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Preface

This book contains the written accounts of a number of lectures given during
the CMI/IAS Workshop on mathematical aspects of nonlinear PDEs in the spring
of 2004 at the Institute for Advanced Study in Princeton, New Jersey. Several of
them have an expository nature, describing the state of the art and research direc-
tions.Topics that are discussed in this volume are new developments on Schrédinger
operators, non-linear Schrodinger and wave equations, hyperbolic conservation
laws, and the Euler and Navier-Stokes equations. There has been intensive activity
in recent years in each of these areas, leading in several cases to very significant
progress and almost always broadening the subject.

The workshop is the conclusion of a year-long program at IAS centered around the
analysis of nonlinear PDEs and the emergence of new analytical techniques. That
year is marked by at least two important breakthroughs. The first is in the under-
standing of the blowup mechanism for the critical focusing Schrodinger equation.
The other is a proof of global existence and scattering for the 3D quintic equation for
general smooth data. Both cases illustrate in a striking way the role of hard analysis
in addition to the more geometric approach and the role of energy estimates. This
point of view is also reflected through the material presented in this volume.

The articles are written in varying styles. As mentioned, some are mainly expos-
itory and meant for a broader audience. They are not an overall survey but present
more focused perspectives by a leader in the field. Others are more technical in
nature with an emphasis on a specific problem and the related analysis and are
addressed to active researchers. All of them are fully original accounts.

In conclusion, the editors would like to express their thanks to the Clay Mathe-
matical Institute for its involvement and funding of the workshop.
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Chapter One

On Strichartz's Inequalities and the Nonlinear
Schroédinger Equation on Irrational Tori

J. Bourgain

1.0 INTRODUCTION

Strichartz’s inequalities and the Cauchy problem for the nonlinear Schrodinger equa-
tion are considerably less understood when the spatial domain is a compact manifold
M, compared with the Euclidean situation M = R4, In the latter case, at least the
theory of Strichartz inequalities (i.e., moment inequalities for the linear evolution, of
the form ||ei’A¢||Lft < C||¢>||L%) is basically completely understood and is closely
related to the theory of oscillatory integral operators. Let M = T¢ be a flat torus. If
M is the usual torus, i.e.,

€ $)(0) = Y e W HED (n =nt 4 nd), (10D

nezd

apartial Strichartz theory was developed in [B1], leading to the almost exact counter-
parts of the Euclidean case for d = 1, 2 (the exact analogues of the p = 6 inequality
for d =1 and p =4 inequality for d = 2 are false with periodic boundary condi-
tions). Thus, assuming suppq3 C B(0, N),

itA 3
N ford =1 1.0.2
le@llys, K NUlla for (10.2)
and
le™ ] 4 K Ne||glla  for (d = 2). (1.0.3)
(10,112 x[0,1])
For d = 3, we have the inequality
. l <
le" @l Laqo.1p 01y K N¥Flpll  (d =3), (1.04)

but the issue:
PROBLEM. Does one have an inequality

le™ Il L10530,19x0.1) K NoN@ll2  (d =3)
foralle > 0 and supp d C B(0, N)?

is still unanswered.
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There are two kinds of techniques involved in [B1]. The firstkind are arithmetical,
more specifically the bound

#{(n1,n2) € Z*| Iny|+ Ina] <N and  |n4+n3 — A < 1} < N°,  (1.0.5)

which is a simple consequence of the divisor function bound in the ring of Gaussian
integers. Inequalities (1.0.2), (1.0.3), (1.0.4) are derived from that type of result.

The second technique used in [B1] to prove Strichartz inequalities is a combi-
nation of the Hardy-Littlewood circle method together with the Fourier-analytical
approach from the Euclidean case (a typical example is the proof of the Stein-Tomas
L-restriction theorem for the sphere). This approach performs better for larger di-
mension d although the known results at this point still leave a significant gap with
the likely truth.

In any event, (1.0.2)—(1.0.4) permit us to recover most of the classical results for
NLS

i, + Au —ulu|P~2 =0,

with #(0) € H'(T9), d < 3 and assuming p < 6 (subcriticality) if d = 3.

Instead of considering the usual torus, we may define more generally

Ap(x) =Y Q(m)(n)e™™ ", (1.0.6)

nezd

with Q(n) = in? + -+ 64n} and, say, £ < 6; < C (1 <1 < d) arbitrary (what
we refer to as “(irrational torus).”

In general, we do not have an analogue of (1.0.5), replacing n3 + n3 by 6;n? +
92n§. It is an interesting question what the optimal bounds are in N for

niy,ny) € ni| + |n2| < an ny + 6n5 — < .0.
#{( yeZ? |ny|+ |2l <N and |61} +6m— A <1} (1.0.7)

and
#{(n1,n2,n3) € | Im| + |na| + In3] < N

and |01n] + 6,03 + 6305 — A| < 1) (1.0.8)
valid for all % <6; <2 and A.

Nontrivial estimates may be derived from geometric methods such as Jarnick’s
bound (cf. [Ja], [B-P]) for the number of lattice points on a strictly convex curve.
Likely stronger results are true, however, and almost certainly better results may be
obtained in a certain averaged sense when A ranges in a set of values (which is the
relevant situation in the Strichartz problem). Possibly the assumption of specific
diophantine properties (or genericity) for the 6; may be of relevance.

In this paper, we consider the case of space dimension d = 3 (the techniques used
have a counterpart for d =2 but are not explored here).

Taking % < 6; < C arbitrary and defining A as in (1.0.6), we establish the follow-
ing:

PROPOSITION 1.1 Let supp ¢ C B(0, N). Then for p > 8,
. 3_2
le™ @l rps < N3P £, (1.0.9)

where LY refers to Lﬁ)’l](dt).
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PROPOSITION 1.3.  Let supp ¢ C B(0, N). Then

||eitA¢||L§t < C.N3* ||l forall e > 0. (1.0.10)

The analytical ingredient involved in the proof of (1.0.9) is the well-known in-
equality for the squares

N

.2
§ :627111 (4
j=1

The proof of (1.0.10) is more involved and relies on a geometrical approach to the
lattice point counting problems, in the spirit of Jarnick’s estimate mentioned earlier.
Some of our analysis may be of independent interest. Let us point out that both
(1.0.9), (1.0.10) are weaker than (1.0.4). Thus,

<CN'"i forq > 4. (1.0.11)
L1(T)

PROBLEM. Does (1.0.4) hold in the context of (1.0.6)?

Using similar methods as in [B1, 2] (in particular X ,-spaces), the following
statements for the Cauchy problem for NLS on a 3D irrational torus may be derived.

PROPOSITION 1.2 Let A be as in (1.0.6). Then the 3D defocusing NLS
i, + Au—ululP>=0
is globally wellposed for 4 < p < 6 and H'-data.
ProrosITION 1.4'.  Let A be as in (1.0.6). Then the 3D defocusing cubic NLS
iu, + Autulul*>=0
is locally wellposed for data u(0) € H* (T3, s > %

This work originates from discussion with P. Gerard (March, 04) and some prob-
lems left open in his joint paper [B-G-T] about NLS on general compact manifolds.
The issues in the particular case of irrational tori, explored here for the first time, we
believe, unquestionably deserve to be studied more. Undoubtedly, further progress
can be made on the underlying number theoretic problems.

1.1 AN INEQUALITY IN 3D
O(n) = 6in] + 613 + 6313, (1.1.1)

where the 6; are arbitrary, 6; and 9;1 assumed bounded. Write

(eitAf)(x) _ Z J;(n)ezni(n.x+Q(n>t)_ (1.1.2)

nez3
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PROPOSITION 1.1 For p > &, we have
itA 3_2
€™ fllLres = CoN* 71 fll2 (1.1.3)

assuming supp f C B(0, N). Here L? denotes L’ (loc).

Remark. Taking f(x) = N73/2Y e, we see that (1.1.3) is optimal.

Proof of Proposition 1.1.

itA 2 _ itA 2
1™ F12p 0 = 1™ )20 pr

- H [ Z Z f ) f(a — n)ellem+ea—ml

2}1/2

aeZ3 n Ltp/z

o . 2 9172

< [ YD Fo)fa — myeltem+tami } (1.1.4)
aez3 " " Lrp/z
since p > 4.
Denote ¢, = | f(n)|. Applying Hausdorff-Young,

72 p=2

Il S [Z > CnCacn } : (1.1.5)

keZ ¥ 1 Q)+ Q(a—m—kI<}

Rewrite |Q(n) + Q(a — n) — k| < % as |Q(2n —a) + Q(a) — 2k| < 1 and hence
2n € a+ Sy,

where
Z:Zk—Q(a)andGzz{meZﬂ|Q(m)—£|§1}. (1.1.6)

Clearly (1.1.5) may be replaced by

[Z Y s

LeZ ' 2nea+GS,

p—2

=al
} (1.1.6)

and an application of Holder’s inequality yields
W
(S (2 aa,)”]
¢

2nea+6Sy
) 12
< (Zl@zl“) [Zcicﬁn] (1.1.7)

14

p—4
2p

(since the S, are essentially disjoint).
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Substitution of (1.1.7) in (1.1.4) gives the bound

pP=
. P T
wwfmﬁﬁsc<§]6u4> 1 £1l2- (L.1.8)

¢
Next, write
16| < /[ > eiQ('")’:|e_i[’<p(t)dt, (1.1.8)
[m|<N

where ¢ is compactly supported and ¢ > 0,9 > 1 on [—1, 1].
Assume p < 8, so that % > 2 and from the Hausdorff-Young inequality again

(o) <[ [IT] X o]

0<m<N
3p 4
) 4
< [f emt dti| . (1.1.9)
loc 0<m=<N
Sincep>— q—2>4and
q
/ dt ~ N172 (1.1.10)
loc Lo<m<n
(immediate from Hardy-Littlewood).
Therefore,
(1.1.9) < N> >,

and substituting in (1.1.8), we obtain (1.1.3)
le™ fllpps < CNIT7 1l
for p < 8. For p > 8, the result simply follows from
1™ Fllpps < NS £ 54 (LL11)
This proves Proposition 1.

Remarks.

1. For p = 13—6, we have the inequality
. 3
le™ fll 0,5 < NEFI £z (1.1.12)
assuming suppf C B(0, N).

2. Inequalities (1.1.3) and (1.1.12) remain valid if supprB(a, N) with
a € 77 arbitrary.
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Indeed,

"4 f1 =

Z f(a+m)ei[(x+2(91c11+92a2+03a3)l).m+Q(m)t]

[m|<N
so that
Z f(a+m)ei(x.m+Q(m)z)

[m|<N

itA _
lle’ f”Lf’Lf; =

Lhrd

1.2 APPLICATION TO THE 3D NLS

Consider the defocusing 3D NLS
iy + Au—ululP>=0 (1.2.1)

on T3 and with A as in (1.1.2).
Assume 4 < p < 6.

PROPOSITION 1.2 (1.2.1) is locally and globally wellposed in H' for p < 6.

Sketch of Proof. Using X j-spaces (see [B1]), the issue of bounding the nonlinearity
reduces to an estimate on an expression

‘ , \ 5
e @l "ol 1€ 4|72y,

with (| l2, l¢2]l2 < 1and ||y < 1.
Thus we need to estimate

e 1] le 912 | (12.2)

By dyadic restriction of the Fourier transform, we assume further
supp ¢1 C B(0, 2M)\B(0, M) (1.2.3)
supp ¥ C B(0, 2N)\B(0, N) (1.2.4)

for some dyadic M, N > 1.
Write

(1.2.2) < ([ @ 1™ Y11 + [y ) 7|2, (1.2.5)

NP1 .
where (1 4+ |z|*)4 ™" is a smooth function of z.
Ifin (1.2.3), (1.2.4), M > N, partition Z> in boxes I of size N and write

$1=Y P,
1

and by almost orthogonality

. A . ) 1/2
(125 5 [Z 1™ Prgl ™y I(1 4 ™) 7! ||§} : (1.2.6)
1
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For fixed I, estimate
I €™ Pyl 1"y |(1 + "y )27
)
itA itA itA 2
< " Prgnll 16,4 lle” WIIL;6/3L§<1+IIE” w”LS(§72)LOC) , (1.2.7)
t X

and in view of (1.1.12) and Remarks (1), (2) above and (1.2.4),

. 3
IIE”AP1¢1IIL[16/3L1 < N3¥|Pr¢ill2 (1.2.8)

le™ Wl 16,4 < NEENT gl < N8 (12.9)

To bound the last factor in (1.2.7), distinguish the cases
A)4<p=<i
Then 8(5 —2) < £ and by (1.2.9)

itA itA 3/4 itA 1/8
e vl s oy =M™l 163,00 < N4 e Yl 63,5 < N3 (1.2.10)
Lr LSO t X t X

Substitution of (1.2.8)—(1.2.10) in (1.2.7) gives

N=3TNEEDT Py [l < NT6T| Py . (12.11)
hence
(1.2.6) < N~
B) 13—6 <p<6
it ERETE SERTIN et
1"V sig o | < NPT e,y < N2 (12.12)
and
p_3
(1.2.7) < N5 20| Py |12 (12.13)

(12.6) < NT3+,

This proves Proposition 1.2.

1.3 IMPROVED L*-BOUND
It follows from (1.1.12) that

; 3 . A
IIE”AfIIL;{x < N8| fll2 if supp f C B(0, N). (1.3.1)
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In this section, we will obtain the following first improvement:
||ef’Af||L¢X <N® Il £l for supp f C B(0, N). (1.3.2)

Restrict f to a one level set, thus
f=Ffxe, (1.3.3)
with
Q= {n e [-N,NP||f ()| ~ n}
Q] < pn 2 (1.3.4)

In what follows, we assume f of the form (1.3.3).

LEMMA 1.1

le™ fll,s < uloNZ (1.3.5)

Proof. From estimates (1.1.4) and (1.1.5") with p = 4 and letting

P ifneQu
"7 10 otherwise

we get the following bound on [|e2 f1|3:

1/2
;ﬁ[ YY) Ha+6) NN (2a— 2QM)|2} . (1.3.6)

aeZ’ LeZ

Recall also estimate (1.1.9) for p = 13—6,

(Z IGzI“)l/4 < NIt (1.3.7)

Hence, if we denote for L > 1 (a dyadic integer)

Lo=1{Lel||&|~NI+L "4, (13.8)
it follows that
Lol < L. (1.3.9)
Estimate (1.3.6) by
12
,ﬂ[z 186l Y l@+ &) N Q2R N (2a — ZQM)|] (1.3.10)
LeL a

and restrict in (1.3.10) the £-summation to L, .
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There are the following two bounds:
1/2 172
uz[ D16 Y la+6nn <2sz“)|] s;ﬁ[ > |6e|2|sz,b|]
tely a tely
<uN3+LVA (1.3.11)
and also
5 1/2
MzNHL—l/s[Z [(a+ &p) N (22,) N (2a — 29#”}
l,a

< WANITLTVQ, | < NAtLUB, (13.12)

Taking the minimum of (1.3.11), (1.3.12), we obtain u'/3N'*. Summing over
dyadic values of L < N2, the estimate follows.
Next, we need a discrete maximal inequality of independent interest.

LEMMA 1.2 Consider the following maximal function on 7>

F*(x) = max lg(y;ls] F(x +y). (1.3.13)
For
A> N2|F|, (1.3.14)
we have
[F* > All < N3t F|2 a2 (1.3.15)

(I F ||z denotes (3, cz3 |F (x)[))'72).

Proof. Let A = [F* > 1] C Z3. Thus for x € A, there is £, s.t.
(Fv X)H—ng) > Al

Estimate as usual

AJA| < <F, ZXx+6£X>
xeA
D Xeren,

xeA

= IFI2[1A| max S| + AP max|(x + &) N (v + S (1.3.16)
XF#y

<IIFl2

2

Use the crude bound |G| < N3+ from (1.3.7) and denote

K= max |[x+6,)Ny+6,) (1.3.17)
X,y€Z3 x#y
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From (1.3.16), we conclude that
Al < NIF|F3A72 (13.18)
if
h> |Fl K2 (13.19)

It remains to evaluate K.
If n € Z3 lies in (x + S,) N (y + &y,), then
[Q(x —n) — £, =<1
[Q(y —n) — £, <1,

and subtracting
12601 (x1 — yny + 202(x2 — y2)na + 205(x3 — y3)n3
=0+ Q) + £, — £y < 2. (1.3.20)

Since x # y in Z3, |x — y| > 1 and (1.3.20) restricts n to a 1-neighborhood ]_[(1) of
some plane []. Therefore (fig. 1.1.),

[(x + 6N+ 6y) (1.3.21)

<max |6, N
z,nl ¢ n(l)

N

=

S
[To)

Fig. 1.1.

Recall that G, is a \/Lz-neighborhood of a “regular” ellipsoid & of size v/¢. Esti-
mate the number of lattice points |&, N [ | in & N [];, by the area of £ inside
I (1y- By affine transformation, we may assume & a sphere of radius at most N. A
simple calculation shows that this area is at most ~ N. Hence K < N and (1.3.18)
holds if (1.3.14).

This proves Lemma 1.2.
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Remark. The number K in (1.3.17) allows more refined estimates that will be

pointed out later.
Taking in Lemma 1.2 F = Xag,» We get

COROLLARY 1.3 [f) > N2 !, then

a e ZS'E% @+ &) N 29| > A} < N3T(ur)2.

Now we establish
LEMmMA 1.4
le"™ flly < NTo* 4+ N¥u~4,

Proof. We return to (1.3.6).
Denote for dyadic A

Ay =f{aeZ’N[-N, NP max |(a + &) N (22,)] ~ A}.

For a € A;, there are at most ;= 2A~! values of £ € Z s.t.
[(a+ 6p) N (2R, > A
(since the G, are disjoint).

We estimate

D0 > la+6) N @) N (2a—22,)1

acA; (el
(1.3.24)

distinguishing the following two cases:

Case 1.1 A < N2ip~\.
Write

(1325) <A ) ) la+ 60N Q2R N (2a —22,)|
a (el

<M < NS,

CAsE12 A > N2p~\.
Then (1.3.22) applies and |A,| < N%+(MA)_2. Hence

(13.25) < |Ay|u 2 < N3+t p—a!,
Since there is also the obvious bound given by (1.3.26)

(1.3.25) < ap™4,

(1.3.22)

(1.3.23)

(1.3.24)

(1.3.25)

(1.3.26)

(1.3.27)

(1.3.28)
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we obtain
3y 4
(1.3.25) < Nitpu ™, (1.3.29)
Substitution of (1.3.26), (1.3.29) implies
€™ FI13 < (1.3.6) < Nip~2 4 NE*.
PROPOSITION 1.3 ||e"’Af||L4’ < N%+||f||2 if suppf C B(0, N).
Proof. With f as above, it follows from Lemma 1.1 and 1.4 that
™ flls < NT6* 4+ min(us N2*, NS pu~%) < N2+,

As a corollary of Proposition 1.3, we get the following wellposedness result for
cubic NLS in 3D.

PROPOSITION 1.4 Consider iu, + Au £ ulu|> = 0 on T? and with A as above.

There is local wellposedness for u(0) € H*(T?), s > %

1.4 A REFINEMENT OF PROPOSITION 3

Our purpose is to improve upon Lemma 1.2 by a better estimate on the quantity K
in (1.3.17), thus

x+&)N G +EHNTZ, (1.4.1)

where £, £ are nondegenerated ellipsoids centered at 0 of size ~ R < N ande = %
refers to an &’-neighborhood, x # x’ in Z>.

The main ingredients are versions of the the standard Jarnick argument to estimate
the number of lattice points on a curve (cf. [Ja]). Here we will have to deal with
neighborhoods.

We start with a 2-dimensional result.

LEMMA 1.5 Let £ be a “regular” oval in R? of size R. Then

max | B(a, R'?) neLn 7% < C. (14.2)
In particular
€1 0 7% < CR*? (1.4.3)
and forall p > 1
|B@,p)N &y N 7% < Cp* (1.4.4)

& 1 denotes a %-neighborhood of &).
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Proof. Let Py, P,, P3 be noncolinear points in B(a, cR 3ne 1 NZzZ2, letting ¢ be
a sufficiently small constant. Following Jarnick’s argument,

1 1 1 1 1
0 triangle (Py, P>, P;) = — e -7
# area triangle (Py, P>, P3) 2|‘ P, P, P L+
and hence
1
area (P, P2, P3) > 7 (1.4.5)
Take P|, P;, P; € £ so that |P; — PJ5| < %. Clearly,
1 1 1 1 1 1 1
‘ P P, P _‘P{ p, py || =RR <
so that
/ / / 1
area (P, P,, P3) > 7 (1.4.6)
On the other hand, obviously
R2/3
area (P{, P;, P;) < ch/3T <1 (1.4.7)

a contradiction. This proves (1.4.2), observing that if A is a line, then clearly ANE 1
is at most of bounded length. Hence |€ ! NANZ?* <C.

Partitioning 5% in sets of size cR'/? (1.4.3) follows.

Finally, estimate (1.4.4) by min(1 4+ pR~'/3, R*3) < p?/3.

Remark. Projecting on one of the coordinate planes, Lemma 1.5 applies equally
well to a regular oval £ in a 2-plane [] in R* and

max |B(a, R'?) néy N7z <c (1.4.8)
a
and

max |B(a, p) N €1 N 73 < Cp*3, (1.4.9)

where & is of size R and £ il denotes an %—neighborhood of £.

There is an obvious extension of (1.4.2) in dimension 3. One has

LEMMA 1.6 Let £ be a 2-dim regular oval in R? of size R. Then, for all a € R?
and appropriate ¢, B(a, cRV/Y)NE 1 N Z3 does not contain 4 noncoplanar points.

Proof. If Py, P, P5, P, are noncoplanar points in B(a, cR% N 5% N 73 and
|P; — Pj/-| <41 P]/. € &, write

1
6Z+ > Vol (Py, P,, P, Py) = Vol (P, P}, Pj, P;) + O(R"?R™"),
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and hence
! / / ’ 1
Vol (P, P,, P;, P4)>7. (1.4.10)

On the other hand, this volume may be estimated by the volume of the cap obtained

1
as convex hull conv(€ N B(a, cR'*) bounded by (cR1/4)2% & 1. This proves
Lemma 1.6.

We now return to (1.3.21) and estimate |E% N Ty NZ?3|, where [Ty isal-
neighborhood of a plane [] in R3. Our purpose is to show

LEmMA 1.7

< R*/3*, (1.4.11)

3
‘Eé N H(l) NZ

Proof. (see fig. 1.2.).

N
R
RO
o
Z
ni 1)
Fig. 1.2.

Thus €N ]_[(1) is a truncated conical region of base-size R6, slope 6 and height 1,

for some 6 > %.

Consider first the case 8 < R/, Partition 5% N in~ R: (RO)} regions

D of size cRY*. According to Lemma 1.6, D N Z* consists of coplanar points,
therefore lying in some plane P C R? and

DﬂZ:DﬂPﬂE%ﬂZP. (1.4.12)
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PNEisanellipse £ of size r (we may assume 7 3> 1) and we claim that PN E 1 C
& = }—neighborhood of £’. To see this, we may by affine transformation assume

Etobea sphere of radius R, in which case it is a straightforward calculation.
From (1.4.12) and the preceding,

IDNZ <|DNE NZY

< C(diam D)*?
<CRYS, (1.4.13)
applying (1.4.9) to £} in the plane P.
We conclude that for & < R~1/4,
3 1,1 2
‘5% [,z ‘ < CRIR® < CR? (14.14)

and hence (1.4.12).
Assume next that 6 > R~
Let D > 1 be such that B(a, D) N 5% N1y NZ? (for some a € R?) contains 4

noncoplanar points Py, P», P3, P4. Assume

1/4.

D < (6R)"2. (1.4.15)

Repeating the argument in Lemma 1.6, let | P; — P]f| < %, P]’ € Bla,D+1)NnEN
2
By (1.4.15),
/ / / / 1 2 71 1
Vol (P}, Py, P}, P) > 2 —O0(D*R™") > - (1.4.16)

Considering sections parallel to [ |, write an upper bound on the left side of (1.4.16)
by

D2
Vl( B(a,2D)NEN )<D—. 1.4.17
ol (conv(B(a, 2D) H(z) =Dos ( )
Together with (1.4.16), (1.4.17) implies
1
D Z (RO > 7 (1.4.18)

which therefore holds independently from assumption (1.4.15).
Next, we consider a cover of 5% N ]—[(1) by essentially disjoint balls B(ay, Dy)

chosen in such a way that the following properties hold:

1. (1.4.19) All elements of B(ay, Dy) N 5% N ]_[(1) NZ3 are coplanar.
2. (1.4.20) B(ay,2Dy) N 5% N ]_[(1) N Z3 contains 4 noncoplanar points.

By (1.4.18), D, > é. Fixing a dyadic size bR > D > % and considering «’s such
that

Dy ~ D, (1.4.21)
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their number is at most

R (1.4.22)
R 4.
Proceeding as earlier, let P be a plane containing the elements of
3
B(aa, Do) N E) N ]_[U) aV/ (1.4.23)

and &’ an ellipse of size r in P such that &’ =P NE, & D 5% nPp.

Let P; be any point in (1.4.23) and denote 7 the tangrent plane to £ at Py, ¥ the
angle of t and P. Thus (fig. 1.3.),

r~ Ry
P,
v
[
Fig. 1.3.
If = 6, thenr ~ Ry = RO and we estimate
B(P.2D)N[] €Nz s Dr 1.4.24
(P.2D)N[ ], N€ NZ*| <D (1.4.24)

The corresponding contribution to £ 1 NN Z3 is at most

RO
3D(R9)—”3 < R?*. (1.4.25)

Assume thus ¥ < 6, in which case 6 ~ angle (]|, P) and

diam (5’ n ]‘[m) ~ g (1.4.26)
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< min (D, \/g)r—l/3 <07 '3D3 (1.4.27)

which collected contribution to £ N [ ;) NZ is bounded by

Estimate

‘B(Pl, 2D)N Hm ng Nz

RO RO?/3 R

=13 ny1/3
07D = S < o (1.4.28)

We may thus assume D < R'/2.
Assume (1.4.23) contains K points and denote d < D the diameter of (1.4.23).
Hence, from (1.4.26),

0d* <r. (1.4.29)

Partitioning £’ in arcs of size %, we get thus aset &1 N B(P, %) N Z? containing 3

noncollinear points Py, P, P3 from (1.4.23). Recarlling assumption (1.4.20) there
is P € B(P;,2D) N 8% N ]_[(1) NZ? such that Py, P», P, P are noncoplanar and

therefore

1
Vol (Py, P, P, P) > g (1.4.30)
Estimate from above (since Py, P>, P; € P)
VOI(P], P, P, P)f area(P], P, P3) dlSt(P,P)
1/d\’
< - <—) dist (P, P). (1.4.31)
r\ K
(We use here the fact that Py, P>, P € S{/r and diam{ Py, P, P3} < %.)
It remains to estimate dist (P, P).
Letting t be again the tangent plane at P, write
dist (P, P) < |P — P| +dist (P, P), (1.4.32)
where P € 1
_ D?
|P — P| =dist (P, r)§? <1, (1.4.33)
and hence
Petn NB(P,2D +1).
e[, nBPL2D+1)
We may assume P; € [[. Denote £ the line
=[] (1.4.34)

and £, the line

6L =PnNr. (1.4.35)
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Thus P, e f() N @1

dist (P, P) = dist (P, £,) angle (z, P) =dist (P, £,)¢r
~% dist (P, ¢,)

r|P — Py

7 angle ([Py, P, ¢;). (1.4.36)
By assumption, there is a point P4 € (1.4.23) s.t.

d
3 <IP—Pl<d. (1.4.37)

Thus Py € P N[],. Estimate

angle ([P, P, ¢;) <angle ([Py, P41, €1) + angle ([ Py, P], [Py, P4])
=(1.4.38) + (1.4.39).

Since dist (P4, T) ~ %, we have

d2
E ~ dist (P4, el)w

and

4. ~ is ~ ~ . 4.4
d o Ry r

Estimate
(1.4.39) < angle ([P, P, ¢o) + angle ([ Py, P4], £o). (1.4.41)
Since dist (Ps, [[) < 1 and dist (Py, T) ~ % < 1, we get

2 > dist (Py, £) angle (r, ]_[) = 0. dist (Py, £o)

1

angle ([P, Ps4], £o) S S 0d (1.4.42)
Similarly,
1
angle ([P N b4 T E——— 1.4.43
gle ([P, P1, o) S o1p P ( )
and hence
1
1.4.39 _— 1.4.44
(1439 5 53 ¥ a1p = B (1449
It follows that
d 1 1 4. 1 1
angle ([P, P €) § = 4+ o 4 - G2 1 (1445

0d =~ 9|P, — P| od ~ 0|P, — P|



STRICHARTZ'S INEQUALITIES 19

Recalling (1.4.36),
D

_ D
dist(P,P) < —— 4 <~

1.4.46
R6d RO ™ ROd ( )
and, by (1.4.32),
D? rD
dist(P,P) S — + ——. 1.4.47
ist(P,P) 5 2 T Rao ( )
Substituting in (1.4.31) gives by (1.4.30)
3p2 2 (1.4.29) 2
< d’D n d*D v dD
~rRK3 6ORK3 ™~ 0RK3
K < D (1.4.48)
S ORIA 4.
Multiplying with (1.4.22), we obtain again
RO D 23
— < 1.4.49
D (OR)\/3 — ( )
as a bound on |5% N1y VAR
This proves Lemma 1.7.
Lemma 1.7 allows for the following improvement of Lemma 1.2.
LEMMA 1.2'.  Let F* be the discrete maximal function (1.3.13). Then
I[F* > Al < N%+||F||§,\—2 (1.4.50)
provided
A > N3ST|F. (1.4.51)

Proof. Returning to the proof of Lemma 1.2, Lemma 1.7 implies the bound on K
introduced in (1.3.17)

2
K < N3t (1.4.52)

and (1.3.19) becomes (1.4.51) instead of (1.3.14).
Hence (1.3.32) in Corollary 1.1 holds under the assumption

s NS (1.4.53)
which leads to the following improved Lemma 1.3 and Propositions 1.5, 1.6.

LEMMA 1.4,

SITRES (1.4.54)

S

le™ flls < NTsT + N

ProproSITION 1.3,

; 1 3 A
le"® flla < N3T| £l if supp f C B(O, N). (1.4.55)
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PROPOSITION 1.4".  The 3D cubic NLS iu, + Au £ u|u|> = 0 on T? with A as in
(1.1.2) is locally well-posed for u(0) € H*(T3), s > %
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Chapter Two

Diffusion Bound for a Nonlinear Schrédinger Equation

J. Bourgain and W.-M. Wang

2.1 INTRODUCTION AND STATEMENT OF THE THEOREM

We study diffusion for a nonlinear lattice Schrédinger equation. This problem falls
within the same general category of bounds on the higher Sobolev norms (H! and
beyond) for the continuum nonlinear Hamiltonian PDE in a compact domain, e.g., a
circle or a finite interval with Dirichlet boundary conditions; see, e.g., [B]. (Recall
that typically L? norm is conserved. So H' is the first nontrivial norm to consider.)
As in previous papers [BW1,2], the nonlinear random Schrédinger equation is the
medium where we make the construction, the random variables (potential) being
the needed parameters. Here we work with a slightly tempered equation in 1 — d:

ig; =v;q; +e(gj—1 +q;41) + Ajq;lg;1> =0, jeZ, (2.1.1)

where we take, forinstance, V' = {v,} to be independent, randomly chosen variables
in [0, 1] (uniform distribution). The multiplier {A;} ;<7 satisfies the condition

Al <e(ljl+ D7, (2.1.2)

with T > 0 fixed and arbitrarily small. Note that 7 =0, A; = 1forall j € Z, is the
standard lattice random Schrodinger equation.

Asinthe case A; = 1 forall j € Z, (2.1.1) is a Hamiltonian equation of motion,
with the Hamiltonian

- 1 _ _ 1
H(q,q) = 5(2 vila;l* + €Y (@qim + ;a0 + 7 ZMI%I“) (2.1.3)

(see (2.2.3,2.2.4) for more details). We want to study its time evolution. Specifically,
we want to bound

> ilgioPr (2.1.4)

JEL

in terms of ¢ as t — oo for initial conditions satisfying

> %O < 0. 2.1.5)

JEZ

Note that typically g;(0) < A; as j — oo.
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The expression in (2.1.4) is sometimes called the “diffusion norm.” The £? norm
3 jezlq j|2 is a conserved quantity for (2.1.1) (see (2.2.5)). The initial condition
(2.1.5) shows at t = 0 the concentration on the lower modes g, with | j| not too
large. The diffusion norm (2.1.4) measures the propagation into higher ones, ¢;,
|j| > 1. If oneinterprets j as an index of Fourier series, then (2.1.4) is the equivalent
of H' norm, for example for nonlinear Schrodinger (NLS) on a circle. So in fact
one could also pursue higher moments:

> %l oP
JEZL
for s > 1, which correspond to H* norms.
We have the following bound on the diffusion norm (2.1.4):

THEOREM. Givent > 0, k > 0and taking 0 < € < €(t, k), the following is true
almost surely in V. If at t = 0, the initial datum {q;(0)} ;<7 satisfies

> %14 < oo, (2.1.6)
JEZ
then
>Rl <1< ast — oo 2.1.7)

J€EZ

The bound in (2.1.7) shows that if there is propagation, itis very slow ~ /2. If the
initial datum is in ', then the growth of H! norm in time cannot be faster than /2.
(Recall also that ~ ¢!/2 is diffusive, ~ ¢ is ballistic.) In [BW2], we constructed time
quasi-periodic solutions to the standard random Schrédinger equation on Z¢, i.e.,
(2.1.1), when A ; = 1forall j and in any dimension on a set of V' of positive measure
and for a corresponding appropriate set of small initial data with compact support.
Clearly such initial data are a subset of g; satisfying (2.1.6). The present theorem
is an attempt to address the growth of Sobolev norm for more generic initial data.

The proof of the above theorem is, however, unlike [BW2]. We rely on the under-
lying Hamiltonian structure and make symplectic transforms to render (2.1.3) into
a normal form amenable to the proof. The main feature of this normal form, to be
spelled out completely in (2.2.10-2.2.13) is that it contains energy barriers centered
at some =+ jy € Z, jo > 1 of width ~ log jy, where the terms responsible for mode
propagation are small ~ 1/j0C (C ~ 1/k); see (2.2.19, 2.2.20). In (2.1.3), the mode
propagation terms are €(q;qg;+1 + ¢;jq;+1), where €, even though small, does not
decay with j.

We traverse the usual path in order to reach the desired normal form in (2.2.10—
2.2.13). The symplectic transformations are generated by auxiliary polynomial
Hamiltonians (cf. (2.3.13)) related to the H in (2.1.3). This is the content of sections
2.2 and 2.3.

Here we only want to point out that condition (2.1.2) plays an essential role in the
construction. It enables us to work only with monomials of bounded degrees. The
small divisors arising in the process (cf. (2.3.13)) are then controlled by shifting
in V. We estimate the probability measures of the lower bounds on these small
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divisors in section 2.4, where we also probabilistically determine jj. Here the 1 —d
setting plays a crucial role.

The specific form of the nonlinearity, on the other hand, is inessential. It can
be more general (see section 2.2). Due to the polynomial nature, these symplectic
transforms preserve the £2 norm (cf. (2.5.7)). So it remains a conserved quantity.

In the subject of random Schrédinger equations, whetherind = 1 ord > 1, even
in the linear case, where A; = 0, no argument for any diffusive behavior, i.e.,

D g0 2% (> 0), (2.1.8)

seems to be known. What is better documented in the linear case, A; = 0 is the
“complement” of (2.1.8), i.e., Anderson localization (A. L.) (see, e.g., [FS, vDK]),

Z]2|q1‘(f)|2 <00 ast— 00 (2.1.9)

for the initial conditions satisfying (2.1.5), € < 1 and appropriate probability distri-
bution for V = {v;}. So it is tempting to ask whether, in fact, for (2.1.1) the bound
(2.1.7) could be bettered to

sup Y j%lg; ()7 < oo, (2.1.10)
t

which would be a nonlinear version of “dynamical localization,” well known to hold
in the linear case (i.e., A; = 0); see, e.g., [DG].

The problem of retaining (2.1.7) when we only assume || <&, which corre-
sponds to the usual random Schrodinger equation, remains largely open. In [BW2],
time quasi-periodic solutions were constructed for § < 1 and carefully chosen initial
conditions, which are special cases of (2.1.6). For this special set of initial condi-
tions, manifestly (2.1.10) holds. Does this tempt us to put forth (2.1.10) for initial
conditions satisfying (2.1.6) as a conjecture?

2.2 STRUCTURE OF TRANSFORMED HAMILTONIANS

Recall from section 2.1 the tempered nonlinear random Schrodinger equation:
iG; = v;q; +€(@j-1 +qj01) +Ajq;lq;P =0, j e, 22.1)

where V = {v;} is a family of i.i.d. random variables in [0, 1] with uniform distri-
bution, 0 < € « 1. The multiplier A ; satisfies the condition

Al <e(ljl+D7T, (2.2.2)

with T > 0 fixed and arbitrarily small. As mentioned in section 2.1, (2.2.2) (previ-
ously (2.1.2)) is crucial for the construction below.
We recast (2.2.1) as a Hamiltonian equation of motion, with the Hamiltonian

_ 1 _ _ 1
H(q.§) = E(Z vilg;l® + €Y Gaim +a;de0) + 3 anqﬂ“). (2.2.3)
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(2.2.1) can be rewritten as
oH

g
Remark. The connection with the usual canonical variables (§,x) is g =§ +ix,
q =& —ix. The equation of motion in the (£, x) coordinates is
oH oH
S = -, X = —_——,
ox o0&
which can be rewritten as a single equation, namely (2.2.4).

ig; =2 (2.2.4)

As in the linear case (A; = 0), the £% norm is conserved, since

% Z lg;1* = Zq;ﬁj +4;4;

JEZL

oH oH
=2i(2q,~— Z@%)

dg;
JeZ 9j JeZ

= Zi[Z(‘Ij‘fj—l +4;qj+1) — Z(Q_/HCL‘ + q]'—léfj):|

JEL JEZ

2.2.5)

=0.
It is worth noting that the cancellation of the two sums is due to the fact that the sum
is over Z.

The nonlinear term Y X;|q;|* by itself conserves the individual action variables
lg |2. Tt is the combination with the angular variable € term in (2.2.3), which is the
culprit for diffusion into higher modes ¢g;, j > 1.

In the linear case, diffusion is obstructed by the random potential V = {v;} by
proving A. L., i.e., the existence of a complete set of £ eigenfunctions which are
well localized with respect to the canonical basis of Z or more generally Z¢. In
the nonlinear case, we again use the random potential V = {v;} to obstruct energy
transfer from low to high modes by creating “zones” in Z, where the only mode
coupling term is of order O(}_ |jI=CIg;1*) < €. This obstruction is achieved by
invoking the usual process of symplectic transformations, to be described shortly.

Here it suffices to remark that due to the finite range (or more generally sufficiently
short range) nature of the Hamiltonian in (2.2.3), we only need one such zone, say
centered at & jj (depending on ¢ and determined probabilistically) of width W (j) <
Jo, in order to control the time derivative of the truncated sum of higher modes:

0
o 2 layoP (2.2.6)
[71>Jo
(cf. (2.2.5) and the comment afterwards), which in turn enables us to control the sum
> itlaior. 2.2.7)
JEZ
As mentioned earlier, the decay assumption on the nonlinearity in (2.2.2) is cru-

cial. It permits us to deal with monomials of bounded degrees. This is, in fact, what
prevents us from being able to make a statement for A; = 1, which corresponds
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to the standard nonlinear Schrodinger equation. On the other hand, the specific
form of the nonlinearity in (2.2.1) is inessential, as long as it is of finite range or
sufficiently short range and of bounded degree, for example, |g; |* may be replaced
by Rq;1°G;1g;+11°q;+1 in the finite-range case and

2 —Clj—k 2
1,17y e i Hlg]
k

in the short-range case. Finally, in the measure estimates, we make crucial use of
the 1 — d setting, i.e., the barrier zones are of width and hence volume W (jy) < jo.

In what follows, we will deal extensively with monomials (polynomials) in g;.
So we first introduce some notions. Rewrite any monomial in the form

[1473,"- (2.2.8)
jez
Letn = {nj, n/j}jez € NZ x NZ. We use three notions: support, diameter, and
degree:
suppn = {jln; # 0 orn’; # 0)
A(n) = diam {suppn}

n| = Z nj+n.

jesuppn

(2.2.9)

For example, the monomial gy, gy,+1 in H in (2.2.3) has suppn = {ko, ko + 1},
A(n) = 1, |n| = 2; while the monomial |qk0|4 has suppn = {ko}, A(n) = 0,
In| = 4. Note that in both cases: ) = 2 suppn 1> Which is a general feature
of polynomial Hamiltonians.

If, furthermore, n; = n’; for all j € supp n, then the monomial is called reso-
|4

suppn "Vj

nant. Otherwise it is nonresonant. |qx,|" is resonant, gi,gx,+1 is nonresonant. It
is important to observe at this point that nonresonant monomials contribute to the
truncated sum in (2.2.6), while resonant ones do not, in view of (2.2.5).

2.2.1 Structure of Transformed Hamiltonians

To control the sum in (2.2.6), (which leads to control of the sum in (2.2.7)), we
transform H in (2.2.1) to H' of the form

C1
H =23 (v +w)lg;l? (2.2.10)
JEL
+ Y cm []4/a’ (2.2.11)
nENZXNZ suppn
+ >, dm [T lg;* (2.2.12)
nENZXNZ suppn

+0<Z|j|—c|q,-|2>, (2.2.13)

JEZ
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where (2.2.11) consists of nonresonant monomials, ) n; = Zn; (n; # n/j for
some j), (2.2.12) consists of resonant monomials of degree at least 4. In (2.2.13)
(and in the sequel), C stands for a fixed large constant, in fact C ~ 1/k, k as in the
theorem. The coefficients c(n), d(n) satisfy the bounds

1
le)] + 1dn)| < exp(=p{An) + D log = + 7(jn] = 2) log(lj[ + D}, (2.2.14)

where j = min(| min{suppn}|, | max{suppn}|) and p > 1/10.

The transformation from H to H’ is symplectic, H' = H o I", with I symplectic.
It is a finite step iterative process, (2.2.13) is the remainder. Let H;, I'y be the Hamil-
tonian and the transformation at step s, H;y; = H; o I'y. At each step s, I'y is the
symplectic transformation generated by an appropriate polynomial Hamiltonian F.
H; is the time-1 map, computed by using a convergent Taylor series of successive

Poisson brackets of Hy and F' (see section 2.3).

At the initial step, H; défH given by (2.2.1) satisfies

(22.10): w; =0; (2.2.15)
221D : |n|=2, A(n) =1, [c(n)| < ¢ (2.2.16)
2.2.12): |n|=4, An) =0, |dn)| <e(lj|+ D7 2.2.17)
(2.2.13) =0.

So that (2.2.14) holds with p = 1/2. Along the iteration process p = p, will slightly
vary, but (2.2.14) will be shown to hold for ¢ = ¢, d = d; with p; > 1/10. Note
also that (2.2.14) implies in particular that

ld(n)| < €/1(j| + D~ (2.2.18)

(compare with (2.2.2, 2.2.17)).
The purpose of H’ given by (2.2.10-2.2.13) is to manifest an “energy barrier.”
Assume we have fixed a large jo € Z". We require further that

le()| <8 ifsuppn N {[—b, —a] U [a, b]} # ¥, (2.2.19)

where 8 < j; €, C asin (2.2.13) and

1 1
|:j0 —3 log jo, jo + 5 log jo] C la, b] C [jo —log jo, jo +1log jol. (2.2.20)

Remark. The construction of H' depends on jj, which is determined probabilisti-
cally and dependent on ¢: jo = jo(t), jo — 00 ast — oo.

Ateachsteps,in (2.2.19,2.2.20) we make the replacement: ¢ = ¢, § =6;,a = ay,
b = by. §; will be shown in section 2.3 to satisfy

Syp1 = 81910 4 j 205, (2.2.21)
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From (2.2.16), §; = €. We terminate the construction at step s, ~ loglog jy such
that

8, < Jo €, (2.2.22)

same C as in (2.2.13).

Remark. Looking ahead, we comment here that the first term in (2.2.21) comes
from Poisson brackets of polynomials with coefficients ¢, while the second one
comes from polynomials with coefficients ¢ and d (cf. (2.2.18, 2.2.19)).

. n/.
From (2.2.14), we may restrict ourselves to monomials [ | q;" g, satisfying

log(ljl + 1)
logl

€

C
[n] < —  (hence bounded degree). (2.2.24)
T

An)5SC (2.2.23)

The others are captured by (2.2.13) in H'. (2.2.19, 2.2.20, 2.2.23) then show that the
construction of H' from H only involves modes j € Z for which || Jjl— j0| < log jo.
So in particular w; = 0 unless ||j| - j0| < log jo. This point will be important in
the measure estimates.

H’ can now be used to control the sum in (2.2.6) as follows. We check in section
2.5 that the symplectic transform I preserves Y j?|q;|* up to a factor of 2. So g;
in (2.2.6) could be taken as the new g;. (2.2.23) and (2.2.5) then give that

% Do lgnP=2 Y >

li1zJo 1ol SCRBHAL oo i
log ¢

x(j—npem) [] @@ + 00 ~ig¢ (2.225)
kesupp n
by using (2.2.19). This is because the sum

> >y —nem ] q,’jkq,’j;czo (2.2.26)

L logly p
H/\—Jo|>C—;’fg|’f" supp nMj 70 kesupp n
€

by shifting the index j and using (2.2.23). Note that (2.2.10, 2.2.12) do not con-
tribute.

2.2.2 Some Preliminary Comments on the Measure Estimates

In (2.2.10), w; = w;(V) and all coefficients, in particular c¢(n), d(n) depend on V.
Let W = {w;} ;czqa. We assume

[Vyem)| + |Vyd(n)| S 1, (2.2.27)
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oW

Vv
Note that the initial Hamiltonian H in (2.2.1) trivially satisfies (2.2.27, 2.2.28).

As mentioned previously, w; = 0 unless || Jjl—= j0| < log jo, (2.2.28) implies that

and

< Je. (2.2.28)

22

the frequency modulation map V — V = V + W satisfies

_ . v 4
Jo VE 2 (1 = eyl < detW < (14 o) < jye (2.2.29)

The nonresonance estimates in section 2.3 on symplectic transforms are expressed in
terms of V. So (2.2.29) will be important in section 2.4, where these nonresonance
conditions are translated into probabilistic estimates in V.

It is essential at this point to point out that, if jj is fixed, the desired normal form
H’ as in (2.2.10-2.2.13), satisfying (2.2.14, 2.2.19, 2.2.20) can only be achieved
with small probability in V. However, by varying jo in a dyadic interval, H' may
be achieved with large probability.

2.3 ANALYSIS AND ESTIMATES OF THE
SYMPLECTIC TRANSFORMATIONS

We now make explicit the symplectic transformations that were often hinted at in
the previous sections. The analysis is straightforward. It is a finite-step induction.
The main objective is to check that c(n), d(n) satisfy (2.2.14, 2.2.19, 2.2.27) and
W satisfy (2.2.28) at each step s.

At the first step: s = 1,

1 _ _ 1
Hi=H= E(Zvnqm +e @jajn 4540 + 5 anq,r‘) 23.1)

from (2.2.3). Let n; denote the canonical basis of Z, (2.2.14, 2.2.19) are satisfied
with

€ .. .
cn) =c; X njt1) = > In| =2, A(n) =1, suppn =1{j, j+1, j € Z},
=0 otherwise.
(2.3.2)
Aj . —r
din) =d(n; x m)=Z, Al <e(jl+ D77, |n| =4, A(n) =0,

suppn = j, j € Z,
=0 otherwise. (2.3.3)
(2.2.27) is trivially satisfied with

Vv (o) = Vv (d)| = 0; (2.3.4)
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and so is (2.2.28):

W =0; 8—W =0. (2.3.5)
av
Assume that we have obtained at step s, the Hamiltonian H; in the form (2.2.10—
2.2.13), satisfying (2.2.14,2.2.19,2.2.20, 2.2.27, 2.2.28);, i.e., (2.2.14,2.2.19,
2.2.20,2.2.27,2.2.28) at step s. Our aim is to produce H,;| possessing the corre-
sponding properties at step s + 1. We first take care of the propagation of the first
three properties.
(2.2.14,2.2.19, 2.2.20), state that

1
le(m)[+|d(n)| < exp (—ps{(A(n)Jrl)lOg cttlnl=2) 10g(|j|+1)}>, (2.3.6)

with p; > 1/10, moreover,
lc(n)] <8 if supp n N {[—by, —as] U lays, bs]} # 0, 2.3.7)

with

A ST B . . .
[Jo 3 log jo, jo + 3 log Jo:| C [ay, bs] C [jo —1og jo, jo +log jol,  (2.3.8)

d5 is defined inductively as in (2.2.21):

8, =810 4 jo P8,y (s = 2), (2.3.9)

81 = €/2.

We satisfy (2.3.7) at step s + 1 constructively by removing those c(n) with 8,4 <
lc(n)| < &, supp n N {[—bs, —a,] U [ay, by]} # @ and a corresponding reduction of
[=bs, —as] U lay, bs] to [=bsy1, —asy1] U [asq1, bey1] with agy .y > ag, byy1 < by,
so that

le(n)| < 8541 if supp n N {[—=byt1, —as11] U [asi1, bs 11} # 0. (2.3.10)
We proceed as follows. Denoting in H (2.2.10-2.2.13),
¥; =v; +w{ and Hy =Y ¥;lq;I, (2.3.11)
jez
we define, following the standard approach,
Hyy1 = Hyolp, (2.3.12)
where [ is the symplectic transformation obtained from the Hamiltonian function

c(n) n; _n';
F ~ e Ja.’, (2.3.13)
Z S, — )7 95 4

supp nClas,bs]U[—bs,—as]
|c(n)|>5x+1



30 CHAPTER 2
Recall that H, is the time-1 map, and by Taylor series

Hs+1 = H;oI'r=Hy

+(2.2.11) + {Hy, F)} 2.2.11)
+(2.2.12)

+{(2.2.11), F} + %{{(2.2.11), F},F}+-- (2.3.14)
+{(2.2.12), F} + %{{(2.2.12), F},F}+ - (2.3.15)
+(2.2.13) o Tf. (2.2.13)

Notethat { Hy, F'} ~ F, terminating the series corresponding to Hy. Using (2.3.13),
(2.2.13’) has the same property as (2.2.13). We now define a1, by, in order that
(2.2.11") satisfy (2.3.10). Observe that if |c(n)| > ;41 as in (2.3.13), then by
(2.2.14)

log
A(n) < 10 o

EX (2.3.16)
Thus defining
log —— log
A1 = g + 20— oy = b — 20—t (23.17)
log < log =

{Hp, F} removes in (2.2.11) all monomials for which |c(n)| > 8,4+ and supp n N
{[—bs+1, —as+11Uas11, bs11]} # B. So(2.2.11") satisfies (2.3.10) by construction.
Returning to (2.3.13), we impose the small divisor condition

‘Z(n, n)vj‘ 5107 (2.3.18)

which will lead to measure estimates of this construction in section 2.4. Using
(2.3.18) in (2.3.13), the main task of the rest of the section is to estimate (2.3.14,
2.3.15) and show that they satisfy (2.2.14);4; with ps1; > 1/10. These estimates
also determine & 1.

2.3.1 Monomials in (2.3.14)

We start with the lowest-order Poisson bracket {(2.2.11), F'}, which produces mono-
mials of the form

nj - 1'
NICEAR O A
[ 1 oml 4
~Z(mknk mn)gr g T T ™. @319)
j#k

with coefficient
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c(m)c(n
ﬁ (2.3.20)
where
supp n C [ay, bs] U [—bs, —as], supp m Nsupp n # @. (2.3.21)
Hence supp m N ([ay, by] U [—bs, —a,]) # @ and from (2.3.7), both
le(m)], |c(n)] < 8. (2.3.22)

Remark. Thisis, in fact, the other reason to restrict n to have the supportin (2.3.13).

The monomials in (2.3.19) correspond to multi-indices w, where

A(u) < A@m) + An), (2.3.23)
lul=|m| + [n| — 2. (2.3.24)

Recalling (2.2.24), the prefactors in (2.3.19) may be bounded as

C 2
Imgn, — ming| < (Im| + |n))* < (Il +2)* < 2(;) : (2.3.25)

The number of realizations of a fixed monomial [ | q;.” é;j in {(2.2.11), F} is easily
seen to be bounded by

omc

2H(A(m) A A(n)) < exp ( )(A(m) + A(n)). (2.3.26)

To bound the coefficient in (2.3.20), we define

1
Ps+1 = ,Os(l - W) (2.3.27)

Using the small divisor bound (2.3.18) and (2.2.14),, we have

(3.20) <8, 7 (je(m)le(n)) 07 ([em)][e(m)) "7

__1 1
<8 ™ (le(m)lle(m)]) 02 (2328)

1
exp < - ,0s+1{(A(M) +2)log < + (Il —2) log jo}),

which is starting to have the flavor of (2.2.14),,;.
Taking into account the bound in (2.3.25) on the prefactor, the bound in (2.3.26)
on entropy and using (2.3.28), (2.2.14); to bound A(m), A(n) in terms of c(m),
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c(n), we obtain the following bound for g;(u), the coefficient of the ]_[q;.” c}fj
factor in {(2.2.11), F}:

1 1

- 1
1002 5|l s
gi(p) =8, 2% <log |C(m)“C(n)'>(IC(m)IIC(n)I)102

1
exp < — Osa1 {(A(M) + 1) log p +7((ul —2) log jo})
2

1
- 1
S8 7 2M (| log 871)8 exp ( — psii {(A(m +1)log ~
€

+r(|,u|—2)logj0}). (2.3.29)

From (2.2.21), log log 8;1 ~ s, (2.3.22) then permits us to estimate
1

1
1) < (23.29) < 8 exp (— psﬂ{(A(u) +1)log =+ 7(|u| —2) log jo})-

(2.3.30)
To bound g(u), the coefficient in front of || qf" cjj" factor in (2.3.14), we need to
take into account the higher-order poisson brackets in the Taylor series. We illustrate
it on

1
E{{(Z.ll, F}, F},

through which the general structure of the estimates will hopefully become clear.

A fixed monomial ]_[wpw q;.” c}_l;j in {{(2.11, F}, F} is now the confluence of
three sources, denoted by m, n, p with

lu| = |m| + |n| + |p| — 4. (2.3.31)
Let
|lw| = |m| + |n| — 2. (2.3.32)
Then
lul=lw|+ |pl =2, (2.3.33)
A(w) < A(m) + A(n), (2.3.34)
A(pn) < A(w) + A(p). (2.3.35)

Continuing the previous terminology, the coefficient is

c(m)c(mc(p), lem)l, [cm)], lc(p)] < 8s; (2.3.36)
the prefactor is a sum of terms of the form

(mgny, — myn)[(mj +nj)py — (m'; +n') pel if j #k
; / ) , ) 2.3.37)
or (myny — myn)[(my +n, — 1) py — (my +n;, — 1)pel,
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(cf. (2.3.19)). Using (2.3.31), the prefactor can be bounded by

Chylul® <l (2.3.38)
the entropy can be bounded by
[l
2N A ) A A@m) 2M(Aw) A A(p))
\z;::z (2.3.39)

S R2M(Am) + An) + A(p)]P.
(2.3.36,2.3.38, 2.3.39) then give that g (1), the [] q;‘f qf 7 factor from
1
i{{(Z.ll, F}, F}
can be bounded by

1/ -2
2w = 5 (8 ™) 2 Am) + Am) + AP

1 1
[c(m)c(n)c(p)] 02 exp <— Ps+1 {(A(M) + 1) log P t(|ul —2)log jo})

2
< (5_ 002 )2 (2# log & ) ) 02
~ s 2! s

1
X exp (— ps+1{(A(M) + 1) log - Hrlul - 2) log j0}>

1 2 1
< (677) exp (— ,0s+1{(A(M) + Dlog — +(lul —2)log jo})
(2.3.40)
From (2.3.30, 2.3.40), the structure of the estimates on the Poisson brackets in
(2.3.14) is clear and we obtain that the ]| qj‘f' qj.‘ 7 factor in (2.3.14) is bounded by

1

7 1 .
g(m) < 8% exp ( - ps+1{(A(u) + 1) log - +7(u| —2)log Jo})- (2.3.41)

In particular, (2.2.14) remains valid with p,; replacing p;. From (2.3.20, 2.3.22,
2.3.25,2.3.26, 2.3.36, 2.3.37, 2.3.38, 2.3.39), there is also the bound

2 12 19
g(u) < & 0T < 8s10

(2.3.42)

for the [ qf-’ q’;‘-’ factor in (2.3.14), which will be part of 8, (cf. (2.3.9)).

2.3.2 Monomials in (2.3.15)

We proceed as in the estimate of (2.3.14). For the lowest-order bracket {(2.2.12), F},
we get the coefficient
d(m)c(n)

mcn) 2343
2 (nj —n)v; (2349
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in lieu of (2.3.20), (2.3.21) remains satisfied, and hence, from (2.3.6, 2.3.7),

le(n)| < &
—1/5 (2.3.44)
ld(m)| < jo
(2.3.23, 2.3.24) remain valid, the prefactors are bounded as
Cc\?2
g, — mo)l < () +2)* < z(?> (2.3.45)

asin (2.3.25). The entropy factor in (2.3.26) remains valid. So y; (u), the coefficient

of the [] q;L-’ ‘ﬁj monomial stemming from {(2.2.12), F} is again bounded by the
first line in (2.3.29) with d(m) replacing c(m). Since s < s, ~ loglog jo from
(2.2.22), the bound on the last line of (2.3.29) remains valid for y;(®). Similarly,
we prove that the bound in (2.3.41) carries through for y (1), the coefficient of the

]_[ qj qj /' monomial from (2.3.15). Moreover, as in (2.3.14), y (u) is also bounded

1

1-—-L 1--L
)& 02 joTl0s S0t 05 (2.3.46)

1
d lo
y(w <| (m)|< & o
Thus, in conclusion, (2.3.14, 2.3.15) satisfy (2.2.14),;. Define
By1 = 819710 4 jT/ 20, (2.3.47)

asin (2.2.21) and subdivide the (2.3.14, 2.3.15) terms according to (2.2.10-2.2.13).
Since (2.2.11") satisfies (2.3.10) by construction,

ly ()l 18] < és+1, (2.3.48)

(2.2.12) satisfies (2.2.14),, hence (2.2.14),4, H,4; satisfies (2.2.14,2.2.19,
2.2.20)541.

We are now left to check the validity of properties (2.2.27,2.2.28),; for Hy4.
In Hy (2.3.11), we need to add resonant quadratic terms produced in (2.3.14, 2.3.15).
Denoting these terms by w;, v; is then perturbed to

by =1; +w!, (2.3.49)
where w; satisfies, in particular,
| < 841 (2.3.50)

An important point is that therefore all nonresonance conditions imposed so far, and
in particular (2.3.18), can be replaced by

1
‘ >, - n;)ﬁj’ S 5,007 (2.3.51)
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for all t+ < s and n satisfying

supp n C [a;, b ] U [=b; — a;],

IOg m

lo

€

‘We now check the V dependence for g(u), y (1) in (2.3.14, 2.3.15). We illustrate
the computation on first-order Poisson brackets. We have

IVy (2.3.20)] + |Vy (2.3.43)]
< [V c(m)| + |Vy dGm)D)lcm)] + (|e(m)|
+1dm))|Vy e[ Y (n; — n)i; |~

n %(|c(m)| + ld(m)e(n)]

X <‘ Z(}’l] — n’j)ﬁj

12 4o, (2.3.52)

-2 - oz 5
‘ ||DV||e2_>52> <8 76+ jy )

<34

where we used (2.2.24, 2.2.27,2.2.28, 2.3.22, 2.3.44).

Taking into account the factors (2.3.25, 2.3.26), (2.3.52) still remains valid for
the first-order Poisson brackets. The higher-order brackets can be treated similarly
and (2.3.52) remains essentially unchanged as the bound for |Vy g ()| 4 |Vy y (|-
In particular, (2.2.27) remains valid and, moreover, from Schols’ lemma,

log -
IDWO < 612 4 jy 10—t
~ log (2.3.53)
S
as
log a;
supp n =~ =,
log <

where §; satisfies (2.2.21) and s < s, ~ loglog jo. Since W = > | W®_(2.2.28)
remains valid along the process.
Finally, we check (2.2.20) for intervals [a,, b,]. From (2.3.17, 2.2.21, 2.2.22)
1
8 5t
log é

1 1
a—a;|+1b—>b|< lo —)
| |+ | 10g£<2 e

|as - as+1| + |bs - bs+l| S
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and (2.2.20) will hold from ay = jy — log jo, by = Jjo + log jo. Hence, at step s,,
(2.2.19) is satisfied with § = j; . m

2.4 ESTIMATES ON MEASURE

Recall that the estimates on the symplectic transformations in section 2.3, hence
the Hamiltonian in its desired form H’ in (2.2.10-2.2.13), depend crucially on the
non-resonance condition

1
’ 3o, - n’j)ﬁj‘ S 07 2.4.1)

previously (2.3.18), where n satisfies
supp n C [as, bs]U [=by, —ay]

C [jo — log jo, jo +log jol U [—jo — log jo, —jo +10g jol (2.4.2)
1

C
A(n) < 10 ‘*“ o< = (2.4.3)
lo T

€

(cf. (2.2.24,2.3.13, 2.3.16)). From the estimates on c, d, in section 2.3, in particular
(2.3.49,2.3.50), v; in (2.4.1), which is v; at step s, can be replaced by v; at step s,,
the last step, with n continue to satisfy (2.4.2, 2.4.3). This is convenient as we now
only need to work with a fixed v;, namely v; = f);S*)

The measure estimates are in terms of V, the original i.i.d. random variables. But
we first make estimates in V via (2.4.1) and then convert the estimates to estimates
in V by incorporating the Jacobian in (2.2.29). Denote for a given n,

J+(n) = max{j € Zln; —n’; # 0}. (2.4.4)

Note that j (n) is the largest j with non zero contribution to (2.4.1). The set of
acceptable V contains

s= N N N [»

|lk|l—jol<log jo s=1,..., Sy N sat.isﬁes (2.4.3)
J+(m=k

_1_
> §,100s7 } (2.4.5)

Z(I’lj — I’Z,J)T)j

J=<k

Define

Z(ﬂj — I’l/j)ljj

J=<k

1
ﬂ ﬂ [\7| > §,100s7 ] (2.4.6)
...... sy n satisfies (2.4.3)
J4-(m)=k

For each S, the restriction on V only relates to (V) j<x. Moreover, for fixed (V;) j <«
and n such that j, (n) =k

_1_ _1_
< 3.900&2} < 280057 (2.4.7)

Z(I’LJ’ — I’l/])ljj

J=<k

mesg, |:
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Let & be the complement of the set S defined in (2.4.5). Its measure can then be
estimated as

mes S; < i Z mes;,k|: Z(nj —n’j)ﬁj

1
10052
< 8;00.? ]
s=1 n satisfies (2.4.3) j<k

=k (2.4.8)
1

Sk C/t
< Z <1010g Os+1 ) 6510(1)52 ,
1

log L

s= €

where we used (2.4.3) and the A(n)-nomial formula ((A(n))"!) to estimate the
entropy coming from n (the sum over n).

From (2.2.21,2.2.22), the terms in (2.4.8) decay faster than a geometric sequence
for s, ~ loglog jo (jo > (3)V/€ as &, ~ jo© < €). Since §; = €, we have

mes §; < 610_3, 2.4.9)

assuming € < 1. Using (2.4.9) in (2.4.5), we obtain

_ . -3
mes ;S > (1 — !0 )2z o j2e0 (2.4.10)

Using the Jacobian estimate in (2.2.29) to express the restrictions in the original
random variables V = {v;} ez, we have

-3 -3
mesyS > jo Vi = ot 24.11)

S defined in (2.4.5), which is for a fixed jj, thus corresponds to a rare event.
To circumvent that, we allow jj to vary in a dyadic interval [jo, 2], taking into

account that the restriction in (2.4.11) only relates to v; || ;| jol<O(1) log jo N View of
(2.2.11, 2.4.3). Using independence, we then obtain that with probability, at least,

e ,
1 — (1 — )2‘9““%’0 > 1—e Vo, (2.4.12)

the condition in (2.4.5) holds for some j, € []_'0, 2]_'0]. For such jj, the analysis in
section 2.3 applies and H is transformed to H' in (2.2.10-2.2.13), satisfying (2.2.14,
2.2.19, 2.2.20). We are now poised to prove the theorem.

2.5 BOUND ON DIFFUSION

We first recapitulate the setting that we have achieved so far. For any given j, € Z..

(assumed large), there is jy ~ jo, in fact jy € [fo, Zfo], such that with probability

1 — e Vio, (2.5.1)
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H in (2.2.3) is symplectically transformed into H':

/ 1 ~

JEZ

+ Y. e []4)d; (2.5.3)
neNZ xNZ suppn

+ > dm [ g™ (2.5.4)
neNZ xNZ suppn

+O<Z|j|-c|q,-|2>, (25.5)

Jez

where v; are the modulated frequencies, c(n) are the coefficients of the nonresonant
monomials, i.e., in (2.5.3), for any n, there is j € supp n, such that n; # n’j, d(n)
are the coefficients of the resonant monomials of degrees at least 4. (2.5.3) is
responsible for diffusion into higher modes. The coefficients satisfy

le()| < jo© if

.1 | .
Supp nnN []O - 5 log Jos Jo + E log .]O:| (256)
.o . oo .
Ul —Jjo— Elogjo, —Jjo+ Elogjo #0,
where C, a fixed large constant, is the same as in (2.5.5).

