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ABSTRACT. Fifth-order dispersive equations arise in the context of higher-
order models for phenomena such as water waves. For fifth-order variable-
coefficient linear dispersive equations, we provide conditions under which the
intitial value problem is either well-posed or ill-posed. For well-posedness,
a balance must be struck between the leading-order dispersion and possible
backwards diffusion from the fourth-derivative term. This generalizes work by
the first author and Wright for third-order equations. In addition to inher-
ent interest in fifth-order dispersive equations, this work is also motivated by
a question from numerical analysis: finite difference schemes for third-order
numerical equations can yield approximate solutions which effectively satisfy
fifth-order equations. We find that such a fifth-order equation is well-posed if
and only if the underlying third-order equation is ill-posed.

1. INTRODUCTION

Here we will study fifth-order linear constant-coefficient equations of the form,

(1) w = a(z, ) Ugzzzs + 0(T, ) Uprar + (T, ) Uy

+d(z, t)uge + e(x, t)uy + f(x, t)u+ h(z,t),
for given functions a, b, ¢, d, e, f, and h, subject to the initial condition
(2) u(z,0) = uo(x).

We take the spatial variable x to be in the interval X = [0, M| for some M > 0, and
we impose periodic boundary conditions at the ends of this interval. We assume
that the coefficient functions satisfy periodic boundary conditions on X and that
they are defined for all ¢t € [0, 7], for a given value T > 0. If the coefficient b(x,t)
is ever positive, then we say that anti-diffusion or backwards diffusion is present.
It is of course well known that backwards diffusion can cause catastrophic growth
of solutions, leading to instability and ill-posedness. However, in some cases for
third-order equations, dispersion has been shown to ameliorate the growth from
backwards diffusion [1], [2], [4], [7], suggesting that the initial value problem (1),
(2) could be well-posed even in the presence of backwards diffusion. In this paper,
we will demonstrate conditions under which the initial value problem is well-posed,
as well as conditions under which the initial value problem is ill-posed.

A number of authors have studied fifth-order dispersive equations, as they have
been found to be useful as higher-order models in the theory of water waves [11],
and the stronger dispersion (that is, stronger than the third-order dispersion in the
Korteweg-de Vries equation) has been found to have stabilizing effects on solitary
waves [12]. There are a number of works on well-posedness of particular equations
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or particular families of equations with fifth-order dispersion, such as [5] and [10],
and also studies of well-posedness of families of more general equations which in-
clude fifth-order equations [13]. These papers, though, do not explore the central
question of the present work, which is how the presence of anti-diffusion affects
well-posedness of fifth-order dispersive equations.

In addition to this interest in fifth-order equations in their own right, another
motivation for studying the well-posedness of the initial value problem for (1) comes
from numerical analysis. When finite difference schemes are used to compute solu-
tions, higher-order equations which the numerical approximations effectively satisfy
may be derived [9]. Thus, for a third-order linear constant coeflicient equation, such
as those studied in [4], the effective equations for numerical schemes would be in
the class (1). By studying well-posedness of these effective equations, guidance
can be provided for design and implementation of numerical methods. For some
numerical schemes, nonlinear effective equations have been found to be satisfied
by the approximate solutions, such as by Goodman and Lax and by Zumbrun [§],
[14]. An analysis of nonlinear equations related to (1) can be made in these cases,
such as was carried out in [3] and [4], with ill-posedness of the effective equations
explaining in part behavior seen in simulations.

The paper [4] considered well-posedness and ill-posedness of the initial value
problem for the family of third-order equations

Uy = (2, ) ugee + b(x, gy + &, t)ug + d(z, t)u + é(z,t).

The initial value problem was found to be well-posed under three conditions, two
of which are routine (regularity of the coefficients and nonvanishing of the leading
coefficient). The most interesting of the three conditions expresses the necessary
balance between dispersion and anti-diffusion, and is

1 Mb(y,t)
3 — / —>~ dy > 0.
( ) M 0 a’(yv t)
In Section 3 we develop the criteria on coefficients of (1) for well-posedness and

find that the condition on the highest order terms coefficient is opposite from what
was found in [4] for the third-order variant, namely

1 M by,t)

(4) M/o ) dy < 0.

This difference in the required sign of the integrals on the left-hand sides of (3) and
(4) is what leads to the interesting interpretation from numerical analysis presented
below in Section 2. Considering the case that the sign of the integral on the left-
hand side of (4) is instead positive, we give an ill-posedness result in Section 4.
This ill-posedness result requires a further assumption, that the coefficients are
independent of ¢.

We note that in order for (4) to be satisfied, there must of course be some
forward fourth-order diffusion present in the problem. In the absence of leading-
order dispersion (i.e., if @ = 0), the presence of any pointwise value where b > 0
would make the initial value problem ill-posed. So, we are demonstrating that
a combination of some forward diffusion and leading-order dispersion can lead to

a well-posed initial value problem even in the presence of backwards diffusion at
places in the domain. Our ill-posedness result demonstrates that this well-posedness
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is not guaranteed, and it is still possible for the backwards diffusion to overwhelm
the effects of forward diffusion and dispersion.

