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Lecture 1
Basic facts about ordinary differential
equations

1 What it means to solve an equation

Before we discuss the relatively complex topic of differential equations, let us reflect for a moment on the
equations which we have known for a long time, namely, the algebraic equations. So, what really is an
equation and what it means to solve it.

Equations arise when we are looking for a quantity the information about which is given in an indirect way.
Thus equations are the final step of mathematical modeling and shouldn’t be separated from the original
problem. The fact that we are practicing solving given equations is because we have to learn basic techniques.
However, in real life the equation is seldom given - it is our task to build an equation starting from physical,
biological, financial data and later solve this equation, if possible.

Example 1.1 The price of a CD after 15% discount is R51. What was the original price of this CD?
This is a simple problem. We chose as an unknown x the original price and using the given information we
built the equation

x — 0.152 = 51,

and the solution is
x = 51/0.85 = 60.

An important, though here a trivial, question is whether this is the solution to our problem. How can we
check it? The answer is that we have to return to the very beginning and check that the answer is correct.
In our case, we have to check that if we subtract 15% of 60 from 60, we get 51. Doing this, we obtain
60 — 60 - 0.15 = 51 which is correct.

Though presented in a simple context, this is one of the most important points of this first lecture.
To solve a given problem is to find a quantity which satisfies all the conditions of the problem.

This simple truth is very often forgotten as students tend to apply mechanically steps they learned under
”techniques for solving quadratic equations” or ”techniques of integration” labels.

The quantity (quantities) we obtain in the process of ”solving” equation are in many cases only the suspects
and we have to find out the real culprit in the final check. Since the textbook problems are constructed to
be simple, the quantity obtained by applying the prescribed steps is often the solution, but the real life is
much more complicated and the understanding of the situation described above should be basis for further
learning.

Let us consider the following example.
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/ dx
sinx’

Example 1.2 Fvaluate the integral

Method 1.
/ dv 1/ dx _1/ cos z/2dx
sinz 2 ) sinw/2cosz/2 2/ sinz/2cos?x/2
1 dzx du
= -/ ——— = — =In|t 2| +C
2/tanz/200s2x/2 / u n|tanz/2| +
Method 2.
dr sinzdr sinzdr du
sinx sinx ) 1—cos?2z 1 —u?
1 1-— 1 1-—
= —-In L —1In S oS C.
2 1+u 2 1+ cosx
Method 3.
/ dx / / cosecx + cot x
- = cosecxdxr = | cosecx——— dx
sin cosecr + cotx
du
= — [ — = —In]|cosecz + cot z| + C
u

So three different methods resulted in three different answers! But are they really different? To answer
this question we must understand what is the meaning of the indefinite integral. It is not playing with
substitutions, integration by parts etc till we get an answer without the integral sign. The equality

[ f@yds = Pla)

is equivalent to

Fl(z) = f(z) (1.1.1)
so that to check which answer is correct we have to differentiate the functions obtained by applying different
techniques of integration. For subsequent calculations we shall omit the absolute value signs. First we have
for, say, - m < x <

d 1 d cosx/2 1
—Int 2 = —F——1t 2=
dz anz/ tanz/2 dx anz/ sinxz/2 2cos?z/2
_ 1
- sinz
On the other hand,
d 11 1—cosz 1 1+ cosz sinz(l + cosx) + sinz(1l — cosx)
22— = =
dr \2 1l+coszx 21—cosx (14 cosx)
sin x 1

1—cos?2z sinz’

Similarly, differentiating the third answer, we get

d
. (—In(cosecx + cotx)) = . (In sinz — In(1 + cos x))
_cosw sinz  cosz + cos? z 4 sin® z
~ sinz  l+4cosz  sinz(l+cosx)

= cosecr
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So, all the answers are correct. But it doesn’t mean that they are the same. A theorem from Calculus tells
us that any two indefinite integrals can differ by at most constant, that is

1—
O L 0= —In |cosecx + cot x| + C4

1
1n‘tanx/2| = an‘mp

for some constants C, Cy. The value of constants is to be determined (here they are incidentally equal).

In this example we touched two problems which are very important in the study of differential equations: the
representation of the solution and uniqueness of the solution. We see that the solution to a given problem
may have several representations (formulas) and that it is not necessarily unique. Also, from (1.1.1) it follows
that in fact we have solved the equation:

dF 1

dr  sinz

which represents the simplest differential equation.

2 What are differential equations?

In an algebraic equations, like linear or quadratic equations, the unknown quantity is a number (or a
collection of numbers) and the equation expresses relations between these numbers and certain numerical
coefficients arising in the problem. If the data appearing in the problem are variable, then the unknown will
be a function and in the modeling usually we have to balance small increments of this function and the data
of the problem. The result typically in an equation involving the derivatives of the unknown function. Such
an equation is called a differential equation.

Differential equations are divided into several classes. The main two classes are ordinary differential equations
(ODEs) and partial differential equations (PDEs). This course is devoted to PDEs but during the first few
lectures we shall recall basic facts concerning ODEs (which ideally should have been covered in the second
year calculus).

As suggested by the name, ODEs are equations where the unknown function is a function of one variable and
the derivatives involved in the equation are ordinary derivatives of this function. Symbolically, the general
form of ODE is

F(y™, g,y y,t) =0,

where F' is a given function of n + 2 variables. To solve this ODE means to find an n-times continuously
differentiable function y(t) such that for any ¢ (from some interval)

Fy™ ),y (@), ...y 1), y(t),t) = 0.

In this section we shall be concerned with first order ordinary differential equations which are solved with
respect to the derivative of the unknown function, that is, with equations which can be written as

y' = f(t,y), (1.2.2)

where f is a given function of two variables.

Several comments are in place here. Firstly, even though in such a simplified form, equation (1.2.2) in general
has no closed form solution, that is, it is impossible to write the solution in the form

y(t) = combination of elementary functions likesint, cost, Int, polynomials...

Example 2.1 A trivial example is the equation
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We know that the solution must be

but, on the other hand, it is known that this integral cannot be expressed as a combination of elementary
functions.

If a solution to a given equation can be written in terms of integrals of elementary functions (as above),
then we say that the equation is solvable in quadratures. Since we know that every continuous function has
an antiderivative (though often we cannot find this antiderivative explicitly), it is almost as good as finding
the explicit solution to the equation. However, there are many instances when we cannot solve an equation
even in quadratures. How do we know then that the equation has a solution? The answer is that if the right
hand side of the equation, that is the function f, is continuous, then there is at least one solution to (1.2.2).
This result is called the Peano Theorem and involves some more advanced calculus. Thus, we can safely talk
about solutions to ODEs of the form (1.2.2) even without knowing their explicit formulae.

Another important problem is related to the uniqueness of solutions, that is, whether there is only one
solution to a given ODE. A quick reflection shows that clearly not: for the simplest equation

y =0,

the solutions are
y(t) = C,

where C is an arbitrary constant; thus there are infinitely many solutions. The uniqueness question, however,
hasn’t been properly posed. In fact, what we are looking for is usually a solution passing through a specified
point.

Example 2.2 Assume that a point is moving along the horizontal line with speed given by v(t) = ¢t. Find
the position of the point at ¢ = 5. To solve this problem let us recall that v(t) = % where s is the distance
traveled. Thus the problem results in an equation of the type discussed above:

ds

and
s(t) = 0.5t +C

where C is an arbitrary constant. Hence s(5) = 12.5 + C' and there is no proper answer. In this physical
setting the original question is clearly wrongly posed. What we need to give the proper answer is the
information about the position of the point at some other time ¢, say, t = 1. If we know that (with respect
to a fixed origin) s(1) = 2, then also s(1) = 0.5+ C and C = 1.5. Therefore s(5) = 12.5 4+ 1.5 = 14.

From this example (and from physical or other considerations) it follows that if we are interested in getting
a unique answer, we not only need the equation (which reflects usually some natural law) but also the state
of the system (that is, the value of the solution) at some specified point. Thus, the complete Cauchy or
initial value problem would be to solve

y = f(t,y), forall te [ty ts]
y(to) = wyo, forsomety e [ti,ts]. (1.2.3)

Once again we emphasize that to solve (1.2.3) is to find a continuously differentiable function y(t) such that

y'(t) = f(t,y(t)) forall te€ [ty,ts]
y(to) = wyo, forsomety € [tq,ta].
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Example 2.3 Check that the function y(t) = sint is the solution to the problem

y = V1-y? tel0,n/2]

y(m/2) = 1

Solution. LHS: ¢/(t) = cost, RHS: /1 —y2 = /1 —sin’t = |cost| = cost as t € [0,7/2]. Thus the
equation is satisfied. Also sin7/2 =1 so the ”initial” condition is satisfied.
Note that the function y(t) = sint is not a solution to this equation on a larger interval.

Returning to our uniqueness question we ask whether the problem (1.2.3) has always a unique solution. The
answer is negative.

Example 2.4 The Cauchy problem

y(0) = 0,

has at least two solutions: y =0 and y = %tQ.

However, there is a large class of functions f for which (1.2.3) has exactly one solution. All continuous

functions f(t,y) having bounded derivative % in some neighbourhood of (¢g,yo) give rise to (1.2.3) with

exactly one solution (at least close to tp). This result is known as the Picard Theorem which we state below.

Theorem 2.1 Let f and 0f /0y be continuous in the rectangle R : [t —to| < a, |y —yo| < b for some a,b > 0.
Compute
M = max t,
m)eRIf( Y)|
and define « = min{a,b/M}. Then the initial value problem (1.2.3) has exactly one solution at least on the
nterval tg — a <t <tg+ a.

We illustrate the use of this theorem on several examples.

Example 2.5 Show that the solution y(¢) of the initial value problem

y = 4eV,

exists for 0 < ¢ < 0.5, and in this interval, |y(¢)| < 1.

Let R be the rectangle 0 < t < 0.5, |y| < 1. The function f(¢,y) = t* +e7¥ is continuous and has continuous
derivative f,. We find
M = max |f(t,y)] < (1/2)® +€° =5/4,
(t.y)ER
thus the solution exists and is unique for

0 <t <min{l1/2,5/4} = 1/2,

and of course in this interval |y(¢)] < 1.

Example 2.6 The solution of the initial value problem

y = 1+y%
y(0) 0,
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is given by y(t) = tant. This solution is defined only for —7/2 < t < 7/2. Let us check this equation against
the Picard Theorem. We have f(t,y) = 1+ y? and fy(t,y) = 2y and both functions are continuous on the
whole plane. Let R be the rectangle [t| < a, |y| < b, then

M = ty)| =1+0b2
(gg?gle( )|

and the solution exists for b
|t| S o = min{a, m}

Since a can be arbitrary, the maximal interval of existence predicted by the Picard Theorem is the maximum

of b/(1 + b?) which is equal to 1/2.

This shows that it may happen that the Picard theorem sometimes does not give the best possible answer -
that is why it is sometimes called ”the local existence theorem”.

Example 2.7 Suppose that |f(t,y)] < K in the whole plane R?. Show that the solution of the initial value
problem

y = f(ty),
y(to) Yo,

where to and yo are arbitrary, exists for all t € R.

Let R be the rectangle |t — tg| < a, |y — yo| < b for some a,b. The quantity M is given by

M = t =K
(g};gle( ) :

and the quantity
[t — to] < o = min{a, E}’
can be made as large as we wish by choosing a and b sufficiently large. Thus the solution exists for all .

Example 2.8 We have seen in Example 2.4 that there are two solutions to the problem
y = Vy, t=0
y(0) = 0.

In this case f(t,y) = \/y and f, = 1/2,/y; obviously f, is not continuous in any rectangle [t| < a, |y| < b
and we may expect troubles.

Another example of nonuniqueness is offered by
y = (sin20)y'/3, t>0
y(0) = 0, (1.2.4)

Direct substitution shows that we have 3 different solutions to this problem: y; = 0,y2 = /8/27 sin®t and
y3 = —+/8/27sin®t. These are shown at the picture below.

Figl.1. Multiple solutions of the problem (1.2.4).
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3 ODEs which can be solved in a closed form

3.1 Linear ordinary differential equations of first order

Definition 3.1 The general first order linear differential equation is

% +a(t)y = b(t). (1.3.1)

Functions a and b are known continuous functions of time.

We call this equation ”linear”, because the dependent variable y appears by itself in the equation. In other
words, 3y’ and y appear in the equation only possibly multiplied by a known function and not in the form
yy',siny or (y')3. For instance, the equation

d
d72 +siny = b(t)

is not linear.

Remark 3.1 In all applications linear problems are usually much easier than the nonlinear ones. Unfortu-
nately, the Nature is by and large nonlinear. The study of linear equations is, however, justified as very often
solutions to linear equations provide very good approximation to solutions of "related” nonlinear equations,
especially for some ranges of parameters. [ |

It is not immediate how to solve (1.3.1), therefore we shall simplify it even further by putting b(¢) = 0. The

resulting equation
dy
— t)y=20 1.3.2
Yoty =0, (132)
is called the homogeneous first order linear differential equation (accordingly (1.3.1) is referred to as the

nonhomogeneous equation). Homogeneous equation can be solved easily. We write (1.3.2) in the form

dy

dt

— = —alt),

) (t)

and observe that if y(t) # 0 for any ¢

@ q
—dt_ = — In|y(t
L Sy

thus we reduced the problem to the equation almost the same as (1.1.1)

Lnly(t)| = ~a(r),

which can be solved by direct integration

In|y(t)| = —/a(t)dt—l-q

where ¢; is an arbitrary constant of integration. Taking exponentials of both sides yields

ly(t)] = exp (—/a(t)dt + cl) = cyexp (—/a(t)dt)

where cg is an arbitrary positive constant: co = expc; > 0. We have to get rid of the absolute value bars at
y(t). To do this observe that in the derivation we required that y(t) # 0 for any ¢, thus y being a continuous
function, must be of constant sign. Thus we have

Y(t) = 3 exp (— / a(t)dt) — ey exp <— / a(t)dt) (1.3.3)
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where this time c3 can be either positive ore negative.

Are these all possible solutions to (1.3.2)7? Solution (1.3.3) was derived under provision that y # 0. We
clearly see that y = 0 is a solution to (1.3.2) but, fortunately, this solution can be incorporated into (1.3.3)
by allowing c3 to be zero.

However, we still haven’t ruled out the possibility that the solution can cross the z-axis at one or more
points. To prove that this is impossible, we must resort to the Picard theorem. First of all we note that the
function f(t¢,y) is here given by

f(ty) =alt)y
and 0f /0y = a(t). Since the rectangle R can be taken as large as we wish, we can claim that for any to, yo
the initial value problem

dy
— tly = 0
o Ty ,
y(to) = o, (1.3.4)
has a unique solution y(¢) defined at least for |t — ¢y| < min{a,b/ sup |a(t)|}. Therefore, if there is a
|t7to\§a

solution y(¢) to (1.3.2) such that for some t; we have y(¢y) = 0, then this solution is also the solution of the
problem

Yaty = o,
y(to) = 0.

However, we know that g(¢) = 0 is a solution to this problem thus from the Picard theorem y(t) = g(t) = 0.
In other words, if a solution to (1.3.2) is zero at some point, then it is identically zero.

After this considerations we can claim that all the solutions to (1.3.2) are of the form

y(t) = cexp (— / a(t)dt) , (1.3.5)

where c is an arbitrary real constant.

How this solution can help us with solving the nonhomogeneous equation

dy

i a(t)y = b(t)? (1.3.6)

If we could repeat the trick used in the solution of (1.3.2) and write the above equation in the form
d (77 th ; 99 ) b(t)
—("something”) = ,
dt g

then the solution would be easy. However, the expression dy/dt + a(t)y does not appear to be a derivative
of any simple expression and we have to help it a little bit. We shall multiply both sides of (1.3.6) by some
continuous nonzero function p (for a time being unknown) to get the equivalent equation

dy
) + p(t)alt)y = u()b(t). (1.3.7)
and ask the question: for which function g the left-hand side of (1.3.7) is a derivative of some simple

expression? We note that the first term on the left-hand side comes from

du(tly _ 4y, dut)

dt _”()dt a

thus if we find p in such a way that

M(t)% + d’é—?)y = u(t)% +ult)alt)y,
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that is d(t)
p(t
—y = u(t)a(t
o Y= wb)at)y,
then we are done. Note that an immediate choice is to solve the equation
dp(t)
— = u(t)a(t
U0~ oyate)

but this is a homogeneous equation the general solution of which is given by (1.3.5). Since we need only one

such function, we may take
wu(t) = exp </ a(t)dt> .

The function p is called an integrating factor of the equation (1.3.6). With such function, (1.3.6) can be
written as

&ty = nleyp(o)

thus

u(e)y = [ uobe)de +
where ¢ is an arbitrary constant of integration. Finally
) L ( / (£)b(t)dt + )
yt) = — | [n c
p(t)

exp <— / a(t)dt) ( / b(t) exp ( / a(t)dt) dt + c) (1.3.8)

It is worthwhile to note that the solution consists of two parts: the general solution to the homogeneous

equation associated with (1.3.6)
cexp (/a(t)dt)

and, what can be checked by direct differentiation, a solution to the nonhomogeneous equation.

If we want to find a particular solution satisfying y(to) = yo, then we write (1.3.8) using definite integrals

t t s

y(t) = exp —/a(s)ds /b(s)exp /a(r)dT ds+c

to to to

to
and use the fact that [ f(s)ds = 0 for any function f. This shows that the part of the solution satisfying
to

the nonhomogeneous equation:

yp(t) = exp /ta(s)ds jb(s)exp /Sa(r)dr ds

to to to

takes on the zero value at t = tg. Thus
Yo =y(to) =c
and the solution to the initial value problem is given by
t t t s
y(t) =yoexp | — /a(s)ds + exp —/a(s)ds /b(s) exp /a(r)dr ds. (1.3.9)
to to to to

Once again we emphasize that the first term of the formula above solves the homogeneous (b(t) = 0) equation
with the desired initial value (y(0) = yo) whereas the second solves the nonhomogeneous equation with the
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initial value equal to zero. This approach will prove extremely useful also in dealing with partial differential

equations.

Again, Picard’s theorem shows that there are no more solutions to than those given by (1.3.9). Why? Let
y1(t) be a solution to (1.3.6). For some t =ty this will take on the value y;(tp). But we know that there is

a solution to (1.3.6) given by

y(t) = y1(to) exp —/ta(s)ds + exp —/ta(s)ds /tb(s) exp /Sa(r)dr ds,

to to to to

and by Picard’s theorem (this time f(¢,y) = —a(t)y+b(t) but the assumptions are still satisfied), y; (t)

Example 3.1 Find the general solution of the equation
y — 2ty =t.

Here a(t) = —2¢ so that
wu(t) = exp —2/tdt =t

Multiplying both sides of the equation by u we obtain
ey —ote ™ =te ",

which can be written as

d ( 2 -
—(e =te
at Y

—¢2

Upon integration we get
—¢2

e_to = /te_tzdt = —67 +c.

Thus the general solution is given by

1
y(t) = —g Tee

Example 3.2 Find the solution of the equation
y 2ty =t

satisfying y(1) = 2. Here a(t) = 2t so that

wu(t) = exp Q/tdt = e

As above, we obtain

d
et y + otet” = —(e"‘2 y) = tet”.

dt

General solution is
1
y(t) = 5 tee
and to find ¢ we have !
2=y(1) = 3 +ce™?

which gives

3e

=y(t).

(1.3.10)
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and L3
)= -+ et
y(t) =5+ 5e

Alternatively, we can integrate (1.3.10) from 1 to ¢ to get

5 |t

e
2

1

and further

2 +2 e
—2e=e€"2——.
ey e e B

Thus again

L o3 1
t)==+= .
y(t) =5 +5e

3.2 Separable equations

In the previous section solved the first order linear homogeneous equation

Yy +a(t)y=0
by re-writing it in the form
1 dy(t
1 ody(t) _ —a(t)
y(t) dt

and observing that the left-hand-side can transformed into

L nly(n)| = —a(t)

Integrating, we found In |y| and taking the inverse function (in this case exponentiating) we found y.

This approach is not limited to functions linear in y. Consider the equation

dy  g(t)
Frialymt (1.3.11)

where g and h are known functions. This equation, and any other which could be put into this form, is
called the separable equation. To solve it, we multiply both sides of (11.1.3) by h(y) to get

h) %Y = (1)

and observe that if H(y) = [ h(y), then the left-hand side can be transformed into

and upon integration we obtain
H(y(t)) = /g(t)dt + e, (1.3.12)

where c is an arbitrary constant of integration. The next step depends on the properties of H: for instance,
if H: R — R is monotonic, then we can find y explicitly for all ¢ as

y(t) = B! (/g(t)dt + c) .
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Otherwise, we have to do it locally, around the initial values. To explain this, we solve the initial value
problem for separable equation.

dy gt
& = h) (1.3.13)

y(to) = o, (1.3.14)

Using the general solution (1.3.12) (with definite integral) we obtain

t

to
we obtain
to
H(y(to)) = | a(s)ds +c,
to
which gives
¢ = H(y(to)),

so that .

Hy(®) = [ gls)ds + Hy(t).
to
We are interested in the existence of the solution at least close to tg, which means that H should be invertible
close to yo. From the Implicit Function Theorem we obtain that this is possible if H is differentiable in a
neighbourhood of yo and 0H/0y(yo) # 0. But 0H/0y(yo) = h(yo), so we are back at Picard’s theorem:
if h(y) is differentiable in the vicinity of yo with h(yo) # 0 (and g is continuous, then f(¢,y) = g(t)/h(y)
satisfies the assumptions of the theorem in some rectangle R about tg, yo.

Example 3.3 Find the general solution of the equation

y =ty

i(y(§)3) _p

hence y3(t) = t3 + ¢, where c is an arbitrary constant and, since the cubic function is monotonic,

u(t) =t +0)'F

This equation is equivalent to

Remark 3.2 Note that Picard’s theorem gives only a sufficient condition for the existence of the unique
solution. In the example above the assumptions are obviously violated at ¢ = 0 and y = 0, that is, the
theorem doesn’t give an answer as to whether there exists a unique solution to the problem

y =t*/y*,  y(0)=0.

However, direct computation shows that y(¢) = ¢ is the unique solution to this problem. This is possible due
to the cancelation of singularities.

On the other hand, consider similar problem
vy =t/y,  y(0)=0.
Then the general solution is given by
vt =1+,
and with the initial condition we obtain
YA (t) = 2.
This time the quadratic function is not invertible and it produces two solutions y(t) =t and y(t) = —t.
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Example 3.4 Solve the initial value problem
y=1+y%  y(0)=0.

We transform the equation as

% tan~ty(t) =1

which gives
tan~! y=1t+c,

and from the initial condition ¢ = 0. Therefore, the solution is given by
y = tant.

We considered this problem in Example 2.6. Once again we point out that y — o0 as t — +m/2. In other
words the solution exists only on the interval | — /2, /2] but there is seemingly nothing at all in the form of
the equation which would suggest such a behaviour. The explanation comes again from the Picard theorem.
If we consider R : |y| < b, |t| < a( yo =0, to = 0), then
M = max |f(t,y)] = max |1 +¢% =1+ b
(t,y)ER (t,y)ER
and the interval [—a, a] of the existence of the solution is determined by o = min{a, b/(1 + b?)}. Maximum
value which the fraction can attain is 1/2, so we see that Picard’s theorem ensures the existence of the

solution on the interval at most [—1/2,1/2] and the fact that the solution exists on | — 7/2, 7/2[ is rather a
bonus.

The next example shows that there might be another way for a solution to cease to exist.

Example 3.5 Find the solution to the following initial value problem
yy + (1 +y*)sint =0, y(0) = 1.

In a standard way we obtain
¢

Yy
d
/1:—2 = f/sinsds,
r
1

0

which gives

%ln(l +y%) — %1112 =cost — 1.
Solving this equation for y(t) gives
y(t) = 1(26—4:51112 t/2 1)1/2.
To determine which sign we should take we note that y(0) =1 > 0, thus the solution is given by
y(t) _ (26—4si112 t/2 1)1/2.
Clearly, this solution is only defined when
2674sin2 t/2 _q >0,

that is .,
e4sm t/2 <2

Since the natural logarithm is increasing we may take logarithms of both sides preserving the direction of
inequality. We get this way
4sin?t/2 <In2
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and consequently
Vin2
—5

t < win-1
= sin
o=

Therefore, the solution y(t) exists only on the open interval | —2sin™" Y22 2gin~" ¥2[ However, contrary
to the previous example, the solution does not blow up at the end-points, but simply vanishes.

Fig 1.2. The graph of the solution in Example 3.5.

In the last example we shall see that sometimes it is sensible to adopt a little different approach to the
solutions of a differential equation.

Example 3.6 Find all solutions of the differential equation
dy ¢

_ L 1.3.15
o " ( )
Standard approach gives
d (1,
— | =y“(t) | dt = — [ tdt
/ o <2y ( )) /
which gives
Y+ 12 =R (1.3.16)

The curves described by equation (1.3.16) are closed (they are, in fact, circles), thus we don’t have single
valued solutions. However, if (1.3.15) describes a motion of a point in (¢, y)-plane, then we can interpret
(1.3.16) as traces of this motion and therefore solution in such an implicit form has a physical sense.

Thus, it is not always necessary or desirable to look for the solution in functional form y = y(t) as, depending
on the problem, the solution in the implicit form F(y,t) = ¢ may be the proper one. In such a case curves
F(y,t) = c are called solution curves of the equation.

4 Population models

In this section we will study first order differential equations which appear in the population growth theory.
At first glance it appears that it is impossible to model the growth of species by differential equations since
the population of any species always change by integer amounts. Hence the population of any species can
never be a differentiable function of time. However, if the population is large and it increases by one, then
the change is very small compared to a given population. Thus we make the approximation that large
populations changes continuously (and even differentiable)in time.

Let p(t) denote the population of a given isolated species at time ¢ and let At be a small time interval. Then
the population at time ¢ + At can be expressed as

p(t + At) — p(t) = number of births in At — number of deaths in At.
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It is reasonable to assume that the number of births and deaths in a short time interval is proportional to
the population at the beginning of this interval and proportional to the length of this interval. Taking a(t,p)
to be the difference between the birth and death rate coefficients we obtain

p(t + At) — p(t) = a(t, p(t)) Atp(t).
Dividing by At and passing with At — 0 gives the equation

dp _

i a(t,p)p. (1.4.1)

Because of the unknown coefficient a(¢, p), depending on the unknown function p, this equation is impossible
to solve. The form of a has to be deduced by other means.

The simplest possible a(t, p) is constant and in fact such a model is used in short-term population forecasting.
So let us assume that a(t,p(t)) = a and solve the resulting equation which is both homogeneous linear and

separable. Thus, from
/

p =ap
we obtain
p(t) = p(to)e®t—1). (1.4.2)

To be able to give some numerical illustration to this equation we need the coefficient a and the population
at some time tg. We use the data of the U.S. Department of Commerce: it was estimated that the Earth
population in 1965 was 3.34 billion and that the population was increasing at an average rate of 2% per year
during the decade 1960-1970. Thus p(to) = p(1965) = 3.34 x 10? and a = 0.02 and (1.4.2) takes the form

plt) = 3.34 x 10%e0-02(1=1965),

To test the accuracy of this formula let us calculate when the population of the Earth is expected to double.
To do this we solve the equation
p(T +to) = 2p(to) = p(to)e” ",

thus
92 — e0.0QT

and
T =50In2 = 34.6 years.

This is an excellent agreement with the present observed value of the Earth population and also gives a good
agreement with the observed data if we don’t go too far into the past (see Fig.1.3).

Fig 1.3. Comparison of actual population figures (points) with those obtained from equation (3.5).

On the other hand, if we try to extrapolate this model into a distant future, then we see that, say, in the
year 2515, the population will reach 199980 ~ 200000 billion. To realize what it means, let us recall that the
Earth total surface area 167400 billion square meters, 80% of which is covered by water, thus we have only
3380 billion square meters to our disposal and there will be only 0.16m? (40cm x 40cm) per person.



22 Partial differential equations

Therefore we can only hope that this model is not valid for all times. Indeed, it is observed that the
linear model for the population growth is satisfactory as long as the population is not too large. When the
population gets very large (with regard to its habitat), these models cannot be very accurate, since they
don’t reflect the fact that the individual members have to compete with each other for the limited living
space, resources and food available. It is reasonable that a given habitat can sustain only a finite number N
of individuals, and the closer the population is to this number, the slower is it growth. The simplest way to
take this into account is to take a(t,p) = r(N — p) and then we obtain the so-called logistic model

dp
=r(N — 1.4.3

L~ (N - o). (1.43)

which proved to be one of the most successful models for describing a single species population.

Equation (1.4.3) is no longer linear, but it is separable, thus we can solve it explicitly. Let us consider the
initial value problem

% = r(N=pp,
p(to) = po (1.4.4)

Separating variables and integrating we obtain

P
E/L_t_t
r) (N—s)s 0

Lo _ 11, 1
(N—s)s N\s N-—s

P ¢
1/ ds 1/ 1Jr 1 d
% - S
rJ (N—s)s rN s N-—s
Po to

N —po
N—p

which gives

1 1 p
iy R
rN — po

From the above equation we see that p(t) cannot reach N in any finite time, so if py < N, then p(t) < N for
any t, and if pg > N, then p(t) > N for all ¢ > 0 (note that if pg = N, then p(t) = N for all ¢ — this follows
from Picard’s theorem). Therefore (N — pg)/(N — p(t)) is always positive and

rN(t—tg) =In—

Exponentiating, we get
p{t) N—po
N —p(t)

erN(t—to) _ p(t)
Po

or

po(N = p(t))e™ =) = p(t)(N — po).
Bringing all the terms involving p to the left-hand side and multiplying by —1 we get

p(t) (PoeTN(t_tO) +N —p0> = pogNerN (=),

thus finally
polN

T o+ (N = po)e—rNi—t)” (1.4.5)

p(t)
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Let us examine (1.4.5) to see what kind of population behaviour it predicts. First observe that we have

lim p(t) = N,
t—oo
hence our model correctly reflects the initial assumption that IV is the maximal capacity of the habitat.
Next, we obtain
dp B TpoNZ(N _ po)e—'r‘N(t—to)
dt — (po+ (N — po)e"N(t=to))2
thus, if pg < N, the population monotonically increases, wheres if we start with the population which is
larger then the capacity of the habitat, then such a population will decrease until it reaches N. Also

% - T%(P(N —p)) =p'(N —2p) = p(N — p)(N — 2p)

from which it follows that, if we start from py < N, then the population curve is convex down for p < N/2 and
convex up for p > N/2. Thus, as long as the population is small (less then half of the capacity), then the rate
of growth increases, whereas for larger population the rate of growth decreases. This results in the famous
logistic or S-shaped curve which is presented below for particular values of parameters r = 0.02, N = 10 and
to = 0 resulting in the following function:

_ 10po
~ po+ (10 — po)e=02t"

p(t)

Fig 1.4. Logistic curves with pg < N (dashed line) and po > N (solid line) for N = 10 and r = 0.02.

To show how this curve compare with the real data and with the exponential growth we take the experimental
coefficients N = 10.76 billion and r = 2.695 x 10712, Then the logistic equation for the growth of the Earth
population will read

0 = o(10.76 x 10°)
P = 0 + (1076 x 109) — po)e—0-029(t—t0)

We use this function with the value py = 3.34 x 10? at to = 1965. The comparison, analogous to that given
on Fig. 1.3, is shown below.
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Fig 1.5. Human population on Earth. Comparison of observational data (points), exponential growth (solid
line) and logistic growth (dashed line).

4.1 Exponential growth and money matters

In this subsection we shall briefly show that the exponential growth model (1.4.2) offers a quick approximation
to the calculations related to compounded interest problem.

If we deposit the amount of N rands at a bank, the bank will pay us the interest on this deposit so that the
amount will increase over time. There are two parameters related to this process: the annual interest r and
how often the interest is added (compounded) to our account. The more frequent the interest is compounded,
the better, as the money earned as the interest start working as the capital. To illustrate this, consider two
banks having the same annual interest rate of 15%. The first bank compounds the interest yearly, the other
daily. Suppose that we deposited the amount of R10 000 at both banks. After one year the amount at the
first bank is
R10000 4 0.15 x R10000 = R11500.

How to calculate the amount of money in the second bank? Since the interest is added daily, if at the
beginning of day n we had N,, rands, then at dawn of the day n + 1 we will have N, 11 = (14 0.15/365)N,,
rands. This is however, the definition of geometric progression, thus

N,, = 10000(1 + 0.15/365)"

and
N3gs = 11618.

It is now easy to see that in general if the interest is compounded k times per year, then after ¢ years the

amount of money will be
rt

N(t) = (14 7/k) = (14 7/k)7)

From Calculus we know that
lim (14 r/k)/" =e,

k—oo
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and the sequence is monotonically increasing. Thus, if the interest is compounded very often (almost

continuously), then we can approximate
N(t) =e"

where 7 is the interest rate per annum and ¢ is time in years. Typically, the exponential can be calculated
even on a simple calculator. To compare, if the interest were compounded continuously, then after 1 year
we would have

N(1) = 10000e°'® = 11618.3

so that the difference between the exact formula and the exponential approximation is negligible.
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Lecture 2
Repetition of some necessary facts
from Calculus

In this lecture we shall recall basic calculus facts which will be needed in the course of differential equations.

1 Basic facts from the theory of integration

In the course we shall frequently need several facts from the integration theory. We list them here as theorems,
though we shall not prove them during the lecture. Some easier proofs should be done as exercises.

Theorem 1.1 Let f be a continuous function in 0, where Q C R is a bounded domain. Assume that
Vaeeo f() >0 and [ f(x)dx =0. Then f =0 in Q.
Q

Another ”vanishing function” theorem reads as follows.

Theorem 1.2 Let f be a continuous function in a domain Q such that [ f(x)de = 0 for any Qy C Q.
Qo
Then f =0 in Q.

In the proofs of both theorems the crucial role is played by the theorem on local sign preservation by
continuous functions: if f is continuous at g and f(xp) > 0, then there exists a ball centered at @y such
f(x) > 0 for & from this ball.

Next we shall consider perhaps the most important theorem of multidimensional integral calculus which is
Green’s-Gauss’-Divergence-.... Theorem. Before entering into details, however, we shall devote some time
to the geometry of domains in space.

In one-dimensional space R' typical sets with which we will be concerned are open intervals ]a, b[, where
—00 < a<b< +o0o. For —0o < a < b < +00, by [a,b] we will denote the closed interval with endpoints
a,b. In this case, we say that ]a,b[ is the interior of the interval, [a,b] is its closure and the two-point set
consisting of {a} and {b} constitutes the boundary.

In general, for a set 2, we denote by 02 its boundary.

The situation in R? and R? is much more complicated. Let us consider first the two-dimensional situation.
Then, in most cases, the boundary 92 of a two-dimensional region (2 is a closed curve. The two most used
analytic descriptions of curves in R? are:

a) as a level curve of a function of two variables

F(z1,29) = ¢,

27
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b) using two functions of a single variable

za(t) = g(t),

where ¢ € [to,t1] (parametric description). Note that since the curve is to be closed, we must have
f(to) = f(t1) and g(to) = g(t1).

In many cases the boundary is composed of a number of arcs so that it is impossible to give a single analytical
description applicable to the whole boundary.

Example 1.1 Let us consider the elliptical region 2% /a? + x3/b?> < 1. The boundary is then the ellipse

x? N x3 )
a? b2

This is the description of the curve (ellipse) as a level curve of the function F(z1,xs) = 22 /a® + 23 /b* (with
the constant ¢ = 1). Equivalently, the boundary can be written in parametric form as

x1(t) = acost, x2(t) = bsint,

with t € [0, 27]. ]

In three dimensions the boundary of a solid (2 is a two-dimensional surface. This surface can be analytically
described as a level surface of a function of three variables

F(J?l,xQ,l'g) =,

or parametrically by, this time, three functions of two variables each:

xz3(t,s) = h(t,s), t € [to,t1], s € [s0,51]-

As in two dimensions, it is possible that the boundary is made up of several patches having different analytic
descriptions.

Example 1.2 Consider the domain €2 bounded by the ellipsoid

2 2 2
ry [ Ty | T3
*24'*24-*2:1.
a b c

The boundary here is directly given as the level surface of the function F(z1, v, x3) = 2% /a® +23/b* +23%/c*:

F(l’l,xg, (Eg) =1.

The same boundary can be described parametrically as r(t,s) = (f(t, s), g(¢, s), h(t, s)), where

f(t,s) = acostsins
g(t,s) = bsintsins
h(t,s) = ccoss

where t € [0,27],s € [0, 7). [ ]
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One of the most important concepts in partial differential equations is that of the unit outward normal vector
to the boundary of the set. For a given point p € 99 this is the vector n, normal (perpendicular) to the
boundary at p, pointing outside 2, and having unit length.

If the boundary of (two or three dimensional) set €2 is given as a level curve of a function F', then the vector
given by
N(p) = VF|p,

is normal to the boundary at p. However, it is not necessarily unit, nor outward. To make it a unit vector,
we divide IN by its length; then the unit outward normal is either n = N/||N]||, or n = —N/||N|| and the
proper sign must be selected by inspection.

Fig 2.1. Domain Q with boundary 0N showing a surface element dS with outward normal n and flux vector

o.

Example 1.3 Find the unit outward normal to the ellipsoid

at the point p = (1/1/2,0,3/v/2).
Since F(x1,72,23) = 23 + %3 + %, we obtain VF = (2x1, 22/2,2x3/9). Therefore
N(p) = VF|p = (2/V2,0,2/3V2).

Furthermore

IN(p)|| = V2 +2/9 =/20/9 = 2v/5/3,

thus

n(p) = +(3/V10,0,1/v10).

To select the proper sign let us observe that the vector pointing outside the ellipsoid must necessarily point
away from the origin. Since the coordinates of the point p are nonnegative, a vector rooted at this point
and pointing away from the origin must have positive coordinates, thus finally

n(p) = (3/\/E7 0, 1/\/E)
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If the boundary is given in a parametric way, then the situation is more complicated and we have to distinguish
between dimensions 2 and 3.

Let us first consider the boundary 99 of a two-dimensional domain €, described by r(t) = (z1(t), z2(t)) =
(f(t),g(t)). It is known that the derivative vector

Drlty) = ((1,).9'(1))

is tangent to 9Q at p = (f(¢p), g(tp)). Since any normal vector at p € € is perpendicular to any tangent
vector at this point, we immediately obtain that

N(p) = (—=g'(tp), f'(tp))- (2.1.6)
Therefore the unit outward normal is given by

n(p) — N(p)
®) = 1N

where the sign must be decided by inspection so that n points outside (2.

If the domain €2 is 3-dimensional, then its boundary 912 is a surface described by the 3-dimensional vector
function of 2 variables:

r(t,s) = (z1(t, 8), 22(t, 8), 23(t, 8)) = (f(¢,8), g(t,s), h(t,s)).

In this case, at each point 9Q > p = r(t,), we have two derivative vectors 77 (¢,) and r(t,) which span the
two dimensional tangent plane to 02 at p. Any normal vector must be thus perpendicular to both these
vectors and the easiest way to find such a vector is to use the cross-product:

N(p) = ri(tp) x m(tp).
Again, the unit outward normal is given by

N(p) ri(tp) X T(tp)

"8 = E N~ i) x 74 )

S

where the sign must be decided by inspection.

Example 1.4 Find the outward unit normal to the ellipse r(t) = (cost,2sint) at the point p = r(w/4)
Differentiating, we obtain 7, = (—sint, 2 cost); this is a tangent vector to ellipse at r(¢). Thus,

N = (—2cost, —sint).
Next, || N|| = /4 cos?t +sin® t and
1

n==+ (2cost,sint).

V4cos?t +sin?t

At the particular point p we have cos7/2 = sinw/2 = @, thus || N]| = /5/2 and

n(p) = £2/v5(1,1/2).
Since the normal must point outside the ellipse, we must chose the ”+” sign and finally

n(p) = 2/V5(1,1/2).
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Another important concept related to the normal is the normal derivative of a function. Let us recall that if
u is any unit vector and f is a function, then the derivative of f at a point p in the direction of w is defined

as

Application of the Chain Rule produces the following handy formula for the directional derivative:

fu(p) = V{lp-u.

Let now f be defined in a neighbourhood of a point p € 99). The normal derivative of f at p is defined as
the derivative of f in the direction of n(p):

L (p) = fu(p) = Vlp (o).

Example 1.5 Let us consider the spherical coordinates

1 = rcosfsing,
To = rsinfsing,
r3 = TCos¢

and let f(z1,x2,23) be a function of three variables. This function can be expressed in the spherical
coordinates as the function of (r,0, ¢)

F(r,0,6) = f(rcosfsin ¢, rsinfsin ¢, r cos ) = f(x1,xa, x3).
Using the Chain Rule we have

OF _ 0f 0ny | 0f 0na 0 oy
or ~ Oxy Or  Oxs Or  Oxg Or

Since, for i = 1,2,3, x;/0r = x;/r, we can write

oF 1

Assume now that f (and thus F') be given in some neighbourhood of the sphere
F(.’L‘17.’132,$3) = 37% + CL‘% + $§ = RQ.

To find the outward unit normal to this sphere we note that VF = (2z1, 229, 2z3) and ||VF| = 2\/2% + 23 + 23 =

2R. Thus,

1 1
n= E(Zl,xg,l'g) =" (2.1.8)

Geometrically, n is parallel to the radius of the sphere but has unit length.

Combining (1.1.15) with (1.1.16), we see that the normal derivative of f at any point of the sphere is given

by

of OF

—=Vf-n=—_—.

on / ar
In other words, the normal derivative of any function at the surface of a sphere is equal to the derivative of
this function (expressed in spherical coordinates) with respect to . [ ]

Next we shall discuss yet another important concept: the flux of a vector field. Let us recall that a vector
field is a function f: Q — R?, where Q C R?, where d = 1,2,3.... In other words, a vector field assigns a
vector to each point of a subset of the space.
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Definition 1.1 The fluz of the vector field f across the boundary 0 of a domain Q C R, d > 2 is

8é.fnda.

Here, if d = 2, then 09 is a closed curve and the integral above is the line integral (of the second kind). The
arc length element do is to be calculated according to the description of 9). The easiest situation occurs if

00 is described in a parametric form by 7(t) = (f(t), g(t)), t € [to, t1]; then do = \/(f")? + (¢')?dt and

/ fndo = / £ n() VIR0 + (92
o to

When d = 3, then 99 is a closed surface and the integral above is the surface integral (of the second
kind). The surface element do is again the easiest to calculate if 9 is given in a parametric form r(t) =
(f(t,s),9(t,s),h(t,s)), t € [to,t1],s € [s0,51]. Then do = |ry x r,|dtds and

t1 s1

/f'"d“://f'"(m)lrt x | dst.

o0 to so

Remark 1.1 With a little imagination the definition of the flux can be used also in one dimensional case.
To do this, we have to understand that the integration is something like a summation of the integrand over
all the points of the boundary. In one-dimensional case we have Q = [a,b] with 0Q = {a} U {b}. A vector
field in one-dimension is just a scalar function. The unit outward normal at {a} is —1, and at {b} is 1. Thus
fn(a) = f(a)(—=1) and frn(b) = f(b)(1) and the flux across the boundary of Q is

f-n(a)+ f-n(b) = f(b) - f(a). (2.1.9)

Example 1.6 To understand the meaning of the flux let us consider a fluid moving in a certain domain of
space. The standard way of describing the motion of the fluid is to associate with any point p of the domain
filled by the fluid its velocity v(p). In this way we have the velocity field of the fluid.

Consider first the one-dimensional case (one can think about a thin pipe). If at a certain point = we have
v(x) > 0, then the fluid flows to the right, and if v(z) < 0, then it flows to the left. Let the points z = a
and x = b be the end-points of a section of the pipe and consider the new field f(z) = p(z)v(z), where p is
the (linear) density of the fluid in point z. The flux of f, as defined by (1.1.17), is

f(0) = f(a) = p(b)v(b) — pa)v(a).

For instance, if both v(b) and v(a) are positive, then at = b the fluid leaves the pipe with velocity v(b)
and at = a it enters the pipe with velocity v(a). In a small interval of time At mass of fluid which left
the segment through = = b is equal p(b)v(b)At and the mass which entered the segment through = = a is
p(a)v(a)At, thus, the net rate at which the mass leaves (enters) the segment is equal to p(b)v(b) — p(a)v(a),
that is, exactly to the flux of the field f across the boundary.

This idea can be generalized to more realistic case of three dimensional space. Let us consider a fluid with
possibly variable density p(p) filling a portion of space and moving with velocity v(p). We define the mass-
velocity field f = pv. Let us consider now the domain 2 with the boundary €. Imagine a small portion AS
of 012, which could be considered flat, having the area Ao. Let n be the unit normal to this surface and
consider the rate at which the fluid crosses AS. We decompose the velocity v into the component parallel
to n, given by (v-m)n and the tangential component. It is clear that the crossing of the surface can be
only due to the normal component (if in time At you make two steps perpendicular to the boundary and
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two parallel, then you will find yourself only two steps from the boundary despite having done four steps).
Therefore the mass of fluid crossing AS in time At is given by

Am =p- (v-n)AtAoc.

Fig 2.2. The fluid that flows through the patch AS in a short time At fills a slanted cylinder whose volume
is approzimately base x height = v-nAcAt. The mass of the fluid in the cylinder is then p - (v-n)AtAoc.

Thus, the rate at which the fluid is crossing the whole boundary 99 (that is, the net rate at which the
fluid is filling/leaving the domain ) can be approximated by summing up all the contributions Am over all
patches AS of the boundary which, in the limit as AS go to zero, is nothing but the flux of f:

/(pv -m)do.

o0

Thus again we have the identity
Flux of pv across 0§} = the net rate at which the mass of fluid is leaving €.

Let us return now to the Green-Gauss-.... Theorem. This is a theorem which relates the behaviour of a
vector field on the boundary of a domain (flux) with what is happening inside the domain.

Suppose that somewhere inside the domain there is a source of the field (fluid). How can we check this? We
can construct a small box around the source and measure whether there is a net outflow, inflow or whether
the outflow balances the inflow. If we make this box really small, then we can be quite sure that in the first
case there is a source, in the second there is a sink, and in the third case that there is neither sink nor source.

Let us then put this idea into mathematical formulae. Assume that the box B with one vertex at (29,29, 9)
has the edges parallel to the axes of the coordinate system and of lengths Axy, Azy and Axs.

We calculate the net rate of flow of the vector field f = (fi, f2, f3) from the box. Following the calculations
given earlier, the flow through the top side is given by

Fon(@Y, 29,28 + Axs) Az Azy = f- k(20 23, 25 + Axs) Az Axy = f3(29, 25, 23 + Axz) Az Ay,
and through the bottom

Fon(@Y, 29, 29) Az Axy = £ (—k) (2, 25, 29) Az Azy = — f3(25, 23, 23) Azy Axs,
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thus the net flow through the horizontal sides is

(fa(2?, 29,28 + Axs) — f3(2?,29,29)) Az Azy ~ 8—2(351,%, 29) Az Az Az,

Similar calculations can be done for the two remaining pairs of the sides and the total flow from the box can
be approximated by

(Z gfl( g,xg))) Az AxoAs.

=1

This expression can be considered to be the net rate of the production of the field (fluid) in the box B. The
expression

div f = Z gf

is called the divergence of the vector field f and can considered to be the rate of the production per unit
volume (density). To obtain the total net rate of the production in the domain © we have to add up
contributions coming from all the (small) boxes. Thus using the definition of the integral we obtain that the
total net rate of the production is given by

/Q// div f(z1, z2, x3)dv

Using some common sense reasoning it is easy to arrive at the identity

The net rate of production in 2 = The net flow across the boundary

The Green—Gauss—... Theorem is the mathematical expression of the above law.

Theorem 1.3 Let Q be a bounded domain in R?, d > 1, with a piecewise C* boundary OS). Let n be the
unit outward normal vector on Q. Let f(x) = (fi(x), -, fu(x)) be any C! vector field on Q = QU 0.
Then

/div fdx = j{f- ndo, (2.1.10)
Q 0
where do is the element of surface of 0S2.

Remark 1.2 In one dimension this theorem is nothing but the fundamental theorem of calculus:

/ D (wyiw = ) - 1ta). (21.11)

a

In fact, for a function of one variable divf = 7: and the right-hand side of this equation represents the
outward flux across the boundary of Q = [a,b], as discussed in Remark 1.1.

Remark 1.3 In two dimensions the most popular form of this theorem is known the Green Theorem which
apparently differs from the one given above. To explain this, let the boundary 92 of Q be a curve given by
parametric equation 7(t) = (x1(t), z2(t)), t € [to, t1] and suppose that if ¢ runs from ¢y to ¢, then r(t) traces
0f) in the positive (anticlockwise) direction. Then it is easy to check that the unit outward normal vector n
is given by

where 7/(t) = (z1(t), z2(¢)). Thus, if f= (f1, f2), then Eq. (1.1.18) takes the form

t

// <§£ gﬁ) deyde, /l(fl(t)zé(t) = A)zi(1)) dt (2.1.12)

to
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On the other hand, the standard version of Green’s theorem reads

ty

// (gﬁ - gﬂ{;) drydzy = ffldxl + fodxo = /(fl(t)x’l(t) + fa(t)zh(t)) dt. (2.1.13)
Q o

to

To see that these forms are really equivalent, let us define the new vector field g = (g1, 92) by : g1 = —f2,92 =

f1. Then
. Ofi  Ofs 092 Og1
lef_ 8;101 + 5)352 - (9.1‘1 B (9372.

The boundary of 99 is, as above, parameterized by the function r(t). Thus, if we assume that (1.1.21) holds
(for an arbitrary vector field), then

of  0f: - [ (o

// <8Jj1 + 63;‘2> dl’ldl'z = 63;‘1 6332 d(Eld.’EQ
Q Q

t1 ty

- / (g1(B)2, (1) + ga(B)zh(t) dt = / (Fu(6)2h(t) — falt)s (1)) dt,

to to

which is (1.1.20). The converse is analogous. [
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Lecture 1
Repetition of some necessary facts
from Calculus

In this lecture we shall recall basic calculus facts which will be needed in the course of differential equations.

1 Basic facts from the theory of integration

In the course we shall frequently need several facts from the integration theory. We list them here as theorems,
though we shall not prove them during the lecture. Some easier proofs should be done as exercises.

Theorem 1.1 Let f be a continuous function in 0, where Q C R is a bounded domain. Assume that
Vaeeo f() >0 and [ f(x)dx =0. Then f =0 in Q.
Q

Another ”vanishing function” theorem reads as follows.

Theorem 1.2 Let f be a continuous function in a domain Q such that [ f(x)de = 0 for any Qy C Q.
Qo
Then f =0 in Q.

In the proofs of both theorems the crucial role is played by the theorem on local sign preservation by
continuous functions: if f is continuous at g and f(xp) > 0, then there exists a ball centered at @y such
f(x) > 0 for & from this ball.

Next we shall consider perhaps the most important theorem of multidimensional integral calculus which is
Green’s-Gauss’-Divergence-.... Theorem. Before entering into details, however, we shall devote some time
to the geometry of domains in space.

In one-dimensional space R' typical sets with which we will be concerned are open intervals ]a, b[, where
—00 < a<b< +o0o. For —0o < a < b < +00, by [a,b] we will denote the closed interval with endpoints
a,b. In this case, we say that ]a,b[ is the interior of the interval, [a,b] is its closure and the two-point set
consisting of {a} and {b} constitutes the boundary.

In general, for a set 2, we denote by 02 its boundary.

The situation in R? and R? is much more complicated. Let us consider first the two-dimensional situation.
Then, in most cases, the boundary 92 of a two-dimensional region (2 is a closed curve. The two most used
analytic descriptions of curves in R? are:

a) as a level curve of a function of two variables

F(z1,29) = ¢,

37
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b) using two functions of a single variable

za(t) = g(t),

where ¢ € [to,t1] (parametric description). Note that since the curve is to be closed, we must have
f(to) = f(t1) and g(to) = g(t1).

In many cases the boundary is composed of a number of arcs so that it is impossible to give a single analytical
description applicable to the whole boundary.

Example 1.1 Let us consider the elliptical region 2% /a? + x3/b?> < 1. The boundary is then the ellipse

x? N x3 )
a? b2

This is the description of the curve (ellipse) as a level curve of the function F(z1,xs) = 22 /a® + 23 /b* (with
the constant ¢ = 1). Equivalently, the boundary can be written in parametric form as

x1(t) = acost, x2(t) = bsint,

with t € [0, 27]. ]

In three dimensions the boundary of a solid (2 is a two-dimensional surface. This surface can be analytically
described as a level surface of a function of three variables

F(J?l,xQ,l'g) =,

or parametrically by, this time, three functions of two variables each:

xz3(t,s) = h(t,s), t € [to,t1], s € [s0,51]-

As in two dimensions, it is possible that the boundary is made up of several patches having different analytic
descriptions.

