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GLOBAL REGULARITY AND BREAKDOWN
OF NONLINEAR HYPERBOLIC WAVES

11 Ta-tsien

Abstract: The global existence and the life-span of C? solutions to the Cauchy problem
for general first order quasilinear hyperbolic systems with small decay initial data are con-
sidered and some applications with physical interest are given.

1. Introduction

Consider the following Cauchy problem for general first order quasilinear hyperbolic

systems
Ou Ou
hafind e 1.1
O 1 A2 —o, (1)
t=0:u=¢(z), (1.2)
where u = (uq,--- ,un)T is the unknown vector function of (¢,z), A(u) = (aij (u)) is
an n X n matrix with suitably smooth entries a;; (u) (3,5 = 1,--- ,n), and ¢ (z) is a C*

vector function with bounded C?! norm.
By hyperbolicity, for any given u on the domain under consideration, A (u) has n

real eigenvalues A; (u),- - ,An (u) and a complete set of left (resp. right) eigenvectors

1 () = (G () i () (resp. 75 () = (ria (0), =i )T (G = 1, )
li (u) A(u) =\ (u)l; (v) (resp. A(u)ri(uw) = Xi(u)r;(u)). (1.3)

Our aim is to study the following two kinds of problems which are of great importance

in the propagation of nonlinear waves:
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(1) Under what conditions does Cauchy problem (1.1)-(1.2) admit a unique global
C? solution u = u (¢,z) on t > 07

(2) Under what conditons does the C! solution u = u (t,z) to Cauchy problem (1.1)-
(1.2) blow up in a finite time? Can we get a sharp estimate on the life-span of C*
solutions?

When n = 1 or 2, through the efforts of many authors these two problems have been
almost completely solved (see Li Ta-tsien [6]).

For the general quasilinear hyperbolic system of n(> 1) equations, the first result
was given by F.John [5]. Suppose that in a neighbourhood of u = 0, A (u) € C?, system
(1.1) is strictly hyperbolic:

A () < Az (w) < -+ < An (u) (1.4)
and genuinely nonlinear in the sense of P.D.Lax: for i = 1,2,--- ,n,
Vi (u)r;i (u) # 0. (1.5)

Suppose furthermore that ¢ (z) € C? have a compact support:

supp ¢ C [ao, fo] - (1.6)

F.John proved that if
A
6= (fo—ao)” - Sl(:}%lqﬁ" (z)| (1.7)

is small enough, then the first order derivatives of the C? solution v = u (¢, z) to Cauchy
problem (1.1)-(1.2) must blow up in a finite time.

L.Hérmander [4] reproved F.John’s result and gave a sharp estimate on the life-span
of C? solutions.

T.P.Liu [12] generalized F.John’s result to the case that in a neighbourhood of u = 0,
a part of characteristics is genuinely nonlinear, while the other part of characteristics
is linearly degenerate in the sense of P.D.Lax. Precisely speaking, let J C {1,2,---,n}
be a nonempty set such that A; (u) is genuinely nonlinear if and only if 1 € J. Suppose

that for ¢ ¢ J, in a neighbourhood of u = 0, A; (u) is linearly degenerate:

VAi(u)r; (u) =0. (1.8)
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LI TA-TSIEN

T.P.Liu proved the same result as in F.John [5] for a quite large class of initial data,
however, in his proof he imposed an additional hypothesis “linear waves do not generate
nonlinear waves”. To illustrate this hypothesis, using the expansion of u, with respect

to the right eigenvectors:

Uy = Zwkrk (u), (1.9)
k=1

we have
dw; = .
7 = Z Yijk (W wjwg  (E=1,---,n), (1.10)
: k=1
d 0 ) . . ) ..
where 71 e= —6—t+/\i(u)5—$- denotes the directional derivative along the i-th characteristic
and
Yijr () = (A; (w) = A (u)) i (w) Vg (w) rj (u) = Vg (u) 75 (u) i (1.11)

The hypothesis “linear waves do not generate nonlinear waves” means that in a neigh-
bourhood of u =0
vijk (u) =0, Vield, Vj k¢l (1.12)

T.P.Liu’s result can be applied to the system of one-dimensional gas dynamics with
convexity. |

By means of the concept of weak linear degeneracy, Li Ta-tsien, Zhou Y1 & Kong
De-xing [9] presented a complete result on the global existence and the life-span of C*
solutions to Cauchy problem (1.1)-(1.2) is which system (1.1) is strictly hyperbolic and
¢ (z) is a small C! vector function with compact support. In this talk, as a joint work
with Zhou Yi and Kong De-xing, the result in [9] will be generalized to the case that
system (1.1) might be non-strictly hyperbolic and ¢ (z) is a small C* vector function
satisfying certain decay properties as |z| — +oo (also see Li Ta-tsien, Zhou Yi and Kong
De-xing [10,11]). Moreover, these results will be applied to the system of the motion of
an elastic string and the system of plane elastic waves for hyperelastic materials. This
application answers the open problem “Investigate shock formation in non-genuinely

nonlinear systems for initial data of compact support” proposed in A.Majda [13]. O
y PP P

2. Main results

—259—
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Suppose that in a neighbourhood of u = 0, each eigenvalue of A(u) has a constant

multiplicity. Without loss of generality, we suppose that
A(u) 2 M(u)=-= A (u) < App1 (u) <+ < An(u). (2.1)

When p = 1, system (1.1) is strictly hyperbolic; while, when p > 1, (1.1) is a non-strictly
hyperbolic system. In the case p > 1, for the sake of simplicity we only consider system

(1.1) with A = V{, i.e., suppose that (1.1) is a system of conservation laws:

Ou  Of(u) _
% + s 0, (2.2)

where f(u) = (fi (u), -+, fa (w))T. Thus, by G.Boillat [1] and H.Freistiihler [3], the

characteristic A (v) with constant multiplicity p(> 1) must be linearly degenerate:
Vi()ri(uw)=0 (:=1,2,---,p). O (2.3)

As defined in Li Ta-tsien, Zhou Yi & Kong De-xing [9], each simple eigenvalue A; (u)
of A(u) is called to be weakly linearly degenerate, if along the i-th characteristic tra-
jectory u = u(? (s) passing through u = 0, defined by

du
‘Jg =Ty (’U.) ’ (24)
s=0:u=0,
we have
VAi(u)r;(u) =0, V |u| small, (2.5)
namely,
i (u(i) (s)) =2 (0), V |s| small (2.6)

Obviously, if A; is linearly degenerate, then )\; is weakly linearly degenerate. On the
other hand, if \; (u) is not weakly linearly degenerate, then either there exists an integer
«; > 0 such that

d'; (u® (s d A (u® (s
——'—*‘—( ; ) ’s:O =0 (I=1,--,a;) but dsa(f+1 () ]8=0 £0 2.7)

ds

o d'\; (u(i) (3))

71 ls:O =0 (I=1,2,---), denoted by a; =+o0. O (2.8)
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Theorem 2.1 (Global existence). Under the assumptions mentioned at the begin-
ning of this paragraph, suppose that in a neighbourhood of u = 0, A(u) € C? and all
simple eigenva]ués of A(u) are weakly linearly degenerate. Suppose furthermore that
¢ () is a C* function satisfying the following decay property: there exists a constant

i > 0 such that
A
62 sup {(1+[2)"™* (14 (2) | +14 (2) )} < co. (2.9)
z€R
Then there exists 6y > 0 so small that for any given 8 € [0,60], Cauchy problem

(1.1)-(1.2) admits a unique global C' solution u = u (t,z) ont 2 0. [

Theorem 2.2 (Blow up phenomenon). Under the assumptions mentioned at the
beginning of this paragraph, suppose that in a neighbourhood of u = 0, A (u) is suit-
ably smooth and there exists a nonempty index set J C {1,2,:-+ ,n} such that a simple
eigenvalue \; (u) is not weakly linearly degenerate if and only if 1 € J. Suppose fur-
thermore that

a = min {a;,i € J} < o0, (2.10)

where «; is defined by (2.7)-(2.8). Suppose finally that ¢ (z) = e (z), wheree >0is a

small parameter and v (z) is a C* vector function such that
sup {(1+ ) * (19 (2) | + 18 (2) )} < oo, (211)
zER
where p is a positive constant. Let
Ji={ilielJ, a;i=a}. (2.12)

If there exists k € J; such that
k(0)y(z) £0, (2.13)

then there exists g9 > 0 so small that for any fixed € € (0, o], the first order derivatives
of the C' solution u = u(t,z) to Cauchy problem (1.1)-(1.2) must blow up in a finite
time, and there exist two positive constants ¢ and C independent of €, such that the

life-span T (€) of u = u (t,z) satisfies

ce”(H) < T(e) < Ce™ (9, (2.14)
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denoted by
T(e)me U+ 0O (2.15)

3. Applications

3.1 System of the motion of an elastic string

Consider the Cauchy problem for the system of the motion of an elastic string (see

[7)-[8]):

ut—vz-—:O,

o (T(T)u> o, (3.1)

r

t=0:u=1a"+eu’(z),v=ev’(z), (3.2)

where u = (uq,--- ,un)T, v=(vg, - ,vn)T, r=lul=vu+---+u2 (n>2),T(r)

is a suitably smooth function of r > 0 such that

' T(r
T (7o) > (~r0) > 0, (3.3)
To
where 7y = [@°] = \/(ﬁ?)z oo+ (@)% > 1, @ = (a@?,---,4l) is a constant vector

and (u®(z),v? (z)) € C? satisfies the same decay property as (2.11).
In a neighbourhood of (u,v) = (@°,0), (3.1) is a hyperbolic system with the real

eigenvalues

ME VT <t B o 2 JT0 2 e,

where both A; and A3 are (n — 1) multiple eigenvalues which are linearly degenerate,
while both Ay and A4 are single eigenvalues which are neither genuinely nonlinear nor
linear degenerate in general. Except n = 2, (3.1) is a non-strictly hyperbolic system of
conservation laws with constant multiple eigenvalues. Moreover, T.P.Liu’s hypothesis
“linear waves do not generate nonlinear waves” is not satisfied.

By Theorem 2.2, we get

Theorem 3.1. Suppose that there exists an integer a > 0 such that

T" (7o) = -+ = T+ (7)) =0 but T+ (7)) £0. (3.5)
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n n
If (Z aduld (z), Z alv? (m)) is not identically equal to zero, namely, @° is not always
=1 i==1

simultaneously orthogonal to u® (z) and v° (z) for all z € R, then there exists €9 > 0
so small that for any € € (0, &), the first order derivatives of the C* solution (u,v) =
(u(t,z),v(t,z)) to Cauchy problem (3.1)-(3.2) must blow up in a finite time and the
life-span »

T(e)m e O (3.6)

3.2 System of plane elastic waves for hyperelastic materials
For any given w = (wy,wsz,ws) with |w| = 1, the solution of plane elastic waves can

be written as

Y=7X+f(tz2), (3.7)

where X = (X1,X0,Xa)", ¥ = (¥, Y3, 1)7, f = (fi, for o), ¢ = wX and 7 s
nonsingular matrix of order 3. Without loss of generality, we may suppose that = = I.

f satisfies the following system (see [5])

Of S
e~V ) ga =0 38
where V' = (V;;) with
0V (n) .. '
Vij = Vj; = 5,7 =1,2,3 3.9
i (m) 3i (n) B0, ( ) (3.9)
and
Vn)=W(I+nw) (3.10)
for any given n = (771,772,773)T, where W = W (P) is the stored energy function, in
which P = (pix) = —* ) denotes the strain tensor.
00Xk
Let
_0fi _ofi .
U; = —8_:;, U433 = Et— (Z = 1,2, 3) (311)
From (3.8) we get
us + A(u)ug =0, (3.12)
where u = (ug,--- ,us)T and
0 I
A= ( .0 (3.13)
"""V” 0
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As an example, we consider the material of Ciarlet-Geymonat (see P.G.Ciarlet [2]):

W(p)=all P |? +b || CofP ||> +T (det P) +e, (3.14)

where

I'(8) = c6? —dlogé, V >0, (3.15)
a, b, ¢, d are positive constants, e is a real number,
| P ||= (tz PTP)? (3.16)

and
Cof P = (det P) (P~1)7. (3.17)

The system has six real eigenvalues:
M é -\ < )\2’3 é —Ap < )\4,5 é Ao < g é A, (318)

where

A=y2(+)+20b+)+dA 4w, =120+ (319)

Az s and Ay 5 are linearly degenerate eigenvalues with constant multiplicity, while A\
and \g are genuinely nonlinear.

Consider the Cauchy problem for system (3.8) with the initial data

t=0: f=f"+ep(2), Fi=e¢(a), (3.20)

where f° =‘(ff,fg,f§’> is a constant vector, € > 0 is a small parameter, ¢ (z) € C?,
P (z) € C! and (¢' (z),9 (z)) satisfies the same decay property as (2.11). By Theorem

2.2 we have

Theorem 3.2. If (w¢' (z),wy (z)) is not identically equal to zero, namely, w is not
always simultaneously orthogonal to ¢' (z) and  (z) for all * € R, then there exists
€0 > 0 so small that for any e € (0,&], the second order derivatives of the C* solution
f = f(t,z) to Cauchy problem (3.8) and (3.20) must blow up in a finite time and the
life-span

T(e)~e ' O
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For some other classical hyperelastic materials such as the neo-Hookean material

W(P)=al| P|?+T(detP) (a>0), (3.21)

the material of Burgess and Levinson

| .
W(P)= 5 I P +; (det P) (o >0), (3.22)
the material of Hadamard-Green
«

WP = S|P+ (1P~ | PPT ) +T (et P) (a6>0)  (329)

ete. (see [2]), the conclusion of Theorem 3.3 still holds. [
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ON THE INCOMPRESSIBLE LIMIT
OF
THE SLIGHTLY COMPRESSIBLE VISCOUS FLUID FLOWS

Chi-Kun Lin

Abstract: In this article we study the weak solutions of the compressible viscous fluid
dynamics equations and its incompressible limit. Using the concept of entropy we prove
the singular limit system for the viscous compressible fluid dynamics equations is a system
resembling the incompressible nonhomogeneous viscous fluid equations.

§1 Preliminaries

The nondimensional unsteady anisentropic viscous flow of a polytropic gas neglecting
the effect of conduction and radiation is represented by the following equations

€0ipe + V-pp, =0 (1.1)
e ® pe _
edip,+ V- o + VP(pe,Se) =€V- (VZE) (1.2)
€
eatSe—}—%f-»VSe:O, (1.3)
where
(o M Be\' 2 (o MK

= V—)+<V—-) -——(V~—>I. 1.4
Y= (vE)+ (vE) -5(vE (14)

The equation of state is given by
P(p,8) = [p®'(p) — ®(p)| 4. (1.5)

which will be reduced to the barotropic gas when the exponent A is a constant, i.e.,
A'(S) = 0. The parameter € is definitely related to the Mach number. Here, pe, g, Se, Pe
represent the nondimensional density, momentum, specific entropy, and pressure of the

~267—



gas, respectively. To avoid complications at the boundary, we concentrate below on the
case where x € TP, the D-dimensional torus.

It is obvious that (1,0,1) is a trivial solution of (1.1) — (1.5). We consider the
perturbation near (1,0, 1), i.e., looking at data near the equilibrium (p, g, S) = (1,0,1).
Let

p€=1+ezﬁfv ll'e:eﬂev 6:1'*'625’6' (16)

where g, fi,, S, play the roles of the density fluctuation, velocity fluctuation and entropy
fluctuation, respectively. Then the formal asymptotic expansion suggests that formally
letting € — 0 in (1.1) — (1.5) produces the incompressible stratified fluid equations given
below

V=0, II=I(p) (1.7)
plOw + (v - V)v] + VII = vAw (1.8)
Op+(v-V)p=0. (1.9)

Note that equation (1.9) follows from 0:S + %VS = 0, since p = p(S) in the limit e — 0.

§2 Entropy and energy estimate

For our system, a natural entropy is given by the mechanical energy function
1o, 5) = 3 1 0(p,9) = S 1 o) 49 (21)
which will be shown to be convex. We assume
8,P(p,S) = pdppU(p,8) = p@" (p)e*(*) >0, (2.2)
i.e., no phase transition, then we have

(2.1) Lemma For strict convez functions ®(p) = p? and A(S) with A"(S) > 7_%(14’(5’))2
then the mechanical energy function H(p, p,S) defined by (2.1) is a strict convex entropy
of (1.1) — (1.5).

Proof : It follows immediately the fact that the Hessian matrix of H is positive definite.

Furthermore, let

V() = (p(t), m(t), ) (23)

then the standard energy estimate gives

d

L)+ RV() =0, (2.4
where

HV() = [ H(V() dx, (2.5)

is the entropy functional and

R(V(t)):u/ﬂlledx=u/QE:de, (2.6)
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is the entropy dissipation rate functional. However, for weak solutions we only have the
energy inequality.

(2.2) Theorem Let (p, p, S) be a weak solution of (1.1)—(1.5) then we have the energy
inequality

H(V(T)) + /0 TRV d < HV(0) . (2.7)

From (2.2) Theorem it is nature to consider a sequence of solutions V; indexed by
a vanishing positive sequence € such that for some constant C' > 0, the initial data

Vi = (pe(O), £.(0), .5'6(0))t satisfies the entropy bound
/sllfi(VEm) dx <Cé, 0<exl. (2.8)

Since H is strictly convex then we have (see 16,7])
(2.3) Lemma For (pe, Lﬁ—’:, Se) satifying the same hypothesis as (2.2) Theorem then
(pe(®), %—(t), Se(t)) is compact in w-L'(R). (2.9)
for all t fized but arbitrary.
Moreover, applying the Arzela-Ascoli theorem yields
(2.4) Theorem (pe, E’f, Sf) is compact in C([O, ), w-le(ﬂ)).
It follows directly from the strict convexity of ¥ and the entropy bound (2.9) that

(2.5) Lemma ﬂf—%l“—l"mm and “—S—‘—(is’jzt—]i”p(m are uniformly bounded for all t €

Rt fized but arbitrary. Hence, p. — 1 in s-L'(S)). By passing to subsequence we also
have pe — 1 a.e. in Q. Similar result is also true for Se.

Moreover, by the energy estimate, Young’s inequality and the structure of the entropy
we can show that

{Pe(’azz) _ 1} 7 {_Sfﬁ.’_g;l} are equiintegrable. (2.10)
€ €

Therefore, by Dunford-Pettis theorem we deduce

(2.6) Theorem For dallt € (0,00) fized but arbitrary one has

{&Lﬂ‘;l}e, {.Sfiﬁ.l)_‘_l_} are compact in w-L} (). (2.11)

€2 €2
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§3 Incompressible Limit

The scaled time discretized viscous compressible fluid dynamics equations are given
by

pe — pe
| e+ V=0, (3.1)
B — pe" M@ p _
=t v.(—iz-—i) +VP(pe, Se) = eV-(vY_ ), (3.2)
Sﬁ—Sé:n e _
At VS, =0. (3.3)

It is an implicit time discretization of the scaled compressible viscous fluid dynamics
equations (1.1) = (1.3). Throughout this article, we shall always set the time step At = 1.
The theory in section 2 can be transposed to this new problem without any significant
change. The form of the the entropy inequality is however somewhat different;

H(Ve) + T (Vi Ve) + R(Ve) < H(V/™) (3.4)

where J(VZ",V,) is the relative entropy of V* = (pi®, ui® Si*)* with respect to V; =
(e, te, Se)® which is given by

. in|2 in 2
(32 = [ [GEEE + 9(6)e25) = (1w

2 p'm
(e
() (i — )~ WA (SIS — 5
with
U(p) = 0(p) — (1) — ®'(1)(p — 1). (3.6)

The integrand of (3.5) is easily understood to be a convex function of V. In fact, it is
a jointly convex function of both of its arguments, Vm and V..

(3.1) Theorem ([7]) Fory > 2, the following is true
{}..(_,’if. ® &)} and {5652 ! Nf} are compact in w-L1($). (3.7)

Pe " € € €Pe

Now we are in a position to discuss the incompressible limit. From the equation of
continuity and (2.6) Theorem we can conclude

(8.2) Lemma ([6,7]) © is weakly divergence free, i.e., V-© = 0 in the sense of
distribution.

From the weak formulation of the momentumn equation (3.2)

fy (B~ By pax= [ v s 1

€

Be ® Ef—) dx
e ¢ (3.8)

1 v
+/ﬂv.¢gp(pe,5€)dx-;/ﬂvqpszedx,
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for all ¥ € C°(Q; RP), if we choose the test function 4 in the space of divergence free,
ie.,

v={peC>@Q;RP), Vg=0}
then the second term of the RHS of (3.8) will eliminate. Since

pe— 1 ae inQ,

—’EE — ¥ ae. inf). (3.9)
So we have
1
m(_’_‘_c@ffg) — VDV ae. infl. (3.10)
Pe \ € €
But {;16—(—"—:& ® %ﬁ)} is compact in w-L!(Q). Thus
1 I‘I’E l‘l’e — — ° 1
;;(—6— ® —6~) vv in w-L'(Q), (3.11)
therefore we derive the convergence of the nonlinear term
(B g Be / BT
/Q‘vqp,pc(ecg <) dx [ vy v@Bdx. (3.12)

Taking all the convergence results into account we obtain

/ﬂz,b«vdx——/ﬂa/w'u dx——/ﬂV@/::(u@@)dx:u/Qv-Awdx. (3.13)
Note that the vector field 9 is of divergence free. Hence by (3.13) we have

P(o-o"+8-Vo-vAD) =0 inQ, (3.14)
where P is the orthogonal projection. We shall refer to it as the Leray Projector. From
Helmholtz Decomposition theorem and (3.14) it follows that there exists II such that

o— 0"+ (9. V)0 + VI = vAD. (3.15)

Moreover, due to the special structure of the equation of state ng(pe, Se), we see that
the limit of the entropy is a function of the density p only hence II is also a function of p
only. It follows from (3.1) Theorem that there exists S such that

S~-5" 4+ (v-V)§=0 (3.16)

On the other hand, from the equation of state, E%P(,qf, Sc), we see that S = 5(p), i.e.,
S is a function of p only. Therefore the equation of entropy (3.16) is equivalent to the
equation of continuity

p—p"+(v-V)p=0 | (3.17)

in the limiting case.
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Estimates of spherical derivative

MAKHMUTOV SHAMIL, MAKHMUTOVA MARINA

Abstract. We estimate the growth of spherical derivative of meromorphic solutions
of algebraic differential equations of the first order. It essentially improve earlier known
results. For meromorphic functions with given growth of spherical derivative we es-
tablish new results about distribution and mutual arrangement of a- and b- points of
functions.

Comnsider algebraic differential equation of the first order

(1) (W) + > Py(z,w) (w)"* =0
k=1

where -

L)
Pr(z,w) = Zakj(z)wj, 1<k <n.
J=0

Our goals are:

- to estimate the growth of the spherical derivative of meromorphic solutions of the
diffrential equation (1);

- to describe value distribution of meromorphic functions with given growth of spher-
ical derivative in the unit disc D and in the complex plane C.

There are several approaches to study this problem: Wiman-Valiron's method (e.g.
Malmquist); from the position of Nevanlinna’s theory of meromorphic functions (see
(1], L.Laine, I.Yosida); from the point of view Ahlfors’s theory of covering surfaces (e.g.
(2]).

Wiman-Valiron’s method gives good results in the case of integer solutions and can-
not be used in the case of meromorphic solutions. Approach from the position of the
Ahlfors-Nevanlinna’s theory gives sufficiently big information about value distribution
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of meromorphic solutions of equation (1), about the growth of the Nevanlinna’s char-
acteristic function T'(r, w) of meromorphic function w(z)

(ryw) = // wi lanI dy

j=|<r

where w#(z) = |w'(2)|(1 + Jw(=)[*)"" is a spherical derivative of meromorphic function
w(z).

Here we note that for any two meromorphic in C (or in D) functions f(z) and g(z)
T(r,f+g) <T(r, f)+ T(r,g)
T(r,fg) <T(r, f) +T(r,9)

but there is not the same in the case of spherical derivative.

We also know that each meromorphic function f(z) with growth of spherical derivative
f#(z) = O((1 = |z|)7P), |z| — 1, has the growth of Nevanlinna characteristic function
T('r', f ) =O0((1—r)P~ ]) as r — 1 and converse is not true. There exist such functions
that T(r, f) = O((1 — r)?~") as » — 1 but limsup (1 — |z|) 7P f#(z) = oo and the set

Z|—1
of "explosion” of the growth of spherical derilvimtive must be very small. Thus we can
sce the importance of estimate of the growth of spherical derivative of meromorphic

solutions of equation (1).

Consider the differential equation (1). Let M = max 5t —1. Transform equation

1<k<n
(1)

(w" ™M o P(z, 10),(10')""‘10”1\’] 4 4 Po(z,w)™ =0
[(u)ﬂ/[-f—l )l]n NI Pk(z? 'll,f’) [(u’]\'{-{-l)l]n——k N jﬁn(:’ U)) =0 )
where Py(z,w) = (M + 1) Pi(z,w) w*™. Then
l(,wAI—H In (n + 1) max leVI—H) "n. k IPL]
I(IZUMHH I* < C'max Iﬁkll/klwll\fl
Let |u|™ = max{1, [u|}. Then |Pr(z,w)| < Z lari(2)](Jw] ).

w1y
1+ [w2h+2)

™|
1+ ‘w2M+2‘
g I 71\4’

) my u
< C'max (Z |k ( )l) (|wl+) * 1+ [w?h+2]

< Cmax}ﬁkll/k

my

< €y max (Z |ak;(: )])

7=0
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Thus we obtain

‘ Tk ‘ 1/k
(2) (w/”“)# < (7 max (Z |akj(z)|) .

=0

1. If ag;(=) are polynomials or rational functions
laki(2)] = |2]% (cx; + o(1)), |z] — oo,
then meromorphic solutions of equation (1) satisfy to condition
PP (M) <

, v 65791
where p =24 max max =%,
1<k<n 0<j<my

The last inequality is equivalent to

(3) ]~llim |z|2Pw#(z) < C.

It is known that for any function f(z) which satisfy to condition (3) family of functions
{f(an + |an|[*7Pz)}, lim |an| = oo, (p > 1) is normal in the sense of Montel in C,
TE— 00

Le. in any sequence of functions {f,(z)} there is some subsequence {fy,(z)} which
convergence uniformly on compact subsets of C in chordal metric to some meromorphic
function including infinity. In the case p = 1 condition (3) is equivalent to normality of
family of functions {f(a,z)} in C\ {0}.

By the formula of Ahlfors-Shimizu we can estimate the growrh of Nevanlinna char-
acteristic function T'(r, f).

If p = 1 and the constant C; < 15 then meromorphic solution w(z) is a rational

function (see [3]).

2. If axj(z) are holomorphic functions in the unit disk D and belong to the Hardy
—1
classes H,,;, respectively, then |a;(z)] < ex;(1 — |2]) 7% and hence
C

N S
CE S T

where p = max max - .
1<k<n 0<j<my, © Phi

Now we describe the value distribution and mutual arrangement of a- and b- points
of meromorphic functions with given growth of spherical derivative.
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Theorem 1. Meromorphic in C function f(z) has the growth of spherical derivative

lim |z f#(z) <0 p21,

z|—oc

it and only if for any two values a and b from C (a and b are not Picard’s exceptional
values of f(z))
by

inf (1 ——

v

la, [P~ >0

v

where {a,} and {b,} are solutions of equations f(z) = a and f(z) = b, respectively.

Let o(a, b) be hyperbolic metric in the unit d_iisk D, f(z) be meromorphic function in
D and a;, j = 1,2,3,4 are arbitrary values of C. Let {a;(k)} be roots of of equations

f(z) = aj.

Theorem 2. Meromorphic in D function f(z) satisfy to condition

Jim (1~ ) fF(z) <0 p21,

if and only if
) o(a,b)
ity = 0
be{ap(k)}
for anv j, I, j # L
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INSTABILITY OF PIPE-POISEUILLE FLOW AND THE
GLOBAL NATURE OF DISTURBANCES

KAzZuo MATSUUCHI

Abstract: According to the stability theory of laminar flows, infinitesimal disturbances
in a pipe always decay, while the real flows undergo a transition to turbulent ones in a
certain Reynolds number. We discuss here the arbitrary deformation of disturbances. The
development is governed by an equation including the Weyl and Riemann-Liouville frac-
tional derivatives of order 1/2. Both the fractional derivatives denote non-local properties,
but the role of the two derivatives is quite different from each other.

An extended equation with an additional nonlinear dispersion term was solved numer-
ically. It was found that the non-local properties described by the fractional derivatives
combined with the nonlinearity leads to some kind of instability.

1. Introduction

In 1883 O. Reynolds found that when a dimensionless parameter called after his name
exceeds a certain value the flow undergoes a change from laminar to turbulent flows.
Since then much theoretical attention has been paid to the determination of the value[5].
However, up to this time the determination has not yet been made, while for other flows
such as plane-Poiseuille flow and boundary layer flow it gives successful result.

As is well known, the disturbances may be divided into two modes called the wall and
center modes(Corcos and Sellars[1]). These names originate from the disturbance location.
We confine ourselves to the center mode, because the deformation due to nonlinearity is
easier than the wall mode. The complex phase velocity ¢ for the center mode is written
in the form,

c=1—(Am—iBn)a"7, (1)

where the values A,, and B,, were already given(see for example, [4]).
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For an analytical convenience, we divide it into two components such as

M(P‘

2
c= [\[(1+)+\/—(1 la” (2)
This decomposition is made not only for an analytical convenience but also for having
an insight into the physics included. We refer the first component to as the downstream-
diffusion component and the other to as the upstream-diffusion one, although they are
both dispersive and dissipative. The coeflicient of the upstream-diffusion componet A_
is always positive, while the coeflicient A, of the downstream-diffusion one allows to
have both signs. The latter component becomes unstable for Ay > 0. It should be
noted that the downstream-diffusion component can not appear independently in pysical
systems. On the other hand, the upstream-diffusion component appears frequently in real
phenomena(2, 6].
We consider the center mode of an arbitrary shape. The form depending on time and
space 7(z,1) is written as

7(z,t) = [:’ Ala)e == dq, (3)

where A(e) is an arbitrary function of the wavenumber a. The convolution theorem leads

to 0 0
Ui Ui ~1/2 ~1/2
—+—=A,1 ~A_K 4
at a +4z n T 7, ( )

where the two operators on the right-hand side K7'/? and I71/? are defined as

1 0y dz' 1 = 0 dz’
-1/2 _ on ~1/2 on
B =) oo = " Fwtr v (5)

The former is called the Rxemann-Llouvﬂle and the latter the Weyl integrals of order
1/2. 1t is seen from eq.(5) that the downstream-diffusion component is affected from the
upstream condition while the upstream-diffusion one from the downstream condition.

2. Asymptotic solution-summary of linear theory

We first consider the upstream-diffusion component. The initial value problem can easily
be solved using the Laplace transform. To apply the method, we assume,

1 .
n(z,t) = é—?ri/;lno(s)e'“(’)‘"e’tds, (6)

where the function no(s) is an arbitrary function of s and the integral path L is a vertical
line lying to the right of all singularities of #y(s), and the integration is from —ico and
ico. The function a(s) will be found as the dispersion relation. Assuming that there is
no disturbance when t < 0, and choosing a boundary condition at & = 0 such that

7(0,¢) = exp(if2t) for ¢t>0,
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we will seek the solution. When z and ¢ are large and also m(= z/t) > 1, modification of
the integration path L to round around the right half plane gives

7(z,t) =0, (7)

because there are no singularities inside the closed path. When m < 1, the method of
steepest descent gives the asymptotic solution for 0 <m <1,

t) = ! ! exp[sot — (s —{——A—z ! )z]
n(z,t) = 27r:ch{)’30".mb PlSo ot 5 T " m
A? A?
+ exp[i(t —z) — AR + —Z)l/zm - —§~m], (8)

where 3o is the saddle point and AY = 2(1 — m)*/A*m®. In the above equation the
subscript attatched to the diffusion coefficient have been omitted. The second term on
the right-hand side is valid only for 0 < m < m,, where m, is the smaller root of the

equation,
A’ my2m — 1
= ———r.
2 (1-m)?
The first term on the right-hand side of eq.(8) is significant only near the wavefront
m =~ 1 and the second term is the contribution from the residue which describes the wave

behavior.

Next, we consider the downstream-diffusion component. In this case the coeflicient
A, is positive or negative. We first take up the solution of the stable case, Ay < 0. The
solution for m > 1 from the saddle point is written as

(0,8) = e —expl 1]
NEE) = [omhiiz S0 — 19 I

For 0 < m < m.(> 1) we have an additional contribution from the residue,

n(z,t) = exp(iQ(t — z) —IA(IQ — él;)flf:zz + é;m] (10)

(9)

It is noted that n(z,t) # 0 even when m > 1. In other words, the disturbance can
diffuse far downstream. This point is quite diffrent from the case of the upstream-
diffusion component. Noting that the argument of exponent function is simply wiritten as
A?/4m(1 —m) in eq.(9), we have the diffusion property expanding downstream as 1//z.
This downstrem-diffusion component has never appeared individually in physical systems.
In this sense it is reasonable that the component may be referred to as the anomalous
component. On the other hand, the upstream-diffusion component appears frequently in
usual systems|2, 6]. |
Next, we consider the unstable case, A, > 0. When m < 1 the solution is easily
obtained, by integrating so as to turn round the left half plane, as
A?

n(z,t) = exp[it — z) — 1A - %2—)%:1: + -5:-:1:], (11)
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which is due to the residue contribution. The way of integration which has been done
cannot be applied to the region m > 1. The integration there can be carried out by taking
two fans in the right half plane and hence it gives

dA

1 A%l 4+m
i (12

77(“:) t) - —;GXP(T

) /Ooo exp[(1 — m)Xt] sin AV Az

m

The final form includes an integral whose integrand oscillates more rapidly as m — 1 and
cannot be described using the well-known functions.

3. Nonlinear theory

We extend the linear equation for infinitesimal disturbances to the nonlinear one for finite
amplitude ones such that

on -1/2
S (1 —n?) 2l 4 n® = ATV — ATV, 1
g T =5 +n =007 U (13)
The linear terms are exact but two nonlinear terms are artificial. The nonlinear convection
term can explain partly a real amplitude effect. The above nonlinear equation was replaced
by the following finite difference scheme,

on

k? k?
Nig1,j + Mi-1j = 25 + 35(1 “'277;2,-)(77:',”1 — 204 + i j-1) — 'Efﬂij("?i,j+1 - 77:‘.:‘~1)2

- 5%(fi,j+1 — fij-1) + Ok(fi; — fic1,5), (14)

where we have dropped the nonlinear dissipation term for simplicity. The function f(¢,z)
stands for the integral corresponding to the Weyl or the Riemann-Liouville fraction deriva-
tive and § = A/y/m. To investigate the interaction between long and short waves, the
boundary condition at z = 0 is chosen as

7(0,t) = —0.3exp(—0.05(t — 5)*) — aysinw;t  for t >0,

This is a simple model for a puff observed in transitional pipe flow[3].

We first mention about the result for the upstream-diffusion component. For § = 0.02,
computation was carried out. It was found that when the high frequency disturbance is
strong, our numerical computation fails even under the influence of the nonlinear dissi-
pation. Since this nonlinear diffusion term does not affect critically the development, we
will not discuss it any more. To see how the computation fails, in Fig.1 we plotted the
temporal variations of energy defined by

1
| n(a,tyda, (15)
where [=102.4, being the length of pipe. The variations were calculated for five different

a,’s when the frequency w; is fixed, say wy = 5. For a; = 0.167, the energy diverges very
rapidly, hence the computation could not been proceeded. If the amplitude is slightly less
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than the above value, say a; = 0.165, the energy did not diverge indefinitely. It increases
up to t = 52, and then decreases. The profiles at this time together at ¢ = 60 are shown in
Fig.2. It was clarified that the bottom of the averaged profile did not move up to t = 52,
then it travelled at almost the same velocity as unity. It should here be noted that the
time at which energy has the maximum value is near the breaking time tp predicted in
the inviscid limit of eq.(13) with the boundary condition without the high frequency part.
For weaker disturbances the delay is very small or is not almost all discernible. It is thus
conjectured that when the nonlinear effect balances with or dominates over the non-local
effect such instability plays an important role. This unstable phenomenon is very sensitive
to the frequency w;. The energy variation for wy;- = 6 and a; = 0.14 is also plotted in
Fig.1. The difference between w; = 5 and 6 is ramarkable.

Similar computation was also carried out for the downstream-diffusion component,
setting § = —0.01. The results are shown in Fig.3 for five different a;’s. For larger
amplitude than 0.11, we could not compute the long time development of the disturbance.
Near t = 52, the energy has its maximum when a; = 0.108 as well as for the upstream-
diffusion component. Contrary to the case of the upstream-diffusion component, an energy
peak always appears near or after t = 52. Furthermore, there exists another difference
between the two components. As is shown in Fig.3, the dependence of w; is not so strong
as the upstream-diffusion component. The solid line denotes the variation for w;=6 and
a1=0.05.

Concluding remarks

It was found that non-local properties in terms of the fractional derivatives combined with
nonlinearity give rise to a certain kind of instability. However, the physical mechanism
could not be clarified. This problem will be remained in the future.
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GLOBAL EXISTENCE AND ENERGY DECAY FOR A
CLASS OF QUASILINEAR WAVE EQUATIONS WITH
LINEAR DAMPING TERMS

Tokio MATSUYAMA

Abstract. Local existence and energy decay of global solutions are investigated to the
Cauchy problem for the wave equations of Kirchhoff type with linear damping terms. In
this paper we present a special method, based on the construction of “potential well” in
order to estimate the energy decay and improve the results of our previous work [3].

1. Introduction.
In this paper we are concerned with the Cauchy problem

Uy — M(||[Vu®)|2) Au+ buy = pluff™u, ¢>0, z € RY, (1.1)
u(0,z) = up(z), u(0,2) = uy(z), z € RV, (1.2)
where § > 0 and 4 € R are given constants and
ou N du ? N 0%y
S D2 = / o) de, Au=S LY
Ut (9?5’ “V'U,( )”2 JZ=:1 RN 6:1;]( ,ZB) x U = am?

Here M(r) is a C[0, co)-class function satisfying M(r) > mo > 0 (r > 0) with a constant
mo- ]

For the Cauchy problem (1.1) — (1.2) with § > 0 and f(t) instead of u|ufP~*u, Ya-
mada [9] proved the global existence and energy decay for sufficiently small initial data.
His method of proof in the existence theorems is based on the regularization by the mol-
lifiers. In the case of § = 0 and x4 = 0, D’Ancona and Spagnolo [1] proved the global
existence in the class H'(R¥) x L?(R¥) with L' decay conditions. Recently, in [2] they
constructed the global smooth solutions for small initial data with 6 € R and u € R. If,
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in particular, M(s) =1 and px < 0, it is known that there exist global classical solutions
without any smallness conditions on the initial data. See Reed [6], Struwe [7] and the refer-
ences therein. With regard to the Cauchy problem with more general power nonlinearities
Matsuyama and Ikehata [3] obtained the global existence in the class H2(R"Y) x H*(RY)
and energy decay under the restricted conditions.

Our purpose in this paper is to improve the results of the previous work [3]. First
we discuss the local existence of solutions to the Cauchy problem (1.1) — (1.2) in more
general space dimensions. Secondly, we obtain the global solvability in the class H?(R") x
H*(RY) and energy decay for the typical Cauchy problem of the form

Uge — (oz + ﬁlqu(t)Hg)Au + bup = plulf "y, t > 0, z e RY, (1.3)

u(0,z) = up(z), ut(0,2) = uy (), z € RY, (1.4)

where a > 0, £ > 0, 6 > 0 and u > 0 are given constants. In discussing the global
existence, we shall construct the modified potential well which comes from the idea of
Nakao and Ono [4]. If § = 0, then Nakao and Ono [4] obtained the global weak solutions in
the class H(R") x L2(R") and energy decay by constructing the modified potential well.
Roughly speaking, the modified potential well is the extended R¥ version of Sattinger’s
potential well.

Throughout this paper the functions considered are all real valued. Let p be a number
with 1 < p < co. ||ul|, stands for the usual LP(R¥) norm of u € L?(R¥). Let k be a
nonnegative integer and H*(RY) denote the usual Sobolev space of order k. Then the

k
norm ||ullgs of u € H¥(RY) is defined by |Jull%: = > |V ul|2.
=0

2. Local existence.
In this section we state the local existence results to the problem (1.1) — (1.2).
First we impose the assumptions on M(r) and p as follows:

(A.1) M (r) belongs to C*[0, co)-class with M (r) > mg > 0 for r > 0,

N
. <p<
(A.2) 2<p< 37—

2<p<xif 1< N <4).

Then we can state the local existence and uniqueness to the problem (1.1) — (1.2).

Theorem 2.1 (Local existence) Let N be an integer with 1 < N < 6, 6 > 0 and
p € R. Suppose (A.1) and (A.2) and let (uo,u;) € H*(RY) x HY(RY) be an arbitrary
initial data. Then there ewists a number Tp, (0 < T,, < 400) such that the problem
(1.1) — (1.2) admits a unique solution u(t,z) on [0,T,,) which belongs to the class

CW([O’ T); HZ(RN)) ﬂ C&v([()? Tm); Hl(RN)) ﬂ Cvzv([oa Tm); Lz(RN));

where the subscript “w” means the weak continuity with respect to t. Furthermore, if
Trn < +00, then lim ()2 + llue®)]lzn] = +oo.
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Corollary 2.2 (Strong solutions) Let 1 < N < 3. Then, under the assumptions of
Theorem 2.1, the solution u to the Cauchy problem (1.1) — (1.2) satisfies

u € C([0, Ton); HA(RN)) (N C*([0, Tn); A (RY)) (1 C*([0, Tn); L*(RY)).

In order to prove Theorem 2.1 and Corollary 2.2 we need the following lemma con-
cerning the local Lipschitz continuity of the nonlinear term. In what follows, we put

F(w) = plufru
Lemma 2.3 (i) Let2<p< (N —2)/(N—4) (2<p< oo if 1 <N <4). Then we have
IF (@)l < Csllullly (v € HARY)) (2.1)

for some Cs > 0.
(ii) Let 1 < N < 3. Assume 2 < p< co. Then we have

1£(u) = F@les < Dl + Nl llolla + ol )l = vl (v, v € HA(RY))
(2.2)
for some L > 0.
(i) Let 1< N < 3. Assume 2 < p < co. Then we have

IVA(@lls < Cxllulliz IVl (s € H(RY)) (2.3)
for some Cx > 0.
Proof. (i) Note that the imbeddings H>(RY) ¢ L?(RY) and H3(RY) Cc L¥N-D(RY)
hold because of 2 < p < (N —2)/(N —4). Then we have

IF @l = @I+ V)

Wllullf + e [ 1P|Vl da
Cllullf + o Il IV ulagor-
CllulF: + Cllul 3l Aul;
Collull.-

IA

IA

IAIA

Hence we get (2.1).
(ii) By the mean value theorem and Hélder’s inequality we have

If@ = feIE < C [ {1wfo™ 4 [oPE} ju—of da

IA

2(p—1 2(p~1
< Ol + Il e = vl v-a
< Ol + vl V) IV = Vol 3 (2.4)

and

IV £(w) = V()

plusl | 1= = Vol |+ p(p = Dl || (2 + [0 2) [Vo] [u = o] |,

< CllullE Ve = Volla + C(lullz? + lollz?) | Vo] [ = o] |- - (2.5)

IA
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In the case when N = 1, it follows from (2.5) and the imbedding H?(R) C W*(R) that
IVF() = Vi@l < Cllullialle = vilm + C(llullfn® + ol ) Vollollu = v]l2

Cllulfi i = vlla + C(lullim® + 1157 ol llu = o]l

< Ol + lullllollee + ol ol ) llu = vilm.  (26)

IA

In the case when N = 2 or 3, from (2.5) and the imbeddings H*(R") C L*(RY),
H?(RY) c WL¥(RY) that

V5 () = V£(0)ll2

< COllulBz IV = Vollo + O (lulfa” + llE) 170l lle = vllane-2)
< Ol Ve = Volla + C(lullfs” + 1o 15" o]l Vu — Voll;
< C(Jlulfi + Nl lollae + vIE") e = ol (2.7)

Thus, (2.4), (2.6) and (2.7) imply (2.2).
(iii) Since H2(RM) c L=(RY) (1 < N < 3), we get

1/2
1976l < ol f, P19

< plyl IIUII”‘lllVUIIz
< Crllullfa"1Vull.

for some Cx > 0. The proof of Lemma 2.3 is now completed. Q.E.D.

(2.1) is used to construct the local solutions to the problem (1.1) —(1.2). (2.2) plays an
essential role in deriving the strong continuity of solutions with respect to ¢. Furthermore,
(2.3) is used to obtain H? bounds in the proof of global existence. Combining Lemma 2.3
with the method of [3], we can prove Theorem 2.1 and Corollary 2.2. So we shall omit
the details.

3. Global existence and decay.

In this section we state the global existence theorem and decay property to the problem
(1.3) — (1.4). To do so we introduce the notion of the modified potential well (see Nakao
and Omno [4]). Let _

I(u) = of|Vull} — pllullpis.

Then we define the modified potential well W by
W= {ue HR");I(u) > 0} J{o}.

Next, let J(u) and E(u, v) be the potential and energy associated with the equation (1.3),
respectively:

_o 2
J(u) = 5”v ull3 + HVU{I% - m“ul At
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1
Blu,0) = Sllolf + J(u).

We further assume that
7 4
(A.3) §§p§5ifN=3 orl+ﬁ§p<ooifN=1,2.
In the course of proof, we shall often use the Gagliardo-Nirenberg inequality:

p+1 - (p+1)(1—8) (p+1)8 . N (P 1)
U < l U ‘7-u th 9 b
” | pbl S B “ HZ | ” H2 w1 2( 1)

Setting

_pK [2p+1) VPO
Cp=E2 2T
a lalp—1)

]

4 o 1/2
Iy = {2Hu0“2 + g(uo;ul) + 'gjojE(“% “1)} )

we impose the assumption on the initial data {ug,u;} as follows:
(A.4) CoI§ VP By, g ) WP= V=8¢ <,

Now, since Theorem 2.1 assures the local solvability to the problem (1.3) — (1.4), we
can state our main theorem.

Theorem 3.1 (Global existence and energy decay) Let 1 < N < 3, § > 0 and
p> 0. Let T,,, > 0 be a mazimal existence time of solutions to the problem (1.3) — (1.4).
Suppose (A.3) and (A.4). Then there exists a number eg > 0 (depending on ||uol|m
and ||us||2) such that if the initial data vy € W H2(RY) and u; € HY(RY) satisfy
IAug|l2 + ||Vull2 < eo, 1t holds that T,, = +o00. Furthermore, it follows that

E(u(t),ut(t))gf%; on [0, 00)

for some positive constant C.

The proof of Theorem 3.1 is completely analogous to that of Matsuyama and ITke-
hata [3] which is treated in three space dimensions. Since we use the imbedding H?(R") C
Le(RY) (1 £ N < 3) to obtain H? bounds, we must restrict the space dimensions to
1 < N < 3. We shall omit the details.
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1. Introduction and Results

Let © be a smooth exterior domain in R”, n > 3, with 0 ¢ 2. We discuss decay properties of
solutions to the exterior stationary problem for the incompressible Navier-Stokes equations
of the following form :

~Aw+w-Vw=f-Vp in Q,

(S) V-w=0 in Q,
’lU|3Q = 'I.U*, 11]1m w = 0.

Here, () is the (smooth) boundary of ) ; w* € C*(89) ; and the external force f is assumed
to be of the form f = (f1,---, fn) with

fj:(V.F)jEZakF)jka (ak:a/axk) kzla"'an)a

k=1

where F' = (Fj;) are given smooth functions satisfying
(1.1) |Fir(z)] < Claf'™", [VEjr(z)| < Clz| ™.
In this paper we use the standard notation of vector analysis :

V= (8, ,0,), 0, =08/dz; (j=1,...,n),

Au=>Y" Gfu, V-u =Y duj, w-Vu =) u;0u.

i=1 i=1 i=1
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Leray [18] proved the existence of a solution to (S) with finite Dirichlet integral for an
arbitrary F' and w*. However, the decay properties of solutions given in [18] are not yet
understood so well. It has recently been proved in [5,25] that if w* and F' are small enough

in an appropriate sense, then problem (S) admits a unique regular solution w such that
(1.2) lw(z)| < Clal*™, [Vw(z)| < Clz|™".

Novotny and Padula [25] discussed problem (S) in case n = 3 with w* = 0 and deduced the
existence of a solution w satisfying (1.2) by finding new estimates for the volume potential
associated with the Stokes system. Borchers and Miyakawa [5] extended the result of [25]
to the case n > 3 with nonvanishing w* with the aid of the Schauder estimates for the
boundary layer potentials as developed by Wiegner [37]. The decay estimate (1.2) improves
a result of Finn [9,10]. Miyakawa [21] discussed the roles played by conditions like (1.2) in
the uniqueness question of exterior stationary flows, applying an argument given in [14].

Condition (1.2) implies
(1.2 we LYV )NL®(Q), Vwe LY"Y(Q)nL>Q),

where and in what follows L] = L™ stands for the weak L" spaces (seé [33]). Kozono
and Yamazaki [16] discussed the existence problem within the framework of weak L" spaces
under the boundary condition w* = 0. On the other hand, we know by [5, Sect. 2] that if
F e L™9(0Q) N L*(0) and if w satisfies the condition

(1.3) we L) N L=(Q),  Vw e LYCU(Q)n L2(Q),

which is a little more stringent than (1.2) or (1.2'), then the following vanishing fluz condition
is deduced :

(1.4) /mzx-(T[w,p]—~w*®w*—l-F)dS:0.

Here and in what follows v is the unit outward normal to 89, and T'[w,p] = (Tjx[w, p])’,_,
is the stress tensor associated to the flow {w,p}, with components

Tielw,pl = —6;5p + (Ojwi, + Okw;) = —Gjp + 2;1(w).

In this paper we are mainly interested in the converse of the above statement, as well as in
some related questions. To be more precise, we shall prove the following results.

Theorem A. (i). Letn >4, F e L™ Y(Q), and let w satisfy (1.2). Then condition
(1.4) implies (1.3).

(ii). Let n =3 and let w satisfy (1.2). If F € L¥?(Q) and if the functions w*, w and F
are small in the sense as specified in the proof, then condition (1.4) implies (1.3).
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Theorem B. Letn >3 and F € L™(Q) for allr with1 <r < oo. Ifw € LV (Q)
and Vw € LY(Q), then Vw € L"(Q) for all 1 < r < co. If, in addition, F € L'(Q),
then Vw € L, ().

Theorem C. Let n =3, F € L%?, and let w satisfy (1.2). If Vw is in the closure in
the norm ||V||aj2,w of the set of smooth solenoidal fields ¢ with compact support in §, then
w satisfies (1.4) ; furthermore, (1.4) implies (1.3). Here || - ||, is the norm of the space
L7, (Q).

Theorem D. Let n =3, F € L**(Q), and let w satisfy (1.2). Then w satisfies (1.4) if
and only if

(L.5) 2e(w),e(i)) = —(F — w @ w, Vip),

for all v with Vo € L*Y(Q), V- = 0 and p|sq = 0. Here L™ stands for the Lorentz
spaces.

Corollary E. Let n =3 and let w satisfy (1.2). For each o with Vi € L*>'(Q), V- =0
and plag = 0, there is a constant vector c, € R? such that

2(e(w),e(p)) = —(F-w@w,Vy)
(1.6)

— | v - (Tfw,p] — w* @ w" + F)-¢,dS.
20

The constant vector c, is characterized by the Sobolev inequality

i = colle < 51Vl

In Theorem A, it is of course desirable to remove the smallness assumptions in case n = 3.
Theorem B with n = 3 improves [5, Theorem 2.5 (ii)]. A related result was proved in [15].
In Corollary E, the constant vector ¢, can be chosen arbitrarily. Indeed, as will be shown
in the proof of Theorem C, for any given ¢ € R? there is a function ¢ with Vi € L3'(R?),
V- =0, and ¢|sq = 0, such that ¢ = c,.

In the case of the stationary problem on the entire space R", n > 3, condition (1.4) is
always satisfied, with 9€) replaced by an arbitrary sphere, by an arbitrary solution w such
that w € L") and Vw € L"'/ ("=1) This fact is effectively applied in [22] to the study
of decay properties of solutions on R".

We next consider the perturbation problem for an exterior stationary flow w satisfying
the decay property :

(1.7) lw| < C/

zl,  |Vw|<Cflel
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Let a be an initial perturbation to the stationary flow w. The time-evolution u of @ is then
governed by the equations

%+w-Vu+u»Vw+u-Vu:Au—Vp (zeQ, t>0)

V-u=0 €], t>0
(1.8) “ (@ )

’lLlaQ = (), Iim u(:z:,t) = ()

|z}—o00

U|i—0 = @.