The plan of the paper is as follows. In Section 2, we provide the calculations
related to numerical analysis of finite difference schemes we have mentioned in the
introduction. In Section 3 we prove that under certain condition, the initial value
problem (1), (2) is well-posed in Sobolev spaces H™ for n > 5. In Section (4), we
prove that in the case of time-independent coefficients, the initial value problem is
ill-posed if our condition on the balance of dispersion to anti-diffusion is violated.

2. MOTIVATION FROM NUMERICAL ANALYSIS

Now we will relate this result to a third-order variant with respect to numerical
analysis. We note that a related calculation appears in [6] as motivation for study of
some related third-order dispersive equations. We consider the initial value problem

(5) v = a2, ) Vpga + (2, 1)Uz + c(x, t)vy + d(z, t)v + e(x, 1),
v(-,0) =vy € H".
It was established in [4] that this initial value problem is well-posed if the coefficients

are sufficiently well-behaved (i.e. they must be sufficiently regular and the leading
coefficient, a(x,t), must be bounded away from zero) and also, taking a > 0 without

loss of generality, if
1 My
1 / (y,1) dy > 0.
M 0 a’(y, t)

This condition balances dispersion and backwards diffusion.
For a fifth-order variant of (5),
(6)
Wi = (X, ) WarareT0(T, V) Warrr+0(X, ) Wape+d(z, t)wer+e(x, )w,+ f (2, t)w+h(z, t),

in addition to regularity of the coefficients and that the leading coefficient be
bounded away from zero, the additional condition is instead

1 ™M by,t)
(7) M/o a(y,1) dy < 0.

Again, we are taking a > 0 without loss of generality. (That this is the condition
for well-posedness is one of the main theorems of the present work.)

We consider a numerical approximation of (5) around some z;. Making Taylor
expansions of v about the base point z;, we have the following formulas:

n!

k "oy (w;
v(wi_g) =~ Z (2242)" 9z v(x:) = v(z;) + (—2Az)0v(x;)
n=0
(—2Az2)20%v(x;) n (—2A7)302v(x;) n (—2Az)*0%v(x;)

Jr X

2 5 2 + 0 ((2Ax)4) ,

~ notv(x;
v(wi_q) ~ Z (An)"pv(@i) = v(z;) + (—Ax)0yv(x;)

(A2 du(@) | (~Aa)'Giu(a) , (~Aa)'obv()

5 5 2 + 0 ((Aw)4) ,
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o) 3 BB ) 1 (800
o <Am>2§3v<xi> (0Ol | (Bt (.
i) ~ i CRDEE)  o2) 1 (280)000(r)
(A it | @8l | 2O)'0IMe) | g (3n0yt)

We also have the following finite-difference approximations for spatial derivatives

of v:
v(Tiy1) —v(Ti-1)

v(zi)e & 2Ax ’
V(1) ae A v(xig1) — 2v(z;) +v(z; — 1)
1)TxT AZ‘Z )
(1) e v(xip2) — 20(2i41) + 20(2-1) — v(zi_2)
1)xxrIT 2Ax3 .

Substituting, we find
(8) v(2)z & Opv(x;) + w +0((Az)%),
(9) V(24) g = O2v(x;) + % +0((Az)Y),
and
(10) V(24) pae ~ Ov(2;) + WM +O((Ax)b).

Of course, in each of (8), (9), and (10), the quantity on the left-hand side is the

finite-difference approximation to the given derivative at the point x; while the first

term on the right-hand side is the true value of the given derivative at the point x;.
Using these formulas, we have a finite-difference approximation for (5):

X 2 5.U X
v, ~ alz, 1) (asz y (B0 | o<<Ax>4>)

(Az)200(x:)
12

22030 (.,
+e(x,t) (axv(xi) " %

We rewrite this to order the terms on the right-hand side by the number of deriva-
tives on v :

(11)  ve(zy) =~ (W) v (x;) + ((Ax)ig(z’t)) dhv(z;)

)2
+ <a(x,t) + c(:c,t)(QAG)> A3v(x;) + bz, )0 (x;)

+ e, )dp0(:) + d(x, ) + ela, ) + (alz, £) + b(a, 1) + (2, 1) O((Ax)?).

+b(x,t) (8§v(mi) + + O((Ax)4)>

+ O((Ax)4)) +d(z,t)v + e(x, t).
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We see that the finite-difference approximation of (5) yields an effective equation
in the form of our fifth-order variant, (6). We apply the condition (7) to our effective
equation (11), finding that for well-posedness of the initial value problem for (11),
the quantity of interest is

M (Ax) b(y t) M by
(12) i / <m>2a(y,t> W =37 / a1

This leads to an interesting result, assume without loss of generality that the
leading coeflicient a is positive. If the quantity in (12) is positive then the initial
value problem for the original equation (5) is well-posed while the initial value
problem for the effective equation (11) (neglecting the smallest terms) is ill-posed.
Alternatively, if the quantity in (12) is negative, then the effective equation for the
finite difference scheme (11) (again, neglecting the smallest terms) is well-posed
while the original initial value problem for (5) is ill-posed.

