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Preface

This booklet was originally written in Hebrew in 2018, following many years of experience teaching the
course “Ordinary Differential Equations” at the Technion Faculty of Mathematics. It covers the fundamental
material in this subject required for engineering courses in the various faculties of the Technion, and may also
be suitable for similar courses at colleges and other academic institutions. It has undergone many revisions
and improvements and has continued to evolve over the years. The idea of translating it into English, thereby
making it accessible to a much larger audience than the Hebrew-speaking population, was not realized because
of the considerable effort and time required. Recently, artificial intelligence agents such as have
demonstrated a remarkable ability to translate text with exceptional speed and efficiency. We therefore

decided to conduct a feasibility test on several chapters of the Complex Functions course booklet (Hebrew).

The immediate result was excellent: within a few hours, the entire booklet had been translated, and it was
published within several days, after a small number of corrections and adjustments to the English. The
result can be viewed at the following link: Complex Functions Course (English). We are very thankful for the
Technion Mathematics department for lending us a (version 5.6 Sol) subscription which enabled us
to do this work.

In view of the exceptional success of the translation of the Complex Functions course booklet, we decided
to translate the Ordinary Differential Equations course booklet (Hebrew) from Hebrew into English using
CXEEE  The translation was completed in less than two hours! Several more hours were devoted to

corrections and adjustments to the English language, and we are pleased to present the English version of the

booklet here. Since this is the first English version, we would be pleased to receive feedback from readers.

The best, most effective, and almost the only way to learn mathematics is through repeated study of the
material, accompanied by solving exercises. At the end of each chapter, we have included a varied collection
of exercises selected from a large body of exercise sheets and examinations given in this course over the years
at the Technion and at other institutions of higher education. A comprehensive and thorough understanding

of the material depends greatly on the number of exercises solved by the student.

We would be pleased to receive corrections, ideas, and suggestions for improving the booklet. We do not
intend to publish it on paper or in any other printed form, but rather to continue enriching it with additional
links to relevant content on the Internet. We assume that all students have access to electronic devices that

allow them to view and interact with the content presented in it.

We very much hope that the material is presented in a way that will enable you, the reader, to study it

effectively and thoroughly, and we wish you success in this endeavor.

The booklet is updated from time to time and can be downloaded from several websites. The official website

on which the latest update can be found is: https://www.samyzaf.com/technion/ode/ode_eng.pdf.

Samy Zafrany, September 2026
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Chapter 1

General Introduction to Ordinary

Differential Equations

Special thanks to Professor Haggai Katriel of the Department of Mathematics at ORT Braude College

for granting permission to use his ODE course lecture notes. A large portion of the examples and

exercises in this chapter were taken from his notes.

1.1 What Are Differential Equations?

© These are equations in which the unknown is a real-valued function.

© A differential equation contains at least one derivative of an unknown function.

© Example 1:

(a) f'(2) =22

b) f'(2) = f(2)

(@) — f'(a) + 22 = 5f ()
F(@)* + F(@)? +1=0

(

(c)
(d)
(¢)
(f)

e) ¥y + bxy’ — ysinx = 3e”

f) 3y (t) — t2y"(t) + ty'(t) — 2y(t) = 1 + Int
yl

(&) 7 o Y

(h) Newton’s law of cooling
T'(t) = k[T(t) — C]

In this equation, the function T'(¢) describes the temperature of a cup of hot coffee at time ¢ in
a room whose temperature is C' (the assumption is that the temperature C' is constant), and k

is a physical constant that depends on the type of object being cooled.
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Problem: Newton enters a room whose temperature
is 25° with a cup of coffee whose initial temperature is
90° (T(0) = 90). After 10 minutes, the temperature
of the coffee was 70° Celsius (T'(10) = 70). When

will the temperature of the coffee reach 30°7

,/, /
Fig. 1.1: Newton’'s cup of coffee

Solution: This is a differential equation with an initial condition

T'(t) = k[T (t) — 25]
T(0) = 90

At present, we have no idea how to solve the problem. After another lesson or two, we will be

better prepared to do so.

1.2 Applications of Differential Equations

© Physics: Laws of motion for bodies and particles, astronomy, waves, heat, fluid and gas dynamics,

electromagnetism, thermodynamics, weather and earthquake prediction, radioactivity, nuclear

energy, and more ...

Communications: Signal processing, image processing, information flow (cell phones, cables,

routers, television, displays)

Electronics: Laws of electricity, current, voltage, capacitance, inductance, dependability (relia-
bility)

Example 2: A Skylake processor: 4.5 billion transistors and, by a rough estimate, about 20
billion electrical wires, inside a package smaller than 1 square centimeter. Each wire is governed
by several differential equations (current, capacitance, resistance, inductance, heat, durability,
environmental effects). How can one handle 20 billion differential equations of the following
kind? |

LI"(t) + RI'(t) + EI(t) =V'(t)

C - capacitance, L - inductance, R - resistance, I(t) - current at time ¢, V' (¢) - voltage at
time ¢.
And that is without saying a word about the complicated dependencies among them ... (every

electrical wire in the processor may be affected by its neighboring wires).

© Economics: Population growth, economic growth and decline, pricing, inflation, employment and
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Fig. 1.2: An Intel Skylake processor
unemployment levels, banking, the stock market, and stocks.

© Ecology: Effects of ecological changes, growth and decline of animal populations, bacteria,
viruses, and cell types. Climate effects, diseases and epidemics, vaccinations, weather predic-

tion, and climate change.

© This is only a partial list. Further information can easily be obtained by entering the desired
topic together with the words ”differential equation® in a Googlesearch.

1.2.1 A Mathematical Model for Predicting Population Size

Our World i -
World population growth, 1750-2100
Annual growth rate of the world population
4 World population 21% 11.2,8illion
2% 108 Biliongs”
10.2 SiliéA

1.8%

9.2 Billion
.

1.6%

1.4%

1.2%

1%

0.8%

0.6%

1760 1780 1800 1820 1840 1860 1880 1900 1920 1940 1960 1980 2000 |2020 2040 2060 2080 2100

2015
Projection

Data sources: Up to 2015 OurWorldinData series based on UN and HYDE. Projections for 2015 to 2100: UN Population Division (2015) - Medium Variant.
The data visualization is taken from OurWoridinData.org. There you find the raw data and more visualizations on this topic. Licensed under CC-BY-SA by the author Max Roser.

Fig. 1.3: Growth of the world population 1750-2100

© Predicting population size is very important for the future planning of housing, transportation,
medical services, and similar infrastructure. It is therefore very important to construct a mathe-

matical model that can predict (to a good approximation, if not exactly) the size of the population

© Samy Zafrany (mail@samyzaf.com) version: 17.09.2026.a https://samyzaf.com E
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at every future time (at least in the near future), and, if possible, also its distribution among age

groups (a more difficult problem).

Suppose that our population consists of one million people, and that at the end of 2020 the
Central Bureau of Statistics reports 21000 births and 5000 deaths. For now, we will begin

with a simple, imprecise model.

Based on these data, can we find a function P(t) that predicts the population size at time ¢?

Assume that t is the number of years since the beginning of 2020.
Question 1: What will the population size be in 20607

According to the data, the growth rate of our population is

_ 21000 — 5000
~ 1000000

= 0.016

Therefore, a possible formula for the population size in year n is
P(n) = 1000000 - (1 4+ )"
The answer to Question 1 is therefore:
P(40) = 1000000 - (1 + 7)*® = 1886897.538427

That is, after 40 years the population will have grown by nearly 89%.

Question 2: What will the population size be after half a year? After a third of a year? A
quarter of a year? A month? A day? An hour? ...

The preceding formula assumes that the population size is updated once a year, whereas people
are born and die continuously, at every instant throughout the year. This is called a discrete
solution, whereas we seek a continuous solution that gives an answer for every time t, where ¢

is a real number.

An equation describing a more continuous model is
P(t + At) = P(t) + rP(t)At

or, equivalently,
P(t+ At) — P(t
(¢80 - PO _ 0
At

Since At may be arbitrarily small, we obtain

lim P(t + At) — P(t)

— / —
Jim ~ = P'(t) = rP(t)
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We have therefore obtained a differential equation
P'(t) = rP(t)

The derivative of the population function P’(t) is indeed the most precise expression of the

population growth rate

Later, we will prove that the general solution of the equation is
P(t) = Ke" (*)
where K is the population size at time t = 0:
P(0) = Ke™® = K = 1000000

The population growth rate computed earlier (7 = 0.016) is not exact, because it assumes a

discrete growth model. We can compute the exact rate by substituting ¢ = 1 into formula (*):
P(1) = 1000000e” = 1016000

and therefore
1016000

n e —
1000000

= 0.01587335

This formula agrees well with the preceding answer to Question 1:
P(40) = 1000000e*"" = 1886897.538427

But now we can also use it to compute the population growth after half a year or a quarter of a

year
P(0.25) = 1000000e°%" = 1003976.221

Exercise 1.1: The birth rate in Germany in 2014 was 0.00842, whereas the death rate was
0.0129. What is expected to happen to Germany’s population by 20507

Exercise 1.2: Continuing the preceding exercise: When will Germany’s population reach half its
size in 20147

The same differential equation also arises in phenomena involving the decay (disintegration) of
radioactive material (the number of radioactive atoms at time ¢), the calculation of interest on
loans or bank deposits, the breakdown of a drug in the body, and the rate of a chemical reaction

(for example, a chemical reaction that produces a compound C from two substances A, B).

© Exercise 1.3: Radioactive materials tend to decay because of the instability of atoms whose
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nuclei contain an excess of neutrons, which tend to repel one another. The number of atoms that
decay at any given instant is proportional to the total number of atoms. If Q(¢t) is the quantity

of radioactive material at time ¢, then the differential equation is

Q'(t) = rQ(t)

where r is the decay coefficient appropriate to the type of radioactive material. The term “half-
life* denotes the time required for half the original quantity of the radioactive material to decay.
It is known that for Carbon-14, the half-life is 5568 years. Calculate the decay coefficient 7.
For further reading on radioactive decay, click the following link:

https://en.wikipedia.org/wiki/Radioactive_decay

Radioactive decay (also known as nuclear decay or radioactivity) is the process by which an unstable atomic
nucleus loses energy (in terms of mass in its rest frame) by emitting radiation, such as an alpha particle, beta
particle with neutrino or only a neutrino in the case of electron capture, gamma ray, or electron in the case
of internal conversion. A material containing such unstable nuclei is considered radioactive. Certain highly
excited short-lived nuclear states can decay through neutron emission, or more rarely, proton emission.

1.2.2 A Mathematical Model for the Motion of a Simple Pendulum

In principle, two forces act on a spherical bob of

mass m (see figure 1.4)

*

*

The force of gravity, whose magnitude is mg

The tension force, equal to mg cos @ (coun-

terbalancing gravity)

The force acting on m in the direction of the

it 4
pendulum’s motion is mg sin 6 i
For now, we ignore air resistance, which is neg-
ligibl
igible ; _;%
We make the practical assumption that the Q
angle 6 is small, so the arc along which the ‘o

mass m moves is very close to a straight line.

Let O(t) denote the angle between the string -
and the vertical at time ¢. i;z:g

Fig. 1.4: A simple pendulum (link to Wikipedia)

The distance traveled by m is therefore L - 6(t), and hence the acceleration of m is L8"(t).

By Newton’s second law,
mL0"(t) = —mgsin 6

(Note that the positive direction of motion is from left to right)
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© We have obtained a differential equation (of order 2)
" g .
0"(t) —|—Esm9 =0

Assuming that the angle @ is small, the difference between it and sin 6 is negligible, and therefore

we can simplify the equation to a linear one (which is easier to solve)
g
0"(t)+ -0 =0
)+
We will learn how to solve linear differential equations later. For now, we note that the general

0(t) = c; sin \/gt + ¢5 cos \/it

© It is customary to write w = \/% . This is the value of the period (the time required to complete

solution of the equation is

one oscillation). Thus, a more convenient form of the general solution is
0(t) = ¢y sinwt + ¢ cos wt

This is a two-parameter family of infinitely many distinct solutions. Of course, it can be checked

directly that all these functions solve the equation by substituting them into it.

© Question: Is there a relationship between the number of parameters in the family of solutions

and the order of the equation?

© Programming Corner: Programmers among us can verify the results by using SymPy (Python):
http://live.sympy.org

Mathematical programming in Python is neither a component nor a requirement of the course,

but it may help in understanding the material and solving exercises.

from sympy import *
t, g, L = symbols("t g L", real=True, positive=True)
T = symbols("T", cls=Function)
de = Eq(T(t).diff(t,t) + g/L * T(t), 0)
dsolve(de, T(t))
>>> Eq(T(t), Cilxsin(sqrt(g)*t/sqrt(L)) + C2xcos(sqrt(g)*t/sqrt(L)))

1.2.3 A Mathematical Model for Free Fall with Air Resistance

© Two forces act on a body falling freely from a certain height

A. The force of gravity, which causes the body to move toward the center of the Earth
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Fig. 1.5: Free fall with air resistance

B. Air resistance (friction), which acts in the direction opposite to that of the fall
© Assumption: The magnitude of the resistance is directly proportional to the speed of the body.

© That is: If y(t) is the distance function of the falling body, and if A(t) is the magnitude of the

resistance force acting on the body at time ¢, then
A(t) = —kv(t) = —ky'(t)

where k is a physical constant that may depend on the type and shape of the material and on
the air density. We note that the positive direction is the direction of the fall (downward), and

therefore the air resistance A(t) acts in the opposite direction.

© The total force acting on the body of mass m at time t is therefore
F(t) = mg — ky'(?)

By Newton’s second law,
F(t) = ma(t) = my”(t)

We have therefore obtained a differential equation

my”(t) = mg — ky'(t) (1.1)

which we will learn to solve later.

© Exercise 1.4: In other contexts, it is more customary to assume that the resistance force is
proportional to the square of the body’s speed. What will the differential equation be in this

case?

© Programming Corner: For now, equation (1.1) can be solved using SymPy:


http://www.physicsclassroom.com/class/newtlaws/Lesson-3/Free-Fall-and-Air-Resistance
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http://live.sympy.org

from sympy import *
t, m, g, k = symbols("t m g k", real=True, positive=True)
y = symbols("y", cls=Function)
de = Eq(mxy(t).diff(t,t) - m*xg + k*xy(t).diff(t), 0)
dsolve(de, y(t))
>>> Eq(y(t), C1 + C2*exp(-k*t/m) + gxm*t/k)
Thus, SymPy offers us the following general solution:
e Mgt

¢+ ce ™ + %

As expected, the general solution is a two-parameter family of infinitely many distinct solutions.
This result should be cross-checked against the result we obtain in the lesson on solving nonho-

mogeneous linear equations. In many cases, much can be learned from such cross-checks.

1.2.4 The Escape Velocity of a Satellite from a Gravitational Field

Fig. 1.6: An Indian record: launching 104 satellites with a single rocket

© Escape velocity is the minimum initial velocity required to break free from Earth’s gravitational

field and enter a stable orbit around it (or escape into outer space).

© It turns out that this velocity does not depend on the mass of the escaping body, but only on
the mass of the attracting body (the Earth, in our case). The escape velocity for a body at the
surface of the Earth is 11.186km /s. Naturally, we must obtain this result by solving a differential

equation.

© Samy Zafrany (mail@samyzaf.com) version: 17.09.2026.a https://samyzaf.com E
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© Assumptions
(a) The body has an aerodynamic structure that minimizes the effects of air resistance
(b) The body moves perpendicular to the surface of the Earth
(c) Favorable weather conditions
© Notation
M Mass of the Earth
R Radius of the Earth

G Universal gravitational constant:
G = 6.67428 * 10~ [m?/s%kg]

m Mass of the escaping satellite
y(t) Distance between the center of the Earth and the satellite at time ¢
v(t) Velocity of the satellite at time ¢ (v(t) = y'(t))

+

m ©° 1+ y(t)

Mass: 5.972 x 10%* kg
Radius: 6,371 km
G = 6.67428 x 10~ [m3/s%kg]

Fig. 1.7

© The force of gravity acting on a body of mass m located at a distance y(t) from the center of

the Earth is given by the formula
GMm

y(t)?

(The positive direction of motion is upward, whereas gravity acts downward!)

F(t) = —

© By Newton’s second law,

GMm

F(#) = m-a(t) = my'() = —
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© We have obtained a differential equation of order 2

GM
y(t)?

y/l(t) —

Note that the equation does not depend on the mass m of the satellite!

© Two initial conditions must be added to this equation:

y// — _G];l
Y

y(0) =R

y'(0) = vo

where R is the radius of the Earth (the initial position of the satellite), and v is the initial

velocity of the satellite, which is supposed to ensure its escape from the gravitational field.

© Question: Is there a relationship between the order of the equation and the number of initial

conditions?

© The key to solving the equation is the following equality, which allows us to reduce the order of
the equation from 2 to 1 (later, we will learn similar techniques for reducing the order of an

equation).

© At this stage, the solution of the equation may be skipped (we will return to it after several

lessons, once we have gained more experience and knowledge)

dv dv dy dv

"
t)y =—= —+«. — = pvp—
VO = % T ay @t Cdy

which leads to a new differential equation for the velocity function v(y) (velocity as a function

of distance!)

, GM
v’ (y) = — 2

which leads to the general solution

2GM
vw) = = =40

© Substituting y = R gives

2GM
v(R)? = v? = C
( ) 0 R +
and hence we can determine C
, 2GM
C=v; —
R
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© We have obtained a particular solution that depends only on the initial velocity vg

,  2GM

v'= —+4 v

, 2GM
0 R

© To ensure escape velocity, we must ensure that v(y) > 0 for every y !

© The expression 2¢M ig positive and tends to zero as y tends to infinity, so it is sufficient to

ensure that
2GM

2
vy >

Substituting the known physical constants G, M, R leads to the solution
vo > 11.186 [km/s]

© Conclusion: To ensure escape from the gravitational field, the satellite must be launched with an

initial velocity of at least 11.186 kilometers per second.

© For now, the solution may be ignored (it will most likely not be understood in the first lesson).

We will return to this example when we reach the topic of order reduction (if T forget, please

remind me!).

1.2.5 Computing the Fixed Monthly Payment on a Mortgage Loan

U.S. MORTGAGE RATES AT A 21-YEAR HIGH

The average mortgage rate reached 6.54%, matching the 2002 average rate

2002 2003 2004 2005 2006 2007 2008 2009 2010 2011 2012 2013 2014 2015 2016 2017 2018 2019 2020 2021 2022 2023

*Average annual rates are based on weekly 30-year fixed-rate mortgage rates.
Weekly average rate for 2023 as of August 17, 2023.

L] L]
Data Source: Freddie Mac, Primary Mortgage Market Survey (PMMS) -4 ‘F iny Vlza Iyt I q

Fig. 1.8

© Suppose we took out a mortgage of one million dollars at an interest rate of 4.2% for 20 years.
What is the fixed monthly payment? And what is the total amount we will repay to the bank by
the end of the loan period?

© Samy Zafrany (mail@samyzaf.com) version: 17.09.2026.a https://samyzaf.com E
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© For now, we ignore the effects of indexation on the monthly payment and other incidental expenses

(fees, administrative charges, and so forth)

© Notation:

¢ ¢ is the time variable (measured in years)

& M (t) is the size of the loan at time ¢

# 1 is the interest rate as a real number in the interval [0,1] (in the present example, r =
0.042)

¢ P is the fixed payment per unit of time (annually, in our case)

¢ n is the duration of the mortgage (in years)

© Our working assumption is that interest accrues and loan payments are made continuously (al-
though interest is generally calculated monthly, and payments are also monthly). The resulting

inaccuracy is negligible (at least in comparison with the cumulative damage).

© During the time interval from t to t + At, the fixed payment P - At must be subtracted, and
the interest for the period At must be added

M(t + At) = [M(t) — PAt] + [M(t) — PAt] - - At

For example, if At = % (a monthly payment), then

2

e ) foo-Ef po-2]

Therefore
M(t + At) — M (t)
At

If we let At tend to zero, we obtain a differential equation

— r[M(t) — PAt] — P

M'(t) =r- M(t) — P

which we will learn to solve in the next lesson.

© For now, we present the general solution without proof:
P
M(t) = Ce™ + —
r
To find the particular solution for our specific problem, we use the data

r = 0.042, M (0) = 1000000, n = 20
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Substitute ¢ = 0 and ¢t = 20 into the general solution

P
M (0) = C + — = 1000000
r
P
M(20) = Ce*" + — =0
r

Subtracting the two equalities immediately gives

o_ MO

T 1 — e20r
and substituting C' into the second equality gives

_ rM(0)e*"

e20r —1

In our specific case, we obtain

0.042 - 10 . £20:0-042
P =
e20:0.042 _ q

= 73905.996

This is the fixed payment for each year. On a monthly basis, this is 6158.833.

The total repayment to the bank is
20 - 73905.996 = 1478119.927

That is, the bank earned about 48% on the investment of funds that were not its own ... (and

this still excludes indexation, fees, and various insurance charges)

Our solution is pretty close to that of the American Bank mortgage calculator, and the differ-

ence most likely arises from the discrete model (which works against the borrower?) versus the

continuous model. See figure 1.9. You may find many mortgage calculators like this in the web.
We can use the formulas obtained above to create payment tables or graphs. See table 1.1.

Exercise 1.5: George from the neighborhood grocery store entered his bank branch and proposed
a mortgage in which the annual (or monthly) payment decreases at a rate of 5% per year. For
example, if the payment in the first year is 100,000 dollars, then the payment in the second year
will be 95,000, and in the 20th year the payment will reach

100000 - (0.95)'° = 35, 848.59

If the data are as in the preceding exercise, what will the differential equation be this time? What

is the annual payment schedule? And what will the total repayment to the bank be at the end
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/&/IEDICA\] BAK = MENU Q. SEARCH @ LOGIN

Mortgage repayment shortened by O years and O months
*indicates required.

MORTGAGE PAYOFF INPUTS: Total savings $0.00 A

Years remaining:*’ ! ° e’ =0
Original mortgage. ! 10 g 40
term:*
Original mortgage $0k $200k $500k S
ToneIads @ 51,000,000 (

Additional principal Sk $5k $10k
payment;*' 3]
Annual interest rate *. 0% 3% PY 6% 10%

Report amotrtization IE‘ Annually

I:l Monthly
MORTGAGE PAYOFF RESULT SUMMARY: ~
Current payment: $6,165.71 Scheduled payments: $1479,769.45
Accelerated payment: $6,165.71 Accelerated payments: $1,479,769.45

Fig. 1.9: American Bank mortgage calculator for 1 million dollars loan, 20 years, 4.2% interest

Table 1.1: Repayment table for the years 2020-2040

Year Payment Mortgage
2020 73906.00 | 1000000.00
2021 73906.00 967414.50
2022 73906.00 933431.26
2023 73906.00 897990.32
2024 73906.00 861029.17
2025 73906.00 822482.59
2026 73906.00 782282.57
2027 73906.00 740358.19
2028 73906.00 696635.49
2029 73906.00 651037.32
2030 73906.00 603483.25
2031 73906.00 553889.37
2032 73906.00 502168.18
2033 73906.00 448228.45
2034 73906.00 391974.99
2035 73906.00 333308.57
2036 73906.00 272125.69
2037 73906.00 208318.40
2038 73906.00 141774.13
2039 73906.00 72375.47
2040 73906.00 0.00

of the loan period?

© Samy Zafrany (mail@samyzaf.com) version: 17.09.2026.a https://samyzaf.com E
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Fig. 1.10: Bar chart of the mortgage balance and repayment amount over the years

Payments

1.3 Classification of Differential Equations

© The primary classification of differential equations is determined by the order of the highest

derivative appearing in the equation.

© 1If the highest derivative has order m, then the equation is called a differential equation of

order n. In general, the difficulty of solving an equation increases with its order, and this

primary classification is therefore necessary.

© A differential equation contains at least one derivative of an unknown function, which we will

usually denote by y(x) (or by y(t)). The symbol y denotes two things in different contexts: a

generic function name (the unknown), and the dependent variable y .

© The general form of a differential equation of order m is represented by

F(CIZ, Yy, yla y”a . -’y(n)) =0

In certain contexts, a constant is left on the right-hand side

This general form is also called the ”implicit form*.

F(.’I}, Yy, ylv y”, . 'ay(n)) =C

© In introductory courses on the subject, it is customary to restrict attention to the normal form
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in which the highest derivative can be isolated as a function of all the other derivatives and «
y(n) = f(ma Y, yla y’lv KRR y(n_l))
Therefore, the general normal form of a first-order differential equation considered in this course
is
¥ = f(z,y)
Examples of first-order differential equations in normal form
Ay = zy?
T
By =
3+ xsinxzy
C. y =193
© Exercise 1.6: Find the order of each of the following equations and put it into normal form, if
possible:
A fl(x) =2
B. f'(z) = f(x)°
C. y// _ (y/)7 + CB2 — 5y
D. f(z)* + f'(@)? +1=In f"(a)
/
B — Y = ayb
1 + ysy//
F. bzxy’ — ysinz — z8y"” = 3e”
© The second classification of differential equations is based on their algebraic characterization. The
simplest algebraic form is the linear form:
dny dn—ly dy
an(z)—— + apn1(x)—— + -+ ai(z)— + ao(x)y = g(x)
dx” dxn—1 dx
or, equivalently,
an(@)y™ + an_1(2)y" Y + -+ ar1(®)Y + ao(x)y = g(2) (1.2)
An equation of the form (1.2) is called a linear differential equation of order n
© Example 3: The equation

x?y” —3xy’ +4y =0

is a linear equation of order 2.
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© Example 4: The equation
ym + 2ea:y// _|_ yy/ — CL‘4

is not linear!

1.4 What Is a Solution of a Differential Equation?

© The second concept we must define is what constitutes a solution of a differential equation. We

consider the explicit form
y(n) = f(:l:, y,’ y”a ) y(n_l)) (1~3)

A function ¢(x) is called a solution of equation (1.3) on the interval (a, 3) if at every
point x in the interval (a, 8), the function ¢(x) is n times differentiable and satisfies the
equality

e (@) = fz, ¢’ (x),¢"(2),..., " D (2))

We emphasize that this is an open interval, whose endpoints may be oo.

© Example 5: The function ¢(x) = x?Inx is a solution of the equation
x?y” —3xy +4y =0

on the interval (0, 00). This can be checked simply by substitution.

© Example 6: The functions ¢1(x) = sinx, ¢a2(x) = cosx are solutions of the equation
yll _|_ y — 0

on the entire real line (—oo, 00). In fact, every linear combination of ¢ (@) and ¢a(x) solves
the equation

p(x) =cysinx + cacosx

This is easily checked by substitution. We have therefore found infinitely many distinct solutions
of the equation. Such a set of solutions is also called a two-parameter family of infinitely

many solutions.

© Given a differential equation

y™ = f(z, vy, y", ...,y D)

we wish to answer the following questions:

A. Does the equation have any solution?
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B. If so, how many solutions are there?
C. How can we find all the solutions?
D. If there are infinitely many solutions, how can we represent all of them in a minimal form?

A general solution of an ordinary differential equation is usually an expression of the form

F(x,y,c1,¢C2y...,¢,) =0 (1.4)

A. where ¢, ¢z, ..., ¢, are free parameters.

B. Every arbitrary choice of ¢, ¢a, ..., ¢, determines a specific solution of the equation. The

expression (1.4) thus defines an n-parameter family of infinitely many solutions.

C. In most cases, the resulting expression is in ”implicit* form, and additional effort is required

to transform it into explicit form*:

y(w) = G(CD, C1yC2y ¢y Cn)

The implicit function theorem from Calculus 2 guarantees the existence and uniqueness of an
explicit solution on a certain domain, but the solution cannot always be isolated explicitly
(most algebraic problems still cannot be solved). In such cases, we must settle for implicit
solutions and use numerical and other methods to compute the function’s values at desired

points, differentiate it, graph it, and so forth.

D. We note that the family of solutions (1.4) may ”miss“ some of the solutions, and in some

cases two families of this kind (or more) will be required to express all the solutions of the

equation.

© Example 7: A general solution of a differential equation of order 2 may look like this:
sin(3x + c1y) + y?e“** cos(2x +y) = 1

It does not appear possible to isolate an explicit solution (at least not by the methods known

to us at this stage).
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Exercises for chapter 1

1. What is the order of each of the following differential equations?
(@) f'(x) — [f'(@)]® + 2 = 5f(x)
(b) f'(x)*+ f(x)>+1=0
(c) v” 4+ 5xy’ — ysinz = 3e”

(d) Py (t) —t?y"(t) +ty'(t) — 2y(t) =1 + Int
(&) — 0 =y’

1+yy”

2. For each differential equation, determine whether it is linear.
(@) v +20=y
(b) y"+2y=_+m
() @+y)=@E-vy)+1
(d) vzy”" — (1+ )y +ysinz = e”

3. Prove that y(x) = v/x2 + C is a solution of the differential equation yy’ = @ on the entire

real line.

4. Prove that y(x) = xe ™ is a solution of the differential equation
y// _|_ 2y/ _|_ y — 0

Are there any other solutions? (Try multiplying the preceding solution).

5. Find a general solution of the following differential equations.

(@) ¥y'=5

(b) ¥y =6x>+1, —oco<x< o0
Yy’ 2

c) —= , 0<xrx< o

(c) T 2 +1

(d) (y)*=8y —15
(e)
f) v¥"=1+Vy"

6. Solve the initial-value problem
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o = 6% 4 1 y”’ = 6x + 12
O B 6) { y(0) =2
y'(0) =3

(©) { (¥)* =8y — 15

y(2) =10

In the last part, make sure that you obtain two distinct solutions!
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First-Order

Linear Differential Equations

© The general form of a first-order linear equation is

a1(z)y’ + ax(z)y = g(x) (2.1)

or, in normal form,

¥ +a(x)y = b(x) (2.2)

Working assumption: a(x) and b(x) are continuous functions on the open interval (e, 3).
© The simplest linear equation is
Y =g(x)
and its general solution is
y(@) = [g(@)de+C
History: On November 7, 1675, Leibniz wrote the integral sign for the first time: /y dy = y;

© Before proceeding to the general solution of equation (2.2), we illustrate the idea behind the

solution with an example:
1
Yy +-—y=3x
x
After multiplying both sides by @, we obtain

xy + y = 322

The left-hand side reminds us of the product rule from Calculus 1

[u(@)v(x)]" = u'(x)v(w) + u(z)v'z()
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2.1 The Integrating Factor Method

In our case: u(x) = x, v(x) = y(x)
[xy] = y + zy’ = 3x?
and therefore
Ty = x>+ C

We have obtained a general solution (a one-parameter family of infinitely many solutions) of our
equation:
C
y(z) = 2* + —
T
At this stage, it is not clear whether our equation has additional solutions not included in this

family:.

2.1 The Integrating Factor Method

©

The preceding example outlines the procedure for finding the general solution of equation (2.2):
We seek a function p(x) with the following property:

[n(x)y] = p(z)[y + a(y)y] (2.3)

A function p(x) satisfying the last equality is called an integrating factor of equation (2.2).

If we can find at least one integrating factor (of course, one is all we need), then equation (2.2)

becomes
[n(x)y]” = p(z)b(z)
which is easy to solve.

We continue to develop equality (2.3),

' (x)y + p(x)y = p(x)y + p(xr)a(x)y

and therefore
v (z)y = p(x)a(x)y
and therefore ,
w' ()
p(x)

= a(x)

To continue the search, we add a working assumption: p(x) > 0 on the interval (e, 8).
As noted, our goal is to find one of the integrating factors, not all of them! Therefore, if we can

find such a factor despite our restrictive working assumptions, our problem will be solved.
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© Under the working assumption that our integrating factor is positive on the interval (e, ), we

may write
[In ()] = a(z)

and therefore our integrating factor is
/J/(w) — efa(m)dm

(Again, the expression [ a(x)dz has infinitely many solutions, but one of them is sufficient for our purposes)
© From the equality
[n(®)y])” = p(x)b(z)
it follows that
p@)y = [n@)b(e) do +

and therefore the general solution of the first-order linear equation (2.2) is

1
mm=uwﬂ/mmwwm+c (2.4

All the solutions are defined on the interval (o, ) because the functions a(x) and b(x) are

continuous there and, in addition, p(x) > 0 throughout the interval. [

© Question: Is this really the general solution? Could there be additional solutions not included in
it that might be obtained by other methods? We will prove later that the solution found above is
indeed general. There are, however, differential equations for which this question has no answer,

but even then, finding an infinite family of solutions is a significant achievement.

© Example 1: Find the general solution of the equation

zy' +y=a’
Solution: We put the equation into normal form:
1
Y+ -—y=2a’
T

Therefore a(x) = 3, b(x) = «?, and the integrating factor is

“(m) — efa(m)dm — ef% — elnm =
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Therefore
v@) = s | [u@n@ de ]

[ farani o]

[ =

x* x3 C
= J5+Cl=0+¢
Thus the general solution is
2 C
vw =ty

© It is advisable to verify that the general solution obtained does indeed solve the equation by direct
substitution (especially in examinations).
3z2 C

4
r) = — — —
y(z) =—— 3

Therefore

4

==

33 C 3 C 3
+ + -

The following is a graph of the family of solutions obtained:

1000

750 A

500 A

250 A

>\ 0 Legend
— c=-4.00 c=-0.75 =225 — c=-0.04
— c=-3.75 c=-0.50 €=2.50 —— c=0.00
55l — ¢=-3.50 c=-0.25 =275 — c=0.04
— =-3.25 c=0.00 €=3.00 —— c=0.08
— ¢=-3.00 c=0.25 €=325 — c=0.12
— =275 c=0.50 c=3.50 —— c=0.16
—3001 — ¢=2.50 c=0.75 =375 —— c=0.20
— =225 c=1.00 €=4.00 —— c=-0.01
— ¢=-2.00 =125 —— =020 — c=-0.01
=750 1 —_— =175 =150 —— ¢=-0.16 —— c=0.00
— ¢=-1.50 =175 — ¢=-0.12 — c=0.00
— ¢=-1.25 €=2.00 —— c=-008 — c=0.01
-1000 ] ! - i f €=-1.00
—-0.004 -0.002 0.000 0.002 0.004
X

Fig. 2.1: The family of solutions of the equation zy’ + y = 3

© Question: What is the domain of existence of the general solution?
© Note the following details, which will become clearer later when we reach the existence and
uniqueness theorem

(a) Exactly one solution passes through every point in the plane (within the domain of existence

of the equation)
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(b) No two distinct solutions intersect at any point

(c) The family of solutions covers the entire plane (except for points at which the equation is not
defined)

Example 2: Find a particular solution of the following initial-value problem:

{a:y’—|—2y =sinz, (0<x < 00)
y(r) =0

Solution: We begin by finding the general solution of the equation and only then attempt to

find the particular solution. Normal form:

, 2 sin x
Y+ —y=
x

x
Therefore a(x) = 2, b(x) = 2% and the integrating factor is

T Y

M(CL') — efa(ac)da: — ef% — e2lnz _ .2

We substitute into the general-solution formula (2.4)

y@) = V“(w)b(w) da + C] — 1 Ua; sin @ da + C]

= S [-zcosz+sinz+ C] = 5 [sine — zcosz + C]|

Thus the general solution of the equation is

sinx CcCos T C

€xr) = —_ _+_ I
y(z) 2 - 2
Particular solution:
() sin cos7r+ C 0 —1+C 0
™) = — _— = _— —_— =
Y w2 s w2 w2 w2
Therefore C = —m, and hence the particular solution is
sin x CcCosS T ™
yp(aj) - 2 - - 72
T T T

The following is a graph of the family of solutions obtained:
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le8 -
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24 Legend
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Fig. 2.2: The family of solutions of the equation zy’ 4+ 2y = sinz

2.2 The Existence and Uniqueness Theorem for a First-Order Linear Equation

Theorem 2.1: Consider a first-order linear equation with an initial condition:

Yy +a(z)y =b(z), (ax<z<p) 25)
y(zo) = Yo

where

A. a(x) and b(x) are continuous functions on the interval (a, 3)

B a<xzy<p
Then there exists a unique function y(x) that solves the equation on the interval (a, 8) and also
satisfies y(xo) = Yo .

Proof: The existence of a general solution was already proved above by the integrating-factor method.

1
v = o / w(@)b(z) dz + C

We proceed to find a particular solution. Let
B(x) = /u(a:)b(:c) dr
Then

y(@) = [B(z) + C]
p(x)
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Substitute the point * = xq to obtain

Yo [B(zo) + C]

B m(zo)

Therefore, if we take
Co = you (o) — B(xo)

we obtain a particular solution vy, satisfying y,(zo) = yo
1

) B@) + Ol

Yp(T) =
It remains to prove the uniqueness of the solution. Suppose that z = z(x) is another solution

of the initial-value problem (2.5), obtained by a new method that was previously unknown to us.

Then z(x) must satisfy the equality

[n(@)z(2)) = p(z)[2'(z) + a(x)z(z)]

because we proved above that the integrating factor p(ax) must satisfy this equality with every

solution of the equation y’ 4 a(x)y = b(x), and therefore there must be a constant C; such that

z(x) = b [/u(a:)b(:c) dx + C;

p(x)
that is,
1
z(z) = — [B(z) + Ci]
p(x)
Substitute the point & = xq to obtain
1
z(xo) = yo = ——— [B(wo) + Ci]
(o)

and therefore
Ci = yop(xzo) — B(xo)

But we have seen that
Co = yoﬂ(wo) - B(ZBO)

Therefore Cy = Cjp, and hence the function z(x) is identical to the function y,(x). Thus, y,(x)
is the unique solution of the initial-value problem (2.5). | |

© Existence and uniqueness theorems also hold for several other types of equations that we will
encounter later. Their importance lies, first, in guaranteeing that a given problem has a solution,

and, second, in guaranteeing the uniqueness of that solution. In fields such as physics, biology, and
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weather forecasting, mathematical models are often constructed to predict the future behavior
of various systems. Uniqueness of the solution is fundamental to the possibility of making such

predictions.

A precise understanding of what the existence and uniqueness theorem states is important in

order to avoid errors and confusion. We present several examples.

Example 3: Consider the initial-value problem

{a:y' =2y
y(0) =0

It is easy to verify that it has infinitely many distinct solutions of the following form:

cizr?, —oco<x<0
y(z) =

cox?, 0<z < oo

Note the following points:

A. All the solutions are continuously differentiable on the entire real line!
B. Although this is a first-order equation, it has a two-parameter family of solutions!

C. Each function in this family also satisfies the initial condition y(0) = 0, contrary to the

assertion of the existence and uniqueness theorem.
xy' = 2y
y(1) =3

cazr?, —oco<x<0
y(x) =1, ,
37, 0<x<©

D. The initial-value problem

also has infinitely many solutions!

At first glance, this example seems to invalidate the existence and uniqueness theorem completely,
until we observe that the existence and uniqueness theorem applies only to linear equations in

normal form! The normal form of our equation is

, 2
y——y=0
T
The function a(x) = —% is not continuous on the entire real line, as required by the existence

and uniqueness theorem! If we restrict the problem to the interval (0,00) or to the interval
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(—00,0), then the theorem applies in full. For example, the initial-value problem

{wy’ =2y, (0<z< o)
y(1) =3

has exactly one solution, namely y,(x) = 32?2, on the interval (0, 00). We leave the details to
the student.

2.3 Newton’s Cup of Coffee: Solution

We return to the equation expressing Newton’s law of cooling, which we presented in the introductory

lecture:
T'(t) = k[T(t) — C]

In this equation, the function T'(¢) describes the temperature of a cup of hot coffee at time ¢ in a
room whose temperature is C' (the assumption is that the temperature C' is constant), and k is a

physical constant that depends on the type of object being cooled.

The Problem: Newton enters a room whose
temperature is 25° with a cup of coffee whose
initial temperature is 90° (T°(0) = 90). After 10
minutes, the temperature of the coffee was 70° —— Ry
Celsius (T(10) = 70). When will the temperature /r,{: T \ :

of the coffee reach 30°? Fig. 2.3: Newton's cup of coffee

Solution: At this stage, we can easily see that this is a first-order linear differential equation with

an initial condition:
T'(t) = k[T'(t) — 25]
T(0) = 90

It is preferable to write the equation in normal form:

T'(t) — kT(t) = —25k
T(0) = 90

In ordinary physical problems, the physical constant k is generally known in advance, but in this case
we will take the opportunity to show how it can be determined from a single simple measurement:
T(10) = 70. First, however, we find the general solution: In this case, a(t) = —k, b(t) = —25k,
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and therefore our integrating factor is
M(t) — efa(t)dt — e—kt

The general solution is

T(t) = u;t) V p(t)b(t) dt + C] = et U (—25ke™") dt + C]
= eM[25e7M + C| =25 + Ce™
Thus, the general solution of the differential equation is
T(t) = 25 + Ce*

Using the initial condition T'(0) = 90 and the measurement T(10) = 70, we obtain a system of

two equations in the two unknowns k, C

T0) = 25+C =90
T(10) = 25+ Ce'® =70

The first equation gives C' = 65, and the second equation gives

1 45
k=—:In— = —-0.03677
10 65

Therefore, the cooling function of the cup of coffee is
T(t) — 25 _|_ 65e—0.03677t

where t is the time variable measured in minutes. At a glance, we see that the cooling function

T(t) tends asymptotically to the room temperature 25° (see Figure 2.4).

To determine when the temperature of the coffee reaches 30°, we solve the equation

30 = 656—0.0367775 + 25

—0.03677t — 5 a1 obtain

which is equivalent to: e o5

1 5
t=——"--In— = 69.756
—0.03677t 65
That is, the cup of coffee will reach a temperature of 30° after approximately 70 minutes (enough

time to drink the coffee slowly and discover another physical law).


https://samyzaf.com

37 Chapter 2: First-Order Linear Differential Equations

e:]
(=]
L

T(t) — 25 + 656_0'0367”

L (=] =
(=] (=] (=]
L L L

Coffee Temperature (Celsius)

Y
(=}
1

0 20 40 60 80 100 120 140
Time (Minutes)

Fig. 2.4: The temperature function of the cup of coffee from ¢t = 0 to t = 150 (minutes)

2.4 Computing the Fixed Monthly Payment on a Mortgage Loan — Solution

© We return to the mortgage equation presented

U.S. MORTGAGE RATES AT A 21-YEAR HIGH

m the intro dUCtOI'y leCt uare. We restate the The average mortgage rate reached 6.54%, matching the 2002 average rate

8.00
6.54% 6.54%

problem: Suppose we took out a mortgage of
one million NIS at an interest rate of 4.2% for " L
20 years. What is the fixed monthly payment? [0 100
And what is the total amount we will repay to

the bank by the end of the loan period?

rtgage rates.
mmsenens s0£my ViZzalytiq
Fig. 2.5: Average interest rate for a 20 -year mortgage

© Notation
¢ ¢ is the time variable (measured in years)

& M (t) is the size of the loan at time ¢

# 7 is the interest rate as a real number in the interval [0, 1] (in the present example, r =
0.042)

L 4

P is the fixed payment per unit of time (annually, in our case)

L 4

years is the duration of the mortgage (years)

© The differential equation obtained in the introductory lecture is
M'(t) =rM(t) — P

This is, of course, a first-order linear differential equation, which we are now able to solve.

© Samy Zafrany (mail@samyzaf.com) version: 17.09.2026.a https://samyzaf.com E
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© First, we write the equation in normal form:
M'(t) —rM(t) = —P

Therefore
a(t)=—r, b(t)=-P

Computing the integrating factor:
ﬂ(t) — ef a(t)dt _ et

General solution:

1

M(t) = —— Vu(t)b(t) dt + C] — e V (—Pe™) dt + C]
pn(t)
e | P P t
= e’ |l—e "dt+C| = —+Ce€e"
r r

We have obtained the general solution for computing the mortgage balance at time t (measured
in years!)

P
M(t) = Ce™ + —
r

To find the particular solution for our problem, we use the data
r = 0.042, M (0) = 1000000, years = 20

Substitute ¢ = 0 and t = 20 into the general solution to obtain a system of two equations in

the two unknowns P, C
P
M(0) = C + — = 1000000
r
P
M(20) = Ce*" + — =0
r
Subtracting the two equalities immediately gives

10°¢

— e -U.

and substituting C' into the second equality gives

_ rM(0)e*"  0.042 109 . 200042
o oe20r —1 £20:0.042 _ 1

= 73905.996
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This is the fixed payment for each year. On a monthly basis, this is:
P
Monthly Payment = 12 = 6158.833

The total mortgage repayment after 20 years (excluding indexation and additional costs) is
Total return = 20 * P = 1,478,119.93

The mortgage balance at any given time t (continuously from ¢ = 0 through the end of the

mortgage term at ¢ = 20!) is, of course, computed using the particular-solution formula

P
M(t) = Ce™ + — = —759666.58¢e"°**" 4 1759666.57
T

The last formula can be used to construct diagrams of the kind shown in Figure 2.6

1500000

1400000 - M(t) - c’e:"t + B Payments
r

1300000

1200000 -
1100000 -
1000000
Mortgage

900000 -

800000

Loan

700000 4

600000

500000

400000 +

300000

200000

100000

o
Fig. 2.6: Bar chart of the mortgage balance and repayment amount over the years

Recommended Reading

o http://tutorial.math.lamar.edu/Classes/DE/Linear.aspx

e Paul Dawkins, DE Complete, p. 24

Exercises for chapter 2

Guidance: At the end of the list, there is a link to a Jupyter notebook containing final, complete solutions to most of the exercises.
But before clicking the link, it is strongly recommended that you solve them yourself!

