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Chapter 1

Preface

This course is an introduction to the theory and applications of partial differ-
ential equations (PDEs). PDEs are expressions involving functions of several
variables and its derivatives in which we seek to find one of the functions, or
a set of functions, subject to some initial conditions (if time is involved as one
of the variables) or boundary conditions. They arise naturally when modeling
physical or biological systems in which assumptions of continuity and differ-
entiability are made about the quantities in question. In these notes we will
discuss several modeling situations that give rise to PDEs.

In problems involving PDEs we are mainly interested in the question of exis-
tence of solutions. In a few cases, answering these questions amounts to coming
up with formulas for the solutions. In these notes we will discuss a few tech-
niques for constructing solutions (e.g., separation of variables, series expansions
and Green’s function methods) for the special case of linear equations. In most
cases, however, explicit constructions of solutions are not possible. In these
cases, the only recourse we have is analytical proofs of existence, or nonex-
istence, and qualitative analysis to deduce properties of solutions. Once an
existence theorem is obtained for a particular PDE problem, the next step in
the analysis might involve approximation techniques to get information on the
behavior and property of solutions.

The field of PDEs is vast and complex. The complexity is derived from
the great diversity of types of PDEs and of techniques for approaching their
analysis. PDEs range from linear to nonlinear; single equations to systems;
and from first degree to higher degree. There is also a further classification
determined by the behavior of solutions of certain classes of equations. Over
the years researchers have identified three major classes of PDEs: hyperbolic,
elliptic and parabolic. Archetypal instances of these classes of PDEs are the
classical equations of mathematical physics: the wave equation, Laplace’s or
Poisson’ equations, and the heat or diffusion equations, respectively. In these
notes we will provide examples of analysis for each of these types of equations.
Added to the complexity of the field of the PDEs is the fact that many problems
can be of mixed type. Hence, ability to recognize types of PDEs, or how a given
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problem can change from one type to the other, is very important in the analysis
of problems involving PDEs.

Finally, some classes of PDE problems have a particular structure that lends
itself to certain kind of general approach for analysis. For instance, many prob-
lems in PDEs can be can be formulated in terms of finding a function for which
a certain quantity is minimized, or maximized, over a class of functions. The
problem of finding such an optimizer is known as a variational problem. In these
notes we present an introduction to variational techniques for solving a class of
PDE problems that are amenable to the variational treatment.



Chapter 2

How Do PDEs Arise?

In general, a partial differential equation for a function, u, of several variables,

w(xy,xa,...,Ty,), is an expression of the form
F(z,uyUpy s e Uy s Uy gy e v o s Uy« - -) = 0, (2.1)
where © = (21,...,2,) and Ugy, ..., Uz, s Ugiggy - -« Uz, - - - denote partial

derivatives of wu, for some function, F', of several variables. For example, in
the simplest case in which u is a function of time, ¢ € R, and a single space
variable z € R, an instance of (2.1) is provided by

U — kg, = 0, (2.2)

for some constant k.

While we are usually interested in knowing when equations like (2.1) and
(2.2) have solutions subject to some initial and/or boundary conditions, in this
chapter we will focus on the questions of how those equations arise in practice.
For instance, the equation in (2.2) describes one—dimensional heat flow (u(x,t) in
this case denotes the temperature at time ¢ and location z), or one-dimensional
diffusion (u(z,t) denotes the concentration of a substance at time ¢ and location
x). We begin by deriving a system of PDEs that describe the motion of fluids.

2.1 Modeling Fluid Flow

In this section we illustrate the use of a very important modeling principle,
which we shall refer to as a conservation principle. This is a rather general
principle that can be applied in situations in which the evolution in time of the
quantity of a certain entity within a certain system is studied. For instance,
suppose the quantity of a certain substance confined within a system is given
by a continuous function of time, ¢, and is denoted by Q(¢) (the assumption
of continuity is one that needs to be justified by the situation at hand). A
conservation principle states that the rate at which a the quantity Q(t) changes

7
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has to be accounted by how much of the substance goes into the system and
how much of it goes out of the system. For the case in which @ is also assumed
to be differentiable (again, this is a mathematical assumption that would need
some justification), the conservation principle can be succinctly stated as
dQ .
P Rate of @ in — Rate of Q out. (2.3)
In the cases to be considered in this section, the conservation principle in (2.3)
might lead to a differential equation, or a system of differential equations, and
so the theory of differential equations will be used to help in the analysis of the
model.
In the derivation of the equations governing fluid motion, we will have the
opportunity to apply the conservation principle in (2.3) several times.
Suppose we are following the motion of a fluid in some region R in three—
dimensional space; see Figure 2.1.1. We assume that the fluid is a continuum

Figure 2.1.1: Region R

with density function p(z,y,z,t), in units of mass per unit volume, so that the
mass of a fluid element of volume dV = dxdydz around a point (z,y, z) at time
t is, approximately,

p(z,y,z,t)dV,

where dV denotes the volume of the fluid element. It then follows that the mass
of fluid contained in a subregion B of R (see Figure 2.1.1) at time ¢ is given by

M(B,t) = / / /B (2,2, t) dV. (2.4)

We assume throughout this discussion that p is a continuous function.

We also assume that each fluid element located at (z,y, z) at time ¢ moves
according to a velocity vector 4@ = (uq,us,us3), where uj, ug and ug are dif-
ferentiable functions of (z,y, z,t). Thus, the path that a fluid element located
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at (z,y,z) at time t = 0 will follow is determined by the following system of
ordinary differential equations

= w00, 2(0), 1)

dy

o = ) y(),2(0),); (2.5)

L= uslalt) ), 201,

subject to the initial conditions

z(0) = =
y(0) = (2.6)
z(0) = =z

If we assume that the components of the velocity field @ are differentiable with
continuous derivatives throughout the region R and for all times ¢ (i.e., @ is a
C! vector field), then a solution to the system of ordinary differential equations
in (2.5) subject to the initial conditions in (2.6) is guaranteed to exist over
some maximal interval of time containing 0. The solution (z(t),y(t),y(t)) of
the system in (2.5) subject to the initial conditions in (2.6) defines a path in
space,
te (x(t),y(t), y(t)),

for ¢ in the maximal interval of existence, which describes the motion of a fluid
element located at (z,y, z) at time ¢ = 0. The path traced by the fluid element
as it moves in time is called a pathline; Figure 2.1.1 shows what a pathline
through (z,y, z) might look like. If we knew the velocity field at any point
in space and at any time, we could compute the pathline through (z,y,z) by
integrating the equations in (2.5) and imposing the initial conditions in (2.6):

8
—~
o~
~—
Il

1:+/0 uy (z(7),y(7), 2(7), 7) dr;
W) = v+ [ )20, i (2.7)

z(t) = z+/o us(x(7),y(7), 2(1), T) dT.

However, the velocity field is usually not known, and we need to do more mod-
eling to find equations involving uq, us and ug that we hope we can solve.

2.1.1 The Continuity Equation

Consider a subregion, B, of R, with smooth boundary 0B, as that pictured in
Figure 2.1.1. The mass of the fluid contained at time ¢ in that region, Mp(t),
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is given by equation (2.4),

Mg(t) = ///B plx,y,z,t) dV. (2.8)

By the principle of conservation of mass, the rate of change in the mass of fluid
contained in B has to be accounted for by how much fluid is entering the region
and how much is leaving per unit of time:

dMp
dt

= Rate of fluid into B — Rate of fluid out of B. (2.9)

The equation in (2.9) is an instance of the conservation principle in (2.3).
If we assume that p is a C! function in R, we can compute the left-hand
side of the equation by differentiating under the integral in (2.8):

My ap

Next, we compute the right—hand side of the expression in (2.9). Let 7 denote
the unit vector normal to the boundary, 0B, of the region B pointing outward.
The outward unit normal, 7(x, y, z), to the boundary of B is guaranteed to exist
at every point (z,y,z) € 0B if we assume that 0B is a smooth surface. Then,
the rate of fluid passing through an element of area, dA, on the surface 0B can
be expressed, approximately, as

p - dA, (2.11)

where # - 77 denotes the dot product of # and 7i. Note that the expression in
(2.11) is in units of mass per unit of time. Integrating the expression in (2.11)
over the boundary of B yields the net flux of mass across the surface 0B,

//aBpﬁﬂdA. (2.12)

Since the outward unit normal, 7, points away from the region B, the expression
in (2.12) measures the flux of fluid away from the region B, if it is positive; if
the expression in (2.12) is negative, it measures the net amount of fluid per unit
time that enters B. We can therefore write the conservation principle in (2.9)

as
M
dJ:_// p @i dA. (2.13)
dt .

To understand the reason for the minus sign on the right-hand side of the
expression in (2.13), observe that a net increase in the amount of fluid in the
region B, which yields a positive sign for the derivative in the left—hand side of
(2.13), corresponds to a net amount of fluid flowing into the region B across the
boundary 9B.
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Since we are assuming that the boundary of B is smooth, we can apply the
Divergence Theorem to rewrite the integral in the right—hand side of (2.13) as

follows:
// pfrﬁdAz// V- (ptD) dV, (2.14)
OB B

where V - (pt) denotes the divergence of the vector field pi; that is,

V- (pu) = %(pul) + %(puz) + %(pus). (2.15)

In view of (2.10) and (2.14), we see that we can rewrite the conservation
equation in (2.13) as

IS av == [[[ v-m av
/// {*V ﬁ)} dv =0. (2.16)

If we assume that the vector field @ and the scalar field p are C* functions over
R and for all times t, then the fact that (2.16) holds true for any subregion B of
R with smooth boundary implies that integrand on the left—hand side of (2.16)
must be 0 over R and for all ¢; that is,

% + V- (pi) =0, in R and for all ¢. (2.17)
The equation in (2.17) is an example of a partial differential equation (PDE)

involving the functions p, u1, us and ug; in fact, using the definition of divergence
(see (2.15)), the PDE in (2.17) can be rewritten as

0 1o} 0 0
l+fmm+@mm+$w@:o (2.18)

ot 0
The PDE in (2.17) is called the continuity equation and it expresses the
conservation principle for a quantity of density p that flows according to a veloc-
ity field @ in some region in space. For one-dimensional flow with linear density
p(x,t) and scalar velocity field u(z,t), for x € R and ¢ € R, the continuity
equation reads

dp 0 o
2t 67(’0 u) = 0; (2.19)

see (2.18). The equation in (2.19) is an example of a first order PDE because
the first derivatives of the functions p and u are involved. As it stands, the PDE
in (2.19) involves two unknown functions, the density, p, and the velocity, u
Thus, we will need one more relation or equations in order for us to even begin
to solve the problem posed by the modeling that led to the PDE in (2.19). An
interesting example is provided by the following application to modeling traffic
flow.
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Example 2.1.1 (Modeling Traffic Flow). Consider the unidirectional flow of
traffic in a one-lane, straight road depicted in Figure 2.1.2. In this idealized
road, vehicles are modeled by moving points. The location, x, of a point—vehicle
is measured from some reference point along an axis parallel to the road. We

ue—* Uge—>

Figure 2.1.2: One-lane unidirectional flow

postulate a traffic density, p(z,t), measured in units of number of cars per unit
length of road at location x and time ¢t. We interpret p(x,t) as follows: Consider
a section of the road from x to x + Ax at time ¢. Let AN([z,z + Az], t) denote
the number of cars in the section [z, x + Ax] at time t. We define p(z,t) by the
expression

p(a,t) = lim ANz +Az)¢)

Az—0 Az ’ (220

provided that the limit on the right—hand side of (2.20) exists. It follows from
(2.20) that, if a continuous traffic density, p(z,t), is known for all x and ¢, then
the number of cars in a section of the road from z = a to x = b, where a < b,
at time t is given by

b
AN([a, ], 1) = / p(z,1) da.

We assume that at each point x along the road and at each time ¢ the velocity
of vehicle at that location and time is dictated by a function u(z,t), which we
also assume to be a C' function. It follows from these assumptions and the
derivations in this section that the one-dimensional equation of continuity in
(2.19) applies to this situation.

Ideally, we would like to find a solution, p, to (2.19) subject to some initial
condition

p(x,0) = po(x), (2.21)

for some initial traffic density profile, p,, along the road. In order to solve this
problem, we postulate that u is a function of traffic density—the higher the
density, the lower the traffic speed, for example. We may therefore write

u=f(p,A), (2.22)

where f is a continuous function of p and a set of parameters, A. Some of the
parameters might be a maximum density, pmax, dictated by bumper to bumper
traffic, and a maximum speed, Vmax; for instance, vyay is a speed limit. Given
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the parameters pypax and vy, the simplest model for the relationship between
v and p is the constitutive equation

U = VUpax <1 B > . (2.23)

pmax

We therefore arrive at the initial value problem (IVP):

%.vaaxg [p(l— p )} = 0 forxzeR, t>0;
x Pmax (224)
p(z,0) = po(), for z € R,

where we have incorporated the continuity equation in (2.19), the initial con-
dition in (2.21), and the constitutive relation in (2.23), which is an instance of
(2.22).

The partial differential equation model for traffic flow (2.24) presented in this
section, based on the equation of continuity in (2.19) and a constitutive relation
for the traffic velocity, u, and the traffic density p (of which (2.23) is just an
example), was first introduced by Lighthill and Whitman in 1955 (see [LW55]);
it was also treated by Richards in 1956, [Ric56]. In a subsequent section in
these notes we will present an analysis of this model based on the method of
characteristics.

We end this section with an alternate derivation of the conservation of mass
equation in (2.17). In this approach we focus on the amount of fluid contained
in a region B as the fluid in this region moves according to flow dictated by
the velocity field 4. Suppose we begin to observe a portion of fluid in B at
time ¢ = 0. We assume that B is bounded and has smooth boundary 9B. At
some time ¢ > 0, the portion of fluid in B has moved as a consequence of the
fluid motion. We denote by B; the portion of the fluid that we are following at
time ¢ (see Figure 2.1.3). To see how B; comes about, consider a fluid element
located at (z,y, z) at time ¢t = 0. At time ¢ > 0, the fluid element will be located
at (z(t),y(t), 2(t)), where the functions z(t), y(t) and z(t) are solutions to the
system of ordinary differential equations in (2.5) subject to the initial conditions
n (2.6). We denote the point (z(t),y(t), 2(t)) by ¢:(z,y, z), and note that the
map

(z,y,2) — ¢i(x,y,2), forall (z,y,2) €R,

yields a C' map from R to R. Furthermore, ; is an invertible map for each t
in the interval of existence for the initial value problem in (2.5) and (2.6). We
shall refer to ¢; as the fluid flow map; it gives the location of a fluid element
initially at (z,y,y) at time t as a result of fluid motion. It then follows that B
is the image of B under the flow map ¢y; that is,

B, = ¢u(B). (2.25)

The total mass of the fluid in By is a function of time that we compute as follows

mi) = [[[ gl 2).0) v (2.26)
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By

Figure 2.1.3: Balance of Forces

0= [[[ o0 av =m, (2.27)

which is the mass of the portion of fluid in the region B. As the flow of the fluid
moves the region B, its shape might change. However, because of conservation
of mass, the mass of fluid contained in B; must the same as that contained in
the region B at time ¢ = 0; that is,

Note that

m(t) = m,, for all ¢, (2.28)
where m,, is the constant given in (2.27). It follows from (2.28) that

dm

E = O, for all ¢. (229)

d
Before we compute d—rtn, we first rewrite the integral defining m(t) in (2.26)

by means of the change of variables provided by the flow map ¢; (see (2.25).

We have
mt):/// p(x,y, 2, t)J (2,9, 2,t) dedydz
B

where J(z,y, z,t) the Jacobian of the map ¢;; that is, J(x,y, z,t) is the deter-
minant of the derivative map of ¢;. We then have that

ane_ / / /B %[pJ] dwdyds,
/// [ —— + J} dxdydz. (2.30)

or
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Making the change of variables provided by the flow map in the integral in (2.30)
we obtain that

///Bt {P(@t(%y,z)i)w;J(%(%yaz)vt) (2.31)

It can be shown that

O .2 1) = Tl ) 0) Vil 200, (232)

see page 8 in [CM93]. Thus, substituting (2.32) into (2.31), we get

T ]| a0 000 + Sotaten 0] av

///B [ Dﬂ v, (2.33)

which we can write as

where we have set

20— Dipeutay2).0)
= D pla®), (1), 2(0), 1) (2:34)

Oopd Opd Opd %)

opdz  Opdy  Opdz  Op

Ordt QOydt Ozdt Ot

where we have used the Chain Rule in the last step of the calculations in (2.34)
and assumed that the density p is a C! field. We therefore have that

2 o0 D0 00 Op
S0,y 2(0).0) = 5 +m gl w2l w2l @3

where we have used the fact that (z(t),y(t), z(¢)) solves the system of ordinary
differential equations in (2.5). Writing (2.35) in vector notation we obtain

0 dp
5 P@®):y(0), (1), 0)] = Z- +a@ - Vp, (2.36)
where Vp = %, g—Z, g'z) is the gradient of p. The expression in (2.36) is

called the material derivative of the field p. It is also referred to as the
D
convective derivative of p and is usually denoted by Ff’ so that

Dp _dp

Dy =g TV (2.37)
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In general, given a C' scalar field, g, defined in a region R, the material
derivative of g is given by
Dg 99 | .
—_ == -Vg. 2.38
Dt o TV (2.38)
The material derivative of ¢ in (2.38) expresses the rate of change of g along the
pathlines as a result of the fact that the field g might change in time as well as
a result of the motion of the fluid. The material derivative of a C'' vector field,

= (91;92793)7 is

Dt

Dé (Dgl Dy, D93>

~\Dt’ Dt Dt
which can be written as

DG 9G .

Combining (2.29) with (2.33) we get that

///B [(V ~U)p + gﬂ dV =0, forallt. (2.40)

It follows from (2.40) that

D
Ff;’ +(V-@)p=0, inR, forallt, (2.41)

D
where the material derivative, Ff, of p is given in (2.37); that is,

Dp  9dp
Dt T oo Ve
(2.42)
_ Op . .
= E+V~(pu)—(V~u)p

substituting the result of the calculations in (2.42) into (2.41) then yields

%+V~ (pil) =0, in R, for all ¢,

which is the continuity equation in (2.17). We have also shown that the equation
in (2.41) is an equivalent form of the continuity equation. We shall rewrite it
here as

Dp

D = (V-@)p, in R, for all t. (2.43)
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2.1.2 Conservation of Momentum for an Ideal Fluid

The total momentum at time ¢ of a the portion of fluid contained in a region
By with smooth boundary, 9By, is given by

() = / / /B ol (), y(t), 2(8), O (t), y(t), (1), ) dV,

or

p(t) = ///B, plee(z,y, z), t)i(pe(z,y, z),t) dV,

and which we’ll simply write as

T a(t) = ///B pit dV, (2.44)

(see Figure 2.1.3). The principle of conservation of momentum states that the
rate of change of the total momentum of the fluid in B; has to be accounted for
by the balance of forces acting on B;:

ATl

dt

= Balance of Forces on By; (2.45)

this is, in fact, Newton’s second law of motion.

There are two types of forces acting on the portion of fluid in B; that con-
tribute to the balance of forces in the right-hand side of the equation in (2.45).
There are forces of stress due to the fluid surrounding the region By, and there
are external, or body forces, such as gravity or electromagnetic forces. We can
then rewrite the conservation of momentum equation in (2.45) as

dfﬁ = Ss(t)+ F (1), (2.46)

where ? B(t) denotes the total vector sum of the stress forces acting on By, and
p(t) the total vector sum of body forces acting on B;.

We assume that
By = [[[ Fav. (2.47)
By

where the vector field f(x,y, z,t) gives the total forces per unit volume acting
on an element of fluid around the point (z,y, z) at time t.

In this section we shall make a special assumption when modeling the stress
forces acting on the fluid. We assume that the fluid under consideration is an
ideal fluid. This means that at any point, (z,y,y), on a surface in the fluid,
the stress force per unit area exerted across the surface is given by

p(z,y, 2, t)i
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where 7 is a unit vector perpendicular to the surface at (z,y, z) and time ¢, and
p(z,y, z,t) is a scalar field called the pressure. It then follows that

Su(t) = - / /d A (2.48)

where 7 is the outward unit normal to 0B;.
Substituting the expressions in (2.48) and (2.47) into the conservation of
momentum expression in (2.46) yields

ng z—//aBtpﬁ dA+//Btde. (2.49)

Writing the unit vector 7 in Cartesian coordinates, (n1,na,ns3), we see that the
stress forces term in (2.49) has components

—// pny dA, —// pny dA, and — // pns dA.
OBy OB OBy

Applying the divergence theorem to each of these components we get

L= ], 2

8B, B,,aff

—// pngdA:—///@dV
2B, B, 9y

7// pngdA:f///@dV.
OB, B, 07

Substituting these expressions into the definition of K p(t) in (2.48) we obtain

and

§B(t):—// Vp dV, (2.50)
By
where 9 on B
p Op Op
= (£, £, 2 51
vp (ax’ay’az> (2:51)

is the gradient of p. Combining (2.50), (2.48) and (2.46), we can rewrite the
conservation of momentum equation in (2.49) as

Mo [If soavs [[] sav 25)

where Vp is as given in (2.51).
Next, we see how to compute the left—hand side of the equation in (2.52),

ity d )
o _dt///BtpUdV’ (2.53)
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according to the definition of momentum in (2.44).

Observe that, since B; comes about as the result of the action of the flow
map ¢; on B (see 2.25), we can rewrite the integral on the right—hand side of
(2.53) as

I v = [[[ steto2) 00 av
= ///B plx,y, z, )u(z, y, z,t)J(z,y, z,t) dedydz

where J(z,y, z,t) the Jacobian of the map ¢;; that is, J(x,y, z,t) is the deter-
minant of the derivative map of ¢;. We then have that

d Lo 0, .
dt//~/Bt pi dV = ///B &[qu] dxdydz,

///Bt pit dV = /// [ pu+ p ]J_ dzdydz. (2.54)

Substituting (2.32) into (2.54) yields

I =[] (Vg + )| dody

which can be written as

4 pii dV = (V- @i+ Do) av. (2.55)
dt B, B, ot

Using the expression for the material derivative of a vector field in (2.39), we
can rewrite (2.55)

a ///B pi dV = ///B {Dt +(V: WU] V. (256)

Using the definition of the convective derivative for a vector field in (2.39) we
have that

or

D Du  Dp

—(pu — 2.
o P = Py + (2.57)
where D 9
Yo op
Di T~ o TEVe
Jdp .
= L4V (pi)) - pV @
3t+ (pii) — pV - 1

= —pV -4, (2.58)
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which is an alternate form of the conservation of mass principle.
Combining (2.57) and (2.58) then yields

D
Dt

. Di L
(pt) = pp = (V- d@)pu. (2.59)

D
Substituting the expression for Ht(pﬁ) in (2.59) into the expression for the

rate of change of momentum in (2.56) yields

d o Dii
dt///BtPUdV//BtthdV (2.60)

Substituting the expression for the rate of change of momentum in (2.60)
into the left-hand side of (2.52) yields

// p@dvz—// vpdv+// fav,
B, Dt B, B,

Dy -
/// {pu + Vp — f] dV =0, forallt. (2.61)
B, L Dt

Assuming that the fields p, i and p are C* over R and for all times ¢, and that
the field f is continuous over R and for all times ¢, we see that the integrand in
the left—hand side of (2.61) is continuous over R and for all times ¢. Thus, since
(2.61) holds true for all bounded subregions, By, of R with smooth boundary,
we conclude that

D S
p%jLfof:O, in R, for all ¢,
or Dit
pFltL =-Vp+f, inR, forall t, (2.62)

which is the differential form of the conservation of momentum principle.
Observe that the PDE in (2.62) is a vector differential equation in three
dimensions. As such, it is really a system of three first—order PDEs:

Du1 o 6p .
Dt T T or + s
Duo dp
- = Y . 2.63
Dus dp
piDt = s + f3.

