Semilinear wave equations on the Schwarzschild manifold
I: Local Decay Estimates.

P. Blue A. Soffer
Mathematics dept., Rutgers University Mathematics dept., Institute for Advanced Studies
Piscataway, NJ 08854, USA Princeton, NJ 08540, USA

17 October 2003

Appeared in Advances in Differential Equations, 8 (2003) 595-614.

Abstract

The semilinear wave equation on the (outer) Schwarzschild manifold is studied. We prove local decay
estimates for general (non-radial) data, deriving a-priori Morawetz type inequalities.

1 Introduction

The General Theory of Relativity has solutions for space-time of the black-hole type. The simplest example
is the Schwarzschild solution. The analysis of the equations of General Relativity near a Schwarzschild
solution motivates us to study the wave propagation in such a metric. In this work we analyze semi-linear
wave equations in such a metric. Qur main objective is to construct a good set of a-priori estimates, modelled
after the Morawetz estimate in the flat case, and then use it to prove local decay and other estimates for the
non-linear wave equation on the Schwarzschild manifold. Our methods are inspired in part by the previous
work on the non-linear Schrédinger equation [8]. We deal with general, non-radial initial conditions.

The (external) Schwarzschild manifold is (R x (2M,00) x S?) with the metric (written in polar co-

ordinates)
oM, o 2M

ds* = (1— T)dt2 —( " Y~ tdr? — r?(d6? + sin®(0)de?) (1.1)

Scattering theory for the wave and Klein-Gordon equations on the Schwarzschild manifold was first

studied by Dimock [4] and Dimock and Kay [5]. Following these authors, we introduce the Regge-Wheeler
tortoise co-ordinate

r—2M

ES 2M1 1.2
ro =1+ 2Mlog("—) (12)

and treat r as a function of r, for which p Iy

r 2
=(1-— 1.3
dr. ( r ) (1.3)
Using this new co-ordinate the metric becomes
2M 2M

ds®* = (1 - T)dt2 -(1- T)drf —r%(d6* + sin®(9)d¢?) (1.4)

The associated d’Alembertian operator is

2M 0? d , 0
O=01-")Nzgg—r?r’=—)-r?A 15
( r ) (6t2 r 6T*r 87“*) 4 s (1.5)
where Ag- is the Laplacian on the unit sphere.
We wish to consider the non-linear wave equation
Ou = —A|u|Ptu (1.6)



which is equivalent to

o2 ~
where
~ ~ 2M
H, = H+)1- T)|u|”_1 (1.8)
~ 5 0 0 2M .,
H = -—r 257“2 6’[‘ (]. — T) 2A52 (19)

The existence and completeness of wave operators for the linear wave equation was proven in [4]. For
the Klein-Gordon equation Ou + m?u = 0, existence of wave operators was proven in [5] and asymptotic
completeness in [1]. In [7] a Mourre estimate was obtained which was then used to recover the scattering
results of [4] on a more general class of non-compact manifolds.

As shown recently in [6] the local decay estimate in the presence of black holes is more subtle than the
flat case. In particular for massive Dirac fields the L* norm decays generically as ¢~ & rather than than ¢ 2
in the flat case.

[2, 12] have already proven partial results for the non-linear wave equation on more general manifolds
than we consider. In particular, Nicolas [12] obtained global existence and an outgoing radiation condition
for the Klein-Gordon equation with an explicit non-linearity. In [14], the Cauchy problem for the Yang-Mills
equation on the Schwarzschild manifold was studied.

In this paper we prove local decay for the non-linear wave equation on the Schwarzschild manifold, in
the L? sense. We do not use radial symmetry of the initial conditions as in previous work [8]; therefore, we
do not place any conditions on the angular behaviour as in [6]. Our proof is based on showing the modified
Morawetz estimate holds for the wave equation. It is expected that these estimates can then be used to
derive other, more general a-priori estimates. This will be done elsewhere.

