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Chapter 1

Basic ideas about
mathematical modelling

1.1 Introduction: what is mathematical modelling?

Engineers, natural scientists and, increasingly, researchers and practitioners
working in economical and social sciences, use mathematical models of the
systems they are investigating. Models give simplified descriptions of real-
life problems so that they can be expressed in terms of mathematical equa-
tions which can be, hopefully, solved in one way or another. Mathematical
modelling is a subject difficult to teach but it is what applied mathematics
is about. The difficulty is that there are no set rules, and the understanding
of the 'right” way to model can be only reached by familiarity with a number
of examples. This, together with basic techniques for solving the resulting
equations, is the main content of this course.

Despite these difficulties, applied mathematicians have a procedure that
should be applied when building models. First of all, there must be a phe-
nomenon of interest that one wants to describe or, more importantly, to
explain and make predictions about. Observation of this phenomenon al-
lows to make hypotheses about which quantities are most relevant to the
problem and what are the relations between them so that one can devise
a hypothetical mechanism that can explain the phenomenon. The purpose
of a model is then to formulate a description of this mechanism in quan-
titative terms, that is, as mathematical equations, and the analysis of the
resulting equations. It is then important to interpret the solutions or other
information extracted from the equations as the statements about the orig-
inal problem so that they can be tested against the observations. Ideally,
the model also leads to predictions which, if verified, lend authenticity to
the model. It is important to realize that modelling is usually an iterative
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2 Chapter 1

procedure as it is very difficult to achieve a balance between simplicity and
meaningfulness of the model: often the model turns out to be too compli-
cated to yield itself to an analysis, and often it is over-simplified so that
there is insufficient agreement between the actual experimental results and
the results predicted from the model. In both these cases we have to return
to the first step of modelling and try to remedy the ills.

The first step in modelling is the most creative but also the most difficult,
involving often a concerted effort of specialists in many diverse fields. Hence,
though we describe a number of models in detail, starting from first princi-
ples, the main emphasis of the course is on the later stages of the modelling
process, that is: introducing mathematical symbols and writing assumptions
as equations, analysing and/or solving these equations and interpreting their
solutions in the language of the original problem and reflecting on whether
the answers seem reasonable.

In most cases discussed here a model is a representation of a process, that
is, it describes a change of the states of some system in time. There are
two ways of describing what happens to a system: discrete and continuous.
Discrete models correspond to the situation in which we observe a system
in regular finite time intervals, say, every second or every year and relate
the observed state of the system to the states at the previous instants. Such
a system is modelled through difference equations. In the continuous cases
we treat time as a continuum allowing observation of the system at any
instant. In such a case the model expresses relations between the rates of
change of various quantities rather than between the states at various times
and, as rates of change are given by derivatives, the model is represented by
differential equations.

In the next two sections of this chapter we shall present some simple discrete
and continuous models. These models are presented here as an illustration
of the above discussion. Their analysis, and discussion of more advanced
models, will appear later in the course.

1.2 Simple difference equation models

1.2.1 Basic difference equations of finance mathematics

Compound interest

Compound interest is relevant to loans or deposits made over longer periods.
The interest is added to the initial sum at regular intervals, called conversion
periods, and the new amount, rather than the initial one, is used for cal-
culating the interest for the next conversion period. The fraction of a year
occupied by the conversion period is denoted by a so that the conversion pe-
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riod of 1 month is given by a = 1/12. Instead of saying that the conversion
period is 1 month we say that the interest is compounded monthly.

For an annual interest rate of p% and conversion period equal to «, the
interest earned for the period is equal to ap% of the amount on deposit at
the start of the period, that is

amount on amount on amount on
deposit deposit ap deposit

afterk+1 » = after k + — after k

conversion conversion 100 conversion
periods periods periods

To express this as a difference equation, for each k let S denote the amount
on deposit after k conversion periods. Thus
ap ap
Skt = Sk + 1S = i (1+ 10
k+1 kT 1007k k 100
which is a simple first-order (that is, expressing the relation only between

the consecutive values of the unknown sequence) difference equation. Here,
S follows the geometric progression so that

Sy = (1 + %)kso (1.2.1)

gives the so-called compound interest formula. However, as we shall see
below, in general this is not the case, even for first order equations.

Loan repayments

A slight modification of the above argument can be used to find the equation
governing a loan repayment. The scheme described here is usually used
for the repayment of house or car loans. Repayments are made at regular
intervals and usually in equal amounts to reduce the loan and to pay the
interest on the amount still owing.

It is supposed that the compound interest at p% is charged on the out-
standing debt with the conversion period equal to the same fraction « of
the year as the period between the repayments. Between payments, the debt
increases because of the interest charged on the debt still outstanding after
the last repayment. Hence

debt after - debt after n interest — {payment}
k+1payments [ | k payments on this debt pay
To write this as a difference equation, let Dy be the initial debt to be repaid,

for each k let the outstanding debt after the kth repayment be Dy, and let
the payment made after each conversion period be R. Thus

ap ap
Dii=Dip+-Pp _R=D (1 —) ~R. 1.2.2
k1 K+ Too Pk R k(14 100 R ( )
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This equation is more difficult to solve. We shall discuss general methods of
solving first order difference equations in Section [4.1.

The modelling process in these two examples was very simple and involved
only translation of given rules into mathematical symbols. This was due to
the fact that there was no need to discover these rules as they are explicitly
stated in bank’s regulations. In the next subsection we shall attempt to
model behaviour of living organisms and then we shall have to make some
hypotheses about the rules.

1.2.2 Difference equations of population theory

In many fields of human endeavour it is important to know how populations
grow and what factors influence their growth. Knowledge of this kind is
important in studies of bacterial growth, wildlife management, ecology and
harvesting.

Many animals tend to breed only during a short, well-defined, breeding
season. It is then natural to thing of the population changing from season
to season and therefore time is measured discretely with positive integers
denoting breeding seasons. Hence the obvious approach for describing the
growth of such a population is to write down a suitable difference equation.
Later we shall also look at populations that breed continuously (e.g. human
populations).

We start with population models that are very simple and discuss some of
their more realistic variants.

Ezxponential growth — linear first order difference equations

In nature, species typically compete with other species for food and are
sometimes preyed upon. Thus the population of different species interact
with each other. In the laboratory, however, a given species can be studied
in isolation. We shall therefore concentrate, at first, on models for a single
species.

We are looking at large populations in which individuals give birth to new
offspring but also die after some time. Since we deal with large populations,
we can treat population as a whole and therefore we can assume that the
population growth is governed by the average behaviour of its individual
members. Thus, we make the following assumptions:

e Each member of the population produces in average the same number
of offspring.

e Each member has an equal chance of dying (or surviving) before the
next breeding season.



Differential Equations 5

e The ratio of females to males remains the same in each breeding season
We also assume

e Age differences between members of the population can be ignored.

e The population is isolated - there is no immigration or emigration.

Suppose that on average each member of the population gives birth to the
same number of offspring, «, each season. The constant « is called per-
capita birth rate. We also define § as the probability that an individual will
die before the next breeding season and call it the per-capita death rate.
Thus

(a) the number of individuals born in a particular breeding season is directly
proportional to the population at the start of the breeding season, and

(b) the number of individuals who have died during the interval between
the end of consecutive breeding seasons is directly proportional to the
population at the start of the breeding season.

Denoting by N the number of individuals of the population at the start of
the kth breeding season, we obtain

Niy1 = N — BN + aNy,

that is
Niy = (1+a—5)Nk. (1.2.3)

We have seen this equation before, modelling the compound interest. Since
it is the equation for the geometric progression, we immediately obtain

Ny=(0+a-3F Ny, k=0,1,2... (1.2.4)

Note first that though our modelling referred to the size of the population,
that is an integer, the number Ny given by (1.2.4)) usually is not an integer.
This is due to the fact that we operate with average rates o and (5. To
circumvent this apparent paradox, we can always round N to the nearest
integer. Another look at this is that in modelling we often use the population
density, that is, the number of individuals per unit area. Population density
usually is not an integer.

Returning to (1.2.4), we see that the behaviour of the model depends on the
combination
r=a—_ (1.2.5)

that is called the growth rate. If » < 0, then the population decreases
towards extinction, but with » > 0 it grows indefinitely. Such a behaviour
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over long periods of time is not observed in any population so that we see
that the model is over-simplified and requires corrections.

Another over-simplification is lack of the age structure in the model — we
assume that offspring immediately enter into the breeding cycle. In the
next two examples we shall present two the population models that take the
above aspects into account.

Fibonacci sequence and difference equations of second order

Suppose that we have a rabbit population and that in this population each
pair of rabbits produces a new pair every month and the pair of newborns
becomes productive two month after birth. Assuming that no deaths occur,
we can write for the end of month k + 1

number present | [ number present number born
inmonthk+1 [ in month & in month k + 1

Since rabbits become productive only two months after birth and produce
only one pair per month, we can write

number born _ | number present
inmonthk+4+1 [ | inmonthk—1

Denoting by N the number of pairs at the end of month k£ and combining
the two equations above, we obtain the so-called Fibonacci equation

Nis1=Ne+Np1, k=1,2,.... (1.2.6)

This is a second order equation as it gives the value of Ny at time k in terms
of its values at two times immediately preceding k.

Restricted growth - non-linear difference equations

As we said earlier, the linear difference equation is not generally suitable as a
model for population growth since it predicts unbounded growth if we have
an expanding population. This is not what is observed in nature. However,
over some periods of time populations tend to follow an exponential growth.
Therefore, rather than reject the model outright we shall try to build into
it modifications so that it better approximates the observed behaviour.

Studies show that typically as a population increases, the per-capita death
rate goes up and the per-capita birth rate goes down. This is due to over-
crowding and competition for food. Typically, for each population and habi-
tat there is a number of individuals that a given environment can support.
This number is known as the carrying capacity of the environment. It can be
alternatively described as the number of individuals in the population when
the birth and death rate are equal. Recalling the linear difference equation
for population growth
Nii1 = Ni +rNg,
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where the constant r is the growth rate, we can incorporate the discussion
above by writing
Npy1 = N+ R(Nk)Nk (1.2.7)

where R(Nj) is the population dependent growth rate. This equation is
an example of a non-linear difference equation since the unknown function
appears in the equation as the argument of a function that is not linear: in
this case as the argument of the function xR(x).

Though the function R can have different forms, it must satisfy the following
requirements

(a) Due to overcrowding, R(Nj) must decrease as Ny increases until Ny
equals the carrying capacity K; then R(K) = 0.

(b) Since for N much smaller than K we observe an exponential growth
of the population so that R(Ny) — r as Ny — 0, where r is a constant
called the unrestricted growth rate.

Constants r and N are usually determined experimentally.

In the spirit of mathematical modelling we start with the simplest function
satisfying these requirements. The simplest function is a linear function
which, to satisfy (a) and (b), must be chosen as

,
Substituting this formula into (1.2.7) yields the so-called discrete logistic
equation

N,
which is still one of the most often used discrete equations of population
dynamics.

Coupled model of an epidemic: system of difference equations

In nature, various population interact with each other coexisting in the
same environment. This leads to systems of difference equations. As an
illustration we consider a model for spreading of measles epidemic.

Measles is a highly contagious disease, caused by a virus and spread by
effective contact between individuals. It affects mainly children. Epidemic
of measles have been observed in Britain and the US roughly every two or
three years.

Let us look at the development of measles in a single child. A child who has
not yet been exposed to measles is called a susceptible. Immediately after
the child first catches the disease, there is a latent period where the child
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is not contagious and does not exhibit any symptoms of the disease. The
latent period lasts, on average, 5 to 7 days. After this the child enters the
contagious period. The child is now called infective since it is possible for
another child who comes in contact with the infective to catch the disease.
This period last approximately one week. After this the child recovers,
becomes immune to the disease and cannot be reinfected.

For simplicity we assume that both latent and contagious periods last one
week. Suppose also that most interactions between children occur on week-
end so that the numbers of susceptibles and infectives remains constant over
the rest of the week. Since the typical time in the model is one week, we
shall model the spread of the disease using one week as the unit of time.

To write down the equations we denote

I — { number of }

infectives in week k

S = { number of }

susceptibles during week &

and

To develop an equation for the number of infectives we consider the number
of infectives in week k + 1. Since the recuperation period is one week after
which an infective stops to be infective, no infectives from week k will be
present in week k£ 4 1. Thus we have

I number of _ number of susceptibles
F1 7\ infectivesin week k+1 [ | who caught measles in week k

It is generally thought that the number of new births is an important factor
in measles epidemic. Thus

g - number of _ number of susceptibles
kL= susceptibles in week k who caught measles in week k

n number of
births in week k + 1

We assume further that the number of births each week is a constant B.
Finally, to find the number of susceptibles infected in a week it is assumed
that a single infective infects a constant fraction f of the total number of
susceptibles. Thus, if fSi is the number of susceptibles infected by a single
infective so, with a total of I infectives, then

}:f&h.

number of susceptibles
who caught measles in week k

Combining the obtained equations we obtain the system

Iiyr =[Skl
Sk+1 = Sy — fSilp + B, (1.2.9)
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where B and f are constant parameters of the model.

1.3 Basic differential equations models

As we observed in the previous section, the difference equation can be used
to model quite a diverse phenomena but their applicability is limited by
the fact that the system should not change between subsequent time steps.
These steps can vary from fraction of a second to years or centuries but they
must stay fixed in the model. There are however numerous situations when
the changes can occur instantaneously. These include growth of populations
in which breeding is not restricted to specific seasons, motion of objects
where the velocity and acceleration changes every instant, spread of epidemic
with no restriction on infection times, and many others. In such cases it is
not feasible to model the process by relating the state of the system at
a particular instant to the earlier states (though this part remains as an
intermediate stage of the modelling process) but we have to find relations
between the rates of change of quantities relevant to the process. Rates
of change are typically expressed as derivatives and thus continuous time
modelling leads to differential equations that express relations between the
derivatives rather than to difference equations that express relations between
the states of the system in subsequent moments of time.

In what follows we shall derive basic differential equations trying to provide
continuous counterparts of some discrete systems described above.

1.3.1 Continuously compounded interest

Many banks now advertise continuous compounding of interest which means
that the conversion period a of Subsection [1.2.1 tends to zero so that the
interest is added to the account on the continual basis. If we measure now
time in years, that is, At becomes the conversion period, and p is the annual
interest rate, then the increase in the deposit between time instants ¢ and
t + At will be

S(t + At) = S(t) + At-L-5(1),
100
which, dividing by At and passing with At to zero, as suggested by the def-
inition of continuously compounded interest, yields the differential equation

ds

— =pS 1.3.1

o = DS, (1.3.1)
where p = p/100. This is a first order (only the first order derivative of

the unknown function occurs) linear (the unknown function appears only
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by itself, not as an argument of any function) equation. It is easy to check
that it has the solution

S(t) = Spe* (1.3.2)
where Sy is the initial deposit made at time ¢t = 0.

To compare this formula with the discrete one (1.2.1) we note that in ¢ years
we have k = t/a conversion periods

_ o\t
S(t) = Ni, = (1 + pa)kSy = (1 + pa)t/*Sy = ((1 _|_13a)1/170¢> )
From Calculus we know that

lim (1+2)/% =e,

z—07+
and the sequence is monotonically increasing. Thus, if the interest is com-
pounded very often (almost continuously), then practically

S(t) = Soeﬁt,

which is exactly (1.3.2). Typically, the exponential can be calculated even
on a simple calculator, contrary to (1.2.1). Due to monotonic property of
the limit, the continuously compounded interest rate is the best one can get,
and that is why banks are advertising it. However, the differences in return
are negligible. A short calculation reveals that if one invests R10000 at p =
15% in banks with conversion periods 1 year, 1 day and with continuously
compounded interest, then the return will be, respectively, R11500, R11618
and R11618.3.

1.3.2 Continuous population models: first order equations

In this subsection we will study first order differential equations which ap-
pear in the population growth theory. At first glance it appears that it
is impossible to model the growth of species by differential equations since
the population of any species always change by integer amounts. Hence
the population of any species can never be a differentiable function of time.
However, if the population is large and it increases by one, then the change
is very small compared to a given population. Thus we make the approxima-
tion that large populations changes continuously (and even differentiable)in
time and, if the final answer is not an integer, we shall round it to the nearest
integer. A similar justification applies to our use of t as a real variable: in
absence of specific breeding seasons, reproduction can occur at any time and
for sufficiently large population it is then natural to think of reproduction
as occurring continuously.
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Let N(t) denote the size of a population of a given isolated species at time
t and let At be a small time interval. Then the population at time ¢ + At
can be expressed as

N(t+ At) — N(t) = number of births in At — number of deaths in At.

It is reasonable to assume that the number of births and deaths in a short
time interval is proportional to the population at the beginning of this in-
terval and proportional to the length of this interval. Taking r(¢, N) to be
the difference between the birth and death rate coefficients at time ¢ for the
population of size N we obtain

N(t+ At) — N(t) =r(t, N(t))AtN(t).
Dividing by At and passing with At — 0 gives the equation

dN
— =r(t,N)N. 1.3.3

= r(t, N) (133
Because of the unknown coefficient (¢, N'), depending on the unknown func-
tion N, this equation is impossible to solve. The form of r has to be deduced

by other means.

The simplest possible r(t, N) is a constant and in fact such a model is used
in a short-term population forecasting. So let us assume that r(¢, N(t)) =r

so that N
— =7rN. 1.3.4
praiak (1.3.4)

It is exactly the same equation as (1.3.1). A little more general solution to
it is given by
N(t) = N(tg)e 1), (1.3.5)

where N (tg) is the size of the population at some fixed initial time ¢y.

To be able to give some numerical illustration to this equation we need the
coefficient r and the population at some time #3. We use the data of the U.S.
Department of Commerce: it was estimated that the Earth population in
1965 was 3.34 billion and that the population was increasing at an average
rate of 2% per year during the decade 1960-1970. Thus N (tp) = N(1965) =
3.34 x 10% with r = 0.02, and (1.3.5) takes the form

N(t) = 3.34 x 10°e002(¢-1965) (1.3.6)

To test the accuracy of this formula let us calculate when the population of
the Earth is expected to double. To do this we solve the equation

N(T +tg) = 2N(to) = N(to)e" ",
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Fig 1.1. Comparison of actual population figures (points) with those
obtained from equation (1.53.0).

thus
9 — 0027

and
T =501n2 ~ 34.6 years.

This is an excellent agreement with the present observed value of the Earth
population and also gives a good agreement with the observed data if we
don’t go too far into the past. On the other hand, if we try to extrapolate
this model into a distant future, then we see that, say, in the year 2515, the
population will reach 199980 ~ 200000 billion. To realize what it means,
let us recall that the Earth total surface area 167400 billion square meters,
80% of which is covered by water, thus we have only 3380 billion square
meters to our disposal and there will be only 0.16m? (40cm x 40cm) per
person. Therefore we can only hope that this model is not valid for all
times. Indeed, as for discrete models, it is observed that the linear model
for the population growth is satisfactory as long as the population is not
too large. When the population gets very large (with regard to its habitat),
these models cannot be very accurate, since they don’t reflect the fact that
the individual members have to compete with each other for the limited
living space, resources and food available. It is reasonable that a given
habitat can sustain only a finite number K of individuals, and the closer the
population is to this number, the slower is it growth. Again, the simplest
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way to take this into account is to take r(¢, N) = r(K — N) and then we
obtain the so-called continuous logistic model

dN N

which proved to be one of the most successful models for describing a single
species population. This equation is still first order equation but a non-
linear one (the unknown function appears as an argument of the non-linear
(quadratic) function rz(l — z/K). Since this model is more difficult to
solve, we shall discuss it in detail later. However, even now we can draw
from (1.3.7) a conclusion that is quite important in fishing (or other animal)
industry. The basic idea of sustainable economy is to find an optimal level
between too much harvesting, that would deplete the animal population
beyond a possibility of recovery and too little, in which case the human
population would not get enough return from the industry. It is clear that
to maintain the animal population at a constant level, only the increase in
population should be harvested during any one season. Hence, to maximize
the harvest, the population should be kept at the size N for which the rate
of increase dN/dt is a maximum. However, dN/dt is given by the right-hand
side of (1.3.7) which is a quadratic function of N. It is easy to find that the
maximum is attained at N = K/2, that is, the population should be kept
at around half of the carrying capacity. Further, maximum of dN/dt is then

given by
vy 1K
), .. 4

and this is the maximum rate at which fish can be harvested, if the popula-
tion is to be kept at a constant size N/2.

It is interesting to note that the same (mathematically) equation (1.3.7) can
be obtained as a model of a completely different process: spreading informa-
tion in a fixed size community. Let us suppose that we have a community
of constant size C' and N members of this community have some important
information. How fast this information is spreading? To find an equation
governing this process we state the following assumptions: the information
is passed when a person knowing it meets a person that does not know it.
Let us assume that the rate at which one person meets other people is a
constant f so that in a time interval At this particular person will meet
fAt people and, in average, Atf(C — N)/C people who do not know the
news. If N people had the information at time ¢, then the increase will be

N(t+ At) — N(t) = N(®) <1 - N(t)> At

C
AN N
SN (12 ).
= ()

so that, as before,
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1.3.3 Equations of motion: second order equations

Second order differential equations appear often as equations of motion.
This is due to the Newton’s law of motion that relates the acceleration of
the body, that is, the second derivative of the position y with respect to
time ¢, to the body’s mass m and the forces F' acting on it:

dy F

V_ . (1.3.8)

a2 m
We confined ourselves here to a scalar, one dimensional case with time in-
dependent mass. The modelling in such cases concern the form of the force
acting on the body. We shall consider two such cases in detail.

A waste disposal problem

In many countries toxic or radioactive waste is disposed by placing it in
tightly sealed drums that are then dumped at sea. The problem is that these
drums could crack from the impact of hitting the sea floor. Experiments
confirmed that the drums can indeed crack if the velocity exceeds 12m/s
at the moment of impact. The question now is to find out the velocity of
a drum when it hits the sea floor. Since typically the waste disposal takes
place at deep sea, direct measurement is rather expensive but the problem
can be solved by mathematical modelling.