The equations in (2.18) and (2.63) constitute a system of four first—order
PDEs in the (possibly) unknown scalar fields uq, us, us, p and p (the body
forces field f can usually be determined from the outset). Thus, in order to
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have any hope for solving the system of conservation equations in (2.17) and
(2.62), we need to have at least one more relation, or equation, involving the
velocity field, u, the density, p, and the pressure, p. Another relation will be
provided by the principle of conservation of energy to be discussed in the next
section.

The expression in (2.60) holds true for any C! vector field 8 in R,

1], = [ o
or any C! scalar field g,
[ =[] 22w s

D
where Fg is the material derivative of g. This is known as the Transport

Theorem. We will have opportunity to apply the transport theorem in (2.64)
in the next section.

2.1.3 Conservation of Energy in Incompressible Flow

Consider the volume of the portion of the fluid in B; at time ¢ (see Figure 2.1.3),

://B av. (2.65)

As the shape of the region B; changes with the flow, the volume of B; might
change also. We compute the rate at which the volume changes by first rewriting
the expression for v(t) in (2.65) as

- ///B J(pe(z,y, 2),t) dV. (2.66)

It follows from (2.66) that
)
=[] 5tee.2.0] wdyd (2.67)
B

0 ~
8t[ (@t('x Y,z )a ) = (v'u(@t(xay7z)at))‘](<pt(xvyaz)vt) )
according to (2.32). We therefore obtain from (2.67) that

where

G =[]t 0) 5w .20 dodyd

dv
_— = T . 2
® //Btv dv (2.68)

which we can rewrite as
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In an incompressible flow the volume of any portion of the fluid does not
change with time. We therefore obtain from (2.68) that

// V-4dV =0, forallt. (2.69)
By

Since the expression in (2.69) holds true for any B; in R, it follows that, for
case in which the velocity field, @, is C' in R, the condition for the flow to be

incompressible is
V-4=0, in R forallt. (2.70)

We show in this section that, in an ideal incompressible fluid, the kinetic energy
in the portion of the fluid in B; is conserved.
The kinetic energy of the portion of the fluid B; at time ¢ is given by

20 =5 [[[ ol av. (2.71)

where ||ul|? = @ - @ is the square of the Euclidean norm of the velocity field .
The rate of change of F in (2.71) is given by the Transport Theorem in

(2.64) to be
= J[ e av (272)
where
D ) = 22 28

so that, in view of (2.72),

or

I 5 (5 o7

Substituting the law of conservation of momentum expression for an ideal fluid
in (2.62) into the right—hand side of (2.73) then yields

‘f:///&a-(—wm) av,

which can be written as

E —
CL:_// Vp-ﬂ'dV—l—// Feiav. (2.74)
dt B, By

The right-most integral in (2.74) measures the rate at which body forces do
work in the portion of fluid in B; at time ¢t. In order to understate the other
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integral in (2.74) we use the assumption that the fluid is incompressible, stated
as the PDE in (2.70), to obtain

V. (pi) =Vp-d+pV-d=Vp-i,

//Bth-ﬁdV_///Btv.(pﬁ)dV_ (2.75)

Applying the divergence theorem to the integral on the right—hand side of (2.75)

yields
//BVp-ﬁde//aBpﬁ-ﬁdA, (2.76)

where 77 denotes the outward unit normal vector the boundary of B;. Substi-
tuting the expression in (2.76) into the right-hand side of (2.74) then yields

E —
CL:_// pﬁ-ﬁdA+// Foitav. (2.77)
dt OB, B,

Observe that — / / pi -7t dA gives the rate at which the stress forces are
0B

so that

doing work on the portion of fluid in B;. Hence, the equation in (2.77) is a
statement of the conservation of kinetic energy.

2.1.4 Euler Equations for Incompressible, Ideal Fluids

Putting together the PDEs in (2.58), (2.62) and (2.70) we obtain the system of
PDEs

Dp

- = 0

Dt ’

Du 7 (2.78)
V-u = 0,

stating the principles of conservation of mass, conservation of momentum, and
conservation of energy, respectively, for incompressible, ideal fluids. The equa-
tions in the system of PDEs in (2.78) are known as the Euler equations for
incompressible, ideal fluids. Using the definition of the material derivative,

D

i’ in (2.38) and (2.39), the Euler equations in (2.78) can also be written as
dp
P = 0
ot iV ’

—

9L (@ V)i

(2.79)
P ot

I

|
<
=
_|_
byl

V-u = 0,
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The fields p, @ and p in (2.79) are assumed to be C! functions defined in and
open region R in R?, and for ¢t > 0; the field f is assumed to be continuous in
R and for all ¢ > 0. The field f is usually know; but the functions p, @ and p
are unknown. We would like to obtain information about these functions for all
times, ¢, and all points in R, given some initial conditions; for example,

p(z,y,2,0) = po(z,y,2), for (z,y,2) € R;
i(x,y,2,0) = U,(z,y,2), for (z,y,2) € R;
p(‘r7 y) Z’ 0) = p0<x7 y7 Z)’ Y for (x’ y’z) e R7

where p,, U, and p, are given functions defined in R. Since, we want the flow
to remain within the region R, we also impose the boundary condition

w-n=0, onOdR, for all t, (2.80)

where we are assuming that R has a smooth boundary dR. The condition in
(2.80) forbids fluid to cross in or out of the boundary.

2.2 Modeling Diffusion

The random migration of small particles (e.g., pollen grains, large molecules,
etc.) immersed in a stationary fluid is known as diffusion. This process,
also known as Brownian motion, is caused by the random bombardment of the
particles by the fluid molecules because of thermal excitation. Brownian motion
can be modeled probabilistically by looking at motions of large ensemble of
particles. This is a microscopic view. In this section we would like to provide a
macroscopic model of diffusion based on a conservation principle.

Imagine that a certain number of Brownian particles moves within a region
R in R3 pictured in Figure 2.2.4. Assume that there is a vector field 7 that

Figure 2.2.4: Brownian Particles in a Region R
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gives a measure of the number of particles that cross a unit cross—sectional at
point (z,y,2) € R and time ¢ as follows

7($,y,z,t) -ndA

gives, approximately, the number of particles that cross a small section of the
surface of area dA, per unit time, in a direction perpendicular to the surface at
that point. It then follows that the number of particles per unit time crossing
the smooth boundary of a region B C R into that region (see Figure 2.2.4) is
given by

—/ 7(m,y, z,t) - i dA, (2.81)
0B

where the minus sign in (2.81) takes into account that we are taking 7 to be
the outward unit normal to 9B. The expression in (2.81) is called the flux of
particles across the boundary of B.

Assume that the concentration of particles in the region R at any time ¢ is
given by a C' scalar field, u, so that number of particles contained in the region
B is given at time t is given by

Np(t) = /// u(z,y,x,t) dedyde, for all ¢. (2.82)
B

Assuming that particles are not being created or destroyed, we get the conser-
vation principle

N _ 7/ T(z,y,2,0) -7 dA (2.83)
dt -

Since we are assuming that v is a C! field, we can differentiate under the integral
sign in (2.82) to rewrite (2.83) as

/// 9u dzdydx = —/ 7(Jc,y,z,t) -1 dA (2.84)
g Ot oB

If we also assume that the vector field 7 is a C! function, we can use the
Divergence Theorem to rewrite the right—hand side of (2.84) to obtain

///Bg?d‘/z—///Bv?dv
///B {Z@L+V~7] dv = 0. (2.85)

Since (2.85) holds true for all bounded subsets, B, of R, and all times t, we
obtain the PDE

% +V. 7 =0, in R, for all ¢. (2.86)

The PDE in (2.86) has two unknown functions: the concentration w and the
flux field 7 Thus, in order to complete the modeling, we need a constitutive



26 CHAPTER 2. MODELING WITH PDES

equation relating u and 7 This is provided by Fick’s First Law of Diffusion
(see [Ber83, pg. 18]):

7 =—-DV-u, in R, forallt, (2.87)

where D is a proportionality constant known as the diffusion constant of the
medium in which the particles are, or diffusivity. Observe that D in (2.87)
has units of squared length per time. The expression in (2.87) postulates that
the flux of Brownian particles is proportional to the negative gradient of the
concentration. Thus, the diffusing particles will move from regions of high
concentration to regions of low concentration.
Substituting the expression for 7 in (2.87) into the conservation equation
in (2.86) we obtain
ou .
Eri DV -(Vu)=0, in R, for allt, (2.88)
where we have used the assumption that D is constant.
Assuming that v is also a C? function, we can use the definitions of gradient
and divergence to compute
Pu  0*u  0%u

V- (Vu) = = + 57 T o (2.89)

02
The expression on the right-hand side of (2.89) is known as the Laplacian of
u, and is usually denoted by the symbol Awu, so that

Pu Pu, o

Au:@+3y2+8z2'

(2.90)
Another notation for Au found in various textbooks is VZ2u.
In view of (2.89) and (2.90), we see that the PDE in (2.88) can be written

as
% = DAu, in R, for all ¢, (2.91)

which is called the diffusion equation. The expression in (2.91) is also known
as Fick’s second equation (see [Ber83, pg. 20]), or Fick’s Second Law of Diffu-
sion.

For the case of in which the diffusing substance is constrained to move in
one space direction (say, parallel to the x—axis), the diffusion equation in (2.91)
becomes

ou 0%u

The equation in (2.92) applies to the situation in which medium containing
Brownian particles is in a cylindrical region of constant cross sectional area and
axis parallel to the x—axis. In later chapter in these notes, we will show how to
solve the PDE in (2.92) over the entire real line subject to an initial condition

u(z,0) = f(z), for all x € R,
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ou
for some given function f: R — R, and some integrability conditions on wu, 2
x

and f.
The equation in (2.92) also describes the flow of heat in a cylindrical metal
rod of constant cross—sectional area whose cylindrical boundary is insulated so
that heat can only flow in or out of the rod through the cross sections a the ends

of the rod (see Assignment #4). In this case u(x,t) denotes the temperature in

=]

=~

Figure 2.2.5: Heat Conduction in a Cylindrical Rod

the cross—section of the rod located at x and at time ¢, and the constant D is
given by
D=2
cp
where p is the density, c is the specific heat, and & is the heat conductivity of
the material the of the rod (see Assignment #4). Thus, (2.92) ia also called the
heat equation. In this case D is called the thermal diffusivity.
In these notes we will see how to solve the heat equation in (2.92) subject

the initial and boundary conditions

u(z,0) = f(x), for0<ax<I;
u(0,t) = T,(t), fort>0;
u(L,t) = Tr(t), fort>0,

where f, T, and T, are given functions of single variable. We will also solve the
problem with the boundary conditions

) = 0, fort>0;

0
220,
gx

U
a—(L,t) = 0, fort>0.
These conditions imply that heat cannot flow through the end cross—sections
either; so that the rod is totally insulated.

2.3 Variational Problems

In the previous two sections we have seen how conservation principles give rise
to problems involving PDEs. Another important source of PDE problems arises
from the application of variational principles. A variational principle states
that a configuration, or function, describing the state of a system must minimize,
or maximize, certain quantity (e.g., energy). In this section we will see two
applications of variational principles: the derivations of the minimal surface
equation and the vibrating string equation.
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2.3.1 Minimal Surfaces

Imagine you take a twisted wire loop, as that pictured in Figure 2.3.6, and dip
into a soap solution. When you pull it out of the solution, a soap film spanning
the wire loop develops. We are interested in understanding the mathematical
properties of the film, which can be modeled by a smooth surface in three

Figure 2.3.6: Wire Loop

dimensional space. Specifically, the shape of the soap film spanning the wire
loop, can be modeled by the graph of a smooth function, u: R — R, defined on
the closure of a bounded region, R, in the xy—plane with smooth boundary OR.
The physical explanation for the shape of the soap film relies on the variational
principle that states that, at equilibrium, the configuration of the film must be
such that the energy associated with the surface tension in the film must be the
lowest possible. Since the energy associated with surface tension in the film is
proportional to the area of the surface, it follows from the least—energy principle
that a soap film must minimize the area; in other words, the soap film spanning
the wire loop must have the shape of a smooth surface in space containing
the wire loop with the property that it has the smallest possible area among
all smooth surfaces that span the wire loop. In this section we will develop a
mathematical formulation of this variational problem.

The wire loop can be modeled by the curve determined by the set of points:

(z,y,9(z,y)), for (z,y) € OR,

where JR is the smooth boundary of a bounded open region R in the xy—plane
(see Figure 2.3.6), and ¢ is a given function defined in a neighborhood of dR,
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which is assumed to be continuous. A surface, S, spanning the wire loop can
be modeled by the image of a C' map

&: R > R?

given by B
O(x,y) = (z,y, u(z,u)), for all z € R, (2.93)

where R = RU R is the closure of R, and
u: R —R
is a function that is assumed to be C? in R and continuous on R; we write
u€ C*(R)NC(R).
Let A, denote the collection of functions v € C?(R) N C(R) satisfying
u(z,y) = g(z,y), forall (z,y) € OR;

that is, B
A, ={ue C*(R)NC(R) | u =g on OR}. (2.94)

Next, we see how to compute the area of the surface S, = ®(R), where ® is
the map given in (2.93) for u € Ay, where A, is the class of functions defined
in (2.94).

The grid lines x = ¢ and y = d, for arbitrary constants ¢ and d, are mapped
by the parametrization ® into curves in the surface S, given by

y = @(c,y)
and
x = d(x,d),
respectively. The tangent vectors to these paths are given by
Ju
®,=10,1, — 2.95
o= (01.5) (299
and 5
U
$,=1(1,0,—], 2.96
(10.5%) (2.96)
respectively. The quantity
@, x ®,||AzAy (2.97)

gives an approximation to the area of portion of the surface S, that results
from mapping the rectangle [z,x + Az] X [y,y + Ay] in the region R to the
surface S, by means of the parametrization ® given in (2.93). Adding up all
the contributions in (2.97), while refining the grid, yields the following formula
for the area S,:

area(Sy,) = // |®y x ®y| dzdy. (2.98)
R
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Using the definitions of the tangent vectors ®, and ®, in (2.95) and (2.96),
respectively, we obtain that

ou Ou
so that
ou\ ou\ >
ot = i (52) (%)
or

[@2 X @y[| = /14 [Vul?,

where |Vu| denotes the Euclidean norm of Vu. We can therefore write (2.98)

as
area(Sy) = // 14 |Vul|? dzdy. (2.99)
R

The formula in (2.99) allows us to define a map
A A, =R

by

Alu) = // V14 |Vu|? dedy, for allu € A, (2.100)
R

which gives the area of the surface parametrized by the map ®: R — R? given
in (2.93) for v € A,. We will refer to the map A: A; — R defined in (2.100)
as the area functional. With the new notation we can restate the variational
problem of this section as follows:

Problem 2.3.1 (Variational Problem 1). Out of all functions in Ay, find one
such that

Alu) < A(v), for allv e A,. (2.101)

That is, find a function in A, that minimizes the area functional in the class
Ag.

Problem 2.3.1 is an instance of what has been known as Plateau’s problem
in the Calculus of Variations. The mathematical question surrounding Pateau’s
problem was first formulated by Euler and Lagrange around 1760. In the middle
of the 19th century, the Belgian physicist Joseph Plateu conducted experiments
with soap films that led him to the conjecture that soap films that form around
wire loops are of minimal surface area. It was not until 1931 that the American
mathematician Jesse Douglas and the Hungarian mathematician Tibor Radd,
independently, came up with the first mathematical proofs for the existence of
minimal surfaces. In this section we will derive a necessary condition for the
existence of a solution to Problem 2.3.1, which is expressed in terms of a PDE
that v € A, must satisfy, the minimal surface equation.
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Suppose we have found a solution, u € Ag, to Problem 2.3.1 in u € A,. Let
©: R — R by a C* function with compact support in R; we write ¢ € C°(R)
(see Assignment #5 for a construction of such function). It then follows that

ut+tpe Ay, forallteR, (2.102)

since ¢ vanishes in a neighborhood of R and therefore u + t¢ = g on OR. It
follows from (2.102) and (2.101) that

A(u) < A(u+tp), forallteR. (2.103)
Consequently, the function f: R — R defined by
f(t) =A(u+tp), forallteR, (2.104)

has a minimum at 0, by virtue of (2.104) and (2.104). It follows from this
observation that, if f is differentiable at 0, then

1(0) =0. (2.105)
We will see next that, since we are assuming that u € C?(R) N C(R) and

p € C(R), f is indeed differentiable. To see why this is the case, use (2.104)
and (2.100) to compute

f@) = //R V1+|V(u+te)|? dedy, forallteR, (2.106)

where
V(u+tp) =Vu+tVe, forallteR,

by the linearity of the differential operator V. It then follows that
V(u+tp) = (Vu+tVe)  (Vu+tVy)
= Vu -Vu+tVu Vo +tVp- - Vu+t2Vp - Ve
= |Vu|? +2tVu - Vo + t2|Vp|?,

so that, substituting into (2.106),

f@t) = // V14 |Vul2 +2tVu - Vo + £2|Vp[?2 dedy, for all t € R. (2.107)
R

Since the integrand in (2.107) is C*, we can differentiate under the integral sign
to get

. t 2
£(t) = / / Vu: Vi + Vel dady, (2.108)
R /14 |Vu2+2tVu - Vo + £2[Vp|?
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for all ¢ € R. Thus, f is differentiable and, substituting 0 for ¢ in (2.108),

Fon Vu -V
0)_// W (2.109)

Hence, if u is a minimizer of the area functional in A,, it follows from (2.104)
and (2.109) that

// _VurVe dedy =0, for all p € C°(R). (2.110)

R/ 1+ |V’UJ‘2

The statement in (2.110) provides a necessary condition for the existence of
a minimizer of the area functional in A,. We will next see how (2.110) gives rise
to a PDE that u € C%(R) N C(R) must satisfy in order for it to be minimizer
of the area functional in A,.

First, we “integrate by parts” (see Assignment #6) in (2.110) to get

Vu-1
dzdy + —0, (2111
// ( 1+|v |2>“0 R avien i (2:111)

for all ¢ € C(R), where the second integral in (2.111) is a path integral
around the boundary of R. Since ¢ € C2°(R) vanishes in a neighborhood of the
boundary of R, it follows from (2.111) that

// ( 1+\V 2) w dedy =0, for all p € CZ(R). (2.112)
u

By virtue of the assumption that u is a C? functions, it follows that the di-
vergence term of the integrand (2.112) is continuous on R, it follows from the
statement in (2.112) that

Vu
V| —2 | =0, R 2.113
<\/1+|Vu|2> ( )

(see Assignment #6).

The equation in (2.113) is a second order nonlinear PDE known as the
minimal surface equation. It provides a necessary condition for a function
u € C?(R)NC(R) to be a minimizer of the area functional in A,. Since, we are
also assuming that u € Ay, we get that must solve the boundary value problem
(BVP):

Vu
v [—2 ) = 0 wmE
<v1+|V“|2> (2.114)

u = g ondR.

The BVP in (2.114) is called the Dirichlet problem for the minimal surface
equation.
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The PDE in (2.113) can also be written as
(14 ) ) tae — 2uaglyay + (1 + ul)uy, =0,

where the subscripted symbols read as follows:

TR
o) Y oy’
0%u 0%y

e = a2 =

and
0%y 9%u

oy = OyOx - Oxdy = Yy

33

in R, (2.115)

(2.116)

The fact that the “mixed” second partial derivatives in (2.116) are equal follows

from the assumption that u is a C? function.

When we study the classification of PDEs we will see that the equation in

(2.115) is a nonlinear, second order, elliptic PDE.

2.3.2 The Linearized Minimal Surface Equation

For the case in which the wire loop in the previous section is very close to a
horizontal plane (see Figure 2.3.7), it is reasonable to assume that, if u € Ay,

z

Figure 2.3.7: Almost Planar Wire Loop

|Vu| is very small throughout R. We can therefore use the linear approximation

1
V1i+t= 1—|—§t7 for small [¢],

(2.117)
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to approximate the area function in (2.100) by

Au) ~ //R {1 + ;Vuz} dzdy, forall u € A,
so that
A(u) =~ area(R) + % // |Vu|? dedy, for all u € A,. (2.118)
R

The integral on the right—hand side of the expression in (2.118) is known as
the Dirichlet Integral. We will use it in these notes to define the Dirichlet
functional, D: A, — R,

1
D(u) = 5 //R |Vul|? dedy,  for all u € A,. (2.119)

Thus, in view of (2.118) and (2.119),
A(u) =~ area(R) + D(u), for all u € A,. (2.120)

Thus, according to (2.120), for wire loops close to a horizontal plane, mini-
mal surfaces spanning the wire loop can be approximated by solutions to the
following variational problem,

Problem 2.3.2 (Variational Problem 2). Out of all functions in Ay, find one
such that
D(u) < D(v), forallve A, (2.121)

It can be shown that a necessary condition for u € A4 to be a solution to
the Variational Problem 2.3.2 is that u solves the boundary value problem

Au = 0 in R;
(2.122)
u = g ondR,

where
AU = Ugg + Uyy,

the two-dimensional Laplacian (see Assignment #7). The BVP in (2.122) is
called the Dirichlet Problem for Laplace’s equation.

