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BLOWUP AND ILL-POSEDNESS FOR THE COMPLEX, PERIODIC
KDV EQUATION

J. L. BONA AND F. B. WEISSLER

ABSTRACT. The present essay is concerned with complex-valued solutions of the Korteweg-
de Vries equation. Interest will be focussed upon the initial-value problem with initial
data that is periodic in space. Derived here are results of local and global well posedness,
singularity formation in finite time and, perhaps surprisingly, results of non-existence.
The overall picture is notably different from the situation that obtains for real-valued
solutions.

Keywords: Korteweg-de Vries equation, blowup, well posed and ill posed initial-value
problems, complex-valued solutions, Gevrey spaces
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1. INTRODUCTION AND STATEMENT OF MAIN RESULTS

Studied here are complex-valued solutions u(t,z) of the Korteweg-de Vries equation
written in the form

Ut + Uggy + (Uz)x =0, (11)

which are 2m-periodic in the spatial variable, x € R. Functions periodic of period 27 are
identified with functions defined on the unit circle S!.

There are two principal results in the present essay. The first shows that unlike their
real-valued counterparts, complex-valued solutions to the initial-value problem for (1.1)
can blow up in finite time, even for smooth data. The second main line of development is
comprised of theorems showing that the initial-value problem for (1.1) is not even locally
well posed in complex-valued L?(S!), or even in high order H*(S!) spaces. Indeed, it turns
out that the well-posedness theory that obtains in the space of L%(S!) functions with zero
mean value does not extend, as it does in the case of real valued functions, to the full
space L?(S1).

The first blowup results for complex-valued solutions of (1.1) are due to Birnir [2, 3].
His solutions were defined on the circle, just as those discussed here. Birnir’s results [2, 3]
and their relation to the theory developed in this paper and in [10] will be discussed in
more detail presently (see Remark 1.10). Later, the present authors established in [9] a
blowup result of the sort put forward here for certain periodic solutions of a much broader
class of nonlinear dispersive evolution equations. For complex-valued solutions of (1.1)
posed on the entire real axis, finite time blow up was established in [10, 23, 28] by various
means, all of which are quite different from those employed here.
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2 J. L. BONA AND F. B. WEISSLER

The theory developed here is mostly specific to (1.1). It provides two different, but
related, criteria connected to initial data which imply finite-time blowup (see Theorems 1.3
and 1.4 below). The proof of the first of these is a simplified version of the proof of blowup
offered in [9].

The ill-posedness and non-existence results are contained in Theorems 1.5, 1.6 and 1.7.
Of course, these results depend crucially on the fact that it is complex-valued solutions
that are in question, and make particular use of the fact that the solution need not have
zero mean value.

A secondary, technical outcome of our development is showing existence and unique-
ness of local solutions to (1.1) for initial values in certain Gevrey regularity classes (see
Definition 3.2 and Theorem 1.1). A specific estimate for the minimum existence time of
a solution in this class is obtained, and for small data, solutions are shown to be global.
These local existence results are useful both in the proof of blowup in Theorem 1.4 and
in the ill-posedness results described in Theorem 1.6.

1.1. Function Classes. For future reference, the function spaces used in this paper are
now set forth. Throughout, all functions are assumed to be complex valued. The Fourier
coefficients f(k) of a function f € L%(S!) are

1 2m

fy=o |

for k € Z, so that f € L?(S') is given almost everywhere by its Fourier series

f(x)e *dy

with aj, = f(k). In terms of its Fourier coefficients, the norm of f is
2 I 2 2
Iy =55 [ @)Pde= 3 faul

The following closed subspaces of L?(S') will find use:
Li(sh) = {f e L*(sh) : ” f(z)dz = 0} = {f e L3 (sY) : f(0) = o}; (1.2)
0
L2(s) = {feLQ(Sl):f(k:):O, Vk<0} = {feL2 (sh) : Zake } (1.3)
L3 (sh)= {f e L2(sY) : f(k) o} {f € L*(s Zake } 4)

For s € R, the norm of a function v € H* Sl) is taken to be

HUHHS(Sl) = Z(l + k)% ay . (1.5)
k=0



BLOW UP AND ILL-POSEDNESS FOR COMPLEX, PERIODIC KDV 3

For s > 0, the subspace H3 (S') of H*(S!) consists of elements whose negative Fourier
coefficients vanish, which is to say,

HE (s) = {f € H5(SY) : f(z) = Zakeikx} = HY(SY) N L2 (sh). (1.6)
k=0

1.2. Preliminaries. With only moderate regularity, any complex-valued, spatially 2-
periodic solution of (1.1) admits a Fourier series development

o)

u(t,z) = Z ar(t)e.

k=—o00

The usual Duhamel representation of the initial-value problem for (1.1) with initial data
ug 18

u(t) = S(t)ug — /0 S(t— T)(U2)x(7')d7', (1.7)

where S(t) is the unitary group defined on all the spaces H*(S!), s € R, by

oo oo
S(t) § : akezkzx _ 2 : akezk tezkoc'

k=—o00 k=—o00

It is straightforward to ascertain, for example, that u € C([-T,T]; H3(S')) is a solution
of (1.7) if and only if u € C([-T,T]; H3(S')) N CY([-T,T); L*(S')) is a solution of (1.1)
with (0, -) = ug. If instead, u € C([~T,T]; L3(S')) is a solution of the integral equation
(1.7), then it is a weak solution of (1.1). More precisely, if u € C([-T,T]; L3(S!)), then
the two terms on the right hand-side of (1.7) are, respectively, in C1([-T,T]; H=3(s!))
and CY([-T,T); WH=L(s!)), and so u; € C([-T,T); H3(SY) + WhH=L(s!)).

There is considerable previous literature dealing with the KdV equation (1.1) posed on
the torus. We mention particularly the works [11], [22], [26] for local well posedness and
[18] for both local and global well posedness in the L?(S!)-based Sobolev spaces H*(S').
The latter article has a very good summary of the preceding work. The theory proceeds
by first showing well posedness for solutions lying in the subspace L%(Sl) of functions with
mean value zero. (Note that the mean value of a solution of (1.1) is constant in time;
simply integrate (1.1) in = over S'.) The analysis, which uses at several points the mean-
zero assumption, shows that for initial values ug € LZ(S!), there is a solution u of (1.7)
lying in the space C([—T,T]; L3(S')) where the time T' > 0 and sup_p] |[u(t)|[z> depend
only on [|ug||z2. The contraction mapping argument used to prove this result is carried
out in a Bourgain space strictly smaller than C([-T,T]; L(S')), and so the solution is
more regular than indicated above. Uniqueness is proved in this smaller space. To obtain
the same result without the restriction of zero mean value, a straightforward Galilean
transformation

1
u(t,z) = a0 + u(t,x — apt). (1.8)

[11, page 219] is used to reduce the problem to the mean-zero case.
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A delicate point arises here, because the authors of [11] and [26] do not make explicit
whether or not they are considering only real-valued solutions, or are allowing complex-
valued solutions when establishing local existence. On the other hand, [22] and [18] are
more careful in this respect, and [22, Theorem 1.6] explicitly deals with complex-valued
solutions, again of mean-value zero. However, the extension of well-posedness to solutions
of non-zero mean value via the above Galilean transformation applies only to solutions
having a real mean value. This point will be elaborated presently.

For real-valued solutions, conservation laws may be used to show that the solutions are
global in time (and this even goes down to H*(S!) for s > —1/2, see [18]). Conservation
laws are no longer so obviously helpful in the complex-valued case. The equation (1.1)
is still locally well-posed in L%(Sl), even if complex-valued solutions are allowed. More
precisely, each zero mean-value initial data ug in L%(Sl) gives rise to a maximal solution

u € C((_Tr;awTr—r"l_ax); L%(Sl))v (19)
where 0 < Ty, Tiax < 00 If either Ty, or T, is finite, then [|u(t)]|12s1) goes to
infinity as t — —T,,, or t — Tt respectively. Moreover, if [—T1,Ts] C (—Tiyax> Toiax)

for some Ty, Ty > 0, and if u? — up in LE(S'), the maximal solution u™ with initial value
ug is defined on [T, T5] for sufficiently large n and converges uniformly to the solution
uw on [=T1,T5]. These facts all follow by standard methods directly from [22, Theorem
1.6]. Of course, as noted above, uniqueness of local solutions is proved in an appropriate
Bourgain space. In what follows, we will cite [22, Theorem 1.6] to mean the local well-
posedness of (1.1) in LZ(S') as just described. Of course the main interest of [22], and
in particular [22, Theorem 1.6] is to prove local well-posedness in negative order Sobolev
spaces as well, but here we only need the result in LZ(S!).

The analysis in the present article is based on the observation that the closed subspace
L%Hr(Sl) of L3(S!) is invariant under the action of (1.1). More precisely, if ug € L%#(Sl),
that is, if ug € L3(S!) is of the form

up(z) = > ap(0)e™, (1.10)
k=1

where a(0) € C for k = 1,2,3,---, then the resulting solution w(t) remains in L§ , (S')
for all t € (—Tiuys Tibax)s i-€. u(t) € L3(SY) is of the form
oo
u(t,z) = ap(t)e™™. (1.11)
k=1

This is obvious formally, just from the fact that both the linear and nonlinear terms in
the equation preserve this subspace. Rigourously, it is a consequence of the fact that the
set of functions in L3(S!) whose Fourier series contains only positive modes is preserved
by the iterative process based on the integral equation, used to construct solutions. As
L3(s!) is closed in L?(S'), the solution must be in the same subspace.

With this housekeeping out of the way, the main results of the paper can be stated.
We begin with two results about local and global existence. As mentioned already, there
is local well-posedness theory already in existence for (1.1) on the torus, so this part of
the paper is of secondary interest. Our theory is set in Gevrey-type spaces. Not only the
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results, but the methods used in the proofs will be needed for later developments. The

theory provides lower bounds on 7%, which in certain cases imply global well posedness.

There are also conditions on the initial data that imply finite time singularity formation.

Theorem 1.1. Let ug € L§ , (S') be of the form (1.10), and let u € C((—Tpax, Tiax); LE(S'))

max? max
be the resulting maximal solution of (1.7), which is necessarily of the form (1.11). Suppose

that there exist X with 0 < A< 1, 0 > 1, and M > 0 such that

lag(0)] < ME°XN k=1,2,3,---. (1.12)
Define L = L(o) by
L(o) = 2% i m= (1.13)
and let loT;j\l
T = L) (1.14)
It follows that To .. > T and T,},. > T. Moreover,
|ag (t)] < Mk \eeM LRI (1.15)

for allk =1,2,3,--- and all t € [-T,T). In particular, uw € C*((=T,T); H™(S')) for all
m=1,2,3,-- and so certainly u € C([-T,T]; C(S1)).

Remark: Note that the Gevrey-type hypothesis (1.12) entails that ug € C°°(S').

Theorem 1.2. Let ug € L%Hr(Sl) be of the form (1.10), and let
U € C((~Tinas Topax): L3 (81))

be the resulting mazimal solution of (1.7), which is necessarily of the form (1.11). Then,
the two values Ty, and T,},. are either both finite or both infinite. In the case where they
are finite, it must be that Ty, + Tob. < 2m. If T + Tk > 27, then the solution is
global in both directions, i.e. Ty, = Ti.. = 0o, and time periodic with period 2mw. In
particular, global existence is an open condition in L%A_(Sl) on the initial value while finite

time blowup is a closed condition in the same space.

Next, two results are presented that give easily verified criteria on an initial value
ug € L§ , (S') which imply that the resulting solution of (1.1) blows up in finite time.

Theorem 1.3. Let ug € Lg , (S') be of the form (1.10), and let u € C((—Tpax, Totax); L§(S"))

max?’ - max

be the resulting mazimal solution of (1.7). If |a1(0)] > 6, then T, < oo and T,},, < 0.

max max
If instead, the integer p > 2 is such that a1(0) = a2(0) = --- = a,—1(0) = 0 and
la,(0)] > 6u?, then Ty, < o0 and T, < .

On the other hand, given any v € C with 0 < |y| < 1, there exists ug € L(2)7+(Sl) of the
form (1.10) with |a1(0)| = 67 such that the resulting mazimal solution of (1.7) is global,
ie. Toax = Tib. = 00. Likewise, for every integer u > 2, there exists ug € L(2)7+(Sl) of
the form (1.10) with a1(0) = a2(0) = -+ = a,—1(0) = 0 and |a,(0)| = 6uy such that the
resulting mazximal solution of (1.7) is global.
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Theorem 1.4. Let ug € L%,_F(Sl) of the form (1.10) be a trigonometric polynomial, viz.

uo(z) =Y ag(0)e’™, (1.16)
k=1

where ag(0) € C for k =1,2,3,--- ,m, for some integer m > 1. For every A € C, X\ # 0,
let

up () = Zak(O))\keim, (1.17)
k=1

and let uy € C((—Tivae, Tovink): L3(SY)) be the maximal solution of (1.7) with initial value
ug x. There exists a Ao with 0 < \g < oo such that:

o if |\| > Ao, then the resulting solution blows up in finite time in both time direc-
tions, i.e. Thax < 00,

o while if 0 < |A| < Ao, then the resulting solution is global in both time directions,
i.e. Tmax = 00.

It follows from Theorem 1.3 that the value of A in Theorem 1.4 satisfies Ag|a,, (0)] < 642,
where a,,(0) is the first nonzero coefficient in (1.16). However, even though Theorem 1.3
is best possible in the sense given by the statement, it is not likely that it predicts the
exact value of A\g in Theorem 1.4 in general. This will be elaborated in remarks following
the proof of Theorem 1.3 in Section 5.

Attention is now turned to three theorems which give different ways of seeing that
(1.1) is not even locally well-posed on L?(S') or H*(S') if complex-valued initial data
with nonzero mean value are allowed. The first two show that no reasonable contraction
mapping argument can be made in a small ball around the zero-solution.

Theorem 1.5. Let e > 0, M > 0, T > 0 and s > 0 be given. There exists an initial
value @y € HS(SY) with H’&,OHHi(Sl) < € such that there does not exist any solution 4 €

C([0,T); H5(SY)) of (1.1), with initial value g for which supy<icrp |[a(t)]] sty < M.

The statement and proof of Theorem 1.5 were inspired by Christ’s work in [17]. * This is
a so called norm inflation result (see, for example, [12] in the context of the Navier-Stokes
system, [1] for Schrodinger equations, [20] for the Degasperis-Processi equation, [6] for the
BBM equation and [19] for the MHD equations; this is only a sample of the extant results).
What sets this result apart from those just mentioned is that the norm inflation can take
place in arbitrarily smooth H*(S') spaces, whereas the usual norm inflation theory is set in
very weak spaces. The methods used to prove Theorem 1.5 can also be used to prove the
following stronger version of ill-posedness. It establishes the existence of arbitrarily small
initial values which give rise to local solutions of arbitrarily large norm, in an arbitrarily
short period of time, thus completely destroying any possibility of continuity at zero.
Unfortunately, our proof of it seems to work only in H3 (S!) for s > 0.