As a drum descends through the water, it is acted upon by three forces
W, B,D. The force W is the weight of the drum pulling it down and is
given by mg, where g is the acceleration of gravity and m is the mass of the
drum. The buoyancy force B is the force of displaced water acting on the
drum and its magnitude is equal to the weight of the displaced water, that
is, B = gpV, where p is the density of the sea water and V is the volume of
the drum. If the density of the drum (together with its content) is smaller
that the density of the water, then of course the drum will be floating. It is
thus reasonable to assume that the drum is heavier than the displaced water
and therefore it will start drowning with constant acceleration. Experiments
(and also common sense) tell us that any object moving through a medium
like water, air, etc. experiences some resistance, called the drag. Clearly,
the drag force acts always in the opposite direction to the motion and its
magnitude increases with the increasing velocity. Experiments show that in
a medium like water for small velocities the drag force is proportional the
velocity, thus D = cV. If we now set y = 0 at the sea level and let the
direction of increasing y be downwards, then from (1.3.8)

d?y 1 dy
Y~ (w-B-c¥). 1.3.
at? m(W Cdt) (1.3.9)

This is a second order (the highest derivative of the unknown function is of
second order) and linear differential equation.
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Motion in a changing gravitational field

According to Newton’s law of gravitation, two objects of masses m and M
attract each other with force of magnitude

mM

F=6"5
where G is the gravitational constant and d is the distance between objects’
centres. Since at Earth’s surface the force is equal (by definition) to F' = mg,
the gravitational force exerted on a body of mass m at a distance y above

the surface is given by
mgR?

(y+ R)*’
where the minus sign indicates that the force acts towards Earth’s centre.
Thus the equation of motion of an object of mass m projected upward from

the surface is )
d?y mgR? dy
m—s=—————-—c|—
dt? (y+ R)? dt
where the last term represents the air resistance which, in this case, is taken

to be proportional to the square of the velocity of the object. This is a
second order nonlinear differential equation.

1.3.4 Equations coming from geometrical modelling

Satellite dishes

In many applications, like radar or TV /radio transmission it is important to
find the shape of a surface that reflects parallel incoming rays into a single
point, called the focus. Conversely, constructing a spot-light one needs a
surface reflecting light rays coming from a point source to create a beam of
parallel rays. To find an equation for a surface satisfying this requirement
we set the coordinate system so that the rays are parallel to the x-axis and
the focus is at the origin. The sought surface must have axial symmetry,
that is, it must be a surface of revolution obtained by rotating some curve
C' about the z-axis. We have to find the equation y = y(z) of C. Using the
notation of the figure, we let M (x,y) be an arbitrary point on the curve and
denote by T the point at which the tangent to the curve at M intersects the
z-axis. It follows that the triangle TOM is isosceles and

d
tan <OTM = tan <TMO = dﬁ
x
where the derivative is evaluated at M. On the other hand

|M P

t OTM = ——
an < |TP|’
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Fig 1.2. Geometry of a reflecting surface.

but |[MP| = y and, since the triangle is isosceles, |TP| = |OT| — |OP| =
|OM| — |OP| = \/x2 + y? + z. Thus, the differential equation of the curve
Cis

d

A — (1.3.10)

dx 2+ +
This is a nonlinear, so called homogeneous, first order differential equation.
As we shall see later, it is not difficult to solve, if one knows appropriate
techniques, yielding a parabola, as expected from the Calculus course.

The pursuit curve

What is the path of a dog chasing a rabbit or the trajectory of self-guided
missile trying to intercept an enemy plane? To answer this question we must
first realize the principle used in controlling the chase. This principle is that
at any instant the direction of motion (that is the velocity vector) is directed
towards the chased object.

To avoid technicalities, we assume that the target moves with a constant
speed v along a straight line so that the pursuit takes place on a plane. We
introduce the coordinate system in such a way that the target moves along
the y-axis in the positive direction, starting from the origin at time t = 0,
and the pursuer starts from a point at the negative half of the x-axis, see
Figure 1.3. We also assume that the pursuer moves with a constant speed
U.
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Fig 1.3. The pursuit curve.

Let M = M(xz(t),y(t)) be a point at the curve C, having the equation

y = y(x), corresponding to time ¢ of the pursuit. At this moment the
position of the target is (0,vt). Denoting 3’ = %, from the principle of the
pursuit we obtain

y/ o vt —y

- (1.3.11)

In this equation we have too many variables and we shall eliminate ¢ as
we are looking for the equation of the trajectory in z,y variables. Solving
(1.3.11) with respect to t we obtain

y —xy

t= ,
v

whereupon, using the assumption that v is a constant,
dt 1,

de v
or, using the formula for differentiation of the inverse,

dx v

—_=—— 1.3.12

dt xy” ( )
On the other hand, since we know that the speed of an object moving
according to parametric equation (x(t),y(t)) is given by

(@) @) v

dz

— 1.3.1
PN CE RE)
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where we used the formula for parametric curves

dy

dy _ G
T dx?
dx &

whenever dx/dt # 0. From the problem it is reasonable to expect that
dx/dt > 0 so that we can drop the absolute value bars in (1.3.12). Thus,
combining (1.3.12)) and (1.3.13) we obtain the equation of the pursuit curve

2y = —% 1+ (y)2. (1.3.14)

This is a nonlinear second order equation having, however, a nice property
of being reducible to a first order equation and thus yielding a closed form
solutions. We shall deal with such equations later on.

1.3.5 Modelling interacting quantities — systems of differen-
tial equations

In many situations we have to model evolutions of two (or more) quantities
that are coupled in the sense that the state of one of them influences the
other and conversely. We have seen this type of interactions in the discrete
case when we modelled the spread of a measles epidemic. It resulted then in
a system of difference equations. Similarly, in the continuous case the evolu-
tion of interacting populations will lead to a system of differential equations.
In this subsection we shall discuss modelling of such systems that result in
both linear and non-linear systems.

Two compartment mixing — a system of linear equations

Let us consider a system consisting of two vats of equal capacity containing
a diluted dye: the concentration at some time ¢ of the dye in the first vat is
c1(t) and in the second is co(t). Suppose that the pure dye is flowing into
the first vat at a constant rate r; and water is flowing into the second vat
at a constant rate ro (in, say, litres per minute). Assume further that two
pumps exchange the contents of both vats at constant rates: p; from vat 1
to vat 2 and conversely at ps. Moreover, the diluted mixture is drawn off vat
2 at a rate Ry. The flow rates are chosen so that the volumes of mixture in
each vat remain constant, equal to V', that is r{ +ps —p1 = 1o —p2 — Ry = 0.
We have to find how the dye concentration in each vat changes in time.

Let x1(t) and x2(t) be the volumes of dye in each tank at ¢ > 0. Thus, the
concentrations ¢; and ¢y are defined by ¢; = x1/V and ¢y = 25/V. We shall
consider what happens to the volume of the dye in each vat during a small
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time interval from ¢ to At. In vat 1

volume of volume of
r1(t+ At) —z1(t) = of pure dye dye in mixture 2
flowing into vat 1 flowing into vat 1
volume of }

— dye in mixture 1
ﬂowmg out of vat 1

t
= rAt+ pz At —
and in vat 2, similarly,
volume of volume of
xo(t + At) —xo(t) = dye in mixture 1 » — dye in mixture 2
flowing into vat 2 flowing out of vat 2
volume of

— dye in mixture 2
flowing from vat 2 vat 1

zi(t) \, o, 22(t) ,  xa(t)
% At R2 % At D2 % At.

Dividing by At and passing with it to zero we obtain the following simulta-
neous system of linear differential equations

doy o T2 T

a - " sz pr

dxs B T T2

- Py (R2 +P2)V- (1.3.15)

Continuous model of epidemics — a system of nonlinear differential equa-
tions

A measles epidemic discussed earlier was modelled as a system of non-linear
difference equations. The reason for the applicability of difference equations
was the significant latent period between catching the disease and becoming
contagious. If this period is very small (ideally zero) it it more reasonable to
construct a model involving coupled differential equations. For the purpose
of formulating the model we divide the population into three groups: sus-
ceptibles (who are not immune to the disease), infectives (who are capable
of infecting susceptibles) and removed (who have previously had the disease
and may not be reinfected because they are immune, have been quarantined
or have died from the disease). The symbols S, I, R will be used to denote
the number of susceptibles, infectives and removed, respectively, in the pop-
ulation at time ¢. We shall make the following assumptions on the character
of the disease:
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(a) The disease is transmitted by close proximity or contact between an
infective and susceptible.

(b) A susceptible becomes an infective immediately after transmission.
(¢) Infectives eventually become removed.

(d) The population of susceptibles is not altered by emigration, immigra-
tion, births and deaths.

(e) Each infective infects a constant fraction /3 of the susceptible population
per unit time.

(f) The number of infectives removed is proportional to the number of
infectives present.

As mentioned earlier, it is assumption (b) that makes a differential rather
than difference equation formulation more reasonable. Diseases for which
this assumption is applicable include diphtheria, scarlet fever and herpes.
Assumption (e) is the same that used in difference equation formulation.
It is valid provided the number of infectives is small in comparison to the
number of susceptibles.

To set up the differential equations, we shall follow the standard approach
writing first difference equations over arbitrary time interval and then pass
with the length of this interval to zero. Thus, by assumptions (a), (c) and
(d), for any time ¢

_ number of susceptibles
S(t+At) = 5(t) - { infected in time At } ’

by assumptions (a), (b) and (c)

_ number of susceptibles number of infectives
I(t+At) = I(t) + { infected in time At } B { removed in time At } ’

and by assumptions (a), (c¢) and (d)

R(t+ At) = R(t) + { removed in time At

number of infectives }

However, from assumptions (c) and (f)

number of susceptibles _
{ infected in time At } = BSIAL
number of infectives
{ removed in time At } = 7IAt
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Combining all these equations and dividing by At and passing with it to 0
we obtain the coupled system of nonlinear differential equations

ds

= = —BSI

7 BSI,

dI

= = BSI-—~I

7 B I,

% = I, (1.3.16)

where «, § are proportionality constants. Note that R does not appear in
the first two equations so that we can consider separately and then find R by
direct integration. The first two equations are then a continuous analogue
of the system (1.2.9) with B = 0. Note that a simpler form of the equation
for I in the discrete case follows from the fact that due to precisely one week
recovering time the number of removed each week is equal to the number
of infectives the previous week so that these two cancel each other in the
equation for I.

Predator—prey model — a system of nonlinear equations

Systems of coupled nonlinear differential equations similar to (1.3.16) appear
in numerous applications. One of the most famous is the Lotka-Volterra, or
predator-prey model, created to explain why in a period of reduced fishing
during the World War I, the number of sharks substantially increased. We
shall describe it on the original example of small fish — shark interaction.

To describe the model, we consider two populations: of smaller fish and
sharks, with the following influencing factors taken into account.

(i) Populations of fish and sharks display an exponential growth when con-
sidered in isolation. However, the growth rate of sharks in absence of
fish is negative due to the lack of food.

(ii) Fish is preyed upon by sharks resulting in the decline in fish popula-
tion. It is assumed that each shark eats a constant fraction of the fish
population.

(iii) The population of sharks increases if there is more fish. The additional
number of sharks is proportional to the number of available fish.

(iv) Fish and sharks are being fished indiscriminately, that is, the number
of sharks and fish caught by fishermen is directly proportional to the
present populations of fish and sharks, respectively, with the same
proportionality constant.

If we denote by z and y the sizes of fish and shark populations, then an
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argument, similar to that leading to (1.3.10), gives the following system

dx

o = =z —awy,
% = —(s+ fly+ By (1.3.17)

where a, 3,1, s, f are positive constants.
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Basic differential equations:
models and solutions

2.1 Basic information on differential equations

What precisely do we mean by a differential equation? The more familiar
notion of an algebraic equation, like for example the quadratic equation
x? — 4x — 5 = 0, states something about a number z. It is sometimes
called an open statement since the number z is left unspecified, and the
statement’s truth depends on the value of x. Solving the equation then
amounts to finding values of x for which the open statement turns into a
true statement.

Algebraic equations arise in modelling processes where the unknown quan-
tity is a number (or a collection of numbers) and all the other relevant quan-
tities are constant. As we observed in the first chapter, if the data appearing
in the problem are variable and we describe a changing phenomenon, then
the unknown will be rather a function (or a sequence). If the changes oc-
cur over very short interval, then the modelling usually will have to balance
small increments of this function and the data of the problem and will result
typically in an equation involving the derivatives of the unknown function.
Such an equation is called a differential equation.

Differential equations are divided into several classes. The main two classes
are ordinary differential equations (ODEs) and partial differential equations
(PDEs). As suggested by the name, ODEs are equations where the unknown
function is a function of one variable and the derivatives involved in the
equation are ordinary derivatives of this function. A partial differential
equation involves functions of several variables and thus expresses relations
between partial derivatives of the unknown function.

23
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In this course we shall be concerned solely with ODEs and systems of ODEs.
Symbolically, the general form of ODE is

F(y(n)’y(n_l)’ “y/,y’t) = 07 (211)

where F' is a given function of n + 2 variables. For example, the equation
of exponential growth can be written as F(y',y,t) = ' — ry so that the
function F is a function of two variables (constant with respect to ¢) and
acting into r. Systems of differential equations can be also written in the
form (2.1.1) if we accept that both F' and y (and all the derivatives of y)
can be vectors. For example, in the case of the epidemic spread (1.3.16) we
have a system of ODEs which can be written as

F(y,t) =0,

with three-dimensional vector y = (S, I, R) and the vector F = (F}, Fy, F3)
with Fy (S, I, R,t) = —BSI, Fs(S, I, R,t) = BST —~I and F5(S, I, R,t) = 1.

What does it mean to solve a differential equation? For algebraic equations,
like the one discussed at the beginning, we can apply the techniques learned
in the high school finding the discriminant of the equation A = (—4)2—4-1.
(—5) = 36 so that x; 2 = 0.5(4+6) =5, —1. Now, is this the solution to our
equation? How can we check it? The answer is given above — the solution
is a number (or a collection of numbers) that turns the equation into a true
statement. In our case, 52 —20 —5 = 0 and (—1)? —4(—1) — 5 = 0, so both
numbers are solutions to the equation.

Though presented in a simple context, this is a very important point.

To solve a problem is to find a quantity that satisfies all the con-
ditions of this problem.

This simple truth is very often forgotten as students tend to apply me-
chanically steps they learned under say, ”techniques for solving quadratic
equations” or ”techniques of integration” labels and looking for answers or
model solutions ”out there” though the correctness of the solution in most
cases can be checked directly.

The same principle applies to differential equations. That is, to solve the
ODE (2.1.1) means to find an n-times continuously differentiable function
y(t) such that for any ¢ (from some interval)

Fy™ ),y (@),...4' (), y(t),t) = 0.

Once again, there are many techniques for solving differential equations.
Some of them give only possible candidates for solutions and only checking
that these suspects really turn the equation into the identity can tell us
whether we have obtained the correct solution or not.
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Example 2.1.1. As an example, let us consider which of these functions
y1(t) = 30e?, ya(t) = 30e3" and y3(t) = 40e? solves the equation 3’ = 2y. In
the first case, LHS is equal to 60e?* and RHS is 2-30e?! so that LHS = RHS
and we have a solution. In the second case we obtain LHS = 90e3 #
2 - 30e3 = RHS so that y» is not a solution. In the same way we find that
y3 satisfies the equation.

Certainly, being able to check whether a given function is a solution is not
the same as actually finding the solution. Thus, this example rises the
following three questions.

1. Can we be sure that a given equation possesses a solution at all?

2. If we know that there is a solution, are there systematic methods to
find it?

3. Having found a solution, can we be sure that there are no other solu-
tions?

Question 1 is usually referred to as the existence problem for differential
equations, and Question 3 as the uniqueness problem. Unless we deal
with very simple situations these should be addressed before attempting to
find a solution. After all, what is the point of trying to solve equation if we
do not know whether the solution exists, and whether the solution we found
is the one we are actually looking for, that is, the solution of the real life
problem the model of which is the differential equation.

Let us discuss briefly Question 1 first. Roughly speaking, we can come across
the following situations.

1. No function exists which satisfies the equation.
2. The equation has a solution but no one knows what it looks like.

3. The equation can be solved in a closed form, either
in elementary functions,

or in quadratures.

Case 1 is not very common in mathematics and it should never happen in
mathematical modelling. In fact, if a given equation was an exact reflection
of a real life phenomenon, then the fact that this phenomenon exists would
ensure that the solution to this equation exists also. For example, if we
have an equation describing a flow of water, then the very fact that water
flows would be sufficient to claim that the equation must have a solution.
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However, in general, models are imperfect reflections of real life and there-
fore it may happen that in the modelling process we missed a crucial fact,
rendering thus the final equation unsolvable. Thus, checking that a given
equation is solvable serves as an important first step in validation of the
model. Unfortunately, these problems are usually very difficult and require
quite advanced mathematics that is beyond the scope of this course. On
the other hand, all the equations we will be dealing with are classical and
the fundamental problems of existence and uniqueness for them have been
positively settled at the beginning of the 20th century.

Case 2 may look somewhat enigmatic but, as we said above, there are ad-
vanced theorems allowing to ascertain the existence of solution without ac-
tually displaying them. This should be not surprising: after all, we know
that the Riemann integral of any continuous function exists though in many
cases we cannot evaluate it explicitly.

Even if we do not know a formula for the solution, the situation is not
hopeless. Knowing that the solution exists, we have an array of approximate,
numerical methods at our disposal. Using them we are usually able to find
the numerical values of the solution with arbitrary accuracy. Also, very
often we can find important features of the solution without knowing it.
These feature include e.g. the long time behaviour of the solution, that is,
whether it settles at a certain equilibrium value or rather oscillates, whether
it is monotonic etc. These questions will be studied by in the final part of
our course.

Coming now to Case 3 and to an explanation of the meaning of the terms
used in the subitems, we note that clearly an ideal situation is if we are able
to find the solution as an algebraic combination of elementary functions

y(t) = combination of elementary functions like :

sint, cost,Int, exponentials, polynomials...

Unfortunately, this is very rare for differential equation. Even the simplest
cases of differential equations involving only elementary functions may fail
to have such solutions.

Example 2.1.2. For example, consider is the equation
y’ = e*tQ.

Integrating, we find that the solution must be

y(t) = / e dt

but, on the other hand, it is known that this integral cannot be expressed
as a combination of elementary functions.
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This brings us to the definition of quadratures. We say that an equation is
solvable in quadratures if a solution to this equation can be written in terms
of integrals of elementary functions (as above). Since we know that every
continuous function has an antiderivative (though often we cannot find this
antiderivative explicitly), it is almost as good as finding the explicit solution
to the equation.

Having dealt with Questions 1 and 2 above, that is, with existence of solu-
tions and solvability of differential equations, we shall move to the problem
of uniqueness. We have observed in Example2.1.1/that the differential equa-
tion by itself defines a family of solutions rather than a single function. In
this particular case this class depend on an arbitrary parameter. Another
simple example of a second order differential equation y” = t, solution of
which can be obtained by a direct integration as y = %t?’ + C1t + Cy, shows
that in equations of the second order we expect the class of solutions to
depend on 2 arbitrary parameters. It can be then expected that the class
of solutions for an nth order equation will contain n arbitrary parameters.
Such a full class is called the general solution of the differential equation.
By imposing the appropriate number of side conditions we can specify the
constants obtaining thus a special solution - ideally one member of the class.

A side condition may take all sorts of forms, like "at ¢ = 15, y must have
the value of 0.4” or "the area under the curve between ¢t = 0 and ¢t = 24
must be 100”. Very often, however, it specifies the initial value of y(0) of
the solution and the derivatives y*(0) for k = 1,...,n — 1. In this case the
side conditions are called the initial conditions.

After these preliminaries we shall narrow our consideration to a particular
class of problems for ODEs.

2.2 Cauchy problem for first order equations

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

dy
= = f(t,y), (2.2.1)

where f is a given function of two variables.

In accordance with the discussion of the previous session, we shall be looking
for solutions to the following Cauchy problem

y/ = f(t7y>7
y(to) = o (2.2.2)
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where we abbreviated % =1/, and ¢ty and yo are some given numbers.

Several comments are in place here. Firstly, even though in such a simplified
form, the question of solvability of the problem (2.2.2)) is almost as difficult
as that of (2.1.1). Before we embark on studying this problem, we again
emphasize that to solve (2.2.2) is to find a function y(t) that is continuously
differentiable at least in some interval (¢1,%2) containing t¢, that satisfies

y'(t) = f(t,yt)) forall te (t1,ts)
y(to) = o

Let consider the following example.

Example 2.2.1. Check that the function y(t) = sint is a solution to the
problem

y/ = Vl_y2a tG(O,W/Q),

y(r/2) = 1

Solution. LHS: /(t) = cost, RHS: /1 — y2 = \/1 —sin?t = | cost| = cost
as t € (0,7/2). Thus the equation is satisfied. Also sinm/2 = 1 so the
"initial” condition is satisfied.

Note that the function y(¢) = sint is not a solution to this equation on a
larger interval (0,a) with @ > /2 as for 7/2 < t > 37/2 we have LHS:
y'(t) = cost but RHS: /1 — y? = |cost| = — cost, since cost < 0.

How do we know that a given equation has a solution? For an equation in
the (2.2.1) form the answer can be given in relatively straightforward terms,
though it is still not easy to prove.

Theorem 2.2.2. [Peano] If the function f in (2.2.2) is continuous in some
neighbourhood of the point (to,yo), then the problem (2.2.2) has at least one
solution in some interval (t1,ts) containing to.

Thus, we can safely talk about solutions to a large class of ODEs of the form
(2.2.1)) even without knowing their explicit formulae.

As far as uniqueness is concerned, we know that the equation itself deter-
mines a class of solutions; for first order ODE this class is a family of func-
tions depending on one arbitrary parameter. Thus, in principle, imposing
one additional condition, as e.g. in (2.2.2)), we should be able to determine
this constant so that the Cauchy problem (2.2.2) should have only one solu-
tion. Unfortunately, in general this is no so as demonstrated in the following
example.
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Example 2.2.3. The Cauchy problem
vy = Vy, t>0
y(0) = 0,
2

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

Fortunately, there is a large class of functions f for which (2.2.2) has exactly
one solution. This result is known as the Picard Theorem which we state
below.

Theorem 2.2.4. [Picard] Let f and 0f/0y be continuous in some neigh-
bourhood of (to,yo). Then the Cauchy problem (2.2.2) has exactly one solu-
tion defined on some neighbourhood of tg.

Example 2.2.5. We have seen in Example2.2.3 that there are two solutions
to the problem

y = Vy, t>0
y(0) = 0.

In this case f(t,y) = \/y and f, = 1/2,/y; obviously f, is not continuous in
any neighbourhood of 0 and we may expect troubles.

Another example of a nonuniqueness is offered by
y = (sin 2t)y1/3, t>0
y(0) = 0, (2.2.3)

Direct substitution shows that we have at least 3 different solutions to this

problem: y; = 0,52 = /8/27sin®t and y3 = —/8/27sin®t. These are
shown at the picture below.

In the next few sections we shall discuss some cases when an ODE can be

solved explicitly, either in elementary functions, or in quadratures.