The symplectic transformations from H to H' are generated by polynomial Hamil-
tonians F in (2.3.13), which give the vector fields:

aF 3 _9F 9 (2.5.7)
0g; dq;  9q; 9g;

where the sum is over
i C lag, b]U[=bs, —as] C [jo —1og jo. jo +10g jo]
U [—jo —log jo, —Jjo + log jol.
The vector fields in (2.5.7) preserve the ¢2 norm Y |¢;|>. From (2.2.5), H pre-
serves the £2 norm. So ¢? norm remains conserved. Moreover, since the symplectic
transforms in (2.5.7) only concern neighborhoods about ji of size log jo, > j*|gq ;1>

is preserved up to a factor of 2 in the transformation process from H to H'.
We now return to the NLS in (2.2.1) and finish

(2.5.8)

Proof of the Theorem. Assume
Zj2|qj(0)|2 < C, Casin(2.5.5). (2.5.9)
JjEZ

We want to bound the diffusion norm

> igioP (2.5.10)

JEL
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in terms of ¢ as t — oo. The coordinates g (¢t) = {g;(t)};cz satisfy

. 3H

Fix Jo, choose jo € [jo, 2jol ~ jo as described above. Then on a set of V of proba-
bility

1 —e Vi,
H is symplectically transformed into H’ of the form (2.5.2-2.5.5). To avoid con-
fusion, denote the new coordinates in H' by ¢’. Equation (2.5.11) then becomes

.., OH'
g = F (25]2)
q

We estimate (2.5.10) via estimating the truncated sum }, . lg;(t)]>. Using
(2.5.2-2.5.5) in the RHS of (2.5.12), we write

d , 2} _H
— t =43 !’ —
dt[ > gl DY iy

k1> jo 1k|> jo
~ ) c(n)< > - [] q”}”z]’/) (2.5.13)
neNZ xNZ |k1> jo supp n
+ 03y, (2.5.14)

where (2.5.13) is the contribution from (2.5.3), (2.5.14) from (2.5.5), (2.5.2, 2.5.3)
do not contribute.

We analyze (2.5.13) further. Recall from (2.2.23) that the monomial in (2.5.3)
satisfies

0w i
Aln) < c%, same C as in (2.5.5). (2.5.15)
og p
So if
supp n N (=00, —jol U [jo, 00) # ¥, (2.5.16)
then
oo 1 oo i
supp n C <—oo, —jo+C Og]lo}u[jo—cijf, oo). (2.5.17)
log - log -

€

On the other hand, if [c(n)| > j, €. then (2.5.6) implies that

o1 ) o1 .
supp n C (— 00, —jo — glogjo] U [Jo + Elogjo, oo)

C (=00, —jo) U (jo, 00).

(2.5.18)
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The last set in (2.5.18) is precisely the set that is summed over in (2.5.13). We have

D me—np) = (np—m) =0, (2.5.19)

k1> jo k1> jo

(cf. (2.2.26) and the comments just below it). So only terms where [c(n)| < j, ¢
contribute to (2.5.13), and we have

'—[ PNIAG] ] (2.5.20)
k1> jo
Integrating in ¢, we obtain
Y g ®F < > 1gp ) + jg . 2.521)
k1> jo k1> jo

Since the symplectic transformation only acts on a ~ log jy neighborhood of = jj
(cf. (2.3.13,2.5.7, 2.5.8)), we have

ST dal < D g+ (2.5.22)

k> jo+101og jo k> jo

Using (2.5.22) to translate (2.5.21) in terms of gy, the original coordinates, and
multiplying the resulting inequality by jZ on both sides, we arrive at

i D P <ig > @O+ jg (2.5.23)

Ik|> jo+101og jo Ik|> jo—101og jo

with probability at least 1 — e~V70 after taking into account (2.5.1). The inequality
in (2.5.23) is a statement about the solution of (2.2.1), as can be seen as follows.

Recall that jo ~ jo (o € [jo. 2Jjo]) and jg is an arbitrary sufficiently large integer.
To convert (2.5.23) into a bound on the diffusion norm (2.5.10), we take fo =2
£ > £y. Inequality (2.5.23) implies

453" g@F <48 Y g0 + 2107 (2.5.24)
[k|>2¢+1 [k|>2¢-1

with probability at least

1—e 22, £> 4. (2.5.25)

We now sum over £ > £y. The LHS of (2.5.24) gives

1
o4 P =5 3 RlaoP, (2.5.26)

(22 [k|>2¢+1 [k|>2%+1

where for each ¢, we retain only the terms |q,e+1 ()|? in the sum over k.
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To obtain an upper bound on

>4y g, 2527)

=Ly |k|=2¢-1

we notice, for example, in the sum (2.5.27) the term containing |g,¢y-1(0) |2 appears
once as

49g,t0-1(0)* = 42072 |gpe0-1 (0) %), (2.5.28)
here k = 2%~1; when k = 2%, the term containing |g,¢, (0)| appears as
4{(1 +1/4) 215t (O) *); (2.5.29)
when k = 2%+ it appears as
HA+1/44+1/16 4 - -+ 174" 29T |40 1m (0) ). (2.5.30)

Similar observations hold for k nondyadic, so we have

(2.5.27) < 6Zk2|qk(0)|2}. (2.5.31)
keZ

Summing over £ > £ in (2.5.24) and using (2.5.26, 2.5.27, 2.5.31), we obtain

1
i > Bla®F <6 kg0 +2- 270y, (2.5.32)
[k|=2¢t0+! keZ
Hence
D Kge)]F < 24C (1 + 40 2. 2700y (2.5.33)
keZ

with probability at least

&y
1 —e? , (2.5.34)
where we summed over (2.5.25).
Choosing
Lo = Lo(t) ~ log 1/, (2.5.35)
(2.5.33) gives
> Klgin? < 1€, (2.5.36)
keZ
with probability at least
1—e ¢, (2.5.37)

An application of the Borel-Cantelli theorem for t € Z* and supplementing with
(2.5.20) proves the theorem by choosing C = 3/«. O
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Chapter Three

Instability of Finite Difference Schemes for
Hyperbolic Conservation Laws

A. Bressan, P. Baiti, and H. K. Jenssen

3.1 INTRODUCTION

A system of conservation laws in one space dimension takes the form

u, + f(w), =0. (3.1.1)
The components of the vector u = (uy,...,u,) € IR" are the conserved quanti-
ties, while the components of the function f = (fy, ..., f,) : IR" +— IR" are the

corresponding fluxes. For smooth solutions, (3.1.1) is equivalent to the quasi-linear
system

u, + A@u, =0, (3.1.2)

where A(u) = Df (u) is the n x n Jacobian matrix of the flux function f. We recall
that the system is strictly hyperbolic if this Jacobian matrix A(u) has n real distinct
eigenvalues, Aj(u) < --- < A,(u) for every u € IR". In this case, A(#) admits a
basis of eigenvectors r;(u), ..., r,(u). In the strictly hyperbolic case, the Cauchy
problem for (3.1.1) is well posed, within a class of functions having small total
variation [7, 9]. We remark that, in general, even for smooth initial data the solution
can develop shocks in finite time. The equation (3.1.1) must then be interpreted in
distributional sense, namely,

/f [t + fu)p.]dxdr =0,

for every test function ¢ € CLI_, continuously differentiable with compact support.
In case of discontinuous solutions, uniqueness is obtained by imposing additional
entropy admissibility conditions along shocks [16, 19]. As proved in [7], the Liu
conditions characterize the unique solutions obtained as limits of vanishing viscosity
approximations.

In addition to the celebrated Glimm scheme [13], various other approximation
methods have been introduced and studied in more recent literature, namely: front
tracking [1, 2, 8, 9, 11, 14], vanishing viscosity [7], relaxation approximations [15,
22, 6], and semidiscrete schemes [5]. Given an initial data

u(0, x) = u(x) 3.1.3)



44 CHAPTER 3

with small BV norm, in all of the above cases one can prove that the approximate
solutions retain small total variation for all times ¢ > 0 and depend Lipschitz continu-
ously on the initial data, in the L' distance. Moreover, the approximations converge
to the unique entropy weak solution of the hyperbolic system (3.1.1).

For computational purposes, the most important type of approximations are the
fully discrete numerical schemes [17]. In this case, one starts by constructing a grid
in the #-x plane with mesh Az, Ax. An approximate solution Uy ; ~ u(k At, j Ax)
is then obtained by replacing partial derivatives in (3.1.1) with finite differences. For
example, if for all u the eigenvalues of the Jacobian matrix Df (u) satisfy

|Aiw)| < Ax/At i=1,....n,

then one can use the Lax-Friedrichs scheme

At
U1, = Urj + E[fwk, =0 = fWUk )] (3.1.4)

In the case where
0<Xxi(u) <Ax/At i=1,...,n,

one can also use the upwind Godunov scheme

At
Ues1,j = Uk j + A_x[f(Uk,j—l) — fUsj+1)]- (3.1.5)

As for all previous methods, it is natural to expect that, if the initial data have small
total variation, then the approximations constructed by finite difference schemes
will have uniformly small variation for all positive times. Surprisingly, this is not
true. Indeed, the analysis in [3, 4], has brought to light a subtle mechanism for
the instability of fully discrete schemes, due to possible resonances between the
speed of a shock and the ratio Ax/At¢ in the mesh of the grid. As shown by the
counterexample in [4], these resonances can prevent the validity of a priori BV
bounds and the L! stability for these approximate solutions.

We remark that all previous results about BV stability for viscous, semidiscrete,
and relaxation approximations relied on the local decomposition of a solution as a
superposition of traveling wave profiles. To implement this approach, it is essential
to work with a center manifold of traveling profiles smoothly depending on param-
eters. In case of the difference schemes (3.1.4) or (3.1.5), a traveling profile with
speed o is a continuous function U = U (§) such that the assignment

Ur,j =U(jAx — o kAt)

provides a solution to the equation (3.1.4) or (3.1.5), respectively. The existence
of discrete traveling profiles was proved by Majda and Ralston [21] in the case of
rational wave speeds, and by Liu and Yu [20] in the case of irrational, diofantine
speeds. However, as remarked by Serre [23], these discrete profiles cannot depend
continuously on the wave speed o. In particular, for general n x n hyperbolic sys-
tems, no regular manifold of discrete traveling profiles exists. A detailed example,
showing how continuous dependence fails for Lax-Friedrichs wave profiles, was
constructed in [3]. Of course, this already implies that the techniques used in [7]
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for proving uniform BV bounds cannot be applied to fully discrete approximations.
To further settle the issue, the recent counterexample in [4] shows that these a priori
BV bounds simply cannot hold.

In the present chapter we review the main ideas in [3] and [4]. Section 3.2
contains a formal analysis, explaining how the discrete traveling wave profile for
the Godunov scheme can fail to depend continuously on parameters, as the wave
speed approaches a given rational number.

In Section 3.3 we outline the construction of a Godunov solution for a strictly
hyperbolic 2 x 2 system, where the total variation is amplified by an arbitrarily large
factor.

3.2 INSTABILITY OF DISCRETE TRAVELING WAVE PROFILES

Here and in the next section, we study a 2 x 2 system of the form

o+ fu), =0

. 3.2.1)
v + va + g(”)x =0.

We assume that f'(u) €]1/2, 1[, so that the system is strictly hyperbolic, with
both characteristic speeds contained inside the interval [0, 1]. To fix the ideas, let
At = Ax = 1. The Godunov (upwind) approximations then take the form

Upprj = g+ [f 1) — flu )], (3.2.2)
Uk i—1 + Ug.j
Vel j = % + 8k (3.2.3)

where

8k,j = 8ug j—1) — glug,j)-
Note that the u-component of the solution satisfies a scalar difference equation.
Moreover, the v-component satisfies a linear difference equation with source terms
8k, j derived from the first equation. The solution of (3.2.3) can be explicitly com-
puted in terms of binomial coefficients:

Ui = > B(m —k. i - j) g (3.24)
O<k<m, i—(m—k)<j<i
where
m!
Bm,f) = ———— .27, 3.2.5
m. 0 = o —o (3.2.5)

Assume that the u-component is a traveling shock profile connecting the states
u—,u"t, with speed o €10, 1[. In other words, uy ; = U(k — o j), with

@) = fu)
o=—"">

ut —u—

. o+
Jim UE) =u, 0.
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We are interested in the oscillations of the v-component of the discretized solution,
at (3.2.3). In the following, we will choose a function g such that g’(u) = O for all
u outside a small neighborhood of (u™ + u~)/2. More precisely:

if u<@r+u —eg)/2,

1
glu) = { 0 ifu>@ +u +8)/2. (3.2.6)

As a consequence, all the source terms g ; vanish, except within a thin strip around
the line {U(x —ot) = (u™ +u~)/2}.

To achieve a better understanding of the solution of (3.2.4), two approximations
can be performed:

(1) The binomial coefficients in (3.2.5) can be replaced by a Gauss kernel.

(ii) Choosing & > 0 small, we can assume that the source term g ; is nonzero
only at the integer points (k, j) immediately to the left of the line x = o7.
More precisely,

&)= { : it j=Ionll, (3.2.7)

0 otherwise.

Here [[s]] denotes the largest integer < s. After a linear rescaling of variables, in
place of (3.2.3) we are led to study the heat equation with point sources

Uy — Uxx = 8;1,[[(m]]- (328)
In turn, the above equation can be compared with

U — Uxx = 5;1,0119 (329)

Up — Uxx = 8t.at’ (3.2.10)

see fig. 3.1. Note the difference between these three equations: In (3.2.10) the
source term acts continuously in time, along the straight line x = o¢. In (3.2.9),
at every integer time + = n the source consists of a unit mass at the point (n, on)
(the white dots in fig. 3.1). On the other hand, in (3.2.8) these sources are located at
the points with integer coordinates (n, [[on]]), immediately to the left of the line
x = ot (the black dots in fig. 3.1).

The traveling wave solution of (3.2.10) contains no downstream oscillations.
Indeed, v(t, x) = ¢(x — ot), where

o e /o if y>0.
¢(y)_f0 G(I’y+”’)dt_{1/a if y<O0.

Here G(t, x) = e’x2/4’/«/47rt is the standard Gauss kernel.

Concerning the solution of (3.2.9), by repeated integration by parts one can show
that downstream oscillations are rapidly decreasing. Namely, for every & > 1 one
has

|vx(t, ot — y)| =0()- y_k as y — 00. (3.2.11)
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\4
. o . . o
. o . . o
. o . . o
. o . . o
. o . . o
. o . . o
. ® . . o

Fig. 3.1. The heat equations with various singular sources.

Thanks to (3.2.11), the analysis of downstream oscillations in the solution of
(3.2.8) can be based on a comparison with (3.2.9). This will show that, if the speed
of the source is close to a rational but not exactly rational, then resonances will
occur. For example, assume that 0 = 1 + ¢, with 0 < ¢ « 1. Consider a traveling
wave solution, so that v(t, x) = W7 (x — ot) for every integer time ¢ and every
x € IR. In this case, we have the explicit representation

v(t.x)= Y G(t—n.x—[lon]]).
—oo<n<t
For y « 0, calling W (y) the value of the solution profile at a distance |y| down-
stream from the shock, we find

vy = Y G(—n,y—Illon])

—oo<n<0
—oo<n<0
- ¥ [G( —n,y—on)—G(-n, y— [[0”]])] (3.2.12)
—oo<n<0
1
~ - 3" Gi(—n, y—on)(on—[[on]])
—oo<n<0

2

l +/ G,(t, y+ot) (st — [[st]]) dt.
o 0
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en — [[en]]

Fig. 3.2. Amplitude of oscillations generated by almost periodic sources.

The amplitude of the two factors in the integral on the right hand side of (3.2.12)
is illustrated in fig. 3.2. Clearly, the function t — et — [[e¢]] takes values in [0, 1]
and has period e ~'. We observe that

o0 o0
f G.(t, y+ot)dt =0, f |G (t, y+ot)|dt =O(1) - |y]” 2.
0 0

A direct analysis of the last integral in (3.2.12) shows that nontrivial oscillations
occur when |y| has the same order of magnitude as e=2. More precisely, call
Ve = -2 1, = 5’2/0, so that G, (t., y. + ot;) = 0. As y ranges over the
interval I, = [y,/2, 3y./2], the function y — W!™#(y) oscillates several times.
The amplitude of each oscillation is > ¢y ¢, and the distance between a peak and
the next one is &~ ¢~!'. On the whole interval I, we thus have ~ ¢~! oscillations.
The total variation of W'*¢ on the interval I, remains uniformly positive, as & — 0.
Since y, — —oo as ¢ — 0+, the above analysis shows that the family of profiles
W1+ cannot converge in the BV norm, as ¢ — 0. In particular, discrete traveling
profiles cannot depend smoothly on the wave speed.

3.3 LACK OF BV BOUNDS FOR GODUNOYV SOLUTIONS
In this section, we consider the 2 x 2 system
u + [In(1 + "], =0, (3.3.1)
v+ %vx + g(w), =0. (3.3.2)

We choose a right state # ™ and a left state u~, withu™ > u™ > 0, in such a way that
the corresponding shock for the scalar conservation law (3.3.1) travels with rational
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speed. For sake of definiteness, we choose

In(l+e* ) —In(1+e") 5
00 = P == (3.3.3)

In equation (3.3.2), we consider a smooth function g, with g’(1x) = 0 everywhere
except on a small subinterval of [ut, u~]. More precisely, for some 0 < §y K
u~ —u™', we assume that

1 if u<@t4+u —8))/2,

g(u) = {0 fows ottt a2 (3.3.4)

On a large time interval [0, T], we now consider a solution of (3.3.1) having a
shock located along a curve y such that

5
y() = i 2T —t forall t € [0, T — T*°]. (3.3.5)

Note that this solution can be obtained by adding a weak compression wave to
the left of the shock. This compression wave impinges on the shock and slightly
increases its speed as time goes by. The solution corresponds to an initial condition
of the form

_Jum + o) if x <0,
u(0,x) = {u* F x>0 (3.3.6)
Observe that
Tot.Var.{y} ! ! (3.3.7)
ot.Var. = — 3.
v ST =T?*3  JT

becomes arbitrarily small as T — oo. Therefore, choosing T large, we can assume
that the C' norm of the perturbation ¢ is as small as we like.

Next, consider the corresponding approximate solution of (3.3.1)—(3.3.2) com-
puted by the Godunov scheme, with step size Ar = Ax = 1, i.e.,

Upgl,j = Ug,; +1n (1 + e”"'ffl) —1In (1 + e“"~f'), (3.3.8)

Uk, j—1 + Uk, j

> + 8k.j» (3.3.9)

Uk+1,j =

where

8k,j = 8uk j—1) — gug,j)-

We claim that, when the initial data provide a discrete approximation to (3.3.6), at
the later integer time m = T the corresponding Godunov solutions satisfy

V(m) =) omi— vmia| = cr-InT. (3.3.10)

Letting T — oo, we thus obtain a sequence of Godunov solutions where:



50 CHAPTER 3

(1) Theinitial data are a vanishingly small perturbation of a discrete shock profile
joining u~ with u™.

(ii) At suitably large times, by (3.3.10) the total variation becomes arbitrarily
large.

We outline below the two main steps in the construction.

Step 1. 'We first need to construct an explicit solution of the nonlinear difference
equation (3.3.8), which approximates an exact solution of (3.3.1) having a shock
along y. Thanks to the special choice of the flux function in (3.3.1), we can use a
nonlinear transformation due to P. Lax [16], analogous to the Hopf-Cole transforma-
tion. Namely, if the positive numbers z,, ; provide a solution to the linear difference
equation

Zn,j + Zn,j—
il = ’#" (3.3.11)

then a solution of (3.3.8) is provided by

Uy.; = In <Z+“) . (3.3.12)

Zn,j

Explicit solutions of (3.3.11) in the form of discrete traveling profiles are easy to
obtain. In particular, if
—bx—0(b).,1] O(b) - 111(1 =+ eb) —1n2
b b 9
then z,, ; = z(m, j) provide a solution to (3.3.11). Since (3.3.11) is linear homoge-
neous, any integral combination of these traveling profiles will provide yet another
solution, say

z(t,x) =e

T
z2(t,x) =1 +f a(g) e s—o®n gg (3.3.13)

By a judicious choice of the positive function a(-) in (3.3.13), we obtain a smooth
function

u(t, x) = In (%) : (33.14)

which closely approximates the desired solution of (3.3.1). In particular, using the
Laplace asymptotic method, one can prove that the level curve

[, x); u@,x)=@"+u)/2}

is very close to the shock curve y at (3.3.5). By the Lax formula, the numbers
uy,; = u(m, i) provide a solution to the finite difference equation (3.3.8).
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Step 2. The analysis of the oscillations produced by the source g, ; in the v-
component of the solution relies on the same ideas outlined in Section 3.2. In the
explicit formula

Ui = > Bm —k,i— j) g, (3.3.15)

O<k<m, i—(m—k)<j<i

two approximations can be performed:

(1) The binomial coefficients B(m, £) can be replaced with a Gaussian kernel.

(ii) By our special choice of the function g, we can assume that g ; is nonzero
only at the integer points (k, j) immediately to the left of the curve x = y (¢).
More precisely,

1 it j=[[rm])
$ni = {0 otherwise. (3.3.16)

By the previous analysis, if the sources gi ; are concentrated on the points with
integer coordinates to the left of a line x = [(5/6) + 8] t—T),fort € [T —
2¢72, T—e~ 2], thenattime m = T solution v will contain a “packet” of downstream

oscillations. More precisely, on the interval I, = [—2¢72/3, — &~2/3] the total
variation satisfies the lower bound
Z [Vm.i — Um,i-1l = co, (3.3.17)
ielg

for some constant ¢y > 0 independent of ¢.

‘We now observe that, if the sources are located along the curve y at (3.3.5) whose
speed is not constant, arbitrarily many of these oscillation packets can be obtained.
Indeed, call

€0 = Tl/s, Ek = 2_k€0.
Note that the sources occurring within the time interval J; = [T —28;2 , T _81:2] are
located at integer points next to the curve y, and this curve has speed y (t) &~ 5/6+¢;
when ¢ € J;. Therefore, at the terminal time m = T, these sources are responsible

for a “packet of oscillations”, located on the interval I, = [ — 28;2 /3, & 2 / 3].
Note that, for T large, we have

T —2e% =T 2217253 5 ¢

provided that In7 > 3(2k + 1)In2. We thus conclude that (3.3.10) holds with
c1 = ¢o/6(k + 1). For all details of these estimates we refer to [4]. (Fig. 3.3.)

3.4 CONCLUDING REMARKS

The above analysis was concerned with Godunov solutions to a very specific 2 x 2
system of conservation laws. Dealing with the special flux function f(u) = In(1 +
e") enabled us to use the explicit Lax formula. However, this is only an expedient
to simplify the analysis. We believe that similar instability results hold for all finite
difference schemes, in connection with generic hyperbolic systems.
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Fig. 3.3. Packets of oscillations generated by sources at integer points with speed close to
rational.

The counterexample points out a basic limitation of analytic theory: there is no
hope to achieve a rigorous proof of convergence of finite difference approximations
by means of a priori BV bounds.

On the other hand, the present analysis should not have worrisome consequences
for the practical performance of numerical schemes. Indeed, it appears that the
initial data yielding large total amounts of oscillations are very rare: they have to
be carefully constructed, so the the shocks present in the solution have exactly the
appropriate speed that resonates with the grid. For “generic” initial data, we do
not expect such resonances. Moreover, even in our example, the total variation is
large but spread out over many grid points. If a sequence of approximate solutions
were constructed, letting the mesh Az, Ax — 0, one would still recover the correct
solution in the limit.
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Chapter Four

Nonlinear Elliptic Equations with Measures Revisited

H. Brezis, M. Marcus, and A. C. Ponce

4.0 INTRODUCTION

Let @ C RY be a bounded domain with smooth boundary. Let g : R — R be
a continuous, nondecreasing function such that g(0) = 0. In this paper we are
concerned with the problem

u=0 onadQ, (4.0.1)

{—Au +gw)=pn in<,
where u is a measure. The study of (4.0.1) when u € L'(Q2) was initiated by
Brezis-Strauss [BS]; their main result asserts that for every u € L' and every g
as above, problem (4.0.1) admits a unique weak solution (see Theorem 4.B.2 in
Appendix 4B below). The right concept of weak solution is the following:

uel'(Q),gw) e LY(Q) and

) = (4.0.2)
—/uA§+fg(u)§=/§d,u V¢ e C(R2), =00n Q.
Q Q Q

It will be convenient to write
Co(Q) = {¢ € C(Q); ¢ = 0on 3L}
and
C3(Q) = {¢ € C*(Q); £ =0on 0},

and to say that (4.0.1) holds in the sense of (Cg)*. We will often omit the word
“weak” and simply say that u is a solution of (4.0.1), meaning (4.0.2). It follows
from standard (linear) regularity theory that a weak solution « belongs to WO1 1(Q)
for every g < % (see, e.g., [S] and Theorem 4.B.1 below).

The case where u is a measure turns out to be much more subtle than one might
expect. It was observed in 1975 by Ph. Bénilan and H. Brezis (see [B1], [B2], [B3],
[B4], [BB], and Theorem 4.B.6 below) that if N > 3 and g(¢) = |t|"~'t with
p > %, then (4.0.1) has no solution when u = §,, a Dirac mass at a point
a € Q. On the other hand, it was also proved (see Theorem 4.B.5 below) that if
g@®) = |t|P~'t with p < % (and N > 2), then (4.0.1) has a solution for any
measure p. Later, Baras-Pierre [BP] (see also [GM)]) characterized all measures
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for which (4.0.1) admits a solution. Their necessary and sufficient condition for the
existence of a solution when p > % can be expressed in two equivalent ways:

u admits a decomposition u = fy — Avg in the (Cg)*—sense,

4.0.3
with fy € L' and vy € L?, ( )

or

|i|(A) =0 for every Borel set A C 2 with cap, (A) =0, 4.04)

where cap, , denotes the capacity associated to war',

Our goal in this paper is to analyze the nonexistence mechanism and to describe
what happens if one “forces” (4.0.1) to have a solution in cases where the equation
“refuses” to possess one. The natural approach is to introduce an approximation
scheme. For example, u is kept fixed and g is truncated. Alternatively, g is kept
fixed and p is approximated, e.g., via convolution. It was originally observed by
one of us (see [B4]) that if N > 3, g(¢) = |¢t|"~'¢, with p > %, and u = §,, with
a € 2, then all “natural" approximations (u,) of (4.0.1) converge to u = 0. And,
of course, u = 0 is not a solution of (4.0.1) corresponding to u = §,! It is this kind
of phenomenon that we propose to explore in full generality. We are led to study
the convergence of the approximate solutions (#,) under various assumptions on
the sequence of data.

Concerning the function g we will assume throughout the rest of the paper (except
in Section 4.7) that g : R — R is continuous, nondecreasing, and that

¢g()=0 Vt<0. 4.0.5)

Remark 4.1. Assumption (4.0.5) is harmless when the data . is nonnegative, since
the corresponding solution u is nonnegative by the maximum principle and it is
only the restriction of g to [0, co) that is relevant. However, when u is a signed
measure it is worthwhile to remove assumption (4.0.5), and this is done in Section 4.7
below.

By ameasure » we mean a continuous linear functional on Cy (), or equivalently
a finite measure on €2 such that | |(9€2) = 0 (see Appendix 4C below). The space
of measures is denoted by M (£2) and is equipped with the standard norm

14l v = sup {/ pdu; ¢ € Co(Q) and [g|lz < 1}.
Q

By a (weak) solution u of (4.0.1) we mean that (4.0.2) holds. A (weak) subsolution
u of (4.0.1) is a function u satisfying

ue L'(Q), g) € L'(Q) and

9, = ) (4.0.6)
— | uAs+ | gw)t < | ¢dp V¢ e Cy(R2),¢ > 01in Q.
Q Q Q
We will say that © € M () is a good measure if (4.0.1) admits a solution. If nisa
good measure, then equation (4.0.1) has exactly one solution u (see Corollary 4.B.1
in Appendix 4B). We denote by G the set of good measures (relative to g).
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Remark 4.2. In many places throughout this paper, the quantity fQ ¢ dp, with
t e Cg(S_Z), plays an important role. Such an expression makes sense even for
measures p that are not bounded but merely locally bounded in €2, and such that
fQ pod|p| < oo, where po(x) =d(x, 92). Many of our results remain valid for such
measures provided some of the statements (and the proofs) are slightly modified.
In this case, the condition g(u) € L'(R) in (4.0.2) (and also in (4.0.6)) must be
replaced by g(u)pp € L'(€2). Since we have not pursued this direction, we shall
leave the details to the reader.

In Section 4.1 we will introduce the first approximation method, namely w is fixed
and g is “truncated.” In the sequel we denote by (g,) a sequence of functions g, :
R — R which are continuous, nondecreasing, and satisfy the following conditions:

0=<g1(t) <g@)=--=<g@) ViekR, (4.0.7)
gn(t) > g(t) VtelR. 4.0.8)
(Recall that, by Dini’s lemma, conditions (4.0.7) and (4.0.8) imply that g, — g
uniformly on compact subsets of R).
If N > 2, we assume in addition that each g, has subcritical growth, i.e., that
N

there exist C > 0 and p < = (possibly depending on n) such that

gn(@®) <C(t]”+1) VteR. (4.0.9)

A good example to keep in mind is g, () = min {g(¢), n}, V¢t € R.
Our first result is

PROPOSITION 4.1 Given any measure . € M(SQ), let u, be the unique solution of

{_Aun+gn(un):/‘L in 2,

u, =0 ono. (4.0.10)

Then u, | u*in Q as n 1 oo, where u* is the largest subsolution of (4.0.1).
Moreover, we have
/ u*A¢
Q

<2lnllmliclie V¢ € C5(Q) 4.0.11)

and

/Qg(u*) < llellm- (4.0.12)

An important consequence of Proposition 4.1 is that u* does not depend on the
choice of the truncating sequence (g,). It is an intrinsic object that will play an
important role in the sequel. In some sense, u* is the “best one can do” (!) in the
absence of a solution.

Remark 4.3. If u is a good measure, then u* coincides with the unique solution
u of (4.0.1); this is an easy consequence of standard comparison arguments (see
Corollary 4.B.2 in Appendix 4B).

We now introduce the basic concept of reduced measure. From (4.0.11), (4.0.12),
and the density of C%(Q) in Cy(€2) (easy to check), we see that there exists a unique
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measure u* € M(2) such that

—/ u*A§+/ g =/§du* Ve € CHQ). 4.0.13)
Q Q Q

We call p* the reduced measure associated to p. Clearly, u* is always a good
measure. Since u* is a subsolution of (4.0.1), we have

uw < pu. (4.0.14)

Even though we have not indicated the dependence on g we emphasize that u* does
depend on g (see Section 4.8 below).
One of our main results is

THEOREM 4.1 The reduced measure 1* is the largest good measure < L.
Here is an easy consequence:

COROLLARY 4.1 We have

0<p—p*<p™ =supfu, 0} (4.0.15)
In particular,
| < |l (4.0.16)
and
(1> 0] = [u* > 0] (4.0.17)

Indeed, every measure v < 0 is a good measure since the solution v of

—Av=v inQ,
v=0 onodf,

satisfies v < 0 in €2, and therefore by (4.0.5)
—Av+g@) =v in(CH*

In particular, — ™~ is a good measure (recall that = = sup {—pu, 0}). Since —u~ <
u, we deduce from Theorem 4.1 that

—u = u,
and consequently
p—p<p4p=pupt
Our next result asserts that the measure . — u* is concentrated on a small set:

THEOREM 4.2 There exists a Borel set ¥ C Q with cap (X) = 0 such that

(L —p)(Q\T) =0. (4.0.18)

Here and throughout the rest of the paper “cap” denotes the Newtonian (H')
capacity with respect to €.
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Remark 4.4. Theorem 4.2 is optimal in the following sense. Given any measure
1 > 0 concentrated on a set of zero capacity, there exists some g such that u* =0
(see Theorem 4.14 below). In particular, © — u* can be any nonnegative measure
concentrated on a set of zero capacity.

Here is a useful

DEFINITION. A measure u € M(R) is called diffuse if |1|(A) = O for every
Borel set A C Q2 such that cap (A) = 0.

An immediate consequence of Corollary 4.1 and Theorem 4.2 is
COROLLARY 4.2 Every diffuse measure u € M(S2) is a good measure.

Indeed, let ¥ be as in Theorem 4.2, so that cap (X) = 0 and

(u—puHER\X)=0.
On the other hand, (4.0.15) implies
(1 —p*)(Z) < u*(X) =0,
since u is diffuse. Therefore,
(n—u") () =0,

so that © = p* and thus p is a good measure.
Remark 4.5. The converse of Corollary 4.2 is not true. In Example 4.5 (see Sec-
tion 4.8 below) the measure u© = ¢§,, with 0 < ¢ < 4w and a € €, is a good

measure, but it is not diffuse—cap ({a}) = 0, while u({a}) = ¢ > 0. See, however,
Theorem 4.5.

Remark 4.6. Recall that a measure 1 is diffuse if and only if © € L'+ H~'; more
precisely, there exist fj € L'() and vy € HO1 (£2) such that

/;d,u:/ fog—[ Ve - VE Vi e Co(Q)NH,. (4.0.19)
Q Q Q

The implication [ € L' + H~'] = [u diffuse] is due to Grun-Rehomme [GRe].
(In fact, he proved only that [v € H 11 = [v diffuse], but L'-functions are diffuse
measures—since [cap (A) = 0] = [|A| = 0]—and the sum of two diffuse measures
is diffuse). The converse [u diffuse] = [ € L' + H~!] is due to Boccardo-
Gallouét-Orsina [BGO1] (and was suggested by earlier results of Baras-Pierre [BP]
and Gallouét-Morel [GM]). As a consequence of Corollary 4.2 we obtain that, for
every measure p of the form (4.0.19), the problem

(4.0.20)

—Au+guw)=pn in<,
u=0 ondQ,

admits a unique solution. In fact, the same conclusion was already known for
any distribution in L' + H~', not necessarily in M(£2). (The proof, which com-
bines techniques from Brezis-Browder [BBr] and Brezis-Strauss [BS], is sketched
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in Appendix 4B below; see Theorem 4.B.4). A very useful sharper version of the
[BGO1] decomposition is the following:

THEOREM 4.3 Assume 1 € M(RQ) is a diffuse measure. Then, there exist f €
LY() and v € Co() N HOl such that

/;du:/fg“—/Vv-Vg V¢ e Co(Q) N Hy. (4.0.21)
Q Q Q
In addition, given any § > 0, then f and v can be chosen so that

If I < llellaes Mol < Sllplae and ol < 8 ulla.  (4.0.22)

The proof of Theorem 4.3 is presented in Appendix 4D below.

In Section 4.2 we present some basic properties of the good measures. Here is a
first one:

THEOREM 4.4 Suppose (11 is a good measure. Then any measure 1y < |41 is also
a good measure.

We now deduce a number of consequences:
COROLLARY 4.3 Let u € M(Q). If u™ is diffuse, then  is a good measure.

In fact, by Corollary 4.2, 1" diffuse implies that u* is a good measure. Since
w < ut, it follows from Theorem 4.4 that i is a good measure.

COROLLARY 4.4 If | and ju, are good measures, then so is v = sup {i1, U2}

Indeed, by Theorem 4.1 we have p; < v* and py < v*. Thus v < v* < v, and
hence v = v* is good measure.

COROLLARY 4.5 The set G of good measures is convex.

Indeed, let w1, uy € G. For any ¢ € [0, 1], we have

tieg + (1 —1)pp < sup {ug, 12}
Applying Corollary 4.4 and Theorem 4.4, we deduce that 7y + (1 — t)pun € G.

COROLLARY 4.6 For every measure 1 € M(2) we have
i — p*llam = minflw — v (4.0.23)
veg
Moreover, u* is the unique good measure that achieves the minimum.

Proof. Letv € G and write

w—vl=@-—v)"+@-v)">@-—v)"=pu—inf{u,v}.
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But v = inf {u, v} € G by Theorem 4.4. Applying Theorem 4.1 we find v < u*.
Hence

Iw=vl>p—=7v>p—p* >0,
and therefore

e =vliv = e = wllwm,

which gives (4.0.23). In order to establish uniqueness, assume v € G attains the
minimum in (4.0.23). Note that inf {x, v} is a good measure < p and

e —inf {z, Vi < lle = vl
Thus, v = inf {u, v} < w. By Theorem 4.1, we deduce that v < u* < u. Since v

achieves the minimum in (4.0.23), we must have v = p*.

As we have already pointed out, the set G of good measures associated to (4.0.1)
depends on the nonlinearity g. Sometimes, in order to emphasize this dependence,
we shall denote G by G(g). By Corollary 4.3, if u € M(2) and p™* is diffuse,
then u € G(g) for every g satisfying (4.0.5). The converse is also true. More
precisely,

THEOREM 4.5 Let € M(). Then n € G(g) for every g if and only if u* is
diffuse.

We also have a characterization of good measures in the spirit of the Baras-Pierre
result (4.0.3):

THEOREM 4.6 A measure u € M(RQ) is a good measure if and only if u admits a
decomposition

w= fo—Avy inD(RQ),
with fo € LY(Q), vo € L'(R) and g(vy) € L1 (Q).

COROLLARY 4.7 We have

G+LY(Q) cCg.

In Section 4.3 we discuss some properties of the mapping u +— p*. For example,
we show that for every u, v € M(L2), we have

(W =vH" < (p-w*. (4.0.24)
Inequality (4.0.24) implies, in particular, that

[n <v] = [u* < V7] (4.0.25)
and

™ = v <l —vl. (4.0.26)
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In Section 4.4 we examine another approximation scheme. We now keep g fixed
but we smooth u via convolution. Let i, = p, * i and let u,, be the solution of

{_Aun"i_g(un)::u“n in Q,

u, =0 ondQ. 4.027)

We prove (assuming in addition g is convex) that u,, — u* in L'(Q), where u* is
given by Proposition 4.1. In Section 4.5 we discuss other convergence results.

Theorem4.5 is established in Section 4.6. In Section 4.7 we extend Proposition 4.1
to deal with the case where © € M () is a signed measure, but assumption (4.0.5)
is no longer satisfied. Finally, in Section 4.8 we present several examples where
the measure p* can be explicitly identified, and in Section 4.9 we propose various
directions of research.

Part of the results in this paper were announced in [BMP].

4.1 CONSTRUCTION OF u* AND p*. PROOFS OF PROPOSITION 4.1
AND THEOREMS 4.1, 4.2

We start with the

Proof of Proposition 4.1. Using Corollary 4.B.2 in Appendix 4B we see that the
sequence (u,) is nonincreasing. Also (see Corollary 4.B.1)

lgna)llLt < lliallm
and thus

Aunlire = 2lpll -
Consequently,

luallpr < Cllpellpm-

Therefore, (u,) tendsin L' to alimit denoted u*. By Dini’slemma, g, 1 g uniformly
on compact sets; thus,

gn(u,) — g(u*) a.c.
Hence, g(u*) € L'(R), (4.0.11)~(4.0.12) hold and, by Fatou’s lemma,

—fu*A;’+/g(u*)§§/§'du V¢ e C5(R),¢ > 0in Q.
Q Q Q

Therefore, u* is a subsolution of (4.0.1). We claim that u* is the largest subsolution.
Indeed, let v be any subsolution of (4.0.1). Then

—Av+g(v) < —Av+gv) <p in(CH*.
By comparison (see Corollary 4.B.2),

v<u, ae.
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and, as n — 00,

v<u" ae.

Hence, u* is the largest subsolution.

Recall (see [FTS], or Appendix 4A below) that any measure © on 2 can be
uniquely decomposed as a sum of two measures, u = pug + p. (“d” stands for
diffuse and “c” for concentrated), satisfying |4|(A) = O for every Borel set A C Q2
such that cap (A) = 0, and | |(2 \ F) = O for some Borel set F C 2 such that
cap (F) = 0. Note that a measure p is diffuse if and only if u. = 0, i.e., © = uq.

A key ingredient in the proof of Theorems 4.1 and 4.2 is the following version of
Kato’s inequality (see [K]) due to Brezis-Ponce [BP2].

THEOREM 4.7 (Kato’s inequality when Av is a measure) Letv € L'(Q) be such
that Av is a measure on Q. Then, for every open set w CC , Av™ is a measure
on w and the following holds:

(AvT)a = xp=0)(AV)g  in o, 4.1.1)
(—Avh), = (—Av)z' inw. 4.1.2)

Note that the right-hand side of (4.1.1) is well defined because the function v
is quasi-continuous. More precisely, if v € L'(Q) and Av is a measure, then
there exists v : € — R quasi-continuous such that v = v a.e. in Q (see [Al] and
also [BP1, Lemma 4.1]). Recall that v is quasi-continuous if and only if, given
any ¢ > 0, one can find an open set w, C 2 such that cap (w;) < & and V|q\w,
is continuous. In particular, v is finite q.e. (= quasi-everywhere = outside a set of
zero capacity). It is easy to see that x[5>0) is integrable with respect to the measure
|(Av)q|. When v € L' and Av is a measure, we will systematically replace v by its
quasi-continuous representative.

Here are two consequences of Theorem 4.7 that will be used in the sequel. The
first one was originally established by Dupaigne-Ponce [DP] and it is equivalent to
(4.1.2):

COROLLARY 4.8 (“inverse” maximum principle) Letv € L'(Q) be such that Av
is a measure. If v > 0 a.e. in 2, then

(—Av). >0 inQ.
Another corollary is the following
COROLLARY 4.9 Let u € L' (Q) be such that Au is a measure. Then,
ATe() < Xuet(Aw)g + (Aw)F in D'(R).
Here, T;(s) = k — (k — s)* for every s € R.
Proof. Let w CC Q2. Applying (4.1.1) and (4.1.2) to v = k — u, yields

(AT (u))g = —(AvH)g < —X=01(AV)d = Xu<k)(Au)g  inw



64 CHAPTER 4

and
(AT (w)), = (Au):r in .
Combining these two facts, we conclude that
AT () < Xu=k(Au)g + (Aw)!  in D' (w).
Since w CC 2 was arbitrary, the result follows.

Let u* be the largest subsolution of (4.0.1), and define u* € M(2) by (4.0.13).
We have the following

LEMMA 4.1 The reduced measure u* satisfies
[T T T

Proof. Let (u,) be the sequence constructed in Proposition 4.1. By Corollary 4.9,
we have

AT () < Xpup<e)(Attn)a + (Au,)T  in D'(Q). (4.1.3)

Since u,, satisfies (4.0.10),
(Aup)a = gn(un) — pa and  (Auy)e = —phe.
Inserting into (4.1.3) gives
— AT (un) = Xpup=kr{ita — 8n(un)} — pe

> Xuup<kid — 8n(Ti(uy)) — g in D'(Q).
For every n > 1 we have u* < u,, < uy, so that

[w* < k1D [un < k] D [uy < k]
and

Xlun<kIHd = Xiuy <k1bg — Xl <k1g -

Thus,

— AT () + 80 (Ti(Un)) = Xy <kiiby — Xur<kibq — e InD'(Q).  (4.1.4)
By dominated convergence,
en(Te(uy)) = g(Ti(®) in L'(Q), asn — oo.
Asn — ocoin (4.1.4), we get
AT (u*) + g(Te (™) > Xpuy<kiihg — Xur<kihg — e in D'(Q).

Let k — o0. Since both sets [u; = +00] and [u* = 400] have zero capacity (recall
that u; and u™ are quasi-continuous and, in particular, both functions are finite g.e.),
we conclude that

*

W= —Aut+ gw") = pud — pug — pug = pa — i -

This establishes the lemma.
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Proof of Theorems 4.1 and 4.2. Tt follows from (4.0.14) and Lemma 4.1 that
g — e < pu* < .

By taking the diffuse parts, we have

(U")a = Ha. (4.1.5)

Thus pu — u* = (u — n*), which proves Theorem 4.2.
We now turn to the proof of Theorem 4.1. Let A be a good measure < u. We
must prove that & < p*. Denote by v the solution of (4.0.1) corresponding to A,

—Av+gv) =4 in 2,
v=20 on 0%2.

By (4.1.5),
A < pa = (W4
Since u* is the largest subsolution of (4.0.1), we also have
v<u* ae.
By the “inverse” maximum principle,
he = (—AV)e < (=AU = (UF)e.
Therefore A < w*. This establishes Theorem 4.1.

The following lemma will be used later on:

LEMMA 4.2 Given a measure u € M(RQ), let (u,) be the sequence defined in
Proposition 4.1. Then,

8n(ty) 2> g(u*) + (1 — 1) = g™ + (u — e weak” in M(Q).

Proof. Let ¢ € C3(S). Forevery n > 1, we have

/gn(un)KZ/MnA§+/§dﬂ-
Q Q Q

By Proposition 4.1, u, — u* in L' (). Thus,

lim | g,(un)¢ =/u*A§ +/ Cdu=/g(u*)§+/ ¢d(pu —p").
Q Q Q Q

n— o0 Q

In other words,
gn(uy) = g(*) + (u — ") weak® in M(Q).

Since (*)g = Mg, the result follows.
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4.2 GOOD MEASURES: PROOFS OF THEOREMS 4.4, 4.6

We start with

LEMMA 4.3 If 1 is a good measure with solution u, and u, is given by (4.0.10),
then

Uy = u inWy''(Q) and g,(u,) — g(u) in L'(Q).
Proof. We have
Aty + ga(uy) =p and  — Au+4gu) =p in (C5)*,
so that
— Ay — 1) + gn(un) — gw) =0 in (C})".
Thus
— Ay — ) + gn(n) — gn(u) = g(u) — gu(w) in (C3)".

Hence, by standard estimates (see Proposition 4.B.3),

/ |8n(ttn) — gn(u)| < / lg(u) — gn(u)] = 0.
Q Q

Thus,
/ (i) — g()] < 2/ g() — g1 ()] — 0.
Q Q

In other words, g, (u,) — g(u) in L' (). This clearly implies that A (u,, —u) — 0
in L'(Q) and thus u, — u in Wol’l(SZ).

‘We now turn to the
Proof of Theorem 4.4. Letuy,, us,, € L'(2) be such that

_Aui,ﬂ + &n (utn) = W in 2,
Uin = 0 on BQ,

fori =1, 2. Since uy < w1, we have
U, <uy, ac.

Thus g, (u2,,) < gu(u1,,) = gu}) stronglyinleyLemma4.3. Hence g, (uz,,) —
g(u3) strongly in L' and we have

—Aus +gW3) = pa in (G,
i.e., iy is a good measure.
A simple property of G is

PROPOSITION 4.2 The set G of good measures is closed with respect to strong
convergence in M(2).



NONLINEAR ELLIPTIC EQUATIONS 67

Proof. Let (uy) be a sequence of good measures such that y; — w strongly in
M(L2). For each k > 1, let u; be such that

—Auy + g(ug) = gy in L,
ur, =0 onodQ.
By standard estimates (see Corollary 4.B.1),

/ lg (k) — 8(uiy) | < llptky — Myl 4.2.1)
Q
and
/ lug, — ugy| < CIIAuk, — uiy) Im < 2C | kg — Hiy - 4.2.2)
Q

By (4.2.1) and (4.2.2), both (u;) and (g(u;)) are Cauchy sequences in L' (2). Thus,
there exist u, v € L'() such that

up — u and gQug) — v in LY(RQ).
In particular, v = g(u) a.e. It is then easy to see that
—Au+g) =p in(CH*.
Thus u is a good measure.

We next present a result slightly sharper than Theorem 4.6:
THEOREM 4.6’ Let u € M(R2). The following conditions are equivalent:

(a) puis a good measure;

(b) u* is a good measure;

(c) ¢ is a good measure;

(d) = fo—AvginD'(RQ), for some fy € L' and some vy € L' with g(vy) € L'.

Proof. (a) = (b). Since 1 and 0 are good measures, it follows from Corollary 4.4
that ut = sup {u, 0} is a good measure.

(b) = (a). Since u™ is a good measure and u < p™ in £, it follows from
Theorem 4.4 that u is a good measure.

(b) = (c). Note that we always have

e < pt (4.23)

Indeed, (1™ — pe)a = (wH)a > 0and (ut — we)e = nd — pe > 0.
[Here and in the sequel we use the fact that (ut)q = (uq)™ and (L) = (ue)™*
which will be simply denoted ;1 and p].

Since u™ is a good measure, it follows from (4.2.3) and Theorem 4.4 that p. is
also a good measure.

(c) = (b). It is easy to see that, for every measure A,

AT = sup {Ad, Ac). (4.2.4)

Assume [ is a good measure. Since 4 is diffuse, Corollary 4.2 implies that 4 is
also a good measure. By Corollary 4.4 and (4.2.4), ut = sup {14, i} is a good
measure as well.
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(a) = (d). Trivial.
(d) = (c). We split the argument into two steps.

Step 1. Proof of (d) = (c) if vy has compact support.
Since u = fy — Avg in D’ (€2) and vy has compact support, we have
m=fo—Av in(Cp)*.
Thus, © — fo + g(vo) is a good measure. Using the equivalence (a) < (c), we
conclude that . = [ — fo + g(vo)]c is a good measure.
Step 2. Proof of (d) = (c) completed.
By assumption,
nw = f() — Avo in D/(Q)
In particular, we have Avyg € M(), so that vy € WIL’CP(Q), Vp < % (see
Theorem 4.B.1 below). Let (¢,) C C°(2) be such that 0 < ¢, < 1 in Q and
@n(x) = 1ifd(x,dQ) > 1. Then
Onb = fn - A((pnv()) in D/(Q),
where
fo = @ufo+2Vvo - Vo, + vAg, € L'(Q).

Moreover, since 0 < g(@,v9) < g(vg) a.e., we have g(g,vo) € L'(). Thus, by
Step 1,

Onlhe = ((pnﬂ)c € g Vn = 1.

Since @, e — pe strongly in M(S2) and G is closed with respect to the strong
topology in M (€2), we conclude that 1 € G.

We may now strengthen Corollary 4.7:
Corollary 4.7 We have
g+ Ma(Q) CG,

where My(S2) denotes the space of diffuse measures.

Proof. Let u € G. By Theorem 4.6/, . is a good measure. Thus, for any v € My,
(u + v)e = uc is a good measure. It follows from the equivalence (a) < (c) in the
theorem above that u + v € G.

PROPOSITION 4.3 Assume
g2ty <C(g®r)+1) Vvir=0. 4.2.5)
Then the set of good measures is a convex cone.

Remark 4.7. Assumption (4.2.5) is called in the literature the Aj-condition. It
holds if g(t) = ¢? fort > 0 (any p > 1), but (4.2.5) fails for g(t) = ¢’ — 1. In
this case, the set of good measures is not a cone. As we will see in Section 4.8,
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Example 4.5, if N = 2, then for any a € Q we have ¢§, € G if ¢ > 0 is small, but
¢, ¢ G if cis large.

Proof of Proposition 4.3. Assume u € G. Clearly, it suffices to show that 2 € G.
Let u be the solution of

—Au+gu)=pn inQ,
u=0 onodf.

Thus,
21 = —AQu) +2g(u) in D' (Q).

By (4.2.5), g(2u) € L'. We can now invoke the equivalence (a) < (d) in Theo-
rem 4.6’ to conclude that 21 € G.

4.3 SOME PROPERTIES OF THE MAPPING p +— p*

We start with an easy result, which asserts that the mapping pu +— u* is order
preserving:

PROPOSITION 4.4 Let v € M(Q). If u < v, then u* < v*

Proof. Since the reduced measure ©* is a good measure and u* < p < v, it follows
from Theorem 4.1 that u* < v*.

Next, we have

THEOREM 4.8 If 1, o € M(Q) are mutually singular, then

(1 + p12)* = ()™ + (m2)™ (4.3.1)

Proof. Since w; and p, are mutually singular, ()* and (u,)* are also mutually
singular (by (4.0.16)). In particular, we have

(W)™ + (2)* < [(rD)* 4+ ()T = sup {(1)*, (12)*}. (4.3.2)

By Corollary 4.4, the right-hand side of (4.3.2) is a good measure. It follows from
Theorem 4.4 that (11)* + (u2)* is also a good measure. Since

(D)™ + ()™ < oy + (o,

we conclude from Theorem 4.1 that

(D)™ + ()" < (u1 + p2)™ (4.3.3)

‘We now establish the reverse inequality. Assume A is a good measure < (u+u2).
By Radon-Nikodym, we may decompose A in terms of three measures:

A=Xdo+ A1+ Ay,
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where X is singular with respect to || + |¢2], and, for i = 1, 2, }; is absolutely
continuous with respect to |u;|. Since Ao, A1, A2 < AT, each Aj, 7 =0,1,2,isa
good measure. Moreover, A < i + [, implies

A =<0, A <p and A < pus.
Thus, in particular, A; < (u;)* fori = 1, 2. Therefore,
A=2xo+ A+ < ()" + (2)".
Since A was arbitrary, we have
(1 + p2)* < ()™ + (n2)*. 4.34)

Combining (4.3.3) and (4.3.4), the result follows.

Here are some consequences of Theorem 4.8:

COROLLARY 4.10 For every u € M(2), we have
(e = (na)* = pua and  (W)e = (o)™ (4.3.5)
Also,
WwH" =w"* and (W) =p". (4.3.6)

Proof. Since 4 is a good measure (see Corollary 4.2), we have (uq)* = pqg. By
Theorem 4.8,
W= (Ha + pe)™ = (ma)™ + (ro)™.
Comparison between the diffuse and concentrated parts gives (4.3.5). Similarly,
pwo= @t —=p) =)+ () = W) -,
since every nonpositive measure is good. This identity yields (4.3.6).

More generally, the same argument shows the following:

COROLLARY 4.11 Let u € M(S2). For every Borel set E C 2, we have
(Ulp)* = u"le. 4.3.7)

Here u| g denotes the measure defined by | g(A) = w(A N E) for every Borel set
A C Q.

For simplicity, from now on we shall write p}j = (1*)q and u} = (u*)c.

The following result extends Corollary 4.7":

COROLLARY 4.12 For every u € M(2) and v € My(L2),
(U +v)* =u* +v.
Proof. By Theorem 4.8 and Corollary 4.2, we have
(m+v)" =ul+pa+v)" =p+ua+v=u+n) +v=p+v.
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Next, we have

THEOREM 4.9 Given i, v € M(2), we have
[inf {1, v}]* = inf {u*, v*}, (4.3.8)
[sup {w, v}I* = sup {u*, v*}. (4.3.9)
Proof.

Step 1. Proof of (4.3.8).

Clearly,
inf {u*, v*} < [inf {u, v}]".

Assume A is a good measure < inf {u, v}. By Theorem 4.1, A < p* and A < v*.
Thus, A < inf {u*, v*}, whence

linf {z, v}]* <inf {u*, v*}.
Step 2. Proof of (4.3.9).

Applying the Hahn decomposition to u — v, we may write €2 in terms of two
disjoint Borel sets E, E; C 2, Q2 = E; U E», so that

w>vinE; and v > uin E,.
By Proposition 4.4 and Corollary 4.11,
I‘L* |_E] = (l’l/ |_E| )* > (V |_E1 )* =v* |_E| .
Thus, u* > v* on E;. Similarly, v* > u* on E,. We then have
sup{u, v} = pulg,+ vlg, and sup{u*, v} =pu"lg+v*E.  (4.3.10)
On the other hand, by Theorem 4.8 and Corollary 4.11,
(le+vle)* = (le)™ + Wle)™ = u g+ v¥ Lk, (4.3.11)

Combining (4.3.10) and (4.3.11), we obtain (4.3.9).

We now show that i — p* is nonexpansive:

THEOREM 4.10 Given ., v € M(R2), we have
I = v < |u—vl. (4.3.12)
More generally,
(=) < (u—w'. (4.3.13)

Proof. Clearly, it suffices to show that (4.3.13) holds. We split the proof into two
steps.
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Step 1. Assume v < u. Then we claim that
wr=v*<pu—nv. (4.3.14)
Indeed, let v, be the solution of (4.0.10) corresponding to the measure v. Since
v < u, we have
v, <u, ae, Vn>1.
Recall that g, is nondecreasing; thus,

gn(vy) < g,(u,) ae.
Let n — o00. According to Lemma 4.2, we have

g + (v —ve < gW") + (n — ue.
Taking the concentrated part on both sides of this inequality yields
W—=ve < (1 —pu)e.
Since vg = v} and pg = pj (by Corollary 4.2), we have
V=Vt < -t
which is (4.3.14).
Step 2. Proof of (4.3.1) completed.
Recall that
sup {u, v} =v 4+ (u—v)*. 4.3.15)

Applying the previous step to the measures v and sup {u, v}, we have

[sup (i, V}I* — v* < sup {u, v} —v = (u — )" 4.3.16)
By (4.3.9), (4.3.15), and (4.3.16),

(= )" = [sup {u, v}]" —v* = sup {u*, v} —v* = (u* —vH)".

Therefore, (4.3.13) holds.

4.4 APPROXIMATION OF p BY py * o

Let (p,) be a sequence of mollifiers in R such that supp p, C B s foreveryn > 1.
Given u € M(2), set

Mn = Pn * W,
that is,

o (X) = / pu(x — y)du(y) Vx € RY. 44.1)
Q

[The integral in (4.4.1) is well defined in view of Proposition 4.C.1 in Appendix 4C
below. Here, we identify u with i1 € [C(€2)]* defined there].
Let u,, be the solution of

{_Aun +gy)=um, inQ,

u,=0 onodQ. (4.4.2)
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THEOREM 4.11 Assume in addition that g is convex. Then u, — u* in L'(Q),
where u* is given by Proposition 4.1.

Proof.
Step 1. The conclusion holds if w is a good measure.
In this case, there exists u = u* such that

{—Au +gw)=pn in<,

u=0 onodf. (4.4.3)

Let w CC Q. For n > 1 sufficiently large, we have
—A(p, xu) +ppxgm) =u, ino.
Thus, using the convexity of g,
App xu —up) = ppx gu) — gup) = g(pp xu) — guy) inow.
By the standard version of Kato’s inequality (see [K]),
Ay u—un)™ = {g(pn*u) — gu)}" =0 inD'(w). (4.4.4)
Since

/ Atn] < 2ptnllag <C V= 1,
Q

we can extract a subsequence (u,, ) such that
Un, > v inL'(Q),
for some v € Wol’l(Q). Asn; — ooin (4.4.4), we have
—Au—v)t <0 inD(w).
Since w CC 2 was arbitrary,
—Auw—v)t <0 inD(Q). 4.4.5)
On the other hand,
w—v)t e Wy (Q). (4.4.6)
From (4.4.5), (4.4.6) and the weak form of the maximum principle (see Proposi-
tion 4.B.1) we deduce that
w—v)tT<0 ae.
Therefore,
v>u ae.
By Fatou’s lemma, v is a subsolution of (4.0.1); comparison with (4.4.3) yields,
v<u ae.
We conclude that
v=u ae.
Since v is independent of the subsequence (i, ), we must have

u, — u=u* in L'(Q).
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Step 2. Proof of Theorem 4.11 completed.

Without loss of generality, we may assume that
u, —> v in L'(Q).
By Fatou, once more, v is a subsolution of (4.0.1). Proposition 4.1 yields
v<u* ae.
Let u}; denote the solution of

—Aul+g))=p,xpu* inQ,
uy =20 on 0€2.

By the previous step,
uy —u* in L'(Q).
On the other hand, we know from the maximum principle that
u, <u, ae.
Thus, as n — o0,
u* <v ae.
Since v < u* a.e., the result follows.

Open problem 1. Does the conclusion of Theorem 4.11 remain valid without the
convexity assumption on g?

4.5 FURTHER CONVERGENCE RESULTS

We start with the following
THEOREM 4.12 Let (f,) C L' (Q) and f € L' (). Assume

fo— f weaklyin L'. 4.5.1)

Let u, (resp. u) be the solution of (4.0.1) associated with f, (resp. f). Then
u, — uin LY(Q).
Proof. By definition,

—Auy+guy) = f, and  — Au+gw) = f in(CH*.

Using a device introduced by Gallouét-Morel [GM] (see also Proposition 4.B.2
below), we have, for every M > 0,

/ |g(un)] 5/ [ ful.
[lun|>=M] [lun|=M]
Thus

/E|g(un)|=/ .

[lun|=M]

+f Sf [ ful + (M) E]. (4.5.2)
[ [un|=M]

E
lun|<M]
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On the other hand, ||Au,||;1 < C implies |lu,||;1 < C, and thus

Cc
meas [|u,| > M] < w

From (4.5.1) and a theorem of Dunford-Pettis (see, e.g., [DS, Corollary IV.8.11])
we infer that (f;,) is equi-integrable. Given § > 0, fix M > 0 such that

/ |ful <8 Vn>1. (4.5.3)
[lun|=M]

With this fixed M, choose |E| so small that
g(M)|E| < 6. (4.5.4)

We deduce from (4.5.2)—(4.5.4) that g(u,) is equi-integrable.

Passing to a subsequence, we may assume that u,, — vin L'() and a.e., for some
v € L'(Q). Then g(u,) — g(v) ae. By Egorov’s lemma, g(u,,) — g(v) in
L' (). It follows that v is a solution of (4.0.1) associated to f. By the uniqueness
of the limit, we must have u,, — u in L' ().

Remark 4.8. Theorem 4.12 is no longer true if one replaces the weak convergence
fn — fin L', by the weak* convergence in the sense of measures. Here is an
example:

Example 4.1 Assume N > 3 and let g(r) = (t7)? with ¢ > 5. Let f = I in
€2. We will construct a sequence ( fi) in C2°(€2) such that

S f in M@Q), (4.5.5)

and such that the solutions u; of (4.0.1) corresponding to f; converge to 0in L'().
Let (uy) be any sequence in M (£2) converging weak™ to f, as k — oo, and such that
each measure 1y is a linear combination of Dirac masses. (For example, each p; can
be of the form |Q|M ' " 84, , where the M points a; are uniformly distributed in €2.)
Recall that for 1 = §,, the corresponding u* in Proposition 4.1 is = 0 (see [B4] or
Theorem 4.B.6 below). Similarly, for each p, the corresponding u* is = 0. Set
hy.x = py * g, With the same notation as in Section 4.4. Let u,, ; denote the solution
of (4.0.1) relative to h, ;. For each fixed k we know, by Theorem 4.11, thatu,, ; — 0
strongly in L'(2) as n — oo. For each k, choose N; > k sufficiently large so that
lun, kllzr < 1/k. Set fi = hn, k. so that uy = uy, i is the corresponding solution
of (4.0.1). It is easy to check that, as k — oo,

fi>f=1 inM(Q), but wu—0 inL'(Q).
Our next result is a refinement of Theorem 4.12 in the spirit of Theorem 4.6.
Let u € M(2) and let (u,) be a sequence in M (2). Assume that
w=f—Av in(CH*, (4.5.6)
Un = fu — Av, in (CD)*, 4.5.7)
where fe L', f,e L', ve L' v, e L', gw)e L', and g(v,) € L.
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By Theorem 4.6 we know that there exist u and u,, solutions of

—Au+gu)=pn inQ, u=0 onaiQ, (4.5.8)
—Auy +guy) =y, inQ, u,=0 ondQ. (4.5.9)

THEOREM 4.13 Assume (4.5.6)—(4.5.9) and, moreover,

lnllm < C, (4.5.10)
fo— f weaklyin L', 4.5.11)
v, > v inL' and g(v,) — g) inL". (4.5.12)

Then u, — u in L'(Q).

Proof. We divide the proof into two steps.

Step 1. Fix 0 < o < 1 and let u(«), u, () be the solutions of
—Au(e) +gu(@)) =ap inQ, u(x)=0 onde2, (4.5.13)
—Au, () + guy(@)) =au, in2, u,(¢) =0 ond. 4.5.14)
Then u, (¢) — u(e) in L' ().
Note that u () and u, () exist since oy = of — A(av) and g(av) < g(v), so
that g(owv) € L', and similarly for ap,. We may then apply Theorem 4.6 once

more. For simplicity we will omit the dependence in « and we will write i, i,
instead of u (o), u, (o) (recall that in this step « is fixed ). Since

Atnllae < 2elipnllig < C,

we can extract a subsequence of (ii,) converging strongly in L'(Q) and a.e. Let
w € WOH(SZ) be such that i,, — w in L'(Q) and a.e. We will prove that w
satisfies (4.5.13), and therefore, by uniqueness, w = . Since w is independent
of the subsequence, we will infer that (i,) converges to i, which is the desired
conclusion.

