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Chapter 1

Preface

All questions of interest in the sciences involve more than one variable and
functions of more than one variable. Thus, the single variable Calculus that we
have learned up to this point is very limited in its applicability to the analysis
of problems arising in the sciences. Even in the case in which the functions of
interest in some application can be assumed to be functions of a single variable
(as illustrated in the example from epidemiology to be discussed in the next
section), the fact that a problem requires more than one of those functions puts
us in the realm of multiple variables. It is for that reason that we need to learn
the concepts and methods of Multivariable Calculus.

In this course we will learn Multivariable Calculus in the context of problems
in the life sciences. Throughout these notes, as well as in the lectures and
homework assignments, we will present several examples from Epidemiology,
Population Biology, Ecology and Genetics that require the methods of Calculus
in several variables.

In addition to applications of Multivariable Calculus, we will also look at
problems in the life sciences that require applications of probability. In particu-
lar, the use of probability distributions to study problems in which randomness,
or chance, is involved, as is the case in the study of genetic mutations.
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Chapter 2

Introductory Examples

In this chapter we present two examples that will help motivate the mathemat-
ical topics that will be covered in this course. The first example is a system
of equations from Epidemiology that provides a simple model for the spread
of a contagious disease. The second example is from Population Ecology and
prescribes the interactions between predator and prey species in a simple model.

2.1 Modeling the Spread of a Disease

Example 2.1.1 (A simple SIR Model). In a simple mathematical model for
a disease that is spread through infections transmitted between individuals in
a population, the population is divided into three compartments pictured in
Figure 2.1.1. The first compartment, S(t), denotes the set of individuals in the

Figure 2.1.1: SIR Compartments

population that are susceptible to acquiring the disease at time t; the second
compartment, I(t), denotes the set of infected individual who can also infect
others, also at time ¢; and the third compartment, R(t), denotes the set of
individuals who had the disease and who have recovered from the disease at
time t.

We assume that the functions S, I and R are differentiable functions of time.
Thus, the techniques that we learned in single variable Calculus can be applied
to these functions. We also assume that the total number of individuals in the
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population,
N =5S(t)+ I(t) + R(¢),

is constant.

Susceptible individuals can get infected through contact with infectious indi-
viduals and move to the infected class. This is indicated by the arrow going from
the S(t) compartment to the I(¢) compartment in Figure 2.1.1. In this simple
model, we assume that the individuals in compartment R(t) can no longer get
infected.

In addition to the assumptions that we have made so far, we also assume
the following:

e The rate at which susceptible individuals get infected is proportional to
product of number of susceptible individuals and the number of infected
individuals with constant of proportionality 8 > 0. We can write this in
symbols as

Rate of Infection = 5ST.

e The rate at which infected individuals recover is proportional to the num-
ber of infected individuals with constant of proportionality v > 0. We can
write this in symbols as

Rate of Recovery = I

We would like to understand the flow of individuals from one compartment
to another according to the flow arrows pictured in Figure 2.1.1 and the as-
sumptions that we have stated so far. One way to understand the flows is to
look at the rates of change of the numbers of individuals in each compartment.
For instance, the rate of change of the number of individuals in the infected
compartment,

dI

dt’

has to be accounted for by the rate at which individuals enter the compartment
from the susceptible class by way of infections, and the number of individuals
that leave the class by way of recovery. We can express this mathematically by
means of the equation

I'(t) or

dI

The equation in (2.1) is an example of what is known as a conservation principle;
it expresses the fact that, since the total number of individuals in the population
is to remain constant, the rates of change of the number of individuals in a given
compartment have to be accounted for by the rates at which individuals enter or
leave a given class, or compartment. The expression in (2.1) is also an example
of a differential equation.

Similar considerations lead to two additional differential equations

s
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and

Putting the differential equations in (2.1), (2.2) and (2.3) together leads to the
following system of differential equations:

ds

X~ = _BSI:

il BSI;

dl

- I —~I: 2.4
n BST —~I; (2.4)
dR

- = 4l

dt K

The system in (2.4) is known in the literature as the Kermack—McKendrick SIR
model. It first appeared in the scientific literature in 1927.

One of the goals of this course is to develop some of the concepts from
Multivariable Calculus that will help us in the analysis of systems like the one
n (2.4). An examination of the right—hand side of the equations in (2.4) reveals
that the quantities S(t), I(¢) and R(t) have to be studied simultaneously, since
their rates of change are intertwined. Thus, it makes sense to consider the triple

(S(t),I(t),R(t)), fortin some interval of time. (2.5)

The expression in (2.5) defines a vector—valued function of a single variable,
t. As t varies, the image of the function defined in (2.5) traces a curve in three
dimensional space, as pictured in Figure 2.1.2. This curve is an example of a
parametrized curve, an this is where we will begin our study of the topics
from Multivariable Calculus in this course.

2.2 Preliminary Analysis of a Simple SIR Model

In many applications, analysis of two dimensional systems suffices to understand
and solve the problems. We illustrate this in the following example in which we
perform a preliminary analysis of the SIR model developed in Example 2.1.1.

Example 2.2.1 (Preliminary Analysis of a Simple SIR Model). We begin with
the observation that, in the system in (2.4), the total size, N, of the population
is constant. Thus, from the equation

S(t)+I(t)+ R(t) =N, forallt,
we can solve for R(t) in terms of S(t) and I(¢) to get

R(t)=N—S(t) —I(t), forallt.
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Figure 2.1.2: Curve in STR-Space

Thus, if we can determine the number of susceptible and infectious individuals
at any time ¢, we’ll be able to determine the number of recovered individuals at
any time ¢t. Hence, it suffices to study the two—dimensional system

ds

(2.6)
dI

We would like to determine the pairs (S(t),I(t)), which can be pictured as
points in the ST—plane, whose components satisfy the equations in (2.6).
Suppose that initially (at time ¢ = 0) there are I, infectious individuals and
S, susceptible individuals. We would like to determine S(¢) and I(t) for ¢ > 0.
The initial point (S,,I,) is shown in Figure 2.2.3, as well as a possible
solution curve. In the rest of this example we will see how to justify the shape
of the curve drawn in Figure 2.2.3.
The system of equations in (2.6) gives information about the derivatives

§'(t) = —BS()I(1) (2.7)

and
I'(t) = BS(4)I(t) —vI(1), (2.8)

of the quantities S and I, respectively. It follows from (2.7) that, in the case
in which, S and I are positive, S’(t) < 0; so that, the number of susceptible
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Figure 2.2.3: Curve in the SI-Plane

individuals in the population can only decrease. On the other, rewriting (2.8)
as
)= 10 |50 - 3. (2.9
we see that the answer to the question of whether the number of infected indi-
viduals will increase or decrease will depend on whether or not S is bigger than
the value .
S=-. 2.10
5 (2.10)

The value of S is shown in Figure 2.2.3 for the case in which
S, > S. (2.11)

In this case, for values of ¢ for which S < S(t) < S,, I'(t) > 0, as indicated
in Figure 2.2.3. Thus, the number of infected individuals will increase, and
therefore the disease will spread in this case. Note also that, in the case in
which (2.11), the number of infected individuals will increase to a largest value
at a time ¢ for which I'(f) = 0 (see Figure 2.2.3). The number of infectious
individuals reaching a maximum value indicates an epidemic. After reaching
the maximum value, the number of infectious individuals begins to decrease
because, according to (2.9) and (2.10), S(t) < S implies that I'(t) < 0, as
shown in Figure 2.2.3.
On the other hand, in the case in which

S, < S, (2.12)

S(t) < S for all t > 0; so that, according to (2.9) and (2.10), I'(t) < 0 for all
t > 0 and, therefore, the number of infected individuals will decrease from I,
and the disease will not spread.

Finally, observe that, in view of (2.10), the inequality in (2.11) can be rewrit-
ten as



12 CHAPTER 2. INTRODUCTORY EXAMPLES

from which we get that
BSo
Y

> 1. (2.13)

The expression on the left-hand side of the inequality in (2.13) is usually denoted
by R,, and is called the reproduction number, or reproductive number.
It is a very important number in epidemiology. When it can be computed, or
estimated, R, provides important information that can be used to determine
whether a given disease will spread or not. In particular, since the inequality
in (2.13) is equivalent to (2.11), we see that, if R, > 1, the disease will spread.
On the other hand, if R, < 1, it follows from (2.12) that the disease will not
spread.

2.3 A Predator—Prey System

Examples of applications that are amenable to the two—dimensional analysis
illustrated in the previous section are provided by systems that model the inter-
action of two species that live in the same ecosystem. The simplest of those types
of systems is the following predator—prey system known as the Lotka—Volterra
system.

Example 2.3.1 (Lotka—Volterra System). Let x(t) and y(¢) denote the popula-
tion densities of two species living in the same ecosystem at time ¢. We assume
that the x and y are differentiable functions of ¢t. Assume also that the popula-
tion of density y depends solely on the density of the species of density x. We
may quantify this by prescribing that, in the absence of the species of density
x, the per—capita growth rate of species of density y is a negative constant:

y'(t)
y(t)

= —v, for all ¢t with z(t) =0, (2.14)

for some positive constant . We will see later in this course that (2.14) implies
that the population of density y will eventually go extinct in the absence of the
species of density x.

On the other hand, in the absence of the species of density y, the species of
density x will experience unlimited growth according to

=a, forall ¢t with y(t) =0, (2.15)

where « is a positive constant.
When both species are present, the per—capita growth rate of the species of
population density x is given by

=a— Py, forallt, (2.16)
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where [ is a positive constant, and the species of density y has a per—capita
growth rate given by

=—vy+dz, forallt, (2.17)

for some positive constant 4.

The equations in (2.16) and (2.17) describe a predator—prey interaction in
which predator species, y, relies solely on the prey species, x, for sustenance;
while the only factor that can hinder the growth of the prey species, x, is the
presence of the predator species y.

The equations in (2.16) and (2.17) form a system of differential equations,

(2.18)
W _ ey
L e (2

known as the Lotka—Volterra system. We will analyze this system in subsequent
sections in these notes.
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Chapter 3

Parametrized Curves

The curve pictured in Figure 2.1.2 is an example of a parametrized curve in
three—dimensional space. It is the image of a vector—valued function of a single
variable. In the example discussed in Section 2.1, this function is given by

(S(t), I(2), B(t)), (3.1)

for ¢ in some interval of time, J. In this case, we call ¢ a parameter, and the
curve traced by the points (3.1) is a parametrized curve in three dimensions.

In many applications, phenomena can be described by parametrized curves
in two dimensions. We saw instances of this in Example 2.2.1 and in the Lotka—
Volterra system derived in Section 2.3. For that reason, we begin this chapter
by studying parametrized curves in the plane.

3.1 Differentiable Paths in the Plane

The set of points (S(t),I(t)) discussed in Example 2.2.1 trace out a curve in
the ST—place, pictured in Figure 2.2.3, as the parameter ¢ varies. The solutions
(z(t),y(t)) of the Lotka—Volterra system in (2.18) trace out curves in the xy—
plane as t varies. In both of these instances we obtain a parametrized curves in
the plane. Before we give the definition of a parametrized curve, we will first
define a differentiable path.

Definition 3.1.1 (Differentiable Paths in the zy-plane). Let J denote an open
interval of real numbers and z: J — R and y: J — R denote functions that are
differentiable! in .J. The function o: J — R? defined by

o(t) = (x(t),y(t)), forteJ,

t+h)—x(t
1The function z: J — R is differentiable at ¢ € J means that lim M exists.

h—0 h
This limit is usually denoted by z’(t) and, geometrically, it gives the slope of the tangent line

to the graph of © = x(t) at the point (¢,x(t)). We say that « is differentiable in J if x is
differentiable at every t in J.

15



16 CHAPTER 3. PARAMETRIZED CURVES

is called a differentiable path. Its derivative, o’/(t), is given by
o) = (2'(t),y' (), forteJ
Example 3.1.2. Let J =R and o: R — R? be given by
o(t) = (cost,sint), forteR. (3.2)

Since, cos: R — R and sin: R — R are differentiable functions, the path o is
differntiable and
o'(t) = (—sint,cost), forteR.

o R2

/_\

OA.,
)

/ \\C’“)
N

Figure 3.1.1: Sketch of circular path ¢ in Example 3.1.2

The path o takes each point ¢ on the real line to a point o(t) = (z(t),y(t))
in the xy—plane, R?, where, according to (3.2),

z(t) =cost and y(t) =sint, forallteR. (3.3)

See the sketch in Figure 3.1.1.
It follows from (3.3) that the « and y coordinates of the point o(t) satisfy
the equation
a? +y? =1,

which is the equation of a circle of radius 1 centered at the origin in R2. This
circle, which is pictured in Figure 3.1.1, is the image of the path o.

The derivative of the map o at the point o(t) is pictured in Figure 3.1.1 as
a arrow at o(t). If we imagine the path o as giving the coordinates of a point
in the plane at time ¢, then ¢’(¢) points in the direction of motion of the point
along the circle as time increases.

Definition 3.1.3 (Image of a Path). Given a path o: J — R?, the image of a
the path is the set
{o(t) |t € J}.
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Unless o is the constant function o(t) = (c1,c2), where ¢; and ¢y are real
numbers, the image of a differentiable path o: J — R? is a curve in the plane.
For instance, in Example 3.1.2, we saw that the image of o(t) = (cost,sint), for
t € R, is the circle,

C={(z,y) eR*|2® +y* =1},

of radius 1 centered at the origin (0, 0).

If o(t) = (c1, ¢2), for all t € R, where ¢; and ¢y are constant, then the image
of o is the point (cq, ca).

A differentiable path o: J — R? can be interpreted as modeling the motion
of a particle in the xy—plane. At each time ¢t € J, o(t) = (x(¢),y(t) gives the
coordinates of the point at time ¢ in the Cartesian plane R?. The derivative of
the path, o’(¢), in this interpretation, gives the velocity of the particle at time
t. We will justify this interpretation in a subsequent section in these notes.

In Example 3.1.2, we saw that a particle moving in the plane according to
the path o: R — R? given by o(t) = (cost,sint), for t € R, traces a circle of
radius 1 centered at the origin,

C={(z,y) €eR?* | 2* +¢* =1} (3.4)

We notice that this circle is traced out once completely if we restrict the domain
of o from R to the interval J = [0,27). We then get o: [0,27) — R? given by

o(t) = (cost,sint), for 0 <t < 2m. (3.5)

The path defined in (3.5) is an example of a parametrization of the circle C' in
(3.4).

3.2 Parametrized Curves in the Plane

Definition 3.2.1 (Parametrized Curves in the xy-plane). Let J denote an
interval of real numbers. A differentiable path o: J — R? is said to be a
parametrization of the curve C' = {o(t) | t € J} if and only if

(i) o: J — R? is one-to-one, or injective, and
(ii) o’(t) # (0,0) for all ¢t € J.
We then say that C is a parametrized curve.

A path o: J — R? is one-to-one if and only if, for any two points ¢; and ¢,
in J with t; # to,

O'(tl) 7& O'(tz).
Example 3.2.2. Let o: [-7,7) — R? be given by

o(t) = (cost,sint), for —7 <t <. (3.6)
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We show that o defined in (3.6) is one-to—one. To do this, we show that, if ¢;
and to are in the interval [—7,7) and o(t1) = o(¢2), then it must be the case
that tl = tg.

Thus, suppose that ¢; and to are in the interval in [—m, 7) and that

O'(tl) = U(tz).

Then,
(costy,sinty) = (costs, sints),

from which we get

cost; = costy, (3.7)
and
sint; = sints. (3.8)
x
— 714- t

Figure 3.2.2: Sketch of graph of x = cost over [—m,7)

It follows from (3.7) and the sketch of the function cos shown in Figure 3.2.2
that, if ¢; # to, then ¢; and to must have opposite signs.

Y

Figure 3.2.3: Sketch of graph of y = sint over [—m, )

However, if ¢; and t; have opposite signs, say t; < 0 < to, it follows the
sketch of the sin function in Figure 3.2.3 that

sinty; < sinto,
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which is in direct contradiction with the assertion in (3.8), unless t; = m, but
we are excluding that case.

Hence, if o(t1) = o(t2), and t1,t2 € [—m, 7), it must be the case that ¢; = to.
Therefore, o: [—m,m) — R?, where o is given by (3.6), must be one-to—one.

It follows from the result of Example 3.2.2 that the path o: [—m,m) — R?
given by
o(t) = (cost,sint), for —w <t <,

is a parametrization of
{o(t)| -7 <t< 7} =C,

where C is the unit circle in R2.
In what follows we provide several examples of curves in the plane and their
parametrizations.

Example 3.2.3. Let
z(t)=¢', forallteR,

and
y(t)y=e, forallteR,
and

C=A{(=(t),y(t) | t € R}.

Then, C' is a parametrized curve.

In this example we see how to sketch C.

Observe that z(t) > 0 and y(¢) > 0 for all £ because the exponential function
is always positive (i.e. e* > 0 for all a € R); thus, the curve C must lie in the
first quadrant. Observe also that

x(t)-y(t) =1, for all ¢,
so that C' must be the portion of the hyperbola
zy =1,

that lies in the first quadrant (see Figure 3.2.4).
Note the (x(0),y(0)) = (1,1); so, the point (1,1) is on the curve C; this
point is shown in the picture in Figure 3.2.4.