Find a general solution of each of the following differential equations.

l. oy —y=—= 2. yY+y=e?®
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Exercises for chapter 2

10.

11.

13.

15.

17.

19.

21.

23.

zy +y =sinx

2y — 2zy =3

4. 1y’ — ycot(x) = cot(x)

6. zy —xzy=(1+ x?)e”

1+ 22y’ — 2xy = (1 + x2)? 8. zy —ny = e x"!
Yy Yy Yy Yy
tanax
y—— = , 0<z <3
sin 2

y + 2zy = 223

y' — ysinx = sin(x) cos(x)
2z + 1)y’ = 4z + 2y

(xy + €*)dx — xdy = 0

y = x(y’ — z cos(x))

2z(x* + y)dx = dy

(z + y*)dy = ydx

(sin2 Yy + x cot y) y =1

12. =y’ — 2y = 2z*

14. ¢y’ + ytan(x) = sec(x)

16. 2%y’ +zy+1=0

18. (2z 4+ y)dy = ydx +4lnydy
20. (zy' —1)Inz =2y

22. (2¢Y—xz)y' =1

Y

24, vy = —————
Y 3xr — y?

€ Link to solutions
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Chapter 3

First-Order Nonlinear Differen-

tial Equations

The purpose of this chapter is to formulate sufficient conditions for the existence and uniqueness of
solutions of general first-order differential equations, which are not necessarily linear. In addition,

we will present various methods for solving nonlinear equations.

Nonlinear equations are generally more difficult to solve than linear equations, and there is no
uniform method for solving them. In most cases, no analytical methods are available for finding a
solution of a nonlinear equation. The only way to make progress is therefore to divide them into

subfamilies with common characteristics and develop special solution methods for each family.

At the beginning of the chapter, we will learn to solve several relatively simple families of
first-order nonlinear equations: separable equations (separable), equations of homogeneous type,
Bernoulli equations, and Riccati equations, exact equations (exact equations), and several other

families of equations that can be solved by simple substitutions.

A substantial portion of the nonlinear equations encountered in physics and other sciences can
be solved using uncomplicated mathematical methods (or at least approximated by solvable

equations by relaxing the requirement of absolute precision).

We will conclude the chapter with two formulations of the existence and uniqueness theorem
for general first-order equations, and discuss its consequences and various aspects. We will also

present an incomplete schematic proof of the theorem (time permitting).
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3.1 Solving Separable Differential Equations

Definition 3.1: A first-order differential equation y’ = f(x,y) is called a separable equation

(separable) if f(x,y) can be factored into the product of a function of & and a function of y

Yy = f(z,y) = a(z)b(y)

We begin with several exercises illustrating the technique and then provide a theoretical justification

for the technique itself.

© Example 1: We solve the equation

,
YT xy
We switch to Leibniz notation:
dy
dr 1+ y?

We separate variables:

We integrate:
/(1 + y3)dy = /wzdm

y3 m3

g C
y+3 3+

We obtain

We omitted the constant on the left-hand side because it can be absorbed into the constant on

the right-hand side. We have obtained a one-parameter family of solutions (in implicit form)
Yy +3y—x=C
© Example 2: We solve the initial-value problem

dy_3:132—|—4a:—|—2
dr  2(y—1)

y(0) = —1

Separation of variables:
2(y — 1)dy = (32 + 4z + 2)d=x

Integration:
(y—1)2==2*+22*+2z+C
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In this case, a one-parameter family of solutions can be obtained in explicit form:

y:l:lz\/a:3—|—2a:2—|—233—|—C

Initial condition:

y(0)=1++VC = -1

We have obtained an explicit particular solution:

yp(ac)zl—\/m3+2w2—|—2m—|—4

© Exercise 3.1: Solve the following initial-value problem:

dy 2z
der y+ z%y
y(0) = -2

Solution: Very easy. The particular solution should be:

Yp(x) = —\/2 In(1+ x2)+4

3.1.1 Theoretical Basis of the Separation-of-Variables Method

Consider the separable equation

Y = f(,y) = al@)b(w)

Dividing both sides by the expression b(y) yields the following form:

b(y) 7 = al) 1)

Let
B(y) = /b(y) dy

Recall that the variable y is actually a function of @, and that this is shorthand for y(«). Therefore,
equality (3.1) is equivalent to

b(y(z))y'(z) = a(x)

The expression b(y(x))y’(x) naturally reminds us of the chain rule for differentiating the composite

© Samy Zafrany (mail@samyzaf.com) version: 17.09.2026.a https://samyzaf.com E
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function B(y(x)) with respect to «

c;la,-B(y) = CZ,B(y) : Zz = B'(y) - ¢'(z) = b(y) - ¢ (x)

Therefore, equality (3.1) is equivalent to

2 Bw)] = a(z)

Integrating both sides (with respect to @), we obtain

B(y) = /a(m) dr

[ew dy = [a() de

that is,

The last equality is the basis of the technique for solving a separable equation. After evaluating the

integrals, we obtain a general solution (usually in implicit form). We emphasize again that there is

no guarantee that this family includes every solution of the equation!

3.2 Substitution Methods

A considerable number of the equations encountered in physics and other sciences can be solved by

simple substitutions. We will study several of them in this section.

3.2.1 Homogeneous Differential Equations

© Equations of homogeneous type are equations that can be transformed into separable equations

by the substitution v = £. We emphasize that v is a function of @ and that the substitution

written in full is:

v(z) = v(@)

© Example 3: Find a general solution of the equation

’

_y—4:1:
ey

Solution: We use the substitution v = £ to transform the equation into a separable equation

y—4x 2 -4 wv-—-4

T —y 1—3_1—'0
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We express ¢y’ in terms of v

y=xzv — ¢y = v+ xv

Therefore
, v—4
v+ xv =
1—w
and therefore
dv v—4 v?—14
r— = —v =
dx 1—v 1—w

Separation of variables:
(1—-wv)dv dz

v2 —14 T

Using partial-fraction decomposition (see Calculus 1, Section 9.3), it is easy to obtain

3

(l—v)dv: -2 L T
v2 —4 v—2 wv4+2

-1 -3 dx
4 4 dv = | —=
/<U—2+v—|—2> Y T

1 3
—Zln(v—2)—zln(v—|—2) =lnz+C

Integration:

and therefore

Simplification:

m[@—zﬁ@+zﬁ]:mm+c

Therefore
1

(v —2)i(v +2)3

We have obtained a general solution:

e’ [(v—2)i(v+2)i|=C
Substituting v = ¥, we obtain a general solution of the original equation

(y — 2x)i(y + 2z)3 -
xr

=C

Figure 3.1 shows the direction field of the equation together with 50 integral curves (solutions).

Exercise 3.2: Additional examples recommended for practice:

dy_y2+2wy b dy_a:2—+—3zcy—{—y2
(a) e ()E_ 22



https://samyzaf.com

46 3.2 Substitution Methods

-.n---s-.-p--m--q.‘-;-.-y----.-»--»-»-»-..-p..‘-o‘...,--*-*-'

10 e e e e e e R R O

- e I - -
oy T e - ERF A A
o = - = Z > oAA
oy r—e W g J-J:J‘l}}‘)'l)’
~— g - e A A A B B N B B A
P ERF ANV A I I AT A R A A
5 = AAAFA AP
= }‘."l'f!fffi‘“*“
= = ::””’*;;;t;;s\\\\.
& - (2 SR R T T T T T T N T T TR S |
== = R g N RN |
el ”’flr#\\\\\\\\\\\\\\\.x\\\\\\\\\\
ff‘\\l\\‘l\\\l\\\\\\\\\\\\\\\\\\\\\\\\
0 e e R T e e e R T T T T T T T Y
- T T T T T T O R T T T T R LV
= e i U S T T T T T T T T T T SRV
MMM M OO O MO M OO M M M M O M M N M O M WM M ONM WM N
T T T S T T i S Y
S N M O O O OM M OM M O R O OM M OTM R OR R ORM W OW O
- e e e e e e T e T T T e . T T T O
-5 SO T oM O T O OTE M O R OM TR OM M OWM WO
1\1\"-‘&\-‘&-‘&-‘&\&
\ I S T T T S
*‘x\s\s\x\"
R
- e
-10 -
- - -
s ey
e S e S e - - . -~
- o B I e
L - e e w w ow s
e e S e e e e - -
15 et T e T T T
- o ww B I
- . - e o w w ow o
e e B N N Y

(=]
'y
[a%]
w

s
o

Fig. 3.1: The direction field of the equation 3y’ =

3.2.2 The Bernoulli Equation (Jacob Bernoulli 1655-1705)

© The general form of the Bernoulli equation is

Yy + p(x)y = q(x)y”

It arises in physics in connection with mathematical models of particle motion through a resistive
medium, and provides a generalization of such models. In physics, the common cases are n = 2
or n = 3, but the method for solving Bernoulli equations also handles noninteger values of n .

More information is available at the following links:
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Wikipedia page: Bernoulli equation
Bernoulli Equation - HyperPhysics Concepts

The equation is solved by considering several cases.

If n = 0, we obtain a first-order linear equation

Yy + p(x)y = q(x)

which we learned to solve in the preceding chapter.
If n = 1, we obtain

Yy + p(r)y = q(x)y

and therefore
Yy + [p(z) — q(x)]ly =0

Once again, we have obtained a linear (homogeneous) equation, which is even separable.

If n # 0,1, we perform a change of variable that transforms the problem into a linear one:

v(z) = y(z)' ™"

Therefore, we may also write

y(z) = v(z) ™=
Differentiate both sides:
y'(z) = —— - v(@) ™ v (2) = —— - v(z)Tn -V (2)

1—n 1—n

Substitute into the equation:

v(@) ™7 v (2) + p(@)v(e) 7 = q()v(@) T

1—n

Divide both sides by the expression ﬁ v(az)ﬁ , to obtain the linear equation

v'(z) + (1 — n)p(z) v(z) = (1 — n)q(x)

(3.2)

Example 4: Find a general solution of the equation

2y +2zxy —y> =0
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Solution: It is easy to see that this is a Bernoulli equation with n = 3

’ 2 1 3
Yy +-y=—y
€T T

Therefore, the required substitution is

1 2 1
v=y = p(w)=;, q(w)=;

Substitution into formula (3.2) gives a linear equation

Integrating factor:

General solution:

v(x)

v'(x) — gv(w) = —%

1
/-2 —4lnx
pulx) =e =e =

1

— & | [u@n@ s+ o]

p(x)

1 2
= :134/——-—d:1::—2w4/:13_6dw

xt 2

-5 2
= —2:c4-<m——|—C>=——Cm4

-5 S5x

© Samy Zafrany (mail@samyzaf.com)
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Fig. 3.2: The family of solutions ————
\/ & +C=4
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The general solution of the linear equation is therefore
2
v(x) = — + Cz*
5T

The general solution of the original (Bernoulli) equation is

1 1
y(z) = [v(z)] 2z = —\/W

We note that this example shows that in some cases the parameter C' is not completely free;
here, it is subject to the constraint that it must be positive. Figure 3.2 shows the graphs of 40

functions from the family of solutions.

3.2.3 Ratios of Linear Expressions

©

The next family of equations for which the substitution method works consists of equations in

which the function f(x,y) is a ratio of linear expressions

, ez +biy+c

azxx + b2y + c2

When ¢; = ¢c; = 0, we obtain an equation of homogeneous type, for which the substitution

v = % solves the problem. In other cases, different substitutions are required.

Example 5: The following equation is a simple example of a ratio of two linear expressions:

, —x+2y+1
y:

20 —y — 2

It is neither linear nor homogeneous nor separable. However, the simple substitution & = x — 1

transforms it into a homogeneous equation

dy —&+2y

A

dé 28—y
The preceding substitution will not work for the equation

—x+2y+1
Yy = (3.3)
20 —y— 3

In this case, a more general substitution is required:

{z’iz:a:-l-a
J=y+p
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dy aiz+biy+a
dxr  axx + byy + ¢

can be transformed into a homogeneous equation

@ . a1§3—|—b1'g

dz azfl —|— bzﬁ

provided that we can solve the system

ala—l—blﬁ = C
aa + b8 = cs

50 3.2 Substitution Methods
But a small amount of effort is needed to choose suitable values of ¢, 3.
© Our goal is to eliminate the free constants:
—x+4+2y = —x+2y+1
2 — ¢ 20 —y — 3
Therefore
—r—a+2y+28 = —x+2y+1
2 +2a0—y—pB = 2x—y—3
We have obtained a system of two equations in two unknowns:
—a+28 =1
20 -8 = -3
whose solution is
o = 3
g = -1
Thus, the substitution needed to solve differential equation (3.3) is
r=x— g
d=y—;
under which equation (3.3) becomes homogeneous
dy —Z + 29
# = AiAy (3.4)
dx 22 — 9y
© In general, every equation of the form
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This system is solvable if and only if a;bs — asb; 7# 0 or when the equations are dependent:
a _ b _a

az b2 c2’

The method fails, for example, in the following case:

dy Sx—2y+1

dx S5 — 2y + 2

because here the resulting system is inconsistent:

S5a — 28 =
5a — 28 = 2

In such cases, substituting one of the linear expressions solves the problem
v=>5x —2y+ 2

We express vy’

and therefore

2 2dx v
Ratio of Parallel Linear Expressions: In general, an equation of the form

dy _ Aax + A\by + ¢,
dr ax + by + c»

,  (c1 # Acz)
can be solved using the substitution

v =ax + by + c»

The resulting equation will be separable:

dv _ (a+b)v+bei — c)

dx v

We leave the proof of the formula to the reader. We merely note that it is more important to

remember the substitution.
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© Exercise 3.3: Solve the differential equation

dy 4dx—y+1

de 8xr—2y+1

3.2.4 Differential Equations of the Form y’ = F(ax + by + c)

© Similar families of differential equations of the form

y' = F(ax + by + ¢)

© Example 6:
@) ¥ =(z+y+1) (b) ¥’ =tan*(z +y +1)
() y=2+Vy—2x+3 (d) ¥ =(+y)l+In(z+y)] -1
(e) ¥ = —1+ Vet (f) ¥ = sin(2z + 2y) — sin’*(z +y)

© can be solved in the same way. Here too, the substitution
v=ax+by+c

transforms the equation into a separable one

© The substitution methods presented in this section are only examples of the broad general idea
of substitution. There are infinitely many additional techniques of this kind, and students will
sometimes be required to find the appropriate substitutions for a problem even if they have not

encountered them before.

3.3 The Riccati Equation (Jacopo Riccati

1676-1754)

© We conclude the section by mentioning the classical Riccati equation. Since it is not included in

the course syllabus, we leave the details to the interested student (they are not difficult).

© The general form of the equation is

Y a@) + b(@)y + ()’

© Tts characteristic property is that if one particular solution y; () is known, a general solution
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(not necessarily the most general one) can be found using the substitution

1
y(x) = yi(x) + o(@)

which leads to a first-order linear equation in the function v(x)
v’ + [b(x) + 2¢(x)y1(x)]v = c(x)

We leave the derivation of this formula to the student as an exercise.

© Exercise 3.4: Find a general solution of the differential equation

1y
y=—--+y
r xr

1

given the particular solution y;(x) = .

3.4 Exact Equations

© One creative way to make progress in mathematics is to proceed in reverse, from a solution to
a problem (Reverse Engineering), and then change direction from a problem to a solution. The

subject of exact equations is an instructive example of this approach.

© An equation of the form
F(“’? y) =C

under suitable conditions on the function, implicitly defines a function y = y(x)
F(z,y(z)) =C

Implicit differentiation of the last equality with respect to @ yields the first-order differential
equation
F,+F,-y(x)=0

The following assertion is easy to prove. (Both directions of the assertion must be checked).

© Proposition: The general solution of the differential equation
F,+F,-y(x)=0

is F(z,y) =C.
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© We may infer from this proposition that if we are given a differential equation of the form
dy
A(z,y) + B(z,y)—— =0 (3.5)
dx
and if there exists a function F'(x,y) such that
F, = A(z,y), F,= B(z,y)

then the general solution of (3.5) is

F (CE, y) =C
A differential equation of this type is called an exact equation.

© Example 7: The following equation
(y? + 2zy) + 2zy + %)y’ =0
is exact, because for F(x,y) = xzy? + x?y we have
F, =y*+2zy, F,=2zy+y>
and therefore its general solution is
zy? + 2y =C

© The difficulty is that it is not always easy to guess the function F'(x,y), so a clear criterion is

needed.

Theorem 3.1: Let A(x,y) and B(x,y) be two continuously differentiable functions on a simply

connected domain & (with respect to both variables). Then the equation

dy
A(.’:U, y) + B(ma y)%

is exact if and only if A, = B,.

Proof: Both directions must be proved.

Direction 1: If the equation is exact, then by definition there exists a function F'(x,y) such that
F, = A(z,y), F,= B(x,y)

Therefore
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The equality F,, = F,, follows from the continuity of the second derivatives.

Direction 2: Assume that A, = B, . We prove the existence of a function F'(x,y) such that
(1) F, = A(z,y), (2) F, = B(z,y)

Equality (1) implies
F(a,y) = [A(e,y)dz + h()

and equality (2) implies

Rew) = 4| [A@y)de+n)
= [A@yde+ 1)

= B(way)

Differentiation under the integral sign is possible because the partial derivatives of A(x,y) are

continuous. Finally, we must find a function h(y) satisfying

h'(y) = B(xz,y) — /Ay(w,y) dz

The difficulty that may arise with the last equality is that its left-hand side is a function of y
alone, whereas the right-hand side contains two functions that also depend on x. We prove that

the function on the right-hand side is independent of @, because its derivative with respect to x

vanishes: 5
Therefore, the function h(y) exists, and its existence proves that the equation is exact. [ |

© The proof of the theorem also outlines the method for computing F'(x,y) when the equation is

exact.

© Example 8: Prove that the equation
(ycosz + 2xe?) + (sinz + x?e? + 2)y’ =0

is exact, and find its general solution.

Solution: In this example,

A(z,y) = ycosx + 2xe¥, B(z,y) = sinz + z%e¥ + 2
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Therefore

A, = cosx 4 2xzeY, B, = cosx + 2xze?

We have obtained A, = B,, so the theorem implies that the equation is exact.

We compute F(x,y)
F(z,y) = /A(:c, y) dx
= /(y sinx + x?e¥)dz
= ysinz + x?e¥ + h(y)
It remains to compute h(y)

F, =sinx + x2e¥ + h'(y) = B(z,y) = sinx + x2e¥ + 2

Thus h'(y) = 2, and therefore h(y) = 2y (the constant is unnecessary because it is already

included in the general solution). We have therefore obtained the general solution of the equation
ysinx + x2e¥ + 2y =C

The chances of isolating an explicit solution for y(x) from this equation are probably slim, but
numerical methods are available for computing the solutions and plotting them using advanced

mathematical software (such as Matlab, Mathematica, or Python/Sympy)

=

Fig. 3.3: Integral curves of ysinz + x2e¥ + 2y = C on the interval [—10,10] (Python/Sympy tools)
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© Exercise 3.5: Determine whether the equation
(2z® — 5y*)y’ = —3z% + 1

is exact and, if so, find its general solution.

Solution: The equation is exact. The general solution is

2y +x—yS=C

3.4.1 Integrating Factors for Exact Equations

© In the preceding discussion, we worked backward from a general solution to derive the family of
exact equations. We now move forward again in an attempt to enlarge the family of equations

that can be solved in a similar way.

© In general, most equations of the form

dy
A(wa y) + B(ma y)% =0

are not exact. The question is: Can they be made exact by multiplying them by some factor?

© The idea is to find a function p(x,y) such that the equation

e, 9) Aw,y) + (e, 9) B, y) 1o = 0

is exact. If such a function exists, it is called an integrating factor of our differential equation.

© An integrating factor must satisfy the equality
(nA)y = (1B).
Applying the product rule gives
puyA+ pAy, = p, B+ puB,

or, equivalently,
(Apy — Bpg) + (Ay — B)p =0 (3.6)

© The last equation is a partial differential equation (there is a separate course on such equa-
tions), which is generally more difficult to solve than the original equation. We will therefore be

able to solve it only in special cases.

© Two such special cases occur when the function p(x,y) depends on only one of the variables, in
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which case equation (3.6) becomes an ordinary differential equation. We begin, however, with a

simple example in which g depends on both variables.

Example 9: The equation
(y? + 6z%y) + (yxInz — 2zy)y =0 (3.7)

is not exact because
A, =2y+6z, B,=y(lnz+1)—2y

and it is perfectly clear that A, # B, . If we multiply the equation by the integrating factor

1
N(w, y) =
Ty

we obtain the exact equation
Y ’
Z46z)+ (Inx—2)y' =0
T

whose solution is

F(x,y) = /(z+6w)dw=ylnw+3w2—|—h(y)
F, = Inz+h(y) =lnz —2

Therefore h(y) = —2y. The general solution is
ylnx + 32>+ 2y =C

This is a rare case in which an explicit solution can be isolated:

C — 3x?

y(@) = 2+Inx

The more common cases in which an integrating factor is not difficult to find are those in which

p depends on a single variable. For example, if p = p(x), then

(HA)y = nA,
(uB), = pB,+ Bp/(x)

Therefore, the equality (uA), = (uB), required of an integrating factor implies

rAy, = pB, + By'(x)
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We have obtained the equation
p'(x) Ay - B

p(z) B

The condition for the existence of p(x) is that the expression % depend only on a! If this
condition holds, we may write

(@) A, — B,

Tr) =

g B

and the solution of the equation

P (x)

g(x)
p(x)

is
() = el 9@ de — of 57

If the condition does not hold (as is quite likely), we may try to find an integrating factor of the

form p(y). Neither form need exist, in which case finding an integrating factor becomes more
difficult.

Example 10: Find an integrating factor p(x) for the differential equation

Y .
5 1 (x + Vzsiny)y =0
It is easy to check that the equation is not exact. However,

A,— B, %—1—2\1/5Siny_—%<1+%siny)
B N x + v/xsiny o T + y/xsiny
_ —i(m—i—ﬁsiny)__i

T+ \/xrsiny 2x

To determine p(x), we must solve the equation

pe) 1
p(x) 2x

As in the case of a first-order linear ODE, here too we assume that p(x) > 0, and therefore,

after integrating both sides, we obtain

1 1
In p(x) = —Elna:—l—C’:lnﬁ—l—C

and therefore

1 C
p(a) = Ce™ e = —
X

We take the solution p(x) = % After multiplying the equation by this factor, we obtain an
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exact equation
Yy . ’
— x -+ sin =0
N + (\/_ + y) Y
whose solution is not difficult to find.

Similarly, a necessary condition for the existence of an integrating factor p(y) is
pwyA+ pA, = pB,
Therefore

©(y) A

The condition for the existence of p(y) is that the expression % depend only on the variable

Y =g(y)

y; we denote it by g(y). If this condition holds, the solution of the equation

s

is
By

p(y) = e/ 9w dy — of tdy

If no integrating factor of the form p(x) or p(y) is found, one may guess integrating factors of

various forms, such as p(x,y) = ™y", p(x,y) = Z—:, and so forth.
Exercise 3.6: Verify that pu(x,y) = (xy)? is an integrating factor of the equation
23 2x dy
<3+> + <y+5y2> — =0

x dx

Exercise 3.7: Find a condition for the existence of an integrating factor of the form p(x,y) =

x™y™, where m and n are integers, and then solve the equation

dy

“Z—0
dx

(®y® — y) + (2*y* — x)

using an integrating factor of this type.

Solution: We must check the condition for the equality
("y"A)y = ("Y"B).
After differentiating, we obtain

nwmy"_lA +xz"y"A, = mmm_ly"B + x™y" B,
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We factor out common terms:

x™y" (nA —+ Ay> =x™y" (mB 4+ Bx)
Y T

Therefore, the condition for the existence of an integrating factor of the form x™y™ is the

existence of integers m, n for which the following equality holds:

nA mB
Y T

We check whether our equation has such an integrating factor:

dy

(°y* —y) + (2’y" —x) = =0
dx
In this case,
A = x3y? — y, B =z%*y*— =z
A, =223y — 1, B, =2zy* -1
Therefore
nA
—4+A4, = n@Py—1)+22°y—1=n+2)z’y—n—-1
Yy
mB

—+B, = m(zy* - 1) +2zy* —1=(m+2)zy* —m—1
Thus, the following equality must hold for all values of x, y
n+2)z2’y—n—1=(m+2)zy* —m—1

and this can occur only when m = n = —2! Therefore, our integrating factor is p = ™y" =

x~2y~2. Multiplying the equation by the integrating factor, we obtain

1 1 d
x— — |+ [y — — —y:O
x?y xzy? ) dx

A simple check proves that this is indeed an exact equation, and the rest of its solution is routine.

Exercise 3.8: Using the same method, prove that the following equation also has an integrating

factor of the form x™y"
d
2y + (2 +ay?) D =0
dx

Find the integrating factor and solve the equation.
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© Exercise 3.9: Consider the differential equation
A(z,y) + B(z,y)y’ =0
Prove that if the expression
B, — A,
A — yB

is a function of xy, then the equation has an integrating factor of the form
p(r,y) = g(zy)
Find an integrating factor of this type for the equation
(y? + 62%y) + (yxInx — 2zy)y’ =0

and find a general solution.
Solution: We note that the expression g(xzy) is shorthand for a composite function g(u),
u = xy (that is, g is actually a function of a single variable).

After multiplying the equation by the integrating factor, we obtain

g(zy)A(z,y) + g(zy)B(z,y)y =0

According to the theorem above, the condition for the equation to be exact is

o 0
- l9(zy) Az, y)] = —— [9(xy) B(z, y)]
oy ox

We use the differentiation rules for a composite function:

(nA)y = g'(zy)rA + g(xy)Ay(uB). = g'(zy)yB + g(zy) B,

Thus, for the equation to be exact, the following equality must hold:

g (zy)xA + g(xy)A, = g'(zy)yB + g(zy) B,

Therefore
g (zy)xA — g'(zy)yB = g(zy)B. — g(zy)A,
and therefore ,
B, — Ay, _ 9'(zy)
zA—yB  g(zy)

(3.8)
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We check whether the following equation has such an integrating factor:
(y? + 62%y) + (yxInz — 2zy)y’ =0
First, we write the expressions we need:

A=y?*+62%y, B=zxzylnz-—2zy
A,=2y+6z?, B,=y+ylhx—2y

Substitution into equality (3.8) gives

B, — A, (y + ylnz — 2y) — (2y + 627)
rA — yB z(y? + 622%y) — y(zylnxz — 2zy)

y+ylnz — 2y — 2y — 622

6x3y — xy?Inx 4 3xy?
ylnz — 3y — 622

—zy(ylnz — 3y — 6x2)
1

ry
According to equality (3.8), we must find a function g satisfying

g(xy) 1

g(zy) =y

Substituting © = xy, we obtain an ordinary differential equation

gu) 1
g(u) u
whose solution is
Ing(u) = —lnu=1In—
. u
g(u) = —
u
Therefore, our integrating factor is p(x,y) = ale . We already checked and solved the equation

above (see equation (3.7) above).

© Exercise 3.10: Using the preceding formula, verify that the following equation has an integrating
factor of the form p(x,y) = g(xy), find the integrating factor, and find a general solution of

2y 2 d
(3+y>+<;+5y2>y=0

x dx

the equation
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3.5 Orthogonal Families of Curves

Definition 3.2:

A. Two curves intersecting at a point (zg,yo) are called orthogonal at the point (xo,yo) (per-
pendicular) if they intersect at the point (o, ¥yo) and the tangent lines to the two curves at the

point (xo,yo) are perpendicular to each other (see Figure 3.4).

B. Two curves are called orthogonal if they are orthogonal at all their points of intersection.

Fig. 3.4: Two orthogonal curves

© The definition implies that both curves have a slope (derivative) at the point (@, yo) -

© The limiting case in which one curve has infinite slope requires the existence of an infinite deriva-

tive on both sides of the point.
© Two curves may be orthogonal at several points of intersection.

© Proposition 3.2: The graphs of the functions y = f(x) and y = g(«) are orthogonal at the
point (xo,yo) if and only if
f'(®0)g'(z0) = —1

If f'(xg) =0 or g’(xp) = 0, the derivative of the other function must be +oo.

© Requirement: Through every point in the plane, at most one curve from each family may pass.

A point through which several curves of the same family pass is called singular.

Definition 3.3: Orthogonal families of curves are two families of curves such that every curve in

the first family is orthogonal to every curve in the second family.

© Orthogonal families of curves are common in physical, geographical, and other contexts.
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© On topographic maps (contour maps), for example, the orthogonal family represents optimal
climbing or descending routes. Water flowing from the summit of a mountain to its base follows

a curve orthogonal to the mountain’s contour lines

T T T T T
-3 -2 -1 0 1 2
Fig. 3.5: A topographic map (contour lines) and paths of least effort

The mountain summit and the lowest point of the valley are singular points.

© Geometric Problem: Consider the family of parabolas y = kx?, where k is an arbitrary real
number (for k = 0, we obtain a straight line). Find the orthogonal family.

Solution:

oo SR
$‘§ - __ “

W
N
\
A

<

%
N
R

)
R
S8
T

%
R
N

N
5
| --
Bl
.
0‘0
0

Fig. 3.6: The family of ellipses 2 4+ 2y% = C is orthogonal to the family of parabolas y = ka2

Let (x,y) be a point in the plane through which a parabola y = ka? passes. Then k = %,

© Samy Zafrany (mail@samyzaf.com) version: 17.09.2026.a https://samyzaf.com E
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and the slope of the parabola at this point is 2kax = 2$—y Therefore, the slope of the orthogonal
curve at the point (x,y) is —% . The orthogonal family is therefore the general solution of the

separable equation
T

2y

y =
Its general solution is easily obtained:

x>+ 2y’ =C

This is a family of ellipses, as shown in Figure 3.6.

Example 11: Consider the family of circles (z — k)? + y? = k2. Find the orthogonal family.
(@—k)?+y2=k> 4Y

(x,y)

T
>

Fig. 3.7: The family of circles (= — k)2 + y2 = k2
Solution: Let (x,y) be any point belonging to the family. That is, there exists k such that
(€ —k)? +y* =k
We must express k in terms of ¢, y
m2—2km—|—k2—|—y2 = k2
Therefore ) )
_ Tty

k =
2x

To obtain the slope, we differentiate implicitly:

2(x — k) +2yy’ =0
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Therefore

P

2 2 2 2 2
e T x4yt —2x y* —x

] Yy 2zy 2zy

The differential equation for the orthogonal family is

dy  2zy

de a2 — y2

This is an equation of homogeneous type. The substitution v = £ gives

Therefore

General solution:

d'v+ 2v
r— +v=
dx 1 — o2
1 — v? dx
dv = —
v34+ v T
1—1}2_1—|—v2 202 1 2v
v¥’4+v vi+wv V34w v w241
/1 2v d 1 v 1 e
- - v=In =lnx
v wv241 v24+1
v
=Cx
v2 41

Substituting v = £, we obtain the orthogonal family

or, more simply,

T
T _ox
:v2—|—y2
2 2 Y
' +y"— ==0
Yo c

If we replace % by the expression 2c, we obtain the equivalent description

4+ (y—of=c’

This is, of course, a family of circles whose centers lie on the y-axis and that are tangent to the

T -axis.
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©

Orthogonal families: (x —k)2+y2=k? and Xx*+y?-%£=0
> 10.0

—_—

-10.0 7.5 -5,0 1 0 7.5 .0

% s : W

-10.0

Fig. 3.8: The family of circles 2 4 (y — c)2? = c? is orthogonal to the family of circles (z — k)2 + y? = k2

Exercise 3.11: Consider the family of circles £? + y? = k2. Find a family of curves that
intersects the preceding family at an angle of 45°.

Guidance: If the slopes of two lines are m;, my, then the angle 8 between them satisfies

me — My
tan = ——
1 -|— mi1mMme
This follows from the formula
tan 8 — tan o«
tan(f — a) = A

1+ tan B tan «

where a, B are the angles that the lines make with the x-axis.

After processing the data, we obtain an equation of homogeneous type for the intersecting family

,_T+Y
y:
r—y

whose solution yields the “orthogonal” family shown in Figure 3.9.

© Samy Zafrany (mail@samyzaf.com) version: 17.09.2026.a https://samyzaf.com E
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Y
45°
(z,y)
xr

Fig. 3.9: The family of circles 22 4+ y2 = k2 and the family of curves intersecting it at an angle of 45°

/[,

725

3.6 The Existence and Uniqueness Theorem for

First-Order Equations

© Example 12: The differential equation
1+y) +y*=-5

has no solution, because the left-hand side is always positive regardless of the function y(x).

© Example 13: The differential equation
¥) +y* =0

has exactly one solution: y(x) = 0 (the zero function). This contrasts with the common

situation in which, without an initial condition, there are usually infinitely many solutions.

© Example 14: The differential equation

W)} +y*(y—1)*=0
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has exactly two distinct solutions: y =0, y = 1.

© As noted, the study of equations in the general implicit form F(x,y,y’) = 0 is beyond the

scope of this course. We restrict ourselves to normal form.

© The general normal form of a first-order initial-value problem is

{y’ = f(z,y)

y(xo) = Yo

where no algebraic restriction is imposed on f(x,y), which may be a very complicated function.

Theorem 3.3: Consider a first-order initial-value problem

Yy = f(z,y)
y(zo) = Yo

If the functions f(x,y) and f,(x,y) are continuous inside a given rectangle in the plane:
a<zr<fB, v<y<ao

containing the point (g, yo), then there exists a subinterval (x¢ — h, xo+ h) of the interval (o, 8)
on which a solution ¢(x) of our initial-value problem exists and is unique.
That is,

¢'(x) = f(=, ¢(x)), (Lo —h <z <o+ h)

¢(930) = Yo

© Recall that the expression f,(x,y) denotes the partial derivative of f(x,y) with respect to

the variable y, and is sometimes also denoted by g—i(m, Y).

© In general, the quantity h may be smaller than min{xo — a, 8 — xo}, but in other cases it

may even be co. Methods for estimating h will be presented later.

© A partial proof of the theorem emphasizing the general idea will be presented later (if time
permits). The full proof is beyond the scope of the course and can be found in the extensive

literature on the subject.

© It is important not to forget that the theorem guarantees the existence and uniqueness of a
solution in a neighborhood of xq, but provides no method for finding it (not even a hint!).
Indeed, in most cases there are no analytical methods for finding a solution. We will content
ourselves with studying several known methods for solving problems commonly encountered in

scientific fields.
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© Example 15: The initial-value problem

w2y/ — y2
{y(O) =0

has infinitely many distinct solutions:

xTr

_ (3.10)
1+Cx

y(z) =

This is easily verified by direct substitution. This does not contradict the existence and uniqueness

theorem, because the equation in normal form

y2

Yy = f(z,y) = —

does not satisfy the hypotheses of the theorem near the point &y = 0.

© Example 16: The initial-value problem

{m2yl — y2
y(1) =0

has an easily guessed trivial solution: y(x) = 0. Prove that this initial-value problem has no

other solution.

© Note that in the preceding problem, the solution y(a) = 0 is not included in its general solution
(3.10). Thus, finding an infinite family of solutions of a differential equation does not guarantee
that it includes all the solutions of the problem! Nevertheless, a brief look at the graph of the
general solution reveals that the function y(x) = 0 is a limiting function of the family as

C — 0.
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Legend
—— ¢=25.000 —— c=0.957
~—— c=11.080 —— c=0.913
— c=7.117 —— c=0.873
—— c=5242 —— c=0.836
— c=4.149 —— ¢=0.802
—— EEIEE — =0.771
c=2.928 c=0.743
- =R — c=0.716
c=2.262 c=0.691
— c=2.031 —— =0.668
—— c=1.843 —— c=0.646
—— c=1.687 —— c=0.626
= Jc=1555 —— c=0.607
—— c=1442 —— c=0.589
— c=1.345 — ¢=0.572
— c=1.260 —— c=0.556
c=1.185 - c=0.541
e i — c=1.118 —— =0.526
0.0 4 c=1.059 €=0.513
; j ; ; j ‘ ‘ ‘ j —— ¢=1.005 —— ¢=0.500
0.0 0.5 10 15 2.0 2.5 3.0 35 4.0
X

Fig. 3.10: The family of solutions of the equation z2y’ = y?
© The additional solution not included in the family is sometimes called an ”envelope®. However,
there is no guarantee that all solutions not included in the family are of this type.

© Example 17: The initial-value problem

has two distinct solutions on the ray [0, 00):

b1(z) = (Zaz)
ba(z) = 0

This does not contradict the existence and uniqueness theorem, because the function f(x,y) =
y% has no partial derivative with respect to y at the point (0,0) (in fact, f, does not exist at

this point).

© There is a second formulation of the existence and uniqueness theorem that makes it possible to

estimate the parameter h.

© Example 18: A problem given on a midterm examination in the spring semester of the Hebrew
year 5744 (30.3.1984)
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A. Find all the solutions of the initial-value problem

dy_ =y
dx evy

y(0) =0

B. Explain in detail why the nonuniqueness of the solution does not contradict the existence and

uniqueness theorem.

Solution: This is a separable equation with a routine solution:

eVy
—dy = xdx
VY

General solution: )

T

From the initial condition y(0) = 0, we obtain C = 2, and therefore

Thus

We have obtained the first solution

y=ln2 w—2+1
4

The second solution ”disappeared” when we divided both sides by ,/y. Such division assumes
that y # 0, so the function y = 0 must be checked separately. The check shows that y = 0 is
also a solution of the initial-value problem, and thus we have obtained two solutions of the initial-
value problem, contrary to the conclusion of the existence and uniqueness theorem. Reading the

theorem carefully again, we see that the function

f(:l:, y) = a;\j—yy

does not satisfy the hypotheses of the theorem at the point (0, 0), because it is not defined to the
left of the point y = 0 (the theorem requires the function to exist in a rectangular neighborhood
centered at the point (0,0)).

Even if f(x,y) satisfies the hypotheses of the theorem and also has wonderful properties (such

as infinitely many continuous derivatives, differentiability, and so forth), it is not always possible
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to find the explicit solution guaranteed by the existence and uniqueness theorem. In many cases,
numerical methods must be used to approximate the solution to various levels of accuracy (these
will be studied in the fifth chapter of the course, together with many other methods taught in

numerical analysis courses).

Theorem 3.4: (The Existence and Uniqueness Theorem, Version 2)

Consider a first-order initial-value problem

¥ = f(z,y)
y(xo) = Yo
If the functions f(x,vy) and f,(x,y) are continuous inside a symmetric rectangle around the point
(T0,Yo) :
To—a<x< g+ a
Yo—b<y<y+b
and, in addition, there exists a real constant M such that | f(x,y)| < M throughout the rectangle,

then there exists a unique solution on the subinterval (xog — h,xo + h), where

{3
h = min<a, —
M

Yo +b T T
| b |
| h = min {a,—} I
| |
| |
: (iﬂo,yo) :
Yo [------ EEEETERRTLRE . .
| ' |
I . |
| . I
| ' |
I . I
| ! |
—b :
Yo o — h To o+ h
To — a To + a

Fig. 3.11: The domain of definition of the unique solution

© The symmetric rectangle may be an ”infinite strip® if @ = oo or b = oco. If both @ = oo and

b = oo, then the rectangle is the entire real plane R2. See Figure 3.11.
© In practice, in many cases the value of h may be greater than the theorem guarantees.

© If both a = oo and b = oo, then the value of h is h = oo, and therefore this formulation of
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the existence and uniqueness theorem allows us to conclude that a unique solution exists on the

entire real line (which was not possible before).
Example 19: The initial-value problem
r_ ry
1+ x? + y?
y(0) =1

Yy

has a unique solution on the entire real line, because

A. The function f(x,y) =

% is defined and continuous on the entire real plane R2.
B. The derivative f, is defined and continuous on the entire plane

Therefore, we may take a = b = oo

C. For every point (x,y) € R?,

Ty

—1-|-a:2-|—y2 < M=1

fewl =

D. Therefore b
h = min{a,} = o0
M

Exercise 3.12: Does there exist a solution of the equation

/ ry

A P

that satisfies both y(0) = 0 and y(2) = 27

Exercise 3.13: Prove that the initial-value problem

{y' =1 -y
y(0) =8

has no solution. Does this fact contradict the existence and uniqueness theorem?

Exercise 3.14: Prove that the initial-value problem

{y’ = /1 —y?
y(0) = -1
has two distinct solutions defined on the entire real line:

y1(x) = —1, Y2(x) = —coszx
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Does this fact contradict the existence and uniqueness theorem?
Remark: The general solution of the equation is y = sin(x 4 ¢), but there are two ”envelope*

solutions, y = —1, y = 1.

Exercise 3.15: Use the existence and uniqueness theorem to prove that the initial-value problem

{y:w
y(0) =5

has a unique solution on the interval (—%, % )
Before proceeding to the partial proof of the existence and uniqueness theorem, we introduce the
concept of a direction field, which is very helpful in understanding the behavior of solutions of

first-order differential equations.

3.7 The Direction Field of a Function f(x,y) in the Plane

©

One of the practical concepts that aids the understanding and analysis of solutions of first-order
differential equations (there is no analogous concept for higher-order equations) is the concept of
a direction field (directions field).

Given a general first-order differential equation in normal form,

Yy = f(z,y)

it can be interpreted geometrically as describing the slope (or direction) of a solution at the point
(z,y). The expression y'(x) denotes the geometric slope of the solution at the point (z,y).
In other words: The expression y’ = f(x,y) can be interpreted as a rule telling us ”in which

direction to move in order to remain on a graph that solves the equation®.

A direction vector can be drawn at every point (@, vy) in the plane (at which the function f is
defined), yielding a ”direction map* or a direction field, as it is more commonly called, which
indicates the direction in which to proceed at each point in order to follow a solution of the

equation.

For convenience, the vector has a fixed length (to make the drawing clear and legible), but its
slope equals f(x,y). The angle of the vector, @ = arctan f(x,y), always lies in the interval
(—3%» %), and the arrow always points toward the positive direction of the x-axis. Thus, the

direction of flow is always from left to right.

An integral curve (integral line) is obtained by choosing a point (&g, yo) in the xy-plane
and flowing along the vectors in the direction field. It is easy to see that constructing an integral

curve is equivalent to finding a solution of an initial-value problem.
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© Example 20: The normal form of the differential equation solved earlier,
zy' +y=a’
is
Y
y/ — _<Z + 332
T
There are very simple numerical methods for drawing the direction field of

flz,y) = _zyc+m2

which provide a glimpse of the geometric form of the solutions, as can be seen in Figure 3.12.
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Fig. 3.12: The direction field of the equation y’ = —¥ 4 22

xT

© Figuratively speaking: To find the unique solution passing through the point (xg,¥yo), we stand
at that point and ”flow in the direction* of the vectors in the field. The one—parameter family

of solutions of the equation looks as follows:
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1000
750 4 3
xr C
500 y p— + e
4 1)
2504
> o o
-250 4 E
-500 4 E
~750 4 [
-1000 v ; { f
—0.004 —0.002 0,000 0.002 0,004
X

Fig. 3.13: The family of solutions of the equation =y’ +y ==

© Example 21: The normal form of the differential equation

zy + 2y = sinx

1S .
, 2y sinx
£ X
. . 2y sinx .
The direction field of f(z,y) = —%! + 2% looks as follows:
le8
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Fig. 3.14: The direction field of the equation 3y’ = —Z¥ 4 222

The one—parameter family of solutions of the equation looks as follows:
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sin @ Ccos T c

—— c=-24000 —— c=9.000 —— c=6.000
—— c=-23.250 —— c=-8.250 —— C=6.750
—— €=-22.500 —— ¢=-7.500 —— €=7.500
— =21750 — c=6750 —— c=B.250
—— c=-21.000 —— c=6000 —— c=9.000
— =20.250 — c=5250 —— ¢c=9.750

€=-19.500 €=-4.500 €=10.500
—— ¢=-18.750 — ¢=-3.750 —— ¢=11.250

=-18.000 €=-3.000 €=12.000
— 17250 —— c=2250 —— c=12.750
— 16500 —— c=-1500 —— c=13.500
—— ¢=-15.750 —— ¢=-0.750 —— €=14.250
—— c=-15000 —— c=0,000 —— c=15.000
— 14250 — c=0750 — c=15.750
— c=-13.500 —— c=1.500 —— c=16.500
— =12750 — c=2250 — c=17.250

€=-12.000 €=3.000 €=18.000

i DRI L LI il ; — =11.250 — c=3750 —— c=18.750
-0.0003  -0.0002  —0.0001  0.0000 0.0001 0.0002 0.0003 €=-10.500 €=4.500 €=19.500
X —— €=-9.750 —— c=5250 —— €=20.250

Fig. 3.15: The family of solutions of the equation zy’ + 2y = sinz

In the preceding two examples, note the following two facts:

A. No two solutions have a common point. All the solutions are disjoint.

B. If (x,y) is any point in the plane (x # 0), then exactly one solution passes through it.

Example 22: Find a solution of the initial-value problem, and find the largest domain of definition

that the existence and uniqueness theorem can guarantee for the solution you found

yl — y2
y(0) =1

1
1—x

This is an easy separable equation. It has the unique solution y(x) =
The point & = 1 is singular, even though there is no sign or indication of this in the problem
itself, and therefore the solution does not exist on the entire real line, even though the function
f(z,y) = y? and its partial derivative with respect to y exist and are continuous on the

entire plane R2 7

This does not contradict the existence and uniqueness theorem, because the function f(x,y)
is not bounded on R? as required by the theorem.

