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ABSTRACT. This is an introduction to plane geometry, angles and trigonometry, starting
from zero or almost, meaning basic knowledge of numbers and fractions, and with focus
on the standard applications to science and engineering questions. We provide as well
an introduction to space geometry, and to advanced trigonometry too.



Preface

Measuring angles is an art, mastered by artists, as well as craftsmen, scientists and
engineers, requiring you to know quite a deal of advanced mathematics, that you can
hopefully learn from this book. But, before anything, why measuring angles?

Leaving arts aside, where drawing obviously requires some good knowledge of angles
and perspective, unless of course you are interested in doing some low-skill work, and
sell that as modern art, angles appear naturally in any question related to building, or
understanding all sorts of objects, devices and phenomena, typically at big scales.

Let us take for instance, talking big scales, the question of understanding the move-
ments of the Sun, Moon, other planets, and stars, around our Earth. With this being not
that philosophical as a question as it might seem, because when sailing at sea, or even
walking on unknown land, the Sun, Moon and so on can be very useful in showing you
the way. Well, in relation with this, with measuring distances being barred by the big
scale of our objects, you are left with observing angles, and then hopefully produce from
these angles, via some tricky math computations, the direction that you need.

So, this was for the main principle of angles and trigonometry, big things can only
be observed, and used, via angles. As for the applications of this principle, no need of
course to go to the astronomical scales evoked above, these abound in various big scale
questions from real life, and engineering. Measuring land, or even smaller things, like
trees, or building various things, such as bridges, roads, big houses and so on, all this will
lead you into angles and trigonometry, exactly as our ship capitain above.

As a concrete illustration, you certainly know about that amazing pyramids built by
the ancient Egyptians. Well, that pyramids were built by using an advanced knowledge of
trigonometry, available at that time, and which dissapeared in the present modern ages.
Or at least this is how one hypothesis about the pyramids goes, and looking around, at
the trigonometry knowledge of my mathematics and engineering students, I am pretty
much convinced that this is indeed the true explanation for the pyramids question.

Getting now to the present book, this will be an introduction to all this, plane ge-
ometry, angles and trigonometry, starting from zero or almost, meaning basic knowledge
of numbers and fractions, and with focus on the standard applications to basic science
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4 PREFACE

and engineering questions, along the lines evoked above. We will provide as well a brief
introduction to angles and geometry in space, and to advanced trigonometry too.

More in detail now, the book is organized in 4 parts, with Part I dealing with plane
geometry and angles, starting from zero, then Part II dealing with coordinates and basic
trigonometry, Part IIT dealing with advanced trigonometry, using tools from analysis, and
finally Part IV dealing with geometry and angles in three dimensions.

Many thanks to my math professors, and now that I am a professor myself, to my
students. Thanks as well to my cats, for their teachings regarding the angle of attack,
which is a more advanced notion, to be discussed too in this book, at the end.

Cergy, January 2025
Teo Banica
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Part 1

Geometry, angles



Sometimes I feel so happy
Sometimes I feel so sad
Sometimes I feel so happy
But mostly you just make me mad



CHAPTER 1

Parallel lines

la. Parallel lines

Welcome to plane geometry. At the beginner level, which is ours for the moment,
this is a story of points and lines. Here is a basic observation, to start with, and we will
call this “axiom” instead of “theorem”, as the statements which are true and useful are
usually called, in mathematics, for reasons that will become clear in a moment:

AXIOM 1.1. Any two distinct points P # @) determine a line, denoted PQ).

Obviously, our axiom holds, and looks like something very useful. Need to draw
anything, for various engineering purposes, at your job, or in your garage? The rule will
be your main weapon, used exactly as in Axiom 1.1, that is, put the rule on the points
P # @ that your line must unite, and then draw that line PQ). Actually, in relation with
this, we are rather used in practice to draw segments P(). But in theory, meaning some
sort of idealized practice, will having that segment extended to infinity hurt? Certainly
not, so this is why our lines P() in mathematics will be infinite, as above.

Getting now to point, as already announced, why is Axiom 1.1 an axiom, instead
of being a theorem? You would probably argue here that this theorem can be proved
by using a rule, as indicated above. However, and with my apologies for this, although
rock-solid as a scientific proof, this rule thing does not stand as a mathematical proof.
This is how things are, you will have to trust me here. And for further making my case,
let me mention that my theoretical physics friends agree with me, on the grounds that,
when looking with a good microscope at your rule, that rule is certainly bent.

Excuse me, but cat is here, meowing something. So, what is is, cat?
CAT 1.2. In fact, spacetime itself is bent.

Okay, thanks cat, so looks like we have multiple problems with the “rule proof” of
Axiom 1.1, so that definitely does not qualify as a proof. And so Axiom 1.1 will be indeed
an axiom, that is, a true and useful mathematical statement, coming without proof.

Getting now to more discussion, around Axiom 1.1, an interesting question appears in
connection with our assumption there P # (). Indeed, given a point () in the plane, we
can come up with a sequence of points P, — ) vertically, and in this case the lines P,(Q
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12 1. PARALLEL LINES

will all coincide with the vertical at (). But we can then formally say that the n — oo
limit of these lines, which makes sense to be denoted (), is also the vertical at Q).

However, is this a good idea, or not. The point indeed is that, when doing exactly
the same trick with a series of points P, — ) horizontally, we will obtain in this way, as
our limiting line QQ), the horizontal at (). Which does not sound very good, but since we
seem however to have some sort of valuable idea here, let us formulate:

JoB 1.3. Develop later some kind of analysis theory, generalizing plane geometry,
where lines of type QQ) make sense too, say as some sort of tangents.

As a further comment now, still on Axiom 1.1, it is of course understood there that the
points P # () appearing there, and the line PQ uniting them, lie in the given plane that
we are interested in, in this Part I of the present book. However, Axiom 1.1 obviously
holds too in space, and most likely, in higher dimensional spaces too.

So, the question which appears now is, on which type of spaces does Axiom 1.1 hold?
And this is a quite interesting question, because if we take a sphere for instance, any two
points P # () can be certainly united by a segment, which is by definition the shortest
segment, on the sphere, uniting them. And, if we prolong this segment, in the obvious
way, what we get is a circle uniting P, (), that we can call line, and denote P, ().

However, not so quick. There is in fact a bug with this, because if we take P to be
the North Pole, and @) to be the South Pole, any meridian on the globe will do, as PQ.
So, as a conclusion, Axiom 1.1 does not really hold on a sphere, but not by much.

Anyway, as before, we seem to have an idea here, so let us formulate:

JoB 1.4. Develop later some kind of advanced geometry theory, generalizing plane
geometry, where certain lines PQ) can take multiple values.

And with this, done I guess with the discussion regarding Axiom 1.1, I can only
presume that you got as tired of reading this, as I got tired of writing it. Well, this is
how things are, geometry is no easy business, and there are certainly plenty of things to
be done, and what we will be doing here, based on Axiom 1.1, will be just a beginning.

Excuse me, but cat is meowing again. So, what is it cat, and for God’s sake, in the
hope that this is not in connection with Axiom 1.1. Please have mercy.

CAT 1.5. What about PQ = AP + (1 — \)@ proving your aziom.

Okay, thanks cat, but I was already having this in mind, for chapter 5 below. So,
Axiom 1.1 remains an axiom, please everyone disagreeing with this get out of my math
class, and enjoy the sunshine outside. And well, we will see later, in chapter 5 below, how
cats and physicists can prove Axiom 1.1, or at least, what their claims are.
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Moving ahead now, here is an interesting observation about lines and points in the
plane, coming somehow as a complement to Axiom 1.1:

OBSERVATION 1.6. Any two distinct lines K # L determine a point, P = K N L,
unless these two lines are parallel, K||L.

So, what do we have here, axiom, theorem, or something else? Not very clear, but on
the bottom line, this is something which is certainly true, useful, and provable as before,
with a rule. Just carefully draw K, L, and you will certainly get upon P = K N L.

However, in contrast to Axiom 1.1, there is a bit of a bug with our statement, because
we do not know yet, mathematically, what parallel lines means. So, let us formulate:

DEFINITION 1.7. We say that two lines are parallel, K||L, when they do not cross,
KNL=10
or when they coincide, K = L. Otherwise, we say that K, L cross, and write K||L.

Here we have tricked a bit, by agreeing to call parallel the pairs of identical lines too,
and this for simplifying most of our mathematics, in what follows, trust me here.

As a first remark, with this definition in hand, Observation 1.6 makes now sense, as
a formal mathematical statement, and skipping some discussion here, or rather leaving it
as an exercise, for reasons which are somewhat clear, we will call this axiom:

AXIOM 1.8. Any two crossing lines KL determine a point, P = K N L.

Very good, and now with Axiom 1.1 and Axiom 1.8 in hand, we are potentially ready
for doing some geometry. However, this is not exactly true, and we will need as well:

Axiom 1.9. Given a point not lying on a line, P ¢ L, we can draw through P a unique
parallel to L. That is, we can find a line K satisfying P € K, K||L.

As before, we will leave as an exercise further meditating on all this.

Ready for some math? Here we go, and many things can be said here, especially about
parallel lines, which are the main objects of basic geometry, as for instance:

THEOREM 1.10 (Thales). Proportions are kept, along parallel lines.
PrOOF. This is indeed something very standard. U

Importantly, many things can be done with the parallel lines, with a suitably drawn
such line hopefully solving, by some kind of miracle, your plane geometry problem.

We will see more illustrations for this general principle in the next chapter.
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Switching topics, but still in relation with the parallel lines, that we constantly met
in the above, you might have heard or not of projective geometry. In case you didn’t yet,
the general principle is that “this is the wonderland where parallel lines cross”.

Which might sound a bit crazy, and not very realistic, but take a picture of some
railroad tracks, and look at that picture. Do that parallel railroad tracks cross, on the
picture? Sure they do. So, we are certainly not into abstractions here. QED.

Mathematically now, here are some axioms, to start with:

DEFINITION 1.11. A projective space is a space consisting of points and lines, subject
to the following conditions:

(1) Each 2 points determine a line.
(2) Each 2 lines cross, on a point.

As a basic example we have the usual projective plane P2, which is best seen as being
the space of lines in R? passing through the origin. To be more precise, let us call each
of these lines in R? passing through the origin a “point” of P2, and let us also call each
plane in R? passing through the origin a “line” of P2. Now observe the following:

(1) Each 2 points determine a line. Indeed, 2 points in our sense means 2 lines in R3
passing through the origin, and these 2 lines obviously determine a plane in R? passing
through the origin, namely the plane they belong to, which is a line in our sense.

(2) Each 2 lines cross, on a point. Indeed, 2 lines in our sense means 2 planes in R3
passing through the origin, and these 2 planes obviously determine a line in R? passing
through the origin, namely their intersection, which is a point in our sense.

Thus, what we have is a projective space in the sense of Definition 1.11. More generally
now, we have the following construction, in arbitrary dimensions:

THEOREM 1.12. We can define the projective space Pﬁ’l as being the space of lines
in RN passing through the origin, and in small dimensions:

(1) Pg is the usual circle.
(2) P2 is some sort of twisted sphere.

PRrROOF. We have several assertions here, with all this being of course a bit informal,
and self-explanatory, the idea and some further details being as follows:

(1) To start with, the fact that the space Ps ' constructed in the statement is indeed
a projective space in the sense of Definition 1.11 follows from definitions, exactly as in
the discussion preceding the statement, regarding the case N = 3.
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(2) At N = 2 now, a line in R? passing through the origin corresponds to 2 opposite
points on the unit circle T C R?, according to the following scheme:

Thus, Pg corresponds to the upper semicircle of T, with the endpoints identified, and
so we obtain a circle, Py = T, according to the following scheme:

(3) At N = 3, the space P2 corresponds to the upper hemisphere of the sphere
S2 C R3, with the points on the equator identified via z = —z. Topologically speaking,
we can deform if we want the hemisphere into a square, with the equator becoming the
boundary of this square, and in this picture, the x = —x identification corresponds to a
“identify opposite edges, with opposite orientations” folding method for the square:

|

0O-————-——->0

|

0O<———-———--0
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(4) Thus, we have our space. In order to understand now what this beast is, let us
look first at the other 3 possible methods of folding the square, which are as follows:

—_— —_—

o O O O O
A A A | A A
| | | | |
| | | | |
| | | | |
| | | | |
| | | | |
| | | | |

o o O O o

|
|
|
|
|
\
—_— [e]

—_— B ———

Regarding the first space, the one on the left, things here are quite simple. Indeed,
when identifying the solid edges we get a cylinder, and then when further identifying the
dotted edges, what we get is some sort of closed cylinder, which is a torus.

