Lectures on Ordinary and Partial Differential Equations
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Lecture 0
Exploring Mathematics: Zeta Functions, Game Theory, and Beyond
Note: This material is complementary and optional.

In this session, we will discuss intriguing mathematical results and concepts through a game. Participants
were asked to name a famous mathematician and one of their significant results.

1. Riemann Zeta Function and Euler’s Product Formula
The Basel Problem introduces us to the expression for the Riemann Zeta function:

=1 s .1 (2m)°Bs
C(s) = nz::l e = (_1)2“275!7

where s = 2 results in the well-known formula:

For positive even integers s, the expression generalizes as:

411 (27)°B,

((s) = (~Fr

where B, denotes the s Bernoulli number.

Euler’s Product Formula
Now, let’s explore Euler’s product formula for s = 1:
cvy= I a-»),
p prime
a surprising representation involving the prime numbers.

This result generalizes to:
(o)=Y ] (-p),

p prime

and it uncovers a profound connection between the Riemann Zeta function and prime numbers.

2. Nash Equilibrium and the Prisoner’s Dilemma

Nash Equilibrium is a key concept in game theory, defined in scenarios involving n players, each with a finite
set of strategies and utility functions.

Definition. A set of strategies is a Nash Equilibrium if, when each player knows the strategies of the
others, no player has an incentive to change their strategy.

To illustrate, consider the classic example of the Prisoner’s Dilemma. Two suspects are arrested, and
each has the option to cooperate (C) or betray (B) the other. The outcomes, in terms of years in prison, are
as follows:

Prisoner 1/Prisoner 2 | Cooperate (C) | Betray (B)
Cooperate (C) (-1, -1) years | (-3, 0) years
Betray (B) (0, -3) years | (-2, -2) years




Remark. In the scenario of the Prisoner’s Dilemma, if both players choose to cooperate, they would each
receive a better payoff (1 instead of 2 years imprisonment). Furthermore, the collectively payoff (-2 years) is
better than for any other combination of choices. However, this situation is not a Nash equilibrium because,
given their individual incentives, each player has an incentive to betray the other to minimize their own
individual sentence, leading to the dilemma’s characteristic outcome. Nash equilibrium is reached when no
player can unilaterally change their strategy to achieve a better outcome, and in the Prisoner’s Dilemma,
betraying is a dominant strategy for each player.

Finding Nash Equilibria involves identifying strategies where no player has an incentive to unilaterally
deviate. In the Prisoner’s Dilemma, one Nash Equilibrium is when both betray (B, B). Here, if one changes
strategy, they would end up with a worse outcome.

Recommendation: I highly recommend watching the movie A Beautiful Mind, which explores Nash
Equilibria and game theory in an engaging manner.

” A Beautiful Mind” provides insights into the life of John Nash, a brilliant mathematician who made
significant contributions to game theory, including the concept of Nash Equilibrium. The movie depicts how
Nash’s theories impacted various aspects of decision-making.

3. Pythagorean Theorem and Congruent Numbers

The Pythagorean Theorem states that in a right triangle, the square of the length of the hypotenuse (c) is
equal to the sum of the squares of the lengths of the other two sides (a and b):

2 =a% 4+ b2

This fundamental theorem, attributed to the ancient Greek mathematician Pythagoras, has applications
in geometry and trigonometry.

Congruent Numbers

The Pythagorean Theorem is intimately connected to the concept of congruent numbers. A positive integer
n is a congruent number if there exists a right-angled triangle with rational side lengths such that its area is
equal to n. In other words, n is congruent if and only if there exist rational numbers a, b, and ¢ satisfying:

9 .9 9 ab n
+b" = and — = .
a c n 5 >
The first few congruent numbers are

5,6,7,13,14, 15, 20, 21, 22, 23, 24, 28, 29, 30, 31, 34, 37, 38,
39,41, 45, 46,47, 52, 53, 54, 55, 56, 60, 61, 62, 63, 65, 69, 70,
71,77,78,79,80, 84, 85, 86, 87, 88,92, 93,94, 95, 96, 101, 102,
103,109, 110,111, 112,116,117, 118, 119, 120.

For example, consider the right triangle with sides 3,4, and 5. The area of this triangle is 6. Another
example is the triangle with side lengths 20/3,3/2, and 41/6. Its area is equal to 5.

The study of congruent numbers involves deep connections between number theory and geometry, pro-
viding a fascinating intersection between these mathematical domains.

4. Euclid’s Result on Perpendicular Lines

Euclid, often referred to as the ”father of geometry,” made significant contributions to the understanding of
geometric concepts. One of his notable results involves the nature of perpendicular lines.

One of Euclid’s Propositions states that, in a plane, from any point not on a given line, there is exactly
one line perpendicular to the given line. This proposition lays the foundation for understanding the unique
relationship between points and lines in Euclidean geometry.



Euclid and His Modern Rivals

Euclid’s work, particularly his compilation ”Elements,” is a collection of books that has had a profound and
enduring impact on the study of geometry. ”Elements” covers topics from plane geometry to number theory.

The novel ”Euclid and His Modern Rivals” by Lewis Carroll, known for his ” Alice’s Adventures in Won-
derland,” provides a fascinating exploration of the debates and controversies surrounding Euclid’s work.
Carroll, a mathematician himself, wrote the book as a satirical response to the reformist efforts in mathe-
matical education during his time. The novel delves into the clash between traditional Euclidean geometry
and emerging mathematical perspectives, offering a unique blend of mathematical history and literary sto-
rytelling.

5. Poincaré and the Three-Body Problem

The three-body problem is a classic conundrum in celestial mechanics that explores the motion of three
celestial bodies under the influence of their mutual gravitational attraction. While the two-body problem can
be solved analytically, the addition of a third body renders the system chaotic and analytically intractable.

This problem can be traced back to the works of Henri Poincaré, who laid the foundation for the study
of chaotic systems. The gravitational interactions between three celestial bodies create intricate and unpre-
dictable trajectories, defying straightforward analytical solutions. Poincaré’s insights into chaotic dynamics
paved the way for the development of chaos theory in modern mathematics.

Formulating the Three-Body Problem

Consider three celestial bodies, each with mass my, meo, and mg, respectively, in space. The interaction
between any two bodies is given by Newton’s law of gravitation:
M - s
Fj =G —5—,
T
where Fj; is the gravitational force between bodies ¢ and j, G is the gravitational constant, and r;; is the
distance between bodies 7 and j.
The equations of motion for each body in a three-body system can be expressed using Newton’s second

law:

Fy =m; - a;,

where F; is the net force acting on body i and a; is its acceleration.
Solving the system of differential equations to predict the positions (x;) and velocities (&;) of the three
bodies as functions of time

M = G (y — )+ G (1 — ),
12 13

mgfi'g :Gmfgml (1’1 —1’2)+G%($3—$2),
21 23

maiz = G (2 — x3) + G2 (29 — 23),
731 732

poses a difficult challenge due to the chaotic nature of the interactions. This challenge forms the essence
of the three-body problem.

The study of the three-body problem has applications in various fields, from astrodynamics to physics
and mathematics. Understanding the complexities of such systems is crucial for predicting the behavior of
celestial bodies in gravitational systems.

For those intrigued by this fascinating topic, exploring Poincaré’s contributions and the subsequent
developments in chaos theory provides a deeper appreciation for the intricate dance of celestial bodies in our
universe.



Conclusion

These topics offer a glimpse into the diverse and captivating world of mathematics. Feel free to explore
further or watch relevant movies to enhance your understanding.

Lecture 1
Linear Equations of Order n

An n**-order linear differential equation is an equation of the form

dny dnfly dy
We assume that the functions Py, ..., P,, and G are continuous real-valued functions on some open interval

(a < x < b) and that P, is nowhere zero in this interval. Then, dividing by P,, we rewrite the equation in

the form )
d™y dnly dy B
Ton +pn71($)m+ +P1($)£ + po(2)y = g(z).

In order to work with linear differential equations, it is helpful to introduce differential operators.

Definition. A linear differential operator of order n is a mapping from the space C™(a, b) of functions
(with at least m continuous derivatives) on the open interval (a,b) to itself, given by an expression

where f; are continuous functions on the interval.

Example. 1. Consider the first-order differential operator D = 5%. Let’s evaluate D on the function
flz) =e"": .
d x
D(f(z)) =5 (Sx ) = 10ze™ .

2. Now, let’s explore a second-order differential operator L = cos(:r)dd—g:2 + 2% — 3. Evaluating D on the
function f(x) = sin(z) gives

d?(sin(x)) N 2d(sin(:1:))

D(f(x)) = cos(a) =15 -

— 3 -sin(z) = — cos(z) sin(z) + 2 cos(x) — 3sin(z).

3. Lastly, consider a third-order differential operator D = j—; — de—; + 2%. Then

_ d¥(a?) B 3d2(x2)
 daB dx?

2
D(2?) +2d(d$)20—6+4x:4x—6.
XL

We associate the linear differential operator D := % + pn_l(x)ﬁ% + -+ (x)% + po(x) of order

n to the equation % +m (x)% +oo 4 pn,l(x)% + pn(z)y = F(x). The equation can be rewritten as
D(y) = 0.

Theorem. Let zy be a point in (a,b) with ko, k1, ..., k,—1 arbitrary real numbers. Then the initial value
problem
ny nfly dy
g ern—l(z)m + +P1(95)@ +po(@)y = F(z), y(wo) = ko, ¥ (x0) =k, ...,y (o) = kn

has a unique solution on (a, b).



The equation is said to be homogeneous if F(z) = 0 and nonhomogeneous otherwise. Since y = 0 is a
solution of any homogeneous equation, we call it the trivial solution. Any other solution is nontrivial.
If y1, 92, - . ., Yn are defined on (a,b) and ¢q,ca, . .., ¢, are constants, then

y=cayt+tcy2+...+cnn

is a linear combination of {y1,y2,...,yn}. It is straightforward to check that if y1,ys,...,y, are solutions
on (a,b), then any linear combination of {y1,y2,...,yn} is also a solution.

We call {y1,y2,...,yn} a fundamental set of solutions on (a,b) if every solution on (a, b) can be expressed
as a linear combination of {y1,ys,...,yn}. In this case, we say that

y=cayr+tcy2+...+cnn

with arbitrary real numbers c¢1, co, ..., ¢, is the general solution on (a,b).
Definition. The functions y1,y2, ..., y, are linearly dependent on an interval (a, b) if there exist numbers
c1,Co,...,Cp such that the linear combination ciy1 +cays +. . . + ¢,y is identically equal to zero on the entire

interval (a,b), i.e., (c1y1 + cay2 + ... + cpyn)(x) = 0 for all a < x < b. Otherwise, we say that y1,y2,...,yn
are linearly independent on that interval.

Theorem. A set {y1,ya2,...,yn} of n solutions on (a,bd) is a fundamental set if and only if it is linearly
independent on (a,b).

This result naturally leads us to a question.

Question. Given a collection of functions y1,ys, - - ., yn, how can we determine if they are linearly indepen-
dent on an interval (a,b)?

Wronskian and Linear Independence of Functions

The Wronskian of functions y1,ys,...,y, over an interval (a,b) is computed by organizing these functions
along with their successive derivatives into a matrix. In this matrix, each row corresponds to a distinct
function, while each column corresponds to a different order of the derivative. The Wronskian is subsequently
determined as the determinant of this matrix:

Y1 Yo Un
i v o

W(ylay27"'7y’fb) = det . . T :
1 —1 —1
S SO PP G

If the Wronskian of a set of functions is not always zero on (a,b), then these functions are linearly
independent.
Example. 1. Let’s consider the functions y; = 5,y = 3z — 1, and y3 = 52 — 2z — 7.
The matrix of derivatives is as follows:
5 3r—1 522 —-20-7

0 3 10z — 2
0 0 10

and has the Wronskian (determinant) W = 5-3-10 = 150. Since this Wronskian is a nonzero constant,
we can conclude that y;, y2, and y3 are linearly independent on any interval.

2. The Wronskian of functions fi(x) = sin(z), fo(z) = 5—2x, and f3(z) = €7 is given by the determinant
of the matrix

i fo fs

A=\ fi fi f3
12 1 12

1 2 3



We compute the required derivatives

fi =cos(x), fy=-2, fo="Te"

to get

Expanding along the third row, we find

-2z €7" 343 e sin(z) 5—2x
_9 767;,;) + (=1)°7 - 49e" - det cos(z) -2

= —sin(z) - (7(5 — 22)e™ + 2e™) + 49¢™ - (—2sin(x) — (5 — 2z) cos(x)).

W = det(A) = (—1)**" - (= sin(z)) - det (5

For instance, we can use this result to assess the linear independence of functions fi, f2, f3 over the
interval (—1,1). By calculating W (0) = 0+49(0—5) = —245 # 0, we can conclude their independence.

Theorem. Let {y1, 42, ..., yn} be solutions of the homogeneous equation %+pn,1(x)%+~ < +py (x)g—g—i—

dx
po(x)y = 0 on (a,b). If W(y1,y2,...,yn)(x0) # 0 for at least one point xzy € (a,b), then the functions
{y1,92,.-.,yn} form a fundamental set of solutions.
Remark. It is crucial to highlight that, for arbitrary functions y1,ys, ..., yn, the Wronskian does not serve
as a criterion for independence. To illustrate this point, consider the functions y;(z) = x|z| and y(z) = 22.

Despite the Wronskian being identically zero:
zlw| 2?
2z| 2z

these functions are linearly independent on any interval (a,b) containing zero. Take any e # 0 with both
—¢ and ¢ on the interval. Then, for c¢;z|x| + co2? = 0, we deduce:

0182 + 0282 =0 c1 = —C2
2 2 __ = ’
—c16° + e =10

Wdet( > = 22%|x| — 22%|2| = 0,

implying ¢; = co = 0.