In section 2 we note some basic properties of the r, co-ordinate. In section 3, we develop a formula
relating the commutator of an operator with the Hamiltonian to the derivative of a certain inner product
involving the operator. We use this to show conservation of energy. In section 4, we use a unitary transform
of L? to write the Hamiltonian as the sum of a constant coefficient second order radial derivative, angular
derivatives, and a potential term. This allows us to write the energy in a more familiar form, which we
use to bound the growth of the L? norm of the solutions to the non-linear wave equation. In section 5, we
introduce a Morawetz style radial multiplier. This multiplier is based on the one found in [8, 9, 10], modified
to handle the non-radial case. In section 6, we prove an analogue of the Morawetz estimate and use this in
section 7 to prove local decay for (1.7).

2 Preliminaries

In this section we note some basic physical properties of the system.

We treat r as a function of r, and note that it is increasing and has the properties that as r. — 00,7 — 00,
and as r, — —o00,7 = 2M and 1 — 2M — 0 (cf [8]).

There is a conserved energy defined by

2\ |u|PtL
/ / (uHu + )\|u|) + |a?)r?drdw (2.1)
52

This is proven in theorem 4.

It is assumed throughout that H is defined on its natural domain as a self-adjoint operator (cf [1]).

In the case A > 0, we derive all estimates on the interval of existence of the solutions. For appropriate
choice of p (p < 5) global existence may follow from our estimates for large initial data. For small initial
data this follows by standard fixed point methods. This will be discussed elsewhere.



3 Heisenberg relation for the wave equation

Motivated by the Heisenberg equation for the Schrédinger equation, we derive an equation relating the time
derivative of an operator to its commutator with the Hamiltonian, H,. The formula holds for a general wave
equation, and in particular will continue to hold once we have changed co-ordinates in section 4. When the
commutator is zero we derive a conserved quantity and when the commutator is positive we can derive time
decay. We first use this to derive energy conservation, and later use a different operator to prove an analogue
of the Morawetz estimate.

Theorem 1. For a time independent operator A and a solution u to the nonlinear wave equation, ij+f~Ipu =
0, such that u, u?, and Hu are in the domain of A, u and Au are in the domain of H, and uP is in L?,

%((u,Au) — (u, Au)) = (u, [Hp, Alu) (3.1)
Proof: Since u is a solution of the nonlinear wave equation g—;u = —pru,
%“U,A’U,) —{(u, Au)) = (4, Ad) + (u, Ad) — (i, Au) — (4, Au)
= —(u, AHpu) + {(Hpu, Au)
= (u,[Hy, Alu)
O

Remark 2. Frequently it is useful to use a time dependent operator A; in this case there are the following
two additional terms on the right hand side of equation (3.1).

d . d

fu, (5 Vi) — Gy (- AJu) (32)

Remark 3. We expect that equation 3.1 holds for a significantly larger class of u.

We now use theorem 1 to prove conservation of energy.

Theorem 4. The non-linear wave equation has a conserved quantity ||u||%{ which we call the energy. This
holds at least for H?(R? x S?).

. - 2
2 e . _1
ul|z; = (u,u) + {(u, Hu) + u, A|ulP~ u 3.3
llullz; = (@, w) + ¢ ) Py 7 (s AlufP™ ) (3.3)
Proof: If u is a solution to the non-linear wave equation
d, . . - -1
g (@ 8) + (u, Hu) + (u, Aul?"u)) (34)

d, . . -
= Gy + (u, Fyu))

d, . d d .
= %(W,%U)—(Ua EU))

- d
= —<'LL, [Hpa %]'LO

d, o
= (A (P )

p—1d _
= ma(ua)\hﬂp lu)



Our method is to use the Heisenberg relation for the wave equation to provide conserved quantities and
estimates for the wave equation. In the case of the energy, we were fortunate that the commutator term
could be written as an exact time derivative which gave a conserved quantity. Typically the commutator
term will be more difficult to deal with; however, if it has a sign we will be able to derive an estimate, as in
the following theorem. This will be our general technique and our main concern will be to provide bounds
on the commutator. The essence of the proof is to integrate the Heisenberg relation for the wave equation.