(5) Regarding the second space, the one in the middle, things here are more tricky.
Indeed, when identifying the solid edges we get again a cylinder, but then when further
identifying the dotted edges, we obtain some sort of “impossible” closed cylinder, called
Klein bottle. This Klein bottle obviously cannot be drawn in 3 dimensions, but with a
bit of imagination, you can see it, in its full splendor, in 4 dimensions.

(6) Finally, regarding the third space, the one on the right, we know by symmetry that
this must be the Klein bottle too. But we can see this as well via our standard folding
method, namely identifying solid edges first, and dotted edges afterwards. Indeed, we
first obtain in this way a Mdbius strip, and then, well, the Klein bottle.

(7) With these preliminaries made, and getting back now to the projective space P2,
we can see that this is something more complicated, of the same type, reminding the torus
and the Klein bottle. So, we will call it “sort of twisted sphere”, as in the statement, and
exercise for you to figure out how this beast looks like, in 4 dimensions. O

All this is quite exciting, and reminds childhood and primary school, but is however a
bit tiring for our neurons, guess that is pure mathematics. It is possible to come up with
some explicit formulae for the embedding P2 C R*, which are useful in practice, allowing
us to do some analysis over P2, and we will leave this as an instructive exercise.

All this is very nice, but we will pause our study here, because we still have many
other things to say. Here is an interesting notion, that we can use for geometry:

DEFINITION 1.13. A field is a set F' with a sum operation + and a product operation
X, subject to the following conditions:
(1) a+b=b+a,a+ (b+c)=(a+b)+c, there exists 0 € F such that a +0 = 0,
and any a € F has an inverse —a € F, satisfying a + (—a) = 0.
(2) ab = ba, a(bc) = (ab)c, there exists 1 € F such that al = a, and any a # 0 has a
multiplicative inverse a=* € F, satisfying aa™! = 1.
(3) The sum and product are compatible via a(b+ ¢) = ab+ ac.
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The simplest possible field seems to be Q. However, this is not exactly true, because,
by a strange twist of fate, the numbers 0,1, whose presence in a field is mandatory,
0,1 € F, can form themselves a field, with addition as follows:

1+1=0

Let us summarize this finding, along with a bit more, obtained by suitably replacing
our 2, used for addition, with an arbitrary prime number p, as follows:

THEOREM 1.14. The following happen:

(1) Q is the simplest field having the property 1 + ...+ 1 # 0, in the sense that any
field F' having this property must contain it, Q C F.

(2) The property 1+ ...+ 1% 0 can hold or not, and if not, the smallest number of
terms needed for having 1+ ...+ 1 =0 is a certain prime number p.

3) F, = {0,1,...,p — 1}, with p prime, is the simplest field having the property
1+...+1=0, with p terms, in the sense that this implies F, C F.

Proor. All this is basic number theory, the idea being as follows:

(1) This is clear, because 1 + ...+ 1 # 0 tells us that we have an embedding N C F,
and then by taking inverses with respect to + and x we obtain Q C F.

(2) Again, this is clear, because assuming 1 + ...+ 1 = 0, with p = ab terms, chosen
minimal, we would have a formula as follows, which is a contradiction:

I1+...+H)(1+...+1)=0

a terms b terms

(3) This follows a bit as in (1), with the copy F, C F consisting by definition of the
various sums of type 1+ ...+ 1, which must cycle modulo p, as shown by (2). O

Getting now to geometry over finite fields, we have here:

THEOREM 1.15. Given a field F', we can talk about the projective space P}],V’I, as being
the space of lines in F'N passing through the origin. At N = 3 we have

|PEl=¢"+q+1
where ¢ = |F|, in the case where our field F' is finite.

ProoF. This is indeed clear from definitions, with the cardinality coming from:

P - {0} _¢*—1
F—{0}]  q-1

Thus, we are led to the conclusions in the statement. U

]Pﬁ\: :q2+q+1
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As an example, let us see what happens for the simplest finite field that we know,
namely F' = Z,. Here our projective plane, having 4 + 2 4+ 1 = 7 points, and 7 lines, is a
famous combinatorial object, called Fano plane, which is depicted as follows:

JAN

LA

Here the circle in the middle is by definition a line, and with this convention, the basic
axioms in Definition 1.11 are satisfied, in the sense that any two points determine a line,
and any two lines determine a point. And isn’t this beautiful.

le. Exercises

Exercises:

EXERCISE 1.16.
EXERCISE 1.17.
EXERCISE 1.18.
EXERCISE 1.19.
EXERCISE 1.20.
EXERCISE 1.21.
EXERCISE 1.22.
EXERCISE 1.23.

Bonus exercise.



CHAPTER 2
Triangles

2a. Triangles

Welcome to geometry. It all started with triangles, drawn on sand. In order to get
started, with some basic plane geometry, we first have the following key result:
THEOREM 2.1. Given a triangle ABC, the following happen:

(1) The angle bisectors cross, at a point called incenter.

(2) The medians cross, at a point called barycenter.

(3) The perpendicular bisectors cross, at a point called circumcenter.
(4) The altitudes cross, at a point called orthocenter.

PROOF. Let us first draw our triangle, with this being always the first thing to be
done in geometry, draw a picture, and then thinking and computations afterwards:

A

B C

Allowing us the freedom to play with some tricks, as advanced mathematicians, both
students and professors, are allowed to, here is how the proof goes:

(1) Come with a small circle, inside ABC', and then inflate it, as to touch all 3 edges.
The center of the circle will be then at equal distance from all 3 edges, so it will lie on all
3 angle bisectors. Thus, we have constructed the incenter, as required.

(2) This requires different techniques. Let us call A, B,C € C the coordinates of
A, B,C, and consider the average P = (A+ B + C')/3. We have then:
1 2 B
p_ly 2. 81C
3 3 2
Thus P lies on the median emanating from A, and a similar argument shows that P
lies as well on the medians emanating from B, C'. Thus, we have our barycenter.

19



20 2. TRIANGLES

(3) Time to draw a new triangle, for clarity, since we are now on page two:

A

B C

Regarding our problem, we can use the same method as for (1). Indeed, come with
a big circle, containing ABC', and then deflate it, as for it to pass through A, B,C. The
center of the circle will be then at equal distance from all 3 vertices, so it will lie on all 3
perpendicular bisectors. Thus, we have constructed the circumcenter, as required.

(4) This is tougher, and I must admit that, when writing this book, I first struggled
a bit with this, then ended looking it up on the internet. So, here is the trick. Draw a
parallel to BC' at A, and similarly, parallels to AB and AC' at C' and B. You will get in
this way a bigger triangle, upside-down, A’B’C’. But then, the circumcenter of A’B'C’,
that we know to exist from (3), will be the orthocenter of ABC, as desired. O

Along the same lines, but at a more advanced level now, we have:

FACT 2.2. Besides the above 4 centers, many more remarkable points can be associated
to a triangle ABC', and most of these lie on a line, called Euler line of ABC'.

And exercise for you of course to remember or figure out how all this works, both
statement and proof. As bonus exercise, learn about the nine-point circle too.

Getting now to what we wanted to talk about in this book, angles and trigonometry,
we can certain talk about angles, in the obvious way, by using triangles:

Fact 2.3. We can talk about the angle between two crossing lines, and have some basic
theory for the angles going, by using triangles.

You might wonder of course what the values of these angles should be, say as real
numbers. This is something quite tricky, that will take us some time to understand.

Getting started now with our study of angles, as a continuation of Fact 2.3, let us first
talk about the simplest angle of them all, which is the right angle, denoted 90°.

Many interesting things can be said about this right angle 90°, in particular with:
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THEOREM 2.4 (Pythagoras). In a right triangle ABC,

A

we have AB? + BC? = AC®.

PRroOOF. This comes from the following picture, consisting of two squares, and four
triangles which are identical to ABC, as indicated:

op Oo¢ O

Indeed, let us compute the area S of the outer square. This can be done in two ways.
First, since the side of this square is AB + BC, we obtain:

S = (AB+ BC)?
AB? + BC?*+2 x AB x BC

On the other hand, the outer square is made of the smaller square, having side AC,
and of four identical right triangles, having sizes AB, BC. Thus:

S = ACZ+4><AB;2BO

= AC?’+2x AB x BC

Thus, we are led to the conclusion in the statement. U
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Exercises:
EXERCISE 2.5.
EXERCISE 2.6.
EXERCISE 2.7.
EXERCISE 2.8.
EXERCISE 2.9.
EXERCISE 2.10.
EXERCISE 2.11.
EXERCISE 2.12.

Bonus exercise.

2. TRIANGLES

2b.
2c.
2d.

2e. Exercises



CHAPTER 3
Sine, cosine

3a. Sine, cosine

Now that we know about angles, and about Pythagoras’ theorem too, it is tempting
at this point to start talking about trigonometry. Let us begin with:

DEFINITION 3.1. We can talk about sines and cosines, by using a right triangle

A

B C

in the obvious way, and ideally, by assuming AB = 1.

Many interesting things can be said here, for instance regarding the sines and cosines
of the angles of a triangle, which can be taken arbitrary, or of various special types:

VAN

Getting now to more advanced theory, we first have:

THEOREM 3.2. The sines and cosines are subject to the formula
sinz + cos’x = 1

coming from Pythagoras’ theorem.

23
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ProoF. This is something which is certainly true, and for pure mathematical pleasure,
let us reproduce the picture leading to Phythagoras, in the trigonometric setting:

(0] O o
\
/ |
¢) 1 sin x
\
o O

Ccos T

When computing the area of the outer square, we obtain:

_ sin x cos x
(sinz +cosz)? =144 x ———~

Now when expanding we obtain sin® z + cos? x = 1, as claimed. O

It is possible to say many more things about angles and sinx, coszx, and also talk
about some supplementary quantities, such as the tangent:

But more on this, such as various analytic aspects, later in this book, once we will
have some appropriate tools, beyond basic geometry, in order to discuss this.

Still at the level of the basics, we have the following result:

THEOREM 3.3. The sines and cosines of sums are given by

sin(z + y) = sinx cosy + cos xsiny

cos(z +y) = cosxcosy — sinzsiny
and these formulae give a formula for tan(z + y) too.

ProoF. This is something quite tricky, using the same idea as in the proof of Pythago-
ras’ theorem, that is, computing certain areas, the idea being as follows:

(1) Let us first establish the formula for the sines. In order to do so, consider the
following picture, consisting of a length 1 line segment, with angles x,y drawn on each
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side, and with everything being completed, and lengths computed, as indicated:

O
1/cosx
sinz/ cosx
O O
1
siny/ cosy
1/ cosy
O

Now let us compute the area of the big triangle, or rather the double of that area. We
can do this in two ways, either directly, with a formula involving sin(x + y), or by using
the two small triangles, involving functions of x,y. We obtain in this way:

1 1 : :
-sin(z +y) = ST Y

. 1
COST COSYy COS T COS Yy

But this gives the formula for sin(z + y) from the statement.

(2) Moving ahead, no need of new tricks for cosines, because by using the formula for
sin(x 4+ y) we can deduce a formula for cos(x + y), as follows:

. (T
cos(z +y) = sm(E—x—y)

an[(5-2) o

= sin (g — :1:) cos(—y) + cos <g - 55) sin(—y)

= COSTCOosYy — Sinxsiny

(3) Finally, in what regards the tangents, we have, according to the above:

sin x cos Yy + cos x sin y

tan(x =
(v +9) CcOS X cosy — sin x sin y

Thus, we are led to the conclusions in the statement. Il

Observe in particular that with x = y we obtain some interesting formulae for the
duplication of angles. We will be back to such questions later, with better tools.
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Exercises:

EXERCISE 3.4.
EXERCISE 3.5.
EXERCISE 3.6.
EXERCISE 3.7.
EXERCISE 3.8.

EXERCISE 3.9.

EXERCISE 3.10.

EXERCISE 3.11.

Bonus exercise.

3. SINE, COSINE

3b.
3c.
3d.

3e. Exercises
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Circle, angles

4a. Circle, angles

Let us get now into a more advanced study of the angles. For this purpose, the best
is to talk first about circles, and the number 7. And here, to start with, we have:

THEOREM 4.1. The following two definitions of ™ are equivalent:

(1) The length of the unit circle is L = 2.
(2) The area of the unit disk is A = 7.