IThe authors thank Tsukasa Iwabuchi for bringing this paper to their attention.
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Theorem 1.6. Let s > 0. There exists a sequence ¢, € H5 (S') and numerical sequences
{M,}n>0 and {t,}n>0 with the following properties:

(i) For each i, there is a unique solution of (1.1) Gy, : [0, T, ) — H (SY) with initial

value op,.

) 0<t, < Tr%ax and Ha(tn)HHs(Sl) > M,,.
iii) o, — 0 in H5(SY),
iv) t, — 0,
)

See [21] for similar results for the nonlinear Schréodinger equation.

The final ill-posedness result is that certain initial values in Li (SY) can not give rise
to any local solution in Lﬁ_ (SY). In fact, the proof shows this to be the case for a class of
initial values slightly larger than announced here.

Theorem 1.7. Let iy € L% (S) not be of class C*°(S') and have mean value 5~ fo% tg(z)dx
with non-zero imaginary part. Then there does not exist a solution @ € C((—T,T); L2 (S"))
of (1.1), with initial value 1y, for any T > 0.

The approach taken here to proving these results is an analysis of the Fourier coefficients
of the solution u(t,z) of (1.1) in the form (1.11). Indeed, if u(t,x) is an L(Q)’+(S)—solution,
then the coefficients must satisfy the coupled system

ay(t) —ik3ay(t) + ikbi(t) =0, k=1,2,3,---, (1.18)

of ordinary differential equations, where b;(t) = 0 and, for k > 2,

k—1
Zam - (t). (1.19)

The system (1.18)—(1.19) is equivalent to the system of integral equations

t

ay(t) = e™**tay,(0) — ike”“gt/ e~ shy(s)ds, k=1,2,3,--. (1.20)
0

Since each by (t) depends only on the a,,(t) for 1 < m < k, this is in fact a system of non-

homogeneous linear equations which can be solved explicitly by recursive calculations. For

future reference, this conclusion is formalized here.

Proposition 1.8. Given ar(0) € C,k = 1,2,3,---, there exist unique functions ay €
C*°(R;C) which are solutions to the system (1.18)-(1.19) with these initial values ax(0),
or equivalently solutions to the integral equations (1.20).

In particular, given an initial value ug of the form (1.10), there is at most one possible
solution u of (1.1) of the form (1.11) with this initial value ug.

However, while the ag(t) exist for all ¢ € R, it is not at all certain that the formal
Fourier series displayed in (1.11) converges and provides a solution of (1.1). This remark
motivates the following definition.
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Definition 1.9. A formal solution of (1.1) is a Fourier series
i .
u(t,z) = Z ar(t)ek®, (1.21)
k=1

where the ar, € C*(R;C), k =1,2,3,--- constitute a solution of the system (1.18)—(1.19),
or equivalently (1.20). We emphasize that there is no requirement of convergence of the
Fourier series (1.21).

It is clear that if ug € L§  (S') is of the form (1.10) and u € C((=Tpax, Tifax); L§(S"))

is the resulting mazimal L? solution of (1.1), then u can be extended (uniquely) as a formal
solution for all t € R.

The idea behind the proof of Theorem 1.3 is as follows. It emerges from the analysis
in Section 4 that the coefficients ay(t) are time periodic. This enables one to consider the
solution u as a double Fourier series, in space and time. The key point is that a lower
estimate on the space-time L?-norm of a global solution can be obtained in terms of the
initial data, which implies finite-time blowup when this lower bound is infinite, a point
explored in Section 5.

Remark 1.10. It is instructive at this point to compare the blowup results and methods
used in [3] with those of the current paper and of the authors’ previous work [10]. In fact,
there is a striking similarity of methods and results in [3] and in [10],

In both [3] and [10], an explicit solution u(t, z) of (1.1) is studied, where ¢t € R, and
z,u € C. If the space variable z is restricted to a horizontal line Sz = yg, the resulting
function u(t, x+1iyp) is a complex-valued solution of (1.1) on the real line. In both articles,
the solution u(t, z) exhibits poles which are initially located away from the horizontal line
z = x+1iyo, so that the intial value u(0, z+1iyp) is a smooth function of x € R; and in both
cases, the intial value u(0,x + iyp) gives rise to either a global (in time) regular solution
or one that blows up in finite time, depending on whether or not yy belongs to a clearly
defined subset of R, given by the union of intervals. In both [3] and [10], in the case where
the solution does blow up in finite time, blowup occurs at a time ¢ = ¢y when one of the
poles moves across the horizontal line Sz = yg, so that u(to, z +1iyp) exhibits a singularity.
Furthermore, the solution becomes regular again for ¢ > ¢y as the pole moves away from
the line 3z = yp.

In the case of [10] the explicit solution used is the two-soliton solution of (1.1), which
decays in space as Rz — +o0.

In [3], the explicit solution used is based on the doubly periodic Weierstrass elliptic
functions. In particular, for a fixed y = yo, the function wu(t, z + iyg) is periodic in z € R.
Consequently, these solutions live on S', as do the solutions in the present paper. However,
the results and methods put forth here can not be directly applied to the solutions in [3]
since these latter do not live in Lg, 4 (S") or even L2 (S'). Nonetheless, there is a structural
similarity between the construction in the present paper and that in [3] which is further
explicated in Remark 5.10 below.

All three papers, moreover, do share certain features. First of all, and somewhat su-
perficially, the alternative between global existence of a regular solution and finite time
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blowup is determined by the value of a parameter present in the intial value. More sig-
nificantly, perhaps, in all three papers, there is an underlying solution which is global,
but not always regular. In the present paper, while not an explicit solution as in [3] and
[10], it is given by a formal Fourier series whose coefficients constitute the solution of an
infinite system of ODEs, the formal solution of Definition 1.9, which exists for all ¢ € R.
Time periodicity of the solution to this system implies that it returns as a regular solution
to (1.1) at some point after blowup, but it is not clear if regularity returns immediately
after the blowup time, as it does in [3] and [10].

Finally, it is observed that the single equation (1.1) with complex-valued solutions is
equivalent, by considering real and imaginary parts, to a coupled system of the form

{ Ut + Uggy + P(ua v)a: = 0,

(1.22)
V¢ + Ugga + Q(u, U)z = 07

where u and v here are real-valued functions of the two variables x and ¢. In the case of
(1.1), the choice P(u,v) = u? —v? and Q(u, v) = 2uv is required. Consequently, the main
results of this paper immediately give corresponding finite-time blowup and ill-posedness
results for this specific system. It is natural to ask if the methods used here could extend
to a more general class of systems of the form (1.22) where, say, P and (@) are arbitrary
homogeneous quadratic polynomials. Unfortunately, the answer to this question turns out
to be negative, as will be seen in the last section of this paper. This suggests that the local
illposedness results presented in this paper might not extend to more general systems. See
Remark 7.1 at the end of Section 7.

In a little more detail, the paper is organized as follows. Section 2 is devoted to some
basic properties of the system (1.18)—(1.19) of ODEs. These lead to a proof of Theorem 1.1
in Section 3. The method is to study a related ode system where the complex oscillations
have been eliminated. Time periodicity of the coefficients a(t) is established in Section 4,
and this is used to prove Theorem 1.2. The two blowup theorems are proved in Section 5,
while Section 6 contains the proofs of the ill-posedness results. Section 7 shows that the
methods used here do not in any natural way extend to a larger class of systems of real-
valued functions of the form (1.22), as mentioned just above. In an Appendix, a number
of remarks pertinent to the development in Section 3 are provided.

We close the introduction by recalling that our interest in studying finite time blowup
of complex-valued solutions of (1.1) is motivated by a desire to understand what might be
the mechanism of finite-time blowup of real valued solutions of the generalized Korteweg-
de Vries equation u; + uzyy + (uP), = 0 in the supercritical case p > 5. In [8, 10], it
was observed that finite time blowup of complex valued solutions on the line of both the
Korteweg-de Vries equation and the modified Korteweg-de Vries equation occurs when a
singularity in the solution, initially located off the real axis, moves onto the real axis. This
is also the case in [3], as already noted. (See Remark 5.10 and the related work of Grujic
and his collaborators detailed in [7] and in the references contained therein.) This suggests
that an approach to proving the existence of (real valued) solutions to the super-critical
generalized Korteweg-de Vries equation on the real line which blowup in finite time is to
study extensions of those solutions to a region in the complex plane, and determine how
the singularities in those solutions, which are initially off the real axis, evolve in time.
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The relevant conjecture is that blowup occurs when such a singularity moves onto the real
axis.

2. BASIC PROPERTIES OF THE ODE SYSTEM

In this section, solutions to the system (1.18)—(1.19) are studied. The discussion begins
with the following proposition, whose proof is immediate.

Proposition 2.1. Let ay € C*(R;C), k =1,2,3,---, be a solution of the system (1.18)-
(1.19), or equivalently (1.20). It follows that ai(t) = e"ay(0). Furthermore, if u > 2 is an
integer such that

a1(0) = az(0) = --- = a,-1(0) = 0, a,(0) # 0, (2.1)
it follows that
ai(t) =as(t) = =au-1(t) =0, teR, )
bi(t) =bao(t) =+ =bou—1(t) =0, teR, 2.3
and
ar(t) = e*ap(0), p<k<2u-—1. (2.4)

An important parameter that arises in connection with the study of solutions to (1.1)
of the form (1.11) is the radius of convergence of an associated power series.

Definition 2.2. Let ap € C*(R;C), k = 1,2,3,---, be a solution of the system (1.18)-
(1.19). Denote by p(t) the radius of convergence of the power series

[o¢]
P GE (2.5)
k=1

For all A € C, A # 0, pA(t) denotes the radius of convergence of the related power series

i ap(t)AF2E, (2.6)
k=1

It is clear that
pa(t) = |X 7 p(t). (2.7)

Note that 0 < p(t) < oo, and one cannot a priori exclude the possibility that either
p(t) =0 or p(t) = oo (see Corollaries 3.11, 3.12, and 4.5 below, as well as Proposition 5.7,
which develop further properties of p(t)).

The following proposition gives a condition under which a formal solution of equation
(1.1), determined by its Fourier coefficients a () (as in Definition 1.9), is in fact a smooth,
and therefore a classical solution of (1.1).

Proposition 2.3. Let ay € C*°(R;C), k =1,2,3,--- be a solution of the system (1.18)-
(1.19), or equivalently (1.20), and let p(t) be as in Definition 2.2 for these ay’s. If p(t) > 1
on some time interval t; <t < ta, then u(t,z) given by (1.11) is a C*° solution of (1.1)
on that interval. On the other hand, if p(t) < 1 for some fized value of t € R, then the
series in (1.11) does not converge in D'(S').
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Proof. Suppose first that p(¢) > 1 on some interval t; < ¢t < to. It follows immediately that
the function u(t,-) given by the Fourier series (1.11) is in C°°(S!) for every t € (t1,t2). Of
course, u(t,-)? is also in C*°(S!) and is given by the Fourier series Y72, by (t)e’*®, where
the by (t) are the series of convolutions defined in (1.19). Indeed, if Y 32, ax(t)z* is an
analytic function in the disc of radius p(t), then so must be its square > re, bi(t)2*.

It then follows from the system (1.18)-(1.19) that the formal Fourier series for u(t, -) is
likewise in C°°(S!) for every ¢ € (t1,t2) and that (1.1) is verified. Successive differentiation
of equation (1.1) shows that all space-time derivatives of u are in C*°(S!) for every t €
(t1,t2), and thus u € C™((t1,t2) x St).

Next, suppose that there is a t € R with p(¢) < 1, and let

U (t, ) = Zak(t)eikx. (2.8)

k=1

For this value of ¢, denote f,(-) = up(t,-) and argue by contradiction. Suppose there
exists f € D'(S') such that f,, — f in the sense of D'(S'). It follows that for each
k::]ﬂ273f"a

(f, ey = lim 1 " fin(x)e 0 d = ay(t). (2.9)
0

m—oo 27
Furthermore, since D(S') = C°(S) = Nyer H*(S1), it follows that
D'(SY) = User H (SY). (2.10)

Hence f € H*(S!) for some s € R, so

[e.e]

D (14 k) ag(t)]? < oc. (2.11)
k=1

By the root test, this last condition implies that p(t) > 1, contradicting the hypothesis
that p(t) < 1.
0

Remark 2.4. If the functions a € C*°(R;C), k =1,2,3,-- -, constitute a solution of the
system (1.18)—(1.19), then for every A € C, A # 0, the functions

apx(t) = Nag(t), k=1,2,3,---, (2.12)

likewise constitute a solution. This is to say, if u of the form (1.11) is a formal solution of
(1.1), then so is

ux(t,z) = Zah,\(t)eik”" = Zak(t))\keikx (2.13)
k=1 k=1

for any fixed A € C. Observe that formally, uy(t,z) = u(t,z — ilog \) since

u(t,z —ilogh) =Y ag(t)e™ 108N =N " gy ()eiho AR, (2.14)
k=1 k=1



12 J. L. BONA AND F. B. WEISSLER

In terms of initial values and maximal regular solutions, if ug € L3(S!) is of the form
(1.10), and if u € C((—Tipax Titax); L3(SY)) is the resulting maximal solution, then u) has
initial value

uA(z) = ap(0)A\Fe. (2.15)
k=1

If up ) € L3(sh), it gives rise to a maximal solution
- 2/al
uy € C((_Tmax,A7Tn—~1_ax,>\); LO(S ))’

which coincides with the formal solution on the interval of existence. Suppose further that
|A| > 1. It follows by (2.7) that px(t) < p(t) for all t € R where p(t) < oo, with equality
if p(t) = oo. It can thereby be deduced from Proposition 2.3 that
(_Tr;ax,)\’ Tr—ril_ax,)\) - (_Tn:aw Trjiax)'
The following proposition shows that the above line of reasoning can be pushed quite a
bit further.

Proposition 2.5. Let ug € L3(S') be of the form (1.10), and let
U € C((~Tas Totax): L3 (1))

be the resulting mazimal solution of (1.1), which is necessarily of the form (1.11), i.e.
e .
u(t,z) = Z ar(t)e*®,
k=1

Let p(t) be given by Definition 2.2. The following assertions hold.
(i) Fither p(t) =1 on (—Tipaxs Tabax) 07 1 < p(t) < 00 for all t € (=T, Tit:

.) max max? max)'
(ii) The case p(t) =1 on (—Tipaxs Toiax) prevails if ug € L3(S) is not C.
(i)

)

max’ - max
If 1 < p(t) < oo for all t € (=T, Tibax), then u € C%°((—Tipax, Tiias) X S).
(iv) If p(0) > 1 and T;}, < oo, then T,\. = inf{t > 0;p(t) < 1}.
(v) If p(0) > 1 and T, < 00, then —T,,, = sup{t < 0;p(t) < 1}.
In the last two statements, p(t) for t & (—Tiax, Titax) 8 the radius of convergence in

max
Definition 2.2 associated to the coefficients ay(t) of the formal solution which extends the
solution u € C((—Timaxs Tarax); LE(SY)) to all t € R, as per Definition 1.9.

