TOPICS IN PARTIAL DIFFERENTIAL EQUATIONS

JASON MURPHY

ABSTRACT. These notes were prepared for Math 684 (Topics in Partial Differ-
ential Equations) in Fall 2025 at University of Oregon.
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These are somewhat rough notes. They may not contain complete details for

1

every topic. Let me know if you find anything that seems to be seriously wrong.

1.1. Brief introduction to the subject of PDE. A partial differential equation
is an equation involving the partial derivatives of an unknown function of several
variables. Partial differential equations are ubiquitous in the physical sciences and
engineering, appear frequently in other areas of the science, and also play an im-
portant role within mathematics more generally. As a mathematical subject, PDE
is closely related to the areas of analysis (including functional analysis, harmonic
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analysis, numerical analysis, spectral theory, and so on), scientific computating,
geometry, probability, and others.

PDEs come in many different types. The equations themselves are broadly
classified into classes such as elliptic, parabolic, hyperbolic, dispersive, geometric,
and may also be categorized as linear, semilinear, quasilinear, fully nonlinear, etc.
PDEs are also described by their order, which refers to the highest order derivative
appearing in the equation. Particular problems are described as initial-value prob-
lems, boundary-value problems, or a mix of these two. A lot of recent work also
incorporates probability theory, leading to ‘stochastic PDE’.

These notes are not meant to be a comprehensive introduction to PDE. Instead,
the emphasis will be on picking some interesting topics, working out some explicit
examples, and developing a bit of the theory. We will focus on so-called hyperbolic
and dispersive PDE. Elliptic and parabolic equations will be covered in later quar-
ters of this sequence (by a different instructor). Most likely stochastic PDE will
not be treated at all in this sequence.

Instead of attempting a general classification, let’s just take a look at a few
simple representative examples. Many of these will include the Laplacian operator,
defined for a function f : R — R by

d g2
Afzzaxl.
j=1

It is a remarkable fact that the vast majority of physical phenomena we encounter
in our everyday life can be modeled by relatively simple second order PDEs. The
derivation of PDE models is an extremely interesting and important topic, although
we will not go into this area in any deep way in these notes (indeed, this rich topic
really deserves its own course).

~

QD
N

[

Example 1. The Laplace/Poisson equation takes the form

—Au=f, xz€q,
u=g, x€dN

where f,g are given functions and Q C R is some open set. One can also consider
this equation with Q = R, in which case the boundary data needs to be replaced
by some prescribed behavior at infinity. This equation plays a role in classical
electrostatics and gravitation. This is a second order, linear, elliptic boundary value
problem.

Example 2. The heat/conduction equation takes the form
up = Au, (t,x) €[0,T] x RY,
ulg—o = f, x € R4

This is an initial-value problem. This is a second order, linear, parabolic problem.
This problem and its variants arise in problems of heat conduction and are also
related to Brownian motion, finance, image processing, and geometry.

Example 3. The wave equation (posed on all space) takes the form

{utt —Au=0, (tz)cRxR?

U|t:0 =f Ut\t:o =g
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This is a second order, linear, hyperbolic initial-value problem. This equation and
its variants arise in acoustics, electromagnetism, and general relativity.

Example 4. The Schridinger equation (with physical constants normalized to 1)
takes the form

iug = —Au+Vu, (t,z) €RxR?,

u|t:0 = fv
where u : Ry x RE — C is called the wave function and V : RY — R is called the
external potential. This is a second order, linear, dispersive initial-value problem.
This equation is central to quantum mechanics. For example, to model the hydrogen
atom one takes V(x) = |z|~'. There is a nonlinear counterpart (the monlinear
Schrédinger equation)

iug = —Au — |ul*u,

which plays an important role in nonlinear optics.

Example 5. In many applications, instead of Au one encounters a term of the
form V - (a(x)Vu) for some function a(x). For example, in the case of the heat
equation, this models heat conduction in an inhomogeneous medium. Similarly, in
the wave equation, this models wave propagation in an inhomogeneous medium.

Most of these examples are posed as evolution equations, in which the unknown
function depends on variables (¢, z) representing time and space, and initial data is
prescribed at t = 0.

The examples above are all quite simple in structure. This is fine for the purposes
of an introduction, but one should be prepared for much more complicated models
in real applications.

In all but the most special cases, there is no hope of explicitly solving partial
differential equations. In practice, when we study PDE we are firstly interested in
questions of well-posedness (or ill-posedness). Well-posedness means that solutions
exist, are unique, and depend in some continuous manner on the data prescribed
in the problem. Assuming that one can prove the existence of solutions, it is
also of interest to understand the behavior/dynamics of these solutions. In most
applications, the only way to really ‘solve’ a PDE is to use a computer.

2. NOTATION AND PRELIMINARIES

Here we introduce notation and collect some analysis results to be used through-
out the notes. I tried to keep these notes relatively ‘elementary’, in the sense that
I did not want to assume knowledge of too many advanced topics in functional
analysis and harmonic analysis. But of course one cannot really do PDE without
analysis, so some advanced topics show up occasionally.

Multiindex notation. Given a multiindex «, we let

olely
O%u = 8111 . ..as‘d = 8?1 o 'a:ildu'
For k a nonnegative integer, let us denote VFu = {0%u : |a| = 1}. When k = 1
we view V!u = Vu (the gradient of u) and when k = 2 we view V?u as the Hessian
matrix of u.

Convolutions, approximate identities, distributions, etc.
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Convolution is introduced hastily in Section [7.1] below. In particular,

fro@) = [ fe—vat) v

Convolutions are useful for producing smooth approximations. In particular, f *x g
is as smooth as the smoother of f and g. Moreover, if ¢ is a fixed smooth L!
normalized function and g, (z) = n%g(nz), then f x g, — f in various norms (e.g.
LP-norms). We call this ‘approximation to the identity’.

It is often useful to interpret various statements ‘in the sense of distributions’.
As an example, instead of asking that u solve the PDE —Awu = f in the ‘classical
sense’, we might instead ask that

- [une= [ 10

for all ¢ chosen from a very nice but still sufficiently ‘rich’ subclass, like C2° or
Schwartz space. In the event that w itself is smooth, the identity above guarantees
that u satisfies the PDE in the classical sense (by using integration by parts an
approximation to the identity argument). But the formulation above puts the
burden of being smooth on the ‘test function’ ¢, and makes sense a priori for a
very large class of possible u (e.g. locally integrable functions).

In general, we say a distribution is a continuous linear functional on test func-
tions. Continuity should be defined relative to the topology you put on test func-
tions. Locally integrable functions can be identified by distributions by identifying
the function f with the distribution u; defined via

ug(p) = /fw dz.

Once you make this identification, you can do a lot of things that you couldn’t do
before, like differentiate a non-differentiable function. This particular idea is based
on the integration by parts formula

/f’¢=—/f¢’-

Thus if we have a function f for which the right-hand side above makes sense for
any test function ¢, we can declare that f’ exists as a distribution, and the formula
above tells us how to compute it.

One special example is the delta distribution, defined by do(p) = ¢(0). If we
define f to be the characteristic function of (0,00), then we find that f is differ-
entiable (in the sense of distributions), and its derivative is dg. Fzercise: check
this!

Some results from calculus and analysis.

In this section, we will collect some results from calculus and analysis that we
will need at various points throughout the notes.

Theorem 2.1 (Implicit Function Theorem, [6]). Let X,Y, Z be Banach spaces and
O C X xY an open set. Suppose F : O — Z is a C* mapping and that (zo,y0) € O
is such that F(zo,y0) =0 and Dy F(zo,y0) has a bounded inverse in L(Z,Y).

Then there exists a neighborhood U x V of (xq,yo) contained in O and C* map-
ping g : U — V such that

yo = g(zo) and F(r,g(z))=0 forall xe€U.
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Moreover, if F(z,y) =0 for (z,y) € U x V, then y = g(x).

Theorem 2.2 (Inverse Function Theorem, [2]). Let zo € U C R", with U open,
and let zg = f(xg). If f € CYU;R™) and V f(xg) is nondegenerate, then there
exists an open set xg € V. C U and an open set zg € W C R™ such that f : V — W
is bijective with f~1 € C*.
Theorem 2.3 (Contraction Mapping Principle). Let (X,d) be a complete metric
space. Suppose ® : X — X and that ® satisfies

d(®(u), ®(v)) < 2d(u,v) forall u,ve X.
Then there exists unique w € X such that u = ®(u).
Proof. Exercise. O

I found the following lemma stated in this form on Wikipedia. It is used once
below in a ‘compactness argument’.

Lemma 2.1 (Aubin-Lions-Simon Lemma). Suppose Xo C X C X; are three
Banach spaces with Xy compactly embedded in X and X continuously embedded in
Xq. For1<p,qg< o define

W = {u e LP([0,T]; Xo) : Opu € LI([0,T]; X1)}-

If p < oo then the embedding of W into LP([0,T]; X) is compact. If p = oo and
q > 1, then the embedding of W into C([0,T]; X) is compact.

3. SoME ODE THEORY

Reference: Sideris.

Some approaches to solving PDE entail finding some way to reduce the PDE to
an ODE system, at which point one can either solve the ODEs explicitly or appeal
to some ODE existence theory. This section will collect a few basic results from
ODE that may be of use in later sections. A good textbook covering a lot of the
theory (including general existence results) is Sideris [6].

Everybody should know how to define an integrating factor for a first order,
linear ODE. First consider a homogeneous equation of the form

y'(t) +a(t)y(t) = 0.
If we define ®(t) = fg a(s) ds, then the equation above is equivalent to

% [eq)(t)y(t)] =0.

This can be integrated:
e®@y(t) = C, sothat y(t) =e *OC.

The value C is determined by C = y(0).
Now consider the more general inhomogeneous case

y'(t) +a(t)y(t) = f(t).
Use the same integrating factor e®(*) as above. We derive

[ Vy)] = eV f(2).
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This can still be integrated! Incorporating the initial condition leads to

t
y(t) = e~ *Oy(0) + / PO PO f(s) ds.
0

Everyone should also be able to solve a separable equation. Let us run through

the basic idea here. If we can write g—g = f(x)g(y), then we can formally separate
d
TZ) = f(z)dz.

Integrating both sides yields at least an implicit formula for y in terms of x.

4. CAuCHY-KOVALEVSKAYA THEOREM

Reference: Evans Section 4.6

I wanted in these notes to cover at least one very general existence theorem
for PDE. We consider the following first-order PDE system for an unknown w :
R x R" — R™:

u = Bu,y) - Vyu+c(u,y) [t y) <r (@1)

u(0,y) =0 lyl <.
Here r > 0, u = u(t,y) € R™ with (¢,y) € R x R™ ¢: R™ x R” — R™, and we use
the notation
B(U, y) . Vyu = Z Bj (ua y)uyj7
j=1

where subscripts denote partial differentiation and B; : R™ x R™ — R™*™ (so that
B-VyueR™).

Remark 4.1. One can obtain this system from a more general quasilinear equation.
(Ezercise, or check [2].)

The equations for the individual components of u are written as

up =YY B (w.y)uy, + ¢ (u,y). (4.2)

j=1¢=1

Here we use subscripts to denote partial derivatives. For example,

ke
_ 0%u ke __ 9Bj
Uty = Biay, and Bj;yi — oy;

Our interest is a general local existence result in the case of analytic coefficients
and data. Recall that a function f : R™ — R is analytic (near a point xg € R™) if
there exist » > 0 and {f,} C R such that

F(@) =) falz —a0)

for |z — x| < r. Here the sum is taken over all multiindices «. If f is analytic,
then necessarily
_ 9% f(=o)
fo = L),
al

Our goal will be to prove the following:

Theorem 4.1 (Cauchy—Kovalevskaya). Suppose that B and ¢ are analytic. Then
there exist r > 0 and a real analytic function u on |(t,y)| < r solving (4.1)).
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Proof. Writing « = (t,y), we wish to construct a solution of the form

0“u(0
=Zuaa:0‘, Uy = a'( )

We will determine what the coefficients u, must be in terms of B and ¢ and prove

that the corresponding power series converges on some ball |z| < r.

By assumption, there exists some s > 0 so that the functions B and ¢ admit a

power series expansion in (z,y) for |z| + |y| < s:

V)= Bins?y’ c(zy) = ey 627y,
v,0

~,0
with
B ~ 9289B,(0,0) ~9289¢(0,0)
S O N O]

By the boundary condition u = 0 on {t = 0}, we have

97u(0) _ ) whenever a=(0,5).

!

U =

(4.3)

Now let us start from and differentiate with respect to y; for some i €

{1,...,n}. This leads to

ufy :Z[BM ¢ —&-BM u —l—ZBjM;puZ } —l—Zc up

4.
Evaluating at z = 0 (and recalling (4 ) leads to
uy, (0) =cf (0,0), i=1,....n,

which can be written

Ogu(0) = 850(0,0) whenever o= (1,5), |B=1

In fact, we claim that for any multiindex of the form « = (1, 8) we have

0Su(0) = 850(0,0), a=(1,0).

Indeed, we again differentiate the equation (and will evaluate at zero):

ogub =" 05 [Brul, | + 0)[c"].

gL

At this point, one would need to apply the Leibniz rule to expand further. However,
we can already note the terms involving B; always result in a multiindex v with
~v1 = 0 in the u term, so that by they vanish at = 0. Similarly, after applying
the chain rule to the 97 [c*(u,y)] term, any term involving the derivative of u will

vanish by (4.3] . Thus the claim follows.

Next let us consider multiindices of the form a = (2, 3). We use the equation to

compute
%" = 0} Oy [uy]
=909, [Z Bj‘uy, + ck]
PR

o

y
gt

m

174 ke, p, L k P

E <B uty E Bj;zputuyj>—|—g Cz, Ut
p=1

|
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Evaluating at = 0 (and recalling (4.3))) yields
02uk(0) = 07 |30 Bitut, + 3 bt
gt p=1

If we now work out the right-hand side, we find that it is a polynomial in the
derivatives of B;, the derivatives of ¢, and derivatives 9Ju with v, < 1. Moreover,
the coefficients of this polynomial are all nonnegative. As we have already deter-
mined 9] u for such multiindices, it follows that we can determine 9%u*(0) for any
multiindex of the form a = (2, 5).

In general, we can derive that

90ur(0) = pE(...,010)By,...,0000¢ %, ) () =(0,0

z Y% y Uz UyCyevn s Uy

(z,u)=(0,0)

where p¥ is a polynomial with nonnegative coefficients and 8; < a; — 1 for any
multiindex appearing on the right. Thus

k k
Uy =Gy Bjysy ooy Cysy ey U, oo t)

(where 51 < a; — 1), which allows us to recursively determine the coefficients in
the power series of u.

At this point we have shown that if an analytic solution exists, then we can
determine the coefficients in its power series. We will next show that the power
series defined by these coefficients actually converges in some ball. Then, since the
Taylor series of u; and B - Vyu 4 c agree at x = 0, they agree everywhere in this
ball (i.e u solves the PDE).

To prove convergence of the power series, we utilize the method of majorants.
Our presentation will be brief.

Given r > 0 and C > 1, we let

Py (27 y) =

r
Tﬁ(y1+"'+yn)*(zl+"'+zm)

and define

Bj(z,y) = Cr(z,9)1 and c*(z,y) = Cr(2,9) 1,
where 1 denotes the matrix/vector of all ones. If C is sufficiently large, then B3
and ¢* will majorize B; and ¢ in a sufficiently small ball (in the sense that the power

series coefficients of the former are greater than the magnitude of the coeflicients
of the latter, component-wise). This relies on the fact that

|
— +s, ) g Sljtlx“, x| < %
Now consider the problem
uf = B(u",y) - Vyu" +c"(u*,y) =0, u*|=0=0.
This problem has an explicit solution! It is u* = v*1, where
V(@) = o {r — G+ ) = [ — (o F9n)? = 2m(n + 1)Cre]? ],

which is analytic on a sufficiently small ball.

On the other hand, using the same arguments as above, we can also work out the
coefficients of the power series of u* recursively, which will lead to the consideration
of exactly the same polynomials ¢* as above.
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Since these polynomials have all nonnegative coefficients, one can use induction
to show that |u®| < uF* for all coefficients. This relies on the fact that for a
polynomial with nonnegative coefficients and |al, |b], |¢| < A, B, C, we have

lq(a,b,c,.. ) < q(lal,[b],c],...) < q(A, B,C,...).

In particular, we can deduce that u* majorizes u, and hence u converges in the
same ball as u*. The result follows. (I

Theorem [41] assumed zero data ¢ = 0. This can easily be replaced with an
arbitrary analytic function:

Corollary 4.1. Consider the following system for u: R x R™ — R™:
ut:B(u,y)-Vyu—l—c(u,y) |(t,y)|<7"
u(0,y) = g(y) lyl <,

where B, c, g are analytic in some ball around 0. Then there exists r > 0 and a real
analytic solution u on |(t,y)| < r.

(4.4)

Proof. Fix analytic g. Define

B(v,y) =B(v+g,y) and &(v,y) = B(v+g,y) Vyg+c(v+g,y).
Theorem [£.1] yields an analytic solution v to
dw = B(v,y) - Vyv+&(v,y), vl=o = 0.
Then u := v + g solves . ([

We remark that Theorem [4.1] may be used to obtain existence for more general
quasilinear PDE (with analytic coefficients), since these equations can be brought
into the form of a first order system (like the system we considered above). Moreover
one can also obtain existence for fully nonlinear (analytic) PDE. The interested
reader should open [2] for more information.

5. FIRST-ORDER SCALAR EQUATIONS, METHOD OF CHARACTERISTICS

Reference: Whitham Ch. 2, Evans Ch. 3

Let us begin by introducing a simple first-order, one-dimensional model for wave
propagation involving a continuous distribution of some material. Specific examples
will be discussed below.

We define a density p(¢, ) per unit length and a flux ¢(¢, ) per unit time. (The
flow velocity is then v = g/p.) Assuming the material is conserved, we impose that
the rate of change of total amount of material in (z1,22) is balanced by the net
flow across x1 and xs:

x

% p(t,z)dx + q(t, z2) — q(t,z1) = 0. (5.1)

x
In the limit |22 — 21| — 0 (assuming the functions are smooth), this leads to the
conservation law
pt+qe = 0.
In simple settings, we may assume a functional relationship of the form ¢ = Q(p),
so that the equation above reduces to the nonlinear wave equation

pt +c(p)p: =0, with c¢=Q".
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The simplest possible case occurs when ¢(p) is constant:
pt + copes =0, c¢p = constant.
As one can check via direct computation, the solution in this case is
p(t,z) = f(z = cot),

where f(x) = p(0, ) (the initial condition for p).
The nonlinear counterpart

pr+c(p)pe =0

is much more interesting and its study leads to many of the essential ideas in
nonlinear hyperbolic waves. As before, let us denote the initial condition by f(z) =

p(0, z).

