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PREFACE

This volume is intended as the proceedings of Sapporo Symposium on Partial
Differential Equations, held on July 26 through July 28 in 2000 at Faculty of Science,
Hokkaido University.

This is the 25th time of the symposium and also commemorates a successful
retirement of Professor Rentaro Agemi, who made a large contribution to its orga-
nization for many years.

We wish to dedicate this volume to Professor Agemi who is going to leave
Hokkaido University in March of 2001.

Y. Giga
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Asymptotic properties of stationary axis-symmetric
solutions of the Navier-Stokes equations

Hi Jun Choe
Department of Mathematics, KAIST
Yousung, Taejon, 305-701
Republic of Korea
ch@math.kaist.ac.kr

Abstract

We let  be an exterior domain in R3, which is the complement of
a.compact axis-symmetric body B with respect to z-axis. Without loss of
generality we assume 0 € B and B C B;(0), where B;(0) is the unit ball. We
study the asymptotic properties of an axis-symmetric solution-(u,p) of the
three dimensional Navier-Stokes equations

—vAu+(u-V)ju+Vp = f (0.1)
divu =

satisfying the boundary condition

u=uy on 90  and lim u(x) = ug (0.2)
[x|—0

with bounded Dirichlet integral
/ |Vu|?dzdydz < +oo. (0.3)
Q

We assume 0% is smooth and ug is smooth since we are only interested in
the asymptotic behavior of u near infinity. Here f is also an axis-symmetric
external force with respect to z— axis in R® and v is a positive constant
denoting viscosity. v

In 1933, Leray [13] constructed a weak solution of (0.1) and (0.2) for
a zero velocity at the boundary and constant velocity ues at the infinity
given. Unfortunately, Leray’s construction could give little information for



the asymptotic behavior of the solution. In 1959, Finn [3] showed that for
the Leray’s solution in three-dimensional exterior domain there is a constant
vector u; such that u(z) — wu; as |z] — oo. But in that paper, it was
not shown that u, = uj;. In 1961 Fujita [6] constructed a two and three
dimensional weak solutions of (0.1) and (0.2) by Galerkin method satisfying
(0.3). In [6] he also showed that his solution converges to the prescribed
U a8 |z] — oo. Still Fujita’s result could not give any information of the
asymptotic behavior of Leray’s solution for large data since the uniqueness of
the weak solutions of the Navier-Stokes equations with finite Dirichlet integral
holds only for sufficiently small enough data compared to the viscosity. In [3]
Finn suggested a class of physically reasonable functions in three dimensional
exterior domain satisfying

u(z) = O(|z|™). (0.4)

(See [4] for the concept of physically reasonable solution in three dimensional
exterior domain.) In 1965 Finn [5] constructed a physically reasonable solution
for a small data, small u, and sufficiently small summable force f, in a
three dimensional exterior domain. (See also [7] and [14] for similar result
in two dimensional exterior domain when the data are small enough and
Ue # 0.) It is easy to show that any physically reasonable solution has
finite Dirichlet integral and hence it is also a Leray’s solution for a small data
because the Leray’s solution is unique for a small data. It is then natural
question if any Leray’s solution is also a physically reasonable solution for large
data. This will give an answer to the question whether there is a physically
reasonable solution for large data. In 1973 Babenko [2] showed that the
Leray’s solution is also a physically reasonable solution for arbitrary nonzero
U and properly decaying f in three dimensional exterior domain. Later,
in 1992 Galdi [10] showed that the same result holds for u,, = 0 provided
that u obey a certain relation called ”energy inequality” and the viscosity
is sufficiently large compared to f. In 1973 Gilbarg and Weinberger [11]
developed similar result in two dimensional exterior domain. More precisely
they showed that for any Leray’s solution, the pressure has a finite limit,
the velocity has a limit u; in mean at infinity for some w; provided the
solution is bounded. In 1988 Amick [1]showed that u € L*®(Q) if f = 0
in two dimensional exterior domain. In 1975 Gilbarg and Weinberger [12]
showed that the Leray’s solution in two dimensional exterior domain grows
more slowly than (logr)!/? and that the pressure has a finite limit at infinity,
the velocity u has a limit u; in the mean for some uy or [ [u(r,8)|%dd
approaches infinity as r — oo.

In this paper, we find a decay rate of axis-symmetric Leray’s solution
for given homogeneous data u, = 0 at infinity. In fact, we have a good
understanding when u,, is nonzero constant vector by the results of Babenko



and there are few results for the homogeneous condition at infinity. Now we
want to state a decay result along r-direction when the flow is axis-symmetric.

Theorem 0.1 Suppose that (u;p) is azis-symmetric solution to (0.1) and
(0.2) for the homogeneous data U, = 0 satisfying

/ [Vul?dx < M

for some constant M. Then there is a constant ¢(M) depending only on M
such that for 7 > max(2,)z|) '

1
r\ 2
9760l + o) < o) (“E7),
and for any positive constant § > 0, there is ¢(M, ) depending only on M,§
such that for r > max(2,|z|)
03, )] < oM, )~

3
rg—d

where u”, uf,u3 are the components of u along the direction e, eg, 3, in cylin-

drical coordinate, respectively,

For the proof, we decouple our Navier-Stokes equations with u? and (v, ud,
w?) parts. The equation for u’ does not include any pressure terms. Hence,
we can apply the standard elliptic theory. Moreover, we find the cylindrical
fundamental solution involves with elliptic integrals and it has a better decay
property along r-direction. For the (u”,u®,w?) part, the potential expression
using Biot-Savart law with vorticity field provides the necessary informations.
To handle surface potentials, it is cruicial to observe

/MWwW+m%mes4M>

for all 7.
It seems open to find a decay property of power type along z-direction.
Our theorem only touches r-direction.
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Asymptotic profiles of Navier-Stokes flows in R" and R"

Tetsuro MIYAKAWA

Department of Mathematics, Faculty of Science
Kobe University, Kobe 657-8501, Japan

Statement of the Main Results

We are interested in space-time behavior as ¢ — oo of weak and strong solutions of the
Navier-Stokes initial value problem :

(NS) O+ u-Vu = Au— Vp, V-u=0, uli—0 = @,

for unknown velocity u, unknown pressure p and a prescribed initial velocity a. Problem
(NS) will be discussed on the whole space R and on the upper half-spaceR’ ; and in the
latter case the boundary condition

(BC) ul’”ﬂ =0

is added. First we consider problem (NS) on R", assuming that a satisfies

(1) J @+ lyhla@ldy < oo.
Our result is the following

Theorem 1. (i) Suppose a € L'(R™) N L*(R") satisfies (1), with ||a||n sufficiently small.
Then there is a strong solution u defined for all t > 0 such that

u;(t) + Ok Ey(:) / yra;(y)dy + Feu(- 1) /000/ (uxue) (y, s)dyds|| =0.

q

(2)  lim ¢2+E0-)

t—ro0

foralll1<g<ooandj=1,...,n. Here,
. n o
Ey(z) = (47rt)_5€_lz!2/4t1 Fojk(z,t) = 0pFy(x)d55 + /0 0;0k0 7 4()dT.

(ii) For each a € L%(R™) N LY(R™) satisfying (1), there ezists a weak solution u which
admits ezpansion (2) for all1 < ¢ < 2.

Condition (1) implies

C(1+1)373073) (1<qg<n)
(3) lu@®llg < o
Cct 2730 (n<qg< o)



if u is a strong solution, and
(4) lu@)ll, < CA+8)773070  (1<q<2)
if u is a weak solution. In both cases we have

(5) lu@®)|2 < CA+t)13 and so /Ooo/(ukw)(y, s)dyds is finite.

See [3] for the proof. The results improve those of Carpio [2].
The exponent 1+7n/2 in (5) is expected to be optimal in general (see [8]). Indeed, we can
apply (the proof of) Theorem 1 to deduce

Theorem 2. (i) Let a € LZ(R™) N L*(R™) satisfy (1), so there exists a weak solution u.
satisfying (5). Then we have

(6) [w@ > "% for large t >0

if and only if

() either ([ weazly)dy)

n

#0, or /o > / (urue)(y, 8)dyds # C(S}cg‘ for all ¢ > 0.

k=1
(ii) Suppose a € L2(R™) satisfies

(8) le2all; < C(L+1)7%

and so there ezists a weak solution u such that ||u(t)||3 < C(1+1t)"%. Then

(9) lu@|? > ct™2  for larget >0

if and only if

(10) lea|2 > ¢t™2  for larget > 0.

[ 74N

Here €2 means convolution with the heat kernel.

Remarks. (i) A full proof of Theorem 2 is given in [6]. Condition (7) equally involves all
coordinate directions, and this reflects the isotropy of the space R™.
(ii) If a € L2(R™) N L*(R™), then (8) is fulfilled. But (10) is not fulfilled, since

a€ L'(R"), V-a=0  implies /a(w)dx =0.
An example of initial data satisfying (8) and (10) is given by a € L2(R") such that
/S _la(r,w)Pdw € L°(R,),  liminf /S _a(r,w)Pdw > 0.

Here, @(£) is the Fourier transform of a, and £ = (r,w) in the polar coordinates.



