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Preface

The set C of complex numbers arose as an extension of the set R of real
numbers in which one could solve the equation z? = —1. This was obtained
by adding an imaginary unit ¢, satisfying i> = —1. A complex number z € C
has the form

z=x+1ty, x,y€R.

We say z is the real part of z and y is the imaginary part. Algebraic
operations of addition and multiplication on R extend to C in a natural
fashion, as we detail in §1.1.

People working with this enlarged number system realized that it is
convenient to visualize C as the complex plane, and to utilize the insights
of Euclidean geometry. Turning this around, one can perceive that the
algebraic structure of C provides an ideal set of tools with which to obtain
basic geometric results set out in the books of Euclid. We describe how this
works here.

This treatment facilitates a transition between what students learn about
Euclidean geometry in high school and what is needed for more advanced
studies. It should be useful to students who have completed a three-semester
calculus sequence, and have taken or are currently taking an analysis course
that gives a rigorous treatment of the real numbers, the fundamental the-
orems of calculus, and concepts involving infinite sequences and series of
functions.

Our goal in Chapter 1 is to show that the use of the complex plane C,
with its algebraic structure, provides a very pleasant way to develop plane
geometry. We have a notion of distance between two points in C, given
by d(z,w) = |z — w|, leading to the notion of an isometry, F' : C — C,
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b'e Preface

preserving the distance, and having a simple algebraic characterization. We
proceed to lines, the notion of parallelism and orthogonality, aided by the
special formula

|2+ wl* = 2 + |w]* + 2(z, w),
involving the inner product, (z,w) = Rezw. This in turn leads to the
Pythagorean theorem, the cornerstone of Euclidean geometry, and we are
on our way, with treatments of triangles, congruences, polygons, and circles.

In Chapter 2 the text makes contact with calculus, applies this to a study
of arclength, and develops trigonometry in a logical fashion, emphasizing
Fuler’s formula as a key to that subject. We show how this throws light
on classical results, including computations of Archimedes and Ptolemy of
perimeters and areas of regular polygons, approximations to 7, and trigono-
metric tables. Other topics include results on elements of C constructible
via compass and straightedge, linear fractional transformations and their
application to a three-circle problem of Apollonius, and Argand’s proof of
the fundamental theorem of algebra. We include an approach using the com-
plex plane to the planetary orbit problem, whose orbits are given by various
conic sections. We close with a brief description of Euclidean geometry in
higher dimensions. A more detailed sketch of the material we cover is given
in the chapter introductions.



Some basic notation

This list of some basic notation will be used throughout the text.
C is the set of complex numbers.

R is the set of real numbers.

7 is the set of integers.

77 is the set of integers > 0.

N is the set of integers > 1 (the natural numbers).

Q is the set of rational numbers.

z € C means z is an element of C.

|z| denotes the absolute value of z.

{z € C:|z| <1} denotes the set of z € C such that |z| < 1.

f: A — B means that the function f maps points in the set A to points in
B. One also says f maps A to B.
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Chapter 1

Basic algebraic results
on Euclidean geometry

This first chapter introduces the complex plane C and shows how use of its
structure leads to nice proofs of basic results of Kuclidean plane geometry.
Section 1.1 presents the algebraic operations of addition and multiplication
on C, introduces complex conjugation and the absolute value |z| of a complex
number z, and derives a formula for division.

Section 1.2 discusses metric properties of C, equipped with the distance
function d(z,w) = |z — w|. A key tool is the identity

(1.0.1) \z—i—w\Q = \z\2+\w\2+2<z,w>,

bringing in the inner product (z,w) = Re zw. As we will see, this contains
the essence of the Pythagorean theorem.

Section 1.3 introduces the class Isom(C) of maps F' : C — C that pre-
serve distance, and gives this class an algebraic characterization. We show
that Isom(C) = Isom™ (C) UIsom™ (C), whose elements have the form

(1.0.2) F(z)=az+b, az+b, acS' beC,

respectively, where S' = {z € C : |z| = 1}.

Section 1.4 introduces the concepts of lines and line segments, perpen-
dicular lines, and parallel lines. We show that if L is a line, p € C, then
through p there is a unique line perpendicular to L, and, if p ¢ L, a unique
line parallel to L.

In §1.5 we discuss rays and wedges, and define the angle measurement of
a wedge as an element w of the unit circle S'. A related concept, measuring
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2 1. Basic algebraic results on FEuclidean geometry

angles in “radians,” requires more work, and will appear in §2.2, with a
study of arclength.

In §1.6 we consider triangles, 7 = A(A, B, C), with vertices A, B,C € C.
We define angle measurements at each vertex, e.g., Q7 (A) € S', and show
that

(1.0.3) Qr(A)Qr(B)Qr(C) = —1.

We also formally state the Pythagorean theorem, and derive it from (1.0.1).

In §1.7 we study congruence of triangles, which occurs if 7/ = F(T) for
some F' € Isom(C). We establish various classical criteria for two triangles to
be congruent, stated in terms involving side lengths and angle measurements.
We also characterize which triples of positive numbers can be sidelengths of
a triangle.

Section 1.8 considers the family of isosceles triangles and the subfamily
of equilateral triangles. We see equivalent characterizations in terms of
sidelengths and in terms of angle measurements.

Section 1.9 deals with similarity, arising via maps F' : C — C whose
application scales distances by some fixed factor. We see that two triangles
with identical angle measurements are similar. We display three similar
triangles arising from a right triangle, divided by a perpendicular dropped
from the right angle to the opposite side, and relate this to a proof of the
Pythagorean theorem given in Book VI of Euclid.

Section 1.10 studies squares, rectangles, and more general figures, in-
cluding parallelograms, as well as other quadrilaterals (4-gons), and further
figures with n vertices (n-gons).

Section 1.11 introduces circles, of the form
(1.0.4) Sgr(a) ={2€C:|z—a| =R},

given R > 0, a € C. The case S1(0) is S!, encountered earlier. We char-
acterize when two circles Sg(a) and S,(b) intersect, and investigate other
issues, such as a family of right triangles inscribed in S', and a geometrical
construction of square roots. As we discuss in the introduction to Chapter
2, further study of circles demands more sophisticated tools.

To close this chapter introduction, let us note how Euclid’s postulates
for plane geometry are seen to hold for geometry on C. The five postulates
can be stated as follows.

1. A unique straight line segment can be drawn between any two points.
2. Any straight line segment can be extended indefinitely in a straight line.

3. A unique circle can be drawn with any given center and radius.
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4. All right angles are congruent.

5. Through a point not on a line, exactly one parallel line can be drawn.

The fifth is the famous parallel postulate. The statement of the parallel
postulate in the Elements is more elaborate, but this simpler statement has
been shown to suffice. The original version is given in §1.7.

In the setting of the geometry of C, all these are provable assertions.
Postulates 1, 2, and 5 are shown to hold in Propositions 1.4.1-1.4.3, with
more on the fifth postulate in §1.7. Postulate 4 is a consequence of results of
§1.5; see (1.5.20). Postulate 3, on circles, follows from the defining formula
(1.0.4), which starts §1.11. Further elaboration, treating a circle as a curve,
is given in §2.2 of Chapter 2.
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1.1. The set C of complex numbers

As mentioned in the Preface, the set C of complex numbers was created to
extend the set R of real numbers so as to allow one to solve the equation

22 = —1. This was obtained by adding an imaginary unit i, defined to
satisfy
(1.1.1) i2 = —1.

A complex number z € C has the form
(1.1.2) z=x+iy, z,y€R.
We have R — C via z — x+140. Given z as in (1.1.2), we define Re z, Im z €
R by
(1.1.3) Rez=2z, Imz=y, so z=Rez+ilmz.
We say an element z € C is real (z € R) provided Im z = 0, and that z is
purely imaginary (z € iR) provided Rez = 0.
To define the algebraic structure of C, we start with addition. If z is as
in (1.1.2), and also w = u + v, u,v € R, we define
(1.1.4) z4+w=(r+u)+ily+v).
Given that we want multiplication in C to satisfy
(1.1.5) (x +10)(u +1i0) = zu, (04 iy)(0+ iv) = —yv,
and expect to obtain the usual commutative, associative, and distributive
laws, we are led to the following definition of multiplication on C:
(1.1.6) (x4 iy)(u+ ) = (zu — yv) + i(zv + yu).

One readily verifies the standard commutative, associative, and distributive
laws, given these definitions of addition and multiplication on C, as a conse-
quence of their counterparts on R. (A systematic development of R is given
in Chapter 1 of [15].)

The set C also possesses an important map called complex conjugation:
for z,y € R,

(1.1.7) z=x+iy =zZ=1c—1y.
Note that
(1.1.8) 2Rez=24+7%, 2Imz=—i(z—2).

One readily verifies that, for z,w € C,
(1.1.9) z+w=zZ+w, Zw=7Zw.
Another important identity is

(1.1.10) 2Z = 2% 492
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With this in mind, we define the absolute value of z as
(1.1.11) 2| = (22)/% = Va2 + 2.
Note that

(1.1.12) z2#0=|z] > 0.

Also, by (1.1.9), together with the commutative and associative laws of
multiplication,

(1.1.13) |zw| = |2| |w].
Furthermore,
1 1 1
1.1.14 0= (—*) —l=-=_—7%
(11 AREI\FE e LS
In such a case, we can divide:
w 1 1
1.1.15 — =w- = —5WZ.
( ) =W ‘Z|2wz

The algebraic properties established above make C an object known as a
field. The identity (1.1.13) makes it a normed field.
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Exercises

1. The following laws governing addition and multiplication on C were
mentioned after the definitions of these operations in (1.1.4)—(1.1.6):

commutative and associative laws of addition:
ztw=w+z z+(w+u) =((z+w)+u,

commutative and associative laws of multiplication:

2w =wz, z(wu)= (zw)u,
distributive law:

2(w +u) = 2w + zu.

These hold for all z,w,u € C. Verify these identities, using their counter-
parts for R.

Ezample. In (1.1.4), note that the commutative law of addition on R yields
r+u=u+zandy+v=v+y.

2. Verify the identities involving complex conjugation stated in (1.1.8)—
(1.1.10).

3. Verify the identity (1.1.13) by taking

22 =2zl =ww, |ew] = (w)(zm),

and using results established in Exercises 1-2.

4. Given z € R, write the quotient
z+1
T —1

in the form given in (1.1.15).
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1.2. Metric properties of C

A key to the metric structure of C is provided by the following computation
of the absolute value of a sum. Given z,w € C, we have
|z +w|* = (2 + w)(Z + W)

(1.2.1) = 2| + |w* + 2w + wZ

= |2|? + |w|* + 2 Re 2.
The last term has special importance. We set
(1.2.2) (z,w) = zw, (z,w)=Re(z,w) = Rezw,
the latter quantity called the inner product of z and w. Then (1.2.1) says
(1.2.3) |z +w|? = |2 + |w]* + 2(z, w).

Note that (z,w) = (w,2) and (z,w) = (w,z). Also, if z = z + iy, w =
u+ i, T,y,u,v € R, then

(1.2.4) 2w = zu + yv + i(yu — zv),
hence
(1.2.5) (z,w) = zu + yo.

Note that the quantity on the right side is simply the dot product on R2.

Definition. Given z,w € C,
(1.2.6) z 1l w<< (z,w) =0.

When (1.2.6) holds, we say z is orthogonal (or perpendicular) to w. Note
that z L w < w L z. The following consequence of (1.2.3) merits special
attention.

Proposition 1.2.1. Given z,w € C,
(1.2.7) lz+w]? = |2)? + |w]* <= 2z L w.
Our next result is a special case of the triangle inequality. This termi-
nology will be explained a little later.
Proposition 1.2.2. Given z,w € C,
(1.2.8) |z +w| < |z] + |w]|.

Proof. We compare the formula (1.2.3) for |z + w|? with the computation
(1.2.9) (1] + [w])? = [2]* + [w]? + 2|2] w].

The fact that (1.2.8) follows from (1.2.3) and (1.2.9) is the content of the
following result, a special case of Cauchy’s inequality. ([
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Proposition 1.2.3. Given z,w € C,
(1.2.10) (z,w) < |z]|wl.

Proof. Generally, for ( € C, the analogue of (1.1.10) implies Re¢ < [(].
Hence

(1.2.11) Rezw < |zw| = |z| |w|,
the last identity by (1.1.13), plus the fact that |w| = |[w]. O

NOTE. Replacing z by —z in (1.2.10) yields —(z,w) < |z|, |w|, hence
(1.2.12) (2, w0)] < [2] |w].

Having these results, we define the distance between points in C:

Definition. Given p,q € C, the distance between p and ¢ is

(1.2.13) d(p,q) = Ip —ql-
Note that d(p,q) = d(g,p). Also
(1.2.14) dlp+z,q+2)=d(p,q), VzeC.

The following consequence of Proposition 1.2.2 is a more general form of the
triangle inequality.

Proposition 1.2.4. Given p,q,r € C,
(1.2.15) d(p,r) < d(p.q) +d(q,r).

Proof. Set z =p—q, w=q—r,so z+w = p—r. Then (1.2.14) is equivalent
to the statement that

(1.2.16) |z +w| < |z| + |w],
which is the content of (1.2.8). O

Returning to the concept of orthogonality in (1.2.6), we have the follow-
ing useful result.

Proposition 1.2.5. Two nonzero elements z,w € C are orthogonal if and
only if their quotient is purely imaginary, i.e.,

(1.2.17) 2l wes = eiR,
w
where

(1.2.18) iR = {iy:y € R}.
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Proof. Indeed,
(1.2.19) RezE:Re]wPi = ]w\2Rei.
w w

Exercises

1. Show that
1+ =v2, |V2+4i=+V3, ..., |Vn+il=vn+1
2. Given nonzero z,w € C, show that
\z+w\:]z\+\w|<:>%eﬂ%+.

Hint. Following the proof of Proposition 1.2.3, reduce the identity on the
left to
Re 2w = |2w|.
Generally, for € € C,
Re& = [¢] = €= [¢].
3. To complement the inner product on C, we have the cross product,
z X w = Im zw.
Thus
2w = (z,w) + (z X w)i.
Deduce that, for z,w € C,
|2[P|w]? = (z,w)* + (2 x w)?.
Note how this refines Cauchy’s inequality, (1.2.10). Show also that the cross
product is skew-symmetric:

ZzXw=—w X 2z, hence zxz=0.

4. Show that

z x (iw) = —(z,w), hence zx (iz) = —|z|
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1.3. Rigid motions on C

We say a map F': C — C is a rigid motion (or an isometry) provided

(1.3.1) d(F(z), F(w)) =d(z,w), VzweC.
We denote the set of all such maps by Isom(C). We have
(1.3.2) F1, F> € Isom(C) = Fj o I, € Isom(C),
where the composition Fj o Fs is defined by

(1.3.3) F1 o Fy(z) = F1(Fa(2)).

Here are some examples of isometries:

(1.3.4) To(2) = z+4+a, a€C,

(1.3.5) pu(z) = wz, weCl, |wl=1,
(1.3.6) Clz) = =

These maps are known, respectively, as translations, rotations, and reflection
about the real axis. Note that each of these maps is invertible, and the
inverses are isometries:

(1.3.7) To ' =Tea, P =P, C'=C.
To formulate our first main result, we set
O(C) = {F € Isom(C) : F(0) = 0},
(1.3.8) 04(C) ={p, :we S},
O0_(C)={Cop,:we S},
where
(1.3.9) Sl={weC:|w=1}
is the unit circle, centered at the origin. Here is our first result.
Proposition 1.3.1. We have
(1.3.10) O(C) =04(C)u0O_(C).
As a preliminary, we establish:
Lemma 1.3.2. If F € O(C), z,w € C,
(1.3.11) (F(2), F(w)) = (z,w).

Proof. By (1.2.3),
~2(z,w) = [z — w|* — |2|* — |w]?

(1.3.12) = d(z,w)? — d(2,0)? — d(w,0)2,
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and similarly

(1.3.13)  —2(F(2), F(w)) = d(F(2), F(w))* - d(F(2),0)* — d(F(w),0)*.

Since the right sides of (1.3.12) and (1.3.13) coincide, we have (1.3.11). O
)

Corollary 1.3.3. If F € O(C), z,w € C,

(1.3.14) z1lw= F(2) L F(w),
hence

(1.3.15) F(iz) = £iF(2).

Proof. The result (1.3.14) is immediate from (1.3.11). Now, if z # 0, since
z Liz, F(z) L F(iz), so by Proposition 1.2.5,
It
(iz) =ir,
F(z)
so r = *£1. ]

(1.3.16) reR, |r]= 2l 2,

Proof of Proposition 1.3.1. Given F' € O(C), suppose F(1) = w. Then
we S and

(1.3.17) G=p, o FecO(C), G(1)=1.
By Corollary 1.3.3, G(i7) = +i. We claim that

G(i)=1= G(z2) = z,
G(i)=—-1= G(z) ==
This result will yield (1.3.10). To start, suppose

(1.3.18)

(1.3.19) GeO(C), G)=1, G@l) =

Pick z = x 4 iy and set G(z) = u + v, x,y,u,v € R. Then
z, 1) =x, Z,1) =1,

(1.3.20) = 1) i) =y

(G(2),1) =u, (G(2),7) =,

so Lemma 1.3.2 implies u = z, v = y, and we have the first half of (1.3.18).
The proof of the second half is similar.

Corollary 1.3.4. If F € Isom(C), then either

(1.3.21) F(z) =wz+4+a, VzeC,
for some a € C, w e S, or
(1.3.22) F(z)=wz+a, VzeC,

for some such a,w.

Corollary 1.3.5. If F' € Isom(C), then F : C — C is one-to-one and onto,
with inverse F~1 € Isom(C).
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REMARK. Given F' € Isom(C), we can write

(1.3.23) F(z) = Fy(z)+a, FyeO(C), a€eC,
and then, for z,w € C,
(1.3.24) F(z) — F(w) = Fy(2) — Fy(w) = Fy(z — w).

We denote by Isom™ (C) the set of isometries of the form (1.3.21) and by
Isom ™ (C) the set of isometries of the form (1.3.22). Note that if F* G* €
Isom™*(C), then

FtoG",F~ oG~ €lIsom™(C),

1.3.25

( ) Ft oG ,F~ oG*" €lIsom (C),
and

(1.3.26) (F¥)~! € Isom®(C).

We now introduce the concept of congruence. Given two subsets of C,
51,59 € C, we say S1 and Sy are congruent provided there exists F €
Isom(C) such that

(1.3.27) F(S1) = 52,

where F(S) = {F(z) : z € S}. If (1.3.27) holds for some F € Isom™(C), we
say F' is a rotational congruence. If it holds with F' € Isom™ (C), we say F
is a reflection congruence.
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Exercises

1. Given z = x + 1y, z,y € R, set
Clz) =zt = —z +iy.

Show that C € Isom™(C). Express C in the form C o p,,.
Hint. Compute Z'.

2. Recall the cross product z x w on C, introduced in Exercise 3 of §1.2.
Show that, for z,w € C,

FeO4(C)= F(z) x F(w) =z x w,

FeO_(C)= F(z) x Flw) = —z x w.
3. Let p1, p2 be distinct points in C, a = dist(p1, p2). Show that there are a
unique F; € Isom™(C) and a unique F_ € Isom™ (C) such that

Fi(p1) =0, Fi(p2) =a.
Hint. Consider Fy = 7_p,. Then Fi(p1) =0, Fa(p2) =p2 —p1 =D, |p| = a.

Next, take w = p/a € St, Fy = P1jw © F1. Then Fy(p1) = 0, Fa(p2) = a.
Show that Fy = F5, F_ = C o F5.

4. In the setting of Exercise 3, suppose also q1,¢2 € C, d(q1,q2) = d(p1,p2).
Show that there are a unique G € Isom™ (C) and a unique G_ € Isom™~(C)
such that

G+(p1) = a1, Gx(p2) = 2.
5. Given p € C, w € S, set
Ppw(2) = w(z —p) +p.
Show that
Ppw € Isom™(C), ppu(p) =p, Ywe S
We say pp . is rotation by w about the point p.
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1.4. Lines and line segments

A line in C is a set of points of the form

(1.4.1) Lyy={ut+v:teR}={l,,(t): t € R},
given u,v € C, u # 0. Note that, by scaling R, we have
(1.4.2) Lyy= Ly, YreR\O.

In particular,

(1.4.3) Luw = Ly, w= |—Z‘ e st

where

(1.4.4) Sl={zcC:|z|=1}.

Note that if L is a line and F' € Isom(C), then F(L) is also a line.
Indeed,

F(L =1L , for F'in (1.3.21),
aay e F )
In particular,

(1.4.6) F(R)=Ly,,, forFin (1.3.21) or (1.3.22).
Equivalently, for such F',
(1.4.7) R=F"(Lyya).
The following result verifies Euclid’s Postulates 1 and 2, in the setting
of geometry on C.
Proposition 1.4.1. Given two distinct points p,q € C, there is a line

through p and q.

Proof. Just take the line

(1.4.8) U(t) = Lg—pp(t) =p+ (¢ — D).
|

There is also a uniqueness result, but first we treat the following basic
proposition.

Proposition 1.4.2. Consider the lines
(1.4.9) Loa, Luy, w,ucS.

If w # tu, these lines intersect in exactly one point. If w = tu, these lines
either coincide or have empty intersection.
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Proof. Take F' € Isom(C) such that (1.4.6) holds. Then

(1.4.10) F Y Luy) = Lag, laj=1, BeC,
and

(1.4.11) w=tu < a==+l

Thus it suffices to consider the lines R and

(1.4.12) Log={at+p:teR}.

Note that, for t € R,

(1.4.13) Im(at+ ) =at+0b, a=Ima, b=Imp,
and, given a € ST,

(1.4.14) a#+l < a#0.

If a # 0, then at + b = 0 if and only if ¢t = —b/a, and the lines L, g and R
have exactly one point of intersection. If a = 0, then at + b = b, and this
vanishes for all ¢ if and only if b = 0, and vanishes for no ¢ if and only if
b # 0. This completes the proof. O

REMARK. Given the linesin (1.4.9), if w/u € R and the lines do not coincide,
we say they are parallel. If w 1 u, we say they are orthogonal.

Given Proposition 1.4.2, and given a line L through distinct points p
and ¢, if L' is another line through p, and L’ does not coincide with L, it
follows that L’ intersects L only at p. This gives the uniqueness of the line
arising in Proposition 1.4.1. As another consequence of Proposition 1.4.2,
we verify the Parallel Postulate, for geometry on C.

Proposition 1.4.3. If L is a line in C and p € C, p ¢ L, there is a unique
line L' through p that does not intersect L, and it is parallel to L.

Proof. We can write L = L, ,, as in (1.4.3). Then L' = L, , contains p
and is parallel to L. If L” is another line through p, it is expressible as
L" = Lqp, for some a # £w. By Proposition 1.4.2, it must intersect L. O

The previous result on drawing a parallel has the following useful com-
plement.

Proposition 1.4.4. Let L be a line in C, p € C. Then there is a unique
line sz through p that intersects L orthogonally.

Proof. Write L = L, ,, as in (1.4.3). Then LZJ; is given by
(1.4.15) Ly = Liwp.



16 1. Basic algebraic results on Fuclidean geometry

Liw,p

Figure 1.4.1. Drawing a parallel and dropping a perpendicular

REMARK. One says we drop a perpendicular from p through L. See Figure
1.4.1 for an illustration of Propositions 1.4.3-1.4.4.

We now define the reflection across a line.

Proposition 1.4.5. Let L = L, 4 be a line. There is a unique

(1.4.16) Ry € Isom™ (C), such that Rp(z) ==z, Vz € L.

Proof. By (1.4.6), we can take F € Isom™ (C) such that L, , = F(R), so it
suffices to treat the case L = R. In this case, the map satisfying (1.4.16) is
simply

(1.4.17) C(z) ==
Thus, for L itself, Ry, in (1.4.16) is R, = F o C o F~ 1. O

Associated to the notion (1.4.1) of a line in C is the notion of a line
segment, which has the form

(1.4.18) Lyyr={ut+v:tel}, I=]a,b],
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where a,b € I, a < b. Such a line segment has endpoints
(1.4.19) p=ua+v, q=ub+w.
We say the line segment L, , ; connects p and g.

We have the following analogue of Proposition 1.4.1

Proposition 1.4.6. Given two distinct point p,q € C, there is a unique line
segment connecting p and q.

Proof. For existence, take the line
(1.4.20) Lt)y=p+ (¢ —p)t, te]|0,1].

Uniqueness again follows from Proposition 1.4.2. O

We denote by Ly, , the line segment given by (1.4.20). Thus

(1421) E[qu} == Lq—p,p,[o,l}‘
Given such points p and ¢, we have

1
(1.4.22) 5(p +q) =£(1/2).

We call this the midpoint of the line segment Ly, 4.
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Exercises

1. In the setting of Proposition 1.4.6, give a formula for the line through
the midpoint of L, , that is orthogonal to this line segment. We call such
a line the perpendicular bisector of Ly, 4.
2. Retaining this setting, show that there are unique maps F* € Isom™ (©)
such that

F* Lipa = Lipgl> FX(p)=4q, F*(q)=p.
Show that each map F* fixes the midpoint of Lip.q-

3. Let L and L be lines that intersect at one point, and take Ry as in
Proposition 1.4.5. Show that L and L intersect orthogonally if and only if
Rp(L) = L.

We say three distinct points p; in C are non collinear if p3 does not lie on
the line through p; and ps.

4. Assume pq,pa, p3 are not collinear. Assume F' € Isom(C) and F(p;) = p;
for each j. Show that F' is the identity map, i.e., F(z) = z for all z € C.
Hint. Build on the results in Exercises 3—4 of §1.3.
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1.5. Rays, wedges, and angles

A rayin C is a half-line. Given p € C, a ray emanating from p has the form
(1.5.1) Ryw={p+tu:te|0,00)},
with u € C, u # 0. Scaling, we can take u € S*, defined by (1.4.4).

A wedge in C is an ordered pair of rays issuing from a common point p:
(1.5.2) Wpuw ={Rpu, Rpv}, u,veC\O.

Again, we could assume u,v € S'. We say p is the vertex of W), . We
define the angle measurement of this wedge as
u v uw

1.5.3 QWpuw) = Qu,v) = — — = .
( ) ( p, ) ( ) v |U| |U| |U|

Equivalently, Q(W),,.») = w, where w € S satisfies

u v
(1.5.4) R
ul vl
that is,
(1.5.5) wv =ru, 1€ (0,00).

In other words, the angle measurement w of the wedge W), ,, , is characterized
by the fact that rotation by w about p moves the ray R,, to line up with
R, .. See Figure 1.5.1 for an illustration of

(1.5.6) QWow1) = w,

given w € S!. Note that

(1.5.7) Q(u,v) = Qv,u), hence QUW,up) = QWpou)-
It is frequently convenient to bring in the sets

(1.5.8) St ={:e€8 :Imz>0}, SL={zreS" :Imz<0},

so we have a disjoint union

(1.5.9) St=gstustu{l-1}.
The following result will allow us to bisect an angle.

Proposition 1.5.1. Given w € S}, there is a unique o € Si such that

1+w
11+ w|

(1.5.10) o? =w, namely a=

Similarly, given w € S, there is a unique o € S* satisfying (1.5.10).
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Q(WOMJ) = w

Figure 1.5.1. Wedge with angle measurement w

Proof. Set r = |1 +w|, so
(1.5.11) P=1+w(l+0)=2+w+m.
We claim that

1
(1.5.12) a=-(1+w)=ao*=w.

r
Indeed,

r2a? = (1 +w)? =1+ 2w+ w?

(1.5.13) ) )
r‘w=24+w+0)w=2w+w*+ 1.

This covers existence. For uniqueness, if also 8 € S*,

a2 «
(1.5.14) 2=R=w= (5> =1=5=+1

O

REMARK. More generally, given w € S_l|r (resp., S1)and n € N, n > 2, there
exists a € S1 (resp., S1) such that ™ = w. For n > 3, there is a unique
such a with maximal real part. This result is more subtle when n > 3 than
for n = 2. We will see a neat derivation in §2.5.
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u -+

Figure 1.5.2. Bisecting a wedge

Proposition 1.5.1 yields the following result on bisecting a wedge.

Proposition 1.5.2. Let W), , be a wedge. Assume

(1.5.15) ul = [v], QWpu.) =w e Si.

Take o € Si satisfying (1.5.10). Then

(1.5.16) Waavs  Wpavw

are wedges, each with angle measurement «. We say the ray

(1.5.17) Ry aw

bisects the wedge Wy, 4. Furthermore,

(1.5.18) Rpow = Rpuio.

Proof. We have u = wv = a(av). O

Similar results hold if, in (1.5.15), w € S. See Figure 1.5.2 for an
illustration of angle bisection. We also note the following.
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Corollary 1.5.3. In the setting of Proposition 1.5.2, reflection Ry, across
the line L = Lyt gives R, € Isom™ (C) such that

(1.5.19) Rrp(u)=v, Rp(v)=wu, Rp(z)=2, V2 € Lytyp.

Exercises

1. Given u,v,w € C\ 0, p € C, show that
Q(Wp,u,v)Q(Wp,v,w) = Q(Wp,u,w)-

2. In the setting of Exercise 1, show that
F € Isom™(C) = QUF Wpuw)) = QWpus),
F e ISOIIli((C) = Q(F(Wp,u v)) = m

)

3. Assume uj,v; € St, p; € C. Show that
Q(thuhvl) = Q(WPQ,UQ,UQ)

1.5.20
( ) = 3F € Isom™ (C) such that F(Wp, uy.01) = Wiy uz -

4. In the setting of Proposition 1.5.2, show that the wedge bisector R, o,
passes through the midpoint of the line segment from wu to v.
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Figure 1.6.1. Triangle

1.6. Triangles

Given three points A, B,C € C, not collinear, we associate a triangle T =
A(A,B,C). The points A, B, and C are the vertices of 7. The sides of T
are the line segments, a, b, and ¢, opposite these vertices. See Figure 1.6.1.

With slight abuse of notation, we also set

(1.6.1) c=B—-A, a=C-B, b=A-C.
Note that
(1.6.2) a+b+c=0.

Recall from §1.5 that, for nonzero z,w € C, we define the angle measure-
ment Q(z,w) € S! to be the element w € S! such that ww = rz, r > 0.
Equivalently,

(1.6.3) Q(z,w) :u(%),

where U : C\ 0 — S is given by
(1.6.4) U(z) = —.
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We now define the angle measurements of the three angles of 7 as
Qr(A) =Q(=b,c) =Q(C — A, B - A),
(1.6.5) Qr(B) = Q(—c,a) = QA - B,C — B),
Qr(C) =Q(—a,b)=QB-C,A-C).
Equivalently,
c a

(1.6.6) QT(A):L{<—E>, QT(B):L{<—g>, QT(C):L{<—E>.

Here is one more perspective on the angular measurements for the tri-
angle T = A(A, B,C). Let us cyclically order the vertices of T, as follows:

A, B,C,A,B,C,A,B,...

