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Some preliminary information

Literature. The lecture will be self-sufficient, but some textbooks will be very helpful.
Below are my suggestions (from the most basic to more advanced).

1. S.J.Farlow, Partial Differential Equations for Scientists and Engineers, Dover Publica-
tions, 1993. This is a very light introduction to partial equations. It contains a lot
of exercises and interestingly lined material.

2. R.Haberman, Applied Partial Differential Equations with Fourier Series and Boundary
Value Problems, Pearson, 2012. Great book that discusses the subject in great detail.
The exact solutions of many examples deserve attention.

3. J. D. Logan, An Introduction to Nonlinear Partial Differential Equations, Wiley, 2008.
A very good applied book. For us, it will be sufficient to read only chapters
concerning quasilinear equations.

4. Samarski, Tichonov, Equations of mathematical physics. One of my favourites. A
classical book on PDEs. More difficult that the others but very deep and thorough.

5. Ockendon, Howison, Lacey, Movchan, Applied Partial Differential Equations, Oxford
University Press, 2003. A lot of real-world examples along with with comprehen-
sive theory written by experts in industrial mathematics. Caveat: its a little bit
daunting and difficult read.

Grading. All the relevant information will be published on my webpage.

Preliminaries. In order to understand the material you will have to be proficient in
Calculus, Algebra, and Ordinary Differential Equations.



1 Introduction

Partial differential equations (PDEs) are a central concept for many fields of science such
as mathematics, physics, chemistry, biology, and even medicine. PDEs occur wherever
there is a need to describe a change in certain quantities. As we already know, any
change in time or space is described by derivatives. If a given phenomenon occurs
in more than one dimension, the derivatives describing it are necessarily partial and
are intertwined with equations modelling various real-world laws. During this lecture
we will focus mostly on applications and abilities used in solving some important
problems. However, please note that the theory for PDEs is extremely beautiful, deep,
broad, interesting, and difficult. It is a subject of constant investigations of many
world-class mathematicians all around the world.

Similarly to ordinary equations, we can classify PDEs. The basic types of classifica-
tion are:

e with respect to the highest order of derivatives,
e with respect to linearity.

We will start discussing the topic with first-order equations, which can be both linear
and non-linear (we will limit ourselves to quasilinear ones). Then we proceed to
the analysis of second order linear equations. It turns out that almost all PDEs in
mathematics and physics are at most of the second order. At the end of the semester,
we will understand, among others, phenomena such as the propagation of all waves,
heat, we will learn how the gravitational potential is distributed, and we will follow
the shock wave propagation.
More concretely, we will focus on equations of the form

F(ty X, Uy Wg, Ugy Uy veny Uy Uyyy -on) = 0, (1.1)

where F is some function, t and x = (x,y,z) are independent variables (temporal +
spatial), u = u(t, x) is the sought function, while partial derivatives are denoted with
subscripts

ou _du _ dMu
aa Uy = a» Uyx = W3
Depending on the situation, we will mix traditional notation with 0 and that with the
subscript. In addition, in most cases we will limit ourselves to considering one spatial
dimension (a notable exception will be the Poisson’s equation). We also everywhere
assume that the function u is as reqular as we need it to (unless written differently). We
will be primarily interested in solving partial equations under various conditions, but
we will not refrain from purely theoretical results. Get ready!

u = (1.2)

2 Partial differential equations of the first order. Method
of characteristics

Many natural or industrial phenomena occur while conserving some quantities. The
simplest examples of these preserved variables are mass, momentum or energy. It
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Figure 1: An arbitrary volume in space with its normal n and the flux vector q.

turns out that we can write an equation that describes all possible laws in a very gen-
eral way using a differential equation. This PDE describes the evolution over time of a
quantity under study.

Example. (Conservation law)

Let us consider a certain quantity describing the concentration (for example, the density
of a given substance, energy, momentum, charge, populationsize, ...), which can change
both in time and space. Denote it by u = u(x, t), where t is the time while x = (x, y, z)
the spatial variable. Let us now choose any volume V located in the space R? (see Fig.
[M). Denote the volume area of V by dV. The total change in time of u in V can then be
calculated with the formula

Total change of u in time = % J” u(x, t)dx (2.1)

1%
|

Total amount of win V
Now, let us define the flux q(x,t), i.e. the amount of u per unit time and per unit
area that flows at the moment t in the direction q/|q| at the point in space x (see Fig|[I).
The flux is positive if the volume flows towards the normal vector (i.e. flows inside-out)
and negative when it goes in the opposite direction. Thus, the resultant flow of u
through the whole volume 9V is

Net flow thorugh 0V = — ﬂ q(x,t) -n dS, (2.2)
Y

where the integral is over the whole closed surface. Note that in the above we are
calculating the dot product of the flux with the normal to the surface q - n. This
is because we measure how much of u is actually moving outside of V (recall the
interpretation of the dot product).



Finally, assume that u can be created or destroyed (for example, if it is a chemical
compound it could be formed as a result of a certain chemical reaction; if u represents
a population size it could increase / decrease through births / deaths) . Let us
define the source function f = f(x,t,u) as the rate of u (positive or negative) being
created/annihilated. That is, f(x, t,u) describes how much of u per unit time appears
at the moment t and the spatial point x. Note that f may depend on u. We can see that
the resultant change in the amount of u created in the volume V is

Rate of the production of u = J” f(x,t,u)dx. (2.3)
v

Combining with and yields

% mu(x, t)dx = — H q(xt) ndS+ m f(x, £, u)dx, (2.4)

1% oV 1%

Thus, we see that the rate of change of u in the volume V is equal to the net flow
summed up with the rate of production / destruction of this quantity. The formula
is the integral conservation law and is true even for functions u, q and f which are
not differentiable.

If we now assume that u, q and f are of C' regularity, then we can differentiate
under the first integral and use the divergence theorem (Gauss-Ostrogradski) ['|in the
second integral. We then get

J” (we(x,t) +div q(x,t) — f(x, t,u)) dx = 0. (2.5)

%

Since the integrand is continuous and the volume V is arbitrary it follows that
w +div q = f(x, t,u), (2.6)

where, similarly as for ordinary equations, we do not write arguments of the dependent
variable. The above equation is called the differential conservation law or continuity
equation. In one spatial dimension it has the form

Up + (Qx = f(X, t, u). (2.7)

Note that if we do not know the flux q we have more variables than equations (2 vs.
1). This is because the conservation law is a very general equation that describes a
magnitude of different phenomena. This is why we need yet another equation that
gives us the relationship q(u). This is different for each physical situation and is called
the constitutive relation. O

!Reminder. The divergence (or G-O) theorem shows the relationship between the oriented surface
integral of q = (q1, q2, q3) and the volume integral. It has the form [[ q-ndS = [[[ div q dx, where the
oV v

divergence is defined by div q = 24t + aa% + 245,
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Figure 2: One dimensional advection.

Example. (Convection/Advection)
One of the simplest and most important constitutive relation is the one describing
convection, i.e. transport of a given quantity caused by the movement of the medium.
Examples are the spread of pollution in the river, smoke from a chimney or cars on the
highway, to name only a few. Without the loss of generality, we will derive the form of
q in one spatial dimension.

Let us assume that our substance with a density u is carried by the medium towards
the x-axis at the speed of ¢ = c(x,t). Let’s consider a short period of time At, in which
the medium travels a distance of Ax, of course

. Ax
i}[rﬂno At c(x, t). (2.8)
Imagine any surface A in the y — z plane (see Fig[2). Then, the total amount of u that
flows through A during At is AAt q (from the definition of flux). On the other hand,
the same amount of substance travels Ax, so by the definition u (amount of substance

per unit volume) we have
AAt q = AAx u. (2.9)

Now, we divide the above equation and go to the limit using (2.8). We obtain
q = c(x, t)u. (2.10)

If we assume that the medium advects our substance at the speed of ¢ = ¢(x, t) in any

direction, then
q = c(x, t)u. (2.11)

By combining the above constitutive relation with the conservation law (??) we get
advection equation
u; + div (¢(x, t)u) = f(x, t,u). (2.12)

In an important case for a constant velocity we have

u; + ¢ - grad u = f(x, t,u), (2.13)
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Figure 3: A cross section through a layer of paint.

while in one dimension this yields

w + cu, = f(x, t,u). (2.14)

Example. (Paint flow)
Many industrial-related situations can be modelled by first-order equations. Let us
consider a layer of paint that flows down the wall. In industry, it is very important
that the paint covers the surfaces evenly, without any heterogeneity. It is therefore
important to choose the right viscosity and pressure to ensure the best coverage.
Now, let u = u(x,y, t) be the velocity of the paint layer in the x direction vertically
downwards and h = h(x,t) be its thickness (see Fig. . The entire flow is governed
by the balance of gravity and viscous forces. The experiment shows that for most
substances encountered (Newtonian fluids), viscous forces are proportional to the
fluid velocity gradient. In our case

0
Visous force per unit length = u%, (2.15)

where the coefficient i is called the viscosity of fluid. Let us now choose a tiny rectangle
of paint with sides Ax and Ay (Fig. 3). The resultant viscous force acts in the vertical
direction and has a value

Net viscous force acting of the rectangle =

(2.16)

ou ou
Ax (H@(X)yvt) - H@(’%y + Ay>t)) .



The above force is (almost) balanced with the gravity

ou ou
HAX (ua—(x)y,t) —p—(y+ Ay»ﬂ) = pgAxAy, (2.17)
Yy oy
where p is the paint density. Dividing by Ax i and taking the limit Ax, Ay — 0 we
obtain
o*u
oy?
where « := pg/u is a constant. The above equation can immediately be integrated
yielding

%y, t) = —«, (2.18)

1
u(x,y,t) = —EO(yz + A(Xat)y + B(X>t)> (219)

where A = A(x,t) and B(x, t) are unknown functions, which can be determined from
boundary conditions

d
u(x,0,t) =0, a—:(x, h,t) = 0. (2.20)

The first condition states that the paint adheres to the wall and the second is a for-
mulation of disappearance of viscous forces on the surface of the paint. We finally
obtain

wl,y, ) = ey (2h(x, ) ). @21)

As we can see the velocity has a parabolic profile.

To obtain an equation describing the dynamics of our fluid we must refer to the
conservation law. In our case, the mass of paint is preserved, i.e. analogously to (2.4)
we have

d (" o ("
— | pdy+ — t)dy = 0. 2.22
dtL P U’LaxJO pu(x,y,t)dy (2.22)

The form of the second integral results from the definition of the flux and from what
we said when deriving the equation of convection (2.12). Substituting (2.21)) to the
above equation we get

oh 1 2 (" oh 1 0 (2,
Therefore, we finally obtain a first order equation
oh ,0h
Fri och i 0. (2.24)

]

Example. (River flow) Looking at large spatial scales, the river’s water movement is
almost one-dimensional and it is governed by the force of gravity. However, this flow
is very turbulent, which forces us to adopt some averaged models. Despite many
simplifications, they are extremely accurate - especially in describing flood waves.



Figure 4: A crude cross-section through a river bed.

Imagine a river bed with a cross-sectional area A = A(x, t) and a slope angle o (Fig.

4). Let the water flow in the x direction. Because the amount of water is preserved it
follows that .

d

1| oAt vax - plato,0 — gta ) =0 2.25)
where [a, b] is any interval along the direction of flow and q = q(x, t) is the flow rate
per unit mass (similar to flux). Going with the derivative under the integral, writing
the flux as an integral of the derivative, we get the conservation law

0A g _,

i — 2.2
ot 0x (2.26)

Observations of the water level in different channels allow us to propose an empirical
relationship between the flux and the cross section of the river q = q(A, t). One of the
simplest models is created if we assume that the water flow is caused by the balance
of gravity and the friction force acting on the bottom of the bed. As in the convection
equation, we can show that the average flow velocity is

q
=, 2.27
V= (2.27)

The friction force per unit of length, however, is proportional to the square of the
velocity ], That is F, = cv?. We thus get

cv? = pgAsin a. (2.28)

We can now write the flux as

q=vA=A, /p—ch sino = CA3. (2.29)

Exactly as in the formula for air resistance (drag).
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It is the so-called Chézy’s Law. Plugging the flux into the conservation law we obtain

0A 3 0A

“CVAZZ =0. 2.
P + 2C A I 0 (2.30)
With some more advanced considerations we can obtain a more general expression

(Manning’s Law)

0A 0A

— +CA"— =0 2.31

ot T TP @31)
for some empirical constants C and n. O

Example. (Demographic model with age structure) Demography aims to determine the
laws of evolution of the human population along with the age distribution of individual
units. Let u = u(a,t) be the distribution of the number of women with age a at the
time t (i.e. u(a,t)Aa is the approximate number of women aged from a to a + Aa).
The total number of women is thus

N(t) :J u(a,t)da. (2.32)
0
(Why can we take the infinite limits of integration?) Our goal is to write an equation

saying how N changes over time under the influence of births and deaths. Let Aa > 0.
With the first order accuracy Aa we can write the conservation law

% (u(a,t)Aa) =u(a,t) —u(a+ Aa,t) — m(a)u(a, t)Aa. (2.33)

Starting from left to right, the following terms describe: change in the total number
of women aged from a to a + Aa, change due to aging, and mortality. The function
m = m(a) is the relative mortality density, i.e. m(a)u(a,t)Aa is the number of women
aged a to a + Aa who die. By dividing by Aa and taking the limit we get

ou au_

3t + PP —m(a)u. (2.34)

It is the so-called McKendrick-von Foerster model. As an initial condition we can take
u(a,0) = f(a). (2.35)

We must now consider births. Let b = b(a, t) be the relative distribution of children
born to women with age a at time t. Then the total number of newborns is

B(t) :J b(a,t)u(a,t)da. (2.36)
0
Note that u(0,t) = B(t), therefore births enter the model as a boundary condition. [
Example. (Chemotherapy) This model comes from Bischoff and describes the devel-

opment of leukemia cancer cells. Let 0 < x < 1 be a physiological variable describing
the state of the cancer cell: 0 for the newly formed and 1 for the mature one, ready for

11



division. Let the cells mature at a constant rate, i.e. dx/dt =v = const. In addition, by
u = u(x,t) we denote the density of the number of cancer cells with maturity of x at
time t. If ¢ = c(t) is the concentration of the chemotherapeutic drug, then a sensible
model of cancer cell mortality is

ac(t)

m(t) = —— 2.37
where « and (3 are coefficients. We can see that the mortality is zero when the drug
has not been given and saturates to the level of « when it was given a lot. This is the
so-called Michealis-Menten model. As above, we can show that

a—u—irva—u:—m(t)u, O<x<l1, t>0, (2.38)
ot ox
with conditions
u(x,0) =uwy, u(0,t) =2u(l,t). (2.39)
Note that the boundary condition describes the division of the mature cancer cell into
two new ones. O

Example. (Traffic flow) We can also easily describe the basic dynamics of street traffic.
Let u = u(x, t) be the number of cars per unit of road length. If traffic is moving in
one direction (as on highway lane), the number of cars is conserved according to the
equation

Ut + q(u)x = f(X> t, ‘LL), (240)

where q is the flux and f is a source function (motorway entrances and exits). When
there are few cars on the road, the flux should also be small. The other way round:
when there are a lot of cars, the traffic is difficult and a jam is formed. In this situation,
the flux also remains small. Therefore, the flux function should be defined in the
range [0, u ], where u, is the critical value of the density of cars for which the traffic is
completely blocked. We have q(0) = q(u.) = 0. The simplest model of this situation is
q(u) = Mu(u, —u) parabola. Greenberg said that q(u) = auln == for New York data.
For the parabolic model, the equation takes the form

w + M(u, — 2u)u, = f(x, t,u). (2.41)

It turns out that you can get a lot of interesting results based only on the qualitative
features of q. O

2.1 Method of characteristics

It turns out that there is a very effective and elegantly geometric method of finding
solutions to first order partial equations. To derive it, let us choose the class of equations
for our study. From now on, we will be interested in equations in one spatial dimension.

Let us return to the conservation law (2.7). Suppose the flux is a function of time,
space, and the dependent variable itself (e.g. concentration of substance). We thus
have q = q(x, t,u) which gives after calculating the derivative

W + qu(x, t,wu, = fx, t,u) — gy (x, t,u). (2.42)

12



This motivates us to formulate the following definition.

Definition 1. A quasilinear equation is a first order partial differential equation of the form
w + c(x, t,u)u, = g(x, ty,u), t>0, x€R, (2.43)

where ¢ (propagation speed) and f are given functions.
If ¢ = c(x, t) then the equation is semi-linear and if further we have g = g(x, t), then the
equation is linear.

The above is often called a kinematic wave equation. Just like ordinary equations,
the PDE (2.43) must be provided with an initial condition in order to have a unique
solution (although, as we will see, we also have other options)

u(x,0) = d(x), xeR, (2.44)

where ¢ is a function that describes the initial distribution of u. Note the huge
difference between ordinary and partial equations - here the initial condition is a
function, not a number. Also note that the non-linearity in the equation can
only involve the solution u, not its derivatives. This is the reason of the adjective -
quasilinear.

To derive the method of characteristics, notice that the left side of the equation
resembles a derivative of a composite function. This can be seen by defining an
auxiliary function U(t) := u(X(t), t), where x = X(t) is, for the time being, an arbitrary
curve on the xt plane (the so-called space-time). We have then

du dx

The resemblance to (2.43) will be complete if we require that

dX

3 =t (2.46)
Then, the equation (2.43) takes the form

du

E = g(X,t, W), (2.47)

Equations - constitute a system of ordinary nonlinear differential equations.
Therefore, we replaced the first order PDE with a system of ordinary equations, which
can still be very difficult to analyse. Fortunately, the equations found in applications
often have a more specific form. The above system should be supplied with initial
conditions, which usually have the form

X(0) =&, U(0) =u(X(0),0) =u(&,0) = d(&), (2.48)

where we used (2.44). The number ¢, is a parameter saying on which curve x = X(t, &)
we are (from which point it emanates from the axis t = 0). So in general, as a solution to
our system of equations, we obtain two families of curves U = U(t, &) and x = X(t, &).
From the theory of ordinary differential equations we know that with appropriate

13



assumptions for ¢ and g (e.g. when there are of class C') the system - ) has
exactly one solution locally around t = 0. In addition, this solution depends smoothly
on & and X (0, t) neq0. According to the implicit function theorem, we are able to find
a function & = &(x, t), which gives us U(t, &(x,t)) = u(x, t) ,i.e. we obtain our solution.
In practice, however, we will not always be able to explicitly extract the & parameter
from equations and the solution will be given in a parametric form.

Definition 2. Any curve from the family x = X(t, &) being a solution of with initial
condition X(0) = & is called the characteristic of the equation .

The method of characteristics has a very nice geometric interpretation, which we
will learn when considering various special cases.

2.2 Semilinear equations
First, let g = 0. Then, the equation (2.43) takes the form

(2.49)

w+cx,thuy, =0, t>0, xéeR,
u(x,0) = dp(x), xeR.

This means that (2.47) simplifies to dU/dt = 0. Therefore, U is a constant function
U(t) = U(0) = u(X(0),0) = u(&,0) = d(&). (2.50)

Recall that by definition the function U is equal to u on characteristics. The above
equation shows that in the case of g = 0 the solution u is constant on the characteristics!
F] To find the value of u at an arbitrary point point (xo, to) it is now sufficient to solve

dX

E =c(X,t), X(0) =&, (251)

find the characteristic x = X(t, &) passing through (xo, to), and then go back along it to
t = 0 finding at the same time & = &(x(,ty). Since u is constant on characteristics we
have u(xo, to) = w(&(xo, to),0) = d(&(x0, to))- Figure shows the situation.

Example. For advection with a constant speed we have

{ut—l-cux:(), t>0, x€R, (2.52)

u(x,0) = d(x), x€eR.

The equation dX/dt = c can be solved immediately getting X(t,&) = ct + §, from
where £(x,t) = x — ct. These are straight lines inclined to the Ox axis at the angle
arctan(1/c) (see Fig. |§[) Since the function u is constant on characteristics, we have

u(x, t) = u(&(x,t),0) = p(E(x, 1)) = d(x —ct). (2.53)

Let us check whether ¢ (x — ct) is actually a solution

w + cu, = %cb(x —ct) + c&d)(x —ct) =—cdp'(x—ct) +cdp’(x —ct) =0, (2.54)

14
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Figure 6: Characteristics for convection for constant speed of propagation.
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and everything is correct. O

If, on the other hand, g = g(x, t, u) then the system (2.46)-(2.47) has a form

dx du

E = C(X) t)) E = g(X, t, U) (255)
The characteristics are still given by the same equation dX/dt = c(X,t). We can there-
fore solve them exactly as before. Then from the equation dU/dt = g(X,t, U) we will
have to find U. This time u will not necessarily be constant on characteristics but will

behave in a way predicted by its equation.

Example. Let us back to the convection equation but this time let us include the term
that is responsible for generating the substance

{ut_i_cu,xz—ku, t>0, xeR, (2.56)

U(X,O) = CI)(X), x € R,

where k > 0 is a constant. Characteristics are still straight lines X(t) = ct — & which
implies that & = x — ct. The equation for U has the form
du

0 = KU Ut =U(0)e ™ =(g)e ™. (2.57)

Substituting & = &(x, t) we obtain the solution u(x,t) = ¢(x — ct)e ™ . O

The two examples above show that the solution to the equation of convection is
a wave moving right. In other words, is a function of the x — ct variable (see Fig.
6). This agrees with our intuition about the phenomenon of convection - the initial
distribution of phiis lifted at a speed of c. In other words, the initial condition moves on
the characteristics. In the case of variable speed c = c(x, t), the situation will be different
only in that the characteristics will not be straight lines.

2.3 Nonlinear speed of propagation

We will investigate the following problem of wave propagation

{ut—i—c(u)u,xzo, t>0, xeR, (2.58)

u(x,0) = d(x), x€eR.

In this equation, the propagation speed depends on the value of u. If we return to
the example with the conservation law for a flux only dependent on u then c(u)u, =
(q(u))x, i.e. c(u) = gx(u). The propagation speed is therefore a derivative of the
flux over space. We will later see that this has some very important implications. It
turns out that our quasi-linear problem can be quite easily solved by the method of
characteristics. First, let us see that dU/dt = 0 if

aX

- = c(UW), x(0) =& (2.59)

30n each of them separately.
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Therefore, the function U is constant on the characteristics defined by the above equa-
tion. This implies that U(t) = U(0) = u(X(0),0) = u(&,0) = ¢(&) on &-characteristic.
It follows that on this curve c(U(t)) = c(d(&)). Hence, the characteristic is determined

by the equation
dX

which can immediately be solved yielding
X(t) = c(dp(E))t + &. (2.61)

Therefore, the characteristics are straight line with a &-dependent speed c($(E))! Our
problem (2.58) has then a solution given parametrically

U(X(t, Ev)’t) = Cl)(E,), X(t) = C(Cl)((i))t + Ev) EeR. (262)

If we manage to extract the & parameter from the equation (2.61)), thatis, obtain the func-
tion &(x, t), then substituting it in the above will give us an explicit form of the solution.