The source of the difficulty becomes apparent when we try to apply the existence and unique-
ness theorem to obtain a unique solution on the largest possible domain. The maximum value
of the function f(zx,y) = y? on the rectangle (—a,a) X (1 —b,1+b) is M = (1+b)2.

Thus, as we increase b, we decrease h:

b b
h =min{a, — ;} = min<a, ———
ot} =i )

We may choose a as large as we wish, but as b increases, the value of tends to zero

b
(1+b)2
and drastically reduces h. It is easy to check that the maximum value of the expression
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1

and therefore the largest value of h we can obtain is h = 7.

b
(1+b)?
¢ The largest domain of existence guaranteed by the existence and uniqueness theorem is there-

fore (—%,3).

1
4

is
¢ [f we slightly change the initial condition
{y/ — y2
y(0) =2
1

1 -2z
¢ This time the singular point moves to © =

we obtain the solution y(x) =

% , and again there is no sign or indication of this
in the problem itself.

Example 23: We return once more to the preceding initial-value problem

y/ — y2

y(0) =1
We saw that it has a unique solution y,(x) = 12 on the domain of existence (—7,3), which
is the largest one that the existence and uniqueness theorem could provide. Nevertheless, the

function y,(x) solves the equation on the entire ray (—oo, 1), and it is difficult to imagine that

there is another solution on the ray (—oo, 1) satisfying y(0) = 1. Is there a way to prove this

conjecture?
Guidance: Assume, to the contrary, that there is another solution z(x) of the initial-value
problem, distinct from y,(x) = i, defined on the interval (a,1), a < 0. Let

1
a:lzsup{a:‘a<a:<0, z(w);él_m}

By the definition of the supremum, there are points ®2, x3 in the interval (a, 1) such that

T2 <y < I3

Lo — I
2 3

1
z(x2) # 1—=
1

1—=x

z(x3) =

Use the existence and uniqueness theorem to prove that ﬁ is the unique solution on the interval

(3 — 3, @3 + ;) and obtain a contradiction to z(x2) # 1.


https://samyzaf.com

81 Chapter 3: First-Order Nonlinear Differential Equations

3.8 Implicit Solutions

© As we have seen in preceding examples, methods for solving differential equations do not always
lead to an explicit solution, and in many cases we must settle for implicit solutions from which

we have no way to isolate an explicit solution.

© Example 24: The family of solutions of the equation

2zy
(1+2y?)

’

y =

is given by
ye”tv’ = C

This is easily checked by implicit differentiation of the equality.

© Although we do not have an explicit solution, we can learn quite a lot about it and its derivatives
by implicit differentiation (including higher-order differentiation) and suitable mathematical the-
orems. Numerical methods based on the equation’s direction field can be used to compute desired

values of the solutions to very high levels of accuracy.

© The direction field of our equation was drawn using a Python program of fewer than 20 lines of

code. It gives us some idea of the form of the solutions by allowing us to observe the directions

of flow.
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Fig. 3.16: The direction field of ———
1+ 2y2

© Moreover, it is now very easy to write and run code to draw integral curves and thereby compute

any desired value of a solution to any required level of accuracy.
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B e e e e e e e e e e il

-10.0 -75 50 25 0.0 25 50 75 10.0

—2zy

Fig. 3.17: Integral curves in the direction field of ————
1+ 2y2

3.9 A Schematic Discussion of the Proof of the Existence

and Uniqueness Theorem
Picard’s Method of Successive Approximations

We recall the theorem:

Theorem 3.3: (The Existence and Uniqueness Theorem, Version 2)

Consider a first-order initial-value problem
y = f(=z,y)
y(zo) = Yo

If the functions f(x,vy) and fy(x,y) are continuous inside a symmetric rectangle around the point (g, yo) :

ro—a<x<xyg+a

Yo—b<y<yo+b

and, in addition, there exists a real constant M such that |f(x,y)| < M throughout the rectangle, then

there exists a unique solution on the subinterval (x¢g — h,xo + h), where

b
h = min{a, }
M

We present a schematic description of the method of successive approximations developed by the
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mathematician Emile Picard, who used it to prove the existence and uniqueness theorem.

3.9.1 Step 1: Normalizing the Problem

For simplicity and convenience, assume that our initial-value problem is centered at the point

(o0, Yo)
Z_Z = .f(mv y)

y(0) =0

This can be achieved by translating the variables:

T=x— xo

I=Y— Yo
We may therefore restrict ourselves to proving the existence and uniqueness theorem at the point
(0,0), as follows:

The Existence and Uniqueness Theorem Restricted to the Point (0,0):

Consider a first-order initial-value problem

y = f(z,y)

y(0) =0

If the functions f(x,y) and fy(x,y) are continuous inside a symmetric rectangle:

—a<zr<a

—b<y<bd

and, in addition, there exists a real constant M such that |f(x,y)| < M throughout the rectangle, then

there exists a unique solution on the subinterval (—h, h), where

. b
h = mln{a, —}
M

3.9.2 Step 2: Conversion to an Integral Equation

©

© Samy Zafrany (mail@samyzaf.com) version: 17.09.2026.a https://samyzaf.com E


https://samyzaf.com

84 A Schematic Discussion of the Proof of the Existence and Uniqueness Theorem and Picard’s Method

In the second step, Emile Picard transformed the equation
into an integral equation after realizing that it would be
much more convenient to handle than the differential equa-
tion. Assume that there exists a function ¢(t) that solves

the problem on some interval (—h, h), that is,

P'(t) = f(t,o(t)), —h <t <h
¢$(0) =0

Fig. 3.18: Charles Emile Picard 1856-1941

© The composite function f(t, @(t)) depends only on the variable ¢, and therefore we may write

| et = [ e s

But by the fundamental theorem of calculus,

/0 " (t)dt = d(x) — $(0) = () — 0 = $(x)

and we obtain an integral equation

b(x) = / “F(t (1)) dt

Clearly, every solution of this equation is also a solution of our original differential equation.

© It turns out to be simpler to prove the existence of a unique solution of the integral equation than

of the differential equation.

3.9.3 Step 3: Constructing a Sequence of Approximations to the Solution

© We construct a sequence of functions {¢,(x)}., that is intended to converge to the solution
b(x).

© The first function in the sequence is the zero function:

The function ¢o(x) satisfies the initial condition ¢¢(0) = 0 but does not necessarily satisfy

the integral equation (otherwise the process ends successfully!).

© Samy Zafrany (mail@samyzaf.com) version: 17.09.2026.a https://samyzaf.com E
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©

If ¢o(x) does not solve the equation, define the next function in the sequence by

1 () = / "t dolt))dt

Again, the initial condition ¢7(0) = 0 clearly holds, and if ¢q(x) solves the equation, we are

done.

Induction step: If the process terminates successfully for some n (¢, = ¢,_1), we are done.

Otherwise, define the next term in the sequence, ¢,41(x), by

s () = / "t du(t))dt

At each stage, note the following five issues:

A. Does the function ¢, (x) exist at all? After all, there is no guarantee that the integral defining

it exists!
Does the sequence of functions {¢, (x)} -, converge?

If the sequence converges to a limiting function ¢(x), does it solve the problem?

o QW

If the limit ¢(x) is indeed a solution of the problem, is it the unique solution?
E. What is the solution’s domain of definition? It may shrink during the process.

We will try to examine the above points using a relatively simple specific example that also
illustrates how to design an algorithm for finding the solution. The complete proof of the existence
and uniqueness theorem can be found in Uri Elias’s book (Sections 3.3, 3.4) or in the book by

Boyce/Diprima.

3.9.4 An Example of Picard’s Method of Successive Approximations

©

©

We solve the following initial-value problem using Picard’s method of successive approximations:

Yy = f(z,y) = 3z*(y + 1)
y(0) =0

As noted, the first approximation in the sequence is the zero function:
¢(x) =0, —h<zx<h

This approximation is not a solution of the problem, so we must proceed to the next approxima-

tion.
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© The second approximation in the sequence is

di(@) = [ flt.go)dt = | f(t,0)dt = [ 3tdt—a®
0 0 0
We obtain
¢1(x) = x®
This still does not solve the equation. We proceed to the next approximation.

© The third approximation in the sequence is

xr xr xr 1
ta(e) = [ F(to0)dt = [ fet)de = [ 3E +1dt =0t + af
0 0 0
We obtain X
ba(w) = 7° +
Again, we do not obtain a solution.

© The fourth approximation in the sequence is

bs(x) = / F(t, da(t))dt = / F(t, 8 + 1e%)dt
0 0
= /0 3t2(1 4+ t% + 1t5)dt = /0 (3t + 3t° + 2t%)dt
— 333 + %wﬁ _|_ %mg
We obtain 1 1
_ .34 .6, ~._9
¢3(x) = x° + 29: + 6:13
which, as expected, does not solve the problem.

© Using induction, it can be proved that for every natural number n

3 w6 1,'9 m3n

X

The ratio test for power series easily shows that the series converges, and its radius of convergence

is the entire real line. Denote its limiting function by ¢(x)

oo :L.3n
é(x) = nz::oﬁ
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© From the familiar power series of the function y = €%, it is easy to prove that
o(x) = e’ —1

A simple check proves that ¢(x) is indeed a solution of the problem.

3.9.5 Domain of Existence and Uniqueness of the Solution

Ya
. f\cbn(w)
e L

\/ — Mz
—b

Fig. 3.19: The domain of definition of ¢, (t) versus the domain of definition of f(z,y)

L )

© In the preceding discussion, we did not really address the solution’s domain of definition or why
the solution is unique. Without going into all the details (which can be read in the textbooks

mentioned earlier), we will try to explain the general ideas.

© We begin by addressing item A: The worst-case scenario that may occur at some stage of the
process is that the value of ¢, (t) exceeds the bounds of the rectangle (which is actually the
domain of definition of f(x,y)); for example, if for some ¢ in the interval (—a,a) we have
¢n(t) > b, as shown in Figure Eﬁ If this happens, the expression f(t, ¢,(t)) is undefined,

and therefore the expression f(t, pn(t)) is also undefined! The process will then become

0
stuck, and we will be unable to proceed to the next approximation in the sequence.

© To prevent such a scenario, we must restrict ourselves to a smaller interval, (—h, h), on which
f(x, pn(x)) does not exceed the bounds of the rectangle (see Figure 3.19).

© For this purpose, we use the assumption that the function f(x,y) is bounded by M on the

rectangle. Therefore, at every stage m of the approximation process, ¢, (x) satisfies

P i1 (@) = | F (2, Pn(z))| < M

That is, the slope of the function ¢, (x) is bounded by M , and therefore the function is bounded
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by the lines y = M« and y = —Mx, as shown in Figure 3.19.

|pn ()] < Mz

For this reason, if we restrict ourselves to the interval (—h,h) with h = %, then
| f(xy pn(x))] < b for every x in the interval (—h,h). If a < %, then of course we must

take h = a in order not to exceed the bounds of the rectangle. Therefore, the precise definition

of h is b
h = min {a, }
M

Convergence of the sequence of approximations on the interval (—h, h) is proved by replacing

the sequence of functions {¢n(x)},-, with the series of functions

o0

> [Pnta(x) — dn()]

n=0

and applying the Weierstrass M -test, which guarantees uniform convergence.

Convergence of the series is established by proving the inequality

LT M™h™
|pnt1(z) — Pn(z)| < 20M E <

n!

o0
. . n n . . . . .
Since the series Z Mn,h converges, the Weierstrass M -test implies that our series of functions

n=0
also converges. Complete details can be found in the books by Uri Elias and Boyce/Diprima.

Uniqueness of the Solution: If ¢(x) and ¥ (x) are two solutions of the integral equation

u(t) = [ £t u(e)at
that is, for every « in the interval (—h, h),
b@) = [ 1to()d
v = [ fewmar

then
$(z) — P(z) = / (8 d(2)) — F(t4(2))]dt

By the intermediate value theorem (Calculus 1), there exists an intermediate value §(t) between
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¢(t) and p(t) such that

(&, o(t)) — f(t,9(t) = (8, 9(2)) - [@(t) — & (t)]

Therefore N
$(z) — (x) = / £o(ts 9(2)) - [(t) — 3 (8)]dt

Therefore

0< [6(@) — ¥(@)| < [ 1650 - 19(6) - vie)lat
The continuity of f, implies that f, is bounded by some K, and therefore
0 < [$(a) = ¥(@)| < K | 16(t) — (t)lat

Let

9(@) = [ lo(t) - w(t)lat
Then ¢’'(x) = |¢(x) — ¢ (x)|, and in addition g(0) = 0. Our inequality becomes
0 <g'(x) < Kg(=)
That is, g(x) is a solution of the following differential inequality problem:

g(z) — Kg(x) <0, —h<z<h
g(xz) >0
g(0)=0

Multiply the inequality by the integrating factor e=¥®

e eg(z)] = e X[g/(x) — Kg(z)] < 0

and integrate both sides of the inequality over the interval [0, x]:

/ "o Kig/(t) — Kg(t)] = e K7g(z) < 0

We have obtained g(x) < 0. But we also know that g(x) > 0. Therefore, necessarily
g(xz) = 0 for every « in the interval (—h,h). That is, ¢(x) = ¥ (x) for every x in the

interval (—h, h), and therefore the solution of our original differential equation is unique.
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3.10 Appendix: The Existence and Uniqueness Theorem

for a Differential Equation of Order n

To complete the picture, we conclude the chapter by stating the existence and uniqueness theorem

for equations of arbitrary order.

Theorem 3.5: Consider a normalized differential equation of order n, together with m initial condi-

tions:
y™ = f(z,y, 9,9, ...,y" D)

’y(fb'o) = &o
’y,(mo) = g

y”(wo) = Q2

y(n—1)($0) = Qp_1

where f(x, 2o, 21, 22,...,2n_1) is a continuous function of n + 1 variables, with n continuous
partial derivatives f.,, f.,, .-+, f=._,, in a neighborhood of the point (xg, g, 1,...,0,_1).
Then there exists a neighborhood (o — h, o+ h) on which the equation with all the initial conditions
has a unique solution y(x), such that all the derivatives y'(x), y”(x), ..., y™ (x) exist and are

continuous on the neighborhood (g — h,xo + h).

Exercises for chapter 3

Guidance: At the end of the list, there is a link to a Jupyter notebook containing final and/or complete solutions to a small number
of the exercises. But before clicking the link, it is strongly recommended that you solve them yourself! Additional solutions will be
added over time. We would be very pleased to receive additional solutions from students for exercises that have not yet been solved!

1. Find a general solution.

(@) =y —y=19° (b) zyy =1 — x?

(c) y'tanz =y (d) v —=zy® =22y

() e (1+5)=1 (f) o =107+

(g) (x+1)dxe+ (y—1)dy=0 (h) cosv/zdxr —+/rdy =0

(i) v1—2%dy —+v1—y?dex=0 () ee(1+e¥)de+e?(1 +e*)dy =0

(k) =’y =a* +y*
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Solve the following initial-value problems.

y(2) =
(m) { y =3Vy?
y(2)=0
(n) { (zy® + z)dz + (z?y — y)dy =0
y(0) =1
y'sine+ylny =0
©) { y(3) =1
2zyy’ + x? — y? =
(p) { y(1) =
xy +y—e*=0
(a) { y(a) = b
Y — 2y = —a?
) { y(0) = ;
(s) { zy +y=2x+1, x>0
y(1) =
(t) { (x—2)dzx+ (y—1)dy =0
y(2) =1
() { (14 z?*)dy — 2z(y + 3)de =0
y(0) = -1
v) { yv1i—xzZ==x
y(1) =
ytanx =14y
() { y(%) = —0.5

Find a general solution.
2zy
wz _|_ yz

(c) =y —y= (v +y)In2ty

(a) ¥ =

(b) zy' —y==xtan?
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7.

(d) (m—ycos%) dr +xcosldy =0

Y
(e) y/ — ; = (f) m(y/ _ y) — o7
(8) =y + (z+ 1)y = 3z?e™™ (h) zy —2y=a+=
d 2y — 5
(i) y/Sil’lﬂﬁ—’yCOSJI:]_ (J) l_&

de 2z —y—4
k) 2ze+y—3)dz+ (x+y—1)dy=0

Find a general solution.

(a) zy*y =x*+y? (b) zydy = (y*> + x)dx
(c) =*y =y(z+y) d) v +y=u=y®
(e) v +=*/y=3y (f) v + % =2y

(g) (2 —9zy?®)xdzx + (4y®> — 6x3)ydy = 0
(h) 21+ V22 —y)zder — Va2 —ydy =0

(i) (14 y?sin2z)dxr — 2ycos’xzdy =0

 2xdxr y®— 3z zdy — ydx
6) " + " dy =0 (k) wdx + ydy = T2ty
0 (y+——)dot ! Vay=o0

Yy 1+ 2 €T xr 1+ y2 Yy =
(m) =y —22%/y =4y (n) zy*y =2 +y°

(0) (x+1)(yy —1)=1y>

Find a general solution of the following equations by finding an integrating factor of the form
p=p(x) or p=p(y).

(a) (z+ y?)dx — 2xydy = 0

(b) (2 +y*+ z)dz +ydy =0

(c) y(1+ zy)de —xdy =0

(d) (x?y — 1)dx + (x> + z2 cosy)dy = 0

(e) (2xyIny + y?>cosz)dx + (x? + ysinz)dy =0

Solve the following equation using an integrating factor of the form

r(z,y) = f(xy)
2 2 2 2 1
<—|—>daz—|— (+2+>dy=0
Yy xy x

Find a general solution.
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(1)
2)
3)
(@)
(5)
(6)
(1)
(8)
9)
(10)
(11)
(12)
(13)

(14)

(15)
(16)
(17)
(18)
(19)
(20)
(21)
(22)
(23)

(24)

(z+y)y =y
(x —2)y = y?
y =2xy+x

(22 4 2zy3)dx + (y? + 3z?y?)dy = 0
y' + ycosx = sinx cosx
(2e® + y*)dy — ye*dx = 0

tanx - Z—Z —y=a
(8z% 4+ 2zy — y?)dx + (2 — 22y — 3y?)dy = 0
zda:—l—(y:"—l—lna:)dy:O, 0<x< oo
r(y* — z*)dy + y(y* + z*)dz = 0
(B3z%y + 2zy + y®)dx + (22 + y?)dy =0
. 3x? —2xy

vy = x? — 4y3

Yy =dx +2y —1

dx ( )
— =cos(y —x
dy Y

2¢(1 + Va2 — y)de — Va2 —ydy =0

3z%(1 + Iny)dz = (2y — %)dy

(y - %) dx — C; =0

y2dx — (zy + =3)dy = 0
y*dz + (zy + tan(zy))dy = 0
2ryy = Vb —yt +y?

3dy — y(«® + y*)de =0

zy —y = VI +y?

(y + vZy)de = zdy

zy = VeI -y +y
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(25) 2z —4y+6)dr+ (x+y—3)dy=0
(26) 2z+y+1)de — (4c+2y —3)dy =0
) z—y—1+(y—xz+2)y =0

(28) (y+2)dx = 2z +y —4)dy

(29) y' =2 <y+2>

x+y—1
y+ 2 Yy — 2z
30 I = t
(30) v w—|—1+ana:—|—1

(31) 2zy' +y=y*vVz — 2%y’
(32) 2y +a =47

(33) y+ v In2 y=(x+2ny)y

(34) ¥y = 5
x—y

2

(35) z— 2 ="
Yy

(36) (z+y)*y' =

(37) 2x3yy’ +32%y*+7=0
(38) 2= (2-2x)dy

(39) zy’ =e¥ +2¢y

(40) dy + (zy — zy’)dxz =0

_ml
Y Yy _,
r + yy’

(42) (xzy* —z)dx + (y + yx)dy =0

(41)

(43) (y +sinz)dy + (ycosx — xz?)dx = 0
(44) yy' + y?>cotx = cosx

(45) (€Y 4+ 2zy)dx + (e¥ + x)xdy = 0
(46) ¥+ xz ¥y = 3y

47 yYvVe=Vy-—z+Vz

(48) (xcosy+sin2y)y’ =1
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10.

(49) (4zy —3)y' +y* =1

50) 2z —2y—1)de — (y—x—1)dy=0
1
x tan(y) + e®siny

(51) y' =
(52) (z*—z*y+x)y =3, 0<z< o0

Solve the following initial-value problems.

P = yiozt =24 ,/9— (y— 2z —1)2
M {y @) { Hyo-tw -2y
y(2) = —2 (0) =4
3) { 1+ 2?)y —zy =2z @ { zy — 3y = ze®
y(0) = y(l) =e
y'sinex —ycosx =1 y — 2y = x3e”
5 6
) {y<w>= © {yu)—o
@ { y —ytanx = secx ®) { xy — 4y =x*/y
y(0) = y(1) =1
©) { y —ytanx = y*coszx (10) { (2 —1)dy = (y + 1)d=
y(m) =—1 y(5) =0
1) %—l—dm:% {a:y—|—y — (222 +zy)y' =0
y(0) =1 y(1) =1

Does the solution of the initial-value problem

{ y =sinz(y — 1)
y(2) =1

intersect the x-axis? Explain.

Hint: Try to guess a constant solution of the equation.

Consider the following initial-value problem:

{ y' = sinzy(y — 2)
y(5) =1

A. Prove that the solution of the problem is positive throughout its domain of definition.
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11.

12.

13.

14.

15.

16.

17.

18.

B. Prove that the solution of the problem is bounded by M = 2 throughout its domain of

definition.

Hint: Guess two constant solutions of the equation.

Consider the family of curves cosy = ke® .

Find a family orthogonal to the given family.

Consider the family of curves y3 = —3In(kx) .

Find a family orthogonal to the given family.

Consider the family of curves y? = ke® + x + 1.

Find a family orthogonal to the given family.

Consider the family of curves 2 + y? = ky, —oco < k < oo
(a) Find a family orthogonal to the given family.
(b) Find the curves from the two families that intersect at the point (1,2).

Consider the family of curves x? + (y + k)2 = k?> — 1, |k| > 1
A. Find a family orthogonal to the given family.
B. Find the family orthogonal to the family:

132 _|_ y2 — C,y
—oo < C < o0
C. Find the curves from the two orthogonal families that intersect at the point (1,2).

In the family orthogonal to the family of curves
2 +y?=18In|y| + k

there is exactly one circle. Find its equation and explain the solution method.

Find a plane curve passing through the point (1,1) and perpendicular to every curve in the
family
(x+k)y+kr—1=0, —oco<k<oo

Consider the family of canonical ellipses

.’,132 y2
et Tt

whose width (in the @-direction) is three times their height (in the y-direction). Find the
equation of the curve that is orthogonal to this family and passes through the point (2,1).
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19.

20.

21.

22.

23.

Solve the initial-value problem
In?
¥+ -——5-=0
sin“ x

y(4) =0

What is the domain of definition of the solution you found?

Consider the initial-value problem

2
1

y = Y - sin(x3)

Yy

y(0) = —3

(a) Prove that the solution you found is bounded above on its domain of definition.

(b) On which intervals is the solution increasing and decreasing?

Guidance: Note that both y = —1 and y = 1 are solutions of the equation. Use the
nonintersection property of the family of solutions (under the hypotheses of the existence and

uniqueness theorem, of course).

Consider the initial-value problem

{ y’—2mz€/(y—az2—2)2
y(1) =3

(a) Find two distinct solutions of the problem.
(b) Explain why this result does not contradict the existence and uniqueness theorem.

Guidance: Use the substitution v(z) = y(x) — ? — 2. Check for singular solutions.

Consider the initial-value problem

{ Yy + y(4y — 8)e*™ = Tx’ sin(my)
y(1) =1

Prove that the solution y(x) of the problem is bounded (above and below) throughout its
domain of definition.

Guidance: Find two constant solutions of the equation.

Consider the differential equation

y/:§+1n[1+(y—m)2]-lnll-l—(y_\/mz—"'?’)z}

Without solving the equation, answer the following two questions:
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24,

25.

26.

27.

28.

(@) Guess two distinct solutions y1(x), ya2(x) of the equation.
(b) Let ¢(x) be a solution of the equation on the ray (0,00) satisfying ¢(1) = g Prove
that

o)

im —= =

T—>00 €T

1

Guidance: Determine when the function In vanishes.

Consider the initial-value problem

Yy = (2 —sin’z)(y* — ¥°)
y(0) = 0.25

(a) Does the problem have a solution? If so, is it unique?

(b) If a solution exists, does lim y(x) exist?

Consider the following differential equation together with an initial condition:

{ (16 — y?) cos(y)dx + (y* + 5y — 15)dy = 0
y(0) =3

Prove that its solution is bounded throughout its domain of definition.

Guidance: Try to guess two constant solutions. Use the existence and uniqueness theorem.

Consider the differential equation y’ = (3 + y3)(2cosy — 1) .
Prove that every solution converges to a finite limit as & tends to infinity.

Guidance: Try to guess infinitely many constant solutions ...

Let y(x) be a solution of the initial-value problem

2 2 2
y = <y—\/2:132—|—1> <y—\/2:132—|—5> —I——a3

y
y(0) =2

T
Compute the limit lim &

Tr—r0o0 €T

Guidance: Use the existence and uniqueness theorem. Check for singular solutions.

Consider the equation 9y’ = 24/y — 2 — 1 -e"V¥=22-1 L 2,
Find two explicit solutions (that is, of the form y = f(x)) of the equation that satisfy the initial
condition y(3) = 7, and explain why this does not contradict the existence and uniqueness

theorem.
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29.

30.

31.

32.

33.

34.

35.

Consider the differential equation

y = — O0<z< o0

Find two solutions of the equation satisfying y(1) = 1, and explain why this does not contradict

the existence and uniqueness theorem.
Let y(x) be a solution of the initial-value problem

T
y’:4y—|—<2y—\/w2—|—1>(2y—w)

y(0) = «

: 1 o y(o)
It is known that 0 < a < 5. Compute the limit lim ——.

T—>00 xr

For the equation
ydx — (2> +y* + )dy =0

find an integrating factor of the form f(x? 4 y?). Solve the equation and express the solution

in the form = = z(y).

For the equation
xdx + (y + 4y*x® + 4y°)dy = 0

find an integrating factor of the form f(x? + y?). Find its general solution.

Consider the differential equation

xdy + ydxr — 323y*dy =0

It is known that the equation has an integrating factor of the form p(x,y) = z%y?.
Find the integrating factor.
Consider the differential equation
z3y®(2ydx + zdy) — (5ydx + Txdy) = 0
It is known that the equation has an integrating factor of the form p(x,y) = z%y?.

Find a, B, and find a particular solution passing through the point (1,1).

Consider the differential equation

(y* — 22%y)dzx + (=* — 229y®)dy = 0
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36.

37.

38.

39.

40.

41.

42.

43.

[e%

It is known that the equation has an integrating factor of the form p(x,y) = zy?.

Find «, 8.

Consider the differential equation
(—x+y—2)dz+ (—5xz—3y —6)dy=0

It is known that the equation has an integrating factor of the form p(z,y) = pu(x + 3y).
Find the integrating factor.

Let y1(x) and ya(x) be two solutions of the differential equation

Yy = F(z,y)

on the interval (a, ), where F(x,y) and F,(x,y) are defined and continuous on the entire
plane. Prove that if there is a point xg in the interval (e, 8) for which y;(x¢) < ya(xo), then

y1(x) < ya(x) for every point x in the interval.

An air-filled balloon with initial radius R loses air at a rate of —3V'(t) cubic centimeters per
second, where V'(t) is the volume of the balloon at time ¢. After how many seconds will the

balloon’s volume reach one-eighth of its initial volume?

Two kilograms of salt are uniformly dissolved in a water tank containing 500 liters of water.
Salt water with a concentration of 0.1 kilograms of salt per liter flows into the tank at a rate of
25 liters per minute, and at the same time, the same quantity of liquid is drained from the tank

(through another opening). Calculate the salt concentration after 10 minutes.

The growth rate of the world’s population during the years 1975-2015 was r = 0.02 per year.
It is known that in 1980 the world’s population was 4 billion. What was the population in
20107 If this growth rate remains valid in the future, what will the world’s population be in
20507

Find the equation of the plane curve whose normal line at every point also passes through the
point (1,1).

A raindrop falls from a stationary cloud at an altitude of 2 kilometers above sea level. Only two
forces act on the raindrop: Earth’s gravitational force and air resistance opposing the direction
of the fall, whose magnitude is kv?, where k is the drag coefficient and wv(t) is the velocity of
the raindrop t seconds after it begins falling. Find the formula for the velocity of the raindrop,

and determine when it reaches sea level.

Find the family of plane curves F(x,y) = 0, > 0, such that, for every tangent to a curve,

the a-axis bisects the segment between the point of tangency P and the point where the tangent
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44,

45.

46.

47.

48.

intersects the y-axis.

Y
, P(x,y)
d
0,0) \ /. X
d (E ,0)
Q (0,—_‘)')

Fig. 3.20: The x -axis bisects every tangent segment between the point of tangency P and its intersection with the vy -axis

Find the family of plane curves F(x,y) = 0 such that for every tangent to a curve, the distance

d between the point of tangency and the intersection with the x-axis is constant.

A 100-liter water tank contains 30 kilograms of dissolved salt, mistakenly added instead of
20 kilograms. To correct the mistake, 3 liters of liquid per minute are drained from the tank
through a lower opening at a constant rate. At the same time, 3 liters of pure water per minute
flow into the tank. Assuming that the salt concentration in the tank remains uniform throughout

the process (by continuous mixing), how long will it take to reach the desired concentration?

A thermometer stored at a temperature of Ty degrees is placed in a hot-water bath maintained

at a constant temperature of T' degrees at time t = 0.

A. Write a differential equation for the temperature function y(t) of the thermometer as a

function of time ¢ (in minutes).

B. Find an explicit formula for y(t) if it is known that after ¢; minutes the thermometer

indicated the temperature T; . Express y(t) in terms of T', Ty, Ty, t1, t.

Find a first-order differential equation whose general solution is
y=(z"+0C)* +1
Find all functions g(z) for which the equation
(z* + y)dz + q(z)dy = 0

has the integrating factor p(z) = x.

€ Link to solutions


https://colab.research.google.com/github/samyzaf/notebooks/blob/main/ode3.ipynb
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Linear Differential Equations

of Order n > 1

© After an extensive study of first-order differential equations, we now turn to differential equations

of higher order (nn > 1). We begin by considering several familiar examples.

¢ Second-order linear equations with constant coefficients: y” — 5y’ + y = e
¢ The Bessel equations: z?y” +xzy’ + (2 —n?)y =y

¢ Legendre equations: (1 — z?)y” — 2zy’ + a(aa+1) =0
¢ The spring equation: my” + cy’ + ky = F(x)

¢ Free fall with air resistance: my”(t) = mg — ky’(t)

© For example, let us solve the following simple equation:

12

Yy = 6z
This is a second-order linear equation. Two simple integrations yield its general solution:

y = 3z +C,
y” = a:3+C'133—|—02

This is indeed a two-parameter family of solutions that contains all the solutions of the equation.

It involves two constants, and therefore an initial-value problem requires two initial conditions:
Y(zo) = Yo, ¥'(z0) = Y-

© Example 1: The solution of the initial-value problem

yll — 633
y(0) = —1
y'(0) =5

is y(x) = x>+ 5x — 1.
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© In general, the general solution of a differential equation of order n contains n constants.

Example 2: Using reduction of order, solve the equa-

tion for free fall with air resistance

my"(t) = mg — ky'(t) .

(introduced in the opening lecture of the course - see
Chapter 1), where
m — the mass of the falling body

mg
g — the gravitational constant

k — the drag coefficient Fig. 4.1: Free fall with air resistance
Solution: If we set v(t) = y’(t) (its physical meaning is velocity), we obtain a first-order linear

equation with constant coefficients:

o(0) + () = g

whose general solution is
kt

m
v(t) = k:g +cieTm

and therefore

t Kkt
v = [o) = "L +ae 4o

© Example 3: Solve the initial-value problem using reduction of order:

ylll _ yll — 1
y(0) = 2
y'(0) =8
y”(0) =2

© Example 4: Find a general solution of the equation

22y’ + 22y —1=0, 0<z < o0


http://www.physicsclassroom.com/class/newtlaws/Lesson-3/Free-Fall-and-Air-Resistance
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4.1 Theoretical Discussion

© The general form of a linear differential equation of order n is

an(2)y™ + an_1(2)y™ ™V 4+ .o 4 ay(2)y + ao(x)y = g(x)

where all the functions a;(x) are continuous on an open interval (e, ). The possibilities

a = —oo and B = oo are of course included.
© When g(x) = 0, the equation is called homogeneous.

© We will also assume that a,(x) is not the zero function (otherwise the order of the equation is

n — 1), and hence we may divide the equation by a,(x) to obtain the normal form
Y™ + po1 (@)Y + -+ pu(@)Y + Po(x)y = g(x)

© The general solution of such an equation contains m constants ¢y, ¢z, ..., ¢,, and n initial

conditions are required to determine a unique solution.

Y™ 4+ p_1(2)y"™ Y + oo 4 pi(2)y + po(x)y = q(x)
y(ﬂfo) = Oy
y'(w‘O) =0

y"(mo) = Q2

y "D (m0) = oy
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4.2 The Existence and Uniqueness Theorem

for Linear Equations of Order n

Theorem 4.1: Consider a linear differential equation of order m with m initial conditions:

Y™ + pu 1 (@)Y + o+ pi ()Y + po(x)y = q(x)
y(wo) = Qg
y’(iUO) =0

(4.1)
y"(:co) = Q3

y" ) (x0) = s

where

(a) pi(x) and g(x) are continuous functions on the interval (a,8), 1 =0,1,2,...,n —1;
(b) the point xo belongs to the interval: a < xo < 3;

(c) the values g, a1, a2, ..., a,_1 are arbitrary real numbers.

Then there exists a unique solution ¢(x) of the equation on the entire interval (o, B) that satisfies

all the initial conditions.

© The existence and uniqueness theorem for a general differential equation of order m guarantees
the existence of a solution in some neighborhood (€9 — h, ¢ + h), which may be smaller than
the domain (o, B8) of the coefficients of the equation. The theorem above, however, makes a
stronger assertion: the domain of the solution is identical to the domain of the coefficients of the

equation. The proof of this theorem is beyond the scope of the course and will not be covered.

© Exercise 4.1: On which intervals are solutions of the following equation guaranteed to exist?
x(x — 1)y” + ey’ + x?y = cosx

© Exercise 4.2: What is the unique solution of the following initial-value problem?

y' + 2’y + (x? —1)y=0
y(5) =0
y'(5) =0

Hint: This is a homogeneous linear equation.
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© Exercise 4.3: Suppose that y;(x) is a solution of the equation
Y + @y + (2 — )y =0 (42)
that satisfies
y1(0) =0
y;1(0) =1

and suppose that ya(x) is a second solution of (4.2) that satisfies

y5(0) =0

Prove: if yz(x) is a solution of equation (4.2) that satisfies

y3(0) =1

then necessarily ys(x) = y1(x) + y2(x) for every real x!

© Exercise 4.4: Continuing the preceding exercise, what can you say about a solution y4(x) of
equation (4.2) that satisfies the initial conditions

y4(0) = 15
{y;m) = 32

© Proposition 4.2: If y(x) is a solution of equation (4.2) that satisfies the initial conditions

{y(O) =a
y'(0) =b

then necessarily y(x) = ay;(x) + byz(x) for every real .

4.3 Homogeneous Equations and the Superposition Principle

© As noted above, when the right-hand side of a linear differential equation is zero, the equation is

called a homogeneous equation.
Y™ + pu(2)y™ D + - + pi(2)y + Po(z)y =0

Homogeneous equations have special properties that make them easier to handle.
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© We begin by studying homogeneous linear equations and later proceed to nonhomogeneous linear

equations.

Theorem 4.3: If
yl(w)’ yz(w)a ) yk(m)
is a set of k solutions of the homogeneous equation
Y™ + po1(®)y™ ™ + -+ + pi(x)y’ + po(z)y =0

and ¢1, ¢c3, ..., ¢ are k arbitrary real numbers, then the function

P(x) = c1y1(z) + cay2(x) + - - - + cryr(x)

is also a solution of the homogeneous equation.

Proof: We prove the theorem for a homogeneous equation of order 2:
Y’ + p1(x)y’ + po(x)y =0
The proof of the general case is identical. By assumption,

d(x) = cry1(x) + cay2(x) + -+ - + cryr(x)

Therefore,
¢'(x) = ayi(®)+ cayy(x) + - + ey (x)
¢"(x) = cyi(x) + cayy(®) + -+ + eyl (z)
Therefore,

¢"(x) + p1(x) 9’ (x) + pod(x)
= [y (z) + - -+ + eyl ()] + p1(2) [cry)(z) + -+ - + ey ()]
+ po(z) [cryr () + - - - + cryr ()]
= c1 [y} (x) + p1(x)y](x) + poyr(x)] + - - - + ¢k [y} () + p1(x)yp(x) + Poyr(x)]

=0+---+0=0
We have shown that ¢(x) is also a solution of the homogeneous linear equation. | |

© Every expression of the form

¢(x) = cryi(x) + c2y2(x) + - -+ + crye(x)
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is called a linear combination, also known simply as a combination.
© More explicitly, we say that the function ¢(x) is a linear combination of {y;(x), y2(x), ..., yr(x)}

© Example 5: It is easy to verify that the functions sin x and cos x are solutions of the equation
y'+y=0

By the preceding theorem, we may conclude that for any two real numbers ¢;, ¢z, ¢; sinax +

cz cos x is also a solution of the equation. Is
y(x) = cysinx + cycosx

the general solution of the equation?

We will prove later that the answer is affirmative.

4.3.1 Differential Operators

© 1In the proof of the preceding theorem, we had to restrict ourselves to linear equations of order 2
because the width of a standard page is insufficient for very long linear combinations; the trees
would obscure the forest. Such situations compel us to develop notation that saves many words

and displays the logical structure more compactly.

© For this purpose, the theory of linear operators, together with a suitable algebra, was developed

as part of the foundations of functional analysis. These are mappings between function spaces.

© The basic idea is to regard the symbol % as a mapping that takes a function f(x) as input and

produces a new function f'(x).
d
Z1f@)] = 1'(@)
x

or, more simply,

d ’
LYl =y
© The operators el 1,2,3,..., are defined similarly.
mn
dn
— )
o Y =Y

These operators are sometimes also denoted by D, D™, D, , and D! . Consequently, differential
equations such as
y' =3y +2y=0
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may sometimes also be written in the form

or

(D* = 3D +2)[y] =0
© We may add any two given operators to obtain a new operator L. For example:

d? d

L =
dx3 +d$

We may apply the new operator L as follows:

3

R

*) @] = @)+ @] = (@) + @

We may multiply any operator by an expression p(x) (including constants) to obtain a very

wide variety of operators, such as

3 d? d
Li = — 5—— —2— 7
! dxz3 * dx?2 dzx *
L. — a3 - d? 42 d
27 da3 N dx? dzx
d* d? d? 5 d
L; = — b5x -3 +x°— —4
dx? dx3 dx? dzr

or, in a more readable form,

D2 +5D* —2D + 7
D3 — 2e*D? + 2D
L; = D*—5zD3—3D?+ 22D — 4

SH
N [
Il

© The operator L may also be viewed as a kind of algorithm, or as a sequence of instructions for

performing a series of operations on a given function.

© For example, the operator Lo in the preceding list is equivalent to the following sequence of

instructions:

A. Differentiate the function three times.
B. Add to the result the product of the second derivative and —2e®.

C. Add to the result the product of the first derivative and 2.
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© For example, let us apply the operator Lg to the function y = sinx:

Ls[y] = (D*—5xD3 —3D? + 22D — 4) [y]
= y" — 5zy"” — 3y" + wzy/ — 4y
= sinxz — 5z(—cosxz) — 3(—sinx) + z2cosx — 4sinx
= sinxz + 5xrcosx + 3sinx + x2cosx — 4sinx

(x? + 5x) cosx

© Note that the constant 7 in the operator L; translates into the operation 7y.

Definition 4.1: An operator L is called a linear operator if it has the following two proper-

ties:

A. For any two functions f(x), g(x),

L{f +4g] = L{f] + L[g]

B. For every function f(x) and every real constant c,

Llcf] = cL[f]

© The two requirements may be combined into one: L is a linear operator if and only if for every

pair of functions f(x), g(x) and every pair of real numbers ¢;, c2,

Llci f + cag] = e1L[f] + e2L[g]

The last property is sometimes called the superposition principle.

Definition 4.2: An operator L is called a differential operator if it is a finite sum of operators of

the form p(x) % :

© Example 6: We have already encountered the following three examples of differential operators:

L, D3 +5D%* —2D + 7
L, = D?®—2e*D?+ 2D
L; = D*—5xD®—3D*+ 2D — 4

© As noted above, an operator is a mapping between two function spaces (in fact, vector spaces as
studied in linear algebra). A differential operator is said to be of order mn if the highest-order

derivative that appears in it has order nm. The vector space on which it acts is usually denoted
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by ¢"(a, ), which is the space of all functions that are continuously differentiable n times
on the interval (a, ). The range of the operator is usually the space of piecewise continuous

functions on the interval (o, 3).

Theorem 4.4: Every differential operator is also a linear operator.

Proof: The theorem follows from the fact that a sum of linear operators is a linear operator, and
that every differential operator is a sum of operators of the form p(a:);;—"n . It is therefore enough to

prove that the operator p(x)D¥ is linear. For this purpose, it is enough to prove that

(p(z)D") [f + 9] = p(z) D*[f] + p(x) D*[g]

(p(z)D") [ef] = ¢ p(x) D"[f]
Both statements follow immediately from the properties of the derivative. [ |

We can now give a complete proof of the theorem proved earlier for equations of order 2. We state

it again:

Theorem 4.5: If
yl(w)a y2($)7 ceey yk(aj)
is a set of k solutions of the homogeneous equation
Y™ 4+ pp 1 (2)y" Y 4o+ pi(x)y + po(x)y =0
and ¢y, ¢c3, ..., ¢ are k arbitrary real numbers, then the function

d(x) = cryi(x) + coy2(x) + -+ - + cryr(x)

is also a solution of the homogeneous equation.

Proof: This time, we begin by defining the linear operator
L=D"+pn1(z)D" '+ -+ pi(x)D + po(x)
With this notation, our homogeneous equation becomes much shorter:
Lyl =0

The solution set of the equation is precisely the kernel of the operator L (recall that the kernel of
a linear mapping consists of all vectors that the mapping sends to zero).
The fact that the functions yi(x), y2(x), ..., yr(x) are solutions of the equation may now be
written as

Llyl] =0, L[yl =0, ..., L[y]=0
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To prove that the linear combination

¢(x) = c1y1(z) + c2y2(x) + - - - + cryr(x)

is also a solution, it is enough to prove that L[¢] = 0. But this follows immediately from the fact

that L is a linear operator:

Li¢] = Llayi(x) + c2yz(x) + - -+ + cryr()]
= ca1L[yi(z)] + c2L[y2(x)] + - - - + cuLlyi(x)]
= ¢1+°04+c2:0+4+:--4+¢c,-0=0

© In the language of linear algebra, the assertion of the theorem is equivalent to the familiar fact

that the kernel of a linear operator is a vector subspace of the space €™ (a, ).

© It turns out that there is an interesting relationship between the dimension of the solution space

and the order of the equation: they are equal.

4.4 A Fundamental Set of Solutions for Homogeneous Equations

Definition 4.3: A set of solutions

{y1(z), y2(x), ..., yu(x)}
is called a fundamental set of solutions of the homogeneous equation

Y™ 4+ p_1(2)y™ Y + oo 4 pi(x)y’ + po(x)y =0

if every other solution of the equation is a linear combination of its members.