If V' is one of these vertices, we take the ray R{ from V to the vertex
right after V, and the ray R{, from V to the next vertex after that. Then
Q7 (V) = w where rotation by w about the vertex V' moves the ray Rj, to
line up with RY{,. For example, Q7 (A) = w satisfies w(B — A) is a positive
multiple of C' — A.

The formulas (1.6.6) lead to the following result on how the angles of a
triangle combine.

Proposition 1.6.1. If T = A(A, B,C) is a triangle with vertices A, B, C,
then

(1.6.7) Qr(A)Qr(B)Qr(C) = —1.

Proof. From (1.6.4) we have U(z)U(w) = U(zw). Hence (1.6.6) implies
that the left side of (1.6.7) is equal to U(—1) = —1. O

A refinement of this is the sum of angles formula presented in Proposition
2.3.3. The following is an important complement to Proposition 1.6.1.

Proposition 1.6.2. In the setting of Proposition 1.6.1, the angle measure-
ments (1.6.5) are either all elements of S}r or all elements of S*, where

(1.6.8) St ={we S Imw>0}, S'={wes':Imw<D0}.

In light of the formula (1.6.6), this is a consequence of the following result.

Lemma 1.6.3. Ifa,b,c € C\ 0 satisfy a + b+ c =0 and all the fractions

b
(1.6.9) 26 ¢

c a b

belong to C \ R, then their imaginary parts are either all positive or all
negative.
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Proof. It suffices to compare the imaginary parts of

a b a

1.6.10 1+-, —-1—- -

(1.6.10) +g -2 8
since the first two quantities in (1.6.10) are equal, respectively, to —c/b and
c/a, and, for z € C\ R, sgnIm(1/2) = sgnIm(—=z). O

We have that all the angle measurements (1.6.5) belong to St if and
only if all the ratios in (1.6.9) have negative imaginary part.

Here is another useful formula for angle measurements. By (1.5.3), for
nonzero z,w € C,

(1.6.11) (z,w) = |z| |lw|Re Q(z, w).
It follows that, in the setting of Proposition 1.6.1,
(b, ¢)
ReQr(4) = - |<b| ’C>|,
c,a
(1.6.12) ReQr(B) = — LC’ ]a>\’
a,b
ReQr(C) = — al bl

On the other hand, since a + b + ¢ = 0, we have from (1.2.3) that
2{a,b) = +laf® +[b]* — |,

(1.6.13) 2(b, ¢) = —|al® + |b|* + |c|%,
2(c,a) = +la|* — [o* + |

Here is a classification of the angles of a triangle 7 = T (A, B,C). We
say that the angle of T at A is

an acute angle <= Re Q7 (A4) > 0,
(1.6.14) a right angle <= Re Q7 (A4) =0,
an obtuse angle <= Re{)7(A4) < 0.

A similar characterization applies to the angles at B and C. Note from
(1.6.12) that

(1.6.15) A is a right angle <= b L c.
Here is a key property of triangles.

Proposition 1.6.4. Fach triangle has at least two acute angles.

In light of Propositions 1.6.1-1.6.2, this is a consequence of the following
result.
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Lemma 1.6.5. If wi,ws € S}r and Rewi,Rews < 0, then
(1.6.16) Im wjwy < 0.

Hence if also w3 € ST and wiwaws = —1, then Imws < 0.

Proof. Suppose that for j =1, 2,

(1617) wj = —cj +15j, Cj,8;> 0.
Then
(1.6.18) Wolp = C1C2 — 8189 — i(0132 + 8102),

and we have (1.6.16). Then if w3 € S*,

wiwg)wy = —1 = w3 = —(ww
(1.6.19) (Wiw2)ws 3 (wiwa)
= Imw;s < 0,

as asserted. O

If one of the angles of a triangle 7 is a right angle, we say 7T is a right
triangle.

The following result is the Pythagorean theorem. It was essentially
established in Proposition 1.2.1, but at that point we had not introduced
the terminology for its classical formulation. Here it is.

Proposition 1.6.6. Assume T = A(A, B,C) is a right triangle, with right
angle at C. Then
(1.6.20) e = |af* + |b%.

Proof. Parallel to (1.6.15), C is a right angle if and only if a L b. Then the
identity (1.6.20) is immediate from the first identity in (1.6.13). O

REMARK. In the setting of Proposition 1.6.6, the side opposite the right
angle C' is called the hypotenuse of 7. Thus the content of the Pythagorean
theorem for a right triangle 7 is that the square of the hypotenuse of T is
equal to the sum of the squares of the other sides.

Exercises
1. Let T = A(A, B,C) be a triangle. Show that the line segment from A to
the midpoint (B + C')/2 of the opposite side contains the point

1

§(A +B+0).

Show that the three line segments from the vertices of 7 to the midpoints
of their opposite sides all meet at this point. We call this point the center
of T.
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Y\ 5

Figure 1.6.2. Commentary on Proposition 1.6.1

2. Let T = A(A, B,C) be a triangle. Also consider
T =A(A,C,B), T"=A(C,A,B).
Show that
Qr(A) =Qr(A), Qr(B)=Qr(B), Q7 (C)=07r(C),

while

Qr(A) =Qr(A), Qr(B)=Qm(B), Qr(C)=Q7r(C).

3. Relate Figure 1.6.2 to the proof of Proposition 1.6.1. The top line through

C is parallel to the line through A and B.
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1.7. Congruence of triangles

Let T = A(A,B,C) be a triangle, with associated a,b,c € C given by
(1.6.1). Suppose F' € Isom(C), and consider

(1.7.1) T =F(T),

a triangle with vertices

(1.7.2) A'=F(A),B'=F(B),C'=F(C),
and associated a’, V', ¢/, given by

(1.7.3) d =B — A" = Fye), etc.,
where, as in (1.3.23), we have

(1.7.4) F(z) = Fo(z2)+p, FoeO(C), peC.

We say 7 and T’ are congruent. Since F preserves distances, we have, of
course,

(1.7.5) |a| = lal, [V'| = [bl, |¢'] = c].

Let us compare angles, e.g.,

Qr (4) = (¥, ) =u(-2).
Qr(A) = Q(=b, ¢) :u(l).

C

(1.7.6)

There are two cases to consider:

(i) Felsom™(C) = Fy(z) = az,
(i) F €lIsom™(C) = Fy(z) = az,
for some a € S*.
. o' b /
Case i. — =, s0Qp(A)=Qr(A),
d ¢
3 v oob N m—
Case ii. J=3 %0 Q7 (A") = Qr(A).

Similar calculations hold for the other angles. We summarize.
Proposition 1.7.1. If F € Isom™ (C) and F(T) = T’, then

177 Qp(A) =Qr(4), Qr(B)=97(B), Qr(C)=7r(0).
If F € Isom™ (C), then

(L7.8)  Qp(A) =07 (A), Qn(B)=07(B). Qn(C)=27(C).
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We now consider the existence and uniqueness (up to a rigid motion) of
a triangle, given partial geometric data. To begin, we take

(1.7.9) ae S, b, | € RY,
and seek a triangle 7 = A(A, B, C) such that
(1.7.10) |IB—A|=|e|, |C—-Al=1b], Qr(A)=aqa.

Since these data are invariant under application of elements of Isom™(C),
we can translate and rotate and see that it suffices to treat the case

(1.7.11) A=0, B=]ld

Then the conditions (1.7.10) impose the requirement on C' € C that
C

(1.7.12) C] = o], u(f) = a,
B

hence

(1.7.13) C = |bla.

This establishes the following.

Proposition 1.7.2. Given the data (1.7.9), there exists a triangle T =
A(A, B,C) satisfying (1.7.10). If T’ is another such triangle, then T' =
F(T) for some F € Isom™(C).

REMARKS. The same analysis works if one takes o € S* instead of a € S}r.
Also, if T’ satisfies (1.7.10) except that « is replaced by @, then there exists
F € Isom™ (C) such that F(T") =T.

In classical Euclidean geometry, the uniqueness result given above is
stated as the use of

(1.7.14) side-angle-side
to establish congruence of two triangles.

In the situation described above, we were given one angle of a triangle
and (the lengths of) two adjacent sides. We move on to the scenario where
we are given (the length of) one side, and (the angle measurements of) two
adjacent angles. To be specific, we take

(1.7.15) a,BeSL || eRT,
and seek a triangle 7 = A(A, B, C) such that
(1.7.16) B-Al=ld, Qr(4)=a, Qr(B)=4.

In light of Propositions 1.6.1-1.6.2, we must impose the following con-
straint on « and :

(1.7.17) 3~ € S} such that afy = —1.
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Figure 1.7.1. Illustration of angle-side-angle construction

Given (1.7.15), this holds if and only if
(1.7.18) aB € Si.

To proceed, this time it is convenient to take a translation and rotation
such that

(1.7.19) B=0, A=]|A|f=]c|s.

See Figure 1.7.1. We will then find C € R™ such that A(A4, B, C) satisfies
(1.7.16). To find C, we look at the ray,

(1.7.20) ) =A+t9, t>0.
We have
(1.7.21) Im{(t) =ImA —tIm~.

Since Im~ > 0,

Im A
(1.7.22) Im £(to) = 0 for tg = IrHrlTy >0
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This ray intersects R™ at

R
(1.7.23) C = ((to) = Rel(ty) = Re A + (Im A)—" .
Im~y
Now the conditions «, 3,7 € SL, afy = —1 imply that gy € SL, i.e.,
(1.7.24) Impy=RefB Imy+Imp Revy > 0,
SO
R
C= \c|<Re,B+ImﬂhZ,y>
(1.7.25) o 7
=9 .
T~ m(f3v) >0

We have the following.

Proposition 1.7.3. Given the data (1.7.15), and given the constraint (1.7.17)
on « and B, there exists a triangle T = A(A, B,C) satisfying (1.7.16). In
such a case,

(1.7.26) Qr(C) =~.

If T' is another such triangle, then T' = F(T) for some F € Isom™(C).

REMARK. A similar analysis works if one takes a, 3 € S! instead of a, 3 €
S%. Then the constraint (1.7.15) is modified to say v € SL. Also, if 7"
satisfies (1.7.15) except that a, 3 are replaced by @, /3, then there exists
F € Isom™ (C) such that F(T") =T.

In classical Euclidean geometry, the uniqueness result given above is
stated as the use of

(1.7.27) angle-side-angle
to establish congruence of the triangles.

We move to what is called the
(1.7.28) side-side-side

argument to establish congruence of two triangles. Let 7 = A(A, B,C)
and T = A(A’, B',C") be triangles, with associated sides a, b, c and ', ¥/, ¢,
respectively. This time, we assume

(1.7.29) jal = la'l, (ol =1¥], el =Ic).
Recall from (1.6.12)—(1.6.13) that

(1.7.30) 2(b, ¢) = |b]* + |c[* — |a|?,

and hence

(1.7.31) Re Q7(A) = ——— (bl + [cf2 — |a[2).

2(0] |¢]
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Similarly,

(1.7.32) ReQr(A)) = —W(WP + | = |d')?).
Hence, if (1.7.29) holds, we have

(1.7.33) a=Q7(4), o/ =Qp(B') = Rea =Red.
Since a, o’ € S, it follows that

(1.7.34) either o/ = a or o =@

We pair this identity with the last two identities of (1.7.29) and see that
the side-angle-side argument, establishing Proposition 1.7.2 and subsequent
comments, applies. This yields the following.

Proposition 1.7.4. Given triangles T = A(A, B,C) and T' = A(A', B',C")
such that (1.7.29) holds, there exists F € Isom(C) such that T' = F(T).

Proposition 1.7.4 is the uniqueness result for triangles, given side lengths
lal, 6], and |c|]. We now investigate the existence question. In light of the
triangle inequality, this requires the constraints

(1.7.35) la] < [b]+e], [bl < el +al, e < lal + [b].

Furthermore, strict inequality must hold for the vertices not to be collinear.
In the next result, we use the notation a,b, ¢ in place of |al, |b], |c|, for con-
venience.

Proposition 1.7.5. Let a,b, ¢ be positive numbers, satisfying
(1.7.36) a<b+4+c, b<c+a, c<a+bd
Then there is a triangle T = A(A, B, C) with such sidelengths.

Proof. We take A =0, B =c € R", and need to find C € C of the form

(1.7.37) C=c+az, z€S"\R.

The triangle A(A, B, C) will have the desired sidelengths provided
(1.7.38) lc+ az| = 0.

Since

(1.7.39) lc+az]? = (¢ + az)(c+ aZ) = A+ a® + ac(z + 2),

the requirement is
(1.7.40) A +a? - b = —ac(z 4 %) = —2acx,
for some z =z +iy € SY, z,y € R, y # 0. We can find such z satisfying
(1.7.40) if and only if
c+a?— b

1.7.41 - = -1,1).
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If this holds, then (1.7.40) holds, with
(1.7.42) y==+v1-—2a%
We claim that (1.7.36) implies (1.7.41).
Indeed, given a,b,c > 0, (1.7.36) is equivalent to
(1.7.43) lc—al <b<c+a,

and this holds
s a?+ 2 —2ac < b <a®+c+ 2ac

& a? + 2 — b < 2ac and

(1.7.44) b2 — a2 — 2 < %ac
la? + % — b?|
& — < 1
2ac
This completes the proof. ([
Exercises

1. Formulate and prove an analogue of the criteria (1.7.14), (1.7.27), and
(1.7.28), of the form

angle-angle-side,
guaranteeing congruence of two triangles.
Hint. The equality of any two sets of angles of two triangles implies the
equality of the third. Then (1.7.27) applies.

2. Justify the remarks made below Proposition 1.7.2.
3. Justify the remarks made below Proposition 1.7.3.

4. As stated in the introduction to this chapter, the statement of the parallel
postulate given in the Elements is more elaborate than the one given there.
It runs as follows:

5. If two lines are drawn which intersect a third in such a way that the sum
of the inner angles on one side is less than two right angles, then the two
lines must intersect each other on that side if extended far enough.

Relate this angle constraint to that of (1.7.18) (in the setting of (1.7.15)),
and show that such a result follows from the first part of Proposition 1.7.3.
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1.8. Isosceles triangles and equilateral triangles

A triangle is said to be isosceles provided two of its sides have equal lengths.
For example, take 7 = A(A, B, C) and assume

(1.8.1) IA-C|=|B-C|, ie., |b=]al.

We say T is isosceles at the vertex C. In such a case, let T = A(A', B',C"),
where

(1.8.2) A =B, B =4 ( =C.
We see that

(1.8.3) |d'| = |b'] = |a| = [?],
and in particular |a'| = |al, || = |b]. Also

(1.8.4) Q7 (C") = Q7 (0).

The side-angle-side result, Proposition 1.7.2, or rather the comments follow-
ing it, apply. Hence we have:

Proposition 1.8.1. If T is isosceles, satisfying (1.8.1), and if T has ver-
tices given by (1.8.2), then

(1.8.5) JF € Isom™ (C) such that F(T) =T".

In other words, F' € Isom™ (C) has the property
(1.8.6) F(A)=B, F(B)=A, FO)=C.

It follows from Proposition 1.7.1 that

(L8.7) O (A) = Q7 (A), Qp(B) =07(B),

and since Q77 (A) = Q7 (A) and Q7 (B) = Q7 (B), we have:

Corollary 1.8.2. If T = A(A, B,C) is isosceles with vertex at C, then
(1.8.8) Qr(A) = Q7 (B).

We can obtain a converse result as follows. Suppose T = A(A, B,C) is
a triangle, and replace the hypothesis (1.8.1) by the hypothesis that (1.8.8)
holds. Again define the triangle 7/ = A(A’, B',C") by (1.8.2). Since |c| =
||, we can use the angle-side-angle result, Proposition 1.7.3, or rather the
comments following it, to obtain:

Proposition 1.8.3. If T = A(A, B, C) and the equi-angularity result (1.8.8)
holds, then there exists F' € Isom™ (C) such that (1.8.6) holds. Hence T is
isosceles.
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If T =A(A,B,C) is a triangle all of whose sides have the same length,
S0)

(1.8.9) |A—C|=|B—-C|=]A—-Bj| ie., |a] = |b] = ||,
we say T is an equilateral triangle. Such 7T is isosceles in three ways, and

repeated applications of Proposition 1.8.1 and Corollary 1.8.2 yield the fol-
lowing.

Proposition 1.8.4. If T = A(A, B,C) is an equilateral triangle, then there
exist F; € Isom™ (C) such that
F : AN(A,B,C) — A(B,A,C),
(1.8.10) 1 A(A,B,C) — A(A,C, B),
F5: A(A,B,C) — A(C, B, A).
Also, there exists G € Isom™ (C) such that

G:A(AB,C) — A(B,C,A),
(1.8.11) G:A(B,C,A) — A(C, A, B),
G:A(C,A,B) — A(A,B,C).
Furthermore,
(1.8.12) Qr(A) = Qr(B) = Q7 (0).

As with Proposition 1.8.3, we also have the converse result:

Proposition 1.8.5. If T = A(A,B,C) is a triangle and (1.8.12) holds,
then T is an equilateral triangle.
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Exercises

1. Let T = A(A, B,C) be isosceles at the vertex C. Let
1

be the midpoint of the opposite side c¢. Show that A(C, M, A) and A(C, M, B)
are congruent, using side-side-side. From this deduce another proof of Corol-
lary 1.8.2.

2. Assume 7 = A(A, B, C) has the property (1.8.8), i.e., Q7 (A) = Q7 (B).
Let the angle bisector of 7 at C' meet the line through A and B at X.

(a) Use Proposition 1.6.1 to show that A(C, X, A) and A(C, X, B) both
have right angles at X.

(b) Then use angle-side-angle to show that these two triangles are congru-
ent.

(¢) From this, obtain another proof of Proposition 1.8.3.

3. Show that
1
ai:i§+%\/§:>ai651, ai:a_, ai:qzl.
Show that whenever (1.8.12) holds, their common value is a (or @y).
Now let T = A(A, B,C) and assume A+ B+ C = 0. Show that 7 is an
equilateral triangle if and only if, with F'(z) = a_z, a_ as above, F(T) = T.
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1.9. Similarity

Given r € (0,00), we have the scaling transformation

(1.9.1) 9 :C—C, () =rz.
We say G : C — C is a similarity transformation if
(1.9.2) G(z) = Fod,(z), F €Isom(C),

and we write G € Sim(C). If (1.9.2) holds with F € Isom™(C), we write
G € Sim*(C). In light of Corollary 1.3.4, G € Sim™*(C) if and only if

(1.9.3) G(z)=uz+p, VzeC,
for some u,p € C (u#0), and G € Sim™ (C) if and only if
(1.9.4) G(z) =uz+p, VzeC,

for some such u, p.
7 =A(ADB,C)and T' = A(A,B',C’), and
(1.9.5) G € Sim(C), G(T)=T,

we say 7 and T are similar, and write 7 ~ 7' (or 7' ~ T). Note that if
a,b,c are as in (1.6.1) and o/, ¥, ¢’ are similarly defined, then

(1.9.6) |d'| =rlal, V| =r[p], |]=rld,
if G has the form (1.9.2). Thus (1.9.6) holds with r = |u| if G has the form
(1.9.3) or (1.9.4).

It is elementary that if 7/ = 6,(7), then
(1L97)  Qp(A) = Qr(4), Qn(B) =97(B), 4 (C")=r(C).
Hence we can apply Proposition 1.7.1 to conclude:

Proposition 1.9.1. Suppose (1.9.5) holds. If G € Sim™(C), then (1.9.7)
holds. If G € Sim™(C), then

(198)  Qp(A)=07(A), Qn(B)=07(B), Qn(C)=07(0).

Here is an important converse.

Proposition 1.9.2. Let T = A(A,B,C) and T' = A(A', B',C"). If (1.9.7)
holds, then T' = G(T) for some G € Sim™(C). If (1.9.8) holds, then
T' = G(T) for some G € Sim™(C). In either case, (1.9.6) holds for some
reRT.

Proof. Say |d/| = s|a|, s € RT. Then consider 71 = §,7. If (1.9.7) or
(1.9.8) holds, it also holds with 7 replaced by 7;. But then the angle-

side-angle result, Proposition 1.7.3 (and subsequent comments) give F' €
Isom™(C) such that 77 = F(7;). This establishes the desired result. O
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Figure 1.9.1. Three similar triangles

REMARK. In light of Proposition 1.6.1, we see that for the three identities
in (1.9.7) to hold, it suffices for any two of them to hold. Ditto for (1.9.8).

We now discuss an interesting collection of three similar triangles, de-
picted in Figure 1.9.1. We have a right triangle 7 = A(A, B, C), with right
angle at C'. We drop a perpendicular from C' to the line segment from A to
B, intersecting it at D (cf. Proposition 1.4.4). Here, to simplify notation,
we let a, b, c stand for |al, |b|, |c|. The point D divides the interval from A to
B into two subintervals, of lengths x and vy, satisfying

(1.9.9) r+y=c
The other triangles are
(1.9.10) To=NA(A,C,D), T3=A(C,B,D).

Note that 7 and 7 have the vertex A in common, and 7 and 73 have the
vertex B in common. We have

(1.9.11) Qr(A) =Q7r(4), Qr(B)=Qr(B).
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All these triangles have right angles, 7 at C, 71 and 72 at D, Therefore we
can invoke Proposition 1.9.2 (keeping in mind its subsequent remark). We
have

(1.9.12) T ~Ts~Ts.

We conclude from the analogues of (1.9.6) that

(1.9.13) T =", TaTim =t
These identities imply

(1.9.14) v =cx, o =cy,

and adding these, keeping in mind that = + y = ¢, yields
(1.9.15) a? +b* =2

The identity (1.9.15) states the Pythagorean theorem for the right trian-
gle T. Now the Pythagorean theorem has been baked into our infrastructure
since Proposition 1.2.1, so we cannot really regard this as a second proof
of this theorem. On the other hand, the argument presented above does
give the gist of the second proof of the Pythagorean theorem, in Book VI of
Euclid. (Euclid’s first proof, in Book I, involves area comparisons. For more
on this, see the discussion following Proposition 2.6.5.) Anyway, the argu-
ment above might provide insight into how people derived the Pythagorean
theorem in the old days. Of course, it does not completely show how they
thought. Fuclid and his colleagues did not use algebra the way one does in
modern times to obtain their geometrical results. See the remarks at the
end of §2.9.

Exercises

1. Consider the triangle T = A(A, B,C). Let £ be a line parallel to ¢ =
L4,p]- Assume { intersects b = Lic 4] at A’ and that £ intersects a = Lic.B
at B’. Show that

T = A(A',B',C) is similar to T.
Hint. Show that Q7(A) = Qg (A').

2. In the setting of Figure 1.9.1, show that (1.9.14) implies
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1.10. Squares, rectangles, and other quadrilaterals

Here we look at various classes of four-sided figures, known as quadrilaterals,
or 4-gons. First, let us make some general comments about n-gons, for
n > 3. An n-gon P = G, (Ao, A1, ..., Ap—1) is specified by n distinct points
Aj € C, 0 <j <n—1, which are joined by the sides L;, line segments from
Ajto Ajiq, for 0 < j <n—1. We make the convention here and below that

(1.10.1) A, =Ay, A_1=A4,_1.
We impose the requirement that
(1.10.2)

these line segments L; do not intersect except at their endpoints.
We define the angle measure of the angle at A; in P as
(1.10.3) Qp(4;) = Q7;(45),  Tj = A(Aj-1, 45, A1),

using the convention (1.10.1) for j = 0 and j = n — 1. A straightforward
extension of Proposition 1.6.1 is that, if P = G, (Ao, ..., An-1),

(1.10.4) Qp(Ag) (A1) -+ Qp(Ap_q) = (—1)".

Specializing to n = 4, we first describe rectangles. A rectangle R =
G4(A,B,C, D) is a 4-gon all of whose angles are right angles. See Figure
1.10.1. To see better what R looks like, we can find F' € Isom(C) such that

(1.10.5) F(R)=R =G4(A',B,C’", D) = G4(0,a,C’,ib), a,b>0,

whose sides include Ly, from 0 to a, and Lf, from ib to 0. The line segment
L/ connects a to C’ and L5 connects C’ to ib. For the angles at B’ = a and
at D' = ib to be right angles, we require

(1.10.6) Ly 1L Lyand L) L LY,

ie.,

(1.10.7) C'—a€iR and C' —ibeR.

This forces

(1.10.8) ReC'=a, ImC' =b, hence C' = a+ ib.

We have specified R’. Note that the calculations (1.10.6)—(1.10.8) only re-
quire the angles at A’, B’, and D’ to be right angles. This forces C’ to be a
right angle. This is consistent with the case n =4 of (1.10.4).

One consequence of (1.10.8) is the following.
Proposition 1.10.1. Opposite sides of a rectangle R = G4(A, B, C, D) have
equal lengths, i.e.,

(1.10.9) IA—B|=|D—C| and |A—D|=|B-C|
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D c ib Ly C
R I R L
A B 0 L, a

Figure 1.10.1. Rectangles R = G4(A, B,C, D), and R’

With a and b as in (1.10.5), we say the rectangle R has sidelengths a
and b.

A square is a rectangle S whose sidelengths are all equal, say to c¢. In
such a case, calculations parallel to (1.10.5)—(1.10.8) yield a transformation
F € Isom(C) such that

(1.10.10) F(S) =8 = G4(0,c,c+ic,ic).
Translating by —c(1 4+ 7)/2 yields a square S”, with vertices
(1.10.11) —§(1+z'), 5(1—1), g(l—i-z'), g(—l—i—z‘),

which is clearly invariant under p;(z) = iz, yielding for the original square
S = G4(A, B,C, D) a rotational symmetry about its center (A + B + C +
D)/4 = p, i.e., S is invariant under F,(z) = i(z — p) + p.

We next introduce a family of 4-gons more general than the class of
rectangles. We say P = G4(A, B,C, D) is a parallelogram provided its
opposite sides are parallel, i.e.,

(1.10.12) D-A|C-B, B-A|C-D.
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Figure 1.10.2. Parallelogram

See Figure 1.10.2. In such a case, through D there is a unique line Lo,
parallel to the line through A and B, and through B there is a unique line
L4, parallel to the line through A and D. Equivalently, if we set

(1.10.13) u=B—-A v=D-A,
then
(1.10.14) LQI{D—I-tUZtER}, Ly :{B+SU:SER}.

We assume A, B, and D are not collinear, hence
(1.10.15) Yer.
v

Lemma 1.10.2. In the setting described above, the lines Ly and Lo meet at
the point A 4+ u + v.

Proof. Where L1 and Ly meet, we have

(1.10.16) A+v+tu=A+u+ sv,
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hence
(1.10.17) (t—1Du=(s—1)v.
Now (1.10.15) implies that t = 1 and s = 1, as asserted. O

In summary, we have

Proposition 1.10.3. If P = G4(A, B,C, D) is a parallelogram, with wu,v
given by (1.10.13), then

(1.10.18) C=A+u+w.

As a consequence, opposite sides of P have the same length.

Corollary 1.10.4. In the setting of Proposition 1.10.3, the parallelogram
P is invariant under the map F € Isom(C) given by

(1.10.19) F(z)=—(z—p) +p, p:i(A+B+C+D).
Consequently, opposite vertices of P have the same angular measurements:
(1.10.20) Qp(A) =Qp(C), Qp(B)=Qp(D).

REMARK. If |u| = |v| in (1.10.13), then all four sides of P have equal length.
In such a case, one says P is a rhombus.

There is a result, called the parallelogram law, equating the sum of the
squares of the sidelengths of a parallelogram P and the sum of the squares
of the lengths of the diagonals of P, i.e., the line segments from A to C and
from B to D. As for the latter, note that

(1.10.21) |JA-—C|=|u+v|, |B—D|=]|u—nu|.
To derive the asserted identity, start with

Ju+ v = [uf® + o] + 2(u, v),
(1.10.22) ) ) )
lu =" = [u]” + [v]* = 2(u, v),
and add, to get
(1.10.23) lu 4+ v + Ju — v|? = 2Jul* + 2|v|*.

This is the parallelogram law.
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0 1/2 1 @

Figure 1.10.3. Golden rectangle

Exercises

1. Let R; be rectangles, with sidelengths a;,b; (a; < b;). Show that Ry is

similar to R if and only if
al . a9

b by

2. Let R be a rectangle of sidelengths x and = +y (z,y > 0). We can
partition R into two pieces, a square of sidelengths z, and a rectangle R of
sidelengths x and y. We say R is a golden rectangle if R is similar to R, i.e.,

z Y

T+y S
Show that, if this identity holds,

V5 —1
2
VB 41

=T+y= 5

:L‘:l:>y2+y:1:>y:
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See Figure 1.10.3. The number
Vol
LA
is called the golden ratio. Note that

) 1
v5_ 5+
2 2
See (2.5.8)—(2.5.14) for how the golden ratio arises in the construction of a

regular pentagon. See [10] for further results on the golden ratio.

3. After looking at the next section, decipher the meaning of the circular
arc in Figure 1.10.3.

4. Find the points of intersection of the circle and parabola

:132—|—y2:1, y:xQ.

Relate the y-coordinate of the intersection points with the golden ratio.



46 1. Basic algebraic results on Fuclidean geometry

1.11. Circles
A circle in C, centered at a and of radius r, is a set of the form
(1.11.1) Sp(a)={z€C:|z—a|=r}

The unit circle S* we have encountered before is S' = S1(0). Note that

(1.11.2) zE(C,z#Oéw:ﬁeSliaerweSr(a).
The circle Sy(a) is the boundary of the disk
(1.11.3) Dy(a) ={2€C:|z—a| <7}

It is of great interest to know when two circles, say Sg(a) and S,(b),
intersect. See Figure 1.11.1 for an illustration. We have the following result.

Proposition 1.11.1. Given a #b € C, R,r > 0, the following are equiva-
lent.

(a) Sgr(a) NSy (b) #0,
() |[R—r|<|la—b<R+r.

If one has strict inequality in (b), the intersection in (a) has two points. If
one of the inequalities in (b) is not strict, the intersection in (a) has one
point.

Proof. The demonstration is essentially a repeat of the proof of Proposition
1.7.5, with different notation (cf. (1.7.43)). If we bring in the isometry
_b—a

~lo—al’

the image circles are Sg(0) and S,(d), d = |b — a|, and, provided |R — r| <
d < R+, they intersect at points x £ iy, given by computations parallel to

those done in the proof of Proposition 1.7.5. Then Sg(a) and S, (b) intersect
at F~1(x 4 iy). If one of the inequalities in (b) is not strict, y = 0. O

(1.11.4) Fz)=w(z—a), w

REMARK. Constructions involving using points where two circles (drawn
with a compass) intersect play a fundamental role in classical Euclidean
geometry, though this aspect is not particularly emphasized here, except in
§2.9 on Euclidean numbers.

The Euclideans do not seem to have proved a result like Proposition
1.11.1. As we see from the proof of Proposition 1.7.5, a key ingredient in
the proof is the ability to take the square root of a positive number and
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Figure 1.11.1. Intersecting circles

know that it defines a positive real number. Such a foundational issue is
treated in Chapter 1 of [15], in the development of the real number system.
See also Proposition 2.11.5 and subsequent results in §2.11 of this text.