We next consider problem (NS)—(BC) on the upper half-space R;. Using the Helmholtz
decomposition ([1])

LYR") = LL(R?) @ LI(RY), 1<g<oo,

with
Li(R}) ={ue LYRY) : V-u=0, uplorz =0},

LI(RY)={Vpe L'R}) :p€ Lloc(R+)}7

and the associated bounded projection P to LZ(R™), we reformulate the problem in the form
of the integral equation :

(11) u(t) = e *a — /0 t e;(t‘s)AP(u - Vu)(s)ds.

Here A = —PA is the Stokes operator and {e~*};5¢ is the associated bounded analytic
semigroup in LZ(R%). In what follows we assume

(12) [+ w)lay)ldy < oo

Let
tA

e a=v=(v,vn).
We systematically use Ukai’s formula ([7]) :
(13) ’l)n(t) = Ue_tB[an - 5. a’]7 U'(t) = e“tB[a’ + Sa,,] - S’Un,

where B = —A is the Dirichlet-Laplacian on R?}, S = (Sy, -+, S5_1) are the Riesz transforms
on R*™', and U is the bounded linear operator on LI(RY), 1 < g < 00, defined via the Fourier
transform with respect to 2’ = (z,--+,Z,_1) € R* ! by

UFE o) = [€] [ eI F(¢, y)dy.
Using (13) we expand the right-hand side of (11), to get |

Theorem 3. (i) Let a € L'(R}) N L2(RY) satisfy (12), with ||all. suﬂiczently small.
Then there exists a strong solution u such that, for all 1 < g < oo,

lim t2t3(-9)

un(t) + 2U8, Ex(+) L i YnGn(y)dy

g 7
- wo,R() - (f, e+ [ wa) S ) =0
and
Jlim #5309 |/ (2) + 20uFi() ~ SUBE()) [ , 3t 0)0y
(15 +20,80) v+ [ w10
+ 2500,50)- ([, s+ [, () S)iyds) =0




(i) Let n = 2,3,4. For each a € LZ(R%) N L*(RY}) satisfying (12), there ezists a weak
solution u which satisfies (14) and (15) for all 1 < ¢ < 2.
Here, E; stands for the heat kernel in various space dimensions and

Fi(@) =4 Bu(za) [ 1}V Byaale)in

is the kernel function of the convolution operator e!*S = Se'®.

See [4] for the proof. Condition (12) implies [Ju(t)|[Z < C(1 +t)~*~% for weak and strong
solutions treated in Theorem 3. Therefore, the integrals [;°f; R (unu')(y, s)dyds are finite.
Note also that the functions VE;, F,;, and 0,F; employed in Theorems 1 and 3 are all

written in the form . )

" K (ot 7%)
in terms of some specific functions K which are bounded and LP-integrable, 1 < p < oo
(1 < p < oo for 8,F;). We should also mention that Theorem 3 exhibits no boundary

effects. This is probably because we are dealing only with solutions decaying very rapidly
(like |z|™"!) as |z| — oo.

We can apply Theorem 3 to prove an analogue of Theorem 2 for flows in RY.

Theorem 4. Letn = 2,3,4. .
(i) Let a € LZ(R}) N L' (R?}) satisfy (12); so there exists a weak solution u such that
lu@2 < CQ +1t)"1"%. Then

(16) lu@)|2>Ct™'"%  for larget >0

if and ony if

@ ([ w7 )i, [ i) # 0,0

(ii) Let a € LZ(R™) satisfy |le *alls < C(1 +1t)™%; and so there evists a weak solution
u such that ||u(t)||s < C(1+1t)"%. Then

(18) lu(®)lz > ct™% for large t > 0

if and only if

(19) C lealls > ¢t

See [4] for the proof. In contrast to the case of flows in R", condition of (17) represents an

interaction between the initial velocity a and the corresponding solution u. Moreover, the
integrals

[ )y 9)duds,  1<jk<n-1 j=k=n,
o Jrg



play no role in (17). These facts and condition (12) reflect some geometric properties of the
half-space R’} that affect the behavior of flows therein. We further remark that

le*4al|2 > ct™'~% if and only if (/R yna' (y)dy, /R ynan(y)dy) # (0,0).
T +

- Further Results
For flows in R", we can also prove the following:

(i) Let a satisfy V- a =0 and

la(y)| < CA + [y, a;(y) = Y_ Okbsr(y),
i k=1
Ib(y)] < CL+ )™, [ b@ldy < oo.
Then, under some smallness assumptions on a there is a strong solution u such that
(20) [u(z, t)] < Co(1 4 |z|)~7(1 +£) =172, 0<y<n+l1,

and, withj= 1,...,n,

. mg ey 1 -1 lod o
Cam b lue -y SR [ram
(1) 1<lajgm %
v I aran ) [T P ), )avds) =0
. Aty 0 Fy i (-, kUe) (Y, =4
sptipigm-1 PP J ‘

q
whenever 1 <g<oocand 1 <m < n.

(ii) Suppose a € LZ(R™) N L'(R") satisfies

(22) Ja+r ey <o, [+ 1y laly) Py < oo.
Then there exists a weak solution u which satisfies (21) for 1 <¢<2and1<m<n-1.

(i) In general, we do not know whether m can be chosen as m > n in (i) and as
m > n — 1 in (ii), respectively. But, when n = 2, there exists a smooth Navier-Stokes flow
u which satisfies

| u(®)llq < Ce™* (1 < g < 00),

(23
lu(z,t)| < Cpe ™ (1 + [z[)™™, (m=0,1,2,...).

We do not know whether some results corresponding to (i) — (iii) above hold for flows in R7}.
Estimate (20) is obtained in [5]. The other results are all proved in [3].
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ON THE UNIQUENESS OF NONDECAYING SOLUTIONS
OF THE NAVIER-STOKES EQUATIONS

JUN KATO
DEPARTMENT OF MATHEMATICS, HOKKAIDO UNIVERSITY,
SAPPORO 060-0810, JAPAN

1. INTRODUCTION

In this talk, we consider a uniqueness probrem for the Navier-Stokes equations:
u— Au+ (u, V)u+Vp=20 in R™ x (0, 00),
(NS) divu =0 in R™ x (0, o0),
'Ll;ltz() = Ug 1]1 Rn,
where u = u(t, z) = (ui(t, ), -+, un(t, z)) and p = p(t, z) stand for the unknown
velocity vector field of the fluid and its pressure respectively, while ug = up(z) =
(uj(z), -+ - ,uB(z)) is given initial velocity vector field.

The purpose of this talk is to show a uniqueness of solutions for (NS) that have
no decay at space infinity. There is many results to treat a uniqueness of solutions
to the Navier-Stokes equations. However, most of them are considered in the class
of the solutions that have decay at space infinity.

When we don't assume the decay, we have a simple example of solutions that
are not unique. If we set u(t,z) = g(t) a spacially constant function and p(t, z) =
—g'(t) - z, then (u, p) evidently solves (NS) no matter how g is taken with g(0) = uo.
These solutions are not uniquely determined if we fix initial data g(0). So we must
impose some condition on p to get uniqueness.

2. KNOowN RESULTS

On the uniqueness without assuming the decay, there are some known results for
classical solutions. Their sufficient conditions are the following.
@) [Un=3, [ul=|Vul=0(), |p|=0(z|""*) (lz|— o0)fore>1,
(i) [4, Bl n=2, 3, |Vul=0(1), [p|=O0(jz[*""?) (|z| — o0).
Our main result concerns (i) and gives the another characterization for the sufficient
condition on the pressure term p.

3. MaIN REesuLT

Before stating our main result, we introduce some function spaces. Let BUC
denote the space of all bounded uniformly continuous functions and BMO the space
of all functions of bounded mean oscillation. Note that BAMO is a dual space of
Hardy space H!. S denotes the Schwartz class, so that S’ is the space of tempered
distributions.



2 JUN KATO

The solution (u, p) of (NS) in the distribution sense which we treat is as follows.
Definition 1. We call (u, p) the solution of (NS) on (0,T) x R™ in the distribution
sense if (u, p) satisfy the following conditions:

(i) u, p € LL.((0,T) x R™) and wu(t),p(t) € S’ for ae.t,
(ii) dive =0 in &’ for a.e. t,

(iii)
/0 {(u(s), 0sp(s)) + (u(s), Ap(t)) + ((u ® u)(s), Vio(s))

(3.1) + (p(s), div(s)) } ds = —(uo, 0(0)),
for all ¢ € C([0,T] x R™) with ¢(s,-) € S (s € [0,T]) and ¢(T,-) = 0, where
(u®u, Vi) = 37, {wug, Brps). |
Now we are in a position to stata our main result.

Theorem 1. Let up € BUC with divug = 0. Suppose that (u,p) is the solution of
(NS) in the distribution sense satisfying

ue C([0,T]; BUC), p € LL,((0,T); BMO).

Then (u,p) is unigue.
Moerover, we have

(3.2) Vp= )Y VRRu'vw inS
ij=1 :

for a.e. t.

Remark 1. (i) The existence of such a solution was proved in [2].

(ii) Our condition p(t,-) € BMO is not included by the condition |p(t,-)] =
O(|z[*=) (lz| — o0) of [1]. | | |

(iii) The uniqueness result assuming p is of the form p = = + 37, RiRjm;; for
™, 7 € L has been proved by the joint work with Y.Giga, K.Inui, and
S.Matsui (unpublished).

| ‘4. PRELIMINARIES

In this section we prepare some lemmas.
Let k denote the fundamental solution of —A, i.e. —Ak = 4. Its explicit form is

_[CsP (n29)
k(x)“{czlog;zl (n=2),

where 1/C, = (n — 2)|S™}| (n > 3) and 1/Cy = —27. .