PROOF. In order to prove this theorem let us cut the unit disk as a pizza, into N
slices, and forgetting about gastronomy, leave aside the rounded parts:

/NN

W/

The area to be eaten can be then computed as follows, where H is the height of the
slices, S'is the length of their sides, and P = NS is the total length of the sides:

O

o

A = NXx H—S
2
_ HP
2
o 1x L
a 2
Thus, with N — oo we obtain that we have A = L/2, as desired. U

In what regards now the precise value of m, the above picture at N = 6 shows that
we have m > 3, but not by much. The precise figure is 7 = 3.14159. .., but we will come
back to this later, once we will have appropriate tools for dealing with such questions. It
is also possible to prove that 7 is irrational, 7 ¢ Q, but this is not trivial either.

27
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Exercises:

EXERCISE 4.2.
EXERCISE 4.3.
EXERCISE 4.4.
EXERCISE 4.5.
EXERCISE 4.6.
EXERCISE 4.7.
EXERCISE 4.8.
EXERCISE 4.9.

Bonus exercise.

4. CIRCLE, ANGLES
4b.
4c.
4d.

4e. Exercises
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Basic trigonometry



In the clearing stands a boxer
And a fighter by his trade
And he carries the reminders
Of every glove that laid him down



CHAPTER 5

Affine coordinates

5a. Affine coordinates

Looking up, to the sky, the first thing that you see is the Sun, seemingly moving
around the Earth on a circle, but a more careful study reveals that this circle is rather a
deformed circle, called ellipsis. As for the other stars and planets, these have all sort of
weird trajectories, but a more careful study reveals that, with due attention to what the
best “center” is, replacing our Earth, the trajectories are often ellipses:

(1) Indeed, this applies to all the planets in our Solar System, which move around the
biggest object in the system, which is by far the Sun, on ellipses.

(2) The same trick applies to the trajectories of various distant stars, the rule being
always the same, “small moves around big, on an ellipsis”.

(3) However, there are counterexamples too, such as asteroids reaching our Solar
system, but then travelling outwards, never to be seen again.

Summarizing, modulo some annoying asteroids that we will leave for later, we are led
in this way to ellipses, and their mathematics. And good news, a full theory of ellipses is
available, and this since the ancient Greeks, whose main findings were as follows:

THEOREM 5.1. The ellipses, taken centered at the origin 0, and squarely oriented with
respect to Oxy, can be defined in 4 possible ways, as follows:

(1) As the curves given by an equation as follows, with a,b > 0:
T\ 2 y>2
d 7Y —1
(a) * (b
(2) Or given by an equation as follows, with ¢ > 0, p = —q, and l € (0,2q):
d(z,p) +d(z,q) =1
(3) As the curves appearing when drawing a circle, from various perspectives:

O = 7

(4) As the closed non-degenerate curves appearing by cutting a cone with a plane.

31
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PRroOOF. This might look a bit confusing, and you might say, what exactly is to be
proved here. Good point, and in answer, what is to be proved is that the above construc-
tions (1-4) give rise to the same class of curves. And this can be done as follows:

(1) To start with, let us draw a picture from what comes out of (1), which will be our
main definition for the ellipses, in what follows. Here that is, making it clear what the
parameters a,b > 0 stand for, with 2a x 2b being the gift box size for our ellipsis:

T

(2) Let us prove now that such an ellipsis has two focal points, as stated in (2). We
must look for a number r > 0, and a number [ > 0, such that our ellipsis appears as
d(z,p) +d(z,q) =, with p = (0, —r) and ¢ = (0, r), according to the following picture:

(3) Let us first compute these numbers 7,/ > 0. Assuming that our result holds indeed
as stated, by taking z = (0, a), we see that the length [ is:

l=(a—71)+(a+71)=2a
As for the parameter r, by taking z = (b,0), we conclude that we must have:

WNETTT =2 — = I
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(4) With these observations made, let us prove now the result. Given I, > 0, and
setting p = (0, —r) and g = (0, ), we have the following computation, with z = (x,y):

d(z,p) +d(z,q) =
(@+r)P+y’+ V(@ —r)P+y’=I
R R S/ s E.
(z+r)P+y?=@—r)P+y*+ =20/ (x—r)2+ 1>
20/ (x — )2 + 52 = * — dar
AP (2 +r? = 2ar + y?) = 1* + 162%% — 8lar
41227 + APr? + 417y = 1* + 16222
(42 — 1) (4r? — 1) = 4l%y?
(5) Now observe that we can further process the equation that we found as follows:

42% — 2 42
2 g2\(402 _ 12 2, 2 _
(dz” = 15)(4r" = 1) = dl7y° — IR T RT
T T

2 224

= (-1~ (o)
= '+ (7m) -

(6) Thus, our result holds indeed, and with the numbers [, > 0 appearing, and no
surprise here, via the formulae [ = 2a and r = v/a? — b2, found in (3) above.

1110117

(7) Getting back now to our theorem, we have two other assertions there at the end,
labelled (3,4). But, thinking a bit, these assertions are in fact equivalent, and in what
concerns us, we will rather focus on (4), which looks more mathematical. And in what
regards this assertion (4), this can be established indeed, by doing some 3D computations,
that we will leave here as an instructive exercise, for you. And with the promise that we
will come back to this in a moment, with a full proof, in a more general setting. U

All this is very nice, but before getting into physics, with some explanations for the fact
that planets travel indeed on ellipses, which is something that we must surely understand,
before going with some further math, let us settle as well the question of wandering
asteroids. Observations show that these can travel on parabolas and hyperbolas, so what
we need as mathematics is a unified theory of ellipses, parabolas and hyperbolas. And
fortunately, this theory exists, also since the ancient Greeks, summarized as follows:
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THEOREM b5.2. The conics, which are the algebraic curves of degree 2 in the plane,

C = {(Jc,y) € R*|P(x,y) = 0}

with deg P < 2, appear modulo degeneration by cutting a 2-sided cone with a plane, and
can be classified into ellipses, parabolas and hyperbolas.

Proor. This follows by further building on Theorem 5.1, as follows:

(1) Let us first classify the conics up to non-degenerate linear transformations of the
plane, which are by definition transformations as follows, with det A # 0:

() =)

Our claim is that as solutions we have the circles, parabolas, hyperbolas, along with
some degenerate solutions, namely (), points, lines, pairs of lines, R2.

(2) As a first remark, it looks like we forgot precisely the ellipses, but via linear
transformations these become circles, so things fine. As a second remark, all our claimed
solutions can appear. Indeed, the circles, parabolas, hyperbolas can appear as follows:

P?4yi=1 , 2*=y , zy=1
As for (), points, lines, pairs of lines, R?, these can appear too, as follows, and with
our polynomial P chosen, whenever possible, to be of degree exactly 2:
P?=—-1, 2*4+¢y*=0 , 2°=0 , zy=0 , 0=0
Observe here that, when dealing with these degenerate cases, assuming deg P = 2

instead of deg P < 2 would only rule out R? itself, which is not worth it.

(3) Getting now to the proof of our claim in (1), classification up to linear transfor-
mations, consider an arbitrary conic, written as follows, with a, b, c,d, e, f € R:
ar® +by? +cxy+drt+ey+ f=0

Assume first a # 0. By making a square out of az?, up to a linear transformation in
(z,y), we can get rid of the term cxy, and we are left with:

ar® + by’ +dr4ey+ f=0

In the case b # 0 we can make two obvious squares, and again up to a linear transfor-
mation in (z,y), we are left with an equation as follows:

2y =k

In the case of positive sign, 2% + y? = k, the solutions are the circle, when k& > 0, the
point, when k = 0, and (), when & < 0. As for the case of negative sign, 2% — y? = k,
which reads (z —y)(x +y) = k, here once again by linearity our equation becomes zy = [,
which is a hyperbola when [ # 0, and two lines when [ = 0.
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(4) In the case b # 0 the study is similar, with the same solutions, so we are left with
the case a = b = 0. Here our conic is as follows, with ¢, d, e, f € R:

cry+dr+ey+ f=0

If ¢ # 0, by linearity our equation becomes zy = [, which produces a hyperbola or two
lines, as explained before. As for the remaining case, ¢ = 0, here our equation is:

dr+ey+ f=0

But this is generically the equation of a line, unless we are in the case d = e = 0,
where our equation is f = 0, having as solutions () when f # 0, and R? when f = 0.

(5) Thus, done with the classification, up to linear transformations as in (1). But this
classification leads to the classification in general too, by applying now linear transforma-
tions to the solutions that we found. So, done with this, and very good.

(6) It remains to discuss the cone cutting. By suitably choosing our coordinate axes
(z,y,2), we can assume that our cone is given by an equation as follows, with k& > 0:

2?4yt = k2

In order to prove the result, we must in principle intersect this cone with an arbitrary
plane, which has an equation as follows, with (a, b, c) # (0,0, 0):

ar +by+cz=d

(7) However, before getting into computations, observe that what we want to find is a
certain degree 2 equation in the above plane, for the intersection. Thus, it is convenient
to change the coordinates, as for our plane to be given by the following equation:

z=0

(8) But with this done, what we have to do is to see how the cone equation z%+y? = kz?
changes, under this change of coordinates, and then set z = 0, as to get the (z,y) equation
of the intersection. But this leads, via some thinking or computations, to the conclusion
that the cone equation x? + y* = kz? becomes in this way a degree 2 equation in (z,y),
which can be arbitrary, and so to the final conclusion in the statement. U

Ready for some physics? We have the following result:
THEOREM 5.3. Planets and other celestial bodies move around the Sun on conics,
C = {(ﬂc,y) € R?|P(z,y) = 0}

with P € Rx,y] being of degree 2, which can be ellipses, parabolas or hyperbolas.

Proor. This is something quite long, due to Kepler and Newton. U
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Exercises:
EXERCISE 5.4.
EXERCISE 5.5.
EXERCISE 5.6.
EXERCISE 5.7.
EXERCISE 5.8.
EXERCISE 5.9.
EXERCISE 5.10.
EXERCISE 5.11.

Bonus exercise.
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5b.
5c.
5d.
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Basic trigonometry

6a. Basic trigonometry

6b.

6c.

6d.

6e. Exercises

Exercises:
EXERCISE 6.1.
EXERCISE 6.2.
EXERCISE 6.3.
EXERCISE 6.4.
EXERCISE 6.5.
EXERCISE 6.6.
EXERCISE 6.7.
EXERCISE 6.8.

Bonus exercise.
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CHAPTER 7

Complex numbers

7a. Complex numbers

Let us discuss now the complex numbers. There is a lot of magic here, and we will
carefully explain this material. Their definition is as follows:

DEFINITION 7.1. The complex numbers are variables of the form
r=a+1b
with a,b € R, which add in the obvious way, and multiply according to the following rule:
7= -1
Each real number can be regarded as a complexr number, a = a+1 - 0.

In other words, we consider variables as above, without bothering for the moment
with their precise meaning. Now consider two such complex numbers:

r=a+1ib , y=c+id
The formula for the sum is then the obvious one, as follows:
r+y=(a+c)+i(b+d)
As for the formula of the product, by using the rule i> = —1, we obtain:
ry = (a+1ib)(c+id)
= ac+iad + ibc + i*bd
= ac+iad + tbc — bd
= (ac—bd) +i(ad + bc)

Thus, the complex numbers as introduced above are well-defined. The multiplica-
tion formula is of course quite tricky, and hard to memorize, but we will see later some
alternative ways, which are more conceptual, for performing the multiplication.

The advantage of using the complex numbers comes from the fact that the equation
22 = 1 has now a solution, x = i. In fact, this equation has two solutions, namely:
T =1
39
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This is of course very good news. More generally, we have the following result, regard-
ing the arbitrary degree 2 equations, with real coefficients:

THEOREM 7.2. The complex solutions of ax? 4+ bx + ¢ = 0 with a,b,c € R are

—b+ Vb? — dac
2a
with the square root of negative real numbers being defined as

V—m = +iv/m

and with the square root of positive real numbers being the usual one.