We claim that

g(u,) isequi-integrable. 4.5.15)

To establish (4.5.15) we argue as in the proof of Theorem 4.12. From (4.5.7) and
(4.5.14) we see that

— Ay — avy) + [gGn) — glav)] =k, in (C))*, (4.5.16)
with
h, = af, — glav,). “4.5.17)
Using (4.5.11) and (4.5.12) we see that

(h,) is equi-integrable. (4.5.18)
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From (4.5.16) and Proposition 4.B.2 we obtain (as in the proof of Theorem 4.12)
that, for every M > 0,

/ lg(un) — gavy)| s/ 7). (4.5.19)
mn avn‘>Ml H’;n*(xvrﬂZMl

On the other hand, for any Borel set E of 2, we have
/ giin) = / 2in) + f 2Gin) + / 2@, (4.5.20)
E Ap By Cp

A, = [ﬁn > Un]m[lﬁn —OlUnl >MINE,
Bn = [ﬁn > Un] N [lﬂn —O[Unl < M] N E’
C,=1lu, <v,]NE.

where

To handle the integral on A, write

/ gli,) < / lg(,) — glav,)| + / g(vy).
Ay [litn —avp|=M] E
Thus, by (4.5.19),

/ g(it,) 5/ Ihnl—i—/g(vn). 4.5.21)
Ap [|’;n_avn‘ZM] E

Next, on B,,, we have

U, <M+ av, <M + ai,,

and thus
- M
U, < .
1l -«
Therefore,
M
/ gli,) <g T—a |E. (4.5.22)
Finally, we have
/ g(uy) S/g(vn). (4.5.23)
n E

Combining (4.5.20)—(4.5.23) yields
~ M
gluy) < |hnl +2 g(vn) el |E]. (4.5.24)
E [litn —avp|=M]
But ||iz,, — v, |1 < C and therefore

meas [|it, — av,| = M] < (4.5.25)

<o
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Given § > 0, fix M > 0 sufficiently large such that

f |hyl <6 Vn>1
[litn —avp|>M]

CHAPTER 4

(here we use (4.5.18) and (4.5.25)). With this fixed M, choose | E| so small that

M
E l -«

This finishes the proof of (4.5.15).

Since g(i,) — g(w) a.e., we deduce from (4.5.15) and Egorov’s lemma that
g(y,) — g(w)in L'. We are now able to pass to the limit in (4.5.14) and conclude

that w satisfies (4.5.13), which was the goal of Step 1.

Step 2. Proof of the theorem completed.

Here the dependence on « is important and we return to the notation u(«) and

u, (o). From (4.5.8) and (4.5.13) we deduce that
[AG@(e) —u)llae <21 — )l
and similarly, from (4.5.9) and (4.5.14), we have
A (o) —un)llam =20 =)l < €A —a).
Estimates (4.5.26) and (4.5.27) yield
llu(e) —ullpr + llun () —unll 1 < CA — ),

with C independent of n and «. Finally, we write

luw —ullpr < llulo) —ullpr + g (@) — wnllpr + lun (@) — uo)]lp1.

Given ¢ > 0, fix @ < 1 so small that
Cl—a) <es,
and then apply Step 1 to assert that
lun(@) —u(e)lpr <& Vn=N,

provided N is sufficiently large. Combining (4.5.28)—(4.5.31) yields
lup —ullpr =2 Vo= N,

which is the desired conclusion.

(4.5.26)

4.5.27)

(4.5.28)

(4.5.29)

(4.5.30)

4.531)
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4.6 NONNEGATIVE MEASURES THAT ARE GOOD FOR EVERY g
MUST BE DIFFUSE

Let i : [0, 00) — [0, 00) be a continuous nondecreasing function with 4(0) = 0.
Given a compact set K C €2, let

capy ,(K) = inf {/ h(lAg]); 9 € CP(2),0<¢ <1, andp = 10n K},
Q

where, as usual, CZ°(£2) denotes the set of C°°-functions with compact support in 2.
We start with

PROPOSITION 4.5 Assume

t
lim & =400 and g*(s) >0 fors>DO. 4.6.1)

t—oo f

If w is a good measure, then u*(K) = 0 for every compact set K C Q such that
capy o+ (K) = 0.

Here, g* denotes the convex conjugate of g, which is finite in view of the coercivity
of g. Note that if g/(0) = 0, then g*(s) > 0 for every s > 0.
Proof. Since p is a good measure, u™ is also a good measure. Thus,
ut=—Av+g@) in(CH"
for some v € L' (), v > 0 a.e., such that g) € LY (Q).
Let g, € C°(2) be such that0 < ¢, < 1in @, ¢, = 1 on K, and

/ g (1A, ) — 0.
Q

Passing to a subsequence if necessary, we may assume that
g (A@)) > 0 ae. and g*(|Ap,)) <GeL'(Q) Vn=>l1.
Since g*(s) > 0if s > 0, we also have
Oy |A@p| = 0 ace.

Foreveryn > 1,

nw(K) 5/% du+=/[g(v)<pn—vA<pn]- (4.6.2)
Q Q

Note that
lg(W)@, —vAg,| > 0 ae.
and
1gW)pn — vAQ,| < 22(v) + g*(|Ag,]) <22(v) + G € L'(Q).

By dominated convergence, the right-hand side of (4.6.2) converges to 0 as n — co.
We then conclude that ™ (K) = 0.
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As a consequence of Proposition 4.5 we have

THEOREM 4.14 Given a Borel set ¥ C Q with zero H'-capacity, there exists g
such that

W= —u~  forevery measure u concentrated on X.

In particular, for every nonnegative ;1 € M(S2) concentrated on a set of zero H'-
capacity, there exists some g such that u* = 0.

Proof. Let © C Q be a Borel set of zero H'-capacity. Let (K,) be an increasing
sequence of compact sets in X such that

w(z\Lann) =0.

For each n > 1, K,, has zero H l—capacity. By Lemma 4.E.1, one can find ¢, €
C(£2) such that 0 < v, < 11in £, ¥, = 1 in some neighborhood of K,,, and

1
Q n

In particular, Ay, — 0in L'(Q). Passing to a subsequence if necessary, we may
assume that

Ay, > 0 ae and |AY,| <G eLY(Q) Vn>1.

According to a theorem of De La Vallée-Poussin (see [DVP, Remarque 23] or
[DM, Théoreme I1.22]), there exists a convex function £ : [0, co) — [0, 00) such
that 2(0) = 0, h(s) > O fors > 0,
h(t
lim h) _ +o00, and h(G) e LY().

t—o00 f

By dominated convergence, we then have h(|Ay,|) — 0in L'(Q). Thus,
CapA,h(Kn) =0 Vn>1. (4.6.3)

Let g(¢) = h*(¢) if t > 0,and g(t) = 0 if t < 0. By duality, 2 = g* on [0, c0).
Let © € M(S2) be any measure concentrated on ¥. By Proposition 4.5, (4.6.3)
yields
(WHT(K) =0 Vn=1,
where the reduced measure p* is computed with respect to g. Thus, (1*)™(X) = 0.
Since u is concentrated on ¥, we have (u*)* = 0. Applying Corollary 4.10, we
then get
w= T = =—p,

which is the desired result.

We may now present the

Proof of Theorem 4.5. Assume u € M(2) is a good measure for every g. Given a
Borel set © C Q with zero H'-capacity, let A = u*| 5. In view of Theorem 4.14,
there exists g for which A* = 0. On the other hand, by Theorems 4.4 and 4.6/, A is
a good measure for g. Thus, A = A* = 0. In other words, u™(Z) = 0. Since &
was arbitrary, u' is diffuse. This establishes the theorem.
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We conclude this section with the following:

Open problem 2. Letg : R — Rbe any given continuous, nondecreasing function
satisfying (4.0.5). Can one always find some nonnegative © € M (£2) such that
is good for g, but u is not diffuse?

After this paper was finished, A. C. Ponce [P] gave a positive answer to the above
problem.

4.7 SIGNED MEASURES AND GENERAL NONLINEARITIES g

Suppose that g : R — R is a continuous, nondecreasing function, such that g(0) = 0.
But we will not impose in this section that g(#) = 0 if # < 0. We shall follow the
same approximation scheme as in the Introduction. Namely, let (g,) be a sequence
of nondecreasing continuous functions, g, : R — R, g,(0) = 0, satisfying (4.0.8),
such that both (g") and (g,) verify (4.0.7), and

gf 1 g, g @ 1teg () ViteR asn 1 oo.

Let u € M(2). For each n > 1, we denote by u,, the unique solution of

{_Aun + gn(un) =pn 1 Q’ (471)

u, =0 onadQ.
First, a simple observation:

LEMMA 4.4 Assume i > 0 or u < 0. Then there exists u* € L' () such that
u, — u*in L'Y(Q). If @ > 0, then u* > 0 is the largest subsolution of (4.0.1). If
<0, then u* < 0 is the smallest supersolution of (4.0.1). In both cases, we have

’/ u*A¢
Q

<2llullmliclie ¥ € C3SY) 4.7.2)

and
/ng(u*)l =< lulim- 4.7.3)

Proof. If © > 0, then u,, > 0 a.e. In particular, g, (u,) = gj(un) for every n > 1.
Since (g;7) satisfies the assumptions of Proposition 4.1, we conclude that u,, — u*
in L'(Q), where u* > 0 is the largest subsolution of (4.0.1).

If © <0, then u,, <0, so that w, = —u, satisfies

—Aw, + g,(w,) = —p inQ,
w, =0 on 0€2,
where g, () = g, (—1),Vt € R. Clearly, the sequence (g,) satisfies the assumptions

of Proposition 4.1. Therefore, u, = —w, — —w* = u* in L' (Q). It is easy to see
that u* < 0 is the smallest supersolution of (4.0.1).
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Given u € M(L2) such that u > 0 or u < 0, we define u* € M(2) by
wt=—Au* +gw*) in(CH*. 4.7.4)
The reduced measure ©* is well defined because of (4.7.2) and (4.7.3). It is easy to
see that

(a) if u >0,then0 < u* < u;
(b) if u <0,then u < u* <O0.

We now consider the general case of a signed measure u € M(2). In view of
(4.7.4), both measures (u™)* and (—p~)* are well defined. Moreover,

—pT < (=pT) <0< (uh) < pt
The convergence of the approximating sequence (u,) is governed by the following:

THEOREM 4.15 Let u, be given by (4.7.1). Then, u,, — u* in L' (), where u* is
the unique solution of

{—Au* + W) = (uH* 4+ (—p7)* inQ, 4.7.5)

u* =0 on 082.

Proof. By standard estimates, ||Au,|| A < 2||p]|m. Thus, without loss of general-
ity, we may assume that, for a subsequence, still denoted (u,), u, — u in L'(S)
and a.e. We shall show that u satisfies (4.7.5); by uniqueness (see Corollary 4.B.1),
this will imply that u is independent of the subsequence.

For eachn > 1, let v,,, v, be the solutions of

—Av, + gy(vy) =t inQ,
{ v, =0 on 092, (4.7.6)
and
—Av, + g:,r(i}n) =p ing2,
{ v, =0 o0nod<, 47.7)

so that v, > O a.e., v, | v* and 3, | 9* in L' (). By comparison (see Corollary
4.B.2), we have

U, <u, <v, ae.
Thus,
& () < g (un) < g (va) = gulva) ace. (4.7.8)
By Lemma 4.2, we know that
gr (@) = gt () + p— p*,
gn(vy) = g(™) + ut — (uH*.
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Here, both reduced measures p* and (ut)* are computed with respect to the non-
linearity g™; in particular (see Corollary 4.10),

p—pt=pt—uhH" (4.7.9)
We claim that
gl () = g () + 't — (uh”. (4.7.10)
This will be a consequence of the following:
LEMMA 4.5 Let a,, b,, ¢, € LY(Q) be such that
a, <b,<c, ae
Assume that a, — a, b, — b and ¢, — c a.e. in Q for some a, b, c € LY(Q). If
(Cn — an) (¢ — a) weak* in M(S), then
(cn — by) = (c —b)  weak” in M(2). (4.7.11)
Proof. Since
0<(ch—by) <(ch —a, ae., 4.7.12)

the sequence (c, — b,,) is bounded in L'(£2). Passing to a subsequence if necessary,
we may assume that there exists A € M (2) such that

(Cn - bn) A Al

By (4.7.12), we have 0 < A < (¢ — a). Thus, A is absolutely continuous with
respect to the Lebesgue measure. In other words, A € LY(Q). Given M > 0, we
denote by Sy, the truncation operator Sy, (#) = min {M, max {t, —M}}, Vt € R. By
dominated convergence, we have

Sy (a,) — Sy (a) strongly in L'(Q),
and similarly for Sy (b,) and Sy, (c,). Since
0 =< [(cn = Sm(cn)) — (bn — Sy (bn))]
= [(en — Sm(cn)) — (@n — Sm(an))] ae.,
asn — oo we get
0=t —Sulc) = Su(®)) =[(c—Su(c) —(a—Sua)] ae.

Let M — oo in the expression above. We then get A = (¢ — b). This concludes the
proof of the lemma.

We now apply the previous lemma with a, = g (9,), b, = g (u,) and ¢, =
gn(vy). In view of (4.7.8) and (4.7.9), the assumptions of Lemma 4.5 are satisfied.
It follows from (4.7.11) that

2 (V) — g () = g(v*) — gt (w). (4.7.13)
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Thus,

81 (1) = () — [gn(va) = & )] = g™ () + pt — ("),
which is precisely (4.7.10). A similar argument shows that

g () = g™ () + p” + (—p)* (4.7.14)
We conclude from (4.7.10) and (4.7.14) that
gnn) = gw) + pw — [(WH* + (=) (4.7.15)

Therefore, u satisfies (4.7.5), so that (4.7.5) has a solution u* = u. By uniqueness,
the whole sequence (u,,) converges to u* in L' ().

Motivated by Theorem 4.15, for any u € M(S2), we define the reduced measure
w* by
w= () + (=) (4.7.16)
[This definition is coherent if u is either a positive or a negative measure].

One can derive a number of properties satisfied by w*. Forinstance, the statements
of Theorems 4.8—4.10 remain true. Moreover,

THEOREM 4.2'  There exists a Borel set ¥ C Q with cap (X) = 0 such that
ln — p*|(2\Z) = 0.

4.8 EXAMPLES

We describe here some simple examples where the measure p©* can be explicitly
identified. Throughout this section, we assume again that g(#) = 0 for ¢ < 0.

Example 4.2 N =1 and g is arbitrary.

This case is very easy since every measure is diffuse (recall that the only set of
zero capacity is the empty set). Hence, by Corollary 4.2, every measure is good.
Thus, u* = u for every u.

Example 4.3 N >2andg(t) =171 >0, with 1 < p < 5.

In this case, we have again u* = u since, for every measure w, problem (4.0.1)
admits a solution. This result was originally established in 1975 by Ph. Bénilan and
H. Brezis (see [BB, Appendix A], [B1], [B2], [B3], [B4] and also Theorem 4.B.5
below). The crucial ingredient is the compactness of the imbedding of the space
{u € Wy''; Au € M), equipped with the norm [Ju|y1.1 4 || Aull s, into L9 for
every g < % (see Theorem 4.B.1 below).

Example 44 N >3andg(t) =17, 1 >0, with p > 5.

In this case, we have

THEOREM 4.16 For every measure u, we have

W= = ()", (4.8.1)
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where | = (L1 + |2 is the unique decomposition of | (in the sense of Lemma A.1)
relative to the Wz'p,-capacity.

Proof. By aresult of Baras-Pierre [BP] (already mentioned in the Introduction) we
know that a measure v > 0 is a good measure if and only if v is diffuse with respect
to the Wz’f’/-capacity.

Set

p=pu— @)t =u —(u2)” and b= (u)*. (4.82)
We claim that
() =j and (B)* =0. (4.8.3)

Clearly, (t)" = (u;)™. From the result of Baras-Pierre [BP], we infer that (u;)*
is a good measure. By Theorem 4.4, i is also a good measure. Thus, (it)* = f.
Since ¥ is a nonnegative measure concentrated on a set of zero WP -capacity, it
follows from [BP] that (v)* < 0. Since (V)* > 0, we conclude that (4.8.3) holds.
Applying Theorem 4.8, we get
pr=@E+0"' =@+ =g=p— (1",
which is precisely (4.8.1).
Remark 4.9. In this example we see that the measure u — ™ is concentrated on a

set 3 whose Wz*p/-capacity is zero. This is better information than the general fact
that o — u* is concentrated on a set ¥ whose H'-capacity is zero.

Example4.5 N =2andg(t)=¢' —1,1>0.

In this case, the identification of u* relies heavily on a result of Vazquez [Va].

THEOREM 4.17 Given any measure (., let

w= W+ U,

where 4, is the purely atomic part of wu (this corresponds to the decomposition of
W in the sense of Lemma 4.A.1, where Z consists of countable sets). Write

Uy = Zai&li (4.8.4)

with a; € Q distinct, and Y_ |o;| < co. Then

W= =Y (o —4m) Ty, (4.8.5)

L

Proof. By a result of Vizquez [Va], we know that a measure v is a good measure
if and only if v({x}) < 4x for every x € Q. (The paper of Vazquez deals with the
equation (4.0.1) in all of R2, but the conclusion, and the proof, is the same for a
bounded domain.)
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Clearly, u1({x}) = 0, Vx € Q. From the result of Vizquez [Va] we infer that u,
is a good measure. Thus,

(w)* = 1. (4.8.6)
Leta € Q2 and @ € R. Itis easy to see from [Va] that
(a8,)* = min {«, 47 }8,. 4.8.7)

An induction argument applied to Theorem 4.8 and the continuity of the mapping
W — u* show that

W= ()" + ()" = () + ) (i) (4.8.8)

By (4.8.6)~(4.8.8), we have

W=+ Y min o, 4m)8, = — Y (@ —4m)*s,,. 4.8.9)

l l

This establishes (4.8.5).

We conclude this section with two interesting questions:

Open problem 3. Let N = 2 and g(¢) = (e’2 — 1), t > 0. Is there an explicit
formula for pu* ?

Open problem 4. Let N
formula for pu* ?

v

3and g(t) = (¢' — 1), ¢

v

0. Is there an explicit

A partial answer to Open Problem 4 has been obtained by Bartolucci-Leoni-
Orsina-Ponce [BLOP]. More precisely, they have established the following:

THEOREM 4.18 Any measure yu such that i < 4w HN=2 is a good measure.

Here, HV~2 denotes the (N — 2)-Hausdorff measure. The converse of Theo-
rem 4.18 is not true. This was suggested by L. Véron in a personal communication;
explicit examples are given in [P]. The characterization of good measures is still
open; see, however, [MV5].

4.9 FURTHER DIRECTIONS AND OPEN PROBLEMS
4.9.1 Vertical Asymptotes

Letg : (—oo, +1) — Rbeacontinuous, nondecreasing function such that g(¢) = 0,
Vt <0, and such g(t) - +ooast — +1. Let (g,) be a sequence of functions g, :
R — R which are continuous, nondecreasing, and satisfy the following conditions:
0<g1() <g@)=<---<gt) Vi<l 4.9.1)

gn(t) > g(t) Vit<1 and g,(t) —> 400 Vt=>1. 4.9.2)
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If N > 2, then we also assume that

each g, has subcritical growth, i.e., g,(t) < C(|¢t|” +1) VieR, 4.9.3)

for some constant C and some p < %, possibly depending on 7.
Given u € M(), let u,, be a solution of (4.0.10). Then u,, | u* in Q asn 1 oco.
Moreover, (4.0.11) and (4.0.12) hold. We may therefore define u* € M(2) by

(4.0.13).
Open problem 5. Study the properties of u* and the reduced measure p*.

Clearly, u* is the largest subsolution. But there are some major differences in
this case. When N > 2, Dupaigne-Ponce-Porretta [DPP] have shown that for any
such g one can find a nonnegative measure p for which the set {v € G; v < u}
has no largest element. In particular, for such measure p, the reduced measure p*
cannot be the largest good measure < w. They have also proved that the set of good
measures G is not convex for any g. We refer the reader to [DPP] for other results.

Similar questions arise when g is a multivalued graph. For example,

0 ifr <1,
g(r)=1[0,00) ifr=1,
@ ifr > 1.

This is a simple model of one-sided variational inequality. The objective is to solve
in some natural “weak” sense the multivalued equation
—Au+gm)>pn inQ,
u=0 onoS,
for any given u € M(SQ). This problem has been recently studied by Brezis-

Ponce [BP4]. There were some partial results; see, e.g., Baxter [Ba], Dall’ Aglio-Dal
Maso [DD], Orsina-Prignet [OP], Brezis-Serfaty [BSe], and the references therein.

4.9.2 Nonlinearities Involving Vu.

Consider the model problem:

_ 2, i
{ Au + u|Vu| M in 2, (4.9.4)

u=0 onod<,

where u € M(2). Problems of this type have been extensively studied, and it is
known that they bear some similarities to the problems discussed in this paper. In
particular, it has been proved in [BGO2] that (4.9.4) admits a solution if and only
if the measure u is diffuse, i.e., |u|(A) = O for every Borel set A C 2 such that
cap (A) = 0. Moreover, the solution is unique (see [BM]). When u is a general
measure, not necessarily diffuse, it would be interesting to apply to (4.9.4) the
same strategy as in this paper. More precisely, to prove that approximate solutions
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converge to the solution of (4.9.4), where u is replaced by its diffuse part j14 (in the
sense of Lemma 4.A.1, relative to the Borel sets whose H !-capacity are zero):

_ 2 -
{ Au + u|Vu| Mg in 2, 4.9.5)

u=>0 on 982,

which possesses a unique solution. There are several “natural” approximations.
For example, one may truncate the nonlinearity g(u, Vu) = u|Vu|? and replace it
by g,(u, Vu) = mg(u, Vu). It is easy to see (via a Schauder fixed point

argument in W,'') that the

(4.9.6)

_Aun + gn(unv Vu,,) =u in Q,
u, =0 onadQ,

admits a solution u,,.
Open problem 6. s it true that (u,) converges to the solution of (4.9.5)?

Another possible approximation consists of smoothing u: let u,, be a solution of

_ 2 i
{ Auy + up|Vu,| Mp 1IN 2, (4.9.7)

u, =0 on 0%2,

where @, = p, * i, as in Section 4.4. It has been proved by Porretta [Po] that if
i > 0, then u, — u in L'(Q), where u is the solution of (4.9.5). We have been
informed by A. Porretta that the same conclusion holds for any measure u, by using
a substantial modification of the argument in [Po].

4.9.3 Measures as Boundary Data

Consider the problem

{—Au +8w) =0 inQ, (4.9.8)

u=u onoas2,

where @ is a measure on 92 and g : R — R is a continuous, nondecreasing
function satisfying (4.0.5). It has been proved by H. Brezis (1972, unpublished)
that (4.9.8) admits a unique weak solution when 1 is any L' function (for a general
nonlinearity g). When g is a power, the study of (4.9.8) for measures was initiated
by Gmira-Véron [GV], and has vastly expanded in recent years; see the papers of
Marcus-Véron [MV 1], [MV2], [MV3], [MV4]. Important motivations coming from
the theory of probability—and the use of probabilistic methods—have reinvigorated
the whole subject; see the pioneering papers of Le Gall [LG1], [LG2], the recent
books of Dynkin [D1], [D2], and the numerous references therein. It is known that
(4.9.8) has no solutionif g(¢) = ¢, ¢t > 0, with p > p. = % and u = §,,a € Q2
(see [GV]). Therefore, it is interesting to develop for (4.9.8) the same program as in
this paper. More precisely, let (gx) be a sequence of functions g; : R — R which
are continuous, nondecreasing, and satisfy (4.0.7) and (4.0.8). Assume, in addition,
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that each gy is, e.g., bounded. Then, for every u € M (9S2), there exists a unique
solution u; of

—Aug + ge(ur) =0 in €,
{ 4 ondf, (4.9.9)
in the sense that u; € L'(Q) and
_ a¢ ) =
— | war+ | gy =—| Zdu v e i, (4.9.10)
Q Q aq 0n

where a% denotes the derivative with respect to the outward normal of 2. We have

the following:

THEOREM 4.19 As k 4 00, uy | u* in L'(Q), where u* satisfies

4.9.11)

—Aut+gw)=0 inQ,
u*=pu* ond<,

for some u* € M(3KQ) such that u* < . More precisely, g(u*)py € L' (), where
po(x) =d(x, 0R2), and

—/ u*AC +/ g = —/ 0¢ du* V¢ € CHDQ). (4.9.12)
Q Q )

o on
In addition, u* is the largest subsolution of (4.9.8), i.e., ifv € L' () is any function
satisfying g()py € L'() and

—/ UA;+/ gVt < —/ W ogn Ve eC@.c>0imQ,  (49.13)
Q Q aQ On

then v < u* a.e. in Q.

Proof. By comparison (see Corollary 4.B.2), we know that (u;) is nonincreasing.
By standard estimates, we have

f ek | +/ gu)po < Cllllmeey Yk =1
Q Q

In addition (see [B5, Theorem 3]),
luklicr@ < Co Yk =1,
for every w CC . Thus, u; converges in LY(Q) to a limit, say u*. Moreover,
ge(ug) — g™) in Lig ().
Let ¢ € C2(S2) be the solution of

—Af=1 inQ,
=0 onod.
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Since (gx (ux)¢o) is uniformly bounded in L'(£2), then up to a subsequence

g (U)o~ g+ in[C(QT, (4.9.14)

for some A € M(9R2), A > 0. We claim that
* aé‘ 1 2O
gr(up)¢ — g™ + P Ty dr V¢ e Cj(R). 4.9.15)
Q Q aQ o

In fact glven IS C0 (Q), define y = ¢/&. It is easy to see that y € C(2) and
y = an ?’40 on 2. Using y as a test function in (4.9.14), we obtain (4.9.15).

Letk —> 00in (4.9.10). In view of (4.9.15), we conclude that u™* satisfies (4.9.12),
where ©* is given by

1
we=nu + 5= )\. < pu. (4.9.16)
3n

Finally, it follows from Corollary 4.B.2 that if v is a subsolution of (4.9.8), then
v <uiae.,Vk>1 and thus v < u* a.e.

Some natural questions have been addressed and the following results will be
presented in a forthcoming paper (see [BP3]):

(a) the reduced measure p* is the largest good measure < p; in other words, if
v € M(9R) is a good measure (i.e., (4.9.8) has a solution with boundary
data v) and if v < u, then v < p*;

(b) p—p* is concentrated on a subset of 92 of zero H" ~!-measure (i.e., (N —1)-
dimensional Lebesgue measure on 0€2) and this fact is “optimal”, in the sense
that any measure v > 0 which is singular with respect to HY |3 can be
written as v = u — u* for some u > 0 and some g;

(c) if u is a measure on 32 which is good for every g, then u* € L'(9Q);

(d) given any g, there exists some measure © > 0 on 9€2 which is good for g,
but u & L'(39).

When g(¢) =t?,¢t > 0, with p > %, a known result (see, e.g., [MV3])
asserts that u € M(3Q) is a good measure if and only if u*(A) = 0 for
every Borel set A C 02 such that Cy/,, ,/(A) = 0, where Cy,,, , refers to
the Bessel capacity on 9€2. In this case, we have

(e) the reduced measure p* is given by u* = u — (u2)™, where u = u; + o
is the decomposition of w, in the sense of Lemma 4.A.1, relative to Cy, .

In contrast with Example 4.5, we do not know what the reduced measure u* is when
N=2andg(t)=¢ —1,t > 0.
Similar issues can be investigated for the parabolic equations

up—Autgwy=p, ur— Au+gu) =0,
u(0)=0 u(0) =
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APPENDIX 4A. DECOMPOSITION OF MEASURES
INTO DIFFUSE AND CONCENTRATED PARTS

The following result is taken from [FTS]. We reproduce their proof for the conve-
nience of the reader.

LEMMA 4.A.1 Let pu be a bounded Borel measure in RN and let Z be a collection
of Borel sets such that:

(a) Z is closed with respect to finite or countable unions;
(b)y Ac Zand A’ C ABorel = A' € Z.

Then wu can be represented in the form

H=p+ M, (4.A.1)

where 1 and |, are bounded Borel measures such that
wi(A)=0 VYA e Z and u, vanishes outside a set Ay € Z.

This representation is unique.

Proof. First assume that p is nonnegative. Denote
X, =sup{u(Ad); A e Z}.
Let {A,} be an increasing sequence of sets in Z such that
w(A,) = X,.
Let Ao = |, A, and put

pri(B) = w(BNAp), w2(B) = pn(BN A,
for every Borel set B. Since Ay € Z, it remains to verify that i vanishes on sets
of Z. By contradiction, suppose that there exists £ € Z such that u(E) > 0. Let
E; = ENAg. Then u(E;) > 0 and E; € Z. It follows that Ag U E; € Z and
n(Ap U Ey) > X,. Contradiction.
If u is a signed measure, apply the above to u* and w~. The uniqueness is
obvious.

APPENDIX 4B. STANDARD EXISTENCE, UNIQUENESS,
AND COMPARISON RESULTS

In this appendix, we collect some well-known results (and a few new ones) that are
used throughout this paper. For the convenience of the reader, we shall sketch some
of the proofs.

We start with the existence, uniqueness, and regularity of solutions of the linear
problem

{_A“Z“ in 2, 4.B.1)

u=0 onds2,
where © € M(Q).
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THEOREM 4.B.1 Given u € M(RQ), there exists a unique u € L' () satisfying

—f uAC =/§du V¢ € C3(Q). (4.B.2)
Q Q
Moreover, u € Wol’q(Q) foreveryl <g < % with the estimates
lull g < CliVullLe < Cllplias (4.B.3)

where q% = é - % In particular, u € L?(Q2) for every 1 < p < % and u
satisfies

/w-vw:fwdu vy e W, (), (4B.4)

Q Q
foranyr > N.

The proof of Theorem 4.B.1 relies on a standard duality argument and shall be
omitted; see [S, Théoreme 8.1].
We now establish a weak form of the maximum principle:

PrROPOSITION 4.B.1 Letv € Wol’l(Q) be such that

_[QUM <0 VgeCXQ),¢=0inQ. (4.B.5)
Then
_/QUA; <0 V£ e, ¢ =0inQ, (4B.6)
and, consequently,
v<0 ae (4.B.7)

Proof. From (4.B.5) we have
/S;VU‘V(pfO Vo € CX(R2), ¢ > 0in Q
so that, by density of C°(2) in C2(Q),
f Vu-Vo <0 VgeCXR),¢>0inQ.
Q

Let (y,) be a sequence in C°(S2) such that0 < y, < 1, y,(x) = 1ifd(x, 02) > %
and |V¢,| < Cn,Vn > 1. Forany ¢ € C3(2), ¢ > 0, we have

/ Vo (V¢ +¢Vy,) = / Vv - V(y¢) <0. (4.B.8)
Q Q
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Note that

/ V||Vt < Cn/ [Vu|¢ < C/ |[Vv| - 0 asn — oo.
Q d(x,d2)<} d(x,3Q)<

1
n

Thus, as n — o0 in (4.B.8), we obtain
f Vu-Ve<0 V¢eCiR),¢>0inQ,
Q

which yields (4.B.6) since v € WO1 ’1(52). Inequality (4.B.7) is a trivial consequence
of (4.B.6).

LEMMA 4.B.1 Let p : R — R, p(0) = 0 be a bounded nondecreasing continuous
function. Given f € LY(Q), let u € L' () be the unique solution of

—/ UAZ =/ f¢ V¢ e CHRQ). (4.B.9)
Q Q
Then

/ fpw) = 0. (4.B.10)
Q

Proof. Clearly, it suffices to establish the lemma for p € C 2(R). Assume for
the moment_f € C*®(Q). In this case, u € CS(Q). Since p(0) = 0, we have
pu) € C%(Q). Using p(u) as a test function in (4.B.9), we get

/fp(u)=fp’<u)|w|zzo.
Q Q

This establishes the lemma for f smooth. The general case when f is just an
L'-function, not necessarily smooth, easily follows by density.

PROPOSITION 4.B.2 Given f e L'(Q), let u be the unique solution of (4.B.9).
Then, for every M > 0, we have

/ f>0 and / f=<o. (4.B.11)
[u=M] [u=—M]
In particular,
/ fsgn(u) > 0. (4.B.12)
[lu|=M]
Above, we denote by sgn the function sgn (¢) = 1ifz > 0,sgn (r) = —1ift <0,

and sgn (0) = 0.

Proof. Clearly, it suffices to establish the first inequality in (4.B.11). Let (p,) be a
sequence of continuous functions in R such that each p, is nondecreasing, p,(t) = 1
ift > Mand p,(t) =0ift <M — ﬁ By the previous lemma,

ffpn(u)zo Vn > 1.
Q

As n — o0, the result follows.
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PROPOSITION 4.B.3 Letv € L' (Q), f € L' (Q) and v € M(Q) satisfy

—/ VAL +f f¢ =/ cdv V¢ e CH(Q). (4.B.13)
Q Q Q
Then
. F=1vTlim (4.B.14)
[v>0]
and thus
ffsgn ) = vllm. (4.B.15)
Q

Proof. Let v, = p, % v (here we use the same notation as in Section 4.4). Let v,
denote the solution of (4.B.13) with v replaced by v,. By Lemma 4.B.1, we have

/(Vn - f)P(Un) = 0,
Q

where p is any function satisfying the assumptions of the lemma. Thus, if 0 <
p(t) < 1,Vt € R, then we have

/fp(vll) S/Vnp(vn)E/(Un)+ = ||U+||M
Q Q Q

Letn — oo to get

/ fr@) < vl (4.B.16)
Q
Apply (4.B.16) to a sequence of nondecreasing continuous functions (p,) such that
pn(t) =0ift <0and p,(¢) =1ift > % As n — 0o, we obtain (4.B.14).

An easy consequence of Proposition 4.B.3 is the following:

COROLLARY 4.B.1 Let g : R — R be a continuous, nondecreasing function such
that g(0) = 0. Given u € M(R), then the equation

[Faerszy

has at most one solution u € L' () with g(u) € L' (Q). Moreover,
fﬂlg(u)l < llullam  and /QIAMI = 2pline- (4.B.18)

If (B.17) has a solution for , u, € M(S2), say uy, uy, resp., then
/Q[g(ul) —gu)T" < (1 — ) ¥l (4.B.19)

In particular,

/ng(ul) — gl = llwr — p2llm- (4.B.20)
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We now recall the following unpublished result of H. Brezis from 1972 (see,
e.g., [GV]):

PROPOSITION 4.B.4 Given f € LY(Q; podx) and h € L' (3R), there exists a
unique u € L'(Q) such that

0 _
—/ N =f f{—/ s V¢ € CA(Q). (4.B.21)
Q Q e on
In addition, there exists C > 0 such that
lullpr < CAlfoollLio) + 1711 o0)- (4.B.22)

We now establish the following:

LEMMA 4.B.2 Given f € LY(Q; podx), let u € L' () be the unique solution of
(4.B.21) with h = 0. Then

k/ lul > 0 ask — oo. (4.B.23)
d(x,0Q)<}

Proof.
Step 1. Proof of the lemma when f > 0.

Since f > 0, we have u > 0. Let H € C*(R) be a nondecreasing concave
function such that H(0) = 0, H"(t) = —1iftr < land H(t) = 1ift > 2. We
denote by ¢y € Cé(Q), Zo > 0, the solution of

—Afpy=1 1in <,
=0 onadf.
Forany k > 1, let wy = %H(k;‘o). By construction, wy € Cé(S_Z) and
Awy = kH"(k§o)|V6ol* + H'(k§0) Ado < —kxgg 111 VEol*.
Thus,
—/ uAwy > k/ IVEol|*u. (4.B.24)
Q [Zo<7]

Use wy as a test function in (4.B.21) (recall that 2 = 0). It follows from (4.B.24)
that

k/ IVeol*u < / we f- (4.B.25)
[fo<t] Q

By Hopf’s lemma, we have [V¢o|? > ap > 0 in some neighborhood of 32 in . In
particular, there exists ¢ > 0 such that cp(x) < d(x, 0RQ) < %go(x) for all x € Q.
Thus, for k > 1 sufficiently large, we have
aok / |Vgol?u < / W f. (4.B.26)
d(x,0Q)< Q

c
k
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Note that the right-hand side of (4.B.26) tends to 0 as k — co. In fact, we have
wr < C&o, Yk > 1,and wy, < %H(k;o) — 0 a.e. Thus, by dominated convergence,

/ wrf — 0 ask — oo. (4.B.27)
Q

Combining (4.B.26) and (4.B.27), we obtain (4.B.23).
Step 2. Proof of the lemma completed.

Let v € L'(Q) denote the unique solution of

—/ VAL =/ Ifle V¢ e CLQ). (4.B.28)
Q Q

By comparison, we have |u| < v. On the other hand, v satisfies the assumption of
Step 1. Thus,

kf Jue] skf v—>0 ask — oo. (4.B.29)
d(x.0Q)< d(x.9Q)<}

This establishes Lemma 4.B.2.

The next result is a new variant of Kato’s inequality, where the test function ¢
need not have compact support in 2:

PROPOSITION 4.B.5 Letu € L'(Q) and f € L' (Q; po dx) be such that
—fQuA; < /Qf; Ve e C3(R),¢ > 0in Q. (4.B.30)
Then
—/Qu+A§ < . fe Ve eCi),.>0inQ. (4.B.31)
Proof. We first notice that
—fglﬁmp < /[ ) fo Vo eCX(Q),¢>0inQ. (4.B.32)

In fact, by (4.B.30) we have —Au < f in D'(2). Then, Theorem 4.7 yields

(—AuM)g < xu=o)(—Au)g < xw=o0f and
(—Auh) = (—Aw)! < (NHf =0.

Thus,
—Aut = (—AuM)g+ (—AuT)e < xu=0f inD'(Q),
which is precisely (4.B.32).
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Let (%) C CZ°(2) be a sequence such that 0 < y < 1in , y(x) = 1 if
d(x,dQ) > L, |Vyillze <k, and Ay llLo < Ck2. Given ¢ € C3(Q), ¢ > 0, we
apply (4.B.32) with ¢ = ¢y, to get

—/ ut Ay < FEv- (4.B.33)
Q

[u=0]

Consider again the unique solution v > 0 of (4.B.28). By comparison we have
u < v ae. and thus u™ < v a.e. From Lemma 4.B.2 we see that

f ut|VeIVl < Ck/ ut — 0 ask — oo. (4.B.34)
Q dx,0)<}
Similarly,

/ utC| Ay < Ck/ ut =0 ask — oo. (4.B.35)
Q dx,0Q)<}

Let k — oo in (4.B.33). Using (4.B.34) and (4.B.35), we obtain (4.B.31).

Remark 4.B.1. There is an alternative proof of Proposition 4.B.5. First, one shows
that (4.B.30) implies that there exist two measures . < 0, A < 0, where u € M(92)
and 2 is locally bounded in €2, with fQ pod|r] < oo, satisfying

—/uAg =/ f;+/ gd,\—f aidu V¢ € CHQ). (4.B.36)
Q Q Q aq On

(The existence of X is fairly straightforward, and the existence of u is a consequence
of Herglotz’s theorem concerning positive superharmonic functions.)

Then, inequality (4.B.31) follows from (4.B.36) using the same strategy as in the
proof of Lemma 1.5 in [MV2].

As a consequence of Proposition 4.B.5, we have the following:

COROLLARY 4.B.2 Let gy, go : R — R be two continuous nondecreasing functions
suchthat g, < g». Letu; € L'(Q), k = 1, 2, be such that g (uy) € L'(; po dx). If

—/(Mz —up)Ag +/[gz(uz) —g1uDlE <0 Y¢ e Ci(Q),¢>0inQ,
“ ¢ (4B.37)
then

U, <uy ae. (4.B.38)

Proof. Applying Proposition 4.B.5tou = up, —u; and f = g1 (u;) — g2(uz), we
have

—/(Mz —u)tAL < —/[82(“2) —giunltcr <0
Q Q

V¢ € C5(),¢ > 0in Q.
This immediately implies that u, < u; a.e.
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We now present some general existence results for problem (4.B.17). Below,
g : R — R denotes a continuous, nondecreasing function, such that g(0) = 0.

THEOREM 4.B.2 (Brezis-Strauss [BS]) For every f € L' (), the equation

{—Au +gw)=f inQ, (4.B.39)

u=0 onoQ2

has a unique solution u € LY(Q) with g(u) € L1 ().

Proof. We first observe that if f € C*(RQ), then (4.B.39) always has a solution
u € C'(Q) (easily obtained via minimization).

For a general f € L'(RQ), let (f,) be a sequence of smooth functions on Q,
converging to f in L'(2). For each f,, let u, denote the corresponding solution of
(4.B.39). By (4.B.20), the sequence (g(u,)) is Cauchy in L' ($2). We then conclude
from (4.B.3) that (u,) is also Cauchy in L'(£2), so that

u, = u and g(u,) — gu) in LY(Q).

Thus u is a solution of (4.B.39). The uniqueness follows from Corollary 4.B.1.

THEOREM 4.B.3 (Brezis-Browder [BBr]) For every T € H™'(Q), the equation

(4.B.40)

—Au+gw)=T in9Q,
u=0 onoQ2,

has a unique solution u € HOl () with g(u) € L1 ().

Proof. Assume g is uniformly bounded. In this case, the existence of u presents no
difficulty, e.g., via a minimization argument in HO1 (2). In particular, we see that
u e Hol(Q).

For a general nonlinearity g, let (g,) be the sequence given by g, (¢) = g(¢) if
lt] <n,g,(t) = gn)ift > n,and g,(t) = g(—n) ift < —n. Letu, € H0' (2) be
the solution of (4.B.40) corresponding to g,. Note that u,, satisfies

/Vu,,~Vv+/ gu(u)v = (T, v) Yv e Hj(Q).
Q Q

Using v = u, as a test function, we get

1/2
/|wn|2+/gn(u,,)un=<r, iy) sC(/ |wn|2) .
Q Q Q

/ gn(u)u, <C and f |Vu,|* < C, (4.B.41)
Q Q

Thus,

for some constant C > 0 independent of n > 1. Since (u,) is uniformly bounded
in HO1 (£2), then up to a subsequence we can find u € HO1 (€2) such that

u, —> u inL'andae.
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By (4.B.41), for any M > 0, we also have

/ /l (un)| < ! / (unu, < ¢
gn Uy = 7 gn Up)y = —.
[t |=M] M Jo M

gn(u,) 1is equi-integrable.

We claim that

In fact, for any Borel set E C €2, we estimate

C
/Elgn(un)|:/ e |gn(”n)|+/ £ |&n (un)] SAM|E|+M7

[lun|<M] [lun|=M]

where Ay = max {g(M), —g(—M)}. Given ¢ > 0, let M > 0 be sufficiently large
so that % < &. With M fixed, we take | E| small enough so that Ay |E| < . We
conclude that

/ lgn(un)| <26 Vn=>1.
E

Thus, (g,(u,)) is equi-integrable. Since u, — u a.e., it follows from Egorov’s
lemma that g, (u,) — g(u) in L' (). Therefore, u satisfies (4.B.40). By Proposi-
tion 4.B.3, this solution is unique.

Combining the techniques from both proofs, we have the following:

THEOREM 4.B.4 For every f € L'(Q) and every T € H™'(Q), the equation

{—Au+g(u) =f+4+T inQ, (4.B.42)

u=20 on 02
has a unique solution u € L' () with g(u) € L'(Q).

Proof. Let f, be a sequence in C*($2) converging to f in L' (). Since f, + T €
H~', we can apply Theorem 4.B.3 to obtain a solution u,, of (4.B.42) for f, + T.
For every ny, ny > 1, we have

— Ay = i) + glttn,) = 8ny) = fuy — frp I (C*. (4.B.43)

It follows from Proposition 4.B.3 that

/|g(unl>—g<unz>|s/ o = fool.
Q Q

Thus, (g(u,)) is a Cauchy sequence. Returning to (4.B.43), we conclude from
(4.B.3) that (u,) is Cauchy in L'(2). Passing to the limit as n — oo, we find a
solution u € L'(Q) of (4.B.42). By Proposition 4.B.3, the solution is unique.

COROLLARY 4.B.3 Let u € M(R). If w is diffuse, then (4.B.17) admits a unique
solution u € L'(Q) with g(u) € L'(Q).

Proof. 1t suffices to observe that, by a result of Boccardo-Gallouét-Orsina [BGO1],
every diffuse measure 1 belongs to L' + H~ !,
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Concerning the existence of solutions for every measure u € M(£2), we have

THEOREM 4.B.5 (Bénilan-Brezis [BB]) Assume N > 2 and
le®] < C(t)? +1) VteR, (4.B.44)

N
for some p < 3.
solution u € L' (Q).

Then, for every u € M(S2), problem (4.B.17) has a unique

Assumption (4.B.44) is optimal, in the sense that if N > 3, g(¢) = |¢|?~'t and
p=> % then (4.B.17) has no weak solution for . = §,, where a € Q:

THEOREM 4.B.6 (Bénilan-Brezis [BB]; Brezis-Véron [BV]) Assume N > 3. If
p=> % then, for any a € 2, the problem

—Au+uPlu=¢8, inQ,
u=0 onoQ

has no solution u € LP(2).

APPENDIX 4C. CORRESPONDENCE BETWEEN [C(£2)]* AND [C(2)]*

In this section we establish the following:

PROPOSITION 4.C.1 Given pu € [Co(Q)], there exists a unique ji € [C($)]* such
that

A=pn onCy(Q) and ||(3) =0. 4.C.1)
In addition, the map p v [i is a linear isometry.

In order to prove Proposition 4.C.1, we shall need the following:

LeEMMA 4.C.1 Given ¢ > O, there exists § > 0 such that if { € Co(Q), 12| < lin
Q, and supp ¢ C Q2\2s, then

K, &) < e.
Here, we denote by €25 the set {x € Q; d(x, d2) > &}.

Proof. We argue by contradiction. Assume there exist &9 > 0 and a sequence
(&) C Co(L2) such that |Z,| < 1in €2, supp ¢, C 2\24,,, and

<,LL’ §n> > &0 Vn Z 1

Without loss of generality, we may assume that each ¢, has compact support in
€2 (this is always possible, by density of C°(£2) in Cy(€2)). In particular, we can
extract a subsequence (¢,;) such that supp ¢, are all disjoint. For any k > 1, let

o= Zﬁ:l ¢n ;- By construction,

IZllLe <1 and  suppl; C Q.
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Moreover,

keo < (. &) < lmliae
Since k > 1 was arbitrary, this gives a contradiction.

Proof of Proposition 4.C.1. Let pu € [Co()]*. Given ¢ € C(R), let (¢,) be any
sequence in Cy(€2) such that

”CVL”LOO =< C and {n — é‘ in LS

loc

(2).

It easily follows from Lemma 4.C.1 that ({x«, &,)) is Cauchy in R. In particular, the
limit lim,,_, », (&, ¢,) exists and is independent of the sequence (¢,). Set

(i, ¢) = lim (1, &).

n—o0o

Clearly, /& is a continuous linear functional on C () and

(L, &) =(u, &) V¢ e Co(Q).

In addition, Lemma 4.C.1 implies that |[(0€2) = 0; in particular, ||fi|lcx =
I 1l (co)- The uniqueness of ji follows immediately from (4.C.1).

APPENDIX 4D. A NEW DECOMPOSITION FOR DIFFUSE MEASURES

The goal of this section is to establish Theorem 4.3. Let G denote the Green function
of the Laplacian in Q. Given u € M(2), u > 0, set

G(u)(x) = /QG(x, ) du(y).

Note that G () is well defined for every x € €2, possibly taking values +oc0.
We first present some well-known results in Potential Theory:

LEMMA 4.D.1 Let p € M(R2), i > 0 be such that G(u) < oo everywhere in Q.
Given ¢ > 0, there exists L C 2 compact such that

w(Q\L) <& and G(ul|r) € Co(RQ). (4.D.1)

Proof. If u has compact support in €2, then Lemma D.1 is precisely Theorem 6.21
in [H]. For an arbitrary u € M(2), u > 0, such that G(u) < oo in 2, we
proceed as follows. By inner regularity of u, there exists K C €2 compact such
that £ (Q\K) < 5. Since G(ulx) < G(u), the function G(u k) is also finite
everywhere in Q2. Then, by Theorem 6.21 in [H], there exists L C €2 compact such

that
uLK(SZ\L><§ and  G(ilkrr) € Co(S).

We conclude that (4.D.1) holds with L replaced by K N L.
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As a consequence of Lemma 4.D.1, we have

PrOPOSITION 4.D.1 Letu € Wol’1 (§2) be such that Au is a diffuse measure in 2.
Then, there exists a sequence (u,) C Co(2) such that Au,, € M(R2), Vn > 1,

o0 o0
u=Y u, ae inQ and ||Aullp= Y [[Auylrm.

n=1 n=1

Proof. We shall split the proof of Proposition 4.D.1 into three steps.

Step 1. Let u > 0 be a measure such that G(u) < oo everywhere in Q2. Then,
there exist disjoint Borel sets A,, C €2 such that

u(sz\ U A,l) =0 and G(uls,) € Co(Q) Vn>1. (4.D.2)

n=I

This result easily follows from Lemma 4.D.1 by an induction argument.

Step 2. Let u > 0 be a diffuse measure in 2. Then, there exist disjoint Borel sets
A, C € such that

u(Q\ U A,,) =0 and Guls,) € Co(Q) Vn>1. (4.D.3)

n=1
Foreach k > 1, let

Ey ={x € Q G(u)(x) < k}.

Since G(u) is lower semicontinuous (by Fatou), Ej is closed in Q2. Clearly, we
have G(u|g,) < kin Ey, and G(i| g, ) is harmonic in Q\Ey. Therefore, by the
maximum principle, G(u|g,) < k everywhere in €.

Applying the previous step to the measures (| g,\g,_,, one can find disjoint Borel
sets A, C €2 such that

u(F\UAn)=o and  G(uls,) € Co(@) Vnz 1,

n=1

where
F={xeQ G(u(x) <oo}.

Since u is diffuse and Q\ F has zero capacity (see, e.g., [H, Theorem 7.33]), we
have w(Q\F) = 0. Thus,

M(Q\ U An> =0, (4.D.4)
n=1

from which the result follows.
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Step 3. Proof of Proposition 4.D.1 completed.

103

Set u = —Au. Applying Step 2 to ™, one can find disjoint Borel sets (A,) such

that

;ﬁ(sz\ U An) =0 and G(u'ls,) € Co(Q) Vn=>1.
n=l1

Similarly, there exist disjoint Borel sets (B,,) such that

W (Q\ U Bn> =0 and G(u |p) € Co(Q) Vn> 1.
n=1

Since
o0 o0
n = /,L+ —-—u = ZM+|_A,, - Zl’(/il_Bn’
n=1 n=1
we have
u= Z G(u*La,) — ZG(M ls,) ae.
n=1
and

AUl pm = leu LAH||M+Z||M Ll n-

n=1

This concludes the proof of the proposition.
‘We can now present the

Proof of Theorem 4.3. Letu € Wol’ '(Q) be the unique solution of
—Au = in (Cg)*.

Let (u,) C Co(S2) be the sequence given by Proposition 4.D.1. For § > 0 fixed,

take w, € C3(S2) such that

)
lu, — wpllpe < — and ”Awn”Ll < lAuulim-
2’1

Let

o0

:Z(un—wn) and fz—iAwn-

n=1 n=1

Since

oo
wllzee <D un — wall <8,
n=1

we have v € Cy(2) and ||v|| .~ < §. Moreover,

o0 oo
Il <D AWl <D AU ae = Il
n=1 n=1

(4.D.5)

(4.D.6)
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implies f € L'(2). Finally, by construction, we have

w=f—Av in(CH* (4.D.7)
In particular, Av = f — p is a measure and [|Av|| o < 2||u||aq. Thus,

IVOllgs < vl Aviim < 28l ac (4.D.8)

Since v € Co(Q) N Hol, (4.0.21) immediately follows from (4.D.7). Moreover,
replacing § by %HM”M in (4.D.5) and (4.D.8), we conclude that (4.0.22) holds. The
proof of Theorem 4.3 is complete.

Note that our construction of f € L' and v € L™ satisfying (4.0.21) is not linear
with respect to p. Here is a natural question:

Open problem 7. Can one find a bounded linear operator
T:peMy(Q)r— (fiv)e L' x L™
such that (4.0.21) and (4.0.22) hold?

After receiving a preprint of our work, A. Ancona [A2] has provided a negative
answer to the question above.

APPENDIX 4E. EQUIVALENCE BETWEEN CAP ;1 AND CAP,

Given a compact set K C €2, let cap, | (K) denote the capacity associated to the
Laplacian. More precisely,

cap, ((K) = inf {/ |Agl; ¢ € C°(2), ¢ > 1 in some neighborhood ofK}.
Q

In order to avoid confusion, throughout this section we shall denote by capy1 the
Newtonian capacity with respect to €2 (which we simply denote cap everywhere else
in this paper).

The main result in this appendix is the following:

THEOREM 4.E.1 For every compact set K C 2, we have
capy 1(K) = 2capyi (K). (4.E.1)
Remark 4.E.1. Inanearlier version of this work, we had only established the equiv-

alence between capy;1 and cap, ;. The exact formula (4.E.1) has been suggested to
us by A. Ancona.

We first prove the following:

LEMMA 4.E.1 Let K C Q2 be a compact set. Given ¢ > 0, there exists ¥ € C°(2)
such that 0 < ¢ < 1in Q, ¥ = 1 in some neighborhood of K, and

/ |AY| < 2capyi (K) + &. (4E2)
Q
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Proof. Let w CC 2 be an open set such that K C w and
€
capyi (w) < capyi(K) + T

Let u denote the capacitary potential of @. More precisely, let u € H, () be such
thatu = 1 in w and

/ |Vu|* = capy1 (o).
Q

Note that u is superharmonic in € and harmonic in Q2\®. In particular, 0 < u < 1.
Since supp Au C [u = 1], u is continuous (see [H, Theorem 6.20]) and

||Au||M:—/ Au:—/uAu:/ |Vul* = cap 1 (@).
Q Q Q

Given § > 0 small, set

—8"
1-6

Since v has compact support in €2, we have

/ Av =0. (4.E.3)
Q

Moreover, Av is a diffuse measure (note that v € HOl (2)) and
supp Av C [v=0]U[v=1]. (4.E4)

Thus, by Corollary 1.3 in [BP2], we have

Av>0 in[lv=0] and Av <0 in[v=1]. (4.E.5)
It then follows from (4.E.3)—(4.E.5) that

lAvIm = 2/ [Av].
[v=1]

Since Av = IIT(;A” in [v = 1], we conclude that

2
[Av]a < mIIAMIIM-

Using the same notation as in Section 4.4, we now take n > 1 sufficiently large
so that the function ¥ = p, * v has compact support in 2 and = 1 in some
neighborhood of K. We claim that i satisfies all the required properties. In fact,
since 0 < ¢ < 1in , we only have to show that (4.E.2) holds. Note that

2 2 -
/ AV ] < [Avlim = ——lAullpm = cap1 ().
Q 1-6 1-46

Choosing § > 0 so that

T3 capyi(w) < Z
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we have

8
/ Ay < 2(1 + T (S)capH](&)) <2capyi(K) + e,
o _

which is precisely (4.E.2).
We now present the

Proof of Theorem 4.E.1. In view of Lemma 4.E.1, it suffices to show that
1
capy1(K) < EcapAyl(K). (4.E.6)

Let ¢ € C*(2) be such that ¢ > 1 in some neighborhood of K. Set ¢ =
min {1, ¢*}. For n > 1 sufficiently large, the function ¢, = p, * ¢ belongs to
C(2) and ¢, = 1 in some neighborhood of K. We then have

CaPHI(K)S/ |V¢n|2§/ |V¢|2=/V¢'V¢=—/¢A§0-
Q Q Q Q

Recall that ¢ has compact support in 2 and 0 < ¢ < 1. Thus, fQ Ag = 0 and we
have

1 1
Cale(K)S_/((p_E)A(pS 3 [Agp].
Q Q

Since ¢ was arbitrary, we conclude that (4.E.6) holds. This establishes Theorem
4E.1.
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Chapter Five

Global Solutions for the Nonlinear Schrédinger Equation
on Three-Dimensional Compact Manifolds

N. Burg, P. Gérard, and N. Tzvetkov

5.1 INTRODUCTION

Let (M, g) be a Riemannian compact manifold of dimension d. In this paper we
address global wellposedness of the Cauchy problem for the following nonlinear
Schrodinger equation (NLS),

i0u+ Au = F(u), u;—o = ug. 5.1.1)

In (5.1.1), u is a complex valued function on R x M and uy € H*(M) for s large
enough. The nonlinear interaction F is supposed to be of the form

EXY%
F=—
0z
with V € C*(C; R) satisfying
V(?2)=V(z), 0eR,zeC, (5.1.2)
and, for some o > 1,
104192 V (2)] < Ciyap (1 + |2y Fe R0, (5.1.3)

The number « involved in the second condition on V corresponds to the “degree”
of the nonlinearity F(u) in (5.1.1). Moreover, we make the following defocusing
assumption:

VzeC, V(z) =0. (5.1.4)

The basic question we want to investigate is the global existence of smooth so-
lutions # on R x M for smooth data uy. In view of the well-known properties
of the linear Schrodinger flow, it is natural to recast this question in the frame-
work of Sobolev spaces H*(M). For every s > d /2, using the Sobolev embedding
H*(M) C L*(M), it is easy to prove that, for every uy € H*(M), there exists a
unique solution u € C([—T, T], H*(M)) of (5.1.1) for some T depending only on
a bound of ||ug|| gs. Thus our problem reduces to the continuation of u as a global
solution of NLS in C(R, H*(M)). For that purpose, we recall the usual strategy
based on the known conservation laws.
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It is classical that NLS can be seen as a Hamiltonian equation, associated to the
energy functional

E(u):/ |Vgu|2dx+/ V(u)dx. (5.1.5)
M M

It follows from this Hamiltonian structure that smooth solutions of (5.1.1) enjoy the
conservation laws

lu(@llz2 = lluoll 2, E(u(®)) = E(uo). (5.1.6)

In view of the defocusing assumption (5.1.4), we infer from the above conservation
laws the following a priori estimate

(@ a1 ary = Clluoll 1), (5.L.7)

provided that the potential term in the energy is controlled by the H' norm, namely,
d+2

< arz if d>3. (5.1.8)
d—2

In this situation, global wellposedness for NLS is usually reduced to local well-
posedness in H'(M)—namely, that, for every uy € H'(M), there exists a unique
solution u of (5.1.1) in some space Xr C C([—T, T], H'(M)) for some T depend-
ing only on a bound of ||ug]| 1, combined with propagation of the regularity. If M
is replaced by the Euclidean space R, this strategy was achieved successfully for
defocusing subcritical nonlinearities (¢ < (d +2)/(d —2) if d > 3) and dimension
d not too large, thanks to Strichartz estimates, through the contributions of Ginibre-
Velo [24] [25] and Kato [28]. The critical case (d > 3 and o = (d + 2)/(d — 2))
is more involved, since iteration schemes usually give a time T strongly depending
on the Cauchy data, except if these data are small (see Cazenave-Weissler [20]).
For large data, let us mention that global results for the defocusing critical case
o = 5 in three-space dimensions are due to Bourgain [5] and Grillakis [27] in the
radial case, and more recently to Colliander-Keel-Staffilani-Takaoka-Tao [23] in the
general case.

Let us review briefly the state of the art on a compact manifold for dimensions
d =1,2,3. Ifd = 1, the above strategy applies easily, since H'(S') c L>(S"). In
two-space dimensions, the imbedding of H' into L fails; however, the approach of
Brezis-Gallouét [8], based on a logarithmic estimate, allows to solve the cubic case
a = 3. On the torus T2, Bourgain [1] used new dispersive estimates to prove global
existence for every «. The case of an arbitrary compact surface was solved by the
authors in [9], appealing to Strichartz estimates with fractionary loss of derivatives.

Much less is known in the case d = 3. In [1], Bourgain obtained global existence
for defocusing subcritical nonlinearities o < 5 on the torus T>. On the other hand,
on arbitrary three-manifolds, the use of Strichartz estimates of [9] only yields global
existence for cubic defocusing nonlinearities, as we shall recall below. It is therefore
natural to look for other examples of three-manifolds for which it is possible to extend
global existence to any subquintic defocusing nonlinearity. This is the purpose of
this paper.
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In Section 5.2 below, we recall the argument of [9] solving the cubic case on an
arbitrary three-manifold. In Section 5.3, we observe that this result can be extended
to subquintic nonlinearities in the special case of M = S§3 by means of bilinear
Strichartz estimates. Section 5.4 is devoted to the case of M = S? x S!, where a
similar result is obtained through trilinear Strichartz estimates. Finally, in Section
5.5 we describe a recent step to the analysis of critical equation with small energy
data on M = S3, namely, that the first iteration of quintic NLS is controlled in the
energy space.

Let us mention that Sections 5.3 and 5.4 are essentially taken from [17], some-
times with slight variants, while Section 5.5 is part of a work in progress. Other
aspects, related to stability and instability properties of the flow map ug — u(z),
are discussed in references [10], [11], and [15], while the more complicated case of
boundary problems for NLS is addressed in [12], [13], and [14].

5.2 STRICHARTZ ESTIMATES WITH LOSS AND THE CUBIC CASE

THEOREM 5.2.1 ([9]). Let M be a three-dimensional compact manifold, and let
s > 1. For every ug € H*(M), there exists a unique solution u € C(R, H*(M)) of
(5.1.1) where V satisfies (5.1.2), (5.1.3) with @ = 3, and (5.1.4).

Let us recall the main steps of the proof. First, using the W K B approximation
and the stationary phase method, one shows the following dispersive inequality for
very small times. Given x € C{°(R \ {0}), there exists @ > 0 and C > 0 such that,
for every dyadic number N, for every time ¢ such that N|t| < a,

llxy e L1 )= ooy =< Clt| "2, 5.2.D)

where xy denotes the spectral cutoff x (N 2A).

By Keel-Tao’s endpoint version of the 77* lemma [29], we infer a localized
Strichartz estimate. Given an interval I = [fo, #;] such that N|I| < 1 and a solution
v of

v+ Av= fi+ fo, tel, u(t) = vo, (5.2.2)
we have
Ixnvllz2, Loy <
C (lIxnvoll 2y + Txn fillra,c2amy + TXn F2ll 2,065 anyy) - (5:2.3)
Applying (5.2.3) in the particular case f; = f> =0, summing on N intervals /, and

then summing on all dyadic frequencies N, we obtain, for every solution v(r) = e"* v,

of the homogeneous Schrédinger equation (see also Staffilani-Tataru [34]),
ol 20,1y, L6y = C Nvoll 2em)s (5.2.4)
and therefore, by the Sobolev inequality,
lvlizro, 1,0y < Cs llvollasany, s >1, p=p(s) > 2. (5.2.5)

The latter estimate easily implies that NLS with o = 3 is locally wellposed in H* (M)
for every s > 1. In order to prove that such solutions are global, we derive an a priori
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estimate on these solutions by coming back to the localized Strichartz estimate
(5.23). Let T > 0, T < 1. Given an interval I = [k/N, (k + 3)/N] included into
[0, T'], we introduce a time cutoff
on (1) = p(Nt — k),

with ¢ = 1 on [1, 2], ¢ compactly supported into (0, 3), and we apply estimate
(5.2.3)to v = gyu with vy = 0, fi = igju, and f» = gy F(u). We have

Ixw fall 226500y S N™PIVE @ oo o amy S N2
since @ = 3 and the H' norm of u(¢) is O(1) by (5.1.7). On the other hand,

)
Ixw fillazany S N2 xviell 2w o) -

Then we square these inequalities and we sum on all such intervals 7; we also apply
estimate (5.2.3) on intervals [0, 1/N] and [T — 1/N, T] with nonhomogeneous
Cauchy data. This gives

1,2 -1
||XNM||L2((0,T),L6(M)) 5 N~V ||XNM||L2((0,T),H1(M)) +N".
By the Sobolev inequality, this implies

—ip
Ixnull2qo.ry.000my S Mxvull 2o,y miony + N 2,

Finally, we sum on all the dyadic frequencies N, by observing that

Z ||XNM||L2((0,T),H1(M)) < log NO”””LZ((O,T),HI(M))

N<Ny
and

—(s—1)
Z I xvull 20,1y, 11y < Cs Ny el 20, 7). s (1))
N>Ny

for every s > 1. Choosing

No 2= (2 + llull oo, 7y, 15 o) /¢
we conclude

172

Il 20,7y ey S (T (1 410g[2 + llull oo 0,7y, s (m)]) (5.2.6)

It remains to apply the usual energy estimate in H* on the interval [0, T'], together
with the Gronwall lemma,

Cllull?
el Loo 0,7, s (yy < ol sy € LAOT)LM)

DT
< Clluollzs any [2 + NullLoo o, 1y, 55 a1~

where D depends only on abound of ||ug|| ;1. Therefore, if, forexample, DT = 1/2,
we get an a priori estimate of |lu|| oo (0,1), 55 (M), Which, by a classical iteration,
preserves u from blow-up.

Remark 5.2.1. 'The logarithmic a priori estimate (5.2.6) can be viewed as a three-
dimensional version of the Brezis-Gallouét inequality [8]. Let us note that it can be
proved avoiding the use of Keel-Tao’s endpoint result (see [18]). Moreover, it can
be shown to hold for every subquartic NLS (see [9]). However, we do not know
how to use the information (5.2.6) with a supercubic nonlinearity.
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5.3 BILINEAR STRICHARTZ ESTIMATES
AND THE SUBQUINTIC CASE ON S§3

5.3.1 Strichartz Estimates and Sogge’s Estimates

Let M be a compact three-manifold. An estimate of the form

lvllzro.1y.Lan) S Nlvoll ms (5.3.1)

for some p and g > 2 and for every solution v(¢) = e g of the linear Schrédinger
equation on M implies L? bounds on eigenfunctions of the Laplace operator on M.
Indeed, if

Ap+1rp=0, Ar>1, (5.3.2)

the choice vy = ¢ in (5.3.1) yields

Ipllzaon S VA 16l (5.33)

Estimates such as (5.3.3) were obtained by Sogge in [31], [32], [33] for every
q € [2, oo] and with s = s(g) given by

1 1 3
s(q):z—— if 2<qg<4, s(gg=1—- if 4<g<oo. (534)
q q

Moreover, the value s = s(q) is optimal in the case M = S, The diagram 1/g >
s(q) is represented on fig. 5.1 below.