Let ¢ € CP(R™) be radial with ¢(z) = 0 for |z| < 1 and 9¥(z) = 1 for |z| > 2. We
set A =1 — 1. For any € with 0 < & < 1/2 we define ¢.(z) = 9¥(z/€), Ae(z) = A(ex)
and k. = Y. \:k so that suppk. C {z ; € < |z| < 2/e}.

Definition 2. For f € & , we define the operator R;; by
R;; f(z) = (0:0;ke) = f(z) (z € R™).



UNIQUENESS OF THE NAVIER-STOKES EQUATIONS
Remark. 2. 'We have
R,R;f(z) = (p.v.0;0;k) * f(z) — % (z) (zeR™M
for f € S, since it is known that

Fi [fgg} p.v. 8;0;k — 55 in &',

where R; denotes the Riesz transform that is defined by Ej\f = v=1(&;/)¢)f and 6
is Dirac’s delta function.

The following lemma says that Rf; approximates the operator R;R; in some sence.

Lemma 4.1. Let 1 <4,j < n. For f € L* we have
lmn(R5f,0) = (RByfop)  forall g€ Swith [ =0,
R, satisfies the following properties.

Lemma 4.2. (1) For f € 8" with divf =0 in &' we have
Z cfi=0 inS (1<£<1/2, 1<i<n).

(ii) For g€ BM O we have

]lﬁ)l R;;0,9=-8g inS (1<i<n).
€ =

Lemmad.2(i) is immediétely follows from the deffinition of Rf;. On the other
hand, (ii) is shown using the following lemma and the duality of H' and BMO,
since Y7, Rf;0;9 = 0;Ake x g.

Lemma 4.3. Let p € S with [ ¢ =0. Then
lifg(——A)]cg* 0= inH.

For the proof of Lemma4.3 the following fact which generalizes the result in [2]
plays an important role. For 0 < a < 1,

1fllze < CU=|*fller + 1L+ 2D Fll o)
holes if [ f = 0.

5. PrROOF OF THEOREM1

Theoreml is proved using the uniqueness of solutions of the corresponding integral
equation

.

(5.1) u(t) = ePug +/ V - 4P (u @ u)(s)ds,
0

in O([O,T] BUC) where P = ((51‘]‘ + R,;Rj)i,j=1,...,n.
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The uniqueness of (5.1) essentially comes from the boundedness of operator
V - elt=9)AP on L*®, more pricisely

IV - e8P fl 1 < Gt — 5) 5| fllo (0 <5< 1),

as is shown in [2]. Hence our main task is to show that u satisfies (5.1).

We first take (Rfp(s),---, R5,¢(s)) as a test function of (3.1), then applying
Lemmad4.2(i) we obtain

/ {Z s),¢(s) >+Z (0;Ry;p(s) (3))}ds =

3,j==1 i=1
since divu = 0; divug = - 0in & for a.e.t. Therefore taking limit as € | 0 we have

52 [ {3 @R - (@ple) o) s =0
: 4,7=1

by Lemmad.1, Lemmad4.2(ii). Combining (5.2) and the /th component of (3.1) we

obtain

/0 {(w(5), 840()) + ((s), A(s)) — (V- P(u ® u)(5))1, 0(5)) }ds

—(ub,(0)) (1<1<m).

Next, we take 7(s)e®~*2¢ as a test function instead of ¢(s) of the equation above
for each fixed ¢ € [0, T, where n € C*([0,T]) satisfies suppn C [0,t), n(0) = 1, and
¢ € S. Then we obtain

[ 1, @0d(e)e49) — (7 - Plum oy n(s)et s
’"(uf)’ em¢>'

Therefore, approximating 7 to X(-oo,) and hence d;n to —d;, where X(-oo,z) is @
characteristic function of the interval (—oo, t), we have

<ul(t) — etPul + /Ot(V - elIAP (y @ u)(s))ids, ¢> =0

for all ¢ € S. Therefore we observe that u satisfies the integral equation (5.1).
Finaly, the representation of Vp (3.2) follows immediately from (5.2). O
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GLOBAL EXISTANCE OF TWO-DIMENSIONAL
NAVIER-STOKES FLOW WITH
NONDECAYING INITIAL VEROCITY

0. SAWADA

This is a joint work with Y. Giga and S. Matsui.
1. INTRODUCTION

We consider the nonstationary Navier-Stokes equations in the plane:

uw—Au+(u, V)u+Vp=0 in (0,T) x R?
(NS) divu=0 in (0,T) x R?
~ Ult=0 = Uo in R?, (with divug = 0)

where v = u(z,t) = (v!(z,t),u(z,t)) and p = p(z,t) stand for the
unknown velocity vector field of the fluid and unknown scalar function
of its pressure; = = (z1,T2) stands for a point of the plane R? and
t(> 0) stands for the time.

We are interested in the global existance of smooth solution when
initial data wug is merely bounded or bounded uniformly continuous.

We define several function spaces. We denote by BUC = BUC (R?),
the space of all functions (or vector fields) which are bounded and
uniformly continuous in R?, with L®(R?) norm denoted by || - ||oo- For
a Banach space X and an interval I C R, C(I; X) denotes the space
of all continuous functions from I to X.

Theorem 1. Assume that the initial data ug € BUC satisfies divug =
0. Then there exists u € C([0,00); BUC) such that u(0) = up and
(u(t), Vp(t)) with p(t) = Z?,j:l RiRui(t)u’(t) is a unique classical
solution of (NS) globally in time.

There is a large literature on-local solvability of (NS) even in a various
domain of R™ (n>2). In particular Leray [Le| has already obtained the
time global solutions if up € L?(R?). The method of his proof is based
on the energy estimate. This method does not apply directly to our
situation because the energy is infinite, neverthless we have the above
result.



In our result we do not assume uy € L?*(R?). We consider that
ug € BUC or L*™. In this case, the initial data does not decay at
space infinity. The time local solution (u, p) is constructed by Cannon-
Knightly ([C-K] 1970), Cannone ([Ca] 1995), and Giga-Inui-Matsui
([G-I-M] 1999) inclusing higher dimensional problems.

2. SKETCH OF THE PROOF OF THEOREM1
Let us briefly explain main ideas of proving Theorem]1.
We use the integral equations

t .
(INT)  u(t) = ePug — / V- e8P (u @ u)(s)ds,
0

where P = (Pyj)ij=1,2, Fij = 6ij+ R;R; is formaly the orthogonal pro-
jector on the divergence-free subspace; R; denotes the Riesz transform
with a symbol v/=1¢&;/|¢|. The operator e is the solution operator of
the heat equation. We call the solution of (INT) as the mild solution.

In [C-K] and [G-I-M] the maximal existance interval (0,Tp) where
the solution exists in (0, Tp) is estimated by
To 2 C/lluol%-

The main trick is to establish a priori bounded for ||u(t)||e. Once we
obtain it the solution can be extended globally.

Theorem 2. Assume that the initial data ug € BUC. Assume that u
is the mild solution in time [0,T). Then there exists a positive constant
K (independent of time) satisfies

|lu(®)]|oo < Kexp(KeX?) for - t €0,T7,
provided that ||curl upl|eo < 00.

Since there is a regularizing effect (shown by [G-I-M]) so that Vu(te) €
BUC for tg > 0, Theorem?2 implies Theorem].

We give a sketch of the proof of Theorem?2.

Stepl (Maximum principle of vorticity equation)
We consider the rotation of u(t) for ¢t € [0,T].
wr — Aw + (u, Vw = 0.
We denote by w(t) = curl u(t) = du(t)/dz1 — dul(t)/Ozs.
2



Assume that v € BUC, and u(¢) is the solution of (NS) in time [0, T
Since we can apply the maximum principle to the vorticity equation,
then the following inequality holds;

lw(®)lloe < llwolleo for £> 0,
where wp = curl u.

We note that this estimate is not available for higher dimensional
space since there is a vorticity stretching term.

Step2 (Estimate of bilinear terms)
There exists a numerical positive constant C satisfies that

IV - €2 P(u®u)|lco < C{(1+1/vVE+logR)||ulloollwllco + (1/R)[ullZ},
forallt >0, R > 1.
For the proof we estimate the Riesz transform by using duality but
we skip the detail.

We treat the mild solution. Using this inequality to || - ||co-estimate
the integrant of (INT) with R=1+]||u(s)||co, We obtain

[u(®)lloo <llolloo

+ CHWolloo/O{(t = )72+ 1+1og(1+[uls)llco) Hiu(s) lloods,

by the maximum principle to the vorticity.

In the same way to prove the Gronwall type inequality, we obtain
Theorem2. The constant K in Theorem?2 depends only on ||wo||co-

A similar Gronwall type inequality without singularity (t—s)~'/2 is
found in [Wo] (1933) and [B-G] (1980).

