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1 Introduction

1.1 Notation

92
ot?

to indicate partial differentiation: u; = dyu etc. A general k*" order linear partial
differential operator (pdo) acting on functions u = u(xy, ...x,) is written:

P=> a.,0. (1.1.1)

|a<k

We write partial derivatives as 0, = 5,0, = % etc and also use suffix on a function
J

Here o = (v, ... o) € Z7 is a multi-index of order |a| = ) «; and

o =1[o7, =*=]]«5" (1.1.2)

For a multi-index we define the factorial o! = [[«;!. For (real or complex) con-
stants a, the formula (1.1.1) defines a constant coefficient linear pdo of order k.
(Of course assume always that at least one of the a, with |a| = k is non-zero so
that it is genuinely of order k.) If the coefficients depend on z it is a variable
coefficient linear pdo. The word linear means that

P(ciuy + coug) = ¢4 Puy + coPuy (1.1.3)

holds for P applied to C* functions u;, us and arbitrary constants ci, co.

1.2 Basic definitions

If the coefficients depend on the partial derivatives of a function of order strictly
less than k the operator

u+— Pu= Z ao(, {0°u}|51<1) 0“u (1.2.1)

la<k

is called quasi-linear and (1.1.3) no longer holds. The corresponding equation
Pu = f for f = f(z) is a quasi-linear partial differential equation (pde). In such
equations the partial derivatives of highest order - which are often most important
- occur linearly. If the coefficients of the partial derivatives of highest order in a
quasi-linear operator P depend only on x (not on u or its derivatives) the equation
is called semi-linear. If the partial derivatives of highest order appear nonlinearly
the equation is called fully nonlinear; such a general pde of order k£ may be written

F(x, {6“u}|a|§k) =0. (1.2.2)

Definition 1.2.1 A classical solution of the pde (1.2.2) on an open set @ C R" is
a function u € C*(Q) which is such that F(x,{0%u(x)}a<k) =0 for all z € Q2.
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(Classical solutions do not always exist and we will define generalized solutions
later in the course. The most general existence theorem for classical solutions is the
Cauchy-Kovalevskaya theorem, to state which we need the following definitions:

Definition 1.2.2 Given an operator (1.1.1) we define
® Pyrincipal = Z‘a:k a0 , (principal part)
°p= Z\agk an(i€)*, & €R"™, (total symbol)
® 0=73 1,4 al(i§)*, & ER", (principal symbol)
o Char,(P)={{ eR":0(x,§) =0}, (the set of characteristic vectors at x)
o Char(P) = {(x,§) : o(z,§) = 0} = U, Char,(P), (characteristic variety) .

Clearly o,p depend on (z,£) € R*™ for variable coefficient linear operators, but are
independent of x in the constant coefficient case. For quasi-linear operators we
make these definitions by substituting in u(z) into the coefficients, so that p,o and
(also the definition of characteristic vector) depend on this u(z).

Definition 1.2.3 The operator (1.1.1) is elliptic at x (resp. everywhere) if the
principal symbol is non-zero for non-zero & at x (resp. everywhere). (Again the
definition of ellipticity in the quasi-linear case depends upon the function u(zx) in
the coefficients.)

The elliptic operators are an important class of operators, and there is a well-
developed theory for elliptic equations Pu = f. Other important classes of opera-
tors are the parabolic and hyperbolic operators: see the introductions to sections
4 and 5 for defintions of classes of parabolic and hyperbolic operators of second
order.

1.3 The Cauchy-Kovalevskaya theorem

The Cauchy problem is the problem of showing that for a given pde and given
data on a hypersurface S C R™ there is a unique solution of the pde which agrees
with the data on S. This is a generalization of the initial value problem for
ordinary differential equations, and by analogy the appropriate data to be given
on S consists of u and its normal derivatives up to order £ —1. A crucial condition
is the following:

Definition 1.3.1 A hypersurface S is non-characteristic at a point x if its normal
vector n(x) is non-characteristic, i.e. o(z,n(x)) # 0. We say that S is non-
characteristic if it is non-characteristic for all z € S.)



Again for quasi-linear operators it is necessary to substitute u(x) to make sense of
this definition, so that whether or not a hypersurface is non-characteristic depends
on u(z), which amounts to saying it depends on the data which are given on S.

Theorem 1.3.2 (Cauchy-Kovalevskaya theorem) In the real analytic case there
s a local solution to the Cauchy problem for a quasi-linear pde in a neighbourhood
of a point as long as the hypersurface s non-characteristic at that point.

This becomes clearer with a suitable choice of coordinates which emphasizes
the analogy with ordinary differential equations: let the hypersurface be the level
set x, =t =0 and let x = (z1,...2,-1) be the remaining n — 1 coordinates. Then
a quasi-linear P takes the form

Pu=agd; + Y a;a0]0"u (1.3.1)

loe|+5<k,j<k

with the coefficients depending on derivatives of order < k, as well as on (z,t).
Since the normal vector to ¢t = 0 is n = (0,0,...0,1) € R" the non-characteristic
condition is just agr # 0, and ensures that the quasi-linear equation Pu = f can
be solved for fu in terms of {0/9%u}ja|+ i<k j<k to yield an equation of the form:

Opu = G(x,t, {0 0u}jajj<ni<k) (1.3.2)
to be solved with data
u(z,0) = ¢o(x), Ou(r,0) = ¢y (z) ... 0F tu(z,0) = ¢_1(x). (1.3.3)
Notice that these data determine, for all j < k, the derivatives
A ou(z,0) = 9°¢;(x), (1.3.4)
(i.e. those involving fewer than k normal derivatives d;) on the initial hypersurface.

Theorem 1.3.3 Assume that ¢q,...¢p_1 are all real analytic functions in some
netghbourhood of a point xg and that G is a real analytic function of its arguments
in a neighbourhood of (x9,0,{0%;(x0) }a+j<kj<k). Then there exists a unique real
analytic function which satisfies (1.3.3)-(1.3.2) in some neighbourhood of the point
Zg-.

Notice that the non-characteristic condition ensures that the £ normal derivative
OFu(z,0) is determined by the data through the equation. Differentiation of (1.3.2)
gives further relations which can be shown to determine all derivatives of the
solution at t = 0, and the theorem can be proved by showing that the resulting

Taylor series defines a real-analytic solution of the equation. Read section 1C of
the book of Folland for the full proof.



In the case of first order equations with real coefficients the method of character-
istics gives an alternative method of attack which does not require real analyticity.
In this case we consider a pde of the form

Z aj(x,u)0ju = b(z,u) (1.3.5)
with data
u(z) =¢(x), z€S8 (1.3.6)

where § C R” is a hypersurface, given in paramteric form as z; = g;(0),0 =
(01,...04,-1) € R". (Think of § = {z,, = 0} parametrized by g(oy,...0, 1) =
(01,...0,-1,0).)

Theorem 1.3.4 Let S be a C' hypersurface, and assume that the a;,b, ¢ are all
C' functions. Assume the non-characteristic condition:

Y5y aj(wo, d(wo))n;(x0) # 0

holds at a point xo € S. Then there is an open set O containing xy in which there
exists a unique C solution of (1.3.5) which also satisfies (1.3.6) at allz € ONS.
If the non-characteristic condition holds at all points of S, then there is a unique
solution of (1.3.5)-(1.3.6) in an open neighbourhood of S.

This is proved by considering the characteristic curves which are obtained by
integrating the system of n+ 1 characteristic ordinary differential equations (ode):

dz; dz
d_s] =aj(z, 2), s b(z, 2) (1.3.7)

with data x;(0,0) = g;(0),2(0,0) = ¢(g(0)); let (X(o,s),Z(0,5)) € R* X R be
this solution. Now compute the Jacobian matrix of the mapping (o, s) — X(o, )
at the point (0,0): it is the n x n matrix whose columns are {0, g}?:_l1 and the
vector a = (ay,...a,), evaluated at © = g(0), 2z = ¢(g(0)). The non-characteristic
condition implies that this matrix is invertible (a linear bijection) and hence, via
the inverse function theorem, that the “restricted flow map” which takes (o, s) —
X(o,s) = x is locally invertible, with inverse o; = X;(z),s = S(z) and this
allows one to recover the solution as u(x) = Z(3(x),S(x)). This just means we
have found a locally unique characteristic curve passing through x, and have then
found wu(x) by tracing its value back along the curve to a point g(3(x)) on the
initial hypersurface.

1.4 Various types of equations

We have defined elliptic operators on an open set €2 as partial differential operators
with the property that, for all x € Q, the princpal symbol o(z,&) vanishes only
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for £ =0 . Examples to keep in mind are the Laplacian and the Cauchy-Riemann
operator.

In addition to elliptic operators, later on we will consider parabolic operators
of the form

Lu= (9tu + Pu
where " "
Pu= — Y a;0;00u+ Y bjdju+cu (1.4.1)
g k=1 Jj=1

is a second order elliptic operator - the quadratic form Z? ey @kE;€k 1s definite. A
useful slightly stronger condition, which we will use , is that of uniform ellipticity:
there exist positive constants m, M such that

mlgl? <Y apgsn < M| (1.4.2)

J,k=1

holds everywhere. The standard example of a parabolic operator is provided by
the heat, or diffusion, equation u; — Au = 0, There are other, more general notions
of parabolicity in the literature.

A second order equation of the form

Uy + Z a;0;0;u + Pu =0
J

with P as in (1.4.1) (with coefficients potentially depending upon t and x), is called
strictly hyperbolic if the principal symbol

o(r,& 1) = =70 — (- T+ Y auéé
jk

considered as a polynomial in 7 has two distinct real roots 7 = 74(; ¢, z) for all
nonzero &. We will mostly study the wave equation

Ut — Au = 0, (143)

which is the basic hyperbolic operator. Again there are various alternative, more
general notions of hyperbolicity in the literature, in particular that of a strictly
hyperbolic system (see §11.1 in the book of Evans).

These three basic types of operators do not generally form a classification of
all possible operators: for example, the operator 97 + 05 — 93 — 07 is not elliptic,
parabolic or hyperbolic.

However, the case of second order equations in two space dimensions is special.
An equation of the form

Uy + 2bUgy + cuyy = f (1.4.4)

where a, b, ¢, f are real-valued smooth functions of z,y, u, u,, u,, is classified as:
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e clliptic in Q if b — ac < 0 throughout Q;
e hyperbolic in Q if b* — ac > 0 throughout Q.

The intermediate case, b> = ac is degenerate - it can lead to an equation which is
parabolic in the sense explained above, but there are other possibilities depending
upon lower order terms: for example the case of an ordinary differential equation
like ug, = 0 satisfies b?> = ac everywhere.

The real significance of the conditions b* = 0 is for the existence of the char-
acteristic curves for (1.4.4). These are defined to be real integral curves of the
differential equation

a(y)? —2by' +c = 0.

In the elliptic case there are no real characteristic curves - this is the case for
the Laplacian. But for hyperbolic equations there are two distinct families of
real characteristic curves (corresponding to the two distinct roots of the quadratic
equation for ). These curves determine a change of coordinates (z,y) — (X,Y)
under which (1.4.4) can be transformed into the form

Uxy = F(X,Y,U,Ux,Uy).

Thus this is a canonical form for second order hyperbolic equations in the plane.
The wave equation u,, — u,, = 0 is a well-known example. The characteristic
curves are x+y = X and x —y = Y, and in the new coordinates X, Y the equation
takes the form Uxy = 0. This gives the general solution as F'(X) + G(Y), or as
F(z +y) + G(x — y) in the original coordinate system, for arbitrary F,G.

1.5 Some worked problems

1. Consider the two-dimensional domain
G:={(z,y) | R} <2®+y* < R3},

where 0 < R; < Rs < oo. Solve the Dirichlet boundary value problem for the Laplace
equation
Au=0 in G,

u=1u(p), r= Ry,
u=us(p), 1 = Ra,

where (r, @) are polar coordinates. Assume that u;, us are smooth 2m-periodic functions
on the real line.

Discuss the convergence properties of the series so obtained.

[Hint: Use separation of variables in polar coordinates (v = R(r)®(p)), with perodic
boundary conditions for the function ® of the angle variable. Use an ansatz of the form
R(r) = r™ for the radial function.]



Answer As the hint suggests, we use radial coordinates and transform the Laplacian. Using
this, our PDE becomes

1 1 B
Upp + ;ur + T—Quw, =0.

Using separation of variables as the hint suggests yields
1/ 1 / ]‘ 12
R'®+-R®+ SR®" =0
r r

We multiply this equation by }% and rearrange to obtain an equality between an expres-
sion which depends only on r and an expression which depends only on . This implies
that the two equations are equal to a constant (denoted A\?):

PRI + R () —0(p)
R(r) D

= )2

We require a 27 periodicity for each value of the radial coordinate, so we require that ®
be 27 periodic, and thus obtain:

P(p) = Asin(Ap) + B cos(Ap),

with positve constants A, B. Since we assume the solution to be 27-periodic it follows
that A must be an integer, and w.l.o.g. ) is non-negative.

For the other equation we use the Ansatz R(r) = r® and obtain
ala —1)r* +ar® — \r® =0

and thus
a =t

Therefore

R(r)=Cr*+Dr =, ifA>0
and by considering the case A = 0 separately

R(r)=FE+ Flun(r), ifA=0.

As the equation is linear, the most general solution is

oo

u(r,p) = Z(Am")‘ + Bar ) sin(A@) + (Car* 4+ Dar=) cos(Ap)
A=1
+ EO + FO hl(’l")

To account for the boundary conditions, we expand u; and us as Fourier series:

ur(p) = % + Z ay sin(Ap) + by cos(Ap),
A=1

us(p) = %0 + Z cxsin(A@) + dy cos(Ayp).
A=1



(This is possible by the assumptions on u; 2.) To enforce

u(Ry, @) = ur(p),  u(Ra, @) = ua(yp)
comparison of the coefficients leads to
AxR} + ByR7* = ay, AxR) + BaR;» =c,
C,\Ri\ + D>\R1_)\ = by, CARS\ + D,\RQ_A =dy

and

Q
Eo+ Fyln(Ry) = 50

By + FyIn(Ry) = %0

The first two equations result in

. Ri\a,\ — R%C)\ Rf)‘a)\ - R;AC)\

A>\ - ’ BA = — — 3
R%)\ _ R%)\ Rl 2\ R2 2\
and
o Riby — Rydy D Rby — Ry dy,
A= Thon  pan ! A= TSN ooan
R%)\ _ R%)\ Rl 2 _ R2 2
From the last equation we obtain
aon 1D(R2) — Cp ln(Rl) Co — Qo
Ey = , Fo= .
2(In(R2) — In(Ry)) 2(In(R2) — In(Ry))

Since the u; 2 are smooth and periodic, their Fourier coeficients are rapidly decreasing,
ie.

sup )\N(|a,\\ +|bal + |eal + 1da]) < oo

AEN

for any positive N. Now let p = R1/Ry = (Ra/R1)~! € (0,1), then the above formulae
can be written as

A A
=X T pray o A T pTCy
A)\_ 2 17p2)\ ) B)\_Rl 17P2)\ ;
and
d b by — pid
=G — P70 AT pran
Or= B STI0R Dy I

Since p € (0,1) it follows from these formulae that |Ay| < Ry*(Jax| + |ea])/(1 = p)
and |By] < Ri(lax| + [ex])/(1 — p) while [Ca] < Ry (s + da))/(1 — p) and |Dy| <
Ry (|ba] + |dx])/(1 = p) . As a consequence

sup  sup /\N(r)‘|A>\| + r_’\|B)\| +7”)‘|C>\| + r_’\\DAD < 00
AeN Ry <r<R,



for any positive N . Therefore the series

u(r, ) = Z(A)J“)\ + Bar M) sin(Ag) + (Car™ 4+ Dar™) cos(\p)
A=1
=+ EO =+ FO IH(T')

converges absolutely and uniformly in the closed annulus G, to define a continuous function

u € C(G), which agrees with the given data on the boundary 0G . Furthermore u is smooth
in the open annulus G where it solves Au = 0.

As a final comment on the method of solution, an alternative to separation of variables is
to say that any smooth function u(r, p) which is 27 periodic in ¢ can be decomposed as

u(r, ) = uo(r) + ) ax(r) sin(Ap) + Ba(r) cos(Ap),
A=1

with ay, 8y rapidly decreasing so that term by term differentiation is allowed. Then
substitute this into the equation to obtain equations for ug(r), ax(r), Ba(r) and the same
answer will follow.

. (i) State the local existence theorem for real-valued solutions of the first order quasi-linear
partial differential equation

Z%‘(%W% = b(z, u) (1.5.1)
=1 J

with data specified on a hypersurface S, including a definition of “non-characteristic” in
your answer. Also define the characteristic curves for (1.5.1) and briefly explain their use
in obtaining the solution.

(ii) For the linear constant coefficient case (i.e. all the functions ay,...,a,, are real
constants and b(xz,u) = cu + d for some real numbers ¢, d) and with the hypersurface S
taken to be the hyperplane z-v = 0 explain carefully the relevance of the non-characteristic
condition to obtaining a solution via the method of characteristics.

(iii) Solve the equation

% + u@ =0
Oy oxr
with initial data u(0,y) = —y prescribed on x = 0, for a real valued function. Describe

the domain on which your solution is C! and comment on this in relation to the theorem
stated in (i).

Answer (i)

Theorem 1.5.1 Let S be a C' hypersurface, and assume that the a;,b,¢ are all C*
functions. Assume the non-characteristic condition:

Y7y a;(xo, p(0))nj(z0) # 0

holds at a point xo € S. Then there is an open set O containing xo in which there exists
a unique C1 solution of (1.5.1) which also satisfies

u(z) =¢(x), z€8SNO. (1.5.2)

If the non-characteristic condition holds at all points of S, then there is a unique solution
of (1.5.1)-(1.3.6) in an open neighbourhood of S.
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The characteristic curves are obtained as the z component of the integral curves of the

characteristic ode:
dz; ( ) dz
— =a(r,2), —
ds T ds

with data z;(0,0) = g;(0),2(0,0) = ¢(g(0)); let (X(0,s),Z(0,5)) € R™ x R be this
solution. The characteristic curves starting at g(o) are the curves s — X(o,s). They are
useful because the non-characteristic condition implies (via the inverse function theorem)
that the “restricted flow map” which takes (o, s) — X (o, s) = z is locally invertible, with
inverse 0; = 3;(x),s = S(x) and this allows one to obtain the solution by tracing along

the characteristic curve using the z component of the characteristic ode above. This gives
the final formula: u(z) = Z(X(z), S(x)).

=b(z,z) (1.5.3)

(ii) In the linear constant coefficient case the non-characteristic condition reads a - v # 0,
and the characteristic curves are lines with tangent vector a = (aq,...ay,), obtained by
integrating the characteristic ode:

dz; dz
d—sj:aj, £:b(a:,z):cz—|—d, (1.5.4)

and taking the “z component”. The flow map is the smooth function R x R” — R" given
by
D(s,z) = x + sa,

i.e. the solution of the characteristic ode starting at x . Parametrize the initial hyperplane
as ¥ = Z;le 0;v;, where the 7; € R™ are a linearly independent set of vectors in the
plane (i.e. satisfying 7; - v = 0). The restricted flow map is just the restriction of the flow
map to the initial hypersurface, i.e.

01
n—1
X(s,0) = Zaj%' +sa=J
j=1 Opn—1
s

Notice that here J, the Jacobian of the linear mapping (s,0) — X(s,0), is precisely the
constant n x n matrix whose columns are {y1,7a,...vn—1,a}. But the non-characteristic
condition a-v # 0 is equivalent to invertibility of this matrix and consequently X (s,01,...,0n,-1) =
x is uniquely solvable for

s = S(fE),Ul = El($), ey Opn—1 = En,l(x)

as functions of z (i.e. X is a linear bijection). This means that given any point € R"
there is a unique characteristic passing through it which intersects the initial hyperplane
at exactly one point. This detemines the solution v uniquely at x since by the chain rule

2(8,01,...,0n—1) = u(X(s,01,...,0,_1)) satisfies
d
d—z =cz+d,

so the evolution of u along the characteristic curves is known.

(iii) The characteristic ode are

e dy _, dz_
ds Z’ds_ Tds
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1.6

The initial hypersurface can be parametrized as (z(c),y(c) = (0,0) and the solutions of
the characteristic ode with initial data z(0,0) = —o are z(s,0) = —so, y(s,0) =0 + s
and z(s,0) = 2(0,0) = —o . The restricted flow map is therefore X (s,0) = (—s0,s + o).
Inverting this leads to a quadratic and the solution is given explicitly as:

1 1

u(z,y) = —3y - 5\/(112 +4x) y >0,
1 1

u(z,y) = —§y+ 5V (y? +4zx) y<0,

where \/a means positive square root of a. Both of these formulae define C'! (even smooth)
functions in the region {y* + 4z > 0}, and can be verified to solve u, + uu, = 0 there.
The region {y? + 4z > 0} includes open neighbourhoods of every point on the initial
hypersurface z = 0 except for the point x = 0 = y: this fits in with the statement of
the theorem since it is at this point, and only this point, that the non-characterisitic
condition fails to hold. To solve the Cauchy problem it is necessary to match the initial
data: notice that the signs of the square roots in the solution given above are chosen to
ensure that the initial data are taken on correctly. It is necessary to choose one of the
“pbranches”, depending upon how the initial hypersurface {x = 0} is approached. This
means the solution is no longer globally smooth - it is discontinuous along the half line
{z > 0,y = 0}. As in complex analysis this line of discontinuity (like a “branch-cut”)
could be chosen differently, e.g. the half line {y = z,z > 0}.

Example sheet 1

. Write out the multinomial expansion for (z; 4 ...z,)" and the n-dimensional Taylor

expansion using multi-index notation.

Consider the problem of solving the heat equation u; = Awu with data u(z,0) = f(z).
Is the non-characteristic condition satisfied? How about for the wave equation uy = Au
with data u(z,0) = f(z) and us(z,0) = g(z)? For which of these problems, and for which
data, does the Cauchy-Kovalevskaya theorem ensure the existence of a local solution? How
about the Cauchy problem for the Schrédinger equation?

(a) Find the characteristic vectors for the operator P = 0102 (n = 2). Is it elliptic? Do
the same for P =337 97 = >, 97 (1 <m <n).

(b) Let A = Z;le (“)]2 be the laplacian. For which vectors a € R" ! is the operator

P =0+ Z;:ll a;0;u — Au hyperbolic?
Solve the linear PDE zqu,, — 22u,, = u with boundary condition u(z1,0) = f(z1) for f a
C! function. Where is your solution valid? Classify the f for which a global C'! solution
exists. (Global solution here means a solution which is C* on all of R?.)

Solve Cauchy problem for the semi-linear PDE u,, + u,, = u*, u(z1,0) = f(x1) for f a
C"' function. Where is your solution C''?

For the quasi-linear Cauchy problem wu,, = xjuu,,, u(x1,0) = z1

(a) Verify that the Cauchy-Kovalevskaya theorem implies existence of an analytic solution
in a neighbourhood of all points of the initial hypersurface zo = 0 in R?,

(b) Solve the characteristic ODE and discuss invertibility of the restricted flow map X (s, )
(this may not be possible explicitly),

(c) give the solution to the Cauchy problem (implicitly).

For the quasi-linear Cauchy problem Au,, — (B — 21 — w)uy, + A = 0, u(z1,0) = 0:

(a) Find all points on the intial hypersurface where the Cauchy-Kovalevskaya theorem can
be applied to obtain a local solution defined in a neighbourhood of the point.
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10.

(b) Solve the characteristic ODE and invert (where possible) the restricted flow map,
relating your answer to (a).

(c) Give the solution to the Cauchy problem, paying attention to any sign ambiguities
that arise.

(In this problem take A, B to be positive real numbers).

For the Cauchy problem

Ug, + AUz, = 0u u(zy,0) = f(x1), (1.6.1)

with C initial data f, obtain the solution u(z1, ) = e®®2/4 f(x; — 29/4) by the method
of characteristics. For fixed xo write u(xs) for the function 1 — u(x1,x2) i.e. the solu-
tion restricted to “time” xo. Derive the following well-posedness properties for solutions
u(zy,x2) and v(xy, z2) corresponding to data u(z1,0) and v(x1,0) respectively:

(a) for a = 0 there is global well-posedness in the supremum (or L) norm uniformly in
time in the sense that if for fixed xo the distance between v and v is taken to be

[u(z2) — v(z2)| L = sup |u(z1, 22) — v(21, T2)]
z1
then
u(zz) — v(@2)llze < u(0) — 0(O)[z= for all z,.