2.3.3 Vibrating String

Consider a string of length L (imagine a guitar string or a violin string) whose
ends are located at = 0 and « = L along the xz—axis (see Figure 2.3.8). We
assume that the string is made of some material of (linear) density p(x) (in units
of mass per unit length). Assume that the string is fixed at the end—points and
is tightly stretched so that there is a constant tension, 7, acting tangentially
along the string at all times. We would like to model what happens to the
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Figure 2.3.8: String of Length L at Equilibrium

/
—

0 L

xT

Figure 2.3.9: Plucked String of Length L

string after it is plucked to a configuration like that pictured in Figure 2.3.9
and then released. We assume that the shape of the plucked string is described
by a continuous function, f, of z, for x € [0, L]. At any time ¢t > 0, the shape
of the string is described by a function, u, of 2 and ¢; so that u(x,t) gives the
vertical displacement of a point in the string located at = when the string is in
the equilibrium position pictured in Figure 2.3.8, and at time ¢t > 0. We then
have that

u(z,0) = f(z), forall x €0, L]. (2.123)

In addition to the initial condition in (2.123), we will also prescribe the initial
speed of the string,

0
ait‘(x, 0) = g(z), forallz € [0, L], (2.124)
where ¢ is a continuous function of z; for instance, if the plucked string is
released from rest, then g(z) = 0 for all = € [0, L]. We also have the boundary
conditions,
u(0,t) = u(L,t) =0, for all ¢, (2.125)

which model the assumption that the ends of the string do not move.

The question we would like to answer is: Given the initial conditions in
(2.123) and (2.124), and the boundary conditions in (2.125), can we determine
the shape of the string, u(x,t), for all z € [0, L] and all times ¢t > 0. We will
answer this questions in a subsequent chapter in these notes. In this section,
though, we will derive a necessary condition in the form of a PDE that u must
satisfy in order for it to describe the motion of the vibrating string.

In order to find the PDE governing the motion of the string, we will formulate
the problem as a variational problem. We will use Hamilton’s Principle in
Mechanics, or the Principle of Least Action. This principle states that the
the path that configurations of a mechanical system take form time ¢t = 0 to
t = T is such that a quantity called the action is minimized (or optimized)
along the path. The action is defined by

A / K@) - v (2.126)
0
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where K (t) denotes the kinetic energy of the system at time ¢, and V(¢) its
potential energy at time ¢. For the case of a string whose motion is described by
small vertical displacements u(x,t), for all « € [0, L] and all times ¢, the kinetic
energy is given by

K(t) = % /0 ’ p(2) (g?(x,t)>2 dz. (2.127)

To see how (2.127) comes about, note that the kinetic energy of a particle of
mass m is 1
K = —mv?,
2

where v is the speed of the particle. Thus, for a small element of the string whose
projection on the z—axis is the interval [z, z+Ax], so that its approximate length
is Az, the kinetic energy is, approximately,

AK ~ %p(z) <687:(x,t)> . (2.128)

Thus, adding up the kinetic energies in (2.128) over all elements of the string
adding in length to L, and letting Ax — 0, yields the expression in (2.127),
which we rewrite as

1 (L
K(t) = 5/ pu? dx,  for all t, (2.129)
0

where u; denotes the partial derivative of u with respect to t.

In order compute the potential energy of the string, we compute the work
done by the tension, 7, along the string in stretching the string from its equi-
librium length of L, to the length at time ¢ given by

L
/ V14 u2 dr; (2.130)
0
so that
L
Vit)=r [/ V14u2 de— L] , forall t. (2.131)
0

Since we are considering small vertical displacements of the string, we can lin-

earize the expression in in (2.130) by means of the linear approximation in
(2.117) to get

L L 1, 1 (E1,
V14 u2 de = 14+ -uy]de=L+ - —ug dx,
so that, substituting into (2.131),

1 L
V(t) = 5/ Tu? dx, for all . (2.132)
0



2.3. VARIATIONAL PROBLEMS 37

Thus, in view of, we consider the problem of optimizing the quantity

T L
Au) = / / Bpu? = ;T’U,i] daxdt, (2.133)
o Jo

where we have substitute the expressions for K(¢) and V(¢) in (2.129) and
(2.132), respectively, into the expression for the action in (2.126).

We will use the expression for the action in (2.133) to the define a functional
in the class of functions A defines as follows: Let R = (0, L)x (0, T'), the cartesian
product of the open intervals (0,L) and (0,7). Then, R is an open rectangle
in the xt-plane. We say that v € A if u € C?*(R) N C(R), and u satisfies the
initial conditions in (2.123) and (2.124), and the boundary conditions in (2.125).
Then, the action functional,

A A— R,

is defined by the expression in (2.133), so that

A(u) = %//R [puf — TuZ] dzdt, for u € A (2.134)

Next, for ¢ € C°(R), note that u + sp € A, since ¢ has compact support
in R, and therefore ¢ and all its derivatives are 0 on OR. We can then define a
real valued function h: R — R by

h(s) = A(u+ sp), forseR, (2.135)

Using the definition of the functional A in (2.134), we can rewrite h(s) in (2.135)
as

h(s) = %//R [P[(U+Sﬁp)t]2—T[(U—FS(,O)Q;]Q] dxdt

1
= 5 // [plug + 504)% — Tug + scpm]z] dzdt,
R

so that
h(s) = A(u)+ 5// [pusps — Tupps] dodt + s2A(p), (2.136)
R

for s € R, where we have used the definition of the action functional in (2.134).
It follows from (2.136) that h is differentiable and

W(s) = // [putpr — Tugz,] dedt + 2sA(p),  for s € R. (2.137)
R

The principle of least action implies that, if v describes the shape of the string,
then s = 0 must be ac critical point of h. Hence, h’'(0) = 0 and (2.137) implies
that

// [putpr — Tz, ] dedt =0,  for ¢ € C°(R), (2.138)
R
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is a necessary condition for u(x,t) to describe the shape of a vibrating string
for all times t.
Next, we use the integration by parts formulas

/ / wi’ dedt = | pony ds — / S dadt,
OR

for C! functions 1 and ¢, where n; is the first component of the outward unit
normal, 7, on R (wherever this vector is defined), and

//wa—wddt / 1,[)907126[8*/\/ — dadt,

where ng is the second component of the outward unit normal, 7, (see Problem
1 in Assignment #8), to obtain

// puppr dzdt Z/ purpng ds — // é[ﬁut]%’ dxdt,
R OR ROt
0
// purpy drdt = —// —[put) dadt, (2.139)

since ¢ has compact support in R.

Similarly,
// TUg Py drdt = // [Tug)e dzdt. (2.140)
R o
Next, substitute the results in (2.139) and (2.140) into (2.138) to get

// Lﬁ% pui] [Tux]] ¢ dedt =0, for p € CF(R). (2.141)

Thus, applying the result of Problem 2 in Assignment #6, we obtain from
(2.141) that

so that

Pu  0%u
Porr " oa2
since we area assuming that u is C?, p is a continuous function of z, and 7 is
constant.
The PDE in (2.142) is called the one-dimensional wave equation. It is
sometimes written as

=0, inR, (2.142)

Pu T 0%

a2 poax?’
or 82 62
u u
w = 82@7 (2143)
where -
==,
P

where the case in which p is assumed to be constant.
The wave equation in (2.142) or (2.143) is a second order, linear, hyperbolic
PDE.



Chapter 3

How are PDEs Classified?

In the previous chapter we saw how various types of PDEs.

PDEs are classified according to order (the highest order of the derivative of
the unknown functions involved in the equation). The Euler equations for an

ideal, incompressible fluid,

dp
9P, -0
5 +u-Vp ;
ou >
p—u+p(1L Vi = —Vp+ f;
ot
V-a = 0,

are a system of first—order PDEs.

The 3-dimensional diffusion equation, or heat conduction equation,

o (Pu | Pu P
ot 0x2  Oy2  022)’

the two—dimensional Laplace’s equation,
Ugy + Uyy = 0,
the one dimensional wave equations,

Pu 0%

Z T —c ,
ot2 0x?
and the minimal surface equation,
(1+ ui)um — 2y Uy + (1 + ul)uy, =0,

are second order PDEs.

(3.5)

PDEs can further be classified as linear or nonlinear. For instance, the third
equation in the system in (3.1), and the PDEs in (3.2), (3.3) and (3.4) are linear

39



40 CHAPTER 3. CLASSIFICATION OF PDES

equations, while the first two equations in the system in (3.1) and the PDE in

(3.5) are not linear. In the next section we will discuss properties of linear

equations, and how those properties can be very helpful in the construction of

solutions, and proofs of uniqueness for some initial /boundary value problems.
The PDE in (3.5) is in a general class of equations of the form

a(,’E, Y, Uy Uy, uy)uam: + b($> Y, Uy Ug, uy)umy + C(l‘, Y, Uy Uy, uy)uyy =d, (36)

for some continuous function a, b, ¢ and d of the five variables z, vy, u, u, and
uy, generally. If the coefficient functions in (3.6) depend only on x and y, we
get the general linear second order equation in two variables,

a(, Y )ttzs + (Yt + (. y)uyy = d(z,y). (3.7)

If the coefficient functions in (3.6) do not depend on the derivatives of the
unknown function u, we obtain the quasi—linear, second order PDE

(I(JC, ya U)uxx + b(df, yv u)uxy + C(Ia % U)“yy = d(,ﬁl), y7 U) (38)

In Section 3.2 we will discuss a further classification of the general second
order PDE in (3.6) based on properties of certain curves associated with the
equation known as characteristic curves. This will lead to the definition of
elliptic, hyperbolic and parabolic PDEs. Laplace’s equation,

Ugg + Uyy = 0, (3.9)

the one-dimensional wave equation,

1
Uy — C*QUtt =0, (3.10)

and the one—dimensional diffusion equations,
Dug, —uy =0, (3.11)

are archetypes of these classes of equations, respectively.

3.1 Linearity

Laplace’s equation (3.9), the one-dimensional wave equation (3.10), and the
one-dimensional diffusion equations (3.11) are linear equations. To understand
the use of this terminology in the context of PDEs, note that Laplace’s equation
(3.9) can also be written as

Au =0,

where A: C?(R) — C(R) defines a linear operator between the spaces of func-
tions C?(R) and C(R) given by

AU = Uy + Uy, forall u e C(R), (3.12)
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for some open subset R of R%2. The differential A defined in (3.12) is linear
because of the linearity property of differentiation that we learned in Calculus;
indeed, given functions u,v € C?(R) and real constants ¢; and cs, it follows
from the linearity of differentiation that

Acru + cav) = e Au + e Av.
Similarly, the one-dimensional wave equation in (3.10) can be written as
—Ou =0,

where the linear operator 0: C?(R) — C(R), also known as the d’Alembert
operator, is defined by

1
Ou = U — Uze, forallue C*(R),
c

where R is an open region in the xzt—plane; and the one—dimensional diffusion
equation in (3.11) can be written as

—Lu =0,
where L: C?(R) — C(R) defined by
Lu = uy — Dug,, for all u e C*(R),

where R is an open region in the zt—plane, is also a linear operator.
By contrast, the map N: C1(R) x C*(R) x C}(R) — C(R) x C(R) x C(R),
given by

o

N(@) = 5

+ (@- V)i, for all @ € C'(R) x C*(R) x C'(R),

where R is an open set in R3, is not linear (see Problem 1 in Assignment #9).
Hence, the second PDE in the system (3.1) is not a linear equation.
In general, a linear PDE is an expression of the form

Lu=f, (3.13)

where L: U — F is a linear differential operator from a linear space, U, of
differentiable functions to a linear space, F, of continuous functions. An example
of the equation in (3.13) is provided by Poisson’s equation in Potential Theory,

—Au=f, inR, (3.14)

where R is an open region in R™. In this case, the linear operator L = —A maps
C?(R) to C(R).
If f =0 in the right-hand side of (3.13) we get the homogeneous PDE

Lu=0. (3.15)

The equation in (3.15) has the following very useful property known as the
principle of superposition.
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Proposition 3.1.1 (Principle of Superposition). Let u and v denote two so-
lutions of the homogeneous PDE in (3.15). Then, for any constants ¢; and cq,
the functions cju + cov is also a solution of (3.15).

Proof: Since L is a linear differential operator, it follows that
L(ciu + cov) = ey Lu + coLv.

Thus, if u and v solve (3.15), it follows that
L(cyu + cov) = ¢10 4 ¢20 = 0,

which shows that ciju + cov solves (3.15). W

3.2 Classification of Second Order PDEs

Laplace’s equation (3.9), the one-dimensional wave equation (3.10), and the
one—dimensional diffusion equations (3.11) are second order PDEs. They are
classified as elliptic, hyperbolic and parabolic PDEs, respectively. In this
sections we study the rationale of that classification as it applies to the general
second order PDE in two variables:

Cl(.f, y7 U, uzv uy)uzx + b(x’ y7 U, u:C7 uy)u:cy + C(Jj, y7 U, u:C7 uy)uyy = d (316)
We begin with the special case of the linear equation
a(x, y)um + b(l‘, y)uzy + C(.T, Z/)Uyy = d(xa y)? (317)

where a, b, c and d are continuous functions defined in some opens subset, R, of
R2. The classification of the equations of the type in (3.16) or (3.17) is based on
properties of curves in R associated with the equations; these curves are called
characteristic curves. We begin with a curve, I, in R parametrized by a map
v: I — R2?,

o A(t) = ((t),y(),  fortel,

where I is some interval of real numbers; see Figure 3.2.1. Suppose we are
trying to solve the linear PDE in (3.17) subject to information about w given
on the curve I'. Specifically, suppose we are given the values of w and its first
derivatives on I'; we can specify this conditions these condition on u by the
equations

u(z(t),y(t)) = uo(t), fortel, (3.18)

ug(z(t),y(t)) = f(t), fortel, (3.19)
and

uy(z(t),y(t)) = g(t), fortel, (3.20)

where u,, f and g are given continuous functions on I. If we assume, in addition,
that f and g are C*° functions, we can in theory obtain information about the
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Figure 3.2.1: Characteristic Curves

second order derivatives, Uuyz, Ugy and uy,, of u (and higher order derivatives)
on I'. Is this can be done, we can attempt to construct a solution of the PDE in
(3.17) by building Taylor series expansions around every point on I' using the
values of u and its derivatives based on the conditions in (3.18), (3.19) and (3.20)
and derivatives of the expressions in (3.19) and (3.20). The first step in this
construction consists of taking the derivatives of derivatives of the expressions
in (3.19) and (3.20) and combining these with the information provided by the
PDE (3.17) to obtain the linear system

T Ugy + Y Uy = f
T Ugy + Y Uyy
aUgy + bUgy + CUyy =

(3.21)

QU Q-

)

for the unknowns ., ugzy and uy, on I', where a dot on top of a variable
denotes derivative with respect to t:

dx df . dg

. .ody
x—avy—a7f—% and g_dt'

Note that the system in (3.21) can be written in matrix form as

z gy 0 U f
0 = vy Ugy | = 9] - (3.22)
a b c Uyy d

The matrix equation in (3.22) can be solved for the second derivatives of u, in
terms of the data (f,g,d) on I, provided that the determinant of the matrix

QO R
Sl DNSH

0
i (3.23)
C
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is not zero. The case in which the determinant of the matrix in (3.23) yields
the equation
a(y)? — by + c(¢)? = 0. (3.24)

Dividing the equation in (3.24) by #?and using the fact that

y_dy
z dz’
by the Chain Rule, we obtain the ordinary differential equation (ODE)

dy 2 dy _
a (dm) — b% +c=0. (3.25)

We shall refer to the ODE in (3.25) as the characteristic equation to the PDE
in (3.17). Solutions to the ODE in (3.25) are called characteristic curves of

d
the PDE in (3.17). Assuming that a # 0 in R, we can solve for Yo (3.25) to

dx
dy b=+ +vb?—4dac
dr 2a '
We have three possibilities, depending on whether b? — 4ac is positive, zero, or
negative.

If b> — 4ac > 0, then the PDE in (3.17) has two families of characteristic
curves given by the solutions to the two ODEs in (3.26). In this case we say
that the PDE in (3.17) is hyperbolic.

If b> —4ac = 0, then the PDE in (3.17) has one family of characteristic curves
given by the solution to the ODE

get
(3.26)

dy b
dr  2a’
In this case we say that the PDE in (3.17) is parabolic.
If b> — 4ac < 0, then the ODE in (3.25) has no real solutions. Thus, the

PDE in (3.17) has no (real) characteristic curves. In this case we say that the
PDE in (3.17) is elliptic.

Example 3.2.1 (The One-dimensional Wave Equation). In the case of the
linear second order equation

gy — U = 0, (3.27)

describing small amplitude vibrations of a string that we derived in Section 2.3.3
(see the PDE in (2.143), a = ¢, b = 0 and c in (3.25) is —1 (in this case t is
playing the role of y). We therefore get that b? — 4ac = —4(c?)(—1) = 4¢*> > 0;
so that the equation in (3.27) is hyperbolic. For this PDE the equations for the
characteristic curves in (3.26) yields

dt 2¢c

dr o 2¢2’
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o a1
= =4
dx ¢’
which we can rewrite as p
T
— = +c. 3.28
o c (3.28)

The equations in (3.28) is a pair of ODEs that can be solved to yield the two
families of curves

x=ct+¢, (3.29)

and
x=—ct+mn, (3.30)

where £ and n are the parameters for each of the families of characteristic
curves in (3.29) and (3.30). The family of characteristic curves described by
the equations in (3.29) consists of parallel lines of (positive) slope 1/c in the
rt—plane with z—intercept £ € R. Some of those characteristic curves are shown
in Figure 3.2.2.

Figure 3.2.2: Characteristic Curves of uy = c?ugs

The family of characteristic curves described by the equations in (3.29) con-
sist of parallel lines of (negative) slope —1/c in the zt—plane and z—intercept
mR; some of theses curves are sketched in Figure 3.2.3.

Figure 3.2.4 contains a sketch of both sets of characteristic curve in the same
graph. We will see in Example 4.1.1 of Section 4.1 how to use the two sets of
characteristic curves in Figure 3.2.4 to construct a solution to the initial value
problem to the one-dimensional wave equation.
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Figure 3.2.3: Characteristic Curves of uy = c?ugs

Figure 3.2.4: Characteristic Curves of uy = c?ugs



Chapter 4

How are PDEs Solved?

There is really no general theory for solving any given PDE of the form in (2.1),
F(z,u,Upy s Uy Ugyzgs - - o s Uy - - -) = 0.

Approaches to the construction of solutions of PDE problems are determined
by the types of PDEs and the geometric properties (e.g., symmetries) of the
equations and/or domains in which the problems are posed. In this chapter we
present some of those approaches. Emphasis will be placed on a few general
principles that can aid us when looking for solutions of PDEs.

We will begin with an approach that uses knowledge of the characteristic
curves of the equations. We will then look at approaches that exploit any
symmetries that the equations or domains in the problems might have. We will
then look at methods of solutions for linear equations based on the principle of
superposition.

4.1 Using Characteristic Curves to Solve PDEs

In Section 3.2 we defined characteristic curves for second order PDEs in two
variables, and saw how characteristic curves can be used to come up with a
classification scheme for those equations. In this section we see how to use
characteristic curves to construct solutions to certain types of PDEs in two
variables. We begin with the example of the one-dimensional wave equation.

47
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4.1.1 Solving the One—Dimensional Wave Equation

Example 4.1.1 (Solving the One-Dimensional Wave Equation). We consider
the initial value problem in the entire real:

1
umz—guttzo, for x e R,t > 0,

u(z,0) = f(z), for all z € [0, L];
ui(x,0) = g(x), for all z € [0, L],

where f and g are given continuous functions defined in R.
In Example 3.2.1 in the previous section we showed that the PDE in (4.1)
has two families of characteristic curves given by

z=ct+E, (4.2)

and
x=—ct+n. (4.3)

These families of curves consist of parallel straight lines in the xt—plane of
slope 1/c and of slope —1/¢, respectively. We will see in the next section that
characteristic curves carry information about solutions of the equation from one
point on the curve to another point on the same curve. This suggests that we
we consider the PDE in (4.1) along the curves given in (4.2) and (4.3). We can
do this my considering the parameters £ and 7 in (4.2) and (4.3) as a new set

of variables,

=z —ct, (4.4)
and

n=x+ ct. (4.5)

If we are give a solution, u, to the PDE in (4.1), we can use the change of
variables provided by (4.4) and (4.5) to define a function, v, of £ and 7 in terms
of u by means of

v(&,m) = u(z,t), (4.6)
where x and ¢ can be obtained in terms of £ and 6 by solving the linear system
rx—ct = ¢

rz+c = n,
so that
xr = L + 1{
2Ty
(4.7)

1 1

t = —n——C¢.

2cn 2c€

Alternatively, we can rewrite (4.6) as

u(z,t) = v(&n), (4.8)
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where £ and 7 are given by (4.4) and (4.5), respectively.

Assume that u € C?(R?) solves the PDE in (4.1). We would like to derive
a PDE satisfied by the function v defined in (4.6) and (4.7). The PDE that v
will satisfy will be expressed in terms of the new variables £ and 7. In order to
do this, we use (4.8) and the Chain Rule to get

23 on
Ug = Vg5 + Ui gy (4.9)
where o¢ 5
s _ on _
T 1 and o 1, (4.10)

by virtue of (4.4) and (4.5). Thus, substituting the expressions in (4.10) into
(4.9),
Uy = Ve + Vp. (4.11)

Next, take partial derivative with respect to x on both sides of (4.11) and use
the Chain Rule to get

o] + o)

Ugy

o0& on o0& an
Vee 5 + Ven g, + Ung 5 + Unn g

so that, using the expressions in (4.10) and the fact that mixed partial deriva-
tives, vg, and vy, of C? functions are equal,

Ugy = Veg + 2V + Upyp- (4.12)

Similar calculations to those leading to (4.12) can be used to obtain an
expression for u;;. Indeed, take partial derivative with respect to ¢ on both
sides of (4.8) and use the Chain Rule to get

0 0
Uy :v£3—§+vna—1t77 (4.13)
where o 9
95 _ _ an _
9 = and il (4.14)

by virtue of (4.4) and (4.5). Thus, substituting the expressions in (4.14) into
(4.13),
U = —Cvg + cuy,. (4.15)

Next, take partial derivative with respect to ¢ on both sides of (4.15) and use
the Chain Rule to get

LASNANS
e = Gyl T Gy

9¢ o 9¢ I
TV T engy + CUne o + CUm gy
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thus, using the expressions in (4.14), we get
U = 027)55 — 02U57, — 021),,5 + CQU’rma
or
ute = *[vge — 20y + V), (4.16)
where we have used the equality of the mixed second partial derivatives.

Since we are assuming that u solves the PDE

1
Ugpgr — ?utt = 0, (417)

it follows from (4.12), (4.16) and (4.17) that v solves the second order PDE
vey = 0. (4.18)

Note that the PDE in (4.18) is also a hyperbolic, second order, linear PDE
(in this case a = ¢ = 0 and b = 1, so that > — dac = 1 > 0). In contrasts
with the hyperbolic PDE in (4.17), the PDE in (4.18) can be solved directly by
integration. Indeed, writing (4.18) as

0
677][1)6] =0,
we see that
ve = h(€), (4.19)

where h is an arbitrary C* function of a single variable; and writing (4.19) as

0
55[@(5777)] =0,
we see that
v(&n) = F(&) + Gn), (4.20)

where F' is an antiderivative of i (i.e., F’ = h), and G is an arbitrary C? function
of a single variable.