Lemma 1. Let « and B be non-negative constants. Assume that a
non-negative function a(t, s) satisfies a(-,-) € C(0<s<t<T), a(t,-) €
L*0,t) for allt € (0,T). Furthermore, we assume that there exists a
positive constant ey such that

t
sup / a(t,s)ds < 1/2.
0<t<T Jt—e
If.a non-negative function f € C([0,T)) satisfies

f(t) <o+ /Ot a(t, s)ds + ﬂ/ot{l +1log(1+ f(s))} - f(s)ds,
3



for allt € [0,T]. Then we have

f@t) < exp{[1 + /B + log(1 + 2a)]e?**}
N exp(l +v/P) ’
for allt € [0,T]. Here we puty = suppcicr{SuDoc,cs_e, alt, 5)}-

Remark 1. In the case of a(t, s) = (t —s)™% with 0 < § < 1, it is easy
to show that the assumptions of Lemmal are satisfied for

B 1—6 l/(l—J_) B 2 6/(1—6)
€0 = 2 * Y= 1 . 5 .

REFERENCES

[B-G] Brezis, H. and GALLOUET, T. : Nonlinear Schridinger evolution equations,
J. Nonlinear Anal. 4, (1980) 677-681.

[C-K] CaNNON, J. R. and KNIGHTLY, G. H. : A note on the Cauchy problem for
the Navier-Stokes equations, SIAM J. Appl. Math. 18, (1984) 641-644.

[Ca] CANNONE, M. : Paraproduits et Navier-Stokes Diderot Editeur, Arts et Sci-
ences Paris-New York-Amsterdam (1995).

[G-I-M] Giga, Y., Inul, K. and MATSUL, S. : On the Cauchy problem for the

- Navier-Stokes equations with nondecaying initial data, Quaderni di Matematica,
4, (1999) 28-68.

[Ka] KaATO, J. and : On the uniqueness of the nondecaying solution of the Navier-
Stokes equations, (preprint).

[Kn] KNIGHTLY, G. H. : On a class of global solutions of the Navier-Stokes equa-
tions, Arch. Rational Mech. Anal. 21, (1966) 211-245.

[Le] LERAY, J.: Etude de diverses équations intégrales non linéaires et de quelques
probléms que pose I'Hydrodynamique, J. de Mathémathiques 63, (1933) 193-248.
[Wo|] WOLIBNER, W. :- Un theoréme sur lezistence du mouvement plan d’un fluide
parfait, homogéne, incompreeible, pendant un temps infiniment long, Math. Z. 37,

(1933) 698-726.



On the viscosity solution method for a dynamic boundary value problem

arising in the theory of superconductivity*

GOTO, SuuN’icHI (HEHE—)

Kanazawa University

(ERKFEFEHAERER)

We will talk about the comparison principle of viscosity solutions for a dynamic bound-
ary value problem, which comes from a model arising in the mean field theory of super-
conductivity (see [ESS]).

Let Q be a bounded interval (0,L) C R and T' > 0. Let u be a real valued function on
Q = Q x (0,T). For a function k = k(z,t,7,p) : @ x R x R — R we recall the definitions

of viscosity sub- and supersolutions for k(z,t,us, ug) = 0.

(1) w is called a viscosity subsolution of k¥ = 0 if u* < oo on @ and, for any
(z,t,¢) € Q x C*(Q) such that (u* — ¢)(z,t) = maxg(u* — ¢), the inequality
k(z,t, d¢(z,t), dz(z,t)) < 0 holds.

(2) w is called a viscosity supersolution of k = 0 if u, > —oo on @ and, for any
(z,t,¢) € @ x C*(Q) such that (u, — ¢)(z,t) = ming(u. — ¢), the inequality
k(z,t, ¢s(z,t), dz(z,t)) > 0 holds.

Here u* and u, are the upper and lower semicontinuous envelopes of u, respectively.
Let F(z,t) and a(z,t) be given functions in C(Q) and v > 0 be a given constant. We

consider the initial boundary value problem
u— F(z,t) (2 +72) 2 =0, (2,8) € 2 x (0;T),
P) us — F(z,t)a(z,t) =0, (z,t) € 0Q x (0,T),

u(z,0) = ug(z), €.

*This is a joint work with C. M. Elliott and Y. Giga.



Unusual feature of this problem is that the time derivative appears in the boundary condi-
tion. Such a dynamic boundary condition is studied for parabolic equations, for example
in [E1, E2], but not for degenerate equations: Since the equation is not parabolic, to solve
the problem globally we need to establish the theory of the viscosity solution. However,
the conventional approach for comparison principle does not work. In order to formulate

the definition of a viscosity solution of (P) we define, for (z,¢,7,p) € @ x R x R,

B(z,t,7,p) =7 — F(z,t) (B + %)%, zeQ,
Fmin($,t, T,p) -
min (7 — F(z,t)a(z, t), E(z,t,7,0)), z € 01,

E(:c,t,T,p), z €,
.Fmﬂx(m')tv'r)p) = : .

max (T — F(a:,t)a(a:,t),E(:v,t, Tap)) , T € 0Q.
DEFINITION. We say that u € C(Q) is a viscosity solution of (P) if u(z,0) =ug(z) for any

x € Q, u is a viscosity subsolution of Fyin = 0 and a viscosity supersolution of Finay = 0.

This is the usual notion of viscosity solutions for boundary value problems (see [CIL]).
To prove the comparison theorem of viscosity solutions we give an equivalent notion of

solutions by introducing
E(x,t,1,p), z €,

1/2
T — F(z,t) max (a(m,t), ([pu(a:) Sign F'(x,t)]-% + 72) ) , T €00
Here v(z) is the outer normal at z € 9 and [f]- = min{f, 0}.

G(wﬂt”r?p> = {

PRroPOSITION (Equivalence). A function u Is a viscosity solution of (P) if and only if
u € C(Q), u(z,0) = up(x) for any z € Q, and u is both a viscosity subsolution and a

viscosity supersolution of G = 0.

To develop the theory of viscosity solutions for (P) a key step is to prove the comparison

theorem.

THEOREM (Comparison). Suppose that there is a constant C' > 0 such that

\F(z,t) — F(y,£)| < Clz —y| for any (z,1), (y,) € Q-

—21—



Let u be a viscosity subsolution of G = 0 and v be a viscosity supersolution of G = 0. If

u*(z,0) < v.(z,0) for any z € Q, then u* < v, on Q.
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ZDOBEIZBNTOR, V(z) 128 L TEETHERGI TN S K 9 72580 KENMNE &
2%, £7, L(F) 2RI REAT 2701, —kfbshi-7— ) =& F 28AT5.

BB, Ro(z) = (—A — 2)~L & —A DY Iy MERR, F(F)(€) = [e @ f(z)dr 41
MR 7 — Vil T L &

(3.4) F()E) = F(I + VRo(I€[* +0)) ™~ (NI(E)

2k F(F)E) 2EZETS. (BEL X [3], [6] volIl, Def.14.6.3 72 L #HRD Z &)
éEK,Uﬁw&ybﬁ%ﬁ

(35) R(z) — Ro(z) = —Ro(2)VR(z), R(z)=(-D+V —2)7".
ZHWS &

(36) F(A)E) = [7 + pl@,E))f (@)da,
EERTED. 2L, oz, €) 1X

(3.7)  p@8 = RIEP+D)(V)(@), Vilz) = V(g)e™.
WLV ERINAHEEKT

(38) - (~8s +V — €%)p(z, €) = Vi(x)

T, ko T

F(~Dgu + Vu) = |€]2Fu

MEEY L.
UUED¥ERD L &, LF) 13RI

)¢, ) / // i ) sm(f} : s)I¢l ( —iys+w(y)5)) F(s,y)dydéds

LREDZEBHND. EHIT

(3.9) L{E)(1, ) — Lo(F)(t,2) = [ t [ K = s,2,9)F (s, )dyds



LEC L E DOBSERROE K(t - 5,2,9) 1
| 2| <R, t—s—lyl>(C*+ 1R
DL EJ/EDOREE LY,

Cry log(2+1 — s — |y])
(= syt — s — [yl)

LEHBENLD. T DFEATIL, o(z, &) (2% 2588 725 ([1], Proposition 6.3) <, U/
Ny MERRICHT 2EHOE L2 51 ([4], Theorem 1.9) 3 X T Ry (€)% + i0)(f)(z)
D BB 2R e 7 TE D

&%, (3.10) ZAWT

|L(F)(to, o) — Lo(F)(to, z0)| < Colto) " Mirhr= Fl| oo sy
RS .
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AN IMPROVEMENT OF A RESULT OF JAGER AND REJTO
ABOUT OSCILLATING LONG-RANGE POTENTTALS
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In the recent work [4], Jager and Rejto have studied the Schrédinger operators with
short-range perturbations of von Neumann-Wigner potentials:

csin blz|

||

where V3(z), € R?, is a real valued function behaving like O(|z[™'~%) (6 > 0) as
|z| — oo. They illustrated how to establish the principle of limiting absorption for this
potential and for a compact subinterval J of the positive real axis R such that

(1) L=-A+ + Va(z),

) b? 3
2) dlst{J, Z} > Zbel.
This work is closely related to the earlier one of Mochizuki-Uchiyama [7]. The principle
of limiting absorption is proved in [7] for more general oscillating long-range potentials,
and if the operator is restricted to (1), the condition on the interval J becomes
b? 1

(3) : inf J > Z +- mlbcl

Note that .in [4] is not proved the principle of limiting absorption itself, but a most
important ingredient of its proof is given. It is the so called uniqueness or growth estimate
of the generalized eigenfunctions. As in the previous results (see eg., Kato [5], Eidus [1],
Mochizuki-Uchiyama [8]), the growth estimates are proved by formulating a differential
inequality for a functional of solutions. A new point of the proof of [4] (see also [3])
is that they adopted a functional which includes an approximate phase of the operator
(1). Their approximate phase is the same one as is introduced in [7], where a similar
functional identity is formulated to establish the principle of limiting absorption. But it
is not used there to show the growth. estimate of generalized eigenfunctions.