There is a parallel result for the intersection of a circle Sg(a) and a line
L. Given such objects, let L denote the line through a that intersects L
orthogonally, given by Proposition 1.4.4. Say L and L;- intersect at b. Then

la — bl < R = Sgr(a)N L has two points,
(1.11.5) |a —b] = R = Sgr(a) N L has one point,
la —b] > R = Sg(a) N L is empty.

We leave the demonstration to the reader.

We next describe an interesting family of right triangles, inscribed in a
circle, illustrated in Figure 1.11.2.

Proposition 1.11.2. Pick v € S, v # 1. Then T = A(—1,1,v) is a
right triangle, with right angle at v.
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Figure 1.11.2. Right triangle in a circle

Proof. It is equivalent to show that v +1 L v — 1, if |v| = 1. Indeed,
v41,v—1) =[]+ (1,v) - (v,1) = 1

(1.116) ( )= !2 (L) = (v, 1)

=v]*=1=0.

O

The computation (1.11.6) shows that if v € S',v # 1, then (v+1)/(v —
1) € iR (cf. Proposition 1.2.5). Equivalently, if we set

v+1 .,
(1.11.7) P(v) = b
then
(1.11.8) ST\ {1} — R.
For another check of this, note that if [v| =1, v # 1,
(1.11.9) Zfi = EZtBEg_B = - zm
Furthermore, if we set

T+

(1.11.10) o(x) =

Ly
xr—1
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Figure 1.11.3. Geometric construction of b = v/2a

then
(1.11.11) ¢ : R — S\ {1} is one-to-one and onto,

with inverse ¢ in (1.11.7)—(1.11.8).

We next describe a geometrical approach to the construction of the
square root of a given positive number, illustrated in Figure 1.11.3. To
start, assume a € (0,1), and set w =1 —a € (0,1). Let v denote the point
in S}_ where the line orthogonal to R through w intersects S}r. Explicitly,

(1.11.12) v=u+iy, y>0, ul+y’=1,
SO

(1.11.13) y=1-u2
Proposition 1.11.3. In the setting described above,

(1.11.14) b=|v—1=b=12a.
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Proof. Since A(v,u,1) is a right triangle with right angle at u, we have
B = o2 + a?
=1—u?+d?
=1—(1—-a)*+d?

= 2a.

(1.11.15)

Second proof. The triangles A(v,u,1) and A(—1,v,1) are both right
triangles (thanks to Proposition 1.11.2), and they have a common angle at
1. Hence they are similar. Similarity implies

b a

1.11.16 — = —

( ) 2 b )
which in turn yields the conclusion in (1.11.14). O

More generally, given r > 0, pick n € N such that

r
1.11.17 =— €(0,1).

(11117 0= 57 €0

Then the construction above yields b = v/2a, giving b = \/r/n, or
(1.11.18) V1 =nb.

We return to the functions ¢ and ¢, arising in (1.11.7)—(1.11.11), and
derive a result with a number-theoretic flavor. Namely, let Q C R denote
the field of rational numbers, and set

Q| ={z+iy:z,y € Q},
S@zslﬂ(@[i]:{:U+iy::n,y€(@,:n2+y2:1}.

It follows from the formulas (1.11.7) and (1.11.10), and the result (1.11.11)
that

(1.11.19)

(1.11.20) :Q— S%Q \ {1} is one-to-one and onto,
with inverse given by

(1.11.21) ¥ S5\ {1} — Q.

Note also that

(1.11.22) x>0+ p(z) € St.

These results apply to the study of Pythagorean triples, which consist
of triples (j, k, ¢) of positive integers satisfying

(1.11.23) G2k =02
We have the following.
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Proposition 1.11.4. For each Pythagorean triple (j,k,{), there is a unique
m/n € QT such that

(1.11.24) go(%) - % + %

Conversely, if m/n € QT, then (1.11.24) yields a Pythagorean triple (up to
a sign on j).

Since
2
¢ —1 2z
1.11.25 — ;
( ) p(z) oI I
we have
2 2
m m°—n 2mn
1.11.26 (7) - ;
( ) "\ m2+n2+m2+n21
yielding
(1.11.27) j=m?—n?  k=2mn, £=m?+n’

Circles and triangles — inscribed and circumscribed

Let A, B,C € C be non-collinear points, hence defining a triangle 7 =
A(A,B,C). As we will see, there is a unique circle C through these three
points, which is hence said to circumscribe T; alternatively, we say T is
inscribed in C. To find C, we start by looking for all circles that pass through
A and B. This family is described as follows.

Proposition 1.11.5. Let ¢ denote the midpoint of the line segment L ap
from A to B, and let L} denote the line through ¢ orthogonal to Lp. Pick
p € L and set

(1.11.28) r=|p—A|l=|p— B
Then the circle Sy (p) passes through A and B. All circles containing A and
B arise in this fashion.

Proof. Exercise. Use symmetry to show that [p — A| = |p — B. O

To proceed, let b denote the midpoint of the line segment L 4¢ from A
to C, and let Lf; denote the line through b orthogonal to Lac. Since Lap
and L4c are not parallel, neither are L} and LbL. Say

(1.11.29) p=LInLi.
Then r in (1.11.28) also satisfies
(1.11.30) r=p—Al=p-C|
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Hence S, (p) passes through A, B, and C.

Doing the construction above yields a bonus. Namely, we have
(1.11.31) p—Al=lp-Bl=[p-Cl=r,
and the second identity implies
(1.11.32) pe Lt

where ¢ is the midpoint of the line segment Lpc and Li is the line through
a orthogonal to Lpc.

Proposition 1.11.6. Given a triangle T = A(A, B,C), the perpendicular
bisectors LaL,LJ-, and LCl of the sides of T all meet at a point, namely at
the center of the circle that circumscribes T .

We next show that, given a triangle 7 = A(A, B, C), there is a unique
circle C that touches each side of T at just one point; we say C is tangent to
each side of T, and that C is inscribed in 7.

To start, we look at the problem of finding the circle C, centered at p,
tangent to a line L, given p ¢ L. To produce C, simply drop a perpendicular
Llf from p to L, and say L; intersects L at q. Then

(1.11.33) C=25:(p), r=[p—d.

To continue, we look for those circles tangent to the two sides Lapg and
L ac of T. Symmetry considerations imply that the center of such a circle
lies on the angle bisector ¢4 of the angle of T at A. Similarly, if {g is the
angle bisector of T at B, and if

(1.11.34) p=1LaN{lp,

then there is a circle centered at p, tangent to Lap and to L ¢, and there
is also a circle, centered at p, tangent to Lap and to Lpc. Since both
circles are tangent to Lap, they must coincide. Thus we have a circle,
centered at p, given by (1.11.34), that is tangent to each of the three sides
of T = A(A, B,C). This is the circle inscribed in 7.

Such a construction of inscribed circles also yields a bonus. Namely, if
this inscribed circle is Sy (p), then we must have

(1.11.35) pele,
where ¢c denotes the angle bisector of T at C.

Proposition 1.11.7. Given a triangle T = A(A, B,C), the angle bisectors
of T at its three vertices all meet at a point, namely at the center of the
circle inscribed in T .
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Figure 1.11.4. Perpendicular bisector of Ly, g

Exercises

1. Given a line segment Ly, 1, take 7 > |p — ¢|/2 and consider the circles
Sy(p) and S,(q). Show that

Sr(p) N Sr(q) = {a, b},
a set of two distinct points in C. Show that

1 1
,C[&b} N [’[IMI] e §(p + q) = §(OL + b).
Show also that
q—pLa-—0>.

See Figure 1.11.4.
Hint. Apply an element of Isom(C) to show that it suffices to assume p,q € R
and p = —q. Use symmetries.

2. Give a demonstration of the assertion in (1.11.5), regarding when a circle
and a line intersect.
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Figure 1.11.5. Another angle bisection

3. Consider, as in Proposition 1.11.2; the triangle T = A(—1,1,v). Assume
v E Si. Show that

v+1
Qr(-1) = ——,
and deduce from Proposition 1.5.1 that
Qr(—1) = v'/2

4. Let A, B, C be distinct points on S*. Set
T =A(A,B,C), To=A(0,B,0), if also B # —C.
Show that
Q7 (A)2 = Q7 (0).
See Figure 1.11.5 for an illustration. In case B = —C, show that
Q7 (A)? = —1.

Show that this case yields another proof of Proposition 1.11.2. For another
perspective on this exercise, see Exercise 9 of §2.4.
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Figure 1.11.6. Two pairs of tangent circles

5. If two circles, Sr(a) and S,(b), intersect at exactly one point, say p, we
say these circles are tangent at p. Show that if this happens, p lies on the
line through a and b. See Figure 1.11.6 for an illustration of tangent circles.






Chapter 2

Bringing in calculus

Once circles enter the picture, a proper treatment of Euclidean geometry
requires substantially more sophistication. The thing about circles, as op-
posed to lines, triangles, and other polygons, is that they are, well, curved.
This makes the computation of various geometric quantities associated to
circles more subtle. For example, the length of a line segment is simply
the distance between its endpoints. The total length of the perimeter of a
polygon is the sum of the lengths of the line segments from one vertex to
the next. How about the length of a circle? One can ask similar questions
about areas.

These problems were tackled by Archimedes, who approached the com-
putations as limits of a sequence of approximations obtained by replacing a
circle by a polygon with many sides. This was the sort of brilliant insight
that had the potential to lead to a revolution in mathematics. However,
Archimedes was too far ahead of his time, and the revolution had to wait
for centuries.! The revolution was calculus.

Section 2.1 gives a short presentation of basic calculus. We define the
derivative and the integral, and discuss the fundamental theorem of calculus,
connecting these two concepts. We also treat such key results as the mean
value theorem, the inverse function theorem, and the change of variable
formula for the integral, as well as functions given by power series and their
derivatives. This section is in the way of a review, since we assume the
reader has had a course in calculus.

1Pelrhaps one should say his time was not right. Archimedes lived near the end of a golden
age of Mediterranean civilization. Under the boot of the Roman empire, higher learning withered
in that part of the world. Archimedes’ work itself was almost lost.

o7
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Section 2.2 uses methods of calculus to treat curves and arclength. We
derive the arclength formula

b
(2.0.1) ()= [ o,

for an appropriate class of curves 7 : [a,b] — C. We discuss parametrizing a
curve by arclength. When this is applied to the unit circle, one obtains the
parametrization

(2.0.2) cis:R— C, cis(t) = cost +isint,

bringing in the classical trigonometric functions cos and sin. We also define
the real measurement of angles, in radians. Recall from §1.6 the definition
of the angle measurement Q7(A) = w € S, when T = A(A,B,C) is a
triangle with vertices A, B, and C. This construction is purely algebraic.
The real angle measurement /7 (A) is the real number in (—m, ) such that

(2.0.3) Q7 (A) = cis Z(A).

In §2.3 we introduce the exponential function e?, defined by a power
series, valid for all z € C, so as to solve a basic differential equation,
(d/dt)e™ = ae™, given a € C. We show that, for t € R,

(2.0.4) e = cis(t),

which is the famous Euler formula. This leads to a characterization of
7 = £(S')/2 as the smallest positive number such that

(2.0.5) e = —1.

We show that, for a triangle, the angle sum is 7. This is a more sophisticated
version of the identity (1.0.3).

Section 2.4 pursues further results on Euler’s formula, trigonometric
functions, and m, including numerical evaluation of 7.

Section 2.5 studies regular polygons, specifying the vertices of a regular
n-gon inscribed in a circle using the function e*. We also derive an algebraic
formula for the vertices of a regular pentagon.

Section 2.6 introduces the concept of area of a set S C C. We define
this in terms of taking tilings of C, counting how many tiles are contained
in S, and how many tiles it takes to contain S, and passing to the limit as
the size of the tiles vanishes. We show that Area S is invariant under the
application of F' € Isom(C). The analysis brings in a popular approach to
a proof of the Pythagorean theorem and turns it on its head. We obtain an
integral formula for the area of a set of points in C bounded by the graphs
of two continuous functions, and show that if D; is the unit disk, then

(2.0.6) Area D) = .
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Going further, we consider the pie slices IT; = {re® : 0 <r < 1,0 < s < t},
and show that, for 0 < ¢t < 2,

1
(2.0.7) Areall; = §t.

We give two proofs of this, and relate the second proof to methods used by
Archimedes to evaluate .

Section 2.7 derives a formula for the area of a triangle, strictly in terms
of its sidelengths, known as Heron’s formula.

In §2.8 we see how calculations in Sections 2.5 and 2.6 can be used to
produce a trig table.

Section 2.9 discusses the set E C C of “Euclidean numbers,” designed
to consist of those points in C that can be constructed via compass and
straightedge. It is seen that E is a field, satisfying

(2.0.8) 2eE, weC, w?=z2= wekL.

Also, E is countable.

In §2.10, we study the class of linear fractional transformations. We
apply this to an approach to Apollonius’ three circles problem: given three
disjoint circles C; C C, no one of which separates the other two, find a
fourth circle S tangent to each C;. In this section we bring in the concept
of a 2 x 2 matrix, A € M(2,C), which acts on a 2-vector:

a b z a b z az + bw

2. . A == = A = = .
(2.0.9) <c d> Y (w)’ v <c d> <w> <cz + dw>
We have a matrix multiplication: AB = C, defined so that Cv = A(Bwv).

In §2.11, we establish the fundamental theorem of algebra, which says

that if p(z) is a non-constant polynomial, then p(z) vanishes for some z € C.
We use a proof of Argand, who was one of the first to represent C using the
Euclidean plane.

Section 2.12 studies Newton’s equation for planetary motion, as an ODE
of the form

d*z K
2.0.10 —_— =
( ) R
for a curve in C. We treat this by setting
(2.0.11) 2(t) = r(t)e?®,

and studying the resulting pair of equations for r and 6. We obtain a
reduction via conservation of angular momentum and then show that each
solution satisfies an identity

(2.0.12) r(1+ecos(6 —0p)) = p.
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We introduce the classes of curves known as ellipses, parabolas, and hy-
perbolas, and show that (2.0.12) specifies one of these classes of curves,
depending on e.

We proceed to explore properties of these classes of curves. We see that
after applying a rigid motion each such curve can be given in the respective
form

2 2
vy _
StE =L
(2.0.13) ar® —y =0,
@ _v_,
a2 02

Amongst other things, we consider arclength of such curves. For parabolas
one gets elementary integrals, but not for ellipses (except circles) nor for
hyperbolas. For an additional perspective on hyperbolas, in particular the
case

(2.0.14) 22—y =1,
we introduce the Minkowski plane M, whose elements have the form
(2.0.15) z=x+y, x,yE€R,

where now ¢? = 1. This is seen to be a ring, equipped with an inner product
(z,w)pr, satisfying

(2.0.16) (z,2)p = 22 — 2.
We see that
(2.0.17) ~(t) = cosht + ¢sinht

is a curve tracing out the right half of the hyperbola (2.0.14), and
(2.0.18) (@), ~ () = —1.

We say this is a unit-speed timelike curve.

Section 2.13 gives a brief taste of the algebraic approach to Euclidean
geometry in higher dimensions. Topics include the notion of volume of sets
in R™, and areas of (n — 1)-dimensional surfaces in R™, with applications
to the area of spheres S™ ! and volumes of balls in R”. We contrast the
algebraic approaches taken in dimension 2 and in dimension n > 2. On R",
we bring in a matrix product,

(2.0.19) Az =y,

where xz,y € R” and A € M(n,R) is an n x n matrix. This contrasts with
the use of the product in C in case of dimension 2. We see a synthesis in
case n = 4, involving the algebra of quaternions.
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This chapter ends with Appendix 2.A, presenting basic background ma-
terial on matrices, such as arise in Sections 2.10 and 2.13.

2.1. Outline of calculus

Calculus has two facets, differential calculus and integral calculus, tied to-
gether by the fundamental theorem of calculus. Differential calculus studies
the rate of change of a function f(z), given in terms of the derivative,

(2.1.1) f'a) = Jim 5 (f(r+h) ~ f(2).
We say f is differentiable at z if this limit exists. We also write df /dz =
f'(@).

Integral calculus studies the accumulated quantity over an interval [a, b]
associated to a function g, given in terms of the integral,

b
(2.1.2) / g(z)dx = hm Zg xg) (T — xp—1),

where x, = a+ (k/N)(b—a), given that g : [a,b] — C is continuous. To say
g is continuous at z is to say that

(2.1.3) zp = & = g(z) = g(2).

Here we describe some basic results on these concepts of calculus. For
details, one can see Chapter 4 of [15].

First, a quick application of the definition (2.1.1) shows that, for

(2.1.4) pi(x) ==z, pa(z) =27,
we have
(2.1.5) pi(z) =1, ph(z)=2x.
Next, one verifies from the definition that if f and g are differentiable,
d
(2.1.6) —(f9)(z) = f'(2)9(x) + f(2)g ().
Applying this to (2.1.4)-(2.1.5) yields inductively that
d
(2.1.7) %x” =nz" !,
for n € N. In addition, a direct check of (2.1.1) yields
d
(2.1.8) %afl =—x2 forx#0,

and an argument using (2.1.6) then extends (2.1.7) to n € Z (assuming
x # 0 if n < 0). Another important general result is the chain rule:

(2.1.9) h(z) = f(g(x)) = I'(x) = f'(g9(x))g'(x)-
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Figure 2.1.1. Mean value theorem

One major theoretical result of differential calculus is the following,
known as the mean value theorem.

Proposition 2.1.1. Let f : [a,b] — R be continuous. Assume f is differ-
entiable on (a,b). Then there exists ¢ € (a,b) such that

(2.1.10) f(e) = W

This result is illustrated in Figure 2.1.1, showing the line y = f/(¢)(z — ¢) +
f(c), through the point on the graph of y = f(x) at © = ¢, parallel to the
line through the points (a, f(a)) and (b, f(b)).

The mean value theorem plays a major role in establishing the following

result, known as the inverse function theorem:.

Proposition 2.1.2. Let f : [a,b] — R be continuous, and differentiable on
(a,b). Say f(a) = a, f(b) = B. Assume that for x € (a,b), f'(z) > c > 0.

Then f : [a,b] — [a, B] is one-to-one and onto, with inverse
(2.1.11) ¢ [a, B] — [a, b],
and ¢ is differentiable at each point of (a, ).
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Under the hypotheses given above, the fact that f(x1) < f(x2) for x; < xo
follows directly from the mean value theorem, hence f is one-to-one. The
fact that f is onto is discussed further in Proposition 2.11.5 and its corollary.

Combining Proposition 2.1.2 with the chain rule gives

(2.1.12) ¢ (f(@)f'(z) =1, VYae(ab).
One consequence is that we have
(2.1.13) pr: (0,00) — (0, 00),

with r = 1/n, inverting p,(z) = 2. We write
(2.1.14) pr(z) =2,
with » = 1/n. Use of (2.1.12) gives

d
(2.1.15) d—xT =rz™ x>0,
x

for r = 1/n. Then we can define (2.1.14) for r = m/n € Q, and again obtain
(2.1.15). Further extension to r € R is conveniently accomplished using the
exponential function, which will arise in §2.3.

We move to integral calculus, starting with the fundamental theorem of
calculus. This has two parts.

Proposition 2.1.3. Let f : [a,b] — C be continuous, and set

(2.1.16) o) = [ 1) dy
Then g is differentiable for x € (a,b), and
(2.1.17) J(z) = f(z).
The proof consists of writing

1 1 z+h
(2118) G m —g@) = [
and taking h — 0.

Proposition 2.1.4. Let g : [a,b] — C and assume g and ¢’ are continuous
on [a,b]. Then

b
(2.1.19) / g (z)dz = g(b) — g(a).

To see this, set

(2.1.20) Glo) = [ () dy.
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and use Proposition 2.1.3 to show that G'(z) = ¢/(x). Hence F(x) = G(z) —
g(x) satisfies F'(z) = 0. The mean value theorem (applied separately to
Re F and Im F) implies F' is constant, and one gets (2.1.19).

Another important tool is the following change of variable formula.

Proposition 2.1.5. Take f as in Proposition 2.1.2, and assume f' is con-
tinuous. Then, if u: [a, ] — C is continuous and y € |a, b],

y f(y)
(2.1.21) / u(f(z))f'(x) dx:/ u(zx) de.

To see this, denote the two sides of (2.1.21) by L(y) and R(y). By Proposi-
tion 2.1.3,

(2.1.22) L'(y) = u(f(y) f'(y) = R'(y),

the second identity also using the chain rule. Hence L(y) — R(y) is constant,
but L(a) = R(a) = 0, so we have (2.1.21).

The integral plays an essential role in the study of lengths of curves (in-
cluding circles) and the areas of planar regions bounded by curves (including
circles). We go into these matters in Sections 2.2 and 2.6.

One further tool from calculus we will need involves power series, of the
form

o0
(2.1.23) flz) =) arz",
k=0
with ag,z € C. Now for some classes of coefficients ay (e.g., ax = k!)

this might not converge for any nonzero z. Suppose, however, that it does
converge for z = z; # 0. Then the terms in the series are bounded, so one
has

(2.1.24) laxR¥| < A< 0o, VkeZ', with R=|z].
Hence, given « € (0,1),

2| < @A = |ap2¥| < oFA
2.1.25 A
(2.1.25) > Dlent| s 4P 0¥ = 122

and we deduce that the power series in (2.1.23) converges for all z € Dg(0),
uniformly on D, r(0) for each o < 1, to a limit f that is continuous on Dg(0).
The following result will be essential in the treatment of the exponential
function.
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Proposition 2.1.6. Assume the power series (2.1.23) converges for |z| < R.
Then f(x) is differentiable for x € (—R, R), and f'(x) is given by

(2.1.26) fl(zx) = i kapzt~1.
k=1

For a demonstration, it is convenient first to show that the power series
given in (2.1.26) converges for |z| < R, defining

(2.1.27) g(x) = Zkakxk_l,
k=1

continuous on (—R, R). It is relatively straightforward to show that one can
integrate a convergent power series term by term, obtaining

/ g(t) dt:Zkak/ =1 dt
0 k=1 0

(2.1.28) =
k=1
and then Proposition 2.1.3 yields (2.1.26).

REMARK. One can define the notion of complex differentiability and extend
Proposition 2.1.6 to a result on f/(z), for 2 € Dg(0). Such matters are
treated in Chapter 1 of [17], but they will not play a role here.

Once we have Proposition 2.1.6, we have inductively that, for n € N,

(2.1.29) F ) =Y k(k—1)--- (k= n+ Daga™",
k=n
and in particular
(2.1.30) FM0) = nlay,
hence
> (k) (0
(2.1.31) fl@)=>" f k!( ) 4.
k=0

For example, take
(2.1.32) fr@)=1—-2)", |z[<1.
Then inductive use of (2.1.15) and the chain rule gives

(2.1.33) fP@) =r@r+1)-(r+k-1)1-2)"F,
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so, granted that this function has a power series of the form (2.1.23), we
have

(r—=1)---(r+k-1)
k! ’

[ee]
(2.1.34) (1—z)" = Zakxk, ar = !
k=0

for |x| < 1. One can use the ratio test (see (2.1.43) below) to show that the
right side converges for || < 1, defining a continuous function g, on (—1,1).
To show that f, = g, takes an additional argument. Here is one way to do
it. For another, see §4.3 of [15].

Lemma 2.1.7. With f,(x) as in (2.1.32) and g.(x) given by the power series
on the right side of (2.1.34), we have

(2.1.35) fr(x) = gr(x), for |z| <1

Proof. Applying (2.1.15) and the chain rule to compute f/.(z) and applying
Proposition 2.1.6 to compute g.(z) gives

(2.1.36) (1-=)fi(x) =rfe(z), and (1-z)g.(z)=rg,(z).

From here we get

(2.1.37) %(1 —x)"g.(x) =0,

which in turn yields (2.1.35). O

This power series, with » = 1/2, will appear in calculations for arclength
of a circle.

The case r = 1 of (2.1.34) also merits special attention. This is the
geometric series

1 oo
(2.1.38) 1_x:§ P =1+a+a2t+-, J2/< 1
k=1

This can be established without calculus, as follows. Write

Sp=1+z+2>+ - +2"

2.1.39
(2.1.39) 2, =z 42t + e+ a4 2L

and subtract. We have (1 — z)S, = 1 — 2"*!, hence

1 _xn—H
2.1.40 Sp=———
( ) " 1—z '

for x # 1. If |x| < 1, taking the limit n — oo yields (2.1.38).
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We also obtain a useful sufficient condition for convergence of an infinite
series

(2.1.41) A=) a
k=0

If we have C < oo, z € (0,1), and N < oo such that
(2.1.42) lag| < CzF, Yk >N,

then (2.1.41) converges, via comparison with (2.1.38). The condition (2.1.41)
holds provided

(2.1.43) ‘ak“( <z, Vk>N,

ag

for some x € (0,1). This test for convergence of (2.1.41) is known as the
ratio test. One use of this test was mentioned right below (2.1.34), and is
also relevant for (2.1.25) and (2.1.27). We will see other uses in subsequent
sections.

Exercises

1. Use (2.1.15) and the fundamental theorem of calculus to show that, for

x>0,
x xr—l—l_l
'S
dzi
/1y Y r+1 "’

2. Use the substitution ¢t = s2 + 1 to evaluate

1
/ sv/ 52 + 1ds.
0

forreQ, r# —1.

3. Let f,g: (a,b) — C be differentiable, and assume g does not vanish on
this interval. Show that, for z € (a,b),

a4 i(:c) _ fl(x)g(x) — f(x)g' ()
dx g g(x)? :

This is called the quotient rule for derivatives. It complements the product
rule, given in (2.1.6).

4. Let f,g : [a,b] — C be differentiable, and assume f’, ¢’ are continuous.
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Show that
b b
/ f(x)g'(x) dx = —/ f(x)g(x) dz + [f(b)g(b) — f(a)g(a)].

This identity is known as integration by parts. (Hint. Consider the deriva-
tive of u(x) = f(xz)g(x).) Peek at §2.2 and note the special case

b b
/ mcosmdl‘:—/ sinxz dx + bsin b.
0 0

5. Let fx,f : [a,b] - C. We say fi converges to f uniformly on [a,b]
provided there exist e — 0 such that |fx(x) — f(x)| < &g, for all x € [a, b].
Show that, if this happens and each fj is continuous on [a, b], then the limit
f is continuous on [a, b].

6. In the setting of Exercise 5, with f; continuous on [a,b] and fr — f
uniformly, show that

a

b b
/ fe(z)de — | f(x)dex.
Hint. Show that
|fr(z) — f(z)|dx < (b—a)ey.

a
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2.2. Curves, arclength, and the real measurement of angles

A curve in C is given by a continuous function from an interval I C R to C,
(2.2.1) v: I —C, ~(t)=x(t)+iy(t).

Typically we work with differentiable functions; 7/(¢) is the velocity of -, at
“time” ¢, and its “speed” is the magnitude of ~/(¢):

(22.2) V(1)) = V2 + g (0.

One also calls the image of I under the map vy a curve in C. If u: J — [
is continuous, one-to-one, and onto, the map
(2.2.3) o:J—C, o(t)=r(u))

has the same image as v. We say o is a reparametrization of v. We typically
require that v be C1, with C! inverse. If also 7 is C*, the chain rule gives

(2.2.4) o (t) = ' ()Y (u(t)).

Assume I = [a,b] and v is C1. We want to define the length of this curve.
We follow §4.4 of [15], which treats curves in n-dimensional Euclidean space
R™.

To start, we take a partition P of [a, b], given by

(2.2.5) a=ty <t <---<ty=b,
and set
N
(2.2.6) lp(v) =D y(t) = y(ti-1)l.
j=1

See Figure 2.2.1. We convert this into something that looks like a Riemann
sum for f(f |7/ (t)] dt. We have

’y(tj)—'v(tj—l)—/j Y (t) dt

ti—1

tj
(2.2.7) :/ W/ (t5) + 7' (8) — ()]t

t]'_l

— -t )+ [ O

ti—1

We deduce that
(2.2.8) [y(t5) —v(ti-)| = (t; — tj-0) Y &) + 75,
with

2
(2.2.9) Vﬂé/ W (t) = /()] dt,

tj_1
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¥(tw)

v(t1)

v(to)

Figure 2.2.1. Approximating ¢(7) by ¢»(Y)

If 4/ is continuous on [a, b], so is |7/|, and in fact both are uniformly contin-
uous on [a,b]. Hence

(2.2.10) s,t € [a,b], |s—t| <h= | (t) —+(s)] < w(h),

where w(h) — 0 as h — 0. Summing (2.2.8) over j, we get

N
(2.2.11) tp(y) =D W (t)I(t — tj1) + Rp,
j=1
with
(2.2.12) |Rp| < (b—a)w(h)), ifeacht; —t;—1 <h.

Since the sum on the right side of (2.2.11) is a Riemann sum, we have:

Proposition 2.2.1. Assume v : [a,b] — C is a C* curve. Then

b
(2.213) trln) — [ (ol

as the maximal lengths of the intervals in the partition tend to 0.
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We call the limit the length of the curve -, and write
b
(2.2.14) i) = / /()] dt.

Note that if u : [, 3] — [a, b] is a C* map with C! inverse, and o = you,
as in (2.2.3), we have from (2.2.4) that |o’(¢)| = |v/(¢)|-]7/(¢)|, and the change
of variable formula for integrals gives

8 b

(2.2.15) / o (1)) dt = / /(8] dt,
verifying the geometrically natural result that
(2.2.16) (o) =L(y).

Given such a C! curve v, it is natural to consider the length function

2217 L= [ Wl 60=Kao)

If we assume that 4/ is nowhere vanishing on [a,b], the inverse function
theorem, Proposition 2.1.2, implies that £, : [a,b] — [0,€(v)] has a C*
inverse

(2.2.18) w:[0,4(y)] — [a,b],
and then 0 =y ow: [0,¢(y)] — C satisfies
o' (t) = /()7 (u(t))

N E’ts)v’(U(t)), for t = £y(s), s = u(?),

(2.2.19)

since the chain rule applied to u(f,(t)) = t yields u'(£,(t))€,(t) = 1. Also,
by (2.2.17), £,(s) = |7 (s)| = [7/(u(t))], so
(2.2.20) lo'(t)] = 1.

Then o is a reparametrization of v, and o has unit speed. We say o is a
reparametrization by arc length.

We apply these considerations to the circle
(2.2.21) St={zeC:|z| =1}
We can parametrize S' away from z = 1 by
(2.2.22) ) =t+ivV1—2, y_(t)=t—iV1—t2

on the intersection of S* with {z : Imz > 0} and {2 : Im z < 0}, respectively.
Here 74 : (—1,1) — C, and both maps are smooth. In fact, we can take
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v+ : [=1,1] — C, but these functions are not differentiable at £1. We can
also parametrize S' away from z = +i, by

(2.2.23) Yo(t) = =V 1—t2+it, ~(t)=+1—1t2+it,

again with ¢ € (—1,1). A calculation gives

t? 1
2.2.24 L =1 = :
(2224) MO =14+ T =
Hence, if £(t) is the length of the image v, ([0, t]), we have
t
1
(2.2.25) t) = / ———ds, for0<t<1.
0 V1—s2

The same formula holds with v replaced by v—, v, or 7.