Is the inequality ever strict?
(b) for all « there is well-posedness in supremum norm on any finite time interval in the
sense that for any time interval |zo| < T there exists a number ¢ = ¢(T) such that

[u(z2) = v(@2)llLe < e(T)][u(0) = v(0)]| =
and find ¢(T). Also, for different «, when can ¢ be assumed independent of time for

positive (respectively negative) times o7
(c) Try to do the same for the L? norm, i.e. the norm defined by

lw(z2) — U($2)|\%2(dx1) = / lu(zy, z2) — v(zy, 22)|2dey.
For which real numbers a can you solve the Cauchy problem
Uy, + Uz, =0 u(zy,azr) = f(xq1)
for any C*' function f. Explain both in terms of the non-characteristic condition and by
explicitly trying to invert the (restricted) flow map, interpreting your answer in relation
to the line x5 = ax; on which the initial data are given.

(a). Consider the equation
Ug, + MUy, = f (1.6.2)

where 7 is an integer and f is a smooth function which is 27~ periodic in both variables:
f(@1+2m,220) = f(z1, 22 +27) = f(21,22).

Apply the method of characteristics to find out for which f there is a solution which is
also 27- periodic in both variables:

u(xy +2m, x2) = u(x1, T2 + 2m) = u(21, 2).
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(b) Consider the problem in part (a) using fourier series representations of f and u (both
27- periodic in both variables) and compare your results.
(¢)* What can you say about the case when n is replaced by an irrational number w? [Hint:
look in http : //en.wikipedia.org/wiki/Diophantine_approximation for the definition
of Liouville number, and use this as a condition to impose on w and investigate the
consequences for solving (1.6.2).]

11. Define, for non-negative s, the norm || - ||s on the space of smooth 2z-periodic function of
z by

IF12 =D (1 +m?)*|f(m))?

meZ

where f(n) are the fourier coefficients of f. (This is called the Sobolev H* norm).

(i) What are these norms if s = 0?7 Write down a formula for these norms for s = 0,1,2...
in terms of f(z) and its derivatives directly. (Hint Parseval).

(ii) If u(t, x) is the solution for the heat equation with 27-periodic boundary conditions,
then for t > 1 and s = 0,1, 2,,, find a number Cs > 0 such that

[Jult, )lls < Cullu(0,-)lo -

(iii) Show that there exists a number v; > 0 which does not depend on f so that
max | f(z)| < y1||f]l1 for all smooth 2m-periodic f. For which s > 0 is it also true that
there exists 75 > 0 such that max |f(z)| < s f|s for all smooth 27-periodic functions f?
(iv) Generalize the inequality in the last sentence of (iii) to periodic functions f =
f(x1,...2y) of n variables. Find a number o(n) such that the inequality holds if and
only if s > o(n)?

2 Background analysis

2.1 Fourier series

Consider the following spaces of 2m-periodic functions on the real line:

Cr ([-m, 7)) ={u e C"R) : u(x 4+ 27) = u(z)},

per

for r € [0,00]. The case r = 0 is the continuous 27-periodic functions, while the
case r = 0o is ths smooth 27-periodic functions. For functions v = u(xy,...z,)
we define the corresponding spaces C}_.([—m,7]") of C" functions which are 27-
periodic in each coordinate. (All of these definitions generalize in obvious ways for
classes of functions with periods other than 2, e.g. C}.,.([];_,[0, L;]) consists of
C" functions u = u(xy, ... x,) which are L;-periodic in z;.)

Given a function u € C3 ([—m, 7]) the Fourier coefficients are the sequence of
numbers u,, = u(m) given by

Integration by parts gives the formula @L(m) = (im)®u(m) for positive integral
a, which shows that the sequence of Fourier coefficients is a rapidly decreasing
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(bi-infinite) sequence: this means that @ € s(Z) where

s(Z) ={u : Z — C such that |u|, = sup |[m®u(m)| < co Voo € Z } .
meZ
This in turn means that the series >, 4(m)e"™" converges absolutely and uni-
formly to a smooth function. The central fact about Fourier series is that this

series actually converges to u, so that each u € Cp¢.([—,7]) can be represented
as:

u(z) = Zﬁ(m)eimx, where u(m) ! / ' eIy (x) de .

:% B

The whole development works for periodic functions v = w(zy,...z,) with the
sequence space generalized to

s(Z") = {4 : Z" — C such that 4|, = sggﬂ im*u(m)| < coVa € Z1} }.

Here we use multi-index notation, in terms of which we have:

Theorem 2.1.1 The mappping

Coor([=m, ") = s(Z7),

per

u = = {u(m)}nezn where u(m) = (27r)n/ e~y (1) dar
[—m, 7)™

A

is a linear bijection whose inverse is the map which takes @ to ), .. u(m)e
and the following hold:

im-x

1ou(z) = 35,,cpm 4(m)e™* where 4(m) = Wf[—n A e~"™*y(x)dzx (Fourier
inversion),

2. @(m) = (im)*a(m) for allm € Z", € 7},

3. (2;)71 Jiwmp [W(@)Pdz = 37, g |@(m)|? (Parseval-Plancherel).

2.2 Fourier transform

Define the Schwartz space of test functions:

S(R™) = {u € C®°(R") : |tu|ap = sup [2°0°u(z)| < 0o, Ya € Z", B € L .}
zcR"™

This is a convenient space on which to define the Fourier transform because of the
fact that Fourier integrals interchange rapidity of decrease with smoothness, so
the space of functions which are smooth and rapidly decreasing is invariant under
Fourier transform:
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Theorem 2.2.1 The Fourier transform, i.e. the mapping
F:SR") — SR"),
u o= where (&) = Fyoye(u(x)) :/ ey (z) da
Rn

is a linear bijection whose inverse is the map F 1 which takes v to the function
v = F (v) given by
1

v(x) = ety
(@) = G [ € e

and the following hold:

1. u(x) = ﬁfm w(&)erdg where W) = [, e u(x)dx (Fourier inver-

sion,),

2. 3(€) = Fooe(@u(2)) = (1€)°0(€) and (9°)(€) = Foose((—iz)u(x)) for

all z,§ €eR", a0 € 77,
3. Jan 0(E)u(§) d§ = [y v(x)i(z) dx,
4o o Jon 0(E)0(E) dE = f]R” x)dz (Parseval-Plancherel),

5. wxv =00 where uxv = [u(z —y)v(y)dy (convolution).

2.3 Banach spaces

A norm on a vector space X is a real function x — ||x|| such that
1. |lz|]| > 0 with equality iff z =0,
2. ||ex|| = |¢|||z] for all ¢ € C,
3. lz +yll < llzll + llyll -

(If the first condition is replaced by the weaker requirement 1’ that ||z|| > 0 then
the modified conditions 1’,2, 3 define a semi-norm.) A normed vector space is a
metric space with metric d(x,y) = || — y||. Recall that a metric on X is a map
d: X x X — [0,00) such that

1. d(z,y) > 0 with equality iff x =y,
2. d(z,y) =d(y, )
3. d(z,z) < d(x,y) +d(y,2) for all z,y,z in X.
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(This definition does not require that X be a vector space.) The metric space
(X,d) is complete if every Cauchy sequence has a limit point: to be precise if
{r;}32, has the property that Ve > 0 there exists N(e) € N such that j, &k >
N(e) = d(xj,z) < € then there exists x € X such that lim;_,. d(z;,z) = 0.

Definition 2.3.1 A Banach space is a normed vector space which is complete
(using the metric d(x,y) = ||z — y||).

Examples are

e C" with the Euclidean norm ||z|| = (ZJ |zj]2)%.

C([a,b]) with || f]| = supy,y | f(2)| (uniform norm).

Spaces of p-summable (bi-infinite) sequences {u,, = u(m)}mez
P(Z) = {u: Z — C such that |[ull, = (Y [u(m)[")» < oo}
and generalizations such as [P(Z") and [P(N).

For s € R the spaces of bi-infinite sequences {u,, = u(m)}mez

[2(Z) = {u : Z — C such that ||u||lp - (Z I(1+ mz)gu(m)lp)% < 50}

and generalizations such as [2(Z"™) and [2(N).

Spaces of measurable L? functions for 1 < p < oo
LP(R") = {u : R"" — C measurable with |ju], = (/ lu(x)||? dx)% < oo}

and generalizations such as LP([—m, 7]") and LP(]0, 00)) etc. For p = oo the
space L*°(R™) consists of measurable functions which are bounded on the
complement of a null set, and the least such bound is called the essential
supremum and gives the norm ||u||z~. In this example we identify functions
which agree on the complement of a null set (almost everywhere). Read the
appendix for an informal introduction to the Lebesgue spaces and a list of
results from integration that we will use in this course!.

Completeness is important because methods for proving that an equation has
a solution typically produce a sequence of “approximate solutions”, e.g. Picard
iterates for the case of ode. If this sequence can be shown to be Cauchy in some
norm then completeness ensures the existence of a limit point which is the putative
solution, and in good situations can be proved to be a solution. The basic result is
the contraction mapping principle which can be used to prove existence of solutions
of equations of the form Tz = z, i.e. to find fixed points of mappings 7' : X — X
defined on complete (non-empty) metric spaces:

You will not be examined on any subtle points connected with the Lebesgue integral
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Theorem 2.3.2 Let (X,d) be a complete, non-empty, metric space and T : X —
X a map such that

d(Ty1, Tys) < kd(y1,y2)

with k € (0,1). Then T has a unique fized point in X; in fact if yo € X, then T™yq
converges to a fixed point as m — 0.

Proof We first prove uniqueness of any fixed point: notice that if T'y; = y; and
Tys = yo then the contraction property implies

d(y1,y2) = d(Ty1, Ty2) < kd(y1, y2)

and therefore, since 0 < k < 1, we have d(y1,72) = 0 and so y1 = .
To prove existence, firstly, by the triangle inequality:

d<Tn+r+1yO’TnyO) < Z d(T"+m+1yo,T"+myo)
m=0

r

< Z K™ d(T" yo, Tyo) < Z k" d(Tyo, yo) -

But 0 < k& < 1 implies that > _ k™ = ﬁ < oo and hence T™y, forms a
Cauchy sequence in X. So by completeness of X, T™yy — y some y. But then
Ty — Ty, because T is continuous by the contraction property, and so Ty = y
and y is a fixed point. Thus 7" has a unique fixed point. O
FEzistence theorem for ordinary differential equations (ode). We now review the
proof of the existence theorem for ode via the contraction mapping theorem in the
Banach space of continuous functions with the uniform norm. We first note the

following result:

Theorem 2.3.3 (Corollary to the contraction mapping principle) Let (X, d)
be a complete, non-empty, metric space and suppose T : X — X is such that T

1s a contraction for some n € N. Then T has a unique fixed point in X; in fact if
Yo € X, then T™yq converges to a fived point as m — oo.

Proof By Theorem 2.3.2, T™ has a unique fixed point, y. We also have that
T"(Ty) =T"'y = T(T"y) = Ty.

So Ty is also a fixed point of 7" and fixed points are unique so Ty = y. Also
Ty — y implies that Ty, — Ty = y and so on, until 77"+ Vy, — y as
(m — o00). All together this implies that T™yy — y. O

Theorem 2.3.4 (Existence theorem for ode) Let f(t,z) be a vector-valued con-
tinuous function defined on the region

{(t,x) : [t —to] < a,|xr—zo|]| < b} CRXR"
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which also satisfies a Lipschitz condition in x:

Lf(t 21) = f(t z2)l| < Lilay — 22
Define M = sup|f(t,z)| and h = min(a, 5). Then the differential equation
dz
has a unique solution for |t — to| < h.

Proof This is a consequence of the contraction mapping theorem applied in the
complete metric space:

X = {z € Cto — h,to + ], B") : ||2(t) — 20| < Mh ¥t € [to — h,to + h]},

endowed with the metric d(z1,x2) = sup |[|z1(t) —z2(t)] . (Recall that a limit in
[t=to|<h
the uniform norm of continuous functions is itself continuous.)

Introduce the integral operator 1" by the formula

(Tz)(t) = xo —l—/t f(s,z(s))ds. (2.3.2)

The condition Mh < b implies that T : X — X. Notice that z € X solves (2.3.1)
if and only if Tx = =z, by the fundamental theorem of calculus. In particular,
observe that T'x = x implies that x € X is in fact continuously differentiable.

We now assert that, for [t —to| < h,

Lk;

For k£ = 0, this is obvious, and in general it follows by induction since

1% 21 (t) — T 22 (t)| S 1 (s, 5y (s)) = f(s, TF aa(s)) |1 ds
L [} I T" 2y (s) — TF ' (s) | ds

(,CLTICI)! ftz |s — to|*"t ds d(xy, o)

LL it — to[Fd (w1, 22).

VAN VANRVARRVAN

This implies that 7% is a contraction mapping for sufficiently large k, and so the
result follows from Theorem 2.3.3. |

Theorem 2.3.5 (Gronwall Lemma) Let u € C([ty,t1]) satisfy

u(t) < A+ B/t u(s)ds

to

for tg <t <t and some positive constants A, B. Then

u(t) < AeBE0)  fortg <t < t.
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Proof Define F(t) = A+ B fti u(s)ds - by the fundamental theorem of calculus

this is a C'' function which verifies F = Bu < BF. Tt follows that e P'F(t) is
non-increasing, so that e P!F(t) < e B F(t;), and hence

u(t) < F(t) < F(ty)ePt) = AeBl~to)
for t() S t S t1. 0

Theorem 2.3.6 In the situation of Theorem 2.5.4, let y(t),w(t) be two solutions
of (2.3.1) defined for ty < t < t; <ty + a and such that ||y(t) — x| < b and
|lw(t) — zol| < b on [to,t1]. Then

ly(t) = w(®)]| < [ly(te) — w(to) || "

fO?"toStStl.

Proof wu(t) = y(t) — w(t) satisfies, by the Lipschitz property:

lu@I = lly(#) = w@)| = lly(to) —w(to)+/ (f(s,5(s) = f(s,w(s)))ds ||

to

< Ju(to)]| + L / Ju(s)llds

The result is now an immediate consequence of Gronwall’s inequality. ]

Theorem 2.3.6 says that for ode defined by Lipschitz vector fields the solutions
vary continuously with the initial data: this is the crucial stability property which is
central to the notion of well-posedness. To be precise, we would say the initial value
problem (2.3.1) is well-posed with Lipschitz continuous f is well-posed because for
each initial value z(0) in a neighbourhood of z there exists a unique local solution
which depends continuously on z(0).

For pde the same definition is used, and is very important, however the issue
is more subtle: this is because norms (or, possibly, some other topological notion
which allows one to define continuity) are used in the definition of well-posed. If
a pde can be solved for a solution u which is uniquely determined by some set of
initial and/or boundary data {f;} then the problem is said to be well-posed in
a norm || - || if in addition the solution changes a small amount in this norm as
the data change. This would be satisfied if, for example, for any other solution v
determined by data {g;} there holds the stability estimate:

lu — v < C(ZHfj—ngj), for some C' > 0, (2.3.3)
J

where || - ||; are some collection of norms which measure what kind of changes of
data produce small changes of the solution. Finding the appropriate norms such
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that (2.3.3) holds for a given problem is a crucial part of understanding the problem
- they are generally not known in advance. Once this is understood, it is helpful
with development of numerical methods for solving problems on computers, and
tells you in an experimental situation how accurately you need to measure the data
to make a good prediction.

To fix ideas consider the problem of solving an evolution equation of the form

Oyu = P(0;)u

where P is a constant coefficient polynomial; e.g. the case P(9,) = i9? corresponds
to the Schrodinger equation dyu = i0?u. If we are solving this with periodic
boundary conditions u(z,t) = u(x + 2m,t) and with given initial data u(z,0) =

up(x) for ug € C55, ([, 7). Formally the solution can be given as

u(z,t) = Z etPmtime i (m) (2.3.4)

meZ

and if the initial data u, = >_ tip(m)e"™? is a finite sum of exponentials then (2.3.4)
is easily seen to define a solution since it reduces also to a finite sum. In the general
case it is necessary to investigate convergence of the sum so that it does define a
solution, then to prove uniqueness of this solution, and finally to find norms for
which (2.3.3) holds. For this final step the Parseval identity is often very helpful,
and for the case of the Schrodinger equation the series (2.3.4) does indeed define
a solution for smooth periodic data ug, vy and

m%g(/ lu(z,t) — v(z, t)|*de < / luo(2) — vo(z)* da .
te

This inequality would be interpreted as saying that the Schrodinger equation is
well posed in L? (globally in time since there is no restriction on ¢.)

In general an equation defines a well posed problem with respect to specific
norms, which encode certain aspects of the behaviour of the solutions and have
to be found as part of the investigation: the property of being well posed depends
on the norm. This is related to the fact that norms on infinite dimensional vector
spaces (like spaces of functions) can be inequivalent (i.e. can correspond to different
notions of convergence), unlike in Euclidean space R™.

2.4 Hilbert spaces

A Hilbert space is a Banach space which is also an inner product space: the norm
1
arises as ||z|| = (z,x)? where (+,-) : X x X — C satisfies:

1. (x,z) > 0 with equality iff z = 0,

2. (z,9) = (y,2),
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3. (ax +by,2) =a(x,2) +b(y,2) and (z,ay + bz) = a(x,y) + b(z, 2) for com-
plex numbers a, b and vectors z, vy, 2.

(Funtions X x X — C like this which are linear in the second variable and anti-
linear in the first are sometimes called sesqui-linear.) Crucial properties of the inner
product in a Hilbert space are the Cauchy-Schwarz inequality | (z,y) | < [|z||[y||
and the fact that the inner product can be recovered from the norm via

1 . ) . . L
(z,y) = 1 (H:c +yl? = ||z —y||* —il|lz + ay||* + ||z — zyHQ) , (polarization) .

Examples include (*(Z") with inner product > u(m)v(m) and L?(R") with inner
product (u,v) = [wu(x)v(x)dz. Another example is the Sobolev spaces: firstly in
the periodic case

H'(®/2nZ) = {u € L*([=ma]) : [lul} = ) (L+ [mP)|a(m)]? <oo}, (24.1)

where u = > 4(m)e"™® is the Fourier representation, and secondly

H'(®") = {u € 2R : |ul]? = / PP d <o}, (242)

where 4 is the Fourier transform.

The new structure in Hilbert (as compared to Banach) spaces is the notion of
orthogonality coming from the the inner product. A set of vectors {e,} is called
orthonormal if (e, €,,) = dpm. We will consider only Hilbert spaces which have a
countable orthonormal basis {e,} (separable Hilbert spaces). In such spaces it is
possible to decompose arbitrary elements as u = Y une, where u, = (e,,u). (The
case of Fourier series with e,,(z) = €% /v/27, m € Z is an example.) The Parseval
identity in abstract form reads ||ul]* =Y | (e,, u) |* and:

Theorem 2.4.1 Given an orthonormal set {e,} the following are equivalent:
o (e,,u) =0Vn implies u =0, (completeness)
o |[ull?=>"|(en,u)|* Vu € X, (Parseval),
o u=> (ey,u)e, Vue X (orthonormal basis).

A closed subspace X; C X of a Hilbert space is also a Hilbert space, and there
is an orthogonal decomposition

X=X, & X

where Xi" = {y € X : (z1,y) = OVx; € X;}. This means that any € X can
be written uniquely as x = z; +y with 2; € X; and y € Xi, and there is a

correponding projection Px,x = 7.

22



Associated to a Hilbert space X is its dual space X’ which is defined to be the
space a bounded linear maps:

X' ={L:X — C, with L linear and ||L|| = sup |Lz|< oo}.

zeX, |lz||=1
The definition of the norm on X’ ensures that |L(z)| < ||L]|||z|.

Theorem 2.4.2 (Riesz representation) Given a bounded linear map L on a
Hilbert space X there exists a unique vector y € X such that Lr = (y,x); also
\L|| = |lyl|]. The correspondence between L and y gives an identification of the
dual space X' with the original Hilbert space X .

Proof Ker L is a closed subspace whose orthogonal complement (Ker L)~ is one-
dimensional: to see this let [1,l5 lie in (Ker L)' with Li; = ¢; for some non-zero
numbers ¢, co. Then L(cily — coly) = 0, so that ¢jly — cply € (Ker L) N (Ker L)+
and hence [y, [y are linearly dependent, establishing that dim(Ker L)+ = 1. Choose
any non-zero vector v € (Ker L)* - it is unique up to multiplication by scalars.
Let x € X be arbitrary, then

— ﬁﬁ;ﬁ?v € ((Ker L)) =Ker L,

and hence Lz = (y,x) where yL(v)v/|v||*. O
A generalization of this (for non-symmetric situations) is:

Theorem 2.4.3 (Lax-Milgram lemma) Given a bounded linear map L : X —
R on a Hilbert space X, and a bilinear map B : X x X — R which satisfies (for
some positive numbers || B||,v):

o |B(z,y)l < IBllll«llllyl Va,y e X (continuity),
o B(z,z) >v|z|]? VxeX (coercivity),
there exists a unique vector z € X such that Lx = B(z,x)Vz € X.

Proof The uniqueness statement is a consequence of the coercivity assumption.
To prove existence, first apply Riesz representation to the map y — B(x,y) for
fixed z, to deduce the existence of a vector w, € X such that B(z,y) = (w,,y). Put
Y = w,, then we deduce that ||w,||? < ||B]|||z|/[w.]|, and hence ||w,| < || B]/|z]|-
But also the assignment x +— w, is linear on account of the bilinearity of B, and
therefore we can write w, = Ax where A is a bounded linear map X — X with
Al < |[B]], and
B(z,y) = (Az,y).

We now make three assertions about A. Firstly: by the coercivity assumption
(Az,x) > ~|z||?, so that A is injective. Secondly: AX, the range of A, is a
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closed subspace. Indeed if y, — y is a convergent sequence with y, = Ax,, then
coercivity implies ||z, — Tp||* < (A(Tp — ), Tn — Tm) = Yn — Yy, T — Trn)
so that ||z, — |l < v HYn — Yml|. It follows that {z,} is cauchy, and so there
exists * € X such that x, — x, and by continuity Az = y, so AX is indeed
closed as claimed. Thirdly: AX = X because otherwise there exists a non-zero
vector u with (y,u) = OVy € AX, ie. (Az,u) = B(x,u) = 0 for all z, which
gives a contradiction to coercivity by choosing x = u. Thus A is a bounded linear
bijection, with bounded inverse.

Finally, apply Riesz representation again to write L(z) = (w, z) for some w € X
(and all x € X.) Then, since we just proved A is surjective, there exists z € X
such that Az = w, and so

L(z) = (w,x) = (Az,x) = B(z,z), Vre X

completing the proof. O

A bounded linear operator B : X — X means a linear map X — X with the
property that there exists a number ||B|| > 0 such that ||Bul|| < || B]|||u]| Vu € X.
As in Sturm-Liouville theory we say a bounded linear operator is diagonalizable
if there is an orthonormal basis {e,} such that Be, = \,e, for some collection of
complex numbers \,, which are the eigenvalues.

2.5 Distributions

Definition 2.5.1 A periodic distribution T € Cy5,([—=, 7|")" is a continuous lin-

ear map T : C55, ([~m,7]") — C, where continuous means that if f, and all its
partial derivatives 0% f,, converge uniformly to f then T(f,) — T(f). Here we call
Coo([=m,m|") the space of test functions.

A tempered distribution T' € S'(R") is a continuous linear map T : S(R™) — C,
where continuous means that if || fn — fllag — 0 for every Schwartz semi-norm

then T(f,) — T(f). Here we call S(R™) the space of test functions.

In both cases for 2y € R™ any fixed point (which may be taken to lie in [—m, 7|"
in the periodic case) the Dirac distribution defined by d,,(f) = f(xo) gives an
example.

Remark 2.5.2 The notion of convergence on Cy5 ([—m,7|" and S(R") used in
this definition makes these spaces into topological spaces in which the convergence
must be with respect to a countable family of semi-norms. These are examples
of Frechet spaces, a class of topological vector spaces which generalize the notion
of Banach space by using a countable family of semi-norms rather than a single
norm to define a notion of convergence. Using this notion of convergence one can
check that the Fourier transform F is continuous as s its inverse, and the Fourier
inversion theorem can be summarized by the assertion that F : S(R") — S(R"™) is

a linear homeomorphism with inverse F 1.
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Remark 2.5.3 Notice that integrable functions define distributions in a natural
way: in the simplest case if g is continuous 2mw-periodic function then the formula
T,(f) = f[_mr] g(x)f(x)dzx defines a periodic distribution and clearly the mapping
g = Ty is an injection of Cpe,([—7,7]) into (C5o.([=m, 7). Similarly if g is
absolutely integrable on R™ then the formula Ty(f) = [,.g(x)f(x)dx defines a
tempered distribution. The mapping g — T, 1s, properly interpreted, injective: if
g € LY(R™) then T,(f) =0 for all f € S(R™) implies that g = 0 almost everywhere.
On account of this remark distributions are often called “generalized functions”.
The Dirac example indicates that there are distrubutions which do not arise as T,.