As in the case of the standard nonstationary Navier-Stokes problem, i.e., the case where
w = 0, one can consider two notions of solution of (1.8), the weak solution and the strong
solution. We shall discussr the stability properties of a given stationary flow within the
frameworks of weak and strong solutions, respectively. To this end, let C7, = C7,(f2) be
the set of compactly supported smooth solenocidal vector fields in 2, and for 1 < r < oo
we denote by L, = L7(Q) the L"-closure of C7,. Then we have the following Helmholiz
decomposition ([20,30]) :

(1.9) I'O)=L. &G
with
L,={ueL’(Q) : V-u=0, u-vog=0},
G ={VpeL'(Q) : pe L ()}

(1.10)

Using the (bounded) projection P = P, : L"(Q) — L/ associated to decomposition (1.8),
we can rewrite (1.7) in the form

(1.11) %’f— +Au+Bu=0, u(0)=a,

where
Au = —PAu

is the Stokes operator on €) defined on
D(A) =W Q)N Wy ()N L

and
Bu = P(w-Vu+u - Vw).

Problem (1.11) is then rewritten in the form of the integral equation

(1.11) u(t) = e ta — /(: e~ P - Vau)(s)ds

where

L=A+B, D(L)=D(A)
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and {e"*L'};5¢ is the semigroup generated by —L.

Given an @ € L2, a weakly continuous function u from [0, 00) to L? is called a weak
solution of (1.11) if u(0) = a ;

(1.12) u € LP(0,00 ; L2),  Vuwe L*0,00; L?);
and, with 0 < s <1t < o0,
(1.13)  (u(t),e(t)) — (u(s), ¢(s)) + /:[(V%Vso) + (Bu +u - Vu, p)ldr = /:(u,w’ﬂﬂ

for all p € C3([0,00) ; L2 N LY) such that Vi € Co([0,00) ; L?*). The condition ¢ € Lj
is needed for the term (u - Va, ) to be finite. Indeed, the Holder and Sobolev inequalities
then imply that

(w - Ve, )| < [[uflansm-nl Valllella < ClIVE]3llell, < oo

See [17,19] for the details of the theory of weak solutions. Since we are dealing only with
the case n > 3, the uniqueness and the regularity of the weak solutions are open problems.

To state our L2-stability results, we use the notation :
w]| = sup(ja| - fw(z)), Vel =sup(lz]’ - [Vw(z)])
and we write f € LL(Q) for 1 < ¢ < oo if

[/l =supti{a € ¢ [f(@)] > 7 < oo,

where |E| is the n-dimensional Lebesgue measure of a measurable set E' C (.

Theorem F. Let w be an exterior stationary flow satisfying (1.7). There is a constant
C, with 0 < C,, < (n —2)/2 such that if

lo]| < Ca

then w is L%-stable in the following sense :

(i) For each a € L%, problem (1.11). admits a weak solution u defined for allt >0 such
that

(1.13) Jim [[u(t)]l2 = 0.

(i) For each 0 < § < 1/4 there is a positive number n = 1(6) so that if

Hw“ < min(Cr, 1)
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and if the initial perturbation a satisfies
e *all, = O@™) as t— oo
for some a > 0, then ast — oo,

(1.14) lu(®)]; = O(t™*), B =min(a,n/4—6).

(ii) Suppose further that Vw € L% for some n' < ¢ < n/2 in case n > 4, and that
Vw € L? for some 1 < ¢ < 3/2 in case n = 3. Then there is a p = p(n) > 0 so that if

lwll +[Vwllgw + [[Vwlleo < (n24)

or if
lw]| + [[Vwlly + |Vl < (n=3),

then the following results hold: Let a € L? satisfy
lle7all; = O(t™) as t— oo
for some a > 0. Then, ast — oo,

(1.15) lw(®)ll=0(™), 7= min(a,n/4).

Observe that (1.15) slightly improves (1.14). This is because the assumptions on w is more
stringent in (iii) than those in (ii). Indeed, from (1.2) and Theorems A-D and Corollary E,
we see that if n = 3, the assumptions of (iii) imply the vanishing total flux condition (1.4).

One can also discuss the time-evolution of the initial perturbation @ € L2 N L], in the
Banach space L], 1 < r < n/(n —1). Namely, as noticed in [5], it is possible to apply the
techniques given in [2] and show that if @ € L N L2, then the time-evolution u(t) of @
given in Theorem F belongs to L/ for all ¢ > 0 and tends to 0 in L™ norm as ¢t — oo. In the
case where r = 1, however, nothing is known on the exterior problem. In order to see what

happens in this limit case r = 1, we finally treat stationary flows w in the whole space R",
with n > 3, satisfying

(1.16) we LR NLPR"), Vw e L"*R")nL°[R").

Assuming that F is small, one can construct stationary flows with property (1.16) by means
of hydrodynamic potentials, as given in [22]. Kozono and Ogawa [13] discusses stability of.
stationary flows satisfying (1.16) in an exterior domain. Note, however, that in the case of
the exterior problem, (1.16) automatically implies the vanishing flux condition (1.4). In the
case of the problem in R", one can discuss the stability of w in the Hardy space H'(R"),
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by employing the methods as developed in [22]. It is now well known (see [32]) that the
Hardy space H'(R") is a good substitute for the usual L' space with respect to the duality
properties and the action of singular integrals and Riesz potentials. Indeed, we shall show
that the techniques used in proving Theorem F can be applied with no essential change to
the stability analysis, in the Hardy space, of stationary flows satisfying (1.6).

We now recall the definition of the Hardy space H'(R™) ([32]). Let

peS with /cpdrz;:l

and set
pi(z) =1 p(z/t) (t > 0).
A tempered distribution f belongs to the Hardy space H'(R") if and only if

fr= sup lpe * f| € LH(R™).

The space H'(R") is a Banach space with norm ||f||z: = ||f*]l1 and (see [32]) any change
of the function ¢ gives rise to an equivalent norm. We also know ([32]) that f is in H'(R")
if and only if

fell and R;f e L,

where R; (j = 1,---,n) denotes the Riesz transforms ([31,32]). Furthermore, ||fl|/z is
equivalent to the norm || f||; + Y ||R; f|l: and
i

(1.17) fe H'RY)  implies /f(m)da: — 0.

Theorem G. Let n > 3 and let a stationary flow w on R”.
(i) Suppose w satisfies (1.16). Then, there is a constant C,, > 0 so that if

lwlln + IVw]lnjz < C,

then for each @ € H'(R™) N L2(R™), problem (1.11) on the whole space R™ admits a weak
solution u such that

(1.18) u(t) € H'(R™) forall t>0 and tl}glo lw(t)||z = 0.
(ii) Suppose that
(1.16") we L(RY) N LPRY),  Vw e L2D(R™Y) N L2(R),
where LP9) denotes the Lorentz spaces [33, 35]. Then there is a constant C'. > 0 so that if

]l +[[Vawlln2a < Cy,
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then for each a € LL(R™) N L2(R™), problem (1.11) on the space R™ admits a weak solution
u such that

1.18 u(t) € LL(R™) forall t>0 and lim ||=(t)||; = 0.
g T 0O

Theorem G is of course valid when w = 0. This case was discussed [22], with the aid of the
results of [8], and explicit decay rates were deduced for some specific initial perturbations.
However, in general case we have no results on the decay rates. We shall prove Theorem G,
applying a perturbation technique to the results given in [22]. The details are given in [23].

2. Preliminaries

Let D be a bounded domain in R”, n > 2, with local Lipschitz boundary 0D. To prove our
main results, we frequently need the following, which is due to Bogovski [1].

Lemma 2.1. There exists a linear operator Sp from C(D) to C°(D) such that :
(i) Form=0,1,2,---, and 1 <1 < 00,

(2.1) IV Spfllnp < CIV™ fllep,  (f € CZ(D)),

with some constant C = C(r,m, D) > 0.
(i) The vector field Spf satisfies

(2.2) V-Spf=f in D if /Dfda::().
Gii) Ift+#0,y€R" and
Diy={1-tyy+tz; ze€ D},

then C(r,m, D;) = C(r,m, D), where C(r,m, D) is the constant in estimate (2.1).

See [7] for a full proof of Lemma 2.1. We will call Sp the Bogovski operator associated to
the domain D. Applying the real interpolation theory of Banach spaces to Lemma 2.1 gives

Corollary 2.2. Letl <r<oo,1<¢q< 0, and

X, (D) ={p € L™(D); VeeL"(D), ¢lap =0}
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(i) The Bogovski operator Sp associated to D maps L™(D) to X, (D), and satisfies the
estimate

(2-3) ”v‘SDfHT,q,D < O”f“ﬂq,D’

with some constant C = C(r,q,D) > 0.
(i) The vector field Spf, f € L™(D), satisfies (2.2).
(i) Ift#0,y € R* and

Dy={(1~t)y+tz; ze€D},

then C(r,q, D) = C(r,q, D;), where C(r,q, D) is the constant in estimate (2.3).

In the next section we will systematically apply Corollary 2.2 with n =3, r =3 and ¢ = 1,
in order to prove Theorems C, D and Corollary E.

3. Decay Properties of Exterior Stationary Flows

This section proves Theorems A-D and Corollary E. To this end we introduce the Stokes
fundamental solution £ = (Ej;), @ = (Q;), on R", n > 3 :

wz) = ! 4 (n 9B
(3.1) B e T {5’”( 2)~1:c|2]’

Qi(z) = I,

Wp-1lz|”

where w,_ is the area of the unit sphere {|z| = 1} in R". Formula (3.1) is easily deduced via
simple calculation involving the Fourier transform ; see [17,26]. The decay property (1.2)
allows us for invoking F and @ to represent the solution w in the form

w = E- (V- (F-w®w))+ GQE-I/-T[w,p]dS
+/anw*~T[E‘,Q]-1/dS
(3:2) = (VE)-(F-w®uw)+ 89E~1/-(T[w,p]——w*®w*—|—F)dS'

+/60w*-T[E,Q]-udS

= L +1L+ L.
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Furthermore, without loss of generality we may assume that Q C {z ; |z| > 1}.
Proof of Theorem A. (i) We easily see from the definition of T[E, Q] that
|| = O(|z|*™™), \VI| = O(|z|™), as |z| — oo,

so I; € LYD(Q) N L®(0) and VI; € L (Q) N L2(9). We next invoke (1.4) to write the
single layer potential I; in the form

L= [ BE(ay) v, (Tlw,p - w* @ w" + F) (1)dS,,

where L
E(xvy) = E(:L' - y) - E(w) = A @E((E — 0y)d0.

Since
|E(z,y)| < Clz*™™, \V.E(z,y)| < Clz|™  for large |z| and y € 09,

with C' independent of z and y, we conclude that I, € LZ/(”“I)(Q) NL*(N) and VI, €
LL(Q) N L®(Q). It thus suffices to examine the integrability properties of

(3.3) Vi = (V2E) - (F — w @ w).

Here and in what follows we define F' = 0 and w = 0 outside 2, so that the right-hand side

of (3.3) is the convolution of F' — w ® w and the Calderén-Zygmund kernel VZE ([31, 32]).
Now, the assumption (1.2) implies

we L) NLYD(Q) c L2(Q)NLA(Q) i n>4
So we see that
(3.4) w@w € LL(Q)NL®Q)C LY D(Q)  provided n > 4.

Since V2E is the Calderén-Zygmund kernel, it follows from (3.4) that if F' € L™ 1(Q),
then

(V’E)-(F-w®w) € LY"(Q)  provided n > 4.
This implies Vw € L™ ("“i)(Q) and therefore w € L™ ("2 (Q). The proof of (i) is complete.
(i1) Suppose n =3 so that n/(n — 1) = n/2 = 3/2. We again invoke formula (3.2) :

w=(VE) - (F —w®w) +w, (wo = I + I5),
and the corresponding formula for the derivatives :

(3.2) Vw = (V?E) - (F —w ® w) + Vw,.
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Recall that (1.4) implies

lwo| = O(|z]™*),  |[Vawo| = O(|2|™)  as |z] — oo,
and so
(3.5) wy € L¥X(Q)NL®(Q),  Vw, € LL(Q) N LX(Q).
Consider next the iteration scheme
(3.6) Wi = (VE) - (F — w;, @ wy) 4 wg (k=0,1,2,...).

Since |VE| < C|z|™% if n = 3, the Hardy-Littlewood-Sobolev inequality ([31,32]) for the
fractional integration yields

lwisillse < M(|IF|ls/20 + lwllsa) + llwollse

with M > 0 depending only on the fundamental solution E. Thus, if

. 1
(3.7) lwolls.o + M{[Fllsze < 7m0
then we get
1— /1= 4M?(Jwollso + M|[Fllsppa) 1

) . <K= . !
(9) Jwelse < & -~ T
for all ¥ > 1. Furthermore, from

Vi = Wiy — W, = — (VE) . (wk Qwr — w1 Q wk_l)

= —(VE): (v4-1 @ Wi + wi1 ® V1), (vo = wo),
we see that if wo and F' satisfy (3.7), then
[vkllse < M([lwillsg + [[wi-allso)lvr-1lso < 2K M|[vi-1]s0;
so that
(3.9) lvellsa < (2K M)*||wol|sq (k=1,2,...).

Since 2K M < 1 by (3.8), it follows that

Y vkllse < +oo.
k=0

Hence, there exists a function v € L*() such that, by (3.8) and (3.9),

(3.10) lim fwi—vlsa=0 and |vllse < K.
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It is easy to verify that

(3.11) v=(VE) - (F—-v®uv)+ w,,
and
(3.11%) Vv = (V’E) - (F —v ®v) + Vw,.

Subtracting (3.11) from (3.2) gives

(3.12) w—v=(VE) - (w@w-vQv)=(VE) - [(w—-—v)@w+vQ (w—v)].

Since ||v|j3w,0 < ||v]jse < K by (3.10), applying the weak Hélder inequality ([3,4]) :
1£9lls/20 < Clifllzwallgllswe

and the weak Young inequality ([3,4]) :

1 * gllsw < Clifllswllglls/zw,
we get from (3.12) the estimate
lw — vllswa < My(||lw]swea + K)llw - vsue,
with another constant M; > 0 depending only on the fundamental solution E. Thus, if
M (|lwllswe + K) < 1,

then w = v € L*(Q) N L*®(Q). The relation (3.11') and the Calderén-Zygmund inequality
then imply Vaw € L¥%(Q) N L*(Q), and this proves (ii).

Proof of Theorem B. If n > 4, the assumption implies
w®Rw e LY Q)N L),
The proof of Theorem A (i) then shows that
(V’E)- (w@w) e LL(O)NL () forall 1 <r < oo.

This implies the result in case n > 4.

Suppose next n = 3 and F' € L"(R2) for all 1 < r < co. We take R > 0 to be fixed later
and consider on the domain D = {z € Q ; |z| > R} with D C ) the formula (3.2) :

(3.2") w=(VE)- (F—-%Qw)+ wo,

where

wo= | B (Thopl-wow+F)S+ [ w-T(B,Q) vdS.
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Here and in what follows % denotes the zero-extension to R® of the function u defined on D.
Since the divergence theorem and (1.4) together imply

/MZRV (Tlw,p] —w @ w + F)dS = 0,
the same argument as in the proof of Theorem A gives
wo € L¥*D)NL®(D) and  Vuwg € LL(D)N L®(D).
Consider now the linear operator
Twv=—(VE)  (w®7v).
Applying the Hardy-Littlewood—Sobolev inequality for the fractional integration gives
ITyollyp < Mylwllspllol,o  forall 3/2<q< .

Now fix » with 3/2 < r < 3 and take R > 0 sufficiently large so that

1 1
(313) MT”’I.UH&D < 5 and ]VI3H’HJ]]3,D < ‘2‘,

which is possible since w € L°(Q) by assumption. Using (3.13), we can solve the linear
iteration scheme

wip1 = (VE) - (F — W @ Wy) + wo, (k=0,1,2,...),

to get a sequence {w;} of functions w), defined on D, which is bounded and converges in
L*(D)N L"(D) to a function v satisfying

(3.14) v=(VE) - (F—w Q)+ wo.

This, together with (3.2"), implies w — v = T,,(w — v) and so (3.13) yields

1
lw = 2llsp < Sllw =230
Hence, v = w on D, and so w € L"(§). On the other hand, (3.14) implies
Vo = (V?E)- (F —w ® v) + Vw,.

Since F' and Vwg are in L"(D) for all 1 < r < oo, the Calderén-Zygmund theory on singular
integrals yields

Vv = Vw € LY D) with 1/¢=1/r +1/3,
and therefore

Vw € L) with 1/¢=1/r+1/3.
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But 1 < ¢<3/2;and so Vw € L"(Q2) for all 1 < r < oo as shown in [5, Theorem 2.5 (ii)].
Furthermore, if F' € L'(Q), then the Hardy-Littlewood-Sobolev inequality implies that
w € L¥*(Q) and the Calderén-Zygmund theory shows that Vw € L2 (). This completes
the proof of Theorem B in case n = 3.

Proof of Theorem C. We first prove (1.4) = (1.3), assuming that Vaw is in the L3/2-closure
of the set of smooth solenoidal fields with compact support in Q. To do so, we again invoke
the representation

(3.2 w=(VE)-(F - QW) + w,,

with
wy = E-v-(Tw,pl —w®w-+ F)dS + w-T[E,Q] vdS.
0 A{:R v ( [ ] ) /!;g[:R [ ]

The assumption on w implies that if we set Dg = {z ; |z| > R}, then
(3.15) Jm [[Volozupe =0 and  lim Jwllsu, = 0.
On the other hand, by the weak Young inequality the linear operator
T, =(VE) - (w Q%)
satisfies the estimates
I Twollrw,pr < Crllwllswppllvllrwps (1<r<oo)

with C, depending only on r and E, and so the Marcinkiewicz interpolation theorem ([31, 32])
gives

(3.16) ITwvllrpr < Cillwllswprllvllo, (1 <7< o0)

with another constant C] depending only on r and E. Choosing R sufficiently large so that

1 , 1
(3.17) Cs|lw||swpr < = and Csl|lwllsw,pp < 9

2

we invoke (3.16) to solve the linear iteration scheme
Wiy, = (VE) - (F—w ® W) + wp (k=0,1,2,...),
to get a sequence {w}} which converges in L*(Dg) to a function v, satisfying
v=(VE) - (F-®w®7)+w,.

As in the proof of Theorem B, we conclude from (3.17) that

1
lw —vllswps < 5llw —vllsupx
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and therefore w = v € L3(Dg). But, since w is a smooth function on €, it follows that
w € L3(Q). It is now easy to verify that Vw € L3 ?(Q) by applying the Calderén-Zygmund
inequality to the relation

Vw = (V’E) - (F —w Q@ w) + Vw,

wo = /GQE.V. (Thw,p] — w* ® w* +F)d5+/mw*-T[E,Q] . vdS.
This completes the proof of the implication (1.4) = (1.3).

We next show that if Vaw is in the L3/ closure of the set of smooth solenoidal fields with
compact support in (, then w satisfies (1.4). To do so, let ¢ be any solenoidal vector field
such that Vi is in the Lorentz space L>'(Q) and ¢|sq = 0. We then take ¢ € C=(R?) so
that ¢ = 1 for |z| < 1 and ¢ = 0 for |z| > 2 and set Pn(z) = p(z/N). If we set

on = Yne — Sn(p - Vion)

by means of the Bogovski operator Sy associated to the domain {N < |z| < 2N}, then
Corollary 2.2 (ii) ensures V - pn = 0. An integration by parts thus gives

(3.18) 2(e(w), e(en)) = —(F —w @ w, Vopy).
But, due to (i) and (iii) of Corollary 2.2, we have
[{e(w),elen —e)| < [(e(w), (1 = ¥n)e(P)) + [{e(w), pViin)|
+(e(w), e(Sn(w - Vibw)))|

[(e(w), (1 = $w)e(@)] + Clle(w)lls/zu v<patcanlllloo | Vinlla

[7AN

< [{e(w), (1 = dn)e(@)] + Clle(w)lls/zufizi>ny — 0

as N — oo ; and similarly (since L% ¢ L3/%
(F-—w®w,V(ipy —¢))| =0 as N — oo.
Note that we have here used the Sobolev inequality
(3.19) o = el < 319l
with an appropriate ¢, € R%, as well as the fact that
Sim[le(w)lls2wfe>ny =0 and  lim [Jw]lygesny = 0.
This last property follows, via the Sobolev-type inequality (see [5, Sect. 5]) :

llwll3,wgz1>n < CIIVWI[3/2,0,(jz1> N}
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with C > 0 independent of N, from the fact that Vaw is in the L3/*-closure of the set of
smooth and compactly supported vector fields in Q. Passing to the-limit N — oo in (3.18)
now gives

(3-20) 2(e(w),e(p)) = —(F —w @ w, V)
whenever Vi € L*'(Q), V- =0, and ¢|sq = 0.

Now fix an arbitrary ¢ € R® and take an R > 0 so that {|z| > R} C Q. The argument
below is borrowed from [5, Sect. 2]. We take 1 € C®(R?) so that v (z) = 1 for |z| > 2R and
¥(z) = 0 for |z| < R, and define

w = C¢ - SR(C ) V"rb)’

in terms of the Bogovski operator Sg associated to the domain {R < |z| < 2R}. By
Corollary 2.2 we have Vi € L*'(Q), V- ¢ = 0, and ¢|sq = 0, which enables us to insert
this ¢ in (3.20). Keeping this fact in mind, we proceed as follows : since

V- (Tw,pl —w@w+ F) =0,
applying the divergence theorem and (3.20) gives

0 = V (Tw,p]| —wQw+ F) - pdz

/Qn{1x|<zR}
= /||—2RV (Tw,pl—wQ@w + F) - cdS

— 2{e(w), e(¢))an{joi<2ry — (F — w ® w, V)an(|z|<2R}
_ /H v (Thw,pl —w ®w + F) - cdS
r|=2
—2(e(w), e(p)) — (F —w @ w, Vo)
= / v-(Tw,p] —w®@w+ F) - cdS.
lz|=2R
Since ¢ € R? is arbitrary, it follows that
/u v (Thw,pl —w@w + F)dS =0.
T|=2
Applying again the divergence theorem gives (1.4). This completes the proof of Theorem C.

Proof of Theorem D. That (1.5) = (1.4) is shown in the proof of Theorem C ; so we need
only show (1.4) = (1.5). We first show that if 1 is a scalar function satisfying Vi € L**()

and 1|sq = 0, and if ) = ¢ in Q and ) = 0 outside (2, then there is a sequence 1,,, € C=(R?)
so that

(3.21) Tim (| V(3h — ¢m) |31 = 0.
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Here and in what follows || - ||, is the norm of the Lorentz space L™ (R®). Indeed, the
relation —Ay) = -V - (VQZ) implies

Vi = —R[R-(VY)] with  R- (Vi) e L¥(R?),

where R = (R;, Ry, Rs) are the Riesz transforms ([31, 32,33]). We approximate R - (VzZ) in
L>(R®) by functions h, € C2(R®) to see that if we set

Ve = ——(—*A)ml/zhg,
then
(3.22) Am V(% — ve)lla1 =0.

Note that v, is smooth, but its support is not compact. It thus suffices to show that each Vu,
is approximated in L>'(R®) by functions of the form V¢ with ¢ € C®(R?). Take ¢ € O
so that ((z) = 1 if |z| <1 and ((z) = 0 if |z| > 2, and set (,n(z) = ((z/m). Then for any
fixed £, the function ¢, = (nve is in C°(R®) and direct calculation gives

IV (ve = em)llsn < (1 = Cn)Vurllss + 1(VEm)oellaa-

Due to the interpolation inequality ([33]) :

I Fllsa < CIABIANE,

we need only show that

(3.23) lim [|(1 = Ca)Vorll, =05 lim [[(Vim)vell, =0

MO0

for any fixed r with 1 < r < co. The first assertion of (3.23) is obvious from the dominated
convergence theorem. As for the second, take M > 0 so that supp by C {|z| < M}. Direct
calculation then gives

noly < om [ ([ vl bdlay) ds

< Cllhdlsm=(m — My~ [ d

m<e|<2m

< CNReim ) =0

as m — 00, since 1 < r < co. This proves (3.23), and so (3.21) is proved.

Now, given ¢ with Vi € L¥Y(Q), V - ¢ = 0 and p|sq = 0, we take ¢,, € CZ(R?) so that
Vb — V@ in L*(R?) and so V - 9, — 0 in L3*(R®) as m — co. Taking numbers gy, > 0
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so that supp ¥, C {|z| < on}, and then employing the Bogovski operator S, associated to
the domain {|z| < gm}, we define

Pm = tbm — Sm(V - ).
Due to Lemma 2.1, we then easily see that ¢, € Cg,(R®) and
V(@ —m)llsn < IV(E = dm)llsr + VIV - dm)llaa
< V(@ —ba)llsa + CIV - Pmllzg — 0
as m — oo. An integration by parts over Q) gives

2(e(w), e(pm)) = /{99 v- (Thw,p] ~w" @w" + F)-¢,dS —(F —w® w, V).

Since

(e(w),e(om)) = (e(w),e(p))  and  (F—w@w,Ven) — (F—w@w,Vy)
as m — oo, it suffices to show that
(3.24) Jim e (Tw,p] —w" Qw"+ F) - 0,dS = 0.

To deduce (3.24) we write
D=R*\0Q, cm = |D|™? /Dcpmda: and B,, = @m — Cm.
Note that (1.4) implies

/BQV-(T[w,p]——w*@w*—}—F)-gomdS:/Qy-(T[w,p]——w*@w*+F)-¢m(lS’.

a

By the Poincaré-Sobolev inequality as given in [5, Sect. 5], we see that, as m — oo,
(3.25) 1Zmllc0 S @mllcon < ClIVemllsio — ClIVElsap =0,
where || - ||-4.p is the norm of L™¢(D). This implies (3.24), and so Theorem D is proved.

Proof of Corollary E. Let ¢ and ¢, be as in the proof of Theorem D. Since

(on()] < 7= [ 2 =4I Viom(y)ldy

and since |z|~? € L3/2(R%), the duality relation between L' and L3/ = L3/%* ag given in
[33] yields

lomlleo < SIVemllaa.

—306—



It follows that {¢,} converges uniformly on R® to some function ¢’ satisfying Vo' = V.
Hence, ¢ = ¢’ + ¢, with some ¢, € R®, and so we get the Sobolev inequality (3.19) :

1
i = colles < 519l

On the other hand, (3.25) shows that ¢, —¢n — 0in L®(D) ;50 ¢ — ' = @ — ¢, = —¢y
as m — 00, since @ = 0 on D. The limit in (3.24) therefore equals

= LoV (Tw,p] —w* @w" + F) - c,dS.
We thus get equality (1.6) in the same way as in the proof of Theorem D. This completes
the proof of Corollary E.

4. Large Time Behavior of L? Perturbations

In this section we describe an outline of the proof of Theorem F. A detailed proof and
related results are given in [5]. Let L* = A + B* be the dual of L, which is well defined as a
closed linear operator on L” with r' = r/(r — 1). The associated semigroups {e™*/};50 and
{e7*"};50 are formally defined by means of the Dunford integrals :

1
~tL _ by ~1 —tL*
e = 5 / e (A + L) d), e

1 )\t —
= — A+ L*) 1A,
272 /P A+ L)
via an appropriate choice of the path I" in the complex plane. When B =0, i.e., in the case
of the Stokes operator A, it is shown in [6,11] that the semigroup {e™*};50 is defined to be

bounded-analytic and satisfies the so-called LI-L" estimates :
(1) le=al,, < Ceth=lal,  (1<g<r<oo, 1<g<r<o0)
4.1
|Ve-t4al, < Cr 2w/ al, (1<q<r<n, 1<g<r<n)
Applying perturbation techniques to the resolvents (A 4+ L)~! and (A 4+ L*)™*, we get
Lemma 4.1. (i) Under the assumption of Theorem F (ii), the semigroup e Yo is
p 2
bounded-analytic and satisfies
le~tal|, < Ct=(/a=n/")/2||a), (1<g<r<o0)

(4.2)

Ve tal|, < Ct=1/2~/a=n/I2||a|, (1 <q<r<n).

The same is true of the dual semigroup {e " }iso.
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(i) Under the assumption of Theorem F (iii), the semigroup {¢™**};5o is bounded-analytic
and satisfies

(3 letal, < Ci-G/mmDal,  (1<g<r<oo, 1<¢<r<w)
Ve tal, < Ct Y2~ (/e=nin)/2|jg)|, (1<g<r<n, 1<g<r<n).

The same is true of {e7*" }is0.

A proof is given in [5]. Applying Lemma 4.1 and properties of fractional powers of A as
given in (3], we immediately obtain

Lemma 4.2. Let A = [;° AdE) be the spectral decomposition of the positive self-adjoint
operator A in L.

(i) Under the assumptions of Theorem F (ii), we have
(4.4) | Exe™ P (u - Vo)lla < G172 |32 Vo |3+,

Here, 0 < 6 < 1/4 and the constant C depends on 6.

(ii) Under the assumptions of Theorem F (iil), we have

(4.5) |Exe L P(u - Vo), < Ct=3/400=3)4|y)|,|| V],

Proof of Theorem F. For simplicity we assume that our solution w satisfies (1.11) or
(1.11") in the usual sense. We give an outline of the proof of (i) and (ii); (iil) is proved more
simply in almost the same way as given in [3]. Now, since (P(u - Vov.v) = (u - Vv,v) =0,
we get from (1.11)

1d, ., 5 _
Nl [Vl + (- Vo, ) =0,
Applying the well-known inequality
u 2
— <
< v,
we have
- 2
(- Vw,u)| = [(w,u- V)| < [lw] - |||lz] 7wl Val, < —|lw]| - [Val;
so that
2
(46 (Lwu) = (u,I"w) = |Vul} + (u- Vu,u) 2 (1= == fju]} [ Vul
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Thus, if ||w|| < (n —2)/2, then both-L and L* are regularly accretive in-the sense of [27, 34];
N(L) = N(L*) = {0} in L?; so R(L) is dense in L2; and therefore
(4.7) lim ||e"®%al, =0  forall a € L2.

{=+00

Furthermore, from (4.6) we get
d
(45) 4 ull + 20 Vul < 0
for some Cy > 0, and so
(4.9) @]z < llall2, 200/0 [Vullzds < [|a]i-
Here we apply
IVa]; = |4} > /g M| Exull 2 o(llullz — [l £2]))
for any fixed p > 0, to get from (4.3)
d
2l|ella [z + Coollullz < Cool Epull3-
But, since || E,u|]z < ||ul|,, it follows that
d
(4.10) Sllullz + Coellulls < Coell Epul..
On the other hand, applying E, to (1.11") gives
1
|Beulls < lle™alls+ [ 1Bge™* 2P (u - Va)adr.
By Lemma 4.2 (i) we have
1
[Beulle < le™als+ O ['(t— )2 [Vl dr
< ”e~tLa“2 + an/ti—-l/zm&Fl(t)l/z—ﬁFz(t)1/2+5
where
¢ —1/2{(,y 112 ¢ —1/2 2
R = [t=r)"Plulidr, @)= [ ¢Vl
We thus obtain from (4.10)
d -
- lullz + Coellull, < Coe(lle*all; + Cg™/**=* FP 1),

Here we set p = m(Cot)™" with a sufficiently large integer m > 0 to be chosen later and then
multiply both sides above by t™, to obtain

d —
S llulla) < mim (e allp 4+ O R )
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so that

[u@ls < £ [ mee aludr

t 1/2—-6 + 1/246
veersis (2 PRar) (5 [ mar)
t Jo t Jo

Since ||Vu|)2 is integrable on [0,00) by (4.9), we see that ¢~ [f Fydr < Ct™/%; so we get

—m [t m—1y ,—7L 1/4+6/2-n/4 (_1_ ¢ )1/2—-6
(4.11) [w()]2 <t /0 mr™ e~ Lall,dr + Ot : /0 Rdr) .

Since ||u||; is bounded on [0, 00) by (4.9), it follows from (4.7) and (4.11) that
(o)l < 6 [ e e Falladr + 2 0

as t — oo, and this proves (i). Furthermore, (4.11) shows that

(4.12) llu(t)lls < C(t= + 212774

provided |l *Lall, = O(¢t™), and this proves (ii) in case o < n/4 — 1/2. In the opposite
case we have ||u(t)||? = O(+~*/?) by (4.12); so F; is bounded in ¢ > 0, and therefore
t~1 [ FydT < C. It thus follows from (4.11) that

w(@)|ls < O 4 /4482714y < (=2 4 £3/8-71%),
This proves (ii) in case @ < n/4 — 3/8. In the opposite case we have ||u(t)||3 = O(t34); s0

1 gt 1/2-6
(—- / Fld'r> < OB L OIS
t Jo - -

and therefore (4.11) gives
lu(t)]s < CE>+ t3/16+5/2—n/4) < O™+ t5/16—-n/4)

which proves (ii) in case a <n/4 —5/16.
Repeating these processes eventually gives
(4.13) lu(8)]I3 = O(t~*%) (@ < nfd— (21 +1)/2%)
4.13
lu(Dl3 = O(2 +1-1/%) (0> n/a— (28 +1)/2)

for an arbitrary integer £ > 0. Since n/2— (271 +1)/2¢ > 1—27%, we have ||u||Z = O(t=1+1/2)
in the latter case of (4.13), which implies

1 rt 1/2—§
(_. / FldT) < Cl1/2-1/2)/(1/2-5)
t Jo -
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and so we have

lu(t)llz < C(t70 +177"/4F)

where p = (1/2 — 6)/2°. We can take £ so that n/4 — 6 —pu >3/4—6 —p>1/2; s0 we can
set

n 1
s> 1k
1 6—p > 5 + &
with ¥ > 0. We thus obtain
(4.14) lu(®)]lz < CE> +¢717%).

Suppose n > 4. By (4.13) and (4.14) we may assume
20 >n/2 — (201 +1)/2¢ <3/2 —1/2°

for some large £. Hence ||u||? is integrable on [0, c0) and so

1/2-6
(4™ sorven
t Jo h
This, together with (4.11), gives
(4.15) lu(t)ll, < C(E™ +177/%)

and the proof is complete. Suppose next that n = 3. If 2o > 1 — 1/2¢, then (4.13) gives
|w|2 = O(t~1+/%) ; so the above argument yields ||u(t)||; = O(t™®) in case & < 1/2. When
a > 1/2, the same argument as above gives ||lu|2 = O(t~17Y/%) for all £, so we get (4.14)
for some & > 0. This implies ||u||2 = O(t~1~") for some 5 > 0 since 2a > 1. Hence |ju||3 is
integrable on [0, 00) and we arrive at the desired result (4.15). Finally, if o = 1/2, then

u@E < C(E+ DT 4 (E4+1)7)

for some & > 0. This implies that

1 rt 1/2-6
(-t—/o F1d7') < Ot ?log(t + 1)]}/2—5 +1/ate12)
and so (4.11) gives
lu()lls < CE2 4+ 74 (log 1)1/270 4 £°7/%) = O(t71/?).

The proof is complete.

Remark. The idea of the above proof goes back to Schonbek [28,29] and Wiegner [36].
They treated the case of the Cauchy problem for the Navier-Stokes equations and directly
applied the Fourier transformation instead of the spectral measures associated to the Stokes

operator. The operator-theoretic reformulation of their idea, based on Lemmas 4.1 and 4.2,
was carried out in [2,3,4,12].
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5. Large Time Behavior of Perturbations in H'(R") or L'(R")

We now consider the stationary flows w on R", n > 3, satisfying (1.16) or (1.16"), and give
an outline of the proof of Theorem G. The idea is almost the same as in Section 4, but in
this case the linearized operator will be analyzed in the Hardy spaces by applying the result
of [8] with slight modification. We begin with

Lemma 5.1. Let A= —A be the Laplacian defined on R", n > 3.
(i) If w satisfies (1.16), then

(5.1) lw - Vulg < Cllwllal[Viulm,  |lu- Vollm < ClIVwlu,||Vialm,
and so
(52) |Bullm < C(lwl + IV ]ly2) | VP10

(ii) If w satisfies (1.16'), then for

(5.3) lw-Vu|m < Cllw|laallAull,  llu- Vwllm < C|VawllellAull
and so
(5.4) [Bull < Cl|Bullm < C([[wllny + [[Vwllnzq) | Awlls.

We give a detailed proof of Lemma 5.1, which is essentially due to [8]. Take ¢ € C®(R"™)
with suppe = {|z] < 1} and [pdz = 1 ; and set ¢;(z) = ¢ "p(z/t) for t > 0. Since
V-w =0, wehave w-Vu =V (w® (u — ¢)) for any constant vector ¢ ; so

e * (w - Vu))(z) =

mir 32 [ @p)(a = ) uso)lals) — i,

where & denotes the average of u over the open ball B(z) of radius  centered at z. Taking

l<a<nand 1< f <n/(n—1)sothat 1I/a+1/8 =1+ 1/n, we apply the Hélder and
the Poincaré-Sobolev inequality to get

C
oy [ ol u — @ dy

C ve .
nt1 (/Bt(m) |w] cly) (/Bt(m) lu — | dy)
C 1/e 1/8

= ( L el y) (./B o Ival dy)

lipe % (w - V)| <

1/p*

IA

IN
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1 1/a 1 5 1/8
= C|— wl%d — Vulfd
(IBtl B:(ac)I | y) <IBil Bt(m)| | y)

< CM(Jw|*)/oM(|Vulf)H?

where M(|f]) is the Hardy-Littlewood maximal function of f [31]. Using the assumption,
we estimate the right-hand side as

1M (o) M (V)21 < (M (fw|*) 2 | M (V) )
But, the Hardy-Littlewood maximal theorem {31] shows
1M (jw]*)®|ln < Cllwlla, 1M (V)P lnjam1) < ClIVHllnja-1)-
Applying the Sobolev inequality
IVtlln-1) < IV Ullnjn-1pa < ClIVuae,

we obtain

sup |p; * (w - Vu)| € L
>0

and

lw - Vu|m = < Cllw]|/|V*ull 2.

1
This shows the first estimate of (5.1). The second estimate is deduced similarly ; and (5.2)
follows from (5.1) and the boundedness of P on H'(R").

sup |y * (w - V)
t>0

(ii) We proceed as above starting from
sup i, * (w - V)| < CM(Jw|*)*M(|Vul)°.
This time, we apply the duality relation
1M (Jew|*) M ([T l?) 1 < [[M (Jo0]*)* [t | M V) gty
and the interpolated form of the maximal theorem :
1M ([w]*))lng < Cllwllng,  IMIVUP)Plje1)0 < ClIVU 1)
as well as the Sobolev inequality
Vel < Cl| Anels-
The proof is complete.

Proof of Theorem G. Fix 0 < w < w/2. We first note that, for j = 0,1,2,

(5.5) IV/ (A + A) g < Cllall /A7 (larg A| < 7 — w),
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and
- (5.6) JA2 (N + A) |y < Cllully /|97 (larg Al £ 7 — w).

Estimate (5.5) follows from the Mihlin multiplier theorem (see [31]), while (5.6) is obvious.
Applying this and Lemma 5.1 to the expansion

o0

A+LD) =AM+ AT Y [-BA+ AT,

k=0

we obtain

Lemma 5.2. (i) If |Jw||n + ||Vw||n/2 is small enough, then for j =0,1,2,

(5.7) IV (3 + L) ullm < Cllullm /A7 (larg Al < ™ —w).

() If |lwllnq + IVwllnj21 is small enough, then for j =0,1,2,

(5-8) IA2(A + L) ully < Cllull/|A 2 (larg A| < 7 — w).
(1) Under the assumption of (1) or-(ii), the operator L is injective.

The injectivity asserted in (iii) follows, respectively, from
CulIVPullm < [l Dull < Coll VPullan
which is a consequence of Lemma 5.1 (i) and Lemma 5.2 (i), and
CilAu|l; < [[Lully < Cof|Aull,

which is obtained from Lemma 5.1 (ii) and Lemma 5.2 (ii).

Applying the standard argument, we immediately obtain

Lemma 5.3. (i) Under the assumption of Lemma 5.2 (i), the semigroup {e *'}iso is
bounded-analytic on H?

ol

and. we have
(5.9) |Vie al| g < Ct9/%)|a|m

for 3 =0,1,2.

(ii) Under the assumption of Lemma 5.2 (ii), the semigroup {e=* },5¢ is bounded-analytic
on L}, and

(5.10) 1A72e al, < Gt al);
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for 3 =10,1,2.

(i) In each of the above two cases, we have

(5.11) y%Jk%Lampzzo for all a € H1},
or
(5.12) tlim e **all, =0 for all a € L.

To proceed further, we recall the following duality relations (see [22]) :
(5.13) (HL)* = BMO,, (VMO,)* = H..
and consider the integral equation
(514)  (u(t) ) = (e u(s),p) — [ (w- Ve Py, (05 <),

Assume first (1.16). Since {e7£"},5¢ is bounded on VMO,, taking s = 0 in (5.14) and
applying (5.13) we get '

(@) #)] < e Fallm oo + [ llu- Vullmdr x [ oo

IA

e alm lllowo + C ( [ Nkl Vulladr ) Ibllswo
Note that we have used the folliwng, which is due to [8] :
[ -Vl < Cllull][Val..

Since C§° (R") is dense in VMO,, it follows from (5.13) that u(t) € H! for all t > 0. The

same calculation for general s > 0 gives

Ju@lm < fleu(s)lm +C [ ulalValhdr

t 1/2 0o 1/2
< e (s +C ([ ulgar) ([T 1vulidr)
On the other hand, (5.9) implies
leally < Ct7lalm  and  [le allamo < CtT4|all2,

so, in the same way as in Section 4, we conclude that

lw(?)|]2 < C(t+1)""*

—315—



Hence,

|7 luldr < o,
0
and the above calculation gives
iL e 2, \?
()l < e u(s)l +C ([ IVulfdr)
for t > s. Since the last term can be made as small as we please, (5.11) implies
Jim ) = 0
Assume next (1.16') and let @ € L.. We take this time 3 € C(R") to get
14
()] < e u(s)ulplle + O ([ Nl Vuladr ) 1P lowo
t—s)L ¢
< e us) bl +C ([ Nullll Zulladr ) [¥llsuo

13
< (lem @ u()ll +C [ fullIVulladr) ]

for all 0 < s < t. Here we have invoked the continuous embedding L*® C BMO as well as
the boundedness of the operator P on BMO. Setting s = 0, we see that u(t) is a finite Borel
measure on R”, so u(t) € L} for all ¢, and therefore

t 1/2 oo 1/2
()l < e Pui)h + 0 ([ Nular) ([~ Ivulgar) .
for 0 < s <t. On the other hand, (5.10) gives
le=*alls < Ct~*als,
so by an argument similar to the foregoing case and (5.12), we arrive at
Jim [[u(®): = 0.

This completes the proof of Theorem G.

Remark. It is possible to deduce the decay rate of ||u(t)||; or ||u(t)||g: under some
assumptions on @. The details are discussed in [23].
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The Asymptotic Behavior of Solutions to Some Degenerate
Kirchhoff Type Equations

TETSU MIZUMACHI

Abstract: We investigate some degenearate quasilnear wave equations which have their
origin in nonlinear vibration of a string. In the case when equation describes a vibrating
string with viscosity, we determine the decay order of all solutions by investigating
the dynamics near an infinite dimensional center manifold. Moreover, we classify the
asymptotic behavior of solutions from a dynamical systems point of view.

We also deal with the case when equation models a vibrating string with the resistece
proportional to the velocity.

1. Introduction.
In this article, we investigate the asymptotic behavior of solutions to the following
initial-boundary value problems: ’

(1.1a) g — || Vull3oiq)Bu — alu, =0 in 2 x (0, +00),
(1.1b) u=0 on 99 x (0, +o0),
(1.1c) u(z,0) = up(z), uz,0)=uy(z) in Q,
and

(1.2a) Uy — ”Vu”%g(mAu + auy =0 in 2 x (0, +00),
(1.2b) u=0 on 02 x (0, +oc),
(1.2¢) uw(z,0) = ug(z), uiz,0)=us(z) in Q,

where « is a positive constant and £ is a bounded domain in R™ with smooth boundary
8. Equations (1.1) and (1.2) have their origin in the so-called Kirchhoff equation which
describes transversal oscilations of an elastic string (see [5]).
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We first consider (1.1). The global existence and the uniqueness have been estab-
lished in the energy class (see [14]). Once global existence is known, one easily sees
that solutions to (1.1) decay as ¢ — oo. Much of the efforts have been focused on
upper estimates of rate fo decay (see, e.g., [8,9]). But it is difficult to obtain the lower
estimates. In fact, except for some special cases ([10,11]), little has been known about
the estimates from below.

In [6], we obtain exact decay estimates of all solutions and study the limiting profiles
of solutions. By a limiting profile, we mean the limit of a solution divided by its rate of
decay as t — oco.

It should be noted that, unlike most earlier works, our method makes use of the
dynamical systems point of view involving the theory of center manifolds. The ad-
vantage of such an approach is-that one can obtain the exact decay estimates out of
relatively simple computations. Moreover, our method also tells us which decay rate
occurs ‘generically’.

In order to state our results explicitly, let Ay < Ay < A3 < --- be the eigenvalues of
~A, let {©;}32, be the corresonding sequence of eigenfunctions normalized to satisfy
leillzzce) = 1, and let {m;}§2, be a sequence of integers satisfying

Amy <)‘m2=/\mz+1 ="':)\m3—1 <)\m3:/\m3+1 ="'=/\m4-—1 <)‘m4 =t

For each k£ € N, we put Xk = Am,. Now set Z = {w € H}()| ]]Vw”%z(m = 2}. One
of our main results is the following:

Theorem A1l ([6]). The set H}(2) x L*(2)\ {(0,0)} is decomposed into a disjoint
union of the two sets S1, Sy satisfying the following:

(i) Sy is a dense open set and Sz U {(0,0)} is a closed set with no interior.
(ii) Let (ug,u1) € Si. Then there exists uq, € Z such that the solution u(t) to (1.1)
satisfies, as t — oo,

(1.32) u(t) — (1 +t)f%uoo L. =0l +1)" % log(1 +1)),

(1.3b) wi(t) + -;-(1 ) tue|| = O((1+6) "t log(1 +1)),
L2(Q)

(1.3¢) ug(t) — g(l +1) Fug =0((1+ t)_% log(1 +¢)).
L2(Q)

(iii) Let (uo;u1) € Sy. Then there exists k € N such that the solution to (1.1)
satisfies, as t — oo,

u(t) 3 —a 13!
w(t) | —emet N g 1 0 =0(e™)
ue(t) my <j<my 411 — Ak

HY(Q)x L2(Q)x L2(R)

for every v satisfying arg <7 < min{cz}\v;;.H,Ban}, where

¢j = (u1,9;)r2() — /\j/O N[V u(s) |20y (u(s), 0) L2y ds-
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Roughly speaking, solutions lying on S; decay polynomially, and those on S, decay
exponentially. Theorem Al shows that all the limiting profiles of the polynomially
decaying solutions belong to Z. Conversely, we have the following:

Theorem A2 ([6]). For everyus € Z, there exists a solution u(t) of (1.1) that satisfics
(1.3a)—(1.3c).

Remark 1. Suppose that a solution u(t) to (1.1) satisfies (1.3a)-(1.3c). Then the term
u¢¢ decays faster than the other terms of (1.1a). If the term w4 is absent in (1.1), then
the equation can be written as

dv
(1.4) [ollZ 2y + a— =0,

where v = Azu. Here A is the self-adjoint closure in L?($2) of the operator defined on
Cs°(92) by Au = —Au. Now let i(t) be a solution to (1.4) satisfying %(0) = ue,. We
see from (1.3a) that
lJu(t) — @(t)]| gy = o(|%(E)]] rz)-

This tells us that if a solution u(t) of (1.1) decays polynomially, it behaves, asymptoti-
cally, like a solution to the ordinary differential equation (1.4).

On the other hand, if u(t) is an exponentially decaying solution to (1.1), it behaves,
asymptotically, like a solution to the classical heat equation.

Next we consider the behavior of solutions to (1.2). For analytic initial data, equation
(1.2) is globally solvable (see [1]). On the other hand, for non-analytic initial data, [12]
shows that solutions to (1.2) globally exist when ug(# 0) is small and u; is much smaller
than ug in appropriate Sobolev spaces.

For solutions which exist globally, the upper estimates of rate of decay can be obtained
by using the method of [8,15]. But to the best of our knowledge, there is no results
concerning lower estimates. In [7], we obtain an asymptotic expansion of solutions to
(1.2) for some class of initial data.

Theorem B ([7]). Suppose (uo,u1) € (HX(Q) N HI(Q)) x HI(Q), uo # 0, and

“V“1“2L2(Q)
B W@ | AuglZagy < a?.
() ”VUo“%z(n) . O”Lz(m
Then the solution to (1.2) satisfies, as t — oo,
1 ,
tut)— | =o(1),
VORE! TG

where ¢ 1s an eigenfunciion of A belonging to X]- and satisfying ||| L2(q) = 1/(\/2/):])
for some 7 € N.

The condition (H) has been used in [12] to show the global existece of solutions to
(1.2). We find in [7] that (H) with ug # 0 is a sufficient condition for solutions to (1.2)
to be approximated by nontrivial solutions to the degenerate parabolic equation

Qug — ”Vu”%;g(mAu = 0.

Using this fact, we prove Theorem B in [7].
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2. Center manifold analysis of (1.1).
Making use of the change of variables similar to what is used in [2,13], namely,

(2.1) p:A_-lfuh g_—:-—-a'A%u__p7

we can rewrite (1.1) into a coupled system of a heat equation and an ordinary differential
equation:

. 1 .

(2.2a) pr = alp+ 'C-;:;”P +ql|72)(p+¢) in £ x (0, 400),
1 .

(2.2b) ¢t =——lp+alz20)(p+9) in § x (0, +00),

(2.2¢) p(z,t) =0 on 9§} x (0, +00),

(2.2) P(2,0) = po(e),  4(2,0) = ao(2) in 9,

We see that (po,q0) € H3(R) x L%(Q) if and only if (ug,u1) € Hi(R) x L*(). For
such a class of initial data, solutions to (1.1) and (2,2) are unique. Hence the formula
(2,1) gives a one-to-one correspondence between solutions to (1.1) and solutions to (2,2).
From now on, we will analyze (2,2) instead of (1.1).

Since (p,q) — (0,0) as t — oo, it suffices to analyze (1.1) in some neighborhood of
the origin. Now, let us linearize (2,2) about the origin. Then

d(p P\ _

le(q) +L<€1> =0
ad O

L=(0 0).

The spectrum of the linear operator L, o(L), satisfies

where

o(L) = {0} U {a;}52;.

This means that the origin (p,¢) = (0,0) is not linearly stable, but simply neutrally
stable. In our problem, we see that inf{Ren | n € o(L)\ {0}} > 0 and that the
Lipschitz coeflicient of the nonlinear term of (2,2) is small about the origin. Under such
circumstances, the so-called center manifold theory often proves exceedingly useful in
determining the nonlinear dynamics around the origin. :

Let X, be an eigensapce belonging to the eigenvalue 0 and let X be the direct sum
of eigenspaces belonging to {a);}52,. Then we have

Xo={'(0,9)l¢ € L*(2)} and X} ={%p,0)|pe€ Hy(2)}.

Hereafter, we will identify X, and X with L*(2) and H}(S) ,respectively.
By applying Theorem 6.1 in [3], we have the following:
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Lemma 2.1. For some neighborhood U of 0 in H}(2) x L*(Q2), equation (2,2) has a
local center manifold W, (0) satisfying the following:
(i)
Wioe(0) = {(p,q) € U | p = h%(9)},
where h¢: Xo NU — X, is a C®-mapping with h°(0) = 0 and Dh(0) = 0.
(ii) For each (po,q0) € WEL(0), {(p(t), a(t)) |81 St S ta} C U implies {(p(4),a(2))]
Cty <t < ty) € WEL(O) for any ty, to withty <0 < tq, where (p(t), q(t)) is the

solution to (2,2).

Moreover, the dynamical systems theory tells us that the center manifold W (0)
attracts neighboring orbits (solution curves) exponentially and solutions on it decay
at most polynomially (see [3]). Thus the asymptotic behavior of solutions near the
center manifold is much the same as that of solutions on the center manifold. So
except exponentially decaying solutions, we have only to analyze solutions on the center

manifold to obtain asymptotic expansions of solutions.

Wige(0)

Wise(0)

|

Figure A schematic picture of W (0).

