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Preface

“In studying a philosopher, the right attitude is neither
reverence nor contempt, but first a kind of hypothetical
sympathy, until it is possible to know what it feels like to
believe in his theories, and only then a revival of the
critical attitude, which should resemble, as far as possible,
the state of mind of a person abandoning opinions which he
has hitherto held. Contempt interferes with the first part
of this process, and reverence with the second. Two things
are to be remembered: that a man whose opinions and
theories are worth studying may be presumed to have had
some intelligence, but that no man is likely to have arrived
at complete and final truth on any subject whatever.”

— Bertrand Russell, A History of Western Philosophy

Mathematics is the study of ultimate regularity. Regularity entails order or predictability.
Its antithesis is chaos. When there is regularity, there are discernible objects at play. In other
words, there is structure. Wherever there is structure, there is symmetry. Symmetry means
that, while one aspect of the object changes, another remains unchanged. The present series
of books is an effort to rigorously systematize and provide an exposition of those aspects
of elementary mathematics that appeal to the author. In the course of writing, it became
evident that there are three recurring themes among the proof techniques used, all of which
are forms of symmetry:

1. The discrete Fubini’s principle instructs us to write the same thing in two different
ways. For example, we have applied this principle in several ways:

e A proof of the equality of vertical angles writes 180° in two ways (Theorem 2.11).

e A proof of the Pythagorean theorem expresses the area of a square in two ways,
equates them, and simplifies the result to get the famous a? + b* = ¢* (Theo-
rem 9.12).

e Writing the same vector as the sum of other vectors in multiple ways is helpful.
This is used to get the barycentric coordinates of the incenter (Example 11.26).

e The fourth height of a tetrahedron with three pairwise perpendicular edges that
have a shared vertex is found by equating two ways of getting the volume (Prob-
lem 14.13).

2. Antisymmetry in a partial order is a powerful method of proof that lets us break
down the strong notion of equality into the conjunction of two individually weaker
statements. Examples that appear in this book are:

e The proof that a certain type of equation represents lines and only lines in the
plane invokes antisymmetry (Theorem 1.9).
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e The proof of the standard triangle inequality (Theorem 3.10) uses antisymmetry.

e The set of points (usually in the plane) that satisfy a certain description is known
as the locus of that criteria (Definition 6.4). Proving that a set of points is the
locus of the description is a task for the two directions of the antisymmetry of sets.
This is exemplified by the inscribed angle theorem (Theorem 6.6), perpendicu-
lar bisectors (Theorem 8.13), and angle bisectors (Theorem 8.18). Also, ellipses
(Example 12.26) and hyperbolas (Problem 12.27) are found as certain loci.

e While studying conics (Chapter 12), we find that the minimum and maximum
number of geometric constructions for a given conic are equal, so antisymmetry
says that this is exactly the number of constructions.

3. Modding out by an equivalence relation allows us to focus on the essential properties
of objects which are preserved under the relation.

e To define vectors, we introduce an equivalence relation, called equipollence (Defi-
nition 1.20), on directed line segments. This allows us to work on certain preserved
properties, such as magnitude and angles, with a convenient representative of the
vector, called a position vector.

e Ratios form important equivalence relations. We prove that two linear standard
forms represent the same line if and only if the coefficients in one are all scaled
by the same factor to produce the second, which means each line can be repre-
sented by a unique equivalence class or ratio of coefficients (Theorem 1.33). A
similar result is proven for bivariate quadratics that represent constructible conics
(Theorem 12.14). In the derivation of the cross product formula, we show that all
normal vectors to a plane are scalar multiples of each other, with the cross prod-
uct being one example, which means all coefficient quadruples of the standard
equations of a plane are scalar multiples of each other (Theorem 13.14).

It is our hope that the reader will keep these proof techniques in mind while reading the book,
and that the impression of the importance of symmetry will grow as the reader encounters
the methods time and again.

The intended audience consists of students of math contests, competitions, and olympiads
who want want to take a rigorous second look at the results they might be accustomed
to taking for granted, and teachers, coaches, and trainers who want to reinforce their own
understanding of what they teach.

Suggestions, comments, and error submissions would be greatly appreciated. These may in-
clude suggestions for strengthening or generalizing theorems, and additional material. Mes-
sages may be sent to

academy@existsforall.com

Samer Seraj
Mississauga, Ontario, Canada
June 25, 202/

© 2024 Samer Seraj. All rights reserved.


academy@existsforall.com

Chapter 1

Lines

“As long as algebra and geometry have been separated,
their progress have been slow and their uses limited, but
when these two sciences have been united, they have lent
each mutual forces, and have marched together towards
perfection.”

— Joseph-Louis Lagrange

We first define the Cartesian plane. Carving out subsets of the plane or space according to a
function, equation, or a predicate is an immensely useful way of describing a geometric shape.
This is a critical link between algebra and geometry. We will pay particular attention to
the interchangeability of lines and linear functions. Afterwards, we will work with Euclidean
vectors, which are often defined in elementary contexts as “arrows” such that arrows with
the same length and direction are considered to be the same. This can be made rigorous
using an equivalence relation called equipollence. Along the way, an accomplishment will be
to prove the uniqueness of the standard form of a line in two dimensions, up to scaling.

1.1 Equations of Lines

We will model the Euclidean plane using the Cartesian plane. It is in this playground that
we will be able to easily define and study geometric subsets of the plane, such as points,
lines, line segments, rays, circles, and conics.

Definition 1.1. The Cartesian plane is the Cartesian product
R*=R xR ={(z,9) : v € R,y € R},

the elements of which are called points and the components of each point (z,y) are called its
coordinates. Specifically, the x-coordinate is the left component and the y-coordinate
is the right component. Visually, the Cartesian plane is a way of locating points on a flat
plane. A point is represented by a single dot, since as it has no dimensions such as length or
width, and a point is usually denoted by a capital letter like P. The z-coordinate of a point
measures how far and in what direction the point lies horizontally, and the y-coordinate
measures how far and in what direction the point lies vertically. Multiple points are said to
coincide if they have the same pair of coordinates.

Definition 1.2. In the Cartesian plane, the origin is (0,0), the y-axis is the vertical line
through the origin consisting of all points (x,y) such that x = 0, and the z-axis as the
horizontal line through the origin consisting of all points (z,y) such that y = 0. Intuitively,
each axis can be considered to be a copy of the real number line.



2 CHAPTER 1. LINES

Definition 1.3. The Cartesian plane has four quadrants, created by the axes. Starting
from the top-right and going counterclockwise, these are:

1. Quadrant 1: on the top-right, where x > 0 and y > 0

2. Quadrant 2: on the top-left, where x < 0 and y > 0

3. Quadrant 3: on the bottom-left, where x < 0 and y < 0
4. Quadrant 4: on the bottom-right, where x > 0 and y <0

y-axis

Q2 Q1

T-axis

Q3 Q4

Definition 1.4. The graph of a function f : X — Y is the set

{(z,y) €e X xY : f(x) =y},

though, formally speaking, this set of ordered pairs is actually the definition of the function
itself. If X and Y are subsets of R, then the graph of f can be represented visually by
plotting all such pairs as points (z,y) on the Cartesian plane. As a reminder, recall that the
definition of a function requires that every x € X has a corresponding y € Y, but it is not
necessarily true that every y € Y has a corresponding x € X, since Y is a codomain and not
necessarily the range.

Definition 1.5. If f: X — Y is a function where Y is a subset of the real numbers (or any
set with an additive identity, like the field of complex numbers), then the preimage f~*(0) is
called the zero set of f and its elements are called the roots or zeros of f. Geometrically,
if X and Y are subsets of the real numbers, then the zero set is the set of points at which
the z-axis intersects the function. The elements of f~'(0) are also sometimes called the
solutions of the equation f(z) = 0.

The determination of the roots of functions is a fundamental problem in algebra. Part of
what makes root-finding an even more frequent activity than one might imagine is that, for
any fixed y € Y, the determination of the preimage f~*(y) is equivalent to finding the roots
of g(x) = f(x) —y or the solutions of f(z) = y. In Volume 1, we developed methods of
determining the roots of quadratic functions through factoring and the quadratic formula
and, more generally, methods for polynomials.

© 2024 Samer Seraj. All rights reserved.



1.1. EQUATIONS OF LINES 3

Definition 1.6. If £ : X x Y — R is a function, the graph of the equation k(z,y) =0 is
the set
{(z,y) € X XY : k(z,y) = 0}.

This is also called the zero set of k. If X and Y are subsets of R, then the graph can be
plotted on the Cartesian plane. Sometimes, an equation is presented as

ki(z,y) = ka(x,y)

where ki, ko are functions. In this case, its graph is defined as

{<xvy> EXXY: ]ﬁ(l’,y) = kg(ﬂ?,]J)},
which is also the graph of k(x,y) if we define k = ky — ko.

Ezxample. Graphs of equations are a generalization of the graphs of functions f : X — Y
such that Y is a subset of R: by defining k(z,y) = f(x) — y, we find that the graph of the
equation k(z,y) = 0 is the graph of the function f. However, there are graphs of equations
that are not the graph of any function, such as the circle

(x —a)® + (x —b)? =12

with center (a,b) and radius r (Corollary 2.3).

We will work on understanding the relationship between linear subsets of the plane (i.e. lines
and its contiguous subsets) and linear functions.

Definition 1.7. Given two distinct points p, ¢ in the plane, the line through p, q is defined
as the set of points

{p+tlg—p):teRy={(1—t)p+1tg:teR}.

If the capital letters P, () are used to denote the endpoints, then the line may be denoted,
as an object, by . There are some contiguous subsets of lines:

e The line segment with endpoints p and ¢ is the set

{p+tlg—p):tel0,1]}

Note that we get p and ¢ for t = 0 and t = 1 respectively. If the capital letters P, ()
denote the endpoints p, g, then the segment is denoted as PQ, though we will often
drop the bar to simply write P(). Moreover, P() is also used to refer to the segment’s
length (this is the distance between the endpoints, as give by Theorem 2.1) or even the
line through P, @) in informal settings. Rest assured, our terminology and notation will
avoid ambiguity, even if it will not always be formal. The midpoint of the segment is

the point in the set when the parameter is ¢ = 3

e The open line segment corresponding to segment P(Q) is P(Q without its endpoints
P and @), which means we are talking about the set

{p+tl@—p):te(0,1)}

This is also called the interior of line segment PQ).

© 2024 Samer Seraj. All rights reserved.



4 CHAPTER 1. LINES

e The ray with origin p and containing the point ¢ is the set

{p+tlg—p):t €Rxo}.

This is an object that is extended indefinitely on only one end instead of how a line is
extended on both ends. If the capital letters P, () are used to denote p, ¢ respectively,

then the ray is denoted as @ Any point on the ray, except P may be chosen to be
the direction-determining point Q).

Different regions of a line, relative to two points p and ¢ on the line, are discussed in
Theorem 3.12.

Lemma 1.8. A set £ is a line if and only if there exists a point p = (p1,p2) and a non-zero
point v = (v, v9) such that
(={p+tv:teR}

Proof. In one direction, let
t={p+tlg—p):t€R}
be a line. We can let v =g — p # 0 to get that
(={p+tv:teR}

In the other direction, let ¢ = {p + tv : t € R} for some non-zero point v in the plane. We
can let ¢ = p+ v so that v = ¢ — p, and get the line

C={p+tlg—p):teR}
[

Theorem 1.9 (Equation of a general line). Let p = (pi,p2) be a point in R? and let
v = (v1,v2) be a point that is not the origin. Then

{pttw:teR} ={(z,y) €R*: (y —p2)vr = (x — p1)va}.

According to Lemma 1.8, a set is a line if and only if it can be represented in the form of
the set on the left side, so the right side provides a second way of representing all lines (and
only lines). A conversion process is described below.

Proof. We will prove this by showing that the two sets are subsets of each other, which
allows us to invoke antisymmetry. If

(z,y) = (p1,p2) +t(v1,v2) = (p1 + tvy, p2 + tu)
is an element of {p + tv : t € R}, then as long as t # 0,
b
1) = (z —p1)v2

If t =0, then we can immediately verify as a separate case that it holds that

t

(y — p2)v1 = (p2 + tvg — p2) (

(y —p2)vr =0 = (x — p1)ve

© 2024 Samer Seraj. All rights reserved.



1.1. EQUATIONS OF LINES )

because (z,y) = (p1,p2). Either way, this proves the C inclusion.
Now suppose (z,y) € R? satisfies

(Y — pa)v1 = (z — p1)ve.
If v; and vy are non-zero, then we can rewrite the equation as

Yy—p2 T—DP1

V2 (%1

Let t be the common value that is equal to both sides of the equation. Then

y = tvy + pa,
Yy = tvg + pa,

which puts
(z,y) = (tv1 + p1,tvg + p2) = (p1,p2) + t(v1,v2) = p + tv

in the desired form. Since (vq,vy) is assumed to not be the origin, we just need to take care
of the possibility that v; = 0 and vy # 0, or v, = 0 and vy # 0. If v; = 0, then

(x —p1)U2 — T =N

and y can be anything, making a vertical line (horizontal and vertical lines are defined in
Definition 1.12). Each point of the form (p;,y) can be put in the form

(p1+1t-0,p2 +tv) = (p1 +1-vi,pa +tvg) =p +tv

Yy — D2
)

rically. This proves the O inclusion.

Since the two representations can be obtained from each other from the shown processes,

they are equivalent in representative power, in that they both capture all lines in R? and

only lines in R2. O

for t =

. The case of v = 0 involves a horizontal line and it may be handled symmet-

Corollary 1.10 (Point-point form of a line). A subset ¢ of the plane is a line if and only if
there exist distinct points p = (p1, p2) and ¢ = (q1, ¢2) in the plane such that

(={(z,y) € R*: (y —p2)(@r —p1) = (x —p1)(g2 — p2) }-

This is called the point-point form of a line because both points p, ¢ satisfy the equation,
so this is a way of finding the equation of a line that goes through two distinct points.

Proof. By the definition of a line, a set £ is a line if and only if there exist distinct points
p = (p1,p2) and ¢ = (q1, ¢2) such that

(={p+t(qg—p):teR}
By Theorem 1.9,
(={(z,y) ER*: (y —p2)(q1 — 1) = (x — p1)(q2 — p2) },

so we can go from one form to another, as desired. O]

© 2024 Samer Seraj. All rights reserved.



6 CHAPTER 1. LINES

Corollary 1.11 (Standard form of a line). A subset ¢ of the plane is a line if and only if
there exist real numbers A, B, C such that A* + B? # 0 (so at least one of A, B is non-zero)
and

(={(z,y) eR*: Az + By + C = 0}.

This is called the standard form of a line.

Proof. Let ¢ be a line. By Theorem 1.9, there exists a point p = (p1,p2) and a non-zero
point v = (vy,vy) in R? such that

(={p+tv:teR} ={(z,y) € R*: (y — p2)v1 = (x — p1)va}.
The form on the right side can be written as
{(z,y) € R* : vow + (—v1)y + (p2v1 — p1v2) = 0}.
So we can take A = vy, B = —vy,C' = pov; — p1vs, wWhere it holds that
A2+ B =i+ (—v)* = v +v5 #£0.
In the other direction, we want to show that any set
(= {(z,y) €eR*: Az + By + C =0}

is a line if A% + B? # 0. First we note that ¢ is non-empty: if one of A, B is zero, then we
can isolate the non-vanishing variable to produce infinitely many points; if neither of A, B
is zero, then we can substitute any value like 0 for one of the variables and isolate the other
one to produce a point. This is helpful because we can find a point (p;, p2) and substitute it
in to get

Apy + Bps + C = 0.

As a result,
{(z,y) eR*: Az + By + C =0} = {(z,y) € R*: Az + By — (Ap, + Bp,) = 0}
= {(z,y) € R?*: A(x —p1) + By — p2) = 0}
={(z.y) e R*: A(z —p1) = (=B)(y — p2)},
Since (A, B) is not the origin. this the equation of a line, according to Theorem 1.9. O

Standard forms are not unique since we can multiply through the coefficients by any non-
zero factor without altering the underlying set of points. If A, B, C are rational, it is usually
good practice to clear the denominators, divide out by the greatest common divisor of the
new coefficients, and scale by —1, if needed, to avoid A from being negative.

Definition 1.12. A horizontal line is a set
{(z.y) € Ry =c)
for some real constant c. A vertical line is a set
{(z,y) eR* 1z =c}

for some real constant c. It is easy to verify that horizontal lines and vertical lines are in fact
lines, by taking A = 0 or B = 0 respectively in the standard form of a line Ax+ By +C = 0.

© 2024 Samer Seraj. All rights reserved.



1.1. EQUATIONS OF LINES 7

Theorem 1.13. For any non-vertical line ¢, there exists a constant m called the slope of
the line, such that for any two distinct points (x1,y;) and (x2,y,) on the line,

Y2 — 1
m = .
To — 1

Note that this idea does not work for vertical lines because the fact that x; = x5 would lead
to division by 0.

y-axis

rise

T-axis

run

Proof. Let ¢ be a non-vertical line and let a standard form of its equation be
Ax+ By +C =0,

where A% + B* # 0. Let (v1,y1) and (23, 15) be two distinct points on the line (though it
does not matter here, these must exist since the original definition of a line shows that every
line has as many points as there are real numbers, meaning lines are in bijection with R).
Then

Ax1+By1+O:07
Axo + Bys + C = 0.

Subtracting the equations yields
Az —22) + B(y1 —12) =0

which implies that
yi—y2 A

1 — T2 B

is a constant. Note that this computation is possible because B # 0 due to the line being
non-vertical. N

© 2024 Samer Seraj. All rights reserved.



8 CHAPTER 1. LINES

Corollary 1.14 (Point-slope form of a line). A subset ¢ of the plane is a non-vertical line
with slope m and contains the point (p1, po) if and only if

(={(x,y) ER®: y —po = m(z —p1)}

for real numbers m and a real pair of coordinates (pi,ps2). This is called the point-slope
form of a non-vertical line.

Proof. In one direction, suppose ¢ is a line. Let a standard form of the line ¢ be
Az + By + C = 0.
By the proof of Corollary 1.11,

(= {(z,y) €eR*: Az + By + C =0}
={(z,y) eR*: A(x = p1) = (= B)(y — p2) = 0}

={(z,y) ER*: ¢y —pp = —%(m —p1)}-

A
By the proof of Theorem 1.13, 5= m, SO

C={(z,y) €R* 1y —po = m(z — p1)}.

In the other direction, let ¢ be a subset of the plane such that there exists a real number m
and a point (p1, ps) satisfying

(={(z,y) eR®:y —py = m(x —p1)}.
The defining equation is equivalent to
mz + (=1)y + (=mp1 + p2) = 0,

which is in standard form, making ¢ a line. Moreover, it is non-vertical because we can find
two points that satisfy the equation with differing z-coordinates: (p;,p2) and (p; + 1,p2 +
m). O

Definition 1.15. The y-intercept of a non-vertical line is the unique y-axis point (0, yo)
that lies on the line. The z-intercept of a non-horizontal line is the unique y-axis point
(70, 0) that lies on the line. The existence and uniqueness of these points follow from plugging
0 into the appropriate variable in a standard form of a line and solving for the other variable.

Corollary 1.16 (Slope-intercept form of a line). A subset ¢ of the plane is a non-vertical
line with slope m and y-intercept (0, b) if and only if

(= {(z,y) € R*: y = mx + b}
for real numbers m and b. This is called the slope-intercept form of a non-vertical line.

© 2024 Samer Seraj. All rights reserved.



1.1. EQUATIONS OF LINES 9

Proof. Suppose ¢ is a line with slope m and y-intercept (0,b). Plugging (z,y) = (0,b) into
the point-slope form of a line (Corollary 1.14) yields

(={(z,y) eR*:y —b=m(z —0)}
={(z,y) € R* : y = mx + b}.
Conversely, suppose
(= {(z,y) € R*: y = mx + b}

for some real numbers m and b. As above, since this is equivalent to

(={(z,y) eR*:y —b=m(x —0)},
Corollary 1.14 tells us that ¢ is a non-vertical line with slope m and contains the point (0, b),
which must be the y-intercept since its xz-coordinate is 0. [
Definition 1.17. A univariate linear function is any function f : R — R defined by

f(z) =ax +0,

where a and b are real constants. Here, a is called the linear coefficient and b is the
constant term. If ¢ = 0 then f is a constant function, and if a = 1 and b = 0 then f
is the identity function on the real numbers. It is easy to see that if a # 0, then f has
exactly one root ——; if @ = 0, then either f has no roots in the case that b # 0, or all real

a
numbers are roots of f in the case that b = 0.

Example. A vertical line cannot be the graph of a function, but non-vertical lines are the
graphs of linear functions f(z) = ma + b for fixed real numbers m and b, and the graphs of
all linear functions are non-vertical lines, thanks to the slope-intercept form (Corollary 1.16).

Y-axis

T-axis

Problem 1.18. For two linear equations of the form
ax + by = c,
ax + Py =7,

show that there must be exactly zero, one or infinite solutions by proving that the existence
of two distinct solutions to such a system implies the existence of infinitely many solutions
for the same system. Here, the variables are (x,y), and a, b, ¢, o, 3,y are constants.

© 2024 Samer Seraj. All rights reserved.



10 CHAPTER 1. LINES

1.2 Equipollence

While three-dimensional geometry will be covered in Chapter 14, let us briefly jump up to
investigate n dimensions. Unfortunately, the third dimension is the highest one that we can
visualize, and even there it is not feasible to visualize all cross sections simultaneously. So in
a sense, we can draw and visualize up to only two-dimensional objects (and surfaces in three
dimensions). This does not stop up from defining and studying higher dimensions, though
our intuition for them will have to come from our direct experience with lower dimensions.

Definition 1.19. For each positive integer n, the n-dimensional Euclidean space is
defined as R", which is the set of n-tuples of real numbers. We may call this n-space, and
each of its elements is called a point. For example, we extend the Cartesian coordinate
system of pairs of real numbers (Definition 1.1) to three dimensional Cartesian space, which
consists of triples of real numbers

R? = {(z,y,2) : 7 € R,y € R,z € R}.

As formalized below, a Euclidean vector in n-space is described as a directed line segment,
where “directed” means that we distinguish the starting “tail” endpoint of the segment and
the ending “arrow” endpoint of the segment. There is an important caveat, which is that
translating the segment does not change it, making vectors position-independent. This
caveat indicates that there is an equivalence relation at play, and we will precisely define it
momentarily. It is said that a Euclidean vector has magnitude (i.e. length) and direction
(e.g. its counterclockwise angle with the positive z-axis), but no particular location.

Definition 1.20. A directed line segment in R" is an ordered pair of elements (p,q) €
R"™ x R". Visually, p is the starting point called the tail and ¢ is the ending point called the
arrowhead, and we draw the segment from p to ¢q. The relation

(pq) ~ (x,y) <= q—p=y—=x

(where the subtraction is done component-wise in R") is easily seen to be an equivalence
relation because it is reflexive, symmetric and transitive, as defined in Volume 1. This
relation is called equipollence and the resulting equivalence classes are called Euclidean
vectors or simply vectors. If

(p,q) ~ (2,v),

then the two elements (p,q) and (z,y) are said to be equipollent to each other and the
relation may be specifically denoted by the bump equality symbol = instead of the generic

~s

Definition 1.21. The element (0, p) of an equipollence class where the first component is
the zero vector is called the canonical representative or position vector of that class
(make sure you see that a every class has a unique such canonical element). An arbitrary
element (p,q) of an equipollence class is called a displacement vector from p to ¢. A
position vector (0, p) may be denoted by ? or simply p if there is no chance of confusion,
say with Euclidean points or real numbers. A displacement vector (A, B) may be denoted
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by /@ . To denote the equipollence class of a displacement vector u, we use the notation [u],
which is the standard notation of equivalence classes. If (0, p) is a position vector, we might
also denote its equipollence class by [p]. Sometimes we use just a letter like v to denote an
equipollence class, otherwise known as a vector.

B

3

5 ,

Example. If p = q are elements of R™, then the vector

[(p, 9)] = [(p,p)] = [(0,0)]

consists of all “points,” so to speak, which are directed line segments with zero length. We
call this the zero vector.

While equipollence classes are the formal route to Euclidean vectors, we will largely work with
displacement vectors, that is directed line segments, and equate them with other equipollent
segments, such as position vectors, as will be relevant or convenient.

Definition 1.22. Let (0,v) and (0, w) be position vectors in R", and let r be a real number.
There are two standard operations defined on vectors:

1. Vector addition: [v] + [w] = [v + w] where the addition v 4+ w is done as the usual
component-addition in R". We will see a geometric interpretation of this momentarily
in what is called the parallelogram law (Theorem 1.39).

2. Scalar multiplication: r[v] = [rv], where rv is the usual component-wise scalar
multiplication in R™. Intuitively, this scales (stretches or compresses) a vector, possibly
combined with reflecting the direction to its opposite.

The definitions of these two operations rely on (0,v) and (0, w) being position vectors, and
they cannot be replaced by arbitrary displacement vectors without adjusting the definitions.
If (p,q) and (x,y) are displacement vectors, then we find their equipollent position vectors
(0,g — p) and (0,y — z), and then apply addition or scalar multiplication and take the
equipollence class of the result.

Theorem 1.23 (Vector space axioms). It may be verified without difficulty that the eight
axioms of abstract vector spaces, as listed below, are fulfilled by the Euclidean vector space
of R" x R™ under equipollence. Let (0,u), (0,v), (0,w) be arbitrary position vectors in R",
and let r, s be real numbers. Then:

1. After R" x R" is “modded out” by =, it is an abelian group under vector addition +.
This fancy language simply means that the following four conditions are met:
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(a) Commutativity: [v] + [w] = [w] + [v]

(b) Associativity: ([u] + [v]) + [w] = [u] + ([v] + [w])
(c) Existence of identity: [0] satisfies [0] + [u] = [u]
(d) Existence of inverses: [u] 4+ [—u] = [0]

A part of mathematical thinking is to correctly interpret the symbol 0, which appears
as many objects from numbers to vectors, other algebraic structures, functions, and
polynomials.

2. There are desirable regularities in scalar multiplication:

We leave it to the reader to verify that these properties are satisfied by unwrapping the
definitions of vector addition and scalar multiplication.

It maybe difficult to see at first why FEuclidean vectors are a useful construct. One imme-
diately upcoming benefit is that they will help us to prove a fact that may have already
been suspected by the reader: the standard form of a line is unique up to multiplication by
a non-zero scalar (Theorem 1.33). In the long run, vectors show their utility like any other
equivalence relation, by allowing us to use more convenient representatives of an equipol-
lence class (this representative is usually a position vector or has a particular tail), while
preserving properties that are relevant in a given scenario.

Definition 1.24. A set of vectors {vy, ve, ..., v, } in R" is said to be linearly independent
when, for all t1,%s,...,t,, € R, if

tl’Ul +t2’U2 + - +tm/Um = O,

then
t =ty = =t, =0.

(Do you see why linear independence implies that none of the v; are the 0 vector?) In the
negation, meaning there exist t1,ts,...,t, € R (at least one of which is non-zero) such that

t1v1 + tove + - -+t Uy, =0,
we say that the set of vectors {vy, vq,...,v,,} is linearly dependent. The expression
t1v1 +tovg + -+ - + LU
is called a linear combination of the set of vectors {v; : i € [m]}.

Lemma 1.25. The following conditions on two vectors v, w in R" are equivalent:
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1. v =0 or w = tv for some real ¢
2. v and w are linearly dependent
3. w = tv or v = tw for some real ¢

Note the similarity of the first condition with the equality condition for the Cauchy-Schwarz
inequality from Volume 1.

Proof. We will prove that
1) = 2) = B) = ().

e (1) = (2): Suppose v = 0. Then, for t; = 1 and t, = 0, t1v + tow = 0, proving
linear dependence. Separately, suppose w = tv for some real t. Then, for ¢t; = —t and
ty =1,

tv + tow = (—t)v + 1(tv) = (=t +t)v =0v =0,

again proving linear dependence.
e (2) = (3): Suppose v and w are linearly dependent. Then there exist real t; and t,,
at least one of which is non-zero, such that t;v + tow = 0. If ¢; # 0, then we can let

t t
t= _t_l to get w = tv. If t5 # 0, then we can let t = _t_2 to get v = tw.
2 1

e (3) = (1): Supposing w = tv for some real ¢ immediately implies (1). So suppose
v = tw for some real ¢t instead. If v = 0, then we are done again. So suppose instead
that v # 0. Then it is not possible that ¢ = 0 in v = tw. This allows us to divide by ¢

in v =tw to get w = ZU’ which completes the proof.

]

Definition 1.26. Recall from Volume 1 that an m X n matrix is a way of organizing mn
entries, indexed by [m] x [n], in a block as shown in the 2 x 2 case below (here, [m]| refer to
the set {1,2,...,m}, and similarly for [n]). The matrix multiplication of 2 x 2 matrices

is defined by
<a b) . <p q) B (ap +br aq+ bs)
c d r s/ \ep+dr cq+ds

Similarly, a 2 x 2 matrix times a column vector is computed as

(e a) ()=o)

c d q) \cp+dq)”

The multiplication of larger matrices follows a similar definition. Matrix multiplication is
associative, but not commutative in general. The multiplication of a matrix by a scalar «

(for us, a scalar is a real number but a more general definition involving field elements exists
in abstract algebra) is defined as

.<a b>_<aa ab)
e a) " \ae ad)
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-

the 2 x 2 identity matrix because IM = M1 for every 2 x 2 matrix M, as the reader should
verify.

We call

To foreshadow, we will need matrix multiplication in the proof of the barycentric shoelace
formula (Theorem 9.28). The multiplication of a matrix with a column vector will be useful
as well for succinctly expressing a system of equations in the proof of the uniqueness of
bivariate quadratic representations of conics (Theorem 12.14).

Definition 1.27. We will not define the determinant of an n X n matrix in general but
the following formulas show how to compute the determinants of 2 x 2 and 3 x 3 matrices:

e The determinant of a 2 x 2 matrix is the real number

a b
det <c d> = ad — be.

e The determinant of a 3 x 3 matrix is the real number

a b c
det{ d e f | =aei+bfg+ cdh—ceg—bdi —afh.
g h 1

We will need the following properties that hold for the determinants of all square matrices,
though we will need to apply them only to 2 x 2 and 3 x 3 matrices.

Theorem 1.28. The facts below about determinants may be verified using the algebraic
definitions (Definition 1.27), albeit the direct proofs are are tedious:

1. A scalar can be factored out of a single row or a single column of the determinant to
outside the determinant without altering the value of the determinant. Equivalently,
multiplying every element of one row or every element of one column by the same
number results in multiplying the determinant by the same number.

2. Adding or subtracting (a scalar multiple) of a row from another row preserves the
determinant. The same is true for the corresponding statement about columns.

3. Swapping two rows with each other or two columns with each other changes the sign
of the determinant.

4. The determinant is preserved under taking the transpose of the matrix, meaning the
element in each row 7 and column j is exchanged with the element in row j and column
7. This operation is equivalent to reflecting the matrix across the diagonal that runs
from the top-left to the bottom-right.

The following is a way of remembering how to compute the 3 x 3 determinant, called the
Rule of Sarrus:
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Lemma 1.29. In two dimensions, the position vectors (x1,z5) and (y;,y2) are linearly
independent if and only if
1 T2
det < ) =T1Y2 — T
v 192 2Y1
is non-zero.

Proof. We will prove the contrapositive, that (z1,25) and (y1,y2) are linearly dependent if
and only if x1ys = x2y1, since an equality is usually easier to manipulate than an inequation.
For one direction, suppose they are linearly dependent. Then there exist constants a, b, at
least one of which is non-zero, such that

(0,0) = a(z1,y1) + b(xa, y2) = (axy + bxa, ay; + bys).

There are two scenarios, depending on whether a # 0 or b # 0 and they lead to the same
conclusion (if both hold, then either argument applies):

a#0 = a(l’lyz — 1’2?/1) = (axl)?b — 532(@91) = (_19552)92 - $2(_by2) =0,
b#0 = b(w1y2 — m2y1) = 21(by2) — (br2)y1 = (—ay1)r1 — (—axy)y, = 0.

In either case, we can cancel a # 0 or b # 0 to get x1y — x2y; = 0.
In the other direction, suppose x1y2 — zoy; = 0. We will make use of Lemma 1.25 several
times to prove linear dependence. Ideally, we would be able to rewrite the equation as

»_n

T2 B Ty
In this case, we can set t equal to the common value so that y; = tx; and y, = txs, resulting
in the dependence relation

(y1,92) =t (21, 22).

The problem is that we might have x1 = 0 or x5 = 0, in which case we cannot divide by one
or both. If x; = 0, then x5 = 0 or y; = 0. As a subcase, if 25 = 0 then (z1,25) = 0 and we
have linear dependence. As another subcase, if y; = 0 then (0,22) and (0,y,) are linearly
dependent (work this out!). This takes care of the 1 = 0 case. The analysis for the 5 =0
case is symmetrical, thereby completing the second direction of the proof. O]

Corollary 1.30. If the position vectors (z1,x2) and (y1,¥y2) are linearly independent, then

the matrix
M= 1 ) ( Y2 —$2>
T1Y2 — T2 Y1
Ty T2
Y1 Y2

N-M = 1. Conversely, if (z1,x2) and (y1, y2) are linearly dependent, then the above-defined
matrix M has no inverse, meaning there does not exist a matrix N as described.

can be defined and it is the unique inverse of N = < ) in the sense that M - N =
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Proof. Tt is straightforward to show by the definition of matrix multiplication that

e G G ) =G
T1Ys — Toyr \TY1 11 Y1 Y2 0 1

_ <£U1 372) ) { 1 ) ( Y2 —552)

Y1 Y2 Ty —T2y1 \TYr 11

Recall from Volume 1 that inverses must be unique under an associative binary operation that
has an identity. In this case, proving that the multiplication of 2 x 2 matrices is associative
is not difficult (though it is algebraically tedious), and we find that [ is the identity matrix.
For the converse, suppose (z1,xs) and (y1,y2) are linearly dependent. By Lemma 1.25, one

of them must be a scalar multiple of the other. Since the argument will be symmetrical in
the two cases, suppose without loss of generality that there exists a real number ¢ such that

(Y1, ¥2) = (w1, 22) = (tx1, t2).

Now suppose, for the sake of contradiction, that there exists an inverse <}; g) so that

o= o)
01/ \r s try tas
_ (]Hl +tqry pro+ tq:p2>

rry +tsry rag + tsas

_ ((p +tq)z1 (p+ tq)x2>
(r+ts)xzy (r+ts)x/’

But the determinant of the far left side is 1 and the determinant of the far right side is 0,
which is a contradiction. Therefore, an inverse does not exist for 2 x 2 matrices whose rows
are linearly dependent. O]

Problem 1.31. Prove that, in two dimensions, the set of arrowheads of the position vectors
of linear combinations of two linearly independent position vectors generates the whole plane
R%. For example, the arrowheads of the two position vectors might be the standard basis,
(1,0) and (0,1), in which case

(a,b) = a(1,0)+b(0,1)
for every point (a,b) € R?.

Problem 1.32. Let u,v,w be vectors in R" such that v is non-zero. Prove that, if u,v
are linearly dependent and v, w are linearly dependent, then u,w are linearly dependent.
Intuitively, this means that linear dependence is partially transitive, specifically in the case
where the transition vector is non-zero.

Theorem 1.33 (Uniqueness of standard form through two points). If (x1,y;) and (x9, ys)
are distinct points in R? that both lie on both of the lines

(= {(x,y) € R*: Az + By + C = 0},
¢ ={(z,y) eR*: Az + By +C' =0},
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where (A, B,C) and (A’, B’,C") are triples of real constants such that A* + B? # 0 and
A + B +£ 0, then there exists a non-zero t € R such that

(A,B,C)=t- (A, B,C").

This implies that, if two lines ¢ and ¢ in R? have at least two distinct points in common,
then the lines “coincide” in the sense that they are the same set £ = ¢. The analogous result
for the uniqueness of bivariate quadratic representations of conics is Theorem 12.14.

Proof. By substitution, we obtain the equations
Axy+ By, +C =0,
Axs + By, + C =0,
and subtracting them yields
A(z1 = x2) — B(y2 —y1) = 0.

By Lemma 1.29, (A, B) and (z1 — 22, y2 — y1) are linearly dependent. Similarly, by substi-
tution, we obtain the analogous second set of equations

A,J,’l + B/yl + Cl == 0,
A'zg + By + C' =0,

and subtracting them yields
Al(x1 —22) = B'(ya — 1) = 0.

By Lemma 1.29, (x1 — 22, y2 —y1) and (A’, B') are linearly dependent. Since (x1,v1), (22, y2)
are distinct and so (1 —x9, yg—yl) # (0, ) Problem 1.32 tells us that (A, B) and (A’ B') are
linearly dependent. Since (A’, B") # (0,0), there exists ¢ € R such that (A, B) =t- (A", B)
by Lemma 1.25. Since (A, B) # (0,0), we also obtain that the scale factor ¢ is non-zero.
Lastly,

C = —Al‘l — Byl
= —tA/l’l — tB/(L’l
= —t(AliL’l + B/yl)
—t(—C")
=tC".
Therefore, there exists a non-zero real ¢ such that
(A,B,C)=t- (A", B, C").
O

Corollary 1.34. Two lines in R? have only three possible options for their intersection:
there is exactly one point in common, there are no points in common, or they have all points
in common.
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Proof. Suppose the first two options are untrue, meaning there exists a point in common, but
there is not exactly one point in common. Then there exist at least two points in common.
By Theorem 1.33, the two lines are identical, meaning they have all points in common. In
other words, if the lines are ¢ and ¢, then

(=int=1.
This strengthens the infinitude of common solutions in Problem 1.18 to completely overlap-
ping. 0

Definition 1.35. If two lines in R? have exactly zero intersections then we call the lines
parallel. If the two lines are the same set, then we call the lines coincident.

Theorem 1.36. Let p = (py,p2) and ¢ = (q1,¢2) be points in R?, and v = (v1,v;) and
w = (w;,wy) be non-zero points in R?. Define the lines

Go={(z,y): (y—p2)v1 = (x —p1)va} = {p+tv:t € R},
b ={(z,y): (y — )ws = (x — q1)wa} = {g+ sw:s € R}.
Then the follow conditions are equivalent:

1. The lines ¢; and /5 are parallel or coincident.

2. It holds that
det (wl wQ) = W1V — WV = 0.
U1

()
3. There exists a non-zero constant r € R such that rv = w.
Proof. We will prove that
1) = 2) = B) = ).

e (1) = (2): First we will prove that, if the lines ¢; and ¢, are parallel or coincident,
then wyvs = wovy by proving the contrapositive: if wive — wovy # 0, then ¢ and /5
have a unique point of intersection, meaning we want there to exist a unique pair (¢, s)
of reals such that the follow equivalent equations hold:

p+itv=q+sw
(p1,p2) + t(v1,v2) = (g1, g2) + s(wr, wa)
t(vr,v2) — s(wi,w2) = (q1,92) — (1, p2)
(tvy — swy, tvy — swy) = ( —P1,q2 — P2)

Gy ) (-G 70)

Under the assumption that

det (?})1 wQ) = wyvg — wovy # 0,
1

V2
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the determinant of the matrix on the left satisfies

T—Ts
det ( ' — 1) = v (—wz) — (—w1)vy = wi1vy — wavy # 0.
() (%]

-1
By Corollary 1.30, its inverse (Ul —w1> exists and we can multiply both sides of

Vo —W3
the equation by it to get the unique solution (¢, s)

-1
<t> _ <Ul —w1> <C]1 _pl)
S U2 —Ws G —p2/
(2) = (3): Now we will show that, if wjve — wyv; = 0, then there exists a real r

such that rv = w. By the fact that neither v nor w is the origin,

v =0 < w; =0,
vy =0 <— ’11)2:0,

and at most one of these two biconditional statements can hold. In the first case

2 . w1 . .
r = — works, and in the second case r = — works. If neither is true, then we may
V2 U1
write
wy W2
U1 vy

Setting r equal to the common value, we get
rv = 71(v1,v9) = (rv, Tv9) = (W1, We) = W,
as desired. Note that r has to be non-zero, since w is non-zero.

(3) = (1): Finally, we will prove that if there exists a non-zero real r such that
rv = w, then ¢, ¢ are parallel or coincident. Assuming such an r exists,

ly={q+sw:seR}
={q+srv:seR}
={qg+tv:teR},

since scaling the set of all reals by a non-zero constant r does not alter the set R.
Suppose (1,5 are not parallel. We will prove that they are coincident. Since we are
assuming they are not parallel, it means that there exists at least one point (zg, o) of
intersection. Then

(w0,10) €61 = Fcr €R: (z0,90) =p + 10,
(l’o,@/o) € 62 —— ElCQ cR: (l’o,yo) =g+ cov.

Equating them, we get

p+cv=q-+cov

p=q-+cv, c=cCcy—Cq.
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Then

l={p+tv:teR}
={¢+cew+tv:teR}
={q¢+ (c+thv:teR}
={q+sv:s€eR} =y,

since translating the set of all reals by a non-zero constant ¢ does not alter the set R.
Therefore, ¢4, {5 are parallel or coincident.

]

Lemma 1.37 (Vector decomposition lemma). Let_A? be a displacement vector in R" and
let X and § be position vectors (they represent OA and O@ , respectively, where O is the

origin). Then
AB=TB -4

Subsequently;,
AB ~ ~BA.

A further pair of consequences is that if A, As,..., A,, are points in R", then

— ,
AAy + AsAg + -+ A Ay = A1 A,

___> ___% \

AlAg + A2A3 + -+ Am—lAm + AmAl = Q.

Geometrically, this means that if we have finite sum of vectors, then we may place them in
a sequence where the arrowhead of each vector is touching the tail of the next one (after
translations under equipollence as necessary), and then the sum of the vectors is the same
as the vector from the first tail to the last arrow.

Ay

© 2024 Samer Seraj. All rights reserved.



1.2. EQUIPOLLENCE 21

Proof. Let A = (ay,as,...,a,) and B = (by,bs,...,b,). By the definition of vector addition
and equipollence,

B—Z: ((0,0,...,0),(1)1—al,bQ—ag,...,bn—an))
————
n—tuple of 0’s
= ((a1,a9...,a,), (by,by...,by))
= (A, B)

~ AB.
This decomposition leads to

—BA=—(A-B)=-B-4-4B

The remaining two corollaries are true by using the same decomposition and telescoping. [J

— =
Lemma 1.38. Let P, Q) and P, ()3 be pairs of points such that P;(); = P>(@Q2. Then the
line
- =
glz{Pl‘i‘tPlQlitER}

that runs through P;, (); is parallel to or coincident with the line
% %
52:{P2+SP2Q228€R}

that runs through P, (). Note that, since both lines are written in terms of vectors, our
way of obtaining a concrete line (as in, a collection of points), is to interpret this notation
as meaning the set of heads of the position representatives of all the included vectors.

Proof. Suppose the two lines are not parallel. We will show that the lines are equal as subsets
of space. Since Pi(); = P»()5, it means

pl_lepQ_QQ-

In the case that P, = P, we would also get ()1 = (J2, which would make the lines coincide
with ease. So suppose P; is not the same point as P,. Under the initial assumption that
the lines are not parallel, a point of intersection between the lines exist. So, there exist real
numbers « and 3 such that

ﬁ+aﬁ=@+ﬁ@
— P, + BPQ)
P,— P, = aP,Q; — BP0
PiF, = (a = APQ; = (a — B)BQs.
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Note that o — 8 # 0, as, otherwise, P, would be the same point as P, which is a possibility
that we have already excluded. This allows us to rewrite the lines as

Elz{f_’l)thf—’l@_::teR}
— (P, +t(a—B)" PP, t € R}
2{131)+t]TP2>:te]R}
— (P +tP-P):tcR}
— [(1- )P, + Pt R}

and, similarly,

622{?)2%—75132@_2):36R}
:{?’24_3(@—5)_1@:36]1%}
:{ﬁ2+sﬁ>:s€R}
:{ﬁ2+s(§—ﬁ):s€R}
— {(—5)P, + (s + DB, : s € R).

Note that the factor (o — 8)~' was possible to make disappear because scaling the set of all
real numbers t or s by a constant does not change the set R. By the change of variables
t—s=1,wegetl —t=—sandt=s+1,s0 ¥, = /5. O

Theorem 1.39 (Parallelogram law). If P, A, B are distinct points in R", then there is a

representative of ﬁél + ﬁ that is a directed diagonal, with its tail at P, of a parallelogram
with adjacent sides PA and PB (a parallelogram is defined in Definition 7.19). Moreover,
according to the vector decomposition lemma (Lemma 1.37), the other directed diagonal of
the same parallelogram from A to B has a representative in

AL =PL - PA
and the directed diagonal from B to A has a representative in
BA = —AB = —(PB - PA) = PA - PB.

Q

5,

» /
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Proof. Let P, A, B be three distinct points in R". Our two adjacent sides are representatives
of the vectors

So their sum is
PA+PB=(0,A—P)+(0,B—P)=(0,A+B—2P)= (P,A+ B — P),

Let @ be the point A+ B — P. We need to show that () is the fourth vertex. Since we want
a paralleloigram forged by the adjacent sides PA and PB, it suffices to prove that the lines

through PA and @ are parallel or coincident, and likewise for ﬁ and /@ Note that

PA=(P,A)=(0,A—P)=(B,A+ B~ P)=(B,Q) = B,
PB=(P,B)=(0,B—P)=(A,A+B—P)=(AQ) = AQ.

By Lemma 1.38, the lines through any two representatives of the same vector are parallel or
coincident, so we are done. O
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Chapter 2

Angles

“You must not attempt this approach to parallels. I know
this way to the very end. I have traversed this bottomless
night, which extinguished all light and joy in my life. I
entreat you, leave the science of parallels alone... Learn
from my example.”

— Farkas Bolyai

We will describe angles, and their types and properties. This will allow us to prove some basic
angle theorems about triangles. Afterwards, we will provide an exposition of parallel and
perpendicular lines using slope-intercept form and the geometric interpretation of complex
numbers. We conclude with an elementary proof of the formula for the perpendicular distance
between a point and a line.

2.1 Basic Notions

Theorem 2.1 (Distance formula). The distance between two points (z1,4;) and (x2,ys) on
the Cartesian plane is

V(@1 —22)2 + (1 — y2)2.

Subsequently, this means the distance between two complex numbers z; and zp is |21 — 23]

Proof. 1f the two points are the same, then the distance between them is 0, which matches
the formula. So we may assume that the two points are distinct. Then we can construct a
right triangle with the segment between (x1,;) and (z3,y2) as its hypotenuse and legs of
length |zq — 5] and |y; — yo| that are parallel to the coordinate axes. This is done by drawing
a line parallel to the x-axis through one point, and a line parallel to the y-axis through the
other point.

(72,Y2)

|y2 —yﬂ
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The formula then follows from the Pythagorean theorem. However, it is sensible to take
this distance formula as a definition in analytic geometry, since we have not yet proven the
Pythagorean theorem.

Regarding the relation to complex numbers, if we take z; = (x1,y;) and 25 = (%2, y2) then
the formula for the complex modulus yields

|21 — 22| = \/(Il —22)? + (Y1 — ¥2)*.
[

Definition 2.2. A circle is the collection of all points in the plane at a fixed distance from
a fixed point.

There are several ensuing concepts:
1. The fixed point is called the center of the circle.

2. The fixed distance is called the radius of the circle. A radius of a circle also refers
to a line segment with one endpoint on the circle and one endpoint at the center of
the circle. The plural of radius is radii. By the definition of a circle, all radii have the
same length.

3. A diameter of a circle is a segment that goes through the center and has both end-
points on the circle, though the word can also refer to the length of such a segment.

4. The circumference of a circle is its perimeter. The term can also refer to the boundary
of a closed disk (see Definition 5.1). We define the ratio of the circumference of a circle
divided by its diameter to be the constant 7, which has the same value for all circles.

5. The unit circle in the Cartesian plane is the circle of radius 1 and center at the origin.

Corollary 2.3. If a circle is the collection of all points at a fixed distance r from a fixed
point (a,b) in the Cartesian plane, then the equation of all points (x,y) on the circle is given
by

(x—a)®>+ (y —b)* =12
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Proof. By definition, (x,y) lies on the circle if and only if the distance from (z,y) to (a,b) is
r. By the distance formula (Theorem 2.1), this means (z,y) lies on the circle if and only if

Vi =0+ (=02 =r,

which is equivalent to the proposed equation.
As a side note, the equation of a circle could be provided in the form

v+ Az 4+ + By +C =0,

in which case we would have to complete the square in each variable (see the proof of the
quadratic formula in Volume 1 for a general method of completing the square) in order to
determine the radius and the coordinates of the center. Not all equations of this form lead
to a circle, though. For example, upon completing the square in each variable, we might
discover that the square of the “radius” is non-positive. Related comments for conics and
bivariate quadratics are written under Definition 12.4. O

We need a way to measure how far we have rotated from one point to another points, relative
to a central point that is equidistant from the origin and destination. Angles do this job.

Definition 2.4. Given two rays B—1>4 and B? with the common origin B, the angle between
them refers to one of the two regions in between the rays, with the choice being made clearly
at the time of writing. Whether the rays themselves are included depends on the context,
but the interior of an angle is the same region excluding the rays. The common point of
the rays is called the vertex of the angle and rays BA and @ are called the legs. The
angle is denoted by ZABC.

C

y A

B

Note that we must clearly choose the angle from among the two regions that the plane is
cut into by the two rays, otherwise the angle is not well-defined.

We will often conflate an angle, which is a region, with its measure, which is a non-negative
real number. The measure of an angle is defined as follows.

Definition 2.5. Let ZABC be an angle. After drawing a circle of radius 1 with the vertex

of the angle as its center, the radian measure ¢ of the angle is the the arc length of the unit

circle inside the angle. Note that 7 is defined to satisfy 27 being the circumference of the

unit circle. Since radian measure can be uncomfortable for geometry, we can define degree

measure to satisfy 2 = 360°. Then the degree measure 6 of the same angle is given by
0 [0) 180°

%00 2 VT T
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Theorem 2.6. Angles are additive in the sense that placing two angles beside each other
with a common ray means the measure of the new angle is the sum of the measures of the
original two angles.

B

> A

)

Definition 2.7. There are several categories into which we will classify angles:
1. A zero angle represents no rotation and so has measure 0°.

2. A right angle is a fourth of a full rotation and so has measure 90°. One may use a
square mark to indicate a right angle.

B

3. An acute angle is a positive angle that is smaller than a right angle.
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4. A straight angle is half of a full rotation and so has measure 180°. The union of two
rays that make a straight angle is a line. For example, a diameter of a circle splits into
two radii that form two straight angles.

5. An obtuse angle is larger than a right angle but smaller than a straight angle.

6. A complete angle represents one full rotation and so has measure 360°.

7. A reflex angle is larger than a straight angle but smaller than a complete angle.
Definition 2.8. There are three important relationships between pairs of angles:

1. A pair of non-negative angles is called complementary if their measures sum to 90°.

2. A pair of non-negative angles is called supplementary if their measures sum to 180°.

3. A pair of non-negative angles is called explementary if their measures sum to 360°.

Definition 2.9. We introduce negative angles by making counterclockwise angles the
positive ones and clockwise angles the negative ones. In classical geometry, angles do not
have such an orientation, but analytic or complex geometry can be imbued with oriented
angles.

C C

counterclockwise clockwise

> A > A
B B

Definition 2.10. If two lines intersect, then they produces four angles. If the angles are

a, b, c,d in counterclockwise order, then a,c are called vertical or opposite angles, as are
b,d
,d.
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Theorem 2.11 (V-angle theorem). If there are two intersecting lines, then the angles in
each pair of vertical angles are equal.

Proof. Let the angles be a, b, ¢, d in clockwise order. Then

a+b=180°
b+ c=180°.
Equating them yields
a+b=b+c = a=c

Symmetrically, b = d. O

Definition 2.12. Two lines are said to be perpendicular if the four angles created by their

= 90°. In fact, by

vertical angles and supplementary angles we can show that if one angle of the intersection
is 90°, so are the other three (try it!).

intersection are equal. Equivalently, the four angles all have measure

Definition 2.13. A transversal / is a line that cuts through two lines m,n which are
usually parallel for our purposes. This produces eight angles. Any two angles on the same
side of the transversal are called same-side angles and any two angles on opposite sides
of the transversal are called alternate angles. Angles in between the two parallel lines
are called interior angles and the other four are called exterior angles. This terminology
produces 2 - 2 = 4 types of pairs of angles in the figure:

e Alternate interior angles
e Alternate exterior angles
e Same-side interior angles
e Same-side exterior angles

Moreover, two same-side angles, one of which is an interior angle and one of which is an
exterior angle, are called corresponding angles.

A
~

AN
“+
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Theorem 2.14. Suppose there are two lines m, n and a transversal ¢ cutting through them.
It is standard to assume that corresponding angles are equal if and only if m,n are parallel;
this configuration is known as the F-angle theorem. Using supplementary angles, we get
several other statements equivalent to m,n being parallel:

1. Alternate interior angles are equal (Z-angle theorem)
2. Alternate exterior angles are equal

3. Same-side interior angles are supplementary

4. Same-side exterior angles are supplementary

So a pair of parallel lines and a transversal creates two classes of four equal angles each, such
that one angle from one class and one angle from another class are supplementary. In terms
of the labels of the above diagram, the two classes are

a=d=e=h,
b=c=f=ygy.
Lemma 2.15. Let £ be a line, and m,n be two more lines.
1. If m,n are both perpendicular to ¢, then m,n are parallel.

2. If m, ¢ are parallel and ¢, n are parallel, then then m,n are parallel. This makes being
parallel a transitive property.

Proof. We will use the setup of two parallel lines and a transversal for both proofs:

1. Suppose m,n are both perpendicular to ¢. Then eight right angles are produced at
the two points of intersection. By the equality of corresponding angles, m,n must be
parallel.