The purpose of this paper is to make an improvement of the result of [4], and apply
it to show the principle of limiting absorption. More specifically, we shall establish the
growth estimate for the interval J satisfying

4) dist{J -b—z-} > Ligel
9 4 9 Cly
and the principle for J satisfying
, b? 1

In this paper we do not restrict ourselves to the 3 dimensional case. Our results are

stated under some abstract conditions on the potentials, and it is also applicable to the

operators

(6) L——A+ csin(log |z|)
log |z|

where V3(z) = O(|z|~{log |z|}~'~°) as |z| — oco. In this case the growth estimate holds

for each J C R.;, and the principle is obtained for J satisfying

+ Vs(z),

(7) nfJ > 21‘13"31-

We should mention that condition (5) or (7) does not cover all the compact subintervals
of R, , and the principle still remains unsolved for some intervals. As is already shown in
[7], Example I-2, condition (7) can be replaced by "each J C R,” if V3(z) = O(|z|~179)
in (6).

In the next §2 we formulate a functional identity of solutions to the Schrédiriger equa-
tion (Proposition 1). It slightly modifies the one used in [7], and the growth estimate of
generalized eigenfunctions (Theorem 1) and the principle of limiting absorption (Theo-
rem 2) are both proved based on this identy.

In §3 we shall follow the argument of [4] to show Theorem 1. The functional identity
used in [4] is obtained by considering the equation as an operator-valued ordinary differ-
ential equation. So, the expression is apparently much different from ours. But the main
part of difference between these two identities is the weight function. Roughly speaking,
their weight is 9 = |z|3. On the other hand ours is ¥ = |z|2\/A — nVi(|z|), where
A € J, n=14)/(4) — a) with a > 0 and V;(|z|) is the oscillating long-range potential. If
the potentials are as given in (1), then a = b and V;(|z|) = csinb|z|/|z|. Thus, in our
case, the weight function is chosen also to relate with the approximate phase. This is
the reason that we are able to improve the condition on J.

Once the growth estimate is established, the proof of Theorem 2 in §4 is standard
(eg., [1] , [7])- If we follow the argument, however, it seems necessary to add some more



condtions on J, as in (5) and (7), depending on the decay estimate of V3(z). Thus, our
result generalizes [7], but [4] in part.
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Weighted pointwise estimates for the wave equation
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Abstract

All results which will be given in my talk are joint works with Yuki Kurokawa
(Institute of Mathematics, University of Tsukuba, Tsukuba 305-8571, Japan. e-mail
: kurokawa@math.tsukuba.ac.jp) I will talk about some weighted pointwise estimate
for solutions of two dimensional wave equations.. It gives a simple proof to obtain the
best order of the lower bound of the lifespan of classical solutions to nonlinear systems.
. The radially symmetric solution in higher dimensional case can be also discussed if I

have enough time.

1 Introduction

We are first concerned with pointwise estimates of a classical solution of the following initial
value problem for inhomogeneous wave equations in low space dimenions.

Ou=H inR"x[0,00),
'U'|t=0 = f1 ut]t:O =4,

(1.1)

where O is a usual D’Alembertian and f, g are given smooth functions of compact support
in R". H = H(z,t) is a smooth function in R™ x [0, c0) whose support is admissible to
the initial data. Our attention goes to pointwise estimates, so that we consider the case of
n = 2,3 only, in which a fundamental solution of O is positive.
Most of weighted L™ estimates of a solutions of (1.1) are global type. Actually, one can
prove
lwu|pe e x[0,00)) < Chg + CllwP H || Loo (R x[0,00)) (1.2)

for a suitable weight w and some power p, where Cf, is a positive constant depending on
the initial data. This inequality is often applied to nonlinear problem. For example, putting
H = |ufP~'u, or |[uff (p > 2), we have a global existence of a classical solution of (1.1)
with small initial data by (1.2) together with a contraction mapping argument, namely, a
constructive method. See early works on this problem, F.John [6] and R.T.Glassey [4]. In
this sense, the global estimate (1.2) is enough.

However, in order to investigate the lower bound of the lifespan of the solution when a
blow-up occurs in the nonlinear problem, more precise estimate will be required rather than
(1.2). To see this, we put a small parameter € > 0 into the initial data, i.e.

f(z) =ep(z), g(z) = ey(z) (1.3)



for arbitrarily fixed functions ¢, . Then we have a similar estimate to (1.2) such that -
lwull o= exor < Cppe + Cllw? Hl|poo@exiory F (T, ), (1.4)

where F' is a function of p and a time T. But we have to improve this. Because a function
space in which we will make a contraction has a bad order of € such as

llwul| Lo (rn x[o,17) = O(€)- (1.5)
Hence the local in time existence of a solution is quaranteed by
e?IF(T,p) <« 1 (1.6)

in the contraction. Unfortunately, this condition does not make a optimal order of ¢ of the
lifespan, sup T'. For example, see R.Agemi & H.Takamura [2] for n = 2.

In three space dimensions, n = 3, one can improve (1.4) easily by making use of strong
Huygens’ principle. Actually, there is a space-time domain A in which we find C,, = 0 by
compactness of the support of the initial data. Therefore we have new estimates

“wuHLw(X) < C{”prlle(Z)F(T,P) + prH“Loo(E)}a (1.7)

lwullpe (@) < Cope + Cllw” Hl| oo G(T, p),
where B = R? x [0,T] \ A and F,G are functions of T,p. Then the good orders of ¢ in
function spaces are obtained such as

kuHLw(Z) = O(e”), “wu”Lw(E‘) = O(e). (1.8)
Hence the local in time existence of a solution .is quaranteed by
e?P~VF(T,p), e 'G(T,p) < 1 (1.9)

in the contraction. The first quantity is always bigger than the second one, and makes the
optimal lifespan. See F.John [6] for a quadratic nonlinearity, or Ztiou Yi [10] and R.Agemi
& Y .Kurokawa & H.Takamura [1] for any power.

On the contrary, it is hard to prove a suitable weighted L* estimate in two space di-
mensions like (1.7) by lack of the strong Huygens’ principle. However, other clever proofs
overcome the difficulity, which can be found in H.Lindblad [9] and Zhou Yi [11]. They made
pointwise estimates and extended a local in time solutionto the longest time by continuation
principle, namely the contradiction argument. This method is sharper than constructive one.
The lower and upper bounds of the lifespan coincide with each-other and can be written by
known quantity when & goes to 0. But it works only for the sub-critical case of the nonlinear
problem because a scaling argument is essential. For the critical case, the optimal lower
bound of the lifespan has been obtained. We also remark that the pointwise estimate with
some special function is required in two space dimensions.

The aim of this talk is to give some weighted pointwise estimate in two space dimensions
by simple way as in three dimensional case.: Moreover, as an application, we easily obtain
the weighted L* estimates like (1.7). This gives us the two dimensional version of R.Agemi



& Y Kurokawa & H.Takamura [1] in which the lifespan of a classical solution to the initial

value problem for
Du = l’U!p,
{ Ov = [uf? (1.10)

is precisely estimated from below and above in three space dimensions. This system was
first studied by D.Del Santo & V.Georgiev & E.Mitidieri [3].

2 Main result

We shall consider the linear problem (1.1) with a scaled data (1.3). A key assumption on
the present problem is
suppy, suppy C {z € R?; |z| < k}. (2.1)

Without loss of the generality, we may assume that £ > 1. By finite propagation speed of
the wave, the admissible support of H is

suppH C {(z,t) € R? x [0,00) ; |z| <t +k}. (2.2)
The weight function w is defined by »
t+ o] + 2k 2
w(al, g = (HEEZE) e i, 23)

where N(s) is a given function of s.
Our main result is the following theorem.

Theorem 1 Let u be a classical solution of the initial value problem (1.1) in R? x [0,T)
with a scaled data (1.8) under assumptions on the compactness of support of the initial data,
(2.1), and H, (2.2). Then, for 0 < e <1 and p € R, there exist positive constans C,y
depending on the initial data not on €, and C independent of k, € such that the following
inequality holds for any (z,t) € R? x [0, T].

