NONLINEAR WAVE EQUATIONS
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This topic proposal will deal with well-posedness questions for nonlinear wave equations of the
form

Uu=F

U[O] = <f7g)7
where [ := —9? + A and u[0] := (u, u¢)|s=0. The equation is semi-linear if F is a function only of u,
(i.e. F'= F(u)), and quasi-linear if F is also a function of the derivatives of u (i.e. F' = F(u, Du),
where D := (9¢, V)). The goal is to use energy methods to prove local well-posedness for quasi-

linear equations with data (f,g) € H® x H*"! for large enough s, and then to derive Strichartz
estimates to deal with semi-linear problems with data (f,g) € H' x L?. We begin, however, by
deriving various conservation laws for solutions of wave equations.

1. CONSERVATION LAWS

The general idea is that the various symmetries of the wave equation lead to certain conserved
quantities. To see this, we start by observing that solutions to the homogeneous wave equation can
be expressed as stationary points of a variational integral. Indeed, define £ by

1

L) = 2/1@ IV fuf? dt
>< n

Then, for every ¢ € C3° we have, formally, that

(£/(),0) = S £+ e6)lezo

= /(utt — Au)g

:—/Dugb

where £'(u) is the Fréchet derivative. Hence u is stationary for £ with respect to variations ¢ if
and only if Ou = 0.

Noether’s Theorem states that the invariance of a variational integral, £, with respect to a 1-
parameter family of diffeomorphisms implies a conservation law for any extreme value of £. Since
solutions, u, of the homogeneous wave equation arise as extreme values of £, we can use Noether’s
Theorem to obtain conservation laws in the form of a divergence equation 8jVj = 0.

To derive our first conservation law, observe that £ is invariant under time translation, i.e.
L(u) = L(Geu) where Geu(t, z) = u(t + €,x). The vector field 9; generates the flow corresponding
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to time translation. Therefore, by Noether’s Theorem we are able to multiply the wave equation
by us to obtain a divergence. Indeed, we have

0=wuu
= —ugup + Auny

wel | [Vul®

(1) == —815 (2 + 9 ) + diV(Vuut)

which is a divergence equation (observe that this is a divergence in space-time of the vector
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field givg: by (—2% + |V;‘ ,Vuug)). At time ¢, we define the energy E(u(t)) := |[Du(t)||3. =

fRn (% + @) dz. Integrating the above over R” and assuming, say, that Du(t) € L?(R"), we

obtain the conservation of energy

BE(u(t)) =0

which implies that E(u(t)) = E(u(s)) for all s,t. We can localize this result to light cones to
obtain more information. Let K(zp) := {z = (t,2) € R x R" : |zg — x| < top — t} be the backwards
light cone based at zgp = (to, 7o), and let K%(z) := K(z0) N ([s,t] x R™) be the truncated cone.
Integrating (1) over K!(z), we obtain

E(u; D(s; 20)) = E(u; D(t; 20)) + Flux(u; M (20))
where
D(s;20) == K(z0) N ({s} x R")
E(u; D(s;20)) = [ Du(t)l|72(p(ssz0))
M;(20) = {|x — wo| = to — t} N ([s,#] x R")

Flux(u; Mt (z9)) := / 1 ’Vu — uy
Mi(z0) 2

2
Tr — X0 do

|z — 2o

This tells us that the energy at time t is less than or equal to the energy at time s with the
difference consisting of the Flux, which is what has escaped out the sides of the light cone.

To derive more conservation laws we observe that £ is invariant under the Poincaré group which
consists of the isometries of Minkowski space, namely, translations and Lorentz transformations.

Invariance under spatial translation leads to the conservation of momentum. Spacial translation
is generated by 0, so multiplying the wave equation by the u will produce a divergence equation.

0 = —uguy + Auuy,

ue® [Vl

= —0(uguy) + O < 5 5

) + div(Vuuy).
Integrating this over R and assuming Du € L?(R™) gives that

at/ upuy do = 0.

which shows that momentum is constant for all time. Similarly, elements of the subgroup of Lorentz
transformations are generated by I'j, := x;0, — 24,0; or I'; = x;0; + t0;. Proceeding as before we
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obtain the conservation of angular momenta

O /(:cku] —zjug)(u) dr =0

as well as

> | Vul®
O | xp, T—I— 5 + tugus dr = 0.

2. ENERGY ESTIMATES

In the preceding section, symmetry allowed us to prove conservation of energy. More generally,
we can use the Fourier transform to prove energy inequalities as well as an existence and uniqueness
result for the linear wave equation. These results are necessary in order to address the issue of local
well-posedness for our quasi and semi-linear problems.

Theorem 2.1. Let (f,g) € H® x H*™! and h € L'([0,T], H*~'). Then the linear wave equation
(2) Ou=nh
ul0] = (f,9)

has a unique solution u € C([0,T); H*) N C([0,T]; H*~') which satisfies, for each 0 <t < T, the
following energy estimates:

t
3) fult e + 10ult, e < C(L+8) (||f||Hs+|rguHs-1+ / uh<r,->HHs-1dr>

Remark 2.2. The term (1+t¢) in the above inequality is necessary because solutions, u, to the wave
equation only satisfy ||u(t)||2 = O(t) as t — oco. Hence bounds for ||u(t)||zs will always need to
include a term that depends on ¢. To remove this inconvenience we can estimate, instead, in H?
where s > 1, giving us the following result.

Theorem 2.3. Lets > 1. Let (f,g) € H*x H~! and suppose h € L'([0,T); H*~'). Then solutions
u to the linear wave equation

Ou=nh
ul0] = (f,9)
satisfy
¢
(4) [t ) s + 19pult, )l gras < C (Hfllys + llgll e +/0 1R (r; ) s dr)

In the proofs of these theorems and in the following discussion we will also need the following
standard energy inequality for solutions to the linear wave equation

Lemma 2.4. Suppose (f,g) € H' x L? and h € L'(R; L*(R™)). Then, if u solves the linear wave
equation (2), we have

[1Dullrgerz < ulOll gy g2 + 1l 22
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Proof of Lemma 2.4. As in the proof of conservation of energy we multiply our equation (2) by u;
and integrate (assuming sufficient vanishing conditions on u), to obtain

| Du(t, )3 = 2/ut(t,x)h(t, x)dx

< 2f|ue(t, ) z2llpCE ) 2
< 2| Dult, )| 22t ) 22

When || Du(t,-)| 12 # 0 we can divide through by it and integrate from 0 to ¢ to obtain
t
[Du(t, )2 < [|Du(t, 0)| 2 +/0 1A (t, ) 22
Taking the supremum over all 0 < ¢ < oo finishes the proof. g
With this result we can now prove Theorem 2.1.

Proof of Theorem 2.1. Assuming the energy inequality, we first prove the existence and uniqueness
statement. Taking the Fourier transform in the space variables and solving the resulting ODE gives
us the Fourier representation of the solution

_ sin(tv/—A) sin((t — r)v/—A)
u(t,) = A X gt cos(tV=A)f + / A h(r,-)dr.

This gives existence for (f,g) € S x S and h € C*([0,T];S). For the general case, we can use
an approximation argument, using (3) to remove the smoothness assumption. Uniqueness follows
directly from (3) by observing that if u and v are two solutions, then their difference solves (2) with
(f,g9) = (0,0) and h = 0. To prove (3), we estimate each piece of the Fourier representation.

Letting Ky(x) := F _1(%), where F~! denotes the inverse Fourier transform, we have

t
u(t,-):Kt*g—i—Kt’*f—i—/ Ky xh(r,-)dr.
0
Then,
1K * gllzrs = [I(1 = A)2 (K, % g)|l 2
= [|Kp * (1 - A)2g]|.2

= [ K+ G2

where G := (1 — A)2g. Now, observe that by Plancherel
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|K:# G2 = | K G)3

sint |€] 2] 4, 2
= G d
/ o Je] a
sint |€]1% ) 4, |2 sint [¢][2] 4 .12
= G d G d
L@ g ‘@‘5+Am | o] a

< [ eleof as [ o] a

<201+ [+ i)t G| dg

— 2(1+ )] o

sin t|¢|
€l
following from the fact that |{] <1=1< ﬁ and [£| > 1= ﬁ < 1+T§|2' This proves that

1K+ gl < CA+ 1)l gl s

with the first inequality following from the obvious bounds on

2
) and the second inequality

Similarly, using Plancherel again, we have
1T fllFre = 1K # (1= )7 fl[7a
= [|(cos &) (1 — [€[*)2 f172
<11 =1€)2 f172
= £l

In the same manner we estimate the inhomogeneous part:

(5) /Oth_r*h(r, Ndr|| = H(l—A)S/Oth_T*h(r, Y dr

Hs L2

t
S/Hmr*ﬂ—AﬁManw
0
t
gc/u+w—wwmpmmlm
0

t
<C(1 +t)/ |h(ry )| grs—1 dr
0

5



where the first inequality above is by Minkowski’s inequality and the second by our previous ar-
gument that proved ||Ky x (1 — A)2g|lz2 < C(1 + t)||g|zs—1 . Putting this all together we get
that

t
u(t,)||gs < C(1+1) (llflle + llgll s +/0 [P (r, ) s d?”) -

To finish the proof of (3) we would like the same estimate for d;u(t,-). To obtain this estimate,
we will need the standard energy inequality from Lemma 2.4.