Theorem 5. For a solution u to the non-linear wave equation, and a time independent operator A such that
the commutator [H,, A] > B, then

((u, Ad) — (@, Au)) [T> /0 " u. Bupde (3.5)
Proof:
((u, Ad) — (i, Au)) [T = /OT%((u,Au)—(u,Au))dt
= /0T<u,[1§r,,,,4]u>dt
T
> /0 (u, Bu)dt (3.6)

4 Change of L? space

In order to further simplify the problem, we will define a new manifold, 9, and an isometry of L? functions
on our original manifold to L? functions on this new manifold. Unless otherwise specified all inner products,
(0,0), and norms, || o ||, will be assumed to be in this new L? space. This change of variables is inspired by
[8] and introduces an effective potential V' which will appear in the energy.

Definition 6.

M = (RxS%ds® =dr?+dsis) (4.1)
cp = dri.dw (4.2)
U : L*OM,dp) = L*(R x S?,rdr.dw) (4.3)
u(r*,ﬁ, ¢)
u(T*J 07 ¢) — 'f'(’r*) (4.4:)
Theorem 7. U is an isometry of L? spaces. I;Tp is mapped to H,, where,
2M 2M
= —(1-— 4.
v = Fa-25) (45)
02 1 2M
H = arZ +V—-51-—)As2 (4.6)
2M
H, = H+\1- T)rl_”|u|p_1u (4.7
and the non-linear wave equation becomes
82

Proof: The original measure is d®u = r2dr.d*w, which differs from the new measure exactly by a factor
of r2, so division of the functions by r will correct for this in L2 norm. Thus U preserves norm. It is also



one to one and onto, and hence an isometry. We now calculate the image of the Hamiltonian, by calculating
its action on U~ !u for some u € L?(R x 52, r%drdw),

- 2M 2M
UT'H,UU 'y = U_l(—r_26%7'26? —r_2(1——)Asz)u+U_1)\(1—T)|u|p_1u
o} 3} 2M 2M
T 2 —1 _ 11— ) -1 _ p—177-1
= (-r 8r*r ar*T (1 " YAgr U tu + A(1 . NulP~ U™ u
0 0 2M 2M
= (=1 Sl 1- A
(e — (1= 20 20 - Ba g
2M
+A(1 - T)rl_p|U_1u|p_1U_1u
9 oM, oM oM OM oo
= (_—Orf +—r3 (1- - —) - (1——)A52)U Lu4+ M1 = . —— )P\ U P U

This gives the image of the Hamiltonian under U. Since U commutes with the time derivative, the wave
equation acting on L?(90,d®u) becomes equation (4.8). O

Remark 8. If u € L*(M,d%yn) and u is a pure angular momentum state, that is the product of a radial
function with a solution of the spherical wave equation, then —Ag2u = I(l + 1)u, and the linear part of the
Hamiltonian acts by

82
Hu = (- 2+V+V2) (4.9)
or
where 0+ 1) 011
+
V= 3 (1- T) (4.10)

The spherical harmonics form a complete orthonormal system, and we can define projection operators P,
onto the states of pure angular momentum. Using these, we can rewrite the linear part of the Hamiltonian
as

H=—

ar P (4.11)
1=0
Remark 9. It is now possible to show that H is self-adjoint by Wiist’s theorem and that C%(9M) is a core.

Dimock [4] proves self-adjointness via a decomposition to spherical harmonics with a slightly different core.

Remark 10. We will sometimes write v’ for 3r-u. This should not be confused with the gradient which we
never need to compute.

The change of co-ordinates allows us to rewrite the energy in a more familiar form, as a sum of terms
coming from the time derivative, the radial derivative, the angular derivatives, the potential, and the non-
linear terms.

Theorem 11. The energy in the I co-ordinates is

- 2M
lull3, = ({(a,a)+ @ o)+ (u, Vu) +Z (Piu, ViPu) + (u, i =P (1 — T)|u|”_1u) (4.12)
1=0

2
+1
This acts as a metric on the space H = {u € L? | ||ul|ly < oo}.

Proof: This is a simple restatement of theorem 4. The metric properties follow from the metric properties

of L? and the positivity of the potentials V' and V; and of the non-linearity. O
Finally we use the energy to provide a bound on the growth of the L? norm.