This kind of problem from numerical analysis has been observed before; Good-
man and Lax noted that a finite difference scheme for the Korteweg-de Vries equa-
tion had an effective equation with degenerate dispersion, and they noted that the
scheme worked well as long as the solution remained away from zero [8]. This is
explained theoretically by the third-order results in [4] showing that equations with
degenerate dispersion have well-posed initial value problems when the data is away
from zero, and by the ill-posedness result of [3], showing that equations with de-
generate dispersion can have ill-posed initial value problems when solutions cross

zero. A related equation arose in a similar discussion of finite difference schemes in
[14].

3. WELL-POSEDNESS THEOREM

In this section we prove the first of our two main theorems; this theorem states
that under three kinds of assumptions, the initial value problem (1), (2) is well-
posed in sufficiently regular Sobolev spaces.

Theorem 1. Let T > 0 be given. Let n € N satisfying n > 6 be given. Let
ug € H"(X) be given. Assume the following conditions hold:
(A1) The coefficients have the following regularity:

e a(z,t) € C([0,T7; Cn+5),
e a(z,t) € C([0,T];C™),

® b(z,t) € C([0,T]; C"H)
. bt(x t) € C([0,T];C™),

o c(x,t) € C([0,T];C"),

e d(z,t) € C([0,T};C )

e e(z,t) € C([0,T];C"),

o f( €z, ) ([0’ }’Cn%
o h(z,t) € L>([0,T]; H").

(A2) The leading coefficient a(x,t) is bounded away from 0, i.e. there exists
a > 0 such that for all x and t, we have |a(x,t)] > a > 0. (We will henceforth
assume that a(z,t) > 0 without loss of generality.)

(A38) For allt, the coefficients a and b satisfy

1 / Mb(y, t)
— dy < 0.
M 0 a(ya t)
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Then there exists a unique solution v € C([0,T); H*(X)) to the initial value
problem (1), (2). Moreover, the solution gains regularity in the sense that u €
L2([0,T); H""2(X)) as well.

The proof will be by the gauged energy method. In order to make our energy
estimates, then, we need to introduce the gauge. We do not choose the exact gauge
we will use right now, but we do specify the properties we wish to be satisfied by
our gauge. We want the function g,, to have the following properties:

(C1) g, € C([0,T]); C"*3) and d,g, € C([0,T); C™),

(C2) There exist constants a > 0, A > 0 such that a < g, < A, and

(C3) g, and its first n—1 spatial derivatives satisfy periodic boundary conditions.

Given such a g,, we define v through the equation
u = vg,(x,t).
We then have the following lemma on the equivalence of regularity of w and v :
Lemma 2. Assume gy, satisfies the assumptions (C1)—(C3). Thenu € C([0,T]; H")

if and only if v € C([0,T]; H"). Moreover, there is a constant Cy > 1, depending
only on norms of g,, such that
C'g_1 sup |lullg» < sup |Jv||lan < Cy sup ||ullgn.
t€[0,T] t€[0,T) t€[0,T]

The proof of this lemma is straightforward and is omitted.

Of course the point is that a favorable choice of g, will allow energy estimates
to be made for v; we look now at the evolution equation for v :
(13) ) _ _ _
vy = a(®, 1) Vamrawr+0(2, 1) Vagrr +E(X, ) Vppe+d(2, 1)Uy +E(2, t)v,+ f (2, t)v+h(2, ),

where the new coefficients are given by

7 al‘ n
(14) b =502 b,
9n
82‘ n aI n
¢ = 10a 229" —|—4b—g + ¢,
9n In
3 2
In dn 9n
4 3 2
o= 500e9n | 40500 3. 050n | o, 0n0n
gn In gn gn
_ —0. o5 n o2 n 03 n 02 n Oz 9n
f: tg+a ajg +b ;pg +C ;pg +d mg +€ g +f7
In In In In dn In
and, finally,
- h
h=—.
9n

Remark 3. We now remark on the strategy of proof for Theorem 1. For a partic-
ular choice of gauge, g,, we prove the existence and uniqueness of solutions for the
initial value problem for (13). This immediately implies existence and uniqueness
of solutions for the initial value problem (1), (2). The proof of existence for (13)
starts with introduction of an approximate system, and then Lemma 4 below gives
existence of solutions for the approximate system on a very short time interval. A
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uniform bound for the approximate solutions is proved in Proposition 5 below, and
this yields a uniform time of existence for the approximate solutions. The proof of
existence is then able to be carried out. Uniqueness is then proved in Proposition 7
below.