T12 =

PROOF. We can write our equation in the following way:

b c
4 -x+-—=0
a a

ar’ +bx+c=0 <=
— (x+£>2—b—2+220
2a 4a?  a
PN (:c+i>2 _ b? — 4ac
2a 4a?
b Vb2 — 4ac
= T+ —=——
2a 2a
Thus, we are led to the conclusion in the statement. l

We will see later that any degree 2 complex equation has solutions as well, and that
more generally, any polynomial equation, real or complex, has solutions. Moving ahead
now, we can represent the complex numbers in the plane, in the following way:

PROPOSITION 7.3. The complex numbers, written as usual
x=a-+1b

can be represented in the plane, according to the following identification:

a
(i)
With this convention, the sum of complex numbers is the usual sum of vectors.
PrOOF. Consider indeed two arbitrary complex numbers:
r=a+1 , y=c+1id

Their sum is then by definition the following complex number:

r4+y=(a+c)+i(b+d)
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Now let us represent x,y in the plane, as in the statement:

=6 ()

But this is indeed the vector corresponding to = + y, so we are done. O

Here we have assumed that you are a bit familiar with vector calculus. If not, no
problem, the idea is simply that vectors add by forming a parallelogram, as follows:

b+d ol Y
d .y/
; / .
./
c a a—+c

Observe that in our geometric picture from Proposition 7.3, the real numbers corre-
spond to the numbers on the Ox axis. As for the purely imaginary numbers, these lie on
the Oy axis, with the number i itself being given by the following formula:

= (1)
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As an illustration for this, let us record now a basic picture, with some key complex
numbers, namely 1,4, —1, —i, represented according to our conventions:

You might perhaps wonder why I chose to draw that circle, connecting the numbers
1,7, —1, —i, which does not look very useful. More on this in a moment, the idea being
that that circle can be immensely useful, and coming in advance, some advice:

ADVICE 7.4. When drawing complex numbers, always begin with the coordinate axes
Oz, Oy, and with a copy of the unit circle.

We have so far a quite good understanding of their complex numbers, and their ad-
dition. In order to understand now the multiplication operation, we must do something
more complicated, namely using polar coordinates. Let us start with:

DEFINITION 7.5. The complexr numbers x = a+1b can be written in polar coordinates,
x =r(cost + isint)
with the connecting formulae being as follows,
a=rcost , b=rsint

and in the other sense being as follows,

b
r—V@FP , tant="

a

and with r,t being called modulus, and argument.

There is a clear relation here with the vector notation from Proposition 7.3, because
r is the length of the vector, and ¢ is the angle made by the vector with the Oz axis. To
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be more precise, the picture for what is going on in Definition 7.5 is as follows:

a

As a basic example here, the number i takes the following form:

= o(3) vion 3
7 = COS 5 7 S1n 9

The point now is that in polar coordinates, the multiplication formula for the complex
numbers, which was so far something quite opaque, takes a very simple form:

THEOREM 7.6. Two complex numbers written in polar coordinates,
r=r(coss+isins) , y=p(cost+isint)
multiply according to the following formula:
xy = rp(cos(s +t) +isin(s +t))
In other words, the moduli multiply, and the arguments sum up.
PrROOF. This follows from the following formulae, that we know well:
cos(s +t) = cosscost — sin ssint

sin(s 4+ t) = cos ssint + sin s cos t

Indeed, we can assume that we have » = p = 1, by dividing everything by these
numbers. Now with this assumption made, we have the following computation:

ry = (coss+isins)(cost+ isint)
= (cosscost —sinssint) + i(cos ssint + sin s cost)
= cos(s+t)+isin(s+t)

Thus, we are led to the conclusion in the statement. Il

The above result, which is based on some non-trivial trigonometry, is quite powerful.
As a basic application of it, we can now compute powers, as follows:
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THEOREM 7.7. The powers of a complex number, written in polar form,
x =r(cost + isint)
are given by the following formula, valid for any exponent k € N:
2% = r¥(cos kt + i sin kt)
Moreover, this formula holds in fact for any k € Z, and even for any k € Q.
PROOF. Given a complex number z, written in polar form as above, and an exponent

k € N, we have indeed the following computation, with k£ terms everywhere:

= r(cost +isint)...r(cost + isint)
= r*([cos(t+ ... +t) +isin(t+ ... +1))
= r¥(cos kt + isin kt)
Thus, we are done with the case k € N. Regarding now the generalization to the case
k € Z, it is enough here to do the verification for k = —1, where the formula is:
27t = r7!(cos(—t) + isin(—t))

1

But this number 27" is indeed the inverse of =, as shown by:

zr~! = r(cost+isint) -7 (cos(—t) + isin(—t))
— cos(t — t) +1 SiH(t — t)
= cos0+17sin0
=1

Finally, regarding the generalization to the case k£ € Q, it is enough to do the verifi-
cation for exponents of type k = 1/n, with n € N. The claim here is that:

t t
/= 1/ [cos <—) + 4 sin (—)}
n n

In order to prove this, let us compute the n-th power of this number. We can use the
power formula for the exponent n € N, that we already established, and we obtain:

(= (e [cos (n-%)—l—z’sin (ngﬂ

= r(cost+isint)

= T

Thus, we have indeed a n-th root of z, and our proof is now complete. U
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We should mention that there is a bit of ambiguity in the above, in the case of the
exponents k € QQ, due to the fact that the square roots, and the higher roots as well, can
take multiple values, in the complex number setting. We will be back to this.

As a basic application of Theorem 7.7, we have the following result:
PROPOSITION 7.8. Each complex number, written in polar form,
x =r(cost + isint)

has two square roots, given by the following formula:

t t
VI =+r [cos (5) + i sin (5)]
When x > 0, these roots are +=+/x. When x < 0, these roots are +i\/—x.

PROOF. The first assertion is clear indeed from the general formula in Theorem 7.7,
at k = 1/2. As for its particular cases with = € R, these are clear from it. O

As a comment here, for > 0 we are very used to call the usual \/z square root of x.
However, for x < 0, or more generally for x € C — R, there is less interest in choosing
one of the possible y/z and calling it “the” square root of x, because all this is based on
our convention that ¢ comes up, instead of down, which is something rather arbitrary.
Actually, clocks turning clockwise, i should be rather coming down. All this is a matter
of taste, but in any case, for our math, the best is to keep some ambiguity, as above.

With the above results in hand, and notably with the square root formula from Propo-
sition 7.8, we can now go back to the degree 2 equations, and we have:

THEOREM 7.9. The complex solutions of ax? 4+ bx + ¢ = 0 with a,b,c € C are

—b+ Vb? — dac
2a
with the square root of complexr numbers being defined as above.

Ti12 =

PrOOF. This is clear, the computations being the same as in the real case. To be
more precise, our degree 2 equation can be written as follows:

n b\? b —4dac
T+ —) = ———
2a 42

Now since we know from Proposition 7.8 that any complex number has a square root,
we are led to the conclusion in the statement. U

As a last general topic regarding the complex numbers, let us discuss conjugation.
This is something quite tricky, complex number specific, as follows:
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DEFINITION 7.10. The complex conjugate of x = a + ib is the following number,
T=a—1b

obtained by making a reflection with respect to the Ox axis.

As before with other such operations on complex numbers, a quick picture says it all
Here is the picture, with the numbers x, z, —z, — being all represented:

Observe that the conjugate of a real number z € R is the number itself, = z. In
fact, the equation x = ¥ characterizes the real numbers, among the complex numbers. At

the level of non-trivial examples now, we have the following formula:
=i

There are many things that can be said about the conjugation of the complex numbers,
and here is a summary of basic such things that can be said:

THEOREM 7.11. The conjugation operation x — T has the following properties:
1) o = & precisely when x is real.

xr = —I precisely when x s purely imaginary.

(

)

(3) zx = |z, with |x| = r being as usual the modulus.

(4) With x = r(cost + isint), we have T = r(cost — isint).
(5) We have the formula Ty = =y, for any x,y € C.

(6

) The solutions of ax® + bx + ¢ = 0 with a,b,c € R are conjugate
PROOF. These results are all elementary, the idea being as follows:
(1) This is something that we already know, coming from definitions

(2) This is something clear too, because with x = a + ib our equation x = —Z reads
a +1b = —a + b, and so a = 0, which amounts in saying that x is purely imaginary.
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(3) This is a key formula, which can be proved as follows, with z = a + ib:
xx = (a+1ib)(a—1ib)
= a4+ b
= |af*
(4) This is clear indeed from the picture following Definition 7.10.

(5) This is something quite magic, which can be proved as follows:

(a+ib)(c+id) = (ac—bd)+ i(ad+ bc)
= (ac—bd) —i(ad + bc)
= (a—ib)(c—1id)
However, what we have been doing here is not very clear, geometrically speaking,

and our formula is worth an alternative proof. Here is that proof, which after inspection
contains no computations at all, making it clear that the polar writing is the best:

r(coss+isins) - p(cost + isint)
= rp(cos(s+t) +isin(s +t))
= rp(cos(—s —t) +isin(—s —t))
= r(cos(—s) + isin(—s)) - p(cos(—t) + i sin(—t))

= r(coss+isins) - p(cost + isint)

(6) This comes from the formula of the solutions, that we know from Theorem 7.2,
but we can deduce this as well directly, without computations. Indeed, by using our
assumption that the coefficients are real, a, b, c € R, we have:

ar’ +br+c=0 = ar2+br+c=0
= ar’+br+¢=0
— a?+bT+c=0

Thus, we are led to the conclusion in the statement. O

Getting back to algebra, recall from Theorem 7.9 that any degree 2 equation has 2
complex roots. We can in fact prove that any polynomial equation, of arbitrary degree
N € N, has exactly N complex solutions, counted with multiplicities:

THEOREM 7.12. Any polynomial P € C[X]| decomposes as
P=c¢X—-a)...(X —ap)

with ¢ € C and with aq,...,ay € C.
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PRrROOF. The problem is that of proving that our polynomial has at least one root,
because afterwards we can proceed by recurrence. We prove this by contradiction. So,
assume that P has no roots, and pick a number z € C where | P| attains its minimum:

|P(2)] = min|P(z)[ >0

Since Q(t) = P(z+t) — P(z) is a polynomial which vanishes at ¢ = 0, this polynomial
must be of the form ct* + higher terms, with ¢ # 0, and with & > 1 being an integer. We
obtain from this that, with ¢ € C small, we have the following estimate:

P(z+1) ~ P(2) + ct
Now let us write t = rw, with > 0 small, and with |w| = 1. Our estimate becomes:
P(z +rw) ~ P(z) + crfu”

Now recall that we assumed P(z) # 0. We can therefore choose w € T such that cw"
points in the opposite direction to that of P(z), and we obtain in this way:

[P(z+71w)| = |P(2) +ertu|
[P(2)I(1 = [e]r®)

Now by choosing r > 0 small enough, as for the error in the first estimate to be small,
and overcame by the negative quantity —|c|r*, we obtain from this:

|P(z 4+ rw)| < |P(2)]

But this contradicts our definition of z € C, as a point where |P| attains its minimum.
Thus P has a root, and by recurrence it has N roots, as stated. U

We kept the best for the end. As a last topic regarding the complex numbers, which
is something really beautiful, we have the roots of unity. Let us start with:

THEOREM 7.13. The equation ¥ =1 has N complex solutions, namely
{wk k‘zO,l,...,N—l} . ow =N

which are called roots of unity of order N.

PRroOF. This follows from the general multiplication formula for the complex numbers
in polar form. Indeed, with the notation x = re?, our equation reads:
PNt _
Thus r = 1, and ¢ € [0,27) must be a multiple of 27 /N as stated. O

As an illustration here, the roots of unity of small order, along with some of their
basic properties, which are very useful for computations, are as follows:

N = 1. Here the unique root of unity is 1.

N = 2. Here we have two roots of unity, namely 1 and —1.
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2mi/3 4mi/3

=
Il
w

Here we have 1, then w = e , and then w? =w = ¢

=
I
W

Here the roots of unity, read as usual counterclockwise, are 1,7, —1, —1.

2mi /5 3

=
I

Here, with w = €?™/5, the roots of unity are 1, w, w?, w?, w?.

=
I
o

Here a useful alternative writing is {£1, w, +w?}, with w = €2™/3,

2 3 4 5 6

2mi/7 the roots of unity are 1, w, w?, w?, w*, w®, w®.

=
Il
\]

Here, with w = e

=
I

8. Here the roots of unity, read as usual counterclockwise, are the numbers
1, w,i,iw, —1, —w, —i, —iw, with w = e™/*, which is also given by w = (1 + i) /v/2.