© Example 7: The set {cosx, sinx} is a fundamental set of solutions of the homogeneous equa-
tion
y/l _|_ y — 0

Proof: Let y(a) be any solution of the homogeneous equation. Set

ca = y(0)
cz = vy'(0)

Define the function

z(x) = cicosx + cysinx
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It is easy to verify that z(zx) is a solution of the initial-value problem

¥ +y=0
y(O) =C
y'(0) = c3

Therefore, by the existence and uniqueness theorem for linear equations of order n,

z(x) = y(x)

that is, y(x) = ¢y cosx + casinx.
In conclusion, every solution of the homogeneous equation is a linear combination of the set

{cosx, sinx}, and hence this is a fundamental set of solutions. [

© In the language of linear algebra, we say that the set {cosx,sinx} is a basis for the solution
space of the homogeneous equation. This is not yet completely precise, however, unless we prove
that it is also a linearly independent set of solutions. In the present case this is clear, and

hence it is indeed a basis.

© The conclusion from the preceding example is that the solution space of the homogeneous equation
y” + y = 0 is a vector space spanned by the basis {cos x,sinx}, and therefore its dimension

is 2, exactly the order of the equation. Is this a coincidence?

© Question: How can we determine whether a given set of functions is a fundamental set of solutions

of a given homogeneous equation?

¢ To avoid being overwhelmed by notation, we focus on a homogeneous equation of order 2:
Y +pi(@)y +po(x)y=0, a<z<p

¢ Let yi1(x) and ya2(x) be two solutions of the equation on the interval (e, 8). The condition
for the set {y1(x), y=2(x)} to be a fundamental set of solutions is that, for every solution

¢(x), we can find constants ¢y, ¢ such that
¢(x) = c1y1(x) + c292(x)

¢ We follow the idea used in the preceding example. Choose a point xg in the interval (a, 3)

and define
{ao = ¢(xo)
oy = ¢'(xo)

and seek a solution of the form

y(z) = cryi(x) + cay2(x)
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for the initial-value problem

Y +pi(@2)y +po(x)y =0, a<z < B
y(a:o) = &g

y'(mo) =

If we can prove the existence of constants ¢;, ce for which y(x) solves this initial-value
problem, then, by the existence and uniqueness theorem for higher-order linear equations, the

solution y(x) must be identical to the solution ¢(x), and our task is complete.

¢ Substituting @ = x¢ into the initial conditions gives a system of two equations in the two
unknowns ¢y, c3:

c1y1(To) + c2y2(zo) = @ (x0)
c1y; (zo) + c2y5(wo) = @' (20)

From linear algebra, we know that the system has a unique solution if and only if its coefficient

determinant is nonzero:

y1(To) y2(xo)
= y1(xo) ;(wo) — Ya2(xo) :,L(wo) #0
v(mo) whlee)| e T Y

¢ Since the point @y was chosen arbitrarily, we may conclude that the set {y1(x), y2(x)} is
a fundamental set of solutions if and only if the determinant is nonzero at every point @ in

the domain:

W (z) = yi(z) y2(x) £ 0, a<z<p

Y1 (x) ()
¢ The function W (x) is called the Wronskian of the set {y1(x), y2(x)}, named after the
Polish mathematician (Jézef Maria Hoene-Wronski, 1776-1853) who first discovered it. It is

sometimes denoted by the expression W [yq, ya] .

yi(z) y2(x)
Wyi, y2](x) =
. yi(@) (@)

© We have thus proved the following theorem.
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Theorem 4.6: Consider a homogeneous linear equation

y" + p1(x)y’ + po(x)y = 0, a<z<p

where po(x) and p;(x) are continuous functions on the interval (a,3). A set of solutions
{y1(x), y2(x)} is a fundamental set if and only if its Wronskian Wy, y2] is nonzero at every
point of the interval (a, ).

© Corollary: If {y;(x), y2(x)} is not a fundamental set, then its Wronskian vanishes identically

throughout the interval (o, ).
Wiy, y2](z) =0, a<zxz<p
© Example 8: The Wronskian of the set {cosx, sinx} is

cosx sinzx
W cos, sin](x) = =cos®’z +sinz =1

—sinx cosx

Therefore, {cosx, sinx} is a fundamental set of solutions of the homogeneous equation y” +
y=0.
© Example 9: The two functions {e*, e *} are solutions of the homogeneous equation
Yy —y=20
Prove that the two-parameter family
T

y(x) = c1e” + cae™

is the general solution of the equation on the entire real line (—oo, 00).

Proof: The Wronskian of the set {e®, e "} is

Wie®, e ®] =

For every real @, we have found that the value of the Wronskian is —2, and therefore, by the
preceding theorem, {e*, e "} is a fundamental set of solutions. Thus, every solution of the
equation y” — y = 0 is a linear combination of {e®, e *},

x

y(x) = c1e” + cae”
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and hence this is the form of the general solution. [ |

© Exercise 4.5: Prove that y() = cix+caxe” is a general solution of the following homogeneous

equation on the ray (0, 00):

x+ 2 x+ 2
o * Yy + _'; y=20
x

© The second natural question is: Does every normalized homogeneous equation have a fundamental
set of solutions?
The preceding theorem provides a method for determining whether a set of solutions is funda-
mental, but it does not guarantee that such a set exists! The following theorem answers this
question affirmatively (for the time being, for equations of order 2; later we will encounter a

more general theorem).

Theorem 4.7: Every normalized homogeneous linear equation

Yy’ + pi(x)y’ + po(z)y = 0, a<z<p

has a fundamental set of solutions.

Proof: Let xo be any point in the interval (e, 8). By the existence and uniqueness theorem for

linear equations, there exists a solution y;(x) of the initial-value problem

y" + p1(2)y’ + po(x)y = 0, a<z<p
y(wo) =1
Y (x9) =0

and there exists a solution ya(x) of the initial-value problem

y" + p1(x)y’ + po(x)y = 0, a<z<p
y(wo) =0
Y'(xo) =1

We prove that the set of solutions {y1(x), y2(x)} is fundamental using the Wronskian test. For

this purpose, it is enough to evaluate the Wronskian only at the point ag:

10
01

y1(xo) Yya2(xo)
yi (o) y;(wo)

W ly1, y2](x0) =

Since the Wronskian is nonzero at @ = xo, it follows that {y;(x), y2(x)} is a fundamental set. B

© The proof for n = 2 makes clear how the proof works for equations of order n = 3 and higher.
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© In the language of linear algebra, a fundamental set is also called a spanning set, and sometimes
a generating set. Thus, in different contexts, we may say that the set {yi(x), y2(x)} spans

all the solutions of the equation, or that the solution space of the equation is spanned by the
set {y1(z), ya(x)}.

© The theorem does not address whether there is only one such set or more than one. Clearly, if

there is one fundamental set, infinitely many other fundamental sets can be generated from it
(how?).

© The theorem also does not address the size of the set. It guarantees the existence of a set of size
2 (for an equation of order 2). Tt is very easy, however, to construct fundamental sets containing
three or more functions: Simply begin with a fundamental set of two functions and add any
collection of functions we wish (the first two functions already span all the solutions, and the

additional functions may be multiplied by zeros).

© Another question that may arise for second-order equations is: Can a fundamental set of solutions
contain only one function? In this case, it is easy to prove that for every solution y;(x) of a
homogeneous linear equation of order 2, one can find a solution ys(x) that is not a multiple of

y1(x) by cooking up* suitable initial conditions.

© A minimal fundamental set (a minimal spanning set) is called a basis. For an equation of order

2, a basis always has size 2, and therefore the dimension of the solution space is 2.

© Linear Dependence and Independence: Another important concept from linear algebra that
is relevant here is linear dependence. A set of solutions {y1(x), y2(x), ..., yr(x)} is called

linearly dependent if there are constants ¢;, not all zero, such that

ca1y1(x) + ceya2(x) + - - - 4+ cryr(x) =0

Equivalently, a set of solutions {y;(x), y2(x), ..., yr(x)} is linearly dependent if at least

one member of the set is a linear combination of the others.

© The preceding discussion readily yields the following theorem. To avoid confusion and errors,

note that the theorem concerns only solutions of a homogeneous linear equation!

Theorem 4.8: A set of solutions {y1(x), y2(x), ..., yn(x)} of a homogeneous linear equation

of order n

A. is a basis for the solution space of the equation if and only if its Wronskian is nonzero at some point

in the domain.

B. If the Wronskian vanishes at some point, then the set is linearly dependent (and therefore is not a

basis for the solution space).
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© We have thus obtained a simple test for determining linear dependence or independence for a set

of solutions of a homogeneous equation.

{vyi(x), ya2(x), ..., yu(x)}

It is enough to find one point xo in the domain of existence at which the Wronskian is nonzero
in order to determine that the set is linearly independent. If the Wronskian W {yi, Y2y ..« Yn]

vanishes at a point xg, then the set is linearly dependent.

© We emphasize again that this test works only for sets of solutions of homogeneous equations! For
arbitrary functions, the Wronskian is of little use. For example, it is easy to see that the following

two functions are linearly independent, although their Wronskian vanishes on the entire real line:

(@) 0, =<0 (@) x?, <0
ynilx) = Ya2() =
! 2, >0 2 0, x>0

© At this point, we are assured that every homogeneous linear equation has a fundamental set of
solutions, but we still have no methods for finding one. In the following sections, we will learn

methods for finding solutions.

4.5 Finding a Solution by Reduction of Order

© Given one solution of a homogeneous linear equation, a second, linearly independent solution can

be found by reducing the order of the equation. We begin with an example.

© Example 10: Tt is easy to verify that y;(x) = e™* is a solution of the equation
yll + zy/ _|_ y — 0

Idea: Analogously to the integrating-factor idea encountered in two earlier cases, we try to find

a second solution that is the product of the first solution and a function v():
Y2(z) = v(z)y1 ()
(one can always try; in the worst case, the attempt fails and we move on to the next idea)

Y, = vy +oy;
Yy = vy +20'y] +oyy
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After substituting into the equation,

y" + p1(x)y’ + p2(x)y =0

we obtain

v[yy + p1(®)y) + p2(w)ya] + v [2y; + pa(T)ys] + 0"y = 0
The first expression vanishes because y; is a solution of the homogeneous equation, leaving

v'[2y) + pi(x)ya] + vy =0

and after normalization,
’/

v + lpl(w) + 2%] vV=0
Y1

The reduction of order occurs after the substitution v = v’:

/

u + lpl(w) + 2y1] u=20

Y1

This is a homogeneous linear equation of order 1 in the variable w.

© In our example, p;(x) + 23—3 = 0, and we obtain the very simple equation
u' =0

It follows easily that v(x) = @, and hence ya(x) = xe " . It is easy to verify that {e~ ", xze "}

is a fundamental set of solutions, and therefore the general solution is a;e™® + asxe™".

© Of course, the general solution for v(x) is of no interest to us. We need only one instance

(preferably as simple as possible).

© Example 11: It is given that y;(x) = 2 is a solution of the equation
z?y”" +3zy +y=0

Find the general solution.
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4.6 Abel’s Formula (Niels Henrik Abel, 1802-1829)

Theorem 4.9: (Abel’s formula)
If

{yl(m)’ y2(w)’ 200G yn(w)}

are m solutions of the homogeneous linear equation of order n,

then their Wronskian satisfies

Y1 () Y2(x) ... wn(®)

Yy () yp(x) ...y ()

y @)y (x) ...y (@)

Y™ 4 pp_1(2)y™ D + oo 4 pi(x)y’ + po(x)y =0

W(x) = = Ke /Pn-1(@)de

for some real constant K . When the set is not fundamental (is linearly dependent), K = 0.

Proof: We prove the theorem for order n = 2. Let {yi(x), y2(x)} be two solutions of the

equation. That is,
Yy + pi()y; + po(T)y1
Yy + p1(x)yy + po(T)y: =

Multiply the first equation by g2 and the second equation by v .

Y2yy + pl(m)?hyi + po(x)y2y1 = O
Y19y + p1(x)y1yh + po(z)y1y2 = 0

Subtracting the second equation from the first gives
(Y195 — Y2yy) + p1(x) (y195 — Y2y;) =0
Recall that the Wronskian for n = 2 is
W(z) = yly; - y2y11

and therefore

W'(x) = y1yy — Y295
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Looking again at equation (4.3), we see that it is a differential equation for the Wronskian W :
W'(x) 4+ p1(z)W(x) =0

This is in fact a first-order separable equation. Separating variables gives the formula

— = —pi(x)dz

and therefore

InW(zx) = —/pl(a:)da:

and therefore

W(x) = Ke /P1@4de (4.4)

The constant K may be computed by substituting any point g in the domain into the vector

definition of W (x). [

© Abel’s formula is sometimes written in the form

W(x) = W(xg)e Joo Pr—1 ()t (4.5)

where xg is any point in the domain of existence of the equation. This formula is useful only

when W (xg) can be computed easily from the determinant, or for theoretical purposes.

© For various applications, it is also useful to remember the differential equation preceding Abel’s

formula in the general case:

W' (z)
W ()

= —pn-1(x) (4.6)

© Inspection of formula (4.4) provides further confirmation of the fact that either W (x) = 0 for
every a < & < B, or W(x) # 0 for every a < « < B, where (a, ) is the domain of

existence of the equation. The first case occurs when K = 0, and the second when K # 0.

© A second conclusion from Abel’s formula is that the Wronskian is essentially the same for every

fundamental set, up to multiplication by a constant.

© For n = 2, the Wronskian of two solutions y1 (), ya2(x) recalls the numerator in the derivative
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yz2(z) .

formula for the quotient of the functions @)

L3 [yz(“’)] _ ni(@yh(@) —yi(@)ya(z) _ W(a) _ Ke Ira@d
dz |y () yi(x)? y1(x)? yi(x)?

Thus, if one solution y;(x) of the equation is known, we can find the second solution ya(x)

from the equality

-

ya2(x) B M
yl(w) - f yl(zc)2

e [ pn-1(z)dz
Y2(z) = y1(x) f O (4.7)

that is,

and therefore

© Abel’s formula now enables us to proceed and solve homogeneous linear equations with constant

coeflicients.

4.7 Solving Homogeneous Linear Equations

with Constant Coeflicients

© In this section, we focus on a homogeneous linear equation of order n with constant coefficients:

any™ + an 1y Y+ +ary +ay =0 (4.8)
where a;, 0 < 1 < n, are real constants.

© By the existence and uniqueness theorem for linear equations, the domain of existence of every

solution of the equation is the entire real line R.

© Definition: The polynomial
P(r) =a,r" + An 1" 1+ -+ ar + ag

is called the characteristic polynomial of equation (4.8).

© If r; is a real root of the characteristic polynomial, then it can be factored into two factors:

P(r) = Q(r)(r — 1)
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where Q(r) is a real polynomial of degree n — 1.

© If we consider the operator form of the equation,
P(D)[y] = Q(D)(D — m1)[y] = Q(D)[(D — ro)[y]] =0
the solution of the linear equation
(D—r)yl=9y' —riy=0

is c1e™® (as is easily verified).

© Thus, the real roots {ry, ra, ..., T} of the characteristic polynomial P(r) correspond to the

solutions

{67‘1:1:, e’!’z:lt, e erkw}

which a simple Wronskian calculation (at the point @ = 0) shows to be linearly independent.

Reminder: A common exercise in linear algebra is the Vandermonde determinant:

1 1 1
1 T2 Tn
2 2 2 | _ R
rs rZ ... 2 =] —r)
1<J
n—1 n—1 n—1
LS Ty LS

The proof is by induction.

© The difficulty is that the number of real roots may be less than mn, and we will therefore need to

find additional solutions in order to obtain a fundamental set of solutions.

© From our previous familiarity with this type of equation, we know that fundamental solutions

usually have forms such as €™, sinrx, and cosrx.

© A second way to prove the last result is simply to substitute y(x) = €"® into the differential

equation:
y(z) = e
(@) = re”
yll(a:) — ,I,Zerm
y(n)(w) — e’
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and therefore

any™ 4+ an_1y™ D+t ary +aoy = (anr™ 4 an—1r" "+ -+ air +ag)e™

= 0
© Example 12: Find a general solution of
y" -5y +6y=0

Solution: The characteristic polynomial here is 72 — 57 + 6 = 0. The roots of the polynomial
are {2, 3}, and hence we obtain the fundamental set of solutions {e**, e3*}. Therefore, the

general solution of the equation is
y(x) = c1* + cye3”

© By the fundamental theorem of algebra, the characteristic polynomial P(r) (which has degree
n ) has n roots, some of which may be repeated and some complex (the complex roots may also

be repeated!). We examine each case separately.

© Real Roots, All of Multiplicity 1: If all the roots are distinct and real, {ry, ra, ..., 7.}, then

we obtain a fundamental set of solutions {e™*, e™*, ..., e™*} and we are done.

© A Complex Root of Multiplicity 1: If one of the roots is complex, » = s+14t, then its conjugate
r = s — it also appears in the list. It can be verified that the functions e*T% and e®*~® are also
solutions of the equation, but they are complex-valued functions. We can, however, obtain from

them two linearly independent real solutions by taking the following linear combinations:

e costr = 3 [es“t + es_’t}
esintr = {es"'it — es_“]

A Wronskian calculation verifies that these two solutions are linearly independent.

© A Real Root of Multiplicity k& Greater Than 1: If r; is a root of multiplicity k, then the

characteristic polynomial P(r) can be factored as follows:
P(r) = (r —r)"Q(r)

where Q(r) is a polynomial of degree n—k, but 71 is not a root of Q(r) (that is, Q(r1) # 0).

The root 71 corresponds to k distinct (and linearly independent) solutions:

{erlm, merlm, ey wk—lerlaz}
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To prove this assertion, denote our equation by L[y] = 0. It is easy to see that for every real r,
L[e™] = e"P(r) = &(r — 11)*Q(r)
Differentiating both sides with respect to the variable r, we obtain

L[ze™] = ze™(r —r)*Q(r) + e™ [k(r —7r)*1Q(r) + (r — 'rl)’“Q’(a:)]
= e [z(r —r)*Q(r) + k(r — r)*'Q(r) + (r — 11)*Q'(2)]
Substituting » = 7, gives L[xe™] = 0. Thus, y(x) = xe™ is a solution of the equation.

Similarly, if we continue differentiating the last equality with respect to the variable r, we find
that all the functions in the set

{e"?®, xe™®, ..., wk_le”w}

are solutions of our equation.

© A Complex Root of Multiplicity £ Greater Than 1: Because the coefficients of the equation
are real, every such root s 4+ ¢t is accompanied by its conjugate s — ¢t. Exactly as before, we

prove that the set
{e(s:I:it):c, me(s:l:it)m, ey mk—le(s:l:it)a:}

is a fundamental set of 2k solutions. From it, we can extract 2k real solutions:

e’* costx, e’ sintx,
xe’” costx, xe®” sin tx,
x2e’® cos tx, x2e*® sin tx,

xFle’® costx, xF le’®sintx
© Example 13: Find a general solution of
y" — 6y +9y =
Solution: The characteristic polynomial of the equation is P(r) = (r — 3)2. There is a

single root 7 = 3 of multiplicity 2. Therefore, by the result obtained above, {e3®, ze3*} is a

fundamental set of solutions, and hence the general solution is

y(x) = c1€® + coxe’®
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© Example 14: Similarly, we prove that {e*, xe®, x?e®} is a fundamental set of solutions of the
equation

y/// _ 3yll + 3yl _ y — O

© Example 15: Find a general solution of
y" — 6y” +13y" = 0
Solution: The equation here is of fourth order. The characteristic polynomial
P(r) = r* — 6r® + 13r% = r?(r? — 67 + 13)

has a real root r = 0 of multiplicity 2 and two complex roots r = 3 & 2¢ of multiplicity 1.
Therefore, our fundamental set is

{1, =, €**cos2x, e**sin2x}

and hence the general solution of the equation is
y(x) = c1 + cax + c3e®® cos 2x + c4e®” sin 2x
© Example 16: Find a general solution of
vy +2y"+y=0
Solution: The characteristic polynomial
Piry=r*+2r+1=(r*4+1)2 = (r —i)*(r +1)?
has two complex roots of multiplicity 2: 7y = 2, ro = —t. Therefore, our fundamental set this
time is
{cosx, xcosx, sinxz, xsinz}

Thus, the general solution is
y(x) = cycosx + caxcosx + czsinx + cyx sinx
© Example 17: Find a general solution of

y”/,“l_y — O
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Solution: The characteristic polynomial

P(r)y=r*+1

Using the formula e% = cos 8 + i sin @, we obtain the following four roots:

— V2 | V2, : — —
'rl—7+ 1, T3 = T4 = —

V2 — V2 _ V2
2 by T2 = 7

Vv | V3,
2 2 Teb

w[S
e[S

Therefore, our fundamental set is
V2 2 V2 V2

vz . _V2 V2, .
{ezmcosfac, ezx51n72w, e 2“”00572:1:, e 2$sm§w}

and the general solution is, as usual, a linear combination of these four functions.

4.8 Nonhomogeneous Equations

Theorem 4.10: If y1(x) and y2(x) are two solutions of a linear differential equation

Y™ + pri ()Y + -+ pu(@)Y + po(z)y = g(x)

then the difference yn(x) = y1(x) — ya2(x) is a solution of the homogeneous equation

Y™ + p_1(2)y™ D + oo 4 pi(x)y’ + po(x)y =0

Proof: We use operator notation:

Lly] = y™ 4+ poi(@)y™™ + -+ - + pi(2)y + po(z)y

By the superposition principle,

Llyn(z)] = L[yi(x) — y2(x)]
Lly:(x)] — Lyz(z)]
= q(xz) —q(x) =0

We have therefore shown that the difference yp(x) = y1(x) —y2(x) is a solution of the homogeneous

equation. [
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The following theorem is an immediate consequence of this result.

Theorem 4.11: If a particular solution y,(x) of the nonhomogeneous equation is known,

Y™ + po1(2)y" ™ 4 -+ pi()Y + Po(x)y = q(x)
and if the general solution of the homogeneous equation

y™ 4+ pp_1(2)y™ ) + - + pi(2)y + po(x)y =0

C1Y1 (:E) + c2y2(m) S 080 o cnyn(m)

then the general solution of the nonhomogeneous equation is

Yp(z) + cryr (@) + c2y2(x) + -+ - + cryn()

Proof: We again use operator notation:
Lly] = y™ + pu-1(2)y™ ™V + - + pi(2)y’ + po(2)y
The nonhomogeneous equation may be written as
Lly] = q(x)

and the homogeneous equation as
Lly] =0

Suppose that a particular solution y,(x) of the nonhomogeneous equation is known.
Lly,(z)] = q(x)

Let y(x) be any solution of the nonhomogeneous equation.
Lly(z)] = q(x)

By the preceding theorem, y(x) — y,(x) is a solution of the homogeneous equation, and hence

there are constants ¢, ¢, ..., ¢, such that
y(x) — yp(x) = crys(x) + coya(x) + - -+ + cayn(x)

and therefore

y(x) = yp(x) + c1y1(x) + c2ya(x) + - - - + cryn(x)
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© The meaning of the last theorem is that, in order to solve a nonhomogeneous differential equation,

we need one particular solution and the general solution of the homogeneous equation.

© Example 18: Find the general solution of the nonhomogeneous equation
y' +y =3z

by guessing a particular solution.
Solution: It is easy to guess that y,(x) = 3x is a particular solution of the equation. From

the preceding sections, we know that the general solution of the homogeneous equation
y// + y — 0

is

cicosx + cysinx

Therefore, the general solution of the nonhomogeneous equation is
y(x) =3z 4+ cicosx + cpsin

© Another tool that can help solve nonhomogeneous equations is the superposition principle: If the

nonhomogeneous term q(x) can be decomposed as
a(x) = q1(x) + q2(x) + - - + qi(®)

and if y,, is a particular solution of
Lly] = qi(x)

then the sum

Yp(x) = Yp, (T) + Yp,(x) + -+ - + yp, ()

is a solution of
Lly] = q(=x)

© Example 19: Find a general solution of the nonhomogeneous equation
" 3 . x
Y —|—y:1—|—a:—|—Zsm§ (4.9)

Solution: By the superposition principle, it is enough to find three particular solutions of the
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following equations:

(1) y'+y=1
(2) YV'+y==

3 x
3 " = —sin —
(3) y'ty=sing
It is easy to guess three suitable particular solutions:
(1) ypl (213) =1
(2) Yps(T) =

.

g Ypu () = sin ©

Therefore, a particular solution of the nonhomogeneous equation (4.9) is
. T
Yp(x) = Yp, (&) + Yp, (T) + Yps () = 1 + x + sin 9

and hence the general solution of the nonhomogeneous equation (4.9) is

T
y(x) = 1—|—m+sin§+clcosm—|—c2sinm

4.8.1 The Method of Undetermined Coefficients

© It turns out that guessing a particular solution for nonhomogeneous equations with constant
coefficients is straightforward in typical cases.
© Let
Lly] = y™ + an g™ + -+ + a1y’ + aoy = q()

The following table gives the form of the appropriate particular-solution ansatz for the term
g(x). Of course, one must substitute y,(x) into the nonhomogeneous equation and determine

the appropriate coefficients.

© Samy Zafrany (mail@samyzaf.com) version: 17.09.2026.a https://samyzaf.com E
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q(x) Yp()

1| Ao+ A1z + Axz® + -+ - + A, x™ x*(By + Bix + Bax? + - - - + B,,x™)

2 | (Ao + A1z + Asx? + -+ + Ayz™)e®® | ¥ (Bo + Bix + Box? + - -+ + Bx™)e®®

3| (Ao+ Az +---+ Apx™)e* cos Bx wk[(Bo 4+ Bix + -+ + Bpz™)e*" cos Bx

+(Co + Biz + - - - + Cpx™)e** sin Bz|

4| (Ao + A1z + -+ 4+ Apx™)e*® sin B wk[(BO 4+ Bix + -+ + Bpx™)e** cos Bx

+(Co + Crx + -+ - + Cppyz™) e sin S|

Table 4.1: Form of the particular-solution ansatz
Associate a pair of constants a, 8 with each row of the table. The constant a corresponds to
the factor e®®, and the constant B corresponds to the factor cos Ba or sin Bx.

In row 1 of the table, &« = 0, 8 = 0, and therefore row 1 is actually a special case of row 3 (if

we substitute &« = 0, 8 = 0 into row 3, we obtain row 1).
In row 2 of the table, 8 = 0, and therefore row 2 is actually a special case of row 3.

The first two rows could therefore be omitted from the table, but they are customarily included

for convenience.

The rule for determining k:
If » = a4 B is a root of the characteristic polynomial, then k is the algebraic multiplicity of
r. Otherwise, k = 0.

It is preferable to use rows 3 and 4, but when using row 1, remember that &« = 0, 8 = 0 in
that row, and hence » = 0+ 02z = 0. Thus, if » = 0 is a root of the characteristic polynomial,

then k is its algebraic multiplicity; otherwise, k = 0.

When using row 2, remember that 8 = 0 in that row, and therefore
r=oa-+0=«

Thus, if » = a is a root of the characteristic polynomial, then k is its algebraic multiplicity;

otherwise, k = 0.

Example 20: Find a general solution of the equation

v +ty==
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Solution: In this case, clearly kK = 0, because r = 0 is not a root of the characteristic

polynomial 72 + 1 = 0. Therefore, the form of the particular solution here is
Yp(x) = Ax? + Bx + C
Substituting y,(x) into the nonhomogeneous equation gives
y, () + yp(z) = Azx? + Bz + (C + 2A)

and therefore
A=1

B=0
C+2A=0

and therefore

=1
0
= —2

A
B
C
We have obtained the following particular solution of the nonhomogeneous equation:

Yp(x) = x? —2

It is advisable to verify that this is indeed a particular solution of the nonhomogeneous equation
by substituting it into the equation. The general solution of the nonhomogeneous equation is
therefore

y(x) =x®> —2+ cycosT + cysinx
© Example 21: Find a general solution of the equation

" x

v —y=e

Solution: We use row 3 of the table: ¢ = 1, 8 = 0. r = a + Bt = 1 is a root of the
characteristic polynomial 72 — 1 = 0, and therefore, according to the table, the form of the
particular solution is

Yp(x) = Axe”
because y = e* is a solution of the homogeneous equation.
y,(x) = Ae®+ Azxe” = A(z + 1)e”

y,(z) = A(x+2)e”
Y, (z) —yp(z) = 2Ae" =e"
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Thus, A = %, and therefore the particular solution is

1
x) = —xe”
yp( ) 5
The general solution of the homogeneous equation y” —y = 0 is

y(x) = c1e” + cae™®

Hence, the general solution of the nonhomogeneous equation is

1 X xr —X
y(x) = 5&36 4+ c1e” + cse

© Example 22: Find a general solution of the equation

y" —4y =x+3cosx + e **

Solution: To guess a particular solution of the nonhomogeneous equation, it is useful to begin

with the general solution of the homogeneous equation.
y/// _ 4y/ — 0

The roots of the characteristic polynomial 72 — 4r = 0 are r = 0, —2, 2, and therefore the

general solution is

y(x) = c1x + cae™* + cze”

Next, we guess particular solutions of the following three nonhomogeneous equations:

1) Y 4y =

(2) y" — 4y’ = 3cosx
(3) ym _ 4y/ — e—Za:
Equation 1:

The appropriate row of the table is row 1. In the present case, we must take kK = 1 because

% = 1 is a solution of the homogeneous equation. Therefore, the ansatz is

yp(x) = ' (Az + B) = Az? + Bz


https://samyzaf.com

134 4.8 Nonhomogeneous Equations

Substitute into equation (1):

y,(z) = 2Az + B

y, () =2A
y;”(w) =0

y, (x) —4y,(z) = 8Ar —4B ==

Thus, A = —%, B = 0, and we obtain

1
Yp: (33) = _ng

Equation 2:
The appropriate row of the table is row 3 (a« =0, 8 = 1). Since

r=a+pit=1

is not a root of the characteristic polynomial, we take k = 0, and therefore the form of the
particular solution is

Yp(x) = Acosx + Bsinx
Substitute into equation (2):
y,(x) = —Asinz + Bcosz

y,(x) = —Acosz — Bsinz

y,'(x) = Asinz — Bceosz

y, (x) — 4y, (z) = 5Asinz — 5B cosz = 3cosx

Thus, A =0, B = —%, and we obtain

Yp, () = — sin x

Equation 3:
In this case, » = —2 is a root of the characteristic polynomial of multiplicity & = 1, and
therefore the form of the particular solution is

2x

yp(@) = Aze™
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Substitute into equation (3):

y, () = Ae ™ — 2Aze™ = A(1 — 2z)e™*"
yy(xz) = —2Ae™?* —2A(1 — 2z)e > = A(—4 + 4x)e >
yy'(x) = 4Ae”* — 2A(—4 +4z)e ?* = A(12 — 8x)e >

y'(z) — 4y () = 8Ae ™ = e~

Thus, A = —%, and we obtain
1 _
Yps (w) = _ge

By the superposition principle, a solution of the nonhomogeneous equation

2x

y"” —4y =x +3cosxz + e **
is
Yp(T) = Yp, (&) + Yp, (x) + Yps ()
1 9 3 . 1 o
= ——x“— —sinx — —e
8 5 8
and hence the general solution is
1 3 1
y(x) = —ga:2 — 5 sinxz — ge_zm + 1 + cae 2 4 cze?®

© Example 23: Find a general solution of the equation
y@ —y" —y" + o = xsinz
Solution: We begin by finding the general solution of the homogeneous equation:
y @~y —y" +y =0
Characteristic polynomial:

rf—r3—r24r = P(r—1)—r(r—1)
(r* —r)(r —1)

r(r? —1)(r — 1)

r(r —1)%(r +1)

Roots: » =0,—1,1,1
General solution:

y(x) = c1 + c2e™® + c3e” + cyxe”
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We use row 4 of the table. In our case, g(x) = xsinx, and hence a =0, =1, r = a +
Bt = i. Since r = ¢ is not a root of the characteristic polynomial, we take k = 0, and therefore,
according to row 4 of the table, the form of the particular solution of the nonhomogeneous equation
is

yp(x) = (Az + B) cosz + (Cx + D) sinx

The first four derivatives of y, () must be computed:

y,(x) = Acosz — (Az + B)sinz + Csinz + (Cz + D) cosz
= (A4+ D+ Czx)cosx+ (C — B — Ax)sinx
yg(a:) = Ccosz— (A+ D+ Cx)sinx — Asinxz + (C — B — Ax)cosx
= (2C — B — Az)cosz — (2A+ D + Cx)sinz
y, () = —Acosz — (2C — B — Azx)sinz — Csinz — (2A + D + Cz)cosz
— —(3A+D+Cz)cosz — (3C — B — Az)sinz
yl(f)(:c) = —Ccosz+ (3A+ D + Cx)sinx + Asinx — (3C — B — Ax) cosx

= (Axz+ B —4C)cosxz + (Cx + 4A + D)sinx

Substitute y,(x) into the nonhomogeneous equation to obtain

n

y — vy — vy Y, =
(83A—6C + D)cosxz + (2A+ 2C)x cosx
4+ (6A — 2B 4+ 4C 4 2D)sinx + (—2A + 2C)xsinx

= xsinx

We obtain a linear system of four equations in four unknowns:

4A+2B —-6C +2D =0

2A+2C =0
6A —2B +4C +2D =0
—2A+2C =1
whose solution is
1 1 1 3
A:——, B:—, C:f, D = —
4 2 4 4
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and therefore
Yp(x) = (Ax+ B)cosz + (Cx + D)sinzx

_ z 1 :c+3 .
= 4—|—2 cosx + 1 1 sin x

The general solution of the nonhomogeneous equation
y(4) _ y/// _ y// 4 y/ — rsina

is
x

()= (-2 + 2 + (24 3) sine + e1 + cre® + exe® + came®
y(x) = R cos T YR sinx 4+ ¢; + cxe cse caze

© Programming Corner: Programmers can easily verify that y,(x) is a solution of the nonhomo-

geneous equation using SymPy (Python):
http://live.sympy.org
(otherwise, a manual check may consume a great deal of time and ink and is also prone to errors)
from sympy import *

x = Symbol("x")
yp = (-x/4 + 1/2)*cos(x) + (x/4 + 3/4)*sin(x)

ypl = diff(yp, x)
yp2 = diff(ypl, x)
yp3 = diff(yp2, x)
yp4 = diff(yp3, x)

simplify(yp4 - yp3 - yp2 + ypl)

(copy and paste the code into the window in SymPy)

© Exercise 4.6: Find a general solution of the equation

T

y(4) _ y/// _ y// 4 y/ —e

- 2 p—
Final Answer: y(x) = Ze” + 1+ e + cze” + cyre”

4.8.2 The Method of Variation of Parameters

© So far, we have studied linear differential equations with constant coefficients. The method of
variation of parameters is intended for solving nonhomogeneous linear equations with variable

coefficients
y™ 4 p, 1 ()Y 4o pi ()Y 4 po(x)y = q(x)

© Samy Zafrany (mail@samyzaf.com) version: 17.09.2026.a https://samyzaf.com E
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when the general solution of the homogeneous equation is known.
Y™ + poa(@)y™ "V + -+ pi(x)y’ + po(z)y =0
© Suppose that the general solution of the homogeneous equation is known:
y(x) = crya(@) + coy2(x) + - - - + cayn(®)

© The method of variation of parameters assumes that the nonhomogeneous equation has a partic-

ular solution of the form

Yp(z) = c1(2)y1(®) + c2(2)y2(x) + - - - + ca(@)yn (@)

where ¢1(z), ca2(x), ..., co(x) are n functions to be determined (hence the name of the

method: the parameters ¢;, ..., ¢, become variable coefficients).

© We illustrate the method with a second-order equation:

Lly] = y" + p1(x)y’ + po(x)y = q(x)

Suppose that we have the general solution y(x) = ci1y1(x) + cay2(x) of the homogeneous
equation
Lly] = y" + pi(z)y’ + po(x)y = 0

We seek a particular solution of the form
Yp(z) = c1(2)y1 () + c2()y2(z)
© The derivative of y,(x) is
y,(x) = ¢ (@)yi(z) + cr1(@)yy(x) + ey (z)y2(x) + ca(x)yy(2)

© The considerable freedom in choosing ¢;() and ca(x) allows us to impose the additional

constraint
ci(2)yi(x) + cy(x)y2(z) =0

and therefore we may write

Yp(@) = c1(@)y (@) + c2(2)yy(2)
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© The second derivative of y,(x) is
Y, (@) = i (2)yy(v) + ()Y, () + ca(®)y] (%) + ca(T)yy (2)

© Substitute y,, y}’) , and yl’; into the nonhomogeneous equation:

y, + pi1(x)y, + po(x)yp
= (cly; + chyy + ) + c2yl)) + pi(cry; + c2yy) + Po(cayr + c2y2)
= c1(yy + p1yy + Poy1) + c2(y; + Pry] + Poy2) + ¢ y; + Ly
=c1-0+c2- 04 cly; + vy
=y + Y,

= q(x)

© In summary, we have obtained the following system:

{C’l(fv)yl(w) + cy(z)y2(x) =0
ci (2)yy(z) + cy(x)y,(z) = q(x)

By Cramer’s rule for solving systems of linear equations,

0 y2(x)
¢ (z) = a(@) y(x)| _ —ya(x)q(x)
' yi(x) ya(z) W (z)
Y, (z) yi(x)
yi(x) O
)~ @) 1@ w@a@)
: yi(x) ya(z) W (z)

UACINRTAC)
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V]

We have obtained simple formulas for computing the derivatives ¢} (x) and c,(x):

, —y2(x)q(x)
c; () W
¢ (x) y1(x)q(x)

2 W (z)

Simple integration, of course, gives ¢1(x) and ca(x).
Similar formulas are obtained for equations of order 3 and higher.

Division by the Wronskian W (z) has no effect on the domain of existence of the solutions because
we are given that {yi1(x),y2(x)} is a linearly independent set, and hence the Wronskian does

not vanish on the domain of existence of the equation (a, 3).

Example 24: Find a general solution of the equation
" T
Yy +y=tanz, O0<zx< 5)
Solution: First, note that although the coefficients of the equation are constant, the equation
cannot be solved by the method of undetermined coefficients. Recall that the general solution of
the homogeneous equation y” +y = 0 is
y(x) = cy1cosx + casinx
Therefore, the form of the particular solution of the nonhomogeneous equation is

Yp(x) = c1(x) cosx + co(x) sinzx

We must solve the system

{cosw -cj(x) +sinz - cy(x) =0

—sinx - ¢ (x) + cosx - ¢, (x) = tanz
We use Cramer’s rule to solve the system of linear equations:

0 sin x

, tanx cosx —sinx -tanx
ci(x) = = = —sinx - tanx
cosx sinx 1

—sinx cosx
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cosT 0
, —sinx tanx cosx -tanx .
cy(x) = = =sinx
i 1
cosx sinx
—sinxz cosx
Clearly, ca(x) = — cosx. To obtain ¢;(x), we must evaluate the integral
. sin’ &
ci(x) = —sinzx - tanx dox = — x
cosx
2
cos“x —1 1
= ——dx = cosx — dx
cosx cosx
. cosx . cos x dx
= sinx — de =sine — [ ————
cos?x 1 —sin“x
. 1 1+ sinx
= sine — —In——
2 1-—sinzx
Therefore,
. 1 1+4sinz .
Yp(x) = (sinz — —-Iln—F—— |cosx —cosx-sinx
2 1-—sinx

1 1+ sinx

= ——cosz-In
2

1 —sinx

and hence the general solution of the nonhomogeneous equation is

y(x) = —cosx In

1+ sinx

1 —sinx

+ cicosx + casinx

© Programming Corner: Programmers can easily verify that y,(x) is a solution of the nonhomo-

geneous equation using SymPy (Python):

http://live.sympy.org

(otherwise, a manual check may consume a great deal of time and ink and is also prone to errors)

from sympy import *
x = Symbol("x")
yp = -0.5%cos(x) * 1ln((1+sin(x))/(1-sin(x)))

ypl = diff(yp, x)
yp2

simplify(yp + yp2)

diff(ypl, x)

Copy and paste the code into the window in SymPy
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© In exactly the same way, we can find a particular solution of a third-order nonhomogeneous linear
differential equation:
y" + p2(2)y” + p1(x)y + po(x)y = q(x)

If the general solution of the homogeneous equation
y" 4 p2(x)y” + p1(x)y’ + po(x)y =0

is known,
y(x) = c1ya(z) + cay2(x) + cays(x)

then the particular solution of the nonhomogeneous equation has the form

yp(z) = cr(z)ys(x) + c2(x)y2(x) + cs(x)ys(x)
After differentiating and imposing two additional constraints, we obtain the system

cy(@)y1(w) + c4(z)ya2(T) + c5(x)ys(z) =0
cy @)y (x) + ey (@)Y, () + ¢ (x)yz(x) =0
(@)Yl () + ey (®)yy (%) + c5(T)ys (z) = q(w)

Using Cramer’s rule, we obtain appropriate formulas for €| (x), cj(x), and cj(x). For example,

the formula for ¢} (x) is

0  y2(z) ys(x)
0 yi(z) yi(x)
q(z) yy(z) yi(x) _ 9(@)[y2(2)y5(®) — ys(®)y; ()]
n(@) ya(z) ys(x) W(=z)
yi(z) yh(z) yi(x)
vy (z) y3(z) y5(z)

ci (@) =

© Exercise 4.7: Find a general solution of the equation

Guidance: The problem can be solved by the method of undetermined coefficients or by a simple
reduction of order (v = y’). Nevertheless, it is advisable to solve the exercise in order to practice

variation of parameters. The final result should be

2
T
y(x) = Y + c1 + cae™* + cae”
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© Exercise 4.8: Find a general solution of the equation
” ’ _ 2x 2
Yy — 4y + by = e““sin“x
Guidance: The final answer is

23
y(x) = 29sin®z — 15sin 2z + Eeh cos’x + c; + cpe””

4.8.3 The Euler Equation (Leonhard Euler 1707-1783)

© One well-known linear equation is the Euler equation:
an"y" + an_ 12"y 4 fagy = q(z), (0 <@ < o0)

© The Euler equation is important in solving the Laplace equation (electromagnetism, electricity,
heat, fluids), but it also has methodological importance as a simple example of regular singular

points.
Regular singular points (Wikipedia link)
© The substitution
x = e, t=Inz (0< < o0)

transforms the Euler equation into a linear equation with constant coefficients. We illustrate this

with an equation of order 3:

¢ dy _dy dt _ dy 1
Y = @™ @& do " at "=
— 1 dy
-z dt
no _—_ d |1 dy 1 ,dy 4 1  d%
Yy T dx [:1: dt} - 2  dt +$2 dt?
— L{diy_iy]
2 | dt2 dt
mo— L{@_gﬁ_i_z@}
Yy - z3 | dt3 dt? dt

After substituting these results into the Euler equation, all the powers x* clearly cancel, and we

obtain a linear equation in the function y(t) with constant coefficients.

© The following operator formula can be proved by mathematical induction:

dy 1 d(d_\(d_, d 1)
den  zn dt \dt dt dat Y

© On the interval —oco < x < 0, the substitution is £ = —e?.
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© Example 25: Find a general solution of the following Euler equation:
x?y” — 2zy’ + 2y = z* (0 <z < o0)
Solution: We pass to the variable t using the substitution x = e*:

2
2y — 2zy + 2y = 932-%2[‘273—%]—293-%-%4—23/(#,)

2
= W 3% 4 2y(t)

We have obtained a new equation in the variables y and ¢:

y"(t) — 3y'(t) + 2y(t) = e*

which can, of course, be solved by the method of undetermined coefficients.
1 s t 2t
y(t) = Ee + cie’ + cqe

Returning to the original variables y = y(x), we obtain
1 5 2
y(x) = 2% + c1x + cox

© It follows that the fundamental solutions of a homogeneous Euler equation are always of the form
y = " . From now on, therefore, we will not use the substitution & = e* again, but will instead

seek the fundamental solutions directly by substituting y = a” into the expression

Lly] = apz"y™ + an_1a" 'y + .- +agy =0
which gives
Liz"] = 2" P(r)
where P(r) is a real polynomial of degree n.
© TFor example, for a second-order Euler equation,

y =

yl — ,rwr—l

y' = r(r—1)z"?
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and therefore
Liy] = axx*y” + a1xy’ + agy
axx’r(r — 1)z" 2 + ayzrz™! + apz”
asr(r — 1)x" 4+ a;rz” + apx”
= x"[axr(r — 1) + air + ao]

=0

We have found that when n = 2,
P(r) =axr(r—1)+air+ao=0

The last equation is called the indicial equation or the characteristic equation of the homo-

geneous Euler equation.