Before we perform our energy estimates we must introduce an approximate prob-
lem. To this end we define the operator X, to be a truncation operator acting on
Fourier series. If we have the Fourier series for a function f,

fl@)y=>_ fee’*,
k=—oc0
then we define X, by
(Xnf)@) = S frcite,
k=—m

The following properties of A, will be useful for our energy estimates:
Xm(aacf) = aw(-)(mf)a
for all s € N, || X (Ou ) grs+1 < m|| X f || 112,
Jx 9% dz = [(Xng)f d,
Xof = X2 f,
for all s € N, || X fllms < || f]lms-
We note these properties without proof.
We now incorporate X, into our equation for v to make a sequence of approxi-
mations. Our approximate initial value problem is given by

+ EX (V%) 4 Xy (V%) + X (V) + X (v) + B) :

(16) v™(z,0) = vo(x).

We have existence of solutions for this sequence of approximations, and this is
the content of our next lemma.

Lemma 4. For all m € N there exists a T,, > 0 such that there exists v'™ €
CH([0,T,]; H™) which solves the initial value problem (15), (16).

We omit the proof of Lemma 4; the proof uses the Picard Theorem. That the
right-hand side of (15) is Lipschitz follows from the properties of our operator X,
and the regularity of the coefficients.

The time of existence guaranteed by Lemma 4 for our approximations v,, un-
fortunately depends badly on the approximation parameter m. To be able to take
the limit as m goes to infinity, we must prove that these approximations exist on
the common time interval [0, T]. This requires proving an energy estimate which is
uniform with respect to m.

Proposition 5. For the given T > 0, there exists k > 0 such that for all m € N,
the approximate solutions v'™ are in C([0,T]; H™), with the bound

(17) o™ |2 < k([|vol| 3 +1).
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Proof. We define an energy functional,

This functional is equivalent to the square of the H™-norm of v,,.
We take the time derivative of the energy:

% = /vmv? + (Opv™) (05 v") dx.

The first term on the right-hand side can be easily bounded since we know that
n > 6 and that the highest derivative in 9;v™ is of fifth order:

/ o = / [me")(a(x))cm(vxm)+b<x>»cm<v2;m>+c<x>xm(v;';z>

This immediately implies

(18) % <C(E+1)+ /(agvm)(agv;n) dz.

We must still bound the integral on the right-hand side of (18), which we expand
using (15):

(19)

[z ar= | [me;:vm) (a: (A Xon (1) + B) o (07 )

()Xo (05) + A2) X (01) + E(2) X () + F (@) X (07) + h(x))) s

=14+I1I+IIIT+1V+V+VI4+VII

Here, the term I corresponds to the contribution of the coefficient a, the term 17
corresponds to the contribution of the coefficient b, and so on, through the term
VII which corresponds to the contribution of the coefficient h.
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We expand the term I, by using the product rule:
(20) I= / Xy (7™ (0 X (DP6™)) da =

/a(@;‘+5)(m(vm) "X, (v™) da + n/(@ma) (8;L+4Xm('um)) R Xy, (v™) dx

x

n

2& n+3 ,Um mn ,Um T
+(5) [ @0 @, @) arxaem) d

N}

+(3) [ @ @ ,0m) 0220 ds

n
+

=

7 N7 NN
w 3

) @) (@ 2w 020

+3 (7) [erraemerra@ 2, om) d.
We next similarly expand the term I7 :
(21) IT= / (0" X (™))" (B X (™))
n / B (9 X, (u™)) 07 X (™) iz + 1 / (02D) (0773 X (™)) D7 X (™) i
+(5) J@n @ra.em) aa,om) i

(5) fom o2t o)

i Z (’;) [ @)@ 8y 014 (™) d

We can expand the other terms in the same fashion; a number of the resulting
terms are bounded in terms of the energy. All the terms in the final summations
on the right-hand sides of (20) and (21) can be bounded by CE since at most n
derivatives of X, (v™) appear there. We can also integrate by parts in terms in
the form ~(z) (027X, (v™)) 02X, (v™), and then bound the result by CE. The
term VII can be immediately bounded by C'E'/2, which can then be bounded by
C(E+1).

After making these further expansions and bounding those terms which we have
just described, we are left with the following:

(22) % <C(E+1) +/a(ag+5xm(um)) O Xy (™) da

+/ [ndya(z) + b(z)] (90T X, (V™)) O Xy (v™) da

* / {@ dza(x) + nd.b(z) + C(x)} (O3, (V™)) O X (V™) d

«f {@ rale) ¥ (Z) 0:b(z) + ndre(a) + d<x>} (95722 (v™)) 0 X, (0) d
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To estimate the remaining terms, we will first rewrite them using some identities
based on the product rule, and then we will choose our gauge. The identities we
use are the following (we state this for a general function V, but will use it above
for V =07 X,,v).