Example. One of the most important model equations is teh so-called inviscid Burgers
equation

(2.63)

w+uu, =0, t>0, xé€eR,
u(x,0) =%, x€R,

where as an initial condition we have taken a linear function. Characteristics are
straight lines (see Fig. [7)

Xt &) =&t+E=E(1+1) — £=1+t. (2.64)
Therefore, the solution is constant on characteristics
Wl ) = wX( )t = w60 =00 = () =g (269)
1+t 1+t
Note the changing angle of characteristics. O

For completeness let us check whether (2.62) satisfies (2.58). Let us start with
computing the derivatives of u

Uy = d>’(£)£t, Uy = d),(a)‘ix- (2.66)

The needed derivatives of & can be found from the second equation in (2.62), i.e. we
have & = &(x, t) which gives

o0 (&)
and similarly

0x 0 1

&:&[C(d)(a))t‘i‘a—)& T+ (GE)d (E)t (2.68)



Figure 7: Characteristics for our problem with c(u) =uwand ¢(x) =

We thus obtain

L C I C DN CS " = ¢’(&)
T+ (dENY(E T+c/($(E)d(E)

where it follows that w; + ¢(u)u, = 0. It is clear that for the solution to exist we must
assume the denominator in is positive. If t > 0, then the product of derivatives
of c and phi must be positive so that the denominator always stays greater than zero.
We have thus proved the below theorem. In what follows we will see the consequences
of not meeting this assumption.

(2.69)

Theorem 1. Let ¢ = c(u) and ¢ = d(x) be of C'(R) reqularity class. Moreover, let them
both be simultaneously either nondecreaszng or nonincreasing. Then the problem has a

unique solution given by :
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Figure 8: Evolution of the initial condition for c¢’¢’ > 0.

t
_—

1/

Figure 9: Evolution of the initial condition for ¢’¢’ < 0.

3 Shock waves

3.1 Rankine-Hugoniot’s condition

Let us now return to the quasilinear problem and carefully examine the structure
of the characteristics, which in that case are straight lines. We know that ¢ = c(u) is the
speed of wave propagation, i.e. it is directly related to the angle of inclination of the
characteristics to x—axis. In the Theorem (I we showed that this problem has a clearly
defined and smooth solution as long as the speed c and the initial condition ¢ are
exactly of the same monotonicity. Let us thus assume that both of these functions are
nondecreasing. Then, larger values of ¢ move at a higher speed and the characteristics
begin to be inclined at an increasingly smaller angle (Fig. [8). The graph of x — ¢(x, t)
for different t begins to "flatten".

Let us reverse the situation and assume that c is non-decreasing and ¢ is non-
growing. Then the larger values of u are behind the smaller ones. But because c(u)
increases, larger values move faster than smaller ones and catch up with them at some
point (Fig ). The result is a triple-valued function. The characteristics are inclined
at an ever greater angle to the Ox axis and, as a result, intersect. Surely something is
wrong - what value should we assign to the function u at the intersection of straight
lines?
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Example. Let us consider the problem

u+uu, =0, t>0, xeR,

1, x<0;
“(X’O):{ 0, x>0

x € R. (3-1)

For now, do not worry about the fact that the initial condition is not continuous. We
can always smooth it out with some mollification such as convolution with a regular
kernel, but it would disturb the transparency of the example. Characteristics have the

form
_Jt+E x <0
X(t) = { i, x>0, (3.2)

and we can see that they intersect since the very beginning (Fig. [10).

Figure 10: Characteristics for ¢’¢’ < 0.

The above discussion shows that in some situations the classic solution to our
problem stops from being meaningful at some particular time - the spatial derivative
becomes unbounded. This is called a gradient catastrophe. The intersection of the
characteristics is not a contradiction with the basic conservation law, however, because
until now we have always assumed that all the considered functions are smooth.
Otherwise we could not talk about classical solutions of a differential equation. Let us
recall that the archetype of our equation - the conservation law - was first derived in
an integral form and only then we obtained the differential version of it. The integral
relation is therefore more fundamental because it does not require functions to be
differentiable or even continuous!

A gradient catastrophe occurs when the u function stops being continuous. Suppose
that this discontinuity moves on the curve x = s(t). That is, for

Iim u(x,t) # Lm u(x,t), (3.3)

x—s(t)~ x—s(t)*
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and fixed t > 0. On each side of s(t), the function u has continuous derivatives. We
will see what must happen with u when passing the x = s(t) curve. Conservation law

(2.4) therefore has the form

b
T | v =ata 0 - atb, b, (3.4)
Here, we think of the flux as a function of the x and t variables, perhaps through
the dependence on u, i.e. q(x,t) = q(x,t,u(x,t)). Let us take a and b such that
a < s(t) < b, then

d

s(t) b
< (j u(x, t)dx + j u(x,t)dx> — gla,1) — q(b, 1), (3.5)

a s(t)

Since u is smooth on the left and right sides of s(t) we can compute the derivative ]

s(t) b
[, woovacr | s a0 —ulstt, 0) = ale, 0 -a(b0), 69

where we denoted
u(s(t))* = lLim u(x,t). (3.7)

x—s(t)*

Since u, is by assumption continuous and we can take the limit a,b — s(t)¥ and obtain
the speed of propagation of discontinuity

ds _ [q]
& W (3.8)
where we have introduced the notation for a change (a jump)
[f] .= lim f(x,t)— lim f(x,t), (3.9

x—s(t)T x—s(t)~

for an arbitrary function f = f(x,t). The equation for a trajectory according to which
the discontinuity moves (3.8) is called the Rankine’a-Hugoniot’s condition.

Definition 3. A propagation of a discontinuity along the curve x = s(t) satisfying the
Rankine-Hugoniot's condition (RH) is called a shock wave.

We have thus obtained a way to deal with the intersection of characteristics. Where
the solution is continuous, the characteristics have exactly the same shape as they
should while the discontinuity, in turn, moves along the trajectory given by the for-
mula (3.8). The introduction of a shock wave ensures that the solution is unambiguous
and meaningful. We still have a single-valued function.

Example. Let us return to the previous example and compute the flux

q(u) = %uz, (3.10)

fo(x, t)dx + F(b(t), )b’ (t) — f(a(t), t)a’(t).

#Recall the Leibnitz rule & IZE:; f(x,t)dx = IEE:;
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Figure 11: A shock wave.

since ¢, = q’(u)u, = uu,. Now, the RH condition gives us the shock speed

112 _ 12
ds _lal _ g1 =30 1 (3.11)
dt  [u 1-0 2
which results from the discontinuity of the initial condition. We can integrate the
above equation immediately and obtain the shock wave trajectory

t, (3.12)

where the integration constant was chosen so that the wave would agree with the
initial condition. The space-time graph is presented on Fig|11, We see that the shock
wave velocity is between the velocities of the other characteristics. The solution can be
compactly written as

1, x< %t;

0 x>t (3.13)

u(x,t) = {

which describes the simplest shock wave. O

3.2 Rarefaction waves

It is not the end with problems with quasilinear equations.

Example. Once again let us return to the previous example, but this time we invert the
shape of the initial condition (see Fig.

w+uu, =0, t>0, xeR

0, x<0;
u(x,O):{] x>0

x € R. (3.14)
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Figure 12: ,Spreading” the initial condition.

We see that this time the characteristics do not intersect, but on the space-time diagram
there is an area in which none of them arrives (the so-called void).

If we look at the example above, we will find the reason for the existence of the area
without any characteristics - the initial condition is discontinuous and has the same
monotonicity as the propagation speed. It turns out that we can easily find a solution
specified on the missing subset of the field. If we look at Fig. we can see that the
values of initial condition diverge and between them there arises an area in which no
value is set. The first and best idea is simply to continuously join the values of u for
all times t > 0 and then move to the limit t — 0*. It turns out that there is exactly one
way to do it.

Let us assume that ¢’(u) > 0 and the initial condition of the quasilinear problem
has a discontinuity at x = &, ie. ¢(&) = w # w, = $(&). Then from
the method of characteristics we have x = c($p(&y))t + & and u(x,t) = d(&), where
c(u) < c(d(&)) < c(uyz) (plus modification if ¢ is one-sided continuous). This means
that infinitely many characteristics emerge from &, which are continuously combined
with the others. Specifically,

x — &

clole) = * 72 o ui o (

x— &
t

) y clu) < < c(uy), (3.15)

where the inverse of ¢ exists from monotonicity. The characteristics form the so-called
fan and the whole phenomenon is called a rarefaction wave.

Example. In our first example c(u) = ¢ ' (u) = uwand & = 0, therefore the solution is

0, x<0;
u(x,t) =4¢ & 0<x<t; (3.16)
1, x>t
which is the archetype for a rarefaction wave. O

Example. In general we can meet both rarefaction and shock waves. This is illustrated
with the following example.

w+uwu, =0, t>0, x€ER,

’ 3.17
x € R. ( )

-1, x
u(x,0) = 0, —

V™= A

o= IA
X NI=
A
i

x



Characteristics are

_ [ t+E E<—jand &> 5
The shock wave has the velocity
ds_lal Bl 0% 10 Ty ] (3.19)
dt [w [ o+1 3 2 =2 '
where we find that s(t) = 1t — ], because the discontinuity causing the intersection of
the characteristics is found at & = —% . The % <x < % + t area is a void, so we fill it
with a fan
(x,1) = =3 1 1y (3.20)
u X) - t ) 2 = X 2 . .

Note that at x = § and time t = 3, the shock wave enters the rarefaction wave region.
That is why we get a new equation for a new shock wave

3

ds _Lwl 1 <_T;>j ! (3.21)

Unfortunately, this equation cannot be solved explicitly. The final space-time graph is
in Fig 13, where the solution is presented. O
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Figure 13: The space time diagram for an example with a rarefaction and shock wave.
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4 Heat equation

We begin our review of second order PDEs with the most important parabolic equa-
tion - the heat equation (also known as the thermal conductivity equation or diffusion
equation). As its name suggests, it should appear when describing heat distribution
in a medium.

Example. (Heat conduction) Consider a medium which can conduct heat (in one dimen-
sion - we will traditionally consider an insulated rod). Because energy is conserved,
the following equation has to be satisfied

E,+V-q=F (4.1)

where E is the energy per unit of volume, q is the thermal flux and F represents
all sources, i.e. the amount of heat generated per unit time in a unit volume. Let
u = u(x, t) denote the temperature at x and the time t. According to the definition of
specific heat c we must then have

E = cpu, 4.2)

where we assumed that ¢ does not depend on the temperature[] The thermal flux q is
given by Fourier’s Law - heat flows from high temperature areas to domains that have
a lower temperature. Mathematically, you can write it in the form

q = —k(x, t,u)Vu, (4.3)

that is, heat flows along the (minus) gradient. Here, k is the coefficient of thermal con-
ductivity, which is constant for homogeneous media. Combining the above equations
we obtain the heat equation

couy = V- (k(x, t,u)Vu) + F, (4.4)

which for constant k becomes
w = o Au+ f, 4.5)

where A = V? is the Laplacian, while o := k/(cp), and f := F/(cp). In one dimension
we have
W = oy, + T. (4.6)

Two above equations will interest us the most. O

Example. (Diffusion) Suppose a substance has been sprayed into the air. According to
Fick’s law, it will diffuse to areas with lower concentrations. This can be written as

q=-D(xt,u)Vu. (4.7)

The above flux is almost identical to that given by Fourier’s law. Here, the proportion-
ality factor D is called the diffusivity. According to the above, the heat equation is also

°In fact, both the density p and the specific heat c are slowly varying functions of the tempera-
ture. Then, the heat equation becomes nonlinear and its analysis is much more difficult ... and more
interesting!
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called the diffusion equation. O

Example. (Brownian motion) We will now give the derivation of the diffusion equation
in stochastic setting. This reasoning has its origins in the works of Einstein and
Smoluchowski. Let x be a fixed point on the straight line R. Let us introduce a
grid of points with the step h, that is, our particle initially placed at the point x, can
only find itself only at x 4-kh, where k € Z. When the particle is at a certain point, then
with probability p and during time T it jumps to the right and with ¢ = 1 —p to the
left. Let u = u(x,t) denote the probability that at the moment t > 0 the particle is at
x € R. To arrive there during t + T the particle can come either from the right or from
the left, i.e.

u(x,t+ ) = pu(x — h,t) + qu(x + hy t). 4.8)

We can now expand the above difference equation into Taylor series

u(x,t) + w(x, t)t+O0(t?) =p (u(x, t) —u(x,t)h + %uxx(x, t)h2>

(4.9)
1
+d (u(x, t) + w(x,t)h + zuxx(x,t)hz) + O(h3).
After simplification this becomes
h h? ;
w1 = (0= P)Tt(x, 1) + 2t (x,1) + O(x) + O(H), (4.10)

when 1,h — 0. Now, we want to take the limit with the grid step going to zero. In
order to do that we have to assume

2

c, lim n =D, (4.11)

. h
lim(q —p) 7

; —
where D and c are constant. This means that the probabilities of a jump over a finite

step h decrease to zero just like h,i.e. p—q = O(h). We obtain the convection-diffusion
equation (Brownian motion with a drift)

U + cuy, = Dy, (4.12)
When probabilities are identical, i.e. p = q = % then the convection is absent
uy = Duyy, (4.13)

which, one again, is the heat equation. O

4.1 Bounded domains and separation of variables

In this part, we will limit ourselves to considering a one-dimensional situation for which
we will obtain a number of very important results. Despite the obvious simplification,
the one-dimensional model describes many physical situations in which heat spreads
in one dimension much faster than in others (e.g. a symmetrical rod). Let us consider
the interval [0, L].
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The differential equation itself describes the dynamics of thermal energy con-
duction. To complete the description of the physical situation, we need the appropriate
initial and boundary conditions. The initial condition is the temperature distribution
at the first moment, which we assume is t = 0. We therefore have

u(x,0) = ¢(x), (4.14)

for a given function ¢. Boundary conditions, however, must be imposed on the
boundary of [0, L]. It turns out that we have at least three possibilities corresponding
to important physical situations.

1. Dirichlet condition (or a condition of the first kind) fixes the temperature at the
boundary
u(0,t) = u(t) or u(L,t) =v(t), (4.15)

where p and v are known functions. The Dirichlet condition can describe a
situation where one end of a rod is kept at a fixed temperature (for example in a
refrigerator).

2. Neuman condition (or a condition of the second order) fixes the value of the
derivative
u, (0, t) = p(t) lub u,(L,t) =v(t). (4.16)

Such a description is interpreted in terms of a given heat flux at one end of the
interval. From Fourier’s law (4.3) we have q(x,t) = —ku,(x, t), i.e.
q(0, t)

plt) = == (4.17)

This expression models a heat input through one end of the interval.

3. Robin condition (or a condition of the third kind) is a linear combination of the
two above

Ux(0,t) = —A; (u(0,t) = 64(t))  Tub  uy(L,t) = Az (u(L,t) —65(1)), (4.18)

where 0, , are the given functions and A;, are constants. The physical interpre-
tation of Robin’s condition is derived from Newton’s law of cooling bodies - the
flux is proportional to the difference in body and ambient temperatures, i.e.

q(0,t) = —h(u(0,t) — B(t)). (4.19)
Comparing this with Fourier’s Law along with A = h/k we have

ku, (0,t) = h(u(0,t) —6(t)). (4.20)

Of course, the boundary conditions can be mixed, i.e. we can have a different type of
condition at different ends of the interval. The above list is obviously not closed and
there are many other possibilities. The conditions of Dirichlet, Neumann and Robin,
however, are the most common and exhaust almost all of the standard situations. In
the following, we will focus only on the Dirichlet condition and relegate the discussion
of the others to the tutorial. Let us define what exactly we mean when we talk about a
solution of the heat equation.
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Definition 4. A solution of the heat equation satisfying the Dirichlet boundary condition is a
bounded function u = u(x,t) defined over [0, L] x [0, T] satisfying the following PDE along
with initial and boundary conditions

U = o + (X, 1), (x,1) € (0,L) x (0, T),
u(x,0) = ¢(x), xe€l0,L] (4.21)
u(0,t) = u(t), u(L,t)=v(t), t=>0.

Furthermore, the consistency of the boundary and initial conditions have to take place: $(0) =
1(0), (L) = v(0).

Let us now make some very important observation that simplifies the analysis of
the problem. Note that contains three types of nonhomogeneity: source function
f, initial condition ¢, and boundary conditions p and v. Thanks to the linearity, we
can break down the studied case and deal with one nonhomogeneity at a time. To this
end, write

u(x, t) = uV(x, t) + u?(x,t) + ul¥(x, 1), (4.22)

where u!! satisfies

L] (4.23)

ul? is a solution to

u? = oul +f(x, 1), (x,t) € (0,L) x (0,T),
0)=0, xel0,L] (4.24)

0)=0, x€l0L (4.25)

u = o2ul,  (x,1) € (0,L) x (0,T),
X)
u(3)(0>t) — H(ﬂ» u(g)(l—) t) - V(t)) t Z 0.

It is easy to show that u defined as above satisfies (4.21). Now, we will solve each of
the above problems.
4.1.1 Initial condition

We will solve the following (we do not write the cumbersome parentheses in the
superscript)

Uy = OCZLLXM (X)t) € (O)L) X (O) T))
u(x,0) = d(x), xel0,L] (4.26)
u(0,t) =0, u(L,t)=0, t>0,

where we prescribe the initial condition. This problem can be solved by using the
elegant method originating from Fourier - the method of separation of variables. Let
us look for solutions of (4.26)) in the form

u(x,t) = X(x)T(t), (4.27)
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where each term is a function of only one argument. In addition, X must satisfy
(because we are looking for a nonzero T)

X(0) =0, X(L)=o. (4.28)

Upon substitution of into we obtain
XT' = «2X"T, (4.29)

which yields i /
XY - %TT (4.30)

Since the left side of the above equation depends only on the x variable and the right
side of the t, they must be equal to a constant. Otherwise, by changing x we would
change the left side while the right would remain constant. This would lead to a
contradiction. There exists, therefore, some real constant A such that

X" +AX =0, T+ a’AT =0. (4.31)

We have reduced our problem to finding two functions, X and T, which are solutions
to ordinary equations. Let us deal with the boundary value problem for X, in which
boundary conditions are (??). As we know, the solution to this problem depends
strongly on the sign of A and to avoid a contradiction with the boundary conditions
we must have A > 0 (show it!). The general solution of the second order ordinary
differential equation with constant coefficients will therefore be

X(x) = C cos(v/Ax) + D sin(vVAx). (4.32)

Because X(0) = 0 we immediately obtain C = 0. The second boundary condition
X(L) = 0leads to

sin(VAL) = 0, (4.33)
thatis VAL = nm for n = 1,2, 3, ..., from which it follows that
nmy 2
An = (T) , (4.34)

where we have clearly indicated that A depends on a natural number n. Therefore, our
problem has solutions only for certain values of A (this is typical for boundary value
problems). Thus, we get a countably infinite number of solutions that we can write
them in a form

Xo(x) = D, sin (“T”x) . nen. (4.35)

Let us now return to (4.31) na T. We can readily solve it and obtain

2

T.(t) = Ee (T)t nen, (4.36)

where E,, are some integration constants. Note that the solution is bounded for t — oo
only for positive A,,. Unbounded solutions are non-physical, therefore we reject them.
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This gives another confirmation of the chosen sign of A,. By combining the the formulas
for X,, and T,, and using we have
2
Un(x,t) = A, sin (%x) e () neN, (4.37)
where the product of D, and E,, was renamed A,,. We see that for every natural
number n we have exactly one solution u,. Which one to choose? This is a clear lack
of uniqueness but, fortunately, only superficially.

We have not used the initial condition u(x,0) = ¢(x) yet. However, it is hard to
expect that for a very general class of functions from which we can choose ¢ we will
find n € N such that ¢(x) = u,(x,0) = A, sin(nmtx/L). We should remember that the
heat equation is linear and this implies that any linear combination of solutions is also
its solution. Because there are infinitely many such components u,,, let us construct a
formal seriesf}, which we claim to be the general solution to the problem (4.26)

u(x,t) == Z A, sin <Ex> e (), (4.38)

o(x) =u(x,0) = i A, sin (%x) , (4.39)

which is the sine Fourier series for ¢. We know that the coefficients A, of this expansion
can be calculated from the Euler’s formula

L
A = %Jo $00)sin (x) dx. (4.40)
We have thus a perfect candidate for a solution of the full problem (4.26). It is
with the constant specified in (#.40). We must therefore show that the function u given
by the formula ([4.38) is differentiable and satisfies the heat equation along with the
initial and boundary conditions (4.26). It turns out that a sufficient condition for these
requirements is only that ¢ be continuous and this is completely physically natural
(however, this assumption can be greatly relaxed)

Theorem 2. Let ¢ be a continuous function on [0, L]. Then u = u(x, t) defined by and
is a solution of the heat conduction problem . Moreover, wis then of C*°[0, L] x [0, T]
class (it is infinitely differentiable!).

Proof. First we will show that the defining series (4.38) converges uniformly with
respect to x. To see this, note that the continuity of ¢ on [0, L] implies its boundedness.
Let |d(x)| < M for some M > 0. Then from (4.40) we have

[Anl < 2M, (4.41)

®A linear combination is always finite in algebra. In analysis we deal with infinite combinations
where a subtle question about convergence occurs.
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which immediately leads to

Ay sin (“T”x) e () () (4.42)

Let us take any number 0 < ty < T. For ty < t < T we have e ()t < oo () o,
Therefore, we have found a majorant for the series (4.38)), which has the form

o0 . P
MY e () e <o, (4.43)

n=1

From the Weierstrass criterion (M-test), we have a uniform convergence of the series
which defines u on [0, L] x [ty, T]. Since the functions u, are continuous as functions
of two variables, u will also be continuous at [0, L] x [to, T]. But t, > 0 was arbitrarily
chosen, so u is continuous at [0, L] x [0, T].