Example 1.2 Consider the domain €2 bounded by the ellipsoid

2 2 2
ry [ Ty | T3
*24'*24-*2:1.
a b c

The boundary here is directly given as the level surface of the function F(z1, v, x3) = 2% /a® +23/b* +23%/c*:

F(l’l,xg, (Eg) =1.

The same boundary can be described parametrically as r(t,s) = (f(t, s), g(¢, s), h(t, s)), where

f(t,s) = acostsins
g(t,s) = bsintsins
h(t,s) = ccoss

where t € [0,27],s € [0, 7). [ ]
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One of the most important concepts in partial differential equations is that of the unit outward normal vector
to the boundary of the set. For a given point p € 99 this is the vector n, normal (perpendicular) to the
boundary at p, pointing outside 2, and having unit length.

If the boundary of (two or three dimensional) set €2 is given as a level curve of a function F', then the vector
given by
N(p) = VF|p,

is normal to the boundary at p. However, it is not necessarily unit, nor outward. To make it a unit vector,
we divide IN by its length; then the unit outward normal is either n = N/||N]||, or n = —N/||N|| and the
proper sign must be selected by inspection.

Example 1.3 Find the unit outward normal to the ellipsoid

at the point p = (1/4/2,0,3/v/2).
Since F(x1,72,23) = 23 + ‘%3 + %g, we obtain VF = (21, 22/2,2x3/9). Therefore

N(p) = VF|p = (2/V2,0,2/3V2).

Furthermore

IN@)| = /25 2/9 = \/20/9 = 2v/5/3,

thus

n(p) = +(3/v10,0,1/V10).

To select the proper sign let us observe that the vector pointing outside the ellipsoid must necessarily point
away from the origin. Since the coordinates of the point p are nonnegative, a vector rooted at this point
and pointing away from the origin must have positive coordinates, thus finally

n(p) = (3/V10,0,1/v/10).
|
If the boundary is given in a parametric way, then the situation is more complicated and we have to distinguish

between dimensions 2 and 3.

Let us first consider the boundary 99 of a two-dimensional domain 2, described by r(t) = (x1(t), z2(t)) =
(f(t),g(t)). It is known that the derivative vector

Drlty) = ((1). /(1))

is tangent to 0Q at p = (f(¢p), g(tp)). Since any normal vector at p € € is perpendicular to any tangent
vector at this point, we immediately obtain that

N(p) = (=g (tp), f'(tp))- (1.1.14)
Therefore the unit outward normal is given by

N(p)
| N(p)|I’

where the sign must be decided by inspection so that n points outside (2.

n(p) =+

If the domain §2 is 3-dimensional, then its boundary 0f is a surface described by the 3-dimensional vector
function of 2 variables:

r(t,s) = (z1(t, 8), 22(t, 8), 23(t, 8)) = (f(¢,8), g(t,s), h(t,s)).
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In this case, at each point 92 3 p = r(t,), we have two derivative vectors 7 (t,) and 7,(t,) which span the
two dimensional tangent plane to 02 at p. Any normal vector must be thus perpendicular to both these
vectors and the easiest way to find such a vector is to use the cross-product:

N(p) = ry(t,) x r.(t,).
Again, the unit outward normal is given by

LN il x i)
®) =W = ) < )]

where the sign must be decided by inspection.

Example 1.4 Find the outward unit normal to the ellipse r(t) = (cost,2sint) at the point p = r(w/4)
Differentiating, we obtain r} = (—sint, 2 cost); this is a tangent vector to ellipse at r(¢). Thus,

N = (—2cost,—sint).
Next, || V|| = /4 cos?t + sin? t and
1

n=4=+ (2cost,sint).
4cos?t +sin?t

At the particular point p we have cos7/2 = sinw/2 = @, thus | N| = 1/5/2 and
n(p) = +2/v5(1,1/2).

Since the normal must point outside the ellipse, we must chose the ”+” sign and finally
n(p) =2/V5(1,1/2).

Another important concept related to the normal is the normal derivative of a function. Let us recall that if
u is any unit vector and f is a function, then the derivative of f at a point p in the direction of w is defined

as
Fulp) = lim flp+ tut) —flp)

Application of the Chain Rule produces the following handy formula for the directional derivative:

fu(p) =V [lp-u.

Let now f be defined in a neighbourhood of a point p € 9. The normal derivative of f at p is defined as
the derivative of f in the direction of n(p):

L (6) = fu(p) = Vilp (o).

Example 1.5 Let us consider the spherical coordinates

1 = rcosfsing,
To = rsinfsing,
r3 = TCos¢

and let f(z1,22,23) be a function of three variables. This function can be expressed in the spherical
coordinates as the function of (r,0, ¢)

F(r,0,¢) = f(rcosfsin¢,rsinfsin g, rcos ) = f(x1,x2,x3).
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Using the Chain Rule we have
OF _ 0f 0n | 0f 0vs | 0f Ouy
dr  Oxy Or  Oxs Or  Oxs Or
Since, for i = 1,2,3, 0x;/0r = x;/r, we can write

oF 1
oy = Vi (1.1.15)

Assume now that f (and thus F') be given in some neighbourhood of the sphere
F(x1,29,13) = 23 + 23 + 25 = R?.

To find the outward unit normal to this sphere we note that VF = (2z1, 2z5, 2x3) and | VF|| = 2y/2% + 23 + 23 =

2R. Thus,

1 1
n = R(Il,xg,xg) = E’I". (1116)

Geometrically, n is parallel to the radius of the sphere but has unit length.

Combining (1.1.15) with (1.1.16), we see that the normal derivative of f at any point of the sphere is given

by

of OF

L _Vf-n=—.

on / ar
In other words, the normal derivative of any function at the surface of a sphere is equal to the derivative of
this function (expressed in spherical coordinates) with respect to . [ |

Next we shall discuss yet another important concept: the flux of a vector field. Let us recall that a vector
field is a function f: Q — R?, where Q C R?, where d = 1,2,3.... In other words, a vector field assigns a
vector to each point of a subset of the space.

Definition 1.1 The flux of the vector field f across the boundary 02 of a domain Q C R?, d > 2 is

8£f-nda.

Here, if d = 2, then 09 is a closed curve and the integral above is the line integral (of the second kind). The
arc length element do is to be calculated according to the description of 9. The easiest situation occurs if
0f) is described in a parametric form by 7(t) = (f(t), g(¢)), t € [to,t1]; then do = /(f")? + (¢')?dt and

[ £:ndo = [ nio) P+ P
o0 to

When d = 3, then 99 is a closed surface and the integral above is the surface integral (of the second
kind). The surface element do is again the easiest to calculate if 02 is given in a parametric form r(t) =
(f(t,8),9(t,8),h(t,s)), t € [to,t1], s € [s0,51]. Then do = |ry x rs|dtds and

t1 s1

Béf.nda_//f'n(tvsﬂrt X 1rg|dsdt.

to So

Remark 1.1 With a little imagination the definition of the flux can be used also in one dimensional case.
To do this, we have to understand that the integration is something like a summation of the integrand over
all the points of the boundary. In one-dimensional case we have Q = [a,b] with 0Q = {a} U {b}. A vector
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field in one-dimension is just a scalar function. The unit outward normal at {a} is —1, and at {b} is 1. Thus
fn(a) = f(a)(—1) and fn(b) = f(b)(1) and the flux across the boundary of € is

f-n(a)+ f-n() = f(b) — f(a). (1.1.17)

Example 1.6 To understand the meaning of the flux let us consider a fluid moving in a certain domain of
space. The standard way of describing the motion of the fluid is to associate with any point p of the domain
filled by the fluid its velocity v(p). In this way we have the velocity field of the fluid.

Consider first the one-dimensional case (one can think about a thin pipe). If at a certain point x we have
v(z) > 0, then the fluid flows to the right, and if v(z) < 0, then it flows to the left. Let the points z = a
and 2 = b be the end-points of a section of the pipe and consider the new field f(z) = p(z)v(x), where p is
the (linear) density of the fluid in point x. The flux of f, as defined by (1.1.17), is

f(0) = f(a) = p(b)v(b) — p(a)v(a).

For instance, if both v(b) and v(a) are positive, then at = b the fluid leaves the pipe with velocity v(b)
and at x = a it enters the pipe with velocity v(a). In a small interval of time At mass of fluid which left
the segment through = = b is equal p(b)v(b)At and the mass which entered the segment through = = a is
p(a)v(a)At, thus, the net rate at which the mass leaves (enters) the segment is equal to p(b)v(b) — p(a)v(a),
that is, exactly to the flux of the field f across the boundary.

This idea can be generalized to more realistic case of three dimensional space. Let us consider a fluid with
possibly variable density p(p) filling a portion of space and moving with velocity v(p). We define the mass-
velocity field f = pv. Let us consider now the domain € with the boundary 2. Imagine a small portion AS
of 912, which could be considered flat, having the area Ao. Let n be the unit normal to this surface and
consider the rate at which the fluid crosses AS. We decompose the velocity v into the component parallel
to m, given by (v-m)n and the tangential component. It is clear that the crossing of the surface can be
only due to the normal component (if in time At you make two steps perpendicular to the boundary and
two parallel, then you will find yourself only two steps from the boundary despite having done four steps).
Therefore the mass of fluid crossing AS in time At is given by

Am = p(v-n)AtAc.

Thus, the rate at which the fluid is crossing the whole boundary 09 (that is, the net rate at which the
fluid is filling/leaving the domain ) can be approximated by summing up all the contributions Am over all
patches AS of the boundary which, in the limit as AS go to zero, is nothing but the flux of f:

/(pv -m)do.

o0

Thus again we have the identity
Flux of pv across 0§) = the net rate at which the mass of fluid is leaving €.

Let us return now to the Green-Gauss-.... Theorem. This is a theorem which relates the behaviour of a
vector field on the boundary of a domain (flux) with what is happening inside the domain.

Suppose that somewhere inside the domain there is a source of the field (fluid). How can we check this? We
can construct a small box around the source and measure whether there is a net outflow, inflow or whether
the outflow balances the inflow. If we make this box really small, then we can be quite sure that in the first
case there is a source, in the second there is a sink, and in the third case that there is neither sink nor source.
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Let us then put this idea into mathematical formulae. Assume that the box B with one vertex at (29,29, 29)
has the edges parallel to the axes of the coordinate system and of lengths Axy, Az and Axs.

We calculate the net rate of flow of the vector field f = (fi, f2, f3) from the box. Following the calculations
given earlier, the flow through the top side is given by

fon(@l, 23,28 + Axz) Az Axy = f-§(20, 25, 23 + Azz) Az Axy = f3(2f, 23, 23 + Axz) Az Ay,
and through the bottom
Fon(zl 2d 2 Az Axy = £ (—5) (@), 23, 23) Az Ay = — f3(2?, 29, 29) Az Az,
thus the net flow through the horizontal sides is

Ofs

(f3(x(1)7xgvl'g + Ang) - f3(x(1),xga xg)) Axle2 ~ %(l’?7mg’ xg)AxleQAe"
3

Similar calculations can be done for the two remaining pairs of the sides and the total flow from the box can
be approximated by

3 8f1 0o .0 ,.0
E (LIIl,.IQ,.’IJg)) A$1A1‘2A3.

ey
i=1 7
This expression can be considered to be the net rate of the production of the field (fluid) in the box B. The
expression

3 9f

divf=>" Of;

i=1 8951

is called the divergence of the vector field f and can considered to be the rate of the production per unit
volume (density). To obtain the total net rate of the production in the domain Q we have to add up
contributions coming from all the (small) boxes. Thus using the definition of the integral we obtain that the
total net rate of the production is given by

/Q/ div f(21, 29, 23)dv.

Using some common sense reasoning it is easy to arrive at the identity
The net rate of production in 2 = The net flow across the boundary

The Green—Gauss—... Theorem is the mathematical expression of the above law.

Theorem 1.3 Let Q be a bounded domain in R?, d > 1, with a piecewise C* boundary O5). Let n be the
unit outward normal vector on Q. Let f(x) = (fi(x), -, fu(x)) be any C! vector field on Q = QU Q.
Then

Q

/div fdx :B]ff- ndo, (1.1.18)

where do is the element of surface of 0S2.

Remark 1.2 In one dimension this theorem is nothing but the fundamental theorem of calculus:

b

[ L@z = 1) - f(@. (11.19)

a

In fact, for a function of one variable divf = % and the right-hand side of this equation represents the
outward flux across the boundary of 2 = [a, b], as discussed in Remark 1.1.
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Remark 1.3 In two dimensions the most popular form of this theorem is known the Green Theorem which
apparently differs form the one given above. To explain this, let the boundary 99 of Q be a curve given by
parametric equation 7(t) = (x1(t), z2(t)), t € [to, t1] and suppose that if ¢ runs from ¢y to ¢, then r(¢) traces
0f) in the positive (anticlockwise) direction. Then it is easy to check that the unit outward normal vector n
is given by

where 7/(t) = (z1(t), z2(¢)). Thus, if f= (f1, f2), then Eq. (1.1.18) takes the form

t

// (25; gﬁ)‘lxldx? :/l(fl(t)“fé(t)—fl(t)x'l(t))dt (1.1.20)

0
On the other hand, the standard version of Green’s theorem reads

t1

oL O dsdes = § fudes + fades = [ (i(0h 2(t)2h (1)) dt. 1
/SZ< >d d azl{fd + fod /(f(t) (t) + f2(t)z5()) dt (1.1.21)

0x1 Oxg
to

To see that these forms are really equivalent, let us define the new vector field g = (g1, 92) by : g1 = —fa2,92 =

f1. Then
div f = % Of2 _ % 991
B oy 81‘2 B ory 6372

The boundary of 9 is, as above, parameterized by the function 7(¢). Thus, if we assume that (1.1.21) holds

(for an arbitrary vector field), then
992 9p
= — —— | dz1d
// ((91‘1 8’132 Ttz
Q

df1 | 0f2

- / (1 (DT, (8) + 9o ()ah() dt — / (R (D) (8) — Falt)ah (1)) d,

to tO

which is (1.1.20). The converse is analogous. n

2 Infinite series of functions

Very often the solution of a differential equation (ordinary or partial) is given by an infinite series of simple
functions, like monomials or trigonometric functions. It is important to realize that in general a function,
given as a sum of an infinite series of functions, even if exists, can have completely different properties than
each term. Here we shall discuss conditions which ensure the existence and regularity of the sum of an
infinite series.

(oo}
Let us consider first an infinite series of numbers 3 a,, where a, can be possibly complex numbers. By
n=1

partial sums of the series we understand sums Sy = > a,. The series is said to be convergent, if the

sequence of numbers (Sy)nen converges to a finite numger, say, S; then we say that S is the sum of the
series and write

S= > ap.
n=1

(o]
With every series of this form we associate the series of positive numbers > |a,|. The sequence (Sy)nen
n=1

(oo}
is then increasing and therefore it either converges, or diverges to +o0o. If Y |a,| converges, then we say
n=1
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o0 (o] o0 o0
that " a, converges absolutely. If > |a,| diverges, but > a, converges, we say that > a, is conditionally
n=1 n=1 n=1 n=1

[ee]
convergent. If > a, is absolutely convergent, then we can change order of summation in the series in an

n=1
arbitrary way. If the series is only conditionally convergent, then one has to be much more careful-there is a

theorem of calculus which states that by rearranging the order of summation one can make a conditionally
convergent series converge to any number.
o0
If we consider a series of functions, defined on a common domain D C R4 Y f,(x), then for each € D
n=1
we have a series of numbers, and therefore we can apply the consideration of the previous paragraph to
o0
define the concept of pointwise convergence of a functional series. That is, we say that the series > f,(x)
n=1

N

converges pointwise in D to a function f, if for each x € D the sequence of partial sums . f,(x) converges,
n=1
as a sequence of numbers, to f(x). In € — ¢ language we write
N
VaeD Yes0 Ingen Vs, | f(x) — D fu(x)| <e. (1.2.22)
n=1

Note that Ny can depend here on both ¢ and & which makes this convergence very weak in the sense that it
doesn’t preserve important properties of functions. We may have a series of continuous functions converging

[ee]

pointwise everywhere to a discontinuous function. A classical example is offered by the series Y f,(x) with
n=1

falx) = 2™ — 2™+ for x € [0, 1] which has partial sums given by

Sy(z) =z —aV

and they converge to f(z) =« for z € [0,1] and f(1) = 0.
The way out of this is to make Ny independent of . This leads to the concept of uniform convergence of

o0
the functional series which reads: the series Y f,(x) converges uniformly to f(x) on D if
n=1

N
V5>0 E’NOEN VN>NU sup f(ﬂ?) - Z fn(-’l)) < €. (1223)
xeD n=1

The difference between (1.2.22) and (1.2.23) can be explained by saying that to check the uniform convergence
we chose the biggest difference over all values of & and only then take the limit. It is easy to see that in
fact the above statement is equivalent to saying that for each € we can select Ny independent of @ such that
(1.2.22) holds.

In many applications it is not necessary to prove the uniform convergence from the definition (1.2.23). Very
often one can get away with the relatively simple Weierstrass criterion which we formulate as the following
theorem.

o0
Theorem 2.1 If there is a sequence of non-negative numbers (cp)nen such that the > ¢, < 400 and
n=1

vaD,nEN ‘fn($)| S Cn,

then > fn(x) converges uniformly and absolutely in D.
n=1

The importance of the uniform convergence stems from the fact that most important properties of the
functions are preserved under uniform limit. For example, if f is a uniform limit of a sequence or series
of continuous functions, then f itself is continuous. We shall formulate two other theorems on uniformly
convergent series of functions which will be needed in the sequel.
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Theorem 2.2 If D C R? is a bounded and closed set, functions f,,n € N are continuous in D and f(x) =

o0
> fu(@) uniformly in D, then f is continuous in D and
n=1

> [ ful@)de = [ f@)ia. (1.2.24)
n=1D

D

Another way of putting this statement is to say that a uniformly convergent series can be term by term (or
termuwise) integrated.

The question of termwise differentiation is considerably more delicate.

Theorem 2.3 If D C R? is a bounded and closed set, functions fn,n € N are differentiable in D, and if the

[ee] (oo}
series Y. fn(c) converges for some ¢ € D and the sequence partial derivatives % converges uniformly
n=1 n=1 "

o0

in D for some 1 < i < n, then Y. fn(x) converges uniformly to a function f which has partial derivative
n=1

with respect to x; and

3 Differentiation under the sign of integral

In many cases the solution of a partial differential equation is given in terms of an improper integral involving
parameters which in fact are independent variables of the solution, and we require differentiability of the
integral with respect to these parameters.

To simplify presentation we shall focus here on improper integrals over the real line - the generalization of
the presented results to higher dimensions is obvious.

Let us recall that the improper integral of a function f is defined as

o0

/f(x)da:: Jim ]Vf(x)dx (1.3.1)
o M

M,N— o0

Clearly, if the above limit exists, then we can also write

) R
/ f(z)dz = lim f(x)dx
R—o0
—0o0 —R
but the converse in not true in general.
Let us consider a function f of two variables (z,t) € R x I where I C R is an open interval. If for each ¢t € I

o0
the improper integral [ f(z,t)dz exists, then we can define a new function of ¢ by

— 00

Pt) = / (@, t)da. (1.3.2)

Our interest is to determine under which condition F is a differentiable function. To proceed we need a new
concept. We say that the improper integral (1.3.2) converges absolutely and uniformly in ¢ € I if for any
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€ > 0 there is R, such that for any R > R, and any t € I we have

R —R.
/|f(:r,t)| <€ and / |f(z,0)] <e. (1.3.3)
R -R

Now we can formulate the main result of this section.

Theorem 3.1 Let f(x,t) and fe(x, t)be continuous on R x I and assume that for each t € I both improper

integrals f flz,t)dx and f fi(z, t)dx exist, and moreover that the second integral converges uniformly and

o T [o
E/f(w,t)dx: / a—{(m,t)dx. (1.3.4)

Proof. We have to prove that for any to € 1

absolutely. Then foranyt e I

R
Jim thnoo/ (W (f(z,to +h) — fz,to) — fe(z,t0))da | =0 (1.3.5)
-R

so it is enough if we prove that for any € > 0 there are hg, Ry such that for any 0 < h < hg, R > Ry
R
/ R (f(x, to +h) — f(x,t0) — fi(z,to)|dz < e (1.3.6)
“R

To do this we shall split the integral into two parts. Let us fix € > 0. Since f; is uniformly integrable, we
find R, such that for any R > R, and any t € [

-R. R
/ +/ | fe(z,t)|dx <,
—R R
hence in particular
—R. R
/ + | fe(x, to)|dx < e.
“R R,
On the other hand, we have
-R. R R. R\ |tot+h
/ +/ RY(f(x,to + h) — f(a,to))|de = / +/ / fulz,u)du| dz
R R. R.
to+h ~R. R to+h
<h! / / +/ |fulz,u)lde | du < A1 / edu
to R R. to

= €

where we used the fact that f; is a continuous function to change the order of integration, and uniform
integrability of f; so that the same R, and the same e could be used for all f,(x,u), u € [to,to + h] C I.
Note, that this calculations were completely independent of h.
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Having fixed R, so that the estimates above are valid, we have by Taylor’s formula

R. R
[ st b = ) - hitmle = [ et + 0.~ fio,0)lds
~R. ~R.

< €,

where we used the fact that f; is (uniformly) continuous so that for 7 small enough we have |f;(z,t + 1) —
fi(z,t)| < €/2R. (remember that R, is fixed and we change only h which does not affect R.).

Combining these two estimates we obtain that for any ¢ > we can find Ry = R, and hg such that for
0<h<hg,R> Ry

R R
/ R (f(x, t 4+ h) — f(x,t) — hfi(z,t))de| < / |h=(f(z t+h) = f(z,t) — hfi(2,t))] da
= /+ / |h= (f(z t+h) = f(z,t) — hfi(z,t)| de + / R f(x, t 4 h) — f(x,t) — hfi(z, t)|de
e —-R —R.
< 2

which proves (9.2.4). ®



Lecture 3
Origins of partial differential
equations

In this chapter we shall derive and discuss several most important partial differential equations of mathe-
matical physics. Firstly, however, we should make sure that we all know what we are talking about.

1 What is a partial differential equation?

Let us consider the evolution of the temperature of a body. In the first year Calculus the so-called Newton
Law of Cooling was discussed. In mathematical terms this was expressed by the linear first order ordinary

differential equation

C(% = k(u — uy) (3.1.7)
where ¢ — u(t) is the temperature of an object at the time ¢, u, is the temperature of the surrounding
medium, and k is the proportionality constant. Thus, the temperature was assumed to be a function of only
one variable: time ¢. A short reflection shows that this model in general cannot be correct. Typically, in any
object there are regions of lower and higher temperature, so the model described by (3.1.7) could be correct

under very special physical assumption: that the temperature is uniform throughout the body.

In the real life we can hardly expect such a uniformity — most functions depend on 4 variables: the time
and three spatial coordinates. For example, the temperature in the room changes in time, but also changes
when we move from one point to another. It means that to describe properly the temperature we have to use
function of four variables. As we shall see later, the time and position dependence of the temperature will
introduce partial derivatives into the equation governing the temperature and make the equation a partial
differential equation.

This is the key identifying property of partial differential equations: there are more than one independent
variable x1, Za, ...,. We have also one dependent variable, that is, unknown function u(x1,zo,...) (it is also
possible to have more than one unknown function, which would lead to a system of PDEs, but we will not
discuss such a possibility). A PDE is an identity which relates the independent variables, dependent variable
u and the partial derivatives of u. For example

F(mlnyau(xl7x2)7uw1 (xl?m2)3u$2($17x2)) = 07

where F : R — R is any function, is the most general PDE in two independent variables of first order (the
highest order of partial derivatives).

Similarly, we can write the most general form of second order PDE in three variables as
F(xla ‘7/‘27 x37 u? uIl b u:Eg b) UCE3U’1111 b) u:rlzrg ) uzlzg b u12137 u{rz{rz ) ngIg) = 0

and so on.

49
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Some examples of PDEs (in various variants of notation) are:

pt +aVp =0 (continuity equation)

us — Au =0 (heat or diffusion equation)

ugg — Au =0 (waves of small amplitude)

Au =0 (electric potential)

u; = —iAu  (Schrodinger equation of quantum mechanics)

U + U Uy + Uz = 0 (dispersive wave equation)

A

Ut + Ugzze = 0 (vibrating beam equation)

We shall see how to derive some of these equations from physical principles; some of them require, however,
a high degree of sophistication and we will leave them aside.

First of all let us note that, contrary to the general notation, we shall distinguished one variable t. This is
dictated by the physical interpretation of the quantities appearing in the equations. Later it will become also
clear that the properties of the equations and their solutions with respect to this variable are different from
those with respect to the remaining variables reflecting the physical fact that the time is a little different
variable from the spatial variables.

Let us look at these equations and try to find some common features. Equations 6. and 7. are equations in
two variables, the remaining ones can have any number of independent variables as the general notation for
the gradient

Vu= (ug, - ,u)

and the Laplacian
Au= 3}’ Uz,

n=t

does not specify the number of variables.

Equation 1. is a first order equations, Equations 2. through 5. are second order equations, Equation 6. is a
third order and Equation 7. is a fourth order equation.

One of the most important property of a differential equation is linearity. A rough definition of a linear
differential equation is that the function and its derivatives appear in the equation only at most in first
(algebraic) power, that is, linearly.

A more sophisticated definition involves some linear algebra terminology. We recall that the set of (contin-
uous, differentiable) functions is a linear space, that is, a sums and scalar multiples of such functions are
again functions having the same properties. In such a space one can define operators, like super-functions,
which take functions and transform them into other functions. Such an operator can be defined by e.g.

Llu] = ugy + gy,

that is, L takes any differentiable function of two variables, calculates both first partial derivatives and adds
them together. This operator is a linear operator as

L[c1u1 + CQUQ] = clL[ul] + CQL[U2]

for any scalars ¢1, ¢y and functions w; and ws (for which it is defined). On the other hand, the operator
related to Equation 6. is not linear: if we take the function u = x, then

Lul ==z

but applied to the function 2u we have
L[2u] = 4x # 2L[u).

Using the concept of an operator we can write any differential equation in the form

Llu] = f,
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by grouping all the terms containing the unknown function and/or its derivatives on the left-hand side. We
then say that the differential equation is linear if L is a linear operator in u. We also say that the linear
equation is homogeneous if f = 0; otherwise the equation is said to be non-homogeneous.

The advantage of linearity for the equation L[u] = 0 is that if u and v are solution of this equation, then so
is u + v. More generally, any linear combination of solutions is itself a solution; this is sometimes called the
superposition principle.

Example 1.1 Knowing that u;(t,z) = 2t + 22 satisfies the heat equation u; = u,, with the initial condition
u(0,2) = 22 and uy(t,z) = tx? satisfies u; = u,, + 2% — 2t with the initial condition u(0,z) = 0, find the
solution of the problem

Up = Ugy + 207 — 4t u(0, ) = —x2. (3.1.8)

We shall use the superposition principle and look for the solution in the form u(t, z) = auq (¢, x) + bua(t, z)
with constants a, b to be determined. We have

up = (auq + bug)y = auqy + bugy = auigye + bugg, + b(m2 —2t) = Ugy + b(ac2 — 2t).
By comparison with (3.1.8), we obtain b = 2. Also
u(0,z) = aui (0, ) + bug (0, ) = ax?® +2-0 = ax?,
thus @ = —1 and the solution is given by
u(t,r) = =2t — % + 2tz
Solutions of ordinary differential equations depend on arbitrary constants: one for first order equations,

two for second order equations, etc. With partial differential equations the situation becomes much more
complicated. Let us consider the following example.

Example 1.2 Solve the PDE
Ug,zp = 0. (3.1.9)

o (ou)_
89c2 8x1 o

we see that u; = f(z1) for any function f of variable 1. Now, we can integrate this equation with respect
to z1 regarding xo as fixed. We get u(z1,22) = [ f(z1)dz1 + G(x2) where G is an arbitrary function of
Zo. But the indefinite integral of an arbitrary function is again an arbitrary function, so that, the general
solution of (3.1.9) is

Writing this equation in the form

u(z1,22) = F(21) + G(2)

so that the solution of second order partial differential equations depends in general on two arbitrary func-
tions.

2 Conservation laws

Many of the fundamental equations that occurring in the natural and physical sciences are obtained from
conservation laws. Conservation laws express the fact that some quantity is balanced throughout the process.

In thermodynamics, for example, the First Law of Thermodynamics states that the change in the internal
energy in a given system is equal to, or is balanced by, the total heat added to the system plus the work done
on the system. Therefore the First Law of Thermodynamics is really an energy balance, or conservation,
law.
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As an another example, consider a fluid flowing in some region of space that consists of chemical species
undergoing chemical reaction. For a given chemical species, the rate of change in time of the total amount
of that species in the region must equal the rate at which the species flows into the region, minus the rate
at which the species flows out, plus the rate at which the species is created or consumed, by the chemical
reactions. This is a verbal statement of a conservation law for the amount of the given chemical species.

Similar balance or conservation laws occur in all branches of science. We can recall the population equation
from Chapter the derivation of which was based on the observation that the rate of change of a population
in a certain region must equal the birth rate, minus the death rate, plus the migration rate into or out of
the region.

Such conservation laws in mathematics are translated usually into differential equations and it is surprising
how many different processes of real world end up with the same mathematical formulation. These differential
equations are called the governing equations of the process and dictate how the process evolves in time. Here
we discuss the derivation of some governing equations starting from the first principles. We begin with a
basic one-dimensional model.

2.1 One-dimensional conservation law

Let us consider a quantity u = u(z,t) that depends on a single spatial variable z in an interval R C R,
and time t > 0. We assume that u is a density, or concentration, measured in an amount per unit volume,
where the amount may refer to the population, mass, energy or any other quantity. The fact that u depends
only on one spatial variable x can be physically justified by assuming e.g. that we consider a flow in a tube,
which is uniform (doesn’t change in radial direction), or that the tube is very thin so that any change in the
radial direction is negligible (later we shall derive the equation for the same conservation law in an arbitrary
dimensional space).

Fig 3.1. Tube T.

Note that the discussion here is related to Remark 1.1 and Example 1.6. We consider the subinterval
I = [z,z + h] C R. The total amount of the quantity u contained at time ¢ in the section Z of the tube
between x and z + h is given by the integral

total amount of quantity inZ = A / u(s, t)ds,

where A is the area of the cross section of 7.

Assume now that there is motion of the quantity in the tube in the axial direction. We define the flux density
of uw at time ¢ at  to be the scalar function ¢(x,¢) which is equal to the amount of the quantity u passing
through the cross section at x at time ¢, per unit area, per unit time. By convention, the flux density at x
is positive if the flow at x is in the positive x direction. Therefore, at time ¢ the net rate that the quantity
is flowing into the section is the rate that it is flowing in at x and minus the rate that it is flowing out at
r + h, that is
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net rate that the quantity flows into Z = A(¢(x,t) — ¢(z + h,t)).

Fig 3.2. One dimensional flow through cross-sections x and x + h.

This equation should be compared with Example 1.6, where the flux density was easy to understand: it was
the rate at which the mass of fluid flows through the boundary. Here we are considering the flux density of
an arbitrary quantity (arbitrary one-dimensional vector field).

Finally, the quantity u may be destroyed or created inside Z by some internal or external source (e.g. by a
chemical reaction if we consider chemical kinetics equations, or by birth/death processes in mathematical
biology). We denote this source function which is assumed to be local (acts at each x and t) by f(z,t,u).
This function gives the rate at which u is created or destroyed at x at time ¢, per unit volume. Note that f
may depend on u itself (e.g. the rate of chemical reactions is determined by concentration of the chemicals).
Given f, we may calculate the total rate that u is created/destroyed in Z by integration:

z+h
rate that quantity is produced in Z by sources = A / f(s,t,u(s,t))ds.
xT

The fundamental conservation law can be formulated as follows: for any section 7

the rate of change of total amount in 7
= net rate that the quantity flows into 7
+rate that the quantity is produced in 7

Using the mathematical formulas obtained above we get, having canceled the area A

x+h x+h

d u(s,t)ds = ¢(x,t) — ¢(x + h,t) + / f(s,t,u)ds. (3.2.1)

dt
xr
The equation above is called a conservation law in integral form and holds even if u, f, ¢ are not smooth
functions. This form is useful in many cases but rather difficult to handle, therefore it is convenient to
reduce it to the differential form. This requires assuming that all the functions (including the unknown u)
are continuously differentiable. Using basic facts from calculus:

x+h

(1) f ¢5(8,t)d8 = ¢((E + hvt) - ¢($,t),
x+h x+h
(i) £ [ u(s,t)ds = [ w(s,t)ds,
we can rewrite (3.2.1) in the form

/ (e (5,8) + s (5,1) — f(5,4,u))ds = 0. (3.2.2)

I
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Since this equation is valid for any interval I we can use Theorem 1.6.15 to infer that the integral must
vanish identically; that is (changing the independent variable back into z) we must have

u(2,t) + du (1) = f(2,t,u) (3.2.3)

for any z € R and t > 0. Note that in (3.2.3) we have two unknown functions: u and ¢; function f is assumed
to be given. Function ¢ is usually to be determined from empirical considerations. Equations resulting from
such considerations, which specify ¢, are often called constitutive relations or equations of state.

Before we proceed in this direction, we shall show how the procedure described above works in higher
dimensions.

2.2 Conservation laws in higher dimensions

It is relatively straightforward to generalize the discussion above to multidimensional space. Let & =
(21,72, 23) denote a point in R and assume that u = wu(x,t) is a scalar density function representing
the amount per unit volume of some quantity of interest distributed throughout some domain of R3. In this
domain, let  C R3 be an arbitrary region with a smooth boundary dQ. As in one-dimensional case, the
total amount of the quantity in (2 at time ¢ is given by the integral

/u(m,t)das,

Q

and the rate that the quantity is produced in €2 is given by
/f(a:,t, u)de,
Q

where f is the rate at which the quantity is being produced in 2.

Some changes are required however when we want to calculate the flow of the quantity in or out 2. Because
now the flow can occur in any direction, the flux density is given by a vector ® (in Example 1.6, the flux
density was given by p(x)v(x)). However, as we noted in this example, not all the flowing quantity which
is close to the boundary will leave or enter the region {2 - the component of ® which is tangential to the
boundary 9 will not contribute to the total loss (see also Fig. 2.1). Therefore, if we denote by n(x) the
outward unit normal vector to 0€2, then the net outward flux of the quantity u through the boundary 02 is
given by the surface integral

f@(m,t) -n(x)do,
a0
where do denotes a surface element on 9f2. Finally, the balance law for u is given by

% udx = —f@ -ndo + /fdac. (3.2.4)
o0 o0 Q

The minus sign at the flux term occurs because the outward flux decreases the amount of u in €.

As before, the integral form can be reformulated as a local differential equation, provided ® and u are
sufficiently smooth in & and ¢. To this end we must use the Gauss theorem (Theorem 1.6.16) which gives

f@-nda: /div@dw.
Q

o0

Using this formula, Equation (3.2.4) can be rewritten as

/(ut—l—div@—f)daczo
Q
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for any subregion . Using the vanishing theorem (Theorem 1.6.15) we obtain finally the differential form
of the general conservation law in 3-dimensional space

ug +div® = f(a,t,u). (3.2.5)

In the next section we discuss a number of constitutive relations which provide examples of the flux function.

3 Constitutive relations and examples

In this section we describe a few constitutive relation which often appear in the applied sciences. It is
important to understand that a constitutive relations appear on a different level than conservation law: the
latter is is a fundamental law of nature — the mathematical expression of the fact that books should balance
(at least in a decent(?) enterprise like the Universe), whereas the former is often an approximate equation
having its origins in empirics.

3.1 Transport equation

Probably the simplest non-trivial constitutive relation is when the quantity of interest moves together with
the surrounding medium with a given velocity, say, v. This can be a simple model for a low density pollutant
in the air moving only due to wind with velocity v or, as we discussed earlier, the fluid with density » moving
with the velocity v. Then the flux is given by

P =y
and, if there are no sources or sinks, the transport equation is given by
ug + div (vu) = 0. (3.3.1)
We can rewrite this equation in a more explicit form
ur +v-Vu+udive =0,
or, if the velocity is constant (more general, divergence free),

Oiu+v-Vu =0. (3.3.2)

3.2 Diffusion/heat equations

Assume at first that there are no sources, and write the basic conservation law in one-dimension as
U + ¢y =0 (3.3.3)

In many physical (and not only) problems it was observed that the substance (represented here by the density
u) moves from the regions of higher concentration to regions of lower concentration (heat, population etc.
offer a good illustration of this). Moreover, the larger difference the more rapid flow is observed. At a point,
the large difference can be expressed as a large gradient of the concentration wu, so it is reasonable to assume
that

p(x,t) = —F(uq(x, 1)),
where F' is an increasing function passing through (0,0). The explanation of the minus sign comes from the

fact that if the z-derivative of uw at x is positive, that is, u is increasing, then the flow occurs in the negative
direction of the x axis. Moreover, the larger the gradient, the larger (in magnitude) the flow. Now, the
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simplest increasing function passing through (0,0) is a linear function with positive leading coefficient, and
this assumption gives the so-called Fick law:

d(z,t) = —Duy(z,t) (3.3.4)

where D is a constant which is to be determined empirically. We can substitute Fick’s law (3.3.4) into the
conservation law (3.2.3) (assuming that the solution is twice differentiable and D is a constant) and get the
one dimensional diffusion equation

uy — Dy, = 0, (3.3.5)
which governs conservative processes when the flux is specified by Fick’s law.

To understand why this equation governs also the evolution of the temperature distribution in a body, we
apply the conservation law (3.2.3) to heat (thermal energy). Then the amount of heat in a unit volume
can be written as u = cpfl, where c is the specific heat of the medium, p the density of the medium and
0 is the temperature. The heat flow is governed by Fourier’s law which states that the heat flux density
is proportional to the gradient of the temperature, with the proportionality constant equal to —k, where
k is the thermal conductivity of the medium. Assuming c, p,k to be constants, we arrive at (3.3.5) with
D =k/cp.

Generalization of Equation (3.3.5) to multidimensional cases requires some assumptions on the medium. To
simplify the discussion we assume that the medium is isotropic, that is, the process of diffusion is independent
of the orientation in space. Then the Fick law states that the flux is proportional to the gradient of u, that
is,

® =-DVu

and the diffusion equation, obtained from the conservation law (3.2.5) in the absence of sources, reads
up = div(DVu) = DAu, (3.3.6)

where the second equality is valid if D is a constant.

3.3 Variations of diffusion equation

In many cases the evolution is governed by more then one process. One of the most widely occuring cases is
when we have simultaneously both transport and diffusion. For example, when we have a pollutant in the
air or water, then it is transported with the moving medium (due to the wind or water flow) and, at the
same time, it is dispersed by diffusion. Without the latter, a cloud of pollution would travel without any
change - the same amount that was released from the factory would eventually reach other places with the
same concentration. Diffusion, as we shall see later, has a dispersing effect, that is, the pollution will be
eventually deposited but in a uniform, less concentrated way, making life (perhaps) more bearable.

Mathematical expression of the above consideration is obtained by combining equations (3.3.1) and (3.3.6):
uy + div (vu) = DA, (3.3.7)

or, equivalently, by determining the expression for the flux taking both processes simultaneously into account.
The resulting equation (3.3.7) is called the drift-diffusion equation.

When the sources are present and the constitutive relation is given by Fick’s law, then the resulting equation
us — DAu = f(x,t,u) (3.3.8)

is called the reaction-diffusion equation. If f is independent of u, then physically we have the situation
when the sources are given a priori (like the injection performed by an observer); the equation becomes then
a linear non-homogeneous equation. Sources, however, can depend on u. The simplest case is then when
f = cu with ¢ constant. Then the source term describes spontaneous decay (or creation) of the substance at
the rate that is proportional to the concentration. In such a case Equation (3.3.8) takes the form

uy — DAu = cu (3.3.9)
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and can be thought of as the combination of the diffusion and the law of exponential growth.

If f is nonlinear in w, then Equation (3.3.8) has many important applications, particularly in the combustion
theory and mathematical biology.

Here we describe the so called Fisher equation which appears as a combination of the one-dimensional logistic
process and the diffusion. As we discussed in Section 4, it is reasonable to assume that the population is
governed by the logistic law, which is mathematically expressed as the ordinary differential equation

du

— =ru(N —u), 3.3.10

= ru(N — ) (3:3.10)
where u is the population in some region, rN > 0 is the growth rate and N > 0 is the carrying capacity of
this region. If we are however interested is the spatial distribution of individuals, then we must introduce
the density of the population u(x,t), that is, the amount of individuals per unit of volume (or surface) and
the conservation law will take the form

ug +div® = ru (N —u). (3.3.11)

As a first approximation, it is reasonable to assume that within the region the population obeys the Fick
law, that is, individuals migrate from the regions of higher density to regions of lower density. This is
not always true (think about people migrating to cities) and therefore the range of validity of Fick’s law
is limited; in such cases ® has to be determined otherwise. However, if we assume that the resources are
evenly distributed, then Fick’s law can be used with good accuracy. In such a case, Equation (3.3.11) takes
the form

ur — DAu =ru (N —u), (3.3.12)

which is called the Fisher equation. Note, that if the capacity of the region NN is very large, then writing the
Fisher equation in the form

ut—DAu:cu(l—%>,

where ¢ = N, we see that it is reasonable to neglect the small term u/N and approximate the Fisher
equation by the linear equation (3.3.9) which describes a combination of diffusion-type migratory processes
and exponential growth.

3.4 Pricing of options — the Black—Scholes model
In recent years the diffusion equation found a completely new area of applications — in the economical sciences.
In this subsection we shall describe, without any claim to be rigorous, the derivation of the simplest model

of this kind - the Black—Scholes model for pricing European options. Before we start with mathematics, we
shall describe what this model is about.

Economical background

There are many kinds of financial markets in the world, but the most important are

e Stock markets;

Bond markets;

e Currency markets;

Commodity markets;

Futures and option markets.
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The idea behind the currency and commodities markets is clear - there either foreign currency or commodities,
that is, physical assets such as gold, oil, electricity etc. are traded. The idea behind stocks (shares or equities)
is, roughly speaking, that a company that needs to raise money (to build a new factory or develop a new
product, for instance) can do it by selling shares in itself to investors. The company is then ”owned” by
its shareholders; if the company makes a profit, it may be paid out to shareholders as a dividend. If the
company is taken over or otherwise wound up, the proceeds, if any, are distributed to shareholders. Shares
thus have a value that reflects the views of investors about the likely future dividend payments and capital
growth of the company; this value is quantified by the price at which they are bought and sold on stock
exchanges.

As markets have become more sophisticated, more complex contracts than simple buy/sell trades have been
introduced. Known as financial derivatives, that is, contracts whose payoff structure is contingent on that of
another underlying commodity or security, they can give investors of all kinds a great range of opportunities
to tailor their dealings to their investment needs.

We shall discuss here the example of option, which is one of the most common examples of a financial
derivative.

Definition 3.1 A European call option is a contract with the following conditions: at a prescribed time in
the future, known as the expiry date, the holder of the option may purchase a prescribed asset, known as the
underlying asset, for a prescribed amount, known as the exercise price which is determined at the time of the
issue of the call option contract.

The word "may” in this description implies that for the holder of the option this contract is a right and not
an obligation.

Since the holder of an option has a right with no obligation, the option must have some value. Moreover,
it must be paid for at the time of opening the contract. The question is how much should be paid or, in
general, what is the value of an option at any point in time.

To gain some intuition we consider the following example.

Example 3.1 Assume that today’s date is 10 March 2000. I have a call option that allows me to purchase
on 10 June 2000 one X share for R10.

Let us consider two situations that may occur. If the price of X share on the 10 of June is R15, then I may
exercise my option purchasing it for R10 and sell it immediately for R15. Thus I make instantaneous profit
of R5 (assuming no transaction costs). However, it may happen that the share price is R5 on 10th June.
Then it doesn’t make sense to exercise the option and buy the share for R10 since I can buy it elsewhere for
R5. In such a case I will not exercise my option and lose what I have paid for the option.

The price of the option should thus reflect the above discussion. If we assume for simplicity that the share
can take only these two values with equal probability 0.5, then the expected profit to be made is

0.5x0405x5=R25
Thus is seems reasonable that the value of the option should be around R2.5.

Let us suppose now that I indeed paid R2.5 for the option. If I am lucky and the value of the share is R15,
then my profit is R5 — R2.5 = R2.5 which is 100% of the my investment. On the other hand, if the price is
less then R10, then I lose R2.5, which is again 100% of the investment.

If, instead of the option, I purchased on 10th of March the share for R10, then my possible profit would be
R15-R10 = R5, and the possible loss R10 — R5 = R5, so in both cases only 50% of the investment. This
shows that option prices respond in an exaggerated way (the so-called gearing principle) to changes in the
underlying asset price which makes it very attractive for speculations. They can bring a fortune very easily,
and ruin with an equal ease (e.g. the collapse of Barings Bank). [ ]

Let us identify now the mathematical problem related to options. Typical situation is that someone (possibly
the owner of the asset) fixes the expiry date T and the exercise price E at this date (it is possible to give a
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number of expiry dates and exercise prices). Suppose that we want to buy a number of options at a certain
time ¢ before the expiry date. What is the price V' per option we should pay? In other words, we are trying
to determine the value of the option at time ¢. Before we enter into mathematics, let us perform a qualitative
analysis of the problem without any claim to be precise and exhaustive.

The preceding example shows that the greater the share price S(T") on the expiry date, the greater the profit.
Unfortunately we don’t know this share price in advance. However, it seems reasonable to assume that the
higher the share price S(t) is now (and this is something we do know), then the higher the price of this asset
is likely to be in the future. Thus, the value V (¢) of the call option today depends on today’s share price in
a monotonically increasing way — the higher price S(t) today, the bigger value V' (¢, S).

Implicit in this is that there is a significant time left for the option to expire. Just before the expiry date we
now almost certainly the value of the asset and the value of the option is thus determined almost certainly as
max{S(T)—E,0}. In fact, if the share price S(T') is smaller than the exercise price E, that is, S(T)— E < 0,
then the value of the option is 0 — we can throw it away. On the other hand, if S(T") — E > 0, then this is
the profit we can make buying and immediately selling the share, thus S(T') — E should be the price of the
option.

Thus we see that the value of the option must depend on two independent variables - the asset price and
the time left to expiry.

Derivation of the option pricing model

The changes in shares’ and options’ values are unpredictable, random. This makes investing risky. To
introduce an extra degree of safety into our financial strategy, we set up a portfolio consisting of a cash
balance M which we invest in a riskless enterprise like government bonds, or simply put in the bank, a
number A of assets of value S each, and a number § of options on these assets. The value of the portfolio
at time ¢ is

P=M+AS+6V. (3.3.13)

Let us consider the change in the value of the portfolio after a small time interval dt. The cash balance
changes due to:

e interest accrued on M,
e buying (or selling) dA of assets at the price S,

e buying (or selling) dé of options at the price V,

so that
dM = rMdt — (dA)S — (do)V (3.3.14)

The value of share portion of the portfolio can change due to
e the acquisition of dA shares at the price S,

e the change in the share value dS,

that is
d(AS) = (dA)S + AdS. (3.3.15)

and similarly the value of the option part of the portfolio changes due to

e the acquisition of dé options at the price V,

e the change in the option value dV/,
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that is
d(0V) = doV + 6dV. (3.3.16)

Summing up Eqgs. (3.3.14)—(3.3.16) and simplifying we obtain
dP = rMdt + AdS + 6dV. (3.3.17)

To proceed we must introduce some external assumptions. The most important and difficult in this context
is the one concerning the change of the asset price dS. The most common is to decompose the relative change
dS/S into two parts. One is a predictable return similar to the return of money invested in a risk-free bank
which we will assume to give the contribution

pt,

to dS/S, where 1 is a measure of the average rate of growth of the asset price. We shall assume here that p
is a known constant.

Had dS/S = udt, then the value of S would have grown exponentially in time and the exact price S would
have been known at any point of time. However, as we know this is not so — asset prices undergo random
fluctuation which makes any precise forecasting impossible. This indicates the need to introduce another
contribution to dS/S which would account for unexpected external effects. This contribution is random,
that is, it cannot be expressed as a normal function. We write this contribution as

odX,

where this time dX is not an increment in a variable X but a random variable described to some extent in
the remark below. The parameter o is called the volatility. With this we obtain

dS = Sudt + SodX (3.3.18)

Remark 3.1 By saying that dX is a random variable we mean that even if the state X at some ¢ is exactly
known, the state at ¢ 4+ dt, X + dX, is not exactly known — we only know that X 4+ dX can take certain
values with some probability, prescribed by the model.

In the modeling of stock prices we usually assume that dX = X (¢t 4+ dt) — X(¢) has (for any fixed dt) the
normal distribution with zero mean (expected value) and with the variance dt. For those who don’t know
anything about the probability theory, this means that possible values for dX will spread around zero and,
if dt is small, then most of them will be quite close to zero.

In what follows we shall use the following relation
(dX)? = O(dt) (3.3.19)

for small dt. This relation can be roughly explained by noticing that the expected value of (dX)? is dt,
and the variance (as dX has normal distribution) is 2(dt)?. Thus the possible deviations of (dX)? from the
expected value dt are of higher order in dt for dt — 0 and thus negligible on dt-level of considerations. H

Remark 3.2 The following figures present the evolution of the probability density of S(¢) with u = 0.5,
o = 0.2 and S(0) = 5. Note that for small times the density is concentrated close to the value S(¢) = S(0)e?-%
that is the variance is rather small. For larger ¢ the graph becomes more flat and the probability of S(t) being
close to the deterministic value is much smaller. This shows that the longer time-span, the more difficult is
to predict the share prices.
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Fig 5. The evolution of the probability density of the asset price S(t) which solves the equation (3.3.18).

The two figures below show the contour lines of the probability density of Fig 5. and the ”deterministic”
evolution S(t) = 5e%%. Tt is visible that the general trend follows the exponential curves but the actual
values become more and more smeared around it. The darker regions correspond to the higher probability.

Fig 6. The contour plot of the probability density of the asset price S(t) which solves the equation (3.53.18).
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Fig 7. The “deterministic” evolution of the asset price S(t) = 5e°5t.

Having done that we write formally the Taylor expansion of V' = V(S,t), which gives

oV oV 18V 102V 82V
dV = —dt + —dS + = ——dt®> + = ——dS?
a5 e T 3957 T aias

We are interested in the contribution to dV of order dt, as our aim is to derive the formula for the derivative
ov/ot.

Using Eq. (3.3.18) we obtain

dtdS + higher order terms. (3.3.20)

ds\’ 2 7,2 2 732
<) =n dt® + 2uodXdt + o*dX".
Using (3.3.19) we see that
as\*

Therefore by (3.3.18) and (3.3.21) we get from (3.3.20)

OV AV 1, 0%V

Combining (3.3.22) with (3.3.17) we obtain

ov . oV 1, 0%V
P =rMdt+ A Lt + dS + —o282 5 . 3.
AP = rMdt + dS+6<atdt+anS+205aszdt)+o(dt) (3.3.23)

Next we observe that by balancing the number of assets and options according to the formula

ov
A=—-0— 3.3.24
39 ( )
we can eliminate any randomness (represented here by dS) from our portfolio, creating thus a risk-free
portfolio. The procedure described above is known as the hedging. We are left then with the formula
ov 1 o?V
dP =rMdt+6 | = dt + ~0°S* ——dt dt). 3.2
T + <8t +50 557 + o(dt) (3.3.25)
To complete the derivation of the Black-Scholes equation we shall introduce the third main assumption. In
financial terms it amounts to saying that there is no arbitrage, which is the technical term for non-existence
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of ”free lunch”. In our context this means that no risk-free portfolio can earn more that the (risk-free) bank
deposit, that is, we can at most expect

dP = rPdt. (3.3.26)

Combining (3.3.26) with (3.3.25), dividing by dt, and passing with dt to zero, we obtain

1 5 0%V

ov

TP:rM—i—(Sat

However, by (3.3.13) and (3.3.24) we have

P—M:AS—F{SV:(S(—S?)Z—&-V),

therefore we finally derived the famous Black-Scholes equation for the valuation of option prices

vV 1, 0%V oV

—+-0*SP o =r(V-5—=). 3.3.27

ot T27 % o5z T ( as) (8:3.27)
This equation is similar to the diffusion equation with the ”diffusion” coefficient D = —0252 /2 and drift term

r(V — S0V/0S). Later, when we will know how to solve diffusion equations, we shall see how to transform
the Black-Scholes equation to the diffusion equation and, subsequently, how to solve it.

4 Waves

One of the cornerstones in the study of both linear and nonlinear PDEs is the wave propagation. A wawve is
a recognizable signal which is transferred from one part of the medium to another part with a recognizable
speed of propagation. Energy is often transferred as the wave propagates, but matter may not be. We
mention here a few areas where wave propagation is of fundamental importance.