Theorem 12. If u is a real valued solution of the non-linear wave equation, and ||u(t)||z> is the L? norm
of u at time t,

lu(@®llz2 < tllullz + [[u(0)]] 2 (4.13)
(Recall that ||u||y is constant.)



Proof:
d d
EHUH%Z = a(%u)

= 2{u,u)
d .
2ullzz Zllullze < 2lullzzllallze

Ul r,2 u
+ L = H

5 The Morawetz type multiplier

We now introduce a first order differential operator which is one possible analogue of the Morawetz multiplier.
Because our change of variables has introduced a radial parameter extending from negative infinite to positive
infinite, it is necessary to choose a radius which corresponds to the origin of the standard Morawetz multiplier.
We choose the radius which maximises the angular potential V;. We call this the centrifugal tortoise origin
since in the tortoise co-ordinates the angular potential is repulsive about this radius. We then go onto prove
some basic properties following from the definition.

Definition 13. The centrifugal origin a, centrifugal tortoise origin o, and centrifugal tortoise radius p.
are defined by

a = 3M (5.1)
1

o, = 3M+2M log(i) (5.2)

Pr = Th— Qy (5.3)

Remark 14. Later calculations will show that the angular potential V; has a mazimum ot r = o which
corresponds to r« = ax. Those calculations will be simplified by using px.

In the following definition we take o > 1 so that g, is bounded.

Definition 15. Given o € (3, 3), the Morawetz type multiplier 5 is defined by

Ty —Oy

go(rs) = /0 (1+7%)dr (5.4)

Yo = —3(nr) g+ pge(r.)) (55)
D(H,v,) = A{ulu,Hu€ D(v,),u,yu € D(H)} (5.6)
D(Hy,v,) = {ulu,Hyu € D(v,),u,yu € D(H),u? € L?} (5.7)

where for an operator A, D(A) is its domain.

In all cases we will deal with a fized value of ¢ and will write v = v, and g = g,.
Theorem 16. If u is a real valued solution of the non-linear wave equation in H*(9MM) and o € (5, 3), then
(u,vou) = 0.

Proof:

i, 0O 0
(w,w) = (u, _i(ga_r* + 6—“9)“)

1 .0 .0

= 5 (wigu) + iz —gu)
1 .0 .0

= —§(<U7198—T*U) + (916—“%“))

.0
= —%(u,lga—r*U)

=0



since g, u, and its derivatives are all real valued. a

Theorem 17. If u is a real valued solution of the non-linear wave equation in H' (M) and o € (1,3), then
30, D:

Ty — Oy

lyullze < Collull + DI + (Z5777)") “ullz2 (5.8)
Proof: We first note that the integrand in the definition of g is continuous, even, and decays like 772
with o > % Thus g is bounded by a constant C,.
! 1 !
bl = llgu’ + 59'ul
1
< lge'll + 5llg"ull
Ts — Ox —
< Collull+ DI+ (Zo %)l
d

6 The Morawetz type estimate

Our goal in this section is to prove theorem 23 which bounds the commutator of the Morawetz type multiplier
and the Hamiltonian from below by local decay terms. The commutator is linear so we can compute the
effect of each term in the Hamiltonian separately. Estimates of the second radial derivative contributions
provide the main term. The potential V contributes terms of the wrong sign, but its contributions are
dominated by the contributions from the second radial derivative. The angular derivative terms provide
positive contributions which can be ignored, since they only strengthen the result. The non-linear term
provides a non-linear local decay result. Since we choose the non-linearity to be repulsive, A > 0, this will
further strengthen theorem 23.

We first prove the commutator of the angular derivative and our multiplier is positive. Since positive
terms in the commutator will only strengthen the result desired in theorem 23, we can ignore the angular
derivatives after proving this lemma.

Lemma 18. Foro € (3,3),

1 2M
1
i~ (1- =

More precisely, the commutator is a positive operator.

)As2,7] 20 (6.1)

Proof: Since the projection onto angular momentum subspaces commutes with the radial derivative and
radial functions, it is sufficient to work on the angular momentum subspaces when proving the positivity of
the commutator involving the spherical Laplacian. For such functions, the spherical Laplacian acts as the
potential V.