Example 3.2.4 (Points). Given a point, (z,,¥,), in the plane, the constant
functions
x(t) =z, forallteR,

and
y(t) =yo, forallteR,

form a parametrization of the point (z,, y,).
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Figure 3.2.4: Sketch of C in Example 3.2.3

Example 3.2.5 (Straight Lines in the Plane). Fix a point (z,,¥,) in R? and
let a and b be real numbers such that a # 0. We consider a curve C' given by
the parametric equations

{ Tz = at+ xy;

Yy bt + Yo, (39)

for t € R.
Since we are assuming that a # 0, we can solve for ¢ in the first equation in
(3.9) to get
1

t= a(a: — o),

and then substitute for ¢ in the second equation in (3.9) to get

b
y= g(x — o) + Yo, (3.10)

which is the equation of a straight line through the point (z,, y,) with slope

(3.11)

m=—.
a
Figure 3.2.5 shows a sketch of the straight line given by the equation in (3.10)
for the case in which the slope m in (3.11) is positive. This is the image of the
parametric equations in (3.9) for the case in which a # 0 and the a and b have
the same sign.
Ifb=0and a # 0 in
Tz = at+ xy;
Y Yo,

for t € R. In this case, C' is a horizontal line through (z,,y,). This line is
pictured in Figure 3.2.6 has equation y = y,.
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(Tos Yo)

Figure 3.2.5: Sketch of straight line C' in Example 3.2.5

Y

(Zo»Yo)

Figure 3.2.6: Sketch of straight line given by (3.10) with b =0

Finally, if a = 0 but b # 0, the parametric equations in (3.9) become

T = T,
Yy = bt"’_yw
fort € R.

In this case, the curve C' is the vertical line given by the equation x = =z,
and pictured in Figure 3.2.7.

Example 3.2.6 (Line Segments). Consider a pair of distinct points Py (21, y1)
and Ps(x2,y2) in the xy—plane. These are shown in the sketch in Figure 3.2.8
for the case x1 < z9 and yo > y;.

We would like to construct a parametrization of the directed line segment
that goes from the point P; to the point P,. Assume that x; < z2 and put

_ -y

m )
T2 — T1
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(%0, Y0)

Figure 3.2.7: Sketch of straight line parametrized by (3.9) with a =0

Y

(xz,y2)

(z1,91)

Figure 3.2.8: Sketch of straight line segment in Example 3.2.6

this is the slope of the line segment P} P>. The equation of the straight line
going through the points P; and P; is then given by

Y2 — Y1
== (z— . 3.12
y @71,1(93 1) + 41 (3.12)

The line segment P; P, is then portion of the straight line given in (3.12) for
values of x between x; and .
Using the the parametrization

r=x1+ (xa —21)t, for0<t <1, (3.13)

we see that £ = 1 when t = 0, and £ = x5 when ¢t = 1.
Substituting the values of x in (3.13) into (3.12) we then get that

y= (Y2 —y1)t+vy1, for0<e<1. (3.14)
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Combining (3.13) and (3.14), we then get the parametrization

{:c = (o — 1)t + x1;

for 0 <t <1, 3.15
y = (y2—y)t+uy1, ( )

for the straight line segment connecting P; to Ps.
we can use the parametric equations in (3.15) to define the differentiable
path o: [0,1] — R? given by

o(t)=((z2 —x)t + a1, (y2 —y1)t +y1), for 0<t< L (3.16)

Note from (3.16) that o(0) = (x1,y1), the coordinates of the point P, and
o(1) = (z2,y2), the coordinates of the point Ps.

Example 3.2.7. Find a parametrization for the directed line segment from
Py(5,3) to P»(1,1).

Solution: Use the parametric equations in (3.15) in the previous example to
compute

z = b—d4t
’ <t <1
{y _ 3_9 for0<t<1
A sketch of the segment is shown in Figure 3.2.9. O
Y
Py
Py
0] % z

Figure 3.2.9: Sketch of straight line segment from (5, 3) to (1,1)

Example 3.2.8 (Circles). Let C denote the circle in the zy-plane of radius
r > 0 and centered at the point (z,,y,). Then, every point (z,y) in C is at a
distance of r from the point (z,,y,). Thus,

(@ = 20)% + (y — yo)? = 1% (3.17)
Divide both sides of the equation in (3.17) by 72 to obtain
2 )2
(=2 W=vo) _

r2 r2
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(x;x°)2+(y;y")21- (3.18)

Recalling the trigonometric identity

or

cos?t+sin’t =1, forall t € R,

we can set

T—x y—y
° —cost and 2
r r

= sint,
or

r—2x,=rcost and y—y,=rsint;
so that, the equations

{x = I, +1rcost; (3.19)

Yy = Yo+ rsint,

give a parametrization of C' provided the values of the parameter ¢ are confined
to an interval of real numbers of length 27; for example, 0 < t < 27, or —7 <
t < m. Observe that the direction given by the parametrization in (3.19) is in
the counterclockwise sense (see Figure 3.2.10). To see why this assertion is true,

Y

o(m/2)

Figure 3.2.10: Sketch of Circle of Radius r and Center (z,,yo)
define the path o: [0,27) — R by
o(t) = (o + rcost,y, + rsint), for 0 <t < 2,

and note that o(0) = (x, + r,y,) and, a quarter of the time later, o(7/2) =
(o, Yo + 7).
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Observe that the choice

T — To — Yo

=sint and = cost,

r
will also satisfy the equation of the circle of radius r around (z,,¥,) in (3.18).
Thus, the set of equations

Yy = Yo+ rcost, (3.20)

{ r = x,+rsint;
for 0 < t < 27 is also a parametrization of the circle C' given by the equation
(3.17). However this parametrization is oriented in the clockwise sense (see
Figure 3.2.11).

o(m/2)

(%0, Yo)

Figure 3.2.11: Sketch of Circle Parametrized by (3.20)

Example 3.2.9. Give a parametrization for the semicircle, C', from the point
P(0,2) to the point Q(0,0).

Solution: Figure 3.2.12 shows a sketch of C. We use the parametrization in
(3.20) with &, =0, y, = 1 and r = 1, with ¢ restricted to 0 < t < 7, to get

r = sint;
’ <t
{y — 1+ cost, for0<t<m
O
Example 3.2.10 (Ellipses). The graph of the equation
2 2

a? b2
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Figure 3.2.12: Sketch of Semicircle C' in Example 3.2.9

Y

Figure 3.2.13: Sketch of Ellipse in Example 3.2.10

is an ellipse with center (z,, y,) and vertices at (x,—a, ¥o), (To+a, Yo), (Zo, Yo—b)
and (z,, Yo +b). A possible sketch is shown in Figure 3.2.13. As we did when we
constructed parameterizations for circles, we can use the trigonometric identity

cos’t+sin’t =1, forallteR

and set

T %o =cost and Y=Y
a b

to get
r—2x,=acost and y—y,=bsint;

so that, the equations

{x = I, +acost;

Y = yotbsint, for 0 <t < 2m, (3.22)

parametrize the ellipse given by (3.21). As was the case for the circle, the
parametrization in (3.22) is oriented in the counterclockwise sense as shown in
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Figure 3.2.13. Similarly, a parametrization in the clockwise sense is given by
the equations

for 0 <t < 2m, (3.23)

r = x,+asint;
Yy = Yo+ bcost,

has a clockwise orientation.

Example 3.2.11. Let C denote the portion of the ellipse given by the graph
of the equation
42”4+ y? = 4, (3.24)

in the first quadrant of the zy—plane, from the point P(0,2) to the point Q(1,0).
Give a parametrization for C.

Solution: Figure 3.2.14 shows a sketch of C.

Y

P

Figure 3.2.14: Sketch of Curve C in Example 3.2.11

Divide both sides of the equation in (3.24) by 4 to get

2?4+ 2= 1. (3.25)
4
We see from (3.25) that the ellipse is centered at the origin (so that, x, = y, = 0)
with @ = 1 and b = 2. Since the orientation is in the clockwise sense (see sketch
in Figure 3.2.14), we use the parametric equations in (3.23) with ¢ restricted to
go from 0 to 7/2:

r = sint;
’ <
{ y = 2cost, for 0 <t < m/2. (3.26)

O

Example 3.2.12 (Graphs of Functions). Let f denote a differentiable function
of a single variable defined over some open interval containing a and b, where
a < b. We let C denote the portion of the graph of y = f(z) for a < = < b; that
is,

C={(z, f(x)) €eR*|a<x<b}
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Figure 3.2.15: Sketch of Graph of y = f(x)

Figure 3.2.15 illustrates what may happen in a general situation. The curve C
is the portion of the graph of f that lies between the points P and @ in Figure
3.2.15.

In order to paremetrize C, we can consider x as a parameter and set

so that

Hence, the equations
Tz = 1
{ for a <t <9, (3.27)

will parametrize C.

Example 3.2.13. Let C' denote the portion of the parabola given by the equa-
tion
y =’
from the point P(—1,1) to the point Q(2,4).
Give a parametrization for C.

Solution: A sketch of C is shown in Figure 3.2.16.
Use the equations in (3.27) with f(x) = 22, a = —1, and b = 2 to get
r = 1
? —1<t<2.
{y 2 for —1<t<2

O

In the next example with construct another parametrization of the curve in
Example 3.2.11.
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Figure 3.2.16: Sketch of Graph of y = 22 from z = —1 to z = 2

Example 3.2.14. Let C denote the portion of the ellipse given by the graph
of the equation
4o 4 9? = 4, (3.28)

in the first quadrant of the xy—plane, from the point P(0, 2) to the point Q(1,0).
Give a parametrization for C'.

Solution: A sketch of the graph of C is shown in Figure 3.2.14.
Observe that C' can also be realized as the graph of a function f that can
be obtained by solving the equation in (3.28) for y. We obtain
flx)=2v1—22, for —1 <2<

Thus, the equations

r = t
’ <t<
{y _ QM, fOI'O\t\:l,

also constitute a parametrization of the curve C. (|
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Chapter 4

Vector Fields

In this course, we will focus on two—dimensional vector fields. These are func-
tion, F, from a domain in R? to R?; we write,

F: D — R?,

where D is the domain of the vector field.

In the second section of this chapter, we present a few examples of two—
dimensional vector fields and their geometric representation and interpretations,
and in the third section we present the concept of the flow of a field, which relates
vector fields to that paths and parametrized curves that we studied in previous
chapter.

We will first introduce the language of vectors, which will be used throughout
the rest of these notes

4.1 Vectors in the Plane

In Example 3.2.6 of Section 3.2 we saw how to parametrize the directed line
segment, Py P, from the point Pj(z1,y1) to the point Py(zs,y2). Indeed, one
parametrization is given by the equations in (3.15)

x = (r3—z)t+x;
for0 <t <1, 4.1
{y = (y2—y)t+ 1, (4.1)
Setting
a=xo— 1 (4.2)
and
b=y2— Y1, (4.3)

the parametric equations in (4.1) can be rewritten as

{x = AT <<l (4.4)

y = bt+uy,

31
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We can use the parametric equations in (4.4) to define a differentiable path
o: [0,1] — R? given by

o(t) = (at +z1,bt +1y1), for0<t<1. (4.5)
A sketch of the image of the path o in (4.5) is shown in Figure 4.1.1, for the

Yy
Py
(Sl?za y2)

Py
(Il,yl)

Figure 4.1.1: Sketch of directed line segment from P; to Py

case a > 0 and b > 0, which, according to (4.2) and (4.3), correspond to z1 < x3
and y; < ya, respectively.
The derivative of the path o in (4.5) is

o'(t) = (a,b), for0<t<1, (4.6)

where a and b are given by (4.2) and (4.3), respectively.
The constant path, o/, in (4.6) is an example of a row vector in R2.

Definition 4.1.1 (Row Vectors in R?). A row vector in R? is a pair (a,b),
where a and b are real numbers. We can also write (a,b) as

[a D] (4.7)

The expression in (4.7) is a 1 X 2 matrix (an arrow of numbers of 1 row and two
columns).

In this course, we will also be dealing with column vectors.

Definition 4.1.2 (Column Vectors in R?). A column vector in R? is a the 2 x 1

matrix
a
b )

where a and b are real numbers.
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Remark 4.1.3 (Notations and Conventions). We will treat row vectors and
column vectors as distinct objects; thus,

la b]# (2)7

even though, in some applications, they two vectors might be used to represent
the same point (a, b) in the plane.

We say that two column vectors are equal if and only if their corresponding
components are equal; that is,

@) — (92) ifand only if a3 = as and b; = bs.
b1 bo

A similar definition of equality applies to row vectors.
We will denote vectors by the symbols v, w, u, etc. Thus, we will write

I ! _ (a2 _(as
v = <b1)’ w = <b2)’ and u= (b3>’
etc.

We note that in other texts you might find the notation U, W, W, ete. for
vectors. In these notes, we will avoid putting arrows on top of symbols, except
in the case of ]@ to indicate a directed line segment from a point P to a point
Q. In other texts, you may also find the boldface notation v, w, u, etc. for
vectors. We will also avoid this convention.

4.1.1 Interpretations of Vectors

Vectors in R? can be used to locate points in the plane; they can also be used
to indicated displacement from a point to another.

Vectors as displacements

The directed line segment ]TP; pictured in Figure 4.1.1 can be used to represent
the displacement of a particle moving in a straight line that starts at the point
Py(x1,y1) and ends at the point Py(z2,y2). We will denote this displacement
by v and express it as the column vector

U:<g—§g. (4.8)

If we are only interested in the distance and direction of the displacement,
and not in the beginning and ending points of the displacement, we can also
draw the vector v as directed line segment that starts at the origin and that has
the same length and direction as Py P». This is shown in Figure 4.1.2.

A peculiar property that vectors have is that we will consider the arrows
shown in Figure 4.1.2 as representing the same vector v given in (4.8). Indeed,
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P,

Figure 4.1.2: Vectors as displacements

any arrow that has the same length and same direction as ]TP; can be used
to represent the same vector v. In Figure 4.1.2 we picture a few more of those
arrows representing the same vector v. We say that all the arrows representing
the vector v are in the same class. This strange property of vectors tuns out
to be very useful in many applications in which vectors are used to represent
velocities, forces, and other physical entities in which the magnitude and the
direction of the entity are what matter.

Vectors as points

When a directed line segment is drawn with its starting point at the origin
0(0,0) and its ending point at P(a,b), as shown in Figure 4.1.3, it represents

Yy
.l P
oD
o) a T

Figure 4.1.3: Vectors as points

the point in R? with coordinates (a, b).
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We will denote the vector O? by v and will write it a column vector

v = (Z) . (4.9)

where (a,b) are the coordinates of the point P. We say that the vector v is in
standard position (the starting point of the directed line segment representing
the vector is the origin O(0,0)). Thus, any point (a,b) in R? corresponds to a
vector in standard position given by (4.9).

4.1.2 Geometric Properties of Vectors in R?

Definition 4.1.4 (Norm, or Magnitude, of a Vector). Given a vector v = oP
given by (4.9), in standard position, its magnitude, or length, is the distance
from the point P to the origin. We will denote this distance by ||v||; so that,

Joll = va? + 2, (4.10)

and call it the Euclidean norm of the vector v.

To see a justification of the definition of the norm of v in (4.10), refer to the
sketch in Figure 4.1.4, and apply the Pythagorean Theorem.

For future use and reference here we state some properties of the norm of
a vector, which can be derived from Definition 4.1.4. Before we state these
properties, we define the scalar multiple cv, where ¢ € R and v is given by (4.9)

to be
ca
v = (cb) . (4.11)

Proposition 4.1.5 (Properties of the Euclidean Norm). Let v be a vector in
R? given by (4.9), and ¢ € R. Then, the following statements are true.

(i) |lv|l = 0 and ||v|| = 0 if and only if both components of v are 0; i.e., a =0
and b= 0.

(i) |lev|| = |¢| ||v]|, where |c| denotes the absolute value of c.

Definition 4.1.6 (Direction of a Vector). Given a vector v = O? given by
(4.9), in standard position, denote by 6 the angle that the directed line segment

OP makes with the positive z—axis. See the sketch in Figure 4.1.4.
If a > 0 and ||v]] > 0 (as pictured in Figure 4.1.4), then

cosf = —,
[[v]l

from which we get that
a = ||v]| cos . (4.12)
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[

\9

Figure 4.1.4: Norm and direction of a vector

Note that (4.12) gives the first component of the vector v in all cases (i.e.,
regardless of whether a is positive, negative, or zero.
Similar calculations to those leading to (4.12), with b and sin 6, instead of a
and cos 6, yield
b = ||v]| sin 6. (4.13)

Combining (4.12) and (4.13), and assuming that a # 0 and ||v|| # 0, we get
that b
tanf = —. (4.14)
a

The formula in (4.14) can be used to compute 6 in terms of the components of
the vector.