(6) rWMumygchu |y+/nh pm)
_cowmm+wm+/nwnme
0

where D = (0, V).

-1

Now, observe that (1 A) ommutes with the [J operator, i.e. for any function u,

co
(1-A)7T "Ou =0 ( —A)= u) Hence if u solves

2
—1

Ou=h
ul0] = (f,9),
then w = (1 — A)"2 u solves
Ow=(1-A)Th
wlo] = ((1-24)%

Applying (6) to w gives us that
1Bt Mgre-r = 1011 — A) T )| 2

c@u—miwmm+wrwmﬁmm+éHu—m%%mﬂm)

f,1-2)7g)

t
SCQWWHWNW1+A”MUWm1>

This, combined with our estimate for u gives us

t
[w(t, ) as + |0u(t, )| gs—1 < C(1+1) (IIfIIHs + [|gll s +/0 A7, ) prs—1 dr>
as desired. ]

Proof of Theorem 2.3. To prove (4) we again estimate each piece of the Fourier representation
t
u(t:) = Kixg+ K f+ [ Kipshlr:)dr
0

where Ki(z) := F —1(%), and F~! denotes the inverse Fourier transform. Using the homoge-
neous Sobolev norms we now have

1K # gll g = [V * gl 2
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We compute VK.
9, Ko sin(¢
T t BIJ / g |£||£| 5

— / i€;e'™¢ sin(t [¢])

d€.
€] <

Hence
100, Kt  gl|32 = 1|0, K1d1 %2

g,

< Cligl e
where the constant C' is independent of t. The above estimate implies that
1K % gl e = IV K * gl gras
s—1
= VK (=A) =2 gll 2

s—1
<I(=8)= gl

LD o

= Cllgll gs-1-
The rest of the proof now follows by proceeding in exactly the same manner as in the proof of
Theorem 2.1 except with H® norms instead of H® norms. O

3. LocAaL WELL POSEDNESS FOR QUASI-LINEAR EQUATIONS

With the energy estimates in hand we can address the question of well-posedness for quasi-linear
equations with data in H* x H*~!. We will be considering equations of the form

Ou = F(u, Du)
ul0] = (f,9)
where F' € C*°, F(0) =0, and VF(0) = 0.

Remark 3.1. We cannot hope to prove global well-posedness for such a wide class of nonlinearities
F'. The following is an easy example of an equation whose solution blows up in finite time:

(7) Lu = (81511,)2

u[0] = (0,9)
where g € C§°(R™). To see this, suppose g = ¢ is constant. Then w must be a function only of
time, and our problem reduces to solving uy(t) = (u¢(t))?. The solution to this ODE is given by
u(t) = —log(1 — ct) which blows up as t — 1. To reach the same conclusion with g € C§°, one can
show that solutions to (7) are unique on backwards light cones. Then solve (7) on a solid backward

light cone with height and base the ball of radlus . Then take g = ¢ on the ball of radius R >
and supp(g) € B(0, 2R)

We can, however, prove local well-posedness.



Theorem 3.2. Let (f,g) € H* x H*"! for s > 5+ 1. Let F': R x Rt R satisfy F € C,
F(0) =0, and VF(0) = 0. Then, there exists a T > 0 such that

(8) Ou = F(u, Du)
ul0] = (f,9)
is well-posed in the space X1 := C([0,T); H*) N CL([0,T); H*~1) with the norm on Xt defined by
lullx; = sup (fu(®)llms + [0cu()]| g=-r) -
0<t<T

The proof will require the following results:

Lemma 3.3 (Gronwall’s Lemma). Suppose «,3 > 0 are constants and G > 0 is a continuous
function on [0, T] such that

¢
9) Git) <a+ ﬁ/ G(r)dr
0
for every 0 <t <T. Then
G(t) < ael

for every 0 <t <T.
Proof of Lemma 3.3. Define R(t) = f(f G(r)dr. Then

R'(t) = G(t) < a+ BR(t).
Multiplying both sides by e=?* gives that

d

7 (R(t)e_ﬁt> < ae Pt

Integrate from 0 to ¢ and multiply both sides by e’ to get
R(t) < —%(1 + Pty

Plugging this into (9) finishes the proof. O
We will also need the fact that for s > 3, H® is an algebra.
Lemma 3.4. Suppose f,g € H® for s > 5. Then

1fgllezs < Clfllasllgllae
Proof of Lemma 3.4. Let P, denote the Littlewood Paley projection onto the kth dyadic shell, i.e.
Puf := FL(¢f) = ¢ = f and the {¢;}'s form a dyadic partition of unity, i.e. > ;-5 9;(§) =1
for every £ € R", 9; € C’go({Zj_l <€ < 2j+1} and 9;(§) = ¥1(27U=D¢). In this proof we will
also assume that vy := ngo ;. We will assume the following two facts which follow from the
Littlewood Paley Theorem.

(a) Suppose there is C' > 0 such that a sequence {f;} satisfies supp(f;) C {c—121 < |¢g) < €27},
Then if f =) f; we have

117 < C"> 7 27°) £5117
j=0
If we further assume that f; := P; f, then the converse is true as well, i.e
D 2SI < Nl
j=0
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This holds for any s € R. R '
(b) If s > 0 and if there is a C' > 0 such that the sequence { f;} satisfies supp(f;) C {|¢| < R27}
then

17 < © 221157

j=0
If R = 2% then the constant C' above is of the form C = €225k,

Now, observe that we can write

f9=">_ PifPig
J,k>0
= Y PifPg+ Y, PifPg+ Y, PifPg
k<j—10 j<k—10 lj—k|<10
=T+ 1T+ 1III

Observe that for k < 7 — 10 we have that supp(Pj/f]?kg) - {0*12j < |l < 027}. For j < k—-10

we have Supp(PﬁFkg) c {C12F < ¢l < C2F}. And for |j — k| < 10 we have Supp(PﬁFkg) C
{|¢] < C27}. Then, using (a) on the first two terms and (b) on the third term, we have that

1fgllers < [[Xlers + [[TT]] s + [[TIT] s

[SIE
(SIS

1
2

SUDC2290Pif > Pl | + (D22 DD BifllE | +(D_22Pf Y] Pl

7=>0 k<j—10 k>0 j<k—10 j=>0 |7—k|<10

=A+B+D
We start by estimating A. Since || >y <; 19 Prgllree < C||gllre we have that

N

A<Cligllz | Y 2*7|1PifI72
720

< Cligllzee [1f ||z
Since A and B are completely symmetric, we also have

B <Ol fllee=ligllas

For D we also have that || =, 19 Pkl < Cl|g|r. Hence

N

D < Dllgllee [ > 27| fl7
720

< Dllgllzoo [ f1l

We will also need Moser’s inequality.



Lemma 3.5 (Moser’s Inequality). Let F' : RN — R satisfy F € C* and F(0) = 0. Then for
every s > 0, there exists a continuous function v such that

IE )W < v lloo) | f s
for every f € H* N L.
To prove Moser’s inequality we will need the following lemma due to Bernstein

Lemma 3.6 (Bernstein’s Lemma). Suppose f € LP with 1 < p < oo satisfies supp(f) C {|¢| < R}.
Then

(10) 10° flle < CaRM|| |1

If, in addition, we have supp(f) C {2971 < |¢| < 27T}, then

(11) 00712’k||f||m < sup 10°Fllze < Ca2?®| f Lo
al=k

Proof of Lemma 3.6. Suppose f € & is such that supp(f) C {|¢| < R}. Let x € Cye satisfy
x(€) = 1if £ € {|¢] <1} and supp(x) C {|¢|] < 2}. Then define xr(£) = x(R71¢). Then we have

f(‘f) = XR(g)f(g) and hence f(z) = xg * f(z) = R"X(R-) * f(z). Then by Young’s inequality we

have

10%FllLe < | R"O“X(R)|| o1 || £l o
= Co R f| v

This proves (10). We will prove (11) in the case n = 1 and |a] = 1. Suppose supp(f) -
{2771 < |¢| <271}, Then f’ also satisfies supp (f) {23 1 <|¢] <29t} Then, letting {¢;}
be a dyadic partition of unity as in the proof of Lemma 3.4, we have

i£f(&) = () =i () ]'(€)
which implies that for £ # 0 we have

Hence, we can write
flz) =G = f'(x)

where G = F~1 (—z@) . Therefore, by Young’s inequality, it suffices to show that |G| < C277.