Exactly the same reasoning is sufficient to show that a series of derivatives (of any
order!) of u, converges uniformly at [0, L] x [t, T] for any to > 0. So u is infinitely
differentiable and the series can be differentiated term by term. From the fact that each
u, satisfies the heat equation, it follows that u is a solution of . This concludes
the proof. O

The above theorem shows a very important feature of heat equation solutions -
starting only from a continuous []initial condition, at any subsequent time t > 0 the
solution u has all derivatives (it is infinitely smooth)! Homogeneous Neumann or
Robin conditions can be treated in exactly the same way (tasks).

4.1.2 Green’s function

The solution of the heat equation (4.38) can be transformed in a way that enhances
physical interpretation. Remembering that the series specifying u converges uniformly
we can integrate it term by term as follows

§ = iA sin (W) e ()
-3 ([ ot (Fe) ac)n (T
[, (FZ o (e () 7 ot

G(x, &, t) = %ni <—£> sin (nTnx) e_“z(%)zt, (4.45)

’Once again - this assumption can be seriously weakened.
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then, the solution of the initial value problem for the heat equation takes a very simple

form
L

u(xt) =J Glx, & t)b(E)dE. (4.46)

0
The Green’s function defined in this way is also called an instantaneous point source,
i.e. the temperature distribution in the rod [0, L] and at the time t where suddenly in
the moment t = 0 a unit quanta of heat is released at the point & € [0,L]. Then the
complete form of the solution can be interpreted as a continuous superposition
with the weight of ¢( xi) of these point heat sources.

To strengthen our physical interpretation of Green’s function let us fix € > 0.
Suppose that the heat Q is released on the small interval (& — €, &y + €) at the time
t = 0 and assume that the rest of the rod has a temperature equal to 0. By ¢.(x) > 0
we denote the temperature distribution that will appear immediately after the release
of thermal energy. By definition, we have heat

Eote
cpJ de(E)dE = Q. (4.47)

Eo—€

Since the temperature distribution at time t > 0 is given by (4.46) we must have

Eote
Glx, £, () =GO, E1) | dulEldE = LGlx, 1),
Eo—€
: (4.48)
where we used the vanishing of the function ¢. outside the interval (§y—¢, &0+ psilon)
and we used the mean value theorem producing the point £*. All we have to do now

is to take a limit with € — 0. From the continuity of Green’s function we thus have

u(x,t) =limue(x,t) = %G(x, &0y t). (4.49)

e—0

Eo+e

L
Ue(x,t) = J G(x, &, t)de(£)dE = J

0 Eofe

So if Q = c rtho then the Green function is an immediate temperature response to
the point release of heat. We will meet Green’s functions many times when studying
various other problems not necessarily related to the spread of heatf]|

4.1.3 Nonhomogeneous equation

Let us now turn to the problem of having nonhomogeneity only in the differential
equation itself (a source of heat)

W = oluy +f, (x,t) € (0,L) x (0,T),
u(x,0) =0, xel0,L] (4.50)
u(0,t) =0, u(L,t)=0, t=>0,

The method of separation of variables allowed us to obtain a solution to the initial
value problem as the sum of the product of functions dependent on separate variables.

$Historically speaking, British mathematician George Green introduced this approach in the first
half of the XIX century when describing electrostatic potential produced by a unit charge. We will talk
about his approach soon.
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To get the x dependent component we had to solve a homogeneous boundary problem.
In the case of the non-zero function f we can get a similar result.

As the boundary conditions of our problem are exactly the same as in the case of
the initial problem, it seems beneficial to look for solutions in the form of a serieq|

Z u,(t) sin ( ) , (4.51)

where the time component u, (t) is unknown. We can immediately see that the bound-
ary conditions for u are met since each term satisfies them. The f function must also
be written in a similar way so that we can compare all the terms

Z fo(t) sin ( ) . (4.52)

Note that the two formulas above are nothing but Fourier series for u(x,t) and f(x, t)
as a function of x with fixed t. The functions f,(t) are Fourier coefficients calculated
from the formula

2 (t . /M7
fa(t) = T L f(x, t) sin (TX> dx. (4.53)
Plugging into (4.50) gives us
i 2
Z (uT’l(t) + (%) o, (t) — fn(t)> sin (%x) =0. (4.54)

n=1

From the uniqueness of the Fourier series, each term in the above series must be zero
which gives us an infinite set of equations

nmy 2

wy(0) + (55) dn(t) = falt), wa(0) =0, meN, (4.55)

where we remembered about vanishing initial condition. Fortunately, each of these
equations is uncoupled from the other, so we can solve them one by one. The solution
(obtained for example by means of an integrating factor) is of cours

%m=EQWW%ﬂnmw, (4.56)

which solves our problem. Combining (4.51) with (4.56) implies
0 t
=3 (| e ¥V in (27
u(x,t) 2 (L e 'L fo(t)dT sm( [ x). (4.57)

Showing that the above formula really determines the solution to the problem of heat
with nonhomogeneity is similar to the pure initial condition case.

9This is called an eigenfunction expansion method.
10P]ease recall that from the ODE course.
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To enhance the physical interpretation of the solution, we can again introduce the
Green's function. To achieve this, let us use the formula (4.52) and write in the
form

t oLy 00 . t oL
w(x, t) :J J 2 Z e~ (FF) (-7 giy (?x) sin (N—TL&) f(&,1)dédT = J J G(x, &, t—T1)f(&, T)dédT,

o L L

0 0Jo

n=1

(4.58)
where G is the Green’s function defined in (4.45). This is a very elegant formula telling
us that for zero initial and boundary conditions, the temperature distribution is the
superposition of point heat sources located at (&,t — 1) with the weight (&, 1) (i.e.
in each point of the rod and at all previous times). This relation is sometimes called

Duhamel’s formula.

4.1.4 Nonzero boundary conditions

We are left with solving the nontrivial boundary condition case (4.25)

=0, 0, L] (4.59)

U = oy, (x,1) € (0,1) x (0,T),
u(x,0) = x € [0,
u(0>t) = H(t)a u(L>t) = V(t)> 1(0) =v(0) = 0, t>0.

A very useful technique to solve this problem is to consider a deviation from a certain
carefully selected function. Let us substitute then

u(x,t) = U(x, t) +v(x, t), (4.60)
where U will be chosen to satisfy the boundary conditions
u(o,t) =u, U(Lt) =v(t). (4.61)

Probably the simplest (you can think of an infinite number of candidates) choice is

U(x, t) = u(t) + % (v(t) — u(t)). (4.62)

Since we have (4.59) the unknown v satisfies

(0,
) =—U(x,0), xe€l0,L] (4.63)
)

and we have solved a similar problem before. We thus have

L

G(x, & t)U(E,0)dE — Jt JL G(x, &t — 1)U (&, T)dEdT.  (4.64)

u(xt) = Ul t) — J
0Jo

0
Note that for different boundary conditions the function U will usually have a different
form. Moreover, for time-independent boundary conditions the function U can be
thought as a steady-state heat distribution for then U, = 0. This, as a matter of fact,
is the very reason of using the technique of splitting the solution into the steady-state
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and the so-called transient. The difficulty of resolving boundary conditions is then
delegated into some simpler function while one can focus on the dynamics.

We can now combing (4.46), (4.57) and (4.64) in order to obtain a final and complete

solution to (4.21)
L t oL
Glx, a,t)(¢(£)—u(£,0))d£+J j Glx, & t—1) (f(£,7) — U (£, 7)) dédr,

u(x,t) = U(x,t)+J
0 Jo
(4.65)

0

where U is defined in (4.62).

4.1.5 Uniqueness

We have shown that the problem (4.21) has a solution. The obvious question arises - is
it only one? The answer is yes and will prove this by means of a very elegant energy
estimation method.

Theorem 3. The heat equation with Dirichlet boundary conditions has a unique bounded
solution.

Proof. Let (4.21) have two solutions u; and u,. Denote their difference by w = u; —
u,. Then w satisfies the homogeneous heat equation with zero boundary and initial
conditions (linearity!). Let us define the energy of the solutiorﬂ

L
E(t) = % J w(x, t)?dx. (4.66)
0
Of course we have E > 0. Let us check how does the derivative looks like
d L L
EE(t) = J w(x, twe(x, t)dx = oczj w(x, t)wy(x, t)dx, (4.67)
0 0

where we used the fact that w satisfies the homogeneous heat equation. Integrating
by parts and using boundary conditions we obtain

d L L
EE(t) = W(X) t)WX(X, t)|é - J WX(X’) t)zdx = _J WX(X) t)zdx <0, (4.68)
0 0
whence, the energy is not growing in time. Since w satisfies zero initial condition we
also have E(0) = 0. Combining this with positivity we must have E(t) = 0 for each
time. Since the integral of a function is non-negative, we must have w = 0, i.e. u; = u,.
The solution is therefore unique. [l

Note that the above proof uses a physical quantity - energy - and through reasoning
shows that from zero initial and boundary conditions, a homogeneous heat equation
cannot have a solution other than zero. The most important step here is to use the
equation’s linearity to get a homogeneous equation for w. For nonlinear equations, the
matter would not be that simple.

The word energy is used here very loosely following the pure mathematical tradition. Physically, the
thermal energy is cpu so that the appearing integral is related (up to a constant) to the energy squared
for constant density p and specific heat c only. This is precisely our case so that everything works here.
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4.2 Unbounded domains

We have seen how we can solve the heat equation for a one-dimensional rod (interval).
We will now focus on the same problem set on an unbounded domains.

421 ReallineR

When we are dealing with a medium whose dimensions are much larger than the
characteristic speed of thermal diffusion multiplied by a time scale, a very good model
of such a problem is considering the heat equation on a straight line. We can also think
about the fact that the rod is described by [—L, L] where L — co. Such a limit is a way
to obtain a solution to the unbounded case from our previous considerations, however
we will go another route.

Note that speaking about boundary conditions for an unbounded domain requires
a little subtlety. The procedure of taking a limit suggests that we should impose
some conditions at infinity. The most natural is the physical requirement saying that
the temperature decreases to zero as we go to infinity (this is also required for the
uniqueness of the solution). Hence, the main problem has the form

W = o, (x%,1) € R X (0,T),
u(x,0) =od(x), xR (4.69)
u(—oo,t) =0, u(oo,t) =0, t>0.

We are therefore investigating how the initial temperature distribution ¢ (x) will evolve
over time in an infinite area. There are several ways to solve this problem: the men-
tioned limit of a bounded case, the Fourier transform method, the plane wave method,
and self-similarity. We will use the latter technique because it is also very useful for
studying nonlinear equations.

The method of self-similarity is based on the observation that if u satisfies the heat
equation then for any A function v(x, t) := wu(Ax, A*t) is also a solution because

Ve =AUy, Vi = A (4.70)

This suggests that the variable x* plays the same role as t. We will look for a self-similar
solution satisfying the following condition

d (o]
el — 4.71
dtj ul(x, t)dx = 0, 4.71)

—00

which is a statement of energy conservation?] Let us thus introduce the self-similar
variable

X 1 X

We will show that a function of a single variable U = U(z) is well-posed. The conser-
vation of energy gives us

Jio u(x,t)dx = % Jio u (%) dx = Jjooo U(z)dz = const., (4.73)

120ne again: energy is equal to cpu, hence the integral over the whole domain is constant in time.
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since heat is conserved. Note that this is the reason for t'/? term in front of U in (4.72).
We can now calculate the derivatives

11 1x 1

ui(x,t) = _Zﬁu(z) — zt—zu (z), W= ﬁu (2). (4.74)
Whence, the heat equation takes the following self-similar form
— lu 1 u’' = o?Uu” (4.75)
3 22 = . .
The conditions at infinity are
U(£oo0) = 0. (4.76)

We also add a extra condition for the heat flux to vanish (one again - we expect that
from physics)

0 = q(doo,t) = —ku,(Foo,t) = —]%U’(:I:oo), 4.77)

hence U’(+o00) = 0. We have therefore reduced the partial equation to the ordinary
equation, which we can even solve by observing that U + zU’ = (zU)’, i.e. after
integration

— %zu = o?U’ + C. (4.78)

We choose the integration constant C = 0, which is equivalent to requiring that that
the solution has U’(0) = 0 or U’'(z) — 0 when z — £o00. So we have —%ZU = ou’
which we can easily integrate and get

2

U(z) = De =2, (4.79)

where the D constant is arbitrary. Therefore, it is convenient to take it so that the total
heat energy is equal to 1, i.e. D = sqrtdno? (task). Ultimately, our solution has the
form

u(x, t) = e T2t = G(x, 1) (4.80)

1
VA4malt
The G function is referred to as the heat kernel or Gauss-Weierstrass kernel or fundamental
solution of the heat equation. We will soon show that this is a Green’s function for
the initial value problem It can also be shown that the heat kernel for n
-dimensional space is represented by the formula

1 <2
u(x,t) = ———e 2t 4.81
’ (4ma?t) 2 ) (481
where x> = x-x= Y I, x}.
Note that we have not used the initial condition anywhere but we can see that u(x, 0)
does not exist (see Fig. 4.2.1). More precisely, 1(0, t) goes to infinity and u(x,t), x # 0

goes to 0 for t — 0. Remember, however, that the integral of G(x, t) over x is equal to

13Note that this G has to be very important due to a multitude of its different names. It is! Compare
it also with Brownian motion.
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Figure 14: Heat kernel for t = 2,1,0.5,0.1.

1 for every time. Physically, this means that the same amount of heat is concentrated
closer and closer to x = 0 causing the temperature to rise. We can use this fact and
deduce the solution to the problem (4.69). When t is very small G(x — &,t) is zero
almost everywhere except the tiny neighbourhood of & = x and its integral is 1. We
would like the temperature to be ¢(x) there, thus after multiplication and integration
we expect to have

bix)~ | Gl—E (L 0. (4.82)
The above is true and we will show that a solution to (4.69) is given by
ux ) =] G- g (eI (4.83)

Therefore, G is actually a Green’s function for our problem, i.e. an instantaneous point
heat source. Note that thanks to Green’s function our formulas for solution of the initial
value problems are always integrals of the initial condition with a respective Green’s
function. What changes it the domain and boundary conditions. It is very important
to keep that in mind.

Theorem 4. Let ¢ be continuous and bounded on R. Then the function u given by the formula
satisfies the heat equation, is bounded, and

u(x,t) = (x) gdy t—0. (4.84)

Proof. We leave the checking whether u satisfies the heat equation for exercises and
here we will deal with the justification of the limit. The boundedness of u results
immediately from the boundedness of |¢p| < M

o

u(x, )] < J Glx— & DIG(E)E < M, (4.85)

—00
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since the integral of the kernel is equal to 1. Notice that due to the same reason we
have

oix)= | Glx- £ v0mdE, (4.86)
which yields
(% ) = 600 < | Blx— & DIBLE) — dxIIdE, 4.87)
Choose an arbitrary number € > 0 and separate the integral into three parts
X—€ X+€ o)
lu(x,t) — ¢(x)| SJ +J +J =L +L+1L. (4.88)
—00 X—€ xX+€

We will show that each of them goes to 0 ast — 0. The integrals I; and I3 are analogous,
so consider only one of them and immediately take advantage of the boundedness of

¢

ZM x—e x ZM o2t
I < mj e s — \/FJ Vint e dz. (4.89)
mo’t J oo N

In the last integral we changed the variables. If now t — 07 then the expression on the
right-hand side tends to zero from the uniform convergence of the integral for fixed e.
Note also, that this statement is true for € depending on t such that e(t)/ Vt — oo for
t — 0". Similarly, I; — 0. On the other hand, we estimate I, differently

X+€

L, max 168~ | Gx—EUdE< max IBE) o0l (490)
£e(x—e,x+e) X—e Ee(x—eyx+e)

From the uniform continuity of ¢ we can now see that with e the expression on the

right side of the above inequality becomes arbitrarily small (the maximum is taken

over a smaller set). Take, for example, € = t7 so that the integrals I; and I3 will go to
0. O

We see that thanks to Green’s function, the solution of a problem on the real
line can be written in exactly the same form as the corresponding problem on the
interval. Furthermore, essentially as above, we can show that the solution to the
nonhomogeneous problem

(x,0 , X€ER (4.91)
u(—oo,t) =0, u(oo,t) =0, t>0.

{ U = o + 1, (x,1) € R x (0,T),
is ¢ o
u(x,t) = J J G(x — &t —1)f(&, T)dédT. (4.92)

We can see that the Green’s function is extremely useful.

Example. (Diffusion of a cloud) Imagine a cloud of dust that arises from a point charge
explosion in the air. Let u = u(x,t) denote the smoke concentration. We will con-
sider the evolution of visibility of the cloud over time and the moment of its complete
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disappearance. If we assume that dust particles evolve only by diffusion’} their con-
centration is expressed by the formula (since the initial condition is a point source)

Q _x2+y2+zz

u(x,t) = e bt | (4.93)
(4ntDt)2

where Q is the total amount of dust, while D is diffusivity. According to radiation
theory, the light intensity I when passing through the medium can be calculated from
the equation

dI

ds
where « is a constant that depends on the type of medium. Here, the independent
variable is the path s, which radiation passes along the way from the source to the
observer. For constant K| this equation can be immediately solved

= —ku(s)I, (4.94)

I(s) = Iyexp (—KJu(s)ds) . (4.95)

Note that visibility, or the ratio %, depends only on the value of the integral above. Let
us consider the projection of the cloud surface on the xy plane with the light source at
infinity. In addition, we orient the light path according to the axis Oz. Then

o X2+ 2 & ZZ \/ Dt XZ 2 X2+ 2
J u(x,t)dt = Lseﬁj e aptdz = %67% = Q e ot (4.96)
0 (4nDt)2 0 (4ntDt)2 dnDt
If our optical instrument (eye) has sensitivity 9, then the cloud is no longer visible for
% = e %, whence
K x24y?
= SSDte o (4.97)
determines the rim of the cloud for t. Therefore, the boundary of the cloud r = x* +y?
is given by the formula
Dot
r(t) = 2\/ _Dtn P (4.98)
Qx

The above function first increases from zero to its maximum, and then decreases back
to zero. Easy calculation allows you to compute the exact values of these characteristic

points (see Fig. [15).
4.2.2 Half-line R,

The phenomenon of heat conduction on a semi-infinite line often occurs in situations
where we are interested in the behaviour of the system around one of the boundaries.

140Of course this is an oversimplification - usually convection is also present.
15Usually it is not constant.
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Figure 15: The boundary of the cloud of dust with time.

The other end is very far away (infinity) and its impact on the dynamics is negligible.
In addition to the initial condition, we must also prescribe one boundary condition.

U = uy +f,  (x,t) € R x (0, T),
u(x,0) = d(x), xeR (4.99)
u(0,t) = u(t), t>0.

As usual, the above problem can be broken into three separate and considered all in
turn. Let us look first at a homogeneous initial case

U = Pl (x,1) € R % (0,T),
,0)=¢d(x), xeR (4.100)
t) =0

In order to solve the problem, we can use the results regarding the real line. Note that
if we define an auxiliary function defined on R

_ ] o), x > 0;
P(x) = { Tl x <o, (4.101)

then of course P (x) = ¢(x) for x > 0. Also note that the above definition is well-posed
because for x < 0 we have —x > 0. We say that) is an odd extension of ¢. This extension
can be used as the initial condition (matching ¢ on a half-line) for the problem (4.69).
The solution is of course

Ul t) = JOO Glx — & thp(E)dE. (4.102)

—00

From the definition of the heat kernel (4.80) it follows that G(x, t) is an even function
of x, thus

o0

u(0,1) = ro G(—&, thp(E)dE = J G(&, 1w (E)dE = 0, (4.103)

—00 —0o0
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since an integral over a symmetric interval of an odd function vanishes. Thus defined
u satisfies a homogeneous boundary condition and, of course, u(x,t) — ¢(x) when
t — 0" for x > 0. So w is the solution to the problem (4.100). We can express them in
terms of a given initial condition by writing

0 [e%)
u(x,t) = J Glx — £ 1) (—d(—£))dE + J Glx — £ 1)(¢(£))dE. (4.104)
—00 0
Changing the variable in the first integral we arrive at
() =J°°(G(x—a,t)—G(x+a,t))¢(a)da. (4.105)
0

It is a solution to a homogeneous heat equation on a half-line with an initial condition.
The idea of defining the auxiliary function 1 is called the method of reflections. In a
similar way, we can also obtain solutions to other problems on the half-line or higher
dimensional half-infinite domains.

Example. (Temperature inside Earth) Let u = u(x, t) be the temperature inside our planet
at depth x and time t. A simple model is

W = Py + T, (4.106)

where f is the rate of heat generation by nuclear reactions (this is the main source of
thermal energy on our planet because solar radiation is almost completely radiated
back into extremely cold space). The most popular, highly accurate, and broadly
verified hypothesis is the assumption that heat producing radioactive elements are
found in the lithosphere or the upper layer of the Earth, i.e.

{ AL 0<x<H,

cp)?

0, x>H,

where H > 0 is a characteristic depth. If we assume that u(x,0) = 0 and u(0,t) =0,
i.e. we study the effect of the radioactive decay on temperature, we can immediately

write the solution (see (4.103)))

u(x,t) = Jt Joo (G(x—&t—1)—G(x+ &, t—1)) f(§)dédT
0.Jo (4.108)

A t pH
:_JJ (G(x— &t — 1) — G(x + &t — 1)) dédr,
CP Jo Jo

f(x) = (4.107)

where G is the heat kernel. The above integral can be expressed in terms of the error
function. Without the radioactive elements, Earth would become as cold as outer space
billions years ago. O

4.3 Maximum principle (optional)

The solution of the heat equation has a very important property called the maximum
principle. Its physical interpretation is very clear and says that the maximum temper-
ature can only occur at the edge of the domain or at the initial time. In the absence
of sources it is impossible to raise the temperature to a value greater than that already
present on the boundaries.
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Theorem 5 (Maximum principle). If the function w = u(x,t) is bounded, continuous on
[0, L] x [0, T], and satisfies the heat equation on (0,L) x (0, T] its maximum and minimum
values can only occur on the sidest =0, x = 0orx = L.