Example 4.1.7. Let P be a point in the xy—plane with Cartesian coordinates
(=1,1), and put v = 0?7 where O denotes the origin in R? Then,

()

and v is in standard position as pictured in Figure 4.1.5. We compute the norm
of v to get, using (4.10),

Joll = VF1P+ 12 = V2
Then, using (4.12) and (4.13),
1 1
cos = ——— and sinf = —,
V2 V2
from which we get that 0 = ?%T

Alternatively, We could have used the formula in (4.14) for tané and the
information that the point P is in the second quadrant to get that
™ 3w

0 =n —arctan(l) =m — —
m —arctan(l) =« 1= 1



4.1. VECTORS IN THE PLANE 37

Y
P 1L
v
} ’/R
;1 x

Figure 4.1.5: Vector v in Example 4.1.7

4.1.3 Algebra of Vectors in R?

There are algebraic operations that we can define in the set of vectors in R2.
We have already mentioned scalar multiplication.

Scalar Multiplication

a

Given c € R and v = (b

> € R?, the scalar multiple, cv, is defined to be

_ [ca
cv = ch )

Example 4.1.8 (Scalar multiples of a vector in standard position). Let

Q) Qe o

That is, L is the set of scalar multiples of v, where
e
= ()
Now, a vector 3yc is in L, according to the definition of L in (4.15), if and

T at
<y) = (bt> , for some t € R,

from which we get the parametric equations

Assume that [|v]| # 0.

only if

r = at;
{y - for t € R. (4.16)
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The equations in (4.16) are a parametrization of a straight line from through
the origin (0,0) and the point (a,b) in R?. Thus, L is a straight line in the
direction of the vector v. This is shown in Figure 4.1.6. Hence, all the multiples

Y

N[

Figure 4.1.6: Line generated by v

of v lie in a line through the origin along the vector v; that is, the line through
the points (0,0) and (a,b). We note that, if ¢ > 0, tv lies along the direction
of v; and, if ¢ < 0, tv points in the opposite direction to that of v. The sketch

in Figure 4.1.6 shows the vector —5Y for the case in which both a and b are

assumed to be positive.

Vector Addition

Given two vectors

v = (Zi) and w = (Zz) (4.17)

in R?, we define the vector sum of v and w, denote v + w, by

_ (a1t az)
v+w= <b1 +b2) ; (4.18)

that is, v + w is the vector in R? whose components are the sum of the corre-
sponding components of v and w.

Example 4.1.9. Let v = (é) and w = (i’) . Then,

e (00 ()0

Figure 4.1.7 shows a pictorial representation of the vector addition in Ex-
ample 4.1.9.
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Figure 4.1.7: Parallelogram Rule

The vectors v, w and v + w are drawn in standard position in Figure 4.1.7.
The tip of v is then at P;(1,2), the tip of w is at P5(3,1), and the tip of v+w is
at P3(4,3). Figure 4.1.7 also shows the vector w translated so that its starting
point is at P;, and the vector v translated so that its starting point is at P,. We
then see that w = ﬁ: and v = I%} in the figure. Consequently, O,P;, P> and
Pj5 are the vertices of a parallelogram, since O—P1> and ]%} are parallel, and O P,
and P; P3 are parallel. Thus, vector addition is also called the Parallelogram
Rule. This rule also shows that

v+w=w-+v, (4.19)

since, to go from O to P3 along the parallelogram in Figure 4.1.7, one can go
from O to P; and then from P; to Ps (this is v +w), or from O to P, and then
from Py from Ps (this is w + v).

The parallelogram rule illustrated in Figure 4.1.7 provides a geometric inter-
pretation of vector addition: To compute v + w, sketch v in standard position
with its tip at point P;. Then, translate the vector w and place it with starting
point at the point P; and its tip at the point Ps;. The vector sum is the vector
from O to P3;. This is a vector along a diagonal of the parallelogram shown in
Figure 4.1.7.

The vector expression in (4.19) is called the commutative property of vector
addition. It can also be shown algebraically using the definition of vector ad-
dition in (4.17) and (4.18). There are other properties of vector addition and
scalar multiplication that can be shown algebraically using the definitions of
those operations. We state some of those properties in the following proposi-
tion.

Proposition 4.1.10 (Properties of Vector Addition and Sclar Multiplication).
Let u, v, w denote vectors in R? and ¢ and s be scalars.



40 CHAPTER 4. VECTOR FIELDS

(i) Commutativity of Vector Addition

v+w=w-+v.

(ii) Associativity of Vector Addition

(u4v)+w=u+ (v+w).

(iii) Existence of an Additive Identity

The vector 0 = (O

O) in R? has the property that

v+0=04+v=0v forallvinR2
This follows from the fact that = + 0 = z for all real numbers .

(iv) Existence of an Additive Inverse

—x1

Given v = (?) in R?, the vector w defined by v = ( N
—I2

) has the
2

property that
v+w=0.

The vector w is called an additive inverse of v.

(v) Associativity of Scalar Multiplication

Given scalars t and s and a vector v in R?,
t(sv) = (ts)v.
(vi) Identity in Scalar Multiplication
The scalar 1 has the property that
lv=wv forall veR?

(vii) Distributive Properties

Given vectors v and w in R?, and scalars ¢ and s,

(a) t(v+w) = tv + tw;
(b) (t+ s)v =tv+ sv.

Example 4.1.11 (Basis Vectors in R?). Let v = <(bl

Using the definitions of vector addition and scalar multiplication we can write

O RO RIO RGN

be any vector in R2.
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i = (é) and j= (?) , (4.21)

we see from (4.20) that the vector v can be written as

Setting

v =ai+bj. (4.22)

The vectors 7 and j given in (4.21) are called the standard basis vectors in R2.
The expression on the right—hand side of (4.22) is called a linear combination
of the vectors i and j Thus, every vector v in R? is a linear combination of the
basis vectors ¢ and J.

We note that ||z = 1 and ||j|| = 1, for the standard basis vectors defined in
(4.21). Any vector in R? of norm 1 is said to be a unit vector.

Definition 4.1.12 (Unit Vectors). A vector u € R? is said to be a unit vector
if |lul| = 1.
Given any vector v in R?, with [|v|| # 0, the formula

1

V=0
o]l

gives a unit vector in the direction of v.
As a convention in these notes, a hat (") on top of a symbol denoting a
vector indicates that the vector is a unit vector.

Example 4.1.13. We can use the commutative, associative, and distributive
properties stated in Proposition 4.1.10 to express vector addition and scalar
multiplication in terms of standard basis in Example 4.1.11.

Suppose v and w are given by

v = (zi) and w = (“Z) , (4.23)

respectively. Then, as in Example 4.1.11, we can write v and w in terms of the
standard basis to get

v=x11+y) and w=Tol+ yoj.

Then,
vtw = (2114 y1g) + (22t + o))

= Tyi+ Y1)+ 20+ y2)
= $1%+$2%+y15+y23

= (21 +32)i + (Y1 + ¥2)7;

so, we recover the definition of vector addition given in (4.17) and (4.18).
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Similarly, for the case of scalar multiplication, let ¢ € R and compute
e = c(xi+yi))

= crii+ e,
where we have used the distributive property in Proposition 4.1.10.

Example 4.1.14 (Vector—Parametric Equation of a Straight line). In this ex-
ample we use vector addition and scalar multiplication to obtain a parametriza-
tion of the straight line through the point P,(x,, y,) in the direction of a nonzero
vector v; see Figure 4.1.8.

Y

L
v
oo to -~
P, OP, +tv
b4
v
ol 4, 4 v

Figure 4.1.8: Vector Parametric Equation of a Straight Line

Suppose the vector v is given by
v=ai+bj,

where a? 4 b% # 0.

Denote the line through P,(z,,y,) in the direction of v by L. We would like
to find a vector—valued function o: R — R? whose image is L.

An arbitrary point

o(t) = z(t)i +y(t)j, forteR,

on the line L can be reached from the origin, O, by first going from the origin to
the point P, along the vector O—>Po shown in Figure 4.1.8, and then going from
the point P, along the direction of v through a scalar multiple, tv, of the vector
v. This is expressed as the vector equation

o(t) = OP +tv, forteR. (4.24)

The expression in (4.24) is the vector—parametric equation of the line L.
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As t varies over all real values, o(t) in (4.24) traces every point on L. For
instance, when t = 0, 0(0) = OP, determines the point P(z,,y,); when ¢t = 1,
o(1) = OP, 4 v is the point at the tip of the vector v that lies on the line L
when its starting point is at the point P,.

The vector O—Po> can be written as
Tol + Yo (4.25)
The scalar multiple, tv, of T is
tv = tai + tby, (4.26)
Combining the expressions in (4.24), (4.25) and and (4.26) yields
2(t)i + y(£)] = Toi + yoJ + ati + b7,

()i +y()] = (zo + at)i + (yo + bt)J, (4.27)

where we have used the properties of vector-addition and scalar multiplication
in the right-hand side of (4.27).

Equating corresponding components of the vectors in (4.27) yields the para-
metric equations of the line L:

for t € R,

r = Z,+ at;
y = Yo+t

which were the parametric equations of a straight line given in Example 3.2.5.

The Dot Product

Definition 4.1.15 (Transpose of a Vector in R?). Given a column vector

= (3)
o\
in R2, its transpose, denoted v7, is the row—vector
vl = [ a b ] .
Similarly, the transpose of a row—vector

R=[z1 u ]

RT _ Z1
Y1)’

is the column vector
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Remark 4.1.16. Column vectors and column vectors are different objects, even
though they might have the same entries. As such, we can not add a column
vector to a row vector. However, we can define a row—column product and a
column-row product. These products will not yield vectors. In fact, we’ll see
shortly that a row—column product yields a scalar (a real number). On the
other hand, a column-row product yields a 2 x 2 matrix. We will deal with
2 x 2 matrices in a subsequent chapter in these notes.

Definition 4.1.17 (Row—Column Product). Given a row—vector

R=[$1 yl}

o= (52)
Y2

where x1, z2, y1 and ys are real numbers. The row—column product, RC, is
defined by

and a column—vector

RC = [ 1 Y } (zj) = 2122 + Y1Y2. (428)

We will use the row—column product given in Definition 4.1.17 to define the
dot product of two vectors in R2.

Definition 4.1.18 (Dot Product of Vectors in R?). Given vectors v = <i1>
2

Y2
denoted by v - w, is the row—column of v and w. Thus, according to (4.28),

and w = (yl) , the dot product of v and w is the real number (or scalar),

x
vow=0vTw= [ T1 Y1 ] <y;> = T12T2 + Y2yo. (4.29)
Remark 4.1.19. The dot product, v - w, is also called the inner product, or
scalar product, of v and w. In some texts, v - w is also denoted by (v, w).

Using the definition of the dot product given in (4.29), we can derive the
following properties of the dot product.

Proposition 4.1.20 (Properties of the Dot Product). Let v, w and u denote
vectors in R? and ¢; and ¢y denote real numbers.

(i) (The dot product is positive definite). v-v > 0 for allv € R> and v-v =0
if and only if v is the zero vector.

(ii) (The dot product is symmetric). v-w = w - v.

(iil) (The dot product is bi-linear). (c1v + cow) - u = ¢1v - u + cow - u, and
v (cqw + cou) = c1v - w + cv - u.
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Example 4.1.21 (The dot product and the Euclidean norm). Let v = (?)
2

be a vector in R? and use (4.29) to compute
vov =3+ a3 (4.30)

Compare (4.30) with the definition of the Euclidean norm in (4.10) to rewrite
(4.30) as
v-v = |lv]|% (4.31)

The expression in (4.31) gives us an equivalent definition of the Euclidean
norm in terms of the dot product:

vl = Vv - v.

Example 4.1.22 (The dot product and the law of cosines). Let v = z10+ Y1)
and w = %21 + yoj denote vectors in R? as pictured in Figure 4.1.9.

Y
Py
Y2 +
w— v
w
Y1 + Pl
0 v
0 2 1 x

Figure 4.1.9: The dot product and the law of cosines

Assume that, with both v and w in standard position, the tip of v is at a
point P; and the tip of w is at a point P,. Then, the directed line segment P; P,
h

as the property that
v+ PPy, = w,

by virtue of the parallelogram rule for vector addition; thus,
—
P1P2 =w — .

This vector is sketched in Figure 4.1.9.

With v and w in standard position, we let 6 denote the angle between v and
w; this is the angle that the vector w makes with the half-line emanating from
the origin in the direction of v. This angle is indicated in Figure 4.1.9.

The triangle with vertices O, P; and P, shown in Figure 4.1.9 has sides of
lengths ||v]|, ||w — v|| and ||w||, with the angle between the sides of length ||v]|
and ||wl|| being ||w||. Thus, the law of cosines implies that

lw = v]|* = [Jv]]* + [[wl* = 2[jv]| ]| cos 0. (4.32)



46 CHAPTER 4. VECTOR FIELDS

On the other hand, using the properties of the dot product and (4.31), we
compute
lw—2l* = (w-v): (w-0v)

= wWww—w-v—v-w+v-v

lwl? = v w—v-w+[lo]|%

so that,
lw —l* = [lo]|* + [lw]|* — 2v - w. (4.33)

Comparing the equations in (4.32) and (4.33), we obtain that
v-w = ||[v]|||w|| cos b, (4.34)

which serves as an alternate definition of the dot product of v and w in terms
of the Euclidean norms of the vectors and the angle between them.

Example 4.1.23. Let v =7 and w = i 4+ j. Then, ||v| =1, [|w|| = V12 + 12 =
V2, and

vow=i- G+t i4ifot
Thus, if 0 is the angle between v and w, according to (4.34),

V2cosf =1,

from which we get that

cosf = L
V2’
which implies that
T
0 - 17

or 45°, since v lies along the positive z—axis, and w lies in the first quadrant in
the Cartesian plane

The calculations in Example 4.1.23 illustrate the fact that, if ||v|| and |Jw]|
are not zero, then we obtain from (4.34) that

vew
cosf = ——. (4.35)
[[ol[{[wll

It follows from (4.35) that, if v and w are non—zero vectors, the angle between
them is 57 or 90°, if and only if

vew=0. (4.36)
Vectors satisfying (4.36) are said to be orthogonal, or perpendicular.

Definition 4.1.24 (Orthogonality). Vectors v and w in R? are said to be or-
thogonal if and only if v - w = 0.
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Remark 4.1.25. Note that, according to Definition 4.1.24, the zero vector,
0 = 07 + 03, is orthogonal to every vector in R?; that is,

0-w=0, forevery we R2.

In fact, O is the only vector in R? that is orthogonal to every vector in R%. This
follows from property that the dot product is positive definite.

4.1.4 An Application: Tangent lines and linear approxi-
mations
In this section we use the vector—parametric equation of a line to represent the

tangent line to a curve C' parametrized by a differentiable path o: J — R2, for
some open interval J, at a given point o(¢,) on the curve, for some ¢, € J.

Definition 4.1.26 (Tangent line to a curve). Let C be a curve parametrized
by a differentiable path o: J — R?, where J is an open interval. For t, € J,
the vector—parametric of the thangent line to C' at the point o(t,) is given by

Ut) =0o(ty) + (t —to)o'(t,), forteR. (4.37)

/ )

Figure 4.1.10: Sketch of curve C' and tangent line at o(%,)

Figure 4.1.10 illustrates what can happen in a general situation. The line L
in the figure is parametrized by (4.37).

Example 4.1.27. A curve C is parametrized by the path o: R — R? given by

oty=ti+t>j, forteR. (4.38)
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Sketch the graph of C' and give the vector—parametric equation of tangent line
to C at the point (1,1).

Solution: To determine the image of the path o given in (4.38), set z = ¢ and
y = t2, for t € R, so that = x2. Thus, C is a parabola with vertex at the origin
sketched in Figure 4.1.11.

Figure 4.1.11: Sketch for Example 4.1.27

The point (1,1) correspond to t, = 1. Thus, according to (4.37), the vector—
parametric equation of the tangent line to C' at the point (1) is

Ut)y=0(1)+ (t—1)0'(1), forteR, (4.39)
where, differentiating the expression for o in (4.38) with respect to ¢,

o'(t) =i+2tj, forteR;

so that,

o' (1) =1+ 27.
This vector is sketched in Figure 4.1.11, and the line, L, parametrized by (4.39)
is also shown in the sketch. O

An examination sketch in Figure 4.1.10, and the sketch in Figure 4.1.10 in
Example 4.1.27, suggests that the tangent line can be used to approximate the
path o by the tangent line ¢ when ¢ is close to t,. We write

o(t) = L(t) for t close to t,,

or
o(t) = o(ty) + (t —to)o'(t,), fort close to t,. (4.40)

The right—hand side of (4.40) is called the linear approximation to the path
o for t near t,.
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Example 4.1.28. For the path o: R — R? given in Example 4.1.27, use the
linear approximation to estimate o(1.1).

Solution: Use the linear approximation
o(t)=o(l)+(t—1)o’(1), fort near 1,
to estimate
o(1.1) =~ o(1) + (1.1 — 1)o’(1),

or
o(1.1) ~ i+ 5+ (0.1)(i + 279),

or
o(1.1) ~ 1.1i + 1.2].

4.2 Vector Fields in the Plane

A path, o: J — R2?, is a vector-valued function that maps a real value t € .J
to a vector o(t) in the Cartesian plane. The vector o(t), drawn in standard
position, can be viewed as the location of a particle in motion at time ¢. In
this section we discuss another type of vector—valued function. This time the
domain of the function is a subset, D, of the plane, instead of an open interval.
Denoting this function by F', we have that

F:D — R% (4.41)

A function F in (4.41), where D is a region of the Cartesian plane is called a
vector field.