By Lemma 2.1, solutions on the center manifold satisfy
(2.3) p(t) = h(q(t))
Substituting (2,3) into (2,2) and eliminating ¢;, we obtain
1 c c c 1 c Y cv \
(24) = DR(DIIF(9) + allz2(h*(9) + @) + AR () + 5 [h°(9) + all12(h(0) + ) = 0,

where Dh¢(q) stands for the Fréchet derivative of A¢. So h® must satisfy (2,4), together
with the condition A°(0) = 0, Dh¢(0) = 0. Now we sce from (2,4) that the center

manifold is approximated as

(2.5 W0 = ZelaliaA™s| = Ollalm)

HI(R)
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Hence, solutions on the center manifold are described by

(26) 0=~ 14%(0) + (@ (W(@) + )
= — a2 iay2 + OllalFoca):

with (2,3). By analyzing (2,6), we can obtain asymptotic expansions of solutions on the
center manifold. For the details of the proof of Theorems Al and A2, see [8].
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ANALYSIS ON LARGE FREE SURFACE DEFORMATION
OF MAGNETIC FLUID

Y. Mizuta

Abstract. This paper analyzes the free surface deformation of magnetic fluid under
intense magnetic fields. The analysis in a vertical plane allows for full nonlinearity, multi-
valuedness and the inhomogeneous magnetic field which changes in reaction to the free
surface deformation. The method is based on the conformal mapping as used for the
analysis of stationary capillary-gravity waves. The source of the magnetic field is assumed
a dipole as in actual cases, and the magnetic potential determined in the flat space with
the straight free surface is mapped onto the real space. The equation for the inclination
angle of the free surface  is solved numerically by the spectral collocation method, and
the solution is used to express the free surface shape parametrically. The result shows the
first bifurcations of the shape with the increase of the magnetic field.

1. Introduction

One of the features peculiar to magnetic fluid is the shape of its free surface. As the
external magnetic field increases, the surface deforms gradually first, but changes abruptly
to a stationary shape just like a set of cones. This is the result of the interaction between
the surface deformation and the magnetic field. The surface is moved by the magnetic
force acting on it to the position where the magnetic force balances with the capillary and
gravity forces. However, the magnetic field itself is disturbed by the large deformation of
the surface, and its effect is reflected back on the magnetic force.

Since the magnetic fluid of the present type was devised in 1960’s, linear and weakly
nonlinear analyses of this phenomenon has been made. Cowley and Rosensweig [1] investi-
gated its linear stability. Malik and Singh [3, 4, 5, 6] employed the multiple scales method
to investigate one-dimensional harmonic wave propagation. Gailitis [2] and Twombly
[8, 9] analyzed statically the two-dimensional surface wave which bifurcates from “trivial
solution” to rectangles or hexagons under uniform magnetic field normal to the surface.
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This paper presents an analysis for the free surface deformation of magnetic fluid in
a vertical plane, allowing for full nonlinearity, multi-valuedness and inhomogeneous mag-
netic fields. The formulation is based on the method of conformal mapping as employed
by Okamoto [7] and the previous authors for the analysis on stationary capillary-gravity
waves. In both problems, the “flat space” with the straight free surface is mapped onto the
“real space” with the curved free surface. In the present problem, however, this method is
especially useful to obtain the harmonic magnetic field which is originally inhomogeneous,
and changes in reaction to the free surface deformation.

2. Basic equation — dynamic boundary condition
On the free surface of magnetic fluid, we consider the Bernoulli equation

P 2 1([1
p(£+%+gn) +p+pt—-5<h—] bi—[ﬂ]hﬁ) = const. (1)

with the condition for the pressure p = 0, where p, ¢, 7, p: are the fluid density, gravity
acceleration, surface elevation and surface tension, respectively. The terms including the
velocity potential ¢ and the fluid velocity v = —V ¢ are dropped in stationary cases. The
last term of Lh.s. is the magnetic pressure characteristic of magnetic fluid, where b, is
the component of the magnetic flux density normal to the surface, hs is the component of
the magnetic field tangential to the surface, p is the permeability of either magnetic fluid
or vacuum, and [- -] is the jump quantity across the surface.

3. Method — conformal mapping

Here we consider the conformal mapping z = z(Z) from the flat space described by
7Z = X + 1Y to the real space by z = z 4+ 1y. When an infinitesimal element on the real
space dz is inclined by an angle § to its correspondence on the flat space dZ, we find
dz = ce*dZ with the real positive constant c. After replacing ¢ by e™" where we call 7
logarithmic contraction rate here, we obtain
dz _ ip@)+in(2) (2)

= e "

dz

The function 8(Z) + ¢7(Z) is analytic in Z as far as 0 < |dz/dZ| < oo, and tends to 0 as
7 - 0o. These conditions lead to the Hilbert transform between 6 and r as

_ 1 [ X’ )
X =-2| ¥x

dx’, (3)

In the limit dz/dZ — 0 or 1 — oo, the free surface has a branch point or cusp, and 6
changes discontinuously there.

After 6 and 7 are obtained, the free surface shape is determined by integrating each
of the real and imaginary part of eq. (2) on Y = 0, that is,

9z /dX = e " cosh, Oy/dX = e "sind. (4)

The result z = z(X), y = y(X) expresses the shape parametrically allowing for multi-
valuedness. The equation for 8 and 7 is derived from eq. (1), but we will discuss the
magnetic field before that.
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Fig. 1: Method of images to determine Fig. 2: Interface conditions for magnetic

magnetic potentials in (1) (right) and in flux density with normal component con-

(2) (left) tinuous (left) and magnetic field with tan-
gential component continuous (right)

4. Determination of magnetic field — method of images

We introduce here the complex magnetic potential W = ® — A where ® and A are
the scalar potential and (the z-component of) the vector potential. Both of them are
harmonic, and the ones determined in the flat space can be mapped onto the real space
conformally. They give the magnetic field as H = (Hx,Hy) = —V® = rot A. Then,
dW/dZ = (09/0X) — i(0A/0X) = —(0A/0Y) —i(0®/0Y) = —Hx + iHy is derived.

In an infinite medium of the permeability p, the potential at Z due to a monopole m
at Zois W = mIn(Z — Zo)/p = m(In R + i©)/p at Z where Z — Zy = Re’®. We can
determine the potential due to a monopole m at Z; near an interface between two media
with the permeability p; and pg through the “method of images”, as Fig. 1 shows. In the
medium (1), the potential W) at Z(*) (1) is the overlap of those due to m at Z; and its
image m; at Zz. In (2), W® at Z(® is due to m, at Z;. Therefore,

min(ZW — Z;) + m,y ln(Z(l) —Z;) mlnR+myhnR, + z,m@ +m;0,

23] “ H1
ma 111(2(2) — Z1) . maq In Rz + imz(’:‘)z (5)

K2 K2 H2

follows, where ZM 7 = Re®, ZW_7, = Rye®?, ZW 7, = R1e® and -Y, =Y, = H.
Newly introduced m; and m, are determined from the interface conditions [—uHy] = 0
and [-Hx] = 0 (Fig. 2), or equivalently,

{ [kA] = (m — my — m2)0O =0,
[@] ={(m+mi)/p1 —m2/p2} In R =0

since ZW = Z@ and R, = R, = R, —0; = O, = O. They are solved for m; and m;, and
the scalar potential is obtained as:

wl =

w® =

onY =0, (6)

@(1):’":’”11113, m1=51—§_—/‘f§-m,

1 3 1

o) = I InR with me = 242 m. ()
K2 H1 + 2
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In the case due to a dipole +m with the separation AY between the poles, the potential
©? is derived easily from eq. (7) as
(9 my m§ Y

The components b, and h, continuous across the surface, are obtained from ¢(® as

02 X2-Y?
b= = ey =L
n R4 (9)
b __“Bcp(z) __eTTEZXY
*7 Os - p2 R

with the normal and tangential derivative 80/0n = €"0/9Y, 0/0s = —e"0/0X in mind.

5. Equation for 6 and r
Now that the magnetic field is determined, the equation for # and 7 can be derived
from eq. (1). If the both sides of eq. (1) is differentiated by X,

e 70 (00 (mp)?[1] 8 , [(X*-Y?)? &(QXY)z B
e "sinf 290X (e 3X> 200 |7 %t \ @ —{—ﬂ2 T =0 (10)

follows, where, if A denotes 0A/0X; ) = e "sinf and p, = (&y — &§)/ (42 + §2)%/?
= —v€e"0 (y: coeflicient of surface tension), due to eq. (4). Equation (10) is to be solved in
the domain 0 < X < oo with the boundary conditions (X = 0) = 0 and (X — oo) — 0.

Each term in eq. (10) is characterized by the factor e™", which means the contraction
in the real space as seen from eq. (4). When the space contracts, the first gravity term
becomes unimportant, but the second tension term grows, and the third magnetic term
more. The curvature of the free surface increases to compete with the magnetic pressure
and keep the balance among forces.

For the advantage of numerical analysis, both sides of eq. (10) is divided by €?", and
X is scaled by H, in addition. Then, eq. (10) is rewritten as

G—BT sinf — I‘e"(n@l + 92) - M(27'1G + Gl) = O, (11)

where subscripts 1 and 2 are the first and second derivative with respect to the scaled X,
and G =1/(X?4+1)*+dX?/(X?+1)* with d = —4[u]/ 2. Equation (11) is characterized
by the tension factor I' = v/pgH?* and the magnetic factor M = m3[1/u]/2pgH".

6. Numerical analysis — Spectral collocation method

Though the domain of eq. (11) is semi-infinite, we bound the upper limit at ! where
the magnetic field is weak enough, and impose the boundary condition (X =) = 0
there. In 0 < X </, we expand 6(X) into a Fourier series as

oo

0(X) = a,sin(nX/I). (12)

n=1
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Fig. 3: Calculated angle function @ for sev- Fig. 4: Free surface shape z = z(X), y =
eral magnetic factors M =0.2 (0), 0.4 (1), y(X) calculated from & as shown in Fig. 3
0.6 (2), 0.8 (3), 1.0 (4), 1.2 (5), 1.4 (6),

1.6 (7), 1.8 (8), 2.0 (9) and common ten-

sion factor I' = 0.2 and d = 1.6

Then, eq. (3) leads us to

oo

(X) = -—Ean cos(nwX/1). (13)

n=1

When the terms higher than the N-th are truncated, the coefficients a, (1 < n < N)
are determined so that eq. (11) is satisfied at the collocation points X; = il/(N + 1)
(1 £ n < N) in the domain. The simultaneous nonlinear equations thus obtained were
solved by the Newton-Raphson method with the deceleration technique.

Figure 3 shows the angle functions 8(X) as the solution of eq. (10) or (11) for several
values of M, and common I' and d. Numerical parameters are [ = 5.0 and N = 49. The
convergence in solving eq. (11) was not necessarily slow for large M, but perturbations
to a,’s were occasionally given on the way to convergence, if necessary. In all cases, the
errors in eq. (11) relative to each of its terms reached under the level of 2 percents within
50 iterations. The angle functions §(X) thus obtained were used for integrating eq. (4)
by the fourth Runge-Kutta method with the increment AX = 0.02. The resultant free
surface shapes are shown in Fig. 4.

We observe from Fig. 4 that the waves generated near the center one after another
shift outwards as M increases, but the extension of the domain containing waves has a
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tendency of saturation, which means that the wavelength of the waves decreases as M
increases. The outermost wave sometimes becomes three-valued or close to a cusp.

7. Discussions

For detailed discussions, Fig. 3 will be more convenient rather than Fig. 4. We observe
the increase of the number of waves and the decrease of their wavelength more clearly on
the angle function. The amplitude of the outer wave is larger than that of the inner, and
the free surface shape turns to multi-valued when it exceeds /2.

Since the magnetic field depends on X now, precise linear analysis on eq. (11) is
difficult. But near the center where X ~ 0 and G ~ 1, eq. (11) is linearized as € = 6 —
['0;—2M 7 = 0. Then, if 0 ~ sin kX and 7 ~ — cos kX is assumed, k = (M+vM? —T')/T
follows. There exists real k satisfying e = 0 when M > /T (=0.45 now), and it increases
with M.

Figures 3 and 4 are the results reached through the iteration from the initial value
a, = 0 for all n. There can be other branches of solution in the nonlinear equation (11),
and actually do, which has the self-crossing free surface shape. They must be investigated
in detail on the basis of the bifurcation theory.

Another problem is the existence of cusps. Since 7 — oo and e™” — 0 there, the first
and second term in eq. (11) vanish, and 7 ~ In(X? + 1) follows. Thus, cusps are unlikely
to exist as far as X is finite.
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NORMAL FORMS AND GLOBAL EXISTENCE OF
SOLUTIONS TO A CLASS OF CUBIC
NONLINEAR KLEIN-GORDON EQUATIONS
IN ONE SPACE DIMENSION

KAZUNORI MORIYAMA

Abustract. We prove that for small initial data there exist the unique global solutions
to a certain special class of nonlinear Klein-Gordon equations with cubic nonlinearity
in one space dimension, which asymptotically approach the free solutions of the linear
Klein-Gordon equation as t — -o0.

1. Introduction

In the present paper we consider the global existence of solution for the Cauchy
problem of the nonlinear Klein-Gordon equation with cubic nonlinearity in one space
dimension, which asymptotically approaches the free solution of the linear IXlein-Gordon
equation as t — +o00 :

O2u — Au+u = F(u,0u,00,u), t>0. rxeR . (1.1)
u(0,2) = up(2), Ou(0,2)=uy(2), 2z €R . (1.2)
where u = u(t,z) is a real valued function and 0; = ;% O = ;;j—l A = 9. uy = O,

Uy = OpU, Uy = 010U, Ugy = O%u, Ou = (U, uy). Here. F( u.v.p) is a smooth function
of (u,v,p) € R x R? x R?,and

F(u,v,p) = O([ul> + [v]* + |p|*) near (u.v.p)=(0.0.0). (1.3a)
Furthermore, we assume that F' is linear with respect to p.
There are many papers concerning the global existence and the asymptotic behavior of

solutions for nonlinear Klein-Gordon equations (see. e.g.. [1]-[5]. [T]-[11]. [13]). Let N be
the spatial dimensions. Klainerman and Ponce [3] and Shatah [9] showed that problem
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(1.1)-(1.2) has the unique global solution for small initial data under the following
condition on the nonlinear function F: When N =1,

F(u,v,p) = O(Jul* + [o[* + [p[*) near (w.v.p)=(0.0.0). (1.4)
When N = 2.3, 4.

F(u,v,p) = O(Ju]® + |v]* + [p|*) near (w,v.p)=(0,0.0).
When N > 5, |

F(u,v,p) = O(Ju]* + [v]* + |p|*) near (u.v.p)=(0.0.0). (1.5)

They also showed that the above solution asymptotically approaches the free solution
of the linear Klein-Gordon equation with F'= 0 as t — 4+cc. When N =2.3.4 and F'is
quadratic, and when NV = 1 and F is cubic, however, the usual L? — L9 estimate does not
provide us with a sufficient time decay estimate. To overcome this difficulty, Klainerman
[4] and Shatah [10] separately developed two new techniques. In [4] Klainerman uses
the invariant Sobolev space with respect to the generators of the Lorentz group in order
to prove the global existence of solution of (1.1)-(1.2) under (1.5) for small initial data,
when N = 3,4. On the other hand, in [9] Shatah extends Poincare’s theory of normal
forms for the ordinary differential equations to the nonlinear Ilein-Gordon equations
and proves the global existence of solution of (1.1)-(1.2) under (1.5) for small initial data,
when N = 3,4(see also Simon and Taflin [11] and its references). When N = 2 and
the initial data are small, Georgiev and Popivanov [1] and Kosecki [2] prove the global
existence of solution of (1.1)-(1.2) for a certain special form of quadratic nonlinearity by
using Klainerman’s technique and by combining Klainerman’s and Shatah’s techniques,
respectively. In [1] and [2] they study a new sufficient condition on the quadratic
nonlinearity for the global existence of solution of (1.1)-(1.2) for small initial data,
which is a variant of the null condition introduced by Klainerman [5] for the case of the
nonlinear wave equation. In the two space dimensions. however. the global existence of
solution of (1.1)-(1.2) for small initial data has been recently proved for all quadratic
nonlinearity satisfying (1.5) by Simon and Taflin [11] and Ozawa. Tsutaya and Tsutsumi
[7]. In [11] and [7], it is also showed that the solution constructed in their papers
approaches a free solution of the linear Klein-Gordon equation as t — +oo. If we
compare the nonlinear I{lein-Gordon equation in N space dimensions with the nonlinear.
wave equation in N + 1 space dimensions, from the results in [11] and [7] we have to
say that the nonlinear Klein-Gordon equation is quite different from the nonlinear wave
equation, although they have the same rate of time decay. In contrast to the two space
dimensional case, however, in one space dimension we can not expect that for all cubic
nonlinearity satisfying (1.3a) the non-trivial global solutions of (1.1)-(1.2) approach the
free solutions of the linear Klein-Gordon equation in a usual sense as * — +oc. In fact,
although we can show by using energy methods the global existence of solution of the
following simple example of the Klein-Gordon equation with cubic nonlinearity in one
space dimension :

Fu—Aut+u+u®=0. t>0. reR.
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but it is thought that the nontrivial solution of the above equation does not have a
free profile as t — +oco (see Strauss [12, Theorem 2 in §6]). For some other nonlinear
functions F in (1.1), we can also show the global existence of solutions of (1.1)-(1.2)
by using energy methods (see Concluding Remark). However. it seems difficult that
we investigate by using only energy methods whether such solutions have free profiles
near t = +oco or not. Therefore, in the one space dimensional case we need consider a
new condition for the global existence of solution of (1.1)-(1.2) under (1.3a) with a free
profile near t = +oo. Recently, Yagi [13] has showed by using Shatah’s technique that
when

F=F = 3uu} — 3uu® — 3 (1.6)

in (1.1), there is the unique global solution of (1.1)-(1.2) for small initial data. It is easy
to see that the solution approaches a free solution of the linear Klein-Gordon equation
as t — +oo. It is, however, of great interest to look for other nonlinear functions such
as (1.6), for which (1.1)-(1.2) has a global solution with a free profile near + = +oo
for small initial data, and to study the analytical properties of them. In this paper,
for simiplicity of the exposition we assume that the nonlinear function F'in (1.1) is a
homogeneous polynomial of degree three. That is, we assume

F(u,v,p) is a homogeneous polynomial of degree 3
with respect to wu,v and p. (1.3b)
By using the method of normal forms due to Shatah [10] in the same way as Yagi [13]

,we find, in addition to (1.6), the following six nonlinear functions leading to the global
existence of solution of (1.1)-(1.2) with a free profile near + = 4o for small initial data:

Fy = 3ulu, — ud — 3ulu, + Gutstg, (1.7)
Fy = Ulplpy — U Uy + Uity + 2Uttgily, (1.8)
Fy = (u? —u? — u? )y, — 2uu (1.9)
Fs = (u? — -u.j‘f_, —uB) gy = 2uugu, . (1.10)
Fys = uf 3u Ut — Sutuy — Guugtigy - (1.11)
Fr = utu;, A UUpU g+ 2UUp U, (1.12)
That is, we prove that when
7
F=> coF . (1.13)
i=1

where ¢;, 1 = 1,2,--- .7, are real constants, for small initial data there exists the unique
global solution of (1.1)-(1.2) which asymptotically approaches the free solution of the
linear Klein-Gordon equation as t — +oo. We note that F;. i = 1.2..-- . 7. are of course
linearly independent as polynomials with valuables wu, ws. t,. uy, and u,,. Because
F,, F3 are the "odd-derivative-(uuu, uugue)” type. that is. of the form

Z (C"U'u,l“ 0“1113"21118"‘111 4+ Cvuuu a(l{l'llag?‘lla;{g'l/) . (]_14)

a1a2a3 ayaqa@y
ar+astaz=1.3
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ay,aq.az3 € NU{0}. Crun oot €R

‘araaag” T a oy
and FY, Fy are the "even-derivative-(uwuu, vusu;)” type. that is. of the form (1.14) with
ay 4+ aq +as =0,2,4, and Fy is the "odd-derivative-(wususus. vuuy)” type. that is. of the
form :

E (Cptuet 9t urds2ur Dyt uy + Cpliitt, Oyt udy?udyuy) - (1.15)

a2z
aq +a.-_>+a.3=1 3

CL1,CI.2., (13 E N U {0}. C"llr'll-['ll»f . C"ll»‘ll.‘llt E R.

(a0’ Tapaas

and Fy, Fy are the "even-derivative-(ususty, wuuyg)” type, that is. of the form (1.15) with
ai + as + a3 = 0,2. When F(u,v,p) is linear with respect to p and satisfies (1.3b), the
dimensions of the space of cubic polynomials F(u.v.p) are 22. Our assumption (1.13)
covers the subspace of 7 dimensions.

Before we state the main results in the present paper. we give several notations. For
ke Nand 1 <p < oo, let WED denote the standard Sobolev space on R. We choose «
as an integer larger than or equal to 4. We put

X, = I/Vk'*‘l.? &P W-’rk'Q.

Xy =WhE2 g WE2 k> (20+3) + (20 +6),

X’a — 1’4;];——(2(1.—{‘1).‘2 e T’T"'k&(zu'{"?‘)"z_

Y, = W2et3=e g pprlat2c

a — )

y— '[,‘,72(1.—%6.1 o V[;?.(L-{-S.l..
with norm H . H»Yi-, = 1.,2’ [l . ”i'a’]l . ”-)“ and H . ”Zn* 1‘6$pecti’\'el}'. For a matrix B% g
denotes the transpose matrix. We put u = (. dyu). Then we can write equation (1.1)

as a first order system:

u; + Au = F(u). (1.16)

w, = <'“‘°> , (1.17)
Uq

A 0 1 . 0
4= (5)}:‘:—-—1 O>’ F(u)_<F(-u.8'u..aal.'u)>'

We have the following theorem concerning the global existence and asymptotic behavior
of solution of (1.1)-(1.2).

Theorem 1.1. Assume that the nonlinear function F in (1.1) is given by (1.13). Let
w eX1NZ,and 0 < A< i— Let a be an integer not less than 4, Then. there exists a
6 > 0 such that if

where

z, + |l wo fly, <@ (1.18)

[ a0 [[x, + || wo |
then (1.16)-(1.17) (i.e. (1.1)-(1.2)) has the unique global solution u satisfving

! ,
u(-) € () CH([0.+00). Xitq) (1.19)

=0
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Il a [f|= sup ((1 +8)7 [ ut) lx, H1+87 [ u#) Hyn) < +c (1.20)
t>0

Furthermore,the above solution u has a free profile uyy = "(ugg.u41) € X, such that
[u(t) —ay () |5 — 0 as t— 4oc. (1.21)
where uy = (uy, Orug) is a free solution of the linear Klein-Gordon equation
Ruy —Auy +uyp =0, t>0. 2€R
with the initial condition

u4(0,2) = ugo, Grug(0,2) =uq1. 2 €R

Remarkl.1. We do not know the algebraic condition representing F;.i = 1.2.-.- .7 such
as the null condition (see [5]) and the unit condition (see [2]).

The unique existence of local solutions of (1.1)-(1.2) follows from the standard iter-
ation argument (see, e:g.,[3] and [9]). The crucial part of the proof of Theorem 1.1 is
to establish the a priori estimates of the solution for (1.1)-(1.2) in order to extend the
local solution globally in time. The global behavior of the local solution of (1.1)-(1.2)
can not be controlled directly, since the cubic nonlinear term in (1.1) does not provide
a sufficient decay property for the one dimensional case. Here we use the argument
of normal forms of Shatah [10] to transform the cubic nonlinearity into the nonlinear-
ity of degree five. In general, however. in our problem the transformed nonlinearity is
represented in terms of the integral operator with singular kernel. The singularity of
the integral operator makes it difficult to solve (1.1)-(1.2). Therefore. our main task in
the proof of Theorem 1.1 is to find the class of the cubic nonlinear function F in (1.1)
whose transformed nonlinearity is represented in terms of the integral operator with
regular kernel. This enables us to apply the usual L™= — L' estimate to the transformed
equation, which provides us with the sufficient decay properties of solution of (1.1)-(1.2)
for the proof of Theorem 1.1.

Concluding Remark. We can show by using the energy method that (1.1)-(1.2) has
the global solution, if the nonlinear function F independent of w,,.u,, satisfies the
following two conditions (see, e.g.. Sattinger [8]):

There exist positive constants C'1. C'y such that

t
(1) / | F(uw, ug, ug Jugdadt
0 JR
<y /(u4 + u?vuz + uf-u.2 +ugu® Fugd)de, u e C3((0.4+2¢) x R).
R

(2) | Flu, v ua) < Col]) w g + || we [|22)?
X (| wllmr + || we oz + 1) wae |22 + || tee [|22) -2 € Cp (0. +2¢) x R).

It is easily verified that the following cubic nonlinear function F = au® + Juu, + 7'1/.'? +
My, satisfies the above two conditions. where a. 3 € R.4. A < 0.
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ASYMPTOTICS OF ENERGY FOR WAVE EQUATIONS
WITH A NONLINEAR DISSIPATIVE TERM IN RV

T. MoTar aND K. MoCHIZUKI

Abstract. We study the asymptotic behavior of solutions to the wave equations
with a nonlinear dissipative term b(z,t)|w.(¢)|?~*w(¢), where p > 1 and 0 < b(=,t) <
C(1+ |2|)~% with some constants C > 0 and 0 < § < 1. We obtain sufficient conditions
on § and p under which every solution behaves like a free solution as £ — oo in the
energy space.

1. Introduction
We consider the Cauchy problem

(1.1) wy(t) — Aw(t) + Aw(t) + bz, t)|w ()]~ wi(t) = 0,

(1.2) w(z,0) = wi(z) and w(z,0) = wy(z)
for (z,t) € RY x (0,00), where A > 0,p > 1 and
(1.3) [bi(z,t)| + |Vb(z,t)| < Cib(z,1)

for a.e. (2,t) € RN x (0,00) with some constants C; > 0. As it is well-known, the
existence of a unique weak global solution is established under a weak condition on b(z, )
(See Lions - Strauss [2]). It becomes a strong solution if we require (1.3)(See Motai -
Mochizuki [4]). In [3] we have investigated energy decay and nondecay problems to (1.1)

and (1.2). Here energy to (1.1) is defined by ||W(t)||%, where W(¢) = *(w(t), w(t))
and

1
17z = SUIVAIL: +[1f2072 + Allfullza}

for f = *(f1, f2). We denote by E the space of pairs f of functions such that ||f||z < o
and by Up(t) the unitary operator in F which represents the solution of the free wave
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equations. The following results.is obtained in [3]: The energy decay ocures provided
that (1.4) is satisfied;

(1.4)
2(1-96) 5
A>0, N>1, 1<p<1+ 7 and b (1+ 2| +t)7° <b(z,t) < b,
for some 0 < § <1 and by,b; > 0. If A =0, we additionally

require b(z,t) is nonincreasing in t > 0.

On the other hand, the energy does not decay for a class of small initial data provided
that (1.5) is satisfied;

(1.5)
2(1 — 6)

N-1

- 2(1_6) —F
andif A>0, N >1, p>1+—-——j-v——- and 0 < b(z,t) < bs(1+ [2[)~°
for some 0 <6 <1 and b3 > 0.

HA=0, N>2, p>1+ and 0 < b(z,t) < bg(1 + |=|)~*

Our purpose is to investigate the asymptotics of the energy to (1.1) and (1.2) when it
does not decay as £ — co. Then we obtain the following

Theorem. Let w(t) be a strong solution to (1.1) and (1.2). Assume other than (1.5)
the following (1.6) or (1.7):

41-6

(1.6) ifA:O,N22and1+-—§—V~:—i-)-<p<pN,
2(2 -

(1.7) l'f/\>0N21&nd1+LN—§-)-<p<pN,

where py = oo (1 < N < 6), = N/(N —6) (N > 7). Then there exists a W+
= *(w],w]) € E such that

(1.8) [Ua(~t)W () — W[z — 0 as t— co.

In order to prove this theorem, an weighted Strichartz estimate, which is deduced
from the interpolation theory, will play an important role.

2. Outline of Proof
For simplicity we assume A = 0 and N > 3. An argument in the case A > 0 is as
same as the one in the case A = 0.
The following lemma is an extention of the well-known sufficient condition for which

(1.8) holds.
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Lemma 2.1. Let w(t) be a solution to (1.1) and (1.2). Assume that there exists an
# > 2 and a Sobolev space Y such that

(2.1) ITo()gl2llz>((0,00): ¥) < Cliglle

for any g = *(g1,92) € E. Here we denote by [Uy(t)g]; the second component of Uy(t)g.
In addition, assume that

(2.2) bz, t)|we(t)|"Lwe(t) € L7 ((0, 00); "),

where 1/7 + 1/7' = 1 and Y’ is the dual space of Y with respect to L?. Then there
exists a W+ = *(wf,w]) € E such that (1.8) holds.

For a proof see Motai - Mochizuki [4] Proposition 2.1.

In order to apply Lemma 2.1, we need to show (2.1) and (2.2) hold. For the strong
solution to (1.1) and (1.2) we can prove that

(2.3) b, £)|we(t)|P " wi(t) € LEFDP((0,00) H ) 01y 10 5704 1)-

Here H 1’,‘: 5 is a weighted Sobolev space with norm
ullzs-s = (L + fof?)2(~AY/2(1 — AY2uzs.

Especially we denote L7, = Hg;ﬂ and HI’,“' *=H ;’6. As we consider the duality of the
space in (2.3), it is necessary to established an weighted Strichartz estimate. We have

Lemma 2.2. Let N > 3. Suppose that

N -1 1 1 N+1 N-1
(2.4) mﬁ;ﬁg, p=p——=—5)
. 1 _(N+11 1
with ﬂ>'2' and e—“—z———(E—;)
Then we have
(2.5) 062l (0,095 2192 < Clllle

for any g € E.

Proof: (2.5) can be obtained by the interpolation of the following two well-known esti-
mates

(2.6) “[U"(')gh||L=(N+1)/<N“‘)((0,oo); Hw i/ ov-n) < Cliglls
and

. 1
(2.7) ITo(-)gl2llza0,00) 22,) < Cllglle  with B> 5
foranygc E. B
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Now we are ready to apply Lemma 2.1. Weput r=p+1andY =-ngﬁf_“. So
we need to show

(2.8) bz, )]s (8) [P~ wi(t) € LEH/P((0, 00 HES ), ).

Note (2.3), then 0 < e < 1 and g < §/(p + 1) imply (2.8). Calculating (2.4) and
p <8/(p+1), we obtain the range
4(1-9) N+3
TS =y
Thus we can prove Theorem for this range. The proof in the case %—?} < p < pn can
be found in Motai - Mochizuki [4].

Finally we mention about the case A > 0. As we show the proof of the case A = 0,
one of the important estimates is (2.7). But in the case A > 0 the estimate of this type

has not been known yet. If we follow the work of Ben-Artzi - Klainerman [1], we obtain
the estimate

(2.9) I[To(-)gl2llz2((0,00522 ) < Cliglle  with B =1.

But this only implies (2.9) for 8 = 1. This is the difference between the case A = 0 and
the case A > 0. This is the reason why the infima of p in Theorem are different form
‘between the case A = 0 and the case A > 0. For details refer to our forthcoming paper

[6].

1+
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NONLINEAR MATHIEU EQUATIONS I

Fumio Nakajima

1. Introduction

We shall consider the nonlinear Mathieu equation

i+ ki +a(t)z +2° =0, (.=~%) (1.1)
where k is a positive constant, a(¢) is a continuous, 27-periodic function and
a(t) > 0 for 0 < ¢t < 2m. This equation describes the phenomenon of paramet-
ric excitations, and the existence of nontrivial periodic solutions was investigated
by some sorts of approximation methods ([2],[5]). Then there arises another natural
question whether every solution is bounded for ¢ > 0.

To this problem we may only recall [1, Theorem 4] among many boundedness
theorems, because the term of restoring force of (1.1) depends not only on z,
but also on #; by this result every solution z(t) of (1.1) satisfies that z(t) —

0 as t — oo under the additional condition
k* > max{a(t);0 <t < 21} — min{a(t);0 <t < 27} (1.2)

(cf.[3]). In Theorem 1 we shall prove the ultimate boundedness of solutions of (1.1)

for any positive k, and hence (1.2) may be not assumed for the boundedness. Our
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tool of the proof is M.Struwe’s lemmas on the rapid oscillation property [4], whose
use in the study of boundedness of solutions seems to be new.
2. Boundedness theorems

We consider the equation
&+ f(t,z,2)2 + a(t)z + g(z) =€), (2.1)

where f(t,z,y) satisfies the Caratheodory condition, i.e., f(¢,z,y) is measurable
in t € R and continuous for (z,y) € R?, a(t) and e(t) are measurable in ¢ € R
and g(z) is continuous for z € R. Then the solutions are understood in the term
of absolutely continuous functions. Through this paper we assume the following
conditions : |

(1) a(t) and e(t) are bounded on R ;

(IT) there exist positive constants k and K, where k < K, such that
k< f(t,z,y) < K for all (t,z,y) € R®;

(I11)

lim 9(z) = 00. (2.2)

||~ T

Clearly (1.1) is a special case of (2.1). Our main theorem is the following

Theorem 1. Under the situation above the solutions of (1.1) are ultimately
bounded. Namely there exist a positive constant B and a function T(C) of positive
number C such that if x(t) is any solution of (1.1) satisfying z(to) = .§ and Z(tg) =17
for an arbitrary to € R and for an arbitrary (£,m) € R?, where [€| + |n| < C, then
x(t) is defined for all t € R and satisfies that

lz(t)| + |2(¢)| < B for t>ty+ T(C). (2.3)
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For the proof we prepare two lemmas. Let consider a more general equation
&+ F(t,z,z) =0, (2.4)

where F(t,z,y) satisfies the Caratheodory condition and there exist a positive

constant L and a continuous function ¢g(z) with (2.2) such that
|[F(t,z,y) = 9(2)| < L(le| + [y| +1) for (t,2,y) € R, (2.5)

Clearly equation (2.1) satisfies this condition. Let z(t,t, £, ) denote every solution
z(t) of (2.4) satisfying z(tp) = € and 2(tp) = n for an arbitrary to € R and for an
arbitrary (£,7) € R?. We restate [4, Lemmas 1,2,3] as follows :
Lemma 1. Under the situation above the following facts hold for (2.4) :
(i) =(t,t,&,7m) exists for t € R and for (ty,&,1) € R ;
(i1) for any positive constants C and T there exists a positive constant

a(C, 1) such that if |¢] + |n| > a(C, 7), then
|z(t. te, &, m)| + |2(t,t0,€,m)| = C for |t —ty| < 7 and for ¢y € R;

(iii) for any positive constant T there exists a positive constant B(7) such
that if |€| + |n| > B(7), then z(t,t, &, n) has at least one zero point in the interval

[to,to + 7], where to is any number.

Using Lemma 1 we shall prove

Lemma 2. For any positive constants N and T there exists a positive constant
¥(N, 1), where (N, ) > ((r), such that if |(| + |n| > (N, 1), then for any ty € R
we obtain

to-+7
/ @2(t,ty, E,m) dt > N2, (2.6)

to

Proof. By (2.5) we choose a positive constant M such that if |z| > M, then

F(t,z,0)sgnz >0 for tin R. (2.7)
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In the following we assume that N > M and set v(N,7) = a(max{N, (%)}, 7).

Suppose that [¢] + |7] > ¥(N, 7). Then z(t,t,&,7), or simply z(2), satisfies
lz(8)] + |2(t)] > maX{N,,B(-g)} for [to, to + 7] (2.8)

by (ii) of Lemma 1. Setting I = [tq,to + 7], by (iii) of Lemma 1 we see that z(t)
has at least three zero points in I, and hence two critical points, say s; and s, in
I. By (2.7) s; and s, are locally either minimal or maximal. For the simplicity, we
may suppose that s; < sz, that s; is locally minimal and s5 locally maximal and
that z(t) > 0 for s < ¢ < sp. Therefore the t of z(¢) is defined as an increasing
function of z on the interval J, where J = [z(s1), z(s2)], and hence it follows from
change of integral variable that
todT 82 £(s2)
/ % (t) dt > / 2 (t) dt = / i(t)dz.
to EN z(s1)

Since the right-hand side is the area of the set {(z,y) € R? :z € J,0 <y < ()}
and since this area is larger than N? by (2.8) ,‘ we obtain (2.6). The proof of Lemma

2 is complete.

We shall prove Theorem 1 by three steps.
Step 1. Let choose a positive constant 7 such that 7 < k/A, where A =

sup,e |a(t)], and set Ny to be the positive root of the quadratic equation of N
(k—TA)N? —/TEN —~1=0,
where E = sup,cp |e(t)]. Furthermore we set

| Viz,y) = %2« + /Oz g(s) ds.

Because of (2.2) we see that V(z,y) — oo if and only if |z| + |y| — co and that

the set L(C) = {(z,y) € R? : V(z,y) = C}, where C is a positive constant, is a
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closed, bounded curve in R%. Therefore we may take positive constants Cy such

that if C' > C,, then every point (£,7n) of L(C) satisfies
€]+ In] = ¥(No, 7), (2.9)
and moreover a constant Cy by (ii) of Lemma 1 such that if V/(¢,n) = C, then
V(z(t),%(t)) > Co for |t —tg| < 7 and for any ¢, € R, (2.10)

where z(t) is any solution of (2.1) satisfying z(to) = £ and #(¢p) = 7.

Step 2. Setting v(f) = V{(z(t),2(¢)) for each solution z(t) of (2.1) we claim

that if v(¢y) > Cy for some t; € R, then
v(t1 +7) <v(ty) — 1. (2.11)

To the contrary suppose that there is a t; € R such that v(t2) > v(¢;) — 1, where
ty = t; + 7. Then multiplying the both sides of (2.1) by Z(¢) and integrating them
on the interval [¢1,¢z] we obtain that
ts t ts
o(ts) —v(t) + | f(t,o(t), $())a2() dt + / a(t)z(t)a(t) dt = / e(£)i(t) dt
11 121 tq
and hence by condition (II) and the assumption above that
to to ta
-1+ k/ &?(t) dt — A/ lz(¢)2(t)| dt < / le(t)z(t)] dt.
t1 tl tl

Setting

t2
lell = / o2(t) dt

ty

for any continuous function ¢(t) on [t;,t;] and applying Schwartz’s inequality to

the inequality above we see that

kll]* — Allz) - ]| = llell - 2]l = 1 <0, (2.12)
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Since v(t1) > Co, (2.9) implies that
|lz(ts)] + [2(t1)] = v(No, 7),

and since v(Ny, 7) > B(7), there is a sg € [t1,t] such that z(so) = 0 which implies

(t) = / t #(s) ds.

S0

Therefore we obtain that ||z|| < 7||2||, and moreover since |e|| < /TE, (2.12)
implies that
(k — A)|2]* — VFE]d] ~1 < 0.

Consequently it follows from the definition of Ny that ||Z]] < No. On the other

hand Lemma 2 guarantees that ||&|| > Np. This contradiction proves (2.11).

Step 3. Let z(t) be any solution of (2.1) satisfying z(t¢) = £ and z(¢g) = 7
for an arbitrary ¢, € R and for an arbitrary (£,n) € L(C), where C > Cy. We
set n to be the least integer larger than C — Cy. Then by (2.11) there exists a
positive constant T}, where Ty < nr, such that v(¢) < Co for t = t9 +T1. Now
we claim that (z(t),2(t)) cannot meet the curve L(C}) for all t > to +T;. In fact,
if (z(t),2(t)) meets L(Cy) for some t3 > to + T, that is v(t3) = Ci, then (2.10)
implies that Cy < v(t) < C; for t3 — 7 < t < t3. Since v(ts — 7) > Ch, (2.11)
holds for #; = t3 — 7, and hence C; = v(t3) < v(t3 — 1) —1 < C1 — 1, which
is a contradiction. Therefore (z(t),Z(t)) must remain in the inside of L(C) for
t > to + Ty and hence for t >ty + n7. This shows the conclusion (2.3). The proof

is complete.

Remark 1. We cannot drop condition (IIT) from Theorem 1. Indeed we may
construct a continuous, positive and periodic function a(t) such that the linear

equation & + k& + a(t)z = 0 has a unbounded solution as t — oo.
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ON NUMERICAL COMPUTATIONS

TO THE OIL-RESERVOIR PROBLEMS
IN TWO-DIMENSIONAL RECTANGULAR REGIONS

TATSUYUKI NAKAKI

Abstract. We shall consider a two-phase flow through a porous medium in the region
Q) = (0,1) x (0,1). It is already known that there appears an interface separating the
two fluids, and that the interface is unstable when a capillary pressure of the two fluids
is ignored. In this paper, we treat the case where the capillary pressure is effective. From
the numerical points of view, we shall try to investigate the relation among the stability
of the interface, the capillary pressure and the aspect ratio [. In certain situation, the
existence of a steady-state solution is already known. We shall also suggest that this
solution is stable.

1. Introduction

In order to recover part of remaining oil in a reservoir from wells (called production
wells), it is used the way that one injects water into another wells (called injection wells),
which are located around the reservoir, so that water pushes oil toward the production
wells. In this process, two immiscible fluids — water and oil — flow through the porous
medium, and can be regarded as separated by -a sharp interface during penetration of
water into oil. By laboratory studies, it is already known that the interface is unstable;
small perturbations given to the interface grow up (see [4], [6] and [7], for examples).

We consider this problem in the rectangular region Q({) = (0,1) x (0,1), and impose
boundary conditions which imply the following: {0}x (0, 1) is the injection wells; {1} x(0,1)
is the production wells; (0,1) x {0} and (0,1) x {1} are reflective wells. Under these
conditions, there appear planar wave solutions (see (2.11)). When capillary pressure
between the two fluids is ignored, Chorin [1] shows that the interface of the planar wave
solution is unstable in a linearized sense. He also shows that the growth rate of the
perturbation given to the interface is proportional to the wave number of the perturbation.
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In this paper, we treat the case where the capillary pressure is effective. Using numer-
ical simulations, we investigate the stability of the interface varying the magnitude of the
capillary pressure and the aspect ratio I. We also suggest that a steady-state solution,
which exists under some condition (see Section 5), is stable. Our numerical simulations
are done by some finite difference method.

2. Basic equations
 Let si(z,t), vi(e,t) and p;(x,t) be the fractional amount, velocity and pressure of
fluid ¢, respectively (¢ = water, 0il). Then the following equations hold [6].

(21> Swater  Soil = 17
0 . .
(2.2) —V - (piv;) = % (npisi), i = water, oil;
KFk; : .
(2.3) v; = — ” Vi, i = water, oil;
(24) Poil — Pwater = Pec-

Here p; and p; are the density and viscosity of fluid ¢ (: = water, 0il), n = n(x) and
K = K(z) are the porosity and absolute permeability of the medium, kyater = Fuwater (Soir)
and k. = koit(Swater) are the relative permeabilities of fluid water and oil, and p. =
Do(Swater) is the capillary pressure between the two fluids. The equations (2.1) and (2.2)
imply the conservation of the fluids, (2.3) is called the Darcy’s law, and (2.4) describes
the balance law of the pressure. Our numerical computations are done in the region
@ = (z,y) € Q) = (0,1) x (0,1), t > 0 under the boundary conditions

(2-5) Swater(07 y7t) =%, pwater(07y7t) =p* on O0<y<l!, >0,
(26) Swater(17y7t) =0, pwater(layvt) =0 on 0<y< la t>0,
0 0
(2.7)5&-31-(:0,3;,0 = égpi(w,y,t) =0 on (z,y) € (0,1) x {0,1}, t > 0, ¢ = water, oil,

where [ > 0 is the aspect ratio of the rectangular region Q() and s* and p* are constants.
The initial condition

(2.8) Swater (%,4,0) = so(z,y)  on  (z,y) € )
is also imposed. The condition (2.5) describes that fluid of the saturation s* is injected

into the injection wells with pressure p*.

Remark 1. It is natural to put s* = 1, because s* = 1 implies that water is injected
into the injection wells. However, to compare our numerical simulations with the result
by Chorin [1], we take s* = 1/4/T + u in Sections 3 and 4, where g = poi/fuater- In
Section 5, we put s* = 1.

Remark 2. The value 1/4/T+F g in Remark 1 is a typical one appearing our problem;
Roughly speaking, if p. = 0, Syater = 1/4/1 + ¢ and Syater = 0 are connected by a shock
wave at the interface (see Theorem 4 in [5]).
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Following [1], [2], [3] and [5], we assume that p;, p; (¢ = water,0il), n and K are
constants and

(2‘9) kz(s) = 32, pc(s) = 8(1 - 3)7
where ¢ is a constant which describes the magnitude of the capillary pressure. Then, after

some normalization on ¢, we find that all constants except for g = poir/pwater, €, I, s* and
p* can be normalized to unity. The interface at time ¢ is defined by

(2.10) 1(t) = 0{(z,y); Swater(,y,t) > 0} \ 9Q(D),

which separates the region where s,45 > 0 and the region where s,4zer = 0.
Under the boundary conditions (2.5)—(2.7), there are solutions (called planar wave
solutions) s;(z,y,1), vi(z,y,t), pi(z,y,t) of the following form:

where 3;(z,t), 9;(z,t) and pi(z,t) (i = water,oil) are solutions to a one-dimensional
problem of (2.1)—(2.4).

3. Numerical computations when € =0
In this section we treat the case where the capillary pressure is ignored. In this case,
Chorin [1] shows the following (adapted to our notation).

Theorem 1 [1]. Assume that e =0, s* =1/y/1+ p, p* > 0 and
1/vVIFh, 0<z<n(y,0
(3.1) solz,y) = { /1 + z <n(y,0),

otherwise;
(3.2) 1(y,t) = aexp(At) cos(my/l) + b,

where n(y,t) satisfies 1(t) = {(n(y,t),y); 0 < y < I}, a is small positive number and
b > 0. Then there exists constant ¢ satisfying

(3.3) A=¢/l+0(a) as a—0.
Moreover, if u > 3 (resp. p < 3) then ¢ > 0 (resp. ¢ < 0).

This theorem implies that perturbation with small wave length grows up rapidly when
g > 3. To illustrate this result, we give some numerical examples when p = 20, s* =
1/+/1+ p, p* = 1 and the initial function is given by (3.1)—(3.2) with ¢ = 0.05 and 6 = 0.1.
The mesh points are 200 x 200.

%} [ |

Fig. 1. [=0.01 Fig. 2. [=1 Fig. 3. [=100

Figs. 1-3 shows the numerical interface at ¢ = 0,0.5,1,...,4. One can find that the
instability of the interface is strong for small [. Following figure illustrates this result
clearly.

3
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5 4
Fig. 4. The graph of a(t) with [ = 0.01, 1, 100.

Here we define a(t) by
(3-4) a(t) = max{z; (z,y) € I(t)} — min{z; (z,y) € I(1)},

and we may consider that the derivative of a(t) corresponds to the growth rate of the
perturbation’ a cos(my/I) given to the initial interface z = b.

4. Numerical computations when ¢ > 0

When the capillary pressure is effective, as far as we know, there is no theoretical result
on the stability of the interface. We go on numerical simulations and try to investigate
the stability. The initial function is same one in Figs. 1-4. The ratio of the viscosities of
two fluids u is fixed to 20, and we use 100 x 100 mesh points and put [ = 0.01. Figs. 5-6
(resp. Figs. 7-8) are the case where & = 0.0001 (resp. ¢ = 0.01).

il

Fig. 5. Numerical interfaces with Fig. 6. The graph of a(t) with
e = 0.0001 e = 0.0001
_—
Fig. 7. Numerical interfaces with Fig. 8. The graph of a(t) with
e =0.01 e =0.01

When € = 0.0001, a(t) is increasing, and the interface is unstable. However the interface
turns to be stable for € = 0.01. Hence we can say that the capillary pressure makes the
interface to be stable.

Next we show the relation among the stability of the interface, [ and . The following
figures display the graphs of a(t).
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=001 1=01 I=1

e = 0.001 / / /

e = 0.01 - / /

e=0.1 / /

e=1 -
\‘\

e =10 .

Fig. 9. The graphs of a(t).

From these figures we can find that the capillary pressure works well for small [. In
other word, when € > 0, the perturbation with small wave length shall disappear and the
instability of the interface causes by the perturbation with suitable wave length. This
result is quite different from the one when & = 0 (see (3.3)).

5. Steady-state solutions

When e > 0 and p* < 0, it is already known that the exists a steady-state solution
of planar wave type (see Theorem 6 in [5]). In this section, by numerical simulations, we
show the interface of this solution is stable.

Fig. 10. [=1 Fig. 11. 1=10 Fig. 12. [ =100
Figs. 10-12 are numerical interfaces at £ = 0,0.05,0.1,...,1 with 4 = 20, £ = 100, s* =1,
p* = —50 and 50 X 50 mesh points. The initial function is

_J1=z/n(y), 0<z<n(y)=0.2cos(xy/l)+ 0.25,
(5.1) so(2,y) = { 0, otherwise.
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We also carry on the numerical simulations with another initial functions; In all cases
numerical interfaces also converge to the flat interface as ¢ — oco. Therefore, we can
expect that the interface of the steady-state solution is stable. However, mathematical
proof is not succeed yet.
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ASYMPTOTICS FOR LARGE TIME FOR NONLINEAR
SCHRODINGER EQUATION

P.I. NAUMKIN

Abstract. We consider asymptotics of the solution to the Cauchy problem for the
nonlinear Schrédinger (NS) equation. Especially we are interested in the case when
the nonlinearity decays in time with the same speed as the linear terms in the NS
equation, and even slower. By suitable change of dependent variable we obtain an
integral equation with rapidly decaying nonlinearity, so we can apply usual successive
approximations method and get constructive algorithm for calculating asymptotics of
the solution of the Cauchy problem for NS equation via the initial data.

1. Introduction

In this paper we concentrate our attention on the asymptotic behavior as t — oo of
the solution of the Cauchy problem for one-dimensional nonlinear Schrédinger (V.S)
equation

(1.1) ug —ialu|®u — dugg = 0, u(z,l) =1u(z),

where the solution u(z,t) is a complex valued function of z € R, and z 2 1, the
coefficient a(t) is real. In the case of a constant coefficient a(t) asymptotics of the
solution to the Cauchy problem (1.1) is found by virtue of the IST method. If the
coefficient a(t) “decays” in time a(t) € L.(1,00), r € [1,00] then the nonlinear term in
NS equation decays in time faster than linear ones and asymptotics as ¢ — co of the
solution has a quasilinear character in the sense, that the main term of the asymptotics
is of the same form as for the linear Schrddinger equation and only the coefficient at the
main term of asymptotics is responsible for the contribution of the nonlinearity. The
following statement is valid.
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Theorem 1. Let: 1) a(t) € £,(1,00), r € [1,00) 2) initial data T(z) € HM(Ry) N
H°%'(R;) be sufficiently small

(1.2) [@ls = [[@llzno + [ mon <,

where £ > 0 is sufficiently small.
Then the asymptotics for t — oo of the solution u(z,t) € C°([1,00); H*°(R1) N
H%Y(R;)) of the Cauchy problem (1.1) has the form

1
Vit

uniformly with respect to z € Ry, where § > 0 is some constant, x = =, the coefficient
V(x) is calculated via the reccurence relation.

(1.3) u(z,t) = V(x)eXt + 0@~ 77),

If the coefficient a(t) is bounded or grows with respect to time then the nonlinearity
in equation (1.1) exert more important influence on the character of the asymptotic
behavior for large time. In paper [1, 2] the modified wave operator is constructed for
the one dimensional nonlinear Schrédinger equation. In these papers authors “guessed”
the asymptotic form U(y,t) of the wave u(z,t) as ¢ — +oo and subtract it from the
solution u(z,t). Since the difference u(z,t) — U(x,t) decays faster authors successed to
estimate it via an integral equation and proved that the solution u(z,t) exists and tends
to the asymptotic U(x,t) as t — oo uniformly with respect to z € R;. Unfortunately
if remains unclear how to calculate constructively the coefficients of the asymptotics
form U(x,t) via initial data %(z,¢) of the Cauchy problem. The method of papers (1, 2]
helps us to understand how to find the asymptotics of the solution of (1.1) in the case
of nondecaying coeflicient a(t). First of all we note that the asymptotic form U(x,1)
appears to be the asymptotics as ¢ — oo of an integral

Gy(z,t) = dyv(y, t)e’z=) 14t

1
Vamit /Rl

of nondecreasing and rapidly oscillating function v(z,t). So we first transform u(z,?)
to v(z,t) by the formula

—i!z—y!z

1
1) =Gt ,t:-——-——-—-/ dyu(y,t a
o(ot) = 6ot = e | vty e

and for the new function v(z,t) we derive an integral equation. The main term of
asymptotics as ¢ — oo of the nonlinearity in this integral equation is divergent and so
is responsible for rapid oscillation of the solution. To get rid of this divergent term we
make suitable change of dependent variable and derive a new integral equation with
nonlinearity rapidly decaying. Thus we are able to apply usual method of successive
approximations and obtain a constructive algorithm for evaluating asymptotics U(x,?)
of the solution via initial data. The following statements are valid.
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Theorem 2. Let 1) the real function a(t) € C*([1,0)) be such that sup,s, a(t) < oo,
and sup,s; ta'(t) < oco; 2) the initial data W(z) belong to H*(R;) N H*'(R,;) and be
sufficiently small, so that (1, 2) be fulfilled.