Lecture 2
Linear Equations of Order n with Constant Coefficients
If ag, a1, ..., a, are constants with ag # 0, then the differential equation
any™ + an_1y" Y + . 4 a1y + agy = F(x)

is referred to as a constant coefficient equation. We assume that a,, # 0, so the theorems from the previous
section apply with (a,b) = (—o0, 0).
If we consider y = e"®, then ¢/ = re’™®, y” = r2e"®, and so on, giving

D(Ee™) = apr™e™ + ...+ ap_1re"™ + age’™ =€ (anr™ + ...+ ar1r + agp).
We define the characteristic polynomial
p(r) = aor™ + a1+ .. 4 a,

for the corresponding equation. The solutions of the equation are determined by the zeros of the characteristic
polynomial, but there are many possible cases to consider.



Distinct real roots

In the simplest case, where p has n distinct real roots r1,7s,...,7,, we obtain n solutions
™1 T2 TnT
y1:€17 y22627 ceey Yp =€ "7
It can be demonstrated that the Wronskian of {e"%,e"2% ... e™*} is nonzero if r1,79,...,r, are distinct;
hence, {e"® e"* ... e™*} forms a fundamental set of solutions in this case.

Example. 1. To determine the general solution of the differential equation 3"’ — 6y” + 3y’ + 10y, we
begin by identifying its characteristic polynomial. Notably, the characteristic polynomial factors as

3 —6r2 +3r +10 = (r+ 1)(r — 2)(r — 5).

The presence of three distinct real roots, namely r; = —1, ro = 2, and r3 = 5, leads to the general
solution

Yy = 016791 + 026233 + 0365‘70,
where C1, Cs, and C3 are constants.

2. Given that the polynomial t* — 5t3 — 19t? + 29t + 42 factors as t* — 5¢3 — 19t? 4+ 29t +42 = (t — 2)(¢t +
3)(t+1)(t — 7), find the general solution of the homogeneous differential equation y*) — 5y —19y" +
29y + 42y = 0.

The characteristic polynomial for the given equation is p(r) = 74 — 513 — 1972 4+ 29r + 42 = (r — 2)(r +
3)(r 4+ 1)(r — 7) and has roots 1 = 2,79 = —3,r3 = —1 and r4 = 7. The general solution is

Yy = C’162% + 026_390 + Cze™" + 046790.

As with any other polynomial, the roots of the characteristic polynomial resulting from our ODE can be
complex numbers. In the case where the polynomial has real coefficients, the complex roots always appear
in pairs: the number a + bi and its conjugate a + bi = a — bi. This follows from the fact that a real number
is equal to its conjugate, hence p(Z) = p(z) = 0. Specifically, the number of complex roots of a polynomial
with real coefficients is always even.

An interesting observation is that while a polynomial of degree n may have no real roots at all (22 =
—1,2199 = 5.7 etc.), it always has n complex roots, counted with multiplicities. This statement is known
as the fundamental theorem of algebra and has many interesting proofs, originating in topology, complex
analysis, Galois theory...

Every complex number z = a + bi can be expressed as r(cos(p) + isin(yp)), where r = v/a? + b? is the
absolute value and ¢ is the angle formed with the positive z-axis.

Im

This expression is called the polar form of a complex number, with r being the magnitude and ¢ being
the argument. When we multiply two complex numbers, the magnitudes get multiplied, and the arguments
are added up. In particular, the set of complex numbers with magnitude 1 forms the unit circle and is closed
under multiplication; the product of two such numbers has a magnitude of 1 as well.



Example. Let z = cos(a) + isin(a) and w = cos(B) + isin(3) represent two complex numbers. Notably,

both z and w lie on the unit circle, denoted by |z| = |w| = 1, forming angles a and § with the positive z-axis,
respectively.
Consider the product zw. We observe that |zw| = |z| - |w|] = 1-1 = 1, and the argument of zw is given

by Arg(zw) = Arg(z) + Arg(w) = o + 8. This leads to the conclusion:

zw = cos(a + fB)+isin(a + ).

Alternatively, we can expand the expression for zw as:

zw = (cos(a) + isin(a))(cos(B) + isin(B)) = cos(a) cos(B) + i cos(a) sin(B) + i sin(a) cos(B) — sin(«) sin(53).

Equating real and imaginary parts, we obtain the familiar formulas for the cosine and sine of the sum of
two angles:

e

e cos(a + ) = cos(a) cos() — sin(«) sin(S)
e sin(a + 8) = cos(a) sin(f) + sin(«a) cos(B).

Now, let’s explore some examples of solutions to equations involving complex numbers.

The polynomial z™ = 1 has 1 or 2 roots in the real numbers, but it has n complex roots.

To understand the complex roots, we use the polar form of complex numbers. For any complex number
z = r(cos(p) + isin(p)), we have |z| = r and Arg(z) = ¢.

For the equation 2™ = 1, we explore its solutions in the complex plane. This equation implies that the
magnitude of z is equal to 1, indicating that all solutions lie on the unit circle.

The argument of z satisfies the relation nArg(z) = 27k for some integer k. This condition results in a
set of possible arguments given by Arg(z) € {% | ke Z}.

As Arg(z) is defined within the range 0 < Arg(z) < 2, we further refine the set of solutions to Arg(z) €
{% |[0<k<n-— 1}. In simpler terms, the solutions form a sequence of points on the unit circle, equally
spaced at intervals of %’T radians. This sequence starts with the point (1,0), representing the first solution.

Let’s consider examples for n = 3 and n = 5.

Example. 1. 23 =1 The roots are given by

270N i (20) =1
3 3 )

Zp = COS

2r -1 2r -1 1 3
21=COS(7T3 )+isin<g>=—2+\2[-i
22 i 27 -2 1 V3 .
= 1n - - _ 1.
Zo = COS 3 is 5 5 i
21
1
Z2



2. z° =1 The roots are given by

z cos 21 + ¢sin 21
' 5 5
= cos 41 +1is 41
Z9 = 3 isin | —
Z3 = COS 61 + isin 61
o 5 5
z cos 81 + i sin 8—71-
‘T 5 5
21
e
1
z3
Z4
Finally, let’s solve a slightly different equation. To find the roots of z* = —1, we look for z such

that |z] = 1 and 4Arg(z) = (2k + 1)7 for some integer k. The latter equality is equivalent to Arg(z) €
(2k11)7r 0<k< 3} _ 37 5w 7w

m 3m 5w Im
4> 4044
The solutions are

_ (I)+-in<f)_i(1+)
20 = cos { isin| 7)) =75 i
3m , 3 1
21 = COS (4) + isin <4> = —2(—1 +1)
1
Z9 = COS (T) + isin (T) = —2(71 —1)
7 7 1
Z3 = COS (I) + isin (I) = —2(1 —1)
z
0
z3
)

Now, let’s resume the exploration of linear ordinary differential equations with constant coefficients.

10



Distinct complex roots

If the characteristic equation has complex roots, they must occur in conjugate pairs, a + i3, since the
coefficients ag, ..., a, are real numbers. Provided that none of the roots is repeated, the general solution
of the differential equation is of the same form as before. Any pair of solutions etz and ele—i8)=
corresponding to conjugate complex roots o + i3 and « — i3 can be replaced by the real-valued solutions
e cos(fr) = w and e** sin(fx) = w, obtained as the real and imaginary parts
of eletiB)z,

Example. Given that the polynomial ¢4+ 5¢t3 —5t2 +45¢t — 126 factors as t2+5¢3 —5t2 +45t —126 = (t>+9)(t—
2)(t+7), find the general solution of the homogeneous differential equation y®* + 5y — 5y + 45y’ — 126y = 0.
The characteristic polynomial for the given equation is p(r) = r* + 573 — 5r2 + 45r — 126 = (r + 3i)(r —
3i)(r — 2)(r + 7) and has two complex roots 11 = 3i,r2 = —3i and two real roots r3 = 2,74 = —7. The
general solution is
y = O cos 3z + Co sin 3z + C5e*® + Che™ .

Repeated roots

If the roots of the characteristic equation are not distinct, meaning that some of the roots are repeated,
the solution is not the general solution of our differential equation. Recall that for a repeated root r1 in a
second-order linear equation asy” + a1y’ + agy = 0, two linearly independent solutions are ™% and xe™?.
For an equation of order n, if a root of p(r) = 0, say r = ry, has multiplicity s (where s < n), then
e, e te™® g2em® . 257 le™T are corresponding solutions.

If a complex root a + i3 is repeated s times, the complex conjugate o — i is also repeated s times.
Corresponding to these 2s complex-valued solutions, we can find 2s real-valued solutions by noting that
the real and imaginary parts of e®tBz, xe® TPy . . 2571ty are also linearly independent solutions:
e cos(Bx), T sin(fr), ze cos(Bx), re** sin(Bx), . .., x5~ e cos(Bz), 151 sin(Bzx).

Hence, the general solution of the equation can always be expressed as a linear combination of n real-
valued solutions. Consider the following example.

Example. Consider the differential equation y® — 8y(*) + 16y = 0. Using the characteristic polynomial,
we have r® — 8r* 4+ 16 = (r* — 4)2, and the characteristic equation (r* — 4)2 = 0 gives 7* =4 & r2 =2 or
r2 = —2. Hence, the roots are 71 = /2, 7y = —V/2, r3 = /24, and r4 = —/2i, each with multiplicity two.
The general solution is

y = eV (Cy + Coz) + e V27 (Cy + Cyz) + Cs cos(V2z) + Cg sin(v2z) + Cra cos(vV2x) + Csa sin(v2z).

Lecture 3
The Method of Undetermined Coefficients

The typical approach to solving a nonhomogeneous equation D(y) = F(x) involves the following sequen-
tial strategy.

Step 1. Solve the complementary homogeneous equation D(y) = 0 to find the complementary solution y..
Step 2. Find a particular solution y, of the equation D(y) = F(x).

Step 3. The general solution is then y = y. + y,.

In previous lectures, we discussed how to complete Step 1 if D has constant coefficients. This week, our
focus shifts to Step 2.

A particular solution of the nonhomogeneous nth order linear equation with constant coefficients can
be obtained by the method of undetermined coefficients, provided that the force function F(z) is of an
appropriate form. Although the method of undetermined coefficients is not as general as the method of
variation of parameters described in the next section, it is usually much easier to use when it is applicable.
For instance, if a constant coefficient linear differential operator D is applied to a polynomial function

11



f(@) = apaz™ + ap_12""t + -+ + ag, an exponential function e®*, a sine function sin(8x), or a cosine
function cos(fx), the result is a polynomial, an exponential function, or a linear combination of sine and
cosine functions, respectively. Hence, if F(z) is a sum of polynomials, exponentials, sines, and cosines, we
can expect that it is possible to find y(x) by choosing a suitable combination of polynomials, exponentials,
and so forth, multiplied by a number of undetermined constants. The constants are then determined by
substituting the assumed expression into the equation under consideration.

Example. Consider the differential equation y” + 3y’ = —8 cos(2x) + 6sin(2z).
Assume a particular solution of the form y, = Acos(2z) + Bsin(2z).
Find first and second order derivatives

Yy, = —2Asin(2z) + 2B cos(2x) and y, = —4A cos(2z) — 4B sin(2x).
Substitute y,, y;,, and y, into the differential equation:
—4A cos(2x) — 4B sin(2x) — 2A sin(2x) + 2B cos(2x) = —8 cos(2x) + 6 sin(2x)
Equating coefficients of cos(2z) and sin(2x), we get the following system of equations:
—4A+2B = -8 —2A+B=-4
—4B —-2A=6 —2B—A=3.

Solving this system will give us the values of A =1 and B = —2.
The particular solution is

yp = cos(2x) — 2sin(2z).
Next we solve the complementary equation y” + ¢y’ = 0.
e Characteristic polynomial: 72 +r = r(r + 1).
e Roots: r; =0 and rp = —1.
e General solution: y. = Cy + Cye™™.
The general solution of the original equation is y = y. + y, = C1 + Cae™ " + cos(2z) — 2sin(2x).

Example. Consider the third-order ordinary differential equation y”' + 3" = 3sin(z). Let’s start by solving
the complementary homogeneous equation 3"’ +y" = 0:

e Characteristic polynomial: 3 +r = r(r? + 1) = r(r +i)(r — ).
e Roots: r1 =0, ro =14, and r3 = —i.
e General solution: y. = C; + Cysin(z) + C3 cos(x).

An attempt to find a particular solution in the form v, = Acos(z) + Bsin(z) would be unsuccessful, as

these functions are solutions of the complementary homogeneous equation and, therefore, n;" +1v;, = 0. To

address this, we seek a particular solution in the form y, = Az cos(x) + Bxsin(x). Computing derivatives
y, = Acos(z) — Azsin(z) + Bsin(z) + Bz cos(x)
y, = —2Asin(x) — Az cos(x) + 2B cos(x) — Bz sin(x)
vy, = —3Acos(x) + Azsin(x) — 3Bsin(z) — Bx cos(x)

and substituting them into the differential equation

v, +y, = 3sin(z) &
—3Acos(z) + Azsin(z) — 3Bsin(x) — Bz cos(z) + Acos(z) — Az sin(x) + Bsin(z) + Bz cos(x) = 3sin(z) <

—2Acos(z) + (—2B — 3) sin(z) = 0,

12



we obtain the following system of equations:

—24=0
—2B-3=0.
Solving this system, we find A = 0 and B = —1.5, yielding y, = —1.5zsin(z). The general solution is
then y = y. + yp = C1 + Casin(z) + Cs cos(z) — 1.5z sin(x).

The Principle of Superposition

Consider the scenario where y,,, is a particular solution of the nonhomogeneous differential equation D(y) =
Fy, and y,, is a particular solution of D(y) = F». The linearity of the differential operator D implies that
D(Yp, + Yps) = D(Yp,) + D(yp,) = F1 + F>. This observation generalizes to any finite number of functions
i
This property allows us to decompose a nonhomogeneous equation into simpler components, find partic-
ular solutions for each component, and then combine these solutions to obtain a particular solution for the

original problem.