Note that s(6) = 1/2, so that our Strichartz estimate (5.2.4) implies Sogge’s esti-
mate for ¢ = 6, and so that the loss in (5.2.4) is optimal on S3.

It is therefore natural to study the optimality of Theorem 5.2.1 on S3. First, we
point an improvement of generalized Strichartz estimates (5.3.1) on S3 in the specific
case p = q = 4. Indeed, if one tries to estimate the L* norm of the linear solution
von (0, 1) x 3, the most natural way is to interpolate (5.2.4) with the L? estimate
provided by the unitarity of the Schrodinger group. This yields

||U||L4((0,1),L3(s3)) < ||U0||HS(S3),

where the loss s satisfies s < 1/4 but cannot be smaller than 1/6 due to the optimality
of Sogge’s estimates on S°. Applying the Sobolev inequality, we obtain

||U||L4((o,1)xs3) S ||UO||Hx+1/4(33)-

However, it turns out that this estimate can be significantly improved by taking into
account the properties of the Laplace spectrum on S°.

PROPOSITION 5.3.1 Ifv(t) = ey, then

Ve > 0, ||v||L4((0,1)><S3) < C8||U0||H1/4+8(S3). (535)
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©

q)

1 i
4 q

1
2

Fig. 5.1. Sogge’s diagram on S°.

Proof. We start with the expansion of v(¢) in spherical harmonics,

)
vy =) e VH,,
n

where H,, is a spherical harmonic of degree n — 1 on S°. By the Littlewood-Paley
estimate, we may assume that n varies between N and 2N, where N is a dyadic
number. Arguing as in [36], [1], we write

4 _ 202
||v||L4((O,27T)><S3) - ||U ||L2((O,27r)><S3)
2
02y p2
> e H, (x) Ho(x)| dxdt,

/h/
3
0 IS [Nape<aN

and we apply the Parseval formula in the ¢ variable. This gives

2
4 _
IVl 240,20y 53) = 27 Z Z Hy H, ’
T€Z ||(n,0)eA N () L2(83)

where
Ay()={(n,0): N <n,t <2N, n*+¢*=1)}.
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Combining the classical number-theoretic estimate
Ve > 0,Vr, #An(t) <C.N°®

with the Schwarz inequality and Sogge’s L* inequality, we conclude

2
4 1 2
V134 0.2y 53y < CeN'™ (Z I H, ||L2(53)> :
n

which is the desired estimate.

Remark 5.3.2. Inthe case of R?, the usual Strichartz inequality (see [25]) combined
with the Sobolev estimate leads to the scale-invariant inequality

vl L4 @xrsy S Nvoll /a3,

while, on the torus T> = R? / 73, inequality (5.3.5) is due to Bourgain [1]. Moreover,
in the case of the sphere, it can be shown that the loss ¢ > 0 cannot be avoided.

5.3.2 Bilinearization

We now include Proposition 5.3.1 into a bilinear framework. We use the notation

Py = lNgﬂgzN
for the dyadic spectral projector.

DEFINITION 5.3.3 We shall say that the Schrodinger group satisfies a bilinear
Strichartz estimate of loss o > 0 on M if there exits C_> 0 such that, for ev-
ery L? functions f, f on M, for every dyadic integers N, N, the linear solutions

un(t) =e™Pyf, T5(t) =Py f
satisfy

~ . 7 2 ~
low D5l 2¢0.1yx ) < C min(N, N) N fll 2oy 1 N 2200n)-

By choosing N =N and fx)= f (x) =¥ (Nx) in a coordinate patch, where
¥ is smooth and compactly supported, and by describing v(t) for t < N2,
one can prove that no three-dimensional Schrodinger group can satisfy a bilinear
Strichartz estimate of loss o <1/4. On the other hand, estimate (5.2.4), com-
bined with the Sobolev inequality for spectrally supported functions, shows that
any three-dimensional Schrodinger group satisfies a bilinear Strichartz estimate of
loss o = 1/2. Hence, the interesting facts concern the range

11
o €
4’2
THEOREM 5.3.1 For every o > 1/4, the Schrodinger group on the sphere S3 sat-

isfies a bilinear Strichartz estimate of loss o.

Proof. Proceeding as in the proof of Proposition 5.3.1, one is reduced to establishing
the following bilinear version of Sogge’s estimates.
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LEMMA 5.3.4 For any spherical harmonics H,, H, of degrees n, ¢ > 1 on S3, for
every e > 0,

~ . l ~
||Hn He”Lz(S?’) =< Cg(mln(l’l, E))2+E||H,,||L2(S3)||Hg||L2(S3).

In fact, Lemma 5.3.4 is valid for eigenfunctions of an elliptic selfadjoint second-
order operator on arbitrary compact three-manifolds. A proof of it can be found
in [16] or [17], based on dispersive estimates for the oscillatory integrals describing
the approximate spectral projectors x (v/—A —n) for suitable ¥ € S. Another proof,
which was suggested to us by a discussion with H. Koch and D. Tataru, consists
in writing the eigenfunction equation (5.3.2) as a semiclassical evolution equation
in two-space dimensions, to which WKB approximation can be applied, leading to
dispersive estimates as (5.2.1) (see details in [18]).

5.3.3 The Role of Bilinear Strichartz Estimates

Finally, we recall briefly how to derive global wellposedness for NLS from bilinear
Strichartz estimates, following the work of Bourgain [1] on the torus (see also
Klainerman-Machedon [30] in the context of hyperbolic equations). For s € R,
b € R, define
XPRx M)={veS®Rx M)
(1410 + AP (1 = A v e LA2R x M)},

and introduce the corresponding local spaces

XpP(R x M)={v : Yo = () € C°(R), pv € X*P(R x M)},
qub((aa b) x M)Z{vl(a,b)xM LV E Xs’b(]R x M)}.

It is easy to check that

1
\ES Xp2(R x M) € C(R, H (M),

and that the solutions of the linear Schrédinger equation,

v(t) = e™vy, vy € HY,

belong to Xfoi’ (R x M) for every b. The following result shows how bilinear

Strichartz estimates provide an improvement of Theorem 5.2.1.

THEOREM 5.3.2 Assume the Schrodinger group satisfies a bilinear Strichartz esti-
mate of loss o € [% , %) on a three-manifold M. Then, for every s > 1, there exists
b > 1/2 such that, for every ug € H*(M), the nonlinear Schrodinger equation
(5.1.1) of degree

a<7—8o0

admits a unique solution u in Xs'h(R x M). In particular, if s > 3/2, the Cauchy

loc

problem admits a unique solution u € C(R, H*(M)).



NONLINEAR SCHRODINGER EQUATION 119

Combining Theorem 5.3.1 and Theorem 5.3.2 clearly provides global wellposed-
ness for defocusing subquintic NLS on $3.

The proof of Theorem 5.3.2 follows the main lines of [1], with necessary adapta-
tions to the case of arbitrary manifolds. Let us briefly review it by focusing on the
new case @ > 3. The main point is to solve the Duhamel equation

ut) =e"ug —i / e/ "DA F(u(t))dt (5.3.6)
0

by an iteration scheme in X((0, T) x M) for T small enough depending only on
a bound of the H' norm of ug, and to establish u € X*?((0, T) x M) if moreover
ug € H*. The globalization is then a consequence of the a priori bound (5.1.7).

In view of the estimate

1—b—b'
”w”X&]’((OVT)xM) S C T ||f||XS’7b/((0,T)><M)
for

w(t) = / A f iy dr’
0

and7 < 1,0 <b' < 1/2and0 < b < 1 -1/, the key estimates for the convergence
of the iteration scheme are, for some power p,

IF @)l v < Cs (14 lullxro)” el s,

) (53.7)
IF @) = F)ll s < Cs (14 lullxs + 0llxsn) " i = vl ys,

for every s > 1, and for some b, b’ such that 0 < b’ < % < b < 1—"V'; here the
norms are taken in R x M.
Let us sketch the proof of the first estimate in (5.3.7). By duality, it is equivalent

to
/ Fuw)wdtdx
RxM

For each pair (N, K) of dyadic integers, we introduce the projector

< Cs (T4 Nlullxre)” lull oo lwll oo (5.3.8)

Ankg = 1y maon k<t +a)<2K

so that every function # on R x M can be expanded as
u = Z AN[(M
N.K
with
el = Y N* K[| Aygul?,.

N,K

Then the bilinear Strichartz estimate of loss o can be rephrased as follows. For
every o) > o, there exists b; < 1/2 such that

lAvgu Aggillp2 (5.3.9)
1 N7 201
<c (min(N, N))

T i KB K o

XE,}; )
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where the sequences (c(N, K)), (é(N, K)) belong to the unit ball of £2. We now
expand the integrand in the left-hand side of (5.3.8). Modulo terms of lower order,
this integral is a sum of terms such as

3

1y :/ u%j)’KjH(SM(u))dt dx,
]RXMJ-:O

where N = (No, N1, N2, N3), K = (Ko, K1, K>, K3), Nj, K; describe all dyadic
integers such that Ny > N, > N3, ug,)g,,(o = Anyk,(w), and, for j =1, 2, 3,

u%j{,(j = Ayx, () or Ay ().
As for Sy, (u), it is essentially
Sny () = Y Py,
N=N3
and H is a smooth function built on the third derivatives of F, so that

|H(z)| < C(1+|z)* 7,

and

a=3
1 H (S @)oo < C Ny 2 (14 flullxis)* .

Using suitable integrations by parts and (5.3.9), it can be shown that, for A large
enough, there exists § > 0 and p such that, if Ny > ANy,

RS Ny (KoK1 K2 K3) P wll - (14 llullx16)? [l yson,

which clearly contributes to the desired right-hand side in (5.3.8).
Let us discuss the main regime Ny < A N;. Using the Cauchy-Schwarz inequality
and (5.3.9), we have

N ©0) 2 (D 3)
g | < ||MN0,KOMN2,K2||L2(RxM) ||’4N1,1<114N3,K3||L2(RxM) 1H (Sny )Nl oo rxn)

SR MWl g Nellss Nl (1 ullxs)* >,
where
No\’ ool - 201—14953 4y 3
/,LIA(] = (F) Nzal_ N3 ! 2 K()]_ (K1K2K3)bl_b HCJ(ZVJ’ KJ)’
1 ;
j=0

and the sequences (c;(N;, K ;)) are in the unit ball of £2. Our assumption on « reads

oa—3

2

for some y > 0. We then choose o € (o, 1/2) such that

=2—40—y

2—40 —y <2 —4oy,
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then b; < 1/2 such that (5.3.9) holds, then b’ € (by, 1/2), and finally b € (1/2,
1 — b’). This yields

N No\' (N3\'*" 4w bi—b l_l3
ng = F F K() (K1 K>2K3)™! Cj(NJ" Kj)’
1 2 =0

leading to the summability of _ % in view of Schur’s lemma.

5.4 TRILINEAR STRICHARTZ ESTIMATES
AND THE SUBQUINTIC CASE ON §2 x St

If one tries to apply the previous strategy to M = S? x S', one observes that the
Schrodinger group satisfies a bilinear Strichartz estimate of loss 0 = 3/8+-¢, which,
in view of Theorem 5.3.2, seems to restrict global wellposedness to subquartic
NLS. In fact, this “bad” bilinear Strichartz estimate is the trace of a “good” trilinear
Strichartz estimate, which will enable us to recover the whole subquintic range.

THEOREM 5.4.1 For every ¢ > 0, there exists C. > 0 such that, for every Ny >
Ny > Nj, forevery fi, f>, f3in LZ(S2 x 81, the solutions of the linear Schrodinger
equation

vi(0) =e"Py f;, j=1,2,3,
satisfy

lvivavsll 20,1y xs2x 51
1T A1 %
< C: Ny N3 lfillzsexsty 1 2llz2cs2xsty 1312 s2 sty

Remark 5.4.1. For Ny = N,= N3 and f; = f, = f3, Theorem 5.4.1 provides the
following estimate for solutions of the linear Schrédinger equation,

Ve >0, [[vllzso.1yxs2xsty < Ce ||Uo||H§+g(S2Xs]),

while the Strichartz estimates on R combined with the Sobolev inequality give the
scale-invariant estimate

V|6 n <Clvoll .2 ..
Iollsomamy < Clivol 2

The proof of Theorem 5.4.1 proceeds as in Theorem 5.3.1, writing
yxy= Y eI g e,
1\/1.2§nj(nj+l)+pj2§41\/j2
where H,fj 1), denote spherical harmonics of degree n on S2. The proof is achieved by
using the Parseval formula in variables ¢ and y, an elementary number-theoretic

counting argument, and the following trilinear version of Sogge’s L® estimate
on S2.
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LEMMA 5.4.2 Ifn; > ny, > n3 > 1areintegers and H,ff), Jj =1,2,3,isaspherical
harmonic of degree n; on 52,

1 2 3 1 1 2 3
IH HY HO 252 S (2n3)® 1HO [ 252y IHD 2052 1HS N z2¢s2)-

As in Subsection 3.3, we prove that three-manifolds that satisfy such trilinear
Strichartz estimates enjoy the same global wellposedness properties for subquintic
NLS.

THEOREM 5.4.2 Let M be a compact three-manifold for which there exists a > 0
such that, for every € > 0, solutions of the linear Schrodinger equation

Uj(t)zeitAPNjfj, j=132’37
satisfy

l—ate prl+
||Ulv2v3”L2((0,1)><M) <C:N,™ ‘ N A ||L2(M) ||f2||L2(M) ||f3||L2(M)~

Then, for every s > 1, there exists b > 1/2 such that, for every uy € H*(M), the
nonlinear Schrodinger equation (5.1.1) of degree a < 5 admits a unique solution
win X22(R x M). In particular, if s > 3/2, the Cauchy problem admits a unique

loc

solution u € C(R, H*(M)).

Let us indicate how Theorem 5.4.2 is obtained by modifying the proof of Theorem
5.3.2 in the previous section. First, in a similar way to (5.3.9), the assumed trilinear
Strichartz estimate implies, for every ¢ > 0, the existence of 8 = B, < 1/2 such
that, for Ny > N, > N3,

3
]‘[ Ay, ku (5.4.1)
j=1

L2(RxM)

Xs/-.bj,

3
_ ate—s _ —b; .
< CaNl 51 Nzl a+e—sy N31+a+s 53 HKj‘ jcj(Nj, Kj) ”u(j)”
j=1

and the sequences (c;(N;, K ;)) are in the unit ball of ¢2.

We now turn to the new ingredients in the proof of estimate (5.3.8), focusing
on the hardest case @ > 4. We perform one more dyadic expansion such that the
integral in the left-hand side of (5.3.8) is mainly a sum of terms

4

1y =f [ 1) x,G Sy, di dx,
RXMj:O

where N = (No, N], Nz, N3, N4), K = (K(), K], Kz, K3, K4), Nj, Kj describe all
dyadic integers such that Ny > N, > N3 > Ny, N9 < ANy, ”5\(/2.1(0 = Ay, (W),
and, for j = 1, 2, 3, 4,

uy) k= Dyjx; ) or Ak, (),
G is a smooth function built on the fourth derivatives of F, so that

IG(@)] < C+1zh*™,
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and
a—4

IGEN@IS T+ Y ANk @)

K5,N5:N5<Ny4
We then apply Holder’s inequality to get
11 < R LIRY

withy =a —4 € (0, 1) and
4 .
JIQI:/ 1_[|u%;y,(i|dtdx,
RxM =0 S

4
7N ) 1 N
Jx =/ [T¥)  11G1"7 drdx < I3
RXMJ-:O o

4
)
+ Y / [T1e3) ;1 Ansks )] dt dx.
Ns:Ns<Ng Y BXM ¢ '

We estimate J» by the Schwarz inequality and by applying (5.4.1) and its “bad”
bilinear trace, which is (5.3.9) with 20y = 1 — a + €. This gives

N 0) 2 (D 3) (€]
JK = ||MN0,1(0 Un, Kk, ||L2(R><M)||MN1,K1 UNny k3 YNy Ky ”LZ(RXM)

N 3
Sigllwllg—sw lulyrs lull xss,
where

No\* Ly u
ny = <VO> Ny TNy NG KT (K Ko KK [ ] e (N K,
1 X
Jj=0

and the sequences ¢;(N;, K ;) belong to the unit ball of ¢2.
Then we estimate each term in the sum majorizing J, » by Schwarz inequality
combined with (5.4.1). Summing on N5 and K3, this gives

T S R NG wll o (1 el yne)* el oo
We obtained finally
+ 4
1Y <l N wl oo (U el xns)* el on,
with
Msz NZ((HE)

No\* L u
— (ﬁ) sza+8N37a+8Nil+V)a+8 K(f)? b (Kl K2K3K4)}3—b 1_[ CJ(NJ3 Kj)
1 ;
j=0

The proof is completed by choosing ¢ small enough with respect to (1 — y)a.
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5.5 TOWARD THE CRITICAL CASE

In this last section, we prove some estimates related to the quintic NLS on S3, which
can be seen as a first step to global wellposedness for small energy data. We start
with an improvement of the L Strichartz estimate, which, as already observed in
Remark 5.4.1, displays the same loss of regularity as on R3.

PROPOSITION 5.5.1 Ifv(t) = e"®vy, then
IVl L60.1yxs3) < C llvoll g3 (s3)- (5.5.1)

Proof. The strategy is similar to Proposition 5.3.1. We write
)
o= ) ¢ " VH,
N<n<2N

and we compute the L° norm in time by using the Fourier series estimate of Propo-
sition 1.10 in Bourgain [7]. For every x € S°,

3
2
/ |v(t,x)|6dtsc1v< > |Hn<x>|2> :
0

N<n<2N
Integrating in x and developing, we obtain

6 2
IS0 2mxssy SN D IHuy Huy Hgll}o s,
N<ni,np,n3<2N
4 2 2 2
SNY D N H sy s 125 1 Hog 12

N<ny,np,n3<2N

by applying Sogge’s estimate (5.3.3), (5.3.4) with ¢ = 6. This completes the proof.

A trilinearization of Proposition 5.5.1 is in fact possible. This reads

THEOREM 5.5.1 For every ¢ > 0, there exists C. > 0 such that, for every Ny >
Ny > N, for every fi, f>, f3 in L*(S3), the solutions of the linear Schrédinger
equation

Uj(t):eitAPNjfjg j=1»2737
satisfy
%+s %—a
||U1U2U3||L2(<o,1)x53) <C,Ny; N; ||f1||L2(s3) ||f2||L2(s3) ||f3||L2(s3)-

Using the above trilinear theorem, it is easy to derive the following estimate on the
first iteration for quintic NLS:

COROLLARY 5.5.2 Foreverys > 1, there exists Cy such that, for every f € H*(S%),
the Duhamel term

t
u)(t) — / ez(t—r)A (|eztAf|4etrAf) dt
0
satisfies

4
sup [wOllgss3y < Coll SN g3y 1L e (s3)-

0<r<1
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Let us first show how Theorem 5.5.1 implies the corollary. As in previous sections,
we proceed by duality, and we expand, up to lower-order terms,

/ Wit x)e"™ forydx >~ D Iy (0,
3

No,N1=-->N5
with

and
vo(7) = ™A Py, fo, v;(T) = e”APN_,-f, or eTAPy. f,1<j<5.

We fix ¢ € (0, 1/6) and we apply the Schwarz inequality together with Theorem
5.5.1. We obtain

[ N.....n5 (D]

5 7
< E(N2N3)5+6(N4N5)578
S NI NaNsNuNs

[ Tes) L follm—s £ llas 1£ 130

Jj=0

where the sequences (c;(N)) belong to the unit ball of £2. This yields

No\* (N N
5(#,)) (i) <N5> ]_[cj(N)Ilfollyvllflle 115,

which completes the proof by the usual Schur lemma.

We close this section by describing the main steps of the proof of Theorem 5.5.1.
A first lemma is the following slight extension of Bourgain’s result in [7], which we
already used in the proof of Proposition 5.5.1.

LEMMA 5.5.3 Let ¢y € C§°(R) be supported in an interval I of length S N, with

sup |y (7)| S N2
TeR

Then, for every sequence (cy,),

> v cpe™

nez

1

2
1
SNe (Z |cn|2>
LO(R/277Z) nel

This lemma enables us to trilinearize the L° estimate of [7], in the spirit of [1].

LEMMA 5.5.4 Let ¢ € Ci°(R). Then, for Ny = N, > N3, the Fourier series
Fin =3¢ <%> ¢, j=1,2.3,
nj J

satisfy
3
LN
| F1FaF3ll 2wyonzy S Ns Nj 1_[ 1 Fill 2®j2rz)-
j=1
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Proof. Introduce x € C§°(R) supported into (—1, 1), such that

S r—w =1,

a€Z

and write

with

n n
Fio(t) = ;w (Fll) X (F; - a) ci(np) e

It is clear that the functions F) o F» F3 are almost orthogonal as o varies. Hence,

IFiFaF3lys =~ Y 1 Fia FaFslls,
o

and each term in the right-hand side can be estimated by means of the Holder in-
equality and of Lemma 5.5.3, observing that

satisfies the assumption of Lemma 5.5.3 with N = N,. This yields

2 2
IFLa 2Pl S N3 NS IFI, I 2, > le1(n)]
(a—1)Np<nj;<(¢+1)Np

and the summation on o completes the proof.
The second ingredient is once again a trilinear Sogge estimate (see [17]).
LEMMA 5.5.5 If ny > np, > n3 > 1 are integers and Hn(j.') ,J = 1,23, isa
spherical harmonic of degree n; — 1 on S°, then, for every ¢ > 0,
”H(l) (2) H(3)||L2(S3)
2 1- 1 2 3
< Cony "l NHD i 1D 25, 1D Dpaess -

At this stage it is easy to conclude the proof of Theorem 5.5.1, similarly to
Proposition 5.5.1. We write, for a suitable ¢ € C3°(R),

0 () =Y e Vg /N HY,

nj

and we apply Lemma 5.5.4 to F;(t) = v;(t, x) for fixed x. It remains to integrate
in x and to apply Lemma 5.5.5.
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5.6 CONCLUSION

Sections 3 and 4 provided two different proofs of the global wellposedness of de-
focusing subquintic NLS on §* and S x S', which add to the proofs for R? and
for T3. Moreover, J. Bourgain [4] recently gave another proof of this result for
irrational tori. It is of course tempting to conjecture that this fact is true for every
three-manifold, though a general argument seems out of reach for the moment.

As for critical NLS, we still have to introduce a convenient space of functions
where an iterative scheme can converge with small energy data.

Note that arguments of Section 5 cannot be extended to cubic NLS on S*. Indeed,
in this case, it is known [9] that the Strichartz inequality

IVl z40.1yxst) < ||U0||H%(S4)

fails for the solutions v of the linear Schrodinger equation. Therefore, the question
of wellposedness of this four-dimensional critical NLS seems even more intricate.
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Chapter Six

Power series solution of a nonlinear
Schrédinger equation

M. Christ

6.1 INTRODUCTION

6.1.1 The NLS Cauchy Problem

The Cauchy problem for the one-dimensional periodic cubic nonlinear Schrodinger
equation is

Tu; + Uy, + a)|u|2u =0 (NLS)
u(0, x) = uo(x),
where x € T = R/2nZ, t € R, and the parameter w equals 1. Bourgain [2]
has shown this problem to be wellposed in the Sobolev space H* for all s > 0,
in the sense of uniformly continuous dependence on the initial datum. In H? it is
wellposed globally in time, and as is typical in this subject, the uniqueness aspect
of wellposedness is formulated in a certain auxiliary space more restricted than
C°([0, T, H*(T)), in which existence is also established. For s < 0 it is illposed
in the sense of uniformly continuous dependence [3], and is illposed in stronger
senses [5] as well. The objectives of this chapter are twofold: to establish the
existence of solutions for wider classes of initial data than H, and to develop an
alternative method of solution.
The spaces of initial data considered here are the spaces FL*? for s > 0 and
p € [1, oo], defined as follows:

DEFINITION 6.1.1 FL*?(T) = {f € D'(T) : (-} f(-) € €7}

Here D'(T) is the usual space of distributions, and F L*? is equipped with the norm
- =~ 1 .

1flFsr = 1 Fler@ = (Loentm) | F@)1P)"?. We write FL? = FL*?, and

are mainly interested in these spaces since, for p > 2, they are larger function

spaces than the borderline Sobolev space H” in which (NLS) is already known to

be wellposed.

The author was supported by NSF grant DMS-040126.
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6.1.2 Motivations

At least four considerations motivate analysis of the Cauchy problem in these par-
ticular function spaces. The first is the desire for existence theorems for initial data
in function spaces that scale like the Sobolev spaces H*, for negative s. F L scales
like H*P) where s (p) = — % ~|—é N —% as p 1 oo, thus spanning the gap between the
optimal exponent s = 0 for Sobolev space wellposedness, and the scaling exponent
- % Moreover, F L7 is invariant under the Galilean symmetries of the equation.

Some existence results are already known in spaces scaling like H* for certain
negative exponents, for the nonperiodic one-dimensional setting. Vargas and Vega
[12] proved existence of solutions for arbitrary initial data in certain such spaces
for a certain range of strictly negative exponents. In particular, for the local in time
existence theory, their spaces contain FL” for all p < 3, and scale like FL? for a
still larger though bounded range of p. Griinrock [7] has proved wellposedness for
the cubic nonlinear Schrodinger equation in the real line analogues of FL%?, and
for other PDE in these function spaces, as well.

A second motivation is the work of Kappeler and Topalov [9], [10], who showed
via an inverse scattering analysis that the periodic KdV and mKdV equations are
wellposed for wider ranges of Sobolev spaces H* than had previously been known.
It is reasonable to seek a corresponding improvement for (NLS). We obtain here
such an improvement, but with FL? with p > 2 substituted for H* with s < 0.

Third, Christ and Erdogan, in unpublished work, have investigated the conserved
quantities in the inverse scattering theory relevant to (NLS), and have found that for
any distribution in FL?(T) with small norm, the sequence of gap lengths for the
associated Dirac operator belongs to £” and has comparable norm.! Thus FL? for
2 < p < oo may be a natural setting for the Dirac operator inverse scattering theory
relevant to the periodic cubic nonlinear Schrédinger equation.

For p = 2, the existing proof [2] of wellposedness via a contraction mapping
argument implies that the mapping from initial datum to solution has a convergent
power series expansion; that is, certain multilinear operators are well defined and
satisfy appropriate inequalities. Our fourth motivation is the hope of understanding
more about the structure of these operators.

6.1.3 Modified Equation

In order for the Cauchy problem to make any sense in FL” for p > 2, it seems to
be essential to modify the differential equation. We consider

i+ e + o(lul* = 2pn(ul*)u =0

u(0, x) = uo(x), (NS

! Having slightly better than bounded Fourier coefficients seems to be a minimal condition for the
applicability of this machinery, since the eigenvalues for the free periodic Dirac system are equally
spaced, and gap lengths for perturbations are to leading order proportional to absolute values of Fourier
coefficients of the perturbing potential.
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where
w(IfP) = @) / ()P dx 6.L1)
T

equals the mean value of the absolute value squared of f. In (NLS*), u(|u |?) is short-
hand for p(lu(t, H|?) = |lu(t, -) ||iz, which is independent of ¢ for all sufficiently
smooth solutions; modifying the equation in this way merely introduces a unimod-
ular scalar factor e?#/, where u = u(Jug|?). For parameters p, s such that FL*? is
not embedded in H®, 1 (|ug|?) is not defined for typical ug € FL*?, but of course
the same goes for the function lug(x)|?, and we will nonetheless prove that the
equation makes reasonable sense for such initial data.

The coefficient 2 in front of ¢ (|u|?) is the unique one for which solutions depend

continuously on initial data in FL” for p > 2.

6.1.4 Conclusions

Our main result is as follows. Recall that there exists a unique mapping uy +—>
Sup(t, x), defined for uy € C°°, which for all sufficiently large s extends to a
uniformly continuous mapping from H*(T) to C([0, 00), H*(T)) N C'([0, 00),
H*~2(T)), such that Suy is a solution of the modified Cauchy problem (NLS*).
C*°(T) is of course a dense subset of FL*” for any p € [1, 00).

THEOREM 6.1.1 Forany p €[1, 00), any s >0, and any R < 0o, there exists T > (0
for which the solution mapping S extends by continuity to a uniformly continuous
mapping from the ball centered at 0 of radius R in FL*? (T) to C°([0, ], FL*?(T)).

For the unmodified equation this has the following obvious consequence. Denote
by HC0 = HCO(T) the set of all f € H? such that || f||;2 = c. Denote by S'u the
usual solution [2] of the unmodified Cauchy problem (NLS) with initial datum u,
for uy € HO.

COROLLARY 6.1.2 Let p € [1,00) and s > 0. For any R < oo there exists T > 0
such that for any finite constant ¢ > 0, the mapping H® > ug + S'uq is uniformly
continuous as a mapping from H? intersected with the ball centered at 0 of radius
R in FL*?, equipped with the FL*? norm, to C°([0, t], FL*?(T)).

The unpublished result of the author and Erdogan says that for smooth initial
data, if ||ug| #Lr is sufficiently small then ||u(¢)|| 7Lr remains bounded uniformly
for all + € [0, 00). This result in combination with Theorem 6.1.1 would yield
global wellposedness for sufficiently small initial data.

The following result concerns the discrepancy between the nonlinear evolution
(NLS*) and the corresponding linear Cauchy problem

vy, +v, =0

v(0, x) = up(x). ©.1.2
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PROPOSITION 6.1.3 Let R < oo and p € [1,00). Let g > p/3 also satisfy g > 1.
Then there exist t,& > 0 and C < oo such that for any initial datum u satisfying
lluollzLr < R, the solutions u = Sugy of (NLS*) and v of (6.1.2) satisfy

lu(t, ) — v(t, Y Fra < Ct* forallt € [0, T]. (6.1.3)

Here u is the solution defined by approximating u by elements of C* and passing to
the limit. Thus for p > 1 the linear evolution approximates the nonlinear evolution,
modulo correction terms that are smoother in the FL? scale.

Our nextresultindicates that the function u (¢, x) defined by the limiting procedure
of Theorem 6.1.1 is a solution of the differential equation in a more natural sense than
merely being a limit of smooth solutions. Define Fourier truncation operators Ty,
actingon FL*?(T), by TNf(n) = Oforall |n| > N,and = f(n) whenever |n| < N.
Tw acts also on functions v(¢, x) by acting on v(¢, -) for each time ¢ separately.
We denote by S(u) the limiting function whose existence, for nonsmooth u, is
established by Theorem 6.1.1.

PROPOSITION 6.1.4 Let p € [1,00), s > 0, and ug € FL*P. Write u = S(up).
Then for any R < oo there exists T > 0 such that whenever ||ug|rrsr < R,
Nu(t, x) = (lu]*> = 2u(lul®)u exists in the sense that

Nlim N (Tyu)(t, x) exists in the sense of distributions in C°([0, t], D'(T)).
—00
(6.1.4)

Moreover if N (u) is interpreted as this limit, then u = S(ug) satisfies (NLS*) in the
sense of distributions in (0, 7) x T.

More generally, the same holds for any sequence of Fourier multipliers of the form
T, f (n) =m,(n) f (n), where each sequence m, is finitely supported, sup,, ||m,[|¢> <
00, and m,(n) — 1 as v — oo for each n € Z; the limit is of course independent
of the sequence (m,). Making sense of the nonlinearity via this limiting procedure
is connected with general theories of multiplication of distributions [1], [6], but the
existence here of the limit over all sequences (m,) gives u stronger claim to the title
of solution than in the general theory.

Unlike the fixed-point method, our proof yields no uniqueness statement cor-
responding to these existence results. For any p > 2, solutions of the Cauchy
problem in the class C9([0, t], FLP), in the sense of Proposition 6.1.4, are in fact
not unique [4].

6.1.5 Method

Define the partial Fourier transform

uit,n) = Qr)"! / e "yt x) dx. (6.1.5)
T

Our approach is to regard the partial differential equation as an infinite coupled
nonlinear system of ordinary differential equations for these Fourier coefficients, to
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express the solution as a power series in the initial datum
oo
w(t.n) =) Au) (. ..., i) (6.1.6)
k=0

where each A.(¢) is a bounded multilinear operator? from a product of k copies
of FL*? to FL*?, to show that the individual terms A (¢)(ify, .. ., ily) are well
defined, and to show that the formal series converges absolutely in CO(R, FL*?)
to a solution in the sense of (6.1.4). The case s > 0 follows from a very small
modification of the analysis for s = 0, so we discuss primarily s = 0, indicating
the necessary modifications for s > 0 at the end of the paper.

The analysis is rather elementary, much of the chapter being devoted to setting
up the definitions and notation required to describe the operators An(t). A single
number theoretic fact enters the discussion: the number of factorizations of an
integer n as a product of two integer factors is O (n®), for all § > 0; this same fact
was used by Bourgain [2].

The author is grateful to J. Bourgain, C. Kenig, H. Koch, and D. Tataru for invita-
tions to conferences that stimulated this work, and to Betsy Stovall for proofreading
a draft of the manuscript.

6.2 A SYSTEM OF COUPLED ORDINARY
DIFFERENTIAL EQUATIONS

6.2.1 General Discussion
Define
o(j, k,l,n)=n*— j>+k*—1I% 6.2.1)
It factors as
oGk, L,n)y=2n— j)n—1)=2k —Dk— j) (6.2.2)

provided that j —k + [/ = n.
Written in terms of Fourier coefficients u,, () = u(t, n), the equation iu; +u,, +
a)(|u|2 - 2u(|u|2))u = 0 becomes

diu, _

. 2~ ~=~ ~ 2~ _

i r n“u, +w ' E WUkl — 20 E [um|“u, = 0. (6.2.3)
Jj—k+l=n m

Here the first summation is taken over all (j, k,1) € 73, satisfying the indicated
identity, and the second over all m € Z. Substituting

a,(t) = "0, n), (6.2.4)

2 Throughout the discussion we allow multilinear operators to be either conjugate linear or linear in
each of their arguments, independently.
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(6.2.3) becomes

da,
dt

*
=iw E aj&kale’”(]'k‘l‘”)’ —iwlay|*ay, (6.2.5)
Jj—k+l=n

where the notation ZL «+1—n Means that the sum is taken over all (j, k, [) € 73 for
which neither j = n nor [ = n. This notational convention will be used throughout
the discussion. The effect of the term —2wu(Ju|*)u in the modified differential
equation (NLS*) is to cancel out a term 2iw (>, |an |*)a,,, which would otherwise
appear on the right-hand side of (6.2.5).

Reformulated as an integral equation, (6.2.5) becomes

an(t)zan(O)—i-iw Z [aj(s)&k(s)a[(s)eia(j,k,l,n)sds
0

j—k+l=n
t

— iw/ lan ()2 (s) ds. (6.2.6)
0

However, in deriving (6.2.6) from (6.2.5), we have interchanged the integral over
[0, ¢] with the summation over j, k, / without any justification.
In terms of Fourier coefficients, (6.2.6) is restated as

t
u(t,n)=ip(n) — in2/ (s, n)ds
0

+iw Z /ﬁ(s, Ju(s, ku(s, ) ds —ia)/ [a(s, n)|%u(s, n)ds. (6.2.7)
0 0

Jj—k+l=n

Substituting for a;(s), ax(s), a;(s) in the right-hand side of (6.2.6) by means of
(6.2.6) itself yields

* t
an(t)=a,(0) +iw Y a;(0)ax(0)a0) / o Uklms g
j—k+i=n 0

—iwla,(0)|*a, (0)/ lds
0

+ additional terms
*

Ot ) 4 Ly S BOEOGO) i,
=, (0)(1 —iwtla, (O)F) + Z‘j_;:n TG !

+ additional terms. (6.2.8)

These additional terms involve the functions a,,, not only the initial data a,,(0).
The right-hand side of the integral equation (6.2.6) can then be substituted for each
function a,, replacing it by a, (0) but producing still more complex additional terms.
Repeating this process indefinitely produces an infinite series, whose convergence
certainly requires justification. Each substitution by means of (6.2.6) results in
multilinear expressions of increased complexity in terms of functions a,(¢) and
initial data a, (0).
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We recognize 1 — iwt|a, (0)|? as a Taylor polynomial for exp(—i|a,(0)|*t), but
for our purposes it will not be necessary to exploit this by recombining terms.
In particular, we will not exploit the coefficient i which makes this exponential
unimodular.

6.2.2 A Sample Term

One of the very simplest additional terms arises when (6.2.6) is substituted into
itself twice:

* * * *

o) 3 2. 2 2.

J1=j2+j3=n m{fméwtmé:h m%fm%er%:jz m?fm%er;:jg
/ a,1(ry)a, (r)a, (r)a,z(r)a, (r)a,z (ra,;s(r)a,s (r3)a,,s (r3)
0<r1 1. r2<s<t 1 2 3 1 2 3 1 2 3
=rLr2,r3=8=

eilr(jl,jz,j3.n)sei(r(m%,m%,m&jl)rl e—izr(m%.m%,m%,j2)r2ei0(111?,m%,m%$j3)r3 dr1 dl"g dr2 dS.
(6.2.9)
Substituting once more via (6.2.6) for each function a, (r;) in (6.2.9) yields a main

term . )
(iw)* Z Z(t, (m})1<ik<3) l_[ a*i (0), (6.2.10)
(mi)1<ik<3 ij=1 7

which arises when a, (r;) is replaced by a, (0), plus higher-degree terms. Here the
superscript * indicates that the sum is taken over only certain (mf{) l<ik<3 € Z°,
where a;i (0) =a,,i (0)ifi + jisevenand = a,, (0) if i + j is odd, and where

J J J

I(t, (mi)1<ipes) = / s SIS g e e ds. (6.2.11)
0<ry,ra,r3<s<t
with
O(s, 71,712,713, (m;)lgi,j§3) (6.2.12)
3

=0 (j1, j2s J3,n)s + Z(—l)’“o(m‘l, my, my, jiri;
i=1

and ji, jo, j3, n are defined as functions of (m;) by the equations governing the
sums in (6.2.9). Continuing in this way yields formally an infinite expansion for the
sequence (a, (t)),cz in terms of multilinear expressions in the initial datum (a, (0)).
This expansion is doubly infinite; the single (and relatively simple) term (6.2.10)
is for instance an infinite sum over most elements of an eight-dimensional free
Z-module for each n.

The discussion up to this point has been purely formal, with no justification
of convergence. In the next section we will describe the terms in this expansion
systematically. The main work will be to show that each multilinear operator is well
defined on £7 initial data, and then that the resulting fully nonlinear infinite series
is convergent.
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6.3 TREES AND OPERATORS INDEXED BY TREES

6.3.1 Trees

On a formal level a(t) = (a,(?)),cz equals an infinite sum

ZAk(t)(a(O),a(O),a(O),...), (6.3.1)

k=1

where each A;(¢) is a sum of finitely many multilinear operators, each of degree
k. Throughout the chapter, by a multilinear operator we mean one which is either
linear or conjugate linear with respect to each argument; for instance, (f, g) — fg
is considered to be multilinear. We now describe a class of trees that will be used
both to name, and to analyze, these multilinear operators.

In a partially ordered set with partial order <, w is said to be a child of vif w < v,
w # v, and if w < u < v implies that either u = w, oru = v.

The word “tree” in this chapter will always refer to a special subclass of what are
usually called trees, equipped with additional structure.

DEFINITION 6.3.1 A tree T is a finite partially ordered set with the following prop-
erties:

(1) Whenever vy, vz, v3,v4 € T and v4 < v, < vy and v4 < v3 < vy, then either
V) < V3 0rv3y < Vs

(2) There exists a unique element r € T satisfyingv <r forallv e T.

(3) T equals the disjoint union of two subsets T°, T™, where each element of
T has zero children, and each element of T° has three children.

(4) Foreachv € T there is given a number in {1}, denoted +,.

(5) There is given a partition of the set of all nonterminal nodes of T into two
disjoint classes, called simple nodes and ordinary nodes.

Terminal nodes are neither simple nor ordinary. The distinction between ordinary
and simple nodes will encode the distinction between the two types of nonlinear
terms on the right-hand side of (6.2.6).

DEFINITION 6.3.2 Elements of T are called nodes. A terminal node is one with
zero children. The maximal element of T is called its root node and will usually
be denoted by r. T™ denotes the set of all terminal nodes of T, while T® = T \ T®
denotes the set of all nonterminal nodes. The three children of any v € T° are
denoted by (v, 1), (v, 2), (v, 3).

Foranyu € T, T, = {v € T : v < u} is a tree, with root node u. The number
|T| of nodes of a tree is of the form 1 4 3k for some nonnegative integer k.

|T®°| =1+ 2kand |T°| =k (6.3.2)

sothat T, T°, T have uniformly comparable cardinalities, except in the trivial case
k =0 where T = {r}.
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Given a tree T, we will work with the auxiliary space Z; the latter symbol T
denotes the set of all nodes of the tree with the same name. Elements of Z” will be
denoted by j = (ju)ver € Z" with each coordinate j, € Z.

DEFINITION 6.3.3 Let T be any tree. A function o, : Z' — Z. is defined by

if w is terminal,

ow(j) = (6.3.3)

Jo = Jtsny + Jtya) =t if w is nonterminal.
0, (j) depends only on the four coordinates j,, ju.1), jw.2), jw.3) Of j.

DEFINITION 6.3.4 An ornamented tree is a tree T, together with a coefficient €, ; €
{—1, 0, 1} for each nonterminal node v € 7o, and for each i € {1, 2, 3}.

DEFINITION 6.3.5 Let T be an ornamented tree. The function p : Z¥ — Z is
defined recursively by

pu(j) = 0ifveT™ (6.3.4)

and

3
o (§) = 0 Gty Jo2s Jwdy o) + Y evipwin(§) ifv e TO. (6.3.5)

i=I

Whenever all children of v are terminal, p,(j) = o0,(j). But if T has many
elements, then for typical v € T°, p, will be a quadratic polynomial in many
variables, which will admit no factorization like that enjoyed by o,,. p,(j) depends
onlyon {j,, &,; : u < v}. Tosimplify notation and language, we will use the symbol
T to denote the ornamented tree, the underlying tree, and the underlying set.

DEFINITION 6.3.6 Let T be a tree. J(T) C ZT denotes the set of all j = (jiy)ver
satisfying the restrictions

Jv = Jw.n — Jw2) + jw3 forevery v € T° (6.3.6)
{vs w2} N {jw.1)» Jw3)) =@ for every ordinary node v € T° (6.3.7)
Jv = jw.ip foralli € {1, 2,3} forevery simple node v € T°. (6.3.8)

(6.3.6) implies that for any v € T°, j, can be expressed as a linear combination,
with coefficients in {1}, of {j,, : w € T*°}.

Let §, co > 0 be sufficiently small positive numbers, to be specified later. The
following key definition involves these quantities.

DEFINITION 6.3.7 Let T be an ornamented tree. If j € J(T) and v € T, we say
that the ordered pair (v, j) is nearly resonant if v is nonterminal and

lou () < coloy(DI'. (6.3.9)

(v, j) is said to be exceptional if v € T® and p,(j) = 0.
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Whether (v, j) is nearly resonant depends on the values of j, for all u < v.
Exceptional pairs (v, j) are of course nearly resonant. If v € T is an ordinary
node all three of whose children are terminal, then (v, j) cannot be exceptional, for

Pud) = (w0, Jw2)s Jw3)s Jv) = 20y = jow,1) (v — jw,3)) cannot vanish, by
(6.3.7). Butif v has at least one nonterminal child, then nothing prevents p, (j) from
vanishing, and if v is a simple node all of whose children are terminal, then any pair
(v, j) is certainly exceptional.

6.3.2 Multilinear Operators Associated to Trees
DEFINITION 6.3.8 Let T be any tree, and let t be any real number. If T is not the

trivial tree {r} with only element, then the associated interaction amplitudes are

Ir(t,j) = / ]‘[ et gy (6.3.10)
R

@.n uer?
where R(T, t) C [0, t]To is defined to be

R(T, 1) = {(t)yero : 0 < t, < t,y <t whenever u, u’ € T satisfy u < u'}.
(6.3.11)

When T = {r} has a single element, J(T) = Z, and Z7(t, ) is defined to be 1 for
allt,j.

The following upper bounds for the interaction amplitudes Zr (¢, j) are the only
information concerning them that will be used in the analysis.

LEMMA 6.3.1 Let T be any tree, and let j € J(T). Then forall t € [0, 1],
\Zr @, )l < 17 (6.3.12)

and

Zr. L <27 T tew@ (6.3.13)

(Eu,i) weT0

The notation (x) means (1 + |x|?)!/2. The sum in (6.3.13) is taken over all of
the 3/7° possible choices of ¢,; € {0, 1, —1}; these choices in turn determine the
functions p,,. Lemma 6.3.1 will be proved in Section 6.5.

DEFINITION 6.3.9 Let T be any tree, and let t € R. The tree operator S (t)
associatedto T, t is the multilinear operator that maps the | T *°| sequences (x,) yer>
of complex numbers to the sequence of complex numbers

Sr)(xwer=)m) = Y Zrt.§) [ xwliw) (6.3.14)

JjeI(T): je=n weT™>®

indexed by n € Z.
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G (¢) takes as input | 7°°| complex sequences, each belonging to a Banach space
£P(Z), and outputs a single complex sequence, which will be shown to belong to
some (9(7Z).

When T is the trivial tree {r} having only one element, G (¢) is the identity oper-
ator for every time 7, mapping any sequence (x,(0)),cz to itself. This corresponds
to the linear Schrodinger evolution; it is independent of ¢ because we are dealing
with twisted Fourier coefficients (6.2.4).

6.4 FORMALITIES

With all these definitions and notations in place, we can finally formulate the con-
clusion of the discussion in Section 6.2.

PROPOSITION 6.4.1 The recursive procedure indicated in Section 6.2 yields a for-
mal expansion

a(t) =Y Au(t)(@},(0), a3 ,(0), ...), 6.4.1)

k=1

where each Ay (t) is a multilinear operator of the form

At)y= Y cr6r), (6.4.2)

|T|=3k+1

each sequence a},n (0) equals either a(0) or a(0), the scalars cy € C satisfy |cr| <
C'"Y'T1 and for each index k, the sum in (6.4.2) is taken over a finite collection of
O(C*) ornamented trees T of the indicated cardinalities.

This asserts that the outcome of the repeated substitution of (6.2.6) into it-
self, as described in Section 6.2, is accurately encoded in the definitions in Sec-
tion 6.3. This proposition and the following result will be proved later in the
chapter.

PROPOSITION 6.4.2 There exists a finite positive constant ¢y such that whenever
a(0) € £, the multiply infinite series > Ak(®)(@*(0), ...) converges absolutely to
a function in C°([0, 7], £') provided that t||a(0) |, < co.

Conversely, ifu € C°([0, t], £"), then for sucht, the sequence a,(t) = ei”Z’ﬁ(t, n)
equals the sum of this series, fort € [0, t].

By the first statement we mean that ZjeJ(T) IZ7 (2, DI [ Tereo 1a(0)(jw)| con-
verges absolutely for each ornamented tree 7, and that if its sum is denoted by
&%.(a(0), a(0), ...)(7), then the resulting series > Z\T|=3k+1 cr65.(a(0), a(0),
...)(t) likewise converges.

The operators &7 and coefficients ¢y were defined so that the following holds
automatically.
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LEMMA 6.4.3 There exists ¢ > 0 with the following property. Let ity be any
numerical sequence and define a(0)(n) = itg(n). Suppose that the infinite se-
ries defining &% (a*(0), a*(0), .. .)(t) converges absolutely and uniformly for all
t € [0, t] and that its sum is O(c\T"), uniformly for every ornamented tree T.
Define a(t) to be the sequence Z,fil Ar(t)(a*(0),a*(0), ...). Then a satisfies the
integral equation (6.2.6) for t € [0, t]. Moreover, the function u(t, x) defined by
ut,n) = e”'”z’a(t, n) is a solution of the modified Cauchy problem (NLS*) in the
corresponding sense (6.2.7).

The main estimate in our analysis is as follows.

PROPOSITION 6.4.4 Let p € (1, 00). Then for any exponent g > ﬁ satisfying
also q > 1, there exist ¢ > 0 and C < oo such that for all trees T and all sequences
x, € 04,

187 @) (overs)lles < (€O Mxoller (6.4.3)

veT>®

Proposition 6.4.4 and Lemma 6.4.3 will be proved in subsequent sections. To-
gether, they give:

COROLLARY 6.4.5 Let p € [1,00). For any R < oo there exists T > 0 such
that the solution mapping ug — u(t, -) for the modified Cauchy problem (NLS*),
initially defined for all sufficiently smooth u, extends by uniform continuity to a
real analytic mapping from {ug € FL? : ugllzLr < R} to C°([0, t], FL?(T)).

We emphasize that analytic dependence on ¢ is not asserted; solutions are Holder
continuous with respect to time.

6.5 BOUND FOR THE INTERACTION AMPLITUDES Z;(7, j)

Proof of Lemma 6.3.1. Let j € ZT be given; it will remain constant throughout the
proof. The first bound of the lemma holds simply because |Zr (¢, j)| < |R(T, t)|.
The proof of the second bound (6.3.13) proceeds recursively in steps. In each step
we integrate with respect to 7, for certain nodes v in the integral defining R(7, 1),
holding certain other coordinates f,, fixed. Once integration has been performed
with respect to some coordinate, that coordinate is of course removed from later
steps.

In Step 1, we hold #, fixed whenever at least one child of v is not terminal. We also
fix 1, for every simple node v having only terminal children. The former coordinates
ty, and underlying nodes v, are said to be temporarily fixed; the latter coordinates
and nodes are said to be permanently fixed. We integrate with respect to all nonfixed
coordinates t,,.

When |T| = 1 there is nothing to prove. Otherwise there must always exist at
least one node, all of whose children are terminal. If there exists such a node which
is also ordinary, then at least one coordinate 7, is not fixed. The subset, or slice,
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of R(T, t) defined by setting each of the fixed coordinates equal to some constant
is either empty, or takes the product form X, no fixea[0, #,+], where u* denotes the
parent of u. The integrand is likewise a product, of simple exponentials. Integrating
over this slice with respect to all of the nonfixed coordinates thus yields

t*
| | eiwio'wfm | | / eiuio'utu dtu,
w uw YO

where the first product is taken over all fixed w € T°, and the second over all re-
maining nonfixed u € T°.

None of the quantities o, can vanish in Step 1, since an ordinary node having
only terminal children can never be exceptional, by (6.3.7). Therefore, the preceding
expression equals

l_leiwio’wlw l_[(:l:uio.u)—l (eiuiﬂutu* _ 1)
w u

This may be expanded as a sum of 2V terms, where N is the number of nonfixed
nodes in T°. Each of these terms has the form

Zl: l_leiwio'wfw l_l(iau)fleauia“’u* (651)
w u

for some numbers ¢, € {0, 1, —1}.

The other possibility in Step 1 is that |T| > 1, but every nonterminal node that
has only terminal children is simple. In that case all coordinates ¢, are fixed at Step
1, no integration is performed, and we move on to Step 2.

Any node v that is permanently fixed at any step of the construction remains
fixed through all subsequent steps; we never integrate with respect to #,. On the
other hand, once we’ve integrated with respect to some t,,, then the node w is also
removed from further consideration.

We now carry out Step 2. The set T} of all nodes temporarily fixed during Step
I is itself a tree. There is an associated subset Ry, of {(t, : w € T7)}, defined
by the inequalities 0 < t,, < t,» < t whenever w < w’, and also by 1, < t,, if
u < w and u was permanently fixed in Step 1. To each node w € Tj is associated a
modified phase 0?, defined to be o, + Y _; €(w.i)O(w.i)» Where the sum is taken over
alli € {1, 2, 3} such that we integrated with respect to #(, ;) in the first step. Thus,
the product of exponentials in (6.5.1) can be rewritten as

. . . (2
He:twtawtw l_[esulautu* — l_[ eﬂ:vlo'lg )tv’ (652)
w u

veT)

which takes the same general form as the original integrand.
A node w is permanently fixed at Step 2 if it was permanently fixed at Step 1, or
if w is terminal in 7 and satisfies 0 = 0. A node w € T is temporarily fixed at

e L . e .
Step 2 if w is not terminal in 7;. We now integrate [ [, 7 e*iow () with respect to
t, for all u € T that are neither temporarily nor permanently fixed at Step 2. As in
Step 1, this integral has a product structure x,[#, ., #,+], where the product is taken
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over all nodes u not fixed at this step, u™* is the parent of u, and the lower limit ¢, .
is either zero, or equals #,, for some child w of u that has been permanently fixed.
Now 2M2 terms are obtained after integration, where N, is the number of variables
with respect to which we integrate.

In Step 3 we consider the tree 7, consisting of all w € T; that were temporarily
fixed in Step 2. Associated to 7> is a set R, , and associated to eachnode v € T, isa
modified phase 0> = 0P+, 8(w,,v)a((i?i), the sum being taken overalli € {1, 2, 3}
such that (w, i) was not fixed in Step 2. A node v € T; is then permanently fixed if
it is terminal in 7> and 0® = 0. v € T, is temporarily fixed if it is not terminal in
T,. We then integrate with respect to ¢, for all v € T, that are neither temporarily
nor permanently fixed.

This procedure terminates after finitely many steps, when for each node v € T°,
either v has become permanently fixed, or we have integrated with respect to ¢,.
This yields a sum of at most 2!7°! terms. Each term arises from some particular
choice of the parameters ¢, ;, and is expressed as an integral with respect to ¢, for all
nodes v € T that were permanently fixed at some step; the vector (¢,) indexed by
all such v varies over a subset of [0, ] where M is the number of such v. At step
n, each integration with respect to some #, yields a factor of (¢")~!, multiplied
by some unimodular factor; alf”) is nonzero, since u would otherwise have been
permanently fixed.

Thus, for each term we obtain an upper bound of [, [0, (j)| ', where the product
is taken over all nonexceptional nodes u; this bound must still be integrated with
respect to all #,, where w ranges over all the exceptional nodes. Each such coordinate
t 1s restricted to [0, ¢]. Thus we obtain a total bound

Izl < Y M T lew®I, (65.3)

(eu,i) weT?

where for each (¢g,;), M = M ((g,,;)) is the number of exceptional nodes encoun-
tered in this procedure, that is, the number of permanently fixed nodes, and where
for each (&), ]—[Z <ro denotes the product over all nodes w € T that are nonex-
ceptional with respect to the parameters (e, ;) and j. Since ¢ € [0, 1], the stated
result follows. O

6.6 A SIMPLE ¢! BOUND

This section is devoted to a preliminary bound for simplified multilinear operators.
For any tree T and any sequences y, € ¢!, define

St(Gw)ver=)(n) = Z [T yutin). (6.6.1)
Jijr=n uelT®

The notation Zj*:*ir=n indicates that the sum is taken over all indices j € Z! satisfying

(6.3.6) as well as j. = n;therestrictions (6.3.7) and (6.3.8) are not imposed here. S‘T
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has the same general structure as Gy, except that the important interaction ampli-
tudes Zr (¢, j) have been omitted.

LEMMA 6.6.1 For any tree T and any sequences {(y,) : v € T*}

157 (Gwver=)ler < TT lywller, (6.6.2)

weT>®

with equality when all y,(j,) are nonnegative.

Proof. There exists a nonnegative integer k for which |T| = 3k +1, |T*®| = 2k +1,
and |T°| = k. Consider the set B C T whose elements are the root node r together
with all (v, i) such thatv € T® and i € {1, 3}. Thus |B| = 1 + 2k = |T*°|. Define

kyi = jo— jowi forve T andi € {1, 3}. (6.6.3)

Consider the Z-linear mapping L from Z”" to Z* defined so that L(j) has coordi-
nates jr and all k, ;. The definition of k, ; makes sense for i = 2, but that quantity
is redundant; k, ;1 — ky 2 + ky3 = 0.

Jv and j ;y are well-defined linear functionals of j € 7%, because given the
quantities j,, forallw € T°°, j, can be recovered for all other v € T via the relations
(6.3.6), by ascending induction on v. We claim that L is invertible. Indeed, from
the quantities j. and all j, — j,;) withv € T%andi € {1, 3}, Ju can be recovered
for all u € T by descending induction on u, using again (6.3.6) at each stage. For
instance, at the initial step, ji) = jr + kr; for i = 1,3, and then j ) can be
recovered via (6.3.6). Thus L is injective, hence invertible.

By descending induction on nodes it follows in the same way from (6.3.6) that
J = (juw)wero satisfies a certain linear relation of the form

Je=>_ Fuwju (6.6.4)

weT>®

where each coefficient +,, equals £1. By the conclusion of the preceding paragraph,
(Jw)weree is subject to no other relation; the sum defining S‘T ((yw)weToo ) (Jr) is taken
over all j satisfying this relation. Therefore, i Sr( Jr) equals the summation over
all w € T* and all j,, € Z, without restriction, of ], eroo Yw(jw). The lemma
follows. O

COROLLARY 6.6.2 For any tree, the sum defining GT((yu)UeToo)(l’l) converges ab-
solutely for all n € 7 whenever all y, € £', and the resulting sequence satisfies

167 (u)vere)lle < [T Iyoller- (6.6.5)

veT>®

Proof. This is a direct consequence of the preceding lemma together with the simple
bound |Z7 (1, j)| < t'T°! of Lemma 6.3.1. O

Estimates in ¢” for p > 1 are less simple; there is no bound for ST in terms
of the quantities |y, |l¢» for p > 1. The additional factors (p,)~"! in the second
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interaction amplitude bound (6.3.13), reflecting the dispersive character of the partial
differential equation, are essential for estimates in terms of weaker £” norms.

Proof of Propositions 6.4.1 and 6.4.2. The first conclusion of Proposition 6.4.2
follows directly from the preceding corollary. To establish Proposition 6.4.1, let
y = y,(t) = y(t,n) € Co([0, t1, £") be any sequence-valued solution of the
integral equation

y(t,n)=y0,n) —iw /0 Iy (s, n)[*y(s, n)ds

* t
tio ) / Y8, NI, k(s el ds. - (6.6.6)
j—kti=n "0

Consider any tree T, and let each node v € T be designated as either finished
or unfinished. Consider the associated function

+yioyty .
/R(m > I1e [T vuttu ju)dt (6.6.7)

eI (T) ver? uel >

forO0 <t < 7,witht, = ¢, whereforeachu € T*, y, (¢, -) isidentically equal to one
of y(¢, -), ¥(t, -) of u is unfinished, and to one of y(0, -), ¥(0, -) if u is finished. The
simplest such expression, associated to the tree T = {r} having only one element,
is any constant sequence yy (0, ji).

For each unfinished node u, substitute the right-hand side of (6.6.6) or its complex
conjugate, as appropriate, for y, (,, j,) in (6.6.7). The C°(¢') hypothesis guaran-
tees that an absolutely convergent integral and sum are produced. Thus, we may
interchange the outer integral with the sums. What results is a finite linear combi-
nation of expressions of the same character as (6.6.7), associated to trees T%. At
most 37! such expressions are obtained, and each is multiplied by a unimodular
numerical coefficient.

Each nonterminal node of T is a nonterminal node of T, and each finished node
of T™ remains a terminal node of T%. When the first term on the right in (6.6.6)
is substituted for y, (¢, j.), then the unfinished node u becomes a finished terminal
node. When the second or third terms on the right are substituted, new unfinished
terminal nodes are added to create T, in which u is a nonterminal simple node or
an ordinary node, respectively. Each child of u in T* is a terminal node of 7%, and
is (consequently) unfinished.

When T = {r}, we have simply y(¢). Repeatedly substituting as above produces
an infinite sum of expressions as described in Proposition 6.4.1. Thus the proof of
that result is complete.

To prove that any solution y in C°([0, 7], £!) must agree with the sum of our
power series for sufficiently small 7, regard y as being the function associated as
above to T = {r} and apply the substitution procedure a large finite number of
times, N. If M is given and N is chosen sufficiently large in terms of N, then what
results is an expression for y as a sum of some terms of the power series, including
all terms associated to trees of orders < M, together with certain error terms. There
are at most C" error terms, and each is O (z¢") in C°(£') norm, where the constants
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depend on the C 0(Zl) norm of y. Therefore, these expressions converge, as N — o0,
to the sum of the power series in C°([0, ], £!) norm provided that 7 is sufficiently
small relative to the C°(£') norm of y. O

6.7 TREE SUM MAJORANTS

In this section we introduce majorizing operators that are the essence of the problem,
and decompose them into suboperators.

6.7.1 Majorant Operators Associated to Ornamented Trees

DEFINITION 6.7.1 Let T be an ornamented tree. The tree sum majorant associated
to T is the multilinear operator

Sr(Gwwer=)m = Y [T ] yulin): (6.7.1)

jeJ(T):jr=n uer? weT>®

St is initially defined when all y,, € £', in order to ensure absolute convergence of
the sum.

LEMMA 6.7.1 Let p € [1, 00) and suppose that ¢ > |T*|"'p and ¢ > 1. Then
there exists C < oo such that for all ornamented trees,

17 ()verss)lles < €7 T lxuller (6.7.2)

veT>®
for all sequences x, € £'.

Assuming this for the present, we show how it implies Proposition 6.4.4.

Proof of Proposition 6.4.4. Let T be any tree. We already have

1670 (ver=)lla <™ TT Ixulle (6.7.3)

velT>®

for all sequences x, € £' by Lemma 6.6.1 together with the first bound for the
interaction amplitudes Z7 (¢, j) provided by Lemma 6.3.1.

On the other hand, to T are associated at most 3!”! ornamented trees 7', defined
by specifying coefficients ¢, ;. According to the second conclusion (6.3.13) of
Lemma 6.3.1, ||&7(t)((x)yere) |l ¢a is majorized by C!”! times the sum over these
T of || S7((xy)pere)ll¢a. This bound holds uniformly in ¢, provided that ¢ is restricted
to a bounded interval. Thus (6.7.2) implies that

167 @) (@verss)lles < CTV T Ixuller (6.7.4)

vel>®
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under the indicated assumptions on p, g. Interpolating this with the bound for
p =gq = 1yields

167 @) (@vere) e < (€T Mxuller (6.7.5)
veT>®

for some ¢ > 0. O

6.7.2 Marked Ornamented Trees and Associated Operators
The analysis of Sy will rely on several further decompositions.

DEFINITION 6.7.2 A marked ornamented tree (T, T') is an ornamented tree T to-
gether with a subset T' C TO, the set of marked nodes, and the collection

JT,TY={je JT):{veT: (v,j) isnearly resonant} = T'}. (6.7.6)

DEFINITION 6.7.3 Let (T, T') be a marked ornamented tree. The associated tree
sum majorant is the multilinear operator

Saan(Gwwer<)my = Y [t J] ywlw)- 677

JET (T, T :jr=n uer® weT™®
Now for any ornamented tree 7,

Sr = Z S,y (6.7.8)

7'cTO

the sum being taken over all subsets 7" C T°. The total number of such subsets is
2T < 2ITI < 23IT%1/2 — CIT%| Therefore, in order to establish the bound stated
in Lemma 6.7.1 for the operator Sy associated to an ornamented tree 7', it suffices
to prove that same bound for S(r 7, for all subsets 7’ C T°.

6.7.3 A Further Decomposition

Let (T, T’) be any marked ornamented tree, which will remain fixed for the remain-
der of the analysis. To avoid having to write absolute value signs, we assume that
y, are all sequences of nonnegative real numbers.

We seek an upper bound for the associated tree sum operator S¢r,77y. The factors
(p,)~" in the definition of S(r.r) are favorable when |p,| is large; nearly resonant
pairs are those for which |p, (j)| is relatively small, and hence these require special
attention.

Denote by I' = (y,,)uer any element of 77, Let

JT,T.D)={jeTJT,T):p,(§) =y, forallu € T'}. (6.7.9)
T’ is the set of all nearly resonant nodes, so by its definition we have

Vel = 10u @) < colou@I' P Vu e T (6.7.10)
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This leads to a further decomposition and majorization

S(T T ((yv)veToo (l’l) Z Z l_[ pu(J) l_[ yw(]w)

rezl’ ieJ(T,T'.D):jr=n ueTO weT®
T —Ny 1-8) My
=cny I]2 Z [T 2oy > 1 wlw,
N ver” M yerO\7’ T jeJ(T.T'.T):je=n weT>®

(6.7.11)

where N = (N,)yerr and M = (M) yerony - The notation in the last line means that
the first two sums are taken over all nonnegative integers N,, M, as v ranges over
T’ and u over T° \ T’; the third sum is taken over all T" = (y,),c7 such that

(yo) € [2M, 21Ny forallv e T'; (6.7.12)

and the sum with respect to j is taken over all j € J(T, T', T'), satisfying j, = n
together with the additional restrictions

|O—ll (j(u,l)v j(u,2)a j(u,3)’ ju)| ~ ZMM forallu € TO \ T’ (6713)
o) =y, forallv e T'. (6.7.14)

Thus there is an upper bound 2V* < Ccylo, (j)|' ™ forall v € T'.

6.7.4 Rarity of Near Resonances

Let §; be a small constant, to be chosen later. Recall that for any positive integer
n, there are at most Cs,n°! pairs (n’, n”) of integers for which n can be factored as
n = n'n". This fact was exploited by Bourgain [2] in his proof of H° wellposedness.

