¢ and doesn’t
blow up in finite time.

Remark 1.2 The intuition behind focusing equations can blow up in finite time
while defocusing equations don’t is due to the plus and minus sign inside the energy
function. Namely, in the defocusing case, we have the energy function

1 1 1
E(u) = /}R3 §|ut|2 + §|Vu\2 + 6|u|6dx

being constant. Hence Vu, u;, and u are all controlled by a constant that depends
on the initial data. However, in the focusing case, we have the energy function

1 1 1
Bu) = /R Sludl? + 51Vl — Slul’dz

being constant. Since there is a minus sign in front of |u|®, we can not bound any
terms like we did before and therefore can not prevent u from blowing up.

Theorem 1.3 (Decay rate for ||u(t,)||z=) Let u(t,x) be a solution to the following
equation:
Ou = +u®, ul0] = (f,9) € C°(R?) x Cg°(R?)
Assume that there exists a free wave uy with a possibly different initial condition
then f and g, and
Jult] = wr [t oy g =0
as t goes to infinity. Then
C
Vit

for a constant C' that only depends on u and doesn’t depend on t.

Jult, e <

We will be using the Klainerman-Sobolev inequality, Strichartz estimates, and
other techniques to establish this bound. Moreover, our results can also be easily
generalized into R™ for any n > 3. Finally, we will also provide some progress that
we made towards to the ¢t~! decay rate.

2. PRELIMINARIES, DEFINITIONS, KLAINERMAN-SOBOLEV INEQUALITY, AND
STRICHARTZ ESTIMATES

Throughout this paper, the default space we will be working with will always be
R3. If we don’t specify, then all the norms will also be integrating over R3.
To simplify things, we will be using the notation u[t] as

ult] = (u(t, z), Opu(t, x))

to shorten some of our equations, and the A operator here will denote

A=Y o
=1
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We will be using X <Y to denote that X < CY for some absolute constant C.
The constant C' can vary from line to line.

We will start by recalling the homogeneous and normal Sobolev spaces, which
are spaces that we will be using when studying wave equations:

Definition 2.1 (Sobolev space) The Sobolev space, denoted as H®, consists of all
functions f such that

[fllzs < o0,
with norm

HﬂMM:VAJﬂQPG+KW%5

Definition 2.2 (Homogeneous Sobolev space) The homogeneous Sobolev space,
denoted as H*, is very similar to the normal Sobolev spaces. However, the (1+]¢[?)
term here will be replaced by just |£|? instead. Namely, H* consists of all functions
f such that

£l = < o0,

|ﬂms¢AJﬂQPM%%.

Now we recall the free wave and the energy critical wave equations:

with norm

Definition 2.3 (Free wave) A free wave uy, is a function that satisfies the wave
equation

Ou = 0,u[0] = (f,9) € C2°(R?) x C°(R?)
for some initial data (f,g).

Definition 2.4 (Energy critical wave equation) The energy critical wave equation
in R™ has the following form:

Ou = +un—2 (1)
for all n > 3.

Remark 2.5 These wave equations are called energy critical since they satisfy the
scaling invariant property, which means that whenever u(t, z) is a solution to (1),

then 1 ;
x
FERPIPY
will be a solution as well. Moreover, we also have

Uy =

luxll oz = lull g
as well, which means that the energy of u is constant no matter what X is.

Remark 2.6 Since we will be mainly working in R3 here, the energy critical wave
equation will then be
Ou = +u’.

Definition 2.7 (Scattering condition) We say an energy critical wave u scatters
if there exists a free wave uy, with possibly different initial conditions that satisfy

Jult] = urlt]ll g1z =0

as t goes to infinity.
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Remark 2.8 Notice that the equation we are focusing on is
Ou = Fu®.

However, the plus or minus sign doesn’t matter much in our theorems and proofs
since we will always be taking absolute values around u°. Hence from now on, we

will only discuss the equation

Ou = o°

unless otherwise stated. Throughout this paper, u will solve the above equation
unless otherwise stated.

We will start off with a fundamental property for general wave equations, which
is the finite speed of propagation [7]. Finite speed of propagation is an important
property that allows us to control a lot of norms since we will only have to integrate
over a finite volume when the initial data has compact support.