Fluid mechanics (water waves, aerodynamics)
Acoustics (sound waves in air and liquids)

Elasticity (stress waves, earthquakes)

Electromagnetic theory (optics, electromagnetic waves)
Biology (epizootic waves)

Chemistry (combustion and detonation waves)

In this section we shall describe how the simplest equation describing the wave propagation can be derived.
We also discuss other ways of deriving wave-type equations and give a survey of various processes modeled by
them in various field of applied sciences. These equations involve usually second derivative of the unknown
function with respect to time and can be thought of as multidimensional versions of the Newton second law
of dynamics

mu' = F,

where m is the (constant) mass of a body, u is its position (thus «” is the acceleration), and F is the force
acting of the body.
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4.1 Small vibrations of elastic string

Consider a perfectly flexible (not resisting to bending), elastic homogeneous string of length I, which un-
dergoes relatively small transverse vibrations. Assume that at equilibrium the string occupies the interval
[0, L]. Let u(z,t) denotes the displacement from the equilibrium position at time ¢ and position x.

Fig 3.3. The displacement u(x,t) of the string.

Because the string is flexible, the tension T(z,t) is directed tangentially along the string. Let T'(x,t) be the
magnitude of this tension vector. Let p be the density (mass per unit length) of the string - it is a constant
because the string is homogeneous.

Fig 3.4. Balance of the forces acting on the string.

We shall write down Newton’s law for the part of string between any two points z and z + Az in [0, L]. The
slope of the string at z is given by tana = u,(z,t) and therefore at any given point we have the following
set of balancing equations:

T(x + Ax,t) _ T'(z,t)
VIt (ale +82,6)% /1 (un(2,1))?

ug(z + Az, )T (x + Az, t)  ug(z,t)T(z,1) _ / puet(t, s)ds (3.4.1)

= 0

rx+Ax

\/1+ (ugz(z + Ax,t))? 1+ (ug(x,t))?

where the right hand side of the second equation gives the mass times acceleration integrated over this piece
of string. Since we have assumed that there is no motion in the longitudinal direction, the right-hand side
component of the first equation is equal to zero.

The set of equations (3.4.1) is something like the conservation law - it expresses a fundamental law of
nature. Now come the simplifying assumptions, playing the role of constitutive relations. We say that we
are interested in small, mild vibrations of the string; mathematically this can be expressed by requiring
|uz|? &~ 0. This assertion allows us to replace the nonlinear term /1 + (u,(x,%))2 by 1. Thus from the first
equation of (3.4.1) we obtain

T(x + Ax,t) =T(x,t)
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for any  and ¢, which shows that T'(x,t) is independent of z. We also assume that it is independent of ¢ so
that T'(z,t) = T = const. The second equation gives then

z+h
T(ug(z+ h,t) —uz(x,t)) = / pug (s, t)ds

x

whence, dividing by h, passing with h to 0, and assuming all the time that all the operations are admissible,
we obtain
TUge = PUt

which is usually written in the following form
Uy = Py (3.4.2)

where ¢ = \/T/p is an important parameter - as we shall see later, it is equal to the wave speed.

Similar considerations lead to the multidimensional wave equation which have the following form

ug = 2 Au (3.4.3)

4.2 Variations of the wave equation

As was mentioned above, the wave equation describes a number of phenomena and can occur in various
forms. For simplicity, we shall focus here on one dimensional versions.

(a) If a significant air resistance is present, then we have the following damped wave equation:
Ut — gy + 1y = 0, (3.4.4)
where r is a parameter related to the strength of the air resistance.
(b) If there is a transverse elastic force, then we obtain:
Uy — CUpg + ku =0, (3.4.5)
where k is the elastic coefficient.
(c) If there is an externally applied force, then the equation becomes inhomogeneous:
Upy — gy = f(x,1), (3.4.6)
where pf is the density of the external forces (force per unit length).

(d) The relation between the current ¢ and the voltage u in the transmission line is described by the following
system of equations:

_ 1. G
Uy = ol
) 1 R
iy = —Zuw — fl’ (3.4.7)

where C'is the capacitance, L is the self-inductance, R is the resistance and G is the leakage coefficient
(per unit length). We can write the system (3.4.7) in the form of a single equation:
1 RC+ LG GR

oL~ oL “or" (348)

Ut =

In the ideal situation with zero resistance R and perfect insulation (G = 0) we see that Eq. (3.4.8)
becomes the wave equation.
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5 Schrodinger equation

Quantum mechanics is a highly abstract branch of physics and is based on a certain system of axioms
(statements accepted without proof). These axioms are to great extend phenomenological, that is, they
cannot be derived from any first principles and their justification stems from the fact that calculations based
on them are in very good agreement with the experimental data.

The full set of axioms of quantum mechanics involves an abstract mathematics, therefore we shall present
here some basic ideas which are necessary to understand physics hidden behind the formal calculations of
the next two sections.

One of the basic concepts in quantum mechanics is that of an operator. We have introduced this idea earlier
by referring to the linear algebra course. We shall need some other notions of this origin.

Let A denote any linear operator. In the theory of operators the important role is played by the numbers A
for which the equation
Au—du=f (3.5.1)

has no solutions at all or, if the solution exists, it is not unique in some admissible class of functions. The
set of all such numbers A is called the spectrum of the operator A. We divide the spectrum into two subsets.
We call X the eigenvalue and say that it belongs to the discrete spectrum if the equation

Au — M = 0. (3.5.2)

has a non-zero solution. Such solutions are called eigenfunctions of A.
Consider for example the equation
du

For any A this equation has a non-zero solution u(t) = e*, therefore any real number is an eigenvalue of the
operator A = d/dt.

The remaining part of the spectrum is called the continuous spectrum.

The basic assumptions of quantum mechanics can be summarized as follows.

(a) Any physical system is completely described by a function , called the state vector or the wave function
which is normalized by

/ ¢(z)|Pdx = 1 (3.5.3)
D

where D is the spatial domain in which the system is considered.

(b) To every observable physical quantity (position, momentum, energy etc.,) there corresponds a certain
operator and the only allowed physical results of measurement of this observable are the elements of
the spectrum of the corresponding operator.

In quantum mechanics we cannot expect any measurement with absolute accuracy, only with certain prob-
ability. We can improve our information of the system by making a series of observations and taking their

average.

(c) If the system is described by the state vector ¢ then the expectation value of the observable corresponding
to the operator A can be calculated by

/Ad)(:c)i)(m)dm, (3.54)
D

where 1) denotes the complex conjugate of .
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For example, the position of the observable is given by the multiplication operator: Ay = a1, and the
momentum operator is defined by the gradient operator: Ay = —ihV1, where h is the Plank constant.

The time evolution of the system is subject to the following axiom.

(d) For any system, there exists an operator H, called the Hamiltonian or the energy operator such that
the time evolution of the state vector is described by the Schrédinger equation

—ilwp, = Hip. (3.5.5)

Here i is the imaginary unit and i = h/27.

In what follows we concentrate our discussion on a particular case of the Hamiltonian given by

Hy(z) = A+ V(x)y(x) (3.5.6)
which gives the energy of a single charged particle (e.g., electron) in the external field with potential V. We
also assume that D = R3, that is, we consider only the whole-space case.

Note that due to the presence of the imaginary unit in (3.5.5), any solution to this equation has no direct
physical meaning. However, it can be proved that |¢(x,t)|? is the density of the probability of finding the
electron at the position r at time ¢. The normalizing condition (3.5.3) tells us simply that the probability of
finding the electron somewhere in the space is equal to 1.

Of particular importance are eigenfunctions and eigenvalues of the operator H. In other words, if it happens
that ¢ (x,t) is an eigenvector of H corresponding to some A then

Hiy(x,t) = Mp(x,t)

and the Schrodinger equation (3.5.5) takes the form

—ihy(x,t) = Mp(, t),

which is an elementary ordinary differential equation with the solution

iAt

K P(x,0).

P(x,t) =e”

Hence
(@, t)* = [¢(z,0)|%,

and we see that the system is not changing (the probability of finding the electron at @ is constant). That
is why the eigenfunctions of H are often called stationary states. Physically this means that the only stable
states of the physical system are described by the eigenfunctions of the Hamiltonian of the system. Later in
the course we shall see the consequences of this observation for the hydrogen atom.

6 Stationary problems

Let us assume that in any of the examples above the process is independent of time. For example, for the
heat equation it is physically natural that if the sources are independent of time, then after an initial period
the temperature will stabilize and will not change in time (though of course it can change from point to
point). Then we say that we have a stationary distribution of the temperature. In the case of the wave
equation, if the external force is constant, then the string or membrane will not vibrate - it will stay in a
deformed shape. Then we have u; = 0 and/or uy = 0 and both the diffusion and the wave equations reduce
to the equation

Au=f, (3.6.7)
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which is called the Poisson equation. If there are no sources (f = 0), then the resulting equation is called
the Laplace equation.

These equations appear also in many other cases. Consider for example a steady fluid flow, that is, such that
at each point of the fluid the velocity v does not change in time. Assume further that the flow is irrotational
(no eddies) and there are no sources nor sinks (think about a slow tranquil river). Then the assumption
of irrotationality gives curlv = 0 and from the calculus we know that in such a case the velocity field is a
potential vector field (provided the region is simply connected). Therefore v = —V¢ for some ¢. On the
other hand, the assumption of no sinks/sources is translated mathematically into the condition dive = 0.
Combining these two equations we obtain

divVe = Ag = 0,

which is the Laplace equation.

Similar argument, based on Maxwell’s equations (or first principles) shows that in electrostatics the electric
field E has a potential ¢, and the sources are given by the charge density p according to the formula
divE = 47p. Thus for the electrostatic potential we obtain the Poisson equation

A¢p = —47p.

Another celebrated example comes from complex analysis. If we consider an analytic function of a complex
variable:
f(2) = Reu(z) +ilmu(z) = u(z + iy) + vz + iy),

where ¢ is the imaginary unit, and z = z + iy, then the Cauchy-Riemann equations give u, = v, and
uy = —v, which, upon differentiation, gives

Au =0, Av = 0.

7 Initial and boundary conditions

As we saw earlier, a partial differential equation can have many solutions. The same situation occurs also
for ordinary differential equations - then the solution typically depends on as many constants as is the order
of the equation. To be able to select a unique solution of an ODE we have to impose an appropriate number
of side conditions which typically are the initial conditions specified at a certain point on the real line.

However, we have seen that the solution of a second order PDE depends in general on two arbitrary function
so that the specification of the side conditions will be different. Below we shall describe typical choices of
such conditions which are motivated mainly by physical considerations.

Most equations which we have described above are supposed to reflect certain physical processes and due
to this fact the variables were explicitely divided into time and spatial variable (of course there is rather
no mathematical justification for such separation but, as we shall see later, it makes sense also from the
mathematical point of view). Then it is clear that the process will take place in some spatial domain, say
Q2 C R3 over some time t € I € (tg,t1) (—oo < top < t; < +0o0). Thus our equation is to be considered in the
region Qp = Q x I. If we keep to our physical intuition, the process should have started somehow, which
means that we must prescribe some initial state. In the case of the wave equation we have also the second
derivative in time so, as in ODEs, we expect that we shall need also the initial speed. These conditions are
called the initial conditions:

u(x,to) =(x) inQ (3.7.8)

for equations of first order in time, and
(@, to) = ¥(@), (@ to) = d(x) O (3.7.9)

for equations of second order in time, where ¢ and ) are prescribed functions.
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Initial conditions are usually not sufficient to determine a unique solution. If we think about the heat
distribution in the container, mathematically represented by the region €2, it is clear that the distribution
of heat inside will be dictated by the conditions on the boundary. For equations of second order in spatial
variables, such as heat and wave equations, we have three typical boundary conditions

(D) w is specified at the boundary 9 (”Dirichlet condition”),
(N) the normal derivative du/On = Vu - n is specified at the boundary 9Q (”Neumann condition”),

(R) the combination du/0n + au is specified at the boundary 92 (?Robin conditions”),

where a is a given function of «,t. Each condition is to hold for each t € I and x € 9.

The boundary conditions are usually written in the form of equation to hold at the boundary. For instance
(N) can be written as

ou
% - g(m7t)a

where g is a given function (at least known on 9 x I) and is called the boundary datum. Any of these
boundary conditions is called homogeneous if the specified function g vanishes on the boundary.

Remark 7.1 Note that if @ = (a,b) C R, then 9Q = {a} U {b} and at the right endpoint we have
Ou/On(b,t) = u,(b,t) and at the left end point we have du/dn(a,t) = —uz(a,t).

To make the boundary conditions more understandable, we shall put some physical meaning into them.

7.1 The vibrating string

If the string is held fixed at both ends x = 0,1, then w(0,t) = u(l,¢) = 0, then we have the homogeneous
Dirichlet boundary conditions. They can also move at a prescribed fashion, according to, say, u(0,t) = sint¢
etc. Then we have non homogeneous Dirichlet conditions.

On the other hand, if a given force v(t) is acting at, say, the right endpoint of the string in the transversal
direction then, using the same argument as when we derived the wave equation, we obtain

0
Ta%(z,t) = Tuy(l,t) = v(t).
In particular, if the endpoint can move freely, then we have homogeneous Neumann condition
uz(l,t) = 0.

Finally, if the endpoint is attached to a elastic element (spring or rubber) which obeys Hook’s law (force
proportional to the displacement), then instead of v above we would have —au and u would satisfy the Robin
condition

uy + (a/T)u = 0.

7.2 The heat equation

The interpretation of all three boundary conditions for the heat equation is slightly different. The Dirichlet
condition is easy to explain - we keep the boundary of the body in a fixed constant temperature (e.g. by
submerging it in the large container with melting ice — then we will have homogeneous boundary conditions).

To explain Neumann and Robin conditions we should remember that due to Fourier’s law (or Fick’s law for
diffusion) the flux is proportional to the normal derivative. Therefore the homogeneous Neumann condition
tells us that nothing escapes through the boundary, that is, the domain is completely insulated.
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Assume now that our body is immersed in a reservoir with known temperature g, then according to Fourier’s
law, the flux from the domain into the boundary must be proportional to the difference of temperatures.
Therefore in this case we arrive at the Robin condition

for all & € 09.

7.3 Conditions at infinity

Though it is rather unphysical, now and then people are solving problems in the whole space R?. The reason
for this is that such problems are easier to solve in a closed form, providing on one hand benchmark solutions,
and on the other hand, in many cases, approximate solutions. In such cases physics usually provide some
indication as to how the solution should behave at infinity. This could be tricky, but a good example is
rendered by the Schrodinger equation in the whole space. The solution u is such that |u|? is the probability
density of finding the particle. Therefore the solution must satisfy the normalizing condition [ |u[*dxz =1
R3

(expressing the property that the probability of finding the particle somewhere in the space is equal to 1).
The finiteness of this integral means that the solution must sufficiently quickly decay to zero at infinity.

7.4 Side condition for the Black-Scholes equation

In Subsection 3.4 we have derived the Black-Scholes equation for pricing of the European call option. The
equation has the form

+ -0 = (V- S—

ov 1 o?V ov
at 2 052 os )’

where V (¢,.5) is the price of the option at time ¢ for a given asset price S. As we noted before, this equation
is similar to the diffusion equation, that is, it is of the first order in time and of the second order in the other
variable. Thus, we need one initial condition and some boundary conditions.

To derive this conditions let us return to the discussion at the end of Subsubsection 3.4 where we observed
that at the expiry time T the value of the option must be

V(S,T) = max{S — E, 0}. (3.7.10)

This gives the desired condition. Certainly, it is not the proper initial condition, but with the Black-Scholes
equation we move backward in time: from the expiry date to an unspecified time earlier on so that there is
no prescribed initial time but the prescribed final time T and this explains why we impose the final condition
(3.7.10) rather that the initial one.

As we shall see later this condition agrees perfectly with the structure of the equation.

Next we have to specify the boundary conditions, that is, we have to prescribe the behaviour of V for two
specified values of S. To do this let us observe that if S becomes zero at some time, then it will stay at this
level for any time. Clearly, the option on this share is then worthless, that is, we arrived at the reasonable
boundary condition

V(0,6)=0, t<T. (3.7.11)

At the other end, if the asset price becomes very large then almost certainly we shall exercise the option.
Moreover, the exercise price (which is fixed beforehand) becomes negligible and the value of the option
becomes comparable with the value of the asset. Thus, we can write the condition

Jim V(S1)/S=1, t<T. (3.7.12)
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Combining all these we obtain the following initial-boundary value problem for the Black-Scholes equation

2
%‘; = %0252% +r <v - Sg‘é) :
V(S,T) = max{S—FE,0}, forall S >0,
V(©0,t) = 0, forallt<T,
lim V(S,t)/S = 1, forallt<T. (3.7.13)

S——+oo

8 Well-posed problems

Given an initial-boundary value problem for a PDE, we are faced with finding its solution. Unfortunately,
especially in real life problems, we have to revise our understanding of what it means to solve a problem,
as for a majority of PDE problems it is impossible to write down a solution in a closed form. So, in the
classical sense, PDE problems cannot be solved.

Having realized this, there are in principle two options. First, which can be called a pure mathematician
option, is to say: ”tough luck” and look only for problems for which the solution can be find. However,
practically the whole technology and science depends upon our ability to find solutions to more and more
complicated PDEs. This is done by solving them approximately, using numerical methods. It is however
important to understand the fundamentals on which the approximate methods stand. Before we embark on
solving a problem numerically we have to answer the three basic questions:

(1) Ewxistence: Is there at least one solution of the given problem?
(2) Uniqueness: Is this solution unique?

(3) Stability: Does the solution depends in a stable way on the data? In other words, whether the solution
will change only a little, if we change the data a little?

If it can be proved that a given problem has all these three properties, then such a problem is called well-posed.

For a physical problem modeled by PDE a scientist usually tries to formulate realistic auxiliary conditions
which all together make a well-posed problem. The mathematician tries to prove whether the problem is or is
not well-posed. Such a proof in some sense validates the modeling process. If too few conditions are imposed,
then there may be more than one solution (nonunigueness) and the problem is called underdetermined. On
the other hand, if there are too many side conditions, then there may be no solution at all (nonezistence)
and the problem is called overdetermined.

The stability property is normally required in models of physical problems and reflects the fact that we can
never measure data with absolute precision and we expect (sometimes wrongly) that small measurement
errors will introduce only minor distortions of the solution.

Similar reasoning applies to approximating the solution due to the fact that we feed the computer with
approximate data.

As an example, let us consider the heat equation. If we know the initial temperature of the body and the
temperature of its boundary, then it is natural to expect that we are able to determine the temperature of
the body at any future time. This can be proved mathematically and such a problem is well-posed. On the
other hand, consider the reverse problem: given the temperature of the body at a given instant, can we tell
what was the temperature of it a few minutes ago? Physically, the temperature tend to spread uniformly, so
after some time we expect the temperature to be constant throughout the body, independently of the initial
distribution, so it is in general impossible to reconstruct the initial temperature. This would contradict the
Second Law of Thermodynamics, and we shall prove it later mathematically.

Consider two other examples of ill-posed problems.
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Example 8.1 Consider the Neumann problem for the stationary heat equation:

Au = 0, inQ
g—z = 0 ondf)

It is clear that any u = const is a solution to this problem, hence we don’t have uniqueness and the problem
is ill-posed. Fortunately, this is also physically natural and can be easily remedied.

Example 8.2 Consider the Laplace equation
Ugg + Uyy =0 (3.8.14)
in the strip D = {—o00 < & < 400, 0 < y < oo} subject to the initial conditions:

u(z,0) =g(x), uy(z,0)=h(z).
By direct calculations, the functions

1
un(z,y) = Ee_\/ﬁ sin zsinhny

satisfy Eq. (3.8.14) and u,(z,0) = 0, 887—‘1/"(36, 0) = e V"sinz. Thus the initial data tend to 0 with n — oo.
However, if y # 0, then u,(x,y) does not converge to zero. Thus, for arbitrarily small initial values we may
have arbitrarily large (in magnitude) solution. Thus the stability condition (3) is violated. This problem
is more complicated and shows that imposing "dynamic” (initial) conditions for ”stationary” (Laplace)
equation leads to ill-posed problems.

9 Canonical forms of second order equations in two independent
variables

In the discussion above we have concentrated mainly on the Laplace, wave and heat equations. Here we will
see that these equations are somewhat typical, though very distinct from each other.

9.1 Classification of second order equations

Let us consider the general linear second order PDE in two variables with constant coefficients:
A1 Ugpr + 2a12uzy + 22Uy + aiu,s + A2y + apu = 0 (391)

The part a11Uzy + 2a12Ugy + G22Uy,u containing the highest (second) derivatives of the equation is called the
principal part of the equation; the remaining part is often referred to as the lower order terms. The main
properties of the equation are determined by its principal part. It follows that, depending on the coefficients,
there are only three possible classes of the equations. We have the following theorem.

Theorem 9.1 By a linear transformation of the independent variables, the principal part of Equation (3.9.1)
can be reduced to one of the three forms, as follows.

(i) Hyperbolic case: If a3, > ajias2, then the principal part can be transformed into
Ugz — Uyy,

or

Ugy -
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(ii) Parabolic case: If a2, = ajiase, then the principal part can be transformed into
Uz -
(iii) Elliptic case: If a3y < ajiage, then the principal part can be transformed into

Uz + Uyy.

Proof. Consider equation (3.9.1). If a1; = ase = 0, then the equation is already in one of the hyperbolic
canonical forms. Therefore we can assume that, say, a;; = 1. We perform the arbitrary linear change of
variables:

ax + By,
s = ~yz+dy. (3.9.2)

\3
\

Denote
u(z,y) = u(z(r, s),y(r,s)) = v(r,s)

and differentiate using the chain rule
Uy = UpTy + UsSp = Up 0+ VsY, Uy = VpTy + VsSy = U3 + Vs0.

Second differentiation gives

Ugy = Urra2 + 2vrsa’y + ’Uss’yga
Upy = U@+ vps(ad + 57) + vss70,
Uyy = Vpr 32 + 20,56 + v550°. (3.9.3)

Substituting to (3.9.1) we obtain

vrr (0 + 201208 + a2 8%)
+20,5(ary + ara(ad + B) + aB9)
055 (7 + 201276 + a2267)

+up (a1 + aof) + vs(ary + ag0) + apv = 0. (3.9.4)

Next we shall try to adjust parameters «, 3,y and § to simplify Equation (3.9.4) by making some coefficients
equal to zero. Let us observe that denoting t = /3 the coefficient at v, (and for that matter at vss) will
be zero if ¢ solves the following quadratic equation

t2 + 2a12tﬂ + ags = 0. (395)

The discriminant of this equation is equal to 4(a%2 — agz) and denoting D = a%Q — a9 we see that we have
three usual cases: a) D >0, D =0 and D < 0. Let us start with the hyperbolic case a).

Let D > 0; then Equation (3.9.5) has two distinct real solutions
t12 = —ai2 £ VD

We define the parameters of (3.9.2) to be a = t1,8 = 1,7 = t3,0 = 1. Then (3.9.2) defines a non-singular
change of variables (that is, (z,y) and (r, s) are related to each other in a one-to-one way) as the determinant
is equal to t; — to = 2v/D # 0. Hence, if we define such a change of variables, we see that the coefficients
multiplying pure derivatives v,,, and vss vanish. On the other hand, calculating the coefficient multiplying
the mixed derivative we obtain

2(t1t2 + a12(t1 + tg) + agg) = —2(&?2 — Qg2 + D) =—4D 7é 0
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and the equation takes the form
—4Dv,.s + (a1t1 + a2)v, + (a1te + az)vs + v =0,

and, upon dividing by —D we obtain the principal part in the second form of the hyperbolic case. To get
the first form one has to further change the variables to v’ = r + s, = ' — s’ and use the second equation
of (3.9.3). In this case a =1, 8 =1,y =1 and 6 = —1 and we obtain that

/! / /
Vps = Vprpr + Vprgr (=1 4+ 1) — 1050 = Uy — Vg
and we have the wave equation form.

Let now D = 0. Then we have only one root of (3.9.5) and therefore we cannot perform the full change of
variables. However, putting r = t1z +y, s = & we reduce the coefficient at v,., to zero. The coefficient at v,
is now given by

2(t1 + a12) = —2(—ai2 +a12) =0

and the coefficient at vgs is equal to 1. Thus the equation takes the form
vss + (a1t1 + a2)vy + agvs +v =10
which has the principal part in the canonical form of the parabolic case.

Let us consider the last case with D < 0. Then the roots are complex
ti0=—aip £ ivV—D =n=*iw,

where 7 is the imaginary unit, and since we don’t want to introduce complex variables (the notion of differ-
entiability is then much more complicated), we have to redefine the change of variables. If we were to follow
the hyperbolic case, we would have

r=Mm+iwr+y, s=Mn-—iw)z+y.

To get rid of the complex part, we introduce

, T+s i , T —s
r = =nr+y, §=-——=wx
g MY 2i
The determinant of this transformation is given by —w # 0, so the transformation is invertible. Using again

(3.9.4) we get

Ve (N2 + 20120 + @22) + 205 (MW + a12w) + Vg9 w? + vy (a1 + a2) + v, La1w + agv
= —D(prpr + vgr5) + v (a1 + a2) + vyaw +agv = 0 (3.9.6)

2

where we used 72 + 2a12m + ags = —a%y +aze = w? = —D and nw + ajaw = w(—ajs + a1z) = 0. The theorem

is now proved. ®

Remark 9.1 Analogous consideration can be carried out even when coefficients ai1, ass, a12 are functions
depending on x,y. However, the technicalities then are much more difficult as we will not have a linear
change of variables like in (3.9.2), but a functional one of the form r = ¢(x,y),s = 9(x,y) where ¢ and
1 have to be determined from a system differential equations derived in a way similar to that leading to
(3.9.5). We shall present an example of such calculations in the subsection below in which we shall show
that the Black-Scholes equation can be transformed into the diffusion equation.

9.2 Reduction of the Black-Scholes equation to the diffusion equation

In this subsection we shall demonstrate an application of a generalization of Theorem 9.1, which results in
the reduction of the equation

+ 0?8 =1 (V- S—

v 1 PV oV
ot 2 052 ( as)‘ (3.9.7)
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to the diffusion equation. As the first step we shall change the direction of time so that the final condition
(3.7.10) will become the proper initial condition. Thus we put

T=T—1,

and define
V(S,t) =V(S, 7).

Differentiating, we obtain immediately Vg = Vg, Vg = Vgg but V; = —V,.. Therefore (3.9.7) will transform
into
ov _ ov 1 0%V
— =1V +7rS—s + 05—
ar ~ "V T7P%85 7377 ase
In the next step we shall use a standard trick to discard the term V. To do this we change the unknown

function V according to

(3.9.8)

V(S,7)=e "TV(S, 7). (3.9.9)
We see that with this change we get the equation
- i ) - ) 0t
67”—(27:/: —re TV =—re” "V + 7’67”5% + 67”—50252%. (3.9.10)
which, after dividing by e"” and canceling equal terms, takes the form
oV oV 1, .0V
s 4 = - . 9.11
5r TS@SJFQJS@SQ (3.9.11)

In the final step we set 3
V(S 7) =G(z,y) = G(x(5,7),y(5, 7)),

where x = z(S,7) and y = y(S,7) are the new variables (like (3.9.2), only non-linear) which we are to
determine. The procedure is similar to that of Theorem 9.1 but technically more involved.

The application of the Chain Rule gives

Vs = Gurs+Gyys,
VT = Guzr+ nyT?
Vss = Gauo(@s)? +2Gyzsys + Gyy(ys)? + Gozss + Gyyss.

Substituting the above equations to (3.9.11) and rearranging terms, we obtain

1 1
50252('735)2wa + UZSszySGa:y + 50252(:’45)2ny

1 1
+GI (20'252$SS — T + TS.’IJS) + Gy (20252933 —yr + TSZ/S) =0.
If we want the above equation to be in the form
Gy —Gpe =0, (3.9.12)

we have to find functions z(S,t),y(S,t) satisfying

o*SPzrgys = 0,
1
50252@3)2 = 0, (3.9.13)
1
502521755—267——"-7’5,@5 = 0,
1 1
5078 (@s)? + 50S%yss —yr +7Sys = 0.
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From (3.9.13) we see that y cannot depend on S, thus y = y(7). With this observation the above system of
equations reduces to

1
502521‘53 —x,+rSxg = 0, (3.9.14)
1
50252(953)2 —y, = 0. (3.9.15)

From (3.9.15) and y = y(7) we see that Szg does not depend on S. Thus
Szg = B(7)
with for some function 3, and we have
(S, 7) =B(1)In S + (7).

for some function 7 (of 7 only). Substituting this equation to (3.9.14) we obtain

1
—§U2ﬁ(7) +7rB(r) = B'(1)InS —+/(1) = 0.
From the above it follows that 3 = const (otherwise dividing by ’(7) we would have that the function In .S
of S alone is equal to a function of 7 only). Clearly we can put § = 1 and then v turns out to be a linear
function of 7 which can be taken as
1
~y(r) = (r - 202) T.

1

_ L1
y(r) = 20 T,

where again we discarded the constant of integration. Therefore we obtained the transformation of variables

Then from (3.9.15) we obtain that

z(S,7) = InS+ (r - ;U2> T,
y(r) = %027'. (3.9.16)

Note that the above transformation of variables is invertible with the inverse given explicitly by

2
T = ;?ﬁ
S = (G5, (3.9.17)

To summarize, we have found a way to transform the Black-Scholes equation (3.9.7) into the diffusion
equation (3.9.12). As we shall see later, diffusion equation of this form is relatively easy to solve. Suppose
that we know the solution G(z,y) to (3.9.12). To obtain the solution to the Black-Scholes equation we
retrace the above consideration and obtain the function V'(S,¢) solving (3.9.7) in the following form

V(S,t) = V(ST —t)=e TV, T —1t)=e"TDG(S, T —1t),y(S,T —t))
= ¢TI Ng <lnS + <r - ;a2> (T —t), %02(T - t)) (3.9.18)

To complete the reduction we must write the final and boundary condition of (3.7.13) as conditions imposed
on the function G in variables x and y. let us start with the final condition (3.7.10). From (3.9.16) we see
that for ¢t =T we have y = 0 and = = In .S so that the final condition in 7" becomes the initial condition in
y. Moreover,

max{S — E,0} =V(S5,T) = G(In S,0),



Lecture 3 s

and changing the S-variable into x we obtain
G(z,0) = max{e” — E,0},

which is the proper initial condition for G.

Let us turn now to the boundary conditions. If S — 0, then from (3.9.16) we see that x — —oo, therefore
one of the boundary conditions for G must be related to its behaviour as  — —oo. From (3.9.18) we have

immediately
lim G(z,y) =0.

Let us turn our attention to the behaviour of G as x — +o00. By (3.9.18) and (3.9.17) we have
V(S,t) ef%G(Ly) G(z,y)

S Bty erty
Therefore from (3.7.12) we obtain the condition

lim e*(“”ry)G(x, y) =1,

r——+0o0

for any y > 0.

Summarizing our discussion, the original problem (3.7.13) for the Black-Scholes equation is equivalent to the
following problem for the diffusion equation

Gy = Ggz, for —co<z<o00,y>0
G(z,0) = max{e® — F,0}, for —oo <z < o0,
lim G(z,y) = 0, for any y > 0,
lim 67(z+y)G(z,y) = 1, for any y > 0. (3.9.19)

r——+00

It is worthwhile to note that the two last conditions make the problem a little overdetermined. However, as
we shall see later, the unique solution to the diffusion equation on R satisfies them and thus it gives, after
back transformation, the unique solution to the original problem (3.7.13).
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Lecture 4
Method of characteristics and one
dimensional wave equation

In this section we will see how some differential equations can be solved by using the change of variables
discussed in Section 3.9.1.

1 First order equations

We start with the simplest transport equation. Assume that w is a concentration of some substance (pollu-
tant) in a fluid (amount per unit length). This substance is moving to the right with a speed ¢. Then the
differential equation for u has the form:

ug + cuy, = 0. (4.1.1)

Let us consider more general linear first order partial differential equation (PDE) of the form:
au; +buy =0, t,xeR (4.1.2)
where a and b are constants. This equation can be written as
Dyu =0, (4.1.3)

where v = aj + bi (j and i are the unit vectors in, respectively, ¢ and x directions), and Dy = Vu - v denotes
the directional derivative in the direction of v. This means that the solution u is a constant function along
each line having direction v, that is, along each line of equation bt —ax = £. Along each such a line the value
of the parameter £ remains constant. However, the solution can change from one line to another, therefore
the solution is a function of £, that is the solution to Eq. (1.5.5) is given by

u(z,t) = f(bt — ax), (4.1.4)

where f is an arbitrary differentiable function. Such lines are called the characteristic lines of the equation.

Example 1.1 To obtain a unique solution we must specify the initial value for u. Hence, let us consider
the initial value problem for Eq. (1.5.5): find u satisfying both

aur+bu, = 0 xzeRt>0,
u(z,0) = g(x) z€eR, (4.1.5)

where ¢ is an arbitrary given function. From Eq. (1.5.7) we find that

w(z,t) =g (—bt_am) (4.1.6)

a
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We note that the initial shape propagates without any change along the characteristic lines, as seen below
for the initial function g = 1 — 22 for |z| < 1 and zero elsewhere. The speed ¢ = b/a is taken to be equal to
1.

Fig 8. The graph of the solution in Example 1.1.

Example 1.2 Let us consider a variation of this problem and try to solve the initial- boundary value problem

aur+bu, = 0 zeRt>0,
u(z,0) = g(xr) z>0, (4.1.7)
u(0,t) = h(t) t>0,

for a,b > 0 From Example 1.1 we have the general solution of the equation in the form
u(z,t) = f(bt — ax).

Putting ¢ = 0 we get f(—ax) = g(z) for > 0, hence f(x) = g(—x/a) for x < 0. Next, for x = 0 we obtain
f(bt) = h(t) for t > 0, hence f(x) = h(x/b) for x > 0. Combining these two equations we obtain

~f g(—b=22) for x> bt/a
u(@,t) = { h(¥522)  for x < bt/a

Let us consider now what happens if a =1 > 0,b = —1 < 0. Then the initial condition defines f(z) = g(—x)
for £ < 0 and the boundary condition gives f(x) = h(—=x) also for < 0! Hence, we cannot specify both
initial and boundary conditions in an arbitrary way as this could make the problem ill-posed.

The physical explanation of this comes from the observation that since the characteristics are given by
& = x +t, the flow occurs in the negative direction and therefore the values at x = 0 for any ¢ are uniquely
determined by the initial condition. Therefore we see that to have a well-posed problem we must specify the
boundary conditions at the point where the medium flows into the region.

The method we have just used is often called the geometric method. It is easy to understand, but some-
times difficult to apply, especially for non-homogeneous problems. Fortunately, this method can be eas-
ily reformulated in a more analytic language. Let us introduce the change of variables according to
§=£&(t, ), n=n(t,z); then

Ut = u&ft + UnTt, Uy = uéﬁw + UnT)x,
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and the equation can be written as

a(ug€s + upne) + b(uels + uyne) = ug(a&y + 08z) + up(an: + bn,) =0

If we require the coefficient at u,, to be zero, the easiest way is to introduce 1, = b, 1, = a, that isn = bt —ax.
Note, that this is exactly the characteristic direction! However, this is an incomplete change of variables as
originally we have had two independent variables ¢, x but we have only one new variable n. That means that
knowing 7 alone we are not able to tell values of x and ¢. The trick is to introduce another variable, say,
& =¢(z,t) in such a way that the system

U:bt—aﬂf: ng(x7t)

is uniquely solvable. To keep things as simple as possible, we may here take £(x,t) = ct + dx with ¢, d picked
so as to have the determinant bd + ac # 0. If a and b are not equal to zero, then the easiest choice would
be either £ =t or £ = x, respectively. However, sometimes it is more convenient to use the orthogonal lines
given by £ = at + bx.

We illustrate this approach in the following example.
Example 1.3 Find the general solution to the following equation
U+ 2uy — (x +t)u = —(z +t).
Introducing new variables according to £ =t, n = 2t —  we transform the equation into
ve = (3§ —mv = —(3§ —n).
This equation can be regarded as a linear first order ordinary differential equation in ¢ with a parameter 7.
To find the integrating factor we solve the homogeneous equation
pe = — (38 —n)u;

the integration gives
p(g,m) = e~ (3E778),
Multiplying both sides of the equation by u and rearranging the terms we obtain

) ]
3
hence the solution is given by
v(€m) = 1+ Clm)el3€m9),
where C' is an arbitrary differentiable function of one variable.

In the original variables we obtain
u(z,t) =1+ C(2t - m)e(_t2/2+m)

where C' is an arbitrary differentiable function of one variable.

Example 1.4 Find the solution of the equation
U+ 2uy — (x +t)u = —(xz +t),

which satisfies the initial condition:
u(z,0) = f(z), x>0,

and
u(0,t) = g(t), t>0.
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We use the general solution obtained in the previous example:
u(z,t) =1+ C(2t — z)exp (—t?/2 + tz) .

Thus
f(@) =u(z,0)=1+C(-2)

for x > 0. To avoid misunderstanding we introduce the variable s as the argument of C. Thus
C(s)=f(-s)—1, s<0.

On the other hand
g(t) = u(0,t) = 14 C(2t) exp (—t*/2),

thus
C(2t) = exp (£2/2) (g(t) — 1).

Since we need the function s — C/(s), we introduce s = 2¢t; then s > 0 and
C(s) = exp (s*/8) (g(s/2) — 1).

Thus, we have defined C for all values of the argument by

_ f(=s)—1 for s<0,
Cls) = { exp (52/8) (g(s/2) — 1) for s>0,

In the solution to the given problem the function C' is evaluated at s = 2t — x, so C has different definitions
for 2t —x > 0 and 2t —x < 0. Therefore the solution to the given initial-boundary value problem is given by

(2.1) = { 1+ (f(—2t+2) — 1) exp (—t?/2+tx) for x> 2t,
) = exp ((z? +tx)/8) (g(t —x/2) —1)  for =z <2t

For example, if f(z) = = and g(t) = sint, then the solution is given by

£ = 1+ (=2t+z—1)exp (—t?/2+tz) for x> 2t
u(@,t) = { exp ((x? + 4tx)/8) (sin(t — z/2) — 1) for z <2t

In the figures below note how the point where the analytic description of the solution changes across the
characteristic x — 2t = 0.
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Fig 9. The graph of the solution in Fxample 1.4.

Fig 10. The three-dimensional visualization of the solution in Example 1.4.

The same principle could be used to solve equations with variable coefficients. In fact, consider the equation
a(x, t)uy + b(x, t)uy = 0. (4.1.9)

This equation asserts that the derivative of w in the direction of the vector (b(z,t),a(t,z)) is equal to zero
at each point (z,t) where this vector is not vanishing. We can consider a family of curves ¢ = () which are
tangent to these vectors at each point. In other words, these curves will have at each point the slope equal
to a/b; this is equivalent to say that they satisfy the differential equation

dt a(t, )
dr  b(t,r)
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Assume that this equation has solutions given by ¢(z,t) = n where 7 is an arbitrary constant. Note that in
principle for each 7, the equation ¢(x,t) = 7 determines a curve and if a point (x,t) belongs to this curve,
the tangent vector at this point is given by (b(z,t),a(z,t)). From the general theory it follows then that the
normal vector to this curve is given by the gradient of ¢: (¢, (x,t), d+(x,t)). Let us see what this means for
our equation. Consider, for an arbitrary differentiable f, the function

u(z,t) = f(¢(x,1)) (4.1.10)
Inserting u into the equation (4.1.9) we obtain
aug + bu, = f' - (ady + bdy) = 0,
due to the orthogonality property of [¢., ¢:] which was mentioned above. Thus, u given by Eq. (4.1.10) is

the general solution to (4.1.9).

Note that the solution doesn’t change along the curves ¢(x,t) = C which are therefore the characteristic
curves of the equation.

The extension of the above considerations to the nonhomogeneous cases can be done along the lines similarly
as in the constant coefficient case. However, some difficulties can occur as n = ¢(x,t) not always gives rise
to a well-defined change of variables.

Example 1.5 Find the solution to the following initial value problem

ur +xu, +u = 0, t>0,x€eR,
u(z,0) = f(x),
where f(z) =1— 22 for |z| < 1, and f(z) =0 for |z| > 1.
The differential equation for characteristic curves is

it _1
dz =z

t

which gives x = nef, thus n = ze~*. If the equation hadn’t contained the zero order term wu, that is, if it had

been in the form
ur + xu, =0,

then the general solution would have had the form
u(z,t) = f(ze™),
for arbitrary function f.

However, since we have the additional term, we have to perform the full change of variables. Fortunately,
putting & =t and ) = ze~! produces an invertible change of variables, as t = £ and = = ef1).

Defining v(§,n) = u(x,t) we obtain that

0=w +au, +u = ve& + vy + x(vely + vyne) + v
= ve+vw

Therefore we obtain the solution in the form
v(&,n) = C(n)e*

or
u(z,t) = C(xe e

where C' is an arbitrary function.
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To find the solution of the initial value problem we have

f(@) =u(z,0) = C(z),
and according to the definition of C'(z) = 1 — 2?2 for |#| < 1 and C(x) = 0 for |x| > 1. In the solution the

function C' appears composed with ze~t. Accordingly, C'(ze™?) = 1 —22e~2! for |ze~!| < 1 and C(xe™t) =0
for |zet| > 1. Thus we obtain

2,2t ,—t
u(x,t)z{ (1 —z2e e for |t| > In|z],

0 for |t| <ln|zl,

Fig 11. Characteristics of the equation in Example 1.5.

Fig 12. 3-dimensional visualization of the solution in Example 1.5.
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Fig 13. The graph of the solution in Example 1.5 for timest =0,0.5,1,1.5,2,2.5.

The described procedure is also not restricted to equations in two independent variables. In fact, let us

consider the equation
aus + bug + cuy =0

(4.1.11)

This equation expresses the fact that the directional derivative in the direction of the vector [a, b, ¢ is equal
to zero, that is, that the solution does not change along any line with parametric equation t = ty + as,x =
xo + bs,y = yo + ¢s. Such a line can be written also as the pair of equations ax — bt = £, cy — bt = n. For
each pair £, n this pair describes a single line parallel to [a, b, ¢], that is, the solution « can be a function of

¢ and 7 only. Thus we obtain the following general solution to (4.1.11)
U(.’L‘,y,t) = f((l.’l? - bta ay — Ct)v

where f is an arbitrary differentiable function of two variables.

Example 1.6 Find the solution to the following initial value problem:
up + 2uy +3uy +u =0, u(zr,y0) = e
We use the change of coordinates suggested by the characteristics:
E=x—2t, n=y—3t
supplemented by
a=t,

so that the change is invertible:
t=a, r=¢(4+2a, y=n-—3a.

Then, putting u(z,y,t) = v(£,n, «), we find that
up = (=2)vg + (=3)vy + va,
Uy = Vg,

Uy = Uy

(4.1.12)
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so that
0 =wus + 2u; + 3uy +u = vy +v.

The last equation has the general solution
v(&,m,a) = C(&n)e™

so that
U(I, Y, t) = C(I - 2t, Yy — 3t)67t.

To solve the initial value problem we put t = 0 to get
eV = Clayy)
so that the solution is of the form

u(z,y,t) = e~ (@=20°—(y=30) o —t

Fig14. The graph of the solution in Example 1.6 for times t = 0,0.4,0.8,1.2,1.6, 2.

2 One dimensional wave equation

Let us now consider the one-dimensional wave equation (3.4.2)

Uy = Py (4.2.1)
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This is clearly hyperbolic equation with D = a%z — a11a93 = 0 + 2

t? = 2, that is, t = +c and the characteristics are given by

> 0. The characteristic equation is

n=z+ct, &=x—ct.

We denote

u(t,z) = w(é(z,t),n(z,t)),
and using the chain rule we obtain:

Upp — czum = —462’0775 =0.

Solving the last equation we obtain:
v(r,s) = f(r) +g(s),
where f and g are arbitrary functions. Returning to the old variables we get:

u(z,t) = f(x + ct) + g(x — ct). (4.2.2)

As can be seen, the solution w is the superposition of two waves: g(x — ct) traveling to the right at speed ¢
and f(x + ct) which travels to the left at the same speed c.

The initial value problem for the wave equation consists in finding the particular solution which satisfies

u(z,0) = ¢(z), wu(x,0) =1p(x) (4.2.3)
where ¢ and 1 are arbitrary given functions.

Physically, it corresponds to looking for the evolution of the shape of a string when the initial shape and the
initial velocity are given.

Using Egs. (1.6.17) and (1.6.18) we find, setting ¢t = 0, that
¢(x) = f(x) + g(x) (4.2.4)

and
() = cf'(z) — cg'(x). (4.2.5)
This is a system of two equations with two unknown functions and since the variable  has been used to

denote the original spatial variable, let us for a time being introduce a neutral variable s and differentiate
the first equation to get the following system

¢ = f+d,
v o= cof —cg.
From it we obtain 1 W 1 P
=50 +2) =50 -

Integrating, we get

and

1 S
g(s) = 50(s) — o [ Y(w)dw + Cs
2c0/

Because of (4.2.4) we obtain Cy + Cy = 0. Now, from Eq. (1.6.17) we have the solution in the form

w(e,t) = flo+ct)+glo—ct)
x—+ct xr—ct
= %(cﬁ(x +ct) + oz —ct)) + % / (w)dw — / (w)dw
0

0
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which simplifies to
x+ct

(@, t) = %(qb(x Fet) + dla — ct) + zic / w(s)ds (4.2.6)

This equation is known as the d’Alembert formula. If ¢ is twice differentiable and ¢ once, Eq. (1.6.19) give
a genuine solution to the initial value problem (4.2.1), (1.6.18) and, as we shall see later, a unique one.

Example 2.1 (The plucked string) Consider the infinitely long string with the initial position:

1—lz| for |z|<1

o) = { 0 for |z|>1

and the initial velocity ¢ = 0. To obtain the analytic formula for the solution from d’Alembert’s formula we
must evaluate ¢(z + ct) + ¢(x — ct) where ¢ is given above. Assume that ¢ > 0. Note that the solution will
be given by four different formulas in four regions:

—_

|z —ct| <1, |z+ct] <1,

2. Jx—ct| <1, |x+ct] >1,

3 |lx—ct| >1, |z +ct] <1,

4. |z —ct| > 1, |z +ct| > 1.
First, let both |z — ct|] < 1 and |z + ¢t| < 1. Expanding the absolute value function, we see that we must
have —1+ct <ax <1l4ctand —1—ct <x <1-—ct and, since for ¢,t > 0
—l—cd<-14+c<l—-ct<l+ct

we obtain that —1 + ¢t <z <1 — c¢t. From d’Alembert’s formula for such x and t, the solution is given by

%(gb(w bot)+ dlar—ct) = 1 — %(\m —et| 4+ |z + ct]).

Another domain of definition is when |z —ct| < 1 and |z+ct| > 1, that is, —1+ct <z < 1l+ctand 1 —ct <z
or x < —1 — ct. Since —1 — ct is the smallest number, it is irrelevant here. Thus, x < 1 + ¢t and = must be
greater than the bigger number of 1 —ct and —1+ct. For 1 —ct > —1+ct, that is for 1 — ¢t > 0, this bigger
number is 1 — ¢t, and for 1 — ¢t < —1 + ¢t (that is 1 — ¢t < 0), the bigger number is —1 + ¢t = —(1 — ct).
Thus in any case the bigger number is |1 — ¢t|. Combining, we obtain |1 — c¢t| < z < 1+ ¢t and then

dx+ct)+d(x—ct)=1— |z —ct|,

as ¢(x + ct) = 0. Similarly, |z —ct| > 1, |z 4+ c¢t|] < 1 is equivalent to z < —1 4 ¢t or x > 1+ ¢t, and
—1—ct <z <1—ct. Thus, —1 — ¢t < x and x is smaller than the smallest number of 1 — ¢t and —1 + ct.
Arguing as above we get —1 — ¢t < z < —|1 — ct| and for such x

dlx+ct)+d(x—ct) =1—|z+ ct,

as ¢(x — ct) = 0. Finally, in the region 4, where both |z — ct| and |z + ct| are greater than 1, the solution is
equal to zero. Summarizing, we obtain the solution in the form

2— |z —ct|—|z+ct|] for —1l+caa<z<l-—ct
1) 1—|z—ct for 1—ct|<ax<l4ct
u(x,t):§ 1— |z + ct] for —l—ct<z<—|1-—ct
0 elsewhere.

By substituting several values for ¢ we can check that the solution consists of two triangular waves traveling
to the left and to the right at speed ¢. However, for ¢t < 1/2¢ these two waves have a common support and
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their superposition gives a trapezoidal wave. For ¢t > 1/2¢ the waves separates from each other and preserve
their triangular shape forever. This is illustrated on the figures below.

Fig 14. 8 dimensional visualization of the motion of the plucked string.

Fig 15. The motion of the plucked string.

Example 2.2 (The hammer blow) Consider the infinitely long string with zero initial displacement hit by
a hammer. This situation can be modeled by the following initial conditions:

and ; 2
1 for |x|<1
v(w) = { 0 for |z|>1.

To obtain the analytic formula for the solution from d’Alembert’s formula we must evaluate the integral

x+ct
[ (s)ds. As before, the solution will have different analytic descriptions in different regions.

T—ct
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o If -1 <z —ct,x+ ct <1, then both ¥(s) =1 over the whole region of integration and we have

x+ct xr+ct
Y(s)ds = / lds =z + ct — (x — ct) = 2ct.
r—ct r—ct

e Let now —1 < & —ct < 1,z + ¢t > 1. Then between 1 and z + ct the function ¢ (z) is equal to zero,

thus
x+ct

1
Y(s)ds = / lds=1—(z—ct)=1—x + ct.

r—ct T—ct

e Let now x —ct < —1,—1 <z + ¢t < 1. Then between and x — ¢t and —1 the function ¥ () is equal to

zero, thus
z+ct T+ct
Y(s)ds = / lds=x+ct+ 1.
x—ct —1

o If xt —ct < —1 and = + ¢t > 1, then we the function v is equal to zero between —1 and x — ct, and
between x + ct and 1, thus

x+ct 1
/ P(s)ds = / 1ds = 2.
r—ct -1

e Finally, if either z — ct,x 4+ ¢t < —1 or  — ct,x + ¢t > 1, then the function ¢ = 0 over the whole region

of integration and consequently
x+ct x+ct

x_/ct P(s)ds :x/ 0ds = 0.

—ct

Using d’Alambert’s formula we obtain

2ct for —“l<z—-ctiz+ct <1,
1 l—x+ct for —-l<z—c<l,z+ct>1,
u(a:,t):2— 1+z+ct for r—ct<-1l,-1<z4+ct<l,
S ) for r—ct<—-l,z+ct>1,
0 elsewhere.

This solution is illustrated at the figures below.
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Fig 16. 3 dimensional visualization of the motion of the string after the hammer blow.

Fig 17. The motion of the string after the hammer blow.

The technique described above can be use to solve also some initial-boundary value problems.

Example 2.3 (Waves on the half-line) Let us consider the following initial-boundary value problem on a
half-line:

Ut = Uy for x>0, t>0,
U(l’, 0) = ¢(£E), Ut(xa 0) = Tz[)(x) for x>0,
u(0,t) =0 for t>0.

This problem can be reduced to the pure initial value problem by extending the initial data in such a way
that the resulting solution is equal to zero for £ = 0. The required extension turns out to be the odd one:
let doqq and 1,qq be the odd extensions of ¢ and 1, respectively, that is e.g. Poga(—2) = —@oqa(x). Define
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v to be the solution of the corresponding initial value problem given by the d’Alembert formula:

x+ct
oz, t) = %(%dd(x o) + doga(x — ct)) + % / Voaa(s)ds, (4.2.7)

xr—ct

and let u(x) be v restricted to > 0. We have u(0,t) = 0 due to the fact that all the functions are odd,
thus u is a solution of the original boundary-initial value problem. To write down the solution in the form
involving only ¢ and ¥ we note that for > ¢t both x 4 ¢t and = — ct are positive and for positive arguments
@ = bodd and ¥ = Voqq. For x < ct we utilize ¢oqq(xz — ct) = —¢(ct — x) and the analogous property of 1.
Combining, we get:

] (p(x +ct) + ¢z — ct)) + % w}:dw(s)ds, for x> ct,
u(z,t) = 3 i (4.2.8)
(p(ct+z) —d(ct — )+ 1 [ p(s)ds for x<ct.
ct—x

If we consider the string plucked at z = 4, fixed at x = 0, then the initial condition will be given by
¢(x) =1— |z —4] for |z — 4] < 1, and ¢(z) = 0 elsewhere. Thus the odd extension is defined as

1— |z —4| for |z —4] < 1,
Goaa(T) = —1+ |z +4] for |z +4| <1,
0 elsewhere

and the solution of the problem (with initial velocity 1(z) = 0 and ¢ = 1) is given by

u(z,t) 1{ (p(x+t)+ p(x—1t)) for x>t

92\ (plt+2)—o(t—x)) for x<ct

The analytical formulae for u are straightforward but messy so that we shall show only the graphical repre-
sentation of the solution.

