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Global existence of solutions to the generalized

Proudman-Johnson equation

By Xinfu CHEN®) and Hisashi OKAMOTO**)

(Communicated by Heisuke HIRONAKA, M. J. A., Sept. 12, 2002)

Abstract:

We consider the equation frot + ffrez — @fs fox = Vfrazs, © € (0,1), ¢ > 0,

where a € R is a constant, with the periodic boundary condition. We show that any solution exists

globally in time if -3 <a < 1.
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1. Introduction. We consider the general-
ized Proudman-Johnson equation proposed by [7]. Tt
is an equation for f = f(z,t) and is written as

(1'1) faat"‘ffaaa_afafaa,:l/faa,aaa
0<t, x € (0,1).

Here v > 0 is a constant called viscosity, ¢t the time
variable, x the space, and subscripts stand for dif-
ferentiation. For the sake of simplicity we only con-
sider it with the periodic boundary condition. Also,
fol f(z,t)dz = 0 is assumed. It is possible to make
v be unity by a suitable change of scales. But we do
not, employ this and leave v as it is.

Equation (1.1) with a = —(m — 3)/(m — 1) is
derived from the Navier-Stokes equations for incom-
pressible viscous fluid in R™ by assuming a special
similarity form on the velocity field; see [7] and the
references therein. The case of m = 2 was considered
by Proudman and Johnson [6], whence (1.1) with a =
1 is now called the Proudman-Johnson equation.

Based on their numerical experiments, Okamoto
and Zhu [7] suggested that the solution of (1.1) ex-
ists globally in time if ag < a < 1 and that some
solutions may blow up in finite time if a < ag or
1 < a. (They were actually unable to determine ay,
the lower limit of the global existence.) As for the
global existence, they could prove it mathematically
only in the case where a = 0,—2, and a = —1/(2k)
(k=1,2,3,---). In our previous paper [1] we proved
that the conjecture was true for a = 1. The purpose
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of the present paper is to prove the conjecture in the
case where —3 < a < 1:

Theorem 1. Suppose that —3 < a < 1. Then
any solution exists for all t € [0, 00).

This theorem is not rigorously stated in that it
does not specify the class of solutions but this will be
clear after we have explained a local-existence theo-
rem in the next section.

Remark 1.1. [7] suggested ag ~ —3 but Fig.
6 in [7] is misleading because it suggests ag > —3,
though the figure shows the case of a different bound-
ary condition.

Remark 1.2. Based on the result of [7], we
believe that, if a < —3 or 1 < a, solutions with large
initial data blow up in finite time, while solutions
with small initial date exist globally in time. We
are, however, unable to prove this.

2. Proof of the Theorem. Proof is carried
out separately in the cases of —3 < a < -1, —1 <
a < 0, and 0 < a < 1. The global existence in
the case of a = 0 is known in [7]. The global exis-
tence in this case is a consequence of the fact that
the maximum principle holds for f,,. Accordingly
| fow()|oo < || f22(0)||sc holds true. (Hereafter || |,
denote the norm of LP(0,1) (1 < p < o0) and g(-, ),
which is regarded as a function of x only and t is
regarded as a parameter, is denoted by ¢(t).) In the
case where a # 0, we will derive similar but different
a priori estimates to prove the global existence.

To begin with, we remark the following local
existence theorem:

Theorem 2. Let a be any real number. For
all g € L?(0,1) satisfying fol g(x)dx = 0, there exists
aT >0 such that (1.1) has a unique solution in 0 <
t < T satisfying the periodic boundary condition and

fx(xa 0) = g($)
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Accordingly, the global existence holds true if
we have shown that || fz(¢)||2 is bounded in 0 < ¢t <
T for any T > 0. The proof of Theorem 2 is given
in section 3 and we are now going to derive a priori
estimates.

2.1. The case of 0 < a < 1.
tiate (1.1) to obtain

Jraxt + ff(4) + (1 - a)fafaaa - a/fg?g, = Vf(5)'
We define ®(u) by

1/(1—a)
B(u) { Jul

We differen-

(2.1)

0 (0 < ).
By (2.1), we obtain
1 1
- [ 0(fte = [ @) af +0s )i
1
o /O ¢I(f111)(ff(4) + (1 - a)fafaaa)dx

It holds that fol 2.9 (fowz)dr < 0, since @ is a
monotone decreasing function. Further

1 1
/ FOY (frna)dz = — / (FOYV2D" (frne)da < 0,
0 0

since ® is a convex function. Finally we have

1 1
/ ff(4)q)l(fxxx)dx = _/ faq)(faaa)dx
0 0
Since ®(u) = (1 — a)ud’(u), we obtain
d 1
dt J,
This implies that

/ |f111(x; t)ll/(l_a) dzr <,
{fzex<0}

D(frze)dx < 0.

where ¢ is a constant independent of ¢. Hereafter

c denotes a positive constant which is independent
of t but may be different in different contexts. By
Holder’s inequality, we obtain

/ |f111(x,t)|d$ <ec.
{fzze <0}
Since

1
0

we conclude that
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1
/ |f111|d$ <cg,
0
whence

. < c.
Ogggllfm(x,t)l <c

This a priori estimate and the local existence theo-
rem guarantee the global existence.

2.2. The case of —1 < a < 0. We define
®(u) by ®(u) = |u|~/* Suppose for the moment
that —1 < a < 0 and compute

d [ b,
& [ attada = /O B (fr2) frnnad

1
0

Integrating by parts, we have

1 1
| ¥t frasts == [ fu(f0)d
0 0
Since ®(u) = —aud’(u), it follows that
d [ L

1
- _/ " (frz) f2,dx < 0.
0

(Here ®” appears and we have to assume that —1 <
a.) We therefore obtain the following bound:

1 1
(2.2)/0 |fm(x,t)|_1/“dx§/0 | fau(2, 0) "/ da.