The roots of unity are very useful variables, and have many interesting properties. As
a first application, we can now solve the ambiguity questions related to the extraction of
N-th roots, that we met in the above, the statement here being as follows:

THEOREM 7.14. Any nonzero complex number, written as
T =re
has exactly N roots of order N, which appear as
y = /N it/N

multiplied by the N roots of unity of order N.
PRrOOF. We must solve the equation 2" = x, over the complex numbers. Since the

number y in the statement clearly satisfies 4V = x, our equation is equivalent to:

N =N

Now observe that we can write this equation as follows:

() =

We conclude that the solutions z appear by multiplying y by the solutions of tV = 1,
which are the N-th roots of unity, as claimed. U

The roots of unity appear in connection with many other interesting questions, and
there are many useful formulae relating them, which are good to know. Here is a basic
such formula, very beautiful, to be used many times in what follows:

THEOREM 7.15. The roots of unity, {w*} with w = e*™/N | have the property

N-1

> (wh)* = Né,

k=0

for any exponent s € N, where on the right we have a Kronecker symbol.
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PROOF. The numbers in the statement, when written more conveniently as (w*)* with
k=0,...,N —1, form a certain regular polygon in the plane P,. Thus, if we denote by
C the barycenter of this polygon, we have the following formula:

1 N-1

ks
1Y wec
Nk:O

Now observe that in the case N/ s our polygon P; is non-degenerate, circling around
the unit circle, and having center Cs = 0. As for the case N|s, here the polygon is
degenerate, lying at 1, and having center C's = 1. Thus, we have the following formula:

Cs = 5N|s
Thus, we obtain the formula in the statement. Il

As an interesting philosophical fact, regarding the roots of unity, and the complex
numbers in general, we can now solve the following equation, in a “uniform” way:

With this being not a joke. Frankly, can you find some nice-looking family of real
numbers xq,...,xy satisfying 1 + ... + xny = 07 Certainly not. But with complex
numbers we have now our answer, the sum of the N-th roots of unity being zero.

7b.
7c.
7d.
7e. Exercises

Exercises:

EXERCISE 7.16.

EXERCISE 7.17.

EXERCISE 7.18.

EXERCISE 7.19.

EXERCISE 7.20.

EXERCISE 7.21.

EXERCISE 7.22.

EXERCISE 7.23.

Bonus exercise.



CHAPTER 8

Advanced trigonometry

8a. Advanced trigonometry

Recall from before that conics are at the core of everything, mathematics, physics,
life. But, what is next? A natural answer to this question comes from:

DEFINITION 8.1. An algebraic curve in R? is the vanishing set
C = {(w,y) e R|P(z,y) = 0}
of a polynomial P € R[X,Y] of arbitrary degree.

We already know well the algebraic curves in degree 2, which are the conics, and a first
problem is, what results from what we learned about conics have a chance to be relevant
to the arbitrary algebraic curves. And normally none, because the ellipses, parabolas and
hyperbolas are obviously very particular curves, having very particular properties.

Let us record however a useful statement here, as follows:

PROPOSITION 8.2. The conics can be written in cartesian, polar, parametric or com-
plex coordinates, with the equations for the unit circle being

?*+y* =1, r=1 , w=cost,y=sint , [|z]=1
and with the equations for ellipses, parabolas and hyperbolas being similar.

PROOF. The equations for the circle are clear, those for ellipses can be found in the
above, and we will leave as an exercise those for parabolas and hyperbolas. Il

As a true answer to our question now, coming this time from a very modest conic,
namely zy = 0, that we dismissed in the above as being “degenerate”, we have:

THEOREM 8.3. The following happen, for curves C' defined by polynomials P:

(1) In degree d =2, curves can have singularities, such as xy =0 at (0,0).
(2) In general, assuming P = Py ... Py, we have C = CyU...... U Cl.

(3) A union of curves C; U Cj is generically non-smooth, unless disjoint.
(4) Due to this, we say that C is non-degenerate when P is irreducible.

51
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Proor. All this is self-explanatory, the details being as follows:

(1) This is something obvious, just the story of two lines crossing.

(2) This comes from the following trivial fact, with the notation z = (x,y):
P ...P(2)=0 <= Pi(2) =0, or P,(2) =0, ..., or P(z) =0

(3) This is something very intuitive, and it actually takes a bit of time to imagine a
situation where C; N Cy # 0, Oy ¢ Cy, Cy ¢ C4, but C; U Cy is smooth. In practice
now, “generically” has of course a mathematical meaning, in relation with probability,
and our assertion does say something mathematical, that we are supposed to prove. But,
we will not insist on this, and leave this as an instructive exercise, precise formulation of
the claim, and its proof, in the case you are familiar with probability theory.

(4) This is just a definition, based on the above, that we will use in what follows. [

With degree 1 and 2 investigated, and our conclusions recorded, let us get now to
degree 3, see what new phenomena appear here. And here, to start with, we have the
following remarkable curve, well-known from calculus, because 0 is not a maximum or
minimum of the function x — y, despite the derivative vanishing there:

73 =y
Also, in relation with set theory and logic, and with the foundations of mathematics
in general, we have the following curve, which looks like the empyset 0:

(r—y)(a*+y*—1)=0

But, it is not about counterexamples to calculus, or about logic, that we want to talk
about here. As a first truly remarkable degree 3 curve, or cubic, we have the cusp:

PROPOSITION 8.4. The standard cusp, which is the cubic given by
2% = y?
has a singularity at (0,0), with only 1 tangent line at that singularity.

PRrROOF. The two branches of the cusp are indeed both tangent to Ox, because:

3
y =+oVE = y(0)=0
Observe also that what happens for the cusp is different from what happens for xy = 0,

precisely because we have 1 line tangent at the singularity, instead of 2. O

As a second remarkable cubic, which gets the crown, and the right to have a Theorem
about it, we have the Tschirnhausen curve, which is as follows:
THEOREM 8.5. The Tschirnhausen cubic, given by the following equation,
2? = 2% — 3y?

makes the dream of xy = 0 come true, by self-intersecting, and being non-degenerate.
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ProoF. This is something self-explanatory, by drawing a picture, but there are sev-
eral other interesting things that can be said about this curve, and the family of curves
containing it, depending on a parameter, and up to basic transformations, as follows:

(1) Let us start with the curve written in polar coordinates as follows:

0
r cos® <§> =a

With ¢ = tan(6/3), the equations of the coordinates are as follows:

r=a(l-3t") , y=at(3—1)
Now by eliminating ¢, we reach to the following equation:

(a — x)(8a + z)* = 27ay?

(2) By translating horizontally by 8a, and changing signs of variables, we have:

r=3a(3—-t) , y=at(3—1)
Now by eliminating ¢, we reach to the following equation:

2% = 9a(x? — 3y?)

But with a = 1/9 this is precisely the equation in the statement. O

In degree 4 now, quartics, we have enough dimensions for “improving” the cusp and
the Tschirnhausen curve. First we have the cardioid, which is as follows:

PROPOSITION 8.6. The cardioid, which is a quartic, given in polar coordinates by
2r = a(1 — cos @)
makes the dream of 23 = y* come true, by being a closed curve, with a cusp.

ProOOF. As before with the Tschirnhausen curve, this is something self-explanatory;,
by drawing a picture, but there are several things that must be said, as follows:

(1) The cardioid appears by definition by rolling a circle of radius ¢ > 0 around another
circle of same radius ¢ > 0. With 0 being the rolling angle, we have:

x = 2¢(1 — cos @) cosd
y = 2¢(1 — cosf)sinf
(2) Thus, in polar coordinates we get the equation in the statement, with a = 4c:
r = 2¢(1 — cosf)
(3) Finally, in cartesian coordinates, the equation is as follows:
(2% +y*)? + dex(2® + y°) = 4cy?

Thus, what we have is indeed a degree 4 curve, as claimed. U
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Still in degree 4, the crown gets to the Bernoulli lemniscate, which is as follows:
THEOREM 8.7. The Bernoulli lemniscate, a quartic, which is given by
r? = a’ cos 20
makes the dream of 23 = x? — 3y* come true, by being closed, and self-intersecting.

PROOF. As usual, this is something self-explanatory, by drawing a picture, which
looks like oo, but there are several other things that must be said, as follows:

(1) In cartesian coordinates, the equation is as follows, with a? = 2¢*:
(2 + %) = *(a® — ¢?)
(2) Also, we have the following nice complex reformulation of this equation:
|z+c| |z —c|=c
Thus, we are led to the conclusions in in the statement. Il
In degree 5, in the lack of any spectacular quintic, let us record:

THEOREM 8.8. Unlike in degree 3,4, where equations can be solved, by the Cardano
formula, in degree 5 this generically does not happen, an example being

P —2—-1=0

having Galois group Sy, not solvable. Geometrically, this tells us that the intersection of
the quintic y = 2° — x — 1 with the line y = 0 cannot be computed.

ProoF. Obviously off-topic, but with no good quintic available, and still a few more
minutes before the bell ringing, I had to improvise a bit, and tell you about this:

(1) As indicated, the degree 3 equations can be solved a bit like the degree 2 ones, but
with the formula, due to Cardano, being more complicated. With some square making
tricks, which are non-trivial either, the Cardano formula applies to degree 4 as well.

(2) In degree 5 or higher, none of this is possible. Long story here, the idea being
that in order for P = 0 to be solvable, the group Gal(P) must be solvable, in the sense of
group theory. But, unlike Ss3, .Sy which are solvable, S5 and higher are not solvable.  [J

Back now to our usual business, in degree 6, sextics, we first have here:
PROPOSITION 8.9. The trefoil sextic, or Kiepert curve, which is given by
3

r® = a®cos 30

looks like a trefoil, closed curve, with a triple self-intersection.
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PROOF. As before, drawing a picture is mandatory. With z = re we have:

2\ 3
P =a%cos30 <= r3cos3f= (T—)
a

>\ 3
— z3+23:2<ﬁ>
a

= (v+iy)’+(z—iy)’ =2 (x2+y2)

a
x2+y23
)

— 23y’ = <
= (¥ +v°)° =d*(2® - 3wy°)
Thus, we have indeed a sextic, as claimed. O

We also have in degree 6 the most beautiful of curves them all, the Cayley sextic:

THEOREM 8.10. The Cayley sextic, given in polar coordinates by

r = acos’ <Q>
3

makes the dream of everyone come true, by looking like a self-intersecting heart.

PROOF. As before, picture mandatory. With z = re? and v = 2'/? we have:

0 0
r = acos® (g) < arcos’ (g):ﬂ
.3
a<u+u> _ 2
2

g
—  a(u’+@®+ 3ut(u+ 1)) = 8r?
<~ 3aui - utu =41 — ax
2
— 27a%*° — = (4* — ax)?
a
— 27d*(2* +y*)? = (42” + 4y* — ax)®
Thus, we have indeed a sextic, as claimed. Il

We will be back to plane algebraic curves in chapter 15 below, with some generaliza-
tions, and more theory, when talking physics and field lines.



56

Exercises:

EXERCISE 8.11.
EXERCISE 8.12.
EXERCISE 8.13.
EXERCISE 8.14.
EXERCISE 8.15.
EXERCISE 8.16.
EXERCISE 8.17.

EXERCISE 8.18.

Bonus exercise.
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8b.
8c.
8d.

8e. Exercises
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Heavy calculus



There is a house in New Orleans
They call the Rising Sun
And it’s been the ruin of many a poor boy
Dear God, I know I was one



CHAPTER 9

Functions, derivatives

9a. Functions, derivatives

The idea of calculus is very simple. We are interested in functions f : R — R, and
we already know that when f is continuous at a point x, we can write an approximation
formula as follows, for the values of our function f around that point z:

fle+1t) ~ f(x)
The problem is now, how to improve this? And a bit of thinking at all this suggests
to look at the slope of f at the point x. Which leads us into the following notion:

DEFINITION 9.1. A function f: R — R s called differentiable at x when

o) — pim LD = 1)

t—0 t

called derivative of f at that point x, exists.

As a first remark, in order for f to be differentiable at z, that is to say, in order for
the above limit to converge, the numerator must go to 0, as the denominator ¢ does:

lim [f(z +1) = f(z)] =0

Thus, f must be continuous at x. However, the converse is not true, a basic coun-
terexample being f(z) = |z| at = 0. Let us summarize these findings as follows:

PROPOSITION 9.2. If f is differentiable at x, then f must be continuous at x. However,
the converse is not true, a basic counterexample being f(x) = |x|, at x = 0.

PRrROOF. The first assertion is something that we already know, from the above. As
for the second assertion, regarding f(x) = |z|, this is something quite clear on the picture
of f, but let us prove this mathematically, based on Definition 9.1. We have:

lim w = lim t-0 =1
t\0 t N0 T
On the other hand, we have as well the following computation:
i 0100 220
t 0 t t,0 t

Thus, the limit in Definition 9.1 does not converge, so we have our counterexample. [
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Generally speaking, the last assertion in Proposition 9.2 should not bother us much,
because most of the basic continuous functions are differentiable, and we will see examples
in a moment. Before that, however, let us recall why we are here, namely improving the
basic estimate f(z +t) ~ f(x). We can now do this, using the derivative, as follows:

THEOREM 9.3. Assuming that f is differentiable at x, we have:
fla+t) = f(z)+ f'(2)t
In other words, f is, approzimately, locally affine at x.