\/t + lmli+ 2k \/t — [:cli + 2k (e, )] < Cy e + CEI(ls]. ), 04

where, when p > 3,

1) = [ (14 e - ) 2 s, (29

Here Fp(b,a) and || - || are defined by

1-P
a —2% when P > 1,
b+2
Fp(b,a) = 4 log2a 3 when P =1, (2.6)
P
(1—)-:2—2—]3) when P < 1



and

lull(r = A)=sup sup |[u(Aw, )| (2.7)
THAL2T+k weS?
For the case p < 3, Fip_0yj2(t — 7, 0) in I is replaced by Gp(t +r,t — 1), where
1/2
A 2
<'B;2k> 10g2§i2: when p = 3,
Gpla, B) = 12 (3-p)/2 (2.8)
: B+ 2k a+ 2k
p p when p < 3.
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Spiral traveling wave solutions
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1 Introduction

In this talk we consider a nonlinear diffusion equation on a two-dimensional
annulus Q = {z € R? | a < |z| < b}:

w=A0Au+glu—=0), ze€Q,t>0, (1.1)
u, = 0, z e, t>0, )

where (r,6) denotes the polar coordinates of z € 2 and g is the derivative of a
multi-well potential. ,

Our motivation for studying problem (1.1) originates from crystallization pro-
cesses in material sciences ([12], [5], [2]). Screw dislocations are observed on the
surface of actual crystals such as silicon carbide, calcogen, paraffin and polyethy-
lene. Recently Kobayashi [7] has proposed the following reaction-diffusion equation
as a model of the motion of screw dislocations:

Tus =e?Au+gu—0), z€Q,t>0,
{ur:(), z €N, t>0,

where 7 and € are positive parameters. The unknown function u(z, t) represents the
normalized height of the crystal. Some numerical experiments imply that equation
(1.2) has a rotating and growing solution with a spiral shape. In Section 2 we show
“the existence, uniqueness and stability of such a solution, which we call a spiral
traveling wave solution. ’
Since the diffusion term is very small, equation (1.2) gives rise to sharp internal
layers (or interfaces). In the singular limit as € — 0, by using matched asymptotic
expansions, we obtain the interface equation

V=c—&, (1.3)

where V and x denote the normal velocity and the curvature of the interface réspec#
tively,-and c is & positive constant determined by the nonlinearity g. In Section 3
we study the properties of spiral solutions for (1.3). :

(1.2)



2 Main results

Throughout the talk, we assume that the nonlinearity g(v) satisfies the follow-
ing:

(A1) g is a smooth, 27-periodic function on R;

(A2) g has three zeroes 0 < { < 27 in the interval [0, 27];

(A3) /0 7rg(v)d'u > 0.

It is known that, for any ug € C(Q), there exists a solution u(z,t) of (1.1) with
initial data u(-,0) = uo (see [8]). Here C(Q) denotes Banach space of continuous
functions on © endowed with the norm ||ug||g = sup{|uo(z)| | = € 0}

Definition 2.1 A solution @(z,t) of (1.1) is called a spiral traveling wave solution
if it is written in the form

(z,t) = p(r,0 —wt) +wt, z€Q,t>0

for some function ¢(r,£) and some constant w. We call the constant w the growth
speed of the spiral traveling wave solution %.

Remark 2.2 Clearly, if u(z,t) = u(r, 0,t) is a spiral traveling wave solution of (1.1),
then %(z,t + 7) is also a spiral traveling wave solution for any constant 7. Further,
u(r,0 — a,t) + «a is also a spiral traveling wave solution for any constant .

Definition 2.3 A spiral traveling wave solution T of (1.1) is called stable if for any
€ > 0 there exists some § > 0 such that

[u-8) = a(, le@m <& t>0
holds for any solution u of (1.1) satisfying ||u(-,0) — (-, 0)llo@) < 9

Concerning the existence, stability and uniqueness of spiral traveling wave solu-
tions, we obtain the following:

Theorem A ([11]) For any b > a > 0, (1.1) possesses a spiral traveling wave solution
with positive growth speed.

Theorem B ([11])

(i) A spiral traveling wave solution @ of (1.1) is stable and is monotone increasing
in t, that is, w(z,t) > 0 for all z € Q, t > 0. Further it is unique up to
translation to the t-direction, namely, if u is a spiral traveling wave solution
of (1.1) then there exists some 1y € R such that u(-,t) =a(-,t + 1) fort > 0.



(ii) For any solution u of (1.1), there exists some 7y such that

lim flu(-t) — (-, t + 7o)l o = 0. (2.1)

t—ro0

Remark 2.4 From Theorem B, we see that a spiral traveling wave solution T of
(1.1) is stable with asymptotic phase, namely, it is stable and, for any solution u
of (1.1) with initial data sufficiently close to @, there exists some 79 such that (2.1)
holds.

3 Existence of spirals for the interface equation
In this section, we consider equation (1.2):

{Tu_tzazAu+g(u~9), zeN, t>0

u, =0, z€ 0N, t>0.
We assume that 7 = €2 and g(v) = f(v;e) = —Z¥(v;¢) is a smooth function

derived from a multi-well potential W (v;e) whose local minima lie at v = 2mm
(m € Z) for all € > 0. More precisely, f(v;e) satisfies the following conditions:

(F1) f(v;e) is 2m-periodic in v for each € > 0,

(F2) f(-;€) has exactly three zeroes 0 < () < 2 in [0, 27] for each € > 0,

(F3) —g{-(O;e) < 0 for each e > 0,
Cop2w 2 af
(F4) f(v;0)dv =0, / ——(v;0)dv > 0.
0 o Oe

By Theorems A and B, under the conditions (F1)-(F4), there exists a unique spiral
traveling wave solution for each € > 0. Roughly speaking, condition (F4) means
that the difference of well-depth W (27 ;e) — W(0;¢) is negative and of order ¢ as
g — 0.. It follows from (F1)-(F4) that there exists a unique solution (.(z), c(e)) of

{ Yop +ec(e), + f(¥;6) =0, z€R, (3.1)
P(—00) = 2m, $(0)=((e), P(+o0) =0, '
for each € > 0 ([4]). Note that c(¢) > 0 for € > 0 and
" %i(v ;0)dv
¢ =limo(e) = 20— . (3.2)
’“’ [ wias
R



Let u® be a solution of (1.2). Since the diffusion term is very small and the
potential W is multi-well type, u® approaches 6 + 2mn for some m € Z if 6 +
¢(e) +2(m ~ 1) < uf(z,0) < 8+ ((e) + 2mm. Accordingly, a sharp internal layer
appears between the regions {u = 6 + 2mn} and {u® = 6+ 2(m + 1)n} for each
m € Z. Suppose that for each ¢ > 0 the internal layer approaches. a smooth curve
Iy, which we call the interface, as € — 0. By using the so-called matched asymptotic
expansions ([1, 3, 9]), we obtain the following law of the interface motion:

{szc—n on Ty, (3.3)

(v(z),n)y =0 on INNTY,

where V is the normal velocity of the interface I';, r is the curvature of I';, n = n(z, ?)
is the outward unit normal vector on I';, and v(z) is the outward unit normal vector
on 0. We seek for a solution of (3.3) which is written in the form

T(t) = {(rcos(8(r) + wt),rsin(d(r) + wt)) | a <r <b, £ >0}

for some function §(r) and some constant w. We call such I'(¢) & spiral with angular
speed w. One can easily see that I'(¢) is a solution of (3.3) if and only if q(r) = 76'(r)
satisfies

dgq ,
a;_h(r,q,w), r > a,
q(a) = q(b) =0,

hraiw) = 1+ (—ev/T+@ = L 4wr).

where

Theorem C ([11]) Fix a > 0 arbitrarily.

(i) For any b > a, there exists a spiral with angular speed w(b) > 0. In addition,
the spiral is.unique up to rotation.

(ii) The angular speed w(b) is strictly monotone decreasing in b and there exists

Weo > 0 such that lim w(b) = wWeo.

b—ro0

(iii) In the case where Q = {z € R | |z| > a}, there exists a spiral with speed we
such that lim 0'(r) = —we/c.

Remark 3.1

(a) The statement (i) of Theorem C is found in the paper of Keener and Tyson [6]
without proof.

(b) The statement (iii) of Theorem C shows that the shape of the spiral for (3.3)
looks like Archimedean spiral as 7 — oo in the case where b = +o00.
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On the blowup of solutions
in a semilinear parabolic equation
with supercritical nonlinearity

Noriko Mizoguchi
(Tokyo Gakugei University)

We are concerned with a Cauchy problem

uy = Au + uP in RV x (0, c0),
u(z;0) = uo(z) in RV,

where p > 1 and ug is a nonnegative function in L= (R"). Here we say that a
solution u blows up in finite time if |u(¢)|c — 00 ast — T for some T' < +o0,
where | - |o denotes the supremum norm in R¥.

When a solution u blows up in finite time, the blowup is called complete
if the continuation of the solution is trivial, that is, u(z,t) = oo fort > T
with some T < 400 and incomplete otherwise ([1], [2]).

Our purpose is to obtain solutions blowing up incompletely for a large
class of initial data and to show that such a class forms a separatrix between
~ global classical solutions converging to zero locally uniformly in RN as t — co
and completely blowing-up solutions in finite time.. We call a function u a
global solution in the sense of L}, if u € C([0,0); LL,.(R")) satisfies

i

t
/s /RN {up, +ulp + uPp} dadr — '[/I;N «u(v')pdm] =0

§

for any 0 < s <t < 0o and p € C*(R"N x [0,00)) with compact support in
RN x [0, 00), where L}, (RY) denotes the space of locally integrable functions

loc



on RY. Denote by D the set of nonnegative radially symmetric functions f(r)
of class C* with compact support in [0, 00) such that the set of local minima
of f(r) is bounded away from zero. Here f(ry) is called a local minimum
of f(r) if f(ro) < f(r) in U and f(r¢) < f(r) on U for some bounded
neighborhood of ry in [0, o).

Theorem  Let p, = (N +2)/(N—2),and p* =00 if 3< N <10 and
p* =146/(N —10)if N > 11. If p. < p < p*, then for each ¢ € D there
exists A, > 0 such that:

1) If A < A, then uy exists globally in time in the classical sense and (¢
» globa. X
converges to zero locally uniformly in RY as t — oo.