2. Suppose m, n are both parallel to ¢. First we draw a line ¢ through ¢ such that ¢ and ¢ are
perpendicular. Since ¢, m are parallel, alternate interior angles tell us that ¢ intersects
m perpendicularly (there must be a point of intersection, otherwise m would be parallel
to both ¢,¢ which are perpendicular). Similarly, ¢ intersects n perpendicularly. So ¢
is a perpendicular to both of m,n and equal alternate interior angles tell us that m,n
are parallel.

]

Definition 2.16. A half-plane is either side of a line and includes the line; this will be
extended to 3D geometry in Definition 14.1. A convex polygon is a finite region formed by
the intersection of half-planes, where we never include two half-planes whose union forms the
whole plane. The vertices of the convex polygon are the corners where the boundaries of
two such half-planes meet, and the edges or sides are the line segments between consecutive
vertices. The perimeter of a convex polygon is the sum of the lengths of the edges. The
interior angles of a convex polygon are the non-reflex angles created by pairs of edges at
the vertices.
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Ezample. A triangle (Definition 3.7) is a convex polygon, by taking the lines for the required
half-planes to be the lines that run through the edges of the triangle.

Definition 2.17. Given a set of three or more points, if there exists a line that runs through
all of the points, then the points are said to be collinear.

Theorem 2.18 (Interior angle theorem). The sum of the interior angles of any triangle is
180°.

Proof. Let the triangle be AABC. First we draw a line ¢ through C' that is parallel to the
line through AB. Let D and F be points on ¢, as shown. By alternate interior angles,

/BAC = /ACD,
/ABC = /BCE.

Then
/ABC + /BAC + ZACB = /BCE + LACD + ZACB = 180°,

due to D, C, E being collinear.
D l C E

) \
A) A A 4

]

Corollary 2.19. If the interior angles of a triangle include a right or obtuse angle, then the
other two angles are both acute.

Proof. Suppose a, b, ¢ are the interior angles and that a > 90°. Using that fact that
a+ b+ c=180°

we find that
b+c=180° —a < 180° — 90° = 90°.

Since b, ¢ are both positive, they must both be acute. O]
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Definition 2.20. We can classify triangles according to the measures of their interior angles:

e Acute triangle: three acute interior angles

e Right triangle: one right interior angle, which causes the other two to be acute); the
side opposite the right angle is called the hypotenuse and the other two sides are
called legs

e Obtuse triangle: one obtuse interior angle, which causes the other two to be acute

Definition 2.21. The exterior angle corresponding to an interior angle of a convex polygon
is the angle supplementary to the interior angle. Such an angle may be constructed by
extending either of the two rays of the angle in the other direction, so there are two ways of
doing this. By vertical angles, these two angles have the same measure, so the measure of
an exterior angle corresponding to an interior angle is well-defined.

C

A~
~

E

Corollary 2.22 (Triangle exterior angle theorem). Let AABC be a triangle. Then the
measure of the exterior angle at C' is equal to the sum of the measures of the interior angles
at A and B. As a consequence, the sum of the three exterior angles at A, B, C' is 360°. This
generalized to convex polygons in Problem 5.29.

Proof. Let the measures of the interior angles at A, B, C' be «, 3,7, and let the exterior angle
at C' measure 7. We know that

a+ [+~ =180°,
v+~ = 180°.

Equating the two yields
atfty=7+1 = a+f=7,
which is the desired result, which is known as Euclid’s first theorem. If the exterior angles
at A and B are o and 7/ respectively, then applying this result to them yields
+f+7=0B+7+0+a)+(a+p)
=2(a+f+7)
=2-180° = 360°.
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2.2 Parallel and Perpendicular

It is useful to be able to classify when two non-vertical lines are parallel or coincident accord-
ing to the slopes of their slope-intercept equations. A criterion for perpendicular lines would
also be helpful, for which we will need to invoke complex numbers, due to their friendliness
with rotations.

Theorem 2.23. Suppose two lines are non-vertical.
1. The two lines are parallel or coincident if and only if their slopes are equal.

2. The two lines are perpendicular if and only if their slopes are negative reciprocals of
each other.

Proof. Suppose there are two non-vertical lines. We prove the results in sequence, as the
first part plays a role in the proof of the second part.

1. By Corollary 1.34, the negation of the proposition that two lines are parallel or co-
incident is that the two lines have exactly one intersection point. Instead of showing
that if two lines are parallel or concident then their slopes are equal, we will show the
contrapositive, which says that if two lines have unequal slopes then they have exactly
one intersection point. Indeed, if the equations are

Yy =mix + by,
Yy = mox + by,

for my # mo, then solving for intersection points yields the single solution

_ bl — bg mel — b1m2>

ml—mz7 my — Mg

(20, %0) = (

In the other direction, we will show that if the lines have equal slopes, then they are
parallel or concident. Suppose the lines have equal slope, so their equations are

y =mzx + by,
y = mx + bs.

Logically, the desired conclusion “they are parallel or concident” is equivalent to “if
they are not parallel then they coincide.” Since the negation of being parallel is that at
least one point of intersection exists, it suffices to show that if one point of intersection
exists then the lines coincide. Indeed, if (zg,yo) is a solution to both equations then
setting the equations equal to each other yields

mx; + by =y =mx, + by = by = bs.
Thus, the equations are the same and represent the same line.
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2. If two lines are perpendicular, then there must be a unique intersection point at which

the angle is created. On the other hand, if the slopes are negative reciprocals, then
the slopes cannot be equal and the previous part tells us that there exists a unique
intersection point. So in either direction, we can assume the existence of a unique
intersection point (xg, yo).
Let the lines be ¢; with slope m; and ¢y with slope mg, and let (z1,y;) be a point
on {1 other than (xg, o). Using the fact that multiplication by i causes a 5 rotation
counterclockwise around the origin, we can rotate z; = x; + iy, around 2y = xg + ¥
counterclockwise by g radians to get the point

2= (21— 2)e?’ + 2
= (v1 +1iy1 — 2o — 1o)i + (%o + iYo)
= (ixy —y1 —ixo + Yo) + (zo + iyo)
= (—y1 +yo + w0) + (z1 — 0 + Yo )i.

Let 2o = x5 + 1yo. Now we will tackle the two directions separately. If we assume that
(1 and /5 are perpendicular, then we know that 25 lies on ¢35, which tells us that

Y2 — Yo
Ty — Xo

(1 — 20+ Y0) — Yo
(=y1 + yo + x0) — 20

_ M= _ (yl yo)lz_i
=1 + Yo T1 — To my

Mo =

So the slopes are negative reciprocals. In the other direction, we suppose that my =

1
——. Since z; was an arbitrary point on ¢; other than zy, it suffices to show that z

1
lies on /5. Indeed,

Ya—% (1 — 20+ %) — W

xo— 2o  (—y1+ Yo+ o) — o
T1 — Xg

-1+ Yo

-1
(Z/l yo) 1
= = —— :’]’)’LQ7
Tr1 — X mi

Y1 — Yo = m2(~751 - iﬁo)-

Thus, (x2,y2) lies on /s, since it satisfies the point-slope form of the equation of /5,
which is

Y—Y = m2(I - 900)-
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Now we will use the slope criteria in Theorem 2.23 to formulate similar criteria in terms of
complex numbers. The new criteria will be universal in the sense that they will not require
the lines to be non-vertical.

Theorem 2.24. Let a and b be complex numbers that are distinct from each other, and let
¢ and d be complex numbers that are distinct from each other. Then:

1. The line through a, b is parallel to or coincident with the line through ¢, d if and only
if —

C . . ..

is real. As a consequence, if a,b, ¢ are distinct complex numbers, then they
—a
c—a

are collinear if and only if 2 is real.

d —
2. The line through a, b is perpendicular to the line through ¢, d if and only if 2 ¢

1S

pure imaginary, meaning its real part is 0.

Proof. The propositions are easy to verify if either line is vertical, and we leave this to the
reader. So we may assume that the lines are not vertical, which will allow us to use the slope
criteria in Theorem 2.23. In order to calculate slopes in terms of the complex numbers, we
will use the fact that, for any complex number z,

wl

2 - Re(z)

z+
2i-Im(z) = z

I

1. The line through a, b is parallel to or coincident with with the line through ¢, d if and
only if their slopes are equal. Using the Cartesian slope formula, we can take some
reversible algebraic steps:

Im(d) — Im(c) _ Im(b) — Im(a)

Re(d) — Re(c)  Re(b) — Re(a)
Ld-D-Le-0) -0 -La-a)
Ld+d)—i(c+7) Lb+b) —i(a+a)

(d—c)—(d—rc) _ (b—a)—(b—a)
(d—c)+(d—c) (b—a)+(b—a)

is a real number.

This is true if and only if 2

If a,b, c are distinct complex numbers, then they are collinear if and only if the line
through ¢, a is parallel to or coincides with the line through b,a (the loose criterion
of being parallel or coincident implies that they will necessarily coincide due to the

s a

shared point a). By the criterion we just derived, this is true if and only if

real number.
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2. The line through a, b is perpendicular to the line through ¢, d if and only if their slopes
are negative reciprocals. Using the Cartesian slope formula, we can take some reversible
algebraic steps:

%(d—a)—%c—é): 1b+b) —i(a+0a)

Hd+d)—1i(c+7) 2(b—1b) — 5(a—17)
(d—c)—(d—=c¢) (b—a)+(b—a)
(d=c)+(d—¢c) (b—a)—(b—a)

c
This is true if and only if 2 is a pure imaginary number.

[]

Definition 2.25. Given a line ¢ and a point P = (¢, o), it is clear that there exists a line
m that is perpendicular to ¢ and runs through P. The reason is that, if ¢ is vertical, then
m is horizontal, and otherwise m gets the slope that is the negative reciprocal of the slope
of ¢. The intersection of ¢ and m is called the foot of the perpendicular F' from P to /.
The distance from P to F' is called the perpendicular distance from P to /.

Pe

Theorem 2.26 (Point-line distance formula). Let ¢ be a line with equation az +by+c¢ =0
and let P be a point in the plane with coordinates (xo, yp). Then the perpendicular distance

from P to /¢ is
laxo + byo + ¢

Va? + b?

Proof. First we will deal with a few edge cases. If P lies on the ¢, then azy + byy + ¢ = 0,
which makes the given expression be equal to 0, as expected.
So now we may assume that P does not lie on /. It is not possible for both a and b to be

0 because then ¢ would not be a line. If @ = 0 and b # 0, then y = —g and the line is
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horizontal. The distance from P to ¢ is

e ()| e,

which agrees with the desired formula. Alternatively, if a # 0 and b = 0, then z = ~ £ and
a

the line is vertical. The distance from P to ¢ is
‘ ( c> ’ lazo + ¢
To—|\— )| = —F—F
a |a|

which again agrees with the desired formula. Now we may safely assume that neither a nor
b is 0.

Let the foot of the perpendicular segment from (z,yy) to ¢ be (x1,3:). By the distance
formula, we want to find an expression for

V(o — 1) + (yo — 11)?

a
in terms of a, b, ¢ and xg, yo. The slope of ¢ is 3 so the slope of the perpendicular segment

b — b
is its negative reciprocal, which is —. Then fo—9h _2 or
a Tog — T a

a(yo — y1) — b(xg — 1) = 0.

Since we want to work with (o —z1)? and (yo — y1)?, we square the equation and rearrange
the result to get

a*(yo — y1)* + b (wo — 1) = 2ab(yo — y1)(wo — 71).

Inspired by the desired formula, we decide to work with the expression (axq+byo+c)?, which
miraculously yields

(azo + byo + ¢)* = (axg + byo — axy — byy)?
= (a(zo — 1) + b(yo — 1))
2

(w0 — 21)* 4+ b (yo — 11)* + 2ab(zo — 21) (Yo — 1)
(zo — 21)* + b2 (o — 11)* + a*(yo — 11)? + 0% (2o — 21)?
= (a® + ") (w0 — 1) + (50 — 11)?).

a
a

This leads to

lazo + byo + |
)2 )2 —

\/(xo xl) + (3/0 yl) - \/m .

The point-line perpendicular distance formula will be proven more cleanly (and without

reverse-engineering the expected formula) using vectors in Theorem 4.17. [

Problem 2.27. Let f € C be the foot of the perpendicular from z € C to the line through
a,b € C. Then ~ ~
e z(@—0b)+z(a—b)+ab— ab

B 2(a@ —b) '

This formula works even if z lies on the line through a and b.
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Chapter 3

Transformations

“And that square root of minus one means that nature
works with complex numbers and not with real numbers.”

— Freeman Dyson, Birds and Frogs

Complex numbers are essentially Cartesian coordinates with an extra multiplicative struc-
ture, which we will see has a geometric interpretation that involves rotation. This is what
allows us, in some scenarios, to do two-dimensional geometry more conveniently using com-
plex numbers than with other tools. First, we will describe all standard transformations
using complex numbers. Secondly, we will look at preservation and alteration effects of these
transformations. As a fruit of all this labour, we will use transformations to prove the cosine
law and to prove the triangle inequality (for actual triangles). The triangle inequality will
allow us to obtain “betweenness” results.

3.1 Formulas for Effects

Definition 3.1. There are four major transformations in plane geometry, which are defined
in terms of complex numbers as follows. Each of these maps can be expressed in terms of
Cartesian coordinates, but we have preferred to use complex numbers as it allows for more
concise notation.

1. The translation by w € C is the function ¢ : C — C, defined as

t(z) =z + w.

2. The rotation around w € C by ¢ radians is the function r : C — C, defined as
r(z) = (z —w)e* + w.

The rotation is counterclockwise for positive ¢, and the rotation is clockwise for nega-
tive ¢.

3. The reflection across the line ax + by + ¢ = 0 is the function f : C — C, defined as

f(2) = —2ci ;—iba; ai)E‘

If this function seems unnatural, see its natural decomposition using conjugation in
Theorem 3.3.

38
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4. The homothety from w € C by a non-zero factor of £ € R is the function h : C — C,
defined as
h(z) = (z —w)k + w.

This is also called a dilation. If £ > 0 we call it a positive homothety or dilation,
and if £ < 0 we call it a negative homothety or dilation. Either way, & is the dilation
factor.

Translations, rotations, reflections, and compositions of any or all of them are called Eu-
clidean isometries. Compositions of any or all of the four maps are called similarity
transformations.

Ezxample. A homothety from w by a factor of —1 is equivalent to a rotation around w by
7 radians because e”™ = —1. This transformation is also called a point reflection across
w. Keep in mind that there is a difference between a reflection across a line and a reflection
across a point.

Theorem 3.2. Translations, rotations, reflections and homotheties are bijective from C to
C, and the inverse map of any function of each type is a transformation of the same type.

Proof. Recall from Volume 1 that a function is bijective if and only if it has an inverse.
Using this fact, the existence of an inverse implies bijectivity, so it suffices to prove that any
function of each type has an inverse of the same type. In the notation of Definition 3.1, it
can be readily verified that the functions

rHz) = (2 — w)e' ") 4w,
_ —2ci+ (b—ai)Z

17 b+ ai
i (z) = (2 — w)% +w.

are the respective inverses. In particular, note that every reflection is its own inverse, which
makes each reflection an involution. O

Theorem 3.3. The transformations in Definition 3.1 may be decomposed as follows:

1. Every rotation is a translation, followed by a rotation around the origin, followed by
the inverse translation.

2. Every homothety by a factor of £ is a translation, followed by a homothety by a factor
of k from the origin, followed by the inverse translation.

3. A conjugation is defined as a reflection across the z-axis, which matches the definition
of the conjugate of a complex number. Then every reflection is a translation, followed
by a rotation, followed by a conjugation, and then the inverse rotation, and finally the
inverse translation.
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Since Euclidean isometries are compositions of translations, rotations, and reflections, this
result implies that Euclidean isometries are compositions of translations, rotations around
the origin, and conjugations. In the same way, similarity transformations are compositions
of translations, rotations around the origin, conjugations, and homotheties from the origin.

Proof. The first two properties are immediately found to be true using the definitions of
rotation and homothety, so we will only prove the last one. Let the line of reflection be
ar + by + ¢ = 0 and let the point being reflected be the complex number z. The formula

—2c¢i + (b — ai)z 2ci b— ai
=
b+ ai b—ai b+

2y

—al
tells us that we apply a conjugation, followed by multiplying by b ai which is a rotation
ai

1

2 - which is a translation. It technically
—ai

satisfies the description of the sought decomposition, but it is not quite what we want

morally. It is also not entirely satisfying because the formula for reflection across a line is

unnatural and unjustified compared to those for translation, rotation, and homothety. We

will intuitively derive the formula, and we will prove the desired result along the way.

because its modulus is 1, followed by adding —

c c
The z-intercept of the line is at y = 0 which gives ©+ = ——. So we subtract —— from the
a a

x-coordinates of the line and the point to produce the line az + by = 0, which goes through
c

the origin, and get the point z + —. It is not possible for both a and b to be 0 because then
a

ax+by+c = 0 would not be a line, so (b, —a) is a non-origin point on the new line. Applying

a clockwise rotation by arg(b— ai) around the origin sends the line to the z-axis and z+ — to

. a
Z—Fa

elarg(b—ai)
apply the inverse rotation and then the inverse translation to get the final reflected point

eiarg(bai)<L3> e et (EJF E) ¢
etarg(b—ai) a ei(—arg(b—ai)) a a

eiarg(b—ai) = c c
= (P )

|b _ az| . eiarg(bfai) . c
" b+ ai| - eiemara) | (Z N a)

b—ai /_ ¢ c
()
b+ ai a a
which is equivalent to the reflection formula. The top-left expression in the above array of

expressions shows that a reflection is a conjugation that is nested inside a pair of inverse
rotations and, outside that, a pair of inverse translations. O

. Now we apply conjugation as it is equivalent to reflection across the x-axis, and

a

Problem 3.4. If f: X — Y is a bijective function where X and Y are subsets of R, show
that the graph of the inverse f~! is the reflection of the graph of f across the line z = y.

Lemma 3.5. Let £ : R x R = R be a function.
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1. If the translation (x,y) — (z 4+ u,y + v) is applied to the graph of k(z,y) = 0, then
the resulting set is the graph of k(z —u,y —v) = 0.

2. If the counterclockwise rotation (x,y) — (z cosf —ysin 6, zsinf +ycos#) by 6 around
the origin is applied to the graph of k(z,y) = 0, then the resulting set is the graph of

k(xcos® + ysinb,ycosf — xsinf) = 0.
3. If the conjugation (x,y) — (z,—y) is applied to the graph of k(x,y) = 0, then the
resulting set is the graph of k(z, —y).

Proof. We will prove the result about rotation and leave the proofs for translation and
conjugation to the reader. The latter two can be done using the same technique as the
former and are easier, so they should be doable. As a preliminary note, we will justify the
assumption in the assertion that the map

(z,y) — (zcosh —ysinb, zsinf + y cos )

applies a counterclockwise rotation to (x,y) by 6 around the origin. We can do this using
complex numbers by letting z = x 4 iy and expanding its product with ¢? = cos + isin6:

z- e = (z +iy)(cos O + isin )

= xcosf + ixsinf + iy cosf + i’y sin f
= xcosf +ixsinf + iy cosf — ysin b
= (zcosf —ysinb) + +i(xsinh + ycosh).

So, we are looking at the set
S ={(zcosf — ysinb,zsinf + ycosh) € R*: k(z,y) =0} .
To cause a change of variables, we let

2’ = wxcosh — ysinb,

y' = xsinf + y cos .

By multiplying these equations by cos # and sin # and then using elimination, along with the
Pythagorean identity, it can be shown that

x = 12" cosf + 1y sinb,

y =1 cosf — x’sin 6.

The reader is encouraged to write out the details. By a similar process, this step can be
reversed. Thus, we can apply a change of variables to show that

S={(,y) e R*: k(2' cos + y'sinb,y cos§ — 2'sinb)} .

Finally, we can replace the symbols 2’ and 4’ with x and vy, respectively, in this definition of
S, as the choice of symbols is irrelevant. m
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3.2 Preservation of Properties

Theorem 3.6. Translations, rotations, reflections and homotheties have certain effects on
the lengths of line segments and on the measures and orientations of counterclockwise angles:

1. A translation ¢ maps a line segment from z; to 25 to a line segment from ¢(z) to t(z2) of
the same length, and preserves the measure and orientation of counterclockwise angles
in [0, 27).

2. A rotation r maps a line segment from z; to z; to a line segment from r(z1) to r(zs) of
the same length, and preserves the measure and orientation of counterclockwise angles
in [0, 27).

3. A reflection f across a line maps a line segment from z; to 25 to a line segment from
f(z1) to f(z2) of the same length, and maps a counterclockwise angle in [0, 27) to a
clockwise angle with the same measure.

4. A homothety h by a factor of kK maps a line segment of length [ from z; to 25 to a line
segment of length |k| -1 from h(z;) to h(z), and preserves the measure and orientation
of counterclockwise angles [0, 27).

Proof. Certainly, the distance between two same points is 0, which is the same as the distance
between the two same points to which they are mapped by a function. So we can assume that
z1 and zo are distinct. By Definition 1.7, the line segment between two complex numbers z;
and 2z, is given by

lx)=(1—x)z + 229

for « € [0,1]. When handling angles, there will be a third point z3 distinct from 2z so that

we can measure the counterclockwise rotation of z; around z, that, along with a positive
3 — 22

23— %
dilation from z,, causes z; to coincide with z3. Let arg < 3 2) = 6 and let =s.

21 — 22 21 — 22

1. Let ¢(2) = z + w be a translation. Then

t((1—x)z1 +x20) = (1 —2)21 + 220 + W
(1—2)(z1 +w) + z(20 +w)
(1 —x)-t(z1) + 2 - t(z2).

So the line segment from z; to z; gets mapped to the line segment from ¢(z1) to t(z2).
The length of the new segment is

t(22) — t(21)| = (22 + w) — (21 + w)| = [22 — 2],

so distances are preserved. Counterclockwise angles in [0,27) are preserved as well

because
t(Zg) —t(Zg) _ z3+w—22—w _ Z3 — Z9 :Sew
t(z1) —t(z2) z21+w—20—w 21— 29 ’
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2. In Theorem 3.3, we found that a rotation is a translation, followed by a rotation around
the origin, followed by the inverse translation. Since a translation has the preservation
properties previously proven, it suffices to prove the results for only rotations around
the origin. Let r(z) = z¢'® be a rotation around the origin. Then

(1 —2)21 + 229)€™
(1 — 2)21€" + z29€"
(1—x)-1(z1) +x-7(22).

r((1 —x)z + x29)

So the line segment from z; to 2, gets mapped to the line segment from 7(z1) to r(zz).
The length of the new segment is

[7(z2) = r(21)] = |22e™ — 21€™| = |22 — 21| - [€] = |22 — 2],

so distances are preserved. Counterclockwise angles in [0,27) are preserved as well

because , ,
r(23) —7(22) 236" — e 23— 2 0
= = = se”.

r(21) — 7(22) B 21€9 — zpet? B 21 — %9

3. According to Theorem 3.3, a reflection is a conjugation enveloped by a rotation and
its inverse, followed by being sandwiched between a translation and its inverse. Since
rotations and translations have the preservation properties proven in the previous parts,
it suffices to prove the result for only conjugation. Indeed, using properties of complex
conjugates from Volume 1,

(l—2)z1+22=(1—-2)-Z1+2- 2.

So the line segment from z; to 25 gets mapped to the line segment from z; to z3. The
length of the new segment is

|Z2 — Z1| = |22 — 21| = |22 — 21,

so distances are preserved. Each counterclockwise angle in [0, 27) is turned into the
explementary counterclockwise angle because

Z3 — 23 23 — 2o — i(—
- = :( = sei? = ge'=0)
21 — 22 Z1 — 22

which is a clockwise rotation with the same absolute measure.

4. By Theorem 3.3. a homothety is a translation, followed by a homothety around the
origin, followed by the inverse translation. Since a translation has the preservation
properties that were previously proven, it suffices to work with only homotheties from
the origin. Let h(z) = zk be a homothety from the origin by a factor of k. Then

h((1 —x)zy +220) = (1 — x)21 + x29)k
= (1 —x)z1k + x20k
=(1—2x)-h(z1)+x-h(z).
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So the line segment from z; to zo gets mapped to the line segment from h(z;) to h(zz).
The length of the new segment is

|h(z2) = h(21)| = |22k = 21k] = [K| - |22 — 2],

so lengths are multiplied by a factor of |k|. Counterclockwise angles in [0,27) are
preserved because

h(Zg) - h(ZQ) _ Z3]€ — 22]{? _ Z3 — 29 _ Seie

h(Zl) — h(ZQ) Zlk — ng 21 — 22 ’

]

Definition 3.7. A triangle is produced by pairwise connecting three non-collinear distinct
points, called vertices, with three line segments, called edges. A degenerate triangle is
created by the three segments between three points that are collinear. For our purposes, a
degenerate triangle is technically not a triangle, though we might clarify occasionally that a
particular triangle is non-degenerate.

Theorem 3.8 (Law of cosines). If AABC has sides a, b, ¢ opposite to vertices A, B,C,
respectively, and the interior angle at C' measures 6, then

¢ = a*+b* — 2abcos .
This contains the Pythagorean theorem as a special case (Theorem 9.12).

Proof. We will use Cartesian coordinates. We translate the triangle so that C' lies at the
origin, then rotate the triangle around the origin until B lies on the positive z-axis, and then
(if necessary) reflect the triangle across the z-axis so that the y-coordinate of A is positive.
According to Theorem 3.6, all side lengths and absolute measures of interior angles of the
triangle are preserved. This setup provides a concrete configuration on which we can perform
computations.

A = (bcosf,bsinb)

C = (0,0) a B = (a,0)

We already know that the coordinates of C' are (0, 0). Since CB = a and B lies on the positive
x-axis, the coordinates of B are (a,0). Finally, CA = b and ZBCA = 6, so the polar coor-
dinates of A are (b,6), which can be converted to the Cartesian coordinates (bcos €, bsin6).
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This technique of placing points on the origin or axes is a common simplifying reduction in
analytic geometry.
By applying the distance formula to A and B, we derive

c= \/(a —bcosf)?+ (0 — bsinh)?,
¢® = (a —bcos0)® + (0 — bsin §)?
= a® + b*(cos® 0 + sin® 0) — 2abcos §
=a® +b* — 2abcos b.

Note that the Pythagorean theorem is the special case of § = 90° since cos 90° = 0 annihilates
the 2abcos 6 term, leaving
a’ +b* = .
[

Corollary 3.9. In AABC, let the sides opposite to A, B,C be a,b, c respectively, and let
the interior angle at C' measure 6. Then

1 if § is acute
sgn(a® 4+ b* — *) = 0 if 6 is right
—1 if 8 is obtuse

Proof. By the cosine law, a® + b* — ¢ = 2abcos §. Since 2ab is positive,
sgn(a® 4+ b* — ¢*) = sgn(cos ).

By observing the unit circle, we can see that cosf has the signs prescribed in each case.
As the reader may have noticed, this contains the Pythagorean theorem as a special case. [

Theorem 3.10 (Triangle inequality). If three positive real numbers a, b, ¢ satisfy the tri-
angle inequalities

a+b>c,
b+c > a,
c+a>b,

then they are the sides of a non-degenerate triangle. Conversely (or rather, the contrapositive
of the converse), if at least one of the inequalities is broken, then a degenerate triangle is
produced. In this case, one of these strict inequalities is replaced by the corresponding
equality and the other two inequalities remain strict.

Proof. Let the triangle be AABC with sides a = BC,b = C'A,¢c = AB. Suppose the three
triangle inequalities hold. We wish to show that the three vertices are non-collinear, which
will prove that AABC' is non-degenerate. By utilizing the same Euclidean isometries as
those described in the proof of the cosine law (Theorem 3.8), we let A = (0,0) be the origin,
B = (c,0) be on the positive z-axis (so, ¢ > 0), and C = (z,y) with y > 0. It suffices to
prove that y > 0 so that is does not lie on the x-axis, which is the line that runs through
AB.
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C = (z,y)

A =(0,0) c B = (c,0)

We first aim to find explicit coordinates for C' = (z,y). By the distance formula, we get the
two equations

2 4yt =
(x—c)? +y* =a’
Subtracting the bottom from the top and rearranging yields

2cx — =% — a?

P+ -ad?
N 2¢ ’

T

Since y > 0, we can isolate it as
y= Vb2 — 22
=4/ (b—x)(b+x)

= \/(b—bug—i_az) <b+52+;—i_a2>
-5 =]

1

:%~\/(b—irc—a)(c—i—a—b)(a—l—b—c)(a—l—b—i—c).

The argument inside the square root exists and is positive due to the triangle inequalities,
so y > 0. Therefore, AABC' exists as a non-degenerate triangle, as desired.
Conversely, suppose at least one of the following “broken” triangle inequalities is true:

a+b<c,
b+c<a,
c+a<hb.

Without loss of generality, pick ¢ + a < b. By the triangle inequality for Euclidean vectors

(Corollary 4.9),
IAB| + |BC| > |AB + BC| = |AC),
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which is equivalent to c+a > b. By antisymmetry, equality holds. By the equality condition
for the Euclidean vector triangle inequality, this means AB and BC' are scalar multiples of
each other, which means the points A, B, C' are collinear, implying degeneracy of the triangle.
Further, for the sake of contradiction, suppose a +b < cor b+ ¢ < a. Using ¢+ a = b, we
get a < 0 or ¢ < 0, respectively, which are contradictions. So, exactly one of the triangle
inequalities is broken in this case and it becomes an equality. O

Problem 3.11. Given distinct collinear points A, B, C, Euclidean geometry says that B
lies strictly between A and C'if and only if AB + BC = AC. This will be our definition
of B being strictly between A and C'. Prove that it suffices to show that AB < AC' and
BC < AC in order to prove that B lies strictly between A and C.

Theorem 3.12. Let z, w be distinct complex numbers. A complex number p lies on the line
through z and w if and only if there exists some z € R such that

p=(1-2)z+zw.
More specifically,

z lies strictly between p and w  if x <0
p coincides with z if x =0
{ p lies strictly between z and w if0 <z < 1.

p coincides with w if x =1

| w lies strictly between z and p  if 2 > 1

Proof. Suppose
p=(1—-2)z+zaw
for some real x. Isolating x yields the equivalent equation

p—z
w—2z’

Tr =

which is true if and only if z, p, w are collinear in some order by the preceding theorem. Now
we need to classify when they are in what order. If x = 0 then p = 2, and if x = 1 then
p = w. These are the easy cases. For the three “between” cases, we will apply Problem 3.11:

e Suppose x < 0. Then 1 <1 — x, so

I<|l—z= ’ ’:>|w—z]<\w pl.

1 1
Moreover, z < 0 implies that — < 0. Then 1 <1 — —. so
x x

1
1<‘1——
T

_ P
=10

— lp—z <lp—wl|
Thus, z must lie strictly in between p and w.
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e Suppose 0 < x < 1. Then
1>m:|m|:‘u‘ = |p—z| <|w-—z|.
w—z
Moreover, 1 > x > 0 leads to 1 > 1 — x > 0, which means
1>|1—x\:‘u' — |w—p| < |w-—z|
w—z

as well, so p must be strictly in between z and w.

or lw— z| < |p — z|. Moreover,

e Suppose x > 1. Then 1 < |z| = 'p—
w_

1 1
r>]1 =5 0<—-<1 = 0<1—-x<1
xr xr

1

1-1

1
= 1< T =

_|P==
=

Then |p — w| < |p — z|. Thus, w must lie strictly in between z and p.
O

Theorem 3.13. If k is a Euclidean isometry, then & maps the line through a,b € C to the
line through k(a), k(b). Moreover, if z is some point in the plane, then the perpendicular
distance from z to the line through a, b is equal to the distance from k(z) to the line through
k(a), k(b).

Proof. By Theorem 3.3, every Euclidean isometry may be decomposed into translations,
rotations around the origin, and conjugations. So, it suffices to prove the two assertions
for each of these three specific types of transformations. Recall that the translation of a
point amounts to adding some w € C to the point, rotation of a point around the origin is
multiplication of the point by e? for some real 0 < # < 2, and conjugation applies complex
conjugation to the point.

We know that the line through a, b is the collection of all points (1 — z)a + xb for z € R. It
is easy to show that, for any of the three types of transformations k stated,

k(1 —x)a+ xb) = (1 — 2)k(a) + zk(D),

which shows that k£ maps the line through a, b to the line through k(a), k(b).
Let z be a point in the point. By the complex foot formula (Problem 2.27), we want to show
that the distance

z(@—b) —%Z(a —b) +ab—ab
2(a —b)

z(@—b)+Z(a —b) +ab—ab
2(a —b)

z —

is invariant under translations, rotations around the origin, and conjugations. This is a
computational exercise that we leave to the reader; it is not as intensive as it looks. O
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Definition 3.14. A point P is said to be equidistant from two points (Q and R if P(Q) = PR.
We denote that two line segments have equal length using the same number of tick marks.

R

P

Problem 3.15. Prove that the midpoint of the segment between two complex numbers z;

and zy 18
Z1+ 29

2

Problem 3.16. It can be shown that the reflection of a point P across a line £ is the unique
point ) such that ¢ is the perpendicular bisector of P@Q, assuming P does not lie on ¢. Taking
this property for granted, find a formula for the reflection of z € C across the line through
a,b € C, in terms of z,a,b.

z3 =
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Chapter 4

Dot Product

“It is difficult to give an idea of the vast extent of modern
mathematics. The word “extent” is not the right one: I
mean extent crowded with beautiful detail - not an extent
of mere uniformity such as an objectless plain, but of a
tract of beautiful country seen at first in the distance, but
which will bear to be rambled through and studied in
every detail of hillside and valley, stream, rock, wood, and
flower.”

— Arthur Cayley

Having been introduced to Euclidean vectors through equipollence, we now dive deeper into
geometric properties of vectors, specifically angles between vectors. To that end, the dot
product of Euclidean vectors that we will study will be helpful for handling angles between
vectors. Throughout, we will see the Cauchy-Schwarz inequality, orthogonal projections, and
a more sophisticated proof of the point-line perpendicular distance formula.

4.1 Algebraic Generalities

We begin with a question that motivates the definition of the dot product: In two dimensions,
given two vectors with a common tail, how does one obtain the angle between the tails? The
answer is to use the cosine law, as done below.

Definition 4.1. The Euclidean norm or magnitude of a position vector
v=(v1,vV2,...,0)

in R" is denoted by and defined as

o]l = /v + 03 + - + 02,

As the Pythagorean theorem (Theorem 9.12) and its 3D box analogue for space diagonals
(Problem 14.9) inspire, this is the “length” of the position vector, which is the same as the
distance from the origin to the point (v, vs,...,v,). A unit vector is a vector whose norm
is 1. To divide a non-zero vector v by the scalar ||v|| in order to produce a unit vector in the
same direction is called normalization; the reader should verify that a normalized vector
is indeed a unit vector.

20
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Theorem 4.2. If v = (z1,11),w = (22,y2) are two-dimensional vectors, then the angle
between their tails is given by

T1To + Y1y
Vit ytVas

Note that the explementary angles # and 27 — 6 have the same cosine, so we can choose to
solve for the non-reflex angle.

cosf =

Proof. The two vectors v and w are like the sides of a triangle that has the interior angle 6
between them. By the parallelogram law (Theorem 1.39), the length of the third side is the
magnitude of the vector

v—w = (T — T2, Y1 — Yo)-

By the cosine law (Theorem 3.8),

2 Joll - lwl]l - cos & = [[v]|* + [Jw]|* = [lv = w]]?
= (a7 + i) + (25 +45) — [(21 — 22)° + (11 — 13)]
=2} + i+ oy s — (o] + 25 — 2wy + T 4 Y5 — 20100)
= 21179 + 29192

[l - lw] - cos § = z122 + 1,

which is equivalent to what we wished to prove.

This leads to the more general concept in n-dimensional Euclidean space below.

Definition 4.3. The Euclidean dot product of two position vectors
v = (v1,v9,...,v,) and w = (w1, Wy, ..., Wy,)
in R" is a real number (in particular, not a vector) that is denoted by and defined as
VewWw = VW) + Vowsg + * -+ + VW,

In more abstract scenarios, the dot product is called an inner product of vectors and it
is denoted by (v, w). We will occasionally prefer this notation to distinguish the dot product
from real multiplication or scalar multiplication of vectors.
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To find dot products or norms of displacement vectors instead of position vectors, we can
replace the displacement vectors with their equipollent position vectors, and then apply
the dot product or norm. So, the norms of vectors in the same equipollence class are
equal. Intuitively, this makes sense because, thanks to the usual Euclidean distance formula
(Theorem 2.1)

V(0 = w1)?2 4 (v = wa)? + -+ (v, — w,)?

defined on R", the tail-to-arrowhead distances of equipollent vectors are the same. On
the other hand, the dot product is close to representing “the angle” between two vectors,
independent of the chosen displacement vectors. Informally, such an angle always exists
because we can always extend the tail ends of linearly independent vectors until they meet
to form an angle. See if you can justify that the angle is well-defined on vectors in the
sense that its measure is independent of the choice of displacement representatives of the
two vectors.

Theorem 4.4. The dot product (-, -) is a “symmetric bilinear form,” which is fancy language
for meaning that the following properties hold for all vectors u, v, w in R" and all real a:

1. Commutative: (v, w) = (w,v)
2. Distributive: (u + v, w) = (u, w) + (v, w)
3. Homogeneous: (av,w) = a{v, w)

As a consequence of commutativity, we can deduce the further properties corresponding to
the second and third properties:

(wy,u+v) = (w,u) + (w,v)
(w, av) = a{w, v).
Moreover, (v,0) = 0.

We leave the proofs of these properties to the reader as they are involve simple algebraic
manipulations. As a side note, associativity is impossible for the dot product because its
domain and range are in conflict. Do you see how?

Theorem 4.5 (Weak cancellation rule). If u, v, w are vectors such that v e v = u e w, then
it is not necessarily true that v = w, so we cannot generally cancel u from the left sides. For
example, it might be true that u is the zero vector in R". However, if v, w are vectors in R"
such that (u,v) = (u,w) for all vectors u in R", then it holds that v = w.
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Proof. Note that (u,v) = (u,w) if and only if (u,v — w) = 0, and that v = w if and only if
v —w = 0. So it suffices to prove that if (u, z) = 0 for all vectors u, then z = 0. Let

2= (21,22, 2n)-
The idea is to take u to be each of the n vectors such that the arrowhead has exactly one

component equal to 1 and the rest of the components are 0; these are called the standard
basis vectors of R". So by taking

w=(1,0,0,...,0,0),
w=(0,1,0,...,0,0),
w=(0,0,1,...,0,0),

u.: (0,0,0,...,1,0),
u=(0,0,0,...,0,1),
we successively find that
O=z1=20=23="--+=2,_1 = Zn.
Therefore, z is the 0 vector. O

Theorem 4.6 (Algebraic properties of Euclidean norm). Let v be a vector in R" and let «
be a real number. Then:

1. Relation between norm and dot product: ||v|| = +/(v,v)

2. Trivial inequality: ||v]| > 0 and equality holds if and only if v is the zero vector

3. [lav]] = [af - [|v]]
These are all easy and instructive to verify. We encourage the reader to do so.
Problem 4.7. Prove that the sum of the squares of the lengths of the diagonals of any
parallelogram is equal to the sum of the squares of the lengths of the four sides. Complete
this proof in a way that it holds regardless of the dimension of the Euclidean space in which

we are working (so, the two-dimensional definition of a parallelogram should be irrelevant).

Theorem 4.8 (Euclidean Cauchy-Schwarz inequality). For any two position vectors v and
w in R", it holds that

[l - lw]l = [{v, w)].

Equality holds if and only if v and w are linearly dependent.
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Proof. First, we provide the abstract proof, which is a bit out of the blue. If w = 0, then
it may immediately be checked that the inequality holds, and, in fact, equality holds with
both sides being 0. So suppose w # 0. For any ¢ € R, we can manipulate

0 < o — cuwlf®
= (v —cw,v — cw)
= (v,v) + (v, —cw) + (—cw, v) + (—cw, —cw)
= [Jv||* = 2¢(v, w) + {w, w).

The step that is difficult to motivate is that we let ¢ = <<U’ w>>‘ This leads to
w, w
2
ol? = 2ete ) + ¢*ws0) = ol ~ 2 (o) + A2
— ||U||2 _ <v,w)2
(w, w)
_ HUH2 |<U7w>|2.

Since we started by saying 0 < ||v — cw||?, this means

||2 _ ‘<U7w>‘2
[[w][?
o] - [w]|* > (v, w)|?

[l - flwll = (v, w)].

>0,

[v

Now we will prove the equality criterion using Lemma 1.25. If equality holds, then v = cw,
which proves linear dependence. On the other hand, if we are assuming linear dependence,
and since we are working in the w # 0 case, there must exist 7 € R such that v = rw. It is
straightforward to then check that equality holds with

[l lwll = Ir[ - flw]]* = [{v, w)].

As an alternate justification that is more concrete, both sides of the inequality are non-
negative, so we may square it to product the equivalent inequality

lll* - lwll* = (v, w)*.

Letting v = (vq, V2, ...,v,) and w = (wy, ws, ..., w,) be position vectors, the inequality may
be written as

(v%+v§+---—l—vi)(wf—l—wg—l—---—l—wi)2(vlw1+vgw2+---+vnwn)2.

This is the standard Cauchy-Schwarz inequality on real numbers that we proved using the
quadratic discriminant in Volume 1. The equality condition that we derived there is that
v = 0 or w = tv for some real ¢, which is equivalent to linear dependence of v and w,
according to Lemma 1.25. O
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Corollary 4.9 (Euclidean triangle inequality). Let vy, vs, ..., v, be vectors in R™. Then
[or]] + loall 4 -+ - + [Joml]| = (o1 +v2 4+ + |-

Equality holds if and only if all of the v; are 0, or they are all equal to non-negative real
numbers times one particular non-zero v;; in other words, they all point in the same direction
(not even opposite directions suffice).

Proof. We will start with m = 2 as the base case and proceed by induction on integers
m > 2. By the Cauchy-Schwarz inequality,

v+ wl||* = (v+w,v + w)
= [Jo[I* + lwll* + 2{v, w)
< ol* + flwl? + 2[{v, w)]
< oll? + w4+ 2[fv]] - [lw]
= (o[l + [lwl))?,

so taking square roots yields
[v+wl < flof] + [[w].

Equality holds if and only if
(v, w) = [(v, w)| = Jv]| - fJw]].

We want to show this equality condition is equivalent to: v = w = 0, or v = tw for some
non-negative real ¢t if w # 0, or w = tv for some non-negative real ¢t if v # 0. For one
direction, suppose it holds that

(v, w) = [{v, W) = o]l - [Jwl]].

By the Cauchy-Schwarz equality criterion, v, w are linearly dependent. By Lemma 1.25, this
is equivalent to v = tw or w = tv for some real t. If v =0 and w = 0, then we are done. If
v =0 and w # 0, then we may take t = 0 in v = tw. Similarly, if v # 0 and w = 0, then
we may take ¢t = 0 in w = tv. So now we may assume that v # 0 and w # 0. Substituting
either of v = tw or w = tv (whichever holds) into (v, w) = |(v, w)| leads to t = |t|, meaning
t is non-negative. This proves one direction of the equivalence.

Conversely, suppose: v =w = 0, or v = tw for some non-negative real ¢ if w # 0, or w = tv
for some non-negative real t if v # 0. We get what we want if v = w = 0, so that case is

easy. Otherwise, the fact that v = tw or w = tv implies that [(v,w)| = ||v|| - ||w]|. The fact
that ¢ is non-negative implies that (v, w) = |(v, w)|. This establishes the base case.
Suppose the result holds for some integer m > 2. Let vy, vs, ..., Uy, Uymy1 be vectors in R,

which we may assume are all non-zero vectors because otherwise the inequality reduces to a
lower induction case (we can use strong induction). By the induction hypothesis,

[orll +llozll + - - 4 llomall + lom + vmgall = o + 02 + -+ -+ 0 + O,

with equality holding if and only if vy, vs,...,v,_1, and v, + v,,41 all point in the same
direction. Since they are all assumed to be non-zero, we may say that v, ..., v, 1, and
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Um + Uma1 are all positive multiples of v;. The desired inequality follows from transitivity
because the base case tells us that

[om || + [[omiall = l[vm + vl

with equality holding if and only if tv,, = v,,41 for some positive real t. Recall that there
exists a positive real s such that

SV1 = Uy + U1 = U + 10y, = (E+ 1)vg,.

This implies that

Um = U1,
t+1
st
Umt1 = Uy = —t n 11)1,

which makes all of the v; positive multiples of v;. The converse holds as well because for
positive t;,
[orl] + [Jo2ll + -+ Nlom|| + [[omsall = [loall + [[E20a]l + - - + [[Emor ]| + [Emrron]
= (L4 [tof + -+ + [tim] + [tmara ) va]
=(1+4+to+ -+ tm+ tmi1) vl
= ’1+t2+"'+tm+tm+1’ . ”U1||
= |Jvg + tov1 + -+t U1 + L vr |
= o1 +v2 + -+ 4 Vi + O[],

so equality holds under this condition. O

4.2 Angles and Projections

Theorem 4.10 (Trigonometric dot product). In two or three dimensions, there is a well-
defined non-reflex angle 6 and its explementary angle 27 — 6 between two given non-zero
vectors v, w. We claim that

vew = |lv] - |lw] - cosb.

Note that
cos 0 = cos(2m — 0),

so 0 can refer to either angle here.

Proof. Let v, w be non-zero vectors in two dimensions or in three dimensions. By the cosine
law (Theorem 3.8),
[]I* + [lwll® = 2ljvll - [[w]| - cos & = [Jv — w]|*
=(v—w,v—w)
= <U7U> + <U7 _w> + <—U}, U> + <w7w>
= [[ol* + [lwll* = 2(v, w),
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which simplifies to

(v, w) = o] - [Jwl] - cos 8,

as desired. This argument works as long as we have the cosine law, which we proved in
two dimensions. It also holds in three dimensions because every pair of linearly independent
displacement vectors with a shared tail in 3D has a copy of the 2D plane running through it
(see the definition of the plane in Definition 13.3). Even though we have not proven it, what
this means is that 3D rigid motions can be used to rotate the (x,y)-plane into any plane,
and rigid motions preserve angles and lengths. O

This proves the relationship between the dot product and angles. In dimensions higher than
three, we have no geometric intuition, but we can use this 6 as the definition of the “angle”
between two non-zero vectors.

Definition 4.11. According to Theorem 4.10, two non-zero vectors in two dimensions or
three dimensions are perpendicular to each other if and only if their dot product is 0, since

3T

cost =0 < 95%,7 (mod 27).

Thus, we define that two vectors in R" are orthogonal (meaning perpendicular) if their dot
product is 0. Note that this means that if one of the two vectors is 0, then the two vectors
are automatically orthogonal, even though there is no angle between them of which we can
speak.

Problem 4.12. Prove the following variation of the difference of squares factorization for
the dot product. If v and w are vectors, then

(v—w)e(v+w)=|v]* - [Jw|*

Theorem 4.13 (Orthogonal projection). Let v and w be vectors in R" where w is non-zero.
Then there exist unique vectors u and z such that u is parallel to (as in, a scalar multiple
of) w, and z is orthogonal to w and v = u + z. Here, u is called the projection of v to w
and we denote it by u = proj,v, and z is called the rejection of v from w and we denote it
by z = oproj,v. In a sense, we are uniquely decomposing v into the shadow u that v casts
on w and what is left out, z.

© 2024 Samer Seraj. All rights reserved.



o8 CHAPTER 4. DOT PRODUCT

Proof. Suppose such vectors u and x exist. Then there exists a real number ¢ such that
u = tw. This allows us to compute

0=(z,w) =(v—u,w) =(v—tw,w) = (v,w) —t{w,w),
(v, w)

{

t=
yw)’

g

where the division by (w,w) is permissible because w # 0. It is automatically true that
u = tw is parallel to w, and trying out this particular ¢t shows that

—~

(v, w)

z2=v—u=v—tw=v—
(w, w)

satisfies z | w. We leave this last computation to the reader. Thus, u and z exist, and they
are unique because we initially uniquely isolated ¢t and uniquely isolated z = v — w. O]

Theorem 4.14 (Vector Pythagorean theorem). Let v and w vector with w non-zero. Let
the projection of v to w be u = proj,v and let the rejection of v from w be z = oproj,,v.
Then

lull® + (1211 = [lo]>.

Proof. Based on the definitions of v and z, we know that

vV=u+ 2,

uez=0>0.

Dotting each side of the first equation with itself yields

lv]l?

=vevu
=(u+2z2)e(u+z2)
=ueut+uez+zeu+zez

= [lull® +2-0+ [z
O

Lemma 4.15. In two dimensions, if a vector v is orthogonal to a vector w, then v is
orthogonal to tw for every real t. In this case, if v is also orthogonal to another vector that
cannot be written in the form fw (meaning a vector that is linearly independent with w),
then v is the 0 vector. Note that this means that if v is non-zero and orthogonal to w, then
v orthogonal to each tw and nothing else.

Proof. If (v,w) = 0, then it is clear that
0= (v,tw) = t{v,w) =t-0=0.

Now suppose that u is a vector that is linearly independent with w and such that (u,v) = 0.
Then (v, au+bw) = 0 for all real a,b. But u, w are linearly independent, so they generate the
whole plane by Problem 1.31. Thus, we may use the weak cancellation rule (Theorem 4.5)
to get v = 0. O
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Definition 4.16. A vector v is orthogonal or a normal vector to aline ¢ = {p+tw : t € R}
if v is orthogonal to w, since being orthogonal to one direction vector of the line means being
orthogonal to all direction vectors of the line, according to Lemma 4.15.

Theorem 4.17. In two dimensions, let ¢ be a line defined in standard form by Az+ By+C =
0, where at least one of A, B is non-zero. Let (x1,%;) and (z2,y2) be distinct points on ¢,
and (zg,yo) be an arbitrary point in the plane. Let

v = ((21,21), (%0, Y0))

be a displacement vector so that its tail is on ¢, and let w = ((x1,y1), (x2,y2)) be a vector
that lies on ¢. Then the perpendicular distance from (zg,yg) to £ is

loprojull = [lproj.vf = A%t Bl £C1
VA? + B2

where z = ((0,0), (A, B)), which turns out to be a normal vector to ¢.

Proof. Firstly, letting p = oproj,,v we are seeking ||p|| since the enclosed vector is perpendic-
ular to every direction vector of the line. As an intermediate step, we will show that (A, B)
is a normal vector of the line. Since (z1,y;) and (x9,y2) are on ¢ they satisfy

Az + By +C =0,
= A(xe — 1) + By — =0.
{Ax2+By2+C :O ( 2 1) <y2 yl)

Equivalently, the dot product of the position vector (A, B) and the displacement vector w is
0, so (A, B) is indeed normal to ¢.

Due to the following diagram of the parallelogram law in the rectangular case, we see that
that

loproj,,vl| = [lv = proj,v]| = [[proj.v|.

P = OProj,,v

v
.- w
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By Theorem 4.13,

g

Iproj.o W RE
_ (=0 — 21,50 — w1), (4, B))|
[1(4, B)H
_ |Awg — Az, + Byo — By
T VB
=B
where we have used to the fact that Az; + By, + C' = 0 in the final step. O
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Chapter 5

Polygons

“Emptiness is everywhere and it can be calculated, which
gives us a great opportunity. I know how to control the
universe. So tell me, why should I run for a million
[dollars]|?”

— Grigori Perelman (apocryphal)

Our preliminary material on polygons will be technical, but necessary. We will state and use
the Jordan curve theorem from topology. We will also show that the two-ears theorem is a
useful tool for dealing with polygons that are not necessarily convex because it allows for the
technique of ear-clipping. We will end with general definitions and results about congruent
and similar polygons.

5.1 Interior, Boundary, and Exterior

In order to handle polygons in general, there are a few definitions that we will need from
an area of higher mathematics, called topology, but we will keep these concepts at a bare
minimum.

Definition 5.1. There are several concepts related to circles:

1. The interior or inside of a circle is the collection of points whose distance from the
center of the circle is less than the radius.

2. The exterior or outside of a circle is the collection of points whose distance from the
center of the circle is greater than the radius.

3. An open disk is only the interior of a circle but without the circle itself, and a closed
disk is the union of a circle and its interior.
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Definition 5.2. A path in the plane is a continuous curve, where continuous informally
means that it can be drawn without lifting the writing instrument from the surface. For our
purposes, there are two important classes of curves:

e A closed path is a path such that, when it is drawn, the two endpoints are equal, so

it forms a loop.

e A simple path is a path that does not intersect itself, with the exception of the two
endpoints being equal in the case of a closed path.

A simple, closed path is called a Jordan curve.

Definition 5.3. A set of points S in the plane is said to be open if for every point P in S,
there exists an open disk around P that is contained in S.
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Definition 5.4. A set of points S in the plane is said to be connected if there is a path
between any two points in the set such that every point in the path is contained in S.

Definition 5.5. Given a set S of points in the plane, its boundary consists of all points
P in the plane such that, for every open disk centered at P, the open disk contains a point

that is in S and a point that is not in S.
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Theorem 5.6 (Jordan curve theorem). For any Jordan curve in the plane, its complement is
the union of two non-intersecting regions that are each a connected set: a bounded interior
and an unbounded exterior. Moreover, the boundary of each of the two regions is precisely
the Jordan curve. There are two consequences of the theorem that we will use:

1. The interior is an open set, and the exterior is an open set.

2. Any path with one endpoint in the interior and one endpoint in the exterior must
intersect with the Jordan curve.

Proof. Elementary proofs of this simple-sounding theorem are technical enough that the
mathematician Tverberg wrote “there are many, even among professional mathematicians,
who have never read a proof of it.” As such, we do not provide a proof, but we encourage the
reader to draw some simple, closed paths that are a little convoluted and verify the theorem
for them. O]

Lemma 5.7. An open disk centered at a point on a Jordan curve must contain both an
exterior point and an interior point of the Jordan curve.