27+1 27+1
¢J (5) zx{ sz)] (5) —ix§
G(x) = d§ — d
@= [ Bfeae [ ¢
2 @ZJO(S) ei2jx§ dé— o 2 Q,Z)] (5) 6—i2jx§ dé—
2-1 & 2-1 §

For |z| < 277 we will use the trivial estimate |G (z)| < C. To derive a useful estimate for |z| > 277
we can integrate the above expression for G by parts twice to get

2 d2 w (g i27z€ ,¢ efinmg
G(gj):/wdfz( E )2%2 “- /21d§2< 0 ) g




which implies that |G (x)| < C27% |z|~2. Then

/ G()| dz = /|z|<2—f G()| do + /x|>2—j G()| da

< / Cdx+/ C27% |z|7? du
|z|<2-3 |z|>27
<0277
This proves the left inequality in (11). The right inequality follows from the proof of (10). O

Proof of Lemma 3.5. As in the proof of Lemma 3.4, let P; denote the jth Littlewood Paley projec-
tion. Also define Sy f := ZN P; f. We claim that it suffices to show that

j=—00

(12) IF(Sn ) = F(Suf)llas < (I fllze)ISnf — S fll s

for every N, M. To see that this suffices, observe that if (12) holds, then, since S;f — f in H?,
we have that F'(S;f) is Cauchy in H® and

IE (S s < AUz ) 1 Nl s

It also follows easily from the convergence in H® of S;f that F(S;f) — F(f) is H®, which,
combined with the above inequality implies

IE s < AU o) f | ers
To prove (12) observe that

1
d
F(S;f) = F(Sj-1f) :/o o Si-1f + A = Sj-1f)) dA
1
= / F'(Sj_1f + AP f)P; f dX
0
=m;P;f
where m; := fol F'(Sj—1f + AP;f)dA. Then we can write
N

F(Snf) = F(Suf)= Y F(Sif) = F(Sj-1f)
j=M+1
N

= Z m; P f

j=M+1

Now, we also break up m; into dyadic pieces and write m; = S;m; + Y po; Pj1pm;. Hence,
o
F(Sxf)— F(Suf) = A+ By
k=1
where A := E?:M«H Sjijjf and Bk = E;-V:MJA Pj+kmjpjf.

We claim that for every j, k, and for every L € N, we have
—Lk
(13) 1 Pjkmjllzee < 27 yr (]| f[|ze>)
To prove the claim we observe that 0“m; consists of terms of the form

1
/ F'(g)0% g ... 0% gy dA
0
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where g\ := Sj_1f+AP;f, > a; =|a| and | < |a|. Now, by Lemma 3.6, (since each g is supported
in {|¢] < C27}), we have

10%m; o < 2% (|1 f ) ree)

where 7, is a continuous function that depends on « and derivatives of F’ up to order oo. Applying
Bernstein’s Lemma again, (this time since Pjigm; is supported in {C~127HF < |¢| < C27Fk}),
followed by the above estimates we get
1P imy|pee < Cp27 200 Sup 10% Pjremy|| Lo
al|=L
< Cp2 M sup 0%m; | poe ||y x|
|a|=L
< Cr2 (1 fllze)

proving the claim. We can now estimate A and Bj. Using fact (b) from the proof of Lemma 3.4,
our above estimates for || Pj;rm — J||, and fact (a) from Lemma 3.4 we have

=

N N
Al = || > SymPif||  <C | > 229|8m;Pfl3
J=M+1 s J=M+1
N 1
<c| D 229 8mylli | P32
j=M+1
1
N 2
<Cy(lfle) | D 22|PifII3
j=M+1
N
<Cwllflle=) | Y. Pif

= C(llfllz=) 1SN f = Snr f e

Similarly, except this time using the fact that when we apply (b) from the proof of Lemma 3.4 we
have R = 2*, we have

N

N N
IBlls = || D> PiwmyPif|| <27 | > 22| P em; Pifl3s
j=M+1 j=M+1

HS
< 2Py (|| £l poe)2 RS f — Sar f | are-

Choosing L > s we then sum over k to get

o
S Bkllas < Cyn(fle)ISnf = Sufllas.
k=1

This proves (12). O

We can now prove Theorem 3.2.
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Proof of Theorem 3.2. We will use an iterative process to prove existence. We define a sequence in
X7 by letting u_; = 0 and, for every j, defining u; to be the solution to the linear wave equation

Duj = F(Uj_l, DUj_l)
u;[0] = (£, 9)
We can show by induction that {u;} is a well defined sequence in Xp. Clearly , u_; € Xp. Assume
uj—1 € X7. By Moser’s inequality we have that
1 (uj—1, Duja) | s <y ([[(wj—1, Duj—1)|[ o) [[(wj-1, Duj1)|| o
Since s > § + 1 we have, by Sobolev Embedding, that
[(uj—1, Duj—1)|zoe < Cl[(uj—1, Duj1)| s
< Cllujallas
< Cllujllxr
Hence v(|[(uj—1, Duj_1)|z>) < supgc,<cr |y(r)|. Which tells us that F(u;_1, Duj_1) € H*1.
Therefore, by Theorem 2.1, we have that {u;} is a well defined sequence in X7 and each wu;
satisfies the energy inequality (3). We now claim that the u;’s form a bounded sequence in Xr.
More precisely, we claim that there exists 7' > 0 such that ||u;|x, < 2CE,; =: R where E, :=
| fllzs + 9|l grs—1, and C is the constant arising in the energy estimates (3).

We prove this by induction. We have that ||[u—1||x, < R. Assume that ||u;_1]x, < R. Then
using the energy estimates (3) and assuming right away that 7' < 1, we have

t
(14) s (e + 10ty (Dl s < € (E + [ 1Py, D) dr)
By Moser’s Inequality we have that
1 (wj—1; Duj1) | a1 < 7y ([ (uj—1, Duj-1)l|zoo) || (uj—1, Duj—1)l gra-1-
And, again by Sobolev Embedding,
1(j—1, Duj-1)[ L < Cfl(uj—1, Duj1)|| s
< Cllujallas
< Cllujllx,-
Now, since by our inductive hypothesis 0 < |lu;—1|[x, < R and since v is continuous, we have
1F (uj—1, Duj—1) || grs-1 < All(uj—1, Duj—1)| s
< Aufluj-illxr

where the above constant A := maxo<y<cr |y(y)|. Using this estimate in (14) and taking the
supremum over t € [0, T] gives

ujllx, < C(Es+TAxlluj-1]lx7)

Letting T' < ﬁ ensures that ||u;|x, < R.
We can now show that the u;’s satisfy

1
wj1 — uillxp < 5““3’ —uj—1||x,p

13



and are therefore a Cauchy sequence in X7. Observe that the difference w := u;1 — u; solves the
linear wave equation

Lw = F(’U,j, DU]) — F(Ujfl, Duj,l)
w[0] =0
Therefore, by our energy estimates (3) we have
(15)
t
i () = wj @) e + |10puj1 (8) — Quj()]| o < C/O [1F'(uj, Duj) — F(uj1, Duj1)| == dr

We can estimate the term inside the integral as follows. Let U; := (u;, Duj). Then,

Yd
IF(U) = FU)I < [ | 5P+ MUy = Uy

1
=10y = U] [ IVF@;1 4+ A@; = Uya))]
0

Taking the H* norm of both sides and using the fact that H*~! is an algebra (Lemma 3.4) for
s> 4 + 1 gives us that

1
|F(U;) — FUi-1)los < IU; = Upoall o /0 IVE(U;-1+ MU = Uj-)ll e dA.

And by Moser’s Inequality again the above is
< NUj = Ujallgs—ry (10Uj—1 + AUj = Uj-1)ll2) [Uj1 + AUj = Uj1) | =1

By Sobolev Embedding, the continuity of v, and the fact that ||u;|| x, < R we have that v(||U;—1+
A(Uj — Uj-1)||r>) is bounded by a constant depending on and R and the nonlinearity F'. And we
have

|Uj—1 + AU = Uj-1)|| g1 < CUIUj-1 |l gs—1 + [|Uj || grs-1)
< O(lluj-1llms + gl as)
< 2CR
Hence,

(16) |F'(U;) = F(Uj-1)llgs—1 < CR|lug — uj—1|[ms < CR[Juj — uj-1]x,

Also we have |U; — Uj_1||gs-1 < C||luj; — uj—1||gs. Hence, taking the supremum over 0 <t < T
in (15) we get that

luj1 = wjllxy < TCR[luj = wjillx,-
And we can choose T' > 0 such that TCR < %.This shows that {u;} is Cauchy in X7 and hence

there is a function v € X7 such that u; — u in X7. We would like to show that this u is our
solution to (8). To see this observe that for every j we have

_ sin(tvV=A) Esin((t — r)v/—A)
(17) uj(t,-) = ﬁg + cos(tvV/—A) f +/0 A

t
:Kt*g—l—Ké*f+/ K x F(Uj-1)
0

F(uj,l, Duj,l) dr.
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where K; = F~! sintV=A)y and U; = uj, Du;). By our above work, the left hand side of
V—A J J J

(17) converges in X7 to u. To deal with convergence of the right hand side we first show that
F(Uj) — F(U) in H*"!'. Indeed, we have

[F(U}) - F(U)| < |U; - U] /0 VE (U4 AU, - U)] dA

which implies, as in (16), that
|1F(U;) = F(U)| zrs—1 < CRlluj — ul|gs
< CRluj — ul[x; — 0.
Hence F(U;) — F(U) in H5™ 1

We would like to show that fot Kiy * F(Uj—1) — fg Ki— * F(U) in Xp. Using the same
estimates as in (5) we get

/Kt e x (F(U; ) (U))\H

< /0 1Ko % (F(Uj—1) — FU)| 0

<C [+ = DI = FO) e
< [IF@) = PO

t
<CR [l ~ullx,
0
Similarly, we have

o ([ K (U - FO) KL+ (F(Uy 1)~ F(U)))
0 0

Hs—1

t
< [ s~
0

Putting together the last two estimates and taking the supremum over 0 <t <7T') we have
t
‘ | Koo (P00 - FO))
0
Therefore we can let j — oo in (17) to get that

_sm(t\/i) cos( sin( t—r VN w. Du) dr
u(t,) = A g+ cos(tvV—A)f + / F(u, Du)dr.