Fig 18. 3-dimensional visualization of the motion of the plucked string with reflection at x = 0.
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Fig 19. Level curves of the solution u(x,t). Dark region correspond to negative values.

Fig 20. The motion of the plucked string with reflection at © =0

3 Miscellaneous examples

In this section we shall show the application of the method of characteristics to solve a more complicated
hyperbolic equation and discuss the spherically symmetric wave equation in space.

Example 3.1 (Superposition principle.) One of the most important properties of linear equations is that
the sum of solutions is again a solution. This superposition principle can be used to construct solution of,
say, wave equation with complicated initial/boundary data by combining solutions corresponding to simpler
data. As an illustration we shall derive the solution to the initial-boundary value problem on the half-line
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discussed in Example 6.2:

Uy = Uge Tor x>0, >0,
u(z,0) = ¢(x), u(xz,0)=0 for x>0,
w(0,t) =0 for t>0. (4.3.1)
with ¢(x) =1 — |z — 4] for |z — 4] <1 and ¢(z) =0 for |x — 4] > 1.

According to the approach of the Example 6.2, this problem is equivalent to the pure initial value problem

Upp = Ugg for —oco <z <400, t>0,
u(x,0) = doaa(x), u(xz,0)=0 for —oo <z < 400,

where ¢,qq is the odd extension of ¢, that is,

1—|z—4| for |z —4] < 1,
Goaa(T) = —1+|z+4] for |z +4| <1,
0 elsewhere

One can construct the solution directly from the d’Alembert formula but it becomes very messy. To simplify
the derivation we use the superposition principle and the knowledge of the plucked string problem

2—|z—t|—|z+tl for —“1+t<x<1l—t
u(mt):} 1—]z—t for 1—tl<z<1l+t
’ 2) 1—|z+t¢ for “1—-t<z<—|1—1{
0 elsewhere.

This solution satisfies the initial condition u(x,0) = ¢o(z), where ¢o(z) = 1 — |z| for |z|] < 1 and zero
elsewhere. Now, note that the initial condition ¢ of our problem satisfies ¢(x) = ¢g(xz — 4) and similarly

(bodd(x) = (b()(x — 4) — ¢0(CL’ + 4)

In the next step we use some invariant properties of the wave equation. It is immediate to check that the
function
U(z,t) = u(z + a,t)

satisfies the wave equation along with w, for any choice of a. Similarly, —u is also a solution of the wave
equation if u is. But if the solution w satisfies the initial condition u(z,0) = ¢(x), then U(z,0) = u(z+a,0) =
¢(x + a) satisfies the shifted initial condition. This is exactly what we need, as ¢(z) = ¢o(z — 4) and we
know the solution satisfying the initial condition u(z,0) = ¢(z). Thus

2—|lz—4—t|—|x—4+1t for “1+t<zr—4<1-t
B 1) 1—|z—4-1 for N—t<ax—-4<1+t
ul(m’t)iu(x_ll’t)*i 1—|z -4+t for —“1—t<zx—4<—]1-1
0 elsewhere.

is the solution to the wave equation satisfying the initial condition uq(z,0) =1 — |z — 4] for |x — 4] < 1 and
uy(x,0) =0 for |z — 4] > 1.

Similarly
2—lz+4—t|—|z+4+tl for —1+t<zx+4<1-t¢
ua(@,f) = —ulz +4,1) :% L Iiii;ﬂ iﬁi |—11_j|t<§21%1§§1:|r1t—t|
0 elsewhere.
is the solution to the wave equation satisfying the initial condition u;(z,0) = —1 + |z + 4] for |z +4| < 1

and uq(z,0) =0 for |x + 4| > 1.
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Using now the superposition principle, we obtain that the solution the original initial-boundary value problem
(4.3.1) is given by
U(:L‘,t) - ul(ajat) + UQ(xat) = u(x - 4at) - u(x + 47t)

To find the analytic formula for U first we note that we are interested in solution for > 0 and ¢ > 0. Then
it is clear that the only part of us which is non-zero in this region is

ug(z,t) =1— |z +4—t

defined for |1 —t| < +4 < 1+ t. Let us interpret this geometrically. The latter inequality shows that
t > x + 3. The former splits intot > —x —4 for 0 <t < lort < x+5 for t > 1. However, since z > 0,¢t > 0,
the first of the last two inequalities is always satisfied, thus us(z,t) in the first quadrant ¢ > 0,2 > 0 is
supported in the strip 3 <t —x <5, z > 0.

Let us perform similar geometrical considerations for w;. The first expression in the formula for u; is valid
in the triangle bounded by the lines ¢t = 0, = 5 —z, and ¢ = 5 — x and clearly this triangle doesn’t intersect
the support of uy. The second expression is valid in the region =5 >t —x < -3 and t > —z + 5. Also
this region has no common points with the support of us. The third expression is valid in 3 < t+ z <
5, > 0,t > 0,t —x > —3. Now, this region has a nonempty intersection with the support of us and this
intersection is the triangle bounded by x = 0,t —x = 3,t + x = 5.

To write the solution to the problem 4.3.1 we must divide the region ¢ > 0,2 > 0 into six regions: in

(i)3+t<z<5-tt>0,
(ii) 5>t—z<—-3t>—-x+5, and

(ii)3<t+z<b-3<t—a<3
the solution U is given by uq, in
(iv)3<t—az<5,t+x>5,

it is given by —us, in

M x>0,x4+3<t<—x+5

it is given by u; — ug, and finally the solution is zero elsewhere.

Writing these consideration in compact analytic form we obtain

2—|z—4—t|—|x—4+1t for 3+t<ax<5-1tt>0,
1—|z—4-t for —5>t—x <=3, t>—x+5,
U(mt):l 1—|z—4+t for J<t+ax<b,-3<t—x<3,
’ 2] -1+ |z+4—t¢ for 3<t—xz<b5,t>x+5,
|l +4—t]—|z—4+1 for 3+ <t<—x+5,
0 elsewhere.

Example 3.2 Find the solution to
Ugy — SUgp — 4utt =1,

with the initial conditions u(z,0) = 2? and u;(z,0) = e*. We have a;; = 1,a10 = —3/2,a22 = —4, thus
D = a2, — ajjaze = 25/4 > 0, that is, the equation is hyperbolic.

To find the transformation reducing the equation to a canonical form, we solve the quadratic equation

r?—3r—4=0,
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which gives two real roots r; o =4, —1, so that the required change of variables is given by
E=dx+t, n=-z+t

Defining u(z,t) = v(&€,n), we have
Uy = Ve&p + VyMe = 4Ve — vy

and
up = ve&y + vgne = ve + vy

For the second derivatives we obtain

Ugy = 161}55 - SUEU + Unns
Uzt = Avgg + Bvgy — Uy,
Uy = Vge + 20¢n + Uy,
so that 4
Ugg — gt — 4y = —250¢, = ¢ 5 77,
that is, we have to solve
&+
& 125
Integrating with respect to 1 gives
&n  2n°
SR U/ B/ N
Ve =135 125 T F®):
where F is an arbitrary function of £. Integrating with respect to £ and denoting f(£) = [ F/(€)d¢, we obtain
&n 2%

v@m):—i@—:m5+f@%+ﬂm-

Returning to the original variables we obtain

1
u@J):fo+t%+M—x+tf—&ﬂ—&ﬁt+3m2+ﬁ%

where f and g are arbitrary.

Using the initial conditions we obtain

f(dz) + g(—z) =

ug(z,0) = f'(42) + ¢ (—x) + —=2% = e”.

I

|
S
LW

u(zx,0)

Differentiating the first equation, we obtain the following system

Af'(dz) —g'(-2) = 2,

2
fdz)+g'(-x) = —gea®+e”.

Adding these two equations we obtain
5f(4x) = 22 — sz +e”
25 ’
or, putting 4z = s and dividing by 5
YRV R ST TR S
78 =35~ 1000 *5°

Integrating, we get
52 1 5 4,
= — = — — /4_
1) =55 = 3000° T 5°
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On the other hand, multiplying the second equation by 4 and subtracting, we obtain

59 (—x) = féxz +4e” — 2z,

25
that is,
8 4
/ - _ - 2 T —s =
g'(s) 125° +5e —|-5s
Upon integration we obtain
( ) _ _iSS o é€75 + 782
g 355° 5 50

Thus, the final solution is given by
(4z +t)? 1
20 3000

1
—%(—4x2t + 3xt? 4+ %)

4
ulat) = (17 4 Setmros B

3.1 Spherically symmetric solution of the wave equation in space

It can be proved that the solution of the initial value problem for the wave equation in three spatial dimensions

ugy = A (Ugy + Uyy + Uzz),  (2,9,2) € R3.t >0,
uw(z,y,z,0) = o¢(z,y,2),
u(z,y,2,0) = ¥(z,y,2),, (4.3.2)

with spherically symmetric initial data ¥ (z,y,2) = ¥(r) and ¢(z,y,2) = ¥(r), where r = ||(z,y,2)| =
V22 4+ y? + 22, is also spherically symmetric, that is, u(x,y, z,t) = u(r, t).

Let us introduce the notation r = (z,y, z). Since the solution must be of the form u(r,t) = u(r,t), we
see that it would be useful to write the Laplacian in (4.1.1) in spherical coordinates (see Tutorial 4 (1)),
observing in the process that all the derivatives with respect to the angular variables will drop out.

Let the spherical coordinates be given by = rcosasinf,y = rsinasin3,z = rcosf, r > 0,0 < a <
27,0 < B < m. Using the Chain Rule we obtain u, = 4,7y, Uy = u,ry, U, = u,r, and

Uge = Urr (7’1)2 + UrT o, Uyy = Upy (Ty)2 + UrTyy, Uzz = Uprp (rz)2 + UpT

On the other hand, 2 = 22 + y? + 22, hence r, = r~ 'z and similarly for the other derivatives. Further,
ree =1 1 — 1322, Thus

Upz +Uyy +Usz = Upp (T 475 +72) + U (Pag + Ty +722)
= Uppr + 2r_1u,«.
so that the spherically symmetric wave equation can be written in the following form
Uy = CQ(uM + 2r_1uT). (4.3.3)
Upon multiplication by r and due to the identity (ru),, = ru,. + 2u, we obtain
(ru)ee = ¢ (ru)pr,

hence introducing the new function v = ru we can reduce the initial value problem (4.1.1) to the following
boundary-initial value problem for the one-dimensional wave equation

V= czvrr, r>0,t>0,
v(0,t) = 0, t>0,
v(r,0) = ré(r), r>0,
ve(r,0) = r(r), r>0.
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We dealt with this problem in Example 6.2. Thus it follows that we have to extend r¢(r) and r¢(r) to the
whole line in an odd manner and solve the resulting initial value problem. Specifying for the above case, we
shall obtain from d’Alembert’s formula the following solution:

r+ct
u(r,t) = 2%((7" +ct)p(r+ct) + (r+ ct)p(r — ct)) + i / sy(s)ds, forr > ct,
r—ct
ct+r
u(r,t) = i((ﬁ(ct +7)—d(ct—r)) + L / rip(s)ds for r < ct (4.3.4)
’ o 2rc ’ e
ct—r

Example 3.3 Solve the following initial value problem for three dimensional wave equation:

Ugr — AU,
U(%y,Z;O) = e 1:2+y2+22,
ut(m7 Y, =z, O) =

We see that the initial values are spherically symmetric and therefore using the substitution v(r, t) = ru(r,t)
we reduce the above problem to the one-dimensional initial-boundary value problem on the half-line

Vgt = Upp, T >0,1>0,
v(0,1) = 0, t>0,
o(r,0) = re”", r>0,
ve(r,0) = 0, r>0.

Odd extension of v(r,0) is given by v,44(r,0) = re~I"l, r € R, thus the solution of the above problem has

the form X
’U(’I", t) = § ((r 4+ t)e_‘r""t‘ + (’I" _ t)e—\r—t|>

or, without absolute value bars,

1 { (r+t)e T+ 4 (r —t)et=" for 1>t
2

virt) =3 (r+t)e ) 4 (r —t)e"t for r<t.
Thus, the solution u of the original problem is of the form

1 { (r+t)e T+ 4 (r —t)e!™" for r>t,

u(r,t) = 2 (r+t)e ) 4 (r —t)e'=t for r<t,

where r,t > 0.

Example 3.4 Solve the following initial value problem for three dimensional wave equation:

uy = Au,
u(r,0) = 0,
ug(r,0) = 1 for||r|| <1, wu(r,0)=0 for|r| > 1.

We see that the initial values are spherically symmetric and therefore we can use formula (4.3.4). Thus

r4+t
1
u(r,t) = o sip(s)ds, forr > t,
r—t
1 t+r
u(r,t) = o ri(s)ds forr < t.

t—r
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Because ¢ is defined by different formulae in different regions, we see that we will have also different repre-
sentation of u. Let us consider first the domain where » — ¢t > 0. Then, if » +¢ < 1, then the integration is
carried over the whole interval giving

r+t

/ sds = %((7’ +1)2 — (r—t)?) = 2rt.

r—t

The next subregion is given by 0 <r —¢ < 1 and r +¢ > 1. Then we have

sds = %(1 —(r—1)?).

L~

T

The last subregion is given by » —¢ > 1, r +¢ > 1, and therefore the integration gives 0. In the region
t —r > 0 we have again the case with ¢ +r < 1, hence

r+t

/ sds = %((r +1)2 — (t—1)?) = 2rt.

t—r
The next subregion is determined by 0 < ¢t —r < 1 and ¢ 4+ r > 1 with the integral

1
1
sds = 5(1 —(t—1)?).
t—r
Over the last subregion the integral is again zero.

We see that we can combine these integrals so that the solution is given by

t for r+t<l1
2
u(r,t) = ==t for 1—tl<r<l+t
0 elsewhere

4 Energy conservation and uniqueness

In previous sections we have constructed solutions to the initial value problem for the wave equation but we
still do not know whether this solution is unique. This is particularly important in the case of spherically
symmetric initial data - to get the solution we simply assumed that the solution is also spherically symmetric,
but there is no guarantee that there are no other solutions.

To prove that the wave equation is uniquely solvable we apply the so-called energy method.

Let us consider a vibrating elastic homogeneous body occupying at rest a region € and let u(r,t) be the
displacement at time ¢ of the point situated at . It can be calculated that kinetic energy of the body is
given by

Ex(t) = g / (ug)?(r, t)dr,

Q

where p is the density of the body, and the potential (elastic) energy is given by

T
Ep(t) = §/|Vu\2dr,
Q
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where T is the magnitude of the tension in the body. The total energy of the system at a given time ¢ is
given by
E(t) = Ex(t) + Ep(t). (4.4.1)

If the wave equation is modeling other physical phenomena (like, for instance, electromagnetic waves), then
the meaning of the above integrals is different but they are always related to various forms of energy and
(5.1.1) is the total energy of the system.

In what follows we prove that if the solution satisfies either homogeneous Dirichlet, or homogeneous Neumann
boundary conditions on a bounded domain €2, or if 2 = R3 and the solution (together with its first derivatives)
decays sufficiently fast to zero as ||r|| — oo, then E(t) is independent of time. We multiply Eq. (4.1.1) by
ut, and using

(Utz)t = 2ugugt

and the following identity:
div (V) = (utg)s + (Uity)y + (W), = UgUs + Ugyly + U,

1 1
Fup(Ugy + Uyy + Uszz) = i(ui + uf/ +u?); +uAu = §|Vu|2 + usAu,

we obtain:

1 1
0 = uy(ugy — *Au) = (iuf + 502\Vu|2)t — AV - (uVu).

Integrating this equation over {2 and using Green’s theorem we get:

1
3 /(uf + A |Vul?)dr — /02V (wVu)dr =
Q Q
1 Ou
3 /(ut2 + 2| Vul?)dr — cz/ut%ds.

Q o0

Next, if the solution satisfies either homogeneous Dirichlet or homogeneous Neumann condition on the
boundary, then the surface integral vanishes. On the other hand, if = R3, then we use the fact, that

/= | lﬁm /', where B, is the ball centered at zero with radius r and use the postulated convergence to
Rs T|—00 BTv

zero of the solution and its derivatives to obtain that the surface integral tends to zero with r tending to
infinity. Therefore we see that

dE d T
P g/(uf + | Vul?)dr = T (guf + 262|VU|2> dr=0
Q Q

(recall that ¢? = T'/p), which shows that the total energy of the system is independent of time. This is the
principle of conservation of the energy.

We use this result to prove that the initial value problem

Ut = CZ(“xw"’“yy"’uzz)a (z,y,2) ERS,t>O,
u(m,y,x,O) = ¢(9E,y793),
ur(r,y,2,0) = P(z,y,2), (4.4.2)

(and of course also the corresponding one and two dimensional problems) can have only one solution. Indeed,
if u; and ug are two solutions to (4.3.1), then uw = uy — uy satisfies Eq. (4.1.1) with zero boundary (if
applicable) and initial conditions:

u(r,0) = us(r,0) = 0. (4.4.3)

At any moment of time we have from the principle of energy conservation

E(0) = E(t),
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therefore by Eq. (5.1.2)

( u?(r,0) + 02|Vu(r,0)|2> dr

/
= ’U;T 102 u\r 2 T.
- Q/( ) + 5Vt O ) d

2

Since all the integrands in the last integral are nonnegative, we obtain
Uy = 0, Vu=0

which implies u = const and, again by Eq. (5.1.2), we infer v = 0. Hence u; = uy which shows that the
solution is unique.
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One dimensional wave equation

5 First order equations

To introduce the topic let us consider the one dimensional transport equation. Assume that w is a concen-
tration of some substance (pollutant) in a fluid (amount per unit length). This substance is moving to the
right with a speed c¢. Then the differential equation for u has the form:

ug + cuy, = 0. (1.5.4)

Let us consider more general linear first order partial differential equation (PDE) of the form:
au; +buy =0, t,xeR (1.5.5)
where a and b are constants. This equation can be written as
Dyu =0, (1.5.6)
where v = ai+ bj and D,, = Vu - v denotes the directional derivative in the direction of v. This means that

u remains constant along each line bt — ax = const (which is parallel to v) and the solution to Eq. (1.5.5)
his given by

u(z,t) = f(bt — az), (1.5.7)

where f is an arbitrary differentiable function. We adopt the following definition.

Definition 5.1 Lines, along which the solution of the equation does not change, are called characteristic
lines of the equation.

Let us consider the initial value problem for Eq. (1.5.5), that is, the solution to

aus+bu, = 0 xzeRt>0,
u(z,0) = g(x) xR, (1.5.8)

where g is an arbitrary function. From Eq. (1.5.7) we find that

w(z,t) =g (—bt_am) (1.5.9)

a

We note that the initial shape propagates without any change along the characteristic lines.

103
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6 One dimensional wave equation

Let us consider a flexible elastic homogeneous string which undergoes relatively small transverse vibrations.
We assume that the string remains in plane. We denote by u(x,t) the displacement of the string at point
in the moment of time ¢. The equation for u takes the following form:

T
Uty = ;uzzy (1610)

where p is the density of the string (mass per unit length) and T is the tension in the string. Both parameters

are assumed here to be constant. We denote
T
ci=4/—. (1.6.11)
p

As we see later, c is the speed of wave propagation.

Equation (1.6.10) has many variations. For instance:

(a) If a significant air resistance is present, then we have the following damped wave equation:

Ut — gy + ruy = 0. (1.6.12)
(b) If there is a transverse elastic force, then we obtain:

Ut — gy + ku = 0. (1.6.13)
(c) If there is externally applied force, then the equation becomes inhomogeneous:

Ugy — CUpe = flx,t). (1.6.14)

(d) The relation between the current ¢ and the voltage w in the transmission line is described by the following
system of equations:

vy = 4 G
t CZ:E CU
. 1 R
b = —TU - 7h (1.6.15)

where C'is the capacitance, L is the self-inductance, R is the resistance and G is the leakage coefficient
(per unit length). We can write the system (1.6.15) in the form of a single equation:

1 RC - LG GR

Ut =

In the ideal situation with zero resistance R and perfect insulation (G = 0) we see that Eq. (1.6.16)
becomes the wave equation.

Let us find a solution to the wave equation (1.6.10). We use the so-called characteristic method. We see

that the equation factorizes to
9 _ L 9N(9_.9Y,_o
ot ‘oz )\ot “0xz)" T

so it can be thought as a superposition of two first order equations. Let us introduce new variables related
to characteristics of both equations.

§=¢(@t)=z+ct, n=nzt)=x—ct
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and denote
u(t,sc) = w(ﬁ(ﬂ%t), 77(397t))-

Using the chain rule we obtain:
U — 02um = 74c2w§7] =0.

Solving the last equation we obtain:

w(&n) = f(&) +g(n),
where f and g are arbitrary functions. Returning to the old variables we get:
u(z,t) = f(x + ct) + g(x — ct). (1.6.17)

As can be seen, the solution wu is the superposition of two waves: g(z — ct) traveling to the right at speed ¢
and f(z + ct) which travels to the left at the same speed c.

The initial value problem for the wave equation consists in finding the particular solution which satisfies

u(z,0) = ¢(x), wu(x,0) =1p(x) (1.6.18)
where ¢ and 1 are arbitrary given functions.

Physically, it corresponds to looking for the evolution of the shape of a string when the initial shape and the
initial velocity are given.

Using Eqgs. (1.6.17) and (1.6.18) we find that

x+ct

u(z,t) = %(gb(x +ct) + o(x —ct)) + 2% / P(s)ds (1.6.19)

This equation is known as the d’Alembert formula. If ¢ is twice differentiable and v once, Eq. (1.6.19) give
a genuine solution to the initial value problem (1.6.10), (1.6.18) and, as we shall see later, a unique one.

Example 6.1 (The plucked string) Consider the infinitely long string with the initial position:

1—|z| for |z|<1

o) = { 0 for |xz|>1

and the initial velocity ¥ = 0. From d’Alembert formula we obtain immediately

2 — |z —ct] — |z + ct] for —1l+ca<z<l-—ct
1 1— |z —ctf for 1—ct|<ax<l4ct
u(z,t) = =
2 1— |z + ct| for —1l—c<z<—|1-—ct
0 elsewhere.

By substituting several values for ¢t we can check that the solution consists of two triangular waves traveling
to the left and to the right at speed ¢. However, for ¢t < 1/2c¢ these two waves have a common support and
their superposition gives a trapezoidal wave. For ¢ > 1/2¢ the waves separates from each other and preserve
their triangular shape forever.

Example 6.2 (Waves on the half-line) Let us consider the following initial-boundary value problem on a
half-line:

Ut = CPUgy for >0, t>0,
u(:r, O) = gi)(.’b), Ut(xa 0) = 1/)(.%) for x>0,
u(0,t) =0 for t>0.

This problem can be reduced to the pure initial value problem by extending the initial data in such a way
that the resulting solution is equal to zero for x = 0. The required extension turns out to be the odd one:
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let ¢oqqa and 1,44 be the odd extensions of ¢ and 1, respectively, that is e.g. ¢odgd(—2) = —@oqa(z). Define
v to be the solution of the corresponding initial value problem given by the d’Alembert formula:

x4ct
1 1
v(#,) = 5 (Poad(x + ct) + Podalr — ct)) + o~ / Voda(s)ds, (1.6.20)
xr—ct

and let u(x) be v restricted to z > 0. We have u(0,t) = 0 due to the fact that all functions are odd, thus w is
a solution of the original boundary-initial value problem. To write down the solution in the form involving
only ¢ and ¢ we note that for z > ¢t both x 4 ¢t and x — ct are positive and for positive arguments ¢ = ¢,qq
and 1 = Y,qq. For x < ct we utilize ¢oqqa(x — ct) = —@(ct — ) and the analogous property of 1. Combining,
we get:

r+ct
u(z,t) = %((;ﬁ(ac +ct) + oz —ct)) + % / P(s)ds, x > ct,
1 1 s
u(z,t) = §(¢(ct +xz)— ¢(ct —x)) + % / P(s)ds. x < ct. (1.6.21)

ct—x
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The wave equation in space

In this chapter we shall generalize the d’Alembert formula for 2 and 3 spatial dimensions.

1 Three dimensional wave equation

Let r = (z,y,2) € R3. We consider the equation
U — AU = Uy — Uy + Uy + Uzz) =0 (4.1.1)
subject to the following initial conditions:
u(r,0) = ¢(r), wuy(r,0) =p(r). (4.1.2)

We prove that the solution to the problem (1.5.4)-(1.5.5) is given by the following generalization of the
d’Alembert formula:

1 0 1
S S

where the integration is carried over the sphere S = {w; ||[r—w|| = ¢t} (here ||| = /22 + y? + 22). Formula
(4.1.3) is called Kirchhoff’s formula.

To prove this formula we introduce the average of u over the sphere S, = {w; ||[w|| = p} defined as

2w
1 1
u(p,t) = I /u(w,t)dS: E//u(w,t) sin 0dfdyp. (4.1.4)
S, 00
We note that for continuous u we have for any ¢
1in(1) a(p,t) = u(0,1). (4.1.5)
p—
In fact, with the formula
1
u(0,t) = g u(0,t)dS
s
we obtain
1
) = 0.0) < 25 [ fuw.t) —u(0)dw <
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provided p is small enough to have Hmﬁii( |u(w,t) — u(0)| < e (which follows from the continuity of u). To
wl|<p

find the equation satisfied by @ we integrate Eq. (4.1.1) over the solid ball D, = {w; ||w| < p} and upon
using the divergence (Gauss) theorem we obtain:

/utt(w)dw: CQ/Audw:CQ/g—ZdS. (4.1.6)
Sp

D, D,

Let us calculate the normal derivative g—z on the surface of the sphere. It follows that the unit outward

normal is given by n = ——L——(x,y, 2) and therefore
/z2+y2+22

@ _ TUg + Yuy + 2,
on Sty + a2

On the other hand, using spherical coordinates

T = pcos¢siny, y = psingsiny, z = pcos,
r>0,0<¢<2m,0<1 <m, we obtain

TUy + YUy + 2u; @
p - on’

Up = UgTp + UyYp + Uz Zp =

Because of this and Eq. (4.1.4), Eq. (6.1.11) can be written as

p —
/ﬂtt(w,t)w2dw = CQ/UPCZS = CQpQZ% /udS’ = chQZ—Z(p, t).
3, 8,

Differentiating with respect to p we obtain:
PPy = 2 p*,, + c*2pi,. (4.1.7)
Denoting v = pt we see that v satisfies one dimensional wave equation
Ui = €y (4.1.8)

with the following boundary and initial conditions:

v(0,t) = 0,
v(p,0) = po(p),
v(p,0) = po(p). (4.1.9)

We dealt with this problem in Example 6.2. From the second equation (1.6.21) we see that for 0 < z < ¢t
we have

ct+p
wprt) = et p)ilct+p) (et = p)lct—p)+ [ sis)ds)
1 8 ct+p ct+p o
= 5l a2 / 5¢(s)ds + / si(s)ds
ct—p ct—p

where we used the following Calculus formula:

b(x)
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By Eq. (4.1.5) and Eq. (4.1.9) we obtain

u(0.1) = lim p~"v(p. ) = lim olpt) =v(0.8) _ v (4.1.10)

p—0 p a 37/)(
Differentiating Eq. (4.1.10) we get:

G0 =t & p)B(ct +.p) + (et = p)i(ct = p) ++ 51 (et + p)ilet + ) + (et = p)Blct = p).

and using the definition of the average and Eq. (4.1.10) we obtain

_ 29
u(0,t) = z/J(ct)—i-E(ct)

47r(:2t / P(w dS+ B 402t / d(w (4.1.11)

llwl|=ct llwl|=ct

which gives the formula for evolution at » = 0. To obtain the evolution for arbitrary r we note that for any
fixed r the function U(w,t) = u(w + 7, 1) is the solution of the problem (4.1.1)-(4.1.2) with the initial data
¢(w +r) and Y(w + r). By Eq. (4.1.11) we obtain

u(r,t) = U(0,1t) =
— 47r02t / ww+r)d5+ c2t / o(w+r)
llwl|=ct lw||=ct
1
= )d — d 4.1.12
47Tc2t / w(wds + 5 at | dmctt / $(w)dS (4.1.12)
lw—7|=ct lw—r|=ct

which is exactly Eq. (4.1.3).

2 The method of descent for two dimensional problems

We solve now the analogous problem in two dimensions: find u which satisfies the equation
gt — € (U + Uyy) = 0 (4.2.1)

and the following initial conditions:

U(Z‘,y,O) = ¢($3y)7 ut(xvy’()) = ¢($5y)' (422)

The idea is to treat the solution of the two dimensional problem as the solution of the three dimensional
problem which is independent of z. To shorten notation we assume that ¢ = 0. The surface integral in the
formula (4.1.11) can be simplified to the double integral over the disc in the following way:

1

4dme?t
x2 +y2 +22:C2 t2

1
— / 2 4 .2
= 53 / Y(x,y)\/1+ 22 + z2dxdy

u(0,0,1)

(z,y)dS

12+y2§(:2t2
1
_ L vy .
2me /c212 — 2 — y2

x2 +y2 SCQ t2
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where we used the fact that z = y/c2t2 — 22 — y2 and therefore

242 _ 2 2 2 2
14224 22= cr ooy ey ct .
x Y CQtQ—xQ—y2 /C2t2*$2*y2

The solution to the full original problem (4.2.1)-(4.2.2) can be obtained by translation, as in three dimensional
case:

P(s,7)

1
u(z,y,t) = — / dsdr
2me 242 — (1 — 35)2 — (y — )2
J V7

o 8(5.7)
+8t!¢c2t2—<x—s>2—<y—r>

sdsdr | (4.2.3)

where C' = {(r,5); (v —s)? + (y —1)? < 22}

3 Spherical waves

The Kirchhoff formula (4.1.3) is not immediately useful for calculating solutions to the initial value problem
(4.1.1),(4.1.2). It is, however, of a theoretical importance. One example of application will be demonstrated
in this section.

Let us assume that the initial values ¢(r) and ¥ (r) of (4.1.2) are spherically symmetric, that is, ¢(r) =

o(Irl) = o(/ 2% + y2 + 22) and ¥ (r) = Y(||7||) = v (/22 + y? + 22), and let us consider the first integral in

the first term in (4.1.3), denoted for a moment by uq,
uy(r,t) = /w(w)dS.
5

The integration here is carried out over the sphere centered at r and having radius ct. It follows that the
value of this integral depends only on the value r = ||r|| and not on the direction (provided v depends only
on r). An intuitive justification of this fact follows from the observation that the integral ”collects” all the
values of ¢ from the sphere ||r — w|| = ¢t and, because ¢ is spherically symmetric, this depends only on the
distance of r from the origin and not on the direction to 7.

A mathematically rigorous proof of this statement requires a knowledge of some facts from Linear Algebra,
which will be stated here without proofs. Let A be a matrix representing any rotation of R3 about the origin
(then A is an orthogonal matrix). Then the following are true:

1. A is an isometry, that is, for any x,y € R3, ||[Az — Ay| = ||z — |,
2. A is invertible and the inverse A~! is also an isometry,
3. for any spherically symmetric function 1 and any & € R? | (Ax) = ¥(x),

4. the Jacobian of the transformation A, equal to |det A|, is equal to 1.

Let us take 1 and 7o with ||| = ||r2||, and let A be any rotation such that Ar; = r5. We have
Ul (’7'27 t) = u (A’l”l, t) = / ¢(’U))dsw = / ’l/)(’l,U)dSw
lw— Ay ||=ct |AA-1w—Ar, ||=ct

_ / Y(w)dS, = / Y(Aw')dS,

A= tw—ry||=ct llw — A7y [|=ct
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- / PY(w')dSy = ui(ry,t)

[|w’ =7y ||=ct

which shows that u is spherically symmetric. Since the same argument is valid for the second term in (4.1.3)
we can state the following theorem.

Theorem 3.1 The solution of the initial value problem for the wave equation (4.1.1), (4.1.2) with spherically
symmetric initial data Y (r) = 1P(r) and ¢(r) = (r) is also spherically symmetric.

Let us consider therefore the following initial value problem: find w satisfying
gy — AU = ugy — 2 (Ugy + Uyy + Uzz) =0 (4.3.1)
and subject to the following initial conditions:
u(r,0) = ¢(r), u(r,0) =(r). (4.3.2)

Since we know that the solution must be also of the form u(r,t) = u(r,t) we see that it would be useful to
write the Laplacian in (4.3.1) in spherical coordinates (see Tutorial 2), observing in the process that all the
derivatives with respect to the angular variables will drop out.

Let the spherical coordinates be given by @ = rcosasinf,y = rsinasin3,z = rcosf, r > 0,0 < a <
27,0 < B < m. Using the Chain Rule we obtain u, = 4,7y, Uy = u,ry, u, = u,r, and

Ugy = Upr (T:E)Z + UrTgr, Uyy = Upr (Ty)2 + UpTyy, Uzz = Upp (Tz)2 + UrT2z

On the other hand, 2 = 22 + y? + 22, hence r, = r~ 'z and similarly for the other derivatives. Further,
ree =71 — 17322, Thus

Upg + Uyy + Uz = urr(ri + 7“5 + rz) + U (Tog + Tyy +722)

= Uppr + 2r Ly,
and the spherically symmetric wave equation can be written in the following form
uge = A (Upyr + 20 ). (4.3.3)
Upon multiplication by  and due to the identity (ru),, = ru,, + 2u, we obtain
(ru)y = (ru)

hence introducing a new function v = ru we can reduce the initial value problem (4.3.1),(4.3.2) to the
following boundary-initial value problem for the one-dimensional wave equation

Vg = 021)”, r>0,t>0,
v(0,t) = 0, t>0,
v(r,0) = ré(r), r>0,
ve(r,0) = r(r), r>0.

Remark 3.1 We could obtain the same result noting that for a spherically symmetric function u, the average
@, introduced in (4.1.4), is equal exactly to u. Therefore the problem (4.1.8) and (4.1.9) coincides with the
one above.

We dealt with this problem in Example 6.2. It follows that we have to extend r¢(r) and r¢(r) to the whole
line in an odd manner and solve the resulting initial value problem. Specifying for the above case, we shall
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obtain from d’Alembert’s formula the following solution:

r+ct
u(r,t) = %((r +ct)p(r +ct) + (r+ ct)o(r — ct)) + i / s(s)ds, forr > ct,
s r—ct
1 1
u(r,t) = Q—T(d)(ct +7r)—¢(ct —r)) + %re / rip(s)ds for r < ct. (4.3.4)
ct—r

Example 3.1 Solve the following initial value problem for three dimensional wave equation:

uy = Au,
u(r,0) = 0,
u(r,0) = 1 for|r|| <1, wu(r,0)=0 for|r|] > 1.

We see that the initial values are spherically symmetric and therefore we can use formula (4.3.4). Thus

1 r+t

u(r,t) = o sp(s)ds, forr >t,
r—t
1 t+r

u(r,t) = o ri(s)ds forr < t.
t—r

Because ¢ is defined by different formulae in different regions, we see that we will have also different repre-
sentations of u. Let us consider first the domain where r — ¢ > 0. Then, if r + ¢ < 1, then the integration is
carried over the whole interval giving

r+t

/ sds = %((r + )% — (r —t)?) = 2rt.

r—t

The next subregion is given by 0 <r —¢ < 1 and r + ¢ > 1. Then we have

sds = %(1 —(r—1)?).

L~

T

The last subregion is given by » —¢ > 1, » +¢ > 1, and therefore the integration gives 0. In the region
t —r > 0 we have again the case with ¢ +r < 1, hence

r+t
1
/ sds = 5((7‘ +1)% — (t—1r)?) = 2rt.
t—r
The next subregion is determined by 0 < ¢t —r < 1 and ¢ + 7 > 1 with the integral
1
1 2
sds = 5(1 —(t—1)%).
t—r
Over the last subregion the integral is again zero.

We see that we can combine these integrals so that the solution is given by

t for r+t<l1

u(r,t) = # for 1—tl<r<1+t

0 elsewhere
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Remark 3.2 The above procedure is unavailable in 2 spatial dimensions. Precisely, in polar coordinates
the equation corresponding to (4.3.3) is given by

1

up = 2 (upr + 1"y,

which cannot be reduced to the one-dimensional wave equation.
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Lecture 5
Energy and causality

1 Principle of conservation of energy

In Lectures 3 and 4 we have constructed solutions to the initial value problem for the wave equation but
we still do not know whether this solution is unique. The answer is positive and to prove it we apply the
so-called energy method.

Let us consider a vibrating elastic homogeneous body occupying at rest a region € and let u(r,t) be the
displacement at time ¢ of the point situated at . It can be calculated that kinetic energy of the body is
given by

Bx(t) =4 [ ut(r.ar,
Q
where p is the density of the body, and the potential (elastic) energy is given by

T
Ep(t) = §/|VU\2d7‘7
Q

where T is the magnitude of the tension in the body. The total energy of the system at a given time ¢ is
given by
E(t) = Ex(t)+ Ep(t). (5.1.1)

If the wave equation is modeling other physical phenomena (like, for instance, electromagnetic waves), then
the meaning of the above integrals is different but they are always related to various forms of energy and
(5.1.1) is the total energy of the system.

In what follows we prove that if the solution satisfies either homogeneous Dirichlet, or homogeneous Neumann
boundary conditions, or 2 = R3 and the solution decays sufficiently fast to zero as ||r|| — oo, then E(t) is
independent of time. We multiply Eq. (4.1.1) by us, and using (u?); = 2usus and the following identity:

div (V) = (Utie)z + (Uty)y + (UUs) 2 = UtgUs + Uty Uy + U U,

1 1
Fup(Ugy + Uyy + Uszz) = §(ui + ug + ui)t +uAu = §|Vu|2 + usAu,

we obtain:

1 1
0= ut(utt — CQAU) = (gug + §CQ‘VU|2)t — 02V . (utVu)

Integrating this equation over {2 and using Green’s theorem we get:

%/(u? + 2| Vul?)dr — /62V (uVu)dr =
Q Q
1 Ou
3 /(ut2 + 2| Vul?)dr — 2 /ut%d&
Q o0

115
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Next, if the solution satisfies either homogeneous Dirichlet or homogeneous Neumann condition on the
boundary, then the surface integral vanishes. On the other hand, if = R?, then we use the fact, that

| = | lﬁm |, where B, is the ball centered at zero with radius r and use the postulated convergence to
R3 T||—00 B,

zero of the solution and its derivatives to obtain that the surface integral tends to zero with r tending to
infinity. Therefore we see that

dE _p N 2 _d p o T, 2 _
Efi/(utJrc |Vl )tdrf% QUi T3¢ |Vul* | dr =0
Q o)

(recall that ¢ = T'/p), which shows that the total energy of the system is independent of time. This is the
principle of conservation of the energy.

We use this result to prove that the initial value problem (4.1.1)-(4.1.2) (and also the corresponding one and
two dimensional problems) can have only one solution. Indeed, if u; and uy are two solutions to (4.1.1)-
(4.1.2), then u = u; — uo satisfies Eq. (4.1.1) with zero boundary (if applicable) and initial conditions:

u(r,0) = uy(r,0) = 0. (5.1.2)
At any moment of time we have from the principle of energy conservation
E(0) = E(1),
therefore by Eq. (5.1.2)

1 1
0 = /<2uf(r,0)+ §C2|VU(’I‘, 0)|2> dr
Q

1 1
/ <2u§(r,t) + 262|Vu(r,t)2> dr.
Q

Since all the integrands in the last integral are all nonnegative, we obtain
up =0, Vu=0

which implies u = const and again by Eq. (5.1.2) we infer v = 0. Hence u; = ug which shows that the
solution is unique.

2 Causality and Huygens’ principle

A closer look at Kirchhoff’s formula (4.1.3) shows that the values of the solution u(r,t) to the initial value
problem (4.1.1)- (4.2.2) at a point P(r,t) of the space-time depends only on the initial values of u on the
spherical surface S = {w; |w — r| = c¢t}. This statement can be inverted in the following way: the initial
values ¢(rg) and ¥ (7o) at a spatial point 7o influence the solution only on the surface {(r,t); |r — ro| = ct}
of the cone that emanates from the point of the space-time (rg,0). This is the statement of the Huygens’
principle. It means that the solution of the three-dimensional wave equation propagates exactly at speed c,
not faster, and not slower.

This property allows us to see and hear sharply, since acoustic and electromagnetic (light) waves obey the
wave equation. The observer sees (or hears) exactly what happened at time ¢ — d/c, where d is the distance
between him and the source. We shall illustrate this statement by considering how two signals (waves), sent
at 7 =0 at times t = —2 and ¢t = 0, are they registered by an observer situated at some point with ||| = 4.

Example 2.1 Let us consider the solution to the wave equation

Uy =  Ugg T Uyy + Uz,
u(r,—2) = 0,
ur(r,—2) = P(r), (5.2.3)
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where ¢(r) = 1 for ||r|| <1 and ¥ (r) = 0 elsewhere. In the case when the same initial value was specified
at tog = 0, this problem was solved in Example 3.1 and the solution is given by

t for r+t<l1
2
u(r,t) = # for -t <r<l+t
0 elsewhere

It is easy to check that then v(r,t) = u(r,t + 2) will be the solution of the problem (5.2.3). Let us consider
the situation that somebody wants to send a signal by specifying the value of u;, as given above, at tg = —2
and t; = 0. The corresponding solution w will be given for ¢ > 0 by

w(r,t) =v(r,t) + u(rt).

In fact, to find this solution we observe that w must be a solution of the initial value problem with the initial
values w(r,0) = v(r,0) and w¢(r,0) = (r) + v¢(r,0). Since the problem is linear, the solution is given by
the sum of solutions corresponding to initial values wy(7,0) = 0 and wy (7, 0) = ¥ (r) and wa(r,0) = v(r,0)
and ws ¢(r,0) = v(r, 0). Since the solutions to the initial value problems are unique, that is, we cannot have
more than one solution to the wave equation having equal values at ¢ = 0, and with equal values of their
time derivatives at ¢ = 0, we see that wa(r,t) = v(r,t) and wy(r,t) = u(r,t).

Now, let us consider an observer at a distance r = 4 from the origin. He will record the following signal:

0 for O0<t<1
LD o 1 <t<3
w4, t) = v(d,t) + ul4,t) = iy
(4,1) (4,7) (4,1) # for 3<t<b
for t>5

that is, he will record two clearly distinct signals corresponding to the signals emitted.
This is not so in one dimension as shown in the following example.

Example 2.2 Let us consider a situation analogous to that in the previous example, only in one dimension.
Suppose that somebody sent two signals by hitting the string at —1 < & < 1 with a hammer twice: at t = —2
and t = 0, and with velocity 1. The initial value problem related to the event at ¢ = 0 is as follows: find u
satisfying

Ut =  Ugx,
u(z,0) = 0,
u(z,0) = Y(x), (5.2.4)

where ¢(z) = 1 for |z| < 1 and ¢(x) = 0 otherwise. Using d’Alambert’s formula we calculate that the
solution is given by

t for 2] <1-t,
1 for x| <t-—1,
u(z,t) = =2 for t—1< = <t+1,
izt for —t+1) < z <-—|t—1],
0 elsewhere.
As before the solution corresponding to two consecutive blows at ¢t = —2 and ¢ = 0 is given by

w(z,t) = u(x,t) + u(x, t + 2)

and the observer at x = 4 will record the following signal

0 for 0<t<1
=1 for 1<t<3
_ _ 2.
wih ) =ud ) +uht+2) =0 2 ) g 3<1<5
2 for ¢>5.
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Hence we see that the two signals become one and the observer will record a part of the first signal forever.

Interestingly enough, if these two signals were sent by plucking the string at ¢t = —2 and t = 0, as in
Example 2.2, then the signal received at x = 4 is clear. In fact, using the formula for the solution u with
initial condition at ¢t = 0:

2— |z —t|—|x+t| for —“1+t< z <1-—t
u(act):} 1—Jz—t for 1—tl< o <1+t
’ 2) 1—|z+t¢ for “1-t< =z <—]1-1t
0 elsewhere.

and following the previous example, we obtain that the recorded signal in the form

0 for 0<t<1
1—2—¢ for 1<t<3
1—1]4—¢tl for 3<t<5b
0 for ¢ >5.

w(4,t) = u(4,t) + u(4,t +2) =

and we see clearly the separation of the signals.

Note, that the loss of clarity of the signal in the first case of the above example is caused by the fact that the
initial data 1 is averaged over a full spatial (one-dimensional) domain and therefore any individual signal is
lost.

Without going into details we note that in two dimensions neither signal created by specifying the initial
value, nor specified by the initial velocity can be recorded clearly as in this case both solutions are obtained
by averaging over the spatial domains. On the contrary, in three dimensions we average over spheres which
have lower dimension that the surrounding space.
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Basic properties of diffusion equation

Let us recall that the diffusion (heat) equation is given by the formula (3.3.6)
ur = DAw. (5.0.1)

It follows that even the one dimensional diffusion equation (5.0.1) is much harder to solve than the wave
equation. We start therefore with analyzing some basic properties of it.

1 Maximum principle and its consequences

Let us consider an open bounded spatial domain  C R™ and the space-time domain Qp = Q x (0,7 for
some T > 0. In the following theorem, that has far reaching consequences, we shall prove that the solution
of (5.0.1) with nonnegative initial and boundary (Dirichlet) data must be nonnegative everywhere.

Theorem 1.1 Let T be any number greater than zero. If u is a continuous function in the closed set
Qr = {(z,t); * € Q,0 <t < T} and twice differentiable in Qr, such that u(x,0) > 0 for all x € Q
and u(x,t) > 0 for all (x,t) € 00 x [0,T), and u satisfies the diffusion equation (5.0.1) in the open set

Qr = {(x,t); £ € 0,0 <t < T}, then u > 0 throughout Q.
Similarly, if u(x,0) <0 on Q and u(z,t) <0 on O x [0,T], then u < 0 throughout Q.

Proof. The idea of the proof is as follows. If w is not non-negative, then it must be negative somewhere.
On the other hand, since u is a continuous function and Qr is bounded and closed, then it must take a
minimum in Q7 and this minimum must be negative, as u takes on negative values. The minimum cannot
be attained on

Iy =(Qx {t=0})uU(9Q x [0,T]),

thus it must be attained either at (zg,t9) € Q2 x (0,T) or (g, T) € Q x {t = T'}. If this minimum is attained
in the interior, then using elementary facts from Calculus we have u;(xo,tp) = 0 and ug, s, (xo,t0) > 0,7 =
1,...,n. Now, if u is a "nice” function, we would have at least one uy,,,(xo,to) > 0 and at this point

uy — DAu < 0

contrary to the assumption that u; — DAu = 0. Similarly, if the minimum is attained at (xg,T), then the
only possibility is that u;(xg,tp) < 0 and the same argument holds. However, it is possible that Au = 0 at
the minimum point (e.g. u(x,y) = x* + y* has this property) and therefore the proof presented above is not
complete.

To overcome this difficulty we shall consider a small perturbation of u which is free of this property. A simple
choice is

we(x,t) = u(xe,t) +e W—i—%
) b 2n )

119
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for some € > 0,0 <t <T. Note that w, is nonnegative on I'p, and if it is negative somewhere, then it must
have a negative minimum. As before, at this point % <0 and —Aw, < 0 so that % — Aw, < 0. On the

2 . .
other hand, we have 5‘;5 = u; + 2¢t and 8275]; = Ug;z, + 5 fori=1,...,n, hence 88“25 — Awe =€ > 0. This

contradiction proves that for any € > 0, we > 0. However, for each @,t, w(x,t) — u(z,t), which means
that u(x,t) > 0 for all (z,t) € Qp.

To prove the statement for u having non-positive values on the boundary, we define & = —u and apply the
argument above to 4. W

A similar reasoning allows to prove the corresponding statement for the particular case when Q = R"™. In

this case we assume also that u is a bounded function.

Theorem 1.2 Let T be any number greater than zero. If u is a bounded continuous function in the closed
set R = {(z,t); ® € R",0 <t < T} and twice differentiable in R™ x (0,T'), such that u(x,0) > 0 for all
x € R", and u satisfies the diffusion equation (5.0.1) in the open set R™ x (0,T), then u > 0 throughout R}
Similarly, if u(x,0) <0 on R™, then u < 0 throughout R™ x [0, T].

Proof. The only difference with the previous theorem is that the set €2 is unbounded and in general we
cannot claim that u (or rather w.) attains a minimum. Consider once again the function w

we(x, t) = u(z, t) + <” iy +2t)

Since u is a bounded function, then there is a constant m such that for any & € R™ and 0 < ¢ < T we have
u(x,t) > m. Therefore for ||z| > y/2n|m|/e and 0 < ¢t < T we have that wc(x,t) > 0, and this leaves only
the cylinder ||z|| < v/2n|m|/e, 0 <t < T as a possible set where w, can be negative. But this set is bounded
and closed and therefore we can apply the argument of the previous proof to claim that w, > 0 in this set,
and therefore w, > 0 throughout R™ x [0, T7.

The second part of the proof is carried out as before. B

These two theorems have a number of important corollaries. First we formulate and prove the result which
is called the Mazimum Principle.

Corollary 1.1 Let us assume that u is a continuous function in Qr and twice differentiable in Qr, and in
Qr it satisfies uy — DAu = 0. As before, define

Iy = (Qx {t=0})U(0Q x [0,7))
if Q is a bounded set and, if Q = R"™, we put
I'r =R" x {t = 0}.

In the latter case we assume additionally that u is a bounded function in R™ x [0,T]. Then

sup u(x,t) = sup u(ax,t)
(z,t)EQr (x,t)elr

inf  w(xe,t) = inf  wu(x,t 5.1.2
(z,t)EQr ( ) (x,t)eQr ( ) ( )

Proof. Let sup wu(x,t) =M and inf wu(x,t) = m. Define the new function U = « — m; then U > 0
(x,t)elr (,t)elr
on I'r and it is bounded provided u was bounded. Since U also satisfies the diffusion equation, we obtain
from the Theorems 1.1 and 1.2 that in both cases U > 0 throughout Qp. Thus v > m in Qp but since
I'r C Qp, we have
m= inf w(x,t)< inf w(x,t) < inf wu(x,t)=m
(z,t)eTT (z,t)E€Qr (z,t)elr

and the second equality in (5.1.2) is proved.
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The first one can be proved exactly in the same way by considering the function V' = M — u which is also
non-negative on 't and satisfies the diffusion equation. m

The Maximum Principle agrees perfectly with the physical intuition. Let us have some initial concentration
of a substance, then this concentration will surely decrease in time, since the substance will tend to spread
uniformly in the medium.

If we take snapshots of the solution to the diffusion equation, then we will see that the initial maxima will
be decreasing and the initial minima will be increasing in time, thus the diffusion equation has a smoothing
effect on the data contrary to the wave equation where the initial shape travelled undisturbed in time.

This smoothing effect will result in the initial distribution approaching a uniform one as time increases which
agrees with the Second Principle of Thermodynamics (the entropy of the sytstem increases).

Another consequence of this fact is that the diffusion equation is irreversible in time. The change of the
arrow of time ¢’ = —t changes equation (5.0.1) into

Ugr + Ugy =0

which has completely different properties. For instance, it cannot be solved for most initial data. Physically,
it corresponds to the statement that knowing the concentration of substance at some instant ¢, we are usually
unable to determine the initial concentration, or that the substance cannot diffuse from the region of lower
concentration to the region of higher concentration.

2 Uniqueness and stability of the solution to the diffusion equation

We derive two consequences of the Maximum Principle. Let us consider the following initial-boundary value
problem for the diffusion equation:

u—DAu = f forxeQ, t>0,
u(z,t) = g(t), forx€ed, t>0
u(z,0) = ¢(x), forx e, (5.2.3)

where f, ¢, g are given functions. As before, if Q = R™, then the problem (5.2.3) is to be modified by dropping
the boundary conditions; i.e. we consider

u—DAu = f forxzeR"™ t>0,
u(z,0) = ¢(x), forxeR", (5.2.4)

Definition 2.1 We say that a function u is a solution to the problem if it continuous in Qr, twice contin-
uously differentiable with respect to & and once with respect to t in Qr and satisfies (5.2.3) (or (5.2.4)).

We have the following theorem.

Theorem 2.1 Let Q be a bounded set. Then there exists at most one solution of the problem (5.2.3).
If Q =R", then there exists at most one bounded solution to the problem (5.2.4).

Proof. Let us assume that we have two solutions u; and wus satisfying (5.2.3); then u = u; — us satisfies
(5.2.3) with f = g = ¢ =0, that is, v = 0 on I'y for any T > 0 be arbitrary. By Theorem 1.1, it must be
both nonnegative and nonpositive, therefore u(x,t) = 0, and consequently u; = ug, hence the solution is
unique.

The result for Q = R” follows from Theorem 1.2 which is available due to the assumption that u; and wus
are bounded (and consequently u = u; — ug is bounded). ®
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The Maximum Principle allows us to establish the stability of the solution to the initial-boundary value
problem (5.2.3) and the initial value problem (5.2.4).