These formulas imply that S' can be parametrized by arc length. We
take C' : R — C to be such a parametrization, satisfying

(2.2.26) c0)=1, C'(0)=i.

We are led to the standard trigonometrical functions cost and sint, real-
valued functions of ¢ defined by

(2.2.27) C(t) = cist = cost + isint.

Also, it is standard to identify the arclength ¢ with the real angle measure-
ment (in radians) of the angle made by the wedge Wy 1 .-

(2.2.28) QWoiw) =w =cist, Z(Wpi.)="1.

See Figure 2.2.2. Here Q(Wp 1) is the angle measurement defined in (1.5.3).

We turn to an evaluation of the derivative C’(t). Applying d/dt to the
identity

(2.2.29) (C(t),C(t)) =1
and using the product formula gives
(2.2.30) (C'(t),C(t)) =0,

hence C'(t) L C(t), or equivalently C’(t) = £iC(t) (since C'(t) and C(t)
both have unit length). Since C’(0) = 4, there is only one possibility:

d
(2.2.31) C'(t) =iC(t), ie., T cist =icist.
In light of (2.2.27), this gives the classical identities
d d
(2.2.32) 7 ©08 t = —sint, T sint = cost.

In the next section we will provide another path to a direct unit speed
parametrization of S', connecting trigonometric functions to the exponential
function, in the classical Fuler formula.
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cis t

Figure 2.2.2. The circle C(t) = cis ¢

The famous number 7 is defined as follows:

(2.2.33) m={(S}).
Equivalently,

(2.2.34) g = £(S}4),
where

(2.2.35) St ={ze€8 :Imz>0}, Si,={z€S:Rez>0}.

Going further, the bisector of Wy 1; intersects S’i 4 at

L4
and we have, by (2.2.25),
l/\/i d
(2.2.37) Z = / °
17, Viee

Behind the results (2.2.34)—(2.2.37) is the following observation.
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Proposition 2.2.2. If v : [a,b] — C is a smooth curve and F € Isom(C),
then

(2.2.38) t(y) = (F (7))

Further results bearing on formulas for 7w and its numerical evaluation
are given in §2.4.

To end this section, we mention the following law of cosines. Given
nonzero u,v € C, we have the angle measurement defined in (1.5.3),

u |vl uv 1
(2.2.39) Qu,v) = vl = Tl
As in (2.2.28), write
(2.2.40) Qu,v) =cist, —nw<t<m.
Then (cf. (1.6.11)),
(2.2.41) (u,v) = Reuv = |u| |[v| Re Q(u,v),
which yields the law of cosines:
(2.2.42) (u,v) = |ul |v|cost.
Exercises

1. Consider the parabola y = x2/2, parametrized by ~(t) = t + (2/2)i.
Show that the length ¢(¢) of v([0,¢]) is given by

f(t):/ot\/1+52ds.

2. Consider the ellipse

parametrized by «y(t) = acost + (bsint)i. Produce an integral formula for
the circumference of this ellipse.
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2.3. Exponential and trigonometric functions, and Euler’s
formula

Here we present the major insight of Euler relating the exponential and
trigonometric functions. We start with a definition of the exponential func-
tion, both for real and complex arguments.

We construct the exponential function to solve the differential equation
(2.3.1) Cfl—f =z, xz(0)=1.
We seek a solution as a power series

o
(2.3.2) 2(t) =Y apth.
k=0
In such a case, if this series converges for |t| < R, then, as stated in §2.1,

2 (t) = Z kagth 1
k=1

(2.3.3) -
= (ﬁ + 1)a5+1t€7
=0
so for (2.3.1) to hold we need
ak
(2.3.4) ap =1, ap41 = Fr1
ie., ap = 1/k!, where k! = k(k —1)---2-1. Thus (2.3.1) ia solved by
— 1
(2.3.5) z(t) =e = Etk, teR.
k=0 "

This defines the exponential function ef, for t € R.

More generally, we can define
S |
(2.3.6) " => 2 zeC

The ratio test then shows that the series (2.3.6) is absolutely convergent for
all z € C, and uniformly convergent for |z| < R, for each R < co. Results
given in §2.1 also imply that

00
ak

at __ k
(2.3.7) e = Ht
k=0
solves
(2.3.8) ieat = ae™,

dt
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and this works for each a € C,

We claim that e is the unique solution to

dy
2.3. = = =1.
(2.3.9) o =, y(0)

To see this, compute the derivative of e~ y(t):

& ety(1) = —acy(t) + e ay(t) =,

where we use the product rule, (2.3.8) (with a replaced by —a) and (2.3.9).
Thus e~%y(t) is independent of ¢. Evaluating at t = 0 gives

(2.3.10)

(2.3.11) e y(t) =1, VteR,
whenever y(t) solves (2.3.9). Since e solves (2.3.9), we have e~ %e® = 1,
hence
1
(2.3.12) e=_—". VtcR, acC.
eat

Thus multiplying both sides of (2.3.11) by e gives the desired uniqueness:
(2.3.13) y(t) =e™, VteR.

We can draw further useful conclusions from applying d/dt to products
of exponential functions. In fact, let a,b € C. Then

i(e—ate—bte(a-&-b)t)
dt
(23.14)  _ _o—at —btyla+d)t _ po—at—bt(atb)t | (a + b)e— e b elatbt
so again we are differentiating a function that is independent of ¢. Evaluation
at t = 0 gives
(2.3.15) e~ ettt — 1 vieR.
Again using (2.3.12), we get
(2.3.16) elotdt — gatebt i e R a,b € C,
or, setting t = 1,
(2.3.17) et = ¢%P  Va,beC.

We next record some properties of exp(t) = e for real t. The power
series (2.3.5) clearly gives e/ > 0 for ¢t > 0. Since e~! = 1/ef, we see that
e > 0 for all t € R. Since de!/dt = e' > 0, the function is monotone

increasing in t. Note that, for £ > 0,

t2
(2.3.18) et:1+t+5+m>1+tf+oo,
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as t — oo. Hence

(2.3.19) lim e’ = +o0.
t—+o00
Since e~ = 1/e!,
(2.3.20) lim e’ = 0.
t——o0

As a consequence,

(2.3.21) exp : R — (0, 00)
is one-to-one and onto, with positive derivative, so there is a smooth inverse:
(2.3.22) L:(0,00) — R.
We call this inverse the natural logarithm:
(2.3.23) logz = L(z).
Applying d/dt to
(2.3.24) L") =t
gives L'(e!)e! = 1, hence L'(e') = 1/e!, so
(2.3.25) % logx = %
Since log1 = 0, we get
(2.3.26) logz = ' @
1Y
We move on to a study of e* for purely imaginary z, i.e., of
(2.3.27) v(t) =€, teR.

This traces out a curve in C, and we want to understand which curve it is.
First we calculate |e®|. Recall that |z|> = zZ. The basic results (1.1.9) on
complex conjugates of sums and products yield

Xz
(2.3.28) e* = i e,
k=0
for z € C. In particular,
3. teR = |e]? = ¢ele™ = 1.
(2 3 29) R ‘ zt|2 it —it 1

Hence () = e® lies on the unit circle centered at the origin in C. Also
(2.3.30) 7(t) =i = |¥/ (1) = 1,
so y(t) moves at unit speed on the unit circle. Also v(0) =1, ~7/(0) = 1.

It follows that () = e* is the parametrization of the unit circle by arc
length introduced in (2.2.27). This establishes the following result, known
as Euler’s formula.
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Proposition 2.3.1. Fort € R,
(2.3.31) e = cist = cost + isint.

Given Proposition 2.3.1, the identity
d _ . i
— =ie",
dt

hence gives a second proof of (2.2.31), i.e.,

(2.3.32)

d
(2.3.33) p cist = icist,
or equivalently (2.2.32), i.e.,
d d
(2.3.34) 7 cost = —sint, T sint = cost.

Given Euler’s formula, we can use (2.3.17) to derive formulas for sin and
cos of the sum of two angles. Indeed, comparing

(2.3.35) !5 = cos(s + t) + isin(s + )
with

(2.3.36) e*e = (coss + isins)(cost + isint)
gives

0337 cos(s +t) = (cos s)(cost) — (sin s)(sin t),
(2:3.37) sin(s 4+ t) = (sin s)(cost) + (cos s)(sint).
Another compact presentation of these sum formulas is simply

(2.3.38) cis(s +t) = (cis s)(cist).

REMARK. An alternative approach to Euler’s formula (2.3.31) is to use the
formula for the derivative of cist, (2.3.33), relying on the proof in (2.2.31),
together with the initial condition cis(0) = 1. Then the uniqueness result
(2.3.9)—(2.3.13) implies that cist = .

Recall from (2.2.33) that the number 7 is defined by the identity
(2.3.39) m={(S}).
Equivalently, 7 is the smallest positive number such that
(2.3.40) cism = —1,
or alternatively, by (2.3.31), the smallest positive number such that
(2.3.41) e = —1.
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Note also that

(2.3.42) e =1, =1

In fact, we have the following.

Proposition 2.3.2. The maps

(2.3.43) cis: (0,m) — Si, cis: (0,2m) — S\ {1}

are one-to-one and onto. Similarly,

(2.3.44) cis™ () = cist = cis(—t)

defines

(2.3.45) cis™: (0,7) = S, «cis” 1 (0,27) — ST\ {1},

and these maps are one-to-one and onto.

Another important role played by = is in the angle sum formula for
triangles.

Proposition 2.3.3. Let T = A(A, B, C) be a triangle. Then

(2.3.46) Qr(A) =a=¢€", Qr(B)=p=¢" Qr(C)=~=¢",
where either

(2.3.47) a, 3,7 € S}r, s, t,u € (0,m),

or

(2.3.48) o, B,yeSt, stoue(—m,0).

Then

(2.3.49) s+t+u=m or —m,

in these two respective cases. We use the notation

(2.3.50) L1(A)=s, Zy(B)=t, Zy(C)=u.

Proof. The cases (2.3.47) and (2.3.48) hold by Propositions 1.6.2 and 2.3.2.
Proposition 1.6.1 says

(2.3.51) afy = -1,

hence

(2.3.52) ellsttry) — _q,

Consider case (2.3.47). Since a8 = —y~!, we also have
(2.3.53) ap e St,

hence s+t € (0, 7). Thus s+t+u < 27, and then (2.3.52) forces s+t+u = 7.
The analysis of the case (2.3.48) is similar. O
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Figure 2.3.1. The Law of Sines

REMARK. We could skip the use of (2.3.53). In fact, given 6 € R,
(2.3.54) ¢ = —1 <= 0 =n+2kn, forsome k€ Z,

and since s,t,u € (0,7) = s+t+u € (0,37), (2.3.52) forces this sum to be
.

Exercise

1. Let T = A(A, B,C) be a triangle. Use the notation
47’(‘4)7 AT(B% 4T<C)a

as in (2.3.50), and let a, b, c denote the lengths of the sides opposite these
vertices. Show that
sin Z7(A)  sinZ7(B)  sin Z7(C)

a b c
This is called the law of sines.

Hint. Consider Figure 2.3.1. Show that
h =ecsin Z7(A), and h=asinZr(C).
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2. Deduce from Euler’s formula (2.3.31) that

oo
_1k t2 t4
costzz( )752’“:1_f_|_f_...7

22 (2h)] TR
oo
: (R O 8t
=S —~— 7 ¢ —t— ...
S kZ:O (2k + 1) 311 5

3. Deduce from (2.3.34) that

t ¢
/ sinsds = 1 — cost, / cos sds = sint.
0 0

4. Deduce from (2.3.37) that
cos2t = cos’t —sin’t = 2cos’t — 1 =1 — 2sin’¢.

Given this and the result of Exercise 3, evaluate

¢ t
/ cos® s ds, / sin? s ds.
0 0

5. Let f: (a,b) — R be differentiable. Deduce from (2.1.9) that

d 1Y d . o
ﬁcosf(t) = —f(t)sin f(¢t), %Slnf(t) = f'(t) cos f(t).

Then deduce that

d - .
gezf(t) =if'(t)ef®.

More generally, using e(@T®)f = ¢af ¢/ show that, for ¢ € C,
d

ZLocfl@) — g cf (z)
i cf'(z)e'\ ).
6. Given smooth 7,0 : [a,b] — R, show that

() = r(t)e ™

= Y (OF =r'(t) + ()0 (1)°

— /b v (t)| dt = /b V()2 + ()20 ()2 dt.

7. Given r € C, define z" for x > 0 by

2" = erlogm‘

Show that
d 1

r T

%x =rx'" ", Vax>0.
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Figure 2.3.2. Logarithmic spiral and spiral of Archimedes

If also s € C, show that
2 =22, Va>0.

Also show
(") =2", Va>0,reR, seC.

8. Two spirals are presented in Figure 2.3.2:
o(t) = t1T%  logarithmic spiral,
v(t) = te, spiral of Archimedes.

In these figures, a = 10, b = 25. Compute |o’(¢)| and |7/(¢)| and write down
integral formulas for the arclengths of o and v over ¢ € [0, s].

Note the similarity of the formula for the arclength of v with that for
the parabola in Exercise 1 of §2.2. For two approaches to the evaluation of
this integral, see Exercise 2 of §2.4.
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2.4. More on Euler’s formula, trigonometric functions, and =

We continue examining some consequences of the interaction of Euler’s for-
mula and 7, initiated in (2.3.39)—(2.3.42), which gave

(2.4.1) e = 1, T2 =1, FT2 = 4y,

For one, as seen in §1.5,

(2.4.2) we s, a:|:ii|:>oz65i and o? = w.
Consequently,
(2.4.3) erifd Z LH T miys 10
2 2
We next examine
(2.4.4) =y P=—1, P4+1=0.
We have
(2.4.5) BHl=(z+1D(%-2+1),
so e™/3 = z is a solution to
(2.4.6) 22— 241=0.
The roots of this equation are given by the quadratic formula:
1 14
(2.4.7) e= & §\/§.
Since /3 Si, we have
(2.4.8) emi/3 = % + %x/ﬁ

It follows that

o27i/3 _ (} i 2\[3>2

(2.4.9) 21 22
= —5 + 5\/37
and

67”/6 _ 671'1/2—771/3 _ efrz/2e—m/3

(2.4.10) = (% - %\/3)
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The formula (2.4.8) in concert with (2.2.25) leads to the following variant
of (2.2.37).

T 1/2 ds
2.4.11 T .
(2.4.11) /0 R

This is the value at ¢t = 1/2 of the integral (2.2.25) for £(t). We can evaluate
£(t) as a power series in ¢, in the following way. As noted in §2.1,

. > ap,
(2.4.12) 1-a2)"2=>" ka, for |z| <1,
k=0
where
1 1N\ /3 1
(2.4.13) a=1 a1=g, a;= (5) (5) (k _ 5)_
It follows that
L o2\—1/2 = Ak ok
(2.4.14) (1—15) = 2 R |s] <1,
=0

with uniform convergence on [—a, a] for each a € (0,1). Then we can inte-
grate (2.4.14) term-by-term to get

(2.4.15) 0ot) = gk PP
k! 2k +1° -
k=0
In particular,
T _ - Qg —(2k+1)
2.4.16 - = —2 .
( ) 6 ‘ El(2k + 1)

k=

Using (2.4.13) (see (2.6.96)), one can show that summing (2.4.16) over 0 <
k < 20 yields 7 to within an error < 1073, One gets

(2.4.17) ™~ 3.141592653589 - - - .

Here is another take on the integral

o ds
(2.4.18) 0t) = —, 0<t< 1.
0 1—s2

We make a change of variable

(2.4.19) s =sinf.

Note that, since

. d 4
(2.4.20) sin = Ime®, 7 sinf = cosf = Ree',
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the function sin6 has positive derivative for —7/2 < 6 < 7/2, hence is

monotone increasing on [—7 /2,7 /2], with inverse

(2.4.21) sin~l: [-1,1] — [—f,q,
2 2

smooth on (—1,1). Hence the change of variable (2.4.19) leads to ds =

cos 6 df, and then to

% cos B db
2.4.22 ot) = — inop =t
(242) 0= [ = = sinp=t
ie.,
(2.4.23) ((t)=sin"'t, 0<t<l1.
In particular,

1 1
(2.4.24) 5(7) —sin~l- =T,

2 26

by (2.4.10).

We can obtain other formulas for = by bringing in the trigonometric
function
sint s
2.4.25 tant = —, |t| < —.
( ) cost 1 2

The quotient rule for derivatives gives

cos?t + sin? ¢

—tant = ——
(2.4.26) dt cos? t
=1+ tan’t.

Thus, to evaluate the integral

Yoo dx
2.4.27 I(y) = —_—
(24.27) =

we can use the substitution = = tant, with dz = (1 + tan?t) dt, to get

(2.4.28) I(y) = / dt =u, tanu =y,
0

ie.,

(2.4.29) I(y) =tan"'y.

On the other hand, for |y| < 1, the integral (2.4.27) has a convenient
power series, derived as follows. We have the geometrical series

(2.4.30)
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and setting r = —a? yields
1 (o.9)
(2.4.31) o2 > (=DFa, 2 < 1

k=0
Hence integrating term-by-term gives

0 2k+1
_ y
(2.4.32) tan"ly = (—1)’“%“, lyl < 1.
k=0

To get formulas for 7, note that computations in (2.4.3)—(2.4.10) give

i T us 1
9.4.33 tan - =1, tan o~ =+/3, tan_ = —.
( ) an - , tang V3, tan 6~ 5

Only the last of these identities is of use for (2.4.32). It gives
1 1 o (=1)F f1\*
E:tarfl—:—z: (=1) <7> .
6 NEERYE) =2k +1\3
This has a simpler form than (2.4.16) (except for the irrational factor 1//3).

On the other hand, convergence is somewhat slower. To get accuracy as in
(2.4.17), one needs to sum over 0 < k < 30.

We can do better by expressing 7 as a finite linear combination of terms
tan~! x; for certain fairly small numbers x;. The key to this is the following
formula for tan(a + b). Using (2.3.37), we have

(2.4.34)

sin(a +0b)  sina cosb+ cosa sinb

tan(a +b) = _ : :
(2.4.35) cos(a+0b) cosa cosb—sina sinb

_ tana+tanbd
"~ 1—tana tanb’
Since tanm/4 = 1, we have, for a,b,a +b € (—7/2,7/2),
T tana + tanb
2.4.36 - = be— —— —— =
( ) 4 at 1 —tana tanb

Taking a = tan~! 2, b = tan~!y gives

Z:tan*1x+tan*1y<:x+y:1—xy
(2.4.37) 1y
—g="7
1+y
If we set y = 1/2, we get © =1/3, so
1 1
(2.4.38) % = tan™! 2+ tan " .

The power series (2.4.32) for tan~1(1/3) and tan~'(1/2) both converge faster
than (2.4.34), but that for tan=!(1/2) converges at essentially the same rate
as (2.4.16). We might optimize by taking x = y in (2.4.37), but that yields
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rT=y = ﬂ — 1, and we do not want to plug this irrational number into
(2.4.32). T kmg a cue from v/2 — 1 ~ 0.414, we set y = 2/5, which yields
x=3/7,s

2 3
(2.4.39) Z = tan~! = tan " .

Both resulting power series converge a little faster than (2.4.16).

To do better, one can bring in a formula for tan(a + 2b). Computations
somewhat parallel to (2.4.35)—(2.4.37) give rise to the following analogues
of (2.4.38)-(2.4.39):

1
3
= tan" l + 2tan” 1

23 4
Details can be found in [15], Appendix A.5. All the power series here

converge significantly faster than the series in (2.4.16).

1
=tan ! = + 2tan~!
(2.4.40) 7

NI

Going further, one can bring in a formula for tan(a+4b) and run through
similar computations, producing a number of identities, including the fol-
lowing, known as Machin’s formula:

T 1 1
2.4.41 Z =4tan" ' —tan"! —.
(2441) 47T 5T a5

We now discuss another approach to approximating . Namely, we try
to solve

(2.4.42) sinz = 0,

by an iterative procedure starting from an initial guess that is known to
be a rough approximation to w. The iteration is the following: given an
approximation g, we set

(2.4.43) Tpt1 = Tk + sinxg.

This approximation is predicated on the fact that a rapid calculation of
sin xj, is feasible. To analyze how much x4 is an improvement over xy, set

(2.4.44) Ty =T + Of.

We only know xj, not m and not J, but note that

(2.4.45) sin xy, = sin(mw + dx) = — sin o,
S0
(2.4.46) Tyl = T + O — sin Jg.

Now the power series (2.3.7), applied to e = cost + isint, implies

(2.4.47) sin 619 = 5k 5k + O(ék)

3!
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so we get
(2.4.48) Tpy1 =T+ Opp1, Opg1 = Op —sindy = O(83).
This implies very rapid convergence of the sequence (zy) to its limit (which
is ), provided the initial guess is sufficiently close.
To implement this iteration, we start with
(2.4.49) xp = 3,
and implement (2.4.43), obtaining (to 15 digits),
1 = 3.14112000805987,
(2.4.50) 2 = 3.14159265357220,
x3 = 3.14159265358979.
The error ™ — x5 is < 2-107!, and all the printed digits of x3 are accurate.

Indeed, complementing (2.4.48), we can deduce from the fact that sin d has
alternating series that

1
(2.4.51) 61] < 1= [0p11] < 6\5;”;|.
Consequently

4
o] <2107 —= |63 < = - 1073
(2.4.52) 2] 9s] < 3

— |64 < 4-1071%.

For another implementation of (2.4.43), we start with the classical ap-
proximation g = 3%:

To = 3% = sinxg = —0.001264488930377

(2.4.53)
= 21 = 3.141592653926765.

In this case, 7 — 1 < 4-107°. For even more accuracy, add to zg, not
g0 = sinzg, but rather the first 2 terms in the power series of sin~!eg,

yielding
1
(2.4.54) Ty =x1 + 653 = 3.141592653589793 - - - .
Regarding the ability to compute e'® rapidly and accurately for x ~ 3,

note that the power series (2.3.7) for e converges very fast, due the the k!
in the denominator, especially when |t| < 1/2. We can also write

(2.4.55) e =a®, a=e"8 b= ((a?)?)?2

Such devices are routinely used in the software for a computer program that
has a command to compute sin x and cos x.
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Here is another wrinkle, once you have done the first iteration. If you
have just computed x; and already have e***~1  then write

(2.4.56) e = ey =y —

and use the rapidly convergent power series for e,

Exercises

1. As a complement to the trigonometric functions sin and cos, we have the
following hyperbolic functions:

cosht = J(e' +e7"), sinht=J(e' —e™).
show that
2 ., d : d .
cosh”“t —sinh“t =1, —cosht =sinht, — sinht = cosht.
dt dt
2. Exercise 1 of §2.2 produced the integral

o) :/Ot Vit s2ds,

for the length of a segment of a parabola.

(a) Use the substitution s = tanu, together with (2.4.26), to show that

t v
/ \/1—1—782(182/ secdudu, t=tano,
0 0

where secu = (cosu) 1.

(b) Use the substitution s = sinh z to show that

t Y
/\/1+S2d8:/ cosh?zdz, t=sinhy.
0

0

(¢) Think about doing the integrals described in parts (a) and (b).
Hint for (b): cosh?z = 1(e2* +2 + e27).

3. Parallel to Exercise 2, consider

bt ds
1(t) = /0 i

Use the substitutions s = tanw« and s = sinh x to obtain

v
I(t)—/ secudu, t=tanwv,
0
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and y
I(t):/ dx =y, t=sinhy.
0

Comparing these two, show that
v
/ secu du = sinh ™! (tanv).
0

4. Consider the second-order differential equation
(2.4.57) u +u=0.

a) Show that two solutions are given by u (t) = e, u_(t) = e~ .
_l’_

(b)  Show that two other solutions are given by u.(t) = cost, us(t) = sint.

(c) Consider solutions to (2.4.57) with initial data
(2.4.58) uw(0) =a, u'(0)=0.
Show that a solution is given by
v(t) = acost + bsint.

5. Given a smooth function wu(t), consider

E(t) = lu®)* + u'() .
Show that

W +u=0= E'(t)=0.
6. Deduce from Exercise 5 that if u” +u =0 and v" +v =0,

u(0) = v(0), v/ (0) = v'(0) = u(t) = v(t).

7. Consider
(2.4.59) u(t) = Acos(t — ), A,a€R.

Show that v” + u = 0 and w(0) = Acosa, u/(0) = Asina, hence Exercise
4(c) applies with a+ib = Ae’®. Going further, show that if (2.4.57)—(2.4.58)
hold with a,b € R, then u has the form (2.4.59).

8. Define sin z and sinh z for z € C, and show that
sinh iz = isin 2.
Similarly treat cos z and cosh z.

9. Take another look at Exercise 4 of §1.11, with
B=1, C=¢€Y A=¢".
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Deduce the conclusion Q7(4)? = Q7 (0) stated there from the calculation
e — e _ i) sin(y — 9)/2'

e —1 sin /2
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2.5. Regular polygons

The regular polygon P, is specified as having n vertices, in S!, one vertex
being 1, and as being invariant under the rotation p,, given by

(2.5.1) pn(2) = wnz,  wp = XTI,
Then the complete set of vertices of Py, is
(2.5.2) wh = kim0 <k <n-—1.

These quantities are precisely the roots of the polynomial

(2.5.3) Pn(z) =2" — 1.

Once one has the point w,, the remaining vertices can be constructed with
a compass, using the observation that

(2.5.4) Wkt — k| = |w, — 1.

One can start with the points w® = 1, w! = w,, and inductively produce

Wkt from wk as a point where the circle S, (wk) intersects S*, where r,, =
|lwn, — 1.

Some of the basic vertices w, have been computed in §2.4. As seen there,
we have

. 1
_ 271'1/5:_7 -3
w3z =e¢e 2—&-2\[,

/2

wyg=e =1,
2.5.5 ) 1 4
( ) w6:€m’/3:*+z\/§,
2 2
wg = e™/4 = 1 ¢

) + NGE
In the first three cases, one can find z,, = Rew,, an element of {0,4+1/2},
and read off y, = Imw, as the point where the line through x,, orthogonal
to R intersects S}r. The number wg can be obtained from wy by angle
bisection. Alternatively, we have 1/ V2 =2 /2, and v/2 can be constructed
as the length of the hypothenuse of a right triangle with base and height 1.

The regular hexagon (n = 6) is illustrated in Figure 2.5.1. In this case
we have

(2.5.6) wg — 1 =ws, hence |wg—1|=1,

and wg can be constructed as the intersection of S} with S1(1). Note inci-
dentally that

(2.5.7) w3 +1=wg, hence |wg+1|=1,

so w3 can be constructed as the intersection of St with Sy(—1).
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1/2

Figure 2.5.1. Regular hexagon, a = emi/3

There are two gaps in the sequence of n-gons to which the calculations
in (2.5.5) apply, at n =5 and n = 7. We discuss each of these in turn.

We first treat ws, which is a root of ps(z) = 2° — 1, leading to the
construction of a regular pentagon. To start, write

(2.5.8) 22 —1=-DE+2+22+2+1).
Our task is to find solutions to

(2.5.9) A B4l 4z2+1=0.

It is useful to divide by 22, obtaining

(2.5.10) f+z+1+%+£§=&

Now a clever trick enters. Take

(2.5.11) w:z—i—i7 S0 w2:,z2—|—2+%.

We substitute this into (2.5.10), obtaining
(2.5.12) w? +w—1=0.



94 2. Bringing in calculus

Figure 2.5.2. Regular pentagon, a = (v/5 — 1)/4

The quadratic formula presents the roots as
1 1
(2.5.13) w=—g & 5\/5.

Note that since |z| =1, w = z +Z = 2Re z. We deduce that

or  V5-1

2.5.14 R = cos — = _
( ) ews = cos — 1
Going further, we can write w = z 4+ 1/z as
(2.5.15) 22 —wz+1=0,

and solve for z. We leave this to the reader. Note that ws can be obtained
from (2.5.14) as the point where the line through Rews orthogonal to R
intersects S_lk. See Figure 2.5.2.

Let us see where such an approach leads when applied to wy, which is a
root of p7(z) = 2" — 1, hence a solution to

(2.5.16) SeS Al r241=0
Dividing by 23 gives
(2.5.17) B2z r1+2 422423 =0,



2.5. Regular polygons 95

and again we take w as in (2.5.11). We complement (2.5.11) with

(2.5.18) w3 =224+ 32 43271 4 273,
and substitute into (2.5.17), obtaining
(2.5.19) w? 4+ w? — 2w —1=0.

As opposed to (2.5.12), this is a cubic equation for w. Now there is a formula
for the roots of such an equation (cf. [17], Appendix A.6), but of course it
involves taking cube roots.

As seen in §1.11, square roots can be constructed via compass and
straightedge. But it has been shown that in general cube roots cannot
be so constructed, and in particular that w7 cannot be.

Numbers that can be constructed via compass and straightedge consti-
tute a class that we consider further in §2.9, where the set of such numbers
is denoted E. The numbers w3, w4, ws, and wg belong to E, but w7 does not.
In fact, it has been shown that the regular n-gon P, is constructible via
compass and straightedge if and only if n has the form n = 2*, or more
generally,

(2.5.20) n = 2% x a product of distinct Fermat primes,
where a Fermat prime is a prime p of the form

(2.5.21) p=22"11.

Examples include

(2.5.22) 2l +1=3, 22+1=5 2'+1=17T.

Such results are typically demonstrated using an area of algebra known as
Galois theory. See [9].

A related problem that cannot be solved via compass and straightedge
is that of trisecting an angle, that is, solving for a € S*

(2.5.23) P =w, wesh

Of course, we can solve this using the complex exponential function. Given
w e S, we can write

(2.5.24) w=¢e? —m<h<m,
and then take

(2.5.25) o =3,

More generally, for each n € N,

(2.5.26) a =" solves a" = w.

The general solution to a™ = w is then

(2.5.27) e0/mt2mik/n 0 <k <n—1.
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Here is an iterative procedure to solve
(2.5.28) 2" =w e C.
Suppose you have an approximate solution zx, such that
(2.5.29) zp =w~+rg =w(l + k),

with [0 | sufficiently small. Then set
o\ —1
(2.5.30) zn = (14 2)
n

The binomial theorem gives

(25.31)  (1+w)"=1+nu+ Ry(u), |Rn(u)| < Chplul? for |u| <1,

hence
(2.5.32) <1+5—k)n:1+5 +R (5—’“)
0. " k n\7, )
Consequently
(2.5.33) Zg = w+ g1 = w(l+ 0k41), k1 = O(|0k]?).

Proceed, to get a sequence converging rapidly to w'/™, if |0k | is sufficiently
small.

Example. Solve z3 = 2, with initial guess zop = 1. You get (with wg = z})

zog=1.0 wg = 1.0
21 =12 wy = 1.728
29 = 1.25698 - - - wo = 1.98603
(2.5.34) 23 = 1.2599141 - - ws = 1.9999673
24 = 1.259921049857 - - - wyr~2—2-1071

z5 = 1.259921049894873 lws — 2| < 10715,

In the next section, Proposition 2.6.9 describes a method to compute
the area of a regular 2n-gon Py, from the area of P,, which involves taking
square roots. The method (2.5.29)-(2.5.30), with n = 2, works well for
computing such square roots.