1
VViaaaa = 30UV?) = SOXV2) + 20,(V2),

1

1
VVipe = 583(1/2) — gagg(vﬁ),

Using these, (22) becomes

(23) % <C(E+1)

+ [ alo) (50208 0" ) - SR o™ ) 4 S0u1(08 20" ) o

i / [ndpa(z)+b(z)] (184[(8;‘vam)2] — 202[(O" T X, 0™)2) + (8;‘+2va’”>2> dzx

N / [(Z) 92a(2) +naxb($)+c(x)] (;ag[(agxmum)ﬂ - gam[(aﬁlxmv’”)P) da

+/ Kg) Pa(z) + (Z) 92b(x) + ndyc(x) + J(m)} (;83[(5);)%@7”)2] _ [(anglevm)]Q) d.

The first term in each of the integrals on the right-hand side of (23) can be
bounded in terms of the energy, after performing the appropriate number of in-
tegrations by parts. For the remaining terms in each integral we perform some
further integrations by parts, leading us to the following;:

E -
C(th <C(E+1) —|—/ ((n - ;) a; + b) [On T2 x,,0™]? do + /,6’[8;“2\,’,,11/”]2 dx,

where we have made the definition

= (aea() () (5 () (3o

We now add and subtract, introducing a function ad (with § to be defined) with
the intention of having it control the term with the (n + 1)-st derivatives:

(24) % <C(E+1) +/ <<n - g) ay +b— a5) [On T2 X, 0™ da

+ / ad[0" 2 X, 0™ )? da + / Blonttx,,v™)? da.
For the final integral on the right-hand side of (24), we integrate by parts as follows:

/ﬁ(@g“vam)z dx = —/(ﬁ@;‘“vam)m(B;}vam) dzx.
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We apply the derivative and integrate by parts again to find the following:
/ﬂ(@;LJrlevm)z dx :/%(82vam)2 dx — /ﬂ(@;lJrQvam)(@;’vam) dx.
The first integral on the right-hand side is bounded in terms of the energy, and
for the second integral on the right-hand side, we use Young’s inequality with

parameter € > 0. We combine this with the second integral on the right-hand side
of (24), finding the bound

/ aS[Om 2,0 ™2 4 BN X, 0™ da < C(E + 1)
* /a‘s[agﬁ?fmvmf + e[0p TP X 0™ + 1(533)%1)“1)2 dx.
€

Since the energy controls up to n spatial derivatives, we may bound the final term
on the right-hand side by the energy:

/ a6 (@) [ 2 X0 ™ + B(a) 00 X ™2
<C(E+1) +/a5(x)[82+2vam]2 + €[on T2 A, 0™ d.

We recall that we have taken inf, a(x) > 0, and we then note that as long as
i(z) < y < 0 the integral in the right-hand side will be non-positive. This

— inf, a(:r:

leads to the following bound:
/ 08(@) [0 0™2 + B(2) [0 X ™2 d < C(E +1).

Using this with (24), we now have

%f <CE+1)+ / <<n — 2) az(x) + b(z) — aé(x)) [OrT2x,,0™)? d.

If we had ( 5) ay + b — ad = 0 then our energy estimate would be complete.
Substituting for b from (14), we see that we seek ¢ such that

029
<n—)8 a(x) + ba—— ; “+b—ad=0.
This equation may be integrated. We do so, and we solve for the gauge, g, :

enf 1 (29 )

We then make a favorable choice of §(t), so as to maintain periodic boundary
conditions for g, :

(26) M/ — dx.

We still must choose the value of € above. Now that we have defined §, we have the
condition

0\:

(25) gn =al>~

My e
Zde < )
M/ du ~ inf, a()<0
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So, we take € > 0 such that

1 M p(a,t) ( . )
sup — dx inf a(z) | < —e.
(te[O,T] M/o a(z,t) > z€[0,M] (@)

(Recall here that the first factor on the left-hand side is strictly negative, and the
second factor on the left-hand side is strictly positive.)
We have therefore demonstrated the bound

dE
— <C(E+1)

This immediately implies that the energy remains bounded over the time interval
[0, 7). (Note that we have fundamentally used the fact that 7; [ 2 < 0; without
this, we could not control the energy.) O

Remark 6. The proof also establishes that X,,v™ is uniformly bounded in the space
L2([0,T); H™"2). This fact will be used later.

Having established that the approximate solutions exist on a common time in-
terval, we now work to take the limit as m goes to infinity.
Using the uniform bound (17) and the approximate evolution equations (15), we
have the uniform bound for the time derivatives,
sup ||v" (t)l|zee < k(l[vollgn + 1)
te[0,T]
The uniform bound (17) also implies that v7* is uniformly bounded. Thus {v™} is a
uniformly bounded and equicontinuous family of functions on the domain [0, M] x
[0,T]. By the Arzeala-Ascoli theorem there exist a function v* € C([0, M] x [0,T])
such that (taking a subsequence, which we do not relabel)

A ([0 =l xq0,m1) = 0.

Looking at n’ € [0,n) we can use a typical Sobolev interpolation inequality,

1_n’ !