Let us look for a solution using the method of characteristics. This entails looking
for a curve x = xz(t) along which the PDE reduces to an ODE that we can solve.
Given some curve z = z(t) and assuming p = p(¢, ) is a solution, let us define

z(t) = p(t, z(t))-
Then (using " to denote time derivative)
() = pi(t, 2 (1) + () pa (8, x(2))-
It follows from the PDE that if
#(t) = c(p(t, 2(t)) = c(2(1)),
then 2 = 0. Then in fact
i = c(p(0,2(0)) = c(f(2(0))) and  p(t, (1)) = £((0)).

In particular, for any ¢ = z(0) € R, we can define the characteristic curve
x(t) = £+ te(f(€)) and obtain

p(t, & +c(f(E)E) = f(8)-

Now, given (t,x) € R x R, we look for ¢ = £(t,z) € R such that x = & + ¢(f(£))t.
If this is possible, we obtain

p(t,z) = f(&), where & =¢&(t,x) satisfies ==&+ c(f(§))t.

Does this solve our problem? The initial condition is certainly satisfied, since
£(0,z) = x. As for the PDE, we first use the chain rule to obtain

pr+ c(p)pa = /()& + c(f(£)&]-
Using implicit differentiation in the formula x = € + ¢(f(€))t, we obtain

c(f(£) 1
= — nd xr — )
CThregere M YT TRerore
so that & + ¢(f(£))€: = 0. Thus the PDE is satisfied as well. The method looks

promising.
However, there can be serious issues with this construction. Let us demonstrate
this with some examples.
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Example 6. Suppose c¢(p) = p and

1 z <0,
fl@)=¢1-2 0<z<1,
0 x> 1.

The solution obtained above is written

p(t,x) = f(&), where &=E¢&(t,x) satisfies x=E+ f(E)t.

Thus the characteristics are:

t=9=% if 0<¢E<,
r=& if £21.

In particular, the characteristics intersect at t = 1 (and x = 1), and our solution
method breaks down. For times 0 <t < 1, however, we can obtain

1 x <t
plt,x) =4 5=F t<z<1,
0 x> 1.

So what is going on at times t > 179 Our method seems to produce some kind of
multi-valued solution, which we must reject. Can we continue the solution past
t =1 in a meaningful (i.e. physical) way?

Example 7. Suppose c¢(p) = p and
1 <0
f(@) = {0 x> 0.
The characteristics satisfy = £ + f(&€)t, so that
t=x—& if £<0,
r=¢ if £€20.

Characteristics begin to cross immediately — so we do not seem to obtain a solution
for any amount of time! (Note that even if we take f to be a slightly smoothed
version of the function above, this issue will persist.)

Example 8. Suppose c¢(p) = p and
0 z<0
flz) = {

1 x>0.
The solution we obtained above is written
plt,x) = [(6), where &=E(ta) satisfies @ =&+ f(EL.

Thus characteristics are

r=¢§ if £<0,
t=x—¢ if £>0.
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We therefore obtain

0 x<0,
p(t,m):{

1 0<t<z.

However, we obtain no candidate for solution in the region {0 < x < t} wvia this
method, as no characteristics enter this region. In fact, there is more than one way
to define a solution in the remaining region. Is there some criterion to pick out the
‘right’ solution?

When characteristics cross, it seems that our equation has somehow failed as a
physical model. One option is to return to the physics and develop an improved
model. In the present case, we can still obtain a reasonable solution by allowing
for discontinuities in the equation. It is important, however, that we do not just
find some ad hoc mathematical solution. Instead, we should find a solution that is
compatible with the underlying physics. In particular, the relevant physics is related
to the formation of shock waves, i.e. thin regions in which the flow variables change
rapidly. In the simple model we are considering, the shock region corresponds to a
discontinuity. (Below we will also resolve the issue presented in Example |8 through
other considerations.)

To proceed, let us go back to the original conservation law

Z2

% p(t,l’) dx + q(ta IQ) - q(taxl) =0,

z1
this time supposing that there is some discontinuity at some x = s(t) € (x1,x2)
(where the characteristics will cross). Splitting the integral into f;l(t) and ff(i), this
leads to
T2
o7 (65(8) = p* (6 5OS(0) + [ gty o+ alt2) — altn) =
1

where p* denotes limits from the right/left. In the limit as x; — s(¢)~ and z3 —
s(t)™, this leads to

g (t,s(t) = (t,s(t) = [p" (£, s(t)] — p~ (£, s(1))]8(),
which we abbreviate as
[q] = [pls. (5.2)
This can be read as a condition for specifying the discontinuity curve x = s(¢). (It

may be called the Rankine—Hugoniot condition.)
With this in mind, let us return to Example [6}

Example 9 (Example |§|— continued). Recall that c¢(p) = p, which corresponds to

q = Q(p) = 3p*. The characteristics begin to cross at (t,x) = (1,1). The value of

the solution is 1 on the left and 0 on the right. Thus

[l =-1 and g =-3,

so that (5.2) dictates s = 1. Since s(1) = 1, we therefore define
s(t)y=1+1(t—-1)=2(1+1).
Fort > 1, we obtain the shock solution

1 < i+
p(t’x)_{o :c>z(1+t).
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Example [7]is treated similarly.

Example 10 (Example 2 - continued). We need to define the shock for all t > 0,
as the characteristics cross at (0,0). The value of the jump is again %, so that we
should take s(t) = 2t. The shock solution is

-2
1 z< it
t,x) = 2
olt. ) {O x>%t.

These shock solutions, although discontinuous, define reasonable PDE solutions
that are compatible with the original physical formulation of the problem. (We will
discuss some alternate approaches to defining the shock condition below.)

There is another condition that should be included in order to properly call
a curve of discontinuities a shock. This is known as the entropy conidition. It
amounts to imposing the condition that if one travels backward in time along any
characteristic, one will not encounter any discontinuities. In the case that @ is
uniformly convex, this ultimately amounts to imposing that the value to the left of
the shock exceeds the value to the right. For more details see |2, Section 3.4.1].

What about the situation in Example Recall in this case that there was a
region of the (z,t) plane that was not reached by any characteristics.

Example 11 (Example [8| - continued). Return to Example @ We should not
define a shock because it would violate the entropy condition. Instead, we present
the following approach.

Take 0 < ¢ < 1 and consider the modified initial data f-(x) defined by

0 =<0
fe()=q% z€[0¢],
1 xz>e.

Then f. — f as e — 0. We will construct solutions p. with data f. and see if we
can obtain a limit as e — 0. As above, we obtain

ps(tvir) = f€(€)7 where 5 = §(t,x) Satisﬁes €T = 6 + fa(g)t

The characteristics are thus

r=¢§ if £<0,
tzgxfs if €€ (0,¢],
t=x—& if £>e.
This leads to the continuous solution
0 x <0
pe(t,x) = %fst(tha) 0<z<t+e¢
1 T>t+e.
We can now send € — 0 to obtain
0 =<0
plt,x)=q%F 0<z<t
1 x>t

This defines a continuous solution to the original problem! We call this solution a
rarefaction wave.
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To help give more intuition for the ideas above, let us discuss one simple, inter-
esting application to traffic flow.

Example 12 (Traffic flow). We model traffic flow by treating a stream of traffic as
a continuum with density p(t,x) (number of cars per unit length) and fluzx q(t, )
(number of cars crossing position x per unit time). On a stretch of highway without
exits/onramps, the total number of cars is conserved, so that we may impose .

We may also assume as a first approximation a relationship of the form q =
Q(p). Taking Q(p) = 2p? yields the equation studied above, but this doesn’t quite
make sense for traffic flow (as it corresponds to the assumption that flow velocity
is proportional to density). We might instead suppose

Q(p) = p(1—p),
corresponding to flow velocity v =1 — p. (Here we implicitly work in units so that
there is a mazimum possible density and velocity equal to 1.) This is known as the
Lighthill-Whitham—Richards model, and it leads to the equation
pe+clp)p. =0, clp)=1-2p.

Writing f(x) = p(0, ), the solution we obtained above is written

p(t,x) = f(&), where &=E&(t,x) satisfies x =&+ [1—2f()]t.

Now consider some special cases of f(x) as above. Let us work with

f(x):{; zig (0<a,B<1).

Let us consider o < f3, corresponding to ‘denser traffic ahead’. The characteristics
are

t={5s if £€<0,

t=155 if £>0.

Characteristics cross immediately at x = 0. This leads to a shock, which we denote
by x = s(t) as above. To the left of the shock, the solution has value o, while to
the right of the shock, the solution has value 5. Imposing the jump condition
(with ¢ = p(1 — p)) leads to

$=1—(a+p).

Thus we obtain the solution

Ja z<[l—=(a+p)t
p(t,r){ﬁ x> [1—(a+p)]t.

In particular, if o + > 1 then the shock moves ‘backwards’—a traffic jam!

Next suppose a > 3, corresponding to ‘lighter traffic ahead’. The characteristics
are the same, but this time there is a region in the (x,t) plane that does not intersect
any characteristics. Thus we construct a rarefaction wave as before. Using the same
method as above, we obtain

fe! x < (1-2a)t
plt,z) =82 —2 (1-2a)t<z<(1-28)t

B x> (1-2p)t.
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Let us give a few alternate points of view concerning the derivation of the shock
condition.

Example 13 (Weak solutions). The presence of discontinuities in a function that
is meant to solve a PDE might make you uncomfortable. A remedy for this is to
utilize the theory of distributions, or the closely-related notion of weak solutions.
For example, we can introduce the more general motion of an integral solution to
pt + 0.Q(p) = 0 with p(0,z) = f(x) to be a bounded function such that

/ /psot+Q sowdwdtJr/f@

for every v € C°(]0,00) x R). Assuming that there is some curve of discontinuity
x = s(t) as above, this formulation may be used to derive the same shock condition
as before. Moreover, the (discontinuous) shock solutions that we constructed above
satisfy the PDE in this weaker formulation. See [2].

Example 14. Let us return to the traffic flow example. The assumption ¢ = Q(p)
may be an oversimplification. A slightly better assumption is
q=Q(p) —vpsy, v>0.
This reflects the fact that drivers will reduce their speed to account for an increasing
density ahead. This choice results in a quite different PDE, namely
pe +c(p)pz = Vpua, c(p) = Q'(p).

If p, is small, we may expect that the two models behave similarly; however, in the
case of wave breaking this term becomes huge and the correction term is crucial. By
looking for a solution with step-like data of the form p(t,x) = g(x — at) (for a to be
determined), one can derive the same jump condition we obtained above (namely,
a corresponds to $). See [§].

We turn to a more general quasi-linear equations of the form
pt+ cpz =,

where ¢, b are functions of p, ¢, and z. We impose an initial condition p(0,z) = f(x)
as before.

Once again, let us try the method of characteristics. We will try to solve the
PDE along some curve x = xz(t). Setting z(t) = p(t, z(t)), we obtain (as before)

2(t) = pult, x(t)) + £(t) pa (8, (1))
Thus we should choose &(t) = c¢(t, z(t), p(t,z(t)) to obtain the system
{ (1) = eft, 2(1), 2(1))
(1) = b(t, (1), 2(1)),

which we pair with the initial conditions x(0) = £ and z(0) = f(&) for all possible &.
It is clear that this situation can become very complicated, so let us just consider
one simple example.

Example 15 (Damping). We consider
pt+ ppe = —ap, a>0.
The characteristic equations are

z(t) =2(t) and 2(t) = —az(t).
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With x(0) = £ as before, we first solve
2(t) = e f(€)

and then obtain

at

z(t) = £+ =—F(¢).
We conclude that

p(t,z) = e “f(&), where & =E(t,x) satisfies =&+ [172? Jtf().

The term —ap has a damping effect on the solution itself, but is it enough to prevent
shock formation?

Let us show that if [ is differentiable with f'(§) > —a for all &, then charac-
teristics cannot cross. Indeed, suppose there exists some (t,x) and & # n such
that

at at

x =&+ [F5—tf (&) = n+ [F=—]tf(n).

Rearranging yields

fO-fm) _ __a
§&—m  l—emat”

Thus by the mean value theorem, there exists xo such that
f/(QTo) == —lié%at < —a.

We generalize a bit further now and briefly discuss fully nonlinear first order
equations of the form

H(y,¢,V¢) =0
for some smooth function H. Here ¢ = ¢(y), and we write y = (t,z) € R x R™.
Then V¢ = (9;¢, V,¢). We assume that we have an initial condition of the form

#(0,z) = f(z), ze€T CR™

Using the strategy introduced above (the method of characteristics), we will
define a curve y = y(s) and let z(s) = &(y(s)) and p(s) = Ve(y(s)). For any choice
of y, one has

t=p-y and p=[V2e(y(s))]y-
To find a good choice for g, we start from the PDE and differentiate with respect
to each y;. Writing the arguments of H as (y,2,p) € R"™ x R x R"*1 this yields

V,H+0.HV$ + V?¢V,H = 0.
Thus, if we define
y(s) = VpH(y(s), 2(s), p(s)),
we obtain
p(s) = =VyH(y(s), 2(s), p(s)) — 0-H(y(s), 2(s), p(s))p(s)
We are therefore led to the following ODE system (in 2n + 3 variables):
§(s) = VpH(y(s), 2(s),p(s))
p(s) = =VyH(y(s), 2(s),p(s)) — 0-H (y(s), 2(s), p(s))p(s), (5.3)
(s) = p(s) - y(s).
For initial conditions, we fix £ € R™ and we must have that

y(0) = (0,€), =[p(0)] =Vf(E), =2(0)=f(&),
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where 7 is projection onto the last n components. This determines all but the first
component of p, i.e. we need one more constraint. For this, we use the fact that
the PDE must be satisfied. This requires

H(y(0),2(0),p(0)) = 0.
Together with the preceding display, this provides a set of 2n + 3 compatibility
conditions for the initial data. Let us call a triple (y°, 20, p°) satisfying all of these
constraints admissible.

Now, given an admissible triple of data, we should be able to solve (for
reasonable H) by appealing to ODE existence results. To obtain an actual (local)
solution from the ODE solutions, we need to know that (i) admissibility persists
in a neighborhood of ¢ and (ii) every point in some neighborhood of (0,¢) can be
reached by some characteristic curve.

The key condition turns out to be the following:

Definition 1. An admissible triple (y°,2°,p%) is called noncharacteristic if
ale(yO’ Zovpo) 7& 0.

Lemma 5.1. Let (y°,2°,p%) be a noncharacteristic, admissible triple with y° =
(0,£9). Then for all ¢ sufficiently close to £°, there exists a (unique) noncharacter-
istic, admissible triple (y, z,p) with y = (0,&).

Proof. Let qo = p{ (first component of p®). Then, by assumption we have

H((0,€%), F(£%), (90, V(7)) = 0.

We wish to construct a function ¢ = ¢(§) € R (defined for ¢ in a neighborhood
of €9) so that ¢(£%) = ¢o and

H((0,€), £(6), (a(£), VF(£))) = 0. (5.4)

We can do this using the implicit function theorem. Define the function G :

R — R by

G(&,q) = H((0,8), £(£), (q, V(£))-
Then G(£° qo) = 0 and the non-characteristic condition reads 9,G(£%,qp) # 0.
Thus by the implicit function theorem there exists ¢ = ¢(§) for £ in a neighborhood
of €9 such that G(&,q(€)) = 0. This yields .

Moreover, since £ — ¢(&) is continuous, we can guarantee that the noncharacter-
istic condition continues to hold at points ((0, &), f(£), (¢(£), Vf(£)) (after possibly
shrinking the neighborhood around £%). The uniqueness claim also comes from the
implicit function theorem. O

Suppose (y°, 2%, p°) is noncharacteristic and admissible with y° = (0, £Y). Using
the lemma above, we can produce noncharacteristic, admissible data (y*, 2!, p')
from any ¢! sufficiently close to ¢°. In particular, we take y' = (0,¢1), 2! = f(¢1),
and p' = (q(¢Y), V£(£Y)) (where g(-) is as in the lemma). We can then use ODE
theory to solve using this data, at least locally in s. We denote the dependence
on the initial point £ by writing y(s; ), p(s;€), and z(s;&).

Lemma 5.2. Let (y°, 2% p°) be a noncharacteristic, admissible triple with y° =
(0,£9). Then there exists an interval I > 0, a neighborhood W > £°, and a neigh-
borhood V' > (0,£°) such that for any Y € V we have

Y = y(s;€)
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for some (unique) £ € W and s € I.

Proof. We have that y° = (0,£%) = y(0;£°). Thus the result will follow from the
inverse function theorem, provided we check that V ,y(0; €°) is nondegenerate.

In fact, in general we have (0,£) = y(0;¢) (in the neighborhood guaranteed by
the previous lemma). Moreover from (5.3) we have §(0,£%) = V,H(y, 2% p°).
Thus o 0 0

Op, H(y", 2%,p%) 0
0y _ P1 A
vs,yy(oag ) - % In )

where I, is the n X n identity matrix and * denotes the remaining components
of V,H(y% 2% p%). In particular, this matrix is nondegerate precisely due to the
noncharacteristic condition. d

Using the characteristic ODE system, we can therefore obtain the following local
existence theorem:

Theorem 5.1. Suppose that (y°, 2%, p°) is an admissible, noncharacteristic triple,
with y° = (0,£%). Then there exists a neighborhood W > £°, a neighborhood V' >
(0,£9), and a solution ¢ = ¢(t,x) to H(y,p,Vé) =0 for (t,x) € V, with $(0,z) =
f(x) forx e W.

The proof amounts to solving the characteristic ODE system, defining ¢(y) =
z(y(s; €)), where y(s;€) is the unique characteristic curve containing the point y,
and then verifying that the resulting function satisfies the PDE. The details are
carried out in |2, p. 107].

We have focused on the case of specifying data at ¢ = 0. More generally, one
can specify data along some other hypersurface. The noncharacteristic condition is
then expressed in terms of the normal derivative to this surface. See [2] for more
details.

Let us return to the simpler case that we considered initially.