Vi = l(l:;l) <1—¥> (6.2)
Wil = —gtae [ (1- 2]
e 22 (2
[ ] B (2

All these terms are positive except for —g(r,) and % —1, the product of which is non-negative by the choice
a = 3M. The resulting product is non-negative which proves the desired result. O

We now prove an identity relating the commutator of the second radial derivative and the Morawetz
type multiplier to a second order operator involving the function g which was used in the definition of the
Morawetz multiplier. We will then use this identity to bound commutator from below.



Lemma 19. For o € (3,3),

2
il-5507) = 2500 50— 3" (63
Proof:
i[—6—2 S (6—2(gi+ i 9)— (g 0 +ig)a—2)
or2’ 2 \or2¥or, Or. or, Or,”’ Or?
—1/08% 8 & #® 9 o2
-2 (6_n%96_n+3_rig_ga_ﬁ_3_nga_ri>
_22'[_8_2 r)/] — 9 g’i+iga_2+a_29’+a_29i_ga_3_iga_2
or?’ or,” Or, Or,”0r2  Or2 or2” or, or3  Or,” Or?
o ,0 0 6 8 9,0 9 o &
= a9t et Yo T oo T o902 9o
o , 0 . o 02 & &
= 3590, T T g Y g 953 "9
2
= 35,95, Tt 5t 53
2
"[_E?Tz’”] = _28?«*9'6?* _%gm (64)

O

Having proved the previous identity, we use it bound the commutator of the second radial derivative and
the Morawetz multiplier from below. The proof of the following lemma is based on direct, but sometimes
lengthy, computation. The expectation value of the term in equation 6.4 can be written as the sum of two
expectation values. One is a differential operator and the other is a multiplication operator. The expectation
value of the multiplication operator is estimated directly from known properties of g and its derivatives. The
remaining differential operator can be rewritten in the form 8;¢¥d;, with ¢ a (3x3) positive definite matrix.

Lemma 20. For o € (3,3) andu € D(H,~),

. 62 g 1
(ual[—a—ﬁﬁ]“) 2 {u, 1+ (£7)2)o+2 2M)3

[5 + (3 - 20)( 26\*4)2] u) (6.5)

Proof: We will convert the inner product into an integral which we break into two pieces. One of the
pieces is positive and the other provides the bound of the form we want. Note that we use = when defining



a new term or function.

(11— 5 710

*

5L

1l

I

I

o ,8 1
11, _2 ! III N

/u( Br*g ory — 97 Judr.dw

o ,8 1
—1= -1/ i m 2
/(p* ap, ( 26T*g or. ~ 29 )pup ) prdrdw
_ _ 0 0 » _
/m((P* tu)p; 1(_287' g - 28r . %g"')(p,,= Lu))p2dr.dw
0 0 2

2 " 2 ! _2 n R _2 ! _2 ! "

[ ot (2" =20 5 =2~ 25 =2

d , 02
2 "_4 _9n % _
/m((p* u)(—2p, ' g" —4p; ga 9" 5 gaT2 5
_ o ol b g/// B
1" __ 1.1 ! _ 9 1
/m((p* u)(=2p, 9" —4p.tg or. 6“9 o, " o ) (p%
/ I1 +.72dw
SZ
* 0,0 0
| 040 e 2 o )
0000 gm . )
S} n
/ ( 2p—1 " 92 )udr*

m

— L2 gy (o1 tu))

2

=) (pi tw))pldradw
u))p2dr.dw
(6.6)
(6.7)
(6.8)

We will first deal with the I; term. We will use p. as a variable instead of a function, then following [§]
break I; into two integrals on R* of the same form, and treat these as integrals in R? with p, acting as a
radial parameter. We define some new functions and a new operator, and use these to rewrite I;.