Let us recall that the stability is one of the properties of a well-posed problem and roughly speaking means
that any two solutions to the problem with the initial and boundary data which differ a little, will remain
close to each other for all times. We have

Theorem 2.2 Let uy and uy denote the solutions to (5.2.3) with the data f, g1, 1 and f, g2, P2, respectively.
Then, for any T > 0

sup  Juy(z,t) — ua(z,t)| < sup [p1(x) — da(x)| + sup |hi(x,t) — ho(ax,t)] (5.2.5)
(x,t)eQr e (2,t)e002x[0,T)

Proof. Under the assumptions of the theorem, the function u; — us solves (5.2.3) with the data f = 0,9 =
g1 — g2,® = ¢1 — @2 and by the Maximum Principle we obtain

sup |ui(z,t) —uz(z,t)] = sup |ui(z,t) — ua(x,t)]
(z,t)eQr (z,t)elr

< sup |ug(=x,0) — uz(x,0)] + sup |ui(x,t) — us(, )|
xreN (2,t)€022%x[0,T

= sup|gi(x) —g2(x)|+  sup  [W(x,t) — ha(z, 1)),
e (x,t)€002x[0,T

which is exactly Eq. (5.2.5). B
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Solution of the diffusion equation

1 One dimensional diffusion equation

The purpose of this lecture is to solve the initial value problem:

uy = Dugy —xo<r<+4oo, 0<t<+oo,
u(z,0) = o). (6.1.1)

The solution of (6.1.22) is not easy to derive. We provide two ways of finding the formula of the solution, one
depending on certain symmetries exhibited by the equation, the other using Fourier transforms technique.

1.1 Similarity solution

Let us start with listing some general properties of solutions to the diffusion equation. Next step will be to
solve (6.1.22) for a particular initial data and finally to build the general solution from this particular one.

We note that the solution to (6.1.22) has the following invariance properties:

(a)The translate u(xz — y,t) of the solution u(z,y) is another solution, for any fixed y.
(b) Any derivative of a solution is again a solution.

(c) If S(x,t) is a solution and f is any function, then

+oo
M%ﬂ=n/5@—y¢ﬁwﬂy (6.1.2)

is a solution (provided the integral exists).

(d) If u(z,t) is a solution, then the dilated function u(y/az, at) is again a solution, for any a > 0.

We start with formula (6.1.2). We have noted that v as defined there is a solution but we need a particular
solution satisfying the prescribed initial value. The simplest way is to require that

v@ﬂr:/suf%mww@:¢ux

that is, for a given initial value ¢ the formula (6.1.2) would give the solution in an explicit way. So our
problem is to find the solution S to the diffusion equation with quite involved initial condition

/ S(z —y,0)9(y)dy = ¢(z) (6.1.3)

123
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for any reasonable function ¢ and = € R. Let us try to determine S(z — y,0) in a more direct way. Let us
assume for a time being that ¢ vanishes at +0o and start from the well-known formula

/ ¢ (y)dy = 6(z). (6.1.4)

Let us observe that it can be written in the form more similar to (6.1.3) by introducing the Heaviside function

H defined as follows
1 for z>0

H(Z){ 0 for z<0.

With the help of this function, (6.1.4) can be written as

oo

/ H(z —y)¢'(y)dy = o(x) (6.1.5)

which would be (6.1.3) but for the fact that we have the derivative of ¢ instead of ¢ itself. However,
forgetting for a moment that H is not a differentiable function (it is not even continuous!) we use formally
the integration by parts to arrive at the desired formula

~ [ et - ety = [ - oty = o0 (6.6

So we see that if we could find a solution of the diffusion equation which at ¢ = 0 behaves as the ”derivative”
of H, then we would have a good candidate for the solution to the initial value problem (6.1.22) in the form
(6.1.2). However, since this ”derivative” of H is rather elusive, we note that we still can use Eq. (6.1.5) to
construct the solution. In fact, if we find the solution Q(z,t) to the problem (6.1.22) with a particular initial
value Q(z,0) = H(z), we obtain, at least formally, the solution to (6.1.22) in the form

ul, 1) = / Qa — y.1)¢' (4)dy. (6.1.7)

provided ¢ is differentiable and vanishes at +00. If for ¢ > 0 the function Q(z,t) is differentiable with respect
to x, then integrating by parts (6.1.7) and using Q. (z — y,t) = —Q,(x — y,t) we also have

w(z, t) = / Qule — 4, 0)6(y)dy, (6.1.8)

where we expect that in one sense or another we should have Q. (z —y,0) = H,(z — y), which would give us
the solution in the form (6.1.2). Note that the form (6.1.8) is much less restrictive (it doesn’t require ¢ to
be differentiable and to vanish at +00). As we shall see later, (6.1.8) provides a genuine solution for a very
large class of initial values.

Hence, following the route outlined above we shall start with finding the solution @ of (6.1.22) which satisfies
the following initial condition

Q(xv 0) = H(x)’
where H is the Heaviside function.
We note that the initial value doesn’t change under dilation, that is, Q(v/ax,0) = H(y/az) = H(z) = Q(x),
hence taking into account the property (d) we expect the solution @ to be also invariant with respect to

dilation: Q(v/az,at) = Q(z,t). The simplest combination of x and ¢ which is invariant under such a dilation
is #/+/t, thus it is plausible to look for the solution in the following form:

Qz,t) =9gp) =g (\/LTT%)
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where the factor 1/4/4D has been introduced to simplify the following formulae. Substituting such defined
Q to the diffusion equation yields the ordinary differential equation for g:

g" +2pg = 0. (6.1.9)
To solve this equation we first denote h = ¢’ which will transform (6.1.9) to the first order equation

h' +2ph =0,

with the general solution h(p) = c¢; exp(—p?), where c; is a constant. The function g is then obtained by
direct integration giving

P «/V4Dt
Qz,t)=g(p) =1 /efszds +e=0 / e 5 ds + ¢, (6.1.10)
0 0
where c1, co are constants. To determine them we use the initial conditions to get:
+o0
for x>0 1= }i_r%Q(x,t) =c of e~ ds 4 ¢y = clg + ¢,

— 00
for z<0 0= lir%Q(a:,t) =c f 5" ds + o = fclg + co,
- 0

upon which
z/VADt
2

Qx,t) = - + e % ds, (6.1.11)

N =
Si-

(=)

—+o0
where we used [ e~ ds = V7/2 (see Lemma 1.1).
0

Fig 21. The graph of the solution Q(z,t).

The function @, through Eq. (6.1.7), gives us the solution for all differentiable initial values which vanish
at +oo. Following the procedure outlined above we shall construct the function S which hopefully will give
solutions for a larger class of initial data. Thus, we introduce the function

oQ

S(I,t) = %(Ivt)a

or, explicitly,

1
S(z,t) = \/ﬁe—mz/wt. (6.1.12)
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This function is called the source function, fundamental solution or propagator of the diffusion equation.

Fig 22. The graph of the source function S(x,t).

Remark 1.1 The source function S is defined for all —co < z < 400 and ¢ > 0. It is positive and even.
For large ¢ it is very spread out, and for small ¢ it is a very tall, thin spike (close to the ”delta function”).
Moreover, as we shall see later (Eq. (6.1.26))

+oo
/ S(z,t)dx = 1. (6.1.13)

The physical interpretation of S is as follows. If we consider the diffusion of a unit mass of a substance
which at the time ¢ = 0 is concentrated exactly at the point = y, then the density u(x,t) of this substance
evolves through the diffusion according to the formula

u(z,t) = S(x —y,t).

Note that (6.1.13) tells us that in the process of diffusion there is neither loss nor gain of the substance - the
amount stays the same.

Using the above considerations we can give a physical interpretation of Eq. (6.1.2). It tells us that the
solution for a continuous initial distribution of mass, given by ¢, can be obtained as the sum (remember that
the integral is a limiting case of sums) of solutions for point masses.

1.2 Fourier transform approach to solving the diffusion equation

The derivation of the solution to the diffusion equation presented in the previous section is elementary but
not very obvious. If one is familiar with the method of Fourier transforms, then one can derive this formula
in a much more straightforward way. Note however that all the calculation here will be performed at an
”engineering” level of rigour and, having obtained the final formula, we have still resort to Theorem 1.1 to
prove that this formula provides indeed the sought solution.

Let us recall basic properties of the Fourier transform relevant to our problem. If f is a continuous integrable
function, then the Fourier transform of f is defined by the formula

oo

Fiflw) = = [ s
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where 4 is the imaginary unit. To shorten notation we shall frequently use the notation

It can be proved that F is a one-to-one transformation and thus has an inverse, denoted F~![f], or shortly
f.

If f vanishes at oo, then integrating by parts we obtain

Flfe]w) = \/%771' / fz(x)e—iwxdx = \/% e_iwxf(m) ‘tz + \;7;% / f(x)e—iumdx
= wF[f](w). (6.1.14)

If also the derivatives of f vanish at £oo, then integrating by parts twice we obtain

Flfoe)(w) = = Ff] () (6.1.15)

If f and g are two integrable functions such that f(z)g(y — ) is integrable for any y, then the convolution
of these two functions is defined as

(f*9)(y) (6.1.16)

Il
\
—
=2
=
<

|

8
SN—

=

g

I
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S

|

8
S—
Na)
—
=

Y

=

As with the differentiation, the Fourier transform turns the convolution into a much simpler operation,
namely into an algebraic multiplication of the Fourier transforms of the two functions. To show this we
calculate

Frsae) = = [ | [ f@oty o)z ) vy
= \/%_/ f(x) _/ g(y —x)e *¥dy | dx
_ L i T e—iwﬂc i — e—iw(y—x) T
- m_zof() _Zog@ ) dy | d
1 r —iWwT 1 Ji —iwz
= Vor \/%_4 f(x)e dm-m_zo g(z)e™"?dz | dz
= V2rF[f](w)Flgl(w). (6.1.17)
Thus, clearly
Ff-9) = Lf*g' (6.1.18)

Vor

The last item from the Fourier transform theory we shall need is the transform of the function e*”z, a> 0.
The evaluation requires some complex integration. We have

1 Vi ,
Flem*)w) = N / e e g
e—w2/4a —w?/4a

_ ~(Vaz-+iw/2v/a)® g, _ €
= e €Tr =
oY /

/ o (tHiw/2a)? g
2ma

— 0 —o0o
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where we completed the square in the exponent and, for the last equality, we performed the change of
variables t = \/ax. The integral

o0
/ o (tiw/2ya)? g

—0o0

looks very much like the integral

/ e’ dp,

the value of which is /7 (see Lemma 1.1), however in the latter integral the variable runs along the real line

and in the former it runs along the complex line ¢ + iw/2y/a, —00 < t < co and it is not immediate that the
values of both integrals are equal. To ascertain this we consider the complex integral

2
IR:/efz dz

TR

where z is a complex variable and yr runs along the rectangle consisting of the segment of the real line
—R < t < R, the segment t+iw/2\/a, —0co < t < 400 and two vertical segments z = +R+1it,0 < t < w/2+/a,
2

z

traversed clockwise. Since e™*" is an entire function, we have

R w/2v/a
0 = IRz—/e_tzdt—F / e~ R+ gy
R 0
R w/2v/a
+/e‘<t+iw/?ﬁ)2dt— / e~ (BFi)? gt (6.1.19)
"R 0
Next we observe that
w/2va w/2Va
/ o~ (ER+it)? py < / ‘eer"e:I:%Rteft? dt
0 0

w/2y/a
< / dt = e ™w/2ya—0asR— oo
0

where we used that |e**f| =1 and ‘e_tQ < 1. Passing to the limit in (6.1.19) we obtain

[ewrmras [ otaz
Thus
—w?/4a —w?/4a
2 e . 2 e
Fle % (W) = 6_(“‘“”/2\/6) dt = , 6.1.20
e Nw) = 5o o (6.1.20)
—o0
and also

—17,—aw? _ ie—w2/ a
F e ](m)_m da (6.1.21)

After this preliminaries let us tackle the problem

uy = Dugy —xo<r<+too, 0<t<+oo,
u(z,0) = o). (6.1.22)
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We apply the Fourier transform to both equations and, using

Flu)(w) = \/% / ut(m7t)e*w"”dx = \/12?; / u(x,t)e*i‘“dx = %}"[u](w),

we obtain the following initial value problem for a first order ordinary differential equation with a parameter

Il
o

Gy + Dw?a —o0<w< oo, 0 <t < +o0,
t(w,0) = o¢(w). (6.1.23)

Immediately we obtain the solution in the form

a(w,t) = dw)e Pt
The solution of the original problem (6.1.22) is given by
u=F[a]
that is, by (6.1.18), (6.1.21) and (6.1.16)

u(z,t) = fﬁl[é(w)efszt] = \/ﬂ}“*l[q}} % f71[67w2Dt]

— 1 ¢ % 6712/4Dt

2v/m Dt

1

— —(w—y)2/4Dt¢ d 6.1.2
= e . .1.24
2V Dt / W)y ( )

— 00

1.3 Theorem that the constructed solution is the genuine solution of the initial
value problem for the diffusion equation

For any bounded and continuous function ¢ we define

+oo
u(t) = / Sz - y.)é(y)dy

+o0
1
= / e~ @V /ADt g gy —oo < a0 < 400, t > 0. (6.1.25)

V4Dt

As discussed above, we expect such defined u to be the solution of the problem (6.1.22). However, there are
two main points to check. First is whether w is a differentiable function satisfying the diffusion equation (we
tacitly accepted this writing (6.1.2), but there was no real justification of this fact). Second, does u satisfy
the initial condition? Note that this point is far from trivial - in the formula (6.1.25) there appears the factor
1/t so that simple substitution ¢ = 0 to obtain the initial value u(x,0) does not make any sense.

Before we formulate and prove the relevant theorem we prove an important property of the source function.

Lemma 1.1 For any x € Rt > 0 we have

T 1
/ S(x—y,t)dy = oD

/ e~ (@) /4Dtgy — 1. (6.1.26)
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Proof. Using the change of variables p = (x — y)/V4Dt with dp = — \/% we obtain
7 S(z -y, t)dy = —— 7 e d
vty = — p

The integral in this formula is not an elementary integral - we cannot simply find the indefinite integral
and pass to the limit with limits of integration. First we note that this integral exists by the Dominated
Convergence Theorem of Calculus. To find its value we proceed as follows. Let

oo

I= /6_732dp7
then
? = /e_pzdpx /e_SZdSZ/e_(p2+52)dpds

—00 —00 R2
oo 2m o o)

= / /efTQTda dr = 271’/677’27“(17" = W/efzdz =7(1— lim e %)
0 \0 0 0

=

Thus I = /7 and formula (6.1.26) is proved. ®
Theorem 1.1 Let ¢ be a bounded continuous function on R. Then the formula

1
u(x,t) =
() V4Dt

+oo
/ e—(m—y)2/4Dt¢(y)dy, t>0, zeR (6.1.27)

defines an infinitely differentiable function which satisfies the diffusion equation uy = Dug, for —oo < x <
+00,t > 0 and the initial condition of (6.1.22) in the following sense

tli%l+ u(z, t) = ¢(x). (6.1.28)

The proof of this theorem is omitted.

Remark 1.2 Since S(z,0) # 0 only for x = 0 and S(z,t) > 0 for any ¢ > 0 and —c0 < z < 400 , it
means that the information of the initial state of the system propagates at infinite speed. This contradicts
the Special Theory of Relativity and hence should be discarded by Physics. Surprisingly, the calculations
utilizing the solution to the diffusion equation yield results which agree very well with experiments. To explain
this seemingly contradictory statements we note that the diffusion equation itself is only an approximate
model for a real system and therefore its solution can be only considered as approximate description of the
evolution of this system. As we saw above, for small times and large x the function S is very close to zero
and therefore it can be considered to be equal to zero for numerical purposes.

Remark 1.3 In Theorem 1.1 we proved that the solution of the diffusion equation is infinitely differentiable
both in ¢ and x for any ¢ > 0. Another way of looking at this property is that the diffusion equation is
smoothing, that is, even if the initial value is rugged, the solution becomes immediately smooth. To illustrate
this point, let us consider the initial value problem

Ut = Ugy, U(JT,O) = ¢($)7
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where ¢(z) =1 — |z| for |z| < 1 and ¢(z) = 0 for |z| > 1. The solution is then given by

1 0 1

1 2 2 2

u(z,t) = —— e~ @y /4ty +/e_(”_y) /4ty q —/e_(x_y) Itydy | . 6.1.29

(z,1) N / y ydy ydy ( )
—1 —1 0

These integrals cannot be evaluated in elementary way, however, they can be written in terms of the so-called
error function

Erf(z) = %/e‘Sst, (6.1.30)
0

which is commonly used in statistics and applied sciences and which is therefore available on most scientific
calculators. It is easy to check that

b
/e_s2d5 = g(Erf(b) — Erf(a)).

Changing variables and using this formula we can rewrite (6.1.29) as

e (~1-a)/2vE —2/2vE
u(z,t) = NG / e P dp+ / e P (z + 2pVt)dp — / e P (z + 2pVt)dp
(1—xz)/2Vt —x/2/t (1—2)/2Vt

1— 1+=x x

1 T
= 3 (e (5 ) s 0o (577) -2t (537))
+\/? (6_(1+$)2/4t 4 e~ (-a)?/ar _ 26—3:2/41,‘) _ (6.1.31)

The graph of the solution is presented on the figures below.
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Fig 23. 3-dimensional visualization of the diffusion with the tent-shaped initial value.

Fig 24. Evolution of the density - subsequent shapes are presented on the same graph.

Fig 25. Evolution of the density - snapshots of the solution for times between t = 0.00001 to t = 0.6.
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The next three figures present a variation of the same example. This time we consider the saw-like initial
density and observe an immediate smoothing of its shape.

Fig 26. 3-dimensional visualization of the diffusion with the saw-shaped initial value.

Fig 27. Evolution of the density - subsequent shapes are presented on the same graph.

Fig 28. Evolution of the density - snapshots of the solution for times between t = 0.00001 to t = 0.6.
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2 Diffusion in several dimensions

Unlike for the wave equation, the solution to the initial value problem for the three dimensional diffusion
equation:

ug(r,t) = DAu(r,t), reR3 t>0
u(r,0) = ¢(r), (6.2.1)

can be derived from the one dimensional ones in a relatively easy way. Let S be a source function given by
Eq. (6.1.12). We define

Ss(x,y,z,t) = S(x,1)S(y,t)S(2, 1), (6.2.2)
or explicitly
Ss(z,y,2,t) = 1 6712/4Dt « 1 67y2/4Dt v 1 6722/4Dt
ViarDt ViarDt VarDt
_ L @4y 4Dt _ L jri2/ape
(47 Dt)3/2 (47 Dt)3/2 '
Due to the fact that S solves the diffusion equation:Si(z,t) = DSy, (z,t) we obtain
W = Si(2,0)S(y,1)S(2,1) + S(x,8)Se(y, 1)S(2,1) + S(2,1)S(y,1)S: (=, 1)

= D (Sgz(x,t)S(y,t)S(2,t) + S(z,t)Syy(y, t)(y,t)S(z, t) + S(x,t)S(y,1)S..(2, 1))
_ (8253(x,y,z,t) N 02S3(x,y, 2, t) N OQSg(x,y,z,t))

02 Oy? 022
- DAS&(%%ZJ)

so that S3 is a solution of the three dimensional diffusion equation. Similarly, from (6.1.13) we have also

oo o0 o0

/Sg('r,t)dr = /// S(x,t)S(y,t)S(z,t)dxdydz
R3

i cale caje o}

oo

= 7S(m,t)da: X 7S(y,t)dy X / S(z,t)dz =1 (6.2.3)

and hence, exactly as in one dimension, it can be proved that

lim / S — w)d(w)dw = ¢(r).
RS

Therefore the unique bounded solution to the problem (6.2.1) is given by the formula

1
(4Dt)3/2/6_(r_w)2/4Dt¢(’UJ)dw. (624)
v
R3

u(r,t) =

3 Black-Scholes formulae

In this section we shall derive the Black-Scholes formulas for option pricing. Let us recall that we are looking
for the solution of the following initial-boundary value problem

2
W B (g,
V(S,T) = max{S—FE,0}, forall >0,
V(©0,t) = 0, forallt<T,
lim V(S,t)/S = 1, forallt<T. (6.3.5)

S—+o00
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Using the change of variables (3.9.16)

z(S,t) = InS+ (r - ;ﬁ) (T —t),

1
yt) = 03T -1,
with the inverse
2
Tr—t = §y7
S = ex_(%_Oy

)

we reduced the problem (6.3.5) to the following initial-boundary value problem for the diffusion equation:

Gy = Guu, for —co<z<o00,y>0
G(z,0) = max{e” — E,0}, for —oo <z < o0,
lim G(z,y) = 0, for any y > 0,
lim e ®HG(z,y) = 1, for any y > 0. (6.3.6)

r— —0oQ

So, if we have the solution to the diffusion problem, G(x,y), then the solution to the Black-Scholes problem
is given by

V(S,) = e " TG (m S+ (r - ;a) (T—1), %&(T - t)> (6.3.7)

From the previous sections we know that the solution of the pure initial value problem with the initial
condition ¢ is given by

(z—y) /4Dt¢( )

u(x,t
(@) = 2v/ 7rD
In our case D =1 and since e® is an increasing functlon, the initial value takes the simpler form

() = e —FE for z>InFE
o 0 for z<InFE.
Thus, we obtain

e~ T (¢8 — B)ds. (6.3.8)

G(z,y) = 2\/7

InE

This solution is closely related to the cumulative distribution function for a normal random variable and it
is sensible to express it in terms of the distribution function of standardised normal random variable defined
as

N(z) = \/12?_2 e~

To write G (and subsequently V') in terms of N we split the integral (10.2.1) and evaluate them using to
subsequent changes of variables.
175)2
e’ds — E /

1 o0
Glay) = [
nkE In E

z—InE z— lnE
2y

/e wrdpE/ 2 dp

[\
ﬁ
<

@\H
3
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xz—In E z—In E
) V2u V2y
_ (p+v/Ep)? _»?
= — | eV / e 2 dp—F / e 2dp
V2T
—00 — 00
z—In E+42y z—In E
V2y V2y
1 2
= — | eV / e 2dp—F e 2dp
V2T
—0o0 — 00

_ iy <xlnE+2y> _EN <xlnE>'
V2y V2y

Before we write down the Black-Scholes formula, let us note that despite the fact that we have derived G as
the solution of the initial value problem, luckily it also satisfies the boundary conditions. To prove it, let us
first observe that

lim N(z) = 0,
lim N(z) = L.
AN @

Since lim e®tY¥ = 0 for any fixed y, we immediately see that

r— —0Q
. . z—InE+2y r—InkE
lim G(z,y)= lim <e$+yN <> _ EN ()) -0
T— —00 ( ) Tr— —00 \/E \/@

and

. _ . —InE+ 2y _ r—InFE
lim e~ VG (z,y) = lim <N (z) —e Gt EN <)) =1,
T—00 T—00 ‘/Qy | /2y

so that G is the function which we have been looking for.

To derive explicit formulas for option pricing we must change back the variables  and y into S and t. We
get
z—IE WmS/E+(r—30%) (T —t)

V2y ovT —1t

and
z—InE+2 IS/E+ (r+30%) (T —t)
V2y n oVvT —1t .
Since

Y — elnS+r(T—t) — Ser(T—t)7

we obtain explicitly from (6.3.7)

(st = SN <IHS/E+ (r+ 10?) <T—t>>
oVT —1t
BTy (1“5/ Err—37) (T‘”) . (639
ovT —1t

The figures below show the graphs of the solution.
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Fig 29. 3-dimensional visualization of the solution to the Black-Scholes equation giving the pricing of
European call options.

Fig 30. The price of a FEuropean call option as a function of the price of the underlying share as time
approaches the expiry time. The bottom line gives the pay-off.

4 Miscellaneous examples

As we know, the solution to the initial value problem for the diffusion equation is given by the integral

1
u(,t) = V4Dt

where ¢ is the stipulated initial value of the solution. Unfortunately, this integral can be evaluated explicitly
only in very few cases. In this section we shall present some such cases and discuss several other situations
when one can obtain the solution to the problem, not necessarily resorting the integral formula.

2
/ @V /ADY g gy

Example 4.1 Matching the known solution
Find the solution of the problem

Up = 2Uyy, u(z,0)= e~ e,
To solve this equation we shall use the fact that if v(z,t) is a solution to the diffusion equation, then for any
constants a, z and tg the function u(x,t) = av(z + zo,t + to) is also a solution. We know that

1
S(w1) = e/
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is a solution to the equation above, and since the initial value has a form similar to .S, we shall try and find
constants such that the function

(1) = aS(x + wo,t + fy) = — e e (#H70) /(0 10)
87 (t + to)

satisfies the initial condition. We must have

—x?4x _ a e—(ac+arg)2/8to — a e—(x2+2xafo+ocg)/8t0

€ vV 87Tt() \/871'750

Comparing both sides we see that

1 = 1/8t,
1 = —$0/4t0,
1 _ ae—xg/Sto

vV 87Tt() '
Therefore tg = 1/8, 29 = —1/2 and a = e'/*\/7 and the solution is given by

el/t w1y
u(x,t) = ——=e = StH

V8t +1

Note that this method can be used only for the initial data which have the particular form

¢(x) _ aefbx%rcz

where a, b, ¢ are constants with b > 0.

A variation of this method can be used for a little more general initial conditions. For example, to solve

U = Ugg, u(z,0)= 22 (6.4.1)
we may use the fact that
9 a2 1 d? 7$2+1 2
ze™" = o 5¢

Using the approach described above, we obtain that the solution to the problem
Ut = Uge, u(x,0)= e

is given by
ul(ac,t) — ;e—ﬂ/(u-ﬁ-l).

VAt +1

Since we know that the derivative of a solution is a solution and that sum of two solutions is a solution, we
obtain that the solution of the problem (6.4.1) is given by

1 d?uq(z,t 1
LA G

u(z,t) = R iul(x,t)
= _;e—oﬂ/(‘ltﬂ)+x726—x2/<4t+1)+ 1 e/ (4t+1)
2(4t 4 1)3/2 (4t +1)5/2 2(4t +1)3/2
- Le—ﬁ/wﬂ)

(4t +1)5/2
This method can be used for initial values of the form
#(x) = P, (x)e‘bxucm

where P, is an arbitrary polynomial and a, b, ¢ are as above.
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Example 4.2 Using the integral formula

If the initial datum is a polynomial, an exponential function, sine or cosine, or a linear combination of them,
then the integral in the representation formula can be evaluated explicitly and the solution is given as a
combination of elementary functions. As an example we shall solve the problem

Up = Ugy, u(z,0) = cos? z.

First we observe that 11
2
cos“x = = + — cos 2z,
2 + 2

thus we can split the problem into two simpler ones:
Vg = VUgg, v(z,0) = cos 2z,
and
Wy = Wag, w(z,0) = 1.

If we find v and w, then from the linearity (superposition principle) we obtain that

(2,1) 1 n 1

u(z,t) = —v+ —w.
2 2

Let us start with finding v. Using the representation formula we obtain

o}

1 1
Vart

Vart

e—(r—y)2/4te2iydy’

o0
v(x,t) = / e~ (@=v)*/4t g 2ydy = Re

where Re denotes the real part of the complex number. For the exponents, completing the square, we obtain,

a? — 2wy +y® —8iyt (v —y+ 4it)? — Sixt + 16>

—(x — y)2/4t + 2iy

4t 4t
- 4it)?
= —% + 2ix — 4t,
therefore
2iz—dt ® .
U(J?,t) — Re / ef(mfy+4zt) /4tdy.
47t
The integral
1 7 1 7
7(:cfy+4it)2/4td _ 7/ *(P+2i\/f)2d
€ = e
nt / Y=/ p

oo
resembles the integral [ e‘pzdp, however, it is evaluated along the line in the complex plane. Using the
—0o0
methods of complex integration (see e.g. Subsection 1.2) we obtain that both integrals are equal with common
value /7. Therefore _
v(x,t) = Ree* ™ 4 = 7% cos 2.

To find w we evaluate the integral

w(z,t) =

/ e~ (@) /4t 1ldy = 1.
4rt
—00

Therefore the solution to the original problem is given by

1 1
u(z,t) = 5 + 56_4t cos 2.
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Example 4.3 Polynomial initial values
To solve the initial value problem

up = Dugy, u(z,0) = Py(x),

where P,(z) = apz™ + a,_ 12" 1 + ...+ ag is a polynomial of n-th degree we can use the method of the
previous example but for higher order polynomials the evaluation of integrals becomes quite labourious.
Here we present an alternative way of solving the problem.

Let us assume that u(x,t) is the solution; then its n + 1 derivative

d"lu(x,t)

U(.Z’,t) = dxnt1

also is a solution to the diffusion equation satisfying the initial condition

d"u(x,0)  d"TP,(x)

U(Jf, 0) = dxntl - dxnt1

=0.

However, the only solution to the problem
v = Dvgg, v(z,0) =0,

is v(z,t) = 0. Thus, the solution w of the original problem can be obtained by integrating the zero function
n + 1 times with respect to x, that is

u(z,t) = Ap(t)z"™ + Ay (x4 ...+ Ao,

where A;(t) are as yet undetermined functions of ¢ only, which must be found by inserting u to the equation,
and comparing it to the initial value.

As an example we shall solve the initial value problem
us = Dugy, u(z,0) = 23 + 2.
Following the approach outlined above we are looking for « in the form
u(z,t) = Az(t)x® + Ay (t)2? + Ay (t)x + Ao(t).
Inserting such defined u into the equation we obtain
A (t)a® + A (t)a® + AL ()x + AY(t) = 6DAs(t)x + 2D Ay (t)

and comparing coefficients at the same powers of = we obtain

A, = o0,
A, = 0,
Al = 6DAs,
Al = 2DA,.

Next, from the initial condition we obtain
Az(0)2® 4+ Ag(0)2? + A1 (0)z + Ap(0) = 2® + z

which yields

N
&

=

i S
o [ V]
~~ Y~~~
(=}
— = = =
I
_OHO)—‘
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Solving the above system of ordinary differential equations we obtain

Thus, the solution is given by

u(z,t) = 2° + (6Dt + 1)x.

Example 4.4 Drift-diffusion equation

Let us consider the general parabolic equation in two variables (drift-diffusion equation)

ur = Au+ Bug + Cuyy.

141

This equation can be reduced to the basic diffusion equation by introducing the new unknown function v

according to the formula

u(z,t) =

where a and b are coefficients to be determined. Differentiating, we obtain

w = am+btv( z, )+ eaerbt (x t)
Uy, = ax—&-bt,u(x’ )+ ea:c-l—btvx(x t)
Upe = a2 T(z,t) 4 20 Py, (2, 1) + e, (2, 1)

Inserting the above expressions into the equation, collecting terms and dividing by e

v = (A + Ba + Ca® — b)v + (B + 2Ca)v, + Cvgy.

From the above equation we see that taking

B
2C"

a=—

will make the coeflicients multiplying v and v, equal to zero, so that v will be the solution to

eowv—f—btv(x7 t),

_A_i

vy = Cugy.

To illustrate this technique let us consider the initial-value problem

Uty = 2ur + Ugy,

u(z,0) = 22

Following the above considerations we find a = b = —1 so that

u(zx,t) =

Consequently, v solves the following initial-value problem

UVt = Vg,

Using the integral formula we obtain

v(z,t) = !

—r—

v(x,0) = z%e”.

—(z—y)?/4t, 2 v g
e y“e’dy
Vit /

T —00

we arrive at

bo(z, t).
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For the exponents, completing the square, we obtain,

x272zy+y2+4yt_ (x —y + 2t)? — 4ot — 4t>
4t B 4t
(z —y + 2t)*

= -2~ t
1 +z+1,

—(w—y)?/at+y =

therefore
e x4t

VAt

— 00

’U($7t) — e—(w—y+2t)2/4ty2dy.

Changing the variable according to p = —(x — y 4 2t)/2v/t so that y = x + 2t + 2p\/t we obtain

x+t
v(z,t) = € /e_pQ(a:—&-Qt—I—Qp\/i)de
0o ot 00
= ($+2t) / gy 4 A 2V /e"’zpdp
— 00

T
Atertt T
* VT / efpzp%lp

— 00

— o0
The first integral in the above is equal to /7. The second is zero, as pe‘p2 is an odd function. The last one
can be evaluated by parts as follows
™
/ eVPPdp=—5e |+ / e P dp =L
— 00

— 00 — 0o

Putting these together we obtain

ew-i—t

v(z,t) = NG

<ﬁ(m +2t)2 + 4t\/27?> =" T2t + (z +2t)?),

thus we finally obtain
u(z,t) = (2t + (z + 2t)?).

Example 4.5 Black-Scholes formula for put options

In the main body of the course we have focused on the European call options, that is, contracts allowing
the holder to buy a share at the prescribed expiry time T at a prescribed exercise price . A somewhat
complementary contract which allows the holder to sell a share at a prescribed price at a prescribed time is
called the put option. The equation governing the evolution of the put option price is the same Black-Scholes
equation (recall that in the process of deriving this equation we have never used the fact that we have call
options in the portfolio), that is, the put option price satisfies

v 125261/ ( av>

ot 052 V- S%

The difference appears in side conditions. Let us consider the pay-off at the expiry time. If the value of the
share S is smaller than the exercise price F, then clearly it is worthwhile to sell the share at E and get the
profit of £ — S. On the other hand, if S > FE, then it is better to sell the share elsewhere, so the option is
worthless. Thus we arrived at the final condition

V(S,T) = max{E — S,0}.
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As far as the boundary conditions are concerned, we note that if at some stage S becomes zero, then it will
stay at this level and then we shall exercise the option getting certain profit of F at time T'. However, our
basic assumption is that we operate in an arbitrage-free market and therefore this profit must be equal to
that obtained by depositing the amount of V' (0,¢) in a bank at time ¢. Assuming constant interest rate r we
obtain that

E=V(0,t)e" T,

so that we obtain the boundary condition at S = 0 to be
V(0,t) = Be "(T—Y),

The other natural boundary is as S — oo. If S becomes very large, then it is unlikely that the option will
be exercised, thus the value of the option is zero. Hence, the full initial-boundary value problem for the
Black-Scholes equation for pricing put options is

2
%—‘t/ = —502522;2—#7‘(‘/—52‘;),
V(S,T) = max{F —S5,0}, forallS >0,
V(0,t) = Ee Tt forallt<T,
lim V(S,t) = 0, forallt<T. (6.4.2)

S—+o0
Using the same change of variables as for call options (the equation is the same) we obtain the relation
between V' and the solution G to the diffusion equation

V(S t)=e"TVG <1nS + (r - 502) (T —t), %UQ(T - t)) (6.4.3)

Clearly, if t = T, then V(S,T) = G(In S, 0), that is the initial value for G is
G(z,0) = V(e®,0) = max{E — e”,0}.

As S approaches 0, then x = In .S + (r — %02) (T — t) approaches —oo and we obtain

FEe " T=Y — lim V(S,t) = lim 6_T(T_t)G($ay)

S—0 r——00

so that one boundary condition for G reads:

lim G(z,y) =E.

Tr— —00
On the other hand, as S — o0, so does z, and the last boundary condition for G takes the form

lim G(z,y) =0.

r——+00

Summarizing, to obtain the solution for the Black-Scholes equation via formula (6.4.3) we must solve the
initial-boundary value problem

Gy = Guz, for —co<z<o0,y>0
G(z,0) = max{E —¢€",0}, for —oo <z < 00,
lim G(z,y) = E, for any y > 0,
lim G(z,y) = 0, for any y > 0. (6.4.4)

The following calculation are almost the same as in Section 3. The initial condition can be written as

E—¢e* for z<InFE
o) = {

0 for z>Ink,
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hence we obtain
InFE

Q\ﬁ

As before we express this solution in terms of the distribution function of standardised normal random
variable defined as

(av b)

G(z,y) (E —€%)ds. (6.4.5)

N(z) = \/12?_2 e

We split the integral (6.4.5) and performing subsequently two changes of variables we get

In E In E
1 _@=s)? _@=s)?
G(z,y) = 3 E [ e 5 ds— e” 4w eds
N&s
Y —00 —00
InE—=x InE—=x
) ver] VI
= — | E / e” 2dp— / e~ T etV
V2
— 00 —00
InE—=x InE—=x
vers , VI ,
_ 1 I =B dp — / _ =y »
V2
—00 — 0o
InE—=x In E—xz—2y
) vers , V27 ,
= — | FE / e~ 'Tdp — ety / e T dp
V2
— 00 — 00

_ BN <lnE—x) _ N (lnE—x—2y>.
V2y

As before let us note that despite the fact that we derived G as the solution of the initial value problem,
luckily it also satisfies the boundary conditions. To prove it, let us recall that

lim N(zx) = 0,
r——00

lim N = 1
oo V)

Since lim e®t¥ = 0 for any fixed y, we immediately see that

InE—=x InE—x—2y
lim G(z,y) = lim <EN () —e*TYN <>) =F,
T——00 T——00 1/2y A /2y

InFE — InE—2-—2
lim e~ @G (z,y) = lim <6—<z+y> EN (H) N (w» o,
T—00 T —00 1/Zy 1/Qy

so that G is the function which we have been looking for.

and

To derive explicit formulas for option pricing we must change back the variables x and y into S and ¢. As

for call options we get
InE -z InS/E+ (r— 30°) (T —t)

2y - oVT —1t

InE—x—2y InS/E+ (r+ 30°%) (T —t)
V2y B ovVT —1t .

and




Lecture 6 145

Since
ea:+y _ elnS+r(T—t) — Ser(T—t)7

we obtain explicitly from (6.4.3)

V(S,t) = Ee"T-ON (111 S/E+ (r—40%) (T - t))
’ ovVI —t
oy (ln S/E +U(i/;i_(f) (T — t)) | 646

Next we derive the formula relating call and put options. To distinguish them we denote by V. and V,, the
price of call and put options, respectively.

Let us first observe that since the function e~?°/2 is even and

1 7 2
lim N(z) = — e 2dp=1,
Jim N@) = —= [ Fap
we have
N(—z) =1— N(z). (6.4.7)
Denoting
InS/E+ (r — 302) (T —1t)
o =
ovT —1t
and

5 InS/E + (r+ 302) (T —t)
B ovVI —t ’

we see that the price formula for call options (6.3.9) can be written as
Ve($,1) = SN(B) — Be™" " N(a),
whereas for put options we have from (6.4.6)
V,(S,t) = Be " T"UN(—a) — SN(-7).
Subtracting we obtain using (6.4.7)
Ve(S,t) = Vi (S,t) = SN(B) — Ee " TN (a) — Ee" (1 — N(a)) + S(1 = N(8)) = S — Ee™" (T4,

The derived formula
S — Vo(S,t) + V,(S,t) = Ee "I (6.4.8)

is called put-call parity and expresses the relationship between the underlying asset and its options.
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Lecture 8
Comparison of wave and diffusion
processes

In this lecture we summarize and compare the fundamental properties of the solutions to the wave and
diffusion equations in infinite domain.

Property Waves Diffusion
Speed of propagation Finite (< ¢) Infinite
Singularities Transported along | Lost immediately
characteristics
Well-posedness for t > 0 | Yes Yes
(for bounded initial values)
Well-posedness for t <0 | Yes No
Maximum principle No Yes
Behaviour as t — 400 Energy is constant | Solution decays to 0
+oo
[ u(z,t)dz is constant
— 00

Most of these properties have been already discussed. We shall go through them once again providing proofs
when necessary.

Speed of propagation for the wave equation was discussed in Section 4.2. Amongst others we proved there
that for one and two dimensional diffusion equations any signal propagates at a speed less or equal than ¢
whilst for the three dimensional equations the propagation speed is equal exactly to c.

For the diffusion equations we proved that the propagation speed is infinite in Lectures 6 and 7.

If the initial data for the wave equation have a discontinuity or any other type of singularity then it will be
transported along characteristics - this follows from d’Alembert’s formula in one dimension and Kirchhoff’s
formula in two and three dimensions.

For the diffusion equation, however, the solution is smooth for any ¢t > 0, as follows from the representation
(6.1.25) of the solution and therefore, whatever is the shape of the initial datum, this shape is smoothed
down immediately.

Let us recall that the problem is well-posed (in some class of initial and/or boundary data) if (see Section
2.8:

(a) there exists a solution for any data,
(b) the solution is unique,
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(c) the solution depends on the data in a continuous (stable) manner.

Both diffusion and wave equations satisfy for ¢ > 0 points (a) and (b) of the definition. Stability of the
solution to the diffusion equation was proved in Section 1 and for the wave equation it follows directly from
d’Alembert’s and Kirchhoff’s formulae.

The situation changes dramatically for ¢ < 0. The wave equation is still well-posed as can be seen when we
change the arrow of time ¢’ = —t; the wave equation remains the same and therefore all results proved for
the ”forward” wave equation remain valid for the "backward” one.

On the other hand when we change the arrow of time in the diffusion equation we obtain
Upr = —Dugy (8.4.1)
which has completely different properties from the forward diffusion equation. To see this we solve the

equation (8.4.1) for a reasonable initial datum:

1 2
w(,0) = S(z,1) = ——e = /4P
(0.0) = S(2,1) =

where S is the source function. From the properties of the source function it follows that
1 —z2/4D(1—t)
S(x,—t+1) = ——e¢
4D7(1 —t)
is a solution to (8.4.1) which satisfies the initial condition. However, this solution blows up at ¢ = 1

(5(0,1) = 400) and cannot be continued beyond ¢ = 1.

The Maximum Principle for the diffusion equation was proved in Section 1. That there is no Maximum
Principle for the wave equation can be seen from the picture of any solution.

The conservation of energy for the wave equation was proved in Section 1 of Lecture 5. If we consider now
the solution to the diffusion equation given by Eq. (6.1.25) we see that under assumption that ¢ is integrable
we have

+oo +00 [ +oo
/u(az,t)dw = / /S(x—y,t)qb(y)dy dx

+00 +00 +00
[ | [ s@-ytiar | a= [ oa

where we used the property (6.1.13) of the source function. Physically this means that the number of particles
is conserved in the process of diffusion.

On the other hand, again for integrable ¢ we obtain that for any fixed x,

+oo
Jim u(z.t) = lm [ S(z—y)e(y)dy
e ) o—(a—y)?/4Dt o
= im [ ——— =0,
R e L
which follows from the fact that
e—(w—y)?/4kt 1

< .
v4Drnt  4D7t

This property expresses fact that if we have a finite amount of a substance (¢ integrable) in an infinite region,
then the concentration of the substance at each point is decaying to zero as the substance is spreading to fill
the whole region.



Lecture 7
Separation of variables for
initial-boundary value problems

1 Types of boundary conditions

Up to now we have been dealing mainly with problems in the whole space ( on the whole open line). This is
clearly an idealization of the real world (the Universe itself is not infinite), however, it allowed us to pinpoint
and compare basic features of the most important time-dependent physical processes: wave propagation and
diffusion.

In this lecture we focus ourselves on problems which are posed in finite, bounded regions. Then, as we
expect from physics, to get a well-posed problem we have to supplement the equation and initial data with
the so-called boundary conditions, that is, we assume that the behaviour of the solution on the boundary of
the region is known.

Let us consider one dimensional problems on the interval [0,{]. For both diffusion and wave equation we
have three classical types of boundary conditions:

Dirichlet conditions u(0,t) = u(l,t) =0,
Neumann conditions g (0,t) = uy(l,t) =0,
Robin conditions Uz (0,8) — a1u(0,t) = ug (I, t) + agu(l,t) = 0.
We can also consider mixed boundary conditions by imposing e.g., the Dirichlet condition at x = 0 and the

Neumann at x = .

The conditions listed above are referred to as the homogeneous boundary conditions on the account of 0
appearing at the right-hand side; if we replace 0 by any arbitrary, but known, function of ¢, then we will
have nonhomogeneous boundary conditions.

The boundary conditions have the following physical interpretation (at the end point z = 0).

Heat equation
(temperature distribution in a finite rod)

Dirichlet condition the end is kept at temperature 0°
Neumann condition the end is insulated
Robin condition radiation of energy for a; > 0

absorption of energy for a; < 0

Diffusion equation

Dirichlet condition  the concentration at the end is 0

Neumann condition the end is not permeable

Robin condition the boundary is partly permeable
the concentration outside is 0
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Wave equation
(transverse vibration of a string)

Dirichlet condition the end is fixed
Neumann condition the end can freely move
Robin condition the end is elastically fixed

2 Simple separation of variables

In this section we present basic ideas of the method of separation of variables for solving initial-boundary
value problems. As an example we take the wave equation with homogeneous Dirichlet conditions:

Uy = gy, 0<x <l t>0, (7.2.1)
u(0,t) = w(l,t)=0 (7.2.2)

and the standard initial conditions:
u(z,0) = o(z), ug(z,0) = P (x). (7.2.3)

Firstly, we look for all possible solutions in the form

u(z,t) = X (z)T(¢). (7.2.4)
We require that X (z) satisfies the boundary conditions X (0) = X (I) corresponding to (7.2.2).
Inserting (7.2.4) into (7.2.2) we obtain

T”(t) B X//($) o
T~ X - . (7.2.5)

This equation defines a quantity A, which must be constant.

Equation (7.2.5) is equivalent to the set of two ordinary differential equations:

X"+2X = 0,
X(0)=X(0) = o. (7.2.6)
and
T+ 2T =0. (7.2.7)

General solution to the equation in (7.2.6) is given (in a complex form) by
Xy(z) = CreV = 4 Cpe= VA" (7.2.8)
and, by requiring the boundary conditions to be satisfied, we obtain

Cr+Cy=0, CreV M4 Che VA (7.2.9)

Thus €2V~ = 1 which yields Rev/—X =0 and Im+/—X = 7n/l. Finally,

(7.2.10)

for integer n # 0 gives all possible solutions to the problem (7.2.6). Note, that n = 0 must be discarded,
since then the solution to the equation in (7.2.6) is X (z) = Ax + B which doesn’t satisfy the boundary
conditions unless A = B = 0.

Numbers in (7.2.10) are called the eigenvalues of the problem.
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The function in (7.2.8) can be written in real form as

Xn(x) = Clcosnl +0281n?

where C; = C + Oy and Cy = Cy — Cy. By (7.2.9) we have C; = 0, thus the only solutions to (7.2.6) are

nmwx

Xn(z) =sin —. (7.2.11)

This functions are called the eigenfunctions of the problem.
Having determined all A for which (7.2.6) has a non-zero solution we can solve (7.2.7). We obtain

nmct nmct

T,.(t) = A, cos + B,, sin

and all possible solutions to the problem (7.2.2)-(7.2.2) in the form (7.2.4) are given by

t
Un(x,t) = (A cos nﬂl- + By, sin mrlc> sin # (7.2.12)

Since the wave equation is linear, any finite linear combination of functions of the form (7.2.12):

nm nmct nwx

u(z,t) = (A cos —— l —|— By, sin l) sinT (7.2.13)
n

is again a solution to (7.2.2) which satisfies the initial conditions. However, such a solution satisfies very

special initial conditions:

u@,0) = 9(r) = TAn sm?
u(z,0) = 1/1(1):;71[ B cos?, (7.2.14)

hence the method developed so far gives the solution to (7.2.2)-(7.2.3) only for a relatively small set of initial
conditions.

The next step in the development of the method is much more delicate. We know that we have at our
disposal an infinite number of solution of the form (7.2.11). What if we replace the finite sums in (7.2.14)
by infinite series

u(z,0) = ¢x)= Z A, sin nlﬂ
w(x,0) = YPx)= > mlch cos nlﬂ7 (7.2.15)
n=1

Such series are called the sine and cosine Fourier series, respectively. The answer to this question, which will
be discussed in more details in the next lecture, is that almost all reasonable functions can be expanded in
the infinite series of the form (7.2.14). Thus, provided we can find coefficients A4,, and B,, it is reasonable
to expect that the function

nmwx

S t
u(z,t) = > (A cos nl + By, sin mTZC) sin - (7.2.16)

is the solution to (7.2.2)-(7.2.3).

However, at least two questions remain open at this moment. Firstly, the function v may be not defined
since the infinite series on the right-hand side may be not convergent. Secondly, even if the function wu is
defined, it may be not differentaible and therefore it may not be the solution of the wave equation. Both
this questions will be addressed in the next lecture.
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Lecture 8
Basic properties of Fourier series

In the previous lecture we derived the formula (7.2.16) which we expect should give a solution to the initial-
boundary value problem (7.2.2)-(7.2.3). Three questions, however, have to be addressed before we can claim
that such defined u is a genuine solution to this problem. These are:

1. What functions ¢ and ¢ can be represented in by Fourier series (7.2.15)7
2. How can the coefficients A,, and B,, be determined?

3. Under what conditions the function u defined by (7.2.16) is two times differentiable with respect to
both ¢ and x?

1 Coeflicients of Fourier series

We start with the answer to the second question. Let us recall that we encountered two types of Fourier
series on (0,1): the sine Fourier series

o(x) = Z_:lan sin nlﬂ (8.1.1)
and the cosine Fourier series
a =S nmwe
o(z) = ?O + Elbn cos ——. (8.1.2)

Assuming that this two Fourier series converge to their respective limits, how can we find coefficients a,, and
b, ?

The basic observation which leads to this is that for n,m =0, 1,... the following relations hold:
1 !
/sin L sin 2 g = /cos T s M2 gy = ? m7n (8.1.3)
l l l l 3 Mm=mn.
0 0

The functions satisfying (8.1.3) are called orthogonal and {sin %}f:o and {cos hoe }ZO:O are called orthog-

onal sets of functions. We shall see later other sets of orthogonal functions which occur as eigenfunctions in
various boundary value problems.

Relations (8.1.3) are crucial in obtaining coefficients of the Fourier series. We concentrate on the sine Fourier
series (8.1.1). Let us forget for a moment that the series is infinite, multiply both sides of (8.1.1) by sin ™=
with fixed m and integrate over (0,1). We obtain

l

!
o0
/qﬁ(m)sin MrEdr = / > apsin HEsin M dy
0

n=1
0
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n=1

1
o0
= > /ansin #Esin B dy
0
!

amia
where we used (8.1.3) to get to the last line.

We can proceed in the same way for the cosine Fourier series. The formulae for coefficients for both series
are given below.

1
Sine Fourier series: Gy, = %Of¢(x)sin e d

l
Cosine Fourier series: b, = % [ ¢(x)cos “T%dx
0

Example 1.1 Let ¢(z) = . Coefficients of its sine Fourier series over (0,1) are

21
p = (—1)"""1E7

thus

Coefficients of its cosine Fourier series are
b — =2 for nodd,
" 0 for m even

and therefore
l Z X 3mx Smx
T =5 — —5|cosT + -cos - + —cos T 4L ).

2 Convergence of Fourier series

From the formulae for coefficients of Fourier series we see that we can build a Fourier series for any integrable
function ¢. However, the question whether such a Fourier series converges to this function and in which way
is very difficult. Therefore we shall only briefly sketch the basic ideas.

o0
Firstly, we shall recall some notions of convergence of infinite series. We say that an infinite series Y f,(x)
n=1

converges pointwise in (0,1) to a function f if for each = € (0,1)

N
Jim ‘f(w) - 5 fulo)| =0
We say that this series converges to f(z) uniformly in (0,1) if
. N
W 4205/~ )] =0
Finally, we sat that the convergence in the mean-square sense if
l N 5
Jim / ]f(aa) - 3 fula)| dz =0,
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Note that the uniform convergence is stronger then both pointwise and mean-square convergence. It is also
important to remember that a series may converge in a mean-square sense and not converge pointwise.

The main reason why we introduced the notion of the mean-square convergence is that the Fourier series are
easiest to handle in this setting. In fact, we have the following theorem:

l
Theorem 2.1 If f is such that [ |f(z)]*dz < oo, then both sine and cosine Fourier series converge to f in
0

the mean square sense. Moreover, if {an}22, are coefficients of the expansion of f in either series, then the
following relation, called the Parseval relation, holds

l
ni:)olanIQ = %/If(x)\zdfc (8.2.4)
0

This result is, however, not immediately useful for us since, as we mentioned, such a series may not be
pointwise convergent.

The most interesting for us is the uniform convergence. Firstly, since the uniform convergence is stronger
than the mean square convergence we know from Theorem 2.1 that if the Fourier series of some function f
converges uniformly, then it must converge uniformly to f.

Another important property of the uniform convergence may be stated as follows:

Theorem 2.2 Let f(z) = > fn(x) pointwise and the series Y fl(x) converges uniformly, then f is dif-
n=1

n=1

ferentiable and f'(x) = io: fh(z).
n=1

Due to this property we will be able to determine whether the function u given by (7.2.16) is a genuine
solution of the wave equation. If the series obtaining by differentiating all terms of the expansion (7.2.16)
twice with respect to both z and ¢ are uniformly convergent, then u is twice differentiable and satisfies the
wave equation (7.2.2).