Example 16. Let us consider an equation of the form

¢t +c(9) - Vagp = 0,

where (t,2) € R x R™ and c¢(p) € R™. As usual we prescribe an initial condition
of the form ¢(0,z) = f(x). (This is the higher dimensional generalization of the
examples worked out in detail above).

We may write the equation as

H(¢7V¢) =0, H(va) = (170(2)) D

The characteristic ODE system becomes

y=(1,¢(2), 2=p-(,c(z)) =0,
where we have used the PDE itself in the equation for z. We have omitted the
equation for p because it turns out not to be needed here.
In particular (just like before) if we set y(t) = (t,x(t)) with & = c(z) then we
have z = z(0). The conclusion is then

ot ) = f(€), where §=¢&(tx) satisfies =+ c(f(E),

which is exactly what we derived before.
In this setting, the moncharacteristic condition is automatically satisfied. Thus
the theorem above seems to guarantee the existence of solutions locally in time.
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However, we have seen examples of data in which shocks form instantly, as well
as data for which we had regions of spacetime not reached by any characteristic
curves. This seems troubling, but in fact there is no contradiction: instantaneous
shocks and rarefaction waves were only occurred in the case of discontinuous initial
data, whereas the analysis above assumed all functions were quite reqular!

6. FIRST ORDER HYPERBOLIC SYSTEMS

Reference: Whitham Chapter 5

This section was actually skipped in lecture, because I felt it ended up being a
bit too superficial, but it is here if you want to read it.

In this section we will consider first order hyperbolic systems, although our
presentation will be fairly brief. We will also stick mostly to the case of one space
dimension.

The general quasi-linear first order system then takes the form

n
Z[Aij%—i—aij%]—i—bizo, 1=1,...,n,
j=1
where the unknown functions are u; = u;(t, ) with (¢,2) € R xR and the functions
A, a,b may be functions of u = (uq,...,u,) and of (¢,z). In what follows, we will
use the Einstein summation notation, in which repeated indices are summed. In
particular, the system above can be written

Aij%—l—aij%—i—bizo, 1=1,...,n. (6.1)
The main question we will try to address in this section is the following: when
can we call the system above ‘hyperbolic’? As we will see, the definition essentially
corresponds to the assertion that for short times, the behavior at a point can only
be influenced by sufficiently close points. (This in turn generally allows for local
solvability via characteristics.)
We first investigate whether we can use to get a relation involving the
directional derivatives of all of the u; in a single direction (a, 3).
We begin by considering general linear combinations of the n equations in ,
which may be written
Ci[Aiy S+ ai 5] + b = 0
for some ¢ = ((t,x,u). We would like to choose ¢ so that this equation takes the
form
mj[a% 4 94) 4 4;p; =0 (6.2)
for some (a, B).
Suppose for the moment that this is possible. We can then define a parametrized
curve (T'(n), X (n)) with
T'(n) =a, X'(n) =4
If we define Z(n) = u(T(n), X(n)), then becomes

ijj +£;b; =0,

which is in characteristic form and can be integrated.
What does it take to achieve (6.2)?7 The conditions are

&A” = am; and &-aij = ﬂmj,
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which leads to

gl(ﬁAU — ozaij) =0.
A nontrivial solution ¢ exists if and only if
det[ﬁAi]‘ — ozaij] = 0,

which we read as a condition on the direction («, 8). In order to solve locally via
characteristics, we would like to be able to find n characteristic directions. This
will form the basis of the definition of a hyperbolic system.

Before giving the definition, we first observe that either A or a could be singular
(in which case the x,t directions could be characteristic). In fact, both could be
singular so that both of these directions are characteristic. On the other hand, in
some cases in which both matrices are singular, the system becomes too degener-
ate. One way to prevent this overly degenerate situation is to require that some
rotation of the coordinate axes leads to a new system with nonsingular matrices.
Equivalently, we require

I\, p) # (0,0) : det[)\Aij + ,uaij] # 0. (6.3)
We can now introduce the definition of a hyperbolic system:

Definition 2. A system (6.1)) satisfying (6.3]) is hyperbolic if there exist n inde-
pendent vectors (¥ and nonzero (¥, B*) such that

65 [,BkAl] + akaij] =0.

Note that the directions (¥, 3%) may not be distinct. (If they are distinct, one
calls the system totally hyperbolic.)
We consider several examples.

Example 17. The case A;j = §;; is an important special case, and indeed when A

is nondegenerate the system can generally be reduced to this form. Note in this case

that if o = 0, then the condition above becomes B{;0;; = 0, which can only have a

nontrivial solution if 8 = 0. Thus we may assume o # 0, and in particular we can

normalize to o = 1. Thus characteristic curves are never in the direction of the x

azis, and we can parametrize the curves as (t,z(t)) (similar to the scalar case).
The characteristic condition for a direction (1,3) then reads

det[8I — a] = 0.

In particular, the characteristic velocities (i.e. the possible values of 3) correspond
to the eigenvalues of the matriz a, and the vectors £ are eigenvectors (of the trans-
pose of a, actually).

From this, we deduce that the system is hyperbolic if a has n distinct real roots.
In particular, this is the case whenever a is a real symmetric matrix.

Example 18. The equation
Ut — YUgy = 0
can be written as a system by defining v = u, and w = u;. In particular, the PDE
is equivalent to the first order system
vy — Wy = 0,

wy — YUy = 0.
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[ 4 3]

If v > 0, the eigenvalues are &/, whereas if v < 0 the eigenvalues are pure
imaginary. For v > 0 we obtain the wave equation (which is hyperbolic), while for
v < 0 it is Laplace’s equation (which is elliptic, not hyperbolic).

This corresponds to A = I and

Example 19. Consider the damped wave equation
Ut — YUy +u =0,
with v > 0. If we define ¢ = uy + /YU, then this equation can be rewritten as the
system
ot —/Vps +u=0,
U +/yu— @ =0,
which has nonsingular coefficients.
Example 20 (Gas dynamics). In compressible inviscid flow of gas, the velocity
is denoted by u, the pressure by p, the density by p, and the entropy by S. The
equations modeling the dynamics are
pt + upg + puy =0,
U + Uly + %pz =0,
Sy +uS, =0,
with p = p(p, S). The characteristic equations can be worked out to

dp du _ dx
E:ﬁ:paﬁfO on G
ds __ dx
‘@ =0 on g

=uza,

:u’

where a® = (%Z)ls’:const~

In these notes, we will not pursue hyperbolic systems any further, but let us
mention a few topics that the interested reader could pursue further (see Whitham
Section 5.5 and on).

e Characteristics carry information from the boundary into the region of in-
terest. Abrupt changes on the boundary produce abrupt changes propagat-
ing on characteristics through those boundary points. An abrupt change
may be modeled by a discontinuity in the derivative of u, and indeed dis-
continuities in derivatives can only occur on characteristics. If a system has
no characteristics, one expects that discontinuities on the boundary will be
immediately smoothed out in the solution. (On the other hand, existence
of characteristics does not guarantee discontinuities.)

e An interesting example that can be worked out in detail involves systems
admitting constant solutions, i.e. u; = const. In this case (assuming A;; =
d;; as above) one can write the ‘wavefront’ in the form = = X(¢) and
expand the solution in powers of £ := x — X (¢). Doing the same for the
functions a;;, one can use the PDE system and start matching coefficients
in order to compute the variation of the higher order derivatives. In some
cases one can obtain wave breaking (so that discontinuities are introduced
in the functions u; themselves). See Section 5.6 in Whitham, where some
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examples from river flow (shallow water waves, flood waves, tidal bores) are
worked out. See also Section 5.8 for more information about shock waves
in the system setting.

e Whitham also discusses systems in higher dimensions (i.e. z € R™ with
n > 2), cf. Section 5.9.

Finally, let us say a bit more about the classification of second order linear
equations of the form

2
L o
(with A;; symmetric). As we saw above, sometimes such an equation can be con-
verted to a first-order system. However, it may be convenient to work with this
second-order form directly.

Consider the possibility that ¢ has a jump discontinuity in its second derivative
across some surface {S(x) = 0} (but ¢ and V¢ are continuous). We can then

A

+Cp=0 (6.4)

introduce local coordinates based on this surface, deducing that g%ﬁ is discontinuous
while other second order derivatives are continuous (here this notation refers to
normal derivative on the surface). Taking the difference of limits of on the
two sides of the surface leads to
S 0S [9%¢] 0
i 5] =

052

where [-] denotes the value of the jump of the derivative across the surface. In order
to have this jump be nonzero, we must then have
95 9S 0

Y Ox; Oz

Now, the quadratic form § — A;;£,€; can be reduced (at each point z) to

(6.5)

£ ar€i + -+ amél,.

If the a; are all the same sign, there is no solution to . We call the equation
elliptic (at the point x). If some of the a; are zero, we call the equation parabolic;
the most typical case is that one a; is zero and the rest have the same sign. If the
a; are nonzero but not all the same sign, we call the equation hyperbolic; the most
typical case is that one a; has a different sign than all of the others.

7. LINEAR DISPERSIVE EQUATIONS, FOURIER TRANSFORM

Reference: Whitham Chapter 11.

Our next topic is linear dispersive PDE. We will follow Whitham and give the
following practical definition of a dispersive equation: A linear equation is dispersive
if it admits plane wave solutions of the form

o(t,x) = Aexp{ik -z —iwt}, (t,z) € R xR
The parameters above have the following interpretation:

e A € C is the amplitude,
o k c R%is the wave number,
e w € R is the frequency.
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To satisfy a (linear) PDE, the pair (w, k) must satisfy a dispersion relation of
the form

G(w, k) =0, (7.1)
where G is determined by the parameters of the PDE.

Example 21. The function ¢(t,x) defined above solves the linear wave equation
Vi — Y2 A = 0 if and only if

G(w, k) :== w? —¥?|k]> = 0.
In what follows, we make the underlying assumption that we can solve (7.1)) via
w=W(k)eR.

(This assumption that w € R is part of what makes the equation dispersive.)

Note that it is possible that we obtain multiple solutions in the dispersion rela-
tion. For example, we have the solutions w = %|k| in Example The general
solution is built using the superposition principle.

If the PDE has real coefficients, it is a bit awkward to take complex-valued
solutions. In this case we may take the solution

Rep(t,z) = |A|cos(k -2 —wt+1n), n=arg(A).

Before introducing several examples, let us define two important concepts related
to dispersive equations, namely, phase velocity and group velocity.
The quantity
0=k -z—wt

is called the phase of the solution. The phase surfaces {§ = const} are parallel
planes. The value of 6 determines the position on the cycle between a crest and
trough.

Consider some phase plane, say P = {z € R?: k-2 — wt = c}. This can be put
into the standard plane form by writing

P:{:L’ERd:h[xf(CwLwt)ﬁ]:O}.

From this form we can see that any particular phase surface moves with normal
velocity |WT| in the direction % Thus we define the phase velocity ¢ = ¢(k) by
w k W (k)

<= also written ¢ = —f+ T

CcC =
[kl 1% [kl &

Note that different wave numbers generally lead to different phase speeds—this is
also part of what makes the equation dispersive. In what follows, we will build gen-
eral solutions by taking (continuous) linear combinations of plane wave solutions.
We will show that if we build such a ‘wave packet’ solution centered at frequency
k, then the packet essentially travels with velocity VW (k). Thus we will define the
group velocity by
group velocity = VW (k).

In order for the equation to be ‘dispersive’, we want to exclude possibilities such as
W (k) = ak + b. We therefore generally impose the additional condition

VW (k)| # 0.

We summarize the discussion above in the following rough definition:



24 JASON MURPHY

Definition 3. A linear PDE is called dispersive if it admits solutions of the form
Aexp{i(k - x — wt)}, where (k,w) satisfy some dispersion relation G(w,k) = 0.
We require that this equation can be solved by taking w = W (k) for some w € R
(and note that it is permitted to have multiple solutions). We further require that
[V2W (k)| # 0.

Given a dispersive equation with dispersion relation w = W (k), we define the

phase velocity by %Iﬁ:l and the group velocity by VW (k).

Let’s look at some examples (and non-examples):

Example 22 (Examples and non-examples).
e The linear Schrédinger equation
10iu = —Au
is dispersive. The dispersion relation is G(w,k) = w — |k|> = 0. The
solution is W (k) = |k|? € R, so that plane wave solutions have the form
Aexpli(k -z — |k]*t)}.

The phase velocity is k; the group velocity is 2k. The Hessian of W is
nondegenerate for all k.
e The linear wave equation

Ut — Au=0
has dispersion relation G(w,k) = —w? + |k|*> = 0, which has solutions
W (k) = £|k|. Then plane wave solutions have the form
Aexp{i(k-x £ |k[t)}.

The phase velocity is i% and the group wvelocity is iﬁ. The Hessian is
singular at k = 0. This equation is not quite dispersive according to our
definition above.
e The closely-related Klein—Gordon equation is
Uy — Au+m?u=0, m#0.
The dispersion relation is G(w,k) = —w? + |k|?> + m? = 0, which has
solutions W (k) = £+/]k|?> +m2. Plane wave solutions have the form
Aexp{i(k -z £ /|k]? +m?t)}.

The phase velocity and group velocity are

kEv/|k]? + m? d k
——— and —F—,
Ik kP 2
respectively. In this case V?W is nondegenerate for all k.
e The heat equation
ur = Au
s not dispersive. If we look for solutions of the form
Aexp{i(k -z — wt)},

then we find that we must have w = —ilk|?, which is not real. The factor

. 2 . . .
e~ would become e~ 1FI"t | which decays in time.
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o The Korteveg-de-Vries equation is
Ut + Ugge — Ouu, =0, (t,2) e RxR.
The linear part of this equation is the Airy equation
U + Uggr = 0.

The dispersion relation for this equation is w = W (k) = —k3. Plane wave
solutions have the form

Aexp{i(kr — k3t)}

The phase velocity is —k?* and the group velocity is —3k*. Note that W' (k)
degenerates to zero as k — 0.
o For water waves, we have the following dispersion relation

w? = glk| tanh([k|R) {1+ JZ|k[*},

where h is the depth, g is the gravitational constant, p is the density, and
T is the surface tension (Whitham’s book [§] contains a derivation of this
dispersion relation — see Ch.13 therein). There are several interesting
limits that one can consider.
First, in the regime p%|k\2 < 1, the surface tension effects become neg-
ligible and one obtains the approximation
w? = g|k| tanh(|k|h).

Using this dispersion relation leads to so-called gravity water waves. In this
case the phase and group velocities are

c(k) = |/t tanh([k|h) and C(k) = se(k)(1 + srimes).

(Here since the dispersion relation is radial, we are using the radial deriv-
ative of w to obtain the group velocity.)
In the limit |k|h — oo, we have

we (glkD)E, ek) ~ ()7 Ck) ~ 3()2,

while in the limit |k|h — 0 we have
1 1 1
w~~ (glkl)2[k],  c(k) ~ (gh)z, C(k)~ (gh)>.
In the other regime %|k|2 > 1, the surface tension effect dominates and
we have the approximation
w? = L|k|* tanh(|k|h).

Using this dispersion relation leads to so-called capillary water waves. Then
the phase and group velocities are

o(k) = (L|k|tanh([k[h))? and C(k) = 3e(k)(1 + st )-
In the limit |k|h — oo we have
1 3 1 1 1 1
wn (D)2[RZ, e(k) ~ (5)2k]2, O(k) ~ 5(5)% k]2,

while in the limit |k|h — 0 we have

wr (T2, elk) ~ (B2 (k] Ck) ~ 2(T1)2 [k,
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Let us now discuss the construction of solutions to linear, dispersive equations.
Suppose that we have a linear dispersive PDE with dispersion relation w = W (k) €
R. For any k € R? and A € C, we can therefore obtain a plane wave solution

Aexp{i(z -k —tW(k))}.

By linearity, we can build more general solutions by taking some smooth, localized
function A = A(k) and defining

ult, z) = /R A(k)e! D dps

Remark 7.1. For A € L*(R?), the function u € L%, (R x R?).

€T

At time t = 0, we have

u(0,2) = | A(k)e™* dk.
Rd
This shows that A(-) and (0, -) are linked via the Fourier transform, which we now
introduce.

7.1. The Fourier transform. This section gives a very brief review of the Fourier
transform. If you have not studied the Fourier transform before, I encourage you
to seek out a more comprehensive reference!

Given a function ¢ : R? — C, the Fourier transform of ¢ is the function ¢ :

R? — C defined by
o) = 20t [ plae e dn
Rd

We may also write ¢ = Fp. We can initially take the domain of F to be L'(R?),
in which case we can verify that F(L!(R%)) C Co(R?) (this is called the Riemann-
Lebesgue lemma).

For f € L' N L?, one can prove that in fact f € L?, with

[ Vw1 s

This is called the Plancherel identity or Parseval’s Theorem. Using this, one can
prove that the Fourier transform extends to a bijective isometry on L?, and more-
over one has the Fourier inversion formula

f(z) = (27r)—%/ ek f (k) dk

Rd

wla.

and can further define F~': L? — L2

There are some other important general principles surrounding the Fourier trans-
form. For example, we can say that the Fourier transform interchanges decay and
regularity. This ultimately refers to identities such as the following:

FIVel(k) = ikp(k),
which we will return to below.

Remark 7.2. The identity above shows that V is an example of a ‘Fourier mul-
tiplier operator’. In general, a Fourier multiplier operator T has the property that

FITf1(&) = m(&) f(&) for some function m, called the multiplier of T. We can also
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write T = F~'mF. Noting that FIAf](€) = —|€|2f(€), we can further introduce
notation such as

Qi _ ]_—7167#\59}—.
One can check that €™ f is the solution to the linear Schrédinger equation with

initial data f, that e‘tagf 18 the solution to the Airy equation with data f, and so
on.

Remark 7.3. Fourier multiplier operators may also be expressed as convolution
operators, namely: if T = F~'mF, then

Tf=(2m) [F 'm]* f,

where the convolution x is defined by

frglx):= /f(w —y)g(y) dy.
This follows from the following convolution identity for the Fourier transform:
d g,
Flf gl =(2m)>fg.

Now, given an initial condition ¢(z) and a linear dispersive PDE with dispersion
relation w = W (k), we see that the solution is given by

u(t,z) = (2m) "2 /R ) e @ k=tWE) 5 (k) dk

— (2m) ¢ / / il k=W () dy s
We can also see from the identity above that
a(t, k) = e W R 5 (k).