J-

h(ps) = g(r) = g(ps + ax)
W(pe) = N (=ps)
fp) = piltulpe + o, w) = p; lu(ra,w) € LP(R, pldp.)
B 2h/(ps) O 0
L:_2(p*6 6/)*())
-1 " i 2 0
L = ( +h ps) +h'(p )6_>8p*
L = / F(p)Lf(ps)pidp.
= / f(ps)Lf (pu) padp. +/0 F(p)Lf (ps)pidp.
= [ iCeansodde. + [ o Li G,
0 0
= hLai+1Thp
1,2dw /52/0 F(p)Lf(ps)pidpsdw

/ Fp)Li(po) e
R3



3
We now treat p. as a radial parameter in R° and use 3p 21 1 p* azl

-1, i (h’(p*) _ai(p) | W (ps) | wik(pa) ) 9

=\ P 4 I ps  Oxi) Op.

0 x, ) x; 6
L = _22 e s (6.10)

Since % is positive, from equation (6.10) we conclude that L is a positive operator, and hence that
11,2, Il,l: and I]_ are all pOSitiVG.
We now return our attention to I5.

2Mg'(r.) = (1+(}&)2)0
2Mg(r.) = (1+(;U)2)a+1 2@\2&
2Mg™(rs) = (1:8 )3«#24;}2(26\}) +(1+(§)2)«r+1 (4]\2/[2>
) - e i B0 (50 = 20+ DG+ (4 ()]
= G @ P0G (6.11)
We require o < 2 for this to be positive. O

We go onto calculate the contribution from the potential V. Although this is negative in the region
r € (%,3M ), the lower bound provided in the previous result can be shown to dominate. Thus the
contributions from the second radial derivative and from the potential combine to give a term that is
bounded below by the local decay term we desire; however, the constants involved in this bound depend on
o and vanish as ¢ — % In proving this result it is necessary to compare explicit values.

Lemma 21. Foro € (3,3), 3c1,, >0

2

] > Cl,o
= (1 + (;_&)2)0'-‘1-1

il (6.12)

Proof: We first compute the commutator of the potential V' with .

0
9 ory v

5 (5 (1-7F))
(o)
(3 _ %) 2M (1 _ ﬂ) (6.13)

rt r

iV, ]

Il

8
All these terms are positive except 3 — T and g which go from negative to positive at r = *3% and

r = a = 3M respectively. Thus the commutator is positive except in the region r € (SQ/I ,3M). We will show
that in this region the commutator i[_ai:g, ~] will dominate. For the rest of this lemma, all calculations will

10



be in the region r € (8£,3M)

dry
-l < mx (50)r-a
-1
< (1 _ g) Vr —af = 4r — a (6.14)
g(ry) < 7”*2;\;*'
< 4|ﬁ - g (6.15)
1- M < max (1 - %> _1 (6.16)
r re(&L 3M) T 3
iVl < lalis— S 2 - 2
< g~ 513 - Sl (D'
< lgng — Sl — 32 s (618)
To bound this note that [(z — 2)(z — §)| < 13z on (3, 2).
iV < 3 gap (619

From (6.5), we have a formula for i[—aa—:z, 7v]- From the bounds on ¢ and r we can bound this from below in
the desired region.

8? 1 o

Tx — Ox
.0 S
i or? 2 (2M)3 (1 4 (T23=)2)0+2

sir )]

[5+ (3 —20)(

Combining these results, and continuing to work in the region r € (%, 3M), we find

Lo 1 (5/9\% 1_/3\°
otV 2 W(E () —@3(1))
1
> W(mﬁ—.oog)
1
2 W-25
> 0 (6.20)

The strict positivity of this term in the region considered, the positivity of i[V,+] outside this region and
(6.5) combine to give ¢1,, such that

AN PO ¥ S
67‘% V2 (1 + (2/7_;4)2)0—1-1

(6.21)

11



O
The contribution from the non-linear term is calculated below and found to provide a localised non-
linear estimate. Integration by parts provides two terms to integrate against: r2g’, which is positive, and
2rg(1— 24 (14 Iﬁ)) which is positive for all » when p = 3, but has regions in wh1ch it is negative for other
values of p. This represents some form of competition between the non-linearity and the curvature which is
exactly balanced at p = 3. We expect that for p close enough to 3, the other term, r2g’, contributes enough
to provide positivity for all ». Numerical calculations verify this, but the exact range of ¢ and p for which
this holds is difficult to estimate.