Example. Consider the nonhomogeneous differential equation y”’ — 9y’ = 30e2* + 72. We begin by solving
the complementary homogeneous equation 3"’ — 9y’ = 0:

e Characteristic polynomial: 3 — 9r = r(r2 — 9) = r(r — 3)(r + 3).
e Roots: 1y =0, r, =3, and r3 = —3.
e General solution: y. = C; + C2e3® + Cye™32,

Now, we set Fy(z) = 30e?® and Fy(z) = 7z with F(z) = Fi(z) + Fa(z) and find particular solutions of
the equations 3" — 9y’ = 30e?* and "' — 9y’ = Tx.

In the first case, we look for a solution in the form y,, = Ae®*. Plugging this into the first equation gives
8Ae*” — 18Ae*" = 30e** & —10A4e*® = 30e*” < —10A = 30, hence, A = —3 and y,, = —3e*.

Similarly, plugging y,, = Az? + Bz + C into the second equation produces 0 — 9(24Az + B) = Tz <
(7+ 18A)x + 9B = 0. As the latter equality must hold true for any x, we get A = —% and B = 0. Hence,
Yps = —%x? Parameter C' can be chosen arbitrarily, so we pick C = 0.

Finally, the solution of the initial equation is ¥ = y. + yp, + Yp, = C1 + Cae3* + C3e73% — 3e** — 157
We can systematically approach similar problems using the following step-by-step procedure.

Step 1. Solve the complementary homogeneous equation D(y) = 0 to find the complementary solution y..

Step 2. Express the nonhomogeneous term F'(x) as a superposition (sum) of simple functions: F(z) = Fi(z)+

Step 3. Guess a particular solution y,, for each F;(z) using the method of undetermined coefficients by matching
the initial form of y,, to the types of functions present in F;(x).

Step 4. Substitute each y,, into the original nonhomogeneous equation and solve for the undetermined coeffi-
cients. This may involve setting up a system of equations for each F;(x).

k
Step 5. Combine the complementary solution y. with the sum of particular solutions )" y,, to obtain the
i=1
k

general solution of the nonhomogeneous equation: y = y. + > yp,
i=1

Lecture 4
The Method of Variation of Parameters
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The method of variation of parameters offers a more general approach for determining a particular
solution of the nonhomogeneous n** order linear differential equation

D(y) = y"™ + po_1(@)y" D + - + pi(2)y + pola)y = F().

Compared to the method of undetermined coefficients discussed in the previous lecture, the variation
of parameters method is more versatile. To utilize this method, one must first solve the corresponding
homogeneous equation D(y) = 0, which may be challenging in general unless the coefficients are constants.
Neither method is designed to handle this step. However, once the homogeneous equation is solved, the
variation of parameters method proves more general than undetermined coefficients. It provides an expression
for the particular solution for any continuous force function F(z), whereas the method of undetermined
coefficients is practically restricted to a limited class of force functions F'(x).

Example. Consider the differential equation y” 4+ y = tan(x) on the open interval (0, g)

To find the complementary solution, we solve the characteristic equation 2 + 1 = 0, giving r; = ¢ and
ro = —i. Therefore, y. = C; cos(z) + Cs sin(z).

Now, let’s search for a solution in the form y = wjy; + u2ys = uy cos(x) + ug sin(z), where u; and ug
are unknown functions of z. We compute 3y’ = u] cos(x) — uy sin(z) + ub sin(z) 4 ug cos(z) and impose an
additional condition u} cos(z) + uhsin(z) = 0. Now y' = —uysin(z) + ug cos(x) gives y’ = —uf sin(x) —
uq cos(x) + uh cos(x) — ug sin(z). The original equation becomes

—uy sin(x) — uy cos(z) + uy cos(z) — ug sin(x) + uy cos(x) + ug sin(z) = tan(z),

which simplifies to
—u} sin(z) + u) cos(z) = tan(z).
At this point, it remains to find two functions, u; and us, satisfying the system of equations
{—u’l sin(x) + u) cos(z) = tan(x)

u} cos(x) + ub sin(z) = 0.

- Z?;((i)) u}, and the first equation becomes

- (Sm(x) + COSQ(@) W, = tan().

sin(x)

From the second equation, we express uj =

tan(z) __sin(z)tan(z) . _
sin(a)+om@ — sin(e)Feos?(x) sin(z) tan(z) =

Using a chain of trigonometric identities, we obtain uj = —

. sin? () _ 1—cos? ()

) cos(@) -~ = sec(x) 4 cos(x). This allows us to find

up = /(— sec(z) + cos(z)) de = —fn|tan(z) 4 sec(z)| + sin(z) + C;.

_cos(m), s _ cos(z) sin?(z)
sin(z) "1 sin(z)  cos(w)

Similarly, u = = sin(z), with

ug = /Sin(x) dx = — cos(z) + Cs.

Finally, collecting everything together, we obtain the general solution to the initial equation:
y = uq cos(x) + ug sin(x) = (—¢n|tan(z) + sec(x)| + sin(z) + C1) cos(z) + (— cos(x) + Cs) sin(x) =
+ Cysin(x) — cos(x)fn| tan(z) + sec(x)| + sin(z) cos(x) — cos(x) sin(x) =
+ Cysin(x)

= (' cos(z

~

= C; cos(z — cos(z)fn]| tan(x) + sec(z)|.

14



Next, we generalize the method to arbitrary linear nonhomogeneous equations of order two:
y' +p@)y +a(@)y = F(z).

This process is straightforward. After finding the general solution y. = C1y1 +Cays to the complementary
equation y” + p(z)y’ + g(x)y = 0, we look for a particular solution in the form y = uyy; + usys, where uy
and uy are unknown functions of z. We compute 3’ = ujy; + u1y] + ubys + usyh and impose an additional
condition ujy; + uhys = 0. After straightforward algebraic manipulations, the initial equation turns into
uhyy + ubyh = F(x), and we are left with finding u; and ug from the system of equations

uhy1 + ubys =0,
ujy) +unyy = F(z).

We can express uy = —¥tuj and then find uj = :(yzl)yg = yaﬁli(ya?yg = vgii(i;l) from the first equation.
Y2
Hence,
F F
Uy = M dr and wug = 11/17(1') dz,
W(y1,y2) W(y1,y2)
where W (y1, y2) = y2y; — y1y5 is the Wronskian of y; and ys. Finally,
y2F () y1 F(x)
y=u ———dx + ¥y N
W (y1,y2) W(y1,y2)

If the integrals above can be expressed in terms of elementary functions, we obtain specific functions;
otherwise, the solution remains in integral form.

General n

We begin by exploring the impact of varying parameters on higher-order differential equations. The process
involves finding the general solution y. = C1y1 +Caya+. . .+ Chryy, for the complementary equation D(y) = 0.
Subsequently, we seek a particular solution in the form y = wiy; + usys + ... + UpYyn, with the functions
Uy, U, ..., U, to be determined.

To derive the solution, we compute the first derivative:

Y = ulyr + wyl + ubys + usyh + .+ UL Yn + Ry,

We then impose the condition

uiyr +usys + ..+ uLyn = 0.

Simplifying, we obtain

y' = wry) +usys + .+ unyy,
The process is repeated for higher derivatives, imposing conditions until the (n—1)-th derivative, resulting

in

y Y =yl Fugyly Uyl

/

This establishes a system of (n — 1) additional conditions on u},ub, ..., ul:

u’lygl) + uéyéi) +...+ u'ny,(f) forie€{0,1,2,...,n—2}.
By plugging these expressions for y/,4”, ...,y Y into the nonhomogeneous equation D(y) = F(x), we
transform it into

" us + 8" g+ gV, = F(a).

15



The unknown functions uf,uh, ..., u!,, (and subsequently wuq, us, ..., u,) can then be determined from the
system of n equations:

yuy + youh + ...+ ypu, =0
YA !, / !
yiuy +ysus + ...+ ypu, =0

s

yiuy +yguy + .+ ypu, =0

oyl = 0
"+ b 4yl = Fa)

n

Notice that the determinant of the matrix of coefficients is exactly the Wronskian of the functions
Y1592, -5 Ynt

Y1 Y2 Yn
7 Yo Yn
vl (7 Yn
W(y17y27"'7yn)<x): :
-2 2 -2
y Y 'Y
-1 -1 -1
ygn ) yén ) y’gn )
As the functions y1, ¥, . . ., yn, form a fundamental set of solutions, we must have that the Wronskian is not
identically zero. Hence, the matrix of coefficients is invertible on some interval (where W (y1,y2, ..., yn)(2)

has no zeros). It follows that on this interval (u},u),...,ul) = W=1(0,0,...,0, F(z)). Alternatively, using
Cramer’s rule, we can express

Wi ()

W(x)’

() =

where the matrix Wz(x) is the determinant of the matrix obtained from W by substituting the m®"
column with (0,0,...,0, F(z)). Using (0,0,...,0, F(x)) = F(x)(0,0,...,0,1) and setting W;(z) to be the

determinant of the matrix obtained from W (z) by substituting the m!”* column with (0,0,...,0,1), we can
write
/ J—
@) = =5

The general solution to the initial nonhomogeneous equation D(y) = F(z) can be expressed as

= Souf P,

Question. Why do we choose the conditions u’lygz) + uéyéi) +...+ u;yﬁf) fori € {0,1,2,...,n— 2}? How
do these restrictions lead to the system of equations derived above?

To understand the rationale behind these conditions, consider the product rule when taking a derivative
of a summand, (yf’)ug)’ = ygj +1)u§ + ygj )u;’ . The imposed conditions essentially serve a dual purpose.
Firstly, they prevent the proliferation of new unknowns, specifically higher derivatives of u;’s. By setting
the cumulative sum of these terms to zero, we effectively restrict the spread of additional unknowns.

Simultaneously, these conditions allow only higher derivatives of y; to participate. This choice is made
strategically to naturally construct a system of coefficients resembling the structure of the matrix used for
computing the Wronskian. In essence, the conditions are designed to streamline the system of equations,
leading to a more manageable and interpretable solution.

It would be great to stop here, but I owe you at least one concrete example &%
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Example. We are going to solve the third-order linear differential equation

"

y"' +y' =sec(z),
defined on the interval (—g, g)
Step 1: Solve the complementary equation 3"’ + 3’ = 0.
e Characteristic polynomial: 73 + 7 = r(r — i)(r + ).
e Roots: r1 =0, ro =14, and r3 = —i.
e General solution: y. = C1 + Cycos(z) + Cssin(x), with fundamental set y; = 1, yo = cos(z), and
y3 = sin(x).
Step 2: Compute the Wronskian W (y1, y2,¥3)-

Yr Y2 Y3
Wy, y2,y8) () = |y s wh| = sin®(z) + cos®(z) = 1.

/! 1! 1!
Y Y2 Ys

Step 3: Compute the determinants of auxiliary matrices.

0 y2 uys 0 cos(x) sin(z)
Wi(y1,y2,y3)(x) =det | 0 yh wyi | =det| 0 —sin(z) cos(z) = sin’(x) + cos?(z) = 1,
1 yy oy 1 —cos(z) —sin(x)
i 0y 1 0 sin(x)
Wa(y1,y2,ys)(x) =det | 41 0 g3 | =det| 0 0 cos(z) | =—cos(z),
vl 1 oY 0 1 —sin(z)
1 oy2 O 1 cos(z) O
Wa(y1,y2,y3)(x) =det | 41 g O | =det| 0 —sin(z) 0 | =—sin(z)
vl oyh o1 0 —cos(z) 1

Step 4: Find the functions u;(x), uz(z), and us(z).

up(z) = / Flz)Wh(x) = /sec(x) dx = fn|sec(x) + tan(z)| + C4,

uz(m):/W:/—dx:—x—&-Cz,
uz () :/W :/_tan(x) dx = In|cos(z)| + Cs.

Step 5: Obtain the solution y.
Yy = y1u1 + yous + ysuz = 1 - (In|sec(z) + tan(x)| + C1) + cos(x)(—z + Ca) + sin(z)(¢n| cos(z)| + C3)
= C1 + Cy cos(z) + Cssin(z) + €n|sec(z) + tan(z)| — x cos(z) + sin(z)fn| cos(z)]|.
Lecture 5
The Power of Series

In the upcoming lectures, we will explore the application of power series in the construction of fundamental
sets of solutions for second-order linear differential equations, where the coefficients in these equations are
functions of the independent variable.

To kick things off, let’s take a moment to provide a concise overview of the essential results and concepts
related to power series that will serve as the foundation for our discussions.

Definition. A power series about x = a is a series of the form

oo
ch(x—a)" =cotci(z—a)+e(r—a)’+.. . feplz—a)" +...,
n=0

where the center a and the coefficients cg, 1, co, ..., cp, ... are constants.

17



How to Test a Power Series for Convergence

o0
For a power series Y c,(z —a)”, if
n=0

Cn+1
Cn

lim
n—o0

:L’

then the series converges absolutely if 0 < L < 1, diverges if L > 1, and the test is inconclusive if L = 1.
Radius of Convergence. The radius of convergence is given by

1
R=

lim |Sntt

n—oo | ©n
If lim |*2*| = 0, then R = co (the power series converges everywhere). If lim |“2*L| = oo, then R = 0

n—oo n n—oo
(the power series converges only at the center of the series).
a— R\ a Ja+R

Example. 1. Taking all coefficients to be 1 in the power series centered at x = 0 gives the geometric

power series:

oo

Zm"zl—i—x—l—xQ—i—x?’—i—...—i—x"—l—...

n=0
This is the geometric series with the first term 1 and ratio . To compute the radius of convergence,
we will use the ratio test:
Cn+1$n+1

cpx™

L = lim

n—oo

=lz| < 1.

The series converges when |z| < 1, and diverges when |z| > 1. Therefore, the radius of convergence is
R=1.

Now, for the boundary points:
for x = 1, the series becomes 1 + 1+ 1+ ..., which diverges;
for x = —1, the series becomes 1 — 141 — 1+ ..., which does not converge either.

Therefore, the series diverges for x =1 and x = —1.