Then the solution u(z,t) € C°([1,00); H*(Ry) N H%'(R;)) of the Cauchy problem
(1.1) has asymptotics

W(x) .2 2/t . ~1-6
1.4 u(z,t) = exp(ix“t + |W b(r)d ® + 0" 2
(1.4) (2,1) = —===exp(ix”t + W (x) 1 (r)dr +1i®(x)) + O( )
as t — oo uniformly in x € Ry, where § > 0 is a constant, x = £, b(t) = %(}tz.

The amplitude W(x) and phase ®(x) are calculated via initial data by virtue of the
reccurence relations.

Let us introduce Gevrey class

ZM = {p(z) € H®®(R1) : |¢|n < My, Vq >0},

k
where [¢ln = lolo,n+ [@ln,0, @l = 1]l ca(re) + 12" Gl 2arr, B:1 > 0, My = e6™(n +
- 1)™, ¥n > 0 the constants 7 > 1, € € (0,1), o > 1 are fixed.

Theorem 3. Let 1) a(t) € C°([1,00)) be real and such that sup;;t™?a(t) < oo,

B € (0,L), 2) initial datau(z) € ZM with e > 0 small enough and o € (1, %’fﬁﬂ—) Then
the solution u(z,t) € C°([1,00); ZKM), (K,(t) = (ct?)* M, ¢ > 0 is a constant) of the

Cauchy problem (1.1) has asymptotics (1.4).

Remarks. Heuristically the requirement @(z) € ZM seems to be too strong for eval-
uating asymptotics for large time, since the change of dependent variable v(z,t) =
By w(z,t) which we carry out proving Theorem 3 is successful only in the domain
|z| < /t. Also it is clear that the restriction 8 < 3 is not optimal. For larger values of
the parameter 3 probably we should take in to account the next terms of the asymptotic
expansion as ¢ — oo of the nonlinearity in the integral equation for function v(z,1).

2.Sketch of proof of Theorem 1.

Let us make change of variables

(o) = Goloyt) = = [ do(y, " T
Ry

Vit

then from (1.1) we obtain
(2.1) v —iaG;' =0, v(z,1)=G"a(s,1)

where f = |u|?u = |G,|*G,. The nonlinearity in equation (2.1) can be written explicitly
in the form:

’ G}’l = 21711-; /L2 dydzv(y,t)v(z, t)v*(y + 2z —z,t) exp(——zzz(a:2 —y? =224 (z—y —2)?)),
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(the asterisk refers to the complex conjugate function.) Substituting (2.2) in (2.1) and
integrating with respect to ¢ we find

t .
(2.3) v(z,t) = v(z,1) + / Ay(z,7)dr,
1
where

Ay(z,t) = b(2) //R dydzv(y, t)v(z, t)v*(y+2z—z,t) exp(—_z—fi(mz——yz-—z2+(z—y~z)2)),

b(t) = %(—r%)-. We apply the successive approximations methods to solve (2.3). Let us

denote v°(z,t) = v(z,1) = GZ*(z,1) and the functions v(*1)(z,t) for all | > 0 we define
by the reccurence relation

(2.4) (g, 1) = v(z,1) + /t Ayy(z, T)dT
1
From (2.4) it is easy to prove estimates
(2.5) O <4e; D — o) < %supt?_l o — 1),
Therefore, as | — o0, the sequence {v{"} tends to the solution
u(z,t) € C°([1,00); HO(Ry) N HY(Ry))
of the integral equation (2.3); corresponding to the solution
u(z,t) = Gy(z,t) € C°([1,00); HO*(Ry) N HY(Ry))

of problem (1.1). Now we calculate asymptotics as t — oo:

(2.6) u(z,t) = Gy(z,t) =

1 ] 1__ v
9(x,t)eX P+ O(||Jv]|goat™ 272
m (X ) (” ”HOl )
where x = &, v € (0,%), o(p,t) = le e"'P?y(z,t)dz is the Fourier transform. We

denote V(x) = limy—oo 0(x,t) then we have estimate ||V — vz, = O(t™+), since
a(t) € L-(1,00). So we get asymptotics (1.3). The coefficient V() can be calculated
as the limit V(x) = lim;_ o0 limj—oo 9P (x, ), i.e. for given accuracy €1 > 0 there exist
T > 1 and | > 0 such that V(x) = 3 (x, T) + O(e;), where ) (x, T) is found from
reccurence relation (2.4). Theorem 1 is proved.
3. Sketch of proof of Theorems 2 and 3.

Now we represent the nonlinear term A,(z,t) of integral equation (2.3) in the form

A, = A, + b(t) // dydzv(y,t)v(z,t)v*(y + z — z,t)E(z,y, 2, 1)
R,
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where

A, = b(t) // dydzv(y, t)v(z,t)v*(y + 2z — z,1),
Ry
B(z,y,2,t) = exp(— 5 (a* —y* = 2’ + (s —y - 2)")) ~ L.

Now to get rid of the divergent summand A, from the integral equation (2.3) we make
change v(z,t) = By,w(z,t) where the Fourier multiplier B, ,, is equal:

Boo(et) = g7 [ doe B, 3(p.2)
Bulp,t) = oxp( | drbr)6e, 0
P(p,T) = /R dze P p(z, ).
The inverse transformation

w(z,t) = B;ﬂl}(z,t) = %r- /R dpeipxﬁz(Pat)a(Et)

is determined by the conjugate symbol E:(p, t) = exp(-—flt drb(7)|o(p, 7)]?). Since
E;(p, 1) = 1 so that w(z,1) = v(z,1) we obtain from (2.3) w; = b(t)Bv_’}, where

flz,t) = //R dydzv(y,t)v(z,tw*(y + z — z,t)E(z,y, 2,t), v(z,t) = By,w(z,t).

Thus after integration with respect to ¢t we get

(3.1) w(z,t) = v(z,1) +./1 dTb(T)B;,lf(.’L‘,T).

We apply the successive approximations method. Denoting w(®)(z,t) = v(z,1) we define
w(® via reccurence relation

1
(3.2) WD (5 8) = v(z,1) + /1 drb(r)BZh, o(@,7)

where
O = // dydzv(l)(y,t)v(l)(z,t)v(l)*(y + 2z —z,t)E(z,y,2,t)
Ry
v = BLw w0-

In the case of Theorem 2 we prove the following estimates for functions w(") for all 1 > 1,

(3.3) lw®)] < 5e
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1
(3.4) SUP;>1 et w1 (1)), < 5 SUPi>1 et — w1y,

where we introduce a norm

- — 5_
lell = supys: (¢ @il + el + 1577 |l0} ] 2,),

where v € (0, 55). And in the case of Theorem 3 we prove estimate (3.4) and also the

following estimates forall [ > 0,n > 0,t > 1
(3.5) iw(l)ln < Ln(t)

where Ly (t) = MptP"=2 forn > 2, L, = M, forn =0, 1, M, = 255n(n +1)°" for all
n>0. 6 =20ed, o > 1,0 >1,e € (0,1) are taken from the conditions of Theorem 3,
g€ > 0 is small enough. From estimates (3.3) — (3.5) we conclude that the sequence w(?
converges as | — oo in the norm C%([0,T); HM(R;) N H%'(R,)) for any fixed T > 1
to the solution w(z,t) € C°([1, 00); H1O(Ry) N H%(R;)) in the case of Theorem 2 and
w(z,t) € C°([1,00); Z¥®) in the case of Theorem 3. Now let us prove asymptotics
(1.4). Since ||v||go.1(ry) = [|[Buw,wl|mor = OFF +17) from (2.8) we get

2

eix ! 1
3.6 u(z,t) = (x,t) + Otz 78
(3.6) (@) = T 1) + O(+)
as ¢ — oo uniformly with respect to z € R;, where § > 0, x = 35 We denote

W(x) = lims—oo W(X,t) and estimate the difference & — W
(3.7) 1B = Wlle., = O™ 4 £9771/%),

Thus, @(x, 1) = W(x) + O(t™*) with some § > 0 and since 7(x, 1) = Ew(x, $)w(x,t) we
find from (3.6)

68w =T ezt [ arniot o)

Now we denote () = limy—oo U(x, 1), ¥(x,t) = flt drd(7)(Jo(x, 7)|? — |@(x,t)?) and
represent the phase in (3.8) in the form

[ it = weor | Cdrb(r) + B0+
(¥G0) = 80x)) + (0007 ~ WOOP) [ e

Using estimates |[|@]* — [W|?||c., flt b(7)dr = O(t~%) and ||¥(x,¢) — ®(x)|lc., = O@™#)
we obtain asymptotics (1.4). Let us make remark on evaluation of the amplitude W ()
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and phase ®(x). Due estimate (3.7) we can choose T' > 1 so large that W(x) =
wW(x,T)+ O(e1). After that in view of (3.4) we can choose a number [ so large that

wD(, T) = G(x, T) + O(ez).
Thus for given accuracies €; and €5 we get expression
W(x) = 8V (x, T) + O(e1) + O(ea).

Analogously for the phase ®(x) from (3.11) we obtain ®(x) = ¥(x,T)+O(e3) if T' > 1
is large enough; and U(x,T) = U (x, T) + O(e4) if I is sufficiently large, where

W00 1) = | (1500 r)? = 189 (TP )(r)dr

Therefore ®(x) = ¥ (x, T) + O(es) + O(es). Theorems 2 and 3 are proved.
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Similarity solutions of the Navier-Stokes equations

Hisasai OKAMOTO

Abstract

Leray[5] considered a modified, stationary Navier-Stokes equations in the hope that
it gives us an example of the finite-time blow-up of the three dimensional nonstationary
Navier-Stokes equations. However, he showed no example of solutions. We list here some
particular solutions and discuss their hydrodynamical properties.

1 Introduction
Leray[5] considers the following system of equations:

AU-VP = U+ (- VU + -V, (1)
divl = 0, (2)

where, U = (U1,U,,Us) and P are functions of £ € R3, only. If this system of equations
are satisfied, then ’

L _ \/’7 Ji r T) = e :
u(t@)me(m), p(z) 2(T—t)P(\/_2V_(7”j5) 3)

satisfy the Navier-Stokes equations

% | (@ Vyi=vai-

5 Vo,

divi = 0,

in0<t<T,zrcR3 and blowsup at t =T.

Leray mentioned this scheme but he did not show any solution of (1). Many math-
ematicians including the author have quite a negative feeling about Leray’s scheme. It
may be that no solution of (1) with finite energy is possible. In this regard, we would like
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to draw the reader’s attention to Rosen[8], which proves that there is no solution of (1)
which is smooth and decays sufficiently rapidly at infinity. However, much room seems
to be left for the existence or non-existence problem, since Rosen assumes a very rapid
decay at infinity.

One of the purposes of the present paper is to note that there are many unbounded
solutions to (1) and (2). Because of (3), the domain in which £ runs must be a cone
with the origin as its vertex. Whenever boundaries are present, we impose the adherence
condition U = 0 on the boundaries.

Our method is also applicable to the following scheme:

. W o z o) PV x
o) = \/2(t+T)U(\/2u(t+T))’ p(z) 2(t+T)P (,/2y(t+T)>' @

Here T is a positive constant. If U and P satisfy
AU —VP=-U—(£-V)T+ (U V)T, (5)

and .
divU =0, (6)

then (4) defines a solution of the Navier-Stokes equations. This solution is a decaying
solution, which is interesting when we wish to understand the mechanical relation between
the viscous dissipation and the nonlinearity. The equations (1), (2), and (5), (6) are
considered in Foias and Temam [2] in a context different from ours. We would like to
show these equations admit solutions if some kind of singularities are allowed. However,
due to the limitation of the size of the paper we omit the analysis and leave it to the
forthcoming paper.

Acknowledgment: The author would like to express his thanks to Prof. K. Ohkitani,
who informed the author of Rosen’s paper [8]. The present paper is greatly influenced
by his paper[7]. He is also delighted to express his deep gratitude to Prof. M. Yamada,
whose comments improved this manuscript quite a lot. Prof. D. Chae directed the
author’s attention to Foias and Temam’s paper [2]. The author is grateful to his advice.

2 Parallel flows

We first consider U = (¢(9),0,0), P = —po&;, where y = & and pg is a constant. The
equation (1) is reduced to

¢"(y) = —po + ¢ + yd' ().

General solutions of this equation are represented as follows:

9 2 2
¥ vy [~ _n
po+Aexp<2)+Bexp<2)/y eXp( 2>d77, (7

where A and B are constants.
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We remark that e¥*/2 tends to infinity very rapidly as y — £o00. On the other hand,
o(y) = exp ( ) [, exp ( Z’—) dn satisfies the following asymptotic relation:

yr\ [ Uk 1 1 3
exp 5 /y exp Y dn ~ 5”?+$_'.. as y — +o00.

It diverges very rapidly as y — —oo. The solution (7) makes a striking difference from
stationary parallel Navier-Stokes flows, in which only quadratic functions such as the
Poiseuille flow are permitted.

If we consider the equation in a half space & > 0, then

$(y) =po— po\/% exp (%) /y " exp (—%) dn (8)

is a solution satisfying the adherence condition. This solution is bounded in the half space
and satisfies the following asymptotic expansion:

¢~ PO—PO\/E ~po\[- (y — +00) (9)

The velocity @ satisfies

ul— _rm \/EVPO+O(IT—~t|) as ¢t — T
J2T—1)

This shows that the thickness of the boundary layer is of the order O (\/V(T —t) )

Tt is possible to obtain solutions of the form: U = (¢(r),0,0), P = —po&;, where
= 1/&3 + £3. The equation (1) is reduced to

1
¢ + ;gb’ =—po+ ¢+7¢ (0 <7< 00). (10)
Again it suffices to consider the homogeneous equation.
1
" + -;qb' =¢+rd (0<7T<00). (11)

We transform the solution as follows:

$(r) =e"*u (g;) .

u"(z) + —i—u’ (z) —u(z) =0,

Then (11) is transformed to
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where z = r%/4. This is the differential equation for the modified Bessel function of order
zero. Therefore the general solutions of the equation (11) are represented as

¢(r) = e/ [ao_ro (T;) + a1 Ky (-’;)] :

where ag and a; are constants. The case where ag = 0 is particularly interesting. Since

d(r) = " 1*Ko(r?/4) ~ —‘/fj asr — 00,

and 9
Koy(2) ~ log (;) asz — 0,

the solution ¢(r) = e /4Ky(r?/4) decays to zero with the order of 1/r near infinity and
is logarithmically unbounded near zero.

The velocity obtained by this function through (3) is bounded at 7 = oo even as
t — T. Its velocity near 7 = 0 becomes unbounded with a factor log(T — ¢)/(T — ¢).

3 Stagnation flows

We consider (1) and (2) in Q = {(z,y);—00 < £ < 00, 0 < y < 00 }, where z and y
denote &; and &, respectively. We assume the following form of the solution:

Uy=zf'(y), Us=-f(y), Us=0. (12)

This is an analogue from Hiemenz’s solution for the 2D stationary Navier-Stokes equations
(Hiemenz[3]). The divergence-free condition is satisfied automatically by the ansatz (12).
Substituting (12) into (1), we obtain

2f + () + yf" — ff" — f" = constant.

At y = 0, we have the boundary condition: f(0) = f/(0) = 0. Since the equation is of
third order, one more boundary condition is needed. This is supplied by the condition at
infinity. At infinity, we assume that it converges to an well-known Euler low. Namely we
assume that

(U, 02) — k(z,—y)  asy — oo,

where k is a constant. We interpret this as f/(c0) =k and f"(c0) = f"(00) = 0. So,
we get to the following boundary value problem:

2fl+(fl)2+yf”“ff"—fm=2k+k2 (13)

F0)=f(0)=0,  f'(c0)=k. (14)
( In deriving (13), we have tacitly assumed that f”(y) tends to zero faster than 1/y. )
Once f is determined, then the pressure is represented as

P=—f'(y)+yf(y) - %’1/)2 - (k + %) .
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We next consider an axisymmetric version of the above flow. If the domain is the half
space z = &3 > 0, we represent the flow in the cylindrical coordinates (7,8, z).

AU, — —T[-jzi —- %%%0- - %—TIZ = U+ raarir + z%—lj-,+((7 - VU, —-'—I{Té (15)
AU, ~ %Jr%%%’l—-}%% - U9+r%gﬂ+z%g€,+(ﬁ-vwg+ U’”TU" (16)
AU, — %i:- = U, +raaU: + z%gi,+(ﬁ VU, (17)
LN

With a constant k, there is an Euler flow

2

Homann[4] considered an axisymmetric stationary solution of the regular Navier-Stokes
equations which tends to this flow at infinity. We look for the solutions of (15) — (16)
which tends to this Euler solution. Following Homann, we put

(U'ry UH) Uz) = (Tfl(z)a 07 '~—2f(2:)) ’

2
(U,,Us,U,) = k(r,0,-22), P =—Fk* (L + 222> )

then we see that f satisfies
2f'+(f’)2+2f"—‘2ff"—'fm=2k+k2 (O<Z<OO) (19)

With this f, the pressure is represented as
2

P=2 (=) +216) - 1) - (k4 )

f is required to satisfy f(0) = f'(0) =0, f'(00) = k. The equation (19) is the same
as (13) except for the coefficient of ff”.

As for the existence of the solution of these boundary value problems, we can prove
the following theorem:

Theorem 1 Ifk > 0 and a < 2, then
26+ +@—af)f - " =2%+E (0<y<oo) (20)
f0)=f'(0)=0, f(0)=k (21)
has at least one solution.

Proof will be given in the forthcoming paper and we give here some comments on this
theorem:

1. When k£ < 0, the boundary value problem does not seem to have a solution, since

Homann’s equation does not have a solution in the corresponding case ( see von
Mises [9] ).

2. We do not know whether the solution of (20) and (21) is unique or not. For a small
k, however, we can prove the uniqueness, see the corollary below.

Corollary 1 If k > 0 is sufficiently small, then the solution satisfying 0 < f" everywhere
18 unique.
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4 Miscellaneous solutions

Leray’s equations in the cylindrical coordinates ( (15) — (18) ) have the following solution

in R3: 4 K
Up=—F+— Us=f(r), U=A4z+g(), (22)
K* (A A2\ , [ f@m)?, | Ar? A%,
P~-Z5+<‘2—“-—8——>7‘ +/ *Tdn+—2—- A+—2— z+doz,v
where A, K, and dy are constants. f and g are determined by
A-2 1-K A-2 14K
1t ! — =
f+(2r’"" r)f+(2 2 )fo (23)
and A-2 1-K
g+ (S =) g = (L A)g = i, (24)
respectively.

The equation (23) can be solved as follows:
1 T -
flr)=~ ( 31/1 e Ty gy 4 Bz) ,

where B; and B, are constants. ‘
We can transform (24) as follows: When A — 2 # 0, we substitute

— 2
g(r) = e~ (A=A /4y, (———————A 1 T2) .

Putting z = (A — 2)r%/4, we have the following equation for u:

2u” + <-——2;H-z) -~ (2;H+}4—t‘g)u=0.

The solutions of this equations are the confluent hypergeometric functions. Two indepen-
dent solutions are denoted by

2—-H 14+A2-H 2-H 14+A 2-H
@< 2 tTA-2 2 Z) \1,< 5 Ta-2 3 z)
When A — 2 =0, we have to solve

1-H
9"+ ——¢ -3¢=0,

We put
g(r) = ru(+/3r).

Then u satisfies

1 H?
u"(z) + :z-u'(z) - (1 + Z;g) u =0,
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where z = 1/3r. General solutions of this equations are linear combinations of
IH/z(Z) and KH/z(z).
As a particular case, the solution (22) is reduced to

vK

Up = 2 2’ ’U;g’—'O, uZ:O7
V"I’.l +$2

if A=0and f = g = 0. This is a well-known stationary solution of the Navier-Stokes
equations and Leray’ device (1) implies nothing new. If A = K =0 and f = 0, then the
solution is reduced to those considered in section 2.

In the two dimensional sector 0 < r < 00, —a < € < +a, we have the solutions of
the following form:

7
Urz———fg), Up =0, U,=0.

This solution is an analogue to the Jeffery-Hamel flows. A good survey on the Jeffery-
Hamel flows is found in Berker[1]. Under this form, the term
ouU, ouU,

or +zt9z

vanishes identically. So, the solutions are nothing but the famous Jeffery-Hamel flows.
Again the Leray equation in this case does not serve in the way as Leray expected.

Ur+7r
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REMARKS ON THE KLEIN-GORDON EQUATION
WITH QUADRATIC NONLINEARITY
IN TWO SPACE DIMENSIONS

T. OzawA, K. TsUTAYA AND Y. TSUTSUMI

ABSTRACT. In this paper, we consider the global existence and the asymptotic behav-
ior of solution for the Klein-Gordon equation with quadratic nonlinearity in two sapce
dimensions. We first state the result concerning the global existence of solution for the
Cauchy problem of the quasilinear Klein-Gordon equation with quadratic nonlinearity,
which solves one of the two conjectures by Hormander [8]. Second, we show the exis-
tence of wave operators and the asymptotic completeness in a neighborhood of zero for
the Lorentz invariant quadratic semilinear Klein-Gordon equation, which is an alternative
proof of the results by Simon and Taflin [18].

§1. Introduction

In the present paper, we consider the global existence and asymptotic behavior of
small amplitude solution for the following Klein-Gordon equation with quadratic non-
linearity in two space dimensions:

(1.1) Ou— Au+u= f(u,0u,0), teR, z¢€R2?
(1.2) u(0,z) = uo(z), Ow(0,2) =ui(z), =z € R3?
where

Ou = (Oyu, Vu),
0%u = (8,05u, 0;0ku; 1 <3,k <2),
f(u,p,9) € C(R x R® x R?),

and

(£.1) f(u,p,0) = O(Jul* + [p|* + |¢I”) near (u,p,q) = (0,0,0).
Later we shall additionally assume that

(£.2) f(u,p, q) depends linearly on the variables ¢
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or that

(£3) f(u,pq) = au® + b(p} — p; — p3).
for some a,b € R with a® + 8% # 0.

There are many papers concerning the global existence and the asymptotic behavior
of solution for (1.1)-(1.2) with small initial data (see, e.g., [7], [8], [9], [10], [11], [13], [14],
[15], and [18]). For the detailed reviews on these problems, see the introductions in [18]
and [13], or see the lecture note by Strauss [19] which includes the historical background
of these problems. In the present paper, we state the two results concerning the global
existence and the asymptotic behavior of solution for (1.1)-(1.2) and illustrate the proofs
of those results.

The first result is an extension of the global existence theorems in [18] and [13] to
the quasilinear case. In [18] and [13], it is shown that if the nonlinear function f is
semilinear, that is, f = f(u,p) and satisfies (f.1), then (1.1)-(1.2) has a unique global
solution for small and smooth initial data (see also [7], [8] and [11]). After the paper
[13] had been accepted, the authors knew the conjecture of Hérmander concerning the
global existence of solution for (1.1)-(1.2) with small initial data. In [13] the global
existence result is stated for the semilinear case, but the proof in [13] is also applicable
to the quasilinear case without any essential change. In Section 2 we state the global
existence result of (1.1)-(1.2) for small initial data under (£.1)-(f.2).

The second result is concerned with the construction of the scattering operator under
(£.3). We first note that if the nonlinear function f is a homogeneous polynomial of
degree 2 with respect to v and Ou and is Lorentz invariant, then f satisfies (£3). In
[18] Simon and Taflin give the proofs of the construction of wave operators and the
asymptotic completeness in a neighborhood of zero under (£.3) (they also state the
related results for the more general case in the appendix of [18]). Their proofs in
[18] are based on the nonlinear representation and the transformation canceling out
the quadratic terms due to Simon [17]. The nonlinear representation in [18] is a kind
of transformation of the original unkown functions to the other ones, which seems to
correspond to the commutation technique between the D’Alembertian operator [0 and
the generators of the Poincaré group in the paper of Kleinerman [9]. In Section 3, we
describe the alternative proofs for the construction of wave operators and the asymptotic
completeness around zero without the nonlinear representation used in [18], which are
based on the combination of the techniques by Klainerman [9] and Shatah [14].

We conclude this section by giving several notations. We put 0; = 8/0t and 0;/0z;,

j =12 LetT = (T';; 5 = 1,---,6) denote the generators of the Poincaré group
(04, 01,04, L1, Ly, Q432), where

L; =x;0;+1t0;, j=12,

Q12 = 33132 - -’17231-

For a multi-index @ = (a1, ag), we put 2% = z7'z5*. For a multi-index a = (ay, -+, ag),
we put I'* =TT --.T'g°. For 1 < p < oo, let L? denote the standard L? space on R2.
For m € R and s € R, we define the weighted Sobolev space H™*® on R? as follows:

H™* = {v € §'(R?); (14 |z]?)"*(1 - A)™?v € L?}

—370—



KLEIN-GORDON EQUATION

with the norm
o]l zme = [[(1+ |2]2)*/2(1 = AY™/20| 2.

Let w = (1 — A)Y/2,

§2. Global existence for the quasilinear case

In this section, we state the global existence theorem for (1.1)-(1.2), provided that
(f.1)-(f.2) are satisfied and the initial data are small and smooth. The global existence
theorem was proved in [13] for the semilinear case (see also [18]). The proof in [13] is
based on the normal form argument of Shatah [15] (see also Simon [17]) and the time
decay estimate of the inhomogeneous linear Klein-Gordon equation due to Georgiev [6],
and the proof in [13] is also applicable to the quasilinear case without any essential
change. Because the normal form argument of Shatah [15] still works well for the
quasilinear case (in fact, the fully nonlinear case was treated in [15]). By using the same

argument as in [13], we have the following theorem concerning the global existence of
solution for (1.1)-(1.2) under (£.1) and (£.2).

Theorem 2.1. Assume that f satisfies (f.1) and (£.2). Let k > 40 and let ug € HFTLE
u; € H**. Let 0 < & < 1/2. Then, there exists a § > 0 such that if

ol zresre + |lug|l e <6,
then (1.1)-(1.2) has the unique global solution u satisfying

k+1

(2.1) ue [ C/(R; HMT),
=0

(2.2) Z félp(l + )7 {10 T *u(®)| L2 + [wIu(t)| 2 }

|a|=k

+ ) sup(1+8) T [T%u(®)l 2 + D sup{:T*u(t)]|z2 + [lwI*u(?)] 12}
laj<k PR la|<k—8 '€
+ Z sup |(1+t+ |z))I%u(t, z)| < oo.
la|<k—13 xtggz

Furthermore, the above solution u has the free profiles (uq,u+1) € H* 8 @ H*® such
that

(2.3) 318 {u(t) - us(®)}pe-ss — 0

as t — oo, where
uy (1) = (coswt)usg + (W™ sinwt)uy.

Remark 2.1. (i) Theorem 2.1 answers positively the conjecture of Hormander for n = 2

(see [8, page 179 in Section 7.5]). Recently, the conjecture of Hérmander for n = 1 has
been solved in the semilinear case (see [20]).
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(ii) The argument by Simon and Taflin [18] seems to work for the construction of wave
operators even in the quasilinear case, after some modifications. But their agrument in
[18] does not seem to lead to the asymptotic completeness in the quasilinear case, which
is the important part in their paper [18].

§3. Scattering operator for the Lorentz invariant case

In this section, we consider the construction of wave operators and the asymptotic
completeness around zero in a certain weighted Sobolev space under (£.3). In [18] Simon
and Taflin treated these problems and gave the proof for the existence of wave operators
and the asymptotic completeness around zero under (£.3) (they also stated the related
results for the more general nonlinearity in [18]). Here, we prove the following theorem

concerning the scattering theory around zero for (1.1) under (f.3) in a different way
from [18].

Theorem 3.1. Assume that the nonlinear function f satisfies (f.3). Let m be an integer
with m > 13.

(i) There exists a 6 > 0 with the following propety: if (u4o,u41) € H™m 1 g
Hm—l,m—l and

utoll frmim=1 + Jugsl| gm-1,m-2 <6,

then there exists the interacting state (ug,u;) such that (ug,us) € H™™ 1 H™1m~1
and

lut (8) = u(®llzz + IV (ut (&) — u(®)) 22
+ 110 (ut (1) = u(®))llz2 — 0 (¢ = F00),

where u.(t) is a solution of the linear problem (1.1)-(1.2) with a = b = 0-and (u+(0),
Byu+(0)) = (u40,u41), and u(t) is a solution of the nonlinear problem (1.1)-(1.2) with
(u(0), 8:u(0)) = (uo,u1)-

(ii) There exists a § > 0 with the following propety: if (u_o,u—1) € H™™ ! @
Hm-1,m-1 and

Hu._.()”Hm,m-l -+ ||u_1”Hm—1,m-1 < 0,

then there exists the interacting state (uo,u; ) such that (ug,u;) € H™™ 1@ Fm™ 1m~1
and

llu—(8) = u(@lloz + |V (u-(t) — u(®)) 22
+ 110 (u—(8) = u(®)llz2 — 0 (t = —o0),

where u_(t) is a solution of the linear problem (1.1)-(1.2) with a = b = 0 and (u—-(0),
Bu—(0)) = (u—o,u—1), and u(t) is a solution of the nonlinear problem (1.1)-(1.2) with

(u(0), Bru(0)) = (uo, u1)-
(iii) There exists a 6§ > 0 with the following propety: if (uo,u1) € HFmm-lggm-lm-l
and

luoll zrm m-1 + ||Jus|| gm-1m-1 <6,
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then there exist the scattered states (usg,u+1) such that (uio,u+;) € H™™ 1 @
Hm-—l,m—l and

lu(t) = u()l|z2 + IV (us(t) — u(®)) |22
+110e (u(t) — u(®)) ||z — 0 (£ — oo),

where u4(t) are solutions of the linear problems (1.1)-(1.2) with a = b = 0 and
(u4(0), 0:u1(0)) = (w0, u+1), respectively, and u(t) is a solution of the nonlinear prob-
lem (1.1)-(1.2) with (u(0), 8;u(0)) = (uo,u1)-

Remark 3.1. (i) Theorem 3.1 holds, even if the cubic nonlinearity dependent only on u
and its first derivatives is added to the right hand side of (1.1). In that case, the cubic
nonlinearity need not be Lorentz invariant.

(ii) Our proof of Theorem 3.1 is different from that in [18] in the following two respects:
First, we do not use the nonlinear representation, while it plays an important role in the
paper [18]. Second, our estimation of the transfromation canceling out the quadratic
terms is different from that in [18], although this kind of transformations are crucial in
both their proof of [18] and our proof. It does not seem clear how much regularity of
the data is necessary in [18] because of the usage of the L? boundedness theorem for
the pseudodifferential operator, and our theorem 3.1 seems to require less regularity on
the data than that in [18].

Now we state a sketch of the proof of Theorem 3.1.

Sketch of Proof of Theorem 8.1. We proceed parallel to the proof of Theorem 1.1 in
[13], and so we describe only the difference between the proof of Theorem 3.1 and the
proof of Theorem 1.1 in [13].

Let us introduce the new unknown function v to consider the normal form of (1),
following Shatah [15] (see also Simon [17]):

v =u — [u, By, u] — [Osu, Bs, Oul,

B (p,q) = Bll(P; q) + B12(P7 ),

A (2a +b)(1 —2p-q)

Bll(p7 Q) = 9
8{lpl*la* ~ (p- @)* + Ipl* +|a|* +p- ¢+ }}

A 1
B12(p7 (.Z) = 567

By(p,q) 20+
2\, = .
8{IpI2lg|2 = (p- )2 + |2+ |g> +p-q+ 3}

The new function v satisfies the new cubic nonlinear equation:
(3.1) 82v — Av +v = F(u,du, 8%y, 8%u), t>0, z¢eR?
where

F(u7au782u) = [f)Bhu] - [U’)Blaf}
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- [atfa B278tu] - Z[f, B23Au’ - u]
- Z[A’U, - u7B27f] - [atu)B278tf]

(for (3.1), see [13, §3]).

The drawback of the result in [13] is that the invariant Sobolev norm of the highest
order for the solution is not bounded in time (see, e.g., (2.2) in Section 2). This is the
major reason why it is not shown in [13] that the free profile of the solution belongs
to the same class as the initial data. But we can prove that when (f.3) is satisfied, the
invariant Sobolev norm of the higest order for the solution is bounded in time.

The following proposition concerning the estimates of the bilinear integral operators
B;, and B, plays an essential role in our proof.

Proposition 3.2. Let o and § be any two multi-indices. We put
Dyi(z,y) = 2°y’ Byi(z,y), Di(z,y) = zy’ Ba(z,y).

Then, we have the following estimates for Dy; and Dj:

I, D11, vlllz < Cmin{[lulipzllvllwas s llullwasllvllz2},
T, D2, vll| e < Cmin{[|ullg-1lloflwse , lullwssllolla-1},

where C is a positive constant dependent only on a and .

In [13] we evaluate the original equation (1.1) to obtain Lemma 3.4 of [13], which is the
energy estimate of higher order derivatives. Because we encounter the loss of derivative,
if we use the normal form to obtain the energy estimate of higher order derivatives. But,
if Proposition 3.2 has been proved, then we can use the normal form (3.1) to obtain
the energy ‘estimate of higher order derivatives. This implies that Lemma 3.4 in [13]
holds with e = 0 and so Theorem 1.1 in [13] also holds with € = 0. Therefore, we can
obtain the boundedness in time of the invariant Sobolev norm of the highest order for
the solution, which leads to the fact that the scattered data belong to the same class
as the initial data. Moreover, we do not have to devide the energy estimate into two
cases of higher order derivatives and lower order derivatives in contrast to [13], and so
less regularity on the initial data is sufficient for the proof of Theorem 3.1. Since it is
easily verified, we omit the details.

Now, it remains only to prove Proposition 3.2. For the proof of Proposition 3.2, we
need the following three lemmas. .

Lemma 3.3. Let Dyy and D, be defined as in Proposition 3.2. We have the following

estimates for Dy; and Dy:

1T, Dya, 0| e < € min{{jufl g2 ffoflws.e HUHW&vaHﬁz},
[, Dz, vl < Cmin{|lul|gal|vllwae , [Jullwzeelvllz},

where C' is a positive constant dependent only on « and f3.

Proof. We prove Lemma 3.3 only for the case of & = f = 0, that is, for By; and By,
since Lemma 3.3 for the general case can be proved in the same way. Here and hereafter,
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we use the notation (p) = (1 + |p|?)*/%. A simple calculation yields

(3.2) (] + laD)™185071(p) ™ {a) "* Bus(p, 9)]| < C,
y=C(+n L2,

where i 1]
5( 9 7 an

P ggal 1T opop
For (3.2), see Lemmas 2.2 and 2.5 in [13]. The Fourier multiplier theorem by Coifman
and Meyer [5, Theorem [5] on page 22] and (3.3) give us
e, By, v]llp2 < Cmin{|ul| g flwv]lzee , lwullzeo|Jvl| z}-
This shows the desired estimate for By, since we have

Jwullze < Cllullwee-

Lemma 3.3 for By can be proved in the same way as above. [

Lemma 3.4. Let u(z,y) € H*(R2 x R2). Then,
I, Wsan = [ fute,)de
RZ
2 1
< Cllul Bimn Vel 2@ 1Ayl irsy

Proof. We may assume u € C§°(R*) without loss of generality.
We first have

Wz, ) = / 8y, u*(x, ) dy;
<2 / (e, )18y, u(, y)ldy;, = 1,2

- OQ

On the other hand,
T2
(8y1u)2(a:, T) = 2/ Oy u(z,y) « Oy, Oy,u(z,y)dya.
Therefore, we have
2 o 2 1/2
o) <C [ ([ lule, )l 10,ule,9)ldue)

< ([ 100 ute, 010, B1ue,0)] de)
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R 1/2
<o([” [ e litutevldsadu)
(7 100 ule )10 00, i)

Accordingly, integrating the both sides of the above inequality over R?, we obtain by
Schwarz’ inequality

[ weeaaese([ [~ [ juelouue )l dodnds)
R2 R2 V-0 J—0
X (,/Rz/ ,/ |0y, u(z, y)|10y, Oy, u(z, y)| dyldy2d$)1/2
< Cllulotan Vel s 1 Ayul figsy O

Lemma 3.5. Let D1y and D, be defined as in Proposition 3.2. Then, we have the
following estimates for D1y and Dj:

i, D11, v]lla-2 < Cmin{|lul|g-2llvllas , [ulmsllvla-2},
I, D2y olll g-1 < Cmin{llullz-s|lvllgs , ullgslvllz-2},

where C is a positive constant dependent only on o and (3.

Proof. We prove Lemma 3.5 only for the case of @ = § = 0, that is, for By; and B,
since Lemma 3.5 for the general case can be proved in the same way.
We first note that if |p + ¢| > 3p|,

I - q|

(p+aq)'p-ql < ENPIAYE < 2|q|
and if [p + q| < £p|,
- ZIQ‘Z 2
(p+a) " lp+g| < A5 Tp+ af7 < 2|g)*.
Therefore, we have
(3.3) (p+9) 7 Bulp, 9)l(p)(g) 2 < C

Inequality (3.3) and Lemma 3.4 give us

(34) ll[u,éu,vlllm(m)
< C“ A4311(m —Z1,Yy— ZZ)U(Zl) . (1 - A22>U(22)d21d22HL2(R4) ‘

< Clluflg-z2llv) g+,
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where

ml)

1(p, ¢) = (p+ @) "' Bui(p, 9)-

Since w™[u, Bi1,v] = [u, Bi1,v] (see [12, Proof of Lemma 2.4(i1)]), inequality (3.4) and
the symmetry in p and g of By imply that

e, By, o]l -2 < Cmin{|ul|g-2lvllas , [[ullmsllvlla-2}

which shows the desired inequality for B;;.
For the estimate of By, we note that

(p+¢)™ < Cmin{(p)(q) , (p){g) "}

By using this inequality, we can show Lemma 3.5 for B; in the same way as above. [

We are in a position to prove Proposition 3.2. Interpolationg the two inequalities in
Lemmas 3.3 and 3.5 for Dy, we have

(3.5) e, Das, ol 2 < C min{lful efollwas

el lullz2}-

(for the interpolation theorem of bilinear operator, see, e.g., Exercise 5 of §3.13 and
Theorem 4.4.1 of §4.4 in [2]).
We can similarly prove Proposition 3.2 for D;.

Acknowledgement: The authors would like to thank Professors Simon and Taflin
for answering the questions on their paper [18].

Tohru Ozawa and Kimitoshi Tsutaya
Department of Mathematics
Hokkaido University

Sapporo 060, Japan

Yoshio Tsutsumi
" Department of Mathematical Sciences
University of Tokyo
3-8-1 Komaba, Meguro-ku
Tokyo 153, Japan

REFERENCES

[1] A. Bachelot, Probléme de Cauchy globale pour des systémes de Dirac-Klein-Gordon, Ann. Inst.
Henri Poincaré, Physique Théorique 48 (1988), 387-422.

[2] J. Bergh and J. Lofstrom, Interpolation Spaces, Springer-Verlag, Berlin-Heidelberg-New York, 1976.

[3] S. Cohn, Resonance and long time exisience for the quadratic semilinear Schridinger equation,
Comm. Pure Appl. Math. 45 (1992), 973-1001.

[4] S. Cohn, Global exzistence for the monresonant Schridinger equation in two space dimensions,
Canadian Appl. Math. Quart. 2 (1994), 257-282.

—377—



T. OZAWA, K. TSUTAYA AND Y. TSUTSUMI

[5] R.R. Coifman and Y. Meyer, Nonlinear harmonic analysis, operator theory and P.D.E., in “Bei-
Jing Lectures in Harmonic Analysis”, ed. by E.M. Stein, Ann. Math. Stud., Vol. 112, Princeton
University Press, Princeton, 1986, pp. 3-45.

[6] V. Georgiev, Decay estimates for the Klein-Gordon equations, Commun. Part. Diff. Eqs. 17 (1992),
1111-1139.

[7] V. Georgiev and P. Popivanov, Global solution to the two-dimensional Klein-Gordon equation,
Commun. Part. Diff. Eqs. 16 (1991), 941-995.

[8] L. Hormander, Non-linear Hyperbolic Differential Equations, Lectures 1986-1987, Lund, 1988:2.

[8] S. Klainerman, Global existence of small emplitude solutions to nonlinear Klein-Gordon equations
in four space dimensions, Comm. Pure Appl. Math. 38 (1985), 631-641.

[10] S. Klainerman and G. Ponce, Global small amplitude solutions to nonlinear evolution equations,
Comm. Pure Appl. Math. 36 (1983), 133-141.

[11] R. Kosecki, The unit condition and global existence for a class of nonlinear Klein-Gordon equa-
tions, J. Diff. Egs. 100 (1992), 257-268. ‘

[12] T. Ozawa, K. Tsutaya and Y. Tsutsumi, Normal form and global solutions for the Klein-Gordon-
Zakharov equations, Ann. Inst. Henri Poincaré, Analyse Non Linéaire 12 (1995), 459-503.

[13] T. Ozawa, K. Tsutaya and Y. Tsutsumi, Global existence and asymptotic behavior of solution
for the nonlinear Klein-Gordon equation with quadratic nonlinearity in two space dimensions, to
appear in Math. Z.

[14] J. Shatah, Global existence small solutions to nonlinear evolution equations, J. Diff. Eqs. 46
(1982), 409-425.

[15] J. Shatah, Normal forms and guadratic nonlinear Klein-Gordon equations, Comm. Pure Appl.
Math. 38 (1985), 685-696.

[16] T. Sideris, Decay estimates for the three-dimensional inhomogeneous Klein-Gordon equation and
applications, Commun. Part. Diff. Egs. 14 (1989), 1421-1455.

[17] J.C.H. Simon, A wave operator for a non-linear Klein-Gordon equation, Lett. Math. Phys. 7
(1983), 387-398.

[18]J.C.H. Simon and E. Taflin, The Cauchy problem for non-linear Klein-Gordon equations, Commun.
Math. Phys. 152 (1993), 433-478.

[19] W_.A. Strauss, Nonlinear Wave Equations, CBMS Regional Conference Series in Mathematics, no
73, Amer. Math. Soc., Providence, RI, 1989.

[20] K. Moriyama, S. Tonegawa and Y. Tsutsumi, Almost global existence of solution for the quadratic
semilinear Klein-Gordon equation in one space dimension, preprint, University of Tokyo, 1995.

—378—



ON THE WELL POSEDNESS OF SOME NONLINEAR
EVOLUTION EQUATIONS

Gustavo Ponce
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§1. Introduction.

In this paper we consider the initial value problem (IVP)
Ou+ Au=F(u), z€R, teR (orR)
{ w(z, 0) = uo(z),
where A = A(V;) 1is a linear differential operator and F'(-) represents the

(1.1)

nonlinearity.

Our main interest is to study well posedness of the IVP (1.1). Following [Kt2]
the notion of well posedness used here includes existence, uniqueness, persistence,
ie. ifug € X, with X a function space, then the corresponding solution describes
a continuous curve in A, and lastly continuous dependence of the solution upon
the data. As it was remarked in [Kt2] this notion of well posedness is rather strong
and is not always proved in its full strength in the literature.

For the IVP (1.1) we will assume that A = A(Vg) is a homogeneous operator

of order k with constant coefficients, i.e. the associated symbol A(£) satisfies

(1.2) ANE) = XFA(€), AeRT,
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and that the nonlinearity F' satisfies that
(1.3) F(Xou(dz, AFt)) = M F(u(dz, AFt)), A e R,

for some 6 € R.

This guarantees that the following scaling argument, or dimensional analysis,
works : if u(z,t) is a solution of the IVP (1.1) then A?u(\z, \¥#) solves the same
equation with initial data Aug(Az).

For the well posedness of the IVP (1.1) we will restrict the function spaces to
the generalized Sobolev spaces, inhomogeneous and homogeneous, i.e. the function

space X is
(14) LOP(RY) = (1+D%)~*?LP(R"), L*?(R") = D—LP(R"), D = (—A)/2,

respectively, and s € R, p € [1,00).

Although these spaces are general enough for our purpose it may be remarked
that other choices of function spaces are also possible. In particular, we observe that
“self-similar” solutions of the equation (1.1), i.e. solutions of the form u(z,t) =
t=0/kqy(t—/kz), if they exist do not correspond to data in these generalized Sobolev
spaces except for the case of zero data.

As examples of (1.1) we consider equations or systems of parabolic, dispersive
and hyperbolic type. The cases of systems of mixed type, for example, the equations
for compressible viscous fluid flows which is a parabolic-hyperbolic system, or the
Zakharov system [Za] a hyperbolic-dispersive system, will not be studied here.

In general, we will be concerned with the problem of minimal regularity of the
data which guarantees well posedness of (1.1). In our setting, one first restricts
the values of p for which e 4() isan LP multiplier. This guarantees that the
associated linear problem, i.e. (1.1) with F =0, is well posed in L%P(R™) for any
s € R, (thus in the dispersive and hyperbolic cases one needs p = 2). Then the
problem reduces to deternﬁne the minimal s € R for which the IVP (1.1) is well
posed in L*P(R™).
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We are interested in local well posedness where the properties of the solutions can
be written as a function of the size of the data, for example, the time of existence
depends on the size of the data. Thus, one may expect that this type of local
well posedness together with the existence of conservation laws may imply global
well posedness for a class of arbitrarily large data. Also in the cases where the
existence of a global solution is uncertain these results may provide a description
of the solution near the possible blow up time. These results are useful for other
qualitative analysis of the problem, for example, in the study of stability of special
solutions as traveling waves.

In the case of homogeneous spaces these local results may provide global ones
for small data, which in many cases are optimal. These global small data results
can be used to obtain further qualitative properties of the solutions, for example,
to establish small nonlinear scattering.

In this regard a simple computation will be the starting point of our analysis.

From our assumptions one finds that
(1.5) MU0 (A2)|20.r = 1D° (APuo(A2))llp = A*+0~/7|| D .

Thus for  =n/p—s the norm of g isindependent of A.
It should be pointed out that the scaling argument in (1.5) may be too general,
and does not always recognize the type of equation considered.

Next we make precise our definition of well posedness.

Definition 1.1 (local well posedness, sub-critical case).

The IVP (1.1) is locally well posed, in a sub-critical manner, in the function
space X if the following properties are satisfied :

(i)- Given ug € X there exists T =T (||uo|lx) > 0, with T(§) — oo when
d — 0, and a unique solution u of the IVP (1.1) with

(1.6) ue XT=C(0,T]: X)N........

(ii)-There exists T = r(||uollx) > 0 and a continuous nondecreasing function

F() = F(lluollx), with F(0) = 0, such that the map that takes the data to its
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solution @ — G(t) from {Gp € X : ||lio — uo|lx <7} into XT satisfies
(1.7) llu(t) — @(@)l|xr < F(|lEo — uollx)-
(ii1)- If up € Y — X, then the above results hold in YT = C([0,T] : Y))N.........

Remarks

(a) Part (i) only assumes the existence and uniqueness of a weak solution. How-
ever, from part (ii)-(iii) it follows that this weak solution is in fact a strong one,
i.e. it can be achieved as a limit in X7 of classical solutions. The definition above
was stated in this manner due to our interest in non-uniqueness results for weak
solutions of (1.1) in C([0,T7] : X)).

(b) The solution u € XT must guarantee that the nonlinearity F(u(t)) makes
sense, or else one might need a smaller class where uniqueness can be established,
see [Kt7].

(c) We are not assuming that the time of existence 7 is the largest possible.

(d) Definition 1.1 requires that the time of existence of the solution, and the
modulus of continuity of the solution upon the data depend only on the size of
[|uollx-

(e) In general, when the contraction principle is used to prove the local well

posedness of the IVP (1.1) in its associated integral form
t 1
(1.8) u(t) = e~y + / e~ =t )A B0 () dt
0

one has that F(p) = M(|luollx)p in (1.7), i.e. the map that takes data to
its solution is locally Lipschitz. In this case, if in addition the nonlinearity F

is an analytic function of its arguments then the map is analytic, see [Be], [Zh].
This follows as a consequence of the proof of the contraction principle and the
implicit function theorem. In general, continuous dependence upon the data can

be established by using the arguments in [BoSm] or [Kt1].
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Definition 1.2 (local well posedness, critical homogeneous case).
The IVP (1.1) is locally well posed, in a critical manner, n the function space
X if the following properties are satisfied :
(i)-Definition 1.1, part (i)-(ii) hold with T, r and F depending on ug itself.
(i1)-There exists n > 0 such that if

(1.9) lluollx < m,

then the above local results eztend, uniformly, to the time interval [0,00).

As a consequence of the scaling argument in (1.5), and the form of Definitions

1.1-1.2 we have the following general statements.

Statement I.

Let 1< p< oo, and s> s, =n/p—0, with 6 defined in (1.3). Then the
IVP (1.1) is locally well posed in L*P(R™) in a sub-critical manner, as stated in
Definition 1.1.

Statement II.
Let 1<p< oo, and s, =n/p—0, with 0 defined in (1.3). Then the IVP
(1.1) is locally well posed in the homogeneous Sobolev space Le»P(R™) in a critical

manner, as stated in Definition 1.2.

Statement III.
Let 1<p<oo. If s<sp, (resp. s < sp), then some part of Statement I, (resp.
Statement II) fails.

Remarks

(a) Statement II still holds in the inhomogeneous Sobolev spaces L»P(R™).
However, the use of the homogeneous spaces, L#»P(R™), yields the existence of
global solutions for small data which in many cases is the best possible global

result.
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(b) In general to establish persistence properties in the homogeneous Sobolev
spaces with negative indeces, i.e. L*?(R"), with s < 0, one may need an equation
in divergence form. In this case, the total mass of the data, [ ug¢(z)dz, which may

be required to be zero, is preserved.

Our goal will be to discuss the validity of Statements I-III in particular cases of
the IVP (1.1). In particular, for fixed values of the parameters n, p,  one finds
the following three possibilities:

-(A1) the results in Statement I suggested by the scaling argument in (1.5) hold,
-(A2) the results in Statement I suggested by the scaling argument in (1.5) cannot
be achieved or they can be improved,

-(A3) the results in Statement I suggested by the scaling argument in (1.5) are
unknown.

For Statement III we shall see examples in which the notion of well posedness
fails due to the lack of at least one the following properties existence, uniqueness,
persistence or the fact that the time of existence and the continuous dependence
can be expressed as a function on the size of the data.

The rest of this paper is organized as follows. In section 2 we discuss the validity
of Statements I-III for some parabolic models. The case of dispersive equations will

be treated in section 3. Finally, section 4 is concerned with the hyperbolic case.
§2. Parabolic Equations.

(i) The semi-linear heat equation.

Consider the IVP associated to the semi-linear heat equation

@.1) {Btu——Au=alu{°‘”1u, t>0,z€eR*, a=%1, a>1

u(z, 0) = up(z).

If uw=u(z,t) is a solution of the IVP (2.1) then

(2.2) ux(z,t) = A @ Dy (az, X%), A >0,
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satisfies the same equation with initial data

(2.3) ux(z,0) = N2/ (@ Dyg(Az).
Hence,
(2.4) [[ur(@; Ol z0.0 = 1D ua (e, 0)||zs = cog A/ (=D Fo=/2,
and
2 n 2
2. 6 = mo— —
(2:5) a—1" Ki p a-—1

The following theorem is concerned with the existence of solutions for the IVP

(2.1) with rough data.

Theorem 2.1 ([BeFt]).
If a = -1, and wuo(x) = §(x), then the IVP (2.1) has a (weak) solution if and
only if

(2.6) 0<a< 12

Let us see that in particular Theorem 2.1 implies Statement III for appropriate
values of the parameters n, «, s, p. More precisely, it shows non local well
posedness can hold in L*P(R") with s, > s> —n(p—1)/p.

Since 6 € L*P(R™) for any s=—n/p’ —¢, ¢>0,and 1/p+1/p' =1, in view
of Statement ITI, local well posedness for the IVP (2.1) should fail for L*P(R"™)

where

n 2 n )
2.7 I e e ——— S G I e — € = — - — €, ‘.6.,77,0!“1 >2,
(2.7) 5p i s o € n+p €, 1 ( )

which agrees with (2.6).
The proof of Theorem 2.1 combines ideas on removable singularities for the
equation (2.1) with previous results for the associated stationary elliptic problem.

In the same vain one has the following non-uniqueness result for the IVP (2.1).
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Theorem 2.2 ([HW]).

Let a =41, and 1 <p<n{a—1)/2< a+1. Then the IVP (2.1) with ug =0
has a nontrivial positive solution in C([0,T] : LP(R™)).

In addition, if 1 <p <nla—1)/(a+1), (resp. 1< p < nla—1)/2a) this
nontrivial solution belongs to C([0,T]: LYP(R"™)), (resp. C([0,T]: L?P(R™)).

We observe that the conditions 1 <p <n{a—1)/(a+1), and
1<p<n(a—1)/2a imply that p < 2, and p < 1+ 1/a, respectively.