Proof. Let M denote the maximum of u on the corresponding sides of the rectangle,
ie. t =0, x =0 or x = L (the minimum version can be tackled analogously). Let us
assume indirectly that there is a point (x, ty) belonging to the interior of the domain
or its upper edge t = T, at which

U(Xo, to) =M+e. (4109)

From the necessary condition of the existence of the maximum, we must have u, (xo, to) =

0 and u(xo,tg) < 0. Since the maximum occurs also with respect to time, we have

(X0, to) > 0 where the strict inequality takes place for t = T. Of course, from the heat

equation we have u, = o’ i.e. the contradiction occurs if u; > 0. We must therefore

show that there is such a point (x;, t;) for which the temporal derivative is positive.
Let us define an auxiliary function

vix, t) ;== ulx, t) + k(to — t), (4.110)

where k is a fixed positive number satisfying the condition k < 5%. Then of course we
have v(xo, ty) = u(xo, ty) = M+ € and k(ty—t) < kT. Note thatv(x,0) = u(x,0)+kty <
M +kT < M+ 5 and similarly for u(0, t) and u(L, t). Since the function v is continuous
as the sum of two continuous functions, it must attain its maximum at some point
(x1,t1). From what we have just noticed, we must have v(x;,t;) > v(xo,to) = M + €.
Because for t =0, x = 0 and x = L we have v < M + § then (xs,t;) must belong to the
inside of the rectangle or on its side t = T. At this point

Vax (X1, 1) = Uy (x1, 1) >0, (4.111)

and
vi(x, t) = wlxi, t1) =k >0, (4.112)

which gives us a strict inequality u;(x;, t;) > 0. Therefore, there exists a point at which
the heat equation is not satisfied. A contradiction. O

As an important application we apply the maximum principle to showing that heat
equation has a unique solution. Note that we have done that before with a use of
energy methods. These are essentially two most useful techniques used to showing
estimates on solution of parabolic and elliptic equations.

Theorem 6 (Uniqueness (once again)). Let two functions w, and u, be defined on [0, L] x
[0, T] and satisfy the heat equation

w = uy +f, (x,t) € (0,1) x (0,00) (4.113)

with identical Dirichlet boundary and initial conditions. Then w, = w,, that is, the solution is
unique.
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Proof. Let us define v := u; —u; and note, that v is a solution of the heat equations with
vanishing boundary and initial conditions (linearity). Moreover, it is continuous and
hence, attains its maximum at t = 0, x = 0 or x = L. But the conditions are zero which
forcesv =0, i.e. u; = uw,. O

Example. (Unbounded solutions) Note that an important element of the proof of unique-
ness is the boundedness of the solution. When we give up this requirement, the
situation gets seriously complicated and non-physical. Let

X2

Xxe 4t
2\/7?(% = —2Gy(x,1), (4.114)

where G is the heat kernel, while for simplicity and without any loss of generality, we
assumed that « = 1. Direct calculations can show that w satisfies the heat equation
Wi = Wy, On a the real line R. Also,

w(x,t) :=

hI:EI w(x,t)=0,t>0 and hrgl w(x,t) =0, x >0, (4.115)
X—I00 t—

therefore, both initial and boundary conditions are zero. Thus, if u is the solution of
the heat equation with any initial condition (4.69) then for constant C > 0 the function
u+Cwisalso asolution. Whatis wrong then? The reason is that wis really unbounded.
We can see this by checking its value for t — 0* following the curve x = 21/t

(2 = — =o0. .
tlir()).’lw \/_ L) tlggl \/_t e (4.116)
Therefore, if we do not listen to physics we can obtain very unintuitive results! O

4.4 Nonlinear diffusions (optional)
In many applications the diffusivity depends on the concentration itself. Let us see

some important examples.

Example. (Insects) Suppose the insect population spreads diffusively. It makes sense
to assume that the flow of such movement depends non-linearly on the size of the
population (there is a population pressure to speed up the conquest of a new terrain).
Then, the diffusion equation has the form

u = (D(u)uy)y. (4.117)

It can also be written as
u = D/(w)ud + D (U, (4.118)

Notice that due to nonlinearity a new convective term arises. This model can predict
insect outbreaks which is very useful in forestry (e.g. bark beetle). O
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Example. (Liquid helium) At low temperatures, heat in liquid helium is transported
according to a different law than Fourier’s. The so-called Gorter-Mellink equation is
more appropriate to model that phenomenon

T, = (kTé) . (4.119)

X

Notice that the equation has a singularity for T, — 0. O

Example. (Porous medium) Let u = u(x,t) is the soil moisture content at point x and
time t. If we neglect gravity, then, according to Darcy’s law, water in an unsaturated
porous medium is transported along the capillary pressure gradient, i.e.

dp

0 (4.120)

q=—k
where k is associated with pore distribution. Experiments show that capillary pressure
is a monotone function of the moisture. Therefore,
dp ou
= —k——. 4121
du 0x ( )
Conservation of mass gives us
ue = (D (s (4.122)

Where we have defined the diffusivity. In many cases a power-type function is a good
model which yields

U = DO(umux)x’ (4123)
where m > 0 and Dy > 0. The above is the celebrated porous medium equation. Note
that it is degenerate for u — 0. O

Example. (Glaciers) Consider a huge mass of ice - a glacier or ice sheet. Let h = h(x, 1)
be the height of the glacier at the point x and time t (as usual, the glacier moves mainly
in one direction, so one-dimensional approximation is sensible and highly accurate).
If v is the speed of the glacier and M is the rate of snowfall, mass conservation gives

h; + (Vh), = M. (4.124)
The constitutive relation was experimentally found by Glen and Nye. It states that
v = kht", (4.125)

where k, n are constants and T is the stress that causes glacier movement. Usually
n = 3. Because the glacier is moving mainly due to its weight, the stress is given by
the hydrostatic law (we neglect atmospheric pressure here)

T = —pghh,. (4.126)

Plugging it into the conservation law gives us

hy = K (hﬂ“ Ih ™ hx> M, (4.127)

X
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where K is another constant. It is highly nonlinear doubly degenerate porous medium
equation. ]

Example. (Reaction-diffusion) Many phenomena in nature contain both diffusion and
reaction elements (for example production of some chemical substance or population
increase). This can be described by the equation

u; — Duyy, = f(u), (4.128)

where f is responsible for the reaction (a source). For example, if we assume that u
describes the population size that diffuses in space and reproduces in accordance to
logistic law, we get the Fisher’s equation

u
W — Dy = Tu (1 - E) : (4.129)
which is a prototype of spatial population modelling. O

Example. (Burgers equation) On the other hand, a prototype of a nonlinear convection-
diffusion is the Burgers’ equation

U +uu, = Duyy,. (4.130)

We have already encountered the first term of this equation earlier when investigating
shock waves. It turns out that the diffusion element works against the non-linear
convection and is able to mitigate the gradient catastrophe. The above equation arises
as the simplest model of viscous fluid convection. Then, D is the kinematic viscosity of
the fluid. There is an amazing formula called Cole-Hopf transformation that transforms
the Burgers equation into a linear heat equation. Let us check it out.

First, put u = wy for some function w. Then gives us

Uy + WaWy, — Dwyo =0, (4.131)

which can immediately be integrated into

1
w + Zwi — Dwyy =0, (4.132)

where constant of integration vanishes because we assume that solutions disappear at
infinity. Finally, we substitute

w=—-2DInv. (4.133)
By calculating partial derivatives we can write
1 2D
0=w,+ zwi — Dw,, = — (vi — Dv,y) . (4.134)

Therefore, the substitution u = —2Dv~'v, transforms (4.130) into

vi = Dv,,. (4.135)
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If u satisfies the initial condition u(x,0) = ¢(x), then v has

‘I X
v(x,0) = exp (—5 JO q>(y)dy> — (). (4.136)
Therefore, we can write the solution
v = | Blx— g ble)dE (4137)

or after returning to the original variables

e’ ﬂ _ K(&,x,t)
o Jﬂfoo t € b d‘("

u(x,t) = [~ I i , (4.138)
where : .
Kgx ) = X8 +L¢(y)dy. (4.139)

Therefore, we obtained the analytical formula for solving an initial problem for Burgers’
equation. This is one of the few cases where a difficult nonlinear equation can be solved
by explicit formula. However, one should not overestimate the fact that we have an
analytical solution - after all, it is very complicated and at first glance does not tell us
anything. However, there are a number of approximation techniques that allow us to
examine the behaviour of the solution for different limits and specific initial conditions.
The most important limiting case is of course D — 0. We can then see how a smooth
solution creates becomes a shock wave.

4.4.1 Self-similar solutions

Nonlinear parabolic equations are a huge branch of modern mathematics. There are
no general methods for solving them or even investigating their solutions. However,
the method of looking for self-similar solutions is very useful. It does not usually solve
a generality of initial or boundary problems, but very often allows finding candidates
for asymptotic forms of other solutions.

The method of self-similar solutions has its origins in the geometrical theory of Lie
groups, but here we will see its practical version. Suppose we have an equation

uy = (D(wuyy, (4.140)

or any other nonlinear parabolic equation. For example, let us consider the porous
medium equation D(U) = U”‘E We look for solutions is the form

u(x,t) =t*UMm), n=xt® (4.141)
where a and b are to be found. Calculating the derivatives we can find that

w = at®"Um) + bxt*™ U/ (), u, =t4""U'(n). (4.142)

18The familiar heat equation is retrieved for m = 0.
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After substituting into the equation we obtain
at® U + bt U’ = ter2me (ymun)’, (4.143)

So for the equation to make sense, we must have a — 1 = a + 2b + ma. We still need
to find the second equation to uniquely determine all the unknowns. This can be done
with boundary conditions (whenever possible). For example, consider the familiar
case when at the time t = 0 a fixed amount of substance is released at the point x = 0.
This means that the total weight is constant

o0 o0

U (xt®) dx =t*° J U(n)dn. (4.144)

—00

C= Joo u(x,t)dx = taJ

—00 —00

Therefore, for the above equation to be valid, we must have a = b. Moreover, the first

equation for parameters gives us a = — frac12 + m. The self-similar solution thus has
the form 1 1
u(x,t) =t == u (xt—m) , (4.145)
where U satisfies :
— >—— (U+nu’) = (u™u’)’. 4.146
o (Umu) = (umW) (4.146)
We can immediately write
] / N/
- - (um 41
7 (W) = Uy’ (4.147)
that is :
3 mnu =umu’, (4.148)

where we have set the integration constant to zero. We can immediately state the
solution in the form

Umn) = (K - 1an) " : (4.149)

where (a); = maxa, 0. This self-similar solution is the famous Barrenblatt’s profile ob-
tained in the middle of XX century when investigating a sudden release of energ We
can compare it with the fundamental solution of the (linear) heat equation (4.80). The
latter is positive for any x € R and t > 0 while the former vanishes outside a bounded
and closed set (in analysis we say that the solution has a compact support). This means
that the velocity of information propagation is finite which is a required feature of
many physical systems (since it does satisfy the second law of thermodynamics). Note
also the Barrenblatt’s profile is nondifferentiable at the junction point for which u = 0.
We can see that solutions of nonlinear problems can behave completely different than
their simpler counterpart in linear theory.

Example. (Lake freezing) Let us consider a lake and denote its temperature by u(x, t) at
the depth of x and time t. We know that initially u(x, 0) = ¢(x). Assume that thereisa

17 Apparently, the Cold War generated a lot of interesting mathematics...
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certain temperature on the surface, i.e. u(0,t) = uy and the lake begins to freeze. After
t, the boundary between ice and water is denoted by s = s(t). Note that the point of
contact between water and ice is unknown and must be found as part of the solution.

To complete the formulation of the problem we need to set a second boundary
condition. During each phase transformation, latent heat L (per unit of mass) is
exchanged with the environment while maintaining a constant temperature. When
the boundary between phases changes by As during At, heat is released in an amount
pAsL. For the energy to be conserved, the above heat must be equal to the difference
in heats between the phases

(kiux(s(t) ", t) — ko (s(t) ", 1)) At = LpAs, (4.150)
after taking the limit we obtain the Stefan’s condition
ki (s(t) 7, 1) — kaux(s(t)", t) = Lps'(t), (4.151)

where the prime denotes the derivative with respect to time. Here, k; are heat conduc-
tion coefficients for different phases.

The complete problem can be now formulated. The temperature satisfies the heat
equation

W = a(x,s(t))*u,  gdzie ofx,s(t)) = { Z;: 2;:(; s(t) (4.152)
We have an initial and boundary conditions
u(x,0) = d(x), u(0,t) =u,. (4.153)
On the boundary between phases the temperature must be continuous
u(s(t),t) =u(s(t)",t) =0, (4.154)
and the latent heat is exchanged (Stefan’s condition)
ki (s(t) 7, t) — kou,(s(t)™, t) = Lps'(t). (4.155)

Let us emphasize that s(t) is not known from the very beginning and must be deter-
mined as a part of the solution. The boundary condition is therefore imposed at an
unknown interface. This is one of the free-boundary problems.

Let us try to solve the Stefan’s problem by using the method of self-similar solutions.
Put u(x,0) = c. If our case were a problem with only one phase, we would know from
previous considerations that the solution of the heat equation on a half-line was a
function of x/v/t. Therefore, we try to look for

uxt)=UMm), n= (4.156)

S

At the same time we also should have
s(t) = soV/t, (4.157)
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for some sy > 0. The heat equation then becomes

x, 0<n<sy

4.158
X2, M = So ( )

1 / " :
— Znu = a(n)*U gdzie «(n) = {

Note that in this formulation, the unknown boundary between phases is constant. The
ordinary equation can be immediately solved (since (1) is piecewise constant)

U(T]) = Ahz -+ B],z Erf( N > ; (4159)

where subscripts 1,2 mean that for each domain 0 < 1 < sp and n > s, we have
different integration constants. Initial condition is now ¢ = u(x,0) = U(oco) while the
boundary condition at x = 0 gives uy = u(0,t) = U(0). In order to satisfy them we
must have

Ar=u, A;+By=c. (4160)

Continuity of u atmn = s, forces

A1,2+B1,2Erf( %0 ) ~0. (4.161)
20(1’2

The above system of algebraic equations is now

cErf () " o .
2 T 7\ 2= 7/ \-°
1 — Erf <;T°2> Erf (%) 1 — Erf (%)

It remains to find the constant sy determined from Stefan’s condition. When we do this
we obtain a transcendental equation that has to be solved numerically.

A1 = Uy, Az = — B] = (4162)
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5 Laplace’s and Poisson’s equations

We will now deal with another very important partial differential equations: Laplace’s
and Poisson’s. These are elliptical equations and we will see that their solutions ex-
hibit completely different properties from the solutions of parabolic equations. First,
however, let us see where such equations can arise.

Example. (Steady-state heat distribution) We already know that the evolution of temper-
ature in a certain area is governed by the heat equation

u, = Au + f, (5.1)

where A is the Laplacian. If we wait long enough, then the state of our domain should
be fixed and all temperature changes should stop, that is, u; ~ 0. As an example, we
can imagine heating a cold room with radiators on. First, the temperature in the whole
room begins to rise until it reaches the one that is set on the thermostat. We can then
specify two phases: transient and steady-state. With a vanishing temporal derivative the

heat equation becomes

f
—Au= ;. (5.2)

This is the so-called Poisson’s equation, and in the homogeneous case Laplace’s equation
Au = 0. (5.3)

We can see immediately that the above two equations are only interesting for dimen-
sions greater than or equal to 2, because on a real line R direct integration gives us
the result. Functions that satisfy the Laplace’s equation are called textit harmonic
functions. O

Example. (Potential) A very important application of elliptic equations occurs in the
theory of both gravitational and electrostatic potential but also describes the potential
of velocity in fluid mechanics. Here we will focus on the gravitational field.
According to Newton’s law of universal gravitation, the two point masses m and M
attract each other with a gravitational force proportional to the inverse square of their
distance
Mmr
27
where 17 is a vector connecting two masses and 1 := |r| is its length. Since force is a
vector, we had to include the r/r term in the above formula to indicate the direction.
Imagine that M is a mass of a large body and m is the test mass. To focus only on the
tield created by this large body, it is worth defining gravitational field as a vector

F=G

, (5.4)

It is nothing else but a gravitational acceleration created by the mass M. Since F is a
conservative force, there exists a potential u = u(x) such that

g =—Vu, (5.6)
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and it is not hard to see that
GM GM GM
(I)(X) - - - )
X gtz T

If we would like to find a field generated by two masses, the resultant g would be the
sum of two components, each of which would come from every mass separately. In
general, for a discrete mass distribution we have

r 0. (5.7)

_ N
g = 1;] Gmy i) (5.8)

which gives us a gravitational field acting on j -th mass created by all other bodies.
It is convenient to introduce the continuous volume density of the mass distribution
p = p(x) giving the field at the point x

glx) = G ||| oy o= 25ay. 59)

R3

We expect that there must also be a gravitational potential for such continuous distribu-
tion (a smeared-out mass). Let us first assume that p disappears in the area containing
x. Then

o = [[[ov () ay = v ( [ dy) cve 610

R3 R3

where the gradient is taken over the variable x. On the other hand, we can see that

V.g=G m o(y)V - (’:__;”3) dy = 0. (5.11)

R3

Comparing the above two equations we get
0=V.(—Vu) =—-Auy, (5.12)

Therefore, the potential for empty regions (a vacuum) satisfies Laplace’s equation.

Now, suppose that p may be nonzero in the area containing x. The problem, of
course, is that the point mass potential is not specified at y = x. Let us isolate this
point. To this end, let B(x, €) be a ball with a centre at x and radius e while 0B its
surface (a sphere). We can then write

g0 =6 ||| oy)Z=Teay+G ||| ety s =Tsay. 513)

R3—B(x,€) B(x,e€)

We know that the divergence of the first integral is zero, thus it is sufficient to consider
the second one. Let us use the mean-value theorem for integrals

m PLy) 5= ;’P dy = ply’) m - ;’P dy. (5.14)

B(x,€) B(x,€)
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Taking divergence and using Gauss-Ostrogradskii’s theorem we further obtain
X—Yy * X—y * X—y
VJ'” ——=dy = ”JV(—) dy = H ——-ndS(y). (5.15
: )p(y)|x_y|3 y =oply l( | x—yr, Y ply 13( )|x_y|3 (y). (5.15)

Since in the last integral, y belongs to the surface of the sphere with the center at x and
radius € we have

V- || eyp ey =ely) || Sasty) =ely) Sinet = damoly). (516
B(x,€e) 0B(x,€)

We can now take the limit e — 0 which gives
V - g(x) =4nGp(x), (5.17)
which is called the Gauss law. In the language of the potential we therefore have
— Au = 4nGp, (5.18)

whence, the mass density p defines a potential given by Poisson’s equation. O

Example. (Potential flow) Let u = u(x) denote the velocity field of a non-viscous fluid
at x, which is not dependent on time (stationary flow). From the law of conservation
of mass we have

P+ V- (pu) =0, (5.19)

where p is the fluid density. If it is incompressible[f| we have
V-u=0, (5.20)

Therefore, the flow is divergenceless. If we additionally assume that it is also irrota-
tional we have
V xu=0. (5.21)

It follows that there exists a potential ¢ satisfying
u=-Veo. (5.22)
Using the incompressibility condition we can obtain
0=V.-u=-V-Vo=-Agp, (5.23)

hence, ¢ satisfies Laplace’s condition. Despite its extreme simplicity (Feynman, after
von Neumann, called this flow ,dry water”), the above equation is very useful for
describing low viscosity fluid flows away from the boundaries of the domain. An
important example is the description of the flow around an aircraft wing (aerofoil). [

18And to a very high accuracy we can assume that under normal conditions many liquids are essen-
tially incompressible, e.g. water.
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Example. (Analytical functions) In the theory of complex functions, a beautiful result
states that for the differentiability of f(x,y) = u(x,y) + iv(x,y) in the complex sense
(so-called analytic or holomorphic functions) a necessary and sufficient condition has to
be met and it takes the form of Cauchy-Riemann equations

Uy =Vyy Uy = —Vy. (5.24)
Computing second derivatives we obtain
Uxx = Vyx = Vxy = —Uyy, (525)

Therefore, Au = 0. Similarly Av = 0 and we see that both real and imaginary part of
the analytical functions are harmonic. O

5.1 Separation of variables

As in the case of the heat equation, also for elliptic PDEs the method of separating
variables allows us to obtain explicit solutions. However, it should be noted that this
approach will work only for simple domain, of which the rectangle is the easiest and
we leave its analysis for the reader.

5.1.1 Laplace’s equation of a circle

Another interesting domain for which the method works is the circle, i.e.

Au =0,
{ s = . (5.26)

where B is a unit circle with a center at 0. Of course, it is natural to express the problem
in polar coordinates and write u = u(r, 0). The above, therefore, has the form

1 1
S(nw), + U =0, 0<r<l, —m<O<m, (527)
u(1,0) = f(6), —msfsm

Since polar coordinates are singular at r = 0, we can expect that the solution of the
equation will be unbounded. To be in accordance with physical intuition let us require
that

lu(0,0)] < C. (5.28)

Periodicity of polar coordinates must also be taken into account, therefore we require
that u(r,-) and ug(r, -) are 27t - periodic. Let us separate the variables and write

u(r,0) = R(r)©(0). (5.29)
In follows that the boundary conditions for the © function are
O(—mn) =0O(n), O'(—mn) =0O'(n). (5.30)

The PDE has the form | |
- (rR)'© + 5RO" =0, (5.31)
T T
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and after division by R® we have

%(ﬂz')’ — @' =)\ (5.32)

where A is a constant and we anticipate that it is positive. The @-equation is very simple
©" +20 =0, (5.33)

with conditions (5.30). A solution is therefore
©(0) = Ccos (\/Xe) + Dsin (ﬁe) , (5.34)

along with
A=n? mneN. (5.35)

Thanks to that the equation for R becomes
™R”" + 1R’ —n’*R =0, (5.36)

which is a second order equation with variable coefficients called Euler’s equation. This
is one of the few equations of this type for which we can provide analytical solutions. To
guess them, notice that polynomial differentiation reduces its degree by one. Therefore,
we expect the solution of (??) to be

R(r) = 1%, (5.37)

for some constant . Assume that n # 0 and plug this ansatz into (5.36). Thanks to
that we obtain a quadratic characteristic equation for o

x(x—1)+a—n?=0. (5.38)

The solution is
o =4n, (5.39)

whence, the general solution of is
R(r) = A"+ B,r™, n#0. (5.40)
For n = 0 Euler’s equation takes the form
R” + 1R =0, (5.41)

hence R(r) = Ay + By Inr. We can see that for u to be bounded at (0, 0) we must have
B,, = 0 for n € N. Therefore,

u,(r,0) =" (C,cos (nO) + D, sin (nB)), meN. (5.42)

As the above function is a solution of the Laplace equation for each n, we expect that
the general solution has the form

= [Cncos(n) + Dysin(nd)]r", 0<r<1, —m<O<m (5.43)
n=0
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Coefficients C,, i Dy, as always, have to be determined from the boundary condition

f(0) =u(1,0) = i C,ncos (nd) + D, sin (nO). (5.44)

n=0

It is a usual Fourier series for a periodic function f, therefore the coefficients are given
by

lr f(0)do, C, = —r f(0) cos (06)d0, D, = lJn f(0)sin (0) dO. (5.45)

CO:Zn, TT T

It can be shown that this series converges and defines a solution of the Laplace’s
equation on a circle with Dirichlet boundary condition.