Theorem 2.9 (Finite Speed of Propagation) Let u be a solution to the equation
Ou = F(u),ul[0] = (f,g) € C° x C°,

with F being smooth and F(0) = 0. Moreover, if f,g are supported in a ball of
radius R centered at the origin, then u(z,t) =0 when |x| >t + R.
Corollary 2.10 Let u be a solution for

Ou = %, ul0] = (£,9) € C=(R?) x C=*(R?).
Suppose that f, g are supported in a ball of radius R centered at the origin, then we
always have u(x,t) = 0 when |x| >t + R.

Proof. Since F(u) = 4u® satisfies F'(0) = 0, Theorem 2.9 proves this immediately.
O

Therefore from now on, we will only need to consider « when |z| < R + ¢, since
we will always have u(t,z) = 0 otherwise.

Now we introduce one of an essential theorem that will help us obtain a bound for
|Vu(t, z)|, which is the Klainerman-Sobolev inequality [3]. However, we will need
to define some vector fields before we can state the Klainerman-Sobolev inequality.

Definition 2.11 (Invariant vector fields) Let
I'= {6t,6i, Qij = mif)j — :c]&», S :=1t0; + Z:ri&»,QOi = 10; + miat}
i=1

be a set of vector fields. These are the generators of the linear transformations that
commutes with [J in the equation

Cu = 0.

Moreover, all the vector fields in I' actually commutes directly with (I, with the
exception of S. To be clear, we have

O(Su) = S(Ou) + 20u,
and so S commutes with [J in the free wave equation.

Remark 2.12 Notice that in R3, there are 5 types of different invariant vector fields
up to symmetry, and a total of 14 of them.

Now we are ready to state the Klainerman-Sobolev inequality.
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Theorem 2.13 (Klainerman-Sobolev inequality) For any integer n, let
u(t, ) € C°(R™) vanish when |z| is large for all t. Then there exists a C,, > 0 such
that

(L4 t+a)) = (14 [t —lal])2lult o) < Co D ITu(t )2 (en

la|<Z+1
holds for all t > 0.

Notice that this theorem gives us bounds for any smooth function v with compact
support in space in terms of ¢ and |z|, while sacrificing the summation of invariant
vector fields applying to u. Our goal is to bound all the invariant vector fields terms
to get a bound for both |Vu| and |u|, and this will be done in Section 3.

Lastly, we will introduce another essential tool that will help us obtain bounds
for |Vul|, which is called the Strichartz estimates [5]. The Strichartz estimates gives
us an inequality that can be used in a lot of non-linear wave equations, and we
will use it to bound the vector field terms coming from the Klainerman-Sobolev
inequality (Theorem 2.13).

First, we will have to define what does a pair of exponents means to be wave
admissible.

Definition 2.14 (Wave admissible) In the R™ space, a pair of number (p,q) is
called wave admissible if

(1) pg=2 1
2) ;+o- <"
(3) (p,q;n) # (2,00,3)
all holds.
Remark 2.15 The Holder conjugate of a is denoted as a’, which is defined as
1 1
4= =1
a a

Now we can state the Strichartz estimates.

Theorem 2.16 (Strichartz estimate) Suppose that

(1) n>2

(2) (p,q) and (a,b) are both wave admissible

(3) q # 00,b # 00 X

() L+2=2-y=tip-
all holds. Moreover, if u solves the equation

Ou = F,ul0] = (f,9),
then for time 0 < T < oo the following inequality holds for some constant C':
[ull Lz o,y 22 ®eyy + 1W(Ts ) v ey + 106(T ) -1 (e
< C(HU[O}HHW(R”)XHW*l(R") + ||F||Lg’([o,T];Lg’(Rn)))-

Corollary 2.17 In R3, suppose that

(1) (p,q) and (a,b) are both wave admissible
(2 ? ’ 7é:s 1.3
(3) s+2=5=u+ty—2
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all holds. Moreover, if u solves the equation
Ou = F,ul0] = (f,9),
then for time 0 < T < oo we have:
lullze o,y + IVU(T, )z + [|0pu(T, )| L2

< CO([[ul0] | g1y g2 + ”F”L‘;'([O,T];Lg/))

for some constant C'.