The key to the control of near resonances is a strong limitation on the number
of j satisfying (6.7.14), for any fixed I'. Given v € T’ any parameter y,, and any

j€ J(T, T, T), the equation (6.7.14) can be written as
3
Uv(j) =Y — ng,ilo(v,i)(j)a
i=1

and p(y,;y(j) depends only on {j,, — jw, : w < v,i € {1, 2, 3}}. Since the quantity
o, on the left-hand side of this rewritten equation can be factored as 2(j, — j, 1)) (Ju —
Jw.3)), we conclude that for any {j, — jw. : w < v,[ € {1, 2, 3}} and any y, there
are at most Cs, |y, — Z?zl 8,),;,0(,),,-)(j)|51 ordered pairs (jv — Jw1)> Jv — j(u,3)) sat-
isfying (6.7.14).

For any nearly resonant node v € T”, |y, | is small relative to 3, | 0.5 G)|' 2,
provided that the constant ¢ is chosen to be sufficiently small in the definition of a
nearly resonant node. Therefore, we can choose foreachN, M a family 7 = Fy m of
vector-valued functions F = (f,; : ve T',i € {1, 3}) such that for any I" satisfying
(6.7.12) and any j € J (T, T’, '), there exists F € Fn m such that for each v € T’
and eachi € {1, 3},

kyi = foiW, (kui:w <)), (6.7.15)
where ky ; = ju — ju.i)-
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The number of such functions is strongly restricted:

Frml < €)1 T 20 e K (6.7.16)

1
veT’

where K, = N, foru € T'and K, = M, foru € T°\ T’, and the maximum is taken
over i € {1, 3}. Powers of 2°1Nw.) are undesirable; we will show in Lemma 6.8.2
below that the product on the right-hand side of (6.7.16) satisfies a better bound in
which N does not appear.

6.7.5 A Final Decomposition
For M, N as above, we set [IM| = > 70,77 M, and [N| = 3~ 1/ N,.

DEFINITION 6.7.4 To any M, N, I" and any function F € Fxwm is associated the
multilinear operator

St e (Owwer<)m) = > IT vuGw- (6.7.17)

jeJ (T, T"T): jy=n welT™>®

where the sum in (6.7.17) is taken over all j € J(T,T',T) satisfying j. = n,
(6.7.13), (6.7.14), and the additional restriction (6.7.15).

The multilinear operators Sr 77 Nm.r F are our basic building blocks. We have
shown so far that for all nonnegative sequences y,, and all n € Z,

|S(T,T’)((yw)weT°°)(n)|
SC\TIZZ—\NQ—(I—S)\M\Z Z 1St 7 N, F () weree ) )], (6.7.18)

N.M L FeFnm

where the second summation in (6.7.17) is taken over all ' = (y,,),c7’ satisfying
both (6.7.12) and (6.7.10). The factor of 2==9MI arises because for each u €
T°\ T’, we have by virtue of Lemma 6.3.1 a factor of {(p,(j))~", and this factor is
< C2~U=9Mu because u is not nearly resonant.

6.8 BOUNDS FOR THE MOST BASIC MULTILINEAR OPERATORS

LEMMA 6.8.1 Let p € [1, 00) and &1 > 0. Then for every exponent g > max(1, p/
|T°°|), there exists C < oo such that for every T, T’,N, M, ', F and for every
sequence y,,

ST, 7 N F () veroe) e < CIT120HDIMI l_[ lyuller- (6.8.1)
veT™>®
This involves no positive power of 2N, and thus improves on (6.7.16).

Proof. Aswas shown in the proof of Lemma 6.6.1, each quantity j, in the summation
defining St " NMm.I.F ((yw)wEToo) (jr) can be expressed as a function, depending on
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I" and on F, of j; together with all k,; = ji, — jw.iy» Where w varies over the set
70 and i varies over {1, 3}. The equation (6.7.15) can then be used by descending
induction on T to eliminate k,, ; for all w € T’ so long as F, " are given. More
precisely, j, equals j. + g, where g, is some function of all k,,; withw € T\ T’
andi € {1, 3}.

[T ez ¥v(ju) can thus be rewritten as [ [, ;o0 yo(Jr + &v). If every k,,; is held
fixed, then as a function of j, this product belongs to ¢¢ for ¢ = p/|T°°| with
bound [ [,z llyvller, by Holder’s inequality.

The total number of terms in the sum defining S7 7 nm.r,F 1S the total possible
number of vectors (k,, ;) where w ranges over 7°\ T’ and i over {1, 3}. The number

of such pairs for a given w is < Cs, 2 H0Mv _gince [2k,, 1ky 3| = |0y, ()] < 2Mw L,
Thus in all there are at most C ('SIT‘Z(“"S')‘M‘ terms. Minkowski’s inequality thus gives
the stated bound. O

A difficulty now appears. For each v € T’ we have a compensating factor of
(pu()" = (1)) ~" ~ 27, but no upper bound whatsoever is available for the
ratio of max; |,0(v,,<)(j)|81 to (¥,(j)). Thus for any particular v € T’, the factor lost
through the nonuniqueness of F need not be counterbalanced by the favorable factor
p,'. Nonetheless, the product of all these favorable factors does compensate for
the product of all those factors lost, as will now be shown.

LEMMA 6.8.2 For any ¢ > 0 there exists C, < 00 such that uniformly for all
T,T',N,M,

| Pl < CclTl2eMi, (6.8.2)

Proof. Letj € J(T,T',T) satisfy p,(j) = y, for all v € T’ but be otherwise
arbitrary. Throughout this argument, j will remain fixed, and p, will be written as
shorthand for p, (j).

If the constant ¢y in the definition (6.3.9) of a nearly resonant node is chosen to
be sufficiently small, then any nearly resonant node u has a child (u, i) such that
|pul < 31Pw.iy|' . Consider any chain v = uj, > uy—y > -+ > uy of nodes such
that u 1 is the parent of u; foreach 1 < k < h (uy is called the (k — 1)-th generation
ancestor of u|), uy is nearly resonant for all k > 1, u; is either not nearly resonant

or is terminal, and |y, | < %I,Ouk,l |'=3. Then
10| < 100,107 (6.8.3)
hence
2Ku = oMy < 01— My (6.8.4)
If u; is terminal, then p,, = O by definition, whence the inequality |p,,| <

Puy |(1’5)k_] forces p,, = 0 for all uy, as well. This means that 2™ Xwed ~ 1. In
particular, this holds for u#; = v, so the factor 2™#* Kw.i) will be harmless in our
estimates. We say that a node v is negligible if there exists such a chain, with v = u,
for some h > 1.
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Recall that |[Fym| < C J;lTl [1,c7 2™ Kwidt For each nonnegligible nearly
resonant node v, choose one such chain with u;, = v, thus uniquely specifying &
and u; as functions of v; we then write (11, /) = A(v). Any node has at most one
h-th generation ancestor; therefore, given both u and A, there can be at most one v
such that (u;, h) = A(v). Consequently,

oS
1_[ pmax; K(v,i)01 < 1_[ l_[ 2(175)’1718]Mw
veT’ nonnegligible weTO\T’ h=1
= ]‘[ 2Mwdi /8 (6.8.5)

weTO\T’

since each factor 2™ Kw.n% in the first product is majorized by 2(1=9" 41w jn
the second product, where (w, h) = A(v). Forming the product with respect to &
for each fixed v yields the desired inequality, since the series Y _p (1 — 8)"718; is
convergent. The exponent 1 — § < 1 in the definition (6.3.9) of a nearly resonant
node was introduced solely for this purpose. If negligible nodes are also allowed in
the product on the left-hand side of (6.8.5), then they contribute a factor bounded
by C!71, so the conclusion remains valid for the full product.

The desired bound now follows by choosing §; so that §;/§ = ¢. O

Conclusion of proof of Lemma 6.7.1. As already noted, it suffices to establish (6.7.2)
with S7 replaced by S(r 77). Combining the preceding two lemmas gives

> 1St (Gover)lles < CRTOMETT iyl (6.8.6)

FeFnM vel>®

for arbitrarily small & > 0, provided ¢ > max(1, ﬁ). Since |T'| < CITI2INI,

D0 ISt s (Gnvers )l < CI2N2TFOMETT iy 1. (6.8.7)

I' FeFnm veT™>®

On the other hand, Lemma 6.6.1 gives

D ISt s (Gover<)lla < LT Iyullar (6.8.8)

' FeFnm velT>®
Thus, if ¢ > # and ¢ > 1, we may interpolate to find that there exists n > 0
depending on g — # but not on § such that
>0 > ISt (O)ver) e
I' FeFnm
< C!Tly(I=n)IN|+(1=n)M]| 1_[ Iyl (6.8.9)
=G, vller. -8.
veT>®

Taking into account the factors 2~NI2=U=9Mlip (6.7.18), and summing over N, M
as well as over all subsets 7’ C T°, completes the proof of Lemma 6.7.1. O
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6.9 LOOSE ENDS

We may reinterpret the sum of our power series (6.4.1),(6.4.2) as a function via
the relation 7(z, n) = ¢a,(¢) with a(0) defined by ito(n) = a,(0), and will
do so consistently without further comment, abusing notation mildly by writing
u(t,x) = S)up(x).

LEMMA 6.9.1 Let p € [1,00). For any R > 0 there exists t > 0 such that for
any uy € FL? with norm < R, the element u(t, x) € C°([0, t], FL") defined by
(6.4.1),(6.4.2) is a limit, in C°([0, t1, FLP) norm, of smooth solutions of (NLS*).

Proof. All of our estimates apply also in the spaces F' L*? defined by the condition
that ((n)® f (n))nez € €7, provided that 1| < p < oo and s > 0. This follows from
the proof given for s = 0 above, for the effect of working in FL*? is to introduce

a factor of [],.z0 l'lg(j+a>f in the definition of the tree operator. The relation
i=1Y(@.i)/ ;
Jv = Jw.1) — Jw.2) + jw.3) ensures that max; | ju.i)| > %|jv|,whence TG “("/?( NE <1,
i=1\(v,1

so the estimates for s = 0 apply directly to all s > O.
More generally, if FL*? is equipped with the norm

1Lf e = 11+ e - P2 F O v

then all estimates hold uniformly in ¢ € [0, 1] and s > 0. This follows from the
same reasoning.

Fix a sufficiently large positive exponent s. Given any initial datum u satisfying
lluoll 7Lr < R with the additional property that izo(n) = O whenever |n| exceeds
some large quantity N, we may choose & > 0 so that [lull z;5» < 2R. This &
depends on N, but not on R. Thus the infinite series converges absolutely and

1,1
uniformly in cO([o, 1, HS_TL;) if p > 2 and in co([o, t1, H®) if p < 2, where
T depends only on R, not on s. By Lemma 6.4.3, the series sums to a solution of
(NLS*) in the sense of (6.2.7); but since the sum is very smooth as a function of
x (that is, its Fourier coefficients decay rapidly), this implies that it is a solution
in the classical sense. Given an arbitrary u satisfying ||ug||z.r < R, we can thus
approximate it by such special initial data to conclude that S(#)u is indeed a limit,
in C°([0, 7], FL?), of smooth solutions. O

Proof of Proposition 6.1.4. Let uy € FL? be given, let u(t,x) = S(t)(ug) €
([0, 7], FL?). We aim to prove that the nonlinear expression |u«|>u has an intrinsic
meaning as the limitas N — oo of |[Tyu |>Tyu in the sense of distributions in (0, 7) x
T. Forming Ty S(¢)(uo) is of course not the same thing as forming S(¢)(Tyuo).

Definea,(t) = ei"Z’ﬁ(t, n). Denote also by Ty the operator that maps a sequence-
valued function (b,(t)) to (Tnb,(t)), where Tyb, = b, if [n|] < N, and = 0
otherwise. It suffices to prove that

t *
/ > Twaj()Tyar(s)Tyay(s)e'” I+ ds 6.9.1)
0 .
j—k+l=n

t
- f | Tnan(s))* Tan(s) ds
0
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converges in £ norm as N — oo, uniformly for all ¢ € [0, 7], to

> / a;j(s)a(s)ar(s)e' I g — / |, ()2 an (s) ds.
0 0

Jj—k+l=n

Convergence in the distribution sense follows easily from this by expressing any suf-
ficiently smooth function of the time ¢ as a superposition of characteristic functions
of intervals [0, ¢].

Now, in the term fot > i kpin Inaj () Tyar(s) Tyay (s)eloUklms g the integral
may be interchanged with the sum since the truncation operators restrict the sum-
mation to finitely many terms. Expanding a;, ai, a; out as infinite series of tree
operators applied to a(0), we obtain finally an infinite series of the general form
Z,fil By ()(a(0), ..., a(0)), where Bi(¢) is a finite linear combination of O (C¥)
tree sum operators, with coefficients O (C*), applied to a(0) just as before, with the
sole change that the extra restriction | j ;)| < N fori € {1, 2, 3} is placed on j in
the summation defining Gy for each tree T.

Since we have shown that all bounds hold for the sums of the absolute values of
the terms in the tree sum, it follows immediately that this trilinear term converges as
N — oo. Convergence for the other nonlinear term is, of course, trivial. Likewise,
it is trivial that (Tyu); — u; and (Tyu)yr — Uy, by linearity. O

This reasoning shows that the limit of each term equals the sum of a convergent
power series, taking values in CO([0, t], FLP), in u.

Given R > O, there exists T > 0 for which we have shown that for any
a(0) € €7 satisfying ||a(0)||zLr < R, our power series expansion defines a(t) €
C°([0, t], £7), as an £P-valued analytic function of a(0). Moreover, for any ¢ €
[0, 7], both cubic terms in the integral equation (6.2.6) are well defined as limits
obtained by replacing a(s) by Tya(s), evaluating the resulting cubic expressions,
and passing to the limit N — oo.

LEMMA 6.9.2 Whenever ||a(0)|¢» < R, the function a(t) € C°([0, t], £7) defined
as the sum of the power series expansion (6.4.1) satisfies the integral equation (6.2.7)
when the nonlinear terms in (6.2.6) are defined by the limiting procedure described
in the preceding paragraph.

Proof. This follows by combining Lemma 6.4.3 with the result just proved. a

Proof of Proposition 6.1.3. Let ug € FL?. If u = Sug, and if v is the solution
of the Cauchy problem (NLS*) for the modified linear Schrédinger equation with
initial datum u, then uy — v is expressed as Z,fil B (t)(uo, ..., up), where the n-th

Fourier coefficient of the function By (?)(uo, ...)(t) equals e‘i”Z’Ak(t)(a*(O), L))
with a,, (0) = itg(n). According to Proposition 6.4.4,

[ Ac@)(@*(0), .. )llea = O la(O)|5,)

whenever g > £ and ¢ > 1. Summation with respect to k yields the conclusion. O



POWER SERIES SOLUTION 155

REFERENCES

[1] H. A. Biagioni, A nonlinear theory of generalized functions, second edition.
Lecture Notes in Mathematics, 1421. Springer-Verlag, Berlin, 1990.
[2] J. Bourgain, Fourier transform restriction phenomena for certain lattice sub-
sets and applications to nonlinear evolution equations. 1. Schrodinger equa-
tions, Geom. Funct. Anal. 3 (1993), no. 2, 107-156.
[3] N. Burq, P. Gérard, and N. Tzvetkov, An instability property of the nonlinear
Schrodinger equation on S4, Math. Res. Lett. 9 (2002), nos. 2-3, 323-335.
[4] M. Christ, Nonuniqueness of weak solutions of the nonlinear Schrodinger
equation, preprint February 2005, math. AP/0503366.
[5] M. Christ, J. Colliander, and T. Tao, Instability of the periodic nonlinear
Schrodinger equation, preprint, math. AP/0311227.
[6] J.-F. Colombeau, Multiplication of distributions. A tool in mathematics, nu-
merical engineering and theoretical physics, Lecture Notes in Mathematics,
1532. Springer-Verlag, Berlin, 1992.
[71 A. Griinrock, Bi- and trilinear Schrodinger estimates in one space dimension
with applications to cubic NLS and DNLS, Int. Math. Res. Not. 2005, no. 41,
2525-2558.
, An improved local wellposedness result for the modified KdV equa-
tion, Int. Math. Res. Not. 2004, no. 61, 3287-3308.
[9] T. Kappeler and P. Topalov, Global well-posedness of KdV in H ’I(T, R),
Preprint Series, Institute of Mathematics, University of Zurich.
, Global well-posedness of mKDV in L?*(T, R), Comm. Partial Differ-
ential Equations 30 (2005), nos. 1-3, 435-449.

[11] Y. Tsutsumi, L>-solutions for nonlinear Schridinger equations and nonlinear
groups, Funkcial. Ekvac. 30 (1987), no. 1, 115-125.

[12] A. Vargas and L. Vega, Global wellposedness for 1D non-linear Schrodinger
equation for data with an infinite L norm, J. Math. Pures Appl. (9) 80 (2001),
no. 10, 1029-1044.

(8]

[10]




This page intentionally left blank



Chapter Seven

Eulerian-Lagrangian Formalism
and Vortex Reconnection

P. Constantin

7.1 INTRODUCTION

Incompressible Newtonian fluids are described by the Navier-Stokes equations, the
viscous regularization of the friction-free, incompressible Euler equations

Diu+Vp=0, V-u=0. (7.1)

The velocity u =u(x, t) = (u;, u2, u3) is a function of x € R3> and r € R. The
material derivative associated to the velocity u is

D, =D,u,V)=d +u-V. (7.2)

The Euler equations are conservative, meaning that no dissipation of energy occurs
during smooth evolution. The total energy is proportional to the L? norm of velocity.
The Onsager conjecture ([22], [17]) states that conservation of energy happens if
and only if the solutions are smoother than required by the classical Kolmogorov
turbulence theory (roughly speaking, Holder continuous of exponent 1/3). The “if”
part was proved ([12]). The “only if” part is far from being proved: there is no
known notion of weak solutions dissipating energy except with Holder continuous
velocities ([26], [27]). One of the most difficult problems in modern nonlinear PDE,
the problem of the smoothness of solutions of the Euler equation, remains open to
date. The trend to blow up is manifested in the rapid growth of line elements,
which results in growth of the magnitude of the vorticity, = V x u. There do
exist solutions of the Euler equations that blow up ([28], [3], [25], [8]), but these
solutions have infinite kinetic energy. Moreover, it is plausible that the blow-up
is due to the infinite supply of energy, coming from farfield, and therefore it is
unclear whether these solutions can be used to shed light on the physical question of
finite energy blow-up. In addition to kinetic energy, smooth solutions of the Euler
equations conserve helicity and circulation. In order to describe these, let us recall
the Lagrangian description of the fluid. The Lagrangian particle maps are

ar— X(a,t), X(a,0)=a.
For fixed a, the trajectories of u obey
dX

— =u(X,1t).
dt u )
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The incompressibility condition implies
det (V,X) = 1.
The Euler equations (7.1) are formally equivalent to the requirement that two first-
order differential operators commute:
[D;, 2] =0.

The first operator D; = d; + u - V is the material derivative associated to the trajec-
tories of u. The second operator 2 = w(x, t) - V is differentiation along vortex
lines, the lines tangent to the vorticity field w. The commutation means that vortex
lines are carried by the flow of u, and is equivalent to the equation

Do =w-Vu. (7.3)

This is a quadratic equation because w and u are related, ® = V x u. If boundary
conditions for the divergence-free w are known (periodic or decay at infinity cases),
then one can use the Biot-Savart law

u=~Kipegxw=Vx (Ao (7.4)
coupled with (7.3) as an equivalent formulation of the Euler equations ([4], [2], [20]).
A helicity ([21]) density is
h=u-w+w-Vo.

Helicity densities are defined modulo the addition of @ - V¢ for any smooth ¢.

Helicity integrals
/ h(x,t)dx =c
T

are constants of motion, for any vortex tube T (a time-evolving region whose bound-
ary is at each point parallel to the vorticity). The constants ¢ have to do with the
topological complexity of the flow. The incompressible Euler equations are a Hamil-
tonian system in infinite dimensions in Clebsch variables ([15], [30]). These are a
pair of scalars 6, ¢ that are constant on particle paths,

Do = D8 =0,

and also determine the velocity via

dp(x,t) on(x,t)
8x,» B 8)6,' ’
The helicity constants vanish identically for flows that admit a Clebsch variables
representation. This implies that not all flows admit a Clebsch variables represen-
tation. But if one uses more variables, then one can represent all flows. This can be
done using the Weber formula ([29]). The Weber formula is
A (x, 1) dn(x,1)
8x,» B Bxi ’

u(x, 1) =0(x, 1)

' (x, 1) = (il (Ax, 1))
where

Ax,t) = X '(x, 1)
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is the inverse of the Lagrangian particle map. The Weber formula can be understood
as an identity of 1-forms:

u(x, t)dx = u)(Ax, t))dA(x,t) —dn(x,t).

The formula, together with boundary conditions and the divergence-free requirement
can be written as

u=W[A,v]=P{(VA) v}, (1.5)
where P is the corresponding projector on divergence-free functions and v is the
virtual velocity

v=1uqoA.
In the cases of periodic boundary conditions or whole space,
P=/+R®R

holds, with R the Riesz transforms. This procedure ([9]) turns A into an active
scalar system

D,A =0,
D, =0, (7.6)
u=WIA,vl.

Active scalars ([7]) are solutions of passive scalar equations D6 = 0 that determine
the velocity through a time-independent, possibly nonlocal equation of state u =
U[6]. Knowledge of the values of the active scalars at an instance of time is enough
to determine the time derivatives of the active scalar at that instance in time. The
Clebsch variables are a pair of active scalars. The Euler equations can be represented
with many active scalars. The circulation is the loop integral

Cyzfuwix,
¥

and the conservation of circulation is the statement that

d
Ecy(t) =0

for all loops carried by the flow. The Weber formula is equivalent to the conservation
of circulation. Differentiating the Weber formula, one obtains

ou' P Det d0A QA (A)
— =r; er| —; —, w .
3Xj k 8x.,- 8xk ©

Here we used the notation
w) = V x Uu)-

Taking the antisymmetric part, one obtains the Cauchy formula:

1 dA 0A
w; = EEijk Det g; E; w(O)(A) ’
J
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which we write as
o =C[VA, ], )

with ¢ the Cauchy invariant
{()C, t) = W) © A.

Therefore, the active scalar system

DtA = 07
D¢ =0, (7.8)
u=Vx(=A)""(C[VA,¢)

is an equivalent formulation of the Euler equations, in terms of the Cauchy invariant
¢. The PDE formulations of the Euler equations described above are all equivalent
formulations, as long as solutions are smooth. Classical local existence results
for Euler equations can be proved in either purely Lagrangian formulation ([16]),
in Eulerian formulation ([20]), or in Eulerian-Lagrangian formulation ([9]). For
instance, one has

THEOREM 7.1 ([9]) Let « > 0, and let uy be a divergence-free C'* periodic
function of three variables. There exists a time interval [0, T] and a unique C ([0, T];
C'%) spatially periodic function £(x, t) such that

Ax,t) =x+£L(x,1)

solves the active scalar system formulation of the Euler equations,

0A
— +u-VA=0,
ot

u="P{(VA, D) ug(Ax, )}

with initial datum A(x, 0) = x.

A similar result holds in the whole space, with decay requirements for the vorticity.
The blow-up problem can be understood in terms of the growth of vorticity ([1]):
on the time interval [0, T] no singularities can arise from smooth initial data if
fOT lw(:, £) Lo @x)dt < oo. From the Cauchy formula we have immediately that

lo (- D)llzeany < € (14 1V G0 an)) 1oy %)

and so, blow-up cannot occur without rapid growth of line elements. The Lagrangian
representation is done with respect to a reference time (taken to be 0 in the preced-
ing considerations). During a smooth evolution, one may stop at will, relabel, and
restart. That means that one may regard the map X (a, t) as a map close to the iden-
tity map, or, in other words, one may take small time steps, and keep £ small. For
a smooth solution, and a short time ¢, the Eulerian-Lagrangian displacement £ can
be very well approximated by the displacement obtained by freezing the velocity.
Specifically, considering the solution A (x, t) of the equation

(3 +u©®) - V)Ag =0
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with Ay (x, 0) = x, and writing
Ay(x, 1) =x +Lo(x, 1),
we can prove that for smooth u ) and small # one has
Ie = Loyllera = 0@,

while both € and £ are O(¢). Knowledge of « at an instance of time gives thus a
superlinear approximation of £. On the other hand, knowledge of ¢ gives only a
linear approximation for u. Expanding in £ in the Weber formula

u=P(A+ VO up(x+40),
we obtain
u(x, 1) = ug)(x) + Plwg x £) + O?).

Indeed, we Taylor expand: u ) (x +€) = u)(x) +£- Vugy(x) + O (£%), which we
write as u) (x) +wey x £+ (VM(O))TZ + O(Zz), and the term (VE)TM(O) + (VM(()))TE
is canceled by P . Taking the curl of the relation above, we get

w(x, 1) =g+ V x (00 x £o) + 0%
for short time. We saw, however, that £, = —fu ) + O(¢?), and so we recover
@, 1) =0 +1t(Vx (1 x 0g)) +0@F?),

which implies the Eulerian equation of evolution of the vorticity (7.3). Thus, the We-
ber formula, which is almost an algebraic representation of the present-time velocity
in terms of the inverse Lagrangian map and a passive, frozen-in reference velocity,
embodies the conservation of circulation and contains the dynamics information.

7.2 NAVIER-STOKES EQUATIONS

In view of the above, it is at least natural, if not imperative, to ask: What becomes
of the Weber formula in the case of the Navier-Stokes equations?
The Navier-Stokes equations ([14]) can be written as

D,u+Vp =0, (7.9)

together with the incompressibility condition V - u = 0. The operator D,
D,=D,u,V)=0,+u-V—-vA (7.10)
describes advection with velocity # and diffusion with kinematic viscosity v > 0.
When v = 0 we recover formally the Euler equations (7.1), and D,,—o = D;. The

vorticity w = V X u obeys an equation similar to (7.3):

D,w=w-Vu. (7.11)
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It turns out that Eulerian-Lagrangian equations (7.6) and (7.8) have also viscous
counterparts ([10]). The equation corresponding to (7.6) is

D,A =0,
D,v =2vCVv, (7.12)
u=WI[A,v].

The u = WIA, v] is the Weber formula (7.5), exactly the same as in the case of
v = 0. The right-hand side of (7.12) is given in terms of the connection coefficients
Clrcr;li = ((VA)_l)ji (ajakAm) :

The detailed form of virtual velocity equation in (7.12) is
D,v; = 2vC}; 0k vy

The connection coefficients are related to the Christoffel coefficients of the flat
Riemannian connection in R® computed using the change of variables a = A(x, 1):
m m A’ (x,1)
Ci;i(x, 1) = =T (Ax, 1) ——.
axk

The equation D, (u, V) A = 0 describes advection and diffusion of labels.
The diffusion of labels is a consequence of the physically natural idea of adding
Brownian motion to the Lagrangian flow. Indeed, if u(X (a, 1), t) is known, and if

dX(a,t) =u(X(a,t),t)dt + V2vdW(t), X(a,0) =a,
with W (¢) standard independent Brownian motions in each component, and if
Prob{X(a,t) € dx} = p(x,t;a)dx,

then the expected value of the back to labels map

Ax,t) = /,o(x, t;a)ada
solves
D,(u, V)A =0.

In addition to being well posed, the Eulerian-Lagrangian viscous equations are
capable of describing vortex reconnection. We associate to the virtual velocity v the
Eulerian-Lagrangian curl of v

. =VAixu, (7.13)
where
ViA = ((VA)il)ji dj

is the pull-back of the Eulerian gradient. The viscous analog of the Eulerian-
Lagrangian Cauchy invariant active scalar system (7.8) is

D,A =0,

Dyt =20G% 0P +vTie?, (7.14)
u="V x(—A)"(C[VA,¢]).
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The Cauchy transformation
CIVA, £] = (der(VA)(VA)™'¢

is the same as the one used in the Euler equations, (7.7). The specific form of the
two terms on the right-hand side of the Cauchy invariant’s evolution are

k

GZ = SZC,f.fm — CZ;I,, (7.15)
and

TIQ’ = eqj,»e,mpC,’gl-C,:;j. (7.16)

The system (7.12) is equivalent to the Navier-Stokes system. When v = 0 the
systemreduces to (7.6). The system (7.14) is equivalent to the Navier-Stokes system,
and reduces to (7.8) when v = 0.

The pair (A, v) formed by the diffusive inverse Lagrangian map and the virtual
velocity are akin to charts in a manifold. They are a convenient representation of
the dynamics of u for some time. When the representation becomes inconvenient,
then one has to change the chart. This may (and will) happen if VA becomes
noninvertible. Likewise, the pair (A, ¢) formed with the “back-to-labels” map A and
the diffusive Cauchy invariant ¢ are convenient charts. Because the fluid variables
u or w are represented as products of elements in the chart, it is possible for the
chart to become singular without the fluid becoming singular. The regularity of the
fluid is not equivalent to the regularity of a single chart, but rather to the existence of
smooth, compatible charts. In order to quantify this statement let us introduce the
terminology of “group expansion” for the procedure of resetting. More precisely,
the group expansion for (7.12) is defined as follows. Given a time interval [0, T']
we consider resetting times

O=ty<h<---<t,---<T.

On each interval [#;, t;+1], i = 0, ... we solve the system (7.12):

D,(u, V)A =0,

D,(u, V)v =2vCVu,

u="P ((VA)TU) .

with resetting conditions
A(x, 1) = x,
{ v(x,; +0) = (VA V) (x,t —0).

We require the resetting criterion that V£ = (VA) — I must be smaller than a
preassigned value € in an analytic norm: 3X suchthatforalli > 1andallz € [#;, ;4]
one has

/e“k' [0(k)| dk < € < 1.



164 CHAPTER 7

If there exists N suchthat T = Z;V:o (t;+1 —t;) then we say that the group expansion
converges on [0, T]. A group expansion of (7.14) is defined similarly. The resetting
conditions are

A()C,I,‘) =X,
¢(x, 1; +0) = CI(VA)(x, £; = 0), (x, £; = 0)].

The analytic resetting criterion is the same. The first interval of time [0, #,) is special.
The initial value for v is uq (the initial datum for the Navier-Stokes solution), and
the initial value for ¢ is wy, the corresponding vorticity. The local time existence
is used to guarantee invertibility of the matrix VA on [0, #;) and Gevrey regularity
([18]) to pass from moderately smooth initial data to Gevrey class regular solutions.
Note that the resetting conditions are designed precisely so that both u and w are
time continuous.

THEOREM 7.2 ([11]) Let uy € H'(R?) be divergence-free. Let T > 0. As-
sume that the solution of the Navier-Stokes equations with initial datum u, obeys
supg<;<7 0, Dl 2(4x) < 00. Then there exists A > 0 so that, for any € > 0O, there
exists T > 0 such that both group expansions converge on [0, T'| and the resetting
intervals can be chosen to have any length up to 7, t;y1 — t; € [0, t]. The velocity
u, solution of the Navier-Stokes equation with initial datum ug, obeys the Weber
formula (7.5). The vorticity w = V X u obeys the Cauchy formula (77.7).
Conversely, if one group expansion converges, then so does the other, using
the same resetting times. The Weber and Cauchy formulas apply and reconstruct
the solution of the Navier-Stokes equation. The enstrophy is bounded supy., .y
lo(, Ol L2¢ay) < 00, and the Navier-Stokes solution is smooth. o

The quantity A can be estimated explicitly in terms of the bound of enstrophy,
time 7', and kinematic viscosity v. The bound is algebraic: a negative power of the
enstrophy, if all other quanties are fixed. The maximal time step 7 is proportional
to €, with a coefficient of proportionality that depends algebraically on the bound
on enstrophy, time 7, and v. The converse statement, that if the group expansion
converges, then the enstrophy is bounded, follows from the fact that there are finitely
many resettings. Indeed, the Cauchy formula and the near identity bound on VA
imply a doubling condition on the enstrophy on each interval. It is well known
that the condition regarding the boundedness of the enstrophy implies regularity of
the Navier-Stokes solution. Our definition of convergent group expansion is very
demanding, and it is justified by the fact that once the enstrophy is bounded, one
could mathematically demand analytic norms. But the physical resetting criterion
is the invertibility of the matrix VA. The Euler equations require no resetting as
long as the solution is smooth. The Navier-Stokes equations, at least numerically,
require numerous and frequent resettings. There is a deep connection between these
resetting times and vortex reconnection. In the Euler equation, as long as the solution
is smooth, the Cauchy invariant obeys ¢ (x, t) = w()(A(x, t)), with @) = wy the
initial vorticity. The topology of vortex lines is frozen in time. In the Navier-Stokes
system the topology changes. This is the phenomenon of vortex reconnection. There
is ample numerical and physical evidence for this phenomenon. In the more complex
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but similar case of magneto-hydrodynamics, magnetic reconnection occurs and has
powerful physical implications. Vortex reconnection is a dynamical dissipative
process. The solutions of the Navier-Stokes equations obey a space-time average

bound ([6], [11])
[ fo ool ()l
R3 lw(x, 1)

This bound is consistent with the numerically observed fact that the region of
high vorticity is made up of relatively straight vortex filaments (low curvature of
vortex lines) separated by distances that vanish with viscosity (Kolmogorov scale).
The processes by which these configurations are obtained and sustained are vortex
stretching and vortex reconnection. When vortex lines are locally aligned, a geo-
metric depletion of nonlinearity occurs, and the local production of enstrophy drops.
Indeed, the Navier-Stokes equations have global smooth solutions if the vorticity
direction field ﬁ is Lipschitz continuous ([13]) in regions of high vorticity. Vortex
reconnection is a manifestation of a regularizing mechanism. It is difficult to have a
precise mathematical definition of vortex reconnection, although the phenomenon
can be easily recognized. In numerical simulations, vorticity is placed initially in a
region with a certain topology, and the process of change of topology is “watched”
(visualized). In numerical work with Ohkitani ([23], [24]), we have proposed a
quantitative alternative to “watching,” based on the diffusive Eulerian-Lagrangian
formalism. We proposed to identify the periods of rapid resetting times with pe-
riods of vortex reconnection. The numerical calculations produce periods of rapid
resetting; when these are visualized, they coincide with the periods of change of
topology. In order to explain the mathematical reason behind this numerical ob-
servation, let us recall that the solution of the Navier-Stokes equation is smooth as
long as there is an upper bound on the frequency of resetting per unit time. The
physical criterion for resetting is the vansihing of det(VA). The equation for the
determinant of VA is

1, 2
dxdt < —v luo(x, t)|“dx.
2 R3

D, (log(det(VA)) = v [CL. . C3., ). (7.17)

The initial datum vanishes. When v = 0 we recover conservation of incompress-
ibility. Inthe case v > 0, the inverse timescale in the right-hand side of this equation
is significant for reconnection. Because the equation has a maximum principle it
follows that

t
det(VA)(x,t) > exp {—vf sup {C,’;;SC,i;i}da} .
t; X

The i 4 1 resetting time is determined thus by the requirement

t
/ sup f,(x,s)ds = M
17 X

i

with M = oo (in practice, M large), where f, is the local resetting frequency

fv(x’ t) =V {Cllcvcli,l}
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(because v has units of (cm?)(sec)™' and C has units of cm ™', £, has units of
(sec)™1)

Because the resetting times are computed using the Christoffel symbols, it is
useful to see the form this expression takes using the back-to-labels transformation.
Let us recall that using the smooth change of variables a = A(x, t) (at each fixed
time ¢) we compute the Euclidean Riemannian metric by

g (a, 1) = AN A)(x, 1) (7.18)
Considering

g = det(g;;), (7.19)

where g;; is the inverse of g"/ and observing that
g(A(x, 1) = (der(VA)) ™2,

the equation (7.17) becomes

3 (log(y/8)) = vg"/9;9; log(y/g) — vg*’ T, T'}.. (7.20)

The initial datum is zero, the equation is parabolic, has a maximum principle and
is driven by the last term. The form (7.20) of the equation (7.17) has the same
interpretation: the connection coefficients define an inverse length scale associated
to A. The frequency f, that decides the duration of the time interval of validity of
the chart A, and time to reconnection, is

Hlx 1) =v {Cli:scli:i} =V {8mnrfmr;§i} °A,
so its expression in the chart is
¢U(a7 t) =V {gmnl-‘;lnvrf”} .

The equations for the virtual velocity and for the Cauchy invariant can also be
solved by following the path A, i.e., by seeking

v(x, 1) =v(Ax,t), 1),

(7.21)
C(x, 1) =&(A(x,1),1).

The equations for v and & become purely diffusive. Using D,A = 0, the operator
D, becomes

Dy(foA) = (0 —vg’99;)f) 0 A. (7.22)
The equation for v follows from (7.12):
v = vg"3,,8,u — 20V, 3,0, (7.23)
with
V" = g™
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The derivatives are with respect to the Cartesian coordinates a. The equation reduces
to d,v = 0 when v = 0, and in that case we recover v = uq), the time-independent
initial velocity. For v > 0, the system is parabolic and wellposed. The equation for
& follows from (7.14):

3,61 = vgijaiaqu + ZVW,?kakéfn +vTlE?, (7.24)

with

k
Wik = 8¢ Tl + T,

T) = eq,,»e,m,,rgjrg;.gwﬂ.

Again, when v = 0 this reduces to the invariance 9, = 0. But in the presence
of v this is a parabolic system. Both the Cauchy invariant and the virtual velocity
equations start out looking like the heat equation, because g""(a,0) = §™" and
F; «(a, 0) = 0. The long time behavior depends on the smoothness of the metric.
The inviscid conservation of circulation and of helicity have natural viscous coun-
terparts. Regarding circulation, we note that the Weber formula implies that

udx —vdA = —dn,

f udx = % vda (7.25)
yoA Y

holds for any closed loop y. Regarding helicity, in view of the Cauchy formula
one has that a helicity density is v - {, the scalar product of the virtual velocity and
Cauchy invariant. With the change of variables a = A(x, t) we have

v(x) = v(a), ¢{(x)=25§(a)

/u-wdx:/ v-tda
T A(T)
for any vortex tube T.

The metric g/ determines the connection coefficients. However, the evolution is
not purely geometric: the evolution equation of g/ involves Vu and VA. It is re-
markable that all the counterparts of the inviscid invariants, virtual velocity, Cauchy
invariant, volume element, helicity density, evolve according to equations that do
not involve explicitly the velocity u, once one computes in a diffusive Lagrangian
frame. This justifies the following terminology: we will say that a function F is
diffusively Lagrangian under the Navier-Stokes flow if ' = ¢ o A and ¢ obeys a
linear, parabolic second-order evolution PDE with coefficients determined locally
entirely by the Euclidean Riemannian metric induced by the change of variables
A, and which vanish when v = 0. More precisely, we require ¢ to obey a linear
parabolic PDE

and therefore

_ = vﬁ[g, aa]¢(a’ t)’

ag(a,t)
ot
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where

Llg. 3,19 = vg"3;0;¢ + MVp + N + P
is a linear second-order elliptic differential operator with coefficients M, N, P com-
puted from g(a, t) and finitely many of its a derivatives. The metric itself is not

diffusively Lagrangian. Products of diffusive-Lagrangian functions are diffusive
Lagrangian. The previous calculations can be summarized thus:

THEOREM 7.3 The virtual velocity v, the Cauchy invariant ¢ the Jacobian de-
terminant det(V A), and the helicity density v - { associated to solutions of the
Navier-Stokes equations are diffusively Lagrangian.

7.3 CONCLUSION

The fundamental physical processes that occur in incompressible, uniform density,
viscous fluids are folding, stretching, and reconnection. These processes can be
described using a diffusive Lagrangian formalism that uses as basic variables a
transformation of space A and a virtual velocity v (or its Lagrangian curl, the Cauchy
invariant ¢). In ideal inviscid fluids, folding is represented simply by composition
with A. In the presence of viscosity, portions of the fluid that are folded close to
one another are mixed by molecular diffusion. Quantities that undergo this folding
process are among the diffusively Lagrangian quantities. Diffusive Lagrangian
functions obey a certain type of diffusion equation with principal part 8, — vg'/9;9;
and with drift and lower-order coefficients computed solely from the Riemannian
metric g'/ in the chart A. The quantities that are formally conserved under smooth
inviscid evolution become diffusive Lagrangian. The stretching of fluid elements
is calculated using the norm of the gradient matrix VA. The vanishing of the
determinant of the matrix VA is the signature of the reconnection process. The
frequency of the reconnection process can be defined quantitatively, and is computed
using the Riemannian metric and the kinematic viscosity.
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Chapter Eight

Long Time Existence for Small Data Semilinear
Klein-Gordon Equations on Spheres

J1.-M. Delort and J. Szeftel

8.0 INTRODUCTION

Consider (M, g) a Riemannian manifold and denote by A, (resp. V) the Laplacian
(resp. the gradient) associated to g. Letm > 0 be given and consider a local solution
u to the Cauchy problem

B} — Ag +mu = f(x,u, du, Vyu)
uli=o = €ug (8.1
az’/l|t:0 = €uy,

where f is a real polynomial in (u, 0,u, V,u), vanishing at some order p > 2 at 0,
with C* coefficients in x, where the data (o, u;) are in C;°(M), real valued, and
where € > 0 goes to zero. Denote by |7, (¢), T*(e)[ (with Ty(¢) < 0 < T*(¢)) the
maximal interval of existence of a smooth solution to (8.1). We aim at giving lower
bounds for T*(¢), —T,(¢) when € goes to zero.

When M = R4 is endowed with its standard metric, the problem is well known.
If the space dimension d is larger or equal to 3, Klainerman [5] and Shatah [8]
proved independently that for small € > 0, one has T,(¢) = —o0, T*(€) = 400,
i.e., the solution is global. The proof of that property relies on the use of dispersive
properties of the linear Klein-Gordon equation.

In d =2 space dimensions, the same result was proved by Ozawa, Tsutaya, and
Tsutsumi [7] (see also Simon and Taflin [9] and [3]). The difference with higher
space dimensions is that dispersion is no longer strong enough to imply directly
global existence when p =2. Actually, in contrast with the case d > 3, the non-
linearity is a long-range perturbation of the linear equation, and the proof of global
existence relies on a reduction of (8.1), through a method of normal forms, to an
equivalent equation with a nonlinearity vanishing at higher order at 0.

We refer to the work of Moriyama, Tonegawa, and Tsutsumi [6] and to [2] for a
discussion of equation (8.1) on R.

The problem we are interested in here is the case of a compact manifold M. We
thus have no dispersion for the linear equation, and the only general lower bound
for the time of existence of smooth solutions with small data is provided by local
existence theory. Namely, for a nonlinearity vanishing at order p > 2 at 0, (8.1) has
a solution defined at least on an interval | — 7., T.[ with 7. > ce~P*!. Our aim is
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to find, when M = S¢~!, and under convenient assumptions, a better lower bound
when € — 0. The detailed proofs of the results we shall present are given in [4].

8.1 STATEMENT OF MAIN THEOREM

From now on, we set M = S~! and denote by g the standard metric on the sphere.
We consider (8.1) and decompose the nonlinearity as

FOeu, du, Veu) =Y fy (e, u, du, V), (8.2)

qzp

where f, is the component homogeneous of degree g in (u, d;u, V,u) of f. Let us
denote by r the largest integer satisfying

p=<r=<2p-1,
for any odd k with p < k < r, f; depends only on (u, d,u), (8.3)
is even in d,u, and independent of x.

Our main theorem is then:

THEOREM 8.1 There is a zero measure subset N of 10, +oo[ and for any m €
10, +oo[—N, there are €y > 0,¢ > 0,5 € N such that for any pair of real val-
ued functions (ug, uy) in the unit ball of H* 7' (S x H*(S*™1), any € €]0, |,
problem (8.1) has a unique solution

ueC'0-1T.,T. 'S nc'q - 1., T.[ H* S,  (8.4)

with T, > ce™" 1,

Example. Assume that f vanishes at some even order p > 2 at 0. Then condi-
tion (8.3) is satisfied taking » = p + 1, and Theorem 8.1 gives a lower bound for
the time of existence of type ce 7, i.e., we got a gain of one negative power of € in
comparison with the estimates given by local existence theory.

Remarks.

® The nonlinearity in (8.1) is a general nonlinearity, depending on u and its first
order derivatives, the only restriction being given by (8.3). In particular, we do
not assume any Hamiltonian structure for the equation.

e Assumption (8.3) on the components homogeneous of odd degree is certainly
not optimal in all cases: we give in [4] examples of cubic or quintic nonlineari-
ties on S! that do depend on 9, u, and for which the conclusion of Theorem 8.1
holds true.

e Remark, anyway, that we cannot expect to remove all assumptions on the odd
components of f: itis proved in [1], following an idea of Yordanov [10], that
for the equation

Ou + m?u = utzux on[-T,T] xS,
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the solution with Cauchy data of size € blows-up at time of magnitude c/e>
(for any m > 0). In other words, for such an example, the time of existence
given by local existence theory is optimal.

e Inlow space dimensions, namely on S! or S?, it is easy to prove global existence
for equations of type (9> — Ay + m?)u = f(u) for small enough smooth
Cauchy data. Actually, such an equation has a conserved energy that controls
the H' norm for small data, and this is enough to get global solutions for these
dimensions.

8.2 STRATEGY OF PROOF

Our strategy will be to eliminate the lowest-order term of the nonlinearity by a
method of normal forms. Such an idea was initially introduced in the framework of
nonlinear Klein-Gordon equations by Shatah in [8]. If we set D, = ll% and

A, = J—A, +m?
gt m (8.5)
Uy = (Dt + Am)us

we can write (8.1) as a system, whose first equation would be
(Dr = Ap)us = 2, 50, g —us), Sy +us), 5V Ay —us)), (8.6)

the equation for u_ being obtained by conjugation (using that u, = —u_ since we
consider real solutions of (8.1)). We shall explain the strategy of proof on a model
equation of the following type:

(D; — Ay)u = utul=*

8.7

uli=o = €uo,
where we wrote u instead of u . to simplify notations, where 0 < ¢ < p, and where
ug is a smooth complex valued given function. We shall also assume that p is even,
so that according to the example given after Theorem 8.1, our goal is to prove that

the solution to (8.7) exists at least over an interval | — T,, T.[ with T, > ce~?.

We shall look for an operator v — B(u,...,u,u,...,u), £-linear in u and
p — {-linear in u, such that the following two properties hold true:

(Dy = Ap)(Bu, ..., i) = —u‘a? " + 0@’ (A)

u — B(u,...,u) is continuous on H"(Sd_l) for s large enough. B)

Let us remark that (A) and (B) together imply Theorem 8.1. Actually, (A) and (8.7)
give

(D — M)+ Bu, ..., i) = Ow’™), (8.8)

and (B) together with the local inversion theorem ensures that

u—)udéfu—l—B(u,...,ﬁ) 8.9
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is a diffeomorphism from a neighborhood of 0 in H* onto another such neighbor-
hood. Consequently, for small enough solutions, (8.8) is equivalent to

(D, — Ay)v = O(wPTh, (8.10)

which has solutions defined on | — T¢, T.[ with T, > ce~” by local existence theory,
whence Theorem 8.1.

Let us proceed to the construction of B satisfying (A), (B). We shall define B
using a decomposition in spherical harmonics. Denote by

A =+/nn+d—-2),neN (8.11)

so that the family (A2),,cy is the family of eigenvalues of —A g on S?=!. Denote by
E, the space of spherical harmonics of degree n, i.e., the space of restrictions to
S?=! of harmonic polynomials homogeneous of degree n. Then E,, is the eigenspace
associated to A2, so that if IT,, is the orthogonal projection of LZ(S?~") onto E,,, one

n’

has for u € LS4 1)

— A Mu = A2T,u, ApTlu = /m?+ A2T,u. (8.12)

Since we can write

wha™ =Y Y My (T u) - (M) (T, u) -« (T, )],

ni Np+1

it is natural to look for B as given by
i)=Y ... Y amy, ...y, [(Tyu) . (T,u)]  (8.13)
ni np+1

for some coefficients a(n1, ..., np41) to be determined. Remark that we can write

Dtnnju = (Dz - Am)nnju + Amnn,u

8.14
=0W?) + /m2+)»%/_l_[,,ju -14)

using the equation and (8.12). If we compute D, B using these expressions, we see
that the first term in the right-hand side of (8.14) will contribute to remainders in
the right-hand side of (A), so that the main contribution to (D; — A,,)B(u, ..., u)
will be given by

Z e Z FrﬁlH—l’z()"n] IR )"nl,_H)a(nlv D) np-H)Hn,,_H [(Hnlu) e (anu)]’
ni npt+1

(8.15)

where in general, for 0 < ¢ < ¢,

Fol, ... sq)—z,/m2+$2 Z,/m2+§2 (8.16)

j=t+1
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We thus see that we shall get (A) if we can choose

a(y,....npi1)) = —=(F N Qoo dny )7 (8.17)

This is possible only if F,f,’“’e does not vanish at (A, ..., )anﬂ ). We shall see that
this can be achieved if m stays outside a set of zero measure. Actually, we shall be
able to obtain good enough upper bounds on the absolute value of (8.17) so that (B)
holds true. This is the content of the following proposition.

PROPOSITION 8.2 For any family of integers ny, . .., n, denote
uny,...,n,) =1+ second largest among ny, ..., n,. (8.18)
There is a zero measure subset N of 10, +oo[ such that for any m €]0, +oco[—N,
there are ¢ > 0, N1 € N and for any (ny, ..., ny41) with
M, [Ty u) - - (TT,,u)] # O (8.19)
we have
A VT W | I TR P Rt (8.20)

Remark. Condition (8.19) originates from the fact that we want to estimate a given
by (8.17) only when its coefficient in (8.13) is not identically zero. We shall actually
use only some inequalities between ny, ..., n,, implied by (8.19).

Let us show that Proposition 8.2 implies that condition (B) holds true for m
outside A and if s is large enough relatively to N;. Let us estimate the L? norm of

the general term of the sum in (8.13) for a multi-index (ny, ..., n,4) for which for
instance n, = max(n, ..., n,). We then have
uwy,...,np)~1+ny+---+n,_q, (8.21)

and we write
p—1
laTy, (T - - - Ty u)ll 2 < lal Hlll'lnjullmo (ITT,,uell 2 (8.22)
j=1

Using (8.17), (8.20), (8.21), and Sobolev injection, we get an upper bound in terms
of

—1

p—1
U+, OV [T +0) T ul 823
j=1

if we assume u € H* and if § > 0 is small. Since A,; ~ n;, for s large enough
relatively to Ni, we bound (8.23) by C||I1, N |l 2, which essentially shows that B
has also H*® smoothness. Remark that it was essential for this proof to work that we
had in (8.20) a lower bound in terms of w(ny, ..., n,) and not max(ni, ..., n,) in
order to lose in (8.23) derivatives only on low frequencies.

The proof of Proposition 8.2 will be a consequence of Diophantine-like estimates.
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8.3 PROOF OF LOWER BOUNDS

Set g = p + 1, so that g is an odd integer in the case we are treating, remember that
we defined F,Z’Z(Sl, ..., &,)in (8.16), and set

Gl Er - Egr) = Bt Er o E) + £, (8.24)
The first step in the proof of Proposition 8.2 is the following geometrical result:

THEOREM 8.3 There is a zero measure subset N of 10, +oo[ and for any m €
10, +00[—N there are ¢ > 0, Ny € N such that

IFOLE, . E)] = e+ & + - + &)
IGLEE, . )| = (L (& + -+ &)™

forany&, ... & € 'Hdéf{«/n(n—i—d—Z),n eN}L &1 € Z.

Let us make a few comments on this theorem: in general, functions F,Z’Z, G?,[Z
have a nonempty zero set on R?, R9*!. The theorem asserts that, when g is odd,
we can choose m outside a set of null measure, in such a way that these zero sets do
not contain points in the discrete subset at which we want to estimate our functions.
Moreover, there is enough distance between these two sets so that (8.25) holds true.

We refer to [4] for a proof of Theorem 8.3. By elementary measure theory
Theorem 8.3 follows from estimates for the volume of tubes given by subanalytic
functions depending on parameters. Subanalytic geometry allows one to deduce
these volume estimates from Lojaciewiecz inequalities.

Let us show how Theorem 8.3 implies Proposition 8.2. Note first that we have
for products of spherical harmonics the inclusion

(8.25)

E,-E,c @ E. (8.26)

|p—ql<n=p+q
Applying this property several times, one sees that if the inequalities

Npy1 <np+ny+---+np

ny<ny+---+n,+npy
(8.27)

Ny <Npy1+ny+---+n,

do not hold true, then for any function u € L?, l'[,,p+1 (I u-- -m) = 0. The
right way to interpret condition (8.19) in the statement of Proposition 8.2 is thus to
say that (8.20) should hold true under conditions (8.27).

By (8.25) and the first relation (8.27) we have, using an ~nj,

\FP Y Oy e dny )l = ey 4o np )0

(8.28)
>c(l4n +-4np) N,

and to get (8.20) we need to replace the right-hand side by cu(nq, ..., np)_NI .
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CAsE 8.1 Assume that for some § > 0, pu(ny,...,np) = 6(1 +ny +--- + n,,)‘g.
Then (8.20) follows from (8.28) with N; = Ny/4.

CASE 8.2 Assume that
pwn,...,ny) <8 +ni+---+n,)°, (8.29)

and split the argument considering the cases when max(ni, ..., np) is reached at
n; with either j < Lor j > L.

e If max(ny,...,n,) =np, then u(ny,...,n,) ~14+n;+---+n,_; and we
write

¢ p=1
ot [; \/mz - ;\/mz T Ag}}_(\/mz T Agp+\/m2 + A%,,H).
+

Since the term between brackets is O (u) = O(Sn‘;) by (8.29), we get for §

small enough |F,ff+l‘z| > cn, — 400 if n, — +o00, which is much better
than the wanted estimate (8.20).

e If max(ny,...,n,) = ny, then u(ny,...,n,) ~1+ny+---+n, and we
write

Fr+ie = [\/m2 +23, =\ Jm 4+ 22 J + FE Oy ). (8.30)

np+1

Using the explicit value of 4,,; we expand the term between brackets as
(m1 = npi)) + O m) + O /npi1), ni,nper = 400 (831)

so that plugging into (8.30) and using the notation defined by (8.24)
FP Qoo by ) = GE g o dyom — ) (8.32)
+00/n1)+ O /npy1).
Since Anj € H,ny — npy1 € Z, theorem 8.3 gives for |G,’,’,_1’2_1| a lower bound of

type C(1+ny+---+n,+n —np+1|)‘N0. But (8.27) implies that [n; —n,4(| <
ny +---+n, whence

G2 > c(U by + - +ny,) N0~ u(ny, ... ny) N, (8.33)

If we remember (8.29), we see that - = O(csu™'/®) with¢c; — 0if 8§ — 0, so for §
small enough the remainders in the right-hand side of (8.32) are harmless, and we get
for | F} +1’£| alower bound as in (8.33). This concludes the proof of Proposition 8.2.

8.4 THE CASE OF ODD NONLINEARITIES, AND FINAL COMMENTS

In the preceding section, the assumption that p was even (and so ¢ = p + 1 odd)
was essential to get Theorem 8.3. If pisodd,g = p+ 1 and £ = %, the function
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F,Z’Z(EI, ..., &) of (8.25) vanishes for any value of m on a subset of # x --- x H:
for instance F,,> (&1, &, &, &) = 0if (67 = &5, & = &) or (5] = &/, & = &)).
In other words, when p is odd, ¢ = pTH, we have resonances preventing us from
eliminating the whole homogeneous part of degree p in the right-hand side of (8.7).
If we look for an operator B of type (8.13), the best we can do is to reduce (8.7) to
an equation of type

(D = Ap)v=M'(v, ..., ) + O™ (8.34)

V|;=0 = vo,

where M’ is the contribution to the homogeneous part of degree p that cannot be
eliminated. Remark, nevertheless, that if M’ satisfies an L? antisymmetry property,
of type

Im - M (v,...,0)vdx =0, (8.35)
Sd—

the M’ contribution will disappear in an L’-energy inequality. In the same way,
an H*-antisymmetry property makes M’ disappear in any H®-energy inequality,
whence solutions to (8.34) on an interval of length c/e” by the energy method. It
turns out that condition (8.3) on f; (k odd) implies that the reduced system (8.6)
satisfies such an antisymmetry property. This allows one to treat such nonlinearities
as we did for p even in Section 8.3.

Let us remark that there are severe restrictions to extending our strategy of Sec-
tions 8.2 and 8.3 to more general manifolds. Actually, we used two very specific
properties of the sphere: on the one hand, when we use (8.31) we exploit the fact
that differences of square roots of eigenvalues stay in a discrete subset—namely,
Z—up to some small remainders. Moreover, when we make use of (8.27) we take
into account a very special property of eigenfunctions of the sphere. If we wanted
to generalize our result, for instance, to Zoll manifolds, we would still know very
precisely the location of eigenvalues, but we would lack information on products of
eigenfunctions. On the other hand, if we were trying to treat the case of the torus
T? (d > 2), we would have very good properties for the product of eigenfunctions,
but the differences of square roots of eigenvalues, |n| — |m|,n,m € 74, describe a
dense subset in R, which prevents us from proving an analog of Theorem 8.3.

There is nevertheless a special case that we can treat on T¢: this is the case of
quadratic nonlinearities. Actually, when p = 2 in (8.25), F,i*e has no real zeros
when restricted to &3 = &; + &;, and (8.20), with N; = 1, follows from an explicit
calculation. Because of that, and due to the fact that we have a Fourier analysis on
T9, we prove in [4] existence of solutions of a class of quasi-linear Klein-Gordon
equations over an interval of time of size c/€?. In the semilinear case, a (more
complicated) proof of this fact has already been published in [1].
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Chapter Nine

Local and Global Wellposedness
of Periodic KP-I Equations

A. D. lonescu and C. E. Kenig

9.1 INTRODUCTION

Let T = R/(27Z). In this paper we consider the Kadomstev-Petviashvili initial
value problems

9.1.1

u(0) = ¢, G-1D
onT x T and R x T, where P(9,) = 8? (the third-order KP-I) or P(9,) = —Bf (the
fifth-order KP-I). Our goal is to prove local and global wellposedness theorems for
the third-order KP-I initial value problem on T x T and R x T, and for the fifth-order
KP-I initial value problem on R x T.

KP-I equations, as well as KP-II equations in which the sign of the term 9 layzu
in (9.1.1) is + instead of — arise naturally in physical contexts as models for the
propagation of dispersive long waves, with weak transverse effects. The KP-1I initial
value problems are much better understood from the point of view of wellposedness,
due mainly to the X; method of J. Bourgain [2]. For instance, the third-order KP-1I
initial value problem is globally wellposed in L?, on both R x R and T x T (see
J. Bourgain [2]), as well as in some spaces larger than L? (see H. Takaoka and
N. Tzvetkov [18] and the references therein). The fifth-order KP-II initial value
problem is also globally wellposed in L2, on both R x R and T x T (see J.-C. Saut
and N. Tzvetkov [15]).

On the other hand, ithas been shown in [10] that certain KP-I initial value problems
are badly behaved with respect to Picard iterative methods in the standard Sobolev
spaces, since the flow map fails to be C? at the origin in these spaces. Due to this
fact, the wellposedness theory of these equations is more limited. For example,
global wellposedness of the third-order KP-I initial value problem in the natural
energy space Z (13) (R x R) (see the definition below) remains an open problem. It is
known, however, that the third-order KP-I initial value problem on R x R is globally
wellposed in the “second” energy space Z(23) (R x R), as well as locally wellposed
in a larger space (using conservation laws, Strichartz estimates, and an interpolation

{8,u + P(@)u — 35 02u + udeu = 0;

The first author was supported in part by an NSF grant, an Alfred P. Sloan research fellowship, and a
David and Lucile Packard fellowship. The second author was supported in part by an NSF grant.
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argument as in [9] and [3]) (see C. E. Kenig [7] and the references therein). On
T x T, the third-order KP-I initial value problem is known to be globally wellposed
in the “third” energy space (see J. Colliander [4]), as well as locally wellposed in
a larger space (see R. J. Iorio and W.V.L. Nunes [5]) (using conservation laws and
energy estimates). The fifth-order KP-I initial value problem is known to be globally
wellposed in the energy spaces Z(lj)(]R x R) and Z(ls) (T x R), as well as locally
wellposed in larger spaces (using Picard iterative methods) (see J.-C. Saut and N.
Tzvetkov [15] and [16]).

To motivate the definition of our Banach spaces, we recall several KP-I conser-
vation laws: for the third-order KP-I equation (on both T x T and R x T), the
quantities

ER)(8) = / g’ dxdy, 9.1.2)

1 1 1
Ely( =5 [ dxay+ 3 [@ 0t dxay - ¢ [ ¢fdxay. 013
and
2 3 2 N2 5 —2q02 2 2
E&)(g) = 3 (9;8) dxdy + 3 (0,70,8) dxdy +5 [ (3,8)" dxdy

5 5
— E/gz(ax_zaf,g)dxdy — g/g(f)x_layg)zdxdy (9.1.4)

5 292 5 4
- d-gdxd — dxd
+4fgxng+24 g axdy

are formally conserved by the flow, where the integration is over T x T or R x T.
For the fifth-order KP-I equation on R x T, the quantities

E\(8) = / g*dxdy 9.1.5)

and
E! _ ! 92¢)> dxd : 0-1'9,9)* dxd : Sdxd 9.1.6
(5>(g)—§ (9;8) xdy+ 3 (9, "9y8) xdy — = [ g dxdy 9.1.6)

are formally conserved.

Forg € LX(T x T) let g(m,n), m, n € Z, denote its Fourier transform; similarly,
forg € L>(R x T) let g(£, n), £ € R, n € Z, denote its Fourier transform. Related
to the conservation laws above, we define the energy spaces Z‘(‘3) (TxT),s =0,1,2,
Zf3)(R x T),s =0,1,2, and Zis)(R x T),s =0, 1:

Z(TxT)={g:TxT— R:g(0,n) =0foranyn € Z\ {0} and

N ) ) 9.1.7)
lgl172,, = 18, 1 + Iml* + n/mI Nl 22z < 00},
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ZiyRxT)={g:RxT—R:

- s s (9.1.8)
l1gllzy, = 118, M+ &1 + [n/E1 11| 12@mxz) < 0O},
and
ZisxRxT)={g:RxT—R:
(9.1.9)

llgllzs,, = 118 mI1 + 8% + /&Nl 2@z < 00}

Our main theorems concern global well-posedness of the third-order KP-I initial
value problem in Z> )(T x T) and Z> )(]R x T), and global wellposedness of the

fifth-order KP-I 1n1t1al value problem in Z 5y (R x T). We do not know if global
wellposedness holds for the fifth-order KP-I initial value problem on T x T (for any
type of initial data). For s € R let H*(T x T) and H* (R x T), denote the standard
Sobolev spaceson T x T and R x T.

THEOREM 9.1.1 Assume that ¢ € Z(g) (T x T). Then the initial value problem

Btu—l—afu—a;layz.u—l—uaxu=OonTxTxR;

9.1.10
u0) = ¢, ( )

admits a unique solution u € C(R : Z(3)(’]I‘ xTHNCR : HYT x T)). In
addition, u € L°R : Z> )(T x T)), d,u € LI (R : L=®(T x T)),

loc

El () = ES (@), s=0,1,2, 1 € R, 9.1.11)

and the mapping ¢ — u is continuous from Z> »(TxTroC(-T,T]: 72 3 (TxT))
forany T € [0, 00).

THEOREM 9.1.2 Assume that ¢ € Z> )(R X T). Then the initial value problem

Bfu—i—a;u—a;layzu—l—uaxu=00n]RxTx]R;

9.1.12
u0) = ¢, ( )

admits a unique solution u € C(R : Z(3)(R xTHNC'@R: H'®R x T)). In
addition, u € L*(R : Z(g)(]R x T)), d,u € L. (R: L®R x T)),

loc

El () = ES (@), s=0,1,2, 1 € R, (9.1.13)

and the mapping ¢ — u is continuous from Z(s) RxTYtoC([-T,T]: (3) R xT))
forany T € [0, c0).

THEOREM 9.1.3 Assume that ¢ € Z(IS) (R x T). Then the initial value problem

Btu—afu—8;13§u+u8xu=00nRxTXR;

9.1.14
u0) = ¢, ( )
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admits a unique solution u € C(R : Z(S) RxTHNC!R: H3R x T)). In
addition, u € L°(R : Z! )(R x T, u,du € L. (R: L*[R x T))

loc
EX () = Ef5(¢), s=0,1, t € R, (9.1.15)

and the mapping ¢ — u is continuous from Z(ls)(]RxT) toC([-T,T]: Z(ls)(RXT))
forany T € [0, co.

In addition, we prove that sufficiently high Sobolev regularity is globally pre-
served by the flow (see Theorems 9.5.1, 9.5.2, and 9.5.3). We also prove local
Wellposedness theorems below the energy spaces Z(3) (T x T, Z(g) (R x T), and

(5) (R x T), respectively (see Theorems 9.6.1, 9.6.2, and 9.6.3).

As in [7], our proofs are based on controlling ||, u|| L) Lo where u is a solution
of one of the equations (9.1.10), (9.1.12), or (9.1.14). The main difficulty is that
the Strichartz estimates of J.-C. Saut [14] for the free KP-I flow on R x R, which
are used in [7], fail in periodic settings. We replace these Strichartz estimates with
certain time-frequency localized Strichartz estimates (see Theorems 9.3.1,9.3.2, and
9.3.3), which are still sufficient for our purpose. We mention that Picard iterative
methods in the energy spaces do not work to prove Theorems 9.1.1,9.1.2, and 9.1.3
(N. Tzvetkov, personal communication).