Proof. Tt follows from Proposition 2.3 that p(t) > 1 for all t € (—Tiay, Tibax)- For state-

max? max
ment (i) in the proposition, it thus suffices to show that p(¢) can not take on both a value

bigger than 1 and the value 1 in the interval (=T, T:5..)-

max? max
We argue by contradiction, and suppose that (say) p(0) > 1 and p(tp) = 1 for some
0 <ty < Ty, For X > 0, consider the formal solution, uy(¢,z) given just above in
Remark 2.4, and let p)(t) be given by Definition 2.2. It follows from formula (2.7) that if
A < p(0), then p)(0) > 1 and so up\ € L(S'). In this case, ug, gives rise to a maximal
solution

ux € CU(= T rs T ) LB (1)),

max,\’
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which coincides with the formal solution on the interval of existence. Since p(tg) = 1, it
follows from formula (2.7) that py(tp) < 1 for A > 1. Consequently, by Proposition 2.3 it
must be that Tnfax/\ < tg for 1 < A < p(0). Furthermore, since p(0) > 1, it follows easily

that ug ) — ug in L*(S') as A — 1. By continuous dependence of solutions in L3(S') (see
[22, Theorem 1.6]), it must be that
T < lin inf Tfer <to < T,

max max?

(2.16)

which gives the desired contradiction. Statement (i) is thereby established.
The remaining statements are now straightforward consequences of Proposition 2.3 and
statement (i). O

This result is analagous to, but much weaker than, the fact that a real-valued ug €
L2(S') which is not in H'(S!) gives rise to a (global) solution which can never be in
H'(s'). Indeed, because of global well-posedness of (1.1) in Hg(S'), such a solution
would have to in H!(S') throughout its trajectory. In the present situation, we see that
an initial value which is not analytic on R (considered as a periodic function) can not
yield a solution to (1.1) which becomes analytic at any point during its existence. This
observation will be essential to the proof of Theorem 1.7.

Also, in light of Proposition 2.5, it might seem reasonable to conjecture that p(t) is
always a constant function. This turns out not to be true. We will see that if ug € L3(S!)
is a trigonometric polynomial, then p(t) is definitely not a constant function. For such an
initial value, p(0) = oo and Proposition 5.7 excludes the possibility that p(t) = co. See
Remark 5.9 for additional commentary on this issue.

Remark 2.6. In thinking about the results in this section, it could be helpful to observe
that for A > 0, the solutions u,(t,x) defined by (2.13) can be interpreted as follows. If
one replaces A > 0 by 7 > 0 and 2 € R by 6 € R, and sets z = re'?, then

u)x(tv :L‘) = Z ak(t)zk
k=1

While this transformation is not used explicitly in the main body of this paper, it underlies
many of the arguments. In the last section, on systems, this transformation appears in a
fundamental role.

In addition, we warn the reader that this transformation is completely different from
the one used in Remark 5.10 below. In particular, the expression for u) here is not at all
the same as the one in formula (5.27). The two different expressions for uy give rise to
different interpretations of the solutions.

3. LOCAL EXISTENCE IN A CLASS OF GEVREY SPACES

To prove that (1.1) admits local and, in some cases, global solutions with initial values of
the form (1.10), estimates on the behavior of the solutions {a(t)}r=1,2,3,.. of the equations
(1.20) for a given ¢t € R in terms of the behavior of the initial sequence {ax(0)}r=123....
are needed.
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One helpful observation is that if the functions a(t) satisfy the system (1.20), it follows
that, for t > 0,

|ar ()] < lar(0)] + k‘/o |k ()| ds. (3.1)

This suggests studying the system obtained by replacing the inequalities in (3.1) by equa-
tions. Taking up this idea, consider the infinite system

(t) —kdp(t) =0, k=1,23,---. (3.2)
of ordinary differential equations with given initial values ¢;(0) € C,k = 1,2,3,---, where
¢, : R —C,

di(t) =0 and (3.3)

A1) = S5 em(t)chm(®), > 2. (3.4)

Ultimately, interest will focus on the case c;(0) > 0 for all £ > 1, but this restriction is
not in force yet. The system (3.2) - (3.4) is equivalent to the infinite sequence

cr(t) :ck(0)+k/0tdk(s)ds, k=1,2, (3.5)

of integral equations with the side conditions (3.3) and (3.4).

Since each di(t) depends only on the ¢, (t) with 1 < m < k, this system consists of
linear, non-homogeneous equations, which admit global smooth solutions. In principle,
these solutions can be calculated explicitly in terms of the initial conditions. It is straight-
forward to show by induction that ¢ is a polynomial of degree £ — 1, and so has the
form

k—1
cr(t) =) chmt™ (3.6)
m=0

If ¢, (0) > 0,k =1,2,3,---, then ¢ (t) > 0,k =1,2,3,---, for all t > 0. Moreover, in this
case Cpmpm > 0, forall k =1,2,3,--- and 0 <m <k — 1.

The following proposition is straightforwardly established by induction.

Proposition 3.1. Let ax(0) € C and cx(0) > 0 be such that |ak(0)] < cx(0) for all
k=1,2,3,---. Let ax(t) and ci(t) be the resulting solutions, respectively, of (1.20) and
(3.5). 1t follows that |ax(t)] < ck(|t]) for all t € R. Likewise, |bg(t)| < di(|t]) for all
k=1,2,3,--- and for all t € R, where by(t) and di(t) are given by (1.19) and (3.4).

Attention is turned to the task of obtaining estimates on the behavior of the se-
quence {cy(t)}x=123,... for a given ¢ > 0 in terms of the behavior of the initial sequence
{ck(0)}r=1,23,... The following definition will be helpful.

Definition 3.2. Given A > 0 and o > 1, denote by W) , the set of sequences {V}r=123,... C
C such that
|'Yk| SMk_U)‘kvk::172>3>"' ’ (37)

for some M > 0.
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Remark 3.3. Clearly W), is a Banach space, where the norm of a sequence is the
smallest M > 0 for which (3.7) is verified. There is an important relationship between
these spaces and the radius of convergence p of the related power series

fz) =) w. (3.8)
k=1

On the one hand, if {7y} € W), then p > 1/X, and so the function f given by (3.8) is
holomorphic, at least in the open ball of radius 1/\ around the origin. Since o > 1 the
series converges uniformly if |z| = 1/A, and so f is in fact a continuous function on the
closed ball of radius 1/ around the origin.

On the other hand, given a the radius of convergence p for f, then {vi} € W), for all
A>1/pandall o > 1.

It is clear therefore that the spaces W) , give a classification of functions holomorphic
in a neighborhood of zero which is strongly related to the radius of convergence of the
associated power series. Moreover, the value of ¢ > 1 corresponds to a measure of regu-
larity on the critical circle. For example, if {71} € W), and o > m, then f is of class C™
as a function on the closed ball of radius 1/\ around the origin. These matters are not
pursued further in this essay.

The analysis commences with the next lemma, which is the key to estimating the
functions cg(t).

Lemma 3.4. If 0 > 1, then
k

> m 7k —m)"7 < L(o)k ™7, (3.9)

-1
m=1

where

L(o) =211 i m=°. (3.10)
m=1

Proof. Using the facts that the sum an_:ll m~(k —m)~7 is symmetric in m and k —m
and that if m < k/2 then (k —m)~7 < (k/2)77, it follows that

k-1 Lk/2]
Zm*"(k—m)*" < 2 Z m~ % (k—m)"°
m=1 m=1

INA
[\
—~
o |
~—
4
3I
q

o9
< 21+0’k,—0’ Z TTL_U,
m=1

where |b] is the usual greatest integer function of a real number b. O

Remark 3.5. The sum appearing on the right-hand side of the last formula is of course
the Riemann zeta function, which appeared unexpectedly in this calculation (see also the
last paragraph of Remark (4) in the Appendix).



16 J. L. BONA AND F. B. WEISSLER

Remark 3.6. Note that L(oc) — oo both as ¢ — 1 and as ¢ — oo. Also, L(2) =
8% m 2= 4n2

Proposition 3.7. For M >0, A\ >0 and o > 1, suppose that ¢ (0) € R is such that
ler(0)| < MEoNF
for all k > 1. Let the functions c(t), t € R be the resulting solutions of (3.5). It follows
that
lep(t)| < Mk NeeMLkIL (3.11)

forallk =1,2,3,--- and all t € R, where L = L(o) is as in (3.10).
In other words, if {cx(0)} € Wi, then {ck(t)} € Wy mri , for all t € R.

Proof. The formula is certainly true for & = 1. Indeed c;(t) is constant, so information
is being lost. Let & > 2. Assume inductively that (3.11) holds for all values up through
and including & — 1. The proof is written for ¢ > 0; the proof for ¢ < 0 is similar. The
inductive step is carried out via the following string of inequalities:

t k—1
lex(t)] < ME N4k / > lem(s)ck—m(s)|ds
0 m=1
t k—1
< ME N +k / > MmN MM M ( — m) oA meMEE s g
0 m=1

k—1
= Mk~ "Ak+k>\kM2/ MLdeSZm (k—m)™°
=1

. - Mth -1 -1
= ME N+ kAR M ( ) 7(k —m)~°
+ ULk 1m m)~
MLkt _ |
< Mk‘”Ak+k>\kM2( i )Lk o
— MkfoAk_'_)\k ( MLk:t ].)k o :MAk Mthk o‘
where the penultimate step made use of Lemma 3.4. O

Remark 3.8. Since dj,(t) = S5 1 ¢, (t)cp_m(t) and ¢, (t) = kdy(t), the above calculation
provides the inequality

|k (t)] = kldi(t)| < M2L(o)k™ oI A\FM IR, (3.12)
which will be needed later.

The estimate (3.11) is not best possible since, as noted above, information is lost even
for k = 1. In the case where ¢;(0) = 0 for all £ > 2, one can obtain, not surprisingly, a
much stronger bound.
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Proposition 3.9. Let ¢;(0) € R be such that c;(0) = 0 for all k > 2, and let the functions
ck(t), t € R be the resulting solutions of (3.5). It follows that for all o > 1, the functions

ck(t) satisfy
e ()] < (2L)*Her (0)*k7Jt*, (3.13)
forallk=1,2,3,--- and allt € R, where L = L(o) is as in (3.10).

Proof. The formula is certainly true for k = 1. Let k£ > 2. Assume (3.13) holds for all
values up to and including k£ — 1. Again, the the proof is presented for ¢t > 0, the case
t < 0 being entirely analogous. Since ¢x(0) = 0 for all k£ > 2, (3.5), (3.4) and the induction
hypothesis imply that

t k—1
‘Ck(t)’ < k/ Z |Cm(8)ck,m(s)’d3
0 m=1
¢t k—1
< /ﬂ/ Z(2L)m_1|C1(0)|mm_"sm_1(2L)k_m_1\cl(o)]’f—m(k — )~ sk—m—1gg
0 m=1
¢ k—1
= KL a(0)F [ s S mo k= m)
0 m=1
k
< QDM laOM LR < (L) e (0) R,
where Lemma 3.4 has been used again. 0

The preceding results, along with the relation (3.1), lead to the following omnibus
theorem about existence of solutions of (1.1).

Proposition 3.10. Fiz A\ > 0 and o > 1. Suppose that the sequence {ay(0)}r=123,
belongs to W o, and let M > 0 be such that

lag(0)] < MEXN, k=1,2,3,---. (3.14)

Let a(t), t e R, k =1,2,3,--- be the corresponding solution of the system (1.18)-(1.19),
or equivalently (1.20). It follows that

|ag(t)] < MEON\eeMERI, (3.15)

forallk=1,2,3,--- and all t € R, where L = L(0) is defined in (3.10). In other words,
{ar(t) k=123 € Wyemrie , fort € R. In particular,

p(t) > A"t ML (3.16)

for all t € R, where p(t) is as in Definition 2.2.
Now suppose further that A € (0,1) and let

up(z) = Zak(O)eikx (3.17)
k=1
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where, again, the {ar(0)}r=123.. € Whxe, so that ug € C®(S'), and take
~ logA
 ML(o)

There is a unique solution u € C((=T,T); H3(S')) N C*((=T,T); L3(SY)) of (1.1) of the
form u(t,z) = >0 ap(t)e*®, for allt € (=T,T), starting at u(0,-) = ug. Furthermore,
u(t,-) € C®(sY) for all t € (-T,T), uw € C*((~T,T); H™(S')) for all m = 1,2,3,---
and so a fortiori u € C([-T,T);C(SY)). In particular, Ty, > T and Tit,. > T, where
(—Tnaxes Tibaxe) is the interval of existence of the mazimal L*-solution of (1.1) with initial
value ug.

In the special case where ax(0) = 0 for all k > 2, the lower bound T on the time of

existence of a solution of (1.1) can be taken as
1
T=——1-———
2|a1(0)[L(0)
for any choice of o > 1, and the absolute value of the coefficients ax(t) can be bounded
above by

> 0. (3.18)

(3.19)

Jar(t)] < (2L)"Har (0) k=7 J¢*1, (3:20)
fork=1,2,3,---, where L = L(o) is as before. In particular,
1
t) > ———— 3.21
A0 = S e )1 320

for all t € R, where p(t) is the radius of convergence discussed in Definition 2.2.

Proof. Given the sequence {ay(0)}r=123.. € Whre, let ar(t), t € R, k =1,2,3,--- be
the resulting solution of the system (1.20). Next, set ¢x(0) = |ax(0)], and let ¢k (t) be the
resulting solutions of (3.5). It follows from Propositions 3.1 and 3.7 that (3.15) holds for
all t € R. Of course, (3.16) and (3.18) now follow.

Similarly, in the special case where a;(0) = 0 for all ¥ > 2, Propositions 3.1 and 3.9
imply (3.20).

Turning to the solution of (1.1), we first dispense with uniqueness. If

u€ C((=T,T); H*(s")) n CH((=T,T); L*(s"))

is a solution of (1.1) of the form wu(t,z) = > 70, a(t)e’*®, then the coefficients a(t)
must satisfy the system (1.18)-(1.19), or equivalently the integral equations (1.20). This
uniquely determines the coefficients ay(t), given the values of ax(0), k = 1,2,3,---. Of
course uniqueness of the coefficients holds on any interval (—7,7) for any 7 > 0.

As for existence, since p(t) > 1 for every t € (=T,T'), where T > 0 is given respectively
by (3.18) or (3.19), it follows from Proposition 2.3 that the series u(t,z) = >3 | ax(t)e*®
converges and u € C®°((—T,T) xS') is a solution of (1.1). Finally, the assertion u(£T,-) €
C(Sh) is a consequence of (3.15) and the requirement that o > 1. O

Proof of Theorem 1.1. Theorem 1.1 is an immediate consequence of Proposition 3.10 along
with the observation, made in the introduction, that L%’ +(Sl) is preserved by the local

flow on L3(S!) defined by (1.1). O
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Corollary 3.11. Let {a;(0)}r=123,.. be a sequence of complex numbers and let {ax(t) :
R — C}r=1,2,3,.. be the corresponding solutions of the system (1.18)-(1.19), or equivalently
(1.20). Let p(t) be the corresponding radius of convergence as in Definition 2.2. Then
p: R —[0,00] is lower semi-continuous and either p(t) =0 on R, or 0 < p(t) < oo for all
teR.