4.2.1 Examples of Vector Fields

We begin with examples in which the domain, D, of a vector field, F', is the
entire zy—plane. We then have that

F: R?> = R2

We have already encountered examples of vector fields in these notes. In
Example 2.3.1, we derived the system of differential equations

d
d;;’ = azx — Pay;
(4.42)
L
% = 0T

which models the interaction of two species in an ecosystem. The variable y,
which is a differentiable function of time ¢, represents the population size, or
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density, of species (the predator species) that depends solely on a prey species of
population density z, which is also a differentiable function of ¢, survival. The
parameters «, 8, v and § in (4.42) are assumed to be positive.

Consider the case in which

in (4.42). We then obtain the system

e _
i k]
(4.43)
dy
o - Wy

The system in (4.43) can be written in vector form as

x'(t) x— my)
= . 4.44
<y’(t)> <xy -y (4.44)
The left—-hand side of the vector equation in (4.44) is the derivative of a
differentiable path o: J — R?, for some open interval J, given by

ot) = (Z%) , forte

Denoting the right-hand side of the equation in (4.44) by F(z,y), we can
rewrite the equation in (4.44) as

o'(t) = F(z,y), (4.45)
where
F(z,y) = (iy_—%}) . for (z,y) € R%. (4.46)

The function F': R? — R? in (4.46) is an example of a vector field. Each
point (x,y) € R? gets assigned a vector, F(x,y). Pictorially, the vector F(x,y)
gets drawn in the zy—plane as an arrow (directed line segment) with its starting
point at (x,y). For instance, at (1,0) the vector field F in (4.46) yields the

vector
1 A
F(1,0) = <0> =1.

This vector is shown in Figure (4.2.12) with its starting point at (1,0).
Figure 4.2.12) also shows the vectors

F(1,1):<8) and F(0,0):(8>,

the zero vector. These are shown as dots at (1,1) and the origin, respectively,
in Figure 4.2.12.
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=

(1,1)
/)
v —

Figure 4.2.12: Sketch of vector field in (4.46)

Figure 4.2.12 also shows the vectors

F(0.25,0.25) = (_ggg) , F(1,0.25) = (0'g5> , F(2,0.25) = <01'255) :

F(2,1) = (?) F(1.5,2) = (_11'5>7 F(1,2) = (‘é)

F(0,15) = (195> .

We imagine that we plot the vectors F(z,y) with their starting points at
(z,y), for all (z,y) € R?, to visualize the vector field in (4.46). This will yield a
picture of the vector field that is more complete than the one shown in Figure
4.2.12. We can also use a mathematical software package to get a better picture
of the vector field in (4.46). For instance, we can use WolframAlpha® to get a
plot of the vector field in (4.46) in the first quadrant by typing

plot {x-xy, -y+xy}, {x,0,4},{y,0,4}

We obtain a graphics output shown in Figure 4.2.13. We note that the scale of
the magnitudes of the vectors plotted by WolframAlpha® is different from the
one that we used in the plot in Figure 4.2.12.

and

4.2.2 The Flow of a Vector Field

The WolframAlpha® command

plot {x-xy, -y+xy}, {x,0,4},{y,0,4}
yields a second graphics output shown in Figure 4.2.14.

We shall refer to the curves shown in Figure 4.2.14 as the flow lines of the
vector field F given in (4.46). The WolframAlpha® graphics output also refers



52 CHAPTER 4. VECTOR FIELDS

4 b S s e OO R
P S s e N OO R
] / - ‘\\\\\\\\\\

3 f - \\\\\\\\\\
f ~ \\\\\\\\\\
! RN Y U U U A N
' N U N U N N U

~ 2 AN W S SR SR W Y
A U Y U N N
Vovov oy oy
+ 4 t ]

1 1 '

0 e e e e e e
0 1 2 3 4

X

Figure 4.2.13: Sketch of vector field in (4.46)

to them as integral curves. They are also called trajectories, orbits, or
solution curves.

To understand how the flow lines of a vector field F'(z,y) come about, refer
to the vector equation in (4.45), which we restate here in slightly different form:

o'(t) = F(o(t)), forteJ, (4.47)

for some open interval J. We note that the vector—differential equation in (4.47)
is another representation of the Lotka—Volterra system in (4.43). A difference
between the two representations is that the equation in (4.47) makes the time
dependence explicit, while time, ¢, is implicit in the system in (4.43). The vector
equation in (4.47) also makes explicit the fact that the tangent vector o’ (¢) of
the path o: J — R? is prescribed by the vector field F. This observation will
form the core of the definition of the flow of a vector field to be presented shortly.
We consider the general situation of a vector field F': R? — R? given by

F(z,y) = f(z,y)i+g(x,y)j, for (x,y) € R?, (4.48)

where f and g are real-valued functions of two variables. In the Lotka—Volterra
example,
flxy) =2 -y, for (z,y) € R
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Computed by Wolfram|Alpha

Figure 4.2.14: Flow of vector field in (4.46)

and

9(z,y) = —y + wy,

for (z,y) € R2.

The flow of the vector field F' given in (4.48) consists of all curves generated
by differentiable paths o: J — R? satisfying the vector-differential equation in
(4.47). This corresponds to the set of solution curves of the system of differential

equations
dx
dt
dy
dt

f(ill', y);
(4.49)

9(x,y),

An instance of the general system in (4.49) is the Lotka—Volterra system in
(4.42). There are many problems in scientific applications that lead to two—
dimensional systems like the one in (4.49). We will get to see several examples

of these applications in these notes.

In the remainder of this section, we present a few simple examples of the
system in (4.49) for which we will be able to compute the flow of the vector field

in (4.48).
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Example 4.2.1. Compute and sketch the flow of the vector field

F(z,y) = xi—yj, for (z,y) € R (4.50)

Solution: The flow of the vector field in (4.50) are the solutions curves of the
system

de
a "
(4.51)
@y _
a -7

We note that each of the equations in the system in (4.51) can be solved
independently. Indeed solutions of the first equation are of the form

z(t) =cre’, forteR, (4.52)

and for some constant ¢;. To see that the functions in (4.52) indeed solve the
first equation in (4.52), we can differentiate with respect to ¢ to get

2'(t) = cret = x(t), forallteR.

We can also derive (4.52) by using separation of variables. We illustrate
this technique by showing how to solve the second equation in (4.51); namely,

dy _

7=V (4.53)

We fist rewrite the equation in (4.53) using the differential notation
1
— dy = —dt. (4.54)
Yy

The equation in (4.54) displays the variables y and ¢ separated on each side of
the equal sign (hence the name of the technique). Next, integrate on both sides

of (4.54) to get
1
/f dy = /—dt,
)

/é dy = f/dt. (4.55)

Evaluating the indefinite integrals on both sides (4.55) then yields

or

Inly| = —t + ki, (4.56)

where kp is a constant of integration.
It remains to solve the equation in (4.56) for y in terms of ¢. To do this, we
first apply the exponential function on both sides of (4.56) to get

eln lyl — e—t+k1 ,
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or, using the properties of the exponential function,

|y| = e_t ! ek17
or

ly(t)| = koe™",  for all t € R, (4.57)

where the constant et has been renamed ks. Note that, since et is positive for
all ¢, the expression in (4.57) can be rewritten as

ly(t)e'| = ko, for all t € R. (4.58)

Since we are looking for a differentiable function, y, that solves the second
equation in (4.51), we may assume that y is continuous. Hence, the expression
in the absolute value on the left-hand side of (4.58) is a continuous function of
t. It then follows, by continuity, that y(¢)e’ must be constant for all values of ¢.
Calling that constant co we get that

y(t)e! =cy, forallt € R,
from which we get that
y(t) = coe”,  forall t € R. (4.59)

Combining the results (4.52) and (4.59) we see that the parametric equations
for the solution curves of the system in (4.51) are given by

(Z/jgg) B (cczleett) , forteR, (4.60)

where ¢y and ¢, are arbitrary constants.

We will now proceed to sketch all types of solution curves determined by
(4.60). These are determined by values of the constants ¢; and ¢y. For instance,
when ¢; = ¢o = 0, (4.60) yields the constant function

(ﬁg) - (8) , forteR. (4.61)

The constant function in (4.61) is known as an equilibrium solution of the
system in (4.51). It corresponds to origin, (0,0), of the Cartesian plane, and
is sketched as a dot at the origin in Figure 4.2.15. Since (0,0) corresponds an
equilibrium solution of the system in (4.51), (0,0) is called and equilibrium
point of the system.

Next, if ¢; # 0 and ¢, = 0, then the solution curve

(i) = () e

will lie in the positive z—axis, if ¢; > 0, or in the negative x—axis if c; < 0. These
two possible trajectories are shown in Figure 4.2.15. The figure also shows the
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Figure 4.2.15: Sketch of Flow of Vector Field F' in (4.50)

trajectories going away from the origin, as indicated by the arrows pointing
away from the origin. The reason for this is that, as ¢ increases, the exponential
e! increases.

Similarly, for the case ¢; = 0 and ¢o # 0, the solution curve

()= (0) oriew

will lie in the positive y—axis, if co > 0, or in the negative y—axis if co < 0. In
this case, the trajectories point towards the origin because the exponential e~
decreases as t increases.

The other trajectories in the flow of the system in (4.51)correspond to the
case in which ¢; - ¢ # 0. To see what these trajectories look like, we combine
the two parametric equations of the curves,

x = ciel
{y _ c;e_t (4.62)

into a single equation involving  and y by eliminating the parameter ¢. This
can be done by multiplying the equations in (4.62) to get

Y = C1C2,
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or
Ty = ¢, (4.63)

where we have written ¢ for the product ci;ce. The graphs of the equations in
(4.63) are hyperbolas for ¢ # 0. A few of these hyperbolas are sketched in Figure
4.2.15. Observe that all the hyperbolas in the figure have directions associate
with them indicated by the arrows. The directions can be obtained from the
formula for the solution curves in (4.60), or from the differential equations in
the system in (4.51). For instance, in the first quadrant (z > 0 and y > 0),
we get from the differential equations in (4.51) that z'(¢) > 0 and y/(t) < 0 for
all ¢; so that, the values of x along the trajectories increase, while the y—values
decrease. Thus, the arrows point down and to the right as shown in Figure
4.2.15. O

Example 4.2.2. Sketch the flow of the vector field

F(x,y) =xi+2yj, forall (z,y) € R2 (4.64)

Solution: We compute the solutions curves to the system of differential equa-
tions

de
a Y
(4.65)
dy
Yo_ ooy
dt y

We proceed as in Example 4.2.1 and compute solutions of each equation in
(4.65) separately. We may use separation of variables, or simply write down the
solutions.

Solutions of the first equation in (4.65) are of the form

z(t) =cre!, forteR,
for some constant c;; while those of the second equation are of the form
y(t) = coy®, fort € R,

for some constant cs.
Thus, the parametric equations for the solution curves of the system in (4.65)

are given by
z(t)\ [ ciet
<y(t)> = <0262t)> , forteR, (4.66)

where ¢y and ¢y are arbitrary constants.

Next, we sketch all types of solution curves for the system (4.65).

As in Example 4.2.1, if ¢; = ¢o = 0, the equation in (4.66) yields the origin;
if ¢; # 0 and ¢o = 0, the trajectories are along the z—axis and point away from
the origin; while, if ¢; = 0 and ¢y # 0, the trajectories lie on the y—axis and
point away from the origin. These are all sketeched in Figure 4.2.16.
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Trajectories when ¢; # 0 and ¢y # 0 can be obtained by eliminating the
parameter ¢ from the parametric equations

r=cpel (4.67)
and
_ ot
Yy = coe”’, (4.68)
This can be done by squaring on both sides of the equation in (4.67) to get
2?2 = e

and combining this with (4.68) to get
y = ca?, (4.69)

where we have written ¢ for ca/c;2. The graphs of the equations in (4.69) are
parabolas. Thus, the trajectories for the system in (4.65) lie on parabolas given
by (4.69) and they all emanate from the origin. A few of these are sketched in
Figure 4.2.16. g

Figure 4.2.16: Sketch of Flow of F' in (4.64)

Example 4.2.3. Sketch the flow of the vector field

F(x,y) = —yi+zj, forall (z,y) € R% (4.70)



4.2. VECTOR FIELDS IN THE PLANE 59

Solution: We compute the solutions curves of the system of differential equa-
tions

e _
dt - y7

(4.71)
at '

We note that, in this case, the differential equations in (4.71) cannot be
solved separately. We have to combine them somehow. To do this, we think of
y as an implicit function of z, and apply the Chain Rule.

Imagine that, in some portion of the curve y is an explicit function of x; so
that,

y =y().

At the same time, x is a function of ¢; so that,
z = x(t);

consequently,
y=y(z(t)), fortel, (4.72)

where J is some open interval.

The equation in (4.72) displays y as the composition of a function x and a
function of t. Since we are assuming that x and y are differentiable functions,
the Chain Rule applies, and we obtain from (4.72) that

dy ,, dx
N "
Yy, @3
o dy  dy d
y dy da
_dy dv 474
dt  dz dt (4.74)

d
For points on the solution curves at which d—f # 0, we obtain from (4.74)
that

dy

dy at

de = dr (4.75)
dt

We can use the expression in (4.75) to combine the two differential equations
in (4.71) into one differential equation. Indeed, substituting the right—hand sides
of the equations in (4.71) into (4.75) yields

dy x

= ——. 4.
= (4.76)

Note that the differential equation in (4.76) involves only the variables z and
y. Note also that the variables in equation (4.76) can be separated to yield

y dy = —x dux. (4.77)
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Integrating on both sides of (4.77),

/ydy:f/mdx,

1 1
§y2 = —51'2 + cy, (478)
for some constant of integration c;.

Multiplying on both sides of the equations in (4.78) by 2, and setting C' =

2c1, yields

yields

y2 = _'I2+O7

or
22 +y? =C, (4.79)

for some constant C.

We see from equation (4.79) that the constant C' is non—negative. We also
see that solution curves of the system in (4.71) lie on concentric circles around
the origin of radius v/C, is C' > 0; or at the origin if C' = 0. In the latter case,
if C' =01in (4.79), then

? +y* =0,

which implies that z = y = 0; so that,

(i) = (o)

y(t) 0,

for all ¢ € R in this case. This yields the equilibrium point (0, 0) for the system
in (4.71).

Figure 4.2.17 shows the equilibrium point of the system in (4.71) and few of
the other orbits of the system. There is a direction associated with each of the
trajectories in the flow of the vector field in (4.70) sketched in Figure 4.2.17.
These directions are indicated by arrows on the concentric circles in the figure.
To see how those directions are obtained, look at the information given by the
system of differential equations in (4.71). In the first quadrant, z > 0 and y > 0;
so that, according to the differential equations in (4.71), z'(t) < 0 and y'(¢) > 0,
for all ¢t € R. Hence, = decreases in the first quadrant as ¢ increases, while y
increases. This is indicated by the two arrows sketched in the first quadrant in
Figure 4.2.17. Thus, the concentric circles in the flow of the vector in (4.70)
sketched in Figure 4.2.17 are oriented in the counterclockwise sense. O

Remark 4.2.4 (Time-Derivative Notation Convention). In the equation in
(4.73) we see the appearance of two derivatives of y. There is the derivative
with respect to x, which we denote with the usual prime notation y’. There is

d
also the derivative of y with respect to ¢, ey To distinguish between the two

kinds of derivatives, we introduce the notation g to denote the derivative of y
with respect to t; so that,

. dy

Y=
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Figure 4.2.17: Sketch of Flow of Vector Field in (4.70)

With this notation we have p
. T

T=—.
dt
We shall reserve the prime notation to denote the derivative with respect to x;
so that,
y =2
dx

With this notation convention, the equation in (4.73) can be rewritten as

and 1z’ =1.

y=y -
By the same token, the equation in (4.75) can be rewritten as

dy

de &

)

provided that & # 0.

With the notation introduced in Remark 4.2.4, the flow of a vector field
F: R? — R? given by

F(.L“,y) = f(ac,y)i +g($,y)j, for (.T,y) € RQa
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are the solution curves of the system
& = flz,y);

g = g(z,y).

We can parametrize the orbits sketched in Figure 4.2.17, and given by the
equation in (4.79), by the parametric equations

xz(t) = acos(t+ ¢);
for t € R, (4.80)
y(t) = asin(t+ ),
where a is a non—negative constant, and ¢ € R.

We can check that the coordinates, (z(t),y(t)), for ¢ € R, of the points on
the curve parametrized by the equations in (4.80), satisfy the equation in (4.79)
with C = a?. We can also check that = and y satisfy the system of differential
equations in (4.71).

In the following example, we show another way to obtain the solutions in
(4.80) of the system of differential equations in (4.71).

Example 4.2.5. Let F be as in Example 4.2.3 and let

_ (=@
o(t) = <y(t)> , forteld, (4.81)

for some open interval J, be a parametrization of curve in the flow of the field
F. Then, z and y are solutions of the system in (4.71); so that,

To= -y
(4.82)
Yy = x.