The function v defined by the expression in (4.20), where F' and G are
arbitrary C? functions of a single variable, is the general solution to the PDE
in (4.18). We can use it, along with (4.8), (4.4) and (4.5) to obtain the general
solution to the one-dimensional wave equation

Uy = ugy, forzeR, andteR; (4.21)

namely,
u(z,t) = F(x —ct) + G(z + ct), (4.22)

where F and G are arbitrary C? functions of a single variable. The expression in
(4.22) is known as d’Alembert’s solutions to the one-dimensional wave equation.
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We now use the general solution (4.22) to the one-dimensional wave equation
in (4.21) to construct a solution to the initial value problem in (4.1). In this
construction we will need to assume that f is C? and g is C.

Differentiate the expression for u in (4.22) with respect to ¢ to obtain

ug(z,t) = —cF'(z — ct) + G (z + ct), (4.23)

where we have applied the Chain Rule. Next, apply the initial conditions in
(4.1) to obtain the equations

{ F(z)+ G(x)
—cF'(z) +cG'(z) = g(2),

|
~
—
g

(4.24)

for all z € R, where we have used (4.22) and (4.23).
Next, differentiate the first equation in (4.24) and divide the second equation

by ¢ to get
Fl(w)+G'(x) = f'(2);
{ —F'(z)+G(x) = g(x)/ec, (4.25)

for all x € R, where we have used the differentiability assumptions on f.
Adding the equations in (4.25) then yields the following equation for G':

(@) = f(2) + %g(m), for all € R. (4.26)

Integrating the equation in (4.26) then yields

1 1 [*
G(x) = §f($) + 2—/ g(z) dz+ Cy, forall z € R, (4.27)
€Jo
where (7 is a constant of integration.
Similarly, subtracting the second equation in (4.25) from the first equation
and integrating yields

1 1

_ %/ g9(z) dz+ Cy, for all x € R, (4.28)
0

where Cs is a constant of integration.
Next, substitute the functions in (4.28) and (4.27) into the formula for u(x, t)
in (4.22) to get

1 x+ct
u(a,t) = S[F (@ — ) + Fla+et)] + o / g(2) dz+ Cs, (4.29)
r—ct
for all z € R, where C3 = C; + Cs.
It follows from the first initial condition in (4.1) that the constant C5 in
(4.29) must be 0, so that

1 1 x+ct
u(z,t) = i[f(x—ct)—i—f(x—kct)]—l—?c/ g(z)dz, forxzeR, teR, (4.30)

r—ct
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I}

/f/////n x

Figure 4.1.1: Characteristic Curves of uy = c?ugs

solves the initial value problem (4.1) for the one-dimensional wave equation.

In order to understand what the solution to the IVP in (4.1) displayed in
(4.30) is saying, refer to Figure 4.1.1. Suppose we want to compute the value
of u at z and at time t > 0; that is, u(z,t), where (x,t) is a point in the
xt—plane. Two characteristic curves cross at that point: one with x—intercept
labeled € in Figure 4.1.1, and the other with z—intercept labeled n in the figure.
These correspond to the values x — ct and x + ct, respectively. According to the
expression for u in (4.29), the value of u at (z,t) is the average the values of the
initial data f at those two points, plus ¢ times the average of all the values of
the initial speed, g, over the interval [¢, 7)].

For the special case in which the initial speed is zero throughout R, we obtain
from (4.30) the special form

u(x,t) = =[f(x —ct) + f(z +ct)], forxzeRandteR. (4.31)

DN | =

1
The function u in (4.31) is made up of two traveling wave forms: if(x —ct),

1
which moves to the right with speed ¢, and 3 f(x+ct), which moves to the left

with speed c. We illustrate this for the spacial case in which the initial data
fis in C*(R), with supp(f) = [—1,1]; see Figure 4.1.2. Figure 4.1.3 shows
the supports of the initial data and two of the traveling waves at some time
t > 0 later with ct > 2. Figure 4.1.4 shows the two pulses traveling in opposite
directions at that instant of time. Note that the two pulses in Figure 4.1.4 have
half of the amplitude of the initial pulse in Figure 4.1.2.
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f
1 1 x
Figure 4.1.2: Initial Data
t
1 1 x

Figure 4.1.3: Traveling Waves

4.1.2 Solving First—Order PDEs

In this section we define characteristic curves for the first order equation in two
variables

ou ou
a('xayau)% +b(xay7u)aiy - C(IE,y,U), (432)

where a, b and ¢ are C* functions of three real variables, (z,v, z), where (z,y)
lies in an open region, R, in R?. For the case in which coefficient functions, a,
b and ¢, in (4.32) depend only on (z,y) € R, the PDE in (4.32) turns into the
linear PDE:

ou ou
a(z, y)% + b(x, y)a*y =c(z,y), for (z,y) € R. (4.33)

We will first define the concept of characteristic curves for the PDE in (4.33).
The discussion here is analogous to the discussion on characteristic curves for
the second order equation in (3.17) on page 42. As in that discussion, the
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Figure 4.1.4: Traveling Pulses

starting point is smooth curve, I, in R parametrized by a map v: I — R?,
t—y(t) = (z(t),y(t)), fort eI,

where [ is some interval of real numbers; see Figure 3.2.1. Suppose we are trying
to solve the linear PDE in (4.33) subject to an “initial” condition on the curve
I" given by

u(z(t),y(t)) = f(t), fortel, (4.34)
where f is a known smooth function defined on I. The idea is that, given the
information in (4.34), we can use that information together with the PDE in
(4.33), to obtain the values of the derivatives, u, and u,, of w on I'. Once
these are obtained, we can differentiate (4.34) and the PDE in (4.33) to obtain
information of the second derivatives on I'. Since we are assuming that the
coefficients, a, b and ¢, and the “initial” data, f, are C'* functions, we can,
in theory, proceed in this fashion to obtain information about the higher order
derivatives of w on I'. If this can be done, we can attempt to construct a solution
of the PDE in (4.33) by building Taylor series expansions around every point
on I" using the values of u and its derivatives. The first step in this construction
is possible provided that the linear system

{ Pup gy = f (4.35)

au, + buy=c,

for the unknowns u,, and u, on I' can be solved. The system in (4.35) can be
written in matrix form as

(D)) -0) 439

The matrix equation in (4.36) can be solved for the first derivatives of u, in
terms of the data f on I', provided that the determinant of the matrix

Ty
) s
is not zero. The case in which the determinant of the matrix in (4.37) is zero

yields the equation for the characteristic curves of the first order PDE in (4.33):
bt —ay = 0. (4.38)
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Observe that the ODE in (4.38) is equivalent to the system of first order ODEs:
dx

E = a(.’I}, y)7
(4.39)
dy

The system of ODEs in (4.39) defines the characteristic curves for the first—order
linear PDE in (4.33). Since, we are assuming that a and b ar C* functions,
solutions to the system of first—order ODEs in (4.39) is guaranteed to have a
unique solution around ¢, € R subject to the the initial condition (z(t,), y(t,)) =
(%o, Yo). Thus, in theory, characteristic curves for the PDE in (4.33) can always
be computed.

Suppose that we have computed the characteristic curves for the PDE in
(4.33) according to the system of ODEs in (4.39). Let one of those characteristics
be given by the parametrization

s (2(t),y(t), fortel, (4.40)

where [ is a maximal interval of existence. Suppose that w is a solution of
the PDE in (4.32) and consider the values of u on the characteristic curve
parametrized by (4.40),

u(z(t),y(t)), fortel. (4.41)
It follows from (4.41) and the Chain Rule that
d ou dx Ou dy
_ t t - .7 - .24
so that, using the definition of the characteristic curves in (4.39),

G ue0,5(0)] = ) 5% + ¥a) 5 = clz.)

by virtue of the PDE in (4.33). We have therefore shown that if u is a solution
of the PDE in (4.33), then u must also solve the ODE

du
dt
along the characteristic curves. This suggests a way to construct a solution to
initial value problem for the PDE in (4.33) where the initial data is given on a
curve that is not a characteristic curve. This approach is known as the method
of characteristic curves.
Suppose we want to solve the IVP:

=c(x,y) (4.42)

a(z,y)us +b(z,y)u, = c(z,y) in Ry
(4.43)
v = f onl,
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where I" is a curve in R that is not a characteristic curve. The method of
characteristic curves consists of, first, finding the characteristic curves of the
PDE in (4.43) by solving the system of ODEs in (4.39). Then, solve the ODE
in (4.42). We illustrate this method by solving the following IVP for the one—
dimensional convection equation.

Example 4.1.2 (One-Dimensional Convection Equation). Consider the IVP

@ c@ = 0 forzeRandt>0;
u(z,0) = f(x) forxeR,

where c is a nonzero constant and f is a given C' function defined in R.
In this example ¢ is playing the role of y, so that the equations for the
characteristic curves in (4.39) become the single ODE

dx
el 4.4
= (1.45)
which can be solved to yield

x=ct+E, (4.46)

where € is a real parameter indexing the characteristic curves. For the case in
which ¢ > 0 the characteristic curves for the PDE in (4.44) are straight lines of
positive slope 1/c¢ in the xzt-plane and z—intercept £. Some of these curves are
sketched in Figure 4.1.5. Along each characteristic curve in (4.46), a solution

t

T
Figure 4.1.5: Characteristic Curves of u; + cu, =0
to the PDE in (4.44) solves the ODE
d
“_y (4.47)

5_7
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according to (4.42). Alternatively, we can obtain (4.47) by computing

d dx
lu@®). 0] = ue- oty
= Ut + Cu,
= ()7

where we have used the Chain Rule, (4.45), and the assumption that u solves
the PDE in (4.44).
We can solve the ODE in (4.47) to obtain that

u(z,t) = constant along characteristic curves (4.48)

Since the characteristic curves in (4.46) are indexed by &, we can rewrite (4.48)
as
u(e,t) = F(E), (4.49)

where F is an arbitrary C* function of a real variable. Next, solve for £ in (4.46)
and substitute into (4.49) to obtain the general solutions to the PDE in (4.44),

u(z,t) =F(x —ct), forzeRandteR. (4.50)

For the case in which ¢ > 0, (4.50) describes a traveling wave moving to the
right with speed c.
Finally, using the initial condition in (4.44), we get that

F(x)= f(x), forallzeR,
so that
u(z,t) = f(xr —ct), forxeRandteR,
is a solution to the IVP in (4.44).

The method of characteristic curves illustrated thus far also applied to the
quasi-linear equation in (4.32). In this case, the equations to the characteristic

curves read
dx

E = a‘(x7 Y, ’LL);
(4.51)
d
dfth = b(z,y,u).
Along characteristic curves u solves the ODE
d
di: = c(z,y,u). (4.52)

In general, we might not be able to obtain an explicit formula for a solution of
the PDE in (4.32) based on the system (4.50)—(4.52). But, in some cases, we
might be able to obtain an expression that gives u(z, y) implicitly. We illustrate
this in the following example.
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Example 4.1.3. Find a solution to the initial value problem

{ut—&—uux = 0, for x € R,t > 0;

u(xz,0) = f(z), forxzeR, (4.53)

Here t is playing the role of y in the general discussion. In this case, the equation
for the characteristic curves is

dx

il (4.54)
In order to solve the ODE in (4.54) we need information on the function u, which
is what ultimately we are trying too determine. The information is provided by
the differential equation that w satisfies along characteristic curves; namely,

du

— =0,

dt
which implies that 4 must be constant along characteristic curves. Thus, we

can set
u=F(¢), (4.55)

where £ is a parameter indexing the characteristic curves, and F' is an arbitrary
C! function of a single variable. Substituting the expression for u in (4.55) into
the equation for the characteristic curves in (4.54) yields

dx

which can be solved to yield the equation for the characteristic curves of the
PDE in (4.53):
x=F(Et+¢E. (4.56)

Observe that in this case the characteristic curves are straight lines in the xt—
plane with z—intercept ¢ and slope 1/F(&). Note that the slopes of the charac-
teristic curves depend on the value of the solution on the characteristic curves,
according to (4.55).

We can solve for £ in (4.56) and use (4.55) to get

E=x—u(z, )t

and then substitute this value into (4.55) to obtain an implicit formula for
u(zx,t):
u(z,t) = F(z — u(z,t)t), forzeRandt>0. (4.57)

Next, use the initial condition in (4.53) to obtain from (4.57) that
F(z) = f(z), forallzeR,

so that
u(z,t) = f(r —u(z,t)t), forzeRandt>0,

provides an expression that defines u(z,t) implicitly.
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In the remainder of this section, we present more examples on the use of
characteristic curves to solve first order PDEs.

Example 4.1.4. Find a solution to the initial value problem

U+ Uy = U, forx e R, t > 0;
{ u(z,0) = f(x), forzeR, (4.58)
where f is a given C! function.
The equation for the characteristic curves in this example is
dx
el |
dt ’
which can be solved to yield
r=t+¢&. (4.59)
Now, along characteristic curves, u solves the ODE
du
dt
so that
u = F(¢)e, (4.60)

where F is a C'! function of a real variable, and ¢ is the parameter indexing the
characteristic curves in (4.59).
Next, solve for ¢ in (4.59) and substitute into (4.60) to get the general
solution,
u(z,t) = F(x —t)e!, forx € Randt >0, (4.61)

for the PDE in (4.58), where F is an arbitrary C! function. The initial condition
in (4.58) can now be used to obtain from (4.61) that

F(z) = f(x), forallzeR.
It then follows from (4.61) that
u(z,t) = f(x —t)e!, forzx€Randt >0,
solves the initial value problem in (4.58).

Example 4.1.5. Find the general solution to the linear partial differential

equation
ou ou

To + y@ =2u, for (z,y) € R (4.62)
The equations for the characteristic curves are
dx
= =
dt '
(4.63)
dy
= = .

dt
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Using the Chain Rule, we obtain from (4.63) the ODE

d
% - % for a % 0. (4.64)
The ODE in (4.64) can be solved by separating variables to yield

y= ¢, (4.65)

where £ is a real parameter. Thus, the characteristic curves for the PDE in
(4.62) is a pencil of straight lines through the origin in R2.
Now, along the characteristic curves for the PDE in (4.62), u solves the ODE

du
— = 2u. 4.
o u (4.66)

Next, combine the ODE in (4.66) with the first ODE in (4.63) to obtain the
ODE J 5
ﬁ = ;u’ for x # 0. (4.67)
The ODE in (4.67) can be solved by separation of variables to yield
u=F(&a?, (4.68)

where F is an arbitrary C! function, and ¢ is the parameter indexing the char-
acteristic curves in (4.65).

Solving for ¢ in (4.65) and substituting into (4.68) then yields the general
solution,

u(z,y) =F (%) 2, forx #0.

4.2 Using Symmetry to Solve PDEs

A partial differential equation is said to be invariant under a group of transfor-
mations if its form does not change after a changing variables according to the
transformations in the group. We illustrate this idea by looking at symmetric
solutions to Laplace’s equation in R2.

4.2.1 Radially Symmetric Solutions to Laplace’s Equation
Suppose that u is a C? solution to Laplace’s equation in R?,

Uz + Uy = 0. (4.69)
We consider what happens to the equation in (4.69) when we change to a new

set of variables, (767) , given by a one—parameter group of rotations given by

M = (cos¢ —sincﬁ); (4.70)

¢ sing  cos¢

the matrices
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that is, rotations in the counterclockwise sense by an angle ¢. We set

(f}) - M, (;) , (4.71)

& = xcos¢—ysing;
{77 = xsin¢+ ycosao, (4.72)

or

in view of (4.70) and (4.71). The equations in (4.72) can be solved for x and y
in terms of £ and 7 by inverting the matrix in (4.70),

_1 cos¢p sing
M¢> :M¢:< )7

—sin¢g cos¢

so that : 5
r = &cos¢+ nsin @,
{ y = —Esing+ ncoso. (4.73)

In view of the equations in (4.73), we can think of u as a function of £ and 7,
which we will denote by v(&,n); so that

v(&,m) = u(z,y), (4.74)
where = and y on the right—hand side of (4.74) are given in terms of £ and 7 in
(4.73).

Applying the Chain Rule, we obtain from (4.74) that
9¢ In
Uy = vg% + Un%7
where 9 5
8—5; =cos¢ and 8—2 = sin ¢, (4.75)
in view of the equations in (4.72). Thus,
Uy = COS ¢ Ve + sin ¢ vy, (4.76)

Similar calculations using (4.74) and (4.72) yield
Uy = —sin¢ ve + cos @ vy, (4.77)

Next, differentiate on both sides of (4.76) with respect to x and apply the Chain
Rule to get

0 0 . 0 0
Ugy = COSQP [U&@i + vgnagﬂ + sin ¢ {vngai + Unn&Z] ,

so that, using (4.75) and the fact that the mixed second partial derivatives of
C? functions are equal,

Upy = €08 ¢ Vg + 28in ¢ cos ¢ vg, + sin® ¢ vy, (4.78)
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Similarly, taking the partial derivative with respect to y on both sides of (4.77),

and using
o€
— = —sing and — =coso,
Ay Ay

which follow from (4.72), we obtain from (4.77) that

on

Uyy = sin? ¢ Vge — 2sin ¢ cos ¢ vey + cos? ¢ U (4.79)
Thus, adding the expressions in (4.78) and (4.79),
Ugy + Uyy = Veg + Upy.
Hence, if u solves Laplace’s equation in (4.69), then v solves the equation
Veg + Vg = 0,

which has the same form as Laplace’s equation. We therefore conclude that
Laplace’s equation in (4.69) is invariant under rotations. This suggests that we
look for solutions of (4.69) that are functions of a combination of the independent
variables that is independent of the rotation parameter ¢. To obtain such a
combination, use (4.72) to compute

E+n? = (xcosg—ysing)? + (zsing + ycos ¢)?

= 22cos? ¢ — 2zycos psin ¢ + y? sin® ¢
+2 sin? ¢ + 22y sin ¢ cos ¢ + y2 cos? ¢
= 22+

so that 22+y? or y/22 + y2 are combinations of the independent variables, x and
1y, that do not depend on ¢, the rotation parameter; that is, they are rotationally
invariant. We will therefore look for solutions of the Laplace’s equation in (4.69)
that are of the form

u(z,y) = f(v/22 +y?), for (x,y) € R?, (4.80)

where f is a C? function of a single variable. Functions of the form in (4.80)
are said to be radially symmetric.

Example 4.2.1 (Radially Symmetric Solutions of Laplace’s Equation in R?).
Let R = {(x,y) € R?| (z,y) # (0,0)}. Find all radially symmetric solutions of
(4.69) in R.

Solution: We look for solutions of
Ugg +Uyy =0, in R, (4.81)

of the form
u(z,y) = f(r), for (z,y) € R?, (4.82)
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where
r=+va?+y?, (4.83)
and f: (0,00) — R is a C? function.
Write the expression in (4.83) r? = 22 4 y? and differentiate on both sides
with respect to z, applying the Chain Rule to get

or
2r— =2
r o T,

from which we get that

or «x

—=—, f > 0. 4.84

or r o (4.84)
Similar calculations show that

0

a—; = %, for r > 0, (4.85)

Next, use the Chain Rule to obtain from (4.82) that

or
_ gt
ua: - f (T) axa
so that, by virtue of (4.84),
Uy = Ef’(?"), for r > 0. (4.86)
r

Similar calculations using (4.82) and (4.85) yield
uy = 2f'(r), forr>o0. (4.87)
r

Next, use the Product Rule, the Quotient Rule, and the Chain Rule to obtain
from (4.86) that

S 5 ) g
Upy = *f/(T) _|_ T 61‘T2 83: ;
thus, using (4.84),
2 2
Ugy = %f’(r) + %f”(r) — %f’(r), for r > 0. (4.88)

Similar calculations, using (4.85) and (4.87) yield

I SR TR ; A
uyy = L70) + )~ L), for >0 (1.59)
Next, add the expressions in (4.88) and (4.89) to obtain

$2+y2

2 2
" vty
1" (r) =

r3

2
Ugg + Uyy = ;f/(r) + f'(r), forr>0,

r
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or using the fact that z2 + 3% = r2,

e -ty = 2 () 4 1)~ ), forr >0,
or
U + Uyy = [ (1) + %f’(r), for » > 0. (4.90)

It follows from (4.90) that, if u in (4.82) solves Laplace’s equation in R, then f
solves the second order ODE

() + %f’(r) =0, forr>0,
or

rf"(r)+ f'(r)=0, forr >0,
which can be rewritten as

4
dr
Integrating the equation in (4.91) yields

[rf'(r)] =0, forr>0. (4.91)

rf'(r) =cy, forr>0,

and some constant c1, or

Fr) = ‘;i for r > 0, (4.92)

and some constant ¢;. Integrating the equation in (4.92) yields
fr)=cilnr+cy,  forr >0, (4.93)

and constants ¢; and cs.
It follows from (4.82) and (4.93) that radially symmetric solutions of (4.81)
are of the form

u(z,y) = c1lnv/2? +y% + ¢, for (z,y) # (0,0), (4.94)
and constants ¢; and cs. O

Example 4.2.2 (The Dirichlet Problem in an Annulus). For positive numbers,
r1 and ro, with 7y < ro, define R to be the annulus

R={(z,y) € R?* | r; < /a2 +y2 <1y} (4.95)

Denote by C.. the circle of radius r centered at the origin.
Solve the boundary value problem:

Uy + Uy 0, in R;
u = a, onCp; (4.96)
u = b, onC,,

where a and b are real constants.
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Solution: Since the annulus R in (4.95) has radial symmetry, and the
boundary conditions in (4.96) are also radially symmetric, it makes sense to
look for radially symmetric solutions of problem (4.96). According to the result
of Example 4.2.1, these are of the form given in (4.94); namely

u(z,y) =c1lnv/a? +y%+co, for (z,y) € R, (4.97)

for some constants ¢; and cs.
The boundary conditions In (4.96) then imply that

cilnri +cey=a (4.98)

and
ci1lnry +co = b, (4.99)

in view of (4.97). Solving the system of equations in (4.98) and (4.99) for ¢;

and co yields

o — b—a
= 111(’/‘2/7‘1)7

and
alnry —blnrg

ID(TQ/Tl)

Substituting these values for ¢; and ¢y into (4.97) yields a solution,

Cy =

b—a In /22 & 2+aln7“2—blnr1
In(ry/r1) 4 In(ro/ry) 7

to the BVP in (4.96). The result of Problem 3 in Assignment #7 then shows
that the function u given in (4.100) is the solution of the BVP in (4.96). O

u(z,y) = for (z,y) € R, (4.100)