Proof. If p(0) > 0, it follows from the considerations in Remark 3.3 that the sequence
{ar(0)}r=1,23,.. is in the space W) , for all A > 1/p(0) and all o > 1. (If p(0) = oo, this is
true for all A > 0.) Hence by Proposition 3.10, and in particular formula (3.16), it follows
that for any A > 1/p(0), and all o > 1,

o(t) > %e_MLM (3.22)

for some M > 0 and L = L(o) as defined in (3.10). It follows immediately that p(t) > 0
for all t € R.

By the temporal translation invariance of the system (1.18)-(1.19), it follows similarly
that if p(tp) > 0 for some ¢y € R, then p(t) > 0 for all ¢ € R. This establishes the second
part of the assertion.

From (3.22) it is clear that

liminf p(t) > 1
piptol) 2 5
for all A > 1/p(0). In consequence, it transpires that

ligiélf p(t) > p(0). (3.23)

This proves lower-semicontinuity at ¢ = 0. Again calling upon the temporal translation
invariance of the system (1.18)-(1.19), lower semi-continuity of p : R — [0, oo] is established
at all t € R.

O

The special case of a trigonometric polynomial is singled out next, as it will appear
later in our commentary.

Corollary 3.12. Suppose ug € L%7+(Sl) is a trigonometric polynomial. If p(t) is the
radius of convergence in Definition 2.2, where the ag(t) are the solutions of the system
(1.18)—(1.19), then p(t) — oo as |t| — 0.

Proof. Since ug has only finitely many nonzero modes, it follows that for every A > 0 and
o > 1, there exists M > 0 such that (3.14) is satisfied. It then follows from (3.16) that
1
lim inf > —
e 2y
for all A > 0. O

Corollaries 3.11 and 3.12 leave open the possibility that p(t) = oo for a given sequence
{ar(0)}r=123,... It will appear later (Proposition 5.7) that this can never happen.

There is a set of what the authors thought to be interesting remarks and conjectures
centered around the foregoing analysis that would naturally appear next. Some of these
indicate that the methods used thus far have a wider range of applicability than one might
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imagine at first blush. These are postponed until the Appendix, however, as they interrupt
the flow toward our primary objectives.

4. TIME PERIODICITY OF SOLUTIONS AND GLOBAL EXISTENCE

Proposition 4.1. Let ai(0) € C, for k=1,2,3---, and let the functions ax(t), k > 1, be
the resulting solutions of the system (1.18)-(1.19), or equivalently the system of integral
equations (1.20). It follows that the ax(t), k > 1 are periodic with period 2mw. More
precisely, each ax(t) is of the form

k}3
ak(t) = Z Oék7h€iht (4.1)
h=k

where the oy, are numerical constants. Furthermore, oy = 0 whenever h — k is not a
multiple of 6.

Proof. Formula (4.1) will be proved by induction. Since b1(t) = 0, it is immediately clear
that

a1(t) = eay(0), (4.2)
(see Proposition 2.1) which establishes the result for k& = 1.

Suppose (4.1) has been proved up through k — 1, for some k& > 2. Consider the term
br(t). By formula (1.19), bg(t) is the sum of terms of the form a,(t)ak_.,(t), where
1 <m <k —1. Applying the induction hypothesis to a,,(t) and ax_,,(t), it is seen that
A (t)ag—_pm(t) is a sum of terms of the form

; !
O‘m,hak—m,h’el(thh )t

where h — m is a multiple of 6, as is b’ — (k —m), and

1<m<k-1,
mghgm?’,
E—m<h < (k—m)

It follows that h + A’ — k is a multiple of 6, and
kE<h+h <m?4 (k—m)® <k (4.3)

It is this last inequality which is the key to the proof. It thus transpires that each bg(¢) is
the sum of terms of the form Bk’helht, where k < h < k3, and h — k is a multiple of 6.
When formula (1.20) is used to calculate ax(t), there obtains a linear combination of

terms of the form
t ik3t iht
k3t —ik3s ihs 3., _ € —¢
e e e"ds = ————— 3 .
0 i(k3 — h)

To expressions of this form must be added the linear term e™**!a;,(0) from formula (1.20).
Since k3 — k = k(k + 1)(k — 1) is always a multiple of 6, this shows that ay(t) has the
desired form, and completes the proof of the proposition. O
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Proof of Theorem 1.2. The solution is necessarily of the form (1.11), and the coefficients
ax(t) satisfy the system of integral equations (1.20). By Proposition 4.1, if the solution
exists for a temporal interval of length more than 27, i.e. if T, + Tt > 2, it must be
global in both time directions. Thus, if either 77, or T, _ is infinite, the solution must
be global in both time directions, so both are infinite. The last statement follows from
continuous dependence [22, Theorem 1.6]: if T}, + il > 2, then that is also true for
nearby initial values. O

Corollary 4.2. Under the hypotheses of Proposition 3.10, suppose that T > w, where T
is given by (3.18), respectively by (3.19) in the special case where ar(0) =0 for all k > 2.
Then, the resulting solution u € C((—=T,T); H>(SY))NCY((—=T,T); L*(SY)) of (1.1), shown
to exist in Proposition 3.10, is in fact global in time, for both positive and negative time,
i.e. u € CH((—o0,00); H3(SY)), and is 2m-periodic in time.

Proof. This results from the 27-periodicity of the coefficents together with the fact that
2T > 27 and that the solution is continuous on [—T,T]. Put another way, the formal
solution is in fact a global solution of the equation since it is a solution on a period. [

Corollary 4.3. Let ug € Lg7+(Sl) be of the form (1.10), and let

U € C((—Taxs Totax): L3 (1))
be the resulting mazimal solution of (1.7). If the solution u is global, it follows that the
solution u(t,x) is given by the double Fourier series

oo k3

u(t,x) = Z Z o petettT (4.4)

k=1 h=Fk
where the convergence in (4.4) is in (at least) L*([0,27] x [0,27]).
It is important to note that, in addition to formula (4.1), we’ve shown that each bg(t),
for k > 2, can be expressed as
k3—1

br(t) = > Brewe™, (4.5)
h=k

where the By, K > 2,k < h < k3, are numerical constants. In particular, recalling the
origin (1.18)-(1.19) of the b;’s,

oo k3—1
u(t,z)? = Z Z Brnetee, (4.6)
k=1 h=k
Substituting formulas (4.1) and (4.5) into the system (1.18), the relationship
hagn — kKPagn +kBrn =0, Yk >2, k<h <k’ (4.7)

among the various coefficients emerges. Indeed, equation (4.7) is formally equivalent to
equation (1.1), written for the coefficients of the double Fourier series of the solution, for
solutions of the form (1.11). Equation (4.7) implies that

k
W = 15— P k22, k<h< k3 (4.8)
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Remark 4.4. It is interesting to examine the relationship between the initial value ug(x)
given by (1.10) and the coefficients ay, ;3 in the double sum (4.4). By (4.1), one sees that

E3—1
ar(0) = > app + appe. (4.9)
h=k

On the one hand, given an initial value of the form (1.10), that is, given all the a(0),
k=1,2,3,---, the resulting solutions a(¢) of the system (1.18)—(1.19) are determined and
in principle calculable. Likewise, (4.1) allows the same conclusion for all the coefficients
AL h-

On the other hand, it follows from a recurrence argument that the collection ax(0),
k=1,2,3,--- is determined by the collection ay, s, k = 1,2,3,---. More precisely, each
a(0) is determined by the collection o, ,,3, m = 1,2,3,--- k. Indeed, for k = 1 this is
clear since a1(0) = a1,1 by (4.9). Next, assume the assertion is valid up through k — 1, for
some k > 2. To see that ay(0) is determined by the collection oy, ,,,3, m = 1,2,3,--- |k,
refer to (4.9) to see that it suffices to show that each «y ) with h < k is determined by
the collection oy, ,,3, m = 1,2,3,--- ,k — 1. For that, it suffices by (4.8) to show that
each By with h < k is determined by the collection a,,, 3, m = 1,2,3,--- ,k —1. We
know from (1.19) that each bx(t) is determined by the a,,(t), m =1,2,3,--- ,k — 1, and
each a,,(t) is determined by the a,(0), 1 < ¢ < m. By the induction hypothesis, the az(0),
1 < ¢ < m < k are determined by the oy s, £ = 1,2,3,--- ,m. In other words, by(t) is
determined by the ays, £ = 1,2,3,...,k — 1, and, because of (4.5), so are all the B
with h < k. This completes the induction argument.

To summarize the above, either the collection of all the ax(0), k = 1,2,3,---, or the
collection of all the oy 43, k = 1,2,3,---, uniquely determine the functions ax(t), k =
1,2,3,---, and all the coefficients ayp,, k =1,2,3,---, k < h < k3.

While the collection ay(0), k = 1,2,3,--- has a clear interpretation as explicitly giving
the initial value for the solution of (1.1), it does not seem immediately obvious what is
the interpretation of the collection ay, g3, bk =1,2,3,---.

Finally, in light Proposition 4.1, there obtains the following improvement of Corol-
lary 3.11.

Corollary 4.5. Let {ar(0)}r=123.. be a sequence of complex numbers and let {ay(t) :
R — C}r=1,2,3,.. be the corresponding solutions of the system (1.18)-(1.19), or equivalently
(1.20). Let p(t) be the corresponding radius of convergence as in Definition 2.2. FEither
p(t) =0 on R, orinfieg p(t) > 0 for all t € R.

Proof. The proof is the same as for Corollary 3.11 with the additional observation that
in the case where p(t) is not identically zero, then inf;eg p(t) = inficjo2q p(t) > 0, by
formula (3.16). O

5. FINITE TIME BLOWUP

It turns out that, without too much effort, all the “diagonal” coefficients ay, x, and in
the case where (2.1) holds, all the coefficients ay, ;s can be computed explicitly. We
begin with a lemma.
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Lemma 5.1. Let ai(0) € C, for k = 1,2,3---, and let the functions ax(t), k > 1, and
br(t), k > 2, be the resulting solutions of the system (1.18)—~(1.19), or equivalently the
system of integral equations (1.20). Let g p, for k < h < k3 be such that (4.1) holds, and
let Bip, for k < h < k3 —1 be such that (4.5) holds. It follows that

k—1
6k,k = Z AU mOk—m,k—m> (51)
m=1
for all k > 2.
If, in addition, p > 2 is an integer such that (2.1) holds, then
A h = Bk,h =0,k<h< k,uQ, (5.2)
and
k—1
614:,14:“2 = Z Q. mu2 Ok —m, (k—m)u2> (53)
m=1
for all k > . Moreover, for k #Z 0 (mod u), we have
ak,k}ﬂ = /Bk,k;ﬂ = 0. (54)
Proof. By formulas (1.19) and (4.1), it is deduced that
k—1 A m3 A A (k—m)3 )
b(t) = Z {[am,m eimt 4 Z Qi ezht} [ak_rmk_mez(k—m)t + Z am’h/ezh/t]}
m=1 h=m+1 h'=k—m+1
k—1 ‘ ‘
= |: Z Oém,moﬂf—m,k—m:| ezkt + Z 'Yhethv
m=1 h>k

for some constants v, and where the last sum above is finite. The relation (5.1) now
follows from (4.5).

Next, suppose that (2.1) holds. Use induction to establish (5.2) and (5.3) simultane-
ously. It follows immediately from Proposition 2.1 that (5.2) and (5.3) are true for all
1 <k < 2p— 1. Further, fix £ > 2u and suppose that (5.2) and (5.3) are true for all
values up through &£ — 1. Formulas (1.19) and (4.1) along with the induction hypothesis
imply that

k—1 m3
bk<t) = Z { [O&m7m“2€im#2t + Z Oém,heiht}
m=1 h=mp2+1
(k—m)?
X[O‘k—m,(k—m);ﬁ gilk=m)p®t | Z Qo ezh/t”
W =(k—m)u2+1
k—1

Z ikp2t Z iht
= [ O‘m,mu2ak’—m,(k—m)u2:| et 4 e -,
m=1 h>ku?

which shows (5.3) and the second part of (5.2) for k. The first part of (5.2) follows from
(4.8).
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Finally, (5.4) is proved by induction using (5.3) and (4.8). Indeed, if k¥ # 0 (mod p)
and 1 <m < k — 1, then either m # 0 (mod p) or k —m # 0 (mod p) (or both). O

Proposition 5.2. In the situation specified in Lemma 5.1, the “diagonal” coefficients are

— <‘“é0)>k, (5.5)

for all k > 1. If the integer p > 2 is such that (2.1) holds, then the coefficients ay,, 1,3
are given by

k
_ w2, (au(0)
akﬂ’k’u} = 6,[1, k? < 6“2 . (56)

In particular, the oy, are determined solely by a1(0), independent of the values of ay(0)
for k> 1. Likewise, in the case where a,(0) is the first nonzero coefficient at t = 0, then
the oy, s are determined solely by a,,(0).

Proof. Formula (5.5) falls out from another induction argument. A special case of (4.8) is

1
Ok = mﬁk,k) (5-7)

for all k > 2. We know that a1(t) = ea1(0) by (4.2), so it follows that aj 1 = a;(0).
To get an idea of the further argument, consider the next two values, £k = 2 and k = 3.
To compute as 9, first determine Ba5 . Since ai(t) = a1(0)e®, it follows from (1.19) that
ba(t) = a1(0)%€®", i.e. P22 = a1(0)%. It then follows from (5.7) that ass = a1(0)?/3. To
calculate a3, use (4.1) to write

8
as(t) = Z g pe™™.
h=2

It then transpires that

8
b3(t) = 2(11 (t)GQ(t) = Z 2@1(0)(){2,h6i(h+1)t7
h=2

from which one deduces that

B3 = 2a1(0)ass = 2a1(0)*/3.
Finally, equation (5.7) yields

1 1

=833 = 1

3 aj (0)3.

Q3,3 =

The cases k = 1,2,3 having been established, assume the formula to be correct up
through k — 1, and attempt to show it holds for k. First let us calculate B ;. By formula
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(5.1) and the induction hypothesis, it is seen that

Ber = kZE 6m <a1é0)>m6(k m) <alé0)>km

= (%) [

_G&QYWLM

and the inductive step now follows from (5.7).

In the case where (2.1) holds, formula (5.6) is also established by induction. The case
k=1, ie «a,, = a,(0), follows from Proposition 2.1. For the induction step, use (5.3)
with k replaced by ku, and apply (5.4) to see that

k—1

Brpeps = E:amu,mug’a(k*mm,(k*m)ﬁ
m=1

Finally, it follows from (4.8) that

ku 1 9, {au(0) K
Okp,lepd = Mﬁku,ku3 = mﬁku,k,ﬁ =6p"k ?Mg . (5.8)
]

Proof of Theorem 1.3. Using (4.4) and (5.5), a lower bound on the space-time L?-norm of
the solution may be obained by the following simple observation:

k3
2 _ = 2 5 S 2 _ > 3612 a1 (0)[\ 2k
lll 2 o 2mxpo2my = D D lowal* 2 D lowal? =) )
k=1 h=k k=1 k=1

Since this last sum diverges if |a1(0)| > 6, the putative global solution of (1.1) can only
exist if |a1(0)| < 6. The second assertion of the theorem is proved in the same way, but
using (5.6) instead of (5.5). The last part of the theorem, the sharpness of the conditions
in the first part, is established in Remarks 5.4 and 5.6(ii) below. O

Corollary 5.3. Let uy € L%’JF(SI) be of the form (1.10), and suppose that |ai(0)| > 6
so that the resulting mazimal solution u € C((— T, Taax); L3(SY)) of (1.1) blows up in
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finite time. Then the formal solution given by (1.21) of (1.1) with initial value ugy, where
the coefficients ay(t) satisfy the system (1.18)—(1.19), is not in D'(S* x S').
The same is true if a1(0) = az(0) = -+ = a,_1(0) = 0 and |a,(0)| > 6.