Proof. Plug in v =1 and n = 3 in Theorem 2.16 and we are done. (]

Remark 2.18 Note that the gradient operator in this paper will always be space gra-
dient (i.e. without the time derivative) unless otherwise stated. Hence its L? norm
will be comparable to the sum of the L? norms of all derivatives in z. Therefore
we can freely change between

IVullz

and
3
S lvull -
i=1

Now that we have all the tools, we are ready to prove our main results in the
next section.

3. QUANTITATIVE DECAY FOR ENERGY CRITICAL WAVE EQUATIONS

Before proving the decay rate for energy critical wave equations, we will first
prove the decay rate for free wave equations. Since the main ideas for proving the
energy critical case follows from the free wave case, it will be helpful to understand
how to prove the decay rate for free waves.

Theorem 3.1 (Decay Rate for free wave equations) Let n be an odd integer, and
u be a solution to the following equation:

Ou = 0,ul[0] = (f,g) € C°(R™) x C°(R™).
Then the following inequality holds:
1
Ju(t, e S ==
t7=2

Remark 3.2 The strategy here is to use the Klainerman-Sobolev inequality to first
prove a bound for

Hvu(tv ) ||L°°7
and then use the fundamental theorem of calculus to get a bound for
[lu(t, )| e

The reason that we don’t use Klainerman-Sobolev inequality directly on w is that
the term

[t )l 2
is not controllable. We will also follow this idea when it comes to the energy critical
wave equation.
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Proof. To simplify notations, V in this proof will denote both space and time
derivative. Apply the Klainerman-Sobolev inequality to Vu(t,z), and we obtain

that
Cn > IT*Vul(t, )|z

+1
|D“§"T

[Vu(t,z)| < T
(L4t+z)) = 1+t —|z|])2

Now since I' commutes with [J, we have

Or“u = 0.

(2)

Combine that with commuting two I'" will only result in a linear combination of

more I and 9; € T', we know from (2) that

Co 22 IVI?ult, )| L2

+1
|a‘§nT

Vut,x S n_1 1
Y T T el

Co X IVT™u(0, )|z

+1
|a‘§nT

n—1

(I+t+]z]) =

L+t —|z|)2

The last equality is the energy equality.
Notice that since we assume f, g € C2°, we also have

r“f,rvge Cr
for any I". Therefore
> IVEu(0.)]lzz < ov.
o <24

Hence from equation (3) and (4), we have

/

C

n

Vut,x § n_1 1
v P o el

(L+t+|z

for some constant, C.,.
Since n is odd, by Chapter 1, Theorem 2.2 in [5] we know that

u(t,z) =0 if |t — |z|| > R,

where f, g are supported in a ball centered at the origin with radius R (this is the
strong Huygens principle). Therefore for any pair of (¢,2), there exists a y such

that
u(t,y) = 0 and [ly| — lal| < B.
Now by the fundamental theorem of calculus, we now that

O/
Ju(t, )| < [u(t,y)| + R—"7—

n—1

(1+6)=

5%
(1+t)=

as desired.
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Now we will start proving the decay rate for energy critical waves. However,
before proving that all the vector field bounds are finite, we need the following two
lemmas:

Lemma 3.3 (Trapping Lemma) Suppose that there exists a family of continuous
functions K. : RS — R that satisfy both

(1) K(0) =0
(2) K (t) < C+eK(t)™ for some fited m >1,C > 0.
for all e > 0, then
K ()l oo iy < 00
holds for some € > 0.
Remark 3.4 This lemma will be used later in the scattering lemma (lemma 3.5) to

show that once a function is small enough at time ¢ = 0, then it will always be
bounded.

Proof. If C > 1, choose € = —. Then

o
(20)™
(20)m

If C <1, then choose € = % and we know that

sup{x —ex™ |2 >0} >4—-1=3>C.

sup{z —ex™ |z > 0} > 2C — =20-1>C.