Also, since s, = n/p—2/(a—1), Theorem 2.2 implies Statement III for s, > 0
and s =0.

The proof of Theorem 2.2 is based on special behavior of self-similar solutions
of the IVP (2.1), i.e. u(z,t) =t~ (@ Yy(z/+/t). Assuming that w is radial, i.e.
w(y) = v(|y|), the main step in the proof is the study of the asymptotic behavior
of solutions to the IVP for the following differential equation

a—1

2.8) v + (252 4+ 2)v' + L& 4 p|*tu =0, >0,
' v(0) = g, v'(0) =0,

respect to the parameter vg.

Combining Theorem 2.2 and the Sobolev embedding theorem we obtain,

Corollary 2.3.
Let a=+1, 1<p<nla—-1)/2<a+1, ¢2+s(a-1)) <nla-1), and
p < q. Then in the following cases

(7)) s <0,

(87

A< .
(2.9) (”)1_P<na+1, and 0<s<1,
~1
(iii)1§p<na2a . and 1<s<2,

the IVP (2.1) with uo =0 has a nontrivial positive solution in C([0,T]: L>4(R")).

For the case of Statement I we gather the results in [Gi], [KoYa], [W] as follows.
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Theorem 2.4, ( [Gi], [KoYa], [W]).
For a =41, and s <[a—1] if a is not an odd integer, the IVP (2.1) satisfies
Statement 1.

The sharpness of the above theorem can be deduced in part from the following
blow up result (see [F]), if a = +1 there exists data ug € S (R™), and p € [1, 00)
such that the corresponding solution u = u(z,t) of the IVP (2.1) provided by

Theorem 2.4 blows up in the LP-norm in a finite time 7. Defining
(2.10) up(z,t) = N2/ (@ Dy(dz, A%),

the solution of (2.1) corresponding to the data wuy(z,0) = A%/(@~Yyy(\z), one has
that

(2.11) lua(z,0)||lzr = |luol|z», A>0,

and u, has a life span T given by 7Ty = T*/A%. This proves that Theorem 2.4
is the best possible for a = +1, s > 0.

In the case a = —1 one has that local solutions of (2.1) satisfy
(2-12) llu@lize < lluollze, ¢€]0,T), p=2.
This a priori estimate combined with Theorem 2.4 gives,

Theorem 2.5.
For a= -1, §<0, s> sp, and p > 2 local solutions of the IVP (2.1) provided
by Theorem 2.4 extend globally in L*P(R™).

Concerning Statement II for s = 0 we have the following global small data

results in LP(R™).

Theorem 2.6, ([F], [W]).
The IVP (2.1) with a = %1, and small data in LP(R™) has a unique global
solution in C([0,00) : LP(R™)) if

(2.13) D= g—(a -1)>1.
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For a=+1 the condition (2.18) is also necessary.

Theorem 2.6 affirms that Statement IT holds for a = +1, s, = 0 if and only if
p> 1. Thus, p =1 appears as an exceptional case.
The above results depend on the values of the parameters «,n,s,p,and a. To

illustrate them we consider the case o= 3, p=2, i.e.

Owu~Au=au®, t>0,zeR*, a==+l,
(2.14) { e ’

u(z,0) = uo(z) € H*(R").
Hence, sp = (n — 2)/2, and the previous results tell us that,

- If a = -1, then for s < —n/2 the IVP (2.14) has no solution.

- If a = +1, then the IVP (2.14) with ug = 0 has at least two solutions in
C([0,T]: H*(R™)), with s <0 if n=2,and s<1/2 if n=3.

- If a =1, the IVP (2.14) is locally well poéed in H*(R*), for s> (n—2)/2.
Solutions corresponding to large data and the case @ = +1 may blow up in finite
time. For a = —1, s > 0, s > (n — 2)/2, these local solutions extend globally in
time in the same class.

- If a = #1, the IVP (2.14) has a unique global solution in L*(R?) for any
small data in L?(R?).

If a = +1, the IVP (2.14) has local solutions corresponding to arbitrarily
small data in L2?(R), which blow up in finite time.

Thus the ill posedness of the IVP (2.14) in H*(R") with a = —1 and
s€(-n/2,(n—2)/2),or a=+1, and s < (n—2)/2, n=1,4,5... remains open.

Finally, one can say that the IVP (2.1) belongs to the class (A.1) defined at the

end of the introduction.
(ii) The generalized Burgers equation.

Consider the IVP

{ Oy — 0%u = —0,(uf*), t>0,zeR k=1,2,...

(2.15) u(z,0) = ug(x).
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In this case we have

(2.16) o=

) Sp

=
| -

The following result is concerned with the well posedness of the IVP for Burgers’

equation, i.e. k=1 in (2.15), and for data in H*(R).

Theorem 2.7 ([D]).
-If s> —1/2, then the IVP (2.14) with k=1 1is locally well posed in H*(R).
-If s < —1/2, then the IVP (2.1}) with k=1 and uo =0 has infinitely many
solutions in C([0,T] : H*(R)).

From (2.16) with k£ =1 we have that s, = —1/2, therefore Theorem 2.7 tells
us that for p=2, and k=1 Statements I, III (uniqueness fails) hold.

The proof in [D] is based on the Hopf-Cole transformation, which affirms that if
v =v(z,t) is a solution of the one dimensional heat equation then u = —20;In(v)
solves Burgers’ equatign. Applying this transformation to explicit solutions of the
heat equation, v.(z,t) =1+ \/a_/f exp(—z?/4t), a > 0 corresponding to data
ve(z,0) =1+ ¢,0 one obtains the non-uniqueness result.

In [Be] the well posedness result in Theorem 2.7 was extended to all 1 < p < o0,
and k = 1,2, ..., including the critical case s, = 1/p — 1/k. In other words,
Statement I and II for the IVP (2.15) were proven in [Be]. As it was remarked
there Statement III remains open except for thé case n=1, k=1,and p> 2.

We observe that solutions of the IVP (2.15) satisfy
(2.17) lu®llze < ||uollze, for any ¢ >0,

where the case p = oo corresponds to the maximum principle. Hence, in the case
s > 0> s, the L%P-local solutions extend globally.
Related to the IVP (2.15) we consider the problem

Ou— Au=a-V(ul*tu), t>0,zeR*, geR* —{0}, a>1
u(z,0) = ug(z).

(2.18) {
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In this case s, =n/p—1/(a—1). In particular, for p =1 the scaling argument
suggests that the IVP (2.18) is well posed in L}(R®) when n(a—1) <1,
The following result provides an example where the conditions of Statement I

suggested by the scaling can be improved.

Theorem 2.8 ([EsZu]).
Forany n>1, and any o > 1 the IVP (2.18) is globally well posed in L'(R™).

Moreover, the results in Statement I hold with
(2.19) XT = C([0,00) : LXR’™)) N C((0, 00) : L¥P(R™)) N C((0, 00) : LP(R)),
Jor any p € (1,00).

The main idea in the proof of Theorem 2.8 is the fact that solutions u(t), v(¢)
of (2.18) with initial data wo, vo, in addition to (2.17), satisfy the inequality

(2.20) lJu() — v(®)llzr < [juo — vollz».

Thus the IVP (2.18) with p=1 is of type (A.2).
(iii) The Navier-Stokes equation.

Consider the initial value problem for Navier-Stokes equation

Ou— Au+PV-(u®u)=0, eR*, n>2,t>0
(2.21)

u(z, 0) = Pug(z),
where u = u{t) : R* — R™ is the velocity field, A = PA, P denotes the
projection operator onto divergence free vectors along gradients, an homogeneous
operator of order zero, u ® u is the tensor with jk-components wu,;u; and
V- (u®u) is the vector with j-component Ok(uju).

Asin (2.16) with k =1, if u = u(z,t) is a solution of the IVP (2.21) then

(2.22) uxr(z,t) = du(Az, A1), A>0

—390—



satisfies the same system with initial data
(2.23) ux(z,0) = Aug(Az).

Therefore s, =n/p—1.
In [KtPo] it was shown that the IVP (2.21) is well posed in all L*P(R™) spaces
dictated by the dimensional analysis in (2.22)-(2.23).

Theorem 2.9 ([KtPo]).
Statements I-IT with 1 < p < oo hold for the IVP (2.21).

In particular, the IVP (2.21) is of type (A.1).

The cases p=2 and p =n were previously proven in [KtF], [Kt3] respectively.
Similar results in spaces of Besov type and Morrey spaces have been obtained in
[Ca), [KoYa],[GiMi], [Kt5], [Ta].

In [KtPo], two proofs of Theorem 2.9 were given. The first one covering all values
1< p < oo is based on the weighted time norm method introduced in [KtF]. This
method basically provides the proof of all positive results discussed above. The
second one uses the so called L7 L*9—(time-space) estimates [Gi], and is restricted
to p € [n,n+2]. The homogeneous version of these L™ [*9—(time-space) estimates

can be written as

>0}
(2.24) (/0 1Dg e uo|7qn de)™™ < clluoll o',
with
(2.25) 5s€[0,2), 0<1/r=(n/d —n/qd")/2+5/2<1/q.

Let us briefly consider the problem of global existence of strong solutions for the
Navier-Stokes system. In any dimension, strong solutions of the IVP (2.21) satisfy

the identity

t
(2.26) a2 + / Vo) zedt! = luollze, > 0.
1]
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In dimension 2-D (n = 2) one has that the vorticity of the velocity field

w(t) = V x u(t) is a scalar, and satisfies the equation
(2.27) 0w — Aw + (u- Vw = 0.

From the equation (2.27) and the Biot-Savart law, u = V x (—=A)~!w, one has that

strong solutions of the 2-D Navier-Stokes equations satisfy the a priori estimate
(2.28) [Vau(t)llze < l|Vauollzs,  for p € (1,00).

Thus in 2-D the a priori estimates in (2.26), (2.28) and the local results guarantee
the existence of a global strong solution for sufficiently regular data.

The situation in 3-D is quite different. In this case the vorticity is a vector field
and its evolution is described by a system, for which the estimates in (2.28) do not
hold. In fact, the existence of a global strong solution in 3-D for sufficiently regular
data is unknown and remains an outstanding open problem.

In this direction one has the following remark found in [Ca] as a consequence of

Theorem 2.9 for the IVP (2.20). Since
(2.29) LTP(R™) < L™ (R*), if ' —n/p=r—n/p and 1’ <r,

the global small data result in L™/P~1P(R®) implies the existence of arbitrarily
large data in PH'(R3), PL*(R?), and in any PL3/?~1LP(R3), where 1< p < oo,

for which the existence of global 3-D strong solutions can be established.
§2. Dispersive Equations.

For this type of equation we shall restrict to the case p = 2.

(i) The semi-linear Schrédinger equation.

Consider the IVP for the semilinear Schrodinger equation

i0su + Au = F(u, @), teR, zeR",
(3.1)

v(z, 0) = vo(x),
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where the nonlinearity F'(-) satisfies
(3.2) F(Az,A2) = A*F(z, 2), a> 1.

Thus the scaling argument in (2.2)-(2.5) gives sp =n/2—2/(a—1). The following
theorem tells us for which values of the parameters n,s,a Statements I and II are

known.

Theorem 3.1 ([CzW1],[CzW2],[Ts1],[Ts2],[Cz] ).

(i)-For a > (n+4)/n and s > sy = n/2 —2/(a—1), with [s] < j if
F(:) e CJ ,j € Zt, the results in Statement I holds in H°(R™).

(i1)-For o > (n+4)/n, the results in Statement II hold in H**(R™) = L*>*(R™).

(111)-For a < (n+4)/n, the IVP (8.1) is well posed, in a subcritical manner, in
L2(R™).

(iv)-For a < (n+2)/(n—2), if n>2 the IVP (3.1) is well posed, in a

subcritical manner, in H'(R™).

The hypothesis a > (n + 4)/n guarantees that s2 = n/2 —2/(a—1) > 0.
In other words, the results in Theorem 3.1 require nonnegative Sobolev exponents.
Also for a more general statement of Theorem 3.1, (iii)-(iv), with s > 0, we refer
to [CzW2].

The proof of Theorem 3.1 is based on the version of the Strichartz estimates [Sc]

for the free Schrédinger group {e*4}>2_ found in [GnVI13], i.e.

oo
53) ([ e ol < cluol
—0oQ

with 2/¢=n/2—n/p,and 2<p<2n/(n—2),ifn>2,2<p<Lo0ifn=1.
In fact, since the estimate (3.3) holds for £ =82 +..+9; -0z, — .02

Theorem 3.1 holds for the IVP (3.1) with £ instead of the laplacian A.
Well-posedness results for the TVP (3.1) in Sobolev spaces with negative index

seem to depend not only on the order of the nonlinearity « considered, but also on

the structure of the nonlinearity F'(-). In this regard one has the following results.
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Theorem 3.2 ([KePoVe5],[KePoVe6],[Sal).

(t)-If n =1, and F = Ny(u, @) = uu, or F' = Ny(u, ) = uil, then the IVP
(3.1) is locally well posed in H*(R) for s> —3/4.

(it)-If n =1, and F = N3(u, ) = ut, then the IVP (8.1) is locally well posed
in H*(R) for s> —1/4.

(iti)-If n =1, and F = F(u, @) = 4u, then the IVP (3.1) is locally well posed
in H*(R) for s> —5/12.

(iv)-If n =2, and F = F(u,u) = U4, then the IVP (3.1) is locally well posed
in H*(R*) for s> —1/2.

Following our classification at the end of the introduction we have that the IVP
(3.1) with aa < (n+4)/n is (A.1), while for a < (n+4)/n itis (A.3).

More precisely, for s, =n/2 —2/(ac — 1) < 0 there is a gap between the result
in Theorem 3.2 and that suggested by the scaling. In particular, for the case of
the integrable model, i.e. the 1-D cubic Schrodinger equation, F' = +|ul?u (see
[ZaSb]), the arguments in [KePoVe5], [KePoVe6] seem to indicate that the L2(R)
result provided by Theorem 3.1 is the best possible. A proof of it will provide an
example were the value suggested for the scaling can not be achieved.

The proof of Theorem 3.2 is based on the relationship between bi-linear and
tri-linear forms, and two parameter families of function spaces X,; introduced in
[Bu]. For s,b € R, X, denotes the completion of the Schwartz space S(R™*1)

with respect to the norm

(3.4) 7]

oo 1/2
o = ( /] (1+l'r—-lflzl)z”(l—*—ié!)zs}ﬁ(fn')lzdfdv') .

—oo R

The definition of X, ; uses the symbol of the operator of the associated linear

problem. In particular, since the Fourier transform in space and time of e**®up is

supported in the parabola 7 — |£|2 =0 one has that for s € R, b > 1/2,

(3.5) ¥ (®)e* uollx, , < clluollze
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In the cases Ny, N3 in Theorem 3.2 (i) the use of the space X,; guarantees
that the nonlinear term makes sense, and does not follow from the smoothing
effects which only provides a “gain” of 1/2 derivative, see [CoSal, [Sj], [Ve]. The
work [KePoVe5] was motivated by [KIMal] on the nonlinear wave equation, see the
comments after (4.14).

Next we restrict our attention to a special form of the IVP (3.1)

iOpu+Au=plu/*u, teR, zeR", pek a>1
(3-6)
u(z, 0) = uo(x).

Solutions of the IVP (3.6) satisfy, at least, two conservation laws

(3.7) llw(s D)llz2 = lluol|re,

and

38 v 2 2/‘1’ at1 d —_ V 2 2”’ a1
(3.8) Rn([ 2| +mi“l )(z,t)dz = || uoHLz—FmHUOHLaM-

These conservations laws combined with the result in Theorem 3.1 give the fol-

lowing global results

Theorem 3.3 ([Cz],|GnV11],[Ts1]).
-If a < (n+4)/n, then the result in Theorem 3.1 (iii) extends globally in time.
-If p> 0, then the result in Theorem 3.1 (iv) extends globally in time.

This global theorem is complemented with the following blow up result.

Theorem 3.4 ([Gl]).
If p <0, and a > 1+4/n, then there exist ug € HY(R™) for which the
corresponding local solution of the IVP (8.5) provided by Theorem 3.1 blows up in

finite time T, i.e.

(3.9) tlqurg IVu(t)||z2 = oo.

The IVP (3.5) has the following version of Statement ITI.
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Theorem 3.5 ([BiKePoSvVe]).

-Statement I fails for the IVP (8.5) with s = s5 = n/2—2/(a—1) > 0 and
p<0.

-Statement II fails for the IVP (3.5) for any T >0, p <0 and 1> C(u, o, n).

The proof of Theorem 3.5 for s <1 uses the following blow up result in (3.9).
There exists a data ug € H'(R™) such that the corresponding solution u(z,t) of
the IVP (3.5) blows up in finite time T, defining

(3.10) uy(z,t) = A @Dy, A%),

the solution corresponding to the initial data wuy(z,0) = A% (®~Dyy(Az), one has

that
(3.11) Hm ||ua(z, 0)||gnsz-2/a—1) = € % 0,
A—r00

and wuy(z,t) has a life span Ty given by T = T*/)2

The proof of Theorem 3.5 for the case 0 < s <1 uses the form of the solitary
wave solution (n = 1), and the ground state solutions (n > 1) (see [BrLi] and [Sr])
to contradict the continuous dependence.

Finally, we comment on the case in H'(R"), a = (n+2)/(n—2), n > 2 with
g > 0. From Theorem 3.1 (ii) and the conservation laws (3.6)-(3.7) we have that
the IVP (3.5) has a unique local solution for any wug € H(R"™), which extends
globally in the case of small data. In fact, in the later case, small H' data,
if uo € H*(R?), s > 1, n = 3,4, then the corresponding solution is a global

H*-solution. A similar result for large H' data is unknown.
(ii) The generalized Benjamin-Ono equation.

Consider the IVP

(3.12) { yu— 8, Dgu = -8, (u**?), Lz €R, ke Z*

u(z, 0) = up(z).
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The case k=1 for equation (3.12) was deduced in [Bn] and [O] as a model in
internal-wave theory and later was proven to be completely integrable.

For the equation in (3.12) the scaling is similar to that deduced in (2.13) for
the case of the generalized Burgers equation, i.e. 8 = 1/k, and s2 = 1/2 — 1/k.
However, we may remark that although the scaling argument does not differenti-
ate between the parabolic equation in (2.15) and the dispersive one in (3.12), the
arguments and consequently the results for the former one are more complete than
those of the later.

The best well posedness results for the IVP (3.12) can be gathered in the follow-

ing Theorem.

Theorem 3.6 ([I],[KePoVe3],[Po]).
(i)-For k=1 the IVP (8.11) is globally well posed in H°(R) with s> 3/2.
(11)-For k > 2 the IVP (8.11) is locally well posed in H*(R) with s> 3/2.
(1ii)-For s >1 if k=2, s>5/6 if k=3, and s> 3/4 if k >4 there
exists 0 = 6(k) > 0 such that for any uy € H*(R) with ||ugl|ls2 < 6 the IVP
(3.11) is locally well posed in H*(R).

Part (i) of Theorem 3.6 uses the form of the conservation laws for the BO equa-
tion. They provide an o priori estimate of the solution in the H*/2-norm for
keZr.

The result in Theorem 3.6 (ii) has a hyperbolic character in the sense that its
proof does not use the dispersive part of the equation in (3.12). In fact, it is based
on the same energy method which gives a similar result for the Burgers equation
without viscosity, i.e. the equation in (3.12) without the second order term.

On the other hand, the result in Theorem 3.6 (iii) requires a smallness assumption
on the data. This is due to the application of the inhomogeneous local smoothing
effect in the associated integral problem (3.12). This inhomogeneous smoothing

effect can be written as
¢

(3.13) 1D, [ =P P(,t) dt sz 1 ol F iy 1
0
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In [KePoVel] (3.13) was used to overcome the loss of one derivative introduce
by the nonlinear term when problem (3.12) is written in the corresponding integral
form. The estimate (3.13) has to be complemented with those for the maximal
function (see [KeRu]), i.e. ||e!?*P=wpl|p peo(o,77) which can not be made small by
taking T tend to zero. This is the reason for the condition on the size of the data.

There are large gaps between the results in Theorem 3.6 and those suggested
by the scaling argument. Thus for all powers % the IVP (3.12) is (A.3). Thus,
for s € ((k—2)/2k,3/2), with k € Z*, no well posedness result for large data in
H?*(R) is known. For the case s < (k — 2)/2k one expects that the argument in
[BiKePoSvVé] would give an ill posedness result (Statement III). The stability and
instability of traveling wave solutions of (3.11) is deduced by using the conservation

law

(3.14) B(u) = / (DY20)? — cuub*2)(z, 1) da.

However, a complete analysis requires that an a priori bound of the H2 norm
allows control of the strong solution, but this requires a local well posedness result

in H*(R), with s < 1/2, which as we remark it is unknown.
(iii) The generalized Korteweg-de Vries equation.

Consider the IVP

Opu+ O3u = —0 (uFt1), t,zeR, kezt
(3.15)

u(z, 0) = up(z).

In this case the scaling argument tells us that s; = 1/2 —2/k.

In the direction of Statement I-III one finds the following well posedness results.

Theorem 3.7 ([KePoVe2], [KePoVed]).

(i)-For k >4 the IVP (3.15) satisfies Statements I, II with p = 2.

(ii)- For s> —3/4 if k=1,s>1/4 if k=2, and s>1/12 if k=3 the
IVP (8.15) s locally well posed in H*®(R).
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Therefore, for ¥ = 1,2,3 the IVP (3.15) is of type (A.3), and for k£ =4,5,.. is
of type (A.1).

Theorem 3.8 ([BiKePoSvVe]).
(i)-For the IVP (3.15) Statement I fails for k>4, and s=1/2 - 2/k.
(ii)-For the IVP (3.15) with k > 4, and T > 0 Statement II fails for 65 > ay,
where ay, 1s defined in (3.19).

First we observe that the results in Theorem 3.6 for the IVP (3.14) with k£ =1, 2
are consistent with the Miura transformation [Mu] which affirms that if v(-) solves
the modified KdV , i.e. k=2 in (3.15), then
(3.16) u = coOgv + v?
for an appropriate value of the complex constant ¢y solves the KdV equation,
k=1 in (3.15).

The proof of Theorem 3.8 uses the form of the traveling waves solutions of (3.15)

(3.17) Uk,o(T,t) = gpolx —ct), ¢> 0,
where

: 1/k
(3.18) Ok,o(T) = {&;;"ac" sech? <é‘\/5 33)} .

By the scaling argument

(3.19) |DL/2=2/% gy ||2 = a2, for any c > 0.
A simple computation shows that
(3.20) lim ||¢gn — Peptillmss =0, sp=1/2—2/k,
n—roo
and that for any ¢ >0
(3.21) Jlim I(ukn — vkna1) (@)l e = V2ay,

which contradicts the continuous dependence.
The following result shows that for £ = 1 one can not expect to have persistence

properties in the critical homogeneous. case.

~399—



Theorem 3.9.
For the IVP (8.15) with k =1 Statement II fails even locally.

Proof.
We shall show that for any ug € H~%2(R) N S(R), ug # 0 the corresponding
solution u(-) of the IVP (3.15) with k£ =1 verifies that

(3.22) u(t) ¢ H=3/2(R), for.anyt # 0.

First, we observe that if f € H~%2(R) N S(R) then f(0) = 8;f(0) = 0.

From the results in [Kt2] it follows that for any wuy € H=%/2(R)NS(R) the IVP
(3.14) with k=1 has a unique global solution u € C(R : S(R)).

Now multiplying the equation in (3.15) with £k =1 by =z, and integrating in

the space variable we get

d o0 o0
(3.23) 4 / (s, t)dz = / Wz, t)dz = [|u(t)||z # 0.
dt - 00 -0
Thus, our solution satisfies
oQ
(3.24) / zu(z,t)dz = cO¢U(0,t) # 0, forany t#0,
—0Q

which yields the result.

Solutions of (3.15) satisfy, at least, three conservation laws

o0 [ee]

(3.25) I(u) = /u(w,t)d:n, Iy(u) = /uz(m,t)dm,
and
(3.26) Is(u) = f (Bo0)? — cxuf ) (z, £)da.

From the conservation laws (3.25)-(3.26), and the local results it follows that for
k = 2,3 and any real valued ug € H*(R) = (1 — A)~*/2L2(R) with s > 1 the
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IVP (3.15) possesses a unique global solution. For k=1, s > 0 suffices, see [Bu].
A similar result for the higher nonlinearities k¥ > 4 is only known under smallness
assumptions on the data wug. In other words, the existence of global strong solution
for the IVP (3.15) with k¥ > 4 for any up € H'(R) remains open.

The case k = 4 illustrates the difference between the time of existence as a
function of the size of the data or as a function of the data itself. Theorem 3.7 (i)
guarantees a local solution w € C([0,T] : L2(R)) N ..., with T = T(ug). On the
other hand, the conservation law tells us that [[u(t)||2 = [[uoll2, t € [0,T].

Following our classification at the end of the introduction we have that for k =
1,2,3 the IVP (3.15) is (A.3), and for kgegd is (A.1).

Finally, we remark that the known local well posedness results for the IVP (3.15)
in [KePoVe2], [KePoVed] do not reach the values of the Sobolev exponent suggested
by the scaling when k = 1,2,3. Although, they are better, for all k£ € Z* except
for the case k = 2, than those deduced in [Be], which agrees with the scaling, for
p =2 for the parabolic IVP (2.15).

§3. Hyperbolic Equations.

As in the case of dispersive equations we shall restrict to the case p = 2.

(i) Nonlinear wave equation.

Consider the IVP of the form

Ofu — Au = F(u, Vgu, dsu), teR, zeR",
(4.1) u(z,0) = f(z),
Oyu(z,0) = g(z),
where F:R"*? — R satisfies (1.3).
To simplify the exposition we shall restrict ourselves to the case n = 3, and first
consider TVP’s of the form
O2u — Au = au®(Vzu, 8iu)?, teR, z €R3,
(4.2) u(z,0) = f(z) € H*(R®),
Oru(z,0) = g(z) € H*~1(R3),
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where a € R — {0}, k € Z+, a € (Z1)*

For this problem the energy method establishes local well posedness for
§>5/2 if 7> 2 and for s>3/2 if j=0,1.

The scaling argument suggests that (4.2) is locally well posed for

3k +55—7

with |o] = j.

In this regard we collect the following results concerning local well posedness for

the IVP (4.2).

Theorem 4.1 ([LnSo], [PoSi]).

(i)-If =0, and k=2, then the IVP (4.2) is locally well posed in
H*(R3) x H*"Y(R3) for s> 0.

(1i)-If =0, and k > 3, then the IVP (4.2) is locally well posed in a sub-critical
manner, i.e. for 7 =0, and k > 3 Statement I holds with p = 2.

(it))-If j = 0, and k > 4, then Statement II holds with p = 2 for the IVP
(4.2)

(iv)-If 5 =1, and k =1, then the IVP (4.2) is locally well posed in
H*(R3) x H*"Y(R®) for s> 1.

(v)-If =2, and k € Z*, then the IVP (4.2) is locally well posed in
H(R3) x H*"Y(R3) for s> 2.

(vi)-If § >3, and k =0, then the IVP (4.2) is locally well posed in a sub-critical
manner, i.e. for 5> 3, and k=0 Statement I holds with p = 2.

We observe that in the cases (j,k) = (0,2), (1,1), and j =2, k € Z*, Theorem
4.1 (part (i), (iv), (v)) does not reach the values suggested in (4.3) by the scaling
argument. The following result shows that this is not a failure. In fact, it shows

that in general Theorem 4.1, (i), (iv)-(v) is sharp, except for the limiting cases.

Theorem 4.2 ([Lnl]).
For Fy = u?, Fy = uBu, F3 = (6;u)?, the IVP (4.3) is in general ill posed in
H*(R3) x H*"Y(R3) for s<0, s<1, s <2 respectively.
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The nonlinearities Fy, Fy, F3 are particular cases of (7,k) = (0,2), (1,1), (2,0)
for which the scaling argument in (4.3) suggests local well posedness for s >
—1/2, s > 1/2, s > 3/2 respectively. Thus, in those cases the IVP (4.3) is (A.2).

The ill posedness is due to the fact that the time of existence can not be expressed
as a function on the size of the data in H*(R3) x H*~1(R3).

Similarly, the sharpness of Theorem 4.1, (ii)-(iv) follows by using the blow up
result in [J], [Si] as in (3.10)-(3.11). This also shows that the time of existence can
not be expressed as a function of the size of the data in H*(R3) x H s‘1A(1R3).

For some values of j, k& one can strengthen this result. For example, it was

shown in [Lin2], see also [ShTal, that the IVP

(4.4) {Bfu-Au=u3, teR, zeR3,

uw(z,0) =0, Ou(z,0)=0
has a nontrivial solution of the form

(4.5) u(z,t) =2 w, where H(z) =1, >0, H(z)=0, z<0.
We observe that

(4.6) u € C([0,T] : H*(R®)) N L([0,T] : L°(R?)), for s < 1/2,
with

(4.7) %{&Igl“u(t)”}[s =0, for s<1/2.

Since j =0, k = 3, the scaling (4.3) tells us that s(3;0) =1/2.
The following examples provide a stronger version of Theorem 4.2 which also
shows that, in general, for the IVP (4.2) the well posedness result suggested by

scaling cannot always be achieved.

Theorem 4.3 ([Ln2]).
(i)-For any € >0 there ezists (f,g) € L?(R®) x H~Y(R®) with

(4.8) [1£ll2 +llgll g <e
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for which the IVP ({.2) with F = u? does not have distributional solution in
u € L2([0,T] x R3).
(ii)-There exists (f,g) € H*(R3) x L*(R®) for which the IVP (4.2) with

F = (Du)?, D = 0y, — 0, does not have a weak solution or the uniqueness fails.

The idea in Theorems 4.2-4.3 is to construct explicit solutions that concentrate
in one direction. Following [LnSo] we explain the situation in the n-dimensional

semilinear case
4.9) Oy — Au = |ulF, teR, z€,k=2,3,..R".

First we look for solutions of (4.9) independent of z. Solving the o.d.e. one has

that

Ck

for t > 0. A combination of the Lorentz transformation and scaling provides the

family of solutions

o (1 __ ﬁ2)1/(k—~1)
(4.11) Ug,g(2,1) = (a— (t — fzy))2/ -1

)7 0’7 IB E R+3
which blows up at ¢ — fz; = a. One can cut off the initial data outside {z| > a
in a way that u,g(z,0) = fu (), Ouep(z,0) = gop(x) satisfies

1— ﬂ (n+1)/4~1/(k—1)~—s
@12 Weslge +llgaslin < e S

Hence, for s < (n+1)/4—1/(k —1) there are sequences a,, — 0, Bn — 1, for
which the solutions wu,, g, have a lifespan bounded by a,, and data whose norm
tends to zero. Therefore the IVP associated to the equation (4.9) with F(u) = |ul*
is ill posed for s < (n+1)/4—1/(k —1). Also from the scaling argument and the
blow up results in [J], [Si] one also obtains ill posedness for the same equation for

s<n/2—2/(k—1).
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Well posedness results of the kind described in Statements I-IT for most of the
values k, and s > maz{(n+1)/4—1/(k—1):n/2—2/(k—1)} has been established
in [LnSo], see also [Kal.

The main ingredient in the proof of the positive results commented on above are
the different versions of the Strichartz estimates for the linear wave equation found
in [Pe], [Kal.

To complete our study of semilinear wave equations we consider the IVP (4.2)
with k =5, j = |a| = 0. Thus from (4.3) s(5,0) = 1, and from Theorem 4.1
part (iii) one yields critical local well posedness for (f,g) € H'(R3) x L?(R3),
which extends globally if the data is small enough. On the other hand, for the case
a=-1, k=5, j=|a|=0 in (4.2), the local strong solutions satisfy the identity

'U.2 .'z:'u'2 u6
<|at | 4;1\7 - |6| )<m,t)dx-_~E(u(o)),

(4.13) E(u(t)) = /

RS
for ¢t € [0,T] which allows the construction of global weak solutions.

Thus it does not follow from the previous results that for data with further
regularity, for example, (f,g) € C3(R?) x C%(R?), the corresponding local solution
given in Theorem 4.1 part (iil) extends globally or that there exists a weak global
solution in C?(R? x [0, c0)), which will imply that this is unique in this class. This
result was established in [St], for radial data, and in [Gr] for the general case, see
also [ShSt]. As it was commented at the end of section 3 (i) a similar result for the
IVP (3.5) with a=(n+2)/(n—2), n> 2 with x>0 is unknown.

In view of Theorems 4.1-4.3 the following question presents itself : for what
kind of nonlinearities does the value of the Sobolev exponent suggested in (4.3) is
achieved?

For the case j = |a| = 2, it was proven in [KIMal], [KIMa2] that for a special
form of the nonlinearity this can be accomplished. More precisely, in [KIMal] the
authors considered IVP’s of the form

oZul — Auf = NT(u,V,u,8;) teR, zeR3
(4.14) ul(z,0) = f(z) € H*(R®)
Ayul (z,0) = g¥(z) € H*1(R?),
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I

where u = u! is a vector valued function, and the nonlinear terms N7 have the

form

(4.15) N (u, Vu, 8u) = Z I} 1 (w) B} o (Vu?, 8pu?, VuF, 8puF),
3ok
where BJ{  is any of the “null forms”:

3
Qo(Vu, 8, VuF, Btuk) = Zam,.ufa,,.,.uk — 8l BuF
i=1
Qa,s(V?, 8,07, VuF, 8,uF) = 8, 1 0, ,uF — 0,470, u”,

(4.16)

with 0 <a<B8<3, 05, =0, and I‘;T’k (u) is a polynomial in wu.

Such equations arise in the study of “wave maps” (for Qo) and Yang-Mills
systems. in a Coulomb gauge form for the general case.

In [KIMal] it was shown that the IVP (4.14) is locally well posed for s > 2.
This was done by studying the bilinear operators Qo, Qq,p in (4.16) evaluated
at (V¢,0:0, Vip,0,0) where ¢, 1) are homogeneous solutions to the linear wave
equation, and then extended to the inhomogeneous wave equation via Duhamel’s
formula. This result motivated those in [KePoVe5], [KePoVe6], [Ln1], [Ln2], [LnSo],
[PoSi]. In this context, the idea of bilinear estirhates, also appeared, simultaneous
in [Bu].

In this regard one finds the following result.

Theorem 4.4 ([KIMa2],[K1]).

The IVP (4.14) is local well posedness for s > 3/2, the value suggested by the
scaling argument (4.3) with j = 2.

The proof of Theorem 4.4 uses some of the ideas in [KePoVe4], to obtain better
estimates for solutions of the wave equation with inhomogeneous terms Qg, Qq -
They use function spaces somewhat similar to those described in (3.3), but adapted

to the wave operator, and allowed to obtain the theorem above.
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Let us see that Theorem 4.4 is optimal. Consider the following IPV for a scalar

wave equation

3
fu—Agu= Y (8,u)® — (Opu)?, t>0,zcR?
=

(4.17) u(a,0) =0,

dyu(z, 0) = g(x)-

u(z,t)

Since w(z,t) =e —1 solves the linear wave equation we can write the solution

of (4.17) as

(4.18) u(z,t) =log (1 +w(z,t)) = log |1+ 21%/ gz + tw)dS,,
=1

A simple calculation shows that the expression in (4.18) makes sense for initial data

g € H*(R®), with s > 3/2, which proves the sharpness of Theorem 4.4.
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TWO-PARAMETER NONLINEAR EIGENVALUE
PROBLEMS

TETSUTARO SHIBATA

Abstract: We consider the following nonlinear two-parameter eigenvalue problem

W'(2) + uf (u(z)) = Ag(u()), =€ l=(0,1),
u(0) = u(1) =0,

where pu, A € R are parameters. We shall establish asymptotic formulas of the n-th
variational eigencurves A = A,(p, @) obtained by Ljusternik-Schnirelman theory on
general level set.

1. Introduction
We consider the following nonlinear two-parameter eigenvalue problem

- W(@)+ uf(u(@) = Mo(u(@), @ € 1= (0,1),
' u(0) = (1) =0,

where ¢, A € R are parameters. The purpose of this paper is to study asymptotic behav-

ior of the n-th variational eigencurves A = A, (1, &) obtained by Ljusternik-Schnirelman

theory on the general level set

(1.2) Nyo = {u e Wyt(I) : /0 : (‘—;—u'(m)z - ,uF(u(:c))) dz = —-a} :

where F(u) := [;* f(s)ds and a > 0 is a normalizing parameter. The typical examples
of the nonlinearities f and g are as follows:

Examples

(1) f(u) =u, g(u) =u+[uf~lu (p>1),

(2) f(u) =, g(u)=[ulf™u (p>1),
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lulP~ru, g(u) =|ul"tu (1 <qg<p<qg+2),
(4) f(u) = [ufP ut Ju"y, glu) = [ulf e+ ul e (1<g<p<g+2,g<s<
p<r<s+2).
The motivation of the problem (1.1) is the following two-parameter linear equation

(3) f(u) =
u) =

(1.3) u"(z) + pr(z)u(z) = As(z)u(z), =€ I

Many authors have been studying the properties of n-th eigenvalue A = A,(u) of (1.3)
for given p € R. One of the main problems there is to investigate asymptotic properties
of An(p) as p — co. Our problem (1.1) is a nonlinear version of (1.3). However, there
are some differences between (1.1) and (1.3) and one of the most important facts is that,
since (1.1) is nonlinear, we need an additional parameter o for A, that is, A = A, (u, ).
We apply the variational method on general level set N, , due to Zeidler |7} to (1.1)
and establish asymptotic formulas of \,(u, @) as g — oo, (n7)?,0, @ — oo.

2. Main Results for f(u) =u

We expalin notations before stating our results. Let X := VVOI’2 (I) be the usual real
Sobolev space. Let

e = [ W@)da, ull = [ juta)ids,
G(u) == /Oug(s)ds, U(u) ::/o G(u(z))dz.

For n € N and p,a > 0,A,(g, @) is called n-th variational eigenvalue of (1.1) if there
exists u, (1, o, z) € X satisfying the following conditions (2.1)-(2.3):

(2.1) (Un(p, o, z), pty An(pt,@)) € Ny o X Ry X Ry satisfies (1.1).
(2.2) —(—l%un(u,a,w) ., > 0.

(2.3) Y(un(s, 0,2)) = fulp, @) = inf sup U(u),

where

Ap:={K CNyo: K is compact, u€ K implies —u € K, 0¢ K,v(K) > n},
(K):=inf{k € N : there ewists h: K — R*\ {0},h: continuous and odd}.
We first introduce the results for the case f(u) =u, g(u) = u+ |u[P" u (p > 1). The
existence result of the n-th variational eigenvalue is due to Zeidler [7].

Theorem 2.1 ([2, Theorem 2.1]). Let a > 0 be fixed. Then A\ (u, ¢) Is a continuous
function of p > (nw)?. Furthermore,

ATL ¥
(2.4) lim 2n(h) g

p—oo i
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Moreover, as p — (n)?
(2.5) At @) = Co(p — (n)?) ™5 + o (1 — (nm)?)5"),
where Cy :=T (1’-—;53’-> / {\/%2pa“’—2—11‘ <p—’;—-i2~> }

Theorem 2.2 ([4, Theorem]). Letp > (nm)? be fixed. Then the following asymptotic
formula holds as oo — oo:

(2.6) Anp, @) = Coa 3 4o (aL:‘l) ,
where (t1)
C”:2<§) ’ +O<‘p,122) as p — oo.

Secondly, we introduce the results for the case f(u) = u, g(u) = [u[?~ u (p > 1).
Since the asymptotic behavior of An(u, @) as g — (nm)? is the same as that mentioned
in Theorem 2.1, we restrict our attention to the case p — oo:

Theorem 2.3 ([3, Theorem]). Let a > 0 be fixed. Then the following formula holds
as ji — 00: '
pE =0 (u8)

2.7 )‘n y Q) = ~1
(2.7) (1, cx) 2

3. Main Results for General Nonlinearities

We begin with the existence result. We assume the following conditions:

(A.1) f,g are real-valued, odd, increasing function on R. Furthermore, g is locally
Holder continuous and f is locally Lipschitz continuous.

(A.2) Let fi(s) = I—(—Q Then fi(s) is a increasing function of s > 0 and f;(s) — oo
as § — 0. s

(A3) {ue N, :¥(u) < C}C X is bounded for any C > 0.

Theorem 3.1 ([5, Theorem 2.1]). Assume (A.1)-(A.3). Then there exists A, (u, o)
for p,aa >0 and n € N.

Theorem 3.1 is proved by an application of the existence results of Zeidler [7].

Next, we consider two special cases. At first, let f(u) = |uP~u, g(u) = |u|9 y,
where 1 < ¢ < p < g+ 2. We consider positive solutions of (1.1). We write A(p) =
A1, @) and u, = u(y, a, z) for simplicity. Then we have

p—1
20+ i)

(3.1) M) = — 2L
g

(3.1) is obtained as follows. Multiplying (1.1) by u, and integration by parts we obtain

(3.2) ~Nuullk + pllualpi = M) luallfs
this along with the fact that v, € N, o implies (3.1).
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Theorem 3.2 ([6, Theorem 1.1]). There uniquely exists a variational eigenvalue for
fixed p, a > 0, that is, if (i1, Ay (), up,1) and (g, Ao (p), up,2) satisly (2.1) - (2.3) for the
same p,a > 0, then A\;(p) = Ao(u). Furthermore, A(p) is continuous in p > 0 for a
fixed o > 0.

Theorem 3.3 ([5, Theorem 2.2]). Let o > 0 (u > 0) be fixed. Then the following
asymptotic formula holds as u — oo (a0 — 00):

2(p—q) —q g
(3.3) M) = C, 7 o R o (1K)

where

_gt3 : , F( p+3 )
(3.4) Gy = (_‘Z_i“l)z-‘"“"’ (p+3)(g+1)(p—g) 2 2 — q)
| Pl 22 —-p+3) 7I'(q+1)r< g+3 )
2(p - 9)

Theorem 3.4 ([6, Theorem 1.2]). Let a > 0 be fixed. Then as yu — 0, the following
asymptotic formula holds:

(3.5) Ap) = Capla=0/-1) 4 g <M<q_1)/(p_1)) ,

(P — Dllveollpia

where C3 = 7 and v is a unique positive solution of the minimizing
| (P + Dllveollgis
problem
1
(3.6) Minimize q+1{[wllgi} under the constraint
1 1 )

Finally, we consider Example (4) in Section 1.

Theorem 3.5. Let f(u) = [u[P~lu+ |u|" " u, g(u) = |ul?tu+]u]* u (1<g<p<
g+2,g<s<p<r<s+2). Then as g — oo the asymptotic formula (3.3) holds for a
fixed a > 0.

4. Scketch of the proof of Theorem 3.3 and 3.5
Theorem 3.3 and Theorem 3.5 can be proved by using the same arguments. Hence,
we only treat Theorem 3.3 for simplicity. In what follows, we fix o > 0. Let v, =

1 —g=t .
prTu,, v, = Ap” »=1. Then v, satisfies

—v(z) = vu(2)? ~ vuvu(z)?, wel,
(4.1) vu(z) >0, zel,
v,(0) = v,(1) = 0.
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_p—1 1
Furthermore, we put £, = v [t = {,(z — ) Yu(t) = v, 7~ “v,(z). Then it follows
from (4.1) that y,(t) satisfies

" 1 1
—wAU:yAﬂ”—wUV,tELu=<—?m§@>,
(4.2) yu(t) >0, tely,

1
Yu (“56#) =Yu <%£u> =0.

In connection with (4.2), we consider the nonlinear scalar field equation:
y"() + 9P = y(t)?, tER,
(4.3) y(t) >0, teR,
hm y(t) = 0.

t—+ 400

Since 1 < ¢ < p, we can apply Berestycki and Lions [1] to (4.3) and obtain that there
uniquely exists a solution y of (4.3), which is called the ground state of (4.3). The key
lemmas to prove our theorems are as follows:

Lemma 4.1. y, —» y in LI"Y(R) as p — oo.
Lemma 4.2 ([5, Lemma 4.6]). Let y be the ground state of (4.3). Then

) /wymv“dm= 2 [matl) Eﬁiﬁ%ﬁ)

oo p—qV 2 r ( p+3 ) '
2(p - q)
Proof. We see from [1] that for z > 0

(4.5) z) = —y(x )V/*————y( )t -—j%jiy( )y

Put s = y(z),¢t = (Z's and sin f = t*3* to obtain

/Ooo y(:c)q“d:c:/ m)q\/ v (=) 5 dz

@) -y

/q+ /Cw s s — q+1 n./
+ ¢rrﬁ?

”q—}—l 2sm P—q 9d0
F( ¢+3>

_ Lt w+1c 2Ap-9)/)
pP—q F<p+3>

2(p - q)

(4.6)
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]

By combining (3.1) with these two lemmas, we can obtain Theorem 3.3 and Theorem
3.5.
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NAVIER-STOKES EQUATION

3rd step. Using a solution w of (2.3) and putting v(t,z) = w(z)+2(¢, z), then (2.1)
is reduced to the problem of finding z(¢, z) satisfying the following equation:
02 — Az + (Voo - V)2 + LIW]Zz 4+ N2]+ VP =0, V- z=0 in,
(2.4) z=20 on 0Qq,
z(0,z) = b(z) in Q,

where L[w]z = (w - V)z + (z - V)w, N[z] = (z - V)z and b(z) = a(z) — 0 — W(z).
Instead of (2.4), employing the idea due to Kato [16] I solved the corresponding integral
equation: '

(25) () = Tu_ ()b — /0 Tu (t — s)P[L[w]a(s) + Na(s)]] ds, V¢ > 0.

And then, the following theorem is my main result obtained in Shibata [22] concerning
a unique existence of solutions to (1.1) or (2.1) globally in time in the L3 framework.

Theorem 3. Let 3<p< oo ,0< f <1and0 < & < /3 be given numbers. Let
a(z) and b(z) be the same as in (1.1) and (2.4), respectively. Then, there exists a
constant € > 0 depending on p, f and k such that if 0 < |us| < €, b € J3(R2) and
la — ueo|lz < |uee|?, then (2.5) admits a unique solution z(t,z) € B([0,00); J3(€2)) N

C°((0,00); Lp(2) N Wé(ﬂ)) possessing the following properties:

[z]s,o,t + [Z]p,u(p)/z,t + -[VZ]3,1/2,1. < |uoolﬁ*2n7 M(P) =1-3/p,
lim (|lz2(t,) = blls + [2lpuiy /o + [Vels2,) =0

Here and hereafter, we put [v]p,,,: = sup s°||v(s,-)|p-
0<s<t

3. Comments on proofs

3.1 A proof of Theorem 3. In order to prove Theorem 3, I used Theorems 1 and
2. The most important point is the estimation of the linear term:

Liz] = /(; Tu,. (t — 8)L[w]z(s,-)ds = /0 Tu., (t — 8)P[(w - V)z(s, ") + (z(s,-) - V)w]ds.

To handle with the term: (z(s,-) - V)w I used the following generalized Poincaré’s
inequality.

Lemma 1. Let 0 £ o < 1/3 and put do(z) = s(z)*|z|*~*log |z|. Then, there exists a
constant C, such that

[v/dalls S CallVolls Yo € W3(R).
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AN EXTERIOR INITTIAL BOUNDARY VALUE PROBLEM
FOR
THE NAVIER-STOKES EQUATION

YOSHIHIRO SHIBATA

Abstract. In this note, we study a unique existence of strong solutions globally in
time to the Navier-Stokes equation in a three dimensional exterior domain with non-
zero constant speed of fluid at the far field. The asymptotic behaviour of solutions is
also addressed.

1. Introduction

The motion of nonstationary flow of an incompressible viscous fluid past an isolated
rigid body is formulated by the following initial boundary value problem of the Navier—
Stokes equation:

8tu—-Au+(u-V)u+Vpx0, Vu:O iI’lQT,
u=0 on 07,
(1.1) (0, z) = a(z) in Q)
I 1I1II1 u(t,z) =u,  "t€(0,7),

where 0 = 7(0,0,0), T M means the transposed M and for simplicity, the mass density
and the viscosity coefficient are assumed to be 1. Throughout the paper {2 represents a
spatial region filled with fluid and is taken to be a domain of R* having the C* boundary
09, with a bounded complement @ = R® — Q which is corresponding to the obstacle.
Spatial points are denoted by z = (z1, %2, z3) and the time variable by ¢. Space-time
cylinder (0,T") x Q2 is denoted by Q, and also (0,7) x 0 = Q7. My problem is to find
a three dimensional row vector of functions u(t,z) = T(uy (¢, z), ua(t, z), us(t, )) which
represents the velocity vector of the fluid and a scalar function p(¢, z) which represents
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the pressure. Ueo = L (Uool,Ucoz,Uoo3) 18 @ given constant vector which represents a
velocity of the fluid at infinity.

After works due to Finn [6-10] ( ¢f. Galdi [12] and references therein ) concern-
ing the asymptotic behaviour of the stationary problem of the Navier—Stokes equation,
J. G. Heywood [13, 14] treated the stability globally in time of Finn’s physically reason-
able solutions in the L, framework (further works in the same line as in Hoywood [13,
14] were done by Masuda [19] and references therein). Concerning the unique existence
of strong solutions to the Navier— Stokes equation and their asymptotic behaviour in Lg
framework, the case when uy, = 0 has been investigated very well for small solutions.
In fact, Kato [16] proved the unique existence of small strong solutions of (1.1) globally
in time in the L, framework when @ = R" and their properties of time decay. He
employed various L, norms and L,—L, estimates for the evolutions of the Stokes oper-
ator. Iwashita [15] extended Kato’s work [16] to the case where O is non-empty, that
is he showed the L,-L, estimates for the semigroup of the Stokes operator in {2 with
Dirichlet zero condition and proved the unique existence of small strong solutions of
(1.1) globally in time in the L, framework ( n 2 3 ). Moreover, Borchers and Miyakawa
[3] and Kozono and Yamazaki [18] proved the stability of small stationary solutions in
the strong sense. But, the case when uo, # 0 has not studied well compared with the
case when u,, = 0, although the importance of the mathematical investigation of so
called wake region is recognized very well. An unique existence of even small strong
solutions of (1.1) globally in time in the L3 framework has been remained open for long
time. .

In the early of 1995, Shibata [22] proved that the problem (1.1) admits a unique
strong solution globally in time when uy # 0 but |ue| is very small, V-a = 0 in
Q and the L3 norm of a — u, is also very small. But, the smallness assumption on
a — Uy depends on u.,. More precisely if u,, tends to zero, then the admissible initial
datum is only zero vector, although Iwashita [15] proved the global existence theorem
for small L, initial data. It is the reason that the L,-L, estimate of solutions to the
linear Oseen equation obtained in [17] was not uniform with respect to .. In the final
section of this note, I shall give a lemma concerning the uniform estimate with respect
to U Of the fundamental solutions of the Oseen equation and this lemma will enable
me to improve theorems obtained in [17] regarding the uniformity with respect to u.s,
and hence the smallness assumption of a —uq, will be independent of us,. Nevertheless,
I think that the results obtained in [17] and [22] made great progress in the study of
asymptotic behaviour of solutions to the 3 dimensional Navier-Stokes equation, so that
I believe that it is worth while explaining several results in [17] and [22] below, although -
the estimation is lacking in the uniformity with respect to ug.