4.2.2 Dilation Invariant Solutions to Laplace’s Equation

In this section we explore the effect of the change of variables

(=G ) w0

for nonzero real constants o and 3, on the two—dimensional Laplace’s equation
Ugz + Uyy =0,  in RZ. (4.102)
The change of variables in (4.101) corresponds to

az;

By, (4.103)

—
[ i
Il

or

r = {/o
{y N (4.104)
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Setting
v(&n) = u(z,y), (4.105)

where z and y are given in terms of £ and n by the equations in (4.104), we
compute, using the Chain Rule, we obtain from (4.105) that

o0& on

Uy = 05% + vn%,

where, by virtue of the equations in (4.103),

o€ on
s d ==
e a  an Ep 0,
so that
Uy = Q. (4.106)
Similarly,
Uy = Puy. (4.107)

Next, differentiate on both sides of (4.106) and apply the Chain Rules as in the
previous calculations to obtain

Upy = QP vge. (4.108)
Similarly, we obtain from (4.107) that
Uyy = B0y, (4.109)
Adding (4.108) and (4.109) we obtain
UgaUyy = QVge + B0y, (4.110)
Thus, if u solves Laplace’s equation in (4.102), we obtain from (4.110) that
?vge + By, = 0. (4.111)

It follows from (4.111) that Laplace’s equation in R? is invariant under the
scaling transformation in (4.101), provided that a? = 2. We will therefore set

a = =\in (4.101) to get
£\ z
(n) =D, (y) , (4.112)

where D) denotes the scalar matrix

A0
D>\Z<0 )\)7

for a nonzero parameter A. The transformations in (4.112) form a one-parameter
family of dilations corresponding to the change of variables

{g _ iz (4.113)
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Note from (4.113) that a combination of the variables that is independent of
the dilation parameter A is

n_ Q’ for x # 0.
&z

This suggests that we look for solutions to Laplace’s equation in R? of the form

u(z,y)=f (%) ,  forxz#0, (4.114)
where f is a C? function of a single variable.
Set
s:%, for x # 0, (4.115)
so that, in view of (4.114)
u(z,y) = f(s), (4.116)

where s is given by (4.115).
We look for a solution to Laplace’s equation in R? of the form in (4.116)
where f is a C? function and s is as given in (4.115). Thus, assume that u

solves (4.102) and compute
0Os

.= ()2 4117
w=fs)5, (117)
where we have used the Chain Rule and where
Js Y
% = _ﬁ, fOI' x # O,
by virtue of (4.115), so that
s S
— = f . 4.11
o o fora £ 0 (4.118)
Substituting (4.118) into the right-hand side of (4.117) then yields
1
uy = ——sf'(s), forx#0. (4.119)
x
Next, differentiate with respect to 2 on both sides of (4.119) to get
1, 10s ,, 1 ,,.0s
Uss = 55 (s) g (s) Esf (s)a—z, for x # 0, (4.120)

where we have used the Product Rule and the Chain Rule. Then, substitute
(4.118) into the right—hand side of (4.120) to get

2s ,, s? "
Upw = ﬁf (s) + ﬁf (s), forx#£D0. (4.121)

Next, apply the Chain Rule to obtain from (4.116) that

0s

Uy = f’(s)a—y, (4.122)
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where

1
O _ 1 a0 (4.123)
dy =x
It then follows from (4.122) and (4.123) that

Uy = %f’(s), for z # 0. (4.124)

Differentiate on both sides of (4.124) with respect to y, apply the Chain Rule,
and use (4.123) to obtain

1
Uy = — f"(s), forxz#0. (4.125)
x
Next, add the expressions in (4.121) and (4.125) to get

1+ 52
2

2
Upg + Uyy = x—zf'(s) + f’(s), forax#0. (4.126)

It follows from (4.126) that, if u solves Laplace’s equation in R?, then f solves
the second order ODE

2 1+ s
SFE)+—5-f'(s)=0, fora#0,
or
(1+82)f"(s) +2sf'(s) = 0. (4.127)
In order to solve the ODE in (4.127), set
o(s) = £/(5), (4.128)
so that
oy dv
(1+5%) 7 + 250 = 0. (4.129)

The first order ODE in (4.129) can be solved by separating variables to yield

/ dU_—/mdS,

1
ln I’U| = ln (1_’_82> + Co, (4130)

or

for some constant c,.
Exponentiating on both sides of (4.130) and using the continuity of v we

obtain o

v(s) = 1552 for s € R, (4.131)
and some constant ¢;. It follows from (4.128) and (4.131) that

f'(s) = a for s € R,

14 s2’
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and some constant c¢1, which can be integrated to yield
f(s) = ciarctan(s) + co, for s € R, (4.132)

and constants ¢; and cs.
It follows from (4.114) and (4.132) that dilation—invariant solutions of Laplace’s
equation in R? are of the form

u(x,y) = ¢ arctan (%) +co, forxz#£0, (4.133)

and constants ¢; and c¢y. The result in (4.133) states that dilation—invariant
harmonic functions in R? are linear functions of the angle, #, the the point
(z,y), for (z,y) # (0,0), makes with the positive z—axis:

u = c10 + ca,

for constants ¢; and cs.

4.2.3 Dilation Invariant Solutions of the Diffusion Equa-
tion

In this section we look for dilation—invariant solutions of the one—dimensional

diffusion equation

ou 0%u
ot 0z’
where D > 0 is the diffusivity constant. We proceed as in Section 4.2.2 by finding

conditions on parameters o and 3 so that the diffusion equation in (4.134) is
invariant under the change of variables

forzr € Rand t >0, (4.134)

§ = ax
{ r o= Bt (4.135)
where af # 0.
Write
v(§,7) = u(x, ), (4.136)

where z and ¢ are given in terms of £ and 7 by inverting the system in (4.136),

o2 4

and use the Chain Rule to compute

U —v%—i—vﬁ
CT %0 T T o
%:a and @—0,
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so that
Uy = Qug. (4.137)

Similarly,
uy = B, (4.138)

Next, differentiate on both sides of (4.137) and apply the Chain Rules as in the
previous calculations to obtain

Upy = 0 vge. (4.139)
Using the expressions in (4.138) and (4.139) we obtain
uy — D gy = v, — Da2v§5,
so that, if u solves the diffusion equation in (4.134),
B, — Da*vge = 0. (4.140)

Hence, the diffusion equation in (4.134) is invariant under the change of variables
in (4.136) provided that
B =a? (4.141)

It follows from (4.140) and (4.141) that the diffusion equation in (4.134) is
invariant under the dilation

ar;

{f - (4.142)

It follows from (4.142) that combinations of the variables that are independent
of the dilation parameter, «, are
2 2
g—:x— or i:i, for >0 and ¢t > 0.
T t VTVt
Thus, in order to find dilation—invariant solutions of the one—dimensional diffu-
sion equation, we look for solutions of the form

x

u(x,t) = — ], fort>0, 4.143
@ =1(2) (4.143)

where f is a C? function of a single variable.

Set .
s=—, fort>0, 4.144
i (4.144)
so that, in view of (4.143)

u(z,t) = f(s), (4.145)

where s is given by (4.144).
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Differentiate on both sides of (4.145) with respect to z, using the Chain
Rule, to get

0s
— (22
where 9 )
s
% = %, for ¢ > 07 (4146)
by virtue of (4.144), so that
1
Uy = ﬁf’(s), for t > 0. (4.147)

Differentiate with respect to « on both sides of (4.147), use the Chain Rule, and
the result in (4.146) to get

1
Upy = gf”(s), for t > 0. (4.148)

Next, differentiate on both sides of (4.145) with respect to ¢, using the Chain
Rule, to get

0s
= f'(s)= 4.149
w=f%, (4.149)
where, by virtue of (4.144),
Os _ T
o 2t/
or, using (4.144),
Js s
—_— = ——= for ¢ . 4.1
T 5 for >0 (4.150)

Substitute the result in (4.150) into the right—hand side of (4.149) to get
u,:f%f@% for t > 0. (4.151)

It follows from (4.148) and (4.151) that, if u given in (4.145) solves the diffusion
equation in (4.134), then f solves the ODE

S ! D 1"
_2 _ = f
S F(s) = T1s), fort >0,

or

1 S !/
— = 4.152
1(5) + 5 f'(5) = 0 (4.152)
In order to solve the ODE in (4.152), set
o(s) = F'(s). (4.153)
so that J
Wit (4.154)
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The first order ODE in (4.154) can be solved by separating variables to yield

[do==[ 55 s

2

s
4D

or

In|v| = ——= + ¢, (4.155)

for some constant c,.
Exponentiating on both sides of (4.155) and using the continuity of v we

obtain

—s2/4D
)

v(s) = cre for s € R, (4.156)

and some constant ¢1. It follows from (4.156) and (4.153) that
F(s)=cre /4P for s € R,
and some constant c1, which can be integrated to yield
fls)=a /08 e /D gy 4 co, for s €R, (4.157)
and constants ¢; and cp. It follows from (4.143) and (4.157) that dilation—

invariant solutions of one-dimensional diffusion equation in (4.134) are of the
form

x/Vt )
u(z,t) = cl/ e * /4P dz 4 ¢y, forz € Randt >0, (4.158)
0

and constants ¢; and cs.



Chapter 5

Solving Linear PDEs

In Chapter 4 we saw two general approaches for finding solutions to first or
second order PDEs: using characteristic curves and looking for symmetric solu-
tions. In theory, these methods could be applied to nonlinear or linear equations.
In this chapter we explore methods that exploit the special structure provided
by linear PEDs. In Section 3.1 we saw the Principle of Superposition (Proposi-
tion 3.1.1 on page 42 in these notes), which states that linear combinations of
solutions to the homogeneous linear PDE

Lu =0,

where L is a linear differential operator, are also solutions. Thus, in principle,
we can use superposition to construct solutions of linear PDEs satisfying certain
conditions by putting together known solutions. We will see in this chapter that
this procedure can be carried out by adding together infinitely many solutions
in the form of a series or and integral transform. We will begin by presenting
some special solutions that can be used as building blocks to obtain solutions to
initial and/or boundary value problems for a large class of linear PDEs. These
special solutions are known as Fundamental Solutions.

5.1 Fundamental Solutions

We will illustrate the concept of a fundamental solution by first finding a special
solution to the one-dimensional diffusion equation.

5.1.1 Fundamental Solution to the Diffusion Equation

We compute a very special solution to the one-dimensional diffusion equation

ou 9%u

a5 = Pamz forz € R and ¢t > 0. (5.1)
x

73
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In Section 4.2.3 we derived the following dilation—invariant solution to the dif-
fusion equation in (5.1):

u(z,t) = c1/ e /4D dzq ¢y, forz €Randt >0, (5.2)
0

and constants ¢; and cp. Observe that the function u: R x (0,00) — R defined
in (5.2) is a composition of C* functions. It then follows by the Fundamental
Theorem of Calculus and the Chain Rule that v € C*°(R x (0,00)). Hence,
we can differentiate on both sides of the PDE in (5.1) with respect to x, for
example, and get the valid statement

thus, by the equality of the mixed partial derivatives,

(uz)t =D (uz)zza

which shows that u, is also a solution of the one—dimensional diffusion equation
in (5.1). Hence, by taking the partial derivative with respect to z in (5.2) we
obtain another solution to the the one-dimensional diffusion equation in (5.1).
Set v(z,t) = ugy(z,t), for © € R and t > 0, where u is given in (5.2). Then,
using the Fundamental Theorem of Calculus and the Chain Rule, we obtain
from (5.2) that

v(z,t) = a e~ ™ /4Dt for x € Rand t > 0, (5.3)

Vit

and some constant ci, is a solution to the one-dimensional diffusion equation
in (5.1).
An interesting property of the function defined in (5.3) is that the integral

/ v(x,t) dr is finite and is independent of ¢ > 0. Indeed, using the fact that
o 2
/ e * dz =/,
and making the change of variables

x

VADt

so that

dx = V4Dt dz,

we obtain, for ¢t > 0,

/ v(z,t) de = %\/4Dt/ e dz,

oo t
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or
/ v(x,t) de = c;vV4D7w, for all ¢ > 0. (5.4)

— 00

We chose the constant ¢; in (5.4) so that

/ v(z,t) de =1, forallt > 0;

— 00

that is,
1

VADT'

Substituting the value of ¢; in (5.5) into the definition of v(x,t) in (5.3), we
obtain

C1 — (55)

1 2
v(x,t) = JiDi e~ /4Pt for z € R and t > 0. (5.6)

We shall denote the expression for v(x,t) defined in (5.6) by p(z,t), so that

p(z,t) = e~ /4Dt for z € Rand t > 0. (5.7)

1
Var Dt
It then follows from what we have shown thus far that the function p defined

in (5.7) is a C* function defined in R x (0, 00) that solves the one-dimensional
diffusion equation in (5.1); that is,

dp 0%p
E—D@7 for:L‘ERandt>0. (58)

Also, it follows from (5.4) and (5.5) that

/ p(x,t) de =1, forallt>0. (5.9)

— 00

In fact, using a change of variables we obtain from (5.9) that

/ plx —y,t)dy=1, forallxzeRandt>D0. (5.10)

In addition to (5.10), the function p defined in (5.7) has the following properties:

Proposition 5.1.1 (Properties of p). Let p(x,t) be as defined in (5.7) for x € R
and t > 0.

(i) p(zx —y,t) >0 for all z,y € Rand ¢t > 0

(ii) If ¢ # y, then lim p(z —y,t) = 0.
t—0+

(iii) If x = y, then lim p(z — y,t) = 4o0.
t—0+
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See Problem 5 in Assignment #14.

In this section we will see how to use the properties in (5.10) and in Proposi-
tion 5.1.1 to obtain a solution to the initial value problem for the one—dimensional
diffusion equation

2
@ = D@, reR, t>0;
ot Oa? (5.11)
u(z,0) = f(z), z € R,

where f: R — R is a bounded function that is also piecewise continuous.

Definition 5.1.2 (Piecewise Continuous Functions). A function f: R — R is
said to have a jump discontinuity at = € R if the one—sided limits

lim f(y) and  lim f(y)

y—xt y—x~

exist and

lim f(y) # lim f(y).

y—zt y—x—

We say that f is piecewise continuous if it is continuous except at an at most
countable number of points at which f has jump discontinuities.

Figure 5.1.1 shows a portion of the sketch of a piecewise continuous function.
We will show that the function u: R x (0,00) — R given by

| —

Figure 5.1.1: Sketch of a Piecewise Continuous Function

u(z,t) = / p(z —y,t)f(y) dy, forx € Randt >0, (5.12)

— 00

is a candidate for a solution of the initial value problem in (5.11). We note that,
since p(z —y,t)) is not defined at ¢ = 0, the initial condition in the IVP in (5.11)
has to be understood as

lim u(x,t) = f(x).

t—0t
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We will see in this section that (5.13) holds true foe values of z at which f is
continuous. For values of x at which f has a jump discontinuity

lim (1) = L&) +HET)

t—0+ 2 ’

where f(z1) and f(x™) are the one-sided limits

fat)= lm f@y) and fz7) = lim f(y),

y—xt y—x—

respectively.
We state the main result of this section as the following proposition:

Proposition 5.1.3. Let u be given by (5.12), where f: R — R is a bounded,
piecewise continuous function. Then, u is C?!(R x (0,00))* and

2
%(Lt) = D%(mi), for x € R and ¢t > 0. (5.13)
Furthermore,
lim w(z,t) = f(x). (5.14)
t—0+t

if f is continuous at z, and

lim u(x,t) = w, (5.15)

t—0+
if f has a jump discontinuity at x.
Once we have proved Proposition 5.1.3, we will have constructed a solution
u(z,t) = / p(z —y,t)f(y) dy, forx € Randt >0, (5.16)

to the initial value problem of the initial value for the one-dimensional diffusion
for the case of continuous initial data f, where p is defined in (5.7). Thus, a
solution of the initial value problem in (5.11) is obtained by integrating f(y)p(z—
y,t) over y in the entire real line. The map

(z,y,t) = p(x —y,t), forallz,y € Randt>0,

or

(,y,t) — ¢—(@=v)*/4Dt

for all z,y € R and ¢t > 0,

1
Var Dt

is usually called the heat kernel; we shall also call it the fundamental solu-
tion to the one-dimensional diffusion equation. We will denote it by K (x,y,t),
so that K: R? x (0,00) — R and

K(x,y,t) = e~ (@=w)*/ADt  for all z,y € Rand ¢t > 0. (5.17)

1
Var Dt

IThe function w is C? in the first variable, and C! in the second variable
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We shall reiterate the properties of the heat kernel that we have discussed for
future reference in the following proposition, we will add the additional obser-
vation that K is symmetric in x and y; that is K(z,y,t) = K(y,z,t) for all
z,y € Rand t > 0.

Proposition 5.1.4 (Properties of the Heat Kernel). Let K (x,y,t) be as defined
in (5.17) for z,y € R and ¢t > 0.

(i) K(z,y,t) = K(y,z,t) for all z,y € R and ¢ > 0.

(ii) K(z,y,t) >0 for all z,y € R and ¢t > 0.
(o)
(iii) / K(y,z,t) dy=1 forallz € R and ¢t > 0.
(iv) If  # y, then lim K(z,y,t) =0.
t—0+
(v) If x =y, then lim K(z,y,t) = +o0.
t—0+

Before we prove Proposition 5.1.3, we will establish two Lemmas; the first
one involves the error function,

Erf: R — R,

defined by
2 x
Erf(z) = ﬁ/o e dr, forxz eR, (5.18)

and its properties:
Proposition 5.1.5. Let Erf: R — R be as given in (5.18). Then,
(i) Erf(0) = 0;

(ii) lim Erf(z) = 1;

T—00

(iii) lim Erf(z) = —1;

Tr—r—00

See Problem 1 in Assignment #14.
A sketch of the graph of y = Erf(x) is shown in Figure 5.1.2.

Lemma 5.1.6. Let p(x,t) be as defined in (5.7) for x € R and ¢ > 0. For § > 0,

o)
li t) de = 0. 5.19
Jm [ plat) do (5.19)
and
)
lim p(z,t) de = 0. (5.20)

t—0t ) _
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Figure 5.1.2: Sketch of Graph of Error Function

Proof: Make the change of variables y = — L to write

VADt

oo o0 1 2
z,t) der = ce @ /APt gy
/5 P, ) /5 Van Dt

1 ° 2
= — e ¥ dy
VT Js)vaDt

- el

where we have used the definition of the error function in (5.18) and the fact
that -
/ eV dy = ﬁ
O 2
We then have that

/;o p(z,t) do = % [1 — Exf (\/jﬁ)] , fort>0. (5.21)

Now, it follows from (5.21) and (ii) in Proposition 5.1.5 that

oo

li t)dr =0
Jm | p(z,t) dv =0,

which is (5.19). Similar calculations can be used to derive (5.20). W

Lemma 5.1.7. Let p(x,t) be as defined in (5.7) for z € R and ¢ > 0. Then, we
have the following estimates on integrals of the absolute values of the derivatives
of p:

o0 1
/ ‘%:(x_y’t)‘ dygg, for all z € R and ¢ > 0, (5.22)

— 00
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and

oo
1
r—y,t)| dy = , forallz€Randt >0, 5.23
/_Oo (y)’y 5 (5.23)

Proof: Compute the partial derivative of

op
ox

e*(f”*y)(z/‘wt, for all z,y € R and t > 0, (5.24)

1
p(I*y’t): m

with respect to t to obtain

0 1 (r —y)?

—plx—y,t)] = ——p(x —y,t) + ——2 p(x —y,t 2
i P& =y, O] = —5p(@ —y,t) + —=a—p(e —y, 1), (5.25)
for all x,y € R and ¢t > 0. Next, take absolute value on both sides of (5.25),
apply the triangle inequality, and use the positivity of the heat kernel (see (ii)

in Proposition 5.1.4) to get

(z —y)?

B) 1
_ _ < _
5 [p(z y,t)]‘ < 2tp(x y,t) +

for all ,y € R and ¢ > 0. Integrating on both sides of (5.26) and using (5.10)
(see (iii) in Proposition 5.1.4) yields

* 1o 1 < (z—y)?
_ — < = = I _ .
/OO 5 P& yi)]’ dy < 2t+/_oo D Pl —ut)dy, (5.27)

forall z € R and t > 0.
Next, we evaluate the right-most integral in (5.27),

00 00 —(z—y)? t
/ (z — y)2p(x 8 dy = / (z —y)? e (x—y)*/4Dt dy
e 4Dt2 ’ e 4Dt2 Var Dt ’

by making the change of variables

=42
- V4Dt
so that ( )2
N _ I S AT
/_OO it D y”f)dy—tﬁ/_mfe e, (5.28)

for all z € R and ¢ > 0. The right-most integral in (5.28) can be evaluated
using integration by parts to yield

/_O; 278 g¢ = 2/000 €2e ¢

= —56_52 —|—/ et dg,
0 0
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so that

/OO 2e¢ de = g (5.29)

Combining (5.29), (5.28) and (5.27) yields the estimate

1
n for x € R and t > 0,

<19
— -y, t)]| dy <
/m 5 Py, )]‘ y
which is (5.22).

In order to establish (5.23), first take the partial derivative with respect to
2 on both side of (5.24) to get
O @ —y ) = - Y pe—yt), forzecRandi>0 (5.30)
O pP\r —y,t)] = 2Dt p\r—=1y,1), T ) .

so that, taking absolute value on both sides of (5.30) and integrating,

Nl —g| ay= [ By a,  Ga
||z - [

— 0o

Evaluate the right—most integral in (5.31),

<z -yl /°° I
—y,t) dy = : d 5.32
/m 5pr P@— ¥t dy oDt W (5.32)

by making the change of variables

e=2 =
VADt’
to get
o _ —(z—y)?%/4Dt 1 00
[l dy = o [ 1l e
oo 2Dt Var Dt Dt J_
2 o 2
_ —£
= e dg,
\/7TDt/0 ¢ ¢
so that
00 _ —(z—y)?/4Dt 1
/ lw =yl e dy = . (5.33)
oo 2Dt Var Dt VDt

The statement in (5.23) now follows by putting together the results in (5.33),
(5.32) and (5.31). W



82 CHAPTER 5. SOLVING LINEAR PDES

Proof of Proposition 5.1.3: Let f: R — R be a piecewise continuous function
satisfying

|f(z)| < M, forallzeR, (5.34)
and some positive constant M, and define u: R x (0,¢) — R by
u(z,t) = / plx —y,t)f(y) dy, forxzeRandt >0, (5.35)

where p(z — y,t) denotes the heat kernel given in (5.24). We will show that
u solves the one-dimensional diffusion equation in (5.13). Before we do that,
though, we need to verify that the expression in (5.35) does indeed define a
function u: R x (0,00) — R. In order to do this we need to make sure that the
integral on the right-hand side of (5.35) is a real number. This will follow from
the estimate

/ Ip(z —y,t)f(y)] dy < oo for x € R and ¢ > 0. (5.36)

— 00

In order to derive the estimate in (5.36), use the positivity of the heat kernel
(see (ii) in Proposition 5.1.4), (5.10) and (5.34) to compute

/OO p(e — 3.0 f(y)] dy < M/jo P — 1) dy,

— 00

so that

o0

p(z —y, ) f(y)| dy < M, for x € Rand ¢ >0, (5.37)

— 00

which implies (5.36). Observe that the estimate in (5.37) also implies that
lu(z,t)] < M, forzeRandt>0,

by virtue of (5.35).