Proof. According to the Jordan curve theorem, a Jordan curve is the boundary of its interior
and the boundary of its exterior. By the definition of the boundary of the interior, every
open disk centered at every boundary point must contain a point in the interior and a point
not in the interior. Similarly, by the definition of the boundary of the exterior, every open
disk centered at every boundary point must contain a point in the exterior and a point not
in the interior. Thus, every open disk centered at a point on a Jordan curve contains an
interior point and an exterior point. O

The following is a technique that we will use several times.

Lemma 5.8. Let J be a Jordan curve and let C' be a connected subset of the plane such
that C' does not contain any points of J. Then C consists of only interior points of J or only
exterior points of J. Thus, knowing that C' contains one point of the interior of J is enough
to conclude that all points of C' are in the interior of J; similarly, knowing that C' contains
one point of the exterior of J is enough to conclude that all points of C' are in the exterior
of J.
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Proof. Suppose C' does not contain any points of J. Suppose, for contradiction, that C'
contains both an interior point and an exterior point of J. Since C'is connected, there exists
a path with these two points as its endpoints such that the path is consists of only points in
C. By the Jordan curve theorem, there should be a point of J on this path, which contradicts
the fact that C contains no points of J. Thus, C' cannot contain both an interior point and
an exterior points of J. The other two conclusions follow immediately. O]

Definition 5.9. For our purposes, a generalized polygon is a Jordan curve consisting of
line segments, along with the interior region of the Jordan curve. To be precise, the boundary
of the generalized polygon ApA;...A,_1 consists of n distinct points {Ag, A1,..., An_1}
called vertices (the singular form is vertex), and n line segments { Ag Ay, A1 As, ..., Ap_140}
called edges or sides. A generalized polygon has at least 3 vertices and 3 edges; an n-sided
generalized polygon is called a generalized n-gon. The neighbouring edges of a particular
vertex in a generalized polygon are the two edges that emanate from the vertex, whereas its
neighbouring vertices are the two vertices to which the vertex is attached by an edge.

If we do not allow consecutive edges in a generalized polygon to lie on the same line, so
that no three consecutive vertices can be collinear (and so that it is not possible to add a
vertex by splitting an edge into two pieces), then the generalized polygon is simply called a
polygon. A polygon with n edges is called an n-gon. Note that the set of polygons are a
subset of the set of generalized polygons.

Ezxample. In order from the least number of sides to the most number of sides, the names
of n-gons for 3 < n < 12 are: triangle, quadrilateral, pentagon, hexagon, heptagon, oc-
tagon, nonagon, decagon, hendecagon, dodecagon. Non-examples of generalized polygons
are those that fail to be simple, or are not closed, or do not consist of line segments. An-
other non-example of a generalized polygon are degenerate triangles, since that the vertices
of a generalized polygon cannot all be collinear due to the “simple” criterion of a Jordan
curve.

Theorem 5.10 (Polygon inequality). If P = A;A,... A,_1A, is a path consisting of line
segments (some of which possibly intersect others), then

AjAg + AAg + -+ Ap oAy + A Ay > A1A,.

Equality holds if and only if the points A, As, ..., A, are collinear in that order. In partic-
ular, in the case of generalized n-gons A1 A, ... A, 1A, (note that A, connects to A;), the
inequality is strict.
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Proof. We proceed by induction on the number of sides n > 3 of the generalized polygon.
In the base case n = 3, Theorem 3.10 says that A; Ay + Ay A3 > A A3 for any three points
Ay, Ay, As with equality holding if and only if Ay, Ay, Ay are collinear in that order (since
any other order would cause the inequality to be strict). Now suppose the result holds for
all generalized n-gons some n > 3. Let P = AjA,... A, 1A, A1 be a path consisting of
n + 1 vertices. By the induction hypothesis,

AyAg + AsAg + -+ Ay 0 A + A Ay > ALA,,

with equality holding if and only if Ay, Ao, ..., A, are collinear in that order. Adding A, A, 11
to both sides yields

AyAy + AgAz + -+ Ay 0 Ay 1 + Ap 1 A + ApAns 2 A1AL + AnAnp 2 AtAng,
where we reused the base base in the final step. Equality holds in
At Ay + AnAny 2 A1An

if and only if Ay, A,,, A1 are collinear in that order, implying the overall desired equality
criterion.

In the case of a generalized polygon, the base case is a non-degenerate triangle, so the
inequality is strict from the beginning onward due to the triangle inequalities being strict
for non-degenerate triangles in the plane (Theorem 3.10). ]

Definition 5.11. It is clear what we mean by saying that a point (or a set of points, like a
line segment) lies on the boundary of a generalized polygon. When we say a point lies
on a generalized polygon, we will mean that it lies either on its boundary in the interior of
the path formed by the boundary. However, when we say a point lies in the interior of
a generalized polygon, we will mean that it lies in the interior of the path formed by the
boundary but not on the boundary itself.

Lemma 5.12. For every point P on the boundary of a generalized polygon, there exists an
open disk centered around P such that excluding the one or two edges on which P lies from
the disk results in two sectors: one sector that lies entirely in the interior and one sector
that lies entirely in the exterior of the generalized polygon. Of course, once we find such an
open disk, all open disks of smaller radius satisfy the same property. (See Definition 6.1 for
the definition of a sector.)

Proof. Let P be a point on the boundary of the generalized polygon. Note that if P is a
vertex then it has two neighbouring edges, and otherwise P lies in the interior of an edge.
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First we show that we can find an open disk centered at P which does not include any
boundary points other than parts of the one or two edges on which P lies. We just need
a small enough open disk that additional edges do not intersect the disk; as a result, no
additional vertices will intersect the disk either because each vertex is includes in an edge.
There are finitely many edges on which P does not already lie, so we find the shortest
distances from P to the line though each of those other edges, and let the radius of the disk
be a positive real number smaller than all of those distances. Thus, there exists a disk that
is centered at P and does not contain any new boundary points. So each sector (where the
two sectors exclude the edges through P) can contain only interior and exterior points of the
generalized polygon. It is easy to see that each sector is a connected set. By Lemma 5.8,
each sector consists of only interior points or only exterior points. By Lemma 5.7, an open
disk centered at a boundary point must contain both an exterior point and interior point.
Therefore, one sector consists of only interior points and the other sector consists of only
exterior points. ]

Definition 5.13. In a generalized polygon, each vertex has two neighbouring edges. This
creates two explementary angles. The interior angle at that vertex is chosen out of those
two angles such that the intersection of the interior of the angle (recall that we do not include
the rays of the angle in its interior) with a sufficiently small open disk around the vertex
produces a sector that lies in the interior of the generalized polygon. Lemma 5.12 guarantees
that exactly one of the two explementary angles allows for this.

Theorem 5.14. Given a generalized n-gon AgA;...A,_1, it is clear that for each index
0 < i < n—1, there exists a counterclockwise rotation around A;, along with a positive
dilation from A;, that sends A; 1A; to A;11A;, where indices are reduced modulo n. Each
of these counterclockwise rotations is either on the side of the interior of the generalized
polygon (meaning it coincides with the interior angle at A;) or is on the side of the exterior
of the generalized polygon (meaning it coincides with the explementary angle of the interior
angle at A;). We assert that either all or none of the n counterclockwise rotations are on the
side of the interior.

Proof. If none of the counterclockwise rotations lie on the side of the interior, then we are
done. So suppose at least one of the counterclockwise rotations lies on the side of the interior.
It suffices to show that all of the counterclockwise rotations lie on the side of the interior.
By the principle of induction, it is enough to show that if this property is satisfied by the
rotation around A; then this property is satisfied by the rotation around A;,;. Suppose for
contradiction that the counterclockwise rotation around A; lies on the side of the interior,
but the counterclockwise rotation around A;,; lies on the side of the exterior. We know
that there exists an open disk centered at each of A; and A;;; such that excluding the
neighbouring edges of these vertices from their respective disks results in two sectors for
each disk: one sector that lies in the interior and one sector that lies in the exterior. Then
the counterclockwise rotation around A; runs through the interior sector at A;, and the
counterclockwise rotation around A;,.; runs through the exterior sector at A;; ;. We will
show that there exists a path from inside the interior sector at A; to inside the exterior
sector at A;. 1 without crossing any boundary points, which contradicts the Jordan curve
theorem.
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A

Let P # A; be a point on A;A;,, that is inside the disk at A; and let ) # A;,; be a point
on A;A;, that is inside the disk at A;, 1. We will show that there exists an € > 0 such that,
for each point X on the line segment PQ), excluding A;A;,; from the open disk of radius
e centered at X yields two half-disks that do not contain any boundary points. Finding €
is a matter of finding the shortest distance from P(Q to each edge that is not A;A;.1, and
then choosing € to be smaller than all of those distances. This allows us to travel from inside
the interior sector at A; to inside the exterior sector at A;,; through half-disks that do not
contain any boundary points, producing the desired contradiction. Specifically, we go from

Ai to P to Q to Ai+1- ]

Definition 5.15. Given a generalized n-gon AgA; ... A,_1, for each index 0 < i <n — 1,
there is a clockwise or counterclockwise rotation of A;_; around A;, along with a positive
dilation from A;, that causes A;_1 A; to coincide with A;.1A;, where the angle of the rotation
is on the side of the interior angle ZA; 1A;A;,1. By Theorem 5.14, all of these rotations are
in the same direction, clockwise or counterclockwise. Contrary to intuition, we say that the
ordering Ay, A1, ..., A,_1 of consecutive vertices is a clockwise orientation if the rotations
are counterclockwise, and a counterclockwise orientation if the rotations are clockwise.

FExample. By observing the direction in which vertices are labelled in convex polygon, like
the non-degenerate triangles below, it becomes clear why the direction in which the vertices
are ordered is the opposite of the direction of the aforementioned rotations.

A1 AQ

AO AO
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Definition 5.16. A diagonal of a generalized polygon is a line segment that connects two
non-consecutive vertices.

Theorem 5.17. Recall that a convex polygon was defined in Definition 2.16. Equivalently,
a convex polygon is a polygon that fulfils any one of the following conditions:

e The polygon forms a convex set, meaning the line segment between any two points on
the polygon lies on the polygon.

e All interior angles of the polygon are strictly less than 180°. (Note that this implies
that all non-degenerate triangles are convex polygons.)

e The interiors of all diagonals of the polygon lie in the interior polygon.

e For each edge, the polygon lies entirely on a half-plane defined by the line running
through the edge. Moreover, a convex polygon is the region formed by the intersection
of half-planes defined by the lines running through its edges.

e The polygon lies on the rays and interior of each of its interior angles (where we extend
the rays of the angle infinitely). More specifically, a convex polygon is the region formed
by the intersection of its (indefinitely extended) interior angles.

As a non-example, a generalized polygon with a straight interior angle is not convex. A
polygon that is not convex is called concave.

Definition 5.18. A cevian of a triangle is a line segment that has one endpoint on a vertex
of the triangle, and the other endpoint, called the foot of the cevian, on the interior of the
edge opposite to that vertex. A generalized cevian of a triangle is a line segment that still
has one endpoint on a vertex of a triangle, but the other endpoint can be anywhere on the
line running through the opposite edge. If A is the vertex from which the cevian emanates,
then we may call the cevian an A-cevian.

A

B C

Theorem 5.19. Suppose we have a triangle AABC and a generalized cevian emanating
from vertex A with foot F. Then the interior of AF lies entirely in:

1. The boundary of AABC' if F' coincides with B or C. In this case, the interior of AF
is the interior of AB or the interior of AC.
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2. The interior of AABC' if F lies in the interior of BC.
3. The exterior of AABC' if F lies outside BC.
As a consequence, the interior of every cevian lies in the interior of the triangle.

Proof. 1t is clear that if F' coincides with B or C, then the interior of AF lies is the interior of
AB or AC, respectively. So suppose [ lies on the line through BC but not at the endpoints
of BC.

Note that AF intersects the line through each edge once, in particular at A and F. So
removing the endpoints of AF produces the interior of a line segment that does not contain
any boundary points of the triangle, as two distinct lines cannot intersect at more than one
point. By Lemma 5.8, the interior of AF' can contain only interior points or only exterior
points of the triangle since the interior of AF' is connected. Now we will specialize this result
to each of the two remaining cases.

A

If F' lies in the interior of BC, then there is an open disk around F' such that excluding
BC from the disk results in two half-disks, one of which is contained in the interior of the
triangle and intersects with AF. So there is an interior point of the triangle in the interior
of AF, causing the interior of AF' to be fully composed of interior points of the triangle. If
F does not lie in the interior of BC, then it lies in the exterior of the triangle, and so there
is an open disk around F' that contains only exterior points. So there is an exterior point of
the triangle in the interior of AF causing the interior of AF" to be fully composed of exterior
points of the triangle. O

Corollary 5.20 (Crossbar theorem). For each vertex of a triangle and each point in the
interior of the triangle, there is a cevian emanating from the vertex that includes the point.

Proof. Suppose we have a triangle AABC' and that P is a point in its interior. Without loss
of generality, it suffices to show that there exists a cevian emanating from A that includes P.
We can certainly draw a generalized cevian emanating from A through the point P, so it is
a matter of showing that the foot I’ of this cevian lies in the interior of BC. First, suppose
for contradiction that F' lies outside segment BC' and so in the exterior of AABC. Since P
is an interior point, the interior of PF must contain a boundary point of the triangle, which
also falls in the interior of AF. By Theorem 5.19, this contradicts the fact that the interior
of a generalized cevian cannot contain both a boundary point and an interior point P of the
triangle. Thus, F' lies on BC'. Moreover, we can say that F' does not coincide with B or C,
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because that would cause P to lie on AB or AC instead of the interior of the triangle. So F
lies in the interior of BC. O

Theorem 5.21. Let A, B, C be distinct points in the plane that are not all collinear. Then
the foot I of the perpendicular segment from A to the line through BC' lies on:

1. B or C if one of the interior angles ZABC or LZACB of AABC is right, respectively.

A A

u |
B=F C B C=F

2. The interior of the segment BC' if both of the interior angles ZABC and ZACB of
ANABC are acute.

h
B F C

3. Outside the segment BC' if one of the interior angles ZABC and ZACB of AABC' is
obtuse.

A A
h d
F F

B C B C

Proof. We treat the cases separately:

1. If the interior angle ZABC of AABC'is right, then AF and AB are both perpendicular
to BC, which means they are parallel or they coincide. Since they share the point A,
they lie on the same line and F' = B. If the interior angle ZACB of AABC' is right,
then the proof of F' = C' is analogous.
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2. Suppose the interior angles ZABC and ZACB of ANABC are acute. Suppose for
contradiction that F' does not lie in the interior of the segment BC'. Clearly, F' cannot
lie on B or C' because then AF' would not form a right angle with the line through BC.
So F' must lie outside the segment BC. Then the interior of AF lies in the exterior
of AABC. Let D be the vertex out of B and C' to which F' is closer and let E be
the other vertex out of B and C. Then AAF'D is a right triangle, so its interior angle
ZADF is acute. Subsequently, the supplementary angle ZADFE is an obtuse interior
angle of AABC, which is a contradiction. Thus, F' lies in the interior of BC.

3. Suppose one of the interior angles ZABC and ZACB of AABC is obtuse. Suppose
for contradiction that F' does not lie outside the segment BC. As in the last part, F
cannot lie on B or C because then AF would not form a right angle with the line
through BC'. So F' must lie in the interior of the segment BC. Then the interior of AF
lies in the interior of AABC. This causes AABC' to split into right triangles AAF B
and AAFC, implying that that interior angles ZABC = ZABF and ZACB = ZACF
are both acute. This contradicts the hypothesis, so F' lies outside segment BC.

[]

Problem 5.22. Let AABC be isosceles with CA = CB. Show that the foot F' of the
perpendicular from C' to the line through AB lies in the interior of AB.

To generalize several results about triangles to generalized polygons, we will use the concept
of polygonal ears, as defined below.

Definition 5.23. An ear of a generalized n-gon for n > 4 is a vertex A such that the interior
of the diagonal connecting its neighbouring vertices lies in the interior of the generalized

polygon.

Example. Every vertex of a convex polygon is an ear, since the interior of every diagonal lies
in the interior of the polygon.

Lemma 5.24. If a vertex A is an ear of a generalized polygon P then the interior of the
triangle that it forms with its neighbouring vertices B and C' lies in the interior of P. We
call AABC' the triangle induced by A.
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Proof. Suppose A is an ear of a generalized polygon P with neighbouring vertices B and C.
Then the open segment BC' lies in the interior of P. We want to show that every point Z
in the interior of AABC lies in the interior of P. The two snags that we might run into are
that the interior of AABC contains a point on the boundary or exterior of P. We will show
that both are impossible, in that order.

Suppose, for contradiction, that the interior of AABC' contains a boundary point X. If all
boundary points of P other than those on AB and AC are in the interior of AABC, then P
is bounded by AABC' and so none of the interior points of P would be on the side of the line
through BC' not containing A. This would contradict the fact that the interior of segment
BC consists of interior points of P, as every interior point of P has a sufficiently small open
disk around it that is contained in the interior of P, which would produce interior points on
the side of BC not containing A. So there must exist a boundary point Y of P that is in
the exterior of AABC. There are two simple paths that lie on the boundary of P between
the distinct points X and Y, where the two paths are disjoint except at their endpoints. We
want to show that one of these paths must cross the interior of BC, which will contradict
the fact that the interior of BC' cannot include boundary points. Since X is in the interior
of AABC and Y is in the exterior of AABC, each path must cross the boundary of AABC
at some point (). Since the boundary of P cannot intersect itself and since the interior of
BC' cannot contain any boundary points, the only possibilities for () are B and C. If we
travel from X to B without going to C' first then the same path must continue to A and
then C'; similarly, if we travel from X to C without going to B first then the same path
must continue to A and then B. Thus, one of the two aforementioned paths between X and
Y uses up both B and C, forcing the other to pass through the interior of BC. Thus, the
interior of AABC' cannot include boundary points.

However, this means that the interior of AABC consists of only interior and exterior points
of P. By the crossbar theorem (Corollary 5.20), for every point Z in the interior of AABC,
there is a cevian AF' emanating from A with its foot F' in in the interior of BC' such that
the cevian includes Z. This shows that every such point Z can be attached to a point F' in
the interior of BC by a line segment ZF that does not intersect AB or AC. As the only
boundary points of P on AABC lie on AB and AC, the segment ZF' has only interior and
exterior points of P. If it has both an interior and an exterior point, that would force there
to be a boundary point in the interior of ZF, which is a contradiction. So ZF consists of
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only interior points or only exterior points of P; as F' is an interior point, Z must be an
interior point as well, which completes the proof. O

Definition 5.25. Two ears of a generalized polygon are said to be non-overlapping if
the interiors of the two induced triangles do not overlap. Note that it is acceptable for the
induced triangles to overlap at their vertices or edges.

Theorem 5.26 (Two ears theorem). Every polygon with more than three vertices has at
least two non-overlapping ears. This implies the same result for generalized polygons.

Proof. Proving the two ears theorem for polygons would be too much of a detour, but we
will show that it implies the same result for generalized polygons; for a true proof, see [7].
Instead, we will prove that the result for polygons implies the result for generalized polygons.
Suppose we have a generalized polygon P. For each maximal sequence of consecutive edges
that lie on the same line, we collapse it into one line segment so that we can interpret P as
a (non-generalized) polygon (). We now treat the case where () is a triangle separately from
when it is not.

If @ is not a triangle, then the two ears theorem tells us ) has two non-overlapping ears X
and Y. This means the interiors of the two triangles induced by the ears are non-overlapping,
and moreover, both interiors are contained in the interior of ¢ (which is the same as the
interior of P). Then X and Y are also ears of P by the following line of reasoning. Let A, B
be the neighbouring vertices of X in @, and let A’, B’ be the neighbouring vertices of X in
P. Then XA' < XA and XB' < XB. So the interior of A’B’ lies in the interior of AAXB
which lies in the interior of P. The argument for Y is analogous.

Now suppose @ is a triangle. At least one of its edges has a vertex V of P in the interior
of the edge, so label the vertices of Q) as X,Y, Z in order that V lies in the interior of XY.
We claim that X and Y are ears of P. Certainly, connecting the neighbouring vertices of
X in P creates a diagonal whose interior lies in the interior of () and so the interior of P,
since a triangle is a convex set; the analogous result holds for Y. So X and Y are ears and
it remains to be shown that they are non-overlapping. This is true because AXV Z and
AYV Z have non-overlapping interiors, and the interior of triangle created by X and its
neighbouring vertices in P lies in the interior of AXV Z, and the interior of the triangle
created by Y and its neighbouring vertices in P lies in the interior of AY'V Z. Thus, X and
Y are non-overlapping ears. O]
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Definition 5.27. A technique that we will use several times is the ear-clipping of a gener-
alized (n+1)-gon, where the triangle induced by an ear is removed and the diagonal between
the neighbouring vertices of the former ear is replaced by a boundary line segment to produce
a new generalized n-gon.

As can be imagined, concave polygons can appear quite strange and it can be difficult
to establish theorems about them, so people usually focus on convex polygons. In our
experience, it it can even be assumed by laypeople that a polygon refers to a convex polygon.
The upcoming results are easier to establish for convex polygons because all of the vertices of
a convex polygon are ears. We encourage the reader to develop those proofs independently.

Theorem 5.28 (Sum of interior angles). The sum of the interior angles of a generalized
n-gon is 180°(n — 2). In an argument within the proof, we will prove that if an ear V,, of a
generalized (n + 1)-gon P = VyV; ...V, is clipped, then the induced triangle T = V,V,,_1V,,
and the generalized n-gon Q = VyV; ... V,,_1 have the same orientation as P.

Proof. We proceed by induction on the number of sides of the generalized polygon. In the
base case n = 3, we already know that the result holds for triangles (Theorem 2.18). Suppose
the result holds for all generalized n-gons for some n > 3. Let P be a generalized (n+1)-gon.
Then clipping an ear of P results in a generalized n-gon @), the interior angles of which we
know to sum to 180°(n — 2) by the induction hypothesis.

Label P as VoV; ...V, so that the ear that we clipped is V,,. First we will show that the
induced triangle T" = VyV,,_1V,, and @ = VyV; ...V, _1 have the same orientation as P. In
order to have clear notation, we need to label all of the angles involved. Let 79, 7,1, 7
be the interior angles of T at vertices Vj, V,,_1, V,,, respectively. Let ¢q, ¢1,...,d,_1 be the
interior angles of () at vertices V), Vi, ..., V,_1, respectively. Let 6y, 01, ...,6, be the interior
angles of P at vertices Vy, Vi,...,V,, respectively. Since V,, is an ear, the interior of T is
contained in the interior of P. This means the interiors of angles 7,, = 6,, coincide, and so T
has the same orientation as P. Now suppose for contradiction that ) and P have opposite
orientations. Then

¢i — 1, =360° —6; for i = 0,n — 1,
¢l:3600—91 for 1§2§n—2
In this case, the “exterior” of () is a subset of the interior of P. This is a contradiction because
the exterior is supposed to be an unbounded region whereas the interior of P is bounded.
Thus, @ and P have the same orientation. Then
(bl—i-TZ:eZ forz':O,n—l,
By the induction hypothesis,
1800(” - 2) - ¢0 + ¢1 +oee ¢n—2 + ¢n—1
= (90 - TO) + ‘91 + -+ 9n72 + (enfl — Tnfl)
= (00+"'+9n_1)—To—Tn_1
=0+ +6,1)+ 1, — 180°
=0+ +60,1+0,) — 180°.
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Therefore, the sum of the interior angles of P is
0o+ -+ 0,1+ 06, =180°(n —2) + 180° = 180°(n — 1).

This completes the induction.

]

Problem 5.29. Recall from Definition 2.21 that an exterior angle in a convex polygon
is an angle supplementary to an interior angle. Find the sum of the exterior angles of any
convex polygon is 360°, where we take the sum of one exterior angle corresponding to each
interior angle.

Definition 5.30. A polygon is called equilateral if its side lengths are all equal. A polygon
is called equiangular if all of its interior angles are equal. A regular polygon is one that
is both equilateral and equiangular.

Problem 5.31. Find the measure of an individual interior angle and an individual exterior
angle in an equiangular n-gon, where n > 3 is an integer. What does each approach as
n — 007

Problem 5.32 (Pick’s theorem). A lattice point on the Cartesian plane is a point whose
coordinates are both integers. A generalized lattice polygon is a generalized polygon
on the Cartesian plane whose vertices are all lattice points. Let P be a generalized lattice
polygon. If B is the number of lattice points on the boundary of P, including its vertices,
and I is the number of lattice points in the interior of P, then area of P is given by

[P]:[Jrg—l.

Assuming that this works for triangles, prove it for P with more than 3 sides.

Definition 5.33. A triangulation of a generalized polygon P is a collection of triangles such
that their interiors are non-intersecting and the union of the triangles is P. A triangulation
of P is said to have no extra vertices if the vertices of the triangles in the triangulation
are chosen from only the vertices of P.
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Proofs based on clipping an ear and then invoking an induction hypothesis are essentially
using a triangulation of a generalized polygon.

Theorem 5.34. Every generalized polygon has a triangulation that has no extra vertices.

Proof. The proof is straightforward using induction and ear-clipping, as follows. In the base
case, every triangle is a triangulation of itself. For the induction hypothesis, we assume that
every generalized n-gon has a triangulation. Suppose we have a generalized (n + 1)-gon.
Then we clip an ear to produce a generalized n-gon. A triangulation of the generalized
(n + 1)-gon is the combination of the triangulation of the generalized n-gon, given by the
induction hypothesis, and the triangle induced by the ear. O]

In Volume 2, we determined the number of triangulations of a convex n-gon in terms of n
when studying the Catalan numbers.

5.2 Congruence and Similarity

We can extend the notion of congruence from triangles to generalized polygons as follows.

Definition 5.35. Two generalized n-gons AgA; ... A, 1 and ByBj ... B,_; are said to be
congruent if corresponding sides A;A;,; and B;B;y1 are equal for 0 < ¢ < n — 1, and
corresponding interior angles A; 1 A;A;11 and B;_1B;B;;1 are equal for 0 < i < n— 1, where
indices are reduced modulo n.

Theorem 5.36. Applying any Euclidean isometry to a generalized polygon produces a con-
gruent generalized polygon; translations and rotations preserve the orientation of a polygon,
whereas a reflection alters it. Conversely, if there are two congruent generalized polygons in
the plane, then one can be transformed into the other by a Euclidean isometry.

Proof. Let P = VyVi...V,_1 be a generalized polygon labeled in clockwise orientation,
which is without loss of generality because congruence does not depend on the orientation
in which vertices are labelled. By Theorem 3.6, we know that if ¢ is a translation, rotation
or reflection, then g maps a line segment from z; to 23 to a line segment from g(z1) to g(z2)
of the same length. Thus, the same is true for all Euclidean isometries, which are their
compositions. Moreover, Euclidean isometries are bijections, so the n distinct vertices are
mapped to n distinct points, and since the interiors of the n edges of P are pairwise disjoint,
the same holds for the n line segments in the image. So every Euclidean isometry does take
the generalized polygon P, which is a simple, closed path consisting of line segments along
with the interior of the path, to a generalized polygon P’ = VyV/... V) | with the same
number of vertices.

Now we need to show that P and P’ are congruent. We already know that Euclidean
isometries map line segments to line segments of equal length, so we only need to establish
that the interior angles at corresponding vertices are of equal measure. For any generalized
polygon AgA; ... A,_1, and for each index 0 < i < n — 1, there exists a rotation around A;
that, along with a positive dilation from A;, causes A;_1A; to coincide with A;.1A;, where
indices are reduced modulo n, and where the rotation has the measure of the interior angle
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LA;_1A;A;11. We have previously established that all of these rotations can be chosen to be
in the same direction, clockwise or counterclockwise. Since P is oriented clockwise, these
rotations are all counterclockwise in it. By Theorem 3.6, translations and rotations map
each counterclockwise angle in [0,360°) to a counterclockwise angle of the same measure,
and reflections map each counterclockwise angle in [0,360°) to a counterclockwise angle of
explementary measure. Then, to prove that the interior angle at V' has the same measure
as the interior angle at V;, it suffices to show that any translation or rotation of P is oriented
clockwise and that any reflection of P is oriented counterclockwise. Let the measures of the
interior angles at Vo, Vi,...,V,_1 be 0y,04,...,0,_1 respectively, so that

00+91—|— +0n—1 == 1800(71—2),

by Theorem 5.28.

Suppose, for contradiction, that a translation or rotation P’ of P is oriented counterclockwise,
or a reflection P’ of P is oriented clockwise. In any of these cases, the sum of the interior
angles of P’ would be the sum of the explementary angles of the interior angles of P, which
yields the contradictory sum

(360° — 0p) + (360° — 01) + - - + (360° — f,_1) = 360°n — 180°(n — 2)
= 180°(n + 2)
£180°(n — 2).

Conversely, suppose there are two congruent generalized polygons P = VyV; ...V, and
P = VgV ...V!_| in the plane. We want to show that a Euclidean isometry maps P to
P'. Since we have established that Euclidean isometries map any generalized polygon to a
congruent generalized polygon, and that each Euclidean isometry has an inverse that is a
Euclidean isometry, it suffices to apply Euclidean isometries to both P and P’ until their
corresponding vertices coincide. First we translate P and P’ so that V4 and Vj are at the
origin, and then rotate each generalized polygon around the origin until V; and V] are at
the origin. By the previous part of the proof, the reflection of a generalized polygon with
clockwise orientation is a congruent generalized polygon with counterclockwise orientation;
by the same proof technique of summing the interior angles to derive a contradiction, we
can show that reflections turn counterclockwise orientations into clockwise orientations (and
that translations and rotations preserve counterclockwise orientations). So, by reflecting
across the z-axis if necessary, we can also assume that P and P’ are both oriented clockwise.
Note that, despite having applied transformations to P and P’, we have continued to use the
names P and P’ along with their vertices V; and V; for the sake of not introducing excessive
new notation.

For each index 0 < 7 < n — 1, let the complex number corresponding to V; be v;, and let
the complex number corresponding to V' be v.. Now we will show by strong induction that
v; = v; for each i. In the base case, v, = 0 = vo. Then, since v| and v; both lie on the positive
z-axis and congruence implies VgV = VyV1, we also know that v} = v;. Now suppose v} = v;
for all indices 0 < j < i for some index 1 < 7. We will show that v} 41 = Vit1, where indices
are reduced modulo n. Let the interior angles at each of V; and V' be 6;. Since P and P’ are
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oriented clockwise, we compute

Vig1 — Vi v — Uz'|€¢9i _ Vz’+1V26wi

- )
Vi—1 — Y ’Uzel - Ui’ VieiVi
! / ! ! ! !
Vip1 — Uy |Uz‘+1 — ;] i0; ViaVi i0;
/ r / / - / / )
Vi1 — Y [vi_ — v ViV

where there is a distinction between the imaginary number ¢ and the index 7. By congruence,
ViVi = VIV and Vi, Vi = Vi, VY, so

/ /
Vigr — Y Vig1 — Ui
; .
i Vi—1 — Y

By invoking the induction hypothesis on the previous two instances,

Vit] — Uz
/ i+1 L /
V1 = ———(v; —U)—I—v.
1+1 1—1 7 [
Vi—1 — Y5
Vit1 — Y
—(Uz'—l - Ui) + Ui
Vi—1 — Y
= Vit1.

This completes the induction, showing that all corresponding vertices can be made to coin-
cide. O

Like congruence, we can extend the notion of similarity from triangles to generalized poly-
gons.

Definition 5.37. Two generalized n-gons are said to be similar if the ratio of any pair of

A,
corresponding sides il equal to the same similarity ratio k£ for 0 <7 <n — 1, and

iDit1
corresponding interior angles A; 1A;A;11 and B;_1B;B; 1 are equal for 0 < i <n — 1, where
indices are reduced modulo n. Note that congruence is a special case of similarity when we

take k = 1 as the similarity ratio.

Theorem 5.38. Applying any similarity transformation to a generalized polygon P produces
a similar generalized polygon P’. In particular, applying only a homothety of factor k results
in the similarity ratio |k| of the lengths of P’ to the lengths of P. Moreover, a homothety
(positive or negative) preserves the orientation of the generalized polygon. Conversely, if
there are two similar generalized polygons P and P’ in the plane, then P can be transformed
into P’ by a similarity transformation. Specifically, if the similarity ratio of the lengths
of P’ to the lengths of P is k, then we can choose a similarity transformation of P to P’
that consists of exactly one homothety of factor k from the origin, followed by a Euclidean
isometry. Thus, the term “similarity transformation” is justified.

Proof. For the first direction, since we already know that Euclidean isometries map each
generalized polygons to a congruent generalized polygon, it suffices to prove the assertion for
only homotheties. Moreover, every homothety is a homothety from the origin sandwiched
between inverse translations, so it suffices to work with only homotheties from the origin.
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Let P =VyV;...V,_1 be a generalized polygon labeled in clockwise orientation without loss
of generality, and let h be a homothety of factor k. We know that h maps a line segment
of length [ from z; to z3 to a line segment of length |k| - [ from h(z;) to h(z2). Moreover,
homotheties are bijections, so the n distinct vertices are mapped to n distinct points, and
since the interiors of the n edges of P are pairwise disjoint, the same holds for the n line
segments in the image. So h does take the generalized polygon P to a generalized polygon
P =VyV]...V! | with the same number of vertices.

Now we need to show that P and P’ are similar with a similarity ratio |k| of the lengths of P’
to the lengths of P. We have already stated that h maps a line segment of length [ to a line
segment of length |k| - [, so we only need to show that the interior angles at corresponding
vertices are of equal measure. By Theorem 3.6, homotheties map each counterclockwise angle
in [0, 360°) to a counterclockwise angle of the same measure. Then, to prove that the interior
angle at V; has the same measure as the interior angle at V;, it suffices to show that P’ is
oriented clockwise. Supposing for contradiction that P’ is oriented counterclockwise, the
proof is then the same as for Euclidean isometries, where this assumption leads to showing
that the sum of the interior angles of P’ is 180°(n + 2), which is not 180°(n — 2). Likewise,
we can prove that a homothety takes a counterclockwise oriented generalized polygon to the
same.

Conversely, suppose there are two similar generalized polygon

P=WV.. Vi,
P =V V_,

in the plane such that the similarity ratio of the lengths of P’ to the lengths of P is k. First
we apply a homothety to P from the origin by a factor of k to produce a generalized polygon
P* that is congruent to P’. Then we know that there exists a Euclidean isometry that maps
P* to P’ by the preceding theorem. O

Example 5.39. For any non-zero complex number w, the function s, : C — C, defined by
syw(z) = zw, is called a spiral similarity. Show that this name is sensible.

Solution. Let arg(w) = 6. Then

5u(2) = 2w =z - |w| - €”.
This means s, is the composition of a homothety from the origin by a factor of |w| and a
counterclockwise rotation around the origin by . We call this a “spiral similarity” because
the rotation is a spiral that maps a generalized polygon to a congruent generalized polygon
and the homothety maps a generalized polygon to a similar generalized polygon. n
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Chapter 6

Circles 1

“Noli turbare circulos meos! (Do not disturb my circles!)”
(in response to invading soldiers)

— Archimedes

Circles are easy to define, yet the geometry involved with circles can easily become compli-
cated. We will first study the inscribed angle theorem. Then, we will study theorems about
tangents, secants, and chords in circles, specifically their interactions with angles.

6.1 Inscribed Angles

Definition 6.1. If an angle ZAOB is drawn such that O is the center of a circle and AO
and BO are radii of the circle, then ZAOB is called a central angle. Several further pieces
of terminology come into play:

e The part of the circle that lies inside the central angle, including endpoints, is called
an arc, and is denoted by AB.

e Every pair of points A and B on the circle defines two arcs between them, which we
call opposite arcs. If it is clear to which of the two arcs we are referring, we call the
arc well-defined. To make it clear to which arc we are referring, we can pick a point

C on the arc and denote the arc as ACB.

80



6.1. INSCRIBED ANGLES 81

e If it is ambiguous whether we are working with a non-flat central angle or its exple-
mentary angle, the minor arc is the arc induced by the non-reflex central angle and
the major arc is the arc induced by the reflex central angle.

e A sector AOB is the part of the closed disk that lies inside ZAOB and includes the
two boundary radii OA and OB. The corresponding circular segment is the sector
AOB without AAOB but including the segment AB.

e The measure of the arc AB or the sector AOB is the measure of the central angle
ZAOB within which the arc or sector lies. If the measure of a central angle is m in

m
radians, then the fraction of the circle it encompasses is — in radians. So the length
7

a of the corresponding arc is found by the proportion

a m
— = — = a=7Tm
2rr 21

and the area A of the corresponding sector is found by the proportion

A m r’m
—=— = A=—
w2 27 2
Both of these formulas are for angles m in radian measure, which can be converted to
degrees, as necessary.

Theorem 6.2 (Thales’s theorem). Let A, B, C' be distinct points on a circle. Then ZACB
is a right angle if and only if AB is a diameter.

Proof. First, we make some preliminary remarks. Let O be the center of the circle. Then
AO = BO = CO, which implies that AAOC and ABOC' are isosceles with the vertex angles
of both triangles at O. Below, all angles mentioned are interior angles of their respective
triangles.

For one direction, suppose AB is a diameter. Then the midpoint of AB is O, so

LAOC + £BOC = 180°.
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This allows us to calculate

LACB = LACO + £BCO
_180° - ZAOC n 180° — ZBOC

2 2
ZAOC + £BOC

2

= 180° —
= 90°.

Conversely, suppose ZAC'B = 90°. Then

LACO + £BCO = LACB
= 90°.

This allows us to compute that

LAOC + /BOC = (180° — 2£ACO) + (180° — 2/BCO)
= 360° — 2(LACO + ZBCO)
= 180°.

Thus, A, O, B are collinear, making AB a diameter. n

Problem 6.3. Prove the following two results:

1. Suppose ABC'is a triangle. Let M be the midpoint of AB. Then ZACB = 90° if and
) AB
only if MC = -

2. Suppose UV is a diameter of a circle I' and W is a point on the plane that is distinct

from U and V. Then ZUWV = 90° if and only if W lies on T.

Definition 6.4. Given some criteria to be satisfied by points in the plane, the set of all
points that fulfil the criteria is called their locus. Proving that a set is the desired locus
typically involves proving two set inclusions: showing that every point in the set fulfils the
criteria, and showing that every point that fulfils the criteria lives in the set.

The second part of the preceding problem is generalized by the next result, which is called
the inscribed angle theorem. In one direction, the inscribed angle theorem establishes an
equality of angles, and the converse shows that a point lies a circle. Together, they form a
locus result.

Definition 6.5. If the points A, P, B lie on a circle, then the inscribed angle ZAPB is
the one chosen between the two explementary angles at P so that the ZAPB lies on the
side of the interior of the circle. Letting AB be the arc between A and B on which P does
not lie, we say that AB subtends /APB, or that ZAPB is subtended by 1/4.&\3; in the other
direction, we say that ZAPB intercepts @, or that AB is intercepted by ZAPB. In other
words, arcs subtend angles and angles intercept arcs.
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Note that all inscribed angles are non-reflex as the angle lies entirely on one side of the
tangent through its vertex.

Theorem 6.6 (Inscribed angle theorem). Let A and B be distinct points on a circle, and
P be a point in the plane distinct from A and B, and let AB be a well-defined arc between
A and B. Then P lies on the opposite arc between A and B if and only if the non-reflex
/ APB has half the measure of AB and P lies on the side of the line through AB that does

not include AB. This holds regardless of whether AB is a minor arc, a semicircle, or a major
arc.

Proof. The usual synthetic proof breaks the argument up, based on the configurations and
uses triangle geometry to tackle each configuration of each direction. The thorniest configu-
ration is drawn below for illustrative purposes. We provide a unified proof of all cases of the
inscribed angle theorem and its converse using complex numbers. The reader is encouraged
to develop the standard proofs independently.

First we will set up an equation that will be used for proving both directions. In both the
theorem and its converse, P is a point that lies on the side of the line through AB that does
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not include 2\3, as this is explicitly assumed in one direction and is implicit in the other
direction due to P lying on the opposite arc. Without loss of generality, we assume that
the center of the circle is the origin 0 and that A, B, P lie in counterclockwise, in that order
(the clockwise order leads to the same result). Let the complex numbers corresponding to
A, B, P be a, b, p respectively. If the radius of the circle is 7 then a = re® and b = re”” where
the angles a and 8 are the arguments of a and b respectively. Let p = se”’ where s is the
distance of p from the origin and v is its argument. We want to investigate the non-reflex

b— h—
angle ZAPB, which is the argument 6 of P Letting ¢ be the modulus of P

a—p a—p

, we get

the equation

1t — b—p e’ —sen

a—p re — selr’
Taking the conjugate of both sides of this equation yields

y e — sl el (self — pet)

tel=0 = — . = — - —.
rei=a) — gei(=7)  eif(sei — rei)

To get a grasp on 26, we divide the original equation by the conjugate equation to get

(s’ — Te”)(rew — se)

20 — ilB—a) . , , —
(st — ret)(rei® — set)

Now we approach each direction separately.

1. In proving the inscribed angle theorem, we are assuming that P lies on the circle, so
s = r, which reduces the above equation to ¢/??) = ¢~ This implies 20 = 3 — a.
Since 8 — « is the measure of @, all we need is for this congruence to be an actual
equality. Since 0 is an inscribed angle, it is non-reflex, and we also know that § — «a/ is
a central angle. Thus, 26 and § — « both lie in (0, 27), which makes the congruence
an equation.

2. For the converse, we are assuming that 20 = 3 — . As a result, €/®?) = ¢/®=%_which
reduces our equation in the preamble to

(se' — re)(re?? — se’) = (se — re!)(re® — se').
Taking everything to one side, expanding and factoring yields
0 = (se™ —re)(re' — se™) — (s — re?)(re'™ — se™)
= (12 — §%)e" (e — ).
It is not possible for e to be 0, and since a # b we also know that e # ¢, Thus, the
only possibilit_}i is that r = s, which puts P on the circle. Moreover, P lies on the arc

opposite to AB because we have assumed that P lies on the side of the line through
AB that does not include AB.

In practical usage, it is common to come across two inscribed angles that intercept the same
arc. As a result, they have a shared central angle, and therefore the inscribed angles have
the same measure. O
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Theorem 6.7 (Extended law of sines). Given AABC with edges a, b, c opposite to vertices
A, B, C respectively and circumradius R,

a b o
sinA  sinB sinC

2R.

This is called the “extended” law of lines because the ordinary version does not state the
final equality with 2R. For ease of notation, we have dropped the angle signs and instead
referred to each interior angle by its vertex.

Proof. We will show that sin A = % and the other equations will follow because the argu-

ment will not rest on any special property of A or a. Let A" be the other endpoint of the
diameter through B of the circumcircle. Then there are three possible configurations:

1. If A’ does not coincide with C' and lies on the arc BAC, then ABA'C is right with its
right angle at C since BA' is a diameter, and ZBAC = ZBA’C by the inscribed angle

theorem. Then BO
sin A =sin Z/BA'C = BA = %.

2. If A’ coincides with C, then BC' is a diameter and ABAC' is a right triangle with its
right angle at A. Then

BC
sinA:singzlzB—C:%{
3. If A’ does not coincide with C' and lies on the arc BC that does not contain A, then
ABA'C is right with its right angle at C since BA' is a diameter, and Z/BAC =
7 — ZBA'C by the inscribed angle theorem. Then

sin A = sin(mr — ZBA'C) = sin ZBA'C' = B _ 2

BA" 2R
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Problem 6.8 (Law of tangents). Given AABC' with edges a,b opposite to vertices A, B
respectively, show that

tan (A_TB) _a—b

tan (432)  a+b

Although this “law” is not as useful as the cosine law or sine law, it is a fun problem.

6.2 Tangents, Secants, and Chords

Definition 6.9. There are two notions of tangency that we will need:

e A tangent line, which is also just called a tangent, to a circle is a line in the plane
that intersects the circle at exactly one point.

e Two circles are said to be tangent if they intersect at precisely one point. Two circles
are externally tangent if the interior of each circle is in the exterior of the other, or
they are internally tangent if the interior of one circle is contained in the interior of
the other.

v

Theorem 6.10. If 7 is a tangent to a circle then, other than the point of tangency, it lies
in the exterior of the circle.

Proof. Let the point of tangency be A. Suppose, for contradiction, that P is a point on
¢ that is inside the circle. If ¢ runs through the center O of the circle, then A is a part
of a diameter, and the existence of the other endpoint of the diameter would imply that ¢
intersects the circle at two distinct points. So we can assume that ¢ does not run through
O. Let B be the foot of the perpendicular from O to ¢. If B = P, then relabel P as B for an
upcoming step in the argument. Otherwise, AOPB is a right triangle that is not degenerate
with a right angle at B and hypotenuse O P; then

OP =vOB?2+ BP?2 > VOB2 = 0B

and so OB also lies inside the circle. In either case, extend AB from A through B to C,
where C' is defined to satisfy AB = BC. By the Pythagorean theorem,

OC =+vOB?+ BC? =+vVOB?+ AB? = OA.
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So OC = OA is a radius, showing that C' is a point on ¢ that is distinct from A yet lies on
the circle. This contradicts the fact that ¢ touches the circle only once.

A

A

]

Theorem 6.11. If a line is tangent to a circle, then the line is perpendicular to the radius
that touches the point of tangency. Conversely, if a line intersects a circle at some point and
the radius that touches that point of intersection is perpendicular to the line, then the line
is tangent to the circle.

Proof. Suppose /¢ is a line that is tangent to a circle with center O. Let A be the point of
tangency. The radius O A has the endpoint A on ¢. Now suppose, for the sake of contradiction,
that OA is not perpendicular to £. Then let the foot of the perpendicular from O to ¢ be B.
Then B is on the tangent line, so it is outside the circle, by Theorem 6.10. So AOBA is a
right triangle with a right angle at B. Then the hypotenuse OA is greater than OB, which
contradicts the fact that OB should be larger than the radius OA, since B is outside the
circle. Thus, ¢ is perpendicular to OA.

In the other direction, suppose / is a line that intersects a circle at A and that the radius OA
is perpendicular to ¢. Let P be any point on ¢ other than A. Then OPA is a right triangle
with a right angle at A. By the Pythagorean theorem,

OP =VOA?2 + AP? > VOA? = OA,

meaning P lies outside the circle. Thus, ¢ intersects the circle only at A, and so £ is a
tangent. O

Theorem 6.12. Suppose we are given a circle I' and a point P in the plane outside I'. For
each tangent from P to I', the length of the segment from P to the point of tangency is equal
to the others. Subsequently, there are exactly two lines that can be drawn through P that
are tangent to I'.

Proof. Let P be any point outside I', let O be the center of I', and let A be a point on I’
such that the line running through PA is tangent to I'. Then OA is perpendicular to PA.
Since PO has a fixed length and AO is a radius which also has a constant length across all
radii, the Pythagorean theorem tells us that

PA =+VPO? - 0A?
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has a fixed length, which proves the first claim.

Y2

For the second claim, a process similar to the one in Theorem 6.14 may be used to solve for
precisely two tangents. We encourage the reader to follow through with a derivation. ]

Problem 6.13. Prove the following:

1. For two internally or externally tangent circles, the point of tangency of the circles and
the centers of the two circles are collinear.

2. For two internally or externally tangent circles, the common tangent line through the
point of tangency of the circles is perpendicular to the line through the centers of the
circles.

Theorem 6.14. Two circles are said to be in general position if they are external to
each other and do not intersect. Given any two circles in general position, there exist four
tangents that are common to both circles. These are called bitangents.

Proof. Let the circle with radius r have center (z1,y;) and the circle with radius ro have
center (za,y2). Let a bitangent ¢ be given by

ar + by +c=0.

Since a and b cannot simultaneously be 0, we can divide both sides by the non-zero number
va? + b2, which allows us to assume that a® + b* = 1 without loss of generality. The
perpendicular distance between ¢ and (x1,y;) is 1 and the perpendicular distance between
¢ and (22, y2) is 2. By the point-line distance formula (Theorem 2.26),

laxy + byy + ¢| = 11,
laxs + bys + | = 19,
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since a®+b* = 1. Opening up the absolute values result in & signs on the r; and 75, where the
two =+ signs are independent of each other. Given a triple (a, b, ¢) such that ax +by+c=0
represents ¢ and a® 4 b* = 1, the triple (—a, —b, —c) works as well. So we engineer (a, b, c)
to ensure that

axy + bys + ¢ = 1s.

The other equation is
axry + by, + ¢ = +ry.

We wish to show that exactly four distinct such triples (a, b, ¢) exist. Subtracting the second
equation from the first yields

a(re —x1) +b(ys —y1) =ro £11.
Letting

d=\/(z2— )2 + (s — )%,

To—T1 Yo— Y1 Tokm
s Oa :( y 5 )7
(2o, y + 0,70) ] d ]

and dividing both sides of the equation by d, we get

axg + byg = 1o,
where it is true that
a+bv* =1,
vy +yp = 1.
Our job is to solve for a and b in terms of x, 3y, and 9. We do this as follows:
axg + by = 1o
byg = ro — axy
b2y2 = (ro — axg)?
_ 2 2,2
=1y — 2roaxy + a’x;
(1 —a®)yg = ry — 2roaxg + a’r}
a?(x2 4+ y3) — 2romea + (g —y2) =0
a® — 2rozoa + (ry — y5) = 0.

By the quadratic formula,

2rozo £ /(2roz0)? — 4(rg — y?)
a _—
2

= roxg £ \/rgx% — 7“(2) —i—y(?)
= 10T \/rg(:cg —1) + 9}
= rowo £ \/— g9} + 18

= ToZo j13/0\/1—77“%-
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Then
, — "o~ a%o
Yo
1o — (roo £ yo/1 — 18)x0
B Yo
. 7”0—7’01%¢$0y0\/1—7’3
B Yo
~ro(1—af) F xoyor/1 — ¢
B Yo
_ oy T ToYo/1 — 7§
Yo

= ToYo F Toy/ 1 —rg.

Therefore, we obtain

a=roxo+yo\/1 — 13,
b =royo F zoy/1 — 7§,
c=ry— (axs + bys),

ro kT
where there 4+ and F signs are opposites, and the + sign in rg = 2 L

is independent of

the other two signs. Thus, there are four 2 - 2 solutions, due to there being two independent
signs. Finally, these four solutions all exist, regardless of which of the two possibilities for rq

is taken, since y/1 — r exists if and only if

1—-7r2>0

7’2:|:’l“1 2
e
“\T4

d > |T2 :t?”1|.

This is true because the circles are purely external to each other, leading to
d > ro + 11 > |’T‘2—’I"1|.
O]

Definition 6.15. A chord of a circle is a line segment with both endpoints on the circle.
In particular, every diameter is a chord. Note that the interior of a chord lies entirely in the
interior of the circle. This leads to more definitions:

e Since two radii can be drawn to the endpoints of a chord, we call the arc intercepted by
the resulting central angle that contains the chord (which is necessarily non-reflex) the
intercepted arc of the chord. In the case that the chord is a diameter, the intercepted
arc could be either semicircle.
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e A secant of a circle is a line in the plane that intersects the circle at exactly two points.
In other words, a secant is like a chord that extends infinitely in both directions.

We need the following lemma as a precursor to the multi-part result that is Theorem 6.18,

which expand the inscribed angle theorem, though the lemma could be considered to be a
part of that set of results.

Lemma 6.16 (Chord-tangent angle theorem). Suppose a chord of a circle meets a tangent
line to the circle at a non-right angle at one of the endpoints of the chord. Then the
acute angle between them is equal to half the measure of the intercepted arc of the chord.
Consequently, the obtuse angle between the chord and the tangent line is equal to half the
measure of the arc opposite to the intercepted arc of the chord. Alternatively, if the chord
and the tangent line meet at a right angle, then the chord is a diameter and both arcs that
are cut off by the chord are semicircles. In general, either angle created by the chord and
tangent is equal to half the measure of the arc on its side.

) -
A}

~

Proof. Let the acute angle between the chord and the tangent line passing through the chord
measure . Let the measure of the intercepted arc of the chord be ¢. Drawing the radii to
the endpoints of the chord creates an isosceles triangle with base angles x. Then

¢+ 20 =180°=2-90° =2 (z +0).
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It follows that ¢ = 26. The second part of the lemma is true because ¢ = 20 implies
360° — ¢ =2 - (180° — 0).

In the other case, suppose the chord and tangent meet at a right angle. Since a radius goes
through the point of tangency at a right angle as well, the same line runs through the chord
and the radius. Thus, the chord is the diameter resulting from extending the radius. Since
a diameter cuts off two arcs that are both semicircles, we are done. O]

Problem 6.17. Suppose a chord AB of a circle meets a tangent line to the circle at A at a
non-right angle. Show that if an inscribed angle ZAPB has P lying on the major arc AB
then the measure of ZAPDB is the same as the measure of the acute angle between the chord
and the tangent. Analogously, show that if an inscribed angle ZAPB has P lying on the

minor arc AB then the measure of ZAPB is the same as the measure of the obtuse angle
between the chord and the tangent.

P

20 / | ‘

A

A~
\

I
N

The inscribed angle theorem can be thought of as providing a relationship between an angle
between two lines emanating from a point P on a circle and the measure of the arc inside

the angle. The inscribed angle theorem can be used to extend itself to points P inside and
outside the circle as follows.

Theorem 6.18. In addition Lemma 6.16, which is a chord-tangent arc theorem, there are
four more angle theorems about intersecting chords, secants and tangents:

1. Chord-chord: Two chords that intersect inside the circle create two pairs of vertical

angles and cut off four arcs. Picking one pair of vertical angles, the measure of either
of those angles is the average of the measures of the two arcs that they contain.

Secant-secant: Two secants that intersect outside the circle form an angle that cuts off
four arcs, two of which are contained in the angle. The measure of the angle created

by the two secants is half the positive difference of the measures of the two arcs that
lie inside this angle.
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3. Secant-tangent: A secant and a tangent that intersect outside the circle form an angle
that cuts off three arcs, two of which are contained in the angle. The measure of
the angle created by the secant and the tangent is half the positive difference of the
measures of the two arcs that lie inside this angle.

4. Tangent-tangent: Two tangents that intersect outside the circle form an angle that
cuts off two arcs, both of which are contained in the angle. The measure of the angle
created by the two tangents is half the positive difference of the measures of the two
arcs.