2.3 Equations admitting closed form solutions

2.3.1 Separable equations
The simplest differential equation is of the form

dy
— =g(?). 2.3.1
o = 9() (2.3.1)
Its simplicity follows from the fact that the function f(t,y) of (2.2.1) here
is a function of the independent variable ¢ only so that both sides can be
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Fig 2.1 Multiple solutions of the problem (2.2.3).

integrated with respect to t. Note, that this is impossible if the right hand
side of (2.2.1) depends on y is an unknown function of ¢. There is, however,
a class of equations for which a simple modification of the above procedure
works.

Consider an equation that can be written in the form

dy = M, (2.3.2)
dt h(y)
where g and h are known functions. Equations that can be put into this
form are called separable equations. Firstly, we note that any constant
function y = yo, such that 1/h(yp) = 0, is a special solution to (2.3.2), as
the derivative of a constant function is equal to zero. We call such solutions
stationary or equilibrium solutions.

To find a general solution, we assume that 1/h(y) # 0, that is h(y) # oc.
Multiplying then both sides of (2.3.2) by h(y) to get

h(y)% =g(t) (2.3.3)

and observe that, denoting by H(y) = [ h(y)dy the antiderivative of h, we
can write (2.3.2) in the form

that closely resembles (2.3.1). Thus, upon integration we obtain

H(y(t)) = / g(t)dt +c, (2.3.4)
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where ¢ is an arbitrary constant of integration. The next step depends on
the properties of H: for instance, if H : R — R is monotonic, then we can
find y explicitly for all ¢ as

y(t) = H-! </g(t)dt+ c> .

Otherwise, we have to do it locally, around the initial values. To explain
this, we solve the initial value problem for separable equation.

dy _ o)
dt h(y)’
y(to) = o, (2.3.5)

Using the general solution (2.3.4) (with definite integral) we obtain

¢
Hy(®) = [ gls)ds +c.
to
we obtain ,
0
H(y(t)) = [ a(s)ds + ¢
to
to
which, due [ a(s)ds = 0, gives
to
c= H(y(to)),

so that
t

.mmmzjﬁ@%+ﬂw%»

to

We are interested in the existence of the solution at least close to tg, which
means that H should be invertible close to y9. From the Implicit Function
Theorem we obtain that this is possible if H is differentiable in a neigh-
bourhood of yy and %—I;(yo) # 0. But %—Z(yo) = h(yp), so we are back at
Picard’s theorem: if h(y) is differentiable in the neighbourhood of yo with
h(yo) # 0 (if h(yo) = 0, then the equation (2.3.2) does not make sense at
Yo, and g is continuous, then f(¢,y) = g(t)/h(y) satisfies the assumptions of
the theorem in some neighbourhood of (tg, yo).

Example 2.3.1. Find the general solution of the equation

y =1/
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This equation is equivalent to

% (y(;)?’) s

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

u(O) =+

Remark 2.3.2. Note that Picard’s theorem gives only a sufficient condition
for the existence of the unique solution. In the example above the assump-
tions are obviously violated at t = 0 and y = 0, that is, the theorem doesn’t
give an answer as to whether there exists a unique solution to the problem

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

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

On the other hand, consider a similar problem

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

Then the general solution is given by
yi(t) =t* +c,
and with the initial condition we obtain
yA(t) = 1%,
Quadratic function is not invertible close to 0 and it produces two solutions
y(t) =t and y(t) = —t.
Example 2.3.3. Solve the initial value problem
y=1+y%  y(0)=0.

We transform the equation as

d
7 tan"ly(t) =1

which gives
tan™? y=t+ec,

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

We point out that y — +oo as ¢t — +7/2. In other words the solution exists
only on the interval (—m/2,7/2) but there is seemingly nothing at all in the
form of the equation which would suggest such a behaviour.
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In the previous example the solution ceased to exist beyond 7/2 and —m/2
as it becomes infinite at these point. We call such a situation a blow up.
The next example shows that there might be another way for a solution to
cease to exist.

Example 2.3.4. Find the solution to the following initial value problem
yy + (1 +y%)sint =0, y(0) = 1.

In a standard way we obtain
Yy J ¢
/ rar o _ —/sin sds,
1472
1 0

1 1
§ln(1+y2) - §ln2:cost— 1.

which gives

Solving this equation for y(t) gives
y(t) _ i(2674sin2 t/2 1)1/2.

To determine which sign we should take we note that y(0) = 1 > 0, thus
the solution is given by

y(t) _ (2674sin2t/2 - 1)1/2.
Clearly, this solution is only defined when
26_4Sin2t/2 -1 Z 0

)

that is
64sin2 t/2 <92.

Since the natural logarithm is increasing we may take logarithms of both
sides preserving the direction of inequality. We get this way

4sin®t/2 <1n?2

and consequently

13 VIn2
- < sin™! - .
2 2
Therefore, the solution y(t) exists only on the open interval (—2sin~! Y112 25in~1 Vin2),

However, contrary to the previous example, the solution does not blow up
at the end-points, but simply vanishes.

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



34 Chapter 2

Fig 2.2 The graph of the solution in Example|2.5.].

Example 2.3.5. Find all solutions of the differential equation

dy t
A 2.3.
7 ” (2.3.6)

Standard approach gives
d (1,
— | =y*(t) | dt = — [ tdt
/ p (29 ( )) /

Y412 =2 (2.3.7)

The curves described by equation (2.3.7) are closed (they are, in fact, circles),
thus we don’t have single valued solutions. However, if (2.3.0) describes a
motion of a point in (¢, y)-plane, then we can interpret (2.3.7) as traces of
this motion and therefore solution in such an implicit form has a physical
sense.

which gives

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

2.3.2 Linear ordinary differential equations of first order
Definition 2.3.6. The general first order linear differential equation is

d

d—i{ +a(t)y = b(t). (2.3.8)

Functions a and b are known continuous functions of t.
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Let us recall that we call this equation ”linear” because the dependent vari-
able y appears by itself in the equation. In other words, 3’ and y appear in
the equation only possibly multiplied by a known function and not in the
form yy',siny or (y')3.

It is not immediate how to solve (2.3.8)), therefore we shall simplify it even
further by putting b(¢) = 0. The resulting equation

dy
A 2.3.

is called the reduced first order linear differential equation. We observe that
the reduced equation is a separable equation and thus can be solved easily.
As in (2.3.3) we obtain that if y(¢) # 0 for any ¢, then

1 dy d

v dt %m\y(t)!,

so that

S nly(n)| = (o),

and, by direct integration,

In |y(t)] = —/a(t)dt+c1

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

y(®)] = exp (— [atvat + cl) ~ ey exp <_ / a(t)dt)

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

y(t) = £egexp (- / a(t)dt) = c3exp (— / a(t)dt> (2.3.10)

where this time c3 can be either positive ore negative.

Are these all the possible solutions to (2.3.9)7 Solution (2.3.10) was derived
under provision that y # 0. We clearly see that y = 0 is a solution to (2.3.9)
but, fortunately, this solution can be incorporated into (2.3.10) by allowing
c3 to be zero.

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

and 0f/0y = a(t) so that, if a is a continuous function, the assumptions of
Picard’s theorem are satisfied in any neighbourhood of any pair (¢g,yo). If
there was a solution satisfying y(t9) = 0 for some ¢y, then from uniqueness
part of Picard’s theorem, this solution should be identically zero, as y(t) =0
is a solution to this problem.. In other words, if a solution to (2.3.9)) is zero
at some point, then it is identically zero.

After this considerations we can claim that all the solutions to (2.3.9) are
of the form

y(t) = cexp <—/a(t)dt) , (2.3.11)
where c is an arbitrary real constant.

How this solution can help us with solving the nonhomogeneous equation

d
d—i’ +a(t)y = b(t)? (2.3.12)
If we could repeat the trick used in the solution of (2.3.9) and write the

above equation in the form

d

— (" something”) = b(t

o g) = bt),

then the solution would be easy. However, the expression dy/dt+ a(t)y does
not appear to be a derivative of any simple expression and we have to help
it a little bit. We shall multiply both sides of (2.3.12) by some continu-
ous nonzero function p (for a time being, unknown) to get the equivalent

equation
dy

pt) - + ptalt)y = p(t)d(t), (2.3.13)

and ask the question: for which function p the left-hand side of (2.3.13)) is
a derivative of some simple expression? We note that the first term on the
left-hand side comes from

d du(t

dy | pu(t)

du(t)y
a Mgt

thus, if we find g in such a way that

p) W O D s pwyaty,

that is
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then we are done. Note that an immediate choice is to solve the equation

WO  pt)a).

but this is a separable equation, the general solution of which is given by
(2.3.11)). Since we need only one such function, we may take

1(t) = exp ( / a(t)dt> .

The function p is called an integrating factor of the equation (2.3.12). With
such function, (2.3.12)) can be written as

<ty = u(t)p(r),

thus

umy:/uwumﬁ+c

where ¢ is an arbitrary constant of integration. Finally

o) = o ([ utonteran+c)

= exp <— / a(t)dt> ( / b(t) exp < / a(t)dt) dt+c> (2.3.14)

It is worthwhile to note that the solution consists of two parts: the general
solution to the reduced equation associated with (2.3.12))

cexp (- / a(t)dt>

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

If we want to find a particular solution satisfying y(t9) = yo, then we write
(2.3.14)) using definite integrals

t t s

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

to to to

to

and use the fact that | f(s)ds = 0 for any function f. This shows that the
to

part of the solution satisfying the nonhomogeneous equation:

t t s

Up(t) = exp —/a(s)ds /b(S) exp /a(r)dr ds

to to to
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takes on the zero value at ¢ = t3. Thus

Yo =y(to) =c
and the solution to the initial value problem is given by
t t t s
y(t) = yo exp —/a(s)ds +exp —/a(s)ds /b(s) exp /a(r)d'r ds.
to to to to
(2.3.15)
Once again we emphasize that the first term of the formula above solves
the reduced (b(t) = 0) equation with the desired initial value (y(0) = o)

whereas the second solves the full equation with the initial value equal to
Z€ero.

Again, Picard’s theorem shows that there are no more solutions to than
those given by (2.3.15). Why? Let y1(¢) be a solution to (2.3.12). For some
t =t this will take on the value y;(¢o). But we know that there is a solution
to (2.3.12) given by
t t t s
y(t) = y1(to) exp —/a(s)ds +exp —/a(s)ds /b(s) exp /a(r)dr ds,
to to to to

and by Picard’s theorem (this time f(¢,y) = —a(t)y + b(¢) but the assump-
tions are still satisfied), y1(t) = y(t).

Example 2.3.7. Find the general solution of the equation
y — 2ty =t.
Here a(t) = —2t so that

wu(t) = exp —2/tdt —e "

Multiplying both sides of the equation by p we obtain
e_to/ —ote " = te_tQ,
which can be written as
—(e_tzy) =te ¥,
Upon integration we get
42 42 6_t2
e ty= | te dt:—T—i—c.

Thus the general solution is given by

1
y(t) = —3 +ce”.
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Example 2.3.8. Find the solution of the equation
Y + 2ty =t,

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

p(t) = exp 2/tdt =

As above, we obtain
ey + 2te” = —(et2y) = te. (2.3.16)

General solution is
and to find ¢ we have
which gives

and L3
2 12
y(t) = 5 + 3¢ -

Alternatively, we can integrate (2.3.10) from 1 to ¢ to get

and further .
et2y —2e=¢l"2 - 3

Thus again

1 3 1_t2
t)=—-—+ = .
y(t) =5 + 3¢

2.3.3 Equations of homogeneous type

In differential equations, as in integration, a smart substitution can often
convert a complicated equation into a manageable one. For some classes of
differential equations there are standard substitutions that transform them
into separable equations. We shall discuss one such a class in detail.
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A differential equation that can be written in the form

% =1 (%). (2.3.17)

where f is a function of the single variable z = y/t is said to be of homoge-
neous type. Note that in some textbooks such equations are called homoge-
neous equations but this often creates confusion as the name homogeneous
equation is generally used in another context.

How one can recognize that given a function F'(¢,y) can be written as a
function of y/t only. We note that such functions have the following property
of homogeneity: for any constant A # 0

()1 (t)

The converse is also true: if for any A # 0
F(\t, \y) = F(t,y) (2.3.18)

then F'(t,y) = f (y/t) for some function f. In fact, taking in (2.3.18) A = 1/¢
we obtain

F(t,y) = FO\M,\y) = F (1, %) _ 7 (%) :
that is, f(z) = F(1, 2).

To solve (2.3.17) let us make substitution
y =1tz (2.3.19)

where z is the new unknown function. Then, by the product rule for deriva-
tives

dy e
at ~ °
and (2.3.17) becomes
dz
t— —
Ly )
or i
td—j = f(2) - = (2.3.20)

In (2.3.20) the variables are separable so it can be solved as in Subsection
2.3.11

Example 2.3.9. Find the general solution of the equation

(3t —y)y +t=3y.
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Writing this equation in the form (2.2.1) we obtain

y 3y—t

dt  3t—vy

and F'(At, \y) = gii’:ﬁ‘; = gi’—:; = F(t,y) so that the equation is of homoge-

neous type. Using the substitution (2.3.19)), we find

+tdz 3z—1
v _——=
dt 3—z’
so that
tdz_zz—l
dt 33—z

We observe that z = 1 (or y = +t) are stationary solutions. Assuming
z # +1 we find the general solution is

3—z2 dt
/ZQ—IdZ_ 7

Using partial fraction decomposition
3 3 1 1
22-1 2\z-1 z+1)’

z—1
z+1

for some constant C. Consequently,

we obtain

3
—In

1
5 ——In[z*> =1 -Int+C

2

lz—1]

— =D
(z41)2 t

for the constant D defined as D = ¢“. Returning to the original variable y
we get
y=t+D(y+1)? (2.3.21)

where we dropped absolute value bars allowing D to be an arbitrary real
constant. Note that the special solution y = t can be recovered from (2.3.21)
by putting D = whilst y = —t cannot be recovered from it (unless we agree
to write (2.3.21) as (y +t)* = £ (y — t) and put D = oc0).

2.3.4 Equations that can be reduced to first order equations

Some higher order equations can be reduced to equations of the first order.
We shall discuss two such cases for second order equations.

Equations that do not contain the unknown function
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If we have the equation of the form
F', 4 t) =0, (2.3.22)

then the substitution z = 3’ reduces this equation to an equation of the first
order
F(,z,t) =0. (2.3.23)

If we can solve this equation
'Z - ¢(t7 C)?

where C' is an arbitrary constant, then, returning to the original unknown
function y, we obtain another first order equation

y = ¢(t,C),

which is immediately solvable as

) = [ ot Cyit + .
Example 2.3.10. Find solutions to the equation
(y")? =4y - 1) (2.3.24)

satisfying initial conditions: a) y(0) = 0 and ¢'(0) = 2, b) y(0) = 0 and
y'(0) = 1.

Eq. (2.3.24) does not contain y so it can be integrated following the method
described above. Setting z = ¢/ we get

()2 =4(z-1)
which gives two equations
2 =42vz 1.

Each of these is a separable equation. There is a particular stationary solu-
tion z = 1 that is common to both equations. For z # 1 we obtain

dz
+ [ ———= | dt,
/ 2vz—1 /
integrating which yields
+vz—1 :t—l-Cl.

Squaring, we find
2=1+(t+Cp)?
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Returning to the original unknown function y we find the particular solution
solving 3/ = 1, that is,
y=t+C. (2.3.25)

The general solution is obtained by solving

Y =14 (t+Ch)? (2.3.26)
which gives
1
y:t+§@+CU3+C} (2.3.27)

To find solutions to the Cauchy problem a), we take the general solution
(2.3.27) and substitute ¢t = 0 getting

1
0=y(0)= gci)’ + Cy,
and, using the condition for the derivative
2=19/(0)=1+C%

Solving, we obtain C? = +1 and Cy = $%. Therefore we obtain two solu-
tions to the Cauchy problem

1 1

= t+-(t+1)3 -2

1 1

= t4+-(t—134 .

y +3t=1)7+ 4

There are no other solutions, as there is no constant C'in (2.3.25)) that allows
both initial conditions to be satisfied.

To find solution for the Cauchy problem b), we obtain from (2.3.27) and
2:3.26)
s
0 - gcl + 02,
1 = 1+0%

This gives C1 = Co = 0 which yields the solution

— 4L

y= 3t

Moreover, we can check that the particular solution (2.3.25) can be made to

satisfy these conditions by taking C' = 0. Hence, the second solution to the
Cauchy problem is given by

y==t.
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Equations that do not contain the independent variable

Let us consider the equation
F(y",y',y) =0, (2.3.28)

that does not involve the independent variable ¢. Such an equation can be
also reduced to a first order equation, the idea, however, is a little more
complicated. Firstly, we note that the derivative v’ is uniquely defined by
the function y. This means that we can write ' = g(y) for some function g.
Using the chain rule we obtain

" d,_dg

“at? T dy(wdy — % () = o) (). (2.3.29)

4 a7y dy

Substituting (2.3.29)) into (2.3.28) gives the first order equation with y as an
independent variable

dg
Flg=2 —0. 2.3.30
<gdy,g7y> ( )

If we solve this equation in the form g(y) = ¢(y, C), then to find y we have
to solve one more first order equation with ¢ as the independent variable

dy _
dt

Example 2.3.11. Find the general solution to the equation
vy = ()*. (2.3.31)

As the equation does not contain ¢, we can use the technique described
above. Denoting ¢y = g(y) we get v’ = g%, so that the equation (2.3.31))
turns into

o(y, C).

gl = g2
dy '

We obtain the particular solution in the form g = 0. If g # 0, we can
separate the variables, getting

ldg 1

gdy y
Integration gives

Inlg| =Inly|+ C

or

g==Cy

for some constant C' # 0. Since g(y) = v/, we have either the solution y = C;
for some constant C, or we have to solve the following equation

y = +Cy.
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Assuming y # 0, we separate variables getting

W _ e / dt,
Yy

so that
Yy = Cge:tCt.

Note that for Co = 0 we recover the particular solution y = 0 and for C' =0
we obtain the particular constant solutions coming from g = 0.

2.4 Miscellaneous applications

Here we shall use the theory developed in the previous subsections to provide
solutions to some models introduced in Chapter 1. We start with the logistic
equation.

Logistic equation

Let as recall the logistic equation

dN N

where r denotes the unrestricted growth rate and K the carrying capacity
of the environment. Since the right-hand side does not contain ¢, we imme-
diately recognize (2.4.1)) as a separable equation. Let us consider the related

Cauchy problem
dN N
S N1
dt : ( K ) !

N(ty) = Ny (2.4.2)

Separating variables and integrating we obtain

N
K / ds —t_t
r ) (K—s)s 0
No
To integrate the left-hand side we use partial fractions

L1111
(K—5)s K\s K-—s

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

N K —N,
t—tp) = In — .
rt—to) = Ty

Exponentiating, we get

or

No(K — N())e" %) = N(#)(K — Np).

Bringing all the terms involving N to the left-hand side and multiplying by
—1 we get

N(t) (Noer(t—to) + K — NO) — NoKeT(t_tO),

thus finally
NoK

" No+ (K — No)erlt=to)”

N(t)

(2.4.3)

Let us examine (2.4.3) to see what kind of population behaviour it predicts.
First observe that we have

lim N(t) = K,

t—o0

hence our model correctly reflects the initial assumption that K is the max-
imal capacity of the habitat. Next, we obtain

AN rNoK(K — Ny)e (=10
dt — (No+ (K — Ng)er(t=to))2

thus, if Ng < K, the population monotonically increases, whereas if we start
with the population which is larger then the capacity of the habitat, then
such a population will decrease until it reaches K. Also

d’N d ,

T :r%(N(K—N)) = N'(K —2N)=N(K — N)(K —2N)
from which it follows that, if we start from Ny < K, then the population
curve is convex down for N < K/2 and convex up for N > K/2. Thus,
as long as the population is small (less then half of the capacity), then the
rate of growth increases, whereas for larger population the rate of growth
decreases. This results in the famous logistic or S-shaped curve which is
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presented below for particular values of parameters r = 0.02, K = 10 and
to = 0 resulting in the following function:

B 10Ny

~ No+ (10 — Ng)e 02t

N(t)

Fig 2.8 Logistic curves with No < K (dashed line) and No > K (solid line)
for K =10 and r = 0.02.

To show how this curve compare with the real data and with the exponential
growth we take the experimental coefficients K = 10.76 billion and r =
0.029. Then the logistic equation for the growth of the Earth population

will read
No(10.76 x 109)

N(t) = .
Q No + ((10.76 x 109) — Ng)e—0-029(t—t0)

We use this function with the value Ny = 3.34 x 107 at t; = 1965. The
comparison is shown on Fig. 2.4.

The waste disposal problem

Let us recall that the motion of a drum of waste dumped into the sea is
governed by the equation (1.3.9)

d%y 1 dy
—_— = — —B—c—=|. 2.4.4
a2~ m (W Cdt) (244)

The drums are dropped into the 100m deep sea. Experiments show that the
drum could brake if its velocity exceeds 12m/s at the moment of impact.
Thus, our aim is to determine the velocity of the drum at the sea bed level.
To obtain numerical results, the mass of the drum is taken to be 239 kg,
while its volume is 0.208 m®. The density of the sea water is 1021 kg/m?
and the drag coefficient is experimentally found to be ¢ = 1.18kg/s. Thus,
the mass of water displaced by the drum is 212.4 kg.
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Fig 2./ Human population on Earth. Comparison of observational data
(points), exponential growth (solid line) and logistic growth (dashed line).

Equation (2.4.4) can be re-written as the first order equation for the velocity

V = dy/dt.
vy ly—g- B (2.4.5)
m m

Since the drum is simply dumped into the sea, its initial velocity V' (0) = 0.
Since (2.4.5) is a linear equation, we find the integration factor u(t) = e*¢/™
and the general solution of the full equation is obtained as

V(t) — eftc/m <g o B> /etc/mdt _ mg — B(l i Ce—tc/m)
m

C

for some constant C. Using the initial condition V' (0) = 0, we find C' = —1
so that

V(t) = LC_B(l — ete/my, (2.4.6)

Integrating once again, we find

mg — B

y(t) = (t + %e—“/m) + 0.

c
To determine C; we recall that the coordinate system was set up in such a
way that y = 0 was at the sea surface so we can take the initial condition
to be y(0) = 0. Thus we obtain the equation

mg— Bm

C

so that

_mg-B (1 4+ Zemtelm) - %{B) (2.4.7)
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Equation (2.4.6) expresses the velocity of the drum as a function of time .
To determine the impact velocity, we must compute the velocity at time ¢
at which the drum hits the ocean floor, that is we have to solve for ¢ the
equation (2.4.7) with y(¢t) = 100m. Explicit solution of this equation is
obviously impossible so let us try some other method.