The fact that u defined in (5.35) solves the one—dimensional diffusion equa-
tion in (5.13) will follow from the fact that the heat kernel itself solves the
one—dimensional heat equation,

0 0?
g (x—y,t)] = Dﬁ[p(:r —y,t)], forz,y€Randt>0; (5.38)

(see also (5.8). Indeed, suppose for the moment that we can interchange differ-
entiation and integration in the definition of w in (5.35), so that

%(m,t) = / %(m —y,t)f(y) dy, forxzeRandt>0, (5.39)
and

2 oo 52

%(m,t) = %(m —y,t)f(y) dy, forxz eRandt>0. (5.40)
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Thus, combining (5.39) and (5.40),

ou 0%u < [op 0%p
Z(2,t) - D= (a,t) = Z(x—yt)— D= (x—y,t d
e =D = [ [Pt DG A 0] ) ay
which shows that (5.13) holds true by virtue of (5.38)

The expressions in (5.39) and (5.40) are justified by the assumption that
f is bounded (see (5.34) and the estimates (5.22) and (5.23) in Lemma 5.1.7;
namely,

o 1
/ alt)(x—y,t)‘ dygg, for all z € R and ¢ > 0.

and
> 1 op ’ 1
—(zx—y,t)| dy = , forallz € Randt > 0.
/m 5 & Y0 Y 5

Observe that, (5.40) and (5.38) imply the estimate

~19%p 1
@(x—y,t) dyéa, for all z € R and ¢t > 0.
We have therefore established that the function u: R x (0,1) defined in (5.35) is

a C? function in the first variable, C'! in the second variable, and is a solution
to the one—dimensional diffusion equation.

Next, we will prove the second assertion in Proposition 5.1.3.

(i) Assume first that f is continuous at x and let € > 0 be given. Then, there
exists 6 > 0 such that

ly—al < 3= [fy) - @) < 3. (5.41)

We consider

oo o0

u(a ) — f(x) = / p(o — u.0)f () dy — f(z) / P50 — y.t) dy,

— 00 — 00

where we have used the definition of u(x,t) in (5.35) and (5.10) (see also the
fact (iii) in Proposition 5.1.4). We then have that

e ) - 1) = [ T b — 0.0 (F) — f(x)) dy,
so that .
uet)~ f@I < [ pe-p0lf) - @ dy (.42

where we have used the fact that p(z,t) is positive for all z € R and all ¢ > 0.



84 CHAPTER 5. SOLVING LINEAR PDES

Next, re-write the integral on the right-hand side of (5.42) as a sum of three
integrals,

/ T pe -y, D) — (@) dy =

— 00

r—90
/ p(z -y, D)1 () — F(@)] dy
(5.43)

[ e =001 - F@) d.

z+6

We first estimate the middle integral on the right—hand side of (5.43), using
(5.41) and (5.10) to get

x4+ €
| ple=u0l) - f@)ldy < 5. (549

Next, use (5.34) and the triangle inequality to obtain the following estimate for
the last integral on the right—hand side of (5.43),

/ T ple—u)If ) — fl@)| dy < 20 / :p<x ) dy. (5.45)

+6

Make the change of variables £ = y — = in the integral on the right—hand side
of (5.45) to obtain

| ple = 0ls) — Fw)l dy < 201 /(fp(g,t) g, (5.46)

+0

where we have also used the symmetry of the heat kernel (see (i) in Proposition
5.1.4). It follows from (5.46) and (5.19) in Lemma 5.1.6 that

oo

lim plz =y, )[f(y) — f(2)] dy = 0;
=0t Jrys

thus, there exists d; > 0 such that

O<t<51:>/+6p(x—y,t)|f(y)—f(a:)|dy<Z. (5.47)

Similar calculations to those leading to (5.47), using (5.20) in Lemma 5.1.6, can
be used to show that there exists d; > 0 such that

T—0 c
0<t<s= [ pla-polf) - S@)l dy <5, (5.48)
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Let 05 = min{dq,d2}. It then follows from (5.43), in conjunction with (5.44),
(5.47) and (5.48), that

0<t<d; :&/_ p(x—y, )| f(y) — f(x,)] dy < e.

We have therefore proved that

o0

lim p(z —y,0)|f(y) — f(z)| dy = 0. (5.49)

t—=0t J_
It follows from (5.49) and the estimate in (5.42) that

lim |u(x,t) — f(z)] =0,

t—0t

which yields (5.14) and assertion (i) of Proposition 5.1.3 has been proved.

(ii) Assume that f has a jump discontinuity at « and put

f(@™)= lim f(y) and f(z7)= lim f(y). (5.50)

y—axt y—x—

Let € > 0 be given. It follows from (5.50) that there exists § > 0 such that

r<y<z+6=|fly) - fa)] <z, (5.51)
and .
x75<y<x:>|f(y)ff(:c*)|<§. (5.52)
Use the definition of u(z,t) in (5.35) to write
+ — o0
uayt) = LTI [ e y100) dy = %) - 510,
and note that
% = /m p(zo —y,t) dy = /gﬂ p(zo —y,t) dy, (5.53)

by virtue of (5.10), (5.9) and the symmetry of the heat kernel (see (i) in Propo-
sition 5.1.4). We therefore have that

xt x~
oy L))

_ / " ple -y () — F) dy

— 0o

+f b — 0.0 (F) — f(h) dy,

o



86 CHAPTER 5. SOLVING LINEAR PDES

so that N 7
o) ﬂw);ﬂww
<[fp@—%wu@yfﬂfwdy (5.54)

+/wﬂfoMﬂwff@ﬂM@

We re-write the last integral on the right-hand side of (5.54) as a sum of two
integrals,

/WMx—% DIF ) — fa)] dy
x+0
:/‘ p(z — 3. )| f () — Fa)] dy (5.55)

+/mp@—MMﬂw—f@ﬂhm

+4

where

x4+
/’ p(z -y, D1 F(y) — £ )| dy <

by virtue of (5.52) and (5.53).
Similar calculations to those leading to (5.47) can be used to show that there
exists 07 > 0 such that

€

40 c
[ de-wna<i (550)

o €
0<t<61:>/ ple = lF) = ) dy < 5. (5.57)
z+
Combining (5.56) and (5.57), we obtain from (5.55) that
e €
0<t<61:>/ P~y 0\ (0) — Fa)| dy < 5. (5.58)

Similarly, we can show that there exists do > 0 such that

(5.59)

| ™

o<t<@=g[ p@ =y B f @) — Fla™)| dy <

Thus, letting d3 = min{d;, 2} we see that the conjunction of (5.58) and (5.59),
together with (5.54), implies that

f@) + fa7)

0<t<ids= 5

u(z,t) — <e.

We have therefore established (5.15) and the proof of part (ii) of Proposition
5.1.3 is now complete. W
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Example 5.1.8. Solve the initial value problem for the diffusion equation in
(5.11), where

if —1<ax<1;
=< = 5.60
/(@) {O, elsewhere. ( )

Solution: A sketch of the graph of the initial condition, f, is shown in Figure
5.1.3. Note that f has jump discontinuities at —1 and at 1.

f

Figure 5.1.3: Initial Condition for Example 5.1.8

Using the formula in (5.35) we get that a solution to the initial value problem
(5.11) with initial condition given in (5.60) is given by

1
u(x,t)z/ p(x —y,t) dy, forz € R andt >0,

-1

or

1
u(, ) = Var Dt

1
/ e~ (@—y)*/4Dt dy, forxeRandt >0, (5.61)
1

Make the change variables r = Ty

in (5.61) to obtain

V4Dt
1 w—lt
u(z,t) = 7 e dr, forxeRandt>0,
" Jine

or
z+1
ViDt .2

z—1
1 1 VaDi
u(z,t) = ﬁ/o e " dr— ﬁ/o e dr, (5.62)

forx € Rand t > 0.
Making use of the error function defined in (5.18), we can rewrite (5.62) as

1 z+1 z—1
u(z,t) = = |Erf | — | —Erf | —— | | , 5.63
B
for x € R and ¢t > 0. Figure 5.1.4 shows plots of the graph of y = wu(z,t),
where u(x,t) is as given in (5.63), for various values of ¢ in the case 4D = 1.

A few interesting properties of the function u given in (5.63) are apparent by
examining the pictures in Figure 5.1.4. First, the graph of y = u(z,t) is smooth
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— 0.5(erf(3.16228 (x + 1)) - erf(3.1622

— 0.5 (erf(1 - x) +erf(x + 1))

x+1 "eﬁl x-1 ]J
V1o ) V1o

—OS[erf

3

Computed by Wolfram|Alpha

Figure 5.1.4: Sketch of Graph of y = u(x,t) for t = 0.1,1, 10

for all ¢ > 0. Even though the initial temperature distribution, f, in (5.60) is not
even continuous, the solution to the initial value problem (5.11) given in (5.63)
is in fact infinitely differentiable as soon as the process gets going for ¢t > 0.
Secondly, the values, u(z, t), of the function u given in (5.63)) are positive at all
values of x € R and ¢ > 0. In particular, for values of z with |z| > 1, where the
initial temperature is zero, the temperature rises instantly for ¢ > 0. Thus, the
diffusion model for heat propagation predicts that heat propagates with infinite
speed. Thirdly, we see from the pictures in Figure 5.1.4 that

lim u(z,t) =0, forall z € R. (5.64)

t—o00

O

5.1.2 Uniqueness for the Diffusion Equation

The observation (5.64) in Example 5.1.8 is true in general for solutions to the
initial value problem in (5.11) for the case in which the initial condition, f, is
square—integrable; that is,

/OO f (@) da < o (5.65)

—00

Observe that, for the function f in Example 5.1.8 satisfies

oo

| 1@ de=2

— 0o

so that the integrability condition in (5.65) holds true for the function in (5.60).
Before we establish that (5.64) is true for any solution of the initial value

problem (5.11) in which the initial condition satisfies (5.65), we will first need

to derive other properties of the function u given in (5.12).
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Proposition 5.1.9. Let f: R — R be continuous and satisfying (5.65); that is,

| P d <o

—0o0

Put

o0
u(z,t) = / plx —y,t)f(y) dy, forx € R and t> 0. (5.66)
—o0
Then,
/ lu(z, £)|? do < o0, for all ¢ > 0, (5.67)
and )
> | ou
%(x,t) dxr < oo, forallt>0. (5.68)

Proof: Let u be given by (5.66), where f satisfies the condition in (5.65). Apply
the Cauchy—Schwarz inequality (or Jensen’s Inequality) to get

lu(z, t)]? < / p(xz—y,t)|f())> dy, forx € R andt >0, (5.69)

where we have also used (5.10) and the positivity of the heat kernel (see (ii) and
(iii) in Proposition 5.1.4).
Integrate with respect to & on both sides of (5.69) to get

/_Z fu(e, D" dz - < /_o:c /_Zp(x -y, )| f(y)]? dyd, (5.70)

for t > 0. Interchanging the order of integration in the integral on the right—
hand side of (5.70) we obtain

[ weoras < [Tuwp{[ se-noaba. e

— 00 — 00 — 00

for t > 0. Tt follows from (5.71) and (5.10) that

/Oo lu(z,t)|> de < /Oc lf()|? dy, fort >0, (5.72)

— 00 — 00

Combining (5.72) and (5.65) then yields
/ u(z, 6)[2 dx < 0, for all ¢ > 0, (5.73)

which is the condition in (5.67).
Next, differentiate u in (5.66) with respect to x to get

ou B © (g —y) e (@-v)*/4Dt

ox
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so that

sewt == [ pe-5.0 %5 1) a (5.74)

for x € R and ¢t > 0.

Proceeding as in the first part of this proof, use the Cauchy—Schwarz in-
equality (or Jensen’s inequality) to obtain from (5.74) that

Ot (1)

2 0o v 9
O </ ple - 9.0 I )2 ay, (5.75)

- 4D%?

forz € Rand ¢t > 0.

Next, integrate on both sides of (5.75) with respect to x and interchange the
order of integration to obtain

< |ou
for t > 0.

Observe that the inner integral in the right—hand side of (5.76) is simply the
variance, 2Dt, of the probability density function p(z,t), so that

1 oo oo
4o < gz [ WP [ @=uPpla—y.1) de dy. (576)

/ (x —y)*p(x —y,t) dv =2Dt, forally € R andt> 0. (5.77)

— 00

Putting together (5.76) and (5.77)

which implies (5.68) by virtue of (5.65). MW

du

1 oo
Gon)| do<on [ If@P dy foreso

2Dt |

We will next show that, if in addition to the integrability condition in (5.65)
for the initial distribution, f, we also impose the conditions (5.67) and (5.68) on
the initial value problem (5.11), then any solution must be of the form given in
(5.12). This amounts to showing that the initial value problem (5.11) in which
the initial condition satisfies (5.65), together with the integrability condition
in (5.67) and (5.68), has a unique solution. We will need the estimate in the
following lemma when we prove uniqueness.

Lemma 5.1.10. Let f: R — R be a continuous function satisfying (5.65). Let
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v be any solution of the problem

%: %, forz € R, t > 0
u(z,0) = f(z), for z e R;
/oo lu(z,t)|* do < oo, for all ¢ > 0; (5.78)
/Z‘gz(x,t)z dr < oo, forallt>D0.
Then,
/w (2, B)]2 de < /OO f(2)2 dz, fort > 0. (5.79)

Proof: Let v denote any solution to the problem (5.78), where f satisfies the
integrability condition in (5.65).
In order to establish (5.79), set

BE(t) :/ lv(z,t)[* dz, for all t > 0. (5.80)

— 00

It follows from the integrability condition in (5.78) that E(t) in (5.80) is well
defined for all ¢ > 0 as a real valued function, E: [0,00) — R. Note also that

B0) = [ @) ds, (5.81)

by virtue of the initial condition in problem (5.78).
Next, observe that, since v satisfies the diffusion equation in (5.78), that is

U = D'Uw17
then F is differentiable and
E'(t) = / 2v(z, t)ve(x, t) doe = 2D/ v(z, t)Vge (, t) d, (5.82)

for t > 0.
We note that the integrability conditions in (5.78) imply that

lim v(z,t) =0and lim wo(z,t) =0, fort >0, (5.83)
T—00 T——00

and
lim v,(z,t) =0and lim wv,(z,t)=0. fort>0, (5.84)

T—00 T——00
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Integrate by parts the last integral in (5.82) to get

R
E't) = Tim |v(R, t)va(R, ) — v(—R, t)os(— R, 1) — / (va (2, )2 dm],
R—oo —R
so that
, | ov 2
E(t):—/ D) dr, fort >0, (5.85)
oo | Oz

by virtue of (5.83), (5.84) and the last integrability condition in (5.78).
Now, it follows from (5.85) that

E'(t)<0, forallt>0,
so that E is nondecreasing in ¢ and therefore
E(t) < E(0), forallt>0. (5.86)
The estimate in (5.79) follows from (5.86) in view of (5.80) and (5.81). W

Proposition 5.1.11. Let f: R — R be a continuous function satisfying (5.65).
The problem

ou 0%u
9 " Vo2 forx € R, t > 0;
u(z,0) = f(x), for = € R;
> (5.87)
/ lu(z,t)|? de < oo, for all t > 0;
— 00
o] a 2
/ a%;(%ﬂ dr < oo, forallt>0,

has at most one solution.

Proof: Let v be any solution of the problem in (5.87) and let u be given by
(5.66). It follows from Proposition 5.1.3 and Proposition 5.1.9 that u solves
problem (5.87). Put

w(z,t) = v(x,t) —u(z,t), forxzeRandt>0. (5.88)

It follows from the linearity of the differential equation in (5.87) that w also
solves the diffusion equation; indeed,

wy = v — U = DUyy — Dge = D(Vgy — Ugay) = DWyy.

The function w defined in (5.88) also satisfies the integrability condition in
problem (5.87) ; in fact, by the triangle inequality,

w(z, )] < |v(z, )] + u(z, )],
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so that
w(z, £)|* < [v(a, )] + 2oz, )] - [ulz, )] + [ulz, t)]%, (5.89)

for all x € R and all ¢ > 0. Next, use the inequality
2ab < a? + b2, for a,b € R,
in (5.89) to get
lw(z,t)]* <2 [jv(z, t)]* + |u(z, )], for z € Randt>0. (5.90)

Integrating on both sides of (5.90) with respect to x we then obtain that
o0 o0 o
/ wo(a, 1) dz < 2 [/ (e, )2 d +/ fu(z, £)? da:]  fort>0,
—o0 —oo —o0

so that -
/ lw(z,t)|* de < co, for t >0,

— 00

since both u and v satisfy the integrability conditions in problem (5.87). Simi-
larly, we can show that

o0
/ |we(x,t)|> de < oo,  for t > 0.
—o0

Now, observe that, since both v and u satisfy the initial condition in problem
(5.87,

w(z,0) =v(z,0) —u(r,0) = f(z) — f(x) =0, forallzeR,
so that w is a solution of problem (5.78) in which the initial condition is the
constant function 0, it follows from the estimate (5.79) in Lemma 5.1.10 that
/ |w(zx,t)[* de <0, fort>0,

from which we get that

/ lw(z,t)|* de =0, fort>0. (5.91)
It follows from (5.91) and the continuity of w that
w(z,t) =0, forallzeRandt>0,

so that
v(z,t) = u(z,t), forallzeRandt>0,

in view of the definition of w in (5.88). Hence, any solution to the problem in
(5.87) must be that given by (5.66). W
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We will next show that, if w is any solution of problem (5.87), where f
satisfies the integrability condition

o0
/ (@) da < oo, (5.92)
—o0
then
lim w(z,t) =0, forallx € R. (5.93)

t—o00
To see why this is the case, apply Proposition 5.1.11 to write

% o (z—y)?/4Dt

u(z,t) = B Wf(y) dy,

for all x € R and ¢ > 0, from which we get that
oo e—(z—y)2/4Dt J .
u(z,t)| < —_— , 5.9
et < [ e )] dy (5.99)

for all x € R and ¢ > 0. Next, square on both sides of (5.94) and apply the
Cauchy—Schwarz inequality to get

e —(z—y)?%/2Dt 00 )
Ju(z, ) < \/&TT Vo TR [F(Y)I” dy, (5.95)
where
0o o—(e—y)2/2Dt
—00 T
Combining (5.95) and (5.96), we then get
e < == [ 1) dy. (.97

for x € Rand t > 0.
It follows from (5.92) and (5.97) that

lim |u(z,t)[> =0, forall z € R,
t—o00

which implies (5.93).

5.2 Solving the Dirichlet Problem in the Unit
Disk

The goal of this section is to construct a solutions to the boundary value problem
for the two—dimensional Laplacian

{um+uyy =0 in Dy; (5.98)

U(Zli,y) = h(ﬂf,y), for (':an) € 8D17
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0D4

Figure 5.2.5: Unit Disk in R?

where Dy = {(z,y) € R? | 2% + y? < 1} is the unit disk in R?, and h is a given
function that is continuous in a neighborhood of the unit circle 9D;. Thus, we
would like to find a function, u, that is harmonic in D; and that takes on the
values given by a continuous function, i, on the boundary of D;.

The procedure that we will follow here construct a solution to the Dirichlet
problem in (5.2) illustrates an approach that has been successful in the solution
of boundary value problems for linear PDEs over domains with simple geometry.

e First, in view of the radial symmetry of the domain, we will express prob-
lem (5.2) in polar coordinate r and 6.

e Next, we look for a special type of solutions that are products of a function
of r and a function of 8. In other words, we look for solutions in which
the variables separate; this is known as the method of separation of
variables.

e When looking solutions that are nonzero over the domain by means of
separation of variables, we are invariable lead to an eigenvalue problem.
Solution of the eigenvalue problem leads to a family of solutions in one
(or both of the variables), called eigenfunctions. These eigenfunctions
generate a special family of solutions.

e We will then use the principle of superposition to construct linear combi-
nations of the eigenfunction solutions. We hope that a sequence of these
linear combinations will converge to a function that solves the PDE in
(5.98) and satisfies the boundary condition in that problem; this method
is usually referred to as eigenfunctions expansion.
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5.2.1 Separation of Variables

In view of the radial symmetry of the domain (see Figure 5.2.5), we will treat
the problem in polar coordinates, (r,8), where

r=rcosf® and y=rsinf.

We will also exploit the linearity of the PDE and the boundary condition in
(5.98) and use the principle of superposition to construct a solution of the prob-
lem by superposing simple solutions of the problem. The strategy then is to,
first, find a special class of functions of r and 6 that solve Laplace’s equation,
and then use sums of those solutions to construct a solution that also satisfies
the boundary condition.

We begin by expressing the BVP (5.98) in polar coordinates:

8721)—1—}@—|-i@ =0 r>0,—m <0< m;
or2  ror r2002 ’ ’ ’ (5.99)

v(1,0) = h(cosb,sinf), —w <6 < ,

where we have set
v(r,0) = u(rcosf,rsinb).

(See Problem 3 in Assignment #11). We will denote h(cos@,sinf) by ¢(6),
where g: R — R is a continuous periodic function of period 2m. We can then
rewrite the BVP in (5.99) as

02 10 102
712’+,7v+f27§ = 0, r>0,—7 <6<
or2  ror  r200 (5.100)

v(l,0) = g¢g(0), -w<06<m.
We start out by looking for special solutions of the PDE in (5.100) of the form
v(r,0) = f(r)z(0), forr>0and —7<6<m, (5.101)

where f: [0,00) — R is a continuous functions that is C? in (0,0), and 2: R —
R is a C?, periodic function of period 27r. We can therefore compute the partial
derivatives,

ov

E(T, 9) — f/(r)z(e), r>0,—m<60<m,
82U 1

520 =1"(20), r>0,-1<f<m
0?v 9

o2 (1 0) = f(r)z"(9), r>0-m<b<m,

and substitute them into the PDE in (5.100) to obtain

"(r)=z(0) + %f’(r)z(@) + Tizf(r)z”(é?) =0, forr>0-m<6<m (5102)
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Assuming that v(r, 0) is not zero for all values of r and 6, and dividing on both
sides of (5.102) by v(r, 6) as given in (5.101), we obtain

) 1F6) 1)
f(r) r f(r)  r?2 z(0)

Multiplying on both sides of the equation in (5.103) by r2, we notice that that
equation can be written in such a way that the functions that depend only on
r are on one side of the equation and those that depend only on 6 are on the
other side of the equation:

1 ! "
r2d (r) +rf(r) __210) for r >0, -7 < 0 < 7. (5.104)

flry 1) 2(0)

Since (5.104) holds true for all values of  and 6 in (0, 1) and (—, 7], respectively,

it follows from (5.104) that each side of the equation in (5.104) must be equal
to a constant.? Call that constant A so that

DI L P )

o TR T e

The expression in (5.105) leads to two ordinary differential equations

=0, forr>0—-nm<6<m. (5.103)

forr>0,—7m <0 <. (5.105)

—2"(0) = X2(0), for —m <0<, (5.106)
and
r2f"(r) +rf (r) = A\f(r), forr>0. (5.107)

The requirement that the function g in (5.100) be periodic of period 27 yields
the following conditions for z:

2(—m)=z(m) and Z(-7)=2(n); (5.108)

in other words, we will assume that z can be extended to a C'' periodic function
defined on R with period two 27. Putting together (5.106) and (5.108) yields
the following two—point boundary value problem:

—2"(0) = AXz(0), for —m<O<m;
z(—m) = z(m); (5.109)
Z(—=m) = Z'(n).