2. Consider the power series

iffﬁ+ﬁ+ﬁ+£+f+ +
2T~ St oot

The radius of convergence can be found by applying the ratio test:

2(n+1) N 2
r_ TR /[(n+1) = lim x

.
e z2" /n) n—oon + 1

n—oo

The limit is always 0, less than 1, indicating convergence for all . Therefore, the radius of convergence
R is infinite.

The series converges for all values of x, and there are no boundary points to consider.
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Optional: Riemann Rearrangement Theorem
Note: This section is optional.

Since the ancient era when Zeno set Achilles on the seemingly endless pursuit of a tortoise, infinite series
have captivated our imagination and curiosity. These mathematical constructs have a unique ability to
challenge and sometimes contradict our intuitive understanding of numbers and the natural world. Zeno’s
paradoxes, originating from this pursuit, continue to intrigue us, despite the fact that the fallacies in his
arguments have long been identified.

In the late seventeenth and eighteenth centuries, mathematicians often found themselves puzzled by
the outcomes generated while working with infinite series. It wasn’t until the nineteenth century that the
realization dawned—divergent series were frequently the culprits behind these perplexities.

Neils Hendrik Abel, a prominent mathematician of the time, expressed his frustration in a letter to a
friend in 1826, stating, ”Divergent series are the invention of the devil. By using them, one may draw any
conclusion he pleases, and that is why these series have produced so many fallacies and so many paradoxes.”

Example. Consider the alternating harmonic series
i (1) L1 1 1,
—~ n 2 3 4 7

o0
As lim + = 0, the alternating series test assures the convergence of the series. Let S := Y (=1)" -
n—00 n=1

Consider the following observation:

0§—9-142-2y2 22 22 2 1 1 1
B 3 4 5 6 7 8 9 10 2 3 4

Here, we used the fact that % — % = % for odd k and % = % for even k = 2s.

The equality 28 = S implies 2 = 1 unless S = 0. Furthermore, observe that »_ (—1)™- % is the Taylor
n=1

series for n(1 4 x) evaluated at = 1, and hence, S = /n(2) #0.. ..

Peter Lejeune-Dirichlet made this remarkable discovery in 1827, while investigating conditions for the
convergence of Fourier series. He was the first to observe that it is possible to rearrange the terms of certain
series, now known as conditionally convergent series, in such a way that the sum changes. The intriguing
aspect was that Dirichlet couldn’t provide an explanation for why this result was possible. (In 1837, he did
prove that rearranging the terms of an absolutely convergent series does not alter its sum.) This discovery
opened the path for Dirichlet to address the convergence of Fourier series, and by 1829, he successfully solved
one of the prominent problems of that era: providing sufficient conditions for a real-valued, periodic function
f to be equal to the sum of its Fourier series.

In 1852, Bernhard Riemann took up the mantle, working on extending Dirichlet’s results on the conver-
gence of Fourier series. Seeking Dirichlet’s advice, Riemann showed him a draft of his work. During this
collaboration, Dirichlet reminisced about his own work on the problem, sharing the insight that rearranging
the terms of a conditionally convergent series could alter its sum. Riemann suspected that divergent series
played a role in this phenomenon. He went on to develop a remarkable explanation, now known as Riemann’s
rearrangement theorem, which he incorporated into his paper on Fourier series. Although completed in 1853,
the paper was not published until after Riemann’s death in 1866 under the title ”On the Representation of
a Function by a Trigonometric Series.”

Riemann’s own description of the theorem and its proof, translated from German, reads:

. infinite series fall into two distinct classes, depending on whether or not they remain convergent when
all the terms are made positive. In the first class the terms can be arbitrarily rearranged; in the second,
on the other hand, the value is dependent on the ordering of the terms. Indeed, if we denote the
positive terms of a series in the second class by aq,as,as, ... and the negative terms by —by, —bs, —bs, ...,

o0 o0
then it is clear that >~ a; as well as Y b; must be infinite. For if they were both finite, the series would still

i=1 i=1
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be convergent after making all the signs the same. If only one were infinite, then the series would diverge.
Clearly now an arbitrarily given value C' can be obtained by a suitable reordering of the terms. We take
alternately the positive terms of the series until the sum is greater than C, and then the negative terms until
the sum is less than C'. The deviation from C never amounts to more than the size of the term at the last
place the signs were switched. Now, since the numbers a as well as the numbers b become infinitely small with
increasing index, so also are the deviations from C. If we proceed sufficiently far in the series, the deviation
becomes arbitrarily small, that is, the series converges to C'.

o0
Example. Suppose we wish to arrange the signs in the series ) %=, where each a,, is either +1 or —1, in
n=1
such a way that the series converges to 2. We start by setting a; = 1, leading to the partial sum S; = 1.
Since S7 < 2, we decide to continue with as = 1, resulting in Sy =1 + % = 1.5.
Seeing that Ss < 2, we choose ag = 1 as well, giving S35 = 1.5 + % = 1.8(3). Continuing this process, we
find that Sy = 1.8(3) + + = 2.08(3). Now, Sy > 2, indicating that we need to adjust the signs.
To bring the sum closer to 2, we choose as = —1, resulting in S5 = 2.08(3) — 0.2 = 1.88(3). This process
continues, with alternating signs being selected whenever the partial sum ’crosses’ 2.
The iterative nature of this procedure allows us to fine-tune the series to converge to the desired value,

2, by strategically adjusting the signs of each term in the sequence.

2.08(3) 9.05

Lecture 6
Taylor Series, Analytic Functions and Solutions Near an Ordinary Point

If > c¢p(z —a)™ has a radius of convergence R > 0, it defines a function f(z) = > c,(x — a)™ on the
n=0 n=0
interval a — R < < a+ R. The function f(z) has derivatives of all orders inside the interval, and we obtain

the derivatives by differentiating the original series term by term:

f(z)= i nep(z —a)™ 1,
n=1

' (x) = Z n(n —1ep(z —a)* 2, ete.

n=2

(n)
The value of ¢, is given by ¢, = ! n!(a). The series is called the Taylor series for the function f about
T = a.

Analytic Functions

A function f that has a Taylor series expansion about = = a,

() (g
) =3 W oy,
n=0

n.
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with a radius of convergence R > 0, is said to be analytic at x = a. All familiar functions of calculus are
analytic except perhaps at certain easily recognized points.

For instance, e*, sin(x), and cos(x) are analytic everywhere. The function 1/(x—5) is analytic everywhere

except at = 5, while tan(z) is analytic everywhere except at odd multiples of 7/2.

If f and g are analytic at a, then so are f £g, f-g, and f/g (provided that g(a) # 0).

Example. 1. Determine the Taylor series about the point 2o = —1 for the function g(z) = 2z — 23 and

find the radius of convergence for the corresponding series.

-1
g(x) =2z — 23 g(—1)=-1 co = g(0| ) =-1
/
-1
g(@)=2-32" ¢(-1)=-1 e =7 (11 )o
1
" _ " _ g (_1) _
¢"(z) = —6x g'(-1) =6 C2="Fr =3
"
-1
g”/(x) — 6 g”/(fl) — cs = g ;(?)' ) -1
g™ (x) =0 g™ (=1)=0 forn>3 cn =0

This gives the Taylor series expansion
gx)=-1—(z+1)+3@x+1)2 - (z+1)>
Since the expression is finite, it converges for every value of z, i.e., R = oc.

Consider the function f(x) = i, and let’s determine its Taylor series about the point o = 2. We
will also find the radius and interval of convergence for the series.

fla) = 2 f@2) = tg =1,

/ 1 ! 1

f'0) = 7257 FO) = g =1
1 2 11 2
R e B AC R )
7 6 1" 6

0= qog 0= g6

(n) _ n! (n) _ (_1)n+1n!

giving ¢, = % = (=1)"*! and the Taylor series expansion
fl@) =Y (1)@ -2
n=0

To determine the radius of convergence, we use the ratio test:

1 1

This guarantees convergence on the open interval (1,3), consisting of points within 1 from zg = 2. Tt

remains to check convergence for the boundary points x = 1 and x = 3. In the former case, we get

o0 o0 o0 o0 o]

S (=11 —2)" = Y (1)t = 3" (—1), and in the latter, Y (=1)"T}(3 —2)" = Y (-1)"*1,
0 0

n= n= n=0 n=0 n=0
both of which diverge. Hence, the interval of convergence is (1, 3).
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Shift of Index of Summation

In an infinite series, the index of summation is a dummy parameter, similar to the integration variable in a
definite integral. Consequently, the specific letter used for the index is arbitrary. For example,

inx"_ L 3
=2
n—o " j=0 J:

Just as changes of variables are made in definite integrals, we find it convenient to make changes of
summation indices when calculating series solutions of differential equations. Let’s illustrate the process of
shifting the summation index by an example.

[ee] [ee]
Example. 1. Express the series Y. na,2" '+ 3 a,r" as a sum with generic term z". Introducing the

n=1 n=0
00

dummy variable m = n — 1 instead of n, rewrite > na,z" ' = > (m+1)a;,12™. This leads to the

n=1 m=0
[eS) [eS)

o0 (o] o0
expression Y. nap,z" 1+ Y apz” = Y (m+ Damp1a™+ Y ana™ = > (nay, + any1)x™ as desired.
n=1 n=0 m=0 n=0 n=0

2. Check the equality

oo oo oo

k k+1 k
E Crr1x” + E et = ¢ 4+ E (Ch1 + cp—1)x”.
k=0 k=0 k=1

To verify this equality, let’s focus on the first term:

o0 o0 oo
g ck+1xk = a1z’ + E ck_Hwk =ai + g ck+1xk (shifting index).
k=0 k=1 k=1

Now, we add the second term and check:

oo oo o0 o0 oo
E Crp1xh + E cprf Tt = ¢ + E Cryr1x” + E cpaftl = ¢ + E (cky1 + cr_1)z® (combine terms).
k=0 k=0 k=1 k=1 k=1

Hence, the equality holds.

Series Solutions Near an (ordinary) Point

Let’s consider methods for solving second-order linear equations when the coefficients are functions of the
independent variable, denoted as z in this chapter. We will focus on the homogeneous equation:

P(z)y" 4+ Q(z)y' + R(x)y = 0.

This treatment will suffice, as the approach for the nonhomogeneous counterpart is similar. Many math-
ematical physics problems yield such equations with polynomial coefficients. For instance, Bessel equation,
encountered in heat conduction:

a:2y” +$y/ + (3;‘2 _ VQ)y =0

where v is a constant.

To simplify computations and accommodate various scenarios, we focus on polynomial functions P, @),
and R. However, note that the solution method remains largely unchanged when P, ), and R are general
analytic functions.

For now, assume that P, @), and R are polynomials without common factors. The solution in an interval
containing a point g depends on P’s behavior in that interval. If P(xg) # 0, zg is called an ordinary point;
otherwise, it’s singular. Let’s concentrate on solutions in the neighborhood of ordinary points first.
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Since P is continuous, there exists an interval around zy where P(z) is never zero. In this interval, we
can divide the initial equation by P(z) to obtain:

y' +p@)y +q(x)y =0

where p(z) = Q(x)/P(x) and ¢(x) = R(x)/P(x) are continuous rational functions (ratios of polynomials).
According to the existence and uniqueness theorem, in this interval, there exists a unique solution that also
satisfies the boundary conditions y(zo) = yo and y'(xo) = y(, for arbitrary values of yo and ;.

We will look for solutions in the form

oo

y:co—|—cl(:r—:v0)—|—...+cn(x—x0)"+...:ch(x—xo)"

n=0

and make the assumption that this series converges within the interval |x — x¢| < p for some p > 0.

At first glance, adopting a power series as the form of a solution might seem less intuitive. However, it
proves to be a remarkably convenient and practical choice. Power series, within their intervals of convergence,
exhibit behavior akin to polynomials and can be manipulated in a straightforward way. Even when solutions
can be expressed in terms of elementary functions like exponentials or trigonometric functions, employing a
power series or an equivalent form becomes crucial for numerical evaluations or graphical plotting.

A pragmatic approach for determining the coefficients ¢,, involves substituting the series and its derivatives
for y, v/, and y” into the original equation followed by recursively finding the coefficients.

Example. Consider the differential equation 3" — 2y’ —y = 0. To find the power series solution centered
at xo = 1, let’s express the solution in the form:

oo
y = Z en(z—1)"
n=0
In addition, we compute
v =c+2(@—1)+3es@—1)>+...+ 4 Deapr(@—1)"+...=> (n+epa(z—1)"
n=0
"=2c+6cs(x— 1)+ ...+ (n+2)(n+ Denga(@— )" +...= > (n+2)(n+ epra(z — 1)
n=0

Next we perform a sequence of algebraic manipulations to express the latter equation in a more convenient
form. By writing x = (z — 1+ 1), we can transform the middle term as follows:

x i(n +Dep(z—1)"=((z-1) i Depgr(z — 17 i(n + Depgr(z — 1)
n=0 n=0 n=0
i(n—i—l)cnﬂ x—1)" chn (x—1 "—i—i n+1)cpp1(z—1)" i(ncn—i—(n—i-l)cnﬂ)(x—l)”.
n=0 n=0
Substituting these into the original equation, we get:
i(n+2)(n+1)cn+2($—1 —JCZ n+1)cppr(z —1)" Zc”z—l =0&
n=0 n=0
i(n+2)(n+1)cn+2(x71 Z ney, + (n+ epyr) (@ — )7 ch (z-1)"=0&
n=0 n—=0
i((n +2)(n+ 1)eps2 — (n+ Depgr — (n+ Dep)(z — 1) =0,
n=0
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For a power series to be identically zero on an interval, it is essential that all of its coefficients must
vanish. This leads to a system of linear equations:

2(}2—61—6020

363 —Cy —C1 = 0
(n+2)cpy2 —cny1—cn =0

The coefficients ¢,, are uniquely determined once the values of ¢y and ¢; are set:

co+c1 ¢ €

2T T Ty
_Cl—l—Cg_Cl‘i’%ﬁL%_Co c1
e
Notice that for any analytic solution y = Y ¢,(x—1)", we have y(1) = ¢y and 3/(1) = ¢1. Now, consider
n=0

two specific solutions y; with ¢g = 1,¢; = 0 and ys with ¢g = 0,¢; = 1. Evaluating the Wronskian at x¢ = 1,
we get W(y1,y2)(1) = (y1vh — yiy2)(1) =1-1—0-0 = 1, confirming that {y;,y2} form a fundamental set
of solutions on a small enough interval containing x¢ = 1.