For each t € J, define r(t) to be the distance from from the point (x(t), y(t))
to the origin O(0,0). Consequently, r(t) is the Euclidean norm of the vector
o(t) given in (4.81); so that,

r(t) = |lo(t)], forte J. (4.83)

Next, define 6(t) to be the angle (in radians) that the vector o(t) in (4.81)
makes with the positive z—axis (see sketch in Figure 4.2.18); so that,

tan(0(t)) = 22, (4.84)

provided that z(t) # 0.
It also follows from the sketch in Figure 4.2.18 that

x(t) = r(t)cosf(t), forallte J, (4.85)
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Yy
ol(t)
() y(t)
\9(75)
x(1) \ @

Figure 4.2.18: Path o(t)

and
y(t) =r(t)sind(t), forallte J (4.86)
We first consider the case in which
o(t) £ <8> . forallteJ (4.87)

It follows from (4.83) that
r(t) = /(z(t)? + (y(t))?, forallte J. (4.88)

Hence, in view of (4.87), the Chain Rule implies that r as given in (4.88) is a
differentiable function of ¢, since it is a composition of differentiable functions.
Similarly, writing (4.84) as

0(t) = arctan (igg) ,  provided z(t) # 0, (4.89)

we see that 0 is a differentiabld function of ¢, by virtue of the Chain Rule.
We get from (4.88) that

r? =2 +y?, (4.90)
and from (4.84), or (4.89), that
Y
tanf = =. 4.91
an . (4.91)

We would like to obtain expressions for the derivatives of r and ¢ with respect
to t in terms of & and .

Taking the derivative with respect to ¢ on both sides of the expression in
(4.90) and using the Chain Rule, we obtain

d
2 — 9pi + 24y,

dt
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from which we get
dr 1, . .
pi ;(xm +yy), forr>0. (4.92)
Similarly, taking the derivative with respect to ¢ on both sides of (4.91) and
applying the Chain Rule and the Quotient Rule,

df@_xy—y:'r

2
sec” 0
dt x2

for x # 0;
so that, using the trigonometric identity
1 +tan®6 = sec? 9

and (4.91),

2 . .
Y=\ d0  xy—yi

Next, multiply both sides of the equation in (4.93) by 22, for x # 0, to get
de
(e* +9*) 5 = ©d — v
so that, in view of (4.90),

g 1

pri T—Q(ajy —yi), forr>0. (4.94)
Combine the equations in (4.92) and (4.94) to obtain the change of variables

equations

1
7= ;(x:‘r +yy);
(4.95)
. 1, . .
0 = 72(933/ — yi).

The equations in (4.95) will allow us to change the system in (4.82), that is
written in terms of the Cartesian coordinates x and y, to a new system written
in terms of the variables r and 6 defined by the equations (4.90) and (4.91).
Indeed, substituting the expressions for & and 3 given by the right—hand sides
of the equations in (4.82) into the right—hand side of the first equation in (4.95)
yields

.1
r=—(z(-y) +yz) =0,
or
7 =0. (4.96)
Similarly, substituting the expressions for & and y given by the right—hand sides
of the equations in (4.82) into the right—hand side of the second equation in
(4.95) yields

0 = Tiz(m —y(—y)) = Tig(wQ +17);
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so that, in view of (4.90),
0=1. (4.97)

Putting together the equations in (4.96) and (4.97) yields the system

r = 0
. (4.98)
0 = 1

The system in (4.98) is the system in (4.82) in terms of the variables r and
6. Note that the system in (4.98) can be integrated to yield

r(t) = a;
for t € R, (4.99)
0(t) = t+o,

where a and ¢ are constants of integration.
The expressions for r and 6 in (4.99) can now be used, in conjunction with
(4.85) and (4.86), to yield the solutions of the the system in (4.82):

z(t) = acos(t+ ¢);
for t € R,
y(t) = asin(t+ ¢),

which are the functions given in (4.80).

4.3 An Application: Conservation of Momen-
tum

In this section we present an application of the concepts and ideas discussed in
Chapter 3 and in the previous two section to study of motion of a particle in
the plane.

Consider a particle of mass m (measured in kilograms, for instance) that
moves in the Cartesian plane along a path o: J — R? given by

_ (=)
o(t) = <y(t)) , fortelJ (4.100)

where J denotes an interval of time.

The variable ¢ in (4.100) is measured in units of time (for instance, seconds).
The variables = ad y in (4.100) are measured in units of distance (say, meters).

The function o in (4.100) locates the particle at time ¢ as it moves along a
curve in the plane traced by the path o.

We can also write the path o in (4.100) as

o(t) =z(t)i+y(t)j, forte (4.101)
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If we assume that the component functions of ¢ in (4.101) are differentiable
functions of time, then the time derivative of o,

a(t)=a(t)i+yt)j, fortelJ, (4.102)

gives the velocity of the particle at time .

Thus, at every time t, the velocity vector ¢(t) in (4.102) is tangent to the
path at the point o(t); see the sketch in Figure to see an illustration of this
situation.

-

Figure 4.3.19: Path of a moving particle

If, in addition, we assume that the functions x and y are twice differentiable,
we can compute the second derivative of the path o,

G(t) = #(t)i +ij(t)j, forte (4.103)

The vector ¢ defined in (4.103) is called the acceleration of the particle. The
acceleration vector & gives the rate of change of the velocity vector and has
units of length over squared time (say, meters per second squared).

Law of Conservation of Momentum. The momentum of a particle of
mass m moving with velocity & (¢t) along a path o(t) is given by

p(t) =ma(t), forte J, (4.104)

The law of conservation of momentum states that the rate of change of the
momentum of a particle has to be accounted for by the vector sum of the forces
acting on the particle. In symbols,

p=1F, (4.105)
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where the symbol F' on the right-hand side of (4.105) denotes the vector sum
of all the forces acting on the particle of mass m.

Using the definition of momentum in (4.104), and assuming that the mass of
the particle is constant, the law of conservation of momentum in (4.105) reads

mé = F. (4.106)

The expression in (4.106) is also known as Newton’s Second Law of Motion.
In this section, we present two applications of the principle of conservation
of momentum in (4.106).

4.3.1 Trajectory of a Baseball

Assume that a baseball, after it leaves the batter box, travels in a plane in space,
which we identify with the xzy—plane. The variable x will denote the horizontal
displacement of the ball, while y denotes the vertical displacement of the ball.
Assume that, at time ¢ = 0 the location of the ball is at (z,,y,), the velocity
of the ball is
5(0) = Vozt + VoyJ.- (4.107)

An any time t > 0, the location of the center of mass of the baseball is given by
the vector—valued function

o(t) = z(t)i +y(t)j, fort=>0. (4.108)
See Figure 4.3.20 for an illustration of a possible path of the baseball.

Y

Yo+

81
S
8

Figure 4.3.20: Possible path of a baseball

We would like to determine the values of the vector—valued function in
(4.108) for all t > 0.

We assume that the components of the path o defined in (4.108) are twice
differentiable functions of time t. We can therefore apply the law of conservation
of momentum in (4.106).
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In this example we assume that the effects of wind speed and air drag are
negligible in comparison with the gravitational force acting in the baseball.
Consequently, we may assume that the vector sum of the forces acting on the
baseball at any point o(¢) in the path of the baseball is

F= _mgjv
as illustrated in Figure 4.3.20. Consequently, we obtain from (4.106) that
m(E(t)i + §(t)]) = —mgj, for all £ >0,

or
E)i+i(t)] = —gj, forallt>0, (4.109)

after canceling m from both sides of the equation.
Equating corresponding components in the vector equation in (4.109), we
obtain the system of differential equations

x = 0
(4.110)
y = —g
We can integrate the equations in (4.110) to obtain
T = c1;
(4.111)
Yy = —gt+eca,

where ¢; and ¢ are constants of integration.
Next, substitute the initial condition in (4.107) into the equations in (4.111)
to get
Voxz = C1;

Voy = Cg,

which yield the values of the integration constants in (4.111); so that

T = oz}
(4.112)
Y = —gt+ vy
The equations in (4.112) can in turn be integrated to yield
x(t) = ezt + c1;
. (4.113)
y(t) = —59152 + Voyt + C2,

where ¢; and co are constants of integration.
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Since we are given that the baseball is at (z,,¥,) at time ¢t = 0, it follows
from (4.113) that ¢; = x, and ¢y = y,. We therefore obtain from (4.113) that

x(t) = Voxt+ To;
1 for t > 0. (4.114)
y(t) = _59t2 + Voyt + Yo,

The equations in (4.114) give a parametrization of the trajectory of the
baseball from the time it leaves the batter box at the point (z,,y,) with initial
velocity given in (4.107).

We can determine the shape of the curve parametrized by the equations in
(4.114)by solving for the parameter ¢ in the first equation,

P 9307

/UOZE

and substituting into the second equation to get

1 T — X, 2 T — X,
=_Z o o) 4.115

which is the equation of a parabola in the xzy—plane with vertex at the point

with x—coordinate -
or Yo
xr =T, + or oy

that opens downward. A sketch of that parabola is shown in Figure 4.3.21.

Y

, T

Figure 4.3.21: Sketch of trajectory of baseball

4.3.2 Mass—Spring System

An object of mass m is attached to a spring. The object is lying on a horizontal
board that is assumed to be friction—less of the purpose of this example. See
Figure 4.3.22 for a schematic of this set—up.
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PAW

Figure 4.3.22: Mass—spring system at equilibrium

Let x(t) denote the z—coordinate of the object. We assume that x is a twice—
differentiable function of ¢. We assume that when the spring is not stretched or
compressed, the center of mass of the object has coordinate £ = 0. We refer to
this as the equilibrium position of the system. This is the situation depicted in
Figure 4.3.22.

Assume that at time ¢ = 0 the spring is stretched so that the center of mass
of the object has x—coordinate x,, where x, > 0. Assume also that, at that
time the object is at rest; so that, at time ¢ = 0, we have the following initial
conditions

z(0) = x4
(4.116)
#(0) = 0.

This situation is depicted in Figure 4.3.23.

AYAVAVAVAVAY:

0 Lo

Figure 4.3.23: Mass—spring system at time ¢ = 0

At time t = 0 the object is released. We would like to predict the location
of the center of mass of the object at any time ¢ > 0. To do this, we use the law
of conservation of momentum in (4.106).

In this case,

o(t) ==x(t)i, forteR,

because the motion is occurring in the direction of the xz—axis. Then,
G(t) = i(t)i, forteR. (4.117)

To model the forces acting on the object, first we use Hooke’s Law, which
states that, for small stretching or compression, the magnitude of the force
exerted by the spring on the object is proportional to the stretching (or com-
pression) of the spring. In symbols, if F; denotes the force the spring exerts on
object,

1]l = klxl,
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where k is a positive constant of proportionality. Furthermore, the force Fj
opposes the direction of the displacement. Consequently,

F, = —kxi. (4.118)

Next, if we assume that other forces acting on the object (e.g., the force of
friction between the object and the board on it the object slides) are negligible
by comparison with the force of the spring, we can conclude that the total vector
sum on the forces acting on the object is given by Fy in (4.118); so that,

F = —kui. (4.119)

Hence, combining (4.117), (4.119), and the Law of Conservation of Momen-
tum in (4.106), R )
mii = —ks,
from which we get that
mi = —kx. (4.120)

Like the equations in (4.110) that we obtained in Example 4.3.1, the equation
in (4.120) is a second-order differential equations because the highest order
derivative of the unknown function in the equation is the second derivative with
respect to time ¢. However, unlike the differential equations in (4.110), which
we were able to integrate to obtain their solutions, we are not able to integrate
the equation in (4.120) directly. In the remainder of this example, we will show
how to obtain solutions of the equation in (4.120).

Introduce a new parameter w by means of the equation

wi=—. (4.121)

&= —w?z. (4.122)

We will show how to find solutions of the second—order differential equation in
(4.122) by turning it into a system of first—order differential equations like the
ones we studied in Section 4.2.2.

Suppose that 2: J — R is a solution of the differential equation in (4.122),
for some open interval J. Define y to be the time derivative of z; so that,

y(t) = x(t), forteJ (4.123)
It then follows that y is a differentiable function of ¢ with

y(t) =i(t), forte
Hence, in view of (4.122) the function y solves the differential equation

y = —wir. (4.124)
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Thus, in view of (4.123) and (4.124), we see that the path o: J — R? given
by
o(t) = z(t)i+y(t)j, fortel,

solves the system of differential equations

To= oy
(4.125)
Yy = —wz.

The system of differential equations in (4.125) is reminiscent of the system in
(4.71) that we solved in Example 4.2.3. We may therefore proceed to determine
the solution curves, or trajectories, of the system in (4.125) as we did in Example
4.2.3 for the system in (4.71).

Proceeding as in Example 4.2.3, we can determine the trajectories of the
system in (4.125) by first computing

dy 'y  —wm
dr & y

so that,
dy wlx
- = 4.126
e ; (4.126)

We can solve the differential equation in (4.126) by separating variables:
y dy = —w’z da. (4.127)

Integrating on both sides of (4.127) yields

1 1
§y2 - 7§w2x2 + ¢, (4.128)
for some constant of integration c;.
Multiply both sides of the equation in (4.128) by 2 and rearrange terms to
get
Wwz? 4 9% = o, (4.129)

where we have set ¢y = 2¢;.
Next, divide both sides of the equation in (4.129) by w? to get

2, Y
xc + el (4.130)

C2
E.

We note that the constant ¢z in (4.130) is non-—negative. To emphasize this
fact, we set

where we have set ¢z =

C3 :a2,
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for some non—negative real number a. We can then rewrite the equation in
(4.130) as

2 Y 2
v+ 55 =d (4.131)
If a =01in (4.131) we get that
r=y=0;

so that, the origin is a possible trajectory of the system in (4.125). This is the
equilibrium solution, (0,0), sketched in Figure 4.3.24.

Y

Figure 4.3.24: Sketch of phase portrait of the system in (4.125)

For the case a > 0, divide both sides of the equation in (4.131) by a? to get

$2 y2
S+ =1 (4.132)

The graph of the equation in (4.132) is a circle of radius a centered at the origin
in the case in which w = 1. If w # 1, the graph is an ellipse with vertices (—a, 0)
and (a,0) on the xz—axis and vertices (0, —wa) and (0,wa) on the y—axis. The
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sketch in Figure 4.3.24 shows a few of those ellipses for varies values of @ > 0 in
the case w > 1. The sketch also shows the direction along the orbits dictated
by the system of differential equations in (4.125).

We next use a parametrization of the orbits sketched in Figure 4.3.24 to
determine solutions of the system of differential equations in (4.125).

Rewrite the equation of the trajectories of the system in (4.125) given in

(4.132) as
2 2
() + (L) =1 (4.133)
a wa
The equation in (4.133) suggests that we define

=sin(0(t)), forteR,

Qly

and
R cos(0(t)), forteR,
wa

where 6 is a differentiable function of ¢; so that,

z(t) = asin(0(t));
for t € R, (4.134)
y(t) = awcos(6(t)),

are the parametric equations of the solution curves of the system in (4.125),
some of which are sketched in Figure 4.3.24.

We have encountered the function € in the parametric equations in (4.134)
previously in these notes. In Example 4.2.5 we defined 0 to the the angle that
the path o(t) makes with the positive z—axis. We also saw in that example that
0 is a differentiable function as a consequence of the Chain Rule.

Using the Chain Rule, we compute the derivatives of the functions in (4.134)
to get

i = afcos(f);

y = —abwsin(h),
which, in view of the definitions of 2 and y in (4.134) yields

_ 0
r = =Y

w (4.135)
Yy = —fwz.

Comparing the equations in (4.135) with those in (4.125) we see that
0=w. (4.136)
The differential equation in (4.136) can be integrated to yield

0(t) =wt+¢, forallteR, (4.137)
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since w is constant, where ¢ is a constant of integration.
Substituting the values of §(¢) in (4.137) into the equations in (4.134) yields

x(t) = asin(wt+ ¢);
for t € R, (4.138)
y(t) = awcos(wt+ @),

The parametric equations in (4.138) are the solutions of the system of differ-
ential equations in (4.125). We note that a and ¢ in (4.138) are two constants of
integration. The symbol w is the parameter that appears in the second equation
in (4.125).

The first equation in (4.138)

x(t) = asin(wt + ¢), fort € R, (4.139)

yields the general solution of the second order equation in (4.122), which we set
out to solve at the outset of this example.

With the general form of the solution of the second—order equation in (4.122)
given in (4.139), we can solve the problem that we stated at the start of this
example: Determine the location, x(t), of the object in the mass—spring system
at any time t > 0, given that the object is at location z(0) = z, > 0 at time
t = 0, and is released from rest at that time. This problem can be stated as the
following initial value problem (IVP):

2

i(g) ;wxf;; (4.140)
i(0) = 0.

We have already seen that the general solution of the second-order differ-
ential equation in (4.140) is given in (4.139), where a and ¢ are constants of
integration. We next determine values of a and ¢ so that the initial conditions
are satisfied.

From (4.139) we obtain that

z(t) = awcos(wt + @), fort € R, (4.141)

where we have used the Chain Rule.
Substitute 0 for ¢ in (4.139) and (4.141), and use the initial conditions in
(4.140) to get

(4.142)

asin(¢) To;
awcos(¢) = 0.