(i) X=X, then uy is a global solution in the sense of L}, and blows up
incompletely in finite time.

(iii) If A > Ay, then uy blows up completely in finite time,

where u) denotes the solution with initial data )\fp.
Furthermore in the case of X < A, there is ty > 0 such that for ¢ > ¢,
the solution u)(z,t) is nonincreasing in |z| and satisfies

u(z,t) < Cla| ™Y for 2 € RV\{0},

where C is a positive constant.depending only on N if the first derivative ¢,
with respect to r = |z|.changes its sign at most finitely many times.
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§1. Introduction and main results-

The solvability of nonlinear evolution equations with quadratic nonlinearity is
often reduced to the bilinear estimates corresponding to their nonlinearity. In
other words, we can prove a new existence théorem of solution for the Cauchy
problem of the quadratic nonlinear evolution equation, if we have a new bilinear
estimate to control the nonlinearity. For nonlinear dispersive wave equations such
as the nonlinear Schrédinger equation and the KdV equation, there has been a
great progress in this direction. In [23], Strichartz did not only prove new space-
time integrability estimates for the Schrodinger and the wave equations but .also he
pointed out that they were equivalent to the Fourier restriction theorem. Nowadays
these space-time estimates are called the Strichartz estimates and it is well known
that the Strichartz estimates are useful for the study of nonlinear dispersive wave
equations. In [3] and [4], Bourgain further developed the Strichartz estimate and
introduced the Fourier restriction norm method to solve the Cauchy problem of
the nonlinear Schrodinger equation and the KdV equation in much weaker spaces
than before. He directly evaluated the nonlinear term by using the argument in the
proof of the Fourier restriction theorem (for the Fourier restriction theorem, see,
e.g., Tomas [27]). One of the new ingredients in his papers [3] and [4] is a set of new
bilinear estimates corresponding to the nonlinearity (see, e.g., Lemmas 7.41 and 7.42
in [4]). These bilinear estimates effectively represent a kind of smoothing property
produced by the oscillation of wave.  For the quadratic nonlinearity, Bourgain’s
argument is considered as a more powerful machine than the Strichartz estimate. In

[9], [10] and [11], Kenig, Ponce and Vega simplified Bourgain’s proof and improved



the bilinear estimates. Recently, this method has been applied to various nonlinear
evolution equations (see, e.g., [1], [2], [5], [7], [8], [15], [22], [24]-[26] and [28]-[30]).
The related method for nonlinear wave equations was developed by Klainerman
and Machedon [12]-[14] (see also Rauch and Reed [18]). In the present paper, we
consider the optimality of the bilinear estimates obtained in [10] and [11].

We now list the notations, which will be used throughout this paper. For f(t,z) €
S'(R?), we denote the Fourier transform in ¢ and z of f by f. For b,s € R, we
define the spaces X3 , and Y3 5 as follows.

Xy ={f €S'R*) ;5 |flx,. <o}y
Yis={f€S'(R*); |flw. <o},

where
£, = ([ (LI = D2+ )™V OF drae),
£, = (7= @D+ D™ Fr ) drde) "

For z € C, we denote the complex conjugate of z by z.  We put

(f,9) = /R f(t:2) g(t,2) dtde.

For two functions f(¢,z) and g(¢,z), let f * g denote the convolution with respect:
to the time and space variables. Let D = F~!|£|F, where F and F~! denote the
Fourier transform and the inverse Fourier transform, respectively.

In [10] and [11], Kenig, Ponce and Vega proved the following theorem (see The-
orems 1.1 and 1.3 in [10] and Theorems 1.1-1.4 in [11]).

Theorem 0. (i) For any s € (—3/4,0), there exist b e (1/2, 1) and C" > 0 such
that

(1.1) [ D(uo)lxs-s,, < Cllullx,, [0l x,,, -

Furthermore, for any s < —3/4 and any b € R, the estimate (1.1) fails.
(ii) For any s € (—3/4,0], there ezist b € (1/2,1) and C > 0 such that

(1.2) luvllve—s ., < Cllullw,, Vv, s
(1.3) l@ollvs_.,. < Cliullv.llvlve,,-

For any s € (=1/4,0], there exist b € (1/2,1) and C > 0.such that

‘(1'4) “uﬁl[i’b-—ns < C”uHYb,a‘”v”Yb,a'



Furthermore, for any s < —3/4 and any b € R, the estimates (1.2) and (1.3) fail,
and for any s < —1/4 and any b € R, the estimate (1.4) fails.

The estimate (1.1) leads to the local well-posedness of the Cauchy problem for
the KdV equation in H® with s> —3/4:

ou O%u -Ou
(15) '5{—1—5;—3-—}-“5}'*0, te [—T,T], z € R,
(1.6) u(0,z) = uo(z), «€R.

The estimates (1.2), (1.3) and (1.4) also lead to the local well-posedness of the
Cauchy problem for the following quadratic nonlinear Schrédinger equations in H*
with s > —3/4, s > —3/4 and s > —1/4, respectively:

Ou  O%u )
(1.7) 57 + 322 = Fj(u,u), te [-T,T], z€R, j=1,2,3,
(1.8) u(0,z) = uo(z), =z € R,
where .

Fy(u,u) = u?, Fz(u,u‘) = a2, F(u,u) =ui.

However, it has been open whether the estimates (1.1)-(1.4) hold for critical
indices s = —3/4, s = —3/4, s = —3/4 and s = —1/4, respectively. This problem
is interesting and important from both viewpoints of partial differential equations
and harmonic analysis. In this paper, we show that the estimates (1.1)-(1.4) break
down for these critical indices s. We have the following theorem.

Theorem 1. (i) Let s = —3/4. For any b € R, the estimate (1.1) fails.
() Let s = —3/4. For any b € R, the estimates (1.2) and (1.5) fail.
(4i) Let s = —1/4. For any b with b > 1/2, the estimate (1.4) fails.

Remark 1. (i) Theorem 1 (i) shows that the X  space is not sufficient for the proof

of the local well-posedness in H®, s = —3/4 of the KdV equation. But it does not

necessarily imply the ill-posedness in H®, s = —3/4 of the KdV equation. This is

also the case with Theorem 1 (ii), when we consider (1.7)-(1.8) with j = 1,2 in H?,
s = —3/4.

" (ii) In fact, a stronger result holds than Theorem 1 (iii). That is, if a > —1/2,

for any a, 8 € R, the following estimate fails:

(1.5) Nudlly, _1js < Cllullya, _a/allvllve,2eya-

There may be a.chance that the estimate (1:4) holds with s = —1/4’and b < 1/2.
But, even if this were true, it would be difficult that we apply this estimate to
(1.7)-(1.8) with j = 3.



 We conclude this section by giving a few remarks on the results implying directly
the ill-posedness. For nonlinear wave equations, the time local well-posedness in
minimal regularity has been extensively studied (see, e.g., [8], [12]-[21], [26], [29] and
[30]). In this context, not only have the bilinear estimates corresponding to non-
linearity been studied, but also sharp counterexa.mples are constructed in [16] and
[17], which show actually the ill-posedness of the Cauchy problem in critical regu-
larity. This kind of ill-posedness resuits for the KdV and the nonlinear Schrodinger
equations have recently obtained by Kenig, Ponce and Vega [31]: But their proof is
based on the existence of explicit solutions such as soliton-like solutions and it does
not seem applicable to the quadratic nonlinear Schrédinger equation (1.7). For the
KdV equation, their paper [31] does not handle the critical regularity case.
The plan of this paper is the following. In Section 2, we give a proof of Theorem
1 (i). In Section 3, we show Theorem 1 (ii) and (iii).

§2. Proof of Theorem 1 (i)

In this section we give a proof of Theorem 1 (i). The proof of Theorem 1.3 in
[10] implies that if the estimate (1.1) holds with s = —3/4, we must have b = 1/2
(see the relations (4.8) and (4.15) in [10]). Therefore, we have only to consider the
case of s = —3/4 and b = 1/2.

Let N and m be sufficiently large positive integers such that 4™*! < N. We
put.-A;, 5 =0,1,--- ,m as follows.

Am =A{(1,6) € R?; (7, £) belongs to the inside of two parallelograms with
vertices (N — 4™ N), (N? — 4™t N),
(N3 . 4m+1 + 3N3/24(m+1)/2,_N + 4(‘m+1)/2N-—1/2)’
(N3 4m +'3N3/24(m+1)/2’N +4(m+1)/2N—1i/‘2)
and (—N3? 4 4™, —N), (=N? + 4™t —N),
('_N3+ 4m+1 _ 3N3/24(m+1)/2,—'N _ 4(m+1)/2N-——1/2),.
(—N® 4 4™ 3N3/24(m+1)/2 N 4(m+1)/2N—1/2)}’
Am1 ={(1,€); N <] < N +4mVEN-Z gr=t <7 — 3] < 4™,
(T, §) ¢ Am},
Aj ={(r,6); N <[} <N +4mIDEN—2 47 < |7 — €8] < 471,
0<y3<m—2.

Let R denote the region consisting of two parallelograms similar to the parallelo-
grams in the definition of A,, with one fourth area, which are centered at the points
(0, — 5 4m+/2N=1/2) and (0, {54(m+1/2N=1/2), respectively, and whose longest
s1des are parallel to the vector (3N 3/24(m+1)/2 4(m+1)/2 N=1/2): Here we note that
the set A,, translated by a vector of R intersects effectively each 4;, 0 < 5 < m.