< CRT||u; — ul||x, — 0
Xr




which implies that « is our desired solution.

We would now like to show that the solution u € X7 is unique. To see this, assume that there
are two solutions u,v € Xp. Then the difference w := u — v solves the following equation

Ow = F(u, Du) — F(v, Dv)
w[0] =0

By the energy estimates (3), we have, for every 0 <t < T, that
t
lu—vllgs + [|0u — Oy a1 < C/ I1E(U) = F(V)|l =
0

where again we are using the notation U := (u, Du). As we have seen above in (16), we have that

W) = F(V)lgs-1 < CR[lu — |5
< CR(|lu = vllgs + 10:(v = )| g=-1)

Hence
t
lu = vllzs + 10w — ) || a1 < CR/O (lu = vllzs + [10e(w — v) || rs-1)
which, by Gronwall’s inequality, tells us that ||u — v||x, = 0, proving uniqueness.

Finally, we show that solutions depend continuously on the initial data. Let u[0] := (fo,g0) €
H*® x H5! and let T > 0 be defined as above so that there exists a unique v € X7 such that u
solves (8). We would like to show that there is a neighborhood N > (f,g) in H® x H*"! and a
continuous map S : N — X7 which associates to each (f,g) € N the unique v € X7 such that v
solves our quasi-linear problem with initial data (f,g).

To see this let v[0] := (f,g) € H* x H*"! and let T} > 0 and v € X7, be the corresponding time
and solution. Choosing 7" small enough above we can take v[0] close enough in H® x H*™1 to 0]
so that we can take T = T. Then, by the energy inequality (3), we have

t
= vl + 10w = )l gos < © (num [ /0 | F(u, Du) — F(uDv)HHsl) .

Using the same methods as in the proofs of existence and uniqueness, the above inequality implies,
by our choice of T', that

1
lu = vllxy < Cllul0] = v[0}]] + Fllu —vllx,

which proves that the solution map is, in fact, not only continuous, but Lipschitz.

Also, by differentiating the equation and using the same ideas we can prove that additional
smoothness in the initial data persist for the full time of existence. In particular, if f,g € C§°(R")
then w € C*°([0,7] x R™). O

Remark 3.7. If our nonlinearity F is of the form F' = F(u) then the same argument works if we
only require that s > 3.

16



4. STRICHARTZ ESTIMATES

Having proven local well-posedness for quasi-linear equations with data in H* x H*~! for large
s, we now address the same questions for the semi-linear equation in (143)-dimensions with data
in energy space H' x L?. Our model semi-linear problem is

Ou =+ [u|*

ul0] = (f,9) € H' x L?
We can prove local existence and uniqueness for 1 < a < 3 by using only energy methods. The
energy critical exponent for this problem, however, is @ = 5 so we would like to be able to prove
local well-posedness for a up to and including the critical exponent. Strichartz estimates are the
tool that will allow us to do so.
Definition 4.1. A pair of exponents (g, p) are said to be wave-admissible if p, ¢ > 2 and
1 n—-1 n-1

< .

qg 2p — 4
Theorem 4.2. Let u be a solution to the wave equation
(18) Ou=nh

ul0] = (f,9),
where (f,g) € HYx H"! and h € Lg/Lg. Then, u satisfies the following a-priori estimates:
(19) el gz < CUION g -1 + 1Al 1)
provided (q,p) and (a,b) are “wave-admissible” and (q,p), (a,b), and ~y satisfy the scaling condition
1 n 1 n n

20 Sl o2y
(20) PR 5 7
Remark 4.3.

e The wave-admissibilty condition is necessary because we can show that the case f =0 and
h = 0 in the above estimate is equivalent to the Stein-Tomas Restriction Theorem when
p = q. And, the Knapp example shows that the condition that (p,p) be wave-admissible is,
in fact, optimal in the case of the Restriction Theorem.

e Condition (20) is necessitated by scaling considerations.

To prove Theorem 4.2, we will need to derive pointwise estimates for solutions to the wave
equation. Recall the Fourier representation of solutions to the homogeneous wave equation

u(-,t) = sin(t\/@g + cos(tvV/—A) f.

If we assume that f and g have Fourier support in the dyadic shell {% <€ < 2}, we can derive
pointwise estimates by controlling the operator eV =2,

Lemma 4.4 (Pointwise Estimates). Let f € S satisfy supp(f) C {% < €] <2}. Then

(n—

< C(t)~
LSO

(21) [e=v=as] Al

(22) =2y

o < Al

17



Proof. First we write

VR = [ [ ey i) g (y) dy
=K * f
where y € C§° satisfies y = 1 on {3 < |¢] < 2} and Ky(z) = [ e!FEF=Oy(|¢]) d¢. Then, we have
[eFV=A F|| oo < || Ki||poe|| |11 Hence, for the first inequality, it suffices to show that

7(n—1)
[KtllLe < C(t)™ 2

where
Ky (x) = / IO, ((e)) de.

First we observe that |Ky| (z) < C for all ¢, so we will only concern ourselves with ¢ large. The

phase function for Ky is ¢(§) := £t [{| +x - . We have V¢o(€) = it% +x = 0 only if |x| = ¢. This

tells us that the critical points for ¢ lie on a line and, therefore, are not isolated. Hence we cannot
apply stationary phase estimates directly. To avoid this problem we change to polar coordinates.
Set & = rf), where r = [£] and 6§ € S"~!. Then we have

2
Kt(z:):ﬁ eiitrx(r)r”_l/ 16"1'9d0(9) dr
= Sn—
2

2
= / ey (1) Le (ra) dr
3
Now, recall the following stationary phase type estimates for the surface measure of the sphere.

6(n) = ¢ Mo (In]) + e"w (In])

(n—

1
7 1% for each a. Plugging in these

where wy are functions that satisfy |0%wy(n)] < C|n|”
estimates for (rz), we get that

2
Ki(z) :[ X () e M (Inl) + eMws (In))) dr

2

Then for |z| such that C~'¢ < |z| < Ct and t large, we have that

(n _(n=1)

—1) ,
2 <(C <t> 2

| K (x)| < Ct™

Now, for |z| and ¢ far apart we see that our original phase function ¢ is non-stationary so we
expect to get any type of decay that we want. To be more precise, for |z| # ¢, K; consists of terms
of the form

2
A(z,t) ::/ e EFD o (ra) x (1) dir
1

2
Integrating by parts as many times as we like and using the decay estimates for 0%w., we get that

(n=1)

Al < Cla™ 77 (FtF[a)7Y

for any N. And since |z| is bounded away from ¢ we can make this as small as we want. this proves
(21).
18



(22) follows from the following:
Heim/fAf‘

o < I fl

= [|Kefl 2
< el zee 11 2
< C|fllg2

Interpolating between the two inequalities in Theorem 4.4 we immediately get

Lemma 4.5. Let f € S satisfy supp(f) C {% < |¢] < 2}. Then, for 2 <p < oo we have

n—1)

<oy T T fll

= ez, <

Now, for the Strichartz estimates for solutions of the homogeneous wave equation we would like
estimates of the form

(24) Heﬂtm f‘

g < Ol

To obtain these we will use the standard T7T™ argument which gets its name from the following
lemma:

Lemma 4.6. Let A be a Hilbert space and B a Banach space. Then the following are equivalent:

(i) T: A — B is bounded
(ii) T* : B* — A is bounded
(iii) TT* : B* — B is bounded

We will also need the following version of the Hardy-Littlewood-Sobolev inequality

Lemma 4.7. Let I,(F) = [ (t — s>7%F(s) ds and suppose 1 < ¢’ < q < co. Then, if r > 1 and
%Zl—(%—%) we have
27 (F)|| e < CHFHLQ"

With this we can now prove the key lemma

Lemma 4.8. Let f € S satisfy supp(f) C {% < |¢] <2} and g € S(R™*Y) have spacial Fourier
support, supp(g(-,t)) C {% < gl < 2}. Then for (q,p) and (a,b) wave-admissible, we have