For a homogeneous equation of order 3, the indicial equation is
P(r)=asr(r —1)(r —2) +axr(r—1)+air+a9g=0
If the indicial polynomial P(r) has n distinct real roots
T1, T2y «evy T

then a basis for the solution space of the homogeneous equation is

T2 T

If r is a real root of algebraic multiplicity k, then it corresponds to k linearly independent
solutions:

', x'lnz, z'(Inz)? ..., z"(lnz)**
If r = a & Bi are two distinct complex roots of P(r), then they correspond to 2 linearly
independent solutions:

x® cos(B Inx), x sin(B In x)

If » = a % Bi are two complex roots of P(r) of algebraic multiplicity k, then they correspond
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to 2k linearly independent solutions:

x“ cos(Blnx),
z*Inzx cos(Blnx),

z%(Inz)? cos(B In ),

z*(Inz)* ! cos(B1Inx),

x“ sin(f8 In x)
z*Inz sin(B1lnx)

z*(Inx)?sin(BInx)

z*(Inz)* !sin(BInx)

© Exercises: Find a general solution of each of the following equations:

(@) z*y" —=zy' +y ==

(b) 22%y” +5xy’ +y =3z + 2
(c) z?y"—6y=1+Inzx

(d) =3y — x?y” +2zy’ — 2y =1

(e) 3(x+6)*y”" +25(x+6)y — 16y =0,

Final Answers:
(a) y(x) = ”1”—; +cix+co2lnzx
b) y@) =5 +2+2+%

(c) ylxg) =—F*—5+cx = +cox =

(d) y(z) = —iciz + coxInx + cza?

(e) y(x) =ci(x+6)"8 4 co(x + 6)3

<z <0

Exercises for chapter 4

Guidance: A link at the end of the list leads to a Jupyter notebook containing final and/or complete solutions to a small number of

the exercises. Before clicking the link, however, it is strongly recommended that you solve them on your own! Additional solutions
will be added over time. We would be very happy to receive additional solutions from students for exercises that have not yet been

solved!

1. Find a general solution:
(1) y"—25y=0
3) ¥' -5y +6y=0
(6) y®—-y=0
(1 y”—2y" =3y =0
9 y® -5y +4y=0

2. Solve the following initial-value problems:

(2)
4)
(6)
(8)

y' =2y +2y=0
y///_y:()
y@ +4y” + 3y = 0

yl/l_gy//_i_?’yl_y — 0
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y' —5y +4y =0 y' +4y =0
(@) { y(0)=5 (b) ¢ y(0)=0
y'(0) =8 y'(0) =2

y///+y//_5y/_|_3y -0

y(0) =0
=) y'(0) =1
y"(O) — _9

3. Find a general solution:
(1) y" -2y —3y=e"
(2) y”" —5Y + 4y = 4z?e*
@) y'-y=-=°
4 y'+3y —4y==zxe®
6 v -y+y=2>+6
(6) y’'—8y +7y=14
7 ¥y +vy — 2y = 3xe”
®) y’'—y=2e"
9) y@ -2y +y"=¢"
(10) y” — 4y’ + 3y = 2 — cos(2z) + 35sin(2x)
(11) y"+y —2y =1lcos§ — 7sin$
(12) y” + 5y’ + 6y = —50sin4x
(13) y”" — 3y’ + 2y = 2e"cos 3
(14) y”" — 3y’ + 2y = 2sinx
(15) y” + 4y = 12cos2x
(16) y” +9y = —18cos 3z
(17) ¥’ — 4y’ + 4y = 2®> + e?x + sin 2z
(18) y” — 2y’ — 8y = e” — 8cos2x
19) v'—y=2x—1-— 3€"
(20) y” +y" =3ze® +2*+1
(21) y” — 8y’ + 20y = 5xe?* sin 2x
(22) y” — 9y = e 3*(x? + sin 3x)
(23) y'+3y—dy=e txe™

4. Consider a nonhomogeneous linear differential equation with constant coefficients:

Lly] = q(x)
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The roots of the characteristic polynomial of the equation are given by

T = —2, T = —2, T3 = —2, T4 = 0, Ts = 3,

Te = 3, Ty = 5’L, rs = —5’&, Tg9 = 6’&, T10 = —61

Write the form of the particular solution for each of the following cases:
(a) q(z) = x>

(b) q(z) =Tze ™"

() q(@) =11

(d) q(x) = 2cosdx — sindx

(e) g(x) =sinbx

(f) g(x) = 4e3® —x + cosb6x + e~ ®

5. Construct a homogeneous linear differential equation with constant coefficients whose general
solution is

y(x) = c1x + coe™™ + cze”

6. Solve the following initial-value problems:

yn_2y/:e2w_+_w2_1 y//+y:e2m+w2_1
(@) | y(0) =3 (b) { y(0)=0
y'(0) =1 y'(0) =1

" __ /:32_m2
y y ( ) y//_2y/+y:w

(c) z,((oo))zzll @) { y0)=1
y/(0) =1 o=

" — 6y +9y = 50sinx
y y y yll_2y1_|_y:wew_|_4

@ { Y =0 (f) { y©) =0
y'(0) =1 J(0) = 1
y"(0) = -2

y// _|_ 2y/ + y — we—:l:
(8) § y(0)=1
y'(0) =0

7. Suppose that yi(x) and yo(x) are particular solutions of the equation

y' + 4y + 8y = q(x)
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where g(x) is continuous on the entire real line R.
(a) Prove that Jim y, () = Jim ya(x).
(b) Suppose that y;(0) = y2(0). Prove that y;(5) = ya2(3)-

8. Suppose that the three functions

yi(xz) =€, ya(x) =2z, ys(x) =3
are solutions of the equation

n

y" + axy” + a1y’ + apy =0

What is the general solution of the equation?

9. Consider the equation
y® + azy” + axy” + a1y’ + apy = 3e**
and suppose that the roots of its characteristic polynomial are
rhn=1, ro=1, r3=1, ry= -3

Find the form of the particular solution.

10. Consider the equation y” 4+ 3y” + 3y’ + y = 0. Find the solution that satisfies y(0) = 1,
¥’ (0) =0, y”(0) =1.

11. Consider the equation y” 4+ 4y = 0. Find the solution that satisfies y(0) = 0, y’(0) = 1.

12. Find the general solution of each of the following equations:
(1) z*y" +zy +4y = 10z
2) =x%y” — 3xzy’ + 5y = 3x2
3) =%y’ — 6y = 5x3 + 82
(4) x?y” — 2y =sin(Inx)
(6) (1+x)?y —31+z)y +4y=(1+=)°
(6) y”—2y'+y=j:

1
7 yv'+y=-
S1INn X

8) vy’ +2y + 5y =e*(cos®x + tanx)
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13.

14.

15.

16.

9) vy”"+vy =sinx+ xcosx
(10) y® + 4y =x + 1+ cos2x

Solve the following initial-value problems:

m2y” — :l)y/ + Yy = 2x $2y// — 3:By/ + 13y =0
(@ { y(1)=o0 (b) § y(1)=1
y'(1) =1 y'(1) =-1

Find the general solution of each of the following equations:
(1) y"+y=cotx

e
2 yv'+2y)+y=

3) y"+5y +6y=

e2r |1
e2x
(4) y' -4y +5y =
cos T
sin x
6 v'+y=—
cos? x
6) y"+4y=
cos 2x

7 =y —xy —3y=0
8) =x%y” —2xy’ + 2y = x3sinx

N _ Inx x
9 =Y -—zyt+ty=—+.—"—
T Inx
(10) z?y” —4xy’ + 6y =0
(1) (z—2)%" —3(z—-2)y +tdy==
(12) mSy/// + m,y/ —y = O
(13) z3y” —2zy =6lncx
(14) x?y” — 2y =sinlnzx
It is known that the following equation has a particular solution that is a real polynomial of

degree 1. Find the general solution:
z’y” —z(z+2)y + (z+2)y =0

It is given that the function y(x) = x* + x*Inx is a particular solution of the differential
equation

z?y” + arzy’ + agy = 0
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17.

18.

19.

20.

Find the coefficients aqg, aq.
Two solutions y;(x) and ya2(x) of the equation are given:

y// _y/+ye2w =0
Their Wronskian is known to satisfy W (0) = 1. Find W (x).

It is known that the three functions

yi(x) = (x4 4)sinx
y2(x) = (x4 5)sinx
ys(x) = xsinx 4+ 3cosxz

are solutions of the equation

Yy’ + pi(x)y + po(z)y = q(x)

where po(x), p1(x), and g(x) are continuous on the entire real line R. Find a solution y(x)

of the equation that satisfies

{ y(0) =1
y'(0) =1

and explain why this solution is unique on the entire real line.

Consider the homogeneous linear differential equation

Yy + pi1(x)y + po(x)y =0

where po(x) and p;(x) are continuous functions on the ray [0, 00).

Let y1(x) and ya(x) be two solutions of the equation such that y;(x) > 0 throughout the

domain and y;(0) = y2(0). Prove or disprove each of the following assertions:
(@) If y1(3) = y2(3), then y;(x) < y2(x) throughout the ray (0, 00).
(b) If y1(3) < y2(3), then y1(x) < ya2(x) throughout the ray (0, c0).
(c) If y1(3) > y2(3), then yi(x) > ya2(x) throughout the ray (0, 00).

Hint: Study the function h(xz) = zfgz; . Use the Wronskian and Rolle’s theorem.

Consider the third-order homogeneous linear differential equation

y" + p2(2)y” + p1(2)y’ + po(x)y =0

where po(x), pi1(x), and pa(x) are continuous functions on the interval (a, ), and three
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21.

22.

23.

solutions of the equation are given:
vi(z) = ze®, y2(x) = (x+1)e*, ys(z) =z -3

on the interval (o, B).

(a) Which of the following points does not belong to the interval (e, 8) 7

(b) It is known that the function pa(x) vanishes at the point * = xo, a < o < B. Find
the point xq.

Hint: Try to devote at least 10 minutes to thinking about the problem in terms of the Wronskian before reading the guidance
below ...

A. Determine at which points the Wronskian of the three solutions vanishes. The Wronskian of the three functions should be
W(z) = (5 — x)e3®.

VV“/,’((:)) = —pn_1(x) to compute zo. pn_1(x) is the

B. After explicitly computing the Wronskian W (), use the formula
coefficient of y™—1)

Consider the equation
z(x+ 1)y — 2y —2y =0

(a) Show that the function yi () = %5 is a solution of the equation.

(b) Find a solution ya(x) of the equation that satisfies y5(1) = 2.

Consider the equation
y(4) _|_ay/// + by"+cy’+ky -0

where a, b, ¢, and k are real constants. It is given that y;(x) = 5x + 3sinx is a solution
of the equation. Prove or disprove the following assertions:

(@) ¢c=0,k=1

(b) c=1,k=1

(c) ¢=0,k=0

(d k=a+b+c

() c=a+bd

Explain why the Wronskian of the equation
y" — (e + cosbx)y + 'y =0

is constant.
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24. Suppose that y(x) is the solution of the initial-value problem

25.

26.

27.

28.

29.

30.

y' =3y +2y =

y(0) = In(4)
y'(0) =1In(8)

1+e®

Compute y(1).

A linear equation together with a known particular solution y;(x) is given. Find the general

solution.
(2 +1)y" — 22y’ +2y =0, wyi(z) ==
o?(x+1)y”" —2y =0, yi(z)=1+1
zy’ +2y —wy =0, yi(z)=%<

y’ —2(1+tan’z)y =0, yi(x) =tanzx

2?2z — 1)y + (4 — 3)zy” — 22y’ + 2y =0, yi(x) =z, ya(x)= %
zy" —y +4x3y =0, yi(x) = sin(z?)

Y42y +y=0, yi(z)="222

T

It is known that y;(x) = e is a solution of the equation (x — 1)y” — xzy’ + y = 0. Use this

solution and Abel’s formula to find a second solution that is linearly independent of yq ().

It is known that sin x is a solution of the differential equation
y(4) _ 2y/// + 3y// _ 2y/ + 2y =0

Find its general solution.

Two particular solutions of the equation 6x3y"”’ — 24x2y” + 48xy’ — 48y = 0 are known:
yi(z) = a2, y2(z) = =z, 0<z<oo

Find the general solution.

For the equation
3,/

x3y"” — 3x%y” + 62y’ — 6y = 0, 0<z< oo

the solution y;(x) = @ is known. Find the general solution.

Two particular solutions of the equation zy”" — y” — xy’ + y = 0 are known:

yi(z) = =, y2(x) = €”
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Find the general solution.

Hint: In addition to the substitution method (ys(x) = v(x)yi(x)) for reducing the order, the Wronskian and Abel’s
formula can be used to find a third linearly independent solution.

31. Consider the equation: x2y” — 2y = 214/ . It is known that the corresponding homogeneous

equation has the solution y(x) = x2. Find the general solution of the equation.

32. Consider the equation: x?y” —x(x+2)y’+(x+2)y = 2x3. It is known that the corresponding

homogeneous equation has the solution y;(x) = @. Find the general solution of the equation.

33. Consider the differential equation
Y +pi(x)y + po(x)y = q(x), —oo<z<o0
where po(x) and p;(x) are continuous on the entire real line. It is known that
y1(x) = (= + 3) cos z, y2(x) =z cosz, ys(x) = 3sinx
are three solutions of the equation.

(a) Find the general solution of the equation.
(b) Compute pq(x).

34. It is known that the function y(x) is the solution of the initial-value problem

z2y" 4+ 2xy’ = xcosz, 0<zx < oo
y(3) =0
v (3 =2

Compute the value of y(7).

35. Let y1(x), y2(x), ys(x), and ys(x) be four solutions of the differential equation
1 1 1
y(4) + 7y/// + jy” + 73y/ + —y =
x x x

It is known that W y1, Y2, ys, ya](1) = 8. Compute W y1, Y2, Y3, Y4 (2) .

Hint: Use the formula W (x) = W (xo)e™ Jzo Pr—1®4t The choice of the points @o and @ is not difficult ...

36. Determine whether there exists a solution y(x) of the differential equation
y(6) + y(s) _ y(4) _ y/// — 3%

that satisfies y(0) = 0, 3’(0) =0, and lim y(x) = 0.
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z2y" — 2y = x?
37. Solve the initial-value problem y(1) =1
y(1) =1
What is the domain of the solution?

z?y" + xzy’ + 9y = 12sin(3Inx)
38. Solve the initial-value problem y(1) =0
y(1) =0
What is the domain of the solution you found?

39. Write the form of the particular solution according to the method of undetermined coefficients

(there is no need to determine the constants) for the equation
y" — 4y’ = 3z + 10 cos(x)

40. A homogeneous linear differential equation with constant coefficients L[y] = 0 has the charac-
teristic polynomial
P(r) = r?*(r®* + 4)*(r®> 4+ 3r — 4)

Find the form of a particular solution of the nonhomogeneous equation
L[y] = sin 2z + xe® + 2¢ %" + 5
41. Let y(x) be a solution of the initial-value problem

Yy —zy +3y =0
y(0) =0
y'(0) =6

Find y”'(6).
42. 1t is given that the function y(x) = 3ze®sin(2x) is a solution of the equation
Yy + asy” + axy” + a1y’ + agy = 0

where ag, a;, as, and ag are constant real coefficients. Compute a;, as.

/7™ + 3cosx
N

2’y +xy' + (2 — Hy =q(z), 0<z< oo

™
43. It is known that the functions y;(x) = , Ya(x) = Jz are two solutions of the
x

equation


https://samyzaf.com

156

Exercises for chapter 4

44,

45.

46.

47.

where g(x) is continuous on the ray (0,00). Find the particular solution of the initial-value
problem

z?y” +ay’ + (2* — Py =q(x), 0<z < oo

y(m) =0

y'(m) =1

Write the general form of a particular solution of the equation

23y +xy —y=(x++Vz)Inx

Using the method of variation of parameters, find a formula for the general solution of the

equation

v +y=q(x)
where g(x) is any continuous function on a given interval.

Consider the homogeneous linear differential equation

y' 4+ p(x)y +q(x)y =0

where p(x) and g(x) are continuous functions on the entire real line. Let yq(x) and ys(x)
be two linearly independent solutions of the equation. For each assertion, prove it if it is true;

otherwise, disprove it with a suitable example.

A. The graphs of y;(x) and ya(x) never intersect.

B. The graphs of yi(x) and ys2(x) may intersect, but they cannot be tangent to one another.
C. If y1(x) > 0 for every real x, then the graphs intersect at most once.

D. The graphs of y;(x) and ya(x) may intersect infinitely many times.

It is given that the function y(x) = x?sin(3x) is a solution of the linear differential equation
y™ +an 1y V4 ary +ay =0

where all the coefficients a; are real constants.
A. Find the minimum possible value of n.

B. Find a basis for the solution space of the equation for the value of n found in the preceding

part.
C. Find all the coefficients of the equation.


https://samyzaf.com

157 Chapter 4: Linear Differential Equations of Order n > 1

€ Link to solutions


https://colab.research.google.com/github/samyzaf/notebooks/blob/main/ode4.ipynb
https://samyzaf.com
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Chapter 5

Solving Equations

by Power Series

5.1 Review of Power Series

A concise review of power series. This topic should be covered in the Calculus 1 and Calculus 2
courses, and therefore only the main results are presented, without proofs or excessive detail. We

have tried to include only the topics needed for solving differential equations.

Definition 5.1: A series of functions of the form

o0

Y an(® —®0)" = ao + ar(x — xo)' + az(x — x0)* + -+ + an(z — )" + -+ (*)

n=0

is called a power series.
The point xq is called the center of the series.

The constants {a,}. ., are called the coefficients of the series.

Fig. 5.2: Brook Taylor
1698-1746 1685-1731

© In many examples, the center of the series is o = 0. In this case, the power series has the


https://en.wikipedia.org/wiki/Colin_Maclaurin
https://en.wikipedia.org/wiki/Brook_Taylor
https://samyzaf.com
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simpler form

Y apx™ = ao+ a1z + axx® + azz® + - + apx” + - - (**)

n=0

© Example 1: Every polynomial is in fact a power series in which all but finitely many coefficients

vanish:
—7x% 4+ 100z — 19 = —19 + 100z — 7x% + 023 + 0x* + 0x® + - - -

Thus, a power series is an infinite-dimensional generalization of the concept of a polynomial, and

indeed, in certain contexts, a power series is sometimes called an ”infinite polynomial®.

© Example 2: The best-known power series is the geometric series:

1

1—=x

=Ya"=1+z+a>+2%+...

n=0

The center of the series is o = 0, and all its coefficients equal 1 (that is, for every n, a, = 1).

Recall that it converges on the open interval (—1,1).

© Reminder: Important examples of Maclaurin series (Taylor series about &g = 0)

oo

et = an = 1+az+2 42 ...
n=0
o0

sine = 7;)(—1"(32:_?)! = w—g %?_%T—F

cosx = i}(—l)"(‘;:;! = 1—2—?-{—2—?—“&—?4—---
n—

arctanx = g(—l)"‘gj::; = x—g—s+%5—£77_|_...

n(lta) = (DI = e Fey-fie

1+x) = i(g):v" = 1+aw—|—%w2+---,(a€R)

n=0

= = iw" = 14+z+x>+x23+---
n=0

ﬁ = i(—l)”m” = 1—-z+z2—ax3+...
n=0

© Note that the geometric-series formula is a special case of the preceding Maclaurin formula (o« =

—1, with & replaced by —x).

5.1.1 The Interval of Convergence of a Power Series

o0
© C(Clearly, every power series Y. a,x™ converges at the point @ = 0.
n=0

© The faster the sequence of coefficients a,, grows, the smaller the interval of convergence of the
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series becomes.

o0
© For example, the power series Y. n™x™ converges only at the point = 0!
n=0
(n"z™ = (nx)™ diverges if  # 0).

oo n
© In contrast, the series ¥ =7 converges for every real x
n=0 """

Theorem 5.1: If a power series Z an(x — xo)™ converges at the point & = x1, then it converges
=0

uniformly and absolutely on every mterval [xo — 7, xo+ 1] for every r satisfying 0 < r < |x; — x| .

© The preceding theorem implies that the interval of convergence of a power series must be sym-

metric about its center ¢ (which explains the term ”center®).

© Corollary: The interval of convergence of a power series § an(xr — x9)™ must have one of the
following forms: "=
(a) A single point {xo}
(b) An open interval of the form (xg — R, x¢ + R)
(c) A closed interval of the form [xg — R, ®o + R]
(d) A half-open interval of the form [xg — R, x¢ + R)
(e) A half-open interval of the form (g — R, x¢ + R]
(f) The entire real line (—oo, 00)
© The preceding theorem tells us nothing about the endpoints of a finite interval of convergence.

For example, the series Y % converges at * = —1 but diverges at * = 1. Its interval of

n=0
convergence is [—1,1) (the center of the series is & = 0).

© The number R is called the radius of convergence of the series, and it has a corresponding
value in each of the forms A-F: In form A, R = 0, and in form F, R = oco.

Theorem 5.2: (The Cauchy-Hadamard formula)

o0
The radius of convergence of the power series Y a,(x — x)" is
n=0

1
R = lim
n—oo llan|

(assuming that the limit exists and the coefficients do not vanish)
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Theorem 5.3: (The ratio formula for computing the radius of convergence)

o0
The radius of convergence of the power series Y a,(x — x)" is
n=0

(assuming that the limit exists and the coefficients do not vanish)

© In the Cauchy-Hadamard formula, if the limit does not exist, the limit superior of the sequence

(lim sup ) may be used.

1
R = limsup

n
n—oo
|an|

oo
© Exercise 5.1: If the radius of convergence of the power series Y. a,x™ is R, what can you say
n=0

o0
about the radius of convergence of the series Y na,x™ 7
n=0

5.1.2 Uniform Convergence of a Power Series

As we saw in preceding lessons, the property of uniform convergence allows us to perform useful
operations on series and obtain important results. It is therefore important to know the conditions

under which a power series converges uniformly.

oo
Theorem 5.4: Let Y a,(x — o)™ be a power series with radius of convergence R.
n=0

(a) If R = 0, then the series converges only at the point © = x¢.
(b) If R = oo, then the series converges uniformly on every finite closed interval [a, b].

(c) If 0 < R < oo, then the series converges uniformly on every closed interval [a, b] that satisfies

ro—R<a<b<zxzy+ R

© Note that the theorem does not rule out the possibility of uniform convergence on larger domains.

S n
© For example, the series ¥ %3
n=0

theorem guarantees uniform convergence on every subinterval [a, b] satisfying

converges pointwise on the closed interval [—1,1]. The preceding

n2

—-1<a<b<l1
but it is not difficult to verify that the series converges uniformly (and absolutely) on the entire
interval [—1,1].

o0

© In contrast, the geometric series Y ™ converges pointwise on the open interval (—1,1), but
n=0

it does not converge uniformly on the entire interval (—1,1). The assertion of the theorem is
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therefore optimal for this series.

o0
Theorem 5.5: Let f(x) = X a,x™ be a power series with radius of convergence R. Then f(x)
n=0
is continuous at every point &, —R < « < R. If the series converges at the point * = R, then
f(x) is left-continuous at that point. If the series converges at the point * = —R, then f(x) is

right-continuous at that point.

5.1.3 Differentiation and Integration of a Power Series

Theorem 5.6: (Integration of a power series)

o
Let f(x) = X a,x™ be a power series with radius of convergence R.
n=0

Then, for every point |x| < R, the following hold:

(a)

/Omf(t)dtzfom (ia,ﬂb") dt = i In_gnt

n=0 n=0T0 + 1

o0 oo
(b) The two series 3 a,z™ and 3 “ex™! have the same radius of convergence R.
n=0 n=0

o0 o0
(c) If the series 3= anx™ converges at the endpoint z = R, then the series 3 - a"*! also
n=0 n=0

converges at that point.

(d) The analogous statement holds for the endpoint € = —R.

© Example 3: If we integrate the geometric series,

1 o0
mz%(—l)"m"zl—m—l—mZ—mg’—l—---

we obtain a practical formula for computing the natural logarithm:
0o " $2 CU3 .’134
In(1 r) — —1n+1—:$—— _ oo
a+a)=> (12 A

n=1

The interval of convergence of the geometric series is (—1, 1), whereas the interval of convergence

of the logarithmic series is (—1,1].
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(a)

Theorem 5.7: (Differentiation of a power series)

o0
Let f(x) = ¥ anx™ be a power series with radius of convergence R.
n=0

Then, for every point |x| < R, the following hold:

o0 o0
(b) The two series Y a,x™ and —4n_pntl have the same radius of convergence R.
n=0

0 x
(c) If the series Y a,x™ converges at the endpoint = R, then the series 3 n“—_fl:n""'l also
n=0 n=0

converges at that point.

(d) The analogous statement holds for the endpoint € = —R.

f(x) = inanm”_l
n=1

n=0n+1

0
© The last theorem allows us to differentiate a power series Y an(x — xo)™ as many times as we
n=0

wish.

f(x)
e
1"(x)

(@) =

= ag+ai(x — xo) + ax(x — xp)? + az(x — )3 + as(x — o) + - - -

a; + 2as(x — xo) + 3az(x — x9)? + 4ay4(x — 20)3 + -+ + na,(z — )" 1 +---
2a; + 3 - 2as(x — o) +4-3a4(x — x0)2 +--- +n(n — Day(z — )" 2+ ---
3-2a3+4-3-2a4(x —x0)+---+nn—1)(n —2)a,(x — xo)" 2+ ---

Of course, all these identities are valid only on the interval (—R, R) (where R is the radius of

convergence).

© At the point @y (the center of the series), we obtain the following equalities:

f(zo) = ao
(o) = aa
F'(xo) = 2ay
= 3-2a3

f/ll(mo)

F® (zg) = Klay

© The conclusion of the last calculation is that the coefficients of the series can be expressed in

terms of the values of the derivatives £ () at the point z.

_ f(k)(l'o)

a
k k!
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Theorem 5.8: (Higher derivatives of a power series)

Let f(x) = 2 an(x — xo)™ be a power series with radius of convergence R, R > 0. Then its
sum f(x) has derlvatlves of every order at every point |x| < R. The derivative of order k of f(x)
can be obtained by differentiating the series term by term k times. In addition, the following relation
holds between the derivative of order k and the coefficient a; of the series:

f(k)(-’L'o)
k!

5.1.4 Expanding a Function in a Power Series

Theorem 5.9: (Uniqueness of a power series)

ap =

If two power series

f(@) = T an(@—a0)"

9(@) = 3 ba(a—=0)"

satisfy f(x) = g(x) for every @ in an open interval (xg — 7,209 + 7), where 7 > 0, then, for

every natural number n, a,, = b,,.

© The preceding theorem means that if a function f(a) can be represented by a power series about

a point xg at all, then there is only one way to do so!

© The question that interested mathematicians such as Taylor and Maclaurin was this: Given a
function defined on an interval (xo — 7, o 4 1), does there exist a corresponding power series

whose sum equals f(x) for every @ in this interval?

Definition 5.2: Let f(x) be a function defined in a neighborhood of a point xq. That is, suppose
there exists 0 < r < oo such that the function f(x) is defined on the interval (g — 7,29 + ).
We say that f(x) can be expanded in a power series on the interval (xg — 7, o + ) if there exists
a power series § an,(x — xp)™ such that

n=0

Ve € (xg —Tyxo+71):  f(x) = ian(w—wo)n

© The question is: Under what conditions can a function be expanded in a power series?

© We begin with necessary conditions that a function must satisfy in order to have a power-series

expansion.
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Theorem 5.10: (A necessary condition for the existence of a power series)

If a function f(x) can be expanded in a power series about a point g, then

(a) The domain of f(x) must be symmetric about @, (apart from the endpoints of the interval).

(b) The function f(x) has continuous derivatives of every order at every interior point of its domain.

© The conditions above are necessary, but not sufficient! The best-known counterexample is the

function )
e 2, x#0
f(z) =
0, =20
f(x) is continuously differentiable on the entire real line, and satisfies (™ (0) = 0 for every

order of differentiation m. Therefore, if it has a power-series expansion, then by the uniqueness

theorem it must be a power series all of whose coefficients are zero, which is clearly absurd.

© To answer the existence question, we return to Taylor’s formula, familiar from Calculus 1:

Theorem 5.11: (Taylor’s formula)
Let f(x) be a function differentiable m 4 1 times in a neighborhood of the point @ = x¢, and let

x be any point in this neighborhood. Then there exists a point ¢ between xy and-x such that-
(@) = F(@o) + L@ — wo) + LG (@ — @0)? + -+ + L) (@ — @0)" + Ra(a)

where f("+1)( )
C
Ru(®) =

is called the Lagrange remainder formula.

(x — xo)" ™

© Having recalled and reconsidered Taylor’s formula from Calculus 1, we can formulate necessary

and sufficient conditions for the existence of a power series.

Theorem 5.12: (Existence of a power series)

Let f(x) be a function that is infinitely differentiable in a neighborhood (x¢ — 7, o+ 1) of the point
@o. For every natural number n, let R, (x) denote the Lagrange remainder corresponding to the
Taylor formula for f(x) about xo. Then f(x) can be expanded in a power series in a neighborhood
of xq if and only if

A, Bn () =0

for every x in the neighborhood (xg — 7, o + 7).
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5.1.5 Arithmetic of Power Series

© Shifting a summation index

*

© Multiplying a power series by an expression x

*

The summation index m is shifted according to the following simple rule: When replacing the

index n by a new index n + k, subtract k from the limits of summation.

100 95
For example, the series Z a,x” is equivalent to the series Z Apysx™ o
n=17 n=12

In this case:

¢ The summation index is n.
¢ The limits of summation are 17, 100.

& The shiftis k=5.

100 105
¢ The series Z a,x" is equivalent to the series Z Ap_5x™ 2.
n=17 n=22

The shift here is k = —5.

Usually, the upper limit of summation is oo, and shifting has no effect on it. Thus, for

example, the series > @,x™ is equivalent to the series Y @, 452" ",
n=17 n=12

In most cases, we want a standard power series in which the index mn corresponds to the

power (x — xg)™. In other cases, we want to ”align the powers® of two different series.
o

For example, if f(z) = > an(x — o)™, then differentiation eliminates the first term, and
n=0
therefore an index shift k = —1 must be made:

f(a) = i nan(z — )" = i (1 + Dan (@ — x0)"

The second derivative eliminates the first two terms of the series, and therefore a shift k = 2

must be made:

£/@) = 3 (n = Dnau(e = 20)"* = 3 (04 1)(n+ 2ansa(@ = 20)"

n=0
k

By appropriate theorems from the theory of infinite series, the following operation is valid

within the interval of convergence of the series:

o0 o
" Zan(w —xo)" = Zan(w — a:o)"+k
n=0 n=0

One consequence of such multiplication is that the power of the mth term increases, and it is

therefore advisable to ”align the series by shifting the index.
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¢ Example 4:

x® i (n + 8)a,x™ = Z (n + 8)a,z"™ Z (n + 5)a,x™

n=0

An index shift k = —3 was performed.
© Addition and subtraction of power series

¢ By appropriate theorems from the theory of infinite series, the following operations are valid

within the common interval of convergence of the series involved:

dan(x — o) + Y bl — )" = D (an+by)(x — zo)" "
n=0 n=0 n=0

ian(w — xo)" — i:obn(a: —x)" = i(an — by)(z — o))"+

¢ A typical example combining all the operations above, which we will encounter in various

exercises in solving differential equations, is

232 Z (n _ 2)wn+1 Zn2 n+1
n=3

= 3 (n— 22" 1+ nart!
n=3

n=2

= io: (n —2)x"® + io: (n + 2)%x"t?

n=3 n=0
= 4z® + 9z* + 162° + D _[(n + 2)* + (n — 2)]z"*®
n=3
= 4z® + 9z* + 162° + > _[(n — 1)* + (n — 5)]z="
n=6

= 4x3 + 9z* 4+ 16x° + Z(n2 —n—4)z"

n=6

5.2 Solving Differential Equations by Power Series

© In general, given an initial-value problem

{y’ = f(=z,y)
Y(xo) = Yo
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o0

we seek a solution of the form ) a, (& — xo)™. The problem, of course, is to determine the
n=0

coefficients a,, for every natural number n.

{y’ = 2zy
y(0)=1

y(x) = Zana}"
n=0

© We begin with a simple example.

The form of our series is

By a theorem from the preceding section, the particular solution is

/0 IIO IIIO
yO) Ly, v ,

1! 2! 3!

y(z) = y(0) + 4o

Clearly, ap = y(0) = 1. Let us try to compute a:
a1 =9y'(0)=2-0-y4(0) =0

In the same way, we can also compute as. For this purpose, differentiate the equation with

respect to & to obtain

Y’ =2y + 2xy’

and therefore
y"(0) = 2y(0) +2-0-9'(0) = 2

and therefore

_ y”(O) _

as = o1 1

Clearly, we could continue in this manner and compute all the derivatives ¢ (0), but a general

formula does not appear to be obtainable by this method.

© Let us substitute our series into the equation:

oo ’ oo 0o
¢ = (e = Fr = E e
n=0 n=1

n=0

20y = 2z) a,x" = » 2a,2" =) 2a, 2"
n=0 =1

n=0

The equality ¥y’ = 2xy implies equality of the series, and hence equality of their coefficients:

(n+1)ant1 = 2a,1


https://samyzaf.com

169 Chapter 5: Solving Equations by Power Series

This is a recurrence relation (recursion) for the sequence of coefficients:

2a,
Qpy2 =
n+ 2
We have already found that
ag = 1, a; = 0
and therefore
1
ag = 1
a; = 0
2a 2
a,2 g 720 g 5
az = Lgl = 0
— 202 _ 22
ay = 45 =33
as = 721;3 =0
_ 2a4 __ 222
s = g = 246
ar; = 72(,;5 =0
_ 2ag __ 2-2.2.2
as = “§ = 24168

After writing about ten terms, the formula for the general coefficient of the series begins to
emerge. For n = 2k, the coefficient formula is

2k 2k 1 1

T 2.4-6---2k  2¢k! k! 2

an

For n = 2k + 1, the coefficient formula is

azgy1 = 0

Therefore, we may write
1
7', n = 2k
a, = { k!

0, mn=2k+1
Our power series has the form

2 4 6 8

. xr
y(w)—1+?+§+§+z+

© In this particular case, the equation y’ = 2xy is an easy separable equation whose general
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solution is
y(z) = Ce”

The particular solution satisfying the initial condition y(0) = 1 is y(x) = e®” . The Maclaurin
series of e* is
x> x3 ozt

£

Replacing « by x? in the last series gives the result obtained above, thereby verifying it in this
case. In general, we must rely on theorems of the following type to ensure the existence of a
solution in the form of a power series. The theorem is stated for a differential equation of order

2, but analogous versions exist for every order.

Theorem 5.13: Consider the initial-value problem

y' +p(x)y +q(x)y =0
Y(zo) =
Yy (zo) = B

If the functions p(x) and g(x) can be expanded in power series about the point x¢ on an open
interval (29 — R,xo + R), then there exists a unique solution of the problem that can also be

expanded in a power series on the same interval.

© Example 5: The Airy equation

Solve the initial-value problem

y' —xzy=0
y(0) =1
y'(0) =0

Solution: In the present case, p(x) = 0, q(x) = «, and it is clear that these two functions

are already in the form of (finite) power series. We seek a solution of the form

y(x) = i a,x"

n=0

We compute the components of the equation:

v = 3 (n+2)(n+ 1anaa"
n=0

0 0
zy = Y az"tt=> a, 1z
n=0 =1
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Therefore,

y' —zy =2a2+ > [(n+2)(n+ 1)ant2 — an_1]z” =0

n=1

We have obtained the recurrence relation

ag = 1
a; = 0
as = 0
Ap—1
a = n=1,2,3,...
n+2 (n+2)(n+1)7 9 9 9
It can be written in the more convenient form
ag = 1
a; = 0
ag = 0
In 0,1,2
Aptsg = n = -
+3 (n+3)(n+2)7 9 Ly &y

Clearly, all coefficients of the forms asg41 and aggq2 vanish. It remains to compute the coeffi-

cients of the form agy, .

1
ag, = —
° 1
Qg 1
as — = —
3-2 3-2
as 1
a’ﬁ = =
6-5 6-5-3-2
(077 1
(],9 = =

9-8 9:-8:6-5-3-2

The particular solution of the problem is therefore

x3 b x?

=1
y(@) +2-3+2-3-5-6+2-3-5-6-8-9+

ing

=1
+,§12-3-5-6-8-9---(3k—1)-3k:

© Example 6: General solution of the Airy equation
In the preceding example, we solved an initial-value problem, but sometimes we are asked to find
a general solution of the equation
y' —xzy=0
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By the calculation performed in the preceding example,

ag = (free coefficient)
a; = (free coefficient)

Cl,2:0
an

T (n+3)(nt2)

An43 :0,1,2,...

We divide the sequence of coefficients into the subsequences asy, askt1, and asg42. The general

form of the sequence of coefficients agy was already found in the preceding example:

ag = (free coefficient)
ao
a =
® T 2.3
as ag
ag = =
6-5 2:3:-5-6
Qg (0 1))
ag = =

9-8 2:3-5-6-8-9

(e2)]
a = k=1,2,...
o 2.3.5-6-8-9---(3k — 1) - 3k’ '

In the same way, we find the general formula for the sequence of coefficients agg+1:

a; = (free coefficient)
ax
a —
YT 3.4
aq a;
a7 = =
7.6 3:4-6-7
ary ay
aio —

10-9 3-4-6-7-9-10

ay
a = k=1,2,...
Skt 3.4-6-7-9-10---3k- (3k + 1)’ o

Since as = 0, for every k, ask+2 = 0. The general solution of the Airy equation is therefore

0 oxo

. 3k £3k+1

y(x) = ao+ Z Q0 3.35.6.8.9.-(3k—1)-3k +a1T + Z A1 34.:6.7.9-10--3k-(3k+1)
k=1

k=1

3k r3k+1

= Qo (1 + ’;12-3-5-6-8-5---(3k—1)-3k) +a (m + ’;13-4-6-7-9-10---3k-(3k+1))
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Set
o © Zl:Bk
vi(z) = 1+ ,;2-3-5-6-8-9---(3k—1)-3k
. > 23k+1
y2(z) = =+ kX:l3-4-6-7-9-10---3k-(3k+1)

Therefore, the general solution we obtained is

y(:v) = aoy1(x) + alyz(m)
It is not difficult to see that
yl(o) =1, y2(0) =0
y1(0) =0, y,(0)=1

and hence the Wronskian of y; and y, is nonzero:

0

Wlyi, y2](0) = ‘(1) 1 =1#0

Therefore, the set of solutions {yi1(x), y2(x)} is a fundamental set of solutions, and conse-

quently the solution we obtained is indeed the general solution of the Airy equation.

© Exercise 5.2: Solve the initial-value problem

y' —xy =0
y(0) =3
y'(0) = -2

Solution: Of course, we seek a solution in the form of a power series.

[e @]
y(x) = Zanw”
n=0

Clearly,
ap = y(0)=3

a; = yY'(0) =-2

Therefore, by the preceding result, the particular solution is

3k

> x > w3k:+1
y(@) = ao (1 + k;2-3-5-6-8-9---(3k—1)-3k> T ay (az + ’;13-4-6-7-9-10-~-3k-(3k+1)>

i 3k i 3k+1
_ . 3x . 2x
= 3-22+ ) ;5es
k=

9--(3k—1)-3k 3-4.6.7-9-10---3k-(3k+1)
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Remark: If one really wishes, the coefficients can be expressed by more ”professional® formulas

such as 1
ag — .
— 3 1
T S
a; k—1
e 31+ 2
ask+1 (3k:—|—1)! zl;[o( v+ )

© Exercise 5.3: The Airy equation about the point g = 1:

Find a polynomial approximation of degree 7 for the initial-value problem

y// _ my — 0
y(1) =0
Y1) =1

Solution: This time, we must find the first eight terms of a power series about the point &g = 1.

y(x) = D an(z—1)"
n=0
We compute the second derivative:
y'(z) = Y (n—Dna,(z —1)"* =} (n+1)(n+ 2)ani2(z — 1)"
n=2 n=0
Computing the product xy requires a ”small maneuver*:
zy = [14+(z—1)y
= Y a(z—1)"+(x—1)) a(z—1)"
n=0 n=0
= Yale- 1"+ Yan(e - )"
n=0 n=0
= Y a(z—1)"+ > ap_1(z—1)"
n=0 n=1

= ag+ i (an +apn_1)(x—1)"

n=1

Substituting the last two results into the Airy equation, we obtain

y' —zy = Y (n+1)(n+2)ani2(z—1)" — (ao + > (an +an_1)(z — 1)")

n=0 n=1

= (2a2 —ag) + Z [(m4+1)(n+ 2)apnt2 — an — ap—1] (x — 1)"

n=1

= 0
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We have obtained the recurrence relation

GOIO
a1:1
a2:O
an+an—1
a, — n=12,...
+2 (n—l—l)(n—|—2)’ ) 4y

The first two equalities follow from the initial conditions.

y(1) =0

y(1)=1

ag =

a; =

The third equality follows from 2as — a9 = 0.

We can write the recurrence relation in the more convenient form

00:0
CL1:1
a2:O
an + Qpyq
Apis = =0,1,2,...
+3 (n+2)(n+3)’ 9 -y~

Unlike the preceding exercise, the coefficients cannot be separated into the subsequences asy,
asi+1, and aggy2, because of the dependence on two preceding terms that are not of the same

type.

Qg 0
aj 1
(03] 0
ao—l—al 1
s 2.3 2.3
a; + aq 1
ay =
3-4 3-4
az+az 0+ 33
as = = —
4.5 14 ) 5!
a a3+a4_§+37_i
¢ 5.6 5.6 5!
a as+as g5+ E
7 6-7 6.7 7!

The polynomial approximation of degree 7 to the solution is therefore

x> ozt

y(w)=w+€+ﬁ+ + +

x® b

112"

120 120

5040
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© Exercise 5.4: The Hermite equation
An equation of the form
y' —2xy’ + Ay =0

where A = 0,2,4, ..., is called the (Hermite) equation.

Solve the initial-value problem
y’' —2xy’ +6y =20

y(0) =0
y'(0) =1

Solution: We seek a solution in the form of a power series:

y(@) = > anz"
n=0

o0
Y(x) = D> naz™ "
no=01

y'(x) = > (n—1na,z"* = i(n +1)(n + 2)anp 2"

n=2
[

—2zy’ = ) —2na,z"

n=1

Therefore,

y”" —2xy + 6y = Z (n+1)(n+ 2)a,r22™ + Z — 2na,x" + Zﬁanm"
n=0

n=1 n=0

= 2a3+6ag+ > [(n+1)(n+ 2)ani2 — 2na, + 6a,|z”

n=1

= 0
We obtain the recurrence relation

ag = 0

a; = 1

a9 = 0

(2n — 6)a,
Apio = n=1,2,3,...
+2 (n+1)(n+2)’ 9 9 9

The first two equalities follow from the initial conditions.

ap = y(0)=0

a; = y'(0)=1

The third equality follows from 2as + 6ag = 0.
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Let us examine the first coeflicients of the series:

ag = 0
a; = 1
as = 0
(2-1—6)ay 2
a,3 ey - = ——
2-3 3
(22 —6)asy
ay = —> =0
3-4
(2-3—6)as
a,5 = _—_— =
4-5

Clearly, all the coefficients vanish beginning with m = 4, and hence we have in fact obtained a

finite power series (what we usually call a polynomial).

2x3
r)=ar— —
y(x) 3

A simple verification shows that this is indeed the solution of our initial-value problem.

© Exercise 5.5: A nonhomogeneous Hermite equation

Solve the following initial-value problem: Solve the initial-value problem

y' — 2zy’ 4+ 6y = 12 — 16z
y(0) =2
y'(0) = -1

Solution: The power-series method is also applicable to nonhomogeneous equations.

o0
y(x) = Zana}"
n=0
We use the results obtained in the preceding exercise:

y’ —2zxy’ + 6y = Z (n+1)(n+ 2)apt22™ + Z — 2na,x" + Zﬁan:c”
n=0

= 2agz+ 6ag + Z [(n 4+ 1)(n + 2)apnt+2 — 2na, + 6ay]z™

n=1

= 12 — 16z

By the initial conditions,
apg = y(0) =2
a; = y'(0) =-1
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Equating coefficients also gives

20,2 + 60,0 = 12
6&3 + 4&1 = —16
Therefore, our recurrence relation is
ag = 2
a; = —1
a9 = 0
ag = -2
(2n — 6)a, 123
Apio = n = ces
+2 (n+1)(n+2)a 9“9y Dy

As in the preceding exercise, it is easy to verify that all the remaining coefficients of the series

vanish, and hence we have again obtained a solution that is in fact a polynomial:
y(x) =2 — ¢ — 2z°

It is easy to verify that this is the solution of our initial-value problem. We conclude the present

chapter with the following theorem.

Theorem 5.14: Let x¢ be a regular point of the differential equation
P(z)y” + Q(z)y’ + R(z)y = 0

that is, P(xo) # 0. If ﬁg; and Iﬂ;‘gg are analytic functions at the point xq, then the general

solution of the equation can be represented as

y(xz) = ian(w — )" = aoy1(x) + a1y2(x)

n=0
where ag and a; are arbitrary constants, and y;(x) and yz(x) are two linearly independent power-

series solutions of the equation. The radius of convergence of all the solutions is the smaller of the

Q(z) R(z)
P2 and Ok

radii of convergence of the power series of

Remark: A function f(x) over the complex field C is called analytic at the point xq if it has a

power-series expansion in a neighborhood of xg with a positive radius of convergence.
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Exercises for chapter 5

Guidance: A link at the end of the list leads to a Jupyter notebook containing final and/or complete solutions to a small number of
the exercises. Before clicking the link, however, it is strongly recommended that you solve them on your own! Additional solutions
will be added over time. We would be very happy to receive additional solutions from students for exercises that have not yet been
solved!