The rest of the paper is organized as follows: in Section 9.2 we summarize our
notation. In Section 9.3 we prove three localized Strichartz estimates for the homo-
geneous KP-I flow, as well as three corollaries. In Section 9.4 we prove Theorems
9.1.1, 9.1.2, and 9.1.3. In Section 9.5 we prove that sufficiently high Sobolev
regularity is globally preserved by the flow. In Section 9.6 we prove three local
wellposedness theorems. In Appendix A, we review the Kato-Ponce commutator
estimate and a Leibniz rule for fractional derivatives, on both R and T.

9.2 NOTATION

In this section we summarize some of our notation.

1. The anisotropic Sobolev spaces H*1"*2(T x T), s1, s, > 0, are defined by

Hxls‘YZ(T X T) = {g (S LZ(T X T) .

gl g2 = [1g0m, m)[(L +m») 2 + (1 +n*) 22| 252y < 00}
9.2.1)

We also define the standard Sobolev spaces H°(T x T), s€R, and
H®(T x T):

HTxT)={geS(TxT):

l1gllas = [1E0m, m)[(L 4+ m* +n*)"21| 224z < oo},
and

H®(T x T) = N2 H (T x T).
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The Sobolev spaces H*1""2(R x T), s;,5, > 0, H(R x T), s € R, and
H*>(R x T) are defined in a similar way.
2. We defined the energy spaces Zf3)(']1“ xT),s=0,1,2, Zé)(R x T), s =
0,1,2,and Z5)(R x T), s =0, 1, in (9.1.7), (9.1.8), and (9.1.9).
3. For sy, 55 > 0 and s € R we define the Banach spaces
Y2 (T x T) = (g € Z%5 (T x T) : ||gllystsns = |[g(m, n)

[(L+m>"% + A +n»)2 + 1L+ m* + 0> n/m|ll| 22z < 0o},
(9.2.2)

and

YR x T) = (g € Z8 R x T) : lgllysoas = 18, n)

[(L+ED"2 + (1 +nH)2 + (L4 &% +n) " n/ENl 2@uzy < OO}
(9.2.3)

We also define Y*(T x T) = Y (T x T), Y*(R x T) = Y** (R x T,
Y®(T x T) = NP2 Y*(T x T), and Y®(R x T) = N, Y*(R x T).
4. For s € R we define the operators J, J§, and J* by
Tsg(m,n) = (1 +m»**g(m, n):;
Trgm, m) = (1 +n22g(m, n); 9.2.4)
Tigm,n) = (1+m? +n>**gm, n)

on &'(T x T). By a slight abuse of notation, we define the operators J;, J,
and J in the same way on S'(R x T).

5. For any set A let 1,4 denote its the characteristic function. Given a Banach
space X, a measurable function # : R — X, and an exponent p € [1, o],
we define

1/p
[lullLrx = |:/(||M(f)||x)pdf] if p € [1, 00) and ||ul|z>x
R

=esssup,pllu(®)]lx.

Also, if I € R is a measurable set, and u : I — X is a measurable function, we
define

Nl py = 1L @ullLrx-

For T > 0, we define ||“||L¥X = ||u||L[P—T<TJX.

9.3 LOCALIZED STRICHARTZ ESTIMATES

In this section we prove three Strichartz estimates, localized in both frequency and
time. For ¢ € R let W3)(¢) denote the operator on Y *°(R x T defined by the Fourier

multiplier (£, n) — ¢/ /91 and Ws)(t) denote the operator on Y®(R x T)
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defined by the Fourier multiplier (£, n) — &' € 4n?/6) By a slight abuse of no-
tation we define the operator W(3)(¢) in the same way on Y (T x T). ~

For integers k = 0, 1,... we define the operators Q%, Q%, Q*, and Q% on
H*(T x T) by

Q/Eg(m, n) = -1 o) (Im[)g(m, n) if k > 1 and Q/g\g(m, n)
= 1po,1)(Im)g(m, n),
0% g(m, n) = 11 54\ (In))g(m, n) if k > 1 and @g(m, n)

= 10,1y (In)g(m, n),
k k

0k=>"0% 0= 0" k=o01....

k'=0 k'=0

By a slight abuse of notation, we define the operators Q’;, 0F, éfc, and é’i in the
same way on H*(R x T).

THEOREM 9.3.1 Assume ¢ € Y°(T x T). Then, for any € > 0,
Wiy ()0 QIglly2 1 = C2V* 10 012, (9.3.1)
and
W) (1) Q3 Q| 2, o = C2CT 10V Q1] 2, 9.3.2)
for any integers j > 0 and k > 1.
THEOREM 9.3.2 Assume ¢ € Y*°(R x T). Then, for any € > 0,
Wi ()0 Q{glli2 1~ = C27110Y Q1.2 (9.3.3)
and
W) (1) @3/ Qoll2 o = C2911Q¥ Q1o 2, (9.3.4)
for any integers j > 0 and k > 1.
THEOREM 9.3.3 Assume ¢ € Y*°(R x T). Then, for any € > 0,
W00 Q1#ll,2 , 1 < C2T2H110Y 019l 2, (9.3.5)
and

||W<s>(t)Qi“"QMIL;_z/_kLoo < CQTVHINQVHQIB| 2. (9.3.6)

for any integers j > 0 and k > 1.
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Proof of Theorem 9.3.1. We first prove (9.3.1). Let a(m, n) = (éi’ Qi) " (m, n),
soa(0,n) = 0. Let Yo : R — [0, 1] denote a smooth even function supported in
the interval [—2, 2] and equal to 1 in the interval [—1, 1] and ¢y : R — [0, 1] a
smooth even function supported in the set {|r| € [1/4, 4]} and equal to 1 in the set
{Ir] € [1/2,2]}. Then,

W ()0 Qlg(x,y) =C Y alm, n)y(m/2) )y (n/2%)e! metm+Fommn,
m,nez
where
F(m,n) =n®*/m+m>. (9.3.7)
Thus, for (9.3.1), it suffices to prove that
1021 (2D) Y aln, g (m/27) g (n /2% )e! (O Fm O+ EmmD)|

m,nel
3/8 j
< C20/3% 9 a|| 2 gz

for any measurable functions x, y : [-27/,27/] — T. By duality, this is equivalent
to proving that

H / (L0 5y (111 (m /2o (2] ) Oy E D
R

L2(Zx7)
3/8 j
< C2%™ g 2,

for any g € L?(R). By expanding the L? norm in the left-hand side, it suffices to
prove that

f f gW)g)K;(t, ') drdt'| < C28/4|jg| |2, (9.3.8)
R JR !

where

2 2 2j
Kt 1) = Lo 5-1y(tD 101 (1) D ¥ )y (n/2%)
m,nez
x eilm(x(t)fx(t’))+n(y(t)fy(l’))JrF(m,n)(tft/)J'

For integers [ > j let
K1) = Lot 50 (8 = 1'DK; (2, 1).
Clearly, for (9.3.8), it suffices to prove that
|Kj. (t,1)] < C.2/203/4+20j2(=D/10
for any [ > j. To summarize, it suffices to prove that

Z 1/f12(m/zj)1//3(n/22j)ei(mx+ny+F(m’")t) < C6212(3/4+25)j2(j—l)/10 (939)

m,nez

forany x, y € [0, 27), |t| e [27,2-27],1 > j.
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To prove (9.3.9), we use the formula (9.3.7) and estimate the summation in » first.
Let

o,
Aj(m,t,y) = Z wg(n/221)el(ny+n t/m)

nez

We use the Poisson summation formula

Y Fn) = Zf(zm) (9.3.10)

nez veZ
for any F € S(R). Thus,
Aj(m,t,y) = Z/ Y2 (/220 ) el MO M) gy
veZ R

Since y € [0,27), n < 2%+t <2.27/ and |m| > 2/~ it follows by integration
by parts that

/ Y3 (02 ) MOTTIAI | < € 1
R
if [v] > 100. Thus,
Ajm.t.y)= Y /1#8(n/22f)e"("0'*2””)*”2”’”)dn+0(1)- (©.3.11)
vj<100 VR

The term O (1) in the right-hand side of (9.3.11) contributes O (2/) after taking the
summation in m, which is dominated by the right-hand side of (9.3.9). Thus, for
(9.3.9) it suffices to prove that

Zwlz(m/zj)ei(mx-&-m}t)/ 1pg(77/22]‘)ei(ny’-wzzr/m>dn (9.3.12)
mez R
< Ce212(3/4+2€)j2(‘j_1)/10’

foranyl > j, x,y € R, |t| € [27%,2-27!]. We write

/ Y3 (/2% ) o' gy

‘ —~ . (9.3.13)

= C|m/t|‘/2/ Y2 (E)e~ O HEZDImIGEID g
R

By substituting into (9.3.12) and using the fact that ||1/p;2| L1 ®) < C, it suffices to
prove that

Z(m/zj)l/wa(m/zj)ei(mx’+m3t) < C62(3/4+2€)j22(]7j)/5 (9314)

m=>0

forany! > j,x' e R, |t| € [2-4,2-271.
To prove (9.3.14), we note first that we may assume j large and [ € [j, 7j/4].
We use a basic lemma of H. Weyl (see, for example, [13, Chapter 4]):
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LEMMA 9.3.4 [fh(x) = azx?+- - -+a1x 4+ is a polynomial with real coefficients,
and |ag — a/q| < 1/q* for some a € Z, q € 7\ {0} with (a, q) = 1, then, for any
5 >0,

N

Z eZﬂih(m)

m=1

S CBNI-HS[q—] +N_l +qN_d]l/2d71’

uniformly in N and q.
We also use the following standard consequence of Dirichlet’s principle:

LEMMA 9.3.5 For any integer A > 1 and any r € R, there are integers q €
{1,2,...,A}and a € Z, (a, q) = 1, such that

Ir —a/ql < 1/(Aqg).

To prove (9.3.14) we use the summation by parts formula,

0 o0 N
Zambm = Z (Z am) (bN - bN+1)7

m=1 N=0 \m=0

for any compactly supported sequences a,, and b,. Since the function m —
(m/27)!/24 (m/27) has bounded variation on Z N [0, 00), for (9.3.14) it suffices to
prove that

N

§ ei(mx/+in3t)

m=0

< C20/4+29] (9.3.15)

for any integer N € [2/~!, 27+, any l € [j,7j/4],x' € R,and |t] € [27/,2-27"].
We fix A = 2% and apply Lemma 9.3.5 to r = t/(27). Then,

t/(2m) —a/q] < 1/(2%q) (9.3.16)

for some integers g € {1,2, ..., 2%} and a € Z, (a, q) = 1. Since |t|/27 ~2
1 €[j,7j/4],and j is large, the denominator g in (9.3.16) is in the interval [¢2/, 2%/]
(the restriction [ < 7j/4 guarantees that a/q #0/1). The bound (9.3.15) then
follows from Lemma 9.3.4, by taking § = 2¢. This completes the proof of (9.3.1).

The proof of (9.3.2) is similar. The bound (9.3.2) is a consequence of the uniform
bound,

Z 1'0_12(’,’,1/2‘]'),()0_12(’1/2’2j+k)ei(mx4"‘1}'4*17(}11,n)t) < C6212(3/4+2€)j2(j71)/10’
m,n

(9.3.17)

forany! > j+k,|t] € [2-4,2-271, x, y € [0, 27), which is the analog of (9.3.9).
As before, we estimate the sum in n first. We use the Poisson summation formula
and the fact that n ~2%% |t/m| < C272/=* to replace the sum in n with a sum
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of C integrals, modulo acceptable errors, as in (9.3.11). Finally, we use an identity
similar to (9.3.13) to reduce the proof of (9.3.17) to (9.3.14) for [ > j + k. This
completes the proof of Theorem 9.3.1. o

Proof of Theorem 9.3.2. This is similar to the proof of Theorem 9.3.1. We first
prove (9.3.3). We may assume j > 1. Leta(€, n) = (Qij QL) (&, n). Then,

Wy () 0Y 0l (x. y) = C /R D aE myn (/2o (n /2% )e EFRHIEDD g,

nez

where
F(E,n)=n*/E +&. (9.3.18)

The same argument as in the proof of Theorem 9.3.1 shows that, for (9.3.3), it
suffices to prove that

'/ Z 1//12(g:/zj)wg(n/22j)ei(éx+ny+F(§,n)t) ds < C21 (9.3.]9)
R

nez

forany x € R, y € [0,27), |t] € [27/,2-27'],1 € [j,3/]. We use the for-
mula (9.3.18), and estimate the summation in 7 first, using the Poisson summation
formula. The same argument as before (see (9.3.11) and (9.3.13)) shows that, for
(9.3.19), it suffices to prove that

(&-/2}')1/21#12(5/2])61'(516'-%531) dg| < c2U=0r2 (9.3.20)

R4

forany I > j, x' € R, |t| € [27!,2-27!]. This follows from the van der Corput
lemma (see, for instance, [17, Chapter 8]).

The proof of (9.3.4) is similar. The same argument as before shows that the bound
(9.3.4) is a consequence of the uniform bound,

<c?, 9.3.21)

'f Zw]Z(S/zj)w%(n/22j+k)ei(éx+ny+F(E,n)z) de
R n

forany ! € [j + k,3j + k], |7] € 27,2.-2711, x e R, y € [0, 2m), which is the
analog of (9.3.19). The case j =0 is trivial. If j > 1, we estimate the sum in n
first, using the Poisson summation formula. Since n &~ 2%/%k |t/&£] < C27%/% we
replace the sum in n with a sum of C integrals, modulo acceptable errors. Finally,
we use an identity similar to (9.3.13) to reduce the proof of (9.3.21) to (9.3.20) for
! > j + k. This completes the proof of Theorem 9.3.2. o

Proof of Theorem 9.3.3. This is also similar to the proof of Theorem 9.3.1. We first
prove (9.3.5). We may assume j > 1. Leta(&,n) = (Qi" Qi) " (&, n). Then

W) (1) 03 Qg (x, y) = C / D aE, myn (/2o (n/23)e EHHEEDD g,
R

nez
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where
F(E,n) =n/E + &, (9.3.22)

The same argument as in the proof of Theorem 9.3.1 shows that, for (9.3.5), it
suffices to prove that

/ Y wRE /27 g (n /23! G EDD gg | < €2l (9.3.23)

nez

forany x € R, y € [0,2n), |t| € [271,2-2711, 1 € [2/,5j]. We use the for-
mula (9.3.22), and estimate the summation in » first, using the Poisson summation
formula. The same argument as before (see (9.3.11) and (9.3.13)) shows that, for
(9.3.23), it suffices to prove that

(&/27) 1Py (8/2))e! €4 gg| < €203 9.3.24)

R

forany [ > 2j, x' € R, |t] € [27/,2 - 27!]. This follows from the van der Corput
lemma (see, for instance, [17, Chapter §]).

The proof of (9.3.6) is similar. The same argument as before shows that the bound
(9.3.6) is a consequence of the uniform bound,

'/ D UTE2D) YT (/23R! E R END g | < 21 (9.3.25)
R n

foranyl € [2j + k,5j + k], |t] € [271,2-27], x € R, y € [0, 27), which is the
analog of (9.3.23). The case j = 0 is trivial. If j > 1, we estimate the sum in n
first, using the Poisson summation formula. Since n ~ 23*k |t/£| < C273/=% we
replace the sum in n with a sum of C integrals, modulo acceptable errors. Finally,
we use an identity similar to (9.3.13) to reduce the proof of (9.3.25) to (9.3.24) for
I > 2j + k. This completes the proof of Theorem 9.3.3. O

As in [7] we have the following corollaries of Theorems 9.3.1, 9.3.2, and 9.3.3:

COROLLARY 9.3.6 Assume N >4, uec C([-T,T]:Y*O"N(TxTHNC'([-T, T]:
H N YT xT), feCI-T,T]: H¥(T x T)), T € [0, 1/2], and

[0, 4+ 0] —0;'9lu=09,fonT x T x [T, TI.
Then, for any s; > 7/8 and s, > 1/2,

Hullp) oo = Cxl,szl/z[lIJ)flullL;oLz + IIJ)fl*lJ;zMIIL;cLz L 2]
(9.3.26)

COROLLARY 9.3.7 Assume N> 4, u e C([—-T, T1: YOO NRxTHNC'([-T, T1:
H Y TR xT), feC(-T,T1: HY®R xT), T €0, 1/2], and

[0, + 9] — 9, '92]u = 9, f on R x T x [T, T].
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Then, for any s > 1/2 and s, > 1/2,

lltll g oo < Cop T2l oo+ 1193 20 o2+ 1103 £l 121
(9.3.27)

COROLLARY 9.3.8 Assume N> 4, uc C([—-T, T]: YOO NRxTHNC'([-T, T1:
H Y TR xT), feCI-T,T1: HYR xT), T €0, 1/2], and

[0, — 0 — 9,00 Ju =0, f on R x T x [T, TI.
Then, for any s; > 1/2 and s, > 1/2,

1l e = Copa T2 ull g2 + 195720 ull o2 + 11937 11y 2]
(9.3.28)

The assumption N > 4 in Corollaries 9.3.6,9.3.7, and 9.3.8 (and also in Theorems
9.6.1,9.6.2, and 9.6.3 in Section 9.6) is related to d,u € C([—T, T]: H™N~1).

Proof of Corollary 9.3.6. Without loss of generality, we may assume that u €
C(~-T,T]: Y*(T xT) NC([-T,T] : H*(T x T)), and f € C([-T,T] :
H>(TxT)). Itsuffices to prove thatif s; = 7/84¢€ ands, = 1/2+¢,€ € (0, 1073,
then

103 Qfully1 poo

IA

C2 TP ullpgera + 1 flly 2] 93.29)
and

2j+k j
||Qy]+ Q)](u||L1TLoc

IA

C2~UHORTIRN I U o2 + 11 £lIy 2],
(9.3.30)
for any integers j > Oand k > 1.
For (9.3.29), we partition the interval [T, T] into 2/ equal intervals of length
2727/, denoted by [a;;, aj+1), 1 = 1,...,2/. The term in the left-hand side of
(9.3.29) is dominated by

27/
o
D Mgy payi @ QY Qlull 00
=1
2J

< C2PTY2 Y i)y 0 0F Qlull o (93.31)
I=1
By Duhamel’s formula, for ¢ € [a;;, aj4+1],

u(t) = Way(t —aj)ua;)l +/ Wy — s)[0x f(s)]ds.
ajv]

It follows from (9.3.1) that

. seei i i
a0 (D Q3 Qlull 200 < C29/¥/2T1 QY Qlula )l 2

+C2VII2 Ny 0y (O OF QL fll 2 (9.3.32)
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Combining (9.3.31) and (9.3.32), the left-hand side of (9.3.29) is dominated by

2J
C29PTY2 1 27 1 ua )2 + 113 fllp
=1

This leads to (9.3.29).

The proof of (9.3.30) is similar: the only difference is that we partition the interval
[T, T] into 2/** equal intervals of length 2727/, denoted by [b;;, bj141), | =
1,...,2/% and use (9.3.2) instead of (9.3.1). The term in the left-hand side of
(9.3.30) is dominated by

2Jj+k
C27UHORTY2N "1y by () QI Q]| 200 (9.3.33)
=1

It follows from Duhamel’s formula and (9.3.2) that

2j+k j 3/8 2)j 2j+k j
;15000 (D QX QT ull 200 < C2OBHDI | Q2 QT u(b; )2

+ C2BBF DIy, oy QT QL 2 (9.3.34)
Combining (9.3.33) and (9.3.34), the left-hand side of (9.3.30) is dominated by
2jtk
C 2 UHRRTI2 N a7k = g 2u by 2 + 113 Iz

=1

This leads to (9.3.30). O
Proof of Corollary 9.3.7. This is similar to the proof of Corollary 9.3.6. To con-
trol ||Q} Qlull, 1 Lhpoos WE partition the interval [T, T] into 2/ equal subintervals,

and use Duhamel’s formula and the bound (9.3.3). To control ||Q2] tk qull Lhrees
we partition the interval [—T, T'] into 2/ j+k equal subintervals, and use Duhamel’s
formula and the bound (9.3.4). O
Proof of Corollary 9.3.8. Thisis also similar to the proof of Corollary 9.3.6. To con-

trol ||Q Y Otull LLroos WE partition the interval [T, T'] into 2%/ equal subintervals,

and use Duhamel’s formula and the bound (9.3.5). To control || Qg] tk qull Lhroes

we partition the interval [—7', T'] into 22j+k equal subintervals, and use Duhamel’s
formula and the bound (9.3.6). O

9.4 PROOF OF THEOREMS 9.1.1, 9.1.2, AND 9.1.3

In this section we prove Theorems 9.1.1, 9.1.2, and 9.1.3. For Theorems 9.1.1
and 9.1.2 we rely on the bounds (9.3.26) and (9.3.27) with s; 4+ 2s, = 3. For
Theorem 9.1.3 we rely on the bound (9.3.6) with s; 4+ 35, = 5/2. We write in detail
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only the proof of Theorem 9.1.2 and indicate the minor changes needed for Theorems
9.1.1 and 9.1.3. For simplicity of notation, in this section we write H*°, H®, H*"*2,
Yoo, Ys, Ys525 and Zf3) instead of H*(R x T), H*(R x T), H*"2(R x T),
Y*@®RxT), Y'(RxT), Y2%R x T), and Zj; (R x T), respectively.

For € € (0, 1/2], we define the operators R€ on H*(R x T) by

Reg(€, n) = [Yo(€&) — Yo(&/€)o(em)B(E, n), 94.1)

where 1 is defined in the proof of Theorem 9.3.1. Clearly, R¢ extends to a bounded
operator on L7 (R x T), p € [1, oo], uniformly in €.
We start with a local wellposedness result:

LEMMA 9.4.1 Assume ¢ € Y*°. Then thereis T = T (||¢||y3) > 0 and a solution
ueC([-=T,T]:Y®)NCY (=T, T]: H®) of the initial value problem

(9.4.2)

du+ 0ju — 8, ' 95u + udyu =0in C([-T, T]: H®);
u(0) = ¢.

Proof of Lemma 9.4.1. This is known. See, for instance, [5, Section 4] for the proof
in the case of functions in Y*°(R x R); the same argument applies in the case of
functions in Y*°(R x T). O

We assume now that ¢ € Y*° N Z(23).

LEMMA 9.4.2 Assumeu € C([—=T,T]1: Y®)NC'([—T, T]: H®) is a solution of
(9.42) and ¢ € Zy. Then,

lull e < CUIBlI2,) (943)

for some constant C(||¢|| Z(Zg)) independent of T.

Remark. For Theorem 9.1.3 the bound (9.4.3) is replaced with
oy <C :
lull 2221, < CAlIBllz, )
Also, the space Z (23) is replaced with Z (15) throughout.

Proof of Lemma 9.4.2. This is also known. The main ingredient is the conservation
of the energies Ef3), s = 0,1, 2, defined in (9.1.2), (9.1.3), and (9.1.4),

El () = Ef) (@), s =0,1,2, (9.4.4)

forany ¢t € [—T, T]. The identities (9.4.4) are justified in [11, section 3] (on R x R),
using suitable approximations of the solution u and estimating the commutators. The
proofin [11, section 3] depends only on the Sobolev imbedding theorem and clearly
works in the case of functions defined on R x T. Given (9.4.4), the proof of (9.4.3)
is standard (see, for instance, [11, Proposition 5]). O

Next, we prove a global bound for ||u||L1TLoo + ||8xu||L1TLoo.
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LEMMA 9.4.3 Assumeu € C([—=T,T1: Y®)NCY([-T, T]: H®) is a solution of
9.42)and ¢ € Z(23). Then there is a constant c(||@| |Z(23)) such that

1)
/ [u(@)l|Loe + [[0xu(t)|[Le dt <1, (9.4.5)
1

forany t,t, € [—T, T] with
b=t < elllz,). 9:4.6)
In particular,
etll Ly oo+ M10xull L) oo < C(T 181122 )- 9.4.7)
Proof of Lemma 9.4.3. First, we observe that

Zh — H*'.

We apply Corollary 9.3.7 to both u and d,u, with s; = s, = 2/3. We note also that
12812 + 11757 03¢l 12 < ClIgl| 1, forany g € H*. It follows from (9.3.27)
that

1)
/ Nu@)[|Loo + [|0xu(r)]] Lo dt
3]

[0}
<C(t— n)”z[uuHL;on.l +f [ERCRIGIE dt] < Clr—1)'7A,
1

where

n

A = lull oo +f 1 @12 + 1 @dTu) (D] 2 + 11(0:0)* (1)1 2 dt

3l

= Cllullze 2, [1 +f

3l

The inequality (9.4.5) follows from (9.4.3) and the restriction (9.4.6). O

9]

[lu()]|Loe + [10xu(@)]]Lo0 dt].

We can now control ||M||L<7>_Oys, s >1.

LEMMA 9.4.4 Assumeu € C([—=T,T1: Y®)NC'([=T, T]: H®) is a solution of
(9.4.2) and ¢ € Z%,. Then, fors > 17,

3
||u||L%°YS <C(,T, ||¢||Z(23)0Yf)' (9.4.8)
Proof of Lemma 9.4.4. We show first that for any s > 1,

eullpger2 = Cs, T 1@l 22 DIl 2 9.4.9)
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We start from the identity (9.4.2), apply J;, multiply by 2J7u, and integrate in x
and y. The result is

8,/ (J)fu(t))2 dxdy = —/ Jl(u(t)o u(t)) - Jju(t)dxdy.
RxT RxT

We apply the Kato-Ponce commutator estimate (Lemma 9.A.1) with f = u(¢) and
g = 0,u(t). Integration by parts then shows that
W I u®I72 < Cll T u®I7(lu@)] L + |01 ()]|Lo0). 9.4.10)

The bound (9.4.9) then follows from (9.4.7).
A similar argument, using the operator 9, instead of J;, shows that

1 ull i < CCT NIl )19 B2 (9.4.11)
Next, we show that for any € > 0,
T3 ull o0 < CCe, T, 1Bl 12, 3. (9.4.12)
T ©)
In view of (9.4.9) and (9.4.11), it suffices to prove that
173 gllze < Cellgllgrsser, € > 0 (94.13)
for any g € Y°°. This is elementary:
0 — i —
173 gllee < € Y 207971101 @kl < € ) 207972002101 0kgl] 1
Jk=0 k=0

o0
< Cv||g||}17+3&1 Z 2(7]+26j+k)/2(2(7+35)] +2k)—l’
Jj.k=0

which gives (9.4.13).
Next, we show that for s > 7,

10,0yull1012 = CCs. T 11112, ) 9.4.14)

We start from the identity (9.4.2), apply 9, d,, multiply by 20, d,u, and integrate in
x and y. After integration by parts, the result is

3,118 dyu (1175 < c‘ / Byu(r) (axayum)zdxdy‘
RxT

+C

/ d2u(t) - dyu - 3, dyu(t) dxdy
RxT ’
< Cl13.u®)|| 1o 19:0yu (D135 + ClZu()]| oo |18y ()] 2119: dyu()]] 2.

The bound (9.4.14) follows from (9.4.11) and (9.4.12).
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A similar argument shows that for s > 7,
1978yull 5012 < CC5. T NIl 2, as)- (9.4.15)
We also note that, for any r € [T, T],
1,u )l < CAI2u@]] 2 + 11020,u(D)]]12) (9.4.16)

(see the proof of (9.4.13)). We apply 8y2 to the identity (9.4.2), multiply by 28514,
and integrate in x and y. After integration by parts, the result is

O 0;u®)[72 < Clloxu(0)]| L] 15u(®)]]7,
+ Cl0yu(0)]| oo 9, Dyu ()| 12|35 (1)]] 2
= C, T Illz2 o) 1171 @I 172 + 1),
by using (9.4.12), (9.4.14), (9.4.15), and (9.4.16). It follows that
195ullger2 < CGs, T 18112, )
for s > 7. Thus, using (9.4.15) and (9.4.16),
10yullzgroe = C(s, T 19l z2 appe)s s > 7. (9.4.17)
An argument as in the proof of (9.4.9) shows that for any s > 1 and ¢ € [0, T,
t
[FRIGIIF SCS/ @) s (@) oo
0
110, u(@)| oo + [|8yu(t’)|| L) dt'. (9.4.18)
We show now that for any s > 1 and ¢ € [0, T],

17307 a)u@)3,

t
< Csf e ()55 (@) e + 1852 | oo + [1Byu(t)]| o) di’.
0
(9.4.19)

We start from the identity (9.4.2), apply J; (3, '9,) R¢, multiply by 2J5 (3, 'dy) R¢u,
and integrate in x and y. The result is

WSO )R U@, < C

/ TR (u(t)dyu(t)) - J5 (37" 0,) Ru(t) dxdy
RxT

<C

/ ()R d,u(r)] - JS(37'9,) REu(t) dxdy
RxT

+ CIII @B, ) Ru ()] 211 [ (0) R Byu(r) — R (u(0)d,u(t)]l] 2.

Using the Kato-Ponce inequality (Lemma 9.A.1) and the Sobolev imbedding theo-
rem, it follows easily that

IO )R UMD, < Collu®3s (u) oo + 11dcu ()] oo + |dyu ()] 1oo)
+ Csllu@ys IR — DI Bu®) 2117 Pu@)]] 2
+ (R — DI @ ())]2].
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We integrate this inequality from O to # and let ¢ — 0. The bound (9.4.19) follows
from the Lebesgue dominated convergence theorem.
A similar argument shows that for any s > 1 and ¢t € [0, T'],

175 @7 3yl

t
< Cs/ et ()55 (@) Lo + 11052 | oo + 11Byu(t)]| o) di’.
0

(9.4.20)
The bound (9.4.8) now follows from (9.4.9), (9.4.17), (9.4.18), (9.4.19), and
(9.4.20). O

The following corollary follows from Lemma 9.4.1 and Lemma 9.4.4 :

COROLLARY 9.4.5 Assume ¢ € Y N Z(23). Then there is a global solution u €
CR:Y*®)NCYR : H®) of the initial value problem (9.4.2) with

u » <C 2 ).
lull 2, < CAIlI2)
We turn now to the proof of Theorem 9.1.2. For later use, we prove a stronger

uniqueness property.

LEMMA 9.4.6 Assume N > 4 and uy,u, € C([a,b] : Y**>M)yn C'(a,b] :
H N1 s> 3/4, are solutions of the equation

du+ 0ju — 37 95u + udeu =0 on R x T x [a, b], (9.4.21)
and u1(ty) = u,(ty) for some ty € [a, b]. Then u; = us.
Remark. For Theorems 9.1.1 and 9.1.3, the space C([a, b] : Y3/>T3/4+ =Ny n
C'(la, b] : H-¥~")hastobereplaced with C ([a, b] : Y 13/8+:15/16+=Ny N C1([a, b]

H=V=1and C([a, b] : Y3?*12+=Nyn Cl([a, b] : H~N™"), respectively. Com-
pare with the local wellposedness theorems 9.6.1, 9.6.2, and 9.6.3.

Proof of Lemma 9.4.6. Clearly,

||u1||Lf:.b]st,s,—N + ||u2||L[ol<I>.b]st,s._N < Cy. (9.4.22)
Thus,
||M1||L?:yb]Lp + ||u2||L[oib]Lp < Cfor p € [2,4]. (9.4.23)

Using Corollary 9.3.7 for u; and 0,u;, j = 1, 2, we have

||uj | |L[lz/,b/]Loo + ||8xuj | |L[1“/1b/]Loo

/ n1/2 25 . s 2s 2
< b = ) Pl 2 15l g+ 1203y o]
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for any [a/, b'] C [a, b], with b’ — a’ < 1. We use the Kato-Ponce commutator
estimate (Lemma 9.A.1) on the last term and the bound (9.4.22). As in Lemma
9.4.3, it follows that

iy, e+ 00l e <1710, j = 1,2, (9.4.24)

b1
whenever b’ — a’ < ¢q. It suffices to prove that u;(¢) = u,(¢) for |t — ty] < co. Let
u=u; —uyand v = (u; + uy)/2. It follows from (9.4.21) that

ou + 8;14 — 8;13)2,u 4+ d,(uv) =0onR x T x [a, b];
(9.4.25)
u(tg) = 0.

We apply the operator R (defined in (9.4.1)) to (9.4.25), multiply by 2Ru, and
integrate in x and y. The result is

AR U3, = 2/ RE(u(t)v(1))0x R°u(t) dxdy

RxT

< 21180z R w172 + [18: REu(@)] 2| IR () v(1))

— R @)v(®)ll 2.
For |t — t9] < co, we integrate from 7, to ¢, use (9.4.24), and absorb the first term of
the right-hand side into the left-hand side. The result is

2
[ R ull] o
{lt—tgl=co}

p=C[ IR @O0 - R @Ol
|t —tol=<co
We let ¢ — 0. By (9.4.23) and the Lebesgue dominated convergence theorem, it
follows that u(¢) = 0 if |t — 79| < ¢, as desired. O
We construct now the solution u.

LEMMA 9.4.7 Assume ¢ € Z(23). Then there is a solutionu € CR : Y21HNC'(R :
H™Y) of the initial value problem (9.1.12). In addition,

sup [lu(®)|l 2 < Clgll2 ), (9.4.26)
teR 3) 3)

and
lilly e + 100l g e = CT NIl 2,)s 9.4.27)

forany T > 0.

Remark. In Theorem 9.1.3, the solution u constructed at this stage is in C(R :
y223-hyncl(R : H).

Proof of Lemma 9.4.7. We adapt the Bona-Smith approximations [1] to our an-
isotropic setting. Assume ¢ € Z(23) and let ¢y = P(]g)¢, k=1,2,..., where

Pl g€, m) = B, m 10 (1ED 10y (In]). (9.4.28)
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Fork > 1 let

12
_ - 2 2 2 7£2\2
hy (k) = [Z /SZHW P&, P+ 8%+ n?/8) ds] .

nez

Clearly, hy is nonincreasing in k and
klirr;o hg (k) = 0.
Using Plancherel theorem, it is easy to see that
16 = ullzz = Cllllz Dk 2hy (), k= 1,
and

173¢ell2 < CIlI k2 k= 1,5 =3, 4.
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(9.4.29)

(9.4.30)

(9.4.31)

(9.4.32)

Let uy € C(R : Y*°) denote global solutions of (9.4.2), with u;(0) = ¢;. Using

(9.4.3) and (9.4.7)
el 72, < CAIBlI2, ),
and
okl poo + NOvurll ) poo = C(T, |I¢|IZ(23)), T =0,

uniformly ink = 1,2, ....
For 1 <k < k'let vy = uy — up. Forany T > 0 we show that

e llgeyaro < C(T, 119l 2 Yhg(0)'/%, 1 < k < K.
The bound (9.4.31) and the uniqueness argument show that

e llzgers < C(T 118112 k" 2ho(K), 1 <k <K
By interpolating with (9.4.33),

197 0 viwlligers < CT, Illz JE T (]2, 1 <k < K,
and
1 vewlligere < C(T 11l e The (012, 1T <k <K

Also, using (9.4.9) and (9.4.32),

W urllpger2 < C(T, ||¢||z(23))k“2, k>1s=3,4.

(9.4.33)

(9.4.34)

(9.4.35)

(9.4.36)

(9.4.37)

(9.4.38)

(9.4.39)
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We control now ||szvk,k/||L%oLz. Note that u% — uz, = 2up v i — vlik, and
:a,vk,k/ + v — 07 2o + 0w — V20 /2) = 0in C(R : H®);

vk (0) = oy e
(9.4.40)

We apply 92 to this identity, multiply by 29%v; 4/, and integrate in x and y. After
integration by parts, the result is

fvew I3, < C‘ / aka,k/(r)[aka,k/(rnzdxdy‘
RxT
+C/ axuk(t)[agvk,k,(t)]zdxdy‘
RxT

+C f aiukm[aka,k/(t)lzdxdy‘
RxT

+C / O ur () v (1), Ve p (1) dXd)"-
RxT
Using (9.4.36), (9.4.38), and (9.4.39), it follows that
0/1107vike (D172 = CT, 111152 Y13t (| ow + 10t (1)]]20)
(hy(K)'* + 1107 Ve (D]172)-

The bound (9.4.34) shows that ||8§vk,k/||L%oLz < C(T, ||¢||Z(z3))h¢(k)1/4, thus

130 p g2 < C(T 1@l 22 Yho (k). (9:4.41)
By interpolating with (9.4.33),

1y vewllzgere < C(T, 11l Yhg ()5, (9.4.42)
The bound (9.4.35) follows from (9.4.30), (9.4.37), (9.4.41), and (9.4.42).
Remark. For Theorem 9.1.3 we also need the bound

17710 9 v llgers < C(T N1z )k~ (9.4.43)

To prove (9.4.43) we start from the identity

v — R — 0y 9y venr = —(1/2)x [vp o (e + )]
inC([-T,T]: H®),
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apply the operator R€J~1(3'd,), multiply by 2R€J~1(319,)vi ', and integrate
in x and y. The result is

IR T B vew (D17,

<C

f RET 0, (v () (i () + up (1)) - RET 1@, v i (1) dxdy
RxT

< Cllvew O 2 (ux ]z + g (O] 2o 1RSI (@7 0y v (D] 2.
The bound (9.4.43) follows from (9.4.34) and (9.4.36).

It follows from (9.4.35) that {u; }3° | is a Cauchy sequencein C([—T, T]: Y*1:0),
forany T > 0. Letu € C(R : Y*>1.9) denote its limit. Since Biuk — 8;13y2uk +
updyuy — u — 8_;18)2,u +uduin C([~T,T]: H™"), forany T > 0, and

t
up(t) = dp — / Bur (@) — 37 02ur (') + u () dur (') dt’, (9.4.44)
o )
we have 8,u € C(R : H™") and u is a solution of (9.1.12). The bounds (9.4.26) and
(9.4.27) follow from the uniform bounds (9.4.33) and (9.4.34). O

We prove now the identities (9.1.13).
LEMMA 9.4.8 Let u denote the solution constructed in Lemma 9.4.7. Then

El () = Ef) (@)
fors =0,1,2andt € R.

Remark. For Theorem 9.1.3, the corresponding identities are Efs) (u()) = Efs) (@)
fors = 0,1 and ¢t € R. The imbedding Y>!? < L, which is used in the proofs
of Lemmas 9.4.8 and Lemma 9.4.9 below, has to be replaced with the imbedding
Y2>2/3=1 <5 L3, which is easy to prove.

Proof of Lemma 9.4.8. For s = 0, 1, the identities follow directly from the corre-
sponding identities for the functions u; (see (9.4.4)) and the fact that u;y — u in
C([~T,T]:Y*>'9), T € [0, 00). For s = 2, the uniqueness argument shows that
it suffices to prove that

E% (u(0) < E})(¢) (9.4.45)

for any ¢ € R.
From the definition of the functions ¢y,

lim ¢ = ¢ in Z;).
k—o00

In particular, ¢, — ¢ € L2N L. Thus, each one of the seven terms in the definition

(9.1.4) of E(23) (¢r) converges to the corresponding term in E(23) (¢). Thus,

lim E% (60) = E) (@), (9.4.46)
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‘We show now that

Eg)(u(1) < li]ggf EZ) (ui (1)) (9.4.47)
for any + € R. We combine three of the terms in the definition of E (23) and rewrite
5 3
Ei)=¢ [@20% - g2 avdy+ 5 [@0tavay +5 @07 avdy

5 5
—g/g(3£13yg)2dxdy+ Z[gzafgdxdy, (9.4.48)

for g € Z(23). For any fixed ¢, u;(t) — u(t) in Y>'0 < L[, Thus, all the
terms in the definition (9.4.48) of Eé)(uk(t)) converge to the corresponding terms

in E (23) (u(1)), with the possible exception of the first term. For the first term, we
note that

119, 20ur (1) — ur()*/2]],2 < C.
Thus, there is a subsequence k; such that
;72 ug (1) — ug (1)*/2 = vin L2,
Since uy, (1) — u(t) in L> N L*,
0 20%ug, (1) = v+ u(t)*/2in L.

Since ug, () — u(r) in L?, we have v+u(t)*/2 = a;2a§u(t), and (9.4.47) follows.

Since E3) (ur (1)) = Eg) () (see (9.4.4)), the inequality (9.4.45) follows. 0

Next, we show thatu € C(R : Z§).

LEMMA 9.4.9 Let u denote the solution constructed in Lemma 9.4.77. Then u €
CR: Z(23)).

Proof of Lemma 9.4.9. Assume f;, € R is a sequence, t; — fy. It suffices to prove
that

Zlim 9,7 0u(ty) = 0,70 u(to) in L? (9.4.49)
—00 ’

for some subsequence #;, of 7. We examine the formula (9.4.48). Sinceu € C(R :
Y219y and Y210 < L all the terms in the definition of Eé) (u(t)) are continuous

in ¢, with the possible exception of the first term. However, since E(23) (u(t)) is
constant, it follows that

t — 119, %9;u(t) — u()*/2|| 2 is continuous on R. (9.4.50)
Thus, for some subsequence #, of #,

9,70 ulty) — u(ty)’/2 — vin L.
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Since u(ty,) — u(tp) in L>NL®,
9, 205u(ty) = v+ u(t)*/2in L.
Since u(t,) — u(to) in L*, we have v 4 u(19)*/2 = 8;*9;u(to). Thus
92 u(ty) — u(ty)? /2 — 07 207u(to) — u(t9)*/2in L7,

Since ||8x_28)2,u(tk1) —u(tkl)2/2| 12 — ||8;28y2u(t0) —u(to)2/2| |12 (dueto (9.4.50)),
it follows that

970 ulty) — u(ty)’/2 — 97295u(to) — u(t)*/2in L?,

which gives (9.4.49). O

Finally, we prove the continuity of the flow map.

LEMMA 9.4.10 Assume T € [0, 00) and ¢' — ¢ in Z as | — oo. Thenu' — u
inC(-T,T]: Z(23)) asl — oo, where u' and u are the solutions to the initial value
problem (9.1.12) corresponding to initial data ¢' and ¢.

Proof of Lemma 9.4.10. We show first that
u > uinC(-T,T]:Y>"9). (9.4.51)

For k > 1 let, as before, ¢; = Pf ¢’ and uj € C(Ry : Y™) the corresponding
solutions. The formula (9.4.29) shows easily that

hy ) = CAIBlI2, ho®) + 119 = ¢l 2, 1 (9.4.52)
It follows, using (9.4.35), that

ik = ullgeyano < CT118]1 2, Vo (k)5
i, = ! ligey210 < CCT. lIgll2 o k) + 1l = 1112 )1

An argument similar to the proof of (9.4.35), using the bounds
¢ = dellz2 = CAlIDll2 N6 = 'l k1= 1
and
150kl + 1T il l2 < CUIgll2 0K, k1= 1,

instead of (9.4.31) and (9.4.32), shows that

1/4

1 !
g — uillpgey210 = C(T, 1|91l 22 Ikll¢ — ¢l 55 -
® ®

The limit (9.4.51) follows.
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Finally, we show that

lim 97%97u’ = 9770 u in C([—T,T]: L?). (9.4.53)

[—o00

Assume, by contradiction, that (9.4.53) was not true. Then there is ¢ > 0, a
subsequence /;, and a sequence t; € [T, T], j = 1,2, ..., with the property that

10;205ui (1)) — 0 207u(t))]] = €o.
We may assume that t; — # as j — oo. Using Lemma 9.4.9, it follows that
110283l (1) — 20w t0) || = £0/2, (9.4.54)

for j large enough. On the other hand, E(3)(uf(tj)) = E(3)(¢l ), E(3)(u(to)) =
E( (#), using Lemma 9.4.8, and Efy, (pl) — EX (¢) as j — oo (since dli > ¢
in Z(3)). Thus,

Jim Eg)(ui (1)) = Eg)(u(to)).
However, it follows from Lemma 9.4.7 and (9.4.51) that

lim u'i (t;) = u(ty) in Y*"°.
J— o0

It follows from the last two limits and the formula (9.4.48) that

Jim 12, 207uli (1) — ul (1)) /2] 2 = 19;205ulto) — u(to)* /2| 2

The same argument as in the proof of Lemma 9.4.9, using a weakly convergent
subsequence, gives a contradiction with (9.4.54). O

9.5 GLOBAL EXISTENCE OF SMOOTH SOLUTIONS

In this section we prove that high Sobolev regularity is globally preserved by the
flow.

THEOREM 9.5.1 Assume thats > 7 and ¢ € H*(T x T) N Z (']I‘ x T). Then the
initial value problem (9.1.10) admits a unique solution u € C(R H(T xT)N
Z(zg) (TxTHNC'R : H- (T x T)). In addition, the mapping ¢ — u is continuous
from H*(T x T)N Z(3)(T xT)toC(|-T,T]): H*(TxT)N Z(3)(T x T)) for any
T € [0, 00).

THEOREM 9.5.2 Assume thats > 7 and ¢ € H*(R x T) N Z(3> (R x T). Then the
lnmal value problem (9 1.12) admits a unique solution u € C(R : H'(R x T) N

(3) RxTHNCYR : H YR xT)). In addition, the mapping ¢ — u is continuous
from H*(R x T) N Z2 )(R xT) to C((—T,T]: HR x T)N Z> )(R x T)) for any
T € [0, 00).
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THEOREM 9.5.3 Assume thats > 7 and ¢ € H*(R x T) N Z(ls) (R x T). Then the
initial value problem (9.1.14) admits a unique solutionu € C(R : H*(R x T) N
Z(ls) RxTHNCYR : H YR xT)). In addition, the mapping ¢ — u is continuous
from H'(R x T) N Z(ls)(']l‘ XxT)toC([-T,T]: H@® xT)N Z(IS)(R x T)) for any
T € [0, 00).

The restriction s > 7 is related to Lemma 9.4.4. While this restriction may be
easily relaxed, we do not know if Theorems 9.5.1, 9.5.2, and 9.5.3 hold for s = 2.
Variants of Theorems 9.5.1, 9.5.2, and 9.5.3, using the anisotropic Sobolev spaces
H*1%2 or the interpolation spaces Y*1:*2- are also possible.

As in Section 9.4, we only indicate the proof of Theorem 9.5.2. We keep the
convention of notation explained at the beginning of Section 9.4.

Proof of Theorem 9.5.2. In view of Theorem 9.1.2, we only need to show that
u € C(R : H*) and the mapping ¢ — u is continuous from H‘ﬂZé) toC([-T,T]:
H*). With the notation in the proof of Lemma 9.4.7, we have the uniform bounds

sup ez, = E(Iltbllzé)), (9.5.1)

and, using Lemma 9.4.4,
lillzgons = C(s. T 119122 o). T 20, 9:52)
uniformly in k = 1, 2, .... An argument similar to the proof of (9.4.35), using the

Kato-Ponce commutator estimate (Lemma 9.A.1), shows that
kel zgynso < €, T 11012 qu) 1= Gellus +57/10), 1 <k < K. (9.5.3)

Thus u € C(R : HY), as desired.

Assume now that ¢! — ¢ in H* N Z(23) as [ — oo. The same argument as in the
proof of (9.4.51), using the bound (9.5.3), shows that u' — uin C([—T, T] : H*),
which completes the proof of Theorem 9.5.2. a

9.6 LOCAL WELLPOSEDNESS THEOREMS

In this section we prove local well-posedness theorems in the spaces Y*1-2=N  for
suitable s; and s,. For any Banach space X and r > O let B(X,r) = {x € X :
llxllx = r}.

THEOREM 9.6.1 Assume that N > 4, s € (15/16, 1), and r > 0. Then there is
T = T(s,r) > Owiththe property that for any ¢ € B(Y>*>"N(T x T), r) there is a
unique solutionu € C([—T,T]: BY**N(TxT), Cr)NC'(R : HN"1Y(TxT))
of the initial value problem (9.1.10).

THEOREM 9.6.2 Assume that N > 4, s € (3/4,1), and r > 0. Then there is
T = T(s,r) > O with the property that for any ¢ € B(Y>*>~N(R x T), r) there is
a unique solutionu € C([—=T,T]: BX** VR xT),Cr))NC'R: H¥" TR x
T)) of the initial value problem (9.1.12).
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THEOREM 9.6.3 Assume that N > 4, s € (1/2,1) and r > 0. Then there is
T = T(s,r) > O with the property that for any ¢ € B(Y>*>~N(R x T), r) there is
a unique solutionu € C([—=T,T]: BY¥*>NRxT),Cr))NC'R: H ¥ TR x
T)) of the initial value problem (9.1.14).

As in Sections 9.4 and 9.5, we only indicate the proof of Theorem 9.6.2. We keep
the convention of notation explained at the beginning of section 9.4.

Proof of Theorem 9.6.2. The uniqueness of the solution follows from Lemma 9.4.6.
To construct the solution, assume ¢ € B(Y>**~V r) and let ¢ = R'/* ¢, k =
1,2, ..., where R'/? is defined in (9.4.1). Clearly, ¢y € Z(23) NY*, ||¢rlly2ss—n <
rand img_ oo ¢ = ¢ in Y25V Letup € CR : Y*®), k = 1,2,..., denote
the global solutions of (9.1.12) corresponding to the initial data ¢ (these global
solutions were constructed in Corollary 9.4.5). The bound (9.4.10) shows that

T
2 el ger2 < 112 el 2 exp <Cf etk (D125 + 119ux (1) o0 dr>, 9.6.1)
-T

for any 7 > 0. A similar estimate, using the Leibniz rule in Lemma 9.A.2 instead
of the Kato-Ponce commutator estimate, shows that

T

I urllpger2 < [1J3@xll 2 exp (Cs/ e () Loo + [19xux (£)]] o0 dt)- 9.6.2)
T

Asin Lemma 9.4.6, it follows from Corollary 9.3.7 and the Kato—Ponce commutator
estimate (Lemma 9.A.1) that

T
/ e )llzoe + 1[3xux ()]l di
-T
< CT'2(Fuel o r2 + 1 uellpge 2 + I1E @y 2)
T
< CTV2(1J 2 urll oo p2 + ||J;uk||L;oLz)(1 +f [k O)llzoe + 13 ()]l dz).
-T
(9.6.3)

We substitute (9.6.1) and (9.6.2) into (9.6.3) to show that

T
/ it ()] o184 (O oo it
-T

T
< CrT'?exp (C/ g (0)] [ oo + |18y 2 (£)]] oo dr>.
-T

Thus, if T < Ty(s, r) is sufficiently small,

T
/ g (0|00 + [18xux (0)]| 100 dt < C(s, )T, (9.6.4)
-T

uniformly in k. For such a T, it follows from (9.6.1) and (9.6.2) that

||uk||L%°H2x,.r < Cr
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uniformly in k. An argument similar to the proof of (9.4.43) shows that
1777 @7 9y )ull o2 < Cr
Thus,
||uk||,_c}oyzs.s.—1v <Cr, (9.6.5)

uniformly in k.
We now let k — oco. Let vy g = uy — up, 1 < k < k’. The uniqueness argument
in Lemma 9.4.6 and the bound (9.6.4) show that

ok llrgerz < Cllgr e llyzss.—v.
An argument similar to the proof of (9.4.43) shows that
—Nq-1
770 0 vk llrger2 < Cligrilly2ss—n-

Therefore, uy, is a Cauchy sequence in C([—T, T] : YOO-My Tetu e C([-T,T]:
Y9%0.=Ny denote its limit. As in (9.4.44), u is a solution of the initial value problem
(9.1.12)and u € C'([—T, T1: H~V~1). The uniform bound (9.6.5) shows that

el | soy2s.s.-n = C. (9.6.6)

Finally, we show that u € C([-T,T] : H 25:5). The same argument as in the
proof of Lemma 9.4.9, using weakly convergent subsequences, shows that it suffices
to prove that the maps t — ||sz‘vu(t)||1‘z and 1 — |[JJu(?)||,2> are (uniformly)
continuous on [—7T, T']. Assume, by contradiction, that the map t — ||szsu(t)|| 12
is not uniformly continuous on [T, T'], so there is &y > 0 and sequences #;, #; C
[-T,T],1=1,2,..., |t —t/| > 0asl — oo, with the property that

IZu()2 — 1TZu)] 2 > eo. 9.6.7)

We fix [ large enough such that |7, —#/| is sufficiently small (compared to o). Without
loss of generality (due to the uniqueness of solutions), we may assume # = 0, so
u; = ¢. We repeat the approximation argument at the beginning of the proof and
use (9.6.1) and (9.6.4) with T = T (e, s, r) sufficiently small. It follows that

IZue DIz < NTZESl2 + €0/2,

provided that #/ is sufficiently small, which is in contradiction with (9.6.7). The
proof of the continuity of the map # — [|Jju(7)|],2 is similar, using (9.6.2) instead
of (9.6.1). |

APPENDIX 9A. TWO LEMMAS

For s > 0 let J; denote the operator on S’(R) defined by the Fourier multiplier
g€ — (14 £%)%? and J3 denote the operator on S'(T) defined by the Fourier
multiplier m — (1 + m?)*/2.
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LEMMA 9.A.1 (a) Ifs > 1 and f, g € H¥*T(R), then
J(fg) — fIrgll2 < Cslll g fllr2llgllLee
+ (1l + H0f 1) 1T gl 2] (9.AL1)
(b)Ifs > 1 and f, g € H¥**(T), then

I1J2(f8) — fIpgll2 < CslllJp fll211gllLee

+ (1S e + 110f )T gll2]. (9.A2)
Proof of Lemma 9.A.1. Part (a) follows from the Kato-Ponce commutator estimate
[6, Lemma X1]. We use part (a) to prove part (b). We may assume f, g € C*(T)
and fix 1 = | + ¥, a partition of unity, with ¢, ¥, : R — [0, 1], ¥, ¥» smooth
and periodic with period 27, v supported in |, .5 [27m + /4, 2nm + T /4],
and ¥, supported in Upnez2mm — 37 /4, 2rm + 37 /4]. Given f, g € C*(T), let
f € C*®(R) denote the periodic extension of f, and

g1(x) = g()Y1(X)1j0,221(x), g2(x) = g(X) Y2 (X)L 57(x).
Clearly, g1, g2 € C°(R). Also,
Fr(fe)m) =Y Fe(fa)(m).
1e{1,2)
Using the Poisson summation formula (9.3.10),

B0 = @0 S Fal om0+ m) e

mez

=@ Y Y Fr(Fam)(1 4 m) e

1e{l1,2} meZ

= Y YRR+ 2w,

le{1,2} neZ

for any x € T. A similar computation shows that

FOIgE) = > Y FO)RZx + 2 ),

1e{1,2} nez
for any x € T. Thus,
1I3(f8) = Fligllizm = C > 18D — FISE 2 (9.A3)
1e{1,2}

We fix two smooth functions JI,JZ R — [0, 1], 17}1 supported in [7r/10, 197 /10]
and equal to 1 in [/5, 97{15], /53 iliPpOI‘th in [-97/10, 97 /10] and equal to 1
in [—4m/5,47/5]. Then fg = (f¥1)g;, | = 1,2. Thus, the right-hand side of
(9.A.3) is dominated by

C Y [Tz = Tl + 170 = T BEllew |- OA4

le{1,2}
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Using (9.A.1) and the simple observations [|J3(f¥)l2@ < CsllJ3f1lL2¢r and
15 @il 2wy < CsllJs ' gll2r), I = 0, 1, the first term in (9.A.4) is dominated
by the right-hand side of (9.A.2). For the second term in (9.A.4), we notice that

[J281 ()] < Cyllgllze (1 + |x) 72,

for x in the support of (1 — 1/7;). Thus, the second term in (9.A.4) is dominated by
ClIf1l.211g]lLe, which completes the proof of (9.A.2). O

LEMMA 9.A.2 (a) Ifs € (0, 1) and f, g € H'/?T(R) then

TR (f&) — fIrgllL2 = CsllJp fllL2lIgllLee. (9.A.5)

) Ifs € (0,1) and f, g € H/*(T) then
1Jr(f8) — fIrglle < CsllJp fllL21Igllnee. (9.A.6)
Proof of Lemma 9.A.2. Part (a) follows from [8, Theorem A.12]. Part (b) then
follows from part (a) using the same argument as in Lemma 9.A.1. a
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Chapter Ten

The Cauchy Problem for the Navier-Stokes Equations
with Spatially Almost Periodic Initial Data

Y. Giga, A. Mahalov, and B. Nicolaenko

10.1 INTRODUCTION

We consider the Cauchy problem for the Navier-Stokes equations (n > 2) :

ou—vAu+ u,VYu+Vp=0, divu=0 in R"x(0,T), (10.1.1)
Ulj—o =ug (divug=0) in R", (10.1.2)

when the initial data u is spatially nondecreasing, in particular almost periodic. We
use a standard convention of notation; u(x, t) = (u'(x, 1), ..., u"(x, 1)) represents
the unknown velocity field while p(x, t) represents the unknown pressure field;
v > 0 denotes the kinematic viscosity and d,u = du/dt, (u, V) =Y u'dy,, 0y, =
0/0x;, Vp = (0, P, ..., 0, p) Withx = (x1, ..., X,).

It is by now well known ([CK], [Ca], [CaM], [GIM], [KT]) that the problem
(10.1.1)—(10.1.2) admits a local in time-classical solution for any bounded initial
data. It is unique under an extra assumption for pressure. It is also well known
[GMS] that the solution is global in time if the space dimension n =2. By the
translation invariance in space variables for (10.1.1)—(10.1.2) and the uniqueness of
the solution it is clear that if the initial data u is spatially periodic, so is the solution.

Our goal in this note is to show that if u is spatially almost periodic in the sense of
Bohr [AG], [Co], so is the solution. This fact follows from continuity of the solution
with respect to initial data in uniform topology. Fortunately, such a result follows
from analysis developed in [GIM]. However, this persistency of almost periodicity
is not noted elsewhere, so we shall give its statement as well as its proof. We note
that considerations of solutions not decaying at infinity such as corresponding to
almost periodic initial data are essential in the development of mathematical theory
for homogeneous statistical solutions [FMRT], [VF].

It turns out that this persistency property also holds for the three-dimensional
Navier-Stokes equation in a rotating frame with almost periodic initial data (10.1.2):

Uy —vAu+ u, Vu+Qes xu+Vp =0, divu =0in R3><(0,T), (10.1.3)

with € R, where e3 = (0,0, 1) is the direction of the axis of rotation. In
[GIMM] we have proved its local solvability for some class of bounded initial data
not necessarily decaying at space infinity. Since we are forced to use a homogeneous
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Besov space, amore specific argument is necessary to prove the persistence of almost
periodicity. We shall prove this result in Section 10.3.

An almost periodic function always has its mean value [AG], [Co]. However, the
converse does not hold. Nevertheless, we also prove that existence of mean value
is preserved for the Navier-Stokes flow even if the initial velocity is not necessarily
almost periodic.

10.2 PERSISTENCE OF ALMOST PERIODICITY

We first recall a well-known existence result. Let L;°(R") be the space of all
divergence-free essentially bounded vector fields on R” equipped with essential
supremum norm | - ||. Let BUC(R") be the space of all bounded uniformly
continuous functions on R". The space BUC, (R")(= BUC(R")NL?’) is evidently
aclosed subspace of LS°(R"). The space C (I, X) denotes the space of all continuous
functions from 7 to X, where X is a Banach space. We do not distinguish the space
of vector-valued and scalar functions.

ProrosiTiON 10.2.1 ([GIM]). (Existence and uniqueness). Assume that uy €
BUC,(R™). There exists Ty > 0 and a unique classical solution (u, Vp) of
(10.1.1)—(10.1.2) such that

(1) u € C([0, Ty], BUC,(R")) and u is smooth in R" x (0, Ty);
(i) supg_, .7 llulleo (7) < 00;

(i) Vp =V Y7 ,_| RiRju'u', where R; = 9,,(=A)~'/2.

Moreover, t'/?>Vu e C([0, To], L(R")) and T()||u0||iO > Cy with a constant
depending only on n.

Remark 10.2.2

(i) One is able to take Ty arbitrary large number for n = 2. In particular, there
is a global in time unique smooth solution u for any uy € BUC,(R") (and
more generally for uy € L (R")) [GMS].

(ii) As observed in [GIM], we need some restriction of the form of V p to have
the uniqueness.

LEMMA 10.2.3 (Continuity with respect to initial data). Let u; be the bounded
(smooth) solution R" x (0, T) of the Navier-Stokes equations for initial data uo €
BUC,(R") for k = 1,2,.... Assume that supy, .7 |uilleoc(t) < M. Then the
following two properties hold. -

@) ur(, 1) —u2(-, Hlleo < Clluor — uo2lloo, t € [0, T with C depending only
onn, T, and M.

(ii) If uox converges to ug in LY (R"), then the solution u with initial data u
exists for R" x (0, T), and it is the uniform limit of u; in R" x (0, T).
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Proof. This is easy to prove by applying arguments in [GIM]. The solution in [GIM]
is the mild solution of an integral equation so u; satisfies

t
up(t) = e®ug — / div e" 2P (uy @ up)ds, (10.2.1)
0

where P = (8;; + R;R;) and ¢’ A f is the solution of the heat equation with initial
data f,ie., (e'® f)(x) = (G, * f)(x) with G,(x) = (4mt)™"/? exp(—|x|?/4t). By
(10.2.1) it is clear that the difference u; — u, fulfills

uy(t)—ux(t) = "™ (uo1 —up) — f dive V2P ((u; ®u1) — (U2 ®uz))ds. (10.2.2)
0

Since

Idiv P fllo < C17'2|| flloo (10.2.3)

by [GIM], estimating (10.2.2) yields

t
lur — uzlloo (t) < lluor — uozllo +2c/ t — )" (lurllo
0

+ lluzlloo) (et — uzlloo(s))ds
so that

1/2
sup flup — uslloo(t) < llutor — toalloo +4C2M 1" sup fluy — uz|loo (7).
O<t<t O<t<t

If 8C Mt'/? < 1/2, then we have

sup lug — u2loo(7) < 2lluor — uo2llco-
O<t<t

We divide [0, T'] into [0, T1], [T}, T»], ..., [Tn, Tp] so that the length of each time
interval is less than (16C M)~2 and repeat this argument on each interval to get (i).

If {uo} is the Cauchy sequence in L3°(R"), {uy} is the Cauchy sequence in
L>*®(R" x (0, T)) (= the space of all essentially bounded functions in R" x (0, T"))
by (i). Thus, sending k to infinity in (10.2.1) yields (ii) if we note (10.2.3). O

We now recall the notion of almost periodicity in the sense of Bohr [AG], [Co].
Let f be in BUC(R"). We say that f is almost periodic if the set
Zp={f(+8&I§ eR"} C L*R")

is relatively compact in L*°(R"), i.e., any sequence in X ; has a convergent subse-
quence in L*°(R"). (Actually, uniformly continuity assumption is redundant. In
fact, if f is bounded continuous and X, is relatively compact in L*°(R"), then f

must be uniformly continuous [AG], [Co]). If f is periodic in (xy, ..., x,), i.e.,
fx+n) = f(x)forall x € R
for some 7 = (71,..., 1), m > 0,i = 1,...,n, then Ty is identified with a

torus []/_,(R/n;Z) so any periodic function is almost periodic. A finite sum of
periodic continuous functions in L is almost periodic. If an infinite sum of periodic
continuous functions converges in L°°(R"), then it is almost periodic.

We are now in position to state our main result.
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THEOREM 10.2.4 Assume that uy € BUC,(R") is almost periodic. Let u be the
bounded (smooth) solution of the Navier-Stokes equation in R" x (0, T) with initial
data ug in Proposition 10.2.1. Then u(-, t) is almost periodic as a function of R"
forallt € (0,T).

Proof. Letu(t) = u(-, t) be the solution (in Proposition 10.2.1) of the Navier-Stokes
equation with initial data uy. We denote the mapping uy —> u(t) by S(z).

Since the Navier-Stokes equations are invariant under translation in the space
variable, the solution u, with initial data up,(x) = uo(x + 1), n € R” fulfills
uy(x,t) =u(x +n,t). Thus §(¢) maps X, onto X, . Since

sup |[luylloo(r) = sup |lulloo(r)

O<t<T O<t<T

is independent of 7, Lemma 10.1 implies that S(7) is a well-defined continuous
mapping from the closure £, onto %, ;). Thus, if ¥, is relatively compact, so is
2u(.r)- We now conclude that u(-, t) is almost periodic. O

10.3 THREE-DIMENSIONAL NAVIER-STOKES EQUATIONS
IN A ROTATING FRAME

We shall show persistence of almost periodicity for the Cauchy problem (10.1.2)-
(10.1.3). For this problem it seems impossible to establish wellposedness for L>°-
initial data. We recall a result of existence of a unique local solution for (10.1.2)—
(10.1.3) [GIMM](see also [S]). Let WV be

W={uce LZO(R3)|8u/8x3 = 0 in R? in the sense of distribution}.

An element of this space is often called a two-dimensional three-component diver-
gence free-vector field. We need to recall a Besov space,

BLIRY={f e SR)f= Y ¢*finS R,
j=—00
1£lge = D ey * flloo < 00},
j=—00

where {g; }3027 o 18 the Littlewood-Paley decomposition satisfying

$i(E)=¢o(27€) € C(RY), supp o C {1/2 < |&| <2},

oo
D 6 =1 #0);
Jj=—00
here ¢ denotes the Fourier transform of ¢ and C{°(R") is the space of all smooth
functions with compact support in R".
We need to prepare several function spaces. We say that u € L°(R?) admits
vertical averaging if

L
lim — u(xy, xo, x3)dxz = u(xy, x
L—>oo2L/,L(123)3 (x1, x2)
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exists almost everywhere (a.e.). The vector field u is called the vertical average of
u(xy, xa, x3). Let L;O be the topological direct sum of the form

LY, =WeaeB
with
B ={ue By NLli(x;, x2) = 0ae.(x, x2) € R
We often consider a smaller space,
X=BUC,, :={u e LY, R)u € BUCR)}
={u=u; +usluy e WNBUC, u, € B°}.