Hence by continuity
K(t) € [0,Qm],

where Q,,, is the smallest positive root for the equation x — ex™ = C. Therefore we
can conclude that

K ()l oo iy < 00
holds for some ¢ > 0 as desired. O
Notice that one of our assumption to the energy critical wave is that u scatters,
which means that
[ult] = urlt]ll 12 = O
This assumption isn’t necessarily easy to use, but we can get an equivalent state-

ment that controls some norms of u.

Lemma 3.5 (Scattering lemma)

(1) If
l[ull gy < oo
holds for some (a,b) such that
1 3

1
a+ b B and a,b y

then there exists a linear wave uy, such that
ult] = urlt]llgiyp2 =0

as t goes to infinity.
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(2) If there exists a linear wave uy, such that
Jult] = urlt)ll gy o =0
as t goes to infinity, then
llullgre < oo
holds for all (a,b) such that

1 1
a—i—%zianda,bZl.

Proof. (1) follows from Theorem 6.1 in [2], so we will only be proving (2) here.
First let p = %, q= %, then by the Strichartz estimates and Holder’s inequality
we know that

lullpsrio < CUF N g + llgllze + 1wl 2 rs)
(K + [[(u—ur +ur)’|lrrg)
(K + [[(u—wur)®lrrg + llug llrre)

< O + (u—ur) e | (u = ur)lg 0 + Ik o 2)-

=C
<C
Now again by Strichartz estimates we know that

||U5i||Lng = ”“L“if%iﬂ

is bounded by initial data and therefore finite. The Sobolev inequality [3] also tells
us that

lu—upllpgers < flu—urllpe -
Notice that for any € > 0, we can choose a T' big enough such that

1w =Ll oo 00y, 101) < €

since the H! norm goes to 0 as ¢ goes to infinity. Combining these two inequalities
while setting 7" as the new initial starting time and we have

[ull s pao < C(K +ell(u = ur)|[7s o)

< C(K + ellul[t10).
By the trapping lemma (lemma 3.3) we know that there exists an ¢ > 0 such
that
[ull 23 (17003520
is finite. (Here T' depends on ).
Moreover, by the finite speed of propagation, we know that
[Ju(t, )|l 2o
is just integrating u over a finite space, and
HUHLg([o,T);L;U)
is just integrating
[Ju(t, )|l 10
over a finite interval, so it must be finite. Hence
lull s pio = llullLs o,y 10y + Nl 3 (17,00);.10)

is finite.
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Now that we have [[u| 1510 is finite, we can again use the Strichartz estimates
to show that for all (a,b) such that

1 3 1
a+gz§anda,b217
we have
lllzsze < CUIF s + lglze + lullf o) < 50
as desired. O

With this lemma, we can use the scattering assumption to control some of the
norms for v and use them in the Strichartz estimates once again. However, this
time we will be putting them on the right-hand side of the inequality and try to
bound the left-hand side, which consists of the invariant vector fields applied to u.

Lemma 3.6 (Bounds for [[VI'*u(t,)[|z2) Let u be a solution to the equation
COu = u®,ul0] = (f,g) € C2*(B®) x C2°(R).
Suppose there ezists a linear wave uy, such that
[ ult] = urlt)ll g2 =0
as t — oo, then
[VI®ult, )|z
is bounded by a constant for every |a| > 0 that is independent of t.

Proof. Let’s first prove the case |a| = 0, which means that we will have to bound
IVu(t, ) L2
by a constant. Since
Ou = u®,
this is just a straightforward application of the Strichartz estimates (Corollary 2.17):
V(T )2z < U0l 1y 2 + 6%l 2o, 1:2))
= C([[u0][| g1 x 2 + ”uHEL),f([QT];L;O))
< O(ul0l g g2 + Il o ooz
The last expression above is a constant independent of T since
l[ull 22 (0,00):L.10)
is bounded by Lemma 3.5.
Now for |a| > 1, the idea is that we apply I'* on both sides of the original
equation COu = u®, which will give us
Oy = TP,
Notice that all I' except for S commutes with [J. Moreover, even when I' = S we
have