Since W (k) € R, this implies |G(t, k)| = |@(k)| for all ¢. This, in turn, guaran-
tees conservation of all of the L2-based Sobolev norms, which often have physical
interpretations (e.g. mass and energy).

7.2. Group velocity. In this section we continue to assume that we are working
with some linear, dispersive equation with some dispersion relation w = W (k). We
want to understand the statement that an initial wave-packet centered at frequency
ko € R? travels with the group velocity VW (k). We will continue to assume that
V2W is nondegenerate.

We will also see that even an initially localized wave packet will eventually dis-
perse over time, with a decay rate determined by the dispersion relation. This
pointwise decay coupled with the conservation of L?-based Sobolev norms is char-
acteristic linear, dispersive PDE.

To simplify the discussion, let us restrict attention to the case d = 1. We consider
a solution of the form

p(t,x) = /F(k)efixt dk, where x = x(t,7;k)=W(k)—k7,

where we assume F' and all of its derivatives are integrable. To say we have a wave
packet localized at k = kg simply means that F' is sharply localized around ky. We
write F'(k) =~ F(ko).
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At time t = 0 we have a wave packet at spatial position z = 0 and frequency
k = kg. Our question is: where should we expect to find the ‘bulk’ of the solution at
some time ¢ > 1?7 We are claiming that the solution will be found at « ~ W’ (ko)t.
To see this, we first observe that

X' (k) = W'(k) = § = W(ko) = §

t
on the support of F. Suppose first that (¢,z) are such that [W'(ko) — 7| 2 1. Let
us show that we can obtain arbitrary good decay for ¢(t, z) at such points.

We begin by writing

—ixt _ i d ,—ixt

(& Wﬂe

Then, integrating by parts, we have
o(t,z) = %/% F'(k)e™ X! dk.
1

As we are assuming |x(k;¢,z)| 2 1, we obtain the bound |¢(,z)| < 7. Repeating
the argument once more, we can in fact obtain |p(t, z)| < # for any ¢. Thus:

L _Wko)| 21 = lp(t,a) Se ()~ forany €21,

(This argument is known as the nonstationary phase argument.)

It remains to see that there actually is something to be found around z =
W'(ko)t (the stationary phase point). At this point we have x'(ko) = 0, so that we
may write

x(k) ~ x(ko) + 5 (k — ko)*x" (ko),
where we recall the overarching assumption that x” (ko) # 0. Then

olt,z) ~ F(ko)efix(ko)t/67%(k7k0)2x”(k0)tdk.

This final integral can be computed explicitlyﬂ The result is
Pt 7) ~ (q2m) 2 Fko)e XM exp{Zsgn(x" (ko))}, @~ W (ko)t.

Thus the wave packet propagates with velocity W'(kg), decaying over time at a
rate of t—1/2.

Similar computations go through in R?, with characteristic decay rate of t~%/2.
Recalling that the L2-norm is conserved, we see that the characteristic width of the
solution must also grow at a rate of ~ ¢.

The argument above breaks down if W” (k) becomes nondegenerate, and gener-
ally one obtains different (weaker) decay rates. For example, while the Schrédinger
equation and Klein-Gordon equation have decay rates of t’g, the Airy equation
has the decay rate t~1/3, and the wave equation exhibits a decay rate essentially
like ¢t~ (@=1)/2 Thus, for example, we have:

ZtA(PHLgo(]Rd) S \t|7%|\¢||L;(]Rd)7

82<PHL;C(R) S |t|7%||90”L}C(]R)'

The dispersive estimate for the wave equation is a bit more complicated to state,
and we skip it here.

The dispersive estimates, together with L? conservation, can be used together
with other tools from harmonic analysis to prove so-called Strichartz estimates for

o |le

o |t

=

IThis relies on the Gaussian integral Jz e—2? dy = (3)z.
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a variety of dispersive equations. Such estimates are then essential in proving local
well-posedness for nonlinear dispersive equations.

Let us also consider some slightly more general situations, e.g. variable-coefficient
equations (which cannot be treated so simply using the Fourier transform). Let us
restrict to one spatial dimension to keep things simple.

In the constant coefficient case, we have the phase

0t,x) =k -z —wt, w=W(k).

We can then recognize the wave number & = 0,0 and the frequency w = —3:6.
In the non-constant coefficient case, we may still have a dispersion relation w =
W(k), and we may be able to construct slowly varying ‘wavetrains’ of the form
A(t, ) exp{if(t,z)}. We can then define a local wave number and frequency b y

E=k(t,x)=0.0(t,x) and w=—00(¢,x).
Using the dispersion relation, we then obtain
Otk + 0,w =0, sothat Ok + W' (k)O.k = 0.

This is a 1d conservation law, like the type we studied above! Here k is the density
of waves, w is the flux of waves, the equation is conservation of waves, and evidently
W'(k) is the propagation velocity for wave number k.

Let us illustrate this idea with a simple example, namely, the linear Schrodinger
equation with an external potential.

Example 23. Consider the 1d Schriodinger equation
Uy = —Ugze + Vu,

where u : Ry xRy, — C and V : R — R. In order to obtain a plane wave type
solution, we look for a solution of the form

u(t,x) = A(t,x) exp{if(t, x)}.
Then a direct computation yields
e + Ugy — VU
= {Apy — (02)%A — A — VA+i(Ay + 20, A0 + 0,0) ).
Thus we obtain a solution if we have
At + 20, Ay + Abyy = 0,
O+ (0,)2 =V — Az,

As we want a ‘slowly varying wavetrain’, let us simply set the Ay, term equal to
zero in the equation for 6. Then we get the following equation for the phase:

Ht + (ax)z = V

If V =0, we can recover the phase for the free linear Schrédinger equation, namely
0(t,r) = kx — kt. In the general case, we use the method of characteristics. We
begin by differentiating the equation with respect to x to observe

Now let us introduce a curve z(t) and define p(t) = 0,.(t,x(t)). Then
D= (Qm)t + i(em)ma
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so that if we pick & = 2p we arrive at the ODE system
@(t) =2p(t), p(t) = Va(z(t)).

If we solve this system, then we can also compute 0, along the curve x(t) by using
the original PDE:

u0(t, (1)) = 0:(t, 2(t)) + 20, (t, 2(t)) = V(x(t)) + p(t)>.
The local wave number and frequency along the curve are given by
k=0.0(t,z(t)) =p(t), w=—0,0(tx)=—pt)? —V(xt)),

where ©(t) = 2p(t). This can be read as a change in the frequency for a given wave
number in a way that depends explicitly on the potential.

7.3. A simple well-posedness result. Let us close this section with a simple
existence result for the 1d nonlinear Schrédinger equation:

iy 4 Upy = —|ulu. (7.2)

Theorem 7.1. For any ug € HY(R), there exists a unique solution u to (7.2)) with
Uli=o € up on some time interval [0,T], where T = T'(||uol|g1)-

We will need a ‘Sobolev embedding’ estimate:

Lemma 7.1. Let u € H'(R). Then

1 1
l[ull Lo ) S ||u|‘[2,i(R)Ha:Eu||zi(R)'
Proof. Let x € R. By the fundamental theorem of calculus and the Cauchy—Schwarz

inequality,

o)
o) =| [ 2005 dy] < 2l ol
T

As the estimate holds uniformly in z, the result follows. O

Proof of Theorem[7.1. We will use the Duhamel formulation of (7.2). This means
that we will construct a solution to the following equation

u(t) = [®u)(t) := e Pug +1i /O e =8 |y |2u(s)) ds,

where
Qi _ I_-—le—it\£|2]:.

The strategy for accomplishing this will be to show that the operator ® is a
contraction on a suitable complete metric space. To this end, we let T > 0 be a
small parameter to be determined below, and we define a space X consisting of
functions w : [0, 7] x R — R satisfying the bounds

u(®)|lzz <2M and [|Ozu(t)||pz <2M forall ¢ e [0,T],
where M = ||ugl|zr1. We equip this space with the metric
a0 = sup_ Ju(t) — v(t)] 2.
t

The interested reader should verify that (X, d) is a complete metric space.
We now wish to prove that:
(i) : X - X and
(i) d(®u,®v) < 2d(u,v) for any u,v € X.
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First, let w € X. Then

t
|@ullzz < [luollzz + / o2l 2 ds
t
<M+ [l ds
0

t

<+ [ fulty ds
[l

<M +T(20)M>.

Thus for T = T(M) sufficiently small, we have ||®ul2 < 2M for all t € [0,T7].
Similarly, using the chain rule,

t
J0sullzz < Osuollz + [ Nufdsulzz ds
0

t

<M+ / a2 a2 s
0

< M +T(20)*M?,

so that if 7' = T(M) is sufficiently small, we obtain |0, ®ul|z: < 2M for all t €
[0,T]. We conclude that ® : X — X (if T' is small enough).
Now let u,v € X. Using the pointwise estimate

[ful*u = Jol*v] < (luf* + [v]*)|u — v,

we obtain

t
[®(u) = @(v)]22 < / lulZee + Il Zeellu = vll 22
0
SJTMQHU_UHL,?OLg,

which (for T sufficiently small) implies (ii) above.
We conclude from the contraction mapping principle that there exists a unique
u € X such that u = ®(u). O

8. KORTEVEG DE VRIES EQUATION

Reference: Whitham Chapter 16

In this section we study the Korteveg de Vries equation
Ut + Ugzy — Buuy =0, (¢,2) € R X R. (8.1)
This is a nonlinear dispersive PDE modeling small amplitude water waves.
Our goal is to present some type of existence result that doesn’t require a ton
of analysis background. In particular we will prove the existence of solutions with

sufficiently regular initial data. In particular, we will consider u|;—g = ug € H?(R),
where H? is the Sobolev space defined by the norm

1£17> = IF172 + 1AFIT2 = 11172 + 167 FI1Z--
This is far from optimal. In fact, the optimal result is for ug € H~(R), due to
Killip and Visan [5].

Theorem 8.1 (Local well-posedness). For any ug € H*(R), there exists a (weak)
solution to (8.1)) with uli—o = uo on some interval [0, T], where T = T(||uol g2)-
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The argument used to prove Theorem [7.1] breaks down in this setting due to the
presence of the derivative in the nonlinearity.

We will instead use the method of ‘parabolic regularization’ and energy esti-
mates. We introduce a parameter 0 < € < 1 and consider the family of PDE

Up + Ugze — OUUL = —EUzgza, u|t:0 = Ug- (82)
The regularizing fourth order term yields the following smoothing estimate,
which will be essential for handling the derivative in the nonlinearity:
Lemma 8.1 (Smoothing estimate). For any f € L?,
R P CoR ) P
Proof. As e~to: preserves the L2-norm, it is enough to prove the estimate
1ot _3
le™=* %8, fllree < ()51 Il
We begin by writing
e, f = (QW)_%f_l[ike_stk4] * f.
We now use the convolution inequality
lg * fllce < llgllz2l[ £l 22,
and the problem now follows from observing that
_ . _ 4 _ 4 _3
|F = ike™ ™ )2 = |lke™* |12 < (et) 75
(a consequence of Plancherel and a change of variables). O

We now prove a basic existence result for (8.2)).

Proposition 8.1 (Short-time existence for the regularized equation). For any ug €
L? and 0 < € < 1, there exists a solution u to (8.2) with u|i—o = up on some time
interval [0,0], where § = §(||uglL2,€).

Proof. We will use the Duhamel formulation of (8.2). This means that we will
construct a solution to the following equation

u(t) = [®u)(t) = e Fug +6 /0 e~ UL (s uy(s)] ds,

where
L:=03+ 02
The strategy for accomplishing this will be to show that the operator ® is a
contraction on a suitable complete metric space. To this end, we let 6 > 0 be a
small parameter to be determined below, and we define a space X consisting of
functions w : [0,6] x R — R satisfying the bounds

lu(®)|2 <2M  and [|O,u(t)|re < 2CM(et)~% forall ¢ [0,0],
where M = ||ugl|z2. We equip this space with the metric
d(u,v) = Sﬁpé]{llu(t) —o(t)l|zz + ()% [|ua(t) = va() |1 }-
telo,

The interested reader should verify that (X, d) is a complete metric space.
We now endeavor to prove that:

(i) ®: X — X and
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(i) d(®u,®v) < 2d(u,v) for any u,v € X.

We take v € X. Then (noting that e=** maps L? to L? boundedly)
t
|@ulzz < fluolzz + € [ sz ds
0
t
<M+ [ fulzoul  ds
0

t P
§M+/ ACM?(es)" % ds
0
< M +4C M3~ 555,

Thus
|@ullz < 2M

provided 6 = d(e, M) is sufficiently small.
Next,

t
18, Pul| e < CM(et)™% +C’5’%/ [t — s 7% [Jugul 2 ds
0

3 3

t
< CM(et)} +C€_§/ 1t — 8| gl oo a2 ds
0

t
SC’M(et)’%+C’M25*%/ It — |78 |s| "% ds
0
< CM(et)™5 + CM?e 51265,

where we have estimated

t
sup |t|F [ |t—s| F|s| Fds <68
0

by splitting the integral into [0, %] and [%, t] and estimating each piece separately.

By choosing ¢ = §(e, M) sufficiently small, we therefore obtain
|18, ®ul| e < 20M (et)~ 3

for all ¢ € [0, d].
Thus we have shown that for § = d(e, M) sufficiently small, we have ® : X — X.
Now we estimate similarly to prove the contraction property. We write

Uy — VU = U(Uy — V) + Vg (U — v)

and (given u,v € X) estimate
t
Ju(t) = v(®)lrz < / {lullzzllue = vallzge + llvallzgellu — vllz2 } ds
0

t P
< / M(a—:s)_%d(u, v)ds
0

< Mefg(?gd(u,v).
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Similarly,
t
10,u(t) — Bpv(t)|| 2 5Mg-%/ It — s|~8|s| "% d(u, v)ds
0

< ME_%(5%|t|_%d(u7v).
This, for § = d(e, M) sufficiently small, we can obtain

d(®u, dv) < d(u,v).

Thus by the contraction mapping princple, there exists unique v € X such that
u = ®(u) (provided § = §(e, M) is taken small enough). O

By iterating the result above, one can obtain global existence to (8.2)) for data
in L? (forward in time).

Corollary 8.1. For any e > 0 and any ug € L?, there exists a unique (forward)
global solution to (8.2) with u|i—o = uog.

Proof. The key observation is the following: if u solves (8.2)) with e > 0, then
Ju®)|rz < [Ju(0)]L2
for all ¢t > 0. With this fact in hand, we can iterate the local existence result above

to obtain a global-in-time solution. For the proof of this fact, we observe that if u
solves ({8.2), then (using integration by parts)

% u2d:c22/uutdx

=9 /[—uumx — EUUgp s + 6 u,] do
= 2/u$um dx — 2€/umuM dx + 4/8m(u3) dx
= /6x(u§) dx + 4/8x(u3) dx — 25/umum dx.

The first two terms are zero, while the final term is < 0. Thus the claim follows. [

The next step of the argument is to show that if ug € H?, then the solution to
(8-2) obeys H? bounds that are uniform in ¢ and in € > 0. This will be essential in
‘sending € — 0’ to obtain a solution to (8.1)).

Lemma 8.2 (Energy estimate). If u solves (8.2)) with u|i—o = ug € H?, then

sup [u(t)ll32 < [luolle,

where T = O(|Juol| z3)-

Proof. Let u be a solution to (8.2) with u|;—g = ug € H?. We will perform a formal
computation of the time derivative of the quantity

E(t) := /u2 +u? 4w, dt
using (8.2). We already computed above that

d 2 _ 2
| u ——25/umdx.



PDE 35

‘We next compute
% ui dr = /uzum dzx

= - /uww[_umww — EUggger + 6““1] dz

= /&J%uil] - 25/uim dx — 12/uu$um dx.

The first term vanishes, while the second term is < 0. The final term can be
estimated in magnitude (using Cauchy—Schwarz and Lemma by

3
luallze los 22 ulle < llullzz < [E@)]2.

d 2 _
E/um, dr = /umutm dx

= /uzzxm[_uzzm — EUgpga T 6qu] dz

drl, 2 2
= /_E[§uwww] _E/ua::mm d‘r+6/uzaz$wuua; dzx.

The first term vanishes, while the second term is < 0. We rewrite the final term as
follows:

Finally,

/ummuuz dx = /um [Bugxuy, + utiy,] dz

= /Buimuz —l—/u@m(%uiz)dm

_ [ 5,2
—/iumui dz.

Using Cauchy—Schwarz and Lemma [7.1] this term is estimated by
3
sl Zellualliee S llullf: S [B@)2.
It follows that

4E(t) <2C[E®))? for t>0.

Rearranging, this yields
and so

Thus

50 <[] -

In particular, we obtain E(t) < E(0) for ¢ < [E(0)]"2, which yields the desired
bound. 0

Let us now turn to the proof of Theorem
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Proof of Theorem[8.1} Given ug € H?, we write u® for the solution to with
initial data u®|;—g = ug. We let T be as in Lemma We now prove that we can
obtain a limit « in LHL([0,7] x R) as ¢ — 0, and that this limit satisfies (8.1)),
at least in a weak sense. The key ingredient is the uniform (in ¢ and ) bounds in
H? for the solutions u° on [0, 7.

Note that by using the equation, these bounds imply that d,u® € L{°H ? with
uniform bounds. (This is straightforward to check; it is helpful to write 6uu, =
30, (u?).)

Now, on any compact subset K C R, the embedding H?(K) < H'(K) <
H~2(K) is compact. This is an analysis fact that we will take for granted here.
Now, as

sup ||UE||L§H§([0,T]><K) <1 and sup ”atUEHL%H;z([o,T]xK) <1
e>0 e>0

we can use the Aubin—Lions—Simons lemma (another analysis result we take for
granted, see Lemma to obtain that u® converges to some limit u (along a
sequence in ¢) strongly in L?H1([0,T] x K). By using a diagonal argument, we can
upgrade this to LfHIlJOC.

We now wish to upgrade this convergence to LZH_! (removing the local restric-
tion). The key is to observe that one can prove a localized version of the energy es-
timates established above. For example if we let x g be a smooth cutoff to {|z| < R}

with R > 1, we can use computations similar to ones carried out above to obtain
0 [ xrlu + u2)do S Bl + )

for solutions to (8.2)). This implies that for any 6 > 0, there exists R sufficiently
large (depending on 6 and ug but not on €) that

vl Loe m1 (2> R) < O

on [0, 7], uniformly in € > 0. (The details are left as an exercise to the interested
reader.)
Then given ¢ > 0 and u®', u2, we can choose R = R(ug, ) large and estimate

Jus — w2 S lu™ 2m o> r) + 1022052 (121> R)

+ [lu — | L2 1 (2| <R)
(with all time integrals over [0,7]). The contribution of the terms on the region
|z] > R can be made small by choosing R large (uniformly in €), while the contri-
bution of the |z| < R tends to zero as e1,&2 — 0 by local H! convergence. It follows
that {uf} is Cauchy in L?H} and hence we obtain convergence in this norm.