Exercises

1. Relate the computation (2.5.14) of Rews to the golden ratio introduced
in Exercise 2 of §1.10.
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Figure 2.5.3. Golden triangle and similar companion

2. We introduce the concept of a golden triangle. Let the triangle 7 =
A(A, B, C) be isosceles at vertex C. We say T is a golden triangle provided
ZL7(A) = L7(B) = 247(C).

Show that this happens if and only if Z7(C) = £x/5. Deduce that all
golden triangles are similar.

3. Let w = €2™/% so {1,w,w?, w3, w*} form the vertices of a regular penta-
gon. Show that
T = A(W?, w3, 1)

is a golden triangle.

4. Let T = A(A, B,C) be a golden triangle (isosceles at vertex C'). Let the
angle bisector of A intersect the line segment Lp ¢ at C’, and consider

T = A(B,C', A).

See Figure 2.5.3. Show that 7 is a golden triangle, similar to 7.
Bonus: find the regular pentagon in Figure 2.5.3.
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Figure 2.5.4. Pentagram

5. Figure 2.5.4 shows a regular pentagram. Find five golden triangles in this
figure.

6. Show that, in the construction (2.5.29)—(2.5.33) of approximate solutions
to 2" = w, we have

5
-1 _ Ok ~1
(1+ 6k11) —1+Rn<n)(1+5k) ,

hence

Ok+1 O —1
% R (%) .
14 0g1 i (n)( +6k>

Show that the estimate on |R,(u)| in (2.5.31) holds with C,, = 2".
Hint. (14 1)" = 27,

Look for sharper estimates, valid for |u| < 1/n.

Hint. Show that

)Rn<%)‘ < 15\2(1+%>n, it [s] < 1.
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Then use

1\n Todt
1 7) — nlos(1+1/n) - 160(1 _ _a
( + e og(l+x) 11

7. Solve z3 = 1+ i/2, with initial guess zg = 1 +1i/6. Find the solution to 6
decimal places. How might this relate to drawing a regular 9-gon?
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2.6. Area
Here we present material on the area of various sets S C C. To start, given
a > 0, we say S is a standard square of sidelength a provided it has the form
(2.6.1) S =8q,,(a) ={z+iy:x0 <z <z0+a,y <y<yo+a},
for some zg = xg + iyg € C. If S is such a set, we say
(2.6.2) Area S = a®.
To proceed, given € > 0, we tile the plane C with squares of sidelength
€, given by
(2.6.3) Sike = SA(j1ri)e(€), 4,k €Z.
Given a bounded S C C, we say
(2.6.4) Cont™*(S) < Me?
if S is contained in a union of M squares of the form (2.6.3), and
(2.6.5) Cont™(S) > Ne&?
if S contains a union of N squares of the form (2.6.3).

We then set Cont™(S) to be the infimum of the quantities arising in
(2.6.4) and we set Cont™ (S) to be the supremum of the quantities arising
in (2.6.5), as ¢ runs over (0, 1]. Clearly

(2.6.6) Cont™ (9) < Cont™(S).
If these two quantities coincide, we say S is contented, and write
(2.6.7) Area S = Cont™(S) = Cont™ (9).

One verifies that if S is a standard square with sidelength a, then the def-
inition via (2.6.4)—(2.6.7) agrees with (2.6.2). Another easy check is that if
R is a standard rectangle of sidelengths a and b, of the form

(2.6.8) R=R, (a,b)={x+iy:z0<zx<z0+a,y <y<yo+b},
then
(2.6.9) Area R = ab.

Here are some useful properties of the concepts defined above. Given a
set S, let .S denote the closure of S, consisting of all points p € C such that

o
for some ¢ € S, g — p, and let S denote the interior of S, consisting of
points p € S such that for some ¢ > 0,

(2.6.10) 2z€C, |z—p|l<e=z€b.
Then

(2.6.11) Cont™(S) = Cont™(S), Cont™(S) = Cont™(S).
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Also, if R is a rectangle, as in (2.6.8), and

(2.6.12) SCR, T=R\S,
then
(2.6.13) Cont™(S) + Cont ™ (T') = Area R.

Similarly Cont™(S) + Cont™ (T') = Area R, so
(2.6.14) S contented = T' contented and Area S + Areal = Area R.

Another useful observation is that, if S C C is a bounded set,

(2.6.15) Cont™ (S) + Cont ™ (bS) > Cont™(9),

where bS = S\ g’ . In particular,

(2.6.16) Cont™ (bS) = 0 = S is contented.

And another:

Proposition 2.6.1. Given S,T C C bounded and contented,
(2.6.17) Cont™(SNT)=0= Area(SUT) = Area S + AreaT.

We say a bounded set S C C is a nil set if Cont™(S) = 0. The union of
any two nil sets is a nil set. This follows from the fact that, if S and T'C C
are bounded,

(2.6.18) Cont™(SUT) < Cont™(S) + Cont™ (7).
Here is a preliminary result on invariance of area under isometries.

Proposition 2.6.2. Let F(z) = az+b or az+b, and let S C C be a bounded
set. Then

(2.6.19) Cont*(F(S)) = Cont™(S),
provided
(2.6.20) a € {£1,+i}.

Proof. In case b = 0, such F' preserves the tiling described in (2.6.3). It
remains to treat F'(z) = z + b, which we leave to the reader. O

We move to another class of figures for which we can compute areas.
We call a triangle T = A(A, B, C) a standard right triangle if it has a right
angle at C' and the sides meeting at C' are parallel to the real and imaginary
axes, i.e., A—C €iR, B—CeR.
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o A
T’
b
T
B C
a

Figure 2.6.1. Finding the area of a standard right triangle

Proposition 2.6.3. Let T = A(A, B,C) be a standard right triangle, with
sidelengths

(2.6.21) a=|B-C|, b=|A-C|.
Then
(2.6.22) AreaT = %ab.

Proof. The triangle 7 has a twin, T’ = A(A, B, C"), where
(2.6.23) C'=C+A-C)+(B-0C).

See Figure 2.6.1. These two triangles are related by an isometry F: T — T’
of the form considered in Proposition 2.6.2, with @ = —1. Hence Area 7’ =
Area T, and, by Proposition 2.6.1, Area7T + Area7’ equals the area of a
rectangle R with sidelengths a and b. This gives (2.6.22). O

As a preliminary to extending Proposition 2.6.2, we have the following.
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Figure 2.6.2. Area of an arbitrary square

Lemma 2.6.4. If S. is an arbitrary square of sidelength ¢ (not necessarily
standard), then

(2.6.24) Area S, = ¢*.

Proof. Translating S., we can assume S, is obtained by applying a rotation
to the standard square S, = {z + iy : |z|,|y| < ¢/2}. If S, itself is not
standard, consider the horizontal lines through the top and bottom vertices
of S., and the vertical lines through the left and right vertices of S.. They
form a rectangle R, in which S, is inscribed. See Figure 2.6.2. This figure
is invariant under the rotation z +— iz, so R is in fact a standard square of
sidelength a + b. R is divided into five figures; one is S., and the other four
are standard right triangles, of sidelengths a and b. Therefore we have

(2.6.25) Area R = Area S, + 4 - %b,
hence

(2.6.26) (a +b)* = Area S, + 2ab,
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hence
(2.6.27) a® 4+ b? = Area S..
Hence (2.6.24) is equivalent to the Pythagorean identity a® + v = ¢2. O

Now for our extension of Proposition 2.6.2.
Proposition 2.6.5. If S C C is bounded, then
(2.6.28) Cont®(F(S)) = Cont*(S), VF € Isom(C).

Proof. It suffices to establish this when F(z) = az, |a|] = 1, ie., F is a
rotation. In such a case, if we have a tiling {Sjr. : j,k € Z} of the form
(2.6.3) and S is contained in the union of M of the squares in this tiling,
and S contains N of the squares in this tiling, so (2.6.4) and (2.6.5) hold,
it follows that F'(S) is contained in the union of M squares of the rotated
tiling and contains N squares of this rotated tiling. Thanks to Lemma 2.6.4
(and also Proposition 2.6.1), we also have

(2.6.29) Cont™(F(S)) < Me?, Cont™ (F(S)) > Ne&2.
In the limit we get
(2.6.30) Cont™(F(S)) < Cont™(S), Cont™ (F(S)) > Cont™ (9),

for all bounded S and F € Isom(C). Replacing S by F(S) and F by F~!
gives the converse inequalities, and we have (2.6.28). O

REMARK. Figure 2.6.2 plays a role in some popular proofs of the Pythagorean
theorem, in which the flow of the argument is reversed, and one works under
the hypothesis that (2.6.24) holds.

As a related matter, we mention that the proof of the Pythagorean the-
orem in Book I of Euclid uses as a key ingredient the proposition that con-
gruent triangles have equal area. For us, the order of arguments is different.
The Pythagorean theorem comes first.

We now bring calculus into the study of area, with the following key
result.

Proposition 2.6.6. Let ¢, : [a,b] — R be continuous, and assume ¢ < 1.

Set
(2.6.31) O={z=z+4+iy:a<z<by) <y<iy(z)}

Then O is contented, and

b
(2.6.32) Area O = / [¥(z) — o(x)] dz.
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Proof. Translating, we can assume a = 0. For n € N, tile C as in (2.6.3)
with tiles of edgelength e = (b — a)/n. Then considering collections of tiles
that are contained in O but, with the addition of a minimum number of
extra tiles, contain O, we obtain two-sided bounds of the form

(2.6.33) Ne? < Cont™(0) < Contt(0) < Me?,

where Ne? and Me? are, for € sufficiently small, close to the Riemann sums
of the form (2.1.2), which approximate

b
(2634 [ s@rin, g@) = v@) - (o)
Passing to the limit gives (2.6.32) O

We can present the unit disk
(2.6.35) D) ={ze€C:|z| <1}
in the form (2.6.31), with a = —1, b =1,
(2.6.36) pa) = —V1—22, P(@)=\1-2a2

to obtain
1
(2.6.37) Area Dy = 2/ V1-—2z2dz.
-1

To evaluate this integral, we can make a change of variable, z = sint, —m/2 <
t < m/2, giving dx = costdt, hence, by Proposition 2.1.5,

w/2
(2.6.38) Area D = 2/ cos® t dt.
—7/2
Using
(2.6.39) cos 2t = cos®t —sin®t = 2cos®t — 1,
which follows from (2.3.37), we get
w/2
(2.6.40) Area Dy = / (cos2t +1)dt.
—7/2
Furthermore, via (2.2.32),
/2 in 2t |7/2
(2.6.41) / cos 2t dt = o =
—r/2 2 l-x/2

Hence our conclusion:

(2.6.42) Area D) = .
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We aim to extend this result to a computation of the area of a “pie
slice,”

(2.6.43) I = {re®*:0<r<1,0< s <t}
given t € [0,27]. Here is the result.
Proposition 2.6.7. For II; given by (2.6.43), 0 <t < 27,

(2.6.44) Areall; = %
Proof. Set

(2.6.45) A(t) = Areally.
We have

(2.6.46) A(s+1t) = A(s) + A(t),

for s,t > 0, s+t < 2w, as a consequence of Propositions 2.6.1 and 2.6.5.
Hence it suffices to prove (2.6.44) for t € (0,7/2). Following Figure 2.6.3,
consider the region

(2.6.47) O¢={z+iy:0<2<E0<y<V1-2a2}, £=sint.

The ray from 0 to e € S! divides O¢ into two parts, one a “pie slice,”
obtained from II; via a rotation, which, by Proposition 2.6.5 has the same
area as II;. The other is a standard right triangle, with sidelengths sin ¢ and
cost. By Proposition 2.6.6,

(2.6.48) Arca O¢ = B(£) = /g V1—22dz, B'(&)=+1-¢.
The division of O¢ described abovg implies
(2.6.49) B(sint) = A(t) + % costsint.
Applying d/dt gives
A'(t) = B'(sint) cost — %(COSZ t —sin?t)

1 1
(2.6.50) = —cos’t + 5 sin” ¢

2
1
5
Since A(0) = 0, we have (2.6.44) O

Second proof. Given (2.6.46), we have

R ()
(2.6.51) A(s) = }E}(l) —
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sint

Figure 2.6.3. Area under a circle

if the limit on the right side exists. To investigate this, note that, if 0 < t <

/2,
(2652) Tl(t) cII; C T2(t>,

where T1(t) is the triangle with vertices at 0, cost, and cost + isint, and
T5(t) is the triangle with vertices at 0, 1, and 1 + itant. Computing the

areas of T)j(t), we see that, for this range of t,

1 1

(2.6.53) 5 costsint < A(t) < 3 tant,
hence

1 int _ At 1 1 sint
(2.6.54) ~ cost 22 < ®) <= o

2 t t 2 cost t
By (2.2.32), sint/t — 1 as t — 0, so we have

Alt 1 1

(2.6.55) 1(5) — 5 38 t — 0, hence A'(s)= 7

This gives (2.6.44).
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While the first proof of Proposition 2.6.7 used arguments that arose
to show in (2.6.42) that Area D; = m, the second proof used different ar-
guments, providing an alternative approach to proving (2.6.42). We want
to press these arguments further, and make contact with the approach of
Archimedes to the numerical evaluation of 7, in terms of evaluating the
areas of regular polygons P,,, defined in §2.5.

Areas of regular polygons and Archimedes’ approximation to «

To start, note that P, can be partitioned into n isosceles triangles, with
two sides of length 1, meeting at a vertex of angle 27 /n. Each of these in turn
is composed of a union of two triangles congruent to 71 (7 /n). Consequently,

AreaP,, = 2n AreaTi(7/n)

mo, T
n . 2w
= — SIn —
2 n

The polygon Py, is inscribed in the circle S L Conversely, S! is inscribed in
the regular n-gon P, consisting of 2n triangles congruent to T»(mw/n), so

Area P, = 2n Area Ty (/)

T
= t —
(2.6.57) ntan

= (cos E) - AreaP,.

n

Since P, C D1 C ﬁn, we deduce that

T\ —2

AreaP, < < (cos —) Area P,

(2.6.58) 0o

AreaP,, = — sin —.
2 n

As an aside, the conclusion that

2
(2.6.59) = g si % +0n?)

can be established directly from the power series

: 5 &
(2.6.60) 81n5:6—§+5_...
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Recall that we have algebraic expressions for €2™/™ hence for sin(27/n),
for various values of n, given in (2.5.5), which lead to formulas for Area P,:

; 1 3 3 2 3
23 = -5 \2[1 = Area’P3 = §Sin§ = Z\/ﬁ,

e™/2 = j = Area Py = 2sing —9,

: 1 3 3
(2.6.61) ™3 = B + \2[1 = AreaPg = 3sing = 5\/5,
. 1 ;
emt = \ﬁ + \L@ = AreaPg = 4sin£ = 2V/2,

erri/6 _ ﬁ

5 +%:>Area7712 :6sin% = 3.

Note also that
e7ri/12 _ e7ri/36—7ri/4

V3. i
(2.6.62) B G + 731) (;5 - ﬁ)
- 2\1@[(\/§+1)+(\/§_1)i]’
hence

(2.6.63) AreaPyy = 125sin

7T JE—
12
Rather than continue with special cases, we now seek a formula that

allows us to pass from a computation of Area P, to that of Area Ps,. Assume
we have

3v2(V3 — 1) ~ 3.10582854 - - - .

2
(2.6.64) Sy, = sin —F, Area P, = gSn.
n
We know that
(2.6.65) Area Py, = nsin T
n

The following formula is helpful.

Lemma 2.6.8. For |o| <,

«a sin av
2.6.66 sin— = ————.
( ) 2 V2+2cosa
Proof. By Proposition 1.5.1,
; 1+ ei@
2.6.67 o2 = —
( ) ‘1 + ezoz| ’
and taking imaginary parts yields (2.6.66). O

This leads to the following conclusion.
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Proposition 2.6.9. The areas of P, and Pz, are related as follows:

sin 2%

AreaPsy, =n D

27
(2.6.68) \/2+2cos <t

2
= (Area Pn> NoEDTon
with
2m
Cp =cos— =+/1—-52
(2.6.69) ”

= \/l — (% AreaPn>2.

This gives an iterative method to evaluate AreaP, with n = m - 2%,
starting with an evaluation of AreaP,,. For example, proceeding from the
evaluation of AreaPs4 in (2.6.63), the iteration yields the following:

AreaPyg = 3.13262861 - - -

Area Py = 3.13935020 - - -
AreaPigo = 3.14103195 - - -
AreaPsgy = 3.14145247 - - - .

(2.6.70)

Archimedes pursued such an iteration and evaluated Area P,, for n = 6-2° =
192, presenting his findings in the form

(2.6.71) 31 <m <31

Actually, he considered Pgg and evaluated the length ¢(Pgs) of its perimeter,
but one readily verifies that

(2.6.72) U(Pn) = n|e™/™ — e ™/"| = 2 Area Py,
and in particular £(Pgg) = 2 AreaP1g2. Noting that

10 _
(2.6.73) 377 = 3.14084507 - - -,

we see that the figure for Area Pjgo in (2.6.70) matches 3%—? quite closely.

We look more closely at the result (2.6.71), which we write in decimal
form as

(2.6.74) 3.14084507 < 7 < 3.14285714,

and compare with what we get from the formula for Area Pigs in (2.6.70),
in conjunction with the estimate in (2.6.58):

(2.6.75) 3.14103195 < 7 < 3.14187305.



2.6. Area 111

As already mentioned, the lower estimates are quite close. However, the
upper estimate in (2.6.75) is significantly better than Archimedes’ upper
estimate in (2.6.74). This is explained because Archimedes used

~ =1
(2.6.76) ang<2w<ang=(m&) 0(Py).

n
Indeed, use of (2.6.76), with n = 96, gives
(2.6.77) ™ < 3.14271459,

which is quite close to Archimedes’ upper estimate in (2.6.74). On the other
hand, the identity (2.6.72), in conjunction with (2.6.58), yields

-2
(2.6.78) amdm@%)mm
which is sharper than (2.6.76), since
(2.6.79) cos% = cos® % — sin? % < cos? %

We derive further estimates on the difference m— AreaP,,. From (2.6.58)
we obtain

-2
0<m—AreaP, < [(cos E) — 1} Area P,
n
(2.6.80) = tan? ~ AreaP,
n

27-[-
< mtan® —.

On the other hand, we also have

2 2
(2.6.81) 7w — AreaP, = g(i _sin 1),
n n
and the power series (2.6.60), with 0 = 27 /n, yields
nrl 2m\3 1 /2m\5 2
2.6.82 —A —25(5) —5(5) ] <5
(2.6.82) T rea Py, 5131\, sl + <32

the last estimate holding for n > 2. We see that the estimate (2.6.82) is
stronger than (2.6.80). We have

273 ok
A =AreaPor = 0 < m — A < — - 2747,
(2.6.83) 23 ,
Ak# = AreaPgor = 0 < T — Ak# < 2—7; 272,
We can show that
273 273
2.6.84 — <21, — <23
( ) 3 27
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We test these error estimates with further specific calculations of Area P,.
Starting with Ay = AreaPy; = 2, we can use Proposition 2.6.9 repeatedly to
compute Ay for k > 3. Results include

As=3.124--.
Ajo = 3.14157 - - -
(2.6.85) Ajs = 3.14159263 - - -

Agp = 3.14159265357 - - -
Ags = 3.14159265358978 - - - .
From both (2.6.70) and (2.6.85), we see that the error estimates from (2.6.83)—

(2.6.84) are quite sharp. Consistent with this, we see that a more accurate
approximation to m than Area P, can arise from writing

2 73

(2.6.86) m— AreaP, = 32 R,,
with

nrl 2m\5 1 /27\7 1 7
(2.6.87) re=3ls () -G < g
and use AreaP,, = m + O(n~2) to write

P 3 L

(2.6.88) m = Area P, + 32 (Areapn> +0(n™%).

If we denote the main part of the right side of (2.6.88) as B(P,), we see
that

AreaPip = 3 = B(Py2) = 3.125,
2.6.89
( ) AreaPyy = 3\@(\/5 —1) = B(Pa4) = 3.1405- - - .

The quantity B(P24) is approximately as accurate as Archimedes’ approxi-
mation (2.6.71). Going further, we have

(2.6.90) B(Pig2) = 3.14159238 - - - .

Having just tweaked the approximation m =~ AreaP,, we can hardly
resist going all the way, writing (2.6.56) as

2 2
(2.6.91) sin — = = Area Py,
non
hence
2
(2.6.92) 7= "sin~! (f AreaPn>,
2 n
and bringing in the power series (2.4.15):
o0 2k+1
t
(2.6.93) R D P

= IR
prd k! 2k+1
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with ay given by (2.4.13). Consequently, for each n > 3,

(2.6.94) = <Area73 )Z m( Area P, )

For n =12, AreaP;9 = 3, this specializes to (2.4.16).

Note that all the terms in the series (2.6.94) are positive. To get a good
upper bound on 7 from a partial sum, say over 0 < k < N — 1, note that

2k

ay k+1/2
(2.6.95) bk k:' = bk+1 k1 bk = bk \‘,
hence, for 0 <t < 1,
i Uk 2 aN Z 12k
(2.6.96) :Nk: k:—i—l_N'(QN—i-l
o an 7521\/

T NN+ 1) 12
For example, summing over k € {0, 1} yields the quantity B(P,) given in
(2.6.88), and we have
4
1—t%

ag
0<m—B(P,) < E(Areapn

N—

(2.6.97)

IR

2
= — AreaP,, as=
n

REMARK. Forn = 4, we have t = 1, the series (2.6.94) converges very slowly,
and the upper bounds in (2.6.96)—(2.6.97) have no content. One might seek
viable upper bounds in this case.

Hint. Use (2.6.95) to get

e
|
-

1
2.6. 1 1 < )z — ~-logk
(2:6.98) Ogb Zog 2£+1 i1~ g o8k

~
I
]

As a parting comment on the use of (2.6.94), we write out the first three

terms in the series arising there,
1 3
2.6.99 t) =1+ >+ —t4
(2.6.99) pa(t) =1+ ¢+ o
and evaluate the associated partial sum of (2.6.94), in case n = 24, with

AreaPoy given by (2.6.63), obtaining

1
(2.6.100) (Area 7724) 3 <E Area7>24) — 314154897 - - - |

a somewhat better approximation to 7 than those given in (2.6.70).

Returning to generalities, we provide the following complement to Propo-
sition 2.6.5.
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Proposition 2.6.10. Given a,b > 0, let F,p, : C — C be given by

(2.6.101) Fop(z +iy) = ax + iby.
Than, if S C C is bounded,
(2.6.102) Cont®(F, 4(S)) = ab Cont™(9).

Proof. Following the proof of Proposition 2.6.5, if we have a tiling {Sj. :
J.k € Z} of C of the form (2.6.3) and S is contained in the union of M of
the squares in this tiling and S contains N of the squares in this tiling, so
(2.6.4) and (2.6.5) hold, it follows that F,;(S) is contained in the union of
M rectangles of the image tiling, and contains N of such rectangles, each of
which has area abe?, by (2.6.9). Hence, parallel to (2.6.29), we have

(2.6.103) Cont™ (F,5(S)) < abMe?,  Cont™ (F,4(S)) > abNe>.
In the limit we get
(2.6.104)

Cont™ (F,4(9)) < abCont™(S), Cont™ (F,;(S)) > abCont™(9),

for all bounded S, and all F , of the form (2.6.101). Replacing S by S, =
Fop(S) and F,, by F ) = Fy 41, we have (2.6.102). O

As an example, we note that if a, b > 0, the region bounded by the ellipse

(L‘2 y2
(2.6.105) St
is
(2.6.106) Eop = Fop(D1),

where D; is the unit disk (2.6.35). Hence, from (2.6.42) and Proposition
2.6.10 we get

(2.6.107) Area E,j = mab.
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Exercises

1. How many terms in (2.6.94) are needed to approximate m to 10 digits,
given n = 247 Compare with the figure for n = 12.

2. Compute the area of the region bounded from above by the arc y =
V1 — 22 of the unit circle and from below by the parabola y = z2.

3. Verify the identity (2.6.72): ¢(P,) = 2 Area(Pa,).

4. Establish the following variant of (2.6.68).
Area P, T

— COS —.

Using
AreaPg Area Py

A =A . .
rea P rea’y AreaPy  AreaPor1’

deduce that
— = lim cosz-cosz 'cosl---cosl
T  k—oo 4 8 16 ok

This is known as the formula of Vieta.

5. Deduce from the identity cos 260 = cos? 6§ — sin® @ = 2cos? 0 — 1 that

1
cos% = 5\/2+2cosa.

Relate this to the Vieta formula.

6. Rewrite the Vieta formula as
o0

4 L9 T
ﬁ:H(l—Sln ?)
k=2

Note that )

e’ sin” o 3
sin? — = ——— cosa =V 1—sin?a.

2 24 2cosa’
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Figure 2.7.1. Setup for computing Area T

2.7. Heron’s formula

Let 7 C C be a triangle, with vertices A, B, C, having opposing sides of
length a, b, ¢, respectively. Set

(2.7.1) sz%(a%—b%—c).

Heron’s formula for the area of 7 is the following
(2.7.2) (AreaT)? = s(s —a)(s — b)(s — ).

To set up a proof, recall from Proposition 1.6.4 that at most one angle of T
is obtuse. We can assume A and B are acute. Drop a perpendicular from
C to the line segment from A to B, dividing this segment into two pieces,
of length x and y, so

(2.7.3) T +y=c

See Figure 2.7.1. Let h denote the length of this perpendicular line segment.
Hence

1
(2.7.4) AreaT = ich.
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Meanwhile, the Pythagorean theorem yields

(2.7.5) R+ 22 =0, K244 =d>

We aim to deduce (2.7.2) from (2 7.3)-(2.7.5).
Subtracting in (2 7.5) gives 22 — y? = b — a2, and since

—y’ = (x+y)(z—y) =clz—y),

we have
b2 42
(2.7.6) Ty = a
Adding (2.7.3) and (2.7.6) gives
24 b2 — g2
(2.7.7) T= a5

and hence from (2.7.5) we get
(62 + b? o a2)2

(2.7.8) W =b -2 =b" - e
Therefore,
4c¢*h? = (2bc)? — (* + b — a?)?
= (2bc + & + 0% — a?)(2bc — & — b + a?)
(2.7.9) =[(b+c)?—a%-[a® - (b—1¢)?
(a+b+c)( a+b+c)a+b—c)la—b+c)
= 16s(s —a)(s — b)(s — ¢).
By (2.7.4),
(2.7.10) (AreaT)? = 6252,

and we have the desired identity (2.7.2).

Exercises

1. Test Heron’s formula on the computation of the area of an equilateral

triangle, say of sidelengths a =b=c=1.
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2.8. Making a trig table

Work of Archimedes discussed in §2.6 led to the production of trigonometric
tables, including tabulations of sin £° and cos £° for integers £. Here £° stands
for £/360 parts of a circle, i.e., (7w/180)¢ radians, so

; s

2.8.1 0 tisinl® =e 9= —.

( ) cos £° + isin e ‘=150

We do not want to just plug 6, into the power series for €. We want
to compute these quantities without bringing in a computed value of .
Archimedes himself might have worked on such a table, in his Book of Cir-
cles, but that work is mostly lost. What is known is later work of Ptolemy
(see [23], pp. 18-22).

We discuss formulas for (2.8.1), starting with the identities

(2.8.2) ™3 = %(1 +iV3), ™= ?(1 +1),

obtained in (2.4.3) and (2.4.8), supplemented by

, 1
(2.8.3) e2™/5 = 5 +iss, 5= Z(\/5 -1),

obtained in (2.5.14), which in turn yields

(2.8.4) —\J1-2&= \/10+2

Numerical evaluation of the real and imaginary parts of the quantities in
(2.8.3)—(2.8.4) hence involves numerical evaluation of

(2.8.5) V2, V3, V5, 10+ 2V5.

One approach to the evaluation of y/a (indeed, of a'*/™ for general n € N)
was given in (2.5.28)—(2.5.30). Another goes as follows. Suppose you have
an approximation zy to y/a:

(2.8.6) zp —Va = 0y

Square this to obtain ;1:,2c +a—2zy/a= 5,%, hence

1/n

52 24+a 1 a
2.8.7 = Ty — b _ Tk _,( )
( ) Va= x4 2up Thi1 oor 5 2k -

Then x4 is an improved approximation, as long as |Jx| < 2xy, and iteration
produces a rapidly convergent sequence. In connection with this, we note
that if a, xp > 0, then y/a lies between xj and a/z, hence
2
a T —a
(2.8.8) 14| < )xk - —’ _ Jrizal
Tk T



2.8. Making a trig table 119

/2
27 /5

/3

/4 = 45°

7/6 = 30°

7/10 = 18°
7/12 = 15°
7/15 =12°

/60 = 3°

Figure 2.8.1. Special angles 0, at which to evaluate sin 6 and cos 6

To get started on (2.8.5), one can use
7 7 9
(2.8.9) V2r =, V3x-, VExZ,
5 4 4
which one can validate by squaring both sides. To start an approximation
to the last quantity in (2.8.5), take 10 + 2v/5 &~ 14.5, hence

(2.8.10) V10 +2v5 =~ 3.8.

REMARK. The iteration (2.8.7) is a bit different from (2.5.30), which for
n = 2 can be written

2axy, a
2.8.11 By = Tk (:c - )
( ) k+1 a+ l’,zi k+1 Tt

Both do essentially equally good jobs of approximating /a. Note that

(2812) jk—i—l S \/(; S Th41,

so we get reliable two-sided bounds. Note also that
1 -

(2.8.13) 7(xk+1 + $k+1) = Tk42-

2
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Now, algebraic operations yield the following identities:
ei/2¢=Ti/3 _ omif6

eTi/2=2mi/5 _ mi/10

(2.8.14) e™i/3emi/A — em/u,
e27i/5o=mi/3 _ omi/15
oTi/12,—Ti/15 _ mi/60

See Figure 2.8.1 for representations of the relevant angles. Regarding the

last quantity, we also have

/60 _ 2mi/3 ,—wi/4,—2mi/5
(281 - \f(_1 iv3) (1 — i) (cs — iss).
It follows that

(2.8.16) 2v2sin — = (V3 + 1)es — (V3 — 1)s5.

s
60
From evaluations of (2.8.5), we get

sin 3° = sin — = 0.052335956242 - - - ,
(2.8.17) 60
cos 3° = cos 60 = 0.998629534754 - - - .

Using the half-angle formula (2.6.66), we get numerical evaluations of sin %o
and sin %o. We display the results as follows:

1203111%0 — 3.14123379 - - - ,

(2.8.18) 2

240 sin —— = 3.14150293 - - - .
0 sin 210 3 50293

We turn to the evaluation of sin 1° and cos 1°. We will use the identity
(2.8.19) (cos1° +isin1°)3 = cos 3° 4 4sin 3°.

But before getting to this, we follow [23] and discuss how Ptolemy used
(2.8.18) to give an approximate evaluation of sin 1°, based on the following
result.