() ==y, < Clfle

Lk =
oo . X
(@) || [ B 0)ds| <l
o
(i) | [ Vg5 ds| < Clgly
—00 LILE ‘

Proof. Define T(f) = e**V=2f. A simple computation shows that then T* and TT* are given by
T*(g) = [°2 eFTsV=Rg(.,s)ds, and TT*(g) = [ eF=9V=Rg(, 5) ds respectively.
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We now start by proving that (iii) holds with (a’,0) = (¢, p’). By Minkowski’s integral inequality,
(since p > 2 > 1), and the L¥ — L? estimates from Lemma 4.5, we have

ITT"g(, )l e </Heii(t_s)“Ag(wS)lng ds

Now, we can apply the Hardy-Littlewood-Sobolev inequality to get
(25) ITT*glszz < Clllly
as long as we have "Tfl(l% - I%) >1- (% - %) and 1 < ¢’ < ¢ < co. But this is exactly satisfied
by the the wave-admissibility condition except for the case ¢ = 2.! Now, we apply Lemma 4.6 to
conclude that both (i) and (ii) hold for all wave-admissible pairs (g, p) and (a,b) (Here we actually
use Lemma 4.6 twice; once with A = L2, B = L]L% and then with A = L2, B = L¢L%). Finally
we conclude that (iii) is true by setting f = [0 eF'sv ~8¢(-,5)ds in (i) and then applying (ii) to
the right hand side.

]

Remark 4.9. We have now proved Strichartz estimates for the homogeneous wave equation in
the special case where f and g both have Fourier support in {% <€ < 2}. To deal with the
inhomogeneous equation, with h having spatial Fourier support in {% <€ < 2}, we have to control

the operator h — fot eEE=s)V=Ap(. ) ds.

Lemma 4.10. Suppose h € S(R"*1) is such that the the spatial Fouier support of h satisfies
supp(h(-,t)) C {3 < [€] < 2}. Then, for all wave admissible (g,p) and (a,b) we have

t
/ eFE=SIVTAR( 5) ds

0 < Clhll e

LILY

(26) |

To prove Lemma 4.10 we observe that by Lemma 4.8 part (iii) we have

< Clhll

(27) H/ eF=IV=RR (L s) ds
—0o0 LILE

for all wave-admissible (¢q,p) and (a,b). Then Lemma 4.10 follows from the following lemma of
Christ and Kiselev.

Lemma 4.11 (Christ-Kiselev Lemma). Suppose X and Y are Banach spaces and suppose K(t, s)
is a continuous function taking values in the B(X,Y"), the space of bounded linear mappings from
Y to X. Suppose —oo < a < b < oo and set

b
TW@—/KwW@%-
W® = [ K1) ds.

And suppose

1T za(@yix) < ClUFILr(apyiv)-

Lthe endpoint case ¢ = 2 requires a different argument that I will not give here.
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Then, if 1 <r < g < oo, we have

HW(f)HLq((a7b)§X) < CPTHfHL’“((a,b);Y)'

Proof of Lemma 4.11. We prove the case ¢ < oo. Normalize f so that ||f||zr((ap);y) = 1. We can
assume, without loss of generality, that f is continuous and if

- / 1F()IF ds

then F' : (a,b) — (0,1) is monotone and therefore a bijection. Hence, if I = (¢,d) € (0,1) is an
interval, then F~YI) = (F~Y(c), F~1(d)) is also an interval and

F~1(d)

e O My = [, I ds

— F(F\(d)) - F(F(¢))

Now, consider the the set of all dyadic subintervals of (0, 1),
{(k—1)277k279): 1<k <2,j=1,2,3,...}.

We define a relation, ~, on dyadic subintervals by setting I ~ J if |I| = |J| and I and J are not
adjacent but have adjacent parent intervals. Then for a fixed J there are at most 3 intervals I such
that I ~ J. Now let W denote the Whitney decomposition of the cube (0,1) x (0,1), (where the size
of each subcube is proportional to the distance to the diagonal), and let w1 (W) and m2(W) denote
the projections of this decomposition onto the x and y axes, respectively. With these projections,
we can see that for almost every (z,y) € (0,1) x (0,1) with x < y, there is a unique pair of dyadic
subintervals I 3 x, J 3 y such that I ~ J. Now, setting x = F(s) and y = F(¢), we have that (a.e)

X{(s,)€(ab)x (a,b):s<t} (5:1) = X{(2,)€(0,1)x (0,1):z<y} (T, Y)

Then we have

b
W(f) = / Nisety (1, 5) () ds

/ S Xpmr ()X (DK (4 5) f(5) d

I~J
=3 X1 OT(xr-1 1) f)
I~J
21



Therefore, since there are only finitely many I with I ~ J and since the J with |J| = 277 are
disjoint, we have

W ()| agapyix) < D Y xeawOT(xp-rn)f)

=L~ =27 L9((a,b);X)

Q=

SZC Z HT(XF—I(I)f)H%Q((a,b);X)
j=1

=

1
q

<D0 D e D apyr
j=1

|[|:2*j

Q=

=Sl >

J=1 |I|=2-7
o0

— Z CQ_J(%_é
j=1

<C

since we are assuming ¢ > r. And we are done since we assumed || f{|1r((ap):v) = 1.
O

This takes care of Lemma 4.10 for all wave-admissible (¢,p) and (a,b) except for the case

g = @ = 2. This is, again, an endpoint that will not be dealt with here. We are now ready
to prove the non-endpoint Strichartz estimates.

Proof of Theorem 4.2. The outline for the proof will be as follows

(a) show the theorem holds in the case when f, g and h all have Fourier support in the dyadic
shell {1 < |¢] <2}
(b) use the scaling condition (8) to show that these frequency 0 estimates imply the same

estimates for all f, g and h with Fourier support in the dyadic shell {Qj_l <€ < 2j}
independently of j.

(c) Observe that step (b) is enough by the Littlewood-Paley theorem.
We begin by proving (a).

Suppose f, g and h all have Fourier support in the dyadic shell {% <[ < 2}. Since f (&) =0if
£é {% < [¢] < 2}, we have by Plancherel that

cﬂmms(/mmﬂawgﬂwmmscmm

for any ~. Hence,

s

g <Ol

22



By the same reasoning we have
eiitva
v—A g

where the first inequality comes from the fact that an extra | |_1 term does not matter in the

pointwise estimates, (Lemma 4.4), since, in this case, 1 < |¢ |_1 < 2. And finally we have, by

2
Lemma 4.10 and the same reasoning as above, that

t E(t—s)vV-A t
S / etE=IVTAR( s) ds
o VA 0

Putting these last three estimates together proves Theorem 4.2 in the special case when f, g and
h have Fourier support in {% <€ < 2}.

< CHe:I:itmg‘

LILE

pazg < Clollos

(28) h(-,s)ds

< ‘

S‘VMLng

LILE LiL;

Now let Let {®;} be a dyadic partition of L'mity7 ie. ZjeZ Yi(€) = 1 for every & € R",
Y € C ({2771 < €] <2711} and ¢;(€) = ¥0(277€). Then we have,

(HitVA f _ Z / I+ () F(€) de

JEZ
=Y K;(f)

JET

And for each j we have,
Ky (1)(at) = [ g2 fe) de
= [ ety g faie) dg

= [ oy, ©)f, () de
= Ko(fy-3) (272, 2t)
where foi(z) = f(277x).

Therefore, by the above, by (a), and by the scaling condition, (20), we have

i(_1l_n
1K (Pl gy = 270 | Ko(fo-i) l pare
j(—+-2)
<C2% P foill ga
- 1 n n
=2
= C”f”Hw
or, equivalently, if we assume above that the Fourier support of f is contained in the dyadic shell

{2771 < j¢] < 271}, we have

| =86« )], < Ol * i,

iy =
23




Using similar arguments we also get

:i:zt\/

ﬁ(% *g) < Cllj * gl o

LILY

and,

< "¢] * hHLg’ngg’

/t e:l:(t—s)\/ -A
0 LIL?

T (W =) 9) ds

for every j, proving (b).

The final step is to go from the estimates on dyadic blocks to the general case. The key ingredient
will be the Littlewood-Paley theorem. First, observe that we can write

eEIVTR (5 f) = iy x eF VRS
= Ej

Then, observe that we have,

|

ig B ”ZFj("t))ig
< | IECnP?