To complete the proof, we wish to show that u solves (8.1) in a weak sense. To
this end, we take ¢ € C2°((0,T) x R?) and wish to prove

T T
/ /ugpt dx dt = / /(ugpmx — 3u2cpx) dx dt.
0 0

In fact, we have

T
0= / /[uf Ul A U — 30:[(u¥)?pdrdt for all e > 0.
0
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Now

//uftpdmdt:—//usgptdxdt%—//ugotdxdt as € —0

by L?L2 convergence. Similarly,

//uimgodxdt = —/uegpmx dx dt — —/wpxm.

5//u;mx<pda¢dt:5//u;$<pmdzdt:(’)(e)%() as ¢ — 0.

Finally, using L?H_} convergence,

[ -soutwrio = [[swre. > [[siedza

The result follows! O

Next,

8.1. Special solutions. We next compute some explicit solutions to KdV. Our
presentation largely follows the excellent text [1].
Recall that the KdV equation takes the form

Ut + Ugpr — Ouu, = 0.

We will look for traveling wave solutions of the form
u(t,z) = f(§), &=z —ct, c constant.
In this case, the KdV equation reduces to

—cf —6ff +f" =0.

Noting that ff’ = (f?)’, we can integrate this equation to obtain
—cf =3f*+["=A
where A is an arbitrary constant. We now multiply the equation by f’ and integrate
again to obtain
s(f)? =12+ 3cf* + Af + B,

where B is another arbitrary constant.

Example 24 (Soliton). Suppose we impose the boundary conditions f, f', "/ — 0
as & — +oo. In this case, we must have A = B = 0 and the equation reduces to

(f)? = F22f +o).

A real solution exists only if 2f + ¢ > 0 for all £. Now, the equation above is
separable and can be integrated as follows:

[ a7 var =]

We now make the substitution f = —%csech2 6 (with ¢ >0). Then (using sech’§ =
—sech@tanh @ and 1 — sech?§ = tanh?6), we have

df = csech?@tanh0d0 and 2f + ¢ = ctanh®6.

/ﬂ%ﬁ@é:—i M:i/%,

Thus we obtain
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so that
6 =43+ C
for some C. We therefore obtain
flz —ct) = —Sesech® {2 v/e(x — et — x0)},
where Ty € R is arbitrary. This is the solitary wave solution for KdV, and the

parameter ¢ acts as the speed as well as a scaling parameter.

By a coordinate change, we can reverse the sign of the nonlinearity and obtain the
same solution with a + sign instead of a — sign. This sech? profile then corresponds
to the famous wave of translation observed by John Scott Russell (and then derived
mathematically by Boussinesq, as well as Korteveg and de Vries). Of course, KAV
is only an approximation to the full water waves system; the sech® profile is then
also an approximation to a solitary wave solution to the water waves equation in
appropriate regimes.

Let us return to the general equation derived above. We seek real-valued,
bounded solutions to

()P =F(f) = >+ 3¢f*+ Af + B.
Thus we are led to consider the degree 3 polynomial F', and in particular its zeros
and the regions where it is nonnegative:
First suppose that F' has a simple zero at f = f; (with f(&) = f1, say). Then
near f = fi,

s =(f = fOF' () +O((f = A1), F'(f1) #0.

By considering a Taylor series expansion of f around & = &; (say), we claim that
we can derive

F&) = fi+ 5(€ = &)*F'(f) + O(€ - &)Y (8.3)
near £ = £;. Thus we can conclude f has a local minimum or maximum at £ = &;.
Proof of . Expand

FE&) = fi=a1(§ = &) +aa(€ = &)* +a3(§ = &)* + O - &)
Then
3(f)? =l = &) + O = &) F' (f) + O((f = 1)),
and since the left-hand side is %a% +0(€—&1), we firstly derive a; = 0. This further
shows that O((f — f1)?) = O(£ — &)Y).
Now return to the formula (/)2 = F(f), which says
3[2a2(€ = €1) + 06 = &)%) = [a2(€ — &1)* + O = &)’IF'(f1) + O((€ = &)Y).

Matching the (£ — & )? coefficients now yields ap = $F'(f1). If we can show ag =0
then the result follows. We use the equation once more:

12a2(6 — &) + 3a3(§ — &)* + O(€ — &)
= [a2(6 — &) + as(€ = &)°1F'(f1) + O(( — &)%),
Matching the (€ — &)® terms and inserting az = 2 F’(f1) # 0 now implies
6asaz = asF'(f1) = 3a3 =a3 = a3 =0,
as desired. (]
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Next, suppose that F' has a double zero at f = f; (again with f(&) = f1). In
this case we have

(f)? = (f = LPF"(f) + O((f = f1)?),

and (considering the shape of F) this is only possible if F”/(f;) > 0. In this case,
assuming a bounded solution, one obtains the asymptotics

f—f~aexp{=[F"(A)E]} as [¢] = oo

Thus we obtain a solution with one peak defined for all £ € R.

If F has a triple zero at f = f;, the situation is somewhat degenerate and one
can work out that f(§) = —%c + 2(¢ — 8)~2 for some 3. We reject this as an
unbounded solution.

So we can restrict to one of two scenarios: either

(i) f’ changes sign around f = f1, or

(ii) f' = 0 as |¢] — 0.

Now draw the possible shapes of F' (see |1}, page 23]).

Consider the case of a simple zero at f; and no other real zeros. If f/(£,) > 0
for some &, then F(£) > 0 for all £ > &y and we obtain that f is unbounded. If
Instead f/(&y) < 0 then f will decrease until it reaches f = fi, at which point by
(i) we see that f’ changes sign. But then again we obtain unboundedness. So this
case is not possible. We can similarly rule out the case of a double zero at some
f3 < f1, as well as the case that f; is the largest of three simple zeros and f > f;.

What other cases are possible? One possibility is a simple zero at f3 and a
double zero at f1 > f3. If f € (fs, f1) then we can derive that the solution attains
a minimum at f = f3 and satisfies f — f; as |{| — oo. This is the solitary-wave
solution with amplitude f3 — f; < 0. (In this setting a solution with f > f; at any
point must be unbounded.)

The remaining scenario is the situation in which there are three simple zeros
f3 < fa < f1 and we have f3 < f < fo. In this case, f’ changes sign at both
f3 and fo. As the behavior of f near these points is algebraic (in particular, not
exponential), the points at which f = fy and f = f5 will be a finite distance
apart. Any particular solution is determined completely if f and sign(f’) are given
at some point, which fixes a value between fy and f3. The solution thereafter
oscillates between fo and f3 with a finite period. In fact, we claim that the period
is given by

f2 df
=2 Y
/f3 {2F(f)}>

so that the period depends only on the parameters A, B, c¢. To see this, first suppose
& < &3 are such that f(&) = fo and f(&3) = f3, so that

T =2(§ — &)

On the interval (€2, &3), the map € — f(€) is a bijection. Denote the inverse map by
f = g(f). Then by the fundamental theorem of calculus and implicit differeniation
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of 4(J(€)) = €
fa
T=2lg(f) - gl =2 [ gD

B f2 df B f2 df
=7 o F'(a(f) _2/J‘3 (2F ()}

as claimed.
The same considerations show that

(&) dy
STht /f TR

which provides an implicit formula for the solution f. Here + is determined by
whether f’(&) is positive or negative.

8.2. Elliptic functions. In this section we will show that the implicit formula
above can be written in terms of Jacobi elliptic functions and derive an expression
for special solutions to KdV.

Let us introduce the following integral

¢ do
v:/ —— 71, 0<m<L (8.4)
o (1—msin®6)2
We can use this formula relating v, ¢ to introduce the Jacobi elliptic functions
sn(vlm) and cn(v|m) via
sn(v|m) =sing, cn(v|m) = cos ¢.
Often one writes m = k2. Some basic terminology: in this case we may call m the
‘parameter’ and k the ‘modulus’.
The cases m = 0, 1 are special cases because the integral (8.4]) can be evaluated:

e If m =0, then v = ¢, so that
cn(v|0) = cos(¢) = cos(v).
Similarly sn(v|0) = sin(v).
e If m = 1, then v = arcsech(cos ¢), so that
cn(v|l) = sech(v).
Similarly sn(v|1) = tanh(v).
In fact, we now claim that cn(v|m) and sn(v|m) are periodic functions for all

m € [0, 1) (while we see that periodicity fails at m = 1). To see this, let us introduce
the complete elliptic integral of the first kind:

Kom = | " e

1 —msin®0)z

4K(m):/02“( do

1 —msin?0)2’

We claim that for (0 < m < 1) and any ¢ € Z, we have

so that

sn(v+ 40K (m)|lm) =sn(vlm) and cn(v+ 40K (m)|m) = cn(v|m),
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so that sn(:-|m) and cn(:|m) are periodic with period 4K (m). Indeed, relating v, ¢

as in (8.4), we have
¢ df o df
v+4K(m):/ T o1 1"‘/ T oL
0o (1—msin®6)2 o (1—msin“6)2
o2 do o df
:/ © 2L +/ - 21
27 (1 —msin“0)z o (1—msin“0)2

B /¢+2” do
0 (1 —msin?6)2

Thus if sn(v|m) = sin(¢), then
sn(v 4+ 4K (m)|m) = sin(¢ + 27) = sin(¢) = sn(v|m).
The claimed periodicity follows.
This calculation breaks down as m — 1 since K(m) — oo as m — 1. However,

for any 0 < m < 1, we obtain periodicity with a finite period. In particular

K(0) = Z, and one can show that K(m) ~ 1 log(:1%-) as m — 1.
Using the fact that cos? ¢ 4 sin® ¢ = 1, we immediately obtain the identity
en® +sn? = 1.

We can also derive identities relating derivatives of elliptic functions. Begin again

with :
¢ do
S S
Differentiate with respect to v to obtain
_ v
(L msin®(9(v))?
In fact, with v, ¢ related by , we can introduce an additional elliptic function
dn(v|m) via

— 0,0 = (1 — msin® qﬁ(v))%.

dn(v|m) = (1 — msin® ¢)?
and thereby obtain
Oy cn(v|m) = — sin(¢)dy
= —sn(v|lm) dn(v|m).
Similarly 9, sn(v|m) = cn(v|m)dn(v|m), and we can observe the identity
dn?(v|m) + msn?(v|m) = 1.

With these preliminaries in place, let us return to the periodic solution f(&)
derived in the previous section, which satisfies:

s =F(f) =+ 5ef* + Af + B=(f = f)(f = f)(f = fa),
with f3 < fo < fi. We derived the following implicit formula for f:
7€) dg
= + 1
R A - Py PR ATy
where f(£3) = f3. Now let us make the change of variables
g=f3+ (fa— f3)sin®@, sothat dg = 2(f2 — f3)sinbcos 6 db.
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Being careful with minus signs and using 1 — sin®# = cos? 6, we can simplify the
function in the denominator as

(1 = f3] = (fo — f3)sin20)2 (f2 — f3)2 cosO(fa — f3)? sin 6.
Thus we obtain
dg R do
(20— f)g— f2)g— f)}F (fr—fo)? (1— £=fesin®6)3
We further introduce ¢ and m so that

&) = fs+ (fo— f3)sin’¢ and m=

fo—f3
fi—fs3

/4’ do
o (1—msin®6)z’

Then we obtain

S

=&+ (525)

so that ,
do s
i/o (1—msin?0)? = (5zB)* - &)
Rewriting
(&) = fo— (fo — f3) cos® ¢,
we derive

F(&) = fa— (f2— f3) (D7) ¢ — &]| 2283,

where f(&3) = f3. Amazing!

Given a choice of parameters f3 < fo < f1, let us discuss the shape of the
function f(§) obtained above. (Recall that we might wish to change coordinates in
such a way that f is replaced with —f; here we stick with the coordinates we have
been using.)

The parameter fo determines the maximum value of f, while f3 is its minimum
value in one period. We call (f2 — f3) the ‘amplitude’ of the wave. The function
is periodic and its wavelength or period is given by

1
2K(f2 ;g) ' (flzfs) ’
(note that cn?(v|m) has period 2K (m), rather than 4K (m)).

Now recall that the original derivation of the traveling wave solution supposed
that we have a solution of the form u(t,z) = f(x — ct). What is the parameter ¢ in
terms of fi, fa, f37 To determine this, let us recall that we are assuming

s =F(f)=f+5cf* + Af+ B

and that
= (f = fOf = f2(f = f3).
Matching powers, we find
c==2(fi+ f2+ f3)-

Thus we obtain a solution to KdV of the form

u(t,z) = f2 — (f2 — f3) en®(L5L) % (x + 2(f1 + f2 + fa)1)| 2=52).

Note that the speed, shape, and wavelength all depend on the amplitude of the
wave in a complicated manner.
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In the case that m = % — 0 we expect to recover the ‘linear’ limit, while in
the case m = % — 1 we should recover the solitary wave solution.

9. DISPERSIVE SHOCKS

References: Whitham Section 16.14, paper of Gurevich—Pitaevskii

In this section we wish to discuss dispersive shock wave solutions for KdV. In
the previous section we wrote KdV in the form

vy — 6VV, + Vpye = 0.

The basic premise is that we expect the dispersive term u,,, to have a ‘regularizing’
effect on the shock solutions we previous constructed for the pure Burgers-type
equation. There is a problem with our current formulation, though. Note that
with the sign convention above, the Burgers shock (for the equation u; — 6uu, = 0)
would form for data with u;, < ug and move to the left, while the KdV solitons
(which will play a role in the analysis) move to the right. Fortunately, this is all
easy to remedy: Note that if u(t,x) = —v(t, ), then v solves KdV if and only if u
solves
U + 6uUy + Uyyr = 0.

In this case, the underlying Burgers equation wu; + 6uu, will form shocks when
ur, > ugr and the shocks will move to the right. Thus this is the right model to
use to introduce dispersive shock waves. Moreover, all of our hard work finding
special solutions in the previous section is not wasted: we simply need to multiply
the special solutions we found by —1.

We turn to the details: Recall that for the Burgers type equation

u; + 6uu, =0
with step-like data
_J1 z<0
Ulemo = {0 x>0,

we obtain an instantaneous shock starting from (¢, z) = (0,0), namely:

1 <3t
uhT) =30 oo

We wish to construct an (approximate) solution to KdV with such initial data
and to understand its structure as ¢t — co.

Recalling the change in sign convention discussed above, we proved in the pre-
vious section that for any f3 < fo < f1, we have the following special solution to
the KdV (us + 6uty + tgpe, = 0):

u(t,z) = f(z —ct), c==2(fi+ f2+ f3),
where

1O = —fat (f2 = f) en®(L5E) ¢ =42
The function f is a periodic wave taking values in [— fa, — f3] with

e ‘amplitude’ a equal to %(fg — f3), and

+ period equal to 2K (=) (7271
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The idea now is that to model a shock-type solution with step-like data, we will
allow the parameters f1, fa, f3 to vary as functions of (¢,z). In the ‘shock region’
we will have f3 < fo < f1, while on the left/right of the shock the situation will
degenerate to f3 = fo < f1 or f3 < fo = f1, respectively.

More precisely, we assume that the parameters depend only on the ratio 7 := ¥,
ie. f; = f;(1). By considering the behavior of the Burgers shock solution, we
expect the solution to satisfy u = 1 to the left of some value, say 7 =77, and u =0
to the right of some value, say 7 = 7. At this moment the values 7% have not
been determined.

We will then set

fo(r)=fz=-1 for 7<77,
while
fa(r)=fi=0 for 7>71T.

Note that in the case 7 > 77, the parameter m = ﬁ = 1 (giving the soliton
solution).
For 7= <7 <711, we will have —1 < fo(7) <0 and 0 <m < 1.

So far, we can write our ansatz for the dispersive shock solution in the form
ult, @) = = f2(7) + [fo(7) + N en?(J5 (@ + 2(fo(7) = D)L + fo7)), 7= %

In particular, recalling that cn(v|1) = sech(v), we have

u(t,x){l T T

Sech2(%(sc —2t)) T>7"

To complete our ansatz, we need to specify the values 7+ and propose a suitable
evolution for the parameter fo(7). We can equivalently parametrize the solution
via m(7) = 1+ fo(7), in which case our solution has the form

u(t,z) =1—m+ mcn%%(x — 4t + 2mt)m), m=m(7).

We know from above that m = const yields an exact solution to KdV. Thus we
expect that a slowly varying m will yield an approximate solution.

To make the notation more compact, let us denote

u= A+ B®(v|m),

where A=1—m, B=m, ® =cn? and v = %[w — (4 — 2m)t]. We use subscripts

to denote derivatives.

It is possible, but rather complicated, to explicitly compute u; + gy, + 6uu, for
u of the form above. So we will instead introduce some approximations.

First, recall that we are assuming assuming m = m(7) with 7 = %, so that for
example we can write

my =1m' and my; = —%m/,
where m’ = 9,m. Derivatives of m will be supported on 7 € [r7,7"] and we

have f:r m/(7)dr = 1. In particular we have that |%| is bounded on the support
of m' and we can take m’ itself to be bounded. Thus, roughly speaking, every
differentiation of m (with respect to t or x) produces a factor of ¢+~1.

We are interested in producing an asymptotically correct solution to KdV (as
t — 00). Thus, in what follows, we will regard any term that is O(¢t~1) (or smaller)
as a perturbation and ultimately disregard it completely. Note that the derivative
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of a term that has been treated as a perturbation can still safely be treated as a
perturbation; indeed, differentiation only ever introduces additional O(1) or O(¢t71)
terms.

So, for example, with u = A + B® we have

Uy = At + Bt(I) + Bq)v’l]t + B<I>mmt

= %(—4 +2m + 2tm;) B®, + O(t™ ).

Similarly,
uy = Ay + Bp,® + B®,v, + B®,,,m,
1+ 2tm,)B®, + O™ ).