Lemma 22. Foro € (3,3), p=3, and u € D(H,,7), Iz, > 0:

2M 2M
(s il (1= 25, 0]u) > 0,00 / 1= 2ot (6.22)

Proof: o1/
(u, i PlufP~H (1 — T)ﬂ]ﬂ) (6.23)

0 2M
- _ 2 Y 1—p p—1 _ /" 3
/IU| 95, ArPlulP™ (1 = —=))d"p

2M 10 2M | p+1
_ 21__p ! —l—p p+11 1d3
[oxra= 2 F L et - 2 B
p—1 0

2
£ - 1—
p+1 ar*(gr(

2M ) 1;+} d3
r

2M
) Pl (L -

To get a bound on this, we need to consider the derivative in the integral.

o oM
1-— P—l
. (rg( —)7)

2 M —p-32M  2M
rig(l— =) —5(1-=>)

p—l r r r
(1) ~ —2My]
r or. g p—1 g

2M 2M 2
) 1-== -2 oM
)2 )g + ¢’ P 9]

2M 2M 2M
soafop(l — 22 A7 24
;)= = - g + ]

Qi\l)p‘%[zr (1- %(1 + Ll)) +1%g] (6.24)

=(1-

In the case that p = 3, this becomes

2M

-z )%[zrgu—%uﬁg'] (6.25)

which is positive since the product g(1 — ST) and all the other terms are positive. This gives the desired

result. O
The previous lemmas are all combined to provide the following relation between the commutator and
localised norms.

Theorem 23. Ifp=3, and o € (5,2), and u € D(H,,7), then Je1,5,¢2,0:

2
. u
(u, 7’[H> '70]u> 2 Clo / 1+ (T‘J |a* )2)o+1 dgp’ (6.26)
1- 1 2M 1 +1 3
(u, i[Ar*~PlulP~H (1 — T) Yolu) > eapA 1 - — “PlulPTdiu (6.27)
Proof: Combine lemmas 22, 21, and 18. O

12



7 Local Decay

We begin with a lemma on the derivative of the local L? norm. Because we are going to use a bootstrap
argument, we need to find the consequences of a certain integral inequality, which are described in lemma,
25. We will then use the Heisenberg equation for the wave equation and the lower bound on the Morawetz
type commutator to prove local decay.

Lemma 24. For u a solution to the non-linear wave equation in H, o € (%, %)

L00+ P2 )] < e (7.1)

Proof: We define the localisation function f and then perform computations similar to those for theorem
12.

f= s
Sl = S, fu)
2 pull rull = 24fu, fi
Lrull Sfull < Lpulllsal
pull < gl < D
< lully

O

The following lemma simply derives a decay property for a function satisfying a certain integral inequality.

It is not specific to the problem at hand; however, we will use it to derive local decay by taking the localised
norm as the function 4(¢) in this lemma.

Lemma 25. Given 6 : R — R with uniformly bounded derivative. Suppose for some € € (0, %), aC,Cs, T :
vt >T

t
/ 8(r)2dr < Cy + CotB(1)! ¢ (7.2)
0

then 3{t;} : t; — oo, and t{0(t;)'~¢ — 0.

Proof: Successively stronger bounds on 6(¢) will be proven.

The bound on the derivative implies 8(¢) is linearly bounded above.

Suppose there is no sequence {t¢;} on which 6(¢;) — 0, then 6(t) is bounded below by a constant. By the
integral condition #0(t)'~¢ is also bounded below by a linear function. Now 6(t)? is bounded below by a
quadratic and its integral is bounded by a cubic. This contradicts the linear upper bound of the integral.
Therefore, there is a sequence {t;} such that t; — oo and 4(t;) — 0.