S(Ou) = O(Su) — 20u = O(Su) — 2u®.
When there are two S we have

S%(0u) = S(O(Su) — 2u®) = O(S%u) — 20(Su) — 25u°,
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and so on. Combine that with all the I" being linear; we know that after applying
I'® to the original equation, it will have the form of

O %u) = P(T%u, T tu, ..., Tu, u). (5)
Where P is homogeneous,
P e Z[l%u, T tu, ..., Tu,u], deg(P) =75,
and '™y means there are m less I' applied to the equation. Moreover, the term

utT @y will always have a nonzero coefficient in P.
By the Strichartz estimates applying on (5) we know that

IT%ull s jo,73;210) + [IVT(T, ul| L2
< O ul0ll g2 + NPl Ly o.11:22))-
Now by Lemma 3.5 we know that
lull 23 ([0.00):10) < 00
Therefore for any € > 0, we can find a series of number
0=Ti <To<T3<---<Thy =00
such that
lull Lo, ip)sL10) < €
for all 1 <4 < M — 1. Notice that we can make any T; # Tj; be the initial time,
then from the above inequality we know that for all T € [T}, T;4+1], the following
inequality holds:
1Tl 3 (7, 77220y + [VI(T, - )ul 2
< C(T*ulTilll gro e 2 + 1Pl Ly myi22))-

By Hélder’s inequality and there is a term in P that consists of both I'*u and w,
we can continue the above inequality:

< C(P*u[Ti] g 12 (©)
HITull g s oy el g s szao) [P pora oy g oy + 1Pl L ri2))-

Here
Py, Py € ZIT* u,... ., Tu,u], deg(P;) = 3,deg(P,) = 5.
Choose € small enough such that the constant for
T %wl| L5 (7, 7520

is less than 1 for all ¢ in the right hand side of (6), then we have

1 (03 (a7 o
§HF ull Lo iz, 1psr0y + IVEU(T ull e < CUT [T sz + (P2l 22 gz 10 22)-
By the finite speed of propagation we know that the right hand side of the above
equation is always finite. Let
Q = max{CIT ulT] 1 o + I1Pall i rrpsnsy)} | 1 <0 < M — 1} < oo,

then we have
[VI(T, ul[zz < Q

for some constant () independent of T" as desired.
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The above lemma is very close to what we wanted, the only thing that is missing
is that we successfully bounded
IVI®u(t, )Lz,
but what we have in the Klainerman Sobolev inequality is
10V, ) -
To fix this, we will need one more lemma:
Lemma 3.7 (Bounds for [[[*Vu(t,-)[|z2) Let u be a solution to the equation
O =, uf0] = (f,9) € C2(R?) x C(RY).
Suppose there exists a linear wave uy, such that
Jult] = ur [t gryp> =0
ast — oo, then
IT*Vu(t, )l 2
is bounded by a constant for every |a| > 0 that is independent of t.
Proof. By Lemma 3.6 we know that
[VI®ult, )|z

is bounded by a constant for every |a| > 0 that is independent of ¢. Now we know
from remark 2.18 that we can change V into the sums of 9;. Moreover, commuting
0; and T" will result in a linear summation of multiple 9; terms (1 < j < 3). Hence
every

[T*Vu(t, )|l Lz
can be written as a linear combination of

IVTu(t, ) Lz,
which means they are also bounded.

O

With the above lemmas, we can now easily prove the decay rate for Vu by
applying the Klainerman-Sobolev inequality to Vu. However, the Klainerman-
Sobolev inequality requires the function being applied on the be smooth in space
and has compact space support for all £ > 0, and we will need to show that Vu does
have these characteristics. The compact space support part is a direct corollary of
the finite speed of propagation, and we will show that Vu is smooth here.