- L
= L
(A word about notation: @ and its derivatives are all evaluated at (v|m); the
parentheses indicate a pointwise product.) Further computation shows

Uy = [J5 (1 4 2tm,)|? By, + O(t ™),

S

and similarly
— [%(1 + 2tm )P B®yy, + Ot ).
Thus

U + Ugrr + OUUL

= —5(—4+2m + 2tm;) B, + [%(1 + 2ty )2 B®yy,

+6(A+ B(I))\%(l + 2tmy ) B, + O(t™ ).

We now recall that if m is constant, then u is an ezact solution to KdV. Thus
the computations above (setting m; = m, = 0) yield

5 (=4 +2m)B®, + [ 5]’ By, + 6(A+ BP) 5 BP, = 0.

Inserting this identity in to the preceding display, we obtain
Ut + Ugge + 6“”1
= 52tm:B®, + (5 3[6tmy + 12(tma)? + 8(tmy) 3| B o,

+12(A+ B@)%tmIBCI)U + 0@t .
Writing
!/

tmy = f%m' and tm, =m

and simplifying a bit, the equation can be further reduced to

V2[up + tppe + Guiy]
= —2Zm'B®, + {3m’ + 6(m)* + 4(m/)*} BP.,,
+12(A+ B®)m/B®, + O(t™ 1)

We make our first approximation by taking the right-hand side to be identically
zero. We then divide the entire equation by 2m’B®,,, recall the definition of A, B,
and simplify. This yields

—§+ S {§ 4 3m 4 2(m)} 4 6(1—m + m) = 0.

Now we use the following:
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Lemma 9.1. The function ® satisfies
Luve — —4 4 8m — 12m.
Proof. This can be proved using various formulas relating derivatives of the elliptic

functions. We can also argue a bit more simply as follows: Fix m and let y(v) =
cn(v|m). It is well-known that y satisfies the ODE

Y+ (1 —2m)y + 2my® = 0.

In fact this ODE can be derived by manipulating the types of formulas we saw in
the previous section. Since ® = y2, we have

®, =2yy and @,, =2yy" +2(y)°.
We now insert the equation for y” to get
B, = —2(1 — 2m)y* — dmy* + 2(y')*.
Now differentiate one more time to get
Dy = —4(1 — 2m)yy’ — 16my’y’ + dy'y"
= —2(1-2m)®, — SmPD, + 2B, L".

Then, using

"

=—(1-2m)- 2my* = —(1 — 2m) — 2m®,

we have o
KI:W =—-2(1—-2m)—8m® —2(1 — 2m) — 4md
Simplifying now yields the result. O

Inserting the result of the lemma, the equation above becomes
—2 4 (=4 + 8m — 12m®)(2 + 3m’ + 2(m')*) + 6(1 — m + m®)) = 0.

The implicit dependence of ® on m makes things rather confusing, so now we
make our next move. We are going to ‘average over one period of ®’. Recall that
& = ®(v|m), with v = %(x —2mt) and m = m(7), 7 = . We take the mindset
that m(7) is slowly varying, while v is the ‘fast variable’. So we can integrate over
one period with respect to v while essentially treating m(7) as constant. One can

compute

where

™

% 2
Bm) = / (1—-msin®0)2df and K(m)= / (1 —msin®0)~2 do.
0 0
(Exercise: prove this!) After some algebraic simplification, the result is then the
following:

7= (8—4m — 12279)(3 4 3m + 2(m')?) + 6(70).

We are getting closer now. We can view this as a first order (nonlinear) ODE
for m. Or, we could throw away the (m’)? term and obtain at least a simpler ODE
for m. Or, if we take the view that if m is really slowly varying, we could throw
away all the derivatives in our approximation and just obtain an algebraic equation
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for m! That sounds easiest (although the least accurate), so let’s go for that. Some
algebraic manipulation yields

T=6(2—m— 27, (9.1)

This is an implicit formula that we can use to define m = m(7). To determine 7+,
we need to use the conditions m — 0as 7 — 7" and m — 1 as 7 — 7. We have

that
legno ") = 1 and 7lllm1 Rm) = 0.

From this we can take limits as m — 0 and m — 1 in the formula for 7 to obtain
77 =0 and 7" =6.

Thus we can complete our ansatz and finally obtain:

1 z <0
u(t, ) = 17m+mcn2(%(x—4t+2mt)\m) 0<z<6t
sech%%(m —2t)) x > 6t,

where m = m(%) € [0,1] is defined implicitly for 0 < 2 < 6t via

2 =7 =6(2-m-252).

Below is a snapshot of the solution at several different times (the code to produce
the plot is courtesy of ChatGPT, so who knows how accurate it is).

t=1 t=5

=50 -25 00 2.5 5.0 7.5 10.0 125 15.0 -5 0 5 10 15 20 25 30 35 40
x

0 20 40 60 80 100 0 20 40 60 80 100 120 140 160
X X

We have presented one simple example and derived the algebraic condition for m
by using the KdV equation directly. Let us just mention that this is a very special
case (with self-similar parameters) of a more general theory known as Whitham
modulation theory (see [8l[9]).

10. SOLITON STABILITY

References: Tao [7]

Notation: Throughout this section, we will use (-, -) to denote the real L? inner
product.
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In this section we continue to study the KdV equation
U + Ugge + Ouu, = 0.

Recall that in the previous section, we obtained local-in-time weak solutions for
H?-data via energy methods. Here we will take for granted stronger existence
results, e.g. the results of Kenig-Ponce—Vega vielding global well-posedness in H'!
(see e.g. [4]). In particular H! data leads to global H! solutions, with ¢ — ||u(t)|| g
continuous. These results rely on more sophisticated harmonic analysis tools and
hence are beyond the scope of these notes.

We turn our attention to properties of the soliton solution

uc(t,z) = Sesech®{3v/c(z —ct)} = Qe(x — ct), ¢>0.

In particular, we are interested in stability properties of these special solutions.
Roughly speaking, if we start with initial data near some soliton, will the solution
remain near the corresponding soliton solution for all times ¢t > 07

Stated this way, the answer is no. Indeed, by choosing ¢; and ¢y sufficiently
close, we can make Q. and @, as close as we wish (in any reasonable norm).
However, as soon as ¢; # cg, the two solutions u., and u., will eventually become
widely separated compared to their characteristic supports, and in particular will
not be close in any reasonable norm.

Thus we need to modify our notion of stability. In particular, we will begin by
introducing the notion of orbital stability:

Definition 4 (Orbital stability). We call the soliton Q orbitally stable (in H!) if
for any € > 0, there exists 6 > 0 such that if
luo — Q< 6,

then the solution u to KdV with u|i—o = ug satisfies

sup inf |Ju(t) — Q(- — xo)||m < e.
t>0 To€R

This is at least compatible with the example provided above, by observing that
lca — ¢1| < 1 implies
[te, (8 2) = Qe (& = cat) [ = [|Qey (2 = €2t) — Qe (7 — cot) | <1
uniformly in ¢.
Based on the general sketch in |7]E|7 we will prove the following theorem.

Theorem 10.1. The KdV soliton Q is orbitally stable in H".

We use a version of the Lyapunov function method (as in the theory of ODE).
We define
L(u) = M(u) + E(u),
where
M(u) = / iu?dr and E(u) = / w2 — v’ dr.
The quantities M and F have an interpretation as the mass and energy, and one
can verify that these quantities are conserved in time (at least formally), so that

L(u(t)) = L(u(0)). It is worth mentioning that E(u) is finite for H! data. Indeed,
we have H' C L2 N L> C L3.

2[ am also grateful to Renzo Scarpelli for discussions related to coercivity.
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The functional L is continuous on H', in the sense that w,, — u in H' guarantees
L(u,) = L(u). Note also that L is translation-invariant. In particular, if ug is close
to Qin H', then |L(ug)—L(Q)| < 1. But then by conservation laws and translation-
invariance, |L(u(t)) — L(7Q)| < 1 for all ¢ > 0 and for any translation 7Q) of Q. We
will try to argue that there exist suitable choices of time-dependent translates of
Q such that |L(u(t)) — L(7Q)| essentially controls the difference u(t) — 7Q in H!.
This would yield orbital stability.

To get started, we are going to compute some functional derivatives of L in order
to understand the ‘shape’ of L near Q.

We have that L : H' — R. Its derivative at v € H' will be the linear map
L'(u) : H — R, defined by property that

1[L(u+ev) — L(u) —eL'(u)v] >0 in H' as £—0.

for any v € H'\{0}. So, given L : H* — R, we have L : H' — L(H';R).
To compute L', we should expand L(u + ev). Let’s compute this for M and F
separately:

M(u+ ev) = / 1w +euww + 3e%v’dr, sothat M'(u)v = /uv dx.
We may abbreviate this M’(u) = u. Next,
E(u+ev) = / 2 + cugv, + 36202 dz

- /[u3 + 3euv + 3e?uv? + 303 da.

s/uzvz dxr = —e/umvdx.

E'(u)v = /—umv —3u*vdr, or FE'(u) = —ug, — 3u’.

Now note that
Thus

Putting the pieces together, we find
L'(u)v = /[u —Upe — 3UP|v, or L'(u) =u— Uy, — 3u’.

If you recall, this quantity is exactly related to the ODE we derived for the soliton!
Indeed:
L(Q) = 0.

Thus @ is a critical point of L. To understand the shape of L near (), we need
to compute a second derivative. Recall that L : H' — R and L' : H' — L(H';R).
Thus we will have L” : H' — L(H'; L(H';R)). In particular, given u € H' we
will have that L”(u) € L(H'; L(H';R)), so that L (u)v : H* — R. The defining
property is that for u,v € H*,

1L (u+ev)— L'(u) —eL"(u)v) = 0 in L(HYR) as e—0.

So, take ¢ € H'(R) and let’s expand the quantity L'(u + ev):

L'(u+ev)yp = /[u +ev — (U4 ev)zp — 3(u+ ev)?|ih da.
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Isolating the O(e) terms, we derive
L' (u)vyp = /m/J — Vgpt) — 6uvt) do
= /m/) + V0, — 6uvy do.

(We may view L”(u) as a quadratic form and write L (u) = 1 — 92 — 6u.)

We have the following Taylor expansion:

L(u+v) = L(u) + L' (w)v + L L" (u)vv + O(|[v|31).

(This can be derived by applying the 1d Taylor expansion to £(¢) = L(u+tv), which
satisfies ¢'(t) = L' (u + tv)v.)

In the orbital stability problem, we define parameters x(t) € R and v(t) € H'
via

u(t, z) = Qx — x(t)) + v(t, x — z(t)),

although we don’t yet know how to choose x(t). To prove orbital stability requires
that we can choose z(t) so that v remains uniformly small in H?!.

No matter what choice of x(t) we make, since L is translation invariant and
L'(Q) =0, we can derive

L(u) = L(Q) + £ L"(Q)vv + O(||v||31)
— Q)+ ] /v2 + 02— 6Qu dz + O([[vlfn).

The question is now whether we can choose x(t) so that this final integral controls
[[v]|%,:. This is the question of coercivity of the quadratic form

(Bv,v), B:=1-02?-6Q.
The dream would be an estimate like
(Bv,v) 2 ||v||3n forall veH' ?

Unfortunately there is no way an estimate like this can hold: using Q—Q" —3Q? = 0,
we have BQ = —3Q?, so that

(BQ,Q) = -3||Q|}s < 0.

So B has at least one negative direction. Moreover, using the equation once again,
we have

BQ' =0, sothat (BQ',Q')=0.

The hope is that if we somehow avoid these two bad directions, we can obtain
coercivity. However, it seems that we only have one parameter to play with, namely,
the translation parameter z(t). In fact, there is one other symmetry that we can
get involved, namely, that of scaling symmetry. This refers to the fact that the
class of solutions to KdV is invariant under the map

u(t, z) — cu(c?t, c%x)

for any ¢ > 0. What we will eventually do is prove orbital stability under the
additional assumption |lug||rz = ||@]/z2 (glving a second condition that we can
leverage to obtain coercivity), and then play with the scaling symmetry to recover
the general orbital stability result.
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At this point, hopefully it is clear that key issue is the coercivity of B. We will
take some ‘ODE facts’ for granted throughout the arguments below. For example,
we have

N(B) = span{Q'},
where N(B) denotes the null space of B.

There are a few other ‘characters’ that will play a role in the analysis below.
Explicit calculation shows that with

—_1 1
W=—32Q and Z:=-32Q —Q,
we have
B(W)=@Q" and B(Z)=Q.
Moreover,
<Z7 Q> = _%<Q7 Q> and <Z7 QI> =0.
Let us first prove a general lemma that shows that coercivity in L?-norm auto-
matically implies coercivity in H*:
Lemma 10.1. Suppose X is a subspace of H such that
(Bu,v) 2 ||[v||22 forall ve€ X.
Then
(Bv,v) 2 ||[v]|3:  forall veX.
Proof. We have
(Bv,v) = [lv][F — 6(Qv,v).
Suppose towards a contradiction that there exist v, € X such that
(Bog,vp) < %H’UTL”QHl
Then we have
(B, vp) = ||UnH%{1 — 6(Qun, vy) < l||vn||%11.

Thus (for n large) we deduce

a7 S 1{Qua, vn)| S llvnllZe-

But then
(Bon,vn) S 5 llvnllZe,
contradicting coercivity with respect to the L?-norm. O

We already saw that @) is a negative direction for B. We now prove that as long
as we avoid this direction, B is at least nonnegative.

Lemma 10.2. We have
B
o= inf{<<v71>)> cv € H\{0} such that (v,Q) = O} =0.
v,V

Proof. As BQ' = 0 and (Q,Q') = 0, we have o < 0. We suppose towards a
contradiction that o < 0. It is not hard to check that o > —C for some C > 0.

We first show that the infimum is attained. We take an optimizing sequence vy,
which (by normalizing) can be assumed to satisfy (v,,v,) = 1. Then since

(Bug,vy) = [Vl )|32 +1— 6/@@721 dr — a,
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we have that {v,} is bounded in H!. We can therefore pass to a subsequence and
obtain a weak limit v,, — v in H'. Using the decay of @ and Rellich’s Theorem,
we can obtain [ QuvZ — [ Qu?. Tt follows (from weak lowersemicontinuity) that

V|32 +1— 6/@1}2 dr < a.

We have that ||v]|zz < 1. In fact, we claim |[v]|;z = 1. Indeed, if ||Jv||zz < 1
then (since a < 0) the inequality above would imply that v is a ‘super-optimizer’.
We therefore deduce that v attains the infimum « and satisfies the orthogonality
condition (v,Q) = 0. In light of the constrained minimization problem that v
solves, we derive that

(B—a)v=p0Q forsome SeR.

First, suppose 8 = 0. Then v is an eigenfunction of B with eigenvalue o < 0.
Now, using more ODE theory (Sturm-Liouville theory), the fact that BQ' = 0 and
Q' has only one zero then guarantees that v must be positive (the ‘ground state’
for B). But then (v,Q) = 0 is impossible, since @ is also positive. We conclude

B #0.

We next consider the function
g(\) = ((B=N)7'Q.5Q), A€ a,0].
In particular, by the orthogonality condition, we have
g(a) = B{v,Q) =0.
On the other hand, restricted to [span{Q}]1 we can write B~}(Q) = Z, so that
9(0) = 8%(2,Q) = -38*(Q,Q) < 0.
However,
g\ =B(B-N"'Ql7= > 0.
Combining the three displays above yields a contradiction. ([l

Later we will show that we can choose z(¢) to minimize the L? or H' distance
between u(t) and Q(xz — z(t)), so that

d [nu(t) Q- ylk| =0, x ey,

dy

y=a(t)
If we introduce v(t) via
u(t,z) = Q(x — x(t)) + v(t, x — x(t)),
this minimization condition will guarantee
<Ua Q/>X = 0.
For X = L?, this reads (v,Q’) = 0, while for X = H! this reduces (after using the
equation for Q) to
(v,Q'Q) =0.
Our next lemma shows that if this orthogonality condition is also satisfied, we

can obtain coercivity:

Lemma 10.3. Let G € {Q',Q'Q}. We have

= in (B, v) ) ! suc a v = (v =
c:= f{ o) e H'\{0} h that {(v,Q) = (v, G) }>O.
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Proof. By Lemma [10.2] we already know ¢ > 0. So, suppose ¢ = 0 and we will
derive a contradiction.

Arguing exactly as in the proof of Lemma we can first obtain an L2-
normalized optimizer v. Using the constrained minimization problem satisfied by
v (and the assumption ¢ = 0), we derive

Bv =a@Q + G for some a,f € R.
Recalling B(Z) = @, we see that
B(v—aZ) = G.

First suppose G = Q’. Since Q' € N(B) = [R(B)]*, the identity above implies
that g = 0.
Next, suppose G = Q'Q. Since (Q")?Q > 0, we have that (Q'Q,Q’) # 0. Thus
Q'Q ¢ [N(B)]* = R(B), so in this case we obtain 8 = 0 as well.
Thus we have
Bv=aQ, ie. B(v—aZ)=0.

It follows that v = aZ + yQ' for some v € R.
Now we apply our orthogonality conditions. First,
0= <U> Q> = CY(Z, Q) + 7<Q/7 Q> = *%Q<Q, Q>7

which forces a = 0, i.e. v =~Q’. But since @’ is not perpendicular to G (whether
G =@Q or G=QQ"), we must have v = 0 as well.
Thus we derive v = 0, contradicting ||v||z2z = 1. O

Now let us prove a slightly weaker version of Theorem which requires an
additional mass constraint.

Proposition 10.1. For any 0 < ¢ < 1, there exists § > 0 so that if ug € H*
satisfies
luo — Qllgr <6 and M(up) = M(Q),

then the solution u to KdV with u|i—o = ug satisfies

Sup [u(t) = Q( —x(t)|lm <e

for some x(t) € R. In particular,

sup inf |Ju(t) — Q(- — zo)|lgr <e.
t>0 To€R

Proof, version 1. We wish to define z(t) to as a solution to the minimization prob-
lem

minimize a(y) := ||u(t) — Q(- —y)|%: over yER.
One can verify that limy,| o a(y) = |[u(t)|3;:. We can therefore obtain a minimum
and take z(t) to be an argmin. We may also guarantee that ¢ — z(t) is continuous
in time. The condition a(y)|y—z) = 0 leads to an orthogonality condition as
follows. We define v(t) via

u(t,z) = Q(x — x(t)) + v(t, x — x(¢)).