Since € < %, there exists 7 < 1 such that

1—c¢ €

- <
2—r+re 1—e€
Now choose d negative such that § > =5, from which it follows that

26

— €

rd < 1+1 (7.3)

Suppose 3K > 0,5 > 0:Vt > S :0(t) > Kt, then by the integral condition (7.2) there is a positive Cs
such that
Cgt1+26 <Ci+ Cztee(t)lif (74)
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Since 6 > ¢ , 1+ 2§ is strictly positive. Thus for sufficiently large ¢, there are constants Cy, C5 such
that

Q

+
+
g

AN

< th(t)'~
Cst't2e < (1)

If § is sufficiently close to zero, then this contradicts the previous result that 8(t) goes to zero on a subse-
quence. If § is larger, then we use the fact that by equation (7.3), (t) > Cst"®. This implies the original
assumed lower bound is replaced by the larger lower bound ™. Repeated iterations of this process shows
that 6(t) is bounded below by ¢""% for any n. Since r < 1, this reduces the situation to the & close to zero
case, which led to a contradiction. Thus #(t) can not be bounded below by a function of the form K#° for

. In particular, 6(t) can not be bounded below by a function of the form K¢™< and so the desired
subsequence must exist. O

Theorem 26. If u is a real valued solution of the non-linear wave equation in D(Hp,v), att =0, u = f,
u=g, > %, p=3, and VE is the energy of u, then 3C1 3,Cs g

T
| s G b < VEWE Il (75)

/ [ A= ZEm e < CapVE(VE +fll2) (7.6)

Proof: Throughout these calculations ||u|| = ||lu|| 2. We begin by assuming that 8 = o + 1 for o € (3,1]
and apply the results of theorem 23 (equation 7.7). We then apply the commutation result, theorem 1, to
get an exact derivative which we can integrate (equation (7.8). After some calculations, we apply theorem
16 to remove some terms (equation (7.9)) and then the Schwarz inequality. We then apply conservation of
energy and theorem 17 (equation 7.10).

T

v [ 10+ gt R+ eas [ A= 25l

T
< | [ twilt sl (7.7)

T
< / 9 i) — iy iy (7.8)
S |[dt <u’7u) - 2(“3 7“)]5'
< )|
< Ilallrall?) (7.9)
< |VE(C,VE + DI|(1+ ZM“*)Z)—“un)m (7.10)
< VEICVE + DI+ () ullmg + VEIC,VE + DL+ () iy
< VERC,VE + DIIfI]+ DVEN(1 + (2222 ~7uflp_p (7.11)

2M

Since 1 > o > 5, we can choose g so that 5~ + <q < 2. We now define p to be the conjugate exponent
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to g, note a bound on %, and define & in terms of p.

1 1
- > 1—=-==
p 3
2
kK = -
b
2—kK
=1
2 q
S oc+1
o
q 2

We now apply Holder’s inequality to the last term in (7.11) using conjugate exponents p and q. We then
apply theorem 12.

Ty — Qlx — |/U’|N|u|2_N 3
1+ Al = / d

L - Ju| =) 3 g
< u|2 d / d
< (fren) ([ s cmpmmts)
) |u|(2—;)q L
< = (7] = I«
(1+ (7‘*21\?* )2)q<r
1 u 1
< =] — ="
(+ () F
u 1
< (VET+|fD? I
< ( [ Frewpemaead
For sufficiently large values of T' we get
T — Qa oy _ 1 U _1
(2 + ¢ ))~"ull < FT5|| [

_—
2M (L+ (B )2) F

Substituting this into (7.11), we get

T T
Ty — Qi gy _otl o Ty — Qs \gy_otl 1o 2M . _,_ 113
2 < pl _ Pl,,|P
/0 10+ (P~ F ulfde < / 10+ (F5)) ™ +/mx<1 ) Pl d e
< 2VE(Q2C,VE + D||f|)) + DVEFT?||(1 + (Zo—2)%)~“F a5

2M
(7.12)

We can now apply lemma 25 to conclude that on a subsequence

Ty — Oy

2M

Since the integral being bounded is monotonically increasing in time, we can conclude

a+1

5|1+ ( )l =0

T
[ (s En - up + [ - 20 rupidn) ar < VE@C,VE + D))

This proves the result for 3 € (2,2]. Since (1+(“252)?)~" is a decreasing function of 3, the result holds
for all 8 > 2. O
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