As in the case of the heat equation, let us check whether we can transform the
solution into an integral form with a use of the respective Green’s function. Put
in (5.43) and interchange the order of summation and integration

u(r,0) = r l

aTT

z i (cos (nd) cos (nO) + sin (nd) sin (nO)) r ] f(d)dd. (5.46)

After simplification we obtain

(cos (nd) cos (nO) + sin (nd) sin (nO)) ™ = cos (n(p —0)) r", (5.47)

u(r,0) = Jnﬂ J—t

The sum of an infinite series can also be calculated explicitly. To do this in the easiest
way let us use the complex representation of trigonometric functions

whence,

%+§COS (n(d)—e))fn] f(d)dod. (5.48)

T & _ 1] = T 1 . n
! =Y (ein@-0 (-0 gn — 2 UO-0)"y (e Uo-0
2+;cos(n(<b +2; =3 ; re' ).
(5.49)
Each is a geometric series
T 1 n n 1 1 1
— 4 — i(¢p—0) i(o—0)\" _ _
332 () s (re ) _2[1+1_reu¢_e o } (5.50)
and hence
& (1= el ) (1= re 0 (1 pellé0)) (1 — e i(o-9)
§+;Cos(n(¢—9))r =5 (el ) (1 — e 100] .
(5.51)
Which after simplification is
1 o W] 1—1?
27" cos (n(¢—8))r T 214+12—2rcos(p—0)’ (5:52)
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what is called the Poisson’s kernel. Returning to the integral we obtain

1 (™ 1—12
u(r0) = ZTJT[ 1+712—2rcos(Pp — e)f((b)dd)' (5:53)

Poisson’s kernel can be thought as a derivative of the Green’s function for Laplace’s
equation on a unit circle.

5.1.2 Mean-value property, maximum principle, and uniqueness (optional)
Notice that when we put r = 0 in (5.53)) we obtain

] 27
u(r,0) = —J () dep, (5.54)

27 ),

which means that the value of solution of Laplace’s equation at the centre is equal to
its average over circle’s circumference. This is extremely important fact that has many
implications. Itis revealing to prove this property without the use of the exact solution.
Recall that a function satisfying Laplace’s equation is called harmonic.

Theorem 7 (Mean-value property). Let u be harmonic on R", that is Au = 0. Then,

1
u(x) B m iﬁB(x,r) uds’ (555)

where B(x, 1) is a ball centred at x with radius r > 0.

Proof. We will focus on the two-dimensional case n = 2, however, the proof for a
general case is not much more difficult. Assume that w,, + u,, = 0. Since R? is
invariant under translations we can assume that (x,y) = (0,0). Define the mean

1
m(T’) = ﬁ %aB uds, (556)

where B := B((0,0),1). The integral above is a line integral that can be parametrized
with (x,y) = (rcost,rsinr), i.e.

27t
m(r) = lJ u(rcost,rsint)dt. (5.57)
27 ),
Notice that m(0) = u(0,0) and
1 27t
m'(r) = — J (uxcost +uy sint) dt. (5.58)
27 ),

Now, we transform the above integral into a line integral over a vector field Vu by
noting that dx = —sintdt and dy = cos tdt (since x(t) = cost and y(t) = sint)

1
m'(r) = 3 jgaB u,dy — uydx. (5.59)
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Finally, we apply Green’s theorem"|

1
m'(r) = I ”B (Wnx + uyy) dxdy, (5.60)

to see that by the assumption m/(r) = 0. Therefore, for any r > 0 we have m(r) =
u(0,0). O

Knowing the mean-value property we can expect that since u is always some average
it should present a decent regularity. Averages smear outirregularities. In fact, one can
prove that harmonic functions are infinitely differentiable and even analytic. Moreover,
for Poisson’s equation —Au = f the regularity of u is determined by smoothness of f.
The proof are more intricate and beyond the scope of these notes on applications.

An important implication of the mean-value property is the maximum principle
which is somewhat similar to the analogous result for heat equation. It says that the
non-constant harmonic function cannot attain its extrema in the interior of its domain.

Theorem 8 ((Strong) Maximum principle). Let D C R" be a open connected set and
u € C*(D) with Au = 0. Then, if w attains its maximum and minimum in the interior of D
then it is constant.

For now, we omit the proof. The maximum principle in a simple way leads to the
uniqueness result.

Corolary 1 (Uniqueness). Let D C R™ be a bounded open set. Then, if Au = 0 with ulsp = 0
then w = 0 on D.

Proof. Since the extrema of u are attained at 0D then u < 0 and u > 0 on D. Therefore
u=0. O]
5.1.3 Laplace’s equation in a cylinder (optional)

Another very important application of separation of variables is a solution of the
Laplace’s equation on a cylinder. Various applications emerge in many fields spanning
from electrostatics to astrophysics. Consider the following problem

Au:r(rm)rJrr—zueeJruZZ:O, 0<r<a, 0<0<2m 0<z<H,

LL(T‘, e» H) = f(T, e)) (top)) (561)
u(a, e,Z) = g(e)z)) (Side))

u(r,0,0) = h(r,0), (bottom),

where we have utilized cylindrical coordinates”] Notice the similarity with polar
frame (5.27). As we will see, the term u,, causes the main difference between these
two. Separation of variables is initialized with an ansatz

u(r,8,2) = R(r)0(0)Z(z2). (5.62)

YRecall that it states that §, (P, Q) - dr = [ (Qx — Py)dxdy.
20Recall the form of the Laplacian.

59



When we plug the above into the PDE (5.61) we obtain (after dividing by ROZ)

(TR/)/ @// Z//
= tTog T 7 =0 (5.63)

This time, the separation of variables is done in turns. First, we can split the z-term
and conclude that
(T.R/) / @ n Z "
+ = —— =
TR 120 Z
where the separation constant A € R. We immediately obtain the equation for Z

—A, (5.64)

72" —NZ =0, (5.65)
which has a solution

Z(2) = {C1 sinh(v/Az) 4+ C; cosh(v/Az), A >0,

= 5.66
Cysin(v/—Az) + Cycosh(v—Az), A <O. ( )
where we prefer to use hyperbolic functions instead of exponentials. Returning to

(5.63) we can separate the second time with a constant n

R” 4+ 1R 4+ Ar? K
R —= —? —= T]_) (5.67)

from where the © equation is
©" +nO =0. (5.68)

Since the solution of the above has to be 27-periodic, we must have n € N since then
the solutions will be combinations of trigonometric functions

©(0) = D; cos(v/n0) + D, sin(/n0) (5.69)
The ODE for radial coordinate is something new to us
PR” + 1R + (Arf —n?) R = 0. (5.70)

This second order variable coefficient ODE is called the Bessel’s equation. Notice that we
have two separation constants A > 0 and n € N. Clearly, it reduces to the previously
solved Euler’s equation for A = 0. For n # 0 the solution is not given in terms of
elementary functions. However, by a substitution of a power series it can easily be
shown that the general solution of the above is

R(r) = E1Jn(VAT) + ExYn (VAT), (5.71)

where the Bessel functions of the first ], and second Y,, kind are given by

w2 =Y = (E)z”“, Yo(z) = lim Jntzlcos(ez) = Jn(2) (5.72)

— jl(j+n)! \2 a—m sin(xz)

A plot of Bessel function is depicted on Fig. Notice that Y, are singular at the
origin and thus we neglect them from our bounded solution. Both of these functions
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Figure 16: Bessel functions of the first J,, and second Y,, kind.
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n=20 n=1 n=2 n=3

0 24048 3.8317 5.135  6.3802
1 55201 7.0156 84172 9.7610
2 8.6537 10.1735 11.6198 13.0152
3 11.7915 13.3237 14.7960 16.2235

~rrEr

Table 1: Zeros z,., of Bessel functions.

oscillate and decay in amplitude. It can even be shown that that for large arguments
they asymptotically are close to trigonometric functions with an amplitude decaying
~1/2
asz /%
Let us now return to the problem (5.61). Recall that due to linearity we can solve
it in turns by splitting into three cases with exactly one nonhomogeneity each. To this
end, start with f = f(r,0) and g = h = 0. The boundary conditions for our separated

functions are then
Z(0) =0, R(0)-bounded, R(a)=0. (5.73)

Therefore, from (5.66) we have C, = 0 while from (5.71) we get E; = 0 and

0=R(a)=Jn (ﬁa) . (5.74)

Whence, v/Aa has to be a zero of J,, (compare the analogous situation for one dimension
where here we would have some trigonometric function). Zeros of Bessel’s function
cannot be expressed in an elementary closed form. However, it can be proved that
there are countably many of them and we usually denote them by z,,,, meaning m-th
zero of n-th Bessel function (see Tab. [5.1.3).

It follows that 5
Znm
A= (T) o om>1, (5.75)
from which -
R(r) = 1] (T’“r) nen. (5.76)

We can now make a superposition of all we have found. Summing up (5.66), (5.69),
and (5.76) we obtain

ii] <—r) sinh <TZ> (@nm cos(v/nB) + by sin(v/nd)), (5.77)

where we renamed the constants of integration. The coefficients of the above expansion
anm and by, can be found with the use of orthogonality. First, by the boundary
condition we have

f(r,0) =u(r,0,H) i i In < > sinh <ﬂH> (@nm cos(v/nB) + by sin(v/nd)) , /
n=0 m=1
(5.78)
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Then, by the orthogonality of trigonometric functions we have

%T Lh f(r,0)d0 = g QomJn (Z%T) sinh (Z%H> ;

:T[Jjﬂ f(r,0) cos(nd)do = i Qnmn <Z%T> sinh <%H> y (5.79)
:—TLM f(r,0)sin(n6)do = Z brm/n <—1‘> sinh (%]‘Q y

for n > 1. Now, we would like to extract an, and by, from the sums. Fortunately,
Bessel functions are also orthogonal with respect to a given scalar product, i.e.
2

[ (=S (o () o 630

where 8, is the Kronecker delta. When we apply this form of orthogonality we can
calculate

S 7[5 £(r,0)]o (%67) rdrde
me smh (2H) (J; ZTkr))z ’
4 = fo 1,0)Jn (2257) cos(n@irdrd@) 581
sinh (25H) (Jo (2257))
b — 2n [ F(r,0)]n (2251) sin(n@)rdrdd

sinh (23 H) (ot (3227))

where n > 1. Notice that the integrals in the numerators are calculated over the top of
the cylinder, that is a circle. Usually, an orthogonal expansion with respect to Bessel
functions is called Fourier-Bessel series. Having the above formulas we have solved the
boundary value problem and we can proceed further.

The case with the conditions at the bottom, i.e. h = h(r,0) and f = g = 0 is
completely analogous and we omit the details. For the lateral case g = ¢(6,z) and
f = h = 0 the situation is a little bit different. The boundary conditions are now

Z(0)=Z(H) =0, R(0)-bounded. (5.82)
Therefore, it is convenient to start with Z-equation (5.65) which yields

ALY . mmy 2
Z(z) = C; sin (WZ> . with A=— (W) : (5.83)
Now, Bessel equation (5.70) becomes
2p ! I m7 , 2 _
"R" 4+ 1R (—Hr +n)R—0, (5.84)

which differs from the previous by the minus sign. The solutions of the above are
called modified Bessel functions of the first I,, and second K,, kind and can be found by
an imaginary substitution p = imm/H r. They are the same for Bessel functions as
hyperbolic are for trigonometric functions. Figure [17| depicts the behaviour of these
functions. All of the second kind functions are singular at the origin and we exclude
them from our solution. We leave the remaining details for the reader.
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Figure 17: Modified Bessel functions of the first I,, and second K, kind.

64



5.1.4 Laplace’s equation in a ball (optional)

In many applications we are interested in solving Laplace’s equation on a ball. Notable
examples can be found in electrostatics and quantum mechanics but also in geophysics
(seismology), geodesy, astrophysics, and geophysical fluid dynamics - these fields that
are concerned in solving various problems on (almost) spherical planets. We will solve
the following problem

1 1 1 .
{A'LL T‘_Z (T‘zur)r—f—muee—f— Tzsind)(SIHd) u¢)¢, :0, 0O<r< 1, 0< (1) <27T,

(5.85)
where we adopted spherical coordinates from the very beginning. We immediately
separate the variables

u(r,d,6) =R(r)Y(d, ). (5.86)
Using this ansatz and conducting a standard calculations we obtain two ODEs
N 1 , 1
(r*R")" = AR, pe (sin® Yg), + sin—zeY"’d’ =AY, (5.87)

where A is the separation constant. The R-equation can immediately be written as
R”" 4+ 2rR" —AR =0, R(0) - bounded, (5.88)

in which we recognize the familiar Euler’s equation. On the other hand, by separating
the second time Y(¢,0) = ©(¢$)O(0) we can simplify the second equation

1 m?
ol D=0, — (sin0®) +(A— 0 =0. .89
tm ’ sine(sm )+ sin? 0 (>89)

The first of the above has periodic solutions for m € N (here we prefer exponentials)
O(Pp) =D1e™ 4 D,ye ™, (5.90)

while the second ODE is new to us. The latter can be further simplified with a
substitution x = cos 0 and P(x) = @(0) which gives sin’0 = 1 —x? and
d dx d d d

—_— = = i _— = — 2_
10 = 40 dx smE)dX 1 de' (5.91)

Notice that —1 < x < 1. Hence,

/ m?
(1 =x)P) + <>\—1—2> P =0, (5.92)
—X
which is the Legendre equation. From the theory of special functions we know that
the above has nonsingular solutions only when A = 1(1+1),0 < |m| < l,and l € N.
The solution of the above are in that case called associated Legendre polynomials and are
denoted by P[*. Some first examples are depicted on Fig. The product Y{*($,0) =
PI"(cos 0)e™? is called spherical harmonics and has many important applications when
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— P =1
P =z
—— P =Vi-a
- — P20=§(3x2—1)
P =212
—— P} =3(1-2?%

-1.0 -0.5 0.0 0.5 1.0

Figure 18: Some first associated Legendre polynomials.
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solving various problems on a sphere. In quantum mechanics one can show that
constants 1 and m are associated with momentum of the particle.

Finally, returning to the R-equation we obtain R(r) = C;r!' + C,r~ (") as a solution
to Euler’s equation. Due to regularity we have to take C, = 0 and hence

u(r,$,0) = Z TP (cos 6)e™, (5.93)
1=0 m=-1
The boundary condition gives us
f($,0) =) Z CmiP"(cos 0)e™, (5.94)
1=0 m=0

and in order to determine a,,; and b,,; we have to utilize orthogonality. Fortunately, as-
sociated Legendre polynomials are orthogonal with respect to a specific scalar product
on a sphere, i.e.

2m o 2m pm
J J Y ($,0)Y (P, 0)sin0dOdd = <J J Y (¢, 0)? sin 6d9dd)> dmndu,  (5.95)
0o Jo o Jo
where 6 is the Kronecker delta. Using this we immediately can find the formula for

the coefficients

0) 0dod
Cmt = 0[5 1(9,0)sin ¢ (5.96)
o Io Y™ (¢, 0)? sin 0d0dd’

which is analogous to the Fourier series.

Example. (Schrédinger equation for the hydrogen atom) The energy spectrum of hydrogen
atom has a profound meaning for both theoretical and experimental physics. When
we consider the non-relativistic case the wave function 1 for the electron orbiting a
stationary proton satisfies the Schrédinger equation

2

~ Y Ap v = By, (5.97)
2u

where h is the Planck constant, i is the reduced of the electron, E < 0 is its energy in a
bounded state, and the Coulomb potential V has the form

V(r) = — (5.98)

where 71 is the distance between electron. Our goal is to find the energy state E and the
corresponding wave function. After separating the variables in spherical coordinates

Y(r, d,0) =R(r)Y(d,0), (5.99)
in essentially the same way as before, we arrive at the radial and angular ODEs
2ur?
(rPR')’ — ( (VI —B) UL 1)) R =0,

: : (5.100)
—Y, I+ 1)Y=0
S0 0 (sinB@Yp), + smz 0 b +LUL+T) )
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, where, having learned about spherical harmonics, we set the separation constant to
be equal to I(1 + 1) with 1 € N. The solution of the angular equation is of course

Y($,0) = CP*(cos0)e™®, —1<m<1, (5.101)

for the second separation constant m € Z and the associated Legendre polynomial
P for 1 being the angular momentum while m the magnetic momentum quantum
numbers. Observe that with the radial equation some new challenges arise! Having a
singular Coulomb potential complicates the problem and makes it much more inter-
esting. As with many other variable coefficient second order ODEs our radial equation
has already been investigated in the past by many mathematicians and physicists. We
just have to determine the very kind of i
We start with a substitution y(r) = rR(r) which implies

(PR =1y”, (5.102)
which eliminates the first derivative. Next, we substitute for the independent variable

SuE
x=r —%, (5.103)
where we remember that in bounded state the electron has negative energy. After
these, our radial ODE becomes

T j+14+1 U1+41) . we?
9”*(_2* el )UZO, =\t -t (5.104)

From here, we have the last step to reduce the above equation into a standard form.
Notice that for x — oo this ODE reduces to y” = y/4 and hence has exponential
solutions. It is therefore convenient to substitute

y(x) = e AL (x), (5.105)
which after some cumbersome algebra yields
xL” 4+ (1 —x+ 2L+ 1)L +jL =0, (5.106)

which is the associated Laguerre equation with solutions being associated Laguerre polyno-
mials szm' In general the solutions of the above are

yj(x) = Dx"le T (x). (5.107)

Notice how often special functions arise in important physical problems. It is just a
matter of simple exercise to gather all solutions R and Y to form a Fourier(-Laguerre)
series (everything here, of course, is orthogonal by the Sturm-Liouville theory). We
will omit the details and only comment on the important physical consequences of the
various separation constants appearing in our calculations.

Z'Which is very difficult if you do not know what had already been done before.
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Returning to the definition of j we have that

ST I Y (5.108)
) Vo wE '
where we have defined the principal quantum number n. We thus see that the energy of

the n-th state is
B 13.6eV

n2
after plugging in the units. The ground state of the electron, whenn = 1, is thus —13.6
eV. Note also that we were able to solve the difficult problem in an exact way! This is
clearly a rare case and thus worth of careful examination. O

n —

, (5.109)

5.1.5 Eigenfunction expansions (optional)

So far we have considered many examples that have much in common. They all share
orthogonality and we would like to explore this topics to unify and formalize the
theory. Assume that would like to solve the Poisson’s equation with homogeneous
Dirichlet condition on some QO C R™, that is

(5.110)
Ulpao = 0.

{—Au:f, x € Q C RY,

Suppose we can find a family of functions {®,}, and corresponding constants A,
satisfying

—AD, =\, Dy, (5.111)

that is, we can solve the eigenfunction problem for a (negative) Laplacian. The above
is frequently met in many circumstances and is called the Helmholtz equation. We
have seen above that in some simple domains Helmholtz equation can be solved by
separation of variables. The general theory of PDEs on Hilbert spaces tells us then
that {®,,},, is orthonormal and, most importantly, constitutes a basis in Sobolev space
H?(Q). We can then expand

f(x) = Z fa®n(x), where f,= J f(x) D, (x)dx. (5.112)
n=0 Q
Now, the solution of (5.110) can also be expanded
ux) =Y ua@n(x), (5.113)

where u, are to be found. Plugging the above into Poisson’s equation we have

—A i u,®,(x) = i fa®n(x). (5.114)
n=0 n=0
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Now, the theory tells us that we can differentiate the above series term by term in the
[2 sense

o0

Z(}\ncn - fn)(Dn(X) =0, (5115)

n=0

where we have used the fact that @,, is a eigenfunction of —A. Since {phi,} is a basis it

follows that
fn
Un = T,
n
and our problem is solved. Of course, in practice this works only when we can
solve Helmholtz equation. However, apart from separation of variables and numerical

analysis, we have also the method of Green’s function described further.

(5.116)

5.2 Green’s function

We have already encountered the Green’s function when investigating heat equation.
We will now see that it is also a very useful tool for solving elliptic equations. As a
matter of fact, it was with the Poisson’s equation where George Green introduced his
function. Our approach will be based on Dirac delta distribution, which we will define
in a fairly heuristic way and postpone a more detailed analysis to the further section
(optional).

Definition 5. Dirac delta distribution is a mapping 8, which satisfies the following

1. Concentration at zero,

d(x) =0, x#0. (5.117)
2. Normalization, .
J d(x)dx = 1. (5.118)

We can immediately show the filtering property

(e o] o0

(f(x)—f(xo))é(x—xo)dx—l—J f(x0)d(x — xo)dx. (5.119)

—00

J f(x)d(x —xo)dx = J
From the definition of Dirac delta the last integral is equal to f(x,) since we can move
this constant value of the function in front of the integral. For the other integral we
have

e—0
R—(xo—€,xo+€)

J‘C>o (f(x) —f(x0)) 8(x —xp)dx = lim J (f(x) — f(xo)) d(x —x¢)dx = 0, (5.120)

from the first property of the Dirac delta. Therefore,

JOO f(x)d(x —xo)dx = f(xo), (5.121)

—00

what we had to show.
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A multidimensional Dirac delta is defined as a product of one dimensional distri-
butions
O(x) = 0(x1)0(x2)..0(Xn)y X = (X1,X2y ey Xn)- (5.122)

Apart from that we also will need the following Green’s identitieg™]

L” (uAv —vAu) dx :ag (UVv —vVu) - n dS, (5.123)
and
” (udv —vAu) dx = jl; (UVv —vVuJ -n dS. (5.124)

We will now give a very general definition of the Green’s function that, as we will see,
is consistent with our intuition and previous results

Definition 6. Green’s function G = G(x, x,) for an elliptic equation Lu = f with Dirichlet
boundary condition ulsp = g is a function satisfying

LG(x,x0) = 6(x — xo), (5.125)
where the differential operator L acts on the x variable and G(-,x0)|sp = 0 for any x,.