[ = 0™ [l < 0™ = 0™ | 0™ = 0™ s

The convergence in C([0, M] x [0,7]) implies convergence in L?([0, M]) at each
time, and the bound (17) applies to v™ as well as v™' . From this we can see that
{v™} is a Cauchy sequence in C([0,T]; H™), and is therefore convergent of course,
and the limit must be v*. So, for all n € [0,n'),

v* e O([0,T); H™).
Furthermore, we know {v™} is bounded in H™ at each time, so there exists a weak
limit in H™. We call this weak limit v** € L°°(][0,T]; H™). By the uniqueness of
limits we know v** = v*, thus

v* € L([0,T); H™).

We next may conclude that v* solves the initial value problem. We denote the
right-hand side of (15) as B,,; of course, B,, involves at most five derivatives of v™.
We similarly denote the right-hand side of (13) as Bv]. Integrating (15) in time,
and using (16), we have

t
o™ (-, 1) = v —|—/ B (-, 7) dr.
0
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Since B, involves at most five derivatives and we have uniform convergence with
more regularity than this, we may pass to the limit in the integral. We know of
course that the limit of v™ is v*, and thus we see that

V(1) :vo—l—/o Bv*](-,7) dr.

Thus v*(0) = vy and v* satisfies (13).

We now are able to conclude also that v* € L?([0,T]; H"2). We noted in Remark
6 that the proof of Proposition 5 implies that the family X,,v™ is bounded with
respect to m in L?([0,7]; H"*2). Since this is a Hilbert space, we conclude that
Xy, has a weak limit in this space. We know, however, that in less regular
spaces, X, v converges to v*. By uniqueness of limits, we conclude that v* €
L2([0,T); H™2).

All that remains is to show v* € C([0,T]; H"). Since v* € L*([0,T]; H"2),
we see that for almost every ¢ € [0,7], we have v*(-,t) € H"™2. Let 7 > 0 be
such a time. Then we can re-run the existence argument in its entirety using
v*(-,7) € H™*? as the initial condition. Call this new solution v**. We have
v** € C([r, T); H"*2) for all n/ € [0,n). By uniqueness, it must be the case that
v** = ov*. Since 7 can be taken arbitrarily close to zero, this proves that v* is
continuous in H™ for any t € (0, T]. Showing right-continuity of the solution in H™
at time zero is all that remains.

That v* is bounded in H™ at all times implies that v* is weakly continuous in
time, and thus

0" (,0) 1z < Timnf o - 0)
Our energy estimates imply
limsup [[v* (-, )|z < [0 (-, 0) [z
t—0t
Combining these, and the weak continuity in time, we conclude that the solution is
indeed continuous in time in H"™. This completes the proof of existence of solutions
in Theorem 1.

It remains to establish the uniqueness result of Theorem 1; this will follow im-

mediately from the following proposition.

Proposition 7. Let uy € C([0,T]; H*(X)) and uz € C([0,T]; H*(X)) be two
solutions of (1), each with initial data in H™. Then we have the estimate
(27) sup |lur — usl|rz < cf|ui(s,0) —uaz(-,0)||L2-

t€[0,T]
Proof. We consider the difference of the two solutions, w = w; — ug. Since the
equation (1) is linear, w satisfies almost the same equation, just with h replaced
with zero. So we have

wy = a(x, ) Wegrar + (T, ) Werre + (X, ) Wage + d(x, )Wy + e(x, t)w, + f(z, t)w.

We may follow the arguments of Proposition 5 to define a gauge. The choice of
gauge depends on the regularity we choose to estimate, and we are only making
an estimate in L2 at present. Thus the gauge is given by (25) but with n replaced
with zero. Specifically, we have

goal/QeXp{l/ <b5> d:z:’}.
5 0 a
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Give the gauge, we define v as before, i.e. w = vgg. We define the energy to be

Ed:/ v? dz,
X

and (again, following the arguments of Proposition 5) we find

dEg
2 — < cEy.
(28) ot

Note that in Proposition 5, we had % < ¢(E +1). We do not have a constant on
the right-hand side of the present bound (28) because in the present case the term
h has been replaced by zero. Gronwall’s inequality applied to (28) now implies the
desired bound. (]

4. ILL-POSEDNESS RESULT

As we have mentioned in the introduction, we also have an ill-posedness result
when the fourth-order backwards diffusion is stronger. The following is our second
main theorem.

Theorem 8. Let Lu be given by the right-hand side of (1), and let § be defined as
in (26) above. If § > 0 and if the coefficients a, b, ¢, d, e, f, and h do not depend on
t, then the operator L has a sequence of eigenvalues whose real parts go to infinity.
Thus the initial value problem (1), (2) is ill-posed.