< ZHF £l

where the first inequality is by Littlewood-Paley and the second is by Minkowski’s integral inequality
(since 723 > 1). Hence, by the above, and by another application of Minkowski (this time since 2 1>1)
we have

2

_ +ity/—A g K
= (0502 dt)
( JOMLERIRE

< Z ||Fj('>t)”Lng
J

o

IN

Now we will apply our estimates from (b) along with another application of the Littlewood-Paley
theorem to get
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[N
[NIE

J

YECOI e | <O DU flFn
i

NI

=C [ Y (=2)2 (W« FlI7

J

N|=

x
2

=C | D195+ (=22 Nl
J

1

< O[T 1y« (-2t
<cll-a)in)

= Cll Nl g

where the second to last inequality above is Fubini’s Theorem and the last inequality is by Littlewood-
Paley.
Using similar arguments we get

LE

(S]]

L2

x

oEitv—A
—— Y < Cligll gy
-4 LiL?
and,
t ei(tfs)\/fA
(29) / —————h(s)ds <A ar 7y
o VA LILP e
t+ Lz

completing the proof of Theorem 4.2

5. WELL-POSEDNESS FOR SEMILINEAR EQUATIONS

We are now ready to address our model semilinear equation. We will start with the subcritical
case and we assume, from here out, that n = 3. We will also only deal with the cases where the
exponent, «, satisfies 3 < a < 5. For 1 < a < 3 we can obtain global existence and uniqueness
results in the case of the defocusing equation Uu = \u]a_l u by just using energy methods. In
the case of the focusing equation with small data we can also obtain global existence results for
a < 3 by methods similar to those presented below, but only if we require o > 1 + /2. A result of
F. John shows that there is always blow-up in the case of the focusing equation with 1 < a < 1++/2.

Theorem 5.1. Let (f,g) € H' x L? and suppose 3 < o < 5. Then, there exists a T > 0 for which
the Cauchy problem

Ou =+ [u|* u

ul0] = (f,9)
is well-posed in X := C°([0,T); H') N C*([0,T]; L*) N L%([O,T];LQO‘). Moreover, the time T is
proportional to the size of the initial data, i.e. T ~ E5*, where Ey := 1u[0]|| g1 2, for some A > 0.

25



Proof of Theorem 5.1. We will set up a contraction mapping argument. Let X be the space
X = {ue ([0, 7; ') N C1((0,T); L2) N L5 ([0, 7 127 §
with the norm

el = 1Dl + ol 2o

Define X to be the space
Xp={ue X:|ul|x <R:=2CEy}

where C'is the constant appearing in the Stichartz estimates. Now, define a map L : X 3 v —— u,
where u is the unique solution to the inhomogeneous linear wave equation

Ou = =+ [v]*
ul0] = (f,9)

First we would like to show that L : Xg — Xpg. Combining our Strichartz and energy estimates
gives the following inequality

-1
HUHX¢=|U%MLrLg+¢hML§% o S CUulON gz + 0" vl r2)

= C(Eo + ||lv]* ™ vll 1 22)

a—37

conditiono‘—;’+%:1+%_2:%_1:

since for 3 < a < 5 the pairs (2%, 2a) and (0o, 2) are both wave-admissible and satisfy the scaling
1
2 2°

Now, by Holder’s inequality we have

-1 S5—a
ol ollpyrs = [0l Zerze <T 72 [[0]* 20

Lta—S L%Q
Therefore, since v € X, we have

S5—a
lullx <C(Eo+T = [[0* 20 )
L0 L

5—a
<C(Eo+T72 o)
< C(Ey+ T2 R%)

This shows that L : Xp — Xg as long as TEFTQR‘” < Ey.

The next step is to show that L is a contraction mapping on Xg. First we observe that given v;
and vg in Xg, L(v1) — L(va) = up — ug satisfies the linear wave equation

Ow = v |* g — |ua|* g
w(0] = (0,0)
Then, as before we combine our Strichartz and energy estimates to get

Jur — ol x = || D(wr — ug)llpoorz + lur — uall 2o, < | foa|* " or — Jva|*va L1
t T Lta 3L2a tHx
x
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Now, since |[v1]* w1 — vg]|*  vp| < o1 — va| (Jo1]* ™ + |v2]|* ) we have

-1 —1 -1 -1
1" o1 = va|* " vallpape < lHor —va| (Joa]*™" + w2l * )l pa g2

-1 -1
< llor = wallzprzall(lon " + o2l oy 2
t x

-1 -1
< llor = wallpgrze (o157 hae + o285 0s0)

5—a _ _
<ST2 oy — v 2 [0 A [T
L™ L2 L3 L2 LE3 12
5—a _ _
< T2 lor —vallx (il + lloall$)
Therefore, since v1,v9 € Xi we have

5—
lur =z x < 2R*T72 ||ur — ol x

Then, for L to be a contraction on Xz we simply need 2RIT « 1. By imposing this condition
on T we have, by the contraction mapping principle, that L has a unique fixed point. Hence, we
have proven existence, uniqueness and that 7' can be chosen so that T ~ E A, To show continuous
dependence on the initial data we will again use our Strichartz estimates.

By our existence and uniqueness proof we can define a map S : H! x L2 — X which takes
(f,g) € H' x L? to the corresponding solution u € X of our model equation. We would like to
show that S is continuous.

Let u[0] := (fo,90) € H' x L? and v[0] := (f1,g1) € H" x L? be two pairs of initial data. And
let S(u[0]) = uw and S(v[0]) = v be the corresponding solutions to our model problem. Also, let
Eo = [|u[0]]| 1 ;2 and By := ||v[0]|| g1, ;2. As above our solutions u and v satisfy [jul|x < Ry and
|lv||x < Ry where the R; are determined by the F;. Again, we combine our Strichartz and energy
estimates and proceed as in the proof of the contraction mapping to get

lu = vllx < 1ul0] = v[0]l 12 + T2 lu = vlx (Jull§ + oll5)
< 0] = 00l g1+ T ju = vl (R + RS
Now if we assume that [|u[0] — v[0]|| 1,2 is small, then we also have that Ry ~ Rp. And if we
choose T such that 2R?71T5_Ta < % we get

1
lu = vllx < [[u[0] = 0[0]ll g1 g2 + 5 llu = vllx
which implies
[u = vllx < Cllu[0] = v[0] 41, 12
proving that S is actually Lipschitz.
Finally we show that if we assume that our data is smoother, then that additional regularity
persists in the solution. Assume that we have initial data (f,g) such that f, and g are compactly

supported in some set  and are in, say, H2x H'(2). Since H'xL2(Q) € H%x H'(Q),we can, by the
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above arguments, find a 7 > 0 and a solution u € C°([0, T]; H)NC ([0, T]; L?) QL%([O, T; L?®).
We would like to show that u(t) is in H? x H'(£};) for each t where Q; is the appropriate domain
with respect to the propagation speed.

To see this, observe that for each j = 1,...n we have that w := J;u solves the following equation:

Ow = [u|* ju
w[0] = (9;f,9;9)
By the Strichartz and energy estimates we have

-1
lwllx = 19ullx < w0l g1z + [ 1ul® Ojullpiz2
t

< Nwl0] g1 2 + 105ull g gzl lu ™| o

S5—a _

< (0] i1z + T2 ull 5 A 1050l 2 220
S5—a _

< NJwl0lll g1z + T2 [lull§H18ullx

S5—a

< [wlOll 1o + T2

R H|0jullx

And since we have chosen T such that 7°2° R*~! < 1 we obtain |lwl|x < Cllw[0]|| 14 2. From

this we can conclude that u € C°([0,T); H2(Q:)) N CL([0, T]; H (%)) N L%([O,T];LQO‘). Similar
arguments show that higher regularity persists as well.
O

In the case of the defocusing equation, Ou = \u|0‘_1 u, we can easily show global well-posedness.

Corollary 5.2 (Global Well-Posedness for the Defocusing Equation). Let (f,g) € H' x L? and
suppose 3 < a < 5. Then the defocusing problem

Ou = ul* " u

ul0] = (f,9)
is globally well-posed in X = C9(]0,00); HY) N C1(]0, o0); L2 QL% 0,00); L2%).
g y D ([0, 00); , 00); ,00);

Proof of Corollary 5.2. As in the proof of conservation of energy for the homogenous equation, we
multiply the equation on both sides by u; and integrate over R".

0= /—Duut + |ul*
_ we® |Vl : Jul "
= /at ( 5 + 5 div(Vuuy) + 0y o

ue” | |Vul* | fu*
t/( > T2 tari )™
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Integrating from 0 to ¢ then gives that

(D)) | [Vu@)]? | Ju@)*t! _ |ue (0) !VU( ) u(0)*!
/<2+2+a+1>dx_/<2 +a+1>dx

’u a+1
= |[u[0] H1><L2 /
=&

This implies that for any time ¢ we have

(30) /’ut ]Vu( )‘ <&

5 <

The previous theorem gives us existence and uniqueness up to a time 7' that depends only on the
size of the initial data Fy. Since (30) tells us that the energy remains bounded by &, we can apply
Theorem 5.1 to solve the Cauchy problem again, this time starting at time 7. This extends our
solution by a time, 77, proportional to &. Since (30) holds for all ¢ we can continue in this fashion
each time extending our solution by a fixed time 77 which is proportional to &. This proves global
well-posedness. O

In the subcritical case the proof of local well-posedness relied on the relationship between time
and the radius, R, of the ball we restricted ourselves to in the space X. We were able to choose time

small enough so that the ratio R*~!T 5% was small, and this allowed for a contraction mapping
argument. When a = 5, the critical case, this option is no longer available. To deal with this
problem, we instead use small time to make the solution to the corresponding homogeneous problem
small. This will allow us to prove local well-posedness for the critical problem.