Before going into detail, I would like to explain the notation used throughout this
note. Three dimensional row vector—valued functions are denoted with bold—faced let-
ter, for example, u = T(uy,us,us3). (a;;) means the 3 x 3 matrix whose i** column and
j** row component is a;;. As usual, we put 8; = 8/0¢, 8; = 8/0z;, A = 6? + 82 + 82,
02 = 071 05205?, a = (a1, 03,a3) and |a| = a1 + a3 + a3. For three dimensional row
vector-valued functions u = T(uy,ug,u3), v = T(v1,v9,v3) and a scalar-valued func-
tion u we put 0™u = (82u, |a| = m), O, u = (8%, |a] < m), & 8% = T(8!8%u,,

81 0%uy, 810%u3), 8™u = (82w, |al = m), 9, u = (8%u,la| < m), Vu = (du;),
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Au = T(Aulv AUZa Au?))v (U'V)V = T(ijl ujajvh Zj 1 uja V2, 23——1 uja 1)3)7 V-u =
Z:;.__l djuj, Vu = T(8yu, Byu, 8u) and Vu : Vv = T(Vu -V, Vu - Vuy, Vu - Vog). Put
= {z ¢ R® | lz| = b} and 2, = QN Bs. Sobolev spaces of vector-valued func-

tlons are used, as well as of scalar—valued functions. If D is any domain in R®, L,(D)
denotes the usual L, space of scalar-functions on D and || - ||»,p its usual norm. More-
over, we put ||u||pm,p = [|(9 ul[p,p. For vector valued functmns we shall use the
same symbols. For s1mphc1ty, we shall use the following abbrev1at10n () = (- )a,
I llo =11 llp.as I lpom =1l lpm,s |+ Ip = I+ lp,res [ lpym = Il - llp,m,ms. D" denotes
the set of all distributions on R®, S’ the set of all tempered distributions on R® and
Ce°(D) the set of all functions of C*(R®) whose support is contained in D. More-
over, we put L, s(D) = {u € L,(D) | u(z) =0 Yz ¢ By}, p,oe(Rs) ={u e8|
O%u € Lp(By) "o : |a| < m and ¥b > 0}, oe(D) = {u | W € W, .(R*) such that
u="UonD }7 LP;IOC(D) = W;?,loc(D)7 W]Zn(D) = {u € ITIOC(D) l “u”p,m,D < 00}7
V:Vp:(D) = the completion of C’g"’(ﬂ]l))‘with respect to || - ||p,m,D, W:a(D) = {u €
W, (D) | [pu(z)dz = 0} and W, (D) = {u € W],.(D) | |07ullpp < oo}. To
denote function spaces of vector~valued functions, we use the blackboard bold letters.
For example, Ly(D) = {u = T(uy,us,u3) | u; € Ly(D),j = 1,2,3}. Likewise for
Co°(D), Lps(D), Wi,e(D), Lp10e(D), WD), W (D) and W (D). Moreover, we
put J,(D) = the completlon in L,(D) of the set {u € C°(D) | V u = 0 in D} and
G,(D)={Vp|pe W;(D)} According to Fujiwara and Morimoto [11] and Miyakawa
[20] (cf. also [12]), the Banach space L,(D) admits the Helmholtz decomposition:
L,(D) = J,(D) ® G,(D), where @ denotes the direct sum. Let Pp be a continuous
projection from LL,(D) onto J,(D). The Stokes operator Ap and the Oseen operator
Op(us) are defined by the relations: Ap = —PpA and Op(ue) = Ap + Pp(ue - V)
with the same domain: Dy(Ap) = Dp(Qp(uss)) = J,(D) N Wy(D) N WA(D). For sim-
plicity, we write: P = Pg, A = Ag and O(ue) = (O)Q(um) To denote various constants
we use the same letter C' and C4 p.... denotes the constant depending on the quantities
A, B, ---. C and Cy p,. will change from line to line. For two Banach spaces X and
Y, £(X,Y) denotes the set of all bounded linear operators from X into Y with norm
Il - lcex,vy, B(I; X) the set of all X—valued bounded continuous functions on I and
C(I; X) the set of all X-valued continuous functions on I.

2. Results obtained in Kobayashi and Shibata [17] and Shibata [22]

To solve (1.1) I put u = uy + v and then the equation for v is the following Oseen
equation:

Ov —AVH (Upe - V)V (v-V)v+Vp=0, V-v=0 in Qr,
(2.1) V= —Ug on 0Qr,

v(0,z) = a(z) — U, in Q,

One interprets that the last condition in (1.1) is satisfied by finding solutions to (2.1)
in the suitable Sobolev spaces, so that below instead of (1.1), I will treat (1.2).
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1st step. First, I shall consider the following linear Oseen equation with zero bound-
ary condition:

Ou—Au+ (e -V)u+Vp=0, V-u=0 inQ%,
(2.2) ' u=0 in 60,
u(0,z) = a(z) in Q.
Miyakawa. [20] proved that O(uc) generates an analytic semigroup Tu,, (1) on J,(£2) for

any 1 < g < co. Kobayashi and Shibata [17] proved the following L,~L, estimate for
Ty (1)

Theorem 1. (1) Let 1 < p £ ¢ < oo and let k > 0 be any small number. Then, there
exists a constant og : 0 < o9 < 1 depending on p but independent of k, ., and q such
that

ek — 3/1 1
o (Ol S Cpgelital ¢ lall, ¥t>0, ac,(@), v=3(3-1).

provided that 0 < |ue| < 0o.
(2) In addition, we assume that 1 <p = ¢ < 3. Then,

IVTu. (ally S Cpygeluce] ™t~ +/D all, Y50, Yae (),

provided that 0 < |ue| £ 0o.

2nd step. In order to treat the boundary data —u in (2.1), I solved the following
stationary problem:

(2.3) ~AW+ (U V)W+(W-V)W+Vp=0, V-w=0 in Q and w = —u,, on 9.

Concerning the solvability and estimation of solutions, Shibata [22] proved the following
theorem.

Theorem 2. Let 3 < p < oo and let § and 8 be any numbers such that 0 < § < 1/4
and 0 < 6§ < B < 1— 6. Then, there exists a constant g1: 0 < 013 £ 1 depending on p,
6 and 8 but independent of Uy, such that if 0 < |ueo| S 01, then (2.3) admits solutions
W E WZ(Q) and p € W, () possessing the estimate:

1Wllp,2 + 1wl + [19ll5,1 < fucol”.

Here and hereafter, we put s(e)(z) = |#]| — U - /|| and

lIwlls = sup (1 + l2[)(1 + s(ueo)(2))’ [w(2)]
€N

+sup (1+ |2)*/2(1 + s(uc0)(2))/*+0 |V (z)|.
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In fact, since by Theorem 2

[w(@)l £ (1+]2) 7 (1 + 5(ue0)(2)) ~* Jueo|?,
[Vw(z)] £ (1+[2)) 722 (L + 5(uc0)(2)) "+ u|?,

putting v = 36/4 and e=1/(1+ ), we have
(W - V)z(s, s+ = Wllsja) V2l

3¢ 1/3¢
< Juso V2 (s, |15 (/Q [(1+ J2)) ™ s(us )(2) "] dm) < Cluso|?[|Va(s, -)lls,

1C2(s,) - VIWlls /ety = l12(s,7)/dallsllda VW3 /(1) S Clacol’[[Va(s, )]s

Therefore, we have [L[z]]s £ Cluco|?[z]:, where [z]; = [2]3,0,¢ + [Vz]s1/2,¢ + 2], u(p)/2,t-
Since the nonlinear term is quadratic, by Theorem 1 we have [z]; £ Clue|™*(||blls +
[uco|Plz); + [2]?). If we choose |u| so small that Clue|?~* < 1/2, we have [z]; <
2Cuco|~"(||b||s + [2]?), which immediately implies Theorem 3.

Remark 1. The estimate obtained by Theorem 1 is not uniform with respect to |us|,
so that I have to choose ||b||s|tuco|® so small. This is the reason why the smallness
assumption on a — Uy, depends on ue. If the estimate in Theorem 1 is uniform with
respect to Uy, (that is we can take x = 0 in Theorem 1), then the smallness assumption
on ||b||s is independent of us, and hence so is that on Jla — ug)js.

3.2 A proof of Theorem 2. In order to solve the exterior problem, in [17, 22]
we considered it as the perturbation from the whole space. Namely, in principle the
solution u.z¢ to the exterior problem is represented in the form:

Uegt = PURs ~+- (1 — go)umt -+ v,

where ¢ is a smooth function which is identically equal to 1 for |z| 2 R with sufficient
large R and 0 in the neighborhood of O, ugs and wu;,; are solutions to the corresponding
problem in R® and in some bounded domain containing O, respectively, and moreover
v is a compensating function to keep the divergence free condition: V - u,¢ = 0. The
existence of such v is guaranteed by the following theorem due to Bogovskii [1, 2] (cf.

also Galdi {12]).

Bogovskii’s lemma. Let D be a bounded domain with smooth boundary. Let 1 <
p < oo and let m be an integer 2 0. Then, there exists a linear bounded operator

B: W:a(D) — W;n+1(D) such that
V-Blf] = f in D and |B[f]|lp,m+1,0 £ Cp,m,p||fllp,m,p-

By using the symbol B, the v is defined by the formula :

v =—B[Vy - ugs] — B[Vy - u;n.
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Since we may assume that supp Vi is compact and contained in (2, such compensation
never changes the boundary condition, so that in the case of the Navier—Stokes equation
we can use the usual cut—off technique. From this point of view, the main step of the
proof of Theorem 2 is the estimation of the convolution of the fundamental solutions
of the Oseen equation and the right members. Let x(uy)(z) and p be a system of the
fundamental solutions to the following linear stationary Oseen equation:

AW+ (U - V)W+Vp=Ff, V-w=0 inR®.

Then, they are given by the following formula:

o3(uc )(z) 1 — e~

i (o) (2) = <6,-kA — 0;8,)E(0) (@), E(o)(x) = / do, o = [ucol/2,

8roa
ﬂ-]( ) 4 l$l37 P= (71'1,7!'2,71‘3)

x(Uoo)(2) = (xjr(uco0 )(z)) = 3 X 3 matrix Whose i, j component is x;x(ue0)(2),

The following lemma is concerned with the estimations of the x(us)(z).

Lemma 2. Assume that u,, # 0. Then, for any §: 0 £ § £ 1 there exists a constant
Cs > 0 independent of U, such that

Cg 06
[x(ueo)(z)| = Gs(@))a]’ [Vx(uoo)(2)] = (05(z))es(z) /2|22

The following is the one of the main step of the estimation.

Lemma 3. Let 0 < 6 < 1/4 and put

< g >26= sup (1 + |2|)*/*t%|g(z)|.
z€R3

If g € Ly 10c(R?) and < g >25< oo, then

Cs < g >3
Ix(uoo) * g(z)| = R lP[2](L + s(@))° for |z| 2 1,
V() # 8(0)| S e sy for el 2 1

Farwig [4, 5] proved Lemma 3 essentially by refining the argument due to Finn [6—
10]. Shibata [22] gave another proof of Lemma 3 based on the integration by parts with
respect to the angular variables. By Lemma 3 and the compact perturbation method,
Shibata [22] proved the following existence theorem.
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Lemma 4. Let us consider the exterior boundary value problem for the linear Oseen
operator:

(3.1) —Au+ (- V)u+Vp=f, V-u=0 inf), u=0 ondf.
Let3<p<ooand 0 <6< 1/4. Put

< £ >g5= sup(1+[2)*/2(1 + s(ueo)(2)) /47 f () .
TE

Assume that 0 < |ux| < 0g. Then, there exists a constant 01 > 0 depending essentially
only on p, 0 and § such that if £ € Ly 1,.(R) and < f >325< oo, then (3.1) admits a
unique solution u € W2(Q) and p € W}(R2) such that

[ullp,2 + ol + lulls £ Cpsluee ™ < £ 325 -

Let us define the linear operator G by the formula: u = Gf, where u is a solution
to (3.1). By using the Bogovskii’s lemma, we can easily construct a vector v(z) of
functions in C*°(R®) such that v(z) = —u, on 0%, supp Vv is compact and

02v(2)| £ Caltee|, Yo, Yz € R

If we put w = v +y to solve (2.3), by using the operator G we can rewrite (2.3) in the
form:

y=-GP{(z-V)y+ (v -V)y+(y - V)v+(v:-V)v—- AV + (e - V)v}.

Let § and B be given constants such that 0 < § < 1/2and § < 8 <1—6. Let p be a
fixed number such that 3 < p < co. And then, as an invariant space we take

T ={y € Dp(0(us)) | ¥llpz +llylls < [ucol’/2}-

If we choose |uq,| small enough, then Theorem 2 can be proved by the usual contraction
mapping principle in view of Lemma 4.

3.3 A proof of Theorem 1. As stated in the previous paragraph, in order to prove
Theorem 1 we also used the cut-off technique. Therefore, we need the estimation for the
semigroup Ey_ (t) generated by Ogs(ueo) and the local energy estimation of Ty, (%).
Since E,_ (%) is given by the formula:

1

3/2
Euoo (t)a = (.4—7}.%) /Rs e—im—tuw—-ylz/ﬁa(y)dy, Va € JP(R3)7

by using the classical Young’s inequality we have the following lemma immediately.
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Lemma 5. Let 09 > 0,1 < p < ¢ £ 00 and |u| £ 0y Then,

o (- (itla 3/1 1
|67 63 By, (t)alg < Cjapg,00t (i D/z)lalp’ v 2 (1—9 - 5) ’

for any a € JP(RS) and t > 0, where the constant Cjq p g0, 1S independent of U
whenever || S 9.
Moreover,

10702 B, ()aly < Cjrapoolalpzjtialy "2 € Jp(R?) NW2H(R?) ¥t > 0,

where the constant Cj y p,s, is also independent of Us, whenever || < 0.
The following local energy decay estimate was obtained in [17].

Lemma 6. (local energy decay) Let 1 <'p < oo and let by be a fixed number such
that By, D O. Let oy be any positive number. Assume that 0 < |us| < 0¢. Then, for
any b > by, integer M 2 0 and k: 0 < k < 1, there exists a constant Ca,pb,x,00 > 0
independent of uy, such that

1M T (H)allp 2,0, S Ch,ppok,oo 8ot MF3 D a)l,, V>0, Ya €T, 4(Q).

In order to prove Lemma 6, we use the usual representation formula of the semigroup
in terms of the inverse operator (Al + O(uy))™! given by the following formula:

y+ioo
(3.2) Ty () = — —— e’\t%()\l + O(ue)) " fdA.

27TZt y—ico

To estimate the right-hand side of the above formula, first we have to discuss the
resolvent set p(O(u)) of O(uc).

Lemma 7. (resolvent set of O(uy,)) We have the formula:
p(O(ug)) D ~Du,, ={A €C| =X €Dy, },
where Ty, = {) € C | |ux|?Re A + (Im A)? > 0}.

Moreover, for any p : 1 < p < 00, Ag > 0 and o > 0 there exists a constant C}, xy, s,
such that

IMI(O(uco) + AD) 7 £ + [1(O(uco) + AL fll2,p S Cproollfllp,  VE € Lp(S),

provided that Re A 2 0, |A] 2 Ao and |u| < 00.

In order to prove Lemma 6, we can use Lemma 7 to estimate (O(uq) + AI)~! for
large |A|, so that the main step is estimation of (O(ue) + AI)™! near A = 0. To do this,
the following lemma is the key.
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Lemma 8. Let 1 <p<o00,0<x=1,00>0,0< [ueo| < 0¢ and b > by + 4 where by
is a fixed number such that By, D O. Put

H = LT, 50, Dp(0(u))); Iy={A=ip|pueR, 0<]ul <min(y,1)},
D,={2€C|0<Re A <min(y,1), |Im A| <min(y,1)}.

Then, there exists a ¥ > 0 depending on b, p and oy but independent of U, such that
there exists an operator Ry, (A) € A(D., H) U C*(I,,H) such that

Ru.(Vf = (0(e0) + M) T, [[Rug (Mfllp,2,00 £ CoypooIElps

m C 0,00, ,m K
[1(8/0A)™ Bu e (Mfllp 2,0, = ]uw!;’um°Alm_1 el Ym 21

for any A € D, U I, and f € J, ;(2).

In fact, combining Lemma 8 and the following lemma concerning the decay rate of
the Fourier image of the function which are regular up to some fractional order, we
can treat the low frequency part (that is near A = 0 in (3.2)), and hence we can prove
Lemma 6.

Lemma 9. Let H be a Banach space with norm |- |x. Let f(r) be a function of
C>=(R — {0}, H) such that f(r) =0 for |r| 2 a with some a > 0. Assume that there
exists a constant Cy depending on f such that

((@/ary £(0)| S o704, Yri0<r|Sa, j=0,1.
If we put g(t) = (1/2) [7_ f()e*'"dr, then

lg(®)lx S C(1+1)7/2C;

for some constant C > 0 independent of f.

As stated in the previous paragraph, to prove Lemma 8, the main step is the estima-
tion of solutions in R?, which is achieved by estimating the low frequency part of the
fundamental solution EY (e, A)(z) which is defined by the following formula:

o £ —2
= [ ST

where 1 is a smooth function whose support is contained in {¢ € R® | |¢| £ 2}, i = v/—1,
Sjk =1forj =kandbj; =0for j #k, and F ~! denotes the Fourier inverse transform.
Note that if we put

R N R 141
Bit{Ueey M) = 777 [15[]2—}'2'11]00-6—{-)\

E(too, N) = (Ejr(Uo0, V), P = T(m1,m2,7s3),

[ @ w0 =77 || @)
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then F(ue, A) and p give a system of fundamental solutions of the following stationary
Oseen equation in R® with a complex parameter \:

A=A+ (U V)u+Vp=f, V.-u=0 inR®
Note that
€+ - €+ A #£0 foré€cR*and A e X,

which plays an important role in order to prove Lemma 7. When Re A 2 0 and ue, # 0,
by calculating the Fourier transform directly we have

1 oo 1 — e"'F(A$t1y) ——-)\t/20'
Ejk(uoo, )\)(.Z‘) s ——8—7;; (5jkA -— ajak)/(; We dt,

where

3
0 =|ucl/2, 8; =0/0z;, A=) 08°/0?,
i=1
y =Sz, S is the orthogonal matrix such that Su, = |ucle;, (&1 =
T(1,0,0)),

F(\ty) =+vo?2+ XLt y)—o(ys —t), the analytic branch of /o2 + X is
chosen so that Re v/o2 4+ A > 0,

Ut,y) = /(1 =P+ WP ¥ = (v2,38), Iy'| = /95 +3.

Using this formula, we have the following lemma.

Lemma 10. Let 09 > 0, Re A 2 0, [Im A| £ 1 and |uy| £ 0¢. Then, for any integer
n20,keR:0<k=<1,peR:0Z pu<1/2 and z € R® we have the following
estimations:

0% (oo, M)(2)| £ Ci

Cm,n,ic,ao(l + lx})m'l'l
fuoo,nllm /\Im—l/z

(33) 83(8/00)™ Ey(tee, A)(2)| <

for any m 2 1, Im X\ # 0 and u., # 0.

Remark 2. To prove Lemma 10 is crucial in order to prove Theorem 1. Since the
estimation (3.3) is not uniform with respect to u,, the estimation in Theorem 1 is also
not uniform with respect to ue. If (3.3) was improved regarding the uniformity with
respect to uq,, the estimation in Theorem 1 was uniform with respect to uy. In the
next section, to get such an improvement I would like to discuss a little bit.

4. An essay of the uniform L,~L, estimate with respect to u,,

In order to give a lemma concerning the decay rate of the Fourier image of functions
which is regular up to a fractional order, we introduce the following space.
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Definition 1. Let H be a Banach space with norm |- |%. Let N be a non-negative
integer and 0 < o < 1. Put CY T (R; H) = {u € CV(R; M) |< u > N10n< 00} where

N fove) )
<L u >>N+a,’H=Z/_OO |(d/dr) u(r)|,, dr

-+ il;}g |h|~° /—Z I(d/dT)Nu(T + h) — (d/dT)Nu(T)l,H dr.

The following lemma is concerning the relationship between the regularity of the
function and the decay rate of its Fourier image (cf. Shibata [21]).

Lemma 11. Let H be a Banach space with norm |-|y. Let N be a non-negative integer
and 0 < o < 1. Assume that f € CN+"(R; H). Put g(t) = (1/27) ffzo F(r)eitrdr.
Then,

g S CA+t) M) < f SNton -

While the assumption of Lemma 9 is pointwise, that of Lemma 11 is in the L, sense,
which is a key of the improvement of our estimate in [17] regarding the uniformity with
respect t0 Uoo. The following lemma is corresponding to Lemma 10.

Lemma 12. Put

Fy(us, 8)(z) = E}Jk(uoo,is)(x), Fi(ue, s)(z) = (B/BS)E?k(uoo, i8)(z).

Then,
(4.1) sup [Fg(uoo,s)[oo < C,
s&R
(4.2) sup [Fo (oo, s + h) — Fp(co, 5)|co S C/|A,
8€E
(4.3) / |7y (oo, 8)]eods < C,
(4.4) / Py (oo, 5 + B) — Fi (o, 8)|oods < C/T,

where C is an independent constant of u.

Proof. Recall the definition of E; (e, %) (cf. after Lemma 9), we have

de dé
F o0y S oo§ " _S__ —_ 3
o (oo, )] /,g,gz e+ itue £ 5] /lffgz e <
> oo dsd€
s < = . e
[ )'wds—/mgz/_wnslm(um-usw {ueo - £ 4o =1

</ /°° dtd¢ _,/ ¢ [ dt
~Jigg2 oo EE 12 Jig<o 1P Jooo 2T
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which shows (4.1) and (4.3).
When |A| 2 1, (4.1) and (4.3) immediately implies (4.2) and (4.4), respectively. There-
fore, we may assume that 0 < |h| £ 1. Observe that

‘FO(uom'S + h) - Fo(uoo, 3)‘00

(4.5) § / e
= Jza TP + (e €+ s + WIEP + (e €+ )]

Since |Ueo - €+ 5+ k| 2 |h| = |Uso - £+ 5] 2 |h|/2 When |ueo - €+ 5| S |h]/2, studying the
case when |uy - € + 3| S |h|/2 and the case when |ue - € + 3| 2 |h]/2, we see that

€12+ i(en - € + 5 + B +i(uco - € + )| 2 (I6PVIEF+77) /2,

which together with (4.5) implies (4.2). Observe that

/ |Fi(too, 5 + B) — Fi (oo, 8)]oods

- 00

* 1 1
= /mg /..oo I [ +i(uco - €+ s+ )2 (|2 +i(ueo - € + )2

5 5
<Y | K s hydeds =) I

j=1v%i j=1

dsde

where

206[21h] +20slll+ 2 .
(I€|4 +(8 + h)2)(|£l4 —{-—32)’ 1= {Igl § \/—lﬂal [ é [h]/Z},

wy = {|¢] £ Vb, /2 < |s| S 20Rl}, ws = {I€] S VIR, |s| 2 21Al},
wi = {[€] Z VB, |s| S 2[R}, ws = {I€] Z V/IAL,|s| 2 21R]}.

Since [s + h| 2 || = |s| 2 |h]/2 and 2[¢[*|h| + 2|s]|h] + |h]* £ C|h|* when (¢,s) € wy,

we have

C|h|*dEds e VIR 2 gy
b </w1 (e + (e +72) = / / rits?

= { r=+/|slt, ridr = l5|3/2dt} /'hl/z ds [ t*di < /Tl

rt 4+ 52 = $2(t* + 1), Vs o

K(E,5,h) =

Since [ +s* 2 []* + (|k]/2)?, 2I€*|h] +2|s||h| + |h[* = C|A|* and |s+ | = 3|h| when
(€,3) € we, we have

C|h|?deds 3[h VIRl 24, ‘
= _ <
B2 U T (PP + G ) = C/o d‘“’/o g7 = CVIAL
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Since |s + k| Z |s| — || Z |s|/2 and 2[¢[*[h] + 2[s|[2[ + [A[* £ C]s||h| when (€, s) € ws,

we have

C|s||h|déds /
I; < e =(C|h d e
P /ws (1€]* + s2)2 i 2|h|3 ? (7“4 + 32)2

© |plds [ i2dt
-C ISJ/2/O < ¢Vl

2|h| (t*+1)* =

When (£, 3) € wy, 2|€]2|h| +2|s||k| + |A]* < C|€|?|h]|, because [h| < [£]? and |s] < 2|h| S
2|£]2. Therefore, we have

I, £

C|€|?|h|dEds <Ch/ de 2lel g
o TP+ D) = M o B Sy T o2

d¢ [® dt oo dr
= Clh Clh — S C+/

When (£, 5) € ws, 2|¢[*|| +2|s||k|+|h|* = C(IE1* +|s])|h] and |s+ 1| 2 [s| = 2] 2 |s]/2,
because 2|h| < |s| and |£]|? 2 |h|. Therefore, we have

€17 + s
< LA S bl B
B = i /lslzzlhi /isfzx/W (e + 52y
< cJnl a2t < oy

ez €8 Jo (2412

Combining these five estimations, we have the second part of (4.2), which completes the
proof of the lemma.

Remark 3. According to the method due to Kobayashi and Shibata [17], I will be able
to get Theorem 1 with £ = 0 (that is the uniform estimate with respect to ) by
using Lemma 12 instead of Lemma 10. Therefore, in Theorem 3 instead of assuming
that ||a— Ueol|3 £ |[Ueo|?, we may assume that ||a— ||z < €, where € is independent of
Uoo. This means that the smallness assumption on a is independent of u,,. Therefore,
we can prove the continuity of solutions to (1.1) with respect to ue near ue = 0. The
detail will be published elsewhere.
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AN INITIAL BOUNDARY VALUE PROBLEM
FOR
SOME HYPERBOLIC-PARABOLIC COUPLED SYSTEM

YOSHIHIRO SHIBATA

Abstract. This note is concerned with a unique existence of small solutions globally
in time of the initial boundary value problem for some coupled system of nonlinear
hyperbolic and parabolic equations in a bounded domain. The exponential decay of the
energy is also addressed. The model equation of our theory is a nonlinear thermovis-
coelastic equation and a nonlinear viscoelastic equation describing the elastic motion
with thermal effect and viscosity.

1. Introduction

We usually think that the classical solutions of the initial boundary value problem for
nonlinear wave equations in a bounded domain develop the singularity within a finite
time, because there is no dissipation (c¢f. Klainerman and Majda [5]). On the other
hand, from the mechanical experiments the motion of the elastic body usually decays
very quickly by the thermal effects, the viscosity effect, the friction effect and so on. A
thermoviscoelastic equation is one of good model of explaining such decaying phenom-
ena of the motion of the elastic body (cf. Dafermos [1]). Recently, Shibata [7] proved
an unique existence of small solutions globally in time of nonlinear thermoviscoelastic
equations in a bounded domain with zero Dirichlet boundary condition and the expo-
nential decay of the solutions. In this note I will give more general results including
Shibata [7] and also Kawashima and Shibata [4].

2. Statement of main results

Let Q be a bounded domain in R™ with smooth boundary 0Q. Let z = (21,... ,2,)
denote points of R™ and ¢ time. We consider the following initial boundary value
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problem:
ufl = ) {Af(®)8:0;u” + Bf](®)8:0;uf
i,7=1
+ P (9)0;0;u”} + ZPH@)a u?  in Qr,
j=1
(HP)  AP(@)uf - QF(®)d;ufl = Z {AF(2)6:0,u”
Jj=1 1,j=1
+ QL(®)8;0;u” + Rf(2)8:0,u’} in Qr,
uff =0, u =0 on 0QT,

uH(O’w) = ug{(w), H{I(O,:E) = (:(:) uP(O z) =u; (:L‘) in £,

where Q7 = (0,T) x &, 0Qr = (0,T) x 0Q, 0; = 8/0z;, the subscript ¢ denotes the
partial derivative with respect to t, u” = T(uy,... ,un, ) are N vectors of unknown
functions for L = H and P ( T M means the transposed M and the superscripts H and
P mean the hyperbolic part and the parabolic part, respectively), AZ (@) and BH 1(2)
are Ny x Ny matrices P (®) and P (®) are Np x Ny matrices, AP(@ ) and AL (®)
are Np x Np matrices, QP(@) QFr (@) and RE(®) are Ny x Np matrices, all the
matrices are smoothly depending on @ and @', and ® = (Vu,Vuf,u? VuP ) and
@ = (Vul,ulf) (V= (64,...,8)).

Now, we introduce the assumptions:

T 4H H TnH H TP P TP P
(A1) A = Af TBH = BH TAP = AP Tal = AL,
(A.2) 36 > 0 such that
ZA (0)6:¢; = 6|¢|*In,, L =H and P,
,J——l
Z BH(0)&:¢; 2 6|¢PIn,, AT(0) 2 61y,
i,j=1

for all £ = (&1,...,&,) € R™ where Iy, is the N x Ny, identity matrices;
(A-3) TP(0) = AP(0)7'QF(0), Pf(0)=QF(0) = RE(0) =0.

The first formula in (A.3) is a generalization of a condition from the usual constitutive
relation of the thermoelastic material. Since we consider only small solutions, all the
assumptions may be imposed only for ® = 0 and ' = 0. Let H® denote the usual
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Sobolev space of order s on {2 in the usual L? sense equipped with norm || - ||;. For a
time interval I and an integer N 2 2, let us put

N-2
XM(1) = {(uH,uP> | (uH,uuP) € () C3(T; HN),

§=0
ufl e ¢N(1;1%), aNufl e L2(1; HY), uf e CVY(I; 1%), aNtuf e LA(I; Hl)},

N-2
I, a®)Y R = D 1@, uff,u?)(¢, —; + 10N o (2, )l + 1187 (¢, I,
7=0 , |

[(u®, u®)D = (™, u®)O) R + IV 0™ (2, )IIF + V87 a2, I,

where 0, = 0/0t.

To explain the compatibility conditions which initial data should satisfy, for a moment
“we assume that (HP) admits a solution (u uP) e XN(|o, T]) Put uH(m) = 0] u¥(0,z)
and uf’(z) = 87uP(0,z), and then uf, j 2 2, and uf, j 2 1, are computed by
recurrence from (HP). To get a solutlon (u uP ) € X N(lo, T]), it is necessary to
assume that

ull(z) € BV n HE; uﬁ,_l(x) e HN-InH}j=0,1,... ,N-2; ull(z) € L%

Ad !
(A4) ul(z) e HNI N HE,j=0,1,...,N -2 uf_ (z) € I,

where H} = {u € H' | u =0 on 09}. Given initial data ufl, uff and u}’, we put

D(N,uil,ui’,uf’) = ZHUHHN—] + Z [ llo-

Then, our main result is the following.

Main Theorem. Put Ny = [n/2]+ 3. Let N be an integer > Ny and v > 0. Assume
that (A.1) (A 3) bo]d Then, there exists an € > 0 dependmg on n such that if initial
data ulf, ul! and uf satisfy (A 4) and D(No,uf ;ufl ,ul’) < ¢, then the problem (HP)
admits a unique solution (ufl, u®) € X7 ([0, 00)) for any T > 0.

Moreover, there exists a v > 0 such that for any L : Ny £ LS N there exists a
constant T';, depending on L, v, n and D(L,uf ,ul!,ul) such that

2| (uH, uP YD) + / e [(u¥ uP)(s)[2ds < Ty

A local existence theorem will be proved in the standard manner (cf. T. Kato (3], T.
Kobayashi, H. Pecher and Y. Shibata [6] and also W. Dan [2] where the more compli—
cated boundary condition is handled with). Thanks to the term : Y37, BE(0)8;0;uf!

(corresponding to the viscosity) and AT (0)ufl — 37 =1 AF :(0)8;0; u? (correspondmg to
the thermal effect), by using the usual energy method, one can show the exponential
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decay of the first energy. The method due to Kawashima and Shibata [4] and Shibata [7]
can be applied to get the estimate of the higher derivatives. And then, using the sharp
estimations of the nonlinear functions and composite functions, one can prove Main
Theorem in the usual manner by regarding the nonlinear terms as a small perturbation
from the linear part.
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STABILITY, INSTABILITY AND REGULARITY
OF NONLINEAR WAVES

WALTER A. STRAUSS

Abstract: In these expository lectures I discuss stability and regularity theory within
the context of particular examples. The topics covered are: (1) stability theory with brief
illustrations of a scalar wave equation, the Boltzmann equation and the KdV equation;
(2) instability of BGK equilibria in the theory of plasmas; (3) regularity of solutions
of the Vlasov-Poisson and Vlasov-Maxwell systems; (4) breathers, instability of wave
maps, and their relationship; (5) gain of regularity of dispersive waves, particularly
those of KdV type.

1. Stability of Non Linear Waves.

Consider
) WA, u(0) =

dt ’

where A is a nonlinear operator. We are concerned with equations with a “constant
energy”. (For instance, the energy could be ||u(t)||?.) A key concept of interest to
scientists is stability.
Definition. A solution of A(p) = 0 is called an egquilibrium. An equilibrium is called
stable (or monlinearly stable) if: Ve > 0 36 > 0 such that if |jug — ¢||1 < &, then there
exists a unique solution u(-) of (1), defined for all 0 <'t < +o0, with values in some
space X such that

(2) sup |[|u(t) — pllz <e.
0<t<on
Examples in the plane: a center (stable), a node (stable or unstable), a saddle point
(unstable). A stable node is asymptotically stable.
Remarks. (i) This definition is not precise: it requires specification of the norms
Il ll1 and || ||2 and of the space X.
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(ii) It must be modified for traveling waves, standing waves, etc.

(ili) If an equilibrium is stable, is it asymptotically stable?

(iv) If unstable, what happens to the unstable orbits? Do they converge to a different
equilibrium? Do they blow up in a finite time?

(v) Can an equilibrium be stable in one set of norms and unstable in another?

Linearization.
It is commonly assumed that stability is governed by the linearized equation

(3) % =Iv , where L = A'(ip).

One looks at whether the solutions v(t) of (3) grow or decay as t — 4o00. This question
is equivalent to studying the spectrum of L. If the spectrum meets the open right half-
plane {ReX > 0}, then ¢ is called linearly unstable. The left half-plane is associated
with stability. The imaginary axis is associated with marginal stability.

Linearization can be dangerous, however, as the following example (shown to me by
J. Goodman) illustrates. Consider the P.D.E. u;—2u, = u? and its equilibrium ¢ = 0.
Because solutions blow up at £ =0, ¢ must be unstable. Nevertheless, the linearized
equation is v; — zv, = 0, whose solutions decay:

o0
/ v2dx = ce”".
—

What is wrong with this example? It is that the L? norm and the behavior at the single
point z =0 are incompatible. (In fact, the L? norm of v(t) decays but the H* norm
grows exponentially.)

In general, the passage from the linear to the nonlinear theory is not trivial, and may
even be false. This is especially true for nonlinear wave equations, where the spectrum
is typically marginal and continuous.

A nonlinear hyperbolic wave equation.
(4) Ut — AU - f(U) = 0,

xeR™. The equilibrium equation is

(5) —Ap+ f(p) =0.

For our example we choose f(u) = u— |u|P~'u with p > 1. Then there exists an equilib-
rium ¢(z) > 0, with ¢(co) — 0 as |z| — oo, provided p < 1+ —% (with no restriction
if n =1 or 2.) Furthermore we use the energy norm: v € H* u; € L.

Theorem 1. This equilibrium ¢ is always unstable (in the energy norm).

One first proves that ¢ is linearly unstable. I will only outline this part of the proof.
The linearized equation is

(6) v+ Mv =0 , M=-A+1-ppP L
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Notice that from (5) we have [(|V|? + p*)dz = [ ¢PT1dz. Hence

<M%m=/mwﬂw%mwﬁm

=(1-p) / YPTdz < 0.

Now the solution of (6) is a linear combination of etV=M The operator M is self-
adjoint and its continuous spectrum is the interval [1, co). Because of the inequality just
proved, M must have at least one negative eigenvalue. Call it A. Then either v—-M
or —/—M has the eigenvalue ++/—X > 0. Furthermore 4-+/—M has its continuous
spectrum entirely on the imaginary axis. Therefore (6) has at least one solution that
grows exponentially in time.

Another example is the standing wave ¢(z)e** for the complex-valued version of (4).
It turns out to be stable for certain p if ¢ is the ground state and w is not too small.
Thus we can say that rotation may stabilize motion.

Yet another example is (4) with f(u) = u + |u|P~lu (with a + sign). This equation
has no equilibria vanishing at co. For certain p and n, all its solutions approach linear
waves as t — +oo. This phenomenon is called scattering.

Boltzmann equation for a gas.
Using non-standard notation, we let u(t, z,v) = the density of particles in phase space

(z,v), z = the position in R?, and v = the velocity in R®. The Boltzmann equation is

Owu+ v - Vzu = Qu)

where the collision term @ is defined by
Q) (t2,9) = [t 2,0)ult,2,0) ~ ult,2,0)ult, 2, w)dwds

and € is the scattering angle. The rules of interaction of a pair of particles are their
conservation of momentum and energy:

vt+w=2+w, ol + Jw]? = |v']* + |-

A continuous distribution of particles also inherits the laws of conservation of mass,
momentum and energy. These invariants are the integrals over phase space of f, vf
and |v|?f. Nevertheless, the entropy increases:

—%//—u logu dv dz < 0.

This equation possesses few equilibria. Essentially the only one is the maxwellian p(v) =
e~I"I*. Using the entropy, one proves ([U] et al.)

Theorem 2. The mazwellian ¢ is asymptotically stable (in several different norms).
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Korteweg-deVries equation.
The generalized KAV equation is

Ut + Ugzr + (UP)z = 0.
The solitary wave @(z — ct) satisfies an O.D.E. and is given by an explicit formula.
There is exactly one that is positive, radial and of lowest energy.
Thedrem 3. The solitary wave is stable if 1 < p < 5.

This theorem is due to [B] et al. In the classical cases p = 2 and 3, the solitary waves
enjoy amagzing stability properties. This is the celebrated soliton. Pego and Weinstein
[PW] recently proved its asymptotic stability in a one-sided weighted norm. For larger
p, on the other hand, the solitary wave is unstable [SoS].

Theorem 4. The solitary wave is unstable if p > 5.
An open problem is to prove blow up if p > 5.

Some Other Examples.

NLS: g --Au—;—f(]unl%I =0
p(z)e™*

BBM: Ut — Uggt — f(?,l:)m =0
o(z — ct)

Boussinesq: Ut + Ugzzz — f(UW)zzr =0
o(x — ct)
Incompressible Euler: ut + (u-V)u= Vp ) V-u=0

o(z)

See [L] and [F'SV] for the last two examples.

2. Instability of BGK Equilibria.

A plasma is a collection of charged particles. Examples: fluorescent bulb, fusion
reactor, solar wind, comet tail, particle accelerator. We assume that collisions between
the particles are negligible, that there is no magnetic field, that the space dimension
is 1, and that both the mass and the charge of an individual particle are 1. We consider
a collection of electrons and ions. Let

f+(t,z,v) = density of ions(+) and electrons(—); E(t,x) = electric field.
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(All quantities are scalars, because the problem is one-dimensional.) The system gov-
erning such a continuous distribution of particles is the Vlasov-Poisson system

{ Oufy + vO,fr £ EOyfr =0
OB = [g (fy—f-) dv.

A similar system describes a continuous distribution of particles under gravity (e.g.

stars in a galaxy).
Any equilibrium must satisfy (v0, + Ed,)f+ = 0. Thus

0 { fr = px(39* F B(z))
E = f'(2)
satisfies the Vlasov equation for arbitrary p.,p—,B3. In order to satisfy the Poisson
equation, we require
d2 ﬁ oo
2 .
(2) 72

Such solutions are called BGK equilibria after the authors of the original paper [BGK].
There are hundreds of physics papers about them. Here we assume neutrality:

) | ot - -G o =

had® @]

(VP)

(s (307 = B(2)) — p (30" + B(z))] dv

-0

The homogeneous case 3 = 0.
This case can be studied easily by linearization. The linearized system is

, &E = [ (9+ —9g-) dv.
We look for exponential solutions of (4):
E = ez’(gm——wt) ’ gt = ei(Em—wt)g¥(,v),
from which we easily get the dispersion relation
o0
(5) £2 = / @’i%t:%’f:ldv = F(z),

where z = w/£. We look for real ¢ and complex w. Since |e~*¢| = e!¥*, we ask whether
there exists Sw > 0 or not. Thus the homogeneous equilibrium is linearly unstable if
and only if the image of {$2 > 0} under F' meets the positive real axis. Penrose [P]
found a nice necessary and sufficient condition on p4 for this to be true. In particular, if
U+ p— is a decreasing function of |v|, the equilibrium is linearly stable, but if g4 +p_
deviates sufficiently from monotonicity, it is linearly unstable. The following statement
is a special case.

[e.0]
(6) If / _a-v_[ﬂiz_)j‘_&:_]_ >0, then it is linearly unstable.

Here is an important open problem. If there is a little bump in the graph of py +p—
(a small deviation from monotonicity), is the equilibrium nonlinearly stable or unstable?
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The inhomogeneous case 8 # 0.

We still must solve equation (2). Now we assume condition (6) as well as (3). Then
(2) takes the form d?3/dz?+ H'(8) = 0, where H'(0) = 0 and H"(0) > 0. Thus the
origin is a center. We choose 8(z) to be one of the periodic solutions near the origin,
of period Pg , say.

Theorem. These BGK equilibria are unstable (both linearly and nonlinearly) with re-
spect to the norm

2Pg  poo-
&) Wfelh= [ [ Qfd 1D dude o+ sup

JCE

under perturbations of period 2Pg.

More precisely, assume (3),(6) and |u'L(s)| = O(|s|™7) for some v > 2. Assume ((-)
as above. Then there exist eg > 0 and solutions {f5(t,z,v) : 6§ > 0} of (VP) of period
2Pg in = such that

(6) > ) £0) — pe(30° T B(@)) lwia < 6
+
but
(7) sup || f(t) — ptll1 = o
0<t<oo

For this theorem see [GuS]. We do not know whether the period-doubling is required.

Proof of linear instability.
The linearized system around the inhomogeneous equilibrium is

[at +v0; & /6:5811] g+ = ~F avui(%vz F )B(ZE))

VP)in 00
VP 5xE=/ (9+ —g-) dv.

Because of the inhomogeneity 5(z), we cannot expect there to be a solution that is an
exponential in . We want to perturb from the known case § = 0, but the perturbation
is not lower-order. Nevertheless, we invert the operator 8; + v0, + .0, by integrating
along its characteristic curves

T=v, ¥ =+ B(x).
This system has a phase plane portrait just like that of a pendulum. The periodic orbits
correspond to the trapped particles. We denote by (X*(¢;0,z',%"), VE(t;0,2',v")) the

path that passes through the point (z’,v') at ¢ = 0. Thus from (VP);, we get an
equation like

(8) g+ :/ ; E av.u'i .
characteristics
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Then we look for solutions
g+ = e ji(z,v)
and plug them into the Poisson equation. We obtain
o0
(9) O E(x) =/ k(z,z',w) E(z') dz’ ,

—_00

{ E =e ™t B(x)

where k= k* — &k~ and
(10) k*(z,2',w) / / 8(x — X (t;0,2',0")) 8,,/u+(%v'2 — B(z")) eTtdy’ dt.

Integrating (9) from —oo to z, we obtain an equation of the form
(11) E=Cw,p) E
In case 8 = 0 we know there exists a solution E # 0 with Sw > 0. We want to perturb
this solution. We prove three statements:
w — Cw,B) isanalyticin {Sw > 0}.
B8 — C(w,B) iscontinuous in a certain sense near § = 0.
E — ¢ (w, ﬁ)E is a compact operator in L.

Under these conditions it is known that the poles of (I—C(w,8))~! vary continuously as
a function of 8. (Steinberg’s Theorem). Therefore we deduce that (11) has a non-trivial
solution with Sw > 0.

Proof of nonlinear instability.
Let us drop the notation +, and write (V P)y;, as

We have just shown there exists a solution g = e R(z,v) (where A = —iw). The full
nonlinear system (VP) is
(12) @+ L)(f—p)=(E—F) 0u(f — 1)

where we have simplified the notation. We choose

fO) = p+46R
where § is a small parameter and Re* is the solution of (V P)y;, with the maximum
R Next we write (12) in the integral form

(13) f0)-n=s R+ "emLe) (B _ ) 0,(f — ) dr

0
which we estimate crudely as

t
(14)  |If(®) —p— R < /0 e E - Bl 106(f — w)lla dr.
We treat the dangerous factor involving a derivative of f — p by the

Lemma. If ||f — pl|lzr = O(e**) and if certain norms of f — p are bounded, then

18y (f = mw)llzr = O(e™).
Then the instability follows from (14), with & = RA.
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3. Regularity of Plasma Waves in Kinetic Theory.

Vlasov-Poisson system.
The Vlasov-Poisson system in 3 dimensions is

(V) Of+v-Vef+qE-V,f=0 (v =4£1)
(P) E=Ve Acpz/fdv

Here f(t,z,v) is the density of particles, E(¢,z) is the electric field, z is the position in
R3 and v is the velocity in R3. The plasma case is v = 1 and the gravity case is y = —1.

Theorem 1. If0 < fo € C®(R3 x R?), then there ezists a unique solution of (VP) in
C*® with fli=o0 = fo, that satisfies certain conditions at co.

This theorem was proved independently by [Pf] and [LP]. For contrast, in the case
~ = —1 with v replaced by v/+/1+ v?, some solutions “blow up in a finite time” [GSI].

For the proof of Theorem 1, Pfaffelmoser estimates the finite support of f(¢,z,v) in
the v-variable. Lions and Perthame estimate the moments in v, obtaining the a priori
bound

(1) sup // o™ fdvdz <oo  Vm,VT.
0<t<T

We follow the latter method. There are two easy a priori bounds, the L7 norm and the

energy:
//If]qdvda:<oo Vg and //[v[zfdvdm+/[E|2dx<oo.
Lemma 1. Let Mn(f) = [[ |v|™fdvdz. Then

) H JEE e s < CIFIFE M()

for0<£<m.
Proof. Split

/ ol fdv = /|01<A+ /MM < Cllfllos A 4 cA-H / o™ fdv

and then optimize A.

Lemma 2. Ifsupjo ) M (f) is bounded Vm VT, then E(t, z) is bounded and Theorem 1
follows.

Proof. Let p = [ fdv. Then by the Poisson equation
o= Elpay=[ o+ [
R3 I.CC - l |z—y|>1 Jz—yl<1

Hence for all ¢ > 3

3
+

RIS
ol

(B(t,2)] < ell ol +cllolze
< cl|fllzr + clfllfee Mm(f)°
by Lemma 1, choosing ¢ = 22, £ = 0 and m > 6. Thus £ is bounded.
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Lemma 3.
@ W 1) < o Bl s M ()

Proof. By the Vlasov equation, dMp,/dt=— [E ([ |v|™ V,f dv) dz. Integrating
by parts and using the Holder inequality,

3
N

+

dM,, .
S < mlBlums | [ o]
I m+2

P N mt2
< || Bl pmes || fI| 77 Mo+

by Lemma 1. By Gronwall, it suffices to prove

(4) 1| pmts < €1+ ca M.
Lemma 4.
(5) |E@) || pm+s < c+ c/o (t—1) /Rs (Ef)(r,xz — (t — ), v)dv‘ L dr.

Proof. Write (V) as (0;+v-Vyz)f =V, - [~Ef]. Integrate in v, and use the straight
line characteristics. Let p = [ f dv and po = [ fo(z — tv,v) dv. Thus

p = po+cVy -/Ot(t-T)/RS(Ef)(T,w—(t—T)v,v) dv dr.

Next use the Poisson equation E = V¢ and Ap = p in order to estimate E.

Proof of Theorem 1. We estimate the right side of Lemma 4. The proof is tricky. An
observation of Bouchut permits the use of the Marcinkiewicz space MP(R?). For fixed
t,z we estimate

(6)

Next,

/(Ef)(T,x - (t — T)v,v)dv

< 1Bl yere IF1E AT

1Bl gz = (¢ = 1) Ellpgzre < et —7)72 Il

by the L! theory of the Laplacian. The other factor in (6) is estimated in L7*2 as

/f(’T, z — (t ~7)v,v)dv

1

< CMm(f )3
Thus (5) together with (6) takes the form

7(rz = (¢ = o, o))

Lp+s

Li—)—m/B

by Lemma 1.

(7 IE@llmss < cte | = Mn ()7 ar

We insert (7) into (3). This fails to be sufficient because of the non-integrable kernel
(t —7)71. So the estimate must be modified near T = ¢ in order to make it work. We
omit this final part of the proof.
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Plasma with magnetic field.
The Relativistic Viasov-Mazwell System (RVM) is

(V) O fo + e - Vofa + ea(E+9a AB) - Vyfa=0
(M) HE=VAB~—j V-E=p
8B =-VAE V-B=0

p:Z/eafadv 3 j:Z/ea'&afad'U

where position z € R3, momentum v € R3, velocity 9, = v/+/|v|2 + m2 , mass of one
particle = m,, charge of one particle = e,, speed of light = 1, density of a-species of
particle = f,(t,z,v) (for 1 < a < N), electric field = E, magnetic field = B, charge = p
and current = j. In general, regularity is an open problem for (RVM). But it is known
in some cases.

Theorem 2. Let initial data be given in C° that satisfies the appropriate constraints.
If there is an a priori bound on the support, namely,

sup{|v| : fol(t,z,v) #0 forsome t€[0,T], z€R?® 1<a<N}<oo

for all T < oo, and the bound is uniform in a certain approximation, then there is a
unique C solution for all time (vanishing at spatial infinity).

Thus a singularity (if there is any) must come from the particles moving arbitrarily
near the speed of light. This theorem [GSt] can be used to deduce the regularity of a
plasma that is “almost neutral” [GS2]. For the proof of the theorem, let us omit the
subscript @ and m,, and e,. Thus we abbreviate (RVM) as

V) Bf+0-Vo f+(E+0AB)-Vy f=0

p:/fdv, jz/?‘)fdv, b =v/y/1+|v]?

together with the Maxwell equations (M). Our main goal is to prove a C* estimate.

Lemma 1. Let D = 8/0xy. Then

®) DO <t [ (DB + [DB()]oo) [V £(7)]en dr-

A similar estimate holds for D = 8/0 vy.

Proof. Differentiate the equation and integrate along the characteristics.
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Lemma 2. The field (E,B) and its first derivatives (DE,DB) can be represented as
integrals of f itself on the backward characteristic cone K.

Proof. From (M) we have (02 — A)E = —V.p—0;7 and a similar equation for
B. Hence

E(t,x)zE(0)+// (---) Df dv dK
K JR3

where (- - -) is an explicit kernel depending only on the independent variables, and E©
depends on the initial data. We must get rid of the derivaative Df. Now Df is a
linear combination of time and space derivatives of f. Split it as a linear combination
of Sf7 Tlf; TZf: T3f7 where

S=08+Y kO , Tj=-—wy0+0s,
k

(4 = 1,2, 3) are the characteristic derivatives and w; is an angular variable on K. Since
|6] < 1, they are linearly independent. The operators 7%, T and T3 are tangential along
the cone K, so an integration by parts makes them act only on the kernel. By (V), we
may substitute Sf = -V, - [(E + 9 A B)f] and then we integrate by parts in v. We end
up with the representation

(9) E=E<O)'+//(~--)f dvdK+//(--~)(E+1§/\B)f dv dK.

The new kernels, first derivatives of the old ones, are harmless because v runs over the
support of f, which is assumed to be bounded. Doing the splitting twice, we obtain a
similar representation for derivatives, of the form

(10) DE:DE<O>+//{(-~)f+(---)Ef+(~.-)E2f+(---)(DE)f} dvdK

(plus similar terms with B instead of E).

Proof of Theorem 2. From Lemma 2, we estimate

|DBloo + | DBy < ¢+ c / {IDE|so + |DBloo + log* | Dflso} dr.
1]

The last term arises because one of the final kernels leads to a singular integral. Com-
bining (1) and (6) leads to the estimate

IDF(t)]oo < ¢+ c / (1og* |DF(T)|oo) |DF()]oo dr.

This estimate implies that Df is bounded (for bounded t), just as in Gronwall’s in-
equality. Thus we have the desired C! estimate.
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4. Breathers and Wave Maps.

Breathers.
The sine-Gordon equation

(SG) Oy — Qgz +sina =0

is completely integrable. It has traveling wave solutions called “kinks” that are as-
ymptotic to constants at +oo. A special combination of kinks, traveling in opposite
directions, is periodic in ¢ and localized in z, but is not a standing wave. It is the
“breather” and is given by the explicit formula

b sin(at) 2, .2
a cosh(ba:)}’ @ =1

For years people searched for breather solutions of other equations, without success. In
recent years it has been proved that the classical breather (1) is unique among various
classes of equations ([BMW], [Ky], [D]).

In the following discussion, we will switch the roles of ¢ and 2, so that the breather
will be periodic in z and vanish as { — do0.

Wave Maps.
Consider a map between two manifolds M -2+ N that satisfies the Euler-Lagrange
equation of the Lagrangian

(1) a(z,t) =4 arctan{

L) = /M dul?.

Such a map is called a harmonic map. [The simplest example is the classical Dirichlet
integral L(u) = [|Vu|?dz, where u is a classical harmonic function.] However, we
shall choose M = Minkowski space = R; x RZ, in which case our map is called a wave
map by some authors. We shall also choose the target manifold N to be a Riemannian
manifold and consider N to be embedded in some R™. The Euler-Lagrange equation
asserts that at each point wuy — Awu is a normal vector to N. In fact,

(W M) ul, — Aub 4+ T (u) (u] 4 — Vad - VuF) = 0

where the I';; are the Christoffel symbols of N. (WM) is a simpler field theory than
Yang-Mills and General Relativity but possesses some of the same difficulties. In fact,
certain special solutions of these other theories are themselves wave maps.

In this lecture I will make the following choices:

M=M?=R; xS,  (periodic 1+ 1 dim. Minkowski space)
N=8%cR? (ordinary 2-sphere).
Then wuy — Au = A\u where ) is a scalar function. Hence
Ust — Usz + (Jus]® — Juz|?)u=0
{ |u(t, z)| = 1.
Relationship between (WM) and (SG).
If u(t,x) is a wave map, define its angle function «(t,z) as the angle between the

characteristic derivatives u; — u; and g + ug. Let b = L|u, — uy| and k = L{uy + us).
The first result is well-known to geometers.