Proof. To demonstrate ill-posedness we will start by showing it for a special case
with constant dispersion,

(29) Ut = Uggzzr + OUspzar + C(T)Upzr + d(T)uge + e(2)uy + f(2)u + h(x),

taken with data
u(z,0) = ug(z) € H™*5.
After treating this case, the general case will follow by a change of variables.
First we will show that L, for the linear operator L associated with (29), has a
sequence of eigenvalues A; for which

Jj—o0o

This is straightforward since L is a relatively compact perturbation of the operator
93, Thus we know 0ess(L) = 0ess(02) = 0. This can be shown by choosing § € C
which is not a eigenvalue of 32; then, the inverse operator (92 — 6)~! is a bounded
operator defined for all f € HC.

In fact, the operator (92 — #)~! is a bounded map from H° — H®. This means
the the resolvent set of L is nonempty. We take @ in the resolvent and let the
operator L be given by L = (L — Q)~'. We know that L is a bounded linear map
from L? — H®. We know H?® is compactly embedded in L? so we know L is a
compact map from L2 to itself. This implies that L has a non-zero sequence of
eigenvalues {y;} with a corresponding sequence of eigenfunctions {u;} such that
lim; oo pj = 0. So we have the following relations:

E’LL]' = /Jj’LLj,

(L — Q) 'uy = pjuy,
1

L(u;) = <Q + ) uj.
Hj



FIFTH-ORDER DISPERSIVE EQUATIONS WITH BACKWARDS DIFFUSION 15

It is easy to see that lim;_, . |Q + oo since limj_,o, p;j = 0. This is our

1) =
w| o
sequence of eigenvalues of L so we call Q) + ;% =Aj.

For such an eigenvalue A of L, we let u be the associated eigenfunction such that
|lu|lzz = 1. Then we have @Lu = Auw and thus, after integrating,

/ U(Uzzrrr + OUzrrs + () Uzpe + d(T)Uge + e()uz + f(2)u) do = A
X

We see by integration by parts that [y @seeee do = — [y Uzzzzat d, thus it
must be that E}ifX Wlgrere dr = 0. (Note that here PRz indicates the real part of
the complex number z.) Also by integration by parts, we see that [ ¢ UOUgg gy AT =
8|luzz||% 2. Looking at the real part of A, then, we see

R(A) = 6””96:13”%2 + Cr,
where Cp is given by
Cr=%R [/ w(e(X)ugre + d(T)Uszy + e(T)uy, + f(z)u)de| .

X

We can then easily see that
Crl < ki(llus |z + llullZ2) = ki llus|Ze + ki
Thus we have for § > 0 that

(30) RA) > 0luael|e — kallusllFz — k1 > —ka,
for an appropriate El > (0. Continuing, we see that

RA) + killual|Ze + ki > 6llugeZe,

and thus we may conclude

(31) 0T RW) + K flual|Zs + K1) > [luae |72
Now we bound the imaginary part of A. To begin, we introduce the decomposition
(32) W) = | Wtaresade +Ci,
where
3 Cr= | [ a(ew s + deues + elous + Sl ]

Integrating by parts and using the Cauchy-Schwarz inequality on the first term of
the right-hand side of (32), we have

X X

With an eye toward Cj, we make the following calculation:
[ )t + (@)1 + o), + f o) do
X
= / —c(2) gty + (d(2) — cp(@))UUgy + e(x)tu, + f(x)tu dz
X

= /X —c(2) g gy — (d(x) — () Ug g + (e() — de (2) 4 Co (@) Uy + f (z)Gu da.
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We take the imaginary part of this, finding
=9 { /X (@)t + (e(2) — da (@) + Con (2)) i1ty dt|
Using the Cauchy-Schwarz inequality we conclude
Cr < kallug|lr2||usall L2 + Ksllual| L2
Putting this together, we have

(34) ISV < Nugae | 2l[uael L2 + kalltal| L2 ezl 22 + Eslluel| -

Next we take the equation Lu = Au, and we take the inner product with u, :
)\/ Ugu dx = / Uy (Ugzazzr + OUzgrr + C(T)Uzge + d(X)Uzy + e(2)uy + f(z)u) da.
X b'e

Integrating by parts shows that the first term on the right-hand side is equal to
||uxa:9c||2L2, thUS, we have
(35)

||uzm||2L2 = )\/X Uy U dxf/X Uy (OUg g + () Ugre + A(T)Uge + e(x)uy + f(2)u) da.

Integrating by parts demonstrates that X [ tyu dz = =X [ G, dz, s0 R [ Gpu de =
0, and similarly 6 [y UpUszze AT = —0 [y Gzzzatic dz, 0 RI [y Ualipree = 0. Com-
bining this with (35) yields

el = =] [ (e + e + el + fla)0) di ).