Note that there is no similar chord-secant theorem that is meaningfully different from the
scenarios that have already been mentioned.

Proof. Let the angles and arc measures be labelled as above.

1. By the inscribed angle theorem, @ = 2y and § = 2J. Since 6 is an exterior angle to
the triangle drawn, 6 = 6 + . As a result,

a+

0=~v+0=

2
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3. By Lemma 6.16,
~360° -3
==

By the inscribed angle theorem, § = %. Then

h=180° — 65—y = 1800 &30 =0 _fra

2 2 2

4. In quadrilateral OAFE B, the angles add up 360°, so
6 =360° —2-90° — a = 180° — a.
The arcs a and [ make a partition of the circle, so
(360° —a) —a  fB-a
2 2

0 =180° —a =

A

]

Problem 6.19. Suppose two parallel lines intersect a circle, each at one or two points. So
they are both secants, both tangents, or one is a secant while the other is a tangent. Show
that the arcs cut off in between them have equal measure.

Problem 6.20. Show that two chords of the same circle have equal length if and only if
their intercepted arcs have equal measure.
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Chapter 7
Classifications

“Give him a coin if he must profit from what he learns.”
(in response to a slave who asked what he would gain from
studying geometry)

— Fuclid

Trigonometry is the study of turning incomplete information about a triangle’s side lengths
and angles into complete information. First we develop congruence criteria, which tell us
when this task of filling in the blank is feasible. Then we deal with the “ambiguous case,”
which showcases a particular scenario where the blanks are not always possible to fill in
uniquely. We also develop criteria for proving that two triangles are similar. In the second
section, we define and prove classification criteria for special classes of convex quadrilaterals,
specifically trapezoids, parallelograms, rhombi, rectangles, and kites.

7.1 Triangles

Intuitively, congruent shapes are shapes that have, well, the same shape.

Definition 7.1. Following the definition of congruent polygons (Definition 5.35), two trian-
gles are congruent, denoted by AABC = ADEF (the order of the vertices matters in this
notation), if corresponding sides are equal and corresponding angles are equal. More pre-
cisely, AB= DF ,BC = FF,CA=FD and /ZABC = /DFEF,/BCA = /FFD,/CAB =
ZFDE. So congruence of triangles preserves lengths and interior angles.

D

Theorem 7.2. To establish congruence, it is not necessary to show that all corresponding
sides are equal and corresponding angles are equal. There are criteria which allow us to get
away with less. Let S stand for “side” and A stand for “angle.” Then the following sets of data
each allow for one unique triangle to satisfy the data, proving four congruence theorems:
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1. SSS: the three side lengths are known
2. SAS: two side lengths and the angle between those two sides are known
3. ASA: two angle measures and the length of the side between those two angles is known

4. AAS: two angle measures and the length of a side not between those two angles is
known

Proof. We will use the cosine law and sine law to uniquely determine all missing angles and
side lengths, as denoted for AABC' in Definition 7.1.

1. The cosine law can be used to determine cos «, cos 8, and cos~y. This leads to unique
angles «, 3,7 because the cosine function is injective on the domain of interior angles
(0°,180°).

A ¢ B

2. The cosine law can be used to obtain ¢, from which the cosine law can again be used
as it was in SSS to obtain « and f.

B

3. First we obtain 7 = 180° — a — . Then the sine law equations

a C

sinaw sinvy’
b c
sinf  sinvy

can be used to isolate and solve for a and b.
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A ¢ B

4. This reduces to ASA because the third angle can be deduced by computing 5 =
180° — av — 7.

A ¢ B

We deliberately avoided using the sine law to determine any angles because the fact that
sin @ = sin(180° — 6)

makes sine non-injective on (0°,180°). Using sine instead of cosine would thus increase our
verification work. This unfortunate reality is a reflection of the “ambiguous case,” which will
be studied momentarily. O]

Corollary 7.3. If two triangles are known to be right, then they are congruent if either of
the following criteria are fulfilled:

1. LL congruence: each pair of corresponding legs are (separately) of equal length

2. HL congruence: one pair of corresponding legs are of equal length and the hypotenuses
are of equal length

Proof. LL congruence follows from SAS congruence since the right angle is between the
legs. For HLL congruence, we may obtain the remaining leg using the Pythagorean theorem
(Theorem 9.12), which reduces the problem to LL congruence. H

Corollary 7.4. The following two criteria each separately establish congruence of two tri-
angles:

1. Two right triangles have an equal non-right angle and an equal leg.
2. Two right triangles have an equal non-right angle and equal hypotenuses.

Proof. We will not need the Pythagorean theorem for these results. In both cases, we can
deduce the third angle which is equal in both triangles using the sum of interior angles result
for triangles, and then use ASA congruence. m
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Theorem 7.5. Given a radius and a chord of a circle that is not a diameter, the radius
bisects the chord if and only if the radius is perpendicular to the chord.

Proof. Let the center of the circle be O and let the chord be AB. Supposing the radius
bisects the chord, let the midpoint of the chord be M. Then AM = BM and AO = BO. By
SSS congruence, AAMO = ABMQO, and so

LAMO + ZBMO = 180° = ZLAMO = ZBMO = 90°.

In the other direction, suppose the radius is perpendicular to the chord. Let the intersection
of the chord with the radius be P. By HL congruence, AAPO = ANBPQO, and so AP = BP.

O

Problem 7.6. Show that, if two circles intersect at two distinct points, then the line through
the centers of the circles is the perpendicular bisector of the common chord drawn by con-
necting the two points of intersection of the circles.

Problem 7.7. Given AABC with edges a, b, c opposite to vertices A, B, C' respectively, show
that ZA > /B if and only if a > b. As a consequence, the longest side of a triangle is always
opposite to the largest angle, and the shortest side of a triangle is always opposite to the
smallest angle.

Theorem 7.8 (Ambiguous case). SSA is not a congruence theorem in its most general form.
The number of solutions can be classified as follows. In AABC, sides a, b, ¢ lie opposite to
angles /A = o, /B = [, ZC" = =, respectively. Suppose we have an SSA scenario, where

h
side lengths a and b are known and « is known. Since sina = —, where h is the altitude

emanating from C, let h = bsin«a, which is always less than or equal to b. Based on
considering the length a relative to h and h, the number of possible triples (¢, 3,v) that
produce a non-degenerate triangle is:

1. If « is acute and a < h, then there are exactly 0 triangles.

2. If «a is acute and a = h, then there is exactly 1 triangle.
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3. If ais acute and h < a < b, then there are exactly 2 triangles.
4. If o is acute and a > b, there is exactly 1 triangle.
5. If «v is right or obtuse and a < b, then there are exactly 0 triangles.

6. If o is right or obtuse and a > b, then there is exactly 1 triangle.

Proof. We will find triples (c, 3,7) that satisfy the sine law

a b c

sina sin (8 - siny
where k > 0 just represents the common value, and o + § + v = 180°. We claim that this
is sufficient to construct a triangle by proving that the triangle inequalities (Theorem 3.10)

hold under these conditions. For example, we can use reversible steps to go backwards and
prove, using a compound angle identity, that

a+b>c
ksina + ksin 8 > ksinvy
sina 4 sin 8 > siny
= sin(180° — o — )
= sin(a + ()
= sina cos 5 + sin [ cos «
sin (1 — cos 3) + sin 5(1 — cosa) > 0.
The inequality in the last line is true because sin a and sin 3 are positive and cos « and cos 3

are strictly bounded above by 1. This proves that a + b > ¢, and the other two inequalities
b+ ¢ > a and ¢+ a > b are similarly proven.

1. Suppose «a is acute and a < h. If AABC exists, then the sine law gives
b b h h
a

sinff=—--sina=—--—-=—>1.

a b a

Since it is impossible for sin 5 > 1 to have a solution, we get a contradiction and no
triangle exists.
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2. Suppose « is acute and a = h. By the same sequence of equalities as in the first case,

sinf =1, so §=90°. Then we obtain v = 180° — a — 8. With all the angles obtained,

we can use the sine law to get
a

c=siny - ——.
sin «

So, exactly, one triangle exists.

Suppose « is acute and h < a < b. Then
h
sinff =— <1
a

has two supplementary solutions for 8 (one acute ; and one obtuse (s), due to the
reflection identity sin 6 = sin(180° — 6) from Volume 1. The acute (; leads to

v =180°—a— (1 >0
and c as in the second case above. However, with the obtuse 35, we need to check that
Yo =180° —a —
will be positive, which is equivalent to
a < 180° — By = f4.

By Problem 7.7, the requirement o < (3; is equivalent to a > b, which is inherent to
this case. Thus, exactly two triangles exist.
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h
4. Suppose « is acute and a > b. Since sina < 1, we get b= —— > h, s0a > h. Asin

sin o
the third case above, two supplementary i, 5, are found, with ; acute and 5 obtuse.

From (;, we can obtain
v=180° —a — p; > 0.

However, the obtuse (35 leads to By > «, which is equivalent to b > a by Problem 7.7,
contradicting a > b. So 5 is extraneous and there is exactly one triangle.

5. Suppose « is right or obtuse, and a > b. The first condition gives 0 < sina < 1 and

the second condition gives — < 1. Combining them with the sine law yields
a

. b . b
sinff = —-sina < - <1,
a a

so a solution to f that satisfies the sine law exists. In fact, two supplementary solutions
exist, which are an acute #; and an obtuse ;. However, we can only pick 3; because
a is already obtuse, and we do not want two obtuse angles since they would add up to
more than 180°. Picking 3, we can find v and ¢ as in previous cases.

C' C

A B
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6. Suppose « is right or obtuse, and a < b. The first condition gives 0 < sina < 1 and

the second condition gives — > 1 Suppose [ exists. Then the sine law gives
a

sinff = — -sina > sina = sin(180° — «),
a
where 180° — « is acute, due to a being obtuse. So
sin 8 > sin(180° — a) = [ > 180° — a,

since the sine function is increasing in the first quadrant that consists of all acute
angles. Then we get the contradiction

v=180°—a — 3 <0.

Therefore, there is no triangle in this case.

C's
a
b
o -
13 ---------------------------------------- °
A B
This covers all cases of the SSA scenario. O

Definition 7.9. Suppose AABC has edges a, b opposite to vertices A, B respectively, such
that ZA is known and acute, and a,b are known and they satisfy bsin A < a < b. Note
that bsin A is the length of the height emanating from C. By Theorem 7.8, there are two
configurations for AABC that satisfy these conditions. This is called the ambiguous case.

Theorem 7.10. Two sides of a triangle are equal if and only if the angles opposite them
are equal.

Proof. Let the triangle be AABC. For one direction, suppose AB = AC. The amazing trick
here is that AABC = AACB because ZBAC = ZCAB so we can use SAS congruence.
Then /B = ZC' by the definition of congruence.

In the other direction, suppose /B = ZC. A similar trick that we can pull out is that
BC = CB, so ANABC = AACB by ASA congruence. Then AB = AC by the definition of

congruence. O

Definition 7.11. Using Theorem 7.10, we can classify triangles into three types, each of
which can be given two equivalent formulations, one using lengths of sides and one using
measures of interior angles:

e Equilateral triangle: three equal side lengths or three equal interior angles
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e Isosceles triangle: at least two equal side lengths or at least two equal interior angles.
In an isosceles triangle, the legs are the equal sides and the base is the remaining side.
The equal angles are called the base angles and the vertex angle is the remaining
angle. The vertex from which the vertex angle emanates is called the apex. Note that
equilateral triangles qualify as isosceles triangles.

e Scalene triangle: three different side lengths or three different interior angles
Intuitively, two shapes are similar if they are scaled versions of one another.

Definition 7.12. Following the definition of similar polygons (Definition 5.37), two trian-
gles are similar, denoted by AABC ~ ADEF (as with congruence, correctly ordering
the vertices in this notation is important), if corresponding angles are equal and the ra-
tios between corresponding sides are equal. More precisely, ZABC = /DEF,/BCA =
/EFD,/CAB = /ZFDE and

DE EF FD

AB  BC CA
where the common value k£ of the proportions is called the similarity ratio. So, similar-
ity preserves interior angles, but not lengths. Similar triangles are said to have the same
orientation if starting with matching angles and going through the other two angles coun-
terclockwise produces the same angles in the same order; otherwise, the similar triangles are
called oppositely oriented.

A B

Theorem 7.13. As with congruence, there are similarity criteria which allow us to establish
similarity without showing that all of the conditions in the definition of similarity hold:

1. AA: two pairs of corresponding angles are separately equal (and equality of the third
angles can be deduced)

2. SSS: the three ratios of corresponding sides are equal

3. SAS: the ratios of two corresponding sides are equal, and the angles between them are
equal

Proof. As with the four congruence criteria, we will use the sine law and cosine law to prove
these three similarity criteria. Let the triangles be AABC with sides a, b, ¢ opposite angles
A, B, C, respectively, and ADFEF with sides d, e, f opposite angles D, E/, F', respectively.
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1. Suppose ZA and ZD have a common value of o, and that /B and ZFE have a common
value of 5. Then ZC and ZF have a common value of

v =180° — a — S.
By the sine law,

a b c

5 . = ;
sina  sinf8  sinvy
d e f

sina sinf  siny’

Dividing the top equation by the bottom one causes cancellations, yielding

a_é_c

E_e—?’

which are the similarity proportions that we seek.

C r

A B D

2. Suppose

for some common value k. Then d = ka,e = kb, and f = kc. Then

A +a? -1
2ca
(kc)? + (ka)? — (kb)?
2(kc)(ka)
B F2 @2 e
N 2fd

=cos I,

cos B =

which gives /B = ZF, due to the injectivity of the cosine function on (0°,180°).
Similarly, /A = /D and ZC = ZF.
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A ¢ B D

d
3. Suppose — = g = k for some common value k£ and that Z/C = ZF have a common
a
value of v. Then d = ak and e = bk. So,

[ &+ €2 —2decosy
c Va2 + b2 — 2abcos vy
V/ (ka)? + (kb)? — 2(ka)(kb) cos
V@ + b2 — 2abcos vy
d e
a

:k:

which proves the similarity proportions. This reduces the problem to SSS similarity,
which was addressed above.

C

v

Problem 7.14. Prove that AABC' is equilateral if and only if AABC ~ ABCA.

Theorem 7.15. A common setup is when there are two triangles with an equal angle and
one triangle is wedged inside the other, which we will call nested triangles. The triangles
are similar and have the same orientation if and only if the sides opposite the nested angles
are parallel. (Note that, in a different scenario, the nested triangles could be similar yet
oppositely oriented.)
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Proof. Let the triangles be AABC and AA'B'C' with ZA = ZA', and A, A" coinciding.
By corresponding angles, BC' and B'C’ are parallel if and only if ZABC = ZA'B'C’ and
/ACB = /A'C'B'. By AA similarity, this is true if and only if AABC ~ AA'B'C" and the

two triangles have the same orientation. O

Problem 7.16. Show that connecting the midpoints of two sides of a triangle creates a
line segment that has half the length of the third side and that is parallel to the third side.
Use this to prove that connecting the midpoints of all three sides to each other creates four
congruent triangles. The central one is called the medial triangle.

7.2 Quadrilaterals

Lemma 7.17. “The” shortest distance between two parallel lines in the plane is a well-
defined concept because:

1. Suppose we are given a line and a point in the plane that does not lie on the line. Then
there exists a unique line segment of shortest length with one endpoint on the point
and the other endpoint on the line. The segment is perpendicular to any direction
vectors on the line.

2. The distance from a point on one line to the closest point on a parallel plane is a
constant, regardless of the first point.

3. The shortest distance from any point on the first line to the second line is the same as
the shortest distance from any point on the second line to the first line.

Proof. In essence, the concepts of perpendicular distance and shortest distance converge.

1. Let the point be P and the line be ¢. Following Theorem 4.17, let v be a vector with
its tail on the line and its head on P, and let w be a direction vector of the line. Let
u = proj,,v and z = oproj,,v. Then ||z|| is the perpendicular distance from P to ¢. We
claim that this is also the shortest possible distance from P to anywhere on /. Indeed,
by the vector Pythagorean theorem (Theorem 4.14),

Il = llull® + 121" > 121* = llvll > [l=]],
with equality holding if and only if © = 0. So, the point on ¢ at which the minimum
distance ||z|| from P occurs is unique, and this is also where the perpendicular distance
occurs.

2. Suppose parallel lines are given by

ar +by+c=0,
Az + By + C = 0.
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Let (xg,yo) and (z1,y1) be distinct points on the first line. Using the formula for the
perpendicular distance between a point and a line in the plane (Theorem 4.17), we
work backwards:

|Azog + Byo +C|  |Azy + By, + C|

N VI
(Al’o + By + 0)2 = (A.Tl + By, + 0)2
[A(zg — 1) + B(yo — 1)) - [A(xo + 21) + B(yo + 1) +2C] =0,

where we used the difference of squares factorization in the last step. This is true
because the first factor in the last line is equal to

(A> B) ) (950 — X1,Y0 — y1)7

which is zero because (g — x1, Yo — y1) is a direction vector of the line and (A, B) is a
normal vector to the line.

3. Since we have shown that the concepts of perpendicular distance and shortest distance
are the same, it suffices to prove that if P is a point on the first line and () is a point
on the second line, and if w is a direction vector common to both lines (which exists

because they are parallel), then, for v = ]@,
loproj,vl| = [loproj, (=v)|.
Indeed, by the formula in Theorem 4.13, we get
loproj, (—=v)[| = [| = v — proj, (—v)]|
ool
S R )

v+ <w,w>

= o )

N {w, w)

=ll=v- (w, w)

= [[v = proj,v||

= |loproj,v|l,
as desired.

This will allow us to refer to a well-defined concept of the shortest and perpendicular “dis-
tance” between parallel lines, particularly when working with special classes of quadrilater-
als. O]

Definition 7.18. A convex quadrilateral is a convex polygon with four vertices and four
edges. The diagonals of a convex quadrilateral ABCD are the line segments AC' and BD
that connect non-adjacent vertices.
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There also exist non-convex (i.e. concave) quadrilaterals, such as darts, but we will not
study them.

Definition 7.19. There are several classes of convex quadrilaterals, defined by their impor-
tant regularities:

1. A trapezoid is a convex quadrilateral with at least one pair of parallel sides. If one
pair of parallel sides is distinguished then they are called bases and the other two sides
are called legs. The height of a trapezoid is the distance between the lines through
the bases, which is well-defined according to Lemma 7.17. The median of a trapezoid
is the line segment connecting the midpoints of the two legs.

D C

A B

2. A parallelogram is a convex quadrilateral such that each pair of opposite sides is
parallel. Note that every parallelogram is a trapezoid.

vy

3. A rhombus is a convex quadrilateral such that all four edges have equal length. By
drawing a diagonal and using SSS congruence, we find that the two triangles are
congruent isosceles triangles; this causes the existence of alternate interior angles angles
twice, which shows that opposite sides of a rhombus are parallel. So, every rhombus a
parallelogram.
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A B

4. A rectangle is a convex quadrilateral with all four interior angles having equal mea-
sure. By drawing a diagonal, we can split any convex quadrilateral into two triangles
and so the sum of the interior angles of a convex quadrilateral is 2 - 180° = 360°.
Then, the interior angles of a rectangle all measure 90°; this causes the existence of
alternate interior angles, which shows that each pair of opposite sides is parallel. So,
every rectangle a parallelogram.

D C

A B

5. A square is a convex quadrilateral with all four edges having equal length and all four
interior angles having equal measure, making it both a rhombus and a rectangle.

D C

A B

Therefore, we have the following inclusion hierarchy of convex quadrilaterals:

Squares C Rectangles and Rhombi
C Parallelograms
C Trapezoids

C Convex Quadrilaterals.

All of the inclusions are actually proper but we will not belabour this obvious point.

Problem 7.20. Prove that, in any convex quadrilateral, a parallelogram is created by con-
necting the midpoints of consecutive sides.

Theorem 7.21. Given any trapezoid, the median is parallel to the bases and the length of
the median is the average of the lengths of the bases.
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Proof. Let trapezoid ABC D have bases AD and BC. Let M be the midpoint of AB and N
be the midpoint of C'D. First we extend BN until it meets the line through AD at P. Since
ZCBP = ZDPB and Z/BCD = ZPDC and DN = CN, we get that ABCN = APDN
by AAS congruence. Looking at M N as connecting the midpoints of two sides of AABP,
Problem 7.16 implies that M N is parallel to AD and

AP _AD+DP _AD+ BC

MN )
2 2 2

since DP = BC. It is also true that M N is parallel to BC' because M N is parallel to AP,
and AD is parallel to BC.

“+

A

]

Theorem 7.22. A convex quadrilateral is a parallelogram if and only if any one of the
following conditions hold for it:

1. Each pair of opposite sides consists of two sides of equal length.
2. Each pair of opposite interior angles consists of two equal angles.
3. The diagonals bisect each other.

4. There are two opposite sides that are parallel and equal in length.

Proof. Letting the original definition of a parallelogram be (0), we will prove that
0) = 1) = (2) = B) = () = (0).
1. Suppose ABC'D is a parallelogram, meaning each pair of opposite sides is parallel. By

drawing the diagonal BD and using alternate interior angles to invoke ASA congruence,
we find that AABD =2 ANCDB. Thus, AB =CD and AD = CB.
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2. Suppose AB = CD and AD = CB. Again, we draw the diagonal BD. This time,
we use SSS congruence to get that AABD = ACDB. Then ZABD = ZCDB and
/ADB = ZCBD, so

/ABC = /ABD + £/DBC = ZCDB+ Z/BDA = ZCDA.
By the same SSS congruence, we also get /BAD = ZDCB.

3. Suppose ZABC = ZCDA and Z/BAD = ZDCB. Since the sum of the interior angles
of a quadrilateral is 360°, we find that Z/DC'B and ZC DA and supplementary. Thus,
they are same-side interior angles in a setup where AD and BC have parallel lines
running through them and C'D has a transversal running through it. Similarly, AB
and C'D are parallel too. As in the first implication, AB = CD and AD = C'B. Now
we draw the diagonals. By using the equality of alternate interior angles and ASA
congruence, we find that the diagonals bisect each other. The detail are left to the
reader.

4. Suppose the diagonals of ABC' D bisect each other with the point of intersection being
E. By the equality of vertical angles and by SAS congruence, AD = BC'. Then alternate
interior angles imply that AD and BC' are parallel.

5. Suppose AD = BC and that AD and BC' are parallel. First we draw the diagonal
BD and use alternate interior angles to get ZADB = ZCBD. By SAS congruence,
ANADB = ACBD. Then ZABD = ZCDB. By alternate interior angles, AB and
CD are parallel too. Thus, the two pairs of opposite sides of ABCD each consists of
parallel sides, making it a parallelogram.

Therefore, we have five equivalent criteria for identifying a parallelogram. O

Note that we drew auxiliary lines like diagonals to facilitate the proof of Theorem 7.22. One
way of thinking of drawing auxiliary lines is that we are not drawing a line, but rather the
line is already there as a subset of the plane. We have only noticed that it is there. The
geometer wishes to become competent at observing what is already there.

Problem 7.23. Prove that a convex quadrilateral is a rhombus if and only if diagonals are
perpendicular and bisect each other.

Problem 7.24. Prove that a convex quadrilateral is a rectangle if and only if the diagonals
are equal in length and bisect each other.

Since a convex quadrilateral is a square if and only if it is both a rectangle and a rhombus,
combining Problem 7.23 and Problem 7.24 yields that a convex quadrilateral is a square if
and only if the diagonals are perpendicular, equal, and bisect each other.

Definition 7.25. A kite is a convex quadrilateral with two disjoint pairs of sides such that
each pair consists of adjacent sides that are equal. For example, rhombuses are kites, as are
squares.
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Theorem 7.26. A convex quadrilateral is a kite if and only if any one of the following
conditions hold.

1. A diagonal cuts the quadrilateral into two congruent triangles (so, there is a line of
symmetry).

2. A diagonal bisects a pair of opposite interior angles.

3. A diagonal bisects the other diagonal, and the two diagonals are perpendicular to each
other.

D

B

Proof. Letting the original definition of a kite be (0), we will prove that
0) = (1) = (2) = ) = (0).

1. Suppose we have a kite ABC'D such that AB = AD and C'B = C'D. By SSS congruence
ANABC = AADC. So the diagonal AC' is the one we seek.

2. Suppose ABC'D is a convex quadrilateral such that AABC = ANADC'. Then /ZBAC =
ZDAC and Z/BCA = ZDCA, so the diagonal AC bisects each of the interior angles
/ZBAD and ZBCD.

3. Suppose ABC'D is a convex quadrilateral such that the diagonal AC' bisects each of the
interior angles ZBAD and ZBCD. Let E be the foot of the height of AABC from B
to AC, and F be the foot of the height of AADC from D to AC. By AAS congruence,
NABE = ANADF, so AE = AF. So the diagonal BD intersects the diagonal AC' at
E = F. Since E = F is the feet of two altitudes, the intersection forms right angles.
Moreover, the aforementioned congruence yields BE = DF, so BD is bisected by AC.

4. Suppose ABC'D is a convex quadrilateral such that AC' perpendicularly bisects BD
at E. By SAS congruence AAEB = ANAED and ACEB =2 ANCED. Thus, AB = AD
and C'B = DC| making ABCD a kite.

Therefore, we have four equivalent criteria for identifying a kite. ]

© 2024 Samer Seraj. All rights reserved.



Chapter 8

Circles 11

“Let no one untrained in geometry enter.”

— written over the entrance to Plato’s academy

We will start by studying the power of a point theorem and its converse. Then we will look
at several useful and interesting criteria for knowing when four points all lie on a circle, since
cyclic quadrilaterals are rich in structure. Afterwards, we will look into cyclic and tangential
polygons.

8.1 Cyclic Quadrilaterals

Definition 8.1. The power of a point P with respect to a circle I' with center O and
radius r is
Powr(P) = OP* —r°.

This is the same as (OP + r)(OP —r), so
1 if P is in the exterior of I'

sgn [Powp(P)] = 0 ifPisonl
—1 if P is in the interior of T’

P

Theorem 8.2 (Power of a point theorem). Let P be a point, let I' be a circle, and let ¢ be
a line through P. Then:

1. If P is in the exterior of I' and ¢ intersects I' at two distinct points X and Y, then

PX - PY = Powr(P).
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2. If P is in the interior of I' and ¢ intersects I' at two distinct points X and Y, then
PX - PY = —Powr(P).

3. If P is in the exterior of I' and /¢ is tangent to I at Z then

PZ?* = Powr(P).

X
P P

v v 2

Proof. Authors often prove the power of a point theorem for each configuration separately
using triangle geometry. Some go straight to proving the consequential configurations in
Corollary 8.3. We will tackle all three cases at once using complex numbers.

Let the center of I' be the origin, without loss of generality, and let its radius be r, Then a
general point on T is z = re. Let the point P be located at the complex number p, and let
the counterclockwise angle from the x-axis to ¢ be ¢. Then a general point on /¢ is

z=p+se?,

where s is a directed length from p to z, where the sign of s depends on the of side p on ¢
on which z lies. Letting z represent the points where ¢ intersects I', we can equate

D+ se' =z = re'.
The conjugate of this equation is
D+ 5679 = peil=0)
Multiplying the original equation by the conjugate equation yields
r2 = (re) - (re'9)

= (p+5¢) (D + s'?)

(=) | ;pid
e + pe
= |p|2-|-2 (%) s+ s°

= |p]* + [2 : Re(pei(_‘b))] s+ s
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This provides a quadratic equation in the variable s with real coefficients, namely
s+ [2 : Re(pei(_qb))} s+ (p* —r*) =0.

If the two solutions to this quadratic are s; and sy then we are seeking |s;| - |s2|. By Vieta’s
formulas,
1] - [s2| = [s51 - 82| = HP‘Q - 7’2‘ = |Powr(P)].

Now we can specialize the formula to each case:

1. If P is in the exterior of I' and ¢ intersects I' at two distinct points X and Y, then

PX - PY =|s1]-|s2] = |Powr(P)| = Powr(P).

2. If P is in the interior of I' and ¢ intersects I' at two distinct points X and Y, then

PX - PY = |s1] - |sa| = |[Powp(P)| = —Powr(P).

3. If P is in the exterior of I' and / is tangent to ' at Z, then there is one distinct solution
to the quadratic and s; = s9, which leads to

PZ2 = ‘81’2 = ‘81’ . ‘82’ = ‘POWF(P)’ = POWF(P)

]

Corollary 8.3. In practice, the power of a point theorem comes in three configurations that
follow directly from Theorem 8.2. Let P be a point and let I" be a circle.

1. Chord-chord: If P is in the interior of I', and AB and C'D are two chords of the circle
that intersect at P, then
PA-PB=PC-PD.

2. Secant-secant: If P is in the exterior of I', and one secant through P intersects the
circle at two distinct points A and B, and another secant through P intersects the
circle at two distinct points C' and D, then

PA-PB=PC-PD.

3. Secant-tangent: If P is in the exterior of I', and a secant through P intersects the circle
at two distinct points A and B, and a tangent through P intersects the circle at C),
then

PA-PB = PC*

We could also develop a tangent-tangent case, but this would be equivalent to saying that

the two tangent segments from an exterior point have the same length, which was proven in
Theorem 6.12.

© 2024 Samer Seraj. All rights reserved.



116 CHAPTER 8. CIRCLES II

Definition 8.4. If four points lie on a circle then they form a cyclic quadrilateral. To be
clear, to name it we would still write the vertices in clockwise or counterclockwise fashion,
starting with any vertex, as usual.

Theorem 8.5 (Cyclic quadrilateral criteria). Let ABC'D be a convex quadrilateral. Then
the following conditions are equivalent:

1. ABCD is a cyclic quadrilateral
2. ZADB = ZACB
3. ZABC + LZADC = 180°

We have assumed convexity in order for the angles in question to be well-defined angles
whose interiors lie in the interior of the quadrilateral. Otherwise, it would not be clear to
which of the two explementary angles we are referring in some cases where we refer to an
angle.

Proof. We will show that

(2) &= 1) = ()

follows from the inscribed angle theorem and its converse (Theorem 6.6). By naming con-
ventions, since ABCD is a convex quadrilateral, C' and D lie on the same side of the line
through AB, and B and D lie on opposite sides of the line through AC. Thus:

e (1) = (2): We know that C' and D lie on the same arc between A and B. By the
inscribed angle theorem, ZADB and ZACB are both equal to half the measure of
their intercepted arc AB.

e (2) = (1): First we draw the circumcircle of AADB. Letting AB be the arc not
containing D, ZADB is equal to half the measure of AB. Since ZACB = /ADB and
C lies on the side of the line through AB not containing @, this forces C' to lie on arc
ADB as well by the converse of the inscribed angle theorem. Thus, ABCD is cyclic.
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(1) = (3): We know that B and D lie on opposite sides of the line through AC),
so the inscribed angle theorem tells us that ZABC and ZADC are equal to half the
measures of ADC and ABC , respectively. Since the two arcs sum to a full rotation,
the sum of the inscribed angles is

ADC  ABC  360°

= == 1 O.
ZABC + LADC 5 + 5 5 80

(3) = (1): First we draw the circumcircle of AABC. Letting AC be the arc not

containing B, ZABC' is equal to half the measure of AC. By assumption and the
inscribed angle theorem,

/ADC = 180° — ZABC = 180° — A—QC _ 1800 — 20 _QABC _ Az;zc‘

Since D and B lie on the opposite sides of the line through AC, D lies on the side
of the line through AC not including ABC'. By the converse of the inscribed angle
theorem, this forces D to lie on AC. Thus, ABCD is cyclic.

]

Problem 8.6. Find a formula for each diagonal of a cyclic quadrilateral purely in terms of
the side lengths of the quadrilateral.

Theorem 8.7. A trapezoid ABC'D with parallel sides AB and C'D is said to be isosceles
if it satisfies any one of the following conditions. Then these conditions are equivalent:

1.

2.

3.

The diagonals AC' and BD are equal in length.
If the point of intersection of the diagonals is X, then AX = BX and CX = DX.

A pair of the base angles are equal, where ZADC and ZBCD is one pair of base
angles, and ZDAB and ZCBA is another pair of base angles. Note that if one pair of
base angles are equal then the other pair is also equal since same-side interior angles
of a transversal are supplementary, which implies that

LADC + £ZDAB = 180° = ZBCD + ZCBA.

. A pair of opposite interior angles are supplementary. Note that one pair of opposite

interior angles being supplementary implies cyclicity, which implies that the other pair
of opposite interior angles is also supplementary.

Contrary to intuition, the legs (i.e. the two opposite sides that are not necessarily parallel)
being equal in length is not sufficient for the trapezoid to be isosceles. Otherwise, a non-
square thombus would qualify,even though its diagonals are not equal, for example.
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Proof. We will cycle through the conditions:

e (1) = (2): If AC = BD, then alternate interior angles of a transversal tells us

AX BX

that AABX ~ ACDX. By similarity ratios, ox - Dy
AX 4+ CX = BX + DX. By an algebraic ratio trick,

and the hypothesis is that

AX CX AX+CX
BX DX BX+DX

e (2) = (3): If AX = BX and CX = DX, then isosceles triangles and alternate in-
terior angles of a transversal tell us that ZABD = ZBDC = ZACD. Since trapezoids
are always convex, this means ABC'D is cyclic. Then ZADB = ZACB as well, which
means

LADC = LZADB + /BDC = LZACB + LZACD = ZBCD,

so two base angles are equal.

e (3) = (4): If a pair of base angles are equal then the other pair of base angles are
also equal, as argued in the statement of the theorem. Since same-side interior angles
of a transversal are supplementary,

LABC + LADC = LZABC + ZBCD = 180°.

e (4) = (1): If opposite interior angles are supplementary, then using the fact that
same-side interior angles of a transversal are supplementary,

/ADC = 180° — ZABC = 180° — (180° — Z/BCD) = /BCD.

Moreover, opposite interior angles being supplementary in a convex quadrilateral im-
plies cyclicity, which implies ZDAC = ZCBD. Since AADC" and ABC'D share DC,
it follows from AAS congruence that they are congruent, which allows us to conclude
that AC' = BD.

]
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Problem 8.8. Show that a trapezoid is isosceles if and only if connecting the midpoints of
the bases creates a segment perpendicular to both bases.

Now we will develop several concyclicity criteria for four points in the plane. The first is
based on the complex number “cross-ratio,” the second is a converse to the power of a point

4
theorem, and the third involves all <2> = 6 pairwise lengths between the four points.

Theorem 8.9 (Complex concyclicity). Let A, B, C, D be distinct points in the plane such
that they are not all collinear. Let the corresponding complex numbers in the complex plane
be a, b, ¢, d, respectively. Then A, B, C, D are concyclic if and only if

b—c a—d

a—c b—d

is a non-zero real number. We will prove the following more refined version:

1. A, B,C, D are concyclic such that C, D lie on the same side of the line through AB if
and only if A(a, b, c,d) is a positive real number.

Ma, b, c,d) =

2. A, B,C, D are concyclic such that C, D lie on opposite sides of the line through AB if
and only if A(a, b, ¢, d) is a negative real number.

Proof. It A, B, C, D were concyclic in some order then the resulting quadrilateral would be
cyclic. So the quadrilateral would be convex, which would mean that no three of the vertices
are collinear and none of the vertices lie in the interior of the triangle formed by the other
three vertices. Before we delve into the heart of the proof, we will briefly argue in the other
direction that, if A(a, b, ¢, d) is a non-zero real number, then no one of A, B, C, D lies in the
interior or boundary of the triangle formed by the other three vertices. Suppose otherwise
for contradiction. Then the fourth vertex lies in the interior of the triangle or the interior of
one of the three edges. In essence, \(a, b, ¢, d) is a non-zero real number if and only if

<b—c>+ (a_d):()
arg p— arg 7 —d) = L.

Geometrically, this is equivalent to meaning the counterclockwise angle around C' that makes
AC coincide with BC plus the counterclockwise angle around D that makes B D coincide with
AD is congruent to 0 or # modulo 27. Due to size considerations of the two counterclockwise
angles in question, this never happens whenever one vertex lies in the interior of or on the
boundary of the triangle formed by the other three vertices. We encourage the reader to fill
in the details.

We have mentioned this so that, when we assume that A(a, b, ¢, d) is a positive or negative real
number, we can safely work on only the cases where A, B, C, D form a convex quadrilateral
in some order. In those cases, there are 4! = 24 ways in which the vertices can be ordered;
due to the symmetry of rotations, we can assume the “first” vertex is A, which thankfully
gives 6 cases instead of 24 where we go counterclockwise from A:

ABCD,ABDC, ACDB, ADCB and ACBD, ADBC.

In the first four cases C', D lie on the same side of the line through AB, and in the last two
cases C, D lie on opposite sides of the line through AB.
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B B C D
A A A A
D C B B
C D D C
C D
A A
D C
B B

Thanks to reflections, we can actually cut the cases down to three, as in every alternate

one shown. We are finally ready to prove the two parts of the theorem. In each step of the
argument, the reader should verify that it make sense in the relevant diagrams.

1. Suppose A, B,C, D are concyclic and C, D lie on the same side of AB. By a criterion
for cyclic quadrilaterals, ZAC'B = ZADB and so

b—rc b—d
e\ —c) "M\ —a)

as this arg equation is equivalent to ZACB = ZADB or 2n — ZACB = 2n — /ADB,
where we are referring to the non-reflex versions of ZACB and ZADB.

Conversely, if this arg equation holds, it means the counterclockwise angle resulting
from rotating AC' around C' to coincide with BC' is equal to the counterclockwise angle
resulting from rotating AD around D to coincide with BD. Suppose for contradiction
that C, D lie on opposite sides of AB. Then one of the aforementioned counterclockwise
angles would be less than 7 and the other would be greater than 7, meaning they cannot
be equal. So C| D lie on the same side of the line through AB. By the arg equation,
the non-reflex ZAC'B and ZADB are equal, as ZACB and ZADB are respectively

b—rc b—d ) b—rc b—d
arg and arg 4/ or respectively 27 —arg and 27 —arg )
—c a— a—c a—

a
Then a criterion for cyclic quadrilaterals tells us that A, B, C, D are concyclic.

So the initial conditions are equivalent to

b—c b—d b—c b-d
OEarg a—_c — arg m = arg a—CTa,—d s

which is equivalent to A(a, b, ¢, d) being a positive real number.
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2. Suppose A, B, C, D are concyclic and C, D lie on opposite sides of AB. By a criterion

for cyclic quadrilaterals, ZACB + ZADB = 7 and so

: <b—c>+ : (a—d)z
arg a—c arg b—d) ="

as this congruence is equivalent to ZACB + ZADB =« or (2r — LACB) + (21 —
ZADB) = m, where we are referring to the non-reflex version of ZACB and ZADB.

Conversely, if this arg congruence holds, it means the counterclockwise angle resulting
from rotating AC' around C' to coincide with BC plus the counterclockwise angle
resulting from rotating BD around D to coincide with AD is congruent to a flat angle.
Suppose for the sake of contradiction that C, D lie on the same side of the line through
AB. Then one of the aforementioned counterclockwise angles will lie in (0, 7) and the
other will lie in (7, 27). Then their sum minus 7 will lie in (0, 27), contradicting the
fact that it should be congruent to 0 modulo 27. So C, D lie on opposite sides of AB.
By the arg congruence, the non-reflex ZACB and ZADB satisty ZACB+/ADB =,

h—
as ZACB and ZADB are respectively arg (—C) and arg <Z—d) , or respectively
a—c —
a—d

2r — arg( C) and 21 — arg (ﬂ) . This congruence is actually the equality
a—c

LACB + ZADB = 7 because both of the angles on the left lie in (0, 7), which makes
their sum lie in (0, 27). Then a criterion for cyclic quadrilaterals tells us that A, B, C, D
are concyclic.

So the initial conditions are equivalent to

b—c a—d b—c a—d
T = arg P + arg b—d = arg a—c.b—d ,

which is equivalent to A(a, b, ¢, d) being a negative real number.

O

Theorem 8.10 (Converse of power of a point). Let A, B,C, D be distinct points in the
plane that are not all collinear. Let P be the intersection of the lines through AB and C'D.
Suppose P either lies on both of the segments AB and C'D or neither. If

PA-PB = PC-PD,

then A, B, C, D are concyclic, not necessarily in that order.

Proof. We will use complex numbers. Let the four points be a, b, ¢, d, respectively. Since the
setup can be translated without issue, let P be the complex origin 0. Knowing that a,b,0
are collinear and that ¢, d, 0 are collinear, there exist real numbers x, y such that

a=bx,

c=dy.
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Due to the fact that
PA-PB=PC-PD,

we know that P cannot equal any of the A, B, C, D because it would prevent at least two
of these four points from being distinct. So P is either in the interior of both segments
AB,CD or in the exterior of both segments. If 0 (as in, P) lies on the segment AB and on
the segment C'D then x,y are both negative since a negative dilation is required to send b to
a and, similarly, a negative dilation is required to to send d to ¢. On the other hand, if 0 lies
on neither the segment AB nor the segment C'D, then the negative dilations are replaced
by positive dilations. Either way, xy is a positive real number, since the signs of x, y are the
same. The last bit of preliminary observation is that the equation

PA-PB=PC-PD

is equivalent to
aabb = cedd

or

o _ ()
cd  \ab/’

By the complex concyclicity criterion, it suffices to prove that A(a, ¢, b, d) € R. To that end,
we compute

Ammﬁﬁ):2:2~z:j
_c—=b a—d
T br—b dy—d
_c—b a—d
T b(x—1) dy-—1)
c—b a—d 1 1

b d -1 y—1

~G-0G-)

ac a ¢ 1 1
:Q————-+Q. R
r—1 y—1

Since x,y are defined to be real and

a c
— = — .- =2
bd b d Y
a c
is real, it suffices to prove that p + 5 is real. At this point, our tactic will be to prove that

2
<g + E) is real and non-negative, which will imply g—i—g (without the square) is real. First

d b
we note that
2+E_b_x+ﬂ_<§+é>x
b (5 @ \a
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Since zy is already real and positive, it suffices to prove that

<2+E>(C_Z+9>—a_b+ﬁ+2
d b a ¢/  cd  ab

is real and non-negative. Since

ab
al bl = lel |l = |2 =1,
ab ib 1 o
we know that i e'? lies on the complex unit circle. Therefore,

c

ab n cd 4y N 1

_ — =€ N

cd  ab eio

— it | oil=®)

= (cos ¢ +isin @) + (cos(—¢) + isin(—¢))
= (cos ¢+ isin¢) + (cos ¢ — isin @)
=2cos¢p > —2.
This completes the proof. O

Theorem 8.11 (Ptolemy’s inequality). If A, B, C, D are four distinct points in the plane,
then
AB-CD+ BC-DA> AC - BD.

If they are not all collinear, then equality holds if and only if A, B, C, D are concyclic in that
clockwise or counterclockwise order. The equality criterion is called Ptolemy’s theorem.

Proof. We place A, B,C, D on the complex plane by letting them be represented by the
distinct points 0, 21, 29, 23 respectively, without loss of generality. Then we wish to show that

|21] - |22 — 23] 4 |21 — 22| - 23] 2 |22] - [21 — 23]
Dividing both sides by |21 - 23 - 23| yields the equivalent inequality
1 1

z3 )

z3 21

This is true by the complex triangle inequality. Since neither term on the left side is 0 due
to the distinctness of the points, equality holds if and only if

1 _ 1
23 Z9 22 — 23 0 — 21
= - : - _)\(0722723)21)
(i_L> 0—23 Z9 — 21
22 21

is a positive real number, by the equality criterion of the complex triangle inequality (see
Volume 1). Equivalently, A(0, 2, 23, z1) is a negative real number. Assuming A, B,C, D are
not all collinear, the complex concyclicity criterion tells us that this is true if and only if
0, 21, 22, 23 are concyclic such that z, z3 lie on opposite sides of the line through 0 and zs.
This is the result we seek. O
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8.2 Cyclic and Tangential Polygons

Definition 8.12. The perpendicular bisector of a line segment is the line that runs
through the midpoint of the segment and is perpendicular to the segment.

Theorem 8.13. Given two distinct points A and B, the locus of points that are equidistant
from A and B is the perpendicular bisector of AB.

Proof. Suppose P is a point that is equidistant from A and B. Then AAPB is isosceles
with PA = PB. Let F be the foot of the perpendicular from P to AB. By HL congruence,
AAPF = ABPF, which implies AF = BF. Thus, P lies on the perpendicular bisector of
AB.

For the other inclusion, suppose () lies on the perpendicular bisector of AB. Let the midpoint
of AB be M, so that AM = BM. By SAS congruence, AAMQ = ABM(), which implies
QA = @QB. Thus, Q is equidistant from A and B. O

Definition 8.14. A set of points is said to be concyclic if there exists a circle on which they
all lie. A cyclic polygon is one whose vertices are concyclic, where the circle on which all the
vertices can be placed is called the circumcircle. In other words, there is a point called the
circumcenter from which all the vertices are at a fixed distance called the circumradius.
Every cyclic polygon is convex because each interior angle is an inscribed angle, which must
be half of the corresponding central angle; since the central angle must be less than 360°,
each interior angle is less than 180°.

Definition 8.15. A collection of lines, rays or line segments is said to concur or be concur-
rent if there is a point that lies on all of them. This point is called a point of concurrency.

Theorem 8.16. A polygon is cyclic if and only if the perpendicular bisectors of all of its
edges concur at some point. If this point exists, it is the unique circumcenter.

Proof. If the circumcenter exists, then it is a point P that is equidistant from every ver-
tex, which means P is equidistant from the endpoints of every edge, and so P lies on the
perpendicular bisector of every edge, by Theorem 8.13.

Conversely, if the perpendicular bisectors of all of the edges concur at @), then ) must be
equidistant from the endpoints of every edge, by Theorem 8.13. This means () is equidistant
from every vertex, which means it is a circumcenter. Thus, P and @) are the same point if
either exists.
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Suppose for contradiction that there are two distinct circumcenters. Then the perpendicular
bisectors of the edges have more than one intersection point, causing them to all lie on the
same line. This would mean that each pair of edges is parallel or they lie on the same
line, both of which are impossible since consecutive edges share a vertex and create an
interior angle less than 180° in a convex polygon. Thus, the circumcenter is unique, and so
is the circumcircle since the uniqueness of the circumcenter implies the uniqueness of the
circumradius. O

Definition 8.17. The angle bisector of an angle is the ray with the same vertex as the
angle and, with the exception of that vertex, the ray lies in the interior of the angle such
that it splits the angle into two equal angles.

Theorem 8.18. For a non-reflex angle, the locus of all points in the interior of the angle,
the feet of whose perpendicular segments to the line through each ray lies on the ray, and
that are equidistant from the rays of the angle is the angle bisector of the angle without its
endpoint.

Proof. Let the vertex of the non-reflex angle be V. Suppose P is a point such that the
feet of its perpendicular segments to the line through each ray lies on the ray, and P is
equidistant from the rays of the angle. Let A be one foot and let B be the other foot. By
HL congruence, APAV = APBV, which implies Z/PVA = ZPV B. Thus, P is on the angle
bisector of ZAV P.

For the other inclusion, suppose @ lies on the angle bisector of the angle without its endpoint.
Then @ lies in the interior of the angle. Let ¢ be a line through () that intersects the rays
at C' and D such that C'D is perpendicular to V'@Q). The angles ZC'V Q) and ZDV () are each
half of the original non-reflex angle, so they are both acute; then their complementary angles
ZVCQ and £V D() are also acute. This means the perpendicular segments from @) to the
lines through VC' and VD lie on the respective segments, which means the perpendicular
segments from () to the line through each ray lies on the ray. Let the foot of the perpendicular
segment from ) to VC be X and the foot of the perpendicular segment from @) to VD be
Y. By AAS congruence, AVXQ = AVY(Q and so QX = QY. Thus, () is equidistant from
the rays of the angle. O

Definition 8.19. We already know what it means for a line to be tangent to a circle. On
the other hand, we say that a line segment is tangent to a circle if the line through the
segment is tangent to the circle and the point of tangency lies on the segment.
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Definition 8.20. A tangential polygon is one whose edges are all tangent to the same
circle, called the incircle. In other words, there is a point called the incenter which is at
a fixed perpendicular distance called the inradius from all the edges. The interior of the
incircle lies in the interior of the polygon. Also, every tangential polygon is convex because
each interior angle is supplementary with the opposite central angle, and so the interior angle
cannot exceed 180°.

Notice that the point at which the incircle is tangent to an edge must lie in the interior of
the edge, because, if it lay on a vertex, then the two edges emanating from the vertex would
form a straight angle.

Theorem 8.21. A polygon is tangential if and only if it is convex and the angle bisectors
of its interior angles concur at some point. If this point exists, it is the unique incenter.

Proof. Recall from Theorem 5.17 that a convex polygon is equal to the region formed by
the intersection of its interior angles, from which we can derive that the intersection of the
interiors of the interior angles is equal to the interior of the polygon. If the polygon is
tangential, then convexity is guaranteed; moreover, there is an incenter P in the interior
of the polygon, the foot of whose perpendicular segment to the line through each edge lies
on the edge, and P is equidistant from every edge. By convexity, P is in the interior of
every interior angle, and by the preceding statement, P is equidistant from every pair of
consecutive edges. So P lies on the angle bisector of every interior angle.

Conversely, suppose the polygon is convex and the angle bisectors of the interior angles
concur at (). By convexity, a point, such as (), that is in the interior of all the interior angles
is in the interior of the polygon. Since the angle bisectors of the interior angles concur at @),
the perpendicular segment from @) to the line running through each edge falls on the edge
(this is because half of each interior angle of a convex polygon is necessarily acute) and @) is
equidistant from every pair of consecutive edges. So ) must be equidistant from every edge,
which means it is an incenter. Thus, P and () are the same point if either exists.

Suppose for contradiction that there are two distinct incenters. Then the angle bisectors of
the interior angles have more than one intersection point, causing them to all lie on the same
line. This would mean all the vertices of the polygon are collinear, which is a contradiction.
Thus, the incenter is unique, and so is the incircle because the uniqueness of the incenter
implies uniqueness of the inradius. m
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Problem 8.22. If the sides of a tangential polygon P are sg,si,...,S,_1 in clockwise
or counterclockwise order, then show that there exists a list of n positive real numbers
(to,t1,...,tn_1) such that s; = t; + t;;1 for each 0 < i < n — 1, where indices are reduced
modulo n.

Problem 8.23. Show that the area of a tangential polygon is rs, where r is the inradius
and s is the semiperimeter (half the perimeter).

Theorem 8.24 (Pitot’s theorem). If a quadrilateral ABC'D is tangential then
AB+CD = AD + BC.

Conversely, if the sum of the lengths of two opposite edges of a convex quadrilateral equals
the sum of the lengths of the other two opposite edges, then the quadrilateral is tangential.

Proof. Suppose ABC'D is tangential and let AB, BC,C'D, and DA be tangent to the incircle
at A', B',C", and D’ respectively. Using the fact that both tangent segments from the same
external point have the same length,

AB+CD = (AA'+ AB)+ (CC'"+ C'D)
= (AD'+ BB')+ (CB'+ DD')
= (AD'+ D'D)+ (BB + B'C)
= AD + BC.

There exists a natural “proof” of the converse that is shown in several well-known source,
such as [1], but it contains a hidden mistake that was explored by Alexander Bogomolny in
[3]. A rigorous proof, which requires carefully considering the implications of the convexity
assumption, is explained in detail in [6]. ]

Problem 8.25. According to Definition 7.25, a kite is a convex quadrilateral with two dis-
joint pairs of sides such that each pair consists of adjacent sides that are equal. Without using
the converse of Pitot’s theorem, show that kites, and therefore rhombuses, are tangential.

Definition 8.26. A polygon is bicentric if it is both cyclic and tangential. Two circles are
said to be concentric if their centers coincide.

Problem 8.27. According to Definition 5.30, a regular polygon is a polygon whose sides
are all equal and all of its interior angles are equal. Show that all regular polygons are
bicentric, with the circumcircle and incircle being concentric. However, the circumcircle and
incircle are not necessarily concentric in a bicentric polygon, as will be evident when we
study triangle centers in Chapter 11.
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Chapter 9
Area

“And purchased a site, which was named ‘Bull’s Hide’ after
the bargain by which they should get as much land as they
could enclose with a bull’s hide.”

— Virgil’s Aeneid

We introduce the concept of area as a measure of subsets of two-dimensional space. In the
first section, area formulas are developed for specific polygons in the plane using their side
lengths. In the second section, general “shoelace” formulas are developed for computing areas
using Cartesian, complex, and barycentric coordinates.

9.1 Using Lengths

Definition 9.1. Intuitively, the area of a polygon is a numerical measure of the set of
points that it occupies in the plane. This is the number of 1 x 1 unit squares that would fill
the polygon, including partial unit squares. We denote the area of a region P in the plane
using square brackets like [P]. We will not define area more precisely, nor will we make it
clear which subsets of the plane can actually be assigned area, as both tasks would require
measure theory.

Theorem 9.2. The notion of area satisfies the following properties:
1. Partitioning regions: If we partition a region into finitely many regions (i.e. split into
non-overlapping regions, except perhaps at boundaries) whose areas can be calculated,

like triangles and special convex quadrilaterals, then the area of the original region is
the sum of the areas of the new smaller regions.

2. Complementary regions: If we place a region R inside a larger region S such that each
of S and the excess parts T' (i.e. the region outside R but inside S) have areas that
can be calculated, then [R] = [S] — [T].

3. Overlapping regions: If we express a region as the finite union of potentially overlapping
regions, where the areas of the new regions and their intersections can be calculated,
then the area of the original region is the sum of the new smaller regions, with sub-
tracting and adding overlaps, as needed. The counting becomes more elaborate as an
increasing number of regions overlap in places.

4. Tiling regions: If we copy and paste n congruent copies of a region R together in a
non-overlapping way (except possibly at boundaries) to produce a region S whose area

can be calculated, then [R] = [—i]

128
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These principles pertaining to areas can be especially helpful for finding the areas of non-
standard regions. The same techniques can be applied to surface area and volume calcula-
tions in 3D geometry. The above methods are analogous to combinatorial principles from
Volume 2, specifically the addition principle, subtraction principle, the principle of inclusion-
exclusion, and the division principle, respectively.