2To see why this assertion is true, pick 6, in (—m, 7] such that z(6,) # 0; then, by virtue
o /() f(r) _ 27(6)

of (5.104), r +r = , for all » > 0; so that the left—hand side of (5.104)
ISR !
0
is constant. Similarly, for fixed 7o in (0,1) with f(r,) # 0, (5.104) implies that z ((0)) =
z

2 f"(ro)
7 f(ro)

be constant.

. f'(ro)
? f(ro)

, for all 6 in (—m, 7], so that the right—hand side of (5.104) must also
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5.2.2 An Eigenvalue Problem

Observe that the constant function z(6) = 0, for all values of 8, solves two—point
BVP in (5.109); we shall refer to this solution as the trivial solution. We are
interested in nontrivial solutions of (5.109); otherwise, the special solutions in
(5.101) of the BVP in (5.100) that we are seeking would all be the zero function.
These solutions will not be helpful in the construction of a solution of the BVP
in (5.100) for arbitrary (nonzero) boundary conditions. We will see shortly that
the answer to the question of whether or not the two—point BVP in (5.109)
has nontrivial solutions depends on the value of A in the ODE in that problem.
In fact, there is a certain set of values of A for which (5.109) has nontrivial
solutions; for the rest of the values of A the two—point BVP (5.109) has only the
trivial solution.

Definition 5.2.1 (Eigenvalues and Eigenfunctions). A value of A in (5.109) for
which the two—point BVP in (5.109) has a nontrivial is called an eigenvalue of
the BVP; a corresponding nontrivial solution is called an eigenfunction.

We will next compute the eigenvalues and eigenfunctions of the two—point
BVP in (5.109). Before we proceed with the calculations, it will be helpful to
know that the eigenvalues of (5.109) must be nonnegative. We state that fact
in the following proposition.

Proposition 5.2.2. Assume that the two—point BVP (5.109) has nontrivial
solution. Then, A > 0.

Proof: Let z be a nontrivial solution of (5.109). Multiply the ODE in (5.109)

by z and integrate from —7 to m to get

- /” 2"(0)2(0) db = )\/ﬂ z(0)z(0) db. (5.110)

—T —T

Use integration by parts to evaluate the left—most integral in (5.110) to get

/ " (0)4(0) df = 2(8)2'(9) T - / " 0)2'(0) do,

so that, in view of the boundary conditions in (5.109),
/7r 2"(0)2(0) df = f/ﬂ [2/(6))? db. (5.111)
Substituting the result in (5.111) into the left-hand side of (5.110) then yields
/W Z(O) do = /\/ﬂ [2(0)]2 do. (5.112)

Since z is a nontrivial solution of the two—point BVP in (5.109), it follows that
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/ [2(6)]* df > 0. We can therefore solve (5.112) for A to obtain

—T

which shows that A is nonnegative. W

In view of the result of Proposition 5.2.2; it suffices to look for nontrivial
solutions of (5.109) for either A = 0 or A > 0.
For the case in which A = 0 in (5.109), the ODE in (5.109) becomes

which has general solution
z2(0) = 160 + c2, (5.113)

for arbitrary constants ¢; and co.
Applying the first boundary condition to z given in (5.113) yields

—TC] + Cy = TTCy +62,

from which we get that 2m¢; = 0, so that ¢; = 0. It then follows from (5.113)
any solution of the BVP in (5.109) with A = 0 must be constant:

z(0) =¢, forall 6. (5.114)

In particular, if ¢ # 0 in (5.114), 2(0) = ¢ for all § is a nontrivial solution of the
two—point BVP (5.109). Consequently, A = 0 is an eigenvalue of (5.109). For
future reference, we shall denote this eigenvalue by \,, so that

Ao =0, (5.115)
and we shall pick the special eigenfunction
po(0) =1, for all 0, (5.116)

and note that any solution of the BVP in (5.109) for )\, is a constant multiple
of ¢, given in (5.116); so that

z0(0) = a,, for all @, (5.117)

where a, denotes a real constant, represents all solutions of the two—point BVP
in (5.116) corresponding to to the eigenvalue A\, = 0.

Next, we look for positive eigenvalues of the BVP in (5.109). For the case
in which A > 0 in (5.109), the general solution of the ODE in (5.109) is

2(0) = ¢1 cos(VAG) + cosin(VAG),  for all 6, (5.118)
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and arbitrary constants ¢; and cs, so that
Z'(0) = —c;VAsin(VA) + caVA cos(VAG),  for all 6. (5.119)

Imposing the the boundary conditions in (5.109) to the functions given in (5.118)
and (5.119) yields the system of equations

{ c1 cos(—VAT) + ¢ sin(—v/Ax)
—c1 vV sin(—V ) + cavV/ A cos(—V )

c1 cos(VAT) + ¢ sin(vAn);

—c1 VA sin(vV ) + cavV cos(VAT);
(5.120)

thus, dividing the second equation in (5.120) by v/A since A > 0, and using the

fact that cos is even and sin is odd,

{ c1cos(VAT) — casin(—VAm) = ¢1 cos(vVAT) + g sin(vVA);

c1sin(vV/ A7) + e cos(VAT) = —epsin(vVA) + ¢z cos(vV A7),

from which we get that

{zczsin(ﬁﬂ) = 0 (5.121)

2¢ysin(vAr) = 0.

Since we are looking for nontrivial solutions of (5.109), we require that ¢; and
¢o in (5.118) are not both zero. Consequently, we obtain from (5.121) that

sin(vV/Ar) = 0. (5.122)
Solutions to the trigonometric equation in (5.122) are given by
Var =nr (5.123)

where n is an integer. It follows from (5.123) that the positive eigenvalues of
the BVP in (5.109) are given by

A=n? forn=123,.... (5.124)

We will denote the positive eigenvalues of the BVP (5.109) in (5.124) by A, for
n=1,2,3,..., so that

A\, =n? forn=1,23,.... (5.125)

We will denote the corresponding eigenfunctions by z,. These are linear com-
binations of cos(nf) and sin(nf), so that

2n(0) = ap cos(nf) + b, sin(nf) forn=1,2,3,..., and € R,  (5.126)

where a,, and b, for n = 1,2,3..., are real constants.
We shall put together the results in (5.115), (5.117), (5.125) and (5.126) in
the following proposition:
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Proposition 5.2.3 (Eigenvalues and eigenfunctions of BVP (5.109)). The eigen-
values of the two—point BVP (5.109) are given by

A =n?, forn=0,1,2,3,..., (5.127)
with corresponding eigenfunctions of the form
z0(0) = ao, forall § € R,
and
zn(0) = ay, cos(nf) + b, sin(nf) forn=1,2,3,..., and 0 € R,
where a,, forn=20,1,2,..., and b, for n = 1,2,3,..., are real constants.

We the values for A given in (5.127) we now proceed to solve the ODE in
(5.107) for the radial component of the special solutions to the BVP in (5.100)
of the form given in (5.101); namely,

r2f"(ry+rf'(r) =n*f(r), forr>0andn=0,1,2,... (5.128)
We shall first solve (5.128) for the case n = 0. In this case the equation becomes
rf"(r)+ f'(r)=0, forr >0, (5.129)

where we have divided by r > 0. Observe that the equation in (5.129) can be
written as

dii[rf’(r)] =0, forr>0,

which can be integrated to yield
rf'(r) =c, forr >0,

and some constant c¢q, or

C1

fiir)y= o for r > 0, (5.130)

and some constant ¢;. Integrating the equation in (5.130) then yields
f(r)=cln(r) +c, forr >0, (5.131)

and some constants ¢; and cy. Observe that, if ¢; # 0 in (5.131), the the
function f given a (5.131) is not unbounded as r — 0. Thus, since we are
looking for C? functions defined in the closure of the unit disk, D1, we must set
c1 equal to 0. This is equivalent to imposing the following boundary condition
on f:

lim f(r) exists. (5.132)

r—0t
Hence, it follows from (5.131) and (5.132) that, for n = 0, a solution for (5.128)
is given by
f(r)y=¢, forallr, (5.133)
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is a solution, for some constant c. Taking ¢ = 1 in (5.133) we get the solution
to (5.128) corresponding to n = 0:

fo(r)=1, forall r. (5.134)

Next, consider the case n > 1 1in (5.128). In this case the differential equation
in (5.128) is an ODE of Euler type:

r2f"(r) +rf (r) —n?f(r) =0, forr > 0. (5.135)
The ODE in (5.135) can be solved by looking for solutions of the form
f(r)y=ri, forr>0 (5.136)

and some real number q.
Taking derivatives of f in (5.136) and substituting into (5.136) yields

r2q(q — 1) 2 +rqri~t —n?r9 =0, forr >0,
or
qlg— i+ qri —n*r? =0, forr >0,

or
[q(g—1) +q—n?rt=0, forr>0. (5.137)

It follows from (5.137) that
q(g—1)+q—n*=0,

or
or

from which we get that
q==*n. (5.138)

It follows from (5.137) and (5.138) that
fon(ry=r=" and fu(r)=r", forr>0. (5.139)

In view of the boundary condition in (5.132), we take the second solution in
(5.139),

fu(r)=71", forallr andn=1,2,3,.... (5.140)

Putting together (5.140), (5.134), (5.126), (5.117), and (5.101), we conclude

that we have found an infinite collection of solutions to the PDE in (5.100);

namely,
Vo(r,0) = a,, for all r and 0; (5.141)

v (r,0) = r"[ay cos(nd) + b, sin(nh)],  for all r and 6, (5.142)

where a,, forn =20,1,2,..., and b,, for n =1,2,3,..., are real constants.
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5.2.3 Expansion in Terms of Eigenfunctions

None of the functions in (5.141) and (5.142) by itself will satisfy the general
boundary condition in (5.100). We can, however, attempt to construct a solution
to (5.100) adding all of them together; in other words, by applying the principle
of superposition:

v(r,0) =a, + Z 7" [an cos(nd) + b, sin(nd)], 0 < r <1, —m <0 < 7. (5.143)

n=0

provided the series in (5.143) converges to a C? function.
Let’s assume for the moment that the series in (5.143) converges also for
r =1, so that we can apply the boundary condition in (5.100) to get

a, + Z[an cos(nf) + b, sin(nf)] = g(0), for —w <O <. (5.144)

n=0

Assuming for the moment that the series on the left—hand side of (5.144) con-
verges in such a way that it can be integrated term by term, we can compute
the values of the coefficients a,,, forn =0,1,2,..., and b,, forn =1,2,3,...,in
terms of the function g by means of the following integration facts:

/ sin(nf) cos(m#) dd =0, for all m,n=1,2,3,...; (5.145)
/ cos(nfd) cos(m@) do = {0’ %f m#n (5.146)
- w, ifm=n,;
and
™ f .
/ sin(nd) sin(m0) df = {O’ 1 m# m; (5.147)
_r w, if m=n.

Indeed, integrating on both sides of (5.144) from —7 to m we get, assuming that
the series in (5.144) can be integrated term by term,

27a, :/ g(0) do,

—T

from which we get
1 s

o = —
2 J_,

g(0) do; (5.148)
thus, a, is the average value of g over the interval (—m, 7.
Next, multiply the equation in (5.144) on both sides by cos(m#) to obtain

ao cosmb + Z [an, cosnf cosmb + by, sinnf cosmb] = g(0) cosmb.  (5.149)

n=0
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Then, integrate on both sides of (5.149) with respect to § from —x to w, and
use the identities in (5.145) and (5.146) to get

Ty = /7T g(0) cos(m@) db,

—Tr
from which we get

1 s
Gy, = —/ g(0) cos(mb) df, form=1,2,3,.... (5.150)

L

Similar calculations (this time multiplying the equation in (5.144) on both sides
by sin(mf), integrating from — to 7, and using the integral identities in (5.145)
and (5.147)) lead to
1 ™
by, = 7/ g(0)sin(mb) df, form=1,2,3,.... (5.151)

T J—x

The numbers defined in (5.148), (5.150) and (5.151) are called the Fourier
coefficients of the 2r—periodic function g. Note that the Fourier coefficients of
g are defined whenever g is absolutely integrable over the interval [—m, 7].

Definition 5.2.4 (Absolute Integrability). A function g: [—m, 7] — R is said
to be absolutely integrable over [—m, 7] whenever

/W 9(0)] df < oo. (5.152)

—T

Note that g doesn’t have to be continuous for (5.152) for (5.152). For in-
stance, if g is bounded and piece—wise continuous then (5.152) holds; indeed,
suppose that g piece—wise continuous and

‘g(e)| <M1 for9€[—7r77r],

and some positive constant M; then

/ 9O do< [ M do=2mM < oo

—1T —1T

Notation 5.2.5. We will denote the integral in (5.152) by ||g|/z1; so that

lollos = | lat®)] do. (5.153)
If the integral in (5.153) ia understood as the Lebesgue integral, and ||g|| 1 < oo
we will say that g is an L! function and write g € L*(—n, 7). We shall refer to
llgllz: as the L' norm of g € L'(—n, 7).

The existence of the Fourier coefficients of ¢ in (5.148), (5.150) and (5.151)
is guaranteed for absolutely integrable 2m—periodic functions, g, or for g €
L'(—m, ). This is the content of the following proposition.
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Proposition 5.2.6 (Existence of the Fourier Coefficients). Let a,, for n =
0,1,2,..., be as given in (5.148) and (5.150), and by, for n = 1,2,3,..., be as
in (5.151), where g € L'(—m, 7). Then,

1
|an| <;||g||L1, forn=20,1,2,3,...; (5.154)

and )
[b,] < ;||g||L1, forn=1,2,3,.... (5.155)

Proof: The estimates in (5.154) and (5.155) follow from properties of the inte-
gral. For a,, we get from (5.148) that

1 iy
0] < —= / 19(6)] b,

2 J_,

so that, using the definition of the L! norm of g in (5.153),

1 1
laol < 5-llgllzs < —llgllrs-

For n=1,2,3,... we obtain from (5.150) that

1 ™
al < = [ 9@ cosnt)] do

T™J-xm

1 us
< =/ @),

L "

since | cos(nd)| < 1 for all  and all n, which yields (5.154). Similar calculations
lead to (5.155). W

It follows from Proposition 5.2.6 that the sequences of Fourier coefficients,
(a,) and (b,), of g are bounded by a constant depending on the L' norm of
g. In fact, it can be shown that the Fourier coefficients of an L' 27—periodic
functions tend to 0 as n goes to infinity; this is known as the Riemann—Lebesgue
Lemma.

Proposition 5.2.7 (Riemann-Lebesgue Lemma). Let a,, for n = 0,1,2,...,
be as given in (5.148) and (5.150), and b, for n = 1,2,3,..., be as in (5.151),
where g € L*(—m, 7). Then,

lim a, =0 and lim b, =0.
n—00 n— 00

For a proof of the Riemann-Lebesgue Lemma, see [Tol62].
We will next use the result of Proposition 5.2.6 to prove that the series
defining the function v in (5.143) converges in Dj.
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Proposition 5.2.8 (Point-wise Convergence of Series in (5.143) ). Let ay, for
n =0,1,2,..., be as given in (5.148) and (5.150), and b,, for n = 1,2,3,...
be as in (5.151), where g € L'(—m, m). Then, the series defining v in (5.143)
converges absolutely in D;.

Proof: The conclusion will follow by comparing with the geometric series since
0<r<1land

|r"a, cos(nd)| < r"la,| < gl r,  for all n,
™

where we have used the estimate (5.154) in Proposition 5.2.6. Similarly, using
(5.155) in Proposition 5.2.6,

|r"by, sin(n)| < lglz: ",

™

foralln. 1

Proposition 5.143) allows us to conclude that the function v given in (5.143)
is well defined. However, in order to prove that that function is harmonic in
D;, we have to be able to differentiate the series term by term. This would
be possible, for instance, if we knew that the series on the right-hand-side of
(5.143), and the series for the partial derivatives

Z nr"[—ay, sin(n#) + b, cos(nb)],

- Z n?r"[a, cos(nd) + b, sin(nh)],
n=0

Z nr"a, cos(nf) + b, sin(nh)],

and
oo

Z n(n — 1)r""?[a, cos(nf) + b, sin(nd)],

n=0
converge uniformly. However, we do not know that at this point. In order to
answer these questions, though, we will have to make further assumptions on g.
Before we deal with these questions, we will first answer the question of when the
trigonometric series on the left—hand side of the equation in (5.144) converges
uniformly. Uniform convergence will justify the term-by—term integration that
was done in order to obtain the formulas in (5.148), (5.150) and (5.151). We will
denote the trigonometric series on the left-hand side of the equation in (5.144)
by g(8), so that

9(0) = a, + Z[an cos(nf) + b, sin(nd)], for —7w <0<, (5.156)

n=0
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where a,, for n =
ficients of g. Let (
(5.156) so that

1,2,..., and b,, for n = 1,2,3,..., are the Fourier coef-
(

0,
n(0)) denote the sequence of partial sums of the series in

3©>
=

I

S

Q

+
-

lay cos(kO) + by sin(k0)], for —7 <O <. (5.157)

Definition 5.2.9 (Uniform Convergence). We say that sequence of functions,
(gn), defined in (5.157) converges uniformly to ¢ in [—m, 7] if

lim max [g,(0) — g(0)] =0.

n—oo —r <<

The following proposition gives a sufficient condition for the trigonometric
series in (5.156) to converge uniformly to g.

Theorem 5.2.10 (Uniform Convergence). Assume that g: R — R is a contin-
uous 27m—periodic function; assume also that g is piece—wise differentiable with
g’ : R — R piecewise continuous. Let (g,,) be the sequence of trigonometric func-
tions defined in (5.156), where a,,, for n =0,1,2,..., and b,, forn =1,2,3, ...,
are the Fourier coefficients of g. Then, (g,,) converges uniformly to g in [—m, 7]
as n — oo.

A proof of Theorem 5.2.10 may be found in [Tol62, pp. 80-81]. The idea of
the proof is to derive the estimate

oo

> (lak| + [br]) < oo, (5.158)
k=0

for the Fourier coefficients of a piece-wise C', 27—periodic function g. The
uniform convergence of the series in (5.156) then follows from the observation
that sum of the absolute values of the terms in the series on the right—hand side
of (5.156) is bounded above by the series on the left—-hand side of (5.158). The
uniform convergence of the series in (5.156) is then a consequence of Weierstrass
Majorization Test, or Weierstrass M—Test for uniform convergence, (see, for
example, [Rud53, Theorem 7.10, pg. 119]).

Definition 5.2.11 (Piece-wise C'). We say that g: R — R is piecewise C if
it is differentiable, and its derivative is piece—wise continuous.

Let’s assume for the moment that g is a 2r—periodic, piece-wise C'* function.
It then follows from Theorem 5.2.10 that the Fourier series on the left—-hand
side of (5.144), where a,, for n = 0,1,2,..., and b,, for n = 1,2,3,..., are
the Fourier coefficients of g, converges uniformly to the right—hand side of the
equation. This justifies the term—by—term integration of the series that lead to
the formulas for the Fourier coefficients in (5.148), (5.150) and (5.151) by virtue
of the following theorem form Analysis:
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Theorem 5.2.12 (Term—by—Term Integration). Let (uy) be a sequence of con-
tinuous functions over a closed and bounded interval, [a,b]. Assume that the

series
o0
>
k=1

converges uniformly to f. Then, f is continuous on [a, b], and

/abf(x) dx = g/ﬂbuk(x) dx,

/ab (guk(:ﬂ)> dx = g/:uk(m) dx,

For a proof of this theorem refer to Rudin [Rud53, pg. 121-122].

or

We saw in Proposition 5.2.8 that the trigonometric series defining v(r, 6) in
(5.143),

v(r,0) = a, + Zr"[an cosnf +b,sinnf], 0 <r <1, — <0< 7, (5.159)

n=0

converges in Dj, provided that g € L'(—m, ), or absolutely integrable on
[-7,7]. In the next proposition we will use the Weierstrass M—Test for uni-
form convergence, (see [Rud53, Theorem 7.10, pg. 119]), in order to show that,
for the case in which g is piece-wise C!' and 27-periodic, then the series in
(5.159), where the a,, for n = 0,1,2,..., and b,, for n = 1,2,3,..., are the
Fourier coefficients of ¢, converges uniformly in D1, the closed unit disk in R2.

Proposition 5.2.13 (Uniform Convergence of Series in (5.143) ). Let a,, for
n=0,1,2,..., be as given in (5.148) and (5.150), and b,,, for n = 1,2,3,... be
as in (5.151), where g is a piecewise C!, 2r—periodic function. Then, the series
defining v in (5.159) converges uniformly in D;.

Proof: The assumptions that g is piece-wise C'' and 27 periodic imply that the
Fourier coefficients of g satisfy the estimate in (5.158); namely,

o0

> (lak] + [be]) < oo. (5.160)
k=0

See [Tol62, pp. 80-81] for details of the calculations leading up to (5.160).
Next, us the triangle inequality to estimate the absolute values of the terms
of the series in (5.159) to get

| [an cos(n@) + b, sin(nb)]| < |an| + |bn], foralln=1,2,3,...,

and all » € [0,1] and 0 € [—m,w]. Thus, the absolute values of the terms of
the series in (5.159) are “majorized” by the terms of the convergent series in
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(5.160). It then follows by the the Weierstrass M—Test for uniform convergence
([Rud53, Theorem 7.10, pg. 119]) that the series in (5.159) converges uniformly
forr €[0,1] and 0 € [-7,7]. N

We will get a chance to use Weierstrass M—Test for uniform convergence
once again to justify the following calculations based on the trigonometric series
representation for v(r, #) in (5.159) and the assumption that g is a piecewise C!,
2m—periodic function.