Proposition 3.8 (Persistence of regularity) Let u be a solution to the equation
Ou =, ul0] = (,g) € C(R?) x C2(R?).
Suppose there exists a linear wave uy, such that
uft) — well 1,z = 0

ast — oo, then
Vu(t,-) € C°(R?)
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Proof. By Sobolev embedding, we only need to prove that
u(t,-) € H®
for all s. Now to prove Vu is in H®, we will need to show that
IVV@u(t, )|z

is finite for all 0 < |a| < s. (There is one extra V since our original function already
has 1). Moreover, notice that V can be partitioned into 3 different 9;, and all of
them are one of the invariant vector fields described in Definition 2.11. Hence by
Lemma 3.6, we know that

IVV@u(t, )Lz € [IVT%u(t, )|z

is finite for all || > 0
Now we are all set to show the decay rate for Vu: (]

Theorem 3.9 Let u be a solution to the equation
O =, uf0] = (f,9) € C2(R?) x C(RY).
Suppose there exists a linear wave uy, such that
Juft] = we ]l 1z = 0

ast — oo, then

1
(L+t+ |21+ |t —|=|])2

[Vu(t,z)| S

Proof. Apply the Klainerman-Sobolev inequality to Vu(t, z), and we obtain that
Cs >, IT*Vu(t, )|
|| <2

Vu(t,x)| < T
[Vult, 2)] (L4+t+|z))(1+ |t — |2]))2

Now by Lemma 3.7 we know that
> IreVu(t, )| e
lo|<2
is bounded by a constant independent of {. Hence we have
C
(L +t+ 21+ [t —|z]])2

where C' is a constant only depending on u.

[Vu(t, )] S

)

Corollary 3.10 Let u be a solution to the equation
Ou =, ul0] = (,g) € C(R?) x C2(R?).
Suppose there ezists a linear wave uy such that
Jult] = wr [t oo =0
as t — oo, then
1

Vult, e < ——.
IVt e~ S 1
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Proof. This is a straightforward application of Theorem 3.9. Since
1

[Vu(t, z)| S T
(L+t+]z))(1+ |t —|=|])2

)

we know that for any fixed ¢ the following holds:

1
t S —.
Vu(t2) S 75

(]

Now we are finally ready to prove Theorem 1.3, which is [|u(t,-)| L= decays like
t—1/2;

Proof. By the fundamental theorem of calculus, we know that

x R+t

fu(t, 2)] < Ju(t, (R +£))] + / Vult,y)ldy

|z ||

T R+t

< fult, (R +1) +/ Vu(t, y)|dy.
0

Combine this with finite speed of propagation (Theorem 2.9) and the bounds for
Vu (Theorem 3.9), we obtain

dy

R+t
utt.o) < [
0 (I+t+y)/1+]t—y|

t dy R+t dy
= +
/0 (I+t+yviti-y /t (It+t+yyVTty—1

([ wrmve=)
“\Jo A+t+y)VI+t—y 1+t

Now
/t dy (14 2220 (3 - 2v2)
o A+t+y)VI+i—y 201+ t) '

14 2-2,/2(t+1) ).

Since In(3—21/2) is a constant, we will only need to try to bound In( T

Notice that
2—2y/2(t+1
3_ova<1y 2o BV2AHD
2t + 1

holds for all ¢ > 0, which means that
2—22(t+1
In(3 —2v/2) < In(1 + ¢) <0.
2t +1

Therefore we can conclude that

—In(3 —2v2 1
u(t,2)] < ~RE=2V2)

1vV1+¢ V14t

as desired.
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4. DISCUSSION

In this section, we will show some results we have that could lead us to prove

the 1+t decay rate.

From Theorem 3.9 we have a bound for |Vu| that is approximately TFoTs when

1+t
|z| is away from ¢. By the fundamental theorem of calculus it is straightforward to

guess that the bound for |u| using |Vu| will be \/I—T. However, if we restrict |z

into some smaller area, then we will be able to obtain a better bound than

1
Vitt
Proposition 4.1 Let u(t,z) be a solution to the following equation:

Du = u”,ul0] = (f,9) € C5°(R?) x C°(R?)

Assume that there exists a free wave uy, with a possibly different initial condition
then f and g, and

Jult] = wr [t oy pe =0
. . . _1-8
as t goes to infinity. Then for any B < 1, there exists an € = 5= > 0 such that

C
[u(t, g (apze-28) < (L4105

holds for a constant C that only depends on wu.