As a first attempt, we notice from (2.4.6) that V (¢) is an increasing function
of time and that it tends to a finite limit as ¢t — co. This limit is called the
terminal velocity and is given by

mg — B

Vi = (2.4.8)

c

Thus, for any time ¢ the velocity is smaller that Vr and if Vi < 12m/s, we
can be sure that the velocity of the drum when it hits the sea floor is also
smaller that 12 m/s and it will not crack upon the impact. Substituting the
data to (2.4.8) we obtain

(239 — 212.4)9.81

Vi = 1.18

~ 221m/s,

which is clearly way too large.

However, the approximation that gave the above figure is far too crude -
this is the velocity the drum would eventually reach if it was allowed to
descend indefinitely. As this is clearly not the case, we have to find the way
to express the velocity as a function of the position y. This velocity, denoted
by v(y), is very different from V'(¢) but they are related through

V(t) = v(y(t)).
By the chain rule of differentiation
dV  dvdy dv dv
it dydt dy Cdy
Substituting this into (2.4.5) we obtain

dv
mv— = (mg — B — cv). 2.4.9
= (mg ) (2.49)
We have to supplement this equation with an appropriate initial condition.
For this we have

v(0) = v(y(0)) = V(0) = 0.

This is a separable equation which we can solve explicitly. Firstly, we note
that since v < Vp = (mg — B)/c, mg — B — cv > 0 all the time. Thus, we
can divide both sides of (2.4.9) by mg — B — cv and integrate, getting

v )

/ rdr 1/ Y
—— = — [ ds = =.
mg—B—cr m m

0 0
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Fig 2.5 The depth as a function of velocity of the drum.

To find the left-hand side integral, we note that the degree of the numerator
is the same as the degree of the denominator so that we have to decompose

r 1 —cr _ 1—mg+B+mg— Ber

mg— B —cr cmg—B—cr ¢ mg— B —cr

Thus
[ rd 1 B[ d
/” - _/mmg— / ’
mg — B —cr c c mg — B —cr
0 0 0
v mg—B., mg—B—cv
= —= In )
c c2 mg — B

and we obtain the solution

Y v mg—B, mg—B-—cv
= =——— 5— In .
m c c

mg — (2.4.10)
It seems that the situation here is as hopeless as before as we have y = y(v)
and we cannot find v(y) explicitly. However, at least we have a direct relation
between the quantities of interest, and not through intermediate parameter
t that is irrelevant for the problem, as before. Thus, we can easily graph y
as a function of v and estimate v(100) from the graph shown at the Figure
2.5. We can also answer the question whether the velocity at y = 100m is
higher that the critical velocity v = 12m/s. To do this, we note that from
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(2.4.9) and the fact that v < Vp we can infer that v is an increasing function
of y. Let us find what y corresponds to v = 12m/s. Using the numerical
data, we obtain

12 239 — 212.4)9.81 239 —212.4)9.81 — 1.18 - 12
y(12) = 239( — ! ) n ( )
1.18 (1.18)2 (239 — 212.4)9.81

~ 68.4m,

that is, the drum will reach the velocity of 12m/s already at the depth of
68.4m. Since v is a strictly increasing function of y, the velocity at 100m
will be much higher and therefore the drum could crack on impact.

The satellite dish
In Chapter 1 we obtained the equation (1.3.10) for a reflecting surface:

dy Yy

= — 2.4.11
dx ?24+y2+a ( )

Now we shall solve this equation. We observe that the right-hand side can
be written as

8 <

Y

L+ (2)2+1

for x > 0. This suggest the substitution used for homogeneous equations
z =y/x. Since y = 2’z + z, we obtain

a1+ 2+ e+ 2V1+ 2242 =2,

which, after a simplification, can be written as

; <1 n 1 ) 1
2l =—
z o z/22+1 T
Integrating, we obtain

dz
lnz+/:—lnx+0’. 2.4.12
12 21+ 22 1 ( )

To integrate the second term, we use the hyperbolic substitution z = sinh £

so that dz = cosh&d€ and V14 22 = /1 +sinh?& = Vcosh® = cosh¢, as

cosh ¢ is always positive. Thus we obtain

dz B ¢ 1 d¢
/z\/l + 22 /sinh§ _2/sinh§/2003h§/2
1 d¢ 1 [du

N 2/tanh§/2cosh2§/2:2 u’
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where in the last integral we used the change of variables u = tanh /2 so
that du = d€¢/2 cosh? ¢. Continuing, we obtain

d
Zu =In|u| = In|tanh /2| + C.
put inhé/2  sinh€/2cosh€/2
sin sin cos
tanh&/2 = = .
anh¢/ cosh & /2 cosh?£/2
But

sinh /2 cosh&/2 = 3(65/2 +e ) (2 — e = i(eg +ef) = %sinh@“,

and
2 Voerz g -2z _ Loe o ¢ 1
cosh 5/2:1(6 +e %) :1(6 +e +2):§(cosh§+1),
so that returning to the original variable z = sinh £ we obtain

z
tanhé/2 = —————.
&/ 1+vVz2+1

Thus

dz
— = =Inlz|-In(1+V22+1)+C".
| s =l = )

Returning to (2.4.12) we obtain

2,2
In ———
1+vz22+1

for some constant C' > 0. Thus

=—Inz/C

2

z
1+vz2+1 @)
and, returning to the original unknown function z = y/z,

2

v g
T +\/y? + 2
which, after some algebra, gives
y? —2Cx = C2. (2.4.13)

This is an equation of the parabola with the vertex at x = —C'/2 and with
focus at the origin.

We note that this equation was obtained under the assumption that x > 0 so,
in fact, we do not have the full parabola at this moment. The assumption
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—

Fig 2.6 Different shapes of parabolic curves corresponding to various values
of the constant C'. In each case the focus is at the origin.

x > 0 was, however, purely technical and by direct substitution we can
check that (2.4.13) determines the solution also for —C/2 < z < 0. In fact,

y = +v2Cx + C? so that

dy C
LHS =Y 4~
dx V2Cz + C?
and
RES — y +v2Cz + C? V2024 C?

Y2+ a2+ N Vit +2Cc+ C? +x (x+C)2+zx
¢
V2Cz + C?’

where we used the fact that x > —C/2 so that x + C > 0. Thus LHS =
RHS for any x > —C'/2 and (2.4.13)) gives the solution to the equation in
the whole range of independent variables.

Pursuit equation

In this paragraph we shall provide the solution to the pursuit equation

oy’ = — /1 (y)2 (2.4.14)

u

Firstly, we observe that this a second order equation that, however, does
not contain the unknown function but only its higher derivatives. Thus,
following the approach of Subsection 2.3.4] we introduce the new unknown
z = 3y reducing thus (2.4.14) to a first order equation:

2z = —k\V1+ 22
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where we denoted k = v/u. This is a separable equation with non-vanishing
right-hand side, so that we do not have stationary solutions. Separating
variables and integrating, we obtain

/ (')

14 22

for some constant C’ > 0, where we used the fact that in the model z < 0.
Integration (for example as in the previous paragraph) gives

In(z++v22+1)=InC(-x)7*,

with C' = (C")~*, hence

24+V224+1=C(—2)7F,

from where, after some algebra,

2= (C(—x)k — C(—a:)k> : (2.4.15)

Returning to the original unknown function y, where 3y’ = z, and integration
the above equation, we find

1C

y(x) = % <C<1(—$)k+1 - m

K+ 1) (_x)_m) o

Let us express the constants Cy and C5 through initial conditions. We
assume that the pursuer started from the position (x,0), 2o < 0 and that
at the initial moment the target was at the origin (0,0). Using the principle
of the pursuit, we see that the initial direction was along the z-axis, that is,
we obtain the initial conditions in the form

y(zo) =0,  ¢(x0) = 0.
Since y' = z, substituting z = 0 and = = x¢ in (2.4.15), we obtain

0=/ (20) = 2(a0) = O(—20) ™ ~ Z(~0)*

which gives

so that
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Fig 2.7 Pursuit curve for different values of k. k = 0.5 (solid line), k = 0.9

(dashed line), k = 0.99 (dot-dashed line).

To determine Cy we substitute z = xy and y(xg) = 0 above getting

X0 1 1
0= <k+1+k—1>+cl

thus
kxo

Cl:ﬁ'

Finally,

($)_7@ 1 (= k+17L B —k+1 . kg
K=" k+1 5 1—k \zo 21

This formula can be used to obtain two important pieces of information:
the time and the point of interception. The interception occurs when x = 0.

Thus 1
i) VUL
0) = = .
y(0) k2—1 02 —u?

Since x¢ < 0 and the point of interception must by on the upper semi-axis,
we see that for the interception to occur, the speed of the target v must
be smaller that the speed of the pursuer u. This is of course clear from
the model, as the pursuer moves along a curve and has a longer distance to

cover.

The duration of the pursuit can be calculated by noting that the target
moves with a constant speed v along the y axis from the origin to the
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interception point (0,y(0)) so that

FEscape velocity

The equation of motion of an object of mass m projected upward from the
surface of a planet was derived at the end of Subsection [1.3.3. The related
Cauchy problem reads

&y mgR ()
a2~ " (y+Rr?2 Y\

y(0) = R, y'(0) =,

where the initial conditions tell us that the missile was shot from the surface
with initial velocity vy and we allow the air resistance coefficient to change
with height. Rather than solve the full Cauchy problem, we shall address
the question of the existence of the escape velocity, that is, whether there
exists an initial velocity which would allow the object to escape from planet’s
gravitational field.

The equation is of the form (2.3.28), that is, it does not contain explicitly
the independent variable. To simplify calculations, firstly we shall change
the unknown function according to z = y+ R (so that z is the distance from
the centre of the planet) and next introduce F(z) = 2’ so that 2’ = F.F,
see (2.3.29). Then the equation of motion will take the form

gR?

2

F.F+C(2)F?* = -
z

(2.4.16)

where C(z) = ¢(z — R)/m. Noting that

_ 1iF2

FF =—
z 2dz

and denoting F? = G we reduce (2.4.16)) to the linear differential equation

2gR?
G.+20(2)G = — i? . (2.4.17)
We shall consider three forms for C.
Case 1. C(z) =0 (airless moon).
In this case (2.4.17) becomes
29 R?
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which can be immediately integrated from R to z giving

1 1

G(z) — G(R) = 2gR? <z — R) .

Returning to the old variables G(z) = F?(z) = v*(z), where v is the velocity
of the missile at the distance z from the centre of the moon, we can write

2(2) — v2(R) = 2g R (i _ ;) .

The missile will escape from the moon if it’s speed remains positive for all
times — if it stops at any finite z, then the gravity pull will bring it back to
the moon. Since v(z) is decreasing, its minimum value will be the limit at
infinity so that, passing with z — oo, we must have

v?(R) > 29R

and the escape velocity is

Case 2. Constant air resistance.

If we are back on Earth, it is not reasonable to assume that there is no
air resistance during motion. Let us investigate the next simple case with
¢ = constant. Then we have

29 R?
52

G.+20G=-"2" (2.4.18)

where C' = ¢/m. The integrating factor equals e?* so that we obtain

d ) ) GQCZ
CZ
dz (6 G(Z)) = —2gR 7,
and, upon integration,
z
2072(2) — 20R2 — —29R2/62088_2d8,
R
or
z
v2(2) = e 207 [ 2082 — 29R2/62083_2d5 . (2.4.19)
R

Consider the integral

I(z) = /62C85_2ds.
R
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2058—2

Since lim e = 00, we have also

S§—00

R
Since [€?“*s~2ds = 0 and because e>“Fv?(R) is independent of z, from the
R

Darboux theorem we see that, no matter what the value of vg is, for some
20 € [R,0) the right-hand side of (2.4.19) becomes 0 and thus v2(z) = 0.
Thus, there is no initial velocity vg for which the missile will escape the
planet.

Case 3. Variable air resistance.

By passing from no air resistance at all (¢ = 0) to a constant air resistance
we definitely overshot since the air becomes thinner with height and thus its
resistance decreases. Let us consider one more case with C(z) = k/z where
k is a proportionality constant. Then we obtain

2k 29 R?
G.+=a=-2".
z

: (2.4.20)

The integrating factor equals 22* so that we obtain

d% (ZQkG(Z)> — _9gR2:%2,

and, upon integration,
z
z%vz(z) — R%* (2) = —29R2/32k2ds.
R

Using the same argument, we see that the escape velocity will exist if and
only if

z

lim 2205 < +0

Z— 00
R
and from the properties of improper integral we infer that we must have

2k—2< —1or )
k< -—.
2

Of course, from physics £ > 0. Thus, the escape velocity is given by

o — 2gR
0= V1o
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Simultaneous systems of
equations and higher order
equations

3.1 Systems of equations

3.1.1 Why systems?
Two possible generalizations of the first order scalar equation
y' = f(t,y)
are: a differential equation of a higher order
y" = F(t, o'y, ..., y(”_l)) =0, (3.1.1)

(where, for simplicity, we consider only equations solved with respect to the
highest derivative), or a system of first order equations, that is,

y =f(t,y) (3.1.2)
where,
Y1 (t)
y(t) = : ,
Yn(t)
and
Jilt,ys -5 yn)
f(t,y) = : ,
n(t Yyt yn)

59
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is a nonlinear function of ¢ and y. It turns out that, at least from the theo-
retical point of view, there is no need to consider these two cases separately
as any equation of a higher order can be always written as a system (the
converse, in general, is not true). To see how this can be accomplished, we
introduce new unknown variables z1(t) = y(t), zo(t) = ¥/(t), z, = y™ D (¢)
so that 21 (t) = v/ (t) = 22(t), 25(t) = y"(t) = 23(t),... and (3.1.1) converts
into

21 = 22,
/
Ro = Z3,
/
z, = F(t,z1,...,2n)

Clearly, solving this system, we obtain simultaneously the solution of (3.1.1)
by taking y(t) = z1(t).

3.1.2 Linear systems

At the beginning we shall consider only systems of first order differential
equations that are solved with respect to the derivatives of all unknown
functions. The systems we deal with in this section are linear, that is, they
can be written as

yi = any +ay2 + ...+ apyn + 91(t),
3 (3.1.3)

y;L = An1y1 +ap2y2 + ... + aQppyYn + gn(t)’
where y1, ..., yn are unknown functions, a1, . ..ayy, are constant coefficients
and g1(t) ..., gn(t) are known continuous functions. If g = ... = g, = 0,

then the corresponding system (3.1.3) is called the associated homogeneous
system. The structure of (3.1.3) suggest that a more economical way of
writing it is to use the vector-matrix notation. Denoting y = (y1,...,¥n),
g = (gl, . ,gn) and A = {aij}lgi’jgn, that is

ail ... Qip

apl .- Gpp

we can write (3.1.3) in a more concise way as

y =Ay +g. (3.1.4)
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Here we have n unknown functions and the system involves first derivative
of each of them so that it is natural to consider (3.1.4) in conjunction with
the following initial conditions

y(to) = y°, (3.1.5)
or, in the expanded form,
yi(to) = 41, s ynlto) = vn, (3.1.6)
where t( is a given argument and y° = (y?, e ,yg) is a given vector.

As we noted in the introduction, systems of first order equations are closely
related to higher order equations. In particular, any nth order linear equa-
tion

Y™ 4 a1y Y a4 agy = g(t) (3.1.7)

can be written as a linear system of n first order equations by introducing
new variables z; =y, 20 =9 = 21, z3 =9 = 2b,...2, =y =2/ | s0

that 2/ =y and (3.1.7) turns into

/
21 = Z2
/
2y = Z3,
/ J—
2, = —Qp-12n — Qpn-22p—1 — ... — apz1 + g(t).

Note that if (3.1.7) was supplemented with the initial conditions y(ty) =
Yo, (to) = y1,...y™ 1) = y,_1, then these conditions will become natural
initial conditions for the system as z1(to) = yo, 22(t0) = y1, - - - 2n(to) = Yn—1.
Therefore, all the results we shall prove here are relevant also for nth order
equations.

In some cases, especially when faced with simple systems of differential equa-
tions, it pays to revert the procedure and to transform a system into a single,
higher order, equation rather than to apply directly a heavy procedure for
full systems. We illustrate this remark in the following example.

Example 3.1.1. Consider the system

i = anyi + a2y,
Yy = a2y + axy. (3.1.8)

Firstly, note that if either aijo or ao; equal zero, then the equations are
uncoupled, e.g., if ajo = 0, then the first equation does not contain ys
and can be solved for y; and this solution can be inserted into the second
equation which then becomes a first order nonhomogeneous equation for y,.
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Assume then that ajo #% 0. We proceed by eliminating ys from the first
equation. Differentiating it, we obtain

yi = anyi + aiays,
so that, using the second equation,

Y| = any; + ai2(az1y1 + azay2).

To get rid of the remaining 5, we use the first equation once again obtaining

Y2 = apy (Y1 — auyn), (3.1.9)
yi = (a11 + ag2)y; + (a12a21 — azean1)y

which is a second order linear equation. If we are able to solve it to obtain
y1, we use again (3.1.9) to obtain ys.

However, for larger systems this procedure becomes quite cumbersome unless
the matrix A of coefficients has a simple structure.

3.1.3 Algebraic properties of systems

In this subsection we shall prove several results related to the algebraic
structure of the set of solutions to

y =Ay,  y(to) =y° (3.1.10)

An extremely important role here is played by the uniqueness of solutions.
In Section 2.2/ we discussed Picard’ theorem, Theorem 2.2.4, that dealt with
the existence and uniqueness of solution to the Cauchy problem

Yy =f(ty),  ylto) =yo

where y and f were scalar valued functions. It turns out that this theorem
can be easily generalized to the vector case, that is to the case where f is a
vector valued function f(t,y) of a vector valued argument y. In particular,
it can be applied to the case when f(¢,y) = Ay + g(t). Thus, we can state

Theorem 3.1.2. Let g(t) be a continuous function from R to R™. Then
there exists one and only one solution of the initial value problem

y =Ay+gt),  y(to) =y’ (3.1.11)

Moreover, this solution exists for all t € R.
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One of the important implications of this theorem is that if y is a non-trivial,
that is, not identically equal to zero, solution to the homogeneous equation

y' = Ay, (3.1.12)

then y(t) # 0 for any ¢. In fact, as y* = 0 is a solution to (3.1.12)) and
by definition y*(¢) = 0 for any ¢, the existence of other solution satisfying
y(t) = 0 for some ¢ would violate Theorem [3.1.2.

Let us denote by X the set of all solutions to (3.1.12)). Due to linearity of
differentiation and multiplication by A, it is easy to see that X is a vector
space. Moreover

Theorem 3.1.3. The dimension of X is equal to n.

Proof. We must exhibit a basis of X that contains exactly n elements.
Thus, let z;(t), j = 1,...,n be solutions of special Cauchy problems

y =Ay, y(0)=e¢;, (3.1.13)
where e; = (0,0,...,1,...,0) with 1 at jth place is a versor of the coordinate
system. To determine whether the set {z1,...,2y,} is linearly dependent, we

ask whether from
clzl(t) + ...+ CnZn(t) =0,

it follows that ¢; = ... = ¢, = 0. If the linear combination vanishes for
any t, then it must vanish in particular for ¢ = 0. Thus, using the initial
conditions z;(0) = e; we see that we would have

cle1+...+cne2:0,

but since the set {e1,...,en} is a basis in R™, we see that necessarily
c1 = ... =c¢, = 0. Thus {z1(t),...,2zn(t)} is linearly independent and
dim X > n. To show that dim X = n we must show that X is spanned by
{z1(t),...,2zn(t)}, that is, that any solution y(¢) can be written as

y(t) =c1z1(t) + ...+ cpznl(t)

for some constants c1, ..., ¢,. Let y(t) be any solution to (3.1.12) and define
y? = y(0) € R™. Since {e1,...,en} is a basis R", there are constants
ci,...,Cpy such that

y0 =ciey + ...+ cpe2.

Consider
x(t) =c1z1(t) + ... + cpzn(l).

Clearly, x(t) is a solution to (3.1.12)), as a linear combination of solutions,
and x(0) = ciey + ... + cpen = y¥ = y(0). Thus, x(t) and y(t) are both
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solutions to (3.1.12)) satisfying the same initial condition and therefore x(t) =
y(t) by Theorem [3.1.2. Hence,

y(t) =c1z1(t) + ... + cnzn(t).

and the set {z1(t),...,2zn(t)} is a basis for X. |
Next we present a convenient way of determining whether solutions to

(3.1.12) are linearly independent.

Theorem 3.1.4. Let y1,...,yx be k linearly independent solutions of y' =
Ay and let tg € R be an arbitrary number. Then, {y1(t),...,yk(t)} form a
linearly independent set of functions if and only if {y1(to),...,yk(to)} is a
linearly independent set of vectors in R.

Proof. If {yi(t),...,yk(t)} are linearly dependent functions, then there
exist constants c1, ..., cg, not all zero, such that for all ¢

ayi(t)+ ...+ eyk(t) = 0.

Taking this at a particular value of ¢, t = t, we obtain that

cayi(to) + ...+ cayk(to) =0,

with not all ¢; vanishing. Thus the set {y1(to),...,¥k(to)} is a set of linearly
dependent vectors in R™.

Conversely, suppose that {y1(t),...,yk(to)} is a linearly dependent set of
vectors. Then for some constants

cyi(to) + ...+ cuyx(to) =0,

where not all ¢; are equal to zero. Taking these constants we construct the
function

y(t) = ayi(t) + ... + cayi(d),
which is a solution to (3.1.12) as a linear combination of solutions. However,

since y(tg) = 0, by the uniqueness theorem we obtain that y(¢) = 0 for all ¢
so that {y1(t),...,yk(t)} is a linearly dependent set of functions. |

Remark 3.1.5. To check whether a set of n vectors of R” is linearly indepen-
dent, we can use the determinant test: {y1,...,yx} is linearly independent
if and only if

det{YIa s 7Yk} = 7& 0.



Differential Equations 65

If {y1(t),...,yk(t)} is a set of solution of the homogeneous system, then
the determinant

det{y1(t),...,yx(t)} =] :
yn(t) . yn(t)

is called wronskian. The theorems proved above can be rephrased by saying
that the wronskian is non-zero if it is constructed with independent solutions
of a system of equations and, in such a case, it is non-zero if and only if it
is non-zero at some point.

Example 3.1.6. Consider the system of differential equations

yll = Y2
Yo = —y1 — 2y, (3.1.14)

Y1) = (1 (1), 12() = (6(1), ' (1)) = (7", —e™") = e7(1,-1)

or, in matrix notation

and

y2(8) = (i (1), 3(8)) = ((), 9 (1)) = (te™", (L = t)e™") = e7'(L,1 — 1).