(WM)
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Theorem 1. Ifu satisfies (WM), then o satisfies the generalized sine-Gordon equation

(GSG) Qe — Qgz — W(z — t) k(2 + 1) sina = 0.

Theorem 2. Conversely, let a(t,x) be a breather solution of
(GSG) Qi — Olgg — (€2 - wz) sin o = 0,

for some positive integer £ and some real w, with w? < £2. Then there exists a family of
wave maps v : M2 — S? where h = 1(l-w), k= 1({+w) and o is the angle function
of u. ' ‘

The wave maps in Theorem 2 are called the breather wave maps. They are given by
explicit formulas. We summarize these two theorems as follows. “Each wave map leads
to a solution of (GSG), and each breather comes from a family of wave maps.”

Relationship with Stability Theory.
Consider the traveling wave map

cds(ﬁm — wt)
2 o 2 ~ 3
M7 > (t,x) — o(t,z) = sm(€w0~ wt) | € S CR”.
Theorem 3. « is stable if w? > 2, and unstable if w? < £2, in the energy norm.

For instance, if w = 0 and £ is a positive integer, there exist exactly £ unstable modes.
That is, £ is the dimension of the unstable manifold of the linearized problem.

Theorem 4. Ifw = 0 and £ is a positive integer, then each unstable mode corresponds
to a wave map u(t,z) such that

tth_noo [u(t, z) — @(z)|lenergy = 0-

Among them, (£—1) are breather wave maps (with different choices of the parameters),
and the remaining one satisfies a simple O.D.E.

The breather wave maps also satisfy

lim |lu(t,z) — ¢(z)|lenergy = 0.

t— -+ 00

Therefore the map ¢ — u(t,-) may be called homoclinic. Theorem 3 may be found in
[GSS] and Theorems 1,2 and 4 in [SS].

Non-round target manifold.
We define a generalized breather as a homoclinic wave map from Mg into -a compact

Riemannian manifold N2.
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Theorem 5. There ezist generalized breathers whose target manifolds N? are 2-spheres
with non-standard metrics.

Proof. We only consider the map on the top half cylinder {¢ < 0} because on the
bottom half {t > 0} it is symmetric. The wave map u : (M2,n) — (52, h) is factored
as u = fyo f1, thus

ur  (MZ,m) 5 (N, g) 2 (82, 1)

by defining N = M7 as sets, and the metric g of N as the pulled-back metric of S2.
Thus N has a singular metric > 0 and f2 is an isometric immersion. This can be done
so that f; is still a wave map.

Furthermore, N = N; U N3 U Nsjpng, where f is a 1-1 mapping on N; , f; is a 3-1
mapping on N3, and N, is the curve where the metric g is singular. We perturb the
metric g within N; to obtain a new metric § in such a way that f; is still a wave map.
We push § forward to get a new (non-round) metric & on the sphere. Thus

@:  (M,n) % (N,g) 2 (8,R)
is the same as the original map but considered with the new metrics. Since f1 is a wave

map and f, is-an isometric immersion, @ is a wave map from (M2,n) into (S, R). It is
still homoclinic.

5. Gain of Regularity of Dispersive Waves.

Previously (for Vlasov systems) we discussed the regularity problem: do regular initial
data lead to a regular solution? Now we shall discuss the gain-of-regularity problem:
do non-regular initial data lead to a regular solution for ¢ > 07

Example 1. The free Schrodinger equation  i0u/0t = Au  (z € R™).
Let u(0,z) = ¢(z) be the initial data. Then ¢ —— u(t) is unitary on L?(R™) so that
the solution at a fixed time is no more regular than ¢. Nevertheless, it is true that

(1) sup /]MR [wlDi/zu(t)lzdtdm < Cllol L2 ®n).-

This property is called “local smoothing” ([Sj],[V],[CS]). If we assume ¢ € L*(R™) with
compact support, then the solution is analytic for ¢ # 0, as we see immediately from
the classical formula

(2) u(t) = cp t= 24
Thus rapid decay of ¢(z) as |x| — oo leads to great smoothness for ¢ # 0.

Example 2. The KdV equation % + Ugey +uuy = 0.
This equation, although nonlinear, enjoys a similar property to the previous example,
as proved in [K]. In fact, if [%_Jo(z)[*(1 + €%)dx < 0o, then u € C™ for ¢ > 0.

The intuition in both examples is as follows. Singularities travel along bicharacteristic
rays and at infinite speed. If no initial singularities come from spatial infinity, then all
the singularities disappear immediately.
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Generalized bicharacteristics.
Suppose that, after linearization, the equation takes the form
Ou 1 0

(3) za—t = a(z, D)u (D; = z 5;;—)

with a real symbol a(z,£). Then the bicharacteristics are the solutions of the O.D.E.

. Oa : Oa
For the 1-dimensional Schrodinger equation, a(z,£) = —£2 and 5 = —2¢£. Thus for &
positive the bicharacteristic rays move to the left, while for £ negative they move to the
right. So the analysis will require splitting into £ < 0 and £ > 0, and therefore the use
of pseudo-differential operators.
For the Airy equation (linearized KdV), us + Uzzy = 0, we have a(z,&) = —£% and
i = —3¢2. Therefore all singularities move to the left. This is the reason for Kato’s
assumption that ¢(x) — 0 rapidly as £ — +oo. (The solitons move to the right.)

Theorem 1. Consider the linear equation (3). Assume

(i) it is dispersive: |0a/OE| — oo uniformly in x as |&| — oo.

(ii) no rays are trapped: If z(t) is a solution of (4), then |z(t)| — oo uniformly for
lz(0)] and |£(0)|~ bounded.

(1ii) it is flat at oo:

|Og Bg[a(w,@-a(oo,f)]] < Cop(Ba)0E) ()P (z)—1—0—ed

for-all o, B and for some § > 0.
() fun ()2 Jafde < 00, Wk 0.
Then u is a C*° function for t # 0.

Nonlinear Dispersive Waves.

If the equation is nonlinear, but the dispersive term dominates, then the gain of
regularity is still true. KdV-type equations are particularly simple because the singu-
larities all move in one direction so that microlocal analysis can be avoided. Here is a
generalization of Kato’s Theorem.

Theorem 2. Consider the equation

(5) Ut + [(Ugpzy, Ugg, Uz, ) =0

where f € C* and

(6) 0f/0(uzzz) 2 >0 Of /0(ugs) < 0.

If u(t,z) is a solution in any time interval (t1,t2) X Ry such that

(7) M)[ﬂmmmﬂwm+uﬁm<m

1 <t<tn
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VK > 0, then u € C™ in the same time-interval (t1,%2) X Ra.

Remarks. (a) There is a local-in-time existence and uniqueness theorem in the space
defined by (7). Thus Theorem 2 says there is regularity up to the (possible) blow-up
time.

(b) A more precise version of Theorem 2 assumes (7) for a fixed K and concludes a
finite gain of regularity. (Similarly for Theorem 1.)

(c) We require 5 derivatives in L? because of the strong nonlinearity.

(d) Both Theorem 1 and Theorem 2 are proved by a generalization of the energy
method ([CKS1] and [CKS2]).

Sketch of Proof of Theorem 2.

For simplicity, consider the equation u; + f(Ugzz) = 0 where f' > ¢ > 0. We write
8 = 8/0x and uy = 8" u. We apply the operator 8" to the equation and then multiply
it by puy where p = p(t,z) is a weight function to be chosen later. Thus

Ouy

5 uy + OV [f(us)] - puy = 0.

(8)

The first term in (8) equals 2(p uv}) — % % u3;. The second term in (8) has the
leading part
pf (us)unysuy = —p f (us) unsauniy — Op f(us)lunszun + 0f---}
= 30[p f'(us)] vy + O%[pf (us) unyrun + O{--}
= 30[p f'(us)] Uy — 20%[p f(ua)udy + B}

The next part is

Nf"(us)uaunyz - pun = —Np f"(uz) gty — NOpf"(us) udunsiun + 0f -}
= —Npd[f'(us)]uf sy + SO (us)ualufy + O}

The succeeding terms do not yield u% ., but only u%, u%_;, etc. Therefore (8) yields
an identity of the form

0
(9) Bt lpui] + qukyy +ruf +... =0

where ¢ = 3f'(u3) Op + (3 —2N)9[f'(us)] p and the dots represent lower-order terms.
We choose

e—-d]x]
k

el ag x — —oc0

x $k+1

o<q(t,$)w{ and O<p(t,:1:)~{

as £ — +00

and p(0,z) = 0. When (9) is integrated, it provides the gain of one derivative in L2,

from the N** to the (N + 1)°t. At each induction step, the weight function loses one

power of z (from z* to z¥~') and gains one power of ¢ (from t* to t*+1).
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—Au = Aexp (ﬁ-&;) v.s. —Au = Ae*

Taxasui SUZUKI

Abstract. The problem

—Au = Aexp ( ke

) in €2, u=10 in 90
@+ u

arises in the theory of gas combustion, where @ C R" is a bounded domain
with smooth boundary 99, and A > 0 and « > 0 stand for parameters.
Several works have been devoted to its bifurcation diagram, but not so much
is known for general domains. Our purpose is to present a theoretical study
for S-shaped bifurcation and mushroom.

1. Introduction
Given a chemical constant & > 0, the modified Gel’fand problem

(837

—Auz}\exp< ) in , u=0 on 90 (1)

o+ u

describes the steady state of gas combustion subject to the Arhenius law (c.f.
[13]). Here, @ C R™ denotes a bounded domain with sufficiently smooth
boundary 99, and ) > 0 a physical parameter. We are concerned with the
total set of solutions

8 = {(},u(z)) | classical solutions of (1)} C R, x C(1Q0),

or more precisely, the effect of domain shape to its connected components.
We have the following facts on uniqueness and nonuniqueness ([1], [2], [10],

[14], [15]).
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Proposition 1 If a > 1, there exrists a nonempty bounded open interval
A C (0 < +00) such that (1) admits an ordered triple of solutions.

Proposition 2 Given o > 0, the solution u(z) of (1) is unique and stable
for0< A1 and X > 1.

The nonlinearity f(u) = exp (f_&-‘-) is uniformly bounded and hence
Schauder’s fixed point theorem assures the existence of a solution u(z), and
furthermore, a priori bounds of ||u|| . for each A > 0. Combined with

Proposition 2, those facts imply the following.

Theorem 3 Let So C Ry x C(Q) be the connected component of 8 con-
taining the trivial solution (X, u(z)) = (0,0) on its boundary. Then, any
connected component 8, # 8o of 8, if it exists, must be bounded.

If such §; is a continuum, we call it a mushroom ([7]). Furthermore, any
subset of & homeomorphic to R we call a branch.

Proposition 2 has been proven by ordered Banach space or the Green
function, but another way based on Hardy’s inequality is proposed ([6]). Fur-
thermore, Proposition 1 can be refined to control the component §y. Namely,
it forms branches for 0 < A <« 1 and A >» 1, bending in the ”generalized
sense” unless § itself makes up a unified branch parametrized by A.

2. S-shaped bifurcation

Proposition 1 indicates two more bendings of 8y, the S—shaped bifurca-
tion, while the following theorem is valid for the general nonlinearity satis-
fying f(u) > 0 for u > 0 ([5]).

Theorem 4 Let Q@ C R? be symmetric with respect to 1 and 15 azes, where
¢ = (21,22) € Q. Furthermore, let it be convex with respect to both ares,
which means that any segment parallel to an azris is contained in Q if its end
points are so. Then 8 is a branch.

Take the case that © has still two axile symmetries, but is convex with
respect to only one direction, say z,. Such @ does not satisfy the assumptions
of the above theorem, but can express a dumbbell-like region. Let u(z) be
a solution symmetric with respect to both axes. The following lemma pro-
vides some information concerning the secondary bending or the asymmetric
bifurcation.

Lemma 5 Under those circumstances, the second eigenfunction v¥y(z) of the
linearized operator can be taken in the following forms whenever the second

etgenvalue is nonnegative.

1. Yn(z) is symmetric and anti-symmetric with respect to z, and z, ares,
respectively. Its nodal domains are Q N {*z, > 0}.
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2. 1y(z) is symmetric with respect to both aves and has a nodal domain
with 1ts closure contained in 2.

3. Gel’fand equation

S-shaped bifurcation suggested by Proposition 1 is supposed to produce
mushrooms if parameters change significantly more. Our viewpoint is to take
into account of the domain perturbation. First, we deform a ball dumbbell-
likely, preserving the symmetries on each axis. Then, breaking one of them
will cause mushrooms. '

We have not got any rigorous proof, but the consideration developed
below seems to support the procedure. This is performed for two dimensional
case n = 2 through the study on o = +00, that is, the Gel’fand problem

— Au = Ae" in Q, u=0 on 0. (2)

Let & be the total set of solutions {(), u(z))} of (2). Justifying the above
idea, we note the following theorem of [3].

Theorem 6 Any bounded branch of 8 has a homeomorphic copy in 8 if
a>1.

As for (2) we have the following ([8], [12], [11]).

Proposition 7 Let {(), u(z))} be any family of solutions with A | 0 and set
E=/ Ae*dz.
Q

Then, {£} accumulates to 8wm with some m = 0,1,2,-+-,+00. Passing to
a subsequence, {u(z)} behaves as follows.

1. Ifm=0, ||ul]|;e — 0.
2. If m = 400, u(z) — 400 for any z € Q.

3. If 0 < m < +oo, there is a set B = {z3,2%,---, 2%} C Q of m points
so that

ul g — o0, ]lu”z,oo(K) =0(1), u(z) —8r) G(z,2}), (3)

J=1

where K CC Q\ B and the convergence is locally uniform in Q' \ B.

—457 —



Here and henceforth, G(z,y) denotes the Green function for —A in Q
with +|5q = 0 and {m;"} __ are so related as
1=1

%VR(:U;) +3 V.G (m;‘, m;) =0 (1<j<m), (4)
v t#;5

where

R(z)= {G(m, Y) +-§17; log |z — y{]y

In the case of m = 1, (4) indicates that z% is a critical point of R(z). Such
a point is called a core. If it is nondegenerate as a critical point of B(z), we
call it a nondegenerate core.

=T

Proposition 8 Let @ C R? be simply connected and 2% a nondegenerate
core. Then, there exists a unique continuous family of solutions of (2), de-
noted by

§ = {(Avu(“’))}oo\«:{ C Ry % C(_ﬁ);
satisfying (3) as A | 0.

The following are known. Let € C R? be simply connected, a core
zt € Q be given, and take a conformal mapping g: B={|2| <1} CC— Q
satisfying g(0) = z§. Then we have ¢"(0) = 0, and the nondegeneracy of
=t is expressed as ¢ = |¢"'(0)/¢'(0)] # 2. Any domain admits a core. It is
unique if € is convex, and furthermore, then o < 2 so that is nondegenerate.

Proposition 8 The connected component 8y of 8, containing (0,0) on the
boundary, forms a branch bending just once, provided that

co /C2
— [a1!2+ Z PR \akl2 < 0,
k=3

where g(z) = L2 axz”.
Recently, we have found the following.

1. A rough estimate for the number of blowup points exists. In particular
it is finite for any simply connected domain.

2. Morse indices for solutions created by Proposition 8 are between 1 and
3.

Those are utilized effectively to control the global bifurcation diagram for (2)

([6])-
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4, Mushroom 7

The theorem [9] is described as follows. Let @ C R* be a domain with two
axile symmetries, and break its convexity to one axis. Then, the pitchfork
bifurcation of nondegenerate cores will arise eventually.

Under those circumstances, Proposition 8 guarantees three families of
solutions for (2). The argument [6] is described as follows. First, some
more implicit, but reasonable assumptions for 2, bring their connectivity via
the theory of topological degree. Then, naturally is expected the imperfect
bifurcation as the domain perturbes asymmetrically for z, axis ([4], e.g.).
Finally, thanks to Theorem 6, those components are to be imbedded into 8,
and we can suggest the generation of a mushroom for (1).

) (2) L
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WEAK SOLUTIONS FOR THE EVOLUTION PROBLEMS

OF HARMONIC MAPS ON NONDECREASING DOMAINS

ATsUSHI TACHIKAWA

Abstract. In this paper we construct a weak solution of an initial and boundary value
problem on a nondecreasing domain §2; for the heat flow for harmonic maps into a sphere.
To construct the weak solution we emply the method that is given by combining Rothe’s
time-discretization method and the direct method of calculus of variations.

1 Introduction

Let M = (M™,g) and N =. (N% /) be Riemannian m— and {—manifolds (m,£ > 2)
respectively. Let z = (z?,...,2™) and u = (u!,...,u) be local coordinates on M and N
respectively. We shall write (gop(z)) and (h;;(u)) for the metric tensors with respect to
the local coordinates on M and N respectively.

For a map u € C*(M, N) and a bounded domain @ C M, we define the energy of u

on §) as
E(u; Q) = /Qe(u)d,u,
with the energy density

o(u)(z) = 59° () Dt () Dy () his(u(z)

and the volume element du = /g(z)dz, g(z) = det(gap(z). Here and in the sequel, D,
denotes 8/0z% A map U : M — N is said to be harmonic if it is of class C* and is
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a critical point of the energy functional. The Euler-Lagrange equation for the energy
functional is given by

(1.1)  (r(w)) == A, ui(z) + g% (z) t(u(2)) Do’ (z)Dput(z) =0 for 1 <i <4,

where I‘;k denote the Christoffel symbols on N and A,, denotes the Laplace-Beltrami
operator on M, i.e.

(1.2) Ay = —jgnﬁ (390 D) = °°(2) DD — g8 (2)TL4(2) Dy,

The basic existence problem for harmonic maps is to find a harmonic map in the given
homotopy class. A natural approach to this problem is to study the evolution equation

(1.3) %ti —7(u)=0,in M x R,.
For the case that M = 0, the global existence of the solution to the Cauchy problem
for the equation (1.3) was shown by Eells-Sampson [7] assuming that the sectional curva-
tures of the target manifold N are nonpositive. In case N = 5%, the global existence of
weak solution was shown by Chen [3]. Moreover, for general target manifolds, the global
existence and partial regularity result was given by Chen-Struwe [4].

For the case that M # (), one can consider the initial-boundary value for (1.3).
Hamilton [10] has shown the global existence of smooth solution to the problem (1.3)
for the case that the sectional curvatures of the target manifold N are nonpositive. For

general target manifolds, the global existence and partial regularity result was obtained
by Chen-Lin [5].

In this paper we consider the initial-boundary value problem on a nondecreasing do-
main for evolution of harmonic maps into a sphere. Let 2 be a bounded domain of a
smooth Riemannian m-manifold M and S* a sphere {u : u € R*!,|u| = 1} ¢ R**!. For
Cl-map u = (u'(z), - -, u**!(z)) : @ — S C R*™ the energy of u on Q is given by

(1.4) £w;0) = [ 21Du(a)du.

Here and in the sequel, ||¢]| = (Zfi}_ g”‘ﬂ&%)lﬂ for £ = (¢1) € R™*Y) and | - | denote
the standard Euclidean norms. The Euler-Lagrange equation of the energy functional £
is given by

(1.5) A u+ul[Dul?=0 in Q.

Let €2; be a one-parameter family of bounded domains of M with Lipschitz boundaries
0. Let us define V,, and %, , in M x R as follows:

Vor ={(z,t) o<t <, 2},

Yo = Vo \ {( x {e}) U (2, x {7} ]
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We construct a weak solution of the following evolution problem of harmonic maps into
the sphere S on a nondecreasing domain ().

(1.6) %;i — A, u—u||Dul|> = 0, for (z,t) € Voo,
(1.7) u(z,t) = w(z), for (z,t) € Lo,
(1.8) u(z,0) = up(z), for z € Q.

Now we can state our main result.

Theorem 1. Let M be a smooth Riemannian m-manifold and {€;} (0 <t < +00) a
one-parameter family of bounded domains of M with Lipschitz boundaries. Assume that
{Q:} is monotone nondecreasing i.e.

(1.9) 0, CcQ if 0<s<t.

Then for any uo(z) € H*(Q, 5%) and w € Hy2 (M, 5%) with up = w on 89 there exists

loc

a weak solution of the initial-boundary problem (1.6), (1.7) and (1.8).

In order to prove the above theorem, we use Rothe’s time-discretization method ([16])
and the direct method of calculus of variations.

Rothe’s time-discretization method has been used to construct solutions of parabolic
and hyperbolic equations. Moreover, in 1971, Rektorys [15] combined the time-discretiza-
tion method and the direct method of calculus of variations to construct solutions of
parabolic equations. Roughly speaking, their method is summarized as follows: For the
equation

Ou

(1.10) 5 (the Euler-Lagrange equation of/Q F(w,u,Du)d,u) =0,

they consider the auxiliary variational functionals
_ 2
(1.11) Gn(u) :/Q{I—u—-—%n—_}—l——}-F(x,u,Du)} dp,

and define u, successively as the minimizer of G,(u). Using the sequence {u,}, they
construct approximate solutions and prove that the approximate solutions converge to
a solution of (1.10) as B — 0. In [15] existence of weak solutions of linear parabolic
equations was proved.

Recently, this method was rediscovered by Kikuchi [11]. In [11] parabolic systems asso-
ciated to the variational functionals of harmonic map type are studied. Moreover, several
authors subsequently use the above method. For instance, Bethuel-Coron-Ghidaglia-
Soyeur [2] showed the existence of the weak solutions of evolution problems for harmonic
maps into S in the same procedure. Our proof is based on the method of [2].
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Similar ideas to one above have been applied to the other type of equations. (See,
for example, [12, 13, 14, 15, 17].) Especially, in [1] and [8], we can find remarkable use
of them combined with the geometric measure theory. Moreover, these ideas are closely
related to the notion of minimizing movement which is introduced by De Giorgi [6].

2 The outline of the proof of Theorem 1

To construct a weak solution of (1.6), we proceed as in [14].
For fixed h > 0 and given t,_; € Hy (M, R*'), n > 1, we consider the following

loc

functional for u € H"*(Q(—1)n, RHYY:

{l lu — s |?

(2.1) £ = [ {3l L) g

Qn—1)h

The general theories of calculus of variations guarantee the existence of a minimizer of
F, in the class

(2.2) HY Q) = {4 € H*(Qusy, 8% tu=w on 0y }.

See, for example, [9].) Let u,, be a minimizer of F,, in H}?(Q(,_1)), then u, satisfies
w \M¢(n-1)
U — Uy 1 . N
gy o fedest o b iPus ot Do D= 10wl
2.3) JPw-n ]
=0

for all ¢ € Hé’z(ﬂ(n_l)h,R”l). Here and in the sequel, “ - 7 denotes the standard
Euclidean scalar product in R*!. We define @, € Hy>(M, S¢) by

loc

{ Un () for =€ Q-

w(z) for € M\Qpn-1n-

(2.4) u(z) =

Since Fr(tin) = Fn(tn) < Fnllin-1), denoting Dy = Qup\Q(n_1)n, we see that {i,}

satisfies

1|ty — @ |? .
2.5 /Q( | §|—“‘7L—l|-‘dﬂ + E(n; Qn—1)1)
2.5 gl

< E(tip—1; Qne1yn) = E(ln—1; Qn—2)) + E(lin-1; Dn-1)
Summing up the estimate (2.5) from n =1 to n = N, we get
N A ~ 2
1y, — Uy R
> / 'Q'l—h—idﬂ + E(tn; Q(v-1)1)
(2.6) n=1"¥n-1)r

S E(un, QO) + S(w, Q(N—l)h)-
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Now, let us define

to(z) for t=0,
ﬂh(x,t) =
‘ Uy () for (n—1)h<t<nh, n>1,
up(z,t) = t—:-(—%_—}—)—h-ﬁn(m) + n—h‘}i———-t—ﬁn_l(x) for (n—1)h<t<nh, n>1.

\

Then, from (2.6), we have the following lemma.

Lemma 2.1. For any T > 0, u;, and uy, satisfy

T
(2.7) / / L IDtuh[2 dpdt + sup E(up; Qr) < E(uo; Qo) + E(w; Or),
o Jar 2 0<t<T
(2.8) sup E(n; N7) < E(uo; Qo) + E(w; N7).
0<t<T

As in [2], Lemma 2.1 implies that
up — u HY(Qr x (0,7); R*Y),

Up, Up — U L*(Qr x (0,T); R,

D.up, — Dou LZ(QfX(O:T);R£+1)7

for some u € HY¥?(Qr x (0,T); R“).
Now, let define ; as Q; = ) for ¢ < 0, and let

Vier =z, t)lo <t <t 26y}

Then, (2.3) implies that u, and @, satisfy the following equation

(2.9) Diup — A, @y, — (g— [Dyun|? + ”Dﬂh}|2) up=0 in Vi,
Taking wedge product of (2.9) with @, we can see that

(2.10) Duy Ay, — —\lfg—Dﬁ (Vag™Datin Ay) =0 in Vioo,

in weak sense.
Thus, letting A — 0, we can see that u satisfies

1
(211) Dtu ANu — ﬁDﬁ (\/ggaﬁDau A ’M) =0 in ‘/O,Ty

weakly. This means that u(z,t) is a weak solution of (1.6) (see [3]). On the other
hand, since uy(z,0) = ug(z) in Qo, us(z,t) = w(z) on Vo r and uy — u in H*2(Q)p x
(0,T), R™'), we can see that u satisfies (1.7) and (1.8) also.
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NONEXISTENCE OF GLOBAL SOLUTIONS
TO SEMILINEAR WAVE EQUATIONS

HIROYUKI TAKAMURA

Abstract: In this talk, I would like to outline the nonexistence of global solutions to
initial value problems for semilinear wave equations with positive power nonlinearities.
The initial data is assumed to be sufficiently small. If the support of the data is non-
compact, there are blowing-up solutions even for global existence power in compactly
supported case because of “bad” spatial decay of the data. Moreover, a critical decay
is conjectured.

1. Introduction.
Main result stated here is appeared in H. Takamura [21]. We shall study classical
solutions to the following initial value problem for semilinear wave equations;

(1.1) Ou = |ul? in R" x[0,00), or
(1.2) Ou=|u/? in R"x]0,00),

where u is a scalar unknown function, 00 = 8%/8t2 — A, is d’Alembertian and p > 1.
The initial condition :

(1.3) u(z,0) = f(z), wi(z,0)=g(z), zeR"

is considered for smooth functions f, g. Throughout this talk, we assume n > 2.

Positive nonlinearities in (1.1) and (1.2) almost cause blow-up solutions provided the
initial data is large in some sense. For instance, see R.T. Glassey [5]. Hence, we may
formulate the question as follows : what is the critical value of p, say py(n), depending
on n, with the property that (1.1) and (1.2) admit a global solution for all “small” f, g
if p > po(n), and that there are blowing-up solutions if 1 < p < po(n).

Typeset by ApS-TEX
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If the initial data has compact support, it has been conjectured that

n+1l+vn2+10n-"7

2(n—1)

for  (1.1)

(14) =14

n—1

for (1.2).

Both numbers are related with some integrability. This conjecture was partially verified
in several space dimensions.

For the equation (1.1), the case n = 3 was done by F. John [9] except for p = po(3)
and J. Schaeffer [19] for p = py(3). The case n = 2 was done by R.T. Glassey [6] [7]
except for p = pp(2) and J. Schaeffer [19] for p = po(2). In higher space dimensions,
T.C. Sideris [20] showed its blow-up part 1 < p < po(n). Recently, Y. Zhou [26] proved
global existence part p > po(n) in the case n = 4. During this conference, I was
informed of papers by V. Georgiev [4] and H. Lindblad & C.D. Sogge [14]. They solved
independently global existence part for n > 4 by completely diffrent methods.

For the equation (1.2), the conjecture was verified by F. John [10] for the blow-up
part and T.C. Sideris [19] for the global existence part in the case n = 3, and both by
J. Schaeffer [16] in the case n = 5. The blow-up part in the case n = 2 was shown by
J. Schaeffer [18] for p = py(2) and by R. Agemi [1] for 1 < p < po(2). In other space
dimensions, M.A. Rammaha [15] proved the blow-up in the case n > 4 with p = po(n)
for odd n and 1 < p < po(n) for even n. Y. Zhou [25] studied the precise upper bound
of the existence time in low space dimensions. His methods may solve the blow-up part
in all space dimensions.

Remarkable results on (1.1) and (1.2) is that, if the support of the initial data is
noncompact, one can get blowing-up solutions even for the existence p > po(n) because
of the slow spatial decay of the data. Hence we may formulate the main question as
follows : what is the critical decay, say ko, with the property that (1.1) and (1.2) admits
a global solution for all “small” f, ¢ satisfying that

Vi), Vi) =0 (o) m lel—e

for suitable multi-indices @, § and K> Ko, p>po(n),

(1.5)

and that there are blowing-up solutions if the initial data satisfies some positivity con-
dition. For example,

(1.6) flz)=0, g(z)=> ﬁ_-:\%)_"- with M >0, 0<k<&g.

We note that xy does not depend on space dimensions n. More pricisely, it has been
conjectured that

g—i{:——:li for  (1.1)
(17) Ry = p 1
E—:i fOI‘ (12)
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For the equation (1.1), this conjecture was verified by F. Asakura [3] except for
k = ko and by K. Kubota [13], or K. Tsutaya [24] for £ = ko in the case n = 3. The
case n = 2 was done by R. Agemi & H. Takamura [2] for the blow-up part, K. Kubota
[13] for the global existence part, or both by K. Tsutaya [22] [23]. These all results are
independently obtained. The global existence under (1.5) will be proved by H. Kubo &
K. Kubota [12] in the spherically symmetric case for all odd n.

For the equation (1.2), the blow-up under (1.6) was proved by H. Kubo [11] in the
case n = 2, 3. The global existence under (1.5) will be proved by H. Kubo & K. Kubota
[12] in the spherically symmetric case for all odd n. Independently, both parts in the
case n = 3 will appear in K. Hidano [8].

The aim of this talk is to show that the blow-up of (1.1) and (1.2) under (1.6) is valid
for all n > 2. The main difficulty in high space dimensions n > 4 lies in the fact that
the fundamental solution of O contains many time derivatives. Avoiding this situation,
we consider the spherically symmetric case. But, then, fundamental solution is no
longer positive for full space. Previous two blow-up results on the compactly supported
case by T.C. Sideris [19] for (1.1) and M.A. Rammaha [15] for (1.2) required the full
space integral of a solution and reduced to the blow-up theory for ordinary differential
inequarities. Such a method is not applicable to the noncompactly supported case.
Some new ideas are required. Our success is essentially due to making u-closed (which
means with respect to only u) integral inequalities for both problems, (1.1) and (1.2).
It is remarkable especially for (1.2). We note that, in low space dimensions n = 2, 3,
H. Kubo [11] used u¢-closed integral inequalitiy for (1.2) which follows from a integral
equation equivalent to (1.2) by differentiation in ¢. But, such a differentiation yields
no positivitiy in higher space dimensions. Iterating pointwise estimates of u in u-closed
integral inequalities, we will get the required blow-up.

Theorem 1.1. Let n > 2. Assume (1.6) and (1.7) in the spherically symmetric case
g = ¢(|z|). Then, classical solutions to each initial value problem (1.1) and (1.3), (1.2)
and (1.3) blow-up in finite time.

2. Preliminaries.
We shall start from the representation formula of solutions to the linear problem.

Let u° be a solution to the following initial value problem :
(2.1) Ou’ =0 in R"™ x[0,00),
. uolt=0 =0, u(t)lt=0 = g(lmDv z € R™.

The following two representations are due to M.A. Rammaha [15]. See (6a) and (6b) in
[15]. But the even dimensional case is slightly modified here.

Lemma 2.2 (The representation formula in odd space dimensions). Let n =
2m + 1, m € N and u® be a solution to (2.1). Then, for r = |z|, we have

1 T+ A2 g2
. O t) = — m m—1 | =
(2.2 0= g [ Ao Pa (S )

where Py denotes Legendre polynomials of degree k.
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Lemma 2.3 (The representation formula in even space dimensions). Let n =
2m, m € N and u® be a solution to (2.1). Then, for r = |z|, we have

2 (" pdp
0 —
wnt) = ./0 7

r+p m 2 2 __ 2
5 / A™g(A) T 1 (2‘._”*_'_7"_..___’_’..) d\
lr—pl VA2 = (r = p)2y/(r + p)? — A2 2r)

where T}, denotes Tschebyscheff polynomials of degree k.

Remark 2.4. We note that (A2 + 72 —¢2)/(2r)) and (A2 + 72 — p?)/(2r]) travel from
—1 to 1 in the above two representation formulas. As is well-known, Py(z) and Ti(z)
have k zero points in the region —1 < z < 1. Hence, we need the following lemma to
gain the positivity.

(2.3)

Lemma 2.5. There exists a positive constant 6,,, depending only on m € N, such that

1
14+ 6,

(2.4) Pr—1(2), Tm-1(2) 2 —;— for 1>z>

This lemma follows from well-known facts. Now, we state the key lemma.

Lemma 2.6. Let n=2m+ 1 orn =2m, m € N and u be a solution to (1.1), or (1.2),
and (1.3) with f =0, g =g(r) > 0 for r = |z|, z € R". Then, we have

(4 rt—r
u(r,t) > u(r,t) + -~17n- cl'r/ ATH(A, T)dA,
925 8r™ Jo r—t+T
( . ) 0 1 41
> m
u’(r,t) > el A g(N)dA,
where H = |u|?, or {us}? provided
2
(2.6) r—t> —t>0.

bm

Here 6,, is the one in Lemma 2.5.

Sketch of proof. By standart Duhamel’s principle, we have to show only the second line
of (2.5). It is easy to see that

2 2 42 _1\2 2 _ 42 —
@7 A4t —t Z('." e +ri—t _r—t
2rA 2r(r +t) r+t
for |r —t] < A <r+t, (r,t) € (0,00)%. The condition (2.6) is equivalent to

r—t 1
r+t 7 14+6,

(2.8)
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Hence, by Lemma 2.2 and Lemma 2.5, we get Lemma 2.6 for odd dimensional case. For
even dimensional cases, more technical calculations are required.

3. Sketch of proof of Theorem 1.1.

We shall follow basically F. John [9]’s iterating argument. Let u(r,t) be a global
solution to our problems, where r = |z|. If ¢ is larger than some constant, we will get a
contradiction. For small fixed § > 0, we define the “blow-up set” ;

(3.1) Y= {(r, t) € (0, )2 r—t> max{g;z—n-t, 5}} ,

and let n =2m + 1, or n = 2m for m € N.
Using the assumption (1.6) with g = g(r) and Lemma 2.6, we get an estimate

C()tm+1

(3.2) u(r,t) 2 wo(nt) 2 ey

for (r,t) € 5,

where () is a positive constant.

For the nonlinearity |u|?, iterating (3.2) infinitely many times in the first line of (2.5),
we will find (rg,%9) € X such that u(rg,t9) = oo provided 0 < & < xg. This is the desired
contradiction.

For |u;|?, the same argument as above gives us a requirement of only u-closed integral
inequarity. It follows from (1.6) with g = ¢g(r) and Lemma 2.6 that, for (r,t) € X,

t r+t—T1
(3.3) u(r,t) > —1—5‘/ d'r/ AT ue(A, T)PdA.
8r 0 r—t4-r

Inverting the order of (A, 7)-integral, we find that, for (r,t) € %,

1 T A—(r—1) 4+t rt—A
u(r,t) > — / d)\/ dT+/ d/\/ dr | A™u(\, )P
8rm r—1 0 T 0

1 [t

- m
grm .

(3.4) t rt—A
A™d)\ / lug(A, 7)|Pdr.

Holder’s inequality yields that

et
/ ue(A, 7)dr
0

Since u(A,0) = f(\) = 0 by (1.6), we obtain from (3.4) and (3.5) that, for (r,t) € L,

P

rt—A
(3.5) < (r 41— AP /0 (A, 7 |Pdr.

-1
(3.6) w(r,t) > '8}175 / A™(r 4 = N Plu(A, 7 + £ — A)PdA.

This is the required u-closed integral inequality.
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GEVREY REGULARIZING EFFECT
FOR A NONLINEAR
SCHRODINGER EQUATION

K. TANIGUCHI

Abstract. Let u(t,z) be a solution of a nonlinear Schrodinger equation 10u /3t + Au =
f(t,z,u),u(0,z) = ¢. In this paper, we study the global Gevrey property for the
solution u(¢,z) with respect to a dilation operator P = 28/8t + z - V,, and the local
Gevrey property with respect to the space variables.

1. Introduction.
This is a joint work with Professor Keiichi Kato. We consider the following Cauchy
problem of a nonlinear Schrodinger equation in n space dimensions,

(1) { Lu = i0u + Au = f(t,z,u),

u(O, :12) = ¢(m)7

where A = )70, 8?/82% and f(t,z,u) is a complex valued function of Gevrey class in
(t,z,u) € Ry x R" x C. In Hayashi - Kato [2] and De Bouard - Hayashi - Kato [1], they
proved the following theorems.

Theorem 1. Suppose that f(t,z,u) = F(u,d) is a polynomial of u and its conjugate
u with F(0,0) =0, and set m = [n/2] + 1. Assume

(2) (2 - Vo) || grm(mn) < CALLLY.

Then, there ezists a positive constant T' such that the equation (1) has a unique solution

u(t,z) in C°([0,T]; H™(R™)) N CL([0,T); H™2(R™)) and it satisfies

S‘:P ||P£u(t,$)HHm(R:) < CALp® for any £,
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where P = 2t0; + x -V, 18 a dilation operator.

Theorem 2. In theorem 1 we assume, furthermore, that n = 1. Then, under the
condition (2) the solution u(t,z) of (1) satisfies the following property: For any positive
number R there exist constants C = Cgr and A = Ag such that

[10gu(t, z)|| g1 (—r,r) < CA%al” for t € [0,T] with t # 0,

where o = max(1, s/2).
In this paper, we extend their results to the case that nonlinear term f(¢,z,u) is a
general function. We put the following assumptions.

(A1) f(t,z,u) is a complex-valued C°°-function defined in [0,7] x R} x C which
satisfies
|PXf(t,2,0)||gm(rny < CASRY

with m = [n/2] + 1 and a dilation operator P = 2t8; + z - V.
(A.2) For any K > 0 there exist constants C = Cx and A = Ag such that

|87 PLakAE f(t, z,u)| < CALTRHF proglogte
forz € R}, [ul < K,|y|<m,k+k >1,

where 03 = 8/0% is a differention with respct to the conjugate complex of u.
(A.3) Let o satisfy max(s/2,1) < o < s. Then, for any fixed R > 0 there exist
constants C = Cgr and A = Apg such that

|9f020k 0k f| < CrHEFlaltEE g2 gro o gy

rTuTu

for |z] < R,|u| < K.

Our main theorems are the following:

Theorem 3. Assume (A.1) and (A.2). Then, the same result of Threorem 1 holds.

Theorem 4. Let o satisfy max(s/2,1) < o < s and assume (A.1)-(A.3). Then, under
the condition (2) the solution u(t,z) of (1) satisfies the following property: For any
positive number R there exist constants C = Cr and A = Agr such that

(3) N0z u(t, )| am(Bg) < CA®al”  for t € [0,T] with ¢ # 0,

where Bg s a ball in R™ with the radius R.

We give several examples of nonlinear terms which satisfy the assumptions (A.1),
(A.2) and (A.3) and give a example of initial data which satisfies (2). In the following,
we denote, by G*(z - V; H™), the set of functions a(z) satisfing ||(z- V) a(z)||gmrn) <
CM*e.
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Examples of nonlinear terms
1. f(t,z,u) is a polynomial F(u,u) of u and @ with F(0,0) = 0.
a(z)

2. ft,z,u) = T where a(z) € G°(z - V; H™) and a(z) is locally in Gevrey
class of order o.

F(u,n) . . .
3. flt,z,u) = where F(u, %) is a polynomial of u and @ with F(0,0) = 0.

T4 [uf?’

Example of initial data
[z|*(1 + |z[?)® with 26— n/2 > a >m —n/2is in G°(z - V; H™(R")). If a is not even
integer, |z]%(1 + |z|?)® has a singularity at the origin.

2. Outline of the proofs of Theorem 3 and Theorem 4.

Lemma 2.1. Let k < m and let multi-indises v1,...vr satisfy |yi|+ -+ |yl < m.
Then, there exists a constant C such that for any u; € H™ (j =1,...,k) we have

k
107 w187 - .. OF*u|2(mz) < C [ ] llujllm
Jj=1

Here and in what follows, we denote ||u||m = ||u||gm(rn)-

Lemma 2.2. Let g(z,u) € C®(R} x C) satisfy for k+ k' <m and [y| <m
|68 81 g(z,u)] < Mg for z € R, |u] < K.

Then, there exzists a constant p and for any K there ezists a constant Cx such that for
u,v € H™ with ||u||m < K we have

g(z,u(2))o(z) € H™

and
llg(z, u(z))v(z)||lm < Cx Mpk || m-

We can prove this lemma by using Lemma 2.1.

Lemma 2.3. Suppose that f(t,z,u) satisfies (A.1) and (A.2). Then, for any K there
ezist constants C and A such that for any u € H™ with ||u||m < K an inequality

(4) IPEF)E, o, ult, @) llm < CAZEE

holds for any £.
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Proof. Write
1
(5) P f(t, z,u(t,z)) = Pt f(t,z,0) + / Ouf(t,z,0u(t,z))dl - u(t,z)
0
1
+ / Ouf(t, z,0u(t,z))do - a(t, ).
0

Then, using Lemma 2.2 with g(z,u) = fol Ouf(t,z,0u)dd (or g(z,u) = fol 0 f(t, z,
fu)df) and Mg = CA%!® for the second and third terms of the right hand side of (5),
we get (4).

Outline of the proof of Theorem 3. Consider the linearlized equation with respect to

(1): ‘
{ 10y + Du = f(t,z,v)

U(O, 112) = ¢($)a
and denote the mapping which corresponds v to u by S. Set C([0,T]; G3,(Co)) by

C([0,T]; G34(Co)) = {u(t,z) € C([0, T H™); ||lu; M|| < Co}

with
o M!»l p
|lw; M| = [|ullg= + ; W”P u(t, ) [mm-

Then, using Lemma 2.2, Lemma 2.3 and the differentiation of composite function, we can
prove, for a small T, that the mapping & maps C([0,T]; G4,(Cy)) into C([0,T]; G3,(
Cy)) for an appropriate Cy, and S is a contaction mapping. Hence, we can obtain the
desired solution by the fixed point of S.

Outline of the proof of Theorem 4. Take a positive constant R and take a C°-function
r(z) with the property

{ r(z) =1 for |z| < R,
r(z) =0 for |z] > R +1.

Let u(z) be a solution of (1). Then, since [L, P] = 2L, we have
LP' = (P +2){f(t,z,u)}
and from 8; = -2-1;P - 2175'7 -V, we have
AP = —i8Ptu + (P + 2){f(t,z,u)}
=L pttly g Ly, Vo Pty + (P +2){f(t,z,u)}.
2t 2t
Using this equation we can prove first

|Ir(2)!*182 Poul| < CLASt™1®01S  for any ¢
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for |a| < 2 and next

182 Pullm < Co AR 710 (|a] + £~ 2)170°77 for any £

for |a| > 3 by the induction on |a|. This proves (3).

References.
[1] De Bouard A., Hayashi N. and Kato K., Gevrey regularizing effect for the (gener-
alized) Korteweg-de Vries equation and nonlinear Schridingter equations, To appear in
Ann. Inst. Henri Poincaré, Analyse non linéaire.
[2] Hayashi N. and Kato K., Regularity of solutions in time to nonlinear Schrédingter
equations, To appear in J. Funct. Anal.

K. Taniguchi

Department of Mathematics
University of Osaka Prefecture
1-1, Gakuenchou

Sakai, Osaka, 593, Japan

—477—



ON THE HOMOGENIZATION |
OF NONLINEAR CONVECTION-DIFFUSION EQUATIONS
WITH OSCILLATORY INITIAL AND FORCING DATA

TAMIR TASSA

Abstract
We study the behavior of oscillatory solutions to convection-diffusion problems, subject
to initial and forcing data with modulated multi-scale oscillations. We determine the weak
W-1o.limit of the solutions when the small scales of the modulations tend to zero and
quantify the weak convergence rate. Moreover, in case the solution operator of the equation
is compact, this weak convergence is translated into a strong one. Examples include nonlinear
conservation laws and equations with nonlinear degenerate diffusion.

1 Introduction

In this manuscript we present the main results of [1] (a joint work with Eitan Tadmor)
and [2]. The subject of our study is the behavior of oscillatory weak entropy solutions for
equations of the form

u; = K(u,u,), + h(z,1), (z,t) e R X R, (1.1)

where K = K(u,p) is nondecreasing in p := u,. This large family includes equations which
mix both types — hyperbolic equations dominated by purely convective terms (K, = 0), or,
parabolic equations dominated by possibly degenerate diffusive terms (K, > 0).

We are concerned with the initial value problem for (1.1) where the initial data, u(z),
and the forcing data, h=(z,t), are subject to modulated oscillations. Specifically, we are

interested in the behavior of u¢, the entropy solution of

uf = K(u,uf), + h(z,1), uf(z,0) = ug(z), (1.2)
where the modulation of the initial and forcing data takes the form
z z z z
ug(:z:) = UO(II), g;,,g:) ; hE(a:,t) = h((L‘, E;,...,—E—;,t) y & l 0. (13)
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Here, uo(z,y) and k(z,y,t) (¢ is a parameter) are functions in BV, (2 x T'») — the space of
bounded functions f = f(z,y), ¢ € R,, y € T™ (the n-dimensional unit torus), which are
constant outside the bounded interval Q C R, and have a bounded variation with respect to
z.

As a first step, one needs to study the behavior of oscillatory functions such as the initial
condition and the forcing term in the above problem, when the small scales tend to zero.
Namely, if f(z,y) = f(Z,Y1, - ¥n) € BV, (@ x T™), what is the limit, in some sense, of the
oscillatory function f.(z) = f(z,Z,...,Z) when &; | 0. In §2 we answer this question in

Ve Y
terms of the W-=1*°-norm in Q2 = [a, b],

lo@liw-so@ =l [ 9Vl -

We first address the question in the simple one-scale case (n = 1). We then turn to the more
complex two-scale case and show that the weak limit depends on the relation between the
two small scales. Finally, we address the question in the general multi-scale case (n > 2).

Now, let %y(z) and k(z,t) denote the W-1. weak limits of u§(z) and he(z,t), respectively.
Then in §3 we show that the entropy solution, u¢(z, ), approaches the corresponding entropy
solution of the homogenized problem

u, = K(u,u,), + k(z,1), u(z,0) = ty(z) - (1.4)

We quantify the convergence rate of u¢ towards u in the weak W-1°-topology. Furthermore,
in case the solution operator is compact, we are able to translate this weak convergence into
a strong one, with Lr-convergence rate estimates for every ¢ > 0.

Finally, in §4 we give examples of equations with compact solution operators to which
our analysis applies and provide a graphical demonstration of the convergence to the ho-
mogenized solution.

2  Weak limits of one- and multi-scale homogenization

2.1 One small scale

The following fundamental lemma plays a central role in our analysis. For the proof, see [1,
Lemma 2.1].

Lemma 2.1 Assume that g(z,y) € BV,(Q x T1), Q being a possibly unbounded interval in
R,, and let g.(z) := g(z, %) and g(z) := Jy 9(z,y)dy . Then

llge(z) — §(@)lw-1.0 < Ce,  C = |lgller(r1;Bv(ma))- (2.1)
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2.2 Two small scales

The case of two small scales is by far more interesting and complex than the simple one small
scale case. The answer, or, better yet, the array of answers which we reveal here is quite
interesting, sometimes even surprising. T. Hou has discovered in [3] a part of the picture: he
found that f(z) depends on the limit ratio @ = lim,_,q < in the following unstable manner:
If « is 0 (or, equivalently, infinite) or an irrational number, the weak limit is the average of
f(z,y) over the 2-diménsional torus,

fl@)= [ f(@u)dy; (22)

in case « is a nonzero rational number, 2, the weak limit is the average of f(z, y) over the
projection of the straight line Spang{(n,m)} on T?,

F@)= [, f@,nymy)dy, - (23)

The assumption under which these limits where obtained, was that r := 2 —« tends to zero
faster than €; and ¢,.

In the theorems which follow we complete the task and unveil the entire picture in the
2-scale case (for proofs, see [2, §2]). If « is zero or irrational, we prove that the weak limit is
as in (2.2), regardless of the rate in which r vanishes (Theorems 2.1 and 2.2). If, however,
« is a nonzero rational number, the weak limit depends on the value of a and, in addition,
on the rate in Which «a is approached by o, namely — the order of magnitude of r. In
Theorem 2.3 we show that (2.3) holds only when |r| << O(ey,&,); if |r] = O(ey,€,), f(2)
takes a similar form of an .f-average over an affine curve on T? which is parallel to the linear
curve along which the integral in (2.3) is taken; however, if |r| >> O(ey, €;), the weak limit
switches unexpectedly from a one-dimensional integral to the double integral in (2.2).

We use below the notations BV (y;), Lip(z) etc. for the spaces of functions which are
uniformly BV or Lipschitz continuous in 2 x T™ with respect to the variable in brackets.

Theorem 2.1 (Case 1: Zero limit). Assume that 2 — 0 and that f € Lip(y,) or f €
Lip(z) N BV (y;). Then

1£.(2) = F(@)llworos(ay < Const ( ; fl) , (2.4)

€9

where

F@)= [, fey)dy . (2.5)

Theorem 2.2 (Case 2: Irrational limit). Assume that 2 > a€R \ Q and that f €
L>(), H5(T?)), s > 1. Then

1fe(2) = F(@)llw-10000) = O, (2.6)

where

f@)= [, f(zv)dy (2.7
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Theorem 2.3 (Case 3: Nonzero rational limit). Assume that &£ — 2 where m,n € Z* and
=8 _m

(512) If% — ¢ then

15:2) = F@)lw-seg0y < Comst- (4| = =) (2.3)
where ,
@)= [, oy = = my)dys (2.9)
provided that f € Lip(y,).
(2) If 22 — 0 then
1£.(2) = F(&)llw-son(ay < Comst (Irl ¥ 1"‘1‘) , (2.10)
where B
f(w)=/Tz f(z,y)dy (2.11)

provided that f € Lip(y,) or f € Lip(z) N BV (y,).

In Cases 1 and 3. of rational limits, the weak convergence results are accompanied by
convergence rate estimates. In Case 2 of an irrational limit the task of obtaining convergence
rate estimates is much more intricate. We refer the reader to [2, §3] for some results in this
direction.

2.3 Multiple scales
Let f(z,y) € BV,(Q x T*), n > 2, and f.(z) = f(z,Z,...,Z), & | 0. For the sake of

Yer 1t
simplicity, we assume that all scales are proportional (thé reader is referred to [2, §4] for a
more general analysis). Hence, we aim at finding the W-1.>0-weak limit of

oz a,T

fs(w) =f($7m>"'1 ) s

E &

where @; > 0,1 <i:<mnand o; = 1.

Let ¢ = (oq,...,a,). We let M(a) denote the Z-module of vectors in Z™ which are
orthogonal to a, Mg(a) denote the R-subspace of R™ spanned by the vectors of M(a), and,
finally, Mg(a)+ be its orthogonal complement in R”. Our statement is as follows:

Theorem 2.4 Under the above assumptions, if f € L=(Q, H3(T™)), s > 5, then
If.(z) = f(@)llw-100¢0) = 0 (2.12)

where

F o= '1
F@)= [, S0 e
P being the modulo-1 projection of R™ onto T™.
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3 Convergence to the homogenized solution

We return to the problem of determining the limit of u¢(z, ), the entropy solution of (1.2),
(1.3), when €; | 0. Let ig(z) and h(z,t) denote the W~1° weak limits of ug(z) and he(z,1),
respectively, with the W-1:-error bounds

lug(z) — Go(z)llw-100 < E(e) ,  Nh(2,t) = (2, t)llw-1.0 < Fe,1) - 3.1)
Then the following holds (consult [1, §2]):

Theorem 3.1 (W-L>-Convergence). Let us be the entropy solution of (1.2), (1.8) and let
u be the entropy solution of the corresponding homogenized equation

up = K(u,ug), + 7"("”’ t), u(z,0) = do(z) . (5.2)
Then, t '
e (-, 8) = (e, )l < E(€) + /0 Fle,7)dr := G(e, 1) . (3.3)

Remarks.

1. Note that in the homogeneous case (where h = 0) the error bound in (3.3), G(e, 1), is
independent of ¢.

2. In the one-scale case, G(e,t) = O(¢) in view of Lemma 2.1.

Next, we translate the weak W-1~-convergence rate estimate, (3.3), into strong L»-
convergence rate estimates. To this end we focus our attention on nonlinear equations for
which the solution operator is compact. Specifically, we concentrate on solution operators,
S(t) : u(-,0) — u(-,¢), which map bounded sets in L* into bounded sets in the regularity
spaces, W7 s > 0,1 < r < oo. This compactness is clearly of a nonlinear nature and it
implies that the solution operator immediately cancels out oscillations which may have been

present at £ = 0.