Proposition 2.8.1. The function

(2.8.20) f)y =220

is monotone decreasing, for 0 <t < .
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Proof. We evaluate the derivative:
_ tcost— sint

(2.8.21) MO —

so we claim

(2.8.22) tcost <sint, for 0 <t <.

Since cost < 0 for /2 <t < m, it suffices to check t € (0,7/2), so we claim
(2.8.23) t <tant, for 0<t< g

which follows from

(2.8.24) %(tant —t) =tan®t > 0.

REMARK. According to [23], Archimedes called the result

e s
(2.8.25) 0<s<t<7r:>%<sms

S
Aristarchus’ formula. See the third graph in Figure 2.8.2 for an illustration.

As a consequence of Proposition 2.8.1, we have that

2 3° 4 3°
(2.8.26) 3 sin 5 < sin1° < 3 sin 1
and bringing in (2.8.18) gives
(2.8.27) 0.01745129 < sin1° < 0.01745279,

as Ptolemy observed (and as Archimedes probably also knew).

For a more accurate formula, we have from (2.8.19) that
z = cos 1° + isin 1° satisfies 2% = w,

(2.8.28) o o

w =cos3” +1isin3”,
the latter given by (2.8.17). We can use the iterative procedure described in
(2.5.28)—(2.5.30), with n = 3, to solve (2.8.28) for z. Since (2.8.17) implies
w = 1, a good initial guess is zg = 1. Application of this iteration gives

sin 1° = 0.017452406437 - - - ,

2.8.2
(2:829) cos 1° = 0.999847695156 - - - .

REMARK. Indications are Archimedes had ways to numerically approximate
cube roots of positive real numbers. Complex numbers? Probably not.
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sinx +1 COS T /\
}

(sinz)/x

2w

Figure 2.8.2. Graphs of y =sinz, y = cosz, and y = (sinz)/z.

Having these results, to prepare that trig table one can use the calcu-
lations set out in (2.8.2)—(2.8.5) together with the identities in (2.8.14) to
compute cis£° = cos £° + isin £° for all the angles depicted in Figure 2.8.1,
bring in the formula (2.8.29) for cis 1°, and then use the addition formula

(2.8.30) cis(k® 4+ £°) = (cis k°)(cis £°)

to fill in the table for cis £°, for arbitrary ¢ € {0,...,360}. Further use of the
half-angle formula (2.6.66) leads to formulas for cis p°, with p an integral
multiple of 1/2 (or 1/27, if one persists). See also Exercises 1-2 below.

Of course, given that we do have an accurate evaluation of 7, once we
have a table of cisf for § = kn /180, we can use power series to quickly
evaluate cisd for |§| < 7/180, and then use cis(6 + &) = (cisf)(cisd) to fill
in the trig table. In fact, it suffices to compute cis d for |4| < m/360.

REMARK. After Archimedes and before Ptolemy, there was Hipparchus, an
eminent astronomer who is also regarded as the founder of trigonometry. He
is said to have made a table of values of sin ;° for p an integral multiple of
15/4, i.e., sin @ for § = km/48. On the other hand, Archimedes’ calculation
of ¢(Pgg) was equivalent to the evaluation of sin 7/96.
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We also mention that in those times geometers used the notion of chord(6)
to denote the distance between the two points where a pair of rays, from
the origin, making an angle @, intersect S*. We have, for 0 < 6 < 7,

. . . )
(2.8.31) chord(6) = | — 1| = [¢/? — ¢70/2| = 2in 7

From their perspective, they were actually making tables of chords. The
identity (2.8.31) shows how to convert these to tables of sines.

For another approach to computing sin 6/3, we can bring in a formula
for sin 3y, starting with

(2.8.32) sin(¢ + 2p) = sin ¢ cos 2 + cos Y sin 2¢,
to deduce that
(2.8.33) sin3p = —4sin® ¢ + 3sin g,
hence
0 0
(2.8.34) sinf = —4sin® 3 +3sing.
Consequently,
0
2.8.35 z =sin- solves 42° —3x+a =0, a =sinf.
3

A related treatment of such an approach to angle trisection is given by
Descartes in [5], p. 396. Fast numerical approximation to a solution to such
a cubic equation can be given by Newton’s method. Rather than giving
details, we refer to calculus texts, such as [15], Chapter 5, §5.5.

Exercises

1. Use various symmetries, such as
cis(% — a) =icisa,
to reduce tabulation of cos £° + isin £° from 0 < ¢ < 360 to

0 < /¢ <45.

2. Proceed from the formula (2.8.29), yielding a 12 digit approximation to
a = cis 1°, to make a table of

cisk/ = cis(%)o, 0< k<60,

as follows.



124 2. Bringing in calculus

(a) Use the method of (2.5.28)—(2.5.30) to compute approximations to
a2 QB M Qs

(b) Implement the computations
207103 — o1/6 o1/3=1/4 — q1/12 (1/54-1/6 _ (1/30

al/2aq72/5 = o110 1/104-1/12 _ 1/60

«

(¢c) Fill in the table using these computations.

3. Explain how to use the table produced via Exercise 2 together with a

table for cis £° to compute
cis (°K'.

4. Regarding the iterative method (2.8.6)—(2.8.7) for approximating /a
(a > 0), given an initial guess z¢ > 0, with error §o = x¢ — \/a, write (2.8.7)
as

2

2z,

Deduce that (if §g # 0), 6 > 0, hence zy > +/a, for all k > 1, and further-

more

Tht1 —Va = Opt1, Oki1 =

a
f<\/ciL<$k+1<ZL‘k, Vi >1.
Tk
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2.9. Euclidean numbers

Here we describe collections of numbers (in C), lines, and circles that we call
Fuclidean, denoted E, &, and £¢, respectively, which can be constructed
using compass and straightedge. We start with some rules for obtaining
objects in these classes.

(A) 0,1€E,

(B) If a,b € E, a # b, the line {4, through a and b belongs to ;. In
particular,

Reé&r.

(C) If a,b € E, a # b, the circle Cy centered at a, passing through b,
belongs to &c.

(D) Ifa€E, r>0, rekE, then S,(a), the circle with center a, radius r,
belongs to £¢. In particular,

Ste &

Rules (B)-(D) state how to produce elements of £, and Ec, given ele-
ments of E. We also have the following rules for generating elements of E,
given elements of £, and &¢.

(a) If0,0 €&, £#0, then (N{ CE.
(b) IfC,C' €&, C#C', then CNC' CE.

(¢c) Ifteér, Ceé&c,thentnC CE.

We define E, &1, and £¢ to be the smallest collections of numbers, lines,
and circles satisfying (A)—(D) and (a)—(c). We now describe other elements
of E, &1, and E¢, applying these rules. We leave the demonstrations of these
results as exercises, with some hints.

1. Z C E. Start with (A) and (B), and use (D) and (c) repeatedly.

2. If £ € & and p € E, then 6;, the line through p, perpendicular to ¢, lies
in gL-

Start with a circle S, (p), with r € N large enough that S, (p) N ¢ consists
of two points, say a,b. If p ¢ ¢, then A(a,p,b) is isosceles. Take circles
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SR((L) SR(b)

Figure 2.9.1. Showing £ € £, p € E= Zj eér

Sr(a) and Sgr(b), with R € N, R > |a — b|/2. Then E; is the line through
the two points in Sg(a) N Sg(b). See Figure 2.9.1.
Consequences:

iIReé&,, 1€E, kiceE, VkeZ.

3. Ifl e &, qcE, q¢/ and £ is the line through ¢ parallel to £, then
0, € €. Indeed, take £, = ((7).

4. a € E = Rea, Ima, |a| € E. Drop perpendiculars from a to R and to iR.
Also, C, intersects R at +|al.

5. If z,y € RNE, then —z,x + v, |y| € RNE. Furthermore, x + iy € E.
For the latter part, we have ¢ € £, and x + iy € £ N Sjy| ().

6. If a,b € E, then a+b € E. Also ia € E. Use Exercises 4-5. Consequence:

Z[i] C E.
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7. Assume a,b € E, a,b > 0. Then

ab, 1 e E.

a

The line through 0 and 1 + 4b intersects /- at a + iab = 2, and ab = Im z.
The line through 0 and a+i intersects ¢ at 1+i(1/a) = w, and 1/a = Im w.
Corollary:

Q[i] C E.
8. More generally,

a,b € E = ab, %EE,

the latter holding provided b # 0.

For ab, express the product in terms of Rea,b and Ima,b. Next, write
a/b = ab/|b|? and apply Exercise 7 to get 1/|b|?> € E.
REMARK. Exercises 6 and 8 imply E is a field.

We next consider square roots.

9. Givenw,a € 8!, > =w,weE= a €E.
Indeed, if w # —1, we have
w+1
e
10. If z € E, = > 0, then /z € E.

For the geometrical construction yielding this result, see §1.11.

a

11. Given z € E, if w € C and w? = z, then w € E.
Indeed, if z # 0, set

z
z=rw, r=]|z w:m.
Then r,w € E and
w = E\/ra,

with « as in Exercise 9.

12. Let p(2) = a2z + a1z + ao, a;j € E, az # 0. Then its roots, i.e., the
solutions to p(z) = 0, belong to E.

Use the quadratic formula: ri = —a;/2as £ (1/2&2)\/@ — dasay.

13. E is the smallest subfield of C that is closed under taking square roots.

Results stated above give half of this. For the other half, one needs that
elements of E produced in (b)—(c) arise as solutions to quadratic equations.
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14. All the numbers of the form ¢% in (2.8.14) belong to E.

15. E is countable. Each application of (B)—(D) produces one element of £,
or one element of . Each application of (a)—(c) produces no more than
one or two elements of E.

16. We say an element of Isom(C), resp. Isom™(C) belongs to Isom(E),
resp. Isom® (E), provided F : E — E. Then one has F € Isom™(E) if and
only if

F(z)=az+p, a€S'NE, peE,
and F' € Isom™ (E) if and only if

F(z)=az+p, a€S'NE, pcE.

REMARK. One might question the label “Euclidean numbers” for the objects
treated in this section. The Pythagoreans loved numbers, but between them
and Fuclid a tradition arose to develop geometry in a fashion that avoided
the use of numbers. Apparently this approach was motivated by the discov-
ery that the sidelength of a square and its diagonal are incommensurable.
(Modern translation: /2 is an irrational number.?)

The Euclideans did not reject numbers outright. There are several books
of Euclid’s Elements that deal with number theory. They just kept the
concept away from geometry. The work of Archimedes seems to stand as
a serious effort to bring numbers into the game. Subsequently, Diophantus
developed algebra as a tool for number theory, but not for geometry.

As the lights went out in the Roman empire, works of Euclid, Archimedes,
Diophantus and others were preserved, translated, studied, and built upon
in other parts of the world. A notable algebra text was produced by M. al-
Khwarizmi, [1]. Sometime into the second millenium, works of Euclid et al.,
and also al-Khwarizmi’s algebra, were introduced into an awakening Europe.
Cf. [8], Chapters 9-10.

The use of algebra as a tool for Fuclidean geometry took a great leap
forward with the work of Descartes, [5], regarded as a monumental advance,
which set up analytic geometry and paved the way for the introduction of
calculus. Though there was a whiff in the air of complex numbers, they were
regarded with great suspicion, and played little role in [5]. Most workers
were not willing to regard v/—1 as an actual number, and they were definitely
not ready to deal with the field E. Even into the time of Euler, complex

2See Proposition 2.11.5 and the ensuing discussion for more on this.
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numbers were not largely in favor, but under the influence of Gauss they
became widely accepted (cf. [12]). Given the accomplishments of Gauss, it
seems reasonable to say he knew about E, perhaps as early as 1796.
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2.10. Linear fractional transformations

Here we consider an important extension of the family of maps z — az + b,
making up Isom™ (C) and more generally Sim™(C). This larger class consists
of linear fractional transformations. They have the form

az+b a b

Here A is an invertible 2 x 2 matrix; we say A € G/¢(2,C). (See Appendix
2.A for background material on matrices.) We do not want the denominator
in the fraction written above to be = 0, and we do not want the numerator
to be a constant multiple of the denominator. This leads to the requirement
that det A # 0. If ¢ # 0, L4 is well defined on C\ {—d/c}. We extend Ly
to

(2.10.2) Ly:C—C, C=CuU{ox},
by setting

(2.10.3) Ly(—d/c) =00, if ¢#0.
and

a
La(oo) =2 if c#0,
(2.10.4) aloo) =2 #
oo if ¢=0.

If also B € G¢(2,C), a calculation gives
(2105) LAOLB :LAB-
In particular L 4 is bijective on @, with inverse L 4-1.
The set G¢(2,C) is a group, i.e., a nonempty set of matrices G with the
property that
(2.10.6) A BeG= AB, Al eq.

The result (2.10.5) says the map A +— Ly is a group homomorphism.

Note that Lgsa = L4 for each nonzero s € C. In particular, Ly = Ly,
for some A; of determinant 1; we say A; € S¢(2,C). Given A; € S¢(2,C),
L, = Ly, if and only if A1 = £A4s.

Note that if a, b, ¢, d are all real, then L4 in (2.10.1) preserves R U {oco}.
In this case we have A € G/¢(2,R). We still have Lgy = Ly for all nonzero
s, but we need s € R to get sA € G¢(2,R). We can write Ly = L4, for
Ay € SU(2,R) if A€ GL(2,R) and det A > 0. We can also verify that

(2.10.7) AeSI2,)R)= Ls:U—U,
where

(2.10.8) U={z:Imz >0}
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is the upper half-plane. In more detail, for a,b,¢,d € R, z = x + iy,

az+b (az+0b)(cz+d) R . ad-—bc
2.10. = -
(2.10.9) cz+d (cz+d)(cz+d) R

with
(2.10.10) R = ac|z|* +bd + (ad + bc)x € R, P =|cz+d> >0, if y #0,
which gives (2.10.7).

We now single out for attention the following linear fractional transfor-
mation:

(2.10.11) Pl) = S ple) = Lag(a), Ao = G 7)
Note that

(2.10.12)  @(z +iy) = W — |p(z +iy)|? = M
In particular, |¢(x +iy)| < 1 if and only if y > 0. We have

(2.10.13) o:U—-D, ¢:RU{cc} = S'=0D,

where

(2.10.14) D={z:]z] <1}

is the unit disk. The bijectivity of ¢ on C implies that ¢ is bijective in
(2.10.13).
Conjugating the S¢(2,R) action on U by ¢ yields the mappings

(2.10.15) MA:LAOAAal : D — D.

In detail, if A is as in (2.10.1), with a, b, ¢, d real, and if Ay is as in (2.10.11),

- 1 f(a+d)i—b+c (a—d)i+b+c
1—7
AoAd, 2 <(a—d)i—b—c (a+d)yi+b—c
(2.10.16)
_(« B
-5 o)
Note that
(2.10.17) laf* = |B|* = det A = ad — be.

It follows that

ApSE(2,R) Ayt = {< >EG£(2C) ya|2—|5|2=1}
=5U(1,1),

(2.10.18)



132 2. Bringing in calculus

the latter identity defining the group SU(1,1). Hence we have linear frac-
tional transformations

Lp:D—D, Ly =25
(2.10.19) Pata
5=(4 Desvan. lap-pp-t

Note that for such B as in (2.10.19),

, i0 , —if
(2.10.20) Ly(ei®y = 2 T8 _ ot he ™

Be? +a a + Bet?
and in the last fraction the numerator is the complex conjugate of the de-
nominator. This directly implies the result Lp : S' — S! for such B.

We have the following important transitivity properties.

Proposition 2.10.1. Given the groups S¢(2,R) and SU(1,1) defined above,

(2.10.21) SL(2,R) acts transitively on U, via (2.10.1),
and
(2.10.22) SU(1,1) acts transitively on D, via (2.10.19).

Proof. To demonstrate (2.10.21), take p = a+ib € U (a € R, b > 0).
Then Ly(z) = bz +a = (022 + b=2a)/b='/? maps i to p. Given another
q € U, we see that Lqu_1 maps ¢ to p, so (2.10.21) holds. The conjugation
(2.10.18) implies that (2.10.21) and (2.10.22) are equivalent.

We can also demonstrate (2.10.22) directly. Given p € D, we can pick
o, € C such that |a|?> — |8]> = 1 and B/a@ = p. Then Lg(0) = p, so
(2.10.22) holds. O

We list some building blocks for the group of linear fractional transfor-
mations, namely (with a # 0)

(2.10.23) do(2) =az, m(2)=2z4+0b, z)= e

We call these respectively (complex) dilations, translations, and inversion
about the unit circle S* = {2 : |z| = 1}. These have the form (2.10.1) with
A given respectively by

(2.10.24) (g (1)> <(1) 11’> (? (1]>

We can produce the inversion ¢p about the boundary of a disk D = D, (p)
as

(2.10.25) Lp =Tp©00p 010081/, 0T .
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The reader can work out the explicit form of this linear fractional transfor-
mation. Note that ¢p leaves dD invariant and interchanges p and oo.

Recall that the linear fractional transformation ¢ in (2.10.11) was seen
to map R U {oo} to S'. Similarly its inverse, given by —it)(z) with
z+1
z—1
maps S' to R U {oco}; equivalently v maps S to iR U {oo}. To see this
directly, write

(2.10.26) Y(z) =

76 .

. e’ +1 —1
2.10.2 0y = — = .
(2.10.27) (™) e —1  tanf/2

These are special cases of an important general property of linear fractional
transformations. To state it, let us say that en extended line is a set fU{oo},
where /¢ is a line in C.

Proposition 2.10.2. If L is a linear fractional transformation, then L maps
each circle to a circle or an extended line, and L maps each extended line
to a circle or an extended line.

To begin the proof, suppose D C C is a disk. We investigate where L
maps dD.

Claim 1. If L has a pole at p € 9D (i.e., if L(p) = o0), then L maps 9D to
an extended line.

Proof. Making use of the transformations (2.10.23), we have L(0D) =
L'(S1) for some linear fractional transformation L', so we need to check
only the case D = {z : |z| < 1}, with L having a pole on S!, and indeed we
can take the pole to be at z = 1. Thus we look at

ae? +b
ef — 1
a+b 1 a—>
— _.I_ R
2 tanf/2 2

L(eie) —
(2.10.28)

whose image is clearly an extended line.
Claim 2. If L has no pole on 0D, then L maps 9D to a circle.

Proof. One possibility is that L has no pole in C. Then ¢ =0 in (2.10.1).
This case is elementary.
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Next, suppose L has a pole at p € D. Composing (on the right) with
various linear fractional transformations, we can reduce to the case D = {z :
|z| < 1}, and making further compositions (via Proposition 2.10.1), we need
only deal with the case p = 0. So we are looking at

b . 4
(2.10.29) L) = 212 () = a4 he

z

Clearly the image L(S!) is a circle.

If L has a pole at p € C\ D, we can use an inversion about 9D to reduce
the study to that done in the previous paragraph. This finishes Claim 2.

To finish the proof of Proposition 2.10.2, there are two more claims to
establish.

Claim 3. If / C C is a line and L has a pole on /¢, or if L has no pole in C,
then L maps £ U {oo} to an extended line.

Claim 4. If ¢ C C is a line and L has a pole in C\ ¢, then L maps ¢ U {oo}
to a circle.

We leave Claims 3-4 as exercises for the reader.

We now take a look at the group Gy of linear fractional transformations
that preserve both the upper half plane I/ and the unit disk D. These have
the form

(2.10.30) La, A€ S02,R)NSUL1),
hence
(2.10.31) A= <Z 2) . abeR, a? — b =1.

Since L4 = L_ 4, we can take a > 0. Note that

(2.10.32) Al = (_ab _b> .

a
It is convenient to parametrize the group Gy by setting
(2.10.33) a =-cosht, b=sinht, teR,

where we bring in the hyperbolic functions

1 1
(2.10.34) cosht = §(et +e!), sinht= i(et —eh).
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A computation gives cosh?t —sinh?¢ = 1. In such a case, we can write A in
(2.10.31) as

cosht sinht .
(2.10.35) H(t)= (sinht cosh t> = (cosht)I 4 (sinht)K,

at least for a > 0, where

(2.10.36) = (é 2) . K= (? é) .

As usual, I denotes the identity matrix.

The casual resemblance of the right side of (2.10.35) to the right side
of Euler’s formula (2.3.31) is worth pursuing. Let’s start with a derivative
formula for H(t). By (2.3.8), we have the derivative formulas

d d
(2.10.37) p cosht = sinht, 7 sinht = cosh .
Applying this to (2.10.35) gives
(2.10.38) H'(t) = (sinh t)I + (cosht)K = KH(t),

using the fact that K2 = I. This invites comparison with (2.3.32), or more
generally (2.3.8). Indeed, we can form the matrix exponential
X in
(2.10.39) =N " K"
n!
n=0
and a computation parallel to (2.3.3) yields
d

(2.10.40) £etK = Ke'X,

Now we compare e with H(t) via a computation parallel to (2.3.10):
(2.10.41) %(e—tKH(t)) — _Ke M H(t) + e KKH(1) =0,
hence

(2.10.42) e KH({t)=1, VteR.

A similar computation gives

(2.10.43) e e — T VteR, hence et = (etK)fl,

SO

(2.10.44) e = H(t).

Also, somewhat parallel to (2.3.14)—(2.3.16), we have, for s,t € R,

(2.10.45) %e“’“)f( et =0,
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hence e(SHOEK—tK — osK 4

(2.10.46) et — osKtK ot e R,
or, equivalently,

(2.10.47) H(s+1t) = H(s)H(t), Vs,teR.

Returning to the action of H(t) as a linear fractional transformation, we
have
(cosht)z + sinh ¢

2.10.48 P =1L = ,
( ) «(2) 12 (sinht)z + cosht
and (2.10.47), together with (2.10.5), yields
(21049) @S_A'_t = q)s ©) (I’t, S,t € R.
Note that
(2.10.50) By(0) = S0 _ ot
1U. = = tan
K cosnt oAb
where the last identity defines tanht¢. We have
(2.10.51) tanh : R — (—1,1), tanht¢ — £1 as ¢t — $o0.

Also, by (2.10.34) and basic identities discussed in §2.1,

d h?t — sinh? ¢ 1
(2.10.52) Ztanht = 0 "0 T g tanh®t = ———
dt cosh” t cosh” t
In particular the derivative is > 0 for all ¢, so the inverse function theorem
(Proposition 2.1.2) implies the map (2.10.51) is bijective. Hence each x €
—1,1) can be uniquely written as = tanh ¢ for ¢ € R. Combining (2.10.
1,1 b iquel itt tanht for t € R. Combini 2.10.52

with Proposition 2.1.5 gives

v dy -1
(2.10.53) 5 =tanh™ 1z, [|z| <1,
o 1—y

via the substitution y = tanht.
Note that applying (2.10.49) to z = 0 gives
(2.10.54) O (tanht) = tanh(s +t), s,t€R.

As an alternative derivation, note that (2.10.48) gives
z +tanh s

(tanhs)z 4+ 1’

and then (2.10.54) is equivalent to the identity

tanh s + tanht
1+ (tanh s)(tanht)’

which can also be established by calculations parallel to (2.4.35).

(2.10.55) D (z) =

(2.10.56) tanh(s +t) =

Here is one significant consequences of these calculations regarding ®;.
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Proposition 2.10.3. Let S C D be a circle centered at a point p € (—1,1).
Then we can find t € R such that ®(S) C D is a circle centered at 0.

Proof. Say S intersects (—1,1) at tanhs; and tanhsg, s; < s3. Then
®,(S) C D is a circle, centered at a point in (—1,1), that intersects (—1,1)
at tanh(s; +¢) and tanh(sy +¢). Now

(2.10.57) 52+t:—(51+t)<:>t:—81—582.
Thus, if ¢ satisfies (2.10.57), it follows that ®;(S) intersects (—1,1) at

§1 — 82

§2 — 51

(2.10.58) tanh and at tanh

Symmetry considerations imply ®;(S) is centered at 0. O

REMARK. Using (2.10.56), we have

tanh s; — tanh s9

2.10. tanh(s — s2) =
(2.10.59) anh(s; — s2) 1 — (tanh s;)(tanh s3)’

and

T = tanhg, y = tanh s

2z
(2.10.60) — V=12
1—/1—y2
—o=—Y Y
y

We can readily extend Proposition 2.10.3 to a broader setting.

Proposition 2.10.4. If S C D is a circle, we can find A € SU(1,1) such
that

(2.10.61) L4(S) CD is centered at 0.
Proof. Rotate D so that S is centered at a point in (—1,1). O

We can use Proposition 2.10.4 to tackle the following classical problem.

Apollonius’ three circles problem. Let C,Co, C3 be three disjoint cir-
cles in C. Assume no one circle separates the other two. In this situation,
find a fourth circle S that is tangent to each Cj.

Solution. Using a translation and dilation, we can assume

(2.10.62) Cir=8"={z:|2| =1}.
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Ci

Figure 2.10.1. Setup for solution to three circles problem

Then either Cy,C3 C D or Cy,C3 C C\ D. In the latter case, use the
inversion z +— 1/z to arrange that

(2.10.63) Cy, C3 CD.

Now, using Proposition 2.10.4, apply a linear fractional transformation, pre-
serving D, to arrange that (5 is centered at 0, so

(2.10.64) Co={z:]z]=a}, O0<a<l.

See Figure 2.10.1. Let

(2.10.65) d:lga, F:{z:]z\:a—i-dzl—;a}.
Say C3 has center p € D and radius r, i.e.,

(2.10.66) Cy={z:[z—p|=r},

and set

(2.10.67) Y=A{z:|z—p|l=r+d}.
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Then ¥ intersects I' at two points. Pick one, call it q. Note that ¢ has
distance d from both C; and Cy. Furthermore, it has distance r + d from p,
hence distance d from C3. Hence the circle

(2.10.68) S={z:]z—q|=d}

is tangent to C,Co, and C3. In this way, we get two circles S, each tangent
to all Cj, having the property that both Cy and C3 are exterior to the disk
D bounded by S. Similarly we have two such circles S, bounding D, with
each of the properties:

D contains C3 but is exterior to Cs,
D contains (5 but is exterior to C,

D contains both C5 and Cf,

for a total of eight circles, each tangent to all C}.

Hyperbolic and spherical geometry

One can put distance functions dy; and dp on the upper half-plane U
and the disk D that have the properties

Isomt(U) = {La: A€ Sl(2,R)},
Isom™ (D) = {L4: A€ SU(1,1)}.

Such spaces are called the Poincaré upper half-plane and the Poincaré disc.
These are non-Euclidean geometries, known as hyperbolic geometries. The
map ¢ : U — D given in (2.10.11) is an isometry between the two spaces.
One can see how this is done in §5.12 of [17], and also see applications to
deep results in complex analysis, including the Riemann mapping theorem
and Picard’s theorems.

(2.10.69)

In another direction, one can use stereographic projection to produce a
bijective map of C onto S? (the unit sphere in R?, discussed in the next
section). This yields maps

(2.10.70) Ls:8%— S% AeSi20),

satisfying Lag=LaoLg, and preserving angles. One has

(2.10.71) Isom™ (5%) = {L4: A € SU2)},

where A € SU(2) < A € 5{(2,C) and A*A = I. (Note that Ly = L_4 =

La = L_4.) See §5.3 of [17] for more on this. The sphere S? also has a
non-Euclidean geometry, known as spherical geometry.
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Exercises

1. Write down demonstrations of Claims 3 and 4, arising in the proof of
Proposition 2.10.2.
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2.11. Argand and the fundamental theorem of algebra

J.-R. Argand published in 1813 a paper on representing complex numbers
as points in the Euclidean plane.? The following year he published a proof
of the fundamental theorem of algebra, regarded as the first complete proof
of this result, not suffering from gaps such as were present in the 1799 proof
of Gauss. We present this proof here.

Theorem 2.11.1. If p(z) is a nonconstant polynomial (with complex coef-
ficients), then p(z) must have a complez root.
Proof. We have, for some n > 1, a, # 0,
p(z) = anz" 4+ -+ a1z + ag
(2.11.1) 1
=apn2"(14+0(z7Y), |z] = oo,

which implies

(2.11.2) lim |p(z)| = oo.
|z| =00

Picking R € (0, 00) such that

2.11.3 inf > |p(0)],

(2.11.3) . (=)l > p(0)

we deduce that

2.11.4 inf = inf |p(2)|.
(2.11.4) nf IP(2)] = inf |p(2)|

Since Di = {z : |2| < R} is closed and bounded and p is continuous, there
exists zg € Dpg such that

(2.11.5) Ip(20)| = inf |p(z)].
zeC
The theorem hence follows from: O

Lemma 2.11.2. If p(z) is a nonconstant polynomial and (2.11.5) holds,
then p(zp) = 0.

Proof. Suppose to the contrary that

(2.11.6) p(2z0) = a # 0.
We can write
(2.11.7) p(z0 +¢) = a+q(¢),

3This work was done in 1806 and circulated informally. Argand published it after learning
that others were publishing related results. By this time, the geometrical representation of C was
in the air. There was also unpublished 1796 work of Gauss. For more on such early work, see
Chapter 3 of [12].
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where ¢(¢) is a nonconstant polynomial in ¢, satisfying ¢(0) = 0. Hence, for
some k > 1 and b # 0, we have ¢(¢) = b¢¥ + -+ +b,(", i.e.,

(2.11.8) a(Q) =b¢* +0(¢*"), (=0,

so, uniformly on S* = {w : |w| = 1}

(2.11.9) p(z0 + ew) = a + bk + O(F ), e\, 0.
Pick w € S! such that

b a
(2.11.10) —wk ==

0] lal

which is possible since a # 0 and b # 0. In more detail, since —(a/|a|)(|b|/b) €
51, Euler’s formula implies

a [b] _
al o~
for some 0 € R, so we can take
w = ek,
Given (2.11.10),
b
(2.11.11) (20 + ew) :a<1 - ‘5‘5’“) +O(eF,

which contradicts (2.11.5) for € > 0 small enough. Thus (2.11.6) is impossi-
ble. This proves Lemma 2.11.2, hence Theorem 2.11.1. ([

Now that we have shown that p(z) in (2.11.1) must have one root, we
can show it has n roots (counting multiplicity).

Proposition 2.11.3. For a polynomial p(z) of degree n, as in (2.11.1),
there exist rq,...,m, € C such that

(2.11.12) p(z) = an(z —711) - (2 —10).

Proof. We have shown that p(z) has one root; call it 1. Dividing p(z) by
z —r1, we have

(2.11.13) p(z) = (z = r1)p(2) + 4,

where p(2) = a,2" ' + - + Gg and q is a polynomial of degree < 1, i.e., a
constant. Setting z =7 in (2.11.13) yields ¢ = 0, so

(2.11.14) p(z) = (z —r1)p(2).

Since p(z) is a polynomial of degree n — 1, the result (2.11.12) follows by
induction on n. U
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REMARK. A key step in the proof given above is the passage from (2.11.4)
to (2.11.5). This is predicated on the assertion that a continuous real-valued
function (f(z) = |p(z)|) on Dr must achieve a minimum. A proof of this
uses the fact that a sequence in Dp must have a convergent subsequence.
It was perceived later that such a result needs proof, and a foundation for
this was established by Cauchy and Weierstrass. One can read about this
in Chapter 1 of [15].