To check whether these are linearly in dependent solutions to the system and
thus whether they span the space of all solutions, we use Theorem [3.1.4 and
check the linear dependence of vectors y!(0) = (1,—1) and y2(0) = (0,1).
Using e.g. the determinant test for linear dependence we evaluate

o 7|

0o 1 |7170

thus the vectors are linearly independent. Consequently, all solutions to
(3.1.14) can be written in the form

et te~t (C1 + Cat)e™t
t)y=C C = .
y(t) =1 ( et ) T2 — et (Cy — Cy — Cot)e™t
Assume now that we are given this y(¢) as a solution to the system. The
system is equivalent to the second order equation

' +2y +y=0 (3.1.15)
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under identification y(¢) = y1(¢t) and y'(¢) = y2(t). How can we recover
the general solution to (3.1.15) from y(¢)? Remembering that y solves
(3.1.15) if and only if y(¢) = (y1(t),y2(t)) = (y(t),y'(t)) solves the sys-
tem (3.1.14), we see that the general solution to (3.1.15) can be obtained
by taking first components of the solution of the associated system (3.1.14).
We also note the fact that if y1(t) = (yi(t),vs(t)) = (yl(t),dd—y:(t)) and
yi(t) = (¥2(1),y5(t) = (y2(t),dd—y:(t)) are two linearly independent solu-
tions to (3.1.14), then y'(¢) and y?(t) are linearly independent solutions to
(3.1.15). In fact, otherwise we would have y'(t) = Cy?(t) for some constant
C' and therefore also %(t) = Cdd—yf(t) so that the wronskian, having the
second column as a scalar multiple of the first one, would be zero, contrary
to the assumption that y!(¢) and y?(¢) are linearly independent.

3.1.4 The eigenvalue-eigenvector method of finding solutions

We start with a brief survey of eigenvalues and eigenvectors of matrices.
Let A be an n x n matrix. We say that a number A (real or complex) is an
eigenvalue of A is there exist a non-zero solution of the equation

Av = Av. (3.1.16)

Such a solution is called an eigenvector of A. The set of eigenvectors corre-
sponding to a given eigenvalue is a vector subspace. Eq. (3.1.16)) is equiv-
alent to the homogeneous system (A — AZ)v = 0, where Z is the identity
matrix, therefore A is an eigenvalue of A if and only if the determinant of
A satisfies

all — Ao A1n
det(A — \T) = : : = 0. (3.1.17)

Apl ann_>\

Evaluating the determinant we obtain a polynomial in A of degree n. This
polynomial is also called the characteristic polynomial of the system (3.1.3)
(if (3.1.3) arises from a second order equation, then this is the same poly-
nomial as the characteristic polynomial of the equation). We shall denote
this polynomial by p(A). From algebra we know that there are exactly n,
possibly complex, roots of p(\). Some of them may be multiple, so that in
general p(\) factorizes into

) = (A= A" (g — A, (3.1.18)

with n1+...4+n; = n. It is also worthwhile to note that since the coefficients
of the polynomial are real, then complex roots appear always in conjugate
pairs, that is, if \; = & + iw; is a characteristic root, then so is A\; =
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§j — twj;. Thus, eigenvalues are roots of the characteristic polynomial of
A. The exponent n; appearing in the factorization (3.1.18)) is called the
algebraic multiplicity of \;. For each eigenvalue \; there corresponds an
eigenvector v; and eigenvectors corresponding to distinct eigenvalues are
linearly independent. The set of all eigenvectors corresponding to A; spans
a subspace, called the eigenspace corresponding to \; which we will denote
by E),. The dimension of Ej, is called the geometric multiplicity of A;. In
general, algebraic and geometric multiplicities are different with geometric
multiplicity being at most equal to the algebraic one. Thus, in particular,
if \; is a single root of the characteristic polynomial, then the eigenspace
corresponding to A; is one-dimensional.

If the geometric multiplicities of eigenvalues add up to n, that is, if we have
n linearly independent eigenvectors, then these eigenvectors form a basis
for R™. In particular, this happens if all eigenvalues are single roots of
the characteristic polynomial. If this is not the case, then we do not have
sufficiently many eigenvectors to span R™ and if we need a basis for R",
then we have to find additional linearly independent vectors. A procedure
that can be employed here and that will be very useful in our treatment of
systems of differential equations is to find solutions to equations of the form
(A—NI)Fv =0 for 1 < k < n;, where n; is the algebraic multiplicity of ;.
Precisely speaking, if \; has algebraic multiplicity n; and if

(A - )\ZI)V =0

has only v; < n; linearly independent solutions, then we consider the equa-
tion

(A= NTI)*v =0.

It follows that all the solutions of the preceding equation solve this equation
but there is at least one more independent solution so that we have at
least v; + 1 independent vectors (note that these new vectors are no longer
eigenvectors). If the number of independent solutions is still less than n;,
we consider

(A—NI)3v =0,

and so on, till we get a sufficient number of them. Note, that to make sure
that in the step j we select solutions that are independent of the solutions
obtained in step j — 1 it is enough to find solutions to (A — A\;Z)7v = 0 that
satisfy (A — NZ) v # 0.

Now we show how to apply the concepts discussed above to solve systems
of differential equations. Consider again the homogeneous system

y = Ay. (3.1.19)

Our goal is to find n linearly independent solutions of (3.1.19). We have seen
that solutions of the form e play a basic role in solving first order linear
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equations so let us consider y(t) = e*v for some vector v € R™. Since

d
— My =AMy

dt

and

A(eMv) = eMAv

At v is a solution to (3.1.19) if and only if

as e is a scalar, y(t) = e

Av = Av. (3.1.20)

Thus y(t) = eMv is a solution if and only if v is an eigenvector of A corre-
sponding to the eigenvalue .

Thus, for each eigenvector vi of A with eigenvalue Aj we have a solution
yI(t) = eMtvi. By Theorem [3.1.4 these solutions are linearly independent if
and only if the eigenvectors vJ are linearly independent in R™. Thus, if we
can find n linearly independent eigenvectors of A with eigenvalues A1, ..., A\,
(not necessarily distinct), then the general solution of (3.1.19) is of the form

y(t) = CreMivl + .+ Cpetiv, (3.1.21)

Distinct real eigenvalues

The simplest situation is of course if the characteristic polynomial p(\) has
n distinct roots, that is, all roots are single and in this case the eigenvectors
corresponding to different eigenvalues (roots) are linearly independent, as
we mentioned earlier. However, this can also happen if some eigenvalues
are multiple ones but the algebraic and geometric multiplicity of each is
the same. In this case to each root of multiplicity n; there correspond n,
linearly independent eigenvectors.

Example 3.1.7. Find the general solution to
-1 4

1
y=13 2 -1]y.
2 1 -1
To obtain the eigenvalues we calculate the characteristic polynomial
1-X -1 4
p(A) = det(A—\I) = 3 2=-x -1
2 1 —1-A
= —(1+M0A=-NMN2=-N+12+2-82-AN)+(1—-X)=3(1+X)
= —1+M)A=-MN2=-N+4A—-4=(1-1NAN=-3)(A+2),
so that the eigenvalues of A are Ay = 1, Ao = 3 and A3 = —2. All the

eigenvalues have algebraic multiplicity 1 so that they should give rise to 3
linearly independent eigenvectors.
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(i) A1 = 1: we seek a nonzero vector v such that

0 -1 4 (% 0
A-1T)v=| 3 1 -1 ve | =10
2 1 =2 V3 0

Thus
—vg +4v3 =0, 3vi +v2 —v3 =0, 21 +v9 —2u3 =0

and we get vo = 4vs and v; = —ws from the first two equations and
the third is automatically satisfied. Thus we obtain the eigenspace
corresponding to Ay = 1 containing all the vectors of the form

where (] is any constant, and the corresponding solutions

-1
yi(t) = Cieél 4
1

(ii) Mg = 3: we seek a nonzero vector v such that

—2 —1 4 v1 0
A-3T)v=| 3 -1 -1 v | =10
2 1 —4 vs 0

Hence
—2v1 — vy + 4vg = 0, 3v; —v9 —v3 =0, 201 + vo — 4vg = 0.

Solving for v; and vy in terms of v3 from the first two equations gives
v1 = vz and vo = 2v3. Consequently, vectors of the form

are eigenvectors corresponding to the eigenvalue Ao = 3 and the func-
tion

is the second solution of the system.
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(iii) A3 = —2: We have to solve

3 -1 4 (%] 0
2 1 1 V3 0

Thus
3v1 —v9 + 4wz = 0, 3vy 4+ 4vy — vz =0, 2v1 +vo +v3 =0.

Again, solving for v; and vy in terms of v3 from the first two equations

gives v1 = —v3 and vo = w3 so that each vector
-1
V3 = 03 1
1
is an eigenvector corresponding to the eigenvalue A3 = —2. Conse-

quently, the function

is the third solution of the system. These solutions are linearly inde-
pendent since the vectors v, vZ, v3 are linearly independent as eigen-
vectors corresponding to distinct eigenvalues. Therefore, every solu-

tion is of the form

—1 1 —1
yt)=Cret [ 4 | +Coe¥ | 2 | +Ce7H | 1
1 1 1

Distinct complex eigenvalues

If A = & + iw is a complex eigenvalue, then also its complex conjugate
A = £ —iw is an eigenvalue, as the characteristic polynomial p(\) has real
coefficients. Eigenvectors v corresponding to a complex complex eigenvalue
A will be complex vectors, that is, vectors with complex entries. Thus, we
can write

vi +iv? vi v?

v= : = : | +i| @ | =Rv+iSv.
14 ;.02 1 2
vV, v, U, Un,

Since (A — AZ)v = 0, taking complex conjugate of both sides and using the
fact that matrices A and Z have only real entries, we see that

(A-M)v=(A-X)v=0



Differential Equations 71

so that the complex conjugate v of v is an eigenvector corresponding to the
eigenvalue \. Since A\ # )\, as we assumed that )\ is complex, the eigen-
vectors v and Vv are linearly independent and thus we obtain two linearly
independent complex valued solutions

zi(t) = eMv, 22(t) = MV = 21(2).

Since the sum and the difference of two solutions are again solutions, by
taking

yi(t) = = 5 = Rz (t)
and

2 _ B _ - _ a1
t) = = = t
y2( =20 2 g
we obtain two real valued (and linearly independent) solutions. To find
explicit formulae for y!(¢) and y?2(t), we write

z1(t) = eMv =et(coswt + isin wt)(%v +iJv)
et (cos wt Ry — sinwt Iv) + et (cos wt v + sin wt Rv)
(t

= ¥y +iy*(t)

Summarizing, if A and X are single complex roots of the characteristic equa-
tion with complex eigenvectors v and v, respectively, then the we can use
two real linearly independent solutions

yi(t) = e (coswtRv — sinwt Iv)
y2(t) = e (coswtIv + sinwt Rv) (3.1.22)

Example 3.1.8. Solve the initial value problem

10 0 1
y=101 -1y, y(0)=1| 1
01 1 1

The characteristic polynomial is given by

1-A 0 0
p(A) = det(A—\I)= 0 1-Xx -1
0 1 1—A

= 1=-N+1=-N)=010-NAN\=-21+2)

so that we have eigenvalues A\; = 1 and A3 = 1 4.

It is immediate that
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is an eigenvector corresponding to A; = 1 and thus we obtain a solution to
the system in the form

1
yit)=¢€| 0
0

Let us take now the complex eigenvalue Ao = 1 4 7. We have to solve

- 0 0 U1 0
(A-(1+09)I)v= 0 —i -1 ve | =10
0 1 —1 V3 0
Thus
—’i?./l = 0, —iv2 — V3 = 0, Vo — iUg =0.

The first equation gives v; = 0 and the other two yield vo = iv3 so that each
vector

is an eigenvector corresponding to the eigenvalue Ao = 1 4 ¢. Consequently,
we obtain a complex valued solution

Z(t) — 6(1+i)t
1

To obtain real valued solutions, we separate z into real and imaginary parts:

‘ 0 0 0
eI+t | = ef(cost + isint) 0 |+:¢| 1
1 1 0
0 0 0 0
= e |cost| O —sint 1 +2sint | O +1cost 1
1 0 1 0
0 0
= ¢ —sint | +ie' [ cost
cost sint

Thus, we obtain two real solutions

0
yi(t) = e'| —sint
cost
0
y2(t) = e'| cost

sint
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and the general solution to our original system is given by

1 0 0
y(t)=Cret | 0 | +Coe' | —sint | + Csze' | cost
0 cost sint

We can check that all these solutions are independent as their initial values

1 0 0
01, 0], L,
0 1 0

are independent. To find the solution to our initial value problem we set
t = 0 and we have to solve for C7,Cs and C3 the system

1 1 0 0 Cy
1 =C 0 + 0 + Cs 1 = Cy
1 0 1 0 Cs

Thus C7; = Co = C3 =1 and finally

1 0 0 1
y(t) = el 0 + e —sint | +e' [ cost =e' | cost—sint
0 cost sint cost+sint

Multiple etgenvalues

If not all roots of the characteristic polynomial of A are distinct, that is,
there are multiple eigenvalues of A, then it may happen that A has less
than n linearly independent eigenvectors. Precisely, let us suppose that an
n X n matrix A has only k£ < n linearly independent solutions. Then, the
differential equation y’ = Ay has only k linearly independent solutions of
the form eMv. Our aim is to find additional n — k independent solutions.
We approach this problem by introducing an abstract framework for solving
systems of differential equations.

Recall that for a single equation 3y’ = ay, where a is a constant, the general
solution is given by y(t) = e®C, where C is a constant. In a similar way,
we would like to say that the general solution to

y = Ay,

where A is an n X n matrix, is y = e'v, where v is any constant vector

in R™. The problem is that we do not know what it means to evaluate

the exponential of a matrix. However, if we reflect for a moment that the

exponential of a number can be evaluated as the power (Maclaurin) series
2 .3 k

e$:1+:1:+$—+—+...—|—£—|—...
2 3! k! ’
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where the only involved operations on the argument x are additions, scalar
multiplications and taking integer powers, we come to the conclusion that
the above expression can be written also for a matrix, that is, we can define

1 1 1
eA:I+A+§A2+§A3+...+5Ak+.... (3.1.23)

It can be shown that if A4 is a matrix, then the above series always converges
and the sum is a matrix. For example, if we take

A 0O
0 0 X
then
AR = NPTF = N\FT,
and
A2 A3 Ak
A
A28 Ak
= <1+)\+2+?)!+...+k!+...>1'
= . (3.1.24)

Unfortunately, in most cases finding the explicit form for e directly is
impossible.

Matrix exponentials have the following algebraic properties
—1
() = e

and
eMB = A8 (3.1.25)

provided the matrices A and B commute: AB = BA.
Let us define a function of ¢ by

t2 #3 tk
et““:I+tA+5A2+§A3+...+HA’“+.... (3.1.26)

It follows that this function can be differentiated with respect to t by
termwise differentiation of the series, as in the scalar case, that is,

d o 17 3 =
— = t — oot —
e Ad A+ Gl A
2, el
= A — -
A< +tA+ 2!./4 + + (k—l)!A + )

_ Aet.A _ €tAA,
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proving thus that y(t) = e

any constant vector v.

v is a solution to our system of equations for

As we mentioned earlier, in general it is difficult to find directly the explicit
form of e"4. However, we can always find n linearly independent vectors
v for which the series e*v can be summed exactly. This is based on the
following two observations. Firstly, since AZ and A — A\Z commute, we have
by (3.1.24) and (3.1.25))

tA HA=NT) AT

Ay — ¢ A HA=NT)

v=e
Secondly, if (A — AZ)™v = 0 for some m, then
(A= A\I)"v =0, (3.1.27)
for all » > m. This follows from
(A=XD)'v=(A-XD)"""[(A-NT)"v]=0.

Consequently, for such a v

tm—l
et(A—/\I)V =V + t(.A — AI)V + ...+ W(A _ )\Z)m_lv_
and
m—1
ey = MtAM)y — A <v F A=AV +... + <t1>v<,4 - /\I)m_1V> :
m — 1)!
(3.1.28)

Thus, to find all solutions to y’ = Ay it is sufficient to find n independent
vectors v satisfying (3.1.27) for some scalars A\. To check consistency of this
method with our previous consideration we observe that if A = Ay is a single
eigenvalue of A with a corresponding eigenvector v, then (A —\Z)v! =0,
thus m of (3.1.27) is equal to 1. Consequently, the sum in (3.1.28) terminates
after the first term and we obtain

yi(t) = eMtv?

in accordance with (3.1.21)). From our discussion of eigenvalues and eigen-
vectors it follows that if \; is a multiple eigenvalue of A of algebraic mul-
tiplicity n; and the geometric multiplicity is less then n;, that is, there is
less than n; linearly independent eigenvectors corresponding to A;, then the
missing independent vectors can be found by solving successively equations
(A — MI)Fv = 0 with k running at most up to n;. Thus, we have the
following algorithm for finding n linearly independent solutions to y’ = Ay:

1. Find all eigenvalues of A;
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2. If X is a single real eigenvalue, then there is an eigenvector v so that
the solution is given by
y(t) = eMv (3.1.29)

3. If X is a single complex eigenvalue A = £ + iw, then there is a complex
eigenvector v = Rv + iSv such that two solutions corresponding to A
(and \) are given by

yi(t) = e (coswtRv — sinwt Iv)
y2(t) = e (coswt v + sinwtRv) (3.1.30)

4. If X\ is a multiple eigenvalue with algebraic multiplicity & (that is,
A is a multiple root of the characteristic equation of multiplicity k),
then we first find eigenvectors by solving (A — AZ)v = 0. For these
eigenvectors the solution is again given by (3.1.29) (or (3.1.30), if A is
complex). If we found k independent eigenvectors, then our work with
this eigenvalue is finished. If not, then we look for vectors that satisfy
(A—MI)%v = 0 but (A — AT)v # 0. For these vectors we have the
solutions

v =M (v A - NT)V).

If we still do not have k independent solutions, then we find vectors
for which (A — AZ)3v = 0 and (A — AZ)?v # 0, and for such vectors
we construct solutions

2

ety = M (v +t(A—AD)v + 5(.,4 — )\I)2v> .

This procedure is continued till we have k solutions (by the properties
of eigenvalues we have to repeat this procedure at most k times).

If ) is a complex eigenvalue of multiplicity k, then also A is an eigen-
value of multiplicity £ and we obtain pairs of real solutions by taking
real and imaginary parts of the formulae presented above.

Remark 3.1.9. Once we know that all solutions must be of the form (3.1.28)
with the degree of the polynomial being at most equal to the algebraic
multiplicity of A, we can use the method of undetermined coefficients to find
the solutions. Namely, if A is an eigenvalue of multiplicity k, the we can
look for a solutions in the form

y(t) = eM (ag +ait+... ak_ltk_l)

where unknown vectors ayg, ...,ax_1 are to be determined by inserting y(¢)
into the equation and solving the resulting simultaneous systems of algebraic
equations.
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Example 3.1.10. Find three linearly independent solutions of the differen-
tial equation

y.

N OO

11

y=(01

0 0

To obtain the eigenvalues we calculate the characteristic polynomial

1—-A 1 0
p(A) = det(A—\I) = 0 1-Xx 0
0 0 2—-A

— 1-N22-N

so that A\; = 1 is eigenvalue of multiplicity 2 and Ay = 2 is an eigenvalue of
multiplicity 1.

(i) A = 1: We seek all non-zero vectors such that

010 v 0
(A-1Z)v=|[ 0 0 0 v | =10
00 1 vs 0

This implies that v9 = v3 = 0 and v; is arbitrary so that we obtain
the corresponding solutions

1
yrt)=Ciet | 0
0

However, this is only one solution and A\; = 1 has algebraic multiplicity
2, so we have to look for one more solution. To this end we consider

010 010 vy

(A-17)%>v = 000 000 Vg
00 1 00 1 v3

000 vy 0

= [o0o0o0 v2)0

00 1 3 0

so that v = 0 and both v; and ve arbitrary. The set of all solutions
here is a two-dimensional space spanned by

V1 1 0
) =v | 0 | +v2| 1
0 0 0

We have to select from this subspace a vector that is not a solution to
(A — AZ)v = 0. Since for the later the solutions are scalar multiples
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of the vector (1,0,0) we see that the vector (0,1,0) is not of this
form and consequently can be taken as the second independent vector
corresponding to the eigenvalue A\; = 1. Hence

0 0 010
vi(t) = (T +tA-I)| 1 | =€ 1 +tl 0 0 0
0 0 01
0 1 t
= [ 1 ]+t 0 1
0 0 0
(ii) A = 2: We seek solutions to
-1 1 0 V1 0
(A-2T)v = 0 -1 0 vp | =10
0 0 O U3 0

This implies that v1 = vo = 0 and wv3 is arbitrary so that the corre-
sponding solutions are of the form

0
y3(t) = C3e?t | 0
1

Thus we have found three linearly independent solutions.

Fundamental solutions and nonhomogeneous problems

Let us suppose that we have n linearly independent solutions y(¢), ..., y™(t)
of the system y’ = Ay, where A is an n x n matrix, like the ones constructed
in the previous paragraphs. Let us denote by )(¢) the matrix

yit) -yt
y(t) = ’
un(t) oo yn(t)
that is, the columns of J)(t) are the vectors y', i = 1,...,n. Any such matrix

is called a fundamental matriz of the system y’ = Ay.

We know that for a given initial vector y° the solution is given by
y(t) = ey®
on one hand, and, by Theorem 3.1.3, by

y(t) = C1y*(t) + ...+ Coy™(t) = Y(t)C,

S = O
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on the other, where C = (C4,...,C,) is a vector of constants to be deter-
mined. By putting ¢ = 0 above we obtain the equation for C

Since ) has independent vectors as its columns, it is invertible, so that
C=Y'0)y"

Thus, the solution of the initial value problem

y=Ay, y(0)=y°

is given by
y(t) = Y)Y~ (0)y°.
tA,0

Since e**y" is also a solution, by the uniqueness theorem we obtain explicit
representation of the exponential function of a matrix

A =Yty 10). (3.1.31)
Let us turn our attention to the non-homogeneous system of equations
y = Ay +g(t). (3.1.32)

The general solution to the homogeneous equation (g(t) = 0) is given by

where Y(t) is a fundamental matrix and C is an arbitrary vector. Using the
technique of variation of parameters, we will be looking for the solution in
the form

y(t) = Y(Eyult) = ur()y (t) + ... + un(B)y" (1 (3.1.33)

where u(t) = (u1(t),...,un(t)) is a vector-function to be determined so
that (3.1.33) satisfies (3.1.32). Thus, substituting (3.1.33)) into (3.1.32)), we
obtain

Y'(t)u(t) + Y()u'(t) = AV(H)u(t) + g(t).
Since Y(t) is a fundamental matrix, )'(t) = AY(t) and we find
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and
t

u(t) = /y_l(s)g(s)ds + C.