Theorem 5.3. Let (f,g) € H' x L2?. Then, there exists a T > 0 such that the energy-critical
problem

Ou = u®

ul0] = (f,9)
is well-posed in Xr = C°([0,T); H') N C ([0, T]; L?) N L°([0, T7]; L'°)
Proof of Theorem 5.3. Let Syu[0] denote the solution to the homogeneous wave equation
Uu=0
ul0] = (£, 9)
That is
sin(tv/=A)

Sou[0] = cos(tvV/—A) f + ﬁg

By the Strichartz estimates we have that
[1Soul0}l| 25 p10 < [[u[0][ g1, 2 < C

Therefore, by continuity of the integral, by choosing T" small we can make [|Sou[0]| s (jo,77;10) as
small as we want. With this in mind we set up iterative argument in the space Y7 := L5([0, T]; L1?).
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Set u1 = 0 and define uy so that

ug[0] = u[0] = (f, 9)

We show first that for small enough 7', the sequence is bounded in Y. In particular, we show that
there exists a 7' > 0 such that [Jug||y, < 2C||Sou[0]|]y; for every k, where C' is the constant arising
in the Strichartz estimates, (Theorem 4.2). To see this observe that for every j, k we have, by
Theorem 4.2, that

(31) w1 = wjsrllve < Cllug — w3l qorryiz2)

< Cllug — u; . 4l
< Cllug u]HLW[O,T],L}ﬁ)H“k+UJHLZ5I([07T];L§)

< Clluk = wjllvy (lurlly, + sy,

Now, choose T > 0 small enough so that 2C||Sou[0]||y; < §. Clearly u_q = 0 satisfies [|u_1|y; <
2C|Sou[0]|ly;- Suppose, for induction, that ||ug|ly, < 2C|Sou[0]|ly;. Then setting j = —1 in (31),
we get

1 — oll < Clluglly, < CllSoul0]]l3;,
And, since ug = Spu[0], the above implies
luns1llyz < 1Soul0llvz. + CllSoul0]]13;. < 2C|Soul0]ly; -

Now, since we have chosen T so that 2C||Sou[0]||y;, < 1 we can set j +1 =k in (31) to get

1
k1 — wjp1llyy < §Huk —up—1llyy

And this implies that the sequence {u} is Cauchy in Yr. Hence there exists a v € Yp such that
up — w in Y7 satisfying [Jully, < 2C||Sou[0]|]y,,. We show that u is our desired solution. To see

this observe that for every j we have

(32) u;(t, ) = Sin(t_\/\/ijmg + cos(tv/—=A) f +/0 szn((t\;%ﬂ) u?_l

t
:Kt*g—f—Kt'*f—f—/ Kt,r*u?_l
0

(s,-)dr.

where K; = F *1(% V;A)). By our above work, the left hand side converges in Y7 to u. We

would like to show that the left hand side converges to K; x g + K| * f + fot Ki_, xu® in Yp. By
the estimate for the inhomogeneous term in the Strichartz estimates, ((29)), and the estimates in
(31), we have

t
|| /0 Kooy (0] — )y < 103 — ) |1 oz22)

< lur = wllye (lully,, + lully;)
< Cllur — ullyy — 0
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Hence the right hand side also converges in Yr proving that u € Yp is a solution. To see that w
is also in X7, we can first assume that (f,g) € C§° x C§°. Then the sequence {(ug,Opur)} is a
Cauchy sequence in C°([0,T); H') N C([0, T); L?) converging to (u,d;u). Then recall that we can
combine the Strichartz and energy estimates to obtain estimates of the form

(33) lurllxp == 1Dk Lo o,13;02) + lullye < CUlurlOll gy 2 + g1l o,r;22))

And we can use these estimates along with an approximation argument to remove the smoothness
assumption on the initial data. This proves existence.

To prove uniqueness suppose u and v are two solutions. Then again we can combine Strichartz
and energy estimates as in (33) to obtain
lu = vllxz < w0 = 0|l 1 o,y:22)
<|lu— U”L5([O,T];L}CO)(HUH%W[O,T];L}CO) + ||U||4L5([07T];L9150))
lu = ol x,22CSoul0]lly)?

IA

N

1
< Slhu—ollx,

which implies that v = v. Continuous dependence on the initial data follows easily as well adapting
the method we used in the subcritical case to our present situation. Persistence of regularity also
follows from adapting the proof used in the subcritical case.

O

Remark 5.4. There are also global existence and uniqueness results for the critical equation. As
in the subcritical case, we have a global theory for the defocusing equation with large data due to
the fact that energy can not concentrate at a point. The proof, which will not be addressed here,
involves the Morawetz identities and can be found, for example, in [3]. We can, however, adapt the
proof of Theorem 5.3 to prove a global result if we assume that our initial data is small.

Theorem 5.5. Let u[0] := (f,g) € H' x L?. Then, there exists an e > 0 so that if u[0]| 1 2 <€
the Cauchy problem

(34) Ou = u®
ul0] = (£, 9)
is globally well-posed in X := C°([0,00); H') N C([0, 00); L?) N L5(]0, 00); L)

Proof of Theorem 5.5. By the Strichartz estimates for solutions to the inhomogeneous wave equa-
tion we have

(35) ”SOU[O]HLfL;O < ClJu[0]]] 15 2

Then if we choose € small enough so that 2C|[u[0]|| 41,2 < 2Ce < 1, we have, by (35), that

2C|Soul0][| 510 < 1. (Here C is the constant arising in the Strichartz estimates.) Then we
can carry out the same proof from Theorem 5.3 to prove Theorem 5.5, with the smallness of
[Sou[0][[ s 10 achieved without having to restrict the size of T'.

O

Remark 5.6. There is a similar global result for the subcritical problem with small data if we assume
that the initial data, (f,g) € HY x HY where is 7 is chosen so that HY x H?~! is the scale invariant
space for the given subcritical equation.
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6. SCATTERING

Roughly speaking, a nonlinear problem for which there exists a global existence theory exhibits
scattering if, as time becomes large, the effects of the nonlinearity become negligible and solutions
begin to resemble solutions to a homogeneous problem. To be more precise, scattering theory
consists of the following questions: (I) Given “nonlinear data” (f,g) € Y and a corresponding
solution u € Z to the nonlinear problem

(36) D = F(u)
ul0] = (f,9)

can we find data (fo,g0) € Y such that the solution uyp € Z to the corresponding homogeneous
problem

(37) Oup =0

ul0] = (fo, 90)
is such that |u(t) — uo(t)||z — 0 as t — 0; and (II) Given “free data” (fo,g0) € Y and the
corresponding solution ug € Z to (37), can we find nonlinear data (f,g) € Y so that the solution
u € Z to (36) satisfies ||u(t) — uo(t)||z — 0 as t — 0. (I) is called completeness of wave operators
and (II) is called existence of wave operators. We will prove scattering for the critical semilinear
problem with small data (see Theorem 5.5). To do this we first formulate the wave equation as a

Hamiltonian system, U = JE'(U) where J is a skew symmetric matrix and E'(U) is the Fréchet
derivative of the conserved quantity. Solutions u to (36) satisfy

E ) e (o) (0 D) ()= ()

Setting (:LL) =:U, < 01 (1)> =J, <_0A (1)> =: H, and <F?u)> =: F(U), we can rewrite (37)
. _

as
(39) ~Uy+ JHUy =0
fo
Up[0] =
0[ ] (90)
and (36) as
(40) ~U+ JHU = F(U

()

Then the solution to (37) is given by Up(t) = /7 U[0] and by Duhamel’s fromula, the solution
to (36) is given by

U@:é”Um+/%“$mﬂU@ms
0

where fg e(=)JH [ (U (s)) ds means to integrate each component of the vector e=*)/H (U (s)) from
0 to t.
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We would like this matrix formulation to be in Hamiltonian form. To see this recall that the

energy functional F(u) is given by
1
E(u) := 3 / —ulu + (ug)dx

Then the Fréchet derivative E’'(u) satisfies

(E'(u),h) = /—hAu + uthy dx

In matrix notation we have then that E'(U) = <—uAu> = HU. Also observe that J is sym-
t

plectic. Hence we have indeed formulated the homogeneous wave equation in Hamiltonian form,
U=JE'U).

Remark 6.1. The Hamiltonian formulation provides us with another way of deriving the conserva-
tion of energy. To see this observe that we have

OE(u) = (E'(U),U)
= (E'(U), JE'(U))
=0

where the second line follows since U satisfies U = JE'(U) and the last line follows from the fact
that J is symplectic.

With this matrix formulation we can address the scattering theory for the critical semilinear
problem with small data. The global well-posedness theory for such problems was addressed in
Theorem 5.5.