Definition 9.3. We define the area of a rectangle with side lengths a and b to be ab. This

is consistent with the fact that if @ and b are integers, then there would fit exactly ab unit

squares inside the rectangle. As a consequence, the area of a square with side length s is s%.

Theorem 9.4. If two opposite bases of a parallelogram have length b and corresponding
height h, then its area is bh.

Proof. Suppose we have a parallelogram with parallel bases that have length b and a cor-
responding height h. The parallelogram can be placed inside a rectangle by drawing two
heights perpendicular to the bases and emanating from the outermost two opposite vertices.
The two resulting right triangles are congruent by SAS congruence with legs of length a and
h, and they can be placed together to form an a x h rectangle.

a b

|

O

b a

Subtracting the area of the smaller constructed rectangle from the larger rectangle tells us
that the area of the parallelogram is

(a +b)h — ah = bh.
[

Theorem 9.5. If AABC is a triangle whose height corresponding to base AC' = b is h, then

[ABC] = %
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Proof. Intuitively, we will draw a second copy of the triangle and put it together with the
first to produce a parallelogram whose area we can calculate. More rigorously, we draw the
line through B that is parallel to AC, and then we draw the line through C' that is parallel
to AB. Let the intersection of these two lines be D. Then ABDC' is a parallelogram with
bases AC, BD of length b and a corresponding height h.

B

A b C

Moreover, by SSS congruence, AABC = ADCB, so

apc) - ABC ; [DCB] _ [ABQDC’] _ %

Corollary 9.6. The area of a right triangle with legs of length a and b is %b.

Corollary 9.7. The area of any two triangles with the same base and same height have the
same area. In particular, if we fix a triangle ABC with base AB, then for any C’ on the line
¢ through C' and parallel to AB,

[AABC') = [AABC).

Corollary 9.8. If two triangles each have a base that has a certain line running through
both of these cases and there is a common height corresponding to the bases, then the ratio
of their areas is the ratio of the lengths of the bases, as long as the order of the triangles is
preserved in both ratios.

Proof. Let the triangles be AABC and ADEC with bases AB and DF that lie on the same
line, and a common height A emanating from C. Then

[ABC]  (#8%) AB
[DEC] (222~ DE’

2

]

Problem 9.9. An orthodiagonal convex quadrilateral is a convex quadrilateral whose diag-

onals are perpendicular. An example is a kite. Prove that the area of a convex orthodiagonal

d
quadrilateral with diagonals of length ¢ and d is %
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Example 9.10. Show that if a triangle has heights f, g, h then

1 N 1 -
fog h
Proof. Let the bases corresponding to the heights f, g, h be a,b, ¢ respectively. Then three
ways of expressing the area /A of the triangle are
A ﬂ _ bg ch

2 2 2
By the triangle inequality,
a+b>c,
which we can rewrite as
2/ n 2\ - 2/
f g h -

This is equivalent to what we want to prove because we can cancel the numerators. In general,
it can be fruitful to find the area of a region in more than one way in order to gain information
about variables involved. For example, a triangle has three pairs of corresponding bases and
heights as we just showed, and a parallelogram has two pairs of two equal bases and a

corresponding height. O]

Theorem 9.11. If a trapezoid has bases with length a and b and a corresponding height h,
b)h

then the area of the trapezoid is %.

Proof. Let the trapezoid be ABC'D with bases AD = b and BC = a. If a = b, then the
trapezoid has two opposite sides that are parallel and equal in length, so it is parallelogram
and the formula is easy to verify in this case. Now suppose b > a. We draw the line through
D that is parallel to AB and the line through BC' Letting the intersection of the two lines be
E, we get a parallelogram ABED. Conveniently, ACED has base CE = BE—BC =b—a
with the corresponding height h.

B a C b—a

>=

I

A b D

Using complementary regions, the area of the trapezoid is

[ABCD| = [ABED| — [CED] = bh — _2“>h _la zb)h .
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Theorem 9.12 (Pythagorean theorem). If a right triangle has legs of length a and b and
hypotenuse ¢, then

a’ +b* = .
Conversely, if a, b, ¢ are the side lengths of a triangle such that a® + b? = ¢, the triangle is a
right triangle with a right angle opposite the side with lengths c.
Note that we took the Pythagorean theorem for triangles whose legs are parallel to the
coordinate axes as the definition of Euclidean distance (Theorem 2.1), whereas the present
result is for any right triangle.

Proof. The result was already known as a special case of the cosine law (Theorem 3.8), but
it is worth showing the marvelous proof below. Let AABC be a triangle with a right angle
at vertex C, and side lengths BC = a,CA = b, AB = c. First we construct a square ADEB
on the side of the line through AB that does not contain C. Now we extend C'A into a ray
through A, and C'B into a ray through B. Then we draw a line through D that is parallel to
CB, and a line through E that is parallel to C'A. This produces three more right triangles
that are similar to AABC by AA similarity. In fact, all four triangles are congruent by ASA
congruence since they all have hypotenuses of equal length c¢. The final observation is that
the legs of the four triangles produce a square, which we leave to the reader to easily verify
by checking that the sides are all a result of 180° angles and that they have equal length
a—+b.

C A

This allows us to write the area of the larger square is two ways:

b
4-%+02:(a+b)2:a2+2ab+b2

¢ =a®+ b
Conversely, suppose AABC' is a triangle with side lengths BC = a,CA = b, AB = ¢ such
that a? + b* = ¢®. We construct a right triangle APQR with a right angle at vertex R and
side lengths RP = b and R() = a. Then the Pythagorean theorem tells us that
PQ =+\/RP?+ RQ?=Va>+ 12 =c.

By SSS congruence, AABC' = APQR, which means AABC' is a right triangle too with a
right angle at vertex C. m
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Corollary 9.13. In a right triangle, the hypotenuse is strictly longer than either leg.

Proof. Let the legs have length a and b and the hypotenuse have length c. By the Pythagorean
theorem,

c:\/a2—|—62>\/a_2:a,
c=Va2+b >V =bh.

O

Theorem 9.14 (HL similarity). Two right triangles with hypotenuses and one pair of legs
in the same ratio are similar.

Proof. Let the length of the hypotenuses be h and kh for some positive constant k, and the
legs in question have lengths [ and kl. Then the remaining legs m and m’ are related by

m' =/ (kh)? — (kl)? = kvV/h? — 12 = km,
where we have used the Pythagorean theorem. Now SSS similarity can be applied. O

Finally, we look at some special triangles and related lengths that, for example, help us in
the evaluation of trigonometric functions at particular values (see Volume 1).

Theorem 9.15 (30° — 60° — 90° triangle). The height of an equilateral triangle with sides

/352

. Moreover, if a

3
of length s is Al Thus, the area of such an equilateral triangle is

triangle has angles 30° — 60° — 90°, then the sides opposite those angles in that order are in
the ratio 1: v/3: 2.

71300\ 92

/ 60°

Proof. By dropping a height, we can use AAS congruence to establish that the two new
triangles are congruent right triangles. This means the height bisects the corresponding
base. If the side length of the equilateral triangle is s, then, by the Pythagorean theorem,

/ 2 3
the height is 4/ s? — <§) = % (Note that the same technique can be used to calculate

the height of an isosceles triangle that emanates from the apex.) As a consequence, the area
of the equilateral triangle is
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As a second consequence, we can observe from either of the two new right triangles that the
sides opposite the 30°,60°,90° angles are in the ratio

S \/_S
— =1: 2.
5 "5 :s V3

]

Example 9.16. A regular hexagon is a six-sided convex polygon such that all of the side
lengths are equal and all of the interior angles are equal. Determine the area of a regular
hexagon with sides of length s. Moreover, if the regular hexagon is A; Ay A3A4A5Ag, then
determine the length of A; A3 in terms of s.

Solution. The key is to notice that we can produce such a hexagon by gluing together six
equilateral triangles that have sides of length s. Indeed, since equilateral triangles have

o

interior angles measuring = 60°, the central angle in such a construction will be 60° =

360°, so there will be no gaps. Moreover, all of the interior angles of the resulting six-sided
convex polygon will be 2-60° = 120°, and it will have six sides of length s. By Theorem 9.15,
the area of the hexagon is

V3s: 3V3
6- :T'S.

4

For the length of A;Asz, we notice that AjAs = AsAs, so we drop an altitude from A, to
A As. By HL congruence, the resulting two triangles are congruent. The two angles at A,

120°
= 60°, so

measure

AAs=2- \/_5 — V/3s.

]

Problem 9.17. Let A;A3A3... A5 be a regular dodecagon, which is a twelve-sided con-
vex polygon such that all side lengths are equal to s and all interior angles are equal. De-
termine the length of A; A, in terms of s.

Theorem 9.18 (45° —45° —90° triangle). The sides opposite the 45°,45° 90° angles respec-
tively in an isosceles right triangle are in the ratio 1: 1 : V2.
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Proof. A square with side length s can be split along a diagonal to construct a 45° —45°—90°
triangle, whose diagonal has length

V2 + 82 = 52

by the Pythagorean theorem. Thus, the sides opposite the 45° 45° 90° angles are in the

ratio
s:s:\/gs:l:lzx/ﬁ.
OJ

Example 9.19. A regular octagon is an eight-sided convex polygon such that all of the
side lengths are equal and all of the interior angles are equal. Determine the area of a regular
octagon with sides of length s.

Solution. Each interior angle of a regular octagon is be calculated to be

180°(8 — 2)
8

= 135°.

The complement of this angle is 45°, so extending every alternate edge into a line produces
four isosceles right triangles and an overarching square.

The triangles have area

and the overarching square has area

<3+2~%>2 = (s+/25)? = (34 2V/2).

By complementary regions, the area of the regular octagon is

52(3+2\/§)—4-S£:232-(1+\/§).
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9.2 Using Coordinates

Although determinants will feature prominently in the presentation, we will use little to no
machinery from linear algebra. The main purpose of determinants in the material here is to
present certain algebraic expressions in an organized fashion.

Definition 9.20. For a generalized polygon P, we define its sign as

1 if P is oriented counterclockwise

sgn(P) = {_

1 if P is oriented clockwise
This is well-defined concept, by Definition 5.15.

Lemma 9.21. Let A = (0,0), B = (23, %), C = (2., y.), which are allowed to be collinear.
Then

1 Tp ZBC)
ABC| = ABC '—-dt( )
ABC) = sen(ABC) - § et (70

Proof. If A, B,C are collinear, then we have a degenerate triangle which should have area
0. Indeed, since collinearity implies the equality of the slopes

yb_ozyc_o
CL’b—O ZL’C—07

we get xpy. — x.yp = 0, as desired. The case where B and C are both on the y-axis can be
handled separately with ease.

Now suppose A, B, C' are not collinear. Let 6 be the measure of the counterclockwise rotation
around A that, along with a positive dilation from A, causes B to coincide with C. Since
interior angles of triangles measure less than 7, the interior angle of AABC at A is

6 ifsgn(ABC) =1

ZBAC = . .
2r — 0 if sgn(ABC) = —1

As a result, letting h = AB - sin ZBAC be the height emanating from B and with foot on
AC,

AC - h
2

-AB - AC -sin ZBAC

[ABC) =

N | —

= sgn(ABC) - % -AB - AC -sinf.
So now 1t suffices to show that

AB - AC -sin0 = det (m” ”) .
yb yc
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Let b = z, + 1y, and ¢ = x. + iy.. By the definition of 8, we know that g = :%:ew. By writing

out the components of each complex number, we get the equation

1b|(xe + iy.) = |e|(xp + iyp)(cos O + i sin §)
= |e|((zpcos @ — ypsin ) + i(xpsinf + y, cos b)).

Equating real parts and imaginary parts yields the system of equations

|blxe = |c|xp cos O — |c|yp sin b,

|blye = ||z sin 0 + |c|yy cos 6.
Subtracting v, times the first equation from x; times the second equation proves that
[bl(zoye — zep) = lel(zp + yy) sind,

which finally implies

b 2

det <$b %) = |¢| - ‘—sinﬁ = |b] - || - sin#.
Y Ye |b|

O]

Theorem 9.22 (Shoelace formula for triangles). Let A = (zo,v0), B = (x1,11),C = (22, 92),
which are allowed to be collinear. Then

2. sgn(ABC) - [ABC] = det (‘”1 Tt 2 “”0)
Y1 —Y% Y2 — Yo

1 1 1
=det| 29 1 29
Yo Y1 Y2

— det (xo xl)—l—det (ml x2)+det (“ x())_
Y Y1 yr Y2 Y2 Yo

Moreover, A, B, C' are collinear in some order if and only if this quantity is 0.

Proof. Any translation sends a triangle to a congruent triangle with the same orientation,
and congruent triangles have the same area, due to to SAS congruence and the sine area
formula derived in Lemma 9.21. So we apply the translation (z,y) — (x,y) — (2, yo) to
get the three new points A" = (0,0), B’ = (21 — o, v1 — %0),C" = (22 — o, Y2 — Yo). By
Lemma 9.21,

2 . Sgn(ABC) . [ABC] — 2 . Sgn(A/B/C/) A [A/B/C/] _ det <x1 — Ty T2 — .7;0) .
Y1 —Yo Y2 — Yo

It is then immediately true that the other two forms are equal to this quantity by applying
the formulas for computing determinants.
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Note that A, B, C' are collinear if and only if [ABC]| = 0, which gives us the nice Cartesian
collinearity criterion

1 1 1
det| zg 1 x92 | = 0.
Yo Y1 Y2

This is a symmetric criterion, as opposed to the criterion stating that the lines between C'A
and BA have equal slopes. n

Corollary 9.23 (Polygon shoelace formula). Let P = ViV;---V,,_1 be a generalized n-gon
with each vertex Vj having coordinates (zy, yx). Then

2 - sgn(P Zd t(z: 36]““),

Yr+1

where indices are reduced modulo n. The name of this result is due to the crisscross nature
of this series of 2 x 2 determinants.

Proof. The proof is by induction on n. We already know the result for triangles, that isn = 3
from Theorem 9.22. Now suppose the result holds for generalized n-gons for some n > 3 and
let P be a generalized (n + 1)-gon. Then P has an ear, so label P as VjV; ...V, in either
counterclockwise or clockwise orientation such that V,, is an ear of P. Let Vi, = (xy,yx) for
each index 0 < k£ < n. The ear V,, induces the triangle " = V,V,,_1V,, and clipping this ear
yields the generalized n-gon @) = VyV;...V,_1. Recall that T and ) both have the same
orientation as P. By the induction hypothesis for n-gons and the base case for triangles,

2-sgn(P) - [P] =
Q) [ ]+2 sen(T) - [T]

det (33’“ x’“”) + det (mo x“) + det ($”1 9””) + det <x" xo)

Y Yr+1 Yo Yn-1 Yn—1 UYn Yn Yo

( k xk+1) et (xnl xn> + det (xn 96’0)
Ye  Yr+1 Yn—1 Yn Yn Yo
~ N et (mk xkﬂ)_
Ye  Yk+1
Note that we sneakily cancelled the two terms
det (:Jcnl xo) + det <3U0 xnl)
Yn—1 Yo Yo Yn—1

in the middle of the computation. The reader should algebraically verify that their sum is in

fact zero, though it is immediate from a property of determinants that states that swapping
columns in a matrix negates the determinant.
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One issue is that our derivation of this formula seems to rely on labelling P = V14 ---V,, in
a way that V,, is an ear. This is not the case because the formula is cyclic in the sense that,

for any integer 1,
Ll+1 Trti Thti+l
det ( ) = det ( )

Yk+1 Yk+i  Yk+it1

So it acceptable to relabel VO, Vi,o..,Vyas Vi, Vi, ..., Vuy, where indices are reduced mod-
ulo n. Moreover, the derivation works for both types of orientations for P. Thus, the formula
holds for any labelling of P and the induction is complete. O

Corollary 9.24. Suppose P and () are similar generalized polygons in the plane such that
the ratio of the lengths of @) to the lengths of P is k > 0. Then

Q] = &*- [P].
In particular, if P and @) are congruent, then k£ = 1 and they have the same area.

Proof. Suppose P and () are as stated, each with n vertices. By Theorem 3.3, there exists
a similarity transformation of P to () that consists of exactly one homothety of factor &
from the origin, followed by a Euclidean isometry. By the quoted result, every Euclidean
isometry can be expressed as a composition of translations, rotations around the origin and
conjugations. Thus, it suffices to show that applying a homothety from the origin multiplies
the area by k%, and that area is preserved under translations, rotations around the origin
and conjugations. We will prove each of these facts using the shoelace formula. Starting
from any vertex of P and going counterclockwise, let the coordinates of the vertices be

(‘T07 ZJO); (.1:1, y1)7 sy (.ﬁl}'n,b yTL*l)'

1. If @ is the image of P under a homothety of factor k£ from the origin, then sgn(Q) =
sgn(P) = 1. We compute

n—I1 n—1
1 kx; kux; k2 T T
:_.§jdet< ’ ”1>:—-§:det<l Z“)zk:z-P.
2 — kyi  kyiqa 2 — Yi Yiv1 7]

2. If @ is the image of P under a translation by z = x + iy, then sgn(Q) = sgn(P) = 1.
We compute

n—1
1 i+ T+ x)
=—- det < ! ot
<) 2 z_; Yity Yty
1 n—1
=5 Z((inyiﬂ — zinYi) + (Y1 — ¥i) + y(z; — xig1))
i=0
1 ol €T T T n—1 y n—1
=c- dt(i ”v - Z A Z
2 Z ¢ Vi Yit1 +2 . (Yis1 = 2 Z — Tit1)
=0 =0 1=0
n—1
1 T Tiin
=5 det(l ”>+0+0:P7
2 ; Yi Yit1 7]

where indices are reduced modulo n. The second and third sums disappeared in the
end due to telescoping.
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3. If  is the image of P under a counterclockwise rotation by # radians around the origin,
then sgn(Q) = sgn(P) = 1. Since

(z +iy)e” = (v + iy)(cos § + isin 0)

= (zcosl —ysinf) + i(xsinh + ycos ),

we want to compute
n—1

Q) = 1 Zdet <£L‘Z cosf — y;sinf  x;1 cosf — y;q sin9>'

x;sinf 4+ y; cos € x;q8in6 + y;,q cos b

=0

We could expand this via the 2 x 2 determinant formula and use the Pythagorean
identity to simplify it, but there is a more sophisticated method available. For those
familiar with matrix multiplication and the multiplicative property of the determinant,
each term in the sum is actually

det KCQSG —sin 9) (xl leﬂ et (0989 —sin «9) det (ml le)
sinf  cos@ Yi  Yit1 sinf  cos6 Yi  Yis1
= (cos® 0 + sin” 0) - det <xl m”l)

Yi Yir1
— det (Iz $i+1> :
Yi Yi+1

which means [Q] = [P] by the shoelace formula. Readers who are not familiar with
matrix multiplication should expand each term in the sum manually and watch the
terms cancel.

4. If @ is the image of P under a conjugation, sgn(Q)) = —sgn(P) = —1. We compute

n—1 n—1
1 T X 1 Ti T
=—_. dt(l ”1)2—- dt(’ ’“):P.
Q= a7 me )=t S ()i

—Yi+1 Yit+1

Thus, the proposition is proven. ]

We will now see variants of the shoelace formula for triangles, using complex coordinates
and barycentric coordinates.

Corollary 9.25 (Complex shoelace for triangle). If the vertices of AABC' are placed on the
complex coordinates A = a, B = ¢, B = ¢, then the signed area of AABC is

; a a 1
sgn(ABC) - [ABC| = 1 det (b b 1
c ¢ 1
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Proof. Using Theorem 1.28 and setting A = (x¢,yo), B = (21,v1),C = (22, y2), we compute
that twice the signed area of AABC' is

1 1 1 1 Lo Yo To Yo 1
2-sgn(ABC)-[ABC| =det [ @y 1 xg | =det | 1 1 y; | =det| x1 3 1
Yo Y1 Y2 1 z9 wo To Yo 1
To+ o Yo 1 1 To+1yo —2iyo 1
= det 1+ zy1 Y1 1 = —2 - det 1+ zy1 —Ziyl 1
) + iyg Y2 1 —et ) + in —Ziyg 1
1 To+1yo T —1yy 1 ; a a 1
= —— -det $1+iy1 IL‘—Zyl 1 = — - det b b 1 s
—21 : i 2 _
To+ 1Yy T —1iys 1 c ¢ 1
-1
where we used 7 = — at the end. O

]

Next, we will develop the underpinnings of barycentric coordinates. This is a powerful
technique that can be used to solve many geometry problems in mathematical olympiads.

Lemma 9.26. Let A, B,C be distinct points in R". The three points are non-collinear if
and only if 1@ and B? are linearly independent. Equivalently, A, B, C" are collinear if and
only if 1@ and B? are linearly dependent,

Proof. We will prove the contrapositive of each direction, that A, B, C' are collinear if and
only if 1@ and ﬁ are linearly dependent. If A, B, C are collinear, then a line

C={p+tv:teR}

runs through all three points. So there exist distinct real constants t, o, t3 such that

p+tlv:Aa
P+ tov = B,
p+t3U:C.

Then (t3 —t1)v = C' — A and (t3 — t,)v = C' — B, so the position vector o satisfies

making 1@ and B? linearly dependent.

Conversely, suppose AC' and BC' are linearly dependent. Then there exist real constants «
and [ such that at least one of them is non-zero and

a@—l—ﬁ@zo.

In fact, neither of «a, 8 can be zero because one of them being zero would cause B, C to
coincide or A, C to coincide, contradicting that the three points are distinct. Let o be the
position vector that is common to both sides of

o(C — A)=—p(C - B).
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Then
Zzﬁ_év,
§zﬁ+%7,
O =C+07.

By taking the arrowheads of all of these position vectors, we find that A, B, C all lie on the
same line {C' + tv : t € R}, making these three points collinear. ]

Lemma 9.27. Let AABC be a non-degenerate triangle and P be any point in the plane.
Then there exists a unique triple of real numbers (z,y, z) such that

P=2A+yB+:C

and z +y + z = 1. These entries (x,y, z) are called the barycentric coordinates of point
P with respect to the reference triangle AABC.

Proof. Using z =1 — x — y, we work backwards to get

B:xﬁ—i—y?—l—zﬁ
:xz—i—y?—k(l—x—y)a
—2(A - ) ryB-TH+ T

P=z(A-C)ryB-0)

C’?:x(ﬁﬁl—kyﬁ.

So we need to show that real numbers x and y exist such that they satisfy the equation
in the last line. Since AABC' is non-degenerate, it means A, B, C are non-collinear. By
Lemma 9.26, C_1>4 and C@ are linearly independent, allowing for a unique pair of coefficients
x and y to exist. Letting 2 =1 — x — y, we are done. O]

Theorem 9.28 (Barycentric shoelace for triangles). Let AABC be the reference triangle
(necessarily non-degenerate) in a barycentric system. Let APQR be an arbitrary triangle
(possibly degenerate) whose vertices have barycentric coordinates given by

P = ('Ilvyla Zl)7
Q - (x27 Yo, Z?)?
R = (333,93,23)-
Then,
sgn(PQR) - [PQR N,

=det | o Yo 2o

sgn(ABC) - [ABC] s Us %
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Proof. In Cartesian coordinates, let A = (a1,a2), B = (b1,b2),C = (¢1,¢2). We are seeking
the area of the triangle between the vectors ﬁ’ and @ These two can be decomposed as

RDP=CP - CL
= (x1CT>4 + ylﬁ) — (IgCTZl + 936@)
(11 — $3)CT>4 + (y1 — ys)@
= (v1 — x3)(a1 — 1,09 — ca) + (Y1 — y3) (b1 — ¢1, 02 — ¢2)
(1 —x3)(a1 — 1), (21 — x3) (a2 — ¢2)) + (1 — y3) (b1 — c1), (Y1 — y3) (b2 — ¢2))
((z1 = x5)(a1 = c1) + (1 — y3)(by — 1), (21 — 3)(a2 — €2) + (41 — y3) (b2 — 2))

— (22CA + 120B) — (2304 + 4,CB)

To — 303)67)1 + (y2 — ya)C@

o — x3)(a1 — ¢1,a9 — ) + (Yo — y3) (b — 1, b2 — )

(z2 — x3)(a1 — e1), (22 — w3) (a2 — c2)) + (Y2 — y3) (b1 — ¢1), (Y2 — y3) (b2 — c2))
(zg — x3)(a1 — 1) + (y2 — y3) (b1 — c1), (22 — x3) (a2 — ¢2) + (Y2 — y3) (b2 — c2)).

=
=
=
=

By the first line of the shoelace formula for triangles (Theorem 9.22), since ARP(Q has the
same orientation and area as APQR, we find that

2 sgn(RPQ) - [RPQ)
=2-sgn(PQR) - [PQR]

= det <($1 —x3)(ar —c1) + (1 —y3)(by — 1) (w2 —w3)(a1 —c1) + (Y2 — y3) (br — C1)>
(1 — 23)(ag — ca) + (y1 — y3)(ba — c2) (2 — 23)(ag — c2) + (y2 — y3)(ba — c2)/

By matrix multiplication and the multiplicative property of determinants, this is equivalent
to

det

(&1—01 bl—Cl)'<l‘1—1’3 1’2—1’3)
az — ¢y by — Y1 —Ys Y2 —UYs

— det (al—Cl bl_cl)-det (351—553 552—5153)

ay —c2 by —cy Y1 —Ys Y2 —Y3

1 1 1
=2-sgn(ABC) - [ABC|-det | x5 x1 @9
Ys Y1 Yo
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As a result, we obtain that

1
=det | x3
Ys

2. sgn(RPQ) - [RPQ)
2-sgn(ABC) - [ABC]

z3
= det XT3
Ys
T
=det |
21

1
x
n

T3+ yYs+ 23
I3
Y3

Z1
T
n
X2

Y2
22

1
X2
Y2

T

n
&) I3
Ty | =det | ys3
Y2 z3
Zs3

Y3
z3

T1+y1+ 2

x

n
21
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To + Y2 + 22

T2
Y2
T2

Y2
z29

Here, we used several of the preservation properties of determinants, which were listed in

Theorem 1.28.

]

Corollary 9.29. The barycentric coordinates of a point P with respect to the reference

triangle AABC' are

sgn(PBC) - [PBC| sgn(PCA)-[PCA] sgn(PAB)-[PAB]|

(z,y,2) = (sgn(ABC) - [ABC]’ sgn(ABC) - [ABC]’ sgn(ABC) - [ABC]) '

Proof. First we observe that the barycentric coordinates of A, B, C' themselves are given by

the coeflicients in

A=1-A+0-B+0.C
B=0A+1.B+0.-C
C=0-A+0.-B+1.C
By Theorem 9.28,
‘ Ty z
sgn( )| ] 00 1
‘ x Yy z
Sgn(ig? [igg] —det[0 0 1]=
sgn( )1 ] 10 0
_ x Yy z
sgn(PBC) - [PBC]| et 10 0) =
sgn(ABC) - [ABC] 01 0

which completes the proof.

© 2024 Samer Seraj. All rights reserved.
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Chapter 10

Cevians

“I must ask you to forgive me if I concentrate on my own
favourite branches, and I must take the risk of offending
various geometers who will ask why I have not dealt with
algebraic geometry, differential geometry, symplectic
geometry, continuous geometry, metric spaces, Banach
spaces, linear programming, and so on.”

— H. S. M. Cozxeter

For computing lengths of cevians, Stewart’s theorem is indispensable. In the study of concur-
rent cevians, the key results are Ceva’s theorem, its converse, and its trigonometric variant.
We will study all of these results plus applications to interesting problems.

10.1 Computing Lengths

Definition 10.1. Recall that cevians were defined in Definition 5.18. The three most com-
mon cevians of triangles are as follows.

e A median is a cevian whose foot is the midpoint of the edge on which it lies, so the
median bisects its edge.

e An angle bisector is a cevian that cuts in half the interior angle inside in which it
lies, so it bisects the interior angle.

e An altitude is a generalized cevian that makes a right angle with the line through the
edge on which its foot lies. An altitude is also called a height, though the latter term
is often reserved for the length of the altitude.

Problem 10.2. In a right triangle, show that dropping the altitude from the right angle’s
vertex creates two triangles that are similar to the original triangle.

Theorem 10.3. Suppose AABC and AA'B'C” are triangles such that AABC ~ AA'B'C’.
Let D, E, F be the feet of the median, angle bisector, height respectively of AABC' from A
to the line through BC, and define D', E', F’ similarly for AA’B’'C’. If the similarity ratio
of the side lengths of AABC to the corresponding side lengths of AA’B'C" is k, then

AD AE AF

AD ~ AE  AF
Proof. 1t will be helpful to conceptualize the following proofs by nesting one of the triangles
inside the other with ZA = ZA’ being the shared angle.

=k.
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. BD BC/2 BC . A
1. Medians: Note that 5D~ B2 =50 = k. Since A= k and /B = /B, we
find using SAS similarity that

ABAD ~ AB'A'D'

AD

ap "

with similarity ratio k, which allows us to conclude that

B

2. Angle bisectors: Note that /B = ZB’ and that
/ZBAC  /B'A'C

/BAFE = =/B'A'E.
2 2
By AA similarity, ABAE ~ AB'A'E’. Si BA = k, this is also the similari i
vy similarity, ~ . olnce o this 1s also the similarity ratio
AFE
of ABAFE to AB'A'E’, which in turn gives us AV k.

C

3. Altitudes: Since /B = /B’ and /BFA = /B'F'A" = 90°, we get that ABAF ~
AB'A'F" by AA similarity. Once again, since

i k, this is also the similarity
AF
ratio of ABAF to AB'A'F’. Thus, TE = k as well.
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]

Theorem 10.4 (Angle bisector theorem). Let AABC have an angle bisector AD where D
lies on BC. Then
AB-CD = AC - BD.

Proof. First we draw the line ¢ through C that is parallel to the line through AB. Then we
extend AD as a ray through D so that it meets ¢ at E.

14 C E

Since AB and C'E are parallel, we get the equal alternate interior angles /BAE = ZAEC.
By alternate interior angles,

LCOEA=/BAF = ZCAF,

so ANACYF is isosceles with AC = EC. Moreover, we can observe by the same alternate
interior angles and ZABC = /BCFE that ABAD ~ ZCFED. By similarity ratios and the
isosceles triangle,

BD AB AB

CD EC AC’
which implies AB - CD = AC' - BD as desired. O]

Theorem 10.5 (Stewart’s theorem). Let AD be a cevian of AABC. Let BC' = a,CA =
b,AB =c¢,BD =m,CD =n,AD = d. Then all the lengths are related by

(d* +mn)a = b*m + *n.
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A common mnemonic for remembering this formula is to write it as
dad + man = bmb + cnc,

though it would also be necessary to memorize the configuration with its labels.

A

B m D n C
Proof. First we label the non-reflex angles ZADB = 6 and ZADC = ¢. By the cosine law,

> +m?—c?

)= —————
o8 2dm
5 d> +n? —b?
coSp = —————.
2dn

Since 6 4+ ¢ = 180°,
cos f = cos(180° — ¢) = — cos ¢.

Then our two expressions from the cosine law are negations of each other, meaning

d?> +m?—¢c? d? +n? —b?

2dm 2dn

Clearing the denominators and rearranging the terms yields
d*(m +n) +mn(m +n) = b*m + *n.
Since m +n = a, we are done. O

Problem 10.6 (Apollonius’s theorem). For AABC, find an expression in terms of a =
BC,b=CA,c= AB for the median emanating from A.

Problem 10.7. Given AABC, let the medians with feet on BC = a,CA = b, AB = ¢ be
Mg, My, M, Tespectively. Suppose a < b < ¢. Prove that a,b, c can each be scaled by the
same factor to produce me, my, m, respectively if and only if a?, b?, ¢* form an arithmetic
sequence in that order. In this case, the triangle with side lengths m,, my, m. is known as
an automedian triangle.

Problem 10.8. Given AABC, find an expression in terms of a = BC,b = CA,c = AB for
the cevian that is the angle bisector emanating from A.

© 2024 Samer Seraj. All rights reserved.
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Formulas for the lengths of specific cevians are not worth memorizing as they can be derived
from Stewart’s theorem when necessary.

Theorem 10.9 (Ratio lemma). Let D be a point on BC in AABC. Then
BD  BA sin BAD
CD CA sinCAD’
A

B D C

Proof. By the applying the law of sines (Theorem 6.7) to AABD and AACD,

AD  BD  AB
sin ABD sinBAD sin ADB’
AD  CD AC
sin ACD sinCAD  sin ADC’
Then

ADsin BAD
BD = sinABD ’
ADsinCAD
D = sin ACD '’

and dividing the first by the second yields

BD _sin BADsin ACD
CD sinCADsin ABD’

Now note that
sin ADB = sin(180° — ADC') = sin ADC

by a reflection trigonometric identity. Then, the equations from the law of sines also give
equations

ABsin ABD

inADB = ———

sin 1D ,

ACsin ACD

inADC = ———

sin ADC 1D
that can be set equal to each other to get

ABsin ABD  AC'sin ACD N smACD  AB
AD B AD sin ABD ~ AC"”
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Therefore,
BD  sin BADsin ACD B sin BAD AB

CD  sinCADsinABD sinCAD AC’
as desired. Do you see how this contains the angle bisector theorem (Theorem 10.4) as a
special case? n

Definition 10.10. A symmedian through a vertex V of a triangle is a cevian that is
produced by reflecting the line through the median emanating from V' over the line through
the angle bisector emanating from V.

Theorem 10.11 (Symmedian lemma). Given AABC, let the tangents to its circumcircle
at B and C intersect at D. Prove that AD runs through the symmedian emanating from A.

Proof. Let the intersection of AD with BC' be M. Let the reflection of AD across the angle
bisector emanating from A intersect with BC' at N. We wish to prove that N is the midpoint
of BC, so it suffices to prove that BN = NC. Let O be the circumcenter so that OC L C'D
and OB | BD.

C

By the sine law,

sin BAN
BN = AN sin ABN’
sin CAN
NC = AN sin ACN

Taking the quotient of the top equation divided by the bottom one, we get
BN  sin BAN sin ACN
NC ~ sinABN sinCAN’
Now we work to find interrelations between the angles that characterize this configuration.
Using the three isosceles triangles centred at O, let
r=/0BC = /0CB,
y=/0CA=/Z0AC,
z=/L0OAB = ZOBA.
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Using the shorthand notation A, B, C' for the interior angles of AABC' at these respective
vertices, we get the system

A=/BAC =y + z,
B=/CBA=z+zx,
C=/ACB=uz+y,

which we solve for x,y, z to get

2r=B+C— A,
2y=C+A- B,
2z=A+B-C.

Some exploration and angle-chasing leads to

LABD = z+90°

A+ B —
:+TC+900

A+B-C A+B+C
T2 T

= A+B=180°-C
ZACD =y + 90°

A-B
C+A—B A+B+C
B 9 + 9

=C+ A=180° - B.

Continuing from earlier, we use the fact that the line through AN is a reflection of the line
through AM across the angle bisector of A to get

BN sin BAN sin ACN

NC ~ sin ABN sin CAN
sin BAN sinC
sin B sinCAN
sin CAM sin(180° — ABD)
sin(180° — ACD) sin BAM
sinCAM sin ABD
sin ACD sin BAM
_CD AD _CD

~ AD BD BD

1

Y

since the tangent lengths BD = C'D from D are equal in length. We also used the sine law
on ANACD and AABD near the end. m
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10.2 Concurrency

In what follows, we will repeatedly use the algebraic ratio trick that

a—l—c_a—c_k
b+d b-—d

a c
b d
assuming these denominators are not 0. This trick was proven in Volume 1.

Theorem 10.12 (Ceva’s theorem). In AABC, the three cevians AX, BY, C'Z concur at a

point P if and only if

BX COY AZ _,

XC YA ZB

C

Proof. Suppose the three cevians concur. Recall that if two triangles each have a base

running through the same line and the corresponding two heights are the same line segment,

then the ratio of these bases is the ratio of the areas of the corresponding triangles. Then
BX [ABX]| [PBX] |[ABX]-[PBX] [ABP]

XC ~ [ACX] ~ [PCX] ~ [ACX]|—[PCX] [ACP|

By similar derivations,

CY  [BCP)
YA [BAP]’
AZ  [CAP)
ZB  [CBP]

Multiplying the three equations yields the telescoping product
BX CY AZ [ABP] [BCP] [CAP]

) ) — ) ) — 1
XC YA ZB [ACP] [BAP] [CBP]
BX CY AZ . . . . )
Conversely, suppose ~C VA 7B~ 1. Let P be the interior point of the triangle at which

BY and CZ intersect. Let X’ be the foot of the cevian emanating from A that goes through

P. By Ceva’s theorem,
BX'" CY AZ

X'C YA ZB

1.
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Equating this with the equation in the hypothesis, we get

BX BX'
XC  X'c
Using
BC =BX +XC=BX"+X'C,
we get

BC-XC BC-XC
xXc XcC
So XC = X'C and BX = BX’', and therefore X = X,
Here, we defined a point that conveniently fulfils a desired property and then showed that
a given point is the same point. This technique is called using “phantom points” and is
frequently used to prove the converse of a theorem. O

There is a more general version of Ceva’s theorem that holds for generalized cevians, but we
will not foray into it because it involves the ratios of directed lengths. For the same reason,
we will avoid the related collinearity result called Menelaus’s theorem and its converse.

Theorem 10.13 (Van Aubel’s theorem). If the cevians AX, BY,CZ of AABC concur at

P, then
AP AY AZ

PX_YO+ZB'

Proof. Similar to our proof of Ceva’s theorem, we find that

AP [ABP] [ACP] [ABP]+[ACP] [ABP]+[ACP]

PX [PBX] [PCX] |[PBX]+[PCX] [PBC]

In the proof of Ceva’s theorem, we found that

AY  [ABP]
YC  [CBP]
AZ [ACP]
ZB  [BOP|
Then van Aubel’s theorem follows immediately. O]
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Problem 10.14 (Gergonne’s theorem). Prove that if AABC has cevians AX, BY, CZ that

concur at P, then
PX PY Pz

AX BY cZ
Subtracting each side from 3 yields the equivalent identity

=1

AP BP C’P
AX BY czZ

The preceding two results attributed, to Van Aubel and Gergonne, are not well-known, but
they appear with proofs in [2].

Problem 10.15. Let D be the midpoint of BC' in AABC, and let E be a point on AC,
and F' be a point on AB. Prove that the cevians AD, BE, C'F concur if and only if EF'F is
parallel to BC.

A

F E

B D C

Theorem 10.16 (Trigonometric Ceva’s theorem). The cevians AX, BY,CZ of AABC are
concurrent if and only if

sin BAX sinCBY sinACZ

sin XAC sinYBA sinZCB L

A

B X C

Proof. Using the sine law and the fact that the sines of supplementary angles are equal, we
get
sin BAX 2% -sinBXA BX CA

snXAC ~ XC.sinCXA  XC AB’
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Similar derivations yield

sinCBY B CY AB
sinYBA YA B(C’
sin ACZ B AZ BC
sinZCB ZB CA’

Now we get the partially telescoping product

sin BAX sinCBY sinACZ <BX C’A) <C’Y AB) <AZ BC)

sin XAC sinYBA sinZCB \XC AB) \YA ¢B/) \ZB AC
_(BX oYy AZ) (CA AB BC)
~\XC YA ZB) \AB CB AC
_ BX CY AZ
T XC YA ZB

Ceva’s theorem says that AX, BY, CZ are concurrent if and only if

BX CY AZ

XC YA ZB

?

so we are done. O

Problem 10.17 (Cevian nest). In AABC, suppose the cevians AD, BE,CF concur. Sup-
pose also that in ADEF, cevians DX, EY,CZ concur. Prove that the lines through
AX, BY,CZ concur. Hint: the ratio lemma, Ceva’s theorem, and the trigonometric form of
Ceva’s theorem will be helpful.
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Chapter 11

Triangle Centers

“There is no royal road to geometry.” (in response to
Ptolemy I Soter)

— Fuclid

We will take a look at the most important triangle centers and their properties. Our list will
be focused, in comparison to the thousands of triangle centers listed by Clark Kimberling.
Specific triangle centers we will find and study include the centroid, incenter, excenters,
orthocenter and circumcenter. Along the way, we will come across additional concepts, such
as the Nagel point, Gergonne point, and the Euler line.

11.1 Examples

Theorem 11.1. Recall that median is a cevian whose foot lies on the midpoint of an edge.
The three medians of any triangle are concurrent.

Proof. Let the medians be AX, BY,C'Z. By the definition of a median,

BX CY AZ !

XC YA ZB
because in each of the three fractions, the numerator is equal to the denominator. By the
converse of Ceva’s theorem, the medians are concurrent. O]

Definition 11.2. The point of concurrency of the medians of a triangle is called its centroid,
which is often denoted by the letter G.

C

Problem 11.3. Show that, if the medians AX, BY, CZ of AABC concur at P, then

AP BP CP _

PX_PY_PZ_Q'
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Use this to show that the six regions into which the medians of AABC' split the triangle are
of equal area.

A

B C

Definition 11.4. Recall that an interior angle bisector is the ray that splits an interior angle
in half. An interior angle bisector can also refer to the part of such a ray that lies on the
triangle. When we refer to an angle bisector, it will be clear from the context whether we
are referring to the ray or the cevian.

Theorem 11.5. In any triangle, the three cevians that are the interior angle bisectors are
concurrent. This means that every triangle has a unique incenter, which we often denote by
the letter I.

Proof. The angle bisector theorem tells us that

BX CY AZ AB BC CA
XC YA ZB AC BA CB

1.

By the converse of Ceva’s theorem, the angle bisectors are concurrent. Alternatively, the
trigonometric form of Ceva’s theorem proves the result immediately. The incenter is unique

by Theorem 8.21. ]

Definition 11.6. The incenter of a triangle is defined as the concurrency point of the three
angle interior angle bisectors.

C

A Z B
Definition 11.7. The perimeter of a triangle is the sum of its three side lengths. The

semiperimeter of a triangle is half the perimeter; this might seem like a strange concept,
but it comes up in Heron’s formula in Theorem 11.27, for example.
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The following is a useful substitution that allows us to turn computational problems about
triangles, such as geometric inequalities, into problems about positive real numbers, or vice
versa.

Theorem 11.8 (Ravi substitution). The positive real numbers a,b,c are the three side
lengths of some triangle if and only if there exist positive real numbers z, ¥y, z such that

a=y+z,
b=z+x,
c=x+Yy.

In the case that these x,y, z exist, they are unique.

Proof. Let a, b, c be positive numbers. Recall that the triangle inequality for triangles in the
plane (Theorem 3.10) tells us that a, b, c are the three side lengths of some triangle if and
only if the following three inequalities hold:

b+c > a,
c+a>b,
a+b>c.

Suppose there exist positive real numbers z,y, z that satisfy the three equations in the
statement of the theorem. Then

b+c—a=2x>0,
c+a—b=2y>0,
a+b—c=2z>0.
In the other direction, suppose a,b, ¢ are the three side lengths of some triangle. Then the

incenter exists. Suppose the incircle touches BC,CA, AB at X,Y, Z respectively. Thanks
to the equality of both tangent lengths from the same point, we can let

r=AY = AZ,
y= BZ = BX,
z=CX =CY.

In fact, we already proved the existence of the positive x, ¥y, z in the same way when working
with tangential polygons in Problem 8.22.

In the case that x,y, z exist, they are unique because we can isolate them in terms of a, b, ¢
as

r=Ss—a,
=s—0b,
z2=s—c,
a+b+c . o .

where s = — the semiperimeter of the triangle. O]
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Problem 11.9. Suppose the incircle of AABC touches BC,CA, AB at X,Y, Z respectively.
Show that the cevians AX, BY, C'Z concur. The point of concurrency is called the Gergonne
point Ge of the triangle. Note: this is different from the incenter I, as shown in the diagram.

C

Lemma 11.10. There is a unique point I4 in the exterior of AABC that is equidistant
from the segment BC, the ray emanating from A through B, and the ray emanating from
A through C. It is implicit in this equidistant condition that the foot of the perpendicular
segment from 14 to the line through BC' lies on BC, to the line through ray AB lies on ray
AB, and to the line through ray AC' lies on ray AC.

-_________;;ZSQ

Proof. First we construct such a point I4. Each interior angle has two equal exterior angles
that are supplementary to it. Choosing the exterior angle of ZABC' that is on the same side
of the line through AB as C, and choosing the exterior angle of ZACB that is on the same
side of the line through AC as B, let I4 be the intersection of the bisectors of these two
exterior angles. Because 4 lies on angle bisectors, it is equidistant from the rays of each
of these angles, which is what we wanted (the lines through two of these rays coincide and
intersection of two of these two rays is BC'), due to Theorem 8.18.

Now suppose I, is any point that satisfies the definition in the statement of the lemma.
We want to show that I is unique. Since the intersection of the aforementioned two angle
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bisectors is unique, it suffices to prove that I lies on both. Since I, is equidistant from ray
AB and BC, it lies on the angle bisector of the exterior angle of ZABC' that is on the same
side of the line through AB as C. Similarly, since I is equidistant from ray AC and BC, it
lies on the angle bisector of the exterior angle of ZABC' that is on the same side of the line

through AC as B. O

Definition 11.11. In the notation of Lemma 11.10, /4 an excenter of AABC. The circle
with center I4 that is tangent to BC, the ray AB and the ray AC' is an excircle. Its radius
is called an exradius. We can similarly define an excircle that is tangent to the segment
C' A or the segment AB. To distinguish between the three excircles, we may refer to the one

in our argument as the A-excircle with A-excenter I, and A-exradius r4,, with symmetric
definitions for B and C.

Example 11.12. Given AABC, show that A, the incenter I, and the A-excenter [, are
collinear. Use this to show that the A-exradius is equal to

rs

ra = )
S—a

where r is the inradius, s is the semiperimeter and a = BC.

Solution. Since I, is in the interior of the interior angle Z/BAC with AB and AC' extended
as rays past B and C respectively, and since I is equidistant from the rays AB and AC, I4
lies on the ray that is the angle bisector of the interior angle ZBAC. As A and I also lie on
this angle bisector, A, I, I4 are collinear.

Now let the foot of the perpendicular segment from I to AC' be Y. Let the A-excircle touch
BC at 144, the ray AB at [4p, and the ray AC at I4¢.

e ____ Sy

A B Iig

The critical observation is that, by tangency,

AB + Blgy = AB + Bl = Alygp = Alac = AC + Clgc = AC + Cl .
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At the same time,
AB + Blgg+ Clgs + AC = AB+ BC + CA = 2s,

so Al,p = Alxc = s. By nested angles, AATY and AAI, I, are similar right triangles.
Then we get the similarity ratio
rA Talac o 1Y r

s Alic TAY s—a

Multiplying both sides is s produces the desired formula. O

Problem 11.13. Given AABC, let the A-excircle touch BC' at 44, the B-excircle touch
CA at Igp, and the C-excircle touch AB at Ioc. Show that the cevians Al 4, Blgg and
Clcc are concurrent. The point of concurrency is called the Nagel point of the triangle.

Theorem 11.14. Every triangle has a unique circumcenter, which we often denote by the
letter O. As a result, the perpendicular bisectors of the edges of the triangle are concurrent
at the same point.

Proof. Let the triangle be AABC. The edges of a triangle are not parallel, so the perpen-
dicular bisectors of BC' and C'A must intersect at a point O. Since O is on the perpendicular
bisector of BC, O is equidistant from B and C. Similarly, since O is on the perpendicular
bisector of C A, O is equidistant from C' and A. Since O equidistant from all of A, B, C,
it is a circumcenter, which we know to be unique when it exists by Theorem 8.16. As a
consequence, the perpendicular bisectors of the three edges are concurrent at O. O]

Definition 11.15. The circumcenter of a triangle is the unique point that is equidistant
from the three vertices of the triangle. Note that the circumcenter does not necessarily lie
in the interior of the triangle.

Theorem 11.16. Recall that an altitude or height of a triangle is a generalized cevian that
is the perpendicular segment from a vertex to the line running through the opposite edge.
Since the foot of an altitude may lie in the interior, endpoints, or outside of an edge, it is
not always the case that an altitude is a cevian. Nonetheless, the lines through the three
altitudes of any triangle are concurrent.
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Proof. As with perpendicular bisectors and the circumcenter, the supposed point of concur-
rency might not lie in the interior of the triangle because an altitude is not necessarily a
cevian. Since both altitudes and perpendicular bisectors involve perpendicularity, perhaps
we can use the concurrency of the perpendicular bisectors of the edges of a triangle. We
would be done if the lines running through the altitudes of our triangle were the perpendic-
ular bisectors of some other triangle. To this end, we recall that if a triangle’s vertices are
the midpoints of the edges of another triangle, then the former is called the medial triangle
of the latter. We will show that the lines through the altitude of the medial triangle are the
perpendicular bisectors of the larger triangle, and then we will show that every triangle is
the medial triangle of some other triangle.

Let A’B’'C’ be a triangle. Let the midpoints of B'C’,C'A’, A’B’ be A, B, C respectively. By
SSS congruence,
AA'CB, ABAC', AABC, ACB'A

are all congruent. Then equal alternate interior angles of a transversal tell us that the line
through BC' is parallel to the line through B’C’. Since the line through the altitude h, of
AABC emanating from A is perpendicular to the line through BC, it is also perpendicular
to the line through B’C’. Since h, intersects B'C" at A and A is the midpoint of B'C’, the
line running through h, is the perpendicular bisector of B'C’. Symmetric arguments hold
for the heights emanating from B and C.

Given AABC, we can see that it is the medial triangle of some triangle as follows. Let {4
be the line through A that is parallel to BC, let £ be the line through B that is parallel to
CA, and let {- be the line through C that is parallel to AB. We leave it to the reader to
use triangle congruence theorems to show that it suffices for our purposes to use the triangle
whose vertices are the pairwise intersections of £4, (g, (. O

Definition 11.17. The point of concurrency of the lines through the altitudes of a triangle
is called its orthocenter, which we often denoted by the letter H. Note that the orthocenter
does not necessarily lie in the interior of the triangle.

Problem 11.18. Given AABC, let let r be the inradius, let h,, hy, h. be the altitudes
emanating from A, B, C' respectively, and let r,, r, 7. be the exradii of the excircles tangent
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to BC,C'A, AB respectively. Show that
1 1 11 1 1 1

he, hy h. r r, 1 T

Example 11.19. Let AABC be isosceles with apex A. Then the altitude emanating from
A is contained in the ray that is the interior angle bisector emanating from A, which is
contained in the perpendicular bisector of BC'

Solution. Let F be the foot of the altitude emanating from A, which lies in the interior
of BC since AABC' is isosceles with apex A. By HL congruence, AABF = ANACF. So
/BAF = /ZCAF, which shows that that the altitude emanating from A lies on the interior
angle bisector emanating from A.

Now let E be the point in the interior of BC' at which which the interior angle bisector
emanating from A intersects BC. By SAS congruence, ABAE = ACAE. So /BFEA =
LZCOEA =90° and BE = CE, which shows that the interior angle bisector emanating from
A is contained in the perpendicular bisector of BC. O

Problem 11.20. Show that, in any equilateral triangle, the centroid, incenter, circumcenter,
and orthocenter are all the same point. This is called the center of the equilateral triangle.

Problem 11.21. Let A, B, C be three distinct non-collinear points in the plane. If O is the
circumcenter and H is the orthocenter of AABC, verify that

OH = OA + 0B +0C.

Using the dot product, deduce that
OH? =9R? — o> — b* — 2,
where a = BC,b = C'A,c = AB are lengths, and R is the circumradius.

Theorem 11.22 (Euler line). For any AABC, the circumcenter O, centroid G and ortho-
center H are collinear in that order such that OG : GH = 1: 2. The line that runs through
them is called the Euler line. This is true as a result of the following computations. Let
a, b, c be the complex numbers corresponding to A, B, C' respectively.

a+b+c
—3

2. If the circumcenter is at the origin, then the orthocenter is h =a + b + c.

1. The centroid is g =

Proof. We will first compute g and h, and then we will prove their collinearity with the
circumcenter.

1. Recall that the line segment from a complex number z to a complex number w is given
by (1 —t)z + tw for t € [0,1]. Moreover, assuming z and w are distinct, the ratio
between the distance from z to (1 — t)z + tw and the distance from z to w is

(1 —-t)z+tw—2z|

t.
w — 2|
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b
The foot of the median emanating from a is the midpoint of b and ¢, which is i C.

Since the distance from a to the centroid g should be two-thirds of the distance from
b+ c

. 2,
a to , we substitute t = 3 into

(1—wa+t<bgc>

(-3
9= 3 3\ 2
at+b+c

3

2. Suppose the circumcenter is at the origin 0 and let the circumradius be R. In many
arguments involving the geometry of complex numbers, the barrier to computing the
location of a point is the removal of its conjugate from an expression. To lay the tracks,
we note that since a, b, ¢ lie on the circumcircle,

aa = |a|* = R?,
bb = |b|* = R?,

cc = |c|* = R*.

to get the centroid

Let h be the orthocenter. Then the line through a and h is perpendicular to the line
through b and c. By the complex perpendicularity criterion,

h—a h—a
b—c:_<b—c>
(R =)
(7o)
be ah — R?
aR2 b—c
Clearing the denominators and rearranging the equation yields

haR? — a®>R? + bcR? = abch.

Similarly, since the line through b and A is perpendicular to the line through ¢ and a,
a symmetric derivation yields

hoR? — b®R? + caR? = abch.

Since the right sides of the two equations are equal, we can equate the left sides to
compute that

haR?* — a®R* + bcR* = hbR? — b’ R® + caR®
ha — a® + bc = hb — b* + ca
h(a —b) — (a —b)(a+b) —c(la—b) =0
h=a+b+c
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Since translation preserves distances and counterclockwise angles, it preserves three relevant
properties: collinearity, the order in which points are collinear, and the pairwise distances

between the collinear points. So we may assume without loss of generality that the circum-

b
center O of AABC'is the origin 0. Then the centroid G is g = %—i—c and the orthocenter

H is h = a+ b+ c. The segment from 0 to h is given by

(1-=t)0+th=t-(a+b+c).