Remark 2.5.4 In these definitions distributions are elements of the dual space
of a space of test functions with a specified notion of convergence ( a topology).
Another frequently used class of distributions is the dual space of C§°(R™) the space
of compactly supported smooth functions, topologized as follows: f, — f in Cg°
if there is a fived compact set K such that all f,, f are supported in K and if all
partial derivatives of 0% f,, converge (uniformly) to 0“f. This class of distributions
18 more convenient for some purposes, but not for using the Fourier transform, for
which purpose the tempered distributions are most convenient because of remark
2.5.2, which allows the fourier transform to be defined on tempered distributions
“by duality” as we now discuss.

Operations are defined on distributions by using duality to transfer them to the
test functions, e.g.:

e Given T' € §'(R") an arbitrary partial derivative 0“T is defined by 0*T'(f) =
(=DlIT (@7 f).

e Given T € S'(R) its fourier transform 7' is defined by T'(f) = T(f).

e Given T € §'(R") and x € S(R") the distribution x7" is defined by x7T'(f) =
T(xf). This is also the definition if y is a polynomial - it makes sense because
a polynomial times a Schwartz function is again a Schwartz function.

It is useful to check, with reference to the fact in remark 2.5.3 that distributions
are generalized functions, that all such defintions of operations on distributions are
designed to extend the corresponding definitions on functions: e.g. for a Schwartz
function g we have
0Ty = Tyay,
where on the left 9% means distributional derivative while on the right it is the
usual derivative from calculus applied to the test function g. The same principle
is behind the other definitions.
There are various alternate notations used for distributions:

T(f) = (T, f) = / T(2)f () d
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where in the right hand version it should be remembered that the expression is
purely formal in general: the putative function 7'(z) has not been defined, and
the integral notation is not an integral - just shorthand for the duality pairing of
the definition. It is nevertheless helpful to use it to remember some formulae: for
example the formula for the distributional derivative takes the form

OT(f) = / 0T (2)f(x) dz = (~1)° / T(2)0" f(x) dx = (~1) /T (2" )

which is “familiar” from integration by parts. The formula [ 6(x — xo)f(z)dz =
f(zo) and related ones are to be understood as formal expressions for the proper
definition of the delta distribution above.

2.6 Positive distributions and Measures

In this section? we restrict to 2m-periodic distributions on the real line for simplic-
ity. The delta distribution d,, has the property that if f > 0 then d,,(f) > 0;
such distributions are called positive. Positive distributions have an important
continuity property as a result: if T is any positive periodic distribution, then
since

[ fllzee < f(@) <l flle I = sup [f(2)]

for each f € O ([—m,m]) it follows from positivity that T'(|| f||r~ 4 f) > 0 and
hence by linearity that

—c|[fllee < T(f) < el fllze

where ¢ = T(1) is a positive number. This inequality, applied with f replaced
by f — fn, means that if f, — f uniformly then T'(f,) — T(f), i.e. positive
distributions are automatically continuous with respect to wuniform convergence,
in strong contrast to the continuity property required in the original definition.
In fact this new continuity property ensures that a positive distribution can be
extended uniquely as a map

L:Cpp([—m,7]) = R

i.e. as a continuous linear functional on the space of continuous functions. This
extension is an immediate consquence of the density of smooth functions in the
continuous functions in the uniform norm (which can be deduced from the Weier-
strass approximation theorem). A much more lengthy argument allows such a
functional to be extended as an integral L(f) = [ f du which is defined for a class
of measurable functions f which contains and is bigger than the class of continu-
ous functions. To conclude: positive distributions automatically extend to define

2This is an optional section, for background only
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continuous linear functional on the space of continuous functions, and hence can
be identified with a class of measures (Radon measures) which can be used to inte-
grate much larger classes of functions (extending further the domain of the original
distribution).

2.7 Sobolev spaces

We define the Sobolev spaces for s = 0,1,2,... on various domains:

On R™: we have the following equivalent definitions:

=Y 9%ulf: < oo}

alal<s

= e @) [ @RI dE < o)

R™

HR") = {ue€ L*R"): |ul

yarempeny (|26
= C§°(R") :

In the first line the partial derivatives are taken in the distributional sense: the
precise meaning is that all distributional (=weak) partial derivatives up to order
s of the distribution T, determined by w are distributions which are determined
by square integrable funtions which are designated 0%u (i.e. 0*T, = Tpa, with
9%u € L? in the notation introduced previously). The final line means that H* is
the closure of the space of smooth compactly supported functions C§°(R™) in the
Sobolev norm || - ||z=. The quantity [|ul|%. = Jen (14 [IE]17)%0(€)? d€ appearing
in the middle definition defines a norm which is equivalent to the norm |u]

s
appearing in the first definition. (Recall that || - || and || - || are equivalent if there
exist positive numbers €y, Cy such that |[u]| < Cyflul and [u] < Coljul for all
vectors u; equivalent norms give rise to identical notions of convergence (i.e. they
define the same topologies).

Theorem 2.7.1 For s = 0,1,2... the Sobolev space H*(R"™) is a Hilbert space,
and so complete in either of the norms

lalfpe = Y llovullze  or ~|U|~fys=/Rn(1+||£||2)S|ﬁ(if)\2d§

alal<s

which are equivalent. Given any uw € H*(R™) there exists a sequence u, of C3°(R")
functions such that [[u — w,||gs — 0 as v — 4o0. If u € H*(R") for s > § +k
with k € Z, then u € C*(R™) and there exists C > 0 such that

lullor = D sup [0*u(z)| < Cllul

la|<k S

. (2.7.1)
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e The fact that H* functions can be approximated by C§°(R™) functions means
that for many purposes calculations can be done with C§°(R"), or S(R"),
functions and in the end the result extended to H®. See the second worked
problem to see how this goes to prove (2.7.1) with k = 0.

e For s = 0 we have HY = L? and the norm || - ||go is exactly the L? norm,

while || - ||go is proportional (and hence equivalent) to the L? norm by the
Parseval-Plancherel theorem.

e Strictly speaking the assertion u € C*(R") in the last sentence of the theorem
only holds after possibly redefining u on a set of zero measure. This subtle
point, which will generally be ignored in the following, arises because u is
really only a distribution which can be represented by an L? function, and
as such is only defined up to sets of zero measure.

On (R/(27Z))™ : In the 2m-periodic case the following definitions are equivalent:

Hpe([=m,7]") = {u€ L*([-m,7]") : |lu|

=Y l10%ullz: < o0}

per
alal<s
= () alm)e™ 37 (1 [|mlP)fa(m)f < oo}
mezn" mez"
_ il
= Cper([_ﬂ_77r] ) :

Again the quantity apearing in the middle line defines an equivalent norm which
can be used when it is more convenient. Since we are considering only the case s =

: : ~ m-x :
0,1,2,... the Fourier series ) .. u(m)e"™* always defines a square integrable
function, and as s increases the function so defined is more and more regular
(exercise), and as above we have:

Theorem 2.7.2 For s = 0,1,2... the periodic Sobolev space H,.([—m,7]") is a
Hilbert space, and so complete in either of the norms

o= ) 0%l or Jullie = Y (14 [Im]*)am)P?

alal<s mezn

lul

which are equivalent. Given any v € Hy, ([—m,7|") there exists a sequence u,, of

C> ([—m, m]") functions such that ||u—u,|| g — 0 asv — +oo. Ifu € H*([—m,m|")

per

for s > 2+ k with k € Zy then u € C*(R"™) and there exists C' > 0 such that

lullex = D sup [8"u(z)| < Clul

o<k x€[—m,m|"

. (2.7.2)
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Similar comments to those made after Theorem 2.7.1 apply of course. To keep the
notation clean we do not indicate “periodic” in the notation for norm on a space
of periodic functions, only the space - it should be clear from the context.

With the concept of tempered distribution understood, it is possible to ex-
tend the definition of the Sobolev spaces H*(R") for all s € R: since the Fourier
transform @ of any tempered distribution is well-defined, we just say

H*R") = {u € S'(R") : /Rn (L+11€1%)*|a(§)* d& < oo} (2.7.3)

(Notice, it is implicit in this definition that the tempered distribution « is in fact
represented by a measurable function.)

These various definitions of Sobolev spaces require some modifications for the
case of general domains €2, starting with the notion of the weak partial derivative
(since we did not define distributions in §2).

Definition 2.7.3 A locally integrable function u defined on an open set Q admits
a weak partial derivative corresponding to the multi-index o if there exists a locally
integrable function, designated 0“u, with the property that

/ w0y dr = (—1) / 0%uxdx,
Q Q
for every x € C§°(£2).

A useful fact is that in this situation:
|0%ul| 2 = sup{/ udxdr @ x € C5°(Q) and ||x|[z2 =1.} (2.7.4)
Q

Then employing this notion of partial derivative we define (for s =0,1,2,...):

o= l10%ull72 < oo}

alal<s

H*(Q) = {u € L*(Q) : lul

(with all L? norms being defined by integration over §2). This space is to be
distinguished from the corresponding closure of the space of smooth functions
supported in a compact subset of €2:

Hy(Q) = C@) .

Since these functions are limits of functions which vanish in a neighbourhood of €2
they are to be thought of as vanishing in some generalized sense on 0f (at least in
the case s = 1,2,... and if Q has a smooth boundary 0f2.) The case s = 1 gives
the space Hj () which is the natural Hilbert space to use in order to give a weak
formulation of the Dirichlet problem for the elliptic equation Pu = f on (2.
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In one dimension, with Q = (a,b) C R the relation between H'((a,b)) and
H}((a,b)) can be stated simply because all f € H'((a, b)) are uniformly continuous
(similar to the argument in the last part of the 2nd worked problem) and

Hy((a,b)) = {f € H'((a.b)) : f(a) = f(b) =0}

More details and proofs can be found in the relevant chapter of the book of Brezis.
In this course we need to be able to use Sobolev spaces to study pde, and we will
see that the H® spaces are easy to work with for various reasons:

1. The “energy” methods often give rise to information about [ u?dz or [ ||Vul|]*dz
where u is a solution of a pde, and this translates into information about the
solution in Sobolev norms. As a specific example: conservation of energy

1
5 /(uf + ||Vu||?) dv = E = constant,

when u is a solution of the wave equation .

2. The Parseval-Plancherel theorem means that information on Sobolev norms
is often easily obtainable when the solution is written down using Fourier
methods.

3. The Sobolev spaces H*® are Hilbert spaces (complete) whose elements can be
approximated by smooth functions: in practice, this means one has the dual
advantages of smoothness of the functions and completeness of the space of
functions.

Thus typically we will do some computations for smooth solutions of pde which
give information about their Sobolev norms, and then using density we will ex-
tend the information to more general (weak) solutions lying in the Sobolev spaces
themselves. The use of the full Sobolev space is crucial in any argument relying
on completeness, typically in proving existence of a solution e.g. by variational
methods or by the Lax-Milgram lemma.

2.8 Appendix: integration

The aim of this appendix? is to give a brief review of facts from integration needed
- completeness of the LP spaces, dominated convergence and other basic theorems.
We first consider the case of functions on the unit interval [0, 1]. A main achieve-
ment of the Lebesgue integral is to construct complete vector spaces of functions

3This section gives a brief introduction to the results on Lebesgue integral which we make use
of. You should be able to use the results listed here but will not be examined on the proofs or
on any subtleties connected with the results.
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where the completeness is with respect to a norm defined by an integral such as
the L? norm || - ||z2 defined by

17112 =/0 ()2 da.

This is a perfectly good norm on the space of continuous functions C([0, 1]), but
the resulting normed vector space is not complete (and so not a Banach space)
and is not so useful as a setting for analysis. The Lebesgue framework provides
a larger class of functions which can be potentially integrated - the measurable
functions. The complete Lebesgue space L? which this construction leads to then
consists of (equivalence classes of) measurable functions f with || f||7. < oo; here
it is necessary to consider equivalence classes of functions because functions which
are non-zero only on sets which are very small (in a certain precise sense) are
invisible to the integral, and so have to be factored out of the discussion. The
“very small” sets in question are called null sets and are now defined.

2.8.1 Null sets and measurable functions on [0, 1]

An interval in [0, 1] is a subset of the form (a,b) or [a,b] or (a,b] or [a,b) (respec-
tively open,closed, half open). In all cases the length of the interval is |I| = b — a.
A collection of intervals {I,} covers a subset A if A C U,1,.

Definition 2.8.1 (Null sets) For a set A C [0,1] we define the outer measure
to be

Al = f I,| : ACUL,},

| | {In}l‘g,lec{z| | < }
where C consists of countable families of intervals in [0,1]. A set N C [0,1] is
null if |I], =0, i.e. if for all e > 0 there exists {I1,}2>, € C which covers A with

S| < e

Definition 2.8.2 We say f = g almost everywhere (a.e.) if f(x) = g(x) for all
x & N for some null set N. We say a sequence of functions f, converges to f a.e.

if fulx) — f(z) for allz ¢ N for some null set N.

Equality a.e. defines an equivalence relation, and two equivalent functions f, g are
said to be Lebesgue or measure theoretically equivalent. One way to think about
measurable functions is provided by the Lusin theorem, which says a measurable
function is one which is “almost continuous” in the sense that it agrees with a
continuous function on the complement of a set of arbitrarily small outer measure:

Definition 2.8.3 (Measurable functions) A function f :[0,1] — R is measur-
able if for every e > 0 there exists a continuous function f€:1[0,1] — R and a set

Fe such that |F€|, < € and f(x) = f(x) for all x ¢ F°. We write L(]0, 1]) for the
space of all measurable functions so defined.
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Theorem 2.8.4 L([0,1]) is a linear space closed under almost everywhere conver-
gence: given a sequence f, € L([0,1]) of measurable functions which converges to
a function f a.e. it follows that f € L([0,1]).

Definition 2.8.3 is not the usual definition of measurability - which involves the
notion of a distinguished collection of sets, the o-algebra of measurable sets - but
is equivalent to it by what is called the Lusin theorem (see for example §2.4 and
§7.2 in the book Real Analysis by Folland). The Lusin theorem gives a helpful way
of thinking about measurability (the Littlewood 3 principles - see §3.3 in the book
Real Analysis by Royden and Fitzpatrick). A companion to the Lusin theorem is
the Egoroff theorem which states that given a sequence f,, € L([0, 1]) of measurable
functions which converges to a function f a.e. then for every e > 0 it is possible to
find a set E C [0,1] with |E|, < € such that f, — f uniformly on E¢=[0,1] — E.
Thus two of Littlewood’s principles say that “ a measurable function is one which
agrees with a continuous function except on a set which may be taken to have
arbitrarily small size” and “a sequence of measurable functions which converges
almost everywhere converges uniformly on the complement of a set which may be
assumed to be arbitrarily small”.

2.8.2 Definition of L?([0,1])

An integral fo x)dz can be defined of any non-negative measurable function, al-
though the value can be +00. When the function is continuous, or indeed Riemann
integrable, this integral agrees with the Riemann integral, and it has the following
properties (for arbitrary non-negative measurable functions f, g):

1. folcf( d:p—cfo x)dx if ¢ >0,

2. Jo(f ) de = [y (f(2) +g(x)) de,
3f0 dx<f0 r)dr if f < g ae.

Exerczse For non—negatlve measurable functions f, g, show that if f = g a.e. then

fo x)dx = fo

Acceptmg that such a definition exists, we can now define the L?([0, 1]) spaces,
which are Banach spaces of functions on which there exists a well-defined notion
of the integral (called the Lebesgue integral).

Definition 2.8.5 For 1 < p < oo define LP([0,1]) to be the linear space of mea-
surable functions on [0, 1] with the property that

1
IfIE, = / F(@)P da < 0o,
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For the case p = oo: firstly, say that f is essentially bounded above with upper
(essential) bound M if f(x) < M for x ¢ N for some null set N. Then let ess sup f
be the infimum of all upper essential bounds. Then:

Definition 2.8.6 L>([0,1]) is the linear space of measurable functions on [0, 1]
with the property that
| fllLee = ess sup |f| < 0.

A crucial fact for us is that considering the spaces of equivalence classes of
functions which agree almost everywhere we obtain Banach spaces, also written
LP(]0,1]): these “Lebesgue spaces” are vector spaces of (equivalence classes of)
functions which are complete with respect to the norm || - ||z». (The fact that,
strictly speaking, the elements of these spaces are equivalence classes of functions
which agree almost everywhere, is often taken as understood and not repeatedly
mentioned each time the spaces are made use of.)

The spaces LP([0,1]) contain the continuous functions, and the Lebesgue in-
tegral, which is defined on the whole of these spaces, is equal to the Riemann
integral when restricted to Riemann integrable functions. These LP([0, 1]) spaces
are special cases of LP(M) spaces which arise from abstract measure spaces M on
which a measure p (and a o-algebra of measurable sets) is given; pu measures the
“size” of elements of this collection of measurable sets. In the general setting the
integral of a function is often defined in terms of the measure of sets on which the
function takes given values: for example, one development of the integral takes as
starting point the following definition for the integral of a non-negative measurable
function:

/fdu - /OOO W({f > A} dh. (2.8.1)

The point here is that as A increases, the sets {f > A} decrease and their measure
w({f > A}) decreases also, so that (2.8.1) is well-defined as the Riemann integral
of a monotone function. See the book Analysis by Lieb and Loss for a development
along these lines.

Other examples of measure spaces used in this course are

e [”([a,b]) with norm (f: |f ()| dx),

o LP([—m,x]") with norm ( [;

[=m,m]™ |u<x)’p dl‘)% ) and

o LP(Q) with norm ([, |f(z)[? dx)% , where 0 C R™ is open; the case () = R"
will occur most often.

2.8.3 Assorted theorems on integration

Theorem 2.8.7 (Holder inequality) [ fgdx < ||fllzellgl|re for any pair of func-
tions f € LP, g € L? (on any measure space) with p~* + ¢! =1 and p,q € [1, 00].
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Corollary 2.8.8 (Young inequality) If f € LP(R") and g € L'(R") then fx*g €
LPR") and [|f * gllee < | flleellgllzr for 1 <p < oo.

Theorem 2.8.9 (Dominated convergence theorem) Let the sequence f, €
L' converge to f almost everywhere (on any measure space) and assume that there
exists a nonnegative measurable function ® > 0 such that |f.(z)| < ®(x) almost
everywhere and [ ® < oco. Then lim, o [ fo= [ f and lim, o || fn — fllzr = 0.

Corollary 2.8.10 (Differentiation through the integral) Let g € C1(R"x()
where Q@ C R™ is open, and consider F(X) = [., g(x, \)dx. Assume there exists a
measurable function ®(z) > 0 such that

o [, O(x)dr < o0,
o supy(lg(z, A) + [Oag(z, A)]) < @(x).
Then F' € C'(Q) and O\F = [, Org(z, A) dx.

Corollary 2.8.11 If f is a C*(R™) function with all partial derivatives 0°f of
order |a| < k bounded, and g € L*(R™) then fxg € CH(R™) and 0°(fxg) = (0°f)xg
for |a| < k.

Theorem 2.8.12 (Tonelli) If f > 0 is a nonnegative measurable function f :
Rl x R™ — R then

i f(x,wdxdy:/(/f(x,y)dy) d:c:/(/f@:,y)dx) dy.

R!XR™ Rl R™ rRM Rl

Theorem 2.8.13 (Fubini) If f is a measurable function f : R' x R™ — R such

that
J[ 1l dndy < oo
then o
Il f<x,y>dxdy—/(/f<x,y>dy) dx—/(/ﬂx,y)dx) dy.

Remark 2.8.14 [n these two results it is to be understood that when we write down
repeated integrals that an implicit assertion is that the functions y — [ f(z,y)dx
and x — [ f(x,y)dy are measurable and integrable.
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Theorem 2.8.15 (Minkowski inequality) If f is a measurable function f :
R X R™ — R and g : R™ — R is measurable, then

|| / £ (2 9)9(y) Ayl o) < / @) lmwlo@)ldy.  (282)

where

1) 2 ) = / e y)P de,

with the understanding as above that thzs means that if the right hand side of
(2.8.2) is finite then the function f(x,y)g(y) is integrable in y for almost every x
and the resulting function x — [ f(z,y)g(y) dy is measurable and (2.8.2) holds.

2.9 Worked problems

1. Prove that if a continuous 27-periodic function f € Cpe,([—m, 7]) satisfies

+m
ﬂmzmm*/ e~ ()i =

for all m € Z, then f is identically zero. Deduce that if f € Cpg.([—m,7]) then f =
Z’meZ f(m)ezmm

Answer Assume for the sake of contradiction that there exists x¢ with f(zg) # 0. Replacing
f() by £f(- — xp) we may assume w.l.o.g. that f(0) > 0. Now:
+m
f(x)(e +cosz)*dx =0

—T

for all k € Z, and € € R, by the assumption that all Fourier coefficients vanish. By
continuity of f there exists 6 € (0,7/2] such that f(z) > f(0)/2 > 0 for |z| < . Now
maxXs<|y|<x cosT < 1 and cos0 = 1, so there exists

e ¢ > 0 such that e+ cosz| <1—¢€/2 for § < |z| <

e 7 € (0,9) such that |e + cosz| > 1+ ¢€/2 for |z] < 7.

Now

+7
€ kdy = € kd
[ﬂ f(x)(e + cosz)” dx /$|<n+/n<|$|<6+/6<l$l<ﬂ f@)(e+ cosz)” dx

IO orsup 711 - )F.

1

2)

since the middle integral is > 0 because f > 0 on (—4d,+¢), and also since § < 7/2 and
cosx > 0 on [0,7/2]. Now let k — +o00: the final term has limit zero, while the first term
has limit +oco providing a contradiction.

For the last part observe that for f € Cper([—m, 7]) the Fourier coefficients satisfy

supm™| f(m)| < oo
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for all N (rapidly decreasing) and therefore the series ), f(m)ei™® converges ab-

solutely to define a continuous periodic function whose Fourier coefficients are f(m).
(The latter assertion follows from the fact that the sum and integral can be interchanged
when integrating an absolutely and uniformly convergent power series.) Therefore f(x) —
Y mez f (m)e'™® is a continuous 27-periodic function whose Fourier coefficents all vanish.
It therefore vanishes itself by the previous part, completing the proof.

. For positive s the Sobolev space is defined as
H*R") = {f € L*(R") : || fII% = /Rn (L4 [1€1%)°1f () d < oo}

Show that if s > n/2 then H*(R") C C'(R") and there exists a positive number C such
that

sup |f(z)| < C||fllu- - (29.1)
z€R™

In the case n = 1 prove, using calculus only, the inequality

sup |f(2)] < ol (/ (f*+ (azf)Q)dxf : (2.9.2)

for all f € S(R) and for some positive C’. Comment on the relation with the first part of
the question. Prove that all functions f € H(R) are uniformly continuous on R.

Answer We will first establish the inequality for f € S(R™). By the Holder inequality:

(2m)"|F1(f)

[ Gl feee i
P

1 3
< ([ e o) 1ol

The integral on the second line is finite, since adopting polar coordinates (r, ) it is just

o] T,nfl
/ dQ/ S —;
Sn—1 0 (1 “!‘7‘2)‘5

which is finite for 2s —n+ 1 > 1, i.e. for s > n/2. This establishes the stated inequality
(2.9.1). Exactly the same calculation shows that || f||.: < C||f||z+ . Now to complete the
proof, just approximate f € H*(R") by a sequence f, of Schwartz functions as in Theorem
2.7.1: since the constant in (2.9.1) is independent of v we can take the limit ¥ — oo. Then
since || f — fu|lms — 0 the sequence f, is Cauchy in the norm H*, and hence also Cauchy
in the uniform C° norm by (2.9.1). This implies that the limit f € C°(R™) and obeys
(2.9.1).

For the one dimensional inequality calculate, by the Holder inequality that
[

f(2)f (2)dz] < /RfQ + ()2 d=.

/ (O du| =
.

2

5@ = 1wl =1 [ 7Eel < oy

and
xT

@) - 2wl =12 [

Y
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For f € S(R) let y — +o00 in the second inequality and the result follows for such f. It
holds for general f € H'(R) by density (strictly speaking up to sets of measure zero). The
first inequality implies uniform continuity.