Proof. We prove only the first statement. For positive integers m, consider the C'°*° func-
tions on S' x S!,
k=m k3

U (t, ) = Z Zak,heihteikx. (5.9)
k=1 h=k
so that (uy,e Me=#) = q; ), for all sufficiently large m. If there is a distribution
u € D'(S' x S!) such that u,, — u as distributions, then

(u’ efihtefikz> = Qg p

From the calculations in the proof of Theorem 1.3, if a1 1 = a, then oy, = 6k(a/6)*, so
that

(u, e~ hte—ihay — 6k<%>k.

Suppose now that |a] > 6, and fix 1 < b < %, so that % > 1. Consider the following
sequence of test functions:

op(t,x) =b ke ktemikz o —q 9 ...
It is clear that ¢, and all its partial derivatives in ¢ and x of any order converge uniformly
to 0 on S! x S, so in particular,
or —0 in D(s' xsh).
On the other hand, if u is evaluated on ¢, there obtains

a

Gb)k 7 0.

From this, it is concluded that u is not an element of D’(S! x S1).

(u, o) = b*k(u, e*ikte*”“) = 6k<

0

Remark 5.4. The following example shows that the condition |a1(0)| > 6 in Theorem 1.3
cannot in general be improved. If |y| < 1, then

00 A
. Gret(@+t)
— k ik(z+t) _ v
u(t, x) kzl 6ky"e (1= Heierny2 (5.10)
is a global, smooth, traveling-wave solution of (1.1) on the circle. Note that

oo

u(0,) =) 6kyFel*” (5.11)
k=1

and so a1(0) = 67 can take any value with modulus less than 6. Also, in the notation of
Proposition 5.2

[e.e]
u(t,x) = Z g e etk (5.12)
k=1
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Remark 5.5. Consider the initial value ug(z) = a;1(0)e’ and the resulting maximal solu-
tion u € C((— maX,TgM) L3(s1)) of (1.7), which is of the form (1.11). By Theorem 1.3, if
la1(0)] > 6, then T, < oo and T, < oo, and by Theorem (1.2), T,y + Tt < 2m. On
the other hand, applying Proposmon 3.10, formula (3.19), Corollary 4.2, and Remark 3.6,
it is ascertained that if |a;(0)| < Ir 3+, then the resulting solution is global. Of course this
last condition can not be sharp, since global existence is an open condition. Unpublished
numerical simulations indicate that the condition for blowup is likewise not sharp for this

example.
Remark 5.6. (i) It is is well-known that for > 0, the self-similar transformation
Uu(t, $) = :U’2U(IU’3t7 ,ux), (513)

leaves invariant solutions of (1.1). However, in the present, periodic context, one requires
i > 0 to be an integer in order that u, be 27-periodic in space whenever u is 27-periodic
in space. Thus, if u is a formal solution of (1.1) of the form (1.11) and p € N, then so is

= u? Z ar(p3t)etkre = Z ak#(t)eikx, (5.14)
k=1 k=1
where
a 0, kE#0 (mod p). '

In other words, as can be checked directly, if the functions a € C*°(R;C), k =1,2,3,---,
constitute a solution of the system (1.18)—(1.19), or equivalently (1.20), then for every
positive integer i, so do the functions ay, € C*(R;C), k = 1,2,3,---, given by (5.15).
Furthermore, if p#(t) denotes the radius of convergence of the power series

> agu(t)2F, (5.16)
k=1

then clearly
P (t) = p(pt)'/H, (5.17)
where p(t) is as in Definition 2.2.
In the speciﬁc case of regular solutions, if ug € L3(S') is of the form (1.10), and if
U € C((—Tipas> Tibas); LE(SY)) is the resulting maximal solution, then the existence times
for u,,, which has initial value given by ug ,(z) = p?uo(uz), are
_ T, Tt
Traxpy = — 5> and T = Z?X (5.18)
(ii) The transformation (5.13) may be applied to the examples in the two previous
remarks. First, in Remark 5.4, if |y| < 1 and g > 2 is an integer, then

6M2,yeiu(x+u2t)

2_k 1k,u .’L'+/,L2t)
Z 61{” (1 _ 7€i“(m+p’2t))2

(5.19)
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is a global, smooth, traveling-wave solution of (1.1) on the circle. Note that

o0
uu(0,2) = Zﬁk‘;ﬂfykeik“x, (5.20)
k=1
s0 a1,,(0) = a,(0) = --+ = a,—1,(0) = 0, and a, ,(0) = 6>y can take any value with
modulus less than 642, Also, for this solution,
[e.e]
uy(t,x) = Z aku,kuseik"gteik’”. (5.21)
k=1

(iii) Next, for the example in Remark 5.5, if the initial value is taken to be a,(0)e’*,
the resulting solution u,(t,z) of (1.1) is given by (5.13) where u(t, z) is the solution with
initial value a1(0)e™ and a1(0) = a,(0)/pu® It follows that u, blows up in finite time
(in both directions) if |a,(0)| > 6u2, which we also know directly from Theorem 1.3, and

is global if |a,(0)| < %. In particular, this shows that there exist initial values with
arbitrarily large norm in L2(S') which give rise to global solutions. For future reference,
it will be helpful to obtain a lower bound on the radius of convergence p*(t) of the power
series (5.16) for this example. Putting formula (5.17) together with the estimate (3.21),

and using the fact that a1(0) = a,(0)/u?, the estimate

1
H(t) > 5.22
02 ™ o
emerges, where L = L(0) is as in (3.10) and o > 1.

(iv) The previous example illustrates another interesting point. Consider the initial
value ug(x) = ae’®, where now the parameter a € C is not necessarily related to the
positive integer p. Note that [lug||p2s1) = V/Ja]. The above analysis shows that for a
given value of [lugl|z2(s1), where ug is of the specified form, if the positive integer p is

sufficiently large, then p > \/%HUOHLQ(SI), and the resulting L? solution of (1.1) must be
global. In other words, the more highly oscillatory is the initial value, as indicated in this
specific context by a large value of i, the more likely it is that the resulting solution will be
global. This phenomenon has already been observed in the contexts of the Navier-Stokes
system [13, Section 2] and of the nonlinear Schrédinger equation [16, Corollary 2.5].

The following proposition, which in some ways complements Corollary 4.5, is needed
for the proof of Theorem 1.4.

Proposition 5.7. Let {a;(0)}r=123,.. be a sequence of complex numbers (not all equal to
zero) and let {ay(t) : R — C}i=123,... be the corresponding solution of the system (1.18)-
(1.19), or equivalently (1.20). Let p(t) be the corresponding radius of convergence as in
Definition 2.2. It follows that p(t) is not identically infinite. In particular, p(t) is finite
for some value of t € [0, 27).

Proof. We argue by contradiction and suppose that p(t) = co. It follows from Proposi-
tion 2.3 that u given by (1.11) is a C* solution of (1.1) on R x S'. Let ay A (¢) be given by
(2.12), for nonzero A € C and py(t) be as in Definition 2.2. By formula (2.7), it must also
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be true that p)(tf) = co and that, again by Proposition 2.3, uy given by (2.13) is likewise
a C* solution of (1.1) on R x S! for all A € C. Since the initial value of u, is given by
(2.15), this contradicts Theorem 1.3 for sufficiently large ||.

It follows therefore that p(t) cannot be identically infinite. O

The following theorem includes Theorem 1.4 as a special case.

Theorem 5.8. Let {a;(0)}r=123,.. be a sequence of complex numbers (not all equal to
zero) and let {ap(t) : R — C}i=123.. be the solution of the system (1.18)-(1.19), or
equivalently (1.20), with initial data {ax(0)}r=123... Let p(t) be the corresponding radius
of convergence as in Definition 2.2. Suppose further that p(0) > 0. Let 0 < A\g < A\ < 00
be defined by

Ao = K%gf] p(t) < p(0) = Ar. (5.23)

It follows that 0 < Ay < o0.

Let ay x\(t) be given by (2.12), for nonzero A € C and pyx(t) be as in Definition 2.2. If
0 < |A| < A1 then ug given by the series (2.15) is C™°, hence in L3(S'), and therefore
gives rise to a maximal solution

uy € C((=T T ) L(sY)

max,\’ ~ max,\

if 0 < Ao < |\ < A1, then uy blows up in finite time ;
in the case 0 < Ao < |A| < A1, uy € C°((=T.. ., T ) x S') and the positive
and negative blowup times are given by Proposition 2.5.

1
(i) if 0 < |A| < Ao < A1, then uy is global and uy € C®(R x St) ;
i)

)

Moreover, infly or p(t) is realized, i.e. there evists t € [0,27] such that p(t) = Ao

Proof. Recall that p(t) is 2m-periodic by Proposition 4.1. It follows from Proposition 5.7
and Corollary 4.5, with the hypothesis p(0) > 0, that 0 < infigaqp(t) < oo, and so
0 < Ag < oo. Furthermore, since 0 < p(0) < oo it must be that 0 < A\; < co. Lastly, it is
clear that A\g < A; with equality only if p(t) achieves its minimum at ¢ = 0.

Recall that by (2.7) pa(t) = |[A\|"!p(t) for all nonzero A € C. In particular, if [A| > Ay,
so that px(0) = [A|71p(0) < 1, then by Proposition 2.3 the series (2.15) does not converge
in D'(Sh).

On the other hand, if 0 < |A| < A1, so that px(0) = |A|7!p(0) > 1, then again by
Proposition 2.3 the function ug , given by the series (2.15) is C*, and so in L3(S'). It
therefore gives rise to a maximal solution

un € C(~ T Tk ) (M),

max,\’

which is necessarily of the form (2.13). If in addition 0 < |[A\| < Ag < Ay, so that py(t) > 1
for all t € [0, 2], then by Proposition 2.3 the resulting solution w) is global and also of
class C° on R x St. If instead, A\g < |A| < A1, then py(¢) must assume a value less than 1
for some ¢ € [0,27), and so again by Proposition 2.3 the solution can not be global. The
positive and negative existence times are given by Proposition 2.5.

In the case 0 < |A] = A9 < A1, then the solution blows up in finite time. Indeed, since
(for suitable small [e]) 0 < Mg < |A + €| < Ay, the solution uyi. blows up in finite time,
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and upare — up in L3(S') as € — 0. Since finite time blowup is a closed condition
with respect to the initial value by Theorem 1.2, it must be that u), blows up in finite
time. Furthermore, it must be that infi 9. px,(t) = 1 is realized. If not, then py,(t) > 1
for all t € R, and the solution would be global and C*. By formula (2.7), this shows
that whenever \g < A1, it must be that infjp o, p(t) is always realized at some value of
t €[0,2n] .
If Ao = Ay, then the infimum A is realized at ¢ = 0 by definition.
O

Proof of Theorem 1.4. Let ug € Lg,Jr(Sl), of the form (1.10), be given by a trigonometric
polynomial, as in (1.16), where a;(0) € C for k = 1,2,3,--- ,m, for some integer m > 1.
Let the functions {ay(t) : R = C}i=123,.. be the solutions of the system (1.18)-(1.19)
with the initial values ax(0) € C for k =1,2,3,--- ,m and ag(0) = 0 for k > m. If p(¢t) is
the radius of convergence as in Definition 2.2, then clearly p(0) = co. In the notation of
Theorem 5.8, this means that Ay = co. Thus Theorem 1.4 follows from Theorem 5.8. [

Remarks 5.9. (i) In the context of Theorem 5.8, it is interesting to suppose that the
initial value ug given by the Fourier series (1.10) is in L3(S'), but not in C*°(S!). Clearly,
it must be the case that p(0) = 1, and by Proposition 2.5 that p(¢f) = 1 throughout the
interval of existence of the maximal solution with initial value ug. By Theorem 1.2, this
solution is global if [jug||p2(s1) is sufficiently small. In this case, for all A € C nonzero,
poxa(t) = |A|7! on R,

If this particular choice of ug is modified by changing (only) the value of a;(0), then
the facts that up € LZ(S'), but not C*(S'), and that p(0) = 1 remain the same. Thus, as
before p(t) = 1 throughout the interval of existence of the maximal solution with the new
initial value ug. However, if we choose |a1(0| > 6, it follows from Theorem 1.3 that the
resulting solution is no longer global. In this case, there is not much immediate information
about the behavior of p(t) outside the interval of existence of the maximal L? solution.
We do know that the formal Fourier expression for u(T}},.), for example, can not converge
in L3(s'), and so p(T}f,,) < 1. In addition, it is not clear if \g = A\ = p(0) = 1 or if
Ao < 1. It seems possible that in this case also, p(t) =1 on R.

(ii) Suppose next that ug is a trigonometric polynomial as in Theorem 1.4. Here all one
can say immediately is that p(0) = oo and that p(¢) must assume a finite value for some
t € (0,2m).

Remark 5.10. If instead of identifying the 27-periodic solutions of (1.1) of the form
(1.11) with functions on S!, they are considered as functions on R, it becomes natural to
look for possible extensions to a portion of the complex plane C which contains R. To this
end, consider solutions to

Ut + Ugzy + (Uz)z =0, (524)

on R x C of the form

u(t,z) =Y ag(t)e’™. (5.25)
k=1



BLOW UP AND ILL-POSEDNESS FOR COMPLEX, PERIODIC KDV 31

with initial value on C of the form
up(z) = Z ar(0)e*. (5.26)
k=1

As functions of z € C, u(t, z) is still periodic with period 27 for each ¢ € R. However, they
are no longer considered as being defined on S!. For a function u(t, 2) of the form (5.25)
to be a solution of (5.24), the coefficients must constitute a solution of the system (1.18)-
(1.19), or equivalently (1.20). Thus, the same coefficients give rise to a formal solution of
(5.24) as well as a formal solution of (1.1).

Furthermore, for each ¢ € R, a region in C can be determined where the solution (5.25)
is well-defined and analytic from information about p(t). Indeed, if z = = + iy, then

u(t,z) = Zak(t)eikz = Zak(t)e_kye““ = Zak(t))\keikx = uy(t, z), (5.27)
k=1 k=1

k=1

where A\ = e7¥ > 0. From the definition of py(t) and the proof of Proposition 2.3, it is
clear that uy(t,z) is well-defined and analytic in € R precisely where py(¢) > 1, which
is to say, for t € (=T, ., T ). The condition py(t) > 1 translates as p(t) > e, i.e.

y > —log p(t). In other words, for each ¢ € R, the function (¢, z) is analytic in the region
Q:{z€C:3z>—logp(t)}.

For this region to include the real axis (z) = y = 0, one needs that p(t) > 1.