Polynomials with real coefficients are of particular interest, and in that
connection we point out the following, which is more elementary than The-
orem 2.11.1.

Proposition 2.11.4. Let p(z) have the form (2.11.1), with a, # 0. Assume
each coefficient a; € R. If n is odd, then p(x) = 0 for some x € R.

Proof. If a, > 0, then p(x) — 400 as + — 400, and p(x) — —oo as
x — —oo. The conclusion that p(z) = 0 for some x € R is then a special
case of the following result, known as the intermediate value theorem. [

Proposition 2.11.5. Let a,b € R, a < b. Assume [ : [a,b] — R is
continuous, f(a) <0, and f(b) > 0. Then f(z) =0 for some xz € R between
a and b.

Proof. Divide Iy = [a,b] into two equal subintervals I, and I,, meeting
at (a +0)/2 = p. Then either f(p) = 0 or f(p) has a different sign from
f(a) or f(b). If f(p) = 0, stop. Otherwise choose I; to be the subinterval
(I or I,) for which f has different signs at the endpoints. Repeat this
process, obtaining successive subintervals Iy, of length 27%|a — b|, on which
f changes sign (or with an endpoint at which f vanishes). The structure
of R (presented in Chapter 1 of [15]) shows that the resulting sequence of
endpoints converges to a limit € Iy, at which f vanishes. ([l

This result is behind the proof of the inverse function theorem, Proposi-
tion 2.1.2. We restate the part that follows quickly from Proposition 2.11.5.

Corollary 2.11.6. Assume f : [a,b] — R is continuous, f(a) = «, f(b) =
B. Assume also that f is differentiable on (a,b) and f'(x) > 0 for all
x € (a,b). Then

(2.11.15) f:la,b] — [a, ] is one-to-one and onto.
Corollary 2.11.7. Let n € N; f(x) = z". Then

(2.11.16) f:]0,00) — [0,00) is one-to-one and onto.
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Hence, given a € R, a > 0, there is a unique positive x € R such that
2" = a. We write z = a'/™. For n = 2, we write z = \/a.

Here is a result that caused a stir among the Pythagoreans.

Proposition 2.11.8. There is no rational number x = m/n that solves
2
T =2.

Proof. Suppose there were such a rational number, so

(2.11.17) (%)2 =2

We can assume m and n are positive integers with no common factor. Now
(2.11.17) yields

(2.11.18) m? = 2n?,

hence m is even (the square of an odd integer is odd), so m = 2k, so
4k? = 2n2, so

(2.11.19) n? = 2k>.

Hence n must also be even. This is a contradiction. ([

Corollary 2.11.9. The number /2 is irrational.

The following classical result yields an extensive list of irrational num-
bers.

Proposition 2.11.10. Suppose xz € R satisfies
(2.11.20) 2"+ ap1z" 4+ az +ag =0, a; € Z.

Then, if x is rational, it must be an integer. Equivalently, if x ¢ Z, then x
must be irrational.

A proof, using the fundamental theorem of arithmetic, is given in §1.7 of
[15].

Exercises

1. If p(z) is as in (2.11.1), with all a; € R, show that z is a root of p if and
only if Z is a root. Hence the non-real roots of p occur in complex-conjugate
pairs.

2. Take
p(z) =22+ 222+ 322 + 42 + 5.
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Show that all 4 roots of p lie in
Dy={z€C:|z] <4}.
Hint. Show that, with

2 3 4 5
R@)=+z+a+0

|z| > 4= |R(2)| < 1.
3. For p as in Exercise 2, show that
p(=4) >0, p(-3)<0, p(x)>0forx>0.
Deduce that p has at least two real roots. Note that, for z € R,
pl(x) =12z +z+3) >0, VzeR

Hence conclude that p has exactly two real roots, and two non-real roots
(forming a complex-conjugate pair).

4. Deduce the following from Proposition 2.11.10. Take k,n € N. Assume
r € R and

" = k.
Then z is either an integer or an irrational number. In particular, the
following numbers are irrational:

V3, V5, V6, VT, V8.

5. Show that v/2 + v/3 is irrational.
Hint. Square it.
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2.12. Planetary orbits: ellipses, parabolas, hyperbolas

If a body of mass m is moving in C under the influence of a force F', Newton’s
law “F = ma” yields the differential equation

d*z
for the trajectory z(¢) of the body. Many such forces are central forces,
taking the form

(2.12.2) F(2) = f(12])z
with f:[0,00) — R. In particular, Newton’s law of gravitation yields
Km

When Newton formulated and solved such an equation, he obtained a the-
oretical understanding of Kepler’s observations about the orbits of planets
about the sun.

It would have been natural for Newton to use the work of Descartes to
present the analysis of such an equation, but Newton chose instead to present
his work in the formalism of classical Euclidean geometry.* Standard modern
approaches use the Cartesian framework. Here we present the analysis in
the framework of the algebraic and geometric structure of C.

We start with results on the general central force problem,

d2
(2.12.4) m%j = £(]2])2
Associated with the trajectory z(t) is the angular momentum
(2.12.5) a(t) = mz(t) x 2'(t),

where, as in §1.2, z X w = Im zw. Let us recall the identities
(2.12.6) zxz2=0, zx(iz)=—|z|%
Differentiating (2.12.5) yields
o (t) = m2'(t) x 2/(t) + mz(t) x 2" (t)
(2.12.7) = z(t) x f(|t])=(¢)
=0,
where we have used the first identity in (2.12.6) twice. Equation (2.12.7)

implies a(t) is independent of ¢, and hence states the conservation of angular
momentum, for motion in a central force.

480me say Newton did this because of his conservative tendencies. Others say he did this
because he did not like Descartes. In any event, it seems an upshot was for the torch of calculus
to pass from Britain to the European continent (cf. [8], Chapter 17).
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To proceed, it is convenient to write
(2.12.8) 2(t) = r(t)e?’®

and translate (2.12.4) into a system of differential equations for r(t) and
6(t). A computation gives

2= (' +ird)e?,
(2'12'9) " " 2 . 1/ 1\1 %0
20 =" =r(0)° +i(2r'0" + r")]e”.

Since the right side of (2.12.4) becomes f(r)re?, cancelling factors of e
and separating out real and imaginary parts yields the system

r

)

f(r
(2.12.10) o) = T(n)r
2r'0" +r" = 0.

The second of the equations (2.12.10) begs for comparison with (2.12.7).
Indeed, we have
zx 2 =re? x (' +ire)et?
(2.12.11) = rr'e® x e 4 120/ e x el
— _T26/

the last identity using both parts of (2.12.6). Meanwhile,

d
(2.12.12) £(r29’) =r(2r'0' +ro"),
so the second part of (2.12.10) says

d

2.12.1 —(r?0) =
(212.13) <020 =0,
recovering (2.12.7). Therefore we have
(2.12.14) r2(t)0'(t) = L,

for some constant L. Plugging this into the first equation of the system
(2.12.10) yields the following second order differential equation for 7:

d?r _ flr)r L?

2.12.15 — = —.
( ) dt? m r3

Before tackling (2.12.15), we present the following geometrical interpre-
tation of the conservation law (2.12.14). By an argument parallel to the
second proof of Proposition 2.6.7, the area A(t) swept out by the ray from
0 to z(s), as s runs from ty to ¢ is given by

1 o(t) 1 t
(2.12.16) A = L / 2dg— L / r(5)20'(s) ds,
2 Jo(to) 2 Ji
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SO
1 L
(2.12.17) At)==r?0 ==,
2 2
This says
(2.12.18) Equal areas are swept out in equal times,

which, as we will explain below, is Kepler’s second law.

We return to the equation (2.12.15). This has the form
d*r
dr?
a much studied class of differential equations, whose solution we sketch.
Take w(r) such that g(r) = —w'(r), so (2.12.19) becomes

d*r ,

(2.12.19) =g(r),

Then form the “energy”
1 /dry\2
(2.12.21) E(t) =5 (ﬁ) +w(r),
and compute that if 7(¢) solves (2.12.20) then
dE  d*r dr ;o dr
ex_ et er -0
i ~aza g =0
so for each solution to (2.12.20), there is a constant E such that
dr

(2.12.22)

(2.12.23) == +v/2F — 2w(r),
or equivalently
d
(2.12.24) /T = +t+C.
V2E —2w(r)

Note that dividing (2.12.23) by (2.12.14) yields a differential equation for r
as a function of 6:

d 2
(2.12.25) CTZ = i%\/QE —2uw(r),
yielding in turn

(2.12.26) =40+ C.

L/ dr

r2\/2E — 2w(r)

Both the integrals in (2.12.24) and (2.12.26) can be quite messy.
Specializing to the case (2.12.3) (the Kepler problem), we have

(2.12.27) for _ K

m r2’
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and (2.12.19) becomes

d?r K L?
2.12.28 — =—= 4+ —.
( ) dt2? r2 + r3
Then the formulas (2.12.20)-(2.12.26) apply, with
K L?
2.12.29 =——4 —.
( ) w(r) r + 3
However, rather than implementing this, we make use of a neat trick that
has been discovered to facilitate the treatment of (2.12.28). We describe

how this works.

What we do is produce a differential equation for u, defined by

1
2.12.30 = —.
(21230) =
To start, note that by the chain rule,
dr du du df du
2.12.31 o222 =
( ) at ~ e~ " d dt o’
the last identity by (2.12.14). Taking another ¢-derivative gives
d?r d du d*u db d*u
2.12.32 - =—L—— =—-L— — =L~
( ) dt? dt do do® dt " ap?
again using (2.12.14). Comparing this with (2.12.28), we get
(2.12.33) —L2u2d2—u = L*u® — Ku?
o de? ’
or equivalently,
d*u

Via this device, we have obtained a linear equation, whose general real-
valued solution (see Exercise 1 at the end of this section) can be written

(2.12.35) u(f) = Acos(6 — 6p) + %,
which by (2.12.30) gives
(2.12.36) r| Acos(0 — 8o) + %] ~1.
This is equivalent to
L? L?
(2.12.37) r[l+ecos(d —0)]=p, p= €= Af'

The quantity e in (2.12.37) is called the eccentricity of the curve described
there. If e = 0, (2.12.37) is the equation of a circle. As we will see, if
0 < e < 1 it is the equation of an ellipse, if e = 1, it is the equation of a
parabola, and if e > 1 it is the equation of a hyperbola.
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An ellipse is a curve in C that can be mapped by a rigid motion to one

of the form

2 2
L Yy
(2.12.38) =z + 2o 1,
for some a,b > 0. (The case a = b gives a circle.) A hyperbola is a curve in
C that can be mapped by a rigid motion to one of the form

.1'2 y2

a2 b
A parabola is a curve in C that can be mapped by a rigid motion to one of
the form

(2.12.40) y = az?,

(2.12.39) =1.

with @ > 0 (or, alternatively, via rotation, x = ay?).

Let us check out the various possibilities for curves of the form (2.12.37).
Applying a rotation, we can arrange 6y = 0, and write

(2.12.41) r(1+ecosf) = p.

Since r cos = x, we have

(2.12.42) r+exr=p, hence r=p—exzx,
hence

(2.12.43) 22+ 9% = (p—ex)? = p? — 2epx + €222,
hence

(2.12.44) (1 —e?)z? + 2epz + 32 = p°.

From this, the implications
0 < e < 1= ellipse,
(2.12.45) e = 1 = parabola,
e > 1 = hyperbola
are elementary.

Ellipses, hyperbolas, and parabolas, known collectively as conic sections,
were studied in ancient times. Euclid write four books on conics, which were
incorporated in a larger work of Apollonius. See [7], Chapter 4. For more
on conic sections, see Exercise 1 of §2.13.
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Figure 2.12.1. Ellipse 2®/a® 4+ 3?/b% = 1

Ellipses

Let us assume 0 < e < 1, so our curves are ellipses, and work on (2.12.44)
a bit more. Completing the square gives

ep \?2 o D
2.12.4 <\/1— 2 7) ==
( 6) e x+m +y o2

and then implementing a translation

2

ep
2.12.47 —
( ) T x4 [— o2
gives the curve
2
2.12.48 1—e?)a? 2= -2
(212.48) (1- )+ = 1y

which then takes the form (2.12.38), with

__ b _ b _ . 1/2 1/2
2.12.4 = b= = .
( 9) =1 Ji_ee P°

See Figure 2.12.1. Note also that b = av/1 — €2.
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At this point we have enough information to work out the period T of
such an elliptical orbit. Indeed, by (2.12.16)—(2.12.17),

L
—T = area enclosed by this ellipse
(2.12.50) 2

= mab,
the latter identity by (2.6.107). Then we bring in (2.12.49) to get

2 2
(2.12.51) 7= 2 g VP 2T s
L L VK
the last identity by p = L?/K.

We now have Kepler’s three laws:

(1) Each planetary orbit lies on a curve that is either an ellipse, a parabola,
or a hyperbola, given by (2.12.37).

(2)  Each orbit sweeps out an area at a constant rate, given by (2.12.17).

(3) The period of each elliptical orbit is given by (2.12.51).

As for the detailed motion of the planet about the ellipse (2.12.41), note
that (2.12.14) plus (2.12.27) (with 6 = 6p) give

2

(2.12.52) 0'(t) = 27 (L +ecos 6)?,
hence
@ df K? .

In particular,
2m 2
df K
2.12.54 —_— =T
( ) /0 (1+ecosh)? L3

The integral in (2.12.53) can be evaluated by elementary means, but rather
than dwelling on this, we refer to [15], p. 166.

We look at arclength of an ellipse. An ellipse of the form (2.12.38) can
be parametrized by

(2.12.55) v(t) = acost + (bsint)i.
We have
1V (t)|* = a® cos® t + b?sin® ¢

2.12.56
( ) =b?+nsin’t, n=a® -0,
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so the length of ([0, ¢]) is

t
(2.12.57) 0y (t) = b/ V1+osin?sds, o i
0

TR
If a # b, this is not an elementary integral. It is known as an elliptic integral.

Material on such integrals, and the related theory of elliptic functions, can
be found in Chapter 6 of [17].

Parabolas

Taking e = 1 in (2.12.44) gives
(2.12.58) 2px + % = p°.

Then taking  — x + p/2 gives y> = —2px, and then taking = +— y,y — —x
yields

1
2.12.59 =ar?, a=_—.
( ) y=az", a "
The parabola (2.12.58) is described as in (2.12.41), with e =1, i.e.,
L2
(2.12.60) r(1+4cosf) =p= a
Parallel to (2.12.52), we have
K? 4K? 0
2.12.61 ') = —(1 2= ——cos’ _.
( 61) 0'(t) L3( + cos0) 73 08" 5
Hence, parallel to (2.12.53), we have
.0 4K*
(2.12.62) / sect 5 @0 =5 i 0(0) =0, 0(r) = .
0

Clearly 7 — +o00 as ¢ — +m. Material on p. 166 of [15] also provides an
elementary evaluation of this integral.

We look at the arclength of a parabola. A parabola of the form (2.12.59)
can be parametrized by

(2.12.63) y(t) =t + at?i.
We have
(2.12.64) 1Y ()]? =1+ 4a*t?,

so the length of ([0, ¢]) is

t
0y (t) = / V1+4a?s?ds
0

1 2at

— V1+o02do.

:2a0

(2.12.65)
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This integral has an elementary evaluation. A treatment is given in Exercise
2 of §2.4.

Hyperbolas

Taking e > 1 in (2.12.44) gives hyperbolas. Parallel to (2.12.46), we can
complete the square and write

2
(2.12.66) —(\/ﬁx - %) Y

and then implementing a translation

e
(2.12.67) T T f -
gives the curve

2 2 2 P’
(2.12.68) (@ -1t -yt =
This in turn leads to (2.12.39), with
(2.12.69) a= ;%1’ b— % _ 2412,

See Figure 2.12.2. Note also that b = ave? — 1.

For the hyperbola, as described in (2.12.41), we continue to have the
planetary motion described by (2.12.52), this time with e > 1. Hence, as in
(2.12.53),

v df K2
2.12.70 o AT £ 0(0) — 0. B(s) —
( ) /0 (1+ ecosf)? 3o ! (0) =0, 0(1) = o,
this time under the restriction that

(2.12.71) lp] <7 and ecosp > —1,

and clearly 7 — 400 as ¢ — £cos~}(—1/e). Asin (2.12.59), the integral
(2.12.70) can be evaluated by means described in [15], p. 166.

Note that if we have 6 run over [—m, 7], then r = r(f) in (2.12.41)
is undefined at § = 4 cos™!(—1/e), and when 6 crosses these points, ()
changes sign and the curve r()e? jumps from one branch of the hyperbola
to the other.

We turn to a study of arclength of a hyperbola, presented in the form
(2.12.39). This curve has two components. The right component is parametrized
by

(2.12.72) v(t) = acosht + ibsinht,
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Figure 2.12.2. Hyperbola z?/a® — 3?/b*> = 1

assuming a > 0. (For the left component, replace a by —a.) In such a case,

(2.12.73) 7' (t) = asinht + ibcosht,
and
(2.12.74) |v (t)|? = a? sinh? t 4+ b? cosh? t.

Hence the length of ([0, t]) is

t
(2.12.75) 0y(t) = / Va2 sinh? t + b2 cosh? t dt.
0

As with (2.12.57), this is not an elementary integral. Unlike the case of
ellipses, this is the case even for a = b (for which e = v/2). For a = b = 1,
we have

t
y(t) = / V/sinh? ¢ + cosh? ¢ dt
0

t
—/ V' 1+ 2sinh?tdt.
0

(2.12.76)
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Note that for a = b =1 we have the hyperbola
(2.12.77) 2t —y? =1,
whose right half is parametrized by
(2.12.78) v(t) = cosht +isinht.
It seems a pity that this does not share with
(2.12.79) e =cost +isint

the property of being a unit speed parametrization of its curve (S! in case
(2.12.79)). We can rectify this, upon replacing the complex plane C, with
its Euclidean (positive definite) inner product, by the Minkowski plane M,
equipped with an indefinite inner product, which we proceed to describe.

The Minkowski plane

Recall that the complex plane C was formed by adjoining to R an element
i, satisfying i> = —1. To form M, adjoin to R a different element, ¢, satisfying
t?> = 1. Thus a general element of M has the form
(2.12.80) z=x+uw, x,y€eR
Parallel to (1.1.3), we set
(2.12.81) Rez =2z, Imz=y.
If also w = u + v, we define
zt+tw=(xr+u)+tly-+v),
(2.12.82) ( )+ )
2w = (zu + yv) + t(zv + yu).

As for C, addition and multiplication on M satisfy the usual commutative,
associative, and distributive laws. This structure makes M what is called a
commutative ring.

Parallel to (1.1.7) we define a conjugation,

(2.12.83) =4y =zZ=c—1y.
This time we have

(2.12.84) 2z = 2% — 92

Next we define the R-bilinear inner product on M:
(2.12.85) (z,w)pr = Re zw.

A calculation parallel to (2.12.82) gives

(2.12.86) (z,w)pr = U — Yo,
and

(2.12.87) (z,2)pm = 2Z.
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We also use the notation

(2.12.88) Qu(z) = (z,2)m.

It follows from (2.12.87), together with the commutative and associative
laws for multiplication on M, that

(2.12.89) Qu(zw) = Qum(2)Qum (w).

It follows from (2.12.89) that if Qas(z) = 0, then z does not have a

multiplicative inverse, so M is not a field. On the other hand,
(2.12.90) Quz) 20— 1= =
2. z - = .
M z Qu(2)

Given nonzero z € M, we say
z is spacelike <= Qs(z) > 0,
(2.12.91) z is timelike <= Qn(z) < 0,
z is lightlike <= Qp(2) = 0.

This terminology celebrates the role of the Minkowski plane (and higher
dimensional variants) in the theory of relativity. We will not go into the
connection with relativity here; see Chapter 18 of [22]. In any case, we set

(2.12.92) 12| = |Qar(2)]2.

To proceed, if v : (a,b) — M is a smooth curve with nonvanishing
derivative, we say

7 is spacelike <= 7/(t) is spacelike,
(2.12.93) 7 is timelike <= +/(t) is timelike,
7 is lightlike <= ~+/(t) is lightlike,

for all t € (a,b). If 7 satisfies one of these conditions, we set

(2.12.94) 0 = / ")t

We say 7 is a unit speed curve < |y/(t)| =1 for all ¢t € (a,b).

We return to the hyperbola (2.12.77), and note the following property
of a natural parametrization of its right half.

Proposition 2.12.1. The curve
(2.12.95) ~(t) = cosht + ¢sinht

s a unit-speed, timelike curve in M.
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Proof. We have

(2.12.96) 7/ (t) = sinht + ¢ cosht,
hence
(2.12.97) (Y (t),~(t)) s = sinh®t — cosh?t = —1.

Here is the Minkowski variant of (2.12.79).

Proposition 2.12.2. We have, for all t € R,
(2.12.98) et = cosht + ¢sinht.

Proof. Note that, for v(¢) in (2.12.95),
(2.12.99) v (t) = 1y(t).
An argument parallel to that used in (2.10.35)—(2.10.44) then yields (2.12.98).

Alternatively, using ¢* = 1, write

. v gk
e = Z k:!t
k=0
(2.12.100) o0 g2 42041
> Y e
— (20)! — (2¢+1)!
= cosht 4+ ¢sinht,
the last identity following from the definitions
(2.12.101) cosht = 1(e' +e7"), sinht=1(e' —e™),

and the power series for e! and e~ O

REMARK. The complex plane C and the Minkowski plane M are the two
Clifford algebras generated by R. For material on Clifford algebras generated
by R™, see Chapter 8 of [14], or Chapter 7 of [19].

Exercises

1. Suppose u satisfies (2.12.34). Show that you can write

2

K ) d*v
u:v—i—ﬁ, with Wﬂ;:o.

Review Exercises 4-7 of §2.4 to show that the general real-valued solution
to (2.12.34) is given by (2.12.35).
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2. Consider the hyperbola
zy = 1.
Produce a rotation that puts this in the form (2.12.39). What are a and b?

3. Given the hyperbola of Exercise 2, parametrize its right side by
y(t) =t +it™t
Write down the integral formula for the length of ([1,¢]).

4. Let A(t) = Area{z + it : 0 § <t 0<y<V1+z?}, the area of a
region under the hyperbola y? — 22 = 1 and above the z-axis. Show that

:/ V1+22dz.
0

Compare this with the arclength of a parabola considered in Exercise 1 of
§2.2. Note the treatment of this integral in Exercise 2 of §2.4.

5. Use the parametrization
v(0) = r(0)e?, (@) =p(1+ecosh) L,

from (2.12.41), to produce integrals for arclength of the ellipses, parabolas,
and hyperbolas studied here. Start with the identity

Y (O =r'(0)” +1(6)*.

6. Verify that the conjugation z — Zz on M given by (2.12.83) satisfies

ZtwW=Z+wW, ZW=ZW.
)-

z

See how this figures in the verification of (2.12.89
7. Show that, for z,w,a € M,

(az,aw)p = Qur(a){z, w)r.

8. We consider how solutions to a cubic equation like (2.8.35) can be speci-
fied as points in the intersection of a hyperbola and a parabola,

(x —a)® —y? =a® y=>br’
Given a,b € R\ 0, show that there are intersection points 04140 and x +ibx?,

where x solves
b2a® — x + 2a = 0.
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2.13. Higher dimensions

Beyond plane geometry, we have n-dimensional Euclidean geometry, for each
n € N. We sketch some results on this subject here, referring to Chapter
3 of [14] for a systematic development of the algebraic aspects, and to [16]
for the very rich theory of calculus of several variables.

We start with R™, which consists of n-tuples of real numbers,
(2.13.1) r=(x1,...,2p) €ER", z;€R, 1 <5< n.
The number z; is called the jth component of . We discuss some algebraic

and metric structures on R™. First, there is addition. If z is as in (2.13.1)
and also y = (y1,...,yn) € R™, we have

(2.13.2) r+y=(x1 4y, .., Tn+yn) € R™.
Also, given a € R"™, we have
(2.13.3) ar = (azxy,...,ax,) € R™.

This is scalar multiplication. In (2.13.1), we represent x as a row vector.
Sometimes it is convenient to represent x as a column vector,

I
(2.13.4) x

Tn
Then (2.13.2)—(2.13.3) are converted to
1+ axy
(2.13.5) r+y= : , ar =
Tp + Yn aZy,

As seen in Section 1.2 and subsequent material, the inner product played
a central role in 2D geometry. In the setting of R™, we have the inner product

n
(2'13'6) (m,y> = ijyj =11+ -+ zpyn € R,
j=1
given x,y € R™. This inner product has the properties

(,y) = (y,2),

(2.13.7) (x,ay + bz) = alz,y) + b(z, 2),
(x,z) >0 unless = =0.

Note that

(2.13.8) (x,2) =aF + -+ 22,

We set

(2.13.9) || = V{z,z),
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which we call the norm of z. Note that

(2.13.10) (az,az) = a®(z,z),
hence
(2.13.11) lax| = |a| - |z|, for a € R, x € R

Extending the notion of distance in (1.2.13), we say that the distance
from z to y in R" is

(2.13.12) d(z,y) = |z —yl.

We claim that the Euclidean distance, defined by (2.13.12), satisfies the
“triangle inequality,”

(2.13.13) d(z,y) < d(z,z)+d(z,y), Vaz,y,z€R"

This in turn is a consequence of the following, also called the triangle in-
equality.

Proposition 2.13.1. The norm (2.13.9) on R™ has the property
(2.13.14) lz+y| <l|z|+ |y, Vz,yeR"™

Proof. We compare the squares of the two sides of (2.13.14). first,
o+ y* = (z +y,z +y)

(2.13.15)

= [z|* + y|* + 2(z,y).
Next,
(2.13.16) (I + [y))? = [2|* + |y[* + 2|2| - [y-

We see that (2.13.14) holds if and only if (x,y) < |z|-|y|. Thus the proof
of Proposition 2.13.1 is finished by the following result, known as Cauchy’s
inequality. ]

Proposition 2.13.2. For all z,y € R",
(2.13.17) [z, )| < |zl - |yl

Proof. We start with the chain

(21318)  0<|o—yP = (e—y,o—y) = |2 + [yl2 — 2(z.p).
which implies

(2.13.19) 2z, y) < |z)> + |y|?, Va,yeR™

If we replace x by tx and y by t 'y, with ¢ > 0, the left side of (2.13.19) is
unchanged, so we have

(2.13.20) 2z, y) <tz +t2y?, Vt>O0.
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We pick t so that the two terms on the right side of (2.13.20) are equal,
namely,

(2.13.21) po bl el
|| |yl

Note that (2.13.17) is obvious if z = 0 or y = 0, so we will assume that
x # 0 and y # 0. Plugging (2.13.21) into (2.13.20) gives

(2.13.22) (r,y) <laf-[yl, Vo,yeR"

This is almost (2.13.17). To finish, we can replace z in (2.13.22) by —z =
(—=1)z, getting

(2.13.23) —(z,y) < |z] - |yl
and together (2.13.22) and (2.13.23) give (2.13.17). O

Let us emphasize the conclusion of (2.13.15) as a very significant exten-
sion of (1.2.3):

(2.13.24) |z +y|* = [z + |y]* + 2z, y),
for all x,y € R™. Parallel to (1.2.6), we write
(2.13.25) zly<=(z,y) =0,

and say x is orthogonal (or perpendicular) to y in R"™. Parallel to Proposition
1.2.1 we have:

Proposition 2.13.3. Given z,y € R",
(2.13.26) lz+y)? =22+ |y} =z Ly.

To proceed, it is desirable to extend our scope, and consider more general
inner product spaces V. First, V is a vector space. That is, given z,y €
V, a € R, we have defined vector addition, and multiplication by a scalar,

(2.13.27) r,yeV,aeR=z+y, ar V.

These operations verify a standard set of commutative, associative, and
distributive laws. See Chapter 1 of [14]. We mention that a map 7' :
V — V is called a linear transformation provided T preserves these vector
operations, i.e.,

(2.13.28) T(ax +by) =aTz+bTy, Vz,yeV, abeR.
As shown in Chapter 1 of [14], in case V = R", matrix multiplication
associates each n x n matrix A € M(n,R) to a linear transformation on R".

An inner product space is a vector space V, equipped with an inner
product:

(2.13.29) z,y eV = (z,y) € R,
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satisfying (2.13.7).

Example. The integral formula

b
(2.13.30) (f. ) = / F(t)g(t) dt

defines an inner product on the space C([a,b]) of continuous functions on
[a,b]. It also defines an inner product on P, the space of polynomials in ¢.

For a general inner product space V, (2.13.9) defines a norm on V.
Generally, a norm on V' is a function x +— |z| satisfying

lax| = |a| - |z|, VaeR, zeV,
(2.13.31) |z] >0 unless = =0,
[z 4yl < ||+ |yl
As before, the last of these results is called the triangle inequality. The
proof that this holds for a general inner product space is identical to that

of Proposition 2.13.1 (for R™). In particular, Cauchy’s inequality (2.13.17)
arises.

We specialize to finite-dimensional vector spaces V, i.e., to the case
where there is a finite set S = {v1,...,v,} C V such that SpanS = V,
where

(2.13.32) Span{vy,...,v,} = {i a;vj :aj € ]R}.
j=1

A minimal spanning set of V' is called a basis. It is a fundamental fact that
any two bases of V have the same number of elements (see [14], Corollary
1.3.3). This number is called the dimension of V', and denoted dim V. In
particular, of course, dim R"™ = n.

If V is a finite-dimensional inner product space, a basis {u1,...,u,} of
V is called an orthonormal basis of V provided

(2.13.33) (uj,ug) = 0k, 1<j,k<nm,
ie.,

(2.13.34) lujl =1, j# k= (ujup) =0.
When (2.13.33) holds, we have

n n n
(2.13.35) v = Zajuj, w = Z bju; = (u,v) = Zajbj.
j=1 j=1 j=1

It is very useful to be able to construct orthonormal bases. The construction
we now describe is called the Gram-Schmidt construction.
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Proposition 2.13.4. Let {v1,...v,} be a basis of V', an inner product space.
Then there is an orthonormal basis {u1,...,u,} of V such that

(2.13.36) Span{u; : 1 <j </{}=Span{v;: 1 <j </}, 1</{<n.

Proof. To begin, take
1
(2.13.37) Uy = —v1.
|v1]
Now define the linear transformation P, : V. — V by Piv = (v,u1)u; and
set
(2.13.38) ’l~)2 = V2 — P1’1}2 = V2 — <’U2,’U,1>U1.