Relation with the first part of the question: the Parseval-Plancherel theorem implies that:

2 ne g L o2 2 Frey)2
[ e =5 [UFQF + eI R de.

So that the result of the second part is really a special case of the first part, but the proof
is different.

2.10 Example sheet 2

1.

Obtain and solve the ODE satisfied by characteristic curves y = y(x) for the equation
(2 + 2)%ugy — (22 4 1)%uy, = 0. Show that there are two families of such curves which
can be written in the form y — x + 272 arctan 2"z = Eand y+x — 272 arctan2” 2z = 7,
for arbitrary real numbers £, 7. Now considering the change of coordinates (z,y) — (£, 7)
so determined find the form of the equation in the coordinate system (&, 7).

Which of the following functions of z lie in Schwartz space S(R): (a) (1 + 2?)71,(b) e7%,
(c)e=*" /(1 4+ x2)? Show that if f € S(R) then so is f(z)/P(z) where P is any strictly
positive polynomial (i.e. P(z) > 6 > 0 for some real 6.

Show that any @& = {{, }mez in 12(Z) defines (for any p > 1, s € R) a periodic distribution
via the formula

Fa(p) = 20 ii_mp(m) (2.10.1)
meZ
for each test function ¢ = Y @(m)e"™* € Cpo, (|-, n]). Show that if 4 € s(Z), then this

distribution agrees with the periodic distribution 7', determined in the usual way by the
the smooth function u =) @,,e"™* .

Use Fourier series to solve the following initial value problem
O = O2u u(0,z) = f(x)

for x € [—m, ] with periodic boundary conditions u(t, —7) = u(t,7) and f smooth and
27-periodic. Discuss well-posedness properties of your solutions for the L? norm, i.e.
[lu(®)|lL2 = ( ::r |lu(t, z)|2dz) 2, using the Parseval-Plancherel theorem. Extend your result
to the H® norm.

*Show that if f € L?([—n,7]) your Fourier series formula gives a distributional solution
of the equation, in a precise sense which you should define.

Show that the heat equation dyu = 92u, with 2m-periodic boundary conditions in x,
is well-posed forwards in time in L? norm, but not backwards in time (even locally).

(Hint compute the L? norm of solutions u, for negative ¢ corresponding to initial values
1 inx.)

un(0,2) =n"te
(i) Use Fourier series to solve the Schrédinger equation

Opu = i0%u u(0,z) = f(x)

37



10.

3

3.1

for initial value f smooth and periodic. Prove in two different ways that there is only one
smooth periodic solution.

(i) Use the fourier transform to solve the Schrodinger equation for € R and initial value
2

f € S(R). Find the solution for the case f =e™* .

(i) Verify that the tempered distribution w on the real line defined by the function K, (z) =
(2m)~te~™l=l (for positive m), solves

in 8'(R). For which s € R does the function K, lie in H*(R)? For which s € R does the
d-function lie in H*(R)?[Use the definition (2.7.3).]

(i) Verify that the function on the real line g(z) =1 for < 0 and g(z) = e~ for z > 0
defines a tempered distribution T, which solves in S'(R)

T +T = —d.

(a) Write down the precise distributional meaning of the equation
—A(|z|™Y) = 47wdy in S'(R?)

in terms of test functions, and then use the divergence theorem to verify that it holds.
(Hint: apply the divergence theorem on the region {0 < |z| < R} — {0 < |z| < €} for R
sufficiently large and take the limit € — 0 carefully).

(b) Find the fundamental solution G,, € S'(R?) of the operator (—A + m?) with m > 0
and in the case of domain R?®. Indicate the modifications of (a) required to prove this.

For each of the following equations, find the most general tempered distribution 7" which
satisfies it.
2T =0, 2dT/dx =0, 2*T =6y, xdT/dx = d

dT/dx = &y, dT/dx+T =6y T — (d/dx)*T = &.
(Hint: see Friedlander §2.7).

Solve the equation z™T = 0 in §'(R).

Elliptic equations

Introduction and Notation

The equation

—Au+u=f (3.1.1)

can be solved for u via the Fourier transform, if f € S(R™). The solution is the
inverse Fourier transform of

£

up(§) = TW;

(3.1.2)
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this formula defines a Schwartz function, and hence the solution u = uy € S
also, and the mapping f +— uy is continuous in the sense that if f,, is a sequence of
Schwartz functions such that || f,,— f||o,s — 0 for every Schwartz semi-norm || - ||, 3,
then also ||u, —ul|la,g — 0 for every Schwartz semi-norm, where u,, = uy, , v = uy.

In fact the formula above extends to define a distributional solution uy for each
tempered distribution f € S'(R"), i.e. for each ¢ € S(R") there holds

<uf7 _A¢+¢> = <f7¢>

Using the Fourier transform definition of the Sobolev space one can check that:

boes = [ QI AP = [ QL+ IERIIAORE = 171
Thus the solution operator

(~A+1)"": B = B
f = Uy

]

is bounded, indicating that the solution gains two derivatives, as measured in L2,
compared to the inhomogeneous term. This phenomenon goes under the name
elliptic reqularity, and generalizes to wide classes of elliptic equations, as does the
mazximum principle bound

max |us(x)| < max|f(z)|, (3.1.3)

TER™ TER™

which is valid for classical (e.g. Schwartz) solutions, and is an immediate con-
sequence of the calculus necessary conditions for v € S(R™) to attain a maxi-
mum/minimum at a point x,:

Oju(z,) =0, Ou(x,) >0, (minimum) ;

du(z,) =0, u(z,) <0, (maximum) .

The notation indicates definiteness of the symmetric matrices 9*u(z.) = 9% u(z.) .
This definiteness implies that at a maximum Au(z,) = Tr 0*u(z,) < 0 and hence
by (3.1.1) that maxu = u(z,) < f(z.) < max|f]|; a similar argument for the min-
imum completes the derivation of (3.1.3) for S(R") solutions. It is clear from the
proof just outlined that this result is generalizable, both to more general classical
solutions and also to larger classes of equations.

It is the purpose of this chapter to explain the generalizations of the results just
discuused from (3.1.1) to much larger classes of second order elliptic equations.

Notation:Let Bp = {w : |w| < R} and Br = {w : |w| < R} be the open and
closed balls of radius R and more generally let Bg(z) = {w : |w — 2| < R} and
Br(z) = {w : |lw—xz| < R}. We write 0Bg, 0Bg(z) for the corresponding spheres,
i.e. 0Bgr(xz) ={w: |w — x| = R} etc. In the following 2 C R™ is always open and
bounded unless otherwise stated, 2 is its closure and 95 is its boundary (always
assumed smooth).
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3.2 Existence of solutions

In this section it is explained how to formulate and solve elliptic boundary value
problems via the Lax-Milgram lemma, starting with the case of periodic boundary
conditions.

Definition 3.2.1 A weak solution of Pu= f € L*([—m,x|"), with P the operator
given by
Pu= — Zﬁj(ajkaku) +cu, (3.2.1)
ik
with smooth periodic coefficents aj, = ar; € C([—m,71]") and ¢ € C=([—m,7|"),
is a function w € H!, ([—m,7|") with the property that

per
/ Z ajr Ojudpv + cuv dr = / fvdx (3.2.2)
ik

for allv e HY, ([-m,7]").

per

Theorem 3.2.2 Let P be as in (3.2.1), and assume that the inequalities

mll¢l* <Y aggée < MIE|? (3.2.3)
k=1
and
c(x) > ¢y >0 (3.2.4)

hold everywhere, for some positive constants m, M, cq and all & € R™. Then given
f € L*([—m,x|") there exists a unique weak solution of Pu = f in the sense of
definition (3.2.1).

Proof Define the bilinear form B(u,v) = [ 3, a;, djudyv + cuv dx and observe
that it obeys the continuity and coercivity conditions in the Lax-Milgram lemma

in the Hilbert space H,,,. In particular for continuity take || B|| = |[al|~ + [|c|| =,
where the norm for the matrix a(r) = (a;r(v))};—, is the operator norm. For

coercivity, notice that (3.2.3) and (3.2.4) imply
B(u,u) > min{m, co} [|ul/3: . (3.2.5)

The right hand side of (4.5.2) defines a bounded functional L(v), since

L(v)| = | / Foda) < [fllzllollze < 1 Flce ol |

by the Holder inequality, and so existence and uniqueness follows from the Lax-
Milgram lemma. U
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Definition 3.2.1 and theorem 3.2.2 have various generalizations: to obtain the
correct definition of weak solution for a given elliptic boundary value problem the
general idea is to start with a classical solution and multiply by a test function and
integrate by parts using the boundary conditions in their classical format. This
will lead to a weak formulation of both the equation and the boundary conditions.
For example the weak formulation of the Dirichlet problem

Pu=f, ulgn =0, (3.2.6)

where " "
Pu= — Z 8j (ajkﬁku) + Z bj(‘?ju + cu (327)

j.k=1 Jj=1

for continuous functions a;r = ax;,b; and ¢, is to find a function u € H}(£2) such
that
B(u,v) = L(v), Yo € Hy(Q),

where L(v) = [ fvdz (a bounded linear map/functional), and B is the bilinear
form:

B(u,v) = / (Z aji, Ojudyv + Z b;0uv + cuv) d .
ik

By the Lax-Milgram lemma we have

Theorem 3.2.3 In the situation just described, assume that (3.2.3) and (3.2.4)
hold. Then if ||b||r~ is sufficiently small, there exists a unique weak solution to

(3.2.6).

Proof The crucial point is that (3.2.5) changes into
B(u,u) > min{m, co} |lullfn — [[blzllullf: (3.2.8)

where [[b]| 1~ = sup, [|b(z)| = sup, (3> _j_, b; (z)2)2 . The remainder of the proof is
essentially as above. O

This solution has various regularity properties, the simplest of which is that if
in addition a;;, € C'(Q) then in any ball such that B,(y) C Q2 there holds for some
constant C' > 0:

ull 2B, () < C(Ifllz2) + lull2) (interior H? regularity),

and if in addition all the coefficients are smooth then we have, for arbitrary s € N
and some C, > 0:

Null sz, () < Cs(ll Il @) + |l 2) » (higher interior regularity) .
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For the periodic case there is no boundary, and these results hold with the balls
B,.(y) replaced by the whole domain of periodicity [—m, 7|" . For example, consider
the Poisson equation
—Au = f= Z f(m)em™® (3.2.9)
mezZn

with periodic boundary conditions.

Theorem 3.2.4 (i) If u € Cger is a classical solution of (3.2.9) then necessarily
7(0) = 0. A
(1) If f € L? and f(0) = 0, then there is a unique weak solution of (3.2.9) in
the Hilbert space
H,o={ueH,

per,0

+a(0) = 0}

given by

u(@)= Y ) e (3.2.10)

Bty PP

Furthermore, this solution satisfies ||u||gs+2 < 2|| f]
HS

per *

s whenever f also belongs to

Proof ngr,O C H!  is a closed subspace, and is thus a Hilbert space using the

per

same inner product as H),,. . The fact that § < % < 1 for all m € Z"\{0}
implies that

B(u,v):/Vu~Vvd:c:(27r)” S Imla(-m)o(m)

meZn\{0}

=@2m)" Y lIml*a(m)o(m)

meZn\{0}

satisfies the continuity and coercivity conditions in the Lax-Milgram lemma, ap-
plied in the Hilbert space H,,,,. A weak solution in this space means a function
u € H),, such that B(u,v) = [ fudx for all v € H,,, o; existence of a unique
weak solution in this sense follows. It can be checked directly that this solution is
given by (3.2.10). Using the Fourier definition of the H® norm, the same inequality

immediately gives the regularity assertion:

1+ [[mlI2)s 2| £(m)|2
.S (LA [[m[*)*2|f (m)]

2
Hs+2 =

[l < 2| flze

meZm\{0}
as claimed. O

Remark 3.2.5 The significance of the condition f(Q) =
this: if u € C7,, is a weak solution of (3.2.9) and f(0)
classical solution (i.e. it satisfies (3.2.9) everywhere).

0 for weak solutions is
= 0 then u s in fact a
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For the case of a domain with boundary, as in theorem 3.2.3, to get regularity
right up to the boundary it is necessary to assume that the boundary itself is
smooth: in this case the interior regularity estimate for the weak solution of (3.2.6)
can be improved to

u|l g2y < C”(||f||L2(Q) + |l r20)) (boundary H? regularity) .

3.3 Stability in Sobolev spaces

Weak solutions to elliptic boundary value problems obtained via the Lax-Milgram
lemma inherit a stability (well-posedness) property in the space H!. For example
in the periodic case:

Theorem 3.3.1 Let aj;, = a; € C([—m,7|") and ¢ € C®°([—m,w|") be smooth
periodic coefficents for the elliptic operator

Pu= — Z 0j(a;,0ku) + cu
ik
and assume (3.2.3) and (3.2.4) hold for some poitive constants m, M, cy. Assume
Pu = f with f € L*([—7,w|"), then there exists a number L such that then

[ul| g < L) f(2)]| 2

If Pu; = f; are two such solutions then

lur = ua|l g < LIl fr = foll
(stability or well-posedness in H*').

Proof This can be proved directly by integration by parts. ]

Alternatively, this type of result is an immediate and general consequence of
coercivity and the Lax-Milgram formulation. Indeed, assume that B(u;,v) = L;(v)
for j = 1,2 with the bilinear form B continuous and coercive as in the Lax-Milgram
lemma with coercivity constant v, and with L;, L, bounded linear functionals.
Then subtracting the two equations, and choosing as test function v = u; — us, we
deduce that

YlJur — ug||* < Bluy — ug, ur — ug) = |(Ly — La)(ur — ug) | < || L1 — La|||Jus — us| -

Here the norm on linear functionals L : X — R on a Hilbert space X is the dual
norm

L;u
2 = sup Ml
wexuzo ||uf

This gives the general stability estimate
Jur —uall <7 |ILy — Lol (3.3.1)

for Lax-Milgram problems.

43



3.4 The maximum principle

In the previous two sections we devloped techniques based on the weak formulation,
which involves integration by parts (“energy” methods). For this reason it was
convenient to work with operators in the form (3.2.1), (3.2.7) in which the principal
term is a divergence. In the present section this is no longer particularly convenient,
so the divergence form for the pricipal term will be dropped, and variable coefficient
operators of the form (3.4.1) and (3.4.2) will be considered. Throughout this
section the coefficients a;(z) = ax;(z) are continuous and will be again assumed
to satisfy the uniform ellipticity condition (3.2.3) for some positive constants m, M
and all £ € R™.

Recall that © C R is always open and bounded unless otherwise stated, € is
its closure and 02 is its boundary (always assumed smooth). The proofs of the
following results are all similar to the proof of the first, which is given. In all proofs
we use the following fact from linear algebra. (Recall that a symmetric matrix A
is non-negative if T AE > 0VE € R™.)

Lemma 3.4.1 If A, B are real symmetric non-negative matrices. Then Tr(AB) =
>k AjeBjk > 0.

Theorem 3.4.2 (Weak maximum principle I) Let u € C(Q) N C?(Q) satisfy
Pu = 0 where

n n
Pu= — Z ajkajﬁku —+ Z bjaju (341)
jk=1 j=1
is an elliptic operator with continuous coefficients and (3.2.3) holds, then
rileaﬁx u(z) = iré%(u(as) :

Proof Let R > 0 be chosen such that mR > ||b||1~, and define u¢ = u + e %
for € > 0. Then Pu‘ = (—a; R? + biR)ee™® < 0 since a;; > m everywhere
inside 2 by assumption. Now for contradiction assume there exists an interior
point z, at which u¢ attains a maximum point. Then at this point d;u‘(x,) = 0
and 9%u(x,) < 0 ( as a symmetric matrix) and hence lemma 3.4.1 implies that
Puf(z,) > 0, giving a contradiction. It follows that there can never be an interior

maximum, i.e. maxgu® = maxpn u° . Since this holds for all € > 0 the result follows
by taking the limit € | 0. O
Theorem 3.4.3 (Weak maximum principle II) Let u € C(Q)NC%(Q) satisfy
Pu = 0 where . .
Pu= — Z ajkﬁj@ku + Z bjaju + cu (342)
jk=1 j=1
is an elliptic operator with continuous coefficients and (3.2.3) holds and ¢ > 0
everywhere, then max,.qgu(z) < maxzepou’(x) where ut = max{u,0} is the
positive part of the function .
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In these theorems the phrase weak maximum principle is in contrast to the strong
maximum principle (proved for harmonic functions in the next section) which
asserts that if a maximum is attained at an interior point the harmonic function
is (locally) constant.

Corollary 3.4.4 In the situation of theorem 3.4.8 max, g |u(z)| = max,eon |u(x)|.

Theorem 3.4.5 (Maximum principle bound for inhomogeneous problems)
Let u € C(Q) N C*Q) satisfy Pu= f with Dirichlet data u|sq = 0, where

Pu= — Z aj;ﬁj@ku + Z bjﬁju + cu (343)
j=1

jk=1
is an elliptic operator with continuous coefficients and (3.2.3) holds and
c(x) > ¢ >0

everywhere, for some constant co > 0, and f € C(Q), then

1
maxu(z) < — max|f(z)|.
z€eN Co zeQ

If Pu; = f; are two such solutions then max |u; — ug| < max|f; — fa|/co (stability
or well-posedness in uniform norm).

3.5 Harmonic functions

Definition 3.5.1 A functionu € C*(Q) which satisfies Au(x) = 0 (resp. Au(x) >
0, resp. Au(x) < 0) for all x € 2, for an open set Q2 C R™, is said to be harmonic
(resp. subharmonic, resp. superharmonic) in €.

Theorem 3.5.2 Let u be harmonic in 2 C R" and assume Bgr(x) C 2. Then for
O0<r<R:

u(z) !

B |aBT| OBr(x)

Proof This is a consequence of the Green identity

/ (vAu—ulAv) dw = / (v0,u—ud,v) dZ—/ (vO,u—ud,v)dx,
p<|lw—az|<r |lw—z|=r

[w—a|=p

u(y) dy, (mean value property). (3.5.1)

(where 0, = n -V just means the normal derivative on the boundary) with the
choice of v(w) = N(w — z), where N is the fundamental solution for A:

N@) = J’jﬁ (n>2)
= %ln|x|, (n=2).
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Here w,, = f|a:|:1 d¥(z) = 277 /T(n/2) is the area of the unit sphere in R". Thus
on 9B, (z) we have v = r*"/(2 — n)w,,n > 2 or v = (In7r)/(27),n = 2 - in other

words v is constant on dB,(x), which implies that

/ vO,udY = v(r) / Audr =0
lw—x|=r lw—z|<r

by the divergence theorem, and the harmonicity of u. Together with the corre-
sponding formula for the normal derivative, 9,v = r'="/w, on OB, (z), this implies
that

lim vo,udy =0, and lim ud,vdy = u(z)

p—0 p—0

|w—x\:p Iw—x|:p

where we have used also the continuity of u to take the latter limit:

‘u(a:) — /wx|:r u0,v dE‘ = /|ww:p (u(z) — u(w)) dZ(w)‘

< sup |u(w) —u(x)] =0

) 1
wnrn—l

lw—z|=p

as p — 0. Substituting these into the Green identity above in the limit p — 0 gives
(3.6.1).

Corollary 3.5.3 Ifu is a C* harmonic function in an open set Q2 thenu € C*(£2).
In fact if u is any C? function in Q for which the mean value property (3.6.1) holds
whenever B,.(x) C Q then u is a smooth harmonic function.

Corollary 3.5.4 (Strong maximum principle for harmonic functions) Let

1 C R" be a connected open set and v € C(2) harmonic in Q with M = sup,.qu(z) <
o0o. Then either u(x) < M for all x € Q or u(x) = M for all x € Q. (In words,

a harmonic function cannot have an interior maximum unless it is constant on
connected components).

Corollary 3.5.5 Let 2 C R™ be open with bounded closure Q, and let u; €

C(Q), j = 1,2 be two harmonic functions in  with boundary values u;|oa = f;.
Then

sup |ug(x) — ug(z)| < sup | fi(z) — fa(x)], (stability or well-posedness).
xeQ) €0

In particular if fi = fo then u; = us.
Corollary 3.5.6 A harmonic function u € C*(R™) which is bounded is constant.

Another consequence of the Green identity is the following. Let N(x,y) =
N(|z — y|) where N is the fundamental solution defined above.
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Theorem 3.5.7 Let u be harmonic in Q with Q bounded and v € C*(Q). Then

) = [ [u0)0, N) = NG 3),uto)] =),

where 0, = n -V, just means the normal derivative in y, while 0, is the normal
in x. In fact the same formula holds with N(x,y) replaced by any function G(z,y)
such that G(x,y) — N(z,y) is harmonic iny € Q and C* fory € Q for each x € Q.

It is known from above that v is determined by its boundary values - to determine
a harmonic function u from ulsq is the Dirichlet problem. (The corresponding
problem of determining u from its normal derivative 0,u|sq is called the Neumann
problem. To get a formula for (or understand) the solution of these problems it is
sufficient to get a formula for (or understand) the correponding Green function:

Definition 3.5.8 (i) A function Gp = Gp(z,y) defined on Gp : Q x Q — {x =
y} — R such that (a) Gp(x,y) — N(|x —y|) is harmonic in y € Q and continuous
for y € Q for each x, and (b) Gp(z,y) = 0 for y € 0N, is a Dirichlet Green
function.

(ii) A function Gy = G (z,y) defined on Gy : Q@ x Q — {x = y} — R such
that (a) Gn(z,y) — N(|x —yl|) is harmonic in y € Q and continuous for y € Q for
each x, and (b) 0,,Gn(z,y) = 0 fory € 082, is a Neumann Green function.

Given such functions we obtain representation formulas:

Au=0, u|aQ = f - U(.T) = o f(y)anyD(l‘,y) dz(y) )

and
Au=0. dulm=g = uw)= = | su)Gxle.n)a),
for f,g € C(09).

The function P(z,y) = 0,,Gp(z,y), defined for (z,y) € Q x 0N is called the
Poisson kernel, and is known explicitly for certain simple domains. For example,
for the unit ball = By, the Poisson kernel is P(x,y) = (1 — ||z]]?)/wa]|lz — y||"
and the solution of the Dirichlet problem on the unit ball is

o (1~ Jja]?)
@) = [ 50 e ).

The formula for the half-space Q@ = {(z,y) : x € R",y > 0} can also be computed
explicitly (exercise).
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3.6 Worked problems

1. (i) Write down the fundamental solution of the operator —A on R? and state precisely
what this means.

(ii) State and prove the mean value property for harmonic functions on R>.

(iii) Let v € C?(R*) be a harmonic function which satisfies u(p) > 0 at every point p in
an open set Q C R*. Show that if B(z,7) C B(w, R) C Q, then

u(w) = (5)*u(2).

Assume that B(x,4r) C Q. Deduce, by choosing R = 3r and w, z appropriately, that

inf u>373 sup u.
B(z,r) B(z,r)

[In (iii) B(z, p) = {x € R®: ||z — z|| < p} is the ball of radius p > 0 centered at z € R% ]

Answer (i) the distribution N € S’(R?) defined by the integrable function (47|x|)~"! is the
fundamental solution, and the precise meaning is that

- lx|) ! x)d®r =
[ ) A0 = o(0)

for every Schwarz function ¢ € S(R?).

(ii) Let u be harmonic in Q@ C R"™ and assume Br(x) C Q. Then for 0 <r < R:

B 1
10B:| Jop, (x)

u(x) u(y) dy, (mean value property). (3.6.1)

This is a consequence of the Green identity
/ (vAu — uAv) dw = / (VoL u — ud,v) dX — / (v, u — ud,v) dy,
p<|lw—z|<r lw—z|=r lw—z|=p

(where 0, = n - V just means the normal derivative on the boundary) with the choice of
v(w) = N(w — x), where N is as in (i). On 9B, (z) we have v = 71— - in particular v is
constant on the sphere 9B, (x), which implies that

/ vo,udy = 11(7')/ Audr =0
lw—z|=r lw—z|<r

by the divergence theorem, and the harmonicity of u. Together with the corresponding

formula for the normal derivative, 0,v = — =5 on B, (z), we have:
lim vO,udy =0, and lim udyvd¥ = —u(x)
P20 S jw—a|=p P20 S w—a|=p

(having used also the continuity of u to take the latter limit.) Substituting these into the
Green identity above in the limit p — 0 gives (3.6.1).
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(iii) To start with integrate (3.6.1) with respect to r to obtain:

1
u(z) = B

u(y) dy . (3.6.2)
B, (x)

For the first bit observe that non-negativity of u implies that | Blw,R) ¥ > [ Ble) U and
then apply (3.6.2) to get:

|BR\u(w):/ uz/ w = |Bufu(z).
B(w,R) B(z,r)

Dividing by @ = |Bg| gives u(w) > (%)?u(z). For the second part, consider any two
points w, z in the ball B(z,r). Then ||jw — z|| < 2r, and therefore B(z,r) C B(w,3r) C Q
by the triangle inequality. It follows that u(w) > 373u(2) and since w, z are arbitrary in
B(z,r) that infp gy u > 373 supp, .y u. (The result is called a Harnack inequality. )

2. In this question 2 is a bounded open set in R™ with smooth boundary, and v is the outward
pointing unit normal vector and 9, = v - V.