Theorem 3.2 If equation (1.2) possesses a W -reqularizing effect then u¢ converges to u
— the solution of the homogenized equation (3.2), and the following error estimates hold

(1) = (e Dl < O B (00 Glest) ol (-— s3] (34)
Here, 0,p, and B*" are given by
6= w €[0,1] p, = max{p,r(s + 1)}, (3.5)
1-145s T *
Ber(t) = [u(-2) — u(s t)llwor (3.6)

and C is some constant which depends on p, [QI%'PA-' and t.

These strong Lr-convergence rate estimates are obtained by means of interpolation be-
tween W-1 (in which the error tends to zero) and W*" (in which the error is bounded),
see [1, Theorem 3.1].



4 Examples

Here, we mention briefly several families of convection-diffusion equations, of both hyperbolic
and parabolic type, which are equipped with a certain W#-regularity. Please see [1, §4,85]
for details, proofs and references. For the sake of clarity, we state the L?-convergence rate
estimates only in the one small scale case (n = 1), in which the W-1-error bound, G(e, t),

is of order O(e).

1. Hyperbolic conservation laws
Convex hyperbolic conservation laws,

u, + f(u), = h, f'2a>0,
are equipped with BV -regularity, which we identify with W1l-regularity. Hence, error esti-
mate (3.4) reads in this case
(o8 = u(s Dllzagey < C - Bu(®)' 75 -e7 ¥pe€[leo) 5 p.:=max(p,2}.  (41)
Here, B.(t) abbreviates the BV -size of the difference,
B.(t) = B(t) = [lu(-, ) — (- 8)llav » (4.2)

and the constant C' depends on p, [QI%_?}J, and (in the inhomogeneous case) also on t.
In the homogeneous case, B,(t) is bounded with respect to € and we get that for any
fixedt >0

[|lus(-,t) — u(-, t)||pr < Const - o p, = max{p, 2} Vp € [1,00) . (4.3)

In the inhomogeneous case, however, B,(t) grows like (’)(5"1‘*) and that implies the following
error estimate:

3

“ug("t) - u(',t)HLP < Const - s

B

p, = max{p,2}. (4.4)

This shows that the nonlinear regularizing effect outpaces the persisting generation of mod-
ulated oscillations due to the oscillatory forcing term, and still yields strong convergence,
though of a slower rate than in the homogeneous case.

2. Convection-diffusion equations with nonlinear flux
Consider the viscous conservation law

Uy + f(u):z: - Q(u)xma Ql 2 0 L] (45)

where the flux f is nonlinear in the sense that there exists £ > 2 such that f(¥) never
vanishes. This nonlinearity assumption implies W#!-regularity with s = 2_1:{-—1 which yields
the error estimate '

et Wpe[l,s+1),
[us(-,t) — u(-, t)|zs < Const, (4.6)

e Vpels+1,:%) .
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3. The porous media equation
Next, we focus on the regularizing effect due to the nonlinearity of the degenerate diffu-
sivity. The porous media equation,

U, = (U, u=0, m>1, (4.7)

serves as a prototype model example for parabolic, ’convection-free’ equations with degen-
erate diffusion. In this context, we identify m = 2 as a critical exponent: when m > 2 the
equation is known to posses W#>-regularity with s = m—-—l—-_l < 1; however, when m < 2, the
equation is in fact W21-regular. These two regularity results, combined, imply that if ue
and u are an oscillatory and the corresponding homogenized solutions of (4.7), then for any
fixed ¢ > 0 it holds that

l[us(-,8) = u(-, t)||ee() < Const - ™), (4.8)

4. Convection-diffusion equations with nonlinear diffusion

We revisit the viscous conservation law (4.5); this time the C! flux f could be arbitrary
and the nonlinearity of the equation is related to the possibly degenerate diffusion. We
assume that the diffusion term, @(u), is nonlinear in the sense that

Ja € (0,1), 6>0 : meas{u: 0<Q'(u) <6} < Const- b, V6<é6,. (4.9

If (4.9) holds then equation (4.5) is at least W#!-regular with s = 2. Hence, LP-error
estimate (4.6) holds with this value of s.

Finally, we give an illustrated example to demonstrate our convergence analysis. To this
end, let

r T

f(y1,y2) = cos(2my, ) cos(2my,) and  f(z) = f(gl',g;) : (4.10)
The first part of Theorem 2.3 implies that in case €, = €5,
1 1
J(@) = [ o mddn =5, (t11)
while if g; = €, + €2,
1 1
f@) = [ (= z3)dy = 5 cos(2n) . (4.12)

We now consider the following initial value problem for the Burgers’ equation:
1 Tz T T
et~ ((ue)?). = f(=,2) : uw(z,0) = f(——,=), 4.13
ut+2((u))m f(E,E) ’ U(CC, ) f(6+€2 6) ( )

where f(-,-) is given in (4.10). The weak limits of the forcing term and of the initial value
are given, respectively, in (4.11) and (4.12). Hence, the entropy solution of (4.13), u¢(-, ),
tends weakly in W-1> to u(-,t), the entropy solution of the homogenized problem,

1 1 1
uy + 5 (u?), = 3 u(z,0) = 3 cos(2mrz) . (4.14)

Moreover, apart from an initial layer of width O(g), us(-,t) converges strongly to u(-,t). In
the figure next page we plot us(-,t), with £ = 0.0408, versus u(-,t) for four values of ¢ in
the initial layer (u is described by the solid line and u by the dashed one). We see how the
oscillations diminish in time and that they no longer exist at ¢ = 0.04 = ¢.
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Global Existence of Small Amplitude Seolutions
for the Klein-Gordon-Zakharov Equations

KivmiTosHl TsuTava

Abstract

We study the Cauchy problem for the Klein-Gordon-Zakharov equations in three
space dimensions. We show the existence of global solutions for small initial data
using the invariant Sobolev space.

1 Introduction and Results

This note is based on the paper [15] and is intended to present a recent developments
on the Klein-Gordon-Zakharov equations. We consider the Cauchy problem of the Klein-

Gordon-Zakharov equations in three space dimensions :

Ou—Autu=-nu, ¢>0 z€R3 (1)
On—An=Aluf’, t>0, z€R3 (2)
u(0,z) = uo(z), Owu(0,2z) = wy(z), (3)

n(0,z) = no(z), Gn(0,z) = ny(z),

where 0; = 9/0t, and u(¢,z) and n(t,z) are functions from R4y x R3 to C® and from
R+ x R? to R, respectively. The system (1)—~(2) describes the propagation of strong

turbulence of the Langmuir wave in a high frequency plasma (see [14]).
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Many results have been obtained concerning the global existence of small amplitude
solutions for the coupled systems of the Klein-Gordon and wave equations with quadratic
nonlinearity (see, e.g., [1-4, 6, 7, 9-11]). Two methods are known to be applicable to solve
those systems. One is to use the invariant Sobolev space with respect to the generators of
the Lorentz group. This was developed by Klainerman [7]. He also introduced the notion
of the null condition to prove the existence of global solutions for the wave equations
with quadratic nonlinearity. We note that the null condition technique is based on the
Lorentz invariance of the equations. Recently, Bachelot [1] and Georgiev [3] improved the
null condition technique to show the global existence result for the Dirac-Klein-Gordon
equations and the Maxwell-Dirac equations, respectively, which are physically important
(see also Georgiev [2]). Another method is based on the theory of normal forms introduced
by Shatah [10], which is an extension of Poincaré’s theory of normal forms for the ordinary
differential equations to the partial differential equations. The idea of this method is to
transform the original system with quadratic nonlinearity into a new system with cubic
nonlinearity. See also [12] and its references. Recently, applying the argument of normal
forms to (1)—(2), Ozawa, Tsutaya and Tsutsumi [9] have proved the existence of global
solutions to (1)—(3) for small initial data. However, in [9] one needs the high regularity
assumptions on the data to ensure the global existence. In fact, the assumptions on the

data in [9] are the following :

ug € H? nwzg,el(sne)’ u € BN Wzs,s/(5+2e)’

ng € HSI WB2R/AT (-1 n € FONW2L202TF~2 0 < ¢ < 10-2.
Moreover, the global solution n of (1)—(3) constructed by [9] must belong to the homo-
geneous ‘Sobolev space H~! of negative index. In this note we show that there exist the
global solutions of (1)—(3) for small data using the invariant Sobolev space but without
applying the null condition technique and improve the regularity requirements on the
initial data. The reason why we do not need the null condition technique is due to the

nonlinearity of (1)-(2). The nonlinear terms in (1) and (2) do not seem to satisfy the null
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condition as in [1] or [3]. The main difference between the nonlinear terms in the system
(1)—(2) and those in the Maxwell-Dirac system or the Dirac-Klein-Gordon system is the
fact that the system (1)—(2) has the nonlinear term including the Laplacian A. Then, we
can estimate the L?-norm of the solution n of (2) in the following procedure : (i) apply the
generators of the Poincaré group to (2), (ii) rewrite the equation to the integral equation,
(iii) integrate by parts, (iv) use the Hardy-Littlewood-Sobolev inequality. The point is
that we do not need the L? — L? estimate due to Klainerman [7] used in [1] and [3] to
evaluate the solution n of 82n — An = Alu|? with zero data. Our proof seems simpler
and shorter than that of [9].

Before we state the main results in the present note, we give several notations. We
put 8; = 8/dz; for j = 1,2,3. Let I' = (T;j = 1,---,10) denote the generators of the
Poincaré group (8;, 01, 02, 03, L1, L3, L3, 12,23, l13), where

L, =1z;0,+10;, j=1,2,3,
Q,’j =m;6j—zj6;,1§z'<j§3,

and we put

= (Bt, 61, 82, 63)

For a multi-index o = (a4, ag, ®3), we put
0% = 0 852 05°.
For a multi-index a = (ay, oy, a3, ay), we put
0% = 0/ 072 05° 051
For a multi-index a = (a1, -+, a10), we put
% = I ... Do,

For 1 < p < oo, let L? denote the standard L? space on R®. For m > 0 and s > 0, we

define the weighted Sobolev space H™* on R? as follows:

H™ ={v e L% 1+ |z]?)**(1 - A)"?v € [?}



We put H™ = H™° for m > 0. Let w = (1 — A)Y/2.
We have the following theorem concerning the global existence of solutions to (1)-(3)

for small initial data.

Theorem 1 Let 0 < £ < 1/6 and k > 4. Assume that ug € H*F 4 €

Hktokte o € gFak+e gnd ny € H3%+4 Then, there ezists a § > 0 such that if

Huollgk+5,h+4 -} Ilulqu+4,k+4 -+ ”n0||Hk+4,k+4 -+ “nlnHHs,k-{-; < 5, (4)

then (1)-(8) has the unique global solutions (u,n) satisfying

E+5 ,
u € (] C7([0, 0); H***7), (5)
7=0
B4 ,
n € [ C([0, o0); H***7), , (6)
J=0
> sup(1+ )7 {[|o.T u(t)llz2 + llwl *u()l|z2}
|al=k+4 20
+ 2 sup(1+ )Tz + D sup [IT*n(t)l|z
lal<k+4 t20 jal<k+4 120
+ 32 sup {|(1+ 1 +[a])* PP Tu(t, 2)]
laf<k €20
z€R3
+H(1 4+t +|z])T*n(t, 2)|} < oo. (7)
Remark 1 (i) By (7), we see that the right hand sides of (1)—(2) are integrable

in time and therefore we find that the solutions (u,n) of (1)—(3) constructed by Theorem
1 asymptotically approach the free solutions as ¢t — oco. See [9].

(ii)) As compared to [9], we have brought down the regularity assumptions on the data
significantly. Instead, we need some spatial decay on the data, which is inevitable as far
as the method depends on the invariant Sobolev norms.

(iii) The estimate (7) is close to the optimal one as regards the space-time behavior of

solutions.

The following corollary follows easily from the proof of Theorem 1.
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Corollary 1 In addition to all the assumptions in Theorem 1, if ug, 1, Ny,

n1 € Nm>1 H™, then the solutions (u,n) given by Theorem 1 satisfy

u(t, z), n(t,z) € C([0,00) x R?).

We can prove Theorem 1 by the contraction argument. The main tools in the proof are
the decay estimate of the inhomogeneous linear Klein-Gordon equation due to Georgiev
[4] and the Sobolev inequality in the Minkowski space by Klainerman [6,8] and Hérmander
[5]. We can show the global existence result for (1)—(3) by using these two inequalities

and adopting the weight function in the norm slightly different from [2,3] and [1].
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AN OSCILLATION PROPERTY OF SOLUTIONS OF
NONLINEAR WAVE EQUATIONS

Hirosui UrEsAaxa

Abstract. We shall consider an oscillation property for solutions of some nonlinear wave
equations subject to homogeneous Dirichlet boundary conditions in a bounded domain.
We shall show that there exist some (z1,%;) and (z,1;) such that u(zy,t)u(zs,t,) < 0
for any solution u.

1. Introduction.

Let t be the time variable and z € R" be the space variable. We shall show that if
u(z, ) is a real-valued solution of some nonlinear wave equation, its sign is not constant,
i.e. there are at least two points (z1,%1) and (z,,t;) such that u(zq,t1)u(zs,t;) < 0.
This property of u is concerned with the oscillation problem of nonlinear wave equations.
Cazenave and Haraux have deeply studied the oscillation property for semilinear wave
equations and their results are written in [2].

Let Q(C R") be a bounded domain and its boundary 892 be smooth. We shall consider

Lu = 9,(a(t)Beu) + B(t)0pu — y(¢) A(G(z, t; u)u)
{ +g(z,t,u)u=0 in © % [0, c0),
u(z,t) =0 on 0.

(1)

As a typical g we give g(z,t,u) = u’, where p is a natural number. We suppose
that o, 8,7, G and g are real-valued continuous functions, and G is a C? function on each
variable, and «, v are positive and of C!. G(z,t;u) is a function of (z,t) and depends on
some quantities related to u, e.g. some norms of u. As one of examples of L we give the
Kirchhoff equation which we shall discuss later

(2) Ou— A1+ ||Vul|H)Au = 0.
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2. Assumptions and Results.
We suppose that all functions and solutions are real-valued. We set

W = C(R*,V)NnCYR* L*(Q))nC*R, V"),

where V = H} and V' is its dual. When u € W, the regularity of u is sufficient for
proving our results.
We shall show the following theorem under some assumptions:

Theorem 1. Let u be a global unique solution of (1) and u € W. If u does not
vanish identically, there ezist some (z1,t1) and (z2,1;) € Q x [0,00) such that

U(ml,tl)U(.’Ez,tz) < 0.

We set some assumptions:

Assumption 1. Let uy and uy be sufficiently regular. Suppose that u(ty) = ug and
dyu(to) = uy are imposed on (1) at any fized t =ty as initial data. Then the problem (1)
has a unique global solution u e W,

There are enourmous literature about the results concerning Assumption 1 (cf. [2],
[5] and the references of [2]).

Assumption 2. (i) G € C? on each variable and there exists a constant Gy such
that 0 < Gy < G(z,t;u) for any (z,t) € 2 x [0,00) and for any solution u of (1).
(i) g(z,t, u) is nonnegative for any (z,t,u) € N x [0,00) x R.

We shall use the results of the eigenvalue problem:

—Ad=Ap inQ,
(3) { =0 on 1.

It is well-known that the eigenvalue problem (3) has eigenvalues {),} such that 0 <
A < Ay < - < Ay < -+ — oo and eigenfunctions ¢, corresponding to ), such that
¢ € C=(2) NV and especially ¢, is positive in 2. For the proof of this fact we refer to
[1] and [2].

Let us prove Theorem 1. Let u be the solution of (1), and ¢; be the positive
eigenfunction corresponding to A;. By applying the Green theorem, we have

/ﬂ {A(G(z, 4 u)u) )i (a)de = /Q Gz, t; u)ub s (2)de
= -—AlfnG(m,t;u)uqSl(:c)dm.

We put
U(t) = /Q u(z, t)$y(z)dz.

Integrating Lug; = 0 in 2, we have
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4 (V") + BV + Xrt) [ Guirdo + [ gusrde =0,

where U’ = 4U.

Let u(z,to) > 0 for any z € 2. Then there is some time interval I with ¢, as its left
end point such that u(z,t) > 0 for any (z,t) € 2 x I. We shall show the length of I to
be finite. It follows from Assumption 2 and the positivity of ¢; thatin [

(5) («()U") + BT’ + MGoy(t)U £ 0.
We consider the ordinary differential equation:
(6) (a()v) + B(E)v’ + v*(t)v = 0.
Lemma 1. Let 4*(t) = A Goy(t) and let v be a solution of (6) with an initial con-
dition 'U(to) = U(to), ’Ul(to) = U,(to) If ’U(t) Z 0 fOT't Z to, then U(t) S 'U(t) fOTt 2 to.
Proof. From (5) x v — (6) x U, we have

(aU"Yv = (av')U + g(U'v — UY')
= o(U'v-Uv") + (o' +B)(U'v-Uv)<0.

We can rewrite the above inequality as follows,

(7) {emp(/tt LEB gy vy - Uv')}, <o.

Y
From integrating (7) from ¢y to ¢ and by using the initial condition, we have
U't)v(t) < U)(2).
Integrating once more, we obtain the desired inequality

Ut) < o(t).

There are many results concerning the distribution of zeros of solutions of ordinary
differential equations. We refer to [3] and [4]. We apply the following:

Lemma 2. (Leighton and Kreith). Let o € CY,8,9* € C and a > 0. If for any real
number h,

Then every nontrivial solution of (6) has an infinite number of zeros in every interval of
the form [h, 0o0).
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For the proof we refer to [4].

We continue to show the proof of Theorem 1.

We suppose «, f and v* = A Gyy to satisly the assumptions of Lemma 2. Then it
follows from Lemma 1 that there exists T'(> to) such that U(T) = 0. Hence noting
#1(z) > 0 in Q, we have u(z’,t') < 0 for some (z',t") € Q x N(T'), or u(z,t) > 0 for any
(z,t) € @ x N(T), where N(T) is the neighborhood of T'. The former case is included
in the statement of Theorem 1. Let us consider the latter case. If u(z,¢) > 0 for any
(z,t) € QxN(T) and U(T) = 0, then we have u(z,T") = 0in 2 and we can say that u(z,)
for any fixed z € Q attains to the minimum value 0 at { = T'. Hence dyu(z,T) = 0. Thus
it follows from the uniqueness of solutions (Assumption 1) that u(z,t) = 0 identically
in Q x [0, 00). Thus the proof of Theorem 1 has completed.

Now we shall confine our equations to the Kirchhoff equation (2). For the solution u
of (1) concernig the Kirchhoff equation we put

8) U(t) = /n u(z,1)d1(z)ds.

Then in a similar calculation of the integration by parts in Theorem 1 we have the
identity
U"(t) + M (1 + ||Vu(@)|))U(2) = 0.

Since the energy estimate of solutioﬁs, we can take the following constant M and m
such that 0 < m < Ac®(1+ ||Vu(t)]]?) < M. Then we set the following two ordinary
differential equation with the initial values U(T") = 0 and U'(T),

(9) y'+my=0 with y(T)=0, y(T)=U"(T),
and
(10) 2"+ Mz=0 with 2(T)=0, 2(T)=U'(T).

The solutions of (9) and (10) are respectively

y(t) = U\,/(Fnj_i)sin\/f—n(t ~T) and z(t) = (il/%)sm\/ﬁ(t -1,

and their zeros are for n = 1, 2,.. ., respectively

(107} wa frem)

Let U'(T) > 0. When U'(T) < 0, we have the same conclusion, too. In a simillar
calculation in Lemma 1 for any ¢ > T we have

2(t) < U() < y(?).

Thus we have
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Theorem 2. Let u be the solution of (1) for the Kirchhoff equation. Then U(t)
defined in (8) has countably infinite zeros {T,} such that

e o
Vi v

And then there exist at least countably infinite (zn,1,), (zh,1) € Q x I, such that

T+ <T,<T+

U(Ty tn)u(zn, th) < 0,

where I, = the neighborhood of T,.
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ASYMPTOTIC BEHAVIOR FOR A QUASILINEAR
WAVE EQUATION OF KIRCHHOFF TYPE

TAEKO YAMAZAKI

Abstract: We prove the global solvability for a quasilinear hyperbolic wave equation
of Kirchhoff type with small initial data in some function spaces. Then we construct
the wave operators and the scattering operator in a neighborhood of the origin in the
function spaces above, and show the continuity of the scattering operator with respect
to suitable topologies.

1. Introduction.
In this paper we show the global solvability and the existence of the scattering operator

for the equation

8*u .

=7z (@:1) = m(|Vau(, D)l|1:)* Asu(z,t)  in RY x Ry,
(QE) o o

u(z,0) = ¢o(z), —5;(3:,0) = tho(z) on R~

Throughout this paper we assume that m € C'([0, 00)) satisfies infx>q m()) = mg > 0.

On the global existence for non-analytic initial data, we know only the results of
Greenberg and Hu [4], Pokhozhaev [5] and D’Ancona and Spagnolo [1], [2], [3]. Green-
berg and Hu [4] first showed the global existence for small initial data satisfying some
decay conditions when n = 1 and m(z)? = z + 1, and obtained some results on the
asymptotic behavior. In particular, they proved that the function m(||Vu(t)||32) con-
verges to a number coo as t — oo for initial data as above. Pokhozhaev [5] showed
the global existence for an arbitrary initial data belonging to H%(R") x H'(R™) in case
m(z)? = (a12 + az)~? with positive constants a; and a,. D’Ancona and Spagnolo [1],
[3] improved and generalized the result on the global solvability of Greenberg and Hu
[4] for hyperbolic type equations (of more general form in [1]) with general m as above
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and general n for small initial data satisfying some decay conditions, and D’Ancona
and Spagnolo [2] showed the global existence for (QE) with perturbation for initial data

with compact support.
The purpose of this paper is to show the global solvability, to construct the wave

operators and the scattering operator on a neighborhood of the origin in some suitable

space included in H/+t(R™) x H'(R™) for J > 1/2, (see Notation 1 for the definition

of #”,) and to show the continuity of the scattering operator with respect to a suitable

topology. Conditions on functions data sufficient for belonging to this neighborhood are

described in terms of the H"(R") norm or the H"(R™) norm with decay condition.
Details are given in [6].

2. Function spaces.

Notation 1. For s € R, let H*(R*) = {f € §'/C;Vf € H*"}(R™)} with norm
[ fllzes = IV fllze-2.

Remark 1. Suppose that s > 0. Then the Sobolev imbedding theorem implies
He(R™) C L™/ (n=2)(R™) for n > 2s, but H*(R™) is not contained in L?(R™).

Notation 2. Let p be a non-negative number. Let v be a positively homogeneous
measurable function of order 0 on R" such that {v(£);¢6 € R*} C {1,-1}. For a
function f € L*(R"), we denote

/. e"'f'”“)"v(z:)f(f)ds].

I llp» = f_gﬁ(l +7])?
Notation 3. Let p and € be positive numbers. Let v be a function in Notation 2. We
define a set X, , and a subset Y, , . in X, , as follows:
X, ={(¢,%) € H/2R™) x H'P(R™); ||(,9)IIx,, =
@l + Wl + 16011+ lebp] |+ |lePv@n@d)| <o),
Ypue = {(6,%) € H/2(R") x H‘/Z(R”) (4, ¢’)“x <el.
For J > 1/2, we put
X, =X, N(HVR™) x HI(R™), Yyl = Y00 (H7H(R®) x HI(R™)).

We define the distance dJ on the set X 7 o as follows:

d]{,y((ﬁblﬂ/’l)a(d’z; ¥2)) =1 — d2llpgasr + [t — ball o + “m?»(l(zllz _ ld;?lz)“p’y
+ lelctha — o)+ [lePveR(Grehs — dade

Remark 2. We use Y;,J,, . with p > 1 for the global solvability and p > 2 for the
existence of the wave operator.
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Notation 4. Let s1,s, € R. We denote
N2 . \2
151 = [ (17@1) de+ [ (ier=17e)" de
szl <o ( ) lg>1 ( )

Remark 3. It holds that
H31+H'82 ifSl 252
e 8577 < oo} = { : : ’
1t ”f”[sl’sz] oo} H* N H*: if 51 < s2.

In the following, we give some estimates of [|(¢,%)]|x, ,

The following proposition is essentially the same as Lemma A of D’Ancona-Spagnolo
[3], where they treated ¢,% € C°(R™) with v = 1 and considered the H3/? norm and
the H'/2 norm in place of the H3/? norm and the H'/? norm respectively. But it is
easy to see that their proof is also applicable to our case for every v in Notation 2, in
view of the denseness of C§°(R™) in the function spaces below.

Proposition A. Let k be an integer such that 0 < k < n+ 1. Then there ezists a
positive constant C = Cy , such that the following inequality holds for every (¢,v) €
H3/2(R™) x HY/?(R™) and every v in Notation 2:

© 180, < C LIV + 1815 + 3o (Il + 262
|e| <k
Here this inequality should be interpreted as follows: If the right-hand side is finite,
then the left-hand side is finite and dominated by the right-hand side. The conclusions
of the following three propositions should be interpreted in the same way.
In view of Remark 2, the above proposition covers the cases needed except for the
scattering in the case n = 1. We give other conditions with no upper bound of k.

Proposition 1. Let p be a positive number and k be an integer such that k > p. Then

there exists a positive constant C = Cp g such that the following inequality holds for
every (¢,%) € H3/2(R™) x HY/?(R™) and every v in Notation 2:

16, ¥k,, <C D (12*bNfs_p 2t 1ats/z + 12* ) 24101, 1/21)-
i<k

In the case n = 1, we show another sufficient condition, in which we does not use an
integer k£ > p:
Proposition 2. Let n = 1 and v(€) = sgn(§) (= £/|€]). Let p be a positive number.
Then there exists a positive constant C = Cp such that the following inequality holds for
every (¢,9) € H*(R) x H(R):
o
’ l + I¢I)

(2) 16,81, < ||l +1) (

By using the proof of the above propositions, we see that the distance dg,,, is also
dominated by the norms which we are familiar with. We only state one sufficient
condition corresponding to Proposition 2: Other sufficient conditions, which correspond
to Proposition A and Proposition 1, can be described in the same manner.

qub
- Bcc

L2
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Proposition 3. Let n, p, v(€) and C = C, be the same as in Proposition 2, and
assume that J > 1. Then the following znequalzty holds for every (¢1,v1),(¢2,%2) €
HIH(R) x HJ(R)

dju((¢1,¢1) (62,%2)) < |1 — b2llpgo4r + 101 — Y2l ga

e (lep+1)2( S8+ 5| |+ )
2
8 (p1 — $2)| | |8(d1 — d2)| . |8(1 — b2)
(=" +1) ( Bz2 + l oz ; Oz i l) L2

3. Global solvability.
D’Ancona-Spagnolo [3] showed the global solvability for smooth initial data (do,%0) €
Y/, ., with small ¢, in case v(£) = 1, although they did not introduce the set Y7, .

pV€7

explicitly. Applying their Lemma A with k = 2, they proved the global solvability of
(QE) for smooth ¢ and 1 with small Zlalsz,}mg(”wapﬂv%”22 + ”ZIIa.Dﬁ’l/)o ”22)

By using the function v, we prove the global solvability of (QE) for initial data
(¢o,%0) € YPJ ve With small € for every v in Notation 2. When n = 1, we obtain
the global solvablhty for initial data which makes the right-hand side of the inequality

(2) with p > 1 sufficiently small, by choosing v({) = sgn¢ and applying the following
theorem and Proposition 2. This solvability does not follow from the result for v(¢) = 1.

Theorem 1 (Unique global solvability). Let J > 1/2 and p > 1. Let v be a
function in Notation 2. Then there exists a positive constant eo _depending only on the
number p and the function m such that, for every (¢o,%0) € Y, .., the Cauchy prob-

lem (QE) has a unigque global solution (u(t),(du/dt)(t)) € ﬂm Ci(R,HTH{(R™)) x
C{(R, H'7{(R™)).

Remark 4. In Theorem 1, assume furthermore that ¢ € L?(R"). Then the solution
u(t) belongs to (i, C* (R, HIH1~i(R")).

Remark 5. There is a positive constant K depending only on p such that if

' 1 1
Ml (-“60 (Mo(é"g) + ——)) (MO(EQ) + "‘—') €g S ng,
mg mo my

then o satisfies the assertion of Theorem 1, where Mj(R) = supy<i<p

j=0,1and ReR.

for

87
“3‘5\7”2(/\)

4. Scattering.
Assuming decay order on initial data more than that needed for the global solvability,

we consider the asymptotic behavior of the solution.
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Theorem 2 (Asymptotic behavior). Let J > 1/2, p > 2, v be ¢ function in Nota-
tton 2, and €9 be a constant in Theorem 1. Then there exist positive constants e1 (< &g)
and E; such that the fallowing holds. Assume that u(t) ts the solution of (QE) corre-
sponding to (ng,tbg) €Y, VEI Then we have the equalities limy 1o [[Vu(t)||%, =

and lim—, 4 [|—3—t~(t)llL2 = m(Aco)Aco, Where Aoo 18 determined uniquely by the equality

1 1 1 1
SM(hee) + 50000) Ao = ZM(IV60]F2) + 5 kol

with M(z) = [y m(z)?dz. That is, the ratio of the potential energy M([|Vu(t)||2.)/2
to the kinetic energy ||Ou(t)/6t]|2/2 tends to M(Aso)/Mm(Ao0)?Aoo- Put coo = m(Aoo)-
Then

Coo — m(||Vu(®)||22) = O(|2]*?) as ¢t — oo,
and there ezists a unique global solution (v(t) (Bv/8t)(t)) = (v(t), (Bvs/Bt)(E)) €
Nizo C(R; HIHH(R™)) x C(R; HIH(R™)) of

32

7] =2 Av mR X Ry,

(LE,co0)

such that

t—t

i (I9ut) - Vos@llz + 1550) ~ SOz ) =o.

Furthermore it holds that

v

i (1)~ Voulls + 1550 - SEOl ) =0,

t—

Ovg

(1960 = Vsl +1550) = FEOlr ) = OH*) as = oo

The inverse of the wave operator WI' : (¢o,%0) = (¢x,%+) = (vi(O),(Bvi/Bt)(O))
maps Y, _ to Y v,E,c for every e such that 0 < € < ey, and the following formula holds:

P,V,E
(08l il

e 2

Theorem 3 (Existence and continuity of the scattering operator). Assume that
m € C%*([0,00); [mg,0)). Let J > 1/2 and p > 2. Let v be a function in Notation 2.
Let €1 and E; be constants in Theorem 2. Then there exist a positive constant K
depending only on p, positive constants e; (< €1), Ey and E3 such that the following
holds for e'very € such that 0<e<Ley:

1) Let €Y ., and let co, be the positive number determined by the equalit
’ p v,E q )

oo = (HWH%z + c:ﬁlwuiz) |

2
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Let v be a solution of (LE,c) with v(0) = ¢ and ——(0) Y. Then there ez-

ists a unigue global solution (ux(t),(Bux/8t)(t)) € ﬂz=0 Ci(R; HTH={(R™)) x
Ci(R; H'=*(R")) of (QE) such that

Ouy

i (1700 = Vo(Olz2 + 1 520 - 30 ) =0

t—r

and that

%1°g<m<ﬂm<t>niz» ) < Kom.

(3+) lim sup ((1 + [t])P
t—too

It holds furthermore that

Ouy

20— GOl ) =0

(I922(6) = Vol 41 Pt - :(t)llm—l) — O(I"7) as t — oo,

) S EgE.
The operator Wi maps Y;,JV . to Y v, Eye
(ii) The scattering operator S = W W_ i continuous from Y7, to Y, o0,y Eae
with respect to the topology from d p , of X7, to HITY(R™) x HI(R™).

Ou :E(O))

i (19050) - Vo)e + 152

sup ((1-+ 11| 3 Toe(m( Vs (1)

Remark 6. The condition (34+) can be replaced by (u(0), Y7, ge

REFERENCES

[1] D’Ancona, P. and Spagnolo, S., A class of nonlinear hyperbolic problems with global solutions, Arch.

Rational Mech. Anal. 124 (1993), 201-219.
[2] D’Ancona, P. and Spagnolo, S., Nonlinear perturbations of the Kirchhoff equation, Comm. Pure

Appl. Math. (1994), 1007-1029.
[3] D’Ancona, P. and Spagnolo, S., Kirchhoff type equations depending on a small parameter (to

appear).
[4] Greenberg, J. M. and Hu, S. C., The initial-value problem for a streached string, Quart. Appl.

Math. 5 (1980), 289-311.
[5] Pokhozhaev, S. 1., The K'chhho[f quasilinear hyperbolic equation, Differential Equations 21 (1985),

82-88.
(6] Yamazaki, T., Scattering of quasilinear hyperbolic equations of Kirchhoff type, preprint.

Taeko Yamazaki
Department of Business Administration

Senshu University
Tama-ku, Kawasaki 214-80 Japan

—503—



Integrability of the long- and short- wave interaction equation

TAKAO YOSHINAGA

Abstract: The integrability in the sense of Painlevé property is examined in the long-
and short- wave interaction equation. The equation described in a coupled form of the
NLS equation with the K-dV equation has only two parameters in the normalized form.
When the equation is reduced to the ODE through the traveling wave transformation, it
is shown to pass the Painlevé test for three cases of the parameters. On the other hand,
for these parameters, when the test is directly applied to the original PDE, it is found
that two cases except for one do not pass the test without any restrictions. However,
the test is found not to be successful in the nearly integrable region. Furthermore, the
possibility of ‘finite time integrability’ is discussed for a special case of the parameters.

1.Introduction.

In dispersive media, wave interactions play an important role in energy exchange among
two or more different wave modes, if resonance conditions with respect to wave frequencies
(and wave numbers) or wave velocities are satisfied in these wave modes. The long-
and short-wave interaction is one of such interactions and can strongly occur under the
resonance condition that a group velocity of the short wave is nearly equal to a phase
velocity of the long wave. In this article, we deal with the following model equation to
describe this interaction, which is expressed in a coupled form of the Nonlinear Schrodinger
(NLS) equation with the Korteweg-de Vries (K-dV) equation: [1]

15,4 See =SL, Li+aLly+ BLyws = |SI2, (1)

where L and S denote, respectively, the real long wave and the complex amplitude of the
envelope of the short wave, while z and ¢ are spatial and temporal coordinates in a frame
of reference moving with the phase velocity of the long wave or the group velocity of the
short wave.

—504—



In the above equation, which is expressed in the normalized form with only two pa-
rameters a and 3, the parameters and the alternative of the =+ signs in front of 5, depend
upon the individual properties of the waves and the media concerned: [1] the gravity and
capillary waves in a single layer fluid (a,8 < 0 and + sign), the gravity waves in a two-
layer fluid (8 < 0 and — sign), the ion acoustic and electron plasma waves (o > 0, <0
and + sign) and so on. However, since the case of — sign can be formally obtained if ¢, L
and f in eq.(1) are replaced by —t, —L and —8, we will consider only the case of + sign
in the followings.

Depending upon the parameters a and 8, physical meanings and mathematical prop-
erties of this equation can be said as follows: When both & and 3 are equal to zero, eq.(1)
represents the case when the magnitude of the long wave is much less than that of the
short wave (|L| < |S]). For this case, the equation is proved to be integrable or to have
the n-soliton solution by means of the inverse scattering transform (IST) method. [2, 3]
On the other hand, when both o and f have finite values, the equation represents the case
for which the magnitudes of the long and short waves are of the same order (|L] ~ |5]). In
this case, not only analytic solitary wave (one-soliton) solutions, but also a variety of nu-
merical solitary wave solutions including ones with oscillatory damped tails are found. [4]
It is expected, however, that the long time asymptotic wave behavior may become chaotic
for general initial waves or soliton interactions, since the equation for f = 1 is shown to
be non-integrable through IST [5]. Additionally, in the Hirota bilinear form for o = —68,
the n-soliton solution has not been found for «, 8 # 0. [5, 6] Nevertheless, for the nearly
integrable case in the vicinity of & = 8 = 0, it is numerically shown that the wave behavior
is regular or irregular depending upon initial conditions and values of the parameters. [4]

As is seen in the above, though eq.(1) is shown to be non-integrable for the particular
o and B, the integrability has not yet been analytically surveyed for all values of the
parameters, in particular, in the nearly integrable region. Therefore, in this article, the
integrability of eq.(1) is examined in the («, 8) parameter space by means of the Painlevé
test, which is known as one of the useful and practical techniques to test the integrability
despite some drawbacks. [7, 8]

The organization of this article is as follows: In section 2, the results of the test are
shown for the reduced ordinary differential equation (ODE) through a variable transfor-
mation (Painlevé ODE test). In section 3, for the cases which pass the ODE test, the
original partial differential equation (PDE) is directly tested (Painlevé PDE test). And
finally, in section 4, we remark the validity of the test in the nearly integrable region and
the possibility of the ‘finite time integrability’.

2. Painlevé ODE test.

For the Painlevé ODE test, we first reduce eq.(1) to the ODE through the following
traveling wave transformation:

S=f(Q)expli(A/2)(z = V), L=g((), ((=2z-At) (2)

where A and V are constants. Substituting (2) into eq.(1) and integrating g with respect
to (, we can easily obtain the reduced ODE

fee+ M2V = A2)f = fg, Byec+ (@/2)g* — Ag = f7 = C7, 3)
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where we have imposed the boundary conditions: f — C (const.), f¢, feci 9, 9¢:9¢¢c — 0
as |(| — co, and A = 2V for C # 0.

Making use of the following variable transformation into eq.(3)

g— (2/8)g, ¢ — (B/2)M*, (4)
we can show that our system has Hénon-Heiles Hamiltonian
H=(1/2)[(df/dC)* + (dg/ 4T+ 1(f.9), (5)

where

I=(8/2)"2(M4)(V = X/2)f* — (2/B)*(A/4)g* — (f* = C*)g/2 + ag®/ (6B).

Since the Painlevé properties (P-properties) in the above system have been examined by
Chang et al. [9] for 8 > 0 and C = 0, it is expected that our ODE has similar singular
structures. In fact, it is found that eq.(3) has similar P-properties. [4]

According to the procedure of the test by Ablowitz et al, [10] the solutions of eq.(3)
are expanded in the following Laurent series:

f=0-0)™ ifj(( — G, g=(C—()™ igj(c - o). (6)

where (o denotes an arbitrary movable singularity depending upon initial conditions. Sub-
stituting the above expression into eq.(3) and equating coefficients of powers of (, we can
obtain the leading orders a and b for j = 0, and the recursion relations with respect to
f; and g; for 5 > 1. From the recursion relations, we can see that the coefficients f;
or/and g; become arbitrary for particular values of j = r, which is called resonances.
The resonances for r = —1 and 0 are, respectively, corresponding to the arbitrariness of
(o and f, (and/or go), though negative resonances for r < —1 are ignored. [12] For the
P-property, these a, b and r are required, at least, to be integers, which means that the
solutions should be of the pole type or the single-valued. Then, Table I shows that the
candidates for the P-property are limited to three significant cases of a and 4. It is found
in this table that the case @ = f = 0 has only general solution, while the other cases
have both general and singular solutions in pairs. In these solutions, the general solution
means that the equation has equal arbitrary parameters to the order of the equation,
while the singular solution means that the solution has less arbitrariness than the order
of the equation. However, in order for these three candidates to have the P-property, the
self-consistency of the resonance must be checked in the recursion relations. Resulting
from this, it is finally found that the Case I for « = —p has the P-property under the
restrictions that either V —A/24+2/8=0for C=0o0r V = A =0 for C # 0, while the
other cases have P-property without any restrictions.

3. Painlevé PDE test.

It is known that the test in the reduced ODE gives only necessary conditions for the
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Table 1: Painlevé ODE Test
a=1,b=2,fi=-2\g0=2
a=Ff=0 r = —1,4 (general solution)
P-property
a=2,b=2,f=-728,90=6

Case I | r=-3,-1,6,8 (singular solution)
P-property
o= —64 a=1b=2g0 =2, fo: arbitrary
Case I | r = —1,0, 3,6 (general solution)
P-property
a=2,c=2,f=188,9 =6
Case I | r = —1,2,3,6 (general solution)

P-property for V. —A/2+2/6 =0 (C =0) or
V=A=0(C#0)

a=-0 a=—4,b= 2,99 =12, fo: arbitrary
Case II | r = —T7,—1,0,6 (singular solution)
' P-property

original PDE to be completely integrable. [10] In other words, a given PDE is not com-
pletely integrable when the ODE reduced from the PDE does not have the P-property.
Therefore, in this section, the integrability of the original PDE is directly examined for
the three cases that pass the ODE test in the preceding section.

Let us apply the Painlevé PDE test, whose direct procedure was introduced by Weiss
et al. [11] In this test, a given partial differential equation is said to have the P- property if
the solutions are single-valued in the neighborhood of the arbitrary and analytic (movable)
singular manifold. Since the singular manifold for the ODE reduces to the singularity with
respect to a single variable, the PDE test may be considered as a straightforward extention
of the ODE test with similar procedure. For convenience, rewriting eq.(1) in the following
form:

TUs + Uy = UW,  — iV + Vg = VW, Wy + QWWy + Py, = (UV)g, (7)

the solutions are set as
w . b % . w -
u= gy wd, v=¢P Lk, w= 6Ty u )
j=0 7=0 j=0

Making use of (8) into eq.(7), we can determine the leading order «, b and ¢ and the
resonances r like in the ODE test, whose values are integers for the same three cases of
o and f as in Table I. The results of the PDE test are shown in Table I, where the
case a = f§ = 0 have only general solution, while the other two cases have both singular
and general solutions. [13] Checking the recursion relations for the self-consistency of the
resonances, it is finally found that the case of @ = 8 = 0 and the Case Il for a« = -8
hold the P-property without any restrictions. The latter case, however, is excluded in the
present context, since the solutions u and v are regular to vanish closely near the singular
manifold ¢ = 0. Consequently, the significant solution is only w which is nothing but that
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Table 2: Painlevé PDE Test
a=b=1,c=2,upvp = 2¢:¢: (uo or vp: arbitrary), wg = 2¢2

a=0#=0 r=-1,0,2,3,4 (general solution)
P-property
a=b=2c=2,upvp = —128¢2%, (uo or vp: arbitrary) wy = 66>

Case I | r=-3,-1,0,4,5,6,8 (singular solution)

Conditional P-property

o= —68 a=b=1,c=2,wo = 242, uo and vp: arbitrary

Case II | r = —1,0,0,3,3,4,6 (general solution)

Conditional P-property

a=b=2c=2,uwp = 188¢% (up or vo: arbitrary), wo = 6¢2
Case I | r=-1,0,2,3,4,5,6 (general solution) ’
Conditional P-property

a=-f a=>b=—4,c=2,wy = 12¢2, up and vo: arbitrary
Case Il | r = —7,-7,-1,0,0,4, 6 (singular solution)
P-property
of the K-dV equation, where the resonances occur for r = —1,4,6. On the other hand, the

other cases have the P-property through the traveling wave transformation like ¢ = z —ct
(c:const.), that is to say, the P-property is conditional. Thus, only the case of a =3 =0
is completely integrable, which is consistent with the result of IST method. [2, 3]

4. Concluding remarks.

We can see in Table II that the leading orders and some coefficients in the expansions are
coincident or adjustable between the completely integrable case & = 8 = 0 and the case
for @« = —6f (Case II). Although this suggests that these two cases are closely related to
each other, the test is found not to be successful in the nearly integrable region o, 8 ~ 0
for a = —603, since the singular manifold expansions become non-uniformly valid when &
tends to zero. This non-uniformity may be due to the small parameter f in the highest
order derivative term in eq.(1). Additionally, since there exists one-soliton solutions which

are uniformly valid for @« = —68 including @ = f = 0, [4] the usual singular manifold
expansions (6) and (8) is not appropriate to examine the integrability in this region.
On the other hand, in the general solution for o = —68 (Case II), we should remark

that the compatibility condition that permits the P-property is found to be relaxed con-
siderably for a finite time. That is to say, since the significant compatibility condition for
the P- property is written as

6, — 60, =0, (9)

through 0 = ¢;/¢., the general solution of the above wave equation
§ = O(z + t4), (10)

is analytic for a finite time depending upon initial conditions, where © denotes an arbitrary
function. Therefore, for a certain class of ¢ which is given by (10) through 6 = ¢;/@., the
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compatibility condition (9) can be satisfied for a finite time during which the solution (10)
is analytic and arbitrary. This means that the equation holds the P-property for the finite
time and is expected to have the multi-soliton solution for the time. As a special case,
it is easily seen that the condition (9) is identically satisfied for an infinitely long time
under the traveling wave transformation ¢ = z — ct, which is confirmed by the existence
of one-soliton solution. [4] Thus, for & = —68, though one soliton state is valid for an
infinitely long time, the soliton interactions due to multi-soliton state might be elastic for
the finite time, that is to say, the possibility of ‘finite time integrability’ is expected.
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FINITE-TIME BEHAVIOUR FOR NONLINEAR
SCHRODINGER EQUATIONS

JIAN ZHANG

Abstract: We study the initial-boundary value problems for a class of Schrédinger equa-
tions. By constructing so called modal integration, the finite-time behaviour including
the local estimates and the finite-time blowup of solutions for the problems is shown. In
addition some complete conclusions on linear equations are given.

1. Introduction
Consider nonlinear Schrédinger equations

tu; + Au = f(u). (1)

So far, the most situation studied for (1) is concerning the classical situation f = ku|u|?(p >
0,% € R). For general nonlinearity f(u), Klainerman and Ponce investigated the global
solutions to the Cauchy problems, Hayashi and Tsutsumi etc. further investigated the
Cauchy problems to the situation of polynomial. In this note, we consider the following
general polynomial situation: |

f(u) = co+cru+cul*  (p>0,¢;€ C(H =0,1,2)). (2)

Let © be a bounded domain with smooth boundary J€ in R*(n > 1). We consider
the initial boundary value problems of (1) with the conditions

u(0,2) = up(x), v €N CR" @)
u(t,z) =0, t>0,z¢€ 0N @

As is known, the study for the initial boundary value problems to (1) is also less. By
constructing the modal integration, we may get the local estimates with wave-shape, then
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get the finite-time blowup properties. At last applying the modal integration, we obtain
some complete conclusions on linear equations.

2. Finite-time Behaviour
We introduce the linear eigenvalue problem of the Laplace operator on (:

Ag(z) + Ag(z) =0, =€, (5)
o(x)=0, €. (6)

Then there exist the first eigenvalue A > 0 and the corresponding eigenfunction ¢( ) >0
satisfying the problem (5), (6).Furthermore we can take ¢(x) such that [, ¢(x)dz = L.
Obviously A and ¢(z) obtained by this method are uniquely determined by €.

Let v = u(t,z) be a solution of the problems (1), (3), (4) under the condition (2), and

u € CH[0.T), LY Q)N C([0, T), WL n LPH(N)). (7)

We construct the integral including parameter for u:

J(t) = ei(A““‘)t/d)'lL(la: (8)
Q

Where u € C. (8) is called the modal integration of the problems (1). (3), (4), which
includes a complex parameter p.

For (8), by (1),(3),(4),(5),(6),(7), we have

J'(t) = iel=mt(—y / dudr — /c,bfd:c). (9)
0 0

As ¢; € C(j = 0,1,2) in (2), it includes many cases. Here we only discuss a typical
case: '

flu) = 1 +)ul*? +u (p>0) (10)

The other various cases can be dealt with in the similar way.
For (10), in (8), take p = —1, and let J1(t) = ReJ(t), it follows from (9) that

Ji(t) = [cos(A + 1)t + sin(A + 1)1] / dlulP T da. (11)
)

When T' < for ¢ € [0,71, it is true that

4(/\+1)
cos(A + 1)t + sin(A + 1)t > 0. (12)

From the Holder’s inequality and (8), we have

[ olup¥ide > (o > 40P (13)
o
It follows from (11),(12),(13) that
JU(t) > [eos(A 4+ 1)t + sin(A + D]y (1) [P+, t€[0,T]. (14)

—511—



Let J1(0) = [g ¢(2)Reupdz > 0, then by (14), we may get

Ji(t) > J1(0)[1 — (J1(0))?(1 + sin{A + 1)t — cos(A + 1)7‘,_)]'"}7 (15)

)\+1

Thus the following estimate theorem of the solution in finite time can be shown.

Theorem 1. Let f = (1+ i)]ul”*l +u,p >0, and ug = ug(x) satisfy [, ¢(2)Reupdr =
J1(0) > 0. Then when T < T A+1)7 the solution of the problems (1).(3).(4) satisfying (7)
has the following estimate:

lellzagey > e/[1 = g (A(O)P(1 + sin(A+ 1)t — cos(A+ 0¥, t€[0.T]  (16)
where ¢ is a positive constant.

For (10) , in (8), take u = —1,andletJy(t) = Im.J(t), then the following estimate
theorem can be shown

Theorem 2. Let f = (1 + L)]u[i"+1 +u, (p > 0),uo = uo(2) satisfy [ é(x)Imuedy =
J2(0) < 0. Then when T < &=, the qo]utmn of the problems (1).(3).(4) satisfying (7)
has the following estimate

\+1

ullpr @) = ¢'/[1 — | 12(0)P(cos(A + 1)t + sin(A + 1)t ~ 1)]7. 1 € [0.7 (17)

)\+l

where ¢’ is a positive constant.
Remark 1. By (11) It may be seen that ReJ(t) acts a periodical oscillation with the

peuod D +1) From the some reason, Im.J(t) acts a periodical oscillation with the period

IO
Remark 2. From (16), (17), it may be seen that the estimates are with wave-shape.

For (16), it can be seen that when J1(0) > [(f\/‘%‘)‘;]%a for

1 —

Y 1(J1(0))7’(1 + sin(A + 1)t — cos(A + 1)), (18)

there exists zeros in [0 Moreover when

37 ]
TP

A+1 A4+1.1

7 < J1(0) £ 7,
vy =0 =50
the zero of (18) is
- 1 L A+T A+
b= 2070 200 ey T smop
when A1
J1(0) > ( 5 )7,
the zero of (18) is
v A+1
T ! arcsin| At (: * )]

T 20+ 1) p((0)7 " p(A(0))
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For (17), by the similar analyzing and computing, it can be obtained that when

A+1 2
J5(0) < —[—212 5.
2( )S [(\/i—l)p] '

in [0,m] for

1 - 3 f_ 1 l-]‘z(o)l?-’(cos()\ + 1)t + sin(A + 1)t — 1)

there exists unique zero:

1 1,77[2()\—#1) (A+1)?
arcsin -
2(A +1) pl(0)  p?|J5(0)]%

]

Ty =

Therefore from the estimates (16),(17),we can show the following blowingup theorem of
the solution in finite time.
Theorem 3. Let f(u) = (1 4 2)|u|**? + u, p>0.
1. Let J1(0) = [ #(x)Reuodz, then
1). when ug satisfies
2EL <0 <

P .
v =
the solution of the problems (1),(3).(4) in (7) blows up in some finite time

A+1
2p

—

)7,

al ! arcsin| Atl (2 — At
©p(J1(0))2 p(J1(0))?

and the solution on [0,T*) satisfies the estimate (16);
2). when wgy satisfies

T <1

STOT20F D) 200+ 1) ))

A1 1
7o) > (5%
the solution of the problems (1), (3), (4) in (7) blows up in some finite time
1 : A+l
T < Ty = ———arcsin|————)].
=To=35077 1)(170 ”7[]7(.]1(0))")]

and the solution on [0,T**) satisfies the estimate (16).
2. Let J5(0) = [, ¢(x)Imupdz, then when uy satisfies

A+1 ]%
(V2-1)p

the solution of the problems (1),(3),(4) in (7) blows up in some finite time

20 +1) (A4 1)
PIZOF " PLR0P

J2(0) < |

1 .
T < Ty = ————arcsin]

200+1)
and the solution on [0,T*) satisfies the estimate (17).
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Remark 3. From Theorem 3, it is seen that the less the initial value is, the longer
the estimate of the lifespan of the solution is, and the bigger the initial value is, the more
easily the blowingup occurs.

3. Conclusions on Linear Equations
Consider (1) is linear equations, that is

iy + Au = cyu + ¢y (19)

where ¢; and ¢, are complex constants.
Take p = ¢y, then from (9) it follows that

,]/(7‘) — ___l-czei(,\'—i—q)i (20)

thus we can obtain the following results.
Theorem 4. Let f(u) = ciu + ¢, and ¢ # —\. then for any T > 0 .the solution of
the problems (1),(3),(4) satisfying (7) has

d €2 / —i(Mrer )t , T
/¢u1 )\+1+(>\+C1+ dupdx)e tel0.7) (21)

Theorem 5. Let f(u) = —Au + ca. then for any T > 0, the solution of the problems
(1),(3),(4) satisfying (7) has

/ sudr = / dupde — icst 1 €10,T). (22)

0 Q
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