Returning to the case of solutions on R x S! as in Theorem 5.8, assume for simplicity
that p(0) > 1, i.e. Ay > 1. By part (i) of Theorem 5.8, the condition p(¢) > 1 for all ¢
implies that the solution u is global. More interestingly, in the case of parts (ii) and (iii)
of Theorem 5.8, Proposition 2.5 implies that blowup occurs at the precise time ¢ that p(¢)
ceases to remain bigger than 1. In terms of the complex solutions u(t, z), this is precisely
the value of t at which the real axis is no longer included in the natural complex domain €2,
of analyticity of u(¢,-). Thus, blowup happens as a singularity located away from the real
axis moves onto the real axis. Of course it is not necessarily a pole, essential singularity or
branch point, but it does correspond to a loss of analyticity somewhere on the boundary
0.

This is reminiscent of the blowup behavior observed in [8, 10]. However, in the present
context, we are not able to conclude that the singularity off the real axis moves continuously
onto the real axis at blowup. That conclusion would require knowing that p(t) — 1 as
t— T

(ii) The above analysis could also be applied, at least formally, to solutions of (1.1) in
L3(S'), where as noted in the introduction, the initial value problem is well-posed. In that
case, consideration is given to solutions on R x C of the form

u(t,z) =Y ag(t)e’™, (5.28)
k+#0

with initial value

uo(z) =Y ag(0)e’*, (5.29)

k0
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for which ug(z) is periodic with period 27 and analytic in some neighborhood of the real
line, hence certainly lying in L3(S). Let (—Tipax, Tiiax) e the time interval of existence
T+

of the maximal solution to (1.1) in L3(S!), and suppose that for each t € (=Tiaxs Torax)
the solution u(t, z) remains analytic in some neighborhood of the real line. In particular,
by periodicity, for each t € (—Ti.x, Tiubax), there is a maximal strip Y, (t) < Sz < Y,(¢),
with —oo < Y,,(t) < 0 < Y),(t) < oo, such that the solution is well defined on the strip
(%)t € (“Tis Tot)s Yalt) < 32 < Yy(0)}.

One possible mechanism for blowup is that either or both of Y;,(t) and Y} (¢)} tend to
0 as t — T, for example. This is indeed the blowup mechanism that appears in the

max?
example provided in [3].

6. SOLUTIONS WITH NONZERO MEAN VALUE

The results in the previous sections of this paper are based on the observation that
the set of functions on S' whose Fourier series contains only positive modes is formally
preserved by the equation (1.1). In addition, since (1.1) is locally well-posed in L3(S!),
it follows that La (') is invariant under the flow in L%(S') determined by (1.1). In the
same way, we may also consider solutions whose Fourier series contains only nonnegative
modes, so having the form

o
it z) = an(t)e™, (6.1)
with initial values

do(z) =Y a(0)e’™™. (6.2)

Functions of the form (6.2) are formally preserved by (1.1), or (1.7). However, we will
see in this section that (1.1) is not locally well-posed in L?(S!) if we understand L2(S!)
to include complex-valued functions. This is done by constructing solutions in L%F(Sl)
which reveal that continuous dependence at ¢t = 0 fails to hold. In addition, we will show
explicitly how to produce initial values of the form (6.2) having no local solution in L2 (S').
An important consequence of this ill-posedness is that we can not rule out the possibility
that an initial value of the form (6.2) gives rise to a solution in L?(S!) which is not of the
form (6.1). See Remark 6.6 below for more details about this.

The basic approach continues to be the analysis of the coeffients in the Fourier develop-
ment (6.1) of the solution. The analysis of the coefficients ax(t) is not as straightforward
as it was in the case of positive mode solutions since the nonlinear term in the equation
for each ag(t) does not depend only on the @, (t) for 0 < m < k. Nonetheless, we are able
to provide a complete analysis of the ax(t) as determined by the ax(0), £ =0,1,2---, by
reducing it to the solutions ay(t) of the system (1.18)—(1.19). If 4 is a solution of (1.1) of
the form (6.1), then the coefficients a(t) must satisfy

k
ap,(t) — ikPag(t) + ik D> dm(Hap—m(t) =0, k=0,1,2,3,---. (6.3)
m=0
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Notice that ay(t) = 0, so that ag(t) = ao(0). Using this fact, equation (6.3) can be
rewritten as

k—1
@ (t) + 2ikag (0)ar(t) — ik*ar(t) + ik Y am(O)ar-m(t) =0, k=1,2,3,---. (6.4)
m=1

If v =1 —ap(0), then
(t,x) =Y ag(t)e’™

k=1
and
vg 4 2a0(0)vy + Vagz + (02)z = 0. (6.5)

Since v contains only positive Fourier modes, and each equation (6.4) for ax(t) is a linear
first order equation with constant coefficients with an inhomogeneous term depending
only on the previous a,,(t), 1 < m < k, these equations give rise to unique solutions
ax € C*(R;C), which can in principle be explicitly computed.

Indeed, the following proposition is straightforward to check, where for notational sim-
plicity, we set ag = 2ag(0).

Proposition 6.1. Let {ar}}2, be a sequence of smooth functions ap : R — C and let
ag € C. Set
ap(t) = e7*aoto (1), k> 1, (6.6)
so that
ax(0) = ar(0), k>1. (6.7)
Then the sequence {ax}3, constitutes a solution of the system (1.18)~(1.19) if and only
if the sequence of functions {ar};, constitutes a solution of the system
s (t) + ikagag (t) — ik3ag(t) + ikbp(t) =0, k=1,2,3,---, (6.8)

where by (t) = 0 and, for k > 2,

k—1
br(t) = Y am (t)dg—nm () = e~ F%by (2). (6.9)
m=1
In other words, given ai(0) € C,k = 1,2,3,---, there exist unique functions ay €

C*(R;C) which are solutions to the system (6.8)-(6.9) with these initial values ax(0).
These solutions are given by (6.6), where the sequence {ay}7°, constitutes a solution of
the system (1.18)—(1.19) with those same initial values, as in (6.7).

In particuler, it follows that the Fourier series u given by (1.11) is a (formal) solution

of (1.1) if and only if
1 > , 1 = , ,
it ) = Jao + ; ag(t)e*® = S0+ ; ap(t)e~ oot gike (6.10)

is a (formal) solution of (1.1). Note that

a(0,z) = %ao + (0, z). (6.11)
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Finally, if pe,(t) denotes the radius of convergence of the power series

o0 oo )
Z aR(t)zF = Z ap(t)e a0tk (6.12)
k=1 k=1

then
Pao (t) = =0 p(1), (6.13)
where p(t) is as in Definition 2.2. If pa,(t) > 1 on some interval t; <t < ta, then @ given

by (6.10) is a C°((t1,t2) x St) solution of (1.1). If pay(t) < 1 for some fized value of
t € R, then the series in (6.10) does not converge even in D'(S!).

Proof. These assertions are straightforward consequences of Proposition 1.8 along with

the arguments in the proof of Proposition 2.3.
O

Note that the time-periodicity of the spatial Fourier coefficents is in general lost. Also,
if ag € R, then

1
u(t,x) = S0+ u(t, z — apt)

(see (1.8)) which is why it is easy to extend local well-posedness from L3(S!) to L?(S!) in
the real-valued case.
The following corollary interprets the Proposition 6.1 in the context of L? solutions.

Corollary 6.2. Let iig € L*(S') be of the form (6.2) and assume that
ieC((=T-,Ty); LA(sY), Ti>0,

is a solution of (1.1) with u(0) = g, so that @ is of the form (6.1).
Let ug € L§_ (S") be given in terms of tg by (6.11), where ag = 2ao(0), and let

u € O((~Tryax: Trtax): L5 1 (81))

be the mazimal L?(S') solution, necessarily of the form (1.11) with initial value ug €
L(2L+(Sl). It follows that ag(t) = ag/2 and the coefficients ax(t),k =1,2,3,--- in (6.1) are
related to the coefficients ag(t),k =1,2,3,--- in (1.11) by (6.6).
The same conclusions hold if the solution u is only assumed to exist on a half-open

interval, so that

aeC(0,Ty); L5(sY), Ty >0,
or

i€ C((~=T-,0; L3 (sY)), T->0.

As already remarked, the theory does not guarantee that any possible solution u €
C((—=T-,Ty); L*(S')) with initial value @y € L2 (S') will necessarily lie in L% (S!) for
t # 0. The point of the above corollary is that there is at most one such solution @ €
C((—=T-,Ty); L2 (S')) and that it must be given explicitly in terms of a related solution
U € C((—Tpaxes Trrax); LE(S1)) with a specific initial value.

We now turn to the task of constructing solutions @ € C((—T-,T4); LA(S')) with
specified properties, and showing that in certain cases no such solution exists.
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Proposition 6.3. Fiz A > 0 and o > 1. Suppose that the sequence {ay(0)}r=1,23... belongs
to Who, defined in Definition 3.2, and let M > 0 be such that the inequality (3.14) holds.
Let ay € C, and let ar(t) € C*°(R;C), k = 1,2,3,---, be the resulting solutions of the
system (6.8)-(6.9). It follows that

|y (£)] < ME=\eeMERIH (Sao)kt, (6.14)
for all k =1,2,3,--- and all t € R, where L = L(o) is as specified in (3.10). In other
words, {ax(t) k=123, € Wemiitlocart , for allt € R. In particular, if p(t) is the radius
of convergence of the power series Y po &k(t)zk, then

pt) > A" te MLt g=(Sao)t (6.15)
Suppose in addition that 0 < X\ < 1, so that p(0) > 1, and let uy € Li (SY) be given by

~ 1 = ~ ikx
up(x) = a0 + Zak(O)e ke (6.16)
k=1
There is a unique solution € C((—T-,Ty); H}(SY)) N CY (=T, T}); LA(SY)) of (1.1)
such that (0, -) = ug, where

—log A
T+ _ 7ML(033%%, Sag > —ML(O’), (6.17)
00, Sag < —M L(o);
—log A
T — 7ML(03§%CL07 Sag < ML(U), (6.18)
00, Sag > M L(o).
This solution is given by the Fourier series
1 oo
N B . ik
i(t, x) = Sao + % ar(t)e* (6.19)

for allt € (=T_,T}). Furthermore, i € C*((—=T_,Ty); H™(S")) for all m = 1,2,3,---,
so certainly @ € C([-T_,T,];C(SY)).

In the special case where ai(0) = 0 for all k > 2, the interval (—=T—-,T) can be specified
as the largest interval containing 0 such that

2L(0)|a1 (0)| [t} < 1, (6.20)
for any choice of o > 1, and the coefficients ay(t) obey the inequality
ja(6)] < (2L)FHar (0)[F &[] elSe0M, (6.21)

forallk =1,2,3,---, where L = L(0) is as before.

Finally, if Sag < 0 and Ty > 27, then in fact @ given by (6.19) is a positively global
solution, i.e. i € CY((=T_,00); H™(SY)) for all m = 1,2,3,---. Likewise, if Sag > 0
and T_ > 2m, then in fact @ given by (6.19) is a negatively global solution, i.e. @ €
Cl((—o0,Ty); H™(SY)) for allm =1,2,3,---.
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Proof. With the exception of the last part, this proposition is a straightforward conse-
quence of Proposition 6.1 and Corollary 6.2 along with Theorem 3.10. In particular, the
choice of Ty and T_ is such that p(t) > 1 on the interval (—=7_,T%).

The last statement uses the periodicity of the coefficients ax(t). In more detail, by
Proposition 4.1 we know that p(t) is 2w-periodic. Since p(t) > 1 on the interval (—7_,T7 ),
it follows that j(t) > 1 on [0, 27]. But p(t) = e~ (S9)tp(t), so that if t € [0, 27],

p(t + 2m) = e~ (Ca0)t+2m) p4 4 97y = ¢~ (S00)(E42m) (1) > o= (Sa0)t (1) = 5(4) > 1. (6.22)

In other words, p(t) > 1 on [0,47]. Iterating this argument proves the claim about
positively global solutions. As similar argument establishes the claim about negatively
global solutions. O

Remark 6.4. Proposition 6.3 can be used to show that there are solutions of (1.1) which
are global for positive time, but blowup in finite negative time (and vice versa). This
example is inspired by and similar to the example in [16, Remark 2.6].

Let ug € La +(S') be a trigonometric polynomial of the form displayed in (1.16), and
suppose that |a;(0)] > 6, so that the solution with initial value uy blows up in finite time,
in both directions by Theorem 1.3. Next, for ag € C, let & denote the solution given
by (6.10) as in Proposition 6.1. Since wg is a trigonometric polynomial, Proposition 6.3
applies for any given value of A in (0,1). If Sap < 0 is such that Ty = oo, or, what is the
same, T} > 27, then the solution is global in positive time. On the other hand, for ¢ < 0,

()] = e ay(t)] > |ar(?)]

so that [|%(t)(| 21y > [|u(t)||L2s1). This shows that % must blowup in negative finite time.

Along these lines, note more generally that if the maximal solution with initial value
(1.10) blows up in finite positive time, and if Sag > 0, the same is true for the solution with
initial value (6.2) constructed by Proposition 6.1, and the blowup time could be earlier.
Likewise, if the maximal solution with initial value (1.10) blows up in finite negative time,
and if Sag < 0, the same is true for the solution with initial value (6.2) constructed by
Proposition 6.1, and the blowup time could be earlier (in the negative direction). These
assertions are simple consequences of the fact that |ay ()| = e(S®0)*t|q, (¢)].

Proof of Theorem 1.5. Fix some positive integer > 1 and consider intial values of the
form

ul(@) = 4, (0)e, (6.23)
and ) .
uh(z) = 500+ ul(z) = 500+ a,(0)e™. (6.24)
In particular, for all s > 0,
- 1
803 o1y = laol® + (1 + 1)l (0) (6.25)

Let u,(t,z) = > 50, ax(t)e*® be the (formal) solution of (1.1) with initial value uf,
and let

1 > ,
Au(t,7) = gao + > ap(t)e®” (6.26)
k=1
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be the corresponding (formal) solution of (1.1) with initial value @} as given by Propo-
sition 6.1, where the coefficients are related by formula (6.6). By Corollary 6.2, if there
is an L2 (S') solution of (1.1) of the form (6.1) with initial value @} it must be the @,
displayed above, since the coefficients are uniquely determined by the initial value.

It follows from Proposition 2.1 that

- 1 o
[ (O3 > laol® + (1 -+ i)l (0) 20, (6.27)

throughout its interval of existence in H*(S!).
Let s >0,¢e>0, M >0, and T > 0 be given. Choose the following specific values of
ag and a,(0), as functions of u:

® ap = Z’,ufé
o a,(0) = 72 (14 p?)75,

so that
o llag] 3 o1y = Flaol® + (14 12)°an(0)* < 3.
o ()|, > L2V,

To complete the proof, it suffices to choose p sufficiently large that
o 2 <2
° % eQT\/ﬁ > M2.

Indeed, with such choices, either the function @, (t) does not remain regular enough to be
a solution on [0, T, or if it does, then supp 77 || ()| s 1y > M.

Since, by Corollary 6.2, ,(t) is the only possible solution in H% (S') with initial value
aly, this concludes the proof. ]

Proof of Theorem 1.6. The proof of this result follows the same lines as the previous proof,
but we need to insure that the formal solution constructed is a smooth solution on the
interval [0, T']. To accomplish this, T" will be allowed to depend on u, and as a consequence,
it seems that s > 0 is needed.