[a] (i) Let u € C*4(Q)* solve

A%y =f in Q,
u=0,u=0 on 00,

for some continuous function f. Show that if v € C*(Q) also satisfies v = d,v = 0 on IQ

then
/AuAvdx:/fvdm.
Q Q

Use this to formulate a notion of weak solution to the above boundary value problem in
the space H3(2) C H?(£2) which is formed by taking the closure of C§°(£2) in the Sobolev
space:

HY Q) ={ue L’(Q): Julfz= Y 0%l < oo}

a:lal<2

[a](ii) State the Lax-Milgram lemma. Use it to prove that there exists a unique function
w in the space H3(£2) which is a weak solution of the boundary value problem above for

ferL?Q).
[Hint: Use regularity of the solution of the Dirichlet problem for the Poisson equation.]

[b] Let © C R™ be a bounded domain with smooth boundary. Let v € H'(Q) and denote

ﬂ/ud"m//d"m.
Q Q

The following Poincaré-type inequality is known to hold

u—allrz < CIVul 2,

4This means all partial derivatives up to order 4 exist inside the open set €2, and they have
continuous extensions to the closure 2.
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where C' only depends on (2. Use the Lax-Milgram lemma and this Poincaré-type inequality
to prove that the Neumann problem

Au = f in Q, O,u =0 on 09,
has a unique weak solution in the space
H'(Q) = H/ Q) Nn{u:Q—=R;a = 0},

for arbitrary f € L? such that f = 0. Show also that if this weak solution has regularity
u € C?(Q) then it is a classical solution of the Neumann problem if f = 0.

Show also that if there exists a classical solution u € C*() to this Neumann problem
then necessarily f = 0.

Answer [a](i) For u,v as described the Green identity gives:

/vfdx: /UAQUdzif/VAU'VUdI+/ vVAu-vdS
Q Q Q oN

:/Au'Avd‘T* AuVv-vdS,
Q o0

which gives the result. Define the bilinear form
B:H3(Q) x H3(Q) — R

by Blu,v] := [, AuAvdz. Then call a weak solution of the problem a function u € H3(Q)
such that Blu,v] = [, vf dx for all functions v € Hj.

[a](ii) We assume for this section H is a real Hilbert space with norm || - || and inner
product (-,-). We let (-,-) denote the pairing of H with its dual space.
Lax-Milgram Lemma: Assume that

B:HxH-—=R
is a bilinear mapping, for which there exists constants «, 8 > 0 such that
| Blu, v]| < allull[lv]| (u,v € H)
and
Bllull* < Blu,u] (u € H).

Finally, let f : H — R be a bounded linear functional on H. Then there exists a unique
element u € H such that

Blu,v] = (f,v)
for all v € H.
To apply this lemma to [a](i) first notice that |Blu, v]| < ||ul|gz(q)llvllaz@) trivially, so it

is a matter to check the second (coercivity) condition. Considering the hint, regularity of
the Dirichlet problem for the Poisson equation

Au= fin Q
u =0 on 9N
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with f € L?(Q) asserts that the unique weak solution u € H{ () is actually in L? and
verifies:

Hu”%ﬂ(ﬂ) < KHfH%?(Q) = K||AU||2L2(Q) .
Apply this to our problem: clearly any u € H3 also lies in H}, and so:

1

EHUH%IC?)(Q) < Blu, u].

Therefore by Lax-Milgram there exists a unique v € H3(Q) such that

Blu, v] :/vada: (3.6.3)

for all v € H3() i.e. u is a weak solution.

[b] Define
B:H (Q)x H' (Q) - R

by Blu,v] := [, VuVvdz.

As in a) |Blu,v]| < ||ullg1(o)l|v]| g1 (q)- Moreover, by the Poincare inequality with @ = 0,
we have for u € H (Q):

HUH%U(Q) = HUH%z(Q) + ||Vu||2L2(Q) < (02 + 1) Blu, u].

Also, since f = 0:
[ fude| = | [ fu=w)da| < Clfllal Vo

Thus the functional v — [, fv dz is bounded on H (Q). Therefore by Lax-Milgram there
exists a unique u € H! () such that

Blu,v] = —/vadx

for all v € H1 () i.e. u is a weak solution.

Now if u € C?(Q) then f is also continuous; choosing as test function ¢ — ¢ for arbitrary
¢ € CY(), and integrating by parts, we obtain

ayu<¢—<£>ds—/ﬂAu<¢—@dx= —/wa—@dx.

o0

Now the divergence theorem gives |, oq OvudS = fQ Audx , so that the terms with ¢ on
the left cancel, leaving:

/ 8yu¢dS—/Au¢dx=— flp—o)dx.
T9) Q Q
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If f =0 then [, f¢dz =0 and so we obtain

— / Augpdr = — / fodr, forallpc CH(Q)
Q Q
which implies that Au = f (under the assumption f = 0).

For the last part we assume we have a solution classical solution u of the Neumann problem.
Then we integrate the Poisson equation over 2 to obtain:

/fdx:/Audxz Vu-vdr=0
Q Q o0

by the divergence theorem. Therefore f = 0.

Example sheet 3

. Recall that if u € C?(R®) and Au > 0 then u is called subharmonic. State and prove

a mean value property for subharmonic functions. Also state the analogous result for
superharmonic functions, i.e. those C? functions which satisfy Au < 0.

. Let ¢ € C(R") be absolutely integrable with [ ¢(z)dz = 1. Assume f € C(R") is bounded

with sup |f(z)| < M < co. Define ¢(z) = e "¢(z/€) and show

box f(0) = fla) = [ (f(o— ew) - f(@))o(w)du
(where the integrals are over R"). Now deduce the approzimation lemma:

dex f(x) = f(x) ase—0

and uniformly if f is uniformly continuous. (Hint: split up the w integral into an integral
over the ball B = {w : |w| < R} and its complement B¢, for large R).*Prove that if
f e LP(R™),1 <p < oo then lime g ||¢e * f(z) — f(z)||r = 0. (Hint: use the Minkowski
inequality in Theorem 2.8.15).

*By computing the Fourier transform of the function v, ,(£) = expl[i¢ - a — €||¢]|?] deduce
the Fourier inversion theorem from the identity (@, ¥e,q)r2 = (¢, Ye,q) 2 of Theorem 2.2.1.

Starting with the mean value property for harmonic u € C? (R?’) deduce that if ¢ € C§° (R3)
has total integral [ ¢(z)dz =1 and is radial ¢(z) = ¥(|z]), ¢ € C§°(R) then u = ¢ * u
where ¢(z) = e 3¢(z/¢). Deduce that harmonic functions u € C?(R?) are in fact C*.
Also for u € C?(Q2) harmonic in an open set © € R* deduce that  is smooth in the interior
of Q (interior regularity). *Prove that if ¢ is a continuous function on R™ which satisfies
the mean value property, then it is a smooth harmonic function.

If uy,ug € C%(Q) N CL(Q) are harmonic in Q and agree on the boundary 92, show in two
different ways that w; = us thoroughout €.

(i) Using the Green identities show that if f, fo both lie in S(R™) then the corresponding
Schwartzian solutions uy,us of the equation —Au +u = f, i.e.

(—A+1ur = fi (—A+ug = fo
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satisfy

(+) / Dt — ) + iy — usf? < / - ol

where the integrals are over R”. (This is interpreted as implying the equation —Au+u = f
is well-posed in the H! norm (or “energy” norm) defined by the left hand side of (*).)
Now try to improve the result so that the H? norm:

fulfye = 3 [ 107,

lor] <2

appears on the left. (The sum is over all multi-indices of order less than or equal to 2).

(ii) Prove a maximum principle bound for u in terms of f and deduce that supgn |11 —us| <
supgn | f1 — fa.

(ili) Verify that for f € S'(R"™) the formula for uy in (3.2.9) remains valid, i.e. for each
¢ € S(R™) there holds

(up, —Ap+0) = ([, ¢).

. Prove a maximum principle for solutions of —Au 4+ V(z)u = 0 (on a bounded domain
Q) with smooth boundary 9Q) with V' > 0: if u|02 = 0 then v < 0 in . (Assume
u € C?(Q)NC(Q). Hint: exclude the possibility of u having a strictly positive interior
maximum).

What does the maximum principle reduce to for one dimensional harmonic functions i.e.
C? functions such that g, = 0?

. Write down the definition of a weak H'! solution for the equation —Au + u + V(z)u =
f € L*(R?) on the domain R®. Assuming that V is real valued, continuous, bounded and
V(z) > 0 for all z prove the existence and uniqueness of a weak solution. Formulate and
prove well posedness (stability) in H! for this solution.

How about the case that V' is pure imaginary valued?

. The Dirichlet problem in half-space:

Let H = {(z,y) : « € R™,y > 0} be the half-space in R"*'. Consider the problem
Agu+ 9}u = 0, where A, is the Laplacian in the z variables only) and u(x,0) = f()
with f a bounded and uniformly continuous function on R™. Define

u(a,y) = P, # f(z) = / By(x — 2)f(2)dz

n

where Py(x) = W for x € R™ and y > 0. Show that for an appropriate choice
en(lz2+y2) 2

of ¢, the function w is harmonic on H and is equal to f for y = 0. This is the Poisson

kernel for half-space.

(Hint: first differentiate carefully under the integral sign; then note that P, (z) = y~"P1(])

where P;(z) = W, i.e. an approximation to the identity) and use the approxi-
cn (14|x 2
mation lemma to obtain the boundary data).

(ii) Assume that n = 1 and f € S(R). Take the Fourier transform in the = variables to
prove the same result.
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9. Formulate and prove a maximum principle for a 2nd order elliptic equation Pu = f in the
case of periodic boundary conditions. Take Pu = — Z?k:l ajkafku + Z;-L:l b;j0;u + cu
with a;i, = arj, b;,cand f all continuous and 27 - periodic in each variable and assume u is
a C? function with same periodicity. Assume uniform ellipticity (3.2.3) and ¢(x) > c¢o > 0
for all x. Formulate and prove well-posedness for Pu = f in the uniform norm.

10. Formulate a notion of weak H' solution for the Sturm-Liouville problem Pu = f on
the unit interval [0,1] with inhomogeneous Neumann data: assume Pu = —(pu')’ + qu
with p € C1([0,1]) and ¢ € C([0,1]) and assume there exist constants m,cy such that
p>m >0 and ¢ > ¢g > 0 everywhere, and consider boundary conditions u'(0) = « and
u/(1) = B. (Hint : start with a classical solution, multiply by a test function v € C*([0,1])
and integrate by parts). Prove the existence and uniqueness of a weak H! solution for
given f € L% (*) Show that a weak solution u € C?((0,1)) whose first derivative u’
extends continuously up to the boundary of the interval, is in fact a classical solution
which satisfies v/(0) = a and /(1) = 5.

4 Parabolic equations

In this section we consider parabolic operators of the form

Lu = 8tu + Pu
where n n
Pu= — Z ajk('?j@ku + Z bj('?ju + cu (401)
g.k=1 Jj=1

is an elliptic operator. Throughout this section aj, = ay;,0;, ¢ are continuous
functions, and

n
mlgl? < 3 angien < Mle)? (4.0.2)
k=1

for some positive constants m, M and all x,t and &. The basic example is the heat,
or diffusion, equation u; — Au = 0, which we start by solving, first for x in an
interval and then in R”. We then show that in both situations the solutions fit into
an abstract framework of what is called a semi-group of contraction operators. We
then discuss some properties of solutions of general parabolic equations (maximum
principles and regularity theory).

4.1 The heat equation on an interval

Consider the one dimensional heat equation w; — u,, = 0 for z € [0, 1], with
Dirichlet boundary conditions u(0,¢) = 0 = u(1,¢). Introduce the Sturm-Liouville
operator Pf = —f”, with these boundary conditions. Its eigenfunctions ¢,, =
V2sinmmz constitute an orthonormal basis for L2([0,1]) (with inner product
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(f,9)12 = [ f(x)g(x)dx, considering here real valued functions). The eigenvalue
equation is P¢,, = Ao, with \,, = (mn)?. In terms of P the equation is:

u + Pu =20
and the solution with initial data
u(0,2) = ug(x) =Y (Pm, to) 2P ,

is given by
u(@,t) = e (G, o) L2 (4.1.1)

(In this expression ) means Y ~_,.) An appropriate Hilbert space is to solve for
2.2

u(-,t) € L*([0,1]) given ug € L?, but the presence of the factor e=m = e=tm'"
means the solution is far more regular for ¢ > 0 than for ¢ = 0:

Theorem 4.1.1 Let ug = > (¢m, Uo)2¢m be the Fourier sine expansion of a func-
tion ug € L*([0,1]). Then the series (4.1.1) defines a smooth function u(z,t) for
t > 0, which satisfies uy = Uy, and limyo ||u(z,t) — u(x)||2 = 0.

Proof Term by term differentiation of the series with respect to x,t has the effect
only of multiplying by powers of m. For ¢t > 0 the exponential factor e~'» =
e~ ™" thus ensures the convergence of these term by term differentiated series,
absolutely and uniformly in regions t > 6 > 0 for any positive 6. It follows that for
positive t the series defines a smooth function, which can be differentiated term
by term, and which can be seen to solve u; = u,, . To prove the final assertion
in the theorem, choose for each positive €, a natural number N = N(¢) such that
> ni1(Pm,uo)Fe < €/4%. Let to > 0 be such that for [t| <,

N

| Z(e_um — 1)(¢m, u0) 20m|| 22 <

1

DO ™

(This is possible because it is just a finite sum, each term of which has limit zero).
Then the triangle inequality gives (for 0 < ¢ < ty):

lu(e, £) = uo(@) 22 < | Y (€ = 1)(Sm, o) 12 bl 2
1

+25 | (¢ms u0) 22 < €

N+1

<

N

which implies that limy o ||u(z,t) — ug(z)||z2 = 0 since € is arbitrary. (In the last
bound, the restriction to ¢ positive is crucial because it ensures that e~ < 1.)
O
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The instantaneous smoothing effect established in this theorem is an important
property of parabolic pde. In the next section it will be shown to occur for the
heat equation on R™ also.

The formula (4.1.1) also holds, suitably modified, when P is replaced by any
other Sturm-Liouville operator with orthonormal basis of eigenfunctions ¢,,. For
example, for if Pu = —u” on [—m,7]) with periodic boundary conditions: in this

case \,, = m? and ¢,, = "™ /27 for m € Z.

4.2 The heat kernel

The heat equation is u; = Au where A is the Laplacian on the spatial domain.
For the case of spatial domain R" the distribution defined by the function

=) gy >,
if t <0,

K(z,t) = {OW;T exp|- (4.2.1)

is the fundamental solution for the heat equation (in n space dimensions). This
can be derived slightly indirectly: first using the Fourier transform (in the space
variable z only) the following formula for the solution of the initial value problem

u = Au, u(z,0) = up(x), up € S(R"). (4.2.2)
Let K;(z) = K(x,t) and let * indicate convolution in the space variable only, then
u(z,t) = Ky * ug(x) (4.2.3)

defines for ¢ > 0 a solution to the heat equation and by the approximation lemma
(see question 2 sheet 3) limy 4 u(x,t) = ug(x). Once this formula has been derived
for up € S(R™) using the fourier transform it is straightforward to verify directly
that it defines a solution for a much larger class of initial data, e.g. uy € LP(R"™),
and the solution is in fact smooth for all positive ¢ (instantaneous smoothing).
The Duhamel principle gives the formula for the inhomogeneous equation

=Au+F, u(z,0) =0 (4.2.4)

as u(x,t) fo (x,t,s)ds, where U(z,t,s) is obtained by solving the family of
homogeneous initial value problems:

U =AU, Ulx,s,s)=F(x,s). (4.2.5)
This gives the formula (with F(z,t) =0 for t < 0)

t
u(x,t):/ Ky g% ds-/ K s(x —y)F(y,s)ds = K ® F(x,t),
0

for the solution of (4.2.4), where ® means space-time convolution.
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4.3 Parabolic equations and semigroups

In this section we show that the solution formulae just obtained define semi-groups
in the sense of definition 6.1.1.

Theorem 4.3.1 (Semigoup property - Dirichlet boundary conditions) The
solution operator for the heat equation given by (4.1.1)

S(t) :ug — ul-,t)

defines a strongly continuous one parameter semigroup of contractions on the
Hilbert space L*([0,1]).

Proof S(t) is defined for t > 0 on u € L?([0,1]) by
S(t) Z(qua U)L2¢m = Z 6_t>\m(¢ma U)L2¢m

and since |e=m| <1 for t > 0 and ||ul|2, = >, (dm, u)2, < oo this maps L? into
L? and verifies the first two conditions in definition 6.1.1. The strong continuity
condition (item 4 in definition 6.1.1) was proved in theorem 4.1.1. Finally, the fact
that the {S(t)}+>0 are contractions on L? is an immediate consequence of the fact
that |e7 ™| <1 for t > 0. 0

To transfer this result to the heat kernel solution for whole space given by
(4.2.3), note the following properties of the heat kernel:

e Ki(x)>0forallt>0,xe€R"
o [ Ki(x)dx =1forallt>0,
e Ki(z) is smooth for ¢ > 0,2 € R”, and for ¢ fixed K;(-) € S(R"),

the following result concerning the solution u(-,t) = S(t)ug = K; * ug follows from
basic properties of integration (see appendix to §2 on integration):

e for uy € LP(R™) the function u(z,t) is smooth for ¢ > 0,2 € R™ and satisfies
uy — Au =0,

o ||u(-,t)|lr < Juol|lze and limy_yoy ||u(-, ) — ug|lpr = 0 for 1 < p < 0o,

From these and the approximation lemma (question 2 sheet 3) we can read off the
theorem:

Theorem 4.3.2 (Semigroup property - R") (i) The formulau(-,t) = S(t)ug =
K, x ug defines for ug € L' a smooth solution of the heat equation for t > 0 which
takes on the initial data in the sense that limy_,o. ||u(-,t) — ug||z1 = 0.

(ii) The family {S(t)}i>0 also defines a strongly continuous semigroup of con-
tractions on LP(R"™) for 1 < p < occ.

(iii) If in addition ug is continuous then u(x,t) — uo(x) as t — 0+ and the
convergence is uniform if ug is uniformly continuous.
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The properties of the heat kernel listed above also imply a maximum principle
for the heat equation, which says that the solution always takes values in between
the minimum and maximum values taken on by the intial data:

Lemma 4.3.3 (Maximum principle - heat equation on R") Let u = u(x,t)
be given by (4.2.3). If a < wug < b then a < u(x,t) <b fort >0,z € R".

Related maximum principle bounds hold for general second order parabolic equa-
tions, as will be shown in the next section.

4.4 The maximum principle

Maximum principles for parabolic equations are similar to the elliptic case, once
the correct notion of boundary is understood. If €2 C R™ is an open bounded
subset with smooth boundary 02 and for 7" > 0 we define Qr = Q x (0,7 then
the parabolic boundary of the space-time domain 7 is (by definition)

OparSlr = Qp — Qr = QA x {t =0} UIN x [0,7].
We consider variable coefficient parabolic operators of the form
Lu = Oyu + Pu
as in (4.0.1), still with the uniform ellipticity assumption (4.0.2) on P.

Theorem 4.4.1 Let u € C(Qr) have derivatives up to second order in x and first
order in t which are continuous in Qp, and assume Lu = 0. Then

o if c =0 (everywhere) then maxu(x,t) = max u(z,t), and
QT pars&T

e if c >0 (everywhere) then maxu(x,t) < max u'(x,t), and
QT 6parQT

max |u(z,t)| = max |u(z,t)|.
ar Opar )

where ut = max{u, 0} is the positive part of the function w.
Proof We prove the first case (when ¢ = 0 everywhere). To prove the maximum

principle bound, consider u¢(z,t) = u(z,t) — et which verifies, for € > 0, the strict
inequality Lu® < 0. First prove the result for u*:

max u(x,t) = max u(z,t)
m 8parQT

Since Opar2p C Qr the left side is automatically > the right side. If the left side
were strictly greater there would be a point (z,,t.) with z, € Q and 0 < ¢, < T
at which the maximum value is attained:

u(xy, te) = max u(z,t).
(I,t)EQT
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By calculus first and second order conditions: d;u¢ = 0, uf > 0 and 8%1@ <0 (as

a symmetric matrix - i.e. all eigenvalues are < 0). These contradict Lu® < 0 at
the point (z,,t,). Therefore

max u‘(z,t) = max u(x,t).
QT 8PCLT‘QT

Now let € | 0 and the result follows. The proof of the second case is similar. O

4.5 Regularity for parabolic equations

Consider the Cauchy problem for the parabolic equation Lu = 0yu + Pu = f,
where

Pu= — %" 9;(a;0u) + Y bidu+ cu (45.1)
Jk=1 J=1

with initial data ug. For simplicity assume that the coefficients are all smooth
functions of z, ¢ € Q. The weak formulation of Lu = f is obtained by multiplying
by a test function v = v(x) and integrating by parts, leading to (where (- ) means
the L? inner product defined by integration over x € Q):

(ug, v)+ B(u,v) = (f,v), (4.5.2)

B(u,v) = / (Z aji, Ojudyv + Z b;O;uv + cuv) d .
ik

To give a completely precise formulation it is necessary to define in which sense
the time derivative u; exists. To do this in a natural and general way requires the
introduction of Sobolev spaces H* for negative s - see §5.9 and §7.1.1-§7.1.2 in the
book of Evans. However stronger assumptions on the initial data and inhomoge-
neous term are made a simpler statement is possible. (In the following statement
u(t) means the almost everywhere defined function of ¢ taking values in a space of
functions of x.)

Theorem 4.5.1 Forug € H}(Q)) and f € L*(Qr) there exists
u € L*([0, T]; H*(Q) N L((0, T; Hy ()

with time derivative uy € L*(Qr) which satisfies (4.5.2) for all v € H}(Q) and
almost every t € [0,T] and limy_o4 ||u(t) — ugllz2z = 0. Furthermore it is unique
and has the parabolic regularity property:

T
()| 2y + luell 20y ) dtt-ess sup [Ju(®)]Fn ) < CULF 2@ + 1ol i) -
0 0<t<T 0
(4.5.3)
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The time derivative is here to be understood in a weak/distributional sense as
discussed in the sections of Evans’ book just referenced, and the proof of the
regularity (4.5.3) is in §7.1.3 of the same book. In the following result we will
just verify that the bound holds for smooth solutions of the inhomogeneous heat
equation on a periodic interval:

Theorem 4.5.2 The Cauchy problem

Ut — Ugy = f7 U(.T,O) = Uo(l’)

where f = f(x,t) is a smooth function which is 2m-periodic in x, and the initial
value ug 1s also smooth and 2mw-periodic, admits a smooth solution fort > 0, 27-
periodic in x, which verifies the parabolic regularity estimate:

/<r|ut<>||L2+||u<>||Hz>dt<o ||uo||H1+// f(,0) 2 dcdt )

Here the norms inside the time integral are the Sobolev norms on 2m-periodic func-
tions of x taken at fixed time.

Proof To prove existence, search for a solution in Fourier form, u = Y a(m, t)e™*
and obtain the ODE

dy(m, t) +m2a(m,t) = f(m,t), a(m,0) = dy(m)

which has solution
t
im 1) = ¢ im) + [ € fm, ) ds
0

Now by properties of Fourier series, to(m) is a rapidly decreasing sequence, and
the same is true for f(m,t) locally uniformly in time, since

™

1
J < J .
Orgtzix ™m \f(m t)] 5 Oriltax |07 f(z,t)] dx

Now, estimating @(m,t) for 0 < ¢ < T simply as

A < A A

[a(m, )] < lio(m)] +|T] max [f(m, ¢)],
we see that u(m,t) is a rapidly decreasing sequence since t(m) and f(m,t) are.
Differentiation in time just gives factors of m?, and so 8/i(m,t) is also rapidly
decreasing for each j € N. Therefore u = > i(m, t)e™* defines a smooth function

for positive time, and it verifies the equation (by differentiation through the sum,
since this is allowed by rapidly decreasing property just established.)
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To obtain the estimate, we switch to energy methods: multiply the equation
by u; and integrate. This leads to

T pr s s T pr
/ / u? dodt + / u? d:v}t:T = / u? d:v‘tzo + / / fug dxdt .
0 —7 —7 -7 0 -7

Using the Holder inequality on the final term, this gives an estimate

T T ™
2 2 2 2
| e+ g i < € (ool + [ [ 10 daat).