1. Find a solution in the form of a power series for each of the following problems:
(@) A+az?)y”" +a’y=0

y" — 222y + dzy = x® + 2z + 2
(b) | y(0)=3
y/(0) = 12

(1—x?)y”" —2zy’ +2y =0
(c) § y(0)=1
y'(0)=0

(d) (z*+4)y" +zy=2+2

Yy +ay' + (22 -1y =0
() | y(-1)=2
y'(—1) = -2

y' —2xy' +8y =1
(F) | y(0)=1
y'(0) =0

1—2?)y”" +12y =0
(8) | y(0)=0
y'(0) =1

y' —(x—1)y' —y=0
(h) { y(1)=1
y'(1)=0

2. Consider the differential equation y” — xy’ + 5y = = + 1

(a) Find a general solution in the form of a power series.

Write all the terms of the series through the sixth power ().
(b) Find a complete particular solution satistfying y(0) = 0, y’(0) = 3.
(c) What is the sum of the coeflicients as + a5 when y(0) =0, y'(0) = 37
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3. Let y(x) be the solution of the initial-value problem

y’" —2xy + 10y =0
y(0) =0
y'(0) =3

Compute y(%)
4. Let y(x) be the solution of the initial-value problem
y// _ :vy’ —y=0

y(1) =0
y'(1) =1

Compute the power-series solution y(z) = Y a,(2—1)™ through the seventh power (x—1)7.

n=0

5. Let y(x) = ) _a,x™ be the solution of the initial-value problem

n=0

y// + az4y — 0
y(0) =1
y'(0) =0

Determine whether each of the following assertions is true or false:
(a) a; = 0
(b) an=Cg

(c) The radius of convergence of the series is R = 1.

(d) a1:a2:a3:a4:a5:0
(e) as = 55
1
(f) ar = 375
(g) wy(x) — 1 is an odd function.

o
6. Let Z a,x" be a power series that solves the initial-value problem

n=0

y' —2(x?+ 1)y —6xzy =0
y(0) =1
y'(0) =0

Find the recurrence relation for the series, and find the first four nonzero terms of the series.
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7.

10.

Let Z a,x" be a power series that solves the initial-value problem

n=0

(10 — 23)y” + 5zy = 0
y(0) =1
y'(0) =1

Compute the coefficients az, a4, as.

o
Let Y a,(x — 1)™ be a power series that solves the initial-value problem
n=0

(2 — 2z)y" — 2y =0
y(1) =0
y'(1) = —1

Find the recurrence relation for the coefficient a,, .

y' —2xy' +my =0

o0

Let Z a,x" be a power series that solves the initial-value problem y(0) =0
n=0
y'(0) =1
Find the values of m for which the solution of the equation is a polynomial of finite degree, and

determine the degree of the corresponding polynomial for each such value of m.

Construct a solution in the form of a power series about the point * = —2 for the equation
y” 4+ xy = 0. Write the solutions for the following initial conditions through the fourth power:
(@) y(=2)=0,y'(-2)=1
(b) y(=2)=1,y(-2)=0

€ Link to solutions
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Chapter 6
The Laplace Transform

The Laplace transform is an advanced and ingenious
mathematical tool that helps solve a variety of math-
ematical problems, including differential equations
to which it applies. In this part of the course, we
study the basic properties of the Laplace transform
and use it to solve various types of ordinary differ-
ential equations. The theorems and examples in this

summary are based on the following two sources: Fig. 6.1: Pierre-Simon, marquis de Laplace 1749-1827
1. Elementary Differential Equations and Boundary Value Problems, Boyce and Diprima

2. Elementary Differential Equations with Linear Algebra, Ross L. Finney and Donald R. Ostberg

6.1 What Is the Laplace Transform?

© The Laplace transform is a special case of the broader concept of integral transforms, studied

in advanced courses on functional analysis. Another familiar transform is, for example, the

Fourier transform, which is studied in a special course on Fourier series.

© An integral transform is essentially a method for converting a real-valued function f(t) (satisfying
the required conditions) into another real-valued function F'(s). The general form of an integral

transform is

B
F(s) = / K (s, t)f(t) dt

The function K(s,t) is called the kernel of the transform, and the limits of integration o,

must be defined accordingly.

© In many cases, one or both limits are infinite (o = —oo and/or 8 = 00).
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© The new function F(z) is called the transform of f(x).

© The idea underlying the transform method is:
1. Apply the transform to the given problem in the unknown f(¢) (a differential equation,

an integral equation, or another type of problem).
2. Obtain a new equation for the function F'(s) that is easier to solve.
3. Solve the new problem for the unknown F'(s).

4. Return to the original function f(¢) by applying the inverse transform to F(s).

Example 1: For example, let us see what a typical solution of an initial-value problem using the

Laplace transform looks like (the required formulas will be developed later).

v —y=1
y(0) =0
y'(0) =1

Apply the Laplace transform to both sides of the equation:
ZLy'— Lyl =21]

Later, we will prove the following three formulas:

Ly = s°2L[y] —sy(0) —y'(0)
2n) = *
t iy 1
el] - L,
Therefore,
Lyl—-ZLyl = s°£L[y] — sy(0) — sy'0) — £ [y]

S?Lyl—0—-1— %Ly
= (*-1)%[y—1

We have obtained

and therefore
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© This process will become clear later, when we solve differential equations using the Laplace

transform. For now, patience is required.

© We begin by describing the properties required of a function in order for it to have a Laplace

transform. The first property is called ”piecewise continuity* and guarantees integrability.

Definition 6.1: A function f : [a,b] — R is called piecewise continuous on the interval [a, b]
if

(a) f(t) is continuous on the interval [a,b] except possibly at finitely many points:
t17 t27 R tn

(b) At every point of discontinuity, the left- and right-hand limits exist and are etinfi.

The points of discontinuity ¢, t2, ..., t, are also called jump discontinuities.

A

Fig. 6.2: A piecewise continuous function on a finite closed interval

Definition 6.2: A function f : [a@,o0] — R is called piecewise continuous on the ray [a, oo] if

f(t) is piecewise continuous on every closed interval [a,b], where a < b < co.

Definition 6.3: (The Laplace transform )
Let f : [0,00] — R be a piecewise continuous function on the ray [0, c0]. The Laplace transform,

denoted by F'(s) or £ [f] (s), is defined by the improper integral

2[f](s) = F(s) = / Tettp(t) dt

© The kernel of the Laplace transform is

K(s,t) = e *



https://samyzaf.com

185 Chapter 6: The Laplace Transform

© The definition does not guarantee the existence of the function F'(s). Since this is an improper
integral, we must verify that the function f(t) satisfies sufficient conditions to guarantee its

convergence.

© Understanding the Laplace transform therefore requires a review of improper integrals. Calculus
1 textbooks cover this topic at a level sufficient for our purposes. We recall several concepts and

theorems that we need.

b
Definition 6.4: If the limit T = blim / f(t) dt exists, then I is called the improper integral of
—00

f(t) on the interval [a,o0), and we denote it by

= /:of(t)dt

We then say that the improper integral of f(t) on the interval [a, 00) exists or converges. Other-

wise, we say that the integral does not exist or diverges. Equivalently, we may write

/aoof(t)dt = lim /abf(t)dt

© All functions considered in this chapter are piecewise continuous and therefore integrable on every

closed interval on which they are defined.

© Integrability on a half-line [a, c0) requires an additional property, which we describe below.

Definition 6.5: Let f(¢t) be a function integrable on the interval [a,b] for every b > a, where a
is a fixed point. We say that f(t) is absolutely integrable on the interval [a, co) if the improper

integral / | f(t)|dt converges. We also say that the integral / f(t)dt converges absolutely.
a

a

Theorem: (Calculus 1, Chapter 11, Theorem 2)

If f(t) is absolutely integrable on the interval [a,00), then it is integrable on this interval.

Theorem: (The comparison test, Calculus 1, Chapter 11, Theorem 4)
Let f(t) and-g(t) be two nonnegative functions on the interval [a,c0), integrable on the interval

[a,b] for every b > a. Suppose that there exists a real number by such that, for every t > by,

f(t) <g(t). Then
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o0

g(t)dt converges, then the integral / f(t)dt also converges.
a

(a) If the integral /

a
oo

(b) If the integral / f(t)dt diverges, then the integral / g(t)dt also diverges.

Theorem 6.1: Let f(t) be a piecewise continuous function on the ray [a, 00). If there exists a point

c such that |f(t)| < g(t) for every t > ¢, and if / g(t)dt exists, then the following improper
integral also exists: / f(t)dt.

If, on the other hand, f(t) > g(t) for every t > ¢, and if / g(t)dt diverges, then / ft)dt

C
also diverges.

Proof: The proof follows immediately from the comparison test for improper integrals (Calculus 1,
Chapter 11, Theorem 4) and the theorem on absolute integrability (Calculus 1, Chapter 11, Theorem
2). [

Definition 6.6: We say that a function f : [0,00) — R is of exponential order if there exist
evitisop constants K, ¢, and a such that, for every t > ¢, |f(t)| < Ke*.

© In other words, a function f(t) is of exponential order if it is bounded in absolute value by an

exponential function g(t) = Ke® on the ray [c, 00).

© Exercise 6.1: Prove that the function f(t) = t"e*sinbt is of exponential order for every
natural number n, real number a, and real number b.

Solution: Prove that f(t) is exponentially bounded by e?®t.

t"e® sin bt ‘ t"

eZat eat

It is easy to prove by L’Hopital’s rule that

tn
lim — =0
t—oo egat

© It turns out that most functions encountered in practical problems are of this type.

© Exercise 6.2: Prove that the function f(t) = e** is not of exponential order.

Guidance: Show that for every K, a,

Ke®
lim —— =0
t—oo et
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© The following theorem states that if a function is of exponential order, then it has a Laplace

transform. Thus, most functions arising in practical applications have a Laplace transform.

Theorem 6.2: Let f(t) be a piecewise continuous function on the ray [0,00). If f(t) is of
exponential order, then the Laplace transform of f(t) exists for every s > a, where a is the
constant in Definition 6: |f(t)| < Ke®.

Proof: We must prove that for every s > a, the improper integral / e st f(t)dt converges. We
0

use Theorem 1. For every t > c,

‘e—stf(t)‘ S e—st . Keat — Ke(a_s)t

The assumption s > a implies that @ — s < 0, and hence the integral /ooe(“_s)tf(t)dt con-
verges (as is easily verified from the definition). Therefore, by Theorem 1, the improper integral
/Ooe_Stf(t)dt also converges.

Tche equality

/Oooe—“f(t)dt = /Oce_Stf(t)dt + /Cooe_Stf(t)dt

yields the conclusion of the theorem. [ |

© Theorem 2 implies that if f(t) is exponentially bounded, then not only does the Laplace trans-
form £ [f] exist, but it is also defined on a half-line (a, co0).

© In fact, more can be said. For every s > a,

2 [f1(s)] <

Ss—a

This follows immediately from the inequality encountered in the proof of the theorem:
‘B_Stf(t)‘ S Ke(a—s)t

and therefore

26 = |[ e dt|

< /oo e~ f(t)| dt

0

< / N [Kelomo)
K

s —a

dt

© Corollary: If f(t) is a piecewise continuous function on the ray [0,00) and is of exponential
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order, then

lim £ [f] (s) =0

5§—00

© This conclusion implies that functions such as S_i%l cannot be Laplace transforms of piecewise

continuous functions of exponential order. This fact will be significant when we reach the inverse

transform.

© We now compute the Laplace transforms of several elementary functions.

6.2 Elementary Examples

© ft)=1,t>0
f[f]:/ e_Stdtzl, s>0
0

S

© f(t)=e*, t>0

oo oo 1
2 (fl= /0 e "le™dt = /0 e~ Vgt = , S§>a

S—a

© f(t)=cosat,t>0

0o b
2 (fl(s) = / e **cosatdt = lim | e *' cosatdt
0

b—o0 0

Set ,
I(b) = / e *'cosatdt
0

We compute I(b) by applying integration by parts twice:

b
I(b) = / e * cosat dt
0

1 b

= —e *tsinat
a

s [P .
—|—/ e *'sinatdt
0

0 a

b

1 _, . s 1 _, s [ _,
= —e *sinab+ — | ——e*cosat| — — [ e *cosatdt
o @Jo

a a a
—sb _: S —sb 82 b —st
= —e *’sinab— —e *’cosab+ — — — | e **cosatdt
a a? a? a2/,

—sb L s —sb 82
= —e "sinab— —e " cosab+ — — —I(b)
a a? a? a2


https://samyzaf.com

189 Chapter 6: The Laplace Transform

We have obtained

a® + s 1 s s
@+ I(b) = —e **sinab — —e **cosab + —
2 a a? a2
and therefore
ae*®sin ab se— %P cos ab s
I(b) = —

a2—|—32 a2—|—32 (1,2—|—32
The first two terms on the right-hand side tend to zero as b tends to infinity for every s > 0,

and therefore, for every s > 0,

214](s) = Jim I1(b) =

a? + s?
We can summarize the result by the following formula:
£ [cos at] ®_ (s>0)
cosat] = —— (s
a? + s?
© Similarly, we prove the formula
& [sin at] ®  (s>0)
sinat]| = — (s
a? + s?

© The following is a short list of formulas, which we will expand later:

1
(6.1) 2[] = - §>0
S
1
(6.2) < {e“t] = s>a
S —a
) a
S
(64) < [COS at] = m s > 0
n!
(6.5) 2w = o s> 0
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6.3 The Inverse Laplace Transform %!

The following theorem states that the Laplace transform is a one-to-one linear operator (in a certain

sense), and therefore has an inverse transform.

Theorem 6.3: (Lerch)

If f(t) and g(t) are piecewise continuous functions of exponential order on the ray [0, 00), and if

2 [fl =219l

then f(t) = g(t) at every point of continuity 0 <t < oo.

© Lerch’s theorem states that the linear operator £ is one-to-one in the sense that two original

functions may differ only at points of discontinuity (and the difference is therefore negligible).

© Thus, Lerch’s theorem implies that the Laplace transform is invertible; the inverse operator is

called the ”inverse Laplace transform® and is denoted by £ ~!.

© For example, we may write the following formulas:

.
(6.6) K [ =1
S
.
(6.7) Z‘ll = e
S—a
(6.8) g1 [212 — sinat
S a
(6.9) K [“3_2 = cosat
S a
!
(6.10) g | M
Sn—i—l_

6.4 Solving Differential Equations Using the Laplace Transform

© The following theorem provides the connection between the Laplace transform and differential

equations. First, however, we solve an exercise needed for the proof of the theorem.

© Exercise 6.3: Prove that if f(¢) is a function of exponential order, then there exists a constant
a such that, for every s > a,
lim e *' f(t) = 0

t—o0
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Proof: By definition, there exist constants K, a, and ¢ such that |f(t)] < Ke* for every
t > c. Therefore,
e £(8)] < Kel—"

If s> a,then (a — s) < 0, and hence tlim Ke(@* = 0. The conclusion follows from the
—00

squeeze theorem. [ |

Theorem 6.4: Let f(t) be continuous on the ray (0, c0), and suppose that its derivative is piecewise
continuous and of exponential order on the ray [0,00). Then both Laplace transforms £ [f] and

X [f'] exist, and, in addition, the following equality holds:

£ [f](s) = s£ [f] — £(07)

In general, if f(t), f'(t), f"(t), ..., fF@V(t) are continuous, and the function f{™(t) is

piecewise continuous and of exponential order on the interval [0, c0), then

£[f] = sLI[fl- f(0F)
£[f"] = $*ZL[f] —sf(0%) — f(0)

L[] = "L [f] = 5" (0F) = 5" F(0F) — - — fOTD(0Y)

Proof: If f’(t) is of exponential order, then there exist positive constants K and a such that
_Keau S fl(u) S Keau

A simple integration of all sides shows that f(t) is also of exponential order:

t t t
—K/ e du < / f(uw)du < K/ e™ du
0 0 0

We obtain

t t

au

el < gty - p0) < B
a

0 0

The rest is clear.

To prove the first equality, we integrate by parts:

21 = /0 e (1)dt
= e Sf(t) ’:O -I-S/O e st f(t)dt
= sZfl+e )|
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The last expression must be evaluated using limits. We use the result of the preceding exercise:

e f(B)], = Jime f(t) - lim e~ (1)
AR
= —f(0")

We have thus obtained

£ [f]=sL[f] - £(07)

The remaining equalities can be obtained by repeatedly applying the last formula. For example,

L' = sZLI[f1— f(07)
s[s£ [f] — £(07)] — #(0F)
s*Z [f] — sf(0%) — £7(07)

© Remark: If f(t), f'(t), f”(t), and so on are continuous at the point ¢ = 0, then the formulas

take the slightly simpler form

Zf] = sZ[f1-£(0)
L'l = s*2[f]—sf(0) - £(0)
LIf" = $SL[f]—s°£(0) — sf'(0) — f7(0)

The practical significance of the last theorem is that the Laplace transform allows us to convert
a differential equation into an algebraic equation containing no derivatives of the function and

therefore easier to solve.

Example 2: Solve the following differential equation with initial conditions using the Laplace

transform:
y' —y=1
y(0) =0
y'(0) =1

Apply the Laplace transform to both sides of the equation:

£y —- %yl =211]
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We know that £ [1] = 3, and therefore

1
LW -2y = "
By the last theorem,
£y =52yl —sy(0) —y'(0) =s*’L[y] — 1

and therefore 1
YLyl —1—- 2y =

and therefore |

o‘f[y]zm

This can also be written as follows (using partial-fraction decomposition):

g[]_ 1 1
y_s—l S
and therefore
-1 1 —1 1 t
y= — % —| =e"—1
s—1 s

© The last equality relies on the fact that the inverse Laplace transform is a linear operator. This

follows immediately from the fact that the Laplace transform is a one-to-one linear operator.

© In light of this, it remains to enrich our table of Laplace transforms so that it will enable us to

solve as many equations as possible.

© Theorem 4 has a corresponding theorem for the integral of a function (which is useful, among

other things, for solving integral equations).

6.5 Additional Properties

Theorem 6.5: Let f(t) be a piecewise continuous function of exponential order on the ray [0, c0).

t
Then the function F'(t) = / f(u)du is also of exponential order, and the following equality holds:
0

2P = 2
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Proof: By assumption, there exist evitisop constants K, a, and ¢ such that, for every u > ¢,

|f(uw)] < Ke™

Therefore,
' K

< —e
o a

t

t t K
[l <K [ e = Zem
0 0 a

Therefore,

|F(t)] =

/0 tf(U)dU' < / 1 (w)ldu < e

It follows that F'(t) is of exponential order. Clearly, F'(t) is piecewise continuous and therefore has

a Laplace transform:

Y [F] = /O ooe_StF(t)dt

We use integration by parts:

/ F(t)e ®'dt = _F(ZW + / F'(t) - e:tdt
_ —Ft)e™ (Z)G_St + / £(t) - e:tdt
—F(t)e*

- S+z/f(t)e—stdt

Therefore,
CF] = / e~ F(t)dt
0
—F(t)e=st |* 1 [
= lim & —|—/ . e Stdt
—F(t)e=** F(0 1
a—» o0 S S S
1
= -ZIf]
s
In a preceding exercise, we saw that for sufficiently large s, all_glo F(a)e ®** = 0, because F is

exponentially bounded. By the definition of F(t), clearly F(0) = 0.

© The last theorem can be used to obtain new formulas for Laplace transforms.

© Example 3: It is known that

t 1
/ cosaxr dxr = — sin at
0 a
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Therefore, using the theorem, we obtain

1 1 1 s 1
< [ sin at} = —Y[cosat] = — () =
s s

a s2 4+ a2 s2 4+ a2

We have thus obtained another proof of the formula

a

P —— S>a
9
82+az

X [sinat] =

© Example 4: We now use the last theorem to compute the Laplace transform of the function

f(t) = tet. A routine integration by parts readily gives
t
/ xe®dr = tet — et + 1
0

and therefore

“2fte] = 2~ e+ 1]

We have obtained

After simplification, we obtain
< {tet} = —

© During the calculation, we relied on the fact that the Laplace transform is a linear operator. It

is easy to prove that

% [af] = aZ[f]
Z(f+g] = Z[fl+£]g]
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6.6 Shifting Theorems

In this section, we present two theorems concerning the Laplace transform of a shifted function.

A A

F(s)

S !
0 - 0 a

Fig. 6.3: Shifting a function a units to the right

Theorem 6.6: (The first shifting theorem)
If £ [f] = F(s), then Z [e“'f(t)] = F(s —c).

Proof: This follows directly from the definition of the Laplace transform:

ZLletf(t)] = /Oooe_Steth(t)dt

= / et f(t)dt
= Z[f®)](s -0
= F(s—c¢)

© As noted above, every Laplace-transform formula has a corresponding inverse-Laplace-transform

formula:
L V[F(s—c)] = e L [F(3)] (6.11)
or, equivalently,
LHF(s)] = e % [F(s + ¢)] (6.12)
© Example 5: By formula (6.9),
X2 [cos 3t] = 219
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Therefore,
s—2 s—2

(5—2)2+9 s2—4s1 13

< {eZt cos 3t} =

2 3
© Example 6: Compute £~ [284_] .
s —4s + 20
Solution:
25+ 3 _ 2(s—2)+ 7
s2—4s5s+20  (s—2)2+16

_ s—2 n 7 4
T (s—2)24+16] 4 |(s—2)2+16
By the preceding results,

s —2
Pt [( 27 + 161 = e? cos4t
S —
4
P! [( 2)7 + 16] = e? sin 4t
8 —
Therefore,
2s+ 3 7
»1 + = 2e? cos 4t + —e?* sin 4t
82 —4s+ 20 4

Definition 6.7: The step function wu. is defined by

0, 0<t<lec
uc(t) =
1, t>c

The domain of u, is [0,00).

© The family of functions . is sometimes also called the Heaviside functions.

© These functions were defined to allow the domain of a function shifted to the right to be extended

over the entire ray [0, 00) by a simple mathematical expression:

u(t) - f(t—c)

as can be seen in the following diagram.
© Note that the function shifted to the right is defined to be zero on the interval [0, c].

© The second shifting theorem allows us to express the Laplace transform of an expression such as
u.(t) f(t) or u.(t)f(t — c) in terms of the Laplace transform of f(¢).
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f(t) u.(t) f(t —c)

¢ :
0 - 0 c

Fig. 6.4: Shifting a function ¢ units to the right and defining it to be zero on the interval [0, c]

VH_

Theorem 6.7: (The second shifting theorem)
Let f(t) be a piecewise continuous and exponentially bounded function on the interval [—c¢, o0)

(¢ > 0). Then
L [uc(t) f(t — o)) = e= 2L [f(2)]
£ [u.(t) f(t)] = e 2L [f(t + c)]

(6.13)

Proof: It follows from the definition that

ooe_Stu,c(t)f(t — c)dt

e S f(t — c)dt

£ [uc(t) f(t —c)] =

J
J

We now make the change of variable * =t — ¢:

Lu®ft-0 = [ et f@)de

0 o0
— —CS —S8T d
e /0 e **f(x)dx
= e “YZIf]

The second formula follows immediately from the first. [ |

© Set F = £ [f]. The last two formulas may be written for the inverse Laplace transform as

L7 e F(s)] = ue(t)f(t — c) (6.14)
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© Example 7: If f(t) = u.(¢t)sint, then

Z[f] = e 5% [sin(t + ¢)]
= e *'¥ [sintcosc + sinccost]

= e * (cosc¥ [sint] + sin c¥ [cost])

st 1 . s
= e cosc - + sinc -
s2+1 5241

e **(cos ¢ + ssinc)
s2+1

© Example 8: Compute the Laplace transform of the function described by the following graph:

f(t)

Fig. 6.5: A slide function

Solution: It is not difficult to verify that the function f(¢t) can be represented as the sum of

the following three functions:

f()) = 1
f2(t) = —ua(t)- (2 —1)
f3(t) = u2(t) ) (t - 2)

as can be seen in the following diagram.

bt i) I fa(t) b fs(t)

Fig. 6.6: Decomposition of a slide function into three functions f1(t), f2(t)., fa(t)
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Therefore, the last formulas give

Lf] = Zfi+ f2+ fi]

£ [f1l + £ [f2] + £ [fs]

LN+ £ [—ui(t) - (t —1)] + £ [u2(2) - (¢ — 2)]
LN +e Lt +e 22t

1 e s 6—23

s s2 s2
s —e 8 _|_ 6—28
o3t
© Example 9: Compute £~ []
s24+6s+10

Solution: By formula (6.14),
—3t 1
7 ¢ |= us(H) L' | ———
s24+6s+10 s24+6s+10

By formula (6.11) (substitute a = —3),

1 1 1 1
R [ -
s24+6s+10 (s+3)2+1

1
= eyt — | =e 3sint
s2+1

© Like the first shifting theorem, the following theorem allows us to compute the Laplace transform
of the function ¢"f(t) when the Laplace transform of f(t) is known.

Theorem 6.8: If £ [f(t)] = F(s), then

Lt f(t)] = (=1)"F™(s)

Proof: Differentiate both sides of the equality with respect to the variable s:

F(s) = /0 oot p (bt
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We obtain g e
F'(s) = — [ e ®f(t)dt
dsoo 0

= 9 et f(t)] dt

] 0308
= —/ e *'tf(t)dt
0
= —Z[tf(t)]
The interchange of integration and differentiation performed in the second step relies on the fact that
the function e™** f(t) is continuously differentiable with respect to the variable s! (the function

f(t) is not part of the game!). The general formula follows by repeatedly applying the formula for
n=1. | |

© The corresponding formula for the inverse Laplace transform is

L7 [FM(s)] = (1)L~ [F(s)] (6.15)

© Example 10: Compute the Laplace transform of f(t) = tsint.
Solution:

d
X [tsint] = —d—Z [sin t]
s

B d 1
o ds \s24+1

2s

© Example 11: Compute the Laplace transform of f(t) = t™, where n is a natural number.

Solution:
n

xw]:zwﬁb—$gm

-z ()

= D O
n.
Sn—i—l

We have obtained a second proof of the familiar formula

|

Sn+1

2t =

© Example 12: Compute

@i
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Solution:

1 _ 1 d 1
(32—|—1)2_ 2sds \s2 +1

L [(szil)z] N _;/ot'g_l L;is (sz 1 1)]

Formula (6.15) implies that

1 d 1 1 1 .
< — = —t¥ = —tsint
ds \s24+1 s24+1

K [(s2+11)2] = —;/Ot(—tsint)dt

1 t
= /tsintdt
2Jo

lt t—l—l int
= ——tcos —sin
2 2

Therefore,

Therefore,

© Many of the functions whose transforms we need to compute are periodic (electrical signals or
various waves in signal processing). The following theorem treats periodic functions and reduces

the transform calculation to a finite interval (one period of the function).

Theorem 6.9: If f(t) is a periodic, piecewise continuous function of exponential order with period

p, then )
| e
LU =" (6.16)
Proof: By definition,
‘g — > —st
1 = [ e
P 2p (n+1)p
= /e—stf(t)dt+/ e—stf(t)dt+---+/ e ' f(t)dt + - --
0 p np

oS (n+1)p

= > e *'f(t)dt

n=0v np

For each term in the series, make the change of variable * =t — np (or t = & + np) to obtain

(n+1)p P p
[ et wdt = [Tt @t np)de = e [ e (a)de
" 0

D 0
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(in the last step, we used the periodicity of f(t)). Therefore,

oS (n+1)p

211 = e it =3 e [ fa)de
n=0 0

n=0v np

= [[emsa] Sem = [ o] L
/ Cest F(t)dt

_ Jo
1—ePs

© Example 13: Find the Laplace transform of the function described by the following graph:

f(t)

o 1 2 3 4 5 6

Fig. 6.7: A square-wave function

Solution: In this case, the period is p = 2. By Theorem 9,

2 1
/e_Stf(t) - /0 e stdt e 1

_ Jo _
LU= 1—e 2 1—e25 s(1 — e=2) - s(1+e)

© Exercise 6.4: Compute the Laplace transform of the ”triangle-wave function®:

A

f(t)

a

t

>
>

0 a 2a 3a 4a 5a 6a

Fig. 6.8: A triangle-wave function
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6.7 Solving Differential Equations Using the Laplace Transform — Fur-

ther Development

© In the preceding section with the same title, we were introduced to the simple technique of solving

initial-value problems using the Laplace transform. In this section, we develop it further.

© Example 14: Solve the initial-value problem

y” + 4y’ + 13y = 2t + 3e > cos 3t
y(0) =0
y'(0) = -1

Solution: Apply the Laplace transform to both sides of the equation:

2 3(s+ 2)
2¢ 1+4sY 13%[yl=—4+ —— —"—
Lyl +1+4sL [y] + W=+ (5+2)7+9

Therefore,

1 2 3(s + 2)

< = —
Y] s2 +4+4s+ 13 + s2(s2 + 4s + 13) (82 +4s + 13)2

We must now find the inverse transform of every term on the right-hand side.

The first term is easy:

1 _ 1 _ 1 3
s2+4+4s5s+13 (s+2)24+9 3 |(s+2)2+9
and therefore )

-
s2 4+ 45+ 13

1
] = ——e %sin 3t
3

The second term is more complicated. First, use partial-fraction decomposition to decompose it

into simple fractions: (it is advisable to review partial fractions in the Calculus 1 textbook)

2 _A+B+ Cs+ D
s2(s?2 + 45 4+ 13) s s2  s24+4s+ 13

After collecting terms into a polynomial, we obtain

(A+C)s* + (4A+ B+ D)s* + (13A + 4B)s + 13B = 2
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and therefore

A4+C =0
4A+ B+ D 0
13A + 4B 0
13B 2
The solution of the linear system is
8 2 8 6
A=—-—— B=— C=— D=—
169 13 169 169
Therefore,
2 _ 8 2 2(4543)
s2(s2+4s+13) —  169s + 13s2 + 169(52—7-45—1—13)

_L.l+l.i+i[ 542 }_ 10 [ 3 }
169 " s ' 13 " 52 T 169 | (s+2)2+9 3169 | (s+2)2+9
We can now use the usual inverse-Laplace-transform formulas to obtain

-1 2 - _ 8 4 2 8 o2t — 10 -2t g
Z [32(324-43-4-13)] = —1es T 130 T 169€¢ ~ COS3t — gre” " sin3t

We now turn to the third and final term:

3s+2)  3d 1 _1d 3
(s2+4s+13)2 2ds \s2+4s+13)  2ds \(s+2)2+9

Therefore, by formula (6.15),

- [ 3(s + 2)

1
= —te % sin 3t
(s%2+4s + 13)2 2

Combining the results for all three terms, we obtain the solution of our initial-value problem:

_ 179 -2t _: 8 _—2t 1102t i 24 8
Y = —557€ sin 3t + 169€ cos 3t + 2te sin 3t + 13t 169

Remark: Although the process appears long and tedious, it is still simple compared with methods
such as variation of parameters or undetermined coefficients. In fact, the process is entirely

mechanical and can easily be programmed:

Programmers can verify the results using SymPy (Python). Copy the following code and paste

it into the window at the following link:

http://live.sympy.org
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from sympy import *
s,t = symbols("s,t")
func = 2%t + 3%exp(-2*t)* cos(3*t)
laplace_transform(func, t, s)
>>> ((Bxs**2%x (s + 2) + 2*x(s + 2)**2 + 18)/(s**2x((s + 2)**2 + 9)), 0, True)
rf = 2 / (s**%2 * (s*x*2 + 4%s + 13))
polys.partfrac.apart(rf)
>>> 2x(4*s + 3)/(169*(s**2 + 4xs + 13)) - 8/(169*s) + 2/(13xs**2)

Example 15: So far, we have encountered examples of finding a particular solution by means of
the Laplace transform. The Laplace transform can also be used to find a general solution. For

this purpose, solve the linear equation
(D—-a)’y=0

Solution: We may write the problem in the form of an initial-value problem,

(D—-a)’y=0
y(0) =1
y'(0) = c2

where ¢; and ¢y are arbitrary constants. Apply the Laplace transform to the left-hand side:

L(D—-a)?y = Ly — 20y + oy
s2Y [y] — sy(0) — y'(0) — 2a(sZ [y] — y(0)) + a>.Z [y]
= 2Lyl —as—c—2a(sZ [y] — a1) + a’Z [y]

and equate it to the right-hand side:
2% [y] — c18 — ¢ — 2as8% [y] + 2ac; + > L [y] =0

Therefore,
(s* —2as + a?) ¥ [y] = c15 + ca — 2acy
and therefore
c18 + c2 — 20ecy
(82 — 2as + a@?)
C1s — 1 Co —C1x

(s—a)?  (s—a)?

£yl =

1
+ (2 — o) -

= Cq- -
Vs—a (s — )2
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We know that

1 1
z—l — eat, g—l — teat
s—« (s — )2

y = c1e® + (cz — cra)te® = die™ + dyte™

and therefore

© Example 16: One advantage of using the Laplace transform is that it enables us to solve equa-

tions involving discontinuous or nondifferentiable functions (which is very difficult to do by other
methods). We illustrate this with the following initial-value problem:

. t, 0<t<mw
Yy +y=
sint, t>m
y(0)=A
y'(0) =B
Solution: Set
t, 0<t<mw
h(t) =
sint, t>m
Then

h(t) =t + u,(t)(sint — t)

Therefore, we may write our initial-value problem in the following form:

y' +y=t+ u (t)(sint —t)
y(0)=A
y'(0) =B

Apply the Laplace transform to both sides:

3’4y —As—B+ %Ly = 2L

= Lte ™ sin(t+w) — (t+ )]

— 1 _ _—=s 1 1 s
s € (52+1 + s2 + s)

and therefore

(P + 1)Ly =As+B+-—e™ (44T
s s24+1 s2 s
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and therefore

_ As B 1 —7s 1 1 T
£ [y] = 241 + 241 + s(s2+1) € {(32+1)2 + s2(s2+41) + s(sz-l-l)]

and therefore

y= AL [3211} + B2} in-l} +£7 {s(s2l+1)}

-1 1 1
—ur(t)Z {(52+1)2 + s2(s241) + s(szﬂ—{—l)}

Of course, we used formula (6.13) in the last term. We compute each term separately:

= cost

= sint

s s241

= e[k gl = 1o b & )

2s (s241)2 s ds \s2+1

)

}
£ L(s2s+1)} = £ P_ ] ]Zl_COSt
- ey

2

t t

_ 1 “1[d (_1 _ 1 —1[_1

= ) EGR) = e F @
t

= ;/0 xsinz dr = J(sint — tcost)

After substitution and collection of terms, we obtain

y(t) = Acost+ (B — 1)sint +t — u,(1) {(% + g) cost + %sint-{—t

© Example 17: Solve the following initial-value problem:

1, 0<t<1
Y +y=qt)=7 1—-t 1<t<2
y(0) =1 0, 2 <t < oo

y'(0) =0

Solution: We have already encountered the function g(t) in Figure 6.5 (the ”slide function®)

on page 199, and found that g(t) can be expressed as

q(t) =1 —ua(t) - (¢ — 1) +ua(t) - (¢ —2)

We also computed the Laplace transform of q(t):

1 e s 6—23
Zlql=—-—

s 52 82
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Set F'(s) = £ [y(t)]. Then

Ly +yl = s°F(s) — sy(0) —y'(0) + F(s)
(s> 4+ 1)F(s) — s

1 e s 6—28

s 82 82

Therefore,

(> +1)F(s) = s+ — —

s s2 s2
82 + 1 e s 6—23
s 82 s2
We have obtained
e—s 6—23

1
Fls) = s s2(s2+1) + s2(s2+1)

Partial-fraction decomposition readily gives

1 B 1 1
s2(s2+1) 82 s241

and therefore
F( ) 1 e—s + e—s + 6—25 6—25
s) = — — —
s 82 s241 82 s24+1

We are now ready to compute the inverse transform.

y(t) = L[PG ] ] ]
e[ -t () [+ 0 ] - 0

s 52 5241 s2
The first term follows directly from the basic table:

2 H —1

S

The remaining four terms are computed using the shifting formula (6.14):
L7 e F(s)] = ue(t) f(t — c)

We use the formulas
L)L =t
2_1[ 1 } = sint

s241
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Therefore,
£ up (8) (¢ — 1)
L uq(t) sin(t — 1)
215 = w@®)E—2)
L= us(t) sin(t — 2)

Hence, the solution of our initial-value problem is

FO) =1 —ug(£)(t — 1) + wa () sin(t — 1) + ua(t) (t — 2) + ua(t) sin(t — 2)

6.8 The Convolution Theorem

We conclude the chapter on the Laplace transform with its most important property. In addition

to its important computational applications, the convolution theorem has theoretical importance in

functional analysis. The convolution formula is especially useful for computing inverse transforms

when solving linear equations with constant coefficients.

Definition 6.8: Let f(¢t) and g(t) be two piecewise continuous functions on the ray [0,00). The

convolution of the two functions is defined by

(F *9)(t) = / f(t — 2)g(a)dz

Theorem 6.10: Let f(t) and g(t) be two piecewise continuous functions of exponential order, and
let

F(s) =2[f®)], G(s) =2L[g(t)]
Then

£ [f *g] = F(s)G(s) (6.17)

Proof: By the definition of the Laplace transform,

v [ [~ w)g(w)dw] = [Te ( [ - w)g(w)dw> dt

_ /Ooo/()te—“f(t — 2)g(x) da di

Z[(fx9)®)] =

The double integration is performed over the domain shown in the following diagram:

The diagram shows that the domain of integration can be described in two different ways, and
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A” .
:17IRM
0<zx<t, 0<t<o
:2 RN
r<t<oo, 0L zx< o
t
>
0

Fig. 6.9: The integration domain of the convolution integral in the tx -plane, with two different descriptions

therefore the preceding double integral can also be evaluated as follows:

/ooo/:oe_Stf (t — x)g(x) dt dw

/Ooog(w) (/:Oe‘Stf(t _ :c)dt) d

Make the change of variable uw =t — x in the expression / f(t—x)dt:

or

/ooe_Stf(t —x)dt = /ooe_s(“Jr"’)f(u) du
T 0

Therefore,

z[/otf(t—w)gmdw] = [To@) ([ere s an) ao
_ /0 T emsg(a) ( /0 T emsuf(u) du> dz
= ([Temrwan) ([Teote o)

= Z[f@®)]2[g()]

© The corresponding formula for the inverse transform is
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LT F(s)G(s)] = L7 [f(t)] * £ [g(t)]

© The convolution operation may be viewed as a vector product in the space & of piecewise

continuous functions of exponential order on the ray [0, 00), and is denoted by f * g.

© Claim:
fxg=gxf

That is, convolution is commutative.
Proof: This follows immediately from formula (6.17):

frg=2""[F(s)G(s)| = £ [G(s)F(s)| =g f
© In the same way, we prove that convolution is associative and distributive:

fr(g*h)=(f*g)*xh
fx(g+h)=fxg+ fxh

© Exercise 6.5: Compute £ ! [33(52‘174-1)} .
Solution: Of course, we can solve the problem by partial-fraction decomposition, but it can also

be solved using the convolution formula:

7 ) = 27 [ 227 [

t
= l*sint:/sinwdmzl—cost
0

© Solve the initial-value problem

(D?+ D — 6)y = h(t)
y(0) =0
y'(0) =0

given that h(t) is a piecewise continuous function of exponential order on the ray [0, c0).

Solution: Apply the Laplace transform to both sides of the equation:
(s°+s5—6)2L[y] = £ [h]

Therefore,
£ [h]

W=y
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and therefore

1 1
y(t) = h(t) « £ LQH_G]

Use partial fractions to obtain

B l(s - 2)1(3 + 3)] =< Ls(sl— 2) 5(sl+ 3)] - ;ezt - ;e_&

We have obtained

1 1 tT1 1
y(t) = <5e2t — 56_3t> *x h(t) = /0 [5e2(t_m) — 5e_?’(t_"”))] h(t) dz

Given a specific definition of h(t), the particular solution of the problem can be obtained from

t71 1
y(t) = / [562('5_””) — 56_3“_‘”))] h(t) dx
0


https://samyzaf.com

214

6.9 Extended Table of Laplace Transforms

6.9 Basic Table of Laplace Transforms

Function Laplace Transform Domain
f(t) F(s)
1 2 s>0
et P s>a
sin at e
cos at T
t 3
¢ L
tre o s>a
e sin bt (_a)ﬁ
e cos bt a)ziie
uc(t) s>0
f'(t) sF(s) — f(0)
() s*F(s) — sf(0) — f'(0)
(1) s°F(s) — s*£(0) — sf'(0) — f"(0)
£ ) S (s) — 305"+ 09(0)
uc(t) f(t —c) e";; (s)
—tf(t) F'(s)
t2f(t) F"(s)
(—1)"t"f(¢) F™(s)
e f(t) F(s —a)
f(at) :F (2)
8e(t) e—cs
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6.10 Extended Table of Laplace Transforms

The following are extended Laplace-transform tables. Most of the formulas are not relevant to the

course, but are provided here for completeness and future use. The source of most of the formulas

is: https://www.projectrhea.org/rhea/index.php/Laplace_Transforms_Table

Function Laplace Transform Domain
f(t) F(s)
afi(t) + bf2(t) aFi(s) + bF5(s)
af(ct) F(3)
e’ f(t) F(s—c)
/tf(w)dw @ s>0
0
t t
n F(s)
/0.../0f(a:)da: = §>0
t
(£ x0)®) = [ f(t - )g(@)de F(s)G(s)
@ oOF(m)d:I:
T
fE+1T) l—el_T/ e **f(x)dx
0
I R F(/5)
‘/ﬁ/o e 1'f(x)dx X
u(t) 3 s>0
(1) ! 5 <0
Lou(t) 5 5> 0
_(:Ln__ll)!u(_t) sl" s<0
e”u(t) e 5> —«
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Function Laplace Transform | Domain
—e My (—t) sia §> —«
n—1 p

e ult) G s> —a
n—1 —
~ e “u(=t) ra s> —a
! :
t =
n—1
oy (01 =1) L, neN
eat Sia
tn—leat (O' _ 1) # n E N
(n—1)! t (s—a)m?
ta—leat 1
T(e) —aer @ >0
sin at 1
a s2+4a?
cos at SZJF%
ebt sin at 1
a (s—b)2+a?

e® cos at (S_Z)%
cos(wot)u(t) ﬁ s>0
sin(wot)u(t) R >0

0
e—at COS(th)u(t) (s_’_‘:;—i;i’_c% s > —«
e—at Sin(wot)u(t) (8-1—1;‘37%-1—0-)3 S > —Q
u, (t) = £20 s" All s
U_pn(t) = w(t) * - xu(t) + s>0
n times
(sin(};at) szia2
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Function Laplace Transform | Domain
S
cosh at a2
eb sinh at 1
a (s—b)2—a?
bt s—b
e” cosh at b2 a2
ebt_eat 1
b—a (s—a)(s—b)? a # b

bebt_aeat

ey @7 D

b—a

sin at—at cos at 1
2a3 (s24a2)2

tsin at s
2a (s24a2)2

sin at+at cos at s2
2a (824a2)2
cosat — 1atsinat B
2 (s24+a?)2

2_ 2
s®—a

t cos at (5Z+a?)?

at cosh at—sinh at 1
2a3 (s2—a2)2

tsinh at s
2a (s2—a?)2

sinh at+at cosh at s2
2a (s2—a?)2
cosh at + Latsinh at 8
2 (s2—a2)2

2, 2
s“+a

t cosh at Zoaty?