Finally, we obtain

y(t) = YOC+Y(0) [ Y7 ()e()ds (3.1.34)

This equation becomes much simpler if we take e as a fundamental matrix
because in such a case Y71(t) = (em)_1 = et that is, to calculate the
inverse of e it is enough to replace t by —t. The solution (3.1.34) takes
then the form

y(t) = eC + /e(ts)Ag(s)ds. (3.1.35)
Example 3.1.11. Find the general solution to

Yy = 5yi+ 3ys + 2te?,
yy = —3y1—y2+4.

Writing this system in matrix notation, we obtain

y = Ay +g(t)
“(3)
w-(*)

We have to find e*A. The first step is to find two independent solutions to
the homogeneous system. The characteristic polynomial is

with

and

5 A 3
p()\)—’ 31 ’—)\2—4)\+4—()\—2)2

We have double eigenvalue A = 2. Solving

a5 3)(0)-(8)

we obtain v; = —vg s0 that we obtain the eigenvector v = (1, —1) and the

corresponding solution
14y 2t 1
y (t) = Cie REE
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Since A1 = 2 has algebraic multiplicity 2, we have to look for another solu-
tion. To this end we consider

sy = (3 (3 ()= (88 ()
:<g)

so that v; and v arbitrary. We must simply select a vector linearly inde-
pendent of y! — to make things simple we can take

()

so that the second solution is given as

yi(t) = eZt(Ith(A—I))(é>—€2t<<é>+t<_g —§><(1)>>
_ e2t<(1)>+t62t(_§>:€2t<1j—3§t>

Thus, the fundamental matrix is given by

o 1 143t
V() =e <—1 —Bt)

yo-(_1 )

The discriminant of Y(0) is equal to 1 and we immediately obtain

y‘l(O)z(? f)

with

so that
. 1+3t 3t
tA _ 1 _ 2t
T =YHYT0) =e ( 3t 1—3t>'
Thus
1-3t -3t
—tA _ -2t
© = < 3t 143t >
and

etAg(t) = o2 1-3t -3t 2te?t \ 2t — 6t2 — 12te=%
B\ = 3t 143t 4 )T\ 62 4 de2 122 )

To find the particular solution, we integrate the above, getting

~tAg(t)dt = J(2t — 612 — 12te=)dt (=23 432t + 1) H
¢ BWET N (62 + 40 + 12te 2yt ) 23 — (6t + 5)e 2 ’
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and multiply the above by eA to obtain

oo (143 3t 2283432t +1)e 2\ [ (2 +3)e? +3
—3t 1-3t 23 — (6t +5)e % N —t3e? — 5 '

Therefore, the general solution is given by

oo 143t 3t Ch (2 +13)e? +3
yih) =e ( —3t 1—3t><02 T e s

where C7 and Cy are arbitrary constants.

3.1.5 An application

In Subsection [1.3.5/ we have derived the system

.

a1 P2V plv

dry x1 29

- by (R2 + pQ)V. (3.1.36)

describing mixing of components in two containers. Here, 1 and z9 are the
amount of dye in vats 1 and 2, respectively. We re-write these equations
using concentrations ¢; = x1/V and ¢ = x9/V, getting

de o pa P

dt v v yH

dco D1 Ro+po

2 _ A . 3.1.37
dt v v 4 ( )

We solve this equations for numerical values of the flow rates r;/V = 0.01,
p1/V =0.04, p2/V = 0.03 and (Ra + p2)/V = 0.05,

d

% — 0.01 — 0.04¢; + 0.03¢3

d

% —  0.04¢; — 0.05¢9, (3.1.38)

and assume that at time ¢ = 0 there was no dye in either vat, that is, we
put
61(0) = 0, 62(0) =0.

To practice another technique, we shall solve this system by reducing it to
a second order equations, as described in Example[3.1.1. Differentiating the
first equation and using the second we have

¢l = —0.04¢] +0.03c,
= —0.04c] + 0.03(0.04c; — 0.05¢2)

100
= —0.04c, 4+ 0.03 <0.0401 =005 (¢, —0.01+ 0.0401)>
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so that, after some algebra,
¢ +0.09¢) + 0.008¢; = 0.005.

We have obtained second order non-homogenous equation with constant
coefficients. To find the characteristic roots we solve the quadratic equation

A2 +0.09\ + 0.008 =0

getting Ay = —0.08 and Ao = —0.01. Thus, the space of solutions of the
homogeneous equations is spanned by e %0 and e=%-0%  The right hand
side is a constant and since zero is not a characteristic root, we can look for a
solution to the nonhomogeneous problem in the form y,(t) = A, which imme-
diately gives y,,(t) = 5/8 so that the general solution of the non-homogeneous
equation for ¢; is given by

5
ci(t) = Cpe—008t 4 pe—001t 4 2
where C7 and Cy are constants whose values are to be found from the initial
conditions.

Next we find co by solving the first equation with respect to it, so that

100
¢ = = (i +0.04¢; — 0.01)

100
= 3 (—0.08C e "% — 0.01Ce 01

5
+0.04 (Cle_O'OSt + Coe 001 4 8) — 0.01)

and 4
eo(t) = _5016—0.0815 4 Cpe 001t 4 (5

Finally, we use the initial conditions ¢1(0) = 0 and c2(0) = 0 to get the
system of algebraic equations for C; and Cs

5
C'1 + CQ = _ga
4 1
-Ci1—-Cy = =.
3T T 2
From these equations we find C; = —3/56 and Cy = —4/7. Hence
3 —oost 4 oo 9
t) = ——e T — e e
ci(t) £5¢ -e + 3
1 —0.08t 4 —0.01¢ 1
t) = —e 008 _ 2,001t _
ca(t) 1€ e t3

From the solution formulae we obtain that tlim c1(t) = 5 and tlim co(t) =1
—00 —00

This means that the concentrations approach the steady state concentration
as t becomes large. This is illustrated in Figures 2.10 and 2.11
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Fig 2.10 Approach to the steady-state of the concentration cy.

0.5
0.4
0.3
0.2

0.1

100 200 300 400 500

Fig 2.11 Approach to the steady state of the concentration co.
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3.2 Second order linear equations

Second order equations occur very often in practice so that it is useful to
specify the general theory of systems for this particular case.

d’y dy

— — = f(t 3.2.1
dt2+a1dt+a0y f(@) ( )
where a1,ag are real constants and f is a given continuous function. As

before in what follows we shall abbreviate d?y/dt?> = y" and dy/dt = y'.

As we mentioned earlier, (3.2.1) can be written as an equivalent system of
2 first order equations by introducing new variables y; =y, y2 = ' = 4],

yi = Y2,

vy = —ary2 —aoyr + ().

Note that if (3.2.1) was supplemented with the initial conditions y(tg) =
y°,9/(tp) = y', then these conditions will become natural initial conditions
for the system as y1(to) = y°, y2(to) = y'.

Let us first recall the theory for first order linear equations, specified to the
case of a constant coefficient a:

y +ay = f(t). (3.2.2)

By (2.3.14)), the general solution to (3.2.2) is given by
y(t) = Ce ¥ 4 = / e f(s)ds,

where the first term is the general solution of the homogeneous (f = 0)
version of (3.2.2) and the second is a particular solution to (3.2.2). This
suggests that a sensible strategy for solving (3.2.1) is to look first for solu-
tions to the associated homogeneous equation
d’y dy

— — =0. 3.2.3
a2 + a1 at + aoy ( )
Let as denote by yo the general solution to (3.2.3), that is, yg is really a
class of functions depending on two constants. Next, let y, be a particular
solution of (3.2.1) and consider y(t) = y,(t) + 2(¢t). Then

y'+awy +ay =y +ary, + ayy + 2" + a1z’ + aoz
= ft)+2"+a12 +apz,



86 Chapter 3

that is, y is a solution to (3.2.1) if and only if z is any solution to (3.2.3) or,
in other words, if and only if z is the general solution to (3.2.3), z = ..

Accordingly, we shall first develop methods for finding general solutions to
homogeneous equations.

3.2.1 Homogeneous equations

Let us consider the homogeneous equation (3.2.3))

d?y dy
— — =0. 2.4
712 + a1 p +apy =0 (3.2.4)

Since the space of solutions of the corresponding 2 x 2 homogeneous system

Y1 = Y2,

Yp = —a1y2 — aoyi. (3.2.5)

is two-dimensional, the space of solutions to (3.2.4) is also two-dimensional,
that is, there are two independent solutions of (3.2.4) vy (t), y2(t) such that
any other solution is given by

y(t) = Cry1(t) + Caya(?).

How can we recover the general solution to (3.2.4) from the solution y(¢) of
the system? A function y(¢) solves (3.2.4) if and only if y (¢) = (y1(t), y2(t)) =
(y(t),y'(t)) solves the system (3.2.5), we see that the general solution to
(3.2.4) can be obtained by taking first components of the solution of the as-
sociated system (3.2.5). We note once again that if y1(¢t) = (yi(t),ys(t)) =
(' (1), % (1)) and y*(1) = (5 (), 13 (1)) = (42(2), % (1)) axe two linearly in-
dependent solutions to (3.2.5), then y!(¢) and y?(¢) are linearly independent
solutions to (3.2.4). In fact, otherwise we would have y'(t) = Cy?(t) for
some constant C' and therefore also %(t) =C %(t) so that the wronskian,
having the second column as a scalar multiple of the first one, would be zero,
contrary to the assumption that y'(¢) and y?2(¢) are linearly independent.

Two find explicit formulae for two linearly independent particular solutions
to (3.2.4) we write the equation for the characteristic polynomial of (3.2.5)):

- 1

—a —al—)\ =0

that is
/\2+a1)\+a0 =0,
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which is also called the characteristic polynomial of (3.2.4). This is a
quadratic equation in A which is zero when A = Ay or A = Ay with

—aq + \/K
M2=

where the discriminant A = a} — 4ay.

If A > 0, then \; # )2, and we obtain two different solutions y; = e** and
yp = et Thus
y(t) = CreMt 4 Che?!

with two arbitrary constants is the sought general solution to (3.2.4). If
A < 0, then \; and A9 are complex conjugates: \; = £+iw, Ao = £ —iw with
€ = —a1/2 and w = —/—A/2. Since in many applications it is undesirable
to work with complex functions, we shall express the solution in terms of real
functions. Using the Fuler formula for the complex exponential function,
we obtain

y(t) = CreMt 4 Ce*?t = Cre(coswt + isinwt) 4+ Cyet!(cos wt — isinwt)
(C1 4 Cy)ett coswt + i(C — Ca)est sin wt.

If as the constants C and Cy we take complex conjugates C; = (A —1iB)/2
and Cy = (A + iB)/2 with arbitrary real A and B, then we obtain y as a
combination of two real functions with two arbitrary real coefficients

y(t) = Ae coswt 4+ Be®t sin wt.

We have left behind the case \; = Ao (necessarily real). In this case we have
only one function eM* with one arbitrary constant Cy so that y(t) = Cyet?
is not the general solution to (3.2.4). Using the theory for systems, we obtain
the other solution in the form

ya(t) = teM?
with A = —ay/2. Thus the general solution is given by
y(t) = (Ch + Cgt)e_ml/Q.

Summarizing, we have the following general solutions corresponding to var-
ious properties of the roots of the characteristic polynomial A1, As.

y(t) = CleAlt + 026/\2t if M\ 7é Mg, A1, Ao real,

y(t) = Creft coswt + Coelsinwt  if A2 =¢& Liw,

y(t) = (C1 + Cot)e™ if A= )Xo = A\
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3.2.2 Nonhomogeneous equations

At the beginning of this section we have shown that to find the general
solution to ,

% + al% + apgy = f(t) (3.2.6)
we have to find the general solution to the homogeneous version (3.2.4) and
then just one particular solution to the full equation (3.2.6). In the previous
subsection we have presented the complete theory for finding the general
solution to homogeneous equations. Here we shall discuss two methods of
finding solutions to nonhomogeneous equation. We start with the so-called
variation of parameters method that is very general but sometimes rather
cumbersome to apply. The second method, of judicious guessing, can be
applied for special right-hand sides only, but then it gives the solution really
quickly.

Variation of parameters The method of variations of parameters was in-
troduced for systems of equations, specifying it for second order equations
would be, however, quite cumbersome. Thus, we shall derive it from scratch.
Let

Yo(t) = Crya(t) + Caya(?)

be the general solution to the homogeneous version of (3.2.6). We are looking
for a solution to (3.2.0) in the form

y(t) = u(t)yr(t) + v(t)y2(t), (3.2.7)

that is, we allow the arbitrary parameters C'y and Cs to depend on time. To
determine v(t) and u(t) so that (3.2.7) is a solution to (3.2.0), we substitute
y(t) to the equation. Since there is only one equation, this will give one
condition to determine two functions, giving some freedom to pick up the
second condition is such a way that the resulting equation becomes the
easiest. Let us work it out. Differentiating (3.2.7) we have

y' = uyy +oyh +u'yr +0'yg,
and
y' = ulyr +0'ys +uyl + oy +u"yn +0"ye +uyy + 05,

We see that there appear second order derivatives of the unknown functions
and this is something we would like to avoid, as we are trying to simplify a
second order equation. For the second order derivatives not to appear we
simply require that the part of 3’ containing v’ and v’ to vanish, that is,

Wy +v'ys = 0.



Differential Equations 89

With this, we obtain

= uyi + vy,
"=y 'y oyl
Substituting these into (3.2.0) we obtain

W'y +v'yh +uy! + oyl + ar(uy) + oyh) + ao(uyr + vy2)
= u(yy + a1¥i + aoy1) + v(yh + arys + aoy2) + u'y) + v'yh
= f(t).

Since y; and yo are solutions of the homogeneous equation, first two terms
in the second line vanish and for y to satisfy (3.2.0) we must have

u'yr +0'yy = ().
Summarizing, to find u and v such that (3.2.7) satisfies (3.2.6) we must solve
the following system of equations
u'y +0'yy = 0, (3.2.8)
uyr +v'y = f(t)
System (3.2.9) is to be solved for «' and v’ and the solution integrated to

find v and v.

Remark 3.2.1. System (3.2.9) can be solved by determinants. The main
determinant

| n@®) vt | ) /
W= | BB | =0 - ok (3.2.10)

is the wronskian and plays an important role in the general theory of dif-
ferential equations. Here we shall only not that clearly for (3.2.9) to be
solvable, W (t) # 0 for all ¢ which is ensured by y; and ys being linearly in-
dependent which, as we know, must be the case if 3 is the general solution
to the homogeneous equation, see Remark [3.1.5.

Example 3.2.2. Find the solution to
!
Yy +y=tant

on the interval —7/2 < t < 7/2 satisfying the initial conditions y(0) = 1
and y'(0) = 1.

Step 1.

General solution to the homogeneous equation

y'+y=0
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is obtained by finding the roots of the characteristic equation
A +1=0.

We have A1 2 = £i so that { =0 and w = 1 and we obtain two independent
solutions
y1(t) = cost, ya(t) = sint.

Step 2.
To find a solution to the nonhomogeneous equations we first calculate wron-
skian

W(t):’ cost sint ‘_

—sint cost

Solving (3.2.9), we obtain
u'(t) = —sinttant, v'(t) = costtant.

Then

. 2 2
S 1 —cos
u(t) = —/sinttantdt:—/ m dt:—/dt
cost cost
dt . dt
= costdt — | — =sint — | ——
cost cost
= sint —In|sect + tant| = sint — In(sect + tant),

where the absolute value bars can be dropped as for —7/2 < t < 7t sect +
tant > 0. Integrating the equation for v we find

v(t) = —cost
and a particular solution the non-homogeneous equation can be taken to be

yp(t) = u(t)yi(t) + v(t)y2(t) = cost(sint — In(sect + tant)) + sint(— cost)
= —costln(sect + tant).

Note that we have taken the constants of integration to be zero in each case.
This is allowed as we are looking for particular integrals and we are free to
pick up the simplest particular solution.

Thus, the general solution to the non-homogeneous equation is
y(t) = Cicost + Cysint — costln(sect + tant).

Step 3.
To solve the initial value problem we must find the derivative of y:

y'(t) = —Cysint + Cysint + sintIn(sect + tant) — 1
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so that we obtain
1 =y(0) =Cn, 1=y/(0)=Cr -1,
hence C; = 1 and Cy = 2. Therefore
y(t) = cost + 2sint — costIn(sect + tant).

Judicious guessing

The method of judicious guessing, called also the method of undetermined
coefficients, is based on the observation that for some functions the oper-
ations performed on the left-hand side of the differential equation, that is,
taking derivatives, multiplying by constants and addition, does not change
the form of the function. To wit, the derivative of a polynomial is a poly-
nomial, the derivative of an exponential function is an exponential function
and, in general the derivative of the product of an exponential function and
a polynomial is again of the same form. Trigonometric functions sin¢ and
cost are included into this class by Euler’s formulae sint = el and

e
cost = £te Thus, if the right-hand side is of this form, then it makes

24
2

sense to expect that the same of the solution. Let us test this hypothesis on
the following example.

Example 3.2.3. Find a particular solution to
Y — 2y — 3y = 3t2.

The right-hand side is a polynomial of the second degree so we will look for
a solution amongst polynomials. To decide polynomial of what degree we
should try we note that if we try polynomials of zero or first degree then
the left-hand side will be at most of this degree, as the differentiation lowers
the degree of a polynomial. Thus, the simplest candidate appears to be a
polynomial of second degree

y(t) = At* + Bt + C,

where A, B, C are coefficients to be determined. Inserting this polynomial
into the equation we get

y' — 2y —3y=2A—-2B—3C — (4A+ 3B)t — 3At* = 3t%,
from which we obtain the system
—-3A4 = 3,
—4A—-3B = 0,
2A—-2B-3C = 0.

Solving this system, we obtain A = —1, B = 4/3 and C = —14/9 so that

the solution is
(t)——tQ—ét—E
= 3" " 9"
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Unfortunately, there are some pitfalls in this method, as shown in the fol-
lowing example.

Example 3.2.4. Find a particular solution to

y// _ 2y/ o 3y — e*t'

Using our method, we take y(t) = Ae™! but inserting it into the equation
we find that

y' —2y —3y=Ae ' +24e7t —34e7t =0 # e,

so that no choice of the constant A can turn y(¢) into the solution of our
equation. The reason for this is that e~ is a solution to the homogeneous
equation what could be ascertained directly by solving the characteristic
equation A2 — 2\ —3 = (A +1)(A — 3). A way of this trouble is to consider
y(t) = Ate™! so that ¢ = Ae™t — Ate™" and 3y’ = —24e~! + Ate™t and

y' =2y =3y = —24e'+ Ate”! —2(Ae”t — Ate™") — 3Ate™!

—4e7t,

Thus we have a particular solution

which agrees with e~! if A = —1.

1
y(t) = —Zte*t.

In general, it can be proved that the following procedure always produces
the solution to
Y+ a1y + agy = t™e™ (3.2.11)

where ag # 0 and m is a non-negative integer.

I. When a is not a root of the characteristic equation A2 4+ a1\ + ag = 0,
then we use

y(t) = e (Apt™ + A1 t™ .+ Ag); (3.2.12)

II. If a is a single root of the characteristic equation, then use (3.2.12)
multiplied by ¢t and if a is a double root, then use (3.2.12) multiplied
by t2.

Remark 3.2.5. Note that if ag = 0, then (3.2.11) is reducible to a first order
equation by methods of Subsection 2.3.4.

Also, equations with right-hand sides of the form

y" + a1y +aoy = fi(t) + fa(t) ... + fult), (3.2.13)
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can be handled as if y;(¢) is a particular solution to
y”+a1y/+a0y:fi(t)v izla"'a”?

then the sum y,(t) = yi(t) + y2(t)... + yn(t) is a particular solution to
(3.2.13)) as my be checked by direct substitution.

Example 3.2.6. Find a particular solution of
y" + 4y = 32t cos 2t — 8sin 2¢.

Let us first find the characteristic roots. From the equation A% +4 = 0 we
find A = £2i. Next we convert the RHS of the equation to the exponential
form. Since cos 2t = (e + ¢7%!) /2 and sin 2t = (e?*' — e~%2!) /2, we obtain

32t cos 2t — 8sin 2t = (16t + 41)e™! + (16t — 4i)e 2.

In both cases we have the exponent being a single root of the characteristic
equation so that we will be looking for solutions in the form y; (t) = t(At +
B)e?! and ya(t) = t(Ct+ D)e™ . For y; we obtain ¥} (t) = (2At + B)e®?! +
2it(At + B)e®t and yf (t) = 24e%! + 4i(2At + B)e™ — 4t(At + B)e! so that
inserting these into the equation we obtain

2Ae™! 4 4i(2At + B)e™ — 4(At* + Bt)e™ 4 4t(At + B)e™ = (16t + 4i)e™

which gives 24 + 4iB = 4i and 8 A = 16. Thus A = —2i and B = 2.
Similarly, C' = 2¢ and D = 2 and we obtain the particular solution in the
form

y(t) = t(—2it + 2)e™ + t(2it + 2)e~ 2" = 4% sin 2t + 4t cost,

where we used Euler’s formula to convert exponential into trigonometric
functions once again.

3.2.3 An application

Second order equations appear in many applications involving oscillations
occurring due to the existence of an elastic force in the system. The reason
for this is that the elastic force, at least for small displacements, is propor-
tional to the displacement so that according to Newton’s second law

my" = —ky
where k is a constant. In general, there is a damping force (due to the
resistance of the medium) and some external force, and then the full equation
for oscillation reads
y' 4y +ky=F(t). (3.2.14)
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Fig 2.8 Forced free vibrations: non-resonance case with wg = 0.5 and
w = 0.4 (dashed line), w = 0.45 (dotted line) and w = 0.49 (solid line).
Note the increase in amplitude of vibrations as the frequency of the
external force approaches the natural frequency of the system

We shall discuss in detail a particular example of this equation describing
the so-called forced free vibrations. In this case we have

F
y' + Wiy = =0 coswt, (3.2.15)
m

where we denoted w3 = k/m and introduced a special periodic force F(t) =
Fp coswt with constant magnitude Fy and period w.

The characteristic equation is A* + w3 = 0 so that we have imaginary roots
A1,2 = Fiwg and the general solution to the homogeneous equations is given
by

yo(t) = C1 coswpt + Cy sin wpt.