We complete this survey by a useful test for uniform convergence.

o0 o0
Theorem 2.3 (Weierstrass test) If Jnax, |fr(@)] < an and >~ a, converges, then > fn(z) converges uni-
<z< n=1 n=1
formly to some f on [0,1].
We use the Weierstrass test to prove the following theorem:

Theorem 2.4 If f is twice differentiable in [0,1] and

(a) f(0) = f(1) = 0, then its sine Fourier series is uniformly convergent to f on [0,1],

(b) £'(0) = f'(I) = 0, then its cosine Fourier series is uniformly convergent on [0,1].

Proof.We prove ounly (a), the proof of (b) being analogous. From the coefficient formula for a, we get
differentiating by parts twice:

2

l
2
b, — /f(x)sin”lﬂdx = = —cos%f(w)léJrj/f’(w)COSL’z“dx
0

~ N

nm
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1
2l : nmTr 2 : nmTr
= == smTf’(m)HJ—j/f”(m)sdex
0

1
2
= 7/ x)sin 7 dr,
0

hence |a,| < Con—?t and by the Weierstrass test the series is uniformly convergent. That the convergence is
to f follows from the comment after Theorem 2.1.

From this theorem we can derive conditions on ¢ and ¥ which would ensure that the solution u is twice
differentiable. From Theorem 2.2 we know that wu,, and wu, if the exist, must be of the form:

o n2r2e2 " "
up(t) = — ZlnT (An cos m;c + B, sin m;c > sin nlﬂ (8.2.5)
and
= 12p? nmct nmct nwx
Upg (T, 8) = — > B (An cos —— + By, sin l) sin - (8.2.6)
n=1
Let
o0
z) = ay, Sin nr
o) = %
v(x) = > mlrcbn cos @ (8.2.7)
n=1
Comparing with (7.2.15) we see that A, = a, and B,, = lb,/ncr and if
const const
< b, , 8.2.8
anl < S ] < (328)

then uy and wug, are well-defined by the Weierstrass theorem.

Proceeding as in the proof of Theorem 2.4 we can express conditions (8.2.8) in terms of regularity of ¢ and

b

Theorem 2.5 If ¢ is four times differentiable with ¢(0) = ¢(1) = ¢”(0) = ¢"(I) = 0 and ) is three times
differentiable with ¢’ (0) = ¢'(1), then u given by (7.2.16) is twice differentiable and therefore it is a genuine
solution of the problem (7.2.2)-(7.2.3).

We must note, however, that the assumptions of this theorem are quite restrictive and in fact the formula
(7.2.16) gives a solution (in somewhat weaker sense) for much larger class of initial data. For example, if
lan| < <55 and |b,| < <95, then the series (8.2.5) and (8.2.6) converge in the mean-square sense and for
all practical purposes we may treat u as a solution to (7.2.2)-(7.2.3).




Lecture 9
Application of separation of variables
to transistor theory

Let us consider a p—n—p transistor with exponentially graded base and denote by p(z, t) the concentration of
excess holes (positive charge carriers) at time ¢ and position z in the base of the transistor which is assumed
to occupy the interval [0,1]. With a good accuracy p is the solution of the following initial-boundary value
problem:

P = Dlpas—ps), 0<a <l t>0, (9.0.1)
p(0.t) = pla,t)=0,
Kl (1—ent=2/D
0 = &4 9.0.2
o) = g () (9.0.2)

where K,  and D are constants. This is not the pure diffusion equation but can be reduced to such by the
following substitution:

n_ Dp?
p(z,t) = exp <2lx — 4l2t> u(z, t). (9.0.3)

Inserting (9.0.3) into (9.0.1) we see that u satisfies the pure diffusion equation:
up = Dug,. (9.0.4)

The boundary conditions remain unchanged but the initial condition for u takes the form:
Kl <
u(0,x) = D—ne*% (1 - e*"(lﬂ”/l)) . (9.0.5)

Following the approach, presented in Lecture 8 for the wave equation, we obtain in this case the separated
equations in the form:

X"+XAX =
X(0) = X(0)

)

0
0, (9.0.6)

and
T +ADT = 0. (9.0.7)

The first equation was solved in Section 2 of Lecture 8 giving the solution of the form (see (7.2.11)):
Xn(z) = sin 272,

The solution of the associated equation (9.0.7) is this time given by exponential functions:

2 2D
Tp(t) = Ay, exp (-”Zt) . (9.0.8)
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The solution u is thus given by the series

2x2Dy

u(x,t) = > Apsin “7fe” Tt (9.0.9)
n=1

where the constants A,, are the Fourier coefficients of the function «(0,t) defined by (9.0.5). Thus

l

2K nx nx
A, = —/ (6_2T — e_”eTl) dx.
Dn
0

Using the formula

/e‘“” sin bxdxr = a;i—kb? (asinbr — beosaz) + C

we obtain finally

2Kl 1 —e™" n
A, = D P Y ] (9.0.10)
and the solution p is of the form
p(z,t) = Il g z sin 72 o= 7 (WP /4), (9.0.11)

D n € Znn? 42 /4 1

This is again a formal solution and it can be seen that it may not converge at t = 0. In fact, from the initial
conditions for p we have p(0,0) = %(1_7”) # 0 and the boundary conditions yield p(0,0) = 0. Hence, the
n

conditions of the problem force the discontinuity of the solution and we cannot expect the series to converge
2

uniformly in the whole domain. However, for any ¢ > 0 the series in (9.0.11) behaves like the series ) €
which is clearly convergent. Similar estimates can be obtained for all necessary derivatives and thus (9.0. 11)
turns out to be the genuine solution to the original problem (9.0.1)-(9.0.2) for ¢ > 0. This is in perfect
agreement with the smoothing property of the diffusion equation which was discussed in details in Lecture
5.

We shell demonstrate the usefulness of the obtained solution for calculating quantities of physical interest.
For fixed z the function p(x,t) describes the manner in which the concentration of holes at the position
collapses with time a ¢ — oo. The collapse gives rise to a current I(t), called the emitter discharge current,
which is given by

1,D

1) = 2

“——ps(0,1), >0,

where I, is a constant.

As was explained above, the presence of the exponential time factors in (9.0.11) allows to compute the
derivative of p by differentiation of the series term by term. This gives

— 6_77 S n2

—Dt(n?n?4n?/4) 9.0.12
" n:1n2772+772/4e ! ‘ (9.0.12)

1
I(t) = 27°I,

A physical quantity of interest in transistor design is the reclaimable charge ) defined by the improper

integral
oo
Q= / I1(t)dt
0+
We substitute here I(t) as given by (9.0.12) and integrate termwise getting

21p12 1—e™ X nmw 2
— . 9.0.13
@ D n nzz:l <n2772+772/4> ( )
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The series appearing in (9.0.13) can be expressed in a closed form. In fact, from (9.0.10) we see that the

terms of the series in (9.0.13) are squares of the Fourier sine coefficients of the function

D n
2K11 —e™m

P(x) = u(z,0)

and hence, applying the Parseval relation (8.2.4), we obtain

0 smhn 1
> / ()Pl = -
— \ n2n2 +12/4 2cosh17—1

Finally, we obtain () in the form
sinh n

Iplzlfe*" Til

@= D n  coshnp—1"
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Lecture 9
Wave and diffusion equations with
sources-Duhamel’s formulas

So far we have discussed the initial value problems for homogeneous diffusion and wave equations, that is,
for

ug = Dugy,
u(z,0) = ¢(x) (9.0.1)
and
Uy = gy,
u(z,0) = ¢(x), wu(r,0)=1(x), (9.0.2)

respectively. The aim of the present lecture is to show that if the solutions to these problems are known,
then from them we can build solutions to nonhomogeneous problems:

ur = Duge + f(t,2),
u(z,0) = ¢(z), (9.0.3)
and
Uy = CQ’LLerf(t,x),
u(z,0) = o(x), w(x,0)=1y(x), (9.0.4)

respectively. This is called the Duhamel principle.

Our approach will be through an analogy with the nonhomogeneous ordinary differential equations, that is
why we shall start by recalling the suitable formulas.

1 Nonhomogeneous ordinary differential equations

Let us consider the following Cauchy problem for the ordinary first order linear differential equation:

(Cil—l; +Au=f, u(0)=uo. (9.1.1)

The solution of this problem can be obtained by the variation of constants formula. We first find the general

solution to the homogeneous equation:
du
— + Au =0,
dt +
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getting u(t) = Ce~4* and then we look for the solution of the nonhomogeneous problem in the form u(t) =
C(t)e~4t. Differentiating, substituting to (9.1.1) and simplifying we get

dc At
e t
it ¢ ),
t
thatis C(t) = [ e f(s)ds—+Cy, where Cy is an arbitrary constant. Thus, the general solution of the equation
0
is given by
t
u(t) = Coe At 4 e~ At / e f(s)ds (9.1.2)
0

and the solution to the initial value problem (9.1.1) can be written as

t
u(t) = e Aug + / e~ A=) f(s)ds. (9.1.3)
0

A

Let us have a closer look at the structure of this solution. It consists of the term w(t) = e~ “*ug which solves

t
the problem with f = 0 and the proper initial data, and a(t) = [ e~A4(=9) f(s)ds which solves the problem
0

with the initial data equal to zero and the proper f. Note that the function e~4* is involved in both terms

and therefore the knowledge of this function (which depends only on the differential operator and not on the
particular data) is sufficient to construct all possible solutions to (9.1.1).

It turns out that it is convenient to introduce the so-called solution operator S(¢) which acts on initial
states producing the solutions to the differential equations. In other words, for any given ug, the function
u(t) = S(t)ug is the solution to the problem (9.1.1). Of course, in our case this operator is simply the
multiplication by e~4*:

u(t) = S(t)ug = e~ - uy, (9.1.4)

but this convention will be useful when we return to partial differential equations. Using the solution operator
we can write (9.1.3) in the following compact form

t
u(t) = S(t)up + /S(t —s)f(s)ds. (9.1.5)

0
Note that the integrand v(t) = S(t — s)f(s) is, for each fixed s, the solution to the equation u’' + Au =0

satisfying the ”initial” condition v(s) = f(s).

Let us turn our attention to the second order initial value problem

d*u
22— A2
w(0) = wuo, %(0) =uy. (9.1.6)

As for the first order equation, we first find the general solution to the homogeneous equation

d?u
— + A%u=0.
dt?
The characteristic equation is r? = —A? with two imaginary roots r1 » = +iA, where i is the imaginary unit.

Thus, the general solution is given by

u(t) = Cre At 4 Chet . (9.1.7)
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Since, however, we are interested in real valued solution, we note that

u(t) Cre ™t 4 ChetAt = € (cos At — isin At) + Co(cos At + isin At)
(C1 + Co) cos At +i(—Cy + Cy) sin At

C1 cos At + Oy sin At

where C7 and Cy are real constants.

To obtain a solution to the nonhomogeneous equation we use the same approach as for the first order
equation, that is, we shall be looking for the solution in the form

u(t) = C1(t) cos At + Ca(t) sin At,
where C7 and Cs are two functions to be determined. Differentiating we obtain

du  dC,

== W(t) cos At + @(t) sin At — AC(t) sin At + AC5(t) cos At

dt

and before we proceed any further we require

L?(t) cos At + %(t) sin At = 0. (9.1.8)

This requirement will result in the absence of the second order derivatives of C; and C5 in the second order
derivative of u. Indeed, evaluating the second order derivative and taking into account (9.1.8) we obtain

2
Cclng = (;;( t)Asin At + %( t)Acos At — A%(Cy(t) cos At + Cy(t) sin At).

Substituting the above equation into (9.1.6) we obtain the second equation for Cy, Cs:

_dCy dCy
o ——(t)Asin At + W( )Acos At = f(t) (9.1.9)
so that we have the system
dCy dCy . B
W(t) COS At —+ W(t) Sin At = 0
dfl“;l( t)Asin At + ﬁ( t)Acos At = f(t) (9.1.10)

The determinant of this system is given by A(cos At cos At + sin At sin At) = A, thus we obtain

dd—clzl(t) = —A7'f(t)sin At
D20y = AL f (1) cos At
dt
Integrating, we obtain
¢
Ci(t) = —-A" 1/f )sin(As)ds + ¢
0

t
Cy(t) = Al/f ) cos(As)ds + c2
0
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where ¢ and ¢y are constants. Thus, the general solution to (9.1.6) is given by

¢ ¢
u(t) = c¢jcos At + cysin At — A~ cos At / f(s)sin(As)ds + A' sin At / f(s) cos(As)ds
0 0

¢
c1cos At + cysin At + A1 /(Sin At cos As — sin As cos At) f(s)ds
0

t
= cjcos At + ¢ sinAt+/sinA(t—s)f(s)ds. (9.1.11)
0

To determine the solution of the initial value problem, we have
u(0) = 1 = ug

and differentiating

t

%(t) = —Ac; sin At + Aco cos At + A7 sin A(t — ) f(t) + /cos At —s)f(s)ds
0
thus p
U

E(O) = A02 = Uui.

Finally, the solution to the initial value problem is given by
t

u(t) = ug cos At + A7 uy sin At + A™! /(sin At —s))f(s)ds. (9.1.12)

0

Here, similarly to the first order case, we see that the solution can be written in terms of a single solution
operator S(t) defined for v € R as
S(tyv = (A~ sin At) - v.

In fact, we have
t

d

u(t) = ﬁS(t) ~ug + S(t) - ug + /S(t —s)- f(s)ds (9.1.13)
0

and we see that we know all the solution of the nonhomogeneous initial value problem (9.1.6) once we know

the solution of one specific problem

d*u

Z 24 A2 —

FTE + A%u 0,

u(0) =0 20y =1
7 a7

2 Solution of the diffusion equation with a source

In this section we shall try to apply the considerations of the first part of the previous section to solve the
following problem

uy = Dug, + f(z,t)
u(z,0) = wup. (9.2.1)
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We expect similar properties of the solution to the ordinary differential equation u; + Au = f, where A
is a number, and the solution to the partial differential equation u; — Dug, = f. Note that the expected
similarity is not too far fetched - for example the Laplace transform establishes a kind of equivalence between
derivation and multiplication.

Let us then observe that in both cases we have the solution operator, that is, a rule which having the initial
value as an input, gives the solution to the relevant initial value problem as an output. For the ODE we
have

and for the diffusion equation we have

1

\/47TDt — /4Dt¢( Jdy

u(z,t) = S(t)p(x) =

The technicalities are different but the idea is the same in both cases.

To continue with our analogy, we expect the function

¢
/St—s (z,s)ds
0

to be the solution to the problem
vy = Dugy + f(2,t), v(z,0) =0. (9.2.2)

In this case the explicit expression of v is as follows:

t

! ¢@Dt_s/

It follows that our construction is correct. To prove this we shall use the formula for differentiation of
integrals:

v(z,t) = (2—y)*/4D(t~ D fy, s)dy | ds (9.2.3)

t

t
d
G [otsids =g+ [aes)as (9.2.4)
0 0
which is valid if f and f; are continuous.

In our case the integrand

G(z,t—s) = e~ @mWH/ADE=S) 1y s)dy

¢Ept_s/

unfortunately is not as regular as required in the above formula so that the proof we provide is purely formal;
however, the justification can be provided along similar lines as in the proof of Theorem 7.1.1 provided f is
a sufficiently regular function (for example once differentiable in ¢ and twice in z).

Let us observe that in order to use Eq. (9.2.4) we have to calculate G at t = s. This is possible thanks to
Theorem 7.1.1 and we obtain
G(z,0) = %EE G(z,t —s) = f(x,t).
Also, for any fixed s, G(z,t — s) is the shift of the solution of the homogeneous equation with the initial value
given by f(x,s), therefore it is itself a solution of the same diffusion equation by Property d) of Lecture 7.
Therefore
Gi(x,t —s) = DGyyp(x,t — 8).
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Using these two facts we have formally
t

G(z,0) + /Gt(:z:,t —s)ds

0

ve(x,t)

t
2

= f(:c,t)+D/Gm(x,t75)ds:f(x,t)JrD%/G(z,tfs)ds
0

and v is indeed a solution to the nonhomogeneous diffusion equation.

Next we have .

v(z,0) = tll%l+ v(x,t) = tLlI(I)h G(z,t—s)ds =0,
0

where we used the fact that the integrals of a bounded function over intervals with length tending to 0 also
tend to zero.

Thus the Duhamel formula (9.2.3) for the diffusion equation has been formally justified.

Example 2.1 Solve the following initial value problem

U = Uge +axt, fort>0,—00 < x < oo+,
u(z,0) = 0, for —oo <z < o0.

We see that f(z,t) = «t, thus according to the formula (9.2.3) we obtain the solution in the form

t

u(z,t) = / / (2—)*/4(t~ Dysdy | ds.
V4 t —3)
0
Using the substitution y = 2p/t — s + & we obtain
t 00
1
u(z,t) = —/ /e P’ 2p\/t—s—|—x)dp ds
T
0 —0o0
t o]

1
= — /28\/t—5/6 ppdp—i—sx/e pdp dSZ%
T

0 —o0

o0 o0
where we used that [ e P’ pdp = 0 (as e ? p is an odd function) and i e P’ dp = /7 by Lemma 7.1.1.

— 00 — 00

3 The wave equation with a source

Following the ideas of the previous section we shall construct a solution for the wave equation with a source
Ut = C2ua;;v + f(mv t)

using the analogy with the second order ordinary differential equation. Let us recall that in the latter case
the solution has the following structure

¢
u(t):%S() uo + S(t) u1+/8t—s (s)ds
0
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that is the solution operator acts on the initial value of the time derivative of the solution. Remembering
d’Alembert’s formula (1.6.19)

xr+ct
u(et) = 50 +et) +ow - et) + 5o [ v(s)ds

we expect that the solution operator should be given by

x+ct

St = 5. [ v

t

To test this guess we check that the first term of d’Alembert’s formula is given by the time derivative of S.
In fact
x+ct
5500w = 2|5 [ ewa
ot ~ ot | 2 i
1

T—ct

= %((b(x +ct)e— p(z —ct)(—c)) = %(d)(a: + ct) + ¢(x — ct))

and we see that we are on the right track. Thus, we expect the solution of the inhomogeneous equation with
homogeneous initial data:
Vi = Coge + f(z,1),  v(z,0) = v(z,0) =0

to be given by

t t z4c(t—s)
o) = [Ste-oreis=g [ [ e
0 0 z—c(t—s)
[y, s)dyds (9.3.1)

|
B—

where R is the characteristic triangle with vertices at (z — ct,0), (x 4 ¢t,0) and (x,t). In other words
R={(y,s); c—ct<y<az+ct,0<s<t}

The proof that the formula is correct is much easier that for the diffusion equation. In fact, if f is e.g. a

differentiable function, then
z+c(t—s)

F(x,t,s) = / f(y, s)dy
z—c(t—s)
is also differentiable with respect to ¢, and the derivatives are given by

Fi(z,t,8) =c(f(z+c(t—3),8)+ flx —c(t —s),5)) (9.3.2)

and
Ftt(xvta S) = CQ(fvl (l’ + C(t - 8)78) + fal (.’£ - C(t - 5)75)),

where f,; denotes the derivative with respect to the first variable. Exactly in the same way we obtain
me(xatas) = f71 (‘T+C(t7 5)75) +f71 (xic(tis)vs)

and therefore for any s
Fy(x,t,8) = *Fup(x,t, 5). (9.3.3)
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Hence we have

t

¢ ¢

1 1 1

ve(z,t) = 2—9 /F(m,t, s)ds | = % F(z,t,1) +/Ft(m7t, s)ds | = Q—C/F,g(ac,t,s)ds7 (9.3.4)
0 0 0

as F(z,t,t) = ff(y, s)dy = 0. Differentiating once again we obtain by (9.3.2) and (9.3.3)

x

t

t

1 1

v (x,t) = % Ft(x,ht)—l—/Ftt(x,t,s)ds =% 2cf(:v7t)—|—02/FM(x,t7s)ds
0 0

t

= f(x,t)—&-%/Fm(x,t,s)ds

0
On the other hand
t
1
Vg (T, 1) = Q—C/Fm(x,t,s)ds,
0
thus
vz, t) = f(2,t) + vge (2, t)
and the equation is satisfied.
Also, it follows that
0
1
v(z,0) = % /F(aaO,s)ds =0
0
and from (9.3.4)
0
1
w(e,0) = 5 [ Fia.0,5)ds =
0

and therefore we proved the validity of the Duhamel formula for the wave equation.

Example 3.1 Find the solution to the following initial problem

Ugp = Ugy +asint, for —oo <z < o0o,t >0,
w(z,0) = wu(x,0)=0, for —o0o <z < o0.

We have f(x,t) = xsint and from Eq. (9.3.1) we obtain

) t z+c(t—s)
u(z,t) = 5 ysinsdy | ds
0 \g—c(t—s)
¢ t
1 ' y2 z+(t—s) 1 .
= 5/sms <2 e = 1/4$(t—8)81n8d3
0 0
¢ t
= tx/sinsds—/ssinsds
0 0

= z(t —sint).
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4 Other applications

Example 4.1 Let us consider the following initial-boundary value problem for the diffusion equation in the
half-plane

U = Uy + f(t,x), fort >0,z >0,
u(z,0) = ¢(x), forz>0,
u(0,t) = h(t), fort>0. (9.4.1)

Let us note that here we have a combination of problems discussed before (nonhomogeneous equation,
boundary value problem) with a new one-the boundary datum is not homogeneous, that is, v at the endpoint
is equal to a non-zero function. Thanks to the linearity of the problem we will be able to reduce it in several
steps to the known initial value problem. Firstly, we show how to convert this problem to the one with zero
boundary data. We use the method of lifting which, in general, requires extending the boundary data to the
whole domain where the problem is defined. In our particular problem this step is easy: such an extension
can be taken as H(x,t) = h(t). Next we we define the new unknown function

U(z,t) = u(z,t) — H(z,1). (9.4.2)

Let us find the problem solved by this function. We have U; = u; — hy, Upr = g, and therefore U is a
solution of the diffusion equation Uy — Uy, = uy — hy — uze = f — hy. For the initial value, we see that
U(z,0) = u(z,0) — h(0) = ¢(x) — h(0) and at the boundary x = 0 we obtain U(0,t) = u(0,¢) — h(t) = 0.

Summarizing, U solves the following problem

U = Uge+ f(t,x) — he(t), fort>0,z>0,
U(z,0) = ¢(x)—h(0), forz >0,
U ,t) = 0, fort>D0. (9.4.3)

Next, let us observe that if, say, U solves the initial value problem

U = U +f(t,x), fort > 0,—0c0 < x < 00,
U(x,0) = oé(z), for —oo <z < o0, (9.4.4)
where both f and gz~§ are odd functions of z, then (:J is also an odd function of x. In fact, define v(z,t) =
—U(y,t), where y = —x. We have vy = —Uy, v, = Uy, Vzz = —Uyy so that
Ut — Vg = _(Ut - 0?%4) = _f(yvt> = _f(_xvt) = f(xvt)a

where in the last step we used the fact that f is an odd function. Moreover,

v(z,0) = =U(y,0) = —¢(y) = —¢(—z) = ¢(x)

as also ¢ is odd. Thus, v is the solution of exactly the same problem as U and by uniqueness, v(z,t) = Ul(x,t).
However, from the definition, v(z,t) = —U(—=z,t). Therefore U(x,t) = —U(—=z,t) and U is an odd function
of .

Now, one of the properties of a (continuous) odd functions is that they are equal to zero at the origin. Thus,

U(0,t) =0 for t > 0 and we see that the boundary condition is automatically satisfied.

This observation suggests a way of solving (9.4.3)-we extend both f — h; and ¢ to the whole real line in
an odd way and solve the corresponding initial value problem (9.4.4). The resulting solution, restricted to
2 > 0 is then the solution of the problem (9.4.3) by the discussion above. Thus, let us define

7  flat) — he(t) for >0
fla.t) = { —f(=z,t) + hy(t) for <0
" ¢(z) — h(0) f 0
z T)— or x>
o) = { —¢(—x)+ h(0) for <0
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Then the solution v of the problem (9.4.4) with such defined f and ¢, restricted to = > 0, is (at least
formally) the solution of the problem (9.4.1). We used the word ”formally” here as the construction above
can lead to f and/or ¢ being discontinuous functions and then the formulas for solutions proved above are
not necessarily valid.

Note that if instead of the Dirichlet problem (9.4.1) we are required to solve the Neumann problem

Uy = Uge + f(t,x), fort >0,z >0,
u(z,0) = ¢(x), forx >0,
uy(0,t) = h(t), fort>0. (9.4.5)

can be solved in a similar way with U(x,t) = u(z,t) — xh(t) and even extension of the data.

Example 4.2 Solve the following boundary-initial value problem for the wave equation

Uy = Cugy + f(t,x), fort >0,z >0,
u(z,0) = ¢(x), u(z,0)=¢(z), forz >0,
u(0,t) = h(t), fort>0. (9.4.6)

We could have used exactly the same method as above but we shall apply the results of Example 6.2 in
Lecture 3 and split (9.4.6) into two easier problems:

Vg = g+ f(t,x), fort>0,2>0,
v(z,0) = &), ve(x,0) =1(x), forz >0,
v(0,t) = 0, fort>D0, (9.4.7)
and
wy = Cwgy, fort>0,z>0,
w(z,0) = 0, wy(z,0)=0, forz>0,
w(0,t) = h(t), fort>0. (9.4.8)

Clearly, u = v + w is the solution of the original problem (9.4.6).
Firstly, we verify directly that if f is on odd function, then the integral

t z+c(t—s)

wwt) =5 [ | [ fwod|ds
0 \z—c(t—s)

satisfies
. t c(t—s)
wo.) =3 [| [ swsdy]as=o
0 —c(t—s)

as the interior integral is the integral of an odd function over a symmetric interval. Thus the formula

z+ct t z+c(t—s)
1 1 1
vz, t) = §(¢odd(x + ct) + dodalx — ct)) + % / Yodd(s)ds + 5 / / foad(y, s) dy | ds,
r—ct 0 z—c(t—s)

where ¢oqd, Yodq and foqq denote odd extensions of ¢, ¥ and f, respectively, gives the solution to the problem
(9.4.7).

To solve (9.4.8) we use the fact that in the absence of sources the solution must be of the form

w(z,t) = m(x + ct) + n(z — ct), (9.4.9)
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for some functions m and n. Using the initial values we obtain m(s) + n(s) = 0 and em/(s) — en/(s) = 0
for s > 0 which gives m(s) = —n(s) = k for some constant k¥ and s > 0. From the boundary condition we
obtain w(0,t) = m(ct) +n(—ct) = k+n(s) = h(—s/c) for s < 0. Now, the argument in m in (9.4.9) is always
nonnegative, thus m(z + ¢t) = k for any « > 0,¢ > 0. On the other hand, the argument of n is positive for
x > t, and there n(x — ¢t) = —k and it is negative for « < ¢ which yields n(x — ct) = —k + h((ct — z)/c) in
this region. Summarizing, the solution w is given by the following formula

w(,t) = 0 for t<cx
. h(CtT_x) fort > x

Note that in order to have at least continuous solution we must make sure that the initial and boundary
data are compatible in the common point of definition: ¢ = 0,2 = 0, that is, we must have «(0,0) = h(0) =
¥(0) and u¢(0,0) = hy(0) = +(0). Otherwise, our formulas will define discontinuous functions along the
characteristics passing through the origin.

To solve the Neumann problem

Uy = Uge + f(t,x), fort>0,2>0,
u(z,0) = ¢(x), u(z,0)=¢(z), forz >0,
ug(0,t) = h(t), fort>0 (9.4.10)

we proceed analogously - the only change is that we have to take even extensions of ¢, and f.



172 Partial differential equations



Lecture 10
The Laplace equation

In this lecture we shall discuss the boundary value problem for the last of the basic equations of classical
mathematical physics -the Poisson equation:

Au = f inQCR"”,
u = ¢, ondfd, (10.0.1)

where Au = ugy + Uyy if 1 =2 and Au = gy + Uyy + Uz, if n = 3.

Of special interest are solutions to (7.0.1) with f = 0, that is, the solutions to the Laplace equation. Any
solution to the Laplace equation is called a harmonic function. Let us recall that both real and imaginary
parts of any analytic function f(z), where z = x 4 iy € C are harmonic functions of two variables x, y.

The main tools of our investigation are Green’s integral identities which, by the way, were discovered exactly
for this purpose and only later found their way into other branches of mathematics and physics. We start
however with finding a special solution to the Laplace equation, called the fundamental solution, which plays
the role similar to the source function S in the theory of the heat equation.

1 Fundamental solution to the Laplace equation

Let us consider the Laplace equation in the whole space R?
Au = 0.

We are interested in radially symmetric solutions to this equation, that is, solutions which depend only on
the distance from the origin: u(z,y,z) = u(r), where r = ||| = /22 + y? + 22. Following the procedure
outlined in Section 6.3 we find that the Laplace equation for such functions can be transformed into the
ordinary differential equation

2
Au = U,pp +—u, = 0, (10.1.1)
r

which can be written as
(r*u,.), = 0.
This equation has the general solution
u(r) = er~ !+ es.

The constant solution is not interesting; thus we shall focus on the particular solution to the Laplace equation

defined as 1 1
== — (10.1.2)

el a

1
<I>3(x,y,z) = (1)3(7") = ;
Similar procedure in two dimensions with r = (x,y) leads to the equation

1
Upp + U =0
T

173
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which in turn can be written as
(rug), =0,

yielding the general solution
u(r) = c1 logr + co,
where log is the natural logarithm.

As before we drop the constant solution as not important and therefore in the sequel we will be using the
following solution

o, y,2) = Bo(r) = logr = log ||| = log(z* + y?). (10.1.3)

Note that strictly speaking neither function ® solves the Laplace in the whole space as both become infinite
at » = 0. This apparent drawback will, however, prove essential in constructing the solution for an arbitrary
domain 2 and function f.

2 Green’s first identity and its applications

Let us start with the following identity for functions of one variable: for any two sufficiently regular functions
u, v we have

(Vg )y = Vgply + Vligy.

If w and v are functions of two or three variables, then this identity is valid for the remaining variables and
therefore adding the identities for all the variables we obtain (let n = 3 to fix attention)

div(oVu) = (vug)s + (Vuy)y + (vuz): = (Vpug + vyty + v2uz) + (Vigs + Viyy + VU )
= Vov-Vu+ vAu.

If we integrate this identity and use the Gauss theorem

. B ou
/le(UVU)dT— /v%ds

Q o0

to the left-hand side term (recall that g—z = Vu - n), then we obtain

/vg—ZdS:/Vqudr—f—/v-Audr. (10.2.1)
oQ Q Q

This is Green’s first identity. It is important to note that v and u are completely arbitrary (but of course
sufficiently regular) functions.

We use (10.2.1) to prove the mean value property for harmonic functions.

Theorem 2.1 Let u be a harmonic function in a domain Q. Then for any ball B(rg, p) = {r € R™; ||r —
ro|| < p} C Q the integral of u over boundary of B (the sphere) is equal to the value of u at the centre g
multiplied by the area of the sphere 4mp:

u(rg) = ﬁ / u(r)ds. (10.2.2)

The right-hand side of this formula is called the average of u over the sphere B.
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Proof. First, let us note that the Laplace equation is invariant with respect to translations, hence it is
enough to prove the theorem for ry = 0. More precisely, suppose that we have proved the theorem at
19 = 0 for an arbitrary harmonic function, and that we want to prove it for arbitrary ry. Let us define
v(r) = u(rg — r). Using the Chain Rule we see that v is again a harmonic function, thus the theorem is
valid for v at 79 = 0 and therefore we have the following chain of identities

u(rg) = v(0)= I v(r)dS
{lirll=r}
1 1 /
= T2 / u(rg —r)dS = I / u(r')dS
{lirll=p} {llr'=roll=p}

where we used the fact that the translation 7’ = ro — r does not change the surface element dS.
Hence, we shall prove the theorem for g = 0.

If w is a harmonic function in B, then Au = 0 in B. Moreover, for the sphere of radius r centered at 0, the
unit outward normal is given by n = r~!(z,y, z) and therefore the outward normal derivative is given by

0 0

a—z =n-Vu=1r""(vu; +yu, +z2u,) = 8—: (10.2.3)
where the last equality follows from the Chain Rule: u, = uyx, + uyy, + u.2, and the fact that, since
r? =22 +y? + 22, we have 2rr, = 2z, 2rry = 2y,2rr, = 2z.

Using these two results with v = 1 we can write (10.2.1) in the form
0
ds =0,

or
OB

or in polar coordinates
2w

//urre &) lr=pp % sin Adfdg = 0.
00

Now, this result is valid for any p and we can divide both sides by 47p? (the area of the sphere) and pull
out the derivative outside the integral to get

2

8r4 // (r,0, ¢) sin dOd¢p =0.

r=p

The notation is a little awkward but the above formula tells us that if we take the function of r

27w
1
_ L / / w(r,6, ) sin 0d6dg
47
00

differentiate it with respect to r and substitute r = p, then for any p this derivative is equal to zero, which
means that F(r) is independent of r. In particular

but since u(0, 6, ¢) = u(0,0,0) = u(0), we obtain

2

1
= 1(0,0,0) sin 8dfd¢ = u(0)
4 0/0/
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and we have proved that

27w 27w

1 _ 1 2 _ 1 .
ronof 5B /udS— g //u(p,9,¢)p sin 0dfd¢ = g //u(p,9,¢) sin 0dfd¢pu(0)
0 0 0 0

OB

which ends the proof. m

This theorem can be used to prove the mazimum principle for harmonic functions.

Theorem 2.2 Let Q) be an open, bounded and connected (that is consisting of one piece) region in R"™ and
let w be a harmonic function in  which is continuous in Q = QU IQ. Then the maximum and minimum
values of u are attained on 02 and nowhere inside (unless w is a constant).

Proof. Let u be a harmonic function in {2 and continuous on the closure of Q. By continuity, u takes on
the maximum value, say, M, somewhere at rj; € . Assume that rj; is an interior point of 2. Then by the
definition of the maximum, there is a ball B(rys, pp) C € such that

u(r) <u(ry) =M,

for all » € B(ry, po). Let us take any 0 < p < po and use the main value theorem for u(rys). Denoting
S, = 0B(ru,p), we have

reS,

1
M =u(ry) area of 5, /u(r)dSp < maxu(r) < M,
Sp

since M is the absolute maximum. Thus the average over the sphere is equal to the maximum over the same
sphere. However, this is possible only when the function is constant over the sphere. In fact, let for some
r1 € Sy, u(r1) = My < M, then by continuity there is a subset of the sphere, say Si, with nonzero area,
such that for r € S; we have u(r) < M — e < M for some € > 0. Thus,

1 1
areaofSp/u(r)dSp = m /u(r)dSp+ / u(r)ds,
S, S S\ 81
area of S £S5y (M— f M
area of S, (area of 5, - ( €) +area of (S, \ 51)- M)

= M —e(areaof S1) < M

where we used: area of S, = area of S1 + area of (S, \ S1). This contradiction proves the statement, thus
u(r) = M for r € S,, and since it is valid for any p < pg, we obtain that u(r) = M for all r € B(rar, po)-

Next we fix any point x on the sphere S,. We obtained that at  the function u attains absolute maximum
equal to M and we can repeat the consideration above for the ball B(x, p1) for some p; > 0 and we obtain
that also on this ball the function u has a constant value equal to M.

Since the domain € is connected, it is possible to join any two points by a chain of overlapping balls. In
particular, any point, say vy, can be joined by such a chain with the original ball B(rg, pg). By the argument
above u(y) = M, and since y is arbitrary, we obtain that v = M throughout Q. Hence, if u takes on a
maximum somewhere in the interior, then it must be necessarily constant in 2.

The reasoning for the minimum is exactly the same. B

As for the diffusion equation, also here the maximum principle leads directly to the uniqueness of the solution
to the problem (7.0.1). We have the following result.

Theorem 2.3 There is at most one solution to the problem (7.0.1).
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Proof. Let u; and uy be two solutions to (7.0.1). Then u = u; — ug is the solution to the homogeneous

problem for the Laplace equation.
Au=0inQ, u=0 ondf.

By the maximum principle, u attains its maximum and minimum on 02 but since both maximum and

minimum are 0, the function u is identically equal to zero and u; = uo.M

Remark 2.1 Note that this theorem is valid only for bounded domains. Indeed, consider for example
Q = {(z,y); y > 0} and the Dirichlet problem Au = 0 in Q and u(z,0) = 0. Clearly, one solution is
u = 0. However, there are other solutions: w(z,y) = y, u(x,y) = xy. The reason is that the maximum
principle breaks down in infinite regions—we still don’t have local maxima, but the function can increase with
arguments tending to oo.

Yet another application of Green’s formula is the so-called Dirichlet principle which is related to the physical
concept of energy. Recall that in Lecture 3 we introduced the concept of energy in the wave motion - the
total energy of a vibrating system occupying at rest the region {2 was given by

2

T
E(t) = Ex(t) + Ep(t) = 2 [ w2(r,t)dr + = [ |Vu|2dr,

The Laplace equation can be looked at as a frozen wave equation - independent of time. In such a case no
kinetic energy is present and the energy of, say, elastic string or membrane, with shape given by the function
u is given by

E(u) = %/|Vu|2dr. (10.2.4)
Q

If this string or membrane does not move, it means that the shape u is the one describing the equilibrium
of this string or membrane. According to physics, at this shape the system should have the least energy.
Mathematically, the corresponding statement is called the Dirichlet principle.

Theorem 2.4 Let u be the unique harmonic function in € that satisfies the boundary condition
u(r) = h(r), for r € 9. (10.2.5)
If w is any other function satisfying (10.2.5), then

E(w) > E(u). (10.2.6)
Proof. Define v = u — w and evaluate

E(w) = BE(u+v)= §/|Vu(r) + Vo(r)2dr
Q
= %/ ((ug + v2)? + (uy +vy)? + (us + vz)z) dr
Q

T
= */ ((u2+v2+ ui + ”5 + u? 4+ 02 + 2(upvy + uyvy + usv,))

2
Q
r 2 T 2
= 35 |Vu(r)] dr+§ |Vo(r)|“dr+2 [ Vu-Vvdr
Q Q Q

= E@w+Ew)+2 [ Vu-Vudr
/
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Since w is a harmonic function (Au = 0) and v = 0 on the boundary 0, from Green’s identity (10.2.1) we
obtain that [ Vu-Vovdr =0 and therefore
Q

E(w) = E(u) + E(v).

But the energy E is a nonnegative function, thus for any w (which satisfies the boundary condition (10.2.5))
we have
E(w) > E(u)

that is the minimum energy is attained at the harmonic function «. B

3 Second Green’s formula with applications

Second Green’s formula is an immediate consequence of the fact that the first formula is symmetric with

respect to v and v: we have both
ou
v—dS = | Vv-Vudr+ [ v-Audr
on
Q

o0 Q
and
ov
ua—dS = [ Vu -Vvdr+ | u-Avdr.
n
o0 Q Q

Subtracting one from the other we get

/(uAv —vAu)dr = / (ugz — vZZ) ds. (10.3.1)
Q

o0

This identity leads to an important definition. We call a boundary condition symmetric for the operator A
if the right-hand side of (10.3.1) vanishes for all pairs of functions that satisfy the boundary condition. For
example, if both v and v satisfy the homogeneous Dirichlet boundary condition, then the right-hand side of
(10.3.1) clearly vanishes. Similar situation is for Neumann boundary conditions. For the Robin conditions
we have % + au = 0 and % + av = 0 on the boundary, and hence we have

v ou n 0
U— —v— = —auv + avu = 0.
on on
Thus Robin boundary conditions are also symmetric.

We use second Green’s formula to prove the formula which gives the value of a harmonic function at a point
in © in terms of the values of the function (and its normal derivative) at the boundary. In two dimensions
such a representation can be obtained from the Cauchy formula (recall that any harmonic function of two
variables can be obtained as a real part of an analytic function).

We prove the following result.

Theorem 3.1 If u is a harmonic function in Q C R3, then for any ro € §

ulro) = 41%/ (s () * w4 (103.2)
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Proof. We shall use (10.3.1) with v(rg,7) = —=®3(r¢g — ) (where ®3 is given by (10.1.2)). However,
this is not immediate, because ®3 is not differentiable at zero, that is v is not differentiable at » = r3. We
shall get around this difficulty by cutting from  a ball B, centered at r = ry with radius e (small enough
for B, C Q). Outside this ball both v and u are harmonic (v is harmonic since ®3 is harmonic everywhere
except at 0). Denoting 2. = Q\ B, we obtain

ov ou
0= /(uAv — vAu)dr = / (uan - Uan) ds. (10.3.3)

Qe Q.

The boundary 0f). consists of two separate parts: 0€2. = Q2 U S. where S, is the sphere centered at r = rq
and radius e.

For simplicity, let 7o = 0 (see the proof of the mean value theorem).

By (10.2.3) the outward normal derivative on the sphere is equal to g—qj. Here however, the outward normal
vector for the sphere points inward €2, hence the outward normal derivative with respect to €2, on S is
given by f%. With this in mind we obtain from (10.3.3)

J (o2 (1) - 12V as o [ (w2 (1) - 120)as a0z
o0 S

e

The left hand side of (10.3.4) corresponds now to the right-hand side of (10.3.2) (with minus sign), so the
theorem will follow if we can prove that the right-hand side of (10.3.4) tends to —47u(0) as € — 0.

o (ry_ 1 _ 1
or\r) 2 e

o (1 10u 1 1 [ 0u
S S S,

€ € e

Since on S, we have r = ¢ we have that

so that

Since % is a bounded function, for the second integral we obtain the following estimate

1/%ds < max
€ or

€ €

ou

Ju| 1 4me?
——| = = <
g ‘ . / dS = max 3 Me

r

€

for some constant M. Hence this term tends to zero if € — 0. For the first term we note that we can write
47eu(0) = [ u(0)dS. and therefore

€

l/udS—ZJnru(O) < ;2/|u(7')—u(0)|d5
Se

€2
Se

IN

47 max |u(r) — u(0)]
lIrll<e

and the last term tends to zero as € — 0 by the continuity of u. Therefore

1 1 [ 0u

lim —— R e T -

lim — = /udS’—l— R s 7u(0)
Se Se

and the theorem is proved.m
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In two dimensions we have to use ®5(r) = log(z? + y?) as the function v. With this provision the proof is
the same leading to the following representation formula

1 0 ou
u(rg) = Py / (—u(r)an log |7 — ro]| + log ||r — r0||an(r)) ds, (10.3.5)

o0
where 7y €  C R? and dS is the line element of the boundary curve 95).

Remark 3.1 If the function u is not harmonic but instead satisfies the Poisson equation in 2 we have

Au = f and the term [vAudr = [vfdr is carried through the whole calculations of Theorem 3.1 leading
Q Q
to the following formula

1 _urg 1 1 @T 1 f(r) .
“(’"")‘Amaé( i (=eat) * T ) dSUwg/nr—rond' 1039)

In two dimensions the formula (10.3.6) should be similarly modified using the logarithm instead of 1/|7||.

4 Green’s function for the Dirichlet problem

The representation formula (10.3.2) would give us the solution to the following problem
Au = 0, in,

ou
u = 5 —_— = 5
foo5, =9
However, this problem is overdetermined — we know that it is enough to know only the value of the harmonic
function on the boundary to determine it uniquely. Thus we have to modify (10.3.2) so that the term
involving the normal derivative vanishes. This leads to the concept of Green’s function.

on 0.

Definition 4.1 Green’s function G(r) of the operator A and the domain Q at the point vy is a function
defined for r € Q0 such that:

1. G(r) possesses continuous second derivatives and AG = in S except at the point r = 7y,
2. G(r) =0 for r € 09,

3. the function H(r) = G(r) +
in Q.

m is finite at ro, has continuous second derivatives and AH = 0

Note that Green’s function is the solution of the special Dirichlet problem
AG = —iAT <1 > r €,
47 lr — 7ol
G(r) = 0, redQ,

where the subscript 7 indicates that = is the independent variable of the equation (and r( is a parameter).

It can be shown that Green’s function exists and is unique. Since it depends on the point rg, it is convenient
to acknowledge this dependence by writing G(r,ry). We have the following result

Theorem 4.1 If G(r, 7o) is the Green function for Q2 at o, then the unique solution of the Dirichlet problem
s given by the formula
oG
u(ro) = /u(r)%ds. (10.4.1)

o0
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Proof. Since v and H = G + m are harmonic functions, we have from (10.3.1) and (10.3.4)

OH Ou

o0

oG ou 1 0 1 1 ou
- /(“%‘G%)dswr/(“anwr0||>‘||rro||an)ds
Q o0

thus

oG ou
= — -G ds.
u(ro) / < on 8n>
o0
However, from the definition we have that G = 0 on 02 so that the second term in the integral vanishes and
we obtain
oG
= —dS
u(ro) us—dS,
o0
which is exactly (10.4.1). ®

Note the similarity of this concept with that of the source function for the diffusion equation—the source
function was also obtained as the solution of a special problem and the solution of a given initial value
problem was obtained by integration of this particular solution and the datum.

Remark 4.1 We can use Green’s function also to represent the solution of the Poisson equation. In fact,
since Au = f and H is harmonic, we get as above

/f(r)H r)dr /(u%ﬁ ZZ> ds
Q

[219]

oG ou 1 0 1 1 ou
/( “on = %on >d5+zm/(“an<||r—ron)‘||r—ro||an)ds
onN oN
B G Ju 1 f(r)
B /( on GEM) a5 u<r0)+4ﬂ/||""—7'0||dr’
Q

[219]

thus by H = G + 1/||r — r¢||, and using the boundary value of G we obtain
’l"o /u—dS + /f ’l"o7 (10.4.2)

The only thing wrong with (10.4.1) is that usually it is not easy to find G explicitly. However, this can be
done for some special geometries, as we shall see below.

5 Applications of Green’s function

5.1 Green’s function for the half-space

Let Q be the half-space
Q={r=(z,9,2); 2> 0}
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We use the fundamental solution ®5(r) as the building block and modify it so that all the properties

_ 1
K
of Green’s function are satisfied. First note that for any fixed o = (20, Y0, 20) with z > 0, the function

G(r,ry) = —”7_717,0” satisfies conditions 1. and 2. of the definition, so that we must modify it only to ensure
that the boundary condition is satisfied. First note that adding to G any harmonic function v doesn’t destroy
these two properties, so we should find a harmonic function in {z > 0} such that

1

Gr,r =0 = —
e = = =P T st 2

= v(7)|2=0.

This suggests an appropriate candidate for v: let us take the same function as before, but constructed for

the point symmetric to 7, that is, v(r) = m where 7 = (20, Y0, —20). Because v is unbounded only
0

at r = 7§ which doesn’t belong to €2, it is clear that v is a harmonic function in Q. Furthermore, since at

z = 0 we have

[ = rolll==0 = \/(3j —20)2 + (y = 40)2 + 2§ = V/(z — 20)2 + (y — 90) + (—20) = || — 75l |2=0
we see that the sought Green’s function for the half space is given by

G(r,ro) = G(r,ro) +v=— ! + !
e e dry/( —20)2+ (Y — y0)2 + (2 — 20)2  4m\/(z —20)% + (y — y0)2 + (2 + 20)2

1 1
= - + . 10.5.1
Telr—rol "l =g (105.1)

To get the formula for the solution we have to calculate the derivative of G in the direction of the outward
normal to Q at the boundary {z = 0}. But the direction of the normal here coincides with the negative
direction of the z axis of the coordinate system, that is,

e
on |yq

G
0z |,_o

Using the formula

2 1 _ Z— 2
9z (\/(w —x0)? + (¥ —yo)? + (2 — ZO)2> (V(z —20)2+ (y — 0)% + (2 — 20)2)?

we obtain for z =0

aG
on |5,

1 20

_1( z 4+ 2o z— 2o )
dr \flr—mrol®  [lr =75l

and consequently the solution to the Dirichlet problem

0 S 21|l — o3

Au = 0, {(z,9,2); 2> 0}
U(I7y70) = h(xay)

is given by

u(ry) = 22 / Ld&,

2 [ —7oll?

z=0

where the subscript r denotes that the integration is carried with respect to the variable r. Explicitly we get

o0

20 h(z,y

u(Zo, Yo, 20) :?/ (z,9)
—00 —

(20— 02 + (g0 — )7 + )72

dx dy.

8\8



LecturelQ 183

5.2 Green’s function for the sphere

In this subsection €2 is the ball centered at 0 with radius a > 0:

Q=A{r; [r]| <a}.
The method we use here is similar to that of the previous subsection, that is, we use the method of reflection.
However, the reflection with respect to the sphere is a little more complicated than in the case of the plane.
Let ||ro|| < a. Following the idea above, we are looking for the point r{ outside the ball so that Green’s

function will have the form .
«

G(r,rg) = — +

Arlr —roll  Ax|r — g’
where « is a constant (this allows a greater flexibility in our search without changing the main property of
the second term, that is, its being a harmonic function). Thus, for any « the properties 1. and 3. of the
definition of the Green function are satisfied.

Now, we must pick up the constant o and the point r{ so that for any ry inside the sphere, the function
G(r,7r9) = 0 whenever ||r| = a.

It is natural to look first at points which are colinear with the origin 0 and 7y, that is, of the form ry = 87§
with the constant 3 to be determined. Thus, we are looking for the Green function among the functions of

the form
1 «

G(r,rg) = — + .

Arllr —rol  dm|r — Broll
To determine the constants we shall assume that ||ro|| # 0 and use two particular points on the sphere for
which the calculations are the easiest, that is, the points colinear with 0 and 9. These points are determined

tober==+ HCZ;OH and for G to be the Green function it is necessary that

aro

[[oll

£ — Gy

. (10.5.2)
[[roll

(% To

H arg

These equations can be transformed into the following system

ala—|lrolll = la = Bllroll|
ala+lrolll = la+Bllroll|

Since we are interested in finding points outside the sphere, we must have 5 > a/||rg||, hence dropping the
absolute value bars we obtain

afa—|roll) = (—a+Blroll)
ala+|roll) = (a+Blrol).
Thus
a CL2
o = —, = —
7ol [[70]|?
and
* 0’2
’I”O = ﬁ’l"o = 7”,’“0"27’0.

To complete the construction, we must show that the property (10.5.2) holds for all points on the sphere
and not only for these particular two.

Thus, let ||| = a, be any point on the sphere. The point ' = HZ—”HT is at the distance ||rg|| from the
origin and therefore the triangles with vertices at 0, rro, r’ and 0, ||r||, 7o are congruent. This means that
2
a T T a _ .
||,,,,_,’,0||:H ro — ” 0||,’,,H: || OH Hr_ roll = a 1||'I"—’I'0||,
7ol a a ol
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so that we have determined the Green function as

1 a 1
a _ a 10.5.3
(r,mo) Anlr—ro|| | 1o dnllr — | ( )
where )
« a
o= 1570
70|

Now, to express the solution we must find the normal derivative of G on the sphere (remember that rg is
fixed so that the differentiation is carried with respect to r only). Thus

r—To r—7r}
Vi —roll = 0 el = T
I —rol|’ O e =l
and differentiating G we obtain
r— 179 a r—r}
V,.G(r,rg) = — . 10.5.4
o KA o ) e (10:5:4)
On the sphere ||r|| = a we have from the above
afr — 7o
||T7TS|| ||7‘OH )

thus substituting into (10.5.4) we get

1 2 2 _ 2
er(T‘,’ro) - TS (T — Ty — 7”1‘0” r— r0> — wr

A7||lr — o3 a? S Ar|r— o3
Since the normal is given by n = r/a, the normal derivative is given by

aG
on

r 2 —|Iro)?
S
a drallr — rol|?

[rll=a
and the final formula for the solution of the Dirichlet problem can be written as
a® — ||roll? h(r)

4ra lr —7o]3
{lirll=a}

u(rg) = ds. (10.5.5)

The above calculations have been carried out for rq # 0. However, 7y is the centre of the ball so that we
can use the mean vale theorem which asserts that

u(0) = — / h(r)dS
{lirll=a}

which agrees exactly with the right-hand side of (10.5.5) evaluated at ro = 0.

As before, we rewrite (10.5.5) in an explicit form, this time using spherical coordinates on the sphere. Then
dS = a®sin #dfd¢ and using the cosine rule

[l = roll* = [IrlI* + llroll* — 2llrlro]l cos v = 1§ + a* — 2roa cos v,

where 9 is the angle between 7 and r¢, and r¢g = |||, we obtain

27w
2 _ 2 h 9’ ]
u(ro) = u(ro, 0o, do) = a(a - r?) // T (2af3cos¢)3/2 sin 0d0de. (10.5.6)
0 0
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6 Laplace equation in two dimensions

The Laplace equation in two dimensional space is exceptional due to a direct link with the complex functions
theory. In fact, let f : @ — C be an analytic function in a certain domain {2 C C. Then, writing z = x+iy and
f(z) = u(z,y) + iv(x,y), where u and v are real-valued, we know that u and v satisfy the Cauchy-Riemann
equations

Uy = Uy, Uy = —Ug,

which, upon differentiation, produce
Ugg + Uyy = Vgy — Vyg =0

and
(o Vyy = —Uygx — Ugy = Oa

hence both real and imaginary parts of any analystic function are harmonic functions. Conversely, it can be
proved that if u is a harmonic function in a connected domain, then there exists an analytic function f such
that u = Ref.