(Here and below C' > 0 is just a positive constant whose precise value is not
important). To obtain the full parabolic regularity estimate from this, it is only
necessary to use the equation itself to estimate

T

T T
éuww%ﬁscqgwmmﬁ+4wmw@ﬁy

and combining this with the previous bound completes the proof. O
The parabolic regularity estimate in this theorem can alternatively be derived
from the Fourier form of the solution (exercise).

5 Hyperbolic equations

A second order equation of the form

Uy + Z a;0,0;u + Pu =0

J

with P as in (4.0.1) (with coefficients potentially depending upon t and x), is
strictly hyperbolic if the principal symbol

o(r,&tx) = =77 — (- T+ > apbib
jk
considered as a polynomial in 7 has two distinct real roots 7 = 74(£; ¢, ) for all
nonzero £. We will mostly study the wave equation
Ut — Au = 0, (501)

starting with some representations of the solution for the wave equation. In this
section we write u = u(t, z), rather than u(z,t), for functions of space and time to
fit in with the most common convention for the wave equation.
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5.1 The one dimensional wave equation: general solution

Introducing characteristic coordinates X, = z=+t, the wave equation takes the form
0%, x_u = 0, which has general classical solution F(X_)+G(X), for arbitrary C?
functions F,G (by calculus). Therefore, the general C? solution of uy — ., = 0 is

u(t,z) = F(zx —t)+ G(x + 1)

for arbitrary C? functions F, G. (This can be proved by changing to the character-
istic coordinates X1 = x + ¢, in terms of which the wave equation is aXBW =0.

From this can be derived the solution at time ¢ > 0 of the inhomogeneous initial
value problem:

with initial data
u(0,z) = up(x), ur(0, ) = ug (x (5.1.2)
1 1 T+ T+t—s
u(t,x) = 5(uo(:c'—t)—|—u0(x—|rt)) + 5/ y)dy + = / / (s,y)dyds.
r—t r—t+s
(5.1.3)

Notice that there is again a “Duhamel principle” for the effect of the inhomo-

geneous term since
r+t—s
/ / sydyds—/Ut,s,:c)d
r—t+s

where U(t, s, z) is the solution of the homogeneous problem with data U(s, s, z) = 0
and 0,U (s, s,x) = f(s,x) specified at t = s.

Theorem 5.1.1 Assuming that (ug,u;) € C*(R) x CY(R) and that f € C*(R x
R) the formula (5.1.2) defines a C*(R X R) solution of the wave equation, and
furthermore for each fixed time t, the mapping

C"xCrt 5o xort
(wo(+);ui(+)) = (ult, ), wlt, "))

is continuous for each integer r > 2. (Well-posedness in C™ x C™1.)

The final property stated in the theorem does not hold in more than one space
dimension (question 7). This is the reason Sobolev spaces are more appropriate
for the higher dimensional wave equation.
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5.2 The one dimensional wave equation on an interval

Next consider the problem z € [0, 1] with Dirichlet boundary conditions u(¢,0) =
0 = u(t,1). Introduce the Sturm-Liouville operator Pf = —f”  with these bound-
ary conditions as in §4.1, its eigenfunctions being ¢,,, = /2 sin mrz with eigenval-
ues \,, = (mm)2 In terms of P the wave equation is:

U + Pu=0
and the solution with initial data
u(0,2) = u(z) = > dn(m)dm,  w(0,2) =ur(x) =Y @ (m)dn,

is given by

S cos(t/ M) (m)om %mmwm

with an analogous formula for w;. Recall the definition of the Hilbert space
H;((0,1)) as the closure of the functions in C§°((0,1))° with respect to the norm

given by | f]I3, = fol f2+ f?dz. In terms of the basis ¢,, the definition is:

m=1

o0

Hy((0,1) = {f =) fudm : If N7 = D_ (L +m*7%)| fuul® < 00}

m=1

(In all these expressions . means » . -_,.) As equivalent norm we can take

> Aml me An appropriate Hilbert space for the wave equation with these bound-
ary conditions is to solve for (u,u;) € X where X = H} & L?, and precisely we
will take the following:

X={(£,9) = O futm: D Gmndm) 1L )% = D Nl fin* + 13 [*) < 00} .

Now the effect of the evolution on the coefficients u(m,t) and u;(m,t) is the map

a(m,t) cos(tv/Am) sin(tyAm) (m,0)
(Wm,t))*)(—msm(tm cosfr>)(< )) G

Theorem 5.2.1 The solution operator for the wave equation

defined by (5.2.1) defines a strongly continuous group of unitary operators on the
Hilbert space X, as in definition 6.3.1.

®i.e. smooth functions which are zero outside of a closed set [a, b] C (0,1)
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5.3 The wave equation on Rr”

To solve the wave equation on R" take the Fourier transform in the space variables
to show that the solution is given by
@) (5.3.1)

ult,z) = (2m) ™" / exp (cos (1) () + e L

for initial values u(0, z) = ug(x), u(0, ) = uy(x) in S(R™). The Kirchhoff formula
arises from some further manipulations with the fourier transform in the case n = 3
and ug = 0 and gives the following formula

sin(t[[€])

u(t,z) = u(y) dX(y) (5.3.2)

A7t

yilly—=(=t
for the solution at time ¢t > 0 of uy — Au = 0 with initial data (u,u;) = (0, uy).
The solution for the inhomogeneous initial value problem with general Schwartz
initial data ug,u; can then be derived from the Duhamel principle, which takes
the same form as in one space dimension (as explained in §5.1).

5.4 The energy identity and finite propagation speed

Lemma 5.4.1 (Energy identity) If u is a C? solution of the wave equation
(5.0.1), then
uf + |Vul|?

where 0; = (92i'

From this and the divergence theorem some important properties follow:

Theorem 5.4.2 (Finite speed of propagation) Ifu € C? solves the wave equa-
tion (5.0.1), and if u(0,x) and ut(0,x) both vanish for ||x — xo|| < R, then u(t, x)
vanishes for ||z — xo|| < R — |t| if [t| < R.

Proof Notice that the energy identity can be written div,.(e,p) = 0, where

2 \V/ 2
(eap) - (w, _Utalu, cee — 'thanU) & RlJrn .

Let to > 0 and consider the backwards light cone with vertex (o, x¢), i.e. the set

{(t,2) € R"3 ot <o, ||lw — w0 < to — 1}

The outwards normal to this at (¢,x) is v = \%(1, ”i:ig”) € R which satisfies
v - (e,p) > 0 by the Cauchy-Schwarz inequality. Integrating the energy identity
over the region formed by intersecting the backwards light cone with the slab
{(t,z) € R : 0 <t < t;}, and using the divergence theorem then leads to
Rlla:—xollgto—h e(ty, ) dr < f||$—330||§t0 e(0, ) dz . This implies the result by choosing

=1, O
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Theorem 5.4.3 (Regularity for the wave equation) For initial data u(0,z) =
uo(x) and uy (0, ) = uy(x) in S(R™), the formula (5.3.1) defines a smooth solution
of the wave equation (5.0.1), which satisfies the energy conservation law

1
5 / uy(t, 2)* + ||Vu(t,2)||* dr = E = constant.
Rn

Furthermore, at each fized time t there holds:

[t ), wi(t, -))]

for each s € Z.. . Thus the wave equation is well-posed in the Sobolev norms H*T! x
H® and reqularity is preserved when measured in the Sobolev L? sense.

Hotix s < C||(u0()7 ul())l

Hstlx Hs o C > 0 (541)

Proof The fact that (5.3.1) defines a smooth function is a consequence of the
theorems on the properties of the Fourier transform and on differentiation through
the integral in §2, which is allowed by the assumption that the initial data are
Schwartz functions. Given this, it is straightforward to check that (5.3.1) defines
a solution to the wave equation. Energy conservation follows by integrating the
identity in lemma 5.4.1. Energy conservation almost gives (5.4.1) for s = 0. It is
only necessary to bound [Ju(t,-)||3,, which may be done in the following way. To
start, using energy conservation, we have:

d
\@HUHH = [2(u,ue)rz | < ullzzlluellze < V2E||ul L2

This implies that F,(t) = (¢ + |[u(t,-)||2,) satisfies®, for any positive
F.(t) <V2E

and hence [u(t, )2 < F.(t) < (e + |u(0,-)||2.)2 + V2Et, for any e > 0. This
completes the derivation of (5.4.1) for s = 0. The corresponding cases of (5.4.1)
for s = 1,2... are then derived by successively differentiating the equation, and

applying the energy conservation law to the differentiated equation. O

Remark 5.4.4 Well-posedness and preservation of reqularity do mot hold for the
wave equation when measured in uniform norms C™ x C™1, except in one space
dimension, see question 7.

Remark 5.4.5 For initial data (ug,u;) € H*™ x H® there is a distributional
solution (u(t,-),us(t,-)) € H*L x H® at each time, which can be obtained by ap-
prozimation using density of Cg° in the Sobolev spaces H® and the well-posedness
estimate (5.4.1).

8The e is introduced to avoid the possibility of dividing by zero.
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6 One-parameter semigroups and groups

If A is a bounded linear operator on a Banach space its norm is

A
1A = sup 1Aul

, (operator or uniform norm).
wexuzo [|ul

This definition implies that if A, B are bounded linear operators on X then ||AB|| <
[AIBI[ -

6.1 Definitions

Definition 6.1.1 A one-parameter family of bounded linear operators {S(t)}+>o
on a Banach space X forms a semigroup if

1. S(0) = I (the identity operator) , and
2. S(t+s)=5(t)S(s) forallt,s >0 (semi-group property).
3. It is called a uniformly continuous semigroup if in addition to (1) and (2):

tl_lg}r |S(t) —I|| =0, (uniform continuity).

4. It is called a strongly continuous (or Cy) semigroup if in addition to (1) and

(2):

throrir |St)u —ul| =0,Vu e X (strong pointwise continuity).
ﬁ

5. If|IS@)]| <1 for allt > 0 the semigroup {S(t)}i>0 is called a semigroup of
contractions.

Notice that in 3 the symbol || - || means the operator norm, while in 4 the same
symbol means the norm on vectors in X. Also observe that uniform continuity is
a stronger condition than strong continuity.

6.2 Semigroups and their generators

For ordinary differential equations & = Az, where A is an n X n matrix, the
solution can be written x(t) = e'4z(0) and there is a 1 — 1 corespondence between
the matrix A and the semigroup S(¢) = €4 on R". In this subsection” we discuss

how this generalizes.

"This subsection is for background information only
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Uniformly continuous semigroups have a simple structure which generalizes
the finite dimensional case in an obvious way - they arise as solution operators for
differential equations in the Banach space X:

du .
m + Au=0, for u(0) € X given. (6.2.1)
Theorem 6.2.1 {S(t)}1>¢ is a uniformly continuous semgroup on X if and only
if there exists a unique bounded linear operator A : X — X such that S(t) =
e 4 = >oimo(—tA) /5. This semigroup gives the solution to (6.2.1) in the form
u(t) = S(t)u(0), which is continuously differentiable into X. The operator A is
called the infinitesimal generator of the semigroup {S(t)}i>o0.

This applies to ordinary differential equations when A is a matrix. It is not very
useful for partial differential equations because partial differential operators are
unbounded, whereas in the foregoing theorem the infinitesimal generator was nec-
essarily bounded. For example for the heat equation we need to take A = —A,
the laplacian defined on some appropriate Banach space of functions. Thus it is
necessary to consider more general semigroups, in particular the strongly contin-
uous semigroups. An unbounded linear operator A is a linear map from a linear
subspace D(A) C X into X (or more generally into another Banach space Y).
The subspace D(A) is called the domain of A. An unbounded linear operator
A:D(A) =Y is said to be

o densely defined if D(A) = X, where the overline means closure in the norm
of X, and

e closed if the graph I'y = {(u, Au)|uepa)} C X x Y is closed in X x Y.

A class of unbounded linear operators suitable for understanding strongly contin-
uous semigroups is the class of mazximal monotone operators in a Hilbert space:

Definition 6.2.2 1. A linear operator A : D(A) — X on a Hilbert space X is
monotone if (u, Au) > 0 for all w € D(A).

2. A monotone operator A : D(A) — X is mazimal monotone if, in addition,
the range of I + A is all of X, i.e. if:

VieX3ue DA :(I+Au=f.

Maximal monotone operators are automatically densely defined and closed, and
there is the following generalization of theorem 6.2.1:

Theorem 6.2.3 (Hille-Yosida) If A : D(A) — X is mazimal monotone then
the equation

le—? + Au=0, foru(0) € D(A) C X given, (6.2.2)
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admits a unique solution u € C([0,00); D(A)) N CY([0,00); X) with the property
that ||u(t)|| < ||u(0)|| for allt > 0 and uw(0) € D(A). Since D(A) C X is dense
the map D(A) > u(0) — u(t) € X estends to a linear map Sa(t) : X — X
and by uniqueness this determines a strongly continuous semigroup of contractions
{Sa(t)}i>0 on the Hilbert space X. Often Sa(t) is written as Sa(t) = e~

Conversely, given a strongly continuous semigroup {S(t)}+>0 of contractions
on X, there exists a unique maximal monotone operator A : D(A) — X such
that Sa(t) = S(t) for allt > 0. The operator A is the infinitesimal generator of
{S(t)}1>0 in the sense that £S(t)u = Au for u € D(A) andt > 0 (interpreting the
deriwative as a right derivative att =0).

6.3 Unitary groups and their generators

Semigroups arise in equations which are not necessarily time reversible. For equa-
tions which are, e.g. the Schrodinger and wave equations, each time evolution
operator has an inverse and the semigroup is in fact a group. In this subsection®
We give the definitions and state the main result.

Definition 6.3.1 A one-parameter family of unitary operators {U(t)},cr on a
Hilbert space X forms a group of unitary operators if

1. U(0) = I (the identity operator) , and

2. U(t+s)=U(t)U(s) for allt,s € R (group property).

3. It is called a strongly continuous (or Cy) group of unitary operators if in
addition to (1) and (2):

%ing |Ut)u—ul| =0,Vue X (strong pointwise continuity).
—

A maximal monotone operator A which is symmetric (=hermitian), i.e. such
that
(Au,v) = (u, Av) for all w,vin D(A) C X (6.3.1)
generates a one-parameter group of unitary operators {U(t)},cr, often written
U(t) = e~"4, by solving the equation
d
d—? +vidu=0,  foru(0) € D(A) C X given. (6.3.2)

It is useful to introduce the adjoint operator Ax via the Riesz representation the-
orem: first of all let

D(A") = {u € X : the map v — (u, Av) extends to a
bounded linear functional X — C}

8In this subsection you only need to know definition 6.3.1. The remainder is for background
information.
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so that D(A*) is a linear space, and for u € D(A*) there exists a vector w, such that
(wy,v) = (u, Av) (by Riesz representation). The map u — w, is linear on D(A*)
and so we can define an unbounded linear operator A* : D(A*) — X by A*u = w,,
and since we started with a symmetric operator it is clear that D(A) C D(A*) and
A*u = Au for u € D(A); the operator A* is thus an extension of A.

Definition 6.3.2 If A : D(A) — X is an unbounded linear operator which is
symmetric and if D(A*) = D(A) then A is said to be self-adjoint and we write
A=A~

Theorem 6.3.3 Maximal monotone symmetric operators are self-adjoint.

Theorem 6.3.4 (Stone theorem) If A is a self-adjoint operator the equation
(6.3.2) has a unique solution for u(0) € D(A) which may be written u(t) =
Ua(t)u(0) with ||u(t)|| = ||u(0]| for all t € R. It follows that the Ux(t) extend
uniquely to define unitary operators X — X and that {Ua(t)},cr constitutes a
strongly continuous group of unitary operators which are written Uy (t) = e~"4,
Conversely, given a strongly continuous group of unitary operators {U(t) }cr
there exists a self-adjoint operator A such that U(t) = Ua(t) = e~ for all t € R.

6.4 Worked problems

L. Let Cpg, = {u € C*(R) : u(x+27) = u(z)} be the space of smooth 27— periodic functions
of one variable.

(i) For f € Cp¢, show that there exists a unique u = uy € Cp¢,. such that
0%u
- tu=1/.
0x? /

(ii) Show that Iy[uy + ¢] > It[uf] for every ¢ € Cp¢, which is not identically zero, where
Iy : Cpe,. — Riis defined by

+m U
It[u) = %/_W ((g—x)2 +u® — 2f(2)u)dz.

(iii) Show that the equation
ou  9%*u
ot 0x?
with initial data u(0,z) = uo(x) € Cpe, has, for t > 0 a smooth solution u(t,x) such that
u(t,-) € Cpe, for each fixed ¢ > 0, and give a representation of this solution as a Fourier
series in . Calculate lim;_, oo u(¢,2) and comment on your answer in relation to (i).

(iv) Show that I¢[u(t,-)] < Iffu(s,-)] for t > s > 0, and that I¢[u(t, )] — I¢[uy] as
t — +o0.

+U:f($),

Answer (i) Any solution uy € Cp2, can be represented as a Fourier series: uy = >t (ar)e™®”,
as can f. Here a € Z. The fourier coefficients are rapidly decreasing i.e. faster than any

polynomial so it is permissible to differentiate through the sum, and substituting into the
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equation we find that the coefficients (o) are uniquely determined by f according to
(14 a?)if(a) = f(a), hence

Uf(x)zz f(Oé) eiaa:'

1+ a?

(Can also prove uniqueness by noting that if there were two solutions wuj,us then the
difference u = uj —ug would solve —u,,+u = 0. Now multply by u and integrating by parts
(using periodicity) - this implies that [u2 4+ u? = 0 which implies that u = u; —us = 0.)

(ii) Calculate, using the equation satisfied by uy and integration by parts, that

Iffup + @] — Iy[uys] = %/ (2 + ¢?)dx > 0

o0
for non-zero ¢ € Cpg, .

(iii) Expand the solution in terms of Fourier series and then substitute into the equation
and use integrating factor to obtain that the solution is u(¢,z) = >  @(a, t)e**® where

t
aa,t) = e ") g () +/ e~ (=947 £(0)ds.
0

Carry out the integral to deduce that

o t) = % et o) (o) — 11Oy,

s

(@) as t — +00, and further that u(x,t) = up(z)

o’

which implies that 4(a,t) — @f(a) =
uniformly in x as t — +o0.

(iv) By (i) and (iii) we see that u(z, t) = uy(z) + ¢(z,t) where (a, t) = e~t1+0%) (g0 () —
Gg(a)). Now apply (ii) and use the Parseval theorem to deduce that

=
+

Iylu(t, )] = Igfus) = 7 ) (1 +a®)|d(a 1)
=3 (14 ?)e o) — iy ()
which decreases to zero since ug(a) and () are rapidly decreasing.

. For the equation u; — uy, +u = f, where f = f(x,t) is a smooth function which is
2m-periodic in x, and the initial data u(xz,0) = wg(x) are also smooth and 2m-periodic
obtain the solution as a Fourier series u = >_ @(m, t)e"™® and hence verify the parabolic
regularity estimate:

T T
| Ol + 1ol at < C (ol + [ [ 1560 dzat).

Answer: Use the Fourier form of the solution u(z,t) = >, . 4(m,t)e"™* at each time
t, and similarly for f, and the definition

Hp,={u= Y a(m)e™” e L?: |lulz. = Y (L+|ml*)*|a(m)]® < oo},

mezZ™ mezn
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is for the Sobolev spaces of fixed time functions 27-periodic in each co-ordinate x; and
for s =0,1,2,.... Writing w,,, = 1+ ||m/|?, and using an integrating factor the solution is
given by:

t
a(m,t) = e"“mta(m,0) +/ e~ (t=s)wm flm,s)ds
0

in Fourier representation. The second term is a convolution, so by the Hausdorff-Young
inequality || * g12> < [I£12.]lg]2. we obtain:

T ! —(t—8)wm £ 2 T —tw 2 L 2
/O |/Oe mf<m,s>ds|dts(/0 et dt) / [Fm, t)dt
1 /T )

<5 [ Ifmopar,

—wmT

Here we have made use of fOT e~wWml dt = 1_‘1)7 < % . Using this bound, and |a+b[? <
2(a? + b?), we obtain:

T

/OT W2 [i(m, £)[2 dt < 2[/OT e=2tm gt o2 Jii(m, 0)[2 + /O (Fom. 1)t
< 2[ T Ja(m, ) + /OT [Fm.t)[2dt ] .

Now sum over m € Z"™ and use the Parseval theorem and definitions of || - ||z« to obtain

T

/ OBy de < const. a0 + | roa].

To obtain the inequality as stated it is sufficient to use the equation to obtain the same
bound for fOT |ue(t)]|3 dt (with another constant).

. (i) Define the Fourier transform f = F(f) of a Schwartz function f € S(R"), and also of
a tempered distribution u € S'(R™).

(ii) From your definition compute the Fourier transform of the distribution W; € S’(R?)
given by
1
Wi(@) =< Wy, ¢ >= — P(y)d(y)
At Sy )=t

for every Schwartz ¢ € S(R®). (Here dX(y) = t2dQ(y) is the integration element on the
sphere of radius ¢,) and hence deduce a formula (Kirchoff) for the solution of the initial
value problem for the wave equation in three space dimensions,

0%u

ﬁ — AU = 0,
with initial data «(0,2) = 0 and 2%(0,z) = g(z),z € R® where g € S(R*). Explain briefly
why the formula is valid for arbitrary smooth f.

(iii) Show that any C? solution of the initial value problem in (ii) is given by the formula
derived in (ii) (uniqueness).

(iv) Show that any two solutions of the initial value problem for

0%u  Ou
- 4+ — —Au=
gz "o ~e=0
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with identical initial data as in (ii), also agree for any ¢ > 0.

Answer (i) f(&) = [ f(z)e ™ €dz, and (i, f) = (u, f). This defines u € S'(R™) since
for any f € S(R™) the Fourier transform f € S(R") also; in fact f ~ f is a linear
homeomorphism on S(R").

(ii) Compute

. 1 A t i
, _ > _ —it|[&]| cos O d9d
<Wi f>=— ”yH:tf(y) W)=, /n F(©) /|m—1e §

Here we are writing Q = (0, ¢) for the spherical polar angles for y, with the direction of
¢ taken as the “es axis”, so that y - & = ||€||||ly|| cos @ = ¢]|€|| cos§. The inner integral can
be performed, after inserting df2 = sin 8dfd¢, and equals 27 x (2sint|[€]])/(¢||€]]) , so that
overall:

R A sint
<SWi, [ >=<Wi, [>= / ”5|||§| F(&)dg.
This means W; is the distribution determined by the function % (This function

is actually smooth and bounded by the Taylor expansion, and so determines a tempered
distribution.)

But in Fourier variables the solution of the wave equation is:

sin(tfel)
)

for initial values u(0,z) = ug(z), u(0,2) = ui(x) in S(R™). Comparing with the formula
just derived, and applying the convolution theorem, it follows that the solution with ug = 0
and u; = g is given at each time ¢t by u(t, ) = W; * g, since then

sin(¢[[<])
€]l

i(t,€) = (cos(tl€ll)iw (&) +

a(t, &) = Wi(€)g(€) = 9(é)

(iii) Classical solutions of the wave equation obey the energy momentum conservation law
et +V p= 0

where e = (u? + |Vu|?)/2 and p = —u,Vu. Integrate e; + V - p = 0 over the part of the
backward light cone with vertex (tg,zg), for some ¢ty > 0, which lies in the slab between
{t =0} and {t =t < to}; i.e. the region

Kigwo = {(t,2) € R0 <t <ty || — w0 < to —t}.

Applying the divergence theorem, and noticing that if v is the outward pointing normal on
the sloping part of the boundary of this region, then v - (e,p) > 0 by the Cauchy-Schwarz
inequality, we deduce that

/ e(ty,x)dr < / e(0,x) dx . (6.4.1)
lz—zoll<to—t1

llz—woll<to

This implies that if the initial data are zero then the solution is zero at all later times. By
time reversal symmetry an identical argument implies the same thing for negative times.
Applied to the difference of two solutions this implies uniqueness (since by linearity the
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6.5

difference of two solutions of the wave equation also solves the wave equation), and hence
that any classical C? solution is given by the same formula as was derived in (ii).