1 1
Taking t = 3 show that ¢ lies 3 of the way through the segment from 0 to h, which

simultaneously proves the collinearity of O, GG, H in that order and the ratio OG : GH =1 : 2.
As a side note, the Euler line contains other important triangle centers, such as the center
of the nine-point circle and the Exeter point, but we will not discuss them. O

Problem 11.23 (Napoleon’s theorem). Let AABC be any (non-degenerate) triangle. If
an equilateral triangle is erected on each side, with each one exterior to the triangle, prove
that the centroids of those three equilateral triangles are the vertices of another equilateral
triangle. Also prove that the result still holds if all the three equilateral triangles are drawn
on the half-planes that cause their interiors to overlap with the interior of AABC.

D

L]

Lemma 11.24. If B and C are points in R?, and D is a point on segment BC' such that we
have the lengths BD = z and C'D = y, then

B:yﬁ—l—xa.

T+y
Proof. By scaling down @ , we find that

*_BC = BD,

r+y

L - B-D-B

r+y r+y
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Then we can isolate

D=2 B+ 20

T —+y r+y

]

Example 11.25. Let A, B, C' be three distinct non-collinear points in the plane. Prove that
the position vector of the centroid of AABC' is

N oY PN
e

111
so that the barycentric coordinates of the centroid are (g, 3 §>

~ A+B
Solution. By Lemma 11.24, the position vector of the midpoint M of AB is M = + :

By the geometric fact that the medians cut each other in a 2 : 1 ratio with the larger segment
being closer to the emanating vertex, we can compute that

8_8:@:§<Z;§_8>:Z+§_g

3 3

A+ B A+B+C
[ —§8+8:—i?i_.

3

There is also a way to get this result without using the 2 : 1 intersection property of the
centroid, and it uses the comparison of coefficients of linearly independent vectors. We
will use this other method in Example 11.26 in order to find the position vector of the
incenter. [

Example 11.26. Let A, B, C be three distinct non-collinear points on the plane. If I is the
incenter of AABC', then the position vector of I is

5 _ A8

at+b+c

Y

where a = BC,b = CA,c = AB are lengths. Equivalently, a triple of unhomogenized
barycentric coordinates for the incenter is (a, b, c).

Solution. First we will zone into the case of Lemma 11.24 where D is the foot of an angle
bisector. If D is the foot of the angle bisector from A to BC, then bx = cy by the angle
bisector theorem, where x = DB and y = DC'. Then

B:yﬁ—kxﬁz %E—Fxﬁ_b?—i—ca'

T4y r+2 0 b+e

Analogously, if E is the foot of the angle bisector from B to AC, then

= oCrad

c+a
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Since [ lies at the intersection of AD and BE, some scaling of E will equal ;17 ? Z
and some scaling of ﬁ will equal E_[} = ? . So there exist constants a and 3 such that

a(@_z):?_z,
<08+a2 §>:7_§_

c+a

As a result,

7@(%_2)@ (05“@Z 7) B

c+a

which we can rewrite as

(§ A) +e(C - X)+<z_§):5(0<3—§>+a<7—§>)

b+c c+a

Ly SRy Sy S Loy Ly, )
b+ c b+ c c+a c+a

B
By substituting ﬁ = —@ — C'A into this, we get

b
L 7 °C 340+ BO+ A A Ts ey }
T b+c b + c b c+a c+a
0:(_+5_1)m( i
b+
Since A, B, C' are distinct and non-collinear, ﬁ and C'A are linearly independent, so
ab Ba
= — =1.
b+c +h c+a ta

Solving for a and S yields

b+c c+a
— an =
a+b+c a+b+c

Therefore, we compute

?:a<%_z)+z_ b+c .<b§+cﬁ_2>+zza2+b§+cﬁ.

a+b+e b+c a+b+c

© 2024 Samer Seraj. All rights reserved.



168 CHAPTER 11. TRIANGLE CENTERS

11.2 Area Formulas

Theorem 11.27 (Triangle area formulas). Let AABC have edges a = BC,b = CA,c = AB,
semiperimeter s, inradius r and circumradius R. Then the area of AABC is

[ABC| =rs
= \/s(s —a)(s —b)(s — ¢) (Heron’s formula)
= %ab sin C'
_ae
4R’

Proof. We will prove the formulas in succession as each will help to prove the next one.

1. The first formula was already proven more generally for all tangential polygons, but
we will review the proof here in the special case of a triangle. Letting the incenter be
1,

[ABC] = [BIC] + [CTA| + [AIB] = — + — + = =7 2

ra r1b rc <a+b+c>
— | =7s.
2 2 2

2. This proof of Heron’s formula is due to Miles Dillon Edwards [4], who published it
relatively recently. Let the incircle touch AB, BC,CA at X,Y,Z respectively. By
Ravi substitution, let

u=AY = AZ =s—a,
v=BZ=BX =s-—0b,
w=0X=XY =s—c.

Since the incenter is the point of concurrency of the angle bisectors, SAS congruence
yields the congruence of the following pairs of right triangles

AAIY = NAIZ,
ABIZ = ABIX,
ACIX = ACIY.

So we can label the equal pairs of angles

a=LATY = ZAIZ,
8=/BIZ = /BIX,
v =/CIX = /CIY.

Then 2a+28+2v = 27 or a+ 3+~ = w. By applying the definitions of cosine and sine
to a = LAIY in AAIY, we can compute the two components of the complex number

r+iu= Al(cosa +isina) = Ale™.
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Similarly, we express two more complex numbers in rectangular and trigonometric form
r+iv = Ble”,
r4iw = Cle".
Multiplying the three equations yields
(r 4 du)(r +iv)(r +iw) = Al - BI - CI - ™ = —AI - BI - C1.
This complex number is real, so its imaginary part is
0 = Im((r + iu)(r + iv)(r + iw))

= Im(r® +ir*(u + v +w) — r(uww + vw + wu) — ivvw)

=r*(u+ v + w) — uvw.

Therefore, the area of AABC' is

[ABC] :rs:s-\/%: \/s(s—a)(s—b)(s—c).

As a side note, expanding Heron’s formula leads us to an algebraic identity

a+b+c)(—a+b+c)a—b+c)a+b—c)=2a** +20°¢ + 2¢%a* — a* — b — ¢
( ) ) ) ) ,
which has remarkably few terms in the expanded side.

3. Since LACB € (0,7), we know that sinC € (0,1) So sin ZC' = V1 — cos? C, where
we are able to take the positive square root. By the cosine law and the difference of
squares factorization,

1 1
EabsinC’ =—ab-v1——cos?C

2

1 a4 b2 — 2\?
:§ab~\/1—< 2ab >
= ;1 . \/(Qab)2 — (a® 4+ 1% — 2)?
:%l~\/(Qab—a2—bQ+02)(2ab+a2+b2—02)
= V@~ + - )

1
:Z~\/(a+b+c)(—a+b+c)(a—b+c)(a+b—c)

I
<.

s(s —a)(s—b)(s—c).
This is Heron’s formula, so we are done.

4. By the extended law of sines,

c
=2R
sin C' 50

1 c abe

1
[ABC] 2absmC 2ab 5E = 1R
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]

Corollary 11.28. Let AABC have edges a = BC,b = CA,¢c = AB, semiperimeter s,
inradius r, circumradius R, height h, emanating from A, and exradius r, of the A-excircle.
Then

[ABC]
r= ,
S
abe
= 4[ABC)’
h, = 2[ABC’]7
a
[ABC]
Tq = )
sS—a

where each expression can be written purely in terms of a, b, ¢ using Heron’s formula for

[ABC].

Problem 11.29. Given AABC, let the inradius be r and the exradii of the excircles tangent
to BC,CA, AB be r,,ry, 1. respectively. Show that

[ABC] = \/rraryre.

Theorem 11.30 (Bretschneider’s formula). Let ABCD be a generalized quadrilateral. Let
AB = a,BC = b,CD = ¢,DA = d, let the interior angles at A, B,C,D be «,(,7,0

b d
respectively, and let the semiperimeter be s = %. Then

[ABCD] = \/(5 —a)(s —b)(s — c)(s — d) — abed - cos? (a ; 7).

Proof. There are a few configurations to consider:
e ABCD is a convex polygon.

e ABCD is a concave polygon, which is equivalent to one of the four vertices lying in
the interior of the triangle formed by the other three vertices.

e ABCD is not a polygon, which is equivalent to some three (consecutive) vertices being
collinear.

The reader should verify that, thanks to the fact that sine is positive on (0, 7), negative on
(m,27), and 0 at m, it is true in all configurations that

1 1
[ABCD] = §ad sin o + ébc sin .
Since the target formula has an overarching square root, we square our equation to get
4[ABCD)? = (ad)?®sin® a + (be)? sin® v + 2abed - sin asin 7.
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By the cosine law,
BD? = a? + d* — 2ad cos o = b* + ¢ — 2bc cos .

We rearrange this equation and square it to get

(a2+d2—b2—

2\ 2
5 C) = (ad cos o — becosy)?

= (ad)? cos® a + (bc)? cos® y — 2abed - cos o cos 7,

which is a cosine counterpart of our first equation. Adding the two equations gives

a+d*— b — 2\’
)
= ((ad)? + (be)?)(sin® a + cos® @) + 2abed(sin avsin y — cos v cos )
= (ad)* + (bc)* — 2abed - cos(a 4 )
cos(a + ) + 1)
2

_ > subed - coi? (7
= (ad + bc)* — 4abed - cos < 5 >,

4[ABCDJ]? + (

= (ad + bc)* — 4abed - (

where we have used the Pythagorean identity, an angle sum identity and a half angle identity.
By using the difference of squares factorization several times in the same manner used to
derive Heron’s formula, we find that

[ABCD]? = (ad;bf:)z - <a2 g : - CQ>2
= (s = a)(s = b)(s = )(s — &)

)
Note that we could replace cos? (aTﬂ) with cos? (%) because

COS2 (BT—'—(S) :C082 <7T— Oé‘2|_'7> = [—COS <06‘2i‘/7)}2 :C082 <06‘2|‘/7> .

]

Corollary 11.31 (Brahmagupta’s formula). If a, b, ¢, d are the edges of a cyclic quadrilateral
a+b+c+d

, then
2

ABCD and the semiperimeter is s =

[ABCD] = \/(s —a)(s—0b)(s—c)(s —d).

Proof. This follows immediately from Bretschneider’s formula because opposite angles in a
T
cyclic quadrilateral are supplementary, and cos? 5= 0. So the extra term in Bretschneider’s

formula vanishes. O
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Chapter 12

Conics

“I was almost driven to madness in considering and
calculating this matter. I could not find out why the
planet would rather go on an elliptical orbit. Oh,
ridiculous me! As the liberation in the diameter could not
also be the way to the ellipse. So this notion brought me
up short, that the ellipse exists because of the liberation.
With reasoning derived from physical principles, agreeing
with experience, there is no figure left for the orbit of the
planet but a perfect ellipse.”

— Johannes Kepler

While conic sections have been studied since antiquity, we will study conics from the per-
spective of algebraic equations. Beyond the basic definitions, our goals are three-fold. First,
we will show that every conic is congruent to a conic that arises from a convenient type of
bivariate quadratic, which are called standard forms. Secondly, there is a pair of uniqueness
results that will interest us. Specifically, we will determine when two bivariate quadratics
can produce the same conic, and we will find all directrices, eccentricities, and foci for fixed
conics. Lastly, we will look at geometric properties of the curves that are conics.

12.1 Bivariate Quadratics

Conic sections were originally defined as the curves on the boundaries of cross-sections of any
“double” right cone that extends infinitely. Despite the fact that this is how conic sections
came to have their name, we have preferred a definition from analytic geometry involving a
focus, an eccentricity, and a directrix.

We have already seen an example of a conic: circles. The general equation of a circle is

(x—a)+ (y—b)?*=r%
This can be expanded and written in the form
P +y* + Az + By +C =0,
though not all equations of this form lead to a circle. While circles are technically a type of

conic, the following definition that we will use for a conic will not cover it. As such, whenever
we write about conics, it will be in reference to non-circular conics.
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Definition 12.1. A DEF-construction is an ordered triple of a line ¢ called the directrix,
a positive real number e called the eccentricity, and a point F' outside ¢ called the focus.
In a given DEF-construction, the distance from the focus to the directrix is called the focal
parameter. A constructible conic is a set of points that, for some DEF-construction
(¢, e, F), is equal to the locus of all points P such that the distance from P to F is equal to
e times the distance from P to £. In our case, all references to conics will be to those that
are constructible.

Note that the same constructible conic might arise from more than one DEF-construction.
In fact, the question of classifying all DEF-constructions of a conic that has at least one
DEF-construction will later occupy us.

Definition 12.2. Let e be the eccentricity in a DEF-construction of a conic. Then the conic

is called an
ellipse ifo0<e<1

parabola ife=1
hyperbola ife>1
Some sources fit a circle within this classification scheme by referring to it as a limiting case

with an eccentricity of e = 0, but we will not do so because a circle has no directrix in the
plane.

As we will see, the distinction between ellipses, parabolas and hyperbolas is justified because
the algebra and geometry play out somewhat differently in each case.

Theorem 12.3. In a DEF-construction, let the directrix be given by az + by + ¢ = 0, let
(x0,Yo0) be the focus, and let e > 0 be the eccentricity. Then (z,y) is a point on the resulting
conic if and only

Ar* + Bxy + Cy* + Dx + Ey + F = 0,

where the coeflicients are

A=a*(1—e)+ b

B = —2abé?,

C=a*+(1-e*)b

D = —2(ace* + (a® 4 b*)xy)

E = —2(bce* + (a® + b*)yo)

F = (a®+b*)(a) +y3) — e’
This is one tuple of coefficients that works, and we will later show that all other such tuples
are its non-zero scalar multiples.

Proof. The point (z,y) is on the conic if and only if the distance from (x,y) to (zo,yo)
is equal to e times the distance from (x,y) to the line given by az + by + ¢ = 0. By the
point-point and point-line distance formulas, this relation is given by the equation

_elax 4 by + |

\/([L‘ - 370)2 + (y - y0)2 \/m
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Neither side can be negative, so squaring is a reversible step. After that, it is a matter of
taking everything to one side, expanding, and collecting like terms:

0= (a® +b°)[(z — 20)* + (y — y0)*] — €*(az + by + )’
= (a® + b*)(2® + y* — 2mox — 2yoy + 75 + ¥3)
— e*(a’z® + b*y* + & + 2abxy + 2acx + 2bcy)
= (a® + b* — *a?)z? — 2e*abry + (a* + b* — *b?)y?
+ [—2z0(a® + b?) — 2e%ac]x + [—2yo(a® + b?) — 2e2bc)y
+[(a® + %) (x5 + yg) — €*¢7),

which matches the desired result after some minor algebraic fiddling. O]

Definition 12.4. A bivariate quadratic is a two-variable function of the form
Q(z,y) = Ax® + Bay + Cy* + Dx + Ey + F,
where the coefficients are real.

Ezample. As we saw, every constructible conic is the zero set of some bivariate quadratic.
However, it is not true that the zero set of every bivariate quadratic is a constructible conic.
As an extreme example, there are no real points (x,y) such that

2?4+ +1=0.

There are also bivariate quadratics which have non-empty zero sets that are not constructible
conics. Those curves are called degenerate conics. Henceforth, by “conic,” we shall only
refer to a constructible one, as in one that arises from a DEF-construction.

The next result will show the existence of a conic as the graph of a convenient equation for
each possible pair of an eccentricity and a focal parameter.

Theorem 12.5. Given e > 0 and f > 0, there exists a conic with eccentricity e and focal
parameter f. Specifically, we can choose it to be the graph of one of the following equations,
which we call the standard form of an ellipse, parabola or hyperbola.

2 2
1. If0<e<1thenvvechooseZ—Q—i—y—Q:lvvherepzlfe2 >0and g =pv1—e2>0.
p q —e

2. If e = 1 then we choose y? = 4px where p = g > 0.

2 2
3. Ife>1thenwechooseI—2—y—2:1vvherep: 2f€1>0andq:p\/62—1>0.
p q e” —

Along the way, we will show that, for a conic that is a zero set of a bivariate quadratic

in standard form, there is at least one DEF-construction of a parabola, and at least two
DEF-constructions of an ellipse or hyperbola.

Proof. Suppose we are given e > 0 and f > 0. We construct the conic in each case as follows.

© 2024 Samer Seraj. All rights reserved.



12.1.

1.

BIVARIATE QUADRATICS 175

Suppose 0 < e < 1. We choose the focus to be (pe,0) and the corresponding directrix
f

_62'

The focal parameter is

D 1 —e?
——pe=p< )Zf
(& (&

as desired. Then (z,y) lies on the ellipse with this focus-directrix pair and eccentricity
e if and only if

tobengwherep:
e 1

\/(x—pe)Q—l—y?:e"x—— :
€

Neither side can be negative, so squaring both sides is reversible. We do this and
rearrange the terms to get

Suppose e = 1. We choose the focus to be (p,0) and the corresponding directrix to be

x = —p where p = i The focal parameter is f as desired. Then (z,y) lies on the

parabola with this focus-directrix pair and eccentricity e = 1 if and only if

V(@ —p)?2+y?=|rv+pl

Squaring and rearranging the terms yields y* = 4pa.
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3. Suppose e > 1. As with an ellipse, we choose the focus to be (pe,0) and the corre-

f

p6—§=p<€2_1>=f

e

sponding directrix to be x = b where p = T The focal parameter is
e

e2

as desired. Then (z,y) lies on the hyperbola with this focus-directrix pair and eccen-
tricity e if and only if

\/(x—pe)2+y2:e-‘x—— :
e

Squaring both sides and rearranging the terms yields

In fact, for ellipses or hyperbolas in standard form, the focus-directrix pair of (—pe,0) and
T = _P works with the same eccentricity and gives the same focal parameter. Admittedly,

the choices of foci and directrices may seem to be lacking motivation. In Theorem 12.8, we
will describe a naturally-arising Euclidean isometry that maps a conic that is the graph of a
generic bivariate quadratic to a conic that is the graph of an equation in standard form. [J

If a conic is the graph of an equation in standard form, we will sometimes abuse language
to say that the conic itself is in standard form, though the meaning is clear.
Inspired by the fact that two polygons are congruent if and only if the image of one under
a FEuclidean isometry is the other, we make the following general definition.

Definition 12.6. Two subsets of R? are said to be congruent if the image of one of the
sets under some Euclidean isometry is equal to the other set.

Ezxample. This definition applies to subsets of the plane that are conics, which gives us the
notion of congruent conics. As we will see, congruence of conics is a useful concept because
many of the parameters that we will define for conics are preserved under congruence, and
conversely some combinations of matching parameters imply congruence.
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Theorem 12.7. The image of a conic S under a Euclidean isometry k is a congruent set k(S)
that is a conic that has the same eccentricity and focal parameter as those of S. Moreover,
each focus-directrix pair of S is mapped to a focus-directrix pair of k(S). Conversely, two
conics with the same eccentricity and the same focal parameter are congruent.

Proof. For the first direction, let the eccentricity and focal parameter of & be e and f
respectively, and let F' be a focus of § and ¢ be the corresponding directrix of S. Then &
maps F' to a point k(F) and ¢ to a line k(¢), where the latter is known from Theorem 3.13.
That theorem also states that Euclidean isometries preserve the distance between a point
and a line, so the distance between k(F') and k(¢) is the same as the (non-zero) distance
between F and (. Let S’ be the conic with eccentricity e that has k(F) as a focus and k()
as the corresponding directrix. By the preceding statement, S’ has focal parameter f. Now
it suffices to show that k(S) = &’. This idea of constructing one object and showing that
it turns out to be the same as another object is called using a “phantom” object, where the
object is most commonly just a point, like in the proof of the converse of Ceva’s theorem
(Theorem 10.12). Suppose P € §'. This is true if and only if

d(P,k(F)) =e-d(P,k(()),

where d denotes the distance between the enclosed pair of elements; we will be using this
notation later as well, so take heed. Since £ is a Euclidean isometry, Theorem 3.2 says that
it has an inverse k~' that is also a Euclidean isometry. Euclidean isometries preserve the
distance between a pair of points and the distance between a point and a line, so the last
equation is true if and only if

d(k"Y(P), F) = e - d(k"Y(P), ).

This is equivalent to saying that k~*(P) lies on S, which is true if and only if P € k(S).
So, P € S" if and only if P € k(S). Thus, k(S) is not only congruent to S as set of points,
but k(S) is &', which is a conic that has the same eccentricity and focal parameter as S.
Moreover, k(F') and k(¢) form a focus-directrix pair of k(S).

In the other direction, suppose S and &’ are conics with the same eccentricity and focal
parameter. Since they have the same eccentricity, it suffices to show that the image of a
focus-directrix pair of S under some Euclidean isometry is a focus-directrix pair of S’. Let F’
and ¢ be a focus-directrix pair of S, and let I’ and ¢’ be a focus-directrix pair of S’. Let D be
the foot of the perpendicular from F to ¢, and let D’ be the foot of the perpendicular from
F' to ¢'. Since S and S’ have the same focal parameter, D = F'D’. Thus, a translation
followed by a rotation will map F to F’ and D to D’. This causes ¢ to get mapped to ¢ as
well since there is exactly one line that goes through a given point and is perpendicular to
a given line segment. O

The last result shows that conics arising from DEF-constructions that have the same eccen-
tricity and focal parameter are unique up to congruence.

Theorem 12.8. Suppose S is a constructible conic. Let
Q(z,y) = Az® + Bry + Cy* + Dz + Ey + F
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be a bivariate quadratic whose zero set is S. If B # 0, then rotating S counterclockwise by

f around the origin, where # satisfies cot 20 = , yields a congruent conic that is the

zero set of a bivariate quadratic, the coefficient of whose xy term is 0. Then an appropriate
translation and/or reflection of this conic is a congruent conic that is the zero set of a
bivariate quadratic in standard form.

Proof. The counterclockwise rotation of S around the origin by some 6 is the graph of
Q(zcosf +ysinb,ycosf — xsinf).

We will not show the messy details, but the coefficient of the xy term after expanding and
collecting like terms is

2(A — C) cosOsinf + B(cos*  — sin®0).

We want to choose # so that this expression is 0. Using the double angle identities for sine
and cosine, the ry term vanishes if and only if

(C'— A)sin(20) = B cos(20).

s
If A = C, then we can choose 6§ = T Otherwise, we can apply the arctan function to

and find a suitable angle 6 in the range of arctan, which is <—z 7T> .

tan(20) = oA 505
If this angle is negative, we can add 27 to make it positive so that the rotation is still
counterclockwise if desired.

After the xy term is eliminated, we can complete the square in whichever of the variables x
and /or y still have a term of second degree left and then apply an appropriate translation
(vertical and/or horizontal), possibly along with a reflection so that it is the graph of an
equation in standard form. This reflection could be across a coordinate axis, or across the
lines x = y to swap the roles of the variables. O]

We will now work through a number of preliminary results before we can classify the coeffi-
cient tuple of bivariate quadratics whose infinite zero set is a given constructible conic.

Lemma 12.9. Let ¢ be a line in the plane, parametrized by
(z,y) = (1, ) + t(v, w).

Let
Q(z,y) = Ax* + Boy + Cy* + Dx + Ey + F

be a bivariate quadratic. Then either ¢ intersects the zero set Q(z,y) = 0 at 0, 1, or 2 distinct
points, or every point on ¢ lies on Q(x,y) = 0.

Proof. By substituting

T =r+1tv,

Yy =5s-+tw
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into Q(x,y), the intersections of the line with the conic occur at the values of ¢ that satisfy
0=Q(r+tv,s+tw)
= A(r +tv)* + B(r +tv)(s + tw) + O(s + tw)* + D(r + tv) + E(s + tw) + F.

Upon expanding this and collecting like terms in the parameter ¢, we get a polynomial
equation
0=at’+ ft+7

of degree at most 2. If a® + % + v* = 0, then every t gives a solution, making ¢ a subset of
the curve cut out by Q(z,y) = 0. Otherwise,

at? + Bt +

has at least one non-zero coefficient, leaving 0, 1, or 2 distinct solutions ¢, by the fundamental
theorem of algebra from Volume 1. n

Problem 12.10 (Bivariate quadratic identity theorem). If there are two bivariate quadratics

Q1(z,y) = A12® + Bizy + C1y* + Diz + Eyy + F,
Q2(z,y) = Aox® 4+ Bowy + Coy® + Doz + Eoy + Fy

that give the same output for all real x and y, use the identity theorem for polynomials from
Volume 1 to prove that corresponding coefficients match. That is, we have the equality

(A1, B1,Ch, Dy, By, Fy) = (Ag, By, Cy, Dy, B, Fy).
Lemma 12.11 (Bivariate quadratic decomposition). Let
Q(z,y) = Ax* + Boy + Cy* + Dx + Ey + F
be a bivariate quadratic and let
Li(z,y) = a1x + by + ¢,

be a line, where a] + b2 # 0. This means a; # 0 or b; # 0, which splits the result into two
(overlapping) cases:

e Case 1: If a; # 0, then there exists a linear function
Ly(z,y) = asw + bay + co

such that
Q(%y) = Ll(xv y>L2(x7 y) + M<y>7

where M (y) is a unique quadratic whose only variable is y.
e Case 2: If by # 0, then there exists a linear function
Ls(z,y) = azz + bzy + c3

such that
Q($7y) = L1($7 y)Lg(QT, y) + N($)7

where N(x) is a unique quadratic whose only variable is z.
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Proof. First we handle Case 1. Suppose a; # 0. If the stated decomposition exists, then
Az® 4+ Bay +Cy? + Dx + Ey + F — M(y)
= Q(z,y) — M(y)
= Li(2,y) La(z,y)
= (@12 + by + c1)(aox + bay + ¢2)
= (aya2)x* + (aiby + aghy)zy + (bibo)y® + (arcy + aser)x + (byica + bacy )y + cico.

By Problem 12.10, since M(y) does not contain the variable x, the coefficients of 2°, zy, x
can be matched in the two expressions to give

A = ajay,
B = (Ilbg + agbl,

D = aiCa + A2Cy.

Since it was assumed that a; # 0, we get

A
ag = —,
ay
Ab Ba, — Ab
B:albz+—1 — 52:¥,
A Da; — A
D:a162+£:>02:¥.
a]_ &1

This determines
L2 = Q9T + bgy + Co.

Finally, M(y) is a well-defined and uniquely determined quadratic in the variable y because
it is determined as Q(x,y) — Li(x,y)La(x,y), due to how asg, by, ¢ were engineered:

M(y) = Q(x,y) — Li(z,y)Lao(x,y) = Cy* + By + F.

Note that the proof relied on division by a; # 0. The proof of Case 2 is symmetrical, with
reliance on division by by, which is acceptable due to the assumption that b; # 0 in Case
2. m

Lemma 12.12. Let
Q(z,y) = Ax* + Bry + Cy* + Dx + Ey + F
be a bivariate quadratic, and let
Li(z,y) = a1z + by + 1

be a linear function with a] + b7 # 0. If every point on L (z,y) = 0 lies on Q(z, y) = 0, then
there exists a linear function

Li(z,y) = asx + boy + o
such that

Q(z,y) = Li(z,y)La(z,y).
In fact, this result strengthens itself by holding even if we know only that the zero sets
Li(z,y) = 0 and Q(z,y) = 0 intersect in at least 3 distinct points.
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Proof. Since aj + b} # 0, we know that a; # 0 or by # 0. If a; # 0, then Lemma 12.11 says
that there exists a linear function

Lo(z,y) = asx + boy + c2

and M (y) such that
Q(x,y) = Li(x, y) La(z,y) + M(y).

For each y € R, there exists exactly one x € R (call it ¢(y)) such that
Ll (I’, y) = 07
since we can divide by the non-zero coefficient a; of x to get

biy+c
aq N

o(y).-

ar+bhy+c=0 —= z=—

Since it is assumed that every point on Lq(z,y) = 0 also lies on Q(z,y) = 0, it means @
vanishes wherever L; vanishes. As a result,

0=0Q(v),vy)
= L(¢(y), y) L2(9(y), y) + M (y)
=0-La(o(y),y) + M(y)
= M(y).

Since this says that M (y) vanishes for all real y, the identity theorem for polynomials from
Volume 1 says that the coefficients of M are all 0. This leaves us with

Q(a?,y) = Ll(mvy)LQ(Ivy)7

as desired.

The second case, where b; # 0, follows from a symmetrical argument.

For the strengthening, suppose that, instead of knowing that L;(z,y) = 0 is a subset of
Q(z,y) = 0, we instead only knew that there are at least 3 points of intersection between
Li(xz,y) = 0 and Q(z,y) = 0. Then Lemma 12.9 says that more than two points of in-
tersection implies that L;(z,y) = 0 is a subset of Q(z,y) = 0. The rest has already been
argued. O]

Lemma 12.13. If Q(z,y) = 0 is a constructible conic, meaning it arises from a DEF-
construction, then the conic Q(z,y) = 0 cannot contain a whole line. By Lemma 12.12, this
implies that there do not exist linear functions

Ly(z,y) = 12 + by + c1,
Lo(z,y) = asx + boy + o

such that
Q(I, y) = Ll(‘ra y>L2($, y)
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Proof. Since the conic is constructible, let a focus be P = (zg,4) and its corresponding
directrix be
ar + by +c=0.

For contradiction, suppose the conic Q(z,y) = 0 contains a line, within which there are
points V' = (z1,y1) and W = (22, y2) and let U be the midpoint of V and W. Then AV PW
has PU as a median. By Apollonius’s theorem (Problem 10.6), which is simply the median
case of Stewart’s theorem (Theorem 10.5), along with the definition of a DEF-construction
(Definition 12.1),

APU? + VWW? = 2PV? + 2PW?
o (2522) + b (252) + ¢

4 - prRE + (z1 — 22)* + (y1 — ya)°
_9. |a$1+by1+c|2 19. |ax2+by2+c|2
a2 + b2 a2 + b2 :

Clearing the denominator a? 4+ b* makes this

[a(xy + 22) + b(y1 + y2) + 2d* + (a® + ) [(21 — 22) + (11 — 12)°]
= 2(azy + by + ¢)? + 2(axy + bys + ¢)*.

Rearranging the left side and expanding it gives

[(azy + byy +¢) + (azy + bys + ¢)]* + (a® + b)) [(z1 — 22)* + (31 — y2)?]
= 2(axy + byy + ¢)* + 2(awy + bys + ¢)?

(azy + by, + ¢)? + 2(axy + byy + ¢)(axy + byy + ) + (azy + bys + ¢)?
+ (@ +0°)[(21 — 22)” + (y1 — v2)°]

= 2(azy + bys + ¢)* + 2(axq + bya + c)*.

Cancelling common terms from both sides and completing a square, we get

(a® + b)) [(z1 — 22)* + (11 — y2)* = [(ax1 + byy + ¢) — (amy + bys + ¢)]?
(@ 4+ °)[(z1 — 22)* + (11 — 12)°] = [alz1 — 22) + b(y1 — y2)]*.

By the real number Cauchy-Schwarz inequality from Volume 1,
(@ +0*)[(21 = 22)* + (1 — 12)*] > [a(z1 — @2) + by — 12)]°,

where equality holds if and only if (a,b) = (0,0) (which is impossible since ax + by + ¢ is a
line), or (a,b) and (x; — xa,y1 — y2) are linearly dependent. Since (a,b) is a normal vector
to the directrix ax + by + ¢ = 0 and (z7 — x2,y1 — y2) is a direction vector of the line though
VW, the line through VW must be perpendicular to the stated directrix. Subsequently, the
line through VW intersects the directrix, so let the point of intersection be R. But then
the eccentricity times the shortest distance between R and the directrix must be 0, which is
equal to the distance between R and the focus. So R is the focus, which makes the focus lie
on the directrix. This is a contradiction to the definition of a DEF-construction.
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Finally, if it is possible to cause a decomposition

Q(x,y) = Ll(m,y)Lg(x,y),

then Q(z,y) = 0 if and only if Li(z,y) = 0 or Lo(x,y) = 0, which would cause the zero set
of (Q to contain both lines. As we saw above, the zero set of a constructible conic cannot
contain a line, so ) cannot split multiplicatively. m

Theorem 12.14. Suppose S is a constructible conic (which therefore has infinitely many
points, and so is non-degenerate). If ); is a bivariate quadratic whose zero set is S, then the
same is true for AQ); for any real A # 0, which we call a scalar multiple of @;. Conversely,
if ()1 and @)y are bivariate quadratics whose zero sets are both &, then there exists a real
A # 0 such that Q)5 = A\Q;. More explicitly, this is saying that, given

Q1(z,y) = A12® + Bizy + C1y* + Dix + Eyy + F,
Qa(z,y) = Asa® + Bozy + Coy® + Doz + Epy + F,

these two bivariate quadratics have the same constructible conic as their zero set if and only
if there exists a real A # 0 such that

A (AlaB17017D17E17F1) = <A27BQ7027D2;E27F2)'

Proof. The first direction is easy because a point (z,y) satisfies Q1 (z,y) = 0 if and only if
it satisfies Q2(x,y) = AQ1(x,y) = 0, given A # 0. So the two zero sets are the same.

The second direction is more challenging, and it is the goal towards which we have been build-
ing with the preceding lemmas. Since Q1 (z, y) arises from a constructible conic, Lemma 12.13
says that it cannot be decomposed into the product of two linear functions. By the contra-
positive of Lemma 12.12, every line intersects Q1(x,y) = 0 in at most 2 points.

Since Q1 (z,y) = 0 is a constructible conic, it has infinitely many points. From the curve,
we pick 5 distinct points P; = (z;,y;) for i = 1,2,3,4,5. The zero sets of Q;(z,y) = 0 and
Q2(z,y) = 0 are assumed to be the same, so the P; also lie on the latter. Then we obtain
the following system of equations, represented using matrix multiplication:

(A 0
R Y T T TR VIR | g
2 2 By 0
Ty ToYo Yo T2 Yo 1 c 0
2 2 2 _
r3 x3ys Y3 vz ysz 1 D, = |o
Ty Tays Yy Ta Ya 1
o2 xsys YR oxs ys 1 £ 0
5 595 5 5 5 _F2_ _0_

Since the five (z;,y;) coordinate pairs are known, each of the five rows represents a linear
equation in 6 variables (Ag, By, Cy, Dy, F5, F3). We wish to show that all such 6-tuples
are determined as non-zero scalar multiples of (Ay, By, Cy, Dy, By, Fy). With this goal in
mind, if we can show that the rows are linearly independent, then the rows will span a
5-dimensional subspace of the 6-dimensional Euclidean vector space. The set of solutions
for (Ag, By, Cy, Dy, s, Fy) forms the “null space” of this system, meaning it is the set of
6-component real vectors that are individually sent to 0 by each row of the matrix. By the
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well-known rank-nullity theorem (which we have not covered) from linear algebra, this null
space has dimension 6 — 5 = 1. So, all (Ay, By, Co, Dy, Es, F») are scalar multiples of each
other, and, in particular, they are generated as the set of scalar multiples of the known tuple
(Al, Bl, Cl, Dl, El, Fl)

As a result of the preceding argument, our penultimate step should be to prove that the rows
of the matrix are linearly independent. For the sake of contradiction, suppose that, without
loss of generality, the fifth row is a linear combination of the first four rows. Let the row
vectors be 11,79, 73,74, 75 and let a hypothetical solution to the system be

s = (Ag, By, Cy, Dy, By, F).
So, there exist real numbers aq, as, a3, ay such that
Ts = 1171 + Qoo + Q33 + Ty,
Taking the dot product of both sides by s, we get

r5 @5 = (171 + Qarg + 3Ty + aury) © S
=a1(ry @) + ag(ry @) + az(r3 @s) + ay(ry e s)
= 0.

This means that, for any s = (As, B, Cs, Do, Es, F3) such that
Q2(x,y) = A2a® + Bowy + Coy’ + Dax + Epy + F, =0

for each (x,y) = (z;,y:) (i = 1,2,3,4), it is also true that (x5, ys) lies on the conic Q2(z,y) =
0 by satisfying the same equation.

Let ajox 4 bioy + c12 = 0 be the line that runs through (z1,y;) and (x9,y2), and let agqx +
b3y + ¢34 = 0 be the line that runs through (z3,y3) and (x4,y4). Then expanding and
collecting the like terms of

(@122 + bioy + c12)(az42 + bsay + c34) =0

yields a bivariate quadratic that that goes through (z;,y;) for i = 1,2,3,4. By the above
argument, (s, ys) also lies on it, so at least one of the following equations is true:

a12T5 + b12ys + ¢34 = 0,

3475 + b3ays + ¢34 = 0.
This would imply that three collinear points, that is (x;,y;) for i = 1,2,5 or i = 3,4,5 lie
in the zero set of @1(z,y) = 0. Finally, this contradicts the fact that we derived at the

beginning of the proof: every line intersects (1(z,y) = 0 in at most 2 points. O

Problem 12.15. In a bivariate quadratic that represents a constructible conic, prove that
at least one of the coefficients of the quadratic terms x?, zy,y* is non-zero.
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So far, we know that every constructible conic can be transformed by a Fuclidean isometry
to be the zero set of a bivariate quadratic in standard form (Theorem 12.8). We also know
that its DEF-constructions get mapped to those of the image conic and without changing
the eccentricity or focal parameter (Theorem 12.7). We found that there is at least one DEF-
construction for parabolas, and at least two DEF-constructions for ellipses and hyperbolas
(Theorem 12.5). If we can deduce that there is also at most one DEF-construction for a
parabola and at most two for ellipses and hyperbolas (it suffices to look at standard forms),
then we will know that there are ezactly as many DEF-constructions. When the eccentricity
and focal parameter turn out to be the same in every DEF-construction for a constructible
conic, we will finally be able to refer to “the” eccentricity and “the” focal parameter of a given
conic.

Theorem 12.16. A parabola has a unique eccentricity, and exactly one focus-directrix pair.
As a result, it has exactly one possible focal parameter.

Proof. Due to preservations under isometry, it suffices to look at the standard form
02 + Oxy + 1y* + (—4p)x + 0y + 0 =0

for p > 0. With the “at least” direction established in Theorem 12.5, we will show that at
most one DEF-construction exists. Suppose there is a DEF-construction with the directrix
az + by + ¢ = 0 where a® + b? # 0, eccentricity e > 0, and focus (g, yo). By Theorem 12.14,
we can scale these coefficients to be equal to those in Theorem 12.3:

[0 ] (AT [ a1 —€?) + b,
0 B —2abe?,
1 C a® + (1 —e*)?,
A = = 2 2 g2
—4p D —2(ace” + (a* 4+ b7)xg
0 E —2(bce® + (a® + b%)yo)
o] LFl L@+ yadsd) - e

The second equation gives us —2abe* = 0, which is equivalent to a = 0 or b = 0 since we
require e > (. The first equation says

a’(1—e*) +b* =0.

So, in the hypothetical case that a = 0, we would also get b = 0, contradicting a®4b* # 0. We
have deduced b = 0. Moreover, since (a,b,c) can be scaled without changing the directrix,
we may choose a = 1 without loss of generality. Then the third equation becomes

A=a*+ (1-e)b* = 1.
The first equation yields
0=d*(1-e)+b=1—¢ = e=1.

We update the fourth, fifth, and sixth equations to say

—4p D —2(c+ o)
0 =|F| = —2y0
0 F :1:(2) + yg — 2
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Then yo = 0 and we can further simplify the system to
2p = c+ o,
0=ua5—c = (z0—c)(wo+¢) = (xg — ) 2p.

The last equation yields zy = ¢, since p > 0. Combining this with 2p = ¢ + zy gives
¢ = xg = p. Therefore, there is at most one DEF-construction, which is

((a:b:c)e (w0,90)) = ((1:0:p), 1, (p,0)),

where the colons indicate that multiplying all the components of (a : b : ¢) by a non-zero
scalar does not change the ratio. O]

Theorem 12.17. An ellipse has a unique eccentricity, and exactly two focus-directrix pairs,
each with the same focal parameter.

Proof. Due to preservations under isometry, it suffices to look at the standard form
L, Ly
— 2”4+ 0ry + Sy~ +0p+0g + (=1) =0
p q

for p > 0 and ¢ > 0. Since the “at least” direction has already been established in Theo-
rem 12.5, we will show that at most two DEF-constructions exist, which will turn out to
have equal eccentricities and equal focal parameters. Suppose there is a DEF-construction
with the directrix az + by + ¢ = 0 where a® + b* # 0, eccentricity e > 0, and focus (zg, o).
By Theorem 12.14, we can scale these coefficients to be equal to those in Theorem 12.3:

[1/p*] [ A [ d*(1 =) + b2,
0 B —2abe?,
). 1/¢*|  |C| a® 4+ (1 —e*)b?,
0 | |D| | —2(ace® + (a* + b*)xo)
0 E —2(bce? + (a® + b))
| -1 s | (a® + b (23 + y5) — €2c?]

Suppose, for contradiction that p = ¢. Then subtracting the third equation from the first

yields
1 1

O:E—?:—eQ(aZ—HF) = e=0,
since a? + b* # 0. This value of e is not allowed in a DEF-construction, so we know that
p # q. Before we do casework on ¢ > p and p > ¢, note that the second equation 0 = —2abe?
leads to @ = 0 or b = 0, which is a key deduction. In fact, since (a : b : ¢) can be scaled
without changing the directrix and a® + b* # 0, we can choose a = 1 if b = 0, or b = 1 if
a=0.

e Case 1: Suppose ¢ > p. Suppose, for contradiction, that b = 0 and we take a = 1.
Then dividing the first equation by the third yields

1<q_2_)\ a?(l—e?)+bv> 1-¢°

2
= —- = = <0
P2 A a?+ (1 —e?)bh? 1 ‘ ’
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which is a contradiction. So, a = 0 and we take b = 1. Then, the first equation

becomes )
—2:a2(1—62)+b2:1 — \=p’
p
The third equation yields
2 by 2
p—2:—2:a2—|—(1—€2)52:1—62 — e= 1—])—2,
4q q q
which exists in the real numbers because ¢ > p. We update the fourth, fifth, and sixth
equations to say

0 D —QLE(]
0 = |F| = —2(662 + yo)
VP

The first of these equations immediately gives o = 0. The second equation gives

_ Y% 2e2 = %0

ce
e e?’

which can be substituted into the third equation to give
2 1
—p2=y3—6202:y§—%=y§ (1—;)

2

Substituting e = /1 — p_2 into this and algebraic manipulations yield the isolated
q
solutions
Yo = £V ¢ — p*.

Finally, we can compute

=Y ¢

e TR e,

Therefore, there are at most two DEF-constructions, which are

((a:b:c)e (zo,y0)) = ((0:1 : %) 7\/1—p—z,<0,i«/q2—p2>).
FV& —p q

The eccentricity is the same in both cases, and the focal parameter is equal to

in both cases, which were easy to compute because the directrices are horizontal.

Case 2: Suppose p > ¢. In an argument that is symmetrical to that for Case 2, we find
that

:b:c)e (xo,%)) = :;p—27 _q_2’7 2 _2) |
((a:b:c)e, (o, 40)) ((1 0 - p2—q2> (1 - (0, £/p q)>
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Again, the eccentricity is the same in both cases, and the focal parameter is equal to

2 2

p q
Ve AR

in both cases, which were easy to compute because the directrices are vertical.

]

Theorem 12.18. A hyperbola has a unique eccentricity, and exactly two focus-directrix
pairs, each with the same focal parameter.

Proof. Due to preservations under isometry, it suffices to look at the standard form
L, LY 5
2"+ 0zy+ | —— | y"+0p+0g+ (=1) =0
p q

for p > 0 and ¢ > 0. As we have already established the “at least” direction in Theorem 12.5,
we will show that at most two DEF-constructions exist, which will turn out to have equal
eccentricities and equal focal parameters. Suppose there is a DEF-construction with the
directrix ax + by + ¢ = 0 where a® + b* # 0, eccentricity e > 0, and focus (zg,y0). By
Theorem 12.14, we can scale these coefficients to be equal to those in Theorem 12.3:

[ 1/p* ] [ A [ d*(1—e?) + b
0 B —2abe?,
). -1/¢*| _|C| _ a? + (1 —e*)b?,
0 “ D] | —2(ace® + (a® + b*)xo)
0 E —2(bce? + (a* + b*)yo)
| 1] LR L@ e ) e

The second equation —2abe* = 0 implies a = 0 or b = 0. We investigate these two cases
separately:

e Case 1: Suppose a = 0. Since a® +b* # 0 and (a : b : ¢) may be rescaled without
changing the directrix, we may choose b = 1. Then the first equation gives

%:a2(1—e2)+b2:1 — \=p’
p

This leads to the third equation yielding

==+l -) =1 = e=4/1+=.

We update the fourth, fifth, and sixth equations to say

0 D —2270
0 |=|E|=]-2(ce+w)
e I L B R B
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As with the first case for ellipses, the first of these equations immediately gives xq = 0,

and the second equation gives

2
—0
_ Y 2e2 = %0

ce .
e e?

This can be substituted into the third equation to give

2 2 2 2 2 y% 2 1
-m==%—fc:=%—;5=%<1—g)~

/ 2
Substituting e = /1 + p_Q into this and algebraically manipulating it yields
q

yo = —(¢* +p*) < 0.

This is a contradiction, meaning Case 1 (where the directrix is horizontal due to a = 0)
is empty for the standard form.

e Case 2: Suppose b = 0. Since a* +b* # 0 and (a : b : ¢) may be rescaled without
changing the directrix, we may choose a = 1. Then the third equation gives

A
S=d+(1-€e)=1 = A=¢"
q

Then the first equation yields

We update the fourth, fifth, and sixth equations to say

0 D —2(ce® + x)
0 = |F| = —2y0
—¢° F xg + yg —e%c?
The first of these equations gives yo = 0, and the second equation can be contorted
into 2
—x x
ce = —2 — 0262——3.
e e

2
x 1
—q2:$(2)—6202:I(2)——0237(2)(1——).

/ 2
Substituting e = 4 /1 + q_2 into this and algebraically manipulating it yields
p
=3+ p? = 1o =+p?+ ¢
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Finally, we compute

2
—To p

Nl

Therefore, there are at most two DEF-constructions, which are

((a:b:c),e,(:vg,yo)):((1:O:L>, 1+Z—Z,(i P? + ¢2, ))

TV + @

C =

The eccentricity is the same in both cases, and the focal parameter is equal to

B p2 _ q2
VPPt VPPt

in both cases, which were easy to compute because the directrices are vertical.

P+ ¢

[]

Corollary 12.19. For a given constructible conic, the eccentricity and focal parameter are
equal in every DEF-construction that leads to the conic. In other words, these parameters are
inherent to the curve that is the conic and does not depend on how the curve is constructed.
Thus, we can refer to “the” eccentricity and “the” focal parameter of a conic.

Problem 12.20. The discriminant of a bivariate quadratic
Q(z,y) = Ax* + Boy +Cy* + Dx + Ey + F

is §(Q) = B* — 4AC. Suppose S is a conic arising from a specific DEF-construction with
eccentricity e and that @) is a bivariate quadratic whose zero set is §. Prove that

sgn(0(Q)) = sgn(e — 1),

Thus, the sign of §(Q)) determines the type of the conic.

12.2 Metric Properties

Problem 12.21. For an ellipse, parabola or hyperbola in standard form, determine, in terms
of a and b, the set of x values that have a corresponding y value such that (z,y) satisfies the
equation; for each such z value, determine the number of y values that correspond to this z
value. Repeat the exercise with the roles of x and y interchanged.

Definition 12.22. Equipped with a complete classification of the focus-directrix pairs of
each type of conic, we can define the following geometric components of a conic:

1. The principal axis of a conic is the line through a focus that is perpendicular to the
directrix corresponding to that focus. For an ellipse or hyperbola, the principal axis
runs through both foci and is perpendicular to both directrices. For a parabola, it is
called the axis of symmetry. The principal axis of a conic is a line of symmetry in
the sense that reflecting the conic across the line yields the same set of points.
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2. Ellipses and hyperbolas have a secondary line of symmetry that is perpendicular
to the axis of symmetry and runs through the midpoint of the segment connecting the
foci. This is a name that we have coined for this book, as the line is unnamed in the
literature to the best of our knowledge. Reflecting an ellipse or hyperbola across its
secondary line of symmetry yields the same set of points. Note that it is parallel to
the directrices.

3. The two regions of a hyperbola are called its branches. For a hyperbola that is the
graph of an equation in standard form, the two branches are the points (z,y) on the
hyperbola such that x < —p and the points (z,y) on the hyperbola such that = > p.
For any hyperbola, there is one branch and one focus-directrix pair on each half-plane
defined by the secondary axis of symmetry. Points in each branch are strictly closer to
the focus in its half-plane than the focus in the other half-plane.

4. The center of an ellipse or hyperbola is the point of intersection of its principal axis
and its secondary line of symmetry. This happens to be the midpoint of the segment
joining the two foci. The center is a point of symmetry in the sense that reflecting the
conic across it yields the same set of points.

5. The linear eccentricity of an ellipse or hyperbola is the distance between the center
and a focus. This distance is the same for either of the two choices of a focus in an
ellipse or hyperbola.

6. A chord of a conic is a line segment whose endpoints are two distinct points on the
conic. A latus rectum of a conic is, for a particular focus-directrix pair, the chord
that contains the focus and is parallel to the directrix. The length of such a chord is
the same regardless of the focus-directrix pair chosen. A semi-latus rectum is either
of the two segments resulting from splitting a latus rectum at the focus that is its
midpoint.

7. The points at which the principal axis of a conic intersects the conic are called the
vertices of the conic. Parabolas have one vertex, whereas ellipses and hyperbolas
have two vertices. Note that a parabola in standard form has its vertex as the origin,
which is where its extreme z-coordinate occurs. The vertices of an ellipse in standard
form occupy the two extreme z-coordinates if p > ¢ or the two extreme y-coordinates
if p < ¢, and the vertices of a hyperbola in standard form occupy the extreme x-
coordinates of each branch.

8. For an ellipse or hyperbola, the unique chord lying on the principal axis is called the
major axis in an ellipse and the transverse axis in a hyperbola. The endpoints of
this chord happen to be the two vertices. This is the longest chord of an ellipse and
the shortest chord connecting the two branches of a hyperbola. A semi-major axis
is either of the two segments resulting from splitting the major axis at its midpoint,
which is the center of the conic.

9. The minor axis of an ellipse is the unique chord lying on the secondary line of symme-
try. This is the shortest chord of the ellipse. A semi-minor axis is either of the two
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segments resulting from splitting the minor axis at its midpoint, which is the center

of the conic. The analogous idea for a hyperbola is the conjugate axis, which is

the segment perpendicular to the principal axis whose midpoint is the center of the
2fe

hyperbola, and whose length is % where f is the focal parameter and e is the
e —_—

eccentricity. Though it is not a chord of the hyperbola, it does have significance in the

context of the asymptotes of a hyperbola, which is the next definition.

The asymptotes of a hyperbola are the two lines that run through the diagonals of the
rectangle that is defined by having the transverse and conjugate axes as its medians.
Both asymptotes come arbitrarily close to both branches of the hyperbola as x — oo
and r — —oo but the asymptotes do not intersect the hyperbola. In standard form,

the axes are y = +4;
p

K T

We will not prove that these notions are well-defined or that the various assertions made
about them are true, but the reader is encouraged to pursue the proofs as they are not
difficult for the most part. All of these objects and lengths have the expected preservation
properties under Euclidean isometries. As such, it suffices to consider only the standard
forms for the proofs and then apply a suitable arbitrary Euclidean isometry to them.

Problem 12.23. A rectangular hyperbola is a conic whose eccentricity is V2.

1.

2.

Show that a hyperbola is rectangular if and only if its asymptotes are perpendicular.

Show that every rectangular hyperbola in standard form has an equation of the form

2?2 — o2 = p.

Determine an equation of the rectangular hyperbola resulting from rotating a rectan-
. . m ..
gular hyperbola in standard form counterclockwise by 1 around the origin.

Problem 12.24. Determine an equation whose graph is the resulting of rotating the graph

T T
of a conic in standard form by 5T o o counterclockwise around the origin. Work with

each type of conic separately.
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Theorem 12.25. Let S be a conic and let its eccentricity be e and focal parameter be f.
Then the following relations hold.

1. Suppose S is the graph of an equation in standard form. If S is an ellipse then the
length of the semi-major axis is p and the length of the semi-minor axis is ¢. If S
is a hyperbola then the length of the semi-transverse axis is @ and the length of the
semi-conjugate axis is b.

2. If the length of the semi-latus rectum is [ then e = This is true for all parabolas,

l

| r
ellipses and hyperbolas.

3. If § is an ellipse or hyperbola, let the linear eccentricity be r, the length of the semi-
major axis or semi-transverse axis be p, and the length of the semi-minor axis or
semi-conjugate axis be ¢q. Then

r__p _fHVIPE?
- > ,

p  fHT

e =

4. In the above notation, p* — ¢* = 72 if the conic is an ellipse, and p* + ¢* = r? if the
conic is a hyperbola.

Proof. All of these objects and lengths are preserved under Euclidean isometries so it suffices
to prove the relations for only conics that are the graphs of equations in standard form. This
is helpful because all the lengths involved are then parallel or perpendicular to the coordinate
axes, making their computations easier. The results all follow from expressing the quantities
in terms of the coefficients p and ¢ in the standard form. We chose p > ¢ for ellipses.

Ellipse Parabola | Hyperbola
7\’ 7\
Eccentricity 1—- (—) 1 1+ <_>
p p
Linear eccentricity vVp?—¢* | Undefined | +/p? + ¢2
¢’ a
Focal parameter 2p _—
P’—q P*+ ¢?
Semi-major axis
Semi-transverse axis p Undefined p
Semi-minor axis
Semi-conjugate axis q Undefined q
q ¢
Semi-latus rectum = 2p =
p p
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We leave it to the reader to compute the entries of this table and verify the stated relations,
but we note that it will be helpful to remember the coordinates of the foci and the equations
of the corresponding directrices for conics in standard forms. O]

Unlike most elementary texts, we have not used the following characterizations of ellipses
and hyperbolas as our primary definition because DEF-constructions provide a more unified
framework. They are still interesting properties to work out.