PROOF. Assume indeed that f is differentiable at x, and let us set, as before:

o)t T = F(2)

t—0 t

By multiplying by ¢, we obtain that we have, once again in the t — 0 limit:

flx+1) = fz) = f(2)t

Thus, we are led to the conclusion in the statement. U

All this is very nice, and before developing more theory, let us work out some examples.
As a first illustration, the derivatives of the power functions are as follows:

THEOREM 9.4. We have the differentiation formula
(a”)' = pa’~!
valid for any exponent p € R.
PROOF. We can do this in three steps, as follows:
(1) In the case p € N we can use the binomial formula, which gives, as desired:

(@+tP = i(i)ﬂ’ftk

k=0
= 2P 4paP 4. 4P
~ 2P+ paPt

(2) Let us discuss now the general case p € Q. We write p = m/n, with m € Z and
n € N. In order to do the computation, we use the following formula:

a* = b= (a—b)(a" P +a" b+ + b
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We set in this formula a = (z +¢)"™/™ and b = 2™/". We obtain, as desired:
(x+t)™ —a™
(I + t)m(n—l)/n 4+ .+ rm(n=1)/n
(x+t)™ —a™
nxmn—1)/n

12

mx™ 1t
m(n—1)/n

12

. xm—l—m-ﬁ-m/n ot

_ m/n—1 ¢

T

SI3=13E

(3) In the general case now, where p € R is real, we can use a similar argument.
Indeed, given any integer n € N, we have the following computation:
(x + )P — 2P
(z + )P0 4+ 4 gp(n—1)
(x + )P — P
nxp(n_l)

(x+t)P —aP =

~

Now observe that we have the following estimate, with [.] being the integer part:
(z + )P < (@ + )" < (2 + )Pt

By using the binomial formula on both sides, for the integer exponents [pn| and [pn]+1
there, we deduce that with n >> 0 we have the following estimate:

(z + )P ~ 2™ + pnaP™ 't

Thus, we can finish our computation started above as follows:

naP"
(x +1t)P —aP ~ pnxpnip = paP 't
But this gives (2P)’ = paxP~!, which finishes the proof. O

Here are some further computations, for other basic functions that we know:

THEOREM 9.5. We have the following results:

(1) (sinz)" = cosz.
(2) (cosz) = —sinwx.
(3) () = e,

(4) (logzx) =z~

Proor. This is quite tricky, as always when computing derivatives, as follows:
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(1) Regarding sin, the computation here goes as follows:

oy sin(z +t) —sinx
(sinz)" = lim ,
t—0
sinzcost 4 cosxsint — sinx

= lim

t—0 t

. . cost — 1 sint
= limsiny - ——— +cosx - —

t—0 t
= CoSZ

Here we have used the fact, which is clear on pictures, by drawing the trigonometric
circle, that we have sint ~ t for t ~ 0, plus the fact, which follows from this and from
Pythagoras, sin® + cos® = 1, that we have as well cost ~ 1 —t2/2, for t ~ 0.

(2) The computation for cos is similar, as follows:

, cos(x +1t) —cosx
(cosz) = lim ;
t—0
coszcost —sinzsint — cosx

= lim

t—0 t

. cost — 1 . sint
= limcosx+ —— —sinx - ——

t—0 t t
= —ginx

(3) For the exponential, the derivative can be computed as follows:

o= (&)

k=0

00
k=0
e®

k—1

kx
k

!

(4) As for the logarithm, the computation here is as follows, using log(1 + y) ~ y for
y ~ 0, which follows from e¥ ~ 1 + y that we found in (3), by taking the logarithm:

lim log(x +t) — logx

/
(logx) = lim ,
_ lim log(1+t/x)
t—0 t
1
oz
Thus, we are led to the formulae in the statement. Il

Speaking exponentials, we can now formulate a nice result about them:



9A. FUNCTIONS, DERIVATIVES 63

THEOREM 9.6. The exponential function, namely

k

> X
Gm:ZF
k=0

is the unique power series satisfying f' = f and f(0) = 1.

PRrROOF. Consider indeed a power series satisfying f' = f and f(0) = 1. Due to
f(0) = 1, the first term must be 1, and so our function must look as follows:

o0
flx)=1+ cha:k
k=1
According to our differentiation rules, the derivative of this series is given by:
o0
f(z) = Z kepah
k=1

Thus, the equation f’ = f is equivalent to the following equalities:
C1 = 1 s 2C2 =C s 363 =C2 4C4 =C3 |,

But this system of equations can be solved by recurrence, as follows:

1 1
= ]_ = — = e —
“ 2T 0 BT o Tk
Thus we have ¢, = 1/k!, leading to the conclusion in the statement. U

Observe that the above result leads to a more conceptual explanation for the number
e itself. To be more precise, e € R is the unique number satisfying:

(6:(:)/ — €$
Let us work out now some general results. We have here the following statement:

THEOREM 9.7. We have the following formulae:

(D) (f+9)=f+4g"
(2) (fg) =f'g+f9g.
(3) (fog)=(fog)-9g.

Proor. All these formulae are elementary, the idea being as follows:



64 9. FUNCTIONS, DERIVATIVES

(1) This follows indeed from definitions, the computation being as follows:

i 9 +1) — (f +9)(x)

(f+9)(z) = lim ;
o (fla+t)—fa) | glz+t) —g(x)
- 15%( ¢ + t )
_ PD[(l)f(ifﬂ”fi—f(x) ﬂir%g(%ti—g(m)
= fl(z) + ()

(2) This follows from definitions too, the computation, by using the more convenient
formula f(x +1t) ~ f(z) + f'(x)t as a definition for the derivative, being as follows:

(fo)x+t) = flz+t)g(x+1)
(f(@) + f(2)t)(g(x) + ¢'(2)t)
=~ f(x)g(x) + (f'(x)g(x) + f(2)g'(2))t

Indeed, we obtain from this that the derivative is the coefficient of ¢, namely:

(f9)'(z) = fi(x)g(x) + f(z)g (x)

(3) Regarding compositions, the computation here is as follows, again by using the
more convenient formula f(x +t) ~ f(z) + f'(x)t as a definition for the derivative:

(fog)x+t) = flg(z+1))
~ f(g(z) +g'(2)t)
~ flg(x)) + f'(g(x))g' ()t

Indeed, we obtain from this that the derivative is the coefficient of ¢, namely:

(fog)(x) = f(g(x))g'(x)

Thus, we are led to the conclusions in the statement. U

12

We can of course combine the above formulae, and we obtain for instance:

THEOREM 9.8. The derivatives of fractions are given by:

([)' _f9— 14
g 9

In particular, we have the following formula, for the derivative of inverses:

(1)’_1’
7)o

In fact, we have (fP) = pfP=t, for any exponent p € R.
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PROOF. This statement is written a bit upside down, and for the proof it is better to
proceed backwards. To be more precise, by using (z?)" = pzP~! and Theorem 9.7 (3), we
obtain the third formula. Then, with p = —1, we obtain from this the second formula.
And finally, by using this second formula and Theorem 9.7 (2), we obtain:

0=

Thus, we are led to the formulae in the statement. U

With the above formulae in hand, we can do all sorts of computations for other basic
functions that we know, including tan x, or arctan x:

THEOREM 9.9. We have the following formulae,
1 1
t =
, (arctanz) T2

and the derivatives of the remaining trigonometric functions can be computed as well.

(tanz)" =

cos? x

ProoF. For tan, we have the following computation:

. !/
(tanz) — (smx)
COS T

sin’ x cos x — sin z cos’ x

cos? x
2 .9
cos“x + sin” x
cos? x
1
cos? x
As for arctan, we can use here the following computation:

(tanoarctan)’(z) = tan’(arctanz)arctan’(z)

= —————arctan’(z
cos?(arctan x) ()

Indeed, since the term on the left is simply 2’ = 1, we obtain from this:

arctan’(z) = cos®(arctan )
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On the other hand, with ¢ = arctan x we know that we have tant = x, and so:
1 1
1+tan?t 14 22
Thus, we are led to the formula in the statement, namely:
1
1+ 22
As for the last assertion, we will leave this as an exercise.

cos®(arctan ) = cos’t =

(arctan )’ =

9b.
9c.
9d.
9e. Exercises

Exercises:

EXERCISE 9.10.

EXERCISE 9.11.

EXERCISE 9.12.

EXERCISE 9.13.

EXERCISE 9.14.

EXERCISE 9.15.

EXERCISE 9.16.

EXERCISE 9.17.

Bonus exercise.



Exercises:

EXERCISE 10.1.
EXERCISE 10.2.
EXERCISE 10.3.
EXERCISE 10.4.
EXERCISE 10.5.
EXERCISE 10.6.
EXERCISE 10.7.

EXERCISE 10.8.

Bonus exercise.

CHAPTER 10

Trigonometric functions

10a. Trigonometric functions
10b.
10c.
10d.
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Part IV

Three dimensions



If you’re going to San Francisco
Be sure to wear some flowers in your hair
If you’re going to San Francisco
You're gonna meet some gentle people there



CHAPTER 13

Space geometry

13a. Space geometry
Getting started with some applications, here is the notion what we will need:

DEFINITION 13.1. The vector product of two vectors in R? is given by

zxy = |[lz[| - ly[[ - sin @ - n
where n € R® with n L x,y and ||n|| = 1 is constructed using the right-hand rule:
Taxy
A
<y
Alternatively, in usual vertical linear algebra notation for all vectors,
1 Y1 L2Y3 — XL3Y2
To | X | Y2 | = | T3Y1 — T1Ys
T3 Y3 T1Y2 — T2U1

the rule being that of computing 2 X 2 determinants, and adding a middle sign.

Obviously, this definition is something quite subtle, and also something very annoying,
because you always need this, and always forget the formula. Here are my personal
methods. With the first definition, what I always remember is that:

e xyll ~ |l llyll , axz=0 , e xer=es

So, here’s how it works. We are looking for a vector x x y whose length is proportional
to those of x,y. But the second formula tells us that the angle 6 between z,y must be
involved via 0 — 0, and so the factor can only be sinf. And with this we are almost
there, it’s just a matter of choosing the orientation, and this comes from e; x ey = e3.

As with the second definition, that I like the most, what I remember here is simply:

Lz
1z yo| =7
I x5 ys
Indeed, when trying to compute this determinant, by developing over the first column,
what you get as coefficients are the entries of x x y. And with the good middle sign.
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In practice now, in order to get familiar with the vector products, nothing better than
doing some classical mechanics. We have here the following key result:

THEOREM 13.2. In the gravitational 2-body problem, the angular momentum
J=xxp
with p = mv being the usual momentum, is conserved.
PROOF. There are several things to be said here, the idea being as follows:

(1) First of all the usual momentum, p = muv, is not conserved, because the simplest
solution is the circular motion, where the moment gets turned around. But this suggests
precisely that, in order to fix the lack of conservation of the momentum p, what we have
to do is to make a vector product with the position z. Leading to J, as above.

(2) Regarding now the proof, consider indeed a particle m moving under the gravita-
tional force of a particle M, assumed, as usual, to be fixed at 0. By using the fact that
for two proportional vectors, p ~ ¢, we have p x ¢ = 0, we obtain:

J = TXP+TXP
= UvXMmMv+xXma
= m(vXv+zXa)
= m(0+0)
0

Now since the derivative of J vanishes, this quantity is constant, as stated. U

As another basic application of the vector products, still staying with classical me-
chanics, we have all sorts of useful formulae regarding rotating frames. We first have:

THEOREM 13.3. Assume that a 3D body rotates along an axis, with angular speed w.
For a fixed point of the body, with position vector x, the usual 3D speed is

V=w XX
where w = wn, with n unit vector pointing North. When the point moves on the body
V=r+wxz
is its speed computed by an inertial observer O on the rotation axis.
ProOOF. We have two assertions here, both requiring some 3D thinking, as follows:

(1) Assuming that the point is fixed, the magnitude of w x z is the good one, due to
the following computation, with r being the distance from the point to the axis:

[lw x x|| = wl||z||sint = wr = ||v]|
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As for the orientation of w X z, this is the good one as well, because the North pole
rule used above amounts in applying the right-hand rule for finding n, and so w, and this
right-hand rule was precisely the one used in defining the vector products x.

(2) Next, when the point moves on the body, the inertial observer O can compute its
speed by using a frame (uy, us, u3) which rotates with the body, as follows:

vV = $1U1 +$QUQ +5C3U3 +£C1?l1 +$2u2 +£E3?l3
= T4+ (r1 - wXu +Ty - w XU+ T3 w X uz)
= 4w X (x1u; + Tous + T3u3)

= TH+wXzx
Thus, we are led to the conclusions in the statement. U
In what regards now the acceleration, the result, which is famous, is as follows:

THEOREM 13.4. Assuming as before that a 3D body rotates along an axis, the accel-
eration of a moving point on the body, computed by O as before, is given by

A=a+2wxv+wX (wxx)

with w = wn being as before. In this formula the second term is called Coriolis accelera-
tion, and the third term is called centripetal acceleration.