Lecture 7
Series Solutions Near an Ordinary Point, II

In the last lecture, we explained how to find power series solutions of second-order linear ordinary differ-
ential equations

P(z)y" +Q(z)y + R(z)y =0

with polynomial coefficients P(z), Q(x), and R(z) near a point xo where P(xo) # 0. We referred to such a
point as ordinary. Today, we will expand this method to a broader class of functions, allowing P(z), Q(x),
and R(z) to be not necessarily polynomials.

Ordinary — Extraordinary
As before, we divide the initial equation by P(x) to get the equation

y' +px)y +q(x)y =0,

o0

where p(z) = Q(z)/P(x) and ¢(z) = R(x)/P(x), and look for solutions in the form y = > ¢, (x — z)".
n=0
Using that ' = > (n+1)cpp1(z—z0)" and y’ = > (n+2)(n+1)cppo(z—x0)", we can derive a system

n=0 n=0

of linear equations for the unknown coefficients c¢,, by substituting the power series and its derivatives into
the initial differential equation and by taking advantage of the fact that the expression y” + p(z)y’ + ¢(x)y
along with its derivatives evaluate to zero at xy. Let’s examine the first such equation obtained from
" +py + qy)(xo) = 0.

(Z(n +2)(n+ Deppo(z — 20)" + p(2) Z(n + Dent1(z — zo)™ + q(x) Z enl2 — :Uo)") (o)
n=0 n=0 n=0
—p(zo)cr — Q(l'o)co.

= 2¢o +p(:170)01 + Q(Iﬂo)CQ =0&c = B
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The second equation comes from (y” + py' + qy)' (z0) =0 < v +py" +0'y + ' + ¢y =y" +py’ +

(P 4+ q)y' + ¢'y = 0 and reads

(Z(n +2)(n+ 1)cpia(z — 20)" + p(z) Z(n + Depsr(z — z0)™ + q(2) Z en(x — xo)"> (x0)

n=0 n=0

WE

= <Z(n +3)(n+2)(n+ 1)cpys(x — xo)"™ + p(xo) (n+2)(n+ 1)cpaa(z — xo)"”

n=0 n=0
+ (0 (x0) + a(w0)) D (n + Deaga(z — m0)" + q(x0) Y (n+ 1)enia (e — xo)”) (o)
n=0 n=0

(2p(wo)ca + (p'(20) + q(x0))c1 + ¢'(20)co)
6 b

C3 =

i’

= 6c3 + 2p(wo)ca + (9 (w0) + q(20))er + ¢ (w0)co = 0

etc.

Notice that the crucial condition for generating equations on coefficients ¢, is the existence of the n**
derivatives of the functions p and g. Therefore, to obtain the complete power series, it is essential that
the derivatives of all orders of p and g at zg exist. This requirement holds true, in particular, for rational
functions p and g with polynomials in the denominators not vanishing at zy that we discussed in the last
class.

However, merely demanding that these functions be infinitely differentiable in the neighborhood of zq
is necessary but insufficient. This is because it does not guarantee the convergence of the resulting series
expansion for y. We need the functions p and ¢ to be analytic at xg; that is, they should have Taylor series
expansions that converge to them in some interval around the point zq:

p(x) =Y pale—wo)" and q(x) = Y gu(x — )™
n=0 n=0

We refine our previous definition: if the functions p = Q/P and ¢ = R/P are analytic at xq, then xq is
said to be an ordinary point of the differential equation P(x)y” + Q(x)y’ + R(x)y, otherwise, it is a singular
point.

The following fundamental result was established by Lazarus Fuchs in 1866.

Theorem. Let xy be an ordinary point of the differential equation

P(z)y" + Q(2)y’ + R(x)y =0,

meaning that p = % and ¢ = % are analytic at xg. In this case, the general solution can be expressed as
o0
Y= Z en( — o)™ = coyr (2) + c1y2(w),
n=0

where ¢y and ¢y are arbitrary constants, and y; and ys are two power series solutions that are analytic at xg.
These solutions y; and y, together form a fundamental set of solutions. Moreover, the radius of convergence
for each of the series solutions y; and ys is at least as large as the minimum of the radii of convergence of
the series for p and gq.

The proof of this theorem involves technical details, and we will omit it. However, the nuances of

[&.°]
the theorem deserve a more thorough exploration. The equality > c,(z — x0)"™ = coy1(x) + c1y2(x) at
n=0
x = xo, yielding cg = coy1(zo) + c1y2(x0). As this equality must hold for arbitrary values of ¢y and ¢q,
/
o0
we conclude y;(zg) = 1 and ya(xo) = 0. Similarly, the equality <Z en(T — zo)") = (coy1(z) + cry2(x))’
n=0

at xg gives ¢ = coyi (o) + c1yh(xo), implying yj(zo) = 0 and yh(zp) = 1. Consequently, the Wronskian
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W (y1,y2)(x0) = (1195 — yiy2)(xg) =1-1—0-0 = 1 does not vanish at xg, confirming that the functions
{y1,y2} indeed form a fundamental set of solutions.

Another crucial point is that while the process of calculating coefficients by successive differentiation
was instrumental in establishing a theoretical result, it is often impractical for computations. Instead, one
should substitute the power series expression with unknown coefficients for y into the differential equation
and determine the coefficients recursively, as outlined in the previous lecture.

A very important takeaway from the theorem is the existence of a series solution with a radius of
convergence at least as large as the smallest of the radii of convergence of the series for p and ¢q. Therefore,
it suffices to determine those two radii.

Rational Functions: Determining Taylor Series and Radius of Convergence

Let P(z) and Q(z) be two polynomials, with deg(P) < deg(Q), and Q(z) having distinct roots x1, za, ..., zy.
For simplicity, we assume none of the z;’s is zero. Consider the rational function f(x) = gg:; Then, f(z)

can be expressed as f(x) = xf‘—_lx + 3:247—23: +...+ xfjx, where Ay, Ao, ..., A, are constants. Each term %A—_
can be further rewritten as «; - i with a; = %
‘ o0
The Taylor series for each function 171i = > x% - 2™ about zero is a geometric series with a radius of
v =
convergence equal to |z;|. Consequently, the radius of convergence for the Taylor series of f(x) about zero is
the minimum of the absolute values of x1, s, ..., x,, the roots of (). Analogously, it can be shown that the

radius of convergence of the Taylor series about any other point 2’ is equal to the minimal distance between
2’ and the roots of P.

Remark. If deg(P) > deg(Q), long division of polynomials allows us to express f(x) = H(x)+ ggzg, where

H(z) is a polynomial and deg(P) < deg(Q). Importantly, any polynomial coincides with its own Taylor
series about 0 with an infinite radius of convergence. Therefore, the initial restriction on degrees doesn’t
result in any loss of generality, and the argument presented above is valid for any rational function.

Example. Determine a lower bound for the radius of convergence of series solutions about zy = 0 and
xfy = 2 for the differential equation (1 + 23)y” + 4xy’ +y = 0.

We start by checking that 1 + 0% = 1 # 0 and 1 + 23 = 9 # 0, hence both points are regular. We
rewrite the equation in the form y” + {353 + 75y = 0 and notice that p(z) = %5 and ¢(z) = 75
are rational functions with degrees of numerators smaller than the denominator. Next, we find the roots of

the polynomial in the denominator. There is an obvious real root z; = —1, which allows us to factor the
14+v/3i
2

polynomial as 1+ 23 = (z 4+ 1)(2? — x + 1) and find the remaining two conjugate complex roots xy =
and r3 = 1_7‘/‘3”

Since all three roots are on the unit circle inside the complex plane, the distance from zy = 0 (or (0,0)
on the complex plane) to each of them is 1. This gives a lower bound for the radius of convergence of series
solutions about xg equal to 1.

The distance between z(; = 2 (or (2,0) on the complex plane) and z; = (—1,0) is equal to 3, while the

2
distances from zj, to xo = (%, ?) and x3 = (%,—?) are equal to \/(2 — %)2 + (0 — @) = \/% + % =
V3. We conclude that a lower bound for the radius of convergence of series solutions about xy is given by

V3= min(3, \/3)
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Lecture 8
Euler Equation and Regular Singular Points

In this lecture, we will explore methods to solve equations of the form
P(x)y" + Q)Y + R(x)y =0
in the vicinity of a singular point xy. Recall that if the polynomials P, @, and R have no common factors,

then the singular points occur where P(z) = 0.

Euler Equation

A relatively simple differential equation with a singular point is the Euler equation
a?y" + axy' + By =0,

where « and ( are real numbers. The corresponding differential operator is D = x2% + am% + 3, and a
function y is a solution if and only if D(y) = 0. Since P(x) = 22, the only singular point is z = 0; all other
points are ordinary points.

We begin by seeking solutions on the interval x > 0. Observe that

D"y =r(r—1z" +raz" + Bz" = (r(r— 1)+ ra+ p)z",

which equals zero identically for all x if F(r) :=r(r — 1) +ra+ 8 = r?>+ (a — 1)r + 3 = 0. Notice that F(r)
is a quadratic polynomial.
Now consider three cases corresponding to the sign of the discriminant D = (a — 1)? — 48.

1. If D > 0, then F(r) has two distinct real roots expressed in terms of parameters o and 3 as

- (1—a)++(a—1)2—-48 and 1y — (1-a)-— (a—1)2—46.

2 2

Evaluating the Wronskian
W(x™, x™) = rpa™ 27t —ppgmr Tl = (g g2

and observing that it has only one zero at x = 0 and does not identically vanish on any interval around
0, allows us to conclude that the functions {z"*, 2™} form a fundamental set of solutions in this case.
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2. Incase D =0 (equivalenﬂy 8= (a=1)? 1—a

7 ), the polynomial has a single zero at r; = 5%, giving us the
solution x™. However, another solution, linearly independent from the first one, remains to be found.
Inspired by the fact that r; is not only a zero of F(r) but also of its derivative F’(r), we can exploit

the equality D(2") = F(r)z" by taking derivatives of both sides with respect to r.

This allows us to obtain
D(n(x)x") = F'(r)z" + fn(z)F(r)x"

(we have used that the operators D and % commute). In our case, F(r) = (r —r1)?, so the latter

equation becomes
D(n(x)z™) = 2(r — ry)a™ + n(x)(r —ry)?2™.

We conclude that D(¢n(xz)z™) = 0, and hence, the function ¢n(x)z™ is a solution to Euler’s equation.
It remains to check that

W(z", n(z)a™) = 2" (2" " + riln(z)z™ ) — ra™ " Hn(z)z™

=2 o in(z) 2T — rpln(x) T = g2t
has only one zero at © = 0. Therefore, the functions {z", ¢n(z)z™ } form a fundamental set of solutions.

3. It remains to consider the case when D < 0, and the roots of F(r) are conjugate complex numbers
1 = a+bi and ry = a — bi, where b # 0. By employing the equality 2" = ¢"*) and applying
transformations akin to those used to derive real solutions like e®® cos(bz) and e®* sin(bz) from e(@+09)®
and e(@=t)? for linear equations of order 2 with constant coefficients and a characteristic polynomial
featuring a negative determinant, we can derive the solutions x® cos(bfn(x)) and zsin(bfn(x)) from
e® = elatb)T and er2® = (97007 (see Chapter 5.4 of the book for details).

It is straightforward to check that the Wronskian is not identically zero within any interval around

zero. Consequently, these solutions are linearly independent.

Let’s consider an example.

Example. Find the general solution of the equation x?y” — 32y’ + 4y = 0 on the interval z > 0. This
equation has o = —3, 3 = 4, yielding F(r) = r? — 4r + 4 = (r — 2)? with a single root r = 2. Hence, we are
in the second case, and we obtain the fundamental solutions y; = x? and yo = 22¢n(z). Let’s verify that the
function y = x?¢n(x) is indeed a solution of the equation z2y"” — 3y’ +4y = 0. We compute 3 = 2xln(z)+z
and vy’ = 20n(z) + 2 + 1 = 24n(z) + 3, giving

22y — By + 4y = 22 (2n(w) +3) - 3a(2aln(x) + ) + 4% ln(z)

= 22%0n(x) + 32 — 62%n(x) — 62% — 322 + 42%ln(z) =0 v

Euler equation: = <0

Thus far, we have successfully solved Euler equation on the open interval > 0 (notice that, for instance,
¢n(x) is not defined for < 0). To obtain real-valued solutions of the equation in the interval z < 0, we can

reduce it to the case with = > 0 simply by making the change of variable x = —z. Using the chain rule, we
2
find % = g—g% = —%, and, similarly, 37?’2’ = 37?;' Hence, the original equation =2y + axy’ + Sy = 0 with

x < 0 becomes (—7)*y” + a(—7)(—y") + By = 0 & 72y + azy’ + Py = 0, where now y is a function of &
with > 0. The transformed equation is exactly the same as the original one. This allows us to extend the
results that we have already obtained for positive values of x to any interval not containing the origin: If
the roots are real and different, then the general solution is

Y = cl|:y|“ -+ CQ‘$|T2.
If the roots are real and equal, then the general solution is

Yy = (Cl + CQZ’I%|$|)|.’IJ|T1.
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If the roots are complex conjugates, then the general solution is
y = |z|%[c1 cos(bln|x|) + co sin(bln|z|)].
We now bring our attention back to the general equation
P(x)y" + Qz)y + R(z)y =0

in the vicinity of a singular point xg. This means that P(xg) = 0, and at least one of @ and R is not zero
at Zg.