Example 12.26. Given two distinct points F7 and F5 and a real number d > F} F5, let S be
the set of points P such that PF; + PF, = d. Show that there exists an ellipse £ such that
S C &, and that F; and F, are the foci of £ and that d is the length of the major axis of
E. On the other hand, show that if £ is some ellipse with foci F| and Fy, then there exists
a real number d > F|F, such that for all points P’ on &', P'F| + P'F, = d'. As a result,
E C S as well, proving that S = £.

Solution. We apply a Euclidean isometry to the configuration so that F} and F, are opposite
points on the z-axis. Let Fy = (r,0) and Fy = (—7,0) for some r > 0. Since we expect d to
be the length of the major axis, we define p so that d = 2p. Then we are seeking all points
P = (z,y) such that

V2 gt byl =ty =2,
Now, we perform a sequence of manipulations, the reversibility of which do not matter since
we only want to establish a subset relation for the time being:

Vie+r)2+y?2=2p—/(z—1)%+y>
(x+r)2+y? =4p* + (x —r)* + % —day/(x —7)% + 92

PP —rz=py/ (v —r)?+y?
(p* —ra)? = p*((z —r)* + o)
P(p* —r?) =2 (" —r*) + py”

2 y2

T
1== .
p2 p2_r2

d FF
Sincep:§> 122

a subset of an ellipse £ in standard form. Due to the relation r? = p? — ¢? being satisfied,
is the linear eccentricity, and so F} and Fy are the foci. Of course, d = 2a is the length of
the major axis.

For the second part, let the eccentricity of £ be e and let P’ be a point on &’. Let the
directrices of & be d; and dy. By using the focus-directrix definition of an ellipse and the
fact that the two directrices are parallel, we get

= r, we can define ¢ > 0 to satisfy ¢* = p? — 72, which means that S is

PlFll +P/F2/ =€ 'd(Pl,dl) +e 'd(Pl,dg) =e€ 'd(dl,dg).

Using the equations of the directrices in standard form, the distance between the directrices

‘S i =e(2- (2)) =2
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which is the desired constant d' > F|F,, since the segment between the foci is strictly
contained within the major axis in an ellipse. (Note that here p is the symbol used in the
standard form of an ellipse.)

Finally, going back to the first part, S is easily shown to be non-empty, say by showing that
either of the two vertices of £ satisfies the condition required to lie in §. Thus, the second
part implies that £ C S, proving § = £. n

Problem 12.27. Given two distinct points F; and F, and a real number FiFy > d > 0, let
S be the set of points P such that |PFy, — PFy| = d. Show that there exists a hyperbola
‘H such that § C H, and that F; and F, are the foci of H and that d is the length of the
transverse axis of H. On the other hand, show that if H' is some hyperbola with foci F}
and F;, then there exists a positive real number d’ < F]F; such that for all points P’ on H’',
|P'F| — P'Fy| = d. More specifically, show that P'F, — P'F| = d' if P’ is on the branch closer
to F] and P'F| — P'F; = d' if P' is on the branch closer to Fy. As a result, H C S as well,
proving that & = H. You may use the solution to Example 12.26 as a template.

There is a wonderful algebraic development of the theory of conics in [5]. The enterprising
reader is encouraged to explore that book.
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Chapter 13

Cross Product

“Plato said God geometrizes continually.”

— Plutarch, Convivialium disputationum

The analogue in three-dimensional Cartesian space of a line in the two-dimensional Cartesian
plane is a plane. The cross product of three-dimensional Euclidean vectors is a natural
outgrowth of the study planes in three dimensions. We will study planes, their normal
vectors, such as the cross product, and the algebraic and geometric properties of the cross
product.

13.1 Formulas

Now we will define lines in higher dimensions by extending the definition of lines in R? from
Chapter 1 into a definition for R".

Definition 13.1. Recalling Lemma 1.8, we define a line in R" (as opposed to just R?) to
be a set
(={p+tv:teR}

parametrized by the real variable t, where p € R" is a point and v € R" is a non-zero point
that controls the direction. The variable t is called a parameter. This form includes lines
in every direction, including those that run through a coordinate axis.

Definition 13.2. If (0,v) and (0,w) are non-zero position vectors in R" (here, 0 is the
n-dimensional origin) such that tv = w for some (necessarily non-zero) real ¢, then we say
that the vectors [v] and [w] are parallel. In this case, we also define that the displacement
vectors in [v] are parallel to the displacement vectors in [w]. By Theorem 1.36, lines in
R? that have position vectors v, w that are just scaled versions of each other are parallel or
coincident. Subsequently, we define that two lines

{p+tv:t €R} and {¢g+tw:t € R}

in R" are parallel if v and w are parallel as vectors but the lines are not exactly the same set
of points; if they are the same set of points, we use the word coincident instead of parallel.

We have been working on the 2-dimensional plane so far, which is like a flat piece of paper,
with no height, that extends infinitely in all directions. In 3-dimensional space, there are
infinitely many copies of the plane, as should be intuitively clear. This is clearly defined as
follows.
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Definition 13.3. Inspired by Problem 1.31, in Euclidean spaces of dimension n > 3, a
plane is defined as a translation of the collection of all arrowheads of the set of position
vectors

{av +bw : a € R,b € R},

where v and w are linearly independent position vectors. By a translation, we mean that
we add the same point z € R? to all the arrowheads to get a subset of R® that we then
call a plane. By a plane, we might also refer to the collection of linear combinations of two
linearly independent vectors, if we do not want to talk about a particular translation.

For the remainder of the chapter, we will work only on three dimensions. We begin our
exploration of the cross product by asking a natural question: what can be said about a
vector that is “perpendicular” to an entire plane in three dimensions?

Theorem 13.4. Suppose u is a vector that is orthogonal to two linearly independent vectors
v and w. Then w is orthogonal to every vector in the plane spanned by v and w, and u is
orthogonal to no other vectors.

Proof. 1f (u,v) =0 and (u,w) = 0, then for any real a, b,
(u,av + bw) = a{u,v) + bu,w) =a-0+b-0=0,

so u is orthogonal to every vector in the plane of v, w. Now suppose z is a vector that is
orthogonal to u. We want to show that there exist real a,b such that z = av + bw. Working
backwards, if such a, b exist, then

(z,v) = (av + bw,v) = a{v,v) + b{w, v),
(z,w) = (av + bw,w) = a(v,w) + blw, w).

This system of equations can be written as the matrix equation
o) ) fo] _ [
wow) (w,w)] o] = Lz w))
The matrix on the far left has its determinant equal to

loll - wll = (v, w)?,

which is strictly positive by the Cauchy-Schwarz inequality (Theorem 4.8) since v,w are
linearly independent. Since the determinant is non-zero, we can multiply both sides by the
inverse of the matrix and uniquely solve for a and b. We want to prove that z = av + bw.
Unfortunately, the proof of which we are aware depends on a result from linear algebra, so
we will provide only an outline of it: Let z = 2z — (av + bw). Our aim is to prove that x = 0.
By reversing our steps, we know that x is orthogonal to u, v, w, so z is orthogonal to three
linearly independent vectors. All vectors in R® can be generated by such three vectors, so
is orthogonal to all vectors in R®. By the weak cancellation rule (Theorem 4.5), z = 0 and
so z = av + bw. The reader will be able to fill in the gaps in a course in linear algebra. [
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Definition 13.5. Inspired by Theorem 13.4, we say that a vector v is orthogonal to a plane
if v is orthogonal to two vectors that generate the plane with their linear combinations. A
vector v that is orthogonal to a plane is called a normalized orthogonal vector if it is, well,
normalized so that it has a magnitude of 1. The process of normalizing v is to divide v by
||v||, since

Next comes the question of whether every plane has a normal vector. The answer is “yes”
and such a vector is a key aspect of analyzing planes, especially their equations.

(Y

ol Tl

e,

Theorem 13.6 (Orthogonal projection to a plane). Let v and wy, w, be vectors in R?, where
wy, wy are linearly independent. Then there exist unique vectors u, z such that u is in the
plane of wy, wy and z is orthogonal to this plane and v = u + z. Letting the wy, wy plane be
W, we call u the projection of v to W and denote it by projy,v, and we call z the rejection
of v from W and denote it by oprojyv.

Proof. Working backwards, suppose such u, z exist. In other words,
<Z,'LU1> = <Z,’(U2> = 07
and there exist real a, b such that u = aw; 4+ bws, and v = v + z. Then

0= (z,w1) = (v —u,wy) = (v—aw; —bwy, wy) = (v, wy) — a{wy, wy) — b{ws, wy)

(v, wy) = alwy, wy) + blwsy, wy)
and similarly,

0= (z,wy) = (v —u,wy) = (v — aw; — bwy, wy) = (v, wy) — alwy, wy) — b{wsy, wy)
(v, w9) = alwy, wy) + b{ws, wy).

This system of two equations in two variables a,b may be written as the matrix equation

(wy, wy) (wg,w1>] [a}

<UJ1, U)2> (wg,w2> b

_ <U7 w1>

N [(v,w2>} '

Since wy, wq are linearly independent, the Cauchy-Schwarz inequality (Theorem 4.8) implies
that the determinant of the matrix on the far left is strictly positive, and so non-zero. So
we can multiply both sides by the inverse of the matrix, which proves that, if a, b exist, then
they are unique. That would make u = aw, 4+ bws unique and z = v — u unique as well. We
must show that these a, b actually work, meaning v — aw;, — bws is orthogonal to w; and ws.
Since our steps were reversible, we can go through them in the reverse order and find that

(v — awy — bws, wy) = (v — awy — bws, we) = 0.

So we can set u = aw; + bwy and z = v — u, and these u, z will satisfy our conditions.
Here is a side note for those inclined to look further into linear algebra: the “basis” consisting
of w; and wsy for the plane that they generate would be called orthonormal if the norms
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of wy and ws are both 1 and the two vectors are orthogonal to each other. In that case,
computing a, b is easy because

(wy, wy) <'UJ2,U)1>:| _ [1 0} N [a} B

<w1,w2> <U)2,U}2> 01
O

Corollary 13.7. The vector Pythagorean theorem (Theorem 4.14) for two dimensions ex-
tends to three dimensions by an identical proof. To be precise, if v is a vectors and W is a
plane, let u = proj,,;v and let z = oprojy,v. Then

luall + [l = [loll*.

Definition 13.8. In Theorem 13.6, if we can assume that v can be chosen “outside” the
plane so that z is a non-zero vector (we have not yet proven that such a v exists), then
every plane in R? has a normal vector, meaning a non-zero vector that is orthogonal to every
vector in the plane (and no other vectors by Theorem 13.4). Though we will not prove
it, one normal vector can characterize a plane in R® by itself and with a point that is on
the plane, instead of us generating a plane using the linear combinations of two linearly
independent vectors. So, while a plane in R® was originally defined as a translation of the
set of linear combinations of two linearly independent vectors with possibly a translation
(Definition 13.3), it may equivalently be defined as the set that is orthogonal to some normal
vector and runs through some given point.

Definition 13.9. Two planes in R? are said to be:

1. Intersecting if there is at least once point that lies on both of them.
2. Coincident if they consist of the same set of points
3. Parallel if they do not intersect

4. Perpendicular if they have orthogonal normal vectors

There are statements that can be made about the various configurations of intersections of
two or three lines and/or planes in space, but we will not look into them in detail here. For
example, two planes intersect if and only if they have non-parallel normal vectors or the
planes are coincident. The contrapositive of this biconditional statement is also useful: Two
planes are parallel if and only if they have parallel normal vectors and the planes are not
coincident.

Theorem 13.10 (Equation of a plane). If n = (a,b,¢) is a non-zero vector and p =
(%0, Yo, 20) is a point in space, then the unique plane that contains p and that has n as
a normal vector (we will assume that such a plane exists) is given by the set

{(z,y,2) € R®: ax + by + cz + d = 0},

where d = —(azg + byg + czp). In the other direction, if (a,b,¢) # 0 and d is some real
constant, then the set of points (z,y, z) that satisfy the equation ax + by + cz+d =0 is a
plane that has (a, b, ¢) as a normal vector. We call ax+by+cz+d = 0 a standard equation
of the plane, much like the standard form of the equation of a line in the Cartesian plane.
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Proof. The key idea is that a point (z,y, z) lies on the unique plane if and only if the vector

((3707 Yo, ZO>7 (33', Y, Z)) = (07 07 O)a (ZL’ —Zo,Y — Yo, %2 — Zo))
is orthogonal to the non-zero vector (a, b, c). Using the dot product, this is true if and only
if
0= (a,b,c) i <$—$0;9_907Z— ZO)

= a(z — o) + b(y — yo) + c(z — 20)

= ax + by + cz — (axo + byy + c20)

=azr+by+cz+d.
For the second assertion, suppose (a, b, ¢) # 0. If we can find a point (zg, o, z0) that satisfies

the equation ax + by + cz + d = 0, then we can go through the steps above in backwards
fashion to rewrite the equation as

(a,b,c) ® (xr — xo,y — Yo, 2 — 20) = 0.
Equivalently,

((-1'07 Yo, ZO)? (fﬂ, Y, Z)) = (07 07 0)7 (.CIZ' —Z0,Y — Yo, <~ — ZO)) 1 ((07 07 O)(&> ba C))

Thus, the existence of a point that satisfies the equation implies that the set of points that
satisfy the equation is a plane with a normal vector (a, b, c). To find a point (z¢, yo, 20), we
will use the fact that at least one of a, b, ¢ is non-zero. If a # 0, then we set y = z = 0 and

d
isolate x = ——. The b # 0 and ¢ # 0 cases follow similarly. In any of the three cases, this

a
process finds a point in the set. O]
Corollary 13.11 (Point-plane perpendicular distance). If a plane is defined by the equation
Ax + By+ Cz+ D =0 and (¢, yo, 20) is a point in space, then the perpendicular distance
from the point to the plane is given by

|A.7}0 + Byo —+ CZO + D|
A2+ B2+ 0?2

Proof. Let (x1,41,21) be a point on the plane. We will proceed by the same clever method
as in Theorem 4.17, by finding the length of the projection of the displacement vector

(1,91, 21); (T, Yo, 20))

to the plane’s normal vector (A, B, C'). By the formula in Theorem 4.13, our answer is

H To — T1,Y0 — Y1, 20 — 21), (4, B, C))
((A,B,C),(A,B,C))
(o — 21,90 — Y1, 20 — 21), (A, B, C))|
1(A, B, C)||
_ |Azg — Az, + Byo — Byy + Cz — Cz|
- VEL B C?
_ |Azg + Byo + Cz + D|
T VR

4n0)
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where we have used the fact that Axy + By, + Cz1 + D = 0 in the last step. As before, this
length is the one we seek due to the triangle inequality and parallelogram law. O]

Theorem 13.12. “The” shortest distance between two parallel planes in three dimensions
is a well-defined concept because:

1. Suppose we are given a plane and a point in space that does not lie on the plane. Then
there exists a unique line segment of shortest length with one endpoint on the point
and the other endpoint on the plane. The segment is perpendicular to any direction
vectors on the plane.

2. The distance from a point on one plane to the closest point on a parallel plane is a
constant, regardless of the first point.

3. The shortest distance from any point on the first plane to the second plane is the same
as the shortest distance from any point on the second plane to the first plane.

Proof. The proofs are very similar to the proofs of the corresponding parts of Lemma 7.17,
showing that perpendicular distance once again converges with shortest distance. We en-
courage the reader to follow through with a write-up. It will be helpful to use the formula
for the perpendicular distance between a point and a plane in space (Corollary 13.11). [

Problem 13.13. Prove that, if two points p, ¢ are on a plane, then the line
C={p+tlg—p):teR}
through the two points lies entirely on the plane.

One may wonder about the extent to which the equation of a plane is unique. Certainly, we
may multiply through an equation

ar+by+cz+d=0
by a non-zero constant ¢ to get
(ta)x + (tb)y + (tc)z + (td) =0

without altering the set of points that satisfy the equation because the step is reversible. So
any non-zero multiple of a normal vector to a plane is also a normal vector. But do any other
equations in standard form yield the same plane? If we can show that all normal vectors
to a plane are non-zero multiples of each other, then it will mean that all equations of the
plane are non-zero multiples of each other. This is because if the equations
ar +by+cz+d; =0,
(ta)xr + (tb)y + (tc)z +dy =0

are satisfied by the same point (z,y, z), then
tdy — dy = t(ax + by + cz) — ((ta)x + (tb)y + (tc)z) = 0,

so td; = dy. Therefore, let us show that all normal vectors to a plane are non-zero multiples
of each other. This line of investigation naturally leads to the cross product as follows.
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Theorem 13.14 (Derivation of the cross product). Let a = (ay,as,a3) and b = (by, by, b3)
be linearly independent (and, so, non-zero) position vectors. Then the set of normal vectors
to the plane generated by a,b is precisely the set of non-zero multiples of the vector

n = ((lgbg — a3bg, a3b1 — (llbg, albg — agbl).

This vector is 0 if and only if a = 0 or b = 0 or a, b are non-zero linearly dependent vectors
(so they point in the same or opposite directions). More briefly, n is non-zero if and only if
a, b are linearly independent.

n

Proof. Following the definition of n in terms of a, b, we will aim to show that + are the

n

only unit normal vectors of the plane generated by a,b. This will prove that a|ll Hnon—zero
multiples of n are normal vectors, and that there are no further normal vectors beyond their
multiples because normalizing any others to have magnitude 1 would produce these just two.
First we will check that

nea=neb=>0.

Then we will naturally deduce n, thereby proving that n is a normal vector that is unique
up to multiplication by a non-zero real. Indeed,

(n, G> = ((a2b3 — azba, azby — aibz, a;by — a2b1)7 (ah az, (13)>
= a <a2b3 — (1362) + az(agbl — albg) + Gg(albg — a2b1)
pu— 07

and a similar computation shows that (n,b) = 0. Now we will compute the norm of n to
check that it is non-zero and determine the conditions under which it is zero. The crucial
idea is to use a sum-of-squares identity, called Lagrange’s identity: for complex n-tuples

(al,ag, e ,an) and (bl, bg, . 7bn)7

it holds that B
(Z ai) . (Z bz) = Z Z (aibj — ajbi)Q.
k=1 k=1 i=1 j=1

The real n = 3 case (which the reader should be able to check manually) then states that
||TL||2 = (a2b3 — a3b2)2 + (a3b1 — a1b3)2 + (Cllbg — a2b1)2

= (a3 + a5 + a3) (b} + b3 + b3) — (a1by + azby + azbs)?

= lla]l* - [1bI]* = (a,b).

The Cauchy-Schwarz inequality (Theorem 4.8) returns! By Cauchy-Schwarz, ||n|| = 0 if and
only if a, b are linearly dependent, which is equivalent to our stated condition. Since our a, b
are linearly independent, ||n|| is strictly positive, so n is a non-zero vector and we can divide
by its norm. This proves that every plane has a non-zero normal vector to it.

Next we will deduce all possibilities for n. We know from a moment ago that every plane
has a non-zero orthogonal vector, so suppose m = (mq, mg, m3) is one such normal vector.
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Without loss of generality, we may assume that that m is a unit vector, since, as we said, m

Il

may be scaled to This yields the following relations:

0 = (m,a) = mia; + maas + msas,
0 = <m, b> = m1b1 + m2b2 + mgbg,
1 = (m,m) =mj+m3 +m3.
We wish to determine (mq, mg, m3) from this system of equations. We do not know which
variables might be zero, so we will have to avoid isolating variables by division. Instead, we
will use elimination via multiplication. We will multiply the first equation by by, bs, b3 and
the second equation by ai, as, ag, which produces the array of equations
0= m1a1b1 + m2a2b1 + mgagbl, 0= m1b1a1 + m2b2a1 + m3bga1,
0= m1a162 + mgagbg + mgagbg, 0= mlblag + m262a2 + mgbgag,
0= m1a1b3 + mgagbg + m3a3b3, 0= m1b1a3 + m262a3 + m3b3a3.
Equating the equations that are beside each other yields the following three equations, after
cancelling common terms and factoring a bit:
mg(agbl — albg) = mg(albg — agbl),
ma (a162 — agbl) = m3(a2b3 — a3bg>,
mg(agbg — agbg) =m (CLgbl — a1b3>.
As we have previously verified that n is non-zero, we may define

(o, B,7) =

n 1

fInll ~ Tinll

This allows us to rewrite the equations as

(a2b3 — agby, agby — a1b3, a109 — azbl).

msf3 = my7,
myy = msa,
moce = my 3.
Moreover, o + % + 4% = 1 holds. We will use these four equations to show that m =

+(a, B,7). Since (a,3,7) # 0 at least one of the three components has to be non-zero.
Suppose it is a. Then
_ gl _ B
ms =mq-— and my = mq - —.
a Q
By substitution, we get

2 2 2

2
:m% (—i—ﬂ——i- )
2 (CV +52+’Y>
o
_mi
=
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Thus, m; = £a. Choosing m; = « leads to ms = 3 and m3 = 7y, whereas choosing m; = —«
leads to me = —( and m3 = —v. Now recall that we were only dealing with the case o # 0;
the cases where 8 # 0 and v # 0 follow similarly and lead to the same two options for m.
We encourage the reader to write out at least one of them. Therefore, the only two possible
unit vectors that are normal to the plane generated by a and b are

n
+ =+ —.
(04,577) ||TL||

This completes the proof, in accordance with our original strategy. O]

Definition 13.15. The cross product of two position vectors a = (ay,as,a3) and b =
(b1, ba, bs) in R? is denoted by and defined as the vector

a x b= (azbs — asbs, asby — a1bs, a1by — asby).

This vector is the zero vector if and only if @ = 0 or b = 0 or a,b are non-zero linearly
dependent vectors. As it is a complicated formula, the student may be interested in knowing
the following mnemonic for remembering it in the form of a “formal” 3 x 3 determinant (recall
determinants from Definition 1.27, where we mentioned the Rule of Sarrus memory trick)

i ik
a X b=det a; ag ag| = iagbg —1—ja361 + k’(leg — k?Clle — jalbg - iagbz
by by b3

= (agbg — agbg)i —|— (a3b1 — albg)j + (albg — CLle)kJ,

where we define

i: (]‘?07 0)7
j=1(0,1,0),
k= (0,0,1).

Note that the definition for the cross product requires us to use position vectors, as opposed
to arbitrary displacement vectors.

This formula for the cross product tell us an explicit way of finding a non-zero normal vector
to any given plane. Every non-zero vector generates a plane to which it is normal (given a

point on the plane), and every plane has a non-zero vector that is unique up to multiplication
of the normal vector by a non-zero scalar.

13.2 Properties

Theorem 13.16. Given three distinct non-collinear points in space, there exists a plane
that runs through them.
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Proof. 1t suffices to find an equation of the form ax + by + cz + d = 0 that is satisfied by
all three terms. We know that, if two linearly independent vectors lie on a plane, then their
cross product is a normal to the plane. After that, it is a matter of knowing one point on
the plane to determine the constant term of the equation. If the three points are p, ¢, r, then
the vectors (r,p) and (r,q) lie on the plane and are linearly independent by Lemma 9.26,
since they are non-collinear. Then we can take the cross product

(r,p) x (r,q) = (0,p—71) x (0,¢ —7) = (a,b,¢)

to get a normal vector and use the point r = (rq,79,73) to get the constant term d =
—(ary + bry + crs). Thus, the equation ax + by + cz + d = 0 works. O

Theorem 13.17 (Algebraic properties of cross product). Let a,b, ¢ be vectors in R® and r
be a real number. Then the cross product satisfies the following properties:

1. Anticommutative: a x b = —(b X a)
2. Distributive over addition: a X (b+c¢)=axb+a X ¢
3. Compatible with scalar multiplication: (ra) x b =r(a x b)

It follows from the first and third properties that a x (rb) = r(a x b) as well. We leave the
algebraic verification of these properties to the reader as an independent exercise.

Problem 13.18. Let ¢, j, k be defined as in Definition 13.15. Compute each of

1 X J,7 X k,kxa.
Lemma 13.19. Given two parallel lines in space, there exists a plane that goes through
both lines. (Recall that parallel lines do not include the coincident configuration.)

Proof. Let the lines be p; + sq and ps + tq, where py, ps are distinct points, s,t are real
parameters, and ¢ is the common direction of the lines. We will show that the plane through
p1, P1 + q, p2 has the same equation as the plane through ps, ps + ¢, p1. This will prove that
there exists a plane that runs through all four points; by Problem 13.13, the line through
p1,p1 + ¢ and the line through ps, ps + ¢ will both lie on the plane. The first plane has a
normal vector

(pr=p2) ¥ (pr = (p1+ @) = (pr — p2) X (=q) = ¢ X (p1r — p2).
The second plane has a normal vector
(p2 = (p2+q)) x (P2 —p1) = (=q) X (p2 —p1) = ¢ X (p1 — pa2).

Since both planes have the same normal vector and both planes contain the point p; (and
p2), they satisfy the same standard equation, and so they must be the same plane. O

Theorem 13.20 (Trigonometric cross product). If 6 is the non-reflex angle between vectors
a and b, then
lla < bll = llal| - {|b]] - sin 6.
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Proof. According to the application of Lagrange’s identity in the proof of Theorem 13.14
and the trigonometric dot product (Theorem 4.10),

la > b]|* = llal| - IbII* - (a, b)*
= llall* - IoI* = llal|* - [|Bl|* - cos® 0
= [lall* - Ib]*(1 — cos™6)
= llal| - [[b]|* - sin®6.

Since 6 is non-reflex, sin# must lie in [0, 1] making it non-negative. So we may take the
square root of both sides to get

lla > bl[ = llal| - [[b[} - [sin 6] = fla| - [[b]] - sin 6.
O

Corollary 13.21. An added benefit of the trigonometric cross product is that, by the sine
area formula for a triangle,

lall - o] - sin @

is the area of the parallelogram that has displacement vector representatives of a and b as
adjacent sides with a common tail.

Definition 13.22. A parallelepiped is the three-dimensional analogue of a parallelogram.
More precisely, there are at least three ways of characterizing it:

1. A 6-faced polyhedron such that each face is a parallelogram.
2. A 6-faced polyhedron such that there are three pairs of parallel faces.

3. A parallelogram-based prism (not necessarily right).

To construct a parallelepiped, it is enough to know three vectors that are edges that protrude
from one vertex of a parallelepiped. The volume of a parallelepiped may be computed as
the area of any base times the corresponding height, which is the distance between that base
and its twin parallel base.

Theorem 13.23. Let P be the parallelepiped that has a vertex at the origin and the position
vectors a, b, ¢ as adjacent edges coming out of the origin. Then the volume of P is given by

V =|ce(axDb)|

Subsequently, a, b, ¢ are coplanar, meaning they inhabit the same plane, if and only if V' = 0;
this will be proven rigorously, but it should make geometric sense as well.
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Proof. We recommend that the reader draws a diagram and adds to it while going through
the proof. Let B be the area of the a, b base and h be the displacement normal vector from
the a, b base to the arrowhead of ¢; this means that ||| is the distance between these two
parallel faces. By the trigonometric dot product, we know that

B = [|al[ - [[b]} - sin 6 = [la x b],

where 6 is the non-reflex angle between the vectors a, b. Let a be the non-reflex angle between
the normal vector a x b and c. By Lemma 13.19, there exists a plane that runs through a x b
and h. By Problem 13.13, ¢ also lies on this plane since it attaches the tail of n = a x b to the
arrowhead of h. Let § be the non-reflex angle between h and c¢. By the theorems on angles
between parallel lines and a transversal, regardless of the direction of a x b in comparison to
the direction of h,

| cos | = | cos

since cos z and cos(m — x) are negatives of each other. By the unit circle definition of cosine,
| cos B = 7=+ == [|All = lle][ - [ cos B].

By the trigonometric dot product, the volume of the parallelepiped is

V=B -|[|h] = lle]l - lla x bl| - | cos ]
= [lell - lla < bl| - [ cos o

= |ce (a x b)|.

For the corollary about a,b,c being coplanar, recall that a x b is orthogonal to the a,b
plane, and a vector is orthogonal to a x b if and only if it lies on the a, b plane. Therefore,
|ce (a x b)] =0 if and only if ¢ lies on the a, b plane, meaning a, b, ¢ are coplanar. O

Definition 13.24. A computation of the form a e (b x ¢), where there is the dot product of
a vector with a cross product, is called a scalar triple product.

Theorem 13.25. If we have three position vectors

a = (a1,a2,a3),b = (51,52753)70 = (01702703),

then
ap Gz as
ao(bxe):det bl bg bg
Ci C2 C3

As a consequence,
ae(bxc)=be(cxa)=ce(axb).

Thanks to the anticommutativity of the cross product, the volume of parallelepiped can also
be computed as
—ae(cxb)=—-be(axc)=—ce(bxa).
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Proof. The determinant identity may be proven by direct expansion of both sides, which we
ask the reader to verify independently. The consequences follow because transposing any
two rows of a matrix only changes change the sign of the determinant, and so applying two
transpositions leaves the determinant intact (Theorem 1.28). O]

Problem 13.26. For any vectors a, b in three dimensions, prove that
ae(axb)=be(axa)=0.

Problem 13.27 (Lagrange’s formula). Let a,b, ¢ be any three vectors in three dimensions.
Since b x ¢ is orthogonal to b and ¢, the vector triple product a x (b X ¢) is orthogonal to
b x c. So a x (b x ¢) must lie in the b, ¢ plane. Prove that

ax (bxc)=(aec)hb— (aeb)c.

Problem 13.28 (Jacobi’s identity). For any three vectors a, b, ¢ in three dimensions, prove

that
ax(bxec)+bx(cxa)+cx(axb)=0.
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Chapter 14

Three Dimensions

“T've always been passionate about geometry and the study
of three-dimensional forms.”

— Ernd Rubik

The two basic measures of objects in three dimensions are volume and surface area. The
objects that we will study are prisms and pyramids, followed by their curved counterparts,
which are cylinders and cones, along with spheres. The material presented here about
three-dimensional geometry will partly be about observing formulas whose rigorous proofs
are beyond the presented level of exposition. However, one should be familiar with the
definitions and formulas. In the cases where we derive the formulas with complete or partial
proofs, it is important to understand the logic in addition to knowing the formulas.

14.1 Prisms and Pyramids

Definition 14.1. In the 2D plane, recall from Definition 2.16 that a half-plane is either
part of the plane resulting from splitting the plane with a line. For our purposes, we include
the splitting line as a part of each of the two resulting half-planes. The 3D analogue of a
half-plane is a half-space, which is defined as either side of a plane in 3D space. Similar
to how we include the line in a half-plane defined by the line, we include the plane in a
half-space defined by the plane.

Similar to Definition 2.16, half-planes are a useful concept because it is possible to show that
one formulation of the definition of a convex polygon is a bounded non-empty region in the
2D plane that is the intersection of finitely many half-planes, where we never include both
half-planes resulting from any one line. This allows us to easily define the 3D analogue of
convex polygons, as follows.

Definition 14.2. A convex polyhedron (the plural is polyhedra) is a bounded non-empty
region in 3D space that is the intersection of finitely many half-spaces, where we never include
both half-spaces resulting from any one plane. This region’s boundary has three types of
components:

e Flat faces that are polygons resulting from each plane being cut by other planes
e Straight edges that are maximal line segments on the boundaries of each face

e Vertices that are corners at the endpoints of edges; these are also the vertices of faces

209
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Unfortunately, it is much more difficult to define non-convex polyhedrons, so we will not
attempt to characterize them. In fact, there is some controversy over several competing
definitions that are not equivalent.

Definition 14.3. In a convex polyhedron, the degree of a vertex is the number of edges
emanating from it. For convex polyhedra, it is clear that the degree of a vertex is also equal
to the number of faces meeting at the vertex.

Definition 14.4. A regular polyhedron, otherwise known as a Platonic solid, is a
convex polyhedron whose faces are congruent regular polygons and each vertex has the same
degree.

Ezample. There are exactly five distinct Platonic solids: tetrahedron, hexahedron (cube),
octahedron, dodecahedron, and icosahedron.

We classified them and studied the properties of their skeletons using the tools of graph
theory in Volume 2.

Definition 14.5. There are two standard ways of measuring the size of a polyhedron, anal-
ogous to the perimeter and area of a polygon:

e The surface area of a polyhedron is the sum of the areas of its faces.

e Intuitively, the volume of a polyhedron is the amount of space it takes up in 3D space.
This is the number of 1 x 1 x 1 unit cubes that would fit inside it, including partial
unit cubes.
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Definition 14.6. A prism is a convex polyhedron whose construction begins with two
congruent faces called bases that are translations of each other (i.e. no other transformations
like rotation are involved) and that lie on parallel but different planes. The other faces, called
lateral faces, are constructed by drawing line segments between corresponding vertices of
the bases. If the bases are n-gons, we call the polyhedron an n-gonal prism. There are
some related concepts:

e By Theorem 13.12, there is a constant perpendicular distance between the two bases
because they lie on parallel planes. This is the prism’s height or altitude.

e A right prism is a prism in which the lateral faces are perpendicular to the bases.
Otherwise, it is called an oblique prism.

Ezrample. The most common prism is a right rectangular prism, otherwise known as a
box; the word “right” is usually dropped because it is presumed that a rectangular prism is
right. This polyhedron has three disjoint sets of two parallel faces each, where any two faces
from different sets lie on perpendicular planes. A box has three disjoint sets of parallel edges
that each have four edges of equal length. These three lengths are called its dimensions,
distinguished as the length, width and height, though there is no canonical way of making
the distinction. A special case of a rectangular prism is a cube, whose three dimensions
are all equal. If the dimensions of a box are a,b, ¢, then its volume is defined as abc; this
formula is consistent with the fact that if a,b, ¢ are positive integers, then exactly abc unit
cubes could be fitted together without overlaps or gaps to produce a box with dimensions
axbxec.

Example 14.7. Find a formula for the surface area of a rectangular prism with dimensions
a X b x c and use it to find the surface area of a cube of edge length s.

© 2024 Samer Seraj. All rights reserved.



212 CHAPTER 14. THREE DIMENSIONS

Solution. A rectangular prism has six faces, which come in three pairs of congruent faces.
The sum of the areas of the six faces is 2(ab + bc + ca). Subsequently, since each face of a
cube of edge length s is a square of side length s, its surface area is 6s2. [

Problem 14.8 (Square-cube law). Defining the similarity of polyhedrons in a sensible way,
if the ratio of corresponding edges is k, then the ratio of surface areas is k* and the ratio of
volumes is k®. Prove this for boxes. This is the three-dimensional version of Corollary 9.24.

Problem 14.9. A space diagonal of a box is a line segment connecting one of the three
pairs of opposite vertices. By “a pair of opposite vertices,” we mean that there does not exist
a face such that the two vertices both belong to that face. If a box has dimensions a X b X c,
then determine the lengths of its space diagonals.

Theorem 14.10. We can compute the following:

1. The surface area of a right prism is S = 2B + ph, where B is the area of a base, p is
the perimeter of a base, and h is the height of the prism.

2. The volume of a prism is V' = Bh, where B is the area of a base and h is the height.
A consequence of this formula is that the volume remains unchanged if the bases
are translated to anywhere on the respective planes running through them, since the
distance between two parallel planes is constant.

Proof. In a right prism, all the lateral faces are rectangles with height h. If the side lengths
of the base are sq, So, ..., s,, then the sum of the areas of the lateral faces is

51h+52h—|—“‘+5nh:ph.

Then we simply add the areas of the bases, which is 2B. We do not provide a proof of the
volume formula. m

Definition 14.11. A pyramid is a convex polyhedron whose construction begins with a
face called the base, and a vertex called the apex that lies outside the plane of the base.
The other faces, called lateral faces, are constructed by drawing the line segments between
the vertices of the base and the apex. If the base is an n-gon, then we call the polyhedron
an n-gonal pyramid. There are some related concepts:

e The perpendicular distance between the apex and the plane running through the base
is the height or altitude of the pyramid.
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e For our purposes, we define a regular pyramid to be a pyramid such that its base is
a regular polygon and the foot of its height is the center of the base. For our purposes,
we will call non-regular pyramids oblique.

[

e The lateral faces of a regular pyramid are congruent triangles, and a lateral face height
emanating from the apex is called a lateral height or slant height of the pyramid.
The Pythagorean theorem tells us that the slant height is V72 + h? where r is the
inradius of the base (this is the perpendicular distance from the center of the regular
polygon that is the base to an edge of the base), and h is the height of the pyramid.

Example. A triangular pyramid, is a pyramid whose base is a triangle. Notice that any
of the faces of a triangular pyramid can be taken as a base. A square-based pyramid is
a pyramid with a square base.

Theorem 14.12. We can compute the following:

14
1. The surface area of a regular pyramid is S = B + p—, where B is the area of the base,

p is the perimeter of the base, and £ is the slant height.

Bh
2. The volume of a pyramid is V' = ——, where B is the area of the base and h is the

height. A consequence of this formula is that the volume remains unchanged if the
apex is relocated to anywhere on the plane that runs through it and is parallel to the
base, and if the base is translated to anywhere on the plane running through it. This
is because the distance between two parallel planes is constant.

Proof. In a regular pyramid, let the slant height be [. If the side lengths of the base are

S1,89,...,5Sn, then the sum of the areas of the lateral faces is
s10 syt spl pl
> T T 2 2

Then we simply add the area of the base, which is B. We do not prove the volume formula,
which can be proven by integration from calculus. O]

Problem 14.13. Let V be a vertex if a cube of side length s and let A, B, C' be the three
vertices that are attached to V' by an edge. The tetrahedron resulting from drawing AABC
is sliced off the cube. Determine the height of the tetrahedron corresponding to the base

AABC.
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Example 14.14. Find the surface area and volume of a tetrahedron in terms of its edge
length s.

Solution. We find the surface area, followed by the volume:

1. A tetrahedron is a regular triangular pyramid, so it has four faces that are all equilateral
2

iy Thus, the

triangles of side length s. The area of each equilateral triangle is

surface area of a tetrahedron with edge length s is

2
4 - \/is = \/552.

2. To find the volume, we only need to determine the height of the tetrahedron, as we
already know the area of a base. The foot of the height is the center of the equilateral
triangle that is the base because a tetrahedron is a regular pyramid. The center of an
equilateral triangle cuts each height of the equilateral triangle in a 2 : 1 ratio and each
height of the equilateral triangle has length @’ so the distance from the foot of the
height of the pyramid to a vertex of the base is

2 \/gs B \/gs
3.2 37
By the Pythagorean theorem, the height of the tetrahedron is

3 V3
Therefore, the volume of a tetrahedron with side length s is

1\/332 \/53_\/533
34 30 127

. <\/§>: V35

O

Problem 14.15. Find the surface area and volume of an octahedron in terms of its edge
length s.

14.2 Curved Objects

Definition 14.16. A cylinder is like a prism, except its bases are closed disks. A height
is defined analogously. There are some related concepts:

e The radius of the bases is called the radius of the cylinder.

e A right cylinder is a cylinder such that the line segment connecting the centers of
the two bases is a height. Otherwise, it is called an oblique cylinder.
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Theorem 14.17. We can compute the following:
1. The surface area of a right cylinder with radius r and height h is 27r(r + h).
2. The volume of a cylinder with radius » and height h is 7r?h.

Proof. A right cylinder’s bases can be popped out and the lateral surface can be unrolled
along a height on the lateral surface to produce a rectangle with dimensions 27r and h, since
one of the dimensions is the circumference of a base. This yields the surface area

2mr? + 27rh = 27r(r + h).

If we assume that the volume formula for prisms holds with circular bases, then, since the
area of a base is 77?2, the volume is 7r-2h. O

Definition 14.18. A cone is like a pyramid, except its base is a closed disk. The height
and the apex are defined analogously. The lateral surface of a cone is the part of the
surface that excludes the base. There are some related concepts:

e The radius of the base is called the radius of the cone.

e A right cone is a cone in which the line segment connecting the apex to the center
of the base is the height. In a right cone, the lateral height is the distance from the
apex to a point on the circumference of the base (this distance is the same for all such
points).
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Theorem 14.19. We can compute the following:
1. The surface area of a right cone with radius r and height h is 7r(r + V12 + h?).

2R
2. The volume of a cone with radius r and height h is il

Proof. The Pythagorean theorem tells us that a right cone has a constant slant height of
(=12 + h2

So popping out the base and unrolling the lateral surface along a slant height produces a
sector of a circle with radius V72 + h2. The sector has arc length equal to the circumference
of the base, which is 27r. In radians, the sector has measure

2rr 2rr
T — = ——.
27l 14
Therefore the surface area is
1 2
mr? + o %4%2 =ar(r+4).

If we assume that the volume formula for pyramids holds with a circular base, then since
2
wreh
m

the area of the base is 772, we get that the volume is

Definition 14.20. A sphere is a 3D analogue of a circle. It is the collection of all points
in 3D space that are at a fixed distance called the radius, from a certain point called the
center.

Theorem 14.21. The following formulas hold for a sphere of radius r:

1. Tt has surface area 47mr>.

4
2. Tt has volume —mr>.

We do not have the means to prove either formula rigorously, as the standard proofs involve
integrals from calculus.
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Definition 14.22. A general technique that is useful in 3D problems is to convert the
problem into a 2D problem. One instance of this technique is to cut through a 3D object
with a plane to get a 2D shape that is the cross section.

Ezxample. A cross section was taken to find the volume of an octahedron in the solution to
Problem 14.15.

Every cross section of a sphere is a circle. A special case is that, if the cutting plane goes
through the center of the sphere, then we call the resulting cross-section a great circle. As
a side note, drawing the segments from the center of a sphere to the boundary of a non-great
circle resulting from a cross-section produces a right cone. (Do you see why?)

We have already seen another famous example of cross sections in the conic sections, which
are curves on the boundaries of cross-sections of cones. These are ellipses, parabolas, and
hyperbolas. These were studied from a largely algebraic perspective in Chapter 12.

Example 14.23. A cone whose lateral height equals the diameter of its base is “inscribed”
in a sphere, meaning each point of the circumference of the base of the cone touches the
sphere and the apex of the cone also touches the sphere. Determine the ratio of the volume
of the cone to the volume of the sphere.

Solution. Let the radius of the sphere be R. We take a cross section of the configuration
such that the cutting plane goes through the apex of the cone, the center of the sphere and
a diameter of the base of the cone. Then the cross section consists of a great circle, which
necessarily has radius R, with an equilateral triangle whose vertices all lie on the great circle.
We want to find the side length of this triangle because it equals the lateral height and the
diameter of the base of the cone.

Let the side length of the triangle be a. It was proven in Theorem 11.27 that the area of the
ah
triangle is Z_R Another way of finding the area of the triangle is - where h is the height.

By equating these two formulas and using the Pythagorean theorem,

a®  ah a? a\?2  v3a
_ = — 2 _ — e —
IR 2 T ar _mVe (2) g = a=V3R

Thus the radius of the cone is

V3R

a
2 2
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and the height of the cone is

so the volume of the cone is

5 — =-7mR%.

T (V3R\" 3R _3
3 2 8

THREE DIMENSIONS

Therefore, the ratio of the volume of the cone to the volume of the sphere is

3 4 9
- R3>+(— R3> = —.
(87T 3" 32
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Appendix A

Solutions

“Most of the time, I know what to do. I don’t have to
figure it out. I don’t have to sit there, calculate for
forty-five minutes, an hour, to know what is the right
move. I just, usually I can just feel it immediately... I have
to, you know, verify my opinion, see that I haven’t missed
anything. But a lot of the time, it’s fairly useless because I
know what I'm going to do, and then I sit there for a long
time, and I do what I immediately wanted to do.”

— Magnus Carlsen, 60 Minutes Qvertime

Solution 1.18. The idea is that the two lines in the system turn out to the be same line,
and so any point on the common line is a solution. If p = (p1,p2) and ¢ = (q1, ¢2) are two
solutions, we conjecture that all elements of the line {p + t(¢ — p) : t € R} are solutions. A
generic element of this set is

p+tlg—p) = p1,p2) +t(g1 — p1,02 — p2) = (1 — t)p1 +tqr, (1 — t)pa + tqo).

So we want it to be true that

a((1 = t)pr +tq) +b((1 — t)p2 + tg2) = c,
a((1—=t)p1 +tq) + B((1 —t)py +tg) = .

We know that

apy +bps =c = a(l —t)p1 +b(1 —t)py = (1 — 1),
api+fpy =7 = a(l =t)p1 + B(1 = t)p2 = (1 - 1),

and

aq1 + bgy = ¢ = atq, + btgy = ct,
aq + Bg =7 = atq + Btgx = L.

Adding the first and third equations yields

a((1 = t)pr +tq1) + b((1 — t)p2 + tg2) = c

and adding the second and fourth equations yields
a((l=1t)p1 +tq) + B((1 —t)ps + tga) = 7.
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This solution would have been cleaner and clearer using matrices, but we have not yet
introduced the algebra of matrices.

Solution 1.31. Let v = (vy,v3) and w = (w1, wy) be points in R? such that

((07 0>7 (Ulv UQ)) and <<07 O)? <w17 w2))

are linearly independent position vectors. We want to show that for every point z = (21, 29),
there exist real numbers a, b such that av+bw = z. Expanding it out in terms of coordinates,
we want

(avy + bwy, avy + bwsy) = (21, 29).

This can be written as the matrix system

(o w) () =)
Vo Wo b - Z9 '
Since v and w are linearly independent, the determinant vyws — vew; is non-zero. So,

U1 wr

(whose determinant is
U2 W2

we can multiply both sides by the inverse of the matrix (
V1Wo — W1V 7A O) to get

(=) ()= e (5 ) C)

b Vo W2 zZ2 V1We — W1 V2 —Uy U1 2/

This means the constants a, b exist, and we can solve for them in general in this way through
matrix inversion and multiplication.

Solution 1.32. We know that v # 0. By Lemma 1.25, the linear dependence of u, v implies
there exists ¢ € R such that v = tv. Similarly, the linear dependence of v, w implies there
exists s € R such that w = sv. Then u =0 or u # 0. If u # 0, then u = tv implies t # 0, in
which case

s
w = SV = —u.
t

S
So u =0 or, for r = n € R, w = ru. Therefore, u, w are linearly dependent.

Solution 2.27. By our complex criteria for lines being parallel or perpendicular (Theo-
rem 2.24), we get the separate equations
2= f

a—b+

|

Il
o

f

| s

S|~ 2
Q| o=l

—a
We want to find an expression for f, and as with many computations involving complex

numbers, the challenge is to remove f from the equation. Isolating f in each equation yields
the equations
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After equating the left and right sides, it is a matter of going through several lines of algebra
to eliminate f, which we leave to the reader.

Solution 3.4. Since f : X — Y is bijective, we know that f~! exists and maps Y to X
bijectively. By the definition of inverses,

flxo) =yo = [ (o) = f " (f(x0)) = 0,
F o) =20 = f(xo) = fF(F () = vo-

So (g, 10) is on the graph of f if and only if (yo, o) is on the graph of f~. Now it suffices
to show that (z¢,yo) and (yo, z¢) are mirror images across the line x = y. By the reflection
formula, the image of reflecting z = x¢ + iyy across 1 -z + (—1) -y + 0 = 0 can be computed
as Yo + txg. This is what we wanted to see.

Solution 3.11. If AB < AC and BC < AC then

AB < AB+ BC < AC + BC,
BC < BC+ AB < AC + AB.

These are two triangle inequalities. If it turned out that AC < AB + BC as well, Theo-
rem 3.10 says that A, B, C' would form a non-degenerate triangle, contradicting the fact that
they are collinear. So it must be be otherwise. That is, AC' = AB + BC, which proves that
B lies strictly between A and C', by our definition of “betweenness.”

Solution 3.15. It suffices to verify that z3 lies on the line though z; and 2, and that z3 is
equidistant from z; and zs, as this will force z3 to lie on the line segment between z; and z;.
To do this, we compute that

Z9 — 23 9 — —Z1;Z2
aTn m o o al =k

This means that the distance from z3 to 25 is equal to the distance from z3 to z;. Moreover,
since —1 = ¢'™, the first equation means that rotating z; counterclockwise around z3 by 7
causes z1 to coincide with z,, so the three points are collinear; more formally, we can simply
use Theorem 2.24.

Solution 3.16. Let w be the reflection of z across the line through a and b, and let f be the
point at which the segment through z and w intersects the line through a and b. Since f is
the midpoint of the segment between z and w, the complex midpoint formula (Problem 3.15)

tells us that
zZ+w

f==3

Since f is the foot of the perpendicular from z to the line through a and b, we can use the
complex foot formula (Problem 2.27) to get

— w=2f —z.

5 z(&—f))—i—?(a—b)—i—&b—(%_ Z(a—b)+ab— ab
2(a — b) a— '

w =
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Solution 4.7. Let two adjacent sides be given by the position vectors v and w. By the
parallelogram law (Theorem 1.39), the length of one diagonal is ||jv + w|| and the length of
the other diagonal is ||v — w||. By using the relation between the Euclidean norm and dot
product, followed by expansions and cancellations, we get

&+ yl* + [lz — y|”

={@+yr+y +{z—y,r—y)

= (z,2) + (z,y) + (Y, 2) + (¥, y) + (z,2) + (z,—y) + (-y,2) + (~y,—y)
= (z,2) + 2(z,y) + (y,y) + (z,2) — 2(z,9) + (y,9)

=2(z, ) + 2(y, y)

= 2|z ||” + 2[|y||*.

This is the identity that we wanted to see.

Solution 4.12. Using the fact that the dot product distributes over addition, we compute
that
(v—w)e(v+w)=(v—w)ev+ (v—w)ew
=veVv—wWevUt+vew—wew

=vev—weuw

= [[o[* = flwlf*.

Solution 5.22. Since AABC' is isosceles with CA = CB, we also know that ZCAB =
ZCBA. Since they cannot both be right or both be obtuse, they must both be acute. By
Theorem 5.21, F' lies in the interior of AB.

Solution 5.29. The sum of each exterior and interior angle is 180 degrees and there are n
such pairs for a total of 180°n. Subtracting the sum of the interior angles from this yields

180°n — 180°(n — 2) = 360°.

This is a constant! It is in contrast to the sum of the interior angles formula that is mono-
tonically increasing in n as we saw in Theorem 5.28.

Solution 5.31. The individual interior angles of equiangular n-gons measure

180 (=2 (1 - g)
n n/’

which approaches 180° as n — o0o. The individual exterior angles of equiangular n-gons

measure , which approaches 0 as n — oo.

Solution 5.32. With the base case for triangles taken for granted, assume that there exists
an integer n > 3 such that Pick’s theorem holds for generalized lattice n-gons. Suppose P is

a generalized lattice (n + 1)-gon. After finding an ear V' of P, let T' be the induced triangle
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of V, which is easily seen to be a lattice triangle, and let () be the generalized lattice n-gon
resulting from clipping V. For any generalized polygon O, such as T, Q) or P, let Iy be the
number of lattice points in the interior of O, and let Bp be the number of lattice points on
the boundary of O, including vertices. Let ¢ be the number of lattice points on the edge
connecting the neighbours U and W of V' in P, including U and W. Then

IPZIT+]Q+(C—2>,
BPIBT+BQ—26+2

By the base case and the induction hypothesis,

B
[T]:IT+7T—1,
Bqg

@ =Io+ -1

Summing these two equations and applying the equations that resulted from studying the
absorption effect on the lattice points on UW, we get

[P = [1)+(Q] = Ir + Ig + = —2 2
B 2c —2
= Ip—(c—2) P+26 —9
B

This completes the proof by induction.

It is reasonable to wonder how the result would be proven for triangles in order to establish
the base case. Elementary proofs typically start off by proving the result for rectangles
and then right triangles, neither of which are difficult. The trouble is the next step, when
a minimal bounding rectangle (whose edges are parallel to the axes) is drawn around an
arbitrary generalized lattice triangle, and right triangles are sliced off from the rectangle to
produce the original triangle. The issues with such proofs is not only the fact it is necessary
to verify Pick’s theorem in the numerous cases of the last step, but that it is hard to be sure
that all cases have been covered. However, if we move away from such an elementary proof
in favour of rigour, a preliminary step that is usually taken is to prove that every primitive

lattice triangle has area —, where a primitive generalized lattice polygon is defined as

a generalized lattice polygon that has no lattice points in its interior and the only lattice
points on its boundary are its vertices. There are other steps involved, but this is the most
non-elementary as it involves using linear algebra to formalize the idea of tiling the plane
with copies of this triangle.

Solution 6.3. Our proof of the second result will use the first result.

1. Let ABC be a triangle and let M be the midpoint of AB. For one direction, suppose
ZACB = 90°. We will use coordinates, specifically C' = (0,0), A = (0,a), and B =
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b,0). Then the M = 2,9 . This easily leads to
272
2 2 2 2
o (@ )2 (9_ ) _(a—=0)*+(0—-b)* AB
CM? = (2 0) + 5—0) = > =
AB
CM=——.
2
AB

Conversely, suppose CM = - As M is the midpoint of AB, we get MA = MB =

MC'. So the circle with center M and radius M A goes through A, B, C. Since AB is a
diameter of this circle, Thales’s theorem implies that ZAC'B = 90>

2. Let I' be the circle with diameter UV and let W be a point on the plane that is distinct

from U and V. Let M be the midpoint of UV. By the last part, ZUWV = 90° if and
only if MW = % Since

%¥:MU:MM

uv
the condition MW = — is equivalent to MW = MU = MYV. Finally, M is equidis-
tant from U, V, W if and only if W lies on I', since I' is the circle with diameter UV.

Solution 6.8. Let R be the circumradius of AABC. By the sum-to-product identities and
the extended sine law,

tan (457) _ 2-sin (452) o (452)
tan (A%B) 2 .sin (AJFTB) . COS (A*TB)
sinA —sin B

- sin A + sin B
a b

2R 2R

a b
3R T 2R
a—>b

a+b

Solution 6.13. The second part will follow from the first.