PRrROOF. This comes by using twice the formulae in Theorem 13.3, as follows:
A= V4wxV

(F+uoxr+wxd)+(wWXxi+wX(wXz))

FHwxi4+wXi+wx(wxa)

= a4+ 2wXv+wX (wx )

Thus, we are led to the conclusion in the statement. Il

The truly famous result is actually the one regarding forces, obtained by multiplying
everything by a mass m, and writing things the other way around, as follows:

ma =mA —2mw X v —mw X (w X x)

Here the second term is called Coriolis force, and the third term is called centrifugal
force. These forces are both called apparent, or fictious, because they do not exist in the
inertial frame, but they exist however in the non-inertial frame of reference, as explained
above. And with of course the terms centrifugal and centripetal not to be messed up.

In fact, even more famous is the terrestrial application of all this, as follows:
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THEOREM 13.5. The acceleration of an object m subject to a force F is given by
ma=F —mg—2mw X v—mw X (w X x)
with g pointing upwards, and with the last terms being the Coriolis and centrifugal forces.

Proor. This follows indeed from the above discussion, by assuming that the acceler-
ation A there comes from the combined effect of a force F', and of the usual g. U

We refer to any standard undergraduate mechanics book, such as Feynman [33], Kibble
[57] or Taylor [91] for more on the above, including various numerics on what happens
here on Earth, the Foucault pendulum, history of all this, and many other things. Let
us just mention here, as a basic illustration for all this, that a rock dropped from 100m
deviates about lem from its intended target, due to the formula in Theorem 13.5.

13b.
13c.
13d.
13e. Exercises

Exercises:

EXERCISE 13.6.
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Bonus exercise.
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CHAPTER 15

Field lines

15a. Field lines

Time for electricity. Let us start with something very basic, namely:

Fact 15.1. Each piece of matter has a charge ¢ € R, which is normally neutral,
q = 0, but that we can make positive or negative, by using various methods. We say that
responsible for the charge is the amount of electrons present, as follows:

(1) When the matter lacks electrons, the charge is positive, ¢ > 0.

(2) When there are more electrons than needed, the charge is negative, q < 0.

As our first result, due to Coulomb, and that will come as a physics fact instead of
a mathematics theorem, because, well, I must admit that what we have in Fact 15.1 is
indeed more than borderline, as axiomatics for a theory, we have:

Fact 15.2 (Coulomb law). Any pair of charges q1,q2 € R is subject to a force as
follows, which is attractive if q1qo < 0 and repulsive if q1qa > 0,

\Q1Q2’
S5

where d > 0 is the distance between the charges, and K > 0 is a certain constant.

|Fl] = K

Observe the amazing similarity with the Newton law for gravity. However, as we will
discover soon, passed a few simple facts, things will be far more complicated here.

As in the gravity case, the force F' appearing above is understood to be parallel to the
vector oo — x1 € R? joining as x1 — x the locations x1, 22 € R3 of our charges, and by
taking into account the attraction/repulsion rules above, we have:

PrRopPOSITION 15.3. The Coulomb force of ¢1 at x1 acting on ¢ at xo is

Q1QQ($2 —Il)
||y — 2] [?

F=K-

with K > 0 being the Coulomb constant, as above.
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PRrROOF. We have indeed the following computation:

H — x|

102 T2 — I
lz2 — z1|[* |[w2 — 24]|

thQ(fUz - 331)
|[xg — 21][?

F = sgn(qq) - ||F||-

= sgn(qiq) - K -
K .

Thus, we are led to the formula in the statement. U

In analogy with the usual study of gravity, let us start with:

DEFINITION 15.4. Given charges qi,...,q. € R located at positions 1, ..., v, € R3,
we define their electric field to be the vector function

Kzllx—wll?’

so that their force applied to a charge Q € R positioned at x € R® is given by F = QF.

More generally, we will be interested in electric fields of various non-discrete config-
urations of charges, such as charged curves, surfaces and solid bodies. Indeed, things
like wires or metal sheets or solid bodies coming in all sorts of shapes, tailored for their
purpose, play a key role, so this extension is essential. So, let us go ahead with:

DEFINITION 15.5. The electric field of a charge configuration L C R3, with charge
density function p: L — R, is the vector function

LC—Z
A=
e

so that the force of L applied to a charge Q) positioned at x is given by F = QF.

With the above definitions in hand, it is most convenient now to forget about the
charges, and focus on the study of the corresponding electric fields F.

These fields are by definition vector functions £ : R* — R3, with the convention that
they take 400 values at the places where the charges are located, and intuitively, are best
represented by their field lines, which are constructed as follows:

DEFINITION 15.6. The field lines of an electric field E : R® — R3 are the oriented
curves v C R? pointing at every point x € R? at the direction of the field, E(x) € R3.
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As a basic example here, for one charge the field lines are the half-lines emanating
from its position, oriented according to the sign of the charge:

N TS N
— & - - O
YRR T TN

For two charges now, if these are of opposite signs, + and —, you get a picture that
you are very familiar with, namely that of the field lines of a bar magnet:

Y G VAN
NS e e N LY
e T T e e S S IR
VAR T Ve e ZeN BN
NN = S
If the charges are +,+ or —, —, you get something of similar type, but repulsive this
time, with the field lines emanating from the charges being no longer shared:
< NN S
T/ N7
— @ o -
LN o
v NN

These pictures, and notably the last one, with +,+ charges, are quite interesting,
because the repulsion situation does not appear in the context of gravity. Thus, we can
only expect our geometry here to be far more complicated than that of gravity.

The field lines obviously do not encapsulate the whole information about the field, with
the direction of each vector E(z) € R? being there, but with the magnitude ||E(z)|| > 0
of this vector missing. However, say when drawing, when picking up uniformly radially
spaced field lines around each charge, and with the number of these lines proportional
to the magnitude of the charge, and then completing the picture, the density of the field
lines around each point x € R will give you then the magnitude ||E(z)|| > 0 of the field
there, up to a scalar. Let us summarize these observations as follows:

PROPOSITION 15.7. Given an electric field E : R? — R3, the knowledge of its field
lines is the same as the knowledge of the composition

nE:R>*—>R>*— S

where S C R? is the unit sphere, and n : R® — S is the rescaling map, namely:
x

n(xr) = —

||

However, in practice, when the field lines are accurately drawn, the density of the field
lines gives you the magnitude of the field, up to a scalar.
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PRrROOF. We have two assertions here, the idea being as follows:

(1) The first assertion is clear from definitions, with our usual convention that the
electric field and its problematics take place outside the locations of the charges.

(2) Regarding now the last assertion, which is of course a bit informal, this follows
from the above discussion. It is possible to be a bit more mathematical here, with a
definition, formula and everything, but we will not need this, in what follows. Il

Let us introduce now a key definition, as follows:

DEFINITION 15.8. The fluz of an electric field E : R® — R3 through a surface S C R3,
assumed to be oriented, is the quantity

By (S) = /S < B(z),n(z) > dz

with n(x) being unit vectors orthogonal to S, following the orientation of S. Intuitively,
the flux measures the signed number of field lines crossing S.

Here by orientation of S we mean precisely the choice of unit vectors n(z) as above,
orthogonal to S, which must vary continuously with x. For instance a sphere has two
possible orientations, one with all these vectors n(z) pointing inside, and one with all
these vectors n(x) pointing outside. More generally, any surface has locally two possible
orientations, so if it is connected, it has two possible orientations. In what follows the
convention is that the closed surfaces are oriented with each n(z) pointing outside.

As a first illustration, let us do a basic computation, as follows:

PROPOSITION 15.9. For a point charge ¢ € R at the center of a sphere S,
q

Op(S) =—

58 =2

where the constant is g = 1/(47K), independently of the radius of S.

PROOF. Assuming that S has radius r, we have the following computation:

Op(S) = /S< E(z),n(z) > dx

K
e
S T T

K
—qux

s T

K

= —2q><47r7"2
r

= 4nKq

Thus with €9 = 1/(47K) as above, we obtain the result. O
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More generally now, we have the following result:

THEOREM 15.10. The flux of a field E through a sphere S is given by
_ Qenc

€o
where Qene is the total charge enclosed by S, and ¢y = 1/(47K).

D (S)

PROOF. This can be done in several steps, as follows:

(1) Before jumping into computations, let us do some manipulations. First, by dis-
cretizing the problem, we can assume that we are dealing with a system of point charges.
Moreover, by additivity, we can assume that we are dealing with a single charge. And if
we denote by ¢ € R this charge, located at v € R3, we want to prove that we have the

following formula, where B C R? denotes the ball enclosed by S:
(I)E(S ) =2 veB
€0

(2) By linearity we can assume that we are dealing with the unit sphere S. Moreover,
by rotating we can assume that our charge ¢ lies on the Ox axis, that is, that we have
v =(r,0,0) with » > 0, r # 1. The formula that we want to prove becomes:

Bp(S) = L 5oy

€0

(3) Let us start now the computation. With u = (z,y, z), we have:

Qp(S) = /S<E(u),u>du

A=K

<u—v,u>
- Kq/—du
s

[lu = wl?
1- <
s lu—ol?

1—rx
= K d
q/s (1 — 2xr + r2)3/2 “

(4) In order to compute the above integral, we will use spherical coordinates for the
unit sphere S, which are as follows, with s € [0, 7] and ¢ € [0, 27]:

T = COSS
y = sinscost

z = sinssint
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We recall that the corresponding Jacobian, computed before, is given by:
J =sins

(5) With the above change of coordinates, our integral from (3) becomes:

1—rx
@E(S) = KQ/ ]_—21'7‘—‘—7"2)3/2

27
1—rcoss
q/ / (1 — 2r cos s + 12)3/2 S sds
T (1 —rcoss)sins
= 21K d
i q/o (1 — 2rcos s + r2)3/2 °
B q/7T (1 —rcoss)sins
(

T 2 1 — 2rcos s + 12)3/2

(6) The point now is that the integral on the right can be computed with the change
of variables x = cos s. Indeed, we have dx = — sin s ds, and we obtain:

/w (1 —rcoss)sins ¥ /1 1—rx p
5 = x
o (1 —2rcoss+1r2)3/2 1 (1= 2rx +12)3/2

_[ x—r }

B 1—r —1—-r
C VI—2r 2 V1t 2r +12
_ 1—r 1
11—
= 257"<1
Thus, we are led to the formula in the statement. U

More generally now, we have the following key result, due to Gauss:

THEOREM 15.11 (Gauss law). The flux of a field E through a surface S is given by
QQTLC

€o
where Qene is the total charge enclosed by S, and ¢y = 1/(47K).

Pp(S) =

ProoF. This basically follows from Theorem 15.10, or even from Proposition 15.9, by
adding to the results there a number of new ingredients, as follows:

(1) Our first claim is that given a closed surface S, with no charges inside, the flux
through it of any choice of external charges vanishes:
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This claim is indeed supported by the intuitive interpretation of the flux, as corre-
sponding to the signed number of field lines crossing S. Indeed, any field line entering as
+ must exit somewhere as —, and vice versa, so when summing we get 0.

(2) In practice now, in order to prove this rigorously, there are several ways. A standard
argument, which is quite elementary, is the one used by Feynman in [34], based on the
fact that, due to F' ~ 1/d?, local deformations of S will leave invariant the flux, and so
in the end we are left with a rotationally invariant surface, where the result is clear.

(3) The point now is that, with this and Proposition 15.9 in hand, we can finish by
using a standard math trick. Let us assume indeed, by discretizing, that our system of
charges is discrete, consisting of enclosed charges ¢;,...,q: € R, and an exterior total
charge Q..;. We can surround each of q,...,q, by small disjoint spheres Uy, ..., U,
chosen such that their interiors do not touch S, and we have:

Op(S) = p(S—Ul;) + Pr(UU;)
= 0+ Op(U;)

= Y op(l)
2

;. c0

QGTLC

€o

(4) To be more precise, in the above the union UU; is a usual disjoint union, and
the flux is of course additive over components. As for the difference S — UU;, this is by
definition the disjoint union of S with the disjoint union U(—U;), with each —U; standing
for U; with orientation reversed, and since this difference has no enclosed charges, the flux
through it vanishes by (2). Finally, the end makes use of Proposition 15.9. O

We have the following point of view on the Gauss formula, more conceptual:

THEOREM 15.12 (Gauss). Given an electric potential E, its divergence is given by

<V,E>:£

€0
where p denotes as usual the charge distribution. Also, we have
VxFE=0
meaning that the curl of E vanishes.