For a measurable set A C R?, we denote the area of A and the characteristic func-
tion of A by |A| and xa, respectively. By the definitions of the sets A; and R, we

have
N44mI2y=1/2
2.1) =2 (68— 47) — (6 — 47*1)] de
~ 44PN < j <m -1,
(2.2) |[Am| ~ 4™4/ il%i ~ 432 N2
(2.3) |R| ~ 43™/2N—1/2
(2.4) XA; * XAm = Cl4jlxr, 0<5<m,
(2.5) jEk = A;NAL=0.

Let {aj};-’;(, be an arbitrary sequence such that a; > 0 for 0 <7 < m. We put

=N Z 4"j_m/4anAJ..

0<j<m
Then, a simple calculation yields
(2.6) Ut = N Z 473=m g0 4;) * ( Z 47" ta,xa,)
0<j<m 0<k<m
=N’ Z Z 47I7ETm R ajarxa; * XA

0<k<m 0<j<k

2 —j—k—m/2
+ N E E g i—k=m/ QjaRXA; * XAy
0<k<m k<j<m

>N2am( Y, 4773 a3 4;) * X A
0Lj<m

By (2.1)-(2.6), we obtain

@.7) eI+ )34 + | — )72 * ilf| p2re)
> C[(4m+1N_1)(4_(m+1)/2N 3/2)N4afn
x /Rz( S 4TI 20 w xa,)) drde]?

0<j<m

> Cam( Y aj),

OSjSm
(28)  N(L+[EN*AA+Ir - 631)1/21"6111;2(112)

= ([ Qe PN Y 4, drde)

0<j<m



<c( Yy &)

0<j<m

Therefore, if the estimate (1.1) holds with s = —3/4 and b = 1/2, then we conclude
by (2.7) and (2.8) that the following inequality must hold.

(2.9) am( Y a)<C( ), df),

- 0Lj<m 0<j<m

where C is a positive constant independent of m and N. We now choose sequences
{agm)}}ﬂ:o, m =1,2,--- such that ag-m) >0, aﬁn’”’ =1 and

sup Z (ag-m))z < 00,

m>1

0<j<m
Z ag-m) —3 oo (m — o0).
0<j<m
For example, we can choose ag-m) =(1+5)17=0,1,--- ,m—1and al™ =1. We

insert {ag-m)} into the inequality (2.9) and let m — oo in the resulting inequality
to obtain a contradiction. This completes the proof of Theorem 1 (i). [

Remark 2. The above proof shows that when s = —3/4 and b = 1/ 2, the breakdown
of the estimate (1.1) is caused by the function ¢ with its support in the region distant

from the curve {r = £3} in contrast to the other case (see the proof of Theorem
1.3 in [10]).

§3. Proof of Theorem 1 (ii) and (iii)

In this section, we show Theorem 1 (ii) and (iii).

(Proof of Theorem 1 (ii)). We only prove that when s = —3/4, the estimate (1.2)
fails for any b € R. Because the failure of (1.3) with s = —3/4 can be proved in
the same way. By the duality argument and the Plancherel theorem, the estimate
(1.2) is equivalent to the following:

(3.1) (9,4 %9) < Cliwlly,_, _ lullv . Nvlv,. -

The proof of Theorem 1.4 (i) in [11] implies that if the estimate (3.1) holds with
s = —3/4, we must have b = 1/2 (see the relations (2.59) and (2.62) in [11]).
Therefore, we have only to consider the case of s = —3/4 and b = 1/2. We can
construct a counterexample similar to that in Section 2, but we here present a
counterexample of slightly different type. ’

Let N be a sufficiently large positive integer and let n be a sufficiently small
positive number independent of N. We define three functions @, ¢ and 1 as follows.

]-7 —'N.<.. S—N”’lv _2.<_.17
i) = | ¢ -

0, otherwise,



. 1, N<ESN+1, |74+€%<L1,
8(r,&) = { 0, otherwise,

. @47, r+2N¢ <, 1< 7 <N,
(ré) = { 0, otherwise.

vBy the definitions of & and 0, we have
supp (@ * ) D {(7,€); |t +2N{[ <n, 1<7 <N}
Therefore,
" nN —7/(2N)+2/(2N)
(3.2) (0% D) > C‘/ (1+7)"2 / dedr
1 ~7/(2N)~n/(2N)

nN
NN"I/ (14 7)Y dr ~ N"'logN.
1

On the other hand, since [{| < C for (7,¢) € supp 1, simple calculations yield

AN p=r/@N)+n/@N) , ”
(3.3) 10llvs e ~( / / (147721 + €]
1 —7/(2N)~-9/(2N)

X (14 |7 ~ €*[) dédr)
w 1/2
N[ ) dr)
1
NN—I/Z(logN)l/Z’
(3.4) lullys o _aps ~N3,
(3.5) [ollvan —ayu N3N ~ N4,

1/2

If the estimate (3.1) holds with s = —3/4 and b = 1/2, we must obtain by (3.2)-(3.5)

(3.6) N~llog N < CN~/%(log N)/? x N~3/% x N1/
= CN~}(log N)'/2,

where C' is a positive constant independent of N. Hence, we let N — oo in (3.6) to
obtain a contradiction. This shows that when s = —3/4 and b = 1/2, the estimate
(3.1) fails.

In the same way as above, we cen prove the rest of Theorem 1 (ii). In fact,
the proof of Theorem 1.4 (iii) in [11] implies that if the estimate (1.3) holds with
s = —3/4, we must have b = 1/2 (see the relations (4.32) and (4.35) in [11]).
Therefore, we have only to consider the case of s = —3/4 and b = 1/2. We next
note by the duality argument and the Plancherel theorem that the estimate (1.3)
is equivalent to the following: ‘

(37) <'va U * 6) < C“w”%_b,-a Hu”Yb,e ”U“Yb,a .



In this case, if we put 4 = 4, v; = 9 and W; = ¥ for functions 4, ¢ and W defined
as above, these three functions u;, v7 and 1; yield a contradiction to the estimate
(3.7) with s = —3/4and b=1/2. O

(Proof of Theorem 1 (iii)). We show that if a > —1/2, then for any o, 8 € R
the following estimate fails:

(38) H’U,’(_)Hya,_'l/‘i < ’CHuHYa,_l/‘;HUHY,;,_l/y

which is stronger than Theorem 1 (iii) as is stated in Remark 1 (ii). We first note’
by the duality argument and the Plancherel theorem that the estimate (3.8) is
equivalent to the following:

(3-9) (b, 8+ 0) < Cllwlly_, ,qllullve o/allolive oya-

Let N be a sufficiently large positive number again. Let 4 and ¥ be defined as in
the above proof of Theorem 1 (i)-(ii). We choose ii; = 4 and 9, = 6. We put

1, |r+2N¢<1/2, ¢ <1,

0, otherwise.

w1(r, €) ={

Let A = {(7,§); |7 +2N¢} <1/10, |¢] < 1/10}. By the definitions of 4; and vy,
we easily see that for each (7/,¢') € A, the support of @1(7" — 7,£’ — £) intersects
effectively the support of 9 (7, £). Therefore, we have

(4 *01)(m, ) ~ 1, (1,€) € A.
Accordingly, since supp w; D A, we obtain
(3.10) (1,41 * 1) > CJA] ~ 1.
On the other hand, simple calculations Yield

(3.11) ||'u)1[|y__a,1/4 ~ [|supp W] x N_ZE]I/Z ~N7%,
(3'12> 'Hulnya,-uu H"JIHYa,_1/4 ~ N—1/4'

Here we note that the power of N in the right hand side of (3.12) does not depend
on o and (. If the estimate (3.9) holds, then we must have by (3.10)-(3.12)

(8.13) 1< CON™" x (N7H4)2 = cN—o1/2

where C is a positive constant indenendent of N. Since N ‘is an arbitrary large
positive integer, we conclude by (3.13) that the following relation must hold:

a<-=1/2.



Thus, it remains only to exclude the case of a = —1/2. We change the function
wi to another one, while we leave u; and v; as they are. Let n be a sufficiently
small positive number independent of N. We next put

(L+7)7Y, |r+2N¢ <n, 1<7<9N,

0, otherwise.

in(r&) = {

Then, we have by the definitions of 1, 4; and vy

A N —r/(2N)+1/(2N)
(3.14) (1hq, Uy %0y ) ~/ (1+7-)“1/ d¢dr
1 ~7/(2N)=n/(2N) |

N
NN"I/ (147)"t dr ~ N 'log N.
1

On the other hand, since [¢| < C for (7,£) € supp s, a simple calculation yields

—r/(2N)—n/(2N)
x (14 |r — €2|) dedr)*'”

N 1/2
NN"I/Z(/i (147)7" dT)/
‘ 1

~ N—1/2(10g N)l/Z‘,

n p—7/(2N)+n/(2N)
(3.15) nwzun,z,l,m(/l / (14 7)72(1+ €

Therefore, if the estimate (3.9) holds with a = —1/2, we must have by (3.12), (3.14)
and (3.15)

(3.16) N~llog N < CN~2(log N)M/2 x (N~1/4)?
= CN™*(log N)*/%,

where C is a positive constant independent of N. We let N — oo in (3.16) to
obtain a contradiction. This completes the proof of Theorem 1 (iii). O
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