We manipulate the integral on the right-hand side by integrating by parts and using
the Cauchy-Schwarz inequality, finding

/X ﬂx(c(l')uxam + d(x)ul£ + e(x)ux + f(x)u) dx

= / —(2)Upg gy + (d(2) — (@) Upr iy + e(T)ugty, + f(x)ut, do
X
< ki llugell e + kollul| 2 lluee | 22 + kslluall7e + kallus z2-
Letting ¢ = max(ky, ks, k3, k4), we rewrite this as
(36) [usaallze < q(luzellze + luallc2 luzellze + luzlZe + Il z2).
We next find a bound for ||ug||p2. We begin by introducing the notation
U_p = Z W
keZ\{0}

Using this notation, we integrate the equation Auu_o = Luti_o :
A / U_oudr = / U—2(Ugzzrs + OUzzzr + () Uggr + d(T) Uy + e(T)uy + f(x)u) da.
b'e X

Considering the real part, we see that i)‘i(fX U—2Ugrrrs dr) = 0 and iR(fX OUgyrrli—o dx) =
—6||uz |32 by integration by parts. We therefore have the following:

Oluslz2 = /X U—2(c(2)Ugza + d(T)Uzz + e()uz + (f(2) + R(A))u) dz.
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We continue to integrate by parts, yielding

Sllug2z = iﬁ{ /X c(x)uzu + (3¢ + d(z))tou + (e(z) + 2dy + oy )U—1uy dx

+/ (f(2) + e + duy + Caza + R(N))U_ou d:c}.
X

Considering the first term on the right-hand side, we may estimate it as follows:

9%{/){ c(x)ﬂxu} dx = %/X c(x)tgu + c(z)uu, de
= %/x Oy (c(z)uu) — ¢ (z)uu dov = —% /X d(x)uu dz < pr|ullie.

Since ||ul|2, = 1, we use this to conclude

6||um||2L2 <p+ ER{ / (3cx + d(z))tou + (e(x) + 2dy + Cpz)U_1uy dx
X

T R R ) dx}.
X

From Parseval’s identity and the definition of u_,, it is clear that ||u_,|/zz <
|lu|lz2. Using this together with the Cauchy-Schwarz inequality, we have the exis-
tence of constants p; such that

9%{ / (3¢, + d(z))uou + (e(z) + 2dy + Cpz)U—1uy dx
X

X

< (p2 + s + pa+ R Jul 72
Setting P = Zizl P, We conclude
(37) Sllugl|22 < P+ RN

We now combine the bounds (31), (36), and (37) on derivatives of w with the
bound on the imaginary part of the eigenvalue (34). This implies that the imaginary
part of the eigenvalue A is bounded in terms of its real part. Recall that we also
know that the real part cannot go to negative infinity by (30). We also know that
there is a sequence of eigenvalues of L for which |\,| — co. For this to be true we
must have that [\,] — co. Thus we have proven our result for a = 1 and b = 4.

Now that we have proven ill-posedness for a special form of L (i.e. when a =1
and b = 0), we will show that through a change of variables we can treat the general
case. We start by defining

B(z) = / i) dy.

In making this definition, we recall that a is bounded away from zero; this implies
that ® is invertible. Note that d®/dz = a~ 5 (). We next define v(z) where u(z) =
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v(®(2)), i.e. v(z) = u(®1(2)). Using again the definition of the operator L applied
to u, namely
Lu = auyzzze + gres + CUzzs + dugs + eug + fu,
and applying the change of variable, we see that
(38) Lt = a(V22222P") + 0...-(10aD3 D" + bd™) + ¢1v,.. + d1v.. + e1v. + fru.

(The explicit equations for the trailing coefficients are omitted as their specific form
is not entirely relevant for our purposes.)
Using the definition of ®, we rewrite (38) as

Lu = Vzzzzz + Uzzzz(loaq)/gq)n + bq)/4) + C1Vzzz + dlvzz + €10z + f1U~
We calculate the coefficient of the fourth-order term, using the definition of ®
10a®”®" + b®"* = a4/ (2)(b(z) — 24’ (x)).

We introduce the variable z = ®(xz), and introduce the function I'(z) defined
through the equation

D(z) = a=*?(x)(b(w) - 24/ (2)).
Defining M’ through the equation ®(M') = M, we have

M (M)
/ I'(z) dz :/ ['(®(z))® (z) dx.
0 0
This implies that
M’ M
/ ['(z) dz = / a Y (z)(b(z) — 2d'(z)) do = Mé(x).
0 0
We introduce the notation I' = %5, and we define the operator L through

I/@ - 17zzzzz + 'Dzzzzr(z) + Cl'Dzzz + dl’Dzz + elﬁz + fl’D-

By demonstrating that L is simply a change of variables away from L, we know
they have the same eigenvalues. Our change of variables again uses the gauge, i.e.
v = vg, with g be as described in our energy estimates:

g:exp{_;/ozf(s)—l"ds}.

g
L'U = Vzzzz2 + Vzzzz (5; + F(Z)> + CoVzzz + dQUzz + €2V + f2”~

We may then calculate

We can simplify the coefficient of the fourth derivative,

5%’0 +T(2) = (—(I(z) = T) + T(2) = .

Then our expression for Lv becomes
Ly = Vizzzz + szzzz + C2Vzzz + dZUzz + egv, + f2v~

This is the same form of the operator that was studied in Theorem &; this
completes the proof of ill-posedness for the general case. [
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