(iv) Do essentially the same calculation as in (iii) but using this time that
er+V-p=—ui<0
which gives the same conclusion 6.4.1 for positive times. (However, since time reversal

symmetry no longer holds, the argument cannot now be simply reversed to obtain the
analogous inequality for negative times).

. Consider a continuous function ¢ — wu(t) € C such that |u(¢)| = 1Vt and u(t+s) = u(t)u(s)

for all real s, t . Prove that there exists a € R such that u(t) = e?*’. Deduce Stone’s theorem
on the Hilbert space C.

Answer There exists A(t), defined mod 27, such that u(t) = e*(!). By continuity there
exists > 0 such that for [¢| € I = (—0,40) we have |u(t) — 1] < 5. In this interval
I, there is a unique A(t) € (—m,+) which is continuous and satisfies u(t) = ¢*® and
A(t+s) = A(t)+A(s) for s,¢, s+t all in I. Let N be any integer sufficiently large that < € 1,
and define a = NA(5;). Then the semigroup property implies that u(%) = (u(3))™ =
emA(x) = e’ | for any integer m. The value of a thus defined is independent of N chosen
as above: indeed, if a’/, N’ were another such value we would also have u(t) = €’ ¥ for all
integral m. Clearly ﬁ € 1, so also defining b = NN’)\(W) we have by the additivity
of X that @ = b = a/. Therefore a is unique, for all such integers N with % € I and so
u(t) = €'~ for all such N and all m € Z. It follows from the density of % in R and the

continuity of u(t) that u(t) = e’ for all t € R.

Example sheet 4

(a) Use the change of variables v(t,z) = e'u(t,z) to obtain an “z-space” formula for the
solution to the initial value problem:

ur +u = Au u(0, -) = ug(-) € S(R™).

Hence show that |u(t,z)| < sup, |uo(x)| and use this to deduce well-posedness in the

supremum norm (for ¢ > 0 and all x).
If a < up(x) < b for all x what can you say about the possible values of u(t,x) for t > 0.

(b) Use the Fourier transform in x to obtain a (Fourier space) formula for the solution of:

g — 2ur +u = Au u(0, <) = ug(-) € S(R™), us(0,-) = uyi(-) € S(R™).

Show that if u € C([0,00) x R™) N C?((0,00) x R") satisfies (i) the heat equation, (ii)
u(0,2) = 0 and (iii) |u(t,z)] < M and |Vu(t,x)] < N for some M, N then v = 0. (Hint:
multiply heat equation by Ki,_:(x — x¢) and integrate over |z| < R,a <t < b. Apply
the divergence theorem, carefully let R — oo and then b — t3 and a — 0 to deduce
u(t07l‘0) = 0)

Show that if S(¢) is a strongly continuous semigroup of contractions on a Banach space X
with norm || - ||, then

t1_1>r51+ IS (to + t)u — S(to)ul| =0, Yu € X and Vi > 0.
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4. Let Pu = —(pu’) + qu, with p and g smooth, be a Sturm-Liouville operator on the unit
interval [0, 1] and assume there exist constants m, ¢y such that p >m >0 and ¢ > ¢g > 0
everywhere, and consider Dirichlet boundary conditions u(0) = 0 = u(1). Assume {¢,}52,
are smooth functions which constitute an orthonormal basis for L?([0, 1]) of eigenfunctions:
P, = A\p¢p,. Show that there exists a number v > 0 such that A, > v for all n. Write
down the solution to the equation d,u + Pu = 0 with initial data ug € L?([0, 1]) and show
that it defines a strongly continuous semigroup of contractions on L?([0, 1]), and describe
the large time behaviour.

5. (i) Let Oyu; + Puj = 0, j = 1,2 where P is as in (4.0.1) and the functions u; have the
regularity assumed in theorem 4.4.1 and satisty Dirichlet boundary conditions: wu;(z,t) =
0Vz € 09,t > 0. Assuming, in addition to (4.0.2), that

c>co>0 (6.5.1)
for some positive constant ¢y prove that for all 0 <¢ < T*

sup |ui(z,t) — ug(x,t)| < e 0 sup |ug (x,0) — uz(z, 0)].
e TEQN

(ii) In the situation of part (i) with
Pu=— Y 0j(ajdpu) + > bjdju+cu, (6.5.2)
jok=1 j=1

assuming in addition to (4.0.2) and (6.5.1) also that a;i,b; are C! and that
n _
Zajbjzo, iHQT7
j=1
prove that for all 0 < ¢t < T:

/ |ug (z,t) — uQ(x,t)|2 dx < e~ 2t / |ug(z,0) — uQ(x,0)|2 dzx.
Q Q

6. (i) Let K; be the heat kernel on R" at time ¢t and prove directly by integration that
Kix Ky = Ky

for t,s > 0 (semi-group property). Use the Fourier transform and convolution theorem to
give a second simpler proof.

(ii) Deduce that the solution operators S(t) = Ky* define a strongly continuous semigroup
of contractions on LP(R")Vp < oo.

(iii) Show that the solution operator S(t) : L'(R™) — L>°(R") for the heat initial value
problem satisfies ||S(t)| 1~ < ct~% for positive ¢, or more explicitly, that the solution
u(t) = Syu(0) satisfies ||u(t)||r~ < ct™ 2 ||u(0)| 1, or:

sup |u(x,t)] < ct*”/2/|u(x,0)|d:p
xr
for some positive number ¢, which should be found.
(iii) Now let n = 4. Deduce, by considering v = wu;, that if the inhomogeneous term

F € S(R*) is a function of  only, the solution of u; — Au = F with zero initial data
converges to some limit as t — co. Try to identify the limit.
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7.

10.

(i) Let u(t, ) be a twice continuously differentiable solution of the wave equation on RxR"™
for n = 3 which is radial, i.e. a function of r = ||z|| and ¢. By letting w = ru deduce that

u is of the form
fir—t) glr+t)

u(t,x) = " + —

(ii) Show that the solution with initial data «(0,-) = 0 and u(0,-) = G, where G is radial
and even function, is given by

r+t
u(t,r) = i/ pG(p)dp.

2r J,._s

(iii) Hence show that for initial data u(0,-) € C*(R"™) and u:(0,-) € C?(R™) the solution
u = u(t, z) need only be in C?(RxR"™). Contrast this with the case of one space dimension.

Write down the solution of the Schrodinger equation u; = iu,, with 27-periodic boundary
conditions and initial data u(x,0) = ug(z) smooth and 27-periodic in z, and show that
the solution determines a strongly continuous group of unitary operators on L?([—,7]).
Do the same for Dirichlet boundary conditions i.e. u(—m,t) =0 = u(m,t) for all t € R.

(i) Write the one dimensional wave equation wu; — ., = 0 as a first order in time evolution
equation for U = (u,u).

(ii) Use Fourier series to write down the solution with initial data «(0, -) = up and u;(0, ) =
w1 which are smooth 27-periodic and have zero mean: 4,(0) = 0.

(iii) Show that ||uH§-{1” =m0 |m|?|a(m)|? defines a norm on the space of smooth 27-
periodic functions with zero mean. The corresponding complete Sobolev space is the case
s=1of )
Hyep = alm)e™ : flullfy, =Y |[m[*|a(m)|* < oo},
m#0 per m#0
the Hilbert space of zero mean 2m-periodic H® functions.

(iv) Show that the solution defines a group of unitary operators in the Hilbert space

X ={U=(uv) : ue H, andv e L*([-m,7])}.

per

(v) Explain the “unitary” part of your answer to (iv) in terms of the energy

E(t) = /7r (u? +u?) de.

—Tr
(vi) Show that HU(t)HHﬁéﬁ}@H;m = H(u07u1)”H§$}€BH§€T (preservation of regularity).

(a) Deduce from the finite speed of propagation result for the wave equation (lemma 5.4.2)
that a classical solution of the initial value problem, Ou = 0, u(0,t) = f, u(0,z) = ¢,
with f, g € D(R") given is unique.

(b) The Kirchhoff formula for solutions of the wave equation n = 3 for initial data u(0, -) =
0,u:(0,-) = g is derived using the Fourier transform when g € S(R"™). Show that the
validity of the formula can be extended to any smooth function g € C°°(R").(Hint: finite
speed of propagation).

75



11. Write out and prove Stone’s theorem for the case of the finite dimensional Hilbert space
C" (so that each operator U(t) is now a unitary matrix).

Additional questions

1. Solve the Dirichlet problem for the Laplace equation in a square G' C R?

Au=0 in G=]0,a] x[0,q],
u(x,O) = fl(x)v u(x,a) = fQ(x)’ u(ovy) = f3(y)v u(avy) = f4(y)'

[Hint: Solve the system separately for each of the given boundary conditions, assuming
that the solution is zero on the other three sides of the rectangle. Since the equation is
linear, you can take the sum of these solutions as the solution of the problem.

Your final solution should be as follows: for the case u(a,y) = f1(y), uw(z,y) = 0 on the
rest of OG the solution ug, is given by

o0
Uqgy(T,y) = Z C), sinh %m sin %y

n=1

where: 5 u
nmw
n = ——— i d . .
asinhmr/o Faly) sin a vy (6.5.3)

The other three solutions can be obtained through similarly: using obvious notation w4
satisfying the boundary conditions for u(x,a) is obtained by switching x and y, and re-
placing f4 by fo. Similarly wug, and ugzo are found by substituting w.,(a — z,y) and
Uga(2,a — y) respectively, and switching to f3 or fi respectively. The complete solution
is the superposition 4 = uay + Uza + Uoy + Uzo and is of the form:

e}
nm

..onm . onmw L.oonT
u(z,y) = g (C’ayn sinh —@sin 7y+Cmn sinh —ysin—z

n=1

nm nmw nw nmw
+ Coyy sinh — (a — z) sin —y + Cyop, sinh — (a — y) sin —a:)
a a a a

The coefficients are all calculated (6.5.3) up to a switch of x and y etc as just described.

2. Let ug : R — R, ug € CY(R), ug(x) > 0 for all x € R. Consider the partial differential
equation for u = u(z,y),

dyuy + 3u, = u?, (z,y) € R?

subject to the Cauchy condition u(x,0) = ug(x).
i) Compute the solution of the Cauchy problem by the method of characteristics.

ii) Prove that the domain of definition of the solution contains

(2,y) € R (—oo 3)

" sup,eg (uo(7))
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3. Define the tempered distributions §’(R) and the Dirac distribution d,(z) = d(xr — a) and
prove that J, does define a tempered distribution §, € S'(R).

Show also that if ¢ — X(t) is continuous then the formula T'(z,t) = é(x — X (t))
dx(t)(w) defines a tempered distribution 7' € S'(R?) via the formula (T, ¢) = (0x , ¢) =
Je ®(t, X(t))dt for all Schwartz functions ¢ € S(R?).

Define the distributional derivative of a tempered distribution. Starting from this defini-
tion prove that the tempered distribution T' just defined satisfies the partial differential
equation

T + 20, T+T =0

if X(t) is a C' solution of the equation X = X.

4. Calculate the fourier transform of the distribution T} € S’(R®) defined, for all ¢ > 0, by:

4t
ly—z||=t

(Tox) = — / X@)dS(y),  x e SEY. (6.5.4)

Relate your answer to the wave equation in three space dimensions.

5. For the equation w; — Uz, + u = f, where f = f(x,t) is a smooth function which is
2m-periodic in x, and the initial data u(z,0) = wug(x) are also smooth and 2m-periodic
obtain the solution as a Fourier series u = >_ @(m,t)e’™* and hence verify the parabolic
regularity estimate:

| s + Bl de < € Quoliy + [ [ 1ft)? dadt).

6. Write down the solution of
Ut = Ugga u(0, z) = ug(x) (6.5.5)

for ug smooth and 2m-periodic, and show that the solution operator defines a strongly
continuous group of unitary operators on L?([—, 7).

7. Prove that there exists a constant C' such that for s > n/2

max u()| < Cllul| (6.5.6)

€

for a smooth function which is 27-periodic in each co-ordinate {z;}}_;. Deduce from the
density of such smooth functions in H,,, that (6.5.6) holds for all u € H,

er per:

For the equation
ugg — Au+u =0 (6.5.7)

with smooth initial data u(0,2) = ug(x) and u:(0,2) = ui(x) which is 27-periodic in each
coordinate show that the solution satisfies at each T' > 0

2 2
omax [|(u(®), we() e crre < C'll (w0, wn) s e

for every s =0,1,2... and some positive constant C’.
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10.

Find a value of s (depending upon n) which ensures that if ||(ug, u1)||gs+1xms < 00 then
u(t,x) remains bounded for all time. Do the same for an arbitrary partial derivative
0%u(t, ).

(In this question use

Hp, ={u= Y a(m)e™” € L?: |lulz. = Y (L+ |m|*)*|a(m)]* < oo},

mezZmn mezn
for the Sobolev spaces of functions 2m-periodic in each co-ordinate x; and fors =0,1,2,....
For the equation
Upt — Ugy +mu =0, (6.5.8)

with Schwartz initial data u(0,-) = uo(:) € S(R) and u(0,-) = u1(-) € S(R) show that
the solution satisfies at each 7" > 0

max || (u(t), u(t))|ros1 s < Cll(uo, un) [Fross e

for every s = 0,1,2... and some constant C' = C'(m,T). Comment on the dependence on
T, distinguishing the case m = 0.

Prove that a C? solution verfies

Oy (W) — 0y (utux) =0

and deduce from this and the divergence theorem, applied on the solid backward light
cone, a finite propagation speed result for (6.5.8).

(i) Derive, from the definition of Fourier transform on &’(R™), a formula for the Fourier
transform of 6y and its derivatives. For n = 1 find the Fourier transform of the Heaviside
distribution.

(i) If T € S'(R") and ¢ € S(R™), prove that ¢T = (27) "¢+ T.

Write down the Kirchoff formula for the solution of the wave equation in three space
dimensions with initial data u(0,z) = 0,u,(0,z) = uy(x) for g € S(R®). What can you
say about the behaviour of u(t,x) for large ¢?

Prove that

Jutapas <@ [lgwPds.

Prove this cannot be improved in the sense that, given ¢t =T > 0 there exists a sequence
of data g, € S (]R3) with the property that if u,, is the corresponding solution to the above
Cauchy problem, then
Uun (t, 2)|? dz
sup f ‘ n( )zl _ T2.
n Jlgn(z)]*dz

(Hint: consider solutions which are independent of z, and then use finite propagation

speed to approximate.) Contrast this behaviour with that of the equation (6.5.8) with
2

m< > 0.
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11.

12.

13.

(i) Use the Fourier transform to obtain a representation for the solution to the initial value
problem (6.5.5) for uy a Schwartz function. Deduce that the solution obtained satisfies
the well-posedness estimate for all times ¢:

+oo +oo
/ lu(t, z) —v(t,z)|2dx < / [u(0,2) — v(0,2)|*dx
(Global well-posedness in L? uniformly in time). Show that the formula defines a strongly
continuous group of unitary operators on L?(R).

Using the representation of the solution of the initial value problem
(%) Ou—Au=0  u(0,z)=f(z), feSR")

given by the fundamental solution show that if sup,cpn f(2) < M then sup,cpn u(t, ) <
M for all ¢ > 0. Let u be a smooth solution of the initial value problem (**) which lies in
the Schwartz class S(R™) for each fixed ¢ > 0. Compute, assuming you can differentiate
under the integral sign, % f]R" u(t,z)|?dz and hence prove that there is only one such
solution of (**). Compute also

d

@ ) o(u(t,z)) dx

where ¢ € C%(R) is a positive function. For which ¢ is your answer < 07

(i) Starting from the Kirchoff formula in the case that u:(0,z) = u;(z) depends only on
1,22 and is independent of x3, obtain a formula for the solution of the wave equation
utr — Au = 0 in two space dimensions with initial data (0, z1, 22) = 0 and u4(0, 21, x2) =
up (1, 22).

(ii) For the solution of the inhomogeneous Cauchy problem Ou = h with h a Schwartz
function as obtained by the Duhamel principle determine the domain of dependence for a
point (tp,xo) on the values of h. Comment on the difference between the cases of two and
three space dimensions.

0Old exam questions

1.

(a) Solve the equation

ou  Ou 2

or "oy

together with the boundary condition on the x-axis:

u(ac,O) = f(.l?) >

where f is a smooth function. You should discuss the domain on which the solution is
smooth. For which functions f can the solution be extended to give a smooth solution on

the upper half plane {y > 0}?
(b) Solve the equation
m% + @ =0
ox yay N

together with the boundary condition on the unit circle:

u(z,y) =x when 4 y? =1
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2. Define the Schwartz space S(R) and the corresponding space of tempered distributions
S'(R) .

Use the Fourier transform to give an integral formula for the solution of the equation

d’u  du

for f € S(R). Prove that your solution lies in S(R). Is your formula the unique solution
to (%) in the Schwartz space?

Deduce from this formula an integral expression for the fundamental solution of the oper-
2
atorP:—fii?—i—g—m—i—l.

Let K be the function:
e~ (Va-Dw/2 g1y >0,

1
V5
K(z) =
%e(‘/@rl)zﬂ forx < 0.

Using the definition of distributional derivatives verify that this function is a fundamental
solution for P.

3. Write down a formula for the solution u = u(t,z), for ¢ > 0 and & € R™, of the initial
value problem for the heat equation:

%—Auzo u(O,l‘):f(x):

for f a bounded continuous function f : R™ — R. State (without proof) a theorem which
ensures that this formula is the unique solution in some class of functions (which should
be explicitly described).

By writing u = ev, or otherwise, solve the initial value problem

ov
aJrvav:O, v(0,z) = g(z), ()

for g a bounded continuous function g : R® — R and give a class of functions in which
your solution is the unique one.

Hence, or otherwise, prove that for all ¢ > 0:

sup v(t,z) < sup g(x)
zER™ zER™

and deduce that the solutions v (¢, x) and va(t,x) of (1) corresponding to initial values
g1(x) and go(z) satisfy, for ¢ > 0,

sup [ (¢, 2) — va(t, 2)| < sup |g1(2) — ga()]-
zE€R™ TER™

4. (a) Solve the equation, for a function u(z,y),

ou Ou
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together with the boundary condition on the z-axis:

u(z,0) = x.

Find for which real numbers a it is possible to solve (x) with the following boundary
condition specified on the line y = ax:

u(z,azx) = x.

Explain your answer in terms of the notion of characteristic hypersurface, which should
be defined.

(b) Solve the equation

with the boundary condition on the z-axis
u(z,0) = x,
in the domain D = {(x,y) : 0 <y < (z+1)?/4, —1 < x < oo}. Sketch the characteristics.

. (a) Define the convolution f % g of two functions. Write down a formula for a solution
u: [0,00) x R™ — R to the initial value problem

ou

— —Au=0

o~ °
together with the boundary condition

u(0,z) = f(x)

for f a bounded continuous function on R". Comment briefly on the uniqueness of the
solution.

(b) State and prove the Duhamel principle giving the solution (for ¢ > 0) to the equation

ou

Ay =

o oY
together with the boundary condition

u(0,z) = f(x)

in terms of your answer to (a).

(c) Show that if v : [0,00) x R™ — R is the solution to

Ov

——Av=G

ot ="
together with the boundary condition

v(0,2) = f(x)

with G(t,z) < g(t,z) for all (¢,z) then v(t,z) < u(t,x) for all (¢,2) € (0,00) x R™.
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Finally show that if in addition there exists a point (o, 2() at which there is strict in-
equality in the assumption i.e.

G(to, o) < g(to, o),

then in fact
v(t,x) < u(t, )
whenever t > tg.
. Define the Schwartz space S(R™) and the space of tempered distributions S’(R™). State
the Fourier inversion theorem for the Fourier transform of a Schwartz function.

Consider the initial value problem:

2
a—ngunLu:O, zeR", 0<t< 0,
ot

u@.0) = 1), 00y =0

for f in the Schwartz space S(R™).

Show that the solution can be written as

n

ult,z) = (2m) "2 / et €)de
where A
a(t,€) = cos (tv/T+E12) f(¢)
and

(&) = (2m)" /2 / ¢~ 1€ (),

State the Plancherel-Parseval theorem and hence deduce that

/n lu(t, z)[*dx < / |f (z)|2dz.

. (a) Define characteristic hypersurfaces and state a local existence and uniqueness theorem
for a quasilinear partial differential equation with data on a non-characteristic hypersur-
face.

(b) Consider the initial value problem
Bug + uy = —yu, u(z,0) = f(x),

for a function v : R? — R with C! initial data f given for y = 0. Obtain a formula for
the solution by the method of characteristics and deduce that a C" solution exists for all
(z,y) € R

Derive the following (well-posedness) property for solutions u(z,y) and v(x,y) correspond-
ing to data u(x,0) = f(z) and v(z,0) = g(x) respectively:

sup [u(z,y) — v(z,y)| <sup|f(z) —g(z)]  forally.
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(c) Consider the initial value problem
Bug +uy =u?,  u(z,0) = f(z),

for a function v : R? — R with C? initial data f given for y = 0. Obtain a formula for the
solution by the method of characteristics and hence show that if f(z) < 0 for all z, then
the solution exists for all y > 0. Show also that if there exists xg with f(z¢) > 0, then the
solution does not exist for all y > 0.

. (a) If f is a radial function on R" (i.e. f(x) = ¢(r) with r = |z| for x € R") , and n > 2,
then show that f is harmonic on R™ — {0} if and only if

é(r) =a+br* "

for a,b € R.
(b) State the mean value theorem for harmonic functions and prove it for n > 2.

(¢) Generalise the statement and the proof of the mean value theorem to the case of a
subharmonic function, i.e. a C? function such that Au < 0.

. Consider the initial value problem

0%u

to be solved for u : R x R® — R, subject to the initial conditions

u(0.2) = fz), 240,2) =0 (2)

ot
for f in the Schwarz space S(R™). Use the Fourier transform in x to obtain a representation
for the solution in the form

~

ult, ) = / A FE)de (3)

where A should be determined explicitly. Explain carefully why your formula gives a
smooth solution to (1) and why it satisfies the initial conditions (2), referring to the
required properties of the Fourier transform as necessary.

Next consider the case n = 1. Find a tempered distribution 7' (depending on ¢, x) such
that (3) can be written

u:<T,f>

and (using the definition of Fourier transform of tempered distributions) show that the
formula reduces to

Ma@:%U@—ﬂ+f@+w]

State and prove the Duhamel principle relating to the solution of the n-dimensional inho-
mogeneous wave equation

2
ﬁg_Au:h
ot
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10.

11.

12.

to be solved for u : R x R™ — R, subject to the initial conditions

ou

u(0,2) =0, ot

(0,2) =0

for h a C*° function. State clearly assumptions used on the solvability of the homogeneous
problem.

[Hint: it may be useful to consider the Fourier transform of the tempered distribution
defined by the function & ~ €9 ]

(a) State and prove the Mean Value Theorem for harmonic functions.

(b) Let w > 0 be a harmonic function on an open set 2 C R". Let B(z,a) = {y € R" :
|z —y| < a}. For any = €  and for any r > 0 such that B(x,4r) C €, show that

sup u(y) < 3"

inf  u(y).
{yeB(z,r)} - {yeB(z,r)} (y)

(a) State and prove the Duhamel principle for the wave equation.

(b) Let u € C?([0,T] x R™) be a solution of
U +us — Au+u=0

where A is taken in the variables € R" and u; = O;u etc.

Using an ‘energy method’; or otherwise, show that, if u = u; = 0 on the set {t = 0, |z —
xo| <t} for some (tg,xg) € [0,T] x R, then u vanishes on the region K(t,x) = {(¢,x) :
0 <t <tg,|xr—x0] <tg—t}. Hence deduce uniqueness for the Cauchy problem for the
above PDE with Schwartz initial data.

(i) Find w : [0,00) x R — R such that w(¢, ) is a Schwartz function of £ for each ¢t and
solves

wt(tag) + (1 + fz)w(t’,g) = g(g) )
w(()?f) = wO(f) )

where g and wy are given Schwartz functions and w,; denotes dyw. If F represents the
Fourier transform operator in the ¢ variables only and F~! represents its inverse, show
that the solution w satisfies

O(F Hw(t,x) = F~H(Qew)(t, @)
and calculate tli}m w(t,-) in Schwartz space.