First, repeat the previous proof up through formula (6.27), and then continue from
there. The solution given by the Fourier series (6.26) is a C'*° solution of (1.1) on any
time interval over which pg,(t) > 1, where pq, () is the radius of convergence of the power
series (6.12) for this specific solution. From the estimate (5.22) and the relation (6.13), it

follows that
g () > e” Bt (6.28)
Pag = 1/’ .
[2L]a,,(0)|aft]] /¥

where L = L(0) is as before and o > 1.
Let s >0, € > 0 and M > 0 be given. The aim is to specify T' > 0, ag, ¢ and a,(0) so
that
[ ] HﬁgHHs(Sl) < €
o Fuplt) > Lon [0,7T] ;
o [ (T)| sy = M.
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Assuming Sag > 0, so that the right-hand side of (6.28) is decreasing on [0,7], the
condition that pg,(t) > 1 on [0, 7] is implied by

ef(gao)”T
— > 1, 6.29
2Ll O) T (6:29)
or, equivalently,
2La, (0)|uTeSwHT < 1. (6.30)
In addition to (6.30), the following two additional conditions are needed:
1
ool + (L4 p%)lan ()] < ¢, (6.31)
and 1
Jlaol” + (14 1)y (0) 7 SOHT > 12, (6.32)
For convenience, square condition (6.30), viz.
1
2, 22 ,2(Sao)uT
|a,,(0) 2 T2e2Sa0nT < iz (6.33)
Conditions (6.32) and (6.33) can be gathered together in the two sided inequality,
2 2\s
2 laol 2 2 2Sa)r _ L+ 47)
M~ — T < (]. +,U/ )S|au(0)| (& (Sao) < m (634)

This time, let

e ag = ipp " log p,

® a,(0) = p (1 +p?)72,

e T'=p",
where p > 0, ¢ > 0 and » > 0 are to be chosen depending on the value of s > 0. With
these specifications, condition (6.31) becomes

2 2
p~(log p) 1 2
As long as 7 < 1 and g > 0, this is satisfied for the given value of € and all large values of
. The inequality (6.34) with these choices is

M2 — p2(10g M)2 < Le(2plogu) _ sz (1 + /~L2)s )
4u2(1—7") M2q qu 4L2N2(1_T)
For the given s > 0, specify 0 < r < 1 so that 1 —r < s and then choose p, ¢ > 0 such that
p—q < s+r—1. It then follows that for the given s > 0, these choices of p,q and r and
any € € (0,1/2) and M > 2, say, conditions (6.35) and (6.36) are satisfied for sufficiently
large p > 0.

To recover the precise statement of the theorem, let M = M, = n, for large integers
n, and let € = €, = %, for example. For the fixed value of s > 0 and associated choices
of p,q,r and these values of M and ¢, choose u = p, so that conditions (6.35) and
(6.36) are satisfied. Without loss of generality, we may assume that the u = pu, are
increasing and it is clear that as the M,, — co the u,, must do the same. For the value
W= pin, let t, =T = . Also, let ¢, = @ as in (6.24), with ag = ipu~ """ log u and

(6.36)
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a,(0) = p~9(1 4+ )72 as before. The claim now is that the conditions (i) — (v) of the
theorem are verified. Indeed, (iv) and (v) are immediate. Condition (iii) is true because
of (6.25) and (6.35). Condition (i) follows since the solution is determined by the Fourier
coefficients in (6.26), which themselves are uniquely determined by a¢ and a,(0). For
small ¢ > 0 the solution is regular, and since (6.30) is true, the solution is regular a least
on the time interaval [0, 7] = [0, t,,]. Finally, condition (ii) is true by formula (6.32), which
follows from (6.36). This completes the proof. O

Theorem 6.5. Let up(z) = Y 5o, ar(0)e’ € L§  (S') be such that the radius of con-

vergence of the power series > poq ar(0)z" is equal to 1. Let g € L2 (S) be given

by (6.11) for some ag € C such that Sag # 0. Then there does not exist a solution
e C((-T,T); LA(S")) of (1.1), with initial value Gy, for any T > 0.

Proof. If there exists such a solution, it must be of the form (6.10) as in Proposition 6.1
and Corollary 6.2. Furthermore, again in the notation of Proposition 6.1, we have pq, (t) =
e~ (800)tp(t) for all t € R by (6.13). On the other hand, since by assumption, p(0) = 1, it
must be that p(t) =1 for all ¢t € (=T, T) for sufficiently small 7" > 0, by Proposition 2.5.
Since Jag # 0, this implies that pg,(f) < 1 on all intervals either of the form (0,7) or
(=T,0) for sufficiently small 7" > 0. Finally, since if p,,(t) < 1 on some interval, the corre-
sponding formal solution of (1.1) is not an L? solution, by the last part of Proposition 6.1,
and therefore the putative solution @ € C((—T,T); L2 (S')) of (1.1) cannot exist. O

Proof of Theorem 1.7. Let iy € L3(S') be as in the statement of the theorem. Then i is
given by (6.11) for some appropriate uy € La +(Sl) and ag € C. The assumption that the
mean value of 4y has non-zero imaginary part means precisely that Sag # 0. Furthermore,
since ug = Y oo a(0)e*® € L2(S!), the radius of convergence of the series > 70 | ay(0)2*
must be at least one. Since ug is not C°°, the radius of convergence can not be bigger
than one. Thus, Theorem 6.5 implies the non-existence of an L2 (S') solution with initial
value 1. ]

Remark 6.6. As has been mentioned earlier, Theorems 1.7 and 6.5 do not exclude the
possibility that an initial value @ of the form (6.2) in L% (S') could give rise to a local
solution @ € C((—T,T); L*(S')) which does not remain in L2 (S'). This would be very
surprising and counter-intuitive since the subspace L2 (S') ¢ L?(S') is invariant under the
natural iterative procedure which would normally be used to construct solutions.

The technical difficulty in proving that such a solution could not exist, using the methods
in this paper, is related to the infinitely coupled system of ODEs. More precisely, if

1 = :
a(t,x) = Sao + > ar(t)e’, (6.37)
k=—o0

k0

is a solution of (1.1) then the coefficients must satsify

s (t) + ikagag (t) — ik3ag(t) + ikbp(t) =0, ke Z, k#0, (6.38)
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where

oo
()= D> am(t)ag—m(t). (6.39)
m=—00
m#0,m#k
If the intial value (0, ) is such that a;(0) = 0 for all £ < 0, then we know there is a
solution to the system as described in Proposition 6.1. However, we do not know that this
solution is unique. Since the nonlinear terms are infinitely coupled, there is no immediate
way to reduce the system (6.38) - (6.39) to something explicitly solvable, or even to prove
a uniqueness theorem in this general context. Hence, there could be a solution of the
form (6.37) which has nontrivial negative Fourier coefficients, even if the initial value does
not. Of course if ag = 0, or more generally if ag € R, this anomaly is excluded by the
well-posedness result [22, Theorem 1.6]. If Sag # 0, there is no well-posedness result.

A similar phenomenon occurs with the nonlinear heat equation u; = Au+ |u|*u, on RN,
for example. By the maximum principle, as well as by the equivalent integral equation,
the set of nonnegative functions is preserved under the resulting flow. Indeed, in every
case where the initial value problem is locally well-posed, nonnegativity of the initial value
is preserved by the solution. However, this equation is not locally well-posed in L? (RN )
if1 <p< % In this case, it was first observed in [27] that there exist nonnegative
functions in LP(RY) for which no nonnegative solution to the evolution equation exists on
any nontrivial time interval. It was therefore somewhat surprising to learn 40 years later
that in this case, there could indeed exist sign-changing solutions [14, 15]. In other words,
the natural invariance of the equation was not respected by solutions in spaces where the
equation was not locally well-posed. We refer the reader to the introduction to [15] for a
careful discussion of this phenomenon, including historical references.

The moral is that, as unlikely as it might seem, in the current context of complex-
valued solutions to KdV, there may indeed exist solutions which do not respect the natural
invariance studied in this paper.

7. CoMPLEX KDV AS A REAL SYSTEM

The purpose of this section is to recast the results obtained above about periodic
complex-valued solutions to the Korteweg-de Vries equation (1.1) in the context of real-
valued solutions of dispersive systems. Indeed, slightly changing the notation used previ-
ously, if w is a complex-valued solution of (1.1), then the real and imaginary parts u = Rw
and v = Sw constitute a solution of the coupled system

Ut + Ugzs + (0¥ —0%)z = 0, (7.1)
V¢ + Vgza + (2uv), = 0.

Likewise, if the real-valued pair (u,v) is a solution of the system (7.1), then w = u + 4v is

a complex-valued solution of (1.1). This suggests consideration of more general systems

of the form

{ U + Ugzax + P(u7 U):E = 07 (72)

Vg + Uppa + Q(ua U):E =0,
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where v and v are real-valued functions of the two real variables x and ¢. Such equa-
tions and their near relatives arise as models of wave propagation in several geophysical
situations (see [4] and [24] for example).

If P and @ are homogeneous, quadratic polynomials in (u,v), there is theory for local,
and in some circumstances, global well posedness for initial-value problems for such models
(see [5]). This theory includes the case of (7.1). The well-posedness holds in the L?(R)-
based Sobolev spaces H*(R) for suitable values of s. For (7.1) itself, it is also known that
there are smooth solutions that blow up in finite time. The blowup solutions can even
have smooth initial data that is small in H!(R)-norm (see [5], [10]).

The focus here is on the case of periodic solutions where the underlying spatial domain
is S! rather than R. A natural question is the local well-posednes in L?(S!) x L?(S!), or
more generally in the Sobolev space H*(S') x H*(S'). In the special case of (7.1), the
results of Theorems 1.5, 1.6, and 1.7 make it clear that (7.1) can not be locally well-posed
in L2(S') x L?(S'). On the other hand, [22, Theorem 1.6] implies that (7.1) is indeed
locally well-posed in LZ(S') x LZ(S'). In other words, a mean-value zero condition is
needed for local well-posedness. In [25], the special case

{ Ut + Ugge + VU = 0, (73)

Vi + Vgge + (uv)x = 0,

of the class of systems (7.2) is studied. This system, derived by Majda and Biello [24], is
different from the system (7.1). In fact, the second equation of the system studied in [25]
includes an additional coefficient, vy + qvgy, + (uv), = 0, where 0 < a < 1. The main
thrust of that paper is to study the case 0 < o < 1. Interest here is precisely in the case
a = 1. The result [25, Theorem 5] states that the system (7.3), i.e. the case a = 1, is
locally well-posed in H*(S') x H*(S!) for any s > —3. The result emphasizes that a mean-
value zero condition is not needed for local well-posedness. In light of the results in the
last section appertaining to (7.1), this immediately raises the question of understanding
which systems of the form (7.2) are locally well-posed in the space L?(S!) x L?(S!) without
a mean-value zero condition, and which require such a condition for well-posedness. We
return to this question at the end of this section.

It would also be very interesting to study whether or not the finite time blowup results
of Theorems 1.3 and 1.4 hold in the more general context of the systems (7.2). It turns
out, unfortunately, that the main tool used in the proof of these theorems is inoperative in
the more general context. More precisely, the starting point for the analysis in the main
body of the paper is the property that complex-valued functions on the circle only having
nontrivial Fourier modes for positive indices are preserved by the KdV flow. The first task
in extending the result to the systems (7.2) would be to translate this property in terms
of the pair of real-valued function (u,v) on the circle, and to determine if it holds for the
system (7.2). It transpires that in general, this property is not preserved.

To abbreviate the discussion somewhat, a more discursive style than the usual formal
theorem-proof presentation will be taken. It will be clear how to fill in the few technical
details that are omitted. In what follows, the letter w will denote complex-valued func-
tions, while v and v will be used for real-valued functions. Since functions are defined
on the circle, the real-variable x is replaced by the angle variable 6. Morever, we will be
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considering extensions of functions defined on the circle to the interior of the unit disc,
where z = re” becomes the variable. See, in this regard, Remark 2.6.

Suppose that the complex-valued function w on S', expressed as a Fourier series, only
has nontrivial positive modes, and that w = u + iv, where

w(®) = are™, u®) =Rw®) = Y e v(0) =Sw®)= > e (74)
= e s

The condition of only having positive index Fourier coefficents entails that

b +icr, =0, k<DO. (7.5)
Furthermore, since u and v are real-valued, it is required that

by =b_k, Cp=C_p, (7.6)
for all non-zero integers k. These two conditions yield

=y w

In other words, v = Hu is the Hilbert transform of u, a conclusion that is not at all
surprising. The fact that the negative Fourier coefficients of w all vanish means that
w defined on S' is the boundary value of a function W defined and holomorphic in the
disc, a fact that has been used implicitly many times, starting in Section 2. The real
and imaginary parts of W are conjugate harmonic functions, whose boundary values are
related by the Hilbert transform.

Consequently, the question to resolve is under what circumstances the system (7.2)
preserves the set of pairs (u,v) of real-valued functions on S! such that v = Hu. This
appears on the face of it to be a rather formidable calculation.

To cast light on this issue, the question is reformulated on the unit disc &4 C C, rather
than on its boundary S! where it is originally posed. Let w(t,0) = S 3°, ax(t)ei*? be a
solution of the KdV equation, written in the form

wy + wegg + (w?)g = 0, (7.8)

and, for each ¢, let W (t,z) = W(t, 7€) be its extension to a holomorphic function in the
disc, so that

Wi(t,z) = W(t,re®) = ap(t)z" = ax(t)rFe™. (7.9)
k=1 k=1
As has been observed in the main body of the paper (Remark 2.4), for each fixed r > 0,
the function (t,0) — W (t,re?) is likewise a (perhaps formal) solution of (7.8), with
Wi + Wago + (W?)g = 0, (7.10)

where r > 0 appears as a parameter, having the same role as does A in Remark 2.4. The
condition that the constant term in the Fourier expansion of w is zero, means, in terms of
W, simply that W (t,0) = 0.
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One way to understand the fact that the KAV flow perserves the set of functions whose
only non-zero Fourier coefficients have positive indices is to observe that this set is pre-
served under the map

w — (w?)g (7.11)
and, by extension, that the map
W — (W?), (7.12)

preserves the set of holomorphic functions on the disc that vanish at the origin. (The
linear terms in the KdV equation obviously perserve this class of functions, so it is the
nonlinear term in the equation that becomes the central point.) Focusing on this property
enables us to put aside the variable t € R.