Since the solutions depend continuously on a, this
inequality holds for a = —1, too. (2.2) implies that

Jnax, | fo(z,t)] < ¢,

and the global existence follows.

2.3. The case of —3 < a < —1. We first
consider the case of a = —3. If we differentiate the
Burgers equation f; + ff, = v fy, twice, we then ob-
tain (1.1) with a = —3. The global existence follows
from that of the Burgers equation.

We next consider the case where —3 < a < —1.
In this case we integrate (1.1) to obtain

14+a
fxt+ffxx_ 9

where 7(t) depends only on t. Integrating this equa-
tion in 0 < z < 1, we see that

1
~(t) =—3+a/ fidz <0.
2 0

(2.3) [ =V frax + (1),
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Define ®(u) by

0
O(u) = {U—Q/(l—f—a)

We now have

d ! o 1+a

1
[ @ e+ 2(0)
0
Note that
1
' (f)dx <0
() /O (fo)dz <
and
1 1
/ (I)I(fa)faaadx = _/ ¢Il(fg,)ffldx <0,
0 0

since ® is monotone increasing and convex. Further,

/<& (f2)d

—(1+4a/2)u®’(u), we obtain

t/fﬁﬂfh

Since ®(u) =

| ettetnin < [ 0 @0).
0 0

By the same argument in section 2.1, we obtain

1
/ | fo(z, t)|dx < c.
0

This inequality, however, is insufficient for our

(2.4)

purpose. Accordingly, we return to (1.1): we multi-
ply it by f and integrate by parts to obtain

d 1
GO = @+a) [ fae =201}

<cllfa@®lly 1f=O11 = 2v | foa(®)]]3 -

By the Gagliardo-Nirenberg theorem (see e.g., [2, 3])
it holds that

£y < el foO1F | foa @3

Also, the following inequality is well-known:

£l < clf O 1 fou @5

By these inequalities we have
2 4/3
1£0)1% < el faa®)l2”
Here use has been made of (2.4). We therefore have
d 2
LATAOTE

< | fur @3 = 20 || foa ()]]3
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5_p ap/3 > _ 9y 2
c(p|ﬁ4 N+ 5o ) =20 £ O3

where 6 > 0,p>1,¢>1and 1/p+1/g= 1. Taking

p =3/2 and 6P = 2pv/c, we obtain

d 2
— . <
S5O} < e

Consequently || fz(t)|l, is bounded in any bounded
interval of ¢, which, together with the local existence
theorem, gives us the global existence.

3. Local existence. Let

X = {geLQ(O,l); /Olg(x)dxzo}.

Then we show in this section that the equation (1.1)
has a unique solution such that f, € C°([0,7]; X)
for some T > 0.

We start with (2.3) for an arbitrary a. It can be
written as

3+a

(3.1) ut —vug, = —(fu), + 5 (u® = [lu(t)]13)
(32) fl‘:u) faU’EXa
where u(t) = u(-, t) is viewed as a function : [0,T] —

X. By the Duhamel principle, we can rewrite (3.1)
as follows:

(3.3)  wu(t) = e u(0) + /t e~ AR (u(s))ds,
0

where we have defined A as —v(d?/dz?) with the
periodic boundary condition, and F' is defined as

3+a

F(u) = —(fu)s + P(u?)
with Py(z) = y(z) — fol y(&)d¢é. We now prove
that the integral equation (3.3) has a unique solu-
tion in C°([0,T]; X) for a small T > 0. Note that
“(3.1)& (3.2) < (3.3)” can be verified in a stan-
dard way (see [4, 5], or [8]).

In order to construct a solution of (3.3), we
choose an arbitrary g € X and fix it. We then define
an operator K by

t
Ku(t) = e g —l—/ e~ AR (u(s))ds.
0

The existence is proved by showing that the mapping
u — Ku is a contraction mapping of u in Y, where
Y is a closed convex subset of C°([0,T]; X) defined
as



No. 7]

Y = {u e ([0, T7; X) ;

max ()2 < 2llgll2}.

u(0) =y, 0<t<T

To this end we first recall that —A is a generator
of a contraction semigroup in X, i.e., [[e *ully <
|lu|l2. We then follow the standard argument such as
in [4, 5, 8].

Suppose that we are given a u € Y. Then (3.2)
defines f € C°([0,T]; Wh2(0,1) N X), where W12
denotes the Sobolev space. It is easy to see that

[A2(fu)ellz = || full2 < cllull3
and
A2 P(?)[|2 < cfull3.

We now rewrite Ku as

t
Ku(t) = e g —|—/ A2~ (t=9)A Q=12 P (y(s))ds,
0

which gives us

(3.4) [[Ku(t)]2 < H9H2+C/O (t =) |lu(s)|3ds.

This and a similar inequality for Ku(t)— Ku(t') show
that Ku € C°([0,T]; X). Note next that v € Y and
(3.4) imply that

1K u(t)ll2 < llgll2 + 8ellgl3 V.

Consequently, K sends Y into itself if 8c||g|[2v/T <
1. We now fix such a T'.

Note finally that, for any u € Y and v € Y, we
have

JA7Y2 () = F(0) [l2 < ¢ (ullz + [v]2) llu vl
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This inequality yields
[ Ku(t) — Kv(t)]l2

< cllgll» / (t = )72 u(s) — v(s) |ods

It then follows that K is a contraction mapping from
Y to itself, if T is sufficiently small.
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