(ii) Using the results of Part (i), or otherwise, show that there exists a solution of the
initial value problem
ug(t, ) — Uz (t, ) + u(t, ) = f(x)
u(0,2) = ug ,
with f and ug given Schwartz functions, such that
lu(t, ) = dllLoe@y — 0

as t — oo in Schwartz space, where ¢ is the solution of

—¢ + o=/
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13.

14.

15.

Consider the equation
ou ou ou
xga—xlfxla—:eraa—x?’:u, (%)
where a € R, to be solved for v = wu(xy,za,23). State clearly what it means for a
hypersurface
S¢ = {($1,$2,$3) ©p(xy, w0, 3) = 0}7

defined by a C! function ¢, to be non-characteristic for (). Does the non-characteristic
condition hold when ¢(z1, zo, x3) = x37?

Solve (%) for a > 0 with initial condition u(z1,z2,0) = f(x1,z2) where f € C*(R?). For

the case f(z1,x2) = 2% + 23 discuss the limiting behaviour as a — 0.

Define a fundamental solution of a linear partial differential operator P. Prove that the
function

G(z) = el
defines a distribution which is a fundamental solution of the operator P given by
d*u
Pu=——+u.
dx?
Hence find a solution ug to the equation
d2UQ
— g2 Tuw=V(z),

where V(z) =0 for x| > 1 and V(z) =1 for |z| < 1.

= [ {212 ] - va}ar

Show that Ifug + ¢] > I[ug] for all Schwartz functions ¢ that are not identically zero.

Consider the functional

Write down a formula for the solution u = u(¢, ) of the n-dimensional heat equation
wi(t,x) — Aw = 0, w(0,2) = g(z),

for g : R" — C a given Schwartz function; here w; = 9w and A is taken in the variables
z € R™. Show that

[ lg(z)| dz
< LT
w(t,z) < (i)
Consider the equation _
up — Au = e f(z), (%)

where f: R" — C is a given Schwartz function. Show that (%) has a solution of the form
u(t, ) = ev(x),

where v is a Schwartz function.

Prove that the solution u(t, ) of the initial value problem for (%) with initial data u(0,z) =
g(x) satisfies

: _ it _
tl}rﬁloo’u(t,x) ev(z)] =0.
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16.

17.

18.

Write down the solution of the three-dimensional wave equation
Utt*AUZO, u(O,x):O, ut(Ovm):g(x)a

for a Schwartz function g. Here A is taken in the variables z € R? and u; = du/0t
etc. State the “strong” form of Huygens principle for this solution. Using the method of
descent, obtain the solution of the corresponding problem in two dimensions. State the
“weak” form of Huygens principle for this solution.

Let u € C%([0,T] x R?) be a solution of

utt—Au—Hx‘?u:O, u(o,x):o7 U/t(O,.T):O (*)
Show that
de+V -p=0, (%)
where
e=3(u?+|Vu? +|z2u?), and  p=-wuVu.

Hence deduce, by integration of (xx*) over the region
K={(tz):0<t<ty—a<ty |z—ax<ty—t}
or otherwise, that () satisfies the weak Huygens principle.
(a) State a local existence theorem for solving first order quasi-linear partial differential

equations with data specified on a smooth hypersurface.

(b) Solve the equation
ou ou
or e y
with boundary condition u(z,0) = f(z) where f € C!(R), making clear the domain
on which your solution is C'. Comment on this domain with reference to the non-
characteristic condition for an initial hypersurface (including a definition of this concept).

=0

(c) Solve the equation

ou ou
2Y™ =
u - + Y =0

with boundary condition u(x,0) = z and show that your solution is C' on some open set
containing the initial hypersurface y = 0. Comment on the significance of this, again with
reference to the non-characteristic condition.

Define a fundamental solution of a constant-coefficient linear partial differential operator,
and prove that the distribution defined by the function N : R® — R

N(z) = (4rz])~!

is a fundamental solution of the operator —A on R3.

State and prove the mean value property for harmonic functions on R? and deduce that
any two smooth solutions of

—Au=f, feC R
which satisfy the condition

lim wu(z) =0
|| —o0

are in fact equal.
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19.

20.

21.

Write down the formula for the solution u = wu(t, z) for ¢ > 0 of the initial value problem
for the n-dimensional heat equation

ou
E — A'LL = 0 5
u(0,2) = g(z) ,

for g : R™ — C a given smooth bounded function.

State and prove the Duhamel principle giving the solution v(¢, ) for ¢t > 0 to the inhomo-

geneous initial value problem
v

ot Av=f,

v(0,2) = g(x) ,
for f = f(t,z) a given smooth bounded function.
For the case n = 4 and when f = f(z) is a fixed Schwartz function (independent of ),
find v(¢, ) and show that w(z) = lim;— 4 v(t, x) is a solution of

—Aw=f.

[Hint: you may use without proof the fact that the fundamental solution of the Laplacian
on R* is —1/(472|z|?).]

(a) State the Fourier inversion theorem for Schwartz functions S(R) on the real line. Define
the Fourier transform of a tempered distribution and compute the Fourier transform of the
distribution defined by the function F(z) = £ for —t < z < +t and F(z) = 0 otherwise.
(Here t is any positive number.)

Use the Fourier transform in the x variable to deduce a formula for the solution to the
one dimensional wave equation

Ut — Uge = 0, with initial data ~ w(0,2) =0, u(0,2)=g(z), (%)
for g a Schwartz function. Explain what is meant by “finite propagation speed” and briefly
explain why the formula you have derived is in fact valid for arbitrary smooth g € C*°(R).
(b) State a theorem on the representation of a smooth 2z-periodic function ¢ as a Fourier
series .

gl@) = gla)e’™”
Q€L

and derive a representation for solutions to (%) as Fourier series in x.
(c¢) Verify that the formulae obtained in (a) and (b) agree for the case of smooth 2r-periodic
g.

(i) Consider the problem of solving the equation
" ou
S a3 o = bix, u)
=1 aSCj

for a C! function u = u(x) = u(x1,...,7,), with data specified on a C' hypersurface
SCR"
u(x) = ¢(x), Vx € S.



22.

Assume that ay,...,a,,$,bare C! functions. Define the characteristic curves and explain
what it means for the non-characteristic condition to hold at a point on S. State a local
existence and uniqueness theorem for the problem.

(ii) Consider the case n = 2 and the equation

Ou Ou
8:51 81'2

= T2U

with data u(z1,0) = ¢(x1,0) = f(z1) specified on the axis {x € R? : x5 = 0}. Obtain a
formula for the solution.

(iii) Consider next the case n = 2 and the equation

ou ou

or; 0z, 0

with data u(g(s)) = ¢(g(s )) f (s) specified on the hypersurface S, which is given
parametrically as S = {x € R? : x = g(s)} where g : R — R? is defined by

g(S) - (570); s <0,

g(s) = (s,5%), s>0.

Find the solution u and show that it is a global solution. (Here “global” means u is C'*
on all of R?.)

(iv) Consider next the equation

ou n ou
6:01 8x2
to be solved with the same data given on the same hypersurface as in (iii). Explain, with
reference to the characteristic curves, why there is generally no global C'! solution. Discuss

the existence of local solutions defined in some neighbourhood of a given point y € S for
various y. [You need not give formulae for the solutions.]

=0

Define (i) the Fourier transform of a tempered distribution 7 € &'(R%), and
(ii) the convolution T g of a tempered distribution 7' € &'(R?) and a Schwartz function
g € S(R?). Give a formula for the Fourier transform of T % g (“convolution theorem”).
Let t > 0. Compute the Fourier transform of the tempered distribution 4, € S'(R?)
defined by
o= [ sinw,  voesE)
yl|l=t

and deduce the Kirchhoff formula for the solution u(t, z) of

0%u

w — AU = O,

ou 3

u(0,z) =0, a(o,x)zg(x), ge SR’ .

Prove, by consideration of the quantities e = %(uf + |Vu|?) and p = —u;Vu, that any C?
solution is also given by the Kirchhoff formula (uniqueness).
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23.

24.

25.

Prove a corresponding uniqueness statement for the initial value problem

0w

ow
ot

where V is a smooth positive real-valued function of = € R? only.

w(0,2) =0, (0,z) =g(z), gE€ S(R3)

Write down the formula for the solution u = wu(t, z) for ¢ > 0 of the initial value problem
for the heat equation in one space dimension

Ou  u _
ot ox2
’LL(O,.T) = g(x),

for g : R — C a given smooth bounded function.

Define the distributional derivative of a tempered distribution 7 € S'(R). Define a fun-
damental solution of a constant-coefficient linear differential operator P, and show that
the distribution defined by the function %e"x | is a fundamental solution for the operator

d2
P=——+1.
dx? +
For the equation
ou O%*u
R €t¢(x)a (*)

where ¢ € S(R), prove that there is a unique solution of the form e'v(x) with v € S(R).
Hence write down the solution of (%) with general initial data «(0,z) = f(z) and describe
the large time behaviour.

State and prove the mean value property for harmonic functions on R?.

Obtain a generalization of the mean value property for sub-harmonic functions on R?, i.e.
C? functions for which
—Au(x) <0

for all z € R3.
Let ¢ € C?(R?;C) solve the equation

—Ap+iV(x)p =0,

where V is a real-valued continuous function. By considering the function w(x) = |¢(z)[?
show that, on any ball B(y, R) = {z : ||z — y|| < R} C R®,

sup |o(x)] < sup |o(x)].
z€B(y,R) lz—yll=R

(i) State the local existence theorem for the first order quasi-linear partial differential
equation

aj(z,u) %

oz, = b(x,u),

n

Jj=1
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which is to be solved for a real-valued function with data specified on a hypersurface S.
Include a definition of “non-characteristic” in your answer.

(ii) Consider the linear constant-coefficient case (that is, when all the functions ay, ..., a,
are real constants and b(z,u) = cx+d for some ¢ = (¢1,...,¢,) with ¢,..., ¢, real and d
real) and with the hypersurface S taken to be the hyperplane x-n = 0. Explain carefully
the relevance of the non-characteristic condition in obtaining a solution via the method of
characteristics.

(iii) Solve the equation
Ou ou 0

with initial data u(0,y) = —y prescribed on & = 0, for a real-valued function u(z,y).

Describe the domain on which your solution is C' and comment on this in relation to the
theorem stated in (i).

26. Consider the initial value problem for the so-called Liouville equation
fe+v-Vof =VV(z)-Vof =0, (z,0) € R* t R,

f(l‘,’l},t = 0) = ff(x,v),

for the function f = f(z,v,t) on R?? x R. Assume that V = V(z) is a given function with
V, V.,V Lipschitz continuous on R%.

[(1)] Let fr(x,v) = d(x — xo,v — vy), for zg, vy € R? given. Show that a solution f is given
by
flz,v,t) = 6(z — &(t, 0, v0), v — 0(t, 20, v0)),

where (Z,0) solve the Newtonian system

&=, &(t = 0) = o,

b =-VV(&), o(t = 0) = vo.

(You may wish to do question 3 in the list of additional questions first.)

[(ii)] Let f; € Lt (R*), f; > 0. Prove (by using characteristics) that f remains non-

loc
negative (as long as it exists).

[(iii)] Let fr € LP(R*?), f; > 0 on R?*?. Show (by a formal argument) that
||f(7 Bl t)HLP(de) = ||fIHLp(]R2d)

forallt e R, 1< p< .

[(iv)] Let V(z) = @ Use the method of characteristics to solve the initial value problem
for general initial data.

27. [(a)] Solve the initial value problem for the Burgers equation
Lo o
ut+§(u )e=0, zeR,t>0,
u(z,t =0) = ur(x),
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28.

29.

where

1, z < 0,
ur(z)=q¢1—z, O0<z<l,
0, > 1.

Use the method of characteristics. What is the maximal time interval in which this (weak)
solution is well defined? What is the regularity of this solution?

[(b)] Apply the method of characteristics to the Burgers equation subject to the initial

condition
1, x>0,
ur(z) = {

0, z<0.

In {(x,t) |0 <z <t} use the ansatz u(z,t) = f(§) and determine f.

[(c)] Using the method of characteristics show that the initial value problem for the Burgers
equation has a classical solution defined for all ¢ > 0 if u; is continuously differentiable

and
dul

%(x) >0

for all z € R.

[(a)] Consider the nonlinear elliptic problem

Au= f(u,z), z=e€QCRY
U =up, x € 0.

Let g—f(y,x) > 0 for all y € R, z € Q. Prove that there exists at most one classical

O u
solution.

[Hint: use the weak mazimum principle.]

[(b)] Let ¢ € C§°(R™) be a radial function. Prove that the Fourier transform of ¢ is radial
too.

[(c)] Let ¢ € C§°(R™) be a radial function. Solve
—Au+u=¢(x), reR"

by Fourier transformation and prove that u is a radial function.

[(d)] State the Lax—Milgram lemma and explain its use in proving the existence and
uniqueness of a weak solution of

—Au+a(z)u = f(z), z € Q,

u =0 on 01,

where Q C R bounded, 0 < a < a(z) <a<ooforalzeQand fe L30Q).

(a) Solve by using the method of characteristics

xla—mu+2x28—x2u:5u, u(z1,1) = g(aq),
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30.

where g : R — R is continuous. What is the maximal domain in R? in which u is a solution
of the Cauchy problem?

(b) Prove that the function

0, z<0,t>0,
u(z,t) =< z/t, 0<z<t,t>0,
1, z=z>t>0,

is a weak solution of the Burgers equation

9
—u+

9 4
atu %u—o, reR, t>0, (%)

1
2
with initial data

0, <0,
ww={ 0 TS0

(c) Let u = u(x,t), x € R, t > 0 be a piecewise C'-function with a jump discontinuity
along the curve

and let u solve the Burgers equation (x) on both sides of I". Prove that u is a weak solution
of (1) if and only if

$(t) = 5 (w(t) + (1)

holds, where w(t), u,(t) are the one-sided limits
w(t) = lim wu(z,t), u-(t) = lim w(x,t).
() =l ulwt),  w(®) = Jim

[Hint: Multiply the equation by a test function ¢ € C§(R x [0,00)), split the integral
appropriately and integrate by parts. Consider how the unit normal vector along I' can be
expressed in terms of $.)

Consider the Schrédinger equation

. 1

z@t\I/:—iA\I/, reR", t>0,
for complex-valued solutions ¥(x,t) and where A is the Laplacian.

(a) Derive, by using a Fourier transform and its inversion, the fundamental solution of the
Schrédinger equation. Obtain the solution of the initial value problem

1
iat\I':—iA\I/, reR” t>0,
U(z,0) = f(x), zeR"”,
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31.

32.

33.

as a convolution.

(b) Consider the Wigner-transform of the solution of the Schrédinger equation

w($7£7t> = / \II(‘T + %y7 t) \TJ(J: - %ya t) e—iy'f dny7

1
(2m)"

defined for z € R™, £ € R™, ¢t > 0. Derive an evolution equation for w by using the
Schrodinger equation. Write down the solution of this evolution equation for given initial
data w(z,£,0) = g(x,¢).

Solve the Dirichlet problem for the Laplace equation in a disc in R?
Au=0 in G={r*+y* <R’} CR* R>0,
u=up on OG,

using polar coordinates (r, ) and separation of variables, u(x,y) = R(r)©(p). Then use
the ansatz R(r) = r® for the radial function.

Let H = H(x,v), z,v € R", be a smooth real-valued function which maps R?" into R.
Consider the initial value problem for the equation

fi +VoH -V, f —V,.H-V,f=0, z,veR" t>0,
flz,v,t=0) = fr(z,v), z,0veR™,

for the unknown function f = f(x,v,t).

Use the method of characteristics to solve the initial value problem, locally in time.

[(ii)] Let f; > 0 on R?". Use the method of characteristics to prove that f remains
non-negative (as long as it exists).

[(iii)] Let F': R — R be smooth. Prove that

/F(f(x,v,t))dxdvz/ F(fr(z,v))dxdv,
R2n

R2n

as long as the solution exists.

[(iv)] Let H be independent of z, namely H(z,v) = a(v), where a is smooth and real-
valued. Give the explicit solution of the initial value problem.

Consider the Schrodinger equation
1
Zaﬂﬁ(t,ﬂ?) = —§A¢(ta$) + V($)¢(t,$) ) S an t> 0 )
Yt =0,z) =¢;(x), reR™,
where V is a smooth real-valued function.

Prove that, for smooth solutions, the following equations are valid for all ¢ > 0:
[(3)]
plta)f do= [ i) da.
/é7l R’V‘L
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34.

35.

36.

o 3IV0t R dot [ V@lita)? do

1
= fvw1m2dx+/ V() (x)|? dx .
Lo 3IV@P do+ [ Vi)
[(a)] State the local existence theorem of a classical solution of the Cauchy problem

U ou
— + b(xy, 20, 1) = c(z1,72,u),

31‘1 871172

a(zy, 2, u)
U|F =1Uo,

where T is a smooth curve in R2.

[(b)] Solve, by using the method of characteristics,

ou ou
201 L 4 4y T g2
xlaxl + x28x2 v
u(ry1,2) = h,

where h > 0 is a constant. What is the maximal domain of existence in which u is a
solution of the Cauchy problem?

Consider the functional
1 2
Ew)=< [ |Vul*dx+ [ F(u,x)dx,
2 Ja Q

where  is a bounded domain in R™ with smooth boundary and F : R x Q — R is smooth.
Assume that F(u,z) is convex in u for all z €  and that there is a K > 0 such that

—K < F(v,z) <K (Jv|* +1) YweR, x€Q.

[(i)] Prove that E is well-defined on H}(€2), bounded from below and strictly convex. As-
sume without proof that F is weakly lower-semicontinuous. State this property. Conclude
the existence of a unique minimizer of E.

[(ii)] Which elliptic boundary value problem does the minimizer solve?

Let up : R = R, ug € C1(R), ug(z) > 0 for all z € R. Consider the partial differential
equation for u = u(x,y),

dyug, + 3uy = u?, (z,y) € R?

subject to the Cauchy condition u(x,0) = ug(x).
i) Compute the solution of the Cauchy problem by the method of characteristics.

ii) Prove that the domain of definition of the solution contains

(,y) € R x (—oo 3).

" sup,eg (uo())
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37.

38.

39.

Consider the elliptic Dirichlet problem on 2 C R™, 2 bounded with a smooth boundary:
Au—e* = fin Q, uw=wup on Of.

Assume that up € L>®(99) and f € L>(Q).

(i) State the strong Minimum-Maximum Principle for uniformly elliptic operators.

(ii) Prove that there exists at most one classical solution of the boundary value problem.
(iii) Assuming further that f > 0 in ©Q, use the maximum principle to obtain an upper

bound on the solution (assuming that it exists).

Consider the nonlinear partial differential equation for a function u(z,t), € R™, ¢ > 0,

uy = Au — a|Vul?, (6.5.9)
subject to  u(x,0) = ug(x), (6.5.10)

where ug € L>°(R").

(i) Find a transformation w := F'(u) such that w satisfies the heat equation
wy = Aw, 1z €R",

if (6.5.9) holds for w.

(ii) Use the transformation obtained in (i) (and its inverse) to find a solution to the initial
value problem (6.5.9), (6.5.10).
[Hint. Use the fundamental solution of the heat equation.]

(iii) The equation (6.5.9) is posed on a bounded domain 2 C R"™ with smooth bound-
ary, subject to the initial condition (6.5.10) on € and inhomogeneous Dirichlet boundary
conditions

uw=up on 0f),

where up is a bounded function. Use the maximum-minimum principle to prove that
there exists at most one classical solution of this boundary value problem.

i) State the Lax—Milgram lemma.

ii) Counsider the boundary value problem

Ay —Au+u=f inQ,
u=Vu-v=0 on 09,
where 2 is a bounded domain in R"™ with a smooth boundary, «y is the exterior unit normal

vector to 0€), and f € L?(Q). Show (using the Lax—Milgram lemma) that the boundary
value problem has a unique weak solution in the space

HE(Q) :={u: Q= Ryu=Vu-vy=0on00}.

[Hint. Show that

for all w € C§°(2),

n 92w 9
Bl = 3 | 7|
|| UHL2(Q) 421 axlaxj

L2(Q
g (®)
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40.

41.

and then use the fact that C§°(Q) is dense in H3(Q). In addition, you may assume that
HE(R)) is a Hilbert space (and so complete) with the norm

s+ 255 v+ X I

and that the functions in it satisfy the boundary conditions given at the beginning of the
question, in an appropriate sense. |

L2(Q)

(a) Discuss briefly the concept of well-posedness for a Cauchy problem for a partial differ-
ential equation.

Solve the Cauchy problem
Dou + 1010 = au?, u(z1,0) = P(aq)

where a € R and ¢ € C1(R).

For the case a = 0 show that the solution satisfies maﬁ |u(z1,22)| = ||¢]lco and de-
r1€

duce that the Cauchy problem is then well-posed in the uniform metric (i.e. the metric

determined by the C° norm below).

(b) State the Cauchy-Kovalevskaya theorem and deduce that the following Cauchy problem
for the Laplace equation:

Ofu+ dau =0, u(z1,0) =0, Ogu(x1,0) = P(aq) (6.5.11)
has a unique analytic solution in some neighbourhood of x5 = 0 for any analytic ¢ = ¢(x1).
Write down the solution for the case ¢(x1) = sin(nz;) and hence give a sequence of initial
data {¢,(x1)}52, with the property that

lpnllcr — 0, asn — oo, for each r € N,

whereas u,,, the corresponding solution of (6.5.11), satisfies

max |un,(x1,22)] = +o0, asmn — oo, for any xs #0.
1€

In this question use the following definition
uller = E:Hwﬂ@¢@n
i=0 %€

for the C™ norm on functions ¢ = ¢(x1) of one variable, with r = 0,1,2... and write

0190 =0y = % etc.

State the Lax-Milgram lemma.

Let V = V(z1,22,23) be a smooth vector field which is 27-periodic in each co-ordinate
x; for j =1,2,3. Formulate the definition of weak H} , solution for the equation

—Au+ Y Vidjutu=f (6.5.12)
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42.

43.

to be solved for u = u(x1, 2, x3) given f = f(x1,z2,23) in H°, both also 27-periodic in
each co-ordinate.

For the case that the vector field is divergence free

3
divv =Y 9;V; =0

j=1

prove that there exists a unique H;ET weak solution for all such f.

For the case that V is the constant vector field with components (1,0,0) write down the
solution in terms of Fourier series, and show that there exists a number C' > 0 such that

[ull 2 < C[f || o - (6.5.13)

In this question use the definition

Hp, ={u= )Y a(m)e™" € L*: |ulf. = Y (1+ |ml?)’|a(m)|* < oo},

mezZ3 mez3
for the Sobolev spaces of functions 2m-periodic in each co-ordinate x; and fors =0,1,2,....

Define the parabolic boundary Opq,Qr of the domain Q7 = (0,1) x (0,T] for T > 0.

Let u = u(z,t) be a smooth real valued function on Q7 which satisfies the inequality:
U — QUgy + buy, +cu < 0.

Assume the coefficients a,b and ¢ are smooth functions and that there exist positive
constants m, M such that m < a < M everywhere, and ¢ > 0. Prove that

max_u(r,t) <  max  ul(z,t). (6.5.14)
(z,t)EQr (%,t)E0parQr

(Here u™ = max{u, 0} is the positive part of the function u.)

Consider a smooth real valued function ¢ on Q7 such that

¢t_¢zw_(1_¢2)¢207 ¢($,O):f($)

everywhere, and ¢(0,t) =1
for all x € [0,1] then ¢(z, )
Ut — Ugy -

¢(1,t) for all t > 0. Deduce from (6.5.14) that if f(x)? <1
1

< 1forall (z,t) € Qr. Hint: consider u = ¢*—1 and compute

(i) Show that an arbitrary C? solution of the one dimensional wave equation s — Uz, = 0
can be written in the form u = F(z —t) + G(x + t).

Using this deduce the formula for the solution at arbitrary ¢ > 0 of the Cauchy problem:
Ut — Ugy = 0, u(0,x) = up(x), ut(0,2) = up (), (6.5.15)

with initial data given by arbitrary Schwartz functions wug, us.

Deduce from this formula a theorem on finite propagation speed for the one dimensional
wave equation.
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(i) Define the Fourier transform of a tempered distribution. Compute the Fourier trans-
form of the tempered distribution 7; € S'(R) defined for all ¢ > 0 by the function

1 <
Tt(y) — 2 lf |y| — t7
0 if |yl >t

(ie. (T, f) =1 fjtt f(y)dy for all f € S(R)). By consideration of the Fourier transform
in 2 deduce from this the formula for the solution of (6.5.15) that you obtained in part
(i) in the case ug = 0.

98