Theorem 6.2 (Completeness of Wave Operators). Let U[0] := (f,g)* € H'xL? satisfy |U[0]]| 1 12
€ where € > 0 is chosen as in Theorem 5.5. Let U = (u,u;)t € Z := C°(]0,00); H') x C°([0, 00); L?)
be the solution to the critical problem, (34), with initial data U[0], given by Theorem 5.5. Then,
there exists free data Up[0] := (fo,g0)! € H* x L? such that

U (#) = " o0l 7 — 0

ast — o0.

The idea for the proof is to fix a time T, evolve U(T') backwards in time via the free evolution
to obtain an approximation of the desired free data, and then send T" — oo to obtain the free data.

Proof of Theorem 6.2. By Duhamel’s formula we have that for each T', U(T) satisfies

U(T) = e™7Hu(0] + /T e T H P (U (s)) ds.
0

Applying the backwards, free evolution operator, e=7”/H to both sides we get

e TTHU(T) = U[0] + /T e STHE(U(s)) ds.
0

Letting T — oo above we define our free data Uy[0] by

Uol0] := U[0] + /OOO e THE(U(s)) ds.
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Applying the free evolution operator to Up[0] we get

Uo(t) := e’ Us[0] = T U 0] + /oo e )TH P (U (5)) ds
0

Then

We would like to show that

/ =T P (s) ds
t

as t — 0o0. We show this by proving that we have a global bound

/ h eU=)H (U (s)) ds

0

<C

VA
By expanding out the e=*)/# we see that the first component of the vector e=5)7H F(U(s)) is
given by % V=2 F(u(s)) and the second component is cos(tv/—A)F(u(s)). Then

oy
/°° sin(t — s)vV—A
0

A F(u(s))ds

[ee]
< / 1Ky * F(w)] g ds
H1 0
< ClIP(W) 1112
= C”USHLng
= Cllull3p0 < '

where the first inequality is Minkowski and the second is by Theorem 2.3. Also, we have

|[ sty Boraenas| < clrl

L
< CHUHigL}Uo

<

These last two estimates imply that

‘ /O =T B (17 (5)) ds

<C.
z

Hence
1U(t) = Uo(t)llz — 0
as t — oo proving Theorem 6.2.

O

Theorem 6.3 (Existence of Wave Operators). Let Up[0] := (fo, go)! € H'xL? satisfy ||Uo[0]|| s1 ez <
10 where € is chosen as in Theorem 5.5 and C' is the constant arising in the Strichartz estimates. Let
Uo(t) == e HU[0] be the free evolution. Then there exists data U[0] := (f, g)t € H' x L? such that
|U0]]| 1 2 < € and a corresponding u(t) € X := C°([0, o0); HY)NCY([0,00); L?) N L>([0, 00); L10)
solving the nonlinear equation, (34), such that

1Uo(t) = U(#)llz — 0

as t — co. Here, as before, U(t) := (u,u;)t and Z := C°([0,00); H') x C°([0, 00); L?).
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Proof of Theorem 6.5. We begin by deriving the Yang-Feldman equation. Solutions U(t) to the
nonlinear problem (40) satisfy

U(t) = e’HUo] + / t =HE(U(s)) ds.
0

Applying the operator e */# to both sides gives
t
e HY (1) = U[0] +/ e (U (s)) ds.
0

Differentiating with respect to ¢ we get,
a(e”MU (1)) = P (U(2)).

Now integrate this expression from 1" to t to obtain

) = YT 4 [ () ds
T

which implies the Yang-Feldman equation

(41) U(t) = eDIHY(T) + / t EHEPU(s)) ds.
T

Now, if we would like U(t) to agree with the free evolution Uy(t) = e!/HUy[0] at time T', we need
U(T) = eT7H7Up[0]. Plugging this into (41) we get that U(t) must satisfy

U(t) = e (0] — / ' e =)TH (U (s)) ds

In our case, we would like U(t) to asymptotically agree with the free evolution. Hence we let
T — oo above to get

(42) U(t) = 7 Uy 0] — / h eU=TH (U (5)) ds

To find a U € Z that satisfies (42), we use a contraction argument in the space Xp :=
{veX:|vx <R:=2C||Uo[0]|| g1;2} where C is the constant arising in the Strichatrz esti-
mates. Define an operator L such that for each v € X we have

L(v)(t) = 2 U 0] — /too e =)TH PV (s)) ds

where again V := (v, v;)t. We first show that L : Xp — Xpg.

IL(w)|[x < |l HUol0]]|  + H/:o eU=TH RV (5)) ds

X

Combining the Strichartz, (Theorem 4.2), and energy estimates, (Lemma 2.4), for the homogeneous
wave equation, we have

e #To[0]|| = 1 Duoll o= 2 + ol s 10 < CHUOO) 1 12

where ug(t) = cos(tv/—A) fo +Sm (v )go The first component of e~/ F(V(s)) ds is % V=2) F(u(s)).

Using the interval (¢, 00) instead of (O t) when applying the Christ-Kiselev lemma, (Lemma 4.11),
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in the the proof of the Strichartz estimates we get as in (29) that
‘ 0 ,(t—s)vV—A

t ﬁF(v(',s))ds

< CHF(U)”Lng
L3L10

= OHUHigLy
< Clloll%

< CIU[0]l13:1, 12

And as in the proof of Theorem 6.2 we have

‘ /OO sin(t — s)vV—A

A F(v(s))ds

o0
< / 1K e—ey * F(0) | 1 ds
H1 t
< CIP@)lL e
= C””HigL%o
< ClvlI%

< CIUo[0]1[51,, 12

Taking the supremum over ¢ on both sides gives

s
\

Putting these together we get

And hence ||L(v)||x < R. We now show that L is a contraction on Xp. Let v1, vo € Xg. Then,
using the same techniques as above we have

F(v(s)) ds < C|[Uo[0]

5
. HH1><L2
L H]

Similarly we have

< C[|Uo[0]

I
o2 HlxL?2
t x

/000 cos(tv/—A)F(v(s)) ds

< C|Uo]0]
X

5
||H1><L2

/ " t=TH oy () ds

t

< C|[F(vi) = F(v2) 12
X

4 4
< Cll(v1 — v2)(Jor]” + [v2] ) 12

4 4
< Oll(vr = v2)ll gz paoll(for|” + o2 5 3
LiL2

)

< Cll(v1 = v2)lx (vl a0 + lo2llz 1o

< 20[Uo[0][131 12l (01 = v2)l1x

1L(wn) — Liva) | x = \

/t " IH(R(V) — F(V)) ds

And since we have chosen € so that 2CHU0[O]H}1-{1X
Hence L has a unique fixed point u € Xg. This means that U := (u,u;)! satisfies

12 <1 we have proven that L is a contraction.

U(t) = e ug0] — / b eU=TH (U (5)) ds
t
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We would like that u solves the nonlinear wave equation, (34). To see this set

U0] = U(0) = Uo[0] / e=>TH p(U(s)) ds
0
We would like [|U[0]| 1,2 < €. And this is indeed the case since ||Ug[0]| ;1,2 < 5 and by the
same methods as above
€

| et R ds| < OOl <
0 H'xL?

Now, let N denote the nonlinear evolution operator. Evolving this initial data with N we get

N(U[0]) = /H (UO[O] — /0 h e_SJHF(U(s))ds> + /0 t e=TH (U (5)) ds

= H[0) - / h e=)Hp (U (s)) ds

t
= U(t)
Hence U is the unique solution to (34) given by Theorem 5.5. Finally,
1Uo(t) = U(®)[|z — 0
as t — oo by the same argument as in the proof of Theorem 6.2. g

Remark 6.4.

e We can prove scattering for the subcritical problem with small data if we assume, as in
Remark 5.6, that the data (f,g) € HY x HY, where HY x H" is the scale invariant space
for the given subcritical problem.

e To address the scattering theory for problems with large data we would need some sort of
Morawetz identity or other forms of global control that are beyond the scope of these notes.

REFERENCES

[1] Wilhelm Schlag, Harmonic Analysis Notes. http://www.math.uchicago.edu/~schlag/.

[2] Sigmund Selberg, Lecture Notes: Math 632, PDE. Spring, 2001. http://www.math.ntnu.no/ sselberg/.

[3] Jalal Shatah, Michael Struwe, Geometric Wave Equations Courant Lecture Notes in Mathematics. American
Mathematical Society, Courant Institute of Mathematical Sciences, Providence, 2000.

[4] Christopher D. Sogge, Lectures on Nonlinear Wave Equations. 2nd ed., International Press, Boston, 2008

[5] Walter A. Strauss, Nonlinear Wave Equations. Regional Conference Series in Mathamatics 73, American Math-
ematical Society, Providence, 1989.

[6] Thomas H. Wolff, Lectures on Harmonic Analysis. University Lecture Series Vol. 29, American Mathematical
Society, Providence, 2003.

37



	1. Conservation Laws
	2. Energy Estimates
	3. Local Well Posedness for Quasi-linear Equations
	4. Strichartz Estimates
	5. Well-Posedness for Semilinear Equations
	6. Scattering
	References