ProOF. The first formula, called Gauss law in differential form, is clear. Regarding
now the curl, by discretizing and linearity we can assume that we are dealing with a single
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charge ¢, positioned at 0. We have, by using spherical coordinates r, s, ¢:

b b K
/<E(:v),d:v> = /<—q€,d:v>
a o\l
" /K
_ /<_g.i,dx>
o \ 7% |lz]]

In particular the integral of E' over any closed loop vanishes, and by using now the
Stokes theorem, we conclude that the curl of E vanishes, as stated. Il

In order to further advance, let us go back to the various plane curves discussed in
chapter 8. Quite remarkably, most of that curves are sinusoidal spirals, in the following
sense, and with actually the term “sinusoidal spiral” being a bit unfortunate:

THEOREM 15.13. The sinusoidal spirals, which are as follows,
r’" = a" cosnb

with a # 0 and n € Q — {0}, include the following curves:

(1) n=—1 line.

(2) n =1 circle, n = —1/2 parabola, n = —2 hyperbola.

(3) n = —3 Humbert cubic, n = —1/3 Tschirnhausen curve.
(4) n = 1/2 cardioid, n = 2 Bernoulli lemniscate.

(5) n = 3 Kiepert trefoil, n = 1/3 Cayley sextic.

Proor. We first have to prove that the sinusoidal spirals are indeed algebraic curves.
But this is best done by using the complex coordinate z = re?, as follows:

2 n

r
r" =a"cosnf << 7r"cosnf = <—)
a

ZZ\"™
< z”+2”:2<—>
a

2 | 2\ "
. : +
= (x—i—zy)"—k(x—zy)”:Q(x y)

a
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As a first observation now, in the case n € N we can simply use the binomial formula,
and we get an algebraic equation of degree 2n, as follows:

[n/2] 2 2\ N
k(T ook ok (X0 1Y
S ()= ()

k=0
In general, things are a bit more complicated, as shown for instance by our computation
for the Cayley sextic. However, the same idea as there applies, and we are led in this way
to the equation of an algebraic curve, as claimed. Regarding now the examples:

(1) At n = —1 the equation is as follows, producing a line:
rcostl =a <= r=a
(2) At n =1 the equation is as follows, producing a circle:
r=acosl <= r*=ar <= r*+y*=ax
(3) At n = —1/2 the equation is as follows, producing a parabola:
a=rcos’(0/2) <= r+z=2a < y*=4a(a— 1)

(4) At n = —2 the equation is as follows, producing a hyperbola:

2 2

a’> =rcos’20 <— a® =22 -1’ — (!E+?J)($—y):az

(5) At n = —3 the equation is as follows, producing a curve with 3 components, which
looks like some sort of “trivalent hyperbola”, called Humbert cubic:

3 3

reos30 =a® = P2+ =2 = -3 =a

(6) As for the other curves, this follows from our various formulae above. 0
Let us study now more in detail the sinusoidal spirals. We first have:

PROPOSITION 15.14. The sinusoidal spirals, which with z = x + iy are

2"+ 2" =2 <£>
a
with a # 0 and n € Q — {0}, are as follows:
(1) Withn =—m, m € N, the equation is z™ + z™ = 2a™, degree m.
(2) Withn =m, m € N, the equation is 2™ + z™ = 2(zZ/a)™, degree 2m.
(3) Withn = —1/m, m € N, the equation is (z/™ 4 z/m)™ = 2mq,
(4) With n=1/m, m € N, the equation is (z'/™ + z}/™)™ = 2m2z/q.

PRrooF. This is something self-explanatory, the details being as follows:

(1) With n = —m and m € N as in the statement, the equation is, as claimed:
—-m >—m ZZ\T™ m =m m
z M+ zZ :2(—) <— "+ 7" =2a
a

(2) This is an empty statement, just a matter of using the new variable m = n.
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(3) With n = —1/m and m € N as in the statement, the equation is, as claimed:
>\ —1/m
Z—l/m + Z—l/m —9 (ﬁ) / . Zl/m + Zl/m _ 2a1/m
a

— (Zl/m + Zl/m)m —9om,

(4) With n = 1/m and m € N as in the statement, the equation is, as claimed:

Z\ 1/m
a a
Thus, we are led to the conclusions in the statement. Il

Observe that in the fractionary cases, n = +1/m, the equations in the above statement
are not polynomial in x,y, unless at very small values of m. To be more precise:

(1) In the case n = —1/m, we certainly have at m = 1,2,3 the d = 1 line, d = 2
parabola, and d = 3 Tschirnhausen curve, but at m = 4 things change, with the equation
(/% 4 2/M)* = 16a being no longer polynomial in z,y, and requiring a further square
operation to make it polynomial, and therefore leading to a curve of degree d = 8.

(2) As for the case n = 1/m, this is more complicated, with the data that we have at
m = 1,2, 3, namely the d = 2 circle, d = 3 cardioid, and d = 6 Cayley sextic, being not
very good, and with things getting even more complicated at m = 4 and higher.

In short, things quite complicated, and the general case, n = +p/q with p,q € N,
is certainly even more complicated. Instead of insisting on this, let us focus now on the
simplest sinusoidal spirals that we have, namely those with n = +m, with m € N.

The point indeed is that the sinusoidal spirals with n € N are also part of another
remarkable family of plane algebraic curves, going back to Cassini, as follows:

THEOREM 15.15. The polynomial lemniscates, which are as follows,
|P(z)| = 0"

with P € C[X] having n distinct roots, and b > 0, include the following curves:

(1) The sinusoidal spirals with n € N, including the n = 1 circle, n = 2 Bernoulli
lemniscate, and n = 3 Kiepert trefoil.

(2) The Cassini ovals, which are the quartics given by |z + ¢| - |z — c| = b?, covering
too the Bernoulli lemniscate, appearing at b = c.

Proor. This is something quite self-explanatory, the details being as follows:
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n

(1) Regarding the sinusoidal spirals with n € N, their equation is, with a" = 2¢™:

242 =2 (ﬁ) = A"+ 7)) = (22)"
a
= (Z"=")(EF" =) ="

n

—= ["="="

(2) Regarding the Cassini ovals, these correspond to the case where the polynomial

P € C[X] has degree 2, and we already know from the above that these cover the Bernoulli
lemniscate. In general, the equation for the Cassini ovals is:

|Z2 o 02‘ — b2

(22 o 02)(22 - 62) — b4

(22 =22+ 2+ =b

(562 +y2>2 o 62(562 . y2) + C4 — b4
(I2 +y2>2 — 02<$2 - y2) 4 b4 o C4

Thus, we are led to the conclusions in the statement. O

|z +c| |z —c| = b

1ree

The polynomial lemniscates can be geometrically understood as follows:

THEOREM 15.16. The equation |P(z)| = b defining the polynomial lemniscates can be
written as follows, in terms of the roots ¢y, ..., c, of the polynomial P,

telling us that the geometric mean of the distances from z to the vertices of the polygon
formed by cq, ..., c, must be the constant b > 0.

ProoOF. This is something self-explanatory, and as an illustration, let us work out the
case of sinusoidal spirals with n € N. Here with w = €?™/™ we have:

n
2=t = 2 — cw”
(
k=1

Thus, the sinusoidal spiral equation reformulates as follows:
n

n
|Z”—c"|:c"<:>H|z—cwk|:c”<:> H|z—cwk|:c
k=1 k=1

Thus, for a sinusoidal spiral with positive integer parameter, the geometric mean of
the distances to the vertices of a regular polygon must equal the radius of the polygon. [

Regarding now the sinusoidal spirals with n € —N, these are too part of another
remarkable family of plane algebraic curves, constructed as follows:
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THEOREM 15.17. Given points in the plane cq,...,c, € C and a number d € R,
construct the associated stelloid as being the set of points z € C verifying

1 n
EZO‘”J(Z_Q) =d
k=1

with o, denoting the angle with respect to a direction v. Then the stelloid is an algebraic
curve, not depending on v, and at the level of examples we have the sinusoidal spirals with
n € —N, including the n = —1 line, n = —2 hyperbola, and n = —3 Humbert cubic.

Proor. All this is quite self-explanatory, and we will leave the verification of the
various generalities regarding the stelloids, as well as the verification of the relation with
the sinusoidal spirals with n € —N, as an instructive exercise. As a bonus exercise, try
understanding the precise relation between stelloids, and polynomial lemniscates. O

So long for plane algebraic curves. Needless to say, all the above is old-style, first class
mathematics, having countless applications. For instance when doing classical mechanics
or electrodynamics, you will certainly meet polynomial lemniscates and stelloids, when
looking at the field lines. Also, the image of any circle passing though 0 by z — 22 is a
cardioid, and the famous Mandelbrot set is organized around such a cardioid.

15b.
15c.
15d.
15e. Exercises

Exercises:

EXERCISE 15.18.

EXERCISE 15.19.

EXERCISE 15.20.

EXERCISE 15.21.

EXERCISE 15.22.

EXERCISE 15.23.

EXERCISE 15.24.

EXERCISE 15.25.

Bonus exercise.
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Angle of attack

16a. Angle of attack
16b.
16c¢.
16d.
16e. Exercises

Congratulations for having read this book, and no exercises for this final chapter.
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algebraic curve, 31, 33, 51
altitudes, 19

angle bisectors, 19

angular momentum, 76

angular speed, 76

arctan, 65

area of circle, 27

argument of complex number, 42
attractive force, 81

barycenter, 19, 49
Bernoulli lemniscate, 54, 88, 90

Cardano formula, 54
cardioid, 53, 88, 91
cartesian coordinates, 51
Cassini oval, 90

Cayley sextic, 55, 88
centrifugal dorce, 77
centripetal acceleration, 77
chain rule, 63
characteristic of field, 17
characteristic zero, 17
charge, 82

charge distribution, 87
circumcenter, 19
classical mechanics, 35
complex conjugate, 45
complex coordinate, 88
complex coordinates, 51
complex number, 39, 40
complex roots, 47

conic, 31, 33, 35
Coriolis acceleration, 77
Coriolis force, 77

cos, 61
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cosine of sum, 24
Coulomb law, 81
cubic, 52

curl, 87

curve, 31, 33

cusp, 52, 53
cutting cone, 31, 33

degenerate curve, 51
degree 2, 33

degree 2 equation, 40, 45
derivative, 59, 60
differentiable function, 59
disjoint union, 51
divergence, 87

electric field, 82
ellipsis, 31, 33, 35
Euler line, 20
exp, 61
exponential, 62

Fano plane, 18
fictious force, 77

field, 16

field addition, 16

field lines, 82, 91

field multiplication, 16
finite field, 17

flux, 84-86

focal point, 31
Foucault pendulum, 77
fraction, 64

Galois theory, 54
Gauss formula, 87
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Gauss law, 86 product of polynomials, 51
gravity, 35 projective space, 14

heart, 55 quartic, 53

Humbert cubic, 88, 91 quintic, 54

hyperbola, 33, 35
reflection, 45

i, 39 repulsive force, 81

incenter, 19 right-hand rule, 75

inertial frame, 77 roots of polynomial, 47

inertial observer, 76 roots of unity, 48, 49
rotating body, 76

Jacobian, 85 rotation axis, 76

Kepler laws, 35 self-intersection, 52

Kiepert curve, 54 sextic, b4, 55

Kiepert trefoil, 88, 90 simplest field, 17

Klein bottle, 14 sin, 61

sine of sum, 24

singularity, 51

sinusoidal spiral, 88, 90, 91
solvable group, 54

lemniscate, 54, 88, 90
length of circle, 27
linear transformation, 33
locally affine, 60

spiral, 88

tog, 61 square root, 40, 45
Mobius strip, 14 stelloid, 91 |
Mandelbrot set, 91 sum of vectors, 41
medians, 19 sam, 65
modulus, 59

dulus of | ber. 42 tangent of sum, 24
modulus of complex number, trefoil, 54, 88, 90

momentum conservation, 76 triangle, 19

trivalent hyperbola, 88

Netwon law, 35 3 i
Tschirnhausen curve, 52, 88

nine-point circle, 20

non-degenerate curve, 51 .
g ) union of curves, 51

orthocenter, 19 vanishing curl, 87

vector, 40

parabola, 33, 35
vector product, 75

parallelogram rule, 41
parametric coordinates, 51
perpendicular bisectors, 19
perspective, 31

pi, 27

plane curve, 51

point charge, 84

polar coordinates, 42, 51
polynomial lemniscate, 90, 91
power function, 60

powers of complex number, 43
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