Tt is noteworthy that solutions of Euler’s equation included the functions ¢n(z) and 2 with a < 0, which
are not analytic at 0 and, consequently, cannot be represented by a Taylor series in powers of x, rendering
the methods of the previous lecture inapplicable. This behavior is typical for singular points.

A natural question at this point is the following.

Question. When faced with the intricate nature of singular points in differential equations, one might
wonder: Why bother? why not simply disregard them?

Singularities, though rare, play a crucial role in understanding the essence of differential equations.
Ignoring them means sidestepping key junctures where our theories confront challenges. Consider black
holes—stellar anomalies with singularities at their core. These points unveil uncharted territories where
classical physics falls short.

Despite their complexity, the study of singularities, championed by thinkers like Hawking and Penrose,
proves indispensable. Their insights deepen our grasp of extreme phenomena and push us to develop more
robust theories capable of navigating the mysterious corners of the mathematical universe.

Singularities: how bad do they get?

Singular points are classified into two types: regular and irregular. This categorization aids in understanding
the behavior of solutions in the vicinity of these points.

Singular point x

Regular Irregular
lim (z — 20) 42 is finite '
zzo P(x) otherwise
: _ 2 R(z) . .
zlirrgo(x Zo) Pz Is finite

— ) 9&) i — )2
(v = @0) ey and lim (@ —w0)" 755

are analytic at © = xg

Example. Let’s determine the type of the singularity in Euler equation 22y” + axy’ + By = 0 at 9 = 0.
Computing the limits,

. azx
limzx- — = a,
z—0 .’E2

. 2
lim z* - — =
z—0 JUQ ﬁ’

we conclude that the singularity is regular.
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We will observe that solutions near a regular singular point exhibit similarities with those for Euler
equations near zero. Specifically, solutions in the vicinity of a regular singular point may involve powers of
x with negative or nonintegral exponents, logarithmic functions, or trigonometric functions of logarithmic
arguments. Our focus will be on elucidating the techniques for solving second-order linear ODEs in the
proximity of a regular singular point. The analysis of solutions around irregular singular points entails a
more intricate discussion, which lies beyond the scope of this course.

Example. Find singular points of the given equations and determine their type.

1. (#+2)%(z—1)y"+3(z—1)y’ —2(z+2)y. The singular points are zeros of the polynomial (z+2)%(z—1),

which are zg = —2 and 1 = 1. We compute
. 3(x—1) . 3
1 ) —"—— =1 ——— DNE
RGO R Frar e R L s 1
-1 -1
z—1 (x+2)2(x—1) 251 (x+2)2
—2(z +2) -2

lim(@ -1 o sy — ImE - D o3y

and conclude that z( is an irregular singularity, while z; is regular.

:07

2. zy” + e®y’ + 3cos(z)y = 0. The only singular point is z = 0. We compute

el'
lmz-— =Ilime* =1
z—0 €T x—0
. 3cos(x .
lim 2% - 3 cos(x) = lim 3z cos(x) = 0.
x—0 x x—0

As the functions e* and z cos(z) are analytic at 0 conclude that xg = 0 is a regular singularity.

Lecture 9
Series Solutions Near a Regular Singular Point

Consider the problem of solving the general second-order linear equation
P(x)y" + Q(z)y + R(z)y =0

in the vicinity of a regular singular point * = xg. For convenience, we assume zy = 0. If 2y # 0, a simple
linear transformation ¢ = x — xg can be applied to transform the equation into one with the regular singular
point at the origin.

Recall that the assumption of £ = 0 being a regular singular point means that both limits lin%) 2Q(@) 5nd
T—

P(z)
li z2R(x)
50 D@

Multiplying both sides of the equation P(x)y” + Q(x)y’ + R(z)y = 0 by %, we obtain z%y" +zq(x)y’ +
r(z)y =0.

Remark. In the special case where all coefficients ¢,,n > 0, and r,,,n > 0 are zero, i.e., the functions g(x) =
qo and r(x) = 7o are constant on some interval around zero, we obtain Euler’s equation 22y +xqoy’ +roy = 0.

are finite, and the functions ¢(z) := GEI?(SE)) and r(z) := gﬂjfzx) are analytic at z = 0.

We seek a series solution in the form

o0 o0
y=a’® E cpx” = g cnx TS,
n=0 n=0

where the integer(s) s, for which the solutions in the given form exist, are to be determined in the process.
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oo
Example. Let’s explore the equation 3z%y” +2xy’ + 2%y = 0. We employ the series solution y = > c,z""*
n=0

o0 o0
along with its derivatives v’ = > (n+ s)c,2" ™t and ¢y’ = > (n+s)(n+ s — 1)c,a" ™72
n=0 n=0

Substituting these into the differential equation, we get:

(o) o0 (o)
322 Z(n +8)(n+s—1)c,z" 7% 4 21 Z(n + )™ 4 22 Z Cpa™ TS

n=0 "0 —
o0 o o

=3 Z(n +8)(n+s—1)c,z"ts +2 Z(n +8)epz™t 4+ Z a2 —
n=0 "0 o

The latter equality must hold true for all values of  within the interval under consideration and, therefore,
imposes a system of equations on coefficients of powers of z, setting each of them equal to zero. The first
such equation, in our case,

(3s(s —1) +2s)co = 0 < (352 — 8)cp = 0,

is referred to as the indicial equation. We assume that ¢y # 0, limiting the feasible values for s to s = 0

_1
ands-S.

Definition. The roots of the indicial equation are called the exponents at the singularity for the regular
singular point x = 0.

The coefficient in front of z° equals (3s(1+s) +2(1+s))c; = 0. Since neither s = 0 nor s = 1 satisfies
35245542 = 0, we are forced to set ¢c; = 0. The remaining equations, (3(n+s)(n+s—1)+2(n+s))cp+cp_2 =
0 with n > 2, allow us to express

3(n+s)(n+ sn: D+2(n+s) (n+ s)(ln: 3n—3s)

Cp = —

It follows that coefficients with odd indices vanish (they are all proportional to ¢;), while those with even
indices can be recursively expressed in terms of ¢y. Plugging in s = 0, we get

0, n is odd.

As n is even, we can write n = 2m for m a positive integer. Then

Cn—2 __ _Cp—2 :
. {n3n2 = nli=anyy " iseven
=

o Com—2 o Com—4 o Com—4
m = (I —6m)  2m(1—6m)2m —2)(1 —6(m —1))  2m(1 — 6m)(2m — 2)(7 — 6m)
Com—4 Co
T om@m—2)(1—6m)(T—6m)  2m(2m—2)(2m—4)...2- (1 —6m)(7 — 6m)(13 — 6m)...1’

where the rightmost 1 in the denominator comes from 1 = 1 + 6 - m — 6m. Further simplifying the
denominator gives

2m(2m—2)(2m—4)...2-(1—-6m)(7—6m)(13—6m) ...1 = 2™m(m—1)(m—2)...1-(1—6m)(7—6m)(13—6m) ... 1

This yields the formula

Com = m

2l T1(1+6(¢—m))
£=0

The power series solution y; corresponding to ¢p = 1 (and s = 0) is

> 2n

n=> - '
o2t - [T(1+6(—n))
=0

Finding the solution ys from s = % is analogous (but even slightly more annoying {%).
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This example highlights an approach to determine power series solutions in the vicinity of a regular
singular point.

In general, when dealing with the equation P(z)y” + Q(x)y’ + R(z)y = 0 near a regular singularity,
finding a fundamental set {y;,y2} of solutions follows a similar approach to the example we have discussed.
If the indicial equation has two distinct roots s; and s, where s1 — s5 is not an integer, we typically obtain
two linearly independent solutions of the form y = 3 ¢,2""*. When the roots of the indicial equation

n>0
are conjugate complex numbers, their difference cannot be an integer. Consequently, we always have two
solutions, albeit complex-valued. However, akin to the Euler equation, we can derive real-valued solutions
by extracting the real and imaginary parts of the complex solutions.

On the other hand, if the roots of the indicial equation are equal or differ by an integer, we usually

find one solution in the form y = Y ¢,2"**, while the second solution tends to exhibit a more intricate
n>0
structure.

Lecture 10
A Quantum of Boundary Value Problems and Linear Algebra

Up to this point, our focus has been on initial value problems, characterized by a differential equation
coupled with appropriate initial conditions at a specific point. A classic instance is the differential equation:

Y +pt)y +qt)y = F(x)

accompanied by the initial conditions:

y(to) = o, Y (to) = yo-

In practical applications, scenarios often arise where either the value of the dependent variable y or its
derivative is specified at two distinct points. These specifications are termed boundary conditions, distin-
guishing them from initial conditions that pertain to the value of y and 3’ at the same point. Consequently,
a differential equation, when paired with suitable boundary conditions, constitutes a two-point boundary
value problem.

Boundary Value Problems

Consider the following typical example:

y" +p(x)y +q(x)y = F(z)

with the boundary conditions:

y(a) =y, y(B)=u1.

It is noteworthy that boundary value problems commonly involve a spatial coordinate as the independent
variable, hence the use of x rather than .

To solve the two-point boundary value problem, our objective is to find a function y = ¢(x) that not
only satisfies the differential equation within the interval @ < <  but also takes on the prescribed values
yo and y; at the endpoints of the interval. Typically, the approach involves seeking the general solution of
the differential equation first, and subsequently employing the boundary conditions to determine the values
of the arbitrary constants.

If the function F'(x) = 0 and the boundary values yo and y; are also zero, we categorize the problem
as homogeneous. Otherwise, when F(z) is non-zero, or if the boundary values yo and y; are non-zero, the
problem is deemed nonhomogeneous.

While boundary value problems may bear a resemblance to initial value problems, their solutions exhibit
crucial distinctions. With mild conditions on the coefficients, initial value problems are guaranteed to possess
a unique solution. In contrast, boundary value problems, even under comparable conditions, may yield a
unique solution, remain unsolvable, or, intriguingly, yield infinitely many solutions. This nuanced behavior
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parallels systems of linear algebraic equations, emphasizing the distinctive nature of linear boundary value
problems.
Let’s take a look at some examples.

Example. 1. Consider the differential equation x2y” —2xy’+2y = 0 with boundary conditions y(1) = —1
and y(2) = 1. This equation is an Euler equation with parameters « = —2 and 8 = 2. We compute
F(r) =12 -3r+2 = (r — 1)(r — 2), concluding that the general solution is y = Cyx + Cyx?. The
boundary conditions impose the following system of equations on C; and Cj:

y(l) =Ci1+Cy=-1

Solving this system yields C; = —2.5 and C» = 1.5. Hence the solution is y = —2.5z 4+ 1.5z2.

2. Next, let’s tackle y”" + 4y = cos(z) with boundary conditions y(0) = 0 and y(7w) = 0. We first solve the
complementary equation y” +4y = 0 to obtain y. = C; cos(2z) + C sin(2x). Employing the method of
undetermined coefficients with y, = Acos(x), we find a particular solution of the initial equation y, =
% cos(z). Hence, the general solution of the equation is y = y.+y, = C1 cos(2x) + Ca sin(2z) + § cos(x).
The boundary conditions impose the following system of equations on C7 and Cs:

?J(O):Cl-i-é—
y(w):Cl—%:O’

which has no solutions.

We observe that after finding the general solution y, the boundary values impose linear equations on the
unknown values of y at certain points, i.e. our problem reduces to one from linear algebra.

Eigenvalues, Eigenvectors, and Eigenfunctions

Recall that in linear algebra, a vector (vy,...,v,) that satisfies the matrix equation A-v = Av for some scalar
A is termed an eigenvector, while X is referred to as an eigenvalue. Likewise, in the context of differential
operators, a function y satisfying D(y) = Ay (where D is an operator and A is a constant) is termed an
etgenfunction of D.

It’s noteworthy that David Hilbert was the first to employ the German term eigen, meaning ”own,” to
denote eigenvalues and eigenvectors. This terminology became widely adopted in mathematics. However,
it’s conceivable that Hilbert was influenced by a similar usage by Hermann von Helmholtz.

Example. Consider the equation ¢y = Ay. The equation 3" — Ay = 0 is a homogeneous equation of order
2 with constant coeflicients and has a fundamental set of solutions {e‘ﬁz,eﬁm}. Therefore, one has a

two-dimensional space of eigenfunctions with basis (e‘ﬁ‘” , eﬁx> for each eigenvalue 0 # A € R and (1, z)
for A =0.

Example. Consider the differential equation Ay” = By, where A < 0 and B > 0, subject to the boundary
conditions y(0) = y(L) = 0. This equation simplifies to y” — £y = 0. Denoting A = —£ > 0, we find
the characteristic polynomial r? + A\ with roots m, = —iv/\ and ry = ivA. The general solution is then

y = Cy cos(vVAx) + Cysin(v/Az).

Next, we seek a particular solution satisfying the boundary conditions:

C cos(VA-0) + Cosin(v/A-0) =0

Cy cos(VA- L) 4 Cysin(v/A- L) =0
By solving, we determine C; = 0 and Cysin(v/\ - L) = 0. We notice that sin(v/A - L) = 0 if and only if
V- L = nk for some k € Z. Since sin(—kz) = — sin(kz), we only need to consider k € Zo. Therefore, if A

and L satisfy v/\ - L = 7k, then we obtain a family of solutions y = Cs sin(v/Az); otherwise, if Cy = 0, the
only solution is trivial, y = 0.
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Free Particle in an Open Box (optional)

Let’s enrich our mathematical exploration with a physical context. Suppose we have a particle confined to
move along the interval [0, L]. Considering A = —%, where m is the mass of the particle and h represents
the Planck constant, and B = E as a parameter denoting the energy of the particle, we arrive at the
time-independent Schrédinger equation for a free particle on a line: f%y’ " = Ey. The differential operator

H = —% % is called the Hamiltonian, representing the total energy of the system and playing a central role
in quantum mechanics. The eigenfunctions of H are the wave functions, which describe the possible states
of the particle. Our boundary conditions confine the particle’s position to be between 0 and L (referred to
as 7in a box”).