This allows to use a number of complex analysis techniques to solve problems in PDE’s. In this section we
shall describe a few such cases.

6.1 Poisson’s formula for a disk

Let Q = {(x,y); 22 +y* <a®} = {(r,¢) 0 <7 < a,0 < ¢ < 27}. In this subsection we consider the Dirichlet
problem

Ugy +Uyy = 0, in§),
u(a, ) = h(e) (10.6.1)

Our aim is to derive the two-dimensional version of (10.5.6). We could have mimicked the approach of the
previous section and construct the Green’s function for the disk in the same way as we have found the Green’s
function for the ball. However, to illustrate the applicability of the complex functions theory to PDE’s we
shall use an alternative approach based on the Cauchy formula. Let us recall that if f is an analytic in the
disk = {z € C;|z| < a} and continuous on its circumference 7, then for any z € Q we have the Cauchy
formula

f(z) = ;m/gf(g)zdw (10.6.2)

It is knowm that the real (and imaginary) parts of any analytic function f = u + 4v is a harmonic function
so that taking real part of the above formula we could obtain the values of the harmonic function u inside
the circle v but, due to the presence of a complicated algebraic expression under the sign of the integral, it
would be given in terms of the values of both u and v on the boundary. Such an approach has a limited
applicability but it is possible to modify Cauchy formula is such a way that it involves only real part of the
function f.

To achieve this we modify the function f: for any given fixed z € Q2 we consider the function

a? — |z|?
O(w) = flw) "

(w) = flw)
where Z denotes the complex conjugate of z. If f is analytic in £ and continuous on 92, then ® also enjoys
this property (the factor (a? — |2]?)/(a? — wZ) has the singular point if |z| = a and w = z, thus on the circle,
but this is a removable singularity). Thus the Cauchy formula (10.6.2) is valid for ® and we have

_ @ 1)
P0) = o /(g,w)(az —a© (10.6.3)

v
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where we used |z| = r. In particular, putting w = z in the formula, we obtain ®(z) = f(z) and passing to
polar coordinates with & = ae’® and z = re*® we obtain

fre®) =

a? —r? 7( f(ae’®)ae'® do

o ae'® —rei?)(a? — aretde—i)

2m

ey flaci®) "
N 21 (ae=%® — re=)(ae’® — ret?)
0

az —r? 7 f(ae™)

2 a? 4+ r2 — 2ar cos(¢ — 0)

d¢

0

Taking harmonic function u such that u = Ref we obtain the Poisson formula

2m

a? —r? u(a, @)

= . 10.6.4

u(r, ) 27 / a2 +r2 — 2ar cos(¢p — L‘hetadqs7 (10.6:4)
0

which gives the value of a harmonic function inside the circle in terms of its boundary values, thus solving

the Dirichlet problem for the Laplace equation.

7 Some methods of solving the Laplace and Poisson equations

In this section we shall describe some methods of finding explicit solutions to the Laplace and Poisson
equations.

7.1 Spherically symmetric data

The simplest case is when the all the data of the equation are spherically symmetric, that is, they depend
only on 72 = ||7||? = 2% + y? + 22 for n = 3, or r? = 22 + ¢? for n = 2.

Example 7.1 Spherically symmetric Poisson equation. Let Q = {r = (z,7,2) € R?; 0.5 < ||r| < 1}.
Find the solution to the problem

Au = 12|r||, in g,
u(r)|jpj=05 = 1,
uw(r)jpj=1 = 3,

Since all the data are spherically symmetric, we shall use the expression for the Laplacian in spherical
coordinates without the angle dependent terms (7.1.1) and convert the above problem into the boundary
value problem for the second order ordinary differential equation

Au = Upp+ %ur =127,
u(0.5) =1, u(l) =3
Multiplying the differential equation by 72 and using r?u,,. + 2ru, = (ru,.), we rewrite the equation as
(r?u,), = 1273,
which upon the first integration produces

r?u, = 3rt + Oy
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and next

C
u(r) =713 — 3—7}3 + Cs.

Since C is arbitrary, we can write the above equation in a more compact form
Ch
3
u(r) =r>"+ — + Ch.
( ) r3 2

Using the boundary conditions we obtain the system of equations for C; and Cs

1
3 +8C1+Cy = 1,
1+4C1+Cy = 3,
which has the solution 9 191
Cl = —%7 CQ == %

The solution to the problem is given thus by

9 121
3 [ — PR
ulr) ="~ 555+ 5

where r = 22 + y? + 22

7.2 The Laplace equation in the half-plane

Let us consider the following boundary value problem: find a bounded function u satisfying

Upy + Uyy = 0, —oo<x<oo,y>0,
u(z,0) = h(x), (10.7.1)

where h is a given function. To solve this problem we use the Fourier transform method. Let us recall that
the Fourier transform is defined by

f[f](w)=f(w)=\/% / f(x)e v de,

and that for functions f satisfying f(—o0) = f/(—o0) = f(o0) = f'(00) = 0 we have
Flfoal(w) = —*FIf](w).

Applying the Fourier transform to both equations of (7.1.1) we obtain the initial value problem for the
second-order ordinary differential equation with a parameter:

—w2ﬁ+ﬁyy = 0, —o0o<w<oo,y>0,
W(w,0) = h(w). (10.7.2)

The characteristic equation of the above differential equation is
r?—w?=0

which has two solutions: 1 = |w| and r9 = —|w| (the absolute values has been introduced here to keep the
sign of the roots independent of the sign of w). Consequently,

W(w,y) = Cr(w)e Y 4 Cy(w)el“V.
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Since we are looking for solutions which are bounded, and e!“!¥ tends to infinity as y — oo, we infer that
Cs(w) = 0. Using the initial value we obtain finally

i(w,y) = h(w)e @Y.

To get u we apply the inverse Fourier transform and the convolution theorem

+oo
TS U B
Therefore
00
u(z,y) = \/%h x F e l4l) = \/12?_ h(NF e W](z — X)dA,

where the inverse Fourier transform is evaluated with respect to w. Since

e—\w\yezwxdw

F @) =

Eli\g

8

0
e WY eTW ) 4 / WY el g,
—00

(=)

e~ WY (eium + e—iwx)dw

2
e Y coswrdw = \/72212,
T4y

S N CS L O
3 3 3 3

0\8 0\8 —

we obtain
oo

_ h(A)
u(z,y) = . / md)\. (10.7.3)

— 00

<

We shall illustrate the application of this formula solving one easy and one more difficult problem.

Example 7.2 Solve the boundary value problem

Ugy +Uyy = 0, —00<z<o00,y>0,
u(z,0) = h(z),

where h(z) =1 for —1 <z < 1 and h(z) = 0 elsewhere.

Using the formula (7.1.3) we obtain

u(z,y)

Il
SEPS
<
[V}
_|_
—~~
o
>|’>/
S
N~—
[\v]
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where we used the change of variables z = (A — z)/y and the fact that the function tan=! is odd.

Using some geometry we can write the above formula in a more compact form. In fact, denoting a =

tan~! 17775 and 3 = tan™! HT"’” we observe that a + [ is the always the interior angle at the vertex (z,y) of
the triangle with vertices (—1,0), (z,4),(0,1). Thus 0 < a+ 8 < 7. Also —7/2 < «a, < 7/2 (from the

definition of tan™!). Hence one can use the trigonometric formula

_ 1l—tanatanf

t
cot(a+6) tan a + tan 3
getting
T T B e P S |
cot | tan™ ™ —— + tan =i T ie
v v AR %
and finally
1 R |
u(z,y) = = cot™? %
us 2y
Example 7.3 Solve the boundary value problem
Ugy +Uyy = 0, —oco<x<oo,y>0,
1
un0) =
Using the formula (7.1.3) we obtain
r dA
Y
u(x,y) = = . 10.7.4
(r:9) w/f1+maw+wA—m% HoT

To evaluate this integral we use the residue method from complex analysis. Factorizing the denominator we
obtain

A+D)A =)A=z +iy)(A—z —iy),
so that in the upper half-plane we have two simple poles at A = ¢ and A = x + iy. Evaluating residues at
these points we obtain

1
TR+ D)
and
Res iy = 1
T iy (1 + (2 + iy)?)
From the residue theorem we obtain
T X
= 2mi(Resy—priy + Resy—;
| o ezt fiens)
B T n T B T n T
oyl (+)?) (-2 +9?)  y(l+a?+2izy —y?) Yy +a? 4 2z — 1

w1+ a? —y? — 2iay) 7(y? + 22 — 1 + 2ix)
Coy((T 422 —y2)2 +42%y?) (Y2 + a2 —1)% + 422’
It follows that

(1+2% —9?)? +4a%y® = (P + 22 — 1)+ 422 = (> + 22 +1)% — 497,

thus the last sum can be written as

m(1+2% —y® — 2izy) +y(y® + 2% — 1 +2ix) T(l+22—y?) +y(y?+2%2 - 1)
y((y? + 22 +1)? —4y?) y(y? + 22 +1-2y)(y* + 22 + 1+ 2y)
T(1+y)(y? + 22 +1—2y) m(1+y)

Tyt -2 (P a2+ 1+2y) YR et + 1+ 2y)
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Inserting the above into (7.1.4) we obtain finally the solution

1+y

uz,y) = ———5—"-—".
) Y2+ a2 +1+2y

7.3 Laplace and Poisson equations in regions with polar symmetry

In this subsection we shall show a variant of the method of separation of variables.

Throughout this subsection we denote by 2 one of the following sets:

(i) Q= {(z,y); 22 +y?> < a?} ={(r,0); r <b,0 < ¢ < 27} (the interior of a disc),
(i) Q = {(z,y); a®> <2? +y?> <’} ={(r,¢); a <71 <b,0< ¢ < 27} (an annulus),

(iii) Q@ = {(z,y); b* < 2® +y*} ={(r,¢); b < 71,0 < ¢ < 27} (the exterior of the disc).
Let us consider the Laplace equation in :
Au =0, in{, (10.7.5)

with one of the following boundary conditions:

M
In the case (i):
u(a, ) = g(¢), wu(r, ) bounded as r — 07, (10.7.6)

(IT)
In the case (ii):
u(a,®) = ga(9),
ub, @) = gu(9), (10.7.7)

(I11)
In the case (iii):
u(b, ¢) = g(¢), u(r,¢) bounded as r — +oc. (10.7.8)

Solutions to (I)-(III) can be obtained as particular cases of the general solution to (11.2.18).
Using the Chain Rule we can write the Laplace equation in polar coordinates as
r(ruy )y + gy = 0. (10.7.9)
To apply the separation of variables technique, we look for particular solutions in the form
u(r, ¢) = R(r)®(¢). (10.7.10)

Inserting (11.2.23) into the equation (11.2.22) w obtain

T(TRT)T (I)qwi
R

which yields that both terms are constant, and leads to two ordinary differential equations

"+ AP =0, for0<¢<2m, (10.7.11)

and
r(rR"Y —AR=0, forr>0. (10.7.12)
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Let us consider first Eq. (11.2.24). It is not immediate what kind of boundary conditions one should assign
to this equation. To find the proper ones we note that the restriction 0 < ¢ < 2 is artificial as geometrically
the point (r, ¢) coincides with the point (r, ¢ 4 27), thus u(r, ¢) must be equal to u(r,¢ + 27), for any ¢.
This observation shows that ® must be periodic with period 27, that is, we require

B(p) = (¢ +2m), for0 < ¢ < 2r. (10.7.13)
Next let us note that (11.2.26) yields
() = ®'(¢+2m), for0< ¢ < 2m,

and therefore we shall consider the following problem

"+ A0 = 0, for0<¢<2m,
BO0) = ®(2r)
0) = o(2n). (10.7.14)

The general solution of (11.2.24) is given by

u(¢) = Cle\/:\‘z5 + C’ge_‘m‘z>

and the boundary conditions produce the system of equations

Ci+Cs CreV ™22 4 Cpe V227
CIV=A—CoV=X = V=AC1eY 22" — =XChe VAT,

Assuming for a moment that A 0, we can divide the second equation by v/—A so that we get the following
system

Cr1— eV L Ch(1—e V2T = 0
Ci(l— V22T (1 —e V72T = .
The determinant of this system is given by
—2(1— e\/j)\27r)<1 . ef\/j)\%r)
which is zero only if either
1—eV 22" =

or
1—eV22m —

From these equations we obtain

e:l:\/—)\27r —1= eiQnTr

which yields
A\ =n?

where n is a nonzero integer. Consequently, we obtain possible solutions in the form
D, (¢) = C1,e™? + Cype™ ™9, (10.7.15)
These functions can be written in the real form yielding

{sinng, cosngtp=t1,+2 ..

as the set of eigenfunctions.
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Consider now the exceptional case A = 0. Then the equation (11.2.24) has the solution ®(¢) = Co¢ + C
which is periodic only when Cy = 0. Thus ®( is constant and is included in the general formula if we allow
n = 0.

Having determined the eigenvalues and eigenfunctions for the angle dependent part of the equation, we can

now tackle the equation for R:
R’ +rR —n*R=0. (10.7.16)

This is so-called Euler equation which can be solved by using trial solutions of the form R, = r®. Inserting
such a function into the equation (11.2.29), we obtain

r*(ala—1)+a—n?) =0
which is satisfied if and only if « is a root of the following quadratic equation
ala—1)+a—-n*>=0

or simply

So, if n # 0, we obtain two distinct solutions
a1 =n, Qg = —N,

where n € N, and consequently
R, (r) = apr™ + byr™".

If n = 0, this procedure produces only one solution Ry(r) = ag, but then the equation can be integrated
directly to give
Ro(r) =ag+bolnr.

Thus the general solution of the Laplace equation in any region with polar symmetry is given by
u(r,¢) = Ao+ Bolnr + Y (Apr™ 4+ Bpr=")cosng + > (Cpr™ + Dpr~") sinne. (10.7.17)
n=1 n=1

Now, let us specify the form of the solution so that it can be the solution of the boundary value problems

(I)-(111).
Case (I)

In the case (I) we require the solution to be bounded as » — 0%, which forces By = B,, = D,, = 0 for
all n > 1. Thus we obtain

u(r,p) = Ag+ > Aprcosng + > Cpr" sinng. (10.7.18)

n=1 n=1

The constants A, and C,, are to be determined from the boundary condition, that is, we must have

9(¢) = u(a, ) = Ag + i Ana™ cosng + i Crha™sinne.
n=1 n=1

Therefore
27
A = o [ atons
0 - or g )
0
1 27
Ay = —— [ g(¢)cosneds,
anm
0
1 27
c, = e g(¢) sinnode, (10.7.19)
T
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for n > 0, where we used the orthogonality of all trigonometric functions on [0, 27| and the normalizing

relation . .
/0082 nodp = /Sin2 nodp = 7.
0 0
Case (II)

Case (II) requires the full expansion (11.2.30). The coefficients are to be determined from the infinite
system of equations:

27

Ao+ Bolna = i/ga(¢)d¢7
2
0
o
Ao+ Bylnb = %/gb(cb)dqb, (10.7.20)
0
and for n > 1,
2
Apa™ + Bpa™t = %/ga(d)) cos ngdae,
2
A"+ BT = l/gb(qﬁ) cos ngdo, (10.7.21)
i 0
and
2
Cna" 4+ Dpa™" = l/ga(¢) sin ngdo,
i 0
27
Cpb"+Dpb™™ = %/gb(qb) sin nodae. (10.7.22)

0

Note that these equations are solvable as the determinant of each system is equal to (a/b)™ —(b/a)™ # 0
for n > 1 and In(b/a) # 0 for n = 0.

Case (III)
Case (III) is similar to the Case (I) with the difference being that the requirement of boundedness of
u(r, ¢) as r — oo forces By = A,, = C,, for all n > 0. The solution is then given by

u(r, @) = Ao + Zanr_” cosng + lenr_" sin ng. (10.7.23)

The constants A, and C,, are defined by

27

1
A = 5= [ oo,
0
B 27
By = = [ 9(6)cosnodo,
0
n 2
D, = b? g(¢) sinnede, (10.7.24)
0

for n > 1.
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Example 7.4 Find the solution to:

Au = 0, 1<r<2,0<¢<2m,
u(l,¢) = cos?¢+1,
u(2,¢) = 1+sing.

To solve the problem we first write cos? ¢ = § + % With this change we use (11.2.30)
u(r,d) = Ao+ Bolnr + > (Apr™ 4+ Bpr~ ") cosnd + > (Cpr™ + Dypr~ ™) sinng.
n=1 n=1

There is, however, no need to use the integral formulas for coefficients of the expansion, as our data are
already given in the form of (finite) Fourier expansion. By comparison we have

c0s 2¢ =u(l,¢) = Ag + i (A, + B,)cosng + i (Cn + Dy,) sinng,

2 n=1 n=1

+

o w

where we used In1 = 0. Similarly
1+sing =u(2,¢) = Ag+ Boln2+ > (4,2" + B,27")cosng + Y (Cp2" + D27 ") sinneg.
n=1 n=1

By the uniqueness of the Fourier expansion we get the following equations

3

Ay = >

Ag+ Bgln2 = 1,
Ci+D; = 0,
20, 4+27'D; = 1,
1

As+ By = 5
224, +272B, = 0.

All the other coeflicients, being the solutions of homogeneous linear systems with non-zero determinants, are
zero . Solving the above system, we obtain

3 1 2 2 1 8
A Q,Bo 21n2,C1 1 , Ao

and thus the solution is given by

3
U(’I", ¢) = 5 -

1 2 1 8
5o Inr+ §(T +7r N sing + (—307"2 + 157"2> cos 2¢.

The next example is a little more sophisticated and requires some complex analysis.

Example 7.5 Find the solution to:
Au = 0, r<1,0<¢ < 2m,
u(l,¢) = g(9),

where
1 for 0<o¢<m

g(qb):{ 0 for mw<¢<2m.
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According to the formula (11.2.31) the solution is given by
u(r, ) = Ao+ > Aprcosng + 3 Cpr sinng,
n=1 n=1

where in our case

1 1
A = _ = —
0 27 / d¢ 9’

0
1] 1
A, = /cos ngdp = — (sinnm — sin0) = 0,
T nm
0
1 7 . 1 1
C, = = /smnq§d¢ = —— (cosnm —cos0) = —— ((-1)" —1).
T nm nm

0

The coefficient C), can be written in the following way

On:{O for n =2k

ﬁ for n=2%k+1,
where £k =0, 1,... and the solution takes the form
1 92 2k+1
== 2k +1
u(r,6) = 5 + = 3% S sin(2k + 1)on
An interesting thing about the series above is that it can actually be summed. In fact
> sm(2k+1)¢ Imz (cos(2k+ 1)¢ +isin(2k +1)¢) = Imz
k=0 2k +1 2]{}
The last series is quite well-known. In fact, since
o Sk
hl(l - Z) = Z 7.
=1k
x (1 k k
In(1+2) = fzﬁ,
=1 K
we have

In

l_zzln(1+z) 1n(1—z)—2§:2k+1

We have to calculate Imln 1£2.

Inz = In|z| 4 i argz, so that we have to find arg 1=

142z (1+2)(1-2) 1+ 2irsing—r?
1—2 (1-2)(1-2) 1-—2rcos¢+r2

and since the denominator is a real number, we have

1
tE_ arg(1 + 2irsin ¢ — r?).
-z

arg 1

o0

2k+1

02k +1°

. For z = re!® = r(cos ¢ + isin ¢) we have

195

(10.7.25)

To do this, we recal that for complex logarithm we have the formula

Now, 1—72 > 0, so that —7/2 < arg(1+2irsin ¢ —r?) < 7/2 and we can use tan~' to express it analytically

as .
1+ 2 _yrsing
= tan .
1-=2 1—1r2

Returning to the solution of our problem we obtain

arg

1 1 _4 2rsing
u(r,(f)):i—k;tan ! 2
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The above example suggests that it may be possible to sum the whole series (11.2.30). To simplify the
matters we shall concentrate on the solution for the interior of the disc

u(r, ) = Ag + ZlAnr” cosng + ZlCnr" sinng, (10.7.26)

where the constants A,, and C,, n > 0 are given by

27
1
A = o [ oo,
0
2m
4y = [ g6)cosnods,
anm
0
1 27
C, = pr g(¢) sinngde. (10.7.27)
0

Inserting the coefficient formulae into (7.1.26) we obtain

ulr, ) :—f/www

Using Euler’s formula we obtain

T cos n(¢ — 1) = Re (Zei(d’*w))n
a” a

so that denoting z = gei(¢_¢) we see that
1425 cosn(¢—v) = 1+2Red 2" =1+ 2Re—
n=10" n=1 1-2
2z —|2]? rcos(¢p — 1) +1r?
= 142R =1+2
* 61—(z+2)+|z|2 * a? + 12 — 2rcos(¢ — 1)
a? — 2

a? + 12 — 2rcos(¢p — )’

Thus we obtained the Poisson formula for the solution of the Laplace equation in the disc

27
_a’—r? 9(¥)
u(r, @) = o / T 12— 2r cos(d — 9) di. (10.7.28)
0

This formula is very important from the theoretical point of view. Below we shall see how it works in
practice. To compare it with the Fourier expansion method we shall solve the same problem as in Example
1.5.
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Example 7.6 Find the solution to:

Au = 0, r<1,0<¢ < 2m,
u(l,¢) = g(9),

where
_J 1 for 0<op<m
g(¢)—{ 0 for w<¢<2m.

According to (7.1.28) we have
1-r2 [ dip o1 dip
ur, @) = 27 / L+72—2rcos(vp — @) 2m(1+712) / 1—acos(t) — @)

0 0
T—¢

_ 1—17r2 / d¢
o 27(1412) 1—acosE’

where we denoted o = 2r/(1 + r?) and £ = 1) — ¢. Since the possible intervals of integration stretch from
—27 to , the direct substitution ¢ = tan £/2 is not feasible as it is applicable only on —7 < £ < 7. Thus we
shall split the integral as follows
—¢
0

/llefcosf :O/lgfcosg’

T—0¢ T

/ //

—¢ 0

T

Next we use

©-

since cos is an even function, and

™ @
dg§ _ dg
/ 1facos§dw_/1+acos§dw'
T—¢ 0
Thus
T—¢ T o) T
/ dé B / dg Jr/ d€ 7/ d€
1—acosé 1—acosé 1—acosé 1+ acosé
—¢ 0 0 0
oo [ cosgd
cos
B /l—acos§+2a/1—a2coszf'
0 0

To evaluate the first integral we can use the substitution ¢t = tan/2; then we have d¢ = 2dt/(1 + t?) and
cos& = (1 —t2)/(1 + t?), which yields

/7% = 2/ dat e Y -
1—acosé l—a+(1+a)t2 “V1-a2 11—« o
0 0

T

Vi—a?
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The second integral is evaluated as follows

@ ¢
/ cos £dE B / cos £d€
—a2cos2é 1 —a2+a2sin?¢
0 0

sin ¢

1
oVl —a?

dt
tan~!

1 a .
- = ———sin ¢,
1+ ¢2 avl1l —a? V1—a? ¢

S

her 3 = ——=2—siné.
where we used ¢ JTo7 siné

Returning to the old notation we find that

1 142
V1—a? Tl

and
« 2r

\/1—042:1—7“2’

thus combining all the partial results we obtain, as before, the solution in the form

2r .
u(r,¢) = = + ftan msmq&.

Example 7.7 Poisson equation in a disc. Let us start with a general comment concerning the solvability
of the Poisson equation which is a nonhomogeneous Laplace equation. Suppose that we are to solve the
problem

Au = f, inQQ,
u = g, ond. (10.7.29)

In many cases it is possible to guess easily a particular solution to the Poisson equation in the whole space,
that is, to find a function v which satisfies

Av=f, inR™
Then, if u is the solution to (7.1.29) (as yet unknown), then the function w = u — v satisfies
Aw=Au—Av=f—f=0, inQ.

and
w =g — oo
on 9. Thus the Dirichlet problem for the Poisson equation (7.1.29) has been reduced to the Dirichlet
problem for the Laplace equation
Aw = 0, in$,
w = g—vlaq, on I, (10.7.30)

which, for example in a disc, we can solve.

We shall illustrate this method by solving the problem

Au = —zy, inQ,
w = 0, onodf,
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where Q = {(z,y) € R?; 22 +y? < 1}. It is easy to check that v = —1—12(x3y—|—y3x) is a particular solution to
the Poisson equation in the whole space. Since we are working in the unit disc, it is convenient to convert
all the function to polar coordinates. We have

L@+ 1) = —ay(e? +17) =~ singeos =~ sin20
=—— =—— = ——sin¢cos ¢ = —— sin 2¢.
VT TR YTYe Ty 12° ° 24°
Following our general strategy we define
— + T4 . 2¢

w=u+ 5 sin2¢,

so that w satisfies
Aw = 0, in €,
1
w = —sin2¢, on Jf),

24

Using the general formula

w(r,¢) = Ao+ Y. Apr”cosng + Y. Cpr” sinne,

n=1 n=1

we see that

2—14 sin2¢ =w(l,¢) = Ag+ >, Apcosnd + > Cysinng,
n=1 n=1

and from the uniqueness of Fourier expansion we infer that A,, = 0 for all n and C,, = 0 for all n # 2. Thus

2

w(r,d) = ;—4 sin 29,

and
2 4

u(r, ) = w(r,P) + v(r, ¢) = ;—4 sin 2¢ — ;—4 sin 2.

Example 7.8 Boundary value problem for the Laplace equation in a rectangle. Let us consider
now the case when ) is a rectangle, say, Q = {(z,y); 0 < z < a,0 < x < b}. In this case the explicit
formulation of the problem reads

Au = 0, forO0<z<a,0<y<b
w(0,y) = hi(y), for0<y<b,
u(a,y) = hao(y), forO<y<b,
u(z,0) = hs(y), for0<z<a,
u(z,b) = hy(y), for0<z<a, (10.7.31)

To solve this problem we split it into four simpler problems: by w; we shall denote the solution of the
Laplace equation in € satisfying the boundary condition u; = h; on the appropriate part of the boundary
and homogeneous boundary conditions on the three remaining parts. If we manage to solve all four problems,
then the solution to the full problem (7.1.31) is given by u = uy + us + us + ug4.

Let us consider now one of these four partial problems and solve, say,

Au = 0, forO0<z<a,0<y<b
= gy, for0<y<b,
= 0, forO<y<b,
= 0, forO0<zx<a,
= 0, forO<zx<a,

<
=

e
k3

S
—~ N/~
S
>~ O e w

&

— T — —

S
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We start with separation of the variables. Inserting u(z,y) = X (z)Y (y) into the Laplace equation we obtain

XI/ YII
x Ty =Y

so that there is a constant A\ such that
X"+2X =0, Y” - \Y =0.

Next we observe that Y must satisfy homogeneous boundary conditions Y (0) = Y(b) = 0, thus we start
with the equation for Y. For the sake of completeness we shall repeat the derivation of the solution to this
problem.

The general solution to the equation is given by
Y(y) = CreV™ 4 CheV,
hence using the boundary conditions we obtain
CL+Cy =
C’lebﬁ + C’gefbﬁ =

For a homogeneous system of linear algebraic equations to have a non-zero solution it is necessary and

sufficient that

efb\/x _ 6b\/X =0,
which gives

e?bﬁ —1= ei2n7r

for n € Z. Thus we obtain the sequence of eigenvalues

n?m?
consequently we have
_ A~ inmy/b 5N —inmy/b _ oA i WY
Y(y) = Cie —Cie = 2iCy sin 5
and the sequence of real-valued eigenfunctions is given by
Y, (y) = sin nry
b
We obtain ,
k
/Sianybln ﬂdy =0
0
for n # k. On the other hand, for n = k we have
/ b
1 2
Hsm@H /51112 @d = 5/ (1 — cos nﬂ'y) dy = 5 (10.7.33)
0

Next we shall deal with the equation X” + AX. Since \,, = —n?72/b?, we obtain the equation

n?n?

"
X—b2

X =0,
which has the general solution

Xn(z) = A;Le’“m/b + B;Le_“”r/b = A, cosh ? + B, sinh ?
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Using the homogeneous boundary condition at x = a we obtain
X,(0) = A, cosh ? + B,, sinh ? =0,

which leads to
A, — anm
— = —tanh —.
B, b

Thus

) _ nsinhmr(a +x)/b

anm xnw xnm
Xo(w) = By (~ tanh 27 cosh inh
(z) anh —= cos + sin cosh /b

b b

The solution satisfying homogeneous boundary conditions on three sides of the rectangle is thus given by

sinhnr(a+x)/b . nmy

u(z,y) = nngn coshanm /b S b

The last boundary condition will be satisfied if we find the constants B,, such that

u(0,y) =y = > B, tanh AT i 27Y

—. 10.7.34

This is simply the Fourier expansion of y on [0, ]. Since

multiplying both sides of (7.1.34) and integrating over [0, b] we obtain

(—1)"p? ant b
T B, tanh 282
nm T
where we used (7.1.33). Hence
—1)"2
B, = EV"2 oy, 90T
nm b

and finally the solution is given by

w(z,y) = 2b $ (=1)" sinhnmw(a + x)/b sinn%;y.

Tzl n sinh ann /b
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Lecture 7
The Laplace equation

In this lecture we shall discuss the some methods of solving the boundary value problem for the last of the
basic equations of classical mathematical physics -the Poisson equation:

Au = f inQCR",
u = ¢, onoQ, (7.0.1)
where Au = ugy + Uyy if 1 =2 and Au = gy + Uyy + Uz, if n = 3.

Of special interest are solutions to (7.0.1) with f = 0, that is, the solutions to the Laplace equation. Any
solution to the Laplace equation is called a harmonic function. Let us recall that both real and imaginary
parts of any analytic function f(z), where z = x 4 iy € C are harmonic functions of two variables x, y.

1 Some methods of solving the Laplace and Poisson equations

In this section we shall describe some methods of finding explicit solutions to the Laplace and Poisson
equations.

1.1 Spherically symmetric data

The simplest case is when the all the data of the equation are spherically symmetric, that is, they depend
only on 7?2 = ||r||2 =22 +y? + 22 for n =3, or 72 = 22 + y2 for n = 2.

Example 1.1 Spherically symmetric Poisson equation. Let Q = {r = (z,7,2) € R?; 0.5 < ||r| < 1}.
Find the solution to the problem

Au = 12|r[, ingQ,
u(r)|jpj=05 = 1,
u)|jpj=1 = 3,

Since all the data are spherically symmetric, we shall use the expression for the Laplacian in spherical
coordinates without the angle dependent terms (7.1.1) and convert the above problem into the boundary
value problem for the second order ordinary differential equation

2
Au = Upr + —u, = 127,
r
u(0.5) =1, u(l) =3
Multiplying the differential equation by 72 and using r2u,,. + 2ru, = (r?u,.), we rewrite the equation as

(r?u,.), = 1213,

203
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which upon the first integration produces

ru, = 3t + Oy

and next o
3 1
u(r) =r>— — + Cs.
( ) 33 2
Since C is arbitrary, we can write the above equation in a more compact form

C
u(r) =3 + T—; + Cs.

Using the boundary conditions we obtain the system of equations for C; and Cs

% +8CI+Cy = 1,

1+C1+Cy = 3,

which has the solution 9 191
C, = T3 Cy = =

The solution to the problem is given thus by

9 121
3 [ — PR
ulr) =" = 555+ 5

where r = 22 4+ y? + 22

1.2 The Laplace equation in the half-plane

Let us consider the following boundary value problem: find a bounded function u satisfying
Ugy +Uyy = 0, —o0o<z<o00,y>0,
u(z,0) = h(x), (7.1.1)

where h is a given function. To solve this problem we use the Fourier transform method. Let us recall that
the Fourier transform is defined by

oo

= [ swe s,

Flfl(w) Zf(w) = E

and that for functions f satisfying f(—o0) = f/(—o0) = f(o0) = f'(00) = 0 we have

Flfzalw) = —wF[f](w).

Applying the Fourier transform to both equations of (7.1.1) we obtain the initial value problem for the
second-order ordinary differential equation with a parameter:

—w2ﬁ+ﬁyy = 0, —oco<w<oo,y>0,
W(w,0) = h(w). (7.1.2)

The characteristic equation of the above differential equation is
2 —w?=0

which has two solutions: 11 = |w| and 19 = —|w| (the absolute values has been introduced here to keep the
sign of the roots independent of the sign of w). Consequently,

W(w,y) = Cr(w)e Y 4 Cy(w)el“V.
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Since we are looking for solutions which are bounded, and e!“!¥ tends to infinity as y — oo, we infer that
Cs(w) = 0. Using the initial value we obtain finally

i(w,y) = h(w)e @Y.

To get u we apply the inverse Fourier transform and the convolution theorem

+oo
TS U B
Therefore
00
u(z,y) = \/%h x F e l4l) = \/12?_ h(NF e W](z — X)dA,

where the inverse Fourier transform is evaluated with respect to w. Since

e—\w\yezwxdw

F @) =

Eli\g

8

0
e WY eTW ) 4 / WY el g,
—00

(=)

e~ WY (eium + e—iwx)dw

2
e Y coswrdw = \/72212,
T4y

S N CS L O
3 3 3 3

0\8 0\8 —

we obtain
oo

_ h(A)
u(z,y) = . / md)\. (7.1.3)

— 00

<

We shall illustrate the application of this formula solving one easy and one more difficult problem.

Example 1.2 Solve the boundary value problem

Ugy +Uyy = 0, —00<z<o00,y>0,
u(z,0) = h(z),

where h(z) =1 for —1 <z < 1 and h(z) = 0 elsewhere.

Using the formula (7.1.3) we obtain

u(z,y)

Il
SEPS
<
[V}
_|_
—~~
o
>|’>/
S
N~—
[\v]
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where we used the change of variables z = (A — z)/y and the fact that the function tan=! is odd.

Using some geometry we can write the above formula in a more compact form. In fact, denoting a =

tan~! 17775 and 3 = tan™! HT"’” we observe that a + [ is the always the interior angle at the vertex (z,y) of
the triangle with vertices (—1,0), (z,4),(0,1). Thus 0 < a+ 8 < 7. Also —7/2 < «a, < 7/2 (from the

definition of tan™!). Hence one can use the trigonometric formula

_ 1l—tanatanf

t
cot(a+6) tan a + tan 3
getting
T T B e P S |
cot | tan™ ™ —— + tan =i T ie
v v )RR %
and finally
1 R |
u(z,y) = = cot™? %
us 2y
Example 1.3 Solve the boundary value problem
Ugy +Uyy = 0, —oco<x<oo,y>0,
1
un0) =
Using the formula (7.1.3) we obtain
r dA
Y
u(x,y) = = . 7.1.4
(r:9) w/f1+maw+wA—m% 1y

To evaluate this integral we use the residue method from complex analysis. Factorizing the denominator we
obtain

A+D)A =)A=z +iy)(A—z —iy),
so that in the upper half-plane we have two simple poles at A = ¢ and A = x + iy. Evaluating residues at
these points we obtain

1
TR+ D)
and
Res iy = 1
T iy (1 + (2 + iy)?)
From the residue theorem we obtain
T X
= 2mi(Resy—priy + Resy—;
| o ezt fiens)
B T n T B T n T
oyl (+)?) (-2 +9?)  y(l+a?+2izy —y?) Yy +a? 4 2z — 1

w1+ a? —y? — 2iay) 7(y? + 22 — 1 + 2ix)
Coy((T 422 —y2)2 +42%y?) (Y2 + a2 —1)% + 422’
It follows that

(1+2% —9?)? +4a%y® = (P + 22 — 1)+ 422 = (> + 22 +1)% — 497,

thus the last sum can be written as

m(1+2% —y® — 2izy) +y(y® + 2% — 1 +2ix) T(l+22—y?) +y(y?+2%2 - 1)
y((y? + 22 +1)? —4y?) y(y? + 22 +1-2y)(y* + 22 + 1+ 2y)
T(1+y)(y? + 22 +1—2y) m(1+y)

Tyt -2 (P a2+ 1+2y) YR et + 1+ 2y)
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Inserting the above into (7.1.4) we obtain finally the solution

1+y

uz,y) = ———5—"-—".
) Y2+ a2 +1+2y

1.3 Laplace and Poisson equations in regions with polar symmetry

In this subsection we shall show a variant of the method of separation of variables.

Throughout this subsection we denote by 2 one of the following sets:

(i) Q= {(z,y); 22 +y?> < a?} ={(r,0); r <b,0 < ¢ < 27} (the interior of a disc),
(i) Q = {(z,y); a®> <2? +y?> <’} ={(r,¢); a <71 <b,0< ¢ < 27} (an annulus),

(iii) Q@ = {(z,y); b* < 2® +y*} ={(r,¢); b < 71,0 < ¢ < 27} (the exterior of the disc).

Let us consider the Laplace equation in :

with one of the following boundary conditions:

@
In the case (i):
u(a, ) = g(¢), u(r,¢)bounded as r — 07,

(IT)
In the case (ii):

u(a, @) = ga(d),
u(b,9) = gu(9),

(111)

In the case (iii):

u(b, @) = g(¢), wu(r,¢) bounded as r — +oc.

Solutions to (I)-(III) can be obtained as particular cases of the general solution to (11.2.18).

Using the Chain Rule we can write the Laplace equation in polar coordinates as

r(ruy )y + gy = 0.

To apply the separation of variables technique, we look for particular solutions in the form

u(r, ¢) = R(r)®(¢).

Inserting (11.2.23) into the equation (11.2.22) w obtain

T(TRT)T (I)qwi
R

which yields that both terms are constant, and leads to two ordinary differential equations

" + AP =0, for0<¢<2m,

and
r(rR) — AR =0, forr>0.

207

(7.1.5)

(7.1.6)

(7.1.7)

(7.1.8)

(7.1.9)

(7.1.10)

(7.1.11)

(7.1.12)
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Let us consider first Eq. (11.2.24). It is not immediate what kind of boundary conditions one should assign
to this equation. To find the proper ones we note that the restriction 0 < ¢ < 2 is artificial as geometrically
the point (r, ¢) coincides with the point (r, ¢ 4 27), thus u(r, ¢) must be equal to u(r,¢ + 27), for any ¢.
This observation shows that ® must be periodic with period 27, that is, we require

B(p) = (¢ +2m), for0 < ¢ < 2r. (7.1.13)
Next let us note that (11.2.26) yields
() = ®'(¢+2m), for0< ¢ < 2m,

and therefore we shall consider the following problem

"+ A0 = 0, for0<¢<2m,
BO0) = ®(2r)
o0) = @'(2n). (7.1.14)

The general solution of (11.2.24) is given by

u(¢) = Cle\/:\‘z5 + C’ge_‘m‘z>

and the boundary conditions produce the system of equations

Ci+Cs CreV ™22 4 Cpe V227
CIV=A—CoV=X = V=AC1eY 22" — =XChe VAT,

Assuming for a moment that A 0, we can divide the second equation by v/—A so that we get the following
system

Cr1— eV L Ch(1—e V2T = 0
Ci(l— V22T (1 —e V72T = .
The determinant of this system is given by
—2(1— e\/j)\27r)<1 . ef\/j)\%r)
which is zero only if either
1—eV 22" =

or
1—eV22m —

From these equations we obtain

e:l:\/—)\27r —1= eiQnTr

which yields
A\ =n?

where n is a nonzero integer. Consequently, we obtain possible solutions in the form
D,,(¢) = C1pe™® 4 Cope M. (7.1.15)
These functions can be written in the real form yielding

{sinng, cosngtp=t1,+2 ..

as the set of eigenfunctions.
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Consider now the exceptional case A = 0. Then the equation (11.2.24) has the solution ®(¢) = Co¢ + C
which is periodic only when Cy = 0. Thus ®( is constant and is included in the general formula if we allow
n = 0.

Having determined the eigenvalues and eigenfunctions for the angle dependent part of the equation, we can

now tackle the equation for R:
R’ +rR —n’R=0. (7.1.16)

This is so-called Euler equation which can be solved by using trial solutions of the form R, = r®. Inserting
such a function into the equation (11.2.29), we obtain

r*(ala—1)+a—n?) =0
which is satisfied if and only if « is a root of the following quadratic equation
ala—1)+a—-n*>=0

or simply

So, if n # 0, we obtain two distinct solutions
ap =n, Qg = —n,
where n € N, and consequently
R, (r) = apr™ + byr™".

If n = 0, this procedure produces only one solution Ry(r) = ag, but then the equation can be integrated
directly to give
Ro(r) =ag+bolnr.

Thus the general solution of the Laplace equation in any region with polar symmetry is given by
o0 o0
u(r,¢) = Ao+ Bolnr + > (Apr™ + Bur~")cosng + > (Cpr™ + Dypr™") sinng. (7.1.17)
n=1 n=1
Now, let us specify the form of the solution so that it can be the solution of the boundary value problems

(D)-(I11).

Case (I)
In the case (I) we require the solution to be bounded as » — 0%, which forces By = B,, = D,, = 0 for
all n > 1. Thus we obtain

u(r,p) = Ag+ > Aprcosng + > Cpr" sinng. (7.1.18)

n=1 n=1

The constants A, and C,, are to be determined from the boundary condition, that is, we must have

9(¢) = u(a, ) = Ag + i Ana™ cosng + i Crha™sinne.
n=1 n=1

Therefore
27
A = o [ atons
0 - or g )
0
1 27
An = —— [ g(¢)cosnpde,
anT
0
1 27
C, = — [ g(¢)sinnede, (7.1.19)
anm
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for n > 0, where we used the orthogonality of all trigonometric functions on [0, 27| and the normalizing

relation . .
/0082 nodp = /Sin2 nodp = 7.
0 0
Case (II)

Case (II) requires the full expansion (11.2.30). The coefficients are to be determined from the infinite
system of equations:

27

Ao+ Bolna = i/ga(¢)d¢7
2
0
o
Ao+ Bylnb = %/gb(cb)dqb, (7.1.20)
0
and for n > 1,
2
Apa™ + Bpa™t = %/ga(d)) cos ngdae,
2
Apb" + Bpb™t = l/gb(qﬁ) cosnodae, (7.1.21)
i 0
and
2
Cna" 4+ Dpa™" = l/ga(¢) sin ngdo,
i 0
27
Cpb"+Dpb™™ = %/gb(qb) sin nodae. (7.1.22)

0

Note that these equations are solvable as the determinant of each system is equal to (a/b)™ —(b/a)™ # 0
for n > 1 and In(b/a) # 0 for n = 0.

Case (III)
Case (III) is similar to the Case (I) with the difference being that the requirement of boundedness of
u(r, ¢) as r — oo forces By = A,, = C,, for all n > 0. The solution is then given by

u(r, @) = Ao + Zanr_” cosng + lenr_" sin ng. (7.1.23)

The constants A, and C,, are defined by

27

1
A = 5= [ oo,
0
B 27
By = = [ 9(6)cosnodo,
0
n 2
D, = b? g(¢) sinnede, (7.1.24)
0

for n > 1.
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Example 1.4 Find the solution to:

Au = 0, 1<r<2,0<¢<2m,
u(l,¢) = cos?¢+1,
u(2,¢) = 1+sing.

To solve the problem we first write cos? ¢ = § + % With this change we use (11.2.30)
u(r,d) = Ao+ Bolnr + > (Apr™ 4+ Bpr~ ") cosnd + > (Cpr™ + Dypr~ ™) sinng.
n=1 n=1

There is, however, no need to use the integral formulas for coefficients of the expansion, as our data are
already given in the form of (finite) Fourier expansion. By comparison we have

c0s 2¢ =u(l,¢) = Ag + i (A, + B,)cosng + i (Cn + Dy,) sinng,

+
2 n=1 n=1

o w

where we used In1 = 0. Similarly
1+sing =u(2,¢) = Ag+ Boln2+ > (4,2" + B,27")cosng + Y (Cp2" + D27 ") sinneg.
n=1 n=1

By the uniqueness of the Fourier expansion we get the following equations

3

Ay = >

Ag+ Bgln2 = 1,
Ci+D; = 0,
20, 4+27'D; = 1,
1

As+ By = 5
224, +272B, = 0.

All the other coeflicients, being the solutions of homogeneous linear systems with non-zero determinants, are
zero . Solving the above system, we obtain

3 1 2 2 1 8
A Q,Bo 21n2,C1 1 , Ao

and thus the solution is given by

3
U(’I", ¢) = 5 -

1 2 1 8
5o Inr+ §(T +7r N sing + (—307"2 + 157"2> cos 2¢.

The next example is a little more sophisticated and requires some complex analysis.

Example 1.5 Find the solution to:
Au = 0, r<1,0<¢ < 2m,
u(l,¢) = g(9),

where
1 for 0<o¢<m

g(qb):{ 0 for mw<¢<2m.
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According to the formula (11.2.31) the solution is given by
u(r, ) = Ao+ > Aprcosng + 3 Cpr sinng,
n=1 n=1

where in our case

1 1
A = _ = —
0 27 / d¢ 9’

0
17 1
A, = cosngdp = — (sinnm — sin0) = 0,
s nm
0
1 7 . 1 1
C, = = /smnq§d¢ = —— (cosnm —cos0) = —— ((-1)" —1).
0 nm nm
0
The coefficient C), can be written in the following way
o 0 for n =2k
n ﬁ for n=2%k+1,
where £k =0, 1,... and the solution takes the form
1 92 2k+1
u(r,p)==-+-=->3 —— s1n(2k +1)¢. (7.1.25)
2 T = O2k
An interesting thing about the series above is that it can actually be summed. In fact
kZ::OQk 1 sin(2k +1)¢ = Imz T (cos(2k +1)¢+isin(2k + 1)¢) = Imz T
The last series is quite well-known. In fact, since
o Sk
hl(l - Z) = Z 7.
=1k
x (1 k k
(142 = -5 &=
=1 K
we have L2k
1+2 x
1 =In(1 In(l—2)=2
"1 n(l+2) —In(l-2) = Z2k+1
We have to calculate I'mIn 1+Z. To do this, we recal that for complex logarithm we have the formula

1+z

Inz = In|z| 4 i argz, so that we have to find arg 1£2. For z = re'® = r(cos ¢ + isin ¢) we have

142z (1+2)(1-2) 1+ 2irsing—r?
1—2 (1-2)(1-2) 1-—2rcos¢+r2

and since the denominator is a real number, we have

1
argy i—z =arg(1l + 2irsin ¢ —r?).

Now, 1—72 > 0, so that —7/2 < arg(1+2irsin ¢ —r?) < 7/2 and we can use tan~' to express it analytically

as .
1+ 2 _yrsing
= tan .
1-=2 1—1r2

Returning to the solution of our problem we obtain

arg

1 1 _4 2rsing
u(r,(f)):i—k;tan ! 2
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The above example suggests that it may be possible to sum the whole series (11.2.30). To simplify the
matters we shall concentrate on the solution for the interior of the disc

u(r, ) = Ag + ZlAnr” cosng + ZlCnr" sinng, (7.1.26)

where the constants A,, and C,, n > 0 are given by

27
1
A = o [ oo,
0
2
4y = —— [ g(¢) cosneds,
anm
0
1 27
C, = pr g(¢) sinngde. (7.1.27)
0

Inserting the coefficient formulae into (7.1.26) we obtain

ulr, ) :—f/www

Using Euler’s formula we obtain

T cos n(¢ — 1) = Re (Zei(d’*w))n
a” a

so that denoting z = Ze*(®~%) we see that

a

1—|—221:;—ncosn(¢—¢) - 1+2Re;z"=1+2Rele
2z —|2]? rcos(¢p — 1) +1r?
= 142R =1+2
* 61—(z+2)+|z|2 * a? + 12 — 2rcos(¢ — 1)
a? —r?

a? + 12 — 2rcos(¢p — )’

Thus we obtained the Poisson formula for the solution of the Laplace equation in the disc

27
_a’—r? 9(¥)
ul(r, @) = 27 / a? +r2 — 2rcos(¢p — ) ay. (7.1.28)
0

This formula is very important from the theoretical point of view. Below we shall see how it works in

practice. To compare it with the Fourier expansion method we shall solve the same problem as in Example
1.5.
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Example 1.6 Find the solution to:

Au = 0, r<1,0<¢ < 2m,
u(l,¢) = g(9),

where
_J 1 for 0<op<m
g(¢)—{ 0 for w<¢<2m.

According to (7.1.28) we have
1-r2 [ dip o1 dip
ur, @) = 27 / L+72—2rcos(vp — @) 2m(1+712) / 1—acos(t) — @)

0 0
T—¢

_ 1—17r2 / d¢
o 27(1412) 1—acosE’

where we denoted o = 2r/(1 + r?) and £ = 1) — ¢. Since the possible intervals of integration stretch from
—27 to , the direct substitution ¢ = tan £/2 is not feasible as it is applicable only on —7 < £ < 7. Thus we
shall split the integral as follows
—¢
0

/llefcosf :O/lgfcosg’

T—0¢ T

/ //

—¢ 0

T

Next we use

©-

since cos is an even function, and

™ @
dg§ _ dg
/ 1facos§dw_/1+acos§dw'
T—¢ 0
Thus
T—¢ T o) T
/ dé B / dg Jr/ d€ 7/ d€
1—acosé 1—acosé 1—acosé 1+ acosé
—¢ 0 0 0
oo [ cosgd
cos
B /l—acos§+2a/1—a2coszf'
0 0

To evaluate the first integral we can use the substitution ¢t = tan/2; then we have d¢ = 2dt/(1 + t?) and
cos& = (1 —t2)/(1 + t?), which yields

/7% = 2/ dat e Y -
1—acosé l—a+(1+a)t2 “V1-a2 11—« o
0 0

T

Vi—a?
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The second integral is evaluated as follows

@ ¢
/ cos £dE B / cos £d€
—a2cos2é 1 —a2+a2sin?¢
0 0

sin ¢

1
oVl —a?

dt
tan~!

1 a .
- = ———sin ¢,
1+ ¢2 avl1l —a? V1—a? ¢

S

her 3 = ——=2—siné.
where we used ¢ JTo7 siné

Returning to the old notation we find that

1 142
V1—a? Tl

and
« 2r

\/1—042:1—7“2’

thus combining all the partial results we obtain, as before, the solution in the form

2r .
u(r,¢) = = + ftan msmq&.

Example 1.7 Poisson equation in a disc. Let us start with a general comment concerning the solvability
of the Poisson equation which is a nonhomogeneous Laplace equation. Suppose that we are to solve the
problem

Au = f, inQQ,
u = g, ond. (7.1.29)

In many cases it is possible to guess easily a particular solution to the Poisson equation in the whole space,
that is, to find a function v which satisfies

Av=f, inR™
Then, if u is the solution to (7.1.29) (as yet unknown), then the function w = u — v satisfies
Aw=Au—Av=f—f=0, inQ.

and
w =g — oo
on 9. Thus the Dirichlet problem for the Poisson equation (7.1.29) has been reduced to the Dirichlet
problem for the Laplace equation
Aw = 0, in$,
w = g—vlaq, on I, (7.1.30)

which, for example in a disc, we can solve.

We shall illustrate this method by solving the problem

Au = —zy, inQ,
w = 0, onodf,
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where Q = {(z,y) € R?; 22 +y? < 1}. It is easy to check that v = —1—12(x3y—|—y3x) is a particular solution to
the Poisson equation in the whole space. Since we are working in the unit disc, it is convenient to convert
all the function to polar coordinates. We have

L@+ 1) = —ay(e? +17) =~ singeos =~ sin20
=—— =—— = ——sin¢cos ¢ = —— sin 2¢.
VT TR YTYe Ty 12° ° 24°
Following our general strategy we define
— + T4 . 2¢

w=u+ 5 sin2¢,

so that w satisfies
Aw = 0, in €,
1
w = —sin2¢, on Jf),

24

Using the general formula

w(r,¢) = Ao+ Y. Apr”cosng + Y. Cpr” sinne,

n=1 n=1

we see that

2—14 sin2¢ =w(l,¢) = Ag+ >, Apcosnd + > Cysinng,
n=1 n=1

and from the uniqueness of Fourier expansion we infer that A,, = 0 for all n and C,, = 0 for all n # 2. Thus

2

w(r,d) = ;—4 sin 29,

and
2 4

u(r, ) = w(r,P) + v(r, ¢) = ;—4 sin 2¢ — ;—4 sin 2.

Example 1.8 Boundary value problem for the Laplace equation in a rectangle. Let us consider
now the case when ) is a rectangle, say, Q = {(z,y); 0 < z < a,0 < x < b}. In this case the explicit
formulation of the problem reads

Au = 0, forO0<z<a,0<y<b
w(0,y) = hi(y), for0<y<b,
u(a,y) = hao(y), forO<y<b,
u(z,0) = hs(y), for0<z<a,
u(z,b) = hy(y), for0<z<a, (7.1.31)

To solve this problem we split it into four simpler problems: by w; we shall denote the solution of the
Laplace equation in € satisfying the boundary condition u; = h; on the appropriate part of the boundary
and homogeneous boundary conditions on the three remaining parts. If we manage to solve all four problems,
then the solution to the full problem (7.1.31) is given by u = uy + us + us + ug4.