Of course, we will only deal with the case of L = A, which gives the Poisson’s
equation. Albeit being a particular choice, it does not cloud the generality of reasoning.
Thinking in terms of potential, the Green’s function is the solution of Poisson’s equation
where mass (or electric charge) is concentrated at a single point x,. If we assume that
the boundary condition is homogeneous g = 0, then we can think that by adding
(integrating over) up such point charges we can obtain a solution of our equation in
the form

u(x) := ”J G (x,%0)f(Xo)dxo. (5.126)
D

Then, we can formally obtain

Lu(x) = Jﬂ LG(x,x0)f(xo)dxy = J” d(x — xo)f(xo)dxo = f(x). (5.127)
D D

Whence, u as defined above is the solution to the elliptical equation Lu = f. This is
the main reason for introducing the Green’s function. The above calculation is purely
formal, however, with the help of Green’s identities, we can justify this result rigorously.
Let us take L = A and in the formula put v(x) = G(x, xo)

m (LAG — GAu) dx = ” (UVG — GVu) - n dS. (5.128)

oD

22Please review Calculus 3.
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From the definition of Green’s function, Poisson’s equation, and boundary condition
we obtain

”J (ud(x — xp) — GAu) dx = ﬂ gVG -n dS. (5.129)
D oD
We have thus proved the following theorem|

Theorem 9. If G = G(x,xo) is a Green’s function for the elliptic equation Lu = f with
Dirichlet boundary condition ulsp = g, then its solution can be written as

u(x) = HJ G (xg, x)f(x0)dxg + ﬂ gV,,G - n dS, (5.130)

D oD

where V, is a gradient with respect to the x, variable.

Therefore, we have solved the Poisson’a equation with a Dirichlet boundary condi-
tion. Of course, in order for this formula to be any useful we need to know the Green’s
function for the domain D , which is usually not easy to obtain. The analogous formula
for two dimensional problems can be devised in a similar way.

5.2.1 The whole space R3

We will now find the Green’s function for several specific domains. We will start with
the whole space D = R® (and leave the two-dimensional case to problems). Since no
direction in R? is special (the space is isotropic), we expect that the Green’s function
depends only on the distance from x,. Let us put r := [x — xo|. Then

G(x,%9) = G(r), (5.131)

and from the definition of Green’s function

1 .

= (r*G")" = 8(r). (5.132)
Therefore, for v # 0 we have 1 (rG’)’ = 0, which has a solution

G(r) = % TE, 140, (5.133)

Constants C and E must be found from the second condition for Dirac delta, that is,
its normalization. To do this, we proceed by exactly the same way as above in the
example with gravitational potential. Let us select a small ball B(e) with radius of €
and a centre at x,. We have

1= J”é(x —Xp)dx = ”J AG(x,x0)dx = ”JV - VG(x,x0)dx = JJ VG(x,xo) - ndS.

R3 B(e) B(e) 0B(e)
(5.134)

ZNotice that we have interchanged the variable names x + xo in order to write the formula more
neatly. This is only an aesthetic procedure.
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Because the Green’s function depends only on the distance between points x and x it
follows that VG(x, %) - n = G’(r) and we have

1 =4me’G/(e), (5.135)

which is true for every € > 0. Hence, an appropriate normalization condition is

1

. 2 _
leli%e G(e) = = (5.136)
From which we immediately find C = —- and E = 0. Finally,
1T 1
G(x,x0) = (5.137)

A x — x|

This is of course the gravitational potential we have found earlier. Recall that we
have devised the integral representation of the solution to Poisson’s equation (5.130)
assuming boundedness of the domain D. Otherwise the surface integral would be
meaningless. To find a version for the whole space, we need to consider a growing
family of balls that fill the entire space in the limit. Then the solution of Au = f with
u — 0 when |x| — oo is

u(x) = 1HJ' 1 f(xo)dxo, (5.138)

4m X — Xo
R3
which is identical to our previous physical result regarding the potential of continuous
mass distribution. However, for the well-posedness of the above formula, we must
impose an additional decay condition
lim (u+ru,) =0, (5.139)
T—00

for are functions that solve the Poisson’s equation throughout the space, which do not
satisfy the above condition.

5.2.2 A unit ball - method of reflections

Finding the Green’s function for bounded domains is not easy nor straightforward,
however we can use the results that we obtained for the whole space. Usually the most
difficult task in devising the form of Green’s function is to ascertain that we can produce
a sufficiently strong singularity, i.e. AG = 5. Because we have found a function that
has just the right type of the behaviour at x,, i.e. AG(x,X;) = 6(x — Xo), we can slightly
modify it to ensure it vanishes at the boundary of the domain. Let us thus put

1
471 |x — X0

G(x, %) = +v(x,%0), (5.140)
where v is the sought correction representing the effect of the boundary. We, of course,

would like to have | |

Av=0, V|jpp=-—"-—
) ’6D 47T|X—Xo|)

(5.141)
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therefore v is the solution of the Laplace’s equation with nonhomogeneous Dirichlet
condition. Finding v is much simpler than searching for the function producing the
Diract Delta after application of the Laplacian. For simple areas this can be accom-
plished by separation of variables. Here, we will demonstrate another technique called
method of reflections"| applied to the ball. Note that the Laplace’s equation has already
been solved for the two-dimensional circle and a ball with the use of separation of
variables. The results were enlightening however, a little complicated. It is therefore
useful to find some simpler representation of the solution.

Consider a 3-ball of radius 1. We would like to find such a function G, that
AG(x,%0) = 8(x —xo) and G(x,xo) = 0 for x| = 1 and arbitrary x,. Therefore, we have
to require

T 1

G(X, XO) = _ET |X — X0|

+V(X, XO)) (5142)

where v is a solution of Laplace’s equation. Recall that the Green’s function is the
potential at x due to the unit charge placed at x;. Let us try to select v so that the
potential vanishes precisely on the sphere. We put another unit (negative) charge at
some point y, so that for [x| = 1 the Green’s function G(x,x) = 0. Of course, y, should
depend on textbfx, and hence, we have to find this dependence. Since we have put a
negative charge we have

_1 1 n 1 C
Amt|x — x| 4m|x —y,

G(x,xo) = t (5.143)

where C is a constant denoting the strength of this added charge. We will find it later.
Since G = 0 on |x| = 1 we have to choose y, in order to satisfy

1
IXx — Xo| = E!x—yol, (5.144)

for [x| = 1. Let ¢ be the angle between x and x,. Note that this is the same angle as the
one subtended between x and y,. We haveﬁ

Ix — xol* = |x|* + [xof* — 2IxI[xq| cos &, (5.145)
and similarly
Ix — yol2 = x> + IyOI2 — 2|x|ly,l cos ¢. (5.146)
In order for (5.144) to hold we need
1
1+ |xol* — 2Ix0| cos ¢ = o (14 lyol* — 2ly,l cos ) . (5.147)

Let us see whether there exists a point y, which lies on the same line as x, and 0, that
is to say we propose the ansatz 'y, = oxo

1

2
1+ [xol” — 2/x0| cos ¢ = o
24 Actually, we have used that method without even knowing when we investigated heat equation on

the half-line.
BThis is the elementary cosine theorem.

(14 olxol* — 2axlxo| cos ) . (5.148)
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In order the above be satisfied for every angle ¢ (arbitrariness of x and xp) we must

have
104

1
1+ [xo* = o (14 ?xl?), 1= ot (5.149)
which gives us « = C? and hence, C = leﬂ Therefore,
X
¥, = ﬁ (5.150)

in other words [xo|ly,| = 1. You may recall from elementary geometry that in situation,
xo and y, are called conjugate with respect to an inversion in a sphere. We thus have

1 1 11 1

Gixx) — SN 5.151
boxe) == ) 47t ol Ix — 2] (.15D)

This is the famous Green’s function for a ball. Note that, similarly as with the whole
space R?, the function G is symmetric with respect to x and x{*%} Thanks to our result
we can readily write the solution of the Poisson’s equation on a sphere

Au=1f, ulpp=g. (5.152)

According to the fundamental integral representation formula (5.130) the solution is a
integral over the Green’s function. In particular, for homogeneous boundary condition,
g = 0, we have

u(x) = —4]—7_( L (L ] %) f(xo)dxo. (5.153)

x—Xo|  Ixol Ix — =

Among other regular regions in which the method of reflections work is the half-space,
rectangle (cube), cylinder, etc. These examples are extremely important in electron-
ics where many RLC circuit elements have regular shapes. Then, solving Poisson’s
equation can help finding the electrostatic potential and hence, to design circuits and
devices.

2This is a deeper result that will be proved during the tutorial.
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6 Distributions

Now we move to a more advanced topic of distribution theory. This section is optional
however, highly recommended in order to really understand Green’s function which
is a central object in parabolic and elliptic PDEs.

6.1 Motivation

Both in theory and applications it is very useful to be able to deal with objects which
are more general than just functions. We have already seen that the heat kernel became
more singular at x = 0 when t — 0". At the same time, its integral has always been
constant. The limit of such an expression is called the Dirac delta distribution or, with
an abuse of nomenclature, Dirac function (it is not a function!). Physically, Dirac delta
is a concentrated point mass or charge (why?).

Sometimes, Dirac delta is (incorrectly) defined as a function 4 having the properties:
§(x) = 0 for x # 0 and [ §(x)dx = 1. Of course, such a function does not exists since
an integral of function equal to 0 almost everywhere is also equal to 0. In other places
one can meet another even more risky "definition" which puts §(0) = occ.

Aforementioned definitions are still in use in modern science and technology and
show that it might be difficult to rigorously define what really Dirac delta is. Histori-
cally, ideas associated with "generalized functions" appeared in the second half of the
nineteenth century. Later, they were formally used by Heaviside and Dirac. A proper
mathematical treatment of these matters was given only in fifties of the last century by
Laurent Schwartz. We will investigate how this was done.

The heat kernel is not the only family of functions that can approximate Dirac delta.
At least when it comes to the so-called filtration property which sifts the value of a
function from inside of the integral.

Theorem 10 (Approximate idenity). Let f be a positive integrable function such as
J f(x)dx = 1. (6.1)
R
Define f,(x) = %f(%). If ¢ is differentiable on R and bounded by M > 0 then

lim JR @ (x)fn(x)dx = @(0). (6.2)

n—oo

Proof. We obviously have [ f,(x)dx = 1. We then have

JR o(x)a(x)dx — @(0)‘ < HR 000 — o017 (%) ax, (6.3)

because the integral of f, equals 1. The idea of the proof is to separate the set of
integration into several regions: where ¢ (x) is close to ¢(0), and where the tail of the
integral of f is small. Fix A > 0 and write

HR ()~ (0)]F () dx= % (J_A +J: +f) . (6.4)

o0
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The tail can be estimated with

‘I oo

. Jj o(x) = @O () dx < 2M LA f(y)dy, 6.5)

where we have substituted x = ny. We do similarly with integral over (—oo, Al.
Further, we have

1

A
w] 00— o () av< max o0~ o0 | () av= max o)~ 0(0).
(6.6)

Using the mean value theorem we obtain

1M X ,
| tei— et (2) ae < max 9(ER)IK <A max o'l 67)
nJ_a n xE[-A,A] XE[-A,A]
where & is between 0 and x. If we now take A = \/iﬂ then according to the tails go
to zero, and from the uniform continuity of the derivative we have
1M X 1 ,
~ | Je—e@)If (Z)dx< = max, o'(£(x))| 0. (6.8)
nj o n VTxel- L
Then f,, has the same filtering property as the heat kernel. O

We can thus see that there is an infinite number of functional series which limits
can be candidates for Dirac delta. Notice also that in the previous theorem the local
behaviour of ¢ is approximated with an integral over the whole domain. We can think
that the integral is a smeared out version of ¢. Further, if we formally write f,, — & then
it seems sensible to introduce the following notation

LMM@Wszmm% (6.9)

for sufficiently regular ¢. This property can be made rigorous by considering the
integral as a funcional mapping ¢ into some number.

6.2 Functionals and test functions

A functional has to act on some space and this has to be defined precisely. It must not
be too small to include all meaningful objects and not too large in order to retain the
regularity properties.

Definition 7. Test function ¢ is function of C*(R) class vanishing outside a bounded
interval. The space of all test functions is denoted by D.

Maybe it is not clear that the above definition gives a nonempty class. The following
example constructs a concrete family of its members.
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Example. The function

1
@(x) =exp (xz — ) X(=1,1) (6.10)

where Y is the characteristic function of an interval, is a test function. For the proof it
suffices to show that ¢ is differentiable at x = 1 infinitely may times (the point x = —1
is completely analogous). Calculating the derivative we have

, 2 ]
¢'(x) = _(Xz—_xnz exp (m) y (6.11)

for x € (—1,1). Similarly, we can show that a derivative of arbitrary order is a linear
combination of products of an exponential and rational functions having (x> — 1)™ in
their denominators. Because the exponential decay kills the algebraic growth (recall
how to prove it!) we have

) 1 1
Xli)l’}'l (Xz——])n exp (Xz — _I ) = O (612)
Therefore, every derivative is continuous at x = 1 and vanishes there. O

Example. Other test functions can be constructed based on the above by translations
and dilations. The set of all test functions is a vector space over R. O

We will also need the notion of convergence in the space D. That is to say, we have
to define what it means that a sequence of functions from D converges (pointwise or
uniform convergence is not strong enough for further purposes but they help to get
used to different topologies).

Definition 8. Let ¢, € D be a sequence of functions vanishing outside a common closed
interval. We say that ¢, converges to ¢ € D in D if

lim sup |(pﬂ‘)(x) — ™ (x)| =0, keN, (6.13)

n—oo x€R

that is each derivative of @, converges uniformly to the corresponding derivative of .
We are finally able to give a rigorous definition of a distribution.

Definition 9. A functional f over the space of test functions D is a mapping f : D — R. Its
action on a test function @ is denoted by (f, @).

Definition 10. A distribution is a linear functional that maps D into R and is continuous in
the following weak sense. Let @ be a convergent sequence of test functions vanishing outside
a common interval. Denote its limit by ¢. Then, the functional f is continuous if

(f,on) — (f,@) when n — co. (6.14)
The set of all distributions is denoted by D’.

Note that the above expression is a limit of real numbers. Finally, we can give a
rigorous definition of the Dirac delta.
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Definition 11. Dirac delta (or Dirac distribution) is a distribution & € D’ defined with the
following formula
(8,9) =¢(0), ¢€D. (6.15)

Showing that the above definition is well-posed is a simple exercise.

Example. This is an important example. Other distributions can be constructed with
a use of locally integrable functions f, i.e. those for which [, [f(x)|dx < co where I C R
is any bounded interval. Let f be locally integrable. Then we can define a distribution
in the following way

(f,0)= | f¥eixIax ¢ eD. (6.16)
R
The proof that the above really defines a distribution is a problem on the list. O

Because many useful distributions are defined by functions, to keep the notation
neat, we will write the following for Dirac delta

JR d(x)p(x)dx = @(0). (6.17)

We have to keep in mind that this is only a notation: so-called "useful fiction". Let us
go back to the first example in this notes. We have shown there that if f is integrable
then for every test function we have

n—oo

lim JR fa(x)e(x)dx = @(0). (6.18)

How to understand this limit? We know that the right-hand side of the above is the
Dirac delta

lim J fo(x)@(x)dx = J d(x)p(x)dx. (6.19)
n—oo R R

Since f,, defines a sequence of distributions we would like to write f, — & in some
sense. It appears that this is a good definition of the convergence for distributions (do
not confuse it with the continuity of functionals)

Definition 12. Let f,, € D’. If there exists a distribution f, for which it holds that
lim (fm ®) = (f) ¢), @€D, (620)

n—oo
we say that f,, converges to f in the distributional (or weak™) sense.
Notice that the above definition assumes existence of the limit. Showing that a given
sequence of distributions has or does not have a limit is usually difficult. Moreover,

distributional convergence is something completely different than the pointwise con-
vergence.

Example. We know that f,,(x) = sin(nx) does not have a pointwise limit when x # 0.
Since f, is a locally integrable function it defines a distribution

(fr, @) = JR sin(nx)e(x)dx. (6.21)
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Since ¢ is a test functions, it is also bounded, say by M. Assume that ¢ vanishes
outside [a, b]. We now have

M

b
J sin(nx)dx| < —
n

a

(fn, @)l <M

, (6.22)

because [cos(nx)| < 1. We can see that the right-hand side converges to zero asn — oo
and hence f,, converge to zero distribution. O

We can conduct some elementary operations on distributions. The below defini-
tions follow from the properties of distributions defined by locally integrable functions
(convince yourself about that!).

Definition 13. Let f € D' and ¢ € D. We define the following operations.
o (Translation) (f(x —y), @(x)) = (f(x), @(x +y)).
e (Dilation) (f(ox), @(x)) = 5 (f(x), @ (%)) for o # 0.
o (Multiplication by functions) if P € C*(R) then (Vf, @) = (f, Vo).
Notice also that a multiplication of two distributions is frequently undetermined.

For example, §* does not have any meaning.

6.3 Differentiation

Distributions have one more very useful property thanks to which they are commonly
used in differential equations. It appears that every distribution can be differentiated
arbitrary many times. To see this take any differentiable function f. It defines a
distribution according to the standard formula

me:Lmeme ¢ €D. (6.23)

Now, integrating by parts we obtain

HMMz—Lﬂﬂmew:4ﬂdh (6.24)

where we used the fact that ¢, as a test function, vanishes identically at infinity. We
can thus see that in order to compute the derivative of a distribution we only have to
know the values of the function f. This motivates the following definition

Definition 14. A derivative of a distribution f is defined by the following formula

(f(n)) (P) = (=" (f» (P(n)) y ¢@€D. (6.25)

The well-possessedness of the above definition, i.e. that the derivative is a distribu-
tion for itself, follows from linearity and properties of test functions.
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Example. Let H(x) be the Heaviside functions, that is a unit step at zero

0 <0
H(x) = { s §> o (6.26)

this function generates a distribution in the usual sense. According to the distributional
derivative we have

(M, ) = — (H, @) = —JRH(x)cp(x)dx - —r o) =90 = (5,0).  (627)

We can thus see that the derivative in the distributional sense of the Heaviside function
is the Dirac delta. Itis a rigorousjustification of the intuitive fact known to usbefore. [

Example. We can compute similarly with the derivatives of Dirac delta

(3™, 0) = (=" (8, 0™) = (=1)"™(0). (6.28)

Notice that the differentiability of distributions is, as a matter of fact, a consequence of
the smoothness of test functions. This is one of the reasons why we had chosen this
function space. u

Example. Let L be a differential operator

n n—1 d
Li= au(x) o+ ana () ooy et a1 (6 -+ o), (6.29)

where a;(x) are real functions. If f € D’ then

(Lf,@)z(Za()fm) (f,Z " -)q)(x))):(f,L*(p), (630)

i=0 i=

where the differential operator L* is the so-called formal adjoint to L. The above formula
is obvious if f is locally integrable. For an arbitrary distribution it follows from the
definition. O

So far we have collected all the necessary ingredients that will let us use distribu-
tions in studying differential equations. In many applications the classical notion of
the solution to an equation is too restrictive (recall conservation laws and shock waves).
Thanks to distributions we can give the weakest definition what we mean by a solution
to a differential equations. For simplicity, we will focus only on ordinary equations
however, generalization to partial ones is relatively easy.

First, consider the simple equation
f'=0. (6.31)
We are thus looking for distributions having a vanishing derivative. This means that

0=(f,o)=—(f,0"), @ecD. (6.32)
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Therefore, a distribution f will be a solution of the above equation if and only if
(f,\) = 0 for all test functions \p which are a derivative of some other test function. Itis
an exercise on the list to show that this condition is equivalent to fR P(x)dx = 0. Letnow
@ be any test function while ¢, some other one with the property that | g @o(x)dx =1
(we can always rescale any integrable function to have a norm equal to 1). We can then
write

o(x) = cpo(x)J

o(x)dx + {cp(x) - (PO(X)J cp(x)dx] . (6.33)
R R

¥

We can see that { has a vanishing integral. If now f is the solution of the equation
f’ = 0 we must have

(f, ) (f, 00 quJ(x)dx) _ ( ch(x)dx) (F, o) = chcp(x)dx _(Ce), (634)

where we have defined a constant C independent of ¢. Above reasoning shows that
the solution of " = 0 is f = C in the distributional sense. This result is, of course, in a
complete agreement with the classical case.

Now, consider a general linear nonhomogeneous equation of order n

Lf=g, L :%ai( )(i;. (6.35)
If we treat it in the distributional sense we have
(Lf,¢) =(g,9), ¢ €D. (6.36)
We can use the formal adjoint to L to recast the above into
(f,L"¢) = (g, ). (6.37)

A distribution f is the solution of (6.35) if the above equality is satisfied for every ¢ € D.
This solution can belong to one of the three categories.

1. If the solution f is a n-times differentiable function we say that it is a classical
solution.

2. If the solution f is a function which is less than n-times differentiable we say that
it is a weak solution.

3. If the solution f is not a function we say that it is a distributional solution.

All the above cases are sequenced according to the decreasing regularity of the solution.

In particular we can take g(x) = 6(x — &) and look for solutions of
LGg(x) =0(x —§&). (6.38)

If we find its solution then the distribution f defined by the formula
fo)=| (Guo1de, veD, (639)
R
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is a solution of the equation Lf = g. Distribution G; is called the Green’s function
(since it is almost always a function). We see that the Green'’s function is just a solution
forced by a point source both in space and time.

Example. A solution of xf’ = 0 is the Heaviside function H(x). To wit,

H(x)(x@(x)) dx = Joo(xcp(x))'dx = 0. (6.40)

(xH', 9) = = (M, (x0)) = - | O

R

Because H is a non-smooth function it is a weak solution. If we looked for a classical
solution, only a constant would be it. O

To conclude, we will see an example that the Green’s function defined via the
distributions is the same as the one that we used before. As an example we take the
heat conduction problem

U = ouy +f, (x,t) €R x (0,T),
u(x,0) =0, xeR (6.41)
u(—oo,t) =0, u(oco,t) =0, t>0.

We have shown that its solution is given by (#.80), i.e.
t poo
u(x,t) = J J G(x — &, t—1)f(&, 1)dédT, (6.42)
0 J—o0

where G is the heat kernel. Notice that if f(x,t) = 8(x — x¢)d(t — ty), and we think in
the distributional sense, we have

u(x,t) :Jth Gx—&t—1)0(& —x0)d(T—ty)dédTt = G(x — %o, t —t—0). (6.43)

0 J—oo

Which confirms our intuition that the Green’s function is the temperature at x and t
caused by a point source at x =0 and t = 0.
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Figure 19: A schematic of the string fragment.

7 Wave equation

In this section we will meet second order hyperbolic PDEs that model many wavelike
phenomena. They are essentially relevant for describing small-amplitude oscillations
near equilibrium. We will start with several examples.