The task before us is now clear. Let W (re'?) = U(re) 4 iV (re?) be a holomorphic
function in the unit disc U = {re’? : 0 < r < 1} C C, where U = RW and V = SW.
Suppose that W (0) = 0, so that U(0) = 0 and V(0) = 0. In particular, W(z) = W (re?) =
S apzt =570 aprke? so that

0o o0
ez@) _ Z bkr‘k‘ema, V(Teze) _ Z Ckr|k|ezk9’
k=—00 k=—00
k#0 k#0

where
1 k —i k
oo {20y b k20
2@ ks k’<0 Qafk, k<0

so the condition (7.7) is respected. As mentioned already, it is the nonlinear terms in
(7.10) that might disturb the condtion of being holomorphic. So, let W=U+ iV, where

{ U =P(U,V)g, (713)

‘7 = Q(U, V)9~

We need to determine what conditions on the functions P and () imply that W is holo-
morphic on the disc & and vanishes at the origin. The Cauchy-Riemann equations come
to our rescue. In polar coordinates, they assert that

rU, = Vy, 1V, =—Up, (7.14)
which, in terms of P and () becomes
rPU,V)gr = Q(U,V)pg, rQ(U,V)er = —P(U,V)ge. (7.15)
Taking the primitives in the variable 0 of the equations in (7.15) yields
rPU, V), —=Q(U,V)g = f(r), rQU,V)r+ P(U,V)g = g(r), (7.16)

where f and g are functions only of 7. In verifying whether or not (7.15) holds, use must

be made of the fact that U and V' themselves verify the Cauchy-Riemann equations (7.14).
As an illustration, consider the system (7.1), where P(U,V) = U? — V2 and Q(U,V) =

2UV. The left-hand side rP(U, V), — Q(U,V )y of the first equation in (7.16) becomes

r(U?=V?), —=2UV)g = 2rUU, — 2rVV, — 20V, — 2VUy = 2U[rU, — Vj] — 2V [V, + Uj]
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which equals zero since U and V satisfy the Cauchy Riemann equations. A similar calula-
tion reveals that the left-hand side rQ(U, V'), + P(U, Vg of the second equation in (7.16)
likewise vanishes identically.

Next, consider the Majda-Biello system (7.3) where P(U, V) = V2 and Q(U, V) = UV.
Here, the left-hand side rP(U, V'), — Q(U,V )y of the first equation in (7.16) becomes

rVV, =UVy —VUg=-VUyg—UVy —VUg=-2VUy - UVp

and this will not in general be independent of 8. The conclusion, formal at this point, but
pretty clear nonetheless, is that the Majda-Biello system (7.3), as a system governing the
evolution of real-valued functions on the circle S', does not have the property of preserving
the set of functions whose non-positive Fourier coefficients are all zero.

Consider now the general case of homogeneous quadratic polynomials, viz.

PU,V)=aU?+ 26UV V2
{ ( ’ ) aq + /81 +’Yl ) (717)

QU, V) = asU? + 28UV + 7 V2,
Calculate as follows:

rP(U, V), = 2aqrUU, +2617UV, + 2617U,V + 2y1rV'V,
201UV — 281UUy + 261V V — 291V Uy

and
QU,V)g = 2a2UUg + 252U Vp + 262UV + 272V Vj

so that —rP(U, V), + Q(U,V)y is, in detail,
2(a2 + B1)UUp 4 2(f2 — 1)U Vi + 2(B2 +71)UsV + 2(72 — B1)VVy (7.18)
= 2(Us, Vi) () o Pt ) (U) — 2(Up, Vg) M (g) (7.19)

fp—o1 72— P/ \V
Likewise,
rQU, V), = 2aorUU, + 201UV, 4 2521U, V + 27,rV'V,
= 20UVy —25UUg + 283V V — 279V Uy
and

P(U, V) = 201UUp + 28U Vy + 281UsV + 271V Vg
so that rQ(U, V), + P(U,V )y is given by
2(a1 — B2)UUy 4 2(B1 + a2)UVyg + 2(81 — v2)UpV + 2(71 + B2)V V. (7.20)
— 2V, —U(,)(O‘2 o B 71) (U) = 2(Vy, —Up) M (U) (7.21)

fo—ar y2— P/ \V Vv
where
(e +B1 P+ _ (A B
M= <52 —ar Y2 — 51) N (C D)' (7.22)
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Search for those matrices M for which the expressions (7.18)-(7.19) and (7.20)-(7.21)
must be radial functions in the disc, for all pairs (U, V') of conjugate harmonic functions
in the disc which vanish at the origin. Consider in particular the choice

U=R(z+2%) =rcosf+r?cos20 and V = I(z+ 2?) =rsinb + r?sin 26,
so that
Ug = —rsinf — 2r?sin20, while Vj = rcosf + 2r? cos 26.
Calculating the quantity in (7.21) for this selection of U and V', there obtains

(Vo, =Ug) M (g)

A B\ (rcosf + 12 cos 20
)( )

= (rcos@+2r2c0820,rsin«9+2r2sin29)(C D)\ sin g+ r2sin 26

= A(r? cos® 0 + 313 cos § cos 20 + 21 cos? 26)
+B(r? cos sin 0 + 13 cos 0 sin 20 + 23 cos 20 sin O + 2r* cos 260 sin 26)
+C(12 cos B sin @ + 13 cos 20 sin § + 273 cos O sin 20 + 2r* cos 26 sin 26)
+D(r?sin” § + 3> sin 0 sin 20 + 2r? sin” 26)
= r%(Acos?0 + Dsin? 0 + (B + C) cos O sin §)
+13(3A cos 0 cos 20 + (B + 2C) cos 0sin 20 4 (2B + C) cos 20 sin § + 3D sin 0 sin 26)
+2r4(A cos® 20 + Dsin? 20 + (B + C) cos 20 sin 26).

For this to be a radially symmetric function in the disc, the coefficients of the powers r
r3, and 7* must have no dependence on 6. In particular, the coefficient of 72 is

Acos® 6 + Dsin?6 + (B + C) cos 0 sin 0
= %[A(l + cos260) + D(1 — cos26) + (B + C) sin20}
_ %[<A+D)+(A_D)cos29+(3+c>sm29}.

2

i

Since cos 26 and sin 26 are linearly independent, it must be the case that A = D and
B = —C. Using this information along with elementary trigonometric identities, one
deduces from the fact that the coeffiient of 73 nust vanish that

3Acosf = Bsin6

for all 8, from whence the conclusion that A = B = 0 follows. As D = A and C = —B,
all four of A, B,C and D must therefore vanish.
Reverting to the definitions of A, B, C' and D, this implies that
ar =P =-m, ar=-p1=—"7.
If we set @ = a1 and 8 = —f31, then the system has the form
PU,V) =a(U? -V?) =280V,
QU, V) =2aUV + B(U? = V?).
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In other words, the function w = w + v, where the pair (u,v) of real-valued functions
satisfies the system (7.2), must be a solution of the equation

wy + wegp + (o +if) (w?)g = 0. (7.23)
The simple change of variables h = (a + if)w reduces (7.23) to
hs + hege + (h2)9 = 0,

the complex KdV equation itself.

Just to be clear about what has been shown, let us return to the context of functions
on the circle. Let w : S' — C be given by w(f) = e 4+ 2% which is of course a very
simple trigonometric polynomial, as in the hypotheses of Theorem 1.4. Note that its
real and imaginary parts u = Rw and v = Qw are given by u(0) = cosf + cos 26 and
v(#) = sin 6 + sin 26. Next consider the nonlinear operator on C*°(S') x C*°(S!) given by
(u,v) — (u, ) where

{ﬂ = [a1u2 + 261uv + ’71”2]9’ (7.24)

b= [agu® + 2Bouv + 721)2]9.
for some real-valued functions u and v on the circle satisfying (7.6) and (7.7). Let w =

@ + iv. For the Fourier series of 1 on S' to contain only nontrivial modes for positive
values of the index k, it is necessary that @ = (a + i3)(w?)g for some a, 3 € R. Thus, up

to the trivial change of variables
() =G )0

the only KdV-type system of the form (7.2) where P and @) are homogeneous, quadratic
polynomials as in (7.17) whose flows preserve having only positive Fourier modes is the
complex KdV equation.

Remark 7.1. Returning to the question of local non-wellposedness in L?(S') x L?(S'), the
proofs of Theorems 1.5, 1.6, and 1.7 all use the same property of invariance of the set of
functions on the circle with only nontrivial positive (or nonnegative) modes. Hence, those
constructions can not be adapted to the more general systems discussed in this section.
This leads us to conjecture that the non-wellposedness in L?(S') x L%(S') is limited to
systems that arise from the real and imaginary parts of systems of the form (7.23).

8. APPENDIX

As mentioned earlier, this Appendix is a set of remarks attached to the theory developed
in Section 3. These remarks are comprised of some observations, an indication that the
analysis made in Section 3 has prospects beyond the KdV equation, an interesting example
and some conjectures.

(1) It is intructive to compare the two estimates (3.18) and (3.19), which give lower
bounds for the existence time of a solution. In the case of an initial value of the
form ug(x) = a1(0)e’®, both estimates can be used, for any choice of ¢ > 1. In the
case of (3.18), one can choose any values of M > 0, 0 > 1 and 0 < A < 1 such that
la1(0)] < MA. In particular o > 1 is arbitrary. To maximize the value of T' given
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by (3.18), one needs to choose M > 0 and 0 < A < 1 both as small as possible.
Taking M = |a1(0)|/A gives
_ —Alog A
|a1(0)|L(0)
for any choice of 0 < A < 1 and ¢ > 1. The right-hand side of the last expression
attains its maximum for A € (0,1) at A = 1/e, where it has the value
1
T=—
elai(0)[L(c)
Since 2 < e, the estimate (3.19) provides a longer existence time for the solution
with initial value ug(z) = a1(0)e*® than does (3.18).
We will see in part (4) of this Appendix what is likely to be the best possible

estimate obtainable by this method for the existence of the solution of (1.1) with
initial value ug(z) = a1(0)e**.

(8.1)

In addition to providing a means for estimating the coefficients ay(t) in the system
(1.18)—(1.19), the system (3.2)—(3.4) can be used directly to prove the existence
of complex valued solutions to certain partial differential equations. For example,
if we set f(t,2) = > o0, ck(t)z*, then the system (3.2)—(3.4) corresponds to the
partial differential equation

ﬁ — 22 f2 — 92 fﬂ
ot 0z 0z
in the region of C where the series converges. Note that this region may vary in
time. In more detail, Proposition 3.7 proves the existence of a solution to (8.2) with
initial data f(0,2) = Y oo cx(0)2*, when the coefficients ¢ (0) form a sequence in
the space W) ,. For each time ¢ € R, this solution exists at least in the open ball
of radius A~ e ML)l agbout 0. This solution is unique (in a neighborhood of 0,
and so by analytic continuation, in its maximal domain in C), since any solution
f(t, z) would have a power series expansion in z and the coefficients would have to
satisfy the system (3.2)—(3.4). Note that equation (8.2) implies that %{(t, 0) =0,
so if f(0,0) = 0, then f(¢,0) =0 for all ¢ > 0.

If we set g(t,z) = Y oo, ck(t)e?*®, where 2 € R, then the system (3.2)—(3.4)
corresponds to the partial differential equation

(8.2)

—= + z‘—ng =0 (8.3)

as long as the Fourier series converges. Thus, Proposition 3.7 proves the existence
of a spatially periodic solution to (8.3) with initial data g(0,z) = Y32 cx(0)et*®,
where the coefficients ¢ (0) are a sequence in the space W) ,. It is required that 0 <
A < 1 to guarantee convergence of the Fourier series giving the initial value. The
solution exists as long as the Fourier series converges. Proposition 3.7, respectively
Proposition 3.9 in the case where it applies, tell us that this convergence holds at
least as long as AeML@)Itl < 1 respectively (3.19). In particular, it follows that
g: (=T,T) — C>(S') where T is given by (3.18), respectively (3.19). This solution
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is unique among solutions of the form > 3%, cx(t)e?*®, since the coefficients would

have to satisfy the system (3.2)—(3.4).

As previously remarked, the system (3.2)—(3.4) can in principle be solved explicitly,
by recursive calculation. In the special case where ¢1(0) = ¢ € C and ¢(0) = 0 for
all k > 2, calculations with Maple ? suggest the following formula:

2%k k—1 3
ck(t) = (k):'cktk L

for all £ > 1 and ¢t € R. While this formula has not yet been analytically verified,
assume it to be correct for the purposes of this remark. Consider the power series

2 (2k)F1
o 2F. (8.5)

(8.4)

k=1

Its radius of convergence R is given by

ot =i s
= kli_}rz%(log(?k)k_l — log k!)
= kli_}n;o (k ; ! log(2k) — %log k:!)
= dim ("R 1og(2k) — 7 [klogh — &+ Olog k)
= im (“ M2 T logk 4 14 1 0(l0gk)))
= 1+log2,

where Stirling’s aproximation of log k! has been used. It is concluded that

1

T2 (8.6)
Therefore, the function
o0 0o
- 2k)k-1 .
g(t7 33) = Ck(t)ezkm = Z ( k)[ thkflelkm
k=1 =1 °

is the solution of (8.3) with initial value g(0, ) = ce® with only positive Fourier
modes, and is defined (and smooth) on the time interval ¢ € (—ﬁd, %M) This is
the same time interval as given by the estimate (3.19), except that L(o) is replaced

by e. Standard approximation of k! as in Stirling’s formula has it that

\/27rk:k+%e*k <kl < ek:]”%e*k,

2The authors thank Gilles Scarella for these calculations.
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valid for ¥ = 1,2---. Hence, k! > @k‘kﬂ/%_k*l for all k = 1,2,3,---, so it
follows that

i (2k)F1 1 - «%i (2k)*—1 1
P k! (Qe)k—l - e P kk+1/2€—k+1 (2€)k—1 (8 7)
= 2 - —3/2 < . .
e

This implies that g(:t%lc', -) is a continuous function on S'. On the other hand,

g < ihe _ N~ 2R ok ke
%(t,x) = szkck(t)ek :zZTcktk Leikz
—1

k=1
Since k! < kFt1/2e=k+1 for = 1,2.3,-- -, it transpires that
o 2k-1gk ] N S A 1
! =1 = k+1/2,—k+1 k—1
— k! (2e) —k /2e (2¢)
(o]
S
k=1
Hence, if ¢ > 0, then %(t,()) — oo ast — ﬁ Thus, this solution cannot be

continued smoothly past T' = ﬁ
In particular, it must be that L(c) > e for all ¢ > 1, since otherwise the
function g in (8.3) could be continued as a smooth solution beyond T = 5L by

Proposition 3.9. We remind the reader that this is all predicated on the validity
of formula (8.4).

In the special case where ¢(0) = 1, for all £ = 1,2,3,---, calculations by hand
of ¢1(t) through c5(t) suggest the following formula for the solution of the system
(3.2)-(3.4):

_ kz < - 1) niki)w’ (8.8)

<k;Ll> _ m!(l(ck_—llz!m)!.

is the usual binomial coefficient.
Indeed, we conjecture more generally that the solution to the system (3.2)-(3.4)
is given by

where

k—1

Z Z Vi1 Viz - -+ Vim1 2Rt (8.9)

|
m=0 \i1+is+-+imt1=Fk (m + 1)'

where ¢ (0) = %.
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(6) The system (3.2)—(3.4) exhibits some simple invariances. If the functions c(¢)

(1]

2]
3l
4]

(5]

constitute a solution to the system, then so do the functions

YN er (), (8.10)

for all v > 0 and A > 0. Indeed, it was the explicit calculations described above and
these invariances which led to consideration of the spaces W), , in Propositions 3.7

and 3.9. In particular, it was the appearance of of the terms k~3/2 in formula (8.7)
which led to the introduction of the factors 77 in the definition of W) ,.
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