Proof. From Theorem 3.9 we know that
1
(L +t+ |z + [t —|2|)z
The finite speed of propagation tells us that we only need to consider

|z| < R+t

[Vu(t, )] S

Hence by the fundamental theorem of calculus, we know that when
t —t% <|z| < R +t, the following inequality holds

T R+t
) < [t 7R+ )]+ / IVt y)|dy

x|

t R+t
<[ wualdy+ [ I9utt )l
t—t t

Now choose o
a1 =05—-¢€a;41 = El +0.5—¢e
‘We know that
lim a, =1—2¢ > g,

n—o0

. 1—
since € = Tsﬁ Hence we have

t
|u<t,x>|s/ Yty |dy+z/
t—ta1

for some N large enough such that ay > B. Now each term from the above
inequality can be bounded as follow:

t
/ Vult,y)ldy <
t—ta1

R+t
 (Valt, y)ldy + / Vult,y)ldy

t G411

e 1
(1+1t) = (1+1t)05+e
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[ ey s 1
Ut, ~ ~ a; S =
s gout VIS T e S A+ 0+ 0% — (L+1)05+
R+t R 1
Vult,y)ldy < —— < ——.
| w1 5

Since N is finite, we can sum up the three inequalities above and proved that

1
lu(t, =) < (4105
for some € > 0 when |z| >t — t#. Therefore
C
||u(t,-)HL;c(|z\2t—t6) < W

holds.
O

Remark 4.2 The above proposition tells us that the decay rate for energy critical

. 1 .
waves is better than AR when |z| is near t. However, the volume where || < t—t”

is still grows like t* no matter how close 3 is to 1.

Theorem 1.3 gives us the ﬁ bound, which is not quite the

The above proposition gave us a slightly better W

Now we show that the e we improved can actually be very beneficial for us to
1

improve the bound towards 7. Namely, the global W decay will give us

the global 1%% decay immediately:

1
I+t

bound for certain areas.

we expected.

Proposition 4.3 Let u(t,z) be a solution to the following equation:
Ou = u®,ul0] = (f,9) € C(R?) x C°(R?).
Assume that there exists a linear wave ur(t) such that
Ju(t) —ur ()l g1xp> =0

as t goes to infinity, and

for some € > 0, then

1
t,- o < ——.
Jutt, oz <

Remark 4.4 Assume that we already have the bound improved to a then

1
Te)zte’
we can use this result to improve the bound to %_H This implies that if the decay

rate for |lu(t,-)| L= is a polynomial in ¢, then it can only be %_H or ﬁ

Proof. Suppose that we already have
1

u(t, )||poe S ——mv—
It ez S e
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holds for a fixed € > 0, then by the Duhamel’s formula [2] we know that

/]R3 eiﬂ'ZL’Sin((t|£ S)|£|)$(S,§)d£ ds

>~ 1 / 5 / /
= —_— u’(s,x')dS(x")ds.
/t A7 (s = 1) J |z =a|=|s—t] (s, 2)dS(z)

The equality above comes from equation (7) from [6]. Now from our assumption
for the decay rate of u, we know that

> 1 / 5 / /
— u® (s, x")dS(z")ds.
/t Am(s = 1) Jjar—a|=|s—t] (s, 27)dS ()

® 4r(s —t)? 1 oo —t 1
5/ s 1) 255d$:/ u 25)5d35 0.515¢"
. Am(s—1t) (14 s)25+5¢ . (14 5)2:515e (14 5)0-5+5¢

Hence

lu(t,x) —ur(t, )| < /too

1
(14 ¢)05+5¢

We already know from Theorem 3.1 that the free wave u; decays like %_H, which
implies that [[u(t,-)|| L= has a decay rate of W Do the above progress for

K times and we will be able to prove that

1 _ 1
(1 4 t)min{O.SJrSKe,l} 1+t

|u(t,x) - ’U,L(t7l‘)‘ S

[ult, e <

if we take K large enough. O

1

The above argument gave us the bound but required some additional as-

T+
sumptions. On the other hand, we can also prove the desired %th decay rate without

any additional conditions inside any compact space using Hardy’s inequality [4].