Example. (String vibrations) Consider a one-dimensional string E with linear density
p, which in equilibrium position is stressed by the force T, (tension) and is subjected
to force per unit length F (e.g. gravity, load). Without lose of generality for our future
considerations, we can assume that the force F works in the vertical direction, i.e.
F = (0,F). We assume here that the string is very thin, that is its length dimension
is much larger than its thickness [F| For simplicity, let us imagine that our string
is attached to the guitar at points x = 0 and x = L. We will only be interested in
vibration of the string in a direction perpendicular to the Ox axis (transverse), but
it is very informative to derive equations in which we allow vibrations along the Ox
axis (longitudinal) as well. Let (x(s,t),y(s, t)) be the parametric equation of the string
shape at time t with parameter s.

Fix any time instant t. Consider a small piece of string describes by an increase of
s by As (Fig[19). It is obvious that the As increment produces the projections Ax and

It can also be a cable, chain or anything we can assume for simplicity that it is essentially one-
dimensional.

2The standard guitar string diameter E6 (i.e. the thickest one) is about 0.1 cm and its active length
is 65 cm (for 4/4 measure). So we can see that the string is about 650 times longer than thicker. We
can define the dimensionless thickness parameter as € = thickness / length. The assumption of one-
dimensional string is sensible if € < 1. In our case, € = 0.1/65 ~ 0.0015 < 1 for the string E6 and
e = 0.025/65 =~ 0.0004 < 1 for the thinnest string E1. Piano strings are somewhat thicker however, this
assumption is also valid for them.
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Ay. Let us consider the forces (per unit length) acting on that small fragment. These
are: tension T = T(s,t) and a predetermined force per unit length F = F(s,t). The
resultant of these two forces must be equal to the mass of the segment multiplied by
the acceleration it experiences.

Note that thanks to the one-dimensionality of the string the tension acts in tangent
direction. We can write

T(S)t) :T(s,t)(cos(p(s,t),sin(p(s,t)), (71)

where ¢ = @(s,t) is the angle between the string and the axis Ox (see Fig and
T(s,t) being the length of the vector T(s,t) . Recall from the calculus that the mass of
the arc of a parametric curve with the density p(s) can be calculated from the formula

P
s 2 2
M(s) :J p(v)\/(%(v,t)) + (%(v,t)) dv. (7.2)

In our case, the mass of the interval is

s+As 2 2
M(s + As) — M(s) :J p(v)\/(%(v, t)) + (2—2(\),’()) dv =

S

2 2
- Asp(o)\/(g—’;(o, 0) +(5hn).

for some o € (s,s + As) which follows from the mean-value theorem for integrals.
Notice that 0 — s when As — 0. In a similar way we can compute a the result of a force
F on the interval As. From the assumption, its x-coordinate is equal to zero, while the
y-coordinate is

s+As 2 2 2 2
J F(v, t)\/(g—:(v,t)) + <g—g(v, t)) dv = AsF(w,t)\/(g—:(w,t)) + (%(w,t)) ,

(7.4)

(7.3)

for some w € (s,s + As).
The net tension acting on As is equal to T(s 4+ As, t) —T(s, t). We can therefore write
the x-coordinate as
d 202
o)

0s ot
(7.5)

2
T(s+As,t) cos @(s+As,t)—T(s,t) cos @(s,t) = p(O‘)AS\/(Z—:(O‘,t)) + (

Similarly, the ycoordinate is

T(s+ As,t)sin @(s + As,t) — T(s, t)sin @(s,t) =

B oy 2 oy 292 oy 2 dy 2
= p(G)AS\/<a—S(G,t)) + <a—s(0,t)) 3 +AsF(w,t)\/(a—s(w,t)) + <a—s(w,t)> .

(7.6)

ZFor a homogeneous curve, the mass is equal to the density multiplied by its length. For any mass
distribution, p must be put under the integral. To better understand this formula, calculate the mass of
the straight line. Then take any curve and zoom it in.
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We can now divide the two above equations by As and take the limit As — 0 to obtain

2 2
2 (15t cos pls, 1)) = p(s)\/ (o) +(Ren) 53 o
S 0s 0s

ot2’

and

9 (1(s, ) sin s, 1)) =
0s

2 247 2 2
- p(s)\/ (Fsn) +(Fsn) 5o+ \/ (Ss0) +(Fsn) s,

The above equations can be simplified when we utilize the dependence of ¢ on the
derivatives 9x/0s and dy/ds. Notice first that the angle @a4(s,t) := ZCAB approaches
@(s,t) as As — 0. From the figure we immediately know that

(7.8)

Ax . Ay
COS Pas(s,t) = y  SIn@as(s,t) = y (7.9)
: V()7 + (Ay)? A VBT T (Ay)?
which is equivalent to
Ax Ay
oS Pas(s, ) = = =, sin@as(s, t) = = . (7.10)
X A X A
(%) + (&) (%) + (&)
Taking the limit As — 0 finally implies
cos @(s,t) sin @ (s, t) (7.11)

QH Q&
as as

where the derivatives are evaluated at (s, t). Finally, equations describing the motion
of a point (x(s,t),y(s,t)) on the string have the form

d & x\>  [ay\ o
a_s(m’t) (a_x>za+(aﬁ>2)p“wa_s) (&) m  om
and

d & B ox\*  [dy\’o%y ox\*
os (T(S’t) (@)2: (@)z) _p(s)\/(Fs) +(as> atﬁ\/(a_s)

0s 0s

_l_

oy 2
(a_S> F(S> t))

(7.13)
where for the sake of clarity we have abandoned explicitly writing the arguments
of the derivative. This will not cause any misunderstandings. At first glance, the
equations and (??) look scary! They form a system of two second order nonlinear
partial differential equations. Fortunately, in almost all applications we can make
an assumption that simplifies them in a significant way. The result that we will get
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then will be only an approximation of the real phenomenon [} This approximation,
however, very often is of the order higher than the error of the experiment. Even if it
was not, the simplified equation is always the first step to understanding the solution
of the full generality.

Before we make the approximation, let us note that we have two equations: (7.12)
and and three unknowns: x, y and T. Is our problem well posed in this case? As
we have already pointed out, the equations we have derived can describe vibrations
not only of the strings but also of all other objects that can be considered to be signifi-
cantly elastic and one-dimensional. What differs them is, apart from the density p, the
distribution of the tension force T. To complete the mathematical description of our
phenomenon, we must provide T. We can easily imagine that the greater the pulling
force, the greater the deformation of the string. This is also the case for very many
materialsP!} The experiment shows that the stress force is a function of relative deforma-
tion of the material. This is an extremely important relationship in physics, mechanics
and construction engineering. The relative deformation of the (infinitesimally small)
string piece is ((0x/ 0s): + (0y/ ds)? )% — 1, which can be obtained by considering the
geometry of the problem] We can therefore write that the length of the stress vector

1S
2 2
o= ((2) + (2) 1), i

for some function 7. We recall this the above is called the constitutive relation. We can
expand the unknown function 7 in Taylor series which gives us

ox\ dy 2 ox\? Jay 2
(Y (@) ) = () () ) v o

where Ty is the tension in the equilibrium position (therefore it does not depend on
time), while E is the so-called Young’s modulus. We see that for small deformations, the
relationship between stress and strain is linear. It is the celebrated Hooke’s law.

Thus, we see that in order to solve the problem of string vibration we need three
equations (7.12), and (7.14). This will allow to find all unknowns. Let us now
deal with a special case that is extremely important in applications.

Let us assume that we are only interested in transversal vibrations. When the string
vibrates only vertically, the coordinate of x of any point on it remains constant for all
time. This means that

g—:(s,t) =0, thatis x=x(s), (7.16)

39You can also argue that any mathematical model is a certain idealization, i.e. an approximation of
what is happening around us.

31The same is true with the textbook example of a spring: the tension force is proportional to the
elongation.

32The string segment in the equilibrium position has the length Ax = As. When the string is tilted,
this small segment deforms and obtains the length /(Ax)? + (Ay)2. Going to the limit As — 0 shows
that the relative deviation is actually the one we gave above.
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for all t and fixed s. Then, equations (7.12) and (7.13) take the form

dx
2 s —a— =0, (7.17)
(%) + (&)
and
0 & dx\? oy \ 2oy dx\* oy’
— | T(s,t) 9s :p(s)\/(—) + (—) 5+ (—) + (—) F(s,t).
0s 2 2 ds 0s /) ot? ds 0s
(%) + (&)
(7.18)
From (7.18) we can infer that
dx
T(s,t) ds = To(t), (7.19)

(8 + (3

where To(t) is the tension at (x(s,t),y(s,t)) satisfying dx/ds = 1 and dy/0s = 0, i.e.
the angle @ is zero (equilibrium position). We can now use our constitutive equation
and substitute dx/ds = 1 and dy/0s = 0 in it. We get Ty(t) = T, for all times t,
i.e. the right side of the equation is a constant equal to the string tension in the
equilibrium position”} Using this result, we are able to simplify the equation

e\ ) - ) 5 ) s/l ) T30 ) Fsv. (720
°3s (%) 9(5)\/<ds) +<as> 6t2+ (ds) +(as) (s,t) (7.20)
Using parametric curves is often useful in theoretical considerations, but in practice

it is much convenient to choose x as the independent variable. Suppose the string is
not vertical at any time, that is

dx
— #0. 7.21
s # (7.21)
Then we known that there is a well defined inverse function s = s(x) and we can define
u(x, t) :=y(s(x), t). (7.22)
Whence, from the chain rule we obtain

-1
au_ayﬁ_a_y(%> czyli oy dxou

= _ 9 — _~ 7.
ox 0s dx 0s \ ds (7.23)

ds  ds ox’
where we used the theorem of a derivative of an inverse function. Moreover, from the
chain rule we get
0 dx 0
ds  dsox’

3This is an important discovery because we can very easy to measure. If it changed over time, it
would be much more difficult to perform the appropriate experiment.

(7.24)
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Thanks to the two aobve equations we can write (7.18) as a one-dimensional nonliner

wave equation
1+ 6y 14 (B Zr—(x t) (7.25)
atz ox e '

where for clarity of notation we have expressed p and F as functions of x.

The equation (??) has a very interesting stationary solution. Suppose the string
(although now it is better to think about a cable or hanging chai hangs under the
gravity. This gives us F(x,t) = p(x)g. In addition, assume that the string has already
reached its steady state, i.e. 9y/0t = 0. We then get the hanging cable equation

d?y dy\’
@Y _ LA 7.2
To o2 P9 1+ (dx) (7.26)

The solution of (7.26)) is a hyperbolic cosine (exercise).

Note that nowhere before have we made any simplifying assumptions, but have
only considered specific cases. Let us return to the equation (??) and make a very
important assumption that the deflections of our string are smalf°} This means that

9y

< 1. (7.27)
0x

Due to this assumption, all (greater than the first) powers of dy/0x are at least one
order smaller than the derivative itself. Therefore, it is justified to neglect them. We
then get the one-dimensional wave equation

2 2
Tog—xg = p(x)aaTg + F(x, t). (7.28)
Note also that, according to the assumption of small deflections, the constitutive equa-
tion tells us that the stress force is constant at every point of the string and at all
times. In many situations, we are interested in a case where the string is homogeneous
(i.e. p(x) = p = const.) And no external forces (i.e. F = 0) act on it. We then get the
very well known wave equation

oy _ %%y
=c— 7.29
w " 7.29)
where ¢ = /Ty/p is the wave velocity. O

Example. (Membrane and acoustics) It turns out that the wave equation also appears
when describing the vibration of the membrane (2D) and air at the propagation of the
acoustic wave (3D). However, it is no longer just one-dimensional and has the form

Wy = c?Au, (7.30)

3 And also about the arches supporting the ceiling in cathedrals.

%For the guitar string this is a very appropriate assumption. We can see this by making a very
simple back-of-the-envelope estimate. As we mentioned above, the length of a typical guitar string is
65 cm. It seems reasonable to assume that its typical deflection when playing is 1 —2 mm. Then
|0y/0x| ~ 2/650 ~ 0.003 < 1.
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where A is the Laplacian. O

Example. (Maxwell’s equations) One of the most profound and fundamental achieve-
ments of physics was a unification of the electric E and magnetic B fields done by
Scottish mathematician and physicist James Clerk Maxwell. He devised that

JE B
V-E=dnp, V-B=0, — =cVxB—4n], = =-cVxE, (7.31)

where c is the speed of light in vacuum, p charge density, and J current density. The
interpretation of the equations is as follows. Starting from the left: Coulomb’s law,
source-free magnetic field, Ampere’s law (for E independent of time) and Faraday’s
law. To comply with Ampere’s law, we must have V - J = 0. In case this is not met, for
the mathematical closure of equations, a term with the time derivative of E is needed.
Adding it allowed Maxwell to obtain a unified theory of electric and magnetic fields.

We will show that the fields E and B satisfy wave equation. If we compute the
second derivative then

2
%:an%:—&Vx(VxE). (7.32)
Poprawi? strumie? pr?du! A standard identity in vector calculus tells us that V x
(V x E) =V (V:E) — AE. From the other equation we then have
2
ZT]ZE = ¢2AE — 4nc*Vp. (7.33)
For a given charge this is a nonhomogeneous wave equation. Similarly we can show
that
”’B
Freie c“AB 4 47cV x J. (7.34)
Notice that the mathematics of E and B is essentially the same. This is a trace of a
unification of seemingly different fields. Moreover, we see that each wave travels with

the speed of light. O

Example. (Shallow water waves) It can be shown that for a water flow in a shallow
channel we have the so-called shallow water equations
hy + (uh)x =0,
{ w + uu, = —gh,, (7.35)
where u = u(x, t) is the horizontal velocity of the flow, while h = h(x, t) the depth. If
a wave has a small amplitude then

h=H+{ u=1U, (7.36)
where | &| < 1, |¥| < 1 and H is the mean depth. Dropping quadratic terms leaves us
with

Ct + Hux = 0) ut + QCX = 0. (737)
If we cross-differentiate the above we obtain

0 = G + HUy¢ = Gyt — ghlx, (7.38)
which is a linear wave equation (; = ¢*(,, with ¢ = /gH. O
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7.1 Boundary conditions

We will start from one-dimensional wave equation, i.e.
Wy =cu +f, 0<x<L. (7.39)

Since this is a second order equation with respect to time we have to impose two initial
conditions: one for the deflection u and one for the velocity wu, therefore

u(x,0) =d(x), w(x,0) =1(x). (7.40)

Similarly as with the previous cases we have several options for prescribing boundary
conditions

1. (Dirichlet condition) The string endpoints move according to a given rule
u(0,t) = uft), w(l,t)=v(t), (7.41)
If p = v = 0 then the endpoints are fixed, that is the string is attached.

2. (Neumann condition) Suppose that there is a force F acting on an endpoint. Since
for small deflections string tension is equal to Tou, the boundary condition takes
the form

u, (0,t) = u(t) lub u(L,t) =v(t). (7.42)

A homogeneous case where p or v vanishes, states that the corresponding end-
point is free.

3. (Robin condition) If one of the string endpoints is elastically attached to some
support than there arises a force proportional to the deflection, that is Tou, = —ku
at that endpoint. If additionally, the support moves according to a known rule
we have

ux(oy t) ==\ (LL(O, t) — 0y )) lub ux“—) t) = _Al(u(l-) t) —02). (7.43)

4. (Load) An interesting boundary condition arises when we assume that one end-
point is loaded with a mass m that is attached to a spring. Then, from Newton’s
second law we have

muy = —ku, +mg at one endpoint. (7.44)

5. (Periodic condition) If both ends of the string are joined, we have to impose conti-
nuity conditions
u(o)t) = u(I—)t)) ux(o)t) = ux(l—) t)- (745)

We will only deal with Dirichlet’s condition because it is sufficient to illustrate many
issues related to the wave equation. Of course, due to linearity, we can separate the
problem of nonhomogeneous load f, initial conditions, and boundary conditions into
three separate problems in which there is only one nonhomogeneity.
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7.2 Separation of variables

Similarly as for the heat and Poisson’s equation we can use the method of separation
of variables. Remember that is works only for simple domains. Much have been said
about this method and to illustrate the theory we will consider two musical examples.

Example. (Guitar string) Consider a string attached to the neck and the bridge of a
guitar. We have

Ut = CPlUyy, O<x<L, t>0
=
ut(X) 0) = W(X))
u(0,t) =u(L,t) =0.
Separating variables starts with writing
u(x,t) = X(x)T(t), (7.47)
which lead to familiar ODEs (compare the heat equation)
X" +AX =0, T"+cIAT=0, (7.48)

where the separation constant A > 0. The boundary conditions are X(0) = X(L) =0
and hence

X(x) = Asin <nTﬂx> , T(t)=Ccos <%t> + Dsin <nT7tct> , (7.49)
and it follows that
u(x,t) = Z <an cos (nTmt> + b, sin (nTmt>> sin (TLTﬁx) . (7.50)

n—=

Further, we can apply initial conditions to determine a, and b,,. The calculations are
standard and we omit the details. It is interesting to give a musical interpretation of
that we have found.

The vibrations of the string produce a sound that is then amplified by the resonant
guitar body. Therefore, all the information of the quality of sound is encoded in Fourier
coefficients a,, and b,,. The overall shape of the wave u is composed of pure sine waves
called harmonics. Their frequency is

. mc
frequency of n-th harmonic = —

7.51

and we see that higher pitches have a frequency which is a multiple of lower ones -
hence the name. In general every sound, not necessarily produced by a guitar, can be
decomposed in its Fourier series, i.e. we can find its expansion into harmonics. What
distinguishes the sound of piano and the guitar, for instance, are the coefficients a,
and by, that tell us how much of a given harmonic is included. This is called the timbre
- the same sound has a completely different flavour played on different instruments.
Classical instruments cannot produce a pure sinusoidal wave and what we hear is
a superposition of fundamental harmonic and its overtones. If a note has a frequency
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v then, from our solution, we know that we hear a linear superposition of waves
with frequency nv with various weights a,, and b,. For the Fourier series to be
convergent we must have a,,b, — 0 with n — oo so that higher harmonics have
decaying amplitude. Therefore, the most important is the fundamental and its several
overtones. For example the A sound consists of pure A (and its transpositions over
octaves), E, C¥, D, B, while E note expands into E, B, G%, A, F¥, etc. Notice that the E and
A are common in these spectra. This is what makes the consonance, i.e. a phenomenon
occurring when different sounds played simultaneously are pleasant for the ear (this is
of course somewhat subjective). Pythagoras found that consonance occurs for sounds
produced by strings differing in length with a ratio of small integers™| For example, if
two sounds with a frequency ratio of 3 : 2 are played, then the harmonics are

v, 2v, 3v, 4v,

3 9
2V, 3V, 3V, 6V,

(7.52)

and we see that the third harmonic of the first sound is the same as the second harmonic
of the other note. In this example, these sounds are in a perfect fifth interval. From here
it is straightforward to stack different intervals over each other producing chords. We
can carry this much further in developing music theory. It is remarkable however, that
almost all of it can be explained with a Fourier solution of a simple PDE. Music, at least
when it comes to composition, is mathematics. O

Example. (Drum - a vibrating membrane) Now, we consider a drum, that is a membrane
spanned over a circular rim

ue =c? (1 (ruy), + Suge), 0<r<a, 0<6<2m,
u(r,0,0) = O©(r,0), (7.53)
ut(r) e) 0) - \P(T‘, e))

where the Laplacian is written in polar coordinates. We separate variables as follows

u(r,0,t) = R(r)0O(0)T(t), (7.54)
and it follows that - 1 ]
I 2 (1 0 "' = Y/
T C (T‘R (rR")" + r2®® ) . (7.55)

After the first separation we obtain

"
T" +AT =0, %(rR')’—A .8

ST =g (7.56)

where we have anticipated the sign of the constant, i.e. A > 0. The first ODE has the
periodic solution with frequency dependent on A

T(t) = C; cos (ﬁ\t) + Cysin (ﬁ\t) . (7.57)

%Note that we have shown that the frequency is inversely proportional to the string length.
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A second separation gives us

A
Q" 4+n’@=0, R"+TR + (nz — grz) R =0. (7.58)
It follows from the first ODE that we must have nN in order to have 6-periodic solutions.
Moreover, the second equation is already known to us from our studies of Laplace’s
equation in cylindrical coordinates - Bessel equation (5.70). Since the membrane is fixed

over its rim we have R(a) = 0, and for the well-posedness we require R(0)- bounded.
Similarly to (5.76) the bounded solution is

R(r) = DJx <\/—Xr> ; (7.59)

C

where |, is the n-th order Bessel function of the first kind. In order to satisfy the
boundary condition we must impose

A= (CZQM)Z, (7.60)

where z,,, is the m-th zero of n-th Bessel function. We have thus arrived at a very
important conclusion. The frequency of the elementary sine wave is
C Znm

-th sine = 7.61
frequency of n-th sine . (7.61)

which is not harmonic! Since z,,, are not integers the elementary notes produced by
a drum are not multiples of each other (see Tab. 5.1.3). Note the completely different
character of a percussion instrument such as drum from the pitched guitar or piano. [

7.3 One dimension - d’Alembert’s solution

Historically, one of the first analytical solutions of partial equations was the solution of
the wave equation derived by d’Alembert. We will trace his reasoning for the equation
defined on the whole R line. We can think of an infinite string here. Let us solve then

U = C Uy, x €R
U(X, 0) = (I)(X), (7.62)
e (x,0) = P(x).

This is the initial value problem for the wave equation. d’Alembert introduced an ap-
propriate transformation of variables in order to bring the wave equation into so-called
canonical form. Of course, at that time the general theory of differential equations
was unknown, which is why his reasoning is very innovative and brilliant. To follow
d’Alemebert’s intuition, let us write the wave equation using standard notation

’u ,0%u 2 07
_ - _ = RN — . 7'
0 2 o (atz ax2> e (7.63)
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The form of the right-hand side encourages us to use factorization similar to the
elementary school algebra. However, we have to keep in mind that we are dealing with
operators and not numbers

9.2 iJrci —a—z—c i +c i —cza—z—a—z—cza—2 (7.64)
ot ox ot ox/) ot oxot otox ox2 o2 ox2’ '

since the mixed derivatives commute. Similarly

>  da\[d 2\ & L
P I (. i I A 7.65
(at+cax) (at Cax) 2 (7.65)

The wave equation transforms thus into

0 0 0 0 0 0 0 0

Then, if u is a function satisfying one of the following first order equations

0 0 0 0
thenitis also a solution of the wave equation. We know that these solutions are F(x—ct)
and G(x + ct), therefore from linearity we have

u(x,t) = F(x —ct) + G(x + ct). (7.68)

Therefore, a general solution of the wave equation on R is composed of two waves:
one going right, and one going left. Functions F and G are associated with initial
conditions. We will find them. First of all,

d(x) = ulx,0) = F(x) + G(x), (7.69)
and
P(x) = u(x,0) = —cF'(x) + cG'(x). (7.70)
It follows that -
~F(x) + G(x) = EJ W(s)ds + C, (7.71)
0

where C is the integration constant. Immediately we have

1 1 (¥ C 1 1 (* C
F(x)zzwx)—ﬂow(s)ds—z, G(x)=§¢(x)+zjow(s)ds+5. (7.72)

Whence, we have proved the following famous d’Alembert’s solution.