The condition a'(y)|,—z() = 0 then reduces to

<”U(t), Q/>H1 = <’U(t), QQ/> =0,
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with t — [|v(t)| g2 continuous. Here we have used the equation satisfied by Q. The
proof therefore reduces to showing that

lo@)]|gr <e forall t>0.
To this end, let us define
IT={t>0:lv(@)|m <e},

so that it suffices to show I = [0,00). Now, by continuity of ¢t — |v(t)|| g1, I is
closed. We also have I 3 0 for § > 0 sufficiently small, as

lo(O) 1+ = inf Jluo = Q( = )l < [luo = Qllzr <.

By connectedness of [0, 00), it therefore suffices to prove that I is also open. This
will be done by using the functional L to obtain an a priori estimate on v.
To begin, recall from the discussion above that we have

L(uo) — L(Q) = L(u) = L(Q) = 5(Bv,v) + O([[v][31)-

Now, v satisfies one of the orthogonality condition appearing in Lemma (namely
(v,QQ") = 0), but not necessarily the other (i.e. (v,Q) = 0). It is here that the
mass constraint comes into play. Indeed, observe that the constraint M (u) = M(Q)
reduces to

(v,Q) = —3(v,v).
As v(t) is already small, we see that the component of v in the direction of @ is

small compared to v itself.
We now decompose

v=aQ+w with (w,Q)=0.

In particular,

e

Note also that since (@, QQ’) = 0, we see that (v, QQ’) = 0 guarantees (w, QQ’) =0
as well. Thus w satisfies both orthogonality conditions needed to obtain coercivity.
Thus, as ||w|| g < ||v|| g, we can use this decomposition of v to obtain

(Bu,v) = (Bw,w) + O(|[v]lx + l[vll3).

Since w satisfies both (w,Q) = 0 and (w,QQ’) = 0, Lemma applies to w.
Applying Lemma [10.1] as well, we find

(Bu,v) 2 [lwllz + OlvllE + llvllz)-
Using once again that a = O(||v]|%,), we see that
lwllzz 2 [[vl1F: + O(llvll0),

and hence
(Bv,v) Z [[v] 3 + O([vll3 + [0l 3)-

Returning to the expansion of L above, we find that there exist Cq,Cy > 0 such
that

lv(®)IF < C1lL(uo) = (@) + Ca(lo@)llzp + lv(t)llzp)  forall tel.
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We can finally show that the set I defined above is open (if § = §(e) is sufficiently
small). First, by H'-continuity of L, we can guarantee that C1|L(ug)—L(Q)| < 12
for § sufficiently small. Then, if ¢t € I, the inequality above implies

||v(t)||?q1 < %62 + 0262(%8 + %652) < %52.
In particular, by continuity of ¢ — ||v(¢)|| g1, we find that

lo(T)||lgr <e for 7 in a neighborhood of ¢t.

This shows that I is open, and hence (by connectedness of [0,00) we obtain I =
[0,00), as desired.
O

Proof, version 2. We wish to define z(t) to as a solution to the minimization prob-
lem

minimize a(y) := |[u(t) — Q(- —y)||7. over ye€R.

One can verify that lim|y_, a(y) = ||u(t)[|3.. We can therefore obtain a minimum
and take z(t) to be an argmin. We may also guarantee that ¢ — z(t) is continuous
in time. The condition a'(x(t)) = 0 leads to an orthogonality condition as follows.
We define v(t) via

u(t,z) = Q(x — x(t)) + v(t, x — x(¢)).
The condition a(z(t)) = 0 then reduces to
(v(t),Q") =0,
with ¢ — ||v(t)|| g1 continuous. The proof therefore reduces to showing that
lo@®)|lm <e forall teR.

Before getting to the heart of the proof, here is a technical claim we need to
verify:
|(0)] =o(1) as §—0. (10.1)

Proof of (10.1)). By assumption and definition, we have

lluo — Q(- = 2(0)) |22 < [luo — Qllz2 <0,
so that by the triangle inequality we have

HQ - Q( - $(0))||L2 < 26.

Thus by explicit calculation (and the fact that we may assume |z(0)| < C(ug)) we
see that z(0) — 0 as 6 — 0. O

Now let us define
I={t>0: [o(t)|m <}

To complete the proof, it suffices to show I = R. To this end, first note that (by
continuity of ¢ — |[v(t)||g1) I is closed. We also claim that I 3 0 (if § is sufficiently

small). Indeed, using , we have
o)l = lluo — Q(- — (0)) | a1
<lluo — Qllar +|1Q — Q( — x(0))| a2
<d+4+o(l) as d—0,
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which implies the claim. By connectedness of [0, 00), it therefore suffices to prove
that I is also open. This will be done by using the functional L to obtain an a
priori estimate on v.

To begin, recall from the discussion above that we have

L(ug) — L(Q) = L(u) — L(Q) = 5(Bv,v) + O(|[v]| ).

Now, v satisfies one of the orthogonality condition appearing in Lemma (namely
(v, Q") = 0), but not necessarily the other (i.e. (v,Q) = 0). It is here that the mass
constraint comes into play. Indeed, observe that the constraint M(u) = M(Q)
reduces to

(v,Q) = —3(v,0).
As v(t) is already small, we see that the component of v in the direction of @ is
small compared to v itself. In particular, if we write

v=a@Q +w, with (w,Q)=0,

then a = O(||v||%:). Note also that (v,Q’) = 0 guarantees (w,Q’) = 0, since
(Q,Q") =0.

We now write (noting ||w||g: < ||v||g1),
(Bv,v) = a*(BQ, Q) + 2a(BQ, w) + (Bw, w)
= (Bw,w) + O(|[v][f + [[v][3)-

Since w satisfies both (w,Q) = 0 and (w,Q’) = 0, Lemma applies to w.
Applying Lemma as well, we find

(Bu,v) 2 [lwllz + OlvllE + l[vllz)-
Using once again that a = O(||v]|%1), we see that
lwllze 2 [lollz + Olvllz),

and hence
(Bv,v) Z [[v] 3 + O([vll3 + [0l 3)-

Returning to the expansion of L above, we find that there exist C7,C5 > 0 such
that

@7 < C1lL(uo) — L(@)| + Colo(®) [z + [lo(t)][2) for all ¢ € 1.

We can finally show that the set I defined above is open (if § = §(¢) is sufficiently
small). First, by H'-continuity of L, we can guarantee that C1|L(uo)—L(Q)| < 3&?
for ¢ sufficiently small. Then, if t € I, the inequality above implies

[0 < 3e® + Car®(Re + fe?) < 32
In particular, by continuity of ¢ — ||v(¢)| g1, we find that
v(T 1 <2¢ for 7 1in a neighborhood of ¢.
[o(7)[| e g

This shows that I is open, and hence (by connectedness of [0, 00) we obtain I =
[0,00), as desired. O

To prove Theorem [10.1] it remains to remove the mass constraint in Proposi-
tion This will rely on the scaling symmetry, as described above.
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Proof of Theorem[10.1] Let us first obtain a version of Proposition [10.1] based
around an arbitrary Q. (recall Q.(z) = cQ(y/cx)). Let us define

1A Z = 1F1Ze + eIl

We claim that given ¢ > 0 and € > 0, there exists 6 = §(¢,e€) > 0 such that if
luo = Qellmy <0 and  luollz2 = [[QcllL2,

then there exists z(t) € R such that

[u(t) = Qe(- — x(t) |y <e.

To prove this, define

w(t,z) = c_lu(c_%t, c_%x).

This is a solution to KdV. Its initial data wq satisfies
lwollze = ¢ ¥ luollze = ¢ #1Qcllz2 = Qe
Moreover, by direct calculation,
lwo = Qllfn = % luo = QelF2 + ¢ [luo — Qell3
= Hlug — Qell3.

Thus for 6 = J(e, ¢) sufficiently small, we can apply Proposition to the solution
w to find z(¢t) € R such that

w(t) — Q(- — x(t))||% <23 forall ¢>0.
As
lw(t) = Q- — =)} = ¢ Flu(t) = Qe(- — (1)) 131,
we obtain
[u(t) = Qc(- — x(t))ll7 < €2,
as desired.

Now we return to the original problem. We let € > 0 and let § = §(¢) > 0 to be
determined more precisely below. We let ug satisfy

luo — Qllgr <9

and let u be the KdV solution with data ug. Now we wish to choose ¢ such that

3
luollL2 = [[Qellz2 = ¢ [|Q| 2

In particular,

ol

¢ = (Il

Tl =1+4o0(1) as §—0.

We then have
[uo — Qellm: < |luo — Qlla; + 1@ — Qcllm
= |Jlup — Q|lgr +0(1) as §—0,

so that we can apply the rescaled stability result to the solution u. In particular,
we can find z(t) € R such that

lu@®) — Qc(- — 2(t))|m: <e forall ¢>0.
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But now we observe that for any ¢ > 0,
[u(t) = Q( = z(®)[[ar < [lu®) = Qe(- — z())l|m + Q — Qell
< lu(t) = Q- —x(t)llgy +o(1) as 6—0
<e+4o(l) as §d—0.
This finally implies the desired orbital stability result! O

11. SCATTERING AND INVERSE SCATTERING FOR KDV

Reference: Drazin and Johnson [1].

We follow this reference fairly closely, as the exposition is quite good.

We continue our study of the KdV equation, returning to the formulation
Uy — 6uUULE + Uggy = 0

forzx € Rand ¢ > 0.
We will connect this equation to a Sturm—Liouville problem of the form

where u = u(x) € R is given (later u will be the solution to KdV at a fixed time),
A is a parameter (interpreted as an eigenvalue), and we seek a bounded solution

¥ =(x; ).

11.1. Direct scattering. We assume that u = u(z) is a ‘nice’ function, for exam-
ple a Schwartz function (although much less is needed), and we study the problem

wmz + ()\ — u)’l/) =0.

The spectrum (i.e. the possible values of \) is made up of two types, namely,
A>0or A <0. The case A = 0 can be ruled out if, for example, u(z) > 0 for all .

Note that as we are assuming |u| — 0 as |z| — oo, the equation above takes the
asymptotic form

Ype = =X as |z| — o0.

In the case A > 0, it follows that the eigenfunction ¢ is asymptotically given

as a linear combination of eX*V* ag |x| — +oo. We call the case of A > 0 the

continuous spectrum.
In the case A < 0, the asymptotic equation at z = +oo now involves linear

combinations of e*V~**  We are interested in bounded solutions only, so consider
for example a real solution satisfying
Y(x) = aetN"’T a5 x o —o0

for some constant a. In general, the corresponding solution will involve both expo-
nential terms as © — +00, say

Y(x) ~ BelTN?T e (N2 ag g oo,

with 8,7 € R. This solution is not bounded unless § = 0. The values of A\ for
which we obtain § = 0 are then called the discrete spectrum of eigenvalues, and the
corresponding eigenfunctions decay exponentially as |z| — oo.
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Given u(x), there may be no discrete spectrum at all. For example, if u > 0,
then by taking an inner product of the eigenvalue problem with ¢ and integrating
by parts, we obtain

a2 + Al]2s = / () (z) da

If A <0 but u > 0, we obtain a contradiction.

If u < 0 and u — 0 sufficiently rapidly as || — 0o, one can show that the number
of discrete eigenvalues is necessarily finite. We won’t pursue the general theory here.
We will also always assume that we are dealing with simple eigenvalues.

We next collect several properties of eigenfunctions. For example, we can show
that eigenfunctions are bounded and continuous, and typically at least once differ-
entiable. For example, integrating the equation yields

b
Y (b) — ¥y (a) = / (u— A\ de,

which (sending b — a) yields continuity of v, provided the integral tends to zero.
This is usually the case (and may hold even for discontinuous u, but would fail if
e.g. u=1dp).

Similarly, integrating first from ¢ to # and then from a to b leads to

(b) — b(a) = (b— ain(e) // (u— N\ dy da,

yielding continuity of ¢ (even if, say u = dy).

While all of our eigenfunctions will be bounded and continuous, only the dis-
crete eigenfunctions will decay at +oo. In particular, discrete eigenfunctions are
guaranteed to belong to L2.

For the discrete spectrum, let us define

Fn=(—Au)?, n=1,...,N,
ordered via k1 < --- < k. We will fix an eigenfunction satisfying
Yn(x) = cpexp(—knpx) as = — 0o,

where the norming constant c,, is fixed by imposing the L2-normalization

/¢3dx=1.
R

For the continuous spectrum, let us denote k = +v/\ and define a solution given
by the following behavior at too:

—ikx ikx
A e + be x — 400,
P(x; k) =~ { .

ae ke T — —o0.

Now, given two solutions v, ¢ satisfying
Ve +A—w)p =0 and @, + (p—u)p =0,
we define the Wronskian W (1, @) via

Then

EW (Y, 0) = (A = p)p.
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From this, it follows that (i) eigenfunctions corresponding to distinct (discrete)
eigenvalues are orthogonal (with respect to the L?-norm) and (ii) if A = p then
W (1, @) = const). (It is also true that any continuous eigenfunction is orthogonal
to any discrete eigenfunction.)

Given the continuous eigenfunction ’(ZJ(:E,]C), its complex conjugate @E*(m,kz) is
also a continuous eigenfunction with parameter k, so that W(,1*) is constant.
Evaluating as * — 00, we obtain

W (h, ¥*) = 2ikaa* = 2ik(1 — bb*), ie. |a|®+ |b]> = 1.

In the setting of quantum mechanics, the function u(z) is an ‘external potential’,
and we interpret the discrete eigenfunctions as the bound states (or stationary
states). The continuous eigenfunctions are asymptotically free waves. They are
not themselves admissible quantum states (they are not in L?), but they can be
combined into ‘wave packets’. In fact, it is a general fact that the discrete and
continuous eigenfunctions together form a complete set. This means that any f € L?
can be written in the form

N ~
f(z) = Z ntp () + /Ra(k)w(m; k) dk.

n=

The eigenfunction @(m,k is interpreted as an incident wave from z = +oo
(i.e. e ) together with a reflected wave to x = +oo (be’**) and a transmitted
wave at © = —oo (ae?**). The constants a = a(k) and b = b(k) are called the

transmission and reflection coefficients. The relation |a|? + |b]?> = 1 is a statement
of the conservation of energy. We have generally that in the limit |k| — oo, we get
a(k) = 1 and b(k) — 0.

We turn to some explicit examples.

Example 25 (Dirac delta). We begin by considering
u(z) = =Upd(x), Uy > 0.
To begin, we need to clarify the behavior of solutions at x = 0. If we integrate
Yoz + (A +Ud)p =0

from —e to €, we get
€

YP'(e) — ' (—e) + / A+ Upd(x)]9(z) de =0,

—E&
so that sending € — 0 yields
[¢'] = =Uo®(0), [f] = f(0+) = f(0-).
(One can verify with a second integration that ¢ is continuous for all x € R.)

Now, u =0 for x < 0 or x > 0. Thus, if we consider a (discrete) eigenvalue
kin = (—\)2, we must have

_Japexp(—knr) >0
¥nle) = {ﬁn exp(knpz)  x<0.

To obtain continuity at x = 0, we must have oy, = B,. The L? normalization of
requires

0 oo
o [/ exp(2k,x) dx —|—/ exp(—2knx)dx| =1,
0

— 00
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which (choosing o, > 0) requires o, = (kn)2. It remains to impose the jump
condition:

[r] = —knon — ko, = —Upa,  so that Kk, = 1U.
It follows that there is exactly one eigenvalue A1 = —%Ug (with k1 = %Uo). The

etgenfunction is
1
U(x) = (3U0)% exp{—3Uo|z}.
Note that no eigenvalue would occur if we had taken Uy < 0.

How about the continuous eigenfunctions? Recalling the definition of ﬁ(m, k) and
the fact that 6 = 0 for x # 0, we have

—ikx ikx
- e + b(k)e x>0
P(ask) = _ikm( )
a(k)e x < 0.
For continuity at x = 0, we need a = 1+b. The jump condition at x = 0 is written
('] = —ik + bik — (—ika) = —Upp(0) = —Up(1 + b),
which implies
U 2ik
0 k)=
Uy + 2ik Uy + 2ik

In this case we find that the continuous spectrum exists whether Uy is positive or
negative. The pole in the upper half-plane of b(k),a(k) corresponds to the discrete
etgenvalue if k is extended into the complex plane (that is, the pole is at k = i%Uo,
i.e. A= —iUg), It is a general fact that the discrete eigenvalues can be determined

from the eigenfunction for the continuous spectrum (more precisely, its extension
into a half-plane).

b(k) =

As an exercise you may try to work out the case u = Upx(o,1)- The computations
are more involved.

Example 26 (Soliton). Next, consider
u(z) = —Upsech®z, Uy € R\{0}.
The etgenvalue problem is then
Vaw + (A + Ugsech? z)1) = 0

We introduce T = tanh(z). Then x € R corresponds to T € (—1,1), and we have

ar — sech?(z) = 1 — tanh?(z) = 1 — T?.
Writing ¢ (x) = ¥(T) and noting

A==,

the equation reduces to

{1 =T} + Uo+ 220 = 0.
This is a well-known 2nd order ODE known as the associated Legendre equation.

We can obtain bounded solutions for T € [—1,1] only when

Up=N(N+1), Ap = —n?,

where N € N andn =1,...,N. There is a family of solutions Py, known as the
associated Legendre functions, which have the form

PR(T) = (—1)"(1 = T2} (L) Pu(T), with Py(T) = i (40)¥ (12 — 1),
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We take eigenfunctions to be proportional to the Py, with norming constants to
impose L?-normalization. Some specific examples include

P1(z) = (%)% tanh z sech z,
Yo(z) = 22 sech? z,
corresponding to eigenvalues Ay = —1, Ay = —4.

For the continuous spectrum, we return to general Uy € R\{0} and have A =
k% > 0. In this case, the associated Legendre equation can be solved using the
hypergeometric function F(«, B;7,2). Imposing the desired boundary condition as
xr — —00, the result is

(x; k) = a(k)2% [sech 2] "* F (o, B; 7, 2),
where
a=1—ik+ U+ 13,
=1k — (U + 12,
v=1-—1k,
z=1(1+4T).
We have z — 07 as x — —oo and z — 1~ as z — +0o. One can then verify
O(x k) ~ a(k)e ™ as z — —oo.
Furthermore, as © — 400, one has
o b g @RT (04 B—) —ikz | a(HT(NT(y—a—f) ks
Vask) ~ rarm e T T Teeartem €
where T'(z) = fooo e~ 't*~1dt is the Gamma function. For the boundary conditions
at £00 to be satisfied, we must therefore have
— _ D) _ a(k)T ()L (y—a—p)
(k) = tortars— o4 k) = Tresartog
which determines the scattering coefficients as functions of k and Uy.