First, substitute the formulas defining the Fourier coefficients of g in (5.148),
(5.150) and (5.151) into the right-hand side (5.159) to get

o) = o [ al® d§+§r” ([ atcostng) a ) costun)

e ( | s@sinug d£> sin(n@]

™ -

= o [ gt de G [ / * cos(nd) cos(n€)g(€) de

2w - n=0 -

+ /7T sin(nd) sin(né)g(§) df]

—T

= o s©ae

4= Z/ "cos(nf) cos(n&) + sin(nh) sin(né)]g(&) d¢,

which can be written as
U(r,@):%[ €) dé + = Z[ ™ cos[n(0 — €)]g(€) de, (5.161)

for 0 <r <1 and @ € [—m, ]|, by virtue of the trigonometric identity
cos(av — 8) = cosacos B + sin asin 3.

Next, we will interchange the order of integration and summation in (5.161).
This is justified by the fact that the series

i cos(né)

converges uniformly in ¢ € [—m, 7| for 0 < 7 < 1. To see why this is the case,
note that
[r™ cos(ng)| < ", forallm=1,2,3,...
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Thus, the assertion follows by the Weierstrass M—Test for uniform convergence,
for0<r<1.
Hence, interchanging the order of summation and integration in (5.161), we

can write
1 v
)= —
o) =5 [

for 0 <r < 1and @ € [—m,n]. Putting

oo

1+ 2r" cos[n(d — 5)]] 9(§) dg, (5.162)

n=1

P(r,0) = 21

™

1+ Z 2r" cos(n&)] , for0<r<1land@e][-mnr], (5.163)

n=1

we see that (5.164) can be written as

v(r,0) = /Tf P(r,0 —&)g(¢) d¢, for0<r<1landfe[-mn]. (5.164)

—T

5.2.4 The Poisson Kernel for the Unit Disk

The function P defined in (5.163) is called the Poisson kernel for the unit
disk in R?, and the expression on the right-hand side of (5.164) is called the
Poisson integral representation for v. In this section and the next, we will
prove several important properties of the Poisson kernel and the Poisson integral
in (5.164).

We will first show that the series defining the Poisson kernel in (5.163)
converges uniformly over § € [—m, 7] for each 0 < r < 1. This will justify
term—by—term integration of the series. We will use the Weierstrass M—Test for
uniform convergence. Thus, we first estimates the absolute values of the of the
terms of the series,

|2r™ cos(nf)| < 2r", for all 6 € [—7,7]. (5.165)

It follows from (5.165) that the absolute values of the terms of the series in
(5.163) are “majorized” by the terms of the convergent geometric series

o0
Z 2r",
n=1

for 0 < r < 1. Hence, the Weierstrass M—Test applies, and we conclude that
the series defining P(r,0) in (5.163) converges uniformly in 6 for 0 < r < 1.
This arguments can be carried out further to prove that, for any 0 < R < 1,
the series defining P(r,6) in (5.163) converges uniformly for 6§ € [—m, 7] and
r € [0, R]. Hence, P(r,0) defines a continuous function in the open unit disc,
D+, in R2. This follows from the following important consequence of the uniform
convergence of a sequence of continuous functions:
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Proposition 5.2.14 (Uniform Limit of Continuous Functions). Let (f,) be a
sequence of continuous functions on [a, b] that converges uniformly to a functions
f:]a,b] = R. Then, f is continuous.

For a proof of this proposition see Rudin [Rud53, Theorem 7.12, pg. 20].

We will next show that, in fact, the Poisson kernel is C? in D; and that it
solves Laplace’s equation in D;. In order to show that the partial derivatives of
P exist, we need to show that the series

Z 207" cos(nf) and Z 2nr" sin(nd) (5.166)
n=1 n=1

converge uniformly. This assertion will follow from the following proposition

Proposition 5.2.15 (Term—by—Term Differentiation). Let (uy) be a sequence
of functions that are differentiable over a closed and bounded interval, [a,b].
Assume that the series -

D u

k=1

converges uniformly over [a, b]. Assume also that the series

Z ug (o)
k=1

converges at some point x, in [a,b]. Then, the series converges
oo
> un
k=1

converges uniformly to function f that is differentiable over [a, b], and

F(z) = Zu;c(x)’ for all x € [a, b];
k=1
or g [ >
k=1 k=1

for all € [a, b].

This proposition can be proved by applying Theorem 7.17 in [Rud53, pg.
124].

In order to see that the series in (5.166) converge absolutely and uniformly,
first note that

|2nr" L cos(nf)| < 2nr™"t  and |20 sin(nf)| < 2nr?
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for all § € [—m,7]; so that the series in (5.166) are “majorized” by the series

Z 2nr" 1 and Z 2nr™, (5.167)
n=1 n=1

respectively; both of the series in (5.167) converge by the Root Test (or the
Ratio Test), since 0 << 1. It then follows by the Weierstrass M—Test for
uniform convergence, that the series in (5.167) converge uniformly in 6. The
same argument applied to r € [0, R], where where R < 1, yields that the series
in (5.166) are absolutely and uniformly convergent for 6i]—m, 7] and r € [0, R].
This time the series in (5.166) are “majorized” by the convergent series

o0 o0
> 2nR"™' and ) 2nR™
n=1 n=1

It the follows from Proposition 5.2.15 that the partial derivatives of the Poisson
kernel in (5.163) have partial derivatives in D; given by

0

E[ g 2nr" tcos(nf), 0<r<1land@¢€[-m7], (5168)
91p( 9)]—_i§oo:2 "sin(nd), 0<r<landde|-ma], (5.169)
g E 0] =—o- 2 nr'sin(nf), 0<r an 7,7, .

where we have differentiated the series in (5.163) term-by—term. A similar
argument can be used to obtain the second partial derivatives of the of the
Poisson kernel:

0? 1 o
ﬁ[ =5 Z “2cos(nf), 0<r<1,0c[-nmn] (5.170)
and
82
892[ ZQn r" cos(n 0<r<landfe[-mnr] (5171)

where the series in (5.168) and (5.169) have been differentiated term-by—term.
Next, substitute the partial derivatives in (5.168), (5.170) and (5.171) into
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the expression for the Laplacian of P in polar coordinates to get

82P+ 18P+ 1 0%P
or? r Or  r?2 002

1 - n—2
= 5 7;1 2n(n — 1)r" ™ cos(nb)

1 oo
—1—% nz::l 2n7" 1 cos(nf)

1
2mr?

Z 2n%r™ cos(nf) (5.172)
n=1

= % Z[n(n — 1) 4+ n — n?r" "2 cos(nb)

n=1
= O,

for all § € [—m, 7] and 0 < r < 1. We have therefore shown that the Poisson
kernel solves Laplace’s equation in the open unit disc.

Next, integrating the series in (5.163) over the interval [—m, |, which is
justified by the uniform convergence of the series, to obtain

/ P(r,0)dd =1, forall0<r<1. (5.173)

The series defining the Poisson kernel in (5.163) can actually be evaluated
by using the identity _ _
2cos(nb) = e™? 4 =0,

and then adding geometric series. Indeed,

Z 2r" cos(nf) = Z ! + e
n=1

so that, since |ret®| =r < 1, for all 0,

— + -
1—re? 1—rei0’

Z 2r cos(nf) =
n=1

which simplifies to

ref — 2 4 pe—i0 _ 2

1—re® —re—i0 4927

Z 2r" cos(nf) =
n=1
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or _ _
7’[619 + e’“g] — 972
1— r[eiﬁ + e—i@] + 7«2’

Z 2r" cos(nf) =
n=1
or

2r cos(6) — 2r?
1 —2rcos(f) +r?’

Z 2r"™ cos(nd)

n=1

0<r<1,0e[-mn]. (5.174)

Substituting the value of the series in (5.174) into (5.163) then yields the formula

1 1—r2

P(r,0) = —
(r,6) 21 1 —2rcos(f) + 12’

for0<r<land@e[-mmn|, (5.175)

for the Poisson kernel.

We will next use the formula in (5.175) for the Poisson kernel for the unit disk
to derive further properties of the Poisson kernel. We summarize these proper-
ties, as well as the ones we have already established using the representation in
(5.163) in the following proposition.

Proposition 5.2.16 (Properties of the Poisson Kernel). Let P(r,0) be given
by (5.175), or its equivalent representation as an infinite series in (5.163). Then,
the function P: [0,1) x [—m, 7] — R satisfies the following:

(i) P(r,0) >0 for all (r,0) € [0,1) x [—m,7];
(ii) P € C*>=([0,1) x [—m,x]);
(iii) P is harmonic in Dy;

(iv)/ P(r,0d—¢)dé=1, forall{ e Rand all 0 < r < 1.

—T

(v) lim P(r,0 —&) =0, for { #6 and [ — 0| < m;

r—1-

(vi) lim P(r,0 — &) = 400, for £ =4.

r—1-

Proof: In order to prove (i) and (ii), first note that, for all § € R and r > 0,
2rcosf < 2r,

so that
1—2rcosf+r2> 1—27“—1—7"2,

or
1—2rcos(@) +r*>(1—r)? forO<r<1land@cR. (5.176)

It follows from (5.176) and the formula for P(r,60) in (5.175) that P(r, ) is
defined for all » € [0,7) and all § € R, and P(r,0) > 0 for r € [0,r) and all
0 € R; we have therefore establlished (i).



5.2. DIRICHLET PROBLEM FOR THE DISK 115

From (5.176) we also obtain that
1—2rcos(d) +r>>0, for0<r<1andfecR.

Thus, the denominator in the formula for P(r,6) in (5.175) is not zero for
0 < r <1 and # € R; hence, the since the numerator and denominator of the
expression defining P(r,0) in (5.175) are C*° functions, (ii) also follows.

We have already established that P satisfies Laplace’s equation in D; (see
the calculations leading up to (5.172) on page 113) using the definition of P in
(5.163). Thus, P is harmonic in D; and so we have established (iii).

The integral identity in (iv) will follow from (5.173) and the 2w—periodicity
of P(r,0) in 0. Indeed, making the change of variables ( = 6 — ¢ in the integral
in (iv) we have

™ 0—m
Pro-9de = - [ PO
—T O+m
047
- | reow
0—m
- [ Pro
for all § € R.
Next, use the formula for P(r,8) in (5.175) to obtain that
1 1—7?
Pir—¢)=— — "
(0 =8 = oo 2
for 8 = ¢, from which we get that
1 147
P(r,0 —¢) 5 T for0O<r<landf=¢ (5.177)

The assertion in (vi) follows from (5.177).
To prove (v), first note that

lim [1 —2rcos(f — &)+ = 2—2cos(f —¢&)

r—1-
= sin?(0 —¢)
so that

lim [1 —2rcos(d — &) +72] #0, foré#0and | -0 <7 (5.178)

r—1-

The assertion in (v) then follows from (5.178) and the expression for the Poisson
kernel in (5.175). W



116 CHAPTER 5. SOLVING LINEAR PDES

5.2.5 The Poisson Integral Representation

Let g: [-7, 7] — R be a continuous function that can be extended to a contin-
uous 2m—periodic function in R. We then have that

lg(6)| < M, forall § € [—m, 7], (5.179)

and some positive constant M. The goal of this section is to use the properties
of the Poisson kernel listed in Proposition 5.2.16 to prove that the function
u: D1 — R defined by

i P(r,0 —&)g(&) d¢, for0<r<1, 6e€l[-mmn);
u(r,0) =" " (5.180)

9(0), forr=1, 0 € [-7, 7],

where P(r, ) denotes the Poisson kernel for the unit disk in R? given in (5.163)
or (5.175), solves the Dirichlet problem for the unit disk in R?.

We first show that u € C%(D;) and that it solves Laplace’s equation in Dy;
in polar coordinates,

32u+ 1au+ 1 0%u
or?2  ror  r?o0?
This will follow from (iii) in Proposition 5.2.16, provided we can show that

differentiation under the integral sign in the first part of the definition of u in
(5.180) is valid. Indeed, property (iii) in Proposition 5.181 says that

=0, for0<r<1,0¢e[-mmnl. (5.181)

o*p n 137]3 n 1 0%P

or2  ror  r? 062
Thus, assuming for the moment that differentiation under the integral sign in
(5.180) is valid, we have that, for 0 <r < 1 and 6 € [—7, 7],

=0, for0<r<1, 0¢e[-mn] (5.182)

0%u  10u 1 0%u T 092
o o teae — ) g0 9lel€) &

+ [ 22 P0 - 6lg(e) de

—T

s 1 82
+ / P 0= Olue) de.

which can be written as
2

Au:/_: {;ﬂ[p(rya_g)]juig[P(r,e—é)H:2;92[13(7“79—5)} 9(§) d&,

where we have used the short-hand notation, Au, for the Laplacian of u. The
fact that u is harmonic in D; then follows from the previous identity and (5.182).
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We will next see that differentiation under the integral sign is justified. In
order to do this, we first note that the continuity of ¢ implies that there exists
a positive constant, M, such that

lg(0)| < M, for all § € [—m,7]. (5.183)

In view of (5.183) and (5.182), in order to justify the differentiation under the
integral sign in the first part of the definition of w in (5.180), it suffices to prove
that

O ipro—6). Lpro-©) and P09
a0" \" g\ e gzt
are absolutely integrable over [—, 7] for each [—, 7).
Use (5.175) to compute
0 1 (1—r%)2rsin(d - &)
%[P(T’e Ol = 21 (1 —2rcos(f — &) +r2)2’
which can be written as
O 1P(rg—e)=——2rsm0 =8 po g g (5.184)

00 11— 2rcos( — &)+ r?

by virtue of the expression for the Poisson kernel in (5.175). Next, take absolute
values on both sides of (5.184) and use the estimate in (5.176) to get

2r
(1—r)2

B[P(n@—f)]’ < P(r,0 =€), (5.185)

00

where we have used the positivity of the Poisson kernel in (i) of Proposition
5.2.16. Integrating on both sides of the inequality in (5.185) form —n to 7 and
using property (iv) in Proposition 5.2.16 we obtain that

.

which shows that %[P(r, 0 —¢)] is absolutely integrable over [—m, 7] for 0 <

0

06

[P(T,H—f)}‘ d¢ < for0<r<1and#@€[—mm],

(1=r)*

r<1and@e€[—mn,mn]
Next, take partial derivative with respect to 6 on both sides of (5.184) to get

0? 2rcos(f — &)

w[P(T’e -9l = 11— 2rcos(d —¢€) +7“2P(T’9 -9

472 sin (0 — €)

+ (1 —2rcos(f — &) +1r2)?

P(r,0 —¢)

3 2rsin(f — &) 0
1—2rcos(d—¢&)+r2060

[P(r,0 =&)],
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so that, in view of (5.184),

0? B 2r cos(6 — &)
@[P(he_g)] B _1—2rcos(9—§)+r2p(r’0_§)

412 sin’(0 — £)
+ (1 —2rcos(6 — &) +12)2

P(r,0 —¢)

412 sin’(0 — €)

+(1 — 2rcos(f — €) +T2)2P(T’79*§)7
or
0 o 2r cos(0 — &)
2P0 =98] = 71—27‘005(9—§)+r2p(r’07€)

(5.186)
872 gin? 6 —¢)
+(1 —2rcos(f — &) + T2)2P(r79 -9).

Taking absolute values on both sides of (5.186) and applying the triangle in-
equality, we obtain

82
'mﬂ

2r 8r?
e (o

where we have also used the estimate in (5.176) and the positivity of the Poisson
kernel (see property (i) in Proposition 5.2.16). Integrating from —7 to 7 on both
sides of (5.187) then yields

2r 8r?

T 82
/_,r G- ta—no

W[P(Taa—fﬂ‘ d¢ <
where we have also used property (iv) in Proposition 5.2.16; thus, we have shown
2

that %[P(T,H —¢)] is absolutely integrable over [—m, 7] for 0 < 7 < 1 and
0eR.
Next, differentiate the Poisson kernel in (5.175) with respect to r, for 0 <

r < 1, to obtain

[Pme@ﬂ< Pr6-¢).  (5187)

for0<r<1, 0 eR,

1 —2r 1 (1—7%)(2r —2cos(d —&))
T2 1—2rcos(0—&)+r2  2m (1—2rcos(f—&) +12)2

0
P60 -€)]

where we have applied the Product Rule; so that, in view of the expression for
the Poison kernel in (5.175),

0 2r 2r — 2cos(6 — &)

E[P(T,e—f)] = _ﬁp(rae_g) - 1 *27"008(875) +r2P(7ﬁa9_€)a
or
0 [ =2r 2r — cos(f — &)
E[P(r’e —9l= 1—r2 + 1—2rcos(d —&)+r? P(r,6—£), (5.188)
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for 0 <r < 1andall £ and 0 in R.
Next, take absolute values on both sides of (5.188), applying the triangle
inequality, and use the estimate in (5.176) to obtain

2r 2r+1
71"2+(17r)2

0
—|P — < P(r,0 —¢), 1
2 iptro-9) < [ (0 —¢ (5.15)
for 0 <7 < 1and#,£ € R, where we have also used the positivity of the Poisson
kernel (see property (i) in Proposition 5.2.16).
Integrating from —7 to 7 on both sides of (5.189) and using property (iv) in
Proposition 5.2.16 then yields

which shows that g[P(r, 6 — &)] is absolutely integrable over [—m, 7] for 0 <
r

r<1and@e€[—mn,mn]

Hence, differentiation under the integral sign in the first part of the definition
of w in (5.180) is justified. We have therefore established that the function u
defined in (5.180) is in C?(D;) and satisfies Laplace’s equation. It remains to
prove that u € C(D;) and that it satisfies the boundary conditions in problem
(5.100). This will be accomplished once we prove the following lemma:

0 2r 2r 4+ 1
—|P - < ) f < ’ Rv
3r[ (r,0 f)]' d§ 1—T2+(1—7‘)2 or 0<r<0, 0c

Lemma 5.2.17 (Boundary Limits of the Poisson Integral Representation). Let
u be as given in (5.180) where g is continuous on [—m,7]. Then, for every
C € [_pl7 71-]7
lim u(r,0) — = 0. 5.190
Jfmu(r.0) = g(0) (5.190)
Proof: First consider the case in which ¢ € (—m, 7).
Let € > 0 be given. Since g is is continuous on [—m, 7], there exists §; > 0

such that §; < g, and

f-Cl<a=ge-mm) and lg©) -9l <5 (5101

Next, use property (iii) of the Poisson kernel in Proposition 5.2.16 to write

s

/Pre 9(&) de—g(¢) [ P(r,0—¢) de

—T

u(r, 6) - g(<)

T

/ P(r,0—&)g(6) de — [ P(r,0— €)g(C) de,

—T

so that

™

u(r,0) —g(¢) = P(r,0 = §[g(&) — 9(<)] dé€. (5.192)

—T
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Next, take absolute values on both sides of (5.192) and use the positivity of the
Poisson kernel (see property (i) in Proposition 5.2.16) to obtain that

o) =90l < [ " P 0 - )lg(€) - g(0)] d. (5.193)

We'll next divide the integral on the right—-hand-side of (5.193) into three inte-
grals over the domains [—m,( — 1], [( — d1,¢ + 01] and [ + d1, 7], respectively.
We first estimate the integral over [( — 1, + 6] using (5.192) to get

C+51 £ <+51
[ Pro-9© -9l ds <5 [P de
¢ ¢

751 751

so that, by virtue of the positivity of the Poisson (property (i) in Proposition
5.2.16)

T

C+01 c
[ Peo-ole© - sl d < 5 [ Pro-6) de
¢

—5; -

hence, by property (iv) in Proposition 5.2.16,

¢+01 €
/C P(r0— ©)lg(€) ~ 9(C)] dE < &, (5.194)

—&1
Next, we estimate the integral over [( + 01, 7]. Using the estimate in (5.183)
and the triangle inequality we obtain

P(r,0 —&)]g(&) — g(Q)] d§ <2M P(r,0 —¢§) d&; (5.195)
(+61 C+61

Then, for
b
6 —¢| < 51 (5.196)

we obtain from (5.195) and the positivity of the Poisson kernel that

[ Pwo-9s© -g@lde<2n [ pro-gds (597
¢+61 0+61/2
Thus, making the change of variables w = £ — 0 in (5.197) we get
s T—0
| o=l - gl de<2n [P0 -g) de.
¢+01 01/2
so that, by the positivity of the Poisson kernel,

| o=l - gl de <20 [ P(rw) do. (5.198)
¢+ 01/2
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Now, it follows from the properties of the cosine function that

%1 <w < 7= cos(w) < cos(d1/2),

so that, for 0 < r < 1,

)
?1 <w<m=1-2rcos(w)+7r*>1-2rcos(6,/2) + %

so that, by the expression for the Poisson kernel in
P(r,w) < P(r,01/2), for allw € [01/2,7]. (5.199)

It then follows from (5.198) and (5.199) that

/ Pr0— ©)lg(€) — g(Q)] de <20 | P(r,61/2) du,
C+61 01/2

so that

+41

| P l©) - o0l de <2 (n =) Plran/2. G200
¢

Now, it follows property (v) in Proposition 5.2.16 that there exists d2 > 0 such
that

€
-1 P 2 —_ .201
|r — 1] < d2 = P(r,01/ )<3M(27r—51) (5.201)
Thus, combining (5.200), (5.196) and (5.201) we see that
0 T €
Pt < and 0-¢l< 5= [P0 -9lo(e) ~g()] dE < 5. (5202
+01

Similar calculations similar to those leading to (5.202) show that there exists
63 > 0 such that

) ¢—61
[r =1 <85 and 6 ¢ < 5 :>/7 P(r.6=©)lg(€) — 9(O)] d€ < <. (5.203)

0
Letting 6 = min 21,52763}, we see that in view of (5.193), (5.194), (5.202)
and (5.203), that

|r—1| < dand |0 — (] <= |ulr,b) —g(Q)] <e.

This completes the proof of the boundary limits lemma for the case ¢ € (—m, 7).
The case in which ( is one of the end—points of the interval (—m, ) can be treated
in an analogous manner to the interior point case using one—sided limits at those
points. W
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Appendix A

Differentiating Under the
Integral Sign

In this appendix we preset the following result about differentiation under the
integral sign.

Proposition A.0.18 (Differentiation Under the Integral Sign). Suppose that
H:R xR x (a,b) = Ris a C! function. Define

¢
h(z,t) = / H(z,t,s)ds, forallzeR, teR.

0 0
Assume that the functions H, %[H(x, t,s)] and a[H(x,t, s)] are absolutely

integrable over (a,b). Then, the h is C! and its partial derivatives are given by

solbte.l = [ Gt ds

and

9] to
&[h(x,t)] = H(z,t,t) —l—/a ﬁ[H(x,t,s)] ds.

Proposition A.0.18 can be viewed as a generalization of the Fundamental
Theorem of Calculus and is a special case of Leibnitz Rule.

123
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