We first note that a cannot be 0; otherwise, (¢) = 0, for all ¢, according to
(4.139), and this is incompatible with the initial condition =, > 0. Hence, since
we are also assuming that w > 0, we get from the second equation in (4.142)
that

cos(@) = 0;
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thus, we can take
p="_. (4.143)
2
Substituting the value of ¢ in (4.143) into the first equation in (4.142) then
yields
a = x,. (4.144)

Substitute the values for a and ¢ in (4.144) and (4.143), respectively, into
the formula for z(t) in (4.139) to get

z(t) = x, sin (wt + %) , forteR,
which, using the trigonometric identity
sin(A 4+ B) = sin A cos B + cos Asin B,

can be rewritten as
x(t) = x,cos(wt), forteR. (4.145)

T o

Figure 4.3.25: Sketch of z as a function of ¢

Figure 4.3.25 shows a sketch of the graph of = given in (4.145) as a function
of t. We see from the sketch that the model in (4.122) predicts oscillations of
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the object in the mass—spring system about the equilibrium position © = 0. The
period, T', of the oscillations is given by the expression

Wl =2,
from which we get that
2
=", (4.146)
w

The frequency, f, of the oscillations of the mass—spring system is given by
the reciprocal of the period, T, in (4.146):

-
oo’

f (4.147)
Thus, the parameter w in the equation (4.122) is related to the frequency of
oscillations of the mass—spring system. Indeed, w, defined by the equation in
(4.121) as

w= L (4.148)

)

m

is called the angular frequency and is measured in units of radians per second.
Combining (4.147) and (4.148) we get the following formula for the frequency,

1 |k
f_% Ea

in terms of the original parameters of the mass—spring system in (4.120).
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Chapter 5

Linear Vector Fields in Two
Dimensions

5.1 Definition of a Linear Vector Fields

A function F: R? — R? is said to be a linear vector field if it is given by an
expression of the form

z\ _ fax+by x 9
) (=), e (ew,

where a, b, ¢ and d are real numbers (constants).

We note that, starting in this chapter, we adopt the convention of using
columns to denote vectors in in R2. We are also dropping the arrow above the
symbol to denote names of vectors. The context will make it clear when we
are talking about vectors and not numbers. We shall also refer to numbers as
“scalars” to distinguish them from vectors.

Examples of linear vector fields are

F <x> - <2I> for all <$) € R2,
y —y y
F (Jj) = (2$+y> , for all (1‘) € R2.
Yy =Yy Yy

The vector field associated with the Lotka—Volterra system, namley,

F (x> - (O‘x - ﬁxy) . for all <m) € R2
y Bry — vy y

where «, 8 and 7 are real constants, is not linear (Why?).
Another example of a two—dimensional vector field that is not linear is pro-

vided by
2,2
F (””) - (”“" y ) . for all (”””) € R2.
(0 2zy Yy

79

and
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5.2 Matrices and Matrix Algebra

The general form of linear field given in (5.1) can be written in a more compact
way by using matrix notation. In this section we discuss definitions of matrices
and matrix products and present some of their properties.

A matrix is an array of numbers organized in rows of and columns. An m xn
matrix consists m rows and n columns. In this course we will deal only with
the cases in which m and n are 1 or 2.

A 2 x 1 matrix is a column vector

(g) , (5.2)

2 rows and 1 column. We will use column vectors of the form in (5.2) to represent
vectors in R2.
A 1 x 2 matrix is a row vector of the form

(a b). (5.3)
Denote the column vector in (5.2) by v and the row vector in (5.3) by R.

Definition 5.2.1 (Row—Column Product). The row-column product, Rv, is
the scalar obtained by

Rv=(a b) @ = az + by. (5.4)

We note two things about the product in (5.4):
(i) it is the first entry in the definition of the linear vector field in (5.1);

(ii) It is the dot product of the vectors w = ai 4 bj and v = xi + yJ.

W= (Z) 7 (5.5)

the transpose of the column vector w, denoted by w7, is the column vector
obtained from w in (5.5) as follows

W = (g)T — (o )

Thus, given two column vectors

=) = ()

we can from the row—column product of w? and v to get

wiv=(a b) (5) = ax + by,

Writing
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which is the dot product of the vectors w and v in R2. We then have that

W-V=W V.

In general, a 2 x 2 matrix is an array, A, of the form

A= (‘CZ Z) , (5.6)

where a, b, ¢ and d are real numbers.
The matrix A in (5.6) is made up of two rows

Rlz(a b) and Rg:(c d),

= () wa s ().

A= (gz) , (5.7)

A= [vl VQ] .

or two columns

We can therefore write

or

We can use the row—column product defined in Definition 5.2.1 to define the
product of a matrix and a vector.

Definition 5.2.2 (Product of Matrix and a Vector). Given a 2 x 2 matrix A
and a (column) vector v, the product, Av, is the column vector obtained as
follows: Write the matrix A in terms of its rows as in (5.7); then, compute

Ay = @;) v= (g;) (5.8)

Thus, if A is as given in (5.6) and v is the column vector given in (5.2), then

_fa b\ (z\ [(ax+by
w= (0 ()= (). (5.9)
Comparing (5.1) and (5.9) we see that the linear vector field in (5.1) can be
written as multiplication by the 2 x 2 matrix A given in (5.6). We then have

that
F (m) —A <w> . for all <""”> € R2. (5.10)
y y y

According to (5.10), every linear vector field F': R? — R? has a 2 x 2 matrix,
A, associated with it.



82 CHAPTER 5. LINEAR VECTOR FIELDS IN TWO DIMENSIONS

Example 5.2.3. The matrix associated with the linear field F: R? — R? de-

fined by
F(m):( y), for ($>ER2,
Yy —4x y
0 1
T

Definition 5.2.4 (Matrix Multiplication). Given 2 x 2 matrices A and B, write
the matrix A in terms of its rows as in (5.7), and write B in terms of its columns,

is

B = [vl V2:|.

The matrix product AB is the 2 x 2 matrix obtained as follows

(R _ (Rivi Ryve
AB = (RQ) [vi vo] = (Rm Rsz) . (5.11)
Example 5.2.5. Let A denote the 2 x 2 matrix
3 -1
A= (5 _3>, (5.12)

and B the 2 x 2 matrix

B— (; }) : (5.13)

Then, using the formula in (5.11), we compute

3 -1 1 1 -2 2
AB = (5 —3) (5 1) = (—10 2)' (5.14)
Example 5.2.6. Let A and B be as given in (5.12) and (5.13), respectively.
We can also form the matrix product BA:

(G DE DG e

Comparing the results in (5.14) and (5.15) we see that
AB # BA; (5.16)
thus, matrix multiplication is not commutative.
The statement in (5.16) is justified by the notion of matrix equality.

Definition 5.2.7 (Matrix Equality). Two matrices are said to be equal if and
only if corresponding entries in the matrix are the same.
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Example 5.2.8. Let A and B denote the 2 x 2 matrices given by
1 -1
=(2 )
1 3
s-(13)
1 -1\ /1 3 0 0
(LN -(00) o1

Definition 5.2.9 (Zero Matrix). The 2 x 2 matrix whose entries all all 0 is
called the zero 2 x 2 matrix. We will denote it by the symbol O; so that,

0 0
0-(0)
Example 5.2.10. Let A and B denote the 2 x 2 matrices given by
0 -2
(05
_(-3/2 1
b= (1/2 o) '
1 1 0
= ) (8 0)-1)
We also compute
1 0
0 1/°

BA— ( 3/2 1
Definition 5.2.11 (Identity Matrix). The 2 x 2 matrix

1/2 0
6 3)

is called the 2 x 2 identity matrix. We will denote it by the symbol I; so that,

1:<(1) ‘1))

For the matrices A and B in Example 5.2.10, we saw that

and

Then,

and

We compute

AB=BA=1.

When this happens we say that the matrix A is invertible.
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Definition 5.2.12 (Invertible Matrix). A 2x 2 matrix A is said to be invertible
if there exists a 2 x 2 matrix B such that

AB=BA=1. (5.18)

If (5.18) holds true, we also say that B is the inverse of A and denote it by A~1;
so that,
AAT =ATTA=1T

Definition 5.2.13 (Matrix Addition). Given two matrices, A and B, of the
same size, the matrix A + B is obtained by adding corresponding entries. We
have three cases two consider.

(i) Adding two 2 x 2 matrices.
Let A and B be 2 x 2 matrices given by

(a1 b _faz by
A_<cl d1> and B—(C2 dg)’

respectively. The sum A + B is defined by

(a1t a2 by + bo
A+B_(C1+62 d1+d2>'

(i) Adding two column—vectors in R2.

Let v; and v, be vectors in R? given by

1 €2
vy = and vg = ;
(yl) (y2>

respectively. The vector sum vy + vo is defined by
1+ o
Vi + ve = .
! ? (y1 + yz)

(iii) Adding two row—vectors in R2.

Let R, and Ry be row-vectors in R? given by
R1 = (a1 b1) and R2 = (CLQ bg) s
respectively. The sum R; + Rs is the row—vector defined by

R1+R2:(a1+a2 b1+b2).

Remark 5.2.14. The addition of a column—vector and a row vector is not
defined, neither is the addition of a 2 X 2 matrix and a vector.
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Example 5.2.15. Let A and B denote 2 x 2 matrices given by

0 -2
A—<1 3> and B—(

respectively. Then
A+ B =0,

0 2
-1 3

).

85

where O is the 2 x 2 zero matrix. We say that B is the additive inverse of A

and write
B=-A.

Definition 5.2.16 (Scalar Multiplication). Given a matrix A and a real number
t, the matrix tA is obtained by multiplying every entry in the matrix by t. We

have three cases two consider.

(i) Scalar multiple of a 2 x 2 matrix.

Let A be the 2 x 2 matrix given by

A:@ g).

The matrix tA is defined by

ta tb
tA = (tc td) ’

(ii) Scalar multiple of a column-vector in R?.

Let v be a vector in R? given by

()
o (3)

(iii) Scalar multiple of a row—vector in R2.

The vector tv is defined by

Let R be a row—vector in R? given by
R= (a b) .
The row—vector tR is defined by

tR = (ta D).
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Example 5.2.17. Let A denote the 2 x 2 matrix given by
0 -2
A= (1 3) .
Compute A% + 34 + 21, where I is the 2 x 2 identity matrix.

Solution: First, we compute

O i I (i B i

Then
-2 6 0 -2 1 0
2 _
A2 43A+2] = (_3 7)+3(1 _3)+2(0 1)
-2 6 0 -6 2 0
- (596 )6 2)
- 0 0
0 0)’
so that
A 4+ 3A+2I =0,
the 2 x 2 zero matrix. O

5.2.1 Properties of Matrix Products

In this section we list a few of the properties of the matrix and vector operations
that have been defined so far. These operations will be used in various matrix
calculations in these notes.

Proposition 5.2.18 (Distributive Properties).

(i) For 2 x 2 matrices A, B and C,

A(B+C)=AB+ AC.
(ii) For 2 x 2 matrices A, B and C,
(A+ B)C = AC + BC.
(iii) For a 2 x 2 matrix A and column-vectors v; and vy in R?,
A(vy +va) = Avy + Avs.

(iv) For 2 x 2 matrices A and B, and a column-vector v in R,

(A+ B)v=Av+ Bv.
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(v) For a scalar t and column—vectors v; and vo in R2
t(v1 + va) = tvy + tva.

(vi) For a scalars t and 7, and a column-vector v in R?,

(t+r)v=tv+rv.

Proposition 5.2.19 (Associative Properties).
(i) For 2 x 2 matrices A, B and C,
A(BC) = (AB)C.

(ii) For a 2 x 2 matrix A, a column—vector v, and a scalar ¢,

A(tv) = tAv

Remark 5.2.20. The properties in Proposition 5.2.18 and 5.2.19 can be derived
by using the definition of the operations in Definitions 5.2.4, 5.2.13 and 5.2.16.

Example 5.2.21. In Example 5.2.17 we saw that the matrix

0 -2
(). 1)
satisfies the equation
A% 434421 = 0. (5.20)
We can rewrite (5.20) as
A% 4 3A =21 (5.21)

We can then use the distributive properties to rewrite the left—hand side in
(5.21) to get
A(A+31) = —2I, (5.22)

where we have also used the fact that A = Al. )
Next, multiply on both sides of (5.22) by the scalar —5 and use the dis-
tributive and associative properties, to get

A {—;(A + 31)} T (5.23)

It follows from (5.23) and Definition 5.2.12 that the matrix A given in (5.19) is
invertible, and its inverse is given by

1
A_l == _5(14 + 3[),
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or 1 3
Al = —CA-CT
2772

50330
(—1(/)2 3}2)+(_362 —3(}2>?

A7l = (:i’g é) . (5.24)

In the next section we will see another way to obtain the result in (5.24).

so that

5.2.2 Invertible Matrices

In this section we will see that the 2 x 2 matrix

A= (Cc‘ Z) (5.25)

has an inverse provided that ad — be # 0.
The expression ad — be is called the determinant of the matrix A in (5.25)
and will be denoted by det(A). We then have that

det(A) = det (i Z) = ad — be. (5.26)
Assume that det(A) # 0 and look for a 2 x 2 matrix B, given by

B= @ fv) , (5.27)

where z, y, z and w are unknowns to be determine shortly, such that
AB =1, (5.28)

the 2 x 2 identity matrix, or
a b\ (z =z\ (1 0O
c d)\y w) \0 1)’

ar+by az+bw) (1 O
(cx—i—dy cz+dw)_<0 1)' (5.29)

It follows from (5.29) that (5.28) is equivalent to the system of equations

or

ar+by =
cx + dy
az + bw
cz+dw =

(5.30)

— o O
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We first consider the case in which
a0 and c¢#D0. (5.31)

In this case, we can solve the second equation in (5.30) for z to get

d
=_Z 32
T Cy, (5.32)

and substitute into the first equation in (5.30) to get

ad
—Lytbhy=1

which can be solved for y to yield

___°c
Y= T ad —be
or
S (5.33)
Y7 T det(A) '
Combining (5.33) and (5.32) we get that
d
= . . 4
T Qet(4) (5:34)

Similarly, if (5.31) is true, then we can solve the third equation in (5.30) for z
to get

b
2= ——w. (5.35)

Substituting (5.35) into the last equation in (5.30) then yields

b
——cw—i—dw: 1,
a

which can be solved for w to yield

a

w = dct(A)’ (5.36)
Combining (5.35) and (5.36) then yields
b
z= ~det(A)” (5.37)

It follows from (5.27), (5.28), (5.33), (5.34), (5.37) and (5.36) that the matrix

B = detl( 7y (_“Cl _2) (5.38)
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for the case in which det(A) # 0 and (5.31) holds true, is such that
AB=1.

It can also be verified that BA = I (see Problem 1 in Assignment #13). Thus
the matrix in (5.38) is the inverse of A for the case in which det(A) # 0 and
(5.31) holds true.

Next, assume that det(A) # 0 and

a=0 or c¢=0. (5.39)
Suppose that a = 0; then,
det(A) = —bec # 0; (5.40)
so that
b#A0 and c¢#0. (5.41)

It then follows from the first equation in (5.30) that
by =1,

from which we get that

Y= (5.42)

S| =

since b # 0 by the first condition in (5.41).
Next, use the second condition in (5.41) and (5.40) to rewrite (5.42) as

det(A)

y= (5.43)

Next, use the second condition in (5.41) to solve the second equation in (5.30)

to get
d

= ——1. 5.44
z=——y (5.44)
Combining (5.44) and (5.43) then yields that
d

Continuing with the assumption that ¢ = 0, and using the first condition in
(5.41), we obtain from the third equation in (5.30) that

w =0, (5.46)

we can rewrite as a
= 5.47
YT et(A) (5.47)

since a = 0.
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Finally, substituting the result in (5.46) into the last equation in (5.30) we
get

cz =1,
which can be solved for z to yield
1
== 5.48
==, (5.49)

in view of the second condition in (5.41). We can then use (5.39) to rewrite
(5.48) as
b

T det(A)

We note that the results in (5.45), (5.43), (5.49) and (5.47) are precisely the
results in (5.33), (5.34), (5.37) and (5.36), respectively, which is the result that
we obtained in the previous case. Consequently, in this case as well we obtain
that the inverse of A in (5.25) is given by B in (5.38).

The second option in (5.39) (namely, ¢ = 0) yields the same result. We
therefore conclude that, if A given in (5.25) is such that det(A) # 0, then A is

invertible and
-1 1 d —b
AT = det(A) \—¢ a)’ (5-50)

. (5.49)

Example 5.2.22. Let A be the matrix in Example 5.2.21; namely,

A= G _g) (5.51)

Then, det(A) = 2; so that, det(A) # 0. Thus, we can use the formula in (5.50)
to compute the inverse of A in (5.51) to get

1 (-3 2
1—7
A _2<—1 0)’

which yields the same matrix in (5.24) obtained in Example 5.2.21.