The second identity follows from the fact that 3° C BUC. The space X is equipped
with the norm

lullx = Nlurllzee + lluzll go
00,1

and it is a Banach space. We shall fix 2 € R below.

PropPosSITION 10.3.1 ([GIMM]). Assume that ug € X. There exists Ty > 0 and a
unique classical solution (u, V p) of (10.1.2)—(10.1.3) such that

(i) u € C([0, Ty), X) for any § > 0 and u is smooth in R? x (0, Tp).
(i)
p 9 <
£ = RiRu'u/ — QRy(Ryu' — Riu?), £ =1,2,3.
ax;  dxe ”2::1 'y ¢(Rou )
Moreover, t'/*Vu e C([0, Tp]; LgO(R3)) and T0(||u0||§( + 1) > ¢y with a positive
constant c.

ProproOSITION 10.3.2 (Continuity with respect to initial data). Ler u; be the
bounded (smooth) solution in R? x (0, T) of the Navier-Stokes equations (10.1.3)
in a rotating frame with initial data uo, € X for k = 1,2,... Assume that
Supy<; 7 lluklloo(t) < M. Then the following two properties hold:

@) Nur(, 1) —uz2(, oo < Clluor — ue2llx, ¢ € (0, T) with C depending only
onT and M.

(ii) If {uor}y2, converges to ug in X, then the solution u with initial data u, exists
for R3 x (0, T) and it is the uniform limit in R3 x (0, 7).

Proofof Proposition 10.3.2. Thisis easy to prove by applying arguments in [GIMM].
The solution in [GIMM] is the mild solution of an integral equation, so u; fulfills

t
up(t) = e @y — / dive APy @ uy)ds
0

with A(Q) = —A + QPJP, where Ja = e3 x a for a € R3. We estimate the
difference u; — u, similarly to [GIMM, (4.8)] and obtain

t
lur — ualloo () < lluor — o llx +26Mf (t — )2 luy — w0 (5)ds,
0
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with a constant C > 0. As before, we apply the Gronwall inequality [GMS] to get
iy — ualloo(t) < Cilluor — uzllxe, 1€ (0,7),
with some positive constants Cy, C, depending only on C and M. This yields (i).

From (i) it follows (ii) as before. O

We are now in position to state our main result.

THEOREM 10.3.3 Assume that uy € X is almost periodic. Let u be the bounded
(smooth) solution of the Navier-Stokes equations (10.1.3) in a rotating frame in
R3 x (0, T) with initial data ug in Proposition 10.3.1. Thenu(-, t) is almost periodic
as a function of R".

The proof parallels that of Theorem 10.2.4 by setting the solution operator S() :
ug — u(-, t) if we use the next lemma.

LEMMA 10.3.4 A function f € Bgo’l(R”) is almost periodic if and only if Xy is
relatively compact in f € Bgo,,(R”).

Proof. 1t suffices to prove “only if”” part since BSO, | C L is continuous. Suppose
that 3, (C Bgo,l) is relatively compact in L>°(R"). Then any sequence { f;,} C X¢

has a convergent subsequence { f; = f (- +nk@)} = foin L®(R3) as £ — oo. We
note that

loi * felloo = lli * flloo forall ieZ.

to get
1fe = follgo = D i (fe = fodlloo
lil=N
+ Y = ) *@illoe <2 ) llgi * flloo + Cnll fie = fllos
lij<N—1 li|=N

with Cy = 2N ||¢o]| 1. Sending £ — oo, we observe that

Jim sup |Lfe = follgo | < 2HZN lgi % [ loo.

Since f € Bgoql, the right-hand side tends to zero as N — oo so fy — fp and

f() € ngl. Oa

Remark 10.3.5 We note that Qe; x u restricted to divergence-free vector fields is
a skew-symmetric operator in (10.1.3). The fast singular oscillating limit (large £2)
of the 3D Navier-Stokes equations in a rotating frame (10.1.3) with almost periodic
initial data (10.1.2) will be considered elsewhere. Global regularity for large 2 of
solutions of the three-dimensional Navier-Stokes equations in a rotating frame with
initial data on arbitrary periodic lattices and in bounded cylindrical domains in R3
was proven in [BMNI1], [BMN2], [BMN3], and [MN] without any conditional as-
sumptions on the properties of solutions at later times. The method of proving global
regularity for large fixed €2 is based on the analysis of fast singular oscillating limits
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(singular limit 2 — +00), nonlinear averaging, and cancellation of oscillations
in the nonlinear interactions for the vorticity field. It uses harmonic analysis tools
of Littlewood-Paley dyadic decomposition and lemmas on restricted convolutions
to prove global regularity of the limit-resonant three-dimensional Navier-Stokes
equations which holds without any restriction on the size of initial data and strong
convergence theorems for large 2.

10.4 AVERAGING PROPERTY

As proved in [AG], [Co] an almost periodic function has the mean value at least for
functions of one variable. We shall study a class of functions having its mean value.

DEFINITION 10.4.1 Let D be a bounded C' domain in R" containing the origin.
Let xp be its characteristic function, i.e., xp(x) = 1ifx € D and xp(x) =0
ifx & D. Let xg(x) = xp(x/R)R™"|D|" for R > 0, where |D| denotes the
Lebesgue measure of D. (By definition, fR,, xRdx = 1.) A function f € L>(D) is
said to have its D-mean value if x X * f converges to a constant ¢ uniformly in R"
as R — oo. The constant c is called D-mean value of f.

Example 10.4.2 For any £ € R” the function ¢/** has its mean value for any D.
This is trivial if £ = 0, so we may assume & # 0. By rotation of coordinates we
may assume &; # 0 for§ = (§, ..., §,). Integrating by parts, we observe that

GE* ) = — / FGx—y)d ! U )
X X) = X —y)ay = — n - y),
P R"|D| Jrp R"|D| Jyrp) ! i&

where n = (ny, ..., n,) is the outer unit normal of d(RD) = R(dD) = {Rx|x €
9D} and dH"! is the area element. Thus, ||X,§ * flloo & 0as R — oo. Thus,
unless & = 0, the mean value of e/s* equals zero. Since one can prove that an almost
periodic function is a uniform limit of Bochner-Fejer trigonometric polynomials as
proved in [AG], [Co] (for n = 1), an almost periodic function has its D-mean value
for all D. (Note that a uniform limit of { f;,,} always has its D-mean value if f;, has
its D-mean value.)

Evidently, even if a function has its D-mean value for any D, this does not imply

. . . . i 2
the function is almost periodic. For example f(x) = e'“e ™ ,x e R,a #0,¢ >
0 has mean value zero, but it is not at all almost periodic. However, f € BY, | if

¢ is taken sufficiently small so that the support of f is away from the origin. This
implies that an element of Bgo,l is not necessarily almost periodic though it has
mean value zero for any D.

LEmMA 10.4.3 A function f € Bgo., has D-mean value zero for any D.

Proof. Tt suffices to prove that ¢; * f has D-mean value zero for all j € Z since
fm — fin BY, | implies f,, — fin L™ for f,, = Zyjj<me; * f. Let {Y}}_, C
Ci°(R") be a partition of unity of the support of ¢; and supp I//}[ does not intersect
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the plane {§; = 0} forsome k = 1, ..., n (k may depend on £). Then thereis p, € S
such that ¥, = i& p,. Thus we observe

Yeox@;x f=0k(oe*q@j* f)
to get

1

Fr(x) == (Xp*Wex@;* [)(x) = T RYD]

[ mtoorgse s =panrio.
d(RD)
We estimate Fy to get

1
F <
Fr()| < o

oo % @ % fll " (A(RD)) — 0

since p¢ * @; € L'is independent of R. Thus,

N
€0j*f=zlﬁe*¢j*f
=1

has D-mean value zero. The proof is now complete. O

An element of BU C having its mean value for some D may not have mean value
for another D. Here is an example. We consider

fx) = «/%—l—l“og%sz +1 —sinlogvx2 + 1),

which is the derivative of

g(x) = +vx2+ 1coslogv/x2 + 1.

If D = (—1, 1), the mean value exists and equals zero by uniform continuity of
f. If D = (—1/2,3/2), the mean value does not exist. Indeed, (XL’)e * £)(0) =
+(g(3R/2) — g(R/2)) does not converge as R — oo.

Our goal in this section is to prove that existence of mean value is preserved for
the Navier-Stokes flow.

THEOREM 10.4.4 Assume that ug has D-mean value ¢ € R". Then the solution u of
the Navier-Stokes equation with initial data uq (in Proposition 10.2.1) has D-mean
value c for all t € (0, Tp).

Proof. Since u solves (10.2.1), i.e.,
t
u(t) = e®uy — / div(e"™% P(u ® u))ds, (10.4.1)
0

it suffices to prove that. e"®up has D-mean value ¢ and tha.t the second term F ()
of (10.4.1) belongs to BY, | if we note that any element of B, | has D-mean value
zero (Lemma 10.3). We shall prove these facts in the next lemmas. O

LEMMA 10.4.5 (i) Ifa € BUC(R") has D-mean value ¢ € R, then f x a has D-
mean value ch,, fdx provided that f € L'(R"). In particular, ¢'*a has D-mean
value c. (ii) Ifu € L*(R" x (0, T)), then F(t) € BSO,I(R").
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Proof. (i) This is clear since

Ixp* fra—frcloo=Ilxf*a—c)* flloo < I fIllxs*xa—clloo— 0

as R — oo.
(ii) We shall recall an estimate

C
tA
Ve flizg,, = mallfllsg, (104.2)

found, for example, in [I]. (Here the space B'go,oo(c §’) is defined as the dual space
of

B, ={feS|f= )Y frginS,

j=—00

1fllgo, = D llgs * fllr < 00})

Jj=—00

Using this estimate for F(¢), we observe that

t
C
IF Oz | < / oyl Il 6ds,
00, 0 —

where |P| is the operator norm in Bgo’m, which is finite (see, e.g., [A]); here we

invoked the property that | f| By, = C’|| flloo- This estimate yields that F(¢) €
B, - 0

Remark 10.4.6 (i) The estimate (10.4.2) also implies (10.2.3) if we note that
Iflloo < £l 50 . (i1) A similar result holds for the Navier-Stokes equation in a
rotating frame. In this case we have to assume that )/ component of the initial data
ug has D-mean value.
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Chapter Eleven

Longtime Decay Estimates for the
Schrodinger Equation on Manifolds

I. Rodnianski and T. Tao

11.1 INTRODUCTION

Let (M, g) = (R, g) be a compact perturbation of Euclidean space' R?, thus M is
R? endowed with a smooth metric g which equals the Euclidean metric outside of
a Euclidean ball B(0, Ry) := {x € R? : |x| < Ry} for some fixed Ry. We consider
smooth solutions to the Schrodinger equation

u, = —iHu, (11.1)

where for each time ¢, u(¢t) : M — C is a Schwartz function on M, and H is the
Hamiltonian operator

1
H:=— 5 A M,
where Ay := V/V; is the Laplace-Beltrami operator (with V/ denoting covariant
differentiation with respect to the Levi-Civita connection, in contrast with the Eu-
clidean partial derivatives 9;). Note that H is positive definite and self-adjoint with

respect to the natural inner product
(1, v) 200) = / u()o(x) dg(x), (11.2)
M

where dg := ,/det g;; (x)dx is the standard volume element induced by the metric
g. In fact, the spectrum of H consists entirely of absolutely continuous spectrum
on the positive real axis [0, 400), in particular H has no eigenvalues or resonances
at any energy. In particular, H enjoys a standard functional calculus on L?(M), the
Hilbert space associated to the inner product, and one can define the homogeneous
Sobolev norms ||u| gspp) = ||H“/2u||Lz(M) on M using fractional powers of H for
all —1 < s < 1. (One can of course define these norms for other s also, but there

! The analysis we give here also extends to higher dimensions n > 3, and are in fact slightly easier in
those cases, but for simplicity of exposition we restrict our attention to the physically important three-
dimensional case and to compact perturbations. The hypothesis that M is topologically R is technical
but in any event is forced upon us by the nontrapping hypothesis, which we introduce below; see [14].
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are some technicalities when s is too negative that we do not wish to address here.)
Thus, for instance, [[u|l g0y = lull 2(p) and

1
el 0y = (s Hut) 201y = 5/ |Vul dg. (11.3)
M

It is well known (see [2]) that for any time 7y and any Schwartz initial data
uo there exists a unique global-in-time Schwartz solution u : R x M — C to
(11.1) with initial data u(0) = uo; indeed, we have u(¢) = e ""fu,. In this paper
we develop a quantitative variant of Enss’s method to obtain a new global-in-time
local smoothing estimate for such solutions; to avoid needless technicalities we
shall always restrict ourselves to Schwartz solutions. The methods here extend to
more general classes of Hamiltonians than those considered here; for instance, they
can handle asymptotically flat manifolds of dimension n > 3 as well as short-range
potentials, provided that there are no resonances or eigenfunctions at zero; however,
to simplify the exposition, we have chosen to restrict attention to the simple case of
zero potential and compact perturbations of three-dimensional Euclidean space. We
shall pursue more general Hamiltonians in [9] using a somewhat different method
(based on limiting absorption principles).

Let us begin by recalling some earlier results. In the case where M is Euclidean
space R”, so that H = Hy := —%ARz is just the free Hamiltonian, then we have
the well-known global-in-time local smoothing estimate (see [3], [11], [15]), which
we shall phrase as

o0
—-1/2— —itH 2
/ ”('x) / Uve o 0u0||L2(R3)

[e¢]

+110) 27T Uo7, sy dt < Colluoll o g (11.4)

for any o > 0 and any Schwartz initial data f, where (x) := (1 + |x|?)!/2. It is well
known that the condition on o is sharp (there is a logarithmic divergence in the
left-hand side when o = 0).

Now we suppose that (M, g) = (R?, g) is a compact perturbation of Euclidean
space obeying the nontrapping condition. It is known (see [2], [S]) that one has the
local-in-time local smoothing estimate

—1/2— —itH 2
[ ve g,
1

—3/2—0 —itH,, |12 2
) 2T g2, dt < CoplluolZng, (115

for all compact time intervals I C R, where the constant on the right-hand side
is allowed to depend on 7, if and only if the manifold M is nontrapping, i.e., ev-
ery geodesic s +— x(s) in M eventually goes to spatial infinity, as has a theory
for the Schrodinger equation as s — =oo. To understand why the nontrapping
condition is necessary, observe that the localization in time means that the low and
medium energies are easily controlled (for instance, by using the Sobolev embed-
ding H'2(M) < L3(M) and Hélder’s inequality, noting that at low and medium
energies Ve "My is also in H'/2(M)), and so one only needs to understand the
evolution of the high energies, which evolve semiclassically. The semiclassical
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limit of the estimate (11.5) is the estimate fR (x5 (s) > ds < Cop|%(0)]
for any geodesic s — x(s), which is easily seen to hold if and only if the manifold
is nontrapping (this also explains the requirement that o > 0). Of course, one needs
semiclassical tools such as pseudo-differential operators and the positive commu-
tator method in order to make this argument rigorous; see [2], [5] (or Section 11.6)
for more details.

The main result of this paper is to unify the global-in-time Euclidean estimate
(11.4) with the local-in-time manifold estimate (11.5) as follows.

THEOREM 11.1.1 Let M be a smooth compact perturbation of R? which is non-
trapping and which is smoothly diffeomorphic to R3. Then, for any Schwartz solution
u(t, x) to (11.1) and any o > 0, we have

/ 1) =127 Ve g7, (11.6)
R

—3/2—0 —itH,, |2 2
+ ”('X:) / (Te " u0||L2(M) dt S C(T,M”uOHHI/Z(M)'
In other words, the constant Cy ; p in (11.5) can be taken to be independent of the

interval 1.

As mentioned earlier, this is not the strongest result that one could obtain with
this method; our purpose here is merely to illustrate a model example in which the
method applies. By using different methods (in particular the limiting absorption
principle) we were able to obtain results for more general Hamiltonians; see [9].
However, we believe the method we present here still has some merit; in particular,
it is conceptually straightforward and seems to have some hope of generalizing to
more “time-dependent” or “nonlinear” situations in which spectral theory tools are
less useful. For instance, the methods here were already used in [13] to obtain new
results on the asymptotic behavior of focusing nonlinear Schrodinger equations, at
least in the spherically symmetric case.

We now informally discuss the proof of the theorem. First note that this esti-
mate is already proven when M is Euclidean space R?, and we are only considering
manifolds M that are compact perturbations of Euclidean space. Thus it is rea-
sonable to expect that the only difficulties in proving (11.6) will arise from the
compact region B(0, Ry), and indeed by modifying the proof of (11.4) we will be
able to show that a global-in-time local smoothing estimate in a slight enlargement
B(0, R) of B(0, Ry) will automatically imply the full estimate (11.6). Thus we may
(heuristically, at least) restrict our attention to a ball such as B(0, R).

Next, we use the spectral theorem to decompose the evolution (11.1) into low-
energy, medium-energy, and high-energy components. The high-energy compo-
nents turn out to be treatable by the same positive commutator arguments used to
prove the local-in-time estimate (11.5). From heuristic viewpoint, this is because
high-energy components propagate very quickly and thus only linger in the com-
pactregion B(0, R) for a very short period of time, after which they escape into the
Euclidean region of M and never return to B(0, R) again. Of course, the nontrap-
ping hypothesis is essential here. At a more technical level, the reason why we can
adapt the arguments used to prove (11.5) is that the error terms generated by the
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positive commutator method are lower order than the main term, and can thus be
absorbed by the main term in the high-energy regime even when the time interval /
is unbounded.

The low-energy components are easy to treat, but for a different reason, namely
that there is an “uncertainty principle” that shows that solutions that have extremely
low energy cannot be concentrated entirely in the compact region K, and thus the
low energies cannot be the dominant component to the local smoothing estimate
inside this region K. This is ultimately a reflection of the well-known fact that a
Hamiltonian H = — % Ay with no potential does not have any resonances or bound
states at zero or negative energies.

The most interesting component to treat is the medium energies regime, which
requires new methods. These are energies that are not high enough to behave semi-
classically and escape the compact region K by means of the nontrapping hypoth-
esis, but which are not low enough to escape the compact region K by means of
the uncertainty principle. Fortunately, there is a third mechanism by which we can
force solutions of the Schrodinger equation to escape the compact region K, namely
the Ruelle-Amrein-Georgescu-Enss (RAGE) theorem. The point is that (as is well
known) H contains no embedded eigenfunctions in the medium-energy portion of
the spectrum (or indeed anywhere in the spectrum), and so the RAGE theorem then
ensures that any given solution to (11.1) must eventually vacate the region K after
some time 7. We recall the abstract version of the RAGE Theorem (see, e.g., [8]).

THEOREM 11.1.2 (RAGE) Let H be a self-adjoint operator on a Hilbert space H.
If C : H — H is a compact operator and uy lies in the continuous subspace of H,
then

S N N,
i | 16l =0

The RAGE theorem played a crucial role in Enss’s approach to scattering for
Schrodinger operators H = Hy+ V, [6]. In fact, our treatment of medium energies
can be viewed as a quantitative version of Enss’s method in a sense that we use
both the RAGE type inequality and the decomposition into incoming and outgoing
waves, also a major part of Enss’s work, but derive an a priori estimate, as opposed
to a qualitative result about completeness of the wave operators. The other major
difference is that in scattering theory, density arguments allow one to consider only
medium energies and compactly supported data, whereas we must necessarily treat
all energy ranges and allow our data to have arbitrary support.

One might object that the RAGE theorem is “qualitative” in nature, in that the
time T required for a solution to leave K depends on the choice of solution and
thus need not be uniform. However, because we have localized the solution in both
frequency (to medium energies) and position (to the region K), and because we can
use linearity to normalize the H'/2(M) norm of u, the solution is in fact effectively
contained in a compact region of (quantum) phase space. Because of this, one can
make the time 7 required for a solution to leave K to be uniform for all medium-
energy solutions u.

There is, however, still a remaining difficulty for medium-energy solutions, which
is that once a solution leaves the compact region K one needs to ensure that it does not
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return back to K, since a solution that periodically left and then returned to K would
eventually contribute an infinite left-hand side to (11.6). To resolve this we introduce
a quantitative version of Enss’s method. The starting point is the observation that, in
the exterior of the domain K, any function can be decomposed into “outgoing” and
“incoming” components (very roughly speaking, this corresponds to the spectral
projections (0,400 (i 9r) and X(—oc,01(idr) where 9, is the radial derivative, although
we shall not perform these projections directly due to the singular behavior of the
operator i 9,). Outgoing components will evolve toward spatial infinity as t — 400,
whereas incoming components will evolve toward spatial infinity as ¢ — —oo. In
particular, in both cases the solution will not encounter the compact region K, and
the evolution is essentially Euclidean in nature.

Now suppose that a medium-energy solution to (11.1) is localized to K at some
time #y. By the quantitative RAGE theorem, at some later time #y + 7" the solution
has mostly vacated the region K. By Enss’s decomposition it can have either out-
going or incoming components. But one can show that there is almost no incoming
component, because if we evolved backward in time from #y + T back to 7y we
see that the incoming component would have evolved back to a region far away
from K, and thus be orthogonal to the initial data. Thus, at time 7y + T, the solu-
tion consists almost primarily of outgoing components. But then, by the preceding
discussion this means that the solution will continue to radiate to spatial infinity
for times after ¢y and thus never return to K. To summarize, we have shown that
any component of a medium-energy solution that is located in K at time #y will
eventually radiate to spatial infinity as t — +o00; a similar argument also handles
the t+ — —oo evolution. Combining this with the finite energy of u (note that in
the medium energy regime all Sobolev norms are equivalent), one can obtain the
estimate (11.6).

The global-in-time local smoothing estimate in Theorem 11.1.1 has a number of
consequences; for instance, by combining it with the arguments of Staffilani and
Tataru [12] one can obtain global-in-time Strichartz estimates for compact nontrap-
ping perturbations of Euclidean space, which then can be used to transfer some
local and global existence results for nonlinear Schrodinger equations on Euclidean
space, to the setting of compact nontrapping perturbations. We will not discuss
these (fairly standard) generalizations here, but see [9] for further discussion.

11.2 NOTATION

Throughout this paper, the manifold M, the radius Ry, and the exponent o will be
fixed. All constants C will be allowed to depend on o and M (and hence on Ry). If
C needs to depend on other parameters, we will indicate this by subscripts.
Suppose Ay, Ay, ..., Ay are real parameters. We use Oy, ... 4, (1) to denote any
quantity depending on Ay, ..., Ay (and possibly some other quantities), which
is bounded in magnitude by some constant Cy,, . 4,. For some fixed ¢ (usually
¢ = 0orc = 00), we also use 04y 4,.,...4, (1) to denote a quantity depend-
ing on Ag, Ay, ..., Ay (and possibly some other parameters), which is bounded in
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magnitude by some quantity Fy,, . 4, (Ao), such that

.....

lim FAI

] A, = 0 for all choices of Ay, ..., Ay.
0—>¢C

Often k will be zero, in which case the above notations simply read O (1) and
04y—c(1), respectively. We also abbreviate Oy, 4, (1)X and 04y 4,,..,4, ()X
,,,,, 4, (X) and 04 ¢:4,,...,4, (X), Tespectively.

In the absence of parentheses, we read operators from right to left. Thus, for
instance, V fg denotes the function V( fg) rather than (V f)g.

We use the usual summation conventions on indices, and use g’ K to denote the
dual metric to g;; on the cotangent bundle, and use g to raise and lower indices
in the usual manner. We use V;, V/ to denote the usual covariant derivatives with
respect to the Levi-Civita connection on M; these can be applied to any tensor

field; we use |V f|, = /VJ fw to denote the magnitude of the gradient with
respect to the metric g, and |V f| to denote the Euclidean magnitude of the gradient.
Since Vg = 0, the indices of covariant derivatives can be raised and lowered freely;
thus, for instance, Ay = V/ V; =V; V/. Also, these covariant derivatives are
antiselfadjoint with respect to the inner product (11.2), and thus we can integrate by
parts using these derivatives freely.

As the operator H is self-adjoint and has spectrum on [0, co), we can construct
spectral multipliers f (H) for any measurable function f : [0, o0) — C of at most
polynomial growth; in particular, we can define fractional powers H*/?> and (1 +
H)*/?, as well as Schrodinger propagators e ~# and Littlewood-Paley type operators
on H. These spectral multipliers commute with each other, and are bounded on L?
if their symbol f is bounded.

11.3 OVERVIEW OF PROOF

We now begin the proof of Theorem 11.1.1. The first step will be to show that
one can freely pass back and forth between the slowly decaying weight (x)~!/2>=¢
in (11.6) and a suitably chosen compactly supported weight ¢. By shrinking o as
necessary we may assume that 0 < o < 1.

Fix any compact time interval [0, T'], and let K (T') be the best constant for which
the inequality

T
—1/2— —itH 2
/0 1) 20 Ve g 12,

FIH) T2 g3, dt < K (T uol 12, (11.7)

holds for any Schwartz function uy. From the (local-in-time) local smoothing theory
in [2], [5] we already know that K (T') is finite for each 7. Our task is to show that
K(T) is bounded independently of T'; the negative times can then be handled by
time reversal symmetry.

Recall that M is equal to Euclidean space in the exterior region |x| > Ry. To take
advantage of this, let us fix ¢ : M — R to be a smooth function that equals 1 when
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|x] < 4Ry and equals O when |x| > 8R;. We then define the localized quantity
K,(T) to be the best constant, such that

T
/ loIVe ™ uolgll7a ) dt = Ko(T)?llutoll 1724, (11.8)
0

holds for any Schwartz solution u to (11.1). It is clear that K,(T) < C,K(T). In
Section 11.4 we shall establish the converse inequality

K(T) < C, + C,K,(T) (11.9)

for all times T > 0, where the constants C, depend on ¢ but not on 7T'.

In light of (11.9), we see that to bound K (T') it suffices to bound the localized
quantity K,(7). We make the technical remark that K,(T) is required only to
control first derivatives of e =" ug, and not e~/ u directly. This will be important
in the low-fregency analysis later on.

The next step is energy decomposition into the very low energy, medium energy,
and very high energy portions of the evolution. Let 0 < gy <« 1 be a small parameter
(depending on ) to be chosen later, and decompose 1 = Pj, + Pped + Phi, Where
Pios Pmed, Phi are the spectral multipliers

P = x(H/g0); Pueda = x(c0H) — x(H/g0); Pui:=1— x(soH),

and x : R — Ris a bump function supported on [—1, 1] which equals 1 on [—1/2,
1/2]. We shall prove the following three propositions, in Sections 11.5, 11.7, 11.6,
respectively:

ProposITION 11.3.1 (Low-energy estimate). For any T > 0, we have
T
/0 loV Pioe™ ol 72y, d1 < 0cg—0:0 (K (T ol 312y

PrOPOSITION 11.3.2 (Medium-energy estimate). For any T > 0, any time-step
T > 1, and radius R > 10R,, we have

T
/ ||g0VPmedef”Huo||iz(M) dt S (C(p.so,R,t + 0R—>oo;<p,60(K(T)2)
0

+ 001,00, R K (TN 1011 17241

ProrosiTION 11.3.3 (High-energy estimate). For any T > 0, we have
T
fo loV Prie ™ uol 72y, dt < 0eg—0:0 (K (T 10113172,

Combining these three propositions using the triangle inequality and using the
definition (11.7) of K,(T), we see that

Ky (T)* <0600, (K(T)?) 4+ (Cy ey Rz
+ 0R 001,60 (K (T)?) 4 01 00:0.60. R (K (T)?)) 4 0y—0:0 (K (T)?)
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forany &g > 0,7 > 1, and R > 1. If we choose t sufficiently large depending on
@, &0 and R, and R sufficiently large depending on ¢, &y, we conclude that

Ky(T)?* < Cyey + 00y—0:0 (K (T)?);
combining this with (11.9) we obtain
K(T)* < Cy oy + 0eg0:0(K(T)P);

letting & be sufficiently small depending on ¢ and recalling that K (T') is finite, we
conclude that K(T') < C, for all time T, which gives Theorem 11.1.1.

It remains to prove (11.9) and Propositions 11.3.1, 11.3.2, 11.3.3. This will be
done in the following sections.

11.4 PHYSICAL SPACE LOCALIZATION

We first prove (11.9). Let u = e~ "y, be a Schwartz solution to (11.1). Let
T > 0. We will allow all constants C to depend on ¢ and will no longer mention
this dependence explicitly. We normalize |luol| ;1/2¢p) = 1, which by unitarity of

e~"" and spectral calculus implies that

sup [lu(®) | g2y = 1 (11.10)

teR

Our task is to show that

T
—1/2— 2 —3—0_ 2
/0 ”(.X) UVM||L2(M)+ ||<)C> Ou”LZ(M) d[

< (C+ CKo (D) uolGy12 4,
Note that it will not be relevant whether we measure the magnitude of Vu using the
metric g or the Euclidean metric as they only differ by at most a constant.

From (11.7) we already have

T
/ / |Vu|* dxdt < CK,(T)*. (11.11)
0 [x[<3Rg

From an easy Poincaré inequality argument we also can show that

/ |u|2dx§C(/ [Vul|? dx+/ lu|® dx.
[x|<3Rg [x[<4Rg 3Rp<|x|<4Rg

Thus it will suffice to work in the Euclidean region |x| > 3Ry and prove that
T
/ / x| 7372 Vul? + x| 7% |ul? dxdt < C 4+ CK,(T)*.  (11.12)
0 |x|>3Rg

We now invoke the positive commutator method. Let A be an arbitrary linear
operator on Schwartz functions. From the self-adjoint nature of H, we observe the
Heisenberg identity

d
AW 1 (0) 20y = TH. Alu(D), u(D) 1201, (11.13)
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where i[H, Al = i(HA — AH) is thq Lie bracket of H and A; integrating this in ¢
and using (11.10) and the duality of H'/?(M) and H~'/>(M), we obtain

T
U (LH, Alu(0), u()) 20 dx| < CIAN 12000 12 01)- (11.14)
0

The positive commutator method is based on choosing A so that i[H, A] is mostly
positive definite, in order to extract useful information out of (11.14).
Let us now set A equal to the self-adjoint first-order operator

A= —ia,kak — iaka,k,

where a : M — Ris the function a := x (]x| —&|x|'~¢), where x is a smooth cutoff
supported on the region |x| > 2Ry, which equals 1 when |x| > 3Rj,and0 < ¢ < 1
is a sufficiently small constant depending on Ry, a x denotes the Euclidean derivative
of a in the ¢; direction, and we are summing indices in the usual manner. Since
Va = 0(1) and V?a = O(1/|x|), we observe from (11.3) and the classical Hardy
inequality [lu/|x[|| 2®3) < Cllul 13, that A maps H'(M) to L*(M), and by self-
adjointness also maps L2(M) to H~' (M). By interpolation we conclude that A maps
H'?to H™'2. Also, since H = —%8_,- d; on the support of x, we can compute

) 1
i[H, A] = —5[3,,'3,‘, a0 + oka ]
1
= —E(a’kjjak + Za,kjajk + 8k(1,kjj + 28ka,kj8j)
= —20;ja,,j0 — > ik

and thus from (11.14) and an integration by parts we conclude that

1
2a,j3 udju — §A§3a|u|2 dxdt| < C. (11.15)

[x|>Ro

Let us first consider the portion of (11.15) on the region |x| > 3Ry, for which
a = |x| — ¢|x|'"¢. Then a computation shows that ¢ has some convexity if ¢ is
sufficiently small; indeed, in this region we have

2
Vul? o,

T 3
a i dcudu > C£|x|—l+s’ Aa < —c,/|x|’*

for some ¢, > 0. Invoking (11.15) and using (11.11) to estimate the region where
2Ry < |x| < 3Ry, we conclude that

|Vu|2 |u|? 5
+ce——dxdt < Cy; + C,K,(T)
/ /x.% lx|tre T 0 x| 2te e

+—/ / A§3a|u|2dxdt.
2 Jo Jixi<3r,

To conclude (11.12), it thus suffices by (11.11) to establish the following fixed-time
estimate:
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LEMMA 11.4.1 If ¢ > O is sufficiently small, then there exists a constant C > 0

such that
/ A2sal [P < c/ V7P
Ix|<3Ro IxI<3Ro

for all smooth functions f. (Note that the left-hand side can be negative.)

Proof. Ttis possible to establish this from Poincaré inequality and the Green’s func-
tion computation below (the main point being that A’a has negative mean), but
we shall use a compactness argument instead. Let § > 0 be a small number to be
chosen later. It clearly suffices to show that there exists C > 0 such that

/ <8+A§3a>|f|2saf |f|2+C/ V£
[x]<3Rg [x|<3Rg [x|<3Rg

for all smooth functions f. We have chosen to use the Euclidean measure dx here,
but one could equally well run the following argument using the measure dg.

Suppose for contradiction that the above estimate failed. Then we can find a
sequence f, of smooth functions with the normalization

Sf Ifn|2+nf V2 =1,
Ix|<3Rg 1x|<3Rg

such that

lim sup/ 8+ A%a)|f,)* > 1.
[x|=3Rg

n—o00

By Rellich compactness we can find a subsequence f,; of f, that converges in L?
to a limiting object f € L*>(B(0, 3Ry)), and then by Fatou’s lemma

/ VP =0,
[x[<3Rg

In other words, f is equal to a constant on the region (x) < 3Ry. But by Green’s
formula we have

d
/ 8+A2a=0(8)+/ —AadS$
[x|<3Rg

lx|=3Ry 41

=00+ 471(3R0)2<— + 0(a)> = —47 + 0(g) + 0(5)

(3Ro)?
which is negative if ¢ and § are chosen sufficiently small. This is a contradiction,
and the claim follows.

11.5 LOW-ENERGY ESTIMATE

Now we prove the low-energy estimate in Proposition 11.3.1, which is the easiest of
the three propositions to prove, especially in the model case when there is no potential
V, and the manifold M is a compact perturbation of R®. The idea here is to exploit
the uncertainty principle to extract some gain from the spatial projection ¢ and the
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frequency projection Pj,, but in order to do this we need to somehow exploit the
fact that H contains no resonances or bound states at the zero energy. For technical
reasons (having to do with our use of the homogeneous norm H'/2(M) instead
of the inhomogeneous norm H'/2(M)), we shall need the following nonstandard
formulation of this nonresonance property.

PropPoOSITION 11.5.1 (Laplace-Beltrami operators have no resonance). Suppose
that f : M — C is a measurable, weakly differentiable function such that

/ )TN+ (x) VP dg(x) < 00
M

for some K < o0, and such that Hf = 0 in the sense of distributions. Then (if
o > 0is sufficiently small) f is a constant.

Proof. We may take f to be real. The condition Hf = 0, combined with the
local square-integrability of f, implies that f is in fact smooth thanks to elliptic
regularity (and the smoothness of g). Since Hf = 0and H = Hy = —%AR,% outside
of B(0, Ry), the function Ags f is a smooth, compactly supported function. Thus,
if we set F := #\xl * Ags f, i.e., the convolution of Ags f with the fundamental
solution of the Euclidean Laplacian, then f — F is harmonic, F decayslike O (1/(x)),
and |V F| decays like O(1/(x)?). From hypothesis and the triangle inequality, we

then have
/ (x) 77 f(x) — F(x)|* dg(x) < oo.
M

Since f — F is harmonic, we conclude (e.g., from the mean-value theorem applied
to f — F and its first derivative) that f — F is constant, thus f — F = ¢. By
subtracting this constant from f we may in fact take ' = f. This now shows
that f(x) = O(1/{x)) and Vf(x) = O(1/(x)?). But then we can justify the
computation

[ st ax== [ £V dsw
M M

=/ 2f(x)Hf(x)dg(x) =0
M

by inserting a suitable smooth cutoff to a large ball B(0, R) and then letting R — o0;
we omit the standard details. But then we have V f = 0 and we are done.
Using this fact and a compactness argument, we now conclude

PROPOSITION 11.5.2 (Poincaré-type inequality). Let f : M — R be a Schwartz
function. Let ¢ be as in previous sections. Then for any ¢ > 0 we have

@IV £l 200y < 060D T2V £l 2ny + 1607277 Fll 200

+ e )TV HS 2 (11.16)
+ & ) PO H S 2 0m)-
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Proof. Suppose for contradiction that Proposition 11.5.2 was false. Then there
exists a § > 0, a sequence ¢, > 0 converging to zero, and Schwartz functions f,
such that

@IV fulll L2y > SUE 270V Full c2any + 1607277 full 2any
+ &, 1) 2OV H 2y
+ &, 1) PO Hull 2 )

Without loss of generality we may assume that f, is not identically zero, and then
we can normalize the expression in parentheses to equal 1. Thus,

1) 2705 full 2y 1) 27 full 2oy < 1
1) 2OV H full 200y + 100 2 Hull 2001y < En3 (11.17)
lelV flll L2y = 8.

Next, we establish weighted H? bounds on f, via a Bochner identity. From (11.17)
and Cauchy-Schwartz we have

/ ()2 Re((V) )V HS) < 0 = O(1),
M

We substitute H = —%V" V. Since M is flat outside of the compact set B(0, Ry),
we have

Vi, =~V Ve fy = 5 VYV + O it ro.
Using this and (11.17), we obtain
~ [ RV 1) < €.
Integrating by parts we obtain
[ R )99

+ (VE(x)' 2 Re((V/ £,) VIV Vi f) < C.

Since Re((V/ fn)Vij Vkﬁ) = %Vk|an |§,, we can integrate by parts once more
to obtain

/<x>‘—2”|Hess(fn>|§ sc+1/ (A () )V £l
M 2 Ju 8

Since Ay (x)'7% = O((x)"'729), the integral on the right-hand side is O (1) by
(11.17). Thus,

/ (x)'%|Hess(f,)|> < C. (11.18)
M

From this, (11.17), and Rellich compactness we see that the sequence f;,, when local-
ized smoothly to any ball B(0, R), is contained in a compact subset of H'(B(0, R)).
From this and the usual Arzela-Ascoli diagonalization argument, we may extract a
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subsequence of f, that converges locally in H'! to some limit f. From (11.17) and
Fatou’s lemma we then see that

||(x>71/27avf”L2(M)v ||<x>73/270f”L2(M) =L lelVillzgy =6 (11.19)

and that Hf = 0 in the sense of distributions. But then by Proposition 11.5.1, f is
constant. But this contradicts the last estimate in (11.19), and we are done.

We can now quickly prove Proposition 11.3.1. Applying (11.7) with u replaced
by Puo and H Pyyup, and using some spectral theory to estimate the right-hand
side, we obtain

T
o ~ e
f 1) =270V Poe ™ M ug 172 gy 4 1106) 7277 Poe™ M ugll7s ) di
0

< CK(T)uoll 0,

and

T
o y e
/ 1) =220V H Poe™ M ugl7a ) + 1106) 277 Poe™ M ugll7s ) di
0

2 2 2
= CegK(T) 1ol za2ppy

note that P, and H are spectral multipliers and hence commute with each other and
with e=## _ Applying Proposition 11.5.2, Proposition 11.3.1 follows.

11.6 HIGH-ENERGY ESTIMATE

We now prove Proposition 11.3.3, which is the next easiest of the three propositions.
This case resembles the local-in-time theory of Craig-Kappeler-Strauss [2] and Doi
[5], and indeed our main tool here will be the positive commutator method applied
to a certain pseudo-differential operator, exploiting the nontrapping hypothesis to
ensure that the symbol of the pseudo-differential operator increases along geodesic
flow. As we shall now be working in the high-energy setting, we will not need to take
as much care with lower-order terms as in previous sections. For similar reasons,
we will not need to use the homogeneous Sobolev spaces H* (M), relying instead
on the more standard (and more stable) inhomogeneous Sobolev spaces H*(M).
The argument here is in fact quite general and would work on any asymptotically
conic manifold with a short-range metric perturbation and a short-range potential.

It will be convenient to use the scattering pseudo-differential calculus, which is an
extension of the standard pseudo-differential calculus that keeps track of the decay
of the symbol at infinity. We briefly summarize the relevant features of this calculus
here, referring the reader to [2] for more complete details. For any m,! € R, we
define a symbol a : T*M — C of order (m, ) to be any smooth function obeying
the bounds

(Vi VLate, )] < Caple)" 0074

the function a(x, &) = (x) /(&)™ is a typical example of such a symbol. Note that
we assume that each derivative in x gains a power of (x), in contrast to the standard
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symbol calculus in which no such gain is assumed. We let § m! (M) denote the space
of such symbols. Given any such symbol a € S/ (M), we can define an associated
pseudo-differential operator A = Op(a) by the usual Kohn-Nirenberg quantization
formula

Op(@yu(x) == 2m) ™" / iy Eq(x, Eyuly) dy dE.

We sometimes denote a by o (A) and refer to it as the symbol of A. Heuristically
speaking, we have A = o (A)(x, %Vx). We refer to the class of pseudo-differential
operators of order (m, [) as W™, Also, if h : R — Cis any spectral symbol of order
m/2, the corresponding spectral multiplier #(H) is a pseudo-differential operator
of order (m,0). In particular, (1 + H)"/ 2 has order (m, 0), and the Littlewood-
Paley type operators Pi, Pmed, Pri have order (0, 0). We caution, however, that the
Schrodinger propagators e /' are not pseudo-differential operators.

The composition of an operator A = Op(a) of order (m, /) with an operator of
B = Op(b) order (m’, ) is an operator AB of order (m +m’, [ +1"), whose symbol
o (AB) is equal to o (A)o (B) plus an error of order (;m +m’ — 1, [ +1’ + 1); note the
additional gain of 1 in the decay index [, which is not present in the classical calculus.
Similarly, the commutator i[A, B] will be an operator of order (m+m'—1,[4+1'—1)
with symbol o (i[A, B]) equal to the Poisson bracket

{0(A),0(B)} = Vi0(A) - Vo (B) — Vi0(A) - Vyo(A),

plus an error of order (m + m' — 2,1 + 1" + 2). We shall write the above facts
schematically as

0(AB)=0(A)o(B) + O(Sn1+m/fl,l+l’+1);
o (i[A, B]) ={0(A), 0(B)} + O(S"" ~21+'+2)
or equivalently as
Op(a) Op(b) = Op(ab) 4+ O (W +m ~1I++1)
i[Op(a), Op(b)] =Op({a, b}) + 0(\y$+m’—2.l+l’+2).

In particular, since H has order (2, 0) and has principal symbol %|§ |§ (xv) Plus lower-
order terms of order (1, 1) and (0, 2), we see that if a € S™, then we have

i[H,Op(a)] = Op(Xa) + O (W),

where Xa denotes the derivative of a along geodesic flow in the cotagent bundle
T*M.

Associated with the scattering calculus are the weighted Sobolev spaces H"! (M)
defined (for instance) by

Netll gyt ary 2= [l (x)" (1 + H)m/2M||L2(M)

(many other equivalent expressions for this norm exist, of course); when / = 0 this
corresponds to the usual Sobolev space H” (M). It is easy to verify that a scattering
pseudo-differential operator of order (m, /) maps H™' (M) to H™ ~™!"+(M) for
any m’, I'.
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In [2] (see also [5]) it was shown that the nontrapping hypothesis on M al-
lows one to construct a real-valued symbol a € S':* (depending on ¢) which was
nondecreasing along geodesic flow, Xa > 0, and in fact obeyed the more quantita-
tive estimate

Xa(x, &) = p)[E]; + b

for some symbol b of order (1, 1/2 — o). In Euclidean space, an example of such
a symbol is CW;—) - & for some sufficiently large constant C,. Quantizing this, we
obtain

i[H,A] = VJ(P(X)V] + B*B + C)(\IJSIC,Z—ZG)7

where A := Op(a) is a symbol of order (1, 0), and B := Op(d) is a symbol of order
(1,1/2 — o). We then apply the self-adjoint projection Py; = P to both sides, and
observe that this commutes with H, to obtain

i[H, P;APy] = PiV/ o(x)V, Py + PiB* B Pyi + PyiO(W>77) P,
Applying (11.14), and integrating by parts (discarding the positive term B*B, and
using that W1;2=27 maps H'/%~1%° to H~1/21-7) we obtain

T
—itH 2 2
/0 /lee ugly dgdt < CIPRAP Nl g12 sy — fi-120m 140l G120
M

T
—itH 2
+C [P ol .
0

Since A is of order (1, 0), and Py; maps the homogeneous Sobolev spaces to their
inhomogeneous counterparts, we obtain a bound of the form

I P A Poill 117200y 511201y < Cop-

To finish the proof of Proposition 11.3.3, it thus suffices to show that

T
—itH 2 2
fo | P p]12 1110 dt < 00 (DO [1/2,,-

On the other hand, applying (11.7) to H =/ Py;u(0) for j = 0, 1 we have

T
—j —itH 2
/ IVH™ e Poug |l 30.-1/2-0
0

+IH ™ e Phiegl3y0-3,0- dt < CK(T) w0131/,

for j = 0, 1. Thus fixing ¢ and setting f := H~'e ™" Pyuy it will suffice to prove
the fixed-time estimate

“Hf”Hl/zflJr”(M) = 05()—»0(1)

1
x Y (IVH Fllo-va-oan + 1H Fllan a0 an)-
j=0

It suffices to verify this for real-valued f. By Rellich compactness, the space
H'~1/2=9(M) embeds compactly into H'/>~1%(M). Since Py f — 0as gy — 0
for each individual f, we thus see by compactness that it suffices to show that
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NHf Il g1-172-0 ary < CUAIVHF N g0.~172-0 (apy + 1 H S | 10,3720 (1)
+ IV fllgo.-12-0 ay + 1L f | 503720 1)) (11.20)

The top order term of || H f || y1.-1/2-0 4y i already controlled by the right-hand side
of (11.20), so it suffices to control the lower-order term || H f'|| 0.~1/2-5 (7). But an
integration by parts allows us to write

f ()P HFHS dg
M .

= l/ (x)_'_2”<ijVij dg—(1+2a)mvffo>.
2 Ju (x)

The claim then follows from the Cauchy-Schwartz inequality. This concludes the
proof of Proposition 11.3.3.

11.7 MEDIUM ENERGY ESTIMATE

We now turn to the medium-energy estimate, Proposition 11.3.2, which is the hardest
of the three propositions. Neither the uncertainty principle nor the nontrapping
condition will be of much use here. Instead our tools> will be a RAGE-type theorem,
exploiting the fact that H has no embedded eigenvalues, to propagate the solution
away from the origin after a long time t (though the energy localization shows the
solution will not move foo far away from the origin in bounded time), combined
with a decomposition of phase space into incoming and outgoing waves (cf. Enss’s
method, [6], [10]), and several applications of Duhamel’s formula. Because we
have eliminated the high frequencies, we will enjoy an approximate finite speed of
propagation law for the solution (but the upper bound of the speed is quite large,
being roughly O (g, 1/ 2)); and because we have eliminated the low energies, we
will not encounter a frequency singularity when we decompose into incoming and
outgoing waves, although again we will pick up some negative powers of 5. We
shall compensate for these & losses by using the RAGE theorem to gain a factor
Of 07_00;¢9,8(1) Within a distance R from the origin, and to also gain a factor of
OR—>00;50 (1) when one is farther than R from the origin. The reader should view the
comparative magnitudes of &y, R, T according to the relationship 1/e) < R < T,
which is of course the most interesting case of Proposition 11.3.2.

It is instructive at this point to recall the basic features of Enss’s method. Define
the wave operator W, = s —lim,_, , o, /" ¢~"H0_ Enss’s method is concerned with
establishing completeness of W, i.e., showing that the range of W coincides with
the continuous subspace of H = Hy + V. We assume otherwise so that there exists
¢o not in the range of W,.. Density arguments allow us to consider ¢y with compact
support and medium energies only. We then evolve ¢ by e ' and claim that we

2 One can also proceed via Kato’s theory of H-smooth operators, using the limiting absorption prin-
ciples obtained in [1]. We will pursue this approach in detail in [9].
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can find a sequence of times #, and a decomposition

e G0 = by = B our + Bin + Pn- (11.21)

Compare this with the decomposition into Fj,, Fgiop in (11.24) and a further decom-
position of Fyop into the outgoing/incoming waves in (11.34)) with the properties
that

IWy = Dnoull 20 |ninll 2, 1@all 2 = 0nsoo(1).

If we had such a decomposition, we could conclude from the L? boundedness of
W+ that

[Wie™ gy — doll 2 = 0noo(),

and thus ¢ lies in the range of W.,.. The desired decomposition (11.21) can be found,
for instance, in [10], and we sketch it as follows. The local component é, can be
set, for instance, to ¢~>n = X|x|<n®n; its convergence to zero is a consequence of the
RAGE theorem (if the times ¢, are chosen appropriately). The global component
(1 = Xjx|<n) @y is partitioned into functions ¢, . supported in unit balls with centers
at the lattice points @ € R”. One can then define the

¢n,a,(mt - /; éuiy)f’”(é)‘bn.ot()’) dé dy,

o in = /S FEIE(L Z m(E)) o (v) dE dy,

where m (§) is a smooth multiplier localizing to the region Z(§, @) < 37/2. Since it
is expected that a compact support function ¢, propagated by e~/ should become
mostly outgoing in the region |x| > n, we have that ¢,, ;, — 0, while the fact that
(Wy—1)¢p.0us — 0in L? follows since on the outgoing waves the evolution e/ is
well approximated by the free flow e =0 and in fact converges toitasn — oo. Our
proof of Proposition 11.3.2 will follow in spirit the above construction, although we
have to take additional care since we do not work with functions of compact support
and need weighted estimates instead of L? bounds. On the other hand, we are still
localized in energy, and so we will not be too concerned about losing or gaining too
many derivatives (as we are able to lose factors of &g or & !in our estimates here). In
particular, the metric perturbation H of Hy is now of similar “strength” to a potential
perturbation, and we will now be able to use Hj as a reasonable approximant to H,
at least when the solution is far away from the origin.

It is more convenient to work in the dual formulation. First observe that the
claim is easy when T < 7, since Ppeqe " maps H'/2(M) to H'(M) thanks to the
frequency localization of Ppeq. Similarly, the for portion of the integral is easy to
deal with. Thus, we may assume that 7 > 7 and reduce to proving

T
/ 19V Pracae 1101122, dt < (Cap.r + Orsocseg (K (T)

+ 0 o0ieq. RK (T 1t0]1 172
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which after dualization (and shifting ¢ by 7) becomes

T—1
/1 e ™ PeaVigFI (t +T) dt
0

H=12(M)
S (CE(),R,‘L' + 0R—>OO;80(K(T)) + 0r—>oo;£0,R(K(T))) (1 122)

T—1 1/2
x(/ |wu+nﬁmﬂm)
0

for any vector field F(¢) defined on the time interval [t, 7] which is Schwartz for
each time 7.
Fix F. We split

"M el ™ Puea Vo /(1 + 1) = €' Fioe (1) + " Faon (1), (11.23)
where

Fioe(t) = gre"™ Poca V9 F1 (1 + 1)

itH j (1124)
Fglob(t) = (1 —gr)e Pmedvj‘pF @+ 7).

11.7.1 Term 1. Contribution of the Local Part
Consider first the contribution of the local term Fj,.(¢). To control this term we use

the following local decay result:

ProprosITION 11.7.1 (RAGE theorem). Let g be a bump function supported on
B(0, 2R), which equals 1 on B(0, R). For all Schwartz vector fields fj, we have

il .
lore' Pmedvj(pfj”Lz(M) = Oreoo;R,so(”f”Lz(M))-

Proof. Observe that we have the crude bound

- .
lore'™ PumeaViof 20y < Ceol f 1 —1-10a)

since Ppea Ve maps H~ 17! to L2, and @ge’™ is bounded on L2. Since the unit
ball of L2(M) is precompact in H~"~!, it thus suffices to prove the estimate

||§9ReiTHPmedvj§0fj”L2(M) = 0r—>oo;R.f,so(1)

for all Schwartz vector fields f, the point being that the compactness allows us to
ignore the dependence of the constants on f. Fix f , 9, R. Since f is Schwartz, the
curve {ge' ™ PeqV;@f7 : T € R} is bounded in H'!(M) (for instance) and hence
precompact in L. Thus, to prove the above strong convergence, it will suffice to
prove the weak convergence result

|<¢eirHPmedvj(pfj, Yyl < OT%OO;R,f,E(),l/l(l)

for all Schwartz functions .
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3

Fix . Since the spectrum of H is purely absolutely continuous,” we see from

the Riemann-Lebesgue lemma and the spectral theorem that
(pre'™ Puca VoS, Y1) = ("7 PueaV0f ', or )
= Ofﬁoolpmcdvjw.fj-(ﬂR‘/f(l)
and the claim follows.

From this proposition we see in particular that

”Floc(t)”Lz(M) < 0rsooiRe (DI + T)”LZ(M)'

From dualizing the second part of (11.7) we have

T
/ M ()30 G (1) dr
0 H=1/2(M)

1/2
5K(T)</0 ||G(t)||L2(M) >

forany G. If we truncate the time interval to T —t, substitute G (¢) := (x)>/>*% Fj,.(1),
and take advantage of the spatial localization of Fj,. to B(0, 2R), we thus have

T—1 )
/ e E,. (1) di
0

(11.25)

H=12(M)
T—t1 1/2
S 01:—)00;80A,R(K(T))</ ”F(t + T)”i2(M) dt) .
0

Thus the first term in (11.23) is acceptable.

11.7.2 Term 2. Contribution of the Global Part

To conclude the proof of Proposition 11.3.2, it suffices to establish the estimate

T—t
f e Fyon(t) dt (11.26)
0

H71/2(M)

T—t 1/2
S (CS(),R,‘E + 0R—>00;80(K(T)))</ “F(t + 'L')HZLQ(M) dt)
0

for the global term Fyop (7).
Let us first show an associated estimate for the free propagator e'’*0, namely

T—t )
H [ "0 Fyop(t) dt
0 H=1/2(M)

T—t 12
< CSQ,R,T(/ ”F(t + t)”LZ(M) ) .
0

3 Actually, the argument would still work well if H had some singular continuous spectrum, except
that 7 must now be averaged over an interval such as [, 279], but the reader may verify that the arguments
below will continue to work with this averaging. The spectral fact that is really being used here is that H
contains no embedded eigenfunctions at medium frequencies, since such eigenfunctions would certainly
contradict (11.6).

(11.27)
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Note that our constants are allowed to depend on 7, as we will no longer need to
place a factor of K (7T') on the right-hand side.
To prove (11.27), first observe that by dualizing the second part of (11.4) we have

T—1
< c( / Il Fatob (13024, dt)
H=1/2(M) 0

(for instance), so it will suffice to show that

T—t 1/2
’ f "0 Foon(t) dt
0

| Fgtob (Ol o2pry < Ceg re 1FE + Dl 120

forall0 <t < T — 7. On the other hand, we know from inspection of the symbol
of Pmedego that

| Pmea Vi@ F (8 + Tl 22y < CeollF (& + Ol 20y
(for instance), so it will suffice by (11.24) to show that
||€iTH||H2,2(M)_>H0,2(M) S CT.

But this can be easily established by standard energy methods.* This proves (11.27).
Thus to prove (11.26) it suffices to show that

T—1
H / (" — &0y Fyon (1) dt
0

H—I/Z(M)
1/2

T—t
soRm;go<1+K(T>>( /0 ||F(r+r>||i2(M)dt) . (11.28)

At this stage it is necessary to decompose Fyop(#) further into “incoming” and
“outgoing” components, which roughly correspond to the regions of phase space
where x - § < O and x - § > 0, respectively. Semiclassically, we expect Fgiop ()
to be supported almost entirely in the “incoming” region of phase space, since it is
currently far away from the origin, but came by propagating a localized function
backwards in time from # 4+ t. However, if this function is supported in the incoming
region of phase space, then by moving farther backward in time by ¢ it should move
even farther away from the origin, and in particular it should evolve much like the
Euclidean flow (i.e., it should become small when e/’ — ¢!’ is applied).

‘We now make this intuition precise. The first step is to formalize the decomposi-
tion into incoming and outgoing waves. We first take advantage of the fact that the
spectral support of Pyeq vanishes near zero. From (11.24) we have

Faion(t) = (1 — @) H? Fyiop (1), (11.29)

4 For instance, if f € H>?(M), one can first establish uniform bounds on ¢/*# f in H>%(M) by
spectral methods, then use energy methods to control ¢/*# f in H'-1(M), and then finally in H%2(M),
losing polynomial factors of 7 in each case. One could also argue using positive commutator methods
based on (11.13) for such operators as A = (x)*. We omit the details.
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where
Faion(t) 1= €™ Prea V0 F (t + 1) (11.30)

and ﬁmed := H 2P,.q. This factor of H? we have extracted from P..q shall be
helpful for managing the very low frequencies in the proof of Proposition 11.7.2
below, which would otherwise cause a significant problem for this portion of the
evolution (at least in three dimensions; this step appears to be unnecessary in five
and higher dimensions, for reasons similar to why resonances do not occur in those
dimensions).

We now need the following phase space decomposition associated to the Eu-
clidean flow e~'Ho,

PRrROPOSITION 11.7.2 (Phase space decomposition). There exist operators Py, Poy
such that

(1= ¢r)H? = (1 = o) H* Piy + (1 — ) H’ Pou (11.31)
and for which we have the estimates®
e 01 — or) H? P fll 2.5y < C(R® + 1D O f oy (1132)
and
)27 (1 — @r) H? Powe” ™ £ |l 12 a1
< CR +IsD ™" U f N gisai oy (11.33)
for any time s > 0 and all Schwartz f.

The proof of this proposition is a straightforward application of the principle of
stationary phase and can be justified heuristically by appealing to the intuition of
microlocal analysis and the uncertainty principle. Itis, however, alittle technical and
will be deferred to the next section. Assuming it for the moment, let us conclude
the proof of Proposition 11.3.2. It suffices to prove (11.26). From (11.29) and
Proposition 11.3.2 we can split Fgjqp as

Faon(t) = (1 — @r) H? P Faton (t) + (1 — ) H Poy Fion (1), (11.34)

and treat the components separately.

11.7.3 Term 2(a). Contribution of the Global Incoming Part

We now control the contribution of the incoming component of (11.34) to (11.26).
We use Duhamel’s formula to write

(" — ™M) (1 — ) H? Py Fyiop (1)

t
=i f ! (H — Hp)e"* ™ (1 — @) H? Py Fyion (1) dis
0

5 The decay weights here should not be taken too seriously; indeed, since we are assuming H to be a
compactly supported perturbation of Hy we have enormous flexibility with these weights.
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and so it suffices to show that

T—1 t
H / / S Ho)e H0(1 — o) H? Py Fuaon (1) dsdt
0 0

H*l/Z(M)
1/2

T—1
= on;m(mn)( /O IF+ DN df)

Substituting ¢’ := ¢ — s using Minkowski’s inequality, we can estimate

T—t t
H / / I (H — Hy)eSto(1 — ¢R)H2Pian1°b(t) dsdt
0 0

T—1
<f
0

Applying (11.25), it thus suffices to show that

]_'lfl/Z(M)

T—t—s
/ "M (H — Hy)e" ™ Py Faon(t' + 5) dt’
0

H—I/Z(M)

T—t
Jo TR (H — Ho)eSM0 (1 — g) H? P Faon(t' + )l 12y dt’
0

1/2
= 0k 00iey << OT—’ | F(t+ T)”iz(M) dz) ) (11.35)

On the other hand, since H — Hj is a compactly supported second-order operator,
we have

1x)*/ >+ (H — Ho)e" ™0 (1 — @) H* Py Faton (t' + $) [l 12 u1)
< Clle" "™ (1 — or) H? Piy Fyton(t' + 5)ll 2.8 1)
and so from (11.32) we thus have
I1¢x)¥2%° (H — Ho)e" ™0 (1 — @) H? Py Fyton (t' + $) Il .21,
< CR + 1) ™" | Faop (t" + )| 20 a1y -
From (11.30) we note that || Fob(t’ + $)ll 24y < Ceo | Fll 2(ar) (noting that Preq

maps H~'(M) to H**(M) with an operator norm of Cs,- Thus we have

T—1—5
/ [[(x)>** (H = Hy)e" " (1 — @g) H* Pin Fyton (' + $) | 1241
0

T—1 1/2
< Cop(R* + |s|)“‘”</0 | F @+ r)lliz(M) dt)

and the claim (11.35) follows upon integrating in s.

11.7.4 Term 2(b). Contribution of the Global Outgoing Part

We now control the contribution of the outgoing component of (11.34) to (11.26).
From (11.25) we have
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T—1
e (1 — or) H? Pow Faop(t) dt

0
T—1 12

S(t) := (x)*(1 — @g) H* Powt Faion (1).

H*l/Z(M)

where

From (11.4), a similar estimate holds when e/’ is replaced by the free flow e’*0,

with K (T') replaced by a constant C. Thus, to control this contribution to (11.26) it
will suffice to show that

T—7 1/2 T—t 1/2
0 0

To prove this, we first use (11.30) to expand

S35 = ()27 (1 = o) H? Pouie’™ Prea V9 F/ (1 + 1), S(1))
= —(F/(t + 1), 9V, Pnege "W (1))

. (11.37)
< CIF( + Ol 2 1 Pmeae™ " WOl g1.-200a1)
< CollF(t + Dl 2 lle™ WO Il 2020 1)
by the support of ¢ and the smoothing properties of Ppeq, Where
W(t) := PrH*(1— o) (x)Y*78(1). (11.38)

We use Duhamel’s formula to write

T
eTTHW () = e TTHow (1) — i/ e TR — Hy)e HOW (1) ds,
0

and apply H~2%~20 norms on both sides, to obtain
—itH —iTH,
le™ ™ W ()|l g-20-200) < lle” OW ()]l —20.-20(1)

T
+ / le™" """ (H — Ho)e "MW (1) ds|| jy-20.-20 1)
0

Observe that the propagator e *C~9# maps H=2°(M) to H>°(M) and hence to
H~20=29(M), uniformly in 7 and s. Also, since H — Hy is a compactly supported
operator, we see that H — Hy maps H '3~ (M) to H=?°(M). We thus have

_itH —itH
le ™™ W)l g1 (po.cy < Clle™ OW (@) || gr-18.-11 (1)

T
+C/ e oW ()| y-18.-11 agy dis,
0
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and thus by (11.38) and the adjoint of (11.33)
le ™ W)l g1 so.cyy < CR®+ 0 USO N 12000

T
e / R 49715 200,
0

S Coo RONS@O 2 (ary-

The point here is that we have obtained a nontrivial decay in R. Inserting this
estimate back into (11.37), we see that

ISOl 20y < CooRTIFE + Ol 2041y

and (11.36) follows.
The proof of Theorem 11.1.1 is now complete, once we complete the proof of
Proposition 11.7.2, which we do in the next section.

11.8 PROOF OF THE PHASE SPACE DECOMPOSITION

We now prove Proposition 11.7.2. The ideas here have some similarity with a
decomposition used in [12]; related ideas were also used recently in [13]. The
idea of using a decomposition into incoming and outgoing waves to analyze the
perturbation theory of the free Laplacian Hy of course goes back to Enss (and,
in a different context, even earlier to the work of Lax-Phillips.) The phase space
decomposition, developed by Enss [6] and refined by Simon [10], is based on the
following construction. Let {j};cz« and {mj};cz« be smooth partitions of unity in R)‘f
and Rg , respectively, with the property that each of the functions j(x) and m;(§) is
supported in the ball B(j, 2). Define the symbols (of the WDQ’s) of the projections
Py, and P,y on the incoming and outgoing states:

Pon= Y m@ o),  Pau= Y mE) )
jk<0 jk<0
The following estimate, crucial to Enss’s method, reflects the expectation that
the outgoing waves never come back to the region where they originate. For any
t >0, N >0andj-k > 0such that |j| > 3, we have

_itH, -N
lle™  0mia fl 2 <1 /20k41/) < Cn (41 4+ KDV Sl 2ra

(compare with (11.32) noting that the transformation ¢t — —¢ corresponds to the
change P, — Poy). Observe that the condition |j| > 3 ensures that we deal only
with the outgoing waves of velocities bounded away from zero in absolute value.

A continuous decomposition, based on coherent (Gaussian) states, was used by
Davies, [4], while the outgoing/incoming waves defined via projections on posi-
tive/negative spectral subspace of the dilation operator x - V 4 V - x were introduced
by Mourre, [7].

We now return to our decomposition into the incoming/outgoing wave needed
to prove Proposition 11.7.2. We first observe from dyadic decomposition that it
suffices to prove the claim with (1 — @) replaced by (¢2g — @r), since the original
claim then follows by replacing R by 2" R and summing the telescoping series
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over m > 0. By further decomposition, and some rotation and scaling, we may
replace ¢op — @r by a smooth cutoff function ¥ = ¥, supported on the ball
B :={x : |x — Rey| < R/100}, where ¢, is a basis vector of R".

Our construction will be based on Euclidean tools such as the Fourier transform,
so we shall now use the Euclidean inner product and Euclidean Lebesgue measure
instead of the counterparts corresponding to the metric g. In particular, the operator
H will no longer be self-adjoint, but this will not concern us as we shall soon break
it down into components anyway. To reflect this change of perspective we shall
write our manifold M now as R".