Expanding on our previous results, V- L = 7k, k € Zsg yields

[2mE h2m2k?
TLZF}C? k€Z>0<:>Ek:W, kEZ>O.

In the latter equation, E is the only variable, and the values of E that satisfy the equation give rise to

. . . . 2 2 2 2 . . .
nontrivial solutions. For instance, E; = % and Ey = 37 The solutions to the corresponding equations

— 2mL?"
—%y” = FEy are known as wave functions and are traditionally represented by the Greek letter ¥; thus,

the solution to —%y” = Eiy would be denoted by Uy (z).
You may have noticed that the constant Cy seems to have ”vanished” and does not appear in the wave

function ¥ (z). This omission arises because the wave function must satisfy an additional requirement:
L
J |V (z)]*dx = 1. This condition arises from the fact that the integral represents the probability of the
0

particle being somewhere within the interval [0, L], which, according to the initial assumption, is equal to 1.

Quick Reminder on Linear Algebra

Let’s quickly recap some fundamental concepts of linear algebra. Consider a vector space V' over R equipped
with an inner product (-,-) : V' x V' — R. This inner product satisfies the following properties:

e Linearity: For any vectors v, w,h € V and scalars a,b € R, we have (av + bw, h) = a{v, h) + b(w, h).
e Symmetry: (v,w) = (w,v) for all v,w € V.
e Positive Definiteness: (v,v) > 0 for all v € V| with equality if and only if v = 0.

An inner product not only defines how vectors interact with each other but also gives us the notion of length
in V. For instance, the length (or magnitude) of a vector v is given by |v| := / (v, v).

A basis for V is a set of linearly independent vectors that span the space. An orthonormal basis is a set
of vectors e, es,...,e, in which each vector has unit length and is orthogonal to all other vectors in the
basis. In terms of the inner product, this means that for any two vectors e; and e; in the basis, we have

1,2=179
<ei,ej>={” !

0, otherwise.

For example, consider the finite-dimensional vector space V' = R" equipped with the dot product. Let
er = (1,0,...,0),ea = (0,1,...,0),...,e, = (0,...,0,1) be the standard basis. Then the dot product is
given by the formula (v,w) = a1by + asbs + ... + apb,, where v = aje; + ases + ... + ane, and w =
bieg +boes + ...+ bpe,. As (e, e;) =1 and (e;,e;) = 01if i # j, the basis is orthonormal with respect to the
dot product

To express a vector v as a linear combination of the orthonormal basis vectors, v = aje; +agea+. ..+ aye,,
we compute the coefficients a; using the formula a; := (v, e;). Similarly, to express v as a linear combination
of the orthogonal basis vectors, v = aje; +ases+. .. +anen, we calculate the coefficients a; using the formula
% This formula ensures that each coefficient a; represents the projection of v onto the direction
of the corresponding basis vector e;, scaled by the length of that vector. Thus, the coefficients a; provide
the coordinates of the vector v in the orthogonal basis.

a; =
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Remark. A basis is called orthogonal if the vectors are pairwise orthogonal, meaning (e;, e;) = 0 for i # j,
but not necessarily each vector has unit length. In order to obtain an orthonormal basis from an orthogonal
one, each vector needs to be normalized by dividing it by its length: e} = £

leil

Lecture 11
Fourier Series

Fourier series are an incredibly useful tool in mathematics and engineering for representing periodic
functions as a sum of sine and cosine functions. They have applications in various fields such as signal
processing, image analysis, and differential equations.

Real-valued functions form a vector space over the real numbers. Unlike the finite-dimensional example
from the previous section, this vector space is infinite-dimensional. Functions that are periodic with a period
of 2L form a subspace denoted by P. This means that any function f(x) in this subspace satisfies the
condition f(x + 2L) = f(z) for all 2 (in the domain). However, it is important to note that 2L does not
necessarily have to be the smallest number for which this condition holds.

An inner product on P is given by

L

()= [ (o) o
L
This inner product allows us to define notions of orthogonality, projection, and distance in P.

Consider the set of functions {Sin (?)} and {cos (mg ””)}, where n and m are nonnegative integers.
These functions have period T = 2%

e = %, hence they are 2L-periodic and belong to P. Next, we will
demonstrate that they are pairwise orthogonal with respect to our inner product:

_/mmx (nmx\\ L, ifm=n,
<COb (T) 08 (T)> B {07 otherwise,
(s ("5 in (M) = {1 B
e (22 s (5 -0

Let’s compute some inner products explicitly:

o (252 o (55)) = e (25 ()
= % /LLcos <(m Ln)mg> + cos ((m +Ln)7m) dz

_ % (W(mL n) sin ((m —Ln)ﬁx> LL N 7T(mLJr - . ((m + n)m:) L

Here we have used the formulas cos(a+b) = cos(a) cos(b)Fsin(a) sin(b) allowing us to express cos(a) cos(b) =
cos(a+b)+cos(a—b)
2

. The remaining inner products can be computed in a similar manner to demonstrate the
orthogonality of the corresponding functions.

Therefore, the functions F := {1} U {sin (%) } U {cos (F£) } with n,m € Z¢ form an orthogonal set
of functions in P.

However, upon evaluation, we find that
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L L

s (57 e (P52 = f o () e [ (s (27) 1)

—L —L

71 L . 2mmx n L
o2\ M\ L .

Similarly, similarly <sin (mg “") ,sin (%» = L as well. To ensure that the set of functions is orthonormal,

we have two options. First, we can follow the procedure outlined in the previous section, which yields:

(4212 =)

Alternatively, we can redefine the inner product as

I T G
. 2

L
(f,9) = %/f(x)g(x) dx.

—L

For simplicity, we will opt for the latter approach.

Remark. The first function in F is the constant function f(z) = 1. Its inner product with itself is calculated

as follows:
1 7 1 i
1, )=—= [ 1-1dzx = — =2
-L

—L

so the function has a norm of 2.

Fourier Series: Let’s Get Serious

Let g(x) be a 2L-periodic function. By shifting the z-coordinate (if necessary), we may assume that g(—L) =
g(L). Our goal is to express g(z) in terms of the functions in F:

g(x) = % +7§1an sin (%) —&-;bncos (%) ,

where the 2 in the denominator comes from the normalization explained in the remark above. The
coefficients are given by

, —L<z<0,

L f(fﬂ)={0, bens g, fat)=f@)
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To find the Fourier series for the given piecewise function f(z), we begin by determining the coefficients
ag, an, and b,.

0 0
1 1 1 1
aofz/f(x)dac Z/dxfz x (0—-(-L)) Z~(07(7L))f1
- L L —L
1 7 1 / L ’ 1
nwx . /nTx nwx
an = 7 / f(x)sin (—) dr = 7 /sm (T) dr = — 7 cos (T) _E(l — cos(nm)).
L L
We conclude that:
2 .
0 = EerEsy n =2m+ 1 is odd,
0, n is even.
1 r 1 0 L ’ 1
nwx nwx . /nTx
bn—z/f(l‘)COS(T) dm—z/cos( 7 ) dx = nstm( 7 ) _E(O_(D_O'
-L g -
Therefore, the Fourier series for f(z) is
1 2 & 1 . ((2m+ Dz
f(x)_z_meO(Qmﬂ)sm< L )
z+1, -1<z<0,
2 = 2) =
o) {1% AR R
Yy
g(x)

In order to find the Fourier series for g(x), we begin by determining the coefficients ag, a,,, and b,,.

ao:jg(x)dx:/O(m+1)dx+/1(1—x)dx= (332—&-:5)

2
-1 0

0 1

+ -
X
2
—1
nmwx

1 0 1
by, :/1g(x) cos (T) dx = /(a: + 1) cos(nmz) do + O/(1 — z) cos(nmzx) dx

—1

First, we compute the general antiderivatives.

/Cos(mm:) dx = sin(nnz) +C.

nm
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To find the antiderivative of xcos(nmz), we employ integration by parts. Let u = z and dv =

cos(nmx)dr. Then, we differentiate u to get du = dx and integrate dv to get v = Singz;”). The
integration by parts formula gives

/ x cos(nrz) dz = & <Sm(”m)> - / sin(nra) |, zsinlnrz) L / sin(nmz) dz

nmw nmw nmw nmw
xsin(nmx 1 cos(nmx rsin(nrx cos(nmx
nmw nmw nmw nmw n4m

This allows to obtain
0

1
b, = /(x—i—l)cosmrx dm—i—/l—x cosmr:r)dx—(
0

—1

0

xsin(nrz) = cos(nmz)  sin(nmax)
nw n2m? nm

-1

s nmw n2m? n2m2 n2m? n2m? n2m?2 n2m?

(sin(mm‘) wsin(nrz) cos(mrx))’l _ ( 1 cos(—mr)) . (_cos(mr) 1 ) _ 2(1 = cos(nm))
We conclude that:
T@mF1)

by, =

n is even.

{7T42, n =2m + 1 is odd,
0,

It remains to find the coefficients

0

0 = /1 (o) sin ("72) do = / (2 + 1) sin(nmz) dz + /1 (1— o) sin(nrz) dz
) 0

—1

Similarly to how we did before, we find [ sin(nrz) dx = —W—l—C and [ zsin(nrz)dr = —W-&-

sin(nrx)
n2x?

+ C to come up with

1

an = /0 (2 + 1) sin(nrz) dz + / (1 - 2) sin(nra) do = <_
=

0

0

xcos(nrx)  sin(nmz)  cos(nwx)
nmw n2m? nmw

—1

nmw nmw n2m? nmw nw n

N ( cos(nmz)  weos(nmw) sin(mrx)> ‘1 _ <1 _ cos(=nm) cos(mr))

. (_cos(m) | cos(nm) | 1 > :0’

nm nm nm

The Fourier series for g(x) is

o(z) = - i? > ﬁms(@mﬂ)m)

m=0

o \

Observe that the function g(z) from the previous example is even, as g(—z) =1 — (—z) = 1 + = = g(x).
Consequently, the Fourier series of g(z) consisted only of cosine terms. This observation holds more generally.

Remark. If a periodic function f(z) is odd, its Fourier series will comprise only sine terms. This outcome
arises from the cancellation of cosine terms due to the fact that the integral of an odd function over a domain
symmetric with respect to the y-axis is zero. Additionally, when multiplied by cosine functions, the resulting
product f(z) cos ("gx) is odd, leading to a vanishing contribution from cosine terms.

Conversely, if f(z) is even, then each function f(x)sin (%£%)

consist solely of cosine terms.

is odd. Therefore, its Fourier series will
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In the study of periodic functions, one fundamental question arises: under what conditions can a periodic
function be expressed as a Fourier series? To address this inquiry, we introduce the notion of piecewise
continuity and establish a general theorem that provides insight into the representation of periodic functions
using Fourier series.

Before stating the theorem, we need to introduce a new concept.

Definition. A function f defined on a closed interval [a, b] is called piecewise continuous if the interval can
be divided into a finite number of subintervals [z;, x;11]:

l ] ] ]
[ T T .« .. T

|
|
a T1 T2 Tp—1 b

so that f is continuous on each open subinterval (x;,z;y1). Additionally, all one-sided limits lim f(z)

and lim+ f(z) exist and are finite. We will use the notation ¢~ := lim f(z) and ¢t := lim+ f(z) for such
r—x] T—c— z—c

limits.

Theorem. Suppose a function f, which is 2L-periodic, and its derivative f’ are both piecewise continuous
on the interval —L < z < L. Then, f admits a Fourier series representation:

f(z) = % —i—mzdamcos (?) + b, sin (?) ,

where the coefficients a,, and b, are determined using previously derived formulas. This Fourier series

feH)+f)
2

converges to f(z) at all points where f is continuous and to at points of discontinuity.

Lecture 12
Separation of Variables, Heat and Wave Equations

In the upcoming lectures, we will explore the fundamental partial differential equations governing heat
conduction, wave propagation, and potential theory. These equations are intimately tied to diffusive pro-
cesses, oscillatory phenomena, and steady-state behaviors, respectively, making them crucial in various
branches of physics. From a mathematical standpoint, they hold significant importance.

The most well-developed and widely applicable equations are the linear second-order partial differential
equations. Among them, the heat conduction equation, the wave equation, and the potential equation serve
as prototypes for diffusive, oscillatory, and time-independent processes, respectively. Studying these founda-
tional equations provides valuable insights into the broader realm of second-order linear partial differential
equations.

Heat Conduction

Let’s consider a heat conduction scenario involving a straight bar with uniform cross-sectional area and
homogeneous material. We will align the x-axis along the axis of the bar, with = 0 and x = L representing
the ends of the bar.

Assuming the sides of the bar are perfectly insulated, implying no heat transfer through them, and that
the cross-sectional dimensions are sufficiently small for the temperature u to be considered constant on any
given cross-section, we find that u becomes a function of only two variables: position (z) and time (t).

The temperature variation within the bar is governed by a partial differential equation known as the heat
conduction equation, given by

U = 0PUpy, 0<z <L, t>0,
where a? represents a constant termed thermal diffusivity. This parameter o relies solely on the material
of the bar.

Additionally, we will assume that the initial temperature distribution within the bar is predetermined,

represented as
u(z,0) = f(z), 0<ax<L,
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where f is a given function. Furthermore, we consider the ends of the bar to be maintained at fixed
temperatures: 77 at * = 0 and T, at * = L. However, we only need to examine the scenario where
Ty = T» = 0. This special case allows us to simplify the more general problem. Therefore, moving forward,
we will assume that u is always zero when x =0 or x = L:

u(0,t) =0, wu(L,t)=0, t>0.

u(e,0) = f()

f(@)
u(0,t) =0 u(0,t) =0

0 L

Let’s look for a solution u(z,t) in a simplified form, which is a product of two functions: one depending
solely on x and the other solely on ¢. Thus, we have u(x,t) = X (z)T'(t). Substituting u(z,t) = X (z)T(t) into
the heat equation yields a?X,,T = X T, where primes denote derivatives with respect to the corresponding
variable.