5.3 Geometry of Linear Functions

In this section we provide a geometric interpretation for the determinant of a
2 X 2 matrix.
Let A denote the 2 x 2 matrix

A= (‘CL Z) , (5.52)

where a, b, ¢ and d are real numbers.
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We have seen that this matrix can be used to define a linear function

T:R? - R? by
T <x) =A <x) . for all <x> € R2. (5.53)
y y y

We would like to understand geometrically how the function 7" defined in
(5.53) acts on R2. To do this, consider the sketch in Figure 5.3.1. The Figure

T

Y Y
T(@)+71(j)
T(j)
~ ~ d T
i £ it AN A
¢+ T(z)
U
N v--W)u 1
’% T b a T

Figure 5.3.1: Action of a linear function

shows the unit vectors ¢ and j and the square of vertices O, i, j and i + ; on
the left—side of the sketch, and the effect that the function 7" has on that square
on the right—hand side of the sketch, for the case in which all the entries of the
matrix A in (5.52) are assumed to be positive.
We compute
T@) = A

- (£ 9)0)
_ () |

Thus, T(7) is the first column of the matrix A given in (5.52).
Similarly,

ey
G

so that, T'(j) is the second column of the matrix A given in (5.52).
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The vectors T(z) and T'(j) are shown on the right-hand side of the sketch
in Figure 5.3.1 for the case in which a, b, ¢ and d are positive, b < a and ¢ < b.
The sketch in the figure shows that 7" maps the square pictured on the left of
the figure to the parallelogram shown on the right—hand side of the sketch. To
see why this is the case, compute

T(i+j) = A@+))
= Ai+Aj

= T()+70)

so that, T maps the corner of the square on the left of the sketch in Figure
5.3.1 at 7+ j to the vector sum, T'(i) + T(j), of the images of 7 and j under the
function T'. Thus, according to the parallelogram rule of vector addition, the
image of i —|—§' under T lies on the vertex of a parallelogram that is diagonally
opposed to the origin. This parallelogram is shown on the right—hand side of
the sketch in Figure 5.3.1.

We would like to compute the area of the parallelogram with vertices at O,
T(i), T(j) and T(i) + T(j) pictured on the right-hand side of the sketch in
Figure 5.3.1 in terms of the entries of the matrix A in (5.52).

Denote T'(i) by u and T(j) by v; so that,

u= (i) and 0= (Z) . (5.54)

We will denote the parallelogram with vertices at O, T'(z), T'(j) and T(z) +
T(j) by P(u,v) and the dote the area of the parallelogram by area(P(u,v)).
Then,

area(P(u,v)) = |lul|h, (5.55)

where ||u| is the length of the vector u and h is the height of the parallelogram;
that is, h is the distance from the vector v to the line thorough the origin in the
direction of .

Using the result of Problem 5 in Assignment #5, we see that the point
through « in the direction of u that is the closest to v is

(v-4)a,

where )
U= —u, (5.56)
[[ul

a unit vector in the direction u. Consequently,
h=lv—(v-a)al. (5.57)
Squaring on both sides of the equation in (5.55), we get
(area(P(u, v)))* = [|ul*h?; (5.58)
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so that, substituting the value for h in (5.57) in (5.58) yields
(area(P(u,v)))* = [lul*|v — (v - @)al. (5.59)
Next, use the properties the dot product in (5.59) to compute
(area(P(u,v)))? = [ul*(v— (v-@)d)- (v - (v-@)i)

= JulPv-v—(v-a)v-a—(v-a)a-v+ (v-a)%a-a);

thus, using v - v = ||v]|? and the fact that @ is a unit vector,
(area(P(u,v)))* = [ul*(Jo]* = (v @)?), (5.60)

where we have also used the symmetry of the dot product.
Next, use the definition of @ in (5.56) to get from (5.60) that

area u,v 2:U2 ’U2— ! 'U'Uz
(area(P(u ) = ul® (Io? = rzto-0?)
from which we get that
(area(P(a0)))? = o] — (- w)” (561

We can express the right—hand side of (5.61) in terms of the components of
w and v in (5.54), namely

[u>=a®+ ¢, o> =b*+d?, and v-u=ab+cd,
to get that

(area(P(u,v)))? (a® + 2)(b? + d?) — (ab + cd)?

= a®b? + a®d® + b + 2d? — (a®b? + 2abed + c2d?)
= a*d* + *b? — 2abed

= (ad)? — 2(ad)(bc) + (bc)?,
from which we get that
(area(P(u,v)))? = (ad — bc)?. (5.62)
Taking the square root on both sides of (5.62) then yields
area(P(u,v)) = |ad — be]. (5.63)

We recognize on the right-hand side of (5.63) the expression ad — be for the
determinant of the matrix A in (5.52). We can therefore rewrite (5.63) as

area(P(u,v)) = |det(A4)], (5.64)

where w and v are the columns of the matrix A. Hence, according to (5.64),
the absolute value of the determinant of A gives the area of the parallelogram
determined by the columns of A.
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5.4 The Flow of Two—Dimensional Linear Fields

The goal of this section is to compute the flow of two—dimensional linear fields
F: R? — R? given by

z\ _ [(azx+by x 2
PO =) W (e b
The flow of F' in (5.65) is made up of curves parametrized by paths

(“’) ‘R — R2
y

satisfying the differential equations

dx

P = ax + by;

(5.66)
d—y = cr+d
at v

We can rewrite the system in (5.66) in vector form as

§)-+)

A= <‘; Z) 7 (5.68)

and where we have used the notation convention for time—derivatives introduced
in Remark 4.2.4.

where A is the 2 x 2 matrix

Example 5.4.1. Consider system
T = =9y
(5.69)
y = x—06y.

The matrix corresponding to the system in (5.69) is

A= <(1) :2) . (5.70)

)
w= (0 (1) - (3):

Let v be the vector

We note that
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so that,
Av = —-3v (5.72)
We will show that the path
(”””) ‘R — R
Y
defined by
(zgg) =ce 3y, forteR, (5.73)

where ¢ is a constant and v is the vector in (5.71), is a solution of the equation

(§)-4)

where A is the 2 x 2 matrix given in (5.70). Indeed, taking the derivative with
respect to ¢ on both sides of (5.73) yields

(5) = glee

so that, by virtue of (5.72)

($> = ce 3t Av.
Yy

Consequently, using the properties of the matrix product,

<’?> = Afce ). (5.75)

Y
Comparing (5.73) and (5.75) we see that

(5)=4C)
which is (5.74).

We have therefore obtained solutions of the system in (5.69) which lie on
a line determined by the vector v in (5.70). These solutions are sketched in
Figure 5.4.2. The sketch shows the origin, corresponding to ¢ = 0 in (5.73),
and two half lines pointing towards the origin correspond to ¢ > 0 (in the first
quadrant), and to ¢ < 0 (in the third quadrant). The lines point towards the
origin because of the decreasing exponential in the definition of the solutions in
(5.73).
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Figure 5.4.2: Sketch of (5.73)

Example 5.4.1 illustrates a special situation in the flow of linear fields. In
some cases, trajectories along the flow will lie on lines through the origin. We
shall refer to these special solutions as “line solutions.”

Line solutions for a system of the form

(”3) =A (x> 7 (5.76)
Y Y

where A is a 2 x 2 matrix, occur when there exists a nonzero vector v in R?
such that

Av = v, (5.77)

for some scalar A. When this is the case, the paths

(;8) =ceMy, forteR, (5.78)

for arbitrary constant c, yields solutions of the system in (5.76). The solutions
in (5.78) yield the origin for the case ¢ = 0, and two half-lines in the direction
of the vector v pointing towards the origin if A < 0, or away from the origin if
A>0.

We are able to find line solutions of the system in (5.76) as long as we are
able to find scalars A for which the equation in (5.77) holds true. This is a
very special situation; when it occurs, we call the scalar A an eigenvalue of the
matrix A; a corresponding nonzero vector v for which (5.77) holds true is called
an eigenvector for A.
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5.4.1 Eigenvalues and Eigenvectors

A= (Z 2) , (5.79)

we say that a scalar A is an eigenvalue of A if there exists a nonzero vector

()
£ 96)-+6)

Thus, to find eigenvalues for the matrix A in (5.79), we first need to find con-
ditions on the entries of A that will guarantee that the equation in (5.80) has
nonzero solutions. The equation in (5.80) can be written as system of two linear
equations

Given a 2 x 2 matrix

such that

ar+by = A
cx+dy = My,
or ( )
a—Nx+by = 0
{ cx+(d—-Ny = 0. (5:81)

By inspection we see that the system in (5.81) has the zero solution.

()= ()

For this reason, this solution is usually referred to as the trivial solution. How-
ever, in some cases, the system in (5.81) might have infinitely many solutions
(this would be the case in which the two equations in (5.81) represent the same
line). This occurs, according to the result in Problems 3 and 4 in Assignment
#12, when
(a—=X)(d—=X) —bc=0,

or

A — (a+d)X\+ad—bc=0. (5.82)

The equation in (5.82) is called the characteristic equation of the matrix A in
(5.79). Its solutions will be eigenvalues of A. The polynomial

p.(A) =X = (a+d)\+ad—be (5.83)

is called the characteristic polynomial of A. The roots, or zeros, of pa(\) are
the eigenvalues of A. We have encountered the expression ad — bc in the char-
acteristic polynomial in (5.83); it is the determinant of A, denoted by det(A).
The coefficient a 4+ d of A expression for p(\) in (5.83) is the sum of the entries
along the main diagonal of A, and it is called the trace of A; we write,

trace(4) = a + d.
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We can therefore write the characteristic polynomial of A as
p,(A\) = A2 — trace(A)\ + det(A). (5.84)

Once we find an eigenvalue, \, we can find a corresponding eigenvector by
solving the system of equations in (5.81) for the specific value of \. We illustrate
this procedure in the following example.

Example 5.4.2. Find the eigenvalues and corresponding eigenvectors of the

matrix
3 -1
A= (5 _3> . (5.85)

Solution: The trace of the matrix A in (5.85) is trace(A) = 0, its determinant
is det(A) = —4. Then, according to (5.84), the characteristic polynomial of A
is
pa(N) =N —4,

which factors into

Pa(A) = (A +2)(A=2);
so that, the eigenvalues of A in (5.85) are

)\1 =-2 and /\2 = 2. (586)

Next, we compute eigenvectors corresponding to A\; and \g in (5.86). We do
this by solving the system of equations in (5.81) for A = A; and for A = A,.
For A = —1, the system in (5.81) yields

Sv —y = 0
S5c—y = 0,

y = 5. (5.87)
Since we are looking for a nontrivial solution os the system, we can set x = 1

in (5.87) to get y = 5; so that,
1
vi = (5) (5.88)

=

which is the single equation

is an eigenvector corresponding to A\; = —2.
Similarly, for A = Ay = 2, we obtain the system
r—y = 0;
r—y = Oa

which is equivalent to the equations

y=z,

Vg = G) (5.89)

is an eigenvector corresponding to the eigenvalue Ay = 2. O

from which we get that
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5.4.2 Line Solutions

An advantage of knowing eigenvalues and eigenvectors of a 2 x 2 matrix, A, is
that they provide special kind of solutions of the system

§)-4)

For instance, if A has a real eigenvalue, A, with a corresponding eigenvector, v,

then the path @) R — R? defined by

GEED =ceMy, forteR,

where ¢ is a constant, solves the system in (5.90). An instance of this fact was
seen in Example 5.4.1.

For the case in which the matrix A has two real eigenvalues, A; and Ao, with
A1 # Ag, corresponding eigenvectors vy and vy, respectively, do not lie on the
same line (see Problem 3 in Assignment #15). Consequently, we obtain two
distinct line solutions of the system in (5.90),

w1 (t) At (Sl?z(t)) Aot
- d - 2 for t € R,
<y1 (t)) C1 € Vi1 an yg(t) Co € Vo or

where ¢; and ¢y are constants. Furthermore, it is shown in courses in differential
equations, that the expression

(x(t)> =1 eMvy ey eMlvy fort €R, (5.91)

where ¢; and co are arbitrary constants, yields all solutions of the system in
(5.90) (see also Problem 4 in Assignment #14).
The expression in (5.91) can be used to aid in sketching the flow the vector

field
F <x) —A (“’”) . forall <“””) € R2.
Yy Y Yy

We illustrate this in the next example.

Example 5.4.3. Sketch the flow of the vector field F: R? — R2 given by

F (g) _ (53;3_—391/ ) . for (”y’) € RZ. (5.92)

Solution: The flow of the field (5.92) is obtained by solving the pair of differ-
ential equations

T 3xr —y;
(5.93)

§ = 5x—3y.
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The system (5.93) can in turn be written in vector form as

§)-+()

A= (g’ _;) . (5.95)

We saw in Example 5.4.2 that the matrix A in (5.95) has eigenvalues \; =
—2 and Ay = 2, with corresponding eigenvectors given in (5.88) and (5.89),

respectively; that is,
1 1
vy = <5> and vg = (1) , (5.96)

By the discussion preceding this example, all solutions of the system in (5.93)
are given by

where A is the matrix

(m(t)) =c e v+ g vy fort €R, (5.97)
y(t)
where ¢; and ¢y are arbitrary constants, and v and vs are as given in (5.96).
The general form of the solutions given in (5.97) is very helpful in sketching
the the flow of the field in (5.92). We first note that, if ¢; = ¢o = 0, (5.97)
yields the origin, (0,0), as a solution. If ¢; # 0 and ¢y = 0, the flow curves
will lie on the line through the origin parallel to the vector vi; both solution
curves will point towards the origin because the exponential e ¢ decreases with
increasing t. On the other hand, if ¢; = 0 and ¢y # 0, the trajectories lie on
the in the direction of the vector vo and point away from the origin because
the exponential e?! increases with increasing t. We have therefore obtained the
origin and four line solutions. All of these are shown in Figure 5.4.3. Figure
5.4.3 shows other possible flow curves of the field in (5.92). In the next section
we will see how to sketch those curves. U
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Figure 5.4.3: Sketch of Flow of the Field in (5.92)



Chapter 6

Linear Functions and
Linear Approximations

6.1 Definition of linear functions

We have seen that a linear function 7: R? — R? is of the form

T (;) —A (“y”) . for (;”) €R?, (6.1)

where A is a 2 X 2 matrix with real entries

A= <‘CL Z) ; (6.2)

z\ _ fax+by x 2
P = (), (7) e o

Let v; € R? and vy € R? and use the definition of 7: R? — R? in (6.1) to
compute

so that,

T(v1 + v2) = A(vy + v2),

where A is the 2 x 2 matrix given in (6.2); so that, using the distributive property
of matrix algebra,
T(’Ul + ’UQ) = A’U1 + A’UQ,

or

T(Ul + ’02) = T(Ul) + T(Ug), (64)

by the definition of 7" in (6.1).
Similarly, for any real number ¢ and any vector v € R?,

T(cv) = A(ev) = cAv,

103
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from which we get that
T(cv) = eT'(v). (6.5)

All linear functions from R? to R? satisfy the two properties in (6.4) and
(6.5). Indeed, the expressions in (6.4) and (6.5) are the properties that define a
linear function.

We will see other examples of functions satisfying properties (6.4) and (6.5)
in the case of functions from R? to R. In fact, the components of linear vector
field F: R? — R? in (6.3), namely the functions ¢1: R? — R and /f5: R? — R
given by

l(v) =ax +by, forov= (5) € R?, (6.6)

and
lH(v) =cx+dy, forv= (;) € R?,

respectively, are linear functions.
We verify that the function ¢;: R? — R give in (6.6) satisfies the properties
in (6.4) and (6.5), namely

51(1}1 + ’02) = 61(1}1) + 44 (’UQ), for vi,v9 € RQ, (67)

and
01(cv) = cby(v), forveR? and ¢ € R, (6.8)

respectively.
To verify (6.7), set v; = (§1> and vy = (?) , and use the definition of
1 2
41 in (6.6) to compute

1+ o
14 =/ = b ;
1(v1 4+ v2) 1 <y1 i y2) a(z1 + z2) + b(y1 + y2);

so that, using the distributive, associative and commutative properties,

61 (’Ul + ’UQ) = ary +ars+ byl + by?
= axy + by + axs + bys
= (az1 +by1) + (azxa + bys2)

= l(v1) + b1 (v2),
which is (6.7).
Similarly, to establish (6.8), let v = ("Z) and ¢ € R, and compute, using
the definition of ¢; in (6.6),

cx
cy

bi(cv) =4 ( ) = a(cx) + b(cy);
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which, by virtue of the associative and distributive properties can be written as
f1(ev) = claw + by) = et (v),

which is (6.8).
We could have also established (6.7) and (6.8) by realizing that ¢;(v) can be

written as the dot product of the vector w = Z with the vector v = ; ;
that is,
6i(v) =w-v, forallveR% (6.9)

The properties in (6.7) and (6.8) can then be derived from (6.9) and the prop-
erties of the dot product.

In fact, any linear function £: R? — R is of the form on (6.9); that is, £(v),
for any v € R?, is the dot product of v with a vector w € R?:

((v) =w-v, forallveR? (6.10)

If w= (Z) , then the expression for ¢ in (6.10) can be written in matrix

¢ (5) —(a b) <§) for all @) € R2. (6.11)

6.2 Linear Approximations

form as

Given a function f: D — R, defined in a domain D C R?, and (z,,¥,) € D, we
would like to approximate f(x,y), for (z,y) near (z,,y,), by an expression of
the form

P e (3700, (6.12)

where £: R?2 — R is a linear function.