Theorem 4.5 (Hardy’s inequality) Let f be a smooth function with compact sup-
port, then the following inequality holds:

e

||

p
< IV fllLe@n)-
Le(rr)y TP

Theorem 4.6 (Decay rate within compact support) Let u(t, z) be a solution to the
following equation:

=, uf0] = (f,9) € C2(R?) x C(RY).
Assume that there exists a linear wave uy, with possibly different initial conditions
then f and g, and
Ju(t) = ur () grxp> =0

as t goes to infinity. Let K be any compact space, then

1
t . . <
[[u(t, )||Lm (K) N T1¢
Proof. Since K is a compact set, we know that there exists a real number R such
that K C B(0, R).
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Let xr be a function that is constant in ¢ and smooth in x. Moreover, xg is 1
inside B(0, R), 0 outside of B(0, R+ 1), and is decreasing in between them. Then
by Theorem 4.5, we know that

xru(t, )

—_— t,- <
g o)l < | )

Hence we know that

Ixru(t )z SNV Ocru(, ) L2

Now since xgu is a smooth function, its derivative is bounded be a constant. Com-
bine that with Theorem 1.3 and Theorem 3.9 we know that
IV(xru(t, )z = IV(xrut, )Lz Bo,r 1)
< [IVult, )z Bo,r+1)) + [(VXR)U(E, )22 (B0,R+1))
1

~(14)ts
< 1 n 1 .
SR e

1
(I1+¢)t5
since we are only considering a compact set, and therefore ¢ is far away from |z

when t is big enough.
Therefore we proved that

+ lu(t, )2 (B0,R41))

Note that we have
[Vau(t, )| <

1
Ixrut; )l 2@y S VIt @)

For the other invariant vector field terms, we know that

IT*xrult, )l L2

will be bounded like the one above since |z is finite, except when I' consists of the
weight .

Notice that the weight ¢ always pairs up with d; or 9; in I'.

Now when we apply t9; on xg, it will simply vanish since yg is constant in ¢.
Moreover, when t0; is applied to u, it won’t change the order of u since we will gain
% from 0; and t back right after.

For t0;, when we apply it on xg, we will gain a ¢; when we applied to u, it won’t
change the order of u since we will again gain % from 0; and t back right after.

Therefore the worst possible term is

P xmut, )l
where |a| = 2 and both T consists of t0;. Let t9; = 2, then
12*xRut, ) L2 S 128t )z + 1cru(E: )2
< |lEvult, )|, + Htu( Mz + 670t )2
SVIFt+VI+t+ 17+t
<VITE

(8)
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Since yru(t, ) is smooth in space and has compact space support, we can use the
Klainerman-Sobolev inequality on xgu(t,z) and obtain that

> IIT*xRu(t, )]l L2
lal<2

Ixru(t; z)| < :
(IT+t+2)/1+ [t — |z
Now by |z| < R+1, (7), (8), and (9) we know that
> I xrult, )z

la|<2

(9)

t < < .

Finally, since xgu(t,z) = u(t,x) when € K, we proved that
1
to M) S ——-
[Ju( )||Lz (K) X 111
U

For the last part of the paper, I would like to point out that almost all the
theorems we proved above can be easily generalized from R? into R™ for all n > 3.
Recall the energy critical equation in R™ is

nt2
‘:lu = u;i72 .

Using the same argument, we have the following two decay rates for w:
Theorem 4.7 Let u be a solution to the equation
Ou =, ul0] = (£.9) € C(R?) x C2(R?).
Suppose there exists a linear wave uy, such that
Juft] — sl g g2 — O

as t — oo, then
1

)T (L+ [t — [2|])3

Theorem 4.8 (Decay rate for |lu(t,-)||r in R") Let u(t, ) be a solution to the
following equation:

[Vu(t, z)| <
1+t+|x

n+2

Ou = un=2,ul0] = (f,9) € C5°(R") x C5°(R")
Assume that there exists a free wave uy, with a possibly different initial condition
then f and g, and
Jult] = wr [t o pe =0
as t goes to infinity. Then
C
(1+t)"z

Jut, e <

for a constant C' that only depends on wu.

The proof for both theorems is entirely analogous to the R? case. The only
difference is when using the Klainerman Sobolev inequality, we get more powers of
(14t + |z|) in the denominator and therefore have a bound that depends on n.
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