(3—a?t?) sin at—3at cos at 1
8a’® (824a2)3

tsin at—at? cos at s
8a3 (s24a?)3

(14a?t2) sin at—at cos at s2
8a3 (32+a2)3

3t sin at+at? cos at s3
8a (s24a2)3

(83—a2t?) sin at+5at cos at st
8a (s24a2)3
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Function Laplace Transform | Domain
(8—a?t?) cos at—Tat sin at s°
8 (s2+a?)3
t? sinat 35%2—a?
2a (s24a?)3
2 (52+a2)3
143 34—6a232+a4
t° cosat (P taD)i
t3 sin at s3—a?s
24a (s24a?)*
3+a?t? sinh at—3at cosh at 1
8ab (s2—a2)3
at? cosh at—tsinh at s
8a3 (s2—a2)3
at cosh at+(a?t?>—1) sinh at 52
8a3 (s2—a2)3
3t sinh at+at? cosh at s3
8a (s2—a?)3
(34+a?t?) sinh at+5at cosh at s4
8a (s2—a?)3
(84a?t?) cosh at+7at sinh at s®
8 (s2—a2)3
t2 sinh at 3s24a?
2a (s2—a?)3
142 s3+8a%s
ot~ cosh at (7 —a?)
143 s*+6a2s24a*
ot cosh at R ayt
t3 sinh at s3+4a?s
24a (s2—a?)4
eat/? : . V/3at v3at —3at/2 1
3a2 V3 sin 5 cos—5— t+e 31 as
eat/2 ( V3at . +/3at —3a,t/2> s
352 | COS + \/§ sin e 31 ad
1(_—at at/2 \/§at> s?
3 (e + 2e cos ¥, a3
e=9/2 ( 3at/2 V3at f 3at 1
302 (e cos ¥, — V/3sin -
—at/2
S (\/§ sin ‘/_“t — cos @ + e3at/2> Foas



https://samyzaf.com

219

Chapter 6: The Laplace Transform

Function

Laplace Transform

Domain

% (e“t + 2e~%/2 cos @)

s3_a3
ﬁ (sin at cosh at — cos at sinh at) 84+14a4
202 s4+44a4
21—0 (sin at cosh at + cos at sinh at) 5445_%
cos at cosh at 3448_%
% ( sinh at — sin at) S4ia4
525 ( cosh at — cos at) pe S
2—1a ( sinh at + sin at) S45_2(14
83
% ( cosh at + cos at) ey
e~ bt_po—at 1
2—a)niE Vsta++/s+b
erf vat 1
Va sv/s+a
e erf vat L
Va V's(s—a)
2
et (ﬁ — bebt erfc(bﬁ)) \/ﬁjub
1
Jg(at) /82—}—(12
Io(at) e
Ve raios)
G,an(Cl,t) ( S2+a2) ) n > —1
s—+/s2_a2 "
a"I,(at) ( — ) , n>—1

Jo(a\/t(t + 2b))

T

b(s— .2—‘,-112)
e 7

5

s2+4a?

Jo(avVEZ —b2) t>b
0 t<b

T

— 24 42
ebs+a

s2+a?

tJo(at)

|3

a7



https://samyzaf.com

220

6.10 Extended Table of Laplace Transforms

Function

Laplace Transform

Domain

Jo(at) — atJ,(at)

52

(32+a2)3/2

tl1 (at)
a

1
(82—(12)3/2

Iy(at) + atl;(at)

S

f@)=n,n<t <n+1, n=0,1,2,...

1 . e S
s(es—1) ~ s(1—e—%)

[t]
f)y=>r*
k=1

1 e *®

s(es—r) ~ s(1—re—%)
f@)=r, n<t<n+1, n=0,1,2,... oy = s
cos 2V at s—a/s
vt Vs
sin 2v/at e"/s
~Jma 372
™2 5 (2v/at ee/e 1
(2)" Jn(2vat) oy 2T
e—a2/4t e*‘l\/g
Vnt Vs
a —a?/4t —ay/s
2\/7rt3e €
erf(a/2t) l_e;a\/g
erfc(a/2v/t) E_Zﬁ
b(bt-+ _a_ _em s
eb(bt+a) arfe (b\/i+ 2\/2) NIV

NCET / u'e” A T (24/0) du
0

S n > —1

in (5£5)

Ci(at) w

Ei(at) M
Int

—@ (’y — Euler const)



https://samyzaf.com

221

Chapter 6: The Laplace Transform

Function

Laplace Transform

Domain

2(cos at—cos bt)
t

sz—f—a2
In <82+b2 )

In?t

2 2
% + w (’)/ = Euler constant)

— (lnt + ")/) (")/ = Euler const)

Ins

s

(lnt + ’7)2 — %7‘&'2 (’y = Euler const)

In“ s

t"Int F’(n+1);€_(IL+1)lns n>—1
i“n(;; sin, n>0
@ arctan(a/s)
Si(at) arctarsl(a/s)
i\/%a ej//; erfc(\/ai/s)
%e_a%z e’ /40’ erfc(s/2a)
erf(at) es?/1a? erfe(s/20)
1 e erfc v/as
/n(t+a) NE
tJ%a e**FEi(as)
ﬁ % {cos as (g — Si(as)) — sinas Ci(as)}
ter#az sin as (g — Si(as)> + cosas Ci(as)
arctan(t/a) cosas(g—Si(as)S)—sinas Ci(as)
% In (tz;az) sin as(g—Si(as)S)+cos as Ci(as)

L (£242)

t a2

[g — Si(a,s)}2 + Ci%(as)

(1)
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Function Laplace Transform Domain
o(t—a) e %
u(t — a) -
!/ Jo(2v/ut) f (u)du LF(Y)
0
t’zl/O u~2J,(2vut) f(u)du = F (i)
t 1
| I0(2/utt = ) (w)du Lol
0
o0 52
f(t?) 2\15/0 u2e" % F(u)du
>~ t* f(u) F(lns
/ I'(u+1) du s(lns)
0
P(ag) oot P(s)
Q' (ak) Q(s)
k=1
o(t—1T) e T All

Exercises for chapter 6

Guidance: A link at the end of the list leads to a Jupyter notebook containing final and complete solutions to some of the exercises.
Additional solutions will be added over time (I hope the students will help). We would be very happy to receive additional solutions
from students for exercises that have not yet been solved!

1. Does the function f(t) = e** have a Laplace transform? If it does, find it and determine where

Find the Laplace transform of f(t) = {

L) =1 [ e @ at

it is defined. If not, explain why it does not exist.

sin t, 0<t<2rm

2 <t

Let f :[0,00) — R be a function of period 4 such that-

0<t<?2

1,
={ 7 0siE

Prove that if f : [0,00) — C is piecewise continuous and periodic with period p (p > 0),
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Prove that
tanh s
Z[f](s) =
5. Compute the Laplace transform of each of the following functions:
(o) etcos2t (p) e * cosh2t
(a) (> +1)2 (r) 3cosht — 4sinh5t
1
s t"sint t
(s) (t) t—a)(t—b)
3
u
(u) 2t — 1
6. Express each function in terms of Heaviside-type functions, and then find the Laplace transforms

of:

1, 0<t<1

0, 1<t<2 1 0<t<2
(@) FO =1 ) f@&) =1

1, 2<t<3 (t—2)2, 2<t<oo

0, 3<t< o

1 0<t<1
() ft)y=1

2 2t +2, 1<t< oo

0, 0<t<m
d f@)=1 t—=m, mn<t<2m

1, 2r <t < oo

1, 0<t<1 1 Ost<2
e) f(t) = = f) f) = t—3, 2<t<3
(e) f(t) {0,1§t<w (f) () y 2<

-1, 3<t< oo

sint

7. Compute the Laplace transform of f(t) = . (Hint: compute d%.ﬁf [f] (s).)

da" 1
ds" |s2 —a?|’ @>0.

8. Find f if it is known that £ [f] (s) =

9. Prove each of the following formulas:

s 2 . 2
(a) ¥ {sm t} (s) = m
(b) £ [Acos(wt—+ 0)](s) = A(s 00529+—wo: sin )
(c) &£ [cosatcoshat](s) = m
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10.

11.

12.

13.

14.

15.

6s% — 29s + 36
(s —2)3

(d) £ [(t* —5t+6)e| =

Using the definition and properties of the Laplace transform, compute each of the following

integrals:

(a) / te *' costdt (b) / t’e tsintdt
0 0

(c) / x'e *dx (d) / xbe 3 dx
0 0

tsinu

For every t > 0, let f(t) = / du . Prove that

0

2 [fl(s) = 1 arctan 1
s S

*©cosu
du . Prove that

For every t > 0, let f(t) = /

t

In(1 + s?)

L1 (s) = =

O H,—Uu

e
For every t > 0, let f(t) = / —— du. Prove that
u

t

In(1 + s)
ZL[fl(s) = ——
s

t1 —e ¢
For every t > 0, let f(t) = / ———— du. Prove that
0 u

<[] (s):iln (1+2>

Compute the inverse Laplace transform of each of the following functions:

@ o ®) G
O st @
(e) m (f) In <1+312>
© T
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(0 1 Q) 252 45— 10
I
s3+1 ! (s —4)(s?2+ 25+ 2)

16. For each of the following differential equations, find a particular solution on the interval [0, co)

17.

18.

19.

that satisfies the accompanying initial conditions.

(@ y"+3y —4y=0, y(0)=3, y'(0)=-2
(b) ¥ —y=0, y(0)=1, y'(0)=-1
(c) ¥"+4y' +4y=0, y(0)=1, y'(0)=0
(d) v"+4y =0, y(0) =2, ¢'(0)=1
(e) v"+4y +7y =0, y(0)=1, ¢'(0)=1
(F) ty”(t) +2y'(¢) +ty(t) =0, y(0)=1, ¢'(0)=0
Compute the Laplace transform of each of the following functions:
1, 0<t<T 0 0<t<l1
(@ f®y={ " =~ ®) FO=9 . . .
0, t>T t—1)32% t>1
t 0<t<7
() 5@ #o0st<z (d) £(t) 3’ f, T<t<s
(o} = = —
at, t > 2 ’
1, 8 <t
0, 0<t«1
(e) rF(®) oast<t f) r@) 1’ 1<t<4
e = —
0, t<aort>>b ’ -
- 4, t>4
0, 0<t<1
t—1, 1<t<3
g) f(t) = - h)  wuqi(t) 4+ 3us(t
® FO=1," ) sziou (h) () + Bus (1)
0, 4<t
. cos2t, 0<t<m
i f@ = ’
0, 7w <t< oo
Compute the inverse Laplace transform of each of the following functions.
e *(1—e? e—16s
@ o) (b)
s(s2+1) s(s2+2s+4)

For each of the following differential equations, find a particular solution on the interval [0, co)

that satisfies the accompanying initial conditions.

(@) y"(t) +4y'(t) + Ty(t) = ui(t), y(0)=1, ¥ (0)=0
(b) v”(t) —2y'(t) +y(t) = (-1,  y(0)=0, ' (0)=0
(c) v”(t) —y(t) =h(t), y(0)=9y(0)=0, y”’(0)=1
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20.

21.

22.

where

h(t) = { 1

0,

Compute the Laplace transform of the function

£O = [ @ —ut e du

w<t<2w

esiwrehto

For each of the following differential equations, find a particular solution on the interval [0, co)

that satisfies the accompanying initial conditions.

(a) y"(t) +y(t) =g(t), y(0)=0, y'(0)=0

where

(b) ¥"(t) + 2y'(t) — 3y(t) = f(¢),

g(t) = { b

1,

where

(c) ¥y (t) — y"(t) + 4y'(t) — 4y(t) = 68e” sin 2z,
y(0) =1, y'(0)=-19, y”(0)=-37

(d) ¥"(t) +9y(t) = fe(t), y(0)=a, y'(0)=0b

f(t) = { 0

where, for ¢ > 0,

(e) ¥" — 2y +2y =cost, y(0) =1, y'(0) =0

Solve the following initial-value problems using the Laplace transform:

(a)

(b)

(c)

fu(t) = { f

y//_|_2y/_|_y — 4et
y(0) =2
y'(0) = -1

Y’ +y = uz.(t)
y(0) =1
y'(0) =0

Yy’ 4+ 4y = sint — ua,(t) sin(t — 2m)
y(0) =1
y'(0) =0

0<t<1

y(0)=1, 3(0)=0

0<t<2n

sin t,

0<t<e
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y//+y/+gy:t—ug(t)(t_g)
(d) ¢ y(0)=1

y'(0) =0

yll+y:{17 OSt<g
@) P asteee

y(0) =1

y'(0) =0

y” — 6y’ + 15y = 2sin 3t
(F) | y(0)=-1

¥’ (0) = —4
Y , 1, 0<t<1
Yy -y -2y =
() 0, 1<t
g
y(0) =1
y'(0) =
" 0, 0 S t< %
y' —y=1 | .
(h) sint, 7 <t
y(0) =0
y'(0) =
1, 0<t<10
yll _|_ 3y/ _|_ 2y —
Q) 0, 10<1t
i
y(0) =0
y'(0) =0
y@ —y = uy(t) — uz(t)
y(0) =0
() § y@©0)=0
y”"(0) =0
yIII(O) — 0

23. Let y1(t) be the solution of the problem

y'(t) — 4y’ (t) + 4y(t) = f(t), y(0)=1, y'(0)=1, (t>0)
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and let y2(t) be the solution of the problem

y'(t) —4y'(t) +4y(t) = f2(t), y(0)=1, ¥'(0)=1, (t>0)

where it is given that- f1(t) < f2(t) for every ¢ > 0, and that the functions f; and- fy are
continuous and bounded on the interval [0, 00). Prove that y;(t) < y2(t) for every t > 0.

24. Using the inverse-transform formula, compute

@ " s @« 1[(1 e
© 27| o 2| )7
(&) £~ 8(611)] (h) 2~ [(s—|—2) (sz+4)1

€ Link to solutions


https://colab.research.google.com/github/samyzaf/notebooks/blob/main/ode6.ipynb
https://samyzaf.com

229 229

Chapter 7

Systems of Linear Equations

© Systems of differential equations arise in physics, electronics, population interactions in ecology,
biology, the social sciences, and other fields. A system of differential equations is a mathematical
method for representing and constructing a mathematical model of systems in which a collection

of quantities (functions) depend on and influence one another according to physical or other laws.

© For example, to construct a model of a complex electrical circuit, the currents, voltages, capaci-
tances, inductances (inductance), and resistances across the many components of the circuit must
be represented by suitable mathematical functions, and the relationships among them must be
described by differential equations that may contain the derivatives of all the different functions

in the model.

— -
i1(%) L,
— TVIB- ~BOT ———
Lo L3 i
) R
T’?fz (t) ’ is (1)
R, R3
M . .y

Fig. 7.1: Electrical circuit

© A system of equations of this type may, for example, look like this

v Ra o Ry

i) = A 2(2) I 3(1)

o (R B\ (R Ry

00 = - (P4 e - (1 -7 s

) = — (BB (Ba_Bs  Bs),
00 = - (f-)an- (1 -+ T a0

where the unknown functions 4,(t), 22(t), ¢3(t) denote the intensities of the electric currents

flowing through different wires in the circuit as functions of time ¢.
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© We present several more examples of first-order systems, while indicating the type of each system
in its normal form. In most cases, the system will consist of n first-order differential equations

in n unknown functions: @ (t), x2(t), ..., x,(t), where t is usually the time variable.

© Homogeneous System with Constant Coefficients:

{a:’l(t) = 5z.(t) — 3x2(t)
wy(t) = x1(t) + dxa(1)

© Homogeneous System with Variable Coefficients:

{w’l(t) = 2z, (t) — 3t (t)

zy(t) = (1=t (t) + tTza(t)
© Nonhomogeneous System with Constant Coefficients:

{ i (t) = 5x1(t) — 3x2(t) + cost
xh(t) = x1(t) + 4x2(t) — €'

© An initial-value problem requires m initial conditions (here n = 2)

{:c’l(t) = 5z.(t) — 3x2(t) z;(0) = 8
xo(t) = x1(t) + 4x2(2) x2(0) = —6

© An Example of an Ecological System

¢ x,(t) will denote the number of rabbits at time ¢ in a given forest
® x,(t) will denote the number of foxes in the forest

¢ [t turns out that the two functions x4 (t), x2(t) satisfy the system

{w’l(t) = aiz1(t) — bz (t)xa(t)

cc'z(t) = bzwl(t)wz(t) —a2m2(t)

This is, of course, a nonlinear system.
a; is the growth rate of the rabbit population
a is the mortality rate of the fox population

¢ by, by are interaction constants
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© A Physical Example: Motion of a Particle in the 2D Plane
AY

)

wz(t)

Ry

a:l(t)

Fig. 7.2: Motion of a particle of mass m in the plane

21(t) will denote the coordinate of the particle m on the x-axis at time ¢
@2(t) will denote the coordinate of the particle m on the y-axis at time ¢

¢ The position functions x1(t), x2(t) of the particle satisfy the system of second-order differ-

ential equations
{mm';(t) = Fy(t,x1(t), za2(t), @) (£), ()
ma,(t) = F(t, x1(t), 2(t), x (1), 25(1))

¢ Fi is the horizontal force acting on the particle m , depending on the time, position, and
instantaneous velocity of m at time ¢

¢ F, is the vertical force acting on the particle m, depending on the time, position, and
instantaneous velocity of m at time ¢

¢ The system in fact describes the decomposition of Newton’s second law into a vertical com-

ponent and a horizontal component.

© In the same way, we can model the motion of a particle with mass in three-dimensional space R3

by means of three functions @q(t), x2(t), x3(t).
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7.1 The Existence and Uniqueness Theorem for Systems

of
First-Order Differential Equations

Theorem 7.1: Consider a system of n differential equations in 7 unknown functions x,(t), x2(t),

, n(t), in the following normal form

ﬂ?;(t) = Fl(t, Iy, wz,...,wn) wl(to) = o1
az’z(t) = Fz(t, Iy, mz,...,mn) aﬁz(to) = O3
CB;('[Z) - Fn(t9w17m27°'°9mn) wn(tO) = QOpn
where
A. F,, F,, ..., F, are functions of n + 1 variables whose first partial derivatives gf’: all exist
J

and are continuous on an open 1+ 1-dimensional domain Z in the space R (differentiability

with respect to the variable ¢ is not required).

B. The point (to, x1(to), 2(to),-..,xn(to)) is an interior point of the domain Z.
Then there exists a neighborhood (a, 3) of the point ¢y in which there exists a unique solution

(z1(t), z2(t),...,x,(t)) that satisfies both the system of equations and the initial conditions.

Remark: The existence and uniqueness theorem for ordinary differential equations of order 1 is the

special case (n = 1) of the theorem above.

The normal form of a first-order nonhomogeneous linear system with initial conditions is

zi(t) = pu@®)zi(t) + pr2(t)x2(t) + -+ - + Pin(t)zn(t) + q1(t) xz1(to) = oy
xh(t) = p21(t)x1(t) + p22(t)x2(t) + -+ - + pan(t)zn(t) + g2(t) x2(to) = a2
m;l(t) = Pn1 (t)wl(t) + Dn2 (t)w2(t) + -+ pnn(t)ivn(t) + Qn(t) mn(tO) = Gpn

where all the functions p;;(t), qi(t) are defined and continuous on an open interval (a, ), and

the point to belongs to the interval. If all the functions g;(t) vanish, we obtain the normal form of


https://samyzaf.com

233 Chapter 7: Systems of Linear Equations

a homogeneous linear system

2i(t) = pu®)zi(t) + pr2(t)z2(t) + - -+ + P (t)zn(t) x1(te) = og
x5(t) = pa1(t)zi(t) + p22(t)x2(t) + - - + Pan(t)Tn(t) x2(to) = oo
m;1(t) = Pn1 (t)ml(t) + Pn2 (t)xZ(t) + -+ pnn(t)mn(t) mn(tO) = Opn

7.1.1 The Existence and Uniqueness Theorem for First-Order Linear Systems

Theorem 7.2: If all the functions p;;(t), g;(t) are defined and continuous on an open interval

(ay B) that contains the point tg, then there exists a unique solution

x1(t), x2(t), ..., T,(t)

that satisfies the system throughout the entire domain (c, 3), and satisfies all the initial conditions.

Note that, in contrast to the general existence and uniqueness theorem, for linear systems, the

existence and uniqueness of the solution are guaranteed on the eritne domain, rather than on a

subdomain.

7.1.2 Systems of Higher-Order Equations

We note that, unlike ordinary differential equations, the treatment of first-order differential systems
is sufficiently general, since every system of higher-order equations can easily be converted into a first-
order system. We explain the idea by means of an example. For example, the following second-order
system

2(t) = @i(t) + 2wa(t) — 32 (¢) + 4a}(t)

x5 (t) = 5xz1(t) — 6x2(t) + 7' (t) + 8z, (t)

can be converted into a first-order system by adding two more functions x3(t), x4(t), and adding

two equations, as follows

wy(t) = x3(t)

5 () w4(t)

x5 () x1(t) + 2x2(t) — 3x3(t) + 4x4(1)
x,(t) = bBx1(t) — 6x2(t) + Tas(t) + 8x4(t)

Therefore, focusing on first-order differential systems is justified and entirely sufficient for an intro-

ductory course in differential equations.

Exercise 7.1: Using the preceding procedure, convert an ordinary linear differential equation of order

© Samy Zafrany (mail@samyzaf.com) version: 17.09.2026.a https://samyzaf.com E
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y™ +p, ()Y V(@) + -+ po(t)y = q(x)

into an m X n linear system of order 1.

7.1.3 Vector Notation

By using suitable theorems from linear algebra, we can investigate systems of linear differential equa-
tions by means of tools from linear algebra. We begin with the vector notation for a nonhomogeneous

linear system

' (t) p11(t) pi2(t) -+ pia(t)||za1(t) q1(t)
x5 (t) _ P21(t) paz(t) -+ pan(t)| |z2(t) + q2(t)
_.’B;l(t)_ _pnl(t) pn2(t) ctt pnn(t)_ _wn(t)_ _qn(t)_
We will also use the vector representation
x1(t) q1(t) p11(t) p12(t) -+ P1a(t)
- x2(t) N q2(t) P21(t) p22(t) -+ p2n(t)
Z(t) = . , qt) = . , P(t) = . ) .
_wn(t)_ _qn(t)_ _pnl(t) an(t) °ct pnn(t)_
We can also encode the initial conditions
331(750) (651
$2(t0) . (85}
:En(tO) (879
by the vector equality

Therefore, our system reduces to the following vector system

{ F(t) = P(t)&(t) + q(t)

7.1.4 Solving a Linear System by the Elimination Method

In the elimination method, one tries to express one of the unknown functions in terms of the remaining
functions, thereby reducing the system. A side effect of this method is that the order of differentiation

may increase.

© Samy Zafrany (mail@samyzaf.com) version: 17.09.2026.a https://samyzaf.com E
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We present a simple solution method by means of the following example

{w;<t> = @1(t) + 22()

x,(t) = 4x1(t) — 2x2(t)
The first equation implies that x4 (t) = «’ (t) — x1(t), and therefore
o (t) = xy (t) — @y ()
We replace x2(t) and x,(t) in the second equation by the corresponding expressions
) (t) — oy (1) = 41 (t) — 2[w () — z1(2)]
We have obtained an ordinary second-order linear differential equation

2/ (t) + ) (1) — 621 (t) = 0

The roots of the characteristic polynomial 72 4+ — 6r = 0 are r = —3, 2 and therefore
z1(t) = cre 3 + cpe?
w2(t) = x(t) — z1(t)

3t

—3cie7 3 + 2c0e? — crie 3t — e

—4c,e 3 4 che?

It is customary to write the general solution of the system as a linear combination of two solutions

.’El(t) e e—3t . e2t
o) =l el

This notation suggests a possible connection between systems of differential equations and solution

in vector form

methods from linear algebra.

7.2 Homogeneous Linear System with Constant Coeffi-

cients
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The general form of a homogeneous linear system with constant coefficients is

i (t) = anzi(t) + arpxa(t) + -+ - + a1z (t)
xo(t) = a2x1(t) + azexa(t) + -+ + aznx,(t)

(1) = anzi(t) + anax2(t) + -+ + anpn(t)

where a;; are real constants. The vector representation of the system is

.’.Ull (t) aij; Qi -+ QAip a:l(t)
w’2(t) . g1 Q222 *°*°* QA2p Lo (t)
:v;l(t) (Gn1 Gp2 ** G _wn(t)_

We denote the coefficient matrix by A

a; Qa2 -**+ QAip

az; A2z -°°* Q2p

Ap1 Qp2 *°° Qpp

and then we can represent our system by

T'(t) = AZ
A vector of n functions 4(t) i )
x1(t)
t
iy = | "
T, (1)

is called a solution of the system if it satisfies
' (t) = Ad(t)

for every real t (the domain of existence of a system with constant coefficients is R).

In the following theorem, we prove that a linear combination of any two solutions is also a solution
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Theorem 7.3: If 4(t), ¥(t) are two solutions of the system

Z(t) = AT

then the linear combination c;4 + co¥ is also a solution of the system.

Proof: We note that proving this theorem in the original notation may be long and tedious. Vector
notation allows us to prove assertions of this type very easily. We rely, of course, on suitable theorems

from linear algebra
— — — — —y —r d — —
A(c1U + c2U) = 1 AU + AT = 11/ (t) + ¥ (t) = a[clu(t) + c29(t)]
We have therefore obtained that
d — — — —
a[clu(t) 4 c29(t)] = A(c1td + cati)

and therefore the linear combination ¢;4 + co is also a solution of the system. [ |

For example, in the preceding example,

x,(t) = 4x,1(t) — 2x2(1)

{w;a) = @1(t) + 22(2)

we can write the system in vector form

zit) | |1 1| |=zu(2)
()| |4 =2 |za(t)

Above, we found the general solution

[wl(t)] B [ cie 3t + coe? ]

T2 () | —dce¥ 4 cpe?
It can be represented as a linear combination of two fundamental solutions
T, (t) e—3t e2t
=G _a| T C2| 4
x2(t) —4e e

The question is whether this is the general solution of the system. We will prove later that the

solution space of the system is a vector space of dimension 2 (the size of the system). Since the two
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. e—3t . e2t
u= 3|’ v = 2t
—4e~ e

are linearly independent, they form a basis for the solution space, and therefore the solution we found

vectors

is indeed the general solution.
Without loss of generality, we formulate the theorems and examples that follow in this chapter in
terms of a 2 X 2 or 3 X 3 system of equations, in order to convey the ideas clearly. They can easily

be generalized to m X mn systems of equations.

Theorem 7.4: Let u;(t), u2(t), us(t) be three linearly independent solutions of the 3 X 3

homogeneous system of equations
' (t) = Ad(t)

on the domain (a, 3). Then every solution of the system is a linear combination of the three solutions

above. That is, the general solution of the system is given by

@(t) = criiy(t) + caiia(t) + caiis(t)

Suppose that

x1(t) y1(t) z1(t)
U(t) = |za(t) |, U2(t) = |y2(t)|, Us(t) = |22(t)
z3(t) y3(t) z3(t)

are three solutions of a linear system of equations. Then their linear dependence or independence

can be tested by means of the Wronskian

z1(t) yi(t) =zi(t)
Wiy, iia, Us](t) = |z2(t) ya(t) 2z2(t)
z3(t) ys(t) =zs(t)

If the Wronskian Wiy, da, Us](t) # 0, then the vectors wq(t), u2(t), ds(t) are linearly inde-
pendent.

Theorem 7.5: If 4;(t), @z(t), @s(t) are solutions of the system
' (t) = Ad(t)

on the domain (a, ), then either the Wronskian W[, 2, U3] vanishes identically on the entire
domain (o, B), or for every t in the domain (a,3), W(t) #0.
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7.2.1 Abel’s Formula (Niels Henrik Abel 1802-1829)

If @q(t), da(t), Us(t) is a fundamental set of solutions of a system with variable coefficients, then

t
Wiy, i, s)(t) = W (to)elioPr (O FPaz (O pas (Ol

For a system of equations with constant coefficients, the formula takes the form

W[ﬁlv '1_1:2, ’1_1:3] (t) = W(O)e(‘l11+¢122+a33)t

The sum ay; + ass + asz is the sum of the diagonal entries of the coefficient matrix A, and is

called the trace (trace) of A and is sometimes denoted by trace(A). It follows from the formula,

of course, that the Wronskian does not depend on the particular solutions and is the same for every

fundamental set of solutions.

For example, in the following 2 X 2 system,
x (1) _ 2 —1| |xz1(t)
x5, (t) 3 6 ||xa2(t)

W = W (0)elo 84 = W (0)e

the value of the Wronskian is

We found above that the following two vectors form a fundamental set of solutions
B e—3t B e2t
u = ’ v =
48t e2t

W)= ‘—13 ~1

and therefore

I
N

and therefore the Wronskian of the system is
W = 2%

Proof for n = 2:

Suppose that @, U are two solutions of a homogeneous linear system of equations

o= [0 s [m®
(1) = L2<t>]’ (t [y2(t>]’

© Samy Zafrany (mail@samyzaf.com) version: 17.09.2026.a https://samyzaf.com
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The Wronskian of w, v is

z1(t) ya(t)

WO =1 @ )

= x1(t)y2(t) — x2(t)y1(t)

The derivative of the Wronskian with respect to t is

WG, = [ (#)y2(t) — z1(8)y5(8)] — [25 )y (t) — z2(t)y} (1))

xy(t) v (t) N z1(t) v1(t)

w2(t) y2(t)| |w5(t) wa(D)

a11T1 + a12r2 a1y + a12y2 T1 Y1
T2 Y2 a21T1 + a22T2 a21Yy1 + a22yY2
ajlxriy aiiyi L1 U1
T2 Y2 Qa20T2 Qa22Y2

The last equality was obtained by row operations

R, «— R;{—a;2R> (determinant 1)
Ry, +— R, — a1 Ry (determinant 2)

We have therefore obtained

1 Y1

T2 Y2

1 Y1

T2 Y2

W' =ay, + az2 = (a11 + a22)W

We have obtained a separable differential equation

d (a11 + a22)dt
— = (a a
W 11 22

whose general solution is
W = W(O)e(a11+az2)t

We note that in the general case one obtains a separable differential equation

dw
—— = trace (A) dt
w
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whose general solution is Abel’s formula written above

W = eftto trace(A)dt

Theorem 7.6: Every homogeneous linear system of order

@'(t) = Ad(t)

on the domain (a, ) has a fundamental set of m solutions.

nXxXn

Proof: We prove the theorem for a 3 X 3 system of equations. Let to be any point in the domain

(o, B) . By the existence and uniqueness theorem for linear systems, there exists a solution ()

of the system that satisfies the initial conditions

Similarly, there exist solutions @y (t), @s(t) that satisfy

0
ﬁz(t) - ]_ 9 ﬁg(t) =
0

By the preceding theorem, the set 4y (t), @2(t), ¥s(t) is linearly independent because its Wronskian

does not vanish at the point tg

1 0
W[ﬁl, ﬁz,’lj3](t0) — O 1
0 O
If @(t) is any solution of the system, set
(&1
Co| — ﬂ(to)
C3

Set

6(t) = Clﬁl (t) + Cgﬁz(t) + C3ﬁ3(t)


https://samyzaf.com

242 7.3 Methods for Solving a Homogeneous System with Constant Coefficients

Then
T(to) = citsi(to) + c2tia(to) + caiiz(to)
1 0 0 (&1}
= c1|0| +c2|1| +c3|0| = |co
0 0 1 cs
By the existence and uniqueness theorem, #@(t) = ¥(¢t) for every t in the domain (a, ), that

is, ¥ is a linear combination of the solutions {y, Wz, U3}, and therefore the set {1, ds,Us} is a

basis for the solution space of the system. [ |

The preceding theorem proves the theoretical existence of a basis for the solution space of a homo-
geneous linear system of equations, but gives no indication of how such a basis of solutions can be
found. In the next stage of our discussion, we describe a method for finding such a fundamental set

of solutions in the case of a homogeneous linear system with constant coefficients.

7.3 Methods for Solving a Homogeneous System with

Constant Coefficients

Consider a homogeneous linear system of equations
' (t) = Ad(t) (7.1)

where A is a constant n X n coefficient matrix. For convenience, we focus on the case of a 3 X 3

system. As in the case of ordinary homogeneous linear equations, we seek solutions of the form

cie C1
_ At At =
U= |[cpeM| =eV|c,| =e
cseM cs

We denoted the vector of constants by €. The derivative of @(t) is

(&1
@' (t) = XeM|cy| = AeME

C3
and therefore our system of equations becomes the vector equation

A - eMé= \eMe
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and after canceling the expression e,

AZ = \& (7.2)

we obtain a homogeneous linear system of equations

(A—XNE=0 (7.3)
where I is the identity matrix
1 00
I=1010
0 01

The system (7.3) is familiar from linear algebra, from the topic of eigenvectors and eigenvalues. By a
fundamental theorem of linear algebra, the system (7.3) has a nontrivial solution € # 0 if and only
if

|A—AI| =0 (7.4)

The determinant on the left-hand side is precisely the characteristic polynomial of the matrix A,
and every root A of the characteristic polynomial is called an eigenvalue of the matrix A. Every
nontrivial solution € of the system (7.3) is called an eigenvector corresponding to A. As noted,
each eigenvector € gives a fundamental solution e of the differential system (7.1). The vectors &
are the eigenvectors corresponding to the values of A. By the last theorem, we need exactly three
linearly independent eigenvectors in order to obtain a basis for the solution space of the differential
system (7.1). We explain this by means of a simple example of a 2 X 2 system, in which we must

find a basis consisting of two eigenvectors.

Example 1: Find the general solution of the system of equations

{w;u) = 22, (t) — @(2)
x,(t) = 3x1(t) 4 6x2(t)

Solution: We pass to vector notation

zi(t)| |2 =1 |=zu(2)
(1) |3 6 ||za(t)

We compute the eigenvalues of the coefficient matrix

22— -1

=2-A)(6-A)+3=X2—-8\+15=0
3 6—X

The roots of the characteristic polynomial are A = 3,5. We compute the eigenvectors corresponding
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to these values

1 -1 0
(A—31)E = =
i 3 3 ] _Cz_ _0_
3 —1|[e,]  [o]
(A —5I)E = Al =
'3 —1]|e] |0

It is not difficult to find the two eigenvectors

We have therefore obtained two solutions of the system

1 1
ﬁl = 63t ) ’l_l,‘z = €5t
-1 —3

The Wronskian of these two solutions at the point ¢ = 0 is

L 1 1
W[ul,uz](O) = ‘_1 _3

It does not vanish, since a set of eigenvectors is always linearly independent (therefore, checking the

Wronskian is not necessary, but is recommended as a double check). The general solution of the

z,(t)] . e3t . e5t
o) oLl el e

Example 2: Find a particular solution of the initial-value problem

system is therefore

i (t) = x1(t) + z2(t) — x3(2) x1(0) = 5
xo(t) = 2x1(t) + 3z2(t) — 4x3(t) x2(0) = 10
xy(t) = 4x1(t) + z2(t) — 4x3(t) x3(0) = 15

Solution: The coefficient matrix is

1 -1
A= 3 —4
—4
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The characteristic polynomial is

3—\ -4 2 4 2 3_- )
2 3-X -4 |=0-=X) — -

1 —4—) |4 —4a—) |4 1
4 1 —4-x

=1 =AN[A=3)(A+4)+4] — (—8 —2XA +16) — (2 — 12 + 4))
=1-2A)A24+X—8)+8+2XA—16—2+12 — 4
=AZ4+A-8-A3—-224+8X+6-—2X

=-2A34+7A-6=0
We have obtained a third-degree polynomial, which we solve by guessing

A _TA+6 = AN —A—6A+6

A2 —1) — 6(A — 1)
AA+1)A=1) — 6(A — 1)
(A—1)(A2 + X — 6)
A=1A+3)(A-2)

0

We have obtained three distinct eigenvalues

Finding eigenvectors

0 1 —1]|[e 0
(A—DE = |2 2 —4||cy| = |0
4 1 —5]|cs 0
1 1 —1|[e¢ 0
4 1 —6]|es 0
(4 1 —1] e 0
(A+3I)¢ = |2 6 —4||es| = |0
4 1 —1]|es 0
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Using row reduction, we find the eigenvectors

1 1 1
1 11

Therefore, the general solution of the system is

z1(t) 1 1 1
xz(t)| =ci|1|e +ca|2]e + 3| 7 |e™
5(t) 1 1 11

Finding a particular solution

21(0) 1 1 1 5
x2(0)| =c1|1| +c2|2| +¢c3| 7| = |10
25(0) 1 1 11| |15

We obtain a system of linear equations

ci+c2tecz3 = 5
c1+2c;+7c3 = 10
(&5] + Co + ]_]_C3 = 15

Solving by row reduction yields the solution ¢; =5, ¢ = —1, ¢3 = 1. Therefore, the solution of
the initial-value problem is

z1(t) = 5et —e? + e 3

To(t) = 5He' — 2e? + Te 3t

x3(t) = 5e! —e? 4+ 11e™ ¥

7.3.1 Eigenvalues with Equal Algebraic and Geometric Multiplicities

k>1

In the preceding two examples, we obtained simple eigenvalues. That is, eigenvalues whose algebraic
multiplicity is 1. In other cases, we may obtain eigenvalues A with algebraic multiplicity k greater
than one. The geometric multiplicity of an eigenvalue A is the dimension of its eigenspace. This

number ranges from 1 to k.

At this stage, we consider the case in which the geometric multiplicity equals the algebraic multiplicity

k. That is, the eigenvalue A has k linearly independent eigenvectors ¥y, U2, ..., Ug. In this case,
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the eigenvalue A corresponds to k fundamental solutions of the differential system (7.1):

At = At

theM, TreM, ..., 0eM

Example 3: Consider the system

x (1) 0 1 1| |x(2)

xo(t)| = (1 0 1||x2(2)

x5 () 1 1 0] |xs(t)
It is easy to check that the coefficient matrix has exactly two eigenvalues: A = —1,2, where
A = —1 is an eigenvalue of algebraic multiplicity 2, and its geometric multiplicity is also 2.

Therefore, solving the characteristic equations yields three eigenvectors

1 0
A=-—-1:]0 |, 1|, A=2:]1
—1 —1 1

Example 4: In the simplest case, in which the coefficient matrix is the identity matrix,

x (1) 1 0 0f|=z(2)
x,(t)| = [0 1 0f|x2(2)
x5 () 0 0 1f|xs(t)

there is only one eigenvalue, A = 1, of algebraic multiplicity 3, because the characteristic polynomial
is

(1-X)*=0

But the geometric multiplicity is also 3, since there are three linearly independent eigenvectors

corresponding to it

7.3.2 Simple Complex Eigenvalues

At this stage, we consider a simple complex eigenvalue A = a + bi (algebraic multiplicity 1).
Since the coefficients of the characteristic polynomial are real, every complex root A = a + bz is
accompanied by its conjugate root A = a — bt. Therefore, in this case we must obtain a pair of

linearly independent eigenvectors corresponding to the pair of roots.

Proposition: If ¢ is an eigenvector corresponding to the eigenvalue A = a + bt , then the conjugate
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vector € is also an eigenvector corresponding to the conjugate eigenvalue a — bs .
Proof:

aq + bl’L a; — bl’L a, bl
c= a2+b2i — E: az—bzi = |az2| — b27/
as + b3’L as — b3’L as b3
Therefore
AZ= A = AC= A= )¢
We have obtained AG = A€, and therefore € is an eigenvector corresponding to X. [ |

Proposition: Let
' (t) = Ad(t)

be a linear system of equations with constant coefficients, and let
aq + bl’l, ay bl

C = az—i—bg’l: = |Qs2 + bz’l,

as + b3’l, as b3
be an eigenvector corresponding to the eigenvalue A = a4 bi. Then ¢e* and its conjugate are two
complex solutions of the system, whose real and imaginary parts are two laer linearly independent

solutions of the system.

Proof: It is not difficult to see that e* is a complex solution of the system
d
AgeM = AeeM = — |e]
dt

We proved above that its conjugate is also a solution. Set

a; b4
- -
O = |az|, IB = |by
as bs

Then € = & + zﬁ . We compute the real part and the imaginary part of the solution ce*

ge = (a&+ B’i)e(a+bi)t
= (@+ gi)e“t(cos bt + i sin bt)
= (& + fi) (e™ cos bt + ie” sin bt)

= (d’e“t cos bt — Be sin bt) + (o'Ze“t sin bt + Be® cos bt) )
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In the same way, we see that
(a — gi)e(“_bi)t = (&e“t cos bt — Be™ sin bt) — (d’e“t sin bt + Be™ cos bt) i

Set .
i(t) = dae cosbt — Be sin bt

F(t) = dae sinbt + Be™ cos bt
The two equalities we proved imply that
d(t) = ;[(@+ Fi)e ! 4 (@ — fi)elr—V"]
’l_;(t) | [(& + B’i)e(a+bi)t _ (& _ gi)e(a—bi)t}

2i

That is, 4(t), U(t) are real solutions because they were obtained as linear combinations of the

complex solutions. We have therefore obtained two real solutions of the system:

u(t) ae® cos bt — Be™ sin bt

F(t) = d&e sinbt + Be™ cos bt

Remark: It is not advisable to try to memorize the last two formulas. It is enough to remember
only the form of the first solution e(*+®V*(& + zﬁ) I' The last two formulas are simply the real and

imaginary parts of this expression (it takes less than half a minute to obtain both formulas in this

way).

Example 5: Find the general solution of the system

zi(t)| (4 —1]|=zu(2)
()| |5 2 ||za(t)

Solution: The characteristic polynomial here is

4—-X -1
5 2—-A

=A2—_—61A+13=0

The roots of the polynomial are A = 3 + 22, A = 3 — 2¢. According to the analysis above, it is
enough to find an eigenvector for A = 3 + 22

W
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We obtain the eigenvector

1—2¢

ol
I
—
I
—
| |

The corresponding complex solution is

ﬁ(t) — e(3+2i)t
1—2¢
We decompose it into its real and imaginary parts

1 ) 1 0

e(3+20)t = + i| - e3t(cos 2t + isin 2t)
1— 22 1 —2

1 0 0 1

= e3t cos 2t — e3tsin2t| + 4 e3t cos 2t + e3tsin 2t
1 —2 —2 1

and we have obtained the two linearly independent real solutions

) e3t cos 2t ) e3t sin 2t
Uy (t) = , s (t) =
e3t cos 2t — 2e3! sin 2t —2e3t cos 2t + €3t sin 2t

The general solution of the system is, of course, the space spanned by {4 (t), d=2(t)}

. . . e3t cos 2t e3t sin 2t
U(t) = cru1(t) 4 catia(t) = 1 + ca
e3t cos 2t — 2e3t sin 2t —2e3t cos 2t + e3t sin 2t

7.3.3 A Real Eigenvalue of Algebraic Multiplicity 2 and Geometric Mul-

tiplicity 1
Here we consider the case in which the eigenvalue A has algebraic multiplicity 2 but geometric
multiplicity 1. That is, we have a single eigenvector @ corresponding to the eigenvalue A, but

we must obtain two fundamental solutions for our differential system. For this purpose, we use the

concept of a generalized eigenvector.

Our first fundamental solution is, of course, #(t) = ae*.

We obtain the second vector b by seeking a solution of the form

Z(t) = dte™ + beM
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After substituting this form into our system #'(t) = A&, we obtain
Ei(e)‘t + )\te)‘t) + Aber = A((‘ite)‘t + geAt)

and therefore

(@ + Ab)eM + Adte = Abe™ + Agte™

By equating the coefficients of e, te* | we obtain

AG \@
Ab a4+ \b

Therefore, the system needed to find the vectors @, b is

Remark: The vector b is called a generalized eigenvector of A, and it is usually defined as a
solution of the system (A — AI)2b=0.

zi(t)| |1 —1]|zi(2)
()| |1 3| |za(t)

Solution: The characteristic polynomial is

Example 6: Solve the system

1—X -1

=1=-MB=-AN)+1=X2—-aA4+4=N=-2)2=0
L m AN+ +4=(A-2)

We have a single eigenvalue A = 2 of algebraic multiplicity 2. When we seek eigenvectors,

e P | <

we find that we have only one eigenvector. That is, the geometric multiplicity is 1.

Therefore, as explained above, we must seek a generalized eigenvector b by solving the system

(A—XDDb=a
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That is,

It is easy to find the solution

That is,
_ 1 i t
iy (t) = [ 1] e?, s (t) = [ ]e2t

The general solution of the system is

ﬂ(t):cllllezt-i—Cz[ t ]e2t
—1 —t+1

7.3.4 A Real Eigenvalue of Algebraic Multiplicity 3 and Geometric Mul-

tiplicity 1

Let A be a real eigenvalue of algebraic multiplicity 3 and geometric multiplicity 1. As in the
preceding case, we prove that the three required vectors {a, 5, C} are obtained by solving the three

linear systems

(A — D)@ 0
(A-XDb = @
(A—XI)E = b

and the fundamental solutions of the system (7.1) are

uy(t) = de
ux(t) = (t@+ b)e™
us(t) = (3@ +tb + &)e

The first fundamental solution is obtained from the unique eigenvector @. We obtain the second

and third solutions using the generalized eigenvectors b , €. We already proved the validity of the
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second solution in the preceding case, so we proceed to prove the third solution
— = | P\ At 1 2> =2 oAt
iy (t) = (ta + b)e™ + X Et at+tb+cle

After substituting 5 (t) into the system &'(t) = AZ(t), we obtain

- 1 " 1 -
(td + b)eM + A <2t2a +tb + é’) eMt=A <2t2a +tb + é’) e

After canceling e and collecting terms, we obtain

t2 2

- - t -
M@+ AB) + (B+AQ) = Ad + tAb + AZ

By equating coefficients, we obtain

Aa a
Ab = @+ Nb
AZ = b+ A€
or, in the customary form,
(A —XI)a 0
(A—XDb = @
(A—XI)E = b
Example 7: Solve the system
x (t) 1 1 1 ||x(2)
xL(t)| = |1 3 —1||z2(t)
x5 (t) 0 2 2 ||xzs3(t)

Solution: The characteristic polynomial of the coefficient matrix A is

11— 1 1
1 3—-Xx —-1|=-(\-2)°
0 22—

Therefore, A = 2 is the unique eigenvalue of A, of algebraic multiplicity 3. It is easy to check that

the only eigenvector (up to linear independence) corresponding to A is

Ql
I
_ O
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We obtain the generalized eigenvector b by solving the system (A — AI )5 = a. That is,

-1 1 1]|b 1
1 1 —1||by| = |0
0 2 O0||bs 1
Solving the system gives
[
i |}
0

-1 1 1]||e —3
1 1 —1||e| = 3
0 2 0||es 0
Solving the system gives
2
c= 10
0

Therefore, the basis for our solution space is

1
u (t) = ae = |0]e?
1
1
1 —3
— = P\ 1 2t
ux(t) = (ta+b)e=1|tl0|+| 3 ||e
1 0
1 1
. 1 —3 —3
us(t) = (A2@+tb+a)e = |1e2jo| +t| 1|+ | L ||e*
1 0 0
and after simplification,
1 1,2t 1
1 t—3 2t — 373
ui (t) = |0 e2t? ’U'Z(t) - % e2t, ’U,3(t) = %_i_% e2t
t 2
2

1
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7.3.5 An Eigenvalue of Multiplicity 3 and Geometric Multiplicity 2

Here we have an eigenvalue A of algebraic multiplicity 3 and geometric multiplicity 2. That is, we
have only two linearly independent eigenvectors @, b.