Let us consider now one of these four partial problems and solve, say,

Au = 0, forO0<z<a,0<y<b
= gy, for0<y<b,
= 0, forO<y<b,
= 0, forO0<zx<a,
= 0, forO<zx<a,

<
=

e
k3

S
—~ N/~
S
>~ O e w

&

— T — —

S



Lecture 7 217

We start with separation of the variables. Inserting u(z,y) = X (z)Y (y) into the Laplace equation we obtain

XI/ YII
x Ty =Y

so that there is a constant A\ such that
X"+2X =0, Y” - \Y =0.

Next we observe that Y must satisfy homogeneous boundary conditions Y (0) = Y(b) = 0, thus we start
with the equation for Y. For the sake of completeness we shall repeat the derivation of the solution to this
problem.

The general solution to the equation is given by
Y(y) = CreV™ 4 CheV,
hence using the boundary conditions we obtain
CL+Cy =
C’lebﬁ + C’gefbﬁ =

For a homogeneous system of linear algebraic equations to have a non-zero solution it is necessary and

sufficient that

efb\/x _ 6b\/X =0,
which gives

e?bﬁ —1= ei2n7r

for n € Z. Thus we obtain the sequence of eigenvalues

n?m?
An = =5 (7.1.32)
consequently we have
_ A~ inmy/b 5N —inmy/b _ oA i WY
Y(y) = Cie —Cie = 2iCy sin 5
and the sequence of real-valued eigenfunctions is given by
Y, (y) = sin nry
b
We obtain ,
k
/Sianybln ﬂdy =0
0
for n # k. On the other hand, for n = k we have
/ b
1 2
Hsm@H /51112 @d = 5/ (1 — cos nﬂ'y) dy = 5 (7.1.33)
0

Next we shall deal with the equation X” + AX. Since \,, = —n?72/b?, we obtain the equation

n?n?

"
X—b2

X =0,
which has the general solution

Xn(z) = A;Le’“m/b + B;Le_“”r/b = A, cosh ? + B, sinh ?
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Using the homogeneous boundary condition at x = a we obtain
X,(0) = A, cosh ? + B,, sinh ? =0,

which leads to
A, — anm
— = —tanh —.
B, b

Thus

) _ nsinhmr(a +x)/b

anm xnw xnm
Xo(w) = By (~ tanh 27 cosh inh
(z) anh —= cos + sin cosh /b

b b

The solution satisfying homogeneous boundary conditions on three sides of the rectangle is thus given by

sinhnr(a+x)/b . nmy

u(z,y) = nngn coshanm /b S b

The last boundary condition will be satisfied if we find the constants B,, such that

u(0,y) =y = > B, tanh AT i 27Y

—. .1.34
p) 2 5 (7.1.34)

This is simply the Fourier expansion of y on [0, ]. Since

multiplying both sides of (7.1.34) and integrating over [0, b] we obtain

(—1)"p? ant b
" _B h—"Z
nm n tan b 2’
where we used (7.1.33). Hence
(=1)"2b anm

B, = —*— coth —
nmw 0 b

and finally the solution is given by

w(z,y) = 2b $ (=1)" sinhnmw(a + x)/b sinn%;y.

Tzl n sinh ann /b




Lecture 11
Method of separation of variables

So far, when have discussed time dependent problems, the main emphasis was on the initial value problems.
By avoiding additional complications resulting from the boundary values, this restriction allowed us to
provide general formulas for solutions for arbitrary initial data. The price to pay is that these formulas are
of limited use - in real life we don’t encounter infinite space and the constructed free space solutions can be
used only as approximations far away from real boundaries.

In this section we shall discuss a general method for finding solutions to initial-boundary value problems
in bounded spatial domains, which is called the separation of variables method. It provides a general
framework for representing the solution to an initial-boundary (or only boundary) value problem in terms
of an inifinite sum of functions which are solutions of simpler (lower dimensional) problems, and called
the eigenfunctions of the problem. One drawback of this method is that the eigenfunctions can be found
explicitly only for a small class of domains (roughly speaking, the domain should have ”rectangular” form
in some ”nice” coordinates (examples are rectangles and boxes in cartesian coordinates, spheres, spherical
angles in spherical coordinates, cylinders, wedges in cylindrical coordinates etc.) Another drawback of this
method is that the representation of the solution as an infinite series is often difficult to handle. Yet, despite
all this, the separation of variables is the most powerful analytical tool for solving boundary value problems.

1 General eigenvalue problem

Let us consider two classical time-dependent equations
up = DAu  and  uw = Au (11.1.1)

in a bounded domain 2 C R", where n = 1,2, 3 with one of the classical homogeneous boundary conditions
and standard initial conditions. For brevity, we will use again the notation r = (z,y,2) if n =3, r = (z,y)
if n = 2, and somewhat inconsequently, » = x for n = 1.

The first step is to eliminate time from the equation. To achieve this, we shall look for particular solutions
of either equation in the form

u(r,t) = T(t)v(r). (11.1.2)
Inserting (11.1.2) into (11.1.1) we obtain
T Av T  Av
="l o = (11.1.3)

depending on whether we have diffusion or wave equation. Since the left-hand side of each equation depends
only on ¢ and the right-hand side only on 7, each side must be constant. In other words, to have the solution
in the form (11.1.2), it is necessary for v to be a non-zero solution of the problem

—Av = v, inQ
v satisfies the stipulated boundary condition on 02 (11.1.4)

219
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for some constant A (minus sign was introduced for later convenience). If this is the case, we say that this
A is an eigenvalue, and the corresponding solution vy is an eigenfunction of the problem. Note that the
eigenfunction is never unique - any scalar multiple of vy is again an eigenfunction. Morover, if there are
more than one linearly independent eigenfunctions, then from the linearity of the problem it follows that any
function belonging to the linear span of these eigenfunctions is again an eigenfunction, that is, all the eigen-
functions corresponding to the same eigenvalue form a linear subspace called the eigenspace corresponding to
this eigenvalue. The dimension of this eigenspace is called the multiplicity of the corresponding eigenvalue.

Before we proceed any further we prove the following property of eigenvalues.
Theorem 1.1 All the eigenvalues of the problem (11.1.4) are real and

(i) positive in the Dirichlet case and in the Robin case with nonvanishing and nonnegative function a,

(i) non-negative in the Neumann case.
In the last case the eigenfunctions corresponding to the eigenvalue A = 0 are constant.
Proof. To prove that the eigenvalues are all real numbers we note that since Au = Ugy + Uyy + Uz, =
Upg + Uyy + Uy, = AU, we have —Au = Au if and only if —Au = Aa. Morover, it follows that if u satisfies

either of the boundary conditions under considerations, then so does @ and therefore if u satisfies either
Dirichlet or Neumann boundary conditions, then directly

ou _Ou
o0

and if u satisfies the Robin boundary conditions, then

ou -~ u o
/ <u8n _ 8u8n) ds = /(—auu + atu) dS = 0.
o0 o0

Thus, using Green’s second identity with v = @ we obtain

ou _Ou o
/ (uan - u8n> ds = / (uAT — aAu) dr
o0 Q
(A= 5\)/|u|2dr.
Q

Since by definition the eigenfunction is not identically equal to zero, we must have A — X\ = 0 which yields
that ImA = 0.

o
I

To prove that the eigenvalues are nonnegative, we shall use Green’s first identity (10.2.1) with u = v

—/TwAvdr:—/v@dS—&-/|Vv|2dr.
on
Q o) Q

Using —Awv = Av and Dirichlet boundary condition v = 0 on 92, we obtain
)\/\v|2dr:/|Vv|2dr. (11.1.5)
Q Q

However, we must have [ |Vv|?dr > 0. Otherwise, we would have |Vo| = 0, thus v = constant, but because
Q

v = 0 on the boundary, v = 0 throughout Q. This is impossible by the definition of an eigenfunction.
Therefore, dividing (11.1.5) by [ [v]|?dr > 0, we get A > 0.
Q
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For the Neumann boundary condition we use dv/9n = 0 on the boundary to obtain then same equation
(11.1.5) for A. However, in this case it is possible that v = const in Q and we obtain that it is possible to
have zero eigenvalue; the corresponding eigenfunctions are then constant functions.

For Robin boundary conditions we use Ov/dn = —av on the boundary to obtain
)\/|v|2dr: /\Vu|2dr+/a|v|2d5’. (11.1.6)
Q Q a0

From (11.1.6) we see that eigenvalues are non-negative. However, for A to be zero we must have both terms
on the right-hand side equal to zero. Vanishing of the first term implies as above that v = constans in 2

but then the second term equals |[v|* [ adS and as a is a nonnegative and nonvanishing function, this term
is zero if and only if v = 0 which contradicts the definition of an eigenfunction. m

Let us now suppose that, for some A > 0, there exists an eigenfunction vy. Then the time-dependent part
of (11.1.2) can be determined from (11.1.3). We have the following equations

T' = —-ADT, or T"=M\*T (11.1.7)

depending on the case. Because we know that A > 0, we can provide explicit solutions for the time-dependent
part of the separated solution (11.1.2) in the form

Ta(t) = Aye P (11.1.8)
for the diffusion equation, and
T (t) = Ay sin(eVAt) + By cos(eV/At). (11.1.9)
Thus, we obtain a particular solution
ux(r,t) = Aye Py (r) (11.1.10)
for the diffusion equation, and
ux(r,t) = (Ay sin(cVAt) + By cos(eVAt) o (r). (11.1.11)

Note that the knowledge about the properties of the eigenvalue A allowed to recover the well-known properties
of the solutions for large times: exponential decay in the case of the diffusion (for A > 0) and periodic motion
for the wave equation.

Functions defined by (11.1.10) and (11.1.11) satisfy respective equations and appropriate boundary condi-
tions. Clearly, we cannot expect them to satisfy an arbitrarily prescribed initial conditions - the only initial
conditions available are the scalar multiples of the eigenfunction v).

This latter observation shows a way forward. If we have more than one eigenvalue, say, Ai,...,Ar with
corresponding eigenfunctions vy, ..., vs, then, due to the linearity of the problem, any linear combination of
the functions

k
up(r,t) = 3 Aye Pty (v), (11.1.12)
n=1

and
u(r,t) = é(An cos(c/Ant) + By sin(cy/Ant))von (r), (11.1.13)

satisfies the respective equation with the prescribed boundary conditions. As far as the initial conditions are
concerned, by properly chosing the constants A,, and B,, we can make these solutions satisfy all the initial
conditions belonging to the linear span of the available eigenfunctions.

Clearly this is not enough but the next step is more subtle. We know that there are infinite sets of functions,
like {sinnma},en or {cosnmr}yen, such that any ”reasonable” function f can be represented as the infinite



222 Partial differential equations

linear combination of functions from such a set. Without going into details, we will say that the set of
functions {v, }nen is complete if any ”reasonable” (e.g. continuous) function defined on Q can be written
uniquely as the infinite linear combination

flr) = ianvn(r). (11.1.14)

Here we assume at least pointwise convergence of the series in (11.1.14).

From now on we will be assuming that the eigenvalue problem (11.1.4) has a countable number of eigenvalues
{An}nen such that the corresponding set of eigenfunctions {v,(7)}nen is complete. Thus, carring out the
plan outlined above we consider infinite series

u(r,t) = § Ape=Prnty, (1), (11.1.15)

n=1
and

u(r,t) = i:;l(An cos(cy/Ant) + Bu sin(ey/Ant))on (7). (11.1.16)

The presence of infinity in the above formulas makes things quite complicated. The infinite sum of continuous
functions is not necessarily continuous and therefore even if each term of the series satisfies the boundary
conditions, the sum not necessarily does so (for example it is possible to expand function f(z) =1 on [0, 1]
into a series of sine functions which have the property that each is equal to zero at = 0.) Similarly, infinite
sum of differentiable functions need not be differentiable, thus even if each term of the series satisfies the
diffusion or wave equation, the series may be not differentiable and therefore will fail to be the solution of
the equation.

These problems as well as the question of completness of the system of eigenfucntions are beyond the scope
of this course. Our aim is merely to provide tools needed to construct the formal solution - that is to find an
infinite series representation of the function which is the genuine solution if all the theoretical requirements
mentioned above are met.

Having accepted this convention we are faced with the task of determining the coefficients A,, and B,, so
that the initial values are satisfied. Therefore putting ¢ = 0 in (11.1.15) and (11.1.16) we obtain

o(r) =u(r,0) = > Apvn(r), (11.1.17)
n=1
in the case of the diffusion equation, and
o(r) = wu(r,0)= ZlAnvn(r)

P(r) = wu(r,0) = ilcmann(r). (11.1.18)

This problem is similar to that of linear algebra - to find the coefficients of the expansion of a given vector in
a prescribed base. In general, even in a finite dimensional case the problem is not easy. It becomes, however,
much simpler if the base is orthonormal, that is, vectors are mutually orthogonal and of unit length. It turns
out that in the space of functions one can also define an operation which is analogous to the dot product of
R™ and which can be used to introduce working definitions of the orthogonality and the norm of a function.

Definition 1.1 Let f and g be continuous functions on  C R™. We define the dot product of f and g by
(f,9) :/f(r)g(r)dr (11.1.19)
Q

We say that f and g are orthogonal, if

(f,.9)= /f(r)mdr = 0. (11.1.20)

Q
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The number

11 = | [ \rear (11.1.21)
Q
is called the norm of the function f. We say that the set of functions {v,(v)}nen is orthogonal if vy is

orthogonal to v; for any k,j € N such that k # j. The set {v,(r)}nen is said to be orthonormal if it is
orthogonal and ||lvg|| = 1 for each k € N.

Example 1.1 Possibly the best known systems of orthogonal functions are systems of trigonometric func-
tions {sinnmx}i1<n<oo O {€OSNTEL}o<n<oo. Taking into account that

1 1

1 1

|| sinnmz||? = /Sln nrrdr = 5/ (1 — cos2nnz)dr = X
0 0

and similarly

1
|| cos nm||? = 3

for n > 1 and
) cos Oma® = 12 =1,

we obtain that
1 1.
{— sin 7w, sin 27z, . sinnnz,...}

V2 V2 V2

and
{1,cos 7, cos 2rx, ..., cosnwx, ...},

are orthonormal systems of functions.

Fortunately, if turns out that any system of eigenfunctions of the Laplace equation with Dirichlet, Neumann
or Robin boundary conditions is (or, more precisely can be made) orthogonal. We prove the following
theorem.

Theorem 1.2 The eigenfunctions of the problem (11.1.4) corresponding to different eigenvalues are orthog-
onal. Moreover, all the eigenfunctions may be chosen to be real functions and orthogonal to each other.

Proof. First, we shall show that all the eigenfunctions can be chosen to be real functions. In fact, if a
complex valued function v is an eigenfunction corresponding to the eigenvalue A, that is, —Av = Av, then
due to Theorem 1.1, X is a real number and therefore also the complex conjugate v is an eigenfunction
corresponding to the same eigenvalue: —Av = Av. Thus, the eigenspace corresponding to such a A is at least
two-dimensional. However, taking as new elgenfunctlons vy = (v+70)/2= Rev and va = (v —0)/2i = Imv
we obtain two new eigenfunctions (since v; and vs are linear combinations of the old ones) which are also
linearly independent. In fact, let for some «, 8

i+ +io¢—ﬁ7
v v.
21 21

0=avy + Bvy =
Since v and ¥ are linearly independent (provided Im v # 0), we must have

ia+8 = 0
ia—p0p = 0.
The discriminant of this system is equal to —2i # 0, so the only solution is « = § = 0, and v; and

vg are linearly independent. Thus this two real eigenfunctions v; and ve span the same eigenspace as the
eigenfunctions v and v and therefore can be used instead of them. Continuing, we can replace all the complex
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valued eigenfunctions (which necessarily appear in pairs - each one together with its complex conjugate) by
real valued eigenfunctions corresponding to the same real eigenvalues without altering their span.

From now on we shall assume that all the eigenfunctions are real-valued. Let us recall Green’s second identity

(10.3.1)
v Ou
/(uAv —vAu)dr = / (uan - 871) ds
Q o0

which is valid for any (twice differentiable) functions u,v. Let u = vy and v = v; be eigenfunctions corre-
sponding to different eigenvalues A\ # A;, that is, —Avg = Apvr and —Av; = Agv;. Then, if we consider
Dirichlet or Neumann boundary conditions, then the right-hand side of Green’s formula vanishes automati-
cally. If we deal with the Robin conditions: dv;/On = —av; for | = k, 4, then

ov Ou
/ (u()n — 871) ds = /(—avkvi + aviv;)dS = 0.
90

o2

Thus always we have

0= /(vavi — v Avg)dr = (A — Ay) /vwkdr
Q Q
which shows that if A\; # A, then v;, vi are orthogonal.

In the last statement we claim that all the eigenfunctions can be made orthogonal. Note that this is not
covered by the first statement of the theorem. The reason is that we may have several eigenfunctions
corresponding to the same eigenvalue and in such a case the proof of the first statement fails (recall that the
last step required dividing by Ax — A; # 0.) Let us then suppose that v, () ... () is the basis for the
eigenspace corresponding to the same eigenvalue (it can be proved that to each eigenvalue of the problem
(11.1.4) can correspond at most finite number of eigenfunctions, that is, the multiplicity of each eigenvalue
is finite). Using the well-known Gramm-Schimdt procedure from linear algebra (with respect to the dot
product defined by (11.1.19) we can transform any finite basis of a subspace into an orthonormal basis for
the same subspace. The procedure is algorithmic: we define the first element of the orthonormal basis by
u® = v /||vM)||, and next we subtract from v the orthogonal projection of v(?) onto span of u(?), that

is, we define
a® = u® — (@ W)™

and to obtain the second element of the basis we normalize: u? = @ /||a(?)||. In the next step we subtract
from v(®) its orhogonal projection onto the linear span of u") and u(? and again normalize the result to
obtain u(®). The procedure continues in this way until all the elements of the original basis are exhausted;
then that we are left with an orthonormal basis spaning exactly the same space as v v . v(), [ ]

According to the theorem we may assume that the system {vy}ren of eigenfunction is orthonormal. Note
that it is possible that in the corresponding sequence of eigenvalues { A }ren the same numerical value of Ay
may correspond to several different k£ — this is due to the fact that in the set of eigenfunctions we may have
several eigenfunction corresponding to the same eigenvalue.

The theorem provides us with a constructive way of finding the coefficients A,, and B, in (11.1.17) and
(11.1.18). In fact, multiplying both sides of (11.1.17) with v; and integrating with over Q we obtain

/ s(ryos(rydr = 3 A, / (Yo () dr
Q n=l Q
= Ak ' 17

thanks to the fact that the eigenfunctions are orthonormal:

R S

n==k.
Q
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Thus, in the case of the diffusion equation we obtain
A, = /¢(r)vn(r)dr. (11.1.22)
Q
Analogous procedure applied to (11.1.18) gives

A = / o(r)vn (r)dr

1
B, = Akg/gb(r)vk(r)dr (11.1.23)

c
Summarizing, the (formal) solution to the diffusion equation is given by
o0
u(r,t) = S Ape Pty (7), (11.1.24)
n=1
where the coefficients A4,, are given by (11.1.22), and the (formal) solution to the wave equation is given by

u(r,t) = io: (A, cos(cr/Ant) + By sin(cy/Ant))vn (r). (11.1.25)

n=1
with coefficients A,, and B,, given by (11.1.23).

Of course, any practical value of these formulas depend on the possibility of finding the eigenfunctions in an
explicit form. The remaining part of this Lecture is devoted to this topic and also to the discussion of some
variations of (11.1.24) and (11.1.25).

Example 1.2 Let us solve the following initial-boundary value problem in the unit square = {(x,y); 0 <
r<1,0<y<1}

ug = Au, in €,
u(@,y,0) = ay,
u(z,y,t) = 0, ondN.

Separating time and spatial variables as in (11.1.2) we obtain the eigenvalue problem

—Av = v, in{,
v(z,y) = 0, ondQ. (11.1.26)

To solve this problem we once again apply the separation of variables technique and write v as the product
v(z,y) = X(2)Y (y).

Inserting such a function to the equation in (11.1.26) and reasoning exactly as when getting (11.1.3), we
obtain

for some constant . Taking into account the boundary condition, we arrive at two eigenvalue problems for
ordinary differential equations

X' +4X = 0,
X(0)=X1) = o
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and
Y'+uy = 0,
Y(0)=Y(1) = o0, (11.1.27)

where p1 = A—~. Although it is well-known, for the sake of completness we shall repeat the argument leading
to the solution of these problems.

Using e.g. formula (9.1.7) we obtain the general solution to the second order equation
X(z) = CreV7® 4 Che™ V2,
From the boundary conditions we obtain
Cy + Cy
C’leﬁ + C’ge_ﬁ =

For a homogeneous system of equations to have a non-zero solution it is necessary and sufficient that

eV — eV =0
which gives

o2V — 1 — pi2nm
for n € Z. Thus we obtain the sequence of eigenvalues

Yo = —n2m?, (11.1.28)
consequently we have o o B
X(z) = Cpem™ — Cre "™ = 2iCy sinnnz,

and the sequence of real-valued eigenfunctions is given by

X, (z) =sinnnzx
Since each function sin nmx corresponds to a different eigenvalue —n272, we know that

1
/sin nrxsin krxdr = 0
0

for n # k. On the other hand, for n = k we have
1
|| sinnmz||? = /Sim2 nradr =

0

N =

1
1
/(1 — cos 2nmx)dx = 3
0

thus the orthonormal system of eigenfunctions is given by {v/2sin nrz},>1.

Having done that, we see that as the eigenvalues for (11.1.27) are given similarly by

_ 2_2
Pom = —m T,

with eigenfunctions defined as
Yin(y) = sinmy,
for m > 1.

We check that v(z,y) = sinnrzsinmry is an eigenfunction of (11.1.26) corresponding to the eigenvalue
A = 72(m? + n?). In fact
0? 0?
Av = sinmmy—— sinnrz + sinnrz—— sinmay = —(n?7? + m2n?) sinnra sinmry = —72(n? + m?)v.

Ox? Oy>?
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It is important to note that in this case we have multiple eigenvalues — to each eigenvalue A there correspond
all the functions sin n7a sin mry for which m?+n? = \/7? (with n,m € N). For example, vy, = sin 27z sin 7y
and v = sin 7w sin 27y are two (and only two) independent functions corresponding to the eigenvalue 572
and this eigenvalue has multiplicity two. The next eigenvalue (22+22)7? is single, and yet the next (32+12)72
is again double.

Fortunately, in this case each two distinct eigenfunctions, as found above, are orthogonal, even when they
belong to the same eigenspace so that there is no need to carry out the Gram-Schmidt orthogonalization.

Yet another remark pertains to the notation. Typically, in concrete cases, like this one, the numbering of
eigenvalues and eigenfunctions with a single number (as we did in our general considerations) is not very
convenient. In fact,to be in the agreement with the convention explained after the proof of Theorem 1.2 we
should align the eigenfunctions as follows

{sin 7z sin 7y, sin 27z sin 7y, sin 7z sin 27y, . . .}

and define vy (z,y) = sinwasinmy, va(x,y) = sin2rxsinny, vs(z,y) = sinwxsin 2wy, etc. and then the
sequence of eigenvalues would look like
{27% 572, 572 ...}

that is each eigenvalue would be repeated in the sequence as many times as is its multiplicity. Clearly, such
an arrangement is not the easiest to handle and it turns out that it is much more convenient to use multiple
(in this case double) indexes. That is, we consider the set of eigenfunctions

{oki(z,y) brax>1 = {sinkmzsinlry}y >1
with the corresponding double sequence of eigenvalues
Diitest = {(B2 + P)7 kst

Since

11 1 1
llvre]|® vz, y)dedy = //sin krxsinlrydady = /sin krxdx /sin Irydy
00 0 0

Il
,&M—lb\

the orthonormal set of eigenfunctions is given by
{2sinkrzsinlny}yi>1. (11.1.29)

The solution of the problem is then given by

o —H(k2 1272 .
u(r,t) =25, Age sin kra sin lmy

k=1
where

11 1 1

Ay = 2//33ysink7rmsinl7rydxdy =2 /xsinkwxdm /ysinlﬂydy
00 0 0
_ 2(_1)k+l

w2kl

Thus .
u(r,t) = % i ﬁe%(m“zﬁr2 sin k7ra sin lmy.
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2 Nonhomogeneous problems

In this section we shall discuss how to use the technique of separation of variables to solve boundary value
problem for nonhomogeneous equations with possibly nonhomogeneous boundary data.

We shall start with nonhomogeneous the diffusion equation with zero boundary data. To shorten the expo-
sition, we restrict ourselves to the case of Dirichlet boundary conditions, the others being analogous.

2.1 Nonhomogeneous diffusion equation

Let us consider the initial-boundary value problem

u, = DAu+ f(r,t), inQ
u(r,0) = o(r),
u(r,t) = 0, ondf, (11.2.1)

We cannot apply the separation of variable technique as, in general, f contains both variables. To solve
the problem we shall use the same approach as for nonhomogeneous ordinary differential equations. We
shall first find a general solution of the homogeneous equation and, using the postulated completness of
eigenfunctions of the problem, we shall expand the right-hand side and the initial value converting the
time dependent part of the problem (11.2.1) into an infinite system of nonhomogeneous ordinary differential
equations corresponding to (11.1.7) for the homogeneous case.

So, let {vk(7)}ken be the complete set of orthonormal eigenfunctions of the problem

—Au = Au, in{
u(r) = 0, ondf.
Then we can write
frt) = 3 St
o(r) = gjl(mvk(r), (11.2.2)
where fi(t) fQ r)dr and ¢ = fQ v (r)dr. We also envisage the solution to be in the form

by
u(r,t) = kz::1Uk (t)vg(r),

where uy, are to be determined. Inserting this formula into the diffusion equation, we obtain
u(r,t) = ch,t(t)vk(r) = > ur(t)Avk(r) + 3 fi(t)vr(r)
k=1 k=1
= E (=Xt (t) + fr(t))vk(r),

and
u(r,0) = ki:o:1Uk(0)Uk<r) = k§1¢kvk(T) (11.2.3)

which translates into the infinite system of nonhomogeneous ordinary linear differential equations

Upr = —ApDuk+ f,
up(0) = o (11.2.4)
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These equations can be explicitely solved and we get

¢
up(t) = ppe Pt 4 g7 Dt / eMPs £ (s)ds. (11.2.5)
0

Thus the final solution is given by the formula

t

u(r,t) = kij:le_’\’“m oK + /e)"“Dsfk(s)ds v (7). (11.2.6)

0

Note that this solution can be written as a sum of two parts:
u(r,t) = u® + oM
where

WO (r,t) = S e P pru(r)
k=1

which, according to (11.1.24) is the solution to the homogeneous equation satisfying the initial condition
u© (r,0) = ¢(r), and

u(r,t) = i e*’\’“Dt/eA’“Dsfk(s)ds vg (1)

k=1
0

which gives the solutuion of the nonhomogeneous equation with zero initial condition.

2.2 Nonhomogeneous wave equation

Let us now consider Dirichlet problem for the wave equation

uy = EAu+ f(r,t), inQ
”LL(’I’,O) = ¢(T)a
u(r,0) = 1(r),
u(r,t) = 0, ondQ, (11.2.7)

As in the previous example we postulate the existence of a complete set of orthonormal eigenfunctions
{vg(r) }ren so that the data can be expanded as

frt) = 5 Feltyou(r),

o) = 3 dunlr),

U(r) = kijll/}kvk("“)a (11.2.8)
and we look for the solution in the form

ulr,t) = éluk(t)vk(r).

Following the same approach from the previous example, we obtain the infinite set of second order ordinary
differential equations

Uge = —C AUk + frs
uk(o) = ¢k7
U,k7t(0) = wk- (11.2.9)
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Using the fact that A\;, > 0, from formula (9.1.12) we obtain

= ¢y, cos c\/7t —|—

(sin e/ A (t — ) fi(s)ds. (11.2.10)
vew]

Therefore the solution to the problem is given by
1 1 /
u(r,t) = > | ¢pr cosen/ At + —=t sine/ At + ——= /(sin eV Akt —8)) fe(s)ds | vi(r). (11.2.11)
k=1 vors vV Ak ]

Similarly to the previous example, the solution can be written as the sum of three functions
u(r,t) = u® +u® 4+ o?
where

0) (r,t) = i @y, COS C\/gtvk("')
k=1

which, according to (11.1.25) is the solution to the homogeneous equation and satisfies the initial conditions
u® (r,0) = ¢(r) and u,(fo)(r7 0) =0,

OO

u(l)('r, t) =

sm e/ Aptog (r
1 C\/

which is the solution to the homogeneous equation and satisfies the initial conditions u(®(r,0) = 0 and
u® (r,0) = (), and

u(r :OO L tsinc — S s)ds | vi(r
)= ¥ —— 0/( VAt = ) fe(s)ds | un(r)

which gives the solution of the nonhomogeneous equation with zero initial condition.

2.3 Nonhomogeneous boundary problems

Let us consider the following variations of initial-boundary value problems:

uy = DAu, in
u(r,0) = o(r),
u(r,t) = g(r,t), ondQ, (11.2.12)
for the diffusion equation, and
ue = cAu, inQ
u(r,0) = o(r),
Ut(’l’, O) = 1,[)(7'),
u(r,t) = g(r,t), onodfQ, (11.2.13)

for the wave equation.

The difference now is that the solution is supposed to be equal to a prescribed function g on the boundary
for all the time. Again, we cannot use the separation of variables technique directly, since the boundary
condition is not linear: if v; and v9 are equal to g at the boundary, then v; +vo = 2g on the boundary, instead
of the required g. Both this problems in principle can be transformed to problems with nonhomogeneous
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equations and homogeneous boundary conditions using the method outlined in Example 2.4.1. The idea is
to find a function G(r,t), defined and sufficiently regular throughout €2, which satisfies G(r,t)|sq = g(r,1).
Then we introduce the new function w(r,t) = u(r,t) — G(r,t) and it is easy to check that w is the solution
to

wy = DAw—Gi+ DAG, in{
w(r, O) = (]3(1") - G(T‘, O)a
w(r,t) = 0, ondf, (11.2.14)

in the case of the diffusion equation, and

wy = AEAw—Gy+AAG, inQ
w(r,0) = ¢(r) - G(r,0),
wy (""’ 0) = ¢(7“) -Gy (T, 0)7
w(r,t) = 0, ondQ, (11.2.15)

for the wave equation. Since G is supposed to be a known function, the problems are reduced to that solved
in two previous subsections.

For non-homogeneous Neumann and Robin problems the idea is basically the same - we have to find (by
guessing, trial and error, or otherwise) a function such that its behaviour on the boundary coincides with
that stipulated for the solution.

As usual, the problem is that finding a suitable G is usually not easy, especially in higher dimensions. In
the following example we shall construct such extensions for the interval [0, 1].

Example 2.1 Let us find a function G(z,t) defined on [0, 1] such that

(i) G(0,t) = ho(t) and G(1,) = hy(t),
(ii) G (0,t) = ho(t) and Gy (1,t) = hy (%),
(i) —G(0,t) + aG(0,t) = ho(t) and Go(1,t) + bG(1,t) = hy(t), a,b > 0.

(i) For the first case we can treat ¢ as a parameter, so we need the (simplest) function of z which takes on
prescribed values at x = 0 and x = 1. There exists a linear in z functions with such properties and it follows
that we can take

G(z,t) = ho(t) + x(h1(t) — ho(t)). (11.2.16)

(ii) In the second case we note that what we need is a function which derivative behaves according to

(11.2.16). Thus we may take
2

Gla.1) = who(t) + - (1 (1) = ho(t)): (11.2.17)

(iii) For the Robin case we assume that G(z,t) = A(¢t)x+ B(t). Then —G,(0,t)+aG(0,t) = —A(t)+aB(t) =
ho(t) and G (1,t) + bG(1,t) = A(t) + b(A(t) + B(t)) = h1(t). The determinant is equal to —(a +b) —ab # 0
for a,b > 0, thus the system has a unique solution given by A(t) = (ahi(t) — bho(t))/((a + b) + ab) and
B(t) = (h1(t) + (L +b)ho(t))/((a + b) 4+ ab). Hence

1

Gla,t) = (a+b)+ ab

(z(ahq(t) — bho(t)) + (h1(t) + (1 + b)ho(t)).

Note that in neither case G is determined in a unique way but having in mind equations (11.2.14) and
(11.2.15) we are tryin to find possibly simplest functions satisfying required conditions.

In the next example we shall provide a full solution to a problem with non-homogeneous boundary condition.
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Example 2.2 Solve the problem

Uy = Ugg, Tor0<xz<1,t>0
u(z,0) = 0,
w(2,0) = 0,
u(0,z) = 3, w(l,t)=0, t>0,

According to the general theory we must find a function G(z,t) which coincides with the solution at the
endpoints. Using the previous example with ho(t) = t? and hy(t) = 0 we find G(z,t) = t?(1 — x). Thus we
define the new function

w(z,t) = u(z,t) — t3(1 — ).

This function satisfies the following problem

Wy = Wee+2x—1), for0O<z<1,t>0
w(z,0) = 0,
we(z,0) = 0,
w(0,2) = 0, w(l,t)=0, t>0,

hence we can use the formula (11.2.11). We know that the normalized eigenfunctions of this problem are
given by

(z) = V2sinknzx

and the eigenvalues are
A\ = —k2n?

for k > 1. Moreover, ¢ = 1, = 0 for all k > 1 and for fi(t) we obtain

—2\f/x—1 smk7rxdx——2k\—[
T

Thus, from (11.2.11) we get

4 > 1
w(z,t) = —ﬁkz_:l?/(sinkﬂr(t—s))dssmkﬂx
B 0
© 3 L (coskrt — 1)sink
= —=> = —1)sin
P cos km sin krx

and the final solution is given by
1

4
73 L3

u(z,t) =t*(1 — z) + w(z,t) = t2(1 — x) +

&Mg

(cos kmt — 1) sin kmz.

2.4 Laplace equation in the disc

In this subsection we shall show that the method of separation of variables is not restricted to the time-
dependent problems. We have already seen such an application in Example 1.2, where this method was used
to solve the eigenvalue problem for the Laplace equation in a square. Here we shall apply the method for
boundary value problems for the Laplace equation in plane domains which have polar symmetry: interior
and exterior of a circle, annulus and sectors.

Throughout this subsection we denote by 2 one of the following sets:

(i) Q= {(z,y); 22 +y?> <’} ={(r,¢); 7 < b,0 < ¢ < 27} (the interior of a disc),
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(i) Q= {(z,y); a®> <2? +y? < b?*} ={(r,¢); a <7 <b,0< ¢ < 27} (an annulus),
(iii) Q@ = {(z,y); b? < 2? +y*} = {(r,¢); b < 7,0 < ¢ < 27} (the exterior of the disc).
Let us consider the Laplace equation in :
Au=0, inQ, (11.2.18)

with one of the following boundary conditions:

(D
In the case (i):
u(b, ¢) = g(¢), wu(r,¢) bounded as r — 07, (11.2.19)

(IT)

In the case (ii):

ub, ) = gu(9), (11.2.20)

(I11)
In the case (iii):
u(b, d) = g(¢), u(r,¢) bounded as r — +oc. (11.2.21)

Solutions to (I)-(III) can be obtained as particular cases of the general solution to (11.2.18).
Using the Chain Rule we can write the Laplace equation in polar coordinates as
r Y (ruy )y + r2ugy = 0. (11.2.22)
To apply the separation of variables technique, we look for particular solutions in the form
u(r, ¢) = R(r)®(¢). (11.2.23)
Inserting into the equation (11.2.22) w obtain

’I“(’I’RT)T + ‘b¢¢ —0

R )

which results in both terms being constant and leads to two ordinary differential equations
" + AP =0, for0<¢<2m, (11.2.24)

and
r(rR,)r — AR =0. (11.2.25)

Let us consider first Eq. (11.2.24). It is not immediate what kind of boundary conditions one should assign
to this equation. To find the proper ones we note that the restriction 0 < ¢ < 2 is artificial as geometrically
the point (r, ¢) coincides with the point (r,¢ + 27), thus u(r, ¢) must be equal to u(r, ¢ + 27), for any ¢.
This observation shows that ® must be periodic with period 27, that is, we require

D(¢) = P(p+2m), for0< ¢ <27, (11.2.26)

We haven’t discussed boundary conditions of this form so far but as we shall see they define a proper
eigenvalue problem. To solve it, let us first note that (11.2.26) yields

D' (¢p) = D'(p+2m), for0< ¢ < 2m,
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and therefore we shall consider the following eigenvalue problem

"+ A0 = 0, for0<¢<2m,
d(0) = P(2m)
'(0) = @ (2n). (11.2.27)

Unfortunately, we cannot use the general theory to determine the sign of eigenvalues and we have to start
from a scratch. The general solution of (11.2.24) is given by

u(¢) = CreV ™% 4 Che™ VA9
and the boundary conditions give the system of equations

Cl + CZ —_ Cle\/j)&ﬂ' + 0267\/5)\27r
CiVo — COov/— N = VoNC1eV 22T /[ T\Che V22,

Assuming for a moment that A = 0 is not an eigenvalue, we can divide the second equation by +/—A\ so that
we get the following system

Ci(1— eV M) 4 Cy(1—e VA2 = 0

Ci(l—eV 22 _ (1 — e VR2m) = .

The determinant of this system is given by
_2(1 o e\/—)\27r)(1 _ e—\/—)\27r)
which is zero only if either

1—eV™22m =

or
1—e V722" .

From these equations we obtain

ei\/—)\27r —1= ei2n7r

which yields
A\ =n?

where n is a nonzero integer. Consequently, we obtain the eigenfunctions
0,(¢) = C1n€™ + Cope™? (11.2.28)

and, as in the first part of the proof of Theorem 1.2, the eigenfunction can be written in the real form giving
the

{sinn¢,cosnd}p=a1 42, .

as the set of eigenfunctions.

Consider now the exceptional case A = 0. Then the equation (11.2.24) has the solution ®(¢) = Cy¢ + C})
which is periodic only when Cy = 0. Thus ®( is constant and is included in the general formula if we allow
n =0.

Having determined the eigenvalues, we can now solve the equation for R:
Ry + 1R, —n’R = 0. (11.2.29)

This is so called Euler equation which can be solved by using trial solutions of the form R, = r®. Inserting
such a function into the equation (11.2.29), we obtain

r*(a(a—1)+a—-n?) =0
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which is satisfied if and only if « is a root of the following quadratic equation
ala—1)+a—-n*=0

or simply

So, if n # 0, we obtain two distinct solutions
a; =n, Qg = —N,

where n € N, and consequently
R, (r) = apr™ 4+ byr ™.

If n = 0, this procedure produces only one solution Ry(r) = ag, but then the equation can be integrated
directly to give
Ro(T) =ag + bglnr.

Thus we can write the general solution of the Laplace equation
o0 o0
u(r,¢) = Ao+ Bolnr + Y (Apr™ 4+ Bpr")cosng + > (Cpr™ 4+ Dypr™ ") sinne. (11.2.30)
n=1 n=1

Now, let us specify the form of the solution so that it can be the solution of the boundary value problems

(D)-(11).

Case (I)
In the case (I) we require the solution to be bounded as » — 0%, which forces By = B,, = D,, = 0 for
n > 1. Thus we obtain

u(r,¢) = Ao+ Y, Aprcosng + > C,r'tsinng. (11.2.31)

n=1 n=1

The constants A,, and C,, are to be determined by

9(¢) = u(a, ) = Ag + ioj Apa” cosng + fj Cya™ sinng

n=1 n=1
where

27

A = 5 [ ato)ie,

0
1 27
Ay = —— [ g(¢)cosneds,
a™m
0
2T

1 .
C, = o 9(0) sin ngdo, (11.2.32)
0

for n > 0, where we used the orthogonality of all trigonometric functions on [0, 27] and the normalizing

relation
2

27
/COS2 nodp = /Sin2 node = .
0

0
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Case (II)
Case (II) requires the full expansion (11.2.30). The coefficients are to be determined from the infinite
system of equations:

2T

1
A+ Bola = o [ au(e)d.
0
27

1
Ao+ Byglnb = o /gb(¢)d¢, (11.2.33)
T
0
and for n > 1,
27

1
A,a" + Bpa " = f/ga(gb) cos nodae,
v

2
A"+ Byt = l/gb(gzﬁ) cosnodap, (11.2.34)
i 0
and
2
Cpa"™ + Dpa™" = l/ga(cﬁ) sin ngdae,
i 0
2
Cpb"+Dpb™" = %/gb(gb) sin ngdg. (11.2.35)

0

Note that these equations are solvable as the determinant of each system is equal to (a/b)™ —(b/a)™ # 0
for n > 1 and In(b/a) # 0 for n = 0.

Case (III)
Case (III) is similar to the Case (I) with the difference that the requirement of boundedness of u(r, ¢)
as r — oo forces By = A, = C,, for all n > 0. The solution is then given by

u(r,¢) = Ao+ > Bpr " cosnd + > D,r~"sinng. (11.2.36)

n=1 n=1

The constants A,, and C,, are defined by

A = 5 [ oo,
B, = —/g(qﬁ)cosn(bd(b, (11.2.37)

D, = —/g((ﬁ)sinn(j)dqﬁ, (11.2.38)

for n > 1.

Example 2.3 Find the solution to:
Au = 0, 1<r<20<¢<2m,
u(l,¢) = cos¢+1,
u(2,¢) = 1+sing.
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To solve the problem we first write cos? ¢ = % + % With this change we use (11.2.30)
u(r,¢) = Ao+ Bolnr + > (Apr™ + Bur~")cosng + Y (Cpr™ + Dypr™") sinng.
n=1 n=1

There is, however, no need to use the integral formulas for coefficients of the expansion, as our data are
already given in the form of (finite) Fourier expansion. By comparison we have

cos2¢ _ u(l,$) = Ao + f: (A, + Bp) cosng + io) (Cy + D) sinng,

2 n=1 n=1

N W

_|_
where we used In1 = 0. Similarly
o) o)
1+sing =u(2,¢) = Ao+ Boln2+ > (A4,2" + B,27")cosng + Y (Cp2" + D27 ") sinneg.
n=1 n=1

By the uniqueness of the Fourier expansion we get the following equations

3

Ay = >
A0+B01n2 = 1,
Ci+D;y = 0,
201 +27'D; = 1,
1

Ay + By = 5
224, +27%By = 0.

All the other coefficients are zero being the solutions of homogeneous linear systems with non-zero determi-
nants. Solving, we obtain

3
Aozi,Bo

Thus the solution is given by

1 2 1 8
Inr+ —(r+ r_l)sinqﬂ- (—r2 + T_2> oS 2¢.

3
u(r @) =5 = 513 3 30 15

The next example is a little more sophisticated and requires some complex analysis.

Example 2.4 Find the solution to:

Au = 0, r<1,0<¢ <2,
u(l,9) = g(¢),
where

1 for 0<o¢p<m
g(¢){0 for < ¢ < 2m.

According to the formula (11.2.31) the solution is given by

u(r,¢) = Ag + z_:lAnr” cosne + z_:lCnr” sin na,



238 Partial differential equations

where in our case

1 1
A = 5 [do=3,

0
1 7 1
A, = /cos ngdp = — (sinnmw — sin0) = 0,
nm
0
1] 1 1
C, = — [sinngdp=—— (cosnm —cos0) =——((-1)" —1).
T nm nm
0
The coefficient C), can be written in the following way
o { 0 for n =2k
n ﬁ fOI' n = 2k' + 1,
where k£ = 0,1, ... and the solution takes the form
1 92 2k+1
u(r, ¢) = 5 Z 1 sin(2k + 1)¢. (11.2.39)
Vi

An interesting thing about the series above is that it can actually be summed. In fact

0o ,’,.2k+1 0o 2k+1 0o 22k+1

O Sy S+ 00 = Im 30 S (cos(2h+ 1o+ isin(2k +1)6) = Im 3 o7

The last series is quite well-known. In fact, since

0o Lk
111(1*2,’) = 7277
=1k
(142 = -3 U
k=1
we have .
142 oo 2ktl
1 =1In(1 —In(1 — 2
nl—z n(l+ z) —In( z) = ZQk—I—l

4

We have to calculate ImIn H . To do this, we recal that for complex logarithm we have the formula

1+z

Inz = In|z| + iargz, so that we have to find arg { In this regard we observe that this is equal to
arg(l + z) —arg(l — z). Next, note that for z in the circle o = arg (1 + z) changes from —x/2 to 7/2 and
is positive for I'mz > 0 and negative otherwise. Also § = arg(l — z) changes between —7/2 and /2 but
0 is negative for I'mz > 0 and positive otherwise. Consider first Imz > 0, then the triangle with vertices
—1,—1, z has angles equal to a, =3, 7 — (v — 3) at the respective verstices. On the other hand, this triangle
has two vertices at the diameter of the unit circle and the third vertex, z, is inside the circle, hence we
must have 7/2 < ™ — (@ — 3) < 7, which yields 0 < o — 8 < /2. Similarly, for Imz < 0 we obtain
—7m/2 < a— <0, soin any case for z belonging to the interior of the circle we have

arg

1—_Fz =arg(l+z)—arg(l—2)=a—p€(-n/2,7/2)

and in this range we can use the formula

arg

1—=2 Reditz”
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Now, reverting to real variables so that r = |z| and Im z = rsin ¢, Re z = rsin ¢, we have

142z 1—r24+i2rsing

1—z 1—2rcos¢+r2’

Thus )
_1 2rsing

z
= tan

TITS 1—72

Returning to the solution of our problem we obtain

1 1 2r si
u(r,¢) = = + —tan™" rsin g

2 7 1—72"

239
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Lecture 11
The hydrogen atom

The motion of an electron in the hydrogen atom is described by the following Schrodinger equation:

. h? e? .
—ihtpy = 5 A + ”wi(,t), (11.0.1)

where e is the charge of the electron and r the distance to the proton, which is supposed to be situated at
the origin.

We rewrite this equation in the dimensionless form:

iy = — A~ éw(iw, (11.0.2)

and, as in the previous lecture, we will be looking for solution to this equation satisfying the condition
s [ (5t)[Pd< 0. (11.0.3)

Although this is the whole space problem and we observed that the separation of variables had been un-
successful in the case of the free Schrédinger equation, we shall try this method here. Writing, as usual,

»(it) = T(t)v(), we obtain )
T -Av—/||

2 A
‘T v ’
where ) is a constant. The time factor is easily found to be
T(t) =e
and v solves the following problem
2
—Av — ﬁv = Av. (11.0.4)

Any acceptable solution v must satisfy (11.0.3).

We recall that the solutions of (11.0.4), if they exist, describe the stable states of the hydrogen atom. In
fact, in 1913, Niels Bohr observed that the hydrogen atom is stable only for special values of the energy
of the electron and the possible values of energy are, in certain system of units, equal to the reciprocals of
squares of consecutive integers. We shall obtain this result from the mathematical analysis of Eq. (11.0.4).

The general solution of Eq. (11.0.4) is very difficult. We simplify the problem by considering only spherically
symmetric states. Physically it means that we don’t discuss the spin of the electron.

Denoting r = H we write Eq. (11.0.4) in spherical coordinates. Taking into account that v() = R(r) is
independent on angular coordinates, we obtain the following equation for R:

2 2
Ry — 2R, — 2R =R (11.0.5)
T T

241
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The condition (11.0.3) in spherical coordinates will have the form:
/ R*(r)r?dr < oo (11.0.6)
0
and it is understood that
R(0) is finite. (11.0.7)
This ordinary differential equation, called the Laguerre differential equation is still not easy to solve.

To find out the most convenient change of variable simplifying the equation (11.0.5) we observe that for large
r the equation is close to the equation —R,, = AR, which has the solutions e*?" where 8 = v/—\. We are
interested in solutions decaying to 0 as r — oo, thus we take A < 0 (otherwise 8 would be purely imaginary
and we would have oscillations) and select the solution e " as the approximate solution to (11.0.5). To get
the exact solution we introduce a new unknown function w according to the formula

R(r) = e P w(r).

This gives R, = (w, — Bw)e™P", Ry, = (wpr — 26w, )e P and the equation (11.0.5) will take the form
1
ST Wrr — Brw, + w, + (1 — B)w = 0. (11.0.8)

We solve this equation by the power series method, that is, we look for the solution to (11.0.8) in the form
o0
w(r) = apr®.
k=0
Substituting into (11.0.8) and after some rearrangement of terms we get

io: (;k(k -1)+ k‘) + io: (—B(k —1) + (1 — B)) ap_1r*"1 =0
=1

k=0

and, comparing coefficients at respective powers of r, we obtain the series of equations:

@ak — (Bk—Dap1, k=1,2,.... (11.0.9)
This means
ay = (ﬁ — 1)&0
3(12 = (2,6 — 1)(11
6a3 (3/6) — 1)CL2
10as = (46 —1)az etc.

Thus, if § happens to be a positive integer, the sequence of coefficients ag, a1, as,... terminates and we
have polynomial solution to (11.0.8). Since v() = R(r) = w(r)e ™ ?", we see that v() satisfies the condition
normalizing condition at infinity.

Before we give the interpretation of this result, let us discuss briefly other possible solutions of (11.0.8). For
B = 1/n there is, of course, another linearly independent solution of this equation but it is unbounded at
r = 0 and is of no physical interest. On the other hand, if 5 # 1 then the sequence of coefficients doesn’t
terminate and it turns out that R(r) behaves approximately as e°” as r — oo and therefore it cannot satisfy
the normalizing condition (11.0.6).

Thus we have found all possible spherically symmetric stationary states of the hydrogen atom. For the first
few we have

n  A(energy) v()(stationary state)
1 -1 e "

2 ~1 e /2(1—r/2)

3

-3 e "/3(1 —2r/3 4 2r/27)
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We see that the lowest energy levels are

1 1

1, —=, —=,...
4 9

which corresponds exactly to the results of Bohr’s experiment.

We must remember, however, that there are plenty of eigenfunctions that possess the angular dependence
(spin). Also, we have a continuous spectrum so that our analysis of the hydrogen atom is by no means
complete. However, it can be proved all other elements of the spectrum are larger than these obtained above
and therefore we found indeed the states of the lowest energy.
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Lecture 12
Telegraph and diffusion equation

In Lecture 6 we discussed differences between the wave and diffusion equations and observed that the
properties of the solutions are totally different. Nevertheless, it follows that there is a connection between
the two processes. We describe it taking as an example the system of telegraph equations:

_ 1. G
uy = CZw Cu7
) 1 R,
W = T 7h (12.0.1)

where C is the capacitance, L is the self-inductance, R is the resistance and G is the leakage coefficient (per
unit length) which can be reduced to the damped wave equation (1.6.16).

Let us assume that either the coefficient of self-induction L or the capacitance C are relatively small. Then,
putting in the first case v = u, w =4, 1/C = b, G/C = a, R = ¢ and L = € and in the second case v = 1,
u=w,1/L=0b, R/L =a, G =cand C = ¢, we can write the telegraph system in the following form:

v +av+bw, = 0,
ew, + vy +cw = 0, (12.0.2)

where € is a small positive parameter. We use the approach called the perturbation method. Since € is
assumed to be small, we look for the solution to (12.0.2) in the form of power series in e:

v="Tg+evy +..., W=Wy+ ewi. (12.0.3)

We insert this expansion to (12.0.2) and obtain

=

(vo)t + €(v1)e + ...+ avo +€eavy + ... + b(wp)z + eb(wy )z + - ..
e(wo)e + E(w1)y + ... 4 (0)e + €(V1) g + ... +cwo + ccwy; =

e

Next we compare coefficients at the same powers of €; this yields, on the zero level of approximation, that is
for €Y, the following system of equations:

(Uo)t+avo+b(wo)z = 0,
(vg)g +cwg = 0.

Eliminating from both equations w we arrive at the diffusion equation for vg:

(vo): = —avo + g(vo)m (12.0.4)
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with wq given in terms of vy by

1
wo = _E(Uo)xac- (1205)

It can be proved that if we solve (12.0.4) with the same initial condition as for the function v of the telegraph
system, then
v(x,t) = vo(x,t) + O(e)

so that the solution v of the telegraph system (12.0.2) can be, with a good accuracy, approximated by the
solution to the diffusion equation (12.0.4). We note that, due to the properties which were discussed in
Lecture 6, the diffusion equation is much easier to solve numerically.

To conclude the discussion we write down explicitly the diffusion approximation of the telegraph system when
the self-induction L is small. Then the voltage u satisfies approximately the following diffusion equation:

u ——gu—i-iu

The physical interpretation of this fact is as follows. The capacitance and self-inductivity of the transmission
lines create delays in spreading of the signal and contribute to the wave character of the process. With
vanishing self-inductance the potential u is likely to propagate with relatively large speed and thus the
propagation can be adequately described by a diffusion equation. If the capacitance vanishes, then the same
is true for the current.