Theorem 11 (d’Alembert). The solution of , i.e. the wave equation on R with initial
conditions is

u(x,t) = $(x —ct) + ¢(x +ct) N l Jx+ct

> 2 P(s)ds. (7.73)

x—ct
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Let us return for a moment to the formula for the general solution of the wave
equation. As we have already mentioned, it is a superposition of two waves running
in opposite directions. More specifically, in the x — t diagram, we can draw two lines
x £ ct, on which each part of the solution is constant. These are our familiar charac-
teristics. Because the equation is of the second order, it is equivalent to two first-order
equations [’} Therefore there are two families of characteristics. Information about
the initial conditions is therefore carried into spacetime, moving at a speed of c along
straight lines. Note also that for a fixed time t > 0 and point x;, € R the characteristics
bound a triangular area with sides t = 0, x = =£ct. Itis called the area of influence that is,
the set that contain the information about initial conditions. The value of the function
u at (x, t) is only affected by the values of the initial conditions in [x — x| < ct.

Example. We will consider several examples illustrating the wave-like behaviour of
solutions. Consider a signal that has nonzero initial value u with vanishing velocity.

Then (7.73) reduces into

d(x —ct) + d(x + ct)
2 )]

u(x,t) = (7.74)
which means that one part of the initial condition travels to the right while the other
to the right. For instance consider a rectangular impulse (it is a very simple example
of plucking the guitar string)

1, xI<h

ummzmmz{o,w>m el 0) = P(x) = 0. 7.75)

This solution can most easily be understood by seeing it on a spacetime diagram pre-
sented on Fig. The most important fact is that a characteristic caries the value of u
into the spacetime. O

Example. Suppose now that only the velocity is nonzero, that is

1, xI<h

w(x,0) = lx) = 0, mwmzwmz{o’w>m (7.76)

This, in turn, is a simple model of hammer striking a piano string. From d’Alembert’s

solution it follows that
x+ct

u(x,t) = 2—CJ UP(s)ds, (7.77)

x—ct
and we can see that the solution depends on all values of { inside the area of influence.
This is an important observation. [

Example. As a more complex application of d’Alembert’s solution we will see how
the solution of the wave equation for a half-line looks like. We can think of an infinite
(very long) string hooked at one end. Everyone is familiar with the experiment that
illustrates our considerations - a garden hose with one end tied to a stake driven into

%For example, v¢ = cu, and uy = —cvy.
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Figure 20: Spacetime diagram for wave equation on R with vanishing velocity and

$(x) = Xon(x) as in (7.79).

the ground, that is u(0,t) = 0. Suppose that the free end is forced by an impulse. We
start with (7.68). Since the initial conditions are defined only for x > 0, by putting t = 0
we see that F and G can only take positive arguments. The argument of G(x + ct) is
always positive, this term remains unchanged. On the other hand, if x > ct, then of
course F(x — ct) is well defined by (7.72). However, the problem is the x < ct area but
we can use the boundary condition to obtain

0 = u(0,t) = F(—ct) + G(ct), (7.78)

which gives F(—z) = —G(z) for any z > 0. This means that F for negative arguments is
an odd reflection of G. Therefore, for x < ct we have

u(x,t) = F(x—ct)+G(x+ct) = —G(ct—x)+G(ct+x) = 5 +2_c

ct+x
dlct+x) —d(ct—x) 1 J b(s)ds,
(7.79)
and for x > ct the solution is given by the usual d’Alembert’s formula. We can easily
interpret this result. For x > ct one part of the wave moves to the left until it is in
the area x < ct where it is reflected from the edge and begins to move to the right as
—G(ct —x). Thus, we see that just as with the heat equation the method of reflection
works for the half-line - the initial condition is odd-reflected. A spacetime diagram for
initial condition given by is plotted on Fig. 21} Drawing it we have to remember
that when a characteristic going to the left touches the x = 0 line it is reflected with a
change sign of the value it carries. The value of the solution is then determined from
the d’Alembert’s formula (for our simple initial condition it is just the mean value). [

Example. Finally, let us see how d’Alembert’s formula can be used to find a solution of

the wave equation for a string attached on both endpoints. This problem can be solved
without any difficulties by using the separation of variables, however d’Alembert’s
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u=20
u=-1
u=20 u:%
u=1 u=20
> X
0 h

Figure 21: Spacetime diagram for wave equation on R, with vanishing velocity and

$(x) = Xon(x) as in (7.79).

approach emphasizes the qualitative features of the wave much better. We therefore
have
u(x,t) = F(x —ct) + G(x + ct). (7.80)

If x > ct and x < L 4 ct the boundary conditions are not taken into account and hence
the usual d’Alembert’s solution is valid (7.73)). However, when x < ct or x > L + ct we
have to use the boundary conditions

0=u(0,t) = F(—ct) + G(ct), 0=u(L,t) =F(L —ct)+ G(L+ct). (7.81)

The first one leads to F(z) = —G(z), which implies F(L + z) = F(L — z), therefore F is
2L-periodic. A similar reasoning works for G, hence u is also 2L-periodic. We see that
in a way similar to the half-line we have a reflection at x = 0, but this time the wave is
also reflected at x = L. The final solution is best seen in the space-time diagram. We see
that if we only extend the initial conditions oddly with the period of 2L, d’Alembert’s
solution for the whole straight line will be reduced to the solution on the interval [0, L].
This solution is much simpler and more revealing than solution given by the Fourier
series”| The spacetime diagram for this problem is depicted on Fig. Notice the
2L-periodicity. O

7.4 Two and three dimensions

Very often, we want to find a solution to the wave equation for a signal propagating
in each direction. This is an example of spherical wave that arises for example when
sound is moving in a given medium. On the other hand, the light wave has a clearly
defined direction of propagation and if it has a specific frequency it is an example of

3%But they are the same - uniqueness!
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Figure 22: Spacetime diagram for wave equation on [0, 1] with vanishing velocity and

$(x) = xp,n(x) asin (7.75). Here, L = 1.

plane wavd”] Let us consider both of these phenomena.

Example. (Plane wave) Consider the wave equation in R’
uy = c’Au, x € R, (7.82)

Since the equation is linear with constant coefficients, we expect to find exponential
solutions .
u(x, t) = Aellkx-wtl (7.83)

where A is a complex number (wave amplitude), x = (x,y,z), and k = (ky, ky, k;).
Looking for complex solutions of real equations is very practical since it simplifies
calculations in a great extent. After them we always can take the real or imaginary part
of the obtained solution and have a real function. Substituting to we get

w? = c*k?, (7.84)

where k? = ki + ki + k2. Therefore, we have obtained a generalization of the known
result for one-dimensional wave - it is a dispersion relationship between wave fre-
quency and wave numbeﬂ For one dimension we have k = £* which means that
the wave number is the number of oscillations per unit space (times 27). In addition,

w = 2_Tm = z%c Thus, w = ck. Our solution is therefore

u(x, t) = Aelllxtekt), (7.85)
Taking the real part we obtain

u(x,t) = A, cos(k - x + ckt) — A;sin(k - x £ ckt), (7.86)

¥This is of course an idealization. In nature light consists of wave packets which, mathematically, are
superpositions of waves of different frequency.
#0Recall that from Physics 2
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Where we have a decomposition A = A, +1A;. The wave vector k has a very important
physical interpretation. From the solution we can see that the wave has exactly the
same value on (x,t), for which k - x & ckt is constant and this implies

u=const. dla k-x+ckt=C, (7.87)

for some C. If we fix t, we get k - x = Fckt + C, which is the equation of a plane with
the normal vector k. This is where the name of the plane wave comes from: its phase
is constant on planes perpendicular to the wave vector. When the time t changes, the
plane with a constant phase moves along the vector k. Therefore, the wave moves into
that direction. O

Example. (Spherical wave) Let us examine the spherical wave now. Assume that the
solution of the equation (7.82) represents a wave that propagates in every direction
(and not as it was previously - in a fixed one). This suggests introducing spherical
coordinates | : 5

;utt = T._Z (rzw)r = Uy + ;ur- (788)
where we assumed that the solution is independent on both angles (since it is the same
in every direction). Multiply the above equation by r

T

e = Tl 2u, = ("W, (7.89)

since the left-hand side derivative is taken with respect to time we can write
(ru)tt = Z(Tu)rn (790)

which has exactly the same form as one dimensional wave equation for a function ru.
We now that its general solution is

u(r,t) = % [F(r —ct) + G(r 4 ct)]. (7.91)

From here, it follows an important fact that the wave amplitude decays as 1/r while
energy as 1/ 2. O

The above result can be used to find a solution of the three dimensional wave
equation with initial datg"] Let u be a solution of

Uy = c?Au, t>0, xeR3
u(x,0) = ¢(x), (7.92)
ui(x,0) = P (x).
We will use the method of spherical means and introduce another function U = U(r)
being the average value of u on a sphere with radius r and centre at a fixed point x,

471”2 ﬂ uds. (7.93)

0B (T,Xo)

U(r,t) :=

41 Another method is to use separation of variables in spherical coordinates.
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We immediately have U(0,t) = u(xo,t). Let us calculate the Laplacian of U. Since U
does not depend on any angle we have

1
AU = (ru,). . (7.94)

When we integrate (7.92) over a ball B(r, x,) we obtain
192
230 udx = Audx = Vu - ndS, (7.95)
B(rxo) B(rxo) 0B(r,xo)

from Gauss-Ostrogradskii’s (divergence) theorem. In the surface integral we can
change the variable in order to deal with a sphere of unit radius

J'J Vu-ndS = ” Vu(x,t) - XX (x) = 12 ” Vu(xo + 1y, t) - ydS(y)

0B(1,x0) 0B(r,x0) 0B(1,0)

) ] (7.96)
Zar e ” u(x, t)dS(x) | = 4nr’U,.

( 30) aB(TvXO)

S Juxo—l—ry, £)dS(y) = dnr
0B

where in the second to last equality we have returned to the original variable, hence
the factor v%. The left-hand side of (7.95) can be written as an integral over increasing
family of spheres filling the whole ball B(r,x,), that is we can use spherical coordinates
to write

”J udx = J; p*dp ” udQ = J; o 47:p2 ” udS | dp = 47‘[£ p*U(p)dp, (7.97)

B(T,Xo) aB(p,Xo) aB(p,Xo)

since the surface and solid angle elements are related via dS = p?dQ. Combing the
two above equations we arrive at

1 02 Jr ) )
—— | p"U(p)dp = r°U,. (7.98)
c? ot? ),

To get rid of the integral we differentiate with respect to r obtaining

2

2
("W = % (ru,), = % (2rU, 4+ r°U,,) = ¢* (rU) (7.99)

)

what shows that U satisfies one-dimensional wave equation. It is exactly the same
PDE as (7.88)) however, set up on a half-line. For the boundary condition we have

lim rU(r, t) =0, (7.100)

r—0+

with initial conditions

1

rU(r, 0) = 4rr

H &dS =: F(r), rU(r,0) = L ” PdS =: G(r). (7.101)
0B(x,r) 47tr 0B(x,r)
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Therefore, we can use d’Alembert’s solution derived in (7.79) for a half-line to state

U(r,t) =

. o ct+r
Flct+1)—F(ct—1) 1 J G(s)ds for 0<rt<ct. (7.102)

2 e )

Now, we would like to return to the original solution by taking the limit

u(xp,t) = lim U(r, t). (7.103)

r—0+

When we compute the limit in (7.102), suppress writing the subscript, and use

. Flet+71)—F(ct—1) d _1d
lim - = P = o Flet), (7104

we obtain the following result first obtained by Poisson, however, known as Kirchhoft’s
solution.

Theorem 12 (Kirchhoff, Poisson). The solution of the three-dimensional wave equation with
initial data is given by

u(x,t) = é%c % % ” ¢dS +% U PdS| . (7.105)

B(x,ct) B(x,ct)

Notice that the solution depends only on the value of initial conditions on the
sphere and not on its interior. This is the so-called Huygens principle. This situation is
completely different for two-dimensional case.

In order to derive the solution of a Cauchy problem for a two-dimensional wave
equation we will use the Hadamard’s method of descent which is based on utilizing
three-dimensional solution for a initial data that does not depend on z. We thus solve

Uy = c*Au, t>0, xeR?
u(x,0) = b(x).

by introducing an auxiliary function with a dummy variable
ﬁ(X,y,Z,t) = u(x,y,t). (7.107)

Then, u trivially satisfies three-dimensional wave equation and, hence, we can use
(7.105). We only need to evaluate the surface integral keeping in mind that the initial
data does not depend on z. A convenient parametrisation of the sphere is

r(p,0) = (x + pcosO,y + psin O, ++/(ct)? — pz) , pr=x"+yh (7.108)
By computing the tangent vectors and taking their cross product we can obtain

ctp

Ve —o?

dS = r, X rp|dpd6 = dpdo. (7.109)
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Whence,

27 pct t
“ bdS = ZJ J b(x + pcos B,y + psin8)————_dpdo. (7.110)

o Jo \/(ct)? — p?

We thus have proved the following corollary.

B(x,ct)

Corolary 2. The solution of the two-dimensional wave equation with initial data (7.100) is
given by

1T [o (7t pdpdo
u(x, t) 7 lat L Jo d(x + pcosB,y + psinO) TS

o (7.111)
e dpdo
+J J P(x + pcosB,y + psinbd) pap

o Jo Vict)ZI=p2 |

We immediately notice a striking difference between three- and two-dimensional
solutions of the wave equation. As we noticed, from it follows that the solution
depends only on values of initial condition on a boundary of a ball with radius ct.
This means that On the other hand, tells us that the wave uses all data inside a
two-dimensional ball of radius ct. In other words, if the initial conditions are nonzero
in some bounded region, then for all sufficiently long times the solution will also be
nonzero. It can be shown that these phenomena remain true in higher even and odd
dimensions, respectively. This two-dimensional behaviour can be observed in your
bathtub in which a cork is floating in water. If you introduce a disturbance nearby, say
you throw in a child’s toy, after a while the cork starts to oscillate and does so for until
the energy will be lost due to dissipation. Note also that if we lived in two dimensions
we could not talk to each other since we would hear the sound for a (too) long time
and one wave would interact with another. In three dimensions the acoustic wave has
a sharp trailing edge noting its termination - we hear the sound and then the silence.
It is a remarkable discovery and we can now see how it follows from the analysis of
wave equation.

7.5 Green's functions (optional)

Similarly as with heat and Poisson’s equations we can also write solutions to the wave
equation as integrals over respective Green’s function and its derivatives. We intuitively
know that the Green’s function is a solution to the respective linear PDE forces by point
source in space and time. Added to that should be the respective condition of vanishing
at the boundary. Note also that the Green’s function should be causal, that is to vanish
until the disturbance is introduces at some specific time.

Definition 15. A Green’s function G(x, t|xo, to) for the wave equation is a solution of the
following problem

Gy = ?AG +8(x —x0)0(t —ty), t,to €R, x,x €D CR™,
G=0, for t>t,, (7.112)
G=0, for xeoD.
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Similarly as with Poisson’s equation, by integrating the PDE defining Green'’s func-
tion and using Green’s identities we can obtain an integral representation of the solution

Uy = c?Au+f(x,t), t>0, x€DCR"Y,

U(X,O) - d)(X),
1w (x,0) = (), (7.113)
u(x,t) = g(x, t), for x € 0D.
in a form
wlx, ) = H G (x, theoy to) (o, to) dxodto
oJp

4 L ((x0) G (%, thxoy 0) — b0y 1)Gry (x, the, 0)) dxo (7.114)

t
— CZJ JJ g(xo,to)onG . ndStho,
0 JJoD

where we can see that the various terms represent influences from different nonhomo-
geneities: source, initial conditions, and Dirichlet boundary data. One can spot many
similarities between this and Green’s function for Poisson’s equation. For example, the
boundary data enters the solution through a surface integral over the gradient of G.

As always, the Green’s function for simple domains can be found by separation of
variables. Here, we will consider unbounded domains R™ where n = 1, 2, 3. Note that
in that case a specific decay condition at infinity should be added.

It is beneficial to cast into a different setting. Since it is easier to deal with
initial value problems we will transform the above to such. We expect that a solution of
a unforced wave equation with initial speed is equivalent to the above. Our motivation
is a physical situation when a membrane is struck at time to. Initially there is no
deflection but rather a sudden change in velocity. Therefore, we claim that

G(X,t|x0,to) = u(X_XO)t)H(t_tO)) (7.115)
where H is the Heaviside function, with

Uy = c?A, t>ty, Xx,X €D CR"Y
u(x, toxo, to) = 0,

LLt(X, O’Xo, tO) = 6(X - XO))

u=0, for xe€dD.

(7.116)

To see this we just have to compute some derivatives. The spatial is straightforward
AG = H(t — to)Au, (7.117)
while the temporal has to be computed in the language of distributions

Gy =0(t —to)u+ H(t — to)u
Ge = 8'(t — to)u(x, t(J)r) + 28(t — to)ui(x, t(J)r) + H(t — to)uw = AxG + 8(x — x0)d(t — to),
(7.118)
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where we have used the initial conditions. The fact that H(t — t;)u = 0 for t < tg is
obvious. Therefore, in order to find the Green’s function for a particular case we have
to solve the initial value problem (7.116).

We start our revision of Green’s functions for D = R™ with n = 1,2,3. For the
one-dimensional wave equation we have the d’Alembert’s solution from which,
after translating the initial time to t,, we have

xte(t—to) 1 {1, xpe(x—c(t—ty),x+c(t—1tg))
G(x, thx, to) = — S5(&E —xp)dE, =—< ’ ’
(%t o) 2c Jx_c(t_tO] (& 0)dé 2c {O, otherwise.
(7.119)
In short, we can write this as
1
G(X,t’x,to) = —H(C(t — to) — |X — Xol), t > 1. (7120)

2c

We immediately see a striking difference between other evolution PDE that we know
- heat equation. The Green’s function for the latter - heat kernel - is infinitely differen-
tiable. However, the above is not even continuous!

This situation becomes even more severe if we move into three dimensional space.
In that case we have to use with ¢ = 0 and P = §(x — xo). Without any lose of
generality we take t, = 0 and obtain

1
G(x, t)xo,0) = ds. 7.121
ot 0= g | 7.121)
Now, we have to parametrize the surface integral and it is straightforward to introduce
spherical coordinates centred at x

1 2 2
G(x, t|xp,0) = EJ Jz P(ct, @,0)(ct)* cos0d0d . (7.122)
0 J-37

At this point it is difficult to plug the Dirac delta and evaluate the double integral. How-
ever, we can artificially introduce an integral over the radius and use delta distribution
to force us to stay on the sphere, i.e.

2 0% 00 o
G(x,tlxo,0) = J J J Mw(ct, ©,0)r* cos0drdode
o J-zJo o

:J‘ d(x —yl —ct)
r3  Amx—yl

(7.123)

P(y)dy,

where we have identified an integral over the whole three-dimensional space and used
Cartesian coordinates. Finally, we can use the fact that {(y) = 8(y — xo) to write the
Green’s function

5(1x — X0l — ¢t — to))

G(x) t|x0) to) - 47T|X o X0|

Lt > to. (7.124)

Notice that the above is not even a function! Observe that the above formula describes
a spherical wave with a very sharp front moving with a velocity c.
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Lastly, we move to the two-dimensional case. Plugging { = 0 and P (x,y) =

d(x —x0)0(y —yo) into (7.111)) we get
dédn

27

B((x,y),c(t—to))

1
G(x,y, tlxo, Yo, to) = 5= UJ 6(& —x0)86(n —yo) et =) = (=8 + (y =)

1
C2y/(e(t—t0))2 — (x —x0)2 + (y — yo)?)

, t>to.

(7.125)

This time, the Green’s function is really a function however, with a singularity. Sum-
ming up, we see that (7.120), (7.125), and are: a bounded (discontinuous)
function, a singular (unbounded) function, and a distribution (not a function). The
singularity of Green’s function for wave equation becomes more severe if we move into
higher dimensions. It can be shown that subsequent solutions will contain derivatives
of Dirac delta which increase the lack of regularity. Once again, this has to be com-
pared with heat equation when all fundamental solutions are infinitely smooth. Note
that a difference of one temporal derivative order makes such a profound change in
behaviour!

7.6 Uniqueness

We have seen how to solve wave equation in various situations. In some of them we
were even able to write an explicit solution. However, in order to really know that we
have obtained a physically meaningful solution we have to answer a question about
uniqueness. For simplicity we will state the main result for one-dimensional equation
with Dirichlet conditions and use the energy method. However, all of our calculations
can be extended to higher dimensions.

Theorem 13. A sufficiently smooth solution of

Uy = Cuy + f(x, 1), t>0, x¢€l[0,L],

'LLt(X, O) = II)(X),
u(oa t) = H(t)a LL(L, t) = V(t)a

is unique.

Proof. By linearity it is sufficient to focus only on the case with homogeneous problem,
i.e. with f, ¢, P, i, v = 0 since we can always consider a difference of two solutions{ﬂ
Let T be associated with kinetic energy

L
T(t) = %J uZdx. (7.127)
0

#2Compare a similar argument for heat equation
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Then, its change is

L

L
E'(t) = J wudx = CZJ

L L
Ulyedx = ¢ (utux == J Lthu'de> = —CZJ Updx
0 0 0

0

(7.128)
where we have used the PDE, integrated by parts, and noticed that by boundary
condition we have u(x, 0,L) = 0. Note that (u?); = u,u,/2 and hence

(T(t) +P(t)) =0, (7.129)
where the potential energy is
L
P(t) := 1J uldx. (7.130)
2 Jo
Therefore, the total energy is constant and equal to T(t) + P(t) = T(0) + P(0) = 0 by
initial conditions. It follows that u? + uZ = 0 which can take place only ifu=0. [
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