A. Our first two solutions are

e)\t

At

iy (t)
ﬁz(t) =

1 Q1

=

e
B. The third solution is of the form @3(t) = (td + &)e* where € is a linear combination of @, b
¢ = (116_1: + (126

such that the system (A — AI)d = & has a nontrivial solution d.

Therefore, in the present case, a basis for the solution space of our homogeneous system is

’L—l:1 (t) = Eie)‘t
@ (t) = be

@s(t) = (td + &)eM

Example 8: Find the general solution of the homogeneous system

x| (1) 5 —3 —=2||z1(?)
xo(t)| = | 8 —5 —4||x2(t)
x5 (t) —4 3 3 ||x3(t)

The characteristic polynomial is

5—X -3 —2
(A-XDE=| 8 —-5-X —4|=—-A—-1*=0
—4 3 3—A

In this case, we obtain a single eigenvalue A = 1 of algebraic multiplicity 3 and geometric multi-

plicity 2, that is, it has exactly two linearly independent eigenvectors

4 -3 -2 aq 0
(A-—ADE=|8 —6 —4||az| =10
—4 3 2||as 0
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It is easy to find two linearly independent eigenvectors

2
-3

Q!
I
N O =
S
|

Next, we must find two constants a7, ag such that the system
(A — X))@= 1@ + asb

has a nontrivial solution €. This can be done by reducing a system of 3 equations in 5 variables,
(e1, €2, €3, a1, ) but in most cases it is simpler to guess suitable values of oy, ag (there is

considerable freedom). For example, if we choose a; = az = 2, we obtain the simple system

4 -3 2| 2
(A=—AI)c=|8 —6 —4||lc|=1|4
—4 3 2 ||es —2
which has a nontrivial solution
1
c= -2
4

Using the three vectors we obtained, we construct the basis for the general solution

1
i (t) = aer = |0|e
0
da(t) = beM = |2 |e
-3
2t +1
3(t) = [t(cnd@+ ozb)+& et =] at—2 |et
—2t+ 4
Exercise 7.2: Solve the initial-value problem
x (1) 3 0 1 ||xz(2) x1(0) 2
()| =12 1 1 ||x2t)], x2(0)| =
x5 () —4 0 —1||=z5(t) x3(0) —4
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Guidance:
(@) Verify that the coefficient matrix has a single eigenvalue A = 1 of algebraic multiplicity 3 and
geometric multiplicity 2.

(b) Show that the following two vectors are eigenvectors corresponding to the eigenvalue A = 1

(c) Try to obtain the generalized vector

et}
Il
=)

7.4 Nonhomogeneous Linear System of Equations

Having reviewed several methods for solving homogeneous linear systems with constant coefficients,

we proceed to a nonhomogeneous system (the coefficients remain constant). To emphasize the idea

behind the solution method, we focus on simple examples of systems of order 2 X 2,

(1) = AF(t) + 4(t)

zi(t)|  |an aiz| |zi() q1(t)
[w;u)] - { ] [wzu)] i Lm(t)]

In the first stage, we find the general solution of the homogeneous system
33,1 (t) _ a1 Qa2 L1 (t)
IE'Z(t) a21 Qa92 wz(t)

h(t) = c1ii1(t) + coiia(t)

or, in more detail,

which we denote by

Asin the case of an ordinary equation, it is enough to find a ralucitrap solution of the nonhomogeneous

system by the method of variation of parameters

P(t) = c1(t)ds(t) + ca(t)u2(t)
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The derivative of p(t) is
P (t) = [y (D) () + e (D)) (8)] + [c5()Ua(t) + c2(8) Uy (¢)]

We substitute p(t) into the nonhomogeneous system

P ) = [@®)E(t) + ea®)a ()] + [ () E(t) 4 ca(B) i (2)]
= Afa(t)d(t) + c2(t)u2(2)] + (1)

= ci(t)uy(t) + c2(t) () + q(t)
We have obtained the equation
cy ()1 (t) + ¢, (t)iz(t) = g(t)

which we will later solve using Cramer’s rule. The general solution of the nonhomogeneous system

is obtained by adding the particular solution and the general solution of the homogeneous system
W(t) = P(t) + h(t) = P(t) + c1di1 () + caiia(t)

We summarize what we have found in the following theorem:

Theorem 7.7: If @(t) = c1t1(t) + cotia(t)
is the general solution of the homogeneous system Z'(t) = AZ(t)

and if the functions c;(t), c2(t) satisfy the equation
ch (B) @1 (t) + ¢, (8)d2(t) = q(t)

then
P(t) = c1(t)ds(t) + ca(t)ua(t)

is a particular solution of the nonhomogeneous system

T'(t) = AZ(t) + q(t)

The theorem was already proved in the preceding analysis.
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Example 9: Find the general solution of the following nonhomogeneous system

{ o (t) = 2x,(t) — @a(t) + e
xh(t) = 3wq(t) + 6x2(t) + *

Solution: In the preceding subsection, we already found the general solution of the homogeneous

system
{w;a) = 23,(t) — 22 (t)
x,(t) = 3x1(t) 4 6x2(1)

z.(t)] . e3t . e5t
o) e Ll el e

We seek functions ¢;(t), c2(t) such that

40| 7] =] ol = |5

That is, we must solve a linear system of equations in the functions ¢} (t), c,(t)

{ e¥c)(t) + e’ (t) = e*

—e®c)(t) — 3edch(t) = e*
Therefore
a5t
&3t _3e5t 3¢% —ed 3, 1
i (t) = - s 2 T3
_edt ot —2e 2 2
_e3t  _3ebt
In the same way, we compute ¢ (t)
ettt
—e3t e3t th + e7t 1 1
c,(t) = = = ——e - —e!
—2e8t —2e8 2 2
By integration, we obtain ¢;(t), ca(t)
ca(t) = 2 +1
c2(t) = e 24 le!
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The particular solution of the nonhomogeneous system is therefore

i(t) = (3¢ +35) i + (e 2 + et <
P \2 2) | _ 3t a 2 gt

The general solution of the nonhomogeneous system is therefore

ﬁ(t)=01[63t]+02[ ] [@ %) 4t+(i+;)e3t]
_ et 3¢5t t

%( —|—t)e4t— (%-Fg)e?’t
Example 10: Find the general solution of the nonhomogeneous system

i (t) = z1(t) + 4dx3(t) — 2€
x,(t) = 3xa(t) 4+ 9t
xy(t) = @1(t) + z3(t) + €

Solution: We pass to vector notation

x! (t) 1 0 4| |z (t) —2e!
2L (t)| = [0 3 o |z(t)| + | ot
x5 (t) 1 0 1||xs(t) e’

We leave it to the reader to verify that the general solution of the homogeneous system

x' (1) 1 0 4| |z.(2)
xo(t)| = |0 3 0| |x2(t)
x5 () 1 0 1| |=zs(t)
is
—2et 0 2e3t
ﬁ(t) =cC 0 +caledt| +e3| O
et 0 e3t

By the method of variation of parameters, we must find a particular solution of the nonhomogeneous

system of the form

—2e7t 0 23t
ﬁ(t) = C1 (t) 0 + Co (t) €3t + C3(t) 0
et 0 e3t
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Substituting p(t) into the nonhomogeneous system leads to the linear system

1 0 4||c(t) —2e!
03 of|eyt)| =| ot
1 0 1]|c(¢) et

To solve the system, we must row-reduce the matrix

—2et 0 23 : —2et
0 e3* 0 : ot
et 0 e : ¢t

After performing the following row operations,

R, «— R;—2Rj3
R; +— 4R3+ R,
R, + “ R,
R, +— e 3R,
R; + e'Rg

we obtain the row-reduced matrix
1 00 et
010 9te 3¢
0 01 0

We have obtained
ci(t) =e*, c,(t) =9te™™, c4(t)=0

and therefore

1
c(t) = §e2t, ca(t) = —3te™® — e, c4(t) =

and therefore

L —2et 0 —et
pt) = 5e21t 0 |+ (=3te® —e?)|e3| = |-3t—1
et 0 %et

Therefore, the general solution of the nonhomogeneous system is

—2et 0 2e3t —et
’L_l:(t) = C1 0 + Co €3t —|— C3 0 + —3t—1
et 0 e3t %et
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Using Cramer’s Rule to Find c(x)

In other cases, we may prefer to use Cramer’s rule to solve the system
cy ()1 (t) + c,(t) iz (t) = g(t) (7.5)

For this purpose, we exploit the fact that the Wronskian of a sequence of column vectors is precisely

the determinant needed for Cramer’s rule!

W[&a '17:2]
W iy, d,)

W[ﬁlaq_]

/
)= 4
CZ( ) W[’ljl,ﬁz]

cy(t) =
In the case of a 3 X 3 system, the method of variation of parameters leads to the system
i () U (t) + c,(t)d2(t) + cy(t)u=(t) = g(t) (7.6)

We can represent the solution by

W[q; 7-_‘:27 63]

W[ﬁla 623 63] ’

w [ﬁla (Ta 63]

W[ﬁlv ﬁ29 63] ’

W[ﬁlaﬁ%q]

W[ﬁh 627 ﬁ3]

cy(t) = cy(t) = cy(t) =
We note only that computing determinants of order 3 X 3 is generally more costly than row-reducing
the matrix, and therefore the use of the last formulas should be restricted to cases in which the matrix
is sparse, or to theoretical applications.

Example 11: Find the general solution of the nonhomogeneous system

i (t) = 2x1(t) 4+ 2x2(t) + 225(t) + 1
xo(t) = 2x1(t) + 222(t) + 2x2(t)
x5(t) = 2x1(t) 4 2z2(t) + 225(t)

Solution: We begin by solving the homogeneous system

x' (1) 2 2 2| |xz(t)
xo(t)| = |2 2 2||x2(t)
x5 (t) 2 2 2| |x3(t)
Its characteristic polynomial is
22— 2 2 2—X 2 2
2 2—X 2 |=| 2 2—=X 2 [=222-2(A2—4)) = —-2*4+6)°
2 2 2-—A 0 A=A
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During the calculation, we subtracted the third row from the second row, and expanded the deter-

minant along the third row. We have obtained two eigenvalues, A =0, A = 6.

The eigenvectors corresponding to A = 0 are obtained by solving the system

2 2 2|[a; 0
2 2 2|laz| =10
2 2 2|l|as 0

which, after simple row reduction, becomes the system

1 1 1)||ay 0
0 0 Of|az| = |0
0 0 Of|as 0

This is a system with 2 degrees of freedom, so the geometric multiplicity of A = 0 is 2. It is not

difficult to find the following two eigenvectors

The eigenvectors corresponding to A = 6 are obtained by solving the system

—4 2 2 ||ay 0
2 —4 2 ||az| =0
2 2 —4||as 0

which, after row reduction and simplification, becomes the system

2 -1 —1||a 0
0 1 —=1f|c2| =10
0 O 0 ||cs 0

As expected, this is a system with 1 degree of freedom; that is, the geometric multiplicity of A = 6
is 1. It is not difficult to find the following eigenvector

oy
Il
— e
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The fundamental solutions of the homogeneous system are therefore

1 1 1
G@(t) = @e® = |—1|, (t) =be” = |0 |, ws(t)=ce’ = |1|e*
1

0 —1

and therefore the general solution of the homogeneous system is

1 1 1
Fl(t) =cy|—1| +ca| 0 | +cs|1]|e®
0 —1 1

We now return to our nonhomogeneous system

F'(t) = AZ(t) + q(t) (7.7)
where
2 2 2 1
A= |2 2 2|, {qt)=|0
2 2 2 0

By the method of variation of parameters, we must find a particular solution p(t) of the form

1 1 1
P(t) = c1(t) [—1| +ca(t)| O | + cs(t) |1]e™
0 ~1 1

where ¢} (t), c,(t), c;(t) are obtained by solving the system

1 1 1 1
()| —1| + ()| 0 | +c4(t)|1]e” = |0
0 —1 1 0

This system can be solved by row reduction or by using the formulas above that are based on Cramer’s
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rule. In the present case,

1 1 1
W = W[ﬁl,ﬁg, ’L_I:3:| = —1 0 1 €6t = 3€6t
0O -1 1
1 1 1
W1 = W[q; ’17:2, ’17:3] = 0 0 1 66t — 66t
0 —1 1
1 1 1
W2 = W[ﬁl, q; ﬁg] = |—1 0 1 €6t = eﬁt
0 01
1 1 1
W3 = Wiy, ts2,q] = -1 0 0/ =1
0 -1 0
Therefore W 1 W W 1
. 1 . . 2 . . 3 . —6
ci(t) = W o3 cy(t) = W o3 cy(t) = W - 3¢ ¢
Therefore . ; 1
ci(t) = — co(t) = — c3(t) = ——e 6
W= el =5 b =—
Our particular solution is therefore
2t 1
|t ¢! ! 318
p(t)=—-|—-1|+=|0 | ——|1| = |-t -1
plt) =3 *3 18 3718
0 —1 1 -t L

Because of the high probability of a computational error in the preceding process, it is highly advisable

to verify that p(t) is indeed a solution of the nonhomogeneous system:

2 2 2 2t 1 1 1 1 2
= g t 1 — 1 — 1 — o
t 1 1 1
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The general solution of the nonhomogeneous system is

1 1

— Ll 4| —1|+ec| 0| F+es|1]e®

—1 1

Exercises for chapter 7

Guidance: At the end of the list there is a link to a Jupyter notebook containing final and complete solutions to some of the
exercises. Additional solutions will be added over time (I hope to receive help from the students). We would be very pleased to
receive additional student solutions for exercises that have not yet been solved!

1. Find the general solution of each system of equations

y'(t) = 3=(t) + y(?)

x'(t) = 2x(t) + y(1)
y'(t) = 3x(t) + 4y(t)

x5 (t) = 6x1(t) + 4x2(t)

o)~ 12 e

x,(t) z2(t)

Q) x'(t) = y(t) — 5cost
y'(t) = 2x(t) + y(¢)

© { o (t) = Tz1(t) + 322(t)
(8) {

(W) () = [_01 (1)] #(t) + [2]

y'(t) = =(t) + y(t) — z(¢)

o' (t) = x(t) — y(t) + =z(t)
)
2'(t) = 2x(t) — y(t)

-1 1 1
(m) Z@t)=|1 -1 1 |Z()
1 1 -1
1 -1 1
(o) ()= 1|1 1 1|&(¢t)
4 -1 4

(b) z'(t) + x(t) + 5y(t) =0
y'(t) —x(t) —y(t) =0

@ { azjl(t) - z1(t) — 3z2(t)
x,(t) = 3z1(t) + z2(t)

© { a;:l(t) - 521 (t) — 222 (t)
x5 (t) = 4x1(t) — x2(2)

() #(t) = [_35 _13] #(t)

(G) x'(t) = 2x(t) + y(t) + cost
Y'(t) = —x(t) + 2sint

1 -2 -1
n) Z@t)=|—-1 1 1 |Z()
1 0o -1

x'(t) = 2x(t) + y()
(p) | ¥'(t) = =(t) + 3y(t) — =(t)
2'(t) = =(t) + 2y(?)
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1 -1 -1
(@) @) =11 1 0 |Z(t)

3 0 1
1 0 1

()= |1 1
0 0

a'(t) = 2a(t) — y(t) + 2(1)
y'(t) = =(t) + 2y(t) — (1)
Z'(t) = x(t) —y(t) +22(¢)

(s)

' (t) = z(t) + 2y(t) + 16te
y'(t) = 2a(t) — 2y(¢)
[ tet
te2t
1
0
0

Solve the following initial-value problems

(t)

(u) Z(t) +

(v) @(t) = 2| E(t) +

(a) { @(t) =22() +y(t) | =(0) =1
y'(t) = z(t) +2y(t) | y(0)=3

(b) '(t) =y(t)+t | =(0)=1
y'(t)==z() +e | y(0)=0

oy - 1371 =0y — |1
(&) #(t) = L _1] t). 0 H

1
(d) x'(t) —x(t) —5y(t) =1 | =(0)=0
y'(t) + 2z(t) +y(t) = €' | y(0) =0
(e) { x'(t) =y(t) —5cost | =(0)=0
y'(t) = 2z(t) +y(t) | y(0)=0
(f) z'(t) =yt)+t | =(0)=1
y'(t) ==(t)+e | y(0)=0

Consider the system

() = |1
0

() {

o' (t) = o(t) — 2y(t) — 2(¢)
y'(t) = y(t) — =(t) + 2()
Z'(t) = x(t) — z(t)
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1 (t)
Find all values of ¢ for which every solution &(t) = |x5(t)| of the system is bounded on the

3 ()
entire ray (0, 00).

Link to solutions ©

€ Link to solutions


https://github.com/samyzaf/notebooks/blob/main/ode7.ipynb
https://colab.research.google.com/github/samyzaf/notebooks/blob/main/ode7.ipynb
https://samyzaf.com

Chapter 9
The Finite Difference Method

9.1 General Introduction

In contrast to the customary approach in the branches of classical mathematics, which are based on

the concept of the infinitesimal continuum, the idea underlying the dohtem ecnereffid etinfi (Finite

Difference Method) is to restrict ourselves to working on a finite grid (grid) of numerical values and
to dispense with the infinite continuum of traditional mathematics. For example, the investigation
and solution of ordinary differential equations will be carried out on a two-dimensional grid such as

the one shown in Figure 9.1.

YA
Ax Ax
t x; = xo + 1Az
Yit1 7y At{ - Yj = Yo +JAY
Ay ty = to + kAL
Yi Y ad ™ i.d Al
A Uli,j,k] <> u(zi,yj,te)
Ay th_1
Yi-1 Y Ay Ay
A A -
/Jj—}/y]' Wy/ > ¥
Ax
T
Az :
. it
LTi-1 x; Tj4q o ¥
Fig. 9.1: A typical two-dimensional grid for the finite Fig. 9.2: A three-dimensional grid for the finite difference
difference method method

Similarly, the investigation and solution of partial differential equations will be carried out on mul-
tidimensional grids such as the one shown in Figure 9.2. The main motivation for this approach is
to enable mathematical problems to be solved by means of computational algorithms and modern
computing technologies that emerged at the end of the previous century and continue to develop
rapidly today. For example, when solving ordinary differential equations, the values of the variables
x, y will be restricted to finite arrays of discrete values x;, y;. The grid is usually obtained by
dividing a given interval [a,b] on the x-axis into n equal subintervals of length Az = b_Ta. The

division points ®; = a 4+ iAx are called nodes (nodes) or division points

rg=a, 1 =a+ Az, xz3=a-+2Ax, ..., x,=0D>b
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and the natural number m is called the partition size

Fig. 9.3: A uniform partition of a finite interval into n subintervals and n 4+ 1 nodes

Note that dividing an interval into m subintervals creates n + 1 nodes! A function y = f(x) is

investigated by examining the values y; = f(x;)
yi = f(x;), 1=0,1,2,...,n

Unlike the array of @-values, the differences Ay = y;11 — y; are not necessarily uniform (contrary

to the impression given by Figure 9.1). Note that

Yo = f(xzo) = f(a)
Yn = f(wn) = f(b)

The goal is to obtain solutions that are as close as possible to the true solutions. We relinquish
absolute accuracy, but computational algorithms allow us to solve a wider variety of problems that

cannot be solved analytically.

In the finite difference method, the concept of an infinitesimal limit has no role; in standard analysis,

it is used for example, to compute the derivative of a real function at a point:

o) — i T@ AT~ F@)

Az—0 Ax

Assuming that our grid of values is sufficiently fine, we can obtain a sufficiently good approximation

of the derivative by means of the following difference quotient

f(i+ Azx) — f(xi) _ f(@it1) — F(®)  Yig1 —yi
Ax N Ax N Tit1 — T;

F(zi) =~

That is,
dy Ay  Yit1 — Y
dx Ax Tit1 — T;

or, in concise schematic form,
dy — Yit1 — Y

= 9.1
dx Ax (5.1)

In some cases, we may prefer the following approximation
dy _ v v 02)

dx Ax
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which also follows from the following formula

@) — i [@) = I = A)

Az—0 Ax

The first formula is sometimes called the forward difference (forward difference), and the second
the backward difference (backward difference). These names arise from the use of backward
or forward recursion (recursion) formulas. There is also a central difference (central difference)

version
dy  Yit1 — Yia

(9.3)
dx 2Ax

which follows from the following formulal

F@) = lim flx+ Az) — f(x — Ax)
T Az—0 2Ax

Similarly, we can continue and compute a numerical approximation of the second derivative

m f'(z; + Ax) — f'(x;) ~ f'(x; + Ax) — f'(x;)

14 .
) o= ]
flzi+Act+Azx)—f(zi+Ax)  f(zi+Az)—f(xs)
~ Ax Ax
Ax
_ f(zi +2Az) — 2f(z; + Az) + f(z:)
o Ax?
_ f(@iye) — 2f(xiy1) + f(x:) _ Yit2 — 2Yi1 + Y
Ax2 Ax2

Another way to do this yields an additional formula

o F@) — (e — Ax) f'(xi) — f'(@i — Ax)

" ZT; = li
f ( ) Az—0 Ax Ax
fxitAz)—f(z:) _ f(zi)—f(zi—Ax)
~ Az Ax
Ax
_ f(zi+Az) —2f(zi) + f(zi — AT)  Yiy1 — 2Yi + Yia
o Ax? - Ax?

We have obtained two different formulas for the numerical approximation of the second derivative

d*y _ Yit2 — 2Yi1 + Y

dz2 Ax?

(9.4)
d*y  Yitr1 — 2y + Yia
dx? Ax2

L We leave its proof as an exercise for the student.
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Again, these are second-order forward difference and central difference formulas. There is also

a backward difference formula, which we will use in the following example

d? i — 2Y;— i—
Y ~ Y Yi—1 + Yi—2 (9.5)
dx2 Ax?

Similarly, we can develop difference formulas for the third derivative, the fourth derivative, and so

o1.

9.2 The Beginning: Euler’s Forward Difference Method (Euler)

The first mathematician to investigate this subject was the Swiss mathematician relull drahnoel.

He was the first to propose using small differences to obtain an approximate solution of a differential

equation of the general form
y'(z) = F(z,y)

on a finite interval [a,b]. If x; is our sequence of nodes in the interval, and if y; = y(«;), then

we can approximate the derivative y'(x;) = ¥4 by
Yit1 — Yi
z " = F(x:. U
e (xiy yi)

and therefore obtain a simple recurrence formula for computing the sequence of values y;

Yit1 = Yi + F(xi, y:) Az (TMTube I GO® NCX

This method is called the forward Euler method (Forward Euler Method) because it uses a forward
difference formula for the derivative. Assuming that an initial condition yo = y(xo) is given, we

obtain at least one discrete solution of the equation.

Example 1: We compute an approximate solution of the ODE 3’ = 3z%(y + 1) on the interval
[0,2] with the condition y(0) = 0. At the end of Chapter 3, a complicated derivation of the
solution y = e” — 1 by Picard’s method is presented (in fact, it is a successful guess). We try to
determine whether the solution obtained by Euler’s method is sufficiently close to it.

Thanks to the remarkable simplicity of Euler’s formula, the Python code for the problem is quite
short, as can be seen in Figure 9.4.

The simplest way to appreciate its effectiveness is to plot the discrete graph and compare it with the
graph of the true solution y(x) = e”’—1. Figure 9.5 shows how close the two graphs are. Additional

tests of this type can be performed by running the code in elpmaxe siht rof koobeton baloC eht.

The question that arises regarding formula (9.6) is: what conditions on F'| the partition size n, and

the length of the interval [a, b] guarantee convergence and/or a desired level of accuracy relative to


https://en.wikipedia.org/wiki/Euler_method
https://www.youtube.com/watch?v=ukNbG7muKho
https://colab.research.google.com/github/samyzaf/notebooks/blob/main/fdm_euler1.ipynb
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https://samyzaf.com

273

Chapter 9: The Finite Difference Method

(4]
2
100 # Division size 100

a # Interval = [0,2]
b
N
dx = (b-a)/N # x step
X
Y:

np.array([a + i*dx for i in range(N+1)])

np.zeros(N+1)

Y[e] = @
F = lambda i: 3*X[i]**2 * (Y[i] + 1)
for i in range(@, N):

Y[i+1] = Y[i] + F(i)*dx

# this

O

# X nodes

# y nodes (initialized to zero)

# initial condition y(@) = @

is our F from: y'=F(x,y)

Fig. 9.4: NZNumPy code for solving the equation y’ = 322 (y + 1) by Euler's method

O

3000
= = s = Real solution
2500 1" o NUimerical solution
2000 A
1500 A
! 2
y =3z(y +1)
1000 A
x € [0,2]
500
0 -
0.00 025 050 075 100 125 150 175 2.00

Fig. 9.5: The numerical solution (blue line) versus the true solution (red line) of the problem y’ = 3z2%(y + 1)

the true solution? To answer this question, we prove the following propositions.

Proposition 9.1: (Linear Approximation) Let f(z) be a function differentiable at the point

@o . Then there exists a function p(x) in a neighborhood of xg such that Jlim p(x) = 0, and for
o

every @ in a neighborhood of xg,

f(@) = f(mo) + f'(20) (x — o)
Proof: We begin by defining the function p(x)

p(z) = f(a;): — f(=zo)

It is clear from the definition that

lim F(x) — f(zo)

T—rTo

lim p(x)

r—rxQ

— f'(wo)]

r — Lo

F(xo) — f'(xo) =0

+ p(z)(x — )

f' (o)

F(x) — f(xo0)

L — Io

lim
r—rxQ

1 — f'(z0)

|


https://colab.research.google.com/github/samyzaf/notebooks/blob/main/fdm_euler1.ipynb
https://numpy.org
https://colab.research.google.com/github/samyzaf/notebooks/blob/main/fdm_euler1.ipynb
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If we multiply both sides of equation (9.8) by the expression (x — @), we obtain

p(x)(x — o) = f(x) — f(w0) — (o) (x — To)

and after rearranging, we obtain

f(@) = f(x0) + f'(z0) (® — @0) + p(2) (2 — o) i

Formula (9.7) is called the linear approximation formula, since the expression f(xo) +
f'(xo)(x — xp) is in fact a linear function that becomes very close to the function f(x) in a

small neighborhood of xq. It is also customary to write it as follows
f(@) = f(mo) + f'(z0)Az + O(Az) Az

where Ax = x—xo and the expression O(Ax) denotes a continuous bounded quantity that tends
to zero as Ax — 0. In addition to its computational use, the formula has theoretical applications,

as in the following theorem (source: [2]).

Theorem 9.2: Let F(x,y) be a continuously differentiable function on a bounded planar domain

D . If the initial-value problem for the ODE has a solution y(x) on the interval [a, b]
Yy =F(z,y), a<z<b

y(a) = yo
then the discrete solution y;, ¢ = 0,1,2,..., N, of Euler's method converges pointwise to the true

solution at every discrete point. Moreover: If e; = y; — y(x;) is the error, then

AtAx

where A = max |Fy(x,y(x))|, and n is the number of subdivisions of the interval.

Proof: Consider the partition of the interval [a, b], x;, y;, 1 = 0,1,2,...,n, as described above.

Define the local truncation error 7; by

Y(®it1) — y(x:)
Ax

T = y/(wi) -

By the preceding proposition, 7, = —p(x;+1) = O(Ax). Thatis, , — 0 as Ax = x; 41 —x; —
0.
Define the true error e; by

€ =Y, — y(iliz)


https://samyzaf.com

275 Chapter 9: The Finite Difference Method

We saw above that
Y(Tit1) — y(xi)

, .
Ax y' (i)

T, = p(x;) =
Therefore
€it1 = Yit1 — Y(Tiv1) = Yi + F (@i, ¥i) Az — y(Tit1)

= yi — y(x:) + F(xi, i) Az + y(zi) — y(xit1)

= e + F(zi, yi) Az — (y(Tit1) — y(xi))

= e; + F(x;,yi) Az — ¢/ (z;) Az + p(x;) Az

= e + F(zi,y;) Az — F(z;, y(z:)) Az + p(z;) Az

= e + [F(zi, i) — F(zi,y(x;))] Az + 1Az

= e+ Fy(zi, 9;) (¥ — y(x:)) Az + 1Az
e; + Fy(x;,y;)e;Ax + T, Ax
= e [1+ Fy(x;,7y;)Az] + 1;Ax

In the seventh line, we used Lagrange’s mean value theorem:

F(xi,yi) — F(xi,y(x;)) = F,(z;,7,;)
yi — y(x:) o

The point ¥; is an intermediate value between y; and y(x;) 2.

We try to estimate the magnitude of the true error |e;41| in terms of the magnitude of the preceding
error e;

leivi] = |ei(1 + Fy(zi,y;)Ax) + 1 Ax|
e (1 + |Fy (20, Til) Az + |7i| Az

<
< (14 XAx)|e;| + |m|Ax

The function F'(x,y) is continuously differentiable on our compact domain and therefore the deriva-
tive F, is bounded there, so the maximum A = Max |F,(x,y)| exists. We have obtained the

following recursive inequality

leita] < (1 + AAz)|es| + |73 Az (9.9)
Clearly, 14+ AAx > 0, and therefore we omitted the absolute value in all its occurrences. We apply
the recursion to two simple examples in order to obtain a more general inequality. If we substitute

¢ = 1 into inequality (9.9), we obtain

lea] < (14 AAx)|es| + |m|Ax

2 1f y; = y(x;), then e; = 0 and the entire first term vanishes in any case.
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and therefore, for ¢ = 2, we obtain

les] < (1+ AAz)|ez| + |m2|Ax
< (14 XAz) [(1 4+ AAzx)|eq| + |71 |Az] + |72|Ax
< (1 +AAz)?ler] + (1 + AAz) |7 |Az + || Az
We have obtained
les| < (1 4+ AAz)?|er| + (1 + AAz) |7 |Az + |2|Ax (9.10)

For ¢+ = 3, the calculation is

lea] < (14 AAz)|es| + [75|Ax
< (14 2Az)[(1+ AAz)?|es| + (1 4 AAZ) |11 |Az + |72| Ax| + |73/ A
(1 4+ AAZ)?|er| + (1 + AAZ)? | |Az + (1 + AAz) || Az + |13|Ax

We have obtained
les] < (1 + AAz)3|er]| + (1 + AAz)? |1 |Az + (1 + AAz) || Az + | 13| Az (9.11)

We saw above that 7, = O(Awx), and therefore T;Ax = O(Az?). It follows from inequalities
(9.10), (9.11) that, for every 1 < k < m,

k—1 .
lext1] < (1 4+ AAz)*|eq| + _§0(1 + AAzx)'0O(Az?)

k—1 .
= (14 AAz)*|e;| + O(Azx?) .20(1 + AAz)"

(1 4+ XAzx)k —1

= (14 XAx)*les| + - O(Ax?)
Adz (9.12)
1+ AAx)k
= (14 AAz)*|es| + (JFA‘E) . O(Ax)
AkAzx
< (1+XAx)*O(Azx) + - O(Ax)

AkAx

< Mo (Ax) + -0(Az) ——— 0

In the third line, we used the sum formula for a geometric series with ¢ = 1 4+ AAx. It is also easy

to prove the inequality (1 + AAz)* < e*A% Since we can formally write

O(Az) = X- O(Ax)
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AkAx
A

e

we can replace the expression e*2*OQ(Ax) by the expression

O(Ax) and therefore, in

summary, we can write
AkAx

x| < =~ 0(Az) —— = 0

Therefore, our numerical approximation y; converges to the true solution at all the points @; as the

partition size m tends to infinity. [ |

9.3 A Recurrence Formula for an Ordinary Differential Equation

Example 2: We begin with a simple differential equation whose solution is known and easy to obtain,

with initial conditions at the point & = 0 on the interval [0, 7].

y'+y=0
y(0) =1
y'(0)=0

This is, of course, a linear differential equation with constant coefficients whose solution is easy
to find: y(x) = cosx. We will therefore need to verify that the solution obtained by the finite
difference method coincides with it. We use the backward difference formula (9.5) for the second

derivative
Yi — 2Yi1 + Yi-2

Ax?

+vy; =0

For a sufficiently large natural number n, we divide the interval [0, 7] into m equal parts. Set

™
d=Ax = —
n
and develop a recurrence formula (forward iteration) for computing y; for the values 7 =
2,3,...,n.
Yi — 2Yi_1 + Yi_o +d?y; =0
Therefore
o 2Yi1 — Yi—2

Yi T iiaz T a2

The first initial condition gives: yo = 1.

The second initial condition gives:

y(d) — y(0) _ Y1~ Y

0=19(0) = 7 7
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Therefore, necessarily, y; = 1. We have obtained a complete recurrence formula for y;

Yo=1

y1 =1

y; = 2Yi—1 — Yi—2
1442

The formula makes it possible to compute all the values of y from the two initial conditions and the

forward recurrence formula, as can be seen in the following Python code:

a=2@8 # Interval = [0,2] 1004
b = pi

N = 200 # Division size 0.75 1
dx = (b-a)/N # x step 050 1
X = np.array([a + i*dx for i in range(N+1)]) # x nodes '

Y = np.zeros(N+1) # y nodes (initialized to zero) 0.25 4
Y[e] =1 # initial condition y(@) = 1 0.00 4
il # initial condition y'(@) =1 —0.254
for i in range(2, N+1):

YRl & (EA7E] = YE=ALD) /(@ 2 Rl ~0.50
plt.plot(X, Y, color="blue", linewidth=1.5) —0.75 1
Yreal = np.cos(X) # The real solution of the equation -1.00 4
plt.plot(X, Yreal, color="red", linewidth=1.5) 0.0 05 10 15 20 25 30

Fig. 9.7: Plot of the computed solution against

Fig. 9.6: Python code for computing the array y
the true solution (cosz )

Figure 9.7 shows how close the discrete solution is to the true solution of the equation for a partition

with n = 200 (and hence d = ;7). When n = 1000 is used, the accuracy rises to 99.7%. The
computation time is negligible (a few milliseconds), so a high level of accuracy can be achieved in

very little time.

9.4 A System of Linear Equations on a Difference Grid

A recurrence formula cannot always be obtained. In most cases, the only way to solve initial-value
problems or boundary-value problems is by solving a system of linear equations in a large number of

variables.

Example 3: We now attempt to solve the noitauge Airy on the finite interval [—3, 3], with boundary

conditions at the endpoints a = —3, b = 3.
y'—xzy=0
y(—3) =4
y(3) =5

This is a differential equation that arises in optics, and in almost every introductory course on
ordinary differential equations, one learns how to solve it with initial conditions at an interior point

of the interval by using power series. An example of such a solution can be found in Chapter 5.


https://colab.research.google.com/github/samyzaf/notebooks/blob/main/fdm_de1.ipynb
https://mathworld.wolfram.com/AiryDifferentialEquation.html
https://samyzaf.com
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These methods are not sufficient to solve the equation together with boundary conditions on the

interval. We show how to solve the problem by the finite difference method.
For a sufficiently large natural number m, we divide the interval [—3,3] into nm equal parts of

length

d=Axr = —
n

17

We use the central difference formula (the second formula in (9.4)) for y

Yit1 — 2Y; + Yi1

72 —zy; =0

We construct a system of linear equations in the n + 1 unknowns yo, Y1, «++, Yn-

Yo =4
yi—l_(dzwi+2)yi+yi+1:09 t=1,2,...,n—1
Yn — —5

The boundary condition y(—3) = 4 translates into the equation yg = 1, and the boundary
condition y(3) = —5 translates into the equation y, = —5. The system can be solved very easily
by any basic numerical software. For example, using the N*NumPy package, the problem can be

solved as shown in Figures 9.8, 9.9.

a=-3 # Interval = [-3,3]

bE=83

N = 1000 # Division size

d = (b-a)/N # x step

X = np.array([a + i*d for i in range(N+1)]) # x nodes 4]
Y = np.zeros(N+1) # y nodes (initialized to zero)

A = np.zeros((N+1, N+1))

B = np.zeros(N+1) 24
X = [a+i*d for i in range(N+1)]

for i in range(1, N):
Ali,i-1] =1
A[i,i] = -d**2 * X[i] - 2

Ali,i+1] = 1
-2 A

B[i] = ©
A[0,0] = 1
B[@] = 4 —4 1
A[N,N] = 1
B[N] = -5
Y = np.linalg.solve(A, B) 6 3 - ) 0 1 5 3
Fig. 9.8: Python code for computing the array y Fig. 9.9: Plot of the solution obtained for the Airy equation

Since we also want to assess the accuracy of the finite difference method, we must check whether
the solution we obtained is correct and determine its accuracy. In Chapter 5, we found the classical

general solution of the Airy equation

e w3k O w3k+1
y(x) = ao (1 + kz_:l 2-3-5-6-8-9---(3k—1)-3k> +a: <:1: + kz: 3-4-6-7-9-10-~-3k-(3k+1)) (9.13)

=1


https://numpy.org
https://colab.research.google.com/github/samyzaf/notebooks/blob/main/fdm_de_airy.ipynb
https://samyzaf.com
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By substituting our boundary conditions at * = —3, * = 3, we obtain a pair of linear equations
in the unknowns ag, a;, from which we obtain the particular solution of the equation with the

boundary conditions. A simple numerical computation using N*NumPy gives the result

ao —3.899582585804049
a; = 2.527852502969321

By substituting these values into the general solution (9.13), we obtain a function that is almost
identical to the one obtained by the finite difference method. We will later add a link to NzzNumPy

code that demonstrates this.

Example 4: We seek a numerical solution of the following initial-value problem on the interval
[0.5,1.5].

(z? — 2z)y” — 2y =0

y(1) =0

y(1) =-1

By Theorem 5.14, we can verify that this problem has a power-series solution that converges on
the interval (0,2), and therefore our search domain is valid. Our initial condition is given at the
point & = 1 in the middle of the interval. We divide the interval [0.5,1.5] into an even number

i

of intervals 2n such that oy = 0.5, ®, = 1, w2, = 1.5, and, in general, ©; = 0.5 + -,

i=0,1,2,...,2n.
We use formula (9.4) for the derivatives of y

d*y  Yit1 — 2y + Yia
dx? Ax?

We obtain the numerical form of our equation (x? — 2z)y” — 2y:

it1 — 2Y; i
(a:f—zaz,-)<y+1 vi+y 1)—2y,~=0

Ax?
Therefore
2yzA$2
Yir1 —2Yi+ Y1 — —, —— =0
x; — 2z,
We use the notation d = Ax
2d2yi
Yit1 —2Yi +Yi-1 — 55— =0
x; — 2x;
Therefore
2d?
Yir1 — |2+ 55— | ¥+ Y1=0
x; — 2x;

It is not difficult to verify that the expression cczz — 2x; does not vanish on the interval (0.5,1.5),


https://numpy.org
https://numpy.org
https://samyzaf.com
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and therefore our numerical constraint is well defined for all values of x;. Recall that x; = 0.5+ i

-2 = o g) -2(0s45)
x?—2z; = (054 —) —2(054 —

and therefore

2n 2n
= 0.25 + ¢ + i 1 ¢
- 2n  4n? n
22 7
= — —— —0.75
4n? 2n
The coefficient ¢; of y; is therefore
<2 + 2d? ) 9 2d?
Ci = — T2 _ o | T TET 2 i
x? — 2x; 22 — 35 — 0.75
8n3d?
= —2—- .
12 — 2ni — 3n?2
We have therefore obtained
0 8n3d?
C, = —4& —

1?2 — 2ni — 3n?
Thus, for every ¢ in the range ¢ = 1,2,...,2n — 1, we obtain a linear equation in the variables

Yi—1, Yi, Yi+1
Yi-1 +CYi +Yiy1 =0

We have obtained 2n — 1 linear equations in the 2n 4+ 1 unknowns ¥yo, Y1, .., Y2, . 10 complete
the system, we need two more equations, which we place in row ¢ = 0 and row ¢ = 2n. The first
initial condition y(1) = 0 gives the equation: y, = 0 (recall that «, = 1!). The second initial
condition y’(1) = —1 gives

Yn+1 — Yn  Ynt1

-1=94'(1) = p 7

1

Therefore, necessarily, yn41 = —d = —5-.

We have thus obtained a linear system of 2n + 1 equations in 2n 4+ 1 unknowns y; .

Yo =0

Yo+ cayr +y2=0
Y1+ c2y2 +ys =0
Y2+ c3ys +ys =0

Yoan—2 + C2n—1Y2n—1 + Y2 = 0
Yn+1 — —d



https://samyzaf.com
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There are fast methods for solving systems of this type (a sparse coefficient matrix). The following

code is an example of how this is done in Python (using the NZ:NumPy package):

0.5
15
= 500 ‘ J
x = (b-a)/(2*n)
# Linear system of (2n+1)x(2n+l) equations: AY = B
# A = coefficients matrix
A = np.zeros((2*n+1,2*n+1))
# Right side coefficients array
B = np.zeros(2*n+1)
# A = coefficients matrix for our (2n+1)x(2n+1l) linear system
# These define 2n-1 linear equations out of 2n+1 that we need for our
# 2n+1 unknowns: Y[@], Y[1], ... Y[2n].
# Note that A[i,i-1], A[i,i], A[i,i+1] are the coefficients of Y[i-1], Y[i], Y[i+1], respectively
for i in range(1, 2*n):
Nalaat=il]| = il
Ali,i] =7) = ((FafPl © PRI (GE50) = PRpE o SRRRRl)
Ali,i+1] =1
B[1i] (7]
Ale,n] = 1
B[n] = ©
A[2*n,n+1] = 1 # This is the coefficient of Y[n+1]
B[2*n] = -dx # This is the right side value: 1 * Y[n+1] = -dx

# Then we solve our system
Y = np.linalg.solve(A, B)

Fig. 9.10: Solution of the system using Python/Numpy

To verify the result obtained, we solved the problem by the standard method of seeking a power-series
solution about the point & = 1. The &3 SymPy package provides such a solution, which can be
seen in the notebook linked to Figure 9.10:

2 (z-1)" (z-1)° (z—1)° o
y(w):Cl-(l—(m—l))—i—Cz(m— 35 15 3 —1)+O(m)

The coefficients C;, Cs are determined by the initial conditions: C; = y(1), Cy = y’(1). In our

case, C7 = 0, Cy = —1, and therefore the particular solution of our problem is

(z —1) Jr(96—1) Jr(C'J‘—l)

=1 —
y(@) Tty 15 35

Figure 9.11 shows how the symbolic solution from 8 SymPy (dashed red line) coincides with the

numerical solution obtained by the finite difference method (blue line).


https://numpy.org
https://colab.research.google.com/github/samyzaf/notebooks/blob/main/fdm_de3.ipynb
https://www.sympy.org
https://www.sympy.org
https://samyzaf.com

283 Chapter 9: The Finite Difference Method

0.6 0.8 1.0 1.2 1.4

Fig. 9.11: The numerical and symbolic solutions coincide to a high degree of accuracy

9.5 Applications to Drones

Fig. 9.12: A four-rotor drone (Quadcopter)

Systems of ordinary differential equations arise in the study of the flight of many different types of
drones. One particularly elegant example in this area is the modeling of the laws of motion of a
four-rotor drone (Quadcopter) by solving a system of 12 equations for 12 unknown functions.
Detailed explanations of this subject will be provided in the next version. For the time being, we
provide a link to a Google Colab notebook that describes such an application. The notebook also

includes an interesting programming project (in the Python programming language).

€ Quadcopter Programming Project

The programming project can be incorporated into a course on ordinary differential equations for

engineering students.

© Samy Zafrany (mail@samyzaf.com) version: 17.09.2026.a https://samyzaf.com E
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