We see that (0g,u1) = (vo,u1) — (vo,u1) = 0. Also 03 # 0 since ve ¢
Span(u;). Hence we can set

I
(21339) U9 = 7=7—09.
|02

Inductively, suppose we have an orthonormal set {uq,...,u,,} with m <n
and (2.13.36) holding for 1 < ¢ < m. Then define P,, : V — V (the
orthogonal projection of V' onto Span(uq, ..., uy)) by

m

(2.13.40) Pno =Y (v,u;)uy,
j=1
and set
Umt1 = Um+t1 — Pmvms1
2.13.41 =
( ) = U1 — D (U1, u5)uy.
j=1
We see that
(2.13.42) j <n= (17m+1,uj> = <Um+1,Uj> — <Um+1,Uj> =0.
Also, since vp41 ¢ Span(vi,...,Un) = Span(ui,...,uy), it follows that
Um+1 7 0. Hence we can set
1
(21343) Um+1 = 7= Um+1-
‘Uerl‘
This completes the construction. O

The following is a useful extension. Let V be an n-dimensional inner
product space, and let W C V be a linear subspace, i.e., a subset satisfying

(2.13.44) w; €W, a; ER = ajw; € W,
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Then W has an orthonormal basis {wi,...,w,} (m = dim W), and
m

(2.13.45) Py:V—W, Pyv=>» (v,w)w;
j=1

is the orthogonal projection of V' onto W. Furthermore,

(2.13.46) I—Py:V—Wwt
is the orthogonal projection of V' onto
(2.13.47) Wt={veV:vLw Vwe W}
Given an n-dimensional inner product space V', with orthonormal basis
S ={ui,...,up}, we can define a linear map
al n
(2.13.48) Js R =V, Ts| 1| =D au
an J=1
Equivalently,
(2.13.49) Jsej =uj, 1<j<n,
where {ej,...,e,} is the standard orthonormal basis of R™:
1 0
0 0
(2.13.50) er=1\|.1,...,en=
0 1
The map Jg is bijective, with inverse
(2.13.51) Js' V=R T ajup = aje;
The map Jg also preserves inner products:
(2.13.52) (Tsx, Tsy) = (2,y), Va,yeR",

where the inner product on the right is given by (2.13.6). The maps Jg
and Jg ! provide what are known as Cartesian coordinates on the space V,
celebrating the work of R. Descartes, who initiated the algebraic approach
to Euclidean geometry.

For a related concept, if V' is an inner product space, and T : V — V is
a linear transformation, we say

(2.13.53) TeOV) <« (Tu,Tv) = (u,v), Vu,v,eV.
We denote O(R™) by O(n). If A € M(n,R) defines a linear transformation,
(2.13.54) AR R, (Az); = ajpar, A= (a),

k
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then
(2.13.55) A€ O(n) = A'A=1, A" = (ay;).

Given an n-dimensional inner product space V', with distance d(u,v) =
|lu—v|, and a map F': V — V, we say
(2.13.56) F e Isom(V) <= d(F(u), F(v)) = d(u,v), Yu,veV.

We have the following extension of Corollary 1.3.4.
Proposition 2.13.5. Given F € Isom(V'), then F has the form
(2.13.57) Fv)=Av+y, AeO(lV), yeV.

In fact, as in §1.3, there is a decomposition Isom(V) = Isom™ (V) U
Isom™ (V). To describe this, it suffices to take V' = R", so (2.13.57) becomes
(2.13.58) F(v)=Av+y, AeO(n), yeR"
and to see that
(2.13.59) O(n) = 0" (n) U0~ (n).

To do this, we bring in the determinant,
(2.13.60) det : M(n,R) — R.

To characterize det A for A € M(n,R), we write A = (ay,...,a,), where
each a; € R" is a column vector. The following result is the key to determi-
nants.

Proposition 2.13.6. There is a unique function ¢ : M(n,R) — R such
that

(a) 9(A) is linear in each column of A,

(b) 9(A) = —9(A) if A is obtained by switching two columns of A,
(c) 9(I)=1.

We denote this function by det A. If (¢) is changed to
() 9)=r,

then 9(A) = rdet A.

For a proof, see [14], §1.5. The analysis there gives also
(2.13.61) det AB = (det A)(det B), det A® = det A.
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Then (2.13.55) yields

(2.13.62) AcO(n) = (det A)> =1 = det A = +1.
To define O*(n), we set
(2.13.63) O*(n) ={A € O(n) : det A = £1}.

We also use the notation
(2.13.64) SO(n) = OT(n).

Returning to orthogonal complements, we mention an alternative way to
find W+ when W is a 2-dimensional subspace of R?, using the cross product,
an R-bilinear map x : R3 x R? — R? defined by

(2.13.65) ixj=k, jxk=i, kxi=j uxv=-vXu.

Here 14, j, k is a typical notation for the standard basis eg,eq, e3 of R3. A
convenient alternative characterization is the following.

Proposition 2.13.7. Given u,v,w € R?,

w1 Uy U1
(2.13.66) (wyu xv) =det | wa wuz w2
w3 uz U3

Proof. The linearity of the right side in u, v, w and the antisymmetry follow
from Proposition 2.13.6. It is straightforward to check the identities i xj = k,
etc., listed in (2.13.65). O

The antisymmetry of the determinant also implies

(2.13.67) w € Span(u,v) = (w,u x v) =0,
hence
(2.13.68) u x v L Span(u,v).

Consequently, if {u,v} span the 2-dimensional space W C R3, then

2.13.69 =

(213.69) oY)
is a unit vector spanning W+. Thus

(2.13.70) Pyiw = (w, N)N.

We mention another useful fact about the cross product.
Proposition 2.13.8. Given u,v € R3,
(2.13.71) Te€SOB)=TuxTv=T(ux0v).
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Proof. Denote the matrix on the right side of (2.13.66) by M. Then, if
T € SO(3),

(2.13.72) (Tw, Tu x Tv) = det TM = (det T")(det M) = det M,
hence T(Tu x Tv) = u x v, yielding (2.13.71). O

We briefly mention the regular solids in R3, also called the Platonic
solids. In contrast to the infinite family of regular polygons, there are only
five:

tetrahedron,

cube,
octahedron,
dodecahedron,

icosahedron,

having, respectively, 4,6,8,12, and 20 faces. Constructions of the first three
are straightforward. See Exercises 4-5 below. The last two are discussed in
[20]. See also [2] for a detailed treatment.

We move on to a discussion of volume. There is a notion of n-dimensional
volume for certain bounded sets S C R", defined in a fashion parallel to the
definition of area for the planar case done in §2.6. To start, we define a
standard n-dimensional cube @ of side-length ¢ parallel to (2.6.2),

(2.13.73) Vol Q = ",

and then define Cont*(S) and Vol(S) in a fashion parallel to (2.6.3)—(2.6.7).
Parallel to Proposition 2.6.5, we have

Proposition 2.13.9. If S C R” is bounded, then
(2.13.74) Cont® (F(S)) = Cont®(S), VF € Isom(R").
However, we need a different proof of this result, since it is not so convenient

to extend Lemma 2.6.4. In fact, it is convenient to take a different approach,
yielding the following more general result.

Proposition 2.13.10. Let S C R™ be bounded and assume A € M(n,R) is
invertible. Then

(2.13.75) Cont®(A(S)) = | det A| Cont®(S).

Here is an application of Proposition 2.13.10 to the volume of a paral-
lelopiped in R3. To set it up, consider the standard unit cube in R3,

(2.13.76) Q={reR*:0<z;<1,1<j<3}, VolQ=1.
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Let M denote the matrix appearing on the right side of (2.13.66), so w =
Mi, w= Mj, v= MkEk. The image

(2.13.77) P=M(Q)
is a parallelopiped, with vertices 0, u, v, w, u+v, u +w, v+ w, and v+ v + w.

If we combine Proposition 2.13.10 with (2.13.66), we obtain the volume
calculation

(2.13.78) Vol P = [(w,u X v)|.

A proof of Proposition 2.13.10 is sketched in Proposition 1.6.5 of [14].
A detailed proof is given in Proposition 3.1.12 of [16]. This proof is done in
the setting of Riemann integrals of functions on R™. This result is extended
in Proposition 3.1.14 of [16] to the identity

(2.13.79) /f dy—/f )| det DG(z)| da,

where G : O — Q is a C! map with C! inverse and DG(7) is the n x n
matrix of first order partial derivatives of the components of G(x). This is
an n-dimensional extension of Proposition 2.1.5.

Extending the notion of arc-length of a planar curve, we have the notion
of (n — 1)-dimensional area of an (n — 1)-dimensional surface M C R™. This
material is developed in Chapter 3 of [16] (along with the k-dimensional
area of a k-dimensional surface in R”, for 1 < k < n —1). We restrict
ourselves to a description of a selection of results established there, with a
focus on the computation of volumes of balls and areas of spheres in R",

(2.13.80) B"={zeR":|z| <1}, S"l={zcR":|z|=1}.
To start, suppose M is the image of a C! map
(2.13.81) p: 00— R",

where O C R"! is smoothly bounded. Let Dy(x) denote the n x (n — 1)
matrix of partial derivatives of the components of ¢, and set

(2.13.82) G(z) = Do(z)'Dp(x), g(z) = det G(x).
Then

(2.13.83) AreaM:/\/g(:c) dzx.
@

More generally, if f: M — R is continuous,

(2.13.84) /de:/f(go(x))\/g(x) dx.
M (@
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See (3.2.12) of [16]. In case n = 3, this becomes

(2.13.85) /de’ = /f(go(x,y))wzgp X Oyl dx dy.
M @
See (3.2.18) of [16].

A surface such as S"~! can be presented as a union of a family of images
of C! maps (called coordinate patches)

N
(2.13.86) 0;: 0 — R, M=|]g;(0)).
j=1
A continuous function f : M — R can be written
N
(2.13.87) f=> fi fi=0outside ©;(0;).
j=1

Then we can set

usss) [ ras- 5 [545=3 [ tes@n/u(e) da.
M 1 0;

jle

One shows that | a J dS defined this way is independent of the choice of
such coordinate charts and of the decomposition of f. See [16], §3.2.

We turn to calculations involving spherical polar coordinates, which will
result in calculations of

(2.13.89) Vi, =VolB", A, ;= AreaS" L.

As seen in (3.2.28) of [16], we can use (2.13.79) to show that if f is a
continuous function on R™ that decreases sufficiently rapidly at infinity, then

(2.13.90) / f(z) do = / { /0 h Flropr dr'}y ds(w).
Rn S

n—1

In particular, for f(x) = g(|z|), we have

(2.13.91) /g(]w\) de = Ap_1 /Oog(r)rnl dr.

n 0
By a limiting argument, (2.13.90) applies to g(r) = 1 for 0 < r < 1, 0
otherwise, yielding

1
1
(2.13.92) Vi = An_l/ r"ldr = ~ At
0

Recall we already have this for n = 2:

(2.13.93) Ay =((SY) =2n, Vo =AreaD =r.
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We desire to compute A,_; for n > 3. Along the way we pick up
some further marvelous identities by applying (2.13.90) to the Gaussian,
fz) = e~12". We are looking at

(2.13.94) I, = /e_“;|2 da.
Rn

Since e~ = ¢t ... e‘xi, we have
(2.13.95) I, = I

Meanwhile, (2.13.91) implies
o0 2

I, = An_l/ el dr
0

1 o
= An_l/ e $s"/21 g,
2 0

The case n = 2 yields an elementary integral:

(2.13.96)

(2.13.97) I = %Al /000 e *ds= %Al =,
the last identity thanks to (2.13.93). Hence, by (2.13.95),
(2.13.98) L =x'% I,=x"2
Therefore (2.13.96) yields

2m/2
2.13.99 Ap1 = —=
(2.13.99) ' D)
where
(2.13.100) F(z):/ e s ds, 2>0,
0

defines Euler’s gamma function. We record our result.

Proposition 2.13.11. For n > 1, the area of S*~! is given by (2.13.99).

Note that

(2.13.101) Ap=2= r(%) p-—v

and (2.13.97) yields

(2.13.102) (1) = 1.

We can evaluate I'(n/2) for other n € N via the following result.

Proposition 2.13.12. For z > 0,
(2.13.103) I(z+1) =2I'(2).
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Proof. Indeed,

oo oo d
Pz+1)= | estds=— [ (e )s?d
(z+1) /Oe s*ds /O(dse )s s

o d
(2.13.104) = / e *—s*ds
0 ds
o
:/ e Szs" 1 ds,
0
the third identity involving integration by parts. ([

For n = 3, we have

27T3/2 27T3/2
Ag = = =A4r,
(2.13.105) f(3/2) \ (1/2)0(1/2)
s
=-Ay = —
‘/3 3 2 3 ’

results obtained by Archimedes. Moving up a dimension, for n = 4 we have

2) 2
Agz%ZQﬂJ,
(2.13.106) (2)
v —lA _7r2
1= A= o

Having discussed various aspects of Euclidean geometry on R", with
emphasis on n > 2 in this section, we connect with the planar case, which was
the focus of the previous sections. One clear difference is that in the plane we
used multiplication in C. For dimension n > 3, this role of multiplication
shifted to multiplication of a matrix A € M(n,R) by a vector x € R".
Indeed, R™ does not generally have the structure of an algebra with such
nice properties that we exploited on C, such as multiplicative inverses and
a multiplicative norm. W. Hamilton spent some time trying to find such
a structure on R3. Eventually he succeeded, not for R?, but for R*, with
the quaternions, which we briefly discuss. Detailed treatments are given in
Chapter 8 of [14] and Chapter 10 of [19].

The algebra H of quaternions is a 4-dimensional real vector space, with
elements of the form
(2.13.107) E=a-+bi+cj+dk, abc,deR.

Here, i,7, and k play a role similar to the standard basis of R? that arose
above. The product on H is an R-bilinear map H x H — H, with 1 € H
acting as the multiplicative identity. Products involving i,j, and k& have
some features in common with the cross product:

(2.13.108) ij=k=—ji, jk=i=—kj, ki=j=—ik.
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On the other hand, the squares of these objects follow a new rule:
(2.13.109) 2 =432 =k = —1.

Otherwise stated, if we write

(2.13.110) E=a+u, acR, ueR3

and similarly write n = b+ v, b € R, v € R?, the product is given by
(2.13.111) &n=(a+u)(b+v)=(ab—u-v)+av+bu+uxwv.

Here u-v = (u,v) is the inner product on R?, and u x v is the cross product.
The quantity ab—wu - v is the real part of {1 and av + bu + u X v is the vector
part.

Multiplication on H is not commutative, but we have the following basic
result.

Proposition 2.13.13. Multiplication on H is associative, i.e.,
(2.13.112) C(&n) = (&n, V(. &neH

The proof is a straightforward check. See Proposition 8.1.2 in [14].

In addition to the product, we have a conjugation operator:

(2.13.113) E=a—-bi—cj—dk=a—u.
A calculation gives
(2.13.114) &n=(ab+u-v)—av+bu—uxw.

In particular,

(2.13.115) Re(&m) = Re(n¢) = (&, m),

the right side denoting the inner product on R*. Setting 7 = ¢ in (2.13.114)
gives

(2.13.116) &= IeP,

the Euclidean square-norm of £&. Hence, whenever £ € H is nonzero, it has
a multiplicative inverse,

(2.13.117) el =|¢g7%
This structure makes H what is called a division ring.

To continue with products and conjugates, a routine calculation gives

(2.13.118) &n=mné.
Hence, via the associative law,
[€nf* = (€n)(€n) = €nmé

2.13.119 _
( ) = |n|%¢€ = €)%,
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SO

(2.13.120) [&nl = [&] In.

This makes H a normed division ring.

Let us examine (2.13.120) when £ = u and 1 = v are purely vectorial.
We have

(2.13.121) u = —u-v+uxo.
Hence, directly,

(2.13.122) luv|? = (u-v)* 4 |Ju x v|?,
while (2.13.120) implies

(2.13.123) luv|? = Jul*|v|?.

Now the law of cosines gives
(2.13.124) u-v=|ul|v|cosb,

where @ is the angle between u and v in the plane in R? spanned by these
two vectors. See (2.2.42). Hence (2.13.122) implies

(2.13.125) lu x v|?* = |ul?*|v|*sin? 6.

We note that the set of unit-norm elements of Hi,
(2.13.126) Sp(1) = {€ € H: |¢| =1} = S5,
forms a multiplicative group. Furthermore, by (2.13.120), we have the map
(2.13.127) A+ Sp(1) x Sp(1) = SO(4),  A(€.n)¢ = &G
which is a two-to-one homomorphism of Sp(1) x Sp(1) onto SO(4), and
(2.13.128) 7:Sp(1) = SO(3), =(&)v = &vé,

which is a two-to-one homomorphism of Sp(1) onto SO(3). We also have the
following variant of Euler’s formula. Assume u € R3, |u| = 1, and regard
u € H. Then, for t € R,

(2.13.129) e = cost + (sint)u, ™ € Sp(1).
Note that, with 7 as in (2.13.128), u as in (2.13.129), and v € R3,
(2.13.130) m(e™)v = eMve .

Clearly e®ue™ = u. This yields:
Proposition 2.13.14. With © and u as in (2.13.128)—(2.13.129),
(2.13.131) {m(e™):t € R} € SO(3)

is the group of rotations about the axis generated by u.
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Together, the formulas (2.13.129)—(2.13.130) provide a convenient rep-
resentation of such rotations. This has led to the use of quaternions as a
tool in robotics.

Further results on the group Sp(1) can be found in Chapter 8 of [14]
and in Chapter 10 of [19].
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Exercises

1. Conic sections, mentioned below (2.12.45) as planar curves consisting of
ellipses, parabolas, and hyperbolas, were treated in classical times as the
locus of intersection of a 2-plane in R? with the cone C' = {(u,v,w) € R? :
u? 4+ v? = w?}. We explore this concept here. Set

Q(u, v, w)! = u* + v* — w?.

Then, given A € O(3), a € R\ 0, set

QA,a(xv y) = QA(l‘, Y, a’)t'

A conic section is defined by g4 4(x,y) = 0. Show that precisely the ellipses,
parabolas, and hyperbolas considered in §2.12 arise as conic sections.

2. With 4,1 = Area(S" 1), as in (2.13.89), use (2.13.99) to show that

00
E A2n+1$n = 27‘('67”6.

n=0

Hint. Deduce from Proposition 2.13.12 that I'(n 4+ 1) = nl.

3. Show that
Agpyo

A2n B n —+ %
4. Let T be an equilateral triangle in the (z,y)-plane, with center at the
origin, sidelength 1. Consider the following point on the z-axis of R3:

p = (0,0, \/g)

Show that p together with the three vertices of 7 form the four vertices of
a regular tetrahedron. Compute the volume of this tetrahedron.

5. Let @ C R? be the cube with the 8 vertices (+1,+1,+1). Note that @Q
has 6 faces and Vol @) = 8. Let P denote the figure whose 6 vertices lie at
the center of the 6 faces of (). Show that P has 8 faces. Note that all the
symmetries of () are also symmetries of P. We call P a regular octahedron.
Compute Vol P.

6. Let £ € Sp(1), i.e., £ € H, |£] = 1. Assume { # —1. Show that

_&+1

2 _ (N2 _
77—’5+1’=>77€Sp(1),77 =(-n)"=¢.
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Show that, given n € Sp(1),

P =-1l<=n=veckR3 |v|=1.
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2.A. Matrices and their action

Material in Sections 2.10 and 2.13 led to the introduction of matrices, first
to 2 X 2 complex matrices

(2.A.1) A= (ﬁ Z) :

in (2.10.1), then to n x n real matrices
app -+ Qlp
(2.A.2) A= (aj) =1 : E
ap1 -+ Gpp

in (2.13.54). In case (2.A.1), we write A € M(2,C), and in case (2.A.2)
we write A € M(n,R). Here we describe some of the properties of these
matrices, alluded to in those sections.

A 2 x 2 matrix of the form (2.A.1) acts on a 2-vector as follows:

(2.A.3) (ZZ)C):<51$)

If B is another 2 x 2 matrix, then the matrix product C = AB is defined so
that, for a 2-vector &,

(2.A.4) C¢ = A(B¢).
This leads to the matrix product
_fa b z w\ [(az+bw au-+bv
(2.A.5) AB = <c d> <w U> N <cz+dw cu—i—dv> '
The columns of AB are given by the action of A on the columns of B.
Given A € M(2,C), we say B = A~! (the inverse of A), provided

(2.A.6) AB:BA:(é?):L

the identity matrix. If such B exists, we say A is invertible, and write
A € G£(2,C). In such a case, we can solve

£ 96)-C)

uniquely for (?), given (¥). This is equivalent to solving

az + bw = u,

(2.A.8)

cz + dw = .
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This system can be treated by multiplying these equations by d and b, respec-
tively, and subtracting, and then multiplying them by ¢ and a, respectively,

and subtracting, obtaining
(ad — bc)z = du — bu,
(ad — bc)w = av — cu.

(2.A.9)

The factor on the left is

(2.A.10) det (i Z) = ad — be,

called the determinant of A. Solving (2.A.9) for z and w leads to
(2.A.11) A= (Z Z) — A = detA (_dc _ab) :
provided det A # 0. We have

(2.A.12) Gl(2,C) ={A € M(2,C):det A # 0}.

In general, for A, B € M(2,C),

(2.A.13) det AB = (det A)(det B).

As a consequence, if

(2.A.14) SL(2,C)={A e M(2,C):det A =1},

then

(2.A.15) A, B € S0(2,C) = AB,A™! € 5/(2,C).

We move to n x n matrices, A € M(n,R), of the form (2.A.2), with
entries aji € R. (If we took a;, € C, we would write A € M(n,C).) Such A
acts on a column vector

I
(2.A.16) o
xTL
(we also write z = (z1,...,2,)"), to produce Az =y = (y1,...,yn)!, via the
following analogue of (2.A.7):
n
(2.A.17) yj = Z AjpTE = 5121 + - - + Ajnp.

k=1

If also B € M(n,R), we define the matrix product C = AB so that for
r € R,

(2.A.18) Cz = A(Bz).
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This works out to
n
(2.A.19) C=(¢r), cjr= Zajebek-
=1

The columns of C' are given by the action of A on the columns of B.

Multiplication in M (n,R) is associative, i.e.,

(2.A.20) Aj € M(H,R) — Al(A2A3) = (AlAQ)Ag,
but one does not necessarily have
(2.A.21) A1As = As Ay

If (2.A.21) holds, we say the matrices A; and Ay commute. One matrix
that commutes with all elements of M (n,R) is the identity matrix,

1
(2.A.22) I= ,
1
whose entries d;;, are equal to 1 for j = k and to 0 for j # k. Indeed,
(2.A.23) Al =TA= A,

for all A € M(n,R).

Parallel to (2.A.6), it is of interest to consider when A € M (n,R) has
an inverse, i.e., a matrix B = A~!, satisfying AB = BA = I. When such B
exists (we say A is invertible and write A € G¢(n,R)) it is unique. Indeed,
for B; € M(n,R),
(2A24) Bi1A=ABy;=1= B = B; (ABQ) = (BlA)BQ = Bo,

the second identity on the right by associativity, (2.A.20). Matrices By and
By satisfying the hypothesis of (2.A.24) are said to be a left inverse of A
and a right inverse of A. It is a fact that a matrix A € M(n,R) has a left
inverse if and only if it has a right inverse. A proof can be found in §1.3 of
[14]. Again there is a determinant function,

(2.A.25) det : M(n,R) — R,

satisfying (2.A.13), and such that A € M(n,R) is invertible if and only if
det A # 0, so

(2.A.26) Gl(n,R) ={A € M(n,R) : det A # 0}.

A defining characterization of the determinant is given in Proposition 2.13.6,
and details can be found in §1.5 of [14]. We mention that there is a for-
mula for det A, extending (2.A.10), involving an alternating sum of n-fold
products of matrix entries of A, and a formula for A~! (somewhat more
elaborate than (2.A.11)), given in §1.5 of [14].



Bibliography

1]
2]
3]
[4]
[5]

[6]

[7]
8]

[9]
(10]
(11]
(12]
(13]
(14]
(15]
(16]

(17]

M. al-Khwarizmi, The Algebra of Mohamed Ben Musa (Al-Jabr), Edited and trans-
lated by F. Rosen, Univ. Press of the Pacific, Stockton CA, 2003.

A. Beardon, Algebra and Geometry, Cambridge Univ. Press, Cambridge UK, 2005.
P. Beckmann, A History of m, The Golem Press, Boulder CO, 1971.

J. Conway and D. Smith, On Quaternions and Octonions: Their Geometry, Arith-
metic, and Symmetry, A.K. Peters, Natik MA, 2003.

R. Descartes, The Geometry, Translated by D. Smith and M. Latham, Dover NY,
1954.

Euclid, The Thirteen Books of the Elements, Vols. 1-3, Translated and with com-
mentary by T.L. Heath, Dover NY, 2007.

L. Garding, Encounter with Mathematics, Springer-Verlag, New York, 1977.

M. Kline, Mathematical Thought from Ancient to Modern Times, Oxford Univ.
Press, Oxford UK, 1972.

S. Lang, Algebra, Addison-Wesley, Reading MA, 1965.
M. Livio, The Golden Ratio, Broadway Books, New York, 2002.

E. Maor, The Pythagorean Theorem — A 4,000-Year History, Princeton Univ. Press,
Princeton NJ, 2007.

P. Nahin, An Imaginary Tale — The Story of /—1, Princeton Univ. Press, Princeton
NJ, 1998.

G. Phillips, Two Millenia of Mathematics — From Archimedes to Gauss, Springer,
New York, 2000.

M. Taylor, Linear Algebra, Undergraduate Texts #45, Amer. Math. Soc., Providence
RI, 2020.

M. Taylor, Introduction to Analysis in One Variable, Undergraduate Texts #47,
Amer. Math. Soc., Providence RI, 2020.

M. Taylor, Introduction to Analysis in Several Variables, Undergraduate Texts #46,
Amer. Math. Soc., Providence RI, 2020.

M. Taylor, Introduction to Complex Analysis, GSM #202, Amer. Math. Soc., Prov-
idence RI, 2019.

181



182

Bibliography

18]
[19]
[20]
[21]
[22]

23]

M. Taylor, Measure Theory and Integration, GSM #76, Amer. Math. Soc., Provi-
dence RI, 2006.

M. Taylor, Introduction to Lie Groups, Open Math Notes, Amer. Math. Soc., Prov-
idence RI, 2021.

M. Taylor, The Pentagon, the Dodecahedron, and the Icosahedron, Notes, available
at https://mtaylor.web.unc.edu/notes, Item 18, Elementary geometry notes.

M. Taylor, Introduction to Differential Equations, Undergraduate Texts #52, Amer.
Math. Soc., Providence RI, 2011 (2nd ed., 2020).

M. Taylor, Partial Differential Equations, Vols. 1-3, Springer, New York, 1996 (3rd
ed., 2023).

O. Toeplitz, The Calculus — A Genetic Approach, Univ. of Chicago Press, Chicago,
1963.



Index

absolute value, 5
acute angle, 25
algebra, 4, 39, 128
angle bisection, 19, 54
angle measurement, 19, 23
angle sum for triangles, 79
angular momentum, 146
conservation of, 146
Apollonius
conics, 150
three circles problem, 137
Archimedes, 57, 118, 172
approximation to m, 108
arclength, 71
Area, 100
area of a disk, 105
areas of spheres, 172
Argand, 141
Aristarchus, 121

basis, 163

calculus, 61
Cauchy, 143
Cauchy’s inequality, 7, 161, 163
center
of a circle, 46
of a triangle, 26
chain rule, 61
change of variable formula, 64
chord, 123
circle, 10, 45, 46
circumscribed, 51

inscribed, 52
cis, 72
Clifford algebra, 158
commutative, associative, and
distributive laws, 6
compass and straightedge construction,
125
complex conjugate, 4
complex number, 4
congruence, 12, 28
conic sections, 150, 176
Cont, 100
cos, 72
cosh, 89, 134, 157
cross product, 167, 173
onC, 9
cube, 168
cubic equation, 123, 159
curve, 69

derivative, 61

derivative of a power series, 65
Descartes, 123, 128, 146, 165
determinant, 166, 179
dimension, 163

Diophantus, 128

disk, 46

distance, 8

dot product, 7

drop a perpendicular, 38

eccentricity, 149
ellipse, 74, 114, 149

183



184

Index

equilateral triangle, 35
Fuclid

Book I, 104

Book VI, 39

conics, 150

postulates, 2
Euclidean n-dimensional space, 160
Euclidean numbers, 125
Euler formula, 77, 83, 174
exponential function, 75

field, 5
fundamental theorem of algebra, 141
fundamental theorem of calculus, 63

Galois, 95

gamma function, 171

Gauss, 129, 141

Gaussian integrals, 171
geometric construction of v/2a, 49
geometric series, 66

golden ratio, 45, 96

golden rectangle, 44

golden triangle, 97
Gram-Schmidt construction, 163
group, 130

Heron’s formula, 116
Hipparchus, 122
homomorphism, 130
hyperbola, 150

hyperbolic functions, 89, 134
hyperbolic geometry, 139
hypotenuse, 26

inner product, 7

on H, 173

on M, 156

on R3, 173

on R", 160
inner product space, 162
integral, 61
integral formula for area, 104
integration by parts, 68
intermediate value theorem, 143
inverse function theorem, 62, 71, 143
irrational number, 128, 144

Isom, 10, 166
Isom™, 12
Isom™, 12

isometry, 10
isosceles triangle, 34
at vertex C, 34

Kepler, 146
Kepler’s laws, 152

law of cosines, 74, 174

law of sines, 80

line, 14

line segment, 16

linear fractional transformation, 130
linear transformation, 162

log, 77

Machin’s formula, 87
matrix, 60, 178

mean value theorem, 62
midpoint, 17, 26
Minkowski plane, 156

n-gon, 40

Newton, 146

non-euclidean geometry, 139
normed division ring, 174
normed field, 5

normed space, 163

obtuse angle, 25
octahedron, 176
orthogonal, 7, 15
orthogonal projection, 165
orthonormal basis, 163

parabola, 45, 74, 150

parallel, 15

parallel postulate, 3, 33
parallelogram, 41

parallelogram law, 43
parametrization by arclength, 71
pentagram, 98

perpendicular, 7, 16
perpendicular bisector, 18

pi, 73, 78, 105

Platonic solids, 168

Poincaré disk, 139

Poincaré upper half-plane, 139
power series, 64

product rule, 67

Ptolemy, 118

purely imaginary, 4
Pythagorean theorem, 26, 39, 104
Pythagorean triples, 50

quadratic formula, 127
quaternions, 172
in robotics, 175



Index

185

quotient rule, 67 volumes of balls, 172
ratio test, 67 wedge, 19

ray, 19 Weierstrass, 143
real, 4

real angle measurement, 72
real number, 4
rectangle, 40
reflection, 10
regular hexagon, 92
regular pentagon, 45, 93
regular polygons, 92
reparametrization of a curve, 69
rhombus, 43
right angle, 25
right triangle, 26
right triangle in a circle, 47
rigid motion, 10
rotation, 10

about a point, 13

sec, 89
Sim, 37
similarity, 37
sin, 72
vs chord, 123
sinh, 89, 134, 157
sphere, 169
spiral
logarithmic, 82
of Archimedes, 82
square, 41
surface area, 169

tan, 85
tangent, 52

circles, 55
tanh, 136
tetrahedron, 176
translation, 10
triangle, 23
triangle inequality, 7, 161, 163
trig table, 118
trigonometric functions, 83
trisecting an angle, 95, 123

uniform convergence, 68

vector space, 162
vertex, 19

of a triangle, 23
Vieta formula, 115
volume, 168