We begin with the Fourier inversion formula

YH f () =Y HY f(x) =y H / ) / () £ () dydg,

valid for all Schwartz f, where ¥ is a smooth cutoff to the ball B:={x:|x—Re| <
R/50} which equals 1 on B. We then split the £ integration into subspaces +&; > 0,
defining

Puf(x) = / / PTEIEG () £ (y) dyds
£<0 JR
and
Pof () = /S 0 / PHCDEG () £ (y) dyd,
1> n

where & := & - ¢; is the e¢; component of &. We remark that these operators
are essentially Hilbert transforms in the e; direction; the multiplier is of course
discontinuous in the &; variable, but we will never integrate by parts in this variable
so this will not be a difficulty.

Clearly we have the decomposition (11.31). It remains to prove (11.33), (11.32).

11.8.1 Proof of (11.7.33)

We now prove the estimate (11.33). Since H = Hj on the support of i, we may
write

()Y H? = R a () (R

for some bounded functions tensor a(x) supported on B. We shall think of RV, as
a normalized gradient on B.
In light of the above decomposition, it thus suffices to show that

H(RVX)“ /g 0 /R T (1) () dyds
1>0 JR

L3(B)
<CRI(R 45" (WAFTERINE)
for all all times s > O.

We first dispose of the derivatives (RV,)*. Each x derivative in RV, hits the
phase e¥™&=¥)¢ where it can be converted to a y derivative, which after integration
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by parts either hits v or "0 f(y). Since partial derivatives commute with ¢*"o,
we thus reduce to showing that

H / /3 62ﬂi(x—y)-§¢(./1)(y)eisﬁ()f(jz)(y) dydg (11.39)
£>0 JR3

L}(B)
5
<CR™ R+ flusnws

whenever 0 < ji, j» with j; + j» = 4, where U := (RV,)/1 is a minor variant
of the cutoff ¥, and fU2) := (RV,)% f.

Applying a smooth cutoff to f, we can divide into two cases: the local case where
f is supported on the ball {|x| < R/100}, or the global case where f is supported
on the exterior ball {x > R/200}. Let us consider the global case first, which is
rather easy and for which one can be somewhat careless with powers of R. We first
observe from Plancherel (or the L? boundedness of the Hilbert transform) that

JH

Thus to prove (11.39) in the global case it suffices to show that

< Cligll2®3)-
L3(B)

N . 5_ 11—
e o £ 5 sy < CRITO(R* 4+ 5) " 7 || fll st m3)-

We divide further into two subcases, the short-time case s < R? and the long-time
case s > R2. In the short-time case the claim follows since

||1/’(jl)€”H0f(j2)||L2(R3) = C||€i‘YH0f(j2)||L2(R3)
= ClIf? 2w
< CR2R™M| fllgsnms
< CR7Ifll g ®3)s

which is certainly acceptable (if o is small enough). In the long time case we
interpolate between the two bounds

Iy Ve gl 2sy < Clle gl 2w, < Cligl2ws)
and

- 20 isH
Iy e gl 2 g3y < CR |l 0g|l oo gy

< CR s glliwsy) < CR2 7" gll yonrto 3
to obtain

1y U0 F92 gy < CR/S)™ 1LY lprsco
< C(R/s)"" " RERTHHC £l s 11 gy,

which is certainly acceptable.



SCHRODINGER EQUATIONS ON MANIFOLDS 249

It remains to prove (11.39) in the local case, when f is supported on the ball
{Ix|] < R/100}. In this case, expand the fundamental solution of ¢/*/0 to write

| [ xe@eme ey it ji ) aye = [ Koo dz.
R3 JR3
where

K.(x.2) = CS—3/2/ / PTG g () ()i gy e
£ >0 JR3

Observe from all the spatial cutoffs that x, y are localized to the ball B, while z is
localized to the ball |z| < R/100. Also, £ is localized to the half-plane & > 0. Our
task is to show that

H / K(x,2) f(2) dz (11.40)
[x|<R/100

L%(B)
5
<SCRIO(R*+9)7 "N fllgsige)-

We split K, into K™ and K, corresponding to the regions |£| > R~ and
|€] < R~ of frequency space, respectively. The contribution of K will be very
small. Indeed, for any || > R~!*°, we can evaluate the y integral using stationary
phase as follows. Observe that the y gradient of the phase

2r(x —y)-& =y —zf*/2s
is equal to
—2m§ —(y —2)/s.

From the localizations on y, z, and £ we observe that this quantity has magnitude
at least > c(|€] + R/s). One can then do repeated integration by parts in the y,
variable, gaining an R every time one differentiates the ) cutoff, to obtain the
bound

‘/ PTIOTIEy U0 ()= gy | < Oy RO (RIE| + R?/5)™
R3

for any N. Integrating over all || > R™!*7, we thus see that K" (x, z) is bounded
by ONn((R? + 5)~N) for any N, and so this contribution to (11.40) is easily shown
to be acceptable (using crude estimates on fU2)),

Now we deal with the low-frequency case |£| < R™'*°. In this case we expand
U2 and integrate by parts to write

‘ / K (x.2)f(2) dz| < CR” / VEKS(x, 2 f(2) dz]
|ZI<R/100 lz|=<R/100

S CS73/2/ f
lZI<R/100 J || <R™1%9:5>0

‘/ ezm»(x,y).gw(jl)(y)efilyfzIZ/Zs dy Rj2|E|j2|f(Z)| dtédz.
R3
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We crudely bound R72|£|2 by O(R*). From stationary phase we also observe the
estimate

< s

/ PTG ) () ilr=P 25 g
R3

while by taking absolute values everywhere we also have the estimate

‘/ 827ri(x—)’)-5w(jl)(y)e—ily—z\z/% dy SCR3
R3

and hence

/ KP(x,2)f2)(2) dz
|2|<R/100

< Cs2RY / min(s"2, R\ f (2)] dédz
lzI<R/100 J|g|<R—1+o

< CR 5732 min(s*?, R R f | f(2)| dz
|z|<R/100

< CR s min(s*?, ROR| £l 2w
< CRR*(R*+5) " R7|| fll gis.i1 w3y

which is certainly acceptable. This completes the proof of (11.33).

11.8.2 Proof of (11.32)

To conclude the proof of Proposition 11.7.2 it suffices to prove (11.32) (with 1 — ¢g
replaced by v, of course). This is in a spirit similar to the proof of (11.33), although
the steps will be in a somewhat permuted order. We begin by estimating

2
le™ oy H? Py f || 2-s w3y < D 1x) Ve Oy H? P £l 2w
k=0

2
< Y ) B VY H P £l 2 -
k=0
Now observe that
4
ViYH? =) RIa;, () Vit

j=0
for some smooth cutoff functions a; ; adapted to the ball B. Our task is thus to show
that
1) e 0a; VI P fll sy < CRTIR? + IsD ™11 Lo s

forall0 < j <4and0 <k <2.
Fix j, k. Let us first control the contribution of the weight (x)~° arising from the
region x| > R/100. This contribution is dealt with differently in the short-time

8
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case s < R? and the long-time case s > R2. In the short-time case s < RZ, this
contribution is dealt with

< CR®||e"™Ma; VI P f 23
Since ¢/*0 and a; ; are both bounded on L?, we can bound this by
< CR*|IV/™ Py fll 2wy

Now observe from Plancherel that P, is bounded on H2° (since multiplication by v
is certainly bounded on H?"), and so we can bound this by O(R~8|| f|| 520), which
is acceptable. In the long-time case, we control the contribution instead by

< CR™33e"H0a; VI Py £l o-3 ). (11.41)

Now we interpolate between the energy estimate

is H
e gl 2®3) = llgll2®3)

and the decay estimate

is H is H
e gl go.-n2-0 w3y < Clle" gl o)
—3/2
<Cs™ lgllz v
—3/2
< Cs / ||g||H0.n/3+a(R3)
to obtain
is H -3/2
e 0gll go.-32r3) < Css /4o 181l 0.3/2R3) -

The operator a; ; maps L* to H%%/? with a bound of O(R%/?), so we can therefore
bound (11.41) by

R A
< CR8F2g 7320 R32| |y itk Pin f 1l L2w3)-

As in the long-term case we can bound ||V/*k Pin fll 23y by |1 f |l 20r3), and so
this case is also acceptable.

It remains to control the contribution in the region |x| < R/100. We then expand
out the fundamental solution of ¢***0, and reduce to showing that

— — ilr—vl2 /06
s 3/2||<x> 8/ / / e ilx—y| ﬂéﬁlj,k()’)
R3 Jg <0 JR3

ok i,
VI Oy (2) f(2) dzd&dy| 12 x1<r/100)
< CR* 7 (R*+1sD™" I fllp2os)-

(11.42)

Note that the x variable is localized to the ball [x| < R/100, while y and z are
localized to the ball B, and & is localized to the half-space £, < 0. Once again,
we split into the high frequencies |€| > R~'*" and low frequencies |£] < R™!*7.
In the case of the high frequencies, we move the y derivatives onto ¥ (z) f (z) by
integration by parts, and reduce to showing that
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s )7 / / ( / e g ()t dy)
lg1=R~117:6 <0 JR? \ JR?
(@) dzd& || 2 1<rp100) < CRYI(R® + 15D Nl 123,
for some g. But the y derivative of the phase
—lx—yP/2s+2m(y—2)-&
is
—(x —y)/s +27E,

which has magnitude at least ¢(|| + R/s), by the localizations on x, y, &. Thus, by
stationary phase we have

—ilx—y|2/2s Ti(y—z)- -
/36 k=P () 2T gy = O (R (8] + R/s)™Y)
R

for any N > 0, and the claim is now easy to establish by crude estimates. Thus, it
remains to prove (11.42) in the low-frequency case |£| < R~'19_ In this case we
convert the ka derivative to O (|£]7T%) = O(R~UTP RC?), and thus estimate the
left-hand side of this contribution to (11.42) by

§Cs’3/2R’(j+k)RC"R’3||(x)’8/ sup
R3 |g|<R-1+9:¢ <0

V(@I f (@1 dzll 12 <r/100)-

[ 2 [ ) —27 )
/ e iyl /2saj,k(y)6,2m(_\ 2)§ dy
R3

But by stationary phase as before, we have the estimates

‘ f eI gL (1) PO gyl < € min(s*2, RY),
R3

and thus we can bound the previous expression by
< CsPRUTDRC R min(s*?, RY)||(x)
/113 V(@I f @I dzllL2x<r/100)-
We crudely bound the L?(|x| < R/100) norm of (x)~3 by O(1), and use Cauchy-
Schwartz we can bound the previous expression by
< Cs3PRUORCT R=3 min(s3/2, R3)R3/2||f||Lz(R3),

which is acceptable (treating the s < R? and s > R? cases separately). The proof
of Proposition 11.7.2 is now complete.
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Chapter Twelve

Dispersive Estimates for Schrodinger operators:
A survey

W. Schlag

12.1 INTRODUCTION

The purpose of this note is to give a survey of some recent work on dispersive
estimates for the Schrodinger flow

etp., H=-A+V on R? d=>1, (12.1)

where P, is the projection onto the continuous spectrum of H. V is a real-valued
potential that is assumed to satisfy some decay condition at infinity. This decay
is typically expressed in terms of the point-wise decay |V (x)] < C{(x)~#, for all
x € R? and some B > 0. Throughout this paper, (x) = (1 + lez)%. Occasionally,
we will use an integrability condition V € L? (R?) (or a weighted variant thereof)
instead of a point-wise condition. These decay conditions will also be such that H
is asymptotically complete, i.e.,

LPRY =L}, R) & L], (R,

where the spaces on the right-hand side refer to the span of all eigenfunctions and
the absolutely continuous subspace, respectively.

The dispersive estimate for (12.1) with which we will be most concerned is of
the form

sup |72 le"™" P f|| . < Cliflly forall feL'(R?)NL*RY). (12.2)
t#£0

Interpolating with the L* bound ||e/* P, f ||2 < C| 2 leads to

sig|t|d‘%‘%>||e”HPcf||p, <Clfl, forall feL'®RHNLARY), (12.3)
t

The author was partially supported by NSF grant DMS-0300081 and a Sloan fellowship. This article
is based in part on a talk that the author gave at the PDE meeting at the Institute for advanced study in
Princeton, N.J., in March 2004. The author is grateful to the organizers for the invitation to speak at that
conference, as well as to the Clay Foundation and the IAS for their support. Also, he wishes to thank
Fabrice Planchon for useful comments on a preliminary version of this article.
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where 1 < p < 2. Itis well known that via a 7*T argument (12.3) gives rise to the
class of Strichartz estimates

d d
7 2<g=soco.  (124)

[ Pof | o < CllFlls forall > 4% =
t( x) q p

The endpoint ¢ = 2 is not captured by this approach; see Keel and Tao [53].

In heuristic terms, for the free problem V = 0 the rate of decay |t|_% in (12.2)
follows from L2- conservation and the classical Newton law ¥ = 0, which leads to
the trajectories x(#) = vt + xo. Mathematically, (12.2) follows from the explicit
solution

(@A) = Cat™* /R ) e E F(y)dy.

For general V # 0, no explicit solutions are available, and one needs to proceed
differently.

If V is small and d > 3, then one can proceed perturbatively. We will give
examples of such arguments in Section 12.2. A purely perturbative approach cannot
work in the presence of bound states of H since those need to be removed. In other
words, in the presence of bound states the nature of the spectral measure and/or
resolvents of H becomes essential. Since it is well known that bound states can
arise for arbitrarily small potentials in dimensions d = 1, 2; see Theorem XIII.11
in Reed and Simon [63], we conclude that a perturbative approach will necessarily
fail in those dimensions. On the other hand, if d = 3 and V satisfies the Rollnik

condition
V@IV
Wi = [ D vy < o
RS |x — ¥

then Kato [52] showed that —A + V is unitarily equivalent with —A provided
47 ||Vl gou < 1. Similar conditions are known for unitary equivalence if d > 4.

Dispersive estimates for large V and d = 3 were established by Rauch [62]
and Jensen, Kato [48]. In contrast to (12.2), these authors measured the decay on
weighted L?(R%), i.e., they proved that

|we™ Pawf |, < CleI"2 1 £lla, (12.5)

with w(x) = e with some p > 0 and V exponentially decaying (Rauch) or
w(x) = (x)~7 for some 0 > 0 and V decaying at a power rate (Jensen, Kato). In
addition, they needed to assume that the resolvent of H has the property that

limsup |w(H — (A £i0)) " w]|lr_, < c0. (12.6)
A—0

This condition is usually referred to as zero energy being neither an eigenvalue nor
a resonance. While it is clear what it means for zero to be an eigenvalue of H,
the notion of a resonance depends on the norms relative to which the resolvent is
required to remain bounded at zero energy; see (12.6). In the context of L? with
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power weights, which are most commonly used, one says that there is a resonance
at zero iff there exists a distributional solution f of Hf = 0 with the property that
fé L?(R?) but such that (x)~° fe L*(R?) for all o > % With this definition the

following holds: (12.6) is valid for w(x) = (x)_%_sfor any ¢ > 0 iff zero is neither
an eigenvalue nor a resonance. The proof proceeds via the Fredholm alternative
and the mapping properties of (—A + (A 4 i0))~! on weighted L?(R?) spaces; see
Section 12.2. The notion of a resonance arises also in other dimensions, and we will
discuss the cases d = 1, 2 in the corresponding sections below. If |V (x)| < C(x)~%*
with ¢ > 0 arbitrary, and d > 5, then H cannot have any resonances at zero energy.
This is due to the fact that under these assumptions (—A) ™'V : L2(RY) — L2(RY).

Rauch and Jensen, and Kato went beyond (12.5) by showing that if zero is an
eigenvalue and/or a resonance, then (12.5) fails. In fact, they observed that if zero
is a resonance but not an eigenvalue, then

C'< su 3||efH p
p sup || He L.sz < C < o0.
I fll2=1 =1

Furthermore, this loss of decay can occur also if zero is an eigenvalue even though
P, is understood to project away the corresponding eigenfunctions. They obtained
these results as corollaries of asymptotic expansions of ¢/’# as t — oo on weighted
L? spaces.

These asymptotic expansions are basically obtained as the Fourier transforms
of asymptotic expansions of the resolvents (or rather, the imaginary part of the
resolvents) around zero energy. In odd dimensions the latter are of the form, with
Jz > 0,

(~A+V—-2)"=zAL+27"AL + Ao
+2zA1 4 0(z%) as 7 — 0, (12.7)

where the O-term is understood in the operator norm on a suitable weighted L>-
space. These expansions can, of course, be continued to higher-order z””, with the
degree of the weights in L? needed to control the error O (z™) increasing with m. In
addition, the decay of V needs to increase with m as well. The operator —A_, is the
orthogonal projection onto the eigenspace of H, and A_; is a finite rank operator
related to both the eigenspace and the resonance functions. In odd dimensions, the
free resolvent (—A + z2)~ ! is analytic for all z # 0 (and if d > 3 for all z € C),
whereas in even dimensions the Riemann surface of the free resolvent is that of
the logarithm. In practical terms, this means that (12.7) needs to include (inverse)
powers of log z in even dimensions.

In [46] and [47], Jensen derived analogous expansions for the resolvent around
zero energy (and thus for the evolution as t — 00) in dimensions d > 4. Resolvent
expansion at thresholds for the cases d = 1 and d = 2 were treated by Bollé,
Gesztesy, and Wilk [7], and Bollé, Gesztesy, and Danneels [5], [6]. However, their
approach requires separate treatment of the cases [V dx = 0 and [V dx # 0.
Moreover, for d = 2 only the latter case was worked out. A unified approach
to resolvent expansions was recently found by Jensen and Nenciu in [49]. Their
method can be applied to all dimensions, but in [49] the authors only presentd = 1, 2
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in detail, because for those cases novel results are obtained by their method. The
method developed by Jensen and Nenciu was applied by Erdogan and the author for
d = 3;see [28], [29], and by the author for d = 2; see [69]. A very general treatment
of resolvent expansions as in (12.7) and of local L? decay estimates can be found in
Murata’s paper [57]. It is general in the sense that Murata states expansions in all
dimensions, and covers the case of elliptic operators as well. However, his method
is partially implicit in the sense that the coefficients of the singular powers in (12.7)
depend on operators that are solutions of certain equations, but those equations are
not solved explicitly.

The first authors to address (12.2) were Journeé, Soffer, and Sogge [51]. Under
suitable decay and regularity conditions on V, and under the assumption that zero
is neither an eigenvalue nor a resonance, they proved (12.2) for d > 3. In addition,
they conjectured that (12.4) should hold for all V such that |V (x)| < C{(x)~2¢ with
arbitrary ¢ > 0 and for which —A 4 V has neither an eigenvalue nor a resonance at
ZETo energy.

The decay rate (x)~>~¢, which corresponds to LS (R?) integrability, plays a spe-
cial role in dispersive estimates in particular, and the spectral theory of —A + V in
general. On the one hand, potentials that decay more slowly than |x|~2 at infinity
can lead to operators with infinitely many negative bound states. On the other hand,
in [13] and [14] Burq, Planchon, Stalker, and Tahvildar-Zadeh obtain Strichartz
estimates for

a
iou+ Au— —u =20,
|x]?

provided a > —(d — 2)? /4 and d > 2, and they show that this condition is also
necessary. Furthermore, for the case of the wave equation, it is known that point-
wise decay estimates fail in the attractive case a < 0; see the work of Planchon,
Stalker, and Tahvildar-Zadeh.

Ford = 3 the assumptionson V in[51]are |V (x)| < C{x)~""¢,V € L' (R%), and
some small amount of differentiability of V. These requirements were subsequently
relaxed by Yajima [84], [85], and [86], who proved much more, namely the L”
boundedness of the wave operators for 1 < p < oco. A different approach, which
led to even weaker conditions on V, was found by Rodnianski and the author [64]
(for small V), as well as by Goldberg and the author [35] (for large V). In addition,
the aforementioned conjecture from [51] is proved in [64] (for large V).

Finally, Goldberg [34] proved that (12.2)—and not just (12.4)—holds for all V
for which |V (x)| < C(x)~2~¢ with arbitrary ¢ > 0 and for which —A 4 V has
neither an eigenvalue nor a resonance at zero energy. In fact, he only required a
suitable L? condition; see Section 12.2. In contrast, trying to adapt [35] to higher
dimensions has led Goldberg and Visan [37] to show that for d > 4, (12.2) fails
unless V has some amount of regularity, i.e., decay alone is insufficient for (12.2) to

43 _, .
hold if d > 4. More precisely, they exhibit potentials V € Cco%np (R?) for which
the dispersive L' (R?) — L*®(R?) decay with power 15 fails.

The first results for d = 1 are due to Weder [80], [78], [81]; see also Artbazar
and Yajima [4]. These authors make use of the following explicit expression for the
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resolvent. If Iz > 0, then

2+ V -y = —f+(x’$(];‘)(y’2) if x>y

and symmetrically if x < y. Here fy are the Jost solutions defined as solutions of

— D)+ Vi 2) =22 fa(,2)

with the asymptotics
fi(x,z) ~e™ as x — 00
fo(x,z) ~e ™ as x > —o0,

and W(z) = W[fi(, 2), f-(-, 2)] is their Wronskian. These Jost solutions are
known to exist and have boundary values as Iz — 0+ as long as V € L'(R) (in
particular, this proves that the spectrum of H is purely a.c. on (0, co) for such V).
In order for these boundary values fi (-, 1) to be continuous at A = 0, one needs to
require that (x)V (x) € L'(R). In that case, we say that zero energy is a resonance
iff W(0) = 0. Note that the free case V = 0 has a resonance at zero energy,
since then fi (-, 0) = 1. This condition is equivalent to the existence of a bounded
solution f of Hf = 0 (in particular, zero cannot be an eigenvalue).

Using some standard properties of the Jost solutions; see [25], Goldberg and the
author proved that

; 1
e Pe fll ooy < Clt]2 L) (12.8)

provided (x)V(x) € L'(R) and provided zero is not a resonance. Note that in
terms of pointwise decay, this is in agreement with the (x)~? threshold mentioned
above. If zero is a resonance, then the same estimate holds for all V such that
(x)2V(x) € L'(R). In Section 12.3 below, we present a variant of (12.8) with
faster decay that seems to be new. It states that under sufficient decay on V and
provided zero is not a resonance,

. 3
1Gx) " e ™ P flloe@ < Ct72[1x) fll 1wy 12.9)

for all + > 0. This estimate was motivated by the work of Murata [57] and Bus-
laev and Perelman [15], where such improved decay was obtained on L?(R) and
with weights of the form (x)3°%¢. It combines dispersive decay and the rate of
propagation for H. However, to the best of the author’s knowledge, (12.9) has not
appeared before, and we therefore include a complete proof in Section 12.3. A
version of (12.9) for the evolution of linearized nonlinear Schrodinger equations
was crucial to the recent work [55] by Krieger and the author on stable manifolds
for all supercritical NLS in one dimension.

Generally speaking, there is a very important difference between the one-
dimensional dispersive bounds and those in other dimensions that have been proved
so far, namely with regard to the constants. Indeed, in the one-dimensional case
these constants exhibit an explicit dependence on the potential via the Jost solu-
tions, which are solutions to a Volterra integral equation. On the other hand, in
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higher dimensions one resorts to a Fredholm alternative argument in order to invert
the operator H — (A% 4i0). This indirect argument is traditionally used to prove the
so-called limiting absorption principle for the resolvent; see Agmon [1] and (12.25)
below. Any constructive proof of such an estimate for the perturbed resolvent would
be most interesting, as it would allow for quantitative constants in dispersive esti-
mates. Such a result was achieved by Rodnianski and Tao; see [67] as well as their
article in this volume. More generally, their work deals with dispersive estimates
for the Schrodinger operator on R” (or other manifolds) with variable metrics and is
thus closely related to the subject matter of this article. Unfortunately, it is outside
the scope of this review to discuss this exciting field of research. For example, see
Bourgain [8], Doi [26], Burq, Gerard, and Tzvetkov [12] (as well as other papers
by these authors), Hassell, Tao, and Wunsch [39], [40], Smith and Sogge [72], and
Staffilani and Tataru [73].

For the wave equation with a potential, dispersive estimates have also been devel-
oped inrecent years; see Cuccagna [20], Georgiev and Visciglia [31], Pierfelice [59],
Planchon, Stalker, and Tahvildar-Zadeh [60], [61], d’ Ancona and Pierfelice [22], as
well as Stalker and Tahvildar-Zadeh [74]. The paper by Krieger and the author [56]
establishes dispersive estimates for the wave equation with a potential in the presence
of a zero energy resonance. This is necessary because of the particular nonlinear
application they consider: the construction of a co-dimension one family of global
solutions to the focusing H'! critical wave equation in R?. There is some overlap
with the results here, in particular with respect to certain bounds on the resolvent,
but we will restrict ourselves to the Schrodinger equation. For Klein-Gordon, see
Weder’s work [79].

Much of the work in this paper has been motivated by nonlinear problems (see,
e.g., Bourgain’s book [11], in particular pages 17-27). Inrecent years there has been
much interest in the asymptotic stability of standing waves of the focusing NLS

iy + Ay + F(y D)y = 0. (12.10)

A “standing wave” here refers to a solution of the form (¢, x) = el ¢ (x), where
o # 0and

a’p — A = f($D)9, (12.11)

or any solution obtained from this one by applying the symmetries of the NLS,
namely Galilei, scaling, and modulation (if the nonlinearity is critical, then there
is one more symmetry by the name of pseudoconformal). Most work has been de-
voted to the standing wave generated by the ground state, i.e., a positive, decaying,
solution of (12.11). In fact, such a solution must be radial and decay exponen-
tially. Linearizing (12.10) around a standing wave yields a system of Schrodinger
equations with non-selfadjoint matrix operator

_[-a+e*-U -W
H= [ W Aoty U] (12.12)

and exponentially decaying, real-valued potentials U, W. In order to address the
question of asymptotic stability of standing waves, one needs to study the spectrum
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of H, as well as prove dispersive estimates for ¢/'* restricted to the stable subspace

(which is defined as the range of a suitable Riesz projection). In the following
sections we will mostly report on work on the scalar case rather than the system
case. However, most of what is being said can be generalized to systems; see,
e.g., [21], [65], [29], [70], [55]. Although it may seem that the exponential decay of
the potential in (12.12) may simplify matters greatly, this turns out not to be the case.
In fact, the method from the paper [35], which is concerned with weakening the de-
cay assumptions on V in the scalar, three-dimensional case, has led to the resolution
of some open questions about matrix operators as in (12.12); see [29], [70], [55].

12.2 DIMENSIONS THREE AND HIGHER

We start with a perturbative argument for small V that can be considered as a sketch
of the method from [51]. As above, let H = —A + V and suppose d > 3. Define

4\ itHy
Mo=sup sup (£)2]e"™ fll24c0,
0=t | fllinz=1

d .
M(T)= sup sup ()2[e"" fll24o0.
0<t<T | fll1n2=1

Here,

1 flline = 1 flLing2s I f 2400 = flf}zlf(”fl”z + 1 /2ll00)-
Then the Duhamel formula
oitH — pitHo _,’_i/lei(t—s)HOVeisH ds
0
implies that

d T d d
M(T)SM0+(T)7/ Mot — ) 2|V Ilineo M(T)(s) "2 ds
0
=My + CIVIlineoMoM(T).

Consequently, as long as
1
CliVihneoMo = 7.

we obtain the bound

sup M(T) < 2M,.
T>0

Note first that such an argument necessarily fails if d = 1, 2 due to the nonintegra-
. d .o o .
bility of #~ 2 at infinity. Moreover, there are spectral reasons for this failure, which
we outlined in the introduction. Second, we would like to point out that it equally

applies to time-dependent potentials provided the evolution ¢/’ is replaced with
the propagator of the associated Schrodinger equation. The inclusion of the space
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. . . d L
L? allows us to deal with the singularity of =2 at ¢t = 0 that arises in the L' — L*®
estimate. In order to avoid it, Journeé, Soffer, and Sogge use the bound

e~ "oy ettty <[V,

which holds uniformly in I < p < oo. This explains the origin of the condition
V e L' in their paper.

The main difficulty in [51] is of course the fact that V is large. Let us first present
an unpublished argument of Ginibre [32] in dimensions d > 3 that allows passing
from the weighted (or local) decay (12.5) to global decay, albeit in the form of a
L'NL? — L? 4 L™ estimate rather than the one in (12.2). Applying the Duhamel
formula twice, we obtain

t
ettHPc — ettHo Pc + 1/ €l(t7‘Y)H0VPc€lSHO ds
0

t s
— / / 1=y ois=H p v/ oioHo i (s . (12.13)
0 JO

As long as V decays sufficiently rapidly so as to absorb the weights w, i.e., such
that

lw™" Vil < 00,
we can combine the L' N L2 — L% 4+ L bound
. d
lle" 000 < C) 3 fllir2 (12.14)

with (12.5) as above, to conclude from (12.13) that (12.14) also holds for H. Here
we also used that P, : L'NL>® — L'N L which holds provided all eigenfunctions
of H with negative eigenvalue belong to L' N L™ (recall that zero is assumed not to
be an eigenvalue). That property, however, follows from Agmon’s exponential decay
bound [2] and Sobolev imbedding, provided V also has some small of regularity.

This argument, however, does not shed much light on the question of L! — L*®
bounds (without assuming more regularity on V). The inclusion of L? is undesirable
for a number of reasons, the main one being nonlinear applications. We therefore
proceed differently, and first recall the small-potential argument from [64] ind = 3.
For certain standard details we refer the reader to [64].

The starting point is the standard fact

o0
P, = / " E e(d)), (12.15)
0

where E,. is the absolutely continuous part of the spectral resolution. Its density is
given by

dE, () 1
S = S l(H = 04 i0) 7 = (H = (= i0) ]

on A > 0. As already mentioned, Kato’s theorem [52] insures that E,. = E, provided

V()| |V
4 :=/ WOOUVOL 1 ay < @dmy? (12.16)
R3xR3 X — Y|
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Let Ry (z) = (—A+V —z)"'and Ry(z) = (—A—z)~'. Then with V as in (12.16),
for all f, g € L>*(R?) and & > 0, one has the Born series expansion

(Ry(kie) f. g) — (Ro(ikie) f. g) = Y (=)' {RoGh%ie) (V Ro(h%ie)) f. g).
=1

(12.17)

It is well known that the resolvent Ry(z) for Iz > 0 has the kernel

exp(i/zlx — yl)

Ro(@)(r, ) = = N

(12.18)

with J(y/z) > 0. Then there is the following simple lemma that is basically an
instance of stationary phase. For the proof we refer the reader to [64].

LEMMA 12.2.1 Let v be a smooth, even bump function with ¥y (X) = 1 for —1 <
A < 1 and supp(¥) C [—2,2]. Then for allt > 1 and any real a,

sup f ¢ sin(av/1) w(“/T_)dx <Ct73 (12.19)
L>1 0
where C only depends on .
In addition to (12.16), we will assume that
\%
Vi := sup/ VYO 45 < an) (12.20)
xeR3 JR3 lx — yl

In [64] this norm was introduced by the term global Kato norm (it is closely related
to the well-known Kato norm; see Aizenman and Simon [3], [71]). The following
lemma explains to some extent why condition (12.20) is needed. Iterated integrals as
in (12.21) will appear in a series expansion of the spectral resolutionof H = —A+V.
For the sake of completeness, and in order to show how these global Kato norms
arise, we reproduce the simple proof from [64].

LEMMA 12.2.2 For any positive integer k and V as above,

[T Vel &
sup T N e = xeal do o < R+ DIV
X0, X 41 €R3 R Hj:O |xl _xj+1| =0
(12.21)

Proof. Define the operator A by the formula

\%
Af(x)=/ VO 43y dy.
e =]

Observe that the assumption (12.20) on the potential V implies that A : L*® — L
and || Al co— 100 < co, where we have set ¢y := ||V ||, for convenience. Denote
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by (, ) the standard L? pairing. In this notation the estimate (12.21) is equivalent to
proving that the operators 5, defined as

Bif = Xk: < f, A" > A™M
m=0
are bounded as operators from L' — L° with the bound
1Bellpr oo < (k+ 1)016.
For arbitrary f € L' one has

k
1B fllee <Y 1< fr A7 1> | LA™ | o0

m=0

k
k—
<Y AT oo oo | A™ oo oo [ f 1

m=0

k
<Y bl fll < K+ Dl fllz

m=0
as claimed. O

We are now in a position to prove the small V result from [64]. In [59], Perfelice
obtained an analogous result for the wave equation.

THEOREM 12.2.1 With H = —A + V and V satisfying the conditions (12.16) and
(12.20), one has the bound

[ < €72

in three dimensions.

Proof. Fixareal potential V asabove, aswellasany L > 1,andreal f, g € C3°(R?).
Then applying (12.17), (12.18), Lemma 12.2.1, and Lemma 12.2.2 in this order, we
obtain

sup
L>1

< sup / " g Y (VA/LYE' W) f, g) dx‘

L>1 0

(" "y (VH/L) . g)|

= sup / e Y (VAJL)I(Ry (A +i0) £, g) dk‘

L>1 0

= sup / e Y(vA/L) ZS(RO(A +i0)(VRo(A + i0)F f, g) dA|.
0 k=0

L>1
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To proceed, we now use the explicit form of the free resolvent. This yields

IV (x))l
| f (xo)llg(x )|/ -
/ ’ o ]_[] 0 4m|x; —x]+1|

=) k
/ ¢ Y (v/a/L)sin (ﬁ Dl = xeq |> dx‘
0 =0

- sup
L>1

X d(xl, ey xk)de dxk_H
11Vl

<cr 22/ Feollstl [ (12.22)

* (4m )k“l_[ olxj = xj41l

X Z |)C( — )Cg+1| d(xl, . ,xk) ded)Ck+1
£=0

<criy) /R S GONg D] G+ DAV e /4" dxo dry
k=0

_3
<Ct 2| flhllgl,

since ||V ||x < 4m. In order to pass to (12.22) one uses the explicit representation
of the kernel of Ry(X +i0), see (12.18), which leads to a k-fold integral. Next, one
interchanges the order of integration in this iterated integral. a

The next step is to remove the smallness assumption on V. This was done in [35]
for potentials decaying like |V (x)] < C(x)~# with 8 > 3. The proof required
splitting the energies into the regions [Ag, 00) (the “large energies”) and [0, A¢] (the
“small energies”) where Ag > 0 is small. In the regime of large energies, one
expands the resolvent Ry into a finite Born series,

2m+1
Ry (W2 £i0) = Z Ro(A* £i0)(—=V Ry(A* £i0))*
=0
+ Ro(A? £i0)(VRy(A> £i0))"V Ry (A> £ i0) (12.23)

x V(Ry(A* £i0)V)" Ry(A* £ i0),
where m is any positive integer. All but the last term (which involves Ry ) are treated

by the same argument in [64] that we sketched previously. To bound the contribution
of the final term in (12.23), let RF(A?) := Ry(2% & i0). Moreover, set

eEir(xr—x|=Ix)

Gi () (x1) == ™IRO £i0) (x1, X) = ———
’ 47 |x; — x|

Similar kernels appear already in Yajima’s work [87] (see his high-energy section).
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Hence, we are led to proving that

‘ /0 " i ghir(el ) (1 = x A /AoDMVRE WDV (RG AV Gy (WD),

(RFOHV)"GL,0D)d2| S 11173 (12.24)

uniformly in x, y € R?. Here x is a bump function that is equal to one on a
neighborhood of the origin. The estimate (12.24) is proved by means of stationary
phase and the limiting absorption principle. The latter refers to estimates of the
form, with A >0 and o > %
IRy (A £i0) fll2-0 < CO) | fll 20 (12.25)

where L>? = (x)7°L?, see [1]. Similar estimates also hold for the derivatives
of Ry in A. Moreover, C(A) decays powerlike with A — oco. By means of the
resolvent identity and arguments of Agmon and Kato, analogous estimates hold for
Ry (A? £i0) (this essentially amounts to the absence of imbedded eigenvalues in the
continuous spectrum). These properties insure that the integrand in (12.24), viz.,
axy ) = (1= x G/2o)h (VR OHV (Ry (A)V)" Gty (A7),
(R§ OHV)"GL,(02),
decays at least as fast as A2 (provided m is large) and is twice differentiable, say.

Moreover, due to the presence of the functions G+, and G , at the edges, one

checks that if the critical point 1| = W of the phase falls into the support of this

integrand, which requires A; > X, then the entire integral is bounded by
12 a, ()] < Cr2 () ()~ < €3,

as desired.
In the low-energy regime A € [0, Ao], one writes

(E‘itHX (\/ﬁ/}‘-o) Pa.c. f’ g>

. di
= / ¢ 3 x 0 /20) ([Ry 02 +i0) — Ry 02 — i0)] £, g);
0

and proceeds via the resolvent identity

RE () = RF(H) — RE(HVUI + RE (D V)TIRF(GD).
Expanding R(jf (A?) around zero, the invertibility of I + R(jf (A®)V reduces to the
invertibility of

So =1+ REO)V. (12.26)

However, the latter is equivalent to zero energy being neither an eigenvalue nor a
resonance. Writing R (1) = Ry(0) + BT (1), we conclude that

[+ REQHVI =81+ BE*)VS; ' =: Sy BE().



SCHRODINGER OPERATOR 267

Some elementary calculations based on the explicit form of the kernel of R and the
decay of V then reduce the 13 dispersive decay to the finiteness of

o0

/ ||[X0(§+)/]V(M)||HS(—1*,—2*)du and/ ”[XOB+]V(M)||HS(—1*,—2*)d’/h

o0 —00

where the norm is that of the Hilbert-Schmidt operators from L~'~¢(R%)—
L~27%(R%). Expanding into a Neuman series
oo
B*() = I+ B TWVS;'T™ = Y (= BTWvs!)
n=0
and making careful use of the explicit kernel

N e:l:ikley\ -1
B=0)(x. y) =

mlx =yl
finishes the proof; see [35].

This argument was extended in various directions. First Yajima [88] and, inde-
pendently, Erdogan and the author [28] have adapted it to the case of zero energy
being an eigenvalue and/or a resonance. The difference is, of course, that in this
case Sy as in (12.26) is no longer invertible and (1 + R(;—L (A%)V)~!involves singular
powers of A. Yajima uses the expansion from [48] for this purpose, whereas [28]
uses the method from [49]. The latter is based on the symmetric resolvent identity
and is therefore entirely situated in L? rather than weighted L2. The following
theorem is from [28]. Yajima proves the same, but assuming less decay on V.

THEOREM 12.2.2 Assume that V satisfies |V (x)| < C{x)™# with B > 10 and
assume that there is a resonance at energy zero but that zero is not an eigenvalue.
Then there is a time-dependent rank one operator F, such that

|74 o — 171 2F | <t

forallt > 0, and F, satisfies

SUp [ Fill oo < 00, limsup | Fll 1 e > 0.
t —00

A similar result holds also in the presence of eigenvalues, but in general F; is no
longer of rank one.

The paper [29] extends these methods further, namely to the case of systems of
the type that arise from linearizing NLS around a ground-state standing wave.

In another direction, Goldberg has improved on the method from [35] in several
aspects. In [33], he proves that V e L3179 (R¥) N L1 (R?) suffices for the dispersive
estimate (assuming, of course, that zero is neither an eigenvalue nor a resonance).
This amount of integrability is analogous to the 8 > 3 point-wise decay from [35].
Goldberg’s result requires a substitute for (12.25) on L”(R?) spaces, rather than
weighted L2 spaces. Such a substitute exists and is known to be related to the
Stein-Tomas theorem in Fourier analysis; see [75]. It was first obtained for the free
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resolvent by Kenig, Ruiz, and Sogge [54] and extended to perturbed resolvents by
Goldberg and the author [36], as well as Ionescu and the author [45]. For example,
in R3 the bound from [54] takes the form
2 . _1
IR +i6) sy < CAT2NFI 3
and in [36] it is proved that

sup (A +V =07 +ie) s, <Co. V) PatS (12.27)
O<e<l, A=Xg 3

for all real-valued V e LP(R3) N L%(R3), p > % and every Ay > 0. Of course
this requires absence of imbedded bound states in the continuous spectrum, which
was proved for the same class of V by Ionescu and Jerison [44]. A very different
approach from the one in [36] to estimates of the form (12.27) was found in [45],
which is related to [68]. [45] applies to all dimensions d > 2 and quite general
perturbations (including magnetic ones) of —A, but it also does not rely on [44].
In fact, as in Agmon’s classical paper [1] it is shown that the imbedded eigenvalues
form a discrete set outside of which a bound as in (12.27) holds (albeit on somewhat
different spaces). Moreover, this is obtained under the assumption that V e L?(R%)
for some ‘51 <p< %. The upper limit of % here is natural in some ways, since
Tonescu and Jerison have found a smooth, real-valued potential in L?(RY) for all
p > %, which has an imbedded eigenvalue. The lower limit of d/2 is the usual
one for self-adjointness purposes.

Returning to dispersive estimates, Goldberg [34] proved that even V € L?(R*)N
L9(R3) with p < % < ¢ suffices for a dispersive estimate with the usual restriction
on zero energy. Note that this is nearly critical with respect to the natural scaling of
the Schrodinger equation in R3. One of his main observations for the low-energy
argument was that for such V (and assuming that zero is neither an eigenvalue nor
a resonance)

sup (1 + VRSO, < o0
LeR

(see [34] for further details). As far as high energies are concerned, Goldberg
noticed that the Born series estimate from [64] can be improved so that the k” " termis
bounded by (A || VD with || V]| = max(|| Vllp, IVIl4) as opposed to (|| Vi /4m)E.
Choosing A large bound guarantees a convergent series.

12.3 THE ONE-DIMENSIONAL CASE

We will not repeat the discussion of the one-dimensional theorems from the intro-
duction where the results from [80], [78], [4], or [35] were described. Rather, we
would like to focus on a novel estimate that exploits the absence of a resonance by
means of weights and obtains a better rate of decay. It was motivated by the work
of Murata [57] and Buslaev and Perelman [15] on improved local L? decay in the
absence of resonances in dimension one. Note that the weight (x) is optimal in the
sense that it cannot be replaced with (x)*, t < 1.
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THEOREM 12.3.1 Suppose V is real-valued and || (x)* V||, < oo. Let H = —% +
V' have the property that zero energy is not a resonance. Then

Ix) e P flloo < CE 210 £

forallt > 0.
Proof. Let Ay = ||(x)V||% and suppose x is a smooth cut-off such that x (1) = 0
for A < Ap and x(A) = 1 for A > 2A(. Recall that

+io,
Ro(h £ i0)(x) = —eFilXIVi

2V

Hence,
[(RoGx +0)(V Ro(A +i0)" f, g)| < @V IVILI £l lglhs

and the Born series

Ry(A£i0) =Y Ro(h % i0)(—V Ry( % i0))" (12.28)
n=0

converges in the operator norm L' (R) — L*®(R) provided A > Aq. The absolutely
continuous part of the spectral measure is given by

1
(Eac.(dV) ], 8) = <%[Rv(?» +i0) — Ry (A —i0)]f, g> dx

Therefore, integrating by parts once yields
(" X (H) f. g)

. f X ORI + 10V Ry +i0)'f, )] d
n=0
(12.29)

where we have first changed variables A — A2. Summation and integration may
be exchanged because the Born series converges absolutely in the L!(d)) norm,
and the domain of integration is extended to R via the identity Ry(A> — i0) =
Ro((—A)% 4 i0). The kernel of Ry(A% + i0)(V Ry(A* + i0))" is given explicitly by
the formula

Ro(A* +i0)(V Ry(A* +i0))" (x, y)

1 " . )
— W/ l_[ V(xj)el)»(\xf)ﬂ|+|Y7Xn|+zk:2 lxkixkill)dx,
R
Jj=1
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with dx = dx; ...dx,. Hence, in view of the derivative in (12.29),
(" x(H) f, 8)]

< Clt|” Zw—) "~ sup

acR

/OO i(tA2+aA)X()L2) )L—n—l)h(()n-i—l)/z dk‘

[I{x )V||1 ||( YAl gl
+Clt)! Z(z/_) "1 sup

aeR

(12.30)

f l(t)» +ak) /()\ ))L ”)»('1+l)/2dk'

VI ||f||1||g||1
< COV) 172 160) £l gl

We used the dispersive bound for the one-dimensional Schrodinger equation to pass

to (12.30), observing in particular that

sup || [x (A% )f"’l)»f)"ﬂ)/z]vn < 00,

n>0

where the norm refers to the total variation norm of measures.
It remains to consider small energies, i.e., those A for which x (A2) # 1. In this
case, we let f;(-, A) for j = 1, 2 be the Jost solutions. They satisfy

d2
( +V-— Az)f](x 2 =0, filx,r) ~ e

dx2
as x — 00, fr(x,A) ~e ™ as x - —o0
for any A € R. Furthermore, if A # 0, then
Fie0 =R e fo -
e T 7 T(k) :
Ro(h) (12.31)
A = T fi¢ )+mf1
where T (A) = v_vz(l,\A) with W(A) = W[fi(-, M), f2(-, )] and
TV )
Ri(A) = __W[fl( A)s 2 =M1 Ra(W) = WW S1G, =), fa(s, M1

Then the jump condition of the resolvent Ry across the spectrum takes the form
(Ry (3> +i0) — Ry 0> —i0)) (x, y)
IT(?») ?

(fl(x M) iy, =2) + falx, A) fa(y, =),
with A > 0. Let us denote the distorted Fourier basis by

e(x, 1) = 1 { T fi(, A) ifA >0

Vor | T folx, =1 ifa<0
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(see Weder’s papers [80] and [78] for more details on this basis). Then the evolution
" (1 — x(H)) P, can be written as

(" (1 = X (H)) Puc.tp. V)

= 2#/ /00 226 (1 — x () (Ry (% 4 i0) — Ry (1> — i0))
Tt Jr2 Jo

(x, ) dx ()Y (y) dxdy

_ / ¢ (1= OO, e, ) {e(-, ), ¢) d.

(12.32)

Our assumption that zero energy is not a resonance implies that 7(1) = oA + o(A)
where @ # 0. In particular, 7(0) = 0 and R;(0) = R»(0) = —1. Integrating by
parts in (12.32) therefore yields

(eitH(l — x(H) Py o b, w) — /O eimza)hl:(l — X(Az))|T()»)|2A_l

4mit
W fiC NG 2, )] di

1
4mit

0
/ e’“zax[a — X OINIT )2
W fo =)ol —2), )] d.
(12.33)

By symmetry, it will suffice to treat the integral involving fi(-, A). We distinguish
three cases, depending on where the derivative d, falls. We start with the integral

/ ” e o) Fi(x, M) fi(y, —A) d, (12.34)

0
where we have set (L) = 8,[(1 — x (A?))|T(1)|?A~']. By the preceding, w is a
smooth function with compact support in [0, 00). As usual, we will estimate (12.34)
by means of a Fourier transform in A. Since we are working on a half-line, this will

actually be a cosine transform. Let @ be another cut-off function satisfying wo = w.
Then

‘ / ¢ o) fi(x, M) fi(y, —h) dx‘
0
< Clt1 2 | fi G Y I @ A (5 =17 1. (12.35)

It remains to estimate

[wfi(x, )] (u) :== /oocos(u)\)w(k)fl (x,A)dxr (12.36)
0
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in L' relative to u. The second L'-norm in (12.35) is treated the same way. We
need to consider the cases x > 0 and x < 0 separately. In the former case,

[wfi(x, )Y () := / Oocos(u)\)eix’\a)()»)e_ix’\ filx, ) da
0

1 [ . :
=3 / TR (Ve f (e, A) dA (12.37)
0

1 oo .
+3 / T (Ve fi(x, 1) d.
0

If [|u] — |x]] < |x|, then we simply estimate

l[wfi(x, )1 (w)] < C.

On the other hand, if ||u| — |x|| > |x|, then we integrate by parts in (12.37):

1 1
[wfi(x, )]V (w) = ~5; ( n )w(O)fl(x 0) — e )w(O)fl(x 0)

—m /O Ty fwe™™ fi(x, M]dr  (12.38)

1 S .
_ i(x—u)A 9 A —ixA 2] dx
—2i(x—u)/o e WoWe ™ fi(x, V)]
Since

sup 13 [w(M)e™™ fi(x, M| < C(V),

x>0, A
for j =0, 1, 2, it follows that

ofi(x 1 ()] = € ] P

The conclusion is that

/ llewfi(x, )] @) du < C(x). (12.39)
R
To deal with x < 0, we use (12.31). Thus,
v /°° Ri(M)+1
[wfi(x, )] () = cos(ur)w(A) ———— fa(x, A) dAr (12.40)
0 T()»)

+f0 cos(uk)w(k)m(fg(x A — FHrlx, —A)dr. (12.41)

Setw; = w(A) RIT(X;LI . Then (12.40) can be written as

Ri(M)+1

/Ooocos(uk)w(k) 2eN

folx, 1) dr = / oocos(u)»)e_ix’\a)l A)e™* f(x, A) dh.
0
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Hence, it can be treated by the same arguments as (12.36) with x > 0. Indeed,
simply use that

sup 13 [w1(R)e™ f(x, M| < C(V).

On the other hand, (12.41) is the same (with 9, being the partial derivative with
respect to the second variable of f,) as

1 [es)
./—1/0 cos(uk)w(k)%agfg(x,Aa)dkdo
1 o0
= / / cos(ur)e " wy (L) d,[e*7 fo(x, o) drdo (12.42)
—-1J0

1 o)
—ix / / cos(ur)e T wy(M)e'* fo(x, Ao) drdo, (12.43)
—-1J0

where we have set w, (L) = a)(k)ﬁ (a smooth, compactly supported function in
[0, 00)). We will focus on the second integral (12.43), since the first one (12.42) is
similar. We will integrate by parts in A, but only on the set |ox £ | > 1. Then

1 00
—ix / / cos(ur)e ™ wy(M)e'™ fo(x, Ao) dA Yo xtul=1) dO
—-1J0

B /1 mwz(O)fz(x, 0) Xfjox+ui=17 do
: x
" [1 me(o)fz(xv 0) X{oxtui=11do
i / e f ey, (12.44)
1 2(—ox +u) Jy
X [wz(k)eix?»afz(x, )»)] A Xljoxtu=1] dO
1 al T
+/-1 mfo ‘ o (12.45)

x [@2(M)e™ fo(x, )] dA X(jorzui=11 do.

The first two integrals here (which are due to the boundary A = 0) contribute

1

X

/ mwz(o)fZ(x’ 0) Xllox+u|>1] do
—1 —

1
X
—— (0 , 0) X(jox+uj=11do =0,
+/;1 2(Gx_u)wz( ) f2(x, 0) X[joxtu=11dO
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where we performed a change of variables 0 — —o in the second one. Integrating
by parts one more time in (12.44) and (12.45) with respect to A implies

/OO
<c x] dod
L (—ox + )ZX[Irrxiu\>1] oau

|x]
+ C/ f 5 Xlloxtuz1dodu < C |x|.
1 ( oxX — )

o0
x/ / cos(ur)e ™ wy (L)e* fo(x, ro) dAX[jox+u>11do | du

Finally, the cases [ox + u| < 1 and |ox — u| < 1 each contribute at most C|x| to
the u-integral. Hence,

I

Since (12.42) can be treated the same way (in fact, the bound is O (1)), we obtain

1 o)
x/ / cos(ur)e " w, (M) e fo(x, ho) drdo | du < C|x|.
-1Jo

1 00
’/_1/0 Cos(uk)w(l)%azfz(x,Ao)dkda du < C(x).

In view of (12.39), (12.40), and (12.41),
[lewfix, 91|, = C(x) VxeR,

which in turn implies that

/OO ¢ w0 fi(x, W) fi(y. —A) dA| < C 172 (x) (), (12.40)
0

for all x, y € R; see (12.34). This is the desired estimate on (12.33), but only for
the case when 0, falls on the factors not involving f;. We now consider the case
when 9, falls on fj(x, A). The integral in which 9, falls on f;(y, —A) is analogous.
Hence, we need to estimate

A ™ (1= X OIDITWPA™ 8 fi(x. 1) fily. —1) do
2/1eM%l—xa%ﬂvanfquuwumxnﬁocﬁwﬂ (12:47)
0

+ /Oo 1 = Y O)T (=T A fix, 1) fily, M) dh.  (12.48)
0

The integral in (12.48) is of the same form as that in (12.34). It therefore suffices
to control (12.47). Let w3 (1) = (1 — x (A*))T (—A)A~!. By the same reductions as
before, we need to show that

o3& [T ) fix, ]|, = Clx) VaxeR
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Thus consider
o0
/ cos(uA)w3 (M), [T () fi(x, A)]dA
0 o0 . .
=ix / cos(ur)e™ w3 (M) T (A)e ™ fi(x, 1) dx
OOO . .
+ / cos(ur)e™ w3 (M), [T (M)e ™ fi(x, 1) dA.
0
If x > 0, integrating by parts leads to
o0
ix / cos(ur)e™ w3 (M) T (A)e ™ fi(x, 1) dx (12.49)
0
S / N e Ty [ws (T (Ve ™™ fi(x, A)] d
2i(x +u) Jo -

ix oo .
- l(X*M))ta MNT (L —ixXA ’)\' d)\.
zl.(x_u)fo T, [ws(WT (e fi(x, )]
as well as

/ cos(ur)e™ w3 (M), [T (e ™ fi(x, 1)1 dA (12.50)
0

_ 1 —ixA
= —mwﬂo)ax[T()\)e fi(x, V)]

A=0

1 .
- mwS(O)aA[T(A)eﬂMﬁ (x, M)]

A=0

1 * —ix
RE T /0 e T [ws(WAIT (We ™ fi(x, )] dA

1 < —u —ix
—mfo e, [w3 (W) [T (We ™ fi(x, M)] di.

Integrating by parts one more time in (12.49) implies

ix / ” cos(ur)e™ w3 (M) T (A)e ™ fi(x, 1) dx
0

< Clxl(1 + |x —ul) 7+ Clx|(1 + |x + ul) ™

uniformly in x > 0, whereas (12.50) is treated the same way as (12.38). One needs
to use here that

sup 18] [w3(R)e™™ f1(x, W] < C(V),

x>0,

for j = 0, 1,2,3 which follows from ||(x)*V|; < oco. Consequently, we have
proved that
I

uniformly in x > 0.

/ Oocos(u)»)w3()»)8k[T()») fi(x, M1dA| du < C(x)
0
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Next, we deal with the case x < 0. In view of (12.31),
T fi(,A) = RiA) f2(,0) + f2(c, —4).

This implies that
/0 h cos(ur)ws (A8, [T () fi(x, A)] dr (12.51)
= /0 ” cos(ur)e P wz(M)[R1(M)e™ fo(x, A)]dA
—ix /O h cos(ur)e w3 (L) R1(A)e™ fr(x, 1) di
+ /0 h cos(ur)e w3 (M) [e™ fo(x, —A)]dA

o0
+ix/ cos(ur)e™ w3 (M)e ™ f,(x, —1) dA.
0

The two integrals that are not preceded by factors of ix are treated just as in (12.50).
The only difference here is that the estimates are uniform in x < 0 rather than x > 0.
On the other hand, the integrals preceded by ix need to be integrated by parts in A.
It is important to check that the boundary terms at A = 0 do not contribute to this
case. Indeed, these boundary terms are

m@&@%@ﬂ%i—i—m@&wmuﬂ)

_r
2(u — x) (u + x)

m@%@ﬁ%ia%5m®ﬁwm=Q

since R;(0)= — 1. Hence, integrating by parts leads to an expression similar
to (12.49). The conclusion is that (12.51) satisfies

J

uniformly in x < 0, and we are done. O

-
2(u + x)

/ cos(uA)wz(A) o, [T (X) fi(x, A)]d\|du < C(x)
0

In [55] the same bound is proved for non-selfadjoint systems of the type that arise
by linearizing NLS around a ground-state standing wave. It is crucial for proving
the existence of stable manifolds for all supercritical NLS in one dimension.

In dimension one, there is some recent work of Cai [17] on dispersion for Hill’s
operator. More precisely, let H = —% + g, where ¢ is periodic and such that
its spectrum has precisely one gap. It is well known that such g are characterized
in terms of Weierstrass elliptic functions. As part of his Caltech Ph.D. thesis, Cai
showed that for this H one always has

itH 1
e flloo < Ct 4| £, t>1,

and that generically in the potential one can replace i with %
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12.4 THE TWO-DIMENSIONAL CASE
The following two-dimensional dispersive estimate was obtained in [69].

THEOREM 12.4.1 Let V : R?> — R be a measurable function such that |V (x)| <
C(+|x])78, B > 3. Assume in addition that zero is a regular point of the spectrum
of H=—A+V. Then

e Poc(H) £, < Clel~" I f 11y
forall f € L'(R?).

The definition of zero being a regular point amounts to the following; see Jensen
and Nenciu [49]: Let V #£ 0 and set U = signV, v = |V|%. Let P, be the
orthogonal projection onto v and set Q = I — P,. Finally, let

1
(G0)) == [ oglr =1 f ) ay.

Then zero is regular iff Q(U + vGov) Q is invertible on QL*(R?).

Jensen and Nenciu study ker[ Q (U +vGov) Q] on QL (R?). It can be completely
described in terms of solutions W of H¥ = 0. In particular, its dimension is at
most three plus the dimension of the zero energy eigenspace; see Theorem 6.2 and
Lemma 6.4 in [49]. The extra three dimensions here are called resonances. Hence,
the requirement that zero is a regular point is the analog of the usual condition that
zero is neither an eigenvalue nor a resonance of H. An equivalent characterization
of a regular point was given in [6], albeit under the additional assumption that
Jr2 V(x)dx #0.

As far as the spectral properties of H are concerned, we note that under the
hypotheses of Theorem 12.4.1 the spectrum of H on [0, 0c0) is purely, absolutely
continuous, and that the spectrum is pure point on (—o0, 0) with at most finitely many
eigenvalues of finite multiplicities. The latter follows for example from Stoiciu [76],
who obtained Birman-Schwinger type bounds in the case of two dimensions.

Theorem 12.4.1 appears to be the first L' — L> bound with |¢|~! decay in R2.
Yajima [87] and Jensen and Yajima [50] proved the L” (R?) boundedness of the wave
operators under stronger decay assumptions on V(x), but only for 1 < p < oo.
Hence, their result does not imply Theorem 12.4.1. Local L? decay was studied by
Murata [57], but he does not consider L! — L estimates.

The main challenge in two dimensions is, of course, the low-energy part. This is
due to the fact that the free resolvent Ry (%) = (—A — (A2 £i0))~" has the kernel
(H{ being the Hankel functions)

i
Ry (A (x,y) = iZHoi(klx -y,

which is singular at energy zero (which, just as in dimension one, expresses the fact
that the free problem has a resonance at zero). It is a consequence of the asymptotic
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expansion of Hankel functions that for all A > 0,

i1 1
RY (W) = [i ikt log(k/Z):| Py+ Go+ EF(M). (12.52)

Here Pof := [ f(x)dx, Gof(x) = —5= [p2log|x — y| f(y)dy, and the error
EgE (A) has the property that

[ supa-tiEEGIC 1 | + | suprtia Bl <1 (1253)
0<x A

0<

with respect to the Hilbert-Schmidt norm in B(L**(R?), L*>~*(R?)) with s > 3.
These error estimates may seem artificial, but they allow for the least amount of
decay on V. The following lemma from [69] contains the expansion of the perturbed
resolvent around energy zero needed in the proof of Theorem 12.4.1. It displays
an important idea from [49], namely to re-sum infinite series of powers of log A
into one function A4 (X). This feature is crucial for our purposes. Given V # 0,
set U = signV, v = |V|%. Let P, be the orthogonal projection onto v and set
Q =1 — P,. Finally, let Dy = [Q(U + vGov)Q]~! on QL*(R?).

LEMMA 12.4.1 Suppose that zero is a regular point of the spectrumof H = —A+V.
Then for some sufficiently small ., > 0, the operators M* (1) := U + vR(j)E v
are invertible for all 0 < A < A, as bounded operators on L*(R?), and one has the
expansion

MEQ) ' =heW)7IS + 0Dy QO + EE(N), (12.54)

where hy (1) = alogA+z, aisreal, z complex,a # 0,3Jz # 0, andh_(A) = h(L).
Moreover, S is of finite rank and has a real-valued kernel, and E*()) is a Hilbert-
Schmidt operator that satisfies the bound

where the norm refers to the Hilbert-Schmidt norm on L*(R?). Finally, let R?,[ ) =
(—A+V —(A>+i0))"". Then

sup A HEEGIC N+
O<Ai<Aq HS

sup AABEFWC I S (1255)
O<i<Aq HS

RE (M%) = Ry (WD) — RF (WHvM=(0)"'wRT (A2). (12.56)

This is to be understood as an identity between operators L* yHe (R?) — L*~ 7-e (R?)
for some sufficiently small ¢ > 0.

The low-energy part of the proof of Theorem 12.4.1 is based on a careful estima-
tion of the contribution of each of the terms in (12.54) to Ry in (12.56) by means
of the method of stationary phase; see [69].

Murata [57] discovered that under the assumptions of Theorem 12.4.1

|we'™™ Pac(Hyw £, < Cle|™ (log )2 [| £ l2.
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provided w(x) = (x)~° with some sufficiently large o > 0. In other words, he
obtained improved local L? decay provided zero energy is regular. Needless to
say, such improved decay is impossible for the L' — L* bound, but a weighted
L' — L* estimate as in Theorem 12.3.1 with the improved |¢|~' (log #) =2 decay is
quite possibly true but currently unknown. Due to the integrability of this decay at
infinity, such a bound would be useful for the study of nonlinear asymptotic stability
of (multi) solitons in dimension two.

12.5 TIME-DEPENDENT POTENTIALS

It seems unreasonable to expect a general theory of dispersion for the Schrodinger
equation

iy + Ay +V(, )y =0 (12.57)

for time-dependent potentials V (¢, -). While the L2 norm is preserved for real-valued
V, it is well known that, in contrast to time-independent V, higher H® norms can
grow in this case; see, e.g., Bourgain [9], [10], and Erdogan, Killip, and Schlag [27].

The classical work of Davies [24], Howland [41], [42], [43], and Yajima [83] deals
with scattering and wave operators in this context. Recall that if U (¢, s) denotes the
evolution of (12.57) from time s to time #, then

Wi(s) =s — lim e 92U, s)
t—>+o0

are the wave operators (strictly speaking, the existence of these limits is usually
referred to as completeness, but we are following Howland’s terminology). In
analogy to the treatment of time-dependent Hamiltonians in classical mechanics,
Howland [42] develops a formalism for treating time-dependent potentials in which
K = —io, + H(t) is considered as a self-adjoint operator on the Hilbert space
L?(—00, 00; L2(RY)). He shows that the existence of W. is equivalent to the
existence of the strong limits
Wy =5 — lim €' 7Foe ok
o—Fo0

and that W, is the same as multiplication by W, (#). Furthermore, following
Kato [52], he formulates a condition which insures that the wave operators are
unitary. He applies this to (12.57) with (real-valued) potentials

2

VeL ™ L)AL (L), r= prd’ S<psoe d>1
to conclude that for such V the wave operators exist and are unitary. In [42], Howland
obtained similar results for d > 3 potentials that are small at infinity (rather than
vanishing).

Dispersive estimates were obtained by Rodnianksi and the author [64] for small
but not necessarily decaying time-dependent potentials in R?, whereas the case of
decaying V and dimensions > 2 was studied by Naibo and Stepanov [58], and
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d’Ancona, Pierfelice, and Visciglia [23]. In particular, the result from [64] insures
that in R? and for small ¢

i + Ay +eF@OVE)Y =0

has the usual 73 dispersive L' — L decay for any real-valued trigonometric
polynomial F (¢) (or more generally, any quasi-periodic analytic function F'(¢)) and
V satisfying |V ||x < oo; see (12.20).

Another much studied case is that of time-periodic V; see [24], [43], and [83].
Suppose T > 0 is the smallest period of V. Then the theory of (12.57) reduces to
that of the Floquet operator /f = U (T, 0). The Floquet operator can exhibit bound
states and the question arises as to the existence and ranges of the wave operators (the
so-called completeness problem) as well as the structure of the discrete spectrum.
These issues are addressed in the aforementioned references.

More recently, in [30], Galtbayar, Jensen, and Yajima show that on the orthogonal
complement of the bound states of the Floquet operator, the solutions decay locally
in L2(R%). Inaddition, O. Costin, R. Costin, Lebowitz, and Rohlenko [19], [18] have
made a very detailed analysis of some special models with time-periodic potentials.
More precisely, they have found and applied a criterion that ensures scattering of the
wave function. On the level of the Floquet operator, this means that there is no dis-
crete spectrum. It would be interesting to obtain dispersive estimates for these cases.

Another well-studied class of time-dependent potentials are the so-called charge
transfer models. These are Hamiltonians of the form

H(t)==A+) V(- —v;t),
j=1
where {v;}7_, are distinct velocities and V; are well-localized potentials. They
admit localized states that travel with each of these potentials and asymptotically
behave like the sum of bound states of each of the “channel Hamiltonians”

H({t)=—A+Vi(-—vjt).

Those are, of course, Galilei transformed bound states of the corresponding station-
ary Hamiltonians. Yajima [82] and Graf [38] proved that these Hamiltonians are
asymptotically complete, i.e., that as ¢+ — 00, each state decomposes into a sum of
wave functions associated with each of the channels, including the free channel.

Rodnianski, Soffer, and the author obtained dispersive estimates for these models
in the spaces L'NL?* - L?>N L. Later, Cai [16] as part of his Caltech thesis,
removed L? from these bounds. Such estimates were needed in order to prove
asymptotic stability of N-soliton solutions; see [66].
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