The frequency wy is called the natural frequency of the system. The case
w # wo gives a particular solution in the form

(t)= - t
= cos w
Yp m(w3 — w?)
so that the general solution is given by
#) = Oy coswot + Cs sinwot + ——— > cos wt, 3.2.16
y( ) 1 0 2 0 (W(Q) _ wz) ( )

that is the solution is obtained as a sum of two periodic motions, as shown
in Figure 2.8. Though there is nothing unusual here, we can sense that a
trouble is brewing — if the the natural frequency of the system is close to
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Fig 2.9 Forced free vibrations: the resonance case. The amplitude of
vibrations increases to infinity.

the frequency of the external force, then the amplitude of vibrations can
become very large, because the denominator in the last term in (3.2.16)
is very small. Let us find out what happens if wy = w. In this case we
convert F(t) = Fycoswt = Fycoswgt = Fy(eot + e=%0t) /2 and look for
the particular solution in the form y,(t) = t(Ae™0! + Be~™0t). We obtain
Yy (t) = Ae™o + Be "0l 4 tiwy(Ae™0t — Be™™') and

y;/(t) = i2(Aei“"0t — Befiwot) — twg(Aemot + Beiiwot).

Inserting these into the equation and comparing coefficients we find that
A = B = —Fy/4iwg so that

FO eiwot _ efiwot 0
t)=—————— = —¢ sinw t
) = 50 2 w0 0

and the general solution is given by

y(t) = Cy coswot + Cy sinwpt + ;:i)t sin wot.

A graph of such a function is shown in Figure 2.9. The important point of
this example is that even small force can induce very large oscillations in
the system if its frequency is equal or even only very close to the natural
frequency of the system. This phenomenon is called the resonance and is
responsible for a number of spectacular collapses of constructions, like the
collapse of Tacoma Bridge in the USA (oscillations induced by wind) and
Broughton suspension bridge in England (oscillations introduced by soldiers
marching in cadence).
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Chapter 4

Difference equations: models
and solutions

4.1 First order difference equations

The general form of a first order difference equation is
z(n+1) = f(n,z(n)), (4.1.1)

where f is any function of two variables defined on Ny x R, where Ng =
{0,1,2...} is the set of natural numbers enlarged by 0. In this chapter we
will be concerned only with linear difference equations and systems of them,
where x(n) is a vector and f is a matrix.

4.1.1 Methods of solution

The simplest difference equations are these defining geometric and arith-
metic progressions:
z(n+1) = ax(n),
and
y(n+1) =y(n) +a,
respectively, where a is a constant. The solutions of these equations are

known to be
2(n) = a"2(0),
and
y(n) = y(0) + na.
We shall consider the generalization of both these equations: the general
first order difference equation,

z(n+1) =a(n)z(n)+ g(n) (4.1.2)

97
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with the an initial condition z(0) = zo. Calculating first few iterates, we
obtain

z(1) = a(0)x(0) +¢(0),
2(2) = a()z(1) +g(1) = a(1)a(0)z(0) + a(1)g(0) + g(1),
z(3) = a(2)z(2) +9(2) = a(2)a(1)a(0)z(0) + a(2)a(1)g(0) + a(2)g(1) + 9(2),
z(4) = a)z(3)+9(3)
= a(3)a(2)a(1)a(0)x(0) + a(3)a(2)a(1)g(0) + a(3)a(2)g(1) + a(3)g(2) + 9(3).

At this moment we have enough evidence to conjecture that the general
form of the solution could be

n—1 n—1 n—1
0) [T at&) +> gk) ] a®) (4.1.3)
k=0 k=0 i=k+1

where we adopted the convention that [[ = 1. Similarly, to simplify no-
n

J
tation, we agree to put >, = 0. To fully justify this formula, we shall
k=j+1
use mathematical induction. Constructing (4.1.3)) we have checked that the
formula holds for a few initial values of the argument. Assume now that it

is valid for n and consider

2(n+1) = a(n)a(n) + g(n)
n—1 n—1 n—1
= a(n) <-’B(0)Ha(k)+zg(k‘) 11 ()) +9(n)
k=0 k=0 i=k+1
n n—1 n—1
= 2(0) [T a(k) +a(m) > gk) T] a)+g(n)
k=0 k=0 i=k+1
n n—1 n n
= 2(0) [Tak) + > gk) ] a@)+9() I al)
k=0 k=0 i=k+1 i=n+1
= 2(0) [Jak)+ > _gtk) [[ al@)
k=0 k=0 i=k+1

which proves that (4.1.3) is valid for all n € N.
Two special cases

There are two special cases of (4.1.2) that appear in many applications. In
the first, the equation is given by

z(n) = azx(n) + g(n), (4.1.4)
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ko
with the value z(0) given. In this case [[ a(k) = a*>~%1+1 and (4.1.3) takes
k=k1
the form :
n—
2(n) = a"(0) + 3 a"*Tg(k), (4.15)
k=0

The second case is a simpler form of (4.1.4)), given by
z(n) = azx(n) + g, (4.1.6)

with g independent of n. In this case the sum in (4.1.5) can be evaluated in
an explicit form giving
n a”—1 if 1
z(n) =4 ° 20 oy i azl, (4.1.7)
z(0) + gn.

Example 4.1.1. Assume that a dose Dy of a drug, that increases it’s con-
centration in the patient’s body by ¢y, is administered at regular time inter-
vals t = 0,7,27T,3T .... Between the injections the concentration ¢ of the
drug decreases according to the differential equation ¢’ = —~¢, where v is
a positive constant. It is convenient here to change slightly the notational
convention and denote by ¢, the concentration of the drug just after the
nth injection, that is, c¢o is the concentration just after the initial (zeroth)
injection, c; is the concentration just after the first injection, that is, at
the time T, etc. We are to find formula for ¢, and determine whether the
concentration of the drug eventually stabilizes.

In this example we have a combination of two processes: continuous between
the injections and discrete in injection times. Firstly, we observe that the
process is discontinuous at injection times so we have two different values for
¢(nT): just before the injection and just after the injection (assuming that
the injection is done instantaneously). To avoid ambiguities, we denote by
¢(nT) the concentration just before the nth injection and by ¢, the concen-
tration just after, in accordance with the notation introduced above. Thus,
between the nth and n + 1st injection the concentration changes according
to the exponential law

co((n+1)T) = cpe T

so that over each time interval between injection the concentration decreases
by a constant fraction a = e™77 < 1. Thus, we are able to write down the
difference equation for concentrations just after n 4+ 1st injection as

Cnt1 = acy + co, (4.1.8)

where ¢ is the dose of each injection. We can write down the solution using

(4.1.7) as
n a” —1 | o
Cn = Coa " + Co = — a + —.
a—1 1—a 1—a
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Fig 3.1 Long time behaviour of the concentration c(t).

Since a < 1, we immediately obtain that ¢ = 711;11010 Cn = 12 = 1_2797%

Similarly, the concentration just before the nth injection is

—~T —~T Co —~Tn €0
c(nT) = cpae” =e <6_7r__16 R
o €0 e—'yTn + Co
1—eT e’T —1

o

and for the long run ¢ = lim ¢(nT) = 7.

n—oo

For example, using ¢g = 14 mg/l, v = 1/6 and T = 6 hours we obtain
that after a long series of injections the maximal concentration, attained
immediately after injections, will stabilize at around 22 mg/1. The minimal
concentration, just before injection, will stabilize at around ¢ = 14/e — 1 =~
8.14 mg/1. This effect is illustrated at Fig. 3.1.

Example 4.1.2. In Subsection [I.2.1 we discussed the difference equation
governing long-term loan repayment:

ap ap
D(k+1) = D(k) + <o-D(k) = R=D(k) (14 S0 ) = R, 4.1.9
(k+1) = D(k) + 72D (k) ) (1+ 2 (4.1.9)
where Dy is the initial debt to be repaid, for each k, D(k) is the outstand-
ing debt after the kth repayment, the payment made after each conversion
period is R, a% is the annual interest rate and p is the conversion period,
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that is, the number of payments in one year. To simplify notation we denote
r = ap/100

Using again (4.1.7) we obtain the solution

D(k) = (1+7)*Dy— ka (147t
1=0

R
= (1+7)"Dy— ((1+7’)k - 1) =
This equation gives answers to a number of questions relevant in taking a
loan. For example, if we want to know what will be the monthly instalment
on a loan of Dy to be repaid in n payments, we observe that the loan is
repaid in n instalments if D(n) = 0, thus we must solve
n n R
0=1+7r)"Do—((L+r) —1)?

in R, which gives
Tl)o

R=—7ri——.
1—(1+r)™
For example, taking a mortgage of R200000 to be repaid over 20 years in

monthly instalments at the annual interest rate of 13% we obtain o = 1/12,
hence r = 0.0108, and n = 20 x 12 = 240. Therefore

0.0108 - 200000
- ~ R2167.
R 1 —1.0108—240 2167

4.2 Systems of difference equations and higher or-
der equations

4.2.1 Homogeneous systems of difference equations

We start with the homogeneous system of difference equations

yi(n+1) = anyi(n) +ay(n) + ... + agyr(n),
R (4.2.1)

ye(n+1) = anyi(n) + aray2(n) + ... + arkye(n),
where, for n > 0, y1(n),...,yr(n) are unknown sequences, aii,...,agx are
constant coefficients and g1(n)...,gx(n) are known. As with systems of

differential equations, we shall find it more convenient to use the matrix
notation. Denoting y = (y1,..., k), A = {aij }1<i j<k, that is,

ai;p ... Qi
A= : : )

a1 ... Qgk
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(4.2.1) can be written as
y(n+1)=Ay(n). (4.2.2)

Eq. (4.2.2) is usually supplemented by the initial condition y(0) = y°. By
induction, to see that the solution to (4.2.2)) is given by

y(n) = A"y°. (4.2.3)

The problem with (4.2.3)) is that it is rather difficult to give an explicit form
of A". We shall solve this problem in a way similar to Subsection [3.1.4]
where we were to evaluate the exponential function of A.

To proceed, we assume that the matrix A is nonsingular. This means,
in particular, that if v1,...,v¥ are linearly independent vectors, then also
Avl ..., AvK are linearly independent. Since R* is k-dimensional, it is
enough to find k linearly independent vectors v, i = 1,...,k for which
A™v! can be easily evaluated. Assume for a moment that such vectors have
been found. Then, for arbitrary x® € R¥ we can find constants ci, ..., cp
such that

x0 = clv1 + ...+02vk.

Precisely, let V be the matrix having vectors v! as its columns, and let
c=(c1,...,ck), then
c=V'x0 (4.2.4)

Note, that V is invertible as the vectors v' are linearly independent.

Thus, for an arbitrary x° we have

A0 = A" (e;v o evE) = APV 4Lt g ATV (4.2.5)
Now, if we denote by A,, the matrix whose columns are vectors A"v?, ... A"vK,
then we can write

A" = A, V71 (4.2.6)
Hence, the problem is to find k linearly independent vectors vi, i =1,....k,

on which powers of A can be easily evaluated. As before, we use eigenvalues
and eigenvectors for this purpose. Firstly, note that if v! is an eigenvector of
A corresponding to an eigenvalue A1, that is, Av! = A;v!, then by induction
Avt = Xyt
Therefore, if we have k linearly independent eigenvectors v!,...,vK cor-
responding to eigenvalues Aj,...,\; (not necessarily distinct), then from
(4.2.5)) we obtain
A0 = e NIV L g AR

with ¢p,...,¢cx given by (4.2.4). Note that, as for systems of differential
equations, if A is a complex eigenvalue with eigenvector v, then both ®(A\"v)
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and J(A\"v) are real valued solutions. To find explicit expressions for them
we write A = re’® where r = |\| and ¢ = Arg\. Then

A" = e — 1" (cos ng + i sinng)
and

R(A"v) = r"(cosnpRv —sinngSv),

F(A'v) = r"(sinneRv + cos neSv).

Finally, if for some eigenvalue A; the number v; of linearly independent
eigenvectors is smaller than its algebraic multiplicity n;, then we follow the
procedure described in Subsection [3.1.4) that is, we find all solutions to

(.A - )\iI)QV =0

that are not eigenvectors and, if we still do not have sufficiently many inde-
pendent vectors, we continue solving

(A= NI)Yv=0

with j < n;; it can be proven that in this way we find n; linearly independent
vectors. Let vJ is found as a solution to (A—\Z)/vJ = 0 with j < n;. Then,
using the binomial expansion we find

A = (T A = S (1) s

r=0
(NPT + AP H A = NT) + ...

n! e .
oDt AT 1) v @zl

(7)=mem

is the Newton symbol. It is important to note that (4.2.7) is a finite sum
for any n; it always terminates at most at the term (A — A\ Z)™ ! where n;
is the algebraic multiplicity of A;.

where

We shall illustrate these considerations by the following example.

Example 4.2.1. Find A" for

A:

S O
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We start with finding eigenvalues of A:
4— )X 1 2
pN =] 0 2-X —4 |[=(@l-N16-8A+X)=(4-1)>=0
0 1 6— A

gives the eigenvalue A = 4 of algebraic multiplicity 3. To find eigenvectors
corresponding to A = 3, we solve

0 1 2 U1 0
(A—4T)v = 0 -2 —4 V9 =10
0 1 2 V3 0
Thus, v; is arbitrary and v = —2v3 so that the eigenspace is two dimen-
sional, spanned by
1 0
vi=1]o0 , v2 = -2
0 1
Therefore
1 0
Anvl — 4" 0 ’ Anv2 — 4" -9
0 1
To find the last vector we consider
0 1 2 0 1 2 V1
(A—4T)>v = 0 -2 —4 0 -2 —4 Vg
0 1 2 0 1 2 V3
0 0 0 U1 0
= 0 0 0 Vg = 0
0 0 0 V3 0

Any vector solves this equation so that we have to take a vector that is not
an eigenvalue. Possibly the simplest choice is

0
v3 = 0
1
Thus, by (4.2.7)
AnVS — (4nI+n4n_1(.A—4I)) v3
4 0 0 0 1 2 0
= 0 4 0 |+nda™ ' 0 —2 —4 0
0O 0 4" 0 1 2 1
2n4n—1
= —n4™

4m 4 2n4n1
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To find explicit expression for A" we use (4.2.0)). In our case

4n 0 o2n4n—1
A, =1 0 —2.47 —n4" ,
0 4n 4" 4 opqn—t
further
1 0 0
y=[[0 -2 0 |,
0 1 1
so that
1 0 0
vi=(o0 -3 0
0 1 1
Therefore
4n n4n—1 on4n—1
A=AV = 0 47— 2opgnt —n4"

0 n4n—1 4" 4 opqn—1

The next example shows how to deal with complex eigenvalues.

Example 4.2.2. Find A" if

A:<1 j)

We have
1—A -5 2
RN P

so that A2 = £2i. Taking A\; = 2¢, we find the corresponding eigenvector
by solving

1—2¢ -5 vy (0

1 —1—-2 ve )\ 0 )’
we get
Wl 1424
N 1

and

x(n) = A" 1:(22')”( “;22').

To find real valued solutions, we have to take real and imaginary parts of

x(n). Since i = cos § + isin §, we have by de Moivre’s formula

n
(24)" = 2" (cosg + isin g) =2" <cos n% + isin n%) .



106 Chapter 4

Therefore

3

Rx(n) — 2”<cos;<i>—sinn;<(2)>>
Sx(n) = 2"<cos2ﬁ<§>+sinn2ﬂ<i>>.

The initial values for ®x(n) and Ix(n) are, respectively, ( i ) and < 3 >

Since A" is a real matrix, we have RA"v! = A"Rv! and JA"v! = A"Gv!,
thus

1 nrt [ 1 nw [ 2 cos ™ — 2gin &*
n __on et i o — 9n 2 2
a(3) =2 (5 (3)-0F(5)) -2 (")

and

2 nw [ 2 oonm (1 2cos ¢ + sin &°
n — 9n o i — 9n 2 2
a (o) (=g (o) rmg(1))-r (""" )

To find A™ we use again (4.2.0). In our case

3

ppm (N E 2eng ),
cos 5 sin
further
1 2
V= ( 10 ) ’
so that
1/ 0 —2
71 -
Vo= ( -1 1 )
Therefore
_2(308M —SinM 5Sinm
n = -1 — n—1 2 3 5
Joayo et BE g s )

4.2.2 Nonhomogeneous systems
Here we shall discuss solvability of the nonhomogeneous version of (4.2.1)

yiln+1) = anyi(n) +ay2(n) + ... + aipyr(n) + g1(n),
R (4.2.8)
ye(n+1) = apyi(n) + aroy2(n) + ... + agryr(n) + gr(n),



Differential Equations 107

where, for n > 0, y1(n),...,yx(n) are unknown sequences, aii,...ay are
constant coefficients and g1 (¢) . . . , gx(n) are known. As before, we write it us-
ing the vector-matrix notation. Denoting y = (y1,...,9x), & = (91,---, 9k)
and A = {ai;}1<i j<k, we have

y(n+1) = Ay(n) + g(n). (4.2.9)
Exactly as in Subsection 4.1.1/ we find that the solution to (4.2.9) satisfying
the initial condition y(0) = y" is given by the formula

n—1
y(n) = A"y" + EOA”‘T‘lg(r). (4.2.10)

Example 4.2.3. Solve the system
yiln+1) = 2y1(n) +y2(n) +n,
yo(n+1) = 2y2(n) +1
with y1(0) = 1,42(0) = 0. Here

a=(31) (1) ()

We see that
2—A 1

=] 27 4 =@

so that we have double eigenvalue A = 2. To find eigenvectors corresponding
to this eigenvalue, we have to solve the system

(3(2)-()

so that we have one-dimensional eigenspace spanned by v! = (1,0). To find
the second linearly independent vector associated with A = 2 we observe

that
-5 ) (0 0)=(00)

so that we can take v2 = (0,1). Thus, we obtain two independent solutions
in the form

yl(n) = AVl = 27 < . )

yi(n) = AW?= (2T + (A—-2I)"v? = <2n1+n2n1 ( 8 (1) >> ( (1) )

B n2n—1
= on .
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Since v! and v? happen to be the canonical basis for R?, that is, x' =

(29, 29) = 29v! + 29v!, we obtain immediately

2" p2nt
n _
o= (%)

To find the solution of the nonhomogeneous equation, we use formula (4.2.10).
The first term is easily calculated as

noo [ 20 m2nl 1\ _ [2¢
o= (%) (o) = ()

Next,
n—1 n—1 271—7"—1 (n*T‘ 1)2n—r—2 r
n—r—1 _
St = B (7 O ) (1)
n—1 ron—T 1 4 (n—r o 1)2n—r—2
= 0 2n77“71
r=
n—1 n—1
%ZT2—T + n;l Z 9T
— 9n r=1 r=0
1nfl B
3227
r=0
1 1\n—1 1\n+1 -1 1\n
(=@ -y @) - ()
1—(3)"

Remark 4.2.4. Above we used the following calculations

n—1
Sra” = a(l4+a+...+a"H+ad*Al+at... +a" )+ +a"!
r=1

= 71 i ” (al—a" M) +a*(1—a"?)+...+a" (1 -a))
sty
a(l — anfl) —(n—1)a"(1 —a)

(1-a)?

Thus, the solution is given by

on g 4 n2t
y(n)=< on _1° )
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4.2.3 Higher order equations

Consider the linear difference equation of order k:
yn+k)+ayin+k—1)+ ...+ ary(n) = g(n), n>0 (4.2.11)

where aq,...,a; are known numbers and g(n) is a known sequence. This
equation determines the values of y(N), N > k by k preceding values of
y(r). Thus, it is clear that to be able to solve this equation, that is, to start
the recurrence procedure, we need k initial values y(0),y(1),...,y(k — 1).
Equation (4.2.11) can be written as a system of first order equations of
dimension k. We let

z1(n) = y(n),
z(n) = yn+1)=z(n+1),
z3(n) = yln+2)=z2m+1),

°9

zr(n) = yn+k—1)=z_1(n—1), (4.2.12)

hence we obtain the system
ziln+1) = 2z9(n),
nn+1) = z3(n),
zp—1(n+1) = z(n),
zp(n+1) = —aiz1(n) —agza(n)... —arzp(n) + g(n),

or, in matrix notation,
z(n+1) = Az(n) + g(n)
where z = (21, ..., 2x), g(n) = (0,0,...,¢9(n)) and

0 1 0 ... 0
0 0 1 0
A =
—ap —Qp—1 —Qk—9 ... —Q]

It is clear that the initial values y(0),...,y(k — 1) give the initial vector

z° = (y(0),...,y(k — 1)). Next we observe that the eigenvalues of A can be

obtained by solving the equation

- 1 0 0
0 —A 1 0
—ap —Qg_1 —Qg—_9 ... —a1— A

= (—D*W a4+ 4a) =0,
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that is, the eigenvalues can be obtained by finding roots of the character-
istic polynomial. Consequently, solutions of higher order equations can be
obtained by solving the associated first order systems but there is no need
to repeat the whole procedure. In fact, to solve a k x k system we have
to construct k linearly independent vectors v',...,v¥ so that solutions are
given by z'(n) = A"v!,...z¥(n) = A"v* and coordinates of each z! are
products of A\; and polynomials in n of degree strictly smaller than the alge-
braic multiplicity of A;. To obtain n; solutions of the higher order equation
corresponding to the eigenvalue \;, by (4.2.12) we take only the first co-
ordinates of all z‘(n) that correspond to \;. On the other hand, we must
have here n; linearly independent scalar solutions of this form and therefore
we can use the set {A\?, nAZ, ..., n™ 1A} as a basis for the set of solutions
corresponding to A;, and the union of such sets over all eigenvalues to obtain
a basis for the set of all solutions.

Example 4.2.5. Consider the Fibonacci equation (1.2.0), written here as
y(n+2) = y(n+1) +y(n) (42.13)
to be consistent with the notation of the present chapter. Introducing new
variables z1(n) = y(n),z2(n) = y(n + 1) = z1(n + 1) so that y(n + 2) =
zo(n + 1), we re-write the equation as the system
ziln+1) = z(n),
z(n+1) = zi(n)+ 2z2(n).