The expression in (6.12) is called a linear approzimation to f(z,,y,) for
(z,y) near (z,,y,). We write,

T —x,

o) = Soa e (100

) , for (x,y) near (z,,y,). (6.13)

Out of all the linear approximations to f(z,y) for (z,y) near (z,,y,),
given in (6.13), we would like to find the best one.
Example 6.2.1. Let f: R? — R be given by
flz,y) =2*+4°,  forall (z,y) € R%
We would like to find a linear function £: R?> — R such that

flzy) =244 (;j : i) , for (x,y) near (1,1),

and the approximation is the best possible.
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To understand the concept of the best linear approximation to a real-valued
function near a point, we define the error in the approximation

Tr—x,

Blav) = f(e.9) = flan) ~ £ (5 707) . for (o) near (a,00). (6:14)

Note that E(z,,y,) = 0, since ¢ 8 = 0, for any linear function /: R? — R.

We would like the error term in (6.14) to approach 0 as (z, y) approaches (2, Yo );
in symbols,

lim E(xz,y) =0, (6.15)
(@ 9)~ (z0.y0) -0
where
1(2,9) = (€0, Yo) | = V(& — 20)2 + (y — yo)?- (6.16)

We will say that a good linear approximation is one for which the error term
approaches 0 at a quadratic rate; that is,

|E(z,y)| < Cli(z,y) — (2o, o) I, (6.17)

for some positive constant C.

Note that (6.17) implies (6.15) by virtue of the Squeeze Lemma.

Assume that (z,y) # (2o, Yo) and that (z,y) is near (z,,y,). Then, we can
divide both sides of the inequality in (6.17) by |[(x,y) — (20, ¥o)|| to get

|E(z,y)|
(@, y) = (2o, yo)
Thus, by the Squeeze Lemma,

< Cll(2,y) — (o, Yo)]|-

i |E(z,y)]
1im
1)~ @owoli—o |[(T,Y) = (Zo, Yo) ||

= 0. (6.18)

We will use (6.18) in the definition of the best linear approximation to f(x,y)

for (z,y) near (z,,Yy,).
To simplify notation, we rewrite the limit in (6.18) as

E
. [B(,y)|

=0, (6.19)
@ @owe) (T 4) = (To, Yo) |l

Where (z,y) = (2o, Yo) is understood as ||(z,y) — (0, ¥o)|| — 0 or, according
to (6.16),

\/(ZL’ - xo)Q + (y - yo)2 — 0.

Definition 6.2.2 (Linear Approximation to a Real-Value Function). Let D
denote a domain in R? and f: D — R be a real-valued function defined in D.
Let (7,,9,) € D. Suppose that there exists a linear function £: R? — R such
that

f(@,y) =f<xo,yo)+£(§jj§j) L B(e,y),  for (e,y) near (20,9,), (6.20)
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where the error term FE satisfies (6.19). We then say that

f(@o,90) + ¢ (x ~ xo)

Y—Y

is the linear approximation, or first-order approzimation, to f(x,y) for (z,y)
near (Zo, Yo)-

Example 6.2.3. Let f: R? — R be given by

flz,y) =2%+42,  forall (z,y) € R% (6.21)
We would like to find a the linear approximation to f near (1,1).
Compute
(r—=1)2+@y—-12 = 22—22+1+y>-2y+1
= 22 +y?—20—-2y+2
= flz,y)—2@x—-1)—2(>y—1)-2.
Consequently,
flay)=fL1) +2@-1)+2y— 1)+ (z — 1)+ (y — 1)*. (6.22)

Thus, defining ¢: R2 — R by

14 (x) =(2 2) (;) ,  for all (z,9) € R?, (6.23)
and

B(z,y)=(x -1+ (y—1)72 forall (z,y) € R?, (6.24)
we see from (6.22) that

fle.y) = F(1,1) + ¢ (5 B D + B(z,y), (6.25)

where £: R? — R is the linear function defined in (6.23), and the error term E
is given in (6.24).

Next, suppose that (z,y) # (1,1) and divide both sides of the equation in
(6.24) by [I(z,y) — (z0, yo)|| to get

[
G i = VE PRG-I @ 0D, (626)

where we have used (6.16).
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It follows from (6.26) that

|E(x,y)|

1m —— = 0.
(@)= [|(z,y) — (1, 1)]]

Consequently,

f(1,1)+€<‘z:i> =242 —1)+2y—1), for(z,y)€R?

is the linear approximation to the function f defined in (6.21) near (1,1), ac-
cording to Definition 6.2.2.

6.3 Linear Approximations and Partial Deriva-
tives

In this section we describe a general procedure for computing linear approxima-
tions for a large class of real-valued functions, f: D — R, defined on a subsets,
D, of R2.

Let (x0,9,) € D and suppose that f has a linear approximation at (x,,y,)
according to Definition 6.2.2; so that,

Lo

D) =f<xo,yo>+e(jjy ) L B(e,y), for (e,y) near (20,3,), (6.27)

o
where the error term FE satisfies

|E(x,yl

lim =0, 6.28
00 T )~ Eor g0 (629
and £: R? — R is a linear function given by
14 (Zj) =azx+by, for (x,y)c€R? (6.29)
for some real constants a and b.
We consider the case in which
(,y) = (To + h, Yo), (6.30)

where |h] is sufficiently small.
It follows from (6.30) that

}llg})(x,y) = (T0,Y0);

consequently, by virtue of (6.30),

(z,y) = (%0, Yo) is equivalent to h — 0. (6.31)
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Therefore, the limit in (6.28) is equivalent to

=0. (6.32)
We then get from (6.20) that

ot ) = Flon) 4 () + Bl + o), for small 1], (633

where the error term E(x, + h,y,) satisfies (6.32).
Using the definition of ¢ in (6.29), we obtain from (6.33) that

f(xo+h,yo) = f(%0,Y0) + ah + E(xo + h,y,),  for small |k, (6.34)

where the error term E(x, + h,y,) satisfies (6.32).
It follows from (6.34) that, if h # 0 and |h| is small,

o hao* 03y Jo E o h7o
f(@o+ hyyo) = (& y):aJr (2o + y)’ for h # 0 and |h| small.

h h
(6.35)

Now, it follows from (6.32) that

E(xo+h,y
limi(x—F Yo)

h—0 h =0

Consequently, the limit as h — 0 of the expression on the left-hand side of
(6.35) exists, and is given by

lim f(xo + hvyo) - f(%,yo) _

h—0 h (6.36)

The limit on the left-hand side of (6.36), if it exists, is called the partial
derivative of f with respect to x at the point (z,,¥,), and is denoted by

0
8%(%,%).

Similar calculations to those leading to (6.36) can be used to show that

lim f(xo; Yo + k) - f(xmyo)

lim p =, (6.37)

where b is given in the definition of the linear function £: R? — R in (6.29).
The limit on the left-hand side of (6.37), if it exists, is called the partial
derivative of f with respect to y at the point (z,,y,), and is denoted by

0
%(xo,yo).
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Definition 6.3.1 (Partial Derivatives). Let f: D — R denote a function of two
variables, z and vy, defined in a domain, D, in R%. Let (x,y) be a point in D. If

lim f(x—i—h,y)—f(x,y)

B0 h (6.38)

exists, we call the limit the partial derivative of f with respect to = at (z,y),
and denote it by
of

D (z,9).

Thus, if the limit in (6.38) exists, we write

5p (@ y) = lim flo b, yf)L —J@y) (6.39)

Similarly, if
lim f(xvy + k) B f(xay)
k—0 k

exists, we call the limit the partial derivative of f with respect to y at (z,y),
and denote it by
of

@(muy)7

and we write

m f(x,y—i—k)—f(&y)

lim p . (6.40)

Remark 6.3.2 (Computing partial derivatives). For the case of a real-values
function of a single variable, g: I — R, where I is an open interval of real
numbers, and z € I, if
h) —
L gle+h) — g(a)
h—0 h

exists, we call it the derivative of g at « and denote it by ¢'(x); so that,

41
h—0 h (6 )

Thus, comparing the right—side in (6.39) with the right-hand side in (6.41)
suggests that, to compute the partial derivative of f with respect, we may think
of the value of y as fixed (constant), and proceed by computing an ordinary
derivative with respect to x while holding y constant. The following examples
illustrate this procedure.

Example 6.3.3. Let f: R? — R be given by
f(z,y) =zy, for all (z,y) € R%.

Compute the partial derivatives of f with respect to x and with respect to y.
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Solution: Thinking of y as constant, we take the derivative with respect to x
to get
of

%(x, y) =y, forall (z,y) € R

Similarly, thinking of x as fixed and taking the derivative with respect to vy,
we get
of

a—y(aﬁ,y) =z, forall (z,y) € R%

Example 6.3.4. Let f: R? — R be given by
flz,y) = efzrz*?f, for all (z,y) € R
Compute the partial derivatives of f with respect to x and with respect to y.

Solution: Thinking of y as constant, we take the derivative with respect to x
to get

0 0

i(% y) = = {e‘zz_yz‘}

Ox Ox

_ —1?2—2/2 . g - . 2
€ ox [ vy ] ’
where we have used the Chain—Rule.
Consequently,

Loy = o (c2m)

2.2
= —2xe ¥ 7Y,

for (z,y) € R2.
Similarly, thinking of x as fixed and taking the derivative with respect to y,
we get

g(m,y) = —2ye‘x2_y2, for all (z,y) € R?
dy
O
We have shown in this section that if f: D — R satisfies
f(xa y) - f(l'oa yo) + a(x - xo) + b(y - yo) + E(xa y)a (642)
for (x,y) near (z,,y,) in D, where the error term satisfies
|E(z, y|

lim =0,
(x,y)%(zo,yo) H (:E, y) - (xoa yo) ||
then a and b in (6.42) are necessarily the partial derivatives of f at (x,,,)
with respect to x and with respect to y, respectively. Thus, we define the linear
approximation to f at (7,,%,) to be the affine function L: R? — R given by
of

L(l‘,y) = f(%,yo) + %(xovyo> : (:E - wo) + %(%,yo) : (y - yo)’ (643)
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for(z,y) € R2.
L(z,y) approximates f(z,y) when (z,y) is very close to (2,,y,). We write

F09) % Feor ) + Goe0000) - (0= ) + G 0r) - (- 0), (040

for (z,y) in D sufficiently close to (x,,yo)-
Example 6.3.5. Let D = {(z,y) € R? |2 > 0and y > 0} and f: D — R be

given by
flz,y) = Va2 +y3,  for (z,y) € D.
Note that f(1,2) = 3. Then, according to (6.44), the linear approximation

to f at (1,2) is

of of

fr— . — — . _— 2
Do) =3+ 5E01,2)- (e =D+ (12 (1=2),  for (2.9) € B2, (649
where of
x
%(x,y) = \/TTQ,/?” for (z,y) € D,
and o7 )
3y
—(z,y) = ——, for (x,y) € D.
oy DY) SNz (z,9)
Consequently,
of 1
Y2 =2
8:r( 2) 3’
and of
—(1,2) = 2.
ay( ) )
Hence, in view of (6.45),
1
L(z,y) =3+ g(x —1)+2(y—2), for (z,y) € R%L (6.46)

We can use the expression in (6.46) to approximate f(z,y) for (z,y) close
to (1,2). For example,

%

£(0.99,2.03) £(0.99, 2.03)
1
= 3+ 5(0.99 1) +2(2.03 - 2)

1
= 3+ 5(-0.01) +2(0.03)

%

3 —0.003 + 0.06;

so that,
£(0.99,2.03) =~ 3.057.
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6.4 Partial Derivatives and the Gradient

The linear approximation to f at (z,,¥y,) € D given in (6.43) can be written as
f (20, Yo) plus the dot product of the vector

Vf(zo,¥0) = %(xmyo) i+ %(1‘0, Yo) j (6.47)

with the vector

(x—20) i+ (y—yo) J

I%Jrl/j*(mo%eroj);

so that,

L(z,y) = f(%0,Y0) + Vf(0,¥0) - [z i+ Y j — (%, i+ Yo 7)) (6.48)

for (z,y) € R2.
The expression in (6.47) is called the gradient of f at (z,,y,).

Definition 6.4.1 (Gradient of a function). Given a function real-valued func-
tion f: D — R defined in some domain D in R?, suppose that the partial
derivatives of f exist at all points (z,y) € D. The gradient of f is the vector
field Vf: D — R? given by

0 . 0 .
Vf(my)z%(x,y)i—i—%(my) j, forall (z,y) € D.

Example 6.4.2. Let D = {(z,y) € R? | (z,y) # (0,0)} and define f: D — R

by
f(z,y) =In (\/xz + y2) , for (z,y) € D.
Compute V f(z,y) for all (z,y) € D.

Solution: Write the function f as
1
fl@,y) = 5@ +y?),  forall (z,y) € D,

and use the Chain—Rule to compute

af x

%(x,y): e for all (x,y) € D.
Similarly,

of y

a—y(cc,y): e for all (x,y) € D.
Thus,

T 4 Yy A
Vf(sc,y):x2+y2 Z+x2+y2 j, forall (z,y) € D,

or

Vi@, y) = (xi+y)), forall (zy)eD.

$2+y2
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6.5 The Gradient and the Chain Rule

Let D denote a domain in the xy—plane and f: D — R be a real-valued function
defined in D that has continuous partial derivatives in D. For (z,,¥,) € D, we
write the expression for the linear approximation of f at (z,,y,) in (6.48) as

L(.’,E, y) = f(l'o,yo) + Vf(zmyo) ’ [(I7y) - (I’O, yo)], (649)

for (x,y) € R?, where we have written (x,y) for the vector x i +y J and (o, yo)
for the vector z, @ + o J.

The function L: R? — R defined in (6.49) can be used to approximate f(x,y)
for values of (z,y) that are very close to (z,,¥,); so that,

fx,y) = f(20,Y0) + VI (T0,90) - [(2,4) = (To, Yo)]s (6.50)

for (x,y) very close to (o, Yo)-

Let o: I — R? be a differentiable path, for an open interval of real numbers
I. Assume that o(t) € D for all t € I. We can then consider the values of
the function f on the path o: f(o(t)) for all ¢ € I. This defines a real valued
function ¢g: I — R given by

g(t) = f(o(t)), foralltel. (6.51)

Thus, the function g defined in (6.51) is the composition of the real valued
function f with the vector—valued function o.

Assume that o(t,) = (20, yo) for some t, € I. We would like to approximate
g(t) for t near t, using the linear approximation L to f given in (6.49) and
(6.50), and the linear approximation, ¢: R — R2, to the path o near t, given by

Lt) = o(ty) + (t —ty)o'(t,), forallteRR, (6.52)

where ¢’ is the derivative of the path o.
The line in (6.52) approximates the curve parametrized by o for ¢ very close
to t,; so that,

o(t) = o(te) + (t —to)o'(t,), for t €I very close to t,. (6.53)
Thus, we can approximate the function ¢ defined in (6.51) by
g(t) =~ f(o(te) + (t —to)0'(ts)), fort €I close to t,. (6.54)
We can then use the approximation to f given in (6.50) to get from (6.54) that
6(0) = F(0(t0)) + VF(0(t0)) - [t — 1) (1),
for t € I close to t,, or
g(t) = g(t,) + (t —t,)Vf(o(to)) - o' (to), (6.55)

for ¢ € I close to t,, where we have used the definition of g in (6.51).
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The right-hand side of the expression in (6.55) displays the linear approxi-
mation to g for ¢t € I very close to t,. For the case in which ¢ # t, is very close
to t,, we obtain from (6.55) the approximation

g(t) — g(to)

t—1,

and t € I very close to t,.
As t approaches t, becomes exact and therefore

gt~ g(t,)

t—t, t—t,

~Vf(o(ty)) - o'(t,), fort#t,, (6.56)

=V/f(o(to)) - O'/(to)- (6.57)

The expression in (6.57) shows that, if f has continuous partial derivatives
in D, and the path o: I — R is differentiable, then composition f and o is
differentiable, and its derivative is the dot product of the gradient of f with the
velocity vector ¢’. This is the Chain—Rule.

Proposition 6.5.1 (The Chain-Rule). Let f: D — R be a real-valued function
defined on some domain, D, in the xy—plane, and let o: I — R2, for some open
interval I, denote a differentiable path with o(t) € D for all ¢t € I. Suppose that
the partial derivatives of f exist and are continuous in D. Then, the composition
foo: I — R is differentiable in I, and

d

dt
Example 6.5.2 (Directional Derivatives). Let f: D — R have continuous par-

tial derivatives in D and let (z,,%,) € D. Let @ denote a unit vector in R? and
define o: R — R? by

o(t) = (T0,Yo) +t0, forallteR. (6.58)

[fle()] =V (o)) -o'(t), foralltel.

Then, 0(0) = (x,,y,) and, for |¢| sufficiently small, o(¢) € D, and we can apply
the Chain-Rule to conclude that f oo is differentiable and

d

ﬁ[f(a(t))] =V f(o(t)) -o'(t), for |t| sufficeintly small,

or, in view of (6.58),
d . o
a[f((xoa yo) + tu)] = Vf((!Eo,yo) + tu) " U, (659)
for [t| very close to 0.
Setting ¢ = 0 in (6.59) we obtain
d . N
i (@0, y0) HHW)]| =V F(2o,10) . (6.60)
=0
The expression on the left-hand side of (6.60) is called the directional

derivative of f at (z,,¥,) in the direction of the unit vector 4, and will be
denoted by Dy f (%o, yo). Thus, (6.60) can be rewritten as

Dﬂf(xovyo) = Vf(l‘o, yo) - .