This equation can be rewritten as % = QE’T The key observation here is that the left-hand side is a
function only of x, while the right-hand side is a function only of ¢. Hence, they can be equal as functions of
their respective variables (for all values of 2 and ¢t under consideration, where 0 < < L and ¢ > 0) only if

both are constant, and the constant is the same. This observation leads us to set % = —)\ and % = —a?)
(we assume A > 0 and introduce a minus sign in front of A for convenience).
« = —) yields the differential equation X,, + AX = 0, with a general solution X (z) =

C} cos(v/Az) 4+ Cosin(v/Az). The boundary conditions u(0,t) = 0 and u(L,t) = 0 imply C; = 0, and a
nontrivial solution exists only for A\ = % with k € Z<¢ (similar to the analogous example in one of the
previous lectures). For such Ag, the solution is given by X = Cj sin (sz”)

% = —a?);, which leads to T" + %T =0.
é\vefk27r2a2t/L2

Next, we need to solve the equations

The solution can be expressed as T, = . Multiplying the solutions together, and neglecting
constants of proportionality, we conclude that the functions uy(z,t) = Xy (2)Tk(z) = e~k a’t/L? gip (krz)
satisfy the partial differential equation and the boundary conditions for each positive integer value of k.
These functions uy are sometimes called fundamental solutions of the heat conduction problem.

One more initial condition remains to be satisfied: u(z,0) = f(z),0 < x < L. While, for a general choice
of f(z), the functions wuy will not satisfy this condition separately, their linear combination with appropriate
coefficients will. Indeed, we need to recall that u(0,0) = w(L,0) = 0, implying f(0) = f(L) = 0. The
problem of finding appropriate values of ¢;’s in the decomposition

_ _ wnate/rt g (RTTY in (K7
f(x)fu(x,O)chke sm< 7 )ch&n( 7
k>1 k>1

is nothing else but finding the Fourier series for f(z) on the interval [0, L]. Hence, the coefficient ¢ is given

by the formula
L
2 k
=7 / ( mc) f(x)dx.
0

Remark. The 2 in the numerator comes from the fact that L is half the period. We can extend f(x) by
flx+L)=—f(L—x) for 0 <z < 2L to obtain a 2L-periodic function. Since f(0) = f(L) = 0, the Fourier
series for f(x) cannot involve any cosines.

We conclude that a solution to the heat equation

U = OéQwa

u(z,0) = f(z)
u(0,t) =u(L,t) =0, t>0
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is given by

L
o 2 . kmc _k2ﬂ_2a2t/L2 . kﬂl’
y—z L/81n(L>f(x)dx e sin { —— ).
0

k>1

Example. Find the solution of the heat conduction problem

uy = 0.01ugy, O<ax<l, t2>0;
u(0,t) =0, u(l,t) =0, t>0;
u(z,0) = sin(2rz) —sin(brz), 0<z < 1.

We start by noting that L = 1 and o = 0.01. The solution is then expressed as

1

Yy = Z 2/sin (kmzx) f(z) dx e Hm0.01t gy (kmzx).

E>1\

which, at ¢ = 0, simplifies to Y cgsin(kmx). It should match sin(27x) — sin(57z). Hence, we deduce
E>1

co =c¢; =1 and ¢; = 0 for ¢ € {2,5}. Substituting these values back into the equation, we derive the

solution:

u(z,t) = e0-04m%t sin(2mx) — 025w’ sin(5mx).

Wave Equation

Another essential partial differential equation encountered frequently in applied mathematics is the wave
equation. This equation arises in the mathematical analysis of phenomena involving the propagation of
waves in a continuous medium. It finds applications in various studies, including acoustic waves, water
waves, electromagnetic waves, and seismic waves. The elastic string can be conceptualized as a violin string,
a guy wire, or even an electric power line.

Suppose the string is set in motion (by plucking, for example) so that it vibrates in a vertical plane.
Let u(z,t) denote the vertical displacement experienced by the string at the point = at time ¢. Neglecting
damping effects such as air resistance and assuming the amplitude of the motion is not too large, u(z,t)
satisfies the partial differential equation:

2
A Uggy = Utt

in the domain 0 < z < L,t > 0. This equation is known as the one-dimensional wave equation. Here, the
constant a represents the velocity of propagation of waves along the string. To describe the motion of the
string fully, it’s necessary to specify suitable initial and boundary conditions for the displacement u(x,t).
The ends of the string are assumed to remain fixed, leading to the boundary conditions:

u(0,t) =0, wu(L,t)=0, t>0

Since the differential equation is of second order with respect to t, it’s reasonable to prescribe two initial
conditions. These are the initial position of the string:

w(z,0) = f(z), 0<a<L

and its initial velocity:

ut(x,O)zg(z), 0<z< L,

where f and g are given functions. For consistency, it’s also necessary to impose that:
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Elastic Strings with Nonzero Initial Displacement
Elastic strings, when disturbed from their equilibrium position and then released at time ¢ = 0 with zero
velocity, exhibit behavior. which is mathematically described by the wave equation

a2um:utt, O<ax<L, t>0,

with boundary conditions

u(0,t) =0, wu(L,t)=0, t>0,

and initial conditions

u(z,0) = f(z), wu(z,00=0, 0<z<L,
where f is a given function representing the initial displacement of the string. Assuming u(z,t) =
X (2)T(t) and substituting into the equation, we obtain
X.L.L _ Ttt _
X a7

where A is a separation constant. Thus, X (z) and T'(t) satisfy the ordinary differential equations

Y

Xow +AX =0, Ty +a’XT =0.

Furthermore, the boundary conditions translate into the following conditions on X (z) and T'():

X(0)=0, X(L)=0, T'(0)=0.

Solving the former equation, we find nontrivial solutions only for A\; = % with k € Z~q, given by

X = Cysin (kz—r) Substituting into the second equation yields

2.2

ke
Ty + a® T3 T=0,

with general solution

kmat . kmat
TC’lcos< 17 )+C2s1n< 17 )

The initial condition 77(0) = C’Q% = 0 implies Cy = 0, resulting in T' = C cos (’”L“t). Consequently, the
functions Cj sin (57%) cos (522t) with k € Zs¢ are solutions to the partial differential equation a*u, = uy
and satisfy the initial conditions X (0) = 0, X(L) =0, T77(0) = 0. As before, we assume that u(x,t) has the

form

u(@,t) =Y cpug(z,t) = »_ cpsin (’?) cos <k7;at) |

k>1 k>1

where the constants ¢ are the coefficients in the Fourier series decomposition of u(z,0) = f(z).

General Case

Let’s refine our previous scenario by considering the string set in motion from its equilibrium position with
a specified velocity instead of position. This adjustment leads to the vertical displacement u(x,t) satisfying
the wave equation

aQum:utt, O<ax<L, t>0;

subject to boundary conditions
u(0,t) =0, wu(L,t)=0, t>0;
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and the initial conditions
w(z,0) =0, wu(z,0)=g(z), 0<ax<IL,

where g(z) denotes the initial velocity at point x of the string. This time, the associated initial condition is
T(0) = 0 instead of 77(0) = 0. We can see that the functions Cy sin (*72) sin (¥22) with k € Z satisfy
the PDE and all conditions except for u(x,0) = g(x). We seek a solution in the form

e t) =Y cun(z,t) = > e sin <’“fo) ‘i (lm;n) |

k>1 k>1

and determine the constants c; from the coefficients in the Fourier series decomposition of the function
ug(x,0) = g(z). Finally, the solution in the case of general initial conditions: u(x,0) = f(x), u(z,0) = g(z),
0 < < L, can be obtained as the superposition sum of the two solutions u(zx,t) + v(x,t).

Lecture 13
Laplace Equation

In today’s lecture, we will explore the fundamental concepts surrounding the Laplace equation, a cor-
nerstone of mathematical physics and engineering. This equation, named after the French mathematician
Pierre-Simon Laplace, arises in various fields, including electromagnetism, fluid dynamics, and heat conduc-
tion.

For instance, consider the temperature u = u(x,y,t) within a two-dimensional plate, governed by the
two-dimensional heat equation:

up = a? (Upg + Uyy)

Here, (x,y) varies across the plate’s interior, and ¢ > 0 denotes time. Solving this equation necessitates
specifying the initial temperature u(x,y,0) and boundary conditions. However, as time progresses (¢t — 00),
the temperature stabilizes so

li =0.
Jim g (2, y,8) = 0
The temperature approaches a steady-state distribution v = u(x, y), satisfying the Laplace equation:

Ugg + Uyy = 0.

This is a (two dimensional) Laplace’s equation. We seek solutions of the in a region R that satisfy
specified conditions — called boundary conditions — on the boundary of R. Solving boundary value problems
over general regions can be difficult, so we consider only very simple, rectangular regions. The possible
boundary conditions for this region can be written as

43



y/\

fa(x)
b
9n(y) ) 92(y)
fl (LU) a >ﬂf

where «, 3,7, and § can each be either 0 or 1; thus, there are 16 possibilities. This is a Dirichlet
problem if

or a Neumann problem if

The problems corresponding to other quadruples of values (o, 3,7, d) are called mixed.

Remark. Notice that to solve the Laplace equation ugs, + uy, = 0 with parameters («, 3,7, §) subject to
boundary conditions (fi(x), fa(x), g1(y), 92(y)), it suffices to find solutions wuy, ,uy,,ug, ,ug, corresponding
to boundary conditions (fi(x),0,0,0), (0, f2(x),0,0), (0,0, g1(x),0),(0,0,0, g2(x)) respectively, and then take
their superposition u(x,y) = uy, + uy, + ug, + ug,. Therefore, it suffices to focus on problems where only
one of the functions fy, f1, go, g2 is not identically zero. Each such equation has homogeneous boundary
conditions on three sides of the rectangle and a nonhomogeneous boundary condition on the fourth.

Dirichlet Problem for a Rectangle
Consider the problem of finding the function u satisfying Laplace’s equation
Ugg + Uyy = 0,
in the rectangle 0 < z < a, 0 < y < b, and also satisfying the boundary conditions
u(z,0) =0, wu(z,b)=0, 0<z<a,
w(©0,y) =0, u(a,y)=f(y), 0<y<bd,
where f is a given function on 0 < y < b. As before, we assume that
u(z,y) = X(x)Y(y)
and substitute for u in the initial equation, which transforms into a system of two second-order ODEs:

X Y,
zx:)\ —ﬂz/\
X ’ Y ’
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where X is the separation constant. Our boundary conditions imply that
X(0)=0 and Y(0)=0, Y(b)=0.

The equation

Y,
L= A& Y, +AY =0

has a general solution given by Y (y) = C;cos(vAy) + Cysin(v/Ay). Applying the boundary condition

Y (0) = 0 leads to C’1 = 0 Moreover, a nontrivial solution satlsfymg the second boundary condition Y (b) =0

exists only for \; = B2 for k € Z>1, which simplifies to A = b2 , yielding Y% (y) = Cg sin (]“l:y)

Next, we solve the ﬁl“bt equation:

Xow k22 k272

X~ O Ne o X0
subject to the boundary condition X (0) = 0. The general solution is X} = CreFm/b 4 Che=Fm/b Re-
calling the hyperbolic functions sinh(z) = & _2672 and cosh(z) = €I+2€7I, we can pick these functions as a

fundamental set and write - )
X = Clcosh( b > +C’251nh( Zm> .

As X4 (0) = C cosh(0) + Casinh(0) = C; = 0, we obtain the solutions X, = Cy sinh (¥72). We conclude

that the functions
. kmx\ . (kmy
ug(z,y) = sinh — ) sl =

satisfy the differential equation and all the homogeneous boundary conditions for each value of k € Z>;.
To satisfy the remaining nonhomogeneous boundary condition at = a, we assume, as before, that we can
represent the solution u(z,y) as a superposition

x,y) = Z LUy = Z ¢y, sinh (kﬂ;m) sin (kzy)

k>1 k>1

The coefficients ¢, are determined by the boundary condition

o) = cusinh (172 ) sin (45 = o)

k>1

which represents the Fourier series of f Here, fis obtained by first extending f(y) to an odd function
defined as

TW=\"w), —b<y<o

and then periodically extending it to an odd function with period 2b (f(y) = f(y + 2b)). Therefore,

‘)

. {f(y% 0<y<b

ff sm(

b
. kma 1 . krmy
h(T2) =2 - =
¢k sin ( 5 ) b/f(y)sm( 5 )@ck bsinh (552
b

and the solution is
kmy
) sin
f o ( ) sinh (lm) sin (kﬂry)
sinh (km) b b

kE>1

u(r,y) = u(r,y) =

S| =
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Notice that for large values of x, the term e~® becomes a small positive number. Consequently, the

hyperbolic sine function, sinh(z) = em“';fm, can be approximated by % For k >> 0, this approximation

yields:

sinh (k%) _ ekmz/b

~ _ ekfr(a;—u)/b.
sinh (E7¢) — ekma/b

Recall that 0 < & < a, which implies z — a < 0. Therefore, as k tends to infinity, the term eF(=—a)/b

tends to 0.

Moreover, since ‘sin (k—zy)‘ <1 and < 2b max | f(y)|, the series converges rapidly for

y€[0,0]

< Land | [ Flwsin (552)

—b

x sufficiently far from a.

Optional: Hyperbolic Functions

Consider the parameterization of the unit circle given by (z,y) = (cos(t),sin(t)) for t € [0, 27).
Notice that

t —t\ 2 t —t\ 2 2t t,—t —2t 2t t,—t —2t
+e e'—e et +2e'e " +e et —2e'e "+ e 4
h2 —_ 1 h2 p— 76 —_ = —_ = — = 1_
cosh”(t) — sinh”(¢) ( 5 5 1 1 1

By replacing cosine and sine with their hyperbolic counterparts, we can parameterize the right branch
of the hyperbola 22 — y? = 1. This parameterization is given (z,y) = (cosh(t),sinh(¢)), which exhibits the
hyperbolic nature of these functions.

Y

(cos(t),sin(t))

~
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