1. The common tangent line is perpendicular to both radii that touch the point of tan-
gency of the circles. Since the two radii are both perpendicular to the same line, the
the lines through the two radii are parallel or the same line. Since the two radii share
a common point (that is, the point of tangency of the two circles), the same line goes
through them. This line contains both centers and the point of tangency of the circles.

2. By the previous part, the line through the centers contains the point of tangency of
the circles. This line contains a radius from each circle. Since the tangent line through
the point of tangency is perpendicular to each radius, it is perpendicular to the line
through the centers.
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Solution 6.17. If P lies on the major arc ZX\B, then by the inscribed angle theorem, ZAPB
has the same measure as half the measure of the intercepted arc of the chord. According to
the preceding lemma, this is exactly the acute angle between the chord and the tangent line.
Similarly, if P lies on the minor arc @, then by the inscribed angle theorem, ZAPB has
the same measure as half the measure of the arc opposite to the intercepted arc of the
chord. According to the second part of the preceding lemma, this is exactly the obtuse angle
between the chord and the tangent line.

Solution 6.19. We treat the three cases separately:

e Secant-secant: There are four intersection points. We connect opposing intersection
points (meaning two intersection points that lie on opposite sides of the line through
the other two) to create two inscribed angles that are equal alternate interior angles of
a transversal. The result follows from the inscribed angled theorem.

e Secant-tangent: There are three intersection points. We connect the lone intersection
point of the tangent with one of the secant’s intersection points to produce two equal
alternate interior angles of a transversal. The result follows from the inscribed angle
theorem and the chord-tangent arc theorem.

e Tangent-tangent: There are two intersection points, one from each tangent. We know
that, if a chord is perpendicular to a tangent and touches that tangent’s point of
tangency, then the chord is a diameter, by the chord-tangent arc theorem. The same
must be true for the other chord corresponding to the other tangent. Since the tangents
are parallel, the chords are either parallel or they coincide. Two diameters cannot be
parallel as they always share the center, so they must coincide. So connecting the two
intersection points produces a diameter, which cuts off two semicircles.

Solution 6.20. This is immediately true from applying the cosine law. One of the directions
is a computation of length. The other direction uses the fact that cosine is bijective on the
interval (0°,180°). Work out the details for yourself.

Solution 7.6. Let the centers of the circles be P and @), let the common chord be AB, and
let M be the midpoint of AB. By Theorem 7.5, we know that PM and QM are both per-

pendicular to AB. thus, ZPM() is a straight angle, so the line through P() is perpendicular
to AB and runs through M.

Solution 7.7. Since cosine is strictly decreasing on the interval (0, 7) and the interior angles
of a triangle lie in this interval, ZA > /B if and only if cos ZB > cos ZA. By the cosine law,
we can take a sequence of reversible algebraic steps:

A +a? -0 . b? + c? —a?
2ac 2bc
b? + a’b — b® > ab® + Pa — a®
(a=b)(a+b+c)(a+b—c)>0.
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Certainly a + b + ¢ > 0 and the triangle inequality tells us that a + b > ¢. So the inequality
is true if and only if a > b.

This result tells us that a > b and a > ¢ if and only if LA > ZB and ZA > ZC, so the
longest side is opposite the largest angle. Similarly, a < b and a < ¢ if and only if ZA < /B
and LA < ZC, so the shortest side is opposite the smallest angle.

Solution 7.14. If AABC is equilateral, then all of the sides are equal and we have
AB BC (CA
BC CA AB
so SSS similarity yields AABC' ~ ABCA. In the other direction, suppose AABC ~ ABCA.
Then there exists a positive constant k such that

AB  BC CA
BC C(CA AB

1

Y

k.

As a consequence,

AB=Fk-BC=k>-CA=1k> AB,

and so k = 1. This proves that
AB = BC = CA,

so AABC is equilateral.

1
Solution 7.16. By SAS similarity, the nested triangles are similar with similarity ratio 3
and have the same orientation. Thus, the sides opposite to the common angle are in a 1 : 2

ratio and are parallel by Theorem 7.15. The four triangles that result from connecting the

midpoints of all the edges are congruent by SSS congruence because, if the original triangle
a b c

35y as shown in

has side lengths a, b, ¢, then the four triangles each have side lengths

the diagram.
C

A B

Solution 7.20. First we draw the two diagonals AC' and BD of the convex quadrilateral
ABCD. Let the midpoints of AB, BC,CD, DAbe W, XY, Z respectively. By Problem 7.16,
WX and Y Z are parallel to AC, and XY and ZW are parallel to BD. By Lemma 2.15, XY
and ZW are parallel, and Y Z and WX are parallel. Thus, W XY Z is a parallelogram.
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Solution 7.23. Suppose we have a rhombus. Since it is a parallelogram, its diagonals
bisect each other due to Theorem 7.22. Drawing the diagonals and using the fact that they
bisect each other and that all sides have equal length, we find using SSS congruence that the
diagonals produce four equal right angles at their intersection.

Conversely, suppose the diagonals of a convex quadrilateral perpendicularly bisect each other.
By SAS congruence, the four right triangles produced by the diagonals intersecting are
congruent. So the sides of the quadrilateral (which are the hypotenuses) are all equal,
making the convex quadrilateral a rhombus.

Solution 7.24. Suppose we have a rectangle ABC'D. Every rectangle is a parallelogram,
so its diagonals bisect each other due to Theorem 7.22. We know that the four interior
angles are right angles, and that opposite sides of a parallelogram have equal length. By
SAS congruence, AABC = ADCB, so the diagonals AC' and DB have equal length.
Conversely, suppose the diagonals of a quadrilateral are equal in length and bisect each
other. Then we can draw a circle whose center is the intersection point of the diagonals and
the endpoints of vertices of the quadrilateral are on the circle. This means the diagonals
are diameters, so Thales’s theorem (Theorem 6.2) says that the four interior angles of the
quadrilateral are all 90°. Therefore, the quadrilateral is a rectangle.

Solution 8.6. Let ABCD be a cyclic quadrilateral, and for the sake of brief notation, let
AB =a,BC =b,CD = ¢, DA = d. Let 0 be the measure of the interior angle ZABC and
let ¢ be the measure of the interior angle ZADC' By cyclicity, 8 + ¢ = 7, so

a2+ — AC?

2+ d?— AC?
2ab ’

2cd

cosf) = —cosp = —

Clearing the denominators and isolating AC? yields

a*cd + b?cd + *ab + d*ab  (ac + bd)(ad + be)

AC? =
¢ ab + cd ab + cd

By a similar derivation,

(ac + bd)(ab + cd) |

BD? =
ad + be
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Solution 8.8. Suppose ABCD is a trapezoid. We will show that a pair of base angles are
equal if and only if connecting the midpoints of the bases creates a segment perpendicular
to both bases. Let AB < C'D without loss of generality, and let M be the midpoint of AB
and N be the midpoint of C'D.

M A

s e

hd

I

I

I

I

! -

! 75
X .
I

I

+

L/

N P D

e Suppose MN is perpendicular to AB and C'D. After drawing AN and BN, SAS
congruence tells us that AANM = ABNM. This means AN = BN and ZANM =
ZBNM. Then

LZAND =90° — LZANM =90° — ZBNM = Z/BNC

Combined with DN = C'N and AN = BN, this tells us that AAND = ABNC by
SAS congruence. Thus, the base angles ZADN and ZBCN are equal.

e Suppose a pair of base angles are equal; we know that this means the other pair of
base angles are also equal. Let the feet of the perpendiculars from A and B to the line
through C'D be P and (@), respectively. Since AB < C'D and base angles are equal,
LADC = /ZBCD are acute and so are ZACD and ZBDC. So P and @ both lie on
the segment C'D. Then AP = B() because parallel lines have a constant perpendicular
distance between them (Lemma 7.17), and ZDAP = ZCBQ since ZADP = /BCQ.
Then AAS congruence yields ADAP = ACBQ and so DA = C'B. By SAS congruence,
NADN = ABCN,so AN = BN. Since AM = BM, SSS congruence yields AAMN =
ABMN. Thus, ZAMN = ZBMN = 90° and, since alternate interior angles of a
transversal are equal, ZDNM = ZCNM = 90° as well.

Solution 8.22. Let I be the incenter of the tangential polygon. Let V; be the vertex
connecting edges s;_1 and s;. Let the foot of the perpendicular segment from I to the line
through each s; be X;; we know that X; lies in the interior of s; since we are handling a
tangential polygon. Drawing IV; produces right triangles AI'V; X, | and AIV;X;. implies
X1V, = £X;_11V;. As the two perpendicular distances X, ; and IX; are equal and
the right triangles share the hypotenuse I'V;, HL congruence tells us that the triangles are
congruent. As this can be done with every vertex, the lengths that we seek are t; = X;,_V; =
V; X;. More simply, we can just use the fact that tangent segments to a circle from a given
external point are equal in length.

Solution 8.23. Let the sides of the tangential polygon be sg,s1,...,S,_1. Drawing the
segment between the incenter and each vertex partitions the polygon into n triangles, each
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of which has a base s; and corresponding height r. Thus, the area of the polygon is

—_
—_

n— n—
TSs;
e

2

S; =TSs.

M
()
| —
~
I
(=)

Solution 8.25. First we label the vertices of the kite in clockwise order as ABC'D where
AB = BC and CD = DA. We want to find a point that lies on all of the interior angle
bisectors. By SSS congruence, AABD = ACBD, so every point on the segment BD lies
on the bisectors of the interior angles ZABC and ZADB. Let I be the point at which
the bisector of the interior angle ZBAD intersects BD. What we need to do is show that
C' is the bisector of the interior angle ZBCD. By SAS congruence, AABI = ACBI and
ANADI = ANCDI.

So,

/AIB = /CIB,
ZAID = /CID.

As a result,

ZICB =180° - ZIBC — ZCIB
=180° — LIBA — ZAIB
= /BAI
= /DAI
= 180° — LIDA — LAID
=180° - ZIDC — £ZCID
=/ZICD.

Thus all kites are tangential, and so are rhombuses since rhombuses are kites where all the
sides are equal.
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Solution 8.27. The sum of the interior angles in a generalized n-gon is 180°(n — 2), so each

/”L —_—
interior angle in a regular n-gon is 180° - —— < 180°, which makes regular n-gons convex.
n

Let the vertices of a regular n-gon be Vg, Vi, ..., V,,_1 in clockwise or counterclockwise order.
Let the interior angle bisectors at V; and V;,; intersect at I; for each index 0 <i < n — 1,
where indices are reduced modulo n. Since the interior angles are all equal, this produces n
isosceles triangles AV;I;V; 1. By ASA congruence, these n triangles are congruent for all i
because the edges of the polygon are all equal in length and the base angles are all equal to

n—2
180° -
n
lies on the angle bisectors of the all the interior angles, so it is the incenter. Moreover, since
all the V;I are equal, [ is also the circumcenter.

. Thus, all the V;I; are equal and so all the I; are the same point I. This point 1

Solution 9.9. We know that the diagonals intersect perpendicularly, so let ¢ be split into
c1 and ¢y, and d be split into d; and d,. Since there are four right triangles produced, the
area of the orthodiagonal convex quadrilateral is the sum of the four areas, which is

cidi + cdi +cids + cady (a1 +¢o)(di +do)  cd

2 2 2

Solution 9.17. First we calculate using the usual method that the interior angles of a
regular dodecagon measure
12 - 180° — 360°
12
Then we drop perpendiculars from A, and Az to A;A4. It is easy to verify that the two
right triangles produced are 30°-60°-90° triangles with the angles at Ay and A3 measuring
150° — 90° = 60°.

= 150°.

Therefore,

A1A4:s—|—2-§:s-(1—|—\/§).

Solution 10.2. Each of the two new right triangles have a right angle, as well as a shared
angle with the original triangle. By AA similarity, the two new triangles are similar to the
original larger triangle.
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Solution 10.6. Let D be the foot of either cevian emanating from A, and let BD =
m,CD =n,AD = d. In the case of a median, m =n = g. By Stewart’s theorem,

dPa+ ==t

a®  ba fa
4 2 2

By isolating d, we get
V202 4+ 2¢% — a?
5 :

d:

Solution 10.7. Suppose a?,b?, ¢? form an arithmetic sequence. Then the common difference
is equal to both of
V¥ —a?=c* -1

which is equivalent to
a’ + & = 2b%

We can use this with Apollonius’s theorem to get
4m? = 2% + 2¢® — a® = (a® + %) + 2¢* — a® = 3¢,
dmi = 2¢* + 2a* — b =2 - 20> — b* = 3b7,
4m? = 2a® + 20> — ¢ = 2a® + (a* + ) — ¢ = 3a’.

3
Therefore, (a, b, c) is scaled by a factor of — to produce (m., mp, my).

In the other direction, suppose there exists a scale factor k such that
(ka, kb, kc) = (m., my, my).
Then
4k*c* = 4m?2 = 20 + 2¢% — a?,

4K*0* = dmj = 2¢ + 2a* — b7,
4k%a? = 4m? = 24% + 2% — 2.

[

Adding them yields
4k (a® +b* + *) = 3(a® + b* + &?)
4k* = 3.

This turns the first equation above into

3¢ = 2% + 2¢% — a®
a? + ¢ = 2
W —a?=0 -7

which proves that (a?, b, ¢?) is an arithmetic sequence, thereby establishing the second di-
rection of the result.
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Solution 10.8. Let D be the foot of either cevian emanating from A, and let BD =
m,C'D =n, AD = d. In the case of an angle bisector, the challenge is to express m and n in
terms of a, b, c. The angle bisector theorem (Theorem 10.4) tells us that bm = cn. By some
clever algebra,

a m-+n c c+b ab
n n n b b b+c
a n+m n b b+c ac
— = =—+4+1=-4+1= = m = )
m m m c c b+c

Now we substitute these expressions for m and n into Stewart’s theorem to get

b®>m + n B
a
abc
—= b _—_—
T bhrop
_be((b+c)? —a?)
a (b+e?

d? = mn

Taking the square root of both sides yields the final formula

g \/bc((b+c)2 —a?)
b+c '

If desired, the difference of squares factorization can be applied inside the square root.

Solution 10.14. Following the proofs of Ceva’s theorem and van Aubel’s theorem, we find

ha
it PX [PBX] [PCX] |[PBX|+[PCX]| [PBC]

[ABX] + [ACX] ~ [ABC]

AX  [ABX] [ACX

—

By similar derivations,

PY  [PCA]
BY  [BCA]
PZ  [PAB]
CZ  [CAB]

Summing the three expressions yields Gergonne’s theorem. The alternate form comes from

AP BP CP AX-PX BY-PY C(CZ-PZ

AX+BY+CZ_ AX + BY + cz
B PX PY PZ
_3_(AX+BY+CZ)
=3-1=2.
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Solution 10.15. Suppose AD, BE,CF concur. Using Ceva’s theorem and its converse,
along with the given fact CD = DB, we can get the equivalent condition

AE CD BF_1
EC DB FA
AE BF_1
EC FA
EC FB
AE AF
AE+FEC AF+FB
AE  AF
AC  AB
AE  AF’

Using this ratio of lengths and the fact that /FAFE = ZBAC, SAS similarity tells us that
AFAE ~ ABAC. This is equivalent to ZAFE = ZABC and ZAEF = ZACB, which is
equivalent to F'E being parallel to BC', via the F-angle theorem. The steps are reversible,
so both directions of the results have been established.

Solution 10.17. By the trigonometric Ceva’s theorem (Theorem 10.16), we wish to obtain

that ) ) )
sin BAX sinACZ sinCBY B

sin XAC' sinZCB sinYBA

so we will work on each of the fractions. By a rearranged form of the ratio lemma (Theo-
rem 10.9) that isolates the quotient of the sines,

sin BAX FX AE

sin XAC ~ XE FA’

simnACZ EZ CD

sinZCB ZD EC’

smCBY DY BF

sinYBA YF DB’
Multiplying these equations together yields

sin BAX sin ACZ sinCBY_(FX AE) (EZ CD) (DY BF)
sin XAC sinZCB sinYBA

1,

XE FA 7D EC YEF DB
_(FX EZ DY) (AE CD BF)
" \XE ZD YF FA EC DB’

The first product is equal to 1 by Ceva’s theorem (Theorem 10.12), as is the second one

because
AE CD BF_AE CD BF

FA EC DB _EC DB FA _©

Solution 11.3. Since the foot of each median is the midpoint of an edge, AZ = ZB and
AY =Y C. By van Aubel’s theorem (Theorem 10.13),

AP_AY+AZ
PX YC ZB

=14+1=2.
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cP

BP
In the same way, — = 2 and — = 2.

As for the second part of the problem, some of these triangles can be immediately seen to
have equal areas because they have equal bases running through the same line with shared
corresponding heights. So we let

a = [BPX] = [CPX],
B=[CPY]=[APY],
v =[APZ] = [BPZ].

Now we need to show that « = 8 = . Using the previous part of the problem,

20 [BCP] BP _ B
5_[PCY]_PY_2 > a=p
28 [ACP] CP B
fy_[APZ]_PZ_Q > A=

Solution 11.9. Let BC' = a,CA = b, AB = c. Using Ravi substitution,

s—a=AY = AZ,
s—b=BZ = BX,
s—c=0CX=CY.

The result follows from the converse of Ceva’s theorem because

BX CY AZ_S—b s—c¢ s—a_l
XC YA ZB s—c¢ s—a s—b

Solution 11.13. In order to apply the converse of Ceva’s theorem, we need to compute

Bla Clpp Alge
Clis Alps Blee

Let b = C'A and ¢ = AB. In the notation of Example 11.12,

BIAA:BIAB:A]AB—AB:S—C,
CIAAICIAC:AIAC—ACIS—b.

Computing the other lengths in the same way, we get

Blya Clgp Alcc  s—c s—a s—b

. . — . 1.
Clgan Algg Bloe s—b s—c¢ s—a

Solution 11.18. Using the base-height formula for the area of a triangle,

1 1 1 a b c s s 1

T oABC] T2ABC] T [ABC] st 1

ho " hy ' h.  2[ABC
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where s is the semiperimeter and we have used the area formula rs for tangential polygons.
By Example 11.12, the other computation is

1 1 1 s—a s—b s—c¢ 3s5s—2s
— =+ —= + + =
Te T Te ST ST ST sr

1
B

Solution 11.20. Let AABC be equilateral. By Example 11.19, the altitude and interior
angle bisector emanating from A are the same cevian, and the perpendicular bisector of BC'
contains both. Since the perpendicular bisector of BC' goes through A, it must contain the
median emanating from A, which then is the same cevian as the aforementioned altitude and
angle bisector. Thus, the perpendicular bisector of BC' contains a cevian that is simultane-
ously the median, interior angle bisector and altitude emanating from A. By a symmetric
argument the analogous statements are true for the perpendicular bisectors of CA and AB.
The perpendicular bisectors of the edges intersect at the circumcenter. Since the centroid,
incenter and orthocenter are known to exist for any triangle, and distinct lines cannot have
more than one intersection point, we find that all four centers are the same point.

Solution 11.21. By the definition of the orthocenter, H is the orthocenter if and only if

AH 1 BC,BH L CA,CH 1 AB

if and only if

if and only if, letting the circumcenter O be the origin,

0= (OH — OA) e (OC — OB)
— (OH — OB) o (OA — OC)
— (OH —0C) e (OB — OA).

There can be only one orthocenter and one circumcenter, since concurrent lines cannot
intersect at more than one place. So, there can be only one vector Oﬁ. It suffices to

substitute
OH = OA+ OB + 0C

into these three equations and check that they all hold. Indeed, by using
|OA] = [OB|| = [lOC]| = R,
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we find that
(OH — OA) o (OC — OB) = (OC + OB) o (OC — OB)
=|OC|* - [|0B|]* = R* = R* = 0,
(OH — OB) o (OA — OC) = (OA + OC) o (OA — OC)
= |OC|]> - [|OB|]* = R* — R* = 0,
(OH — OC) o (OB — OA) = (OB + OA) o (79) OA
= [|OB|]”> — |OA|]> = R - R? = 0,

where we have used Problem 4.12. For the computation of OH 2, the relation between the
Fuclidean dot product and norm yields

— |OH|? = (OH,OH)
- 0A+0—B>+0‘c‘,0/1+0—3>+0‘é>
_ |OAI? + |OB|? + |OC|? + 2(04,0B) + 2(0B,0C) + 2(0C, OA).

So we need to compute these components. The first three are easy because, by the definition
of the circumcenter,
|OA|* = |OB|* = |OC|* = R?

In a more involved argument, we find using the trigonometric dot product, inscribed angle
theorem, a trigonometric double angle identity, and the extended law of sines that

2<(7>4,0?> =2-R-R-cos2C
=2R*(1 — 2sin* C)

—2R? <1 ) (i)2>
2R
=2R* - ¢,
2(0B,0C) = 2R? — a?
2(0C, 0A) = 2R? — 1?2,
Adding these all up, we find that
OH? =3R*+ (2R* — a®) + 2R* = V*) + 2R* — &*) = 9R* — a* — b* — &,
as expected.
Solution 11.23. Suppose AABC' is oriented counterclockwise, as shown. Then a counter-

clockwise rotation by T of C'B around the center C' produces D, of AC' around the center
A produces F, and of BA around the center F' produces F. Denoting each capita}lletter
vertex’s complex coordinates by the corresponding small letter and letting x = e2", this
yields the equations

d—c=(b—-—cr = d=ab+ (1 —x)c,

e—a=(c—a)r = e=xzc+ (1—2x)a,

f—-b=(a—blx = f=uza+ (1—2a)b.
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By the complex centroid formula (Theorem 11.22),

3p=b+c+d,
3¢ =c+a+e,
Jr=a+b+ f.

We wish to prove that APQR is equilateral, so it suffice to prove that a rotation of QP by
T
— radians around the center R produces exactly PR. As an equation, we wish to prove that

To that end, we compute

r—p 3r—3p

g—p 3¢—3p’
_(a+b+f)—(b+c+d)
(c+a+e)—(b+c+d)

_a+f-c—d

ate—b—d

:a—i—[:m—{—(l—:z)b]—c—[:vb—l—(l—x)c]
a+[zc+ (1 —x)a] —b—[zb+ (1 — x)c|

(1+2z)a+ (1 —22)b+ (z —2)c
2—x)a+ (-1—2)b+ (22— 1)c

T
Since three counterclockwise rotations by 3 produce a reflection across the point of rotation,

we find that 2° = —1. So the above can be multiplied by —z* = 1 to get

2 (I4+z)a+(1-22)b+(x—2)c  (2®+2°)a+ (2° —22°)b+ (2° — 22%)c
1 2—2)at(-1-ap+2r—De T (@—2a+r(1ta)p+(l-2z)c
(22 — Da+ (22 +2)b+ (-1 — 22%)c
C (z—2a+ (1+2)b+ (1 —2z)c

Since
= T s T 14+iv3
r=e3s'=cos—+i-sin- = ,
3 3 2
which is a root of f(t) =t* —t+ 1, we can rearrange 2° — x + 1 = 0 to get equality of the

corresponding coefficients in the numerator and denominator

> —1=z-—2,
??4+2=1+uz,
—1-222=1-2z.
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Therefore, the above expression is x -1 = x, as desired. This proves the fact about the outer
Napoleon triangle being equilateral.

T
The inner Napoleon triangle is also equilateral because it replaces the rotation by 3 coun-

™ .
terclockwise with a rotation by 3 clockwise, so we simply have to replace all x = e3" with

1—1ivV3
2

y = e~ 5, which still works because this is the other root of f(t)=1t*—t+1.

Solution 11.29. Let a = BC,b = CA,c= AB. By Heron’s formula,
[ABC] [ABC| [ABC] [ABC]

MTaTble = s s—a s—b s—c
B [ABC]*
~ s(s—a)(s—b)(s—c)
= [ABC)?.

Solution 12.10. By subtracting )7 from ()5, it suffices to prove that any bivariate quadratic
Q(z,y) = Ax* + Boy + Cy* + Dx + Ey + F

that identically vanishes (meaning, the output is 0 for all real inputs (z,y)) has all zero
coefficients
(A,B,C,D,E,F)=(0,0,0,0,0,0).

First, substituting y = 0 gives
Q(z,0) = Az* + Dx + F.

This is a univariate quadratic that identically vanishes, so the identity theorem for polyno-
mials from Volume 1 says that A = D = F' = (0. Secondly, substituting x = 0 gives

Q(z,0) = Cy’ + Ey + F.

This is another univariate quadratic that identically vanishes, so C'= FE = F = 0. Only B is
left, which we handle by substituting (x,y) = (1, 1) into Q(x,y), all of the other coefficients
of which have disappeared by now. This gives

0=Q(1,1)=B-1-1=B.

Solution 12.15. By Theorem 12.3 and Theorem 12.14, the coefficients of x2, 2y, y?, respec-
tively, form a scalar multiple of

(A,B,0) = ((1 — e?)a® + b?*, —2e2ab, a*(1 — e)b?),

it suffices to prove that
A*+ B*+C*#0.
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To this end, we compute

A%+ B*+ C* = [(1 — €*)a® + V*]* + (—2abe?)* + [a®(1 — *)b*]?
= [(1 —e*?%a* +2(1 — e*)ab* + b*] + 4ab?e*
+ [a* + 2a%b* (1 — €) + (1 — €%)%b"]
= (a* + Y (1 — e2)? + (a* + b*) + 4a®b*(1 — €%) + 4a’b*e*
= (a* +bH)[(1 — €*)? 4+ 1] + 4a**[(1 — €*)? + €%,
which consists of two non-negative terms added together. In fact, since a and b cannot

simultaneously be zero, a* + 50 >. We also know that (1 —¢*)®> + 1 > 1 > 0 by the trivial
inequality, so A% + B? 4 C? is strictly positive.

Solution 12.20. Let axz+by+c = 0 be a directrix of S and let (o, yo) be the corresponding
focus of §. Then we know that

Az’ + Bry+Cy* + Dx+ Ey + F
is a bivariate quadratic whose zero set is S, where

A=d*(1—e?)+ 17
B = —2abé?,
C=a*+ (1 - ).

Since there exists a non-zero real A such that
Q(7,y) = M(A2* + Bxy + Cy* + Dz + Ey + F),
we can compute the discriminant of () to be

(AB)? — 4(AA)(\C) = N\ (B? — 4AC)
= N ((—2abe?)? — 4(a*(1 — €*) + b*)(a® + (1 — *)b?))
=422 (a®> + b2 (e + 1)(e — 1).

Since 4\*(a® + b*)*(e + 1) is always positive, the sign of the discriminant is the sign of
e — 1. This sign determines the type of the conic because conics are classified into ellipses,
parabolas and hyperbolas according to whether e lies in (0, 1), is equal to 1, or is greater
than 1, respectively.

It turns out that the discriminant of a bivariate quadratic is invariant under Euclidean
isometries. Since a Euclidean isometry can be decomposed into translations, rotations around
the origin and conjugations, the result can be proven by taking the discriminant of the three
standard forms. This is still computationally intensive, so we will skip over it, but the reader
may be interested in independently verifying it.

Solution 12.21. The answers can be produced by isolating y in terms of x or isolating = in
terms of y in each of the three equations.
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e For an ellipse in standard form, an x value has a corresponding y value if and only if
—p < x < p; for each such x value, there exist two corresponding y values that happen
to be negations of each other. Similarly, a y value has a corresponding z value if and
only if —¢ <y < ¢; for each such y value, there exist two corresponding x values that
happen to be negations of each other. This shows the minimum and maximum value
of each coordinate.

e For a parabola in standard form, an x value has a corresponding y value if and only if
x > 0; for each such = value, there exist two corresponding y values that are negatives
of each other. All real y values have exactly one corresponding z value.

e For a hyperbola in standard form, an x value has a corresponding y value if and only
if x < —p or x > p; for each such = value, there exist two corresponding y values that
happen to be negations of each other. All real y values have exactly two corresponding
x values, which happen to be negations of each other.

Solution 12.23. The solution to each part leads to the next one:

1. Every hyperbola is congruent to a hyperbola in standard form. Since Euclidean isome-
tries preserve angles, the original hyperbola has perpendicular asymptotes if and only
if the congruent hyperbola in standard form has perpendicular asymptotes. Thus, it
suffices to prove the assertion for only hyperbolas in standard form. The asymptotes

of a hyperbola in standard form are y = +4; They are perpendicular if and only
p

if the slopes 9 and -2 are opposite reciprocals, which is equivalent to p = ¢. If the
p p

eccentricity is e then ¢ = pve? — 1 by the definition of ¢, which means p = ¢ if and
only if if e = V/2.

2. As we saw in the first part, a hyperbola in standard form is rectangular if and only if
p = q. By clearing the equal denominators of the standard form

2

)

=1

’le 8
%Mlqi

means an equation for such a conic is z? — y? = p*.

3. Let Q(z,y) = 2* — y* — p*. Rotating the graph of Q(x,y) = 0 by 6 around the origin
yields the graph of

Q(zcosh + ysinb,ycosf — xsinf) = 0.

For # = =, this reduces to 2zy — p* = 0. Thus, the resulting conic is the graph

N[ Fos | 3

of xy = =—. This means the graph of the usual reciprocal function f(z) = — is a
x

rectangular hyperbola.
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Solution 12.24. Let ) be a bivariate quadratic whose zero set is a conic. By Lemma 3.5,
rotating the graph of Q(x,y) = 0 by € around the origin is the graph of

Q(xcosb + ysinb,ycosd — xsinfd) = 0.

We compute that
0,1) ifo= g
(cos@,sinf) = (=1,0) iffd=m

T
0,-1) if6= 37
and so
Qly,—x) it6=7
Q(xcosf+ysinh,ycosd —xsinf) = Q(—z,—y) ifbd=mn
Q(—y,z) ifl= 3%

This allows us to produce the following table of bivariate quadratics.

Ellipse Parabola | Hyperbola
Q(z,y) Z—j—i—g—z—l y? — dpx ;i—z—z—j—l
Q=) | S+ -]y | -5
Q(—z,—vy) x—z—l—z—z—l y* + dpx Z—z—z—z—l
Q(—y, x) Z—z—l—y—z—l z® + 4py ]yg—z—z—z—l

Note that rotating an ellipse or hyperbola counterclockwise around its center by 7 yields the
same conic.

In the standard form of an ellipse, p > ¢ and the major axis is horizontal. Upon a counter-
clockwise rotation by g around the origin, the major axis becomes vertical and this table

2 2
shows that p and ¢ switch places. This tells us what the graph of x_2 + y_2 = 1 looks like for
p q

p<4q.
In the standard form of a hyperbola, the branches open left and right. Upon a counterclock-
wise rotation by T around the origin, the branches open down and up and this table shows

that the signs of the two non-constant terms are switched. This tells us what the graph of

y oo
- = 1 looks like for any p, q.
q P
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Solution 12.27. As with the analogous proof for ellipses, we apply a Euclidean isometry to
the configuration so that F; = (r,0) and F; = (—r,0) for some r > 0. With some foresight,
we define p so that d = 2p. Then we are seeking all points P = (z,y) such that

Wi+ g2 = (=) 42 = 2
Once again we perform a sequence of manipulations without paying attention to their re-
versibility:

(@472 +y*—/(z -1 +y>=+2p
ViE+r2+y?= /(e —r)?+y2 £

(x+7)+y = (@ =) +y* + 2" £dpy/(w — )2 + ¢

re —p* = £p\/(x — 1) + 12
(re —p*)? = p*((x —r)* + %)

pi(r* = p*) = 2*(r* — p?) = p*y’
2 2
x
l=—- zy 2
p r—=p
F\F:
Since p = 3 < 12 2 = r, we can define ¢ > 0 to satisfy ¢*> = r* — p?, which means that S is

a subset of a hyperbola H in standard form. Due to the relation r? = p* + ¢* being satisfied,
r is the linear eccentricity, and so F; and F, are the foci. And d = 2p is the length of the
transverse axis.

For the second part, let the eccentricity of H' be e and let P’ be a point on H’ that is on
the branch closer to F| than to Fj. Let the directrices of H' be d; and dy. By using the
focus-directrix definition of a hyperbola and the fact that the two directrices are parallel, we
get

P'Fy— PF|=e-d(P,dy) —e-d(P,dy) =e-d(dy,dy) = 2p,

2
since the standard form shows that the distance between the directrices is —-. (Note that
e

here p is the symbol used in the standard form of a hyperbola.) Similarly, if P’ were on
the branch closer to Fy than to F] then we can show that P'F] — P'Fy = 2p. In either
case, |P'F| — P'Fy| = 2p. Thus, 2p is the desired positive real constant d’ < F|F;, since the
segment between the foci strictly contains the transverse axis in a hyperbola.

Going back to the first part, S can be shown to be non-empty by showing that either of the
vertices of H satisfies the condition required to be in §. Thus, the second part implies that

H C S, proving S = H.

Solution 13.13. Let an equation of the plane be ax + by + cz + d = 0, and let the two
points be

p= (p17p2ap3) and q= (Q17QQ7Q3)~
Every point on the line through p and ¢ is parametrized by
pttlg—p)=(1—-t)p+tq
= ((I=t)p1 +tqr, (1 —t)p2 + tgz, (1 — t)p3 + tg3).
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Plugging this generic point into ax + by + cz + d yields

ax + by + cz +d = a((1 = t)p1 + tq1) + b((1 — t)p2 + tga) + c((1 — t)ps + tq3) +d
= (1 —t)(ap1 + bpa + cp3) + t(aqy + bga + cq3) +d
=1 =t)(=d)+t(—d)+d
=—d+td—td+d=0.

So the generic point on the line lies on the plane.

Solution 13.18. It follows directly from the formula for the cross product that
i1xXj)j=k,jgxk=1kxi=j.

The details of plugging the coordinates into the formula are left to the reader.

Solution 13.26. These identities can be proven by plugging the coordinates of a and b
into the expressions and using the dot product and cross product formulas. However, the
determinant form of the scalar triple product provides an easier process. This is because the
determinant remains unchanged when one row is subtracted from another row. Consequently,

ay asg as 0 0 0
ae(axb)=det |a; ay az| =det |a; ay asz| =0.
by by bs by by bs

A similar proof can be used to show that be (a x a) = 0, though we can alternatively use
the fact that a x a =0,s0 be (axa) =be0 =0.

Solution 13.27. For each position vector v, we will denote the components of its arrowhead
by (v1,v9,v3). Our proof of Lagrange’s formula will utilize brute computations as we are
unaware of a better method. First, we compute

a X (b X C) = (CLl, Qas, a3) X (b203 — bgCg, bgCl — b103, b102 — bgcl).
The first coordinate of this is

as(byca — bacy) — az(bse; — bycs) asbica + agbics) — (agbacy + agbscy)

arbicy + asbicy + asbics) — (arbicr + asbocy + asbscy)
ai1cy + asce + ages)by — (a1by + agbs + asbs)cy
aec)b + (aeb)cy,

= (
= (
=
= (

which is the first coordinate of (aec)b—(a®b)c. The computations of the other two coordinates
are similar and they turn out as expected. The reader should perform at least one of them
for practice.

Solution 13.28. Jacobi’s identity follows from Lagrange’s formula and telescoping;:
ax (bxec)+bx(exa)+cx(axb)
=[(aec)b— (aeb)c]+ [(bea)c— (bec)a] + [(ceb)a— (cea)b
=[(aec)b— (coea)b]+[(bea)c— (aeb)c]+ [(cebla— (bec)d]
=0+0+0=0.
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Solution 14.8. Let the dimensions of the original box be a, b, ¢ and let the scale factor be
k > 0. Then the dimension of the new box are ka, kb, kc. The ratio of the new surface area
to the old surface area is

2((ka)(kb) 4 (kb)(kc) + (kc)(ka)) 12 ab+bc+ca 12

2(ab+ be + ca) ab+bc+ca

ka)(kb)(k b
The ratio of the new volume to the old volume is M = k3. a_bc = k3.
abc abc

Solution 14.9. By using the Pythagorean theorem on perpendicular edges of an a x b face,
a diagonal of this face has length v a? 4+ b2. Then we can use the Pythagorean theorem on
the right triangle that has one leg as this va? + b? face diagonal and one leg as an edge of
length ¢ to get a space diagonal of length

\/(\/a2 + 022+ =Va2+ 0+ 2

Similar double applications of the Pythagorean theorem show that all four space diagonals
have length v a? + b2 + ¢2. For this reason, in the analytic geometry of three dimensions, the
distance between points (x1, 41, 21) and (g, Y2, 22) is defined as

\/($1 — 22)? + (Y1 — y2)? + (21 — 22)*.

More generally, in n-dimensional Euclidean spaces, the Euclidean distance between the pair
of points (ay,as,...,a,) and (b1, be,...,b,) is defined as

\/(al —b1)? 4 (ag — b2)? + -+ + (an — by)?.

Solution 14.13. The idea is to compute the volume in two different ways. The first way is
by using the three pairwise perpendicular segments VA, VB, V(. Choosing AV AB as the
base and V' as the corresponding height, the volume of the tetrahedron is

s* s s
2 3 6
The other way is to use the base AABC and to let its height be h. Since AABC' is equilateral

with side length
V2 + 2 =/2s,
its area is
3 3
[AABC) = %(\/53)2 — gsz.

So the volume of the tetrahedron is

V3o h V3,
2 3 6
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Equating the two volume computations yields

s
which we can solve to get h = —

3
3
5 £32h,

6 6

7

Solution 14.15. We find the surface area, followed by the volume:

1. An octahedron of side length s has a surface that consists of eight equilateral triangles

of side length s. By Theorem 9.15, an equilateral triangle of side length s has area

V/3s?
4

. So the surface area of an octahedron of side length s is

3 2
8- \/:ls = 2\/552.

To find the volume, we make the observation that one of the ways of constructing
an octahedron is to connect the centers of adjacent sides of a cube. This allows us
to deduce that an octahedron is the result of joining together the square sides of two
congruent regular square-based pyramids (in fact, this can be done in three different
ways). So we can split the octahedron into two such pyramids and find twice the volume
of such a pyramid instead. The square base has area s*. As with a tetrahedron, we drop
the height of the pyramid and draw the distance between the foot of the height and a
vertex of the base to produce a right triangle with hypotenuse s. The aforementioned
distance is half the diagonal of the square base which, by the Pythagorean theorem,

has length

VITE s

= E
Applying the Pythagorean theorem to our new right triangle yields the length of the
height
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Arithmetic |-]  floor function

Z integers [] ceiling function

Z.  positive integers sgn  signum function

. max maximum function
Z>o non-negative integers

) min minimum function
Q rational numbers

o ) det  determinant
Q.  positive rationals
Idg  identity function on S

Q>0 non-negative rationals
fog function composition

R real numbers
n! factorial
Ry positive reals z complex conjugate
Rs>¢ non-negative reals r radical conjugate
C complex numbers o permutation
F field csc  cosecant
+ plus or minus sin  sine
<, > strict inequality cos  cosine

<,> non-strict inequality sec  secant

Constants cot  cotangent

tan  tangent

G = e m m'™ root of unity
‘ Geometry
i pi
il perpendicular
e Euler’s constant

(-,+,) inner product or dot product
[0) the golden ratio

° dot product of vectors
‘ the square root of —1 X cross product of vectors
Functions Logic
Dom(f) domain - negation
Rng(f) range \Y disjunction, or
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conjunction, and

exclusive or, XOR

A\

@
—> implication
<= biconditional

logical equivalence

Miscellaneous
= existential quantifier
v universal quantifier

(a;)ier sequence indexed by I

Z summation notation
11

product notation

[v]  vector equivalence class

a ~ b equivalence relation

1%} empty set

S element of
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¢ not element of

[n]  {1,2,...,n} forneZ,
[n]* {0,1,2,...,n} for n € Z>q
S¢ set complement

U set union

N set intersection

A\B set difference

A x B Cartesian product of sets

A" \AxAx---x/;

n copies of A

P(A) power set

A @ B set symmetric difference

- subset

- proper subset
D superset

u universal set
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acute angle, 27

acute triangle, 32

alternate angles, 29

alternate exterior angles, 29
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altitude, 145

altitude of a prism, 211

altitude of a pyramid, 212

ambiguous case, 98, 102

angle, 26

angle bisector, 125, 145

angle bisector theorem, 147

angle vertex, 26

anticommutative, 205

apex of a cone, 215

apex of a pyramid, 212

apex of isosceles triangle, 103

Apollonius’s theorem, 148

arc, 80

area formula for barycentric coordinates,
144

area of a parallelogram, 129

area of a right triangle, 130

area of a trapezoid, 131

area of polygon, 128

area of rectangle, 129

area of triangle, 129

associativity, 12

asymptotes, 192

automedian triangle, 148

axis of symmetry of parabola, 190

barycentric coordinates, 142
base angles of an isosceles triangle, 103
base of a pyramid, 212

— Qur’an 12:76

base of an isosceles triangle, 103
bases of a prism, 211

bases of a trapezoid, 108
betweenness, 47

bicentric polygon, 127
bitangents, 88

bivariate quadratic, 174
bivariate quadratic identity theorem, 179
boundary of a set of points, 62
box, 211

Brahmagupta’s formula, 171
branches of a hyperbola, 191
Bretschneider’s formula, 170

canonical representative of a vector, 10

Cartesian plane, 1

Cauchy-Schwarz inequality
Euclidean, 53

center of a circle, 25

center of a sphere, 216

center of an ellipse or hyperbola, 191

center of an equilateral triangle, 163

central angle, 80

centroid, 156

centroid with vectors, 166

Ceva’s theorem, 152

cevian, 68

Cevian nest problem, 155

chord of a circle, 90

chord of a conic, 191

chord-chord angle theorem, 92

chord-chord power of a point, 115

chord-tangent angle theorem, 91

circle, 25

circular segment, 81
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circumcenter, 124, 161

circumcircle, 124

circumference of a circle, 25

circumradius, 124

circumradius formula, 170

classification of bivariate quadratics for
conics, 183

clockwise angles, 28

clockwise orientation, 67

closed disk, 61

closed path, 62

coincident planes, 199

coincident points, 1

coincident vectors, 196

collinear points, 31

commutativity, 12

complementary angles, 28

complementary regions, 128

complete angle, 28

complex concyclicity criterion, 119

complex foot, 37

complex midpoint, 49

complex parallel or coincident criterion, 35

complex perpendicular criterion, 35

complex reflection, 49

concave polygon, 68

concentric circles, 127

concurrent lines, 124

concyclic points, 124

cone, 215

congruent subsets of the plane, 176

congruent triangles, 95

conic, 173, 174

conjugate axis of a hyperbola, 192

conjugation, 39

connected set of points, 62

constant function, 9

constant term, 9

constructible conic, 173

convex polygon, 30

convex polygon criteria, 68

convex polyhedron, 209

convex quadrilateral, 107

coordinates, 1

coplanar vectors, 206
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corresponding angles, 29
cosine law, 44
counterclockwise angles, 28
counterclockwise orientation, 67
criteria for a kite, 112
criteria for a parallelogram, 110
criteria for congruent triangles, 95
criteria for cyclic quadrilateral, 116
criteria for isosceles trapezoid, 117
criteria for similar triangles, 103
criterion for a rectangle, 111
criterion for a rhombus, 111
criterion for cyclic polygon, 124
criterion for tangential polygon, 126
cross product
algebraic properties, 205
derivation, 202
formula, 204
trigonometric, 205
cross section, 217
crossvar theorem, 69
cube, 211
cyclic polygon, 124
cyclic quadrilateral, 116
cyclic quadrilateral diagonals, 117
cylinder, 214

DEF-construction
ellipse, 186
hyperbola, 188
parabola, 185
DEF-construction of a conic, 173
degenerate conic, 174
degenerate triangle, 44
degree measure, 26
degree of a vertex of a polyhedron, 210
determinant, 14
diagonal of a generalized polygon, 68
diagonals of a quadrilateral, 107
diameter of a circle, 25
dilation, 39
dilation factor, 39
dimensions of a box, 211
directrix, 173
discriminant of a bivariate quadratic, 190
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displacement vector, 10 foot of the perpendicular, 36
distance formula, 24 formulas for geometric properties of conics,
dot product 193

algebraic properties, 52
dot product of vectors, 51
trigonometric, 56

general position of two circles, 88
generalized cevian, 68
generalized lattice polygon, 75

ear of a generalized polygon, 71 generalized polygon, 64
ear-clipping technique, 74 Gergonne point, 159
eccentricity, 173 Gergonne’s theorem, 154
edge of a convex polygon, 30 graph

edge of a polyhedron, 209 equation, 3

edges of a polygon, 64 function, 2

edges of a triangle, 44 great circle, 217

ellipse, 173 half-plane, 30

ellipse locus, 194 half-space, 209
equiangular polygon, 75 height 1415

equ?dlstant, 49 height formula, 170
equilateral polygon, 75 height of a box, 211
equilateral triangle, 102 height of a cylinder, 214

equiPollence, 10 height of a prism, 211
Euclid’s first theorem, 32 height of a pyramid, 212

Fuclidean isometries, 39 height of a trapezoid, 108
Euclidean norm, 50 height of cone, 215 7

algebraic properties, 53 Heron’s formula, 168

Euclidean space, 10 HL congruence, 97
Euclidean vector, 10 homothety, 39 ’

Euler line, 163 hyperbola, 173
excenter, 160 hyperbola locus, 195
explementary angles, 28 hypotenuse, 32

exradius, 160 hypotenuse-leg similarity, 133
exradius formula, 170

extended law of sines, 85 identity, 12
exterior angle, 32, 75 identity function, 9
exterior angle sum of a triangle, 32 identity matrix, 14
exterior angles, 29 incenter, 126, 157
exterior of a circle, 61 incenter with vectors, 166
exterior of a Jordan curve, 63 incircle, 126
externally tangent circles, 86 inradius, 126

inradius formula, 170
F-angle theorem, 30 inscribed angle, 82
face of a polyhedron, 209 inscribed angle theorem, 83
focal parameter, 173 inside of a circle, 61
focus, 173 intercepted arc, 82
foot of cevian, 68 intercepted arc of a chord, 90
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interior angle, 66

interior angle bisector, 157
interior angle of a convex polygon, 30
interior angle sum of a triangle, 31
interior angles, 29

interior of a circle, 61

interior of a Jordan curve, 63
interior of an angle, 26

interior of line segment, 3
internally tangent circles, 86
intersection planes, 199

inverse of a matrix, 15

inverses, 12

isosceles triangle, 103

Jacobi’s identity, 208
Jordan curve, 62
Jordan curve theorem, 63

kite, 111

Lagrange’s formula, 208
Lagrange’s identity, 202
lateral faces of a prism, 211
lateral faces of a pyramid, 212
lateral height of a cone, 215
lateral height of a regular pyramid, 213
lateral surface of cone, 215
lattice point, 75
latus-rectum of a conic, 191
law of cosines, 44
law of sines, 85
law of tangents, 86
legs of a right triangle, 32
legs of a trapezoid, 108
legs of an angle, 26
legs of an isosceles triangle, 103
length, 3
length of a box, 211
lies on, 65
line, 3
coincident, 18
general equation, 4
horizontal, 6
in n dimensions, 196
parallel, 18
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point-point form, 5
point-slope form, 8
slope, 7
slope-intercept form, 8
standard form, 6
uniqueness of standard form, 16
vertical, 6
line segment, 3
directed, 10
endpoints, 3
linear coefficient, 9
linear combination, 12
linear dependence criteria, 12
linear eccentricity of an ellipse or hyper-
bola, 191
linear function, 9
linear independence criterion, 15
linearly dependent, 12
linearly independent, 12
LL congruence, 97
locus, 82

magnitude of a vector, 50
major arc, 81

major axis of an ellipse or hyperbola, 191
matrix multiplication, 13
measure of an arc, 81
medial triangle, 106
median, 145

median of a trapezoid, 108
midpoint, 3

minor arc, 81

minor axis of an ellipse, 191

Nagel point, 161

Napoleon’s theorem, 165

negative homothety, 39
neighbouring edges, 64
neighbouring vertices, 64

nested triangles, 105
non-degenerate triangle, 44
normal vector to a line, 59
normalization of a vector, 50
normalized orthogonal vector, 198

oblique cylinder, 214
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oblique prism, 211
oblique pyramid, 213
obtuse angle, 28
obtuse triangle, 32
open disk, 61
open line segment, 3
open set of points, 62
opposite angles, 28
opposite arcs, 80
oppositely oriented triangles, 103
orientation of a polygon, 67
orientation of similar triangles, 103
origin, 1
orthocenter, 162
orthodiagonal convex quadrilateral, 130
orthogonal, 57
orthogonal projection

plane, 198
orthogonal projection of a vector, 57
orthogonal vector to a line, 59
orthogonal vector to a plane, 198
orthonormal basis, 198
outside of a circle, 61
overlapping regions, 128

parabola, 173

parallel displacement vectors, 196

parallel or coincident lines criterion, 33

parallel planes, 199

parallel vectors, 196

parallelepiped, 206

parallelogram, 108

parallelogram law for vectors, 22

parameter, 196

partitioning regions, 128

perimeter of a convex polygon, 30

perimeter of a triangle, 157

perpendicular bisector of a line segment,
124

perpendicular distance from point to line,
36

perpendicular lines, 29

perpendicular lines criterion, 33

perpendicular planes, 199

Pick’s theorem, 75
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Pitot’s theorem, 127
plane, 197, 199
standard form, 199
plane in three dimensions, 197
planes in 3D, 196
Platonic solid, 210
point of concurrency, 124
point reflection, 39
point-line distance formula, 36, 59
point-plane perpendicular distance for-
mula, 200
points in space, 10
points in the plane, 1
polygon, 64
polygon inequality, 64
position vector, 10
positive homothety, 39
power of a point converse, 121
power of a point theorem, 113
power of a point with respect to a circle,
113
preservation under isometries, 42
primitive generalized lattice polygon, 224
principal axis of a conic, 190
prism, 211
projection of a vector, 198
properties of determinants, 14
Ptolemy’s inequality, 123
Ptolemy’s theorem, 123
pyramid, 212
Pythagorean theorem, 132
vectors in three dimensions, 199
vectors in two dimensions, 58

quadrants, 2

radian measure, 26
radius of a circle, 25
radius of a cone, 215
radius of a cylinder, 214
radius of a sphere, 216
rank-nullity theorem, 184
ratio lemma, 149

Ravi substitution, 158
ray, 4
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rectangle, 109

rectangular hyperbola, 192

rectangular prism, 211

reference triangle for barycentric coordi-
nates, 142

reflection, 38

reflex angle, 28

regular dodecagon, 134

regular hexagon, 134

regular octagon, 135

regular polygon, 75

regular polyhedron, 210

regular pyramid, 213

rejection of a vector, 198

rhombus, 108

right angle, 27

right cone, 215

right cylinder, 214

right prism, 211

right triangle, 32

roots of a function, 2

rotation, 38

Rule of Sarrus, 14

same orientation of triangles, 103

same-side angles, 29

same-side exterior angles, 29

same-side interior angles, 29

scalar multiplication, 11

scalar triple product, 207

scalene triangle, 103

secant of a circle, 91

secant-secant angle theorem, 92

secant-secant power of a point, 115

secant-tangent angle theorem, 93

secant-tangent power of a point, 115

secondary line of symmetry, 191

sector of a circle, 81

semi-latus rectum of a conic, 191

semi-major axis of an ellipse or hyperbola,
191

semi-minor axis of an ellipse, 191

semiperimeter of a triangle, 157

shoelace formula for polygons, 138

shoelace formula for triangles
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barycentric coordinates, 142
Cartesian coordianates, 137
complex numbers, 140
shortest distance
parallel lines, 106
parallel planes, 201
side of a convex polygon, 30
sides of a polygon, 64
sign of a generalized polygon, 136
similar generalized polygons, 78
similar triangles, 103
similarity ratio, 78
similarity ratio of triangles, 103
similarity transformations, 39
simple path, 62
sine law, 85
slant height of a regular pyramid, 213
solutions of an equation, 2
space diagonal, 212
special triangles, 133, 134
sphere, 216
spiral similarity, 79
square, 109
square law for lengths and areas, 139
square-based pyramid, 213
square-cube law, 212
SSA scenarios, 98
standard basis vectors, 53
standard equation of a plane, 199
standard form, 174
Stewart’s theorem, 147
straight angle, 28
subtended angle, 82
sum of interior angles of a generalized poly-
gon, 74
supplementary angles, 28
surface area
octahedron, 214
pyramid, 213
right cone, 216
right cylinder, 215
sphere, 216
tetrahedron, 214
surface area of a polyhedron, 210
symmedian, 150
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symmedian lemma, 150
symmetric bilinear form, 52

tangent circles, 86
tangent law, 86
tangent line segment to a circle, 125
tangent line to a circle, 86
tangent-tangent angle theorem, 93
tangential polygon, 126
Thales’s theorem, 81
tiling regions, 128
transformations, 38
translation, 38
translation in n dimensions, 197
transversal, 29
transverse axis of a hyperbola, 191
trapezoid, 108
triangle, 44
triangle area formulas, 168
triangle induced by an ear, 71
triangle inequalities, 45
triangle inequality

Euclidean, 55
triangular pyramid, 213
triangulation of a generalized polygon, 75
triangulation with no extra vertices, 75
trigonometric Ceva’s theorem, 154
two ears theorem, 73

unit circle, 25
unit vector, 50

V-angle theorem, 29
van Aubel’s theorem, 153
vector, 10

arrowhead, 10
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tail, 10
vector addition, 11
vector decomposition, 20
vector space axioms, 11
vector triple product, 208
vertex angle of an isosceles triangle, 103
vertex of a convex polygon, 30
vertical angles, 28
vertices of a conic, 191
vertices of a polygon, 64
vertices of a triangle, 44
vetex of a polyhedron, 209
volume

cone, 216

cylinder, 215

octahedron, 214

pyramid, 213

sphere, 216

tetrahedron, 214
volume of a polyhedron, 210

weak cancellation rule, 52
well-defined arc, 80
width of a box, 211

x-axis, 1
x-intercept, 8

y-axis, 1
y-intercept, 8

Z-angle theorem, 30
zero angle, 27

zero set, 2

zero vector, 11

zeros of a function, 2
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