Remark 1. Observe that there are certain values of Uy such that b(k) = 0
(yielding so-called ‘reflectionless’ potentials). To see this, we first recall the follow-
ing Gamma function identity:

LA —2)(5+2) ==

cosmz’

so that
P(y = a)T(y = B) =T(5 = (Uo + 1) *)T(G + Vo + 1)?)
B cos(m(Uy + i)%).
Thus we obtain b(k) = 0 if
Uo+ 12 =N+1L e U=NN+1), N=12....

In particular, the discrete eigenfunctions obtained above are reflectionless potentials.

Remark 2. Although we won’t prove it here, one can verify that for Uy > 0, one
will have a finite number of eigenvalues, while if Uy < 0 only continuous spectrum is
present. This can be worked out by considering the poles of the functions a(k), b(k)
introduced above.
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11.2. Inverse Scattering. In the previous section, we described how a given po-
tential © = u(x) determines certain scattering data related to the problem

'@[sz‘i‘()\_u)w:(), z € R.

This includes:

e Discrete spectral data: this includes the eigenvalues A\, < 0 and norming
constants c,,.
This means there L?-normalized eigenfunctions 1, satisfying

Yn(x) = cpexp(—kpx) as x — +00, Ky = (_)‘n)l/2'

e Continuous spectral data:, this includes the transmission and reflection co-
efficients a, b, which we view as a function of k = +\/2, with A > 0.
This means that we have continuous eigenfunctions ¥ (x; k) satisfying

- e~ 4 b(k)et*  x — 400,
(s k) ~ _m( )
a(k)e T — —00.

The inverse scattering problem asks whether knowledge of the scattering data
(i.e. A\p,cn,a(k),b(k)) suffices to determine (or ‘recover’, or ‘reconstruct’) the po-
tential u.

Let us try to give the general idea here. Because we consider potentials u that
decay at infinity, the equation ¢, + (A —u)®¥ = 0 may be viewed as a perturbation
of of the equation ., + A = 0 near x = 4o00. This latter equation has the plane
wave solution e***, so we may look for a solution that has this form asymptotically
as r — oo. For example, we may look for a solution of the form

Pz k) = ™ 4+ /Oo K(z,2)e** dz. (11.1)

We might also allow the kernel K to depend on k, but this turns out not to be
needed. Presumably, if we can figure out how to define K, it will carry some infor-
mation about the potential w. Ultimately, to solve the inverse scattering problem,
we will need to figure out how to determine K from the scattering data alone.

Let us see what conditions on K = K (z,2) guarantee that 9 solves 1., + (k* —

w)p = 0.
Assume 1 has the form above. First, apply the fundamental theorem of calculus
to write:

Voo = —[k? + 2K, (z, ) + K, (z, 2) + ikK (z, z)]e*®
—l—/ Koo(z,2)e** dz.

For ¢ itself, it will be useful to use the identity

ikz _ 1 d _ikz
€ = kdzC

and integrate by parts (twice). This implies
Y=[1-LK(zz)— k%Kz(xw)}e“”

o0
1 ik
— k—Q/ K,.(z,2)e"* dz,
x
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so that
K2 = [k + ik K (2, 2) — K, (2, 2)]e™® _/ K. (2, 2)e* d.

Thus
VYo + k2¢ —uyp = 76ik1{2[Kx(937x) + K. (z,z)] + u(l’)}

+ / [Kpw — K. — u(m)K]eikz dz.
xr

For 1 to be a solution, we therefore need
Kx(fli,.’lf) + KZ('T71‘) = —%U(ﬂ?),
K. — K., —uK =0 for z>u,

with the boundary conditions K, K, — 0 as z — oco. Note that these conditions
confirm that we can assume K is independent of &k, and also show that we can take
K to be real-valued (since u is).

So far we have essentially seen how u could determine K. Instead, we need to see
how knowledge of the scattering data could determine the kernel K (and then use
the first equation in to determine wu). The reflection coefficient b is involved
in defining the continuous eigenfunction 1[}, which has different asymptotic behavior
than the solution ¢ we just considered. In particular, by considering the behavior
as x — 400, we must have

(11.2)

=" +b(k)y.
Using this, let us try to connect the unknown K (z, z) with b(k). Using K(z,%) =0
for z < x, we may write

Oz k) = e 4 b(k)er™ + / K(z,2)e” ™ dz + b(k) / K(z,2)e** dz.
R R
Rearranging leads to
/ K(x,2)e” " dz = (x; k) — e — b(k)e'™™ — b(k) / K(z,2)e** dz.
R R

We view this as a formula prescribing (implicitly) the Fourier transform of the
function K (x,-) at k. Applying the inverse Fourier transform,

K(z,2) = 5; / {1&(36; k) — e T — b(k)e™® — b(k’)/ K (z,y)e™v dy}e”“ dk.
R R
Now let us introduce
Fo(x) == %/b(l@)ei’” dk.
R

Then the equation for K above can be rewritten
K(z,2) = 5= /{1[)(10, k)—e~ e Lethz dz—Fo(x+z)—/ K(z,y)Fo(y+z)dy. (11.3)
R R

Now let us first consider the simpler scenario in which there is no discrete
spectrum. This setting, the continuous eigenfunction ’JJ(.’L‘, k) has no poles in the
upper half-plane, and we have |@Ee““| — 1 as |k| — oco. Using Cauchy’s theorem
(on a semicircular contour in the upper half-plane), we can derive that

/{z/?(ac, k) — e kelethz 4y = 0.
R
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In this case, the equation for K above becomes

K(x,z)+F0(x+z)+/ K(z,y)Foly+2)dy =0, x <z,
e (11.4)

Fo(y) = o= / b(k)e* di.
R

This is called the Gel’fand—Levitan equation or Marchenko equation. We can it-
eratively construct a unique solution (more on this below) to obtain the kernel
K(z,z), given purely in terms of F' (the inverse Fourier transform of the reflection
coefficient). Then, as in , we can recover the potential u from knowledge of
K.

Now consider the general case (including possible discrete spectrum), returning
to . In this case, the integral no longer vanishes, and instead we have from
the residue theorem that

N
= /R{MAJ(x, k) — e hryetkz gy = zz R,
n=1

where R, is the residue of 1(z; k)ei** at k = i, (where A, = —k2 are the eigen-
values). We turn now to the problem of determining the residues R,,:

Henceforth we denote the solution v obtained above by v, (as its asymptotics
at * — oo are prescribed), and we introduce a second solution

x

Y (x5k) = e +/ Lz, z)e”** dz

—00

that is asymptotic to e "% as x — —oo. In particular we can write

U(ask) = a(k)— = +b(k)Yy,
so that
Yo = 2% + 2oy
Note that both 1y are defined at k = ix,,. In fact, we have

Vi (zyikg) ~e "l as 2 o +o0.

Thus, recalling that v, denotes the n!* normalized eigenfunction, we can write
Un(z) = ey (2 ik,) = dpth—(z5iKy,) (11.5)

where ¢, is the norming constant and d,, € R is some (unknown) real constant that
we will need to carry around in the analysis.

Now, as the Wronskian W (¢4, _) is independent of z, we can evaluate it by
sending z — oo and using the formula relating ¢ and 1 _ above. In particular:

W (i, 6o ) = 2ik b

Note that this identity may be used to derive the following important facts: a~
has zeros at k = ik, so that a has poles at these points.
Now, differentiate this Wronskian identity with respect to k. This yields

W (Or— ) + W (—, dptpy) = Z[1 — k2], (11.6)

which can further be used to show that a has only simple poles.

1
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To get information about 91, we differentiate the equation ¢, + (k% —u) = 0
with respect to k and multiply by % to derive the general formula

x
W (O, ) (z) = Qk/ V2 da. (11.7)
In particular, using W+ to denote the limit as # — +o00, we obtain
W+(ak¢+7¢+)‘mn - W_(akw'f"w"')’inn = 2“{”/ ¢i dx = 22%
R n

On the other hand, using (I1.6), (I1.5), and the fact that i vanishes at ix,, we
find
W= Ok, %:iﬁfﬂmn + W (3 ¥+, Ocths ) in,, = 260 (52)in,-
We would now like to combine the previous two displayers to eliminate the
W~ (0kt4,¢4) term (the value of which is unknown). Using W (af, g) = aW (f, g)
and W(f,g) = —W(g, f) and multiplying the second display by —%:7 we find

W+(3w+,¢+)\mn - [%Z}QW_@W—W—)IW = %% - 2%“?%(%”%’%'

Using (11.7) and the fact that ¢,y = dpt— at k = ik,, we find that the left-hand
side equals zero! Thus we derive

(G2 )lin, = oo
Now, recalling 1[) = ar)_, we can write
b k)™ = a(k)y(w; k)e™ = Sma(k)y (x; k)e’™?,

with only a(k) having poles (for the right-most function). Thus, using the identity
above and the fact that a has only simple poles, the residue at k = ik, is

R, = 2—:1/4(3:; ikn)e "rPres|pmix, a
= =gt (inn)e " (5 lim,
= ic2apy (zyikn)e .
For the value 1 (z; ik, ), we go back to the defining equation . The conclusion

is:
[7[)(% k) N e—ikx]eikz dz

N [eS)
=— Z che“"Z{e'(”"z + / K(xz,y)e Y dy}.
n=1 z

Thus, in the presence of discrete spectrum, ([11.3)) becomes the Marchenko equa-
tion

1
2m
R

Km@+F@+@+/mewF@+@@:&

N
F(y) := Z ermY % /]R b(k)e™ dk,
n=1

which extends the case without discrete spectrum.

This completes the formulation of the inverse scattering problem. To summarize,
the Marchenko equation shows to determine the kernel K in terms of the scattering
data {b(k),cy,kn}. The potential u is then reecovered via (11.2). To close this
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section, let us briefly point out that a practical method for solving the Marchenko
equation is via iteration.

11.3. Solving KdV using inverse scattering. In this section, we show the direct
and inverse scattering problems introduced above may be used to produce solutions
to the KdV equation.
We suppose u = u(t, z) is a solution to
Ut + Ugze — Buuy =0,  ul=o = up.
For each t > 0, we let u(t) be the potential in the Sturm-Liouville problem
wxz + ()‘ - u)¢ =0,

where now u = u(t) and A = A(¢). In the previous sections we developed the maps
between the potential v and its scattering data, say S. If we can determine the

time evolution of the scattering data (assuming u(t) solves KdV), then we obtain
a potential method for producing the solution to KdV at all later names, namely:

e ug — Sp (direct scattering map)
e So — S(t) (evolution of scattering data)
o S(t) — u(t) (inverse scattering map).

This is a nonlinear analogue of the Fourier transform method we previously used
for linear dispersive PDE, in which the direct/inverse scattering map are replaced
by the Fourier transform and its inverse, and the time evolution of the Fourier
transform is determined purely by the dispersion relation.

We turn to the problem of determining the time evolution of the scattering data.

Lemma 11.1. Let u solve KdV and i solve ¥, + (A — u)p = 0. Define
R(t,z) = ¢ + uzt) — 2(u + 2X) 1y,
Then
ax W]mR - wa} = )‘tha
where subscripts denote derivatives.
Remark 11.1. I wish I had an insightful way to motivate the introduction of R.

Unfortunately, I do not. If you are reading these notes and know how one might
naturally ‘discover’ R, please let me know!.

Proof. Start by differentiating the Sturm—Liouville equation with respect to ¢t and
x:
wm:pt + ()\t - ut)w + <)‘ - u)"/)t = 07
By direct calculation,
= Yz [thr + uzth — 2(u + 2X)1, ]

We can now insert the identities for 1,,; and 1., above and use the equation for v
to replace instances of 1., with —(\ —u)t. After tedious algebraic manipulations,
one finally arrives at

8ﬂc('¢)mR - me) = 1/)2(/\1& — Ut — Ugge + 6““:&)7
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which (since u solves KdV) yields the result. O

We first consider the case of discrete spectrum, so that \|;—g = —x2 with
Y|t=0 = . Integrate the result of the lemma over x € R (writing R,, for the
function R above defined using 1,,). Using the decay of ¥ and R, this yields

0= —8,5(1%)2/1#,21 dx.
R

Thus &, is constant, i.e. the discrete eigenvalues are conserved in time!
We next compute the time evolution of the norming constants c,. First, inte-
grating the result of the lemma and using decay at infinity, we obtain

Integrating once more leads to

Ry _
for some function h,, = h,(t), so thatw(”recalling the definition of R,,)
Dn[Osthn + tugthn — 2(u = 2K3,)Pna] = Ryt (11.8)
Now, multiplying the equation for 1, by ¥,, implies
Wntns = Ynaa¥na — Ky Ynihna-
Writing w12 = (u)? ), — 2ut,ns, we therefore obtain
Up sy = 2utnna + 45 Pntna
= (u¥})z — 4utPnna + 467 Pntna
= (udp)e — Wuuthe + 8KoYn s
Thus can be written
3(n)e + [udn — 205, + dkgdnle = haty.

We can therefore integrate over € R (observing limits are independent of t) to

obtain
th/wzdwf /wzdx

which (by normalization) forces h,, = 0. It follows that

= Ynt + UgWn — 2(“ — 2k )wnw =0,

which we view as prescrlbmg the time evolution for v,,. Since ¥,,(t,x) ~ ¢, (t)e"n*
as x — o0, such evolution implies that

d(;t" = 4K‘§zcny i.e. Cn(t) =cp (0)64K§’t.

Thus we obtain the time evolution of the norming constants.

We turn to the continuous spectrum, for which A = k2 > 0, where k € R
can take on any value. We are then going to consider continuous eigenfunctions
¥ = ¥(t,x; k), i.e. with k fixed but u evolving. Applying the lemma with ¢ (and
A+ = 0) and denoting R the function above evaluated with 1/), we integrate to find

wa - ¢Rx = g(t; k)

for some g. Now,

Ot a k) ~ a(t; k)e™ ™ as  z — —o0,
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so that by the definition of R we obtain
R(tw;k) ~ [% + 4ik3a]e_ik"’ as T — —00.

It follows that @IIA% — &RI — 0 as x — —oo, whence g = 0. We therefore integrate
again (as above) to obtain

R = h(t; k)i
for some h. Inserting the asymptotic behavior of ’(/AJ, R as © — —oco, we obtain
fl—‘; + 4ik3a = ha.

On the other hand, as x — oo,

R(t,x; k) ~ db etk 1 4ik3 (e — bethT),

O(t, 3 k) ~ e 4 b(t; k)ethT
so that we obtain

%eikm —|—4Z'k3(€7ikx _ beikz) — h(efikx + bezkm)
Using the fact that e*?*? are linearly independent, we derive
4 4ikPb=hb and h(t; k) = 4ik>.
Then our equations above reduce to
a(t;k) = a(0;k) and  b(t; k) = b(0; k)eS*".

As we now understand completely the evolution of the scattering data, we can
carry out our scheme above to obtain the KdV solution at all times ¢ > 0!

Theorem 11.1. Suppose u solves us + Ugye — 6uu, = 0 with uli—g = f.
The solution u(t,x) is given by

u(t,z) = —2[K,(t; z,2) + K, (t; x, x)],
where K (t;x,z) is obtained as follows:

e Obtain the scattering data {{—k2, c,(0)}2_1,b(0; k)} for the Sturm-Liouville
problem

Yoz + (A —u(0))y = 0.

The time evolution of the scattering data is then
tin = const,  cn(t) = cn(0)e™n!, b(t; k) = b(0; k)e¥H.

e Define the function
N

F(t;y) = Z 2 (t)e Y + = / b(t; k)e* dk
n=1 R
N 3 3
— Z Ci(o)e&gntfnny + %/ b(O, k’)GSik t+iky dk
n=1 R
and solve the Marchenko equation
K(t;x72)+F(t;m+z)+/ Kz, y)F(t;y+2)dy=0

for K = K(t;z, z).
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12. EXAMPLES

To finish this section, let us work out a few examples of the inverse scattering
method outlined above.

Example 27. Let u(0,z) = —2sech® 2 (the soliton with ¢ = 4), and let u(t,x) be
the corresponding solution to KdV.

This data corresponds to Example above with Uy = 2 = N(N+1) with N = 1.

We found that in this case, b(0; k) = 0, which (by the evolution of the scattering
data derived above) implies b(t;k) =0 for all t > 0.

For the discrete spectrum, we worked out that with N = 1 we obtain a single
eigenvalue \y = —1 (so k1 = 1), with eigenfunction 11 (x) < —sech(z). In particu-
lar, because [sech®(x)dx = 2, the norming constant at t = 0 is ¢;(0) = 273, The
evolution is then given by

c1(t) =27 2",
and the function F = F(t,y) is
F(t,y) = 257V,

The Marchenko equation therefore reduces to
K(t,x,z) +2e8~@+2) 4 2/ K(t,x,y)ed W2 gy = 0.

If we multiply this equation by e*, we derive that e*K (t,xz, z) depends only on (t,x),
so that

K(t,x,z) = e *L(t,x) for some L.
Inserting this into the equation (after multiplying through by €*) leads to

o
L(t,z) + 2e% 77 4 23 L(t, x)/ e Y dy=0.

xT
Computing the integral leads to

e8t—m

L(t,z) = —271 T

Since K(t,x,z) = e *L(t,x), we do some direct calculations to obtain
u(t,z) = —2[K,(t, z,z) + K. (t,z,2)]
= —2e "[Ly(t, ) — L(t,z)]
e8t—x
= —2sech®(z — 4t).

= -8 7

This s, of course, the soliton with ¢ = 4. Cool!
Example 28. If one chooses
u(0,2) = —N(N + 1) sech® z,

then (as in E'xample@) one obtains N discrete eigenvalues and b = 0. In this case,
calculations in the spirit of the previous example (but a bit more involved, as we
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obtain a linear system rather than a single integral equation) yields the N-soliton
solution, which has the asymptotic form

N
u(t,z) = —2 Z n?sech?(n(x — 4n’t) Fx,) as t— oo,
n=1

where x, are explicit phases. In particular, u asymptotically decouples into N
separated solitons.

Further examples in which b(k) is not identically zero are worked out in [1]. The
interested reader can find further details there.

. B. Whitham, Linear and Nonlinear Waves.
G. B. Whitham, Non-linear dispersive waves (1965).
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