The eigenvalues of the matrix
0 1
(1)

are obtained by solving the equation

-2 1

N2 _\y_1_n-
L[ =N A=

they are Ao = 1i2‘/5. Since the eigenvalues are distinct, we immediately
obtain that the general solution of (4.2.13)) is given by

y(n) =c (1 +2\/5> + co (1 _2\/?)) )

To find the solution satisfying the initial conditions y(0) = 1, y(1) = 2
(corresponding to one pair of rabbits initially) we substitute these values
and get the system of equations for ¢; and co

1 = c1+ec,
1 5 1—+/5
2 = +2\[ + 2 2f,

the solution of which is ¢; = 1 + 3v/5/5 and ¢ = —3v/5/5.
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4.3 Miscellaneous applications

Gambler’s ruin

A gambler plays a sequence of games against an adversary. The probability
that the gambler wins R 1 in any given game is ¢ and the probability of
him losing R 1 is 1 — ¢q. He quits the game if he either wins a prescribed
amount of N rands, or loses all his money; in the latter case we say that he
has been ruined. Let p(n) denotes the probability that the gambler will be
ruined if he starts gambling with n rands. We build the difference equation
satisfied by p(n) using the following argument. Firstly, note that we can start
observation at any moment, that is, the probability of him being ruined with
n rands at the start is the same as the probability of him being ruined if
he acquires n rands at any moment during the game. If at some moment
during the game he has n rands, he can be ruined in two ways: by winning
the next game and ruined with n + 1 rand, or by losing and then being
ruined with n — 1 rands. Thus

p(n) = qp(n+1) + (1 —g)p(n —1). (4.3.1)
Replacing n by n + 1 and dividing by ¢, we obtain
1 1—¢q
p(n-+2) = p(n-+1) + ——p(n) =0, (4.3.2)
with n = 0,1..., N. We supplement (4.3.2) with the (slightly untypical)

side (boundary) conditions p(0) =1 and p(/N) = 0.

The characteristic equation is given by

1
M- A4+ —2=0
q q

and the eigenvalues are \; = % and A2 = 1. Hence, if ¢ # 1/2, then the
general solution can be written as

p(n) = c1 + ¢ <1_q>n

q
and if ¢ = 1/2, then \y = Ao = 1 and
p(n) = c1 + can.

To find the solution for the given boundary conditions, we denote () =
(1 —¢q)/q so that for ¢ # 1/2

c1 + cg,
0 = CI+QN027
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from where

1 QN
@TIQN T TN
and N
p(n) = M
1-QN
Analogous considerations for ¢ = 1/2 yield
n
=1-—.
p(n) N

For example, if ¢ = 1/2 and the gambler starts with n = 20 rands with the
target NV = 1000, then

20

that is, his ruin is almost certain.

In general, if the gambler plays a long series of games, which can be modelled

here as taking N — oo, then he will be ruined almost certainly even if the
game is fair (¢ = 3).
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Qualitative theory of
differential equations

5.1 Introduction

In this chapter we shall consider the system of differential equations
x' = f(t,x) (5.1.1)

where, in general,
z1(t)

Zn(t)
and
fl(t,.%'l, PN ,.I‘n)
f(t7 X) -
fn(t7x17 AR 7:1:71)
is a nonlinear function of x. Our main focus will be on autonomous systems
of two equations with two unknowns

xll = fl(thQ)v
fg(l‘l,xg). (5.1.2)

5

Unfortunately, even for such a simplified case there are no known methods
of solving (5.1.2) in general form. Though it is, of course, disappointing,
it turns out that knowing exact solution to (5.1.2) is not really necessary.
For example, let z1(t) and z2(t) denote the populations, at time ¢, of two
species competing amongst themselves for the limited food and living space
in some region. Further, suppose that the rates of growth of x(¢) and xs(t)

113
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are governed by (5.1.2). In such a case, for most purposes it is irrelevant
to know the population sizes at each time ¢ but rather it is important to
know some qualitative properties of them. Specifically, the most important
questions biologists ask are:

1. Do there exist values & and & at which the two species coexist in a
steady state? That is to say, are there numbers £ and & such that
x1(t) = & and xo(t) = & is a solution to (5.1.2)?7 Such values, if they
exist, are called equilibrium points of (5.1.2).

2. Suppose that the two species are coexisting in equilibrium and sud-
denly a few members of one or both species are introduced to the
environment. Will z1(¢) and z2(t) remain close to their equilibrium
values for all future times? Or may be these extra few members will
give one of the species a large advantage so that it will proceed to
annihilate the other species?

3. Suppose that z; and z9 have arbitrary values at t = 0. What happens
for large times? Will one species ultimately emerge victorious, or will
the struggle for existence end in a draw?

Mathematically speaking, we are interested in determining the following
properties of system (5.1.2).

Ezistence of equilibrium solutions. Do there exist constant vectors x0 =

(29, 29) for which x(t) = x° is a solution of (5.1.2)?

Stability. Let x(t) and y(¢) be two solutions of (5.1.2]) with initial values
x(0) and y(0) very close to each other. Will x(¢) and y(¢) remain close
for all future times, or will y(¢) eventually diverge from x(t)?

Long time behaviour. What happens to solutions x(t) as t approaches
infinity. Do all solutions approach equilibrium values? If they do not
approach equilibrium, do they at least exhibit some regular behaviour,
like e.g. periodicity, for large times.

The first question can be answered immediately. In fact, since x(t) is sup-
posed to be constant, then x’(¢) = 0 and therefore x° is an equilibrium value
of (5.1.2) if and only if

f(x%) = 0, (5.1.3)

that is, finding equilibrium solutions is reduced to solving a system of alge-
braic equations.
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Example 5.1.1. Find all equilibrium values of the system of differential
equations

] = 1—m9,

/ 3
Ty = I]+ Ta.

We have to solve the system of algebraic equations

= 1- o,

_ .3

= x] + To.
From the first equation we find x5 = 1 and therefore 23 = —1 which gives
21 = —1 and the only equilibrium solution is

x0:<—11).

5.2 The phase-plane and orbits

In this section we shall give rudiments of the ”geometric” theory of differen-
tial equations. The aim of this theory is to obtain as complete a description
as possible of all solutions of the system of differential equations (5.1.2))

vy = fi(z,22),
xy = fa(ar,22), (5.2.1)

without solving it but by analysing geometric properties of its orbits. To
explain the latter, we note that every solution x;(t), x2(t) defines a curve in
the three dimensional space (t, 1, z2).

Example 5.2.1. The solution z1(t) = cost and z2(t) = sint of the system

/
ry = —I2,

$/2 = I
describes a helix in the (¢, 21, z2) space.

The foundation of the geometric theory of differential equations is the obser-
vation that every solution z(t), z2(t), to < t < t1, of (5.2.1) also describes
a curve in the x7 — x9 plane, that is, as ¢ runs from ¢y to ¢1, the points
(z1(t), x2(t) trace out a curve in the x1 — x9 plane. This curve is called the
orbit, or the trajectory, of the solution x(¢) and the x1 —x2 plane is called the
phase plane of the solutions of (5.2.1)). Note that the orbit of an equilibrium
solution reduces to a point.
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Example 5.2.2. The solution of the previous example, x;(t) = cost, za(t) =
sint traces out the unit circle 22 + y? = 1 when ¢ runs from 0 to 2, hence
the unit circle is the orbit of this solution. If ¢ runs from 0 to oo, then the
pair (cost,sint) traces out this circle infinitely often.

Example 5.2.3. Functions z1(t) = e !cost and za(t) = e tsint, —co <
t < 00, are a solution of the system

/
ry = —I1 — T2,

l‘,g Tr1 — I2.
Since 72(t) = 22(t) + 23(t) = e~ we see that the orbit of this solution is a
spiral traced towards the origin as ¢ runs towards oco.

One of the advantages of considering the orbit of the solution rather than the
solution itself is that it is often possible to find the orbit explicitly without
prior knowledge of the solution. Let x;(t),z2(t) be a solution of (5.2.1)
defined in a neighbourhood of a point ¢. If e.g. 2/ (f) # 0, then we can solve
x1 = x1(t) getting t = t(z1) in some neighbourhood of Z = x1(¢). Thus,
for t near ¢, the orbit of the solution z1(t),z2(t) is given as the graph of
x9 = x2(t(x1)). Next, using the chain rule and the inverse function theorem

d:l?g dl‘gﬂ . Ié _ fg(.’El,l‘g)

dixl N Wdl‘l N .Tll a fl(.Tl,l‘g)'

Thus, the orbits of the solution z1 = x1(t), z2(t) = z2(t) of (5.2.1) are the
solution curves of the first order scalar equation

dry  fo(w1,72)
dn_ Slono) (5.2.2)

and therefore to find the orbit of a solution there is no need to solve (5.2.1));
we have to solve only the single first-order scalar equation (5.2.2).

Example 5.2.4. The orbits of the system of differential equations

:L‘ll = $%,
xy = b (5.2.3)

are the solution curves of the scalar equation dxy/dw; = x3/x3. This is a
separable equation and it is easy to see that every solution is of the form
z9 = (234 ¢)Y/3, ¢ constant. Thus, the orbits are the curves x5 = (23 +¢)/3
whenever x5 = z1 # 0 as then 2} = zf # 0 and the procedure described
above can be applied, see the example below.
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Example 5.2.5. A solution curve of (5.2.2)) is an orbit of (5.2.1) if and only
if 2} # 0 and 2, # 0 simultaneously along the solution. If a solution curve of
(5.2.2) passes through an equilibrium point of (5.2.1), where 2 (¢) = 0 and
x4 (t) = 0 for some ¢, then the entire solution curve is not an orbit but rather
it is a union of several distinct orbits. For example, consider the system of
differential equations

) = a1 — 2% —22), (5.2.4)
zy = —zi1(1—ax? —22). (5.2.5

The solution curves of the scalar equation

dmg I

dxl T2

are the family of concentric circles 2 + 23 = 2. Observe however that to
get the latter equation we should have assumed z? + 23 = 1 and that each
point of this circle is an equilibrium point of (5.2.5). Thus, the orbits of
(5.2.5) are the circles 2% + 23 = ¢? for ¢ # 1 and each point of the unit circle.

Similarly, the full answer for the system (5.2.3) of the previous example is
that xo = (23 + ¢)'/3 are orbits for ¢ # 0 as then neither solution curve
passes through the only equilibrium point (0,0). For ¢ = 0 the solution
curve xg = x1 consists of the equilibrium point (0,0) and two orbits xo = x;
for 1 > 0 and z1 < 0.

Note that in general it is impossible to solve (5.2.2) explicitly. Hence, usually
we cannot find the equation of orbits in a closed form. Nevertheless, it is still
possible to obtain an accurate description of all orbits of (5.2.1). In fact, the
system (5.2.1)) provides us with an explicit information about how fast and
in which direction solution is moving at each point of the trajectory. In fact,
as the orbit of the solution (x1(t), z2(t)) is a curve of which (x1(t), z2(t)) is a
parametric description, (2} (t),25(t)) = (fi(z1,z2), fo(x1,22)) is the tangent
vector to the orbit at the point (x1,x2) showing, moreover, the direction at
which the orbit is traversed. In particular, the orbit is vertical at each point
(x1,x2) where fi(x1,29) = 0 and fa(x1,22) # 0 and it is horizontal at
each point (z1,x2) where fi(z1,22) # 0 and fa(z1,22) = 0. As we noted
earlier, each point (z1,z2) where fi(z1,z2) = 0 and fa(x1,22) = 0 gives an
equilibrium solution and the orbit reduces to this point.
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5.3 Qualitative properties of orbits

Let us consider the initial value problem for the system (5.1.2):

= fi(z1,22),
fU’Q = f2(331, $2)
131(t0) = $(1)¢ $2(t0) = 55(2)7 (531)

As we have already mentioned in Subsection [3.1.3] Picard’s theorem, The-
orem 2.2.4, can be generalized to systems. Due to the importance of it for
the analysis of orbits, we shall state it here in full.

Theorem 5.3.1. If each of the functions fi(x1,z2) and fo(x1,x2) have
continuous partial derivatives with respect to x1 and xo. Then the initial

value problem (5.3.1) has one and only one solution x(t) = (z1(t),x2(t)),

for every x° = (29,29) € R? defined at least for t in some neighborhood of

to.

Firstly, we prove the following result.
Lemma 5.3.2. If x(t) is a solution to
x = f(x), (5.3.2)

then for any c the function x(t) = x(t + ¢) also satisfies this equation.

Proof. Define 7 =t + ¢ and use the chain rule for £. We get

dx(t) dx(t+c) dx(r)dr  dx(r)

dt dt dr dt  dr

— £(x(7)) = £(x(t + ¢)) = F(X(1)).

Example 5.3.3. For linear systems the result follows directly as x(t) = etAv

for arbitrary vector v, so that X(t) = x(t 4 ¢) = et Ay = ethecAy = etAy/

for some other vector v/ so that x(t) is again a solution.

We shall now prove two properties of orbits that are crucial to analyzing
system (5.1.2).

Theorem 5.3.4. Assume that the assumptions of Theorem|5.53.1 are satis-
fied. Then

(i) there exists one and only one orbit through every point x° € R2. In
particular, if the orbits of two solutions x(t) and y(t) have one point
i common, then they must be identical.
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(ii) Let x(t) be a solution to (5.1.2). If for some T > 0 and some ty we
have x(tg+T) = x(to), then x(t+T) = x(t) for allt. In other words, if
a solution x(t) returns to its starting value after a time T' > 0, then it

must be periodic (that is, it must repeat itself over every time interval
of length T ).

Proof. ad (i) Let x° be any point in R?. Then from Theorem 5.3.1 we
know that there is a solution of the problem x’ = f(x),x(0) = x° and the
orbit of this solution passes through x° from the definition of the orbit.
Assume now that there is another orbit passing through x°, that is, there
is a solution y(t) satisfying y(tg) = x° for some tq. From Lemma [5.3.2 we
know that y(t) = y(t +to) is also a solution. However, this solution satisfies
y(0) = y(to) = xO, that is, the same initial condition as x(¢). By the
uniqueness part of Theorem [5.3.1/ we must then have x(t) = y(t) = y(t+to)
for all ¢ for which the solutions are defined. This implies that the orbits are
identical. In fact, if £ is an element of the orbit of x, then for some t’ we
have x(t') = £. However, we have also £ = y (¢’ +to) so that £ belongs to the
orbit of y(¢). Conversely, if £ belongs to the orbit of y so that £ = y(¢") for
some t”, then by £ = y(¢") = x(t" — ), we see that £ belongs to the orbit
of x.

ad (ii) Assume that for some numbers ¢y and 7" > 0 we have x(t9) = x(to +
T). The function y(t) = x(t + T') is again a solution satisfying y(tp) =
x(to + T) = x(to), thus from Theorem [5.3.1, x(¢) = y(¢) for all ¢ for which
they are defined and therefore x(t) = x(t + T') for all such ¢. |

Example 5.3.5. A curve in the shape of a figure 8 cannot be an orbit. In
fact, suppose that the solution passes through the intersection point at some
time tg, then completing the first loop, returns after time 7', that is, we have
x(tg) = x(to + T'). From (ii) it follows then that this solution is periodic,
that is, it must follow the same loop again and cannot switch to the other
loop.

Corollary 5.3.6. A solution y(t) of (5.1.2) is periodic if and only if its
orbit is a closed curve in R?.

Proof. Assume that x(¢) is a periodic solution of (5.1.2)) of period T, that
is x(t) = x(t + T). If we fix tg, then, as ¢t runs from ¢ to tg + 7', the point
x(t) = (x1(t),z2(t)) traces a curve, say C, from £ = x(t) back to the same
point ¢ without intersections and, if ¢ runs from —oo to oo, the curve C is
traced infinitely many times.

Conversely, suppose that the orbit is a closed curve (containing no equi-
librium points). The point x(¢) moves along this curve with a speed of
magnitude v(z1,x2) = \/f%(acl,xg) + f2(x1,22). The curve is closed and,
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since there is no equilibrium point on it, that is, f; and fy are not simul-
taneously zero at any point, the speed v has a non-zero minimum on it.
Moreover, as the parametric description of this curve if differentiable, it has
a finite length. Thus, the point x(¢) starting from a point £ = x(ty) will
traverse the whole curve in finite time, say 7', that is x(t9) = x(to + T') and
the solution is periodic. [

Example 5.3.7. Show that every solution z(t) of the second order differ-
ential equation
2422 =0

is periodic. We convert this equation into a system: let z = x; so that

/
)y = 2,

ah = —zp—

The orbits are the solution curves of the equation

3
dzo T+

da;l T2

so that

is the equation of orbits. If ¢ # 0, then none of them contains the unique
equilibrium point (0,0). By writing the above equation in the form

2
‘T%_i_(x%_i_l) :CZ—F}
4

we see that for each ¢ # 0 it describes a closed curve consisting of two
branches zo = :I:% V/4c2 +1 — (27 + 1)2 that stretch between 71 = £1/1 + v/4c2 + 1.
Consequently, every solution is a periodic function.

5.4 An application

In this section we shall discuss the predator-prey model introduced in Section
1.3.50 It reads

dx

d—tl = (r— f)z1 — azze,

d

% = —(s+ f)rs + Barzs (5.4.1)

where «, 3,7, s, f are positive constants. In the predator-prey model z; is
the density of the prey, a2 is the density of the predators, r is the growth rate
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of the prey in the absence of predators, —s is the growth rate of predators in
the absence of prey (the population of predators dies out without the supply
of the sole food source — prey). The quadratic terms account for predator—
prey interaction and f represents indiscriminate killing of both prey and
predators. The model was introduced in 1920s by Italian mathematician
Vito Volterra to explain why, in the period of reduced (indiscriminate) fish-
ing, the relative number predators (sharks) significantly increased.

Let us consider first the model without fishing

dl‘l

— = Txr1 — ar1T

dt 1 142,

d

7;1[;2 = —SI2 + ﬂ$1$2 (542)

Observe that there are two equilibrium solutions z1(¢) = 0,z2(¢t) = 0 and
x1(t) = s/B,x2(t) = r/a. The first solution is not interesting as it cor-
responds to the total extinction. We observe also that we have two other
solutions 1 (t) = c1e™, x5(t) = 0 and z1(t) = 0,22(t) = coe % that cor-
respond to the situation when one of the species is extinct. Thus, both
positive 1 and x9 semi-axes are orbits and, by Theorem [5.3.4/ (i), any orbit
starting in the first quadrant will stay there or, in other words, any solution
with positive initial data will remain strictly positive for all times.

The orbits of (5.4.2) are the solution curves of the first order separable
equation
dl‘g . wg(—S + 51‘1)

2 5.4.3
dx x1(r — amg) ( )
Separating variables and integrating we obtain
rinzyg —axe + slnzy — Br1 =k
which can be written as
Ty xy
ows B (5.4.4)

Next, we prove that the curves defined by (5.4.4) are closed. It is not an easy
task. To accomplish this we shall show that for each x; from a certain open
interval (21, 21,0) we have exactly two solutions x2,,(x1) and xg a(x1)
and that these two solutions tend to common limits as x1 approaches x1 ,,
and 1 .

First, let as define f(x2) = xhe™**2 and g(z1) = 25e~7*1. We shall analyze
only f as g is of the same form. Due to positivity of all the coefficients,
we see that f(0) = 0, limy, o0 f(z2) = 0 and also f(z2) > 0 for x9 > 0.
Further

(@) =y~ e (r — aup),



122 Chapter 5

so that f is increasing from 0 to o = r/a where it attains global maximum,
say My, and then starts to decrease monotonically to 0. Similarly, g(0) =
limg, 00 g(21) = 0 and g(x1) > 0 for 1 > 0 and it attains global maximum
M; at x1 = s/3. We have to analyze solvability of

f(x2)g(z1) = K.

Firstly, there are no solutions if K > MjM>, and for K = M; M, we have
the equilibrium solution z1 = s/83,x2 = r/a. Thus, we have to consider
K =AM, with XA < 1. Let us write this equation as

A
M.
glz))

From the shape of the graph g we find that the equation g(z1) = A has no
solution if A > Mj but then \/g(z1) > A\/M; > 1 so that (5.4.5) is not
solvable. If A = M, then we have again the equilibrium solution. Finally,
for A < M there are two solutions x1,, and x; » satisfying 1, < s/8 <
xz1,m. Now, for zy satisfying x1,, < z1 < x1m we have A\/g(z1) < 1
and therefore for such z; equation (5.4.5) has two solutions x,,(x1) and
xo M (x1) satistying x9,, < /o < 2 p, again on the basis of the shape of
the graph of f. Moreover, if 1 moves towards either x1,, or z1 s, then
both solutions x2,, and x2 py move towards r/c, that is the set of points
satisfying (5.4.5)) is a closed curve.

f(x2) = (5.4.5)

Summarizing, the orbits are closed curves encircling the equilibrium solu-
tion (s/3,r/a) and are traversed in the anticlockwise direction. Thus, the
solutions are periodic in time. The evolution can be described as follows.
Suppose that we start with initial values x; > s/, x2 < r/a, that is, in the
lower right quarter of the orbit. Then the solution will move right and up
till the prey population reaches maximum x1,/. Because there is a lot of
prey, the number of predators will be still growing but then the number of
prey will start decreasing, slowing down the growth of the predator’s popu-
lation. The decrease in the prey population will eventually bring the growth
of predator’s population to stop at the maximum w2 ps. From now on the
number of predators will decrease but the depletion of the prey population
from the previous period will continue to prevail till the population reaches
the minimum 1 ,,,, when it will start to take advantage of the decreasing
number of predators and will start to grow; this growth will, however, start
to slow down when the population of predators will reach its minimum.
However, then the number of prey will be increasing beyond the point when
the number of predators is the least till the growing number of predators will
eventually cause the prey population to decrease having reached its peak at
x1,m and the cycle will repeat itself.

Now we are ready to provide the explanation of the observational data.
Including fishing into the model, according to (5.4.1), amounts to changing
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parameters r and s to r — f and s+ f but the structure of the system does
not change, so that the equilibrium solution becomes

<$;f,r;f>. (5.4.6)

Thus, with a moderate amount of fishing (f < r), in the equilibrium solution
there is more fish and less sharks in comparison with no-fishing situation.
Thus, if we reduce fishing, the equilibrium moves towards larger amount
of sharks and lower amount of fish. Of course, this is true for equilibrium
situation, which not necessarily corresponds to reality, but as the orbits
are closed curves around the equilibrium solution, we can expect that the
amounts of fish and sharks in a non-equilibrium situation will change in
a similar pattern. We can confirm this hypothesis by comparing average
numbers of sharks and fish over the full cycle. For any function f its average
over an interval (a,b) is defined as

b
- 1
= t)dt
a
so that the average numbers if fish and sharks over one cycle is given by

1 i 1 ’
0 0

It turns out that these averages can be calculated explicitly. Dividing the
first equation of (5.4.2) by z; gives ) /x1 = r — axs. Integrating both sides,

we get 1 . I(t) 1 .
— xl = — T — Oox .
- O/ =g 0/( S (1))t

and
(5.4.7)
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In the same way,
T = (5.4.8)

so that the average values of x1 and xo are exactly the equilibrium solu-
tions. Thus, we can state that introducing fishing is more beneficial to prey
than predators as the average numbers of prey increases while the average
number of predators will decrease in accordance with (5.4.0), while reducing
fishing will have the opposite effect of increasing the number of